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CHAPTER |

Introduction

Nowadays, noble metal catalysts are widely used in chemical industry and
environment treatment reactions such as reforming, photocatalytic reaction,
hydrogenation and oxidation [1-6]. Although, noble metal catalysts present high
activity and selectivity but they are expensive. So, many researchers are now searching
for low cost and high performance catalysts. The improvement of catalyst performance
has been studied in terms of metal dispersion, preparation methods, addition of a
second metal, and strong metal-supported interaction. Preparation of highly dispersed
supported metal catalysts is necessary in order to gain high atomic efficiency of the

noble metal.

Titanium dioxide (TiO,) is commonly used as catalyst/catalyst support in photo-
catalytic reaction, environment treatment, hydrogenation, and oxidation reaction
because of its good chemical stability, non-toxic, and low cost [7]. Modification of
support is recognized as a way to improve catalyst performance. The Pt supported on
different types of TiO, supports exhibited different activity. TiO, crystallite size played
role in the reducibility of the TiO, [8]. Mesoporous TiO, was found to exhibit higher
photocatalystic activities than the Degussa P25 TiO, [9]. Transition metal doped TiO,
led to structural properties change. Lanthanum doped TiO, resulted in inhibition of
the growth of TiO, crystallite size [10, 11]. Khan and Cao [12] reported that Y** replaced
lattice Ti** led to substitutional point defects in yttrium (Y)-doped TiO,. It is also well
known that TiO, is one of the reducible metal oxides which strongly interacts with
noble metal [13, 14]. Strong metal support interaction (SMSI) effect is important for
improving catalytic properties of supported metal catalysts in many reactions [15].
Many researchers reported the modification of supports for supported noble metal [7,

16, 17].



14

The addition of a second transition metal to supported noble metal catalysts
has been reported to improve catalyst properties such as size, structure, metal
composition, surface crystal structure, crystal defect, and metal particle size on
supporting material [4, 18]. Tapina et al. [19] reported that addition of Re onto a
Pd/TiO, monometallic catalysts, Re selectively deposited on Pd-TiO, interface by a
catalytic reduction preparation method and random distribution obtained by
successive impregnation. Yttria-doped Pt/TiO, (Pt/TiO,-YO,) prepared by sol-gel
method was found to efficiently improve the activity and stability as well as maintain
the naturally excellent sulfur resistance in diesel oxidation and showed ultrafine
platinum nanoparticles (<1 nm) on TiO,~YO, supports [20]. Yttria is known to be for its
superior inertness to chemical attack from molten Ti alloy [21]. Addition of Mo and Fe
was reported to the result in the formation of a low valent thin oxide layer over TiO,
surface and Pt metal were highly dispersed on the layer [22].

Pt/TiO, catalyst is used in many catalytic reactions. For examples, 0.3 wt% Pt-
TiO, was used in the selective hydrogenation of 3-nitroacetophenone. High activity and
excellent selectivity were attributed to Pt nanoparticles and TiO, support as well as
the interaction between them [23]. Pt/TiO, exhibited higher photocatalytic activity than
TiO, particles [24]. For cyclohexane photocatalytic oxidation on Pt/TiO, catalysts, the
conversion was found to decrease by increasing Pt loading but CO, selectivity was
higher than TiO, [25].

The carbon monoxide (CO) oxidation reaction is an important reaction in
environment pollution control. This reaction is known to be less structure sensitive or
structure insensitive which the activity depends on the amount of active sites. The
improvement of metal dispersion consequentially affects CO oxidation activity. The
surface properties of support metal were used to describe the catalytic activities of
metal dispersed on support. Thus, CO oxidation is a good model reaction to gain more
understanding of the modified catalyst. Li et al. [5] reported that particle size of Pt is
related to turnover efficiency of CO oxidation.

In the present work, the first parts, a commercially available P-25 TiO, was

modified by Y, Zr, Nb, and La and used as catalyst support for preparation of Pt/TiO,
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catalysts. The catalyst activity was evaluated in the CO oxidation reaction and

characterized by various analytical techniques.

1.1 Objective

To investigate the effect of transition metals (Y, Zr, Nb, La) modified TiO, on Pt active

sites and CO oxidation activity on Pt/TiO, catalysts.

1.2 The Scope of the research

The scope of the research is given below.
1.2.1 Modified TiO, were prepared by successive impregnation. Transition metal (Y, Zr,

Nb, La) was loaded on the TiO, (P25) first and followed by platinum loading.

1.2.2 TiO, support was modified with different mole ratios of transition metals/Ti (0.001,
0.005, 0.01, 0.05, 0.1) mole ratio and loaded with 0.3wt% Pt.

1.2.3 The catalyst activity testing was carried out in the CO oxidation reaction. The
feed containing 1%CO and 2%0, balance with He was flowed through reactor at 50

ml/min with heating rate 2°C/min.

1.2.4 Characterization of catalyst by using various techniques:

® X-ray diffraction (XRD)

® N, physisorption

® (O chemisorptions

® H, Temperature program reduction (H, TPR)
® X-ray photoelectron spectroscopy (XPS)

® Transmission electron microscope (TEM)

® FElectron spin resonance (ESR)
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CHAPTER Il
BACKGROUND

This purpose of this chapter provides the fundamental concept and literature
review for this thesis. The first section of the chapter describes the fundamental
information about properties of TiO,, applications and surface modification. Next
section describes transition metal modified TiO, supports. The fundamental of CO

oxidation was mentioned in the last section.

2.1 Titanium dioxide

TiO, so celled titania, has many applications due to its strong oxidizing power
of the photogenerated holds, chemical inertness, non-toxicity, low cost, high refractive
index and other advantageous surface properties. Therefore, TiO, was used as catalyst
or catalyst support such as photocatalysis, air purification, water treatment, self-

cleaning, antifogging, gas sensors, and other [26-28].

2.1.1 Crystal structure and properties

Titanium dioxide has three crystal forms: anatase (tetragonal), rutile (tetragonal)
and brookite (orthorhombic), the structure are illustrated in Figure 2.1 Crystal
structures of anatase (a), rutile (b), and brookite (c). The rutile and anatase structure
with tetragonal geometry are highly symmetrical where each Ti atom is surrounded by
six oxygen atom forming a TiO4 octahedron. The only difference between the two
structures is the distortion and linkage between the octahedrally coordinated Ti and
O atoms [29]. Rutile is common form and the most stable form of TiO,. Anatase and
brookite convert to rutile at high temperature. Anatase and rutile have been widely

studies and used in many applications due to brookite is uncommon and difficult to

purify.
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Figure 2.1 Crystal structures of anatase (a), rutile (b), and brookite (c) [29]

Titanium dioxide is sensitive to thermochemical such as temperature, pressure,
impurity. TiO, surface contains several atoms, ions and molecules via ionic, covalent
or coordinated bonding such as basic terminal and acidic bridged-hydroxyl group;
unstable Ti-O-Ti bonds; water molecules adsorbed at Lewis acid sites or bound to
surface hydroxyl group; potential electron donor and acceptor sites; perhaps adsorbed
oxidants such as hydroxyl or hydroperoxyl radicals; or activated oxygen species
generated by photocatalytic processes [30]. The crystal planes (1 0 0), (0 0 1) and (1 1
0) are found in Rutile phase, where (1 1 0) is most stable. The crystal planes of anatase
are found in (1 0 1), (1 0 0) and (0 1 0). There TiO, crystal planes plays role in all
mentioned applications. Some of the most important bulk properties of TiO, are shown
in Table 2.1 Some of the most important bulk properties of TiO2. The structure defects
is the main factor affecting the properties of crystalline of material. Oxygen vacancies
(Ti**) is dominant surface defect on TiO, which easily detected by XPS, O,
photodesorption, surface vertical orbital (SVO) method, electron spin resonance (ESR)
or CO,-temperature programmed desorption (TPD) [31]. It plays a critical role in surface
and electronic properties of TiO, and is believed to affect the electron-hole
recombination process in photocatalysts [32]. Linh et al. [33] performed density
functional theory (DFT) based calculations to investigate the effects of O-vacancies on
the adsorption of O, on anatase TiO, (001). The O, adsorption on TiO, (001) was

enhanced by introducing O-vacancy. The resulting excess electrons from the
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introduction of the O-vacancy redistribute around the neighboring Ti ions. An incoming
O, can adsorb at the O-vacancy site, either in the superoxide state (O,) or the peroxide
state (02,%). Bailon-Garcia et al. [3] reported that after Pt/TiO, pretreated in H,, the
formation of two-dimensional Pt nanoparticles and oxygen vacancies favored the
diffusion of Pt species into the TiO, structure. The coupled effect of Pt 2-D
nanoparticles and oxygen vacancies strongly enhanced the catalytic activity and the

selective hydrogenation of citral.

