
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Photocatalyst Characterizations

4 .1 .1  T G - D T G  R e s u l t s
T h e  T G - D T G  c u r v e s  w e r e  u s e d  to  s tu d y  th e  th e rm a l  d e c o m p o s i t io n  

b e h a v io r  o f  th e  s y n th e s iz e d  d r ie d  p h o to c a ta ly s ts  a n d  to  o b ta in  th e i r  s u i ta b le  
c a lc in a t io n  te m p e r a tu r e .  F ig u r e s  4.1 a n d  4 .2  s h o w  th e  T G - D T G  c u r v e s  o f  th e  d r ie d  
p u re  T iC >2 a n d  0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  m ix e d  o x id e  g e ls ,  r e s p e c t iv e ly .  T h e  D T G  c u r v e s  
s h o w  th re e  m a in  e x o th e r m ic  r e g io n s . T h e  d e ta i ls  o f  a ll e x o th e r m ic  r e g io n s  a n d  th e i r  
c o r r e s p o n d in g  w e ig h t  lo s s e s  a re  s u m m a r iz e d  in  T a b le  4 .1 . T h e  f i r s t  e x o th e r m ic  

r e g io n , w i th  i ts  p o s i t io n  lo w e r  th a n  1 5 0  ๐c ,  is  a t t r ib u te d  to  th e  r e m o v a l  o f  
p h y s i s o r b e d  w a te r  m o le c u le s  f ro m  th e  d r ie d  g e ls . T h e  s e c o n d  e x o th e r m ic  - re g io n  
b e tw e e n  1 5 0  a n d  3 5 0  °C  is  a t t r ib u te d  to  th e  b u r n o u t  o f  th e  s u r f a c t a n t  m o le c u le s  

( S r e e th a w o n g  et  a l ,  2 0 0 9 ) . T h e  th i r d  e x o th e r m ic  r e g io n  b e tw e e n  3 5 0  a n d  5 0 0  °C  
c o r r e s p o n d s  to  th e  c r y s ta l l i z a t io n  p r o c e s s  o f  th e  p h o to c a ta ly s ts  a n d  a ls o  th e  r e m o v a l  
o f  o r g a n ic  r e m n a n ts  a n d  c h e m is o r b e d  w a te r  m o le c u le  ( H a g u e  et al.,  1 9 9 4 ) . T h e  T G  
r e s u l t s  r e v e a l  th a t  th e  w e ig h t  lo s s e s  e n d e d  a t a  te m p e r a tu r e  o f  a p p r o x im a te ly  5 0 0  ๐c  
fo r  b o th  th e  d r ie d  p h o to c a ta ly s ts .  T h e r e f o r e ,  th e  c a lc in a t io n  te m p e r a tu r e  a t  5 0 0  °c is  
s u f f ic ie n t  fo r  b o th  th e  c o m p le te  s u r f a c ta n t  r e m o v a l  a n d  th e  p h o to c a ta ly s t  
c r y s ta l l iz a t io n  p r o c e s s .  T h e r e f o r e ,  th e  c a lc in a t io n  te m p e r a tu r e  in  th e  r a n g e  o f  5 0 0  a n d  
9 0 0  °c w a s  u s e d  to  in v e s t ig a te  i ts  e f f e c t  o n  th e  p h y s ic o c h e m ic a l  p r o p e r t ie s  a n d  
c o n s e q u e n t  p h o to c a ta ly t ic  h y d r o g e n  p r o d u c t io n  a c t iv i ty .
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Temperature(°C)
4.1 T G - D T G  c u r v e s  o f  th e  d r ie d  s y n th e s iz e d  p u re  T iC >2 p h o to c a ta ly s t .

Temperature(°C)

Figure 4.2 T G - D T G  c u r v e s  o f  th e  d r ie d  s y n th e s iz e d  0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  
p h o to c a ta ly s t .

We
igh

t lo
ss 

(%
) 

We
igh

t lo
ss 

(%
)



46

Table 4.1 T h e r m a l  d e c o m p o s i t io n  r e s u l t s  o f  th e  d r ie d  s y n th e s i z e d  p u r e  T iC >2 a n d  
0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  m ix e d  o x id e  p h o to c a ta ly s ts  f ro m  T G - D T G  a n a ly s is

Position of exothermic peak (°C) Corresponding weight loss (wt.%)
Photocatalyst 1stregion 2ndregion

y d
region

4th
region

151
region

2ทd
region

y d
region

4th
region Total

Tier 25-150 150-260 260-340 340-500 2.09 12.51 12.06 17.09 43.75

0.95Ti02-0.05Zr02 25-120 120-270 270-350 350-500 1.36 17.18 9.69 11.62 39.85

4 .1 .2  N ? A d s o r p t io n - D e s o r p t io n  R e s u l ts
T h e  1รเ2 a d s o r p t io n - d e s o r p t io n  a n a ly s is  w a s  u s e d  to  v e r i f y  th e  

m e s o p o r o s i ty  o f  th e  T iÛ 2 -Z r0 2  m ix e d  o x id e  p h o to c a ta ly s t  w i th  d i f f e r e n t  T i0 2 - to -  
Z r Û 2 m o la r  r a t io s .  T h e  s h a p e  o f  th e  is o th e r m s  e x h ib i t s  th e  c h a r a c te r i s t ic  b e h a v io r  o f  
th e  s t r u c tu r e  o f  p o w d e r ,  w h ic h  is  c o m p o s e d  o f  a n  a s s e m b ly  o f  p a r t i c le s  w i th  la rg e  
o p e n  p a c k in g . T h e  a d s o r p t io n - d e s o r p t io n  i s o th e r m s  o f  th e  p u r e  T iÛ 2 c a lc in e d  a t 5 0 0  
°c f o r  4  h , th e  0 . 9 5 T i 0 2- 0 .0 5 Z r 0 2 m ix e d  o x id e  c a lc in e d  a t 8 0 0  ๐c  fo r  4  h , a n d  th e  0 .5  
w t .%  P t- lo a d e d  0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  m ix e d  o x id e s  c a lc in e d  a t  8 0 0  °c a re  s h o w n  in  
F ig u r e s  4 .3 , 4 .4  a n d  4 .5 ,  r e s p e c t iv e ly .  A l l  o f  th e  s a m p le s  e x h ib i te d  a  ty p ic a l  I U P A C  
ty p e  IV  p a t te r n  w ith  a n  H 2 - ty p e  h y s te r e s is  lo o p , w h ic h  is  th e  c h a r a c te r i s t ic  o f  a  
m e s o p o r o u s - a s s e m b le d  m a te r ia l  ( m e s o p o r o u s  s iz e  b e tw e e n  2 a n d  5 0  n m )  a c c o r d in g  
to  th e  c la s s i f ic a t io n  o f  I U P A C  ( R o u q u e r o l  e t  al. ,  1 9 9 9 ) . A  s h a r p  in c re a s e  in  th e  
a d s o r p t io n  c u r v e s  a t  a  h ig h  r e la t iv e  p r e s s u r e  (P /P o )  im p l ie s  a c a p i l la r y  c o n d e n s a t io n  
o f  N 2 m o le c u le s  in s id e  th e  m e s o p o r e s ,  im p ly in g  th e  w e l l - u n i f o r m  m e s o p o r e s  a n d  
n a r r o w  p o re  s iz e  d i s t r ib u t io n  s in c e  th e  r e la t iv e  p r e s s u r e  p o s i t i o n  o f  th e  in f le c t io n  
p o in t  is  d i r e c t ly  r e la te d  to  th e  p o re  d im e n s io n .  T h e  in s e ts  o f  F ig u r e s  4 .3 ,  4 .4  a n d  4 .5  
s h o w  p o re  s iz e  d i s t r ib u t io n s  c a lc u la te d  f ro m  th e  d e s o r p t io n  b r a n c h  o f  th e  is o th e r m s  
b y  th e  D H  m e th o d . T h e  p u re  m e s o p o r o u s - a s s e m b le d  T iÛ 2 a n d  0 .9 5 T i0 2 -0 .0 5 Z rC > 2  
m ix e d  o x id e s  w i th o u t  a n d  w i th  0 .5  w t .%  P t  lo a d in g  p o s s e s s e d  q u i te  n a r r o w  p o re  s iz e  
d i s t r ib u t io n s  e n t i r e ly  lo c a t in g  in  th e  m e s o p o r e  r e g io n ,  im p ly in g  a  g o o d  q u a l i ty  o f  th e  
s a m p le s .  F lo w e v e r ,  it  w a s  e x p e r im e n ta l ly  fo u n d  th a t  th e  m ix e d  o x id e s  w i th  T i 0 2- to -
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Z rC >2 m o la r  r a t io s  r a n g in g  f ro m  6 0 :4 0  to  2 0 :8 0 ,  a s  w e ll  a s  th e  p u r e  ZrC>2 , e x h ib i te d  a 
ty p ic a l  1 U P A C  ty p e  II p a t te r n ,  in d ic a t in g  th a t  th e  s a m p le s  m a in ly  c o n ta in e d  
m a c r o p o r e s  ( m a c r o p o r o u s  s iz e  g r e a te r  th a n  5 0  n m )  ( R o u q u e r o l  et  a l ,  1 9 9 9 ). T h is  c a n  
b e  e x p la in e d  b y  th e  a m o r p h o u s - n a tu r e  s t r u c tu r e  o f  th e  Z rC >2 w i th  r e la t iv e ly  h ig h  
c o n te n ts  ( S c h a t tk a  et a l ,  2 0 0 2 ) ,  w h ic h  c o n tr ib u te d  to  th e  m a c r o p o r o u s  c h a r a c te r is t ic .

