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CHUTINAN ORAK: PHOTOCATALYTIC SPLITTING OF WATER OVER
TITANIA DOPED WITH B AND Mg. ADVISOR: AKAWAT SIRISUK, Ph.D, 77

pp.

Titanium dioxide was _doped with baron in arder {0 improve its photocatalytic
activity for watersplitting in thewvisible light region. Titania was synthesized via a sol-
gel method andsborond was added io the sol in the amount ranging from 0 to
2%(w/w). Then magnesium was added to the baron-doped titania in the amount of
1%(w/w). The ‘Catalysts were fired: at 850 °C for two hours. The catalysts were
characterized by AJV-visible diffuse reflectance spectroscopy, X-ray diffractometry,
nitrogen physisorption, scanning electron microscopy, fourier transform Infrared (FT-
IR), and photoluminescence. The photocatalytic activities of boron-doped catalysts
were evaluated for the splitting of water under both ultraviotet light and visible light
(wavelength > 420 nm) imadiations for the duration of five hours. Methanol was
added to act as a sacrificial agent at the volume ratio of watar to methanol of 4 to 1.
The photocataiylic activity of co-doped TiO, increased under UV irradiation as the
boron loading “increased because of better absorption in the visible region and
slower recombination of photogenerated charge carriers. “tUnder visible irradiation,
the highest photocatalytic activity was obtained by the catalyst that contained 1%

(wiw) B and 1% (w/w) Mg. This was aftributed to the fole of carbanaceous species

sensitizer as a visible light.
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CHAPTER I

INTRODUCTION

Hydrogen is considered as an idea fuel for the future. Hydrogen fuel can be
produced from clean and renewable cnergy Sourcessand, thus, its life cycle is clean
and renewable. Solar and wind are the two major sources of renewable energy and
they are also the premising soutees for renewable hydrogen production. However,
presently, renewable energysContributes only about 5% of the commercial hydrogen
production primarily wia water electroi‘ysis, while other 95% hydrogen is mainly

derived from fossil fuels: ; L &

=

Water splitting using photocatalys;"s_ is not a new theme. Water splitting has
been studied in the tesearch fields of cét;eizlysi-s, electrochemistry, photochemistry,
organic and inorganic chemistry;,}étc. for e{b&u}O years since the Honda—Fujishima
effect was reported using a TiOfsemicondﬁc£oi-‘:électr0de. However, the number of
reported photocatalysts which weie able to_f—)ﬂ__e:LC(?mpose water into H, and O; in a
stoichiometric amount witfl a reasonable act‘i‘v-it}-/-.hz;d been much limited. The active
photocatalysts' ate-onity-oxide-materials-at the present-stage: I such a background,
various types of new photocatalysts for water splitting have been developed (Kudo,

2006).

For the 'purpose of "the goals of improving ‘optical “absorption and
photocatalytic activity, all kinds ef attempts have.been made to extend,the light
absorption towvard: the |visibles light“range -and | to prohibit the" recoibination of
electron—hole" pairs. Based” ont' the previous researches reported in ‘the literature,
loading noble metal over semiconductor photocatalyst, doping of titania with
transition metal, doping of titania with rare earth metal , treating of titania with

hydrogen peroxide, photosensitizing titania, and compounding titania with other



materials have been investigated to raise photocatalytic performance (Ling et al.,

2008).

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 technelogy 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 deficiencics; many investigators have been conducting research
with an emphasis.on cffeetive remediati~0n methods. Some investigators studied the
effects of additionsof sacrificial reagelnts and carbonate salts to prohibit rapid
recombination of elecifon/liole pairs and backward reactions. Other research focused
on the enhancement of photocatalys1s by‘rhodlﬁcatlon of titanium dioxide by means
of metal loading, metal ion dopmg, dye ser;is1tlzat10n composite semiconductor, anion

doping, and metal ion implantation (Eakachg},_ 2007).

F
s Iy
o

it A4
The photo-excited eléctrons can be Lransferred from the conduction band of

titanium dioxide to metal particles deposited pn—ﬂ;e‘ surface of titanium dioxide, while
the photo-generated holes in the valence band remain on the fitanium dioxide. These
activities greatly reduce the possibility of electron-hole recbmbination, resulting in
efficient separation of charge carriers and better photocatalytic reactions. In this work,
we synthesized titanium dioxide via a sol-gel method and 16aded a combination of
two metals, i.e., boron{ogether with either magnesium. The catalysts were employed

in photoeatalytic spitting of water.

A number,of methods have been used to prepare TiOs nanoparticle, such as
chemical precipitation, micro emulsion, hydrothermal crystallization and sol-gel.
Sol—gel is one of the most successful techniques for preparing nanosized metallic
oxide materials with high photocatalytic activities. By tailoring the chemical structure

of primary precursor and carefully controlling the processing variables,



nanocrystalline products with very high level of chemical purity can be achieved (Su
et al., 2004).

b

Chapter II describes 'j— asic info about titanium dioxide, a sol-gel

7 sury s works related to this

research. v : A ‘

Chapter lﬂlescribes preparatic

techniques employed and the experimental setup

F%PWS@ HHRTREIR T

pterVI includes the overall conclus1ons of this research and
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CHAPTER Il

THEORY

2.1 Physical and chemical properties of titanitimedioxide
Titanium dioxide may take on any of the following three crystal structures:

Anatase generally exhibats a higher photocatalytic activity than other types of
titanium dioxide.The three forms of titanium (IV) oxide have been prepared in
laboratories but only rutile; the thermallyll stable form, has been obtained in the form
of transparent large /Single crytal. The_ transformation from anatase to rutile is
accompanied by the eyolution of ¢a. 12‘6 kJ/mol (3.01 keal/mol), but the rate of
transformation is greatly affected by tempetature and the presence of other substances,
which may either catalyze or 1nh1b1t the reactlon The lowest temperature at which
transformation from anatase to rutﬂe takes pla,ce at a measurable rate is around 700° C,
but this is not a transition temperamre The change 1s not reversible since AG for the

change from anatase to rutile 1s always nega‘e-we—

Brookite has been prdduced by heating 'amorphous titanivm (IV) oxide, which
is prepared fro@%;aileyd%%a%te%seééum titanates-with  sodium or potassium
hydroxide in an"autoclave at 200 to 600°C for several days. The:ﬁnportant commercial
forms of titanium' (IV) oxide ar¢ anatase and rutile, and they can readily be

distinguished by X-ray diffractometry.

Rutile, which tends 'to be more stable ‘at high temperature and thus is
sometimés! 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 .orthothombic
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., boron, Magnesium or calcium, which darken them. A

summary of crystallographic properties of the three varieties is given in Table 2.1



Table 2.1 Crystallographic properties of anatase, brookite, and rutile.

Unit cell

Dimension, nm

Harness, Mohs scalg

The thiece

but only rutile, the the
large single crystz H The transformatior

anatase to rutile takes place at agmeasurable rate

Properties Anatase Brookite Rutile
Crystal structure Tetragonal Orthorhombic Tetragonal
Optical xial, positive Uniaxial,
Negative
Density, g/cm3 4.23

7-7%

Dsh'? . 3TiO,

0.4584

2.953

"r prepared artificially

orm anatase to rutile

e form of transparent
1is accompanied by the

evolution of ca. 12. Qk gol (3.01 kcal/molUt the rate of transformation is greatly

A0 @u il e Imin e

ca. 700°C, but

PRI AN~

ich may either
conversion of

1S not a



Figure2.1C s ' in 1 t11e and anatase

Although a itilelare ..,‘ e not isomorphous (see

Figure 2.1). The two gonal stal type ' on because they are easy
to make. Anatase | , " I ; C .\‘a\ nd rutile forms slender
prismatic crystal, wh 3 - frequ , .5 . A - Rui \ thermally stable form
and is one of the two most imp itanit \ '

Since both anatase \ _ H & wgonal, they are both anisotropic, and
their physical propertie ace rding to the direction relative
to the crystal axes. In most wsubstances, the distinction between
crystallographie directions - Tost because of the T ienta 'pn of large numbers

of small particl C‘,..ﬁ-—-——*m;i.—.-..?;-}a? i

r !ln

:

2.2 Prepara'%pn of Titanium d|0X|de via a sol-gel method

ﬁ H %s ﬂw% ’% 10 s of hydrolysis
and polyﬁn ensation of titanium alkoxides, Ti a to form oxopolymers, which are

then transformed into an oxide n&work The reaction scheme is usualljzfvritten as

ARIANNIUAATINEIRE



Hydrolysis:
M(OR), + H,O0 - M(OR),_,(OH) + ROH (2.1)

Condensation Dehydration:

M (OR) , +ROH 2.2)

n

Dealcoholation: :
2M (O ' (2.3)
The overall reac
M(OR), +4 Hy s =RROH '\ 1 (2.4)
A typical ex ' - meth " the add 'on of metal alkoxides to
water. The alkoxi ¢ lyzed; !" X \ q\ colloidal product.

Sol 1s made of 1 f jameter of few hundred nanometers

suspending in a liquid s condense into gel, in which solid

macromolecules are immersed in 2 Drying the gel at low temperature

- e

(25-100°C) pr uces porous solid matrices o obtain a final product, the
gel is heated. This heat treatment seives-seveial puiposes : .10 remove solvent, to
: LY )
decompose anio ". ck -oxides, to rearrange of the

1 )

ng a sol‘gel“method, one can %asily control a stoichiometry of solid
W Wiy e TIOEE

the metaq}mdes can be prepared eas1ly at room temperature and high purlty can be

structure of the s w and to allow crystallization to occur.

(0]

AN TN INGINY



2.3 Mechanisms of semiconductor photocatalytic water-splitting or

hydrogen production

The electronic structure of a semiconductor plays a key role in semiconductor

photocatalysis. Unlike a conductor, a semiconductor consists of VB and CB. Energy

difference between these two level is the band gap (Ey). Without excitation,

recombination can red dize the:rea orbed by the semiconductor,

respectively. The redu onnﬁc{émdau' ctions are the basic mechanisms of

photocatalytic hydrogen p . P9 - ocatalytic water/air purification
i = |I g ¢ Bl . .

respectively. ‘%h surface adsorptlon 5 vell bcatalytic reactions can be

enhanced by nNang-sized-scimiconducto pOkC-Eeactive earea is available.

