
THEORETICAL BACKGROUND AND LITERATURE REVIEWS
CHAPTER II

2.1 Elementary Processes in Photocatalysis Using Semiconductors

T h e  p r in c ip a l ch a r a c te r is tic s  in v o lv in g  in th e  a c t iv ity  o f  se m ic o n d u c to r  
p h o to c a ta ly s ts  are c o n d u c tio n  b an d , v a le n c e  b an d , b a n d  ga p  e n e r g y , trap s ite , and  
F erm i le v e l. T h e  b an d s are th e  a l lo w e d  e n e r g y  s ta te s  th at e le c tr o n s  ca n  o c c u p y  in  a 
p h o to c a ta ly s t  m o le c u le .  T h e  h ig h e s t  p o te n tia l le v e l o c c u p ie d  b y  e le c tr o n s  is  ca lled  
the v a le n c e  b an d  (V B ) ,  w h ile  th e  a v a ila b le  lo w e s t  e m p ty  p o te n tia l le v e l  n ex t  to  the  
v a le n c e  b an d  is  c a l le d  th e  c o n d u c tio n  band  (C B ) . T h e  b a n d s are c le a r ly  d iffe r e n tia te d  
in  a s e m ic o n d u c to r  than  that in  a m eta l. T h e  F erm i le v e l is  a p r o b a b ility  d istr ib u tio n  
c u r v e  that r e p r e se n ts  50%  p o s s ib i l i ty  o f  lo c a t in g  e le c tr o n s  at a g iv e n  e n e r g y  le v e l.  
F or n -ty p e  p h o to c a ta ly s t , su ch  a s  TiC >2 and SrTiC>3 , th e  F erm i le v e l  is  c lo s e  to  the C B  
p o te n tia l le v e l ,  le a d in g  to  th e  h ig h  p r o b a b ility  o f  e le c tr o n  e x c ita t io n  b y  lig h t  
irrad ia tion . A  p ic to r ia l rep resen ta tio n  o f  th e  b an d  stru ctu re o f  a n -ty p e  p h o to c a ta ly s t  
is  sh o w n  in  F ig u r e  2 .1 .

Figure 2.1 E le c tr o n -h o le  p air g en e r a tio n  in  a p h o to -irra d ia ted  n -ty p e  p h o to c a ta ly s t  
(L in s e b ig le r  et al. , 1 9 9 5 ).
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T h e  b an d  ga p  e n e r g y  (Eg) is  th e  e n e r g y  d if fe r e n c e  b e tw e e n  th e  C B  p o ten tia l  
le v e l  and  th e  V B  p o te n tia l le v e l  (L in s e b ig le r  et al., 1 9 9 5 ) . T h e  b a n d  g a p  e n e r g y  is  
u su a lly  c a lc u la te d  fro m  th e  b an d  gap  w a v e le n g th  (Ag, n m ):

w h e r e  h  is  P la n c k ’s c o n s ta n t  and  c  is  th e  sp e e d  o f  lig h t. T h e  Ag is  th e  c r o s s in g  p o in t  
b e tw e e n  th e  lin e  e x tr a p o la te d  fro m  th e  o n se t  o f  th e  r is in g  part an d  x - a x is  o f  th e  p lo t  
o f  th e  K u b e lk a -M u n k  fu n c t io n  (F(R))  a s  a  fu n c t io n  o f  w a v e le n g th  (A, n m ) (K a m a t et 
al., 1 9 9 9 ) , a s  sh o w n  in  F ig u re  2 .2 .

Figure 2.2 T h e  p lo t  b e tw e e n  th e  K u b e lk a -M u n k  fu n c t io n  (F(R)) a s  a  fu n c t io n  o f  
w a v e le n g th  (A, n m ) an d  th e  b an d  ga p  w a v e le n g th  (Tg) e s t im a t io n  (K a m a t et al., 
1 9 9 9 ).

T h e  K u b e lk a -M u n k  fu n c t io n  (F(R)) c a n  b e  e x p r e s s e d  b y  th e  f o l lo w in g
eq u ation :

F ( R )  =  ( 2 . 2 )

w h e r e  R is  th e  ratio  o f  th e  r e f le c te d  lig h t  in te n s ity  o f  a s a m p le  to  th e  r e f le c te d  lig h t  
in te n s ity  o f  th e  r e fe r e n c e . A ll  p h o to n s  w ith  A > Ag c a n n o t b e  a b so r b e d  and  th en
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r e le a se  as u s e le s s  e n e r g y  in  th e  fo rm  o f  u n p r o d u c tiv e  h ea t or  p h o to n s . In a d d it io n , th e  
b an d  g a p  e n e r g y  o f  a n y  p h o to c a ta ly s t  d e p e n d s  o n  its  p a r tic le  s iz e .  A n  in c r e a se  in  the  
b an d  ga p  e n e r g y  o f  a p h o to c a ta ly s t  w ith  a d e c r e a s e  in  th e  p a r t ic le  s iz e  is  d e fin e d  as 
th e  q u a n tiz a tio n  e f fe c t . P h o to c a ta ly s t  n a n o p a r tic le s  d is p la y  th is  c h a ra c ter is tic  that 
a lters  th e ir  p h o to c h e m ic a l, p h o to p h y s ic a l, an d  p h o to e le c tr o c h e m ic a l p ro p er tie s . B o th  
th e  la rg e  (e .g . Z n O , T i0 2 , SnC>2 , an d  W O 3 ) and  th e  sm a ll ( e .g .  C d S e  and  C d S )  band  
ga p  p h o to c a ta ly s ts  c a n  d isp la y  th is  ch a ra c te r is tic  (K a m a t, 1 9 9 9 ;  A n p o , 2 0 0 4 ) .

T h e  m e c h a n is m s  o f  p h o to c a ta ly s t -e x c ita t io n  in it ia te d  b y  lig h t  irrad ia tion  are  
a s f o l lo w s .  L ig h t w ith  e n e r g y  eq u a l to  an d /o r  h ig h e r  th an  th e  b a n d  ga p  e n e r g y  o f  a 
p h o to c a ta ly s t  ca n  e x c i t e  th e  e le c tr o n s , r e su lt in g  in  th e  e le c tr o n  m ig r a t io n  fro m  th e  
V B  to  th e  C B , le a v in g  b e h in d  a h o le  in  th e  V B , a s  sh o w n  in  F ig u r e  2.1 and  E q u a tio n  
2 .3 . T h e  p h o to -g e n e r a te d  e le c tr o n s  (e ')  and  th e  p h o to -g e n e r a te d  h o le s  (h +) are 
a v a ila b le  for ca rr y in g  o u t th e  r e d o x  a c t iv it ie s  at its  su r fa c e . T h e  p h o to -g e n e r a te d  
e le c tr o n -h o le  p a irs  (e '-h + p a irs) are a lso  d e lo c a liz e d  in  th e  b u lk  o f  th e  p h o to c a ta ly s t .  
T h e  d e lo c a liz e d  lo c a t io n s  are c a lle d  trap s ite s . U n fo r tu n a te ly , th e  e"-h+ p airs can  
u n d e r g o  r e c o m b in a tio n , w h ic h  resu lts  in  d e c r e a s in g  th e  e f f ic ie n c y  o f  th e  
p h o to c a ta ly s t . T h e  n u m b e r s  o f  th e  u se fu l e ' an d  h + in  th e  p h o to c a ta ly s t  are d ic ta ted  
b y  th e  a b ility  o f  th e  su rro u n d in g s  to  s c a v e n g e  e le c tr o n s  an d  h o le s  (E q u a tio n  2 .4 a  and
2 .4 b )  an d  th e  r e c o m b in a tio n  b e tw e e n  th e e"-h+ p a irs (E q u a tio n  2 .5 ) .

p h o to c a ta ly s t  +  h v  —> p h o to c a ta ly s t (e ~  +  h + )  (2 .3 )

p h o to c a ta ly s t (e ~  +  h + ) +  R - »  p h o to c a ta ly s t (h + ) +  R ~  (2 .4 a )

p h o to c a ta ly s t (e _  +  h  + ) +  0  —> p h o to c a ta ly s t (e _ )  +  0 + (2 .4 b )

p h o to c a ta ly s t (e ~  +  h  + ) —> p h o to c a ta ly s t  (2 .5 )
T w o  m ajor  d ra w b a ck s  o f  th e  la rge  b an d  g a p s  o f  p h o to c a ta ly s ts  h a v e  b e e n  

id e n t if ie d  as th e  r e c o m b in a tio n  o f  p h o to -g e n e r a te d  c h a r g e s  ( e ‘-h + p a ir s) and  th e  
l im ite d  lig h t  h a r v e s tin g  a b ility . T h e s e  d r a w b a c k s  resu lt  in  th e  l im ita tio n  in  th e  
e c o n o m ic a l  u sa g e  o f  th e  p h o to c a ta ly s t . T h e  r e c o m b in a tio n  p r o b le m  can  b e  
m in im iz e d  b y  lo a d in g  m eta l o n  a p h o to c a ta ly s t . T h e  lo a d e d  m e ta l b e h a v e s  as a s in k  
fo r  th e  p h o to -g e n e r a te d  e le c tr o n s , le a d in g  to  d e c r e a s in g  r e c o m b in a tio n . S e n s it iz a t io n  
w ith  d y e s  is  o n e  o f  th e  m o st  c o m m o n ly  u sed  m e th o d s  to  o v e r c o m e  th e  lim ite d  ligh t
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h a r v e stin g  a b ility  (H o tc h a n d a n i and K a m a t, 1 9 9 2 ). T h u s , b o th  d r a w b a c k s  o f  th e  
p h o to c a ta ly s t  ca n  b e  e f f e c t iv e ly  o v e r c o m e  b y  th e  m o d if ic a t io n  o f  p h o to c a ta ly s ts , 
d e p e n d in g  u p o n  th e  m ater ia l u sed .

2.2 Hydrogen Production from Water

T h e  l i f e  c y c le  o f  h y d r o g e n  is  c o n s id e r a b ly  c le a n  an d  r e n e w a b le  b e c a u se  it 
ca n  b e p ro d u c e d  fro m  c le a n  and  r e n e w a b le  so u rces:  w a te r  an d  รนท lig h t. H y d r o g e n  is  
g e n era ted  fro m  w a te r  b y  a  n u m b er  o f  p r o c e s s e s  a s  f o l lo w s :

2 .2 .1  T h e r m o c h e m ic a l W ater  S p lit t in g  W ith  th e  S u lfu r -Io d in e  C y c le  (S -I
C y c le )

T h e  S -I c y c le  is  a  se r ie s  o f  th e r m o c h e m ic a l p r o c e s s e s  u se d  to  p ro d u ce  
h y d r o g e n . T h e  S -I  c y c le  c o n s is t s  o f  th ree  se q u e n tia l c h e m ic a l r e a c tio n s , w h o s e  n et  
reactan t is  w a ter , an d  n et p ro d u cts  are h y d r o g e n  and  o x y g e n .

I 2 + S 0 2 + 2 H 2 0  1 2 0  C > 2 H I +  H 2 SC >4 ( 2 .6 )

2 H 2 ร ๐ 4 — — — - - > 2 S Q 2  + 2 H 2 0  +  0 2  ( 2 .7 )

2 H I 320° c  > I 2  + H 2  ( 2 .8 )
T h e  su lfu r  an d  io d in e  c o m p o u n d s  are r e c o v e r e d  an d  r eu sed , h e n c e  

c o n s id e r in g  th e  p r o c e s s  as a c y c le .  T h is  S -I  p r o c e s s  is  a c h e m ic a l h ea t e n g in e  w ith  an  
o v e r a ll e n e r g y  e f f ic ie n c y  o f  a ro u n d  50%  (K u d o  et al. 2 0 0 4 ) .

