
CHAPTER II 
LITERATURE REVIEW

2.1 Hydrogen: Fuel of the Future

Hydrogen is now being considered as an ideal fuel for the future. Hydrogen 
fuel can be produced from clean and renewable energy sources, and thus, its life 
cycle is clean and renewable. Solar and wind are the two major sources of renewable 
energy, and they are also the promising sources for renewable hydrogen production. 
However, presently, renewable energy contributes only about 5 % of the commercial 
hydrogen production primarily via water electrolysis, while other 95 % hydrogen is 
mainly derived from fossil fuels (Bak et al., 2002). Hydrogen is a carrier of energy, 
not a source. It does not exist in a natural state on earth and must be manufactured 
using a hydrogen-rich compound as the raw material. Moreover, hydrogen can be 
used for the powering of non-polluting vehicles, domestic heating, and aircraft. 
Today, hydrogen is produced mainly through steam reforming of natural gas, but it 
can be extracted from other hydrocarbons by reforming or partial oxidation. A major 
shortcoming of the processing of hydrocarbons is the resulting emissions of carbon 
and airborne pollutants. Most of other production processes in use or under 
development involve the electrolysis of water by electricity. This method produces 
no emissions, but is typically more costly compared to hydrocarbon reforming or 
oxidation because it requires more energy and because electricity is, in most cases, 
more expensive than fossil fuels. Photovoltaic water electrolysis may become more 
competitive as the cost continues to decrease with the technology advancement. The 
integration of solar energy concentration systems with systems capable of splitting 
water is of immense value and impact on the energetics and economics worldwide; 
by some is considered as the most important long-term goal in solar-fuel production 
to cut hydrogen t costs and ensure virtually zero CO2 emissions; however, the 
considerable use of small band gap semiconducting materials may cause serious life 
cycle environmental impacts. The utilization of an oxide semiconductor 
photocatalyst is a promising technique because the photocatalyst is in a solid phase 
form and is secure for use, resistant to deactivation, chemically stable, and
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environmentally friendly. The diagram in Figure 2.1 shows that while the 
introduction of fuel cell technology will lead to a substantial reduction in the 
emissions of greenhouse gases (expressed in carbon units per kilometer), the use of 
fuel cells powered by hydrogen obtained from solar energy will reduce the emissions 
to nearly zero. Hydrogen is not present in nature in a gaseous form. However, it is 
abundantly available in plants, as well as in several compounds, such as methane, 
methanol, and higher hydrocarbons. Most importantly, it is available in water. 
Therefore, hydrogen must be extracted from these compounds.

Figure 2.1 Relative emissions of greenhouse gases (expressed in carbon units per 
km) for vehicles powered by today’s internal combustion engine using gasoline 
compared to vehicles powered by fuel cells (Bak et al., 2002).

2.2 Water Splitting: Hydrogen Generation Using Solar Energy
a

2.2.1 Photocatalytic Reaction
Photocatalytic reactions have been extensively studied. Photocatalytic 

reactions are classified into two categories: “ down-hill” and “ up-hill” reactions. 
Degradation, such as photo-oxidation of organic compounds using oxygen molecules, 
is generally a down-hill reaction, of which the reaction proceeds irreversibly. In this
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reaction, a photocatalyst works as a trigger to produce O2', HO2, OFF, and H+ as 
active species for oxidation at the initial stage. This type of reaction is regarded as a 
photo-induced reaction, as depicted in Figure 2.2(a), and has been extensively 
studied using titanium dioxide photocatalyst (Fujishima et al, 2000). On the other 
hand, water splitting reaction is accompanied by a largely positive change in the 
Gibbs free energy (AG° = 237 kJ/mol) and is an up-hill reaction. In this reaction, 
photon energy is converted into chemical energy, as also shown in Figure 2.2(b), 
similar to photosynthesis by green plants. Therefore, this type of reaction is called 
artificial photosynthesis.

(a) Ç Photoinduced reaction ) 
Degradation

(b) ( Photon energy conversion reaction )
Water splitting

Figure 2.2 Types of photocatalytic reactions: (a) photoinduced reaction and (b) 
photon energy conversion reaction.

Since the first energy crisis in the early 1970s, much research has been 
devoted to the development of efficient systems that would enable the absorption and 
conversion of solar light into useful chemical energy resources. One of the most 
promising reactions of such “ artificial photosynthesis” is the photocatalytic splitting 
of water to produce H2 and O2 under solar light:

H20  -> H2 + 1 /202, AG° = 237.2 kJ/mol (2.1 )
The refinement of this up-hill reaction is greatly desired not only for 

the conversion and storage of solar energy but also for the clean and safe production 
of hydrogen sinèe the consumption of hydrogen will be expected to increase 
dramatically, especially for use in fuel cells.
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2.2.2 Splitting Water into Hydrogen
The technologies for hydrogen generation using sources of renewable 

energy are in the incubation stage. Photocatalytic splitting of water into hydrogen has 
attracted extensive attention due to its potential to obtain clean and highly efficient 
hydrogen energy from abundant water. For about 35 years, since the work of 
Fujishima and Honda, which reported on the photodecomposition of water over 
semiconductor photoelectrolysis cells (Fujishima et al., 1972), many studies in the 
photocatalytic splitting of water have been carried out. The energy conversion 
efficiency of water photoelectrolysis is primarily determined by the properties of 
materials used for the photoelectrodes.

For photoelectrolysis of water, a potential difference of more than 
1.23 eV is necessary between cathodic and anodic electrodes (Eq. (2.2)), where the 
following anodic and cathodic reactions take place simultaneously (Eq. (2.3) and 
(2.4)).

H20  -> H2 + 1 /202, E= 1.23 eV (2.2)
2H20  + 2๙ -> น2 + 20H \ ^  (pH = 7) = -0.41 V vs. NHE (2.3)
2H20  -> 0 2 + 4H+ + 4๙, £° (pH = 7) = +0.82 V vs. NHE (2.4)

This potential difference is equivalent to the energy of a wavelength 
of approximately 1,008 nm. Therefore, if the energy of light is used effectively in an 
electrochemical system, it should be possible to decompose water with visible light 
of wavelength shorter than 1,008 nm. However, water is transparent to visible light, 
it cannot be decomposed by visible light alone. It can be split by irradiation alone 
only with ultraviolet light shorter than 190 nm. Fujishima and Honda (1972) were the 
first researchers to study photodecomposition of water over semiconductor 
photoelectrolysis cells using light of wavelength A < 400 nm. Photoelectrolysis cells 
consisting of a Ti02 electrode and a Pt back electrode are connected through an 
external load, as shown in Figure 2.3. Photo-irradiation of the T i02 electrode under a 
small electric bias leads to the evolution of H2 and 0 2 at the surface of the Pt 
electrode and Ti02 electrode, respectively.

Ti02 + 2hv -> 2e' + 2h+ (excitation of T i02 by u v  light )
2h+ + H20  -> 1/20 2 + 2H+ (at the T i02 electrode)

(2.5)
(2.6)
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2e‘ + 2H+ -> แ 2 (at the Pt electrode) (2.7)
The overall reaction can be expressed as Eq. (2.7):

H20  + /?v ^  I/2O2+H2 (2.8)
Despite the successful work of Fujishima and Honda, the use of a 

photoelectrochemical cells involves the difficulty of constructing the oxide 
semiconductor photoelectrode. Therefore, applications of the principle of water 
photodecomposition using semiconductor for heterogeneous photocatalytic systems 
using powdered semiconductors instead of photoelectrodes have been actively 
studied by reason of their advantages over photoelectrochemical cells, i.e. low cost to 
construct, chemical stability under the light, and large surface area. Such attempts 
have been supported by two experimental advances. One is accumulation of data on 
photocatalytic reactions over powdered semiconductors, while the other is Bard’ร 
concept that can be pictured as a “ short-circuited” photoelectrochemical cell, where 
semiconductor electrode and metal counter electrode have been brought into contact 
in single particle. The history and development of the briefly mentioned progress 
about water splitting can be traced as follows (Bard et a l, 1995).

Figure 2.3 Electrochemical cell, in which a T i02 electrode is connected with a Pt
electrode (Matsuoka e t a l ., 2007).
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2.2.3 Efficiency
The free energy change for water splitting reaction is AG° = 237.2 

kJ/mol or 2.46 eV/molecule of H2O. Since two electrons are involved in the reaction, 
this corresponds to 1.23 eV/e, which is also the standard emf for the reaction. The 
photons in the solar spectrum provide sufficient energy to drive this reaction, but the 
efficiency of the reaction depends upon how the reaction is carried out. It is possible 
to cause water splitting thermally with light via concentrators and a solar furnace by 
heating water to 1,500-2,500 K. However, the efficiency of this process is typically 
below 2 %, and the cost of the capital equipment and material stability problems 
suggest that this approach for water splitting is not a promising one.

Since water itself does not absorb appreciable ration within the solar 
spectrum, one or more light-absorbing species, i.e. semiconductors as the 
photoconverters, must be used to transform the radiant energy to chemical 
(or electrical) energy, in the form of electron/hole pairs, i.e. to the oxidizing and 
reducing potentials needed to drive the reaction. The maximum efficiency for 
photochemical water splitting has been considered in a number of papers and 
depends upon the band gap (or threshold energy), Eg, of the semiconductor. 
Radiation of energy below Eg is not absorbed while that above Eg is partly lost as 
heat by internal conversion or intraband thermalization processes. Additional 
thermodynamic losses occur because the excited state concentration is only a fraction 
of that of the ground state and because some excited states are lost through radiative 
decay (Archer et al., 1990).

2.2.4 Semiconductor
A semiconductor is a material with an electrical conductivity that is 

intermediate between that of an insulator and a conductor. Like other solids, 
semiconductor materials have electronic band structure determined by the crystal 
properties of the material. The actual energy distribution among electrons is 
described by the Fermi level and temperature of the electrons. Among the bands 
filled with electrons, the one with the highest potential level is referred to as the 
valence band (VB), while the band outside of this is referred to as the conduction 
band (CB). The energy width of the forbidden band between the valence band and
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the conduction band is referred to as the band gap (Eg). The overall structure of band 
gap energy is shown in Figure 2.4. The band gap can be considered as a wall that 
electrons must jump over in order to become free. When light is illuminated at 
appropriate wavelengths with energy equal or more than band gap energy, valence 
band (VB) electrons can move up to the conduction band (CB). At the same time, as 
many positive holes as the number of electrons that have jumped to the conduction 
band (CB) are created.

Unfilled 
bands ^

Conduction
band

Filled
band;

- Band gap

■mM*
Valence
band

------โ-

Figure 2,4 The structure of band gap energy.

2.2.5 Types of Semiconductor Systems Proposed for Solar Water Splitting
2.2.5.1 Semiconductor Solid State Photovoltaic Based Systems

A number of different approaches are possible with 
semiconductors. The most direct approach employs a solid state photovoltaic solar 
cell to generate electricity that is then passed into a commercial-type water 
electrolyzer, as shown in Figure 2.5(a). The electrolysis of water at a reasonable rate 
in a practical cell requires applied voltages significantly larger than the theoretical 
value (1.23 V at 25°C). Moreover, the components are rugged and should be long- 
lived. The problem with such a system is its cost. Solar photovoltaics cannot 
currently produce electricity at competitive prices, and hydrogen from water 
electrolyzers is significantly more expensive than that produced chemically from 
coal or natural gas.
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Figure 2.5 S ch em a tic  o f  (a ) so lid  s ta te  p h o to v o lta ic  ce ll d r iv in g  a  w a te r  e le c tro ly z e r  
and  (b ) ce ll w ith  im m ersed  se m ic o n d u c to r  p /n  ju n c tio n  (o r m e ta l/se rh ic o n d u c to r  
S ch o ttk y  ju n c tio n )  as one  e lec tro d e .

A n a lte rn a tiv e  sy s te m  in v o lv e s  th e  se m ic o n d u c to r  
p h o to v o lta ic  cell im m ersed  d ire c tly  in a q u e o u s  sy s te m , as  il lu s tra te d  in F ig u re  2 .5 (b ). 
A t th e  least, th is  e lim in a te s  th e  co s ts  and  m e c h a n ic a l d iff ic u ltie s  a s so c ia te d  w ith  
sep a ra te  c o n s tru c tio n  and  in te rc o n n e c tio n  o f  so la r  an d  e le c tro c h em ic a l c e lls . In one  
such  sy stem , th e  e le c tro d e s  a re  c o m p o sed  o f  s in g le  o r  m u ltip le  se m ic o n d u c to r  p /n  
ju n c tio n s  th a t a re  irrad ia ted  w h ile  th ey  a re  w ith in  th e  ce ll. T h is  s im p le r  a p p a ra tu s  is 
a tta in ed  at th e  co st o f  e n c a p su la tin g  and  c o a tin g  th e  se m ic o n d u c to rs  to  p ro te c t th em  
from  th e  liqu id  e n v iro n m e n t an d  p ro b a b ly  w ith  a  m o re  lim ited  ch o ice  o f  
e le c tro c a ta ly s t fo r แ 2 o r  O 2 ev o lu tio n . N o te  th a t, in  a d d itio n  to  p /n  se m ic o n d u c to r  
ju n c tio n s , th o se  b e tw e e n  a m e ta l an d  se m ic o n d u c to r  (S c h o ttk y  b a rr ie rs )  c an  a lso  be  
u sed  to  p ro d u ce  a p h o to p o ten tia l.

2 .2 /5 .2  S em ico n d u cto r E lec tro d e  (L iq u id  Ju n ction ) S ystem s
t O f  m o re  in te res t are  sy s tem s, in  w h ic h  th e  p h o to p o te n tia l to  

d riv e  th e  w a te r sp litt in g  re a c tio n  is g en e ra ted  d ire c tly  a t th e  se m ic o n d u c to r /liq u id  
in te rface , as  sh o w n  in F ig u re  2 .6 . R a th e r e x te n s iv e  re se a rch  w as c a rr ie d  o u t on  
v a rio u s  m eta l e le c tro d es , so m e tim e s  co v e red  w ith  o x id e  o r  o th e r  film s, an d  im m ersed  
in a  v a rie ty  o f  so lu tio n s , in c lu d in g  som e c o n ta in in g  flu o re sc e n t d yes. T h e  d isco v e ry



11

o f  th e  tra n s is to r  and  in te re s t in se m ic o n d u c to r  m a te r ia ls  led  to  m o re  e x te n s iv e  
e le c tro c h em ic a l and  p h o to e le c tro c h e m ica l s tu d ies , u su a lly  w ith  th e  go a l o f  
c h a ra c te riz in g  th e  sem ico n d u c to r.

n-type semiconductor

hv

Figure 2.6 S ch em atic  o f  liq u id  ju n c tio n  se m ic o n d u c to r  e le c tro d e  ce ll.