For hydro i oﬂjegative than hydrogen
production level (Ejj—i0) while the VB should be more positive than water oxidation

SRR
’Q“Mﬁﬁﬂim UAIINYIAY



Energy
Levels

hv
TiO, CB level e

_

Figure

production

of the semiconduct €4 ’ _7 ., ( caus photo corrosion, are not
suitable for water-splitting. Having . rongs ic activity, high chemical stability
and long lifetime of electro e ; 53 05 S the most widely used photocatalyst.
Presently, the energy conversion *..""' ency 1 solar to_hydrogen by TiO,

photocatalytic. water-splitting is still low, mainly due to the folfowing reasons:

ole-pairs: CB electrons can
recombine with VB holes very quickly and release energy i\me form of unproductive

(1) Reo abin

heat or photons.

ﬂ %%JL‘MLH IEETT Tialo k- -

is an en y increasing process, th s backward reactlon (recombination of hydrogen

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.
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2.4 Roles of metal in hydrogen production from photocatalytic water

splitting over titanium dioxide

Transitional metal ion doping and rare earth metal ion doping have been

extensively investigated for enhancin hE TiO, photocatalytic activities. Meng and

ng of s could expand the photo-response of
unis As met %o orated into the TiO, lattice,
impurity energy levels inthe ba dg A, as indicated below:
. —
M st 07 | "‘ (2.6)

2.7)

where ion dopant, respectively.

Furthermore, elect % S \ ' , TiO, can alter electron

Electron trap #M e — M 7 | (2.8)

Hole trap : (2.9)
R e — W
The e ‘i-_""::f_::‘___-__..:,:: {'ﬁ than that of the CB

- ‘!In
edge of TiO,, while ..7 ess positive than that
of the VB edge. of TiO,. For photocatalytic reactions, ! ier transferring is as

important as carrier gaming. Only if the tra@ed electron and hole are transferred to

OO o # 1A dAP A  r
near the sur TiO3 particl of albetter ‘chargetransf ing.“In case of deep

doping, metal ions likely behave as recombina'm centers, since Wtron/hole

PRIRIAIHNINY AL



CHAPTER Il

LITERATURE REVIEWS

Titanium dioxide is one of the most promising photocatalyst because of its
high efficiency, low cost, chemical inertness; andlong-term stability. It has been used
in various fields, such as solar cclls, phdifocatalytic splitting of water for green-energy
hydrogen production, seleetivesynthesis of orgamnic compounds, air purification,
removal of orgamic andinergani¢c pollutants, and photo killing of pathogenic
organisms (Grabowska et al., 2009).

TiO, is a goed phetocatalyst due té Ji%s stability and high activity. However, its
band gap is so large (E, = 3.20.eV) to bf: only excited by ultraviolet light with a
wavelength of no lenger than 387.5:nm, whlch accounts for only 4% of the incoming
solar energy. Thus, it i§ significant to devé’lép visible-light driven photocatalyst with
high activity. To make the best use of solaf: .e'fﬁergy, there have been many studies on
doped TiO,. Among them mefal 1on doping has ééétensively been studied, for example,

=l

transition-metal ions, rare-earth 1ons (YuexianE_ = '_al., 2008).

3.1 Photocatalytic decomposition of water to fydrogen on titanium

dioxide

For H; production from water, many studies have concluded that direct
photodécomposition of water into"H, and O, has ‘a very low efficiency due to rapid
reverse réaction. A much higher hydrogen production rate can be obtained by addition
of a_sacrificial reagent, such as alcohols, carbohydrates solid carbon, ‘sulfide, etc.
which is oxidizedto a product that.is less reactive toward hydrogen (Wu. et al., 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 H, and O, is mainly due to a rapid

reverse reaction between produced H, and O,. Thus, a critical problem to be resolved
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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 10%. This might be jattributable to the ease in donating lone-pair
electrons to the valence band hole upon the phetocatalyst excitation. Compared to
other types of sacrificial reagents among the alcehol series itself, methanol was found
to be the most effective and strongest saerificial reagent to yield the highest

photocatalytic H, evolution-activity.

For hydrogen produciion from a water/methanol solution, depending on
|
reaction conditions and om whether metal catalyst used, the reaction could proceed

either stepwise, involying stable iritermediates, as suggested by Sakata and coworker

(1982) : »
MeOH(I)M—)HCHO(g)JrL_z(g) (3.1)
HCHO(g) + HZO(I)M%HC(?;B.;I)+ H,(9) (3.2)
HCO, H (1) « st S e6 (g5 + Hz@ (3.3)

Or in step reaction on catalyst surface to give the overall reaction, as suggested by

Chen and coworkers (1998) :

MeOH (1) + H,O(I) « 22, CO,(g)+3H,(9) (3.4)

3.2 Roles of metals on titamium dioxide in photocatalytic reaction

The 'basicyprinciples of heteregeneous photocatalysis can bey summarized
shortly as follows. A semiconductor (SC) 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 band gap, i.e.

a region of forbidden energies in a perfect crystal. When a photon of energy higher or
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equal to the band gap 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 or close

Figure 3.1 Simplified r{ﬁ';‘c . oeneous photocatalytic processes

rring on an-illy juctor particle.
occurring o '4'..-:?, d s¢ tor particle

-
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3.3 Effective of boron doped titanium dioxide

To improve the photocatalytic reactivity of TiO, and to extent its light
absorption into the visible region several approaches have been proposed, such as
metal-ion or non-metal doped TiO,. TiO, doped with boron was prepared by several
authors, which reported enhancing phetocatalytic activity under UV or visible light in
degradation of pollutant. Hence, boron as co-doping was suitable for splitting of water

under UV and visible region.

Qincai and coworkers (2008) tefered that"based on the previous researches
reported in the literature, thesdoping metal atoms present mndividual phases dispersed
into TiO,, trappingstemporarily the phothenerated charge earriers and inhibiting the
recombination of photoinduced electronhole pairs when the electron—hole pairs

migrate from the inside’of the photocatalystto the surface.

Yuexiang and jeoworkers, (2008):;ef£}red that B-doped TiO, showed high
photocatalytic activity compated to pure T,in under UV light irradiation. The type of
B-doping into TiO, strongly depends on“thie ‘preparation method (synthesis route
precursors, and caleination conditions). WjiiLe Chen et al. observed a band gap
increase due to B-doping, atftibuted to quéﬁté@-size effect, Zhao and coworkers
(2007) measured a red shift. The apparent cc)p.‘;tfédiction can be explained considering
the different seometry and electronic Sttt s Ko B-doped TiO,. And they
prepared visible=light boron and nitrogen co-doped titania (B=N<TiO,) photocatalyst
by sol-gel method with titanium tetra-n-butyl oxide, urea and-botic acid as precursors.
A part of doping boron enters into titania latticc and most of the boron exists at the
surface of the catalyst. The crystallite size of B-N-TiO, decreases compared to N—
TiO,, whileyits iphotocurtent and the ;surface hydroxyl group.inerease. Furthermore,
doping boron €ould.act as shallow.traps for photoinduced electrons to prolong the life
of the eleCtrons and holes. Therefore, the visible-light activity of B-N-TiO, increases

greatly compiared with.that'of N=T104,

Na and coworkers (2008) studied the boron-doped TiO, nanotube arrays were
fabricated by potentiostatic anodization of titanium in an aqueous electrolyte
containing fluoride ion and sodium fluoroborate (NaBF,4). Red shifts and enhanced
absorption intensities in both UV and visible light regions are observed in the spectra

of UV -vis absorption of B-doped samples. The B-doped nanotube arrays show



15

improved photochemical capability under both simulated sunlight and UV irradiation.
The visible photoelectrocatalytic (PEC) activities of the prepared electrodes were
evaluated using atrazine as a test substance under simulated sunlight irradiation. The
kinetic constant of PEC degradation of atrazine using B-doped electrode with 3.1 at.%
of boron is 53% higher than that using non-doped one. A synergetic effect of the

photocatalytic (PC) and electrochemical (EC) processes is observed.

Yaling and coworkers (2008) prepated FiO, nanotubes electrode in C,H,04
2H,0+NH4F electrolyte by electrochemical anodization. C,H,04- 2H,O was ever
used to fabricate naneporous anodic aluminum oxide by electrochemical anodization.
Diffuse reflectance absorption spectra (DRS) analysis indicated that B-doped samples
displayed stronger absorption in both UV and visible range. B-doped Ti0O, nanotubes
electrode annealed at J00°C through CVD showed higher photoelectroncatalytic
(PEC) efficiency inimethyl orange (MO) glegradation than that annealed at 400°C and
550°C. MO degradation was subs‘tantiallf'jenﬁanced with the increasing applied bias
potential. Moreover, there was a synergetlic effect between the electrochemical and
photocatalytic processes, and the' synerge-tji-c:‘" factor R reached 1.45. B-doped TiO,
nanotubes electrode showed+ good stéiB;li'ty after 10 times by repeating

o g g
L

photoelectrocatalysis of MO«

Grabowska and coworkers (2009) p'ré!.péi}réd boron-doped TiO, by the sol-gel
method and by grinding TiO> powder with a boron compounds-(boric acid and boric
acid triethyl ester followed by calcinations at temperature range 200 to 600°C. The
photocatalytic activity of obtained powders in visible light was estimated by
measuring the decbmposition rate of phenol (O.21mmol/dm3 ) in an aqueous solution.
The best.photoactivity under visible light was observed for B-TiO,.modified with 2
wt% of boron.preépared by grinding ST-01 swith dopant followed by calcinations at
400°C. This photocatalyst contains 16.9 at.% of carbon and 6.6 at.% of boron in

surface layer.and its surface-areasis 192 m/g,

Romana and coworkers (2008) recommended about boron, however, has not
been investigated as extensively as other main group dopants, and thus the exact role
of boron as a dopant remains controversial. Some argue that boron-doping into TiO»
results in a red shift for the UV absorption band to the visible region. The

rationalization is that the impurity states newly introduced by boron-doping overlap
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sufficiently with the 2p electronic states of oxygen. Yet, others hold the opposite to be
true by reporting that boron incorporation into TiO; results in a blue shift (rather than
a red shift) due to a decrease in the crystal size (quantization effect). Thus the exact
role of boron on optical absorbance and photocatalytic activity of TiO, awaits further
investigations. In contrast to this controversy concerning the role of boron, unanimous
agreement is that transition metals narrow the bandgap and at the same time reduce

the recombination rate of photogenerated eleetrons and holes.

