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This work was carried out to convert glycerol to value-added compounds in
liquid phase over TiO,-based photocatalyst. The investigated parameters were catalyst
dosage (1-3 ¢/L), H,O, concentration (0.3-1.5 mol/L), UV light intensity (1.1-4.7
mW/cm?), reaction time (4-8 h) and electron acceptor types (O, and H,0,). It was found
that TiO, in anatase phase can achieved the glycerol conversion of around 71.42% at
catalyst dosage of 3 ¢/L, H,O, concentration of 1.5 mol/L, UV light intensity 4.7
mW/cm? and reaction time 8 h. The addition of monometallic (bismuth, platinum,
palladium, and gold) and bimetallic (gold-bismuth, gold-platinum, and gold-palladium)
on TiO, can enhance the photocatalytic activity for glycerol conversion to value-added
compounds. Among all studied photocatalysts, the AuPd/TiO, with 3 wt.% of each
metal promoted the highest glycerol conversion up to 98.75% at 24 h of reaction time
and using O, as electron acceptor and provided the yield of glyceraldehyde,
dihydroxyacetone, hydroxypyruvic acid, slyceric acid, glycolic acid, formaldehyde and
glycolaldehyde of 16.35, 7.47, 8.45, 1.69, 21.92, 22.94 and 6.03%, respectively. In
addition, it was found that the defective TiO, photocatalyst, which was successfully
synthesized through solution plasma process can promote the glycerol conversion to
value-added compounds. It gave the glycerol conversion of around 58.49% at 24 h of
reaction time and using O, as electron acceptor and provided the vyield of
glyceraldehyde, dihydroxyacetone, hydroxypyruvic acid, slycolic acid, formaldehyde
and slycolaldehyde of 4.85, 3.32, 2.11, 2.15, 26.61 and 39.15%, respectively.
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CHAPTER |

INTRODUCTION

1.1 Rationales and theories

Glycerol (1,2,3-propanetriol) is an important by-product of transesterification
process. In this process, production of 1000 kg of biodiesel usually generates about
100 kg of crude glycerol, or 10% production. Due to the enormous growth of the
biodiesel industry during the recent years, the glycerol market is experiencing a surplus,
which makes aqueous glycerol as an attractive compound for synthesizing other value-
added chemical substances [1] because the three-hydroxyl groups of glycerol
molecule are susceptible to many reactions ranging from biological to chemical
catalytic routes such as fermentation, dehydration, hydrogenation, oxidation,
polymerization and oligomerization. Among the variety of effective catalytic routes,
the oxidation of glycerol plays a special attention due to the practical valuable
compounds that are formed. Glyceraldehyde (GCD), dihydroxyacetone (DHA), glycolic
acid (GCOA), glyceric acid (GCA), and hydroxypyruvic acid (HPA), which are commonly
oxidative products of glycerol, are of commercial value. However, several glycerol
oxidative products are formed simultaneously, due to the reactivity of primary and
secondary hydroxyl groups. In order to control the selectivity, a careful design of the
catalyst is required. Chemoselective catalytic oxidation of glycerol over metallic
catalysts such as platinum, silver, palladium and gold has been shown to be a good
technique for obtaining selective oxidation products from glycerol [2-4].

Nevertheless, glycerol oxidation process at a commercial scale still faced the
major hindrance because its requirement for an alkaline condition, high operating

temperature and pressure and the deactivation of the utilized catalyst. Thus, it is



important and in urgent need to find new green processes to address the increasing
demands of sustainable and clean energy technologies.

In the last two decades, photocatalytic technology has been regarded as one
of the most attractive processes due to its superior features, such as being
environmentally benign, economical cost, high efficiency and the room temperature
and atmospheric pressure operation. Thus, many researches have focused on this
process, with versatile applications ranging from the field of wastewater and air
remediation [8,9], carbon dioxide (CO,) reduction [10], clean hydrogen (H,) production
[11] and the synthesis of high value organic compounds [12], towards developing an
efficient solar-to-energy conversion [13].

Currently, the semiconductor metal oxides are usually used in photocatalytic
reaction including TiO,, ZnO, AL,Os, SIO,, Zr0,, CeO,, SNO,, Fe,0,, SrTiO; and BaTiOs,
but specie that is effective and widely used is titanium dioxide (TiO,) because of its
high photocatalytic activity, stability, and suitable band-gap energy [5]. Actually, TiO,
has four crystalline phases: anatase, rutile, brookite and titania B [6]. Anatase phase is
generally more chemically and optically active compared with other phases.
Crystalline structures of TiO, can be controlled by heat treatment and sometimes by
addition of dopants [7]. There are always structural defects on the surface and inside
the TiO, particles [8]. These defects are related with the amount of the photoexcited
electrons. Surface defects are advantageous for high photoactivity because they are
used as active sites on which the electron donors or acceptors are adsorbed. In
contrary, the bulk defects exhibited lower the photoactivity because they provide sites
for the recombination of the photogenerated electrons. According to the electron spin
resonance (EPR) spectroscopic study, the photoexcited electrons are trapped at the
Ti** sites on the surface or Ti** sites within the bulk and the holes are trapped at lattice

oxygen ions [9, 10]. Therefore, the bulk defects should be reduced to yield high



photoactivity. The reduction of bulk defects can be achieved by high temperature
calcination, however the anatase phase is metastable and transforms to rutile phase
when the temperature is over about 500 °C. Moreover, the surface area is reduced
dramatically during the high temperature calcinations.

Thus, the photocatalytic processes including the modification of TiO,
photocatalyst for selective oxidation is seeming to be interested. Up to now, only
titanium dioxide (TiO,) and sodium decatungstate (NagW,;03,) have been studied in
photocatalytic oxidation of glycerol. An interested issue is the need to control the
oxidation power of photoexcited semiconductor, which induces to get the desired
product and the design of high performance photocatalyst. Therefore, this research
aims to synthesize the highly efficient TiO,-based photocatalysts and study the
transformation of ¢lycerol to high value chemical substances through the

environmental friendly photocatalytic process.

1.2 Objectives of dissertation

1. To investigate the effect of reaction parameters on photocatalytic
conversion of glycerol to value-added compounds by using TiO,-based
photocatalyst

2. To study the role and mechanism of TiO,-based photocatalyst on

photocatalytic conversion of glycerol to value-added compounds

1.3 Research methodology and Experimental procedures

1. Literature review for involved publications from both national and
international journals
2. Prepare all tools, equipment and chemical reagents required for the

experiment



3.

Study the effect of reaction parameters on glycerol conversion and product
selectivities by using commercial TiO,. The investigated reaction parameters
are
- Catalyst dosage (1.0-3.0 ¢/L)
- Oxidizing agent (H,0,) concentration (0.3-1.5 mol/L)
- Light intensity (1.1-4.7 mW/cm?)
- lIrradiation time (4-8 h)
- Type of oxidizing agent (H,O, and O,)
Feasibility and activity tests for elycerol conversion by using as-prepared
metal-decorated TiO, photocatalysts
4.1 Prepare monometallic-decorated TiO, by sol-immobilization method.
The investigated parameters are
- Types of transition metals (Au, Pt, Pd and Bi)
- Loadings of transition metals (1-7 wt.%)
4.2 Characterize the morphology and properties of as-prepared TiO, by
SEM-EDX, TEM, XRD, UV-Vis and XPS
4.3 Study glycerol conversion and product yields by using as-prepared
metal-decorated TiO, photocatalysts
4.4 Study the role of reactive oxygen species generated in glycerol
photooxidation catalyzed via metal-decorated TiO, system by using
radical scavenger technique
Feasibility and activity tests for glycerol conversion by using as-prepared
bimetallic decorated on TiO, photocatalysts
5.1 Prepare bimetallic-decorated TiO, by sol-immobilization method. The
investigated parameters are

- Types of couple transition metals (Au-Pt, Au-Pd and Au-Bi)



6.

7.

5.2 Characterize the morphology and properties of as-prepared TiO, by

SEM-EDX, TEM-EDX, XRD, UV-Vis and XPS

5.3 Study glycerol conversion and product yields by using as-prepared

bimetallic decorated on TiO, photocatalysts

Feasibility and activity tests for glycerol conversion by using as-prepared

black TiO, photocatalysts

6.1 Prepare black TiO, by solution plasma technique. The investigated

parameters for discharge plasma are

HNO; solution medium concentration (0.3 and 3.0 mM)
Repetition frequency (20-80 kHz)
Pulse Width (1-2 ps)

Plasma discharge time (1-4 h)

6.2 Characterize the generated plasma properties by Oscilloscope and OES

6.3 Characterize the morphology and properties of as-prepared defective

black TiO, by SEM-EDX, TEM, XRD, UV-Vis, FTIR, DLS, EPR and XPS

6.4 Study slycerol conversion and product yields by using as-prepared

defective black TiO, photocatalysts

6.5 Study the role of reactive oxygen species generated in glycerol

photooxidation catalyzed via black TiO, system by using radical

scavenger technique

Write up manuscripts and dissertation



CHAPTER Il

THEORY AND LITERATURE REVIEWS

This chapter provides a general overview of the current sources for production
of energy, fuels and chemicals. The use of glycerol as an alternative resource concept
is introduced. The potential of glycerol for the production of high value-added
products using catalytic methodology is discussed with an emphasis on photo-catalytic
oxidation reaction. Moreover, the several approaches for synthesis and modification of
titanium dioxide are enumerated. Finally, several literature reviews related to this

dissertation is provided.

2.1 Background

Alternative fuels and chemical compounds, produced from renewable biomass
resources, have become a high attraction due to the increasing in environmental
consciousness throughout the world. The Energy Information Administration (EIA)
reveals that consumption of marketed renewable energy will grow by about 3.5
quadrillion Btu, from 9.0 quadrillion Btu in 2013 to 12.5 quadrillion Btu in 2040[11]. In
many years ago, biofuels have been the high priority alternative fuel because it can be
used instead of petroleum-derived diesel and much lower levels of harmful emission
(eg. carbon monoxide, CO). As for biodiesel, the most commonly used biofuel, it can
be used in conventional diesel engines.

The Renewable Fuel Standard (RFS) reported that biodiesel consumption in
the U.S. transportation sector has been increasing rapidly every year through 2022 as
shown in Figure 2.1. Currently, the RFS requires 24 billion gallons of biofuels to be
used in 2017 and it has recorded an average annual growth rate of 10%, expanding

from 24 billion gallons in 2015 to 36 billion gallons in 2022.
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Figure 2.1 Biofuels consumption in the U.S. transportation sector [12].

Biodiesels is typically derived from the transesterification (also called
alcoholysis) of triglycerides in fat or oil with methanol to form ester and glycerol (Figure
2.2) [13]. This reaction typically requires a catalyst to improve the reaction rate and
yield. After transesterification of triglycerides, the products are a mixture of esters,
glycerol, alcohol, catalyst and tri-, di- and monoglycerides. In this process, 1000 kg of
produced biodiesel usually generates about 100 kg of crude glycerol, or 10 wt.%
production as a by-product. Due to the enormous growth of the biodiesel industry
during the recent years, the glycerol market is experiencing a surplus, which results in

painfully low price of aqueous glycerol [14].

CH,COOR, COOCH:R; CH,OH
CHCOOR, + 3CH,0H —2%, COOCH:R, + CHOH
EHZCOOR;; COOCH;R; CH,OH
Triglycerides Methanol Methyl esters Glycerine

Figure 2.2 Transesterification of triglycerides with alcohol [13].



2.2 Glycerol

Glycerol (C3HgOs), also known as glycerine, glycyl alcohol, glyceritol, 1,2,3-
trihydroxypropane, and 1,2,3 propanetriol) is an organic chemical that is widely used
in pharmaceutical, cosmetic, and food industries. Glycerol is odorless, colorless,
viscous, and less toxicity alcohol that consists of three-carbon chain with a hydrophilic
alcoholic hydroxyl group (-OH) attached to each carbon. To indicate this arrangement,
chemical formula of glycerol may be written as HO-CH,-CH(OH)-CH,-OH. Glycerol is
entirely soluble in alcohols, water, and hygroscopic substance but insoluble in
hydrocarbons. It has only slight solubility in such organic solvents (e.g. ethyl acetate
and diethyl ether). It is also a high-quality solvent for many chemical compounds such
as phenol, bromine and iodine due to the presence of the hydroxyl group. The unique
physical and chemical properties of glycerol are illustrated in Table 2.1

Glycerol is a highly flexible and reactive molecule forming both intra- and
intermolecular hydrogen bonds. It possesses large quantity of reactions owing to the
existence of primary and secondary alcoholic groups that can be substituted with
further chemical groups. Thus, multi-functional structure of glycerol can be converted
by several different reaction pathways such as dehydration, hydrogenation, oxidation
and reforming. Utilizing the surplus of glycerol would render the biodiesel life cycle
more environmental friendly and heighten the economic viability of the biodiesel

supply chain.

2.3 Sustainable use of glycerol surplus

Due to the enormous growth of the biodiesel industry during the recent years,
the glycerol market is experiencing a surplus, which makes aqueous glycerol an

attractive compound for using its original form as a raw material in a broad range of



Table 2.1 Physicochemical properties of glycerol at 20 °C [15].

Properties Values
Chemical formula C3H5(OH)4
Molecular mass (g/mol) 92.09382
Viscosity (Pa.s) 1.5
Density (g/cm?) 1.261
Solubility in 100 parts

Water or alcohol Infinitely

Ether Insoluble
Boiling point (°C) 290
Melting point (°C) 18.2
Flash Point (°C, closed cup) 160
Food energy (kcal/g) 4.32
Surface tension (mN/m) 64.00
Temperature coefficient (mMN/mK) -0.0598

industries such as drugs, medicals, pharmaceuticals, polymer, and foods as displayed
in Figure 2.3. However, the glycerol from biodiesel industry contains various impurities,
and is therefore not fit for such applications without the purification process. In addition,
the capacity of the existing market is not adequate to utilize the large amount of glycerol
currently produced, and the gap between the utilization capacity of the market and the
amount of glycerol produced will multiply in the near future if no new applications are
found. Besides, the price of glycerol from biodiesel process has been rapidly declined
until the present.

Alternatively, slycerol also attracted for converting to other value-added

chemical products. The valorization of glycerol for value-added chemicals is became
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one manner of relieving the glycerol oversupply in recent decade. Some significant
products from glycerol are including liquid fuels (e.g. methanol, ethanol), synthetic gas
(e.g. Hy, CO) and commodity chemicals (e.g. propylene glycol, dihydroxyacetone). The
production of hydrogen or syngas is one promising use of glycerol. Converting glycerol
to hydrogen is considered a renewable alternative because hydrogen is widely used
to power fuel cell systems. Because of hydrogen deficiency, an integrated process in
which hydrogen can be supplied from glycerol is considered the only economically
viable approach to operate a biorefinery.

Others Triacetin

1% 10% Alkyd resins

8%

Food

11% i
Technical

applications
12%

Polyether/
Polyols
14%

Personal Drugs/
Care Pharma
16% 18%

Figure 2.3 Distribution of glycerol usage by market volume [16].

When glycerol is gasified at high temperature, the syngas including H, and CO
will be obtained. This gas is a vital building block for the petrochemical industry, and
is used to prepare various chemicals (e.g. methanol, ethanol). The syngas with
hydrogen and carbon monoxide molar ratio of 2:1 is a suitable feedstock for Fischer-
Tropsch synthesis to produce green diesel (long chain hydrocarbons) with high cetane
number [17, 18]. Alternatively, gases that are produced from thermal cracking of
glycerol would have medium heating value and can be used as a fuel gas to produce

electricity.
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Table 2.2 List of value-added compounds derived from glycerol.

Name Molecular structure Applications
Glyceraldehyde OH - Precursor of cosmetics
(GCD) HO\/'\%O
- Artificial tanning agent
Dihydroxyacetone O eedstock for th hosic of
- Feedstock for the synthesis o
(DHA) HO\)J\/OH
fine chemicals
Glycolic acid @) - Dyeing agent in textile industry
(GCOA) HO)K/OH - Skin care agent
_5 e - Base material for functional
S o
ke Glyceric acid HOTI/K/OH surfactant
© (GCA) & - Monomer for oligoesters or
polymer
O - Cleaning or bleaching agent
Oxalic acid HO - Stain and rust remover
OH
0O - Grinding agent
OH - Raw materials in pharmacy
Tartronic acid HOWOH - Additive in candy, drink, wine
O (0] - Antiseptic
OH - Functional fluids
1,2 Propanediol HO\)\ (antifreeze, deicing, cosmetics,
liquid detergent etc.)
- Copolymer to produce
C
e 1,3P diol HO OH o fi
g) ,2 Propanedio ~ polyester (textile fibers
2 exhibiting chemical resistance)
as

Ethylene glycol

HO
" oH

Coolant and heat-transfer

agent
- Antifreeze

- Precursor to polymer
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Moreover, glycerol is recognized as a top-twelve building block that can be
converted to numerous chemicals like aldehydes, acids, or alcohol. Selective oxidation
and reduction are major routes for glycerol valorization. As listed in Table 2.2, slycerol
can be oxidized to DHA, which is used in cosmetic industries as well as in pharmacy
and medicine, or glyceraldehyde, which is a precursor of cosmetics. Besides, it also
can be reduced to compounds like diols, which are used in cosmetics, detergent, or
in the manufacture of textile fiber.

Due to slycerol contained the large number of functional groups, namely two
primary and one secondary hydroxyl groups, a variety of reaction configurations can
be employed by various catalytic solutions in order to convert glycerol into numerous
value-added products (Scheme 1). There have been numerous reports about the
feasibility of converting slycerol into chemical and gases. For instance, some reaction
pathways were proceed through dehydration via protonation of the secondary group
of glycerol and transform to acrolein by release of hydronium ion and water molecule
[19]. Glycerol can be catalytically reduced to ethylene glycol or propanediols in the
presence of hydrogen at specified temperature and suitable catalysts [20].
Etherification of glycerol with isobutene to produce glycerol tertiary butyl ether (GTBE)
is most attractive, serving as antiknock additive for petrol [21]. Esterification of glycerol
with carboxylic acid leads to mono-acyl and di-acyl glycerol (MAG/DAG) which can be
used as emulsifiers in food, detergents and cosmetic industries [22]. Polyglycerols has
been known as non-ionic surfactants in food products, was typically synthesized in the
presence of an acid or base catalyst through oligomerization of glycerol [23]. The
halogenation reaction of glycerol with gaseous HCl leads to dichrolopropane mixtures
which upon treated with NaOH to yield epicholohydrin (ECH). ECH is an important
precursor for epoxy resins which can be applied in paints and construction materials

[24]. Steam reforming of glycerol in the presence of catalyst leads to syngas that can
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be converted to hydrogen or used for the synthesis of methanol [25]. The dehydration
of glycerol can yield acrolein as a major product, which is an important intermediate
for the agro- and chemical industries. Due to its toxicity, acrolein is usually directly
converted to the desired high value-added derivatives such as acrylic acid or sodium

polyacrylate [26].

Biochemical paths % al ROOD HH
CO+H, Epichlorhydrin RCOO J;i;
syngas -
alogen-
. ation 7 HO OH
reforming 4)_/
HO OH RCOO MAG
esterification
MPG _ HO OH -
reduction > V4 . -~ ~
OH oxida- e} OH
/ HO — W )_/ HO  COOH
/
HO—/ R etherification PR HO Hof
ehydration . :
Y Dihydroxyacetone Glyceric acid
t-BuO Ot-Bu o HO COOH HO\ /CHO
/ —r
£BuO // HooC _# Ho —
GTBE Acrolein _ Tartronic acid Glyceraldehyde

Scheme 1. Some possible valorization reactions from glycerol [26].

2.4 Oxidation of glycerol

One of the most attention routes for glycerol transformation to value added
compounds lies in its catalytic oxidation reaction. Glycerol oxidations are currently
received significantly attention because glycerol’s structure lends itself well to
catalytic oxidative process using inexpensive oxidizing agents such as hydrogen
peroxide, oxygen, air, or bleach. A combination of these inexpensive oxidizing agents
with an surplus of glycerol will allow the production of various new derivatives. Due

to the multitude of possible pathways for glycerol oxidation, multiple products that
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can be obtained from glycerol oxidation are GCD, DHA, GCA, HPA, tartronic acid (TART)
and mesoxalic (MOXA) like C; oxygenates in association with C, oxygenates such as
glycolic acid (GCOA), oxalic acid (OXAL) and C; products like formic acid (FMA) as

displayed in Scheme 2.

OH

Ho Ak _ oH
/ Glycerol \
(o] OH

e e

HCOOH - Glyceraldehyde Dihydroxy acetone (DHA)
Formic acid j l
o
alle Ha - o 0 % P
OH _)‘C H o _H - _>_/
Acetic acid HO HO OH HO
ic aci -CO
o Clyesnicacd Hydroxypyruvinic acid Hydroxypyruvinic aldehyde HO o
\HKOH | l ) X 7
OH e Glycolaldehyde
Lactic aci P HO o]
actic acid _)_ COOH /
o= o=
2-hydroxy-3-oxo-propanoic acid 3 Hydroxymalone aldehyde HO O
1 "_""";”/ﬁ/ OH
HO g * o
>—COOH o, Glycolic acid
HoOC 4
Tartronic acid (TA)  ,* 0‘\ EO, !
OH
; Glycoxylic acid \
R}
O, OH HO (o}
HO. > (
>_COOH e S §— COOH CO,
HOOC HOOC ; o o} OH
: " e . .
Mesoxalic acid (MA) Dihydroxymalonic acid (DMA) Oxalic acid

Scheme 2. Possible intermediates and products obtained from the oxidation of

glycerol [27].

To gain insight into the market potential, the price ranks of selected glycerol
oxidation derivatives catalogue are provided in Figure 2.4. Apparently, there is an

economic stimulus to model process to produce these value-added products by
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starting from glycerol. However, the market for glycerol oxidation products are not yet
commercially developed due to the current catalytic processes provided too slightly
small yields and selectivities. Therefore, there is significantly driven to develop new
catalytic process that involves with environmental benign and promoting high yield

and selectivity for glycerol transformation.
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Figure 2.4 Market price of general glycerol oxidation products.

The major challenges associated with the selective oxidation of glycerol are (i)
the control of reaction pathway approached to a desired product, (i) high catalytic
activity and resistance to poisoning, and (iii) maximizing the yield of desired products.
To address these challenges, the most common catalysts used for the oxidation of
glycerol are based on supported metal nanoparticles. To date, a prosperity of

modified catalysts for glycerol oxidations have been studied. Well known modified
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catalysts are altered with various transition metal such as Au, Pt, Pd and Bi. In fact, the

nature of the metal, as well as the pH, widely controls the selectivity for converting

either type of alcohol. An overview of Pt, Pd and Au based catalyst is given in Table

2.3. Typically, the reactions are carried out between 303-398 K, with air and oxygen as

the oxidant (1-10 bar) and in either acidic or basic conditions

2.5 Photocatalytic process

Photocatalytic process has received much attention during the last three

decades for various promising environmental applications ranging from production of

hydrogen and high valuable substances to disinfection of water as shown in Figure 2.5.

Degradation of pollutants

Photocatalytic
process

— Water disinfection

Energy-related reaction

—— Gas-phase decontamination

— Hydrogen Production

Photoelectrochemical devices

Organic transformation

— Artificial synthesis

— Reduction

Oxidation

—— Other transformation

Figure 2.5 Main fields of applications for photocatalysis [28].
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The photocatalytic process can be described as the light-induced excitation of
semiconductor, which has an electronic band structure, separated by a band gap
between the highest occupied energy band (valence band) and the lowest empty
band (conduction band). Photocatalytic reaction is a process in which highly reactive
species are formed when photo-excitation takes place in the catalyst substrate. When
photocatalyst exposes the light of energies equal to or greater than the band gap of
material, the electron can be excited from the valance band to the conduction band,
within a femtosecond timescale, and simultaneously generating the electronic vacancy
or a positive hole in the valance band.

Photocatalyst — ez + hyg' (2.1)

As a result, the negative electron (eqs) and positive hole (hyg") are created as
reducing and oxidizing agents. The e and hy' can recombine on the bulk or surface
of semiconductor particle (pathway 3,4 in Figure 2.6), releasing the accompanying
energy as heat, and is detrimental for the photocatalytic activity as the redox
properties of semiconductor are quenched. However, if the e and h” migrate to the
surface of the semiconductor without recombination, they can react with electron
acceptor or donor of adsorbed species such as water, oxygen, and other organic or
inorganic species. Subsequently, oxidation and reduction reaction can be initiated
(pathway 1,2 in Figure 2.6). These charges transfer processes are dependent on the
position of conduction and valence band edges and also the redox potential of the
adsorb species [5]. These oxidation and reduction reactions are the basic mechanisms
of photocatalytic reaction. A simplified mechanism for photocatalytic process on a

semiconductor is illustrated in Figure 2.6.
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T ° Volume
A Recombination
Reduction

A

Figure 2.6 Schematic illustration of photocatalytic process on a semiconductor
following electronic excitation. A=electron acceptor, D=electron donor. Pathway 1
and 2 are desired redox reaction, pathway 3 is surface recombination and pathway 4

is bulk of semiconductor recombination [29].

2.6 Semiconductor material

Semiconductors can be divided into two types; including intrinsic and extrinsic
semiconductors [30]. Intrinsic semiconductors are pure material and do not contain
any defects or impurities. The activation of an electron from the valence band to the
conduction band gives a free electron in the conduction band and a free h” in the
valence band. There are no energy levels present within the band gap. Consequently,
activation of electrons by light can occur only when light has an energy level exceeding
the band gap energy. However, mostly the energy of light in the visible range appears

to be insufficient to activate electrons; the band gap is too high. Impurities (or dopant)
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might introduce another band between the valence and conduction band resulting in
a lower band gap for activation of electrons. With these impurities visible light might
activate electrons at lower energy levels. Semiconductors with these dopants or
impurities are called extrinsic semiconductors. Extrinsic semiconductors contain
impurities which are brought into the lattice during preparation of the semiconductor,
e.g. by decorating noble metal on the surface of semiconductor TiO,. Impurities
provide free carriers by accepting or donating an electron. Such a process of
introducing into the lattice is called doping, and those impurities that contribute
donate electrons to the conduction band are called donor and those that accept
electron from the valence band (or supply h* to the valence band) are called acceptor.
Donors are impurities which have more electrons than the host material. Most
electrons of the impurity located in the valence band, but the remaining electrons has
no valence band to occupy. Therefore, the electrons are situated in the so-called
donor band, which is higher than the valence band. Due to the attraction of the
electrons by the high positive charged impurity atom, this band is situated just below
the conduction band minimum (Figure 2.7(a)). Such material is called an n-type
semiconductor (n corresponds with negative).

When the dopant has fewer electrons than its host material, it is called an
acceptor and can trap electrons. The acceptor band (Figure 2.7(b)) is situated just
above the valence band maximum and can withdraw electrons from this filled band.
This will leave holes, which allow the remaining electrons to move creating mobile
holes. This semiconductor is identified as a p-type semiconductor (p stands for
positive).

So, doping of impurities into the lattice of a semiconductor makes it possible
for electrons with less energy to jump to a higher band. This makes the semiconductor

more sensitive for visible light.
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Conduction band Conduction band

Figure 2.7 Band gaps at (a) n-type semiconductor and (b) p-type semiconductor.

Semiconductors as TiO,, Fe,0s, ZnO, Cu,O, WO;, CdS, BiWO, etc., are widely
used as photocatalysts. The band gaps of these semiconductor photocatalysts are
displayed in Figure 2.8. Among all widely used photocatalysts, TiO, is the most popular
photocatalyst because of its relatively high activity, chemical and biological stability,
availability with low production costs, and non-toxicity. Thus, it has been widely
studied and proven to have a potential to completely oxidize a variety of organic

compounds, including persistent organic pollutants.
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Figure 2.8 Band gap energies of various semiconductor photocatalysts with respect

to the redox potentials of different chemical species at pH 7 [31].

2.7 Titanium dioxide

Titanium dioxide belongs to the family of transition metal oxides. it can be
divided in three major crystallographic phases; brookite, rutile and anatase. In each
type, the titanium ion coordinates with six oxygen atoms, which in turn are linked to
three titanium atoms and so on. Anatase and rutile structure are tetragonal whereas
brookite is orthorhombic structure. Brookite is not economically significant since there
is not commonly accessible and difficult to synthesize, whereas rutile and anatase
plays the most important role in applications of TiO,. The bulk properties of anatase,
rutile and brookite crystalline forms are demonstrated in Table 2.4. The structures of
anatase and rutile are both given in Figure 2.9. Anatase TiO, is considered to be the
active photocatalytic module based on charge carrier dynamics, chemical properties

and the activity of photocatalytic degradation of organic compounds. While TiO, in
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rutile phase is less effective than the anatase phase caused by the rapid recombination
of photogenerated e-h" pairs on the surface of the rutile phase and the smaller
attachment of reactant and hydroxides ions on the surface of rutile phase than those

of anatase phase [32].

Table 2.4 Structural data of crystalline structure of TiO, [31, 33, 34]

Properties Anatase Rutile Brookite
Crystal structure Tetragonal Tetragonal Orthorhombic

a=9184

. a=b=3784 a=b=145936
Lattice constant (A) b = 5.447
c =9.515 Cc = 2.9587
c=>5154
Molecule (cell) 2 2 4
Volume/molecule (A% 34.061 31.216 32.172

Density (g/cm?) 3.79 4.13 3.99

Melting point (°C) Turning into rutile 1870 Turning into rutile
Boiling point (°C) 2927* - -

Band gap (eV) S 3.0 3.3
Refractive index (n,) 2.5688 2.9467 2.8090
Dielectric constant 55 110-117 78

Ti-O bond length (A) 1.937 (4) 1.949 (4) 1.87-2.04
1.965 (2) 1.980 (2)
O-Ti-O bond angle 81.2° 77.7° 77.0°-105°
90.0° 92.6°

* Pressure at pO, is 101.325 kPa
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| 1846 A titanium

Figure 2.9 Crystal structures of TiO, [35].

TiO, exhibits a characteristic band gap energy between the valance band and
the conduction band about 3.23 eV for anatase form and 3.06 eV for rutile form, which
enable the formation of excited e and photogenerated h* by the light wavelength
shorter than 390 nm for anatase and 405 nm for rutile. The conduction band of TiO,
is composed of only the 3d orbitals of titanium, while the valence band is combined
of the 2p orbitals of oxygen hybridized with the 3d orbitals of titanium [36]. The
diagram of TiO, energy band in pH 7 solution is revealed in Figure 2.10. As
demonstrated, the redox potential of photogenerated h” is about +2.53 eV versus the

standard hydrogen electrode (SHE). After reacted with water, these photogenerated h”
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can produce hydroxyl radicals (OH"), whose redox potential is a little decreased. The
redox potential of e in conduction is about -0.52 eV, which is in rule negative enough
to evolve hydrogen from water, while the e” can be entrapped and lose some of their
reducing power, as shown. However, even after trapped, a weighty number are still
able to reduce oxygen molecule to superoxide radical (O,7), or to hydrogen peroxide
(H,0,). The photogenerated h?, OH', O, can all play important roles as key species in

the photocatalytic reaction, as discussed in the later section.

vs. SHE
© © el
-0.52 L 3 e H)/H0 (-0.413)
-0.45 Ti°*+-OH 0,/05" (-0.28)
- > i 0,/H0, (+0.28)
+0. Fe(CN)4/3-(+0.36)
—___‘T 02/H20 (+0.83)
=l H202/H20 (+1.35)
— =42 04/H,0 (+2.07)
o T *OH/H,0 (+2.27)
1® h® - +3
(PH=7)

Figure 2.10 Schematic diagram showing the potentials for various redox processes

occurring on the TiO, surface at pH 7 [37].

2.8 Doping TiO,

Even though TiO, has several outstanding features, its practical usage is
restricted due to its wide band gap; as it can only be stimulated by ultraviolet light
which harvests 2-5% of sunlight [38]. Since visible light accounts for 45% of the solar
spectrum, there is a challenge to create a new prospect of titania based photocatalysts
which are effective under the visible light region. In addition, proper modification of

the electronic and optical features of TiO, results in not only the narrowing of its band
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gap but also increased lifetime of photogenerated h* and e by efficient charge carrier
separation and retardation of e~ h" recombination.

Doping or decorating of TiO, has been an attractive strategy in band gap
engineering to change the optical properties and charge-transfer mechanism of
photocatalysts, that lead to enhance efficiency of photocatalytic system. The
introduction of additional energy level or reduction of band gap energy, which results
in more absorption of visible light region and suppression of e-h” recombination are

the main purpose of doping TiO,.