T a b le  4 .2  s h o w s  th e  te x tu ra l  p r o p e r t ie s  o b ta in e d  f ro m  th e  N 2 

a d s o r p t io n - d e s o r p t io n  a n a ly s is  o f  T i02-Z rC >2 m ix e d  o x id e  p h o to c a ta ly s ts  w i th  
d i f f e r e n t  T i0 2 -to -Z rC > 2  m o la r  r a t io s .  It is  c le a r ly  o b s e r v e d  th a t  th e  a d d i t io n  o f  Z rC >2 

r e s u l t e d  in  a n  in c re a s e  in  s p e c i f ic  a r e a , a s  c a n  b e  s e e n  f ro m  th e  r e s u l t s  th a t  b y  
in c o r p o r a t in g  5 m o l%  Z rC >2 in  th e  p u re  TiC>2, th e  s u r f a c e  a r e a  in c r e a s e d  f r o m  6 1 .7  to
11 6 .1  m 2-g '' a t  a  c a lc in a t io n  te m p e r a tu r e  o f  5 0 0  °c. T h is  is  b e c a u s e  th e  p r e s e n c e  o f  
th is  s e c o n d  m e ta l  o x id e  w i th  s u f f ic ie n t  a m o u n ts  c a n  r e ta r d  c r y s t a l l i z a t io n  p r o c e s s  a n d  
a f f e c t  th e  g r o w th  o f  b u lk  m a te r ia l  ( R e d d y  et  a l . , 1 9 9 2 ) , w h ic h  w a s  c o n f i r m e d  b y  
u s in g  th e  X R D  a n a ly s is  in  th e  n e x t  s e c t io n , r e s u l t in g  in  h ig h e r  s u r f a c e  a r e a s  o f  th e  
m ix e d  o x id e  p h o to c a ta ly s ts .  In  c a s e  o f  in c re a s in g  c a lc in a t io n  te m p e r a tu r e  f ro m  5 0 0  
to  9 0 0  °c, i t  c a n  b e  s e e n  f ro m  T a b le  4 .2  th a t  th e  5 m o l%  Z rC b - m o d if ie d  T iC >2 

( 0 .9 5 T i0 2 - 0 .0 5 Z r 0 2 ) ,  w h ic h  p o s s e s s e d  a  la r g e r  s u r f a c e  a r e a  a t a  lo w  te m p e r a tu r e  
( 5 0 0  °C ), c a n  r e ta in  its  s u r fa c e  a r e a  r a th e r  th a n  th e  p u re  T iC >2 a t  h ig h e r  te m p e r a tu r e s .  
T h e  s u r fa c e  a r e a  o f  th e  p u re  T iC >2 w a s  s m a l le r  a n d  d e c r e a s e d  m o r e  q u ic k ly  f ro m  6 1 .7  
to  2 .2  m ^ g '1 a s  c o m p a re d  to  th e  0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  m ix e d  o x id e , o f  w h ic h  th e  
s u r f a c e  a r e a  d e c r e a s e d  f ro m  116 .1  to  1 7 .7  m 2'g ‘\  T h e  o b s e r v e d  lo s s  in  th e  s u r fa c e  
a r e a  w i th  in c r e a s in g  c a lc in a t io n  te m p e r a tu r e  is  b e c a u s e  o f  th e  p o re  c o a le s c e n c e  d u e  
to  th e  c r y s ta l l iz a t io n  o f  w a l ls  s e p a r a t in g  th e  m e s o p o r e s .  T h is  te n d e n c y  a ls o  c a u s e d  a n  
in c r e a s e  in  th e  m e a n  m e s o p o re  d ia m e te r  a n d  a  d e c r e a s e  in  th e  to ta l  p o r e  v o lu m e  o f  
th e  m a te r ia ls .  F o r  th e  e f fe c t  o f  c a lc in a t io n  t im e  o n  th e  te x u r a l  p r o p e r t i e s  o f  th e  
0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  m ix e d  o x id e  a t  a  g iv e n  c a lc in a t io n  te m p e r a tu r e  o f  5 0 0  ๐c ,  th e  
s u r f a c e  a re a , m e a n  m e s o p o r e  d ia m e te r ,  a n d  to ta l  p o re  v o lu m e  o n ly  c h a n g e d  s l ig h t ly  
w i th  in c re a s in g  c a lc in a t io n  t im e  f ro m  2 a n d  8 h , in d ic a t in g  a  s u p e r io r  im p a c t  o f  th e  
c a lc in a t io n  te m p e r a tu r e  o n  th e  te x u r a l  p r o p e r t ie d  to  th e  c a lc in a t io n  t im e .
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Figure 4.3 N 2 a d s o r p t io n - d e s o r p t io n  i s o th e r m s  a n d  p o re  s iz e  d is t r ib u t io n  o f  th e  
s y n th e s iz e d  p u re  T i 0 2 c a lc in e d  a t 5 0 0  ๐c  fo r  4  h  ( In s e t :  p o re  s iz e  d i s t r ib u t io n ) .

Figure 4.4 N 2 a d s o r p t io n - d e s o r p t io n  i s o th e r m s  a n d  p o r e  s iz e  d i s t r ib u t io n  o f  th e  
s y n th e s iz e d  0 . 9 5 T i 0 2- 0 .0 5 Z r 0 2 m ix e d  o x id e  c a lc in e d  a t  8 0 0  ๐c  f o r  4  h  ( In s e t :  p o re  
s iz e  d is t r ib u t io n ) .
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Figure 4.5 N 2 a d s o r p t io n - d e s o r p t io n  is o th e r m s  a n d  p o r e  s iz e  d i s t r ib u t io n s  o f  th e  
s y n th e s iz e d  0 .5  w t .%  P t - lo a d e d  0 .9 5 T iC > 2 -0 .0 5 Z r0 2  m ix e d  o x id e  c a lc in e d  a t  8 0 0  ๐c  
fo r  4  h  a n d  p r e p a r e d  b y  (a )  S S S G  m e th o d  a n d  (b )  P C D  m e th o d  ( In s e t :  p o r e  s iz e  
d is t r ib u t io n ) .
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Table 4.2 Summary of N2 adsorption-desorption results of the synthesized
mesoporous-assembled Ti02-ZrQ2 mixed oxide photocatalysts

C a lc in a t io n C a lc in a t io n B E T
M e a n

T o ta l  p o re
P h o to c a ta ly s t te m p e r a tu r e

(°C )
t im e

0 0

s u r fa c e  a r e a

(mV)
m e s o p o re
d ia m e te r

(n m )

v o lu m e
( c m 3- g ‘)

5 0 0 6 1 .7 6 .1 2 0 .1 3 8
6 0 0 18 .4 6 .0 9 0 .0 4 9

T i 0 2 7 0 0 4 3 .2 a a

8 0 0 3 .5 a a

9 0 0 2 .2 a a

2 1 3 1 .7 6 .1 4 0 .2 5 3
5 0 0 4 122.1 6 .1 7 0 .2 4 1

6 1 2 4 .0 6 .1 7 0 .2 5 0
8 1 2 4 .9 6 .1 6 0 .2 5 6

0 . 9 5 T i 0 2- 0 .0 5 Z r 0 2 6 0 0 8 6 .7 8 .7 9 0 .1 9 8
7 0 0 4 7 9 .2 8 .8 7 0 .2 3 9
8 0 0 4 7 .2 1 5 .6 5 0 .2 2 0
9 0 0 17 .7 a a

0 . 8 T i 0 2- 0 .2 Z r 0 2 9 0 .9 8 .81 0 .2 9 1
0 . 6 T i 0 2- 0 .4 Z r 0 2 1 8 9 .9 a a

0 . 4 T i 0 2- 0 .6 Z r 0 2 5 0 0 4 1 8 9 .2 a a

0 . 2 T i 0 2- 0 .8 Z r 0 2 1 3 3 .0 a a

Z r 0 2 3 1 .3 a a

(a)N 2 a d s o r p t io n - d e s o r p t io n  is o th e r m s  c o r r e s p o n d e d  to  a n  I U P A C  ty p e  II  p a t te r n .
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T a b le  4 .3  s h o w s  th e  s u m m a r y  o f  te x tu ra l  p r o p e r t ie s  o b ta in e d  f ro m  th e  
N 2 a d s o r p t io n - d e s o r p t io n  is o th e r m s  o f  th e  P t- lo a d e d  m e s o p o r o u s - a s s e m b le d  
0 .9 5 T iC > 2 -0 .0 5 Z r0 2  m ix e d  o x id e  p h o to c a ta ly s ts  c a lc in e d  a t  8 0 0  °c a n d  p r e p a r e d  b y  
th e  s in g le - s te p  s o l -g e l  ( S S S G )  a n d  p h o to c h e m ic a l  d e p o s i t io n  (P C D )  m e th o d s  w ith  
v a r io u s  P t  lo a d in g s . T h e  r e s u lt s  s h o w e d  th a t  th e  s u r fa c e  a r e a  o f  th e  P t- lo a d e d  
0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  m ix e d  o x id e s  p r e p a r e d  b y  th e  S S S G  m e th o d  s l ig h t ly  d e c r e a s e d  
w i th  in c r e a s in g  P t  lo a d in g ,  w h ile  th e  m e a n  m e s o p o re  d ia m e te r  a n d  to ta l  p o re  v o lu m e  
r e m a in e d  a lm o s t  th e  s a m e  a s  th o s e  o f  th e  0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  m ix e d  o x id e  s u p p o r t .  
T h e  s l ig h t  d e c r e a s e  in  th e  s u r fa c e  a r e a  w h e n  th e  P t  p a r t i c le s  w e r e  d e p o s i te d  o n  th e  
s u p p o r t  b y  th e  S S S G  m e th o d  c a n  b e  p o s s ib ly  a t t r ib u te d  to  th e  b lo c k a g e  o f  a  s m a ll  
p o r t io n  o f  m e s o p o r e s  o f  th e  s u p p o r t  b y  th e  P t  p a r t i c le s  b u r ie d  in s id e  th e  m e s o p o r o u s -  
a s s e m b le d  s tr u c tu r e .  In  c o n tr a s t ,  f o r  th e  P t- lo a d e d  0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  m ix e d  o x id e s  
p r e p a r e d  b y  th e  P C D  m e th o d ,  th e  P t  p a r t i c le s  d e p o s i te d  m a in ly  o n  th e  o u te r  s u r f a c e  
o f  th e  p h o to c a ta ly s t  s u p p o r t .  T h e  s u r f a c e  a r e a  o f  th e s e  d e p o s i te d  P t p a r t i c le s  m a y  
c o n t r ib u te  to  a  s l ig h t ly  h ig h e r  s u r fa c e  a r e a  a s  c o m p a re d  to  th e  u n lo a d e d  0 .9 5 T iO 2 -  
0 .0 5 Z rO 2  m ix e d  o x id e ,  w h i le  th e  m e a n  m e s o p o re  d ia m e te r  a n d  to ta l  p o re  v o lu m e  
r e m a in e d  a lm o s t  u n c h a n g e d  a t v a r io u s  P t  lo a d in g s . H o w e v e r ,  th e r e  w a s  n o  
s ig n i f ic a n t  d i f f e r e n c e  in  th e  s u r fa c e  a r e a s  o b s e r v e d  f o r  th e  P t - lo a d e d  s a m p le s  
p r e p a r e d  b y  b o th  th e  S S S G  a n d  P C D  m e th o d s ,  p o s s ib ly  b e c a u s e  o f  th e  v e r y  lo w  P t 
lo a d in g s .

