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ABSTRACT

FLAME AEROSOL SYNTHESIS AND CHARACTERIZATION OF PURE
AND COPPER DOPED NANO-TITANIUM DIOXIDE

Salman, Waged Khudayer Salman
M.Sc., Department of Chemical Engineering and Applied Chemistry
Thesis Advisor: Assoc. Prof. Dr. Nesrin Ekinci Machin

July 2020, 74. Pages

Recently, applications of doped titanium dioxide nanoparticles are getting lot
of attention from researchers. Especially nano-sized structures have found their way
in the most promising research fields such as energy storage and production, carbon
dioxide photo-reduction, pigments manufacturing, and water purification. Biggest
interest is due to the enhanced characteristics of titania with better photocatalytic
activity when it is doped.

Flame Spray Pyrolysis (FSP) is one of the manufacturing methods in the
production of nano TiO», which is applied in this thesis. Operating parameters affect
the morphology, crystallinity, optical properties, and the crystal phase of TiO2in FSP
production. TiOz, and 5 and 10 % copper doped TiO2 (Cu/TiO2) have been
manufactured in a short residence time to avoid sintering. The products were
characterized by X-ray diffraction (XRD), N> adsorption-desorption analysis (BET),
scanning electron microscopy (SEM), transmission and high resolution electron
microscopy (TEM/HRTEM) analysis, and ultra violet- visible- diffuse reflectance
spectroscopy (UV-vis- DRS), in order to understand their characteristics such as
crystallinity, morphology, particle size distribution, surface area, crystal phase
content and optical properties. Characterization results of pure and Cu doped TiO>
showed that, fine nanoparticles had been manufactured with a high surface area that
increased with adding more copper. Rutile phase was found to be the dominating

crystal phase. It has also been found that adding copper to TiOz increased the band
iii



gap for the manufactured products in this work. The band gaps energy values for
TiO2, 5 % Cu/TiO2 and 10 % Cu/TiO2 were found as 3.59, 3.79 and 3.85 eV
respectively.

Key words: Aerosol synthesis, Nanoparticles, Titanium dioxide, Copper doped
titanium dioxide
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SAF VE BAKIR KATKILI NANO-TITANYUM DIiOKSITIiN ALEV
AEROSOL YONTEMIYLE SENTEZi VE KARAKTERIZASYONU

Salman, Waged Khudayer Salman
Yiiksek Lisans, Kimya Miihendisligi ve Uygulamali Kimya
Tez Yoneticisi: Dog. Dr. Nesrin Ekinci Machin

Temmuz 2020, 74. Sayfa

Son zamanlarda, katkili titanyum dioksit nanopartikiillerinin uygulamalari
aragtirmacilardan biiyiik ilgi gormektedir. Ozellikle enerji iiretimi ve depolama,
karbondioksit foto indirgeme, pigment tretimi ve su aritma gibi arastirma alanlarinda
imit verici sonuglar elde edilmistir. En biiytik ilgi de, TiO2’in katkilandiginda daha 1yi

fotokatalitik 6zellik gostermesinden kaynaklanmaktadir.

Alev Sprey Piroliz (ASP), bu tezde de uygulanan, nano TiO2 Uretim
yontemlerinden biridir. ASP operasyon parametreleri Gretimin sonunda TiO2'nin
morfolojisini, kristalligini, optik 6zelliklerini ve kristal fazini etkiler. Bu tezde TiO2 ve
5 ve % 10 bakir katkili TiO2 (Cu/TiO2), sinterlemeyi 6nlemek igin kisa bir reaktorde
kalma siiresinde iiretilmigtir. Uriinler X-1511 kirmimi (XRD), N2 adsorpsiyon-
desorpsiyon analizi (BET), taramali elektron mikroskobu (SEM), transmisyon ve
yuksek ¢ozinurlikli elektron mikroskobu (TEM / HRTEM) analizi, ve ultra viole-
gorundr-difiz yansitma (UV-vis-DRS) ile karakterize edilmistir.. Kristallik, morfoloji,
parcacik boyutu dagilimi, yiizey alani, kristal faz icerigi ve optik ozellikler gibi
ozellikleri aydinlatilmigtir. Saf ve Cu katkili TiO2'nin (Cu/TiO.) karakterizasyon
sonuglari, daha fazla bakir eklenmesiyle artan yiiksek yiizey alanina sahip ¢ok kiiciik
tane boyutlarinda nanopartikiillerin tiretildigini gostermistir. Rutil fazin baskin kristal

faz oldugu bulunmustur. TiO2'ye bakir ilavesinin uygulanan ¢alisma araliginda bant
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araligini artirdigr goriilmiistiir. TiO2, 5 ve 10 % Cu/TiO: i¢in bant araligi enerji

degerleri sirasiyla 3.59, 3.79 ve 3.85 eV olarak bulunmustur.

Anahtar kelimeler: Aerosol sentezi, Nanopartikiiller, Titanyum dioksit, Bakir katkili

titanyum dioksit
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CHAPTER 1

1. INTRODUCTION AND BASIC PRINCIPLES

1.1. Introduction

Among the many problems that the world is suffering from, two main issues are
considered a tax of economic and population growth. The first one is the water scarcity,
which doesn’t mean a lack of water supplies only, but also, it means the diminishing
of freshwater resources. This water problem is regarded as a result of releasing high
quantities of industrial water and sewage into freshwater resources like rivers and lakes
[1]. The second problem is global warming, which is basically due to the ascending
level of greenhouse gases from burning fossil fuel, removing forests and
manufacturing activities. When the world realized the dangers of the issues mentioned
above on the future of humanity, the governments, companies and research centers
have been pushed to find solutions. These solutions must be cheap and
environmentally friendly to replace the most widely used traditional technologies in
energy, food production and manufacturing [2]. Using nanoparticle photocatalysts
such as Zn0O, TiOz, CdS, CuO shows promising results in pollution prevention. They
are subject to many investigations focusing on the production of clean energy and
remediation of water and air. The innovations in modifying their morphology,

structure, and performance are topics for many new types of researches.

Titanium dioxide or titania is a catalyst that has received the most attention in
recent years. It has special characteristics that are in the interest of many researchers,
such as the activity under illumination, stability, and availability. Titania nanoparticles
and their modifications are topic for many investigations in energy production such
as splitting water for hydrogen production [3, 4], environmental remediation
(degrading pathogens and chemicals in water and air) [5, 6], production of some
chemicals like methane or methanol through CO> reduction [7, 8] or methyl formate
by selective oxidation of methanol [9]. It was also entered in investigation and

manufacturing of sensors [10, 11], solar cells [12, 13] and batteries [14, 15].
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However, titanium dioxide is not without any drawbacks. The high energy band
gap limits its ability to use the visible light and makes it restricted under the Ultra
Violet ray (UV), which is about 4-5% of the solar energy. Studies that worked on
solving the problems of titania are focusing on modifying its characteristics by loading

it with other materials like metals or nonmetals.

Copper has been getting an increased interest as a dopant for titanium dioxide.
It is cheap and available, its oxides have a narrow band gap and an effective adsorption
coefficient, but it gets photo-corrosion. Recent publications revealed the benefits of
loading copper with titanium dioxide in narrowing the titanium dioxide’s band gap and

in prolonging the electron-hole recombination process.

This research aims to synthesize pure, and copper doped titanium dioxide
nanoparticles using the flame spray pyrolysis (FSP) method and characterize the
products. In the manufacturing process, a high gas to liquid flow ratio (GLFR, vast
amount of oxygen dispersion and sheath gas compared to liquid) is used.
Characterization of the products are done by using X-Ray diffraction, N2 adsorption-
desorption analysis (BET), scanning electron microscopy (SEM), transmission and
high resolution transmission electron microscopy (TEM/HRTEM), and ultra violet-
visible- Diffuse Reflectance spectroscopy (UV-vis-DRS) to find the effects of
operating conditions on pure and copper doped titanium dioxide nanoparticle
properties, such as morphology, crystallinity, particle size, surface area, optical
properties and product purity. Band gap has particular importance because it directly
affects the photocatalytic (optical) properties of TiO2 and Cu doped TiO. Measuring
the optical properties like band gap and absorbance are of great importance since they
demonstrate the prepared photocatalyst's performance to work under illuminating
conditions for various photocatalytic applications. Optical properties and phase
transformation of pure and doped titanium dioxide produced using the FSP process
under the effect of high GLFR have been rarely studied . In the previous studies where
the high GLFR was used to create TiO2 nanoparticle using the FSP process, the
researchers were interested in controlling the particle size, morphology, and
production rates. Hosein Torabmostaedi et al. [16] worked on a computer simulation
for the synthesis of TiO2 nanoparticles by FSP and through their study, they
investigated the effect of different GLFR’s in addition to other parameters. They

2



focused on the effects of these parameters on the properties of the flame, particle size,
and production rate. Other properties concerning particle properties like phase
transformation, crystal phase (anatase to rutile ratio), photocatalytic characteristics and
morphology of the product have not been studied especially for doped TiO2. Most of
the studies for pure, metal, and nonmetal doped titanium dioxide using FSP process

used nearly the same operation parameters as listed in Table 1.1.

Table 1.1 Manufacturing parameters of FSP process for some pure, metal and

nonmetal doped TiO2 previous studies.

