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In this study, titanium dioxide was loaded with chromium together with either
platinum or rhodium in atlempt to improve its photocatalytic activity for water
splitting. Titanium dioxide was synthesized via a sol-gel method and the metals were
loaded by incipient wetness impregnation technique. The amount of chromium added
was varied between 0 to 1 % (w/w), while the amount of the second metals (either Pt
or Rh) added was fixed at 1 % (w/w). The catalysts were characterized by UV-visible
diffuse reflectance spectroscopy, X-ray diffraction (XRD), nitrogen physisorption,
transmission electron microscopy (TEM), and photoluminescence. Addition of
chromium up to 0.05 % (w/w) enhanced the photocatalytic activity because chromium
prevented recombination of photogenerated electrons and holes in titanium dioxide.
However, when the amount of chromium added exceeded 0.05% (w/w), the
photocatalytic activity decreased owing te overtrapping of charge carriers by
chromium. Photoluminescence measurement also suggested that titanium dioxide
loaded with 0.05 % (w/w) Cr, of which photoluminescence signal was the lowest, had
the slowest recombination of charge carriers. Addition of chromium together with
platinum or rhodium further increased the photocatalytic activity for water splitting.
The catalysts that possessed the highest activity were titanium dioxide that was loaded
with 0.01 % (w/w) Cr and 1'% (w/w) Pt.or Rh. " The optimal loading of the metals
could be explained by the similar reason above. Furthermore, a synergy between
chromium and the other metal was observed. The amount of hydrogen gas produced
from photocatalytic water splitting over titanium dioxide loaded with chromium
together with either platinum or rhodium was greater than the sum of the amount of

hydrogen gas produced from the reaction over either metal alone.
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CHAPTER |

INTRODUCTION

Hydrogen is considered as an ideal fuel for the future. Hydrogen fuel can be
produced from clean and renewable energy sources and, thus, its life cycle is clean
and renewable. Solar and wind are the two major sources of renewable energy and
they are also the promising sources for renewable hydrogen production. However,
presently, renewable energy contributes only about 5% of the commercial hydrogen
production primarily via water electrolysis, while other 95% hydrogen is mainly

derived from fossil fuels

Titanium dioxide in photocatalytic water splitting technology has great
potential for low-cost, environmentally friendly, solar production of hydrogen to
support the future hydrogen economy. Presently, the solar-to-hydrogen energy
conversion efficiency is too low for the technology to be economically sound. The
main barriers are the rapid recombination of photo-generated electron/hole pairs as
well as backward reaction and the poor activation of titanium dioxide by visible light.
In response to these deficiencies, many investigators have been conducting research
with an emphasis on effective remediation methods. Some investigators studied the
effects of addition of sacrificial reagents and carbonate salts to prohibit rapid
recombination of electron/hole pairs and backward reactions [Gurunathan et al., 1997;
Li et al., 2003; Kida et al., 2004; Wu and Chao, 2004]. Other research focused on the
enhancement of photocatalysis by modification of titanium dioxide by means of metal
loading, metal ion doping, dye sensitization, composite semiconductor, anion doping,

and metal ion implantation. [Ni et al:, 2005]

The photo-excited electrons can be transferred from the conduction band of
titanium dioxide to metal particles deposited on the surface of titanium dioxide, while
the photo-generated holes in the valence band remain on the titanium dioxide. These
activities greatly reduce the possibility of electron-hole recombination, resulting in
efficient separation of charge carriers and better photocatalytic reactions [John et al.,
1983; Bamwenda et al., 1995; Sakthivel et al., 2004] In this work, we synthesized

titanium dioxide via a sol-gel method [Geula et al., 1993] and loaded a combination of
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two metals, i.e., chromium together with either rhodium or platinum. The catalysts

were employed in photocatalytic splitting of water.

The objective of the research is to investigate the doping of TiO, using two

types of metals for use in photocatalytic splitting of water.

The present study is arranged as follows:

Chapter I is the introduction.

Chapter II presents literature survey of the previous works related to this

research.

Chapter III describes the basic information about titania, a sol-gel process, and

photocatalytic splitting of water.

Chapter IV describes preparation procedures for the catalyst, characterization

techniques employed, and the experimental setup.

Chapter V presents the experimental results and discussion.

Chapter VI includes the overall conclusions of this research and

recommendation for future works.



CHAPTER Il

LITERATURE REVIEWS

2.1 Photocatalytic decomposition of water to hydrogen on titanium

dioxide

Titanium dioxide has drawn tremendous attention for its potential applications
in photocatalysis in different fields, because of its high stability and favorable band-
gap energy. For hydrogen production from water, many studies have concluded that
direct photodecomposition of water into hydrogen and oxygen has a very low
efficiency due to rapid reverse reaction. A much higher hydrogen production rate can
be obtained by addition of a sacrificial reagent, such as alcohols, carbohydrates solid
carbons, sulfide, etc. [Wu and Lee, 2004]. This suggests that photoexcited electrons
and holes can be efficiently separated in a small semiconductor particle and that they
are available for an irreversible chemical reaction, oxidization of sacrificial reagent. It
is, therefore, inferred that a low efficiency of photodecomposition of water into
hydrogen and oxygen is mainly due to a rapid reverse reaction between produced
hydrogen and oxygen. Thus, a critical problem to be resolved for realizing the up-hill
reaction efficiently is how to prevent such thermodynamically favored reverse
reaction [Moon et al., 2000].

Of particular interest in these intercalated nanoparticles was the production of
hydrogen from water containing a sacrificial agent under visible light irradiation with
quantum yields as high as 10%. This might be attributable to the ease in donating
lone-pair: electrons. ta the wvalence band hole upon the photocatalyst excitation.
Compared to other types of sacrificial reagents among the alcohol series itself,
methanol was found to be the most effective and strongest sacrificial reagent to yield
the highest photocatalytic H, evolution activity.

For hydrogen production from a water/methanol solution, depending on

reaction conditions and on whether metal catalyst used, the reaction could proceed
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either stepwise, involving stable intermediates, as suggested by Sakata and coworker

[1982]:

hv. catalvst
MeOH (1) PN HCHO (g) +H2(9) (2.1)
hv, catalyst
HCHO (g) +H.0 (I) - HCOH (I) +H2(9) (2.2)
hv, catalyst
HCOH (1) P CO; (9) +H2 (9) (2.3)

Or in a one-step reaction on catalyst surface to give the overall reaction, as
suggested by Chen and coworkers [1998]:

hv, catalyst
MeOH (1) +H,0 (1) o COz(g) +3H2(9) (24)

2.2 Roles of metals on titanium dioxide in photocatalytic reaction

The basic principles of heterogeneous photocatalysis can be summarized
shortly as follows. A semiconductor is characterized by an electronic band structure in
which the highest occupied energy band, called valence band (VB), and the lowest
empty band, called conduction band (CB), are separated by a bandgap, i.e., a region of
forbidden energies in a perfect crystal. When a photon of energy higher or equal to the
bandgap energy is absorbed by a semiconductor particle, an electron from the VB is
promoted to the CB with simultaneous generation of a hole (h*) in the VB. The e,
and the hy," can . recombine-on the surface or in-the bulk of the particle in a few
nanoseconds (and the energy dissipated as heat) or can be trapped in surface states
where-they can react with-donor (D) or acceptor (A) species adsorbed on or close to
the surface of the particle. Thereby, subsequent anodic and cathodic redox reactions
can be initiated (see Figure 2.1). Photochemical deposition of noble metals (Pt, Pd,
Rh, Ru, Ir, and Os), has been used as an easy technique to improve catalytic and
photocatalytic efficiencies. Addition of noble metals to titanium dioxide was found to
be beneficial for the photocatalysis. [Litter et al., 1999]
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Figure 2.1 Simplified diagram of the heterogeneous photocatalytic processes

occurring on an illuminated semiconductor particle.

Jin and coworkers [2006] studied visible light induced hydrogen generation
(>420 nm) over the dye-sensitized M/titanium dioxide (M = Pt, Ru and Rh). The
reaction was observed in the presence of electron donors such as triethanolamine,
acetonitrile, and triethylamine. The significant enhancement of quantum vyield was
achieved via noble metal loading and subsequent dye sensitization of M/ titanium
dioxide. In the photocatalytic experiment, the catalyst was suspended in 70 ml of
DEA-H,0 mixture by means of a magnetic stirrer. Prior to irradiation, the suspension
of the catalyst was dispersed in an ultrasonic bath and argon was bubbled through the
reaction mixture for 40 minutes to completely remove oxygen. The dye-sensitized
photocatalysts could produced hydrogen from a DEA-H,O mixture with high
quantum efficiencies and had good stability under visible light irradiation
(4 > 420 nm).in the presence of electron donors.; The H, evolution was enhanced with
an increase inthe metal loading, which may have resulted from the strong adsorption

of eosin on the loading metal.

