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CHAPTER |

INTRODUCTION

Wastewaters contaminated with residual dyes from textile, paper, and other
industries are a cause of environmental problems. Conventional treatment of such
wastewater generally involves coagulation/flocculation (Allegre et al.,2004 and Golob
et al.,2005), electrocoagulation (Alinsafi et al.,2004) coagulation/carbon adsorption
process (Papic et al.,2004) and so on. These methods, however, merely transfer dyes
from the liquid- to the solid-phase, requiring further treatment and causing secondary
pollution (Chakrabarti et al.,2004). In recent years, Oxidation is an alternative
treatment strategy that can be applied to dyes and many other organics in wastewater
and industrial effluents. In particular, semiconductor mediated photocatalytic
oxidation can be conveniently applied towards the degradation of dye pollutants.

Photocatalytic degradation of organic pollutants in water and air using
semiconductive particles, such as TiO, and ZnO, has attracted extensive attention in
the past two decades (Hoffmann et al.,1995). In particular, ZnO has attracted much
attention with respect to the degradation of various pollutants due to its high
photosensitivity, non-toxic nature, stability, and wide band gap. While TiO, is widely
employed as a photocatalyst, ZnO is a suitable alternative to TiO, as it has a similar
band gap energy (3.2 eV) (Sakthivel et al.,2003), adsorbs over a larger fraction of UV
spectrum and the corresponding threshold of ZnO-is 425 nm (Behnajady et al.,2006),
and higher photocatalytic efficiencies have been reported (Tanaka et al.,2000, Sharma
et al., 1995, Khodja et al.,2001, Akyol et al.,2004, and Kavitha et al.,2007). It has also
suggested that ZnO is a low cost alternative photocatalyst to TiO, for degradation of
organics in aqueous solutions (Daneshvar et al.,2004)

When a semiconductor absorbs a photon of energy greater than or equal to the
band gap energy, an electron may be promoted from the valence band to the
conduction band leaving behind an electron vacancy or “*hole’” in the valence band. If
charge separation is maintained, the electron and hole may migrate to the catalyst
surface where they participate in redox reactions with adsorbed species. Hole

vacancies may react with surface-bound H,O or O to produce the hydroxyl radical
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(OH). Free electrons may be picked up by oxygen to generate superoxide radical
anions (Oy), which are the active species for oxidation. A limiting factor of the
photocatalytic reaction is, therefore, recombination of the electron and hole prior to
the superoxide activation step (Gerischer et al.,1991).

For semiconductor photocatalysts, particle size is an important parameter for
controlling surface area and electronic structure. Under photo-excitation
semiconductors undergo charge separation and initiate oxidation of the organic
compounds at the interface. Nanostructured semiconductors are a potential candidate
to photodegradation of organic compounds because of when the catalyst particle size
is reduced down to a few nanometers, an elevate density of active sites for substrate
adsorption and/or catalysis can be guaranteed, as small particles possess a
significantly higher surface-to-volume ratio as compared to the bulk material. These
characteristics thus offer the potential for gaining elevate performances
photocatalysts. Furthermore, when the nanocrystal size is comparable or smaller than
the bulk exciton diameter, the band-gap becomes size-dependent due to quantization
effects (Alivisatos et al., 1996 and Henglein et al., 1995). This opens the opportunity
of designing selective photochemical reactions by means of size modulating the
electron—hole redox potentials, provided that a narrow size distribution is available.
Moreover, an efficient photocatalytic process requires highly crystalline
semiconductors to minimize electron—hole pairs loss owing to the trapping of either
charge carriers at defect states (Hoffmann et al.,1995 and Beydoun et al.,1999).

Another approach to improve the efficiency of charge separation involves the
combination of semiconductor substrate (ZnO) and metal cluster such as Ag, Au, Pd
and Pt. It has been reported to give improved photocatalytic activity by trapping the
photoinduced charge - carriers, -thereby : improving the charge transfer processes
(Subramanian et al.,2003, Jing et al.,2006, Wu et al.,2006, and Height et al.,2006).
The noble metals of gold and platinum were used for the metal-ZnO formation
because of high electron affinity behaviour (Sakthivel et al.,2004) and produce the
highest Schotty barrier among the metals (Li et al.,2002). For ZnO n-type

semiconductor (with a work function (¢, ) of ~ 4.3 eV) in contact with noble metals
with a work function ¢, (Au: 5.1 eV and Pt: 5.65 eV) (Michaelson et al.,1977) > ¢_, a

Schottky barrier will form at the junction, facilitating electron capture.
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There are various established routes for producing photocatalyst particles such
as flame synthesis, chemical vapour deposition, precipitation, and alkoxide sol-gel
methods (Teoh et al.,2005). The first method is particularly attractive as it is a
relatively new method for the one-step production of nano-metal oxides. Flame
synthesis in general and especially flame spray pyrolysis (FSP) is a fast simple
process for the production of a wide variety of different nanoparticles with high
production vyield at low-cost (Pratsinis et al.,1998) and for the commercial
photocatalyts TiO,, e.g., Degussa P25. This method provides good control of particle
size, particle crystal structure, and also can produce highly pure particles continuously
without further subsequent processes such as drying, calcinations, and milling. The
sizes of flame-made particles range from a few to several hundreds nanometers in

diameter depending on process conditions (Jang et al.,2006).

1.2 Objective

The objective of this research is to investigate the characteristics and catalytic
properties of zinc oxide (ZnO) with various crystallite sizes, zinc oxide supported
platinum (Pt/ZnO), and zinc oxide supported gold (Au/ZnQO) prepared by flame spray
pyrolysis in photodegradation of methylene blue (MB).



1.3 Research Scopes

1. Preparation of ZnO various crystallite sizes by flame spray pyrolysis method
(FSP) at different liquid/oxygen ratios (precursor flow rates; 3 and 8 mL/min
and dispersion gas flow rates; 5, and 3 L/min) and Zn concentration
precursor solution ranged from 0.3 to 1 mol/I.

2. Preparation of annealed-FSP ZnO from FSP ZnO (Zn concentration
precursor solution 1 mol/l and precursor flow rates/dispersion gas flow rates
ratio = 8/3) at temperature 750, 800, 835, 850, 900 °C and maintained for 1
h.

3. Preparation of 1 and 3 wt.% Pt/ZnO (Zn concentration precursor solution 0.8
mol/l and precursor flow rates/dispersion gas flow rates ratio = 8/3) by FSP
method.

4. Preparation of 1, 3, and 5 wt.% Au/ZnO (Zn concentration precursor
solution 0.8 mol/l and precursor flow rates/dispersion gas flow rates ratio =
8/3) by FSP method.

5. Characterization of the ZnO, Pt/ZnO, and Au-ZnO powders using several
techniques such as X-ray Diffraction (XRD), Transmission Electron
Microscopy (TEM) with Energy Dispersive X-ray analysis (EDX), UV-vis
Spectrophotometer, N, Adsorption, Atomic - Absorption Spectroscopy
(AAS), Electron Spin Resonance Spectrometry (ESR).

6. Reaction study of ZnO, Pt-ZnO, and Au-ZnO in photocatalytic degradation

of methylene ‘blue and compare  their performances to the reference

commercial titania photocatalysts (P25 and JRC).



1.4 Research Methodology
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CHAPTER II

THEORY

2.1 Properties of Zinc Oxide

Zinc oxide is a 11-VI compound semiconductor of which the ionicity resides at
the borderline between covalent and ionic semiconductor. The crystal structures
shared by zinc oxide are wurtzite, zinc blende, and rocksalt, as schematically shown
in Figure 2.1. At ambient conditions, the thermodynamically stable phase is wurtzite.
The zinc-blende structure can be formed only by the growth of ZnO on cubic

substrate. The rocksalt structure may be obtained at relatively high pressure.

Figure 2.1 ' Stick and ball representation of zinc oxide crystal structures:
(a) cubic rocksalt, (b)-cubic zinc blende, and (c) hexagonal wurtzite.
The shaded gray and black spheres denote Zn and O atoms,

respectively.

Zinc oxide is an n-type semiconductor with a band gap of 3.20 eV and the free
exciton energy of 60 meV, which makes it very high potential for room temperature
light emission. This also gives zinc oxide strong resistance to high temperature
electronic degradation during operation. Therefore, it is attractive for many opto-
electronic applications in the range of blue and violet light as well as UV devices for
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applications. Zinc oxide also exhibits dual

semiconducting and piezoelectric properties. The other properties are given in Table

2.1.

Table 2.1 Properties of wurtzite zinc oxide.

Property Value
Lattice parameters at 300 K
a 0.32495 nm
c 0.52069 nm
alc 1.602 (ideal hexagonal structure is 1.633)
Density 5.606 g/cm?®
Melting point 1975 °C
Thermal conductivity 130 W/im.K
Linear expansion coefficient (/°C) a:6.5x 10°
c:3.0x10°
Static dielectric constant 8.656
Energy gap 3.2 eV, direct
Exciton binding energy 60 meV

Zinc oxide occurs in nature as mineral. Zinc oxide is prepared in industrial

scale by vaporizing zinc metal and oxidizing the generated zinc vapor with preheated
air. Zinc-oxide-has-numerous-industrial applications. It is a common white pigment in
paints. It'is used to make enamel, white printing ink, white glue, opaque glasses, and
floor tiles. It is also used in cosmetics, pharmaceutical applications such as antiseptic
and astringent, dental cements, batteries, electrical equipments, and piezoelectric
devices. Other applications are the use as flame retardant, and UV absorber in
plastics. Nevertheless, the current major application of zinc oxide is in the preparation

of most zinc salts.



2.2 Flame Spray Pyrolysis (FSP) (R. Strobel et al., 2004 and H. D. Jang et al., 2006)

Flame synthesis is a relatively new method for the one-step production of
supported noble metal catalysts and catalysts in general. Flame aerosol synthesis is a
cost-effective and versatile process for the controlled production of nanoparticles. In
flame reactors, the energy of a flame is used to drive chemical reactions of precursor
compounds that result in the formation of clusters which further grow by coagulation
and sintering in the hot flame environment to nanometer-sized product particles.

There are two primary types of the flame aerosol process for the synthesis of
those nanoparticles. One is a flame assisted vapor-to-particle conversion process that
is called as flame vapor synthesis (FVS). The other is a flame assisted liquid droplet-
to-particle conversion process called as flame spray pyrolysis (FSP). The FVS process
is the best choice for the synthesis of solid nanoparticles of single-component and
binary systems such as metals, semiconductors, simple oxide, nitrides, etc. However,
the FVS process requires the use of volatile precursors. High production rate is
possible when highly volatile precursors are available, and because the vapor phase
precursors can be purified more easily than solid or liquid precursors, the FVS process
allows the generation of materials with ultrahigh purities. Unfortunately, a
disadvantage of the FVS process is that the synthesis of high-purity volatile
precursors is complicated and expensive.

In general, the FVS is more complex to design and operate than the FSP
because the FVS requires a gas-handling subsystem for the controlled introduction of
vapor phase reactants. In contrast, the FSP-systems require only an atomizer. The FSP
has the major advantages that can handle materials containing a large number of
elements and that aqueous solution of precursors can be used to produce multi-
components oxide nanoparticles.

In conventional spray pyrolysis, the solution is atomized into a hot wall
reactor where the aerosol droplets undergo evaporation and solute concentration
within the droplet, drying, thermolysis of the precipitate particle at higher temperature
to form a microporous particle, and, eventually a dense one by sintering. The

advantages of FSP include the ability to dissolve the precursor directly in the fuel,
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simplicity of introduction of the precursor into the hot reaction zone (e.g. a flame),
and flexibility in using the high-velocity spray jet for rapid quenching of aerosol
formation.

When producing nano-catalyst using a high temperature flame, the particle
collection technique has to be chosen. One solution is to collect the material directly
on the substrate either inside the flame or very close to it. The variety of operational
details includes several physical parameters such as e.g. particle size of the material.
When nanosized particles are deposited on the substrate, it is assumed that coarsening
of the material may take place, including partial sintering, neck formation and even

full coalescence of the particles, especially if the temperature is sufficiently high.
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Figure 2.2 Schematic of the FSP process for ZnO particle synthesis.

2.3 Photocatalytic process (A. mills et al., 2002, D. Robert et al., 2001, E. Bizani et
al., 2006, and S. Senthilkumaar et al., 2005)

The primary photocatalytic process occurs upon irradiation of a semiconductor
catalyst. A semiconductor is characterized by an electric band structure in which the
highest occupied energy band, called valence band, and the lowest band, called

conduction band, are separated by band gap. The magnitude of the fixed energy gap
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between the electrochemically populated valence band and the largely vacant
condition band govern the extent of thermal population of the conduction band in its
intrinsic state. The band gap also defines the wavelength sensitivity of the
semiconductor to irradiation. When a photon of the energy higher or equal to the band
gap energy is absorbed by a semiconductor particle, an electron from the valence band
is promoted to the conduction band with simultaneous generation of an electronic
vacancy or “hole” (h") in the valence band.