—_ b= <
2E|sE|S|g |E |g £,
> = ‘D E o § =_ s g 8
S E |8 3|8 |s<glg |2 3¢
T g | 2 LT |2 EE |E g 2
Product - B |2 8| & | =5 2 3 & | &
=5 T | 32 < o c =2 @
s 3|6&lg |5 | |P& "
= O = it (@] ~ —
1 &= o @)
TiO; and Nb/TiO, 5 5 1.5 15 3.2 5 [17]
TiO, and Fe/TiO> 5 5 15 15 3.2 5 [18]
TiO, and Ce/TiO; 5 5 25 15 3.2 - [19]
AgITiO; 5 5 15 15 3 5 [20]
Nb/TiO, and Cu/TiO 5 5 15 113 24 - [21]
TiO;, and Ce/TiO; 5 4.5 15 15 3 5 [22]
TiO, and S/TiO; 3 5 15 1 1 3 [23]
TiO, and N/TiO: 3 5 15 1 1 3 [24]
TiOz and V, Cr, Fe, Co,
Mn, Ni, Cu, Y, Ce, and 3 5 15 1 1 3 [25]
Zr/TiO,
VITiO, 2.5 4.5 1.2 1 2.4 5 [26]
Cu/TiO, and Cu-Pt/TiO> 4 5 2 1 2 - [27]
TiO; and Pt, Sn, and 1-
_ 5 5 15 32 5 [28]
Al/TIO; 1.5
Au-Pd/TiO; 5 5 15 15 3 25 [29]
CuO/TiO; 5 5 15 075 15 - [30]




1.2. Literature Review

1.2.1 Characteristics of Semiconductors

The materials that have connectivity between the high conductive materials and
the nonconductive materials (insulators) are called semiconductors. These materials
are generally considered as semiconductor if they have band gap range from 1to 4 eV.
Insulators have more than 4 eV band gap, and for conductors, the valence and
conduction bands may overlap, so they may not have a band gap [31, 32, 33]. Atomic
interactions of semiconductors give them their properties. The probability of electron
transporting from valance to conduction band increases with increasing temperature,

or it depends on the amount of energy absorbed by the semiconductor [31].

1.2.2 Photocatalysis

The process accomplished by using a catalyst with an ability to be activated by
illumination called photocatalysis [34]. Ideal catalysts for this job are the
semiconductors. The reaction that takes place on the surface of the photocatalyst is
called photoreaction. Photocatalyst (such as those listed in Table 1.2) has a vital

function in the photocatalysis process.

Table 1.2 Band gap energies of some semiconductors.

Photocatalyst Bandgap energy (eV)
ZnS 3.6
TiO> (anatase) 3.2
TiO2 (rutile) 3.0
WOs3 2.8
SnO, 3.6
Fe203 2.3
V205 2.8




Semiconductive metal oxides are typically regarded as photocatalysts because
of their electronic structure. But semiconductors have some drawbacks that hinder
their uses. Their properties must be studied and tested before using them in the targeted
applications. For example, characteristics like toxicity, unstability and photo-corrosion
is not allowed in water remediation, and also the larger band gap is not feasible
economically as it is considered as energy consuming. Other characteristics like fast

recombination, chemical and biological stability must be examined [35].

The mechanism of photocatalysis starts when a photocatalyst is exposed to an
energetic light source (natural or artificial) under the presence of an oxidation agent
like oxygen or air [34]. If the absorbed energy (photonic energy) is higher than the
semiconductor’s band gap energy (which is the difference between the conduction and
valance band), an electron jump from the valance band (where it will leave a hole) to
the conduction band. If the photon energy is lower than the bandgap (h, < AE), the
energy dissipates in the form of heat. In the case of (h, > AE), both the transported
electron in the conduction band and hole in the valence band are trapped at the reactive
surface sites. The jumped electron ( e~ ) make a reduction reaction with a material
that accepts the electron (A), meantime an oxidation reaction is done by the formed
positive hole ( ™ ) in the valance band participation of an electron donor (D) as

presented in Figure 1.1. The following equation represents the photoexcitation:

semiconductor + hv —» e~ + ht

A~

Reduction

Ate- . A
hv

(light)

CONDUCTION BAND (e)

Recombination

Excitation

“OxXxmZm

Oxidation
D+h*

VALENCE BAND (h") D+

D*

Figure 1.1 Basic mechanism of photocatalysis process [36].



1.2.3. Titanium Dioxide

TiOz is an n-type intrinsic semiconductor used broadly as a photocatalyst to
induce on its surface series of reductive and oxidative reactions. Before starting to
describe the characteristics of titania and modification processes that used to give it
better properties, it is necessary to write a brief review about the setbacks of other
semiconductors, and why titanium dioxide is the most favourable. An ideal
semiconductor that is used as a photocatalyst must be photoactive, chemically and
biologically stable, nontoxic for human and environment, and economical in terms of
manufacturing and effectiveness when used in photocatalytic applications [37, 38].
ZnO has certain disadvantages, such as restriction in the use of visible light, which
account for about 43% of the solar energy spectrum, wide bandgap (3.3 eV), Near-UV
absorption of the spectral range, particle aggregation during the photocatalytic reaction
and notable photo-corrosion that significantly limits the large-scale photocatalytic
activity of ZnO [39]. Metal Sulphide semiconductors such as PbS and CdS are unstable
as they undergo photo-corrosion under aqueous conditions and form toxic products
[40]. A catalyst like SnOg, its species is very unstable, the recombination of electrons
and holes can occur quickly, and it needs external electrical alternative [41]. Fe-O3
also needs an external electrical charge to perform their hydrolysis reactions; it has the
problem of corrosion and formation of short-lived ligand to metal charge transfer states
[42]. WO3 does not supply sufficient potential for Oz reduction. Thus, WOs is not able
to scavenge photogenerated electrons to reduce molecular Oz, which leads to the fast
charge carrier recombination rate and therefore, depress the photonic efficiency [43].
Cupric oxide CuO2 and cuprous oxide Cu20 have low bandgaps 1.4 eV and 2.2 eV,
respectively, which make them active under visible light, but they are not stable

because of the occurrence of photo-corrosion.

Titanium dioxide is not an exception, as previously mentioned in the
introduction, titanium dioxide has some disadvantages, but it has the lowest drawbacks
among the other semiconductors. It is cheap, photo-stable, non-toxic, has good
selectivity, has the capability to generate longer lived electrons and holes or the lowest
recombination rate and it is chemically and biologically stable, in addition, it doesn’t
have the problem of photo-corrosion or the need for external electrical current for

initiating the reactions on its surface. To solve the problem of the wide band gap and

6



the other disadvantages of titania, scientists have studied several paths to improve the

properties of titanium dioxide using a wide range of metals and nonmetals.

1. Structure and Properties of TiO2

Photocatalytic activity of TiO> relies on its surface and structural characteristics
such as surface area, crystal composition, surface characteristics, band gap energy
value, particle size distribution and surface hydroxyl density [44]. Titanium dioxide
exhibits three polymorphs: Rutile, Anatase, and Brookite, depending on the method of

manufacturing or formation (Figure 1.2).

Anatase Rutile Brookite

Figure 1.2 Crystal structures of Anatase, Rutile and Brookite TiO> [44].

Rutile is the stable phase, both Anatase and Brookite are metastable; the latter
is difficult to synthesize, and so it is rarely studied [44]. Table 1.3 illustrates the
properties of rutile and anatase phase of titania.



Table 1.3 Structural properties of crystalline structures of TiO>.

Crystalline forms

Properties
Anatase Rutile
Crystalline structue Tetragonal Tetragonal
Lattice constants (nm) a=b=0.3733 a=Db=0.4584
¢ =0.9370 ¢ =0.2953

Bravais lattice

Simple,Body centred

Simple, body centred

Density (g/cmq) 3.83 4.24
Melting point(°C) 580 1870
Boiling point(°C) 2927 -
Band gap (eV) 3.2 3.0
Refractive index 2.5688 2.9467
Standard heat capacity 55.52 55.60
Dielectric constant 55 110-117

Brookite TiO2 belongs to the crystal group of orthorhombic. Its unit cell consists
of eight TiO, formula units and is formed by TiOs octahedral edge-sharing. It is more
complex, has a larger volume of cells and is also the least compact one of the three
types, and is not often used for experimental research [45].

Anatase TiOz has a tetragonal structure. It is the metastable phase of titanium
dioxide, it has a larger surface area and higher photocatalytic activity compared to
rutile TiO2 [46]. Consequently, it is the most widely used one. Nevertheless, it is not
stable thermally. It transforms into the rutile phase when it exposed to high
temperature; the rate of its transformation depends on the particle size. The nano-sized
anatase particles have a phase transformation at temperatures between 500 and 600 °C
[46]. The characteristic of phase transformation into rutile stifles the use of anatase
phase in the applications that require high thermal stability such as ceramic materials.

The new researches aim to improve the anatase performance under high thermal
8



conditions. These researches include adding new material to it, like metals or
nonmetals, to make it more stable thermally. The investigations involve doping it with
metals like Copper, Niobium, Iron, Platinium, and Aluminium. Besides, co-doping it
with metals and nonmetals such as Nitrogen and Copper or metal-metal co-doping
[47].