2 .2 .2  D ir e c t  W ater  S p lit t in g  at H ig h  T em p e r a tu r e s  U s in g  a  M ix e d  
C o n d u c tin g  M e m b r a n e

A  m ix e d  c o n d u c tin g  m e m b r a n e , su ch  a s  Z r0 2 -TiC>2 - Y 2 0 3  m em b ra n e , 
e x h ib its  h ig h  io n ic  and  e le c tr o n ic  c o n d u c tiv ity  at h ig h  te m p era tu res  u n der lo w  
o x y g e n  p artia l p r e ssu r e s . U s in g  th is  s y s te m  a s a m e m b r a n e  fo r  g a s  sep a ra tio n , 
h y d r o g e n  ca n  b e  p ro d u c e d  fro m  d irec t w a ter  sp lit t in g  at h ig h  tem p era tu res. 
V a p o r iz e d  w a te r  is  d is s o c ia te d  at h ig h  te m p era tu res , an d  th e  p r o d u c e d  o x y g e n  
p e r m e a te s  th ro u g h  th e  m e m b ra n e  b y  th e  o x y g e n  p artia l p ressu re  d if fe r e n c e . W ith
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in c r e a s in g  o x y g e n  partia l p ressu re  d if fe r e n c e , th e  w a te r  s p lit t in g  is  p r o m o te d , and  the  
am o u n t o f  th e  p ro d u c e d  h y d r o g e n  is  in cr e a se d . T h e  c o n c e p t  o f  th is  p r o c e s s  is  sh o w n  
in F ig u re  2 .3 .  W ater  v a p o r  is  in tro d u ced  in to  th e  r igh t h an d  s id e  o f  th e  m em b ra n e . A t  
h ig h  tem p era tu res  g rea ter  than  1 ,3 0 0  K , w a ter  v a p o r  b e g in s  to  d is s o c ia te  in to  s p e c ie s ,  
su ch  a s  แ 2  an d  O 2 . W h e n  th e o x y g e n  p artia l p ressu r e  o n  th e  le ft  h an d  s id e  o f  the  
m em b ra n e  is  lo w e r  th an  th at o f  th e  r igh t h an d  s id e , th e  d is s o c ia te d  o x y g e n  p erm ea tes  
in to  th e  lo w e r  o x y g e n  p artia l p ressu re  s id e , le a d in g  to  th e  se p a r a tio n  b e tw e e n  o x y g e n  
and h y d r o g e n . T h e r e fo r e , th e  r e c o m b in a tio n  b e tw e e n  h y d r o g e n  an d  o x y g e n  d o e s  n ot 
tak e p la c e . T h e  u se  o f  th e  m ix e d  c o n d u c tin g  m e m b r a n e  h a s  th e  a d v a n ta g e  o v e r  the  
e le c tr o ly s is  b e c a u s e  n o  e le c tr o d e s  or e le c tr ic  p o w e r  are req u ired  (C a le s  and  B a u m a rd ,  
19 84 ; N a ito  an d  A r a sh i, 1 9 9 5 ).

Figure 2.3 T h e  c o n c e p t  o f  h y d r o g e n  p r o d u ctio n  fr o m  d irec t w a te r  sp lit t in g  at h ig h  
tem p era tu res  u s in g  a m ix e d  c o n d u c tin g  m em b ra n e  (C a le s  and B a u m a rd , 1 9 8 4 ) .

2 .2 .3  W ater  E le c tr o ly s is
E le c tr o ly s is  can  b e  u se d  to  p r o d u c e  h y d r o g e n  b y  p a s s in g  th e  d irect  

current from  a D C  p o w e r  su p p ly  in to  a b u lk  o f  w a te r  or  e le c tr o ly te  a q u e o u s  s o lu t io n  
th ro u gh  e le c tr o d e s . In e le c tr o ly s is ,  th e  a n o d e  is  th e  p o s it iv e  e le c tr o d e , m e a n in g  that it 
h as a d e f ic it  o f  e le c tr o n s . T h e  rea c ta n ts  in  c o n ta c t  w ith  th e a n o d e  ca n  th en  be  
o x id iz e d . In th e  m e a n t im e , th e  c a th o d e  is  th e  n e g a t iv e  e le c tr o d e , m e a n in g  that it h as a 
su rp lu s o f  e le c tr o n s . T h e  reac tan ts  in  co n ta c t  w ith  th e  c a th o d e  te n d  to  g a in  e le c tr o n s
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(ca n  b e  re d u c e d ). F or  the p la tin u m  e le c tr o d e , h y d r o g e n  g a s  is  p r o d u c e d  at the  
c a th o d e , and  o x y g e n  is  p ro d u ced  at the a n o d e . I f  o th er  m e ta ls  are u se d  as th e  a n o d e , 
th ere  is  a  c h a n c e  that th e  o x y g e n  w il l  react w ith  th e  a n o d e  in s te a d  o f  b e in g  r e lea sed  
a s a g a s . F or e x a m p le , u s in g  iron  e le c tr o d e s  in  a  so d iu m  c h lo r id e  s o lu t io n  e le c tr o ly te ,  
iron  o x id e  w ill  b e  p ro d u ced  at th e  a n o d e . T h e  o v e r a ll e n e r g y  e f f ic ie n c y  o f  w a ter  
e le c tr o ly s is  v a r ie s  w id e ly  arou n d  2 5 -4 0 % . F ig u re  2 .4  s h o w s  th e  H o ffm a n  e le c tr o ly s is  
ap p aratu s u se d  in  th e  e le c tr o ly s is  o f  w ater.

Figure 2.4 T h e  H o ffm a n  e le c tr o ly s is  ap p aratu s u se d  in  e le c tr o ly s is  o f  w a ter  
(w w w .h y d r o g e n .c o .u k )

2 .2 .4  H ig h  T em p era tu re  E le c tr o ly s is  or  S te a m  E le c tr o ly s is
T h e  h ig h  tem p era tu re  e le c tr o ly s is  is  m o r e  e f f ic ie n t  e c o n o m ic a l ly  than  

trad ition a l r o o m -tem p era tu r e  e le c tr o ly s is  b e c a u s e  s o m e  o f  th e  e n e r g y  is  su p p lie d  as  
h eat, w h ic h  is  c h e a p e r  than  e le c tr ic ity , and b e c a u s e  th e  e le c t r o ly s is  r e a c tio n  is  m ore  
e f f ic ie n t  at h ig h e r  tem p era tu res . T h e  o v e r a ll e f f ic ie n c y  v a r ie s  a ro u n d  3 5 -6 5 % , 
d e p e n d in g  u p o n  th e  r ea c tio n  tem p era tu re , w h e r e  an in c r e a se  in  tem p era tu re  le a d s  to  
an in c r e a se  in  e f f ic ie n c y .  T h e  sc h e m a tic  o f  h ig h  tem p era tu re  e le c tr o ly s is  is  sh o w n  in  
F ig u re  2 .5 .

http://www.hydrogen.co.uk
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Figure 2.5 S c h e m a tic  o f  h ig h  tem p era tu re e le c tr o ly s is  ( พ พ พ .h y d r o g e n .c o .u k ) .

2 .2 .5  S tea m  R e fo r m in g
T h e  w e l l-k n o w n  c o m m e r c ia l p r o c e s s , w h e r e  m e th a n e  (o r  natural g a s)  

an d  s tea m  are c o n v e r te d  to  sy n g a s  a c c o r d in g  to  th e  f o l lo w in g  r e a c tio n , is  c a lle d  
s te a m  r e fo rm in g .

C H 4  + H 2 0 ( g )  8 0 0 - 1 0 0 0  C - > 3 H 2  +  C O  (2 .9 )
In th e c o n v e n tio n a l p r o c e s s , natural g a s  is  fed  to g e th e r  w ith  s te a m  to  th e  re form er, 
w h e r e  th e  r e fo r m in g  r e a c tio n  o c cu rs  o v e r  a c a ta ly s t  at tem p e r a tu r e s  b e tw e e n  8 0 0  and
1 0 0 0 °c.

2 .2 .6  P h o to c a ta ly t ic  D e c o m p o s it io n  o f  W ater
T h e  w a te r  d e c o m p o s it io n  rea c tio n , as s h o w n  b e lo w ;

H 2 0 - + H 2 + | 0 2  ( 2 .1 0 )

is  th e r m o d y n a m ic a lly  a  tw o -e le c tr o n  p r o c e s s  p er  m o le c u le  o f  h y d r o g e n  g e n era ted , 
w ith  AGo =  2 3 7  kJ m o l ' 1 (B o lto n , 1 9 9 6 ; A sh o k k u m a r , 1 9 9 8 ) . T h u s , a ll h y d r o g e n  
p ro d u ctio n  p r o c e s s e s  from  w a ter  a lw a y s  req u ire  th e  in p u t e n e r g y , a s  sh o w n  in  s e c t io n
2 .2 .1  -  2 .2 .5 .  T h e  p r o c e s s e s  that d isc u sse d  a b o v e  c o n s u m e  c o n v e n tio n a l so u r c e s  o f  
e n e r g y , su ch  a s  p e tr o le u m , c o a l, and e le c tr ic ity . T h e  b u rn in g  o f  p e tr o le u m  and  co a l
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c a u se s  th e  e m is s io n  o f  g r e e n h o u se  g a se s  an d  o th er  p o llu ta n ts  a s  b y -p ro d u cts , 
w h e r e a s  fo r  e le c tr ic ity  so u r c e , th e  e n e r g y  c o s t  is  v e r y  h ig h  w ith  e m is s io n  o f  
g r e e n h o u se  g a s e s  an d  o th er  p o llu ta n ts  in s o m e  e le c tr ic ity  p r o d u ctio n  p r o c e sse s .  
R e g a r d in g  th e se  p r o b le m s , th e  p h o to c a ta ly t ic  d e c o m p o s it io n  o f  w a ter  for  h y d r o g e n  
p r o d u c tio n  is  c o n s id e r e d  to  a p r o m is in g  a ltern a tiv e . T h is  is  b e c a u s e  p h o to c a ta ly s is  is  
an e n v ir o n m e n ta lly  fr ie n d ly  p r o c e s s  that u t i l iz e s  c le a n  e n e r g y  r e so u r c e , i .e . so lar  
e n e r g y , to  p erfo rm  th e  r e a c tio n s . T h e  p h o to c a ta ly t ic  r e a c tio n  is  o r ig in a ted  b y  the  
d irect a b so rp tio n  o f  a  p h o to n  b y  th e p h o to c a ta ly s t , and  th en  th e  p h o to -g e n e r a te d  
e le c tr o n -h o le  p a irs are co n tr ib u ted  to  d e c o m p o s e  w a ter  in to  H 2 an d  O 2 (L in s e b ig le r  et 
al, 1 9 9 5 ) . T h e  e le c tr o n ic  stru ctu re o f  th e  p h o to c a ta ly s t  p la y s  a k e y  ro le  in  
p h o to c a ta ly t ic  d e c o m p o s it io n  o f  w a ter , d e p e n d in g  u p o n  th e  r e la t iv e  p o s it io n s  o f  the

e n e r g y  le v e ls  o f  th e  C B  a n d  V B  w ith  resp ec t to  p ro to n s  r e d u c tio n  ( H + /  H  2  ) and  

w a ter  o x id a t io n  ( H 2 0 / 0 2 ) p o te n tia l le v e ls  and a lso  d e p e n d in g  u p o n  th e  b an d  gap  

e n e r g y  (Eg). T h e o r e t ic a lly , th e  e n e r g y  d if fe r e n c e  o f  m o re  th a n  1 .23  e V  is  n e c e ssa r y  
in  th e  p h o to c a ta ly t ic  d e c o m p o s it io n  o f  w a ter  b e c a u s e  th e  th e r m o d y n a m ic  p o ten tia l,

E  h 2 0 , fo r  th e  w a te r  d e c o m p o s it io n  rea c tio n  (Z o u  et al, 2 0 0 3 ;  L ich t et a l, 2 0 0 0 )  is  

g iv e n  by:

EH20(25 C) = E02 - E h 2 =  1 .2 3  eV  (2 .1 1 )

P h o to c a ta ly s ts , w h ic h  h a v e  th e e n e r g y  le v e ls  o f  th e ir  C B  p o te n tia l le v e l  
m o r e  n e g a tiv e  th an  that o f  p ro ton  red u ctio n  le v e l and  th eir  V B  p o te n tia l le v e l  m o re  
p o s it iv e  th an  that o f  w a ter  o x id a t io n  le v e l ,  are p o s s ib le  to  u se  to  p erfo rm  the  
p h o to c a ta ly t ic  d e c o m p o s it io n  o f  w a ter  to  p r o d u ce  H 2 a n d /o r  O 2 in  th e  p r e se n c e  o f  
lig h t  irra d ia tio n  (H o n d a  and  F u jish im a , 1 9 7 2 ), as sh o w n  in  F ig u r e  2 .6 . S o m e  o f  th e  
p h o to c a ta ly s ts  that s a t is fy  b o th  c o n d it io n s  are SrTiC>3 , TiC>2 , Sr2N b 2 0 s, Sr2 T a 2 C>7 ,

C d S , N iO , and  e tc . T h e ir  r e la tiv e  e le c tr o n ic  stru ctu res w ith  r e sp e c t  to  H + / H 2 and  

H 2 0 / 0 2  p o te n tia l le v e ls  are sh o w n  in  F ig u re  2 .7 . O n e  e f f ic ie n t  p h o to c a ta ly s t  for  

o r g a n ic  p o llu ta n ts  p h o to d e g r a d a tio n  and h y d r o g e n  p r o d u c tio n  v ia  p h o to c a ta ly t ic  
w a ter  s p lit t in g  is  s tro n tiu m  tita n iu m  tr i-o x id e  or s tro n tiu m  tita n a te  (S r T i0 3 ).
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Figure 2.6 B a n d  gap  e n e r g y  o f  th e  p h o to c a ta ly s t  (L in s e b ig le r  et al. , 1 9 9 5 ).