3.4 Effective'of magmesium doped titanium dioxide

In order to slow down the recombination rate of electron-hole pairs and to
utilize visible light, researches have m{_)d@ﬁed TiO, particles by selective surface
treatments, such as.doping metal ions on TiO,. There have been many reports on
transition metal, rare jearth and ,noble ﬂ;eta,L ion doping of TiO,, but studies on
alkaline-earth metal 10u" co=doping with{_metalloid as boron of TiO, and their
photocatalytic properties have never been -repo'rted. Mg doping on TiO; acts as a
charge recombination and electron frap siteé_}’_e@ding to better charge separation which

results in higher photocatalyti¢ activity. 2= sd fa

Bandara and coworkérs (2004) prepare(_l.‘a_.;new bilayer TiO,/MgO nanoporous
catalyst was fabgicated in which the thin layer of insulating/MgO on TiO, acts as
electron trap and barrier for recombination, enhancing the” overall photocatalytic
activity of TiO,. The photocatalytic activity of MgO coated TiO, has been studied for
the oxidation of 2=chlorophenol, 2,4-dichlorophenol (2,4-D€P) and 4-aminobenzoic
acid in aqueous solutiofis It has been showii.that the coating of thin layer of MgO
particles-on TiO;«particles enhances| the photocatalytic activity of the composite
system for the oxidationof chlorophenols and aminobenzoic acid in aqueous solution.
The photocatalytic activity enhancement originated: as a result of “trapping of
photogenerated clectron on MgQ defect sites and holes on TiQ, particles, allowing

wider charge separation and lesser recombination.

Venkatachalam and coworkers (2007) synthesized magnesium and barium
doped TiO; nanoparticles by sol—gel method. The pure TiO, nanoparticles contained

both anatase and rutile phases together, but Mg®" or Ba*" metal ion doped nano TiO,
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gave only anatase phase. The photocatalytic degradation of 4-Chlorophenol (4-CP)
over nanosize TiO, and Mg”" and Ba®" doped nano TiO, reveals higher activity for
doped TiO,, for UV irradiation. The enhanced adsorption of 4-CP over the catalyst
surface and decrease in particle size as a result of Mg”" and Ba®" loadings are
suggested to be the cause for higher activity of the catalysts. This study therefore
suggests that the introduction of metal nitrate in general and alkaline earth metal
nitrate in particular can effectively control the selective crystallization of anatase
phase of nano TiO,. This doped nano TiO, exhibits enhanced photocatalytic activity
in the degradation of 4-CP. :

Zhimang and _.eowoikers - (2009) combined both advantages of ordered
mesoporous TiO, and MgO.scoating to design an effective photocatalyst for anionic
surfactant decomposition. As far as we kho_yv, there is rarc report about the effect of
MgO on the structure andiphotogatalytic ab:[ilvity of mesoporous TiO,. To improve the
photocatalytic activity of 1105 on deco"—mposing anionic surfactants, MgO-coated
mesoporous TiO, swas fabricated by e\}}aporation induced self-assembly (EISA)
combined with impregnation method. MgO ;zv'as’imiformly dispersed on the surface of
TiO,, which played the role of stabilizing‘_wt"_h_er ordered mesostructure of TiO, and
improving the adsorption of/ahion surfactants, While mhibiting the crystallization of
TiO,. The powders coated with 5 wt.% M?O showed the highest photocatalytic

activity for the decomposition of sodium dodéc'};lFénienesulfonate-6 (DBS).

Yuexiang and coworkers (2007) prepared alkaline-earth metal ion doped TiO;
photocatalysts by the impregnation and coprecipitation méthod and a comparative
study of the photocatalytic efficiency of pure TiO, and doped TiO, was perfomed.
The effect of doping TiOs with alkaline-earthumetal ions on its photocatalytic activity
was characterized by the photocatalyti¢ generation '0f hydrogen in suspension. Doping
TiO, with! alkaline-earth metal ions can increase the photocatalytic activity. The
optimum doping molar contents of Be*", Mg”", Ca**Sr*" and Ba®" were-1.25, 1.25,
2.25,2.25 and 2.25 at. %, respectively. It was found that the activities. of the doped
photocatalysts depended on the size of the dopant ion and the doping method. When
the radius of the doping ion was smaller than or similar to that of Ti*", the doping
effect was obvious; when the radius of the doping ion was much larger than that of

Ti**, the effect of doping was smaller. In particular, when the doping ion was in the
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shallow surface, doping was beneficial, while when it was in the deep bulk, the

doping was detrimental.

The reaction Figure 3.2, when MgO coated TiO; catalyst is exposed to light,
TiO, particles absorb light to generate electron—hole pairs. Photoexcited electrons in
the CB of TiO; particle are not energetic enough to inject into the CB of MgO particle,
as the CB edge of MgO particle lies far aboyve the CB level of TiO,. Also the injection
of energetic electrons (the hot carrier which has net relaxed to the CB of TiO,
particle) from TiO, to CB of MgO partigle can-beruled out considering the band gap
energy and energy levelssof both Mg® (9 eV) and TiO, (3.1 eV) (Bandara et al.,
2004)

MgO / TiO,<"_, Nig@ /TiO, (e, h'y) (3.5)
MgO / TiOy(€. . i )= MgOe HATIO, (hyy) (3.6)

MgO(e™) /TiO, (), ) > [Mg* — —b%_]_LC /TiYOH*/OH" 3.7)

Ti"YOH"" /OH" +.Chlorephenol — O;fidizedproducts (3.8)

Jd

MgO(e™)/[Mg* = -0 J- +0, - MgO+ O™ (3.9)

LC represents the lower coordination site.
Figure 3.2 Proposed reaction mechanism of magnesium oxide.

The enhanced photocurrent and photovoltage were explained as a result of thin
insulating MgO layer on"SnO, crystallites acts as a barrier for the recombination of
photorelaxed electrons in CB of SnO; and oxidized ,dye molecules, In this study, a
thin layet of insulating type oxide, i.e. MgO was coated on Ti0O; as a mean of electron
trapping_sites_and barrier for recombination for photogenerated electrons“and holes,
which enhaneed the overall.catalytic activity of the compaosite [TiO,/Mg0 'system. The
photocatalytic activity of TiO»/MgO for the degradation of 2-chlorophenol, 2,4-
dichrolophenol and 4-aminobenzoic acid was presented in the present study and the
photosensitized degradation of dyes will be presented in a future article (Bandara et

al., 2004)
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Chen and coworkers (1999) reported that magnesium ions increased the PC
oxidation of 2-chlorophenol in terms of dissolved organic concentration. However, it
did not conspicuously increase the mineralization rate of chlorophenols. Magnesium
ions enhance the oxidation rate by surface reaction, increasing photo-generated

electrons and holes, and inhibiting electron/hole recombination.

Francisco and coworkers : A ‘ red the formation of Ti—-O-Mg

fifs agglomeration of TiO, nano
. of Mg2+ ions into the TiO,

eased the band gap value

1§ht= _' - e R over which H, evolves
pencegﬁpac ‘

For the control of phqﬂ{al’fdg _efleq > L es, the divalent and tetravalent

metal ion doping to GaN, ¢ ﬂ -type and n- type GaN, have been used,

s offers a possfsﬂy dfr acti ing GaN and they have reported in a
nt RuO> dispers 3 alions (Zn” ~and Mg")-doped GaN

respectively. Thi

previous paper-
became stable photoc ‘ , whefeas RuO? dispersed
tetravalent metal Hy s (Si* and Ge*™)-doped GaN showed little photocatalytic activity
(Arai et al., 2007). ‘.
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3.5 Photocatalytic reaction

Hydrogen can be produced from a variety of feedstocks: from fossil resources
such as natural gas and coal and from renewable resources such as water and biomass
with input from renewable energy resources (e.g. sunlight, wind, wave or hydro-
power). Presently, hydrogen is commonly produced from fossil fuels. Natural gas
steam reforming is one of the economical hydrogen production processes. Only about
5% of hydrogen is produced from renewable'Sources, they are called solar hydrogen
in this paper. Water electrolysis that canybe driven by photovoltaic (PV) cells or wind
turbines is an important selar hydrogen production technology today. Other promising
solar hydrogen preductien . technologies include  solar thermochemical,
photoelectrochemical, .and photocatalytic hydrogen production. Biomass products,
such as plants, mi€roalgaes, and organic ‘_wa}_stes, are also renewable sources for solar
hydrogen production. The latest develof){rients of individual important renewable

hydrogen production teehnelogies are reviewed in the following sections.

3.5.1. Water electrolysis ¥

e

s i2 A4
Water electrolysis is-currently the most dominant technology used for
hydrogen production from.renewable sourgésg.’h.ecause of high energy conversion
efficiency. Water,jused as a feedstock, is split into hydrogen and oxygen by electricity

input as in Equafion (3.5.1):
H ,O +electricity — H +y0 (3.5.1)
2 2 22 e

The total energy, demands forywater-electrolysis s, inereasing slightly with
temperature, while_the electrical energy deniand decreasing. There dre three types of
water electrolysis available in the industry: 1) alkaline electrolysis, 2) polymer
eléetrolyte membrane (PEM)c electiolysis, fandy 3)“high™jtethperature™electrolysis.
Alkaline electrolysers use an aqueous KOH solution (caustic).as an electrolyte that
usually circulates through the electrolytic cells. They are suited for stationary
applications and are available at operating pressure up to 25 bar. Alkaline electrolysis
is a mature technology allowing remote operation with significant operating

experience in industrial applications. The major R&D challenges for the future are the
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design and manufacturing of electrolyser equipment at lower costs with higher
efficiency and large turndown ratios. PEM electrolysers require no liquid electrolyte,
which simplifies the design significantly. The electrolyte is an acidic membrane. PEM
electrolysers can be designed for an operating pressure up to several hundred bars,
and are suited for both stationary and mobile applications. The main drawback of this
technology is the limited lifetime of the membranes. The major advantages of PEM
over alkaline electrolysers.are higher turndown gatio, increased safety due to the
absence of KOH electrolyte, more compact design due to higher current densities and
higher operating pressures. The PEMJélectrolysers currently available are not as
mature as alkaline electrolysers with relatively high cost, low capacity, poor
efficiency and shostlifetime. Leis expectc;d that the performance of PEM electrolysers
can be improved significantly'by materilals development and cell stack design. High
temperature electrolysis is based oi technology from high temperature fuel cells. The
electrical energy neededito split water at 1'600°C 1s reduced considerably compared to
hydrogenproduction .at 100°C. Thlsmeans that high temperature electrolysers can
operate at significantly higher . overall process efficiencies than regular low
temperature electrolysers.s A typlcal technqlogy 1s solid oxide electrolysers cell
(SOEC). This electrolyser is based on the sohd oxide fuel cell (SOFC), which
normally operates at 700- IOOOOC At thes;;iejr;lperatures the electrode reactions
aremore reversible, and the ‘fuel cell reactg‘(}n— can- more easily be reversed to an
electrolysis reaction For the SOEC, the main R&D needs are related to materials

development and thermo-mechanical stress within the functlonal ceramic materials,

which is similar to the main challenges for the SOFC.