Wu, Lee, and coworkers [2004] studied the physicochemical properties and
photocatalytic activities of transition metal-loaded titanium dioxide catalysts. The
transition metal was deposited on titanium dioxide via post-hydrothermal synthesis
and photo-assisted reduction/impregnation. The structure of titanium dioxide was
preserved upon adding Pd, Cr, and Ag into it. The crystallinity was important for the

photocatalytic activity of titanium dioxide based catalysts. The function of transition
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metal was to increase the electron-hole recombination time, thereby increasing the

catalytic activity.

Anpo and Takeuchi [2003] employed electron spin resonance (ESR) signals
to investigate electron transfer from titanium dioxide to platinum particles. It was
found that Ti*" signals increased with irradiation time but the loading of Pt reduced
the amount of Ti**. The occurrence of electron transfer from titanium dioxide to Pt
particles was indicated by this observation. The noble metal particles accumulated
electrons and their Fermi levels shifted closer to the conduction band of titanium

dioxide, resulting in more negative energy levels.

ikuma and Bessho [2006] studied the effects of the deposition method for
platinum and the platinum concentration on the hydrogen production rate of platinum-
deposited titanium dioxide. Three different deposition methods were used. The
formaldehyde method resulted in the highest rate of hydrogen production. The amount
of platinum on titanium dioxide had to be optimized to obtain the highest rate of
hydrogen production. The platinum particles on the platinum-deposited titanium
dioxide prepared by this method were too small or too thin to be observed by

transmission electron microscopy.

Nada and coworkers [2005] studied photocatalytic dehydrogenation of liquid
methanol, ethanol, 1-propanol, and 2-propanol over platinized anatase and 366 nm
UV radiation. Activities and activation energies for carbonyl compound formation
were efficiently identical for the four alcohols over 0.5% Pt/TiO, prepared by
photodeposition. Activation energy of 20 kJ/mol was-associated with photoelectron
transport through TiO, anatase to Pt particles. Methanol was found to be the most

efficient electron donor, as indicated by an.increase in the amount of hydrogen.

Sreethawong and coworkers [2007] studied the photocatalytic evolution of
hydrogen from water over 0.6 wt% Pt-loaded nanocrystalline mesoporous titanium
dioxide. The catalyst was prepared by a single-step sol-gel process with a surfactant
template. The highly crystalline photocatalyst possessed a mesoporous characteristic
with high surface area and narrow monomodal pore size distribution. The influence of
the following operational parameters, i.e. sacrificial reagent type, initial solution pH,

photocatalyst concentration, initial sacrificial reagent concentration, and irradiation
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time, was investigated. The hydrogen evolution was experimentally found to be

strongly affected by all of the above parameters. The optimum values of initial
solution pH, photocatalyst concentration, and sacrificial reagent concentration as well
as the appropriate type of sacrificial reagent were obtained. Methanol was found to be
the most efficient sacrificial reagent among several types of sacrificial reagents
investigated. Mild acidic pH values in the range of 5-6 were favorable for the

reaction. The optimum photocatalyst and initial methanol concentration were found to

be 0.91 g/L and 2.25 M.

Zhu and coworkers [2006] studied Cr**-doped anatase titanium dioxide
photocatalysts were prepared by the combination of a sol-gel process with a
hydrothermal treatment. Due to the excitation of 3d electron of Cr** to the conduction
band of Titanium dioxide, Cr-titanium dioxide showed a good ability for absorbing
the visible light to degrade an azoic dye, active yellow XRG. Doping of chromium
ions effectively improved the photocatalytic activity under both UV light irradiation
and visible light irradiation with an optimal doping concentration of 0.15% and 0.2%,
respectively. The special distribution of dopants Cr** appeared to have a good effect

on enhancing the photocatalytic activity of Cr-titanium dioxide.

Gratian and coworkers [1995] compared the photocatalytic activities for
hydrogen generation of Au-titanium dioxide with Pt- titanium dioxide. The metal
contents on titanium dioxide that gave the highest hydrogen yield were in the range of
0.3-1 wt % Pt and 1-2 wt % Au. The exposed surface area of gold had only a small
influence on the rate of hydrogen generation. On the other hand, the rate of hydrogen
production was strongly dependent on the initial pH of the suspension. A value of pH
values. in the range of 4-7 gave better yields, whereas highly acidic and basic
suspensions resulted in a considerable decrease in the hydrogen yield.

Bamwenda and cowokers [1995] compared hydrogen production from water-
ethanol solution using Au-loaded titanium dioxide and Pt-loaded titanium dioxide as
photocatalysts. Different metal particle deposition methods, such as deposition—
precipitation, impregnation and photodeposition were also tested. The loading of Pt
worked better than loading of Au. Furthermore, Au loading prepared by

photodeposition worked better than deposition—precipitation and impregnation. The
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variations might be explained by the better contact with titanium dioxide active sites

for photodeposition method. However, Pt-loaded titanium dioxide was found to be

less sensitive to the preparation method.

Maeda and coworkers [2006] examined a two-component cocatalyst
consisting of Cr and another transition metal in an attempt to improve the
photocatalytic activity of (Gai—Znx)(N1—xOx) for overall water splitting. The best

result was obtained from the catalyst containing 1 wt% Rh and 1.5 wt% Cr.

Ekou and cowrkers [2006] prepared bimetallic titanium dioxide - supported
Rh-Ge and Pt-Ge catalysts by the catalytic reduction method under hydrogen
atmosphere, using a parent monometallic catalyst (Rh or Pt) and a germanium salt
dissolved in an aqueous medium. Germanium was effectively deposited by the
catalytic reduction technigue in great interaction with the parent metal (Rh or Pt)

supported on titania.

From the literatures reviews, noble metals (Pt, Au, Pd, Rh, Ni, Cu, and Ag) are
very effective for enhancement of titanium dioxide photocatalysis. As the Fermi
levels of these noble metals are lower than that of titanium dioxide, photo-excited
electrons can be transferred from CB to metal particles deposited on the surface of
titanium dioxide, while photo-generated VB holes remain on the titanium dioxide.
These activities greatly reduce the possibility of electron-hole recombination,
resulting in efficient separation and stronger photocatalytic reactions.



CHAPTER Il

THEORY

3.1 Physical and chemical properties of titanium dioxide

Titanium dioxide may take on any of the following three crystal structures:

Anatase generally exhibits a higher photocatalytic activity than other types of
titanium dioxide. The three forms of titanium (IVV) oxide have been prepared in
laboratories but only rutile, the thermally stable form, has been obtained in the form
of transparent large single crystal. The transformation from anatase to rutile is
accompanied by the evolution of ca. 12.6 kJ/mol (3.01 kcal/mol), but the rate of
transformation is greatly affected by temperature and the presence of other
substances, which may either catalyze or inhibit the reaction. The lowest temperature
at which transformation from anatase to rutile takes place at a measurable rate is
around 700°C, but this is not a transition temperature. The change is not reversible

since AG for the change from anatase to rutile is always negative.

Brookite has been produced by heating amorphous titanium (1) oxide, which
is prepared from an alkyl titanate or sodium titanate, with sodium or potassium
hydroxide in an autoclave at 200 to 600 °C for several days. The important
commercial forms of titanium (I\VV) oxide are anatase and rutile, and they can readily

be distinguished by X-ray diffractometry.

Rutile, which tends to be more stable at high temperatures and thus is
sometimes found-in igneous rocks, anatase, which-tends to be -more stable at lower
temperatures (both belonging to the tetragonal crystal system), and brookite, which is
usually found only in minerals and has a structure belonging to the orthorhombic
crystal system. The titanium dioxide use in industrial products, such as paint, is
almost a rutile type. These crystals are substantially pure titanium dioxide but usually
amount of impurities, e.g., iron, chromium, or vanadium, which darken them. A

summary of the crystallographic properties of the three varieties is given in Table 3.1
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Table 3.1 Crystallographic properties of anatase, brookite, and rutile.

Properties Anatase Brookite Rutile

Crystal structure Tetragonal Orthorhombic Tetragonal

Optical Uniaxial, Biaxial, positive Uniaxial,
negative negative

Density, g/cm® 3.9 4.0 4.23

Harness, Mohs scale 5, -6 5',-6 7-7Y,

Unit cell D4a™.4TiO, D;h™.8TiO;, D4h*.3TiO;,

Dimension, nm

a 0.3758 0.9166 0.4584

b 0.5436

c 0.9514 0.5135 2.953

The three allotropic forms of titanium dioxide have been prepared artificially
but only rutile, the thermally stable form, has been obtained in the form of transparent
large single crystal. The transformation form anatase to rutile is accompanied by the
evolution of ca. 12.6 kJ/mol (3.01 kcal/mol), but the rate of transformation is greatly
affected by temperature and by the presence of other substance which may either
catalyze of inhibit the reaction. The lowest temperature at which conversion of
anatase to rutile takes place at a measurable rate is ca. 700°C, but this is not a
transition temperature. The change is not reversible; AG for the change from anatase

to rutile is always negative.