Figure 2.7 B a n d  e d g e  p o s it io n s  o f  s e m ic o n d u c to r s  a s  d e te r m in e d  in  
p h o to e le c tr o c h e m ic a l e x p e r im e n ts  w ith  r e sp e c t  to  a n o rm a l h y d r o g e n  e le c tr o d e  
(N H E ) as r e fe r e n c e  p o in ts , and  th e  stan dard  r e d o x  p o te n tia ls  o f  w a te r  in  a c id ic  
c o n d it io n  (M e is s n e r , 1 9 9 9 ; K u d o  et al, 2 0 0 0 ;  S u b ra m a n ia n  et a l,  2 0 0 6 ) .
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A s  sh o w n  in  F ig u r e  2 .7 , SrTiC >3 is  c o n s id e r e d  to  b e  u s e fu l fo r  p h o to c a ta ly t ic  
d e c o m p o s it io n  o f  w a te r  in  p la c e  o f  c o n v e n tio n a l p h o to c a ta ly s ts , su ch  as TiC >2 

b e c a u se  its  C B  le v e l  p r o v id e s  a h ig h e r  p h o to p o te n tia l th an  T i0 2  an d  fa c il ita te s  
h y d r o g e n  and  o x y g e n  fo rm a tio n  (S u b ra m a n ia n  et a l, 2 0 0 6 ) .  M o v e r , S r T iÛ 3 

p h o to c a ta ly s t  e x h ib its  th e  e x c e lle n t  p ro p er tie s  su c h  a s  its  h ig h  p h o to c o r r o s io n  
r e s is t ib il ity , h ig h  th erm a l s ta b ility , s tro n g  h y d r o p h ilic  su r fa c e , g o o d  h o s t  for  m eta l 
d o p in g , an d  h ig h  p h o to c a ta ly t ic  o x id a t iv e  a c t iv ity . Its m e ta l-o x y g e n -m e ta l  a n g le  o f  
its  cry sta l stru ctu re c lo s e  to  id ea l b o n d  a n g le  for  w a te r  s p lit t in g  ( th e  id e a l b o n d  a n g le  
is  1 8 0 ° .) (B la s s e , 1 9 9 8 ) . T h e re fo re , th e  fo c u s  o f  th is  resea rch  is  o n  th e  u se  o f  S r T i0 3  

p h o to c a ta ly s ts  for  p h o to h y d r o g e n  p r o d u c tio n  fr o m  th e  p h o to c a ta ly t ic  d e c o m p o s it io n  
o f  w a te r  a n d /o r  o r g a n ic  p o llu ta n ts . T h e  p h o to c a ta ly t ic  d e c o m p o s it io n  o f  w a ter
p o s s ib ly  ta k e s  p la c e  a s  th e  f o l lo w in g  c h e m ic a l s tep s:

In p h o to c a ta ly s t  p h a se : p h o to c a ta ly s t  +  h v  - >  p h o to c a ta ly s t (e _  +  h  + ) ( 2 .1 2 )

In w a ter  p h ase: H 2 0 —» O H ~ + H + ( 2 .1 3 )

S u rfa ce  rea c tio n : 2 p h o to c a ta ly s t (e _ ) +  2 H + —> H  2  ( 2 .1 4 )

2 p h o to c a ta ly s t (h  + ) +  2 0 H ~  - >  2 H + +  | < ว 2  ( 2 .1 5 )

T h e  o v e r a ll  reactio n : F l2 0  +  2 h v — — --ocatalyst > H 2  +  o 2  ( 2 .1 6 )

T h e  r e d u c tio n  an d  o x id a t io n  r e a c tio n s  are th e  b a s ic  m e c h a n ism s  o f  
p h o to c a ta ly t ic  h y d r o g e n  p ro d u ctio n . W ith o u t l ig h t  irra d ia tio n  or  n o  e x c ita t io n , b oth  
th e  e le c tr o n s  and  h o le s  are in  th e  V B . W h e n  p h o to c a ta ly s ts  are  e x c ite d  b y  p h o to n s  
w ith  th e  e n e r g y  eq u a l to  or  h ig h e r  th an  th eir  b a n d  ga p  e n e r g y , e le c tr o n s  in  th e  V B  
w h ic h  r e c e iv e  s u ff ic ie n t  e n e r g y  from  th e  p h o to n s  are p r o m o te d  to  th e  C B . T h e se  
p h o to -g e n e r a te d  e le c tr o n s  b e c o m e  im p o rtan t a s  th e ir  ro le  to  r e d u c e  th e  p ro to n s  to  
h y d r o g e n  m o le c u le s  (E q u a tio n  2 .1 4 ) ,  a n d  th e  p h o to n -g e n e r a te d  h o le s  s im u lta n e o u s ly  
g en e r a te  O 2 (E q u a tio n  2 .1 5 )  or free  ra d ic a ls , w h ic h  are a b le  to  u n d e r g o  th e  se c o n d a r y  
rea c tio n . T h e  p h o to -g e n e r a te d  e le c tr o n s  and  h o le s  that m ig r a te  to  th e  su r fa ce  o f  the  
p h o to c a ta ly s t  w ith o u t  r e c o m b in a tio n  r ed u ce  p r o to n s  and  o x id iz e  w a te r  that b o th  are 
a d so rb ed  o n  th e  p h o to c a ta ly s t  su rfa ce . T h e  e le c tr o n s  and  h o le s  c a n  a ls o  r e c o m b in e  in  
th e  b u lk  p h a se  or  o n  th e  su rfa ce  o f  th e  p h o to c a ta ly s t  w ith in  a v e r y  sh ort t im e ,
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r e su lt in g  in  lo w  e n e r g y  c o n v e r s io n  e f f ic ie n c y  fro m  th e so la r  e n e r g y  to  h y d r o g e n  b y  
th e  p h o to c a ta ly t ic  d e c o m p o s it io n  o f  w a ter . T h e  lo w  e n e r g y  c o n v e r s io n  e f f ic ie n c y  o f  
p h o to c a ta ly t ic  d e c o m p o s it io n  o f  w a ter  for  h y d r o g e n  p r o d u c tio n  is  m a in ly  d u e  to  th e  
f o l lo w in g  rea so n s:

- R e c o m b in a t io n  o f  p h o to -g e n e r a te d  e le c tr o n -h o le  pairs: C B  e le c tr o n s  
ca n  r e c o m b in e  w ith  V B  h o le s  v e r y  q u ic k ly , an d  th e  r e c o m b in a tio n  r e le a s e s  u s e le s s  
e n e r g y  in th e  fo rm  o f  u n p r o d u c tiv e  h ea t or  p h o to n s .

- F a st b a ck w a rd  reac tio n : th e  d e c o m p o s it io n  o f  w a ter  in to  h y d r o g e n  
an d  o x y g e n  is  an  e n e r g y -c o n su m in g  p r o c e s s , th u s th e  b a c k w a r d  r e a c tio n  (th e  
r e c o m b in a tio n  o f  h y d r o g e n  and  o x y g e n  in to  w a te r )  e a s i ly  p r o c e e d s .

- L im ite d  lig h t  h a r v e stin g  ab ility : m o st  p h o to c a ta ly s ts  h a v e  a b a n g  gap  
e n e r g y  w id e r  th an  3 e V  that d o e s  n o t su it  w ith  v is ib le  lig h t  r a d ia tio n  (k > 4 2 0  n m ), 
w h ic h  is  th e  la rg e  fr a c tio n  o f  so la r  rad ia tion .

In ord er  to  s o lv e  th e  a b o v e  p r o b le m s , a ttem p ts h a v e  fo c u s e d  o n  p r o m o tin g  
th e  p h o to c a ta ly t ic  a c t iv ity  and  e n h a n c in g  th e  v is ib le  lig h t  r e sp o n se . A n  a d d itio n  o f  
h o le  s c a v e n g e r s  (e le c tr o n  d o n o r s) , n o b le  m eta l lo a d in g , m e ta l io n  d o p in g , a n io n  
d o p in g , d y e  s e n s it iz a t io n , c o m p o s ite  se m ic o n d u c to r  p h o to c a ta ly s t , e tc .,  h a v e  b e e n  
in v e s t ig a te d , and  s o m e  o f  th em  h a v e  b e e n  p r o v e d  to b e  u s e fu l to  e n h a n c e  h y d r o g e n  
p r o d u c tio n . T h e  a b o v e  lis te d  te c h n iq u e s  in f lu e n c in g  แ 2 p r o d u c tio n  h a v e  b e e n  
g r o u p e d  u n d er  tw o  b roa d  c la s s if ic a t io n s  a s  c h e m ic a l a d d it io n  an d  p h o to c a ta ly s t  
m o d if ic a t io n .

2.3 Chemical Addition for แ 2 Production Enhancement

2 .3 .1  H o le  S c a v e n g e r  R e a g e n ts  to  S u p p r e ss  E le c tr o n -H o le  R e c o m b in a tio n
D u e  to  th e  rap id  r e c o m b in a tio n  o f  p h o to -g e n e r a te d  e le c tr o n s  an d  h o le s ,  

it is  d if f ic u lt  to  a c h ie v e  p h o to c a ta ly t ic  d e c o m p o s it io n  o f  w a te r  fo r  h y d r o g e n  
p r o d u c tio n  u s in g  a c t iv e  p h o to c a ta ly s ts , su c h  a s  T iÛ 2 an d  SrTiC>3 , from  d is t il le d  w ater . 
A d d in g  s o m e  s p e c if ic  c h e m ic a l a d d it iv e s  in to  d is t i l le d  w a te r  c a n  e n h a n c e  th e  p h o to ­
g e n e r a te d  e le c tr o n -h o le  sep a ra tio n , r e su lt in g  in  h ig h e r  p h o to c a ta ly t ic  a c t iv ity . T h is  
e n h a n c e m e n t is  o b ta in e d  b e c a u se  th e  c h e m ic a l a d d it iv e  b e h a v e s  as a h o le  sc a v e n g e r , 
w h ic h  can  react ir r e v e r s ib ly  w ith  th e  p h o to -g e n e r a te d  h o le s .  H e n c e , th e  c h e m ic a l
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a d d it iv e s  fo r  th e  p h o to c a ta ly t ic  d e c o m p o s it io n  o f  w a te r  c a n  b e  c o n s id e r e d  as a h o le  
s c a v e n g e r  rea g e n t. D u e  to  th e  a b ility  to  e n h a n c e  th e  p h o to c a ta ly t ic  a c t iv ity  o f  a h o le  
s c a v e n g e r , m a n y  r e sea rch ers  h a v e  c o n tin u e d  to  in v e s t ig a te  th e  u se  o f  h o le  sc a v e n g e r s . 
S a y a m a  et al. ( 2 0 0 0 )  s tu d ie d  th e e f fe c t  o f  s o d iu m  sa lt  a d d it io n  o n  th e  rate o f  
p h o to c a ta ly t ic  d e c o m p o s it io n  o f  w a te r  in to  H 2 and  0 2 u s in g  a  P t- lo a d e d  T i 0 2 

p h o to c a ta ly s t . In th e  c a s e  o f  n o  a d d it io n , a sm a ll a m o u n t o f  H 2  w a s  e v o lv e d , b ut 0 2 

e v o lu t io n  w a s  n o t o b se r v e d . U p o n  th e  a d d it io n  o f  a s o d iu m  sa lt , su c h  as N a O H , N a C l, 
N a H P 0 4 , N a 2 รO 4 , N a 2 C 0 3, and  N a 3 PC>4 , th e  H 2 e v o lu t io n  rate in cr e a se d  in  
c o m p a r iso n s  w ith  th e c a s e  o f  n o  a d d it io n , b ut th e  H 2 e v o lu t io n  rate w a s  n ot h ig h ly  
m a in ta in ed  at lo n g  irra d ia tio n  t im e  d u e  to  th e  a d so rp tio n  o f  sa lts  o n  p h o to c a ta ly s t  
su r fa ce . A m o n g  a ll ty p e s  o f  s tu d ied  so d iu m  sa lts , th e  a d d it io n  o f  N a 2 C O 3 r e su lte d  in  
d ra m a tic a lly  an  in c r e a s in g  H 2 e v o lu t io n  rate. T h e  p h o to c a ta ly t ic  p r o d u c tio n  o f  
h y d r o g e n  o n  P t /S r T i0 3 su sp e n d e d  in  e th y le n e  d ia m in e  te tr a a c e tic  a c id  (E D T A ),  
tr ie th a n o la m in e  (T E O A ), or H 2 P 0 2' so lu t io n  w a s  in v e s t ig a te d  b y  A v u d a ith a i and  
K u tty  ( 1 9 8 7 ) .  H 2 P 0 2' w a s  m o re  e f f e c t iv e  th an  E D T A  an d  T E O A . T h is  w a s  in
con trast to  th e  u se  o f  T i 0 2 a s  th e  p h o to c a ta ly s t , w h e r e  E D T A  w a s  b etter  than  o th er  
h o le  s c a v e n g e r s  (K u tty  and  A v u d a ith a i, 1 9 8 8 ). O th er  o r g a n ic  c o m p o u n d s  w e r e  a lso  
u se d  as h o le  s c a v e n g e r  r ea g en ts . L i et al. ( 2 0 0 3 )  in v e s t ig a te d  th e  p h o to c a ta ly t ic  H 2 

