CHAPTER III

THEORY

It is know that titanium (Ti) can be form a large number of addition
compounds by coordination other substances such as hydrogen, nitrogen, boron,

carbon, oxygen, and other system. Titanium dioxide (titania) is titanium compound

Titamium (ato:

\ als: first 6.83 eV, second
13.67 eV, third 27.47

ber of Group IVB of the
periodic chart. It has fougve j ‘ 1 /).is most stable valence state.
The lower valence states Tij and ". Xist, but these are readily oxidized to the
tetravalent state by air, water, a -.-. {;i zing agent. The ionization potentials

indicate that the Ti*"™* ion wou “expected to exist and, indeed, Ti (IV)

xpand its outer group of

ounds by coordination other
- H A i
substances having donoﬁtom ur. Thﬂ'nost important commercial

forms are titanium (IV) O)Qd and tltamum

ﬂﬁﬂ?ﬂﬂﬂﬁﬂﬂ?ﬂﬁ

Thermochemical data
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Thermochemical data m) oxide and other tltamum compounds
are described. Data relating to changes of state of selected titanium compounds are

listed in Table 3.1.
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Table 3.1 Thermal data for changes of state of titanium compounds

Compound Properties Temperature,K AH,kJ/mol
TiCLy melting point 249.05 9.966
Boiling point 409 35.77
TiCL; sublimation temperature 1104.1 166.15
TiCL, sublimation temperature 1591.5 248.5
Tily melting point 428 19.23+0.63
Boiling point 652.6 56.48+2.09
TiF, sublimation temperature 558.6 97.78+0.42
TiBry4 melting point 3114 12.89

Boiling point 504.1 45.19
TiO, phase change ( ca-12.6
* X

3.2 Titanium (IV) oxi ; inkeaw, 200 T Fujishima et al., 1999)

Physical and ch

Titanium dioxide n any-of the fo wing three crystal structures
rutile, which tends to be mor: res and thus is sometimes found
in igneous rocks, anatase, which 'Fe&i—t@ stable at lower temperatures (both
belonging to the te&aﬁgnd crystal s’y§tem) ch is usually found only
in minerals and has 2 structure-belonging-to-the-orthor nombic crystal system. The
titanium dioxide use in ffldustrial |as paint, i8 almost a rutile type. These

crystals are substantlally %pre titanium d10x1de but usually amount of impurities, e.g.,

iron, ch.rormum ﬂﬂ'ﬁlwﬁﬁ qéw ﬁlﬂ[ﬂ)ﬁf the crystallographic

properties of the three varieties is glve in Table 3.2.
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(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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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 ersible; AG for the change from anatase
to rutile is always negative (see Tﬁb}h rﬁ % r thermodynamic data)

S
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sodium titanate with sodium or potassium hydroxide in an autoclave at 200 to 600°C
for several days has produced brookite. The important commercial forms of titanium
dioxide are anatase and rutile, and these can readily be distinguished by X-ray

diffraction spectrometry.

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
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crystallographic direction is lost because of the random orientation of large numbers

of small particles, and it is mean value of the property that is significant.

Table 3.2 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’ \‘ '%ﬁ 4.23

Harness, Mohs scale 1Tk

Unit cell 1 D;h'23TiO,

Dimension, nm

a 0.4584

b

¢ 2,953
Measurement of ph swﬂMm hich the crystallographic directions

are taken into account, may —b&-ﬁaa‘cfe () al and synthetic rutile, natural

of titanium dioxide mg 1s suitably orientated with

respect to the crystallo ‘ aphic axis as gnsm in a spectrometer. Crystals of suitable
size of all thr ai died. However, rutile
is the only f:ﬂﬂ Elq‘amn Ijﬂﬁﬂ ﬁtals from melts. The
refractlve m tile is e‘ ele s, with direction
in the aﬁ ﬁ‘% ilr&& ’jﬁﬁﬂ}iﬁq g:lula, TiO,; an
average value for rutile in powder from is 114. The dielectric constant of anatase

powder is 48.