T a b le  4 .4  s h o w s  th e  s u m m a ry  o f  t e x tu r a l  p r o p e r t ie s  o b ta in e d  f ro m  th e  
N 2 a d s o r p t io n - d e s o r p t io n  i s o th e r m s  o f  th e  0 .5  w t .%  P t - lo a d e d  m e s o p o r o u s -  
a s s e m b le d  0 .9 5 T iC > 2 -0 .0 5 Z r0 2  m ix e d  o x id e  p h o to c a ta ly s ts  c a lc in e d  a t  8 0 0  ๐c  a n d  
p r e p a r e d  b y  th e  P C D  m e th o d  u n d e r  v a r io u s  c o n d i t io n s .  T h e  r e s u l t s  s h o w e d  th a t  th e  
uv l ig h t  i r r a d ia t io n  t im e  o f  2 h  a n d  uv l ig h t in te n s i ty  o f  4 4  พ g a v e  th e  h ig h e s t  
s u r fa c e  a r e a  o f  th e  P t - lo a d e d  m ix e d  o x id e  p h o to c a ta ly s t  a t  a b o u t  4 9 .4  m 2-g‘'.  
H o w e v e r ,  th e re  w e r e  n o  s ig n if ic a n t  d i f f e r e n c e s  in  th e  s u r f a c e  a r e a , a s  w e l l  a s  th e  
m e a n  m e s o p o r e  d i a m e te r  a n d  to ta l  p o re  v o lu m e , b y  v a r y in g  b o th  U Y  l ig h t  i r r a d ia t io n  
t im e  a n d  uv l ig h t  in te n s i ty .
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Table 4.3 Summary of N2 adsorption-desorption results of the synthesized Pt-loaded
mesoporous-assembled 0.95TiC>2-0.05Zr02 mixed oxide photocatalysts calcined at
8 0 0  ° c  fo r  4  h  a n d  p r e p a r e d  b y  S S S G  a n d  P C D  m e th o d s

P re p a ra t io n
m e th o d

P t lo a d in g  
( w t .% )

B E T
s u r fa c e  a re a

( m V )

M e a n
m e s o p o re
d ia m e te r

(n m )

T o ta l  p o re  
v o lu m e  

( c m V )

- 4 7 .2 1 5 .6 5 0 .2 2 0
0 .3 4 3 .4 1 5 .4 6 0 .1 8 1

S S S G 0 .5 4 2 .5 1 5 .1 4 0 .1 9 0
0 .7 4 2 .7 1 5 .5 6 0 .2 0 0

1 4 2 .3 1 5 .6 9 0 .1 9 6

- 4 7 .2 1 5 .6 5 0 .2 2 0
0 .3 4 7 .6 1 5 .5 0 0 .2 1 8

P C D 3 0.5 4 9 .4 1 5 .6 4 0 .2 1 8
0 .7 4 8 .5 1 5 .3 2 0 .2 2 1

1 4 8 .2 1 5 ,6 7 0 .2 1 9
T5PP re p a re d  w i th  u v  l ig h t  i r r a d ia t io n  t im e  o f  2  h  a n d  u v  l ig h t  in te n s i ty  o f  4 4  พ
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T a b l e  4 .4  S u m m a ry  o f  N 2 a d s o r p t io n - d e s o r p t io n  r e s u lt s  o f  th e  s y n th e s i z e d  0 .5  พ t.%  
P t- lo a d e d  m e s o p o r o u s - a s s e m b le d  0.95T iC >2-0 .05Z rC )2 m ix e d  o x id e  p h o to c a ta ly s ts  
c a lc in e d  a t 8 0 0  ๐c  f o r  4  h  a n d  p r e p a r e d  b y  P C D  m e th o d  u n d e r  v a r io u s  c o n d i t io n s

P C D  c o n d i t io n s
B E T

s u r fa c e  a re a
(m V )

M e a n
m e s o p o r e
d ia m e te r

(n m )

T o ta l  p o re  
v o lu m e

(cm V )
uv l ig h t s o u rc e  

in te n s i ty

(พ)
U V  l ig h t  

i r ra d ia t io n  
t im e  (h )

1 4 9 .2 15 .51 0 .2 1 3
44 2 4 9 .4 1 5 .6 4 0 .2 1 8

3 48 .1 1 5 .4 9 0 .2 1 7

2 2 4 7 .1 1 5 .6 5 0 .2 1 1
4 4 2 4 9 .4 1 5 .6 4 0 .2 1 8
88 4 8 .1 1 5 .7 4 0 .2 1 6

4 .1 .3  X R D  R e s u l ts
T h e  X R D  p a t te r n s  o f  th e  m e s o p o r o u s - a s s e m b le d  T iC > 2-Z r02 m ix e d  

o x id e  p h o to c a ta ly s ts  w i th  d i f f e r e n t  T iC > 2-to -Z r0 2  m o la r  r a t io s  a n d  c a lc in e d  a t  500 °c 
f o r  4  h  a r e  s h o w n  in  F ig u r e  4.6. T h e  X R D  p a t te r n  o f  th e  p u re  T iC >2 s h o w e d  a  
c r y s ta l l in e  s t r u c tu r e  o f  th e  p u re  a n a ta s e  p h a s e  w i th  th e  d o m in a n t  p e a k s  a t  2 0  o f  a b o u t  
25.2, 37.9, 48.3, 53.8, 62.7, 68.9, a n d  75.3°, w h ic h  r e p r e s e n t  th e  in d ic e s  o f  (1 0 1 ) , 
(103), (200), (105), (213), (116), a n d  (107) p la n e s  o f  th e  a n a ta s e  TiC>2, r e s p e c t iv e ly  
( S m ith ,  1960). T h e  T i02-Z rC > 2 m ix e d  o x id e  s a m p le s  w i th  T iC > 2 -to -Z r0 2  m o la r  r a t io s  
o f  95:5, 80:20, a n d  60:40 a ls o  s h o w e d  d i f f r a c t io n  p e a k s  a t t r ib u te d  to  th e  a n a ta s e  TiC>2 . 
H o w e v e r ,  th e  p e a k  in te n s i t ie s  d e c r e a s e d  w i th  in c r e a s in g  Z rC >2 c o n te n t  p o s s ib ly  
b e c a u s e  a  h ig h e r  Z rC >2 c o n te n t  r e ta rd e d  th e  c r y s ta l l i z a t io n  p r o c e s s  o f  th e  TiC>2 . N o  
c le a r  c r y s ta l l in i ty  w a s  o b s e r v e d  in  th e  T iC b -Z rC h  m ix e d  o x id e s  w i th  Z rC >2 c o n te n ts  o f  
60 a n d  80%, im p ly in g  th a t  th e s e  h ig h  Z rC >2 c o n te n ts  h a d  a n  e x t r e m e ly  s t r o n g  
c a p a b i l i ty  o f  r e ta r d in g  th e  c r y s ta l l iz a t io n  d u e  to  th e i r  h o m o g e n e o u s  d i s t r ib u t io n  in  th e
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b u lk  m a te r ia l  ( W a n g  et  a l ,  2 0 0 6 ) . F o r  th e  p u re  Z r 0 2, th e  X R D  p a t te r n  e x h ib i t s  o n ly  a  
te t r a g o n a l  p h a s e  s t r u c tu r e  w i th .d o m in a n t  p e a k s  a t  2 0  o f  a b o u t  3 0  a n d  3 5 ° , w h ic h  
r e p r e s e n t  th e  in d e x  o f  ( 1 1 1 )  a n d  ( 2 0 0 )  p la n e s  o f  th e  te t r a g o n a l  Z r 0 2, r e s p e c t iv e ly  
( Z h a n g  et a l ,  2 0 0 8 ) .
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Figure 4 .6  X R D  p a t te r n s  o f  th e  m e s o p o r o u s - a s s e m b le d  T i 0 2- Z r 0 2 m ix e d  o x id e  
p h o to c a ta ly s ts  c a lc in e d  a t  5 0 0  °c fo r  4  h  (A  =  A n a ta s e  T i 0 2, T  =  T e t r a g o n a l  Z r 0 2).

F ig u re  4 .7  s h o w s  th e  X R D  p a t te r n s  o f  th e  p u re  T i 0 2 a n d  0 .9 5 T iO 2- 
0 .0 5 Z r O 2 m ix e d  o x id e  p h o to c a ta ly s ts  c a lc in e d  a  v a r io u s  te m p e r a tu r e s .  F r o m  F ig u r e  
4 .7 ( a ) ,  th e  X R D  p a t te r n  o f  th e  p u r e  T i 0 2 c a lc in e d  a t  5 0 0  °c s h o w e d  a  c r y s ta l l in e  
s t r u c tu r e  o f  th e  p u re  a n a ta s e  p h a s e , a s  m e n t io n e d  a b o v e . T h e  p u re  T i 0 2 u n d e r w e n t  
th e  a n a t a s e - t o - r u t i l e  p h a s e  t r a n s f o r m a t io n  b e g in n in g  a t  6 0 0  °c, r e s u l t i n g  in  th e  
c o m b in a t io n  o f  th e  a n a ta s e  a n d  r u t i le  p h a s e s .  T h e  o c c u r r e n c e  o f  th e  d o m in a n t  p e a k s  
a t  2 0  o f  a b o u t  2 7 .5 ,  3 6 .0 ,  4 1 .2 ,  4 4 .1 ,  5 4 .2 , 5 6 .7 , a n d  6 4 .2 ° , w h ic h  c o r r e s p o n d  to  th e  
i n d i c e s  o f  ( 1 1 0 ) ,  ( 1 0 1 ) ,  ( 1 1 1 ) ,  ( 2 1 0 ) ,  ( 2 1 1 ) ,  ( 2 2 0 ) ,  ( 3 1 0 ) ,  a n d  ( 3 0 1 )  p l a n e s ,  
r e s p e c t iv e ly ,  in d ic a te d  th e  p r e s e n c e  o f  th e  ru t i le  T i 0 2. T h e  r u t i le  r a t io  ( W r)  in  te rm s



of its weight fraction was estimated from the XRD intensity data by using Eq. (4.1)
(Spurr and Myers, 1957):

W r =  [1 + 0 . 8 I a/ I r] - ‘ (4 .1 )

w h e r e  IA  a n d  I r  r e p r e s e n t  th e  in te g ra te d  in te n s i t ie s  o f  a n a ta s e  ( 1 0 1 )  a n d  r u t i le  (1 1 0 )  
d i f f r a c t io n  p e a k s ,  r e s p e c t iv e ly .  A ll c a lc u la te d  v a lu e s  o f  th e  r u t i le  r a t io  ( W r ) a re  
p r e s e n te d  in  T a b le  4 .5 . A  s te a d ily  in c re a s e d  t r a n s f o r m a t io n  w a s  o b s e r v e d  u n ti l  th e  
p h o to c a ta ly s t  c o n ta in e d  o n ly  th e  p u re  ru t i le  p h a s e  a f te r  c a lc in e d  a t  9 0 0  °c. H o w e v e r ,  
th is  p h a s e  t r a n s f o r m a t io n  b e h a v io r  d id  n o t  o c c u r  fo r  th e  0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  m ix e d  
o x id e . F ig u re  4 .7 ( b )  s h o w s  th a t  th e  a d d i t io n  o f  5 m o l%  Z rC >2 d e la y e d  th e  p h a s e  
t r a n s f o r m a t io n  o f  T iC >2 f ro m  th e  m e ta - s ta b le  a n a ta s e  p h a s e  to  th e  th e r m a l ly  s ta b le  
r u t i le  p h a s e  ( L in  et al.,  1 9 9 4 ) , s in c e  th e  0 .95T iC >2-0 .05Z rC )2 m ix e d  o x id e  e x h ib i te d  
th e  o n ly  d o m in a n t  X R D  p e a k s  c o r r e s p o n d in g  to  th e  p u re  a n a ta s e  p h a s e  e v e n  w h e n  it  
w a s  c a lc in e d  a t  8 0 0  °c. In  c a s e  o f  v a r y in g  c a lc in a t io n  t im e , th e  p h o to c a ta ly s ts  
c a lc in e d  a t 5 0 0  ๐c  f o r  2  to  8 h  e x h ib i te d  n o  s ig n i f ic a n t  d i f f e r e n c e  in  th e  in te n s i ty  o f  
th e  a n a ta s e  p e a k s  ( F ig u re  4 .8 ) , a s  s h o w n  la te r  b y  th e  s im i la r  c r y s ta l l i t e  s iz e . T h e  
r e s u l t s  in d ic a te d  th a t  th e  c r y s ta l l i te  s iz e  g r o w th  w i th  r e s p e c t  to  th e  c a lc in a t io n  t im e  
w a s  s lo w  a t a  g iv e n  c a lc in a t io n  te m p e ra tu re  o f  5 0 0  ๐c .
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(a )

