
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Photocatalyst Characterizations

4.1.1 T G -D T A  R esu lts
T h e  T G -D T A  cu rv es  w e re  u sed  to  s tu d y  th e  th e rm a l d e c o m p o s itio n  

b eh av io r o f  the  sy n th e s iz e d  d ried  p h o to c a ta ly s ts  an d  to  o b ta in  th e ir  su ita b le  
ca lc in a tio n  tem p e ra tu res . F ig u re  4.1 e x e m p lif ie s  th e  T G -D T A  cu rv es  o f  th e  d rie d  
p u re  T iC b an d  0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix e d  o x id e  ge ls. T h e  D T A  c u rv e s  show , th ree  
m ain  e x o th e rm ic  reg io n s , as a lso  su m m a riz e d  in  T a b le  4 .1 . T h e  f irs t e x o th e rm ic .p e a k , 
w ith  its p o s itio n  lo w er th an  150 ๐c ,  is a ttr ib u te d  to  th e  rem o v a l o f  p h y s iso rb e d  w a te r  
m o lecu le s . T h e  seco n d  ex o th e rm ic  p eak , w ith  its  p o s itio n  b e tw e e n  150 an d  3 2 0  ?C , is 
a ttr ib u ted  to  th e  b u rn o u t o f  the  L A H C  su rfac tan t m o lecu le s . T h e  th ird  e x o th e rm ic  
peak  b e tw een  320  an d  500  ๐c  co rre sp o n d s  to  th e  c ry s ta lliz a tio n  p ro cess  o f  the  
p h o to c a ta ly s ts , as w ell as  th e  rem o v a l o f  o rg an ic  re m n a n ts  an d  c h e m iso rb e d  w a te r  
m o lecu le s  (H ag u e  e t a l., 1994). T h e  T G  cu rv es  re v e a l th a t th e  w e ig h t lo sse s  en d ed  at 
a  te m p e ra tu re  o f  ap p ro x im a te ly  5 00  °c fo r b o th  d rie d  p h o to c a ta ly s ts . T h e re fo re , th e  
ca lc in a tio n  te m p e ra tu re  o f  500  ๐c  w a s  su ff ic ie n t fo r  b o th  th e  c o m p le te  su rfac tan t 
rem o v a l an d  th e  p h o to c a ta ly s t c ry s ta lliz a tio n  p ro cess . T h e re fo re , th e  c a lc in a tio n  
te m p e ra tu re  in  th e  ran g e  o f  500  and  800  ๐c  w a s  u sed  to  in v e s tig a te  its  e ffe c t on  
p h y s ic o c h e m ic a l p ro p e rtie s  an d  c o n se q u e n t p h o to c a ta ly tic  h y d ro g e n  p ro d u c tio n  
ac tiv ity  o f  all th e  sy n th es ized  p h o to ca ta ly s ts .
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(b)

Temperature (°C)
J.Figure 4.1 TG-DTA curves of the dried synthesized photocatalysts: (a) pure Ti(>2

and (b) 0.9711<ว2-*0.03SiC>2 mixed oxide.
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Table 4.1 T h erm a l d e c o m p o s itio n  re su lts  o f  th e  d rie d  sy n th es ized  p u re  T i 0 2 and  
0.97TiC>2-0.03SiC)2 m ix ed  o x id e  p h o to ca ta ly s ts  from  T G -D T G  a n a ly s is

P h o to c a ta ly s t

P o sitio n  o f  ex o th e rm ic  peak
(๐C )

C o rre sp o n d in g  w e ig h t loss 
(w t.% )

1 St

reg io n
2 nd

reg io n

yd

reg io n
1 st

reg io n
2nd

reg io n
3 rd

re g io n
T o ta l

T i 0 2 3 0-150 150-320 3 2 0 -5 0 0 1.80 19.51 17.00 38.31

0 .9 7 T iO 2-
0 .0 3 S iO 2 3 0-150 150-320 3 2 0 -5 0 0 1.72 24 .03 14.99 4 0 .7 4

4 .1 .2  N? A d so rp tio n -D e so rp tio n  R esu lts
T h e  N 2 a d so rp tio n -d e so rp tio n  a n a ly s is  w as u sed  to  v e rify  th e  