p ro d u c tio n  fro m  P t / T i0 2 su s p e n s io n  in  th e  p r e se n c e  o f  H 2 C 2 O 4 , E tC O O H , an d  H C H O , 
an d  fo u n d  th at th e  H 2 p r o d u c tio n  e f f ic ie n c y  w ith  th e se  h o le  s c a v e n g e r s  d e c r e a se d  in  
th e  f o l lo w in g  order: H 2 C 2 O 4 >  H C O O H  >  H C H O . T a k a ta  et al. ( 1 9 9 8 )  rep orted  the  
p h o to c a ta ly t ic  d e c o m p o s it io n  o f  w a te r  o v e r  v a r io u s  p h o to c a ta ly s ts , su c h  as T i 0 2, 
S r T i0 3, T a 2 0 5 , and  e tc ., in  b o th  a q u e o u s  N a 2 C O 3 s o lu t io n  an d  d is t ille d  w ater . 
N a 2 C 0 3 w a s  fo u n d  to  e f f ic ie n t ly  e n h a n c e  th e  p h o to c a ta ly t ic  d e c o m p o s it io n  o f  w ater. 
T h e y  a ls o  rep o rted  th e  e f fe c t  o f  a lc o h o l (a s  h o le  s c a v e n g e r )  o n  th e  p h o to c a ta ly t ic  H 2 

p ro d u c tio n  o v e r  P t / T i0 2. T h e  H 2 p r o d u c tio n  e f f ic ie n c y  d e c r e a se d  in  th e  f o l lo w in g  
order: e th a n o l >  m e th a n o l >  1-p ro p a n o l >  1-b u ta n o l. In a d d it io n , th e ir  r e su lts  sh o w e d  
that th e  d if fe r e n c e  in  th e  p h o to c a ta ly s ts  c a u se d  th e  d if fe r e n c e  in  th e  se q u e n c e  o f  
e f f ic ie n c y  in d u c e d  b y  th e se  a lc o h o ls . F or  e x a m p le , fo r  P t/K C a 2N b 3O io  p h o to c a ta ly s t , 
th e  H 2 p r o d u c tio n  e f f ic ie n c y  d e c r e a se d  in  th e  f o l lo w in g  order: m e th a n o l >  e th a n o l >
1 -p ro p a n o l >  1 -b u ta n o l.
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2 .3 .2  C h e m ic a l A d d it iv e s  to  S u p p ress  th e  B a c k w a r d  R e a c t io n  o f  H? and 0 ?  
A s  p r e v io u s ly  m e n tio n e d , a n o th er  m a in  p r o b le m  is  the fa st b ack w ard  

r ea c tio n  o f  แ 2 an d  O 2  d u e  to  an e n e r g y -c o n su m in g  p r o c e s s  o f  th e  d e c o m p o s it io n  o f  
w a ter  in to  H 2 and  O 2 . S o m e  resea rch ers  in v e s t ig a te d  th e  c h e m ic a l a d d it iv e s  that are  
c a p a b le  o f  r e d u c in g  th is  p ro b le m . S a y a m a  and  A r a k a w a  ( 1 9 9 2 ,  1 9 9 4 , 1 9 9 6 , 2 0 0 0 )  
rep orted  that an a d d it io n  o f  ca rb o n a te  sa lts  c o u ld  s ig n if ic a n t ly  e n h a n c e  แ 2 and O 2 

p ro d u ctio n . V a r io u s  se m ic o n d u c to r  p h o to c a ta ly s ts , in c lu d in g  TiC>2 , Pt-TiC>2 , T a 2 Û 5 , 
and  ZrC>2 , w e r e  te s te d , and it w a s  fo u n d  that th e  p r e se n c e  o f  N a 2 CC >3 w a s  v ery  
b e n e fic ia l for  H 2 an d  O 2 p r o d u c tio n  for  a ll th e  p h o to c a ta ly s ts  te s te d . T h e  r e su lts  from  
th e  Infrared  (1R ) s tu d y  in  th e  c a s e  o f  P t- lo a d e d  TiC >2 r e v e a le d  that the su r fa c e  o f  P t- 
lo a d e d  TiC>2 w a s  c o v e r e d  b y  m a n y  ty p e s  o f  c a rb o n a te  s p e c ie s .  T h e r e fo r e , p h o to ­
g en era ted  h o le s  w e r e  c o n s u m e d  b y  rea c tin g  w ith  ca rb o n a te  s p e c ie s  to  fo rm  carb o n ate  
r a d ica ls , w h ic h  is  b e n e f ic ia l fo r  p h o to -e x c ite d  e le c tr o n -h o le  sep a r a tio n . O n  th e  o th er  
h an d , p e r o x y c a r b o n a te s  w e r e  e a s i ly  d e c o m p o s e d  in to  O 2 an d  C O 2 . T h e  e v o lu t io n  o f  
C O 2 an d  0 2 c o u ld  p r o m o te  d e so r p tio n  o f  O 2 fro m  th e  p h o to c a ta ly s t  su r fa c e  and  thu s  
c o u ld  m in im iz e  th e  fo r m a tio n  o f  H 2 O  th ro u gh  th e  b a ck w a rd  r e a c tio n  o f  แ 2 an d  O 2 .

A n  a d d it io n  o f  io d id e  w a s  a lso  fo u n d  to  b e  a d v a n ta g e o u s  fo r  h y d r o g e n  
p ro d u ctio n . Io d id e  a n io n  (T ) in  a  su s p e n s io n  c o u ld  a d so rb  p r e fe r e n tia lly  o n to  Pt 
su r fa c e , fo r m in g  an  io d in e  la y er . T h e  io d in e  la y e r  ca n  th u s  su p p r e ss  th e  b ack w ard  
r ea c tio n  o f  แ 2 an d  O 2 to  form  H 20  (A b e  et a l, 2 0 0 3 ) .  S a y a m a  et al. ( 2 0 0 2 )  fou n d  
that th e  H 2 e v o lu t io n  to o k  p la c e  o n  P t- lo a d e d  C r -T a -d o p e d  S r T i0 3  u s in g  T (N a l  
a q u e o u s  s o lu t io n )  u n d er  v is ib le  lig h t  irra d ia tio n . H o w e v e r , a d d in g  to o  m u ch  
ca rb o n a te  sa lt  or io d id e  a n io n  b e y o n d  an o p tim u m  le v e l  w a s  fo u n d  to  r ed u ce  th e  
b e n e fic ia l e f fe c t s ,  s in c e  th e se  s p e c ie s  a d so rb ed  o n to  th e  p h o to c a ta ly s t  su r fa c e  can  
d e c r e a se  lig h t  h a r v e s tin g  a b ility  (S a y a m a  and A r a k a w a , 1 9 9 6 ).

2.4 Photocatalyst Modification for แ 2 Production Enhancement

2 .4 .1  Io n  D o p in g
2.4.1.1 Metal Ion Doping

M eta l io n  d o p in g  is  an  in te r e s t in g  m e th o d  for  d e v e lo p in g  
v is ib le  l ig h t-d r iv e n  p h o to c a ta ly s ts . T h e  m eta l io n s  d o p e d  are  in c o rp o ra ted  in to  the
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la tt ic e  o f  a p h o to c a ta ly s t , le a d in g  to  a  c h a n g e  in  th e  e le c tr o n ic  stru ctu re o f  the  
p h o to c a ta ly s t  an d  r e su lt in g  in im p r o v in g  th e  v is ib le - l ig h t  a b so r p tio n  a b ility . T h e  
d raw b ack  o f  th is  m o d if ie d  m eth o d  is  that th e  d o p in g  m e ta l io n s  a ls o  w o rk  as a 
r e c o m b in a tio n  cen te r  b e tw e e n  th e  p h o to -g e n e r a te d  e le c tr o n s  an d  th e  p h o to -g e n e r a te d  
h o le s ,  so m e w h a t  r e su lt in g  in  th e  d e c r e a se  in  th e  p h o to c a ta ly t ic  a c t iv ity . P e r o v sk ite  
S r T i0 3  h as b e e n  r e c e n tly  rep orted  to b e  o n e  o f  th e  h o s t  m a te r ia ls  fo r  th e  d e s ig n  and  
d e v e lo p m e n t  o f  v is ib le  lig h t-d r iv e n  p h o to c a ta ly s ts , w h e r e a s  SrT iC >3 a lo n e  is  a c t iv e  
o n ly  u n d er u v  rad ia tion . T h e  su b stitu tio n  o f  th e  Sr2+ or  T i4+ w ith  a m eta l ca tio n  is  
e x p e c te d  to a lter  th e  e le c tr o n ic  structure. T h e  d o p in g  o f  a  m e ta l c a t io n  can  a lter  th e  
b an d  stru ctu re o f  SrTiC>3 , i f  th e  s iz e  o f  th e  d o p in g  m eta l io n  is  c o m p a tib le  w ith  the  
la tt ic e  s iz e  o f  th e  p e r o v sk ite . S ev era l m e ta ls  su c h  a s  A g , C r, P t, R h , P d , and T a  are  
in co rp o ra ted  w e l l  in to  S r T i0 3 . T h e  p h o to c a ta ly t ic  a c t iv ity  e n h a n c e m e n t  b y  A g  
d o p in g  o n  SrT iC >3 w a s  rep orted  b y  S u b ra m an ia n  et al. ( 2 0 0 6 ) .  SrT iC >3 d o p ed  w ith  
Cr3+ led  to  an  in tro d u ctio n  o f  iso la te d  e n e r g y  le v e ls  w ith in  its  b a n d  g a p , so  p h o to n s  
c a n  b e  a b so rb ed  at th e  tw o  le v e ls ,  th e  b an d  gap  an d  th e  su b -b a n d  ga p , w h e r e  the  
la tter lea d s  to  th e  lig h t  a b so rp tio n  im p r o v e m e n t in  th e  v is ib le  r e g io n  (A sh o k k u m a r ,
1 9 9 8 ). In a d d it io n , R u -, R h -, Ir-d op ed  SrT iC >3 p h o to c a ta ly s ts  w e r e  fo u n d  to  p o s s e s s  
an  in te n se  a b so rp tio n  b an d  in  the v is ib le  lig h t. T h e  v is ib le  l ig h t  r e s p o n s e  is  d u e  to  the  
tra n sitio n  fro m  th e  e le c tr o n  d o n o r  le v e l fo r m e d  b y  th e  d o p a n t  io n s  to  th e  c o n d u c tio n  
b an d  c o m p o s e d  o f  T i3 d  o rb ita ls  o f  SrTiC>3 . T h e  R u -, R h -, Ir -d o p ed  SrT iC >3 lo a d e d  
w ith  Pt c o -c a ta ly s t  e x h ib ite d  th e  p h o to c a ta ly t ic  a c t iv ity  fo r  แ 2 p r o d u c tio n  from  an  
a q u e o u s  m e th a n o l so lu t io n  u n d er v is ib le  lig h t  irra d ia tio n  (K o n ta  et a l,  2 0 0 4 ;  K u d o , 
2 0 0 6 ) .  Ish ii et al. ( 2 0 0 4 )  a lso  s tu d ied  th e  SrT iC >3 p h o to c a ta ly s t s  d o p e d  w ith  
ch ro m iu m  io n . T h e ir  p h o to c a ta ly s ts  s h o w e d  th e p h o to c a ta ly t ic  a c t iv ity  for แ 2 

e v o lu t io n  fro m  an  a q u e o u s  m eth a n o l so lu t io n  u n d er  v is ib le  lig h t  irra d ia tio n  w ith  a 
lo n g  in d u c tio n  p er io d . T h e  lo n g  in d u c tio n  p e r io d  c o u ld  c a u s e  b y  an  in c r e a se  in  th e  e '-  
h + r e c o m b in a tio n  th ro u g h  th e  red u ctio n  p r o c e s s  o f  fo r m in g  C r3+ a n d /o r  Cr4+ from  
C r6+ and th e  o x y g e n  d e fe c ts . T h e  C r6+ io n s  and  o x y g e n  d e fe c t s  w e r e  fo rm ed  to  
m a in ta in  c h a rg e  b a la n c e  w h e n  T i4+ io n s  in  SrT iC >3 la tt ic e  w e r e  r e p la c e d  b y  C r3+ io n s. 
T h e y  c o n c lu d e d  that th e  ch a rg e  b a la n c e  b y  th e  c h a n g e  c o m p e n s a t io n  b e tw e e n  the  
d o p e d  m eta l io n s  w a s  a s ig n if ic a n t  e f fe c t  o n  th e  p h o to c a ta ly t ic  a c t iv ity  a s  s h o w n  b y  
th e  in crea se  in  th e  a c t iv ity  and  the d e c r e a se  in  th e  in d u c t io n  p e r io d  o f  th e  C r3 +/T a 5+-
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d o p e d  S r T iÛ 3 w h e n  c o m p a red  w ith  th e  C r3+-d o p e d  S r T i0 3 . It is  b e c a u s e  th e  C r6+ io n s  
and  o x y g e n  d e fe c ts  are su p p ressed  b y  c o -d o p in g  o f  ta n ta lu m  io n s  s in c e  th e  ch a rg e  
b a la n c e  in  la tt ic e  is  m a in ta in e d  b y  th e  su b stitu tio n  o f  a c o u p le  o f  C r3 +/T a 5+ for  tw o  
T i4+ io n s.