2.8.1 Doping with transition metals

The surplus energy levels within the band gap of semiconductor can be
delivered by doping with transition metal. It results in lower photon energy
requirement for e transfer from one of these additional levels to the conduction band,
compared with the state of an unmodified TiO,. Apart from the doping transition metal
possessing its own catalytic activity, it also served as a source of charge-carriers
entrapment which can increase the life span of separated e-h" pairs, and thus enhance
the photocatalytic reaction rate. TiO, has been modified with various transition metals
such as Fe, V, Mn, Ni, Cd and Co. The overall efficiency and surface characteristics of
a semiconductor photocatalyst will be altered by the addition of metal which is not
chemically bonded to TiO, [39]. Figure 2.11 shows the band structure of TiO, before
and after modified with a metal. The work function of metal (@) is higher than of
semiconductor (D,) which results in higher Fermi level of the semiconductor (Eg,) than
Fermi level of metal (Eg,,). When the metal is got in contact with TiO, (Figure 2.11(b)),
e will flow from semiconductor to metal until the two Fermi levels achieve an
equilibrium. This results in the generation of upshift band bending due to an excess of

positive charges in TiO,, which generated from the transferring e [40]. Consequently,
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this upshift band bending at the semiconductor-metal interface create a small barrier
known as Schottky barrier, which serves as an e entrapment by preventing the
migration of e turning back to the semiconductor and thus reducing the e™-h*
recombination [41]. Figure 2.12 demonstrates the mechanism of metal doped on
semiconductor photocatalyst where Schottky barrier of metal in contact with surface
of semiconductor can suppress the e-h" recombination. Umebayashi et al. [42] carried
out Ab initio band gap calculations based on density functional theory (DFT) in order
to examine the electronic structure of various transition metal (Cr, Fe, Co, V, Ni and
Mn) doped on TiO,. They found that the localized level was shifted toward a lower
energy based on the increasing of atomic number of the doped metal. Choi et al. [43]
systematically investigated the photocatalytic activity of TiO, modified with 21
different metal, such as Fe?", Mo, Os*t, Re>" and V°*. These modified metals can be
markedly improved the photocatalytic oxidation of CHCl; and reduction of CCl,.
Doping transition metal ions on TiO, can enhance the rate of photocatalytic
activity with an improvement of trapping to recombination rate ratio. Nevertheless, the
impurity energy levels are formed in the band gap of TiO, when metal oxides or ions
are incorporated into TiO,, which also led to an increment of photogenerated h* and
e recombination rate. Only trapped h" and e that conveyed to the surface of
photocatalyst can participate the photocatalytic reaction. This means that doping
transition metal ions should be existed near the surface to allow effective charge
transfer. Joshi et al. [44] reported the detrimental effect of transition metal ions doped
TiO, on photocatalytic activity due to the formation of localized d-states, which acted
as a trapping site that capture photogenerated h* from valence band or excited e
from conduction band. In case of modified with high concentration of metal ions, it
can be acted as recombination centers. Gupta et al. [45] further reported that raising

metal doped concentration affected in a shorten space charge layer where
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photogenerated h™ and excited e within this region can be effectively separated by
the electric field before recombination. However, surpassing the optimal metal doped
concentration results in an extremely shorten space charge layer such that light
penetrated depth exceeds the width of this space charge layer. Consequently,

recombination rate enlarges due to the deficiency of a driving force to separate them.

Vacuum Vacuum
A A I
D, o8 % C.B.
[ l i
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’. |
l D % CB
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Figure 2.11 Band structure of TiO, (a) before contact (b) after contact with metal,
where the Schottky barrier is designed. (@, and E{™ denoted the metal work

function and fermi level if TiO, is an intrinsic semiconductor respectively) [39].
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Figure 2.12 Metal doped on semiconductor photocatalyst [31].

2.8.2 Doping with noble metals

Addition of noble metal such as Au, Ag, Pt, Pd and Cu have been promised as
another approach for modification of TiO, photocatalyst, which are very efficient for
promoting photocatalytic activity. Because the Fermi level of these noble metals are
lower than that of unmodified TiO,, excited e can migrate from the conduction band
of TiO, to noble metal particles decorated on surface of TiO,. While the
photogenerated h* is still carried through in the valence band of TiO,, which greatly
reduces the possibility of e-h* recombination and increases the photocatalytic activity.
The work function of several transition metals and their reduction potential are
concluded in Table 2.5. The noble metal ion with larger work function promotes the
Schottky barrier effect which can reduce the e-h* recombination. Therefore, the noble
metals with appropriate work function can benefit e transfer, leading to higher
photocatalytic activity, and overwhelmed the Schottky energy barrier. Other than
Schottky barrier, doping of noble metals can improve the visible light absorption ability
through localized surface plasmon resonance effect (LSPR), which occur either by

collective polarization or oscillation of valence electrons in plasmonic metal
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nanostructures or noble metal element creating trap sites that broadcasts light within
semiconductor photocatalyst [46]. Moreover, the metallic size and morphology also
effect on LSPR characteristics as well as the resonance wavelength.

Rupa et al. [47] prepared 1 wt.% of noble metal, including Ag, Au and Pt,
doped on TiO, by photo-deposition technique. These metals doped on TiO, exhibited
outstanding photocatalytic activity, compared with undoped TiO,, towards the
decolorization of tartrazine even under visible light irradiation. Krejcikova et al. [48]
synthesized the different Ag metal loading onto TiO, and conducted the CO, reduction
from these prepared material series. They found that the methane yield in gas phase
and methanol yield in liquid phase were significantly increased with increasing of Ag
concentration, which attributed to the facile transfer of e from conduction band of
TiO, to doped Ag nanoparticles due to higher Fermi level of TiO, and the formation of
Schottky barrier. Nosaka et al. [49] reported the hydrogen production via photocatalytic
reaction of aqueous alcohol over the various noble metals (Pt, Rh, Pd, Au, Cu and Ag)
doped TiO,. The exponential increase of photocatalytic activity was observed and in
accordance with the increasing of work function of metal co-catalyst. Thus, they
suggested that the function of noble metal nanoparticles would be to create an

electric field gradient, causing a proficient e-h" separation.

2.8.3 Non-metal modification

Since the cost of metal is much higher than those of non-metals, the doping
with non-metal into TiO, structure has been also extensively investigated. Many
studies have been devoted to the development of TiO, performance by doping it with
various anions as a replacement for oxygen in the TiO, lattice. These non-metals
created heteroatomic surface structure and modified the physicochemical properties

and photocatalytic activity of TiO, toward visible light response. Some of the non-
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Table 2.5 Work function and redox potential of some noble metals [50].

Eoredox at pH =0

Work Function Reaction
/ 'V vs. NHE
Ag 4.26 Agt +e ™ Ag 0.799
Cu 4.65 Cut + 20 — Cu 0.337
Ru 4.71 RU* + 2¢ —™ Ru 0.460
Rh 4.98 RUt + 3¢ — Rh 0.758
Au 5.10 AUt + 3¢ — Au 1.500
Pd 5.12 Pd% + 2¢ — Pd 0.915
Ir 5.27 It + 30— Ir 1.160
Pt 5.65 Pt?t + 200 — Pt 1.190

metals such as carbon (C), nitrogen (N), sulfur (S) and fluorine (F) have been widely
used [51-55]. The mixture of the p states of these non-metal anions dopant with OZ2p
states of TiO, via interstitial or substitutional doping was shifted the valance band edge
upwards leading to narrowing band gap energy of TiO, [51]. The effective narrowing
band gap energy can only take place by anions doping if the non-metal has a lower
electronegativities than O and comparable radius with O atoms, with the aim of
homogeneous distribution and uplifting the valence band [56]. In addition, the doped
non-metal anions are less likely to generate recombination centers caused by the
presence of d states deep in the band gap of TiO, which results in being more effective
for photocatalytic activity compared to cations doping [51, 57] .

Asahi et al. [51] firstly conducted the calculation of electronic band structure
of TiO, doped with non-metal anions including F, N, P, S and C. The result indicated

that the superior activity of N owing to its p state combined with O 2p states influencing
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band gap narrowing. Irie et al. [58] fabricated TiO,_,N, powders by heating TiO, under
NH; atmosphere and used for the decomposition of 2-propanol. They confirmed the
formation of isolated N 2p states above the valence band, which are responsible for
the responsive visible-light region. In addition, the multiply of the nitrogen
concentration depressed the quantum yield under UV irradiation, demonstrating that
surplus doping ions could also work as recombination sites. Valentin et al. [59]
examined the role of interstitial and substitutional C dopant on the alteration of the
TiO, band structures. They revealed that carbon doping induces the formation of
several localized occupied states between the gap of TiO, depending upon the dopant
type, and the presence or absence of oxygen vacancies. The presence of these states
is supposed to cause the narrowed band gap energy and significant red shift of the
absorption band edge toward the visible region. Vohra et al. [60] synthesized
fluorinated-TiO, (F-TiO,) for Photocatalytic degradation of tetramethylammonium
(TMA). It was found that the F doping was improved the photocatalytic activity due to
the enhancement of surface acidity, formation of oxygen vacancies or Ti**, and creation
of surface hydroxyl radicals, therefore altering the interfacial e /h” transfer, surface
charge allocation, and substrate—surface interaction.

Despite the numerous research deal with non-metal modification on TiO,, its
quantum efficiency of anions doping is still low. This is due to the fact that it is difficult
to introduce high doping concentration on TiO,. Therefore, the modification of the TiO,
band structure can only achieve to a small level. In addition, the doping of foreign
elements in the lattice of TiO, will lead to the formation of defects due to the
incompatible atom size or unbalanced charge. These defect sites may act as
recombination centers for photogenerated charges and therefore will diminish the

photocatalytic activity [61].
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2.9 Defective TiO,

In the past few decades, many research reported that the introduction of
defect disorder into TiO, structure can modulate some physical and chemical
properties of TiO,. It has been documented that the properties of TiO, are closely
related to defect disorder, rather than structure and composition [62]. Therefore,
defect engineering seems to be the most capable approach in synthesizing of TiO,
with boosted performance in solar energy conversion and alternative applications. The
most common defects in the lattice of non-stoichiometric materials are point defects,
which have size in atomic range. The point defects in non-stoichiometric oxide
materials are mainly involved oxygen vacancies, cation vacancies and cation
interstitials. These defects result in the creation of either acceptor- or donor-type
centers with in band gap of semiconductor materials. For a long time, defect disorder
of TiO, has been explained as the presence of three types of ionic defects including
oxygen vacancies (V,*), titanium vacancies (Vy;'), and titanium interstitials (Ti;"*)
Figure 2.13 was schematically illustrated the formation of three types of point defects
during the interaction of oxygen with TiO, surface [63].

As displayed in Figure 2.13(a), subtraction of one oxygen ion from the TiO,
lattice leads to the formation of oxygen vacancy. If deduction of two lattice oxygen
ions occurs as displayed in Figure 2.13(b), it leads to the establishment of either a tri-
or tetra-titanium interstitial. The formation of these two defect types is preferred under
reducing condition. Figure 2.13(c) demonstrates the building-up new oxides layer
containing titanium vacancy through oxygen adsorption on the surface. The titanium
vacancies are usually formed under oxidizing conditions when oxygen is adsorbed and
occupied in building-up new lattice layer and it exhibited an extremely slow diffusion

rate and have been regularly considered as extrinsic defects. Thenceforth, it is
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prominently noted that the defect disorder of surface layer, which has been reported

so far, include both oxygen vacancies and titanium interstitials.
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Figure 2.13 Schematic of the establishment of (a) oxygen vacancy (b) titanium
vacancy and (c) titanium interstitial (small and large circles denote titanium ions and

lattice oxygen, respectively, and the square denotes an empty lattice site) [62].
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Nowotny et al. [64] reported that the change of oxygen activity and the
associated defect lattice reduced the optical band gap of TiO, as shown in Figure 2.14.
Strongly reducing environment led to the reduction of band gap energy of TiO, to the
level of 2.4 eV and 2.9 eV for the indirect and direct transitions, respectively. These
phenomena seem to be related to structural relaxations that are made by oxygen

vacancies and the associated generation of superior defect lattices.
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Figure 2.14 Effect of oxygen activity on the band gap of pure TiO, [64].

A missing of oxygen atom from the bulk or surface of TiO, photocatalyst results
in one or two e lefting over at the oxygen vacancy site, which have a direct effect on
the electronic structure of TiO, by forming a donor level below the conduction band
as depicted in Figure 2.15 [65]. The energy level creating from oxygen vacancies is
located at 0.75-1.18 eV below the conduction band. In addition, the removal of oxygen
atom to form oxygen vacancies can also redistributed the excess e among the nearest

neighboring Ti atoms around the oxygen vacancies site, and form shallow donor states
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below the conduction band originating from Ti 3d states [66]. Oertzen et al. [67] has
also been confirmed that these shallow donor states were increased as increasing an
amount of oxygen vacancies, and can even overlap the conduction band in the case
of highly oxygen deficient non-stoichiometric TiO,. These can be postulated that the

presence of oxygen vacancies can greatly shift the Fermi level of TiO, toward high

=

+ 0.75 e‘i; | 18eV
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=

Figure 2.15 A proposed band structure model for TiO, with oxygen vacancies [65].

In addition, the introduction of oxygen vacancies in TiO, lattice are not only
modified the electronic structure but also the optical properties of TiO,. That is, the
extension of light absorption spectra of TiO, from UV to visible light region is occurred
because of the presence of oxygen vacancy states below the conduction band. The
as-formed oxygen vacancy states can take part in a new photo-excitation process.
Namely, the e can be directly excited from the valence band to the oxygen vacancy
states with photon flux energy of visible light spectrum. Moreover, the leftover e in

oxygen vacancies can also interacted with adjacent atomic Ti** to form the Ti** species
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[68]. These Ti** defect species can also create a shallow donor states just below the
conduction band, which could conduce to the visible light response.

Apart from the oxygen vacancies, Ti°* defect species are received much
attention as the dominant defect in TiO,, which also responsible for the improvement
of TiO, photocatalytic efficiency. Liu et al. [69] reported that both Ti’* defects and
oxygen vacancies were major defects in surface TiO,. Sirisuk et al. [70] have shown that
Ti** defects in TiO, photocatalyst played an important role in photocatalytic process.
Basically, Ti°* defect species can be produced by the reduction of Ti* ions via two
typic methods. One is that a Ti** takes an electron. The e can be trapped and led to
reduce Ti** cations to Ti** states. Another process for Ti** reduction to Ti** is performed
by a loss of oxygen from the lattice of TiO,. So, the generation of Ti** usually coincided
with the formation of oxygen vacancies. That is, when the Ti*" ion is transformed to
Ti**, the local static balance is broken down, and the oxygen vacancies should be
introduced due to charge recompense. Park et al. [71] proposed the mechanism of
Ti** defect species contributing in photocatalytic reaction. That is, the presence of Ti**
defect sites were acted as trap of e and h* results in the prevention of e- h*
recombination, and the consequent reactions involved with e” and h* were markedly
improved. Furthermore, in the presence of O,, the Ti** defect sites simply reacted with

O, molecule, leading to the formation of radical such as O,, OH", and HO," as following

equation;
Ti"-OH + O, = Ti*-OH + O,"~ 2.2)
O, "+ H" =™ HO, 23)
HO, + H" + e — H,0, @4

H202 +e — OH + OH (2.5)
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2.9.1 Synthesis of defective TiO,

Since the oxygen vacancies and Ti** defect sites strongly influence on the
surface chemistry and photocatalytic performance of TiO,, numerous research efforts
have been devoted to synthesizing the new kind of this material via several
approaches which are roughly categorized into two main groups including partial
reduction method and partial oxidation method.

The partial reduction method is frequently used to prepare the defective TiO,
by using suitable reductant under certain condition. Typically, TiO, parent materials
are reduced by H, environment at elevated temperature. During the hydrothermal
process, hydrogen atoms react with lattice oxygen of TiO,, which results in the
generation of oxygen vacancies and concurrently leaves two excess e behind one
oxygen vacancy site. These excess e can delocalize to neighboring titanium atom to
form Ti** defect species or can also remain at the position of oxygen vacancies to form
e-containing oxygen vacancies. The types of defect species are very sensitive to their
treating conditions. For example, Liu et al. [69] reported that under hydrogen
treatment at temperature below 450 °C, the synthesized sample possessed only e™-
trapped oxygen vacancies, whereas the sample contained both of oxygen vacancies
and Ti** defect species in case of hydrogen treatment at temperature higher than 450
°C. Yu et al. [72] also demonstrated that the defective types were strongly depended
on the hydrothermal temperature and time. Longer hydrogenation time at 600-700
°C induced the formation of Ti** defect species and also increased the presence of O
species, which might be caused by the diffusion of Ti** defects from the bulk of TiO,
lattice to the surface and then reacted with surface absorbed oxygen molecules and/or
surface oxygen vacancies during longer hydrogenation, finally resulting in the formation
of O species. In comparison, Ti** defect species are easily formed in rutile than anatase

structure, while oxygen vacancies are more favorable generated in anatase than rutile,
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as reported by Morgan et al. [73]. Under oxygen-deficient condition, both of defect
species were stabilized, with Ti** species predicted to become the favored defect,
especially at high temperature. It could be pointed out that the Ti** defect species
were most probably formed under more severe condition than oxygen vacancies.

In addition to H,, other reductants such as sodium borohydride (NaBH,),
diethylene glycol (DEG), metallic zinc (Zn), aluminum (Al) and carbon monoxide (CO)
were also utilized to produce defective TiO, under reduction method. Zheng et al.

[74] synthesized stable Ti** self-doped TiO, by using the redox reaction between Zn

and Ti** (Zn + Ti* = Zn*" + Ti*"). Sayed et al. [75] refluxed TiO, at 220 °C in DEG (a

reducing agent and solvent) to fabricate Ti**-containing in TiO, matrix. Kang et al. [76]

also reduced TiO, nanotubes with strong reducing agent as NaBH, as proposed
following;

NaBH; + 80H = NaBO, + 8¢ + 6H,0 (2.6)

Ti% e i (2.7)

In another study, the combination of electrolysis and plasma has been
performed to synthesize the oxygen-deficient TiO, microsphere [77]. Due to the
generation of highly energetic species such as e’, atoms and radicals during this process
that are available to reduce the surface of TiO,, leading to formation defected TiO,
materials. Moreover, the electron beam irradiation was also conveyed to reduce Ti**
to Ti**-TiO, because of the surface reduction by bombarded e [78].

Although Ti** was a major chemical state of stable titanium chemistry, the +2
and +3 of chemical oxidation states of Ti-based compounds are also usual such as
TiO, Ti,Os, TiCls and TiH,. Considering that the partial oxidation of these compounds is
enabled to the formation of Ti** defective of TiO, materials under proper condition.
Grabstanowicz et al. [79] were firstly used H,O, aqueous solution to oxidize TiH,

powder and then thermally treated under argon atmosphere at 630 °C to form Ti**
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self-doped rutile TiO,. Liu et al. also used the same TiH, as precursor and H,O, as

oxidizing agent under different thermal treatment conditions to produce Ti** defected

anatase TiO,. Besides, the presence of Ti** defect species in TiO, can be alternatively

generated by the oxidative reaction between TiO and HCl which proposed by Pie et
al. as following [80];

TiO + HCL = Ti** + H, + H,0O (2.8)

Zu et al. [81] also successfully synthesized Ti**-doped TiO, with dominant [110]

rutile facets by using HCl in hydrothermal system of titanium powder.

2.10 Solution plasma process (SPP)

Plasma is a state of matter generated by a destabilizing gas. It is one of the four
fundamental states of matter, and was first described by chemist Irving Langmuir in
the 1920s. Unlike the other three states of solid, liquid, and gas, plasma does not
independently exist on the earth under normal surface conditions, and can only be
artificially generated by heating neutral gases or by subjecting that gas to a strong
electromagnetic field [82]. Plasma has no fixed volume or shape, and are less dense
than solid or liquid. But unlike ordinary gases, plasmas are made up of atoms in which
some or all of the electrons have been stripped away and positively charged nuclei,
called ions, move freely. Normally, plasma can be classified into 2 types including (i)
high-temperature plasma or thermal equilibrium plasma and (i) low-temperature
plasma or non-thermal equilibrium plasma.

Solution plasma process (SPP) is relatively new techniques for plasma
generation in liquid phase. It is one type in three categories plasma phase which
corresponding to the relationship between pressure and temperature as shown in

Figure 2.16.
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Figure 2.16 Three categories of plasma phase corresponding to the relationship

between pressure and temperature [83].

The solution plasma has more attractive available in variety application fields
such as analytical optical emission spectrometry, nanomaterial synthesis, surface
functionalization, hydrogen production, water treatment, decomposition of toxic
compounds and polymerization.

In general, it has many experimental set up of plasma in liquid generation,
which including solution medium, electrode materials, electrode configurations,
current-voltage power supply, etc. By examining electrode configurations and power
sources, the plasma generation in liquid phase can be broadly subdivided into four
categories:

1. Direct discharge between two electrodes

Figure 2.17(a) displayed the scheme of direct discharge between 2 electrodes,
which usually comes in such forms as plasma discharge in liquid, solution plasma,

electric spark discharge, streamer discharge, arc discharge, and capillary discharge. Two
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identical size and shape electrodes are submerged in the liquid solution at a short gap
distance. Plasma is generated between two electrodes under liquid solution after
passing electric current through the solution. Hence, the liquid medium must be
conductive electrolytes. For nanomaterial fabrication, both ion in liquid medium and
electrode serve as a raw material for nanoparticle formation.

2. Contact discharge between an electrode and the surface of surrounding
electrolyte

In 1963, Hickling and Ingram stated a contact glow discharge electrolysis (CDGE)
[84], whereby a high-temperature plasma sheath was formed between an electrode
and the surface of surrounding electrolyte because of a high electric field, which
consequently accompanied by a glow discharge photoemission. This model of plasma
generation using CDGE was schemed as Figure 2.17(b) and it was also supported by
Azumi et al. [85], Sengupta et al. [86], and Campbell et al. [87]. In this model, two
electrodes are submerged in electrolyte solution with their gap distance about 5-100
mm. The distance between two electrodes did not affect the plasma formation
intensely for this case and the shape and size of electrode can be modified. The
surface area of both electrodes is normally different between cathode and anode.
One of electrode has a larger surface area than another one, which is covered with a
thin film of water vapor and plasma discharge was occurred inside this thin film. The
direct current power supply was passed the electric current through the electrolyte
solution medium and then bubbles were generated due to Joule-heating.
Subsequently, plasma was generated at the cathode side. In most case, the anode
was a metal wire, while the cathode was composed of a metal plate with a large
surface area such as Pt mesh.

3. Radio frequency (RF) and microwave (MW) generation for plasma discharge
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Plasma generation by irradiation with radio frequency (RF) and microwave (MW)
was demonstrated in Figure 2.17(c). This technique is considered to be effective to
generate plasma in solution at low electrical power. When plasma is generated in
solution using RF or MW, a lower pressure is often applied because energy is absorbed
in water as it possesses a dielectric constant and dielectric loss. The dielectric constant
and dielectric loss of the liquid media are vital factors in this plasma generation
process. Unlike other techniques, nevertheless, it is not required to use an electrolyte
solution. RF or MW generated plasma can be maintained in water over the wide range
of water conductivity (0.2-7000 mS/m). Because plasma can be generated even in pure
water, it is very advantage of this technique and so various applications can be
expected.

4. Laser ablation technique assisted plasma generation

The plasma generation in liquid by using laser ablation techniques is illustrated
in Figure 2.17(d). The laser beam irradiated to a solid substrate which submerged in
the liquid led to a plasma ball generation on the surface of solid. This technology is
applied in such research as nanomaterial synthesis [88, 89] and deep-sea mass

spectrometry [90].

2.10.1 Solution plasma application

2.10.1.1 Nanomaterial synthesis

The several types of plasma mentioned previously have been applied for
fabrication of various nanomaterials. The numerous researches in nanomaterial
synthesis field through solution plasma have been devoted to the synthesis of noble
metal nanoparticles such as Au, Pt, Pd and Ag because noble metal ions are more
facilely reduced. However, nanoparticles comprised other metals such as Cu, Fe, Sn,

and Ni which have been also fabricated. The direct discharge between two electrodes
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has been mostly used for producing metal nanomaterials and composite or alloy
materials of metal, in which the metal wire electrode and/or ions in liquid were served

as a source material for nanoparticle formation.
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Figure 2.17 Schematic of plasma generation model in liquid: (a) direct discharge
between two electrodes using AC (pulse) power supply; (b) contact discharge
between an electrode and the surface of surrounding electrolyte using a DC power
supply; (c) radio frequency (RF) and microwave (MW) generation for plasma discharge;

(d) laser ablation technique assisted plasma generation [91].

Saito et al. synthesized various nanomaterials such as Pt [92], Au [93-96], Cu
[97], C [98, 99], CuO [100], ZnO [100], Pt-Au alloy [101], Ag-Pt bimetallic
nanocomposites [102], Ag incorporated mesoporous silica [103, 104] and also
functionalized surface of material [105] by using solution plasma process. A typical

setup for solution plasma process is shown in Figure 2.18. The applied voltages were
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around 1.6-2.4 kV with pulse width at 2 ps. Tarasenko et al. also reported the ZnO
nanoparticle synthesis using electrical discharge techniques in water, in which the
current was 60 A, and alternating/direct current, pulsed power supply were utilized
[106-108]. Tube-likes nanocarbons or carbon nanotubes (CNTs) was also synthesized
by arc discharge in liquid toluene as reported by Hatakeyama et al. [109]. Abdullaeva
et al. also reported the synthesis of spherical ferromagnetic Fe;O4 nanoparticles [110],
onion-like carbon-encapsulated Ni, Co, and Fe magnetic nanoparticles [111], Ni and Fe
coated graphitic carbon [112] by pulsed plasma discharge in a liquid technique, in
which the schematic process was displayed in Figure 2.19. In this technique, one of

electrode must kept vibrating in order to stabilize the discharge process.

— Bipolar Pulsed Power Supply

After dry

Synthesis flow

Figure 2.18 Schematic of the experimental setup for solution plasma experiments

and synthesis flow for nanocarbon production[99] .



47

Electrodes
/\ «— Vibrator

s >
Pulse Catho\e\/ V%\ode e— Beaker
generator || i
Ethanol
Pulsed | o9
plasma
Optical
Power probe
source ;
Optical
fiber
. J

Figure 2.19 Schematic of the pulsed plasma discharge in a liquid method [111].

2.10.1.2 Wastewater treatment

In recent year, discharge plasma in liquid phase has been received interest as
a tool for generating a large quantity of heat and a high yield of various oxidative active
species, which are benefited for wastewater treatment. Among various oxidative active
species, hydroxyl radicals (OH") is the most forceful oxidizing species. Thus, the
generation of OH" radicals by solution plasma in water and the decomposition of
contaminants have been undertaken. The mechanism for the formation of OH" radicals
by the solution plasma is concluded in Egs. (2.9) - (2.12). Electrons is generated by
dissociation of water molecules during discharge plasma in liquid phase and lead to
the generation of OH" radicals (Eq. (2.9)). On the other side, highly energetic electrons
(e*) can be interacted with dissolved oxygen and consequently formed the excited
O('D) and ground O(CP) states of oxygen atoms (Eq. (2.10)), which eventually produced
OH’ radicals from water (Eqg. (2.11) and (2.12)) [113]. However, Due to the large amount
of OH’ radicals can be produced through solution plasma process; their subsequent

recombination may be facilitated. Thus, it is disadvantageous to produce large amount
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such species and the recombination process was depended on the diffusion condition

of OH’ radicals.

e*+H,0 e +0H +H (2.9)
e*+0, e +0(D) + OCP) (2.10)
o('D) + H,O — 20H (2.11)
OCP) + H,O = 20H' (2.12)

Horikoshi et al. [114] was successfully decomposed perfluorooctanoic acid
(PFOA) in ion-exchange water using discharge plasma in liquid phase. After 90 second
of discharge plasma in 0.01 mM PFOA aqueous media led to 59% defluorination
accompanying the decomposition of PFOA. Hao et al. [115] reported the degradation
of parachlorophenol (4-CP) by the pulsed discharge plasma process in aqueous
solution combined with activated carbon. Qu et al. [116] also utilized hybrid system
between pulsed corona discharge plasma combined and activated carbon for

simultaneous removal of cadmium ions and phenol from water solution.

2.11 Key species in photocatalytic reactions

The photocatalytic reactions proceed via redox reactions caused by
photogenerated h” and e created on the surface of photocatalysts. These generated
h* and e can produce several reactive species, which are considered to be involved
in actual oxidation and reduction reactions in photocatalytic process. Since
photocatalyst are practically used with oxygen and water, both stepwise reduction and
oxidation of adsorbed oxygen and water molecules take place concurrently in
photocatalysis as shown in Figure 2.20. The species to which water or oxygen converts
with high reactivity are generally called reactive oxygen species (ROS). Four major ROS

are recognized, including superoxide radical (O,"), hydrogen peroxide (H,O,), singlet
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oxygen ('0,), and hydroxyl radical (OH"). The efficiency of these generated ROS varies
over a wide range relying on the kind of utilized photocatalysts and the nature of
solution conditions. The standard potential for the one-electron redox of active
species as a function of pH solution illustrated in Figure 2.21 [117]. The two-electron
(2¢€) redox potential corresponds to the average of redox potential at each step. As
commonly known, the potential of the valence band of TiO, about +2.14 to + 3.03
eV, depended on the pH solution, is low enough to oxidize H,O, suggesting the
possibility of the formation of OH". As shown in Figure 2.21, at acidic condition, the
reduction potential of O, (0,,2H"/H,0,) is higher than that of H,0, (H,O,,H"/OH").
That is, the reduction of O, to H,0O, is thermodynamically more desirable than the
reduction of H,0O, to OH’, though the difference is very trivial. As the actual reduction
and oxidation take place at adsorption site on the surface of photocatalyst, the redox
properties may significantly change depending on the degree of the stabilization energy

by the adsorption [118].

' \\I
Molecular oxygen f\ O’L’, T m—

nght td t;o,,) (oxidation)

lll'-:z

'O' Superoxlde radical

= Hydrogen peroxide
/ /(dimerization)
(oxuda‘t-lo} @/‘ @Hydmxy/ radical
Water

Figure 2.20 Reactive oxygen species generated in the photocatalytic reduction and

oxidation steps of oxygen and water [118].
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Figure 2.21 pH dependence of one-electron redox of H,0, H,O,, and O,. Dotted line

shows two-electron (2e7) process [117].

2.11.1 Superoxide radical (O,")

A superoxide, also known as hyperoxide, is a compound that particularly
important as the product of the one-electron reduction of dioxygen (O,), which occurs
widely in nature. Superoxide radical (O,") are generally reacted towards a variety of
organic and inorganic targets. Whereas molecular O, is a diradical containing two
unpaired electrons, the addition of a second electron fills one of its two degenerate
molecular orbitals, leaving a charged ionic species with single unpaired electron and a
net negative charge of —1. The reduction of oxygen with photoexcited e in conduction

band could generated O, as depicted in Eq. (2.13).

OZ + ei —> 02.7 (213)
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The proposed mechanism of the reduction of O, on the surface of TiO, are
illustrated in Figure 2.22. The surface Ti*" of TiO, that adsorbs water molecule can be
reduced with photoexcited e and then O, strikes it instantly to form superperoxo
species (TiIOO"). These superperoxo species are reduced to peroxo species (Ti(O,)) and
consequently protonated to form hydroperoxo (TiOOH) at the surface as displayed in
Path A in Figure 2.22. On the other side, the adsorbed oxygen molecule on surface of
TiO, can take photoexcited e to generate O,". If O, does not participate in the
reaction, the generated O, is transformed to H,0O, via disproportionation with proton
(H"). Due to the low reactivity of O,”, it generally converts to hydroperoxo radical
(HO,) by the protonation, whose lifetime is not long because of the rapid reaction
with O, or HO," to form H,0, [119]. Moreover, as implied in Figure 2.22, O, can be

generated via the photocatalytic oxidation of H,0, with photogenerated h* (Eq. (2.14)).

HO, + h* —» O, + H* (2.14)
H
‘ID +H,0
Path A — T —
Surface hydroxyl ‘\29‘ + oH*
o o
o i° o/ B O—O ,4y4 O—OH
A — | _— \/ _
— Ti(4+) — —_Ti— —T — —T —
e_J Surface superoxo Surface peroxo (X) Surface hydroperoxo (Y)
Path B —H+ +H*
L H HO
,’l + + .
O e (tume) ——>  O,~ () ———> HO, () ———> H,0,()
'!'i(4+) Superoxide anion Hydroperoxo radical

Figure 2.22 Reaction pathway for O, reduction on surface of TiO, [120].
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2.11.2 Hydroxyl radical (OH)

Hydroxyl radical (OH") is the neutral structure of hydroxide ion (OH"). It is one
of the most highly reactive oxidizing agents that is able to react rapidly and
unselectively with the chemical molecules and consequently short-lived. The lifetime
of OH" radicals ranges between 0.001 and 1 second. Generally, OH" radicals are
generated usually by coupled physical and/or chemical systems such as H,0,/Fe** or
H,0,/Fe”* (Fenton), H,0O,/catalyst or peroxide/catalyst (Fenton-like), Os; (ozonation),
and H,0,/0; (peroxone) that are often associated with light irradiation. The plausible
mechanism of OH" formation on the surface of TiO, in the presence of O, molecules
under aquatic phase is proposed in Figure 2.23. OH" radicals are principally generated
by the reduction of H,0,, which is created by the two-electron oxidation of H,O and/or

two-electron reduction of O, molecules.

Figure 2.23 A proposed reaction scheme of OH’ formation on irradiated TiO, surface

[121].