Titanium dioxide is thermally stable (mp 1855°C) and very resistant to
chemical attack. When it is heated strongly under vacuum, there is a slight loss of
oxygen corresponding to a change in composition to TiO, ¢7. The product is dark blue

but reverts to the original white color when it is heated in air.
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Hydrogen and carbon monoxide reduce it only partially at high temperatures,
yielding lower oxides or mixtures of carbide and lower oxides. At ca. 2000°C and
under vacuum, carbon reduces it to titanium carbide. Reduction by metal, e.g., Na, K,
Ca, and Mg, is not complete. Chlorination is only possible if a reducing agent is

present; the position of equilibrium in the system is

TiO, + 2Cl, —_pl TiCls + 0O,

i M/ acids is very dependent on the
temperature to which it has ed. Fo titanium dioxide that has been

prepared by precipitation ffom.a-titani 4 ion and gently heated to remove
water is soluble in concentiatednVdrocl ic acid. ] titanium dioxide is heated to

ca. 900°C, then its solubili AciCs is consi y. reduced. It is slowly dissolved by

The reactivity of titaniu

increased by the addition of
ammonium sulfate, which #isgs the béili : f id. The only other acid in
‘ tensively in the analysis of
titanium dioxide for trace'elaments.” ies have virtually no effect, but

molten sodium and potassiufn , and borates dissolve titanium

dioxide readily. An equimolar _m ] ‘; t
is particularly effect ., 1 en potassium |

3.3 Preparation procel:lllre - ﬂ
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methods. The phﬁfsical and chemical properties of titanium dioxides are quite different

oy e MARPORE I T AT INETR E

3.3.1 Precipitation method

Precipitation method involves the growth of crystals from a solvent of
different composition to the crystal. The solvent may be one of the constituents of the
desired crystals, e.g., crystallization of salt hydrate crystals using water as the solvent,
or the solvent may be entirely separate liquid element or compound in which the

crystals of interest are partially soluble, e.g., SiO, and various high melting silicates
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may be precipitated from low melting borate or halide melts. In these cases, the

solvent melts are sometimes referred to as fluxed since the effectively reduce the

melting point of the crystals by a considerable amount.

The method has recently been user to grow crystal of titanium (IV) oxide
using titanium tetrachloride as starting material. Titanium (IV) oxide which, after
washing and drying at 110°C, can be calcined at 800°C to remove combined water

and chloride, according to the stoichioi 77 relation as follow:

TiG ___Jl(OH)4 + 4NH4CI

This method M / prec Ditati titanium tetrachloride as

hydrated titanium (IV) 1 , ipitate to the double oxalate,

To prepare a solid si@v sel miethod, a sol is first prepared from a
suitable reactants in a sultablé-@df SOl preparation can either be simply the

dispersal of an insoluble solid or addition of a precurse -‘ ich reacts with the solvent
, - the dispersal of oxides or

|
th the pH adjusted so that the

suspension rat ﬁ% ﬁﬂ%ﬁ)ﬂ ﬁ second method is the
addition of me al m ed giving the oxide as
a colloidal product The sol is thenfeither treatedsor simply leféuto form a gel. To

ovn Wl 1) 8 SR RIS Lb o o

removes ?he solvent, it decomposes anions such as alkoxides or carbonates to give

to form a colloid prodiict.

hydroxides in water solid particles remain in

oxides, it allows rearrangement of the structure of the solid and it allows

crystallization to occur.
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3.3.3 Hydrothermal method (West, 1997)

The method involves heating the reactants in water/steam at high pressures
and temperatures. The water performs two roles, as a pressure-transmitting medium
and as a solvent, in which the solubility of the reactants is P, T-dependent. In addition,
some or all of the reactance are partially soluble in the water under pressure and this
enables reaction to take place in, or with the aid of, liquid and/or vapor phases. Under

these conditions, reactions may occur that, in the absence of water, would occur only

at much high temperatures. The ‘W erefore particularly suited for the

synthesis of phases that ar : at mperatures. It is also a useful
hni f h of e : @ f itabl

technique for growth o ; g for a suitable temperature

on of the starting material may

gradient to be present in t

occur at the hot end and r

The design of

closed at one end. The a gasket of soft copper to

provide a seal. Alternativel ﬁ1§ Lvesr : connected directly to and
independent pressure source ugiraya hydrap this is known as the ‘cold seal’
method. The reaction mixture T ate amount of water are placed inside
the bomb, which th@p_}sealed anE EIZcecf mgm_ the requlred temperature