3.5.2. Thermochemical water splitting and biomass decomposition

Solar thermochemical cycles are alternative technologies for solar energy
utilization; B¥ using. trough,<dish, (or| towers ConcCenttators,  solar; eficrgy.' can be
collected and’'concentrated to high'energy fluxes and ‘high temperature above-2000 K.
The thermal energy can be used to activate chemical reactions with feedstocks, such
as water, biomass, and fossil fuels, to produce hydrogen. Solar thermochemical cycles
suitable for renewable hydrogen production include: 1) water thermolysis, 2)

thermochemical water splitting, and 3) thermochemical biomass decomposition.
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3.5.2.1. Solar water thermolysis

Solar water thermolysis is the direct dissociation of water into hydrogen and
oxygen gas by using concentrated solar thermal energy at a high temperature about
3000 °C. At this temperature 10% of the water is decomposed and the remaining 90%

can be recycled. The process is conceptually simple, but operating at such high

To reduce : ture the : cles for high temperature
splitting of watei el sugge _The chemi ' s involved in 2-step
water splitting thermochemical lesfor hydrogen prod are shown below:

(3.5.2)

(3.5.3)

(3.5.4)

M (3.5.5)

x00y0 are the ccmsponding metal oxides.
Since O, and H, arg’ Iﬂluced in two dlffvt steps, no gas separation is needed.

el TN AW
oxidati clud 30 g0, Al,O;, and
Si0,. Bes1des 2-step cycles, 3-stepicycles, such as ﬂilne/sulfur {I/S) CWS and 4-

ARSI ARR LA YR

for hydrogen production was estimated to be 49.5%, while currently the achievable

Where M m metal and MxOy and

efficiency is below 2%.
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3.5.2.3. Solar thermochemical biomass decomposition

All energy crops, agricultural residues, organic wastes, forestry waste,
industrial wastes, and municipal wastes are categorized as biomass products. Biomass
is potentially a reliable energy source for hydrogen production. It is renewable,
abundant, and easy to use. As CO, emitted during biomass conversion process is
trapped and consumed by green plants via photosynthesis, biomass is CO, neutral in a

complete life cycle.

Pyrolysis and gasification are the two thermochemical processes for biomass
energy conversion. Pyrolysis process involves heating of biomass (solid charcoal,
liquid oil, or gas cempounds) at 650-800 K at 0.1-0.5 MPa in the absence of air. The
products of pyrolysis‘include: 1) gases;, ihcluding Hs, CHy, CO, CO; and other gases,
2) acetone, acetic acidg'andéother/liquid products, and 3) solid products, such as char,
carbon, and other inest materials=Hydrogen gas can be obtained if operation
temperature is high aand sufficient Volatii-e f)'-hase residue time is maintained. The

hydrogen production rate can be further imﬁfqud by steam reforming,

CHjy + H,0:5 CO43H, (3.5.6)

cus dd

And water—gas shift reaction, —

CO+H,05CO, +H, (3.5.7)
Gasification, on the other hand, is the heating of biomass particles at above
1000 K with partial oxidation for gas production. The gases produced can be steam
reformed to produce hydrogen followed by water—gas shift reaction to further enhance

hydrogen production,

When biomass has high ‘moisture content ‘above 35%, it is"likely to gasify
biomass in a supercritical water (SCW) condition. By heating water to astemperature
above its critical, temperature (647 K) and compressing'it to, a pressuie above its
critical pressure (22 MPa), biomass is rapidly decomposed into small molecules or
gases in a few minutes at a high efficiency. Supercritical water gasification (SCWQG)
is therefore a promising process to gasify biomass with high moisture contents with a
high gasification ratio (100% achievable) and a high hydrogen volumetric ratio (50%

achievable). In recent years, extensive research has been carried out to evaluate the
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suitability of various wet biomass gasification in SCW conditions. Although, the
works have been mostly on a laboratory scale and are still in the early development
stage, the technology has already shown its economic competitiveness with other
hydrogen production methods. Spritzer and Hong have estimated the cost of hydrogen
production produced by SCWG to be about US$3/GJ (US$0.35/kg).

3.5.2.4. Photoelectrochemical and photocatalytic water splitting

According to_ Veziroglu, the methed of photoelectrochemical and
photocatalytic water decomposition usin‘é solar energy is probably the most promising
method for the hydrogen production. This view has been supported by a recent
comprehensive review onghydrogen production. When a semiconductor is irradiated
by photons having energyrequal to or above the band gap energy, electrons can be
promoted from the valénceband to the conduction band, leaving a positively charged
hole in the valenge band. If the conduetion band cdge is more negative than the
hydrogen productionlevel and the ValeﬁceJ“-band edge is more positive than the
oxygen production leyel, th_e photogeﬂé@te_.d electron/hole pairs are able to
decompose water intg oxygen and hydroge‘}n..;Présently, the hydrogen production rate
is still low due to the following reasons: lj.ic:ilﬁgk electron/hole recombination in the
bulk or on the surface of sericonductor pal;ticlefsj 2) quick back reaction of oxygen

and hydrogen to form water on the surface of catalyst, and 3) inability to utilize

visible light.

Addition“of electron donors and noble metal loading ean enhance hydrogen
production significantly due to reduction in charge recombination. Addition of
carbonate salts can inhibit back reaction on the catalyst surface. Semiconductors
treated s/by dye sensitizationand imetal Jon-imiplantatien, can, extend the useful
spectrum to ithe "wisible’ range 'so' that' the solar energy! utilization is increased
significantly. Separation of hydrogen gas is required in photocatalytic hydrogen

production ag oxygen‘andhydrogen ate préduced simultangously:.

This can be achieved by employing a photoelectrochemical system, in which
hydrogen and oxygen are produced at different electrodes. It is expected that
photocatalytic and photoelectrochemical hydrogen production, although still under

active R&D, will play an important role in future hydrogen economy.
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3.5.2.5. Biological hydrogen production

Biological hydrogen production is presently in the early development stage of
laboratory-scale testing. The production processes can be divided into: 1) direct
biophotolysis, 2) indirect biophotolysis, 3) biological water—gas shift reaction, 4)
photo- fermentation, and 5) dark fermentation. The processes are controlled by
hydrogen-producing enzymes, namely, reversible" hydrogenase and nitrogenase. In
direct biophotolysis, microalgae, such as green algae and Cyanobacteria, absorb light
energy and generate electrons. Fhe electrons are then transferred to ferredoxin (FD)
using the solar cunergy absorbed by phqtosystem I. Then, hydrogenase can accept
electrons from FD te'produce hydiogen. IHowever, direct biophotolysis is sensitive to
oxygen and thus diffignlt to sustainl hydrogen production. The indirect biophotolysis
can overcome thiséproblem by produeing hydrogen and oxygen at different stages to

resolve the issue of oXygen sensifivity.

In biological water-gas shift reactioﬁ;-'some photoheterotrophic bacteria, such
as Rhodospirillum rubrum, can stuvive in ‘;ﬂg{‘e_idark by using CO as the sole carbon
source to generate adenosing ftiphosphate (ATI;_)J;coupling the oxidation of CO with
the reduction of H' to H,. In photo—fermen_.”aﬁon, photosynthetic bacteria produce
hydrogen through the activuity"brf their nitrogéhééééﬁsing solar energy and organic acid
or biomass. The=drawbacks of photofermentation arc 1) high=energy demand for the
use of nitrogénase enzyme, 2) low solar energy conversion efficiency, and 3)

substantial land need for anaerobic photobioreactors.

Alternatively, in~dark fermentation, @nderobic bacteria and some microalgae,
such as‘green algae on carbohydrate-rich substrates, can produce hydrogen in a dark
environnmient. Since solar irradiation is not a requirement, dark fermentation is more
versatile. In the project of Basic Research of Mass Hydrogen Production using Solar
Energy, the emphasis has been paid on fundamental theories of hydrogen production
from solar energy especially visible light using thermochemical decomposition of
biomass and water, or/and using photolysis of water. The main research contents of
this project include the principles for the construction of novel hydrogen production
system and the related fundamental science problems, the design, preparation,

characterization and action mechanism of catalysts, and the theory for mass
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production of two specific hydrogen production methods and systems. Some

progresses have been achieved and will be reported in the next section.
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CHAPTER IV

EXPERIMENTAL
4.1 Chemicals 4 \ ’,//
The details of chel | n this&e listed below.
. 1O T——

- Titanium (IV) iso /% available from Sigma-Aldrich.

Limited.

- Boric acid

el |
(MgCh.6H,0) available from Ajax Finechem Pty Ltd.
i. ' _:f-"."':. -'E.l:'. z

- Magnesium chlori

b J.:-"/ #JJ,__# ..‘j |
4.2 Catalyst prepar, gila e, o)

4.2.1 Preparati M an w\#
Titanium mxide was prepared by the acid-catalyzecml-gel method. First, the
sol was prepared by‘hﬁg titanium isoproWde with DI water and 70% nitric acid

166.8 tifaniumt isopropoxider2000 mi bf water, nd 14144 ml Of nitric acid were

used. For doping boron was mixed varied ratio 0 H% (w/w) and maqysium was

RSN R I NEIRE,
agnesiu i Cl,.6H, “rdslve in"50 ml of titania sol, keeping the

reaction mixture vigorously magnetically stirred to form sol and was stirred
continuously for 2 h. To remove solvents, the catalyst solution was dried at 110°C for

24 hours. Finally, titanium dioxide catalyst was fired at 350°C for two hours.
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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 150
ml. The reactor was 4 ¢cm in diameter and 24 ¢cm long. Two tubes were placed inside

the reactor was connected with glass’ ¢ to argon cylinder and was used to feed

argon carrier gas. The other val ve yas used am'er gas.
In the part o Sht, ti dxmtalyst was suspended by

with eight UV light bulbs (Philips actinic
N

\\‘:*?:“?\\ t, irradiated with cight

means of a magneti

blue), each havin T 20 N \ \
day light bulbs (Philips), cacl : alpoy \ 18 W, which the intensity of UV

Silicone rubber septum

Pyrex tube

UV light 1ﬁ
AUHIRENTNYINS
ARSI T

Magnetic stir bar

A



Table 4.1 Operating condition for the gas chromatograph

29

Gas Chromagraph SHIMADZU GC-8A

Detector TCD

Column v Iglecular sieve SA

- Column material

- Length (m) ,
- Outer diameter / '
- Inner diameter

- Mesh range

- Maximum temperat

Carrier gas

Carrier gas flow (ml/min)