20 30 40 50 60 70 80
2 T h e t a  ( d e g r e e )

(b )

F i g u r e  4 .7  X R D  p a t te r n s  o f  th e  m e s o p o r o u s - a s s e m b le d  (a )  T iC >2 a n d  (b )  0 .9 5 T iO 2- 
0.05ZrC>2 m ix e d  o x id e  p h o to c a ta ly s ts  c a lc in e d  a t  v a r io u s  t e m p e r a tu r e s  f o r  4  h  (A  =  
A n a ta s e  T i 0 2, R  =  R u t i l e  T i 0 2).
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F i g u r e  4 .8  X R D  p a t te r n s  o f  th e  m e s o p o r o u s - a s s e m b le d  0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  m ix e d  
o x id e  p h o to c a ta ly s ts  c a lc in e d  a t 5 0 0  °c a t v a r io u s  c a lc in a t io n  t im e  (A  =  A n a ta s e  
T i 0 2).
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T a b l e  4 .5  S u m m a ry  o f  X R D  r e s u l t s  o f  th e  s y n th e s iz e d  m e s o p o r o u s - a s s e m b le d  T i 0 2- 
Z r 0 2 m ix e d  o x id e  p h o to c a ta ly s ts

P h o to c a ta ly s t
C a lc in a t io n
te m p e ra tu re

(°C )

C a lc in a t io n
t im e

(h )

P h a s e  f ro m  
X R D  

p a t te rn

R u ti le
r a t io .

W r

C r y s ta l l i t e  s iz e  
(n m )

A n a ta s e
(1 0 1 )

R u t i le
( 1 1 0 )

5 0 0 A n a ta s e - 1 3 .7 0 -

6 0 0 A n a ta s e  + 0 .2 9 1 5 .2 3 1 5 .3 0
R u ti le

T i 0 2. 7 0 0 4 A n a ta s e  + 0 .9 2 - 1 5 .3 0
R u ti le

8 0 0 A n a ta s e  + 0 .9 7 1 7 .1 8
R u ti le

9 0 0 R u ti le 1 .0 0 - 1 7 .1 8

2 A n a ta s e - 1 0 .5 3 -

5 0 0 4 A n a ta s e - 9 .1 4 -
6 A n a ta s e - 9 .7 8 - .

8 A n a ta s e - 9 .7 8 -

0 . 9 5 T i 0 2- 0 .0 5 Z r 0 2 6 0 0 A n a ta s e - 9 .1 3 -

7 0 0 A n a ta s e - 1 0 .5 3 -

8 0 0 4 A n a ta s e
- 1 2 .4 5 -

9 0 0 A n a ta s e  + 0 .1 9 1 5 .2 3 1 7 .1 8
R u ti le

0 . 8 T i 0 2- 0 .2 Z r 0 2 A n a ta s e - 8.71 -

0 . 6 T i 0 2- 0 .4 Z r 0 2 A n a ta s e - 7 .1 6 -
0 . 4 T i 0 2- 0 .6 Z r 0 2 5 0 0 4 A m o rp h o u s - - -
0 . 2 T i 0 2- 0 .8 Z r 0 2 A m o rp h o u s - - -

Z r 0 2a T e tr a g o n a l - - -
(a) Crystallite size of Zr02 determined from the tetragonal (111) peak at 20 of 30° = 9.23 nm.
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T h e  X R D  p a t te r n s  o f  th e  P t- lo a d e d  0 . 9 5 T i 0 2- 0 .0 5 Z r 0 2 m ix e d  o x id e s  
c a lc in e d  a t 8 0 0  °c a n d  p r e p a r e d l y  th e  S S S G  a n d  P C D  m e th o d s  a r e  s h o w n  in  F ig u re  
4 .9 . A l l  th e  d i f f r a c t io n  p e a k s  c o r r e s p o n d e d  to  th e  c r y s ta l l in e  s t r u c tu r e  o f  th e  a n a ta s e  
T i 0 2. T h e  p r e s e n c e  o f  P t  in  th e  p h o to c a ta ly s ts  p r e p a r e d  b y  b o th  m e th o d s  c o u ld  b e  
o b s e rv e d  a t h ig h  P t lo a d in g s  b y  a  d i f f r a c t io n  p e a k  a t  2 0  o f  3 9 .8 ° ,  w h ic h  c o r r e s p o n d s  
to  th e  in d e x  o f  P t ( 1 1 1 )  p la n e ;  h o w e v e r ,  th e  p e a k  in te n s i ty  w a s  q u i te  w e a k  p o s s ib ly  
b e c a u s e  o f  its  lo w  c o n te n t  a n d  h ig h  d is p e r s io n .

(b )

ร ุ
พ5
K
O)#ฐ

2 0  3 0  4 0  5 0  6 0  7 0  8 0
2  T h e t a  ( d e g r e e )

F i g u r e  4 .9  X R D  p a t te r n s  o f  th e  P t- lo a d e d  m e s o p o r o u s - a s s e m b le d  0 .9 5 T iO 2- 
0 .0 5 Z r O 2 m ix e d  o x id e  p h o to c a ta ly s ts  w i th  v a r io u s  P t  lo a d in g s  c a lc in e d  a t  8 0 0  ๐c  a n d  
p r e p a r e d  b y  ( a )  S S S G  a n d  (b )  P C D  m e th o d s  (A  =  A n a ta s e  T i 0 2).

A A  Pt A
A

A A
A A

A
A 1 w t .%  P t1 Î 1

....... À ...

! i

/Ü \ 0 .7  w t .%  P tA 1 ■ ■ 
1 
1 
1 
1 ! I 1 0 .5  w t .%  P t1 Î 1

1
1
1
1
1 0 .3  w t .%  P t
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F ig u r e s  4 .1 0  a n d  4 .11  s h o w  th e  X R D  p a t te r n s  o f  th e  0 .5  w t .%  P t-  
lo a d e d  0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  m ix e d  o x id e  p h o to c a ta ly s ts  c a lc in e d  a t  8 0 0  °c a n d  
p r e p a r e d  b y  th e  P C D  m e th o d  u n d e r  v a r io u s  uv l ig h t i r r a d ia t io n  t im e s  a n d  uv l ig h t  
in te n s i t ie s ,  r e s p e c t iv e ly .  T h e  r e s u l t  s h o w e d  th a t  a ll  o f  th e  d i f f r a c t io n  p e a k s  w e r e  in  
th e  c r y s ta l l in e  s t r u c tu r e  o f  th e  a n a ta s e  TiC>2, a n d  th e re  w e r e  n o  s ig n i f ic a n t  d i f f e r e n c e s  
in  th e  in te n s i ty  o f  th e  a n a ta s e  p e a k s  b y  v a r y in g  b o th  uv l ig h t i r r a d ia t io n  t im e  a n d  
U V  lig h t in te n s i ty .  In  a d d i t io n ,  th e  P t  d i f f r a c t io n  p e a k s  w e r e  n o t  c le a r ly  o b s e r v e d  d u e  
to  th e  lo w  P t lo a d in g ,  a s  m e n t io n  a b o v e .

2 0  3 0  4 0  5 0  6 0  7 0  8 0
2  T h e t a  ( d e g r e e )

F i g u r e  4 .1 0  XRD p a t te r n s  o f  th e  0 .5  w t .%  P t - lo a d e d  m e s o p o r o u s - a s s e m b le d  
0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  m ix e d  o x id e  p h o to c a ta ly s ts  c a lc in e d  a t  8 0 0  °c a n d  p r e p a r e d  b y  
PCD m e th o d  u n d e r  v a r io u s  u v  l ig h t  i r r a d ia t io n  t im e s  a t  th e  u v  l i g h t  in te n s i ty  o f  44 
พ  (A  =  A n a ta s e  T iC b ).
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2 0  3 0  4 0  5 0  6 0  7 0  8 0
2  T h e t a  ( d e g r e e )

F i g u r e  4 .1 1  X R D .  p a t te r n s  o f  th e  0 .5  w t .%  P t- lo a d e d  m e s o p o r o u s - a s s e m b le d  
0 .95T iC >2-0 .05Z rC )2 m ix e d  o x id e  p h o to c a ta ly s ts  c a lc in e d  a t  8 0 0  °c a n d  p r e p a r e d  b y  
P C D  m e th o d  u n d e r  v a r io u s  u v  l ig h t  in te n s i t ie s  a t  th e  u v  l ig h t  i r r a d ia t io n  t im e  o f  2 h  
(A  =  A n a ta s e  T iC b )

T h e  c r y s ta l l i t e  s iz e  o f  th e  p h o to c a ta ly s ts  w a s  c a lc u la te d  f ro m  th e  lin e  
b r o a d e n in g  o f  th e  m o s t  p r e f e r e n t ia l ly  o r ie n te d  d i f f r a c t io n  p e a k  o f  e a c h  c r y s ta l l in e  
p h a s e  a c c o r d in g  to  th e  S h e r re r  e q u a t io n  ( C u l l i ty ,  1 9 7 8 )  (E q . 4 .2 ) :

L  =
kX (4.2)

(3cos (0 )
w h e r e  L  is  th e  c r y s ta l l i t e  s iz e , k  is  th e  S h e r re r  c o n s ta n t  u s u a l ly  ta k e n  a s  0 .8 9 ,  X is  th e  
w a v e le n g th  o f  th e  X - r a y  r a d ia t io n  (0 .1 5 4 1 8  n m  f o r  C u  K a ) ,  (3 is  th e  fu ll w id th  a t  h a l f  
m a x im u m  ( F W H M )  o f  th e  d i f f r a c t io n  p e a k  m e a s u r e d  a t  2 0 , a n d  0  is  th e  d i f f r a c t io n  
a n g le .  T h e  c r y s ta l l i t e  s iz e s  o f  a ll th e  s y n th e s iz e d  p h o to c a ta ly s ts  a r e  g iv e n  in  T a b le s
4 .5  a n d  4 .6 . T h e  r e s u l t s  r e v e a le d  th a t  th e  a d d i t io n  o f  Z rC >2 le d  to  th e  d e c r e a s e  in  
c r y s ta l l i t e  s iz e  d u e  to  th e  ro le  o f  Z rC >2 in  r e ta r d in g  th e  g r o w th  o f  th e  c r y s ta l s ,  a s  
m e n t io n e d  a b o v e . W i th  in c re a s in g  c a lc in a t io n  te m p e r a tu r e ,  a  la r g e r  c r y s ta l l i t e  s iz e  
w a s  o b s e rv e d  f o r  b o th  p u r e  T iC b a n d  0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  m ix e d  o x id e  p h o to c a ta ly s ts
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d u e  to  th e  g ra in  g r o w th  in d u c e d  b y  a n  in c r e a s e d  te m p e r a tu r e .  H o w e v e r ,  th e  
c a lc in a t io n  t im e  in s ig n i f ic a n t ly  a f f e c te d  th e  c r y s ta l l i t e  s iz e  o f  th e  0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  
m ix e d  o x id e , a s  p r e v io u s ly  s h o w n  b y  a lm o s t  th e  s a m e  in te n s i ty  o f  th e  a n a ta s e  p e a k s .  
F o r  th e  P t- lo a d e d  0 .9 5 T i0 2 -0 .0 5 Z rC > 2  m ix e d  o x id e  p h o to c a ta ly s ts  p r e p a r e d  b y  b o th  
th e  S S S G  a n d  P C D  m e th o d s ,  th e  c r y s ta l l i t e  s iz e  w a s  in  a v e r a g e  s l ig h t ly  la r g e r  th a n  
th a t  o f  th e  u n lo a d e d  0 .95T iC >2-0 .05Z rC )2 m ix e d  o x id e  a t th e  s a m e  c a lc in a t io n  
te m p e r a tu r e ,  w h i le  th e  P t lo a d in g  in s ig n i f ic a n t ly  a f f e c te d  th e  c r y s ta l l i t e  s iz e  p o s s ib ly  
d u e  to  i ts  r e la t iv e ly  lo w  c o n te n t .