‘phase diagram’, Figure 3:3¢a); curve AB isythe saturated steam curve and separates

water (above) ﬂhuaﬁlj(ga W it bethperatultes fbove 174°G, point B, the water is

in the supercntlg%ll condition and there is no dls‘glctlon betweeU1qu1d and vapor

e A WIANNITU NN INNETIREY

The applications of the hydrothermal method is:
(a) Synthesis of new phases: calcium silicate hydrate.

Hydrothermal methods have been used successfully for the synthesis
of many materials. A good example is the family of calcium silicate hydrates, many of
which are important components -of set cement and concrete. Typically, lime, CaO

and quartz, SiO,, are heated with water at temperatures in the range 150 to 500°C and
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pressure of 0.1 to 2 kbar. Each calcium silicate hydrate has, for its synthesis, optimum
preferred conditions of composition of starting mix, temperature, pressure and time.
For example, xonolite, CasSicO17(OH),, may be prepared by heating equimolar

mixtures of CaO and SiO; at saturated stream pressures in the range150 to 350°C.
(b) Growth of single crystals.

For the growth of single crystals by hydrothermal methods it is often

necessary to add a mineralizer. A\ y compound added to the aqueous

solution that speeds up its lly operates by increasing the

lubility of the solute th w‘ ies that would not usuall
solubdulity o € solute thr b 1€ Species that would not usually

be present in the water. For i olubili quartz in water at 400°C and 2

large quartz crystals ing conditions, crystals of

kilogram size have bee 1 solution are held at 400°C

is arranged to exist in the re tlgp-igsssc and aty360°C the solution is supersaturated
‘ - - ’ g

with respect to quartz, which preei;

B __,, “ {, Lot

quartz dissolves in thg_hottest part of the re

vessel via convection. clirre d is pi er.parts of the vessel where
its solubility in water is'| . Quartz'single'crystals are@;e in many devices in radar
and sonar, as piezoelectrig transducers, as monochromators in X-ray diffraction, etc.

Annual world ﬂ%&j f| Uz sitfgle rybtals, | using |hydrothermal and other

methods, is curreuly a staggering 60(}tons

AR AN LY UNIANYIA Y

Using similar methods, many substances have been prepared as high

quality smgle crystals, e.g. corundum (Al,03) and ruby (Al,03 doped with Cr*).
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synthesis of metal oxide yinary meta by using glycol and solvent as the
reaction medium, respéctively. The us plvent instead of water in the
hydrothermal method produced the different form ofmltermediate phase and the

stability of suc antermeﬂ'mh ﬁse was nét’stron Instablht of the intermediate

phase gives a guﬂ g ﬂmeiomt ct under quite mild

condition. The preparatlon method ig’ described in.the experlmen@ section, Chapter

v QRIANNTUANTINEIAE

3.4 Single crystal (McGraw-Hill encyclopedia of science & technology, 1997)

In crystalline solids the atoms or molecules are stacked in a regular manner,
forming a three-dimensional pattern, which may be obtained by a three-dimensional
repetition of a certain pattern unit called a unit cell. When the periodicity of the

pattern extends throughout the certain piece of material, one speaks of a single crystal.
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A single crystal is formed by the growth of a crystal nucleus without secondary

nucleation or impingement on other crystal.
3.4.1 Growth techniques

Among the most common methods of growing single crystals are those of P.

Bridgeman and J. Czochralski. In the Bridgeman method the material is melted in a
vertical cylindrical vessel, which taper ically to a point at the bottom. The vessel
then is lowered slowly into a cold zon Wl&z tion begins in the tip and continues

usually by growth from the firs ’; e Czochralski method a small

tface-of the melt and then drawn slowly

container. Crystals grown"{rgm so ‘ : 1quid, or solid) often have a well-

defined form, which reflects _r—_— stry of the unit cell. For example, rock salt or

f octahedrons with faces

. The growth for S @J:ually dictated by kinetic
spond necessarily to the equ1ht}s*.lm form.