In most materials that are electrically conductive, i.e., metal, two types of
carriers, electron (¢") and holes (h"), immediately recombine on the surface or the bulk
of particle in a few nanosecond and the energy is dissipated as heat (equation 3.1). On
semiconductor such as titanium dioxide, however , they survive for period of time to
allow these carriers be trapped in surface state where there can react with donor (D)
such as surface-bound H,O or OH" or acceptor (A) species A adsorbed such as oxygen

or hydrogen peroxide or close to the surface of the particle (equation 3.2, 3.3 and 3.4).

Recombination ecg+h’vg — heat (3.1)
Photo excitation semiconductor + hv — e cg + h*yp (3.2)
h+\/B =+ D = D+ (33)
ecg +A— A (34)
F'Y A
alcp (-
g ™A
E h‘-':"llhti
3

D
VB @;{
D*
sC

solution

Figure 2.3 Schematic illustration of the major processes that occur on a

semiconductor particle upon absorption of a photon of ultra-band gap light, i.e. hy >

Egc.
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This is followed by formation of extremely reactive radicals (like OH") at the

semi-conductor surface and/or a direct oxidation of the polluting species (R).

H,0 + h*yg— H' + OH' (3.5)
OH s+ h'vg— OH’ (3.6)
R+ h"yg — R"" — degradation products (3.7)

The ejected electrons react with electron acceptors such as oxygen adsorbed or
dissolved in water (equation 3.8).
(O2)ags +€ cg > O (3.8)
The addition of H,O, (equation 3.9) and (equation 3.10) increases the
concentration of OH * radical since it inhibit the e , h* recombination.
O, + H - HO, (3.9)
2HO;” — H,0;, + O; (3.10)
H,0, is considered to have two functions in the photocatalytic degradation. It
accepts a photogenerated conduction band electron thus promotes the charge
separation (equation 3.11) and it also forms OH" (equation 3.12).
H,0, + e cg— OH + OH’ (3.11)
H,0, +0 ;" — OH + OH + O, (3.12)
Oxidation of the organic reactant via successive attacks by OH" radicals
(equation 3.13).
R+ OH — R’ "+ H,0 (3.13)

However, photodegradation of dyes over semiconductor may also occur by
photosensitization. In this process the colored ‘compound-absorb radiation in the
visible range to yield an excited state of the dye, dye*. The dye transfers an electron
to the semiconductor particle to-produce a conduction band radical and a dye radical
cation, which, "in turn, reduces molecular oxygen to form a superoxide anion.
Eventually, the dye cation radical reacts with molecular oxygen or with an

oxygenated radical species to yield a mineralized product.

dye + hy — dye” (3.16)
dye” + semiconductor —— dye”+ semiconductor(e cg) (3.17)

O, +ecg+2H" —H,0, (3.18)
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dye” + O, (and / or Oy and / or OH’) —— mineralized products (3.19)
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Figure 2.4 Band-edge energies of typical semiconductors (Benedix et al., 2000).

2.4 Defect structure of crystal material

Defect can be broadly divided into two groups: stoichiometric defects in
which the crystal composition is unchanged on introducing the defects and non-
stoichiometric defects, which are a consequence of a change in crytal composition. It
is well-known that the surface reactivity is not the same when the surface is regular
(stoichiometric) or reduced (substoichiometric) (Calatayud et al., 2004). These defects
affect the chemical properties of solids in very significant ways, and play a key role in
controlling the rate at which soids react. As a general rule, the most favorable
adsorption modes on a perfect surface preserve the electronic gap of the oxide and can
be understood in terms of acid-base reaction mechanism; on the contrary, the
adsorption on a reduced surface implies a redox mechanism in order to restore the gap
that is decreased or has disappeared by effect of them reduction. Two such defects

particular importance is the Frenkel and schottky defects. Only point defect that
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concerns our work thus large-scale imperfections will not mentioned in details. The

details of point defects are following.

2.4.1 Vacancies: Schottky defects

Consider the simplest crystal defect, namely that of an atomic site becoming
vacant, with the missing atom migrating to the crystal surface. This process will be
energetically unfavorable, costing the system a change in energy. The defects arising
from balanced populations of cation and anion vacancies are now known as schottky
defects.

Schottky defects are frequently represented in Figure 2.5. This represents a
Schottky defect in a crystal structure of the sodium chloride type, the projection
shown in this diagram representing a (100) plane. In this case, Schottky defect will
consist of the appropriate numbers of the cation and anion vacancies to form an

electrically neutral total.
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Figure 2.5 Cation and anion charge-balanced shottky defects in NaCl. The
metal atoms are smaller than the non-metal atoms. The defect consists of vacancies on

both metal and non metal sites.

2.4.2 Interstitial defects: Frenkel defects
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In crystals that not pack with high efficiency, it is possible for atoms to occupy
sites that are normally vacant, called interstitial sites. The Frenkel defect contains
interstitial-vacancy pairs, formed as a result of the transfer of atoms or ions into
interstitial sites, leaving vacancies behind at the regular sites. This process is
illustrated in Figure 2.6.
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Figure 2.6 Pair of charge-balanced Frenkel defects in Agl. The metal atoms
are smaller than the non-metal atoms. The defects consist of equal numbers of
vacancies on either the metal or non-metal or non metal sub-lattice and interstitial

ions of the same type.

2.5 Role of Semiconductor-metal (Au and Pt) nanocomposites for enhance the
photocatalytic reaction rate (F. B. Li et al., 2002)

Platinum and gold can produce the highest Schottky barrier among the metals
that facilitate electron capture. The capture of electrons by Platinum and gold is
postulated to produce a longer electron-hole pair separation lifetime, and therefore
hinder the recombination of electron-hole pairs and enhance the transfer of holes and
possibly electrons to O, adsorbed on the semiconductor surface. Afterwards, excited
electrons migrate to the metal, where they become trapped and the electron—hole pair
recombination is suppressed. Therefore, many investigations have reported the
enhancement of photoactivities in both liquid and gas phases results from depositing
platinum and gold.
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Semiconductor

Figure 2.7 illustrates the mediating role of noble metals in storing and shuttling
photogenerated electrons from the semiconductor to an acceptor in a photocatalytic

process.

2.6 Fermi-Level Equilibration of the metal nanoparticles (Au,Pt) brought in

contact with the irradiated semiconductor(ZnO). (V. Subramanian et al., 2003)

The interaction is ohmic type in the case of ZnO-Pt as the Pt capping merely
facilitates discharge of the photogenerated electrons into the electrolyte. Such an
interaction between semiconductor and metal has been proved to be beneficial for
improving the efficiency of many photocatalytic reactions (for example, water
splitting reactions in Pt-capped TiO,.

The ZnO-Au system on the other hand shows unusual charge storage behavior.
As illustrated in Scheme 2.5, the electrons transferred to gold nanoparticles are stored
within the metal nanocore. Increased electron density within the nanoparticle thus
shift the Fermi-level toward more negative potentials. The transfer of electrons to
metal nanocore continues until the Fermi level reaches close to the conduction band
edge of ZnO. Each injected electron within the gold nanoparticle is capable of shifting
the Fermi level by 0.1 V. Thus, the storage of multiple electrons during the charge
equilibration with the semiconductor can produce a significant shift in the Fermi
level, thus driving the overall Fermi level to more negative potential. An independent
photoelectrochemical experiment carried out with TiOy/Au films show a shift in the

Fermi-level of 150 mV. Thus, the Fermi level equilibration with a noble metal layer
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has its own benefit toward improving the photoelectrochemical and photocatalytic

performance.
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Figure 2.8 Photoinduced Charge Separation and Charge Distribution in (a) Pt/ZnO
and (b) Au/ZnO Nanocomposites. Er and Ex- Represent Fermi Levels Attained before

and after Charge Distribution.

2.7 PL mechanism of semiconductor nanomaterials (Ligiang et al., 2006)

A semiconductor is characterized by an electronic band structure in which the
highest-occupied energy band, called valence band (VB), and the lowest-occupied
energy band, called conduction band (CB), are separated by a band gap, i.e. a region
of forbidden energies. There are some sub-bands in the band gap, which are closely
related to surface defects and surface states. The band gap energy (Eg) is the energy
difference between the CBbottom-and VB top. To discuss the relationships between
the PL spectrum and photocatalytic activity, only the PL_ phenomena of excited
energy higher or equal to the band gap energy of semiconductor are presented here.
Fig. 2.9 shows the main photophysical processes of semiconductors excited by light
with no less than the band gap energy, and there are four main processes. Process | is
the photo-excited process in which the electrons from the VB are promoted to the CB
with different energy levels to become different excited states, with simultaneous
generation of holes (h+) in the VB under irradiation. However, the excited electrons
in the CB easily come back to the VB via a certain course to recombine with the
holes, since they are very unstable. During the recombination process of photo-

induced charge carriers, a certain amount of chemical energy can be released, which
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would further transform possibly to heat or to light energy. The light energy can be
dissipated as radiation, which results in a luminescence emission of semiconductor
material, called the PL phenomenon of the semiconductor. In fact, the excited
electrons with different energy levels in the CB easily transfer firstly to the CB
bottom via non-radiative transitions; subsequently, the processes II, 111 or 1V will
possibly occur. Process Il is the band-band PL process in which the electron
transitions from the CB bottom to the VB top can take place, with simultaneously
releasing of energy as radiation. In this case, the photon energy actually equals to the
band gap energy. However, the photon energy can be higher than the band gap energy
sometimes, which mainly resulis from the transitions of higher energy of excited
electrons from the CB band to the B top directly. This PL signal is also attributed to
a kind of band-band PL phenomenon. Process 11 is the excitonic PL process in which
the non-radiative transitions of excited electrons from the CB bottom to different sub-
bands (or surface states) occur first, and subsequent radiative transitions from the sub-
band to the VB top can take place. The energy of the radiative photon, which is the
energy difference between the sub-band and VB top, is lower than the band gap
energy. In general, the excitonic PL signal mainly results from surface oxygen
vacancies and defects of semiconductors. Moreover, the nanoparticle size is fine, so
that the average distance which the electrons can move freely to is very short. These
factors can make surface oxygen vacancies and defects very easily bind electrons to
form excitons in the sub-band. Thus, the excitonic PL process can occur, and the
smaller the nanoparticle size, the larger the oxygen vacancy and defect content, the
higher the probability: of exciton occurrence and the stronger the PL signal. In
addition, the excited electrons at the CB bottom can come back to the VB directly or
indirectly by non-radiative transitions, which-is the process 1V.

The above discussions demonstrate that only photophysical processes Il and
I11 can give rise to PL phenomena, the former is attributed to the band—band PL, and
the latter is attributed to the excitonic PL. According to PL attributes, the band-band
PL spectrum can directly reflect the separation situation of photo-induced charge
carriers, viz. the stronger the band-band PL signal, the higher the recombination rate
of photo-induced carriers. The excitonic PL spectrum cannot directly reflect the

separation situation of photo-induced carriers. However, it can reveal some important
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information about surface defects, oxygen vacancies and surface states, which can

strongly affect photocatalytic reactions.
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Fig. 2.9 Main photophysical processes of a semiconductor excited by light with equal

to or higher than band gap energy (I—photo-excited process; Il—band-band PL

process; Ill—excitonic PL process; I\VV—non-radiative transition process).



CHAPTER Il

LITERRATURE REVIEWS

3.1 Flame Spray Pyrolysis (FSP)

T. Tani et al. (2002) studied zinc oxide (ZnO) nanoparticles made by flame
spray pyrolysis (FSP) of zinc acrylate-methanol-acetic acid solution. The effect of
solution feed rate on particle specific surface area (SSA) and crystalline size was
examined. The average primary particle diameter can be controlled from 10 to 20 nm
by the solution feed rate. All powders were crystalline zincite. The primary particle
diameter observed by transmission electron microscopy (TEM) was in agreement with
the equivalent average primary particle diameter calculated from the SSA as well as
with the crystalline size calculated from the X-ray diffraction (XRD) patterns for all
powders, indicating that the primary particles were rather uniform in diameter and
single crystals. Increasing the solution feed rate increases the flame height, prolonging
particle residence time in the flame and therefore coalescence and/or surface growth
was enhanced, resulting in larger primary particles. Compared with the other gas
phase-made ZnO nanoparticles, the FSP-made powder exhibits some of the smallest
and most homogeneous primary particles. The FSP-made powder also shows almost
the same BET equivalent average primary particle diameter but higher crystallinity
than a sol-gel derived powders. On the other hand, a sol-gel-method using reversed
micelles was considered better than FSP for close particle property control of ZnO

nanoparticles.