T a b l e  4 .6  S u m m a ry  o f  X R D  r e s u l t s  o f  th e  s y n th e s iz e d  P t - lo a d e d  m e s o p o r o u s -  
a s s e m b le d  0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  m ix e d  o x id e  p h o to c a ta ly s ts  c a lc in e d  a t  8 0 0  ๐c  f o r  4  h  
a n d  p r e p a r e d  b y  S S S G  a n d  P C D  m e th o d s

P re p a ra t io n
m e th o d

P t lo a d in g  
(w t.% )

P h a s e  f ro m  
X R D  

p a t te r n

A n a ta s e  (1 0 1 )  
c r y s ta l l i t e  s iz e  

(n m )

S S S G 0 .3 -1 A n a ta s e 1 5 .2 3

P C D 3 0.3 -1 A n a ta s e 1 5 .2 3

(a) P re p a re d  w i th  u v  l ig h t  i r r a d ia t io n  t im e  o f  2 h  a n d  u v  l ig h t  in te n s i ty  o f  4 4  พ

4 .1 .4  U V -V is ib le  S p e c t ro s c o p y  R e s u l ts
U V -v is ib le  s p e c t r o s c o p y  w a s  u s e d  to  e x a m in e  th e  l ig h t  a b s o r p t io n  

a b i l i ty  o f  th e  s y n th e s iz e d  m e s o p o r o u s - a s s e m b le d  T i 0 2 - Z r 0 2 m ix e d  o x id e  
p h o to c a ta ly s ts  w i th o u t  a n d  w i th  P t  lo a d in g ,  a s  w e l l  a s  th a t  o f  E o s in  Y  ( E .Y .)  s o lu t io n ,  
w h ic h  w a s  u s e d  a s  a  s e n s i t i z e r  fo r  th e  p h o to c a ta ly t ic  H 2 p r o d u c t io n  in  th is  w o rk . 
F ig u re  4 .1 2  s h o w s  th e  U V - v is ib le  s p e c t r a  o f  th e  m e s o p o r o u s - a s s e m b le d  T i0 2 -Z rÛ 2  
m ix e d  o x id e  p h o to c a ta ly s ts  w i th  d i f f e r e n t  T i0 2 - to - Z r 0 2  m o la r  r a t io s  c a lc in e d  a t 
500 °c. T h e  r e s u l t s  o f  a b s o rp t io n  o n s e t  w a v e le n g th  a n d  c o r r e s p o n d in g  b a n d  g a p  
e n e r g y  o f  a ll th e  p h o to c a ta ly s t s  o b ta in e d  f ro m  th e  U V - v is ib le  s p e c t r a  a r e  s u m m a r iz e d
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in  T a b le  4 .7 . It is  c le a r ly  s e e n  th a t  th e  a b s o rp t io n  b a n d s  o f  th e  s y n th e s iz e d  
m e s o p o r o u s - a s s e m b le d  T i 0 2- Z r 0 2  m ix e d  o x id e  p h o to c a ta ly s ts  w e r e  m a in ly  in  th e  
u v  l ig h t  r e g io n  o f  2 0 0  to  4 0 0  n m . T h e  b a n d  g a p  e n e r g y  (E g , e V )  w a s  d e te r m in e d  b y  
e x t r a p o la t in g  th e  o n s e t  o f  th e  r i s in g  p a r t  to  x - a x i s  (Ag, n m )  o f  th e  p lo t s ,  a s  s h o w n  b y  
d a s h e d  l in e  in  F ig u r e  4 .1 2 , a n d  c a lc u la te d  b y  E q . (4 .3 ) :

E g  =  1240 / Ag (4.3)

w h e r e  Ag is  th e  w a v e le n g th  (n m )  o f  th e  e x c i t in g  l ig h t. W i th  in c r e a s in g  Z rC >2 c o n te n t  
in  th e  m ix e d  o x id e  p h o to c a ta ly s ts ,  th e  b a n d  g a p  e n e r g y  g r a d u a l ly  in c r e a s e d  f ro m  
3 .2 2  (Ag =  3 8 5  n m )  fo r  th e  p u re  T i 0 2 to  3 .3 7  e V  (Ag =  3 6 8  n m )  fo r  th e  0 .2 T iO 2- 
0 .8 Z r O 2 m ix e d  o x id e .  T h e  s h i f t  o f  th e  a b s o r p t io n  o n s e t  e d g e  in  th e  T i 0 2- Z r 0 2 m ix e d  
o x id e s  c a n  b e  a t t r ib u te d  to  q u a n tu m -s iz e  e f f e c t  fo r  s m a l le r  c r y s ta l l i t e s  ( A n d r u le v ic iu s  
et al. ,  2 0 0 7 ) ,  s in c e  it is  k n o w n  th a t  T i 0 2 c r y s ta l l iz a t io n  a n d  its  c r y s ta l l i t e  g r o w th  a re  
in h ib i te d  in  th e  p r e s e n c e  o f  Z r 0 2, a s  s h o w n  a b o v e  in  th e  X R D  r e s u l t s .  In  c a s e  o f  
in c r e a s in g  c a lc in a t io n  te m p e ra tu re  o f  th e  p u re  T i 0 2 a n d  0 . 9 5 T i 0 2- 0 .0 5 Z r 0 2 m ix e d  
o x id e ,  a s  s h o w n  in  F ig u r e  4 .1 3 , th e  s h if t  o f  th e  a b s o r p t io n  o n s e t  e d g e s  to w a r d  lo n g e r  
w a v e le n g th  w i th  a n  in c re a s e  in  th e  c a lc in a t io n  te m p e r a tu r e  f ro m  5 0 0  to  9 0 0  °c c a n  
b e  o b s e r v e d  o n ly  in  th e  p u re  T i 0 2. A s  a ls o  in c lu d e d  in  T a b le  4 .7 ,  th e  b a n d  g a p  
e n e r g y  o f  th e  p u re  T i 0 2 d e c r e a s e d  f ro m  th e  a n a t a s e - T i 0 2 b a n d  g a p  e n e r g y  o f  3 .2  e V  
(Ag =  3 8 7  n m )  a t  th e  c a lc in a t io n  te m p e r a tu r e  o f  5 0 0  °c to  th e  r u t i l e - T i 0 2 b a n d  g a p  
e n e r g y  o f  3 .0  e V  (Ag =  4 1 3  n m )  a t  th e  c a lc in a t io n  te m p e r a tu r e  e q u a l  o r  h ig h e r  th a n  
6 0 0  °c. T h is  s h i f t  is  n o rm a l ly  d u e  to  th e  n a r r o w in g  o f  th e  b a n d  g a p  e n e r g y ,  w h ic h  
r e s u l t s  in  a  lo w e r  e n e r g y  r e q u i r e d  fo r  e le c t r o n  to  b e  e x c i te d  f r o m  th e  v a le n c e  b a n d  to  
c o n d u c t io n  b a n d  ( S r e e th a w o n g  et  a l ,  2 0 0 9 ) .  O n  th e  o th e r  h a n d ,  th e  b a n d  g a p  e n e r g y  
o f  th e  0 . 9 5 T i 0 2- 0 .0 5 Z r 0 2 m ix e d  o x id e  w a s  m a in ta in e d  a t  th e  a n a t a s e - T i 0 2 b a n d  g a p  
e n e r g y ,  e v e n  th o u g h  it  w a s  c a lc in e d  a t  a s  h ig h  a s  8 0 0  °c. T h e s e  r e s u l t s  c o n f i r m e d  
th a t  th e  in t r o d u c t io n  o f  Z r 0 2 c a n  in h ib i t  th e  p h a s e  t r a n s f o r m a t io n  o f  T i 0 2 f ro m  th e  
a n a ta s e  to  ru t i le  p h a s e .  M o re o v e r ,  w i th  in c r e a s in g  c a lc in a t io n  te m p e r a tu r e ,  a  d e c r e a s e  
in  th e  a b s o rp t io n  b a n d  ( in  th e  w a v e le n g th  b e tw e e n  2 0 0  a n d  4 0 0  n m )  f o r  th e  p u re  
T i 0 2 w a s  g r e a te r  th a n  th a t  f o r  th e  0 . 9 5 T i 0 2- 0 .0 5 Z r 0 2 m ix e d  o x id e . T h is  m ig h t  b e  
b e c a u s e  o f  th e  c h a n g e s  in  t e x tu r a l  a n d  s t r u c tu r a l  p r o p e r t ie s .  T h e  c o m p a r a t iv e  r e s u l t s
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o f  U V - v is ib le  s p e c t r a  o f  th e  m e s o p o r o u s - a s s e m b le d  0 .9 5 T i0 2 -0 .0 5 Z rC > 2  
p h o to c a ta ly s t  c a lc in e d  a t  8 0 0  ° c  a n d  th e  0 .5  w t .%  P t - lo a d e d  m e s o p o r o u s - a s s e m b le d  
0 . 9 5 T i 0 2- 0 .0 5 Z r 0 2 p h o to c a ta ly s ts  c a lc in e d  a t 8 0 0  °c a n d  p r e p a r e d  b y  b o th  th e  S S S G  
a n d  P C D  m e th o d s  a r e  s h o w n  in  F ig u re  4 .1 4 . T h e  b a n d  g a p  e n e r g ie s  o f  th e  0 .5  wt.°/o 
P t- lo a d e d  m e s o p o r o u s - a s s e m b le d  0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  p r e p a r e d  b y  th e  S S S G  a n d  
P C D  m e th o d s  w e re  q u i te  s im ila r  o f  a p p ro x im a te ly  3 .3 1  e V  (Ag ~  3 7 5  n m )  a n d  3 .3 5  
e V  (Ag ~  3 7 0  n m ) , r e s p e c t iv e ly  ( T a b le  4 .7 ) , w h ic h  w e r e  a lm o s t  th e  s a m e  a s  th a t  o f  P t-  
u n lo a d e d  s a m p le . H o w e v e r ,  th e  P t - lo a d e d  s a m p le s  s h o w e d  m o r e  v i s ib l e  l ig h t  
a b s o r p t io n  a b i l i ty  th a n  th e  u n lo a d e d  s a m p le . It c a n  a ls o  b e  c le a r ly  o b s e r v e d  th a t  m o s t  
o f  th e  T iÛ 2- Z r 0 2  m ix e d  o x id e  p h o to c a ta ly s ts  c o u ld  a b s o rb  o n ly  u v  l ig h t  o f  
w a v e le n g th  s h o r te r  th a n  4 2 0  n m . T h e r e fo re ,  in  o r d e r  to  c o n f i rm  th a t  E o s in  Y  (E .Y .)  
is  th e  v is ib le  l ig h t - r e s p o n d in g  s e n s i t iz e r ,  i ts  U V -v is ib le  s p e c t ru m  w a s  a ls o  m e a s u r e d ,  
a s  s h o w n  in  F ig u re  4 .1 5 .  It is  c le a r  th a t  E .Y . c o u ld  m a in ly  a b s o r b  th e  v i s ib le  l ig h t 
w i th  th e  m a x im u m  a b s o r p t io n  c e n te r e d  a t 5 1 6  n m . T h is  a b s o r p t io n  f e a tu r e  s t r o n g ly  
s u g g e s ts  th a t  th e  s e n s i t i z e r  c a n  b e  a c t iv a te d  b y  th e  v is ib le  l ig h t  f o r  th e  s e n s i t iz e 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 t io n  s y s te m  in  th is  w o rk .
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W a v e le n g th  ( n m )