T h e  m o d e m  e ra  o f  s e m ic o n d u c to r  e le c tro d e s  an d  in te re s t in  
th e se  in  p h o to e le c tro c h e m ica l d ev ices  fo r en e rg y  co n v e rs io n , e sp e c ia lly  v ia  th e  w a te r  
sp littin g  reac tio n , can  be  c ited  to  th e  w o rk  o f  F u jish im a  an d  H o n d a  o n  s in g le -c ry s ta l 
TiC >2 e le c tro d es  (F u jish im a  and  H o n d a  1972). In d eed , w a te r  sp litt in g  in  TiC>2-b a sed  
ce lls  can  b e  ac c o m p lish e d , bu t on ly  w ith  an  ad d itio n a l e lec trica l b ias. T h e  p ro b lem  
w ith  TiC>2 is th a t th e  co n d u c tio n  band  is to o  low , i.e. at an  in su ff ic ie n tly  n e g a tiv e  
p o ten tia l, to  g en e ra te  h y d ro g e n  at a u se fu l ra te . M o reo v e r, b ecau se  th e  TiC>2 b an d  g ap  
is  to o  la rge  (3 .2  eV  fo r an a tase  and  3 .0  eV  fo r ru tile ), o n ly  a  sm a ll fra c tio n  o f  th e  
so la r  ligh t is ab so rb ed . C e lls  w ith  TiC>2 e le c tro d e s  o f  v a r io u s  ty p e s , e .g . s in g le  c ry s ta l, 
p o ly c ry s ta l, and  th in  film , h av e  n e v e rth e le ss  b een  h e a v ily  in v e s tig a te d , la rg e ly  
b e c a u se  TiC>2 is v e ry  s tab le  and  is a g o o d  m o d e l fo r u n d e rs ta n d in g  th e  
se m ic o n d u c to r /liq u id  in te rface .

2 .2 '5 .3  S em ico n d u cto r P a r tic le  S ystem s
I A  c o n s id e rab le  s im p lif ic a tio n  o f  th e  a p p a ra tu s  is p o ss ib le  i f  th e  

e le c tro c h em ic a l cell c a n  be  rep laced  by  s im p le  d isp e rs io n s  o f  s e m ic o n d u c to r  
p a rtic le s . In such  d isp e rs io n s , the  se m ic o n d u c to r  p a rtic le s  can  be  c o a te d  w ith  is lan d s  
o f  m e ta ls  o r m eta l o x id e s  th a t b eh av e  as  c a ta ly tic  s ites , w ith  e a c h  p a r tic le  b e h av in g  
as  a m ic ro e le c tro c h e m ic a l ce ll, as sh o w n  in F ig u re  2 .7 . TiC>2 h a s  b een  a  fav o rite
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m ate ria l, a lth o u g h  o th e r  c o m p o u n d s , su ch  as C d S  an d  Z nO , h av e  a lso  b een  s tu d ied . 
W h ile  a n u m b e r o f  in te re s tin g  p h o to re a c tio n s  h av e  b een  c a rrie d  ou t, in c lu d in g  the  
u se  o f  p a rtic le s  to  d e s tro y  o rg an ic s  and  to  p la te  m e ta ls  fro m  w a s te w a te r  (O llis  and  
A l-E k ab i, 1993) and  fo r sy n th e tic  p u rp o se s  (S e rp o n e  and  P e liz ze tti, 1989), v a rio u s  
rep o rts  on  th e  u se  o f  p a rtic u la te  sy s tem s fo r w a te r  sp littin g  rem a in  c o n tro v e rs ia l. A n  
ex te n s io n  o f  th is  ap p ro ach  is th e  use  o f  c o llo id a l-s iz e d  p a rtic le s  d o w n  to 
n an o p a rtic le s . S u ch  sm a ll p a rtic le s  a lso  h av e  v ery  h ig h  su rface  a re a s  tha t, in  p rin c ip le , 
a llo w  fa s te r  c ap tu re  o f  th e  p h o to g e n e ra te d  ch a rg es  by  so lu tio n  sp ec ies  an d  w ith  less 
bu lk  reco m b in a tio n .

Figure 2,7 R e p re se n ta tio n  o f  se m ic o n d u c to r  p a r tic u la te  sy s tem s fo r h e te ro g e n e o u s  
p h o to c a ta ly s is  (M a tsu o k a  et a l ,  2007 ).

2 .2 .6  T h e  P rin c ip le  o f  W a te r S p littin g  U sin g  S e m ic o n d u c to r  P a rtic le
T h e  p rin c ip le  o f  w a te r  sp littin g  u s in g  a  se m ic o n d u c to r  p h o to c a ta ly s t is 

sh o w n  in F ig u re  2 .8 . T h e  se m ic o n d u c to r  p h o to c a ta ly s t ab so rb s  im p in g in g  p h o to n s  
w ith  en e rg ie s  equal to  o r h ig h e r th a n  its band  g ap  o r th re sh o ld  en erg y . E ach  p h o to n  
o f  th e  re q u ire d  en e rg y  (i.e . w a v e le n g th )  th a t s tr ik e s  an  e le c tro n  in th e  o ccu p ied  
v a len ce  b an d  (V B ) o f  the  se m ic o n d u c to r  a tom  can  e lev a te  th a t e le c tro n  to  th e  
u n o c c u p ie d  c o n d u c tio n  b an d  (C B ), le ad in g  to  ex c ite d  s ta te  c o n d u c tio n  b an d  e le c tro n s  
and  p o s itiv e  v a len ce  b an d  h o les (S e rp o n e  and  P e liz ze tti, 1989). T h e  p h o to g e n e ra te d  
e lec tro n s  an d  h o les  c a u se  redox  re a c tio n s  s im ila r  to  e lec tro ly s is . W a te r m o le c u le s  are
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red u ced  by  th e  e le c tro n s  to  fo rm  แ 2 an d  o x id iz e d  by  th e  h o le s  to  fo rm  O 2 , le ad in g  to  
o v e ra ll w a te r  sp littin g . T h e  w id th  o f  th e  b an d  g ap  an d  th e  p o te n tia ls  o f  the  
c o n d u c tio n  and  v a len ce  b an d s  a re  im p o rtan t fo r the  se m ic o n d u c to r  p h o to c a ta ly s t 
m a te ria l. T he b o tto m  level o f  th e  c o n d u c tio n  b an d  (C B ) h as  to  be  m o re  n e g a tiv e  than  
th e  red u c tio n  p o te n tia l o f  แ +/ แ 2 (0  V vs N H E ), w h ile  th e  to p  level o f  th e  v a len ce  
b an d  (V B ) has to  be  m o re  p o s itiv e  th an  th e  o x id a tio n  p o te n tia l o f  O 2/H 2O  (1 .23  V).

Figure 2 .8  R e a c tio n  sc h e m a tic  fo r w a te r  sp littin g  re a c tio n  o v e r se m ic o n d u c to r 
p h o to ca ta ly s ts .

T h e  c o m p e titio n  b e tw e e n  ch a rg e  c a rr ie r  re c o m b in a tio n  an d  ch a rg e  
c a rr ie r  tra p p in g  fo llo w ed  by  th e  c o m p e titio n  b e tw een  re c o m b in a tio n  o f  trap p ed  
c a rr ie rs  an d  in te rfac ia l ch a rg e  tra n s fe r  a re  w h a t d e te rm in e  th e  o v e ra ll q u an tu m  
e ff ic ie n cy  fo r in te rfac ia l ch a rg e  tran sfe r . A lso  o f  g rea t im p o rtan ce  a re  th e  band  
p o s itio n s  o r  fla t band  p o te n tia ls  o f  th e  se m ic o n d u c to r  m a te ria l. T h e se  in d ic a te  the  
th e rm o d y n a m ic  lim ita tio n s  fo r th e  p h o to re a c tio n s  th a t can  tak e  p lace .

Horw ever, th e  p o te n tia l o f  the  b an d  s tru c tu re  is ju s t  th e  th e rm o d y n a m ic  
re q u irem en t. O th e r  fac to rs , su ch  as  ch a re  se p a ra tio n , m o b ility , and  life tim e  o f  
p h o to g e n e ra te d  e le c tro n s  an d  h o le s , a lso  a ffe c t th e  p h o to c a ta ly tic  p ro p e rtie s , as 
sh o w n  in F ig u re  2 .9 . in w h ic h  th e  fa te  o f  th e se  ch a rg e  c a rr ie rs  m ay  tak e  d iffe ren t 
p a th s. F irs tly , th e y  can  get tra p p e d  in the  b u lk  e ith e r in  sh a llo w  o r in  d eep  traps.
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S eco n d ly , th e y  can  re c o m b in e , n o n -ra d ia tiv e ly  o r  ra d ia tiv e ly , d is s ip a tin g  th e  in p u t 
e n e rg y  as h ea t. F in a lly , th ey  can  reac t w ith  e lec tro n  d o n o rs  o r a c c e p to rs  a d so rb ed  on 
th e  su rface  o f  th e  p h o to c a ta ly s t (H o ffm a n n  e t a l., 1995). T h ese  p ro p e rtie s  a re  
s tro n g ly  in flu e n c e d  by b u lk  p ro p e rtie s  o f  th e  m a te ria l, su ch  as  c ry s ta llin ity . S u rface  
p ro p e rtie s , su ch  as su rface  a rea  and  a c tiv e  re a c tio n  s ites , are  a lso  im p era tiv e . 
C o c a ta ly s ts , such  as Pt an d  N iO , are  o fte n  lo ad ed  on  th e  p h o to c a ta ly s t su rface  in 
o rd e r  to  in tro d u c e  ac tiv e  s ite s  fo r H 2 e v o lu tio n . T h u s , su itab le  b u lk  and  su rface  
p ro p e rtie s  an d  en e rg y  s tru c tu re  a re  d e m a n d e d  fo r p h o to c a ta ly s ts . S o , o n e  can  sta te  
th a t th e  p h o to c a ta ly s t is a h ig h ly  fu n c tio n a l m a te ria l.

i
Photocatalyst
powder

Figure 2 .9  P ro cesse s  o c c u rr in g  in  se m ic o n d u c to r  p h o to c a ta ly s t u n d e r 
p h o to e x c ita tio n  fo r w a te r  sp littin g  reac tio n .

2.3 Photocatalyst

S in ce  w a te r is tra n sp a re n t to  so la r  rad ia tio n , d ire c t d e c o m p o s itio n  o f  w a te r  
b y  so la r  lig h t is n o t v iab le . E n e rg e tic a lly , it seem s re la tiv e ly  easy  to  p h o to c a ta ly z e  
w a te r, s in ce  th e  th eo re tic a l m in im u m  p h o to v o lta g e  re q u ire d  fo r th is  p ro c e ss  is o n ly  
1.23 eV . S e m ic o n d u c to rs , in  th e  p re se n c e  o f  lig h t e n e rg y , a re  c ap ab le  o f  
d e c o m p o s in g  w a te r  in to  h y d ro g e n  and  o x y g e n  d e p e n d in g  u p o n  en e rg y  lev e ls  o f  th e ir  
c o n d u c tio n  an d  v a len ce  b an d s. In an  id ea l sy s tem , c o n d u c tio n  b an d  level sh o u ld  be 
w ell ab o v e  (m o re  n eg a tiv e  th an ) th e  w a te r  re d u c tio n  lev e l, and  v a len ce  b an d  ed g e
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sh o u ld  b e  w e ll b e lo w  (m o re  p o s itiv e  th a n ) th e  w a te r  o x id a tio n  lev e l fo r an  e ff ic ie n t 
p ro d u c tio n  o f  h y d ro g e n  an d  o x y g en  fro m  w a te r  by  p h o to ly s is , as  sh o w n  in F ig u re  
2 .10 . S o m e  o f  th e  p h o to c a ta ly s ts  th a t sa tis fy  b o th  co n d itio n s  a re  TiC>2 , S r T i0 3, 
C a T i0 3, S r2N b 2 0 5, S r2T a 2Û 7 , Z nO , C d S , N iO , etc.

Figure 2.10 B and  gap  e n e rg y  o f  th e  p h o to c a ta ly s t.

.. P o w d e rs  w ith  se m ic o n d u c to r  c h a ra c te r is tic s  h a v e  b een  w id e ly  e m p lo y e d  in  
p h o to c a ta ly tic  sy s te m s  b ecau se  th ey  a re  c a p a b le  o f  g e n e ra tin g  c h a rg e  c a rr ie rs  by  
a b so rb in g  p h o to n  e n e rg ie s . T h e  se p a ra tio n  e ffe c tiv en e ss  o f  th e  p h o to - in d u c e d  ch a rg e  
c a rr ie rs  is an  im p o rta n t fa c to r in  d e te rm in in g  th e  p h o to c a ta ly tic  a c tiv ity  o f  the  
p o w d e rs . A m o n g  th e  p h o to c a ta ly s ts  in v e s tig a te d , TiC>2 is th e  m o st w id e ly  u sed  
se m ic o n d u c to r  p h o to c a ta ly s t fo r v a rio u s  p h o to c a ta ly tic  sy s tem s (F u jim a  e t a i ,  2 0 0 0 ; 
C h en  an d  M ao , 2 0 0 7 )

2.4 Titanium Oxide Photocatalyst

2.4.1 G en era l R em ark s
T ita n iu m  d io x id e  (T i0 2 ) b e lo n g s  to  th e  fam ily  o f  tra n s itio n  m eta l 

o x id e s  T i0 2  has rece iv ed  a  g rea t d ea l o f  a tte n tio n  d u e  to  its ch e m ic a l s tab ility , n o n 
to x ic ity , lo w  co st, an d  o th e r a d v a n ta g e o u s  p ro p e rtie s . P a r tic u la r ly , TiC>2 is 
e x te n s iv e ly  u tiliz ed  in  so la r  en e rg y  c o n v e rs io n , i.e. so la r  c e ll, an d  p h o to c a ta ly s is  
a p p lic a tio n s  (H o ffm a n n  et a i ,  1995). A s a re su lt o f  its h ig h  re fra c tiv e  in d ex , it is 
u sed  a s  a n ti- re f le c tio n  co a tin g  in s ilic o n  so la r  c e lls  an d  in m an y  th in  film  o p tica l
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d ev ice s . TiC>2 is su c c e ss fu lly  u sed  as gas se n so r  (d u e  to  th e  d e p e n d e n c e  o f  the  
e le c tr ic  c o n d u c tiv ity  o n  th e  a m b ie n t g as  c o m p o s itio n )  and  is u tiliz ed  in  the  
d e te rm in a tio n  o f  o x y g e n  an d  c a rb o n  m o n o x id e  c o n c e n tra tio n s  at h ig h  te m p e ra tu re s  
(>  6 0 0 °C ), by  s im u lta n e o u s ly  d e te rm in in g  C O /O 2 and  C O /C H 4 co n c e n tra tio n s  
(S a v a g e  e t a l., 2 0 0 1 ). D ue to  its  h e m o c o m p a tib ility  w ith  th e  h u m an  b o d y , T i 0 2 is 
a lso  u sed  as a b io m a te r ia l (a s  b o n e  su b s titu e n t and  re in fo rc in g  m e c h a n ic a l su p p o rts ).

2 .4 .2  C ry s ta l S tru c tu re  an d  P ro p e rtie s
T h e  m a in  fo u r p o ly m o rp h s  o f  TiC>2 fo u n d  in  n a tu re  a re  an a tase  

( te tra g o n a l) , b ro o k ite  (o r th o rh o m b ic ) , ru tile  (te trag o n a l) , and  TiC>2 (B ) (m o n o c lin ic ) . 
T h e  s tru c tu re s  o f  ru tile , an a tase , an d  b ro o k ite  c an  be d isc u sse d  in  te rm s o f  (TiC>26") 
o c ta h e d ra ls . T h e  th re e  c ry sta l s tru c tu re s  d if fe r  by  th e  d is to r tio n  o f  each  o c tah ed ra l 
an d  by  th e  a sse m b ly  p a tte rn s  o f  th e  o c tah ed ra l ch a in s . A n a ta se  can  be re g a rd e d  to  be 
b u iltu p  from  o c ta h e d ra ls  th a t a re  co n n e c te d  b y  th e ir  v e rtic e s ; in  ru tile , th e  ed g e s  are 
c o n n e c te d ; and  in  b ro o k ite , b o th  v e rtic e s  an d  ed g es  a re  c o n n e c te d , as  sh o w n  in 
F ig u re  2.11 (C a rp  e t a l . , 2004 ).