m e so p o ro s ity  o f  th e  T i0 2 -SiC >2 m ix ed  o x id e  p h o to c a ta ly s ts  w ith  d iffe re n t T i 0 2-to - 
S i 0 2 m o la r  ra tio s . T h e  sh ap e  o f  th e  iso th e rm s e x h ib its  th e  c h a ra c te ris tic  b e h a v io r  o f  
th e  s tru c tu re  o f  p o w d e r, w h ich  is c o m p o sed  o f  an  a ssem b ly  o f  p a rtic le s  w ith  u n ifo rm  
p o re  o p en in g . T h e  N 2 ad so rp tio n -d e so rp tio n  iso th e rm s  o f  th e  p u re  T i0 2 , 0 .9 7 T iO 2- 
0.03SiC>2 m ix e d  o x id e , an d  P t-lo ad ed  an d  b im e ta llic  P t-A u -lo a d e d  0 .9 7 T iO 2- 
0 .03S iO 2  m ix e d  o x id e  p h o to c a ta ly s ts  ca lc in ed  at 500  °c are  e x e m p lif ie d  in  F ig u res  
4 .2 -4 .4 . A ll o f  th e  sam p le s  e x h ib it ty p ica l IU P A C  ty p e  IV  p a tte rn  w ith  H 2 -ty p e  
h y s te re s is  loop , w h ich  is th e  m a jo r ch a ra c te ris tic  o f  a  m e so p o ro u s  m ate ria l 
(m e so p o ro u s  s iz e  b e tw een  2 and  50 nm ) a c c o rd in g  to  th e  c la ss if ic a tio n  o f  IU P A C  
(R o u q u e ro l et a l ,  1999). A  sh a rp  in crease  in th e  a d so rp tio n  cu rv es  at a  h ig h  re la tiv e  
p re s su re  (P /Po) im p lie s  a cap illa ry  c o n d e n sa tio n  o f  N 2 m o le c u le s  in s id e  the  
m e so p o re s , im p ly in g  th e  w e ll-u n ifo rm  m e so p o re s  and  n a rro w  p o re  s ize  d is tr ib u tio n s  
s in ce  the  P/Po p o s itio n  o f  th e  in fle c tio n  p o in t is d irec tly  re la ted  to  th e  p o re  d im en sio n . 
T h e  in se ts  o f  F ig u res  4 .2 -4 .4  sh o w  th e  p o re  s ize  d is tr ib u tio n s  ca lc u la ted  fro m  the  
d e so rp tio n  b ra n c h  o f  the  iso th e rm s by  th e  D H  m e th o d . T h e  p u re  T i 0 2 an d  0 .9 7 T iO 2-
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0.03SiC>2 m ix ed  o x id e  p h o to c a ta ly s ts  w ith o u t and  w ith  1.25 w t.%  Pt lo ad in g  and  
b im e ta llic  0 .75 w t.%  P t-0 .7 5  w t.%  A ll lo ad in g  p o sse ss  q u ite  n a rro w  p o re  s ize  
d is tr ib u tio n s  en tire ly  lo c a tin g  in the  m e so p o ro u s  reg io n  (b e tw e e n  2 and  50  nm ), 
im p ly in g  a good  q u a lity  o f  the  sam p les . T ab le  4 .2  sh o w s the  tex tu ra l p ro p e rtie s  from  
th e  N 2 a d so rp tio n -d e so rp tio n  an a ly s is  o f  th e  p u re  T i 0 2 and  T i 0 2- S i 0 2 m ix ed  o x id e  
p h o to c a ta ly s ts  c a lc in e d  at v a rio u s  te m p e ra tu re s . It is c lea rly  o b se rv e d  th a t at the  
c a lc in a tio n  te m p e ra tu re  o f  500  °c. th e  in c o rp o ra tio n  o f  S i 0 2 in to  T i 0 2 re su lted  in an 
in c rea se  in  sp ec ific  su rface  a rea , as can  be  c le a rly  seen  from  th e  re su lts  th a t fo r 
e x a m p le , by  in c o rp o ra tin g  3 m o l%  S i 0 2 in to  T i 0 2 to  o b ta in  the  0 .9 7 T i0 2- 0 .0 3 S i0 2 
m ix ed  o x id e  (w h ich  e x h ib ite d  th e  h ig h e s t p h o to c a ta ly tic  ac tiv ity  a m o n g  the  m ix ed  
o x id e  se rie s , as sh o w n  la ter), th e  sp ec if ic  su rface  a rea  in c reased  fro m  55.3  to  161.8 
i r f - g '1. T h e  p re se n c e  o f  th is  seco n d  m e ta l o x id e  w ith  a p p ro p ria te  a m o u n ts  co u ld  
re ta rd  c ry s ta lliz a tio n  p ro cess  an d  a ffec t th e  g ro w th  o f  b u lk  m a te ria l, w h ich  w as 
c o n firm e d  by  th e  X R D  a n a ly s is  in th e  n ex t sec tio n , re su ltin g  in h ig h e r sp ec ific  
su rface  a re a s  o f  the  m ix ed  o x id e  p h o to c a ta ly s ts  (S c h a ttk a  e t a l., 2 0 0 2 ). In case  o f  
in c re a s in g  ca lc in a tio n  te m p e ra tu re  fro m  5 00  to  8 0 0  ๐c ,  it can  be  se e n  from  T ab le  4 .2  
tha t th e  3 m o l%  S i 0 2- in c o rp o ra te d  T i 0 2 (i.e . 0 .9 7 T i0 2-0 .0 3 S i0 2 m ix e d  o x id e ) co u ld  
re ta in  its sp ec ific  su rface  a rea  m u ch  m o re  th an  th e  pu re  T i 0 2 a t h igh  ca lc in a tio n  
te m p e ra tu re s . T h e  sp ec if ic  su rface  a re a  o f  the  p u re  T i 0 2 w as sm a lle r  and  d e c re a sed  
m o re  q u ic k ly  from  55.3  to  3.5 m 2 g"' w h en  in c re a s in g  ca lc in a tio n  te m p e ra tu re  from  
500  to  8 00  °c as co m p ared  to  th e  0 .9 7 T i0 2- 0 .0 3 S i0 2 m ix ed  o x id e , o f  w h ich  its 
sp ec ific  su rface  a re a  d e c re a sed  from  161.8  m 2 g ' ! to  73.5 m 2 g _l w h en  in c rea s in g  
ca lc in a tio n  te m p e ra tu re  fro m  500  to  800  ๐c .  A s e x p e c te d , th e  o b se rv e d  loss in  th e  
sp ec ific  su rface  a re a  w ith  in c rea s in g  ca lc in a tio n  te m p e ra tu re  fo r b o th  p h o to c a ta ly s ts  
is p o ss ib ly  b ecau se  o f  th e  po re  c o lla p se  due  to  b o th  th e  d e s tru c tio n  o f  w a lls  
s e p a ra tin g  the  m e so p o re s  u p o n  th e  c ry s ta lliz a tio n  and  th e  g ra in  g ro w th  o f  the  
p h o to c a ta ly s t c ry s ta llite s , w h ich  c o n se q u e n tly  led  to  an  in c rea se  in  th e  m ean  
m e so p o re  d iam e to r w ith  a  s im u lta n e o u s  d e c re a se  in  th e  to ta l p o re  v o lu m e  (T ab le  4 .2 ).
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(a)

(b)

Relative pressure, P/P0

Figure 4.2 N 2 a d so rp tio n -d e so rp tio n  iso th e rm s  an d  p o re  s iz e  d is tr ib u tio n s  ( in se t)  o f  
th e  sy n th e s iz e d  m e so p o ro u s -a s se m b le d  p h o to c a ta ly s ts  c a lc in e d  a t 500  ๐C : (a ) p u re  
T iO a and  (b) 0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix e d  o x id e .

f
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Figure 4.3 N 2 a d so rp tio n -d e so rp tio n  iso th e rm s  and  p o re  s iz e  d is tr ib u tio n  ( in se t)  o f  
th e  sy n th e s iz e d  1.25 w t.%  P t-lo ad ed  m e so p o ro u s-a sse m b le d  0 .9 7 T i0 2 -0 .0 3 S i0 2  
m ix e d  o x id e  p h o to c a ta ly s t ca lc in ed  at 500  ๐c .

Figure 4.4 N 2 a c lso rp tio n -d eso rp tio n  iso th e rm s  and  p o re  s iz e  d is tr ib u tio n  ( in se t)  o f  
th e  sy n th e s iz e d  0 .75  w t.%  P t-0 .7 5  w t.%  A u -lo a d e d  m e so p o ro u s-a sse m b le d  
0 .9 7 T i0 2- 0 .0 3 S i0 2 m ix ed  o x id e  p h o to c a ta ly s t ca lc in ed  at 5 0 0  ๐c .
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Table 4.2 N 2 a d so rp tio n -d e so rp tio n  re su lts  o f  th e  sy n th e s iz e d  m e so p o ro u s-  
a ssem b led  p u re  TiC>2 an d  T iÛ 2 -S i0 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  at v a rio u s  
te m p e ra tu re s

C a lc in a tio n S p ec ific M ean T o ta l p o re
P h o to c a ta ly s t te m p e ra tu re su rface  a rea m eso p o re v o lu m e

(๐๑ ( m V ) d ia m e te r  (n m ) ( c m V )

P u re  T i0 2 500 55.3 5 .60 0 .1 1 4

0 .9 9 T i0 2 -0 .0 1 S i0 2 500 1 2 2 . 0 4 .92 0 .203

0 .9 7 T i0 2- 0 .0 3 S i0 2 500 161.8 4 .3 0 0 .2 4 0

0 .9 5 T i0 2- 0 .0 5 S i0 2 500 180.6 4.31 0 .2 5 6

0 .9 3 T i0 2- 0 .0 7 S i0 2 500 186.4 3.83 0 .282

500 55.3 5 .60 0 .1 1 4

600 1 2 . 0 3.81 0 .035
P u re  T i 0 2

700 4 .4 a a

800 3.5 a a

500 161.8 4 .3 0 0 .2 4 0

600 122.7 5 .62 0 .2 0 8
0 .9 7 T i0 2- 0 .0 3 S i0 2

700 70 .7 6 .58 0 .1 5 0

800 73.5 6 .56 0.161
(^ N 2 a d so rp tio n -d e so rp tio n  iso th e rm s c o rre sp o n d  to  IU P A C  ty p e  II p a tte rn .