2.4.1.2 Anion doping
T h e  u se  o f  a n io n  d o p in g  to  im p r o v e  h y d r o g e n  p r o d u ctio n  

u n d er  v i s ib le  lig h t  is  a n e w  ap p roach . D o p in g  o f  a n io n s  ( N , F , c, ร , e tc .)  in  th e  
c r y s ta llin e  stru ctu res o f  s o m e  p h o to c a ta ly s ts  can  sh if t  th e  p h o to -r e sp o n se  in to  v is ib le  
re g io n . U n lik e  m eta l io n s  (c a t io n s ) , a n io n s  le s s  l ik e ly  fo rm  r e c o m b in a tio n  cen te r s  
and , th e r e fo r e , are m o re  e f fe c t iv e  to  e n h a n c e  th e  p h o to c a ta ly t ic  a c t iv ity  (A sa h i et al., 
2 0 0 1 ;  U m e b a y a sh i et al., 2 0 0 2 ;  O h n o  et al., 2 0 0 4 ;  T o rres  et al., 2 0 0 4 ) .  A sa h i et al. 
( 2 0 0 1 )  s tu d ie d  th e su b stitu tio n a l d o p in g  c o n te n ts  o f  c, N , F, P , an d  ร  for  th e  O  a to m s  
in  an a ta se  TiC>2 . It w a s  fo u n d  that m ix in g  o f  p sta te  o f  N  w ith  2 p  o f  o  c o u ld  sh if t  the  
V B  e d g e  u p w a r d s to  n arro w  d o w n  th e b an d  gap  o f  TiC>2 . T h e  d o p in g  o f  ร  w a s  fou n d  
to  resu lt in  a  s im ila r  b an d  gap  n a rro w in g . T h is  is  b e c a u s e  th e  io n ic  rad iu s o f  ร  is  to o  
large  to  b e  in co rp o ra ted  in to  th e  la ttice  o f  TiC>2 . T h e  d o p in g  o f  c or p  w a s  fo u n d  to  
b e  le s s  e f f e c t iv e  b e c a u s e  th e  d o p e d  lo c a t io n  is  s o  d e e p  th a t th e  p h o to -g e n e r a te d  
ch a rg e  carr iers are d if f ic u lt  to  m ig ra te  to  th e  su r fa c e  o f  th e  p h o to c a ta ly s t . T su ji et al. 
( 2 0 0 3 )  in v e s t ig a te d  th e  e f fe c t  o f  c o -d o p in g  o f  h a lo g e n  (C l, B r , an d  I) a n io n s  in to  a 
P b -Z n S  p h o to c a ta ly s t . T h e  d o p in g  o f  h a lo g e n  io n s  m a y  b e  u s e fu l fo r  th e  r e la x a tio n  o f  
th e  d is to r t io n  b y  th e  d o p in g  o f  la rge  P b  c a t io n s  an d  su p p r e ss  th e  fo r m a tio n  o f  n o n -  
ra d ia tiv e  tra n s it io n  s ite , at w h ic h  th e r e c o m b in a tio n  b e tw e e n  p h o to -g e n e r a te d  e ' and  
h + lik e ly  o c c u r s . T h e  p h o to c a ta ly t ic  a c t iv ity  o f  N i -  or  C u -d o p e d  Z n S  w a s  in cr e a se d  
ab o u t 2 0 %  b y  th e  c o -d o p in g  o f  a h a lo g e n  a n io n . O n  th e  o th er  h a n d , th e  a c t iv ity  o f  th e  
h a lo g e n -c o -d o p e d  p h o to c a ta ly s t  w a s  d r a stic a lly  in c r e a se d  a b o u t th ree  t im e s  h ig h er  
than that o f  th e  n o n -h a lo g e n -c o -d o p e d  p h o to c a ta ly s t . W a n g  et al. ( 2 0 0 4 )  in v e s t ig a te d  
th e  e f fe c t  o f  n itro g en  d o p e d  in to  a S r T i0 3  p h o to c a ta ly s t  v ia  o n  th e  p h o to c a ta ly t ic  
e lim in a t io n  o f  N O  g a s . T h e  resu lts  s h o w e d  that th e  p h o to c a ta ly t ic  a c t iv ity  o f  th e  
S rT i0 3  c o u ld  b e  g r e a tly  im p ro v ed  b y  n itro g en  d o p in g . Its p h o to c a ta ly t ic  a c t iv ity  
u n d er lig h t  irra d ia tio n  w ith  X > 4 0 0  n m  w a s  a b o u t 3 .5  and  1 .4  t im e s  h ig h e r  th an  th o se  
o f  n a t iv e  S r T i0 3  and  c o m m e r c ia l tita n ia  p o w d e r  (D e g u s s a  P -2 5 ) .
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2 .4 .2  M e ta l or  C o -C a ta ly s t  L o a d in g
R e g a r d in g  th e  p h o to c a ta ly t ic  r e a c tio n s , th e  c h a r g e  ( e ‘-h +) tran sfer  is  as 

im p o rta n t as th e  c h a rg e  sep a ra tio n . B e c a u se  th e  p h o to c a ta ly t ic  r e a c tio n  ca n  o ccu r  
o n ly  w h e n  th e  p h o to -g e n e r a te d  e ' an d  h + m ig ra te  to th e  su r fa c e  s ite s , io n s  sh o u ld  b e  
d o p e d  n ear th e  su r fa c e  o f  p h o to c a ta ly s t  p a r tic le s  for  a b etter  ch a rg e  tran sfer . I f  the  
io n s  are d e e p ly  d o p e d , th e y  lik e ly  b e h a v e  a s  r e c o m b in a tio n  c e n te r s , s in c e  th e  e '-h + 
m ig r a tio n  to  th e  p h o to c a ta ly s t  su r fa c e  is  m o re  d if f ic u lt . A n o th e r  m e th o d  that is  u sed  
to  e n h a n c e  th e  p h o to c a ta ly t ic  a c t iv ity  b y  in c r e a s in g  th e  c h a r g e  tran sfer  is  m e ta l or c o ­
c a ta ly s t  lo a d in g . T h e  lo a d e d  m eta l or c o -c a ta ly s t  a c ts  a s  a c h a rg e  tra n sferr in g  s ite  
a n d /o r  a c t iv e  s ite  for  th e  p h o to c a ta ly t ic  r e a c tio n s . It w a s  rep orted  that th e  
p h o to c a ta ly t ic  a c t iv ity  o f  TiC >2 c o u ld  b e  rem ark a b ly  e n h a n c e d  b y  th e a d d it io n  o f  a 
sm a ll a m o u n t o f  Pt. S u c h  an  e n h a n c e m e n t in  th e  p h o to c a ta ly t ic  a c t iv ity  h a s b een  
e x p la in e d  b y  th e  p h o to e le c tr o c h e m ic a l m e c h a n ism , in  w h ic h  th e  p h o to -g e n e r a te d  
e le c tr o n s  q u ic k ly  tra n sfer  to  th e  P t p a r tic le s  lo a d e d  o n to  th e  TiC>2 su r fa c e  w h e r e  the  
p ro to n  r e d u c tio n  r ea c tio n  p r o c e e d s . In th is  c a s e , P t b e h a v e s  a s  b o th  ch arg e  
tran sferr in g  s ite  an d  a c t iv e  s ite  (A n p o , 2 0 0 4 ) .  T h is  b e h a v io r  o f  P t- lo a d e d  on  TiC>2 

p h o to c a ta ly s t  w a s  c o n fir m e d  b y  su c h  as th e  stu d y  o f  th e  p h o to c a ta ly t ic  d eg ra d a tio n  
o f  2 -p r o p a n o l (C h a v a d ej et al.,. 2 0 0 8 ) .  T h e ir  re su lts  s h o w e d  that th e  p h o to c a ta ly t ic  
a c t iv ity  o f  P t- lo a d e d  TiC >2 w a s  m u c h  h ig h er  th an  that o f  e ith er  Pt m eta l or TiC>2 

p h o to c a ta ly s t . T h e y  p o in te d  o u t that th e  in c r e a se  in  th e  p h o to c a ta ly t ic  a c t iv ity  w a s  
c a u se d  b y  th e P t n a n o p a r tic le s  o n  TiC >2 su r fa ce , w h ic h  w e r e  r e s p o n s ib le  fo r  p ro v id in g  
th e  a d so r p tio n  s it e s  o f  2 -p ro p a n o l and  r e d u c in g  th e e le c tr o n /h o le  r e c o m b in a tio n .  
S a y a m a  et al. ( 2 0 0 2 )  fo u n d  that th e  H 2 e v o lu t io n  to o k  p la c e  o n  C r -T a -d o p e d  SrTiC >3 

p h o to c a ta ly s ts  w ith  u s in g  T as a  h o le  s c a v e n g e r  ( N a l a q u e o u s  s o lu t io n )  u n d er  v is ib le  
l ig h t  an d  th e  p h o to c a ta ly t ic  a c t iv ity  w a s  d r a s t ic a lly  in c r e a se d  w ith  lo a d in g  Pt o n to  
th e  C r -T a -d o p e d  S r T iÛ 3 p h o to c a ta ly s t . D o m e n  et al. ( 1 9 8 6 )  rep orted  the  
p h o to c a ta ly t ic  แ 2  p ro d u c tio n  o v e r  N iO -lo a d e d  SrT iC >3 p h o to c a ta ly s ts . T h e  
p h o to c a ta ly t ic  a c t iv ity  w a s  e n h a n c e d  (w h e n  c o m p a r e d  w ith  n a t iv e  S rT iC b ) v ia  tw o  
p o s s ib le  m e c h a n ism s:  first m e c h a n ism , th e  e le c tr o n s  in  th e  C B  o f  SrT iC >3 w ere  
tran sferred  d ir e c t ly  to  th e  N i m eta l p a r tic le s  and  th e n  tran sferred  to  H +, w h ic h  
a d so rb ed  o n  th e  N iO  s ite . F or  th e  se c o n d  m e c h a n ism , b o th  N iO  and  SrTiC >3 are 
e x c ite d  b y  p h o to n , and  th e  h o le  in  th e  V B  o f  SrT iC >3 in v o lv e s  in  th e  w a te r  o x id a t io n ,



25

w h ile  th e  e le c tr o n s  in  th e  C B  o f  N iO  in v o lv e  in  th e  H + r e d u c tio n , an d  th e  h o le  in  the  
V B  o f  N iO  and  th e  e le c tr o n s  in  th e  C B  o f  S rT i0 3  are c o m b in e d  at th e  N i  s ite . Q in  et 
al. ( 2 0 0 7 )  s tu d ie d  th e  in f lu e n c e  o f  C o O  c o -c a ta ly s t  o n  th e  p h o to c a ta ly t ic  a c t iv ity  o f  
L a -d o p e d  S r T iÛ 3 an d  p o in te d  ou t that th e  in c r e a se  in  th e  p h o to c a ta ly t ic  a c t iv ity  w a s  
d u e  to  th e  r o le  o f  C o  m e ta l, w h ic h  sh o u ld  re m a in  at an  in n er  c o r e  o f  th e  S rT i0 3 , 
m ig h t b e  to  cap tu re  th e  e le c tr o n s  fro m  th e  n -ty p e  se m ic o n d u c to r  SrTiC >3 an d  the  
h o le s  fro m  th e  p -ty p e  C o O , and  to  p r ev en t th e  r e c o m b in a tio n . T h e  in f lu e n c e  o f  
lo a d in g  a m o u n t o f  C o O  c o -c a ta ly s t  o n  th e  p h o to c a ta ly t ic  a c t iv ity  w a s  a lso  s tu d ied  
and th eir  re su lts  s h o w e d  th at th e  o p tim u m  lo a d in g  a m o u n t o f  C o O  in cr e a se d  w ith  
in c r e a s in g  th e  fa c t io n  o f  L a  d o p in g . T h e  o th er  p e r o v sk ité  ty p e  p h o to c a ta ly s ts , su ch  as  
Sr2 T a 2 0 7 , s h o w e d  th e  a c t iv it ie s  o f  w a te r  sp lit t in g  in to  แ 2  and  O 2 in  pure w a ter  
w ith o u t  a n y  a d d it iv e s  u n d er  u v  irrad ia tion . T h e  a c t iv ity  o f  Sr2 T a 2 Ü 7 w a s  m u ch  
in cr e a se d  b y  lo a d in g  N iO  a s a c o -c a ta ly s t  e v e n  w ith o u t  p retrea tm en t. O n  th e o th er  
h an d , n a t iv e  Sr2 N b 2 0 7  d id  n o t p o s s e s s  th e  a c t iv ity . T h e  h ig h  a c t iv ity  w a s  o b ta in ed  for  
th e  Sr2N b 2 Û 7 p h o to c a ta ly s t  w h e n  N iO  w a s  lo a d e d  and  p retrea ted . A  p red o m in a n t  
fac to r  a f fe c t in g  th e  p h o to c a ta ly t ic  b e h a v io r  o f  Sr2T a 2 0 7  and  S r2N b 2 0 7  is  the  
c o n d u c tio n  b an d  le v e ls  fo r m e d  b y  T a 5 d  and  N b 4 d  (K u d o  et a l,  2 0 0 0 ) .  In a d d itio n , 
S r e e th a w o n g  et al. ( 2 0 0 5 a , b ) a lso  in v e s t ig a te d  th e  e f fe c t  o f  N iO  c o -c a ta ly s t  lo a d e d  
o n  m e s o p o r o u s  T i 0 2 and  T a 2O s p h o to c a ta ly s ts  fo r  th e  p h o to c a ta ly t ic  d e c o m p o s it io n  
o f  w a te r  in  an a q u e o u s  m e th a n o l s o lu t io n . T h e y  a ls o  fo u n d  that th e  p h o to c a ta ly t ic  
p e r fo r m a n c e  o f  b o th  m e s o p o r o u s  p h o to c a ta ly s ts  w a s  im p r o v e d  b y  th e  p r e se n c e  o f  the  
lo a d e d  N iO  c o -c a ta ly s t .