Rutile TiO has also a tetragonal structure and contains six atoms per unit cell.
Rutile is more stable chemically and thermally than anatase [48, 49]. It has a higher
specific gravity and reflective index. The photocatalytic activity of the rutile is
commonly reduced as compared with anatase even though it has a narrower band gap
(3.0 eV) as compared with the band gap of anatase (3.2 eV), this is because it has lower
negative reduction potentials of the conduction band electrons and a quicker
recombination rate of electron-hole pairs [50]. The poor activity of rutile phase is
attributed to (1) the size of its nanoparticles which is larger than that for the anatase
phase, (2) the occurrence of a higher electron-hole recombination rate which makes
the formed hydroxyl groups on its surface very limited and (3) due to limited electron
lying at the conduction-band that lowers photocatalytic efficiency produced, so its
applications were limited in pigments [50, 51]. Nevertheless, rutile titanium dioxide is
not a useless phase; it is the most chemically and thermally stable phase of TiO..
These properties in addition to the possibility of doping it with a wide range of
materials were encouraging reasons for more studies aiming to extend its uses to more
photocatalytic applications. Tryba et al. [52] prepared 80 % rutile phase copper doped
titanium dioxide nanoparticles with lower bandgap energy (2.82-2.83 eV). It showed
superior activity in degrading phenol. Inturi et al. [25] tested the photocatalytic activity
of titanium dioxide against acetonitrile in a vapor phase, they compared P25 and FSP
manufactured pure and doped titanium dioxide with 11 transition metal ions (V, Cr,
Fe, Co, Mn, Mo, Ni, Cu, Y, Ce, and Zr ). They found that Cr doped TiO, with the
highest rutile content, 44 % among the other photocatalysts, showed a comparable
photocatalytic activity. It exhibited a rate constant about 8-19 times higher than the
rest of the other transition metal-doped catalysts with the highest anatase content. Xia
et al. [53] synthesized a 100 % rutile phase of pure and copper doped titanium dioxide
via a simple aqueous phase method at 85 °C . Six samples have been prepared from A-
F with a Cu/Ti atom ratios as follow 0 %, 1 %, 2 %, 5 %, 10 % and % 20 they were

used to degrade aqueous brilliant red X-3B solution at 7 pH reaction medium. The
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samples showed a photocatalytic activity according to the following order sample C >
sample D > sample E > sample F > sample B > sample D, from the best photoactivity
to the worst. The results assert that the rutile phase activity could be enhanced by
adding impurities to it, but the excessive amount of copper decreases the
mineralization. Chen et al. [54] prepared pure rutile titanium dioxide nanorods under
hydrothermal conditions under 220 °C , they prepared different samples by changing
the time of hydrothermal treatment as ( 1, 5, 10, 15, 20, 24) hour, later the
photocatalytic activity of the samples were tested with methylene blue (MB), they
found that the rate of degradation increases with increasing the time of hydrothermal
treatment. However, it decreases for the sample prepared hydrothermally for 24 hours,
the results proved that with increasing the time of hydrothermal treatment the
crystallinity increases as well, but with increasing the crystallinity the surface area also

decreases, this is why a decrease in the photoactivity with the last sample has occurred.

It has been reported in some literature that mixing small amounts of rutile with
anatase shows better photocatalytic activity than using pure anatase or rutile in liquid
phase applications. This synergistic effect of the diphasic mixture is due to the forming
wells of energy at the lower band gap of the rutile phase that works as an electron trap
that prevents or delays the electron-hole recombination [55]. Ahmed et al. [55]
reviewed several studies about the activity of some commercial TiO, samples which
have different amounts of anatase/rutile ratios, like Degussa P25 Hombikat, UV100,
PC500, PC 10, PC 50, Rhodia and Travancore Titanium Products (TTP), (their
specifications and compositions listed in Table 1.4) in degrading of various herbicides
and pesticides derivatives. They found that their efficiency is as follow: P25 > UV100
> PC500 > TTP. Poulios and Kositzi [56] studied the methomyl photocatalytic
oxidation by P25, ZnO, and UV100. The reduction order of photocatalytic dissolved
organic carbon (DOC) was reported to be: P25 > ZnO > UV100. Enriquez et al. [57]
studied the degradation of 4-Chlorophenol and the results were : P25 > PC10 > PC50
> PC500 > Rhodia. The superior photoactivity of Degussa P25 has been ascribed to its
crystalline composition (mixture Rutile and Anatase). It was postulated that the rutile’s
smaller band gap absorbs the photons and produces electron-hole pairs. Then the
electron transfer occurs from the Rutile CB to electron traps in the Anatase phase. Thus
it hinders the recombination process and let the hole to move to the surface of the

particle to react [58].
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Table 1.4 Specification and phase composition of some commercial TiO2 samples.

Commercial Specific )
o Crystallite Phase
Titania surface area ) - Reference
size (nm) Composition
product BET m?/g
22 Anatase 20-30%
P25 50 ) ) [59, 60]
32 Rutile Rutile
13 Anatase 7.7-10%
P90 90 ] _ [59, 60]
23 Rutile Rutile
100%
PC500 287 5-10 [61]
Anatase
100%
uv100 250 5 [61]
Anatase
100%
S5-300A 330 NA [6]
Anatase
TTP 9.82 N/A N/A [61]
100%
STO1 312 9 [60]
Anatase
100%
PC 10 10 65-75 [57]
Anatase
100%
PC 50 54 20-30 [57]
Anatase
_ 100%
Rhodia 150 N/A [57]
Anatase
Tytanpol
114 37.3 100% anatase [62]
All
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2. Synthesis of Titanium Dioxide

The biggest challenge in the synthesis of titanium dioxide is improving its
properties and manufacturing it with a safe, environmentally friendly and economical
method. To enhance its properties, titanium dioxide has been manufactured in different
shapes such as spheres [63], nanofibers [64], nanorods [65], nanotubes [66],
nanosheets [67], and interconnected architectures [68]. The modifications on the
structure of titanium dioxide give it some advantages in maximizing photocatalytic
activities by enlarging the surface area. However, they don’t give it the ability to work
under the visible light range, which considered to be more feasible economically. So
there is a need to modify its band gap by loweing it to give it this advantage.

There are many manufacturing methods for pure and modefied titanium dioxide
like sol-gel [69], hydrothermal [70], flame synthesis [71, 72], hydrolysis [73],
impregnation [74], microwave assist [75] and solvothermal [76]. Figure 1.3 illustrates
some of the methods used for manufacturing of titania.

Synthesis

Flame Hydrothermal

Titanium
Dioxide

Solvothermal

Impregnation

Figure 1.3 Some of the methods used for manufacturing of titania.

All the manufacturing processes mentioned above, except flame synthesis, are

wet processes. The disadvantages of wet processes can be summarized as:
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1-They need several steps to get the final product such as mixing chemicals,
calcination, grinding, washing, filtration and drying.

2-They are time and energy-consuming. For example, calcination takes from 4 to 20
hours, depending on the type of process and the required product. Other steps could

take a whole day or night or sometimes a week like drying in some cases.

3-Washing of the final products requires water and some chemicals like ethanol.
Washing with chemicals require special remediation processes for washing chemicals

or liquids before disposing them into the environment.

Flame vapore synthesis (FVS) process is one of the flame synthesis processes,
requires evaporation of the precursor before injecting it into the burner. This
evaporation process requires extra equipment and energy for evaporation of precursor
consequently, it takes more time and energy for production. Furthermore, it produces
undesirable characteristics in morphology and size of the products under low rates of
combustion enthalpies [77]. Unlike the other processes, FSP requires less time and
energy, fewer chemicals for preparing precursor, no further treatment or post-treatment
for the products after manufacturing, and there aren’t any disposals left after the end

of the process. As it is presented in section 2.1 below.

2.1 Flame Spray Pyrolysis (FSP) Process

The increasing need to produce nanoparticles in a cheap and scalable method and
controllable structural properties are the reasons why new researches are focusing on
inventing new production methods. Flame spray pyrolysis is a synthesis method which
was developed recently to produce nanoparticles in laboratory scale. With its
simplicity, scalability, and flexibility in producing a wide range of nanoparticles with
different sizes tempted some of the leading catalyst and chemical manufacturer
companies like DuPont, Evonik(previously Degussa), Ishihara, Cristal and other
companies to rely on it in producing millions of tons of nanoparticles [77]. FSP process
has some advantages over the other conventional methods used in nanoparticles
production, such as making the product with one step without further processing or
post-treatment. It also has flexibility in handling a wide range of precursors, and it is
a time-effective method [78]. Liquid metal precursors are made by mixing liquid or

solid metal precursors like nitrate, acetate, chlorides, or alkoxides with suitable
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solvents like alcoholics, carboxylic acids, and xylenes. The mixed solution must have
a high combustion enthalpy with a suitable melting/ decomposition temperature,
miscibility, and chemical stability to form particles with the desired structural
properties [77]. Figure 1.4, shows the mechanisim of formation of particle from a

droplet in FSP process.
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Figure 1.4 Particle formation in FSP process [79].