Although anatase and rutile are both tetragonal, they are not isomorphous (see
Figure 3.1). The two tetragonal crystal types are more common because they are easy
to make. Anatase occurs usually in near-regular octahedral, and rutile forms slender
prismatic crystal, which are frequently twinned. Rutile is the thermally stable form

and is one of the two most important ores of titanium.
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rutile analase

pt A

Figure 3.1 Crystal structures of Titanium dioxide in rutile, and anatase
[Fujishima et al., 1999]

Since both anatase and rutile are tetragonal, they are both anisotropic, and
their physical properties, e.g. refractive index, vary according to the direction relative
to the crystal axes. In most applications of these substances, the distinction between
crystallographic directions is lost because of the random orientation of large numbers
of small particles, and it is mean value of the property that is significant.

3.2 Preparation of Titanium dioxide via a sol-gel method

Sol-gel process occurs in liquid solution of organometallic precursors such as
tetraethyl orthosilicate, zirconium propoxide, and-titanium isopropoxide, which, by
means of hydrolysis and condensation reaction, lead to the formation of sol. [Su. et
al., 2004]

M-O-R+H,0 = M-OH +R-OH hydrolysis (3.1)
M-0O-H+HO-M = M-0O-M+H,0 water condensation  (3.2)

M-0O-R+HO-M = M-O-M+R-OH alcohol condensation (3.3)
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A typical example of a sol-gel method is the addition of metal alkoxides to

water. The alkoxides are hydrolyzed, giving the oxide as a colloidal product.

Sol is made of solid particles of a diameter of few hundred nanometers
suspending in a liquid phase. After that, the particles condense into gel, in which solid
macromolecules are immersed in a liquid phase. Drying the gel at low temperature
(25-100 °C) produces porous solid matrices or xerogels. To obtain a final product, the
gel is heated. This heat treatment serves several purposes, i.e., to remove solvent, to
decompose anions such as alkoxides or carbonates to give oxides, to rearrange of the

structure of the solid, and to allow crystallization to occur.

Using a sol-gel method, one can easily control a stoichiometry of solid
solution and a homogeneous distribution of nanoparticles and metal oxides. In
addition, the metal oxides can be prepared easily at room temperature and high purity

can be obtained

3.3 Reaction mechanism for hydrogen production from photocatalytic

water splitting over titanium dioxide.

The electronic structure of a semiconductor plays a key role in semiconductor
photocatalysis. Unlike a conductor, a semiconductor consists of the valence band
(VB) and the conduction band (CB). Energy difference between these two levels is
the band gap (Eg). Without excitation, both the electrons and holes are in valence
band. When semiconductors are excited by photons with energy equal to or higher
than their band gap energy, electrons receive energy from the photons and are thus
promoted from. VB to CB.if the energy gain is higher than the band gap energy level.
For semiconductor titanium dioxide, the reaction is expressed as:

hv -

TiO, — €0, T h?io2 (34)

The photo-generated electrons and holes can recombine in bulk or on surface
of the semiconductor within a very short time, releasing energy in the form of heat or

photons. Electrons and holes that migrate to the surface of the semiconductor without
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recombination can reduce and oxidize the reactants adsorbed by the semiconductor,

respectively. The reduction and oxidation reactions are the basic mechanisms of
photocatalytic hydrogen production and photocatalytic water/air purification. Both
surface adsorption as well as photocatalytic reactions can be enhanced by nano-sized

semiconductors since more reactive surface area is available.

For hydrogen production, the CB level should be more negative than hydrogen

production level (E,, ,, ) while the VB should be more positive than water oxidation
level (E, ) for efficient oxygen production from water by photocatalysis. The

photocatalytic hydrogen production by TiO, is shown in Figure 3.2.

Energy
Lewvels
H-
|r!'|' -
Ti0, CB level e
I A - %
H/HO ;
B H,0
o -
Ei'lz,n'[-[:'i —
H,0O
TiDy VB level ht
{:}ﬁ

Figure 3.2 Mechanism of TiO, photocatalytic water-splitting for hydrogen
production. [Ni et al., 2005]

Theoretically, all types of semiconductors that satisfy the above-mentioned
requirements can be used as photocatalysts for hydrogen production. However, most
of the semiconductors that tend to encounter photo corrosion are not suitable for
water-splitting. Having strong catalytic activity, high chemical stability and long
lifetime of electron/hole pairs, titanium dioxide is the most widely used photocatalyst.
Presently, the energy conversion efficiency from solar to hydrogen by photocatalytic

water-splitting over titanium dioxide is still low, mainly due to the following reasons:



14
(1) Recombination of photo-generated electron/hole pairs: CB electrons can

recombine with VB holes very quickly and release energy in the form of unproductive
heat or photons.

(2) Fast backward reaction: Decomposition of water into hydrogen and oxygen
IS an energy-increasing process, thus backward reaction (recombination of hydrogen
and oxygen into water) easily proceeds.

(3) Inability to utilize visible light: The band gap of titanium dioxide is about
3.2 eV and only UV light can be utilized for hydrogen production. Since the UV light
only accounts for about 4% of the solar radiation energy while the visible light
contributes about 50%, the inability to utilize visible light limits the efficiency of solar

photocatalytic hydrogen production. [Matsuoka et al., 2007]

3.4 Roles of metal in hydrogen production from photocatalytic water

splitting over titanium dioxide

The addition or impregnation of a transition metal on the TiO, photocatalyst
surface can enhance the photocatalytic degradation activity by the charge trapping
[Brezova et al.,1997; Ikeda et al., 2001; Fuerte et al., 2001; Chen et al., 2003; Ligiang
et al., 2004 ; Rajesh et al., 2006; and Zhu et al., 2006]. The charge trapping process is
follows that the transfer between metal ions and electron and hole on titanium dioxide

can alter electron/hole recombination in equations 3.5 to 3.6.

Electron traping: M™ + e’ — MO-D* (3.5)
Hole traping; M™ + h*y o> M (3.6)

where M and M"™ represent metal and the metal ion dopant, respectively.

Here M™ was the impregnated metal ion. The energy level of M™/M®Y* lies
below the conduction band edge of TiO,. Thus, the energy level of transition metal
ions affected the trapping efficiency. The trapping of electrons make it easy for holes
to transfer onto the surface of TiO, and react with OH" in the organic compound
solution and form active hydroxyl radicals (OHs), which participate in the degradation
of organic compounds. For effective degradation reaction, the recombination of

electron and holes was studied. The slow recombination of the holes can be enhanced
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by trapping electrons, thereby reducing the recombination of rate and allowing holes

to diffuse to the particle surface and participate in oxidation reaction The electrons in
conduction band and protons can combine to form hydrogen [Ni et al., 2005]. If the
energy level of dopant ions shifted toward the conduction band edge, the efficiency of
trapping becomes higher. In that case, the traps had a larger tendency to act as shallow
traps so that the holes generated by following photons cannot recombine with the
trapped electrons.

The photocatalytic activity of titanium dioxide loaded with metals for the
water splitting resembles other photocatalytic activity. In summary, when TiO; was
exposed to UV irradiation, electron migrates from valence band to conduction band of
TiO,. The second reduction of surface-adsorbed H* followed by H, formation and
oxidation of hole by decomposition of water to oxygen that the addition by
impregnation of a transition metal on the titanium dioxide photocatalyst surface can
enhance the photocatalytic degradation activity the charge trapping in Figure 3.3.

Figure 3.3 Mechanism of metal-droped titanium dioxide in photocatalytic water-

splitting for hydrogen production.



CHAPTER IV

EXPERIMENTS

The synthesis of titanium (IV) oxide using a sol-gel method is explained in
this chapter. The chemicals, sample preparation and characterization are also
explained.

4.1 Chemicals

The details of chemicals used in this research are listed below.

1. Titanium (IV) isopropoxide (CioH2504Ti) 97%, available from Sigma-
Aldrich.

2. Ethanol (C;HsOH) 99.99%, available from Merck.

3. Nitric acid (HNO3) 70%, available from Asia Pacific Specialty Chemicals
Limited.

4. Chromium (I1I) nitrate nanohydrate (Cr(NO3)3*9H,0) 99.99%, available
from Sigma-Aldrich.

5. Chloroplatinic acid hexahydrate (H,PtClge6H,0) 37.50% Pt, available
from Sigma-Aldrich.

6. Sodium hexachlororhodate (I11) (NasRhClg) 23.07% Rh, available from
Sigma-Aldrich.

4.2 Catalyst Preparation

4.2.1 Preparation of TiOz support

Titanium dioxide was prepared by the acid-catalyzed sol-gel method. First, the
sol was prepared by mixing titanium isopropoxide with ethanol, water, and nitric acid
at room temperature while being stirred. For 1 mL of titanium isopropoxide, 20 mL of
methanol, 2.3 mL of water, and 0.08 mL of nitric acid were used. To remove solvents,

the dialyzed sol was left in ambient atmosphere overnight. Then titanium dioxide gel
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was dried at 110 °C for 24 hours [Geula and Micha, 1993]. The resulting gel was

ground. Finally, titania was calcined at 350 °C for two hours.