342p@MﬂQﬂBW§WEﬂﬂ§
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charactenitlc x-ray diffraction pattern. For example, the Laue pattern of a single

parallel to the 111 plane

factors and does not co

crystal consists of a single characteristic set of sharp intensity maxima.

Many types of single crystal exhibit anisotropy, that is, a variation of some of
their physical properties according to the direction along which they are measured.
For example, the electrical resistivity of a randomly oriented aggregate of graphite
crystallites is the same in all directions. The resistivity of a graphite single crystal is
different, however, when measured along crystal axes. This anisotropy exist both for

structure-sensitive properties, which are strongly affected by crystal imperfections
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(such as cleavage and crystal growth rate), and structure-insensitive properties, which

are not affected by imperfections (such as elastic coefficients).

Anisotropy of a structure-insensitive property is described by a characteristic
set of coefficients, which can be combined to give the macroscopic property along
any particular direction in the crystal. The number of necessary coefficients can often

be reduced substantially by consideration of the crystal symmetry, whether

exists depends on crystal symmetry. The
w xample, strength and diffusion

coefficients) seem governe n an atomic scale.

anisotropy, with respect to a given pro

structure-sensitive properties

The primary phg proces: _ upon irradiation of a
semiconductor catalyst. A ' .1.!* ) racterized by an electronic band
d, called valence band (VB), and
the lower empty band cal are separated by a band gap. The
magnitude of the fixed ener ‘ onically populated valence band

and the largely vacant conducmgﬁfjggnd governs'the extent of thermal population of

sensitivity of the se nd and” Dulay (1993)]. When a
photon of energy highe energy is absorbed by a

semiconductor éﬁu m Sﬁ mﬁnﬁ ﬁr‘i is promoted to the
conduction ba It (Eln rati acancy or "hole" (h")
in the valence band Figure 3.3 shows the photesatalytic process’occurring on an

mummwmwm@m AN1INETQE

/:.\(R-.ducﬁon
A
E,
(band gab)

\_V\Oxidation

D

Figure 3.3 The photocatalytic process occurring on an illuminated semiconductor
particle [Litter (1999)].
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In most materials that are electrically conductive, i.e. metals, two types of
carriers - electrons (¢') and holes (h") - immediately recombine on the surface or the
bulk of particle in a few nanoseconds and the energy dissipated as heat (equation
(3.1)). On semiconductor such as titanium dioxide, however, they survive for longer
periods of time to allow these carriers can be trapped in surface states where they can
react with donor (D) or acceptor (A) species adsorbed or close to the surface of the
particle (equations (3.2), (3.3), (3.4)) [Litter (1999)].

Recombination 3.1
Photoexcitation (3.2)
(3.3)
(3.4)
Thereby, subseque
In aqueous solut: oduction is favored because of
the abundance of hydroxyl g@oups ,ﬂ_qdi : | s on the surface of catalyst.
However, in the gas phase, o anie sub nthemselves act as adsorbed traps for
the photogenerated hole s1nc¢fj:'7;h ga ase, water molecules are not the
predominant species jﬁ contact with the catalyst | Ithough in the presence of water

vapor, OH groups arefpresented on the and their contribution to

photooxidation can notg discarded

e RS DN S WD DT torst s,

which have stron?omdlzmg power are formed (equations (3.5), (3.6))

AR I NEN a 8,

h" + OHF - 'OH (3.6)

The hydroxyl radicals can then react with organic components, initially
producing free radicals (unstable molecules that have one unpaired electron). When
molecular oxygen is present (reactions always occur in the presence of oxygen from
the air in the use of the photocatalyst for environment), because it also has unpaired

electrons, it likes to react with these free radicals producing organic peroxyl
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radicals, which, in addition to containing an unpaired electron, also now contain two
oxygens. These radicals can then take part in chain reactions. In a short time,
organic compounds are completely degraded, i.e. converted into carbon dioxide and

water.