S 4".--_-:{

Initial column temperature "' A2

g

Final column temperature (°C) |60

\% A

Injector tempera “—I

¥

Detector temperature (°C) 100
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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 and put magnetic stir in pyrex tube reactor. The volume ratio of

opened magnetic stirrer-and eight splitting water reaction was

carried out for 5 h an eriodically sampled every half
hour to analyze amoun ydfogen relea s determined by a Shimazu GC-8A

wductivity detector. The operating

gas chromatograp

conditions for the g

The XRD spectra wer | by using a SIEMENS D5000 X-ray

- _;f,ul R e ]
dlffractometeiﬁng Cu K, radiation 1t' rystallite size of titanium

dioxide was détcimmed-from-the-wi 1dth at hait-he: 1ght \ ) diffraction peak of

anatase using the casurement was performed

over the 20 rang 20° to 80° and the resolution was 0.04° A total of 10 scans were

performed for each

ﬁ%&&%ﬂ&ﬂ‘ﬁwmﬂ‘i

The specific surface area of titanium d10x1 as measured acc@ng to the

VRIS PR L
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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

Elmer Lambda 650 spectrophotometer. T © step size for the scan was 1 nm. BaSO4

a JASCO FP-6200
mple was used 0.5 g. The
ated for two hours. The

P St ek
emission bandwidth of 10 nm. The measurement was performed over the range of

IR
wavelength between 200 and 800 nm with &

ze.of 1 nm.
o

The XPHana i o .Q\/IICUS photoelectron
spectrometer equipped with a Mg K, X-ray as a primary exCitation and a KRATOS
VISION2 software. XRSselemental spectra were acquired with 0.1 eV energy step at a

e U TS

otoemqlflon peak areas were determined after smoothing and background

subtraction using a linear routine. q)econvo lution of‘eom glex siectra were done

TR AT SRS A

‘¢éame with the XPS system.
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4.5.6 Inductively-coupled plasma atomic emission spectroscopy (ICP-AES)

Boron and magnesium 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 solutin e mixture was heated to 50°C and stirred

for two hours. After the catalyst was c d ested, the solution was diluted to a

volume of 100 ml.
4.5.7 Electron spin

H O JES-RE2X electron spin
resonance spect urface defect in TiO,.
Recorded spectra alve scale referring to

Mn*" marker.
4.5.8 Fourier

FT-IR anal Sis v e&‘ 05 (C: ied o 1n a Nicolet model 6700 of
the IR spectromete Usin rang | . 400-4000 cm™ with a

resolution of 4 cm .

4.5.9 Scanning elec&qme eV

system (SEM- . X

nergy-dispersive x-ray analyzing

-"J dispersive  X-ray
mo@ology and elemental
distribution of the catalyst particles. Model of SEM: JEOL mode JSM-5800LV and

ARt e a
RIAINTUUMINYINY

spectroscopy (E )




CHAPTER V

RESULTS AND DISCUSSION

into three sections. Section 5.1 describes
&dwmde doped with boron.

The results in this chapte
the properties and photoc

Section 5.2 describes tivities of Titanium dioxide

doped with boron an —

dioxide doped with

sed on the results from X-
ray diffraction analys _ s titanium dioxides doped
with boron samples were disp [‘i‘.’ n-' - ' ffraction peak at 20 values of

26°, 37°, 48°, 55° 56°, 62° 6971 and 75° indicated that titanium dioxide was
.-"""d .Ut.f M

primarily in the anata amount f brookite and rutile
were detected.inwsome samples. By contrast with pure titaniuin d10x1de the partial
substitution of ©‘ato : fitanium dioxide content
in B-doped titani dioxide samples anc amount anatase particles also
decreases to some e tent (Na et al.,, 2008). The average sizes of the crystallites
calcula a % eaks using the
Scherrﬁrﬁl‘ﬂ ew&ﬂ ﬂ(ﬂ#j ﬂ(ﬁ;l 11 boron doped

samples ere approximately rangé. of 4.8-5.1 nm that boron doing 1ndlcated the

ﬁW‘TﬂWﬂ'ﬁWaﬂW}’mmaH
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ed in Table

0 ad on of boron, specific surface

5.1.2 Speci

Specific surfacg
. Pure titanium dioxide

adsorption isotherms: and

o e b . ..
area decreased. However, theamoun 01C ving appeared to have no significant

. 4 :;.-
effects on specific surface area of the ca
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—
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Table 5.1 Crystlli

amounts of B dow

8
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dioxide ¢ 7 = 194.8 /s
AR
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5.1.3 Metal content

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

distribution of metal on titanium dioxide.

5.1.4 Lightabsorpion eharacteristics
|

UV-visible light absorption charactéristics of various titanium dioxide doped
with boron were presented in Figure 5201t was secn that the major absorbance at
wavelengths less than 400 nm was pertairi.ingj'-tO the intrinsic band gap absorption of
titanium dioxide (3.2 e V). The boron dopeﬁ-_g_an:nples all exhibit red shifts in the band
gap transition and the abserption edge in the=I sﬁectrum of sample with 2% of boron
has the highest absorption. In addition, the 1-3‘2):-:5{_1 doped samples also exhibit stronger
absorption in the UV-vis rahge.iThe results;ofg{he absorption feature suggest that
boron doped titanium dioxide could be actisia_téi by visible light and might exhibit
enhanced photorésponse under UV light as well.

The addirti(:)n of boron gave rise to a new absorption appgars at around 400 to
600 nm. The boron-titanium dioxide photocatalyst had narrow band gap, showed
optical absorptioi and photocatalytic activity in the visible region. Boron was
incorporated into the ofystal structure of TiOs, which could narrow the band gap of
titanium-dioxide (Qincai et al., 2008)./As seen m Figure 5.2, these UV-vis results of
addition boron showed a slight red-shift and displayed stronger absorption in both UV
and visible range in comparison with pure titanium droxide.

For the comparation.band gap.as'shown in Table 5.3, which the.boron’ doping
has the reduced band gap energy. Thus, the boron doping effect to the activated

visible region.
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Table 5.2 Boron content as measured from ICP-AES, on titanium dioxide doped with

various amount of boron

14

12

0.8

0.6

Absorbance (a.u.)

0.4
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300 .
Figure 5.2 UV is b
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Calculated B doping Measured B content
(%o (W/w)) (%o (W/w))
0 0
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5.1.5 Photoluminescence measurement
Photoluminescence emission spectrum was used to investigate the efficiency

of charge carrier trapping, immigration, and transfer, and to understand the late of

electrons and hole in titanium dioxide since photoluminescence emission resulted
spectra for the catalysts tha q ited by itsadiation with a wavelength of 350 nm
at room temperature. Ty Tair ) Main. en rved at wavelengths of 410

and 467 nm, which ¢
The first emission b i

recombination of p

0 and 2.7 eV, respectively.

d gap transition (or the
velength of 410 nm. The

second emission pe 2 ‘ ] { : riginated from the energy

spectrum intensity fom the change of de ate on the shallow level of the

titanium dioxide surface g. ot 1 007). Figure 5.3 revealed that the
photoluminescence sign. sure-titani s the highest among all the
samples. Upon addition of boron (fi o to 2% (w/w)), photoluminescence
signals were decreased It .eeﬂd";@éb? photoluminescence intensity of

ﬂﬂﬁ]?ﬂﬂﬂ‘ﬁﬂ&ﬂﬂ'ﬁ
ama\mm 1R1INYAY
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410 nm
\ Pure TIO2
467 nm DakR
- 1% B
&
g 1.5%B
g
e 2%B
“.Q":,.‘
-a’e
570
Figure 5.3 Photolusiineséenge gmission signals § oc 0f'370-600 nm for titanium
dioxide doped with vafiouglaniousit of t : \ ’
5.1.6 Lighting
Intensity of both lig ﬁu was n by Light sensor of both UV and

visible range, as shown in _._-15 :,? v 2

Table 5.4The --------------- crtics ot usin ocat caclivity

atensity Intensity

by sensor | by sensor

]ﬂli visible
(SED 005) | light (SED

(%) 33) (%)

Day light** Visible light

8 18 0.01 99.99
(Philips) (400-700 nm)




39

5.1.7 X-ray photoelectron spectroscopy (XPS)

The XPS spectra for B/TiO, samples were recorded with 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. Figure 5.4 a) and b) was showed the XPS
spectra of 2% (w/w) B. Figure 5.4a) revealed that the binding energy (BE) for Bls
was 191.9 eV. Base on the previous researchesircported in the literature, the binding
energies for Bls were 193.6 eV in B,O3(B-O bend), 193.0 eV in H;BO;3(B-O bond),
and 187.5 eV in TiBs(Ti-B bond). This indicated that the boron atoms were not
bonded by means of B-Ti-B bond or B-O bond. From figure 5.4b), it could be
observed that 2% (w/w) Befor T12p was 458.9 eV and 464.3, which were attributed to
Ti2p3, and Ti 2p;pat€spectively: Accordling to the report (Qincai et al., 2008), the BE
for Ti2p; in TiB, was 454.4 ¢V, thus fu'r‘thér confirming that there was no existence
of the compound T1B, Hence, it was obvious that boron atoms (binding energy =
191.9¢V) were dopediintodattice, there prqbal;iy were such structure as Ti-O-B.

5.1.8 Fourier transtorm infrared spe(%t-r_;oscjopy (FT-IR)
24544

The FT-IR spectra of B-T1iO, samples fired at 350°C are shown in Figure 5.5,
several peaks at 500-4000 Ny were observed: tﬂ@:peaks of C-O bond at 1026 cm™,
C-O-C bond at1224 ecm™', C-OH bond at 1370 ecm™, C=Oubénd at 1740 cm™', C=C
bond at around 1636 cm™', and a broad peak at the range of 3000-3500 cm™ which is
attributed to the O—-H stretching vibrations of the C—~OH groups and water. The peak
at 2336 cm™ can b€ assigned to the absorption peak of carboii dioxide (CO,), which is
attributed to the (C-C)fstretching. Meanwhiley for all doped TiO, samples and Pure
Ti0,, the'broad absorption at low wave numbers (below 1000 em?) islattributed to the
vibration of Ti—O-T1 bonds in TiO, (Yupeng et al., 2011).