4.2.2 Deposition of metals

Incipient wetness impregnation method was used to deposit chromium,
platinum and rhodium. Chromium (I11) nitrate nanohydrate (Cr(NOg3)3*9H,0),
Chloroplatinic acid hexahydrate (H,PtClgs6H,0), and Sodium hexachlororhodate (I11)

(NazRhClg) were used as precursors.

To deposit chromium, a desired amount of Cr(NO3)3*9H,0 was dissolved in
deionized water, of which volume equaling to the pore volume of the catalyst. The
aqueous solution of chromium was added dropwise to the titanium dioxide support.
The impregnated support was left at room temperature for six hours to assure
adequate distribution of metal complex. After that, the catalyst was dried in the oven
at 110 °C overnight. The catalyst was calcined under air flow at the rate of 6 mL/min
at 300 °C for two hours.

To deposit chromium together with either platinum or rhodium, desired
amounts of the precursors for the two methods were dissolved in deionized water, of
which volume equaling to the pore volume of the metal precursors catalyst. The
aqueous solution of were added dropwise to the titanium dioxide support. The
impregnated support was left at room temperature for six hours to assure adequate
distribution of metal complexes. After that, the catalyst was dried in the oven at 110
°C overnight. The catalyst was calcined under air flow at the rate of 6 mL/min at 300

°C for two hours.

4.3 Photocatalytic reactor

Figure 4.1 shows a schematic diagram of a photocatalytic reactor used in this
study. The vertical tubular batch reactor was made of Pyrex and has a volume of 125
ml. The reactor was 4 cm in diameter and 24 cm long. Two tubes were placed inside
the reactor was connected to argon cylinder and was used to feed argon carrier gas.
The other was used vent argon carrier gas.



Exhausting vent I

18

Glass lid —“'\_

Ar Sampling vent

Pyrex tube

Ultraviolet lamp

\ Qlﬁi
Magnetic stirrer ‘Ej

Magnetic stir bar

Figure 4.1 Experiment set-up of photochemical reactor.

Titanium dioxide photocatalyst was suspended by means of a magnetic stirrer

and irradiated with eight UV light bulbs (Philips actinic blue), each having a power of

20 W.

Table 4.1 Operating condition for the gas chromatograph

Gas Chromagraph SHIMADZU GC-8A
Detector TCD
Column Molecular sieve 5A
- Column material SUS
- Length 2m
- Outer diameter 4 mm
- Inner diameter 3 mm
- Mesh range 60/80
- Maximum temperature 350°C
Carrier gas Ar (99.999%)
Carrier gas flow (ml/min) 30
Initial column temperature (°C) 60
Final column temperature (°C) 60
Injector temperature (°C) 100
Detector temperature (°C) 100
Current (mA) 70
Analyzed gas Hydrogen
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4.4 Photocatalytic reaction

The photocatalytic activity was performed over 0.3 g of titanium dioxide
catalyst was suspended in 50 ml of water/methanol solution in the vertical tubular
batch reactor. The volume ratio of water to methanol was 4:1. Ultra high purity argon
was used to purge the reactor for 120 minutes to remove oxygen inside the reactor.
The amount to hydrogen released was determined by a Shimazu GC-8A gas
chromatograph equipped with a thermal conductivity detector. The operating

conditions for the gas chromatograph are displayed in Table 4.1.

4.5 Catalyst Characterization

The catalysts were characterized by various techniques

4.5.1 X-ray diffraction analysis (XRD)

The XRD spectra were measured by using a SIEMENS D5000 X-ray
diffractometer using Cu K, radiation with a Ni filter. The crystallite size of titanium
dioxide was determined from the width at half-height of the (101) diffraction peak of
anatase using the Scherrer equation. The condition of the measurement was performed
over the 26 range of 20° to 80° and the resolution was 0.02°. A total of 10 scans were

performed for each sample.

4.5.2 Surface area measurement

The specific surface area of titanium dioxide was measured according to the
single point BET method, by using nitrogen as the adsorbate. The weight of the
sample was 0.2 g. And the sample was degassed at 200 °C prior to the measurement.

4.5.3 UV-visible absorption spectroscopy (UV- Vis)

To study the light absorption behavior of the catalysts, the absorbance spectra

of the catalysts in the wavelength range of 200-800 nm were obtained using a Perkin
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Elmer Lambda 650 spectrophotometer. The step size for the scan was 1 nm. BaSQO,

was used as a blank for the measurement.

4.5.4 Photoluminescence spectroscopy (PL)

Photoluminescence spectra were obtained using a JASCO FP-6200
Spectrofluorometer at room temperature. The amount of sample was used 0.5 g. The
sample was mixed with 10 ml of ethanol and was sonicated for two hours. The
excitation wavelength was 350 nm with an excitation bandwidth of 5 nm and an
emission bandwidth of 10 nm. The measurement was performed over the range of

wavelength between 200 and 800 nm with a step size of 1 nm.

4.5.5 X-ray photoelectron spectroscopy (XPS)

The XPS analysis was performed using an AMICUS photoelectron
spectrometer equipped with a Mg K, X-ray as a primary excitation and a KRATOS
VISIONZ2 software. XPS elemental spectra were acquired with 0.1 eV energy step at
a pass energy of 75 kV. The Cis line was taken as an internal standard at 285.0 eV.
Photoemission peak areas were determined after smoothing and background
subtraction using a linear routine. Deconvolution of complex spectra were done by
fitting with Gaussian (70%)-Lorentzian (30%) shapes using a VISION 2 software that

came with the XPS system.

4.5.6 Inductively-coupled plasma atomic emission spectroscopy (ICP-AES)

Chromium and platinum contents were measured using a Perkin Elmer Optical
Emission Spectrometer Optima 2100 DV. To digest the sample; the catalyst was
dissolved in 10 ml of 50% HF solution. The mixture was heated to 50 °C and stirred
for two hours. After the catalyst was completely digested, the solution was diluted to a

volume of 100 ml.
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4.5.7 Electron spin resonance spectroscopy (ESR)

ESR measurements were carried out using a JEOL JES-RE2X electron spin
resonance spectrometer to determine the amount of Ti** surface defect in TiOs..
Recorded spectra were scanned and were converted to a g-value scale referring to

Mn?* marker.



CHAPTER V

RESULTS AND DISCUSSION

The results in this chapter are divided into three sections. Section 5.1
describes the properties and photocatalytic activities of titanium dioxide loaded with
chromium. Section 5.2 describes the properties and photocatalytic activity of titanium
dioxide loaded with chromium and platinum. Finally, Section 5.3 describes properties
and photocatalytic activity of titanium dioxide loaded with chromium and rhodium.

5.1 Properties and photocatalytic activity of titanium dioxide loaded with

chromium.
5.1.1 Crystallite phase and size

The phase identification of titanium dioxide was based on the results from X-
ray diffraction analysis (XRD). The XRD patterns of various titanium dioxide loaded
with chromium samples were displayed in Figure 5.1. The diffraction peaks at 20
values of 26°, 37°, 48°, 55°, 56°, 62°, 69° 71°, and 75° indicated that titanium dioxide
was primarily in the anatase phase [Suriye et al., 2007]. Small amounts of brookite
and rutile were detected in some samples. The average crystallite size of titanium
dioxide was estimated from the line broadening of (101) diffraction peak using the
Scherrer’s equation. The average crystallite size of pure titanium dioxide was
approximately 6.2 nm. The crystallite size grew slightly upon the loading of
chromium, probably due to the calcination performed after metal deposition.

5.1.2 Specific surface area

Specific surface areas of the catalysts were determined from nitrogen
adsorption isotherms and were displayed in Table 5.1. Pure titanium dioxide
possessed the largest specific surface area. Upon addition of chromium, specific
surface area decreased. However, the amount of chromium loading appeared to have

no significant effects on specific surface area of the catalyst.
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Figure 5.1 XRD patterns of titanium dioxide loaded with various amount of

chromium.

5.1.3 Metal content

Percentage of chromium-on titanium dioxide catalysts was determined by
Inductively couple plasma atomic emission spectroscopy (ICP-AES). The chromium
contents in various catalyst samples were listed in Table 5.2. As seen‘in Table 5.2, the
chromium content determined that was ICP-AES was lower than the expected
chromium content that was calculated for use during the impregnation step. This
discrepancy could be a result of incomplete digestion of ICP-AES sample and uneven

distribution of metal on titanium dioxide.
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Table 5.1 Crystallite size and specific surface area of titanium dioxide with

various amounts of Cr loading.