Table 2.1 Some of the most important bulk properties of TiO,

Crystal Lattice parameters Band gap
system
structure a b C (eV)
Rutile [34] Tetragonal 4.592 - 2.958 3.00 [35]
Anatase [36] Tetragonal 3.785 - 9.511 3.21 [35]
Brookite [37] | Orthorhombic | 9.184 5.447 5.145 3.13 [35]

Degussa P25, TiO, is titania nanoparticles that is used widely because of
excellent activity in many photocatalytic reaction systems. It is known that P25
contains anatase and rutile phase in ratio 70:30 and large surface area (49 m? ¢') [38,

39].

2.1.2 Application of TiO,

TiO, is consumed in many applications such as pigment, photocatalyst, catalyst

supported, promoter, gas sensor, or containing in sunscreen and so on.

2.1.2.1 Pigment

Titanium dioxide is the most widely used white pigment in a variety of industrial

products, such as plastics, printed products and paints. Moreover, thermal property of
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TiO, is used in household paints which reducing the energy required for cooling [40].

And UV resistant property is used in cosmetic product such as sun screen.

2.1.2.2 Photocatalyst for waste treatment

An expanding Industry causes lots of waste which requires disposal treatment
and costly. Semiconductor photocatalysis has been considered to solving the
environmental problem. Many researchers have propose that TiO, is excellent
photocatalsyt, it is low toxicity, low-cost and high efficiency to degradation of organic

pollutants in atmosphere and water [41-44].

2.1.2.3 Catalyst support

Titanium dioxide (TiO,) is commonly used as catalyst/catalyst support because
of low-cost and large surface area. Because of its good chemical stability, non-toxic,
and low cost [7]. And it is well known that TiO, is one reducible metal oxides which
strong interacts with noble metal [13, 14]. Strong metal support interaction (SMSI)
effect is important for improving catalytic properties of supported metal catalysts in

many reaction [15].

2.2 Modification of TiO, nanoparticles

The properties of TiO2 nanoparticles depend on morphology, size, crystalline

phase, and electron properties.

Preparation of TiO2 nanostructure with significant properties have been
developed in many processes. Many researchers were interested in precipitation, sol-
gel, hydrothermal, and flame spray preparation method [45-48]. Among the above
mentioned methods, the sol-gel method is normally used for preparation of
nanometer sized TiO, powder with different shapes such as porous structure, thin
fibers, dense powder, and thin films, as well as for the surface treatment of metal

oxides. There are several parameter for controlling sol-gel process to prepare TiO,
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nanopowder with significant properties, such as mole ration of reactant, water content,
temperature, time, and pH of the media [49, 50]. The TiO, prepared by sol-gel method
usually present an amorphous structure which must be heat-treated in order to
achieve the crystalline phase [51]. The different morphological characteristics of a TiO,
is played role on TiO, properties which affect to catalystic activity or behavior with

metal loading [8].

Addition of a second element is a technique used to improve the TiO,
properties. Two main techniques have been reported. The first one is the incorporation
of second element into TiO, lattice by sol-gel, co-precipitation and hydrothermal. For
another one technique, the second component is placed on TiO, surface by
impregnation method which is easy method to prepare ot of catalyst. Wang et al [52]
observed that Nb promotes the anatase to rutile phase transition but has a depression
effect on the anatase grain growth in Nb-doped TiO, prepared by sol-gel method. Khan
and Cao [12] reported that yttrium (Y)-doped TiO, prepared by hydrothermal method,
Y** replaces lattice Ti** leading to substitutional point defects. The incorporation of
yttrium into the titania lattice create oxygen vacancies which the quantity of dopant
controls the number of surface oxygen vacancies created and the gold particle size.
The oxygen vacancies generated to balance the charge (bridge surface oxygen atoms)
are found to be preferential adsorption sites for Au atoms and NPs, acting as nucleation
centers that favor the dispersion of catalyst active phase on support surface [53].
Lanthanum doped 1D-TiO, nanomaterials prepared by wet impregnation method was
reported. La was found to inhibits TiO, crystallite growth and increase the lifetime of

photogenerated electron-hole pairs in photodegradation reaction [11].

2.3 Modified TiO, for supported noble metal catalysts
Previous works of noble metal supported modified TiO, is presented in Table 2.2.

T. Sakamoto, et al. (2010) investigated the addition effect of transition metals
(Fe, Ni, Sn, Co, Mo, Ru) modified TiO, supported Pt metal by successive impregnation

method for liquid phase reforming of methanol. They reported that additive Mo, Fe
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increased catalytic activity and selectivity of Pt/TiO, remarkably. The dispersion of
metal increased from 13.6% to 29.9% and 39.9%, respectively. The Mo and Fe species
formed a low valent thin oxide layer over TiO, surface and then Pt metal were highly
dispersed on that layer. However, additive Ni or Co formed alloy with Pt which

exhibited poor improvement activity and selectivity [22].

B. Tapin, et al. (2014) prepared Bimetallic Re-Pd catalysts by addition of Re
onto Pd/TiO, monometallic catalyst, either by a catalytic reduction method or by
successive impregnation. They reported that catalytic reduction preparation method
induced a selective Re deposit at the Pd-TiO2 interface but successive impregnation

method lead to random distribution [19].

Z. ma, et al. (2007) prepared Au/M,O,/TiO, for CO oxidation. The metal oxide-
modified TiO, were prepared by excess-solution impregnation method and gold was
loaded by a deposition-precipitation method. They found that Au/TiO, modified by
CaO, NiO, Zn0O, Ga,0s, Y,0s, Zr0,, Lay0s, Pry0s, Nd,0s, Sm,0s3 Eu,0s, Gd,0s3, DY,0s,
Ho,0s, Er,Os, or Yb,O5; could improve activity even after aging at 500°C in O,-He.
Moreover, catalyst showed high activity even at -100°C when it was calcined at 200°C

[54].

Y. Sato, et al. (2005) studied Addition effect of Re on the water gas shift reaction
over TiO2 supported Pt, Pd and Ir catalysts. Addition Re were observed that possible
formation of bimetallic surface clusters with Re in the cases of Pt and Pd and anchoring

of nanoparticles by highly dispersed Re over TiO, in the case of Ir [55].

Z. Yang, et al. reported that Yttria-doped Pt/TiO, was found to remarkably
improve the activity and stability as well as maintain the naturally excellent sulfur
resistance of TiO,-based catalysts in diesel oxidation. The yttria-doped TiO, was
prepared by co-precipitation and Pt was loaded to support by impregnation methods.
Tem image of Pt/TiO,-YO, show that ultrafine platinum nanoparticles (<1 nm) with a
narrow size distribution (0.31-1.29 nm) were dispersed on TiO,-YO, supports. The XRD
patterns confirm that yttria addition could lead to suppression of the anatase crystal

growth and phase transition which could consequently enhance the platinum
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dispersion. They conclude that yttria can act as a dispersion promoter and a structure
stabilizer which is beneficial to low-temperature diesel oxidation catalytic activity and

stability [20].

J. Plata, et al. studied yttrium modified TiO, supported gold. The support was
prepared by sol-gel method. | was found that yttrium incorporated into titania lattice
favors the formation of oxygen vacancies while at low Y loadings the anatase structure
is preserved. The CO oxidation actives is known to be significantly dependent on
amount of dopant controls the number of surface oxygen vacancies created and gold
particle size. Density functional theory based calculations show that Y atoms are
incorporated at the TiO, surface at substitutional positions only, while the preferred
oxygen vacancies arise by removing the bridge surface oxygen atoms. These O-
vacancies are the preferential adsorption sites for Au atoms and nanoparticles, acting
as nucleation centers that favor the dispersion of the catalyst active phase over the

support surface [53].

D. Clark, et al. developed a catalyst for CO oxidation which is effective in the
presence of SO, and water in Claus tail gas. The catalyst were prepared by two case,
first Au and La,O; were deposited on TiO, nano-materials and the second, Au was
deposited on a co-precipitated TiO,~La,O; nano-material. Both catalyst showed vary
high CO conversion above 323K and remained active in the presence of SO, and other
sulfur compounds. The very high catalytic activity of the co-precipitated catalyst was
attributed to the presence of cationic Au and a low level of sulfate formation on the

nano-fiber support [56].