i
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T ab le  4.3 sh o w s th e  su m m a ry  o f  te x tu ra l p ro p e rtie s  o f  th e  sy n th e s iz e d  P t- 
lo ad ed  m e so p o ro u s-a sse m b le d  0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  o x id e  p h o to c a ta ly s ts  
ca lc in ed  at 500  °c. T h e  re su lts  sh o w  th a t th e  sp ec if ic  su rfa c e  a rea , m e a n  m eso p o re  
d iam e te r, and  to ta l p o re  v o lu m e  o f  th e  P t- lo a d e d  0 .97T i02-0.03SiC >2 m ix e d  o x id es  
m o d e ra te ly  d ec rea sed  w ith  in c re a s in g  P t lo ad in g . T h e  d e c re a se s  in th e  sp ec ific  
su rface  a rea , m ean  m e so p o re  d iam e te r, an d  to ta l p o re  v o lu m e  w h en  th e  P t p a rtic le s  
w ere  d e p o s ite d  on  th e  m ix ed  o x id e  su p p o rt can  be  p o ss ib ly  a ttr ib u te d  to  th e  b lo ck ag e  
o f  a  sm a ll p o rtio n  o f  m e so p o re s  o f  th e  m ix e d  o x id e  su p p o rt by  th e  P t p a rtic le s  
d e p o s ite d  in s id e  th e  m eso p o ro u s-a sse m b le d  s tru c tu re . T h e  s im ila r  te n d e n c ie s  o f  such  
d e c re a se s  co u ld  a lso  be  d e se rv e d  fo r th e  sy n th e s iz e d  b im e ta llic  P t-A u -lo ad ed  
m eso p o ro u s-a sse m b le d  0.97T i02-0.03SiC >2 m ix e d  o x id e  p h o to c a ta ly s ts  c a lc in ed  at 
500  °c, as sh o w n  in T ab le  4 .4 . H o w ev e r, it w a s  in te re s tin g ly  fo u n d  th a t th e  sp ec ific  
su rface  a rea  o f  th e  0 .75  w t.%  P t-0 .7 5  w t.%  A u -lo a d e d  0 .9 7 T i.0 2 -0 .0 3 S i0 2  m ixed  
o x id e  w as h ig h e r th an  th e  o th e r p h o to c a ta ly s ts  w ith  b im e ta llic  P t-A u  lo ad in g .

Table 4.3 N 2 a d so rp tio n -d e so rp tio n  re su lts  o f  th e  sy n th e s iz e d  P t-lo ad ed  
m eso p o ro u s-a sse m b le d  0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix e d  o x id e  p h o to c a ta ly s ts  c a lc in ed  at
500 °c

Pt lo ad in g  (w t.% )
S p ec ific  su rface  

a rea  (m 2 g ' ')
M ean  m e so 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 3 - g ’)

0 161.8 4 .3 0 0 .2 4 0

0.5 137.5 4 .3 0 0 .2 0 4

0 .75 141.2 3.83 0 . 2 0 0

1 142.8 4.31 0 . 2 0 2

1.25 * 133.1 3.82 0 .195

1.5 129.4 3 .82 0 .193
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Table 4.4 N 2 a d so rp tio n -d e so rp tio n  re su lts  o f  th e  sy n th e s iz e d  b im e ta llic  P t-A u - 
lo ad ed  m e so p o ro u s-a sse m b le d  0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix e d  o x id e  p h o to c a ta ly s ts  
ca lc in ed  at 5 00  °c

Pt lo ad in g  
(w t.% )

A u lo ad in g  
(w t.% )

S p ec ific  
su rface  a rea

( m V )

M ean  
m e so 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 3 g ' )

0 0 161.8 4 .3 0 0 .2 4 0
1.5 0 129.4 3 .82 0 .193

1.25 0.25 146.1 3.81 0 . 2 1 1

1 0.5 137.5 3 .82 0 .1 7 7
0 .75 0.75 160.0 3 .83 0 . 2 2 2

0.5 1 145.6 3.81 0.191
0.25 1.25 150.4 3 .83 0 .1 9 7

0 1.5 158.9 3 .83 0 .2 2 7

4 .1 .3  X R D  R esu lts
T h e  X R D  p a tte rn s  o f  th e  m e so p o ro u s -a s se m b le d  TiC>2-S i0 2  m ix ed  

o x id e  p h o to c a ta ly s ts  w ith  d iffe ren t T i0 2 - to -S i0 2  m o la r  ra tio s  c a lc in e d  at 500 °c are  
sh o w n  in F ig u re  4 .5 . T h e  X R D  p a tte rn  o f  th e  p u re  TiC>2 sh o w s c ry s ta llin e  s tru c tu re  o f  
th e  pu re  an a ta se  p h ase . T h e  d o m in an t p eak s  at 20  o f  ab o u t 2 5 .2 ° , 3 7 .9 ° , 4 8 .3 ° , 5 3 .8 °, 
an d  55.0° w h ich  rep re sen t th e  in d ices  o f  (101), (103 ), (200), (105), an d  (2 1 1 ) p lan es , 
re sp e c tiv e ly  (S m ith , 1960), c o rre sp o n d  to  th e  c ry s ta llin e  an a ta se  TiC>2 p h ase . T h e  
m ix e d  o x id e  sam p le s  w ith  T i0 2 - to -S i0 2  m o la r  ra tio s  o f  9 9 :1 , 9 7 :3 , 95 :5  an d  9 3 :7  
a lso  sh o w  d iffra c tio n  p eak s  a ttr ib u ted  to  th e  an a ta se  TiC>2 . A lth o u g h  th e  SiC>2 w as  
in co rp o ra ted  up  to  7 m o l% , th e  c ry s ta llin e  s tru c tu re  o f  th e  m ix ed  o x id e s  w as  still th e  
an a ta se  TiC>2 . H en ce , th e  in co rp o ra ted  SiC>2 at su ch  lo w  c o n te n ts  d id  n o t s ig n ific an tly  
a ffe c t the  c ry s ta llin e  s tru c tu re  o f  th e  sy n th e s iz e d  T i0 2 -SiC >2 m ix ed  o x id e  
p h o to ca ta ly s ts . H o w ev e r, th e  peak  in ten s itie s  g ra d u a lly  d e c re a sed  w ith  in c rea s in g  
SiC>2 co n ten t p o ss ib ly  b ecau se  a  fu rth e r in c re a se  in  th e  S i 0 2 c o n te n t m o re  g rea tly  
in h ib ited  the  c ry s ta lliz a tio n  p ro cess  o f  the  TiC>2 .
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Figure 4.5 X R D  p a tte rn s  o f  the  sy n th es ized  m e so p o ro u s-a sse m b le d  p u re  TiC>2 and  
TiC>2-SiC >2 m ix ed  o x id e  p h o to ca ta ly s ts  c a lc in ed  at 5 0 0  ๐c  (A  =  A n a ta se  TiC>2).