Cr loading Crystallite size Surface area
(% (w/w)) (nm) (m?/g)
Pure TiO; 6.2 141.1
0.005 7.7 88.1
0.01 7.9 94.6
0.05 8.2 100.4
0.1 7.6 98.0
0.5 8.1 92.6
1.0 8.4 100.6

Table 5.2 Chromium content as measured from ICP-AES, on titanium dioxide

loaded with various amount of chromium.

Calculated Cr loading Measured Cr content
(% (wiw)) (% (wiw))
0% (w/w) Cr 0
0.005% (w/w) Cr 0.002
0.01% (w/w) Cr 0.004
0.05% (w/w) Cr 0.019
0.1% (w/w) Cr 0.086
0.5% (w/w) Cr 0.215
1.0% (w/w).Cr 0.579

5.1.4 Light absorption characteristics

UV-visible light absorption characteristics of various titanium dioxide loaded
with chromium were presented in Figure 5.2. A steep drop in the absorbance at a
wavelength longer than 387 nm was assigned to the intrinsic band gap absorption of
anatase titanium dioxide (3.2 eV). Addition of chromium extended the absorption
band of titanium dioxide to the visible region, while leaving the intrinsic band gap of
anatase titanium dioxide unaffected. For titanium dioxide, the light absorption in the

visible region provided a possibility for enhancing the photocatalytic activity of TiO..



25

10 \
0.8 1
. N 0
5 N 1.0 % (w/w) Cr
S 06 - \
Y . 0.5 % (w/w) Cr
g N\
o < 0.1 % (w/w) Cr
2 04 - A
- A AN 0.05 % (w/w) Cr
—  —— 0.01% (w/w)Cr
0.2 - 0.005 % (w/w) Cr
Pure TiO;
00 ‘ F =3 e === =
250 350 450 550 650 750

Wavelength (nm)
Figure 5.2 UV-visible absorption characteristics of titanium dioxide loaded

with various amount of chromium.

The addition of chromium gave rise to a new absorption shoulder appears at
around 420 to 550 nm due to the formation of the impurity energy level within the
bandgap of titanium dioxide. As seen in Figure 5.2, an increase in Cr content brought

about a better absorption in the visible region for TiO, [Anpo and Takeushi, 2003].
5.1.5 Electron spin resonance spectroscopy

Electron spin resonance spectroscopy (ESR) was performed to determine the
amount of Ti*" defects in the catalyst. Typical result was displayed. in Figure 5.3. The
peak observed at the g value of 1.97 was assigned to Ti** defects. The peak height was
proportional to the amount of Ti*" in the catalyst. Table 5.3 listed the peak height per
unit surface area of various titanium dioxide samples that were loaded with
chromium. From Table 5.3, the amount of Ti** (or the peak height) increased when
the chromium content was raised. The higher amount of Cr loading may damage the

surface of TiO, and from more Ti*".
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Figure 5.3 Peak height ESR results of titanium dioxide loaded with various

amount of Cr.

Table 5.3 Peak height per unit surface area, as determined from ESR

measurement, for titanium dioxide loaded with various amount of Cr.

Cr loading Peak height per unit surface area

(% (w/w)) (1/m?)
Pure TiO, 70.13
0.005 92.65
0.01 139.71
0.05 250.22

0.1 357.43

0.5 677.94

1.0 679.28
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5.1.6 Photoluminescence measurement

Photoluminescence emission spectrum was used to investigate the efficiency
of charge carrier trapping, immigration, and transfer; and to understand the fate of
electrons and holes in titanium dioxide since photoluminescence emission resulted
from the recombination of free carriers. Figures 5.4 and 5.5 displayed the
photoluminescence spectra for the catalysts that were excited by irradiation with a
wavelength of 350 nm at room temperature. Two main emission peaks were observed
at wavelengths of 402 and 458 nm, which corresponded to band gap energies of 3.1
and 2.7 eV, respectively. The first emission peak was ascribed to the emission of band
gap transition (or the recombination of photogenerated electrons and holes) at a
wavelength of 402 nm. The second emission peak was ascribed to the emission signal
originated from the energy levels of defects in the band gap, such as oxygen vacancies
formed during sample preparation at a wavelength of 458 nm. The oxygen vacancies
were generated because of partially incomplete crystallization [Zhao et al., 2007]. The
variation in photoluminescence emission spectrum intensity resulted from the change
of defect state on the shallow level of the titanium dioxide surface [Zhao and Yu,
2006]. Figure 5.5 revealed that the photoluminescence signal of pure titanium dioxide
was the highest among all the samples. Upon addition of chromium (from 0.005 %
(w/w) to 0.05% (w/w)), photoluminescence signals were decreased. When the
chromium content exceeded 0.05 % (w/w), the photoluminescence signals increased
back up again. It can be noticed that 0.05 % (w/w) chromium loaded on titanium

dioxide shows the lowest photoluminescence signal.

5.1.7 Transmission electron microscopy (TEM)

Transmission- electron-micrographs of pure TiO, and TiO, loaded with 1 %
(w/w) Cr were shown in Figures 5.6 to 5.8, respectively. TEM were performed in
order to physically measure the size of the chromium clusters. However, the
chromium clusters were not observed because of low chromium loading (less than 1
% (w/w)). Furthermore, the average particle size of TiO,was obtained from the TEM
images of the both samples. The average crystallite sizes of pure TiO, and TiO;

loaded with 1 % (w/w) Cr were 6.2 nm and 8.1 nm, respectively.
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Figure 5.4 Photoluminescence emission signals in a range of 380-600 nm for

titanium dioxide loaded with various amount of chromium.

These results were good agreement with the average crystallite sizes that were
determined from XRD analysis (see Table 5.1)

5.1.8 X-ray photoelectron spectroscopy (XPS)

The XPS spectra for Cr/TiO, samples were recorded with a photon energy of
1256 eV (Mg K,). For all measurements, the kinetic energies of the emitted electrons
in the range of 0-1000 eV were detected. XPS results were obtained for two samples.
The first sample contained only Cr, not Ti and was prepared by calcining chromium
(1) nitrate nanohydrate at 350 °C for two hours (see Figure5.9). The second sample
was titanium dioxide that was loaded with 10 % (w/w) Cr (see Figure5.10). The high
amount of chromium added was to enhance the signal for chromium in the
measurement. From Figures 5.9 and 5.10, the peaks corresponded to crap electron
were detected at 579.0 eV. This observation suggested the state of chromium in the
both samples was Cr**, rather than Cr** (which had a binding energy of 576.6 eV)
[Zhu et al., 2006; Nagaveni et al., 2006].
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Figure 5.5 Photoluminescence emission signals in ranges of 380-420 nm for titanium dioxide loaded with
various amount of chromium.
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Figure 5.7 Transmission electron micrograph of titanium dioxide loaded with

1 % (w/w) Cr (magnification is 100,000).
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Figure 5.8 Transmission electron micrograph of titanium dioxide loaded with

1 % (w/w) Cr (magnification is 300,000).
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Figure 5.9 XPS spectrum of the samples containing only Cr.
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Figure 5.10 XPS spectrum of TiO, that was loaded with 10% (w/w) Cr

5.1.9 Photocatalytic activity

Zhu and coworkers, [2006] proposed a reaction mechanism for photocatalytic
degradation of organic pollutants over titanium dioxide loaded with chromium. The

overall reaction scheme for photocatalytic water splitting was presented in Equations
5.1t05.3.

Ti02+ hv B R Y. ' hvb+ t S ) (5 1)
H,0+ hyy ' — 1/20,+H" (5.2)
2H" + 2eq, e H, (5.3)

The role of chromium was described by Equations 5.4 to 5.6. Cr’" acted as a
trap for photogenerated holes (Equation 5.4) because the energy level for Cr’*/Cr*"
lied above the valence band edge of titanium dioxide. The trapped holes in Cr*"

migrated to the hydroxyl ion adsorbed on TiO; surface to produce hydroxyl radicals
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(Equations 5.5). The reaction of photogenerated holes with Cr’" promoted the

separation of photogenerated holes and electrons and improved the photocatalytic
activity. Nonetheless Cr'*, or trapped holes, could also react with photogenerated
electrons (Equations 5.6). In this case, Cr’” acted as a recombination center for holes

and electrons and was adverse to photocatalytic activity of titanium dioxide.