T. Tani et al. (2005) studied zinc oxide (ZnO) and magnesia (MgQO) powder
made by flame spray pyrolysis of zinc acetate and magnesia acetate dissolved in
methanol-water mixture respectively. The product powder were characterized by
nitrogen adsorption, infrared adsorption (IR), X-ray diffraction (XRD) and
transmission electron microscopy. The effect of solvent on powder characteristics

were examined by changing methanol content (X = 1 — 0.4) in the solvent. Polyhedral
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aggregates of nanoparticles were formed from the solvents with methanol content >
0.6 for both ZnO and MgO, suggesting complete evaporation of the metal spcies in
the flame and particle formation in gas phase, whereas using the solvent with
methanol content of 0.4 suppressed the evaporation, leading to particle formation both
in gas and liquid phases, resulting in a mixture of nanoparticles and large particle also
for both cases. The criteria for the complete evaporation were not changed in these
experimental condition for ZnO and MgQO synthesis in spite of the different physical
properties of these oxides as well as their precursors. The XRD and IR spectra
showed hydroxylation of MgQO, which can be explained by the larger Gibbs energy
change for hydroxylation in MgO than in ZnO. The dger, dxrp and drem (only for
Z100) were in agreement with each other for Z100, Z80 and Z60, suggesting single
crystalline primary particles, whereas the dger, dxgp and drgm (only Z100) were not
consistent for M100, M80 and M60. Hydoxylation of MgO may influence the product
particle characteristics.

W. Y. Teohet al. (2005) studied TiO, and Pt/TiO, nanoparticles prepared by a one-
step flame spray pyrolysis (FSP) process that resulted in mostly anatase (69-85 wt%)
powders with controlled specific surface area and crystallite size. These particles
displayed better activity than Degussa P25 TiO, for photocatalytic mineralisation of
sucrose. Co-precipitation of Pt on TiO, during FSP increased the rutile content and
slightly increased the specific surface area. Close control over Pt deposit size during
this process was possible by varying the Pt concentration in the feed precursor. The
dispersion ofthe Pt was high, 45-77% (at 4.0-0.1 atom% Pt) and corresponded to
metal deposit size of 2.5-1.4 nm, respectively. An optimum photocatalytic activity
was -observed-at-0.5 -atom% Pt-loading.. At loadings higher- than optimum, hole
recombination with negatively charged Pt deposits may decrease the adsorption of
negatively charged oxidants and light shielding effects may also hinder the process.
At low Pt loading (0.1 atom% Pt), the activity was lower than that of FSP-made TiO;
since the high photocurrent density of the Pt deposits increased the electron-hole
recombination. The deposit size was also too small to establish sufficient electrical
contact for efficient interfacial charge transfer between the photocatalysts and

sucrose. Additional studies on the photocatalytic mineralisation of sucrose under
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oxygen enriched conditions reaffirmed the postulation that both FSP-made TiO; and
improved Pt/TiO, photocatalysts favoured a reductive pathway which was different

and faster than the pathway followed when using Degussa P25 TiO,.

H. D. Jang et al. (2006) studied synthesis of silica (SiO;) nanoparticles from
sprayed droplets of tetraethylorthosilicate (TEOS) by the flame spray pyrolysis. The
particles were characterized by TEM, XRD, and BET method. TEOS concentration,
maximum flame temperature, and residence time of reactants in the flame were
chosen as key experimental variables for the control of the particle morphology, and
average particle diameter. Spherical SiO, nanoparticles ranged from 12 to 47 nm in
average particle diameter were produced by through all the experiments. As the TEOS
concentration in the flame increased from 5.5 * 10° to 2.2 * 10”° mol/l, the average
particle diameter of the SiO, nanoparticles increased from 12 to 45 nm maintaining
narrow particle size distribution. Larger SiO, nanoparticles were synthesized as
hydrogen and oxygen flow rate decreased in the flame, respectively. Crystal structure

of all the product SiO, nanoparticles was found as amorphous.

W. Y. Teoh et al. (2007) studied visible light-active Fe-doped TiO; that was
prepared by a one-step flame spray pyrolysis (FSP) technique. Introduction of Fe into
TiO, matrix by flame synthesis was effective in extending the particle photoresponse
to the visible regime (A > 400 nm). At the same time, it also enhances transformation
to rutile. Being a bottom-up approach, the short residence time coupled with a high
quenching rate during the FSP process was found to be an excellent method in
synthesising homogeneous Fe-doped TiO, solid solutions with high Fe solubility.
The reparted solubility of up to Fe/Ti'= 0.05 in this work is significantly higher than
the Fe/Ti ~ 0.01 commonly found for particles synthesised by wet techniques
followed by high temperature calcination. Doping Fe above its solubility limit was
accompanied by formation of amorphous structure and a UV-vis optical band centred
at 490 nm. A slight shift in the XRD rutile (1 1 0) peak and a decrease in specific
surface area were also observed at high Fe loadings. The Fe-TiO, sample was able to
mineralise oxalic acid under visible light. This is also accompanied by a unique

Fe-leaching and re-adsorption properties. Extraction of Fe (l1I) from photocatalyst
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surface was found to take place even in the dark to form a Fe (I11)-oxalate complex.
The complex is photolysed under visible light irradiation leaving behind Fe (1) ions.
Here, the presence of visible light-active Fe-TiO, is important to reoxidise the
adsorbed Fe (II) to Fe (I11) to sustain the photoreaction under visible light. A high
extent of oxalic acid mineralisation (70%) for 10 ppm (as carbon) of oxalic acid was
observed for Fe-doped TiO, with Fe/Ti ratio of 0.05 compared to just 50% for the
same bulk amount of aqueous Fe (11l) and TiO,. In addition, most dissolved Fe ions
are readsorbed back on the Fe-TiO, particles at the end of the oxalic acid oxidation
reaction, thereby minimizing the loss of Fe and rendering its re-usability. On the other
hand, a mixture of dissolved Fe (I11) and bare TiO; resulted in significant loss of
unadsorbed Fe after each run. Hence it is not surprising that the Fe-doped TiO,
particles exhibited reproducible mineralization rates even after 5 repeated runs
whereas the latter saw deteriorating rates after every run. The UV-vis absorption
spectrum of Fe-doped TiO, was also found to be unchanged despite repeated

photocatalytic runs.
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Particle Initial MB Catalyst Reaction condition | Conversion Rate constant Reference

Catalyst

size (nm) | concentration | concentration (60 min; %)
TiO; (sol-gel) 30 12.5 mg/L 1212 mg/L 110 W UV lamp 32 0.018 min™ X.Z. Lietal. (2001)
3% WOX-TiO;

(sol-gel) 23 12.5 mg/L 1212 mg/L 110 W UV lamp 66 0.106 min™ X.Z. Lietal. (2001)
TiO2 (sol-gel) 18.3 12 mg/L 1212 mg/L 125 W UV lamp n.d. 0.0955 min™ F. B. Lietal. (2002)
0.5% Au-TiO;

(sol-gel) 19.4 12 mg/L 1212 mg/L 125 W UV lamp n.d. 0.1752 min™ F. B. Lietal. (2002)
0.5% Au**-TiO, . _

11.8 12 mg/L 1212 mg/L 125 W UV lamp n.d. 0.1944 min F. B. Lietal. (2002)
(photo-reduction)
TiO2 (sol-gel) 20 -30 15 mg/L 1212 mg/L 110 W UV lamp n.d. 0.0672 min™ F. B. Lietal. (2002)
0.75%Pt-TiO;
_ - _1 -
(photo-reduction) 40 - 80 15 mg/L 1212 mg/L 110 W UV lamp n.d. 0.104 min F. B. Lietal. (2002)
S. Chakrabati et al.
ZnO 147 50 mg/L 1000 mg/L 16 W UV lamp 55 n.d. (2004)
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3.2 Photocatalytic degradation of dye by ZnO and TiO,

S. Chakrabati et al. (2004) investigated photocatalytic degradation (PCD) of
Methylene Blue and Eosin Y with ZnO. A 16 W lamp was the source of UV-radiation
in a batch reactor. In addition to the removal of colors, the reaction simultaneously
reduced the COD suggesting that the dissolved organics were at least partially
oxidized.The PCD efficiency has been generally, found to increase with increase in
catalyst loading up to a limiting value, decrease in initial concentration, increase in
airflow rate, pH, and UV light intensity. Of the two dyes, Methylene Blue was
degraded faster. The rate equation for the PCD followed pseudo-first order kinetics
and the rate-constants were determined, using Langmuir-Hinshelwood model. The
kinetic model was based on hydroxyl radical attack. The efficiency of the once-

recycled catalyst was reduced to 58.9% of the fresh catalyst.

Y. J. Jang et al. (2005) studied ZnO nanoparticles and its nano-crystalline
particles on the photocatalytic degradation of methylene blue. ZnO nanoparticles and
its nano-crystalline particles were synthesized from sprayed droplets of an aqueous
zinc nitrate solution by flame spray pyrolysis and spray pyrolysis assisted with an
electrical furnace, respectively. Photoactivity of the ZnO nanoparticles of 20 nm in
the average diameter was higher than that of the ZnO nano-crystalline particles of 20
nm in mean grain size throughout the present experiments. The photocatalytic
degradation of methylene blue using a commercial TiO, photocatalyst (P25) of 20 nm
in average particle diameter was alsa measured to compare between the TiO, and the
Zn0. As the reaction occurred, the TiO, was more effective on the degradation of
methylene blue than the ZnO until 40 min. But no difference after 1 .h. The efficiency
of photodegradation of methylene blue using two kinds of ZnO photocatalyst has been
generally found to increase with increase in catalyst loading and decrease in initial

concentration regardless of particle morphology in the present study.

R. Kavitha et al. (2007) investigated the effects of substrate temperature and
deposition time on particle size, phase composition, and texture of titania films using

combustion flame pyrolysis method. The resulting TiO, film has anatase at low
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substrate temperature, rutile at high substrate temperature and a mixture of these two
phases at intermediate temperatures. Fine primary particles are obtained at low
precursor concentrations. ZnO films are deposited from sprayed droplets by using this
process and comparison of TiO, and ZnO films on the photocatalytic degradation of
remazol brilliant blue is investigated. The photoactivity of ZnO film is higher than
those of TiO, (anatase) and TiO, (rutile) films. This study proves that flame spray
pyrolysis is a suitable method to deposit ZnO and TiO, films for photocatalytic

application.

3.3 Effect of crystallite size of on the photocatalytic activity of ZnO

A.C. Dodd et al. (2006) studied a three-stage process consisting of
mechanical milling, heat treatment, and washing has been used to manufacture
nanoparticulate ZnO powders with a controlled particle size and minimal
agglomeration. By varying the temperature of the post-milling heat treatment, it was
possible to control the average particle size over the range of 28-57 nm. The
photocatalytic activity of these powders was characterized by measuring the hydroxyl
radical concentration as a function of irradiation time using the spin-trapping
technique with electron paramagnetic resonance spectroscopy. It was found that there
exists an optimum particle size of approximately 33 nm for which the photocatalytic
activity is maximized. The existence of this optimal particle size is attributable to an
increase in the charge carrier recombination rate, which counteracts the increased
activity arising from-the higher specific surface area for a sufficiently small particle

size.

J."Ligiang et al. (2006) = studied the ZnO nanoparticles are prepared by a
precipitation process, and also are characterized by means of the modern testing
techniques such as XPS, ESR, SPS and PL. The activity of the as-prepared ZnO is
evaluated in the photocatalytic oxidation of gas phase n-C;Hs. The relationships of
surface oxygen vacancies (SOV) with photoluminescence (PL) and photocatalytic
performance are discussed in details. The results show that the smaller the particle

size, the larger the SOV content, the stronger the PL signal, the higher the
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photocatalytic activity, indicating that the SOV, PL and photocatalytic activity have
inherent relationships. This was because of the reasons that the PL signal is attributed
to the free and binding excitons resulting from the SOV, while the SOV is favorable
for a photocatalytic oxidation reaction since the SOV can easily capture the
photoinduced electrons, and the captured electrons had strong interactions with the
adsorbed oxygen. In addition, the surface states of ZnO nanoparticles, arising from

the SOV and oxygen species, are very abundant.

H. Wang et al. (2007) studied ZnO powders with various size scales (mean
diameter size: 10, 50, 200 and 1000 nm) have been prepared by two different
preparation methods, thermal evaporation method and chemical deposition method,
and examined as photocatalysts for the UV-induced degradation of methyl orange in
water solution. ZnO nanoparticle with diameter size 50 nm prepared by thermal
evaporation method showed the highest photocatalytic activity. In addition, the
tetrapod ZnO nanopowders had the higher efficiency than irregular ZnO particles.
However, the smallest 10 nm ZnO nanoparticle prepared by chemical deposition
method indicated the lower efficiency contrast to 200 nm ZnO powders prepared by
thermal evaporation method. The results indicated preparation method was the
decisive factor rather than size and morphology. The experiments were conducted
with 50 nm ZnO powders to investigate its photocatalytic activity under various
process conditions. The results indicated that the catalyst loading, pH values and the
initial dye concentration affected the degradation efficiency of ZnO powders
obviously. We' learned that the photodegradation: efficiency is enhanced with the
increase of catalyst loading and the reverse effect is obtained with the increase of
initial-dye ‘concentrationin-our experiments. - The  photocatalytic -decomposition of
methyl orange was most efficient in the solution at pH 10.
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3.4 Photocatalytic degradation of dye by using metal-doped ZnO and TiO,

F. B. Li et al. (2002) investigated the mechanism of photosensitization and the
recombination of excited electron-hole pairs that were affected by depositing
platinum (Pt) on the surface of titanium dioxide (TiO2). A new catalyst of Pt-TiO;
was prepared by a photoreduction process. Being model reactions, the photocatalytic
oxidation of methylene blue (MB) and methyl orange (MOQO) in aqueous solutions
using the Pt-TiO; catalyst was carried out under either UV or visible light irradiation.
The experimental results indicate that an optimal content of 0.75%Pt-TiO, achieves
the best photocatalytic performance of MB and MO degradation. The interaction of Pt
and TiO, was investigated by means of UV-Vis absorption spectra,
photoluminescence emission spectra, and X-ray photoelectron emission spectroscopy.
The Pt°, Pt** and Pt** species existing on the surface of Pt-TiO,, and the Ti*" species
existing in its lattice may form a defect energy level. The Pt impurities, including Pt,
Pt(OH),, and PtO,, and the defect energy level absorb visible light more efficiently in
comparison with the pure TiO, and hinder the recombination rate of excited electron—

hole pairs.