2 .4 .3  D y e  S e n s it iz a t io n
T h e  c h a r g e  tran sfer  fro m  lig h t-e x c ite d  o r g a n ic  m o le c u le s  (d y e s )  to  a 

s e m ic o n d u c to r  w ith  a la rg e  b an d  gap  h a s lo n g  b e e n  k n o w n . T h is  te c h n iq u e  in v o lv e s  
in  b o th  p h o to e le c tr o c h e m is tr y  and p h o to c a ta ly s is  areas, in  th e  r e c e n t y ea r , and  
k n o w n  a s d y e  se n s it iz a t io n . U n d e r  v is ib le  lig h t irra d ia tio n , th e  e x c ite d  d y e s  can  in jec t  
e le c tr o n s  to  th e  C B  o f  a  se m ic o n d u c to r  p h o to c a ta ly s t  to  in it ia te  th e  c a ta ly t ic  rea c tio n s , 
a s sh o w n  in  F ig u re  2 .8 . A c c o r d in g  to  th e  m e c h a n is m  o f  d y e  s e n s it iz a t io n , th e  fa st  
e le c tr o n  in je c tio n  an d  s lo w  e le c tr o n /h o le  r e c o m b in a tio n  are th e  p ro p e r tie s  that are 
req u ired  to  a c h ie v e  a h ig h e r  e f f ic ie n c y  in  e n e r g y  c o n v e r s io n . B a s e d  o n  th e  literature
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o n  e le c tr o n /h o le  r e c o m b in a tio n  o f  d y e s , th e  r e c o m b in a tio n  t im e s  w e r e  fo u n d  to be  
m o s t ly  in th e  ord er  o f  n a n o se c o n d s  to  m ic r o s e c o n d s , s o m e t im e s  in  m il l is e c o n d s  
(H a n n a p p e l et a l,  1 9 9 7 ; M artin i et al, 1 9 9 8 ; Y a n  an d  H u p p , 1 9 9 6 ) , w h ile  the  
e le c tr o n  in je c tio n  t im e s  w er e  in  th e  ord er o f  f e m to s e c o n d s  (B u r fe in d t  et a l,  1996 ;  
R e h m  et a l, 1 9 9 6 ; M artin i et a l,  1 9 9 8 ). T h e  fa st e le c tr o n  in je c tio n  an d  s lo w  
e le c tr o n /h o le  r e c o m b in a tio n  m a k e  d y e  s e n s it iz a t io n  s u ff ic ie n t  fo r  e n h a n c in g  th e  
o v e r a ll e n e r g y  c o n v e r s io n  o f  th e  p h o to c a ta ly t ic  r e a c tio n  d u e  to  e n h a n c in g  th e  v is ib le  
l ig h t  a b so rp tio n  o f  la rg e  b an d  gap  p h o to c a ta ly s ts .

Figure 2.8 M e c h a n is m  o f  d y e -s e n s it iz e d  p h o to c a ta ly s is  u n d e r  lig h t  irrad iation  
(A sh o k k u m a r , 1 9 9 8 ).

F o r  e x a m p le , th e  a d so rp tio n  o f  d y e  s e n s it iz e r s , su c h  as R u ( b p y ) 3 + ,

E o s in  Y , M e r o c y a n in e , an d  C o u m a r in  d y e s , e tc .,  o n  p la t in iz e d  T iC >2 p h o to c a ta ly s t  led  
to  e f f ic ie n t  H 2 e v o lu t io n  from  w a te r  u n d er v i s ib le  lig h t  in  th e  p r e se n c e  o f  sa c r ific ia l  
r e a g e n ts , su c h  a s  T E A O , E D T A , a c e to n itr ile , and  a q u e o u s  r  s o lu t io n  (K iw i and  
G ra tze l et al, 1 9 7 9 ; K ajiw a ra  et a l, 1 9 8 2 ; W a n g  et a l, 2 0 0 3 ;  A b e  et al, 2 0 0 4 ) .  E v en  
w ith o u t  s e m ic o n d u c to r  p h o to c a ta ly s ts , s o m e  d y e s , su c h  a s  S a fr a n in e -O /E D T A , and  
S a fr a n in e -T /E D T A , are a b le  to  ab so rb  v is ib le  lig h t  and  p r o d u c e  e le c tr o n s  a s  red u c in g  
a g e n ts  s tro n g  e n o u g h  to  p r o d u ce  h y d r o g e n  (B i and  T ie n , 1 9 8 4 ) . N e v e r th e le s s ,  
w ith o u t  p h o to c a ta ly s ts , th e  rate o f  h y d r o g e n  p r o d u c tio n  m e r e ly  b y  d y e s  is  v e r y  lo w . 
G u ru n ath an  et al. ( 1 9 9 7 )  in v e s t ig a te d  th e  e f fe c t s  o f  d if fe r e n t  d y e s  o n  the
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p h o to c a ta ly t ic  h y d r o g e n  p ro d u c tio n  b y  SnC>2 . Q u a lita t iv e ly , th e  r a n k in g  o f  d y e s  in  
term s o f  th e  d e g r e e  o f  e n h a n c e m e n t o f  h y d r o g e n  p r o d u c tio n  rate w a s  fo u n d  in  th e

fo l lo w in g  order: E o s in  B lu e  >  R o s e  B e n g a l >  R u ( b p y ) 3 + >  R h o d a m in e  >  Z a c r if la v in

>  F lu o r e sc e in . M e m m in g  et al. ( 1 9 8 3 )  p o in te d  o u t that o n ly  th e  fir st m o n o la y e r  o f  
d y e s  d ir e c t ly  a d so rb ed  o n  th e se m ic o n d u c to r  p h o to c a ta ly s t  su r fa c e  is  a b le  to  in jec t  
c h a rg e  carr iers in to  th e  p h o to c a ta ly s ts .

2 .4 .4  C o m p o s ite  S e m ic o n d u c to r  P h o to c a ta ly s ts
T h e  u se  o f  s e m ic o n d u c to r  p h o to c a ta ly s t  c o m p o s ite s  ( c o u p lin g )  is  o n e  

m e th o d  to  u t i l iz e  v is ib le  lig h t  for h y d r o g e n  p r o d u c tio n . W h e n  a la r g e  b a n d -g a p  
s e 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  gap  s e m ic o n d u c to r  w ith  a m o r e  n e g a tiv e  
C B  le v e l, th e  C B  e le c tr o n s  c a n  b e  in je c te d  from  th e  sm a ll b an d  ga p  se m ic o n d u c to r  to  
th e  large  b an d  g a p  se m ic o n d u c to r . T h e  w id e  e le c tr o n -h o le  sep a ra tio n  is  a c h ie v e d  and  
th u s  g e n e r a te s  m o r e  c h a r g e s  to  p erfo rm  p h o to c a ta ly s is  (K u d o , 2 0 0 6 ) .  T h e  p r o c e ss  is  
q u ite  s im ila r  to  d y e  s e n s it iz a t io n . T h e  d if fe r e n c e  is  that e le c tr o n s  are in je c te d  fro m  
o n e  s e m ic o n d u c to r  to  a n o th er  se m ic o n d u c to r , rather th an  fro m  e x c ite d  d y e  to  
se m ic o n d u c to r , as s h o w n  in  F ig u re  2 .9 .

Figure 2.9 E le c tr o n  in je c tio n  in  c o m p o s ite  s e m ic o n d u c to r s  (A sh o k k u m a r , 1 9 9 8 ).
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S u c c e s s fu l  c o u p lin g  o f  tw o  s e m ic o n d u c to r s  fo r  th e  p h o to c a ta ly t ic  
w a ter  s p lit t in g  fo r  h y d r o g e n  p r o d u ctio n  u n d er  v is ib le  l ig h t  irra d ia tio n  c a n  b e  
a c h ie v e d  w h e n  th e  f o l lo w in g  c o n d it io n s  are m et:

- T h e  sm a ll b an d  ga p  s e m ic o n d u c to r  s h o u ld  b e  a b le  to  b e  
e x c ite d  b y  v is ib le  lig h t,

- T h e  C B  o f  th e  sm a ll b an d  g a p  s e m ic o n d u c to r  sh o u ld  b e  m ore  
n e g a tiv e  th an  that o f  th e  la rg e  b an d  g a p  se m ic o n d u c to r ,

- T h e  C B  o f  th e  large  b an d  g a p  s e m ic o n d u c to r  sh o u ld  b e  m ore  
n e g a tiv e  than  p ro to n  r e d u c tio n  le v e l  and

- T h e  e le c tr o n  in je c tio n  sh o u ld  b e  fa st a s  w e l l  as e f f ic ie n t .
Jan g  et al. ( 2 0 0 7 )  rep orted  that C d S (b u lk ) /T i0 2  c o m p o s ite

p h o to c a ta ly s ts  s h o w e d  a h ig h  p h o to c a ta ly t ic  a c t iv ity  fo r  h y d r o g e n  p r o d u c tio n  from  
an e le c tr o ly te  s o lu t io n  c o n ta in in g  su lf id e  and s u lf ite  a s  sa c r if ic ia l  r e a g e n ts  under  
v is ib le  r igh t irra d ia tio n  (A >  4 2 0  n m ). Its a c t iv ity  w a s  m u c h  h ig h e r  than  that o f  s in g le  
C d S  p h o to c a ta ly s t . T h e  su p er io r  a c t iv ity  o f  th e  c o m p o s ite  p h o to c a ta ly s t  is  c o n s id e r e d  
to  b e  d u e  to  a fa st c h a r g e  sep a ra tio n . T h u s, th e  d if fe r e n c e  in  th e  p o s it io n s  o f  
c o n d u c tio n  b a n d s d r iv e s  p h o to e le c tr o n s  g e n e r a te d  in  b u lk y  C d S  u p o n  in it ia l lig h t  
a b so r p tio n  to  su rro u n d in g  TiC >2 n a n o p a r tic le s . T h e  o p tim u m  m o la r  c o n c e n tr a t io n  o f  
TiC >2 in  C d S (b u Ik )/T iC >2 that s h o w e d  th e h ig h e s t  a c t iv ity  fo r  แ 2  e v o lu t io n  w a s  
d e te r m in e d  to  b e  0 .6 7 .  S o  et al. ( 2 0 0 4 )  a ls o  c o n d u c te d  p h o to c a ta ly t ic  h y d r o g e n  
p r o d u c tio n  u s in g  C d S /T iC >2 c o m p o s ite  s e m ic o n d u c to r s  an d  c o n c lu d e d  that the  
p h o to c o r r o s io n  o f  C d S  c a n  b e  p r e v e n te d  b y  a d d it io n  o f  1ร่[ท2 ร . D e  et al. (1 9 9 6 )  
c o n d u c te d  so la r  p h o to c a ta ly t ic  h y d r o g e n  p r o d u c tio n  u s in g  C d S /Z n S  c o m p o s ite  
se m ic o n d u c to r s . T h e y  s h o w e d  th at th e  a d d it io n  o f  n -S i in to  C d S /Z n S  p h o to c a ta ly s t  
e n h a n c e d  h y d r o g e n  p r o d u c tio n  rate. T h is  is  d u e  to  th e  s m a lle r  b an d  ga p  o f  n -S i 
to g e th e r  w ith  its  m o r e  n e g a tiv e  C B . W h en  e x p o s e d  to  s o la r  r a d ia tio n  w ith  
w a v e le n g th  lo n g e r  th an  5 2 0  n m , e le c tr o n s  are e x c ite d  fro m  th e  V B  o f  n -S i to  th e  C B  
o f  n -S i and  th en  tran sferred  to th e  C B  o f  C d S  s e q u e n t ia lly , r e su lt in g  in  a h ig h e r  so lar  
ra d ia tio n  u t i liz a t io n . T h e y  a lso  s h o w e d  that th e  p h o to c o r r o s io n  o f  C d S  c o u ld  be  
in h ib ite d  b y  a d d it io n  o f  N a 2 S /N a 2 SC>3 in to  th e  s o lu t io n .