In the system with H,O,,it mainly absorbs UV irradiation in the range of UV-C
spectrum (100-280 nm) leading to yield two molecules of OH' radical via photolysis

reaction as shown in Eq. (2.15) [122]. However, a potential drawback of these generated
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OH’ radicals is scavenged by H,0O, itself led to the formation of hydroperoxo radical
(HO,") and water (Eq. (2.16)).
H,O, — 20H’ (2.15)
H,O, + OH" — HO," + H,O (2.16)
The later reaction has been stated to have a quite low rate constant (k= 2.7 x
10" M7's7!) [123]. Thus, to maximize the effectiveness of OH" radicals in photocatalytic
activity, the concentration of added H,O, should be maintained at values where its
ability to scavenge OH' radicals is limited compared to the other water constituents
and/ or organic molecules. Moreover, the quantum yield of OH' radicals (Dg) in the
photolysis of H,O, (Eq. (2.15)) is reported to be Dgy = 2.09 + 0.36 in the gas phase and
@Dy, ~ 1in an aqueous solution [124]. The H,0, photolysis yields two OH" radicals,
which are unrestricted in the gas phase but are bounded with the solvent molecules
in an aqueous solution. This solvent cage favors recombination as followed Eq. (2.17),
which competes with OH" diffusion into the solution bulk for participation
photocatalytic reaction.

20H — H,0, 2.17)

2.11.3 Singlet molecular oxygen (*0,)

Singlet oxygen (*O,) is a high-energy form of oxygen, which is more chemical
reactivity toward organic molecules than triplet ground state of oxygen (°0,). Figure
2.24 demonstrated the formation pathway of singlet oxygen via the consecutive
reduction and oxidation of O, molecule. The generated O, via reduction of O, with
photoexcited e” can be consecutively reduced with photogenerated h* to form singlet
oxygen as indicated by Eq. (2.18).

0, + ht —» !0, (2.18)
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Since three electrons in the T* state of O, cannot be discriminated from one
another, three electronic state forms could be produced hinging on the relocated
electron, which including 3Zg’, 1Ag, and 1Zg* states. The latter of two electronic states
are named as “singlet oxygen”, which have energies of 94.3 kJ/mol and 156.9 kJ/mol
above the first triplet ground state, respectively. The lifetime of 12‘; state is extremely
short in H,O (~10™" s) and straightaway changed to the 1Ag state of singlet oxygen,
which is considered the chemically relevant form of 'O,. The lifetimes of 'O, greatly
relied on its surrounding environment. It was reported to be about 2 ps for TiO, powder

suspensions in water [125].
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Figure 2.24 The pathway and spin states of singlet molecular oxygen formation.

2.12 Literature reviews

Photocatalytic oxidation over suspended solid photocatalysts (e.g. TiO,, ZnO)
has been proposed as a sustainable process for treatment and purification of water
and wastewater as well as the process for photoconversion of waste organic

compound (e.g. slycerol) to hydrogen, methane, alcohols (e.g. ethanol) and other
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hydrocarbons, which have high value-added substance. TiO, exhibits relatively high
stability and activity under ultraviolet light, whose energy outdoes its band gap. The
improvement of TiO, photocatalysts unveiling high reactivity under visible light should
be addressed to not only proceed reaction using the solar spectrum but also suppress
the recombination effect of e and h" in reaction process. Up to preceding few decades,
various research works for TiO, modification and its applications for organic molecule
transformation or degradation have been continuously proposed.

Augusgliaro et al. [126] studied photocatalytic oxidation of glycerol by using
home-prepared TiO, in rutile, anatase, and mixed anatase-rutile crystalline phase
structure compared with those of commercial rutile and Degussa P25 in two different
batch photoreactors, a cylindrical photoreactor and an annular photoreactor. The
detected aqueous phase glycerol oxidation products in all system were GCD, DHA,
FMA and CO,. Cylindrical photoreactor showed higher reaction rate and selectivity for
all samples than annular photoreactor, due to the different reactor geometries and
irradiation fields. Commmercial Degussa P25 exhibited the highest photocatalytic activity
among all samples with 25% glycerol conversion at catalyst amount 0.1 ¢/L and 5.2 h
of irradiation time under incident photon flux of 1.2 mW/cm?. The selectivity of GCD,
DHA, FMA, and CO, was found around 12%, 7.5%, 6.5%, and 20.6%, respectively.

The photocatalytic mechanism on the catalyst surface of Degussa P25 TiO, and
Merch TiO, was investicated by Minero et al. [127] with using glycerol as a probe
molecule. GCD and DHA are mainly observed as main products over Merck TiO,, while
the major products catalyzed by Degussa P25 were glycolaldehyde (GCAD) and FMD.
The dissimilar of major product between different TiO, specimens was principally due
to the different surface morphology. Merck TiO, has a lower density and more uniform
surface hydroxyl sites than Degussa P25 TiO,, which are more defect on the surface

particle. The different surface characteristics of TiO, results in the unlike mechanism
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of glycerol transformation. When g¢lycerol molecules are weakly adsorbed on the
surface of TiO,, the OH' radical mediated mechanism are undergone with H-abstraction
to form C3 oxidation products (GCD and DHA). On the contrary, if chemisorption of
glycerol was occurred on the surface of TiO,, the C2 (GCAD) and C1 FMD) product were
generated through B-fragmentation via direct e” transfer mechanism.

Chong et al. [128] performed the photocatalytic reaction of aqueous glycerol
on different facet of TiO, loaded with various metal nanoparticles including Rh, Ru, Cu,
Ni, Pt, Pd, and Au. Glycerol can be converted with highly selective to
hydroxyacetaldehyde (HAA) about 90% on the rutile TiO, which have a high
percentage of (110) facets, while anatase TiO, with dominant (101) or (001) facets can
only provide a selectivity of HAA less than 50% and 20%, respectively. In addition,
when metal co-catalyst was loaded on rutile TiO, with dominant (110) facet, the
conversion of glycerol was significantly enhanced, and the vyield of hydrogen
production was also greatly increased. The selectivities of HAA were over 90% for all
of the photocatalysts deposited with different metals. Thus, this can be implied that
the major role of the metal co-catalyst are to improve the photogenerated h* and e
charge separation, and catalyze H, production, while the selectivity of HAA was mainly
depended on the facets of TiO,, not on the loaded metal co-catalysts.

The mechanism and kinetics of photocatalytic oxidation and reforming reaction
of glycerol over TiO, and Pt/TiO, suspensions have been proposed by Panagiotopoulou
et al. [129]. The general reaction pathways of photo-oxidation and photo-reforming
are similarly. That is, the initial transformation steps of glycerol were proceeded
involving either dehydrogenation reaction to form GCD or hydrogenolysis reaction to
form propylene glycol. Afterwards, the several intermediates, including acetaldehyde,
2-oxopropanol, glycolaldehyde, ethanol, methanol and acetone can be continually

progressed through decarbonylation, dehydrogenation and dehydration reactions.
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Eventually, these intermediates are converted to gas phase, including CO, and H,. The
rate of photo-oxidation and reforming of glycerol was quite low over bare TiO, and
considerably improves over the presence of Pt on TiO,. The existence of Pt co-catalyst
can efficiently separate the photogenerated h*and e, lead to suppress the e-h"
recombination as well as enhance the interfacial e transfer to electron acceptors. It
was mainly due to the formation of Schottky barrier at TiO, and Pt metal interface.
which resulted in efficient trapping of photogenerated e".

Lopez-Tenllado et al. [130] prepared M/TIiO, photocatalyst (M=Au, Pt, Pd) by
deposition-precipitation, impregnation, and photo-deposition method with different
amounts of metal loading (0.5 - 3.0 wt%) and employed toward hydrogen
photocatalytic production from C3-chain alcohols (glycerol and isopropyl alcohol). The
deposition of metal led to the formation of metal-titania interaction, resulting in the
enhancement of e transfer from semiconductor to deposited metal, which promoted
the photocatalytic activity. The 0.5%wt. Pt deposited on TiO, made by photo-
deposition method was found to be superior in photocatalytic activity toward
hydrogen production than deposited Pd and Au in both case of using glycerol and
isopropyl alcohol as substrates. Both substrates are followed a dissociative adsorption
Langmuir-Hinshelwood mechanism, but glycerol molecules are stronger adsorbed on
TiO, surface than isopropyl alcohol.

Zhao et al. [131] also investigated the hydrogen production from glycerol-water
mixtures by using Bi-doped TiO, nanotubes, which prepared through hydrothermal
method with variable Bi/Ti molar ratios (0-5 %). The results showed that doped Bi can
extend the adsorption wavelength toward visible light region, which should be related
to the formation of Ti-O-Bi in the network of TiO, nanotubes. Moreover, Bi doping was
created the new energy level of Bi ion below the conduction band of TiO,, which

resulted in a reduction of band gap energy as well as a diminution of e-h”
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recombination rate. The Bi doping with 2% of Bi/Ti molar ratio on TiO, nanotubes
exhibited the highest hydrogen production rate under both solar and UV light
spectrum. The hydrogen production rates decreased with excessive doping content of
Bi due to the transformation of nanotubes with anatase phase to nanobelts with entire
titanate phase (H,Ti,Os-H,0) structure.

The role of Bi for the enhancement of visible light adsorption property of TiO,
photocatalyst was also pronounced by Bagwasi et al. [132]. They prepared Bi modified
nitrogen doped TiO, (N-TiO,) in the range of 1-13 mol.% Bi content via two steps of
hydrothermal and impregnation hydrolysis method. The results revealed that all Bi
modified N-TiO, photocatalysts showed the higher photocatalytic activity for the
degradation of 2,4-Dichlorophenol under visible-light irradiation due to the presence
of metastable bismuth titanate (Bi,TiOs,) species in as-prepared photocatalyst which
can enhance the light adsorption property toward the visible region together with
effective photogenerated h” and e charge separation.

Tsukamoto et al. [133] stated that the photocatalytic activity of metal doped
TiO, strongly relied on the catalyst architecture by studied the effect of Au metal
deposited size and location on TiO, support for aerobic oxidation reaction. The results
clarified that Au nanoparticles with diameter lower than 5 nm can promote the visible
light adsorption due to the resonance oscillation of free e on Au, known as surface
plasmon resonance (SPR). The location of Au nanoparticles at the interface of anatase
and rutile crystal structure efficiently promotes aerobic oxidation owing to
appropriated e transfer in Au-rutile-anatase contact site. That is, the activated e via
SPR by visible light irradiation were transferred to rutile and then to adjacent anatase
TiO, and consequently reacted with O, to form reactive oxygen species which can

catalyzes the oxidation of substrates.



59

Bashir et al. [134] investigated the effect of metal loading in both mono- and
bimetallic (Au, Pd and AuPd) on the photo-oxidation and photo-reforming of ethanol.
The bimetallic AuPd containing 1.2 wt.% Au and 2.0 wt.% Pd decorated on TiO,
exhibited the highest activity for both photo-oxidation and photo-reforming reaction
mainly due to the synergistic effect between two metals. The presence of Au in
bimetallic AuPd can keep the decorated Pd in its metallic states, which facilitated the
charge transfer from Au to Pd resulting in the prolongation of photogenrated h'-e”
lifetime.

In 2011, Chen et al. [135] firstly developed an alternative approach to enhance
the visible light and infrared adsorption of TiO, by introducing defect disorders in the
structure of TiO, through the hydrogenation process at 20 bar and 200 °C for 5 days.
Large amount of introduced defect disorder at the surface layer of TiO, was
substantially shifted valance band position about 2.18 eV and also created the mid-
gap state energy levels below the conduction band. These generated mid gap states
can extend to and overlap with the conduction band edge to form band tail structure,
which resulted in decreasing of band gap energy. Moreover, these generated mid gap
states also acted as trapping sites of photo-excited e and prevent them to recombine
with photogenerated h*. This finding is open up a new tactic for designing solar-driven
photocatalyst.

Sinhamahapatra et al. [136] synthesized the black (defective) TiO, NPs through
the two-step method of magnesiothermic reduction under 5% H,-Ar atmosphere
followed by acid treatment. All as-synthesized black TiO, NPs were deposited with Pt
metal by photo-reduction and applied toward photocatalytic hydrogen production in
water-methanol mixture. All prepared sample possessed the lower band gap energy
than commercial anatase TiO, and the existence of band tail structure in both

conduction band and valence band side, which could be attributed to the presence
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of Ti** defects and/or oxygen vacancies in TiO, structure. In the presence of 1% Pt as
co-catalyst with black TiO, provided highest hydrogen production rate about 43 mmol
h' ¢! from the water and methanol mixture under the full light spectrum of solar
range irradiation. However, in the absence of methanol, only small amount of
hydrogen was produced. This is because methanol acted as sacrificial reagent for
capturing photogenerated h?, which diminished the photogenerated h™ and e
recombination.

Apart from TiO, photocatalyst, Bi,WOg was reported as efficient photocatalyst
toward selective transformation of glycerol to dihydroxyacetone using oxygen as
oxidant in water by Zhang et al. [137]. The glycerol was selectively oxidized to
dihydroxyacetone with 91% selectivity at 96% conversion under visible light irradiation.
In addition, they also performed the reaction test under N, atmosphere and the results
showed trace conversion of glycerol, approving that oxygen was the prime oxidant in
selective oxidation of glycerol. Besides, the series of control experiment with various
radical scavenger, including ammonium oxalated (AO) for trapping photogenerated h”,
benzoquinone (BQ) for scavenging O, radicals, and tert-butyl alcohol for OH" radicals
trapping, were also parallel performed in order to better understanding the mechanism
for selective photooxidation of glycerol. The observation provided that OHradicals did
not generate over Bi,WO4 and the main reactive oxygen species for selective oxidation
of glycerol to dihydroxyacetone is photogenerated h* and O, radicals, which
generated from the band gap excitation upon visible light irradiation. They proposed
that the glycerol molecules, which adsorbed on the surface of catalyst, are primarily
oxidized with photogenerated h* to form some intermediates and subsequently
reacted with O, radicals to form dihydroxyacetone.

The various reactive oxygen species (ROS) generated under irradiation of TiO,

photocatalyst was also promised as a vital factor to understand the involving
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mechanism for organic molecules transformation or degradation. Up to date, there is
still contradictory about the roles and contributions of which ROS deserves for
transformation of organic compounds. Guo et al. [138] inspected the formation of
various ROSs through the photooxidation of 1,5-diphenyl carbazide (DPCI) over TiO,
with pure anatase phase, pure rutile phase. The quantity of ROS increased with the
increasing of TiO, catalyst loading and irradiation time. The DPCl was mainly oxidized
with radical species (e.g. 'O,, O,”, and OH’ radicals) over irradiated rutile TiO,, while
the photogenerated h* are mainly involve for DPCI photooxidation over anatase TiO,.
It seems that the different phase structure of TiO, has affected on the type of ROS
generation.

Kuang et al. [139] also studied the role of reactive oxygen species and
photogenerated h* in the photodegradation of anionic dye orange Il (Oll) and cationic
dye methylene blue (MB) by TiO, under UV illumination using radical scavenger. The
photogenerated h* and surface-OH" radicals were main contributor for
photodegradation of both dyes, giving an account of 60% of the total degradation and
remaining 40% of total degradation could be contributed to '0,, O, radicals. O,
played a more important role in the degradation of Oll, while 'O, provided the similar
contribution in both photodegradation of Oll and MB. The contribution of radicals at
the surface of catalyst was intensely significant to the photodegradation of organic
dyes compared with the radicals in bulk solution. However, some results still intrigue
mysteries because the generation of ROS in dyes system is complex due to the nature
of photosensitizer dye molecules which could both quench and generate some ROSs
at the same time. But at least, it can be suggested that the mechanism for
photocatalytic degradation of organic dyes may vary with the concentration and type

of ROSs produced in the system.
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This chapter provided the information about chemical substances and

materials as well as experimental procedures for preparing the TiO,-based

photocatalyst and studying the photocatalytic conversion of glycerol over TiO,-based

photocatalyst. The catalyst preparation techniques were described. Also, the relevant

characterization techniques were presented.

3.1 Chemical substances and materials

10.

11.

12.

13.

14.

15.

16.

Glycerol (C3HgO3), 99.5% purity, QReC

Hydrogen peroxide (H,0,), 30%wt, Merck

Oxygen gas (O,), 95% purity, Praxair

Nitrogen gas (N,), 99.99% purity, Praxair

Hydrogen gas (H,), 99.999% purity, Praxair

Titanium (IV) dioxide (TiO,), Pure anatase, Sigma Aldrich
Titanium (IV) dioxide (TiO,), Pure rutile, Sigma Aldrich
Titanium (IV) dioxide (TiO,), P25 Degussa, Sigma Aldrich
DL-Glyceraldehyde (C5Hg03), 290% (GC), Sigma Aldrich
Dihydroxyacetone (C3H¢Os), 294%, Merck

Formaldehyde (HCHO), 37% w/w solution, Merck
Glycolaldehyde dimer (C4HgOy), Sigma Aldrich

Glycolic acid (C,H403), 70% w/w solution, Ajax Finechem
Glyceric acid (C3HgOq), 20% w/w solution, TCI
B-Hydroxypyruvic acid (C3HsO4), 295.0% (dry substance), Sigma Aldrich

Sulfuric acid (H,SO4), 98% purity, QReC
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22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
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Nitric acid (HNO3), 65% purity, QReC

Hydrochloric acid (HCL), 37% purity, Sigma Aldrich

Acetonitrile (CH;CN), HPLC grade 99.9% purity, Merck

Poly(vinyl alcohol) ([-CH,CHOH-1,)), 99+% hydrolyzed, Sigma Aldrich
Isopropyl alcohol (C;H;0H), 299.7% purity, QReC

Furfuryl alcohol (CsHgO,), 98.0% purity, Sigma Aldrich
4-Chlorobenzoic acid (ClCgH4CO,H), 99.0% purity, Sigma Aldrich
p-Benzoquinone (CgHy(=0),), 298.0% purity, Sigma Aldrich
Ammonium oxalate monohydrate ((NH,),C,0q4 - H,0), 299.5%, Sigma Aldrich
Potassium lodide (KI), 99.0% purity, Ajax Finechem

Potassium Chloride (KCl), 299.0% purity, Sigma Aldrich

Silver nitrate (AgNO3), 299.0% purity, Sigma Aldrich

Chloroplatinic acid hexahydrate (H,PtCls - 6H,0), Sigma Aldrich
Gold (Ill) chloride trihydrate (HAUCl, - 3H,0), Sigma Aldrich
Palladium (II) chloride (PdCl,), Sigma Aldrich

Bismuth (II) chloride (BiCls), Sigma Aldrich

Titanium wire (99.99 wt.%, Nilaco Co.Ltd., Japan)

Ultrapure water

Deionized water

3.2 Laboratory instruments

—_

Nylon Syringe filter, 0.1 um pore size (CHROMAFIL® Xtra PA-45/13)
Polytetrafluoroethylene Membrane Filter, 0.1 um pore size (Merck Millipore)
Oven (Model ED 115; WTB binder)

Hotplate and stirrer

Centrifuge (KUBOTA KC-25)
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6. Ultrasonic water bath (NXPC-1505P, Koda)
7. High voltage bipolar pulse power supply (Kurita Co. Ltd, Japan)

8. High pressure mercury lamp (RUV 533 BC, Holland)

3.3 Synthesis of monometallic decorated on TiO,

Four types of monometallic-decorated TiO, photocatalysts were prepared
through sol-immobilization technique including Au/TiO,, Pt/TiO,, Pd/TiO, and Bi/TiO,
by following steps. Firstly, 12 mL of 1 wt.% of HAuCl, solution (Au metal precursor)
was dissolved in 38 mL of deionized water. Then, 2 wt.% of polyvinyl alcohol (PVA)
was added to the precursor solution as protective agent under stirring at constant 300
rom in order to stabilize the metal dispersion on the support and prevent
agglomeration. Approximately 1.94 g of TiO, was added to the prepared solution and
then excess NaBH4 was slowly added to the colloid solution. The reaction was held
for 24 h at atmospheric pressure and temperature to obtain complete sol
immobilization. The obtained mixture was filtered and washed thoroughly several
times with deionized water until no chloride ions were detected in the filtrate solution
by the AgNO; test. Finally, the obtained solid was dried at 110 °C in hot air oven
overnight and subsequently removed the organic scaffold residue and activated by
heat and chemical treatments under a N, flow at 350 °C for 3 h followed by a H, flow
at 350 °C for 3 h, respectively. At this stage, the ready-to-use Aus/TiO, at 3 wt% Au
content will be obtained.

The similar procedures were repeated but using 7.98 mL of 2 wt.% of H,PtClg
solution dissolved in 42.02 mL of deionized water, 5.00 mL of 2 wt.% of PdCl, solution
dissolved in 45.00 mL of 0.2M HCl and 9.09 mL of 1 wt.% of BiCl; solution dissolved

in 40.91 mL of 0.2M HCl for synthesized Pts/TiO,, Pds/TiO, and Bis/TiO,, respectively.
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The step-by-step preparation of monometallic decorated on TiO, was illustrated in

Figure 3.1.

Dissolved the precursor with appropriate

amount in solvent

A

Added 2 wt.% of polyvinyl alcohol

A

Added 1.94 g of TiO, support

A

Slowly added excess NaBH,

Y

Held the reaction for 24 h under

vigorous stirring at 300 rpm

Filtered and washed with deionized water

\ 4

Dried at 110 °C in hot air overnight

A 4

Treated under N, flow at 350 °C for 3 h

A 4

Treated under H, flow at 350 °C for 3 h

Figure 3.1 Preparation procedure of monometallic-decorated TiO, photocatalyst.
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3.4 Synthesis of Au-based bimetallic nanoparticles decorated on TiO,

Three types of Au-based bimetallic-decorated TiO, photocatalyst were
prepared through sol-immobilization technique including AuPt/TiO,, AuPd/TiO, and
AuBi/TiO, by following steps. Firstly, 12 mL of 1 wt.% of HAuCly solution was mixed
with 16 mL of 1 wt.% of H,PtClys solution and dissolved in 22 mL of deionized water.
Then, 2 wt.% of polyvinyl alcohol (protective agent) was added to the mixture
precursor solution under stirring at constant 300 rpm in order to stabilize the metal
dispersion on the support and prevent agglomeration. Approximately 1.88 ¢ of TiO,
was added to the prepared solution and then excess NaBH; was slowly added to the
colloid solution. The reaction was held for 24 h at atmospheric pressure and
temperature to obtain complete sol immobilization. The obtained mixture was filtered
and washed thoroughly several times with deionized water until no chloride ions were
detected in the filtrate solution by the AgNO; test. Finally, the obtained solid was dried
at 110 °C in hot air oven overnight and subsequently removed the organic scaffold
residue and activated by heat and chemical treatments under a N, flow at 350 °C for
3 h followed by a H, flow at 350 °C for 3 h, respectively. At this stage, the ready-to-
use bimetallic AusPts/TiO, at 3 wt.% Au and 3 wt.% Pt content will be obtained.

The similar procedures were repeated but using 5 mL of 2 wt.% of PdCl, solution,
which dissolved in 0.2 M HCL, mixed with 12 mL of 1 wt.% of HAuCl, solution and 9.09
mL of 1 wt.% of BiCl; solution, which dissolved in 0.2 M HCl, mixed with 12 mL of 1
wt.% of HAUCl, solution for synthesized AusPds/TiO, and AusBis/TiO,, respectively. The
step-by-step preparation of Au-based bimetallic decorated on TiO, was illustrated in

Figure 3.2.



Dissolved the Au precursor with Dissolved the 2™ metal

in deionized water precursor in solvent

A

Added 2 wt.% of polyvinyl alcohol

A

Added 2.0 ¢ of TiO, support

< Slowly added excess NaBH,

\4

Held the reaction for 24 h under

vigorous stirring at 300 rpm

A

Filtered and washed with deionized water

A 4

Dried at 110 °C in hot air overnight

Treated under N, flow at 350 °C for 3 h

Treated under H, flow at 350 °C for 3 h

Figure 3.2 Preparation procedure of Au-based bimetallic-decorated TiO,

photocatalyst.
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3.5 Synthesis of black TiO, through solution plasma process

In this part, the defective black TiO, nanoparticles (NPs) was synthesized
through the solution plasma process in a glass vessel having a capacity of 200 mL

under atmospheric pressure as displayed in Figure 3.3.
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Figure 3.3 Schematic diagram of the experimental set up of solution plasma process.

Two of 1-mm diameter Ti wires (99.99 wt.%, Nilaco Co.Ltd., Japan) were used
as the symmetric electrodes for the Ti precursor. Prior to use, the electrode tips were
carefully polished with abrasive paper in order to obtain a confined smooth surface
area. Both electrodes were equipped with a Teflon holder and submersed inside the
electrolyte solution at the center of the reactor vessel, and connected with a high
voltage bipolar pulsed power supply, which can strictly control the repetition

frequency and pulse width. The plasma was generated around the tips of both
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electrodes within the range of the applied frequency and pulse width of 20-80 kHz
and 0.5-2.0 us, respectively. To control the reaction temperature at under 60 °C, the
reactor vessel was immersed in a cooling bath with continuous stirring at 250 rpm.
When the synthesis time was achieved (4 h), the obtained defective black TiO, NPs
were collected by filtration a polytetrafluoroethylene membrane with an average pore
size of 0.1 pm (JVWP04700, Merck Millipore) and washed repeatedly with ultrapure

water and then dried at 100 °C overnight.

3.6 Photocatalytic activity test

The photocatalytic conversion of glycerol to value-added compounds was
carried out in liquid phase system. The photoreactor was a hollow cylindrical glass
with a diameter of 10 cm which was placed in middle of a UV-protected box with
dimensions of 0.68m x 0.68 m x 0.78 m. A 120 W UV high pressure mercury lamp (RUV
533 BC, Holland) with light spectral distribution as shown in Figure 3.4 was used as a
light intensity generator. The UV lamp was constructed on the roof of the UV-protected
box as displayed in Figure 3.5. In each experiment, 100 mL of 0.3 M glycerol solution
was agitated at 300 rpm to achieve complete mixing. Oxygen was supplied
continuously into the reactor at a constant feed rate of 200 mL/min. Prior to light
illumination, the selected photocatalyst was suspended in a glycerol solution in the
dark room for 30 min to reach an adsorption equilibrium. As the experiment
progressed, the reaction was monitored by taking the liquid sample of around 2 mL at
regular time intervals during reaction period. Then all collected liquid products were
centrifuged on a KUBOTA KC-25 digital laboratory centrifuge to separate the solid

catalyst from the aqueous product.
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Figure 3.5 Schematic diagram of photoreactor with external light source.

The quantities of glycerol and all generated products in liquid phase were

quantitatively analyzed by a high performance liquid chromatography (HPLC, Shimadzu
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LC-10 ADVP) with a RID-10A refractive index detector. The stationary phase was an
Aminex HPX-87H ion-exclusion (300 x 7.8 mm), and the mobile phase was a water-
acetonitrile solution 65:35 (volume/volume) ratio with 0.5 mM H,SO, at constant flow
rate of 0.7 mL/min. The column temperature was controlled at 60 °C. The injection
volume was 10 pl. The conversion of glycerol (X), yield (Y) and selectivity (S) of each
selected product of the photocatalytic oxidation was calculated according to Egs. (3.1)

to (3.3), respectively:

Amount of glycerol converted (C-based mole)
X(%) = X100 (3.1)

Total amount of glycerol in reactant (C-based mole)

Amount of glycerol converted to product j (C-based mole)
Total amount of glycerol in reactant (C-based mole)

Amount of product j generated (C-based mole)
S(%) = X100 (3.3)
Total amount of generated products (C-based mole)

3.7 Detection of the generated reactive oxygen species (ROS) in photocatalytic

system

In this part, two techniques of ROS measurement were employed. For the first
technique, the generation of reactive oxygen species (ROSs) including the OH" radical
and singlet oxygen ('0,) were detected via the loss of specific scavengers including
para-chlorobenzoic acid (pCBA) and furfuryl alcohol (FFA), respectively. The
photocatalytic reaction was performed at identical condition of catalyst dosage, light
intensity, and irradiation time with the presence of specific scavengers and the absence
of glycerol. The variation of pCBA and FFA concentration was also quantitatively
analyzed by HPLC equipped with Pinnacle Il C18 column (240 x 4.6 mm). The mobile
phase was a methanol-water-acetonitrile 55:35:10 (volume/volume) ratio with 10 mM

H,SO, for pCBA detection, and 50:50 (volume/volume) ratio of water-ethanol mixture
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was used as a mobile phase for FFA determination. All of 10 uL sample injection
passed through the column with a constant flow rate of 0.4 mL/min and the column
temperature was fixed at 40 °C.

For the second technique, the capture of ROSs was simultaneously performed
with the glycerol conversion. In order to trap ROSs during the photocatalytic reaction,
10 mM of various scavengers, including potassium iodide (KI, a quencher of h* and OH’
at surface), iso-propyl alcohol (IPA, a quencher of bulk OH"), benzoquinone (BQ, a
quencher of O,"), ammonium oxalate (AO, a quencher of h*), furfuryl alcohol (FFA, a
quencher of '0,) were added to the glycerol solution containing photocatalyst, for the
elucidation of the role of different ROSs associated with glycerol conversion and
product distributions. The quantities of slycerol and all generated products in the
presence of scavengers were also quantitatively analyzed by a HPLC equipped with
Aminex HPX-87H ion-exclusion (300 x 7.8 mm). The mobile phase was a water-
acetonitrile solution 65:35 (volume/volume) ratio with 0.5 mM H,SO, at constant flow

rate of 0.7 mL/min.

3.8 Catalyst characterizations

3.8.1 X-ray Diffraction (XRD)

The crystal and phase structures of as-prepared photocatalyst were analyzed
by using D8 Discover-Bruker AXS X-ray diffractometer equipped with Cu Ka irradiation
(A = 1.54056 A°). The tube voltage and current of XRD system was operated at 45 kV
and 200 mA, respectively. For data acquisition, the 20 angle was acquired from the
range of 10 to 90° with a step size of 0.02° and a scan speed of 3.0 degree/min. The
diffractogram peaks were identified using the JCPDS database, together with the crystal
phase and the lattice constant of the compounds found in the as-prepared material

composition.
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3.8.2 X-ray Photoelectron Spectroscopy (XPS)

The elemental oxidation states of as-synthesized photocatalyst were assessed
by X-ray photoelectron spectroscopy (XPS; Ulvac-PHI 5000 VersaProbe II) with a
monochromatized Al Ka X-ray source (hV = 1486.6 V). Survey-scan XPS spectra were
recorded from the range of 0 to 1100 eV at a pass energy of 47 eV with an acquisition
step of 0.5 eV. Narrow-scan spectra for the high resolution of elemental analysis were
recorded at a pass energy of 12 eV and an acquisition step of 0.1 eV. The compensation
of the charge-up was performed using a neutralization gun. The values of the binding
energies were calibrated with respect to the Cls peak at 284.5 eV (adventitious
hydrocarbon). After subtraction of the Shirley-type background, the core-level spectra
were decomposed into their components with mixed Gaussian-Lorentzian lines by a
non-linear least squares curve-fitting procedure, using the public software package
XPSPEAK 4.1. The binding energies (EB) and FWHM of the peaks were determined from

the fitting results.

3.8.3 Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy
(SEM/EDS)

Morphologies and structures of as-prepared photocatalyst were examined by
scanning electron microscope (SEM; JSM-6610LV) at an electron accelerating voltage
of 0.3 to 30 kV and it was operated in a vacuum mode. Energy dispersive X-ray
spectroscopy (EDS) were attached to SEM instrument to perform the chemical element

analysis at atomic resolution.

3.8.4 Transmission Electron Spectroscopy with Energy Dispersive X-ray

Spectroscopy (TEM/EDS)

Morphologies and particle sizes were evaluated by Transmission Electron

Spectroscopy (TEM; JEM-2500SE) with an accelerating voltage of 200 kV. The samples
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for TEM analysis were prepared by dispersion of as-synthesized photocatalyst in
ethanol under ultrasonication for 15 min. Then, the suspension was dropped onto a
150 mesh Cu TEM g¢rid and the solvent left to evaporate for overnight prior to the
investigation. The average metal particle sizes and their distribution were calculated
by averaging of not less than 100 particles randomly distributed in TEM images.

The elemental line scan and mapping of decorated metal were also observed
on a JEOL 2100 Plus that was equipped with a Bruker EDS. The EDS analysis was

analyzed by using a nominal electron beam size of 1 nm.

3.8.5 Brunauer-Emmett-Teller method (BET)

N, adsorption-desorption isotherms were carried out at -196 °C using a
Quantachrome Autosorb-1 MP instrument to identify the BET surface area, pore size,
and pore volume of as-prepared photocatalyst. The average pore dimeter was
calculated based on BJH method. Prior to performing the measurement, all samples

were degassed at 300 °C for at least 6 h under vacuum. The analysis time was 5 h.

3.8.6 Fourier Transform Infrared Spectroscopy (FTIR)

The functional groups of as-prepared sample were analyzed using Fourier
transform infrared spectroscopy (FTIR) (Nicolet-8700; Thermo Scientific) over the wave
number between 500-4,000 cm™ with resolution of 0.5 cm™ at room temperature.
Before analysis, the as-prepared samples were ground with potassium bromide (KBr)

powder and compressed to form pellet for FTIR analysis.

3.8.7 Electron Spin Resonance Spectroscopy (ESR/EPR)

The unpaired spin electron and magnetism were examined from the electron

spin resonance (EPR) spectra, recorded at room temperature on a JES-FA200 ESR
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spectrometer (JEOL) under a microwave power of 1 mW with a frequency of 9.44 GHz.
The magnetic field was calibrated using the g-value of the Mn? signal from a

manganese (Mn) marker as the standards.