F. B. Li et al. (2002) studied gold ion-doped TiO; and gold-deposited TiO, by
measuring the photo-activity, X-ray diffraction (XRD) spectra, photoluminescence
(PL) spectra, and X-ray photo-electron spectra (XPS) of gold, oxygen and titanium.
The results showed that anatase phase was the main component and that the electronic
structure and interfacial electron: transfer -were significantly influenced by the
presence of either gold ion or gold. The photo-activity was quantified in terms of
methylene blue (MB) photo-degradation. As a result, the presence of gold ion in TiO,
lattices or gold on TiO, surface greatly enhanced their photo-activity. The optimum
molar content of gold ion doping and gold deposition was 0.5%. XPS measurements
showed that there were Au, Au®, or Au®* species infon gold modified TiO-, and that
Ti3" species formed in TiO, lattice owing to the presence of gold or gold ion. PL
measurements showed that the recombination of electrons/holes was greatly hindered

owing to gold or gold ion. The lower recombination of electron—hole pairs which had
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a good agreement with the greater photo-activity might be attributable to the presence

of defect energy level, gold impurity energy level, or the presence of gold or gold ion.

Sakthive et al. (2002) studied Pt, Au and Pd deposited TiO, have been
prepared and characterised by surface analytical methods such as surface area, XRD,
and scanning electron micrograph and photophysical characterisation by diffuse
reflectance spectroscopy. The photocatalytic activity of the doped catalysts was
ascertained by the photo-oxidation of leather dye, acid green 16 in aqueous solution
illuminated with low-pressure mercury lamp (=254 nm). Surface area of TiO;
decreases with increasing metal dopant mainly due to blocking of fine capillaries of
parent TiO, surface by metal film islands which are proved to be invisible in X-ray
analysis. The photonic efficiency of Pt deposited TiO, is almost comparable to Au/
TiO, but higher than Pd/ TiO,. The metal-doped TiO, systems show an absorption
threshold extended into the visible region. It is obvious that the metal clusters give
rise to localised energy levels in the bandgap of TiO; into which the valence band
electrons of TiO, are excited at wavelength longer than 400 nm. The highest photonic
efficiency was observed with metal deposition level of less than 1 wt%. The photonic
efficiency increases with increase in the metal loading up to an optimum level due to
the effect of decreasing recombination of electron and hole. Above the optimum metal
doping, the dopants behave as electron/hole recombination centers and hence lower
photonic efficiency has been observed in all metal-doped TiO, catalysts. It is
concluded that defect sites on the TiO, surface are necessary for the photo-oxidation
of pollutants. These defect sites are identified as Ti** andare necessary for adsorption
and photoactivation of oxygen. It is also evident that Ti** sites covered with metal

particles are detrimental to the photo-oxidation of acid green 16.

M. J. Height et al. (2006) studied high surface area Ag-ZnO catalysts that were
made by flame spray pyrolysis (FSP) and characterized by X-ray diffraction (XRD),
nitrogen adsorption, UV-vis spectroscopy and electron microscopy (SEM and
transmission electron microscopy (TEM)) combined with energy dispersive X-ray
spectroscopy (EDXS) for elemental mapping. The Ag loading (1-5 at.%) controlled

the Ag cluster size from 5 to 25 nm but did not influence the ZnO crystal size.
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Photodegradation of 10 ppm methylene blue (MB) solution was used to evaluate the
performance of these FSP-made Ag-ZnO showed higher photocatalytic activity than
wet-made and reference titania powders. An Ag loading between 1 and 3 at.% gave
the fastest photodegradation of MB and the reaction rate decreased at higher Ag
loadings. This is consistent with the presence of discrete Ag clusters leading to
retarded recombination of the photoinduced electron—hole pairs. Decreasing activity
at higher loadings is likely to arise from decreasing surface availability on the
particles for reactant adsorption and light absorption. The photocatalytic performance
was improved for flame-made materials made at longer high-temperature residence
times in the flame. The latter particles exhibited improved crystallinity, as measured
by UV-vis absorption and XRD.

J. J. Wu et al. (2006) studied photodegradation of methyl orange (MO) under
365-nm irradiation over the nc-Au/ZnO nanorod composites and compared with those
of the ZnO nanorods and the ZnO film. The ZnO nanorods and the ZnO film were
deposited on the Si substrates using chemical vapor deposition. Photosyntheses of Au
nanoparticles on the ZnO nanorods were conducted in HAuCls/ethanol solutions
under 365-nm irradiation. The diameters and the densities of the Au nanoparticles
formed on the surface of ZnO nanorods are tunable through varying the HAuCl,
concentration and the irradiation period. The apparent first-order rate constant of MO
photodegradation using the ZnO nanorods Is two orders magnitude larger than that
using the ZnO film. It is suggested that the enhancement is ascribed to the higher
surface area and the charge separation by the surface Fermi-level pining effect. The
enhancement of the photocatalytic activity for degradation of MO is achieved by
loading Au nanoparticles with sizes smaller than 15 nm-on the ZnO nanorods and is
more pronounced as the size of the Au nanoparticles is reduced to 5 nm. However, the
photocatalytic activity of the nc-Au/ZnO nanorod composite is much lower than that
of the Zn nanorods when the diameter of the nc-Au is enlarged to 30 nm. The
dramatic decrease of the photocatalytic activity of the 30-nm nc-Au/ZnO nanorod
composites is suggested to be ascribed to the scattering of the incident irradiation by
the Au nanoparticles and the formation of Schottky barriers at the junction of the ZnO

nanorods and the Au nanoparticles.
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Particle Initial MB Catalyst Reaction condition | Conversion Rate constant Reference

Catalyst

size (nm) | concentration | concentration (60 min; %)
TiO; (sol-gel) 30 12.5 mg/L 1212 mg/L 110 W UV lamp 32 0.018 min™ X.Z. Lietal. (2001)
3% WOX-TiO;

(sol-gel) 23 12.5 mg/L 1212 mg/L 110 W UV lamp 66 0.106 min™ X.Z. Lietal. (2001)
TiO2 (sol-gel) 18.3 12 mg/L 1212 mg/L 125 W UV lamp n.d. 0.0955 min™ F. B. Lietal. (2002)
0.5% Au-TiO;

(sol-gel) 19.4 12 mg/L 1212 mg/L 125 W UV lamp n.d. 0.1752 min™ F. B. Lietal. (2002)
0.5% Au**-TiO, . _

11.8 12 mg/L 1212 mg/L 125 W UV lamp n.d. 0.1944 min F. B. Lietal. (2002)
(photo-reduction)
TiO2 (sol-gel) 20 -30 15 mg/L 1212 mg/L 110 W UV lamp n.d. 0.0672 min™ F. B. Lietal. (2002)
0.75%Pt-TiO;
_ - _1 -
(photo-reduction) 40 - 80 15 mg/L 1212 mg/L 110 W UV lamp n.d. 0.104 min F. B. Lietal. (2002)
S. Chakrabati et al.
ZnO 147 50 mg/L 1000 mg/L 16 W UV lamp 55 n.d. (2004)
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Catalyst Particle Initial MB Catalyst Reaction condition | Conversion Rate constant Reference
size (nm) | concentration | concentration (60 min; %)
TiO;
(solution 10 100 ppm 1000 mg/L Sunlight 60 0.8*10™ mol/L min | K. Nagaveni et al. (2004)
combustion)
ZnO (FSP) 20 15 mg/L 1000-1500 mg/L 20 W UV lamp 86 - 99 n.d. Y. J. Jang et al. (2005)
S. Senthilkumaar et al.
TiO; (sol-gel) 12 10 mg/L 125 mg/L 125 W UV lamp n.d. 0.033 min™ (2005)
Zn0O (FSP) 17 10 ppm 300 mg/L 8 W UV lamp 37 0.47 h't M. J. Height et al. (2006)
3% Ag-ZnO (FSP) 17 10 ppm 300 mg/L 8 W UV lamp 53 0.79 h M. J. Height et al. (2006)
Ti-Ag-US
(solgel via S. Senthilkumaar et al.
g 0.2-0.533 0.0517-0.3147
ultrasonic 44 10 mg/L 125 W UV lamp n.d. _ (2006)
o g/L mg/L min
irradiation)

n.d. = not determined
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Comments on the previous studies

From the previous studied, FSP process is an elegant process to produce
highly crystalline nano-particles using high synthesis temperature and rapid cooling
rate. This technique has the advantage of being able to utilize a broader spectrum of
liquid precursors. Excellent controls over particle characteristics during flame
synthesis including particle purity, surface areas, crystalline phases, and morphologies
make it an ideal method for photocatalyst preparation. For many environmental
applications, TiO; is the most widely employed as a photocatalyst while ZnO is a
suitable alternative to TiO, as it has a similar band gap energy and higher
photocatalytic efficiencies. In photocatalytic reaction the particle size of photocatalyst
have affected on the photocatalytic activity. However, the effect of particle size on the
photoactivity of ZnO has been addressed by a few approaches. In case of addition
noble metal into support semiconductor, many investigations have reported that
platinum and gold can be used for TiO, photocatalytic activity enhancement. They
can improve photocatalytic activity by producing the highest Schotty barrier among
the metals to facilitate the electron capture. However, the characteristics and catalytic
properties of flame-made Pt/ZnO and Au/ZnO in photodegradation of methylene blue
have never been studied. Thus, it is the aims of this study to synthesize Pt/ZnO and
Au/ZnO by flame spray pyrolysis and investigate their catalytic behavior in

photodegradation of methylene blue.



CHAPTER IV

EXPERIMENTAL

4.1 Catalyst Preparation
4.1.1 Materials
The chemical used in this study are specified as follows in Table 4.1.

Table 4.1 Chemicals used in catalyst preparation.

Chemical Supplier
Platinum acetylacetonate Fluka
Gold (I11) chloride trihydrate (Aldrich; 99.9+ %) Aldrich
Zinc naphthanate (< 50 % in mineral spirits) Aldrich
Ethanol (99.9 vol.%) J. T. Baker
Xylene (99.8 vol.%) MERCK
Acetonitrile (99.5 vol.%) Fluka

4.1.2 Flame-synthesis of ZnO

Synthesis of ZnO:nanopowders with various particle sizes were carried out
using a spray flame reactor (Tani, et al.,2002). Zinc naphthanate (Aldrich ;< 50 % in
mineral spirits) was used as zinc precursor. The precursor was dissolved in ethanol
(J.T. -Baker; 99.9%). To obtained different ZnO crystallite sizes during particle
synthesis, precursor solution ranged from 0.3 to 1 mol/l and liquid precursor feed
rates varied from 3 to 8 ml/min were fed to the flame by a syringe pump. Precursors
were dispersed with 3-5 I/min oxygen forming fine spray droplets. The conditions of
synthesis are presented in Table 4.2. The pressure drop at the capillary tip was
maintained at 1.5 bar by adjusting the orifice gap between the nozzle. The reactor was
water-cooled to avoid evaporation or decomposition of the precursor within the feed

lines. The spray flame was surrounded and ignited by a concentric premixed
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methane/oxygen pilot flame (CH,4 1.5 L/min, O, 3.0 L/min) that was sheathed further
by flowing oxygen (25 L/min) through a sintered metal plate ring (8 mm wide,
starting at a radius of 8 mm). The powder particles were collected on a glass—fiber

filter (GF/D Whatman; 257 mm diameter) with the aid of a vacuum pumep.

Table 4.2 Synthesis condition of ZnO with various crystallite sizes by the flame

spray pyrolysis method.
Metal concentration Precursor flow  Dispersion oxygen  Crystallite size
(Molar) rate (mL/min)  flow rate (L/min) dxra (NM)

0.3 3 5 8.8
0.3 8 3 19.4
0.5 8 3 30.0
0.8 8 3 40.7

1 8 3 47.0

4.1.3 Synthesis of annealed-ZnO

Annealing of the powders was performed in a Carbolite CWF1300
temperature programmed oven., ZnO powders with the crystallite size of 47 nm
produced by FSP method was heated in air at 10°C/minute to a desired temperature
(750, 800, 835, 850, 900 °C) and maintained at that temperature for 1 h to form larger
particles. The relationship between the annealing temperature and average size of the

ZnO nano-crystallite is summarized in Table 4.3.