Hou, et al. prepared mesoporous TiO, and La-TiO, supported gold catalyst by
using deposit-precipitation method. The gold in Au/TiO, calcined at 450°C present as
AuO but La®>" doped Au/TiO, present a small portion of Au,O5 in addition to AuO. The
HRTEM image show that the crystallite sizes of Au in Au/TiO, and Au/La-TiO, after
calcination at 400°C are 6~8 nm and ~5 nm, respectively. After calcination at 450°C,
the crystallite sizes of Au in Au/TiO, increase above 20 nm but La doped Au/TiO, still
small size ~9nm. After calcination at 450°C, completely conversion of CO over Au/TiO,

reaches 86°C, while the temperature is only 53°C over Au/La-TiO,. indicating that small
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amount La** doped Au TiO, effectively inhibits the sintering of Au crystallites and
makes the catalyst possess good activity and high thermal stability [57].

A. Luengnaruemitchai, et al. (2015) prepared a series of Au supported on Fe,Os-
TiO, catalysts for the preferential CO oxidation (PROX) under a H,-rich stream. The
effects of the different metal support ratio, the calcination temperature, the gold
loading, and the pre-treatment condition were studied. They report that 1% Au/Fe,Os-
TiO, (1:4) exhibited higher CO conversion than the 1% Au/TiO, and 1% Au/Fe,0s
catalysts, especially temperature lower than 100°C, which due to the formation of
reducible gold species at lower temperature. TPR results explain that the improvement
of Au-Au and metal-metal (in support) interaction. XPS spectra exhibit peaks of Au’
which assigned to active site. The O, pretreatment could form adsorbed oxygen

species no surface which exhibit negative effect on activity and selectivity [58].

N.R. Elezovic, et al. (2011) studied Nb-TiO, supported platinum nanocatalyst
for oxygen reduction reaction in alkaline solutions. 5% Nb doped TiO, was synthesized
by modified acid-catalyzed sol-gel procedure in non-aqueous medium. Only anatase
phase was found by XRD. Existence of any peaks belonging to Nb compounds has not
been observed, indicating Nb incorporated into the lattice. Pt was loaded to Nb-TiO,
by using borohydride reduction method. 4nm of Platinum distribution over Nb doped

TiO, support was quite homogenous [59].

All literature suggested that transition metal could modify TiO, support
properties such as inhibit phase transform and substitution into titania lattices which
create defect on support surface. Moreover, it could improve metal properties such as
increase metals dispersion, reduce metal size and change metal-support interaction

which lead to increasing catalytic activity.
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Main Additive
Catalyst Preparation Reaction Detail Ref.
catalyst metal
Pt/M-TiO, 5wt% 5wt.% Successive Liquid Pt were [22]
Fe, Ni, impregnation | phase highly
Sn, Co, reforming | dispersed
Mo, Ru of on the Fe,
methanol | Mo layer
Re-Pd/TiO, | 2.0wt% 0.9- 1. successive | selective Sl: Re is [19]
Pd 3.5wt.% | impregnation, | hydrogea- | random
Re 2. catalytic tion of distribution
reduction succinic CR: Re
acid in deposit at
agueous the Pd-TiO,
phase interface
AW/MO,/Ti | n/a 5wt.% impregnation | CO metal oxide | [54]
0, MO, (M: oxidation | additives
Ca, Ni, decrease Au
Zn, Ga, Y, size
Zr, and
Si-W)
Pt-Re/TiO, | 2wt.% Pt | 1-10wt.% | Successive water gas | Increasing of | [55]
Re impregnation | shift dispersion
and particle
sizes
Pt/TiO,-YO, | 1wt.% Pt | 27wt.% VY | co- diesel Ultrafine Pt | [20]
precipitation | oxidation nanoparticl
and incipient | catalysts es (<1nm)

impregnation
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AU/Y-TiO,

n/a

n/a

sol-gel and
deposition—

precipitation

CO-

oxidation

incorporate
d Y atom at
TiO, surface
are create
vacancy
sites, which
adsorption

sites for Au

Au—l_a203—
TiO,

1wt.% Au

n/a

co-deposited

@)

oxidation

La>* cation
has been
incorporate
d into TiO,
matrix
during the
co-
precipitatio

n process

Au/La-TiO,

n/a

n/a

deposit-

precipitation

coO

oxidation

The doping
of a small
amount of
L33
effectively
inhibits the
sintering of
Au

crystallites

[57]

AU/Fe203—
TIO,

1wt.% Au

17.wt.%
Fe

incipient-
wetness

impregnation

coO

oxidation

Improve-
ment of Au-
Au and

metal-metal

(58]
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(in support)

interaction
in TPR
Pt/Nb-TiO, | 20wt.% 5wt.% Sol-gel and Oxygen 4nm Pt [59]
Pt Nb borohydride | reduction | particle

reduction

2.4 CO Oxidation

Carbon monoxide is a colorless, odorless and poisonous gas which is a major
product of the incomplete combustion of hydrocarbon. It is a byproduct of vehicle
exhausts, which a very large amount of CO emission in cities, particularly in heavy
traffic area. Other large CO emission source include industrial process, boiler and
incinerator. The emission of CO is a dangerous pollutant that is admitted contribute to
greenhouse effect and global warming. The carbon monoxide is very dangerous to
human due to colorless and odorless, which can despoil oxygen-carrying in
hemosglobin by inhaling and lead to hypoxic injury, neurological damage, and possibly
death. Due to CO oxidation is structure insensitive, it was used as reaction for studying

influence of modified catalyst.
2.4.1 Langmuir-Hinshelwood mechanism

It is cenerally admitted that CO oxidation on transition metal followed a
Langmuir-Hinshelwood mechanism. The carbon monoxide and oxygen molecules can
adsorb on transition metal and take place at metal dispersed catalysts. The mechanism

have been proposed during the CO oxidation [60]:

1) CO is adsorbed on surface of metal catalysts;
CO(g) + * <+—> CO(ad) (2.1)
2) Oxygen is adsorbed on surface of metal catalysts;
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3) Oxygen on surface is dissociated to form oxygen adatoms;

02 9) + * — > 20(ad) (2.3)

4) Adsorbed CO molecule reacted with adsorbed oxygen to form CO,

CO(ad) + O(ad) —_—> COZ (ad) + * (2.4)

5) Adsorbed CO, is desorbed from active site

CO(ad) + “—> COZ 9) + * (2.5)

Where * is a vacant active site

2.4.2 Eley-Rideal (ER) mechanism

Eley-Rideal-type (ER-type) mechanisms involve the reaction of adsorbed CO
with molecular O, in the gas phase which reactant in gas phase react with adsorbed
reactant. According to the two-step mechanism, first O, does not adsorb on catalyst
surface but is react from the gas phase by CO adsorbed on Au, and forms the reaction
intermediate (COOO) either on the Au surface. This reaction intermediate then
decomposes into CO, leaving an adsorbed O atom on the Au surface. In the second
step, this remaining O atom reacts with another CO molecule adsorbed on Au, leading
to the formation of the second CO, molecule [61, 62], which shown in equation 2.6-

2.7.
0, (g) T CO(ad) - (0, (@) T O(ad) (2.6)

CO(g) + O(ad) - (0, (9) + * (2.7)

2.4.3 Mars-van Krevelen mechanism

Mars-van Krevelen mechanism is participation of lattice O atom in CO oxidation
reaction which has been proposed to explain the CO, and CO5* formation upon metal
oxide exposure to CO. In this case, the oxygen atoms on the surface must be reactive

enough to allow the adsorption of CO at these sites. Such sites do not exist on perfect
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stoichiometric surfaces and require some corrugation. Once CO has adsorbed on metal
site and approached the activated O atom, an electron transfer takes place from the
molecule to the surface and the cationic sites are reduced. As a result, CO binds to
one surface O forming CO,, or to two surface O forming carbonates CO,4%, at the same

time that titanium cations are reduced [63].

The Mars-van Krevelen mechanism on Au/TiO, is shown in Figure 2.2. The CO
adsorbed on Au nanoparticle then reacted with activated surface lattice oxygen
species at the perimeter of the Au-TiO, interface and CO, product desorbed to gas
phase. Oxygen lattice site was replenished by dissociative adsorption of O, at them. At
higher temperatures (>80°C), migration of surface lattice oxygen and surface oxygen

vacancies also gives access to neighboring oxygen surface lattice sites [64].

O

I
C
1
1
1
g
Au ... O—Ti—O

Figure 2.2 Mars-van-Krevelen mechanism on Au/TiO,

2.4.4 Pt/TiO, in CO oxidation

Previous works of CO oxidation on Pt supported modified TiO, is presented in
Table 2.3.
N. Li, et al. studied kinetic and the effect of particle size on low temperature

CO oxidation over Pt/TiO, catalysts. Pt/TiO, catalysts with various Pt particle sizes

prepared by using an incipient wetness method. They report that turnover frequencies
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of CO oxidation depend on Pt dispersion which declined when increasing Pt particle
size. However, turnover frequency based on Pt atoms located on the periphery of Pt-
TiO, interface remained constant at 40°C, implying that these periphery Pt atoms were
the active sites. The elementary steps of this reaction were proposed that CO adsorbed
on Pt atom and O, adsorbed on TiO, and then a reaction of these two species at the

Pt-TiO, interface [5].