F i g u r e  4 .1 2  U V - v is ib le  s p e c t r a  o f  th e  m e s o p o r o u s - a s s e m b le d  (a )  p u r e  T i0 2 ,  (b ) - ( f )  
T iC b -Z rC b  m ix e d  o x id e , a n d  (g )  p u re  Z rO >2 p h o to c a ta ly s ts  c a lc in e d  a t  5 0 0  °c.
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Figure 4.13 U V - v is ib le  s p e c t r a  o f  th e  m e s o p o r o u s - a s s e m b le d  (a )  p u re  T iC >2 a n d  
(b )  0 .9 5 T iC > 2 -0 .0 5 Z r0 2  m ix e d  o x id e  p h o to c a ta ly s ts  c a lc in e d  a t  v a r io u s  te m p e r a tu r e s .
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Wavelength (nm)
Figure 4.14 U V - v is ib le  s p e c t r a  o f  ( a )  th e  m e s o p o r o u s - a s s e m b le d  T i0 2  p h o to c a ta ly s t  
c a lc in e d  a t  8 0 0  °c, a n d  (b )  a n d  (c )  th e  0 .5  พt .%  P t - lo a d e d  m e s o p o r o u s - a s s e m b le d  
0 .9 5 T i0 2 - 0 .0 5 Z r 0 2  m ix e d  o x id e  p h o to c a ta ly s ts  c a lc in e d  a t  8 0 0  ๐c  a n d  p r e p a r e d  b y  
S S S G  a n d  P C D  m e th o d s ,  r e s p e c t iv e ly .

Wavelength (nm)
Figure 4.15 U V - v is ib le  s p e c t ru m  o f  E o s in  Y  s o lu t io n .
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Table 4.7 Summary of absorption onset wavelength and band gap energy results of
the synthesized mesoporous-assembled Ti02-ZrC>2 mixed oxide photocatalysts

Calcination Calcination Absorption Onset Band gap
Photocatalyst temperature time wavelength, Xg energy

(°C) (h) (nm) (eV)
500 385 3.22
600 415 2.99

Pure T i02 700 4 418 2.97
800 420 2.95
900 420 2.95
500 380 3.26
600 380 3.26

0.95Ti02-0.05Zr02 700 4 380 3.26
800 380 3.26
900 405 3.06

0.8Ti02-0.2Zr02 375 3.31
0.6Ti02-0.4Zr02

500
375 3.31

0.4Ti02-0.6Zr02 4 370 3.35
0.2Ti02-0.8Zr02 368 3.37

0.5 wt.%
Pt/0.95Ti02-0.05Zr02 800 4 375 3.31

prepared by SSSG
method

0.5 wt.%
Pt/0.95Ti02-0.05Zr02 800 4 380 3.26

prepared by PCD
method
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4.1.5 SEM-EDX Results
The morphology, of the photocatalysts was observed by the SEM 

analysis. Figure 4.16 shows the SEM images of the mesoporous-assembled 
0.95Ti02-0.05Zr02 mixed oxide photocatalyst calcined at 800 °c and 0.5 wt.% Pt- 
loaded 0.95Ti02-0.05Zr02 mixed oxide photocatalyst prepared by the SSSG method 
and calcined at 800 °c. The images clearly reveal the presence of agglomerated 
clusters formed by an aggregation of several uniform-sized photocatalyst 
nanoparticles. Therefore, the nanoparticle aggregation plausibly led to the formation 
of mesoporous-assembled structure in the synthesized photocatalysts. The elemental 
distribution on the 0.5 wt.% Pt-loaded 0.95Ti02-0.05Zr02 mixed oxide 
photocatalysts prepared by both the SSSG and PCD methods and calcined at 800 °c 
were also examined by using the EDX analysis, as shown in Figures 4.17 and 4.18, 
respectively. The existence of dots in the elemental mappings of all investigated 
species (Ti, Zr, o , and Pt) show that all elements in the Pt-loaded 0.95Ti02-0.05Zr02 
mixed oxides were well dispersed throughout the bulk photocatalysts. These results 
confirmed the high dispersion state of the deposited Pt particles on the mixed oxide 
supports prepared by both the SSSG and PCD methods.

(a) (b)

F igure 4.16 SEM images of the synthesized mesoporous-assembled photocatalysts: 
(a) 0.95Ti02-0.05ZrC>2 mixed oxide calcined at 800 °c and (b) 0.5 wt.% Pt-loaded 
0.95Ti02-0.05Zr02 mixed oxide prepared by SSSG method and calcined at 800 °c.
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F igure 4.17 SEM image and EDX elemental area mappings of the 0.5 พt.% Pt- 
loaded 0.95Ti02-0.05Zr02 mixed oxide photocatalyst prepared by SSSG method and 
calcined at 800 °c.
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F igure 4.18 SEM image and EDX elemental area mappings of 0.5 wt.% Pt-loaded 
0.95Ti02-0.05Zr02 mixed oxide photocatalyst prepared by PCD method and 
calcined at 800 °c.
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The elemental compositions of the synthesized mesoporous-assembled 
0.95Ti02-0.05ZrC>2 mixed oxide photocatalysts calcined at 800 ๐c  and without and 
with 0.5 wt.% Pt loading were also investigated in order to compare with the nominal 
elemental composition values. As shown in Table 4.8, the results reveal that all of the 
actual elemental compositions in the synthesized mixed oxides were found to slightly 
differ from the nominal values; particularly, the actual compositions of the Pt 
particles loaded by both the SSSG and PCD methods were almost equal to the 
nominal ones, indicating that there was no loss of Pt during the loading step by both 
methods.

Table 4.8 Elemental composition from SEM-EDX analysis of the mesoporous- 
assembled 0.95Ti02-0.05Zr02 mixed oxide photocatalysts calcined at 800 °c for 4 h 
and without and with 0.5 wt.% Pt loading by SSSG and PCD methods

Photocatalyst Element
Weight percentage (%)

Nominal composition Actual composition

Ti 55.45 48.06
0.95Ti02-0.05Zr02 Zr 5.57 5.05

0 38.98 46.89

0.5 wt.% Ti 55.17 40.07
Pt/0.95Ti02-0.05Zr02 Zr 5.53 4.40

prepared by SSSG 0 38.80 55.02
method Pt 0.5 0.51

0.5 wt.% Ti 55.17 47.85
Pt/0.95Ti02-0.05Zr02 Zr 5.53 4.19

prepared by PCD 0 38.80 47.47
method Pt 0.5 0.49
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4.1.6 TEM-EDX Results
The TEM analysis was performed in order to obtain insight 

information about the particle sizes of Pt and Ti02-Zr02 nanoparticles. Figure 4.19 
shows the exemplified TEM images of the synthesized mesoporous-assembled pure 
TiC>2 calcined at 500 °c and 0.95Ti02-0.05Zr02 mixed oxide calcined at 500 and 
800 °c. All the TEM images revealed the formation of aggregated photocatalyst 
nanoparticles. The average particle sizes of the photocatalysts are in the range of 10- 
15 nm for pure TiC>2 calcined at 500 °c and 8-12 nm for the 0.95Ti02-0.05Zr02 
mixed oxide calcined at 500 ๐c , where the observed particle sizes are in good 
accordance with the crystallite sizes estimated from the XRD analysis. The smaller 
particle size of the mixed oxide could be attributed to an increase in the thermal 
stability and the resistance to sintering caused by the incorporated ZrC>2, as 
mentioned above. For the 0.95Ti02-0.05ZrC>2 mixed oxide calcined at 800 °c, which 
exhibited the highest photocatalytic activity among all the photocatalyst samples 
without Pt loading as shown later, the TEM image showed a larger particle size in 
the range of 10-15 nm as compared to that calcined at 500 °c. Figure 4.20 shows the 
TEM image and the EDX point mapping of the synthesized 0.5 wt.% Pt-loaded 
mesoporous-assembled 0.95Ti02-0.05Zr02 mixed oxide calcined at 800 °c and 
prepared by the SSSG and PCD methods. The Pt phase was clearly seen as dark 
patches on the support surface, indicating the high electron density, as confirmed by 
the EDX mapping. The average particle size of Pt prepared by both methods is in the 
range of 10-15 nm.
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(a) (b)

(c)

F igure 4.19 TEM images of the synthesized mesoporous-assembled photocatalysts: 
(a) pure TiC>2 calcined at 500 °c, (b) 0.95Ti02-0.05Zr02 mixed oxide calcined at 
500 °c, and (c) 0.95Ti02-0.05Zr02 mixed oxide calcined at 800 °c.
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F igure 4.20 TEM images and EDX elemental point mappings of the 0.5 wt.% Pt- 
loaded mesoporous-assembled 0.95Ti02-0.05Zr02 mixed oxide photocatalysts 
calcined at 800 ๐c  and prepared by (a) SSSG and (b) PCD methods.
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F igure 4.20 (C ontinued) TEM images and EDX elemental point mappings of the 
0.5 wt.% Pt-loaded mesoporous-assembled 0.95Ti02-0.05Zr02 mixed oxide 
photocatalysts calcined at 800 °c and prepared by (a) SSSG and (b) PCD methods.