Table 4.3 Synthesis synthesis-of annealed ZnO

Metal concentration  Precursor  Dispersion Annealing Crystallite size
(Molar) (frlr?l\_/\;r:]a:tne) f(lﬁ\//vmri?]t)e Temperature ( °C) dxro (NM)
1 8 3 750 52.6
1 8 3 800 67.1
1 8 3 835 80.3
1 8 3 850 90.6
1 8 3 900 103.5
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4.1.4 Flame-synthesis of Au-ZnO and Pt-ZnO

Syntheses of Au-ZnO and Pt-ZnO powders were carried out using a spray
flame reactor. Zinc naphthanate (Aldrich; < 50 % in mineral spirits) and Gold (111)
chloride trihydrate (Aldrich; 99.9+ %) were used as zinc and gold precursors. The
precursors were dissolved in ethanol (J.T. Baker; 99.9%) with total metal
concentration maintained at 0.8 M while the gold concentration ranged between 0 and
5 wt.%. Using a syringe pump, 8 mL/min of precursor solution was dispersed into
fine droplets by a gas-assist nozzle fed by 3 L/min of oxygen designated as a 8/3
flame. The pressure drop at the capillary tip was maintained at 1.5 bar by adjusting
the orifice gap between the nozzle. The reactor was water-cooled to avoid evaporation
or decomposition of the precursor within the feed lines. The spray flame was
surrounded and ignited by a concentric premixed methane/oxygen pilot flame (CH,4
1.5 L/min, O; 3.0 L/min) that was sheathed further by flowing oxygen (25 L/min)
through a sintered metal plate ring (8 mm wide, starting at a radius of 8 mm). The
powder particles were collected on a glass—fiber filter (GF/D Whatman; 257 mm
diameter) with the aid of a vacuum pump.

Pt-ZnO was prepared using the same conditions as that of Au-ZnO but raw
materials for preparation of a liquid-phase precursor was changed from Gold (I11)
chloride trihydrate to Platinum acetylacetonate (Fluka) and solvent for dissolved
Platinum acetylacetonate from ethanol to xylene (MERCK; 99.8 vol.%)/acetonitrile
(Fluka; 99.5 vol.%) mixtures 70/30 vol%. However, 5 wt.% Pt-ZnO has not been
synthesized because the precursor solution mixture contained higher metal

concentration than that the solvent can dissolve.

4.2 The Reaction Study in Photocatalytic Degradation of Methylene Blue

4.2.1 Instrument and Apparatus

1. Reactor beaker (pyrex) 250 ml.

2. UV lamp Phillips 15 W.

3. Magnetic stirrer plate
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4. Plastic syringe 10 ml.

5. Stirrer bar

6. Centrifuged

7. Plastic cuvette 5 ml.

8. UV-vis spectrophotometer (Perkin Elmer Lambda 650)

4.2.2 Chemicals and Reagents

The chemicals and reagents used in the reactions are shown in Table 4.4.

Table 4.4 The chemicals and reagents used in the reaction.

The chemicals and reagents Supplier

Methylene blue Unilab, Asia Pacific Specialty Chemicals Limited

De-ionized water Millipore Waters Milli Q purification unit

4.2.3 Phtocatalytic Degradation of Methylene blue Procedure

A Dbasic aniline dye, MB was used as a probe molecule to evaluate the
photocatalytic activities. The formula of MB is as following:

M
I
/@'V’D\
HSC—Pﬁ s N—CH,

- |
CH, Cl CH,

3

Fig 4.1 Structure of methylene blue.

For the photocatalytic test of methylene blue degradation, The photocatalytic
reaction was conducted at room temperature under UV light 2 x 15 W UV tube
predominantly emit at 365 nm (Philips) with the average light intensity 4.7 x 10°* W
cm on the reaction beaker (pyrex) at a distance of 6 cm from the lamp. The reaction
was carried out with 20 mg of catalyst dispersed in 200 ml of 10 ppm methylene blue
aqueous solution. Prior to irradiation, the suspension was magnetically stirred in the

dark for 30 min to establish the adsorption/desorption equilibrium of methylene blue.
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Approximately 3.5 ml of the sample was withdrawn every 10 min. Before analysis,
the aqueous sample was centrifuged to remove any suspended solid catalyst particles.
The residual concentration of methylene blue was measured at 665 nm using the UV—-
vis spectrophotometer in a liquid cuvette configuration with de-ionized water as
reference. The percentage of degradation was calculated by using the equation given
below:

(Co — C)

Degradation (%) =
CO

x100 (4.1)

In which Cy is the initial dye concentration and C is the dye concentration after
the treatments.

4.3 Catalyst Characterization

4.3.1 X-ray Diffraction (XRD)

The bulk crystal structure and chemical phase composition are determined by
diffraction of an X-ray beam as a function of the angle of the incident beam. The
XRD spectrum of the catalyst is measured by using a SIEMENS D500 X-ray
diffractometer and Cu Kq radiation. The crystallite size (dxrp) is calculated from

Scherrer’s equation.

4.3.2 Transmission Electron Microscopy (TEM)
The particle morphology was observed. using JEOL Model JEM-2010
transmission electron microscope (TEM) operated at 200 keV Energy dispersive X-

ray analysis (EDX) at National metal and materials technology center.

4.3.3 Nitrogen Adsorption

The BET powder-specific surface area, pore volume, and average pore
diameter were measured by N, physisorption using a Micromeritics ASAP 2000
automated system and the Brunauer—-Emmet-Teller (BET) method. Each sample was
degassed under vacuum at <1 x 10> bar in the Micromeritics system at 300 °C for 3 h
prior to N, physisorption.
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4.3.4 Photoluminescence (PL)

To study the recombination of electrons—holes, photoluminescence
measurement was carried out on a Fluorescence spectrophotometer (Perkin—Elmer
LS-50) at center of nanoscience and nanotechnology faculty of Science Mahidol
University by using a Xenon lamp as the excitation source at room temperature. The
sample was dispersed in ethanol using ultrasonic bath and the excitation wavelength

used in photo luminescence (PL) measurement was 325 nm.

4.3.5 Atomic Absorption Spectroscopy (AAS)

The content of metal in Au-ZnO and Pt-ZnO samples was determined by
Atomic Absorption Flame Emission Spectroscopy (varian spectra A800) at the
Department of science service Ministry of science technology and environment. The
metal loading of the samples is expressed in grams of metal per gram of sample: wt%

4.3.6 UV-visible Absorption Spectroscopy (UV-vis)

To determine the light absorption band edge, the UV-Vis Absorption Spectra
of the photocatalysts were obtained in the range of 300-900 nm using a UV-Vis
scanning spectrophotometer (Perkin - Elmer lampda 650, 4 between 300-900 nm and

step size 1 nm), while BaSO, was used as refferance.

4.3.7 Electron Spin Resonance Spectrometry (ESR)

The defected surface 0% ‘ion‘vacancies are investigated by the Electron Spin
Resonance Spectrometer (ESR) at STREC. It was conducted on ESR spectrometer of
JEOL,model JES-RE2X on ES-IPRIT programwith the X band Microwave unit and
frequency : 8.8-9.6 GHz. The cavity is cylindrical and it was operating in TE o3

mode.



CHAPTER YV

RESULTS AND DISCUSSION

The main topic of this study involves an attempt to improve the photocatalytic
efficiency of ZnO by varying crystallite size and doping second metal (Pt and Au). In
this chapter, the experimental results and discussion are described and divided into
two major parts.

The first part describes the effect of ZnO crystallite size on the photocatalytic
degradation of methylene blue by FSP made ZnO and annealed-FSP ZnO.

The second part describes the photocatalytic degradation of methylene blue by
Pt/ZnO and Au/ZnO catalysts prepared by FSP method.

5.1 Effect of ZnO crystallite size on the photocatalytic activity of ZnO prepared
by flame spray pyrolysis method.

5.1.1 Particle characterization
5.1.1.1 X-ray Diffraction (XRD)

The results from XRD analysis of all the ZnO powders are shown in Figure
5.1a-5.1b. The average crystallite size (dxgp) 0f ZnO. was estimated from the full-
width half-maximum breadth of the (101) diffraction peak using the Scherrer

equation.

Figure 5.1.a shows XRD patterns of the FSP made ZnO powders; (a) ZnO 8.8
nm, (b) ZnO 19.4 nm, (c) ZnO 30.0 nm, (d) ZnO 40.0 nm, and (e) ZnO 47.0 nm. All
of the indexed peaks in the obtained spectrum are well matched with that of bulk ZnO
(JCPDS Card No. 36-1451) possesses wurtzite hexagonal phase. No other diffraction
peaks or amorphous phase was detected. It was found that the diffraction peaks
intensities increased and the peaks became sharper as the precursor concentration and
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the ratio of fed liquid and dispersion gas flow rates through the nozzle increased.
These results imply the growth of ZnO crystallite and it becomes more crystalline.
Figure 5.1b similarly shows the XRD patterns of ZnO powders prepared by FSP after
annealed at different temperature; (f) ZnO 52.6 nm, (g) ZnO 67.1 nm, (h) ZnO 80.3
nm, (i) ZnO 90.6 nm, and (j) ZnO 103.5 nm. All the powders exhibited similar XRD
patterns as those in Figure 5.1a. However, the intensity of diffraction peaks for
annealed FSP ZnO powders were not changed much when annealing temperature
increased. It could be due to the high crystallinity of the starting FSP-made sample
(47 nm).
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Figure 5.1 XRD patterns of as-prepared flame-made ZnO various crystallite sizes (a)
8.8 nm, (b) 20 nm, (c) 30 nm (d) 40 nm, and (e) 47 nm and Flame-made ZnO with

annealed in air at different temperature various crystallite sizes (f) 52.6 nm, (g) 67.1
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nm, (h) 80.3 nm (i) 90.6 nm, and (j) 103.5 nm . All powders exhibit the typical pattern

for hexagonal zincite ).
5.1.1.2 Nitrogen Adsorption
Specific surface area, pore volume, and average pore size of ZnO with various
crystallite sizes were determined from nitrogen adsorption isotherms and are

displayed in Table 5.1.

Table 5.1 BET surface area, pore size, and pore volume of the FSP-made ZnO with

various crystallite sizes.

Sample Surface Area (m?/g)  Pore VVolume (cm®/g)  Pore Size (nm)
Zn0O 8.8 nm 63.1 0.26 13.3
Zn0 19.4 nm 355 0.07 7.1
Zn0 30.0 nm 26.2 0.06 7.3
Zn0 40.0 nm 13.6 0.02 7.9
Zn0 47.0 nm 15.1 0.03 6.3
Zn0 52.6 nm 12.0 0.02 54
Zn0 67.1 nm 8.0 0.01 8.7
Zn0 80.3 nm 6.8 0.01 8.6
Zn0 90.6 nm 5.9 0.01 7.6

Zn0 103.5 nm 5.8 0.01 7.3

Table 5.1 summarizes BET surface area (SSA), average pore size, pore volume, and
crystallite size (dxrp) of all the ZnO powders. The dxrp Of ZnO increased from 9 to
47 nm corresponding to the decreasing on BET surface area from 63.1 to 15.1 m?/g as
the precursor concentration increased from 0.3 to 1 M and the feed rate increased
from 3.to 8 ml/min. This result is consistent with previous study by Pratsinis et al. for
FSP production of TiO, (Pratsinis et al.,1996), SiO, (Briesen et al.,2004),
CeO,(Madler et al.,2002), Pt/Al,O3; (Hannemann et al.,2004), and Ag/ZnO (Height et
al.,2006). Generally, increasing of precursor feed flow rate and/or precursor
concentration while keeping the oxygen flow rate constant results in longer residence
times and hotter flames (Tani et al.,2002 and Pratsinis et al.,1996). This phenomena is

due to the fact that the combustion of the precursor is an exothermic reaction,



42

contributing to the overall increase in energy dissipation within the flame.
Additionally, as the precursor feed flow rate and precursor concentration increases,
the Zn and the particle concentration within the flame also increases. This, coupled
with the mentioned increased residence time and higher flame temperature, resulted in
increased coalescence and sintering of the particles. After annealing, the dxgrp of ZnO
also increased from 47 to 103 nm and BET surface area decreased from 12.0 to 5.8
m?/g as the annealing temperature increased from 750 to 900°C, which due to
sintering of the ZnO particles by heat treatment. From this table, pore volume of the
FSP made ZnO powders rapidly decreased from 0.26 to 0.03 when crystallite size of
ZnO increased but in case of annealed-FSP ZnO pore volume remained unchanged
when crystallite size of ZnO increased. Average pore size of the ZnO powders show
ranged between 5.4-13.2 nm without any obvious trend as the crystallite size

increased from 8.8-103.5 nm.
5.1.1.3 Transmission Electron Microscopy (TEM)
TEM is a useful tool for determining particle morphology and average particle

size of supported metals. TEM micrographs of ZnO with various crystallite sizes are

shown in Figure 5.2.