The production process is initiated when the liquid precursor is injected into a
capillary tube inside the nozzle needle, where it will be atomized or dispersed when it

is at the other end of the nozzle needle with the support of dispersion oxygen. The
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atomized fuel and precursor droplets, with the assist of premixed flame (methane +
oxygen) from the flame annulus around it, vaporize/ decompose to form vapors,
nucleate, grow by coalescence and sintering. The formed particles are aggregated
(chemically bond to create hard agglomerates) and agglomerated (physically bond
creating soft agglomerates). With the support of sheath gas and vacuum pump, the
formed particles will be pushed and pulled up to the high-temperature resistant aerosol
collector where it will be collected [79]. These nanoparticles collectors are made to be
highly porous media; they could be glass fiber filters [80], or PTFE- coated fiber bag
type filters [81]. The shape and properties of the final products depend on the operating

conditions.

3. Modification of Titanium Dioxide with Other Materials

3.1 Coupling

Coupling of semiconductors is another solution to enhance titanium dioxide
photoactivity. It is an attachment of two or more semiconductors different in their band
gap and electronegativity, but they are not chemically bounded [82]. It can be
accomplished by some processes like co-precipitation [83], ball milling [84] and
impregnation [85]. The differences in band gap and electronegativity of coupled
semiconductors are crucial to induce the transportation of electrons and holes. The
heterojunction of semiconductors (coupling) has been reported to be very useful in
utilizing visible light and UV and suppresses the electron-hole recombination and
increases the charge carriers’ lifetime, science the recombination wastes energy.
Electron transportation in the coupled nanoparticles is from the lower Fermi level
(higher electronegativity and smaller band gap) semiconductor to the higher Fermi
level one (lower electronegativity and wide band gap) [86]. Researches proved that the
possibility of using coupled photocatalysts in hydrogen production, reduction of
carbon dioxide to produce methane and methanol, sensors applications [87] in the
degradation of dyes [85] and the reduction of heavy metals [88]. Figure 1.5 depicts a

schematic representation of coupling of TiOa.
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Figure 1.5 Schematic representation of coupling of TiO2 with semiconductors (SC)
[89].

The major disadvantages of coupling are the occurrence of photo-corrosion that
make the catalyst less stable and durable and need to add some materials for preventing
or delaying it. Moreover, it is not easy to find the suitable semiconductors that give the

best results in charge separation and activation under visible light energy [89].

3.1 Dye Sensitization

Dye sensitization means activation of the oxidation-reduction reactions on the
surface of titanium dioxide under visible light by using a dye that works as a light
harvester and an electron donor. It is a technology that has found its way in developing
solar cells to generate electricity [90], water splitting to produce hydrogen [91], and
CO- photoreduction for methane production [92]. But this technology is not applied
widely in the industry due to the low efficiency that is still under research to enhance
or develop it [93, 94].

The dye is a component that is responsible for the absorption of the light. The
dye should be luminescence, able to cover a light spectrum from UV to visible light,
its highest occupied molecular orbital positioned is lower than the conduction band of
the TiO., and lowest unoccupied molecular orbital should be higher than the
conduction band as near as possible to the TiO, surface, it must have a hydrophilic
periphery, and able to fast electron injection [93]. Organic dyes used in dye
sensitization are commonly complexes of metals with low lying excited states. The

center of dye involves ruthenium 11, zinc I1, aluminum I11, iron 11, and magnesium I,
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while the ligands contain heterocyclic nitrogen with a delocalized or aromatic ring
system [95]. However, dye sensitization has more disadvantages in addition to its low
efficiency, such as instability, dye degradation, and forming undesired products like
intermediates [96, 97]. Representation of the possible mechanism for the dye

sensitization of TiOz is shown in Figure 1.6 below.
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Figure 1.6 Representation of the possible mechanism for the dye sensitization of
TiOa.

3.3 Doping

Doping of titanium dioxide is a process aim (just like the processes mentioned
above) to modify titanium dioxide photocatalytic activity and performance, by
prolonging the charge separation to avoid or minimize rapid recombination and giving
it the advantage of working under visible light [98]. Doping involves the insertion of
metals or nonmetals inside the lattice of titanium dioxide. This introduction of dopants
can happen in three ways:

e Dry mixing: solid-state reaction method is done by mixing the powder of titanium
dioxide with the dopant’s powders [99, 100].

e Wet impregnation: dry titania powders are mixed with a solution involving the
dopant materials such as solutions of dissolved salts of acetate or nitrate or metal
alkoxides [101].

e Molecular-level mixing is the most common and widely used way. It involves the

introduction of dopants and titanium into the reaction in their soluble forms or as
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a solution, like titanium IV isopropoxide with the solution of soluble dopants and
mixing them before starting the manufacturing process [102].

If the insertion of dopants into the host material’s lattice involves putting the
impurity atom in the regular lattice sites, it is called substitutional doping. It happens
when the atomic radii difference between the atoms is less than 15 %, the similarity
between the dopant and host materials in the crystal structure and electronegativity or
comparable valances [103]. In this case, an atom in the lattice is forced out from its
site into the voids between atoms. Contrarily, if the dopant atom locates between the
normal lattice sites of the host material, it is called interstitial doping. The atomic
differences between the dopant and the host play a significant role in this case; the vast

difference between them pushes the dopant to put itself in an interstitial position [104].

The change in titanium dioxide properties as a result of doping comprises
changes in electrical properties, which are due to the disturbance of the chemical
bonding among atoms and distortion of geometric arrangement of them [105].
Moreover, this change in the properties of TiO> modifies the degree of crystallinity. It
may causes phase transformation from anatase to rutile and growth or reduction of
particle size in some cases depending on the type of dopant and preparation process
[106].

Titanium dioxide is doped with a wide range of materials such as metals
nonmetals and metalloids. Transition metal cations are very popular in doping titanium
dioxide, and they are used widely in its applications. They showed good results in
suppressing or decreasing the recombination of electron-hole, giving the photocatalyst
the ability to work under visible light and increase its photoactivity by enhancing the
charge carriers’ movement and its surface properties. This enhancement is because the
transition metals can form additional energy levels within the band gap of the
photocatalyst, which makes the photonic energy needed for the electron transportation
from the valance band to the conduction band lower. Sun et al. reported that transition
boosts the photocatalytic activity of TiO2 by a trait of displaying two or more oxidation
states differing by one [107]. For example, the recombination of photogenerated
electron-hole is inhibited effectively because of the ability of iron to make Fe**/ Fe3*/
Fe*? ions which work as traps for the photogenerated charge carriers [108]. Zhang et

al., in a systematic study, show the importance of similarity in ionic radii between Ti**
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(0.75A) and Fe®* (0.79A) for charge carriers trapping [109]. Zafar et al. [110], on their
work about manufacturing of Fe/TiO2 nanotubes and testing their photoactivity under
visible light, they used Congo red dye to confirmed the previous results
experimentally. In a study on the effect of Ce addition on the characteristics of TiO>
nanoparticles, Makdee et al. reported the effect of the existence of Ce®* and Ce** on
enhancing the photocatalytic activity by making new energy levels beneath the

conduction band of TiO2 and prevent the electron-hole recombination [111].

Many researchers have reported the effects of cationic dopants on both phase
transformation from anatase to rutile and the growth inhibition or promotion in their
experiments. Hanaor & Sorrell, categorized in their review the cations into two groups
according to their effects on inhibition or formation of rutile phase depending on the
experimental data from other studies [112]. They reported that the transformation from
anatase to rutile is ascribed to the valance and ionic radius, and their effects on oxygen
vacancies. The cationic doping that accompanies with the formation of more oxygen

vacancies tends to make phase transformation.

Anions like N, C, S and F [113] are used as dopants for titanium dioxide as
well. Mixing of p-state of them with the O 2p of titania make the band gap of titania
narrower owing to the shift in the valance band edge upwards minimizing the energy
required to activate the electrons to migrate into the conduction band. Creating
recombination centres are less than those created by cations. Consequently, they
enhance the photocatalytic activity of titania [114]. Neverthless, because the quantum
efficiency of anions doped titanium dioxide is still low they are not favoured in
photocatalytic applications. The new studies use them with metals to co-dope titanium
dioxide [114].

1.2.4 Copper doped Titanium Dioxide

The material used to be as a dopant for titanium dioxide must give it better
characteristics as a catalyst. It also must be cheap and available as mentioned above.
Regarding the depleting resources and high cost of some metals and the limited
resources of the others, developing an efficient catalyst from earth-abundant, with low
price, is not optional. Still, it is a necessity for many applications that require the

incorporation of a catalyst to avoid high production costs [115]. Copper, one of the
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most used metals by humans for centuries, is an outstanding candidate due to its
relatively high catalytic performance and low cost. It was found in many studies in the
literature that it gives better characteristics when it is doped with other semiconductors.
It is doped, co-doped, or coupled with other semiconductors or metals to make better
catalysts like doping it with TiOz, as reported previously, ZnO [116], WOz [117] and
Zr0O2[118]. Copper oxide has a narrow bandgap (cupric oxide, 1.4 eV; cuprous oxide,
2.2 V), which has a high-absorption coefficient, but suffers from UV-induced photo
corrosion [119]. However, copper oxide, coupled with TiO», has been confirmed as
stable, nontoxic, better photocatalytic degradation properties [87]. It was found that it
extends its application to the visible region, minimizing the photonic energy needed
for electron activation, extending the lifetime of electron-hole separation, and it gives
a synergistic effect for the catalyst or photocatalyst by increasing its efficiency, this is
because of the similarity in ionic radius between copper and titanium (0.72A for copper
and 0.68A for titanium) which proposed to make substitutional doping or replacing Ti
in the titanium dioxide lattice, and the ability of copper to exhibit more than one ionic
state (Cu?* and Cu™) that will help in preventing electron-hole recombination [120].
Tsai et al. prepared Cu/TiOz by plasma torch method, and they used the manufactured
catalyst for low- concentration mercury removal in the gas phase. They reported the
effect of copper through its ability to form Cu?* and Cu* to suppress the electron-hole
recombination and provide more holes for Hg reduction/oxidation reaction [121].
Copper is used as a dopant for titanium dioxide in nearly all of the photocatalytic
applications like CO2 photo-reduction, water and air purifications, and solar fuel
production. Copper doped titanium dioxide is also used in some applications like

batteries, as previously mentioned in the introduction.
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CHAPTER 2