F ig u re  4 .6  sh o w s th e  X R D  p a tte rn s  o f  th e  sy n th e s iz e d  m e so p o ro u s- 
a ssem b led  p u re  TiC>2 an d  0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  o x id e  p h o to c a ta ly s ts  c a lc in e d  at 
v a rio u s  te m p e ra tu re s  b e tw e e n  500 and  800  °c. A s sh o w n  in F ig u re  4 .6 (a ) , th e  X R D  
p a tte rn  o f  th e  pu re  T iC b p h o to ca ta ly s t ca lc in ed  at 500  °c sh o w s c ry s ta llin e  s tru c tu re  
o f  th e  p u re  an a tase  p h ase , as m en tio n e d  ab ove . T h e  p u re  TiC>2 p h o to c a ta ly s t 
u n d e rw e n t th e  a n a ta se - to -ru tile  p h ase  tra n s fo rm a tio n  b e g in n in g  a t 6 0 0  °c, re su ltin g  
in the  co m b in a tio n  o f  th e  ana tase  and  ru tile  p h ases. T h e  o c c u rre n ce  o f  th e  d o m in a n t 
p eak s  a t 20  o f  ab o u t 2 7 .5 ° , 36 .0°, 39 .0 °, 4 1 .2 ° , 4 4 .1 ° , 5 4 .2 ° , an d  5 6 .7 ° , w h ich  
co rre sp o n d  to  the  in d ice s  o f  ( 1 1 0 ), ( 1 0 1 ), (2 0 0 ), ( 1 1 1 ), (2 1 0 ), (2 1 1 ), and  (2 2 0 ) p lan es , 
re sp ec tiv e ly  (S m ith , 1960), in d ica te s  th e  p re se n c e  o f  th e  ru tile  p h ase . T h e  ru tile  ra tio  
( W r ) in te rm s  o f-its  w e ig h t frac tio n  w as e s tim a ted  fro m  the  X R D  in ten s ity  d a ta  by  
u s in g  Eq. (4.1 ) (S p u rr  an d  M yers, 1957)

Wr = [1 +0.8Ia/Ir]-' (4.1)
w h ere  Ia an d  1r re p re se n t th e  in teg ra ted  in ten s itie s  o f  an a ta se  (101) and  ru tile  (110) 
d iffra c tio n  p eak s , re sp ec tiv e ly . A ll c a lcu la ted  v a lu e s  o f  th e  ru tile  ra tio  ( W r ) are  
p re sen ted  in T ab le  4 .5 . A  s tead ily  in c reased  p h ase  tra n s fo rm a tio n  w as  o b se rv ed  u n til
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th e  p u re  T i0 2  p h o to c a ta ly s t c o n ta in e d  the  p u re  ru tile  p h ase  a fte r  c a lc in ed  at 8 00  °c. 
H o w ev e r, th is  p h a se  tra n s fo rm a tio n  b e h a v io r  d id  n o t o c c u r for th e  0 .9 7 TiC>2- 
0.03SiC>2 m ix ed  o x id e  p h o to ca ta ly s t. F ig u re  4 .6 (b )  rev ea ls  th a t th e  in c o rp o ra tio n  o f  3 
m o l%  SiC>2 d e la y e d  th e  p h ase  tra n s fo rm a tio n  o f  TiC>2 f ro m  th e  m e ta -s tab le  an a tase  
p h ase  to  th e  th e m a lly -s ta b le  ru tile  p h ase  (L in  e t a i ,  1994), sin ce  th e  m ix e d  o x id e  
p h o to c a ta ly s t s a m p le  d isp lay s  th e  d o m in a n t X R D  p eak s  co rre sp o n d in g  to  o n ly  the 
p u re  a n a ta se  p h a se  ev en  w h en  it w a s  ca lc in e d  a t as  h ig h  as 8 00  °c.

T h e  c ry s ta llite  s ize  o f  th e  p h o to c a ta ly s ts  w as  ca lcu la ted  fro m  th e  line  
b ro a d e n in g  o f  th e  m o st p re fe ren tia lly  o rien ted  d iffra c tio n  p eak  o f  each  c ry s ta llin e  
p h ase  a c c o rd in g  to  th e  S h e rre r  e q u a tio n  (C u llity , 1978) (E q . 4 .2 ):

L = ------k—  (4 .2 )/7cos(6*)
w h e re  L is th e  c ry s ta llite  size , k is th e  S h e rre r  c o n s ta n t u su a lly  tak en  as  0 .8 9 , X is the 
w a v e le n g th  o f  th e  X -ray  ra d ia tio n  (0 .1 5 4 1 8  nm  fo r  C u  K a ) ,  p is th e  full w id th  at h a lf  
m a x im u m  (F W H M ) o f  th e  d iffra c tio n  p eak  m e a su re d  at 20 , and  0 is th e  d iffrac tio n  
ang le . T h e  c ry s ta llite  s izes o f  th e  sy n th e s iz e d  m e so p o ro u s-a sse m b le d  p u re  TiC>2 and  
T i0 2 -SiC>2 m ix ed  o x id e  p h o to c a ta ly s ts  are  g iv en  in  T ab le  4 .5 . T h e  re su lts  rev ea l tha t 
th e  in c o rp o ra tio n  o f  SiC>2 led  to  th e  d e c rea se  in  c ry s ta llite  s ize  due  to  th e  ro le  o f  SiC>2 

in  re ta rd in g  th e  g ro w th  o f  th e  TiC>2 c ry s ta ls . W ith  in c rea s in g  c a lc in a tio n  te m p e ra tu re , 
a  la rg e r c ry s ta llite  s ize  w as o b se rv e d  fo r b o th  th e  p u re  TiC>2 and  0.97Ti02-0.03SiC >2 
m ix e d  o x id e  p h o to c a ta ly s ts  d u e  to  th e  g ra in  g ro w th  in d u ced  by  an  in c reased  
te m p e ra tu re .

f
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Figure 4.6 X R D  p a tte rn s  o f  th e  sy n th e s iz e d  m e so p o ro u s-a sse m b le d  p h o to c a ta ly s ts  
c a lc in e d  at 5 0 0 -8 0 0  °C : (a) p u re  TiC>2 and  (b ) 0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  o x id e  (A  =  
A n a ta se  TiC>2 , R  =  R u tile  TiC>2).
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Table 4 .5  X R D  re su lts  o f  th e  sy n th e s iz e d  m e so p o ro u s -a s se m b le d  p u re  TiC>2 and  
T i0 2 -S i0 2  m ix ed  o x id e  p h o to c a ta ly s ts  ca lc in ed  at v a r io u s  te m p e ra tu re s

C a lc in a tio n P hase C ry s ta llite  s ize  (n m )
P h o to c a ta ly s t tem p e ra tu re fro m  X R D

R u tile
ra tio A n a ta se R u tile

(°C ) p a tte rn ( 1 0 1 ) ( 1 1 0 )

P u re  T i 0 2 500 A n a ta se - 15.62 -

0 .9 9 T i0 2 - 0 .0 1 S i0 2 500 A n a ta se - 8 .62 -
0 .9 7 T i0 2- 0 .0 3 S i0 2 500 A n a ta se - 7.41 -
0 .9 5 T i0 2- 0 .0 5 S i0 2 500 A n a ta se - 6 .4 0 -