(@ Zn0O 8.8 nm
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(b) ZnO 19.4 nm

(c) ZnO 30.0 nm

(d) ZnO 40.0 nm
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(e) ZnO 47.0 nm

(d) ZnO 67.1 nm
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(e) ZnO 80.3 nm

R s B

(i) ZnO 90.6 nm

(j) ZnO 103.5 nm
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Figure5.2  TEM images and SAED of FSP made ZnO 8.8 nm (a), ZnO 19.4 nm
(b), ZnO 30.0 nm (c), ZnO 40.0 nm (d) and ZnO 47.0 nm (e) powders and annealed-
FSP made ZnO 52.6 nm (f), ZnO 67.1 nm (g), ZnO 80.3 nm (h), ZnO 90.6 nm (i),
and ZnO 103.5 nm (j) powders.

It can be noticed that FSP-made (a) ZnO 8.8 nm, (b) ZnO 19.4 nm (c) ZnO
30.0 nm, (d) ZnO 40.0 nm, and (&) ZnO 47.0 nm and annealed-FSP made (f) ZnO
52.6 nm (g) ZnO 67.1 nm, (h) ZnO 80.3 nm, (i) ZnO 90.6 nm, and (j) ZnO 103.5 nm
consists of polyhedral primary shape, typically seen in flame-made powders (Pratsinis
et al.,1998), with spheroidal particles and rod-like particles. The average primary
particle diameters (drem) of ZnO with various crystallite sizes were obtained by
counting 50 particles and are summarized in Table 5.2. The dgv data is in good
agreement with the dxgp values indicating that the particles are single crystalline. The
corresponding selected-area electron diffraction (SAED) patterns of all the ZnO
powders illustrate spot patterns of the hexagonal structure of ZnO, indicating that

ZnO nanoparticles consisted of single crystal.

Table 5.2 The average particle size (drem) 0f ZnO with various crystallite sizes.

Sample Average primary particle drgm (nm)
ZnO 8.8 nm 11.1
ZnO 19.4 nm 20.5
Zn0 30.0 nm 313
ZnO 40.0 nm 39.8
ZnO 47.0'nm 48.7
ZnO 52.6 nm S7.7
ZnO 67.1 nm 1.7
Zn0O 80.3 nm 98.9
Zn0 90.6 nm 116.7

Zn0 103.5 nm 159.9

5.1.1.3 Photoluminescence (PL)
The PL emission spectra are useful to disclose the efficiency of charge carrier
trapping, immigration, and transfer, and to understand the fate of electron-hole pairs

in semiconductor particles since PL emission results from the recombination of free
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carriers. Room temperature PL spectra of all the ZnO powders are shown in Figure
5.3.
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Figure 5.3 PL spectra of ZnO various crystallite sizes (a) ZnO 8.8 nm, (b) ZnO 19.4
nm, (c) ZnO 30.0 nm, (d) ZnO 40.0 nm, (e) ZnO 47.0 nm (f) ZnO 67.1 nm, (g) ZnO
80.3 nm, and (h) ZnO 103.5 nm with the excitation wavelength of 325 nm.

The spectrum of the ZnO powders mainly consists of two emission bands. The
first band is the UV near-band-edge emission (NBE) at ~385 nm (Mar1” et al.,2006
and Lim et al.,2004). Sharp NBE emission peak results from recombination of
excitons and its position and structure is an indication of crystal quality. NBE
emission- intensities in .the -PL spectra: increased- as -the crystallite: size of ZnO
increased and reached the highest value for FSP-made ZnO with the crystallize size of
47 nm. Improvement of crystal quality of ZnO would be attributed to the increasing of
the flame enthalpy and Zn atomic concentration in gas phase that contributes typically
to longer and hotter flames, which produce larger and more crystalline particles.
However, after further annealing the excitonic peak intensity was slightly decreased
as the treating temperature increased. This would be due to the occurrence of sintering

phenomenon. The other band is the visible emission that usually associates with the
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deep level emission (DLE) in ZnO. Most researchers believe that the DLE come from
oxygen vacancies (Vo), zinc vacancies (Zno), interstitial zinc (Zn;), or interstitial
oxygen (O;) (Leiter et al.,2003 and L. et al.,2006). The blue emission at ~ 425 nm and
weak blue at ~ 445 nm most likely occurs from the donor level of Zn interstitial (Zn;)
to acceptor energy level of Zn vacancy (Zno) (Wei et al.,2007). The blue—green band
around 470 nm by radiative transition of electron from shallow donor levels, created
by the oxygen vacancy to valence band (Chu et al.,2007). The green emission at ~
530 is commonly observed for ZnO, and is attributed to the singly ionized oxygen
vacancy in ZnO (Vanheusden et al.,1996). This emission results from the
recombination of a photo-generated hole with the singly ionized charge state of the
specific defect (Wang et al.,2004). The peak intensity of the blue and weak blue peak
light emission increased with the increasing of crystallize size from 8.8 to 47.0 nm
and then was found remained unchanged. While, the weak blue—green band and green
band emission peaks intensity increased with increasing crystallize size from 8.8 nm
to 103.5 nm. When ZnO powders were heated at higher temperature, a reduction in
the oxygen content with an increase in oxygen vacancy related defects may be
expected with associated increase in the intensity of weak blue—green and green band

emission.

5.1.1.4 Electron Spin Resonance Spectrometry (ESR)

The electron spin_resonance spectrometry (ESR) is an effective method for
investigating the electron spin' state and the structure of the surface of nanosized
crystallites. The ESR intensity per surface area of ZnO with various crystallite sizes

are shown in Figure 5.4.

The FSP-made ZnO powders showed a strong and stable ESR signal with a g
factor of 2.01 at room temperature (Ligiang et al.,2004, Yu et al.,1998). The ESR
signal resulted from the O, deficiencies on the FSP-made ZnO surface which can
capture and restrict the electrons so that the paramagnetic resonance sources with S =
1/2 were produced, exhibiting the stable ESR signal. The amount of surface O,

deficiencies are given in the Table 5.3. From this table, it is demonstrated that the
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ESR intensity per surface of the FSP-made ZnO rapidly increased as the crystallite
size increased except the ZnO 52.6 nm and ZnO 67.1 nm, which the intensity of
surface O, deficiencies decreased from ZnO 47 nm. Therefore, the action essences of
the oxygen vacancies on the surface of ZnO nanoparticles could easily capture and
bind electrons. Moreover, there might be a strong interaction between the captured
electrons and adsorbed oxygens, which favored the PL and photocatalytic oxidation

reaction.
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Figure 5.4 ESR spectrum of FSP made ZnO 8.8 nm (a), ZnO 19.4 nm (b),
Zn0 30.0 nm (c), ZnO 40.0 nm (d) and ZnO 47.0 nm (e) powders and annealed-FSP
made ZnO 52.6 nm (f), ZnO 67.1 nm (g), ZnO 80.3 nm (h), ZnO-90.6 nm (i), and
Zn0 103.5 nm (j) powders.
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Table 5.3 Intensity of O, ion vacancies per surface area of ZnO various crystallite

sizes.
s BET surface Area  Weight  Intensity of O, ion vacancies
amples
(m2/q) (0) per surface area

Zn0O 8.8 nm 63.1 0.048 245

Zn0 19.4 nm 35.5 0.071 289

ZnO 30.0 nm 26.2 0.064 404

Zn0O 40.0 nm 13.6 0.077 709

Zn0O 47.0 nm 15.1 0.063 768

Zn0O 52.6 nm 12.0 0.064 416

Zn0O 67.1 nm 8.0 0.065 581

Zn0 80.3 nm 6.8 0.065 836

Zn0O 90.6 nm 59 0.064 1009
ZnO 103.5 nm 5.8 0.070 1172

5.1.2 Photocatalytic testing
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Figure 5.5 Relation between for the percentage of degradation of MB after 1 h. and

crystallite sizes of ZnO catalyst prepared by FSP method.
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Figure 5.5 shows the dependence of percent conversion of MB decomposition
after 60 min versus the crystallite sizes of ZnO powders. The trend line of percentage
degradation increased from 30 to 70 percent when the crystallite size of ZnO powders
increased from 8.8 to 47 nm. The reason for this would be related to the improvement
of crystallinity of ZnO, surface oxygen vacancies and defects of ZnO nanoparticles in
the flame during synthesis. When particle size becomes extremely small, surface
recombination becomes an important process. Most of the e/h* pairs are generated
sufficiently close to the surface. They may quickly reach the surface, and undergo
rapid surface recombination mainly due to abundant surface trapping sites and the
lack of driving force for e/h” pair separation (Zhang et al., 1998 and Serpone et
al.,1998). As we can see in Figure 5.3, ZnO with the crystallite size of 47 nm had
highest crystallinity, surface oxygen vacancies contents and defects, which possibly
gave the highest photocatalytic activity because surface oxygen vacancies and defects
can become centers to capture photo-induced electrons to form excitons in the sub-
band, so that the recombination of photo-induced electrons and holes can be
effectively inhibited. Moreover, oxygen vacancies can promote O, adsorbing, and
there is a strong interaction between the photo-induced electrons bound by oxygen
vacancies and the adsorbed O, This indicates that oxygen vacancies favor the

adsorbed O, to capture photo-induced electrons, simultaneously producing °O;
radical groups. The radical groups are active to promote the oxidation of organic
substances (Ligiang et al.,2006). However, when the particle size of ZnO powders
increased from 47 to 103.5 nm the trend line of percentage degradation gradually
decreased from 70 to 55 percent.  The lower photocatalytic efficiency may be
attributed to two reasons: (1) lower crystalline quality as shown by the PL signals that
lower electrons were generated and resulted in lower photocatalytic efficiency (Park
et al.,2007), (2) decreasing of surface area, which lowered the adsorption of dye
molecules on the catalyst surface.

Figure 5.6 shows the kinetics of MB photodegradation in the presence of using
ZnO with various crystallite sizes as the photocatalysts. Degussa P25 (dxq = 20.1 nm)
and JRC titania (dxg = 15.5 nm) are included here as reference samples. The MB

concentration keeping the initial value during 60 min irradiation in the absence of any
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photocatalyst is also shown in this figure, revealing that the MB cannot be degraded
by 365-nm irradiation directly. The plot of -In(C/Co) versus time curves of the
methylene blue photodegradation using ZnO with various crystallite sizes as the
photocatalysts are shown in Figure 5.7. All the curves are linear, revealing that the
kinetic data of the methylene blue photodegradation fitted well to the first-order
reaction kinetic model. The apparent first-order reaction rate constants calculated
from the slopes of those curves are shown in Table 5.4. It demonstrates that when the
crystallite sizes of ZnO powders were larger than 30 nm, the catalytic activity for
methylene blue photodegradation was higher than both P25 and JRC titania. The first-
order Kinetic constant of ZnO crystallite size 47 nm that showed the optimum of the
photocatalytic activity was about 1.7 times higher than that of degussa P25 and 7.2
times higher than of using JRC titania.
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Figure 5.6 Photodegradation kinetics of MB using ZnO various crystallite size (a)
FSP made ZnO and (b) annealed-FSP ZnO (bold lines) and commercial catalysts for
comparison (P25 and JRC titania) (dashed lines).
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Figure 5.7 The first-order kinetics of MB photo-degradation in presence of FSP-made
ZnO various crystallite sizes (bold lines) and commercial catalysts for comparison
(P25 and JRC titania) (dashed lines).

Table 5.4 Reaction performance in photodegradation methylene blue of ZnO various
crystallite sizes prepared via FSP method. P25 and JRC titania are also reported for

comparison purpose.

Sample MB conversion after 1h. (%) Rate constant (h™)
ZnQ 8.8 nm 29 0.33
Zn0O 19.4 nm 51 0.68
Zn0O 30.0 nm 61 0.92
ZnO 40.0 nm 65 1.11
Zn0 47.0 nm 69 1.36
Zn0 52.6 nm 63 1.00
Zn0O 67.1 nm 68 1.25
Zn0 80.3 nm 65 1.04
Zn0O 90.6 nm 58 0.91

Zn0 103.5 nm 54 0.79
TiO, (JRC) 18 0.19

TiO, (P25) 57 0.80
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5.2 Photocatalytic degradation of methylene blue by Pt/ZnO and Au/ZnO

catalysts prepared by the FSP method.