2. METHODOLOGY OF SYNTHESIS AND CHARACTERIZATION

2.1 Preparation of Precursors

The materials used in the synthesis of pure and copper doped titanium dioxide
are listed in Table 2.1. Titanium (1V) isopropoxide (TTIP) was chosen as a liquid
source of titanium. It has a high combustion enthalpy and can be used with a wide
range of solvents. Ethanol was used as a cheap solvent that does not lower the enthalpy
of combustion for TTIP much, and can mix easily with it making a homogeneous
solution. It also improves the breakup of droplets during atomization process. Copper
(I1) acetate (solid) was used to provide copper for copper doped titanium dioxide
products. It was used instead of the widely used copper nitrate as it doesn’t make
precipitates inside the nozzle. Propionic acid was used in small amounts to dissolve

copper (I1) acetate.

Table 2.1 Precursor and solvents used in the experiments.

Precursor contents Brands and Purity

TTIP TTIP sigma Aldrich, 97 %
Ethanol isolab, > 99.9 %
Propionic acid Sigma Aldrich, >99 %
Copper Il acitate Fisher, 99 %

Pure titanium dioxide was manufactured from a precursor containing only TTIP
and ethanol. TTIP was mixed with ethanol to make a 0.5 M solution. The mixture was
stirred in a closed beaker to avoid contact with air since TTIP is sensitive to moisture
and water as it hydrolyzes. 5 % and 10 % mole copper doped titanium dioxide
(Cu/TiO2) were manufactured using two different amounts of copper (I1) acetate (5
and 10 mole %) dissolved in propionic acid. The two mixtures are then mixed with a
0.5 M solution of TTIP and ethanol separately, keeping both of them under stirring
until they make a homogeneous solution.
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2.2 Production Process

The FSP system shown in Figure 2.1, designed and manufactured as part of a
TUBITAK project, was used. FSP process has been chosen for its unique
characteristics over the other processes, like wet and FVS processes. Wet processes
involve several time consuming steps, and they are not cost-effective. FVS process

requires volatile precursors and more energy as previously mentioned in Chapter 1.

Figure 2.1 Flame spray pyrolysis system (FSP) in Dr. Machin’s research laboratory.

FSP was performed by using a closed chamber. The working parameters were
set to be the same for each batch to produce the nanosized materials under the same
conditions. The system was warmed to reach a steady-state by combusting ethanol to
heat the chamber. Later the precursor solution was injected into the flame. The exhaust
gases were withdrawn via a vacuum pump. The products were filtered out from the
combustion gases at the top of the chamber by a glass fiber filter (Whatman GF/D, 257
mm diameter), which was then removed from the system at the end of the production
batch to collect the formed nanopowder. The operating parameters are listed in Table
2.2. The resultant pressure drop from the used GLFR and the used distance ring (3.01
mm) in the nozzle is 0.3 bar. Nanoparticles collected from the filter were sent to the

several central laboratories for the previously mentioned analysis for characterizations.
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Figure 2.2 represents the schematic representation of FSP process used in the
production of nanoparticles for this thesis.

Table 2.2 Operating parameters used in the production of pure and copper doped

titanium dioxide in this work.

Type of material Flowrate
Precursor liquid flow rate (ml/min) 3
Oxygen dispersion gas (L/min) 15
Shield gas (air) (L/min) 10
Methane to burner (L/min) 1
Oxygen to burner (L/min) 1
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Figure 2.2 Schematic representation of FSP.
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Figure 2.3 below shows the produced nanoparticle before collecting them from
the surface of the GF/D filter papers, and in the sample tubes. The change in the color
of the products with the addition of copper can be observed in b and c.
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Figure 2.3 Appearance of the final product powders on the Glass fiber filter (GF/D)
and after collecting them into tubes, the pictures: a and 1) for pure TiO2, b and 2) for
5 mole % copper doped titanium dioxide (5 mole % Cu/TiO2), c and 3) for 10 mole %
copper doped titanium dioxide (10 mole % Cu/TiOy).
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2.2 Characterization of the Products

2.3.1 X-ray Diffraction (XRD)

X-ray diffraction is a powerful method for figuring out the atomic arrangements
in the matter. It has many applications, including differentiation between crystalline
and amorphous phases, determination of the structure of crystalline materials, and
determination of single crystals' orientation [122]. Single-crystal XRD method can be
used to quickly determine the crystal structure of a material of interest. The sample
preparation requirement is a major limitation to this technique since many crystalline
materials cannot be prepared for a single crystal XRD analysis as a crystal of

appropriate size and quality [122].

The polycrystalline powder sample means it consists of a vast number of
randomly oriented single crystals [123]. Throughout the performing the XRD analysis,
the applied X-rays on the targeted sample scatter in different trajectories depending on
the orientation of the atoms in the crystal. The emitted radiation scatters with a
significant intensity only in certain specific directions; the intensity is zero in all other
directions. Because the wavelength of X-rays and the spacing among layers of atoms
(d) are similar (0.5 to 2.5 angstroms), the intensity peaks can be measured [124]. Using
the position and the size of the peaks, the crystal structure and chemical composition
for a mineral can be characterized since every sort of mineral shows a unique set of
peaks. The collective X-ray scattering from a powder sample gives rise to a set of
coaxial cones of scattered radiation. The XRD pattern for a specific powder consists
of the measured diffracted intensity as a function of each cone's semi-angle, called the
diffraction angle, 26. Because of this, the 3D information in the diffraction data is
"compressed” into one dimension. The peaks in the pattern arise at specific values of
20 that satisfy Bragg's law below [124]:

o 1] 2
204 = 2 sin [Zdhkl] (1)

where A is the wavelength of the X-rays, d is the interplanar spacing in between the
planes of atoms, and the indices h,k, and | are called the Miller indices, which uniquely

label each peak (intensity maximum) in the diffraction pattern.
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The sample needed to be examined by the XRD is prepared by pressing it into a
holder, so it has a smooth surface and placed in the sample chamber. X-ray is created
from the bombardment of a metal (e.g., copper or cobalt) with high-energy photons.
By using a goniometer, the instrument scans the sample between the desired starting
and ending angle. A simple illustration of the inside design can be seen in Figure 2.4.
The device directs the X-ray beam, sample, and detector in such a way that suitable

conditions to meet the Bragg’s equation are maintained.
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Figure 2.4 A simple schematic illustration of the internal design of X-ray
diffractometer [125].

bulk or powder
sample

Cu tube A

To characterize the three manufactured powders of this work by XRD, analysis
was done by using Rigaku Ultima IV X-ray diffraction, Cu/40kv/30 mA radiation,0.5
degrees/min scan speed, and 10° to 90° scan range, in the central laboratory of Middle
East Technical University/Ankara. For identification of crystal structure, the joint
committee on powder diffraction standard- international center for diffraction data
(JCPD-ICDD) system has been applied. The percentage of rutile will be calculated by
using Spurr and Myer equation [126] below.
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where X,. is the volume fraction of rutile phase, I, and I, are the highest intensities of
anatase and rutile phase respectively. Debye-Scherer equation is used to estimate the
average crystal size.

092
"~ BcosO

©)

In equation 3, 0.9 is Scherrer constant, d is the particle diameter, A is the wave length
of X-Ray (0.15406 A), B is the FWHM (full width at half maximum), 0 is the Bragg

angle.

2.3.2 N2 Adsorption-Desorption Analysis

It is one of the commonly used analyses for the characterization of nanoscale
particles. It provides the necessary data to estimate the surface area and the porosity of
nanomaterials, which are considered unique properties compared to their bulk
counterparts [127]. N2 adsorption-desorption analysis is commenced by exposing the
solid sample to a combination of heat, vacuum, and flowing gas to remove the
undesired adsorbed contaminants acquired from atmospheric exposure. The sample is
then cooled under vacuum, usually to cryogenic temperature (77 K). An adsorptive
gas, usually nitrogen, is presented to the pretreated sample is controlled, steadily
increasing doses. The pressure is allowed to equilibrate after each dose, and the amount
of gas adsorbed is calculated. The volume of the adsorbed gas at each dose and one
constant temperature expresses an adsorption isotherm, which allows determination of
the quantity of gas required to form a monolayer over the solid and its pores' external
surface. Covering the sample surface by a known amount of adsorbed gas molecules
makes it possible to calculate the surface area of the solid sample [128]. There are
different data reduction methods; one of them is the Brunauer, Emmet, and Teller
(BET) method, which determines specific surface area (SSA) on a model of adsorption
which incorporates multilayer coverage of the solid surface by the adsorptive. When
the area of the interface between two phases is proportional to the mass of one of the

phases (e.g., for a solid adsorbent), dividing the surface area by the mass of the relevant
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phase gives the SSA area (Equation 4) [127]. The porosity of the sample can also be
known from the shape of the formed hysteresis isotherms and the size of the pores.