0 .9 3 T i0 2- 0 .0 7 S i0 2 500 A n a ta se - 6 .52

500 A n a ta se - 15.62 -
600 A n a tase 0 .44 2 8 .5 3 36.31

+ R u tile
P u re  T i 0 2

700 A n a ta se 0 .74 2 9 .7 5 36 .63
+ R u tile

800 R u tile 1 - 36 .63
500 A n a ta se - 7.41 -
600 A n a ta se _ 7 .8 4 _

0 .9 7 T i0 2- 0 .0 3 S i0 2
700 A n a ta se - 13.02 -
800 A n a ta se - 13.78 -

I
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T h e  X R D  p a tte rn s  o f  th e  sy n th es ized  P t-lo ad ed  m e so p o ro u s- 
a sse m b le d  0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  o x id e  p h o to c a ta ly s ts  c a lc in e d  at 5 00  ๐c  are 
sh o w n  in F ig u re  4 .7 . A ll th e  d iffra c tio n  p e a k s  c o rre sp o n d e d  to  th e  c ry s ta llin e  
s tru c tu re  o f  th e  an a ta se  TiC>2 . T h e  p re sen ce  o f  Pt in th e  p h o to c a ta ly s ts  co u ld  be 
o b se rv e d  a t h ig h  Pt lo ad in g s  by  a  d iffra c tio n  p eak  at 20 o f  39 .8 °, w h ich  co rre sp o n d s  
to  th e  in d ex  o f  P t (1 1 1 ) p lan e ; h o w e v e r, th e  p eak  in ten s ity  w as q u ite  w e a k  p o ss ib ly  
b e c a u se  o f  its lo w  co n te n t and  h ig h  d isp e rs io n . M o reo v er, F ig u re  4 .8  sh o w s  th e  X R D  
p a tte rn s  o f  th e  sy n th e s iz e d  b im e ta llic  P t-A u -lo a d e d  m e so p o ro u s-a sse m b le d
0.97T i02-0.03SiC >2 m ix ed  o x id e  p h o to c a ta ly s ts  ca lc in ed  at 500  ๐c .  T h e  a n a ta se  TiC>2 

d iffra c tio n  p eak s  w e re  a lso  m a in ly  o b se rv ed , w h e re  the  d iffra c tio n  p eak  at 20  o f  4 4 .3 °  
re p re se n tin g  the  in d ex  o f  A u  (2 0 0 ) p lan e  co u ld  b e  seen  at h ig h  A u  lo ad in g s , s im ila r  
to  th e  P t peak  a t h ig h  P t lo ad in g s . F o r bo th  th e  P t- lo a d e d  and  b im e ta llic  P t-A u -lo a d e d
0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  o x id e  p h o to c a ta ly s ts , th e  c ry s ta llite  s ize  w as 
in s ig n if ic a n tly  a ffe c ted  by  th e  m e ta l lo ad in g s  p o ss ib ly  d u e  to  th e ir  re la tiv e ly  low  
lo a d in g  co n ten ts , as  sh o w n  in T ab le s  4 .6  and  4 .7 .

Figure 4.7 X R D  p a tte rn s  o f  th e  sy n th e s iz e d  P t-lo ad ed  m e so p o ro u s-a sse m b le d  
0 .9 7 T i0 2-0 .0 3 S i0 2  m ix ed  o x id e  p h o to c a ta ly s ts  ca lc in ed  at 500 °c (A  =  A n a ta se  
T i 0 2).



62

Figure 4.8 X R D  p a tte rn s  o f  th e  sy n th e s iz e d  b im e ta llic  P t-A u -lo a d e d  m e so p o ro u s-  
a ssem b led  0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  o x id e  p h o to c a ta ly s ts  c a lc in e d  at 5 0 0  °c (A  =  
A n a ta se  TiC>2 ).

Table 4.6 X R D  re su lts  o f  th e  sy n th e s iz e d  P t-lo ad ed  m e so p o ro u s-a sse m b le d  
0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  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  ๐c

P t lo ad in g  (w t.% )
A n a ta se  (1 0 1 ) 

c ry s ta llite  s ize  (n m )

0 7.41
0.5 7 .67

0 .75 7.4
( 1 6 .9 6

1.25 7 .2 9
1.5 7 .34
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Table 4.7 X R D  re su lts  o f  th e  sy n th e s iz e d  b im e ta llic  P t-A u -lo a d e d  m e so p o ro u s- 
a ssem b led  0.97Ti02-0.03SiC >2 m ix ed  o x id e  p h o to c a ta ly s ts  c a lc in e d  a t 5 00  ๐c

P t lo ad in g  
(w t.% )

A u  lo ad in g  
(w t.% )

A n a ta se  (1 0 1 ) 
c ry s ta llite  s ize  (n m )

1.5 0 7 .3 4
1.25 0 .25 7 .2 0

1 0.5 7 .39
0 .75 0.75 7 .47
0.5 1 6.83

0 .25 1.25 7 .2 0
0 1.5 7 .5 0

4 .1 .4  U V -V is ib le  S p e c tro sco p y  R esu lts
U V -v is ib le  sp e c tro sc o p y  w as u sed  to  e x a m in e  th e  lig h t a b so rp tio n  

ab ility  o f  th e  sy n th e s iz e d  m e so p o ro u s-a sse m b le d  T iÛ 2-S i0 2  m ix ed  o x id e  
p h o to ca ta ly s ts  w ith o u t an d  w ith  P t a n d /o r A u  lo ad in g , as  w e ll as th a t o f  E o s in  Y 
(E .Y .) so lu tio n , w h ich  w a s  u sed  as  a  se n s itiz e r  fo r th e  p h o to c a ta ly tic  h y d ro g e n  
p ro d u c tio n  in  th is  w o rk . F ig u re  4 .9  sh o w s th e  U Y -v is ib le  sp ec tra  o f  th e  m e so p o ro u s-  
a ssem b led  T i0 2 -S iÛ 2 m ix e d  o x id e  p h o to c a ta ly s ts  w ith  d iffe re n t T i0 2 - to -S i0 2  m o la r  
ra tio s  c a lc in e d  a t 500 °c. It is c le a rly  seen  th a t th e  a b so rp tio n  b an d  o f  th e  sy n th e s iz e d  
m e so p o ro u s-a sse m b le d  T i0 2 -SiC>2 m ix ed  o x id e  p h o to c a ta ly s ts  w as  m a in ly  in  th e  u v  
ligh t reg io n  in  th e  ran g e  o f  low  w a v e le n g th  up  to  4 0 0  nm . T h e  b an d  g ap  e n e rg y  (Eg, 
eV ) w as d e te rm in e d  b y  e x tra p o la tin g  th e  a b so rp tio n  o n se t o f  th e  r is in g  p a rt to  x -a x is  
(Ag, n m ) o f  th e  p lo ts , as  sh o w n  by  d a sh ed  line  in  F ig u re  4 .9 , an d  c a lc u la te d  by  Eq.
(4 .3):