5.2.1 Particle characterization

5.2.1.1 X-ray Diffraction (XRD)

X-ray diffraction is used to investigate the changes of phase structure and

crystallite size of the as-prepared ZnO powders before and after Pt and Au deposit.
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Figure 5.8 XRD patterns of flame-made (a) Au/ZnO and Flame-made (b)
Pt/ZnO powders. All powders exhibit the typical pattern for hexagonal zincite ®). €)

and @) represent the characteristic pattern of Au and Pt metal, respectively.
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Figure 5.8a shows the XRD patterns of flame-made Au/ZnO powders. All the
powders exhibited the typically pattern for hexagonal zincite (JCPDS Card File No.
36-1451). The crystallite size (dxgrp) Oof ZnO which calculated from the (101)
diffraction peak of ZnO by using Scherrer equation did not change much after metal
loading as shown in Table 5.5. When the Au content reached 3 wt %, the diffraction
peaks corresponding to the (111), (200), and (220) planes of gold were observed at
38.0°, 44.3, and 64.5", respectively. The peak intensity increased with increasing Au
loading. It should be noted that metal was obtained directly in the as-produced
material without a need for a post-synthesis reduction step. These results suggest that,
gold atoms were not incorporating into the ZnO lattice (or only to a very limited
extent) but rather form on to the ZnO surface late in the flame after the ZnO has been
formed. The XRD crystallite size (dxgp) of Au calculated from the (111) diffraction
peak of Au by using Scherrer equation was about 5.8 nm for Au 3 wt.% and 9.4 nm
for Au 5 wt.%. Figure 5.8b similarly shows the XRD patterns of the flame-made
Pt/ZnO powders. The XRD characteristic peaks associated with Pt metal patterns of
the (111) and (200) planes are observed at 39.7° and 46.2", respectively after loading
of 3 wt.% Pt. No XRD peaks were corresponding to platinum oxide phases are
observed in the flame-made Pt/ZnO powders. The XRD crystallite size (dxrp) of Pt 3
wt.% calculated from the (111) diffraction peak of Pt by using Scherrer equation was

about 5.8 nm

Table 5.5 The average crystallite sizes of pure ZnO, Pt/ZnO, and Au/ZnO catalysts
synthesized by FSP method.

Sample The XRD crystallite size (dxrp) (hm)
ZnO metal
Zn0O 37.5 n.d.
Pt1wt.% - ZnO 34.6 n.d.
Pt 3wt.% - ZnO 38.9 5.8
Au 1 wt.% - ZnO 37.3 n.d.
Au 3wt.% - ZnO 38.9 5.8
Au 5 wt.% - ZnO 39.8 9.4

n.d. = not determined
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5.2.1.1 Transmission Electron Microscopy (TEM) with Energy
dispersive X-ray analysis (EDX)

Morphological characterization of the as-prepared ZnO powders before and
after Pt and Au deposit was carried out using Transmission Electron Microscopy
(TEM). The presence of Au and Pt was confirmed by Energy dispersive X-ray
analyzer (EDX).

Figure 5.9a shows the TEM images of ZnO nanoparticles prepared by FSP
method without metal addition. It consists of polyhedral primary particles with size
around 25-50 nm. Figure 5.9b and ¢ show the TEM images of FSP made 1 and 3 wt.%
Pt/ZnO. The density of dark spot increased with increasing Pt content from 1 to 3
wt.% and the average diameter of Pt deposits were determined to be approximately
4.0 and 6.1 nm, respectively. Figure 5.9d, e, and f show TEM images of Au/ZnO
prepared by FSP method. The spherical Au nanoparticles dispersed on the surface of
ZnO particles were observed as dark spots having obvious contrast with the support.
The average diameter of Au particles gradually increased with the increase of Au
loading, e.g., ~ 4.1 nm for Au-ZnO 1 %wt., ~ 6.3 nm for Au-ZnO 3 %wt., and ~ 10.3
nm for 5 %wt Au/ZnO., together with an increase of the number of Au particles on
the surface of ZnO. The corresponding selected-area electron diffraction (SAED)
patterns are shown below the TEM images. The diffraction patterns of all images
illustrate spotty rings patterns, indicating its highly crystalline ZnO wurtzite structure,
which was in-good agreement with the XRD data. EDX spectra acquired for the FSP-
ZnO and the Pt-loaded and Au-loaded FSP-ZnO are also shown in these figures. Clear
Au and Pt peaks were detected on the corresponding samples. The weak copper and
carbon signals were originated from the TEM copper grids and the carbon adhesion

film.



57

20 nm

40 nm

Dpevrilor | MTEC
Chwrd . TEM

Job - MITEC
Zndy (B0 15:38)

Zn

T ~
A
o\
|
o ||
| o
[ ]
d /| 20
a i LT | |
o 11147 -|.-.-.._I_—-|————':.I"" !'*—--"I I'h.—.———.-—-—~—- ynam

-]

"w

(@ zZnO




58

Operator : MTEC
Client : TEM
Job : MTEC
ops mmnsﬁm@-.an L
m.
Zn
sl o
AV
. Zn
. | |
] (0]
w.
Bl Cu :| Zn
. b | Pt Ir|| II I
Nl LA | VAWLE | .
0 5 10 15 20
(b) Pt-ZnO 1 wt.% Enemy &eld




59

Oparator | MTEC
Chant : TEM

Job : MTEC
FIVEnD (15108 1948

| ptPt I,

; Il Zn

cu |

Zn

A

FESERPPTU— I V2 W .\

i - 10

(c) Pt-ZnO 3 wt. %

0
Enargy (env)




60

Cu

{ A
wis JUA

15 20
Energy (keV)

(d) Au-ZnO 1 wt.



Operator : MTEC
Client : TEM

Job
cps
150— ||

|

Aul (1212/07 10:05)

: MTEC

'-i:Zn

\;; Zn

iy

.|._:

LA
,‘I"u'J l‘;_,zlf\l

(e) Au-ZnO 3 wt.%

20
Energy (keV)




Operator : MTEC
Client : TEM
Job : MTEC
AuS (1211207 10:31)

| T

Il Zn

_...8. ..|...j....u|,

20— C
II: |
E f H Au
WV LA

62

N
=)

} .
P

'J

0] Au-ZnO 5 wt.%

15



63

Figure 5.9 TEM images, SAED, and EDX spectrum of FSP-made pure ZnO (a), 1
wt.% Pt/Zn0O (b), and 3 wt.% Pt/Zn0O (c) 1 wt.% Au/ZnO (d), 3 wt.% Au/ZnO (e), and
5 wt.% Au/ZnO (f) powders. The darker spots on the TEM images (b and c) are Pt
deposits and (d, e, and f) are Au deposits.

Table 5.6 The average particle size of pure ZnO, Pt/ZnO, and Au/ZnO catalysts
synthesized by FSP method.

Sample The average particle size drgm (hm)
ZnO metal
ZnO 38.3 n.d.
Pt 1 wt.% - ZnO 35.0 4
Pt 3 wt.% - ZnO 36.5 6.1
Au 1 wt.% - ZnO 37.1 4.1
Au 3 wt.% - ZnO 38.9 6.3
Au 5wt.% - ZnO 43.6 10.3

n.d. = not determined

5.2.1.1 Nitrogen Adsorption

Table 5.7 Bet surface area, pore size, and pore volume of ZnO, Pt/Zn0O, and Au/ZnO
catalysts synthesized by FSP method.

Sample Surface Area (m?/g)  Pore Volume (cm®/g)  Pore Size (nm)
ZnO 18.6 0.03 6.6
Pt1wt.% - ZnO 23.9 0.04 6.1
Pt 3wt.% - ZnO 19.1 0.03 5.8
Au 1'wt.% - ZnO 19.2 0.04 6.9
Au 3 wt.% - ZnO 16.1 0.03 6.8
Au5wt.% - ZnO 13.3 0.03 7.4

The SSA for Au/ZnO and Pt/ZnO ranged from 18.6 for pure ZnO to 13.3 and
19.1 m%g for 5 wt.% Au and 3 wt.% Pt loading, respectively. From this table, pore

size and pore volume of these samples ranged from 58-74 A and 0.03-0.04 cm?3/g,
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respectively. There were no significantly differences in the SSA, pore volume, and

pore size of FSP made Au and Pt modified ZnO with various metal content.

5.2.1.1 UV-Visible Absorption Spectroscopy (UV-vis)

Figure 5.10a presents UV-vis spectra of the FSP made Au/ZnO powders. The
absorption at visible wavelengths increased with increasing gold content, consistent
with the visible powder color shift from white, to light purple, and dark purple, with
increasing Au loading. The increase of absorption band at 400-900 nm with
increasing Au content was due to the surface plasmon resonance of the Au
nanoparticles indicating the presence of Au metal clusters which was in agreement
with the XRD patterns. Figure 5.10b shows the UV-vis spectra for the FSP made
Pt/ZnO powders. The absorption at visible wavelengths increased with increasing
platinum content, consistent with the visible powder color shift from white, to light
gray, and gray. The absorption at visible wavelengths of FSP made Pt/ZnO showed
constant absorption while that of FSP made Au/ZnO showed variation absorption. In
general, equal sized metal clusters are formed, it will lead to constant absorption in
the visible region corresponding to the excitation from the valence band of ZnO to the

unoccupied level of metal cluster (Sakthivel et al.,2004).
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Figure 5.11 PL spectra for Au/ZnO (a) and Pt/ZnO (b) composites with various metal

content with the excitation wavelength of 325 nm.

In this study, the PL emission spectra of different FSP made Au/ZnO ant
Pt/ZnO catalysts were examined and compared to the pure ZnO with excitation
wavelength of 325 nm. The results are shown in Figure 5.11 the spectrum of pure
ZnO powders mainly consists of two emission bands: one is the UV near-band-edge
emission (NBE) at ~385 nm. The other is the visible emission that usually associates
with the deep level emission (DLE) in ZnO. The blue emission at ~ 425 nm and weak
blue emission-at ~445 nm most likely occurs-from the donor-level of Zn interstitial
(Zn;) to acceptor energy level of Zn vacancy (Zno). The blue—green band around 470
nm by radiative transition of electron from shallow donor levels, created by the
oxygen vacancy to valence band. The green emission at ~ 530 is commonly observed
for ZnO, and is attributed to the singly ionized oxygen vacancy in ZnO. The UV near-
band-edge emission (NBE) spectra of the Pt/ZnO, Au/ZnO and Pure ZnO showed
similar positions peaks, but with different PL intensities. It can be concluded that

deposition of Pt and Au on ZnO did not change the band edge very much, but could
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reduce PL emission significantly. The PL intensity of ZnO nanoparticles decreased
with increasing amount of both Au and Pt deposited. It may be possibly attributable to
the capture of noble metal ions. Moreover, the PL emission mainly results from the
recombination of excited electrons and holes, the lower PL intensity suggests the
lower recombination rate of electron-holes under irradiation of visible light.
Therefore, for the noble metal-doped system, the weaker the excitonic PL spectrum
results in the higher separation rate of photo-induced charges carriers (Ligiang et
al.,2006). From this figure, the PL emission spectrum of Au/ZnO was lower than that
of Pt/ZnO especially at deep level emission. Thus, FSP-made Au/ZnO had higher
separation rate of the photo-induced charges than the FSP-made Pt/ZnO.

5.1.1.1 Atomic Absorption Spectroscopy (AAS)

The actual amounts of gold and platinum on the FSP-Au/ZnO and FSP-
Pt/ZnO catalysts were determined using Atomic Absorption Spectroscopy and the
results are shown in Table 5.8. The actual metal loadings of FSP made Au/ZnO were
not different from the desired Au loading. However, the actual metal loadings of FSP
made Pt/ZnO were only half of the desired Pt loadings.

Table 5.8 Atomic absorption Spectroscopy (AAS) of FSP made Au/ZnO and Pt/ZnO.

Sample Metal loading (wt%)
Pt 1 wt.% -2Zn0O 0.5
Pt 3 wt.% - ZnO 15
Au 1wt.% - ZnO 0.9
Au 3 wt.% - ZnO 2.7

Au5wt.% -Zn0O 4.9
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Figure 5.12 Photodegradation kinetics of MB using FSP made Au/ZnO (a) FSP made
Pt/ZnO (b).

Figure 5.12 shows photodegradation kinetics of MB using FSP made Au/ZnO
(@) nand FSP made Pt/ZnO (b). For. FSP-made Au/ZnO powders, the experiment
demonstrated that the observed photo-activity was increased by increasing the content
of Au up to 3 wt.%, and then decreased by further increasing the content of Au to the
5 wt.%. This result implies that there was an optimum molar content of Au at 3 wt.%.
The results showed that addition Au can enhance the photo-catalytic activity of pure
Zn0. The enhancement of the photocatalytic activities can be achieved through the
inclusion of a low loading of Au on the FSP-made ZnO particles. Au clusters at a

lower concentration (smaller size of Au nanoparticles) probably act as a separation

60
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center. The photogenerated electrons are stored in the Au nanoparticles and induce the
Fermi-level shift toward more negative potentials. The transfer of electrons to Au
nanoparticles continues until the Fermi level reaches close to the conduction band
edge of ZnO. The recombination of the photogenerated electron—hole pairs in the ZnO
crystal are thus reduced, and thereby, promoting the photocatalytic activity
(Subramanian et al.,2003). These results were consistent with the PL spectra
measurement from Figure 5.11a. However, in the case of FSP-made Au/ZnO
nanoparticles with Au loading higher than 3 wt.% (larger size of Au nanoparticles),
the intensity of the incident irradiation for ZnO nanoparticles absorption was reduced
by scattering due to the larger Au nanoparticles deposited on ZnO nanoparticles. With
a decreased in surface area, the adsorption of dye molecules on the catalyst surface
was also reduced. From Figure 5.11a, the intensity of PL spectra of the FSP-made 5
wt.% Au/ZnO was not reduced much from that of the FSP-made 3 wt.% Au/Zn0O,
indicating that FSP-made 5 wt.% Au/ZnO did not improve the separation of photo-
induced charges. Therefore, the enhancement of the photocatalytic activities was not
achieved when the FSP made 5 wt.% Au/ZnO was used in the photodegradation of
MB.