The samples from the manufactured powders of this work were outgassed at
250°C for 2 hours before starting tests Nitrogen at 77.4 K was used. The analysis time
was 406.9 minutes for pure TiO2, 579 minutes for 5 % Cu/TiO2, and 627 minutes for
10 % Cu/TiO.. The device used for this analysis is the AUTOSORB-1C/MS, in the
central laboratory of Middle East Technical University/Ankara. Particles sizes were

calculated according to the equation:

g 6000 (@)
BET " [X, % pr + Xg % pal * SSA

where X, is the rutile phase percentage in the sample, p, is the density of the rutile
phase, X, is the anatase phase percentage, p, is the density of the anatase phase, SSA

Is the specific surface area.

2.3.4 Scanning Electron Microscopy (SEM) Analysis

It is a magnification tool that uses the electron beam to provide visual images
about materials. Unlike the TEM the electron scattering captured by a detector is used
to make these images, not the transmitting electrons. These images give information
about the shape and the surface of the material. It consists as in Figure 2.5 of the same
parts that the TEM has, except that it doesn't have an objective, aperture, and projection
lenses. Moreover, it doesn't have the Fluorescent screen that TEM has. SEM can
provide images with lower magnification than TEM can provide [129]. The reason
the resolution of the SEM is lower than that of the TEM is that the electrons'
wavelength is longer because the accelerating voltage of the electrons used in the SEM
is as low as several kV to several tens kV. Besides, the characteristic difference of the

electromagnetic lenses used to converge the electron beams [130].

SEM instrument used to get the SEM images for the three produced samples of
this study is Quanta 400F field emission SEM is the device used to analyze the samples

produced, in the central laboratory of Middle east Technical university.
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Figure 2.5 Scanning electron microscope system illustration [129].

2.3.3 Transmission Electron Microscopy (TEM) Analysis

It is a powerful and important instrument engineered tool (Figure 2.6). As its
name suggested, TEM, it uses the transmitted electrons that passing through the
material and then collected. It provides information about different materials at a very

high spatial resolution, including particle size, crystallinity, morphology, chemical

constituents, and phases. It consists of the following basic systems [131] :

(1) Emitting and the condensing system is responsible for producing a beam of
electrons and focusing it onto the sample to be examined. An electron gun is
responsible for emitting electrons. It includes two parts; a filament that is a thin wire
mostly made of tungsten and an anode that is a plate of metal placed some centimeters
underneath the filament. The condensing system is used to focusing or centering the
emitted beam of electrons from the electron source with the aid of its magnetic lenses.
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(2) The image- formation system, to form or produce images, involves the objective
lens, a mobile stage where the samples are put, and an intermediate and projector lens
that focuses the electrons that pass through the specimen or sample to form a real,

highly magnified image.

(3) The image recording system, to transform the image of an electron into some form
that is perceptible to the human eye. It usually consists of a fluorescent screen to
display and focus the image, and a permanent recording digital camera. Additionally,
it requires a vacuum system consisting of pumps and their associated gauges, valves,
and power supplies.

The machine used for TEM and HRTEM analysis of the samples produced for
this study is JEOL 2100F HRTEM 200KV, in the central laboratory of Middle East
Technical University/Ankara. Image J software was used to estimate the particle sizes,

average particle size distribution, and d-spacing from TEM pictures.
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Figure 2.6 Transmission electron microscope system illustration [131].
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2.3.5 UV-vis Diffuse Reflectance Analysis

It is well-known that light cannot penetrate solid materials; it reflects on their
surfaces. Accordingly, the light reflection on the solid surfaces can be categorized as
specular and diffuse reflection. Specular reflection is an asymmetrical reflection with
respect to the regular line, while, diffuse reflection happens as a result of light

scattering in different directions [132], as shown in Figure 2.7.

Surface normal

Incident beam Reflected beam

Diffusely reflected light

Incident beam

o\

Figure 2.7 (A) Specular reflection, (B) Diffuse reflection [133].

In the UV-vis Diffuse Reflectance spectrophotometer, the sample is put in front
of an incident light window to accomplish the measurement. The reflected light from

the sample is then concentrated on a detector by a sphere called the integrating sphere,
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which is coated with barium sulfate from inside. The percentage of incident light beam
absorbed by the testing sample can be calculated from the relation [133] :
% Absorbance = 100% — %R — %T )

where %R : is the percentage of the diffused reflectance of the beam of light.

%T : is the percentage ofthe diffused transmittance of the beam of light.

The bandgap of a semiconductor can be estimated from the absorbance data
provided by the UV-vis Diffuse Reflectance analysis. The bandgap energy is the
energy required to make the electron jump from the valance band which is filled with

valance electrons to the conduction band that is completely empty.

Tauc plot is the widely used method to calculate the band gap. The process of
measuring can be done using the following [134, 135]:

1- Tauc, Davis and Mott relation

(hva)¥™ = A(hv — E,) (6)
here:

h: Planck's constant, v: frequency of vibration, a: absorption coefficient, Eg: band gap,

A: proportional constant

The exponent n denotes the nature of the sample transition; its value is considered as

follow:

For direct allowed transition:-«--«----.. n=1/2
For direct forbidden transition---------- n=23/2
For indirect allowed transition---------- n=2
For indirect forbidden transition-------- n=3

Because the direct allowed sample transition is the most used to express the TiO>

band gap, n = 1/2 is used to calculate the band gap for the samples in this work.

2- The acquired diffuse reflectance spectrum is converted to the Kubelka-Munk
function. Thus, the vertical axis is converted to quantity F(Reo), which is proportional
to the absorption coefficient. The a in the Tauc equation is substituted with F(Ro0).
Thus, in the actual experiment, the relational expression becomes:
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(hvF(R0))? = A(hv — Eg) (7)

3- Using the Kubelka-Munk function, the (hvF(R))? is plotted against the hv. The
curve that plots the value of (hv - (hvF(Ro0))?) on the horizontal axis hv and the vertical
axis (hvF(Roo))? is drawn. Here, the unit for hv is eV (electron volts), and its

relationship to the wavelength A (nm) becomes hv = 1239.7/A .

4- A line is drawn tangent to the point of inflection on the curve of step (3), and the hv
value at the point of intersection of the tangent line and the horizontal axis is the

bandgap Eg value.

The device used to get the absorbance and reflectance data for the produced
samples of this work is Schimadzu/3600 Plus, under normal laboratory conditions, for
a wavelength range from 200-900 nm. The analysis was done in the Ulug Bey Yiiksek

Teknoloji Uygulama ve Arastirma Merkezi at Gaziantep University/ Gaziantep.
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CHAPTER 3

3. RESULTS AND DISCUSSION

3.1. XRD Analysis

XRD analysis of the products was done in a range from 10° to 90° as previuosly
mentioned. Figure 3.1 shows three patterns belonging to three manufactured samples

with recognized peaks.
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Figure 3.1 X-ray Diffraction patterns of pure titanium dioxide (the black one), 5 mole
% copper doped titanium dioxide (the red one) and 10 mole % copper doped titanium
dioxide (the blue one). Dotted vertical lines (purple Cu, Green CuO, and Orange
Cu20). A (anatase), R (Rutile).
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From Figure 3.1 above, the black pattern is for pure titanium dioxide, its 26
values are anatase and rutile phases according to the ICDD card number 021-1272 and
ICDD card number 021-1276, respectively. The red pattern is for the 5 % copper doped
titanium dioxide, its 20 values are anatase and rutile according to the ICDD card
number 01-075-1537 and ICDD card number 021-1276 respectively. The pattern for
5 % Cu/TiO2 doesn’t show any peaks for Cu metal or Cu oxides (CuO and Cu20). The
blue pattern represents the 10 % mole Cu/TiO2 sample; this pattern reveals 26 values
for anatase and rutile according to ICDD card number 01-086-1157 and ICDD card
number 021-1276 respectively. This pattern doesn’t show any peaks for copper metal
or copper oxides, just like the red pattern. The dotted vertical lines refer to the positions
of the most intense peaks of metal copper, CuO and Cu.O peaks; they were set
according to the Crystallographic Open Database (COD) 9016326 for CuO, COD
9013023 for Cu and COD 9007497 for Cu20O. The dotted vertical lines for Cu and
Cu20 have no corresponding peaks, proving the absence of these crystals phases in the

structures.

Table 3.1 Crystallinity percentages for the manufactured samples.

Sample Type % Crystallinity
Pure TiO: 67.5
5 mole % Cu/TiO: 32.2
10 mole % Cu/TiO: 24.0

Table 3.1 above, lists the crystallinity percentages for the three samples, and
it shows that the crystallinity percentage decreases with the addition of copper and
with increasing this addition from 5 % to 10 % (mole) it decreases more. Table 3.2
below shows the 26 values for the peaks in Figure 3.1 and their corresponding crystal
planes for pure and copper doped TiO. from the XRD analysis results.
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Table 3.2 20 and Crystal planes for pure and copper doped TiO, (A: anatase, R:

rutile).
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Figure 3.2 The effect of adding copper on diffraction patterns for the most intense
peaks. Anatase peaks 25.777, 37.7513, 54.97, Rutile peaks 27.4529, 36.079, 54.31.
The black pattern for pure TiO2, the red pattern for 5 mole % Cu/TiO2, and the blue
one for 10 mole % Cu/TiOx.