f Eg =  1240 / Ag (4 .3 )
w h ere  Ag is th e  w a v e le n g th  (n m ) o f  th e  e x c itin g  ligh t. T h e  re su lts  o f  a b so rp tio n  o n se t 
w av e len g th  and  co rre sp o n d in g  b an d  g ap  en e rg y  o f  a ll th e  p h o to c a ta ly s ts  o b ta in e d  
from  th e  U V -v is ib le  sp ec tra  are  su m m a riz e d  in  T a b le  4 .8 . W ith  in c re a s in g  SiC>2
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c o n te n t in th e  m ix ed  o x id e  p h o to ca ta ly s ts , the  b a n d  g ap  e n e rg y  g ra d u a lly  in c reased  
from  3 .22  {kg =  385 n m ) for th e  p u re  TiC>2 to  3 .32  eV  {kg =  373 n m ) fo r th e  0 .9 7 T iO 2- 
0 .03S iO 2 m ix ed  o x id e . T h e  sh ift o f  th e  a b so rp tio n  o n se t ed g e  in  th e  T i0 2 -SiC >2 m ix ed  
o x id es  can  be  a ttr ib u ted  to  q u a n tu m -s ize  e ffec t fo r  sm a lle r  c ry s ta llite s  (A n d ru le v ic iu s  
et a l., 2 0 0 7 ), s in ce  it is k n o w n  th a t TiC>2 c ry s ta lliz a tio n  and  its  c ry s ta llite  g ro w th  are  
in h ib ited  in the  p re sen ce  o f  SiC>2 , as  sh o w n  ab o v e  in  th e  X R D  resu lts . In case  o f  
in c rea s in g  ca lc in a tio n  te m p e ra tu re  from  500  to  8 00  °c fo r th e  0 .9 7 T i0 2 -0 .0 3 S i0 2  
m ix ed  o x id e  as sh o w n  in F ig u re  4 .1 0 , the  sh ift o f  th e  a b so rp tio n  o n se t e d g e  to w ard  a 
lo n g er w a v e le n g th  co u ld  be o b se rv ed . A s a lso  in c lu d ed  in  T a b le  4 .8 , th e  b an d  gap  
en e rg y  o f  th e  0.97Ti02-0.03SiC >2 m ix ed  o x id e  d e c re a sed  fro m  3 .2 6  eV  {kg =  3 8 0  n m ) 
at th e  ca lc in a tio n  tem p e ra tu re  o f  500  °c to  3 .20  e V  {kg =  388  n m ) at th e  ca lc in a tio n  
te m p e ra tu re  o f  800  ๐c .  T h is sh ift is n o rm ally  d u e  to  the  n a rro w in g  o f  th e  b an d  gap  
en e rg y , w h ich  re su lts  in  a lo w er en e rg y  req u ired  fo r e le c tro n s  to  be  e x c ite d  fro m  th e  
v a len ce  b an d  to  co n d u c tio n  b an d  (S re e th a w o n g  e t a l ,  2 0 0 9 ). In te re s tin g ly , th e  b an d  
gap  e n e rg y  o f  th e  0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  o x id e  w as m a in ta in e d  at th e  an a ta se - 
TiC>2 b an d  gap  en e rg y , ev en  th o u g h  it w as ca lc in e d  a t as  h ig h  as  8 0 0  °c. T h e  
c o m p a ra tiv e  re su lts  o f  U V -v is ib le  sp ec tra  o f  th e  m e so p o ro u s-a sse m b le d  0 .9 7 T iO 2- 
0.03SiC>2 m ix ed  o x id e  p h o to ca ta ly s ts  c a lc in ed  at 5 0 0  °c w ith o u t and  w ith  1.25 w t.%  
Pt and  b im e ta llic  0 .75  w t.%  P t-0 .7 5  w t.%  A u  lo a d in g s  a re  e x e m p lif ie d  in  F ig u re  4 .11 . 
T h e  b an d  g ap  en e rg ie s  o f  th e  1.25 w t.%  P t-lo a d e d  m e so p o ro u s-a sse m b le d  0 .9 7 TiC>2- 
0.03SiC>2 and  th e  0 .75  w t.%  P t-0 .7 5  w t.%  A u -lo a d e d  0 .9 7 T i0 2 -0 .0 3 S i0 2 m ix e d  o x ide  
p h o to c a ta ly s ts  w ere  q u ite  the  sam e  at a p p ro x im a te ly  3 .33 eV  {kg ~  372 n m ) an d  3 .36  
eV  {kg ~  3 69  n m ), re sp ec tiv e ly  (T a b le  4 .8 ), w h ic h  w ere  a lm o st s im ila r  to  th a t o f  the  
h o st 0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  o x id e  p h o to ca ta ly s t. H o w ev e r, th e  P t- an d  b im e ta llic  
P t-A u -lo a d e d  sam p le s  sh o w ed  m o re  v is ib le  lig h t a b so rp tio n  a b ility  th an  th e  u n lo ad ed  
sam p le . It can  a lso  b e  c lea rly  o b se rv ed  th a t m o s t o f  th e  TiC>2-S i0 2  m ix e d  o x id e  
p h o to c a ta ly s ts  co u ld  ab so rb  o n ly  uv ligh t o f  w a v e le n g th  sh o rte r  th an  4 2 0  nm . 
T h e re fo re , in o rd e r to  co n firm  th a t E o sin  Y (E .Y .)  is th e  v is ib le  lig h t-re sp o n d in g  
sen s itiz e r , its U V -v is ib le  sp ec tru m  w as a lso  m e a su re d , as  sh o w n  in F ig u re  4 .1 2 . It is 
c le a r  th a t E .Y . co u ld  m a in ly  a b so rb  th e  v is ib le  lig h t w ith  th e  m a x im u m  a b so rp tio n  
cen te red  at 516  nm . T h is  ab so rp tio n  fea tu re  s tro n g ly  su g g ests  th a t th e  s e n s itiz e r  can
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b e  a c tiv a ted  by  th e  v is ib le  lig h t fo r th e  sen s itiz ed  p h o to c a ta ly tic  h y d ro g e n  p ro d u c tio n  
sy s tem  in th is  w o rk .

0 .35

0.3

2  0 .25

Ï  0.2

I  0 .15

I 0

0 .05  

0

300  350  4 0 0  4 5 0  5 00  5 50  600
Wavelength (ท๓)

Figure 4.9 U V -v is ib le  sp ec tra  o f  th e  sy n th es ized  m eso p o ro u s-a sse m b le d  
p h o to c a ta ly s ts  c a lc in e d  a t 5 0 0  ๐C: (a) p u re  T iC h an d  (b )-(e ) TiC>2-S i0 2  m ix ed  o x ide .

f
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Figure 4.10 U V -v is ib le  sp ec tra  o f  th e  sy n th e s iz e d  m e so p o ro u s-a sse m b le d  
0 .9 7 5 T i0 2 -0 .0 3 S i0 2 m ix ed  o x id e  p h o to c a ta ly s ts  c a lc in e d  at v a r io u s  tem p e ra tu res .