(a) (b ) (c)

Figure 2.11 C ry s ta l s tru c tu re s  o f  (a ) an a ta se , (b ) ru tile , and  (c) b ro o k ite .
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T h e rm o d y n a m ic  c a lc u la tio n s  b ased  on  c a lo r im e tr ic  d a ta  p re d ic t th a t 
ru tile  is th e  m o s t s tab le  p h ase  at all te m p e ra tu re s  an d  p re ssu re s  up  to  60  kB ar. T h e  
sm all d iffe re n ce s  in  th e  G ib b s  free e n e rg y  (4 -2 0  k j /m o l)  am o n g  th e  th ree  p h ase s  
su g g est th a t th e  m e ta s ta b le  p o ly m o rp h s  a re  a lm o s t as  s tab le  as  ru tile  at n o rm a l 
p re ssu re s  an d  te m p e ra tu re s . P a rtic le  s ize  e x p e rim e n ts  a ff irm  th a t th e  re la tiv e  p h ase  
s tab ility  m ay  re v e rse  w h en  p a rtic le  s iz e s  d e c re a se  to  su ffic ie n tly  lo w  v a lu e s  d u e  to  
su rface  en e rg y  e ffe c ts  (su rface  free  e n e rg y  and  su rfa c e  s tress , w h ic h  d ep en d  on 
p a rtic le  size). I f  th e  p a rtic le  s iz e s  o f  th e  th re e  c ry s ta llin e  p h a se s  a re  eq u a l, an a ta se  is 
the  m o st th e rm o d y n a m ic a lly  s tab le  at s iz e s  less  th an  1 1  run , b ro o k ite  is th e  m o st 
s tab le  b e tw een  11 an d  35 n m , an d  ru tile  is  th e  m o st s tab le  at. s izes  g re a te r  th an  35 nm  
(Z h an g  an d  B an fie ld , 2000).

T h e  en th a lp y  o f  th e  a n a ta se -ru tile  p h a se  . tra n s fo rm a tio n  is low . 
H o w ev er, th e re  a re  w id e sp re a d  d isa g re e m e n t in th e  v a lu e , w h ich  ra n g e s  from  -1 .3  to  
-6 .0  ±  0 .8 k J /m o l. K in e tica lly , an a tase  is s tab le , i.e. its  tra n s fo rm a tio n  in to  ru tile  at 
ro o m  te m p e ra tu re  is so s lo w  th a t th e  tra n s fo rm a tio n  p ra c tic a lly  d o es  n o t occu r. A t 
m ac ro sco p ic  sca le , th e  tra n s fo rm a tio n  re a c h e s  a m e a su ra b le  sp eed  fo r b u lk  TiC>2 at 
te m p e ra tu re  g re a te r  th an  600°c. D u rin g  th e  tra n s fo rm a tio n , an a ta se  p se u d o c lo se - 
p ack ed  p la n e s  o f  o x y g en  a re  re ta in ed  as  ru tile  c lo se -p a c k e d  p la n e s , an d  a  c o 
o p e ra tiv e  re a rran g e m e n t o f  tita n iu m  an d  o x y g e n  io n s  o ccu rs  w ith in  th is  c o n fig u ra tio n . 
T h e  p ro p o sed  m e c h a n ism  im p lie s  at le a s t sp a tia l d is tu rb a n c e  o f  th e  o x y g en  ion  
fram ew o rk  an d  a m in im u m  b re a k in g  o f  T i - 0  b o n d s  as  a  re su lt o f  su rfa c e  n u c léa tio n  
an d  g ro w th . T h e  n u c léa tio n  p ro cess  is v e ry  m u ch  a ffe c ted  by  th e  in te rfac ia l co n ta c t 
in  n a n o c ry s ta llin e  so lid s , an d  o n ce  in itia ted , it q u ick ly  sp re a d s  o u t and  g ra in  g ro w th  
o ccu rs  (D in g  an d  L iu , 1998).

T h e  a n a ta se -ru tile  tra n s fo rm a tio n  h as  b een  s tu d ie d  fo r b o th  
m ech an is tic  an d  a p p lic a tio n -d riv e n  re a so n s , b e c a u se  th e  TiC>2 p h ase  (i.e . an a ta se  o r

น

ru tile )  is o n e  o f  th e  m o st c ritica l p a ra m e te rs  d e te rm in in g  th e  u se  as  a  p h o to c a ta ly s t, 
c a ta ly s t, o r  as fceram ic m e m b ra n e  m a te ria l. T h is  tra n s fo rm a tio n , a ch iev ed  by  
in c reased  te m p e ra tu re  o r p ressu re , is in flu e n c e d  b y  sev e ra l fac to rs , such  as 
co n cen tra tio n  o f  la ttice  and  su rface  d e fe c ts , p a rtic le  s ize , and  a p p lie d  te m p e ra tu re  
and  p ressu re .
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In p h o to ca ta ly s is  ap p lic a tio n s , b o th  c ry s ta l s tru c tu re s , i.e . a n a ta se  and  
ru tile , a re  co m m o n ly  u sed , w ith  an a ta se  sh o w in g  a  g re a te r  p h o to c a ta ly tic  a c tiv ity  for 
m o st re ac tio n s . It has been  su g g es ted  th a t th is  in c rea sed  p h o to re a c tiv ity  is  d u e  to  
a n a ta se ’s s lig h tly  h ig h e r F erm i lev e l, lo w e r c a p a c ity  to  a d so rb  o x y g en , an d  h ig h e r 
d eg ree  o f  h y d ro x y la tio n  (i.e . n u m b e r  o f  h y d ro x y l g ro u p s  o n  th e  su rface ). R eac tio n s , 
in w h ich  b o th  c ry s ta llin e  p h ases  h a v e  th e  sam e  p h o to re a c tiv ity  (D e n g  e t a i ,  2 0 0 2 )  or 
ru tile  ex h ib itin g  a h ig h e r one  (M ills  e t a i ,  2 0 0 3 ), a re  a lso  rep o rted . F u rth e rm o re , 
there  a re  a lso  s tu d ies, w h ich  c la im  th a t a m ix tu re  o f  an a ta se  (7 0 -7 5  % ) an d  ru tile  (BO- 
25 % ) is m o re  ac tiv e  th an  p u re  an a ta se  (M u g g lie  an d  D in g , 2 0 0 1 ). T h e  d isa g re e m e n t 
o f  th e  re su lts  m ay  lie  in  th e  in te rv en in g  e ffec t o f  v a r io u s  c o e x is tin g  fac to rs , su ch  as 
sp ec ific  su rface  area , p o re  s ize  d is tr ib u tio n , c ry s ta l s ize , an d  p re p a ra tio n  m e th o d s , o r 
in the  w ay  th e  ac tiv ity  is ex p ressed . T h e  b eh av io r o f  D e g u ssa  P -25  c o m m e rc ia l TiC>2 

p h o to ca ta ly s t, c o n s is tin g  o f  a m ix tu re  o f  an a ta se  an d  ru tile  in  an  a p p ro x im a te  
p ro p o rtio n  o f  80 /20 , is fo r m any  re a c tio n s  m o re  a c tiv e  th an  b o th  th e  p u re  c ry s ta llin e  
phases. T h e  en h an ced  ac tiv ity  a rise s  from  th e  in c reased  e ff ic ie n cy  o f  th e  e 7 h + 
sep a ra tio n  due  to  the  m u ltip h ase  n a tu re  o f  th e  p a rtic le s . W a te r sp littin g  re a c tio n  is a 
spec ia l case  b ecau se  b an d  b en d in g  is n ece ssa ry  in  o rd e r  to  red u ce  an d  o x id iz e  w ate r.

2 .4 .3  S e m ico n d u c to r C h a ra c te ris tic  an d  P h o to c a ta ly tic  A c tiv ity
D ue to  o x y g en  v a c a n c ie s , TiC>2 is an  n - ty p e  se m ic o n d u c to r . A  

se m ic o n d u c to r  p h o to c a ta ly s t is  ch a ra c te riz e d  by  its  c a p a b ility  to  ad so rb  
s im u lta n e o u s ly  tw o  reac tan ts , w h ic h  can  be  re d u c e d  an d  o x id iz e d  by  a  p h o to n ic  
ac tiv a tio n  th ro u g h  an  e ff ic ie n t a b so rp tio n  (h v >  Eg). T h e  ab ility  o f  a  s e m ic o n d u c to r  
to  u n d e rg o  p h o to in d u ced  e lec tro n  tra n s fe r  to  an  ad so rb e d  re a c tan t is g o v e rn e d  b y  the  
band  en e rg y  p o s itio n s  o f  th e  se m ic o n d u c to r and  th e  red o x  p o ten tia l o f  th e  a d so rb a te s . 
T he en e rg y  level at th e  b o tto m  o f  co n d u c tio n  b an d  is a c tu a lly  th e  re d u c tio n  p o ten tia l 
o f  p h o to e lec tro n s . T h e  en e rg y  lev e l at th e  to p  o f  v a le n c e  b an d  d e te rm in e s  the  
o x id iz in g  ab ility  'o f  p h o to g e n e ra te d  h o le s , each  v a lu e  re f le c tin g  th e  a b ility  o f  the  
sy stem  to  p ro m o te  red u c tio n s  and  o x id a tio n s . T h e  fla t b an d  p o ten tia l (Vjb) lo ca te s  the  
en e rg y  o f  b o th  ch arg e  c a rrie rs  at th e  se m ic o n d u c to r-e le c tro ly te  in te rface , d e p e n d in g  
on  the  n a tu re  o f  th e  m ate ria l and sy stem  eq u ilib riu m . F ro m  th e  th e rm o d y n a m ic  p o in t 
o f  v iew , a d so rb ed  co u p le s  can  be  red u ced  p h o to c a ta ly tic a lly  b y  c o n d u c tio n  band
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e le c tro n s  i f  th ey  h av e  m o re  p o s itiv e  red o x  p o te n tia ls  th an  Vfl, o f  th e  c o n d u c tio n  ban d , 
and  can  be  o x id iz e d  by v a len ce  band  h o le s  i f  th ey  h av e  m o re  n e g a tiv e  redox  
p o te n tia ls  th an  Vjb o f  th e  v a len ce  b an d  (R a je sh w a r, 1995).

U n lik e  m e ta ls , se m ic o n d u c to rs  lack  a  c o n tin u u m  o f  in te rb a n d  sta te s  to  
a ss is t th e  re c o m b in a tio n  o f  e lec tro n -h o le  (e '/h +) p a irs , w h ic h  a ssu re  a  su ffic ien tly  
lo n g  life  tim e  o f  th e  p a irs  to  d iffu se  to  th e  p h o to c a ta ly s t su rface  an d  in itia te  a  red o x  
red u c tio n . T he d iffe re n ce s  in  la ttice  s tru c tu re s  o f  an a ta se  an d  ru tile  TiC >2 cau se  
d iffe re n t d e n s itie s  an d  e lec tro n ic  b an d  s tru c tu re s , lead in g  to  d iffe re n t b a n d  gaps (fo r  
b u lk  m a te ria ls : an a ta se  3 .20  eV  and  ru tile  3 .0 2  eV ). T h e re fo re , th e  ab so rp tio n  
th re sh o ld s  co rre sp o n d  to  w a v e le n g th s  o f  384  an d  410  nm  fo r th e  tw o  TiC>2 fo rm s, 
re sp ec tiv e ly . T h e  m en tio n e d  v a lu es  c o n ce rn  s in g le  c ry s ta ls  o r w e ll-c ry s ta lliz e d  
sam p les . H ig h e r v a lu e s  are  u su a lly  o b ta in ed  fo r w eak ly  c ry s ta lliz e d  th in  film s o r 
n an o s ized  m a te ria ls . T he b lu e  sh ift o f  th e  fu n d am en ta l a b so rp tio n  e d g e  in  TiC>2 

n an o s ized  m a te ria ls  h as  b een  o b se rv ed , a m o u n tin g  to  0 .2  eV  fo r c ry s ta llite  s izes in  
th e  ran g e  o f  5 -10  nm .

A s m en tio n ed , TiC>2 has b een  m o st w id e ly  u sed  fo r s tu d ie s  o f  
p h o to c a ta ly tic  d e c o m p o s itio n  o f  w ate r, b ecau se  o f  its  h ig h  s tab ility  ag a in st 
p h o to c o rro s io n  an d  its  fav o rab le  b an d  gap  en e rg y . P resen tly , th e  e n e rg y  co n v e rs io n  
e ffic ie n cy  from  so la r  to  h y d ro g en  by  TiC>2 p h o to c a ta ly tic  w a te r  sp litt in g  is  still low , 
m a in ly  d u e  to  th e  fo llo w in g  reaso n s:

- R e c o m b in a tio n  o f  p h o to -g e n e ra te d  e le c tro n /h o le  p a irs : C B  e lec tro n s  
can  re c o m b in e  w ith  V B  h o le s  v ery  q u ic k ly  an d  re lea se  en e rg y  in  th e  fo rm  o f  
u n p ro d u c tiv e  h ea t o r  p h o to n s;

- F ast b ack w ard  reac tio n : D e c o m p o s itio n  o f  w a te r  in to  h y d ro g e n  and  
o x y g e n  is an  e n e rg y  in c rea s in g  p ro cess , th u s  b ack w ard  re a c tio n  (re c o m b in a tio n  o f  
h y d ro g e n  an d  o x y g e n  in to  w a te r) e a s ily  p ro ceed s ;

- In a b ility  to  u tiliz e  v is ib le  ligh t: T h e  b an d  gap  o f  TiC>2 is a b o u t 3 .2  eV , 
and  o n ly  u v  lig h t can  be u tiliz ed  fo r h y d ro g e n  p ro d u c tio n . S in ce  the  u v  lig h t o n ly  
a c c o u n ts  fo r ab o u t 4 %  o f  th e  so la r ra d ia tio n  en e rg y  w h ile  th e  v is ib le  ligh t 
c o n tr ib u te s  ab o u t 45 % , th e  in ab ility  to  u tiliz e  v is ib le  lig h t lim its  th e  e ff ic ien cy  o f  
so la r p h o to ca ta ly tic  h y d ro g en  p ro d u c tio n .
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In  o rd e r  to  re so lv e  th e  ab o v e  lis ted  p ro b le m s  an d  m ak e  so la r  
p h o to c a ta ly tic  h y d ro g e n  p ro d u c tio n  fea s ib le , co n tin u o u s  e ffo rts  h a v e  b e e n  m ad e  to  
p ro m o te  th e  p h o to c a ta ly tic  a c tiv ity  and  e n h a n c e  th e  v is ib le  lig h t re sp o n se . A d d itio n  
o f  e lec tro n  d o n o rs  (h o le  scav en g e rs) , ad d itio n  o f  c a rb o n a te  sa lts , n o b le  m e ta l lo ad in g , 
m e ta l ion  d o p in g , an io n  d o p in g , d y e  se n s itiz a tio n , c o m p o s ite  se m ic o n d u c to rs , m eta l 
io n -im p la n ta tio n , etc. h av e  been  in v es tig a ted , and  so m e  o f  th em  h av e  been  p ro v ed  to  
be  u sefu l to  en h an ce  h y d ro g e n  p ro d u c tio n . T h e  ab o v e  lis ted  te c h n iq u e s  in flu en c in g  
H 2 p ro d u c tio n  h av e  b e e n  g ro u p ed  u n d e r tw o  b ro ad  c la ss if ic a tio n s , i.e. ‘c h em ica l 
a d d it iv e s ' an d  ‘p h o to c a ta ly s t m o d if ic a tio n  te c h n iq u e s ’.