Three things can be noticed in the three patterns shown in Figure 3.1. First, the

number of peaks decrease with increasing the dopant content as discussed above. The
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black pattern has a higher number of peaks than the red one, and the latter has a higher
number of peaks compared to the red pattern, which has the lowest number of peaks.
The second, as depicted in Figure 3.2 above, is broadening and shifting of anatase
peaks while the rutile peaks are becoming more intense when copper is added, and
increased from 5 % to 10 % (mole). The third is the absence of Cu metal and Cu oxides

peaks in patterns 2 and 3, where the samples are doped with copper.

The absence of copper metal and copper oxides peaks can be ascribed to the
high dispersion of Cu in TiO. and the low concentration of copper in the precursor
[136]. But, the existence of the large amount of amorphous phase in the samples also
indicates that maybe Cu did not crystallize completely [137]. Table 3.3 shows the
percentages of rutile in each sample; they were calculated using Spurr and Myer
equation. They reveal that the percentage of rutile increases from 55 % for the pure
TiO2 to 63.2 % for the 5 mole % Cu/TiO2 to 66.07 % for the 10 mole % Cu/TiOs.
The doping effects of copper into TiO, was discovered to cause anatase phase
transformation into the rutile phase [138], because of substitutional entering of copper
atoms into the TiO> lattice makes more defects, most likely oxygen vacancies inside
the crystal of titanium dioxide [139]. This phase transformation was noticed by
researches that investigated the doping of copper [140] and other transition metals like
Ce[19] and Fe [18].

Table 3.3 Percentages of anatase and rutile in pure and copper doped titanium

dioxide samples and average particle diameter.

dxrp,average

Sample Anatase wt %? Rutile wt %
(nm)
Pure TiO> 45 55 23.68
5 mole % Cu/TiOz 36.8 63.2 31.87
10 mole %
_ 33.93 66.07 33.3
Cu/TiO2

¥The anatase percentage were calculated according to 100- rutile % = anatase %
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It is worthy to mention here that the high percentage of rutile in the pure
titanium dioxide can be ascribed to the high oxygen amount used in the manufacturing
processes, this is in a good agreement with the few literature that ascribed the high
rutile content in the products to the process parameters not to the doping process only
in flame synthsis processes. Ahmad et al. [141] synthesized TiO2 using chemical vapor
synthesis process or FVS process and found the effect of gas flow rate on increasing

the amount of rutile with increasing the O./He flow rate ratio.

The anatase and rutile phases of the manufactured samples have tetragonal
structures. Their lattice and d-spacing parameters, listed in Table 3.4, are in a good
agreement with ICDD cards for anatase 021-1272, 01-086-1157, 01-075-1537 space

group 141: 41|/amd and ICDD card 021-1276 for rutile space group 136: P42/mnm.

Table 3.4 Lattice parameters and d-spacing of TiO2, 5 % and 10 % (mole) Cu/TiOo.

Lattice Lattice ) )
d-spacing d-spacing,
Sample parameters, parameters, )
_ anatse phase A rutile phase A
anatase phase rutile phase
a = 3.7861 a = 4.5947
Pure TiO> _ gcing . _g9sg3 4(101) = 3.5205 d(110) = 3.2525
s5moles% ¢~ 38008 _ 45058
cuTio,  €=94506 g0 d(101)=35188  d(110) =3.2462
10mole% *=379%1 4603
cuio, € =94331 f =296 d(101) =3.519  d(110) = 3.2467
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3.2. N2 Adsorption- Desorption Analysis.

Figure 3.3 below illustrates the N2 adsorption-desorption isotherms for pure and
5% and 10 % (mole) Cu/TiO..
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Figure 3.3 N2 adsorption-desorption isotherms of Pure and Cu doped TiO>

nanoparticles.

All curves for the previously manufactured samples show type IV isotherm
conferring to the IUPAC classification, which indicates mesoporous material, and they
show hysteresis loops of H3 type [128]. The occurrence of H3 hysteresis at high
relative pressure is due to the capillary condensation of adsorbent (Nitrogen) within
the mesopores, usually accompanied by solid materials that constitute aggregates or
agglomerates of particles of the slit-shaped pore with nonuniform size or shape [142].
The existence of type IV isotherm and H3 hysteresis are in good agreement with the
previous studies that manufactured TiO2 in a pure or doped forms [143, 144].
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Interestingly, the three samples have low-pressure hysteresis (LPH) loops below the
anticipated closure value which is 0.42 for nitrogen [145] as follow: the adsorption
isotherms for the pure titanium dioxide exhibit a closure point for P/P, at roughly 0.3,
for 5% and 10 % copper doped titanium dioxide, there are no closure points. The LPH
phenomenon has been observed in some literature about manufacturing pure or
modified TiO. prepared at different manufacturing methods like hydrothermal method
[143], FSP process [144], mechanical ball-milling [146] and sol-gel [147]. It is also
found in other literatures about nanoparticles and/or porous solids [148, 149,
150]. Despite the observations of the LPH phenomenon in many porous solids, it was
rarely discussed. However, the studies that discussed and examined this real physical
phenomenon have attributed it to two reasons: equilibration time and outgassing
conditions [151, 152]. The desorption branch of isotherm extends to the lowest point
of P/P, for doped samples. Silvestre-Albero et al. [151] have investigated LPH in
adsorption by examining the effect of equilibration time and the outgassing conditions
on some porous solids. Firstly they investigated the long equilibration time, some
materials reached a closure point at values higher than the minimum for nitrogen
adsorption (P/P, = 0.42), other materials recorded a lower closure point lower than
0.42, they attributed this difference in closure point values to the irreversible uptake,
because some pores have the same width of nitrogen molecules. They also concluded
other reason, lack of equilibrium in the adsorption branch, i.e., the occurrence of
adsorption of N2 in narrow micropores at a lower temperature of adsorption
measurements limits the accessibility of the adsorbent gas, under these conditions, at
77 K the adsorption branch is under the lack of equilibrium, on the other hand, the
desorption branch will be in a good equilibrium circumstance. Secondly, the
temperature degree of the thermal treatment used during the outgassing process. They
found that all the samples have gotten higher closure points at higher values of P/P,
(over 0.42), and the amount of nitrogen adsorbed was increased as well when they
exposed to higher outgassing conditions (higher temperature and longer time).
Moisture, volatile species and tar are examples of the materials that block the pores

and cause LPH loops.
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In any case, the type of isotherm and the hysteresis loop is not changing, neither
with long equilibration time nor higher outgassing temperature [151]. The effect of
low temperature in the outgassing process was mentioned as a reason for LPH
according to the IUPAC report [152].

Table 3.5 shows the effect of loading copper as a dopant into TiO.. Cu doping
increases the specific surface area. It can be concluded that adding copper into the
titanium dioxide’s lattice has an effect on increasing the surface area. The particles”
sizes were calculated using equation (4), which assumes all the particles in the sample

have spherical shapes and they are homogenous.

Table 3.5 N2 adsorption-desorption results.

Same] SeeT deer (nM) Pore volume . ize (nm)
ample BeT (NM ore size (nm
P (m?/g) (cmig)

Pure TiO; 83.2 17.89 0.7043 1.65
5 mole %

. 111.2 13.05 1.08 1.35
Cu/TiOy
10 mole %

) 162.9 9.25 1.001 0.99
Cu/TiOy

BJH analysis has been done to calculate the pore sizes and pore volumes. Table
3.5 above shows the average pore sizes from BJH analysis, and they prove the presence
of micropores in the three samples (pore size <2 nm). BJH pore size distributions are
depicted in Figure 3.4 below; from these figures it can be seen that there are peaks at
mesoporosity region (2-50 nm) proving the mesoporosity characteristics for the

produced samples.
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Figure 3.4 Differential distribution of pore size for the manufactured samples.
43



4.4 SEM Analysis

Figure 3.5 below depicts the SEM images of pure TiO2, 5 mole % Cu/TiO; and
10 mole % Cu/TiOg, respectively.

ot WD 1um
) 10.6 mm METU CENTRAL LAB

Figure 3.5 SEM images for a) pure TiO2 b) 5 mole % Cu/TiO2 and c) 10 mole %
Cu/TiOs..

The above pictures are showing the presence of eggshell structures in addition
to the nanoparticles. The existence of these structures normally happens in the FSP
process when some droplets do not completely evaporate in the flame and escape from
it. This is due to the high GLFR, lower pressure drop (0.3 bar), which results in a short
residence time making some of the droplets escape from the flame without being
completely evaporated. Moreover, the addition of the copper acetate to the precursor
solution lowers the enthalpy of combustion, as in Table 3.6, exposing the droplets to

lower heat, which makes the rate of droplets evaporation lower than the case of pure
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TiO». The enthalpy of combustion becomes less with addition more copper acetate.
Consequently, residence time and the low enthalpy precursor (for doped precursors)
increase the direct conversion path of droplets into particles. Moreover, it stimulates
the formation of more eggshell structures. The formed eggshell structures and solid
particles show that under the used production conditions in this work, the system

depicts two paths of droplet conversion: droplet to solid and vapor to solid.