Table 5.5 was shown the peak height of C-Cbond of only boron“doped was
calculated/from FT-IR spectra, which varied from/|1.1.fo 19. The best/péak height C-C
bond as 1% (w/w) B was 19. Visible light activity could be enhanced by presence of
carbonaceous species (C—C) occurred in highly condensed and coke-like structure,
which could play the role of photosensitizer to induce the visible light absorption and
response. Some carbon compounds existed at the photocatalyst, which might be from

the precursor of titanium or adsorbed CO; in the air (Adriana et al., 2009).
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5.5 e .r u \ n loped sample

5.1.9 Scanning electron '_ vith ¢ \ g ' ispersive x-ray analyzing
system (SEM-EDX) :

% Transmittance % Transmittance S Transmittance % Transmittance % Transmittance

As shown in Figure'5.64) and b W d the amount element of sample
TiO, and borr -doped ..-.--....n_-..._._-n-_.._-.:---__.m..-_’,,_‘-: t not show peak the
blinding energ '!f 17."., an C that could not
show the B pea SEM-E own the different percent of each

element in pure 02 and boron doped T102 sample, Wth was indicated that the

amount % _(W/ and pure TiO,,
agree ectra t m ecies act as a

photose iser.
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Table 5.5 Calculation peak height(C-C) from FTIR spectra for the only boron doped

sample
B doping .
(% (W/w)) height (C-C)
Pure TiO, 1.1310

8.8880

ﬂ'lJEl’J‘VIEW]’iWEI’]ﬂ’i
’Qﬁ']ﬁﬂﬂ‘mlmﬂﬂﬂmﬁﬂ

Igure 5.6 SEM-EDX analysis for determine the percent of element the only boron

doped sample : a) Pure TiO,, b) 1% (w/w) B

18.9960




43

Table 5.6 Calculation percent of element by SEM-EDX for the only boron doped

sample
Element C O Mg Ti
%(W/w) wt% at% wt% at% wt% at% wt% at%
Pure TiO, 2.09 5.23 2678  50.22 - - 71.13  44.55
1% B 2.77 7.76 Wag B 36.10 - - 80.04  56.14
2% B 2.70 8.29 10.85 F #2499 0.22 0.33 86.03  66.17

5.1.10 Photocatalyticsactivity
- The reactionunderUV light irrégiiation (200-400 nm)

Figure 5.7 showed the amount otlhlydrogen production from splitting water
versus irradiation time uader UV light "jlllu'mination, which was used to test the
photocatalytic actiyity. One €ould ebserve that all boron-prépared samples exhibited
more photocatalytic agtivity than pure titaf:jfﬁrrf ‘dioxide under UV light. It could be
also seen that the addition of borén sampzlel{ha_d an effect on the decomposition of
water. This result agreed with the result frorﬁ{pfh‘-o'toluminescence measurement. The
orders of decreasing activity. were.2% (W/WES% (w/w), 1% (w/w), 0.5% (w/w) B
and pure TiO;%and were the same af thesoriN increasing photoluminescence
signals (see Figure=5:3)==the=photocatalyticreaction=depcinded 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 measureinent, This agréement was also observedin our case.

Among the“samples, the best” performance was attributed to 2% (w/w) B
corresponding to the maximum gred shift in the, UV—vis diffusivey reflectance
absorption spectra: It eouldibe calculated ‘that the phatocatalytic performance of 2%
(w/w) B "was  almost "6 times higher than that of pure titanium™ dioxXide for
decomposition of water under UV light. Obviously, the photocatalytic activity of B
doped TiO, under UV light demonstrated that B doping effect was outstanding. These

agreed with the outcome from the UV-vis spectra.
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Our results were also in good agreement with the results of Zaleska and
coworkers (2009), which studied the photocatalytic activity of obtained powders was
estimated by measuring the decomposition of phenol in aqueous solution. The highest
photoactivity was observed for the titanium dioxide sample obtained with 2 wt.%
boron. The role of boron, unanimous agreement is that transition metals narrow the
band gap and at the same time reduce the zecombination rate of photogenerated

electrons and holes.

- The reaction under visible light irradiation (400-700 nm)

Figure 5.8.showedrtheramount of hydrogen production from splitting water
versus irradiation time under visible liglht illumination, which was used to test the
photocatalytic activitys One could dbserve that all boron-prepared samples exhibited
more photocatalyti€ activity than pure titanium dioxide under visible light. It could be
also seen that the addition of boronssample Jl-lad an effect on the decomposition of
water. 7 4

This decreasing signal result from bhbtoiuminescence measurement was pure
TiO,, 0.5% (W/w), 1% (W/w), £.5% (w/iw) and 2% (w/w) B, respectively (see Figure
5.3), as same as the order of increasing abs01:p1;10n spectra (see Figure 5.2). Normally
in UV light reaction, the mainly characterization method usually analysed by UV—vis
diffusive reflectance absorption spectra and photoluminescence measurement. From
the among characterization result of the B doped samples, the best performance
should be attributed to 2% (w/w) B corresponding to the maximum red shift in the
UV-vis diffusive teflectance absorption spectra and lowest phiotoluminescence signal.
On the other hand in viSible light, the highest photocatalytic activity performance was
1% (w/w) B and lowest activity was 2% (w/w) B in all'B doped samples.

Fiom the mechanistic results discussed so far, one can conclude, that oxygen
plays a major role in the photodegradation of pollutant, and two majer reaction
pathways can, be considered.(Christian et al.; 2001).

1. The carbonaceous species acts as a photosensitiser without participation of
the titanium dioxide (Eq.5.1). After excitation of the photosensitiser S, singlet oxygen
is formed by a triplet-triplet energy transfer. Alternatively, an electron can be

transferred directly fromthe excited photosensitiser to triplet oxygen to generate the
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superoxide radical anion O, . Both species, singlet oxygen and O,", are capable of

degrading pollutant.
S hyv IS*_)38* 0O, 102
VO, (5.1)
S*+0;
2. The excited photosensitiser injects anelectron into the conduction band of

titanium dioxide (as shown in Eq.5.2). Subsequeatly, the electron is transferred to

oxygen adsorbed on the semi-conductorsurface producing O, .

*

S—v slg

O A9 L SO SENTO s (5.2)
|

Adriana and ceworkers (2009) pi;of)'()sed that Visible light activity could be
enhanced by presence of carbonaceous sp'éc1es (C—C) occurred in highly condensed
and coke-like structure, which could play.-'the role of sensitizer to induce the visible
light absorption and respomse, From analy31s enabled detection of carbonaceous
species on the TiO, surfage. C=0; C-OH; qnd C—Cyom peaks appeared, where the
surface C—Ciarom Structures wege: best represent:ed (12.2 at.% for the BE G(2), 2%
(w/w) B sample). Carbon conteit 1n the surfaé_;ll;_';er varies from 9.8 to 18.5 at.% and
was independent of boric aetd-triethyl ester us"ed-fOr modification.

From  prévious research, Adriana and coworkers. (2008) suggested that

however, photoagtivity of our sample; under visible light could originate from both
carbon and boron presence, regarding the role of carbon. The sample BE-H(10), 10%
(w/w) B, which revealed highest visible-light absorption, was not active under visible
light. Visible-light absorption of sample BE-H(10) could result from defects and/or
impurities (e.g. carbon which presence/was evidenced by dark-brownish color).

However, photoactivity under visible light of all samples could originate from
both carbon and boron presence, see from ET-IR result(Figure 5.5), regarding the role
of carbon as.a photosensitiser.of .C-C.bond. These peak height of FT-IR results in
Table 5.5, could be listed as follows: 1% (w/w) B > 1.5% (w/w) B > 2% (w/w) B >
0.5% (w/w) B, agreed with photocatalytic activity.

As shown in Figure 5.8, the visible light induced H, production was
remarkably enhanced by doping TiO, with B. Sample of 1% (w/w) B exhibits the
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highest activity with a hydrogen production rate as about 7 times of pure titanium

dioxide for decomposition of water under visible light.
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5.2 Properties and photocatalytic activity of titanium dioxide doped with

boron and 1% (w/w) magnesium.

5.2.1 Crystallite phase and size

ioxide was based on the results from X-

ray diffraction analysis (X RD). The XF various titanium dioxides doped
with boron and 1% (w/w) ma et "@Splayed in Figure 5.9. The
diffraction peak at 2? , 62°,69°, 71°, and 75° indicated
that titanium diox a 1 %Eakachai, 2007). Small

amounts of brookite 1lc K j

titanium dioxide, the'parti stitution” _ s causes a decrease of

By contrast with pure

the titanium dioxide aof i BLa _ : d titani 1 mples and the amount of
anatase particles >crgasgs me" e 2008). No significant
changes in the diffraction pe 0sitior he average sizes of the
crystallites calculate ] lening of ce ing X-ray diffraction peaks
7 fo tum dioxide and all boron

doped samples were approximately range - ! 5 hat boron doing indicated the

Specific ined from nitrogen

ﬂ‘face eﬁn
adsorption isothefms and were dlsplayed in Table 5.7."Pure titanium dioxide

possessed_the largeéf speeific surface area. Upon addition of boron and magnesium,

e S A WA

have no %nlﬁcant effects on spe01ﬁc surface area of the catalyst.

amaﬂﬂimumqwmaﬂ
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Figure 5.9 XRD patteras of titaniuix e doped with various amount of
boron and 1% ( :

Table 5.7 Crystallite size a

amounts of B and 1% (w
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Table 5.8 Boron and 1% (w/w) magnesium content as measured from ICP-AES, on

titanium dioxide doped with various amount of boron.

Calculated B doping Measured B content Measured Mg content
(%o (W/w)) (%o (W/w)) (%o (W/w))
0 (1% Mg) 0 0.896
0.5 0.416 0.863
1 0.747 0.832
1.5 1.183 0.885
2 11671 0.901

5.2.3 Metal content
|

Percentagegiof beron' on titaniqm dioxide catalysts was determined by
Inductively couple plasma atomic emissioni'.spectroscopy (ICP-AES). The boron and
1% (w/w) magnesium gontent in varipus c;talyst samples were listed in Table 5.8. As
seen in Table 5.8, the boron and magnesi'{l_mrcontent determined that was ICP-AES
was lower than the expected beron and mag;igsium content that was calculated for use
during the sol-gel préparation step. This di'sgfeipancy could be a result of incomplete

digestion of ICP-AES sample and uneven distribh};on of metal on titanium dioxide.

5.2.4 Light absorpti'oh'Characteristics'—': S

UV-visible light absorption characteristics of various titdnium dioxide doped
with boron and 1% (w/w) magnesium were presented in Figure 5.10. It was seen that
the major absorbance at wavelengths less than 400 nm was pertaining to the intrinsic
band gaprabsorption of. titanium, dioxide (3.2.eV)..The.boron deped samples all
exhibit red shiffs in the band gap transition and the'absorption edge in the spectrum of
sample with 2% (w/w) boron and 1% (w/w) magnesium has the highest absorption. In
additiong=the~boron deped=samples also exhibitystronger abserption insthesUV—vis
range and 1% (W/w) Mgicould{be rised absorption spectra. The results_of the
absorption feature suggest that boron doped titanium dioxide could be activated by

visible light and might exhibit enhanced photoresponse under UV light as well.
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The addition of boron gave rise to a new absorption appears at around 400 to
600 nm. The boron-titanium dioxide photocatalyst had narrow band gap, showed
optical absorption and photocatalytic activity in the visible region. Boron was
incorporated into the crystal structure of TiO,, which could narrow the band gap of

titanium dioxide (Qincai et al., 2008). As seen in Figure 5.10, these UV-vis results of

addition boron and magnesium. sho ight red-shift and displayed stronger
absorption in both UV and visible rang n with pure titanium dioxide.