3.8.8 Dynamic Light Scattering (DLS)

The particle size, in term of volume-based particle size diameter, of as-
prepared material was determined by dynamic light-scattering (DLS) technique using
an ELS-7300K (Otsuka electronics) photometer with a nominal measurable range of

0.5-5,000 nm.

3.8.9 Ultra-Violet Spectroscopy (UV-Vis)

The mixture solution of as-prepared sample and deionized water were used
for measuring the light adsorption spectra by UV-vis spectroscopy using a UV-3600
Spectrograph (Shimadzu, Japan) at room temperature in the spectral range from 200
to 800 nm, with a spectral resolution of 0.5 nm and an optical absorption path of 1
mm.

In addition, Diffuse Reflectance Ultraviolet-Visible-Near Infrared (UV-Vis-NIR)
spectra were also used for measuring adsorption spectra of some prepared materials
with a UV-Vis-NIR Spectrophotometer (Lambda 950, Perkin Elmer). Prior to UV-Vis-NIR
measurements, the powdered sample was packed onto a 20 mm diameter sample
holder using a flat grinder and placed on a BaSO, coated integrating sphere with BaSO4

as the reference cell.
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3.9 Plasma characterizations

3.9.1 Current and Voltage waveform

Fundamental characteristic of current and voltage waveform of the discharge
plasma was measured using a digital oscilloscope (DS1202CA; RIGOL Technologies Inc.),
equipped with a current probe (model 2100; Pearson electronics) and a voltage probe

(P6015A; Tektronix).

3.9.2 Optical Emission Spectra (OES)

The time-averaged optical emission spectra (OES) of the generated plasma
were observed with an optical spectrometer (USB2000+UV-NIR; Ocean Optics) through
a 400 pm diameter of horizontal quartz lens window in the spectral range from 300 to
1000 nm and a spectral resolution of 0.38 nm. The quartz window was located less

than 3.0 cm away from the generated plasma.
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CHAPTER IV
COMMERCIAL TiO,-INDUCED PHOTOCATALYTIC OXIDATION OF GLYCEROL

TO VALUE-ADDED COMPOUNDS

In this chapter, the feasibility for producing some high value-added compounds
via the commercial TiO,-induced photocatalytic oxidation of glycerol was explored.
Effects of parameters including TiO, dosage (1-3 ¢/L), H,O, concentration (0.3-1.5 M),
UV light intensity (1.1-4.7 mW/cm?) and irradiation time (4-8 h) on the level of glycerol
conversion and product selectivity were systematically investigated by using a 2
factorial design. Moreover, the effect of electron acceptor types (H,0, and O,) on
glycerol conversion and product generation was also investigated. Finally, the glycerol
oxidation reaction mechanism and pathway via the TiO,-induced photocatalytic

oxidation in the presence of H,0O, and O, as oxidizing agent has been proposed.

4.1 Effect of TiO, phase on photocatalytic oxidation of glycerol

The effect of TiO, phase on photocatalytic oxidation of glycerol was firstly
investigated in order to evaluate the type of TiO, that will use for the further studies.
Three different types of photocatalyst, including commercial TiO, in rutile phase
(Sigma-Aldrich), commercial TiO, in anatase phase (Sigma-Aldrich) and commercial TiO,
in mixed anatase and rutile phase (Degussa P25) were used.

As shown in Table 4.1, the preliminary results revealed that commercial
anatase TiO, showed high performance for photocatalytic oxidation of glycerol via H,0O,
as oxidant with 67.30% conversion and five generated products were detected in this
system including DHA, GCD, glyceric acid (GCA), glycolic acid (GCOA) and formic acid
(FMA). In contrast, commercial rutile TiO, and commercial mixed anatase-rutile TiO,

(P25) provided low performance for photocatalytic oxidation of glycerol. The higher



78

activity of anatase structure than the others could be explained by two possible
reasons. First, the anatase structure generally has a greater band gap than the rutile
structure. Although this reduces the light that can be absorbed, it may raise the
valence band maximum to higher energy levels relative to the redox potentials of
adsorbed molecules. This results in the increment of the oxidation power of electrons
which facilitates the electron transfer from the TiO, to adsorbed molecules [140]. The
another possible reason is that the anatase structure usually exhibits an indirect band
gap that is smaller than its direct band gap. Whilst the rutile structure and mixed
anatase-rutile are very similar to direct band gap. Semiconductors with indirect band
gap generally exhibit long charge carrier life times compared to direct band gap
materials. A longer electron-hole pair life in anatase than in others would make it more
likely for charge carriers to participate in the surface reactions [141]. Thus, the
commercial TiO, in anatase phase was selected for further studies in order to

investigate the effective condition for photocatalytic oxidation of glycerol.

Table 4.1 Glycerol conversion (X) and product selectivity (S) in the presence of

different types TiO, phase structure.

Batch Xery S (%)”
TiO, Phase
No. (%) DHA GCD GCA GCOA FMA
Anatase
1 (Sigma-Aldrich) 67.30 0.40 0.00 19.60 71.76 8.24
Rutile
2 1872  27.95 30.46 19.01 22.58 0.00

(Sigma-Aldrich)
Anatase-Rutile

(Degussa P25) 50.27 0.87 0.60 18.44 7251 7.58

* Glycerol conversion performed with 100 mL of 0.3 M glycerol, TiO, loading of 3 g/L, light intensity of 4.68
mW/cm? and H,0, concentration of 1.5 mol/L in 8 h reaction time
** Selectivity defined as [amount of desired product formed (C-based mole) / amount of all products formed

(C-based mol)] x 100
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The morphology and property of selected commercial anatase TiO, was further
characterized by miscellaneous techniques before utilized in the next part. The
particle size of commercial anatase TiO, powder was less than 25 nm. The BET surface
area, average pore size and pore volume of the utilized photocatalyst were 22.84 m?/g,
8.07 nm and 0.046 cm?/g, respectively. N, adsorption-desorption showed type IV
isotherms with Hd-shaped hysteresis loops with narrow pore size distributions
(Figure 4.1), which were the characteristic of the mesoporous materials. Figure 4.2(a)
exhibits the optical absorption spectra of TiO, recorded using a UV-Visible
spectrophotometer in the wavelength range of 300-800 nm at room temperature. A
decrease of absorbance to a zero value was observed under the visible light region at
the wavelength greater than 450 nm, suggesting its UV light absorption ability. Taking
into account the linear portion of the fundamental absorption edge of its spectra,
plotting of (0thv)”" against (hv) (Figure 4.2(b)). The band gap energy of TiO, was 3.2 eV,
conformed to the theoretical band gap energy of anatase TiO,.

With regard to the chemical bonding state of Ti, as shown in Figure 4.3(a), after
subtraction of the Shirley-type background, the core-level spectra were decomposed
into their components with mixed Gaussian-Lorentzian lines by a non-linear least
squares curve-fitting procedure, using the public software package XPSPEAK 4.1. The
high resolution (HR)-XPS spectra of the utilized TiO, showed two symmetric peak shape
of Ti2p assigning to the component of Ti2p,, and Ti2ps,, at binding energy of 465.2
and 459.4 eV, respectively, confirming the state of Ti as Ti* in TiO, structures. For the
O1s XPS spectra (Figure 4.3(b)), the main Ols peak appeared at the binding energy
between 530.2-530.6 eV, 531.8-532.0 eV and 533.0 eV, assigning to the Ols peaks

characteristic of O,, OH and adsorbed H,O, respectively.
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Figure 4.1 (a) N, adsorption-desorption isotherms and (b) pore size distribution of the

utilized commercial anatase TiO, powder.
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Figure 4.2 (a) UV-Vis spectra and (b) the dependent of (athv*?) on photon energy of

the utilized commercial anatase TiO, powder.
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Figure 4.3 High resolution XPS spectra of (a) Ti2p and (b) O1s of utilized commercial

TiO, powder.
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4.2 Effect of operating parameters on photocatalytic oxidation of glycerol

Generally, oxidation of glycerol can be proceeded via the interaction with various
oxidizing species, such as photogenerated h* [142], O,"” formed via reduction of O,
[143], OH" radical [144] and H,O, [145]. Therefore, to explore the route of glycerol
conversion and product generation via the photocatalytic oxidation in the presence of
H,O,, the set of experiments with various conditions were carried out at light intensity
of 4.68 mW/cm?, catalyst loading of 3 ¢/L, H,O, concentration of 1.5 mol/L and
irradiation time of 8 h. As demonstrated in Table 4.2, it was found that in the absence
of light, the conversion of glycerol to other compounds was not achieved in the
presence of TiO, or H,O, separately or together (batch no. 1-3). Even though, the
presence of only UV light cannot also promote conversion of glycerol to value-added
compounds (batch no. 4). The glycerol conversion can be achieved in the presence of
irradiated-UV light and TiO, (batch no.5), irradiated-UV light and H,O, (batch no.6) and
irradiated-UV light, H,0, and TiO, (batch no.7).

Under irradiated-UV light and TiO,, photogenerated h” were produced as
demonstrated in Eq. (4.1).

hy 2Eyg

TiO, h* + e (4.1)

These generated h' can facilitate the glycerol conversion to three value added-
compounds: DHA, GCD and GCA with product selectivity of 23.63, 68.21 and 8.16%,
respectively at 8 h irradiation times (batch no. 5). Variation of glycerol conversion and
product selectivity at a particular time for this condition was monitored and plotted
in Figure 4.4(a). The results showed that the conversion of glycerol started after 1 h
irradiation time, suggesting that a small number of photogenerated h* were generated
during this time and cannot lead to the conversion of glycerol. As expected, the

conversion of glycerol evidently increased along the irradiation time, while selectivity

of DHA increased slightly and reached a plateau after 2 h. The selectivity of GCD
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increased markedly within half an hour and remained constant until the 4" hour of
irradiation time. Afterward, it slightly decreased, whereas GCA started to generate in
the same manner, suggesting that GCD can be converted to GCA via the h™-mediated

oxidation.

Table 4.2 Photocatalytic- and catalytic conversions (X) of 0.3 M glycerol (GLY) and

selectivity (S) towards the known products for 8 h.

Condition S (%)
Batch XaLy
v ]
No. GLY TiO, H,0° (%) DHA GCD GCA GCOA FMA
light®
v % = . . .
, v 72 TN
s v /e N L
a v v )
5 v o vV 19.03 2363 6821 816 - -
& v Y v' 5785 109 152 1683 7469 586
7 v o v v Y 7142 039 000 1961 7175 825

°Light intensity of 4.68 mwW/cm?; bT102 loading of 3 ¢/L; “H,0, concentration of 1.5 mol/L.

To prove the rearrangement and further oxidation of primary intermediated
DHA, DHA was used as a reactant for photocatalytic activity test at light intensity of
4.68 mW/cm?, catalyst loading of 3 g/L, H,0, concentration of 1.5 mol/L and irradiation
time of 8 h. The products which were found in the system using DHA as a reactant
were GCD, GCA and GCOA as displayed in Table 4.3. At this stage, it might be implied
that DHA can be also rearranged to form GCD or oxidized to GCA via h’-mediated

oxidation with selectivity ratio (Sgcp/Spra) of 2.5:1.
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Figure 4.4 Catalytic- and photocatalytic conversions of 0.3 M glycerol and selectivity

towards the known products at particular times of experiment of (a) batch no. 5, (b)

batch no. 6 and (c) batch no. 7 of Table 4.2.
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For the system with the UV light and H,0O, (batch no.6), five value-added
compounds were generated via the radical-mediated oxidation route due to the
presence of OH’ radicals, which were produced by the splitting of H,O, when it

absorbed the UV light, as shown in Eq. (4.2) [146].

H,0, —> 20H" 4.2)

Table 4.3 Photocatalytic- and catalytic conversions (X) of 0.3 M DHA and selectivity

(S) towards the known products for 8 h.

Condition S (%)
Batch Xoua
uv
No. DHA TiO,®  H,0,° (%) GCD GCA GCOA
light®

1 v v v 12.47 62.86 29.89 7.25
2 v v v 29.12 33.79 12.82 53.39
3 v v v v 36.42 37.07 14.81 48.12

? Light intensity of 4.68 mW/cm?’; " TiO, loading of 3 g/L; “H,0, concentration of 1.5 mol/L

These generated OH’ radicals can further react with glycerol to form GCD and
DHA depending on the position of an attached C atom. That is, GCD and DHA are
formed when the 1°- and 2°-C atoms are respectively attached and oxidized. As
displayed in Figure 4.4(b), the conversion of glycerol has been started from the
beginning of irradiation time. No induction period of glycerol conversion and product
generation was observed in this system, suggesting that the generated OH" radicals
had more oxidizing power than the photogenerated h*. With regard to product
selectivity, the selectively of DHA was observed at around 10% during the first 4 h of
irradiation time and slightly decreased to 1.09% at 8 h. This might be attributed to the

preferential attachment of the OH" radicals at the primary C atom of glycerol [147,
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148] or the rearrangement of DHA to GCD, which was clearly shown by a high selectivity
of GCD compared with that of DHA. Although a high selectivity of GCD was observed
at the early period of experiment, a drastic drop occurred along the irradiation time.
This is probably due to its further oxidation to GCA [149]. In case of generated DHA, It
was also found that DHA can be rearranged to form GCD or further oxidized to GCA
and GCOA at the selectivity ratio of around 2.6 : 1 : 4.2 (Table 4.3). Thus, it seems that
a high selectivity of GCA should be observed at a particular time. Contradictory, the
low selectivity of GCA of around 7.75-16.8% was observed during the experiment
period. This might be due to the further oxidation of GCA to other compounds such
as GCOA and FMA [150, 151]. Namely, excess OH" radicals can attach and cleave the
C-C bond of GCA, resulting in the formation of GCOA and FMA. Higher selectivity of
GCOA was observed compared to FMA, probably due to further rapid oxidation of FMA
to other compounds in gas phase such as CO or CO, [152-154].

For the system with TiO,, H,O, and UV light, the glycerol conversion and
generation of products can proceed via either h*-mediated or radical-mediated routes.
In addition to the generation of OH" radicals via the irradiated-UV light as Eq. (4.2), the
OH’ radicals can also be produced by the reduction of H,0, with the conduction
photogenerated electrons (e) (Eq.(4.3)) or by the photooxidation of H,O, via the
photogenerated h* (Eq.(4.4)) [155, 156].

H,0, +e — OH + OH’ (4.3)
H,O, + h* — 20H" (4.4)

The H,0, can also be oxidized by the photogenerated h* (Eq.(4.5)) or OH"
radicals (Eq.(4.6)) [157] to form O,"" radicals, which readily react with H,O, to form OH"
radicals (Eq.(4.7)) [158].

H,O, + 20H + h* —> 0O, + 2H,0 (4.5)

H,0, + OH"+ OH = 0,” + 2H,0 (4.6)



88

H202 + OZ._ % OH. + OH_ + 02 (47)

As illustrated in Table 4.2, approximately 71.42% of glycerol converted to other
value-added compounds, close to the summation of glycerol conversion obtained
from batches no.5 and no.6. The selectivity of all generated products was close to
that of batch no.6. In addition, the product selectivity at particular time was revealed
the similar trend to those in batch no. 6 (Figure 4.4(c)). At this stage, it can be said that
the radical-mediated route was the dominant route for the formation of GCA, GCOA
and FMA from the photocatalytic oxidation of glycerol induced by TiO, in the presence
of H,O,. However, it is still difficult to conclude about the preferential route for glycerol

conversion to DHA and GCD.

4.3 Evaluation of influence factors on photocatalytic oxidation of glycerol and

product generation by 2 factorial design

To gain more understanding about the effect of such parameters on glycerol
conversion as well as product selectivity, a 2 factorial design analysis was used to
provide an empirical relation between the four independent variables related to the
photocatalytic condition: A: TiO, dosage (1-3 ¢/L), B: H,O, concentration (0.3-1.5 M), C:
light intensity (1.1-4.7 mW/cm?) and D: irradiation time (4-8 h).

A full factorial design 2* was done within the DESIGN EXPERT® software
including ANOVA in order to evaluate the interactions between the process variables.
The experiment region investicated for photocatalytic oxidation of glycerol and the

code variables are shown in Table 4.4.
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Table 4.4 Factor and levels used in the 2* full factorial design.

Code Experimental field
Description
Variable Level (-1)  Level (0) Level (+1)
A TiO, dosage (g/L) 1 2 3
B H,O, concentration (mol/L) 0.3 0.9 1.5
C Light intensity (mW/cm?) 1.11 2.90 4.68
D Irradiation time (h) 4 6 8

The selected response factors of the glycerol conversion and product
selectivity are listed in Table 4.5. All trials were performed with a completely
randomized design to minimize errors due to possible systematic trends in the
variables. Statistical analysis was then done for all the experimental values, and the
effects of main factors and their interaction on the chosen responses were calculated
with the main effects and interactions for the conversion of glycerol and product

selectivity with a confidence level of 95%.

4.3.1 Influence factors on glycerol conversion

In the half-normal probability plot (Figure 4.5), the variables that deviated from
straight line of the normal probability are considered to be the significant factor for
this system. Thus, all the four evaluated variables including TiO, dosage (A), H,O,
concentration (B), light intensity (C), irradiation time (D) and interactions between the
H,O, concentration with light intensity (BC) had a considerable influence on the

glycerol conversion.
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Figure 4.5 Half-normal probability plot of glycerol conversion.

As demonstrated in Table 4.6, the P value of TiO, dosage (A), H,O,
concentration (B), light intensity (C), irradiation time (D) and interaction between H,0,
concentration and light intensity (BC) were lower than the critical P value (Pitca <0.05),
confirming that all mentioned parameters had a significant effect on glycerol
conversion. The experimental results were then fit with the linear first order regression

model as expressed in Eq.(4.8).

Xa(%) = 38.97 + 3.86A + 7.76B + 5.24C + 12.79D + 3.38BC (4.8)

where A, B, C and D are TiO, dosage, H,O, concentration, light intensity and irradiation

time, respectively.
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Table 4.6 ANOVA results for analysis of glycerol conversion.

Sum of Degree of Mean
Sources of variation Fo P-value
squares freedom  squares
Model 4443.08 5 888.62 74.90 < 0.0001
A-TiO, Dosage 238.24 1 238.24 20.08 0.0012
B-H,0, conc. 963.17 1 963.17 81.18 < 0.0001
C-Light intensity 439.11 1 439.11 37.01 0.0001
D-Irradiation Time 2619.90 1 261990 220.82 < 0.0001
BC 182.66 1 182.66 15.40 0.0028
Residual 118.65 10 11.86
Total 4561.73 15

A high coefficient of determination (R°) between the experimental data and
calculated values was determined to be 0.9740 which did not follow any trend of
residuals with regard to the predicted value (Figure 4.6(a)). This indicates that the
developed linear polynomial model is satisfactory and can be used to represent the
data over the experimental range. From the developed model equation, the constant
38.97 represented the average value of the response of the 16 assays. All investigated
parameters had a positive effect on the glycerol conversion in the order of irradiation
time > H,0, concentration > light intensity > TiO, dosage. To confirm the importance
of the factors and their interactions, Pareto analysis was used to calculate the effect

percentages of each factor on the response:

b}

Pi = (ijloo (i =0 (4.9)

where b, represents the estimation of the principal effect of the factor.
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Figure 4.6 Plot of (a) predicted value and residual, and (b) Pareto analysis of glycerol

conversion.

The contributions of the principal variables (A, B, C and D) on the percentage

of glycerol conversion and their interaction are shown in Figure 4.6(b). This confirms



94

that the glycerol conversion was affected by all investigated parameters ranked as the
order of irradiation time > H,0, concentration > light intensity > TiO, dosage, which is
consistent with the results obtained from the model equation. Irradiation time
appeared to be the most important factor for the glycerol conversion due to the fact
that long irradiation time can promote more generation of a e-h” in valence and
conduction band of the photocatalyst as well as OH" radicals from the dissociation of
H,O,, which readily oxidizes sglycerol. A greater impact of H,O, concentration on
glycerol conversion than TiO, dosage suggested that the conversion of glycerol prefers
to proceed via the radical-mediated route. In the presence of H,O, and UV light, some
generated OH® radicals preferred to oxidize the glycerol at the primary C atom,
resulting in other compounds (ex. GCD) or excess OH" radicals further oxidizing DHA to

other smaller organic species as mentioned previously.

4.3.2 Influence factors on DHA selectivity

With regard to product selectivity of DHA, the ANOVA analysis result was shown
in Table 4.7. It demonstrated that H,O, concentration and irradiation time significantly
affected DHA selectivity, while TiO, dosage and light intensity had an insignificant
effect. The experimental results were fit with the linear first order regression model as
expressed in Eq.(4.10) with R® greater than 0.9293. No structural distribution of the
predicted values was observed (Figure 4.7(a)). This suggested that the developed
regression model can be used to represent the data over the experimental range.

Sonal%) = 5.39 + 0.26A - 0.8468 - 0.03C - 2.92D (4.10)
where A, B, C and D are TiO, dosage, H,O, concentration, light intensity and irradiation
time, respectively.

According to the Pareto analysis (Figure 4.7(b)), both H,O, concentration and

iradiation time had a negative effect on DHA selectivity. This suggested that the
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conversion of DHA can be dominantly carried out by the radical-mediated route, and

a long irradiation time can induce more conversion of DHA.

Table 4.7 ANOVA results for analysis of DHA selectivity.

Sum of  Degree of  Mean
Sources of variation Fo P-value
squares  freedom  squares
Model 149.03 aq 37.26 36.12 < 0.0001
A-TiO, Dosage 1.06 1 1.06 1.02 0.3334
B-H,0, conc. 11.24 1 11.24 10.90 0.0071
C-Light intensity 0.018 1 0.018 0.017 0.8986
D-Irradiation Time 136.71 1 136.71 13255 < 0.0001
Residual 11.35 11 1.03
Total 160.37 15
3
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Figure 4.7 Plot of (a) predicted value and residual, and (b) Pareto analysis of DHA

selectivity.
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4.3.3 Influence factors on GCD selectivity

For GCD selectivity, the ANOVA analysis showed that the parameters that
affected GCD selectivity can be ranked as irradiation time > light intensity > TiO, dosage
> H,0, concentration (Table 4.8). The experimental results were fit with the linear first
order regression model as expressed in Eq. (4.11). A high R* of greater than 0.9523 was
obtained in this case with a random distribution of residual as shown in Figure 4.8(a),
emphasizing that the regression model can be used to represent the data in the

experimental range.

Secp(%) = 15.36 — 1.09A + 0.07B — 2.05C - 13.49D (4.11)

where A, B, C and D are TiO, dosage, H,O, concentration, light intensity and irradiation
time, respectively.

From the Pareto plot (Figure 4.8(b)), irradiation time affected principally GCD
selectivity, but with a negative trend. This emphasizes that GCD can be further

converted to other compounds.



Table 4.8 ANOVA results for analysis of GCD selectivity.

97

Sum of  Degree of Mean
Sources of variation Fo P-value
squares  freedom squares
Model 2998.13 il 749.53 56.06 < 0.0001
A-TiO, Dosage 19.08 1 19.08 1.43 0.2574
B-H,O, conc. 0.072 1 0.072 5.352E-3  0.9430
C-Light intensity 67.04 1 67.04 5.01 0.0468
D-lrradiation Time ~ 2911.95 1 2911.95 217.79 < 0.0001
Residual 147.07 11 13.37
Total 3145.21 15
3
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Figure 4.8 Plot of (a) predicted value and residual, and (b) Pareto analysis of GCD

selectivity.



98

20
O T T
S A B C
= 20 -
ks
=
2 40 -
=
(@]
Y60
_80 |
100

Figure 4.8 Plot of (a) predicted value and residual, and (b) Pareto analysis of GCD

selectivity (Cont.).

4.3.4 Influence factors on GCA selectivity

As demonstrated in Table 4.9, the ANOVA analysis of GCA selectivity
demonstrated that all investigated parameters and their interaction, including TiO,
dosage, H,O, concentration, light intensity, irradiation time and their interaction,
influenced GCA selectivity. Eq.(4.12) gave the best fit among the experimental results
with R? greater than 0.9716. A lack of structural residual distribution was obtained as
shown in Figure 4.9(a).

Seca%) = 15.10 - 1.12A + 1.29B + 1.46C + 2.18D - 0.89AC — 1.08AD

+ 1.04BC + 1.31BD + 0.93BCD (4.12)
where A, B, C and D are TiO, dosage, H,O, concentration, light intensity and irradiation
time, respectively.

The Pareto plot exhibits that H,O, concentration, light intensity, irradiation time,

interaction of H,O, concentration-light intensity, H,O, concentration-irradiation time
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and H,0, concentration-light intensity-irradiation time all had a positive effect, while
TiO, dosage and its interaction with light intensity and irradiation time had a negative
effect on GCA selectivity (Figure 4.9(b)). This suggested that the principal route for GCA
formation was the radical-mediated route, consistent with the results obtained from
the previous section. The negative effect of TiO, and its interaction with H,0, and light

intensity might be distributed for further oxidation of GCA via the photogenerated h”.

Table 4.9 ANOVA results for analysis of GCA selectivity.

Sum of  Degree of  Mean
Sources of variation Fo P-value
squares  freedom  squares

Model 246.69 9 27.41 22.78 0.0006
A-TiO, Dosage 20.23 1 20.23 16.81 0.0064
B-H,0, conc. 26.45 1 26.45 21.97 0.0034
C-Light intensity 34.43 1 34.43 28.61 0.0017
D-Irradiation Time 75.99 1 75.99 63.15 0.0002
AC 12.62 1 12.62 10.49 0.0177
AD 18.51 1 18.51 15.38 0.0078
BC 17.20 1 17.20 14.29 0.0092
BD 27.33 1 27.33 22.71 0.0031
BCD 13.93 1 13.93 11.58 0.0145

Residual 7.22 6 1.20

Total 25391 15
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4.3.5 Influence factors on glycolic acid (GCOA) selectivity

For GCOA selectivity, ANOVA analysis showed that all investigated parameters
and the interaction of H,0, concentration and light intensity significantly affected GCOA
selectivity (Table 4.10). The linear first order equation as expressed in Eq.(4.13) fit very

well with the experimental data with R? greater than 0.9511. This developed regression
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model was sufficient to represent the data over the experimental range due to its high
R* value and non-structured residuals (Figure 4.10(a)).

Sccon(%) = 58.94 + 1.99A + 0.308 + 0.62C + 9.58D - 2.39BC (4.13)
where A, B, C and D are TiO, dosage, H,O, concentration, light intensity and irradiation
time, respectively.

The Pareto analysis also shows that both TiO, dosage and irradiation time had
a positive effect on the selectivity of GCOA with irradiation time > TiO, dosage.
However, the interaction of TiO, dosage and light intensity showed a negative influence
on the selectivity of GCOA (Figure 4.10(b)). This might be due to the fact that GCOA is
the product of GCA oxidation generated from the GCD. The presence of high strength
TiO, dosage, H,O, concentration, light intensity as well as long irradiation time could
induce extremely high generation of oxidizing species (h* and/or OH" radicals), which
can facilitate the oxidation of intermediate species to GCOA. However, the presence
of too high oxidizing species, particular the OH" radicals, can enhance further oxidation

of GCOA to other compounds, resulting in decreasing GCOA selectivity.

Table 4.10 ANOVA results for analysis of glycolic acid selectivity.

Sum of  Degree of Mean
Sources of variation Fo P-value
squares freedom squares

Model 1629.81 5 325.96 38.86 < 0.0001
A-TiO, Dosage 63.12 1 63.12 7.53 0.0207
B-H,O, conc. 1.46 1 1.46 0.17 0.6849
C-Light intensity 6.18 1 6.18 0.74 0.4110
D-Irradiation Time  1468.04 1 1468.04  175.02 < 0.0001
BC 91.01 1 91.01 10.85 0.0081

Residual 83.88 10 8.39

Total 1713.69 15
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Figure 4.10 Plot of (a) predicted value and residual, and (b) Pareto analysis of GCOA

selectivity.

According to the obtained results, it worth to mentioned that TiO, dosage had

a positive effect on glycerol conversion and selectivity of DHA and GCOA, but a

negative effect on GCD and GCA selectivity. Concentration of H,O, had a positive

influence on glycerol conversion and selectivity of GCD, GCA and GCOA, but had a

negative influence on DHA selectivity. The intensity of UV light had a positive effect
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on glycerol conversion and selectivity of GCA and GCOA but negative effect on the
selectivity of DHA and GCD. Finally, irradiation time had the strongest effect on glycerol
conversion and product selectivity. It had a positive impact on glycerol conversion and
selectivity of GCA and GCOA, but had negative impact on the selectivity of DHA and

GCD.

4.4 Effect of electron acceptor types on photocatalytic oxidation of glycerol

To explore the effect of electron acceptor on commercial TiO,-induced
photocatalytic oxidation of glycerol, two types of electron acceptors, including H,0,
and O,, were utilized. A blank experiment was first carried out via the presence of
either H,0, or O, but absence of both UV light and TiO,. It was found that the presence
of only H,O, or O, could not facilitate the conversion of glycerol. However, the
presence of irradiated-UV light and TiO, in the absence of either H,0, or O, could
promote the conversion of glycerol to four value-added compounds; DHA, GCA, GCD,
and GCOA (Figure 4.11(a)). The addition of H,O, in the irradiated-UV light and TiO,
system could further enhance the conversion of glycerol with one additional formed
product; FMA, compared with that in the absence of H,0, (Figure 4.11(b)). Using O, as
electron acceptor instead of H,0, decreased the glycerol conversion almost twice
(Figure 4.11(c)). The glycerol conversion was around 50% at 20 h. A similar three value-
added compounds, including DHA, GCD, and GCOA, were still observed in the system,
while two more compounds were generated in this system; hydroxypyruvic acid (HPA)
and formaldehyde (FMD).

As previously reported, the oxidation of glycerol can be proceeded via the
photogenerated oxidizing species, including photogenerated h* [142], OH" radical [144],

and oxide radicals (*O,/ O,"") [143] formed via the photo-cleavage of water and H,0,
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Figure 4.11 Variation of glycerol conversion and selected product yields at different

experimental conditions of (a) UV light/TiO,, (b) UV light/TiO,/H,0, (0.3 M) and (c) UV
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[145]. To monitor the type of reactive oxygen species (ROS) generated in the system
in the presence of both H,0, and O,, the parallel reactions were carried out to monitor
the production of two strong ROS, including the OH" radicals and 'O,. The production
of the former species was traced via the concentration loss of pCBA, while the
generation of the latter species was monitored by the concentration loss of FFA [159,
160]. More decrease of pCBA- and FFA concentrations indicated a higher generation of
OH® radical and 1Oz, respectively.

As demonstrated in Figure 4.12(a), under the irradiated-UV light with TiO, and
absence of an electron acceptor, the concentration of pCBA decreased slightly as
reaction time increased, while that of FFA remained constant (Figure 4.12(b)). This
suggested the formation of OH® radicals in the irradiated-UV light and TiO, system,
while the 'O, were not. When either H,O, or O, were used as an electron acceptor,
the concentration of pCBA and FFA decreased significantly, suggesting the formation
of both OH" radical and 'O, in the system.

Based on the obtained results and literatures, the generation of OH" radicals
and 'O, in this study system has been proposed as follows. When the TiO, absorbed
the light having energy equal to or greater than its band gap energy, e is excited from
the valence band to the conduction band, leaving a photogenerated h* in the valence
band according to Eq.(4.1).

In the absence of an electron acceptor, the photogenerated h* is able to
oxidize the surface-bond water molecules to produce highly reactive OH" radicals,
while the generated e can further react with proton (H") to form gaseous H, according
to Egs.(4.14) and (4.15) [145, 161, 162].

h* +H,0 — OH" +H' (4.14)

e +H" — 1/2H, (4.15)
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Figure 4.12 Variation of (a) pCBA and (b) FFA as a function of time in irradiated-UV

lisht and TiO, system in the presence of H,0, and O, as electron acceptors.

As exhibited in Figure 4.13(a), a low quantity of OH" radicals was produced in

this case, probably due to the recombination of h* - e pairs, which usually occurred

in the absence of an electron acceptor, which can be confirmed by a low glycerol

conversion and product yields as demonstrated in Figure 4.11(a).
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In the presence of an electron acceptor, ex. H,O,, both OH" radicals and '0,
were generated. Various elementary reactions can then proceed as follows. The H,0,
can break down to form OH’ radicals (Eq.(4.2)) when it absorbs UV light. Besides, it can
react via the photogenerated e or photogenerated h” according to Egs. (4.2)-(4.4) to
form OH" radicals.

Furthermore, it can oxidize via the formed HO and the photogenerated h* as
well as the OH" radicals to form O,"" radicals, which readily react with H,O, to form
OH’ radicals, according to Egs.(4.5)-(4.7), respectively. Also, the generated O,"" radicals
can further react with h* and H" as well as H,0, to form 'O, and OH" radicals as
mentioned above (Egs.(4.16)-(4.18)). Both generated ROS had ability to oxidize glycerol

to form various products as shown in Figure 4.12(b).