Meanwhile, the electrons that are produced in the electron-hole pairs are also
put to work. These electrons are used to reduce (i.e., add electrons) to oxygen in air.

ter, it will tend to be reduced, producing
Eé"_—

Because oxygen is easier to reduce th

the superoxide radical anion (O, 7) (&

3.7)

The superoxide hes itsel e pe adicals mentioned in the
previous paragraph. T ufl  proc oW contains at least four
oxygens and can decompo olecule. On the molecular
scale, superoxide acts li e . greatlylincreasing the oxidation process,

this mechanism, another

& fotation in air of so-called atomic

. ” . e E

oxygen (O°), which S extremely feactives
|

organic material =

acts on the carbon bonds in

n
-

1 - @
3.6 The main factors igolved in photocatalytic proce

‘a v/
There mqmgcm ﬂnﬁnﬂﬂm I;lﬁocess. Photocatalysis
is the combination of photochemistry and catalysisy it implies thatdight and catalyst
ML F- K ptaibil wled T L

reduction reaction. Light is not only one, which can work effectively, but it, can work

effectively when teamed up with catalyst especially titanium dioxide catalyst.
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3.6.1 Photocatalyst [Fujishima et al. (1999)]

Catalyst that used in photocatalytic process usually called "photocatalyst". In
the previous section, photochemical process involves in electronic structure of

photocatalyst.

Atoms have discrete energy levels for their electrons. Molecules often contain

like atoms but the Pauli exclusion prin

iple forbids identical quantum numbers in all
respects, resulting in the "splittin \ ic energy level into a set of closely

spaced levels typically of ord he num rS.ofatoms involves energy levels split
so finely that a so-cal

-called™b3; ructure wed energies (quantum states)
emerges, with infinitesim ¥/ conti Won of energy levels within

a given "orbital". For a s ioxide (TiO), the highest
filled band is termed th st unoccupied level is the
conduction band. The rom the conduction band

bottom is termed the b

As already mentione L2l e ction starts wi 1 the exposure of photocatalyst to

light. After llght is absorbed by ph@,ataly types of carriers - electron (¢”) and

photocatalyst becatsé of the long live Se'e?
semiconductor oxides 4;1 used in photocatalytic procesﬂuch as Ti0,, ZnO, SrTiOs,
K4NbO,, Fe;0; and Sn0,. ¢ e

AUEINININYING

Especiall}!tltamum dioxide (TiO,), titanium dioxide is ong of the most basic
s QAR TR e e
because of its radiation stability, non-toxicity and good reactivity [Alberici (1997)].
Naturally, the type of titanium dioxide that used as a pigment is different from that
used as a photocatalyst. Might say that titanium dioxide has two aspects but one set of
properties. Titanium dioxide is a semiconductor and is chemically activated by light
energy. Its photoactivity tends to decompose organic materials that come in contact

with it.



32

One of the reasons for the anatase type titanium dioxide is more photoactive

than the rutile type may lie in the differences in their so-called energy band structures.

The band gap energy of a semiconductor is the minimum energy of light
required to make the material electrically conductive or in the other words, to get the
electrons excited enough to get moving. For anatase -type titanium dioxide this
energy is 3.2 electron volts (eV), which corresponds to UV light (388 nanometers),
while the band gap energy for the rutile type is 3.0 eV, corresponding to violet light

logy, the band gap energy for a
&of light necessary to produce

% can give rise to electrical

B) "holes," which are actually

(413 nanometers). In more te

semiconductor indicates t
conduction band (CB) Whi
conductivity (photoconductivi v
the absence of electron. Lwater to produce the highly
reactivity hydroxyl radica e hydroxyl radicals are very
powerful oxidants, whi ic materials. The level of

the CB for anatase turns 0.2 eV 1 |  that for rutile (figure 3.4).

i KMAOs MaO: (1701 |
3_!_=H0 H-O(l 78

“:' 0./()

3wgwn3

rutile anatase

Qﬁﬁﬁﬁﬁﬁﬁﬂ%ﬁﬁﬂﬂﬂaﬂ

Figure 3.4 Energy diagram for TiO, and relevant redox potentials [Fujishima et al.
(1999)].