For the comparation band ga i .9, which the boron doping

has the reduced band eap rgy. Thus, th@ effect to the activated
visible region. / ~.
\ - 2%B 1% Mg

""h. 1.5% B 1% Mg

12
1%B 1% Mg
| I 0.5%B 1% Mg

< 0%B 1% Mg
0.8

0.6
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0.4

0.2
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Table 5.9 The comparison band gap from UV-vis spectra of titanium dioxide doped

with various amount of boron.

Catalyst wavelength (nm) | band gap (eV)
pure TiO, 421 2.95
0 (1% Mg) 5 2.81
0.5 2.76
1 2.72
461. 2.69
- - 4.9 2.67
41 -
A Pure THO2
L 0%3B 1% Mg
ﬁ? - 2%B 1% Mg
3 b 15%B 1% Mg
.%: { - - 1%B 1% Mg
£ T e 0.5%
) o b Y % B I%M.g
A :: = d \ S
.:o ’ \: . . dal-.-ll ..........
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Figure 5.11 Phot lummescence emission 51gnals in a range of 370-600 nm for
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5.2.5 Photoluminescence measurement

Photoluminescence emission spectrum was used to investigate the efficiency
of charge carrier trapping, immigration, and transfer, and to understand the late of
electrons and hole in titanium dioxide since photoluminescence emission resulted
from the recombination of free carriers. Figures 5.11 displayed the photoluminescence
spectra for the catalysts that were excited byitsadiation with a wavelength of 350 nm
at room temperature. Two main emission peaks.were observed at wavelengths of 410
and 467 nm, which corresponded to barid gap cnergies 6f3.0 and 2.7 eV, respectively.
The first emission peak was aseribed to the emission of band gap transition (or the
recombination of photogenerated electrons and holes) at a wavelength of 410 nm. The
second emission peak wassascribed 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 467 nm. The oxygen vacancies were generated because
of partially incomplete cuystallization. The V;riation in photoluminescence emission
spectrum intensity resulted from the chang§ of defect state on the shallow level of the
titanium dioxide susface (Zhao, vet -al; 7- 2;007). Figure 5.11 revealed that the
photoluminescence signal of, pure titaniumi_&i__'o'_xide was the highest among all the
samples. Upon decreasing of boron (from 2213(\;/;w) to 0.5% (w/w)) with fixed 1%
(w/w) magnesium, photoluminescence signalé-_vilé;re decreased but only in range 0.5-
1.5% (w/w) wete no evident difference signal. It could fbe; observed that the
photoluminescencé intensity of 0.5% (w/w) sample was significantly lower than the
highest boron content or only 1% (w/w) magnesium doping (0% (w/w) B). This result
indicated that the"recombination of charge carriers was effectively suppressed after
boron and magnesium doped on titanium dioxide. Oxygen vacancies are also involved
in photo-catalysis on oxides, and their charged nature may control band-bending and
thus electron-hole pair separation. But more oxygen vacancy defects may also become
the recombination center. The eXistence of oxygen*vacancies is in favor of the
occurrence of dissociative adsorption, generating| active free radicals and promoting
the photo-catalytic reaction (Bai et al., 2010). Thus, it could be observed that the peak
oxygen vacancies intensity of 2% (w/w) sample was significantly higher than the

other boron content which might be the best photocatalytic activity.
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5.2.6 X-ray photoelectron spectroscopy (XPS)

The XPS spectra for B/TiO, samples were recorded with 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. Figure 5.12 a) and b) was showed the XPS
spectra of 2% (w/w) B and 1% (w/w) Mg. Figure 5.12 a) revealed that the binding
energy (BE) for Bls was 192 eV, 197.4 ¢V and 187.2 eV. Base on the previous
researches reported in the literature, the binding-encrgies for Bls were 193.6 eV in
B,0; (B-O bond), 193:0°eV'in H3BO; (B-O bond), and 187.5 eV in TiB, (Ti-B bond).
One peak, around 192" eV .eould be, attributed to the B-O-Ti bond. At some peak
187.5 eV and 1974'¢eV, iadicated that the some boron atoms were bonded by means
of B-Ti-B bond or B=O bond /From ﬁgu;'e 5.12b, it could be observed for Mg2p was
52.9 eV, 48.9 eV and 50.9 ¢V /According to the report, the BE for Mg2p in MgO was
51.21 eV. The experimentaliresults of XPS concluded that the entry of Mg** ion into
TiO, lattice is substitational, which is typical of Mg that bonds with oxygen atom.

5.2.7 Fourier transtorm infrared spectfpséopy (FT-IR)

' |

The FT-IR spectra of B-Mg-TiOg saniglééjﬁred at 350°C are shown in Figure
5.13, several peaks at 500-4000 ¢m” were oBse:rs.(ed the peaks of C—O bond at 1026
cm™, C-O-C bond‘at 1224 ecm™', C-OH bond at 1370 em™'3.C=0 bond at 1740 cm™,
C=C bond at arptind 1636 cm ', and a broad peak at the rafge of 3000-3500 cm™
which is attributed to the O—H stretching vibrations of the C-OH groups and water.
The peak at 2336 cm™ can be assigned to the absorption peak of carbon dioxide
(CO»), which is attributed to the (C-C) stretching. Meanwhile, for all doped TiO-
samples'and Pure Ti0,, the broad absorption at low wave numbets (below 1000 cm™)
is attributed to the vibration of Ti—O—Ti bonds in TiO; (Yupeng et al., 2011).

Table 5.10 was shown the peak height of C<€"bond of boron and magnesium
doping was falculated from FL-IR spectra,/which varied ftont' 1.1 to 26.4. The best
peak height C-C bond as 1% (w/w) B and 1% (w/w) Mg were 26.4. Visible light
activity could be enhanced by presence of carbonaceous species (C—C) occurred in
highly condensed and coke-like structure, which could play the role of photosensitizer

to induce the visible light absorption and response. Some carbon compounds existed
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at the photocatalyst, which might be from the precursor of titanium or adsorbed CO,

in the air.

a) Bls
192 eV
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5.2.8 Scanning glectron mic "- ope \ persive x-ray analyzing

system (SEM-EDX)

As shown in Figure '-—“;F"': as analyzed the amount element of
ar 1

0, Mg

B was lower than C that

and Ti but not show

sample TiO; and boron
peak the blinding
could not sho '!;r‘ [
of each element in pure T10; an 0, sample fll hich was indicated that

the amount of carbon in 1% (w/w) B 1% (w/w) Mg was higher than 2% (w/w) B 1%
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Table 5.10 Calcution peak height(C-C) from FTIR spectra for the boron and 1%

(w/w) magnesium doped sample.

B doping
(%o (W/W))

Pure Ti0; | 1131

\ .i”j’ 7.4920

height (C-C)

— ;
N0

— T

ﬂummmwmm
’Qﬁ']ﬁﬁﬂ‘ifumﬂﬂﬂmaﬂ

Figure 5.14 SEM-EDX analysis for determine the percent of element the boron
and magnesium doped sample : a) Pure TiO,, b) 1% (w/w) B 1% (w/w) Mg
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Table 5.11 Calculation percent of element by SEM-EDX for the boron doped and

magnesium sample

Element C O Mg Ti

%(W/w) wt% at% wt% at% wt% at% wt%

at%

0%B 1% Mg 2.41
1% B 1% Mg 11.66
2%B 1% Mg 4.39

5.0

1.28 1.33 5547  29.22
1.04 1.07 58.71  30.90
1.48 1.52 5493  28.50

5.2.9 Photo

- The reacti

Figure 5.15 shoWwed/thé am i of hydrog ction from splitting water
versus irradiatio e g / lighti dmination; catalyst was fixed 1%
(w/w) Mg, which was use st 1 :' ] iC & . One could observe that
all boron-magnesiim pi ocatalytic activity than
pure titanium dioxide and nly : opi ider UV light. It could be also
seen that the addition of o7 1d- -~:;:: S '. sample had an effect on the

activity was 2% (w/w) B, 1.5%

and pure TiO,. This result agreed

(w/w) B, 1% (w/w) B, 05/«,{5}%@;’5 :

with the result ﬁ‘;ﬁm UV-vis spectra in Fi

emonstrated using

dopant metal 1orﬂ 0 act as charge separators of
the photoinduce I ectron—hole pair. Venkatachalam and c@orkers (2007) proposed
the formation of Tf‘(m inhibits the transition of TiO, phase and prevents the
agglorrﬁ u EJ)Z%%EIJSW g%ww E‘[Jle'q\ﬂ %ce the entry of

10@ into the TiO, lattices suppressed the particle growth and consequently

increased the band g?i value ofqlano i0,, whieh minimized the éle¢tron—hole
ﬁ th
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Among the samples, the best performance was attributed to 2% (w/w) B and
1% (w/w) Mg corresponding to the XPS results (see Figure 5.12). It could be
calculated that the photocatalytic performance of 2% (w/w) B and 1% (w/w) Mg was
almost 10 times higher than that of pure titanium dioxide for decomposition of water
under UV light. Obviously, the photocatalytic activity of B-Mg doped TiO, under UV
light demonstrated that B doping effect was outstanding with amount of hydrogen
more than undoped TiO,. This was ascribed to'the cooperative effects of B and Mg
doping. These agreed with the outcome fromethe UV-vis absorption spectra and
photoluminescence analysis.