2,5 Nano-Photocatalyst

2.5.1 G en era l R em ark s
N a n o c ry s ta llin e  p h o to c a ta ly s ts  a re  u ltra -m a ll s e m ic o n d u c to r  p a rtic le s , 

w h ich  are  fe w  n a n o m e te rs  in size. D u rin g  th e  p ast d ecad e , th e  p h o to c h e m is try  o f  
n a n o s iz e d  se m ic o n d u c to r  p a rtic le s  has b een  o n e  o f  th e  fa s te s t g ro w in g  re se a rch  a reas  
in  p h y sica l ch em is try . T h e  in te res t in th e se  sm all s e m ic o n d u c to r  p a r tic le s  o rig in a te s  
fro m  th e ir  u n iq u e  p h o to p h y s ic a l and  p h o to c a ta ly tic  p ro p e rtie s . S ev era l rev iew  
a r tic le s  h av e  b een  p u b lish e d  c o n c e rn in g  th e  p h o to p h y s ic a l p ro p e rtie s  o f  
n a n o c ry s ta llin e  sem ico n d u c to rs . S uch  s tu d ie s  h av e  d e m o n s tra te d  th a t so m e 
p ro p e rtie s  o f  n a n o c ry s ta llin e  se m ic o n d u c to r  p a rtic le s  a re  in fac t d iffe re n t fro m  th o se  
o f  b u lk  m a te ria ls .

N a n o s iz e d  p a rtic le s  p o sse ss  p ro p e rtie s  w ith  fa ll in to  th e  reg io n  o f  
tra n s itio n  b e tw e e n  th e  m o le c u la r  and  b u lk  p h ases . In th e  b u lk  m a te ria l, th e  e lec tro n  
e x c ite d  by  lig h t a b so rp tio n  fu n d s  a h ig h  d en s ity  o f  s ta te s  in  th e  c o n d u c tio n  ban d , 
w h e re  it can  e x is t w ith  d iffe re n t k in e tic s  en erg ies . In  th e  case  o f  n an o p a rtic le s , 
h o w e v e r, th e  p a rtic le  s ize  is th e  sam e as o r  sm a lle r  th an  th e  s ize  o f  th e  f irs t ex c ited  
s ta te . T h u s, th e  e le c tro n s  an d  h o les  g en e ra ted  u p o n  illu m in a tio n  c a n n o t su it in to  such  
a p a rtic le , u n le ss  th ey  a ssu m e  a  s ta te  o f  h ig h e r  k in e tic s  en e rg y . H en ce , as  th e  s ize  o f  
th e  se m ic o n d u c to r  p a r tic le  is red u ced  b e lo w  a c ritic a l d iam e te r, th e  spa tia l 
c o n fin e m e n t o f  th e  ch a rg e  c a rr ie rs  w ith in  a  p o ten tia l w e ll, like  “ a p a r tic le  in  a b o x ” , 
c au se s  th em  to  m e c h a n ic a lly  b eh av e  q u an tu m . In so lid  s ta te  te rm in o lo g y , th is  m ean s
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th a t th e  b an d s  sp lit in to  d isc re te  e le c tro n ic  s ta te s  (q u a n tiz e d  lev e ls) in  th e  v a le n c e  and  
co n d u c tio n  b an d s , and  th e  n a n o p a rtic le  p ro g re ss iv e ly  b e h a v e s  s im ila r  to  a g ian t a tom . 
N a n o s iz e d  se m ic o n d u c to r  p a rtic le s , w h ic h  e x h ib it s iz e -d e p e n d e n t o p tica l and  
e lec tro n ic  p ro p e rtie s , a re  ca lled  q u a n tiz e d  p a rtic le s  o r  q u a n tu m  d o ts  (K am at, 1995).

2 .5 .2  A c tiv ity  o f  N a n o -P h o to c a ta ly s t
O n e  o f  th e  m ain  a d v a n ta g e s  o f  th e  a p p lic a tio n  o f  n an o s iz e d  p a rtic le s  

is th e  in c rea se  in th e  b an d  gap  en e rg y  w ith  d e c re a s in g  p a rtic le  size . A s th e  s ize  o f  a 
s e m ic o n d u c to r  p a rtic le  fa lls  b e lo w  th e  c ritica l ra d iu s , th e  c h a rg e  c a rr ie rs  b eg in  to  
b eh av e  m e c h a n ic a lly  q u a n tu m , and  th e  ch a rg e  c o n fin e m e n t le ad s  to  a se rie s  o f  
d isc re te  e lec tro n ic  s ta tes . A s a re su lt, th e re  is an  in c rea se  in  th e  e ffec tiv e  b an d  gap  
an d  a sh ift o f  th e  b an d  edges. T h u s, by  v a ry in g  th e  s ize  o f  th e  se m ic o n d u c to r  
p a rtic le s , it is p o ss ib le  to  en h an ce  th e  red o x  p o ten tia l o f  th e  v a len ce  band  h o le s  and  
th e  c o n d u c tio n  band  e lec tro n s .

H o w ev e r, th e  so lv en t re o rg a n iz a tio n a l free  e n e rg y  fo r ch a rg e  tra n s fe r  
to  a  su b s tra te  rem a in s  u n ch an g ed . T h e  in c re a s in g  d r iv in g  fo rce  and  th e  u n ch an g ed  
so lv en t reo rg a n iz a tio n a l free  en e rg y  a re  ex p e c te d  to  lead  to  an  in c rease  in th e  ra te  
co n s ta n ts  fo r ch a rg e  tra n s fe r  at th e  su rface . T h e  u se  o f  n a n o s iz e d  se m ic o n d u c to r 
p a rtic le s  m ay  resu lt in  in c reased  p h o to c a ta ly tic  a c tiv ity  fo r sy s tem s, in w h ich  the  
ra te - lim itin g  s tep  is in te rfac ia l ch a rg e  tran sfe r. H en ce , n a n o s iz e d  se m ic o n d u c to r  
p a rtic le s  c an  p o sse ss  en h a n c e d  p h o to re d o x  c h e m is try  w ith  re d u c tio n  reac tio n s , w h ich  
m ig h t no t o th e rw ise  p ro ceed  in b u lk  m a te ria ls , b e in g  ab le  to  o c c u r  re a d ily  u sin g  
su ffic ie n tly  sm a ll p a rtic le s . A n o th e r  fac to r, w h ic h  co u ld  be a d v a n ta g e o u s , is th e  fac t 
th a t th e  fra c tio n  o f  a to m s  th a t are lo ca ted  at th e  su rfa c e  o f  a n a n o p a rtic le  is v e ry  large . 
N a n o s iz e d  p a rtic le s  a lso  have  h ig h  su rfa c e  a re a - to -v o lu m e  ra tio , w h ich  fu rth e r 
en h a n c e s  th e ir  c a ta ly tic  ac tiv ity . O n e  d isa d v a n ta g e  o f  n a n o s iz e d  p a r tic le s  is  th e  need  
fo r lig h t w ith  a sh o rte r  w a v e le n g th  fo r p h o to c a ta ly s t a c tiv a tio n . T h u s, a  sm a lle r  
p e rc e n ta g e  o f  a p o ly c h ro m a tic  ligh t so u rce  w ill be u se fu l fo r p h o to ca ta ly s is .

In la rge  T iÛ 2 p a rtic le s  (Z h a n g  et a l., 1998), v o lu m e  re c o m b in a tio n  o f  
th e  ch a rg e  c a rr ie rs  is the  d o m in a n t p ro c e ss  and  can  be  re d u c e d  by  a  d e c re a se  in 
p a rtic le  size . T h is  d e c re a se  a lso  lead s  to  an  in c rea se  in  th e  su rface  a rea , w h ic h  can  be 
tran s la ted  as  an  in c rea se  in th e  a v a ila b le  su rface  a c tiv e  s ites . T h u s , a  d e c rea se  in
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p a rtic le  s ize  sh o u ld  a lso  resu lt in h ig h e r p h o to n ic  e ff ic ie n c ie s  d u e  to  an  in c rea se  in 
th e  in te rfac ia l c h a rg e  c a rr ie r  tra n s fe r  ra tes. H o w ev e r, as  th e  p a rtic le  s ize  is lo w ered  
b e lo w  a ce rta in  lim it, su rface  re c o m b in a tio n  p ro c e sse s  b e c o m e  d o m in a n t, s in ce  
firs tly  m o st o f  th e  e lec tro n s  and  h o le s  are  g e n e ra ted  c lo se  to  the  su rface , and  
se c o n d ly  su rface  re c o m b in a tio n  is fa s te r th an  in te rfac ia l ch a rg e  c a rr ie r  tran sfe r  
p ro cesse s . T h is  is th e  rea so n  w h y  th e re  ex is ts  an  o p tim u m  p a rtic le  s ize  fo r m ax im u m  
p h o to ca ta ly tic  e ff ic ien cy .

2.6 Chemical Additive for Enhancement of Photocatalytic แ 2 Production

D ue to  rap id  re c o m b in a tio n  o f  p h o to g e n e ra te d  C B  e le c tro n s  an d  V B  h o les , 
it is d iff icu lt to  ach iev e  w a te r  sp littin g  for h y d ro g e n  p ro d u c tio n  u s in g  TiC>2 

p h o to c a ta ly s t in p u re  d is tilled  w ate r. A d d in g  e le c tro n  d o n o rs  (sac rif ic ia l re a g e n ts  o r 
h o le  sc a v e n g e rs)  to  reac t irrev e rs ib ly  w ith  th e  p h o to g e n e ra te d  V B  h o le s  can  en h an ce  
th e  e le c tro n /h o le  se p a ra tio n , re su ltin g  in h ig h e r q u a n tu m  e ffic ien cy . S in ce  e lec tro n  
d o n o rs  a re  co n su m e d  in p h o to c a ta ly tic  re ac tio n , co n tin u a l a d d in g  o f  e le c tro n  d o n o rs  
is re q u ire d  to  su s ta in  h y d ro g en  p ro d u c tio n .

O rg an ic  c o m p o u n d s , e sp e c ia lly  h y d ro c a rb o n s , a re  w id e ly  u sed  as  e lec tro n  
d o n o rs  fo r p h o to c a ta ly tic  h y d ro g e n  p ro d u c tio n  as  th ey  can  b e  o x id ized  by  V B  ho les. 
T h e  re m a in in g  s tro n g  red u c in g  C B  e le c tro n s  can  red u ce  p ro to n s  to  h y d ro g e n  
m o lecu le s . E D T A , m e th an o l, e th an o l, CN", lac tic  ac id , and  fo rm a ld e h y d e  h a v e  been  
te s ted  and  p ro v ed  to  be  e ffec tiv e  to  e n h a n c e  h y d ro g e n  p ro d u c tio n . N a d a  e t a l. (2 0 0 5 ) 
ca rried  ou t a q u a lita tiv e  in v es tig a tio n  to  s tu d y  th e  e ffe c ts  o f  d iffe re n t e le c tro n  d o n o rs  
on  h y d ro g e n  p ro d u c tio n . T h e  ra n k in g s  in  te rm s o f  th e  d e g re e  o f  h y d ro g en  p ro d u c tio n  
e n h a n c e m e n t c a p a b ility  w ere  fo u n d  to  be: E D T A  >  m e th an o l >  e th an o l >  la c tic  acid . 
It sh o u ld  be n o te d  th a t th e  d e c o m p o s itio n  o f  th e se  h y d ro c a rb o n s  c o u ld  a lso  
c o n tr ib u te  to  a  h ig h e r h y d ro g en  y ie ld  s in ce  h y d ro g e n  is o n e  o f  th e ir  d ec o m p o se d  
p ro d u c ts . f

O th e r in o rg an ic  ions, su ch  as  ร 2' /ร O32', C e 4+/C e 3+, and  IO3 /I", w e re  a lso  
u sed  as sac rific ia l re ag en ts  fo r h y d ro g en  p ro d u c tio n . W h en  C dS  is u sed  as 
p h o to c a ta ly s t fo r h y d ro g e n  p ro d u c tio n  from  w a te r  sp littin g , p h o to c o rro s io n  o ccu rs  as 
fo llo w s:
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C d S  +  2h+ ->  C d 2+ +  ร (2 .9 )
B y  se rv in g  as a  sac rif ic ia l re a g e n t, ร 2' can  reac t w ith  2 h o le s  to  fo rm  ร . T h e  aq u eo u s  
S O 32' ad d ed  can  d isso lv e  ร  in to  S 2O 32' in o rd e r  to  p re v e n t an y  d e tr im e n ta l d ep o s itio n  
o f  ร o n to  C dS . T h e re fo re , p h o to c o rro s io n  o f  C dS  is p rev en ted . In a n o th e r  sy s tem  o f  
u s in g  in o rg a n ic  ions, r  (e le c tro n  d o n o r)  an d  IO 3 " (e le c tro n  a ccep to r)  w o rk  as  a  p a ir  o f  
red o x  m ed ia to rs . T w o  p h o to c a ta ly s ts  w e re  em p lo y ed  to  p ro d u c e  แ 2 an d  O 2 u n d e r th e  
m e d ia tio n  o f f  a n d i c v ,  re sp ec tiv e ly . F o r h y d ro g e n  p ro d u c tio n  o n  th e  p h o to c a ta ly s t 
w ith  m o re  n e g a tiv e . C B  lev e l, F can  sc a v e n g e  h o le s  and , th u s , C B  e le c tro n s  are  
av a ila b le  to  re d u c e  p ro to n s  to  h y d ro g en  m o lecu le s . F o r o x y g en  p ro d u c tio n  on  the  
p h o to c a ta ly s t w ith  m o re  p o s itiv e  V B  lev e l, IO 3 ' can  re a c t w ith  C B  e le c tro n s  to  fo rm  
F an d , th u s , V B  h o les  can  o x id iz e  w a te r to  o x y g en . In  th is  sy s tem , p h o to c a ta ly tic  
w a te r  sp littin g  p ro d u ces  b o th  h y d ro g en  an d  o x y g e n  w ith o u t c o n su m p tio n  o f  th e  
sac rific ia l re a g e n t, as illu s tra ted  in  F ig u re  2 .12 . A s ru tile  has u n iq u e  se le c tiv ity  in 
o x id a tio n , o x y g e n  m o le c u le s  are  ev o lv ed . F o r c o m p a riso n , IO 3 ' an io n s  a re  p ro d u ced  
o n  th e  su rface  o f  an a tase . T h e re fo re , th e  c o m b in a tio n  o f  an a ta se  an d  ru tile  sh o w s a 
h ig h e r  h y d ro g e n  p ro d u c tio n  ra te  u n d e r th e  m e d ia tio n  o f  F /IO 3 '  p a irs . S im ila rly , 
C e 4+/C e 3+ an d  F e 3+/F e 2+ p a irs  a re  a lso  e ffec tiv e  fo r w a te r  sp litt in g  h y d ro g en  
p ro d u c tio n .