4.1.7 TPR Results
The TPR analysis was used to study the reduction property of the Pt 

nanoparticles loaded on the synthesized Ti02-ZrC>2 mixed oxide photocatalysts in 
order to determine the Pt crystalline phase. Figure 4.21 shows the TPR profiles of the 
unloaded 0.95Ti02-0.05Zr02 mixed oxide and 0.5 wt.% Pt-loaded 0.95TiÛ2- 
0.05ZrC>2 mixed oxides prepared by the SSSG and PCD methods, all calcined at 
800 °c. For the 0.95TiC>2-0.05Zr02 mixed oxide support, a main reduction peak at 
temperatures higher than 400 °c was observed, and this indicates the support
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reduction, mainly from TiC>2 to TiOx (x<2) (Wang et at., 2004). For the Pt-loaded 
photocatalyst prepared by the.SSSG method, two small reduction peaks were 
observed and attributed to the reduction of the platinum oxide phase (Pt4+ to Pt), 
where the first one at about 100 °c can be assigned to the reduction of Pt4+ to Pt2+, 
and the second one centered at 200 ๐c  corresponds to the reduction of Pt2+ to 
metallic Pt (Pérez-Hernândez et al., 2005). However, the reduction peaks were small 
and broad, implying that only a small portion of the loaded Pt nanoparticles by the 
SSSG method was not in the metallic form, whereas a large portion was. Unlike the 
Pt-loaded photocatalyst prepared by the PCD method, there was no Pt reduction 
peaks observed, indicating that all of the Pt nanoparticles deposited on the 
photocatalyst support were in the metallic form. It was reported that photodeposited 
Pt particles on a TiC>2 surface can exist in various oxidation states, such as Pt4+, Pt2+, 
and Pt° species, and the Pt oxidation state can vary with respect to preparation 
conditions. Particularly, the normally used PtCU2’ precursor in aqueous solution can 
be hydrolyzed to form Pt(OH).xCl6-x2" (x = 1-5), and this hydrolysis process is pH- 
dependent (Lee et al, 2005). For instance, P t02 and PtO (or Pt(OH)2) were deposited 
in alkaline conditions through the reaction of hydrolyzed Pt complexes with VB 
holes (e.g. Pt(OH)4Cl22' + 4hvb+ —► P t02 + 4H+ + 0 2 + 2CF), whereas Pt° was mainly 
deposited in acidic conditions in the presence of electron donors that prevent the Pt 
complexes from reacting with VB holes (Jin et al, 1994). Since the preparation 
solution used for the PCD method in this work was 50 vol.% aqueous methanol 
solution, which was a mildy acidic solution (pH = 6.35), the deposited Pt 
nanoparticles on the investigated photocatalysts were accordingly in the Pt° form.



78

Figure 4.21 TPR profiles of (a) the mesoporous-assembled 0.95Ti02-0.05Zr02 
mixed oxide photocatalyst calcined at 800 °c, and (b) and (c) the 0.5 wt.% Pt-loaded 
mesoporous-assembled 0.95Ti02-0.05Zr02 mixed oxide photocatalysts calcined at 
800 ๐c  and prepared by SSSG and PCD methods, respectively.

4.1.8 H? Chemisorption Results
The Pt dispersion on the 0.95TiC>2-0.05Zr02 mixed oxide 

photocatalyst was determined by using the แ 2 chemisorption. Table 4.9 shows the Pt 
dispersion of the Pt-loaded 0.95Ti02-0.05Zr02 mixed oxide samples prepared by 
both the SSSG and PCD methods at various Pt loadings. For the SSSG method, the 
results showed that the Pt dispersion gradually increased with increasing Pt loading; 
however, it can be observed that all of the Pt dispersions were very low (lower than 
18 %). In contrast, for the PCD method, the Pt dispersion significantly increased with 
increasing Pt loading from 0.3 to 0.5 wt.% and then dramatically decreased with 
further increasing Pt loading up to 1 wt.%. It can be comparatively seen that the PCD
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method provided a higher Pt dispersion than the SSSG method at all of the 
investigated Pt loadings.

Table 4.10 shows the Pt dispersion of the 0.5 wt.% Pt-loaded 0.95TiC>2- 
0.05ZrC>2 mixed oxide samples prepared by the PCD method under various u v  light 
irradiation times and u v  light intensities. In case of varying u v  light irradiation 
time, the Pt dispersion showed the highest value of 46.1 % at the u v  light irradiation 
time of 1 h and then slightly decreased with increasing irradiation time from 1 to 3 h; 
however, the Pt dispersion was observed to be almost invariant (in the range of 43- 
46 %) with respect to the u v  light irradiation time. On the other hand, the Pt 
dispersion increased with increasing u v  light intensity from 22 to 88 พ  and showed 
the highest value of 55.1 % at the u v  light intensity of 88 พ. This results imply that 
a higher u v  intensity induced a higher Pt dispersion.

Table 4.9 Summary of Pt dispersion results of the Pt-loaded mesoporous-assembled 
0.95Ti02-0.05Zr02 mixed oxide photocatalysts calcined at 800 °c for 4 h and 
prepared by both SSSG and PCD methods

Preparation method Ptloading 
(wt.%)

Pt dispersion 
(%)

0.3 9.7
0.5 12.3

SSSG 0.7 13.2
1 17.2

0.3 24.4
0.5 45.8

PCDa 0.7 38.8
1 19.5

(a) Prepared with u v  light irradiation time of 2 h anc UV light intensity of 44 พ
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Table 4.10 Summary of Pt dispersion results of the synthesized 0.5 wt.% Pt-loaded 
mesoporous-assembled 0.95TiC>2-0.05Zr02 mixed oxide photocatalysts calcined at 
800 °c for 4 h and prepared by PCD method under various conditions

PCD conditions
Pt dispersion

(%)u v  light intensity 
(พ )

UV light 
irradiation time 

(h)..

1. 46.1
44 2 . 45.8

3 : 43.8

22 40.6
44 2 45.8
88 55.1

4.2 Sensitized P hotocatalytic  H ydrogen P roduction  Activity

In this work, the photocatalytic activity of the synthesized 
mesoporous-assembled TiC>2-Zr02 mixed oxide photocatalysts with different TiC>2- 
to-ZrC>2 molar ratios calcined at various calcination temperatures without and with Pt 
loading was investigated for the sensitized hydrogen production from an aqueous 
diethanolamine (DEA) solution containing Eosin Y sensitizer (E.Y.) under visible 
light irradiation.

4.2.1 Effect o fT i0 2-to-Zr02 Molar Ratio in Mixed Oxide Photocatalysts 
In this photocatalytic reaction, 0.2 g of different types of the 

mesoporous-assembled TiÛ2-Zr02 mixed oxide photocatalysts was suspended in 150 
ml of 15 vol.% DEA aqueous solution (22.5 ml DEA and 127.5 ml distilled water)
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containing a dissolved 0.1 mM E.Y. at room temperature, which was used as the 
photocatalytic reaction mixture.. The results of specific hydrogen production rate of 
the TiC>2-Zr02 mixed oxide photocatalysts with various Ti02-to-Zr02 molar ratios 
calcined at 500 ๐c  for 4 h are shown in Figure 4.22. It can be clearly observed that 
the hydrogen production rate reached a maximum value at the TiCVto-ZrCb molar 
ratio of 95:5. According to the surface area analysis (Table 4.2), the addition of ZrC>2 
with an appropriate amount increased the specific surface area of the photocatalyst, 
consequently resulting in more available active sites on the photocatalyst surface. 
The obvious decrease in the photocatalytic activity at higher ZrC>2 contents is 
possibly because the ZrC>2 itself has a very large band gap energy greater than 5 eV 
(Nozik, 1978), so it cannot act as an efficient electron mediator for the sensitized 
hydrogen production. In addition, from the XRD results (Figure 4.6), the samples 
with Ti02-to-ZrC>2 molar ratios of 40:60 and 20:80 are mainly in an amorphous phase, 
which is widely known to have a lower efficiency than a crystalline phase (e.g. 
anatase and rutile) due to an increased rate of charge recombination at the lattice 
defects (Ohtani et al., 1997). From these results, since the mesoporous-assembled 
0.95Ti02-0.05ZrC>2 mixed oxide photocatalyst provided the highest photocatalytic 
activity, it was selected for further experiments.
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F igure 4.22 Effect of Ti02-to-Zr02 molar ratio on specific แ 2 production rate over 
the mesoporous-assembled Ti02-Zr0 2 mixed oxide photocatalysts calcined at 500 ๐c  
for 4 h (Photocatalyst, 0.2 g; total volume, 150 ml; DEA concentration, 15 vol.%; 
E.Y. concentration, 0.1 mM; irradiation time, 5 h).

4.2.2 Effect of Calcination Conditions
Calcination conditions significantly affect both the structural 

characteristics and activity of the photocatalysts. Therefore, the effects of calcination 
time and calcination temperature on the photocatalytic hydrogen production activity 
of the 0.95Ti02-0.05Zr02 mixed oxide photocatalyst were investigated in order to 
obtain the suitable conditions for the photocatalyst preparation. The effect of 
calcination time was first examined. Figure 4.23 shows the specific น2 production 
rate o f the 0.95Ti02-0.05Zr02 mixed oxide photocatalyst calcined at 500 °c for 
various times. The results showed that only a slight change in hydrogen production 
activity was observed for an increase in the calcination time from 2 to 8 h. This is in 
good agreement with the BET and XRD results mentioned previously that there was 
no significant difference in the photocatalyst characteristics by varying calcination 
time from 2 to 8 h. Therefore, the calcination time of 4 h was selected for further
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experiments to ensure the complete crystalline structure development at each studied 
condition

^  0.6 el

C alcination  tim e (h)

F igure 4.23 Effect of calcination time on specific H2 production rate over the 
mesoporous-assembled 0.95Ti02-0.05Zr02 mixed oxide photocatalyst calcined at 
500 °c (Photocatalyst, 0.2 g; total volume, 150 ml; DEA concentration, 15 vol.%; 
E.Y. concentration, 0.1 mM; irradiation time, 5 h).

The effect of calcination temperature, which has a significant effect 
on the photocatalyst structure that can consequently lead to the change in 
photocatalytic hydrogen production activity, was next examined. Figure 4.24(a) 
shows the effect of calcination temperature on the hydrogen production activity over 
the mesoporous-assembled 0.95Ti02-0.05Zr02 mixed oxide as compared to the 
mesoporous-assembled pure T i02. In case of the mesoporous-assembled pure T i02, 
the highest photocatalytic hydrogen production was observed at the optimum 
calcination temperature of 500 °c at the specific แ 2 production rate of 0.38 ml/h-gcat. 
The further increase in calcination temperature resulted in a lower photocatalytic 
activity. This is mainly because the decrease in the photocatalyst specific surface 
area was observed (Table 4.2), and the photocatalyst underwent the phase
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transformation from the anatase to the rutile phase (Figure 4.7(a)). It can be implied 
that the presence of a greater the extent of rutile phase exerts a negative effect on the 
photocatalytic activity. Since the rutile phase has a lower flat band potential as 
compared to NHE potential (H+/H2 level) than the anatase phase, this makes the 
rutile TiC>2 have a smaller driving force for the electron transfer from the excited 
sensitizer to its conduction band for water reduction to produce hydrogen than the 
anatase T i02. In contrast, the photocatalytic hydrogen production activity of the 
mesoporous-assembled 0.95Ti02-0.05Zr02 mixed oxide increased with increasing 

^calcination temperature and reached a maximun value at the calcination temperature 
of 800 °c, with the specific H2 production rate of 0.61 ml/h gcat. Since the XRD 
results (Figure 4.7(b)) showed that the addition of Z r02 can retard the phase 
transformation of the T i0 2 photocatalyst, the increase in the photocatalytic activity 