Wavelength (nm)

Figure 4.11 U V -v is ib le  sp ec tra  o f  th e  sy n th e s iz e d  m e so p o ro u s-a sse m b le d  
p h o to c a ta ly s ts  c a lc in e d  at 500  ๐บ: (a) 0 .9 7 T i0 2-0 .0 3 S i0 2  m ix ed  o x id e , (b ) 1.25 w t.%  
P t-lo ad ed  0 .9 7 5 T i0 2- 0 .0 3 S i0 2 m ix ed  o x id e , and  (c) th e  0 .75  w t.%  P t-0 .7 5  w t.%  A u - 
lo ad ed  0 .9 7 T i0 2- 0 .0 3 S i0 2 m ix ed  ox id e .
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Table 4.8 A b so rp tio n  o n se t w a v e le n g th  an d  b an d  g ap  e n e rg y  re su lts  o f  the  
sy n th e s iz e d  m e so p o ro u s-a sse m b le d  T i 0 2- S i 0 2 m ix e d  o x id e  p h o to c a ta ly s ts  w ith o u t 
and  w ith  m eta l lo a d in g s  and  ca lc in e d  at v a rio u s  te m p e ra tu re s

P h o to c a ta ly s t
C a lc in a tio n  

te m p e ra tu re  (๐C )

A b so rp tio n  o n se t 
w a v e le n g th , A,g 

(n m )

B an d  gap  
en e rg y  (eV )

P ure  T i 0 2 385 3.22
0 .9 9 T i0 2- 0 .0 1 S i0 2 384 3.23
0 .9 7 T i0 2- 0 .0 3 S i0 2 500 3 80 3 .26
0 .9 5 T i0 2- 0 .0 5 S i0 2 375 3.31
0 .9 3 T i0 2- 0 .0 7 S i0 2 . 373 3.32

500 380 3.26
6 00 385 3.22

0 .9 7 T i0 2- 0 .0 3 S i0 2
700 385 3.22
800 388 3 .20

1.25 w t.%
500 372 3.33

P t /0 .9 7 T i0 2- 0 .0 3 S i0 2

0 .7 5  w t.%  P t-0 .7 5
w t.%  A u /0 .9 7 T iO 2- 500 369 3 .36

0 .0 3 S iO 2

I
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Figure 4.12 U V -v is ib le  sp ec tru m  o f  E o sin  Y so lu tio n .

4 .1 .5  S E M -E D X  R esu lts
T h e  m o rp h o lo g y  o f  th e  p h o to c a ta ly s ts  w a s  o b se rv ed  by  th e  SE M  

an a ly s is . F ig u re  4 .13  e x e m p lif ie s  th e  S E M  im ag es  o f  th e  m e so p o ro u s-a sse m b le d  
0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  o x id e  p h o to c a ta ly s ts  c a lc in e d  at 500  °c w ith o u t an d  w ith
1.25 w t.%  P t an d  b im e ta llic  0 .75  w t.%  P t-0 .7 5  w t.%  A u  lo ad in g s . T h e  im ag es  c lea rly  
rev ea l th e  p re se n c e  o f  a g g lo m e ra te d  c lu s te rs  fo rm ed  by  an  a g g re g a tio n  o f  sev era l 
u n ifo rm -s iz e d  p h o to c a ta ly s t n a n o p a rtic le s . T h e re fo re , th e  n a n o p a rtic le  a g g re g a tio n  
p la u s ib ly  led  to  th e  fo rm a tio n  o f  m e so p o ro u s-a sse m b le d  s tru c tu re  in  th e  sy n th e s iz e d  
p h o to c a ta ly s ts . T h e  e lem en ta l d is tr ib u tio n s  on  th e  1.25 w t.%  P t-lo a d e d  an d  0 .7 5 w t.%  
P t-0 .7 5 w t.%  A u -lo a d e d  0.97T i02-0.03SiC >2 m ix ed  o x id e  p h o to c a ta ly s ts  c a lc in e d  at 
5 0 0  °c w ere  a lso  ex am in ed  by  u s in g  th e  E D X  an a ly s is , as  sh o w n  in F ig u re s  4 .1 4  and  
4 .1 5 , re sp ec tiv e ly . T h e  e x is te n c e  o f  d o ts  in  the  e lem en ta l m a p p in g s  o f  all 
in v e s tig a te d  sp e c ie s  (T i, S i, o ,  P t, and  A u ) in d ica te s  th a t all the  e le m e n ts  in the  P t- 
lo a d e d  an d  P t-A u -lo a d e d  0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  o x id e s  w ere  w ell d isp e rsed  
th ro u g h o u t th e  b u lk  p h o to ca ta ly s ts . T h ese  re su lts  c o n firm e d  th e  h ig h  d isp e rs io n  sta te
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o f  th e  d e p o s ite d  P t an d  P t-A u  p a rtic le s  o n  th e  m ix e d  o x id e  p h o to c a ta ly s t p re p a re d  by  
th e  P C D  m e th o d .

Figure 4.13 S E M  im ag es  o f  th e  sy n th es ized  m e so p o ro u s -a s se m b le d  p h o to c a ta ly s ts  
ca lc in ed  a t 5 0 0  ๐C: (a ) 0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  o x id e , (b ) 1.25 w t.%  P t-lo ad ed  
0 .97T iC >2-0.03Si02 m ix ed  o x id e , and  (c) 0 .75  w t.%  P t-0 .7 5  w t.%  A u -lo ad ed  
0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  ox id e .

i
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O  K a l P t L a l

Figure 4.14 S E M  im ag e  an d  E D X  a rea  m a p p in g s  o f  th e  sy n th e s iz e d  E 2 5  w t.%  P t- 
lo ad ed  m eso p o ro u s-a sse m b le d  0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix e d  o x id e  p h o to c a ta ly s t 
c a lc in e d  at 500  ๐c .
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Si K a l O  K a l

F ig u r e  4 .1 5  S E M  im ag e  and  E D X  a rea  m a p p in g s  o f  th e  sy n th e s iz e d  0 .7 5  w t.%  P t- 
0 .75  w t.%  A u -lo ad ed  m eso p o ro u s-a sse m b le d  0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix e d  o x id e  
p h o to c a ta ly s t ca lc in ed  at 500  ๐c .
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4 .1 .6  T E M -E D X  R esu lts
T h e  T E M  a n a ly s is  w as  p e rfo rm ed  in  o rd e r  to  o b ta in  in s ig h t 

in fo rm a tio n  ab o u t th e  p a rtic le  s izes o f  T i0 2 -S i0 2  m ix ed  o x id e , P t, an d  P t-A u  
n an o p a rtic le s . F ig u re  4 .1 6  sh o w s th e  ex em p lif ied  T E M  im ag es  o f  th e  sy n th e s iz e d  
m e so p o ro u s-a sse m b le d  p u re  TiC>2 and  0.97TiC>2-0.03SiC)2 m ix ed  o x id e  
p h o to c a ta ly s ts  c a lc in ed  at 5 00  °c. T h e  T E M  im ag es  rev ea l th e  fo rm a tio n  o f  
ag g re g a te d  p h o to c a ta ly s t n an o p a rtic le s . T h e  av e rag e  p a r tic le  s izes  o f  th e  p u re  TiC>2 