R u tile  T iO , A n a ta se  T iO ,

Figure 2.12 P h o to c a ta ly tic  h y d ro g e n  p ro d u c tio n  o v e r  an a ta se /ru tile  TiC>2 u n d e r th e  
m e d ia tio n  o f  F / I O 3 '.
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2.7 Metal Loading for Enhancement of H2 Production

N o b le  an d  tra n s itio n  m e ta ls , in c lu d in g  Pt, A u , Pd, R h , N i, C u , and  A g , h av e  
been  re p o rte d  to  be  v ery  e ffec tiv e  fo r  e n h a n c e m e n t o f  T i 0 2 p h o to c a ta ly s is . A s the  
F erm i lev e ls  o f  th ese  m e ta ls  a re  lo w er th an  th a t o f  T i 0 2, p h o to e x c ite d  e le c tro n s  can  
be tran sfe rred  from  c o n d u c tio n  b an d  to  m eta l p a r tic le s  d e p o s ite d  on  th e  su rface  o f  
T i 0 2, w h ile  p h o to g e n e ra te d  v a len ce  b an d  h o les  re m a in  on  th e  T i 0 2. T h ese  ac tiv itie s  
g rea tly  red u ce  th e  p o ss ib ility  o f  e le c tro n -h o le  re c o m b in a tio n , re su ltin g  in e ffic ien t 
se p a ra tio n  and  s tro n g e r  p h o to c a ta ly tic  reac tio n s . A s e le c tro n s  a c c u m u la te  on  the  
m eta l p a rtic le s , th e ir  F e rm i lev e ls  sh if t c lo se r  to  th e  c o n d u c tio n  b an d  o f  T i 0 2, 
re su ltin g  in  m o re  n eg a tiv e  en e rg y  lev e ls . T h is  is b en e fic ia l fo r w a te r  sp litt in g  for 
h y d ro g en  p ro d u c tio n . F u rth e rm o re , sm a lle r  m eta l p a rtic le s  d e p o s ite d  on  T i 0 2 su rface  
e x h ib it m o re  n eg a tiv e  F erm i level sh ift. A c c u m u la te d  e le c tro n s  o n  m eta l p a rtic le s  
can  th en  be  tra n s fe rred  to  p ro to n s  a d so rb ed  on  th e  su rface  an d  fu r th e r  red u ce  th e  
p ro to n s  to  h y d ro g en  m o lecu le s . T h e re fo re , th e se  m e ta ls  w ith  su ita b le  w o rk  fu n c tio n  
can  h e lp  e le c tro n  tra n s fe r , le a d in g  to  h ig h e r  p h o to c a ta ly tic  ac tiv ity . B a m w e n d a  e t a l. 
(1 9 9 5 ) co m p ared  h y d ro g e n  p ro d u c tio n  fro m  w a te r-e th an o l so lu tio n  u s in g  A u -lo ad ed  
T i 0 2 an d  P t-lo ad ed  T i 0 2 as  p h o to ca ta ly s ts . It w as  fo u n d  th a t lo a d in g  o f  P t w o rk ed  
b e tte r  th an  lo ad in g  o f  A u . S ak th iv e l e t al. (2 0 0 4 ) in v es tig a ted  p h o to o x id a tio n  o f  A cid  
G reen  16 u s in g  Pt, A u , an d  P d -lo ad ed  T i 0 2 as p h o to c a ta ly s ts . O p tim a l lo ad in g  w as 
o b se rv ed  in  th e ir  e x p e rim e n ts . T oo  m u c h  m eta l p a rtic le  d e p o s itio n  m ig h t red u ce  
p h o to n  ab so rp tio n  by  T i 0 2 an d  m ig h t a lso  b e c o m e  e le c tro n -h o le  re c o m b in a tio n  
cen te rs , re su ltin g  in  lo w er e ff ic ien cy . L o a d in g s  o f  P t and  A u  w ere  m o re  e ffec tiv e  
th an  lo a d in g  o f  P d  b e c a u se  o f  su itab le  e lec tro n  a ff in ity  an d  w o rk  fu n c tio n  o f  P t and  
All. It sh o u ld  be n o ted  th a t a lth o u g h  th e  m eta l lo ad in g  can  re d u c e  re c o m b in a tio n  to 
so m e  e x te n t, h y d ro g en  p ro d u c tio n  fro m  p u re  w a te r  sp littin g  is d iff ic u lt to  a ch iev e , 
b ecau se : (i) re c o m b in a tio n  can n o t be  c o m p le te ly  e lim in a te d ; an d  (ii) b ack w ard  
reac tio n  o f  H 2 a a d  0 2 to  fo rm  H 20  is th e rm o d y n a m ic a lly  fav o rab le . T h e re fo re , as 
d iscu ssed  in  the  p re v io u s  sec tio n , e le c tro n  d o n o rs , as  w ell as o th e r  m e d ia to rs , are  
req u ired  to  av o id  the  ab o v e  lis ted  p ro b lem s. S in ce  P t is v e ry  ex p en s iv e , m o re  
re sea rch  is n eed ed  to  id en tify  lo w -co s t m e ta ls  w ith  a c c e p tab le  e n h a n c e m e n t o f  
p h o to c a ta ly tic  ac tiv ity . F o r ex am p le , D h a n a la k sh im i et al. (2 0 0 0 ) in v es tig a ted  dye-
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sen s itiz ed  h y d ro g e n  p ro d u c tio n . W h en  P t/T i0 2  and  C u/T iC >2 w e re  u sed  as 
p h o to ca ta ly s ts , en h a n c e d  h y d ro g e n  p ro d u c tio n  w as  o b se rv ed , an d  th e  e ffe c t o f  C u  
lo ad in g  w as a lm o st c o m p arab le  to  P t lo ad in g . U n lik e  d y e  se n s itiz a tio n , พ น  an d  L ee 
(2 0 0 4 ) d ep o s ited  C u  p a rtic le s  o n  T iC b su rfa c e  fo r h y d ro g e n  p ro d u c tio n  from  
m e th an o l so lu tio n . A t the  o p tim a l lo ad in g  o f  C u , h y d ro g e n  p ro d u c tio n  ra te  w as 
e n h a n c e d  as m u ch  as 10 tim es  h ig h er. O th e r  lo w -c o s t m e ta ls , su ch  as  N i an d  A g , 
w ere  a lso  found  to  b e  e ffe c tiv e  fo r p h o to c a ta ly tic  a c tiv ity  e n h a n c e m e n t. T h e se  low - 
cost b u t e ffec tiv e  m e ta ls  a re  ex p e c te d  to  b e  p ro m is in g  m a te r ia ls  to  im p ro v e  
p h o to c a ta ly tic  a c tiv itie s  o f  T i0 2  fo r p ra c tic a l a p p lica tio n s . F o r  p h o to c a ta ly tic  
h y d ro g e n  p ro d u c tio n , P t is m o s tly  co n s id e re d  b y  sev e ra l re se a rc h e rs  to  be  th e  m o st 
e ffe c tiv e  co ca ta ly s t an d  is w id e ly  u sed , re su ltin g  in  co n s id e ra b ly  h ig h  แ 2 ev o lu tio n  
e ffic ien cy .

2.8 Ion Doping for Enhancement of แ 2 Production

2.8.1 M eta l Ion  D op ing

e x te n s iv e ly  in v e s tig a te d  fo r e n h a n c in g  th e  TiC>2 p h o to c a ta ly tic  ac tiv itie s . 
H o ffm a n n  et al. (1 9 9 5 ) ca rried  o u t a  sy s te m a tic  in v e s tig a tio n  to  s tu d y  th e  
p h o to re a c tiv ity  o f  2 1  m e ta l ions d o p e d  in to  TiC>2 . It w as  fo u n d  th a t d o p in g  o f  m eta l 
io n s  co u ld  ex p an d  th e  p h o to -re sp o n se  o f  TiC >2 in to  v is ib le  sp ec tru m . A s m e ta l io n s  
are  in co rp o ra ted  in to  th e  TiC>2 la ttice , im p u rity  e n e rg y  lev e ls  in  th e  b an d  g ap  o f  TiC>2 

are  fo rm ed , as in d ica ted  below :

w h e re  M  and  M n+ re p re se n t m eta l and  m eta l io n  d o p an t, re sp e c tiv e ly . F u rth e rm o re , 
e le c tro n  and  hole" tra n s fe r  b e tw een  m eta l io n s  an d  TiC>2 c an  a lte r  e le c tro n /h o le  
re c o m b in a tio n  a s :t

c o n d u c tio n  (C B ) e d g e  o f  TiC>2 , w h ile  th e  e n e rg y  level o f  M n+/M (n+I)+ sh o u ld  be  less

T ra n s itio n  m eta l ion  d o p in g  an d  ra re  ea rth  m e ta l io n  d o p in g  h av e  been

Mn+ +  hv ->  M(n+I)+ + e'cb
Mn+ +  hv ->  M(n'l)+ + h +vb

(2.10)

(2 . 11)

T h e  en e rg y  level o f  M n+/M (n' 1)+ sh o u ld  be  less n e g a tiv e  th an  th a t o f  the
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p o s itiv e  th an  th a t o f  the  v a lan ce  b an d  (V B ) ed g e  o f  T i0 2 . F o r p h o to c a ta ly tic  
re ac tio n s , c a rr ie r  tra n s fe rr in g  is as im p o rtan t as c a rrie r  trap p in g . O n ly  i f  th e  tra p p e d  
e lec tro n  and  ho le  a re  tran sfe rred  to  the  su rface , p h o to c a ta ly tic  re a c tio n s  can  occu r. 
T h e re fo re , m eta l ions sh o u ld  be do p ed  n e a r  th e  su rface  o f  T i0 2  p a r tic le s  fo r a  b e tte r  
ch a rg e  tran sfe rrin g . In case  o f  d eep  d o p in g , m eta l ions lik e ly  b eh av e  as 
re co m b in a tio n  cen te rs , s in ce  e le c tro n /h o le  tra n s fe rr in g  to  th e  in te rfa c e  is m o re  
d ifficu lt. F u rth e rm o re , th e re  ex is ts  an  o p tim u m  c o n c e n tra tio n  o f  d o p e d  m eta l ion , 
a b o v e  w h ich  th e  p h o to c a ta ly tic  a c tiv ity  d ec rea sed  d u e  to  th e  in c rease  in  
reco m b in a tio n . A m o n g  th e  21 m eta l io n s  s tu d ied , Fe, M o , R u , O s, R e , V , an d  R h  
io n s  can  in c rea se  p h o to c a ta ly tic  ac tiv ity , w h ile  C o  and  A1 io n s  ca u se d  d e tr im en ta l 
e ffec ts . T he d iffe re n t e ffec ts  o f  m eta l io n s  re su lt fro m  th e ir  a b ilitie s  to  trap  an d  
tra n s fe r  e lec tro n s /h o le s . F o r ex am p le , C u  an d  Fe ions can  trap  n o t o n ly  e le c tro n s  b u t 
a lso  h o les, and  th e  im p u rity  e n e rg y  lev e ls  in tro d u ced  a re  n ea r th e  c o n d u c tio n  b an d , 
as  w ell as v a lan ce  b an d  ed g es  o f  T i0 2 . T h e re fo re , d o p in g  o f  e ith e r C u  o r Fe io n s  
co u ld  be reco m m en d ed  for e n h a n c e m e n t o f  p h o to c a ta ly tic  ac tiv ity .

P eng  et al. (2 0 0 4 ) in v es tig a ted  th e  e ffe c t o f  B e io n -d o p e d  TiC>2 on  
p h o to ca ta ly tic  h y d ro g en  p ro d u c tio n  in th e  p resen ce  o f  e th an o l as  e le c tro n  d o n o r. It 
w as  found  th a t the  B e ion  d o p in g  n ear th e  su rface  w as b en e fic ia l fo r  ch a rg e  c a rr ie r  
tran sfe rrin g , w h ile  d eep  d o p in g  led  to  p o o r p e rfo rm a n c e . F u rth e rm o re , d o p in g  
c o n te n t and  p rep a ra tio n  m e th o d s co u ld  a lso  a ffec t p h o to c a ta ly tic  h y d ro g e n  
p ro d u c tio n . U n d e r o p tim a l co n d itio n  o f  B e ion  d o p in g  in to  TiC>2 , h y d ro g e n  
p ro d u c tio n  w as fo u n d  to  be 75 %  h ig h e r  th an  th a t o f  u n -d o p e d  TiC>2 . E x te n s iv e  
re sea rch  on  m eta l ion  d o p in g  m e th o d  fo r e n h a n c e m e n t o f  TiC>2 p h o to c a ta ly tic  
a c tiv itie s  has b een  ca rried  o u t, e sp ec ia lly  fo r w a te r/a ir  c le a n in g  a p p lic a tio n s . O rg an ic  
c o m p o u n d s  a d so rb ed  by  th e  p h o to c a ta ly s ts  are  d ec o m p o se d  m a in ly  by  th e  v a le n c e  
b an d  h o les and  rad ica ls  in d u ced  by  h o les . T h e re fo re , th e  m e c h a n ism  in v o lv e d  in  
tra n s fe rr in g  th e se  p h o to g e n e ra te d  h o les to  th e  in te rface  is o f  p a ra m o u n t im p o rtan ce . 
O n  the o th e r han d , fo r p h o to ca ta ly tic  h y d ro g e n  p ro d u c tio n , th e  tra n s fe r  o f  c o n d u c tio n  
b an d  e lec tro n s  to  th e  in te rface  an d  th e ir  en e rg y  lev e ls  a re  th e  m o st im p o rta n t fa c to rs  
th a t a ffec t the  h y d ro g en  p ro d u c tio n  ra te . H ence , th e  re su lts  b ased  o n  w a te r /a ir  
c le an in g  a p p lic a tio n s  can n o t be  d irec tly  ap p lied  to  h y d ro g e n  p ro d u c tio n . B esid es , th e  
T i0 2  p h o to ca ta ly tic  e ffec t is v e ry  sen s itiv e  to  th e  m eta l ion  d o p in g  m e th o d , d o p in g
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2 .8 .2  A n io n  D o p in g
T h e  use o f  an io n  d o p in g  to  im p ro v e  h y d ro g en  p ro d u c tio n  u n d e r 

v is ib le  ligh t is ra th e r a n ew  m e th o d  w ith  few  in v e s tig a tio n s  rep o rted  in o p en  
lite ra tu re . D o p in g  o f  an io n s  (N , F, c , ร, e tc .)  in TiC>2 c ry s ta l co u ld  sh ift its p h o to 
re sp o n se  in to  v is ib le  sp ec tru m . U n lik e  m eta l ions (ca tio n s), an io n s  less  lik e ly  fo rm  
re c o m b in a tio n  c en te rs  an d , th e re fo re , are m o re  e ffec tiv e  to  e n h an ce  th e  
p h o to c a ta ly tic  ac tiv ity . A sah i et a l. (2 0 0 1 ) d e te rm in ed  th e  su b s titu tio n a l d o p in g  
co n te n ts  o f  c , N , F, p , and  ร  for o  in ana tase  T i0 2 . It w as  fo u n d  th a t m ix in g  o f  p 
s ta te s  o f  N  w ith  2p  o f  o  co u ld  sh ifts  V B  ed g e  u p w ard s  to  n a rro w  d o w n  th e  b an d  gap  
o f  TiC>2 . A lth o u g h  d o p in g  o f  ร had  re su lted  in a  s im ila r  b an d  g ap  n a rro w in g , th e  
ion ic  ra d iu s  o f  ร w as rep o rted  to  be  to o  large to  be in co rp o ra ted  in to  th e  la ttic e  o f  
TiC>2 . D o p in g  o f  c  and  p w as found  to  be less e ffec tiv e  as th e  in tro d u ced  s ta te s  w ere  
so d eep  th a t p h o to g e n e ra te d  ch a rg e  ca rrie rs  w ere  d iff ic u lt to  be tra n s fe rre d  to  the  
su rface  o f  th e  ca ta ly st.