Hisahiro Einaga, et al. (2014) studied effect of varied molar ratio of Fe to Pt from
0.2 to 1.0 on Pt-Fe/TiO, catalyst with 1 wt% Pt. The TiO, support Pt-Fe catalysts were
prepared by impregnation method from acetylacetonate complexes. The preparation
route for TiO,-supported Pt and Fe were found to affect to CO chemisorption and
catalystic activity. Co-impregnation catalyst Pt-Fe/TiO, exhibits the highest activity,
indicating that the close proximity of Pt and Fe is crucial to obtaining the improved
activity of CO oxidation. HAADF-STM image of the 1 wt% Pt-Fe/TiO, catalyst with the
Fe/Pt ratio of 1.5 showed the 20-30 nm particles size of TiO, and 2 nm of Pt particles
distributed over the TiO, surface. Fe oxide particles were not observed in TEM image
and not detected in the XRD patterns of Pt-Fe/TiO,, indicating that Fe species were
highly dispersed on TiO, surface. The temperature programed reduction profile of Pt-
Fe/TiO, with the Pt loading 10% and the Fe/Pt ratio of 1/5 not observed reduction
peak of Fe®* to Fe?* and Fe?" to metallic Fe® at 200-350°C and 530-850°C respectively,
compare to FeO,/TiO, with 5 times larger. On the other hand, Pt-Fe/TiO2 catalyst
showed much different TPR profile. A negative peak at 64°C was assigned to H,
desorption from Pt particles. The broadening peaks in the temperature range of 200-
770°C were ascribed to reduction of oxidized Fe species and subsequent formation of
metallic Fe species. Thus, the H, reduction of oxidized Fe species was promoted by Pt

[4].

Ken-Ichi Tanaka, et al. (2006) reported that CO oxidation on FeO,/Pt/TiO,
catalyst is improved by H, and/or H,O at 60°C. DRIFT-IR spectroscopy shows that
fraction of bridge bonded CO increases while that of linearly bonded CO decreases on
the FeO, loaded Pt/TiO, catalyst. The bridged CO is more reactive than the linearly
bonded CO with respect to O, [65].
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Hongmei Qin, et al. (2015) studied Pt/MO,/TiO, where M are Al, Fe, Co, Cu, Zn,
Ba, La. The commercial TiO, were loaded additive and Pt by conventional
impregnation. It was observed that all of the additives promote catalytic activity of CO

oxidation. XRD not detect peaks of addition metals [66].

P. Won Seo, et al. (2010) studied a characteristics of CO oxidation at room
temperature by metallic Pt. The 1 wt% platinum was loaded to commercial TiO,.
Pt/TiO, catalyst can increase the oxidizing capability of CO at low temperature and
room temperature by reduction. They found that the reduced catalyst changed the
platinum’s oxidation value to Pt*? and Pt*°. The catalyst consists of non-stoichiometic
platinum oxidized species showed excellent ability to accept oxygen which exhibit

high CO conversion at low temperature and room temperature [67].

R. Green, et al. (2004) studied CO TPD on 2.5 wt% Pt/TiO,. They surprising
observed that CO, is adesorption produce, even though oxygen is not dosed into the
system. The repeated experiments result in the same amount of CO, desorption. It is
possible explanation might be that CO adsorbed on Pt site and spillover to TiO,
support producing CO, by react to oxygen in TiO, lattice. Ti** creating by removed
oxygen is diffuse into bulk of TiO, crystallite which effectively removes the surface

non-stoichiometry [68].

Table 2.3 CO oxidation on Pt supported modified TiO,

Catalyst Pt additive | Preparation Detail Ref.
metal methods
Pt/TIO, 2 wt.% incipient TOFs based on Pt (5]
wetness dispersion varied as

impregnation | declined with
increasing Pt particle

size

Pt-Fe/TIO, | 1wt% | 0.2- Co- Pt-Fe/TiO, higher 4]

1.0wt% Fe | impregnation | activity
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TEM : 2nm Pt and Fe
oxides were not

observed

FeO/Pt/TiO,

1wt%
Pt

n/a

dipping

bridee bonded CO
increases while linearly

bonded CO decreases

Pt/MO,/TiO,

n/a

Al Fe, Co,
Cu, Zn,
Ba, La

conventional

impregnation

addition metals

promote CO oxidation

[66]

Pt/TiO,

Iwt%

The catalyst consists of
non-stoichiometic
platinum oxidized
species showed
excellent ability to
accept oxygen which
exhibit high CO
conversion at low
temperature and room

temperature

Pt/TiO,

2.5wt%

incipient
wetness

impregnation

CO, is a desorption

produce from CO TPD




CHAPTER IlI

Experimental

3.1 Materials and chemicals

The chemicals used in catalyst preparation are listed in Table 3.1.

Table 3.1 Chemical used in catalyst preparation

hydrate

Chemicals Chemicals name Purity (%) | Suppliers
H,PtCly - xH,O Chloroplatinic acid hydrate 99.9 Aldrich
CyoH0504Zr Zirconium (IV) propoxide 70 Aldrich
LaNzOgy-6H,0 Lanthanum nitrate hexahydrate 99 Himedia
Y(NO3)5-6H,0 Yttrium (Ill) nitrate hexahydrate 99.9 Aldrich
C4HNNbOg-xH,O Ammonium niobate(V) oxalate 99.9 Aldrich

3.2 Preparation of catalyst

The details of the preparation method for modified TiO, supported Pt catalysts

are present as follows:

3.2.1 Preparation of modified TiO, supports

The modified TiO, supports were prepared by dry impregnation methods. 2¢g
of titania was doped with aqueous solution containing transition metal percursor
(dopant/Ti molar ratios = 0.001, 0.005, 0.01, 0.05, 0.1). The solution was slowly dropped
onto titania support to obtain the desired ratio (calculation was show in appendix A.1)
and dried in oven 110°C overnight before calcined in calcined tube at heating rate

10°C/min and held for 500°C for 3h with air flow. The modified TiO, support was

obtained.
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3.2.2 Preparation of Pt catalysts supported on modified-TiO,

Supported metal catalysts were prepared by successive dry impregnation
method using 0.3 wt% Pt (Chloroplatinic acid hydrate from Aldrich) aqueous solution.
The aqueous solution of Pt precursor was slowly dropped on transition modified TiO,
support to obtain the desired mole ratio of catalyst (calculation as shown in appendix
A.2). After impregnation, the catalyst were dried in oven at 100°C overnight and then
calcined in air 500°C for 3h. The obtained catalyst were noted as Pt/0.001Y-TiO, (Pt/

transition mole ratio-TiO,).

3.3 Catalyst characterization technique

The characterization technique were used to gain more understanding of catalyst

structure and texture properties.

3.3.1 CO-Pulse Chemisorption

The active sites of platinum catalyst was determined by CO-Pulse
chemisorption technique using Micromeritics ChemiSorb 2750 and ASAP 2101C V.3.00
software. 50mg of catalysts was reduced in Hydrogen at 500°C for 1h. Then simple was
heated up to 510°C in Helium flow for 10min and cool down to room temperature.
After that, CO pulses were injected until the quantity of CO pulse reached a steady.

CO chemisorbed Calculation was shown in appendix B.

3.3.2 N,-physisorption

The surface area, pore volume and pore diameter were measured by low
temperature nitrogen technique using Micromeritics ChemSorb 2750 Pulse
chemisorption system. Calculations were performed on the basis of the BET isotherm.

Before the experiment, the simples were pretreat at 110°C for 3h.
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3.3.3 X-ray photoelectron spectroscopy (XPS)

XPS was used to investigate the binding energy and surface composition of
catalysts by using an Amicus photoelectron spectrometer with Mg Kg X-ray source at
current of 20 mA and 10eKV. The binding energy was calibrated by the C 1s peak at
285.0 eV. The computer controlled by using the AMICUS “VISION2” software.

3.3.4 Transmission electron microscopy (TEM)

The morphology and size of metal catalysts were investigated by JEOL model
JEM-2100 (200kV) transmission electron microscopy using energy-dispersive X-ray
detector operated at 80-200kV. Prior to analysis, The sample was dispersed in 2 ml of
ethanol using ultrasonic vibration then the solution was dropped on copper gird

coated polymer, following to dry in atmospheric air and then kept in desiccator.