O, +ht — o, (4.16)
O, + 0, + 2H* —>  H,0,+'0, (a.17)
0, + H,0, — !0, + HO + OH° (4.18)

Regarding the use of O, as an electron acceptor, various possible reactions can
be proposed. Initially, the supplied O, can react with the photogenerated e” to form
0,"” (Eq. (4.19)) and H,0, (Eq. (4.20)) [161, 163]. The generated O, ~ radicals can further
react with h* and H' as well as H,0, to form 'O, and OH" radicals (Eqs.(4.16)(4.18)).
Besides, the generated H,0, in this system can dissociate after absorbing UV light or
react with either photogenerated h* or e to form OH" radicals according to Egs. (4.5)-
a.m).

O, + € — 0, (4.19)

O, +2e +2H" — H,0, (4.20)

With regard to the product generation in the presence of O, as electron
acceptor, different value-added compounds were produced, particularly HPA and FMD.

From the obtained results, it seems that the type of generated ROS including OH®
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radical and 'O, did not affect the types of value-added compounds generated from
glycerol conversion because both species were produced when either H,0, or O, were
used as an electron acceptor. This difference is probably due to the difference of the
ROS concentration produced in the system.

To prove this hypothesis, additional experiment was carried out with low H,0,
concentration (0.075 M). As demonstrated in Figure 4.13, both OH" radical and 'O, were
still generated in the presence of both low and high H,O, concentrations but in
different quantities observing from the different losses of pCBA and FFA
concentrations. Large quantities of ROS were produced in the presence of high H,0,

concentration.

10 1.0
m UV light/Ti0,/0.075 M H,0,

08 - 0 UV light/TiO,/0.300 M H,0, 08
= —
= | B <C
Q 0.6 0.6 ;
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Figure 4.13 Variation of pCBA and FFA as a function of time in the presence of H,0,

at different concentrations.

As far as the glycerol conversion and yield of value-added compounds
produced at low H,O, concentrations (Figure 4.14(a)), the types of value-added

compounds were almost similar to those generated in the presence of high H,0,
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concentration (Figure 4.14(b)) but with low quantity except with the FMA. Surprisingly,
HPA was observed in this system, which indicates that the quantity of the present ROS
affected the route of glycerol conversion as well as the type of generated products.
In the presence of low OH" radical quantity, the 'O, can probably play as the principle
ROS to attack the 1°-C atom of DHA to form HPA [164]. The threshold quantity of ROS
that controls the route of glycerol conversion to form the different value-added
compounds via the TiO,-induced photocatalytic oxidation was not determined at this
stage. Thus, more extensive and expanded studies will be carried out to determine

the threshold quantity of ROS.

4.5 Mechanism of commercial TiO,-induced photocatalytic oxidation of glycerol

In summary, under the absence of electron acceptor (H,O, or O,), the
photogenerated h* and the OH" radicals generated according to Eq.(4.1) and Eq.(4.14)
can attach the 1° or 2°- C atom of glycerol to form GCD or DHA, respectively [150].
Afterward, they can further oxidize the generated GCD to form GCA as well as cleave
the C-C bond of GCA to form GCOA [151]. Besides, the DHA can be oxidized to GCA
and GCOA. High sglycerol conversion and yield of value-added compounds were
observed in the presence of H,0,, probably due to large amount of both OH" radical
and 'O, generated as well as their high oxidizing power. The types of generated value-
added compounds in this system are GCD, DHA, GCA, GCOA, and FMA. Whilst in the
presence of O,, three identical value-added compounds were still observed including
GCD, DHA and GCOA. Moreover, two more compounds were produced, including HPA
and FMD. This difference is due to the difference of the ROS concentration generated
in each system as illustrated in the previous section. Based on the experimental results

and some literatures, the pathway of glycerol conversion and product generation via
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TiO,-induced photocatalytic oxidation reaction with involving ROS can be depicted as

presented in Scheme 3.
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Figure 4.14 Variation of glycerol conversion and selected product yields at different
experimental conditions of (a) UV light/TiO,/ 0.075 M H,0, and (b) UV light/TiO,/0.3

M H,0,.
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In the system with the presence of photogenerated h”, the glycerol molecule
will act as an efficient scavenger of photogenerated h”, and then was oxidized to GCD
and DHA, depending on the position of adsorbed -OH group. Namely, GCD was formed
when the 1°-OH group of glycerol was selectively adsorbed and oxidized (Egs. (4.21)-
(4.23)), while DHA was generated when the 2°-OH group of glycerol is selectively

adsorbed and oxidized (Egs. (4.24)-(4.26)).

OH

y &L
GLY (C3Hg03)
OH

o L_o , Ho M _oH

GCD (CH,Oy) DHA (C;H0,)
OH o
Ho\)\r(OH g
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T
: HPA (C3H;0,)
o i
C
HO )J\/OH + H”~“OH
GCOA (C,H,05) FMA (CH,0,)

Scheme 3. Proposed reaction pathways with involving ROS for glycerol conversion
via TiO,-induced photocatalytic oxidation in the presence of H,0, and O, as electron

acceptors.
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(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

The generated GCD can be converted by a reaction with H® and the

photogenerated h* as demonstrated as Egs. (4.27)-(4.31) to form GCA.
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(4.30)

(4.31)

Furthermore, the generated DHA can be rearranged to GCD or oxidized to GCA

via h*-mediated oxidation as Egs. (4.32)-(4.38).
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Under the presence the OH" radicals in the system, it is very reactive and can
readily attach the C atom of glycerol to form GCD or DHA as Egs. (4.39)<(4.41) or Egs.
(4.42)-(4.44), respectively, depending on the position of the attached C atom. That is,
GCD and DHA were formed when the 1°- and 2°- C-atoms were respectively attached

and oxidized.
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The generated GCD can be further oxidized via the OH® radicals to GCA
according to Egs. (4.45)<(4.46), and the DHA can be oxidized to GCA and GCOA according
to mechanism Egs. (4.47)-(4.54) and Eq. (4.55), respectively. An excess OH" radical can
also attach and cleave the C-C bond of GCA, resulting in the formation of GCOA and

FMA (Eqs. (4.56)(4.59)).
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0—oO
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O OH O OH O 0

The generation of HPA in the system that exhibited 'O, as a major ROS might
be caused by the attachment of 'O, at the primary carbon atom of DHA as Eq. (4.60)
| I 1 +'0, — | I + H0 (4.60)
OH 0] OH OH 0] OH

This suggests that for the system having TiO,, UV light and either H,O, or O, as
electron acceptor, the conversion of glycerol and generation of products can proceed
simultaneously by oxidation via the photogenerated h” and some radicals depending
on the concentration of each ROS which will play a major role on the photocatalytic

reaction.
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CHAPTER V

METAL-DECORATED TiO, INDUCED PHOTOCATALYTIC OXIDATION OF GLYCEROL

TO VALUE-ADDED COMPOUNDS

As well-known, the practical implementation of TiO, as a photocatalyst still
faces two major obstructions due to its relatively large electronic band gap energy,
which limits the effective photonic excitation under solar light and its low quantum
efficiency in photocatalytic reactions, resulting in a high photogenerated e-h" pairs
recombination. This causes a decrease in the availability of the photogenerated charge
carriers. Two strategies that can address this recombination problem are the use of an
electron accepter and the use of metal decorated on TiO, photocatalyst. In this
chapter, it was focused on the latter strategy for enhance the glycerol conversion. The
four types of monometallic NPs including bismuth (Bi), platinum (Pt), palladium (Pd),
and gold (Au) and three types of bimetallic NPs including AuBi, AuPt and AuPd were
selected to decorate on TiO, surface to enhance glycerol conversion and product
distribution. The morphology and electronic properties of each prepared photocatalyst
as well as their photocatalytic activity for glycerol conversion were studied throughout
this work. Finally, the role of each decorated metal NPs in both mono- and bi-metallic

system on photocatalytic activity was also evaluated.

5.1 Monometallic NPs decorated on TiO,

5.1.1 Effect of decorated metal types

Four types of monometallic NPs including Bi, Pd, Pt, and Au, were selected to
decorate on the surface of TiO, with the identical nominal content of 3 wt.% via the

sol-immobilization technique. The as-prepared photocatalysts were donated as
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Biz/TiO,, Pds/TiO,, Pts/TiO,, and Aus/TiO, for the decoration of Bi, Pd, Pt, and Au on

TiO, support, respectively.

5.1.1.1 Crystallite structure analysis

The X-ray diffraction (XRD) patterns of as-prepared metal-decorated TiO,
exhibited the main characteristic peaks of the crystalline structure of anatase phase at
20 values of 25.3°, 37.8°, 48.0°, 53.9°, 55.3° 62.7°, 68.7° and 70.5°, corresponding to
the crystal planes of A(101), A(004), A(200), A(105), A(221), A(204), A(116) and A(220),
respectively (Figure 5.1). Those of the metal-decorated TiO, photocatalysts still
showed the main characteristic peaks of anatase TiO, along with the peaks of the
respective doped metal. That is, the XRD of Bi/TiO, showed a peak of the Bi(110) plane
at a 20 of 39.7°, while that of Pd/TiO, showed peaks of the Pd(111) and Pd(200) planes
at a 20 of 40.14° and 46.8°, respectively. The XRD of Pt/TiO, exhibited two peaks at a
20 of 39.8° and 46.3° corresponding to the peaks of Pt(111) and Pt(200) planes,
respectively, whilst Au/TiO, demonstrated peaks at 38.2°, 44.5° and 64.6°, relating to
the characteristic peaks of the Au(111), Au(200) and Au(220) planes, respectively. No
shift in the diffraction angles of anatase TiO, was observed, suggesting that the added
metal species did not incorporate into the TiO, lattice but existed as a separate phase
on the surface of the parent TiO,.

The crystallite size of all the TiO, samples was estimated from the XRD patterns
of A(101) crystallite plane using the Debye-Scherrer equation (Eq. 5.1).

D = KA/(ficos6) (5.1)
where D is the mean size of the crystallite domain, K= is dimensionless shape factor,
A is the X-ray wavelength, f is the line broadening at half the maximum intensity

(FWHM) and @ is the Bragg angle (in degrees) [165]
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As demonstrated in Table 5.1, the crystallite size of TiO, decorated by all
respective metals had an almost similar crystallite size compared with the original TiO,,
confirming that the addition of the respective metals did not affect the crystallite

structure of TiO,.
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Figure 5.1 Representative XRD patterns of the TiO, and metal-decorated TiO,
photocatalysts.

5.1.1.2 Morphology analysis

The particle size of all four decorated metals was estimated from the TEM
images as demonstrated in Figure 5.2 The particle size of all metals was ranked as the
order of Au < Pt < Pd < Bi (Table 5.1). The entire quantity of decorated metals on the
TiO, surface was then estimated by SEM-EDX analysis (Figure 5.3), where the actual
metal content onto the TiO, surface was around 3.0 wt.% (Table 5.1), which closed to
the set value. Regarding the textural property of all metal-decorated TiO,

photocatalysts, as demonstrated in Table 5.1, theirs pore volume were closed to that
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of commercial TiO,, whist theirs pore diameters were larger than that of commercial
TiO,. This is probably due to the pore widening during the preparation process when
the decorated metal incorporated into the surface of TiO, under high temperature,

which consequently reduce the BET surface area.

5.1.1.3 Chemical structure analysis

To estimate the bonding and chemical state of Ti, O and all doped-metals, XPS
analysis was performed with the deconvolution and analysis of the peaks being
performed by the XPSPEAKA4.1 software. After Gaussian-Lorentzian fitting of the peak
shape, it was found that the XPS spectra of the original TiO, photocatalyst showed
two symmetric peak shapes of Ti2p at a binding energy of 465.2 and 459.4 eV, assigned
to the Ti2py,, and Ti2ps/, components, respectively (Figure 5.4(al)), confirming the state
of Ti as Ti*" in the TiO, structures. For the metal-decorated TiO, photocatalysts, the
principle peaks related to the Ti2py,; and Ti2ps, components were still observed at
the same binding energy with respect to those of TiO,. In addition, satellite features
were observed at a lower binding energy of Ti2p peaks at around 463.8 and 457.9 eV
(Figure 5.4(b1)-(e1)), indicating the formation of a Ti** state or defects on the surface
of TiO,, caused by the cooperation of the metal state on the surface of TiO,. Recently,
it was reported that the presence of Ti** defect states on the TiO, surface could form
sublevel states below the conduction band that serve as adsorption sites or charge
carrier traps, and so can prevent the recombination of the photogenerated e” and h*
and reduce some portion of the TiO, band gap energy [166, 167].

With respect to the XPS spectra of Ols of the photocatalysts, an asymmetric
shape peak was observed in all cases (Figure 5.4(a2)-(e2)). The main Ols peak appeared
at a binding energy of 530.2-530.6 eV, assigned to the O ions of the crystalline

network. A small Ol1s peak was observed in the 531.8-532.0 eV range and was assigned
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Figure 5.2 (Left) Representative TEM images of the TiO, and metal-decorated TiO,
and (Right) their particle size distributions.



123

Bi,/TiO,
Bi
T ™ ™ T
6 8 10
keV]|
Ti
Pd3/TIOz
0
Ti
P4 Ti
Pd_J
T T T T T T v T T T T
2 4 6 8 10
[Full Scale 9304 cts Cursor: 0.000 keV]
W‘ Electron Image 1
Ti Pts/TiO,
0
Ti
a Ti
Pt Pt
T T T T T T T T T T T T T T
1 2 3 - 5 6 7
[Full Scale 7519 cts Cursor: 0.000 keV]
Ti o
Aus/TiO,
0
Ti
Au
Au Au J U\
T T T T T T T T T T T T v
1 2 3 - 5 6 7
IFull Scale 6840 cts Cursor: 0.000 keV]

100pm Electron Image 1

Figure 5.3 Representative of SEM-EDX of the metal-decorated TiO, photocatalyst.



124

to the OH ions of the crystalline network, while the third peak generated at a binding
energy of 533.0 eV was due to the adsorbed H,O. Interestingly, one additional O1s
peak was observed for Biy/TiO, at a binding energy of 529.0 eV. Generally, the main
bismuth oxide compound on Bis/TiO, was Bi,Os;. However, no characteristic peaks of
Bi,O3 (26 of 31.8°) were observed in the XRD pattern. In addition, Bi,Os; is a semi-
conductor with a direct band gap of 2.8 eV that exhibited the ability to absorb visible
light [168-170]. However, the Bis/TiO, photocatalyst did not absorb visible light (Figure
5.6(a)), indicating that no Bi,Os; was generated in its structure. Thus, the O1s peak at a
binding energy of 529.0 eV in the Bis/TiO, photocatalyst can be considered as the non-
bridging Bi-O- component [171].

With regard to the chemical state of the doped metals on the surface of the
photocatalysts, the XPS spectra of Bis/TiO, showed the shoulder and main peaks of
the Bidf;,, components at a binding energy of 157.9 and 159.6 eV, respectively, and
also exhibited the shoulder and main peaks of the Bidfs,, components at a binding
energy of 163.3 and 165 eV, respectively (Figure 5.4(b3)). These indicate the presence
of Bi in both metallic (Bi% and ionic (Bi**) states. For Pds/TiO,, the XPS spectra exhibited
two asymmetric peaks at a maximum binding energy of 335.1 and 340.5 eV and also
two shoulder peaks at a binding energy of 336.0 and 341.8 eV (Figure 5.4(c3)), suggesting
that the Pd was present in both metallic (Pd°) and ionic (Pd**) forms. An almost similar
pattern of the XPS spectra to Pds/TiO, was observed for Pts/TiO,, the main Ptdf;,, and
Ptaf;,, components being located at a binding energy of 71.2 and 74.6 eV, assigned to
the metallic state (Pt%) (Figure 5.4(d3)), and the two small shoulder peaks at 71.9 and
75.6 eV being assigned to the ionic state (Pt?*). For the Aus/TiO, photocatalyst, two
symmetric XPS signals were observed at a binding energy of 84.0 eV (Audf;,,) and 87.6
eV (Audfs,,), but no shoulder peak was observed at a higher binding energy (Figure

5.4(e3)), indicating the presence of Au only in the metallic state. The respective
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presence of Bi**, Pd** and Pt** in the structure of the Bis/TiO,, Pdy/TiO, and Pty/TiO,
photocatalysts can play a role in their photocatalytic property. As mentioned
previously, the presence of Bi** can trap electrons, affecting the simplicity/ difficulty
for e-h* recombination [131, 172] and also induced the formation of Ti** that can form
a sublevel state under the conduction band. On the other hand, the presence of either
PdO or Pt(OH), components can enhance the visible light absorption [89, 173]. From
the above results, the presence of their metal state provided a different step of
electron transfer, which consequently affected the simplicity / difficulty for e-h*
recombination.

To explore the electron density state of the valence band of the
photocatalysts, the valence band XPS was evaluated. The TiO, powder showed a
typical valence band with the edge of the maximum energy at around 2.7 eV (Figure
5.5(a)). However, the band gap energy of TiO, is 3.21 eV, suggesting that the conduction
band minimum would occur at -0.51 eV. The linear regions of the valence band
spectra, which indicated the characteristic valance band edge of TiO, at a binding
energy of at 2.7 eV, was still observed for all the metal-decorated TiO, photocatalysts
(Figure 5.5). Moreover, a down-field linear portion of valence band spectra was also
observed for the Pd,/TiO,, Pts/TiO, and Aus/TiO, photocatalysts at a binding energy of
-1.5, -0.6 and 1.4 eV, respectively (Figure 5.5(b)-(e)), caused by the plasmon band of
the Pd, Pt and Au metallic states. This is due to the oscillations of the conduction
electrons in the metal under visible light irradiation or the LSPR effect [174-176].
However, the LSPR effect was not observed in the valence band spectra of Bi/TiO,,
where only a slight increase with a binding energy of 1.0-3.2 eV was observed. The
improved valence band edge indicated the localized valence band bending that
resulted from the alteration of the overlapping Bi6s and O2p orbitals and

demonstrated the formation of a band tail [169]. However, the band tail behavior of
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TiO, was not observed in the valence band spectra of Pds/TiO,, Pts/TiO, and Aus/TiO,,
which might be due to their interference with the metallic state spectra of the

decorated-metals.

5.1.1.4 Optical property analysis

Figure 5.6(a) represents the optical absorption spectra of parent TiO, and
metal-decorated TiO, photocatalysts in the wavelength range of 300-800 nm at room
temperature. All the as-prepared photocatalysts absorbed the UV light at a wavelength
of <400 nm. A decay of absorbance to a zero value was observed for TiO, and the
Bi/TiO, under the visible light region (> 450 nm), suggesting that the parent TiO, and
Bi3/TiO, doesn’t have ability to adsorb light in the visible region. Interestingly, the
absorption spectra of Pds/TiO,, Pts/TiO, and Aus/TiO, were observed in the visible light
region, suggesting their ability to absorb visible light. This is probably due to the
characteristics of nanoscale noble metals that can absorb visible light through the
localized surface plasmon resonance effect (LSPR) due to the polarization and
oscillation of the conduction electrons in the metal structure [177-180].

Taking into account the linear portion of the fundamental absorption edge of
the UV-visible spectra (Figure 5.6(a)) and the plots of (AhV)"" against (hv) (Figure 5.6(b)),
where O is the optical absorption coefficient determined from the obtained
absorbance, hv is the energy of the incident photons and n is the nature of the
electronic transition (equal to 2 for anatase TiO,), yields the value of band bap energy
(E,) by drawing the tangent line to the slope .The £, values of all the metal-decorated
TiO, photocatalysts were close to that of TiO, (Table 5.1), which suggests that the
addition of metals on the TiO, powder did not affect the main E, of the obtained
photocatalysts. This is attributed to the fact that the doped metals did not incorporate

into the TiO, lattice, resulting in no alteration to the major electronic state as well as
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the band gap between the valance band in the O2p state and conduction band in the

Ti3d state.
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Figure 5.5 Valence band spectra of TiO, and metal-decorated TiO, photocatalysts.
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5.1.1.5 Photocatalytic activity test for glycerol conversion

The activity of all the prepared photocatalysts in the glycerol conversion was
tested in a photoreactor in the presence of a light intensity of 4.68 mW/cm?, catalyst
loading of 3 ¢/L and reaction time of 14 h. As demonstrated in Figure 5.7, the
conversion of glycerol was ranked in the order of Aus/TiO, > Ptsy/TiO, > Pds/TiO, >
Biz/TiO, > TiO, under the same test condition. This suggests that the Aus/TiO, and TiO,
had the highest and lowest activity, respectively, for glycerol conversion. The different
activity for glycerol of each photocatalyst might be attributed to their differential
ability to absorb visible light and their simplicity/difficulty for e-h" recombination, not
related to the BET surface area. The light source used in this work provided a wide
wavelength of light spectrum (100-600 nm), which consisted of both UV and visible
lights. Also, as shown in Figure 5.6(a), the absorbance intensity of the metal-decorated
TiO, photocatalysts at wavelengths of 480-800 nm was ranked in the order of Aus/TiO,
> Pt3/TiO, > Pd3/TiO, > Bis/TiO, > TiO,. This indicates the ability trend to absorb the
photon energy as the order of Aus/TiO, > Pts/TiO, > Pds/TiO, > Bis/TiO, > TiO,. A high
quantity of absorbed photons can achieve a high level of photogenerated h* and e
on the TiO, surface. The plausible reason for different visible light absorbance intensity
might be due to the particle size difference of decorated metals. As demonstrated in
Table 5.1, the particle size of Au was smaller than other decorated metals, which can
enhance a high LSPR effect [133, 181], compared with other photocatalysts.

As well-known that the active species generated via the photochemical process
can oxidize glycerol effectively. As mentioned in previous chapter, once the
photocatalyst absorbs the light, the h™ and e are generated. The supplied O, can react
with the e to form O,"” (Eq. (4.19)) and H,0, (Eq. (4.20)) [161, 163]. Sequentially, the
generated O, radicals can further react with h* and H* as well as H,0, to form 'O,

and OH" radicals (Egs. (4.16) - (4.18)). In addition, the generated H,0, in this system can
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Figure 5.7 Variation of glycerol as a function of time in the presence of TiO, and
metal-decorated TiO, under the irradiated UV light in the presence of O, as electron

acceptor, a light intensity of 4.68 mW/cm?, photocatalyst loading of 3 g/L.

dissociate after absorbing UV light or react with either photogenerated h* or e” to form
OH’ radicals according to Egs. (4.5)-(4.7).

To monitor the generation of some reactive oxygen species (ROS), the variation
of two strong ROSs, including the OH" radicals and 'O, against time was traced by the
concentration loss of pCBA and FFA, respectively. As shown in Figure 5.8, the loss of
both pCBA and FFA concentrations was ranked in the order of Aus/TiO, > Pts/TiO, >
Pds/TiO, > Bis/TiO, > TiO,. This suggests that the quantity of OH" radicals and 'O,
formation was ranked as a similar trend. The generated species, including the h*, OH"
radical and oxide radicals (‘0,/ O,™), can act as oxidizing species [142-145], to oxidize

organic compounds effectively, including glycerol.
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The mechanism of glycerol conversion to value-added compounds under UV
lisht and photocatalyst was already proposed in previous chapter. Briefly, the
photogenerated h* and the OH" radicals can attach to the 1°- or 2°-C atom of glycerol
to form GCD or DHA, respectively. The generated GCD and DHA can be further oxidized
to form GCOA and/or HPA. As obviously observed in Figure 5.9, the principle compound
generated with all the photocatalysts was GCD. This suggests that the generated ROS
from the as-prepared metal-decorated TiO, prefer to attach to the 1°-C atom of
glycerol rather than the 2°-C atom. A long reaction time induced a decrease of GCD
yield, but an increase of GCOA and FMD yield, particular in the presence of Au/TiO,
catalysts. This might be attributed to the fact that a high content of ROS induced the
conversion of GCD to GCOA, which is further converted to FMD. The selectivities of all
monitored products at the end of reaction time (20 h) were listed in Table 5.2. It seems
to be that the TiO,, Bis/TiO, and Pds/TiO, promoted the production of the GCD, while

the Pt3/TiO, and Aus/TiO, preferred to produce the FMD.

Table 5.2 Glycerol conversions and product selectivity in the presence of TiO, and
metal-decorated TiO, photocatalysts under the irradiated UV light in the

presence of O, as electron acceptor®.

Glycerol S (%)
Type of
conversion
photocatalyst DHA GCD GCOA HPA FMD
(%)

TiO, 47.84 15.08 32.54 17.01 15.14 20.23
Bi/TiO, 63.88 14.98 32.58 13.89 18.71 19.84
Pd/TiO, 79.22 12.61 33.22 14.31 19.51 20.36
Pt/TiO, 92.67 4.95 22.05 25.47 10.66 36.87
Au/TiO, 100.0 6.86 17.18 30.38 10.36 35.23

? Light intensity of 4.68 mW/cm?, photocatalyst loading of 3 ¢/L, reaction time 20 h.
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conversion via TiO, and metal-decorated TiO, at loading of 3.0 ¢/L with an average

light intensity of 4.7 mW/cm? and using O, as the electron acceptor.
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Figure 5.9 Yield of selected products obtained from glycerol photocatalytic
conversion via TiO, and metal-decorated TiO, at loading of 3.0 ¢/L with an average

light intensity of 4.7 mW/cm? and using O, as the electron acceptor (Cont.).
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5.1.1.6 Mechanism of charge transfer in monometallic NPs decorated on TiO,

The mechanism of the charge transfer in the monometallic metal NPs
decorated on TiO, photocatalysts was also proposed based on the available literature
[174, 182, 183] and the obtained results. The transfer mechanism of photogenerated
h* and e on the bare TiO, surface after absorbing the photon energy of irradiated light
is depicted in Figure 5.10(a). The h" and e can transfer in the valence and conduction
bands, respectively, to allow the surface reaction. In the presence of doped metal,
some electrons accumulated in the conduction band can localize to the adjacent
metal. The e” mobility pathway between TiO, and the adjacent metal seems to be
another crucial factor on the photocatalytic activity of the as-prepared photocatalysts.
For Bis/TiO,, the LSPR phenomenon was not considered in this metal and the transfer
of e between TiO, and Bi is still obscure. However, the high photocatalytic activity
related to e transfer pathway of Bis/TiO, compared to that for TiO, is probably caused
by a narrow band gap energy due to the presence of the valence band tail above the
valence band and the Ti°* state below the conduction band (Figure 5.10(b)). This
allows an easy jump of photogenerated e” from either the valence band tail level to
either a shallow trap (Ti*" state) or conduction band.

The Pds/TiO,, Pts/TiO, and Aus/TiO, photocatalysts provided a higher activity
in the conversion of glycerol than Bi/TiO, although they all had the Ti** state. This
might be due to the LSPR behavior in the metal structure, resulting in the transfer of
e from the metallic nanoparticle to a shallow trap or conduction band or vice versa
under the visible light adsorption. For Pds/TiO,, the plasmon metallic state of Pd was
above the conduction band of TiO, (~1.0 eV; Figure 5.10(c)), leading to an easy transfer
of e from the Pd particle to the TiO, conduction band. However, the transfer of an e’
from the conduction band of TiO, to the Pd particle seemed to be a bit difficult, due

to its requirement for more energy to transverse between two energy levels, resulting
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in the accumulation of e on the conduction band proceeding the reaction or
sometimes recombining with the h*. This is not the case for the Pts/TiO, catalyst

because the plasmon metallic state of Pt was slightly higher than the conduction band

(~ 0.1eV; Figure 5.10(d)) .Thus, the transfer of e” from the conduction band of TiO, to
the Pt particle or vice versa to perform the surface reaction can proceed easily, and
so the rate of the e-'h" recombination is expected to be lower than that in the Pd/TiO,
photocatalyst. However, the slight difference between the conduction band and the
metallic state energy level of Pt can promote the free shuttling of electron transfer
between the Pt metal and TiO, compared with the transfer of electrons from the Au
metal to TiO, because Au had a metallic state energy level that was lower than the
conduction band of TiO, (Figure 5.10(e)). On the other hand, either the hot electron
stimulated by the UV light or the electron driven by the LSPR in response to the visible
lisht have opportunities to bind onto the conduction band of TiO, or the surface of
Au and can then further participate in the surface reaction. In this case, it is possible
that the appropriate thermodynamically feasible pathway of electron transfer can
relieve the recombination of e-h" pairs and remarkably promote the surface reaction

and so contribute to the high performance of the photocatalyst.
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Figure 5.10 Mechanism of the charge transfer in (a) TiO,, (b) Bis/TiO,, (c) Pds/TiO,,

(d) Pts/TiO, and (e) Aus/TiO, under UV-visible irradiation.
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Figure 5.10 Mechanism of the charge transfer in (a) TiO,, (b) Bis/TiO,, (c) Pds/TiO,,
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(d) Pts/TiO, and (e) Aus/TiO, under UV-visible irradiation (Cont.).

5.1.2 Effect of Au metal content

As mentioned in previous section, Au decorated on TiO, exhibited the highest
photocatalytic performance among other decorated metals. Thus, in this section, the
expanded study on the amount of Au content in the range of 1.0-7.0 wt.% was then
carried out. The as-prepared photocatalyst was denoted as Au,/TiO,, where x is Au

content in wt.%

5.1.2.1 Crystallite structure analysis
Representative XRD patterns of the as-synthesized Au,/TiO, photocatalysts with
different metal contents are displayed in Figure 5.11. All photocatalysts still exhibited

the main diffraction peaks of TiO, in the anatase phase at a 20 of 25.3°, 37.0°, 37.9°,
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38.6° 48.1°,53.9°, 55.1°, 62.7°, 68.8°, 70.3° and 75.1°, corresponding to the (101), (103),
(004), (112), (200), (105), (221), (204), (116), (220) and (215) crystal planes, respectively
(JCPDS No. 21-1272), with an additional rutile peak in trivial content at 27.5°
corresponding to the (101) crystal plane (JCPDS No. 04-0802) (Figure 5.11(a)). In
addition, the diffraction peaks of Au NPs appeared at about 38.2° 44.4°, 64.6° and
77.6°, assigning to the face centered cubic structure of Au with (111), (200), (220) and
(311) planes (JCPDS No. 002-1095), indicating the presence of metallic Au in the all as-
synthesized Au,/TiO, photocatalysts. The intensity of the Au peaks increased as the
content of Au decorated on the TiO, surface increased, but without a shift in the peak

position (Figure 5.11(b) and 1(c)).
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Figure 5.11 Representative XRD of monometallic Au,/TiO, photocatalyst with

different Au contents.

5.1.2.2 Morphology analysis

The qualitative presence of Au in all the Au,/TiO, photocatalysts was also
confirmed by SEM-EDX analysis (Figure 5.12). Quantitatively, as summarized in Table
5.3, the Au content in each Au,/TiO, photocatalyst was close to the set value. The

TEM images of the as-prepared photocatalysts with the derived Au NP size distribution
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are displayed in Figure 5.13. They exhibited well-dispersed decorated Au NPs on the
TiO, surface with a narrow size distribution. The average size of Au NPs increased
slightly as the Au content increased, suggesting an agglomeration of Au NPs in the

presence of a high Au contents.

Table 5.3 Properties of Au/TiO, photocatalysts with different Au contents.

Decorated
Au content Band gap energy N
Photocatalyst metal particle T /T

(wt.%)” . (eV)

size (nm)
Auy/TiO, 0.98 £ 0.10 6.36 £ 0.75 3.00 0.1220
Aus/TiO, 3.02+£0.21 6.69 + 0.86 3.00 0.1478
Aus/TiO, 4.96 + 0.19 10.04 + 1.11 2.94 0.2198
Au/TiO, 7.08 £0.35 10.84 + 1.01 2.80 0.2412

®Estimated from SEM-EDX

IDAveraged metal particle size obtained from TEM

5.1.2.3 Chemical structure analysis

To investigate the formation of defective structure of TiO, in the presence of
Au NPs, XPS analysis with a high resolution (HR) Ti2p state was employed. As
demonstrated in Figure 5.14, two symmetric peaks at 459.4 and 465.1 eV, assigned to
Ti 2ps/, and Ti 2py,, were exhibited in the Ti2p core-level spectra of all the prepared
Au,/TiO, photocatalysts. The different binding energy of the observed spin-orbit
splitting between the Ti 2p,/, and Ti 2p,,, was around 5.7 eV, in accordance with the
typical value of Ti*' sites coordinated to oxygen atoms in TiO, [184]. Interestingly, two
additional tailored peaks were observed at a lower binding energy of around 457.9 and

464.0 eV, which can be ascribed to the existence of Ti* species. The generation
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Figure 5.13 (Left) Representative TEM images of Au,/TiO, photocatalyst with different

Au contents and (Right) Au particle size distribution on the surface of TiO.,.
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of Ti** could have originated from the incorporation of the decorated-metal on the
TiO, under the H, treatment [185, 186]. This is because the decorated metal, Au in this
case, can induce the generation of oxygen vacancies that are subsequently essential
to form the Ti**-O-Ti*" defect structures [187]. After deconvolution, the relative
content of TiY/Ti* in all the Au/TiO, photocatalysts was obtained, and is
summarized in Table 5.3. The Ti*/Ti*" ratio increased as the Au content increased,
becoming almost two-fold higher in Au,/TiO, than in Auy/TiO,, suggesting that the
decoration of TiO, with a high Au content induced a high level of Ti** defective

structures in the TiO,.

Intensity (a.u.)