T h e  N -d o p ed  TiC>2 th in  film  w as p rep a red  by  sp u tte rin g  TiC>2 in  an  N 2 

(4 0  % )/A r gas m ix tu re , fo llo w ed  by  a n n e a lin g  at 550°c in  N 2 fo r ab o u t 4 h. N -d o p e d  
TiC>2 p o w d e r  w a s  a lso  p rep a red  by tre a tin g  TiC>2 in N H 3 (67  % )/A r at 600°c fo r 3 h. 
T h e  N -d o p e d  TiC >2 w as rep o rted  to  b e  e ffec tiv e  for m e th y len e  b lu e  d e c o m p o s itio n  
u n d er v is ib le  ligh t (k  >  4 0 0  nm ). A d d itio n a lly , it w as re p o rte d  by  U m eb ay ash i et al. 
(2002) th a t S -d o p ed  TiC>2 co u ld  be p rep a red  by  a n n ea lin g  o f  T iS 2 . W h en  an n ea led  at 
600°c, T iS 2 w as  p artly  ch an g ed  to  an a ta se  TiC>2 . T h e  re s id u a l ร a to m s in th e  an a ta se  
TiC>2 fo rm ed  S -d o p ed  TiC>2 by T i-S  b o n d s. B and  s tru c tu re s  o f  th e  S -d o p ed  TiC>2 w e re  
ca lcu la ted  u s in g  th e  su p e r  cell ap p ro ach . It w as  fo u n d  th a t w h en  TiC>2 w as  d o p ed  
w ith  ร , th e  m ix in g  o f  S 3 p  sta te s  w ith  th e  v a lan ce  b an d  o f  TiC>2 in c reased  th e  w id th  o f  
v a len ce  b an d , re su ltin g  in  b an d  gap  n a rro w in g . S ince  the  b an d  g ap  n a rro w in g  w as 
cau sed  by  v a len ce  band  u p w ard  sh iftin g , the  co n d u c tio n  b an d  rem a in ed  u n ch an g ed . 
T h e re fo re , th e  S -d o p ed  T iO ï sh o u ld  be  ab le  to  red u ce  p ro to n s  for h y d ro g en  
p ro d u c tio n  u n d e r v is ib le  ligh t. O n the  o th e r han d , th e  u p w ard  sh ift o f  v a len ce  b an d

content, and doping depth. Therefore, a systematically comparative investigation is
needed in order to characterize photocatalytic hydrogen production enhanced by
metal ion doping.
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m ay  re d u c e  th e  o x id a tio n  a b ility  u n d e r v is ib le  ligh t. O h n o  e t a l. (2 0 0 4 )  d ev e lo p ed  a 
n ew  m e th o d  to  p re p a re  S -d o p e d  TiC>2 p o w d e r. T itan iu m  iso p ro p o x id e  w as m ix ed  
w ith  th io u re a  in e th an o l an d  stirred . A fte r  su b se q u e n t e v a p o ra tio n , ag in g , and  
ca lc in a tio n , S -d o p ed  TiC>2 p o w d e r  w as o b ta in ed . T h e  ร io n s  w ere  in co rp o ra ted  to  
re p la c e  so m e o f  th e  T i a to m s  in the  fo rm  o f  ร 4+. T h e  p h o to c a ta ly tic  ac tiv ity  o f  ร - 
d o p ed  TiC>2 w as th en  ev a lu a te d  by p h o to d e c o m p o s itio n  o f  2 -p ro p an o l an d  m e th y len e  
b lue . It w as re p o rte d  th a t S -d o p e d  TiC>2 w o rk e d  b e tte r  th an  pu re  TiC>2 u n d e r  v is ib le  
ligh t irrad ia tio n . A lth o u g h  th e  v a len ce  b an d  w as sh ifted  u p w ard s , th e  o x id a tio n  
ab ility  w as  fo u n d  to  be still h ig h . O th e r an io n s , su ch  as c and  F ions, h av e  a lso  b een  
in v es tig a ted  and  fo u n d  to  be  ab le  to  ex p an d  p h o to -re sp o n se  in v is ib le  sp ec tru m .

R ed d y  et al. (2 0 0 5 ) in v es tig a ted  th e  a b so rp tio n  o f  T iÛ 2 , w h ich  is 
ex te n d e d  in to  th e  v is ib le  lig h t reg io n  by  d o p in g  w ith  ร , N , an d  c an io n s . T h e  re su lts  
sh o w ed  th a t all an io n s  co u ld  im p ro v e  ab so rp tio n  o f  TiC>2 by  red u c in g  th e  b an d  gap  
en e rg y . T h e  fea tu re  w as m o re  ev id en t in  N -d o p e d  TiC>2 co m p ared  to  c an d  ร b ecau se  
N -d o p e d  TiC>2 sh o w ed  tw o  b an d  gap  tra n s itio n s . T h e  firs t o n e  w as in th e  uv reg io n  
(385  n m ), w h ich  is a c c o u n te d  fo r the  fu n d a m e n ta l band  tra n s itio n  o f  TiC>2 , and  th e  
seco n d  in th e  v is ib le  re g io n  (495  n m ), as  a re su lt o f  n itro g e n  do p in g . 
T h e  d is tin c tio n  b e tw e e n  tw o  su rface  s ta te s  w as re fle c ted  as in d iv id u a lis tic  red o x  
p eak s. In co n tra s t, th e  C - an d  S -d o p ed  sa m p le s  d id  no t sh o w  a sh arp  a b so rp tio n  ed g e  
as o b se rv e d  for p u re  TiC>2 . T h is  w o u ld  im p ly  th a t th e  d o p in g  in tro d u c e s  e lec tro n ic  
s ta te s  in the  b an d  g ap  th a t a re  sp read  ac ro ss  th e  b an d  g ap , re su ltin g  in  a d iffu sed  
a b so rp tio n  sp ec tru m .

N -d o p e d  TiC >2 has b een  th e  m o st e x te n s iv e ly  in v es tig a ted . 
T h e  re p o rte d  m e th o d s  to  d o p e  N  a re  h ea tin g  o f  tita n iu m  h y d ro x id e  an d  u rea , re ac tiv e  
D C  m a g n e tro n  sp u tte rin g , n itr id in g  o f  an a ta se  T iC >2 w ith  a lk y la m m o n iu m  sa lts , and  
tre a tin g  TiC>2 p o w d e r  in N H 3 (80 % )/A r gas flo w  at 550°c. S im ila r  to  S -d o p in g , 
N -d o p in g  a lso  c au sed  a  v a len ce  band  u p w ard  sh ift, re su ltin g  in a n a rro w e r  band  gap  
an d  less  o x id a tin g  h o les. M ro w e tz  et a l. (2 0 0 4 )  rep o rted  th a t N -d o p e d  TiC>2 w as 
u n ab le  to  o x id iz e  H C O O '. H o w ev er, fo r  h y d ro g e n  p ro d u c tio n , e le c tro n s  are  
re sp o n s ib le  fo r re d u c in g  p ro to n s , and  th e  ab ility  o f  o x id a tio n  d o es  n o t a ffec t the  
p e rfo rm a n c e  b e c a u se  the  v a le n c e  level o f  TiC>2 is fa r m o re  p o s itiv e  th an  o x y g en  
ev o lu tio n  en e rg y  lev e l, an d  th e  co n d u c tio n  b an d  re m a in s  a lm o st u n ch an g ed  a fte r
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N -d o p in g , b e in g  at a m o re  n eg a tiv e  th an  h y d ro g e n  p ro d u c tio n  e n e rg y  level. T h is  
th ro w s  a p o ss ib ility  th a t N -d o p ed  TiC>2 sh o u ld  be ab le  to  red u c e  p ro to n s  fo r h y d ro g en  
p ro d u c tio n , a lth o u g h  in te n s iv e  re sea rch  h a s  n o t b een  in v es tig a ted . U n d e r v is ib le  ligh t 
irrad ia tio n , e le c tro n s  can  be  p ro m o ted  fro m  en e rg y  lev e ls  in  th e  b an d  gap  fo rm ed  by 
n itro g en  d o p in g  to  c o n d u c tio n  band . H o w e v e r, e le c tro n -h o le  re c o m b in a tio n  
p o ss ib ility  o f  N -d o p e d  TiC >2 w as rep o rted  to  be  h ig h e r  th an  u n d o p e d  TiC>2 (T o rre s  et 
a l., 2 0 0 4 ). F o r e ff ic ie n t p h o to c a ta ly tic  re a c tio n , c o u p lin g  w ith  o th e r te c h n o lo g ie s , 
su ch  as m eta l lo ad in g  o r  e lec tro n  d o n o r  a d d itio n , is n ece ssa ry .

2.9 Dye Sensitization

D ye se n s itiz a tio n  is w id e ly  u sed  to  u tiliz e  v is ib le  ligh t fo r en e rg y  c o n v e rs io n . 
S o m e d y es  h av in g  red o x  p ro p e rty  an d  v is ib le  ligh t se n s itiv ity  c a n  be u sed  in so la r 
c e lls , as w ell as p h o to c a ta ly tic  sy s tem  (G u ru n a th a n  et a l., 1997). U n d e r  illu m in a tio n  
by  v is ib le  ligh t, the  e x c ite d  d y es  can  in jec t e le c tro n s  to  C B  o f  se m ic o n d u c to rs  to  
in itia te  th e  ca ta ly tic  re ac tio n s , as il lu s tra te d  in  F ig u re  2 .1 3 . E v en  w ith o u t 
se m ic o n d u c to rs , so m e d y es , fo r e x a m p le  sa fran in e  O /E D T A  an d  T /E D T A , a re  ab le  
to  ab so rb  v is ib le  ligh t an d  p ro d u ce  e le c tro n s  as  re d u c in g  a g e n ts  s tro n g  e n o u g h  to  
p ro d u ce  h y d ro g e n  (B i an d  T ien , 1984). N e v e rth e le s s , w ith o u t se m ic o n d u c to rs  a c tin g  
as e ff ic ie n t ch a rg e  se p e ra to rs , the  ra te  o f  h y d ro g e n  p ro d u c tio n  m ere ly  by  d y es  is v e ry  
low .

l l c c l m n
in je c t io n I ix c ite d  s ta le  

S e n s it iz e r :  ร ,

O x id i /e d  s ta te  
s e n s it iz e r :  s +

Irrad iated  
h v  v is ib le  
I iphl l le ctro n  m ed ia to r

S e n s it iz e r :  ร

Figure 2.13 M e c h a n ism  o f  d y e -se n s itiz e d  p h o to c a ta ly tic  h y d ro g e n  p ro d u c tio n  u n d e r 
v is ib le  ligh t irrad ia tio n .
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H igh  h y d ro g e n  p ro d u c tio n  ra te  can  be  o b ta in e d  by  e ffic ie n t a b so rp tio n  o f  
v is ib le  lig h t and  e ff ic ie n t tran sfe r  o f  e le c tro n s  fro m  ex c ite d  d y e s  to  C B  o f  TiC>2 . T h e  
C B  e le c tro n s  can  th en  be tra n s fe rred  to  m eta l p a r tic le s  (su ch  as  P t) lo ad ed  on  su rface  
to  in itia te  w a te r  re d u c tio n . In o rd e r to  re g e n e ra te  d y es, e le c tro n  d o n o rs  o r sac rific ia l 
ag en ts , su ch  as I3VI' p a ir  and  E D T A , can  be ad d ed  to  th e  so lu tio n  to  su s ta in  th e  
reac tio n  cy c le . T h e  ex c ita tio n , e le c tro n  in je c tio n , and  d y e  re g e n e ra tio n  can  be 
e x p re ssed  as fo llow s:

T o  o b ta in  a  h ig h e r  e ff ic ie n c y  in  c o n v e rtin g  a b so rb e d  lig h t in to  d irec t 
e le c tr ica l en e rg y  (fo r  so la r  ce lls)  o r h y d ro g e n  e n e rg y , fast e le c tro n  in jec tio n  and  s lo w  
b a ck w ard  reac tio n  are  req u ired . B ased  on th e  lite ra tu re  on  e le c tro n /h o le  
re c o m b in a tio n  o f  d y es , th e  re c o m b in a tio n  tim es w ere  fo u n d  to  be  m o stly  in th e  o rd e r  
o f  n a n o se c o n d s  to  m ic ro seco n d s , so m e tim e s  in m illise c o n d s , w h ile  the  e le c tro n  
in jec tio n  tim e s  w e re  in  th e  o rd e r o f  fe m to se c o n d s . T h e  fast e le c tro n  in jec tio n  and  
s lo w  b a c k w a rd  re a c tio n  m ak e  d y e -se n s itiz e d  se m ic o n d u c to rs  fea s ib le  fo r en e rg y  
co n v e rs io n .

G u ru n a th a n  e t  a l. (1 9 9 7 ) in v e s tig a te d  th e  e ffe c ts  o f  d iffe re n t d y e s  on  
p h o to c a ta ly tic  h y d ro g e n  p ro d u c tio n  by  รท(ว2 w ith  and  w ith o u t a  sac rific ia l ag en t, 
such  as  E D T A . T h e  b an d  gap  o f  รท(ว2 is 3.5 eV  an d , h en ce , it co u ld  no t be ex c ite d  by 
v is ib le  ligh t. A fte r  รท(ว2 w as sen s itiz ed  by  d y es, h y d ro g e n  p ro d u c tio n  w as o b se rv ed  
u n d e r v is ib le  ligh t illu m in a tio n . Q u a lita tiv e ly , th e  ran k in g  o f  d y e s  in  te rm s  o f  the  
d eg ree  o f  e n h a n c e m e n t o f  h y d ro g en  p ro d u c tio n  ra te  w as  fo u n d  in  th e  fo llo w in g  o rd er: 
E o sin  B lu e  > R o se  B en g a l >  R u (b p y )32+ >  R h o d a m in e  B ~  A c rif la v in  >  F lu o re sce in . 
H o w ev e r, b ased  o n  th e  s tru c tu re s  an d  p ro p e rtie s  o f  th e se  d y es , a g en e ra l c o n c lu s io n  
co u ld  no t be d raw n . F o r ex am p le , R h o d am in e  B sh o w ed  th e  lo n g es t a b so rp tio n  
w a v e le n g th  m a x im a  to g e th e r w ith  m o re  n eg a tiv e  re d u c tio n  p o ten tia l (-0 .5 4 5  V ) th an  
C B  level (-0 .3 4  V ) o f  SnC>2 , bu t it d id  no t in c re a se  h y d ro g e n  p ro d u c tio n  ra te  
s ig n ific an tly . T h e re fo re , th e  d iffe ren ce  in th e ir  e le c tro n  in je c tio n  c h a ra c te r is tic s  m ay  
be the  reaso n  fo r th e  v a ria tio n  in h y d ro g en  p ro d u c tio n  ra tes. H o w e v e r, c o m p a riso n  o f  
e lec tro n  in jec tio n  c h a ra c te r is tic s  a m o n g  th e se  d y es  w as no t av a ilab le . F u rth e r

d y e  +  hv —> dye* 
dye* +  TiC>2 —> d y e+ +  e 
d y e + +  e ’ —* dye

(2 .1 4 )
(2 .1 5 )
(2 .1 6 )
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re se a rch  w o rk  is th u s  re q u ire d  to  c o m p are  d y n a m ic s  o f  ch a rg e  ex c ita tio n , 
re c o m b in a tio n , and  e lec tro n  in jec tio n  o f  d iffe re n t dyes to  g a in  a b e tte r  u n d e rs ta n d in g  
o f  th e  m e c h a n ism s  b eh in d  th e  p h en o m en a .