Figure 5.16 compased the amount of hydrogen gas that was produced by
photocatalytic water splitting .over pure TiO,, TiO, doped with only 2% (w/w) B,
TiO, doped with only 1% (w/w) Mg, and Ti0, doped with 2% (w/w) B and 1% (w/w)
Mg after 300 minutes of reaction tithes. The amount of hydrogen produced from TiO,
doped with both B and Mg was significant equability with the sum of the amount of
hydrogen produced from T10;, that was dop&i B with Mg which might be revealed
that the doping TiO; had synergetic effect. f--_ v

i

- The reaction under visibie light irre;c_i;i-a’ti_ojn (400-700 nm)

Figure 5.17 showed-the-amount of hjd_méen production from splitting water
versus irradiationitime under visible light illumination: B doped catalyst was fixed 1%
(w/w) Mg, which was used to test the photocatalytic activity. One could observe that
all boron-magnesium prepared samples exhibited more photocatalytic activity than
pure titanium dioXide under visible light. It could be also Scen that the addition of
boron sample had an efféet on the decomposition of water. The orders of decreasing
activity were 1% (w/w), 1.5% (w/w), 0.5% (w/w), 2% (w/w) B, 0% (w/w) B and pure
Ti0, and some samples were the same as the order of increasing UV-vis spectra (see
Figure 5.10). It observed that 2% (w/w) B had lowest ¢haracteristic of UV=vis spectra
and photoluminescence ‘measurement, effect to lowest activity’ when ¢ompared with
other doped samples. Only 1% (w/w) B was not agreed with characteristic analysis
which 1% (w/w) B had seem the characteristic of range 0.5-1% (w/w) B, in UV-vis
and photoluminescence measurement but evidence highest activity. Both carbon and
boron showed beneficial influence on the photodegradation efficiency in visible light

activity (Zaleska et al., 2008).
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However, photoactivity under visible light of all samples could originate from
both carbon and boron presence, see from FT-IR result (Figure 5.13), regarding the
role of carbon as a photosensitiser of C-C bond (photosensitiser references Page 43).
These FT-IR results in Table 5.10, could be listed as follows: 1% (w/w) B > 1.5%
(w/w) B> 0.5% (w/w) B> 2% (w/w) B, agreed with photocatalytic activity and more
than only boron doped.

As shown in Figuie 5.17, the visible light induced H, production was
remarkably enhanced by doping TiO, with B Sample of 1% (w/w) B 1% (w/w) Mg
exhibits the highest activity with a hydfogen production rate as about 6 times of pure
titanium dioxide for decompesition of water under visible Tight.

According«t0 Bandara and coworkers (2004) proposed that the enhanced
photocatalytic activity of TiO)/Mg©O is explained as resulting from the high
probability of trapping/of an excited electron in the CB of TiO, by attached MgO and
holes remain in the valence band (VB) of TiO,. This process leads to efficient spatial
separation of photogenerated ¢harges (¢ and J}'f) suppressing recombinations, leading
to higher photoactivitics and the plausible:ﬁ}e_cl}_anism 18 presented. Our results were
also in good agreement with them. 7- ! .

Figure 5.18 compared the amount of ‘hydrogen gas that was produced by
photocatalytic water splitting over puie T10;TT102 doped with only 1% (w/w) B,
TiO, doped with only 1% (w/w) Mg; and TiO5 doped with 1% (w/w) B and 1% (w/w)
Mg after 300 minutes of reaction times. The amount of hydrogen produced from TiO,
doped with both B and Mg was significantly higher than the sum of the amount of
hydrogen produced from TiO, that was doped B with Mg which could revealed that
the doping Ti10, had synergetic effect.

From Figure'5.16"and 5.18 found that'the photocatalytic activity under visible
light was observed higher photoeatalytic activity than under UV light irradiation.
Wendong 'and coworkers (2005) proposed that the synergetic effect could be
explained in terms of carbon role as photosensitizer; eSpecially visible region which it
can induced/visible light region. The PLL and SEM-EDX spectra (Figute 5.171) result
were observed that 1% (w/w) B with 1% (w/w) Mg has the highest carbon content.
Thus, the photocatalytic activity under visible light irradiation was clearly observed
than UV light irradiation. The doping B and Mg lead to more active catalyst under
visible light due to the reduced band gap.
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Table 5.12 was explained the synergetic effect of catalyst in the photocatalytic
activity for UV and visible light. For 1% (w/w) B 1% (w/w) Mg, the carbon content
was higher than the combination of 1% (w/w) B and 1% (w/w) Mg. The higher
carbon content results in the increasing of photocatalytic activity under visible light.
For 2% (w/w) B 1% (w/w) Mg, the carbon content was lower than the combination of

2% (w/w) B and 1% (w/w) Mg, v ) ignificantly increased the photocatalytic

activity under UV light. S me carbor isted at the photocatalyst, which

% (w/w) Doped n | Hydrogen production in
Ti0, visible light (umole)

Pure TiO, 40.3
0% B 1% Mg 108.3
1% B 306.2
1% B + 1% Mg 414.5
1% B 1% Mg 571.9
2% B 45.2
2% B+ 1% M% ’ 153.5
2%B1% Mgl 439 | 9642 RO 159.0

ﬂ'lJEJ’J‘I’IEJV]‘ﬁWEJ’]ﬂ‘i
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1. Conclusions

Photocatalytic activity of titanium dioxide for water splitting was enhanced by
addition of B. The highest activity under/ UV .ifradiation was observed in titanium
dioxide doped with 2% (w/w) B. To improve the aetivity further, Boron was doped to
TiO, together with either Mg which 2% (w/w) B-and-1% (w/w) Mg had the highest
activity under UV asradiation.. The photocatalytic activity of co-doped TiO; increased
under UV irradiationras the'boron loading increased because of better absorption in
the visible region and slower fecombination of photogenerated charge carriers. The
addition of boron or mmagnesium- to- TiO, has supposed to increase the hydrogen
production, reduced regombination..of £he holes and back transferred electrons.
Consequently, the efficiency of doping .“\.gvitﬁ titanium dioxide photocatalytic have
higher than that of the photocatalyst contléﬁned pure TiO,, when irradiation by UV
range. In contrast for day lighf irr-adiation:;: -I:%J'—(w/w) B and 1% (w/w) Mg was the

best photocatalyst due to earbonaceous species plays the role of photosensitiser.

b ir
L

6.2. Recommendations for future studies - =

1. In this'work, the s&ne doping sanibie was fixed 1% (w/w) Mg, which had
an effect on its-photocatalytic activity. Therefore, one may vary the amount of
magnesium doping.

2. This research was recovered about irradiation=both UV and visible
irradiation had suitables effective for borom jand magnesium doping. Hence, the
application with solar light should'be mvestigated:

34 Other boron precursors should be used in the catalyst preparation step,
which it can affect to photocatalyti¢ activity in degradation of chemical.

4. From the drawback of photocatalytic water|splitting.technology about H,-
©, separation should be used photoelectrolysis by electricity input together with

selective membrane that it can select only generated electron through the membrane

for producing hydrogen production.
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APPENDIX A
CALCULATION FOR CATALYST PREPARATION

Calculation for the amount of boron precursor to be used during the incipient wetness

impregnation method is shown below.

Reagent: ic acid (HsBO3) Mole W e 61.83 g/mol

Boron
Titania
For 5 g of titania

Boron required

=(61.83/10. 811)X0 1020 = 0.5834 ¢

o RSP 1) 3

Based OIﬂIOO g of catalyst used, the compos1t10n of the catalyst is

9 W%ﬁ‘@ﬂ‘if’u UAIINYAY

Titania 100-1 = 9 ¢
For 5 g of titania

Magnesium required = 5x (1/99) = 0.0505 g
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Magnesium 0.0505 g was prepared from MgCl.6H,O and molecular weight of Mg is
24.305 g/mol

MgCl.6H,0 required = MW of MgCl.6H,0 x Magnesium required

A

AUEINENINYINS
ARAIN TN
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APPENDIX B

CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystallite size by Debye-Scherrer equation

ening, radian

The X-ray dif! vidth of a powder diffraction

free of all broadcnin; g due to the experimental equipment.-St: fidard a-alumina is used

W —
to observe the* ‘(_ i 7 ‘ larger than 2000 A.
The X-ray diffraﬂn broadend o btained by L!.I ng Warren’s formula.

From Warrelj's

ﬂuEJ’JVIEJﬂQEEﬂﬂi
QW’]Nﬂ‘iﬁu NHANYAY

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

Bs

The corresponding width of a standard material.
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Example: Calculation of the crystallite size of titanium dioxide
The half-height width of 101 diffraction peak = 1.7395°

= 0.0303 radian

The corresponding half-heigk of a-alumina = 0.0038 radian

The pure width

20 =

NINYTND

-------------------------

Degrees(28)

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 conductivi hromatography Shimadza model 8A
was used to analyse th ocneby using Molecular sieve 5A
column. The operating were described in the section
4.3.

Mole of il'y-axi8 and o e ted by gas.cl omatography in x-axis
are exhibited in th o phe' calibration curve of hydrogen is illustrated in the
following Figure |

25 ~
20 -
)
S
ils .
= L
310 Y )
=] "
= 7
v = 4E-06x
5 - R* =10.9932
w

&I 1000000 2000000 3000000 4000000 5000000 6000000
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Figure C.1 The calibration curve of hydrogen
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APPENDIX D

ELECTRON SPIN RESONANCE SPECTROSCOPY

Electron spin resonance spectroscopy (ESR) was performed to determine the

was proportional to the a he modification of titanium

tivity and was explained by

: f/ el
and photocatalytic activi g

2% (w/w) B

1.5% (w/w) B
1% (w/w) B

0.5% (w/w) B

Pure TiO,

9 " Field(mT)

Figure D.1 Peak height ESR results of titanium dioxide doped with various amount of

boron.
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In Figure D.2, Some ESR peak signal (broad peak) at 0.5% (w/w) B was not
clearly observed at the g value of 1.997. It could not reference with theory data. This

ESR result was not agreed with the order of B-Mg doping and photocatalytic activity

2% B 1% Mg

_,,,:u“:‘»w /e 7 1.5% B 1% Mg

£
5 1% B 1% Mg
E
~ 0.5%B 1% Mg
0% B 1% Mg
Pure TiO»
330 350

R results of titanium dioxide doped with various amount

Figure D.2 Peak height -
L/ ey

of B and 1% (w/w) Mg.
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APPENDIX E
THE CALCULATION OF THE BAND GAP FROM UV-VIS SPECTRA

The band gap (E,) of the sample was determined by the following equation (Eq.1):

(Eq.1)

Where E, is the band g

is the wavelength of the

onset of the spectru !
The linear equation of 4103
Eg:yzoa}"(nm):

Solve linear equationsand

Substitute A in Eq.i;

14
———2%B 1% Mg
1.2 — 15%B 1% Mg
- — 1%B 1% Mg
L [ R2ne10.5% B 1% Mg
—_ —
2 = | % 1% Mg
£ 08 !"l‘_
s Pure TO2
= .
gos| & 0\ - W et oE P e B e R
= L e

ARRINT HRIINIIA

Figure E.1 UV-visible absorption characteristics of titanium dioxide doped with

various amount of boron and 1% (w/w) magnesium.
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