The VB energies for anatase and rutile are both similar, which is very low in
the energy diagram, meaning that, for both materials, the VB holes (and the hydroxyl
radicals) have great oxidizing power. The CB energy for rutile is close to the potential

required to electrolytically reduce water to hydrogen gas, but that for anatase is higher
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in the energy diagram, meaning that it has higher reducing power. This means that it
can drive the very important reaction involving the electrolytic reduction of molecular
oxygen (0,) to superoxide (O, ). Superoxide is found that it's almost as important as

the holes and hydroxyl radicals in breaking down organic compounds.

3.6.2 Light [Fujishima et al. (1999)]

Light is a form of energy characterized by waves, can be classified by

wavelength, which is the distance between wave crests as indicated in figure 3.5. The

light visible to eyes is only small part of totaldighespectrum, these range from about

400-700 nanometers (Note? lion of a centimeter). But the

visible light is not usually used for the pl \\ alytic process because the most active
and usually used catalyst dOr if y oce 1ox1de which has band gap
energy is about 3.0 eV or, 4003 / ! alls.in the near ultraviolet (figure
3.6). Photoexcitation of photoc ’ .ﬁt ec g absorption of energy equal

to the energy difference Between electron near UV or UV light (300-

400 nanometer) is used fouphoto %&,\Jé yroce ‘s."‘».h \
e e e J [}
G - g

=7k 7N

i

v |ulg( f infrared

Y. r.|)> X rays. (UV) (IR) dcuromdg,m.uc
AuEAN ammmm
‘nm lum

L UER P b it REE
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Solar Spectrum

Absorbance / a.u.

T o P B P e D hon WO o

250 650
Figure 3.6 The absorpti ‘T10, phot to solar spectrum [Anpo et
al. (1998)]. \
Ultraviolet lig ngths shorter than 400
nanometers. Although U d even interior lighting, it is
only limited part. Even in ime, UV light constitutes only

3.7 Inhibition of ele¢tron-livle recombination b, - -4_1 ox and Dulay (1993)]

A

The rates and efﬁfiencies of photoaas}sted degradation of organic substrates

=
oe st @R D PRI TG o o e
inorganic oxidizing species, such as peroxydisulfate

p , periodate, and peroxides. The
effect Tﬁmmlijﬁ ﬁﬁwmoﬁﬁ electron trap,
suppressing electron-hole recomb , ‘

Electron trapping similarly suppresses electron-hole recombination. Because
the conduction band of TiO, is nearly isoenergetic with the reduction band potential
of oxygen inert solvents, adsorbed oxygen serves as a trap for the photogenerated
conduction band electron in many heterogeneous photocatalytic reactions. It is often
found that photocatalytic activity is nearly completely suppressed in the absence of

oxygen, possibly because of back interfacial electron transfer from active species
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present on the photocatalyst surface, and the steady-state concentration of oxygen has
a profound effect on the relative rate of photo catalyzed decontamination occurring
under ambient conditions. The resulting species, superoxide O;", is highly active and
can attack either organic molecules or adsorbed intermediates or, after protonation,
can provides another source for surface-bound hydroxy radicals. Its precise role has

yet to be established unambiguously.

Oxygen concentration dependence has been explained as involving O,

adsorption and depletion, both and during illumination, at the

photocatalyst surface. That
(despite the fact that both
O,) has been explained

wer photoactivity than anatase
J

@mically capable of reducing
e ole recombination on rutile

n—
RN

The superoxideO; d effec ygenation agent, attacking

P " g
both neutral substrates 2 dCe-adso : /or radical ions. This attack
occurs before desorption fg@m the sugfacs ¢ the presence of dissolved superoxide

traps in solution does notfinhjbit photocatalytic reduction-protonation sequence

generates hydrogen peroxide, wh_nghj}am decomposed on the photocatalyst surface
: et o . .
to form hydroxy radical, which can m idative functional group

i

Always exist struetural defects on the surface and inside the titania particles.

These structuraf Uefbelsiate relaled Wit destilyof pHofosxgjted electrons. Surface

defects are goo&ufor high photoactiyity because Eey are used as pn active site on

s A B FHSE AN YL ISORL s

photoactiVity because they provide sites for the recombination of the photogenerated

electrons.
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