469 467 465 463 461 459 a57 455 453
Binding energy (eV)

Figure 5.14 Representative HR-XPS spectra of Ti2p of Au,/TiO, photocatalyst with

different Au contents.
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With respect to the valence state of the decorated metal, the Audf level
spectra were also examined. All the prepared photocatalysts displayed the main Au
af,,, and Au 4fs,, peaks at a binding energy of about 84.0 and 87.7 eV with a spin-orbit
splitting of 3.7 eV (Figure 5.15), which are in excellent agreement with the values of
the monometallic Au® state [188]. Therefore, the Au NPs existed totally in metallic
form on the surface of the as-prepared Au,/TiO, photocatalysts. No shift in the Au 4f
binding energy was observed, suggesting that the addition of Au within the investigated

weight content (1-7 wt.%) did not alter the chemical state of the decorated Au NPs

on the TiO,.
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Figure 5.15 Representative HR-XPS spectra of Audf of Au,/TiO, photocatalyst with

different Au contents.

5.1.2.4 Optical property analysis

Fisure 5.16 exhibits the UV-vis absorption spectra of the Au,/TiO,

photocatalysts with different Au contents. As expected, the parent TiO, exhibited the
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main intense UV absorption band at a wavelength of less than 400 nm with no
absorption band in the visible light region or at a wavelength of greater than 400 nm.
This was mainly due to its large electronic band gap energy that enabled the electron
transfer from the filled valence O2p orbitals of the valence band to the vacant Ti3d
orbitals of the conduction band only by the excitation of the photon energy from the
UV light region. However, all the Au,/TiO, photocatalysts exhibited an enhanced visible
light absorption with an intense broad absorption band centered at wavelength around
540 nm. The peak intensity increased as the Au content increased from 1.0 to 7.0 wt.%.
The presence of the visible light absorption of all Au,/TiO, photocatalysts might be
caused by the LSPR effect of the decorated Au NPs that can absorb visible light through
the polarization and oscillation of the conduction electrons in the metal structure
[177]. However, as reported previously, the LSPR band of well-dispersed spherical Au
nanocrystals generally sharp and appears at a wavelength of 520 nm [189]. The
absorption center of all the prepared Au,/TiO, photocatalysts in this study deviated
from the mentioned wavelength with a broad tail extending towards higher
wavelengths, which might be attributed to the anisotropy of the trigonal/prismatic
shape (non-spherical) of the Au nanocrystals [190]. The band gap values of all samples
were determined from a Tauc’s plot (inset of Figure 5.16), and are listed in Table 5.3.
The addition of Au NPs decreased the band gap value of TiO, from 3.15 eV to 3.0, 3.0,
2.94 and 2.80 eV at an Au content of 1, 3, 5 and 7 wt.%, respectively. This might be
caused by the presence of a defective TiO, structure in the presence of Au, which can

alter the major electronic state of the valence band and conduction band position.



148

12 — TiO, 1.8
— Au/TIO, o T

1.0 4 = i
~ — AUYTIO, £
2 ' 0.6
; 0.8 e AUS/TIOZ
v 0.2 . . . .
fgs — AW/TIO, 15 20 25 3.0 35
§ 06 4 Photon energy (eV)
o]
<

0.4 4

0.2 4

OO T T T T T

320 420 520 620 720 820

Wavelength (nm)

Figure 5.16 Representative UV-Vis spectra of Au,/TiO, photocatalyst with different Au

contents.

5.1.2.5 Photocatalytic activity test for glycerol conversion

The glycerol conversion level in the presence of the different Au,/TiO,
photocatalysts is summarized in Figure 5.17(a). All the Au,/TiO, photocatalysts
significantly enhanced the glycerol conversion level compared to the bare TiO,. The
glycerol conversion increased as the Au content increased from 1 to 7 wt.%. Plotting
the data to the pseudo first order reaction kinetic model (Figure 5.17(b)), where a plot
of In(C/C,) versus t provided a straight line and allowed the determination of the
kinetic rate constant (k), gave a good fit with a determination coefficient (R?) of greater
than 0.9879. Accordingly, the kinetic rate constant of glycerol conversion over the
Au/TiO,, Aus/TiO,, Aus/TiO, and Au;/TiO, photocatalysts were deduced to be 0.0340,
0.0537, 0.0606 and 0.0622 h™, respectively, compared to h™ for TiO, (inset of Figure

5.17(b)). The enhanced glycerol conversion over Au-decorated TiO, could have arisen
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from the plasmon induction effect of Au NPs. In addition, the presence of AuNPs were
able to serve as electron sinks to facilitate interfacial electron transfer, which could
effectively reduce the recombination rate of photogenerated h* and e [191].

With respect to the chemical species generated from the glycerol conversion
via the photooxidation process in the presence of the Au,/TiO, photocatalysts, similar
chemical species, including GCD, DHA, HPA, GCOA, FMD and GCAD, were generated via
photocatalytic oxidation with the Au,/TiO, photocatalysts as well as with the parent
TiO, (Figure 5.18), where GCD was the main product. However, the GCD vyield as a
function of reaction time varied with the different Au NP contents on the Au,/TiO,
photocatalysts. The yield of GCD increased continuously in the presence of 1 wt.%
Au/TiO, from the initial time to the end of reaction time, but in the presence of a
high Au content (Au 2 3 wt.%), the yield of GCD increased continuously to reach a
maximum value of around 22% and then dropped slightly. The Au/TiO,
photocatalysts with a high Au NP content enhanced the fast generation of GCD to a
maximum level and then accelerated the conversion of GCD to other chemical species,
as seen by the decreased GCD yield in the later reaction times. This suggested that the
Au,/TiO, photocatalysts with a higher Au content had a higsher photocatalytic activity
than those with a lower Au content. This was presumably due to their higher level of
defective structures, which could promote visible light absorption due to the narrowing
of the electronic band gap via the continuum interstate between the Ti 3d states of
the conduction band and the O 2p states of the valence band [192]. A high quantity
of absorbed photons can achieve a high level of photogenerated h* and e on the TiO,
surface. Moreover, the function of the decorated Au NPs as an electron sink can also
promote the lifetime of the photogenerated h” and e, and so enhanced the

photocatalytic activity for glycerol conversion.
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Figure 5.17 Representative (a) glycerol conversion and (b) plot of n (C/Cy) as a

function of time in the presence of Au,/TiO, (x = 1 to 7) at photocatalyst loading of

3.0 g/L, light intensity of 4.7 mW/cm? and using O, as the electron acceptor.
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Figure 5.18 Yield of selected products obtained from glycerol photocatalytic
conversion via Au,/TiO, photocatalysts at loading of 3.0 ¢/L, light intensity of 4.7

mW/cm? and using O, as the electron acceptor.
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Figure 5.18 Yield of selected products obtained from glycerol photocatalytic
conversion via Au,/TiO, photocatalysts at loading of 3.0 ¢/L, light intensity of

4.7 mW/cm? and using O, as the electron acceptor (Cont.).

The mechanism of glycerol conversion to GCD, DHA, HPA, GCOA, FMD and GCAD
was already proposed in the previous chapter. In brief, the photocatalytic oxidation of
glycerol via TiO, occurred mainly at the 1°-OH groups to form GCD as the principle
product and partially occurred at the 2°-OH group to form DHA. The generated GCD

and DHA can be further oxidized to form GCOA, FMD or HPA. The generation of GCAD
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in small content was probably occurred by the adsorption of two molecules of

generated FMD on two neighboring Ti** defective sites and dimerized to form GCAD.

5.2 Bimetallic NPs decorated on TiO,

According to the obtained resulted from the previous section, Au decorated
on TiO, showed the best photocatalytic acitivity in monometallic system. Thus, in this
section, to further explore the role of decorated bimetallic NPs and enhance glycerol
conversion efficiency and yield of product distribution, the Aus/TiO, was selected to
composite with other metals (M) including Bi, Pt and Pd at identical loading of 3 wt.%.
The photocatalyst denotation was AusBis/TiO,, AusPts/TiO,, and AusPd,/TiO, for 3 wt.%
of Au and Bi decorated on TiO,, 3 wt.% of Au and Pt decorated on TiO,, and 3 wt.%

of Au and Pd decorated on TiO,, respectively.

5.2.1 Crystallite structure analysis

The XRD patterns of the prepared AusMs/TiO, photocatalysts are displayed in
Figure 5.19. All three exhibited the main diffraction peaks of TiO, in the anatase phases,
while the diffraction peaks of Au NPs were still clearly observed in the XRD patterns
of the Aus/TiO, and AusBi/TiO, photocatalysts, but were not observed in the
AusPts/TiO, and AusPds/TiO, photocatalysts (Figure 5.19(a)). A clear diffraction peak of
Bi in the rhombohedral lattice appeared separately at a 20 of 27.0° (PDF no. 01-085-
1329) (Figure 5.19(a)), while no separate peaks of Pt and Pd were clearly observed,
probably due to their alloy formation with AuNPs. The track of AuPt and AuPd peaks
were detected, as shown in Figure 5.19(b) and 5.19(c). The presence of Au and the
respective M in all three AusMs/TiO, photocatalysts was close to the set values (3 wt.%
of both Au and M), as confirmed by the SEM-EDX analysis (Figure 5.20), and are listed

in Table 5.4.
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Figure 5.19 Representative XRD of AusM/TiO, photocatalysts compare with Aus/TiO,
photocatalyst.

Table 5.4 Properties of bimetallic AusMs/TiO, photocatalysts.

Decorated
Au content M content Band gap N
Photocatalyst metal particle T /T

(wt.%)° (wt.%)° . energy (eV)

size (nm)
Au;Bis/TiO, 296 +0.12 3.11+£0.28 11.84 £ 1.11 2.85 0.1960
AusPts/TiO, 3.06 £0.10 3.01+£0.20 7.61 £0.91 2.85 0.1941
AusPds/TiO, 309+£0.14 3.05+£0.22 9.66 £ 1.06 2.79 0.3561

®Estimated from SEM-EDX,

ID/—\veraged metal particle size obtained from TEM
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Figure 5.20 Representative SEM-EDX analysis of AusMs/TiO, photocatalysts.

5.2.2 Morphology analysis

With respect to the particle size distribution, the TEM images (Figure 5.21)

revealed a well-dispersed and narrow size distribution of the decorated AuM NPs on

the TiO, surface, with a slightly larger particle size than that in Aus/TiO, (Table 5.3 and

5.4). This suggests that the addition of the second metals induced a slight agglomeration
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of the AuM NPs. To get insight into the morphology of the decorated metal NPs in the
bimetallic catalysts, EDS line-scanning together with the elemental mapping analysis
was performed. The compositional line scan of the Au;Bi,/TiO, photocatalyst showed
that the concentration of Au increased from the edge to the center of the metal
particle, whereas the Bi distribution was almost constant from the edge to the center
of the selected particle (Figure 5.22(a)), indicating a core-shell structure of the Bi-Au
particle with Au as the core and Bi as the shell. The onset position of the Bi signal was
around 0.13 um, which was 0.008 um lower than that of Au, indicating a 8 nm thickness
of the dendritic Bi shell. A core-shell structure was also observed for the AusPd,/TiO,
photocatalyst, in which the high density of Au appeared at the center of the metal
particle, while Pd was distributed uniformly from the edge to the center (Figure 5.22(c)),
with the thickness of the dendritic Pt shell around the Au core being 7.5 nm. A different
pattern of the line scan profile was observed for the AusPts/TiO, photocatalyst, in
which the density of both Au and Pt NPs increased from the edge to the center of the
selected particle (Figure 5.22(b)). This indicated that the AuPt ensembles existed as a

solid solution of arbitrary composition or as an AuPt alloy form.

5.2.3 Chemical structure analysis

To confirm the presence of the Ti** defective structures, Ti 2p HR-XPS spectra
of the AusMs/TiO, photocatalysts were investigated as shown in Figure 5.23. The core-
level Ti2p spectra still exhibited the two main symmetric peaks of Ti 2ps,, and Ti 2py/,
at a binding energy of 459.4 and 465.1 eV, respectively, with a difference of 5.7 eV, in
accordance with the typical value of the Ti** state in TiO,. The shoulder peak of Ti2p
at a low binding energy, assigned to the existence of the Ti** structure, was distinctly

observed in all the AusMs/TiO, photocatalysts. The Ti**/Ti** ratios, as obtained from
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Figure 5.21 (Left) Representative TEM images of AusMs/TiO, photocatalysts and

(Right) respective decorated-metal particle size distribution.

the area under the deconvolution of both peaks, are listed in Table 5.4. The
AusMs/TiO, photocatalysts all exhibited a higher Ti**/Ti** ratio than the Aus/TiO, and
parent TiO, photocatalysts, indicating that the addition of the bimetallic NPs (AuBi,
AuPt and AuPd) induced a greater level of defective structures of TiO, than the addition
of the monometallic Au NPs. Among all the Aus;M4/TiO, photocatalysts, surprisingly,

the AusPds/TiO, photocatalyst exhibited the highest Ti**/Ti** ratio of 0.3561, which was
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2.41-, 1.82- and 1.83-fold higher than that of the Aus/TiO,, AusBiz/TiO, and AusPts/TiO,
photocatalysts, respectively. The higher content of Ti** defect species in the bi- than
mono-metallic system might be because the high content of decorated metal can
incorporate into the TiO, structure and induce formation of the Ti** defect site by
transferring electrons between the decorated metal and oxygen vacancies of TiO, in

order to maintain the charge balance [193].

(a) AuzBiy/TiO, Au in Au;Biy/TiO, Bi in AusBiz/TiO, AusBi»/TiO,
Line-scan

g T T T
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Figure 5.22 Representative TEM-EDX mapping images and line-scan profile of

AusMs/TiO, photocatalysts.
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Figure 5.23 Representative HR-XPS spectra of Ti2p of AusMs/TiO, photocatalysts.

To distinguish the valence states of the decorated metals, the Au 4f level
spectra of all AusMs/TiO, photocatalysts were analyzed, with respective examples
shown in Figure 5.24. The two main characteristic peaks of Au 4f;, and Au 4fs,, were
still observed with a spin-orbit splitting of 3.7 eV, indicating the presence of Au in the
metallic state. A slight blue shift in the Au 4f binding energy was observed for the
AusPts/TiO, and AusPds/TiO, photocatalysts in comparison with that of Aus/TiO,.
Typically, the shift in the binding energy in each metal is attributed to various factors,
such as a change in its chemical state or the charge compensation of added elements
on the parent elements. However, in this case, the chemical state of Au in all the
AuzMs/TiO, photocatalysts was still in the metallic state (Figure 5.24), and so this blue

shift in the Au binding energy could be the result of charge compensation of the Pt or
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Pd elements on Au elements [194], by which Au accepted sp-electrons from Pt or Pd,
but donoted d-electrons to Pt or Pd, and possibly due to the partial formation of AuM
alloy structure, which are more negatively charged [195]. A low Audf intensity was
observed in the case of the AusBis/TiO, photocatalyst compared with other two
AusM4/TiO, photocatalysts, due to the presence of the Bi-wrapped Au NPs as a core-

shell structure.

Au04f5/2 Atﬂoﬂff?/z

Au,Bi/TiO,

Intensity (a.u.)

94 92 90 88 86 84 82 80
Binding energy (eV)

Figure 5.24 Representative HR-XPS spectra of Audf of AusMs/TiO, photocatalysts.

The chemical state of the second metals in all the photocatalysts was also
analyzed by the HR-XPS. As demonstrated in Figure 5.25, all the second metals in the
respective AusMs/TiO, photocatalysts were presented in both a metallic and oxide
form. The peaks located at 162.9 and 157.6 eV for the Au;Bis/TiO, photocatalyst were
assigned to Bi%fs, and Bi%f,,, respectively, which is the characteristic value of the
metallic Bi. A further two peaks at 164.5 and 159.2 eV were assigned to the Bi**4fs,
and Bi**af,, region, which are characteristic of Bi’* in the as-prepared catalysts. These

binding energy values of the Bi** ion-valent-form are too high to be assigned to the
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typical Bi** in bismuth oxide (Bi,Os), but rather were assigned to bismuth hydroxylated
oxide (BIO(OH)) species on the photocatalyst surface [196]. For the AusPts/TiO,
photocatalyst, the Pt 4f signals consisted of three pairs of doublets; the Pt° 4f;/, and
Pt” af,/, peaks at a binding energy of 74.2 and 70.9 eV, the Pt** 4f;, and Pt** 4f;,, peaks
at a binding energy of 75.3 and 72.0 eV and the Pt* 4f;, and Pt** 4f,, peaks at a
binding energy of 76.5 and 73.2 eV, with an identical spin-orbit splitting of about 3.3
eV [197]. This suggests that the Pt NPs were present in both metallic zero-valent (Pt°)
and metallic ion-valent (Pt** and Pt**) forms. For the AusPds/TiO, photocatalyst, the
most intensive doublet, at binding energies of 340.6 (Pd° 3d,,,) and 335.3 eV (Pd°® 3ds/,),
was attributed to metallic Pd. The shoulder peaks located at binding energies of
around 342.2 and 336.9 eV were assigned to Pd** 3d,, and Pd*" 3ds),, respectively,
which is characteristic of Pd®* in PdO in the achieved catalyst. The spin-orbit splitting
of about 5.3 eV in both the metallic Pd and Pd** was well in accordance with the
reported value [198]. All the second metal NPs in the respective AusMs/TiO, catalysts
existed predominantly in the metallic form, whereas the partial presence of the
second metal in an oxide form might be attributed to the formation of a M-O bond
driven by the oxygen chemisorption on the surface of the second metal nanostructure

during the preparation process.

5.2.4 Optical property analysis

The capability of UV- and visible-light absorption of the AusMs/TiO,
photocatalysts is shown in Figure 5.26, where they all exhibited a high capability to
absorb visible light at a wavelength of greater than 400 nm. The addition of Bi, Pt or
Pd to the Aus/TiO, attenuated an intense broad absorption band centered at around
540 nm of Au, probably due to the different dielectric function of the bimetals

compared to the Au monometallic state [199]. Moreover, the strong interaction
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Figure 5.25 Representative HR-XPS spectra of Bi 4f, Pt 4f and Pd 3d in AusMs/TiO,

photocatalysts.

between the decorated Au-M can also influence the flattening of the Au LSPR band
[200]. The band gap values of the AusBiy/TiO,  AusPty/TiO, and
Au;Pds/TiO,photocatalysts, as determined from a Tauc’s plot (inset of Figure 5.26),
were 2.85, 2.85 and 2.79 eV, respectively (Table 5.4), which suggested that the addition
of the respective second metals caused the generation of the defective structure of
TiO,. The formation of the Ti** defect structure likely induced an altered major
electronic state of the valence band and conduction band, by which it formed a mid-
gap state below the conduction band and also enabled the lengthening of the
conduction band edge, resulting in the formation of the band tail structure and the

narrowness of the band gap energy [201].
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Figure 5.26 Representative UV-Vis spectra of AusMs/TiO, photocatalysts.

5.2.5 Photocatalytic activity test for glycerol conversion

The photocatalytic activity of the AusM4/TiO, photocatalysts was tested for the
photocatalytic oxidation of glycerol to selected value-added compounds. As
demonstrated in Figure 5.27(a), the addition of Pt or Pd NPs on the Ausy/TiO,
photocatalyst to form AusPty/TiO, and AusPds/TiO,, respectively, enhanced the
glycerol conversion level, while the addition of Bi NPs retarded the reaction. The first
order kinetic rate constants of glycerol conversion over AusBis/TiO,, AusPts/TiO, and
AusPds/TiO, were 0.0396, 0.0644 and 0.0810 h™, respectively (Figure 5.27(b)). The
AusBis/TiO, photocatalyst exhibited a lower photocatalytic activity than the Aus/TiO,
photocatalyst despite having a lower band gap energy and higher defective structure,
probably due to the core-shell structure of the AuBi NPs. That is, the LSPR behavior of
the Au NPs was diminished when they were wrapped by the Bi species. Moreover, the
decorated Bi NPs cannot extract the excited e” from the Au or supported TiO, due to

its lower work function (4.22 eV) than that of Au (5.1 eV) and TiO, (4.9 eV), resulting in
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unalleviated e-h" recombination (Figure 5.28(a)). The high photocatalytic activity of
the AusBis/TiO, compared to the parent TiO, was due to the presence of the valence
band tail above the valence band, which was caused by the hybridization of the Bi 6s
and O 2p orbital, and the existence of the Ti** state below the conduction band, which
allowed an easy jump of photogenerated e from either the valence band tail level to
either a shallow trap (Ti°* state) or conduction band. In addition, as previously
mentioned, the Bi6s is widely dispersed in the hybrid orbital of Bi6és-O2p leading to an
increased charge mobility and consequently an improved photocatalytic activity of the
parent photocatalyst [202].

For the AusPty/TiO, and AusPds/TiO, photocatalysts, the enhanced glycerol
conversion level compared with the Aus/TiO, photocatalyst was probably due to their
lower band gap energy, which allowed the electron excitation at a lower photon
energy and the presence of LSPR behavior in the decorated noble metal structure,
resulting in the transfer of e from the metallic NPs to a shallow trap or conduction
band of TiO,, or vice versa, under the visible light adsorption. Moreover, in fact, the
excited electron can be transferred by the driven of work function. The difference in
work function between Au and the second metal (Pt or Pd) can reduce the e-h*
recombination rate by transferring the e between the two metals after trapping the e
from the conduction band of TiO, into equilibrium [203]. That is, the work function of
Auis 5.1 eV and that of Pt and Pd are 5.65 and 5.22, respectively. The decorated AuPt
NPs formed an alloy structure in the AusPts/TiO, photocatalyst, which can initiate a
new Fermi level of alloy NPs somewhere between the Fermi level of Au and Pt (Figure
5.28(b)) and so could prolong the e-h" lifetime compared with the AuBi NPs. This was
shorter than the two-stage transferring of an excited electron between the two Fermi

levels of decorated metal in the core-shell structure generated in the AusPds/TiO,
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photocatalyst loading of 3.0 ¢/L, light intensity of 4.7 mW/cm? and using O, as the

electron acceptor.
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Figure 5.28 Schematic profiles of contact metal (a) AuBi, (b) AuPt and (c) AuPd with

corresponding work-function in bimetallic NPs system.
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Figure 5.28 Schematic profiles of contact metal (a) AuBi, (b) AuPt and (c) AuPd with

corresponding work-function in bimetallic NPs system (Cont.).

photocatalyst (Figure 5.28(c)). This reason is the reason why the AusPd,/TiO, exhibited
a higher photocatalytic activity than the AusPts/TiO, photocatalyst. The core-shell
structure of the AusPds/TiO, photocatalyst did not exhibit a negative effect on the
LSPR behavior in this photocatalyst, probably because the plasmon metallic state of
Pd can still occur, leading to an easy transfer of the e from the TiO, conduction band
to Pd NPs and/or AuNPs and vice versa.

With respect to the generated products, the same products (GCD, DHA, HPA,
GCOA, FMD and GCAD) were generated via all the AusM,/TiO, photocatalysts and were
similar to those generated in the presence of either the Aus/TiO, or parent TiO,
photocatalyst (Figure 5.29). The principle product was GCD in the presence of all the

evaluated photocatalysts except for AusBis/TiO,, where GCAD was the principle
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product. As reported in the previous section, monometallic Bi NPs decorated on TiO,
did not promote the formation of GCAD as a major product. Accordingly, it is suggested
that the synergism between the bimetallic Au-Bi was a vital factor in the formation of
GCAD from glycerol. Various published works on the aerobic oxidation of glycerol over
bimetallic catalysts with Bi NPs have proposed that Bi played a major role as a
geometric blocking site, which can facilitate the activation and transformation of the
secondary hydroxyl group of glycerol [204-206]. In this section, glycerol was mainly
converted through the photo-oxidation reaction over AusBis/TiO, to GCAD as the major
product. It is hypothesized that the two terminal hydroxyl (-OH) groups of glycerol
were bound on the surface of the AuBi NPs with Bi** species, whereas Bi adatoms
function as blockers on the Au site, which is a high-energy site where the adsorption
and reaction of the primary -OH group is preferred. This then serves to control the
adsorbed orientation of glycerol molecules towards the preferential oxidation of the
secondary -OH group to form DHA. In addition, due to the presence of various reactive
oxygen species with a high oxidizing power in the photocatalytic system, the cleavage
of the C-C bond of the generated DHA molecule to one molecule of GCAD and FMD
is dramatically achieved. The generated FMD can eventually be oxidized to form CO,
as a gas phase oxidation product. However, the synergetic role of Bi and the
optimization of the Bi-promoted Au or other noble metals on TiO, photocatalyst with
the corresponding reaction conditions to determine the highly selective oxidation of
glycerol could also work to some extent that might be beneficial in academic research

and the chemical industry.



169

30

GCD Au;Bi/TiO,

25

20

15

Y (%)
D 6 O b & e

10

0 2 4 6 8 10 12 14 16 18 20 22 24

30
GCD AusPty/TiO,

Figure 5.29 Yield of selected products obtained from glycerol photocatalytic
conversion via AusMs/TiO, at photocatalyst loading of 3.0 ¢/L, light intensity of 4.7

mW/cm? and using O, as the electron acceptor.



170

30

GCD AusPd,/TiO,
DHA

25 4

20

15

Y (%)
X > O O » & o

10

8 10 12 14 16 18 20 22 24
Time (h)

Figure 5.29 Yield of selected products obtained from glycerol photocatalytic
conversion via AusM,/TiO, photocatalyst loading of 3.0 ¢/L, lisht intensity of 4.7

mW/cm?® and using O, as the electron acceptor (Cont.).



171

CHAPTER VI

PREPARATION OF BLACK TiO, VIA SOLUTION PLASMA PROCESS AND ITS

PHOTOCATALYTIC OXIDATION OF GLYCEROL TO VALUE-ADDED COMPOUNDS

During the past few decades, enormous effort has been dedicated to synthesis
a black or blue color of TiO,, the so-called black TiO,, by introducing the Ti** defect
state and/or oxygen vacancies into the TiO, structure. This strategy has been highly
regarded as a potential breakthrough in modulating the optical, chemical and electrical
properties as well as a visible-light harvesting of TiO,. Thus, in the present chapter, we
introduce the novel technique named as “solution plasma process (SPP)” to
synthesize black TiO, NPs. The effects of the plasma operating parameters, including
the repetition frequency (20-80 kHz) and pulse width (0.5-2.0 ps) under two different
solution medium concentrations of HNOs (0.3 mM and 3.0 mM) as well as plasma
discharge time (1-4 h) on the morphology, structural and optical properties of the
obtained black TiO, NPs were investigated. Finally, the photocatalytic activity of as-
synthesized black TiO, was performed by using slycerol as a model compound and

compared with commercial anatase TiO,.

6.1 Formation of black TiO, NPs through solution plasma process

When the voltage pulse was applied across the metal electrodes, the current
increased and some micro-gas bubbles were formed around the electrode tips due to
the localized heating of the solution from the applied energy. During this stage,
electrons flowed inside the bubble between the micro-gap, leading to its breakdown
and subsequently a roughly circular discharge plasma occurred along the visible

emission spectra in the gas-liquid interface, as shown schematically in Figure 6.1.
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Figure 6.1 Model of the plasma generation.

To get an insight into the mechanism of black TiO, NPs formation via the SPP,
the light emission spectra were evaluated. As shown in Figure 6.2, the majority of the
active species obtained from the optical emission spectra (OES) were the Hq, Ti |
(neutral), Ti Il (single-charge ions), and then Hg and atomic O radicals. These highly
energetic hydrogen and oxysgen radicals were generated from the dissociation of water
molecules in the acid solution and were responsible for the formation of the black
TiO, NPs by bonding with the ionized Ti atom during the plasma generation. Another
possible path for black TiO, NPs formation is the melting of Ti clusters disengaged from
the Ti electrode surface. To test this hypothesis, the temperature of electrode tip was
then calculated from the wavelength corresponding to the maximum blackbody
radiation (A, from the OES spectra according to Wien’s law [207], as shown in Eq.

(6.1).

_ 2.808X10°
A = (6.1)
T

where T is the absolute temperature (K)

It was found that the temperature between the electrode tips was around
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4,996 K at the A, of 580 nm, which is higher than the boiling point (3,560 K) and the
melting point (1,941 K) of titanium. Thus, molten Ti clusters could disengage from the
Ti electrode surface and readily re-oxidize with some highly energetic atomic and
electron bombardment in the plasma phase, yielding some black TiO, NPs after
gjecting into the surrounded liquid phase. The high temperature difference between
the plasma zone and solution resulted in the rapid quenching and frozen crystal

growth, leading to the defective and disordered structure of the formed black TiO,

NPs.
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Figure 6.2 Representative OES of plasma discharge through a Ti electrode in HNO;

solution.

6.2 Characterization of the as-synthesized black TiO, NPs

6.2.1 Effect of HNO; concentration, pulse width and repetition frequency
All of the influencing parameters including HNO; concentration, pulse width

and repetition frequency are significantly influence on the plasma generation, which
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affect the crystallinity, morphology, and optical properties of as-synthesized black TiO,
NPs in terms of applied energy for discharged plasma.
The applied energy per pulse (E,) and the applied energy per second (£;) for

discharged plasma were calculated according to Egs. (6.2) and (6.3), respectively:

t
E = j IV dt (6.2)
0

E. = E_xf (6.3)
where [ is current, V is voltage, t is the time per one pulse and f is the repetition
frequency.

As presented in Table 6.1, the energy per pulse and the energy per second
increased with increasing concentration of HNO; solution medium. The 3.0 mM HNO;
solution provided the higher energy per second for discharging the plasma than 0.3
mM HNO; solution at identical repetition frequency and pulse width, probably due to
its high acidic property and high conductivity. At the identical HNO; concentration, the
energy per pulse and the energy per second both tend to be increased along with the

increment of repetition frequency and pulse width.

6.2.1.1 Crystallite structure analysis

The crystal structure of the as-synthesized black TiO, NPs formed at different
discharge plasma conditions with variation of HNO; concentration, pulse width and
repetition frequency was detected by XRD analysis. As shown in Figure 6.3, all the
prepared samples exhibited four diffraction peaks, matching well with the crystal
structure of anatase TiO, in plane of (101), (200), (204) and (220) (JCPDS No. 21-1272),
plus various diffraction peaks relating to the crystallite structure of the rutile phase
(JCDPS No. 75-1751). This indicated that the as-synthesized black TiO, NPs contained

both anatase and rutile phases. Interestingly, two additional peaks were observed at
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20 value of around 32.4° and 56.2° in all the prepared TiO, NP samples, which

indicated the presence of the oxygen-deficient phases (ODP) in their structure [77].

Table 6.1 Plasma operating parameters for the synthesis of black TiO, NPs in HNO,

solution medium.

HNO5 conc. Frequency  Pulse width Energy per pulse Energy per second
(mM) (f, kHz) (us) (Ep, 1) (E,, J)
0.3 20 0.5 114 2.28
0.3 50 0.5 68.3 3.41
0.3 80 0.5 57.2 4.57
0.3 20 1.0 302 6.04
0.3 20 2.0 637 12.7
3.0 20 0.5 149 2.97
3.0 50 0.5 82.5 4.13
3.0 80 0.5 724 5.79
3.0 20 1.0 469 9.38
3.0 20 2.0 865 18.3

Typically, the ODP is identified as an absence of some oxygen atom compared
with a normal stoichiometric TiO,, and was probably caused by (/) the rapid quenching
and incomplete oxidation of the TiO, structure under the discharge SPP and (ii) the
reaction between the hydrogen radicals that originated in plasma zone and the oxygen
atom in the TiO, lattice. Although the diffraction peaks of the as-prepared black TiO,
NPs still appeared at the standard position of the anatase and rutile phases, their
intensity was weakened and broadened compared with the reference TiO,. This

indicates the existence of oxygen vacancies and the formation of a Ti** defect state as
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well as a decrease in the crystal lattice [208]. In addition, increasing the applied energy
per second in both HNO; concentrations led to a weakened peak intensity, probably
attributed to the rapid organization and structural growth of black TiO, NPs.

The crystal ratio of rutile and anatase phases was determined using Spurr’s

equation [209], as shown in Eq. (6.4), and the results are displayed in Table 6.2.

1

R= ——
14080, /1) (64

where R is the mass fraction of the rutile phase in TiO,, /4 is the integrated peak intensity
of the main anatase (101) peak and /5 is the integrated peak intensity of the main rutile
(110) peak.

The proportion of the rutile phase was considerably higher than the anatase
phase when formed from a low utilized energy per second for discharged plasma,
probably because the high temperature inside the plasma region preferably induced
the transformation of the TiO, structure into the rutile phase [210]. The anatase phase
was dominate under a high utilized energy per second might be because the high
energy discharge plasma induced a dramatic quenching of the formed particles which
had not transformed into the rutile phase in the plasma zone.