Table 3.6 Combustion enthalpies of the components and the precursors of the

manufactured materials in this work.

Enthalpy of Precursors enthalpy of Combustion kJ/ml
Component combustion
a/ml o 5 mole % 10 mole %
ure TiO2
Cu/TiO2 Cu/TiO2
Propionic acid 20.473
Ethand 23.451 23.858 23.526 22.079
Titanium IV
. 26.193
propoxide

To make a comparison between the size of droplets and the size of the eggshell
particles, the droplet size where calculated using Ansys Fluent 19.2 software under the
same working conditions (liquid and gas flowrate) but for 0.48 bar pressure drop. The
simulation shows that the maximum droplet size is 17 pm. From Figure 3.5 above the
maximum eggshell sizes were 175 nm for pure TiO2, 731.3 nm for 5 mole % Cu/TiOz,
and 823.2 nm for 10 mole % Cu/TiO>. This comparison shows that the droplets need
more time to evaporate which means more residence time is required, or smaller

droplets should have been formed by applying a higher pressure drop.
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3.3 TEM/ HRTEM Analysis

The pictures in Figure 3.6 show the TEM images of pure TiO2, 5 mole %
Cu/TiO2, and 10 mole % Cu/TiO.. The particles in picture (a) are highly agglomerated
than the particles in the (b) and (c) pictures. In pictures (b) and (c) some of non-
agglomerated particles can be seen but this is not the case in picture (a). The pictures
show that the primary particles mostly spherical but they are polymorphous (have

different sizes) and also some particles have non-spherical shapes.

Figure 3.6 TEM images for a) Pure titanium dioxide. b) 5 mole % Cu/TiOz. ¢) 10
mole % Cu/TiOs..
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The average nanoparticle sizes have been estimated from 239 spherical particles
in the images for the three samples, they are listed in Table 3.7 below. It shows that

the product for the three samples have average particle diameter of less than 14 nm.

Table 3.7 TEM average particle sizes.

Sample drem, average (nm)
Pristine TiO> 8.88
5 mole % Cu/TiO: 13.78
10 mole % Cu/TiO2 13.86

Increasing the copper acetate amount from 5 to 10 mole % under the conditions
in this work did not make a significant effect on the sizes of nanoparticles for the two
samples of doped TiO2. This is not the case in other studies where they found that
increasing copper increased the particles” sizes [153, 154]. The working conditions
like oxygen dispersion, pressure drop, fuel/oxygen ratio, precursor concentrations and
flow rate profoundly influence the production of nanoparticles in the FSP process. In
this work a pressure drop of 0.3 bar, a fixed amount of GLFR were used. Keeping
fixed flow rate for precursor and oxygen dispersion in the three experiments have
maintained the height of flame to be the same in all the experiments (the same
residence time), but the change in the precursors” concentrations (by adding copper)
has changed the products particle size, crystallinity, anatase-rutile content and specific
surface area. The gas to liquid flow ratio (GLFR) of this work is 5000, which is
considered as a high value. Table 3.8 below illustrates GLFR ratios used in other works

where high oxygen dispersion was used.
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Table 3.8 Gas to liquid flow ratio values in some studies where high oxygen

dispersion have been used.

GLFR (Imin"Y/l.minY) Reference
2361.6 [155]
2100 [156]
6310 [80]
5000 This work

The effect of GLFR can be seen in increasing the amount of oxygen in the
burning region, which intensifies the fuel-oxygen mixing process and decreases the
droplet size. The reduced droplet size has a higher surface area that makes it has a fast
evaporation rate. The earlier oxidation rate of the fuel mixture is a result of the speedier
droplet evaporation rate; this will make the flame height short. Moreover, increasing
the flow rate of oxygen dispersion lowers the residence time for the particles in the
higher temperature zone of the flames, which would reduce the growth rate for the
particle size, making it smaller. The sintering rate depends on flame temperature,
velocity, and height. The particles” growth stops when the temperature comes down,
which will make the coagulation rate higher than the sintering rate; this starts to happen
when the particles leave the more elevated temperature zone of the flame [155, 156].
The described mechanism for the influence of high oxygen dispersion justifies the

small sizes of nanoparticles produced and the particle size distribution in Figure 3.7.
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Figure 3.7 Particles size distribution for the manufactured samples
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Figure 3.10 a) HRTEM image of 10 mole % Cu/TiO; (scale: 5 nm), b) magnification
view of the selected part from image a (scale 2 nm), c) corresponding FFT

diffractogram.

HRTEM micrographs in Figures 3.8, 3.9 and 3.10 above for the produced
nanoparticles using image j program shows images in 2 and 5 nm scale with clear
images of their lattice fringes. The lattice spacing 0.277 nm for pure TiO2 corresponds
to (101) crystallographic plane for rutile phase according to Card No.: 00-021-1276,
where in XRD analysis results it shows 0.249 nm. For 5 and 10 mole % copper doped
titania, both of them show that they have 0.346 lattice spacing corresponding to (101)
crystallographic plane, which is in a good agreement with card no 01-075-1537 and
card no. 01-086-1157 for anatase, where their values in these cards are 0.347 nm and
0.351 nm, respectively. They are also similar to the XRD d-spacing values for anatase

phase, which are 0.352 and 0.352 respectively.

The selected area electron diffraction (SAED) pictures for the three samples are
shown in Figure 3.11. They illustrate polycrystalline nature for manufactured materials
as they have a clear diffraction rings, but the crystallinity becomes lower in image b

and c as the rings become less sharper and the bright spots become less brighter [157].

51



Figure 3.11 SAED diffraction images for a) Pure titanium dioxide, b) 5 mole %
Cu/TiOg, ¢) 10 mole % Cu/TiO».
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4.5 UV-vis Diffuse Reflectance Analysis

The band gaps energy values of as-synthesized pure and doped titania were
taken from Figure 3.12 below, the curves were drawn depending on the analysis data

from the laboratory. The band gaps values taken from Figure 3.12 are listed in Table
3.9.

Pure TiO,
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Figure 3.12 Transformed diffuse reflectance spectra (TDRS) for the manufactured

powders.
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Table 3.9 Band gap values for the manufactured products.

Product Band gap value (eV)
Pure TiO2 3.56
5 mole % Cu/TiO: 3.79
10 mole % Cu/TiO> 3.85

As Table 3.9 displays, the band gaps of the previously manufactured samples
increase with increasing the copper content. In the literature a wide range of Cu doping
from 1 to 20 weight percent was used, and they got a red shift in the absorption spectra
of their samples [120, 154]. Nevertheless, there are some studies where the band gap
energy value of titania increased by doping. Ganesh et al [158] used sol-gel method to
prepare copper doped titanium dioxide powders; they note that the band gap of the
products enlarge with the addition of more copper. Another study by Munir et al. [159]
also used sol-gel method to synthesize TiO2 and dope it with metals (Cu, Ni, and Cr);
they get band gap for pure titanium dioxide of 3.9 eV larger than the normal values
(3.0 or 3.2 eV) and a higher band gaps for the other products. They ascribed this effect
to the Burstein-Moss effect. According to which, at a specific dopant concentration
when the amount of charge carriers is increased, the Fermi level lying in the
conduction band is filled. Thereafter the extra excited electrons are presupposed to go
in the conduction band (above the Fermi degree). This situation brings about the
widening of the band gap of the material, and consequently, a blue shift is noticed in
the absorption spectra. In both of the above-mentioned studies, the doped titania was
doped using the same quantities of dopants that were narrowed its band gap value in
other studies. However, both of Ganesh et al and Munir et al. did not mention the
percentages of the amorphous in their samples that may take a role in widening the
band gap energy of titanium dioxide, as the amorphous TiO has a wider band gap than

crystalline one [160].
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CHAPTER 4

4. CONCLUSION AND FUTURE WORK

4.1 Conclusion:

The effect of using high GLFR and low-pressure drop working conditions have
been investigated in this work in terms of their effects on the spray conditions and the
residence time. The low-pressure drop under the used operating conditions affects the
spray properties and producing larger droplets. The larger droplet sizes, coupled with
the short residence time means droplets leave the flame without completely
evaporating. The escaped, (not complete evaporated), droplets have formed the

eggshell structures that are depicted in the SEM pictures.

The results from using the working conditions and copper addition for this work
can be seen on their effects on the crystallinity, morphological, structural, and optical
properties as well. The crystallinity of the products was decreased until the amorphous
contents became the dominating phase in the copper doped samples. The surface area

and rutile content were increased also.

Although the purpose of this study was to decrease the band gap of TiO2 by
adding Cu, narrowing in the band gap was not observed. The band gap increased with
the addition of copper, which is most likely due to the low residence time, and as a

result, less crystallinity.

4.2 Future work:

In light of the XRD characterization results, the next step is to study the
operation conditions to increase the residence time in flame to make the products more
crystalline, decrease or avoid the formation of the eggshell structures, and narrow the
energy band gap. After the completion of this thesis, our research group already started
working under conditions with lower GLFR, and increased pressure drop (making it
at least 1 bar), and the results showed smaller droplets, and longer residence time for
the droplets in the flame, consequently, making the evaporation process more efficient.
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The dopant concentration showed a significant effect on increasing the
amorphous, rutile content and widening the band gap; it will also be investigated

further.
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