2.10 Composite Semiconductors

S e m ic o n d u c to r  c o m p o s ite  (co u p lin g ) is a n o th e r  m e th o d  to  u tiliz e  v is ib le  
lig h t fo r h y d ro g e n  p ro d u c tio n . W h en  a  la rge  b an d  gap  se m ic o n d u c to r  is c o u p le d  w ith  
a  sm a ll b an d  g ap  se m ic o n d u c to r  w ith  a m o re  n eg a tiv e  C B  lev e l, C B  e le c tro n s  can  be 
in je c te d  fro m  th e  sm all band, g ap  se m ic o n d u c to r  to  th e  la rg e  b an d  g ap  se m ico n d u c to r. 
T h u s , a w id e  e le c tro n -h o le  se p a ra tio n  is a c h iev ed , as sh o w n  in F ig u re  2 .1 4 . T h e  
p ro c e ss  is s im ila r  to  dye  se n s itiz a tio n . T h e  d iffe re n ce  is th a t  e le c tro n s  a re  in jec ted  
fro m  o n e  se m ic o n d u c to r  to' a n o th e r  s e m ic o n d u c to r, ra th e r  th an  fro m  e x c ite d  dye  to  
sem ic o n d u c to r. S u ccessfu l c o u p lin g  o f  th e  tw o  se m ic o n d u c to rs  fo r p h o to c a ta ly tic  
h y d ro g e n  p ro d u c tio n  u n d e r v is ib le  ligh t irrad ia tio n  can  be  a c h ie v e d  w h en  the  
fo llo w in g  c o n d itio n s  are  m et: ( 1 ) se m ic o n d u c to rs  sh o u ld  be  p h o to c o rro s io n  free , (2 ) 
th e  sm all b an d  g ap  se m ic o n d u c to r  sh o u ld  be  ab le  to  be  ex c ite d  by v is ib le  ligh t, (3 ) 
th e  C B  o f  th e  sm all b an d  g ap  se m ic o n d u c to r  sh o u ld  be  m o re  n eg a tiv e  th a n  th a t o f  the  
la rg e  b an d  g ap  se m ic o n d u c to r, (4 ) th e  C B  o f  th e  la rg e  b an d  gap  se m ic o n d u c to r  
sh o u ld  be m o re  n e g a tiv e  th an  th e  re d u c tio n  p o te n tia l o f  แ +/ท 2 , and  (5 ) e lec tro n  
in je c tio n  sh o u ld  b e  fast, as w e ll as  e ffic ien t.

t
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Electron

Figure 2.14 E lec tro n  in je c tio n  in  c o m p o s ite  sem ic o n d u c to rs .

It h a s  been  re p o rte d  th a t c o u p lin g  o f  C d S  (b an d  gap  o f  2 .4  eV ) w ith  รท(ว2 

(b an d  gap  o f  3 .5  eV ) co u ld  p ro d u ce  h y d ro g e n  u n d e r  v is ib le  ra d ia tio n  (G u ru n a th a n  et 
a l ,  1997). E lec tro n s  ex c ite d  to  the  C B  (-0 .7 6  e V ) o f  C d S  are  in jec ted  to  th e  C B  (- 
0 .34  eV ) o f  รท(ว2 in  less th an  20  p s, re su ltin g  in ..wide e le c tro n -h o le  sep a ra tio n . 
S ac rific ia l ag en t, E D T A , h as  to  be a d d ed  to  scavenge. V B  ho le  on  C d S ; o th e rw ise , 
p h o to c o rro s io n  o f  C d S  w o u ld  occur. D o o n g  et a l. (2 0 0 1 ) co u p led  C d S  w ith  TiC>2 fo r 
2 -c h lo ro p h e n o l d e g ra d a tio n  u n d e r uv irrad ia tio n . In th e  s tu d y , b o th  C d S  and  T iC b 
co u ld  be  ex c ited .

T h e  co m b in a tio n  o f  th e  tw o  s e m ic o n d u c to rs  sh o w ed  b e tte r  p h o to c a ta ly tic  
a c tiv ity  d u e  to  b e tte r  ch a rg e  sep a ra tio n . T h e  C B  e le c tro n s  o f  C d S  are  in jec ted  to  th e  
C B  o f  TiC>2 , w h ile  th e  V B  h o le s  in  T i0 2 a re  in je c te d  to  th e  V B  o f  C dS . K ang  e t a l. 
(1 9 9 9 ) e m p lo y e d  C dS -T iC >2 c o m p o s ite  s e m ic o n d u c to r  fo r 4 -c h lo ro p h e n o l 
p h o to d e g ra d a tio n  and  fo u n d  th a t c o u p lin g  o f  C d S  w ith  TiC>2 w as m o re  e ffe c tiv e  th an  
C dS  an d  TiC>2 u sed  sep a ra te ly . T h e  c o m p o s ite  s e m ic o n d u c to r  C dS -T iC >2 c an  be 
ap p lied  to  p ro d u ce  h y d ro g e n  s in ce  th e  C B  o f  TiC >2 is  m o re  n eg a tiv e  th an  h y d ro g e n  
p ro d u c tio n  le v e li  So et al. (2 0 0 4 ) c o n d u c te d  p h o to c a ta ly tic  h y d ro g e n  p ro d u c tio n  
u s in g  C d S - T i0 2 c o m p o s ite  sem ic o n d u c to rs . P h o to c o rro s io n  o f  C d S  w as p rev en ted  by  
ad d itio n  o f  N a 2 S. O p tica l a b so rp tio n  sp ec tra  a n a ly s is  sh o w ed  th a t C d S -T iÛ 2 

c o m p o s ite  s e m ic o n d u c to rs  co u ld  a b so rb  p h o to n s  w ith  w av e len g th  up  to  520  nm .
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U n d e r v is ib le  lig h t il lu m in a tio n  (X e lam p ), C dS-T iC >2 c o m p o s ite  se m ic o n d u c to rs  
p ro d u ced  h y d ro g en  at a  h ig h e r  ra te  th a n  C d S  an d  TiC>2 u sed  sep a ra te ly .

R ecen tly , L i e t al. (2 0 0 4 ) d e v e lo p e d  a  n o v e l p h o to c a ta ly s t by  a  c o m b in a tio n  
o f  n itro g e n  d o p in g  an d  co m p o site  se m ic o n d u c to rs . N -d o p e d  Z n O  w as c o u p le d  w ith  
W O 3 , V 2O 5 , and  F e 2C>3 fo r a c e ta ld eh y d e  d e c o m p o s itio n  u n d e r  v is ib le  lig h t irrad ia tio n . 
B y d o p in g  w ith  n itro g en , Z n O  co u ld  re sp o n d  w ith  v is ib le  sp ec tru m . U n lik e  c o u p lin g  
w ith  W O 3 and  V 2O 5 , co u p lin g  w ith  F e 2Ü 3 c a u se d  th e  p h o to c a ta ly tic  a c tiv ity  to  
d e te rio ra te  since  F e 2Û 3 se rv ed  as b o th  an  e le c tro n  sin k  an d  a  h o le  sink . A lth o u g h  N - 
d o p ed  Z nO -W C >3 an d  Z n 0 -V 2 0 5  w o rk ed  b e tte r  u n d e r v is ib le  lig h t ir ra d ia tio n ' fo r 
a c e ta ld eh y d e  d e c o m p o s itio n , th ey  w e re  n o t su ita b le  fo r h y d ro g e n  p roduction - sin ce  
th e  C B  o f  b o th  W O 3 an d  V 2O 5 a re  n o t n eg a tiv e  en o u g h . It is e x p e c te d  th a t a N -d o p ed  
c o m p o s ite  sem ico n d u c to r w ith  C B  level m o re  n e g a tiv e  th an  h y d ro g e n  p ro d u c tio n  
lev e l, such  as S iC -T iC L , m ay  se rv e  as an  e ff ic ie n t p h o to c a ta ly s t fo r  h y d ro g e n  
p ro d u c tio n  under v is ib le  ligh t irrad ia tio n .

2.11 Mixed Oxide System

T h e  in v es tig a tio n  o f  a m ix e d  o x id e  sy stem  is v e ry  p ro m is in g  to p ic  sin ce  
such  a  sy s tem  can  b e  u sed  as  a b ase  fo r n e w  c o m p o s ite  m a te ria ls . T h e  c h a ra c te r is tic s  
o f  su ch  m ate ria ls  can  be  reg u la ted  an d  c o n tro lle d  in  a d v an ce  th ro u g h  c h a n g e s  in  th e ir  
co m p o sitio n . In v es tig a tio n s  h av e  p ro v ed  g o o d  p ro sp e c ts  fo r d e s ig n in g  m a te ria ls  
c o n ta in in g  a p h o to a c tiv e  se m ic o n d u c to r  (TiC>2) an d  an  a d m ix tu re  (SiC>2 , ZrC>2 , Z nO , 
A I2O 3 , B i20 3, H fÛ 2 , V 2O 5 , W O 3 , e tc .)  w ith  d iffe re n t ch em ica l c o m p o s itio n s . T h e  
la tte r  su b stan ces  are  a lso  w id e ly  u se d  as p ig m e n ts  an d  c a ta ly s ts , c o m p o n e n ts  o f  
p h o to la y e rs , and  d ie lec tr ic  m a te ria ls . T h ey  can  a lso  b e  u se d  as  p ro m is in g  so u rce  
m a te ria ls  fo r c e ram ics . T he  sam e  m a te ria ls  can  be  u sed  fo r so la r  e n e rg y  
tra n s fo rm a tio n  and  accu m u la tio n , to x ic  in d u s tr ia l w a s te  tre a tm e n t, in in fo rm a tio n  
re c o rd in g  sy stem s, an d  in  n ew  in d u stria l lin es  o f  lo w -to n n a g e  sy n th e s is  o f  im p o rta n t 
p ro d u c ts  (K o b asa  and  K o n d ra ty ev a , 2 0 0 8 )

P articu la rly , T i 0 2- S i 0 2 m ix e d  o x id e  re p re se n ts  a n o v e l c la ss  o f  m a te ria ls  
th a t h av e  a ttrac ted  m u c h  a tten tio n  in  recen t y ea rs . T h e  a p p lic a tio n s  o f  T i0 2 -SiC >2 

m a te ria ls  as ca ta ly s ts  an d  su p p o rts  fall in to  th re e  ca te g o rie s  b a se d  on  th e ir  u n iq u e
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p h y s ic o -c h e m ic a l p ro p ertie s : (i) p h o to c a ta ly s t th a t is a sso c ia ted  w ith  th e  su p p o rt 
e ffe c t and  th e  q u a n tu m -s iz e  e ffec t; (ii) a c id  c a ta ly s t th a t is re la te d  to  th e  g e n e ra tio n  
o f  n e w  ac id  s ite s ; and  (iii) e x c e lle n t ca ta ly tic  su p p o rt m a te ria ls  th a t p o sse s s  en h a n c e d  
th e rm a l and  m ech an ica l s tab ility  d u e  to  SiC>2 w h ile  p re se rv in g  th e  c a ta ly tic  
p e rfo rm an ce  o f  T i0 2 . T h e  u n d e rs tan d in g  o f  th e  s tru c tu ra l c h a ra c te r is tic s  o f  TiC>2- 
SiC>2 and  th e  re la tio n sh ip s  w ith  th e  p h y s ic o c h e m ic a l/rea c tiv ity  p ro p e rtie s  is a lso  o f  
g rea t im p o rtan ce  in a w id e  ran g e  o f  a p p lie d  sc ien ces . T h e re fo re , th e  TiC>2-S i0 2  

m ix e d  and  su p p o rted  o x id es  as ca ta ly s ts , e x c lu d in g  T i-s ilic a lite s , h av e  b een  
in v es tig a ted  an d  d e v e lo p ed  w ith  sp ec ia l e m p h a s is  on  th e  s tru c tu ra l c h a ra c te r iz a tio n  
an d  e s ta b lish m e n t o f  th e  re la tio n sh ip s  b e tw e e n  th e  s tru c tu ra l c h a ra c te r is tic s  an d  th e  
p h y s ic o c h e m ic a l/re a c tiv ity  p ro p e rtie s  (G ao  an d  W ach s, 1999).

T he p re p a ra tio n  o f  T i0 2 -SiC>2 p a rtic le s  by  a  s o l-g e l  m e th o d  w a s  s tu d ie d  
(Ju n g  and  P ark , 2 0 0 4 ). It w as  rep o rted  th a t th e  su rface  a re a  o f  T i0 2 -SiC >2 m ix ed  
o x id e  w as p ro p o rtio n a lly  in c reased  w ith  in c rea s in g  SiC>2 co n ten t. A lso , th e  th e rm al 
s ta b ility  o f  TiC>2 fo r th e  p h ase  tra n s itio n  fro m  ana tase  to  ru tile  w a s  g rea tly  im p ro v ed  
an d  m ad e  it p o ss ib le  to  ca lc in e  the  p re p a re d  T i0 2 -S iÛ 2 m ix ed  o x id e  p a rtic le s  at 
h ig h e r  te m p e ra tu re  w ith o u t any  fo rm a tio n  o f  ru tile  p h ase .

2.12 Bimetallic System

B im e ta llic  c a ta ly s ts  h av e  a ttra c ted  ex te n s iv e  a tten tio n  b ecau se  o f  th e ir  
m a rk e d ly  d iffe re n t p ro p e rtie s  fro m  e ith e r o f  the  c o n s titu e n t m e ta ls , an d  h av e  o ften  
en h a n c e d  ca ta ly tic  s tab ilitie s , ac tiv itie s , a n d /o r  s e le c tiv itie s  (L i e t a l., 2 0 0 7 ). A n d , 
b im e ta llic  n a n o p a rtic le s  a re  p a rticu la rly  im p o rta n t in  th e  f ie ld  o f  c a ta ly s is  b ecau se  
th e  in te rac tio n s  b e tw e e n  th e  tw o  c o m p o n e n ts  in b im e ta llic  n a n o p a rtic le s  in tro d u c e  a 
m u tu a l in flu en ce  on  the  n e ig h b o rin g  a to m s, w h ich  lead s  to  u n iq u e  e le c tro n ic  an d  
s tru c tu ra l p ro p e rtie s  o f  th e  n a n o p a rtic le s  and  im p ro v e s  ca ta ly tic  a c tiv ity  o f  
m o n o m e ta llic  n an o p a rtic le s .