Compared to the XRD peak width of the rutile and anatase phase, the width
of ODP looked significantly sharp, suggesting the formation of smaller crystallite size
of rutile and anatase than the ODP. By using the Scherer equation (Eq. (5.1)), a
crystallite sizes of anatase, rutile and ODP were calculated. As demonstrated in Table
6.2, the crystallite size of OPD were larger than those of anatase and rultile of around
7-10 folds, depending on the quantity of input energy per second. That is, increasing
the input energy per second in both HNO; concentrations led to an increase of
crystallite size of all anatase, rutile and ODP, probably attributed to the rapid

organization and structural growth of black TiO, NPs.
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Figure 6.3 Representative XRD patterns of the as-synthesized black TiO, NPs formed
from discharge plasma conditions of (a) 20 kHz and 0.5 ps, (b) 50 kHz and 0.5 ps, (c)
80 kHz and 0.5 ps, (d) 20 kHz and 1.0 ps and (e) 20 kHz and 2.0 ps in (1) 0.3 mM or (Il)

3.0 mM HNO; as the discharge medium electrolyte solution.
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6.2.1.2 Morphology analysis

Regarding the appearance feature of the as-synthesized black TiO,, it appeared
in spherical shape (Figure 6.4(a) and (b)), which was likely reflected by the surface
tension effect of the molten particles during the rapid ejection of the as-synthesized
black TiO, NPs from the plasma region to the lower temperature region of the
surrounding solution (the so-called quenching step). In terms of atomic composition
evaluated by EDX spectroscopy, it was composed of only titanium (Ti) and oxygen (O)
species Figure 6.4(c), suggesting that a high purity of black TiO, was success synthesized
using the SPP. The stoichiometric ratio of Ti and O species at different synthesis
conditions were summarized in Table 6.2. It showed the non-stoichiometric ratio of Ti
and O atoms, confirming the presence of the oxygen deficiencies in the black TiO,
structure. In addition, a well crystallized black TiO, with a lattice spacing of 0.352 nm
and 0.325 nm, corresponding to the anatase (101) and rutile (110) planes (JPCDS 21-
276), respectively, was observed in the high-resolution TEM image (Figure 6.4(d)). The
disordered structure of the as-synthesized TiO, NPs was also clearly observed, for
example as marked with the dashed circle in Figure 6.4(d). These results also
emphasize that the crystal defects were formed inside the black TiO, structure, in
accord with the XRD patterns.

The mean volume diameter of the as-prepared TiO, NPs was examined by DLS,
where it tended to increase as the applied energy per second increased (Table 6.2),
presumably due to the joule heating in a vast local hot spot surface in the presence
of a high energy input, which induced the electrothermal instability and made the
electrode tip surface rough, causing a melt off and facile agglomeration of the formed
black TiO, NPs [211]. Moreover, numerous Ti atoms can vaporize from the Ti electrode
when the electrode temperature exceeded the boiling point, and these can then grow

from this hot plasma zone, resulting in the formation of large particles. These large
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Figure 6.4 Representative (a) SEM, (b) TEM and (c) high-resolution TEM images of the
as-synthesized black TiO, NPs formed with a 20 kHz, 2.0 us discharge plasma in 3.0

mM HNO,

black TiO, NPs were obtained in the presence of the higher HNO; concentration,
probably due to the fact that a high electrolyte concentration could promote a high
current flow. With regard to the synthesis rate, the discharged plasma under 3.0 mM
HNO; solution at frequency of 20 kHz and pulse width of 20 ps also provided the high
synthesis rate of black TiO, (46.9 mg/h) compared with other synthesis conditions
(Table 6.2). This is probably due to the fact that this acid medium can provide high
energy per second to generate the plasma, resulting in a high generation of high
energetic atoms and electrons to promote the formation of black TiO, in the high yield.

This is in line with the principle of plasma discharging into the solution medium on the
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basis of the electric current [212]. The coloration of the as-synthesized TiO, NPs were
black, due to the presence of the lattice disorder Ti** in their bulk structure [213], and
no color changed of these as-synthesized TiO, NPs was observed over at least 6

months after synthesis.

6.2.1.3 Chemical structure analysis

The existence of Ti** in all as synthesized black TiO, NPs was revealed
qualitatively by the EPR spectroscopy. No signal in the EPR spectra was observed for
the reference TiO,, while the signal was observed for all the as-synthesized black TiO,
NP samples as illustrated in Figure 6.5. This gave a g-value of 1.99, which is a typical
feature of paramagnetic Ti°* centers [213, 214]. This indicated the presence of Ti** in
the structure of all prepared black TiO, NP samples, resulting in the formation of their
defective and disordered structure. A high intensity of the EPR spectra was observed
in the presence of the high input energy per second plasma generation, suggesting the
formation of a high Ti** content in those as-synthesized samples.

Figure 6.6 shows the XPS survey of black TiO,, in which all peaks can be
assigned to the Ti, O and C elements (from background carbon tape). This suggests
that the pure black TiO, was synthesized at all different plasma conditions using the
SPP. To quantitatively determine the presence of Ti’* as well as the chemical bonding
state of the as-synthesized black TiO, NPs, HR-XPS analysis was then performed. The
reference TiO, (Anatase TiO,) exhibited two symmetric main peaks (Figure 6.7) at a
binding energy of 458.7 eV and 464.4 eV, corresponding to the spin-orbital doublet of
Ti 2ps, and Ti 2py, of Ti*, respectively. All the as-synthesized samples also exhibited

these two main peaks, but with rather broader peaks and a slight shift towards a lower
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Figure 6.5 Representative EPR spectra of the as-synthesized black TiO, NPs formed

from different discharge plasma conditions in (a) 0.3 mM and (b) 3.0 mM HNOs.
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binding energy than the reference TiO,. This distinctive blue shift indicates the
chemical bonding of the Ti atoms with other species, besides O atoms, or/and the
presence of a lower oxidation state (Ti**) species. As mentioned earlier, various high
energetic species, such as hydrogen, oxygen, and hydroxyl radicals, were produced
during the SPP. A black TiO, lattice might be structured with the generated hydrogen
to form O-Ti-H bonds. The oxygen atom has a high electronegativity compared with
the hydrogen atom, resulting in the shift of the partial electron from the H to Ti and
O, and so enriching the electron of Ti 2p, which consequently led to the negative shift
of the XPS spectrum towards a lower binding energy [215]. In addition, as mentioned
elsewhere, the negative blue shift of the XPS spectrum is also achieved by the
presence of some defect disorder structure or the presence of Ti** [216].

After deconvolution using a symmetrical Guass distribution, two main peaks of
as synthesized black TiO, NPs still appeared at a binding energy of 458.7 eV and 464.4
eV (Figure 6.7), which were assigned to the Ti2ps, and Ti2p,, of the Ti** species,
respectively. Two additional tailored peaks appeared at a lower binding energy of 457.9
eV and 463.6 eV, respectively, indicating the presence of Ti 2ps,, and Ti 2p,,, of the
Ti** species [213, 217]. This confirms the presence of the disorder structure or Ti** in
all the as-synthesized black TiO, NPs. The self-assembled Ti** defects could be
generated from the reaction between the lattice oxygen in the TiO, structure and
energetic H atoms produced during the SPP, which led to well established oxygen
vacancies, and simultaneously left two electrons in one oxygen vacancy site. These
leftover electrons can allocate to the titanium atom position, yielding the formation

of the lattice disorder Ti** in the structure of black TiO, NPs.
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Figure 6.6 Representative XPS survey spectra of the as-synthesized black TiO, NPs
formed in (a) 0.3 mM and (b) 3.0 mM HNO5 under different discharge plasma

conditions.
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The relative Ti** to Ti*" content in the TiO, NPs synthesized in the presence of
different discharge plasma conditions was roughly estimated from the XPS
deconvoluted areas and listed in Table 6.2. For each frequency and pulse width, a
high Ti**/Ti** ratio was obtained in a high HNO; concentration, while it also increased
as the input energy per second increased, consistent with results obtained from the
EPR spectra. Thus, the Ti** defect concentration clearly increased with a higher applied
energy for the discharge plasma. This is because a high applied energy for the discharge
plasma enhances the current flow, which can boost not only the highly generated
energetic charges in the plasma but also disengage the molten particles from the
electrode. This then resulted in an enrichment of generated black TiO, NPs, which
were speedily removed from the plasma zone due to their high flux in the solution.
The abrupt quenching and oxidation of the engendered particles can restrain the
crystal structure, resulting in the formation of a high metastable defect content and
disordered structure as Ti°* or oxygen vacancies in the obtained samples.

To explore the oxygen chemical state in the as-prepared samples, the high-
resolution O 1s spectra was examined by XPS. As demonstrated in Figure 6.8, the
reference TiO, exhibited an almost symmetric O 1s spectrum at a binding energy
between 530.2-530.6 eV, assigned to the Ols peaks characteristic of 0% ions in the
crystalline network. The small O 1s peak at 531.8-532.0 eV was the characteristic of
the OH’ ions of the crystalline network. All the as-prepared TiO, NPs exhibited three
single O 1s peaks at a binding energy of 529.8, 531.1 and 532.2 eV, assigned to the
lattice oxygen in TiO, (Ti**-0), oxygen vacancies of TiO, (Ti**-O) and surface hydroxyl
(Ti-OH), respectively. Two humped peaks at the high binding energy can be directly
linked with the presence of the defect disordered structure of the black TiO, NPs, and
were accordingly not observed in the reference stoichiometric TiO,. The concentration

of hydroxyl species on the surface of the as-synthesized black TiO, NPs, estimated
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Figure 6.7 Representative deconvoluted peak area of high resolution Ti 2p XPS

spectra of the reference TiO, and the as-synthesized black TiO, NPs formed in (a) 0.3

mM or (b) 3.0 mM HNO; under different discharge plasma conditions.
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Figure 6.8 Representative deconvoluted peak area Ols XPS spectra of the reference
TiO, and the as-synthesized black TiO, NPs formed in (a) 0.3 mM or (b) 3.0 mM HNO4

under different discharge plasma conditions.

from the deconvoluted area of the XPS spectra and demonstrated in terms of the Ti-
OH/Ti-O ratio, were listed in Table 6.2. The Ti-OH/Ti-O ratio tended to decrease with
an increased applied input energy for plasma generation. Presumably, a high input

energy can facilitate a high reaction rate between the surface hydroxyl species and the
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generated charge species in the plasma region during the formation of the black TiO,
NPs. Furthermore, the surface hydroxyl groups of the generated the black TiO, NPs
suspended in the liquid phase can be re-oxidized by the various charged species that
were formed at the plasma near the gas-liquid interface, resulting in a low
concentration of Ti-OH on the obtained black TiO, surface.

To gain further insight into the chemical bonding species of as-synthesized
black TiO, NPs, FTIR analysis was performed. As illustrated in Figure 6.9, all the as-
synthesized black TiO, NPs showed similar absorption features in the wavenumber
range of 500-4,000 cm™’. A characteristic feature of all these spectra was the presence
of a broad band in the frequency range of 500-1,000 cm™ from the symmetric
stretching vibrations of Ti-O bonds [218], and the band located at 1,384 cm™ that
corresponded to the vibration of the Ti-licand bond [219]. The peaks at around 1,627
cm™, assigned to the O-H bending mode, and the broad band observed in range of
3,100-3,600 cm™ indicated the stretching and wagging vibration modes of hydroxyl
groups (-OH). The wider IR-active hydroxyl vibration peak denoted that the -OH group
of the as-synthesized black TiO, NPs experienced a diverse environment, which will

mainly be due to the disordered structure [220].
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Figure 6.9 Representative FTIR spectra of the as-synthesized black TiO, NPs formed

in (a) 0.3 MM or (b) 3.0 mM HNOs under different discharge plasma conditions.
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6.2.1.4 Optical property analysis

The optical property of all the as-synthesized black TiO, NPs was investigated
by UV-Visible spectrophotometry. As shown in Figure 6.10, compared with the
reference TiO,, all the synthesized black TiO, NPs exhibited a high absorbance intensity
through the whole visible and ultraviolet light range, suggesting an ability to absorb
visible light with a substantial red shift of the absorption band-edge and large
absorption tail in the visible light regions in all the prepared samples that tended to
increase with increasing input energy for the discharge plasma. This is in agreement
with the concentration of Ti** defects. The absorbance information from Figure 6.10
was used to determine the band gap energy of the as-synthesized samples according

to Eq. (6.5), which for ease can be rearranged to Eq. (6.6):

Alhv-E, )"
a = (h];—g) (6.5)
14
(ehv)™ = Ahv-AE, 6.6)

where O is the optical absorption coefficient determined from the obtained
absorbance, A is a constant, h is Plank’s constant, V is the frequency of light, £, is the
optical band gap and n is the nature of the electron transition, which is assumed to
be 2 as the indirect band gap of TiO, [221, 222].

Plots of the photon energy (hV) again (OhV)*? are displayed in the inset of
Figure 6.10. Extrapolation the linear part of the inset curve to intercept the x-axis gives
the band gap energy, which is summarized in Table 6.2. The band gap energy of the
reference TiO, was around 3.21, in accordance with the characteristic value of
commercial TiO,. The band gap energy of the as-synthesized black TiO, NPs decreased
with increasing plasma discharge input energy. The lowest band gap energy of 2.44 eV
was obtained from the sample synthesized with a frequency of 20 kHz, pulse width of

2.0 ps and discharged in 3.0 mM HNO3 aqueous solution.
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Figure 6.10 Representative UV-Vis spectra and Tauc’s plot (inset) of the as-
synthesized black TiO, NPs formed in (a) 0.3 mM and (b) 3.0 mM HNO under

different discharge plasma conditions.
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Based on the obtained results, it is worth pointing out that the strong red shift
of the UV-Vis spectra indicated a low band gap energy of the tested material. The
significant red shift and enlarged absorption tail of the as-synthesized black TiO, NPs
was related to the concentration of Ti**, which was controlled by the input energy for
discharge plasma.

As demonstrated in Figure 6.11, the variation in the band gap energy seemed
to depend more strongly on the Ti**/Ti** ratio than the Ti-OH/Ti-O one. Theoretically,
a flawless TiO, lattice has a band gap energy of just over 3 eV due to the disjunction
between the occupied valence band O 2p states and the empty Ti 3d orbital states
as the conduction band. The presence of the lattice disordered Ti** in the TiO, matrix
could also generate oxygen vacancies in order to maintain the electrostatic balance
according to the reactions outlined in Eq. (6.7) [217];

aTi™ + O —> 4Ti*™ + 2e7/V, + 1/20, —> 2Ti* + Ti**-V,-T** + 1/20, (6.7)
where V, denotes the oxygen vacancies, caused by the absence of 0% in the lattice
matrix.

The existence of Ti** and accompanying oxygen vacancies could yield an
isolated mid-gap defect state [79], which induces the occupied 3d states to act as the
electron donor at levels below the minimum conduction band. In addition, it also
enables the lengthening of the continuum conduction band edge, resulting in the
formation of band tail states [223]. Likewise, a large amount of Ti** defect disorder can
yield not only the generated mid-gap isolated states and the conduction band tail but
also an upshifted valance band edge of the black TiO, crystal, which leads to the
narrowness of the electronic band gap seen in the as-synthesized materials [224, 225].
These phenomena can enhance the electron transportation and facilitate the
generation of strongly reductive electrons. Namely, the electron in this occupied 3d

isolated state can be stimulated to vacate the Ti 3d orbital of the conduction band
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Figure 6.11 Alternation of the band gap energy of the as-prepared black TiO, NPs via

(a) the Ti**/Ti* and (b) Ti-OH/TiO ratios.
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by photon excitation at wavelengths over the visible region, while the occupied
electron in the O 2p state of the valence band can concurrently be excited to either
the vacant sites of these Ti** defect isolated states or long-tailed conduction band by
visible light illumination. Furthermore, the Ti** defect state can suppress the electron-
hole recombination by acting as a trapping site for excited electrons from the
conduction band due to the fact that it preferentially transfers electrons rather than
transitions them back into the valence band to recombine with the photogenerated-
h* [226]. Accordingly, the influence of the Ti°* defective structure is a critical factor for
the efficient visible light absorption and photogenerated charge transfer, which should

enhance the electronic and photonic properties of TiO, NPs.

6.2.2 Effect of plasma discharge time

The effect of plasma discharge time on the morphology and optical property
of black TiO, NPs was then explored in the range of 1-4 h in 3.0 mM HNO; solution
medium at the repetition frequency of 20 kHz and pulse width of 2.0 ps. The samples
prepared in this section were denoted as BTy 301, BTn302, BTn.303 and BTy.s04 fOr different

plasma discharge time of 1, 2, 3 and 4 h, respectively

6.2.2.1 Crystallite structure analysis

Regarding the effect of the plasma discharge time on the crystal structure of
all as-synthesized black TiO, NPs, as demonstrated in Figure 6.12, all as-prepared
samples still exhibited peaks of the both anatase and rutile phases or, in other words,
they were in a mixed phase. As the plasma discharge time was prolonged, no shift of
any diffraction peaks from the standard 20 position was observed. However, their
intensities were relatively poor, indicating the high formation of the defective structure

inside the black TiO, NPs.
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Figure 6.12 Representative XRD patterns of the as-synthesized black TiO, NPs through
the solution plasma process at frequency of 20 kHz and pulse width of 2.0 us at

different plasma discharge times.

6.2.2.2 Morphology analysis

As demonstrated in Figure 6.13, most synthesized samples were still found to
be spherical in shape, which was caused by the surface tension effect during the rapid
ejection of generated particles from the plasma phase to the surrounded liquid phase.
A long plasma discharge time induced the agglomeration and structural growth of the
synthesized particles, leading to the generation of as-synthesized particles in the

micrometer scale.
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Figure 6.13 Representative TEM images of the as-synthesized black TiO, NPs through
the solution plasma process at the frequency of 20 kHz and the pulse width of 2.0

ps at different plasma discharge times.

By using the DLS technique, as demonstrated in Figure 6.14, it was found that
a short plasma discharge time provided a small particle size of the black TiO, NPs with
a narrow distribution range. At a time equal to or greater than 2 h, the obtained
particles were distributed into two ranges: a small size range and a big size range. The
particle size of black TiO, in a big size range tended to increase with increasing the
plasma discharge time. This was probably caused by an agglomeration and/or crystal
growth of the previously formed black TiO, of small particle size to a larger particle
size near the plasma-gas interface under the solution plasma process. In addition, a

long plasma discharge time might cause a high roughness on electrode surface,
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resulting in the formation of a big molten particle disengaging from the electrode
surface. The mean volume diameter of all black TiO, particles synthesized at different

plasma discharge times is summarized in Table 6.3.
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Figure 6.14 Particle size distribution from DLS technique of the as-synthesized black
TiO, NPs through the solution plasma process at the frequency of 20 kHz and the
pulse width of 2.0 us at different plasma discharge times.

Table 6.3 Structural information of the as-synthesized black TiO, NPs prepared with

solution plasma in 3.0 mM HNO; at different plasma discharge times.

Photo- Mean volume E, Valence band maximum
TiPt/Ti*

catalyst diameter (nm) (eV) (eV)

BT 301 407 0.280 2.75 0.95

BT-302 926 0.321 2.63 0.80

BT 303 1,628 0.361 2.57 0.75

BTws04 3,219 0.411 2.44 0.60




198

6.2.2.3 Chemical structure analysis

The chemical nature and elemental binding of the Ti element of as-synthesized
black TiO, NPs with different plasma discharge times were investigated by HR-XPS
spectra in the Ti2p state. Two main peaks was observed at the binding energy of 458.7
eV and 464.4 eV, which indicated the presence of a Ti**-O bond in the Ti 2p spectrum
(Figure 6.15). After deconvolution, the Ti**/Ti*" ratio calculated from the area of the
deconvoluted peaks was summarized in Table 6.3. This ratio tended to increase with
the increase of the plasma discharge time, suggesting the formation of a high content

of the Ti** defective structure.

6.2.2.4 Optical property analysis

The UV-Vis spectroscopy was also performed in order to examine the optical
property of as-synthesized black TiO, with different plasma discharge times. As
expected, all synthesized black TiO, NPs possessed an absorption response in the
region of visible light (Figure 6.16). When the discharge plasma time was increased, the
ability to absorb visible light also increased. From the Tauc’s plot, the BTy 304 sSample
exhibited the lowest band gap energy of 2.44 eV while the BTy3p; sample had the
highest band gap energy of 2.75 eV (Table 6.3).

To propose the density of states (DOS) of as-synthesized black TiO, NPs, the
valence band (VB) position was estimated by an extrapolation of the main onset XPS
peaks to intercept the x-axis baseline (Figure 6.17). The obtained values were 1.6, 1.5,
1.5 and 1.4 eV for BTys01, BTns02, BTnzos and BTyspe, respectively, below the Fermi
energy level. The obtained schematic diagram of the DOS of all synthesized black TiO,

NPs at different plasma discharge times is shown in Figure 6.18.
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Figure 6.15 Representative deconvoluted peak area Ti2p XPS spectra of the as-
synthesized black TiO, NPs through the solution plasma process at the frequency of

20 kHz and the pulse width of 2.0 us at different plasma discharge times.



200

35
30 4 BTN-301
o5 | ——BTN-302
-~ Bl ——BTN-303
> ~ 20 4
(G‘ N
L 3 ——BTN-304
Y 1.5 1
() . .
_é —TiO2
é 1.0
Q
< 0.5 T T T T
1.5 2.0 2.5 3.0 3.5 4.0
Photon Energy (eV)
T T T T

300 400 500 600 700 800
Wavelength (nm)

Figure 6.16 Representative UV-Vis spectra of the as-synthesized black TiO, NPs
through the solution plasma process at the frequency of 20 kHz and the pulse width

of 2.0 us at different plasma discharge times.

Interestingly, the improvement of absorption properties toward the visible light
region and narrowed band gap energy of all synthesized black TiO, NPs should be
caused by the localized band bending by the shift of the valence band maximum
toward the Fermi energy level. In addition, the rising conduction band (CB) tail, which
extended below the CB minimum, might be attributed to the loss of lattice periodicity
from the disorder structure of TiO, and break in the octahedral symmetry of TiO4 [227,
228]. The localized band bending of the valence band by 0.65 eV was observed for
the BTy.301 sample, resulting in the position of valence band maximum of around 0.95
eV while the shift was enlarged by 0.7-0.8 eV for the BTy 302, BTn.303 @and BTy 304, resulting
in the narrowing of its band gap energy. This is due to the greater formation of a Ti**

defect structure which is analogous with the Ti** defect concentration from the
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previous finding in the XPS spectra. Therefore, the large blue shift of valence band
maximum in the presence of long plasma discharge time, induced by the Ti** disorder
structure, can be postulated as responsible for the narrowed band gap by the

alteration of orbital overlapping and extension of the continuum band tail structure.

Intensity (a.u.)

BTn-303

Binding Energy (eV)

Figure 6.17 Representative valence band spectra of the as-synthesized black TiO,
NPs through the solution plasma process at the frequency of 20 kHz and the pulse

width of 2.0 ps at different plasma discharge times.
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Figure 6.18 Schematic diagram of DOS of the as-synthesized black TiO, NPs through
the solution plasma process at the frequency of 20 kHz and the pulse width of 2.0

s at different plasma discharge times.

6.3 Photocatalytic activity of as-synthesized black TiO, NPs

The photocatalytic activity was finally evaluated via the conversion of glycerol
at a catalyst loading of 3.0 ¢/L and a light intensity of 4.7 mW/cm? and irradiation time
of 24 h with the as-synthesized black TiO, NPs that synthesized through the solution
plasma process at the frequency of 20 kHz and the pulse width of 2.0 ps with different
plasma discharge times under 3.0 mM of HNO; solution and compared with the
commercial anatase TiO,. Only as-synthesized black TiO, with different plasma
discharge times was selected as a photocatalyst model to perform the activity test
because it covers all of various band gap energy and defect structure concentration

that might be effect on the photocatalytic activity.
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As demonstrated in Figure 6.19, the highest glycerol conversion was observed
in the presence of black TiO, formed from the longest plasma discharge time (4 h),
being photocatalyzed in the order BTys0s > BTy303 > BTns02 > BTz > TiO, with a
pseudo first-order rate constant of 7.94 x 102, 7.01 x 107, 6.19 x 107, 5.36 x 10~ and
3.58 x 10 min™, respectively. This indicated that the BTysu had the highest
photocatalytic activity for glycerol conversion compared with other as-synthesized
black TiO, and commercial anatase TiO,, although it had larger particle size than other
black TiO,. This is because the BTy 304 had the highest Ti** concentration and the lowest
E,, and so could create a mid-gap state level with an energy somewhat lower than the
minimum CB, existing in the form of [0,.Ti**]*, which can prolong the life time of
photogenerated e-h" pairs, resulting in the amelioration of photocatalytic performance
[229]. Moreover, these defect sites can serve as the surface-absorbed site of the
glycerol molecules to absorb oxygen, which can facilitate the kinetic chemical reaction
[230]. In addition, the agglomerated TiO, NPs can extend the e - h* life due to the
interparticle charge transport [231]. In summary, a high photocatalytic activity of the
BTw.30a compared with other TiO, was attributed to its high defective structure, low £,
and long e - h* lifetime.

To confirm the photocatalytic oxidation of glycerol via the BTz, the
additional experiments were carried out with (i) BTy.s04 in the absence of light and (i)
with light in the absence of catalyst. As also demonstrated in Figure 6.19, less than 4.5
% of glycerol were disappeared at 24 h via the BTy 304 in the absence of light, attributing
to the adsorption of glycerol on the black TiO, surface. However, no glycerol was
disappeared in the presence of light and absence of catalyst, suggesting that the
photolysis cannot enhance the conversion of glycerol to value-added compounds.

As shown in Figure 6.20, similar compounds, including GCD, DHA, HPA, GCOA,

FMD and glycolaldehyde (GCAD), were generated via the photocatalytic oxidation with
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the black TiO, prepared at different reaction time and the GCAD and FMD were the
principle generated products. A high yield of all selected products was observed as

60
O Anatase TiO,
BTN-301
50 4
m BTN-302
A BTN-303
0 4 o BTN-304 ’
e BTN-304
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Figure 6.19 Variation of glycerol conversion as a function of time via as-synthesized
black TiO, NPs under the irradiated UV light at catalyst loading of 3.0 ¢/L with an

average light intensity of 4.7 mW/cm? and using O, as the electron acceptor.

As mentioned in previous chapter, photocatalytic oxidation of glycerol via TiO,
occurred mainly at the 1°-OH groups to form GCD as the principle product and partially
occurred at the 2°-OH group to form DHA. The generated GCD can be further oxidized
with hydroxyl radicles (HO®) to form GCOA and FMD, while the DHA was further
oxidized with the oxygen species (0, / '0,) to form HPA. The yield of FMD was around
10% at a reaction time of 20 h and no GCAD was generated. However, with the BT\ 304
photocatalyst, approximately 21% and 33% of FMD and GCAD were produced at the

same time. This suggested the probable presence of another parallel glycerol
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conversion route to form FMD and GCAD. As reported by Minero et al. [232], glycerol
can be converted to FMD and GCAD by C-C bond cleavage via the direct electron
transfer route on the defective TiO, (P25) pristine. In addition, two generated FMD
molecules can easily be adsorbed on two neighboring Ti** defective sites and
dimerized to form GCAD [233].

These phenomena likely then considerably promoted the formation of GCAD
as the main product in our system. Thus, it can be hypothesized that the major
reaction pathway for glycerol conversion on these as-synthesized black TiO, catalysts
was C-C bond cleavage to produce FMD and GCAD, while the minor pathway is the
oxidation of primary and/or secondary hydroxyl groups of glycerol molecules to form
GCD and DHA. In addition, we also hypothesized that the different observed types of
product might be depended on the nature of the oxidizing species involved in the

glycerol oxidation mechanism. This hypothesis was proved and discussed in the next

section.
50
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Figure 6.20 Yield of selected products obtained from glycerol photocatalytic
conversion via as-synthesized black TiO, NPs at catalyst loading of 3.0 ¢/L with an

average light intensity of 4.7 mW/cm? and using O, as the electron acceptor.
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Figure 6.20 Yield of selected products obtained from glycerol photocatalytic
conversion via as-synthesized black TiO, NPs at catalyst loading of 3.0 ¢/L with an

average light intensity of 4.7 mW/cm? and using O, as the electron acceptor (Cont.).
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6.4 Mechanism and role of generated ROS in the photooxidation of glycerol by
using black TiO,

As mentioned earlier, the photocatalytic oxidation of glycerol via commercial
TiO, occurred mainly at the 1°-OH groups to form GCD as the principle product and
also partially occurred at the 2°-OH group to form DHA. The generated GCD can then
be further oxidized with the generated ROS to form FMD and GCOA [234, 235]. To
confirm the exact chemical species generated from GCD and DHA conversion, both
chemical species were used as the raw substrate and subjected to the photocatalyst
oxidation with black TiO, (3.0 ¢/L) at a light intensity of 4.7 mW/cm? and O, as the
electron acceptor. The photocatalytic oxidation of GCD provided GCAD as the main
product with a trace of DHA and GCOA (Figure 6.21). A large amount of FMD was
produced after an 8 h reaction time. With DHA as the substrate, the principle generated
products were FMD and GCAD plus a trace of GCD and GCOA.

Although both GCD and DHA have the same molecular formula (C;HgO3) with
two hydroxide groups (-OH) and one carbonyl group (C=0) in their structure, they
provided different amounts of generated FMD and GCAD via the photooxidation
reaction. This is probably due to the different position of the carbonyl group (C=0) in
the GCD and DHA structure, which altered the adsorption characteristics of carbonyl
group of these molecules onto the surface defect structure, promoting different
dissociative over molecular adsorption. That is, the GCD has the carbonyl group at the
1°-C atom and the C-C cleavage could provide one molecule of FMD and one
molecule of GCAD. In case of DHA, with the carbonyl group at the 2°-C atom, the C-C
cleavage could induce the formation of two molecules of FMD and one molecule of
CO. The diminishing level of FMD at a reaction time greater than 8 h in the presence
of DHA as the substrate is probably due to it being converted to other chemical

species, such as formic acid (HCOOH) or carbon dioxide (CO,) [236, 237]. As already
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mentioned, glycerol can be converted directly to GCAD and FMD by C-C bond cleavage
via a direct electron transfer route on the defective TiO, (P25) pristine [232]. Two
generated FMD molecules can easily be adsorbed on two neighboring Ti** defective
sites and dimerized to form GCAD [233]. These phenomena likely then considerably

promoted the formation of GCAD as the main product in our system.

100

80

100

Y (%)

Figure 6.21 Variation conversion levels of (a) GCD and (b) DHA and selected product
yield obtained with the black TiO, photocatalyst at 3.0 ¢/L, a light intensity of 4.7

mW/cm? using O, as the electron acceptor.
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As reported previously, the ROS generated via the photocatalytic process can
act as the oxidizing species to oxidize organic compounds effectively, including
glycerol. To explore in-depth the photocatalytic mechanism, the dominate active
species related in the step of glycerol conversion to the different products were
explored by the separate addition of AO, KI, IPA, FFA and BQ in order to trap the
photogenerated h*, photogenerated h* and surface hydroxyl radicals (h*/ OH",), bulk
hydroxyl radicals (OH"p), singlet oxygen (*O,) and generated superoxide radicals (O,"),
respectively, [238-241].

As exhibited in Figure 6.22(a), the glycerol conversion was not significantly
changed in the presence of AQ, suggesting that the h* was not an essential species for
glycerol conversion. However, the glycerol conversion was inhibited by the addition of
Kl, IPA, FFA and BQ, decreasing it from 32.8% without any inhibitor to 27.8%, 18.8%,
14.0% and 10.6%, respectively, while the rate constant of glycerol conversion was
decreased from 0.0504 min™ to 0.0459, 0.0260, 0.0189 and 0.0140 min™, respectively
(Inset of Figure 6.22(a)). This indicated that h’/ OH’,, OH',, 'O, and O, were the

important ROS for glycerol conversion, and were ranked in the order of O,” > '0, >

OH’y, > h"/ OH",. The main reason that O," is the major ROS in the photocatalytic
oxidation of glycerol catalyzed by black TiO, can be described as follows. During the
photocatalytic process, the adsorption of dissolved O, molecule on the surface of TiO,
is a prevailing key step in the reaction [225]. As revealed previously [242], O, does not
adsorb on the perfectly neutral TiO, surface, but only on the TiO, surface when a
negative charge is available to form O-Ti bonds. This can be provided by a surface-
oxygen vacancy, in which the adsorption energy is -2.52 eV [243]. Thus, the presence
of the defective structure on the surface of black TiO, could promote the adsorption
of O,, which can then enable the capturing of photogenerated electrons as well as

the free electrons located on oxygen vacancy state, simultaneously generating a huge
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Figure 6.22 Representative conversion levels of (a) glycerol, (b) GCD and (c) DHA in

the presence of various scavenger species (10 mM) with the black TiO, photocatalyst

at 3.0 /L, light intensity of 4.7 mW/cm?, and using O, as the electron acceptor.
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amount of O,"". The superior generation of this ROS then actively promotes the charge

separation process as well as the oxidation of glycerol molecules. Therefore, it
becomes the main ROS in the defected black TiO, system.

With regard to the yield of the main generated products (Figure 6.23), in the
absence of scavengers, their yields gradually increased with increasing reaction time in
the ranked order of GCAD > FMD > GCD > DHA. In the presence of AQO, the yields of
all monitored products were not changed significantly, indicating that the h* was not
the principal ROS converting glycerol to all the main compounds, in accordance with
the results displayed in Figure 6.22. The yield of GCD decreased from 0.59% to 0.00,

0.17 and 0.50% after 1 h in the presence of BQ, FFA and IPA, respectively. Principally,
'0,is the oxidative product of the O," species. Thus, the addition of BQ in the system
to trap the O,” species can terminate the generation of both O,” and 'O, species.
However, from Figure 6.23(f), no GCD was generated at an early reaction time in the

presence of BQ, while it was generated in the presence of FFA (Figure 6.23(e)),

suggesting that the conversion of glycerol to GCD was more dependent upon the
presence of O,” than on '0,. In other words, the dominate ROS for glycerol conversion
to GCD was ranked as O," > 'O, > OH";.. The reaction mechanism of glycerol conversion
to GCD via the O, can then be written as in Egs. (6.8)-(6.10).