In a d d it io n , Jin  et al. ( 2 0 0 7 )  a p p lie d  th e  d y e  s e n s it iz a t io n  w ith  the  
p h o to c a ta ly s t  c o m p o s ite  te c h n iq u e  to  p rep are an  E o s in  Y -s e n s it iz e d  C u O /T i0 2
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p h o to c a ta ly s t . T h e  p h o to c a ta ly t ic  a c t iv ity  o f  th e  C u 0 /T i 0 2  p h o to c a ta ly s t  for  
h y d r o g e n  p r o d u c tio n  w a s  s ig n if ic a n t ly  e n h a n c e d  b y  E o s in  Y  s e n s it iz a t io n  d u e  to  th e  
b u ild -u p  o f  e x c e s s  e le c tr o n s  in  th e  c o n d u c tio n  b an d  o f  C u O  b y  th e  e x c ite d  e le c tr o n s  
fro m  b oth  s e n s it iz e r  m o le c u le s  and TiC >2 that w e r e  in je c te d  in to  th e  C B  o f  C u O  
th ro u gh  th e C B  o f  T i0 2 .

2 .4 .5  S tru ctu re an d  M o r p h o lo g y  C o n tro l o f  P h o to c a ta ly s ts
T h e  stru ctu re and m o r p h o lo g y  are th e  im p o rta n t c h a r a c te r is tic s  o f  

p h o to c a ta ly s ts  that a f fe c t  th e ir  p h o to c a ta ly t ic  a c t iv ity , a s  d e sc r ib e d  in  m an y  
r e sea rch es . T h e  p h o to c a ta ly t ic  a c t iv ity  e n h a n c e m e n t  b y  th e  p r e se n c e  o f  m e so p o r o s ity  
w a s  rep orted . B a s c a  and K iw i ( 1 9 9 8 )  rep orted  that th e  p r e se n c e  o f  th e  ru tile  p h a se  in  
T iÜ 2 c a u s in g  m e s o p o r o s ity  an d  w id e  p o re  s iz e  d is tr ib u tio n , w h ic h  g a v e  r ise  to  h ig h er  
p h o to c a ta ly t ic  a c t iv ity . D a i et al. ( 1 9 9 9 )  s h o w e d  that th e  m e so s tr u c tu r e d  TiC >2 had  
m u c h  h ig h er  p h o to c a ta ly t ic  a c t iv ity  fo r  th e  d e g r a d a tio n  o f  2 ,4 ,6 -tr ic h lo r o p h e n o l  
(T C P )  in  w a te r  than  n o n -m e so s tr u c tu r e d  TiC >2 n a n o p a r tic le s  ( P -2 5 ) .  M o r e o v e r , th e  
e n h a n c e m e n t o f  th e  p h o to c a ta ly t ic  a c t iv ity  o f  d iffe r e n t p h o to c a ta ly s ts  w a s  a lso  
c o n fir m e d  b y  th e  p r e se n c e  o f  m e s o p o r o s ity  (S r e e th a w o n g  et al., 2 0 0 5 a ,  b , c , 2 0 0 6 ) .  
W a n g  et al. ( 2 0 0 7 )  p rep ared  fib r o u s  SrTiC >3 p h o to c a ta ly s ts  b y  u s in g  th e  h yd ro th erm al 
r e a c tio n  m e th o d . T h e ir  f ib r o u s  S r T iO î e x h ib ite d  h ig h e r  N O  e lim in a t io n  c a p a b ility  
th an  th e sp h e r ic a l SrTiC >3 p rep ared  b y  th e  so l id -s ta te  r e a c tio n . F o r  th e ir  N -d o p e d  
f ib r o u s  SrTiC>3 , it s h o w e d  e x c e lle n t  p h o to c a ta ly t ic  a c t iv ity , w h ic h  w a s  a b o u t 2 .4  
t im e s  h ig h e r  th an  that o f  sp h e r ic a l S rT i0 3  p o w d e r s  fo r  th e  irra d ia tio n  w ith  X > 4 0 0  
n m  an d  a b o u t 1.3 t im e s  h ig h e r  than  that o f  a  sp h e r ic a l o n e  fo r  th e  irra d ia tio n  w ith  X > 
2 9 0  n m . Ik ed a  et al. ( 2 0 0 6 )  in v e s t ig a te d  a n o v e l  p h a se -b o u n d a r y  p h o to c a ta ly s t  for  
o v e r a ll w a ter  sp lit t in g . T h e y  p rep ared  a P t- lo a d e d  SrT iC >3 ( c o r e ) - s i l ic a  ( sh e ll)  
p h o to c a ta ly s t  an d  m o d if ie d  it w ith  a f lu o r o a lk y ls ily la t io n  a g e n t to  o b ta in  th e  flo a ted  
p o w d e r  p h o to c a ta ly s t . T h e  o b ta in ed  p h o to c a ta ly s t  c o u ld  a s s e m b le  at a  g a s -w a te r  
in te r fa c e  in  th e  w a te r  s p lit t in g  sy s te m . T h e  o v e r a ll e f f ic i e n c y  o f  th is  s y s te m  w a s  
h ig h e r  than  that o f  th e  n o n -f lo a te d  P t- lo a d e d  SrT iC >3 s u s p e n s io n  s y s te m . T h e  h ig h er  
e f f ic ie n c y  is  p r o b a b ly  d u e  to  th e  su p p r e s s io n  o f  th e  b a c k w a r d  re a c tio n  (th e  
p r o d u ctio n  o f  w a te r  fro m  น2 an d  O 2 ) b y  th e  fa st d if fu s io n  rate o f  p ro d u c e d  g a se s
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from  w a ter  p h a se  in to  g a s  p h a se  that w a s  in d u c e d  b y  th e  f lo a te d  p h o to c a ta ly s t . 
H o w e v e r , th is  n o v e l p h a se -b o u n d a r y  p h o to c a ta ly s t  s h o w e d  lo w  p h o to s ta b ility .

W h en  c o n s id e r in g  th e cry sta l stru ctu re, th e  id ea l M e ta l-O x y g e n -M e ta l  
(M -O -M ) b o n d  a n g le  o f  1 8 0 °  o f  p h o to c a ta ly s t  is  v e r y  b e n e fit  fo r  p h o to e x c ita t io n  d u e  
to  th e  id ea l lo w e s t  e x c ita t io n  e n e r g y  and  th e  e a s y  e le c tr o n  lo c a l iz a t io n  ( B la s s e , 1 9 9 8 ). 
T h u s, m a n y  r e sea rch ers  turn to in v e s t ig a te  th e  p e r o v s k ite - ty p e  p h o to c a ta ly s ts  
b e c a u se  th e  M -O -M  b o n d  a n g le  in  cry sta l stru ctu re are  c lo s e  to  th e  id ea l b o n d  a n g le  

( 1 8 0 ° ) ,  e s p e c ia l ly  S r T i0 3  w h ic h  h as an id ea l c u b ic  p e r o v sk ite  cry sta l stru ctu re, as  
sh o w n  in F ig u re  2 .1 0 . T h e  T i-O -T i b o n d  a n g le  in  th e  c u b ic  p e r o v s k ite  S r T i0 3  is  v ery  
c lo s e  to  th e  id ea l b o n d  a n g le .

Figure 2.10 C u b ic  p e r o v sk ite  S rT i0 3  (B la s s e , 1 9 9 8 ) .

T h e  p e r o v sk ite  stru ctu re ca n  b e r e p r esen ted  b y  th e  g en era l form u la;  
A B O 3 , in w h ic h  A , th e  large  ca tio n  s ite , m a y  b e  an  a lk a li , a lk a lin e  earth , or rare-earth  
io n , and  B , th e  sm a ll ca tio n  s ite , is  a tra n sitio n  m eta l c a t io n . T h e  id ea l p e r o v sk ite  
structure is  c u b ic . A  la rge  n u m b er o f  th e  A B O 3 c o m p o u n d s  are o r th o r h o m b ic , 
r h o m b o h ed ra l, or te tra g o n a l but are so  c lo s e  to  c u b ic  that th e y  c a n  b e a p p ro x im a te d  
b y  th e  c u b ic  stru ctu re. T h e  p e r o v sk ite  stru ctu re p r o v id e s  th e  f le x ib i l i ty  to  v a ry  th e  
c o m p o s it io n  o f  th e  A  and  B  s ite s  an d /o r  to in co rp o ra te  a c o m b in a tio n  o f  c a t io n s  at 
the A  and B  s ite s  to  fo rm  su b stitu ted  p e r o v sk ite s . B e c a u s e  th e  cry sta l stru ctu re o f  
p e r o v sk ite  c o m p o u n d s  is  p r im a rily  d e te r m in e d  b y  io n ic  s iz e  rath er than  v a le n c y , it is  
p o s s ib le  to  su b stitu te  s e le c t iv e ly  for e ith er  th e  A  or  B  io n  b y  in tr o d u c in g  is o v a le n t  or
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a lio v a le n t  io n s . I f  th e  io n ic  rad iu s o f  a su b stitu te  c a t io n  is  c lo s e  to th e  n a tiv e  ca tio n  in  
an  o x id e , th e  su b stitu tio n  can  o c c u r  e v e n  th o u g h  th e v a le n c e  o f  th e  io n s  m a y  b e  
d iffe r e n t. I f  th e  v a le n c e  is  d ifferen t, c o m p e n sa t in g  e le c tr o n s , h o le s , or ch arg ed  
v a c a n c ie s  w i l l  o cc u r , le a d in g  to  th e  ch a n g e  in  th eir  e le c tr o c h e m ic a l p ro p er tie s . T h u s  
in  p r in c ip le , fo r  th e  p ero v sk ite -stru c tu red  p h o to c a ta ly s ts , th e  a d ju stm e n t o f  the  
s to ic h io m e tr y  a n d /o r  d o p in g  w ith  iso v a le n t  or a l io v a le n t  io n s  can  b e  u se d  to  m o d ify  
th eir  p h o to c a ta ly t ic  p ro p erties  (K u d o  et al, 2 0 0 0 ;  S u z u k i et al., 2 0 0 5 ;  S u b ram an ian  
et al., .2 006 ; Q in  et al., 2 0 0 7 ) . F or  e x a m p le , S u b ra m a n ia n  et al. ( 2 0 0 6 )  in v e s tig a te d  
th e  s to ic h io m e tr y  (S r -to -T i)  e f fe c t  o n  th e p h o to c a ta ly t ic  a c t iv ity  o f  SrT iC >3 in the  
p h o to d é g r a d a tio n  o f  v ic to r ia  b lu e  d y e . T h e  SrTiC>3 p h o to c a ta ly s t  w ith  an  eq u im o la r  
S r-to -T i ratio  e x h ib ite d  h ig h er  p h o to c a ta ly tic  a c t iv ity  th an  th e  n o n -e q u im o la r  S r-to -  
T i ra tio  SrTiC >3 p h o to c a ta ly s t . In a d d itio n , for  th e  n a t iv e  p e r o v sk ite -stru c tu red  
p h o to c a ta ly s ts , it w a s  rep orted  that the d ip o le  m o m e n t a lo n g  p e r o v sk ite  la yers  
s e e m e d  to e n h a n c e  th e  ch a rg e  sep a ra tio n , r e su lt in g  in  h ig h  p h o to c a ta ly t ic  a c tiv ity  
(K u d o  et al., 2 0 0 0 ) .  T a b le  2 .1  su m m a r iz e s  th e  r e su lts  o f  h y d r o g e n  p ro d u ctio n  
e f f ic ie n c y  u s in g  SrTiC >3 at d ifferen t lo a d in g  m e ta ls  and  o p e r a tio n a l c o n d it io n s . F rom  
T a b le  2 .1 , th e  S r T i0 3 w ith  La and  C o O  d o p e d  g iv e  th e  h ig h e s t  h y d r o g e n  p ro d u ctio n .