3.3.5 H, temperature program reduction

The reduction behaviors of samples were measured by hydrogen temperature-
programmed reduction (H,-TPR) experiments. The samples were placed in a quartz
reactor, and then heated from room temperature to 800°C at a rate 10°C min™ in 10%
H, in Ar. The hydrogen consumption was determined by thermal conductivity detector

(TCD). The water produced in TPR was trapped by a cold trap.

3.3.6 X-ray Diffraction (XRD)

The X-ray diffraction (XRD) patterns were analyzed by X- ray diffractometer
(Bruker D8 Advance) using Cu K irradiation at range between 20° and 80° with a step
of 0.05° 5. The lattice parameter and d-spacing were calculated based on Bragg’s law.

Crystallite size was calculated by Scherrer equation.
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3.3.7 Electron spin resonance (ESR)

The surface Ti*" on TiO, surface were measured by electron spin resonance
spectroscopy (ESR) which conducted at power 1mW and amplitude 2.5x100 without
illumination using a JEOL, JES-RE2X. it was performed to monitor the surface Ti** on

the surface of the TiO,

3.4 Catalyst activity on CO oxidation reaction

The CO oxidation was performed in @ 5 mm i.d. quartz tubular fixed bed
microreactor. The reactant and product were analyzed on-line with a Shimadzu GC-
8ATP gas chromatograph equipped with a thermal conductivity detector (TCD) and a
Porapak Q column with He carrier gas. The experimental operating conditions are given
in appendix C. A flow diagram of catalytic CO oxidation reactor system is show in Figure
3.1. The reactant feed contained 1% CO and 2% O, by volume with He balanced was
through the catalyst bed at total gas flow rate of 50 cm® min™. Inlet gas composition
was controlled by mass flow meter. The procedures of the catalytic testing as show

below.

3.4.1 Approximately 50 mg of metal catalyst was loaded onto the tubular reactor and

the catalyst bed was held by quartz wool.
3.4.2 The tube was placed inside a temperature controlled oven.

3.4.3 A thermocouple was inserted into the tube with one end touching the catalyst

zone in order to measure the bed temperature.

3.4.4 Before CO oxidation reaction, the catalyst was first reduced in-situ at 500°C for
1h in Hydrogen flow rate 50 cm?®/min then heat up to 510°C in Helium flow and cool

down to room temperature.

3.4.5 The reactant gas was switched to reactor. The temperature of oven was heated

from room temperature to desired temperature with heat rate 2 °C/min.

3.4.6 The composition of reactant and product were analyzed by Shimadzu GC-8ATP

gas chromatograph.
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Catalytic activity was evaluated in term of the light-off temperature, defined as
the temperature at 50% conversion was obtained. The calculation of CO conversion

was based on CO consumption, determined by using the following equation (3.1).

%CO Conversion = (CO”‘C;M x 100 (3.1)
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Figure 3.1 Flow diagram of the system for testing catalytic activity



CHAPTER IV
RESULTS AND DISCUSSION

The results and discussion in this chapter consist of two parts, including the
effect of yttria (Y/Ti malar ratio 0.001, 0.005, 0.01, 0.05, 0.1) modified TiO, on Pt
dispersion and CO oxidation activity of Pt/TiO, and the second part, the effect of other
transition metals (Zr, Nb, La) modified TiO,. The catalyst characteristics were
investigated by N,-physisorption, XRD, H, temperature program, XPS, ESR, TEM and Pt
dispersion which was estimated by CO pulse chemisorption technique. The catalytic
properties of Pt catalysts supported on transition metals modified TiO, supports were

investigated in CO oxidation reaction.

4.1 The effect of yttria (Y/Ti malar ratio 0.001, 0.005, 0.01, 0.05, 0.1) modified
TiO, on Pt active sites and CO oxidation activity of Pt/TiO,

The Pt catalyst on yttria modified TiO, with various molar ratios of Y/Ti in the
range of 0.001-0.1 were prepared by successive impregnation method and denoted as

Pt/0.001Y-TiO,, Pt/0.005Y-TiO,, Pt/0.01Y-TiO,, Pt/0.05Y-TiO,, and Pt/0.1Y-TiO,.
4.1.1 Effect of different dopant ratios on the properties of Pt/Y-TiO,
4.1.1.1 N, physisorption

The BET surface area, pore volume, average pore size diameter and N,
adsorption-desorption isotherm of Pt/Y-TiO, catalyst by low temperature nitrogen
technique are shown in Table 4.1. It is evident that BET surface area, pore volume,
and average pore diameter were slightly decreased with increasing Y/Ti ratios. This can
be due to the fact that doped yttria cover surface and pore of the TiO,. Figure 4.1
shows the N, adsorption-desorption isotherms of Pt/TiO, and Pt/Y-TiO, as a type IV

isotherm with a hysteresis loop. There catalysts were mesoporous materials with pore

diameter in the range of 2 to 50 nm [69].
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isotherm of Pt/TiO, and Pt/Y-TiO,

Table 4.1 Physical properties of Pt/TiO, and Pt/Y-TiO,

41

Catalysts BET surface Area Pore Volume® Average Pore
(m?%/g) (cm’/g) size® (nm)
Pt/TiO, 61 0.35 20
Pt/0.001Y-TiO, 55 0.30 17
Pt/0.005Y-TiO, 56 0.30 17
Pt/0.1Y-TiO, 51 0.25 17

2 calculated by BJH method (desorption branch)

4.1.1.2 X-ray Diffaction (XRD)

The structural phase of TiO, and yttria modified TiO, supported Pt catalysts

were charcterization by X-ray diffraction technuque using using Cu K irradiation at
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range between 20° and 80° with a step of 0.05° 5. Broadening and position of the

diggraction peaks were used to estimate crystallite diameter.

The X-ray diffraction patterns are shown in Figure 4.2, all the sample exhibited
similar peaks, showing only anatase and rutile TiO,. The peaks position at 20 degrees
25.3, 38, 48.1, 55 and 62.5° can be attributed to the diffraction planes of anatase TiO,
and the peaks at 26 degrees 27.5, 36, 54 and 69° can be attributed to diffraction planes
of rutile phase of TiO, [70]. The characteristic peaks corresponding to yttrium oxide
phases were not detected due probably to well distribution of the yttrium oxide which
could not be detected by XRD. Platinum species were also not detected due to their
well dispersed and the very low amount present. The intensity decreasing of
crystallinity of TiO, were observed when the amount of yttria was increased which
suggested that Y had interacted with TiO, and covered the surface of TiO, [71]. The
low intensitiy and broad peak in Pt/0.005Y-TiO,, Pt/0.05Y-TiO, and Pt/0.1Y-TiO,
prossibly suggest that amorphous or larger atom of yttria on TiO, surface might acted
as an X-ray scatterer which led to lower intensity and position peak of anantase (1 0
1) shift from 28 = 25.32° to lower degree [72]. The crystallite size of TiO, by Scherrer’s
equation and the ratio phase of anatase to rutile are shown in Table 4.2. However,
Scherrer equation assume that the lattice defects (inhomogeneous strain and crystal
lattice imperfections) of the paritcle are negligible which value error from theory.

Especially, in range 0.05-0.1 Y/Ti ratios.
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Figure 4.2 XRD patterns of Pt/TiO, and Pt/Y-TiO,

Table 4.2 XRD analysis results of yttria modified TiO, supported Pt catalysts

Catalyst Crystallite size of Ratio phase anatase
anatase TiO,* (nm) to rutile

Pt/TiO, 26 3.68
Pt/0.001Y-TiO, 26 3.60
Pt/0.005Y-TiO, 13 3.07
Pt/0.01Y-TiO, 18 4.62
Pt/0.05Y-TiO, 23 3.65
Pt/0.1Y-TiO, 3.42

* The crystallite size of TiO, based on the Scherrer equation

a3
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4.1.1.3 CO chemisorption

The active sites of platinum catalysts were measured by CO-pulse
chemisorption technique based on an assuption that one carbon monoxide adsorbs

on one plantinum site by one molecule CO

The 0.001-0.05 Y/Ti mole ratio of Y-modified TiO, supported Pt catalysts
showed higher amount of Pt active sites than the unmodifiend TiO, supported (Figure
4.3.). The highest Pt active sites was obtained at Y/Ti = 0.001 and declined as the Y/Ti
ratio was further increased. The excess yttria probably cover Pt or Pt low distibutes
over yttria led to lower active sites (Y/Ti = 0.1). Excess dopant might encumber on

surface and led to lower active sites.
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Figure 4.3 Effect of Y/Ti ratio on Pt active sites of the Pt/Y-TiO2 catalyst
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Figure 4.4 H,-TPR of Pt/Y-TiO, Catalysts