CHy(OH)-CH(OH)-CH,OH —> =Ti-O-CH,-CH(OH)-CH,(OH) + H* (6.8)
=Ti-O-CH,-CH(OH)-CH,(OH) + h* —> =Ti-O"-CH,-CH(OH)-CH,(OH) (6.9)
=Ti-O"-CH,-CH(OH)-CH,(OH) + O," —> =Ti + CHO-CH(OH)- CH,(OH) + HOO" (6.10)

For DHA, its low yield was more pronounced in the presence of Kl and IPA by
decreasing the DHA yield from 0.49% to 0.00% (Figure 6.23(c)) and 0.21% (Figure

6.23(d)) after 1 h, respectively. This suggested that the h’/ OH"; and OH’, were the

principle species to convert glycerol to DHA. However, as shown in Figure 6.23(b), h*
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was not the main oxidizing species to convert glycerol. Thus, it can be concluded that
the OH" was the dominate active species for glycerol conversion to DHA, as shown in
Egs. (6.11) and (6.12).

CH,OH-CH(OH)-CH,(OH) + OH® —> CH,(OH)-C"(OH)-CH,(OH) (6.11)

CHy(OH)-C*(OH)-CH,(OH) + O, —> CHy(OH)-CO-CH,(OH) + HOO® (6.12)

In the case of GCAD, no apparent yield was observed following the addition of
IPA after a 1 h reaction time (Figure 6.23(d)), suggesting that the OH’,, species was the
dominant active species to transform glycerol directly to GCAD, and the reaction

mechanism is shown in Egs. (6.13)-(6.16):

CH,(OH)-CH(OH)-CH,OH —> =Ti-O-CH,-CH(OH)-CH,(OH) + H* (6.13)
=Ti-O-CH,-CH(OH)-CH,(OH) + h* —> Ti-O"-CH,-CH(OH)-CH,(OH) (6.14)
=Ti-0%-CH,-CH(OH)-CH,(OH) + OH", => =Ti-OH + CH,0 + C H(OH)-CH,(OH)  (6.15)

C"H(OH)-CH,(OH) + O, —» CHO-CH,(OH) + HOO" (6.16)

To further find out the dominate species that effectively convert the
intermediates GCD and DHA, the parallel photocatalytic experiments were performed
using GCD or DHA as the initial substrate instead of glycerol, a black TiO, loading level
of 3.0 g/L, light intensity of 4.7 mW/cm?, using O, as the electron acceptor and a
reaction time of 4 h in the presence of the respective scavenger species. As
demonstrated in Figure 6.22(b), the GCD conversion level decreased in the presence

of IPA, FFA and BQ, suggesting that OH",, 'O, and O,” were the important ROS to

convert GCD, and were ranked as O, > OH", >'0,. As to the product yields, as

demonstrated in Figure 6.24(a), GCAD was the principle product of GCD conversion in

the absence of any chemical scavengers (36.7%), and this was decreased the most in
the presence of BQ (26.4%) and IPA (33.2%), indicating that the O,” and OH", were the

dominate ROS to convert GCD to GCAD. In the presence of the h* scavenger AO (Figure
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6.24(b)), the yield of GCAD was still the same as in its absence, but no GCOA was
produced, suggesting that h™ was the dominate ROS to convert GCD to GCOA.

In the case of DHA, its conversion diminished in the presence of AO, IPA and

BQ (Figure 6.22(c)), indicating the h*, OH’, and O,” were essential ROS for DHA

conversion, and were ranked in the order of O,” > OH", 2 h*. In terms of the product
yield, both GCAD and FMD were the main generated products from DHA conversion in
the absence of scavengers (Figure 6.25). Their yield decreased slightly in the presence
of IPA and AQ, while their yield diminished the most in the presence of BQ, indicating
the O," was a more important ROS to alter DHA to GCAD and FMD than the OH", and
h*. According the obtained results and the literature, the reaction pathway for the
glycerol conversion and product distribution over black TiO, via various ROS in the

presence of O, as the electron acceptor is proposed in Scheme 4.
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Figure 6.23 Yield of selected products obtained from glycerol photocatalytic

conversion in the presence of various scavengers via black TiO, NPs at loading of 3.0

g/L with light intensity of 4.7 mW/cm? and using O, as the electron acceptor.
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Figure 6.24 Yield of selected products obtained from GCD photocatalytic conversion

in the presence of various scavengers via black TiO, NPs at loading of 3.0 g/L with

light intensity of 4.7 mW/cm? and using O, as the electron acceptor.
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Figure 6.25 Yield of selected products obtained from DHA photocatalytic conversion

in the presence of various scavengers via black TiO, NPs at loading of 3.0 g¢/L with

light intensity of 4.7 mW/cm? and using O, as the electron acceptor.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

This work was carried out to investigate the effect of several operating
parameters for the conversion of glycerol to value-added compounds via
photocatalytic process with TiO,-based photocatalyst. According to all obtained

results, the conclusions can be highlighted as the following.

7.1.1 Commercial TiO,-induced photocatalytic oxidation of glycerol to value-

added compounds

In this part, the photocatalytic conversion of glycerol to value-added
compounds in liquid phase system was carried out by using the commercial TiO,
photocatalyst. The commercial TiO, in pure anatase phase structure exhibited the
higher photocatalytic activity than commercial TiO, in pure rutile and mixture of
anatase-rutile phase structure. Moreover, the effect of operating parameters, including
lisht intensity, catalyst dosage, irradiation time, and types of electron acceptor was
successfully explored. The types of generated value-added products in liquid phase
were GCD, DHA, GCA, GCOA, HPA, FMA and FMD. The most important parameter that
affected the glycerol conversion and product selectivity was the irradiation time, which
had a positive effect on glycerol conversion and selectivity of GCA and GCOA, while
having a negative effect on the selectivity of DHA and GCD. The use of H,0, as electron
acceptor can further enhance conversion of glycerol and product generation than that
use of O, as electron acceptor. In the presence of H,0,, the conversion of glycerol
mainly proceeded via radical-mediated oxidation route and provided GCOA as the

principle product. While in the presence of O,, GCD was generated as a major product.
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The concentration of the generated ROS in the system was significantly affected the

route of glycerol conversion and types of product generation.

7.1.2 Metal-decorated TiO,-induced photocatalytic oxidation of glycerol to

value-added compounds

In this part, the addition of decorated metals in both mono- and bi-metallic
system on the surface of TiO, photocatalyst was achieved and utilized for the
conversion of glycerol to value-added compounds. The decoration of monometallic
NPs, including Au, Pt, Pd and Bi, with 3 wt.% metal content on the surface of TiO,
photocatalyst can enhance the photocatalytic activity for glycerol conversion. 3 wt.%
Au decorated on TiO, (Au/TiO,) exhibited the highest photocatalytic activity among
other decorated monometallic metals, providing the conversion of glycerol up to
88.02% and the yield of GCD, DHA, HPA, GCOA, FMD and GCAD of 21.10, 11.25, 12.76,
10.52, 15.41 and 5.59%, respectively. In addition, the rate of glycerol conversion over
the Au/TiO, photocatalyst can be explained by a pseudo-first order reaction, which
was increased when increasing Au content in the range of 1-7 wt.%. The combination
of decorated metal toward bimetallic system, including AuBi, AuPt and AuPd on the
TiO, photocatalyst with 3 wt.% of each decorated metal can alter the photocatalytic
activity and route of glycerol conversion. Both AusPts/TiO, and AusPds/TiO, can further
enhance the photocatalytic activity for glycerol conversion, while AusBis/TiO, retarded
the photocatalytic conversion of glycerol compared with the monometallic Au NPs
decorated on TiO,. AusPd,/TiO, exhibited the highest glycerol conversion among all
prepared metal-decorated photocatalyst with 98.75% glycerol conversion and
provided the FMD with 22.94% of yield as a main product at 24 h of irradiation time.
Although AusBis/TiO, did not provided the highest photocatalytic conversion of

glycerol. It raised the generation of GCAD (25.04% of yield) as a principle value-added
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products instead of FMD, which might be attributed to the promotional geometric

effect in the presence Bi species.

7.1.3 Preparation of black TiO, via solution plasma process and its photocatalytic

oxidation of glycerol to value-added compounds

The black TiO, NPs was successfully synthesized through the novel simple
green process named as “Solution Plasma”. The several generated-plasma operating
parameters including pulse width, repetition frequency, HNO; solution medium
concentration and plasma discharge time were significantly affected on the structural,
morphological and optical property of as-synthesized black TiO,. Increasing the pulse
width, repetition frequency and HNO; solution medium concentration increased the
energy per second for discharge plasma, which induced the formation of black TiO,
NPs with a large mean volume diameter at a high synthesis rate and high Ti**/Ti** ratio.
In addition, it also reduced the band gap energy of the obtained black TiO,, resulting
in the capability of the visible light absorption. Moreover, long plasma discharge time
also induced an agglomeration and/or structural growth of the synthesized black TiO,
particles and the high formation of Ti** defect structure. Among all as-synthesized
black TiO, photocatalysts, the black TiO, synthesized through the SPP with plasma
discharge time of 4 h at the repetition frequency of 20 kHz and pulse width of 2.0 us
under 3.0 mM HNO; solution medium exhibited the lowest band gap energy of around
2.44 eV and provided the highest photocatalytic activity for glycerol conversion
(58.49% at 24 h) with the yield of GCD, DHA, HPA, GCOA, GCOD and FMD of 4.85, 3.32,

2.11, 2.15, 39.15 and 26.61%, respectively.



221

7.2 Recommendations

Further research on the photocatalytic conversion of glycerol over TiO,-based

photocatalyst should be concerned with the following aspects:

1.

It is clear that the concentration of ROS was significantly affected on the type
of product generation. Therefore, the threshold quantity of each ROS on each
type of generated value-added compounds via the photocatalytic oxidation
over TiO,-based photocatalyst was suggested for the further study in order to
achieve the controllable route of glycerol conversion and the high yield of
desired products.

To achieve the desirable glycerol conversion in the early operation time and
improve the yield of desired products over bimetallic NPs decorated on TiO,,
the optimization of metal ratio should be carried out.

It is worth noting that the metal-decorated on TiO, and defective black TiO,
can adsorb the light in visible region. Thus, the use of solar light for the
photocatalytic conversion of glycerol over these photocatalysts should be

evaluated.
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APPENDIX A

CALIBRATION CURVE

A.1 Calibration curve of glycerol solution

Table A.1 Data of different glycerol concentrations for calibration curve.
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Glycerol Peak Area
concentration
1 2 Average
(mol/L)
0.0 0 0 0
0.1 914577 886449 900513
0.2 1649442 1686752 1668097
0.3 2505019 2518953 2511986
0.4 3357854 3314534 3336194
4000000
3500000
y = 8340484.90 x ..
3000000 =T ’
2500000 - o
8 2000000 -
<
1500000 4 Pl
1000000 1
/,”
500000 4 .7
0 # T T T T
0 0.1 0.2 0.3 0.4 0.5

Glycerol concentration (mol/L)

Figure A.1 Calibration curve of glycerol solution.



A.2 Calibration curve of glyceraldehyde solution

Table A.2 Data of different glyceraldehyde concentrations for calibration curve.
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Glyceraldehyde Peak Area
concentration
1 2 Average
(mol/L)

0.0 0 0 0
0.0275 159738 163806 161772
0.0550 320846 314464 317655
0.1110 690537 688041 689289
800000
700000 - o

y =6112862.12 x
600000 -
R?=1.00
500000 A )
® 400000 A
<
300000 - ==
200000 -
f”‘.’
100000 ~
0 "" T T
0 0.02 0.06 0.08 0.12

Glyceraldehyde concentration (mol/L)

Figure A.2 Calibration curve of glyceraldehyde solution.
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A.3 Calibration curve of dihydroxyacetone solution

Table A.3 Data of different dihydroxyacetone concentrations for calibration curve.

Dihydroxyacetone Peak Area
concentration
1 2 Average
(mol/L)
0.00 0 0 0
0.10 601219 588821 595020
0.15 1003142 956110 979626
0.30 1853706 1814052 1833879
2000000
1750000 - 0
y = 6176404.90 x
1500000 - R22099
1250000 -
$ 1000000 A el
<
750000 -
-
500000 -
250000 4 7
0 '9'/ T T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Dihydroxyacetone concentration (mol/L)

Figure A.3 Calibration curve of dihydroxyacetone solution.



A.4 Calibration curve of hydroxypyruvic acid solution
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Table A.4 Data of different hydroxypyruvic acid concentrations for calibration curve.

Hydroxypyruvic Peak Area
acid concentration

1 2 Average
(mol/L)
0.00 0 0 0
0.05 99865 103299 101582
0.10 250173 248987 246850
0.30 741844 755366 748605
800000

9
700000 -
y = 2481420.49 x
600000 - R=100
500000 -
$ 400000
<

300000 A

e
200000 A
100000 { e

0 ',/' T T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Hydroxypyruvic acid concentration (mol/L)

Figure A.4 Calibration curve of hydroxypyruvic acid solution.
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A.5 Calibration curve of glycolic acid solution

Table A.5 Data of different glycolic acid concentrations for calibration curve.

Glycolic acid Peak Area
concentration
1 2 Average
(mol/L)
0.0 0 0 0
0.1 300521 299227 299874
0.2 720183 699843 710013
0.3 919742 929172 924457
0.5 1611840 1585706 1598773
1800000
1600000 4 .
y =3200032.25 x e
1400000 -
R°=0.98 .
1200000
1000000 A
< 800000 A
o//
600000 A
400000 1
;"’
200000 4
0 '?/’ T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6

Glycolic acid concentration (mol/L)

Figure A.5 Calibration curve of glycolic acid solution.
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A.6 Calibration curve of formaldehyde solution

Table A.6 Data of different formaldehyde concentrations for calibration curve.

Formaldehyde Peak Area
concentration
1 2 Average
(mol/L)
0.0 0 0 0
0.1 292331 298359 295345
0.2 627995 622803 625419
0.3 1175268 1162802 1169035
0.5 1746582 1792034 1769308
2000000
1750000 y = 3563452.80 x e
1500000 R =098
1250000
o -
¢ 1000000
<
750000
/x"o
500000
250000 1ULA
O T T T T T
0.1 0.2 0.3 0.4 0.5 0.6

Formaldehyde concentration (mol/L)

Figure A.6 Calibration curve of formaldehyde solution.
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APPENDIX B
EXAMPLES OF CALCULATION

B.1 Calculation of metal loading content

Example : monometallic Aus/TiO, photocatalyst with 3 wt.% Au content

Given; Molecular weight of HAuCl,.3H,0 393.83 ¢/mol
Molecular weight of Au 196.97 ¢/mol
TiO, powder 100 ¢ would have been Au on TiO, 3¢

If TiO, powder 2.00 ¢  would have been Au on TiO, 0.06 ¢
So, Au metal 0.06 ¢ would have been from HAuCl, 3H,0

g HAUCL, +3H,0 x g Au (TIO,)  393.83 x 0.06

=012¢
g Au 196.97

And, HAuCl, 3H,0 1 ¢ was dissolved as precursor solution 100 mL

So, HAuCly 3H,O 0.12 ¢ would have been from precursor solution 12 mL

Therefore, taking 12 mL of HAuCly 3H,0 precursor solution and dissolved with 1.94 g

of TiO, support.

Example : bimetallic AusPts/TiO, photocatalyst with each 3 wt.% of Au and Pt

Given; Molecular weight of HAuCl,.3H,0 393.83 g¢/mol
Molecular weight of Au 196.97 ¢/mol
Molecular weight of H,PtCls.6H,0 517.90 g¢/mol
Molecular weight of Pt 195.08 g/mol
TiO, powder 100 ¢ would have been Au on TiO, 3¢

and  would have been Pt on TiO, 3¢

If TiO, powder 2.00 ¢  would have been Au on TiO, 0.06 ¢
and  would have been Pt on TiO, 0.06 ¢
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So, Au metal 0.06 ¢ would have been from HAuCl, 3H,0

g HAUCL, +3H,0 x g Au(TiO,) 393.83 x 0.06
= = 012 g
g Au 196.97

And, HAuCly 3H,0 1 ¢ was dissolved as precursor solution 100 mL

So, HAuCly 3H,O 0.12 ¢ would have been from precursor solution 12 mL

And, Pt metal 0.06 ¢ would have been from H,PtCly 6H,0

g H,PICL, -6H,0 x g PL(TIO,) _ 517.90 x 0.06

=0.16 ¢
g Pt 195.08

And, H,PtCly 6H,0 1 ¢ was dissolved as precursor solution 100 mL

So, H,PtCly 6H,O 0.16 ¢ would have been from precursor solution 16 mL

Therefore, taking 12 mL of HAuCl,; 3H,O precursor solution, 16 mL of H,PtCly 6H,0O

precursor solution and dissolved with 1.88 ¢ of TiO, powder.

B.2 Calculation of glycerol conversion, product selectivity and product yield

The net of glycerol conversion (X), the product yield (¥) and the product
selectivity (S) of the selected product was calculated according to Egs. (B.1), (B.2) and

(B.3), respectively;

Amount of glycerol converted (C-based mole)
X(%) = x100

Total amount of glycerol in reactant (C-based mole) (®1)
Amount of glycerol converted to product j (C-based mole)
Total amount of glycerol in reactant (C-based mole) '
Amount of product j generated (C-based mole)
S(%) = x100 (8.3)

Total amount of generated products (C-based mole)
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Example: Calculation of the glycerol conversion, the product yield and the product
selectivity of generated products for glycerol photooxidation over commercial TiO, in
anatase phase under the condition of catalyst dosage 3 ¢/L, light intensity 4.79

mW/cm?® and 8 h of irradiation time with using O, as electron acceptor.

For glycerol conversion (mol/L)
From the Eq. of calibration curve as displayed in Appendix A.1:
y = 8340484.90x
At the initial time;
Given, y = integrated peak area = 2581903
x = glycerol concentration (mol/L)

2581903

X= = 0.31 mol/L

. 8340484.90
Therefore, the initial glycerol concentration = 0.31 mol/L
At the 8 h of irradiation time;
Given, y = integrated peak area = 2156536

x = glycerol concentration (mol/L)

2156536

X= = 0.259 mol/L

] 8340484.90
Therefore, the glycerol concentration at 8 h of irradiation time = 0.259 mol/L

For glycerol conversion (%) as calculated by Eq.(B.1)

0.310-0.259

X(%)=———x100 = 16.45%
0.310

For the product yield of selected product
- Glyceraldehyde concentration (mol/L)

From the Eq. of calibration curve as displayed in Appendix A.2:
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y =6112862.12x
At the 8 h of irradiation time;
Given, y = integrated peak area = 85814
x = glyceraldehyde concentration (mol/L)

85814

X= = 0.014 mol/l

6112862.12
So, the glyceraldehyde concentration at 8 h of irradiation time = 0.014 mol/L

For the glyceraldehyde yield (%) as calculated by Eq.(B.2)

0.014
X(%)=

x100 = 4.52%
0.310

- Dihydroxyacetone concentration (mol/L)
From the Eq. of calibration curve as displayed in Appendix A.3:
y = 6176404.90x
At the 8 h of irradiation time;
Given, y = integrated peak area = 52712
x = dihydroxyacetone concentration (mol/L)

52712

X= = 0.0085 mol/l

6176404.90

So, the dihydroxyacetone concentration at 8 h of irradiation time = 0.0085
mol/L

For the dihydroxyacetone yield (%) as calculated by Eq.(B.2)

5
x100 = 2.74%
0.310

X (%)=

- Hydroxypyruvic acid concentration (mol/L)
From the Eq. of calibration curve as displayed in Appendix A.4:

y = 2481420.49x
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At the 8 h of irradiation time;
Given, y = integrated peak area = 6695
x = hydroxypyruvic acid concentration (mol/L)

6695

X= = 0.0027 mol/l

2481420.49
So, the hydroxypyruvic acid concentration at 8 h of irradiation time = 0.0027

mol/L
For the hydroxypyruvic acid yield (%) as calculated by Eq.(B.2)

0.0027

X (%)= x100 = 0.87%

0.310

- Glycolic acid concentration (mol/L)
From the Eq. of calibration curve as displayed in Appendix A.5:
y = 3200032.25x
At the 8 h of irradiation time;
Given, y = integrated peak area = 5858
x = glycolic acid concentration (mol/L)

5858

X= =0.0018 mol/l

3200032.25

So, the ¢lycolic acid concentration at 8 h of irradiation time = 0.0018 mol/L

For the glycolic acid yield (%) as calculated by Eq.(B.2)

8
x100 = 0.58%
0.310

X (%)=

- Formaldehyde concentration (mol/L)
From the Eq. of calibration curve as displayed in Appendix A.6:
y = 3563452.80x

At the 8 h of irradiation time;
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Given, y = integrated peak area = 5392
x = formaldehyde concentration (mol/L)

5392

X= = 0.0015 mol/L

3563452.80

So, the formaldehyde concentration at 8 h of irradiation time = 0.0015 mol/L
For the formaldehyde yield (%) as calculated by Eq.(B.2)

0.0015
X (%)=

x100 = 0.48%
0.310

For the product selectivity (S) of selected product

The all generated products in this condition was
o Glyceraldehyde 0.014 mol/L
o Dihydroxyacetone 0.0085 mol/L
o Hydroxypyruvic acid = 0.0027 mol/L
o Glycolic acid 0.0018 mol/L
o Formaldehyde 0.0015 mol/L

Thus, the summation of all generated products concentration is 0.0285 mol/L

- Glyceraldehyde selectivity (%) was calculated by Eq.(B.3)

0.014
Y (%)=

x100 = 49.12 %
0.0285

- Dihydroxyacetone selectivity (%) was calculated by Eq.(B.3)

0.0085

Y (%)= x100 = 29.82 %

0.0285
- Hydroxypyruvic acid selectivity (%) was calculated by Eq.(B.3)

7
x100 = 9.47 %
0.0285

Y (%)=

- Glycolic acid selectivity (%) was calculated by Eq.(B.3)
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0.0018
Y (%)=

x100 = 6.32 %
0.0285

- Formaldehyde selectivity (%) was calculated by Eq.(B.3)

0.0015

Y (%)= x100 = 5.26 %

0.0285



APPENDIX C

LIST OF COMPOUNDS GENERATED FROM GLYCEROL PHOTOOXIDATION
VIA TiO,-BASED PHOTOCATALYSTS

Table C.1 List of compounds generated from the photooxidation of glycerol over

TiO,-based photocatalysts.

Price (£/kg)

Hydroacetic acid

IUPAC name
Other names Chemical structure (%Purity)
(Molecular formula)
[CAS No.]
2,3- Glyceraldehyde; 100,000
OH
Dihydroxypropanal Glyceric aldehyde; (298.0%)°
HO _0
(C5HgOs) Glyceral [56-82-6]
1,3-Dihydroxypropan- | 1,3-
4,500
2-one Dihydroxypropanone; @] ( »
>98.0%
(C3Hs03) Dihydroxyacetone; HO\)J\/OH
[96-26-4]
Glycerone
3-Hydroxy-2- Hydroxypyruvic acid; @) 20,040,000
oxopropanoic acid Hydroxypyruvate HO\HJI\/OH (295.0%)°
(CsH4O4) O [1113-60-6]
2,3- Glyceric acid
HO 1,470
Dihydroxypropanoic
HO OH (220.0%)°
acid
0 [473-81-4]
(C5HsOu)
2-Hydroxyethanoic Dicarbonous acid;
500
acid Glycolic acid; @
J\/OH N/A
(C,H405) Hydroxyacetic acid; HO
[79-14-1]
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Table C.1 List of compounds generated from the photooxidation of glycerol over

TiO,-based photocatalysts. (Cont.)

Price (£/kg)

Metacarbonoic acid;
Oxocarbinic acid;

Oxomethanol

IUPAC name Chemical
Other names (%Purity)
(Molecular formula) structure
[CAS No.]
2- Glycolaldehyde;
d ldehyd d \dehyd 94000
Hydroxyacetaldehyde | Hydroxyacetaldehyde;
HO\AO N/A
(C,H,0,) 2-Hydroxyethanal;
[141-46-8]
Hydroxyethanal
Methanal (CH,0O) Formaldehyde;
Methyl aldehyde;
Methylene glycol, @) 35
Methylene oxide; (l_l, (236.5%)°
H” "H
Formalin; [50-00-0]
Formol;
Carbonyl hydride
Methanoic acid Formic acid,
(CH,0O,) Carbonous acid;
Formylic acid;
Hydrogen carboxylic O 34
I )
- 0
acid, H/C\OH (295.0%)
Hydroxy(oxo)methane; [64-18-6]

®Reagent grade

®Food grade




264

VITA

Mr. Trin Jedsukontorn was born on September 28, 1990 in Chonbuiri,
Thailand. He received his B.Sc. (Hons) degree from the Department of Chemical
Technology, Chulalongkorn University in 2013. He continued studying for a Doctoral
Degree in Chemical Technology, Chulalongkorn University. He has received the
Dutsadi Phiphat Scholarship from Chulalongkorn University for his Ph.D. study. Trin
also served as a teaching assistant for undergraduate courses “Chemical Engineering
Thermodynamic” and “Process Dynamics and Control”. He carried out his Ph.D.
research for one year (2016-2017) at Graduate School of Engineering, Nagoya

University, Japan.
Journal Publications:

1. T. Jedsukontorn, V. Meeyoo, N. Saito, M. Hunsom, Route of glycerol
conversion and product generation via TiO2-induced photocatalytic oxidation in the

presence of H2O2. Chem. Eng. J. 281 (2015) 252-264.

2. T. Jedsukontorn, V. Meeyoo, N. Saito, M. Hunsom, Effect of electron
acceptors H2O2 and O2 on the generated reactive oxygen species 'O and OH in
TiOo-catalyzed photocatalytic oxidation of glycerol. Chin. J. Catal. 37 (2016) 1975-
1981.

3. T. Jedsukontorn, N. Saito, M. Hunsom, Photocatalytic behavior of

metal-decorated TiO3 and their catalytic activity for transformation of ¢lycerol to

value added compounds. Mol. Catal. 432 (2017) 160-171.

4. T. Jedsukontorn, T. Ueno, N. Saito, M. Hunsom, Facile preparation of

defective black TiOp through the solution plasma process: Effect of parametric
changes for plasma discharge on its structural and optical properties. J. Alloys

Compd. 726 (2017) 567-577.

5. T. Jedsukontorn, T. Ueno, N. Saito, M. Hunsom, Narrowing band gap

energy of defective black TiOp fabricated by solution plasma process and its



265

photocatalytic activity on glycerol transformation. (2018) [Submitted]

6. T. Jedsukontorn, T. Ueno, N. Saito, M. Hunsom, Mechanistic aspect
based on the role of reactive oxidizing species (ROSs) in macroscopic level on the
glycerol oxidation over defected and defected-free TiO5. (2018) [Submitted].

7. T. Jedsukontorn, N. Saito, M. Hunsom, Photoinduced sglycerol
oxidation over plasmonic Au and AuM (M = Pt, Pd and Bi) nanoparticle-decorated

TiO2 photocatalysts. Nanomaterials 8 (2018) 269.

Conference Presentation:

1. T. Jedsukontorn, T. Ueno, N. Saito, M. Hunsom, (2017) “Narrowing
band gap energy of defective black TiOp fabricated by solution plasma process and
its application on glycerol conversion”. European Material Research Society Spring

Meeting, May 22-26, 2017 at Palais de la Musique et des Congres, Strasbourg, France.



	THAI ABSTRACT
	ENGLISH ABSTRACT
	ACKNOWLEDGEMENTS
	CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER I
	1.1 Rationales and theories
	1.2 Objectives of dissertation
	1.3 Research methodology and Experimental procedures

	CHAPTER II
	2.1 Background
	2.2 Glycerol
	2.3 Sustainable use of glycerol surplus
	2.4 Oxidation of glycerol
	2.5 Photocatalytic process
	2.6 Semiconductor material
	2.7 Titanium dioxide
	2.8 Doping TiO2
	2.8.1 Doping with transition metals
	2.8.2 Doping with noble metals
	2.8.3 Non-metal modification

	2.9 Defective TiO2
	2.9.1 Synthesis of defective TiO2

	2.10 Solution plasma process (SPP)
	2.10.1 Solution plasma application
	2.10.1.1 Nanomaterial synthesis
	2.10.1.2 Wastewater treatment


	2.11 Key species in photocatalytic reactions
	2.11.1 Superoxide radical (O2•−)
	2.11.2 Hydroxyl radical (OH•)
	2.11.3 Singlet molecular oxygen (1O2)

	2.12 Literature reviews

	Table 2.3 Overview of glycerol conversion over Pt, Pd and Au metal based catalysts in water solute via oxidation reactions [3, 13, 15, 24] (Cont.).
	CHAPTER III
	3.1 Chemical substances and materials
	3.2 Laboratory instruments
	3.3 Synthesis of monometallic decorated on TiO2
	3.4 Synthesis of Au-based bimetallic nanoparticles decorated on TiO2
	3.5 Synthesis of black TiO2 through solution plasma process
	3.6 Photocatalytic activity test
	3.7 Detection of the generated reactive oxygen species (ROS) in photocatalytic system
	3.8 Catalyst characterizations
	3.8.1 X-ray Diffraction (XRD)
	3.8.2 X-ray Photoelectron Spectroscopy (XPS)
	3.8.3 Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM/EDS)
	3.8.4 Transmission Electron Spectroscopy with Energy Dispersive X-ray Spectroscopy (TEM/EDS)
	3.8.5 Brunauer-Emmett-Teller method (BET)
	3.8.6 Fourier Transform Infrared Spectroscopy (FTIR)
	3.8.7 Electron Spin Resonance Spectroscopy (ESR/EPR)
	3.8.8 Dynamic Light Scattering (DLS)
	3.8.9 Ultra-Violet Spectroscopy (UV-Vis)

	3.9 Plasma characterizations
	3.9.1 Current and Voltage waveform
	3.9.2 Optical Emission Spectra (OES)


	CHAPTER IV
	4.1 Effect of TiO2 phase on photocatalytic oxidation of glycerol
	4.2 Effect of operating parameters on photocatalytic oxidation of glycerol
	4.3 Evaluation of influence factors on photocatalytic oxidation of glycerol and product generation by 2k factorial design
	4.3.1 Influence factors on glycerol conversion
	4.3.2 Influence factors on DHA selectivity
	4.3.3 Influence factors on GCD selectivity
	4.3.4 Influence factors on GCA selectivity
	4.3.5 Influence factors on glycolic acid (GCOA) selectivity

	4.4 Effect of electron acceptor types on photocatalytic oxidation of glycerol
	4.5 Mechanism of commercial TiO2-induced photocatalytic oxidation of glycerol

	CHAPTER V
	5.1 Monometallic NPs decorated on TiO2
	5.1.1 Effect of decorated metal types
	5.1.1.1 Crystallite structure analysis
	5.1.1.2 Morphology analysis
	5.1.1.3 Chemical structure analysis
	5.1.1.4 Optical property analysis
	5.1.1.5 Photocatalytic activity test for glycerol conversion
	5.1.1.6 Mechanism of charge transfer in monometallic NPs decorated on TiO2

	5.1.2 Effect of Au metal content
	5.1.2.1 Crystallite structure analysis
	5.1.2.2 Morphology analysis
	5.1.2.3 Chemical structure analysis
	5.1.2.4 Optical property analysis
	5.1.2.5 Photocatalytic activity test for glycerol conversion


	5.2 Bimetallic NPs decorated on TiO2
	5.2.1 Crystallite structure analysis
	5.2.2 Morphology analysis
	5.2.3 Chemical structure analysis
	5.2.4 Optical property analysis
	5.2.5 Photocatalytic activity test for glycerol conversion


	CHAPTER VI
	6.1 Formation of black TiO2 NPs through solution plasma process
	6.2 Characterization of the as-synthesized black TiO2 NPs
	6.2.1 Effect of HNO3 concentration, pulse width and repetition frequency
	6.2.1.1 Crystallite structure analysis
	6.2.1.2 Morphology analysis
	6.2.1.3 Chemical structure analysis
	6.2.1.4 Optical property analysis

	6.2.2 Effect of plasma discharge time
	6.2.2.1 Crystallite structure analysis
	6.2.2.2 Morphology analysis
	6.2.2.3 Chemical structure analysis
	6.2.2.4 Optical property analysis


	6.3 Photocatalytic activity of as-synthesized black TiO2 NPs
	6.4  Mechanism and role of generated ROS in the photooxidation of glycerol by using black TiO2

	CHAPTER VII
	7.1 Conclusions
	7.1.1  Commercial TiO2-induced photocatalytic oxidation of glycerol to value-added compounds
	7.1.2   Metal-decorated TiO2-induced photocatalytic oxidation of glycerol to value-added compounds
	7.1.3   Preparation of black TiO2 via solution plasma process and its photocatalytic oxidation of glycerol to value-added compounds

	7.2 Recommendations

	REFERENCES
	APPENDICES
	APPENDIX A
	APPENDIX B
	APPENDIX C

	VITA