2.5 Photocatalytic Degradation of Organic Pollutants

P h o to c a ta ly s ts  ca n  a ls o  b e  a p p lied  fo r  th e  p h o to d e g r a d a tio n  o f  v a r io u s  
o r g a n ic  p o llu ta n ts , a s  m e n tio n e d  in  S e c tio n  2 .2 . A h u ja  an d  K u tty  ( 1 9 9 6 )  in v e s t ig a te d  
th e  p h o to c a ta ly t ic  a c t iv ity  o f  S r T iÜ 3 for th e  p h o to d e g r a d a tio n  o f  p h e n o l in an 
a q u e o u s  s o lu t io n . T h e  SrTiC>3 p h o to c a ta ly s t  s h o w e d  h ig h e r  p h o to c a ta ly t ic  a c tiv ity  
than  th e c o m m e r c ia l T i 0 2 (D e g u s s a  P 2 5 ) . O tsu k a -Y a o -M a tsu o  et al. (2 0 0 4 )  
in v e s t ig a te d  th e  p h o to b le a c h in g  o f  m e th y le n e  b lu e  a q u e o u s  so lu t io n  b y  u s in g  T i 0 2, 
S r T i0 3, C e T i0 4, C e T i2 0 6, T i 0 2 /S r T i0 3, C e T i0 4/S r T i 0 3, an d  C e T i2 0 6/S r T i0 3 

p h o to c a ta ly s ts , an d  th eir  re su lts  sh o w e d  that th e  p h o to c a ta ly t ic  a c t iv ity  o f  th o se  
p h o to c a ta ly s ts  w e r e  r e la t iv e ly  h ig h  u n d er v is ib le  lig h t  irra d ia tio n . W a n g  et al. ( 2 0 0 4 ,
2 0 0 7 )  p rep ared  fib ro u s  S r T i0 3 p h o to c a ta ly s t  b y  u s in g  th e  h y d ro th erm a l reac tio n  
m eth o d . T h e ir  f ib r o u s  SrTiC >3 e x h ib ite d  h ig h e r  N O  e lim in a t io n  c a p a b ility  than th e  
sp h er ica l S r T i0 3 prep ared  b y  th e so l id -s ta te  rea c tio n . F o r  th e  N -d o p e d  fib rou s
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SrTiC>3 , it s h o w e d  e x c e lle n t  p h o to c a ta ly t ic  a c t iv ity , w h ic h  w a s  a b o u t 2 .4  t im e s  h ig h er  
th an  that o f  sp h e r ic a l S r T i0 3  p o w d e r s  fo r  X >  4 0 0  n m  an d  a b o u t 1.3 t im e s  h ig h e r  than  
that o f  a sp h e r ic a l o n e  for  X >  2 9 0  nm .

T h e r e  i s  a n o th er  o p tio n  for  c o m b in in g  p h o to d e g r a d a tio n  o f  o rg a n ic  
p o llu ta n ts  an d  th e  h y d r o g e n  p ro d u ctio n , a s  in d ic a te d  in  th e  f o l lo w in g  eq u a tio n . 

C H 3 C O O H (a q ) +  0 2 ->  2 C 0 2 (g )  +  2 H 2 (g )
A c e t ic  a c id  (CH 3 COOH) is  u se d  a s  th e  sa c r if ic ia l d o n o r  in  th e  r e d u c tio n  h a l f  rea c tio n . 
H y d r o g e n  is  d ir e c t ly  p r o d u c e d  a t th e  sa m e  t im e  as th is  o r g a n ic  c o m p o u n d  is  o x id iz e d  
(B o lto n , 1 9 9 6 ) . T h e  p h o to in d u c e d  h y d r o g e n  p r o d u c tio n  from  th e  p h o to c a ta ly t ic  
d eg ra d a tio n  o f  a n u m b er  o f  o r g a n ic  c o m p o u n d s  in  s o lu t io n , in c lu d in g  a lc o h o ls  and  
o r g a n ic  a c id s , h a s  b e e n  in v e s t ig a te d  u n d er  so la r  or  u v  irra d ia tio n  w ith  th e u se  o f  
P t /T i0 2 p h o to c a ta ly s t  (P a tso u r a , 2 0 0 7 ) .  It h a s b e e n  fo u n d  that th e  rate o f  
p h o to in d u c e d  h y d r o g e n  p r o d u c tio n  d e p e n d s  s tr o n g ly  o n  th e  c o n c e n tr a t io n  o f  the  
sa c r if ic ia l a g e n t  e m p lo y e d  an d  to à le s se r  e x te n t  o n  s o lu t io n  p H  an d  tem p era tu re . A t  
th is  p o in t , it ca n  b e  c o n c lu d e d  that p h o to d e g r a d a tio n  o f  o r g a n ic  p o llu ta n ts  (su c h  as  
a lc o h o ls  an d  o r g a n ic  a c id s )  ca n  b e  a c h ie v e d  w ith  s im u lta n e o u s  p r o d u c tio n  o f  H 2, and  
th is  p r o c e s s  p o te n tia lly  p r o v id e s  an e f f ic ie n t  and c o s t  e f f e c t iv e  m e th o d  for th e  w a s te  
treatm en t.

In  a d d it io n , in  th e  c a s e  that th e  f in a l d e c o m p o s e d  p r o d u c ts  are C 0 2  and  H 20  
(B arreto  et a l,  1 9 9 6 ; P o z d n y a k o v  et a l,  2 0 0 4 ;  H o ffm a n n  et a l,  2 0 0 8 ) ,  th e  
p o te n tia lly  a d d ed  v a lu e  o f  h y d r o g e n  p r o d u ctio n  is  p o s s ib le . It is  th e r e fo r e  p o s s ib le  to  
m o d ify  th e s e  p h o to d e g r a d a tio n  p r o c e s s e s  w ith  p h o to c a ta ly t ic  h y d r o g e n  p ro d u c tio n ,  
w h e r e a s  h y d r o g e n  w o u ld  b e  p ro d u ced  fro m  th e  o r g a n ic  p o llu ta n ts  d u r in g  th e  
p h o to d e g r a d a tio n  p r o c e s s e s . T a b le  2 .2  su m m a r iz e s  th e  r e su lts  o f  p h o to d e g r a d a tio n  o f  
v a r io u s  p o llu ta n ts  u s in g  SrTiC >3 w ith  v a r io u s  m o d if ic a t io n s .



Table 2.1 Results of the SrTi0 3 -based photocatalysts for photocatalytic decomposition of water for hydrogen production

N o . P h o t o c a t a l y s t R e a c t i o n  C o n d i t i o n s  

( a m o u n t  o f  c a t a l y s t ,  r e a c t a n t  s o l u t i o n ,  
l i g h t  s o u r c e )

I r r a d i a t i o n  t y p e H y d r o g e n  e v o l u t i o n ,  
p m o l - h ' 1

R e f e r e n c e s

1 1%  R h - d o p e d ,  0 .1  w t .%  P t-  

lo a d e d  S r T i 0 3

P h o t o c a t a lv s t :  0 .3  R, 1 5 0  m l o f  1 0  v o l .%  

a q u e o u s  M e O H , 3 0 0  พ  X e  la m p  w it h  

c u t o f f  f i l t e r  (A. >  4 4 0  n m )

T o p  ir r a d ia t io n 1 1 7  ( m a x im u m  r a te ) K o n t a  et al., 
2 0 0 4

2 4  m o l%  C r - , 4  m o l%  T a -  

1 w t .%  P t - lo a d e d  S r T i 0 3, 
w it h  H 2 r e d u c t io n  a t 7 7 3  K

P h o t o c a t a lv s t :  l e .  3 1 0  m l o f  6 .5  v o l .%  

a q u e o u s  M e O H , 3 0 0  พ  X e  la m p  w it h  

c u t o f f  f i l t e r  (A. >  4 4 0  n m ) ,

U n c le a r 7 0 I s h i i  et al., 
2 0 0 4

3 0 .0 3  m o l%  L a - d o p e d ,
0 .2  w t .%  C o O / S r T i 0 3, 
w it h  H 2 r e d u c t io n  a t 7 7 3  K

P h o t o c a t a lv s t :  0 .1  e .  8 0 0  m l o f  d e i o n iz e d  

w a t e r  c o n t a in in g  N a 2C 0 3, 4 0 0  พ  h ig h  

p r e s s u r e  H g  la m p

E x te r n a l ir r a d ia t io n 2 8 0 Q in  et al., 
2 0 0 7

4 P t - lo a d e d  S r T i 0 3 

w /o - p - S i / P t - lo a d e d  S r T i 0 3

P h o t o c a t a lv s t :  0 .0 5  e ,  1 5 0  m l o f  p u r e  

w a t e r ,  1 k w  u l t r a h ig h -p r e s s u r e  m e r c u r y  arc  

(A. >  2 9 0  n m )

T o p  ir r a d ia t io n 1 2 .4

2 8 .7

I k e d a  et al., 
2 0 0 6
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Table 2.2 Results of the SrTi0 3 -based photocatalysts for photocatalytic decomposition of various pollutants

N o . P h o t o c a t a l y s t R e a c t i o n R e a c t io n  c o n d i t i o n s D e g r a d a t i o n  r a t e R e f e r e n c e s
1 A g - d o p e d  S r T i 0 3 D e g r a d a t io n  o f  

v ic t o r ia  b lu e  d y e
P h o t o c a t a lv s t :  d v e  d e p o s i t e d  f i lm  

c a t a ly s t ,  2 5 0  พ  x e n o n  la m p  a n d  w it h  a  

C u S 0 4 s o lu t io n  to  c u t  o f f  h ig h - U V  

r a d ia t io n  (À. >  3 0 0  n m )

T h e  p h o t o c a t a ly t i c  a c t iv i t y  o f  A g -  

d o p e d  S r T i 0 3 w a s  o b s e r v e d  to  

in c r e a s e  t h e  d e g r a d a t io n  o f  th e  d y e  

b y  1 5 %  w h e n  c o m p a r e d  w it h  

n a t iv e  S r T i 0 3

S u b r a m a n ia n  

et ai, 2 0 0 6

2 N - d o p e d  S r T i 0 3 N O ( g )  e l im in a t io n P h o t o c a t a lv s t :  u n c le a r .  2 0 0  c m 3 m in ' 1 o f  

1 p p m  N O  in  5 0  v o l .%  a ir  b a la n c e d  w it h  

N 2, 4 5 0  พ  h ig h  p r e s s u r e  H g  a r c , w it h  

c u t o f f  f i l t e r  (7. >  2 9 0  n m  a n d  X >  4 0 0  

n m )

ร: 6 0  % c o n v e r s io n  fo r  X >  2 9 0  n m  

a n d

ร: 4 8 %  c o n v e r s io n  fo r  X >  4 0 0  n m

W a n g  et al., 
2 0 0 4

3 F ib r o u s  S r T i 0 3 

N - d o p e d  f ib r o u s  S r T i 0 3

N O ( g )  e l im in a t io n  

N O ( g )  e l im in a t io n

P h o t o c a t a lv s t :  u n c le a r .  2 0 0  c m 3 m in ' 1 o f  

1 p p m  N O  in  5 0  v o l .%  a ir  b a la n c e d  w it h  

N 2, 4 5 0  พ  h ig h  p r e s s u r e  H g  a r c , w it h  

c u t o f f  f i l t e r  (X > 2 9 0  n m  a n d  X >  4 0 0  

n m )

ร: 5 5  %  c o n v e r s io n  fo r  X > 2 9 0  n m  

a n d

ร: 2 0  %  c o n v e r s io n  fo r  X > 4 0 0  n m

ร: 6 0  %  c o n v e r s io n  fo r  X > 2 9 0  n m  

a n d

ร  4 0  %  c o n v e r s io n  fo r  X > 4 0 0  n m

W a n g  et al., 
2 0 0 7



Table 2.2 Results of the SrTi0 3 -based photocatalysts for photocatalytic decomposition of various pollutants (continued)

N o . P h o t o c a t a l y s t R e a c t i o n R e a c t i o n  c o n d i t i o n s D e g r a d a t i o n  r a t e R e f e r e n c e s

4 S r T i 0 3, w it h  H 2 

r e d u c t io n  at 7 7 3  K
M in e r a l iz a t io n  o f  

p h e n o l
P h o t o c a t a lv s t :  0 .1  w t .% , 2  m M  in it ia l  

c o n c e n t r a t io n  o f  p h e n o l  a q u e o u s  s o lu t io n  

w it h  N a C 1 0 3 o r  H 20 2 a s  e l e c t r o n  

s c a v e n g e r ,  m e d iu m  p r e s s u r e  H g  la m p

T h e  f r a c t io n  o f  p h e n o l  d e g r a d a t io n  

r a te  =  0 .0 6 ,
F o r  D e g u s s a  P 2 5 ,  r a te  =  0 .0 2

A h u j a  et ai, 
1 9 9 6

5 S r T i 0 3, 6 0  w t.%  

C e T i 0 4/ S r T i 0 3, a n d  7 0  

w t.%  C e T i 20 6 / S r T i 0 3

P h o t o b le a c h in g  o f  

m e t h y le n e  b lu e
P h o t o c a t a lv s t :  0 .2  ร, 1 0 0  m l o f  2 x 1  O' 5 

m o l- d m ' 3 m e t h y le n e  b lu e  a q u e o u s  

s o lu t io n ,
T o p  ir r a d ia t io n  o f  5 0 0  พ  X e  la m p , w it h  

c u t o f f  f i l t e r  (X > 4 2 0  n m )

5 . 8 x l 0 ' 3 A i m i n  ', 

6 .6 x 1  O' 3 A abs m in '1, 

3 . 2 x l 0 ' 3 Aabs m in '1, 
r e s p e c t i v e ly

O t s u k a - Y a o -  

M a t s u o  et ai, 
2 0 0 4
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