4.1.1.4 H, temperature program reduction

The reduction behaviors of the Pt/Y-modified TiO, were investigated by H,-TPR
and the results are shown in Figure 4.4. The catalysts exhibited three reduction peaks
at approximately 100, 300-500, >500°C. The peak at 100°C could be assigned to the
reduction of Pt oxide particles [5, 73]. The reduction of PtO, in Pt-TiO, showed low
intensity due to partial reduction of oxides support and noble metals supported on
TiO, were known to exhibit strong metal-support-interaction (SMSI) [74]. The addition
of second metals could significantly increase the Pt reducibility and have an impact
on the reduction temperature of Pt [74, 75] or interacted with Pt species. The second
peak at 300-500°C were attributed to the reduction of the surface or surface particles

by hydrogen spillover effect [5, 73] or the reduction of Pt species interacting with the
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TiO, support [76]. The third appeared over 500°C was assigned to reduction of bulk
Tio, [771.
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Figure 4.5 H,-TPR of Y-TiO, support and Pt/Y-TiO, Catalysts with high Y/Ti ratios

It is known that yttrium is a non-reducible or less reducible support [78]. From
Figure 4.5, it can be observed the peak of 0.1Y-TiO, at 475°C which is the reduction of
yttria interact with titania support. Yttrium modified titania support Pt/0.05Y-TiO, and
Pt/0.1Y-TiO, showed the reduction peak of yttria approximately at 500°C which may
possibly be attributable to the reduction temperature of transition metals which was
shifted to lower temperature when doped with noble metals [74, 79] as compared to
the Y-TiO, support. The intensive peak approximately at 200°C may be attributed to

yttria interacted with Pt and this peak shifted to lower reduction temperature. The
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PtO, reduction in Pt/0.1Y-TiO, was not observed because of very low intensity of Pt

compared with the reduction peak of yttria.

4.1.1.5 X-ray photoelectron spectroscopy (XPS)

The electronic states and surface compositions of Y-modified TiO, supported
Pt catalysts were investigated by X-ray photoeletron spectroscopy (XPS). The binding
energy spectra of Ti 2p, Y 3d and Pt 4f were used to evaluate the effect of dopant on
TiO, support and platinum, to understand the characteritics of plantinum, oxygen,

titania and yttria species on the catalyst surface.

Ti2p J Pt/0.1Y-TiO»

Pt/0.05Y-TiO,

Pt/0.01Y-TiOy

Pt/0.005Y-Ti0»

Pt/0.001Y-TiOp

PUTiO

456 458 460 462 464 466 468 470

Binding Energy / eV

Figure 4.6 XPS spectra of Ti 2p for Pt/TiO, and Pt/Y-TiO,

Figure 4.6 showed binding energy approximately at 458.9 ev and 464.7 eV,

which were assigned to 2ps/, and 2py,, states of Ti** in TiO, [80]. The Ti** was not
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clearly detected at 457.5 and 463.2 eV [81] due to low amount of Ti**. The binding
energy shifted to higher values when Y/Ti ratios increased from 0.01 to 0.1 which
may be ascribed to the yttria-titania interaction as also confirmed by the H, TPR
results. The weak intensity may be due to yttria cover TiO, support. The peaks at
457.5 and 463.2 eV were appeared in Pt/0.05Y-TiO,, which indicated that yttria

addition increased Ti** in TiO, as shown in Figure 4.7.

PY0.05Y-TiO>
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N T
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Figure 4.7 XPS spectra of Ti 2p for Pt/0.05Y-TiO,
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Figure 4.8 XPS spectra of Y3d for Pt/0.01-TiO,

The Y 3d peaks of Pt/0.001 Y-TiO, were found at binding energies 158 eV and
160.0 eV as shown in Figure 4.8, which were higher than those of Y,O; support
materials (3d5/2: 156.8 eV, 3d3/2: 158.7 eV) [20]. It was reported that Y 3d peaks at
157.9 eV and 160 eV are Y** 3ds,, and Y** 3ds),, respectively which could be attributed
to Y** substitute into Ti** in TiO, lattice [82, 83]. However, it is unconvincing in this case
because the catalyst were prepared by impregnation method and the ionic radius of
Y** (90pm) is larger than Ti**, which is only 68pm [84]. Thus, it is hard for Y** to
substitute in Ti** lattice. The shift of binding energy was conjectured that yttria species
may exhibit strong interactions with titania and cause electron binding energy deviation

[20].



50

Y 3d

Pt/0.01Y-TiO,

Pt/0.01Y-TiO,

Pt/0.01Y-TiO,

T T T T T

156 158 160 162 164

Binding Energy / eV

Figure 4.9 XPS spectra of Y 3d for Pt/Y-TiO, with 0.01-0.1 Y/Ti mole ratios

As shown in Figure 4.9, the Y 3d binding energy increased with increasing Y/Ti
ratio from 0.01 to 0.1 because of the yttia-titania interaction or yttria-platinum

interaction corresponding to the reduction behaviors.
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Figure 4.10 XPS spectra of Ptdf for Pt/0.01-TiO,

The spectra of Pt 4f are shown as two peaks at around 72.5 and 75.8 eV in
Figure 4.10, which can be assigned to PtO [20]. It was found that addition of yttria led
to easier observation of PtO, in the Pt/TiO, It is suggested that the yttria doping
increased Pt dispersion or encouraged platinum to be in PtO, after calcination. The

XPS was consistent with the corresponding H, TPR results.

4.1.1.6 Electron spin resonance (ESR)

ESR signals of trapped electrons and holes on TiO, and Y-TiO, at 130K are
shown in Figure 4.11. the sharp signals at ¢ = 1.975 was assigned to lattice electron

trapping site (Ti**) in Degussa P25 due to rutile phase and signal at g = 1.990 was
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assigned to lattice electron trapping site in anatase phase [85, 86]. It was reported that
Ti>* signal of anatase phase in Degussa P25 clearly appear under UV illumination
condition [85, 86]. Yttria doped TiO, exhibited increasing of T’* in TiO, as also
confirmed by Ti 2p spectra of Pt/0.05Y-TiO,, shown in Figure 4.7. The highest signals
were observed for the 0.001Y-TiO, and decreased when increase Y/Ti ratio. The ESR
results showed a similar trend as CO chemisorption results in Figure 4.3. It is suggested

that Ti°* defect was related to metal dispersion.
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Figure 4.11 ESR spectra of Pt/Y-TiO, at 130K

4.1.1.7 Transmission electron microscope (TEM)

The TEM images and size distribution of Pt/TiO,, 0.001Y-TiO, and 0.1Y-TiO, are
shown in Figure 4.12-4.17. The Pt particles were not clearly detected in all sample

due to low amount of Pt loading and highly distribution. The size average of TiO,,
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0.001Y-TiO, and 0.1Y-TiO, support from 100 particle samples were 24, 23, and 24 nm,
respectively. The particle size on Pt/0.1Y-TiO, calculated by Scherrer equation (21 nm)
was larger than average particle size by TEM image due to scattering effect. It is

conjecture that loading Pt and Y had no effect on the TiO, crystallite size.

Figure 4.12 TEM image of Pt/TiO,
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Figure 4.13 size distribution of Pt/TiO,
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Figure 4.14 TEM image of Pt/0.001Y-TiO,
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Figure 4.15 size distribution of Pt/0.001Y-TiO,
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The TEM images of Pt/0.001Y-TiO, and Pt/0.1Y-TiO, are shown in Figure 4.14,
4.16. In the both images, yttria particle were not found. However, For the Pt/0.1Y-TiO,,

the presence of yttria species was confirmed by EDX analysis, as shown in Figure 4.18.