Crr* + hyy' N crt’ (5.4)
Cr* + OH (44 AR Cr'* + OH’ (s (5.5)
Cr*" +ew ~ OIS Z, cr’ (5.6)

The photocatalytic activities of titanium dioxide loaded with chromium were
quantified by the amount of hydrogen gas produced from the photoreactor. From
Figure 5.11, titanium dioxide loaded with 0.05 % (w/w) possessed the highest
activity. This result agreed with the result from photoluminescence measurement. The
order of decreasing activity (0.05 % (w/w), 0.005 % (w/w), 0.01 % (w/w), and pure
titanium dioxide was the same as the order of increasing photoluminescence signals
(see Figure 5.4 and 5.5). The photocatalytic reaction depended on the efficient
separation of photogenerated charge carriers in titanium dioxide. Therefore, slower
recombination of electrons and holes led to higher photocatalytic activity. As a result,
the catalyst with the highest activity should produce the smallest signal in

photoluminescence measurement. This agreement was also observed in our case

Our results were also in good agreement with the results of Zhu and
coworkers [2006]. When a small amount of chromium (<0.01 % (w/w)) was added to
titanium dioxide. Chromium enhanced the photocatalytic activity by promoting the
separation of photogenerated electrons and holes. But when the amount of chromium
added was too high, adverse effect on the photocatalytic activity was observed

because chromium becomes a recombination center for electrons and holes.
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Figure 5.11 Amount of hydrogen produced from photocatalytic water splitting

over titanium dioxide loaded with various amount of chromium.

5.2 Properties and photocatalytic activity of titanium dioxide loaded with

chromium and 1 % (w/w) platinum.

5.2.1 Crystallite phase and size

The phase identification of titanium dioxide was based on the results from X-
ray diffraction analysis (XRD). The XRD patterns of various titanium dioxides loaded
with chromium and 1 % (w/w) platinum samples were displayed in Figure 5.12. The
diffraction peaks at 20 values of 26°, 37°, 48° 55° 56°, 62°, 69°, 71°, and 75°
indicated that titanium dioxide was primarily in the anatase phase [Suriye et al.,
2007]. Small amounts of brookite and rutile were detected in some samples. The
average crystallite size of titanium dioxide was estimated from the line broadening of
(101) diffraction peak using the Scherrer’s equation. The average crystallite size of

pure titanium dioxide was approximately 6.2 nm. The crystallite size grew slightly
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upon the addition of chromium and platinum, probably due to the calcination

performed after metal deposition.
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Figure 5.12 XRD patterns of titanium dioxide loaded with various amount of

chromium and 1.0 % (w/w) platinum.

5.2.2 Specific surface area

Specific surface areas of the catalysts were determined from nitrogen
adsorption isotherms and were displayed in Table 5.4. Pure titanium dioxide
possessed the largest specific surface areas. Upon addition of chromium and
platinum, specific surface area decreased. However, the amount of chromium loading

appeared to have no significant effects on specific surface area of the catalysts.
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Table 5.4 Crystallite size and specific surface area of titanium dioxide with

various amounts of Cr and 1.0 % (w/w) Pt loading.

Cr loading Crystallize size Surface area

(% (w/w)) (nm) (m?/g)
Pure TiO; 6.2 141.1
0 8.1 104.8
0.005 7.6 94.2
0.01 8.0 97.1
0.05 8.0 95.4
0.1 7.3 103.0

0.5 8.0 104.7

1.0 8.7 109.0

5.2.3 Metal content

Percentages of chromium and platinum on titanium dioxide catalysts were
determined by Inductively coupled plasma atomic emission spectroscopy (ICP-AES).
The chromium and 1 % (w/w) platinum content in various catalyst samples were
listed in Table 5.5. The chromium content that was determined ICP-AES was lower
than the expected chromium content that was calculated for use during the
impregnation step. This discrepancy could be a result of incomplete digestion of ICP-

AES sample and uneven distribution of metal on titanium dioxide.

Table 5.5 Chromium and 1% (w/w) platinum content as measured from ICP-

AES, on titanium dioxide loaded with various amount of chromium.

Calculated Cr loading | Measured Cr content | Measured Pt content
(% (w/w)) (% (W/w)) (%0 (wiw))

0 % (w/w) Cr 0 0.758
0.005 % (w/w) Cr 0.004 0.722
0.01 % (w/w) Cr 0.009 0.735
0.05 % (w/w) Cr 0.024 0.759
0.1 % (w/w) Cr 0.067 0.704

0.5 % (w/w) Cr 0.178 0.758

1.0 % (w/w) Cr 0.451 0.717
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5.2.4 Light absorption characteristics

UV-visible light absorption characteristics of various titanium dioxides
loaded with chromium and 1 % (w/w) platinum were presented in Figure 5.13. A
steep drop in the absorbance at a wavelength longer than 387 nm was assigned to the
intrinsic band gap absorption of anatase titanium dioxide (3.2 eV). Addition of
chromium extended the absorption band of titanium dioxide to the visible region,
while leaving the intrinsic band gap of anatase titanium dioxide unaffected. For
titanium dioxide, the light absorption in the visible region provided a possibility for
enhancing the photocatalytic activity of titanium dioxide. The addition of chromium
gave rise to a new absorption shoulder appears at around 420 nm to 550 nm due to the
formation of the impurity energy level within the bandgap of titanium dioxide. As
seen in Figure 5.13, an increase in chromium content and platinum brought about a
better absorption in the visible region for titanium dioxide [Anpo and Takeushi,

2003].
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0.5 % (w/w) Cr
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S 06 -
8 ////////// 0.05 % (w/w) Cr
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g 041 0.005 % (w/w) Cr
0 % (w/w) Cr
0.2 Pure TiO,
0.0 ‘ ‘ —====== ————
300 400 500 600 700 800

Wavelength (nm)
Figure 5.13 UV-visible absorption characteristics of titanium dioxide loaded

with various amount of chromium and 1 % (w/w) platinum.
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5.2.5 Electron spin resonance spectroscopy

Electron spin resonance spectroscopy (ESR) was performed to determine the
amount of Ti*" defects in the catalyst. Typical result was displayed in Figure 5.14.
The peak observed at the g value of 1.97 was assigned to Ti’" defects. The peak
height was proportional to the amount of Ti*" in the catalyst. Table 5.6 listed the peak
height per unit surface area of various titanium dioxide samples that were loaded with
chromium and 1% (w/w) Pt. From Table 5.6, the amount of Ti’ " (or the peak height)
increased when the chromium content was raised. The higher amount of Cr loading

may damage the surface of titanium dioxide and form more Ti*"
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0.5 % (w/w) Cr

0.1 % (w/w) Cr
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0 % (w/w) Cr
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Field (mT)

3

W

Figure 5.14 ESR results of titanium dioxide loaded with various amount of Cr

and 1% (w/w) Pt.
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Table 5.6 Peak heights per unit surface area, as determined from ESR

measurement, for titanium dioxide loaded with various amount of Cr and 1%

(w/w) Pt.
Cr loading Peak height per unit surface area
(% (W/w)) (1/m?)
Pure TiO, 70.13
0 1.72
0.005 6.99
0.01 103.17
0.05 141.78
0.1 155.42
0.5 494.23
1.0 681.09

5.2.6 Photoluminescence measurement

Photoluminescence emission spectrum was used to investigate the efficiency
of charge carrier trapping, immigration, and transfer; and to understand the fate of
electrons and holes in titanium dioxide since photoluminescence emission resulted
from the recombination of free carriers. Figures 5.15 displayed the photoluminescence
spectra for the catalysts that were excited by irradiation with a wavelength of 350 nm
at room temperature. Two main emission peaks were observed at wavelengths of 402
and 458 nm, which corresponded to band gap energies of 3.1 and 2.7 eV, respectively.
The first emission peak was ascribed to the emission of band gap transition (or the
recombination of photogenerated electrons-and holes) at a wavelength of 402 nm. The
second emission peak was ascribed to the emission signal originated from the defects
levels in the band gap, such as oxygen vacancies formed during sample preparation at
wavelengths of 458 nm. The oxygen vacancies were generated because of partially
incomplete crystallization [Zhao et al., 2007]. The variation in photoluminescence
emission spectrum intensity resulted from the change of defect state on the shallow
level of the titanium dioxide surface [Zhao and Yu, 2006]. Figure 5.15 revealed that

the photoluminescence signal of pure titanium dioxide was the highest among all the
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samples. Upon addition of chromium (from 0.005 % (w/w), 0.05 % (w/w), and 0.01%

(w/w), respectively), photoluminescence signals were decreased respectively.

402 nm

Pure TiO,

1.0 % (w/w) Cr
0.5 % (w/w) Cr
0 % (w/w) Cr

0.1 % (w/w) Cr
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0.05 % (w/w) Cr

01 % (w/w) Cr

380 420 460 500 540 580
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Figure 5.15 Photoluminescence emission signals of titanium dioxide loaded

with various amount of chromium and 1 % (w/w) platinum.

When the chromium content exceeded 0.05 % (w/w), the photoluminescence
signals increased back up again. It can be noticed that 0.01 % (w/w) chromium loaded

on titanium dioxide shows the lowest photoluminescence signal.