A  b im e ta llic  c a ta ly s t hav e  b een  fo u n d  to  b e  m o re  a c tiv e  th an  a 
m o n o m e ta llic  c a ta ly s t an d  had  lo w er a p p a re n t a c tiv a tio n  en e rg y . N o rm a lly , P t is u sed  
in  p h o to ca ta ly tic  re ac tio n . M o reo v er, th e  a d d itio n  o f  A u  to  re su lt in  th e  fo rm a tio n  o f  
P t-A u  b im e ta llic  c a ta ly s t is m o re  ac tiv e  th an  o th e r b im e ta llic  ca ta ly s ts . In p a rticu la r ,



35

su p p o rted  b im e ta llic  P t - A u  n a n o p a rtic le s  a re  o f  fu n d am en ta l in te re s t and  
im p o rtan ce . F u rth e rm o re , A u  is o n e  o f  on ly  tw o  tra n s itio n  m e ta ls  m o re  
e le c tro n e g a tiv e  th an  P t, so  th e  in c o rp o ra tio n  o f  A u  in to  P t n a n o p a rtic le s  m ay  h av e  
u n iq u e  e ffe c ts  on  c a ta ly s is /p h o to c a ta ly s is  by  P t (B e tan y  e t a l., 2 0 0 7 ).

2.13 Porous Material

T h e  c la ss if ic a tio n  o f  p o res a c c o rd in g  to  s ize  h as  b een  u n d e r  d isc u ss io n  fo r 
m an y  y ea rs , b u t in th e  p ast, th e  te rm s “ m ic ro p o re ”  and  “ m a c ro p o re ”  h av e  b een  
ap p lied  in d iffe re n t w ay s  by  p h y sica l c h em is ts  and  so m e  o th e r sc ien tis ts . W ith  an  
a ttem p t to  c la rify  th is  s itu a tio n , th e  lim its  o f  s ize  o f  th e  d iffe re n t c a te g o rie s  o f  p o res  
in c lu d ed  in T a b le  2.1 h av e  b een  p ro p o se d  by  th e  In te rn a tio n a l U n io n  o f  P u re  and  
A p p lied  C h e m is try  (IU P A C ) (Ish izak i et a l., 1988; R o u q u e ro l e t a l., 1999). A s 
in d ica ted , th e  “ p o re  s iz e ”  is g en e ra lly  sp ec ified  as th e  “ p o re  w id th ” , i.e . th e  
av a ila b le  d is ta n c e  b e tw e e n  th e  tw o  o p p o s ite  w a lls . O b v io u s ly , p o re  s ize  h as  a 
p rec ise  m e a n in g  w h en  the  g e o m e tric a l sh ap e  is w e ll d e fin ed . N e v e rth e le ss , fo r  m o st 
p u rp o se s , th e  lim itin g  s ize  is th a t o f  th e  sm a lle s t d im e n s io n , and  th is  is g en e ra lly  
tak en  to  re p re se n t th e  e ffe c tiv e  po re  size.

f
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Table 2.1 D e fin itio n s  ab o u t p o ro u s  so lid s

T erm D e fin itio n
P o ro u s  so lid S o lid  w ith  c a v itie s  o r ch an n e ls  w h ic h  a re  d e e p e r  th an  th ey  are 

w id e
M ic ro p o re P o re  o f  in te rn a l w id th  less  th an  2 nm
M eso p o re P o re  o f  in te rn a l w id th  b e tw e e n  2 and  50 nm
M acro p o re P o re  o f  in te rn a l w id th  g re a te r  th an  50 nm
P ore s ize P o re  w id th  (d ia m e te r  o f  c y lin d rica l p o re  o r  d is tan ce  b e tw een  

o p p o s ite  w a lls  o f  slit)
P o re  v o lu m e V o lu m e  o f  p o re s  d e te rm in e d  by s ta ted  m e th o d
S u rface  a rea E x ten t o f  to ta l su rface  a rea  d e te rm in e d  by  g iv en  m e th o d  u n d er 

s ta ted  c o n d itio n s

A c c o rd in g  to  th e  IU P A C  c la ss if ic a tio n , p o ro u s  m a te ria ls  a re  reg u la rly  
o rg an ized  in to  th ree  ca te g o rie s  on  a  b as is  o f  p re d o m in a n t p o re  s ize  as  fo llo w s:

- M ic ro p o ro u s  m a te ria ls  (p o re  s ize  < 2 n m ) in c lu d e  a m o rp h o u s  s ilica  and  
in o rg an ic  gel to  c ry s ta llin e  m a te ria ls , su ch  as  zeo lite s , a lu m in o p h o sp h a te s , 
g a llo p h o sp h a te s , an d  re la te d  m a te ria ls .

- M e so p o ro u s  m a te ria ls  (2  nm  <  p o re  s ize  <  50  n m ) in c lu d e  th e  M 41 ร 
fam ily  (e .g . M C M -4 1 , M C M -4 8 , M C M -5 0 , e tc .)  an d  o th e r n o n -s ilic a  m a te ria ls  
sy n th e s iz e d  v ia  in te rc a la tio n  o f  lay e red  m a te r ia ls , su ch  as  d o u b le  h y d ro x id e s , m eta l 
( tita n iu m , z irc o n iu m ) p h o sp h a te s , an d  c lays.

- M a c ro p o ro u s  m a te r ia ls  (p o re  s ize  >  50  n m ) in c lu d e  g la ss -re la te d  m a te ria ls , 
ae ro g e ls , and  x e ro g e ls .

N o w a d a y s , m ic ro - an d  m e so p o ro u s  m a te ria ls  a re  g en e ra lly  ca lled  
“ n a n o p o ro u s  m a te r ia ls ” . P a rticu la rly , m e so p o ro u s  m a te ria ls  a re  re m a rk a b ly  very  
su ita b le  fo r c a ta ly s is  a p p lic a tio n s , w h e rea s  th e  p o re s  o f  m ic ro p o ro u s  m a te r ia ls  m ay  
b e c o m e  ea s ily  p lu g g e d  d u rin g  c a ta ly s t p re p a ra tio n  i f  h ig h  m eta l lo ad in g  is req u ired .



37

2.14 Sol-Gel Process

T h e  so l-g e l p ro cess  has been  in te n s iv e ly  s tu d ied  b e c a u se  it is so  e ffec tiv e  to 
p re p a re  n an o -s ized  m e so p o ro u s  m a te ria ls  (S re e th a w o n g  e t a l., 2 0 0 5 ). B ecau se  the  
m eta l o x id e s  are  a lso  d e a c tiv a te d  d u e  to  s in te r in g  o r c ry s ta l g ro w th  d u rin g  th e ir  
c o n tin u o u s  use  in h igh  te m p e ra tu re  p ro cesse s , an d  th e  ca ta ly tic  p e rfo rm a n c e  o f  the  
m eta l o x id e s  is w e ll-k n o w n  to  d ep en d  on  th e ir  sp ec ific  su rfa c e  area , s o l-g e l  m e th o d  
p re se n ts  so m e p a r tic u la r  a d v a n ta g e s  th ro u g h  a lo w -te m p e ra tu re  p ro cess , av o id in g  
c o n ta m in a tio n  o f  th e  m a te ria ls . It a lso  y ie ld s  b e tte r  s to ic h io m e tr ic  co n tro l and  the  
p o ss ib ility  o f  g ra in -s ize  and  g ra in -sh ap e  c o n tro l. T h is  te c h n iq u e  d o e s  no t req u ire  
c o m p lic a te d  in s tru m en ts , su ch  as in ch em ica l v a p o r  d ep o s itio n  m e th o d . It p ro v id es  a 
s im p le  and  easy  m ean s o f  sy n th e s iz in g  n a n o -s iz e d  p a rtic le s , w h ich  is e ssen tia l for 
n a n o -c a ta ly s ts  (พ น  et a l., 2 0 0 4 ). It in v o lv es  th e  fo rm a tio n  o f  m e ta l-o x o -p o ly m e r 
n e tw o rk  from  m o le c u la r  p recu rso rs , su ch  as  m eta l a lk o x id e s , an d  su b seq u en t 
p o ly c o n d e n sa tio n  as fo llo w s:

M -O R  + 1120  ->  M -O H  +  R O H  (2 .1 7 )
M -O H  + M -O R  ->  M -O -M  + R -O H  (2 .1 8 )
M -O H  + M -O H  - »  M -O -M  + H 20  (2 .1 9 )

w h e re  M = T i, S i, Z r, A l, e tc ., and  R =  a lky l g ro u p .
A ll s tag es , in c lu d in g  th e  fo rm a tio n  o f  c o llo id  p a r tic le s  to  fo rm  gel n e tw o rk , 

d ry in g  o f  w et g e l, and  ca lc in a tio n  stage , can  all lead  to  g ra in  g ro w th  an d  fo rm a tio n  o f  
ag g lo m era te s . H en ce , to  c a re fu lly  co n tro l th e  p ro c e ss  is v e ry  e ssen tia l in  p rep a rin g  
h ig h -p e rfo rm a n c e  and  h ig h -re lia b ility  p o w d e rs . T h e  re la tiv e  ra te s  o f  h y d ro ly s is  and  
p o ly c o n d e n sa tio n  s tro n g ly  in flu en ce  the  s tru c tu re  an d  p ro p e rtie s  o f  th e  re su ltin g  
m eta l o x id es . T y p ic a lly , so l-g e l-d e riv e d  p re c ip ita te s  a re  a m o rp h o u s  in  n a tu re , 
re q u ir in g  fu rth e r h ea t tre a tm e n t to  in d u ce  c ry s ta lliz a tio n . T h e  ca lc in a tio n  p ro cess  
f req u en tly  g iv es  frise to  p a rtic le  a g g lo m e ra tio n  and  g ra in  g ro w th  an d  m ay  in d u ce  
p h ase  tra n s fo rm a tio n  (W an g  e t a i ,  1999). T h u s , a  su rfa c ta n t is u sed  to  p rev en t 
a g g lo m e ra tio n  o f  th e  p a rtic le . T h e  B aTiC >3 n a n o p a rtic le s  sy n th e s iz e d  by so l-g e l 
p ro cess  (Y u  e t a l., 2 0 0 8 ). h o w ev e r, a re  e asy  to  fo rm  ag g lo m e ra tio n . T h is  can  be 
a v o id e d  by the  a p p lic a tio n  o f  th e  su rfac tan t, i.e. o le ic  a c id  as  c h e a p  and  in n o x io u s
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su rfac tan t, th u s  p re v e n tin g  th e  a g g lo m e ra tio n  o f  p a rtic le s . T h e  s o l-g e l  p ro c e ss  by  th e  
a d d itio n  o f  su rfa c ta n t can  h e lp  to  e n fo rce  size  c o n tro lla b ility  an d  p re p a re  w e ll-  
d isp e rse d  p o w d ers . T h e  id ea l m o d e l o f  fo rm in g  th e  B a T i (> 3  is sh o w n  in  F ig u re  2 .15 .

Tl o T l  O  Tl o  Ti I t  o i l o  1 1 ( ) Tt

o  (.■ '1,- ' ' o  / ! 0  (:;ไ? ' o (1) OA o ' ( )A O  OA o

Tl o T I o  ท o  Ti < 3 0 0 ° c  ^ I l  o  h ท  I t  o  T i

o  0  o น ่ ; o a )  ° O A o  ().,v  °

ท <) I t  o  n o  It . ■[•1. 0  [ 1 o  I t  o  IT

® r
w a te r.e th a n o l, 

~^  acetic ac id . OA. 
art cl so on 13 Ü0 - 6 0 0 X

•
•

•

A  600-  7 0 0 ° c  
•  ^  M - - - - - - - - - - - - - - - - -

•

B a T i O j X c r o g e l

Figure 2.15 A  sc h e m a tic  o f  fo rm in g  th e  B aT iC >3 n a n o p a rtic le s  (Y u  e t a / .,  2 0 0 8 ).

T h e  p ro c e ss  can  b e  d iv id ed  to  th re e  s teps. F irs tly , o le ic  a c id  (O A ) e n c h a se s  
in  th e  3D n e tw o rk  s tru c tu re  o f  -T i-O -T i-  w h en  th e  te m p e ra tu re  is lo w e r th an  300°c. 
S eco n d ly , b e tw e e n  300 and  600°c, a n u m b e r o f  “m ic ro c a p su le s” o f  B aT iC >3 

p re c u rso rs  co a ted  b y  O A  are  fo rm ed . T h e  ca rb o x y l o f  O A  is to w a rd s  th e  in s id e  and  
h y d ro p h o b ic  -R  g ro u p  to w a rd s  th e  o u ts id e . E x c e ss iv e  O A  as so lu tio n  w ill a llo w  th e  
sy s tem  to  fo rm  “m ic ro -c a p su le s” . F in a lly , w h en  th e  te m p e ra tu re  is h ig h e r  th an  600°c, 
O A  d eco m p o ses^  and  th e  w alls  o f  “ m ic ro c a p su le s” are  d e s tro y e d . A lth o u g h  th is  
h a p p e n s , th e  sh ap e  o f  B a T i0 3 p re c u rso r  is p re se rv e d , th u s  p ro d u c in g  b e tte r-d isp e rse d  
B a T i0 3  n an o p a rtic le s .

T h e  m e so p o ro u s-a sse m b le d  S r T i0 3 n an o c ry s ta l p h o to c a ta ly s t co u ld  a lso  be  
sy n th e s iz e d  by  a  so l-g e l p ro cess  w ith  th e  a id  o f  s tru c tu re -d ire c tin g  su rfa c ta n t and
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used  fo r p h o to d e g ra d a tio n  o f  m e th y  o ra n g e  (P u a n g p e tc h  e t a i ,  2008 ). T h e  d iffe ren t 
so lv en ts  re su lted  in  d iffe re n t gel fo rm a tio n  c h a ra c te r is tic s  an d  d iffe re n t a m o u n ts  o f  
w a te r  re q u ire d  fo r gel fo rm a tio n . T h e  u se  o f  e th a n o l (E tO H ) as th e  so lv en t y ie ld e d  a 
SrTiC >3 p h o to c a ta ly s ts  w ith  a  h ig h e r  p u rity  th an  th a t sy n th e s iz e d  u s in g  e th y le n e  
g ly co l (E G ) o r th e  E tO H /E G  m ix tu re . T h e  p o re  s ize  d is tr ib u tio n  w as  fo u n d  to  b e  v ery  
n a rro w  an d  m o n o m o d a l w h en  L A H C  w as u sed  as a s tru c tu re -d irec tin g  su rfac tan t. 
T h e  m e so p o ro u s -a s se m b le d  s tru c tu re  w ith  a h ig h  p o re  u n ifo rm ity  o f  SrT iC >3 p lay s  the  
m o st im p o rta n t ro le  a ffe c tin g  th e  p h o to c a ta ly tic  a c tiv ity  o f  th e  SrT iC >3 p h o to ca ta ly s t. 
T h e  SrT iC >3 w ith  th e  m eso p o ro u s-a sse m b le d  s tru c tu re  an d  n a rro w  p o re  s ize  
d is tr ib u tio n  sy n th e s iz e d  at a  c a lc in a tio n  te m p e ra tu re  o f  700°c, a h e a tin g  ra te  o f  
l ° c /m in ,  a  L A H C -to -T IP T  m o la r  ra tio  o f  0 .2 5 :1 , an d  u s in g  an  E tO H  so lv en t 
p ro v id e d  th e  h ig h e s t p h o to c a ta ly tic  d e g ra d a tio n  ac tiv ity , w h ich  w as m u c h  h ig h e r 
th an  th a t o f  th e  n o n -m e so p o ro u s -s tru c tü re d  co m m e rc ia l S rT iÛ 3 .

t
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