Spectrum 10

Full Scale 65 cts Cursor: 13.902 (0 cts) ke

Figure 4.18 TEM-EDX analysis of Pt/0.1Y-TiO,

4.1.2 Effect of different dopants on the activity of CO oxidation

The catalytic performances of yttria modified TiO, supported Pt in CO oxidation
are shown in Figure 4.19. It is revealed that CO conversion was improved by modifying
the TiO, supports with Y dopants at Y/Ti ratios in the range of 0.001-0.005 due to
increasing of metal active sites. The Pt/0.001Y-TiO, catalyst exhibited the lowest light-
off temperature at 85.8°C at 50% CO conversion and the Pt/0.005Y-TiO, showed the
light-off temperature of 103.2°C. Both values were lower than that of the unmodified
Pt/TiO, (light-off temperature 107.8°C). However, further increase Y/Ti ratio to 0.01
resulted in lower catalytic activity of the Pt/0.01Y-TiO, and Pt/0.05Y-TiO, despite its
higher Pt active sites compared to the unmodified Pt-TiO,. The light-off temperatures
were at 112.2°C and 162.6°C, respectively.
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Figure 4.19 CO conversion over Pt/Y-TiO, and unmodified Pt/TiO,

CO oxidation on supported metal catalysts was widely accepted to occur via
the following Langmuir-Hinshelwood mechanism which both carbon monoxide and
oxygen competitive adsorbed on same adsorption sites. X. Ouyang and S. Scott [60]
reported that CO oxidation on Pd-substituted BaCeO; in excess oxygen condition, the
kinetic show CO inhibition. However, the noble metals supported on reducible oxides
like CeO,, TiO,, Fe,05 and Cos04 exhibit high reactivity for CO oxidation. It is suggested
that Mar-Van Krevelen mechanism is expected to take place together with the
Langmuir-Hinshelwood mechanism [87, 88]. Thus, the catalytic results can be
explained by Mars-Van Krevelen mechanism. The CO molecule is adsorbed on metal
active sites to form intermediate complex and then reacted with surface lattice oxygen
atoms perimeter of the Pt-TiO, interface to generate CO,. The oxygen lattice was
refilled by external oxygen, oxygen in gas phase dissociates into atomic oxygen and

adsorbed on the oxygen vacancies sites of TiO, support. Following Eq. (1.1-1.4) [88],
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doping Y could create defect sites on TiO, which improved TiO, support to activate O,
and reacted with the nearly CO activated on Pt particles. However, the lower activity
on increasing yttria dopant could be due to the ratio of presence of yttria cover TiO,
surface corresponding to decreasing of oxygen surface. The Ogyface/Olattice ShOW in
Table 4.3. Pt probably deposited on yttria surface. Thus, the CO adsorbed on Pt could

not react with the nearly oxygen in TiO, lattice.

Table 4.3 surface oxygen to lattice oxygen ratio by O 1s spectra

sample Otattice Osurface Osurface/Olattice
Pt/TiO, 530.1 531.9 0.2374
Pt/0.001Y-TiO, 530.1 531.8 0.2352
Pt/0.005Y-TiO, 530.2 532.2 0.2092
Pt/0.01Y-TiO, 530.1 532.1 0.1690

The turnover frequency (TOF) of Pt/Y-TiO, with different doping ratios are
shown in Figure 4.20. Only the TOF of Pt/0.001Y-TiO, was found to be higher than
that of the unmodified Pt/TiO,. This suggests that yttria doped TiO, increased metal
active sites, which was conjectured particle size decreasing, but decreased activated

oxygen on catalyst surface which lead to lower TOF when increasing yttria dopant.
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Figure 4.20 Turnover frequency (TOF) of Pt/Y-TiO, with different doped ratios
at 100 °C

N. Li [5] investigated the effect of Pt particle sizes (Pt/TiO,) on the CO oxidation.
They reported that turnover frequencies based on Pt dispersion varied as declined
with increasing Pt particle size. However, turnover frequency based on Pt atoms
located on the periphery of Pt-TiO, interface remained constant at 40°C, implying that
these periphery Pt atoms were the active sites. Thus, we conjectured that the
increasing of active sites on yttria doped TiO, supported Pt due to decreasing of Pt
particle size, which led to higher TOF. The lower TOF because periphery Pt atoms

located on yttria which could not react with the nearly oxygen lattice on TiO,.
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4.2 The effect of different transition metal Y, La, Nb and Zr (M/Ti malar ratio
0.001, 0.005, 0.01, 0.05, 0.1) modified TiO, on Pt dispersion and CO oxidation
activity of Pt/TiO,

4.2.1 Effect of different dopant ratios on the properties of Pt/M-TiO,

4.2.1.1 CO chemisorption
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Figure 4.21 Effect of varies ratio of transition metals on Pt active sites

The effect of transition modified TiO, supported Pt on active sites with M/Ti
ratios 0.001-0.1 is shown in Figure 4.21. It was observed that 0.005 ratios of La, Zr and
Nb showed the highest Pt active sites. Nevertheless, Pt active sites on 0.1 ratio of Zr
and La was not decreased. It is suggested that Pt can be better dispersed on Zr and

La surface than TiO, and Y and Nb modified TiOs.
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Figure 4.22 XRD pattern of Pt/0.005M-TiO,

4.2.1.2 XRD

The X-ray diffraction of Pt/0.005M-TiO, are shown in Figure 4.22, all the sample
exhibited only anatase and rutile TiO, peaks. The peaks corresponding to transition
metals doped phases were not observed, indicating that formation of nano-particle
size of dopant which was not detectable by XRD or form as amorphous. The intensity
of TiO, were decreased and appeared as broad peaks at 30° when doped transition
metals due to an amorphous layer of transition metal might be covered TiO, surface
[71]. Especially, Nb doped TiO, exhibited a board peak suggesting that Nb (Nb*>*= 86pm;
Nb*= 82 pm; Nb>*= 78pm) covered on TiO, (Ti*'= 74.5pm) probably acted as an X-ray

scatterer due to larger atomic radius.
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4.2.1.2 H, temperature program reduction

The reduction behaviors of Pt/0.005Y-TiO,, Pt/0.005La-TiO, and Pt/0.005Nb-
TiO, catalysts are shown in Figure 4.23. Two reduction peaks were found at 50-150 °C
and 250-450 °C. The reduction behaviors of Pt/0.005La-TiO, was similar to reduction
Pt/Y-TiO, which was discussed in 4.1.1.4. The first reduction peak was assigned to
reduction Pt oxide particles [5, 73] and/or Pt-transition metal interaction. The second

peak was assigned to the reduction of surface Pt-TiO, or transition-TiO, interaction.
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E
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Temperature / (°C)
Figure 4.23 H,-TPR of Pt/0.005Y-TiO, and Pt/0.005La-TiO, catalysts
4.2.1.4 XPS

The binding energy peaks approximately at 458.9 eV and 464.7 eV were
assigned to 2ps, and 2p,,, states of Ti*" in TiO, [80], As shown in Figure 4.24. The
binding energy shifted to higher binding energies for all transition metals doped TiO,,
especially in Pt/0.005Nb-TiO, which probably because of electric effect of transition,
platinum and TiO, [89].
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Figure 4.24 XPS spectra of Ti 2p for Pt/TiO, and Pt/M-TiO,

4.2.1.5 Electron spin resonance (ESR)

ESR signals of trapped electrons and holds on TiO, and 0.005M-TiO, at 130K
are shown in Figure 4.24. the sharp signals at ¢ = 1.975 was assigned to lattice electron
trapping site (Ti**) in Degussa P25 due to rutile phase and signal at g = 1.990 was
assigned to lattice electron trapping site in anatase phase [85, 86]. All dopant 0.005M-
TiO, exhibit Ti** higher than undoped TiO,. The highest signal was found on the
0.005La/TiO,. Ti** probably correspond to atomic radius or electronegativity of dopant,
which La, Y, Zr, Nb atomic radius were 195, 180, 155, 145 pm and electronegativity
were 1.1, 1.22, 1.33, 1.6, respectively. The amount of Ti** decreased in the following
order La > Y > Zr > Nb. However, there is no correlation observed between atomic

radius and active sites (Figure 4.21).
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Figure 4.25 ESR spectra of Pt/0.005M-TiO, at 130K

4.2.1.6 Transmission electron microscope (TEM)
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Figure 4.26-4.31 show the TEM image and EDX-TEM of La, Nb and Zr-TiO,. The

Pt and transition metals particle were not distinguished from TiO,. However, the EDX-

TEM indicates the presence of transition metal species similar to Pt/Y-TiO, results. This

result indicated that highly dispersed of transition metal species on surface TiO, surface

[22].
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Figure 4.26 TEM image of (a) Pt/0.005La-TiO, and (b) Pt/0.1La-TiO,
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Figure 4.27 TEM-EDX analysis of Pt/0.1La-TiO,
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Figure 4.28 TEM image of (a) Pt/0.005Nb-TiO, and (b) Pt/0.1Nb-TiO,
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Figure 4.29 TEM-EDX analysis of Pt/0.1Nb-TiO,
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Figure 4.30 TEM image of (a) Pt/0.005Zr-TiO, and (b) Pt/0.1Zr-TiO,
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Figure 4.31 TEM-EDX analysis of Pt/0.1Zr-TiO,



68

4.2.2 Effect of different dopants on the activity of CO oxidation

The catalytic activity in CO oxidation of transition metals modified TiO,
supported Pt with various M/Ti ratios in range 0.001-0.01 are shown in Figure 4.32-
4.34. All the transition metal doped in range 0.001-0.005 exhibited higher activity than
Pt/TiO,. The catalyst activity results showed a similar trend as in the case of active
sites as shown in Figure 4.19. Nevertheless, the active sites of Pt/0.01M-Ti ratio was
slightly different to the Pt/0.005M-TiO, but it exhibited lower activity than the Pt/TiO.,.
A possible explanation is that higher amount of dopant may cover TiO, surface and Pt
place on this layer, which the adsorbed CO probably not reacted with surface lattice
oxygen atoms perimeter of the Pt-TiO, interface to generate CO,, as discussed earlier

in section 4.1.2.