5.2.7 Transmission electron microscopy (TEM)

Transmission electron micrographs of TiO, loaded with 1 % (w/w) Cr and 1 %
(w/w) ‘Pt were shown in Figure 5.16. TEM were performed in order to physically
measure the size of the Cr and Pt clusters. However, the Cr and Pt clusters were not
observed because of low Cr loading (less than 1 % (w/w)). Furthermore, the average
particle size of TiO, was obtained from the TEM images of the both samples. The
average crystallite sizes of pure TiO, and TiO; loaded with 1 % (w/w) Cr and Pt were
6.2 nm and 8.6 nm, respectively. These results were good agreement with the average

crystallite sizes that were determined from XRD analysis (see Table 5.4)
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Figure 5.16 TEM micrographs of j‘tj_tanium dioxide loaded with various

amount of chromium and 1.0 % (w/w) platinum.

5.2.8 Photocatalytic activity -

From researches the addition of noble metals to TiO, was found to be
beneficial for the photocatalysis. The photocatalytic with noble metals on TiO,
exemplifies. Ni and coworker [2005] proposed that noble metals (Pt, Rh, Pd, Au, Ni,
Cu and Ag) have been to be very effective for enhancement of TiO, photocatalysis.
As the Fermi levels of these noble metals are lower than that of titania, photo excited
electrons can be transferred from conduction band to metal particles deposited on the
surface of TiO; while photo-generated valence band holes remain on the titanium
dioxide. Jin and coworker [2006] proposed that enhancement of quantum yield was
achieved via noble metal loading and subsequent dye sensitization of noble metal/
Ti0O,. H, evolution was enhanced with the increase of the metal loading, which have
resulted from the strong adsorption of eosin on the loading metal. Anpo and coworker
[2003] proposed that the noble metal particles accumulated electrons and their Fermi

levels shifted closer to the conduction band of TiO,. Chen and coworker [2007]
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studied photocatalytic reaction of methanol on Pt/TiO,. Platinum on TiO, was trapped

the excited electrons, and the adsorbate species from methanol capture the holes,
which are important for improving the yield of long-lived electrons. These long-lived
electrons decay on the millisecond to second scale in Pt/TiO,, and the decays
correspond to the electron consumption process for H, generation. Bamwenda and
coworker [1995] compared hydrogen production from water-ethanol solution using
Au-loaded TiO, and Pt-loaded TiO, as photocatalysts. Different metal particle
deposition methods, such as deposition—precipitation, impregnation and
photodeposition were tested. It was found that loading of Pt worked better than
loading of Au. Furthermore, Au loading prepared by photodeposition worked better
than deposition-precipitation and impregnation. The variations might be explained by
the better contact with TiO, active sites for photodeposition method. However, Pt-
loaded TiO, was found to be less sensitive to the preparation methods.The possibility
of electron-hole recombination from reviews in efficient separation and stronger

photocatalytic reactions with noble metal loaded on TiO,.

Photocatalytic activities of doped with 1 % (w/w) platinum and various
amount of chromium loading on titanium dioxide were quantified by the amount of
hydrogen gas produced from the photoreactor. From Figure 5.17 titanium dioxide
loaded with 0.01 % (w/w) possessed the highest activity. This result agreed with result
from photoluminescence measurement. The order of decreasing activity (0.01 % (w/w),
0.05 % (w/w), and 0.005 % (w/w), and pure titanium dioxide was the same as the order

of increasing photoluminescence signals (see Figure 5.15).

Figure 5.18 compared the amount of hydrogen gas that was produced by
photocatalytic water splitting over pure titanium-dioxide, titanium dioxide loaded with
chromium alone, titanium dioxide loaded with platinum alone, and titanium dioxide
loaded with chromium and platinum after 300 minutes of reaction times. The amount
of hydrogen produced from titanium dioxide that was loaded with both chromium and
platinum was significantly higher than the sum of the amount of hydrogen produced
from titanium dioxide that was loaded with either metal alone. This result suggested
that the loading of chromium and platinum together gave rise to a synergy that

significantly enhanced the photocatalytic activity of the catalyst.
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Figure 5.17 Amount of hydrogen produced from photocatalytic water splitting

over titanium dioxide loaded with various amount of Cr and 1 % (w/w) Pt.
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Figure 5.18 Amount of hydrogen produced by pure TiO; and various amounts

of metals in photocatalytic was compared at time 300 mins.
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5.3 Properties and photocatalytic activity of titanium dioxide loaded with

chromium and 1 % (w/w) rhodium.

5.3.1 Crystallite phase and size

The phase identification of titanium dioxide was based on the results from X-
ray diffraction analysis (XRD). The XRD patterns of various titanium dioxides loaded
with chromium and 1 % (w/w) rhodium samples were displayed in Figure 5.19. The
diffraction peaks at 20 values of 26°, 37°, 48°, 55° 56°, 62°, 69°, 71°, and 75°
indicated that titanium dioxide was primarily in the anatase phase [Suriye et al.,
2007]. Small amounts of brookite and rutile were detected in some samples. The
average crystallite size of titanium dioxide was estimated from the line broadening of
(101) diffraction peak using the Scherrer’s equation. The average crystallite size of
pure titanium dioxide was approximately 6.2 nm. The crystallite size grew slightly
upon the addition of chromium and rhodium, probably due to the calcination

performed after metal deposition.
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Figure 5.19 XRD patterns of titanium dioxide loaded with various amount of

chromium and 1.0 % (w/w) rhodium.
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5.3.2 Specific surface area

Specific surface areas of the catalysts were determined from nitrogen
adsorption isotherms and were displayed in Table 5.7. Pure titanium dioxide
possessed the largest specific surface areas. Upon addition of chromium and rhodium,
specific surface area decreased. However, the amount of chromium loading appeared

to have no significant effects on specific surface area of the catalysts.

5.3.3 Metal content

Percentages of chromium on titanium dioxide catalysts were determined by
Inductively coupled plasma atomic emission spectroscopy (ICP-AES). The chromium
and 1 % (w/w) rhodium content in various catalyst samples were listed in Table 5.8.
The chromium content that was determined ICP-AES was lower than the expected
chromium content that was calculated for use during the impregnation step. This
discrepancy could be a result of incomplete digestion of ICP-AES sample and uneven

distribution of metal on titanium dioxide.

Table 5.7 Crystallite size and specific surface area of titanium dioxide with

various amounts of Cr and 1.0 % (w/w) rhodium loading.

Cr loading Crystallizes size Surface areas
(% (wiw)) (nm) (m?/g)
Pure TiO, 6.2 141.1
0 Y7 (& 96.6
0.005 7.8 90.9
0.01 7.8 105.9
0.05 8.3 92.1
0.1 7.7 99.8
0.5 7.9 95.9
1.0 7.6 100.9
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Table 5.8 Chromium and 1 % (w/w) rhodium content as measured from ICP-

AES, on titanium dioxide loaded with various amount of chromium and 1.0 %

(w/w) thodium.

Calculated Cr loading Measured Cr content
(% (wiw)) (% (wiw))
0% (w/w) Cr 0
0.005% (w/w) Cr 0.003
0.01% (w/w) Cr 0.007
0.05% (w/w) Cr 0.022
0.1% (w/w) Cr 0.084
0.5% (w/w) Cr 0.244
1.0% (w/w) Cr 0.469

5.3.4 Light absorption characteristics

UV-visible light absorption characteristics of various titanium dioxides
loaded with chromium and 1 % (w/w) rhodium were presented in Figure 5.20. A
steep drop in the absorbance at a wavelength longer than 387 nm was assigned to the
intrinsic band gap absorption of anatase titanium dioxide (3.2 eV). Addition of
chromium extended the absorption band of titanium dioxide to the visible region,
while leaving the intrinsic band gap of anatase titanium dioxide unaffected. For
titanium dioxide, the light absorption in the visible region provided a possibility for
enhancing the photocatalytic activity of titanium-dioxide. The addition of chromium
gave rise to a new absorption shoulder appears at around 420 nm to 550 nm due to the
formation of the impurity energy level within the bandgap of titanium dioxide. As
seen in Figure 5.20, an increase in chromium content and rhodium brought about a
better absorption in the visible region for titanium dioxide [Anpo and Takeushi,

2003].
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Figure 5.20 UV-visible absorption characteristics of titanium dioxide loaded

with various amount of chromium and 1 % (w/w) rhodium.

5.3.5 Electron spin.resonance spectroscopy

Electron spin resonance spectroscopy (ESR) was performed to determine the
amount of Ti*" defects in the catalyst. Typical result was displayed in Figure 5.21.
The peak obscrved: at the g value of 1.97 was ‘assigned to Ti’" defects. The peak
height was proportional to the amount of Ti°" in the catalyst. Table 5.9 listed the peak
height per unit surface area of various titanium dioxide samples that were loaded with
chromium and 1% (w/w) Rh. From Table 5.9, the amount of Ti** (or the peak height)
increased when the chromium content was raised. The higher amount of Cr loading

may damage the surface of titanium dioxide and form more Ti’".
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Figure 5.21 Peak height ESR result of titanium dioxide loaded with various

amount of Cr and 1% (w/w) Rh.