In case of FSP Pt/ZnO, the poor photocatalytic activity of Pt/ZnO was
observed. The reason for this would be related with the nature of metal nanoparticles
brought in contact with the irradiated semiconductor. Pt is ohmic type which differs
from case of FSP made Au/ZnO. Pt deposited on ZnO did not induce the Fermi-level
shift toward more negative potentials and store photogenerated electrons in the Pt
nanoparticles but it capping merely facilitates discharge of the photogenerated
electrons: .into- the electrolyte ~(Subramanian- et al.,2003).~ The mechanism of
photoinduced charge separation and charge distribution in Pt/ZnO and Au/ZnO
nanocomposites are shown in figure 2.8. Thus, Pt deposited on ZnO did not produce a
longer electron—hole pair separation lifetime and enhance photocatalytic activity.
These results are in agreement with the PL spectra measurement from Figure 5.11b.
Moreover, Pt deposited on ZnO would block the UV light penetration into samples

and reduced the surface contact area between MB solution and ZnO. Therefore, the
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enhancement of the photocatalytic activities could not be achieved when the FSP
made Pt/ZnO was used in photodegradation of MB.

The -In(C/Cy) versus time curves of the MB photodegradation using ZnO,
AU/ZnO and Pt/ZnO photocatalysts are shown in Fig. 5.13. All curves are linear,
revealing that the kinetic data of the MB photodegradation fitted well to the first-order
reaction kinetic model. The apparent first-order reaction rate constants calculated

from the slopes of those curves are shown in Table 5.9.
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Figure 5.13 The first-order kinetics of MB photo-degradation in presence of FSP-
made Au/ZnQ (filled symbols) and Pt/ZnO (open symbols).
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Table 5.9 Reaction performance in photodegradation methylene blue of pure ZnO,
Au/Zn0O, and Pt/ZnO prepared via FSP method and P25 and JRC titania are reported

for comparison.

Sample MB conversion after 1 h. (%) Rate constant (1/h)

ZnO 54 0.80

Pt1 wt.% - ZnO 50 0.73
Pt 3wt.% - ZnO 55 0.85
Au 1 wt.% - ZnO 62 0.89
Au 3 wt.% - ZnO 71 1.14
Au 5 wt.% - ZnO 53 0.78
TiO; (JRC) 18 0.19
TiO, (P25) 57 0.80

Table 5.9 shows summary percent degradation of methylene blue and pseudo
first-order rate constants of pure ZnO, Au/ZnO, and Pt/ZnO prepared by the FSP
method. Degussa P25 (dyq = 20.1 nm and surface area = 51.6 m?/g) and JRC titania
(dwa = 15.5 nm and surface area = 73.2 m?/g) are included here as reference samples.
From this table, the FSP made 3 wit.% Au/ZnO exhibited the highest photocatalytic
activity. The percent degradation of MB increased from pure ZnO about 17 %. It also
outperformed the commercial titania powder about 14 % for Degussa P25 and 53 %
for JRC nanosized titania. The FSP made 3 wt.% Pt/ZnO, on the other hand, showed
little improvement in the photocatalytic activity of MB while the 1 wt.% Pt/ZnO
showed lower photocatalytic activity than pure ZnO.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

In this chapter, section 6.1 provides the conclusions obtained from the
experimental results of the effect of crystallite size on the photocatalytic activity of
FSP made ZnO and annealed-FSP ZnO and photocatalytic degradation of methylene
blue by Pt/ZnO and Au/ZnO catalysts prepared by FSP method. Additionally,

recommendations for future study are given in section 6.2.

6.1 Conclusions

1. The photocatalytic activity of ZnO nanoparticles synthesized by the FSP
method with various crystallite sizes (8.8-47.0 nm) in degradation of methylene blue
increased with increasing ZnO crystallite size with ZnO-47 nmexhibited the highest
activity. The improvement in photocatalytic performance is suggested to be due to the
higher crystllinity, surface oxygen vacancies, and defects of ZnO particles so that

surface trapping sites and e’/h” pair separation were enhanced.

2. Further increase of the ZnO crystallite size to 53.6-103.5 nm by annealing at
high temperature gradually decreased the photocatalytic performance at ZnO.
Decreasing of the activity of ZnO with crystallite size larger than size 47 nm was
likely to arise from the decreasing of crystallite quality and surface availability of the

ZnO particles for reactant adsorption and light absorption.

3. Compare to the commercial titania powder Degussa P25 and JRC nanosized
titania, the FSP-ZnO with average crystallite size 30 nm and greater show higher
performance in the photocatalytic degradation of MB.

4. The FSP-made Au/ZnO exhibited higher photocatalytic activity than pure FSP-ZnO
and the reference commercial titania powders with the 3 wt.% Au/ZnO gave the
highest photodegradation rate of MB. However, the reaction rate was decreased as the
Au loadings increased further to 5 wt.%. The experimental results demonstrated that
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the ZnO doped with Au had a stronger absorption of visible light and a lower intensity
of PL emission than the undoped ZnO. The presence of discrete Au clusters may
retarded the recombination of the photoinduced electron-hole pairs by shift in the
Fermi level and store photogenerated electrons in them. Decreasing activity at higher
loading (5 wt.%.) is likely to arise from the effect of larger size of Au resulting in a
decreased surface availability on the particles for reactant adsorption and light

absorption.

5. Addition of Pt did not improve the photocatalytic activity of the FSP-ZnO.
The poor photocatalytic activity of Pt/ZnO was probably resulted from the ohmic type
of Pt which facilitated discharge of the photogenerated electrons into the electrolyte

and the effect of Pt particles blocking the UV light penetration into the samples.

6.2 Recommendations

1. The photocatalytic activity of ZnO with various crystallite sizes,
nanocrystalline Au/ZnO, and Pt/ZnO catalysts that were prepared by FSP method
should be investigated in other reaction conditions that catalyst loading, pH value, and

the initial dye concentration are varied.

2. The measurement of active site of the nanocrystalline Au/ZnO and Pt/ZnO

catalysts should be reported.
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APPENDIX A

CALCULATION FOR CATALYST PREPARATION
FLAME SPRAY PYROLYSIS

Preparation of ZnO nanopowders with various crystallite sizes and
nanocrystalline Au-ZnO and Pt-ZnO catalysts by flame spray pyrolysis (FSP) are

shown as follows:

Reagent: Platinum acetylacetonate
Molecular weight = 393.31 g
- Gold (1) chloride trihydrate
Molecular weight = 393.83 g
- Zinc naphthanate
8 wt.% of Zinc
Density = 0.962 g/ml
- Ethanol
- Acetonitrile

- Xylene

Example calculation for the preparation of 1 wt.% Au/ZnO 0.8 molar VVolume of
solution 200 ml

The total concentration of metal was 0.8 molar = total metal 0.8 mole in volume of
solution

Volume of solution 200 ml = 200 ml x 0.8 mole = 0.16 mole

1000 ml
Based on 100 g for catalyst used, the composition of the catalyst will be as follows:
Au = 1g
ZnO = 100-1 =99¢

Convert unit from mass to mol
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Au = 1g =5.08 x 10" mole
196.9665 g
Zn0 = 99g =1.216 mole
81.39 g

Mole of total metal = 5.08 x 10° mole + 1.216 mole = 1.221 mole

Adjust mol of total metal to 0.16 mole

Au = 508x10°% mole x 0.16 mole = 8.31 x 10 mole
1.221 mole

ZnO = 1.216 mole x 0.16 mol =1.593 mole
1.221 mole

Au 8.31 x 10™ mole was prepared from Gold (111) chloride trihydrate and as

ZnO 1.593 mole was prepared from Zinc naphthanate

Gold (111) chloride trihydrate required = 8.31 x 10 mole x 393.83 g = 0.263 g
Zinc required =1.593 mole x65.39 g = 10.42 ¢
zincnaphthanate required = 1009 x 10.42g = 135.38 mi

8 0.x0.962 ml/g

For 200 ml of solution
Ethanol required =200 ml - 135.38 ml = 64.62 ml

Example calculation for the preparation of 1 wt.% Pt/ZnO 0.8 molar VVolume of
solution 200 ml

The total concentration of metal was 0.8 molar = total metal 0.8 mole in volume of
solution

Volume of solution 200 ml =200 ml. x.0.8 mole = 0.16 mole

1000 ml
Based on 100 g for catalyst used, the composition of the catalyst will be as follows:
Pt = 1g
Zn0O = 100-1=99¢g
Convert unit from mass to mol
Pt = 1g =5.126 x 10° mole

196.078 g
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ZnO = 99g =1.216mole

81.39¢g
Mole of total metal = 5.126 x 10 mole + 1.216 mole = 1.221 mole

Adjust mol of total metal to 0.16 mole

Au = 5.126x10° mole x 0.16 mole = 6.74 x 10* mole
1.221 mole

ZnO = 1.216 mole x 0.16 mol = 1.593 mole
1.221 mole

Au 6.74 x 10" mole was prepared from Platinum acetylacetonate and as ZnO

1.593 mole was prepared from Zinc naphthanate

Gold (111) chloride trihydrate required = 6.74 x 10 mole x 393.31 g = 0.265 g
Zinc required =1.593 mole x 65.39 g = 10.418 g
zincnaphthanate required = 100 g x 10.418 g = 135.38 ml

8 0. % 0.962 mi/g

For 200 ml of solution
Acetonitrile required = (200 ml — 135.38 ml) x0.3 =19.39 ml
Xylene required = (200 mi — 135.38 ml) x 0.7 = 45.24 ml
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APPENDIX B

CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystallite size by Scherrer equation

The crystallite size was calculated from the half-height width of the diffraction
peak of XRD pattern using the Debye-Scherrer equation.

From Scherrer equation:

K1
pcos 6

B), =

(B.1)

where = Crystallite size, A

Crystallite-shape factor = 0.9
X-ray wavelength, 1.5418 A for CuKa

Observed peak angle, degree

™ © > X U
I

X-ray diffraction broadening, radian

The X-ray diffraction broadening (B) is the pure width of a powder diffraction
free of all broadening due to the experimental equipment. Standard a-alumina is used
to observe the instrumental broadening since its crystallite size is larger than 2000 A.

The X-ray diffraction broadening (B) can be obtained by using Warren’s formula.

From Warren’s formula;

B* = By —B? (B.2)

Where By = The measured peak width in radians at half peak height.

Bs = The corresponding width of a standard material.
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Example: Calculation of the crystallite size of ZnO (47.0 nm) prepared by Flame
spray pyrolysis method

The half-height width of peak 0.32° (from Figure B.1)

(2m x 0.30)/360

0.00524 radian

The corresponding half-height width of peak of a-alumina = 0.00524 radian

The pure width = /Bj -B¢

1/0.005242 —0.00412

= 0.00326 radian
B = 0.003796 radian
20 = 36.24°
e = 1812°
L = 15418 A
The crystallite size = 0.9 x1.5418 = 470.98 A
0.003796 cos 18.12

= 47.10 nm
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20=36.24

--420=36.40

20=36.10---

Intensity (a.u.)

e N W =

35 355 36 36.5 37 375
Degree 20

Figure B.1 The measured peak of ZnO (47.0 nm) prepared by Flame spray pyrolysis
method to calculate the crystallite size.

7.00E-03 =

6.50E-03 -

6.00E-03 | y = 6E-07X - 1E-05x+ 0.0037
2

R’ =1

5.50E-03
5.00E-03
4.50E-03
4.00E-03 -
3.50E-03

3.00E-03 ‘ ‘ ‘ ‘ ;
20 30 40 50 60 70 80

Degree (20)

Bs (radian)

Figure B.2 The plot indicating the value of line broadening due to the equipment. The

data were obtained by using a-alumina as standard
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APPENDIX C

CALIBRATION CURVE

This appendix showed the calibration curves for calculation concentration of
methylene blue in Photocatalytic degradation of methylene blue reaction.

2.5 A

y = 0.1655x - 0.0418
R% =0.9991

absorbance (a.u.)

0 2 4 6 8 10 12 14
ppm
Figure C.1 The calibration curve of methylene blue from UV-Vis scanning
spectrophotometer Perkin - Elmer-lampda 650.
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