In the case of Pt/0.005Nb-TiO, and Pt/0.01Zr-TiO,, they exhibited excellent
activity, a possible explanation might be influence of oxygen storage capacity of
dopant. Nb,Os and ZrO, are known as reducible support with high oxygen storage
capacity [90, 91], which CO adsorbed on Pt site can react with oxygen lattice of dopant.
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Figure 4.32 CO conversion over 0.001M/Ti of transition metals modified Pt/TiO,
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CHAPTER V
CONCULISIONS

The effect of yttria modified TiO, supported Pt catalysts in range 0.001-0.1 Y/Ti
mole ratios was investigated. It was found that addition yttria increase Ti** on TiO,, and
led to an improvement of Pt dispersion. Pt/0.001Y-TiO, exhibited the highest Pt active
sites and the best catalytic performance in CO oxidation. However, the active sites
decreased with increasing Y/Ti ratios form 0.001 to 0.1. The excess amount of yttria
probably covered TiO, surface and lowered Pt dispersion on this layer, which led to
lower active sites (Y/Ti = 0.1). In addition, the CO adsorbed on Pt could not react with
the nearly oxygen lattice on TiO, and led to low catalytic performance even the
catalyst exhibited high amount of active sites, implying that these periphery Pt atoms

were the active sites for CO oxidation.

The effect of different transition metals (La, Nb, Zr) on Pt active sites and
catalytic performance was similar to the yttria modified ones. The 0.005M/Yi ratio
showed the highest active sites. All dopant increase Ti** on TiO,, the increasing of Ti**
probably correspond to atomic radius or electronegativity of dopant. The transition
metals doped in range 0.001-0.005 exhibited higher activity than Pt/TiO,. Further
increase of dopant than 0.005 resulted in lower activity compared to the Pt/TiO,. Pt
on dopant surface probably could not react with oxygen in TiO, lattice. However, Nb
and Zr improve catalytic activity due to high oxygen storage and their reducible

properties.

The use of transition metals modified TiO, as support for Pt catalysts in range
0.001-0.005 were found to be a simple method to create surface defect on TiO, which

could lead to higher Pt active sites and catalytic activity on Pt/TiO,.



Recommendation

1. Trend of Pt/Y-TiO, in range 0-0.001 Y/Ti ratio should be investigated.

2. Other transition metal ratio should be characterized
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Appendix A

Calculation for catalyst preparation

A.1 Calculation for the preparation of transition doped TiO, (Degussa P25)

Example calculation for the preparation of 0.001Y-TiO, (molar ratio of Y/Ti = 0.001)

Data for calculation: Mw. of Yttrium(lll) nitrate hexahydrate = 383.01 ¢/mole
Mw. of TiO, (Degussa P25) = 79.87 g¢/mole

Base on 2g TiO, (Y/Ti ratio = 0.001)
TiO, 2¢ = 0.02504 mol TiO, = 0.02504 mol Ti

Yttria metal required = 0.00002504 mole

Yttrium(lll) nitrate hexahydrate 1mole = 1mole Y

Weight of precursor required = mole of precursor required x Mw of precursor /
percent of purity

= 0.00002504 x 383.01 / 0.9999

= 0.009576 ¢
The 0.009576 ¢ of Yttrium(lll) nitrate hexahydrate is dissolved in 0.8 ml of de-ionized

water to obtain a suitable amount of aqueous solution for 2 ¢ of titania support



A.2 Calculation for the preparation of metal loading catalyst (0.3 wt% Pt)

Example calculation for the preparation of Pt-TiO,

Data for calculation:

Mw. of Chloroplatinic acid hydrate (H,ClgPt « xH,O) = 409.81 g/mole (38% Pt basis)
Mw. of TiO, (Degussa P25) = 79.87 g¢/mole

Mw of Platinum = 195.084 ¢/mole

Preparation plantinum stock 20%wt/wt

1g of choloroplatanic acid hydrate was dissolved with 4ml of deionized water to

design concentration stock.

Preparation 0.3wt% Pt-TiO, catalyst

Based on 100 ¢ of catalyst used, the composition of the catalyst is follow;
Platinum metal (Pt) =03¢

TiO, (Degussa P25) =100-03=99.7g¢

For 1 g of titania support used

Platinum metal required =1x(0.3/99.7) = 0.00301 ¢

Platinum metal 0.00301 g was acquired from H,ClgPt « xH,0O, which has 38% of Pt

basis

H,ClgPt « xH,0O required = 0.00301/0.38 = 0.007918 ¢
Thus, from the Pt stock solution with concentration 20%wt/wt
Pt stock solution required = 0.007918 x (100/20) = 0.03959 ¢

The 0.03959 ¢ of Pt stock solution is dissolved in 0.4 ml of de-ionized water to obtain

a suitable amount of aqueous solution for 1 ¢ of titania support



Appendix B
CALCULATION OF CRYSTALLITE Size

CALCULATION OF CRYSTALLITE SIZE

The crystallite size was calculated from the width at half of height (or full- width-
half-max) of diffraction peak of the XRD pattern by using the Debye-Scherrer

equation.

kKA
D:ﬁcosﬂ

Where D = Crystallite size, A

K = Crystallite-shape factor or Scherrer constant depending on shape of crystal (= 0.9

for FWHM of spherical crystals with cubic symmetry)
A= X-ray wavelength, (=1.5418 A for CuKq)

B = Observed peak angle, degree

B = X-ray diffraction broadening, radian

The X-ray diffraction broadening (B) is the pure full-width-half-max of powder
diffraction peak free from all broadening because of the experimental equipment or
diffractometer. For a standard sample, O-Alumina is used as a standard sample to
observe the instrumental broadening due to its crystallite size larger than 2000 A°.
The X-ray diffraction broadening (B) can be determined by using the Warren’s

formula.

According to Warren’s formula:

B= /%—B?

Where By = Measured peak width at half of peak height, radian

Bs = Corresponding full-width-half-max of the standard material (i.e., Q-Alumina),

radian



Example: Calculation of the crystallite size of anatase TiO,

The major peak of anatase TiO, was observed at 25.48° 20.

Full-width-half-max of diffraction peak at 25.48° = 0.526°
21 x 0.526°
- 360

= 0.00918 radian

Corresponding full-width-half-max of Ol-alumina of diffraction peak at 25.48° =

B= ,I%—Bf

= JO.009182 —0.003832

0.00383 radian

= 0.00834 radian

Thus, B = 0.00834 radian
20 =2548° ; O-=1270

A\ = 1.5418 A° for CuKg

KA
Al B cosB
0.9 x1.5418
~ 0.00834 x COS12.74°

kA
:Bcose

= 168.52 A = 16.85 nm

Crystallite size,
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Figure B.1 The measured XRD peak of anatase TiO, for calculation of crystallite size

of anatase TiO,
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Figure B.2 The plot indicating the value of line broadening because of the

equipment (data were obtained by using a-alumina as standard material)
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Appendix C

Calculation for CO chemisorption

CO pulse chemisorption was employed to determine the metal active sites on the

PY/TIO,

The reaction stoichiometry of CO: Pt =1:1

Let

Weight of catalyst used = W g

Peak area of CO per syringe = A unit
Integral adsorbed area of CO = B unit
Adsorbed ratio = B/A unit
Adsorbed quantity per 1 syringe s 20 x B/A KL
Volume of CO 1mole of CO at 30° = 24.85 x 10° pL

Mole of CO adsorbed on catalyst = 20 x (B/A) / 24.85 x 10° mmol
Molecule of CO adsorbed on catalyst = [20 x (B/A) / 24.85 x 10°] x 6.02 x 10” molecule

Molecule of CO adsorbed per g-cat. [(B/A) x 4.845 x 10°] /W molecule/g-cat

Amount of metal active site

Molecule of CO adsorbed per g-cat.

Example Pt-TiO,

Weight of catalyst used = 0.0560 g

Peak area of CO per syringe = 0.03507 unit
Integral adsorbed area of CO = 0.02084 unit
Adsorbed ratio = 0.5942 unit
Adsorbed quantity per 1 syringe = 11.884 UL
Volume of CO 1mole of CO at 30° = 24.85 x 10° UL

Mole of CO adsorbed on catalyst = 4.7823x 10" mmol
Molecule of CO adsorbed on catalyst = 2.8789 x 10” molecule
Molecule of CO adsorbed per g-cat. = 5.1408 x 10'® molecule/g-cat

Amount of metal active site = 5.1408 x 10'® molecule/g-cat
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