Table 5.9 Peak heights per unit surface area, as determined from ESR

measurement, result of titanium dioxide loaded with various amount of Cr and

1% (w/w) Rh.
Cr loading Peak height per unit surface area
(% (w/w)) (Peak height /SgeT)
Pure TiO; 70.13
0 1.369431
0.005 35.42354
0.01 114.3332
0.05 302.8744
0.1 374.7815
0.5 794.4008
1.0 811.5874
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5.3.6 Photoluminescence measurement

Photoluminescence emission spectrum was used to investigate the efficiency
of charge carrier trapping, immigration, and transfer; and to understand the fate of
electrons and holes in titanium dioxide since photoluminescence emission resulted
from the recombination of free carriers. Figures 5.22 displayed the photoluminescence
spectra for the catalysts that were excited by irradiation with a wavelength of 350 nm
at room temperature. Two main emission peaks were observed at wavelengths of 402
and 458 nm, which corresponded to band gap energies of 3.1 and 2.7 eV, respectively.
The first emission peak was ascribed to the emission of band gap transition (or the
recombination of photogenerated electrons and holes) at a wavelength of 402 nm. The
second emission peak was ascribed to the emission signal originated from the defects
levels in the band gap, such as oxygen vacancies formed during sample preparation at
wavelengths of 458 nm. The oxygen vacancies were generated because of partially
incomplete crystallization [Zhao et al., 2007]. The variation in photoluminescence
emission spectrum intensity resulted from the change of defect state on the shallow
level of the titanium dioxide surface [Zhao and Yu, 2006]. Figure 5.22 revealed that
the photoluminescence signal of pure titantum dioxide was the highest among all the
samples. Upon addition of chromium (from 0.005 % (w/w), 0.05 % (w/w), and 0.01%
(w/w), respectively), photoluminescence signals were decreased respectively. When
the chromium content exceeded 0.05 % (w/w), the photoluminescence signals
increased back up again. It can be noticed that 0.01 % (w/w) chromium loaded on

titanium dioxide shows the lowest photoluminescence signal.
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Figure 5.22 Photoluminescence emission signals of titanium dioxide

loaded with various amount of chromium and 1 % (w/w) platinum.

5.3.7 Photocatalytic activity

From researches the addition of noble metals to TiO, was found to be
beneficial for the photocatalysis. The photocatalytic with noble metals on TiO,
exemplifies. Ni-and coworker [2005] proposed that noble metals (Pt, Rh, Pd, Au, Ni,
Cu and Ag) have been to be very effective for enhancement of TiO, photocatalysis.
As the Fermi levels of these noble metals are lower than that of titania, photo excited
electrons can be transferred from conduction band to metal particles deposited on the
surface of TiO, while photo-generated valence band holes remain on the titanium
dioxide. Jin and coworker [2006] proposed that enhancement of quantum yield was
achieved via noble metal loading and subsequent dye sensitization of noble metal/
Ti0,. H, evolution was enhanced with the increase of the metal loading, which have
resulted from the strong adsorption of eosin on the loading metal. Anpo and coworker
[2003] proposed that the noble metal particles accumulated electrons and their Fermi

levels shifted closer to the conduction band of TiO,. The possibility of electron-hole
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recombination from reviews in efficient separation and stronger photocatalytic

reactions with noble metal loaded on TiO».

Photocatalytic activities of doped with 1 % (w/w) rhodium and various
amount of chromium loading on titanium dioxide were quantified by the amount of
hydrogen gas produced from the photoreactor. From Figure 5.23 titanium dioxide
loaded with 0.01 % (w/w) possessed the highest activity. This result agreed with result
from photoluminescence measurement. The order of decreasing activity (0.01 % (w/w),
0.05 % (w/w), and 0.005 % (w/w), and pure titanium dioxide was the same as the order

of increasing photoluminescence signals (see Figure 5.15).
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Figure 5.23 Amount of hydrogen produce from photocatalytic water splitting

over titanium dioxide loaded with various amount of Cr and 1 % (w/w) Rh.

Figure 5.24 compared the amount of hydrogen gas that was produced by
photocatalytic water splitting over pure titanium dioxide, titanium dioxide loaded with
chromium alone, titanium dioxide loaded with rhodium alone, and titanium dioxide
loaded with chromium and rhodium after 300 minutes of reaction times. The amount of

hydrogen produced from titanium dioxide that was loaded with both chromium and
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rhodium was significantly higher than the sum of the amount of hydrogen produced

at time 300 mins
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Figure 5.24 Amount of hydrogen produced by pure TiO, and various amounts

of metals in photocatalytic was compared at time 300 mins.



CHAPTER VI

CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

Photocatalytic activity of titanium dioxide for water splitting was enhanced by
addition of Cr. The highest activity was observed in titanium dioxide loaded with
0.05% (w/w) Cr. To improve the activity further, chromium was added to TiO,
together with either Pt or Rh. The highest activity was achieved with titanium dioxide
that was loaded with 0.01% (w/w) Cr and 1% (w/w) Pt or Rh. The enhanced
photocatalytic activities of doped catalysts were attributed to the ability of metals
added to prevent recombination of the photogenerated electron/hole pairs, which was

evident from the lowering of the photoluminescence signal.

6.2 Recommendations for the future studies

1. The effect of the noble metals (Pt or Rh) on photocatalytic activity as well as
optimum loading of Pt and Rh should be studied.
2. The effect of the order of metal loading should be studied.
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APPENDIX A

CALCULATION FOR CATALYST PREPARATION

Calculation for the amount of chromium precursor to be used durings the incipient

wetness impregnation method is shown below.
Reagent: - Chromium (III) nitrate nanohydrate (Cr(NOs3)3;*9H,0)
Molecular weight = 400.14 g/mol
- Support: Titania [TiO;]

Example Calculation for the preparation of 1 % (w/w) Cr on TiO,

Based on 100 g of catalyst used, the composition of the catalyst is

Chromium F lg
Titania = 100-1 = 9 g
For 5 g of titania
Chromium required = 5x(1/99) = 0.0505 g

Chromium 0.0505 g was prepared from Cr(NO3);*9H,0 and molecular weight of
Cr is 52.00 g/mol

Cr(NOs3)3°9H,0 required = MW of Cr(NO3)3*9H,0 x Chromium required
MW of Cr
= (400.14/52.00)x0.0505 = 0.3886¢

Since the pore volume of the titania support is 0.4 ml/g. the total volume was
observed from drop pure de-ionized water on the titania support. The total volume of
impregnation solution was used about 1.2 ml. By the requirement of the incipient
wetness impregnation method, the volume of de-ionized water used for dissolution of

precursor must equal pore volume of the support.



APPENDIX B

CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystallite size by Debye-Scherrer equation

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

From Scherrer equation:

KA

D=
BcosH

(A.1)

where = Crystallite size, A

= Crystallite-shape factor = 0.9

D
K
L = X-ray wavelength, 1.5418 A for CuKa
0 = Observed peak angle, degree

p

X-ray diffraction broadening, radian

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

The X-ray diffraction broadening (3) can be obtained by using Warren’s formula.

From Warren’s formula:

B = Bi-B: (A.2)

B = By -BJ

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

Bs = The corresponding width of a standard material.



Example: Calculation of the crystallite size of titanium dioxide

The half-height width of 101 diffraction peak = 0.93125°
= 0.01625 radian

The corresponding half-height width of peak of a-alumina = 0.002 radian

The pure width = /B., B

J0.01625> 0.004°

= 0.01612 radian
B = 0.01612 radian
20 = 2546°
0 =  1248°
A = 1.5418A
The crystallite size = 0.9 x1.5418 = 100.5 A
0.0157 cos 12.73
= 10.05 nm
20 =25.46°

- B =0.93125°

8 =0.01625 radius

2

(7p]

[

3 ...............

=

23.5 24.5 25.5 26.5 27.5

Degrees (2 theta)
Figure B.1 The 101 diffraction peak of titanium dioxide for calculation of the

crystallite size
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APPENDIX C

CALIBRATION CURVES

This appendix presented the calibration curve for calculation of products in

photocatalytic reaction of water decomposition to hydrogen.

The thermal conductivity detector, gas chromatography Shimadzu model 8A
was used to analyze the concentration of hydrogen by using Molecular sieve 5A
column. The operating conditions for each instrument were described in the section

4.2.

Mole of hydrogen in y-axis and area reported by gas chromatography in x-axis
are exhibited in the curves. The calibration curve of hydrogen is illustrated in the

following Figure C.1.
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Figure C.1 The calibration curve of hydrogen
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