: with increasing calcination temperature up to 800 °c can be explained by the growth 
.of pure anatase crystallite size with higher crystallinity, without any rutile phase 
observed, leading to a smooth path for the electron transfer with less degrees of bulk 
defects and surface recombination sites. However, when the calcination temperature 
further increased to 900 °c, it was a starting point of the anatase-to-rutile phase 
transformation, resulting in a decreased photocatalytic activity. From a previous 
work (Jung et al., 2002), it was also proved that the photocatalyic activity of T i02 for 
the decomposition of trichloroethylene (TCE) tended to increase with increasing 
crystallite size as long as no significant rutile phase was formed. When considering 
the specific H2 production rate enhancement (Figure 4.24(b)), which was calculated 
from the Eq. (4.4):

Specific H2 production rate = -------------— ——  -----------L X loo v 'RateTio2

The results showed that the specific H2 production rate enhancement of the 
0.95Ti02-0.05Zr02 mixed oxide as compared to the pure T i0 2 increased with 
increasing calcination temperature and reached the maximum value around 94% at 
the calcination temperature of 800 °c.
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(a)

(b)

Figure 4.24 Effect of calcination temperature on (a) specific แ 2 production rate over 
the mesoporous-assembled pure TiC>2 and 0.95Ti02-0.05Zr02 photocatalysts (b) 
specific H2 production rate enhancement (Photocatalyst, 0.2 g; total volume, 150 ml; 
DEA concentration, 15 vol.%; E.Y. concentration, 0.1 mM; irradiation time, 5 h).
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4.2.3 Effect of Pt Loading
Noble metals are.normally used to load on a photocatalyst surface to 

solve the problem of the charge carrier recombination that can result in the low 
photocatalytic activity. The most active metal for photocatalytic enhancement is Pt, 
which can produce the highest Schottky barrier among the metals that facilitate the 
electron capture for further photocatalytic reaction (Vorontsov et al., 1999). Figure 
4.25 shows the results of specific hydrogen production rate as a function of Pt 
loading of the Pt-loaded mesoporous-assembled 0.95TiC>2-0.05ZrC)2 photocatalysts 
prepared by both the SSSG and PCD methods. Similar trends of the photocatalytic 
activity were observed for the photocatalysts prepared by both methods with various 
Pt loadings; the specific hydrogen production rate increased with increasing Pt 
loading and reached an optimum value before decreasing when the Pt loading was 
higher than 0.5 wt.%. Therefore, these results imply that the Pt loading o f 0.5 wt.% 
was the most suitable Pt content for the investigated photocatalysts. Since the surface 
areas and crystallite sizes of both the photocatalysts remained almost unchanged with 
varying Pt loading, as shown in Tables 4.3 and 4.6, the increase in the. hydrogen 
production rate with increasing Pt loading from 0 to 0.5 wt.% can be explained in 
that the loading of Pt can enhance the photocatalytic reaction by promoting the 
charge separation and serving as the active hydrogen production sites. However, 
when the Pt loading exceeded a critical limit (i.e. an optimum loading of 0.5 wt.%) 
where the agglomeration process takes place, some of them inevitably act as the 
electron-oxidized sensitizer recombination centers that can negatively lead to a 
decrease in the photocatalytic activity (Zou et al., 2007). Therefore, there is an 
optimum amount of Pt loading for the maximum hydrogen production activity. It can 
be clearly seen that under the studied range of Pt loading, the Pt-loaded photocatalyst 
prepared by the PCD method always exhibited a higher hydrogen production rate 
than that prepared by the SSSG method. For the Pt-loaded photocatalyst prepared by 
the SSSG method, the maximum hydrogen production rate was 1.42 ml/h gcat at the 
optimum Pt loading, while the hydrogen production rate of the Pt-loaded 
photocatalyst prepared by the PCD method reached the maximum value of 2.37 
ml/h-gcat, being almost two times of that of the SSSG-prepared photocatalyst. These 
results point out that the more efficient charge separation at the interface of Pt
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nanoparticles and Ti02-Zr02 mixed oxide support was obtained in the PCD-prepared 
photocatalyst. These can be possibly explained by the TPR results (Figure 4.21) that 
the loaded Pt nanoparticles in the SSSG-prepared photocatalysts were partly in the 
oxide form, whereas these in the PCD-prepared photocatalysts were all in the 
metallic form. As there is a previous study reporting that a TiC>2 loaded with oxidized 
Pt species (Pt0X/TiC>2) was less reactive than that loaded with metallic Pt (Pt°/Ti02) as 
ascribed to the negative role of the Ptox species as a recombination center (Lee et al, 
2005), it is therefore generally accepted that metallic Pt (Pt°) is its most favorable 
oxidation state for the photocatalytic reaction. Moreover, the Pt-loaded photocatalyst 
prepared by the SSSG method may lose some photocatalytic efficiency due to a less 
number of surface-exposed Pt nanoparticles since some of them may be possibly 
buried in the bulk photocatalyst during the sol-gel procedure, which can be 
considered inactive for the photocatalytic reaction. In addition, from the TPR results 
(Table 4.9), .the low Pt dispersions (lower than 18 %) of the SSSG-prepared 
photocatalysts hardly affected the photocatalytic activity, whereas those of the PCD- 
prepared photocatalysts corresponded very well to the photocatalytic activity, 
exhibiting a maximum hydrogen production rate at 0.5 wt.%, at which the highest Pt 
dispersion (45.8%) was observed.
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Figure 4.25 Effect of Pt loading on specific H2 production rate over the mesoporous- 
assembled 0.95Ti02-0.05Zr02 photocatalysts calcined at 800 ๐c  for 4 h and prepared 
by SSSG and PCD methods (Photocatalyst, 0.2 g; total volume, 150 ml; DEA 
concentration, 15 yol.%; E.Y. concentration, 0.1 mM; irradiation time, 5 h).

4.2.4 Effect of Photochemical Deposition Conditions
As clearly seen from the above results that the 0.5 wt.% Pt-loaded 

0.95Ti02-0.05Zr02 mixed oxide photocatalysts prepared by the PCD method 
provided a higher hydrogen production rate than those prepared by the SSSG method, 
the conditions used in the PCD preparation were therefore further investigated in 
order to obtain the most suitable conditions that provided the highest hydrogen 
production activity. Figure 4.26 shows the hydrogen production activity of the 0.5 
wt.% Pt-loaded 0.95Ti02-0.05Zr02 photocatalysts prepared by the PCD method 
under u v  light irradiation times. The results showed that there were no significant 
differences in the specific H2 production rate by varying u v  light irradiation time; 
however, the u v  light irradiation time of 2 h was selected for further investigation 
on the effect of u v  light intensity in order to sufficiently provide enough deposition 
time for Pt nanoparticles under any studied conditions. In contrast, the u v  light 
intensity was found to have a more significant impact on the photocatalytic hydrogen
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production activity than the u v  light irradiation time. The results shown in Figure
4.27 revealed that the u v  light.intensity of 44 พ  provided the highest specific น2 
production rate. A lower or higher intensity (22 or 88 พ ) provided slightly lower 
specific H2 production rate than 44 พ . Since the textural and structural properties of 
the Pt-loaded photocatalysts remained almost unchanged (Table 4.4 and Figures 4.10 
and 4.11), the Pt dispersion should be rather considered. From the Pt dispersion 
results (Table 4.10), as the Pt dispersion was found to be almost invariant with 
respect to the u v  light irradiation time, the specific H2 production rate became 
nearly constant, as expected. In contrast, in the case of varying u v  light intensity, 
the Pt dispersion of about 45.8% at the u v  light intensity of 44 พ  provided the 
highest specific บ2 production rate, indicating that a higher Pt dispersion led to a 
higher number of active sites on the photocatalyst surface. However, a too high Pt 
dispersion of about 55.1 % at the u v  light intensity of 88 พ  was found to be 
unfavorable for the H2 production, possibly because the Pt nanoparticles with a too 
high Pt dispersion induce a more probability of surface charge recombination, 
resulting in an observed lower photocatalytic activity.

ร
<น 
03

Ç9o
«น
V©นa.
33พร’3ผ ิO.in

1 2 3
UV light irrad ia tio n  tim e th)

F igure 4.26 Effect of u v  light irradiation time at the u v  light intensity of 44 พ  on 
specific H2 production rate over the 0.5 wt.% Pt-loaded 0.95Ti02-0.05Zr02 
photocatalyst prepared by PCD method (Photocatalyst, 0.2 g; total volume, 150 ml; 
DEA concentration, 15 vol.%; E.Y. concentration, 0.1 mM; irradiation time, 5 h).
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Figure 4.27 Effect of UV light intensity at the uv light irradiation time of 2 h on 
specific H2 production rate over the 0.5 wt.% Pt-loaded 0.95Ti02-0.05Zr02 
photocatalyst prepared by PCD method (Photocatalyst, 0.2 g; total volume, 150 ml; 
DEA concentration, 15 vol.%; E.Y. concentration, 0.1 mM; irradiation time, 5 h).

4.2.5 Photocatalyst Durability
In order to study the photocatalyst durability in the sensitized 

photocatalytic hydrogen production system, the sensitized 0.5 wt.% Pt-loaded 
0.95Ti02-0.05Zr02 photocatalyst prepared by the PCD method, which provided the 
highest hydrogen production activity, was used in this test. The photocatalytic 
activity of the photocatalyst was studied for 3 consecutive runs. After finishing 5 h 
irradiation of the first run, the photocatalyst powder was recovered. Before the next 
run, the recovered photocatalyst was either not heat-treated or heat-treated at 800 ๐ 
for 1 h. Figure 4.28 shows that the photocatalytic hydrogen production rates of the 
photocatalyst without heat treatment after recovery for the 3 consecutive runs were 
2.37, 2.01, and 1.67 ml/h gcat, respectively. From the results, it can be seen that the 
hydrogen production rate gradually decreased after the first run. A decrease in the 
hydrogen production rate might possibly originate from that there were some 
reaction mixture species, such as inactive E.Y. and DEA, strongly adsorbing on the
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photocatalyst surface, and this make it gradually deactivated. Hypothetically, in order 
to remove the adsorbed species to regenerate the photocatalyst, the recovered 
photocatalyst should be heat-treated. In this experiment, the photocatalyst recovered 
from the first run was calcined for 1 h at 800 °c (the temperature used to stabilize the 
photocatalyst structure during the calcination step), and then was used in the second 
run. The result from the second run showed that the hydrogen production rate still 
decreased from the first run and was even lower than that from the second run of the 
recovered photocatalyst without the heat treatment. The lower photocatalytic activity 
may be due to the growth of Pt nanoparticles during the heat treatment at 800 °c. 
Therefore, an effective way to maintain the photocatalytic activity for several 
consecutive runs, or long-period irradiation time, is needed to be further investigated.
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Figure 4.28 Durability of the 0.5 wt.% Pt-loaded 0.95Ti02-0.05Zr02 photocatalyst 
prepared by PCD method calcined at 800 °c in the sensitized hydrogen production 
system for 3 consecutive runs (Photocatalyst, 0.2 g; total volume, 150 ml; DEA 
concentration, 15 vol.%; E.Y. concentration, 0.1 mM; irradiation time, 5 h).
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