and  0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix e d  o x id e  p h o to c a ta ly s ts  w ere  in  th e  ra n g e  o f  8-15  an d  5- 
10 nm , re sp ec tiv e ly , w h e re  th e  o b se rv ed  p a rtic le  s izes  a re  in  g o o d  a c c o rd a n ce  w ith  
th e  c ry s ta llite  s iz e s  e s tim a ted  fro m  th e  X R D  an a ly sis . T h e  sm a lle r  p a r tic le  s ize  o f  th e  
0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  o x id e  can  b e  a ttr ib u ted  to  in c re a se s  in  th e  th e rm a l s tab ility  
and  the  re s is ta n c e  to  s in te rin g  cau sed  by  th e  in co rp o ra ted  SiC>2 , as  m e n tio n e d  ab o v e . 
F ig u re  4 .1 7  sh o w s the  T E M  im ag e  an d  E D X  p o in t m a p p in g  o f  th e  sy n th e s iz e d  1.25 
w t.%  P t-lo a d e d  m eso p o ro u s-a sse m b le d  0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  o x id e  
p h o to ca ta ly s t. T h e  lo ad ed  P t n a n o p a rtic le s  co u ld  be  c le a r ly  seen  as d a rk  p a tc h e s  o n  
th e  m ix ed  o x id e  su rface  d u e  to  th e ir  h ig h  e lec tro n  d en s ity , as  c o n firm e d  b y  th e  E D X  
m ap p in g . T h e  av e ra g e  p a r tic le  s ize  o f  th e  lo ad ed  P t n a n o p a rtic le s  w as  in  th e  ra n g e  o f  
5 -1 0  nm . In a d d itio n , F ig u re  4 .18  sh o w s th e  T E M  im ag e  and  E D X  p o in t m a p p in g  o f  
th e  sy n th e s iz e d  b im e ta llic  0 .75  w t.%  P t-0 .75  w t.%  A u -lo a d e d  m e so p o ro u s-  
a sse m b le d  0 .9 7 T i0 2 -0 .0 3 S i0 2  m ix ed  o x id e  p h o to ca ta ly s t. It w as  fo u n d  th a t ev en  
th o u g h  th e  lo ad ed  P t and  A u  ten d ed  to  a g g lo m era te  an d  e x is t to g e th e r  a s  b im e ta llic  
n a n o p a rtic le s , th e  av e rag e  p a rtic le  s ize  o f  th e  lo ad ed  P t-A u  n a n o p a rtic le s  w a s  v e ry  
sm all in  th e  ran g e  o f  2 0 -4 0  nm . B es id e s , th ey  still e x h ib ite d  v e ry  a c c e p ta b ly  h ig h  
d isp e rs io n  on  th e  m ix ed  o x id e  p h o to ca ta ly s t, as sh o w n  in th e  n e x t sec tio n .

i
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Figure 4.16 T E M  im ag es  o f  th e  sy n th es ized  m e so p o ro u s-a sse m b le d  p h o to c a ta ly s ts  
c a lc in e d  at 5 00  °C : (a) p u re  TiC>2 an d  (b ) 0.97TiC>2-0.03SiC)2 m ix e d  ox id e .

I
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Figure 4.17 TEM image and EDX point mapping of the synthesized E25 wt.% Pt- 
loaded mesoporous-assembled 0.97Ti02-0.03Si02 mixed oxide photocatalyst
calcined at 500 ๐c.
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Figure 4.18 TEM image and EDX point mapping of the synthesized 0.75 wt.% Pt- 
0.75 wt.% Au-loaded mesoporous-assembled 0.97Ti02-0.03Si02 mixed oxide 
photocatalyst calqined at 500 ๐c.
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4.1.7 Hydrogen Chemisorption Results
The metal dispersion was determined by hydrogen chemisorption 

analysis. The Pt dispersion results over the synthesized Pt-loaded mesoporous- 
assembled 0.97TiC>2-0.03SiC)2 mixed oxide photocatalysts are given in Table 4.9. The 
results reveal that the Pt dispersion increased with increasing Pt loading to reach a 
maximum value at the 1.25 wt.% Pt, and after that it decreased with further 
increasing Pt loading, probably due to the Pt nanoparticle agglomeration at very high 
Pt loading. The maximum Pt dispersion of 82.71% at the 1.25 wt.% Pt loading is 
quite high, indicating that the PCD method employed for the Pt loading is very 
efficient to be used to achieve high metal dispersion under an appropriate metal 
loading range. Moreover, Table 4.10 presents the metal dispersion results over the 
synthesized bimetallic - Pt-Au-loaded mesoporous-assembled 0.97Ti02-0.03Si02 
mixed oxide photocatàlÿsts. The trend of metal dispersion in the case of bimetallic 
Pt-Au loading was similar to the Pt dispersion in the case of monometallic Pt loading. 
The maximum metal dispersion of 76.2% was observed at the 0.75 wt.% Pt-0.75 wt.% 
Au loading.

Table 4.9 Pt dispersion results over the Pt-loaded mesoporous-assembled 0.97TiO2- 
0.03SiO2 mixed oxide photocatalysts calcined at 500 ๐c

Pt loading (wt.%) Pt dispersion (%)

0.5 53.86
0.75 58.75

1 67.86
1.25 82.71
1.5 66.35
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Table 4.10 Metal dispersion results over the bimetallic Pt-Au-loaded mesoporous- 
assembled 0.97Ti02-0.03Si02 mixed oxide photocatalysts calcined at 500 °c

Pt loading (wt.%) Au loading (wt.%) Metal dispersion (%)

1.5 0 66.35
1.25 0.25 68.12

1 0.5 71.61
0.75 0.75 76.92
0.5 1 35.68

0.25 1.25 17.40
0 1.5 13.62

4.2 Photocatalytic Hydrogen Production Activity

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

4.2.1 Effect ofTiOr to-SiOz Molar Ratio in Mixed Oxide Photocatalysts
In this photocatalytic reaction, a 0.2 g of different types of the 

mesoporous-assembled TiC>2-Si02 mixed oxide photocatalysts was suspended in 150 
ml of 15 vol.% DEA aqueous solution (22.5 ml DEA and 127.5 ml distilled water)

f

containing 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 mesoporous-assembled TiCb-SiCh mixed oxide photocatalysts with various TiÛ2- 
to-SiC>2 molar ratios varying from 100:0 to 93:7 and calcined at various temperatures
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are shown in Figure 4.19. It can be clearly observed that the specific hydrogen 
production rate reached a maximum value at a TiCh-to-SiCb molar ratio of 97:3 (3 
mol% SiC>2 content) and a calcination temperature of 500 °c. According to the 
specific surface area analysis (Table 4.2), the addition of SiC>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 SiC>2 contents is possibly because the 
SiC>2 itself has a very large band gap energy of approximately 8-8.9 eV (Nguyen et 
ai, 2003). Therefore, too much SiC>2 incorporation led to an undesirably large 
increase in the band gap energy of the Ti02-Si02 mixed oxide photocatalysts (Table 
4.8), especially with SiÛ2 contents higher than 3 mol%. In addition, this too much 
SiC>2 incorporation resulted in very small crystallite size of the mixed oxides (Table 
4.5), which possibly facilitated carrier charge recombination at the surface traps. 
Hence, the SiC>2 incorporation higher than 3 mol% was found to be unfavorable in 
achieving high photocatalytic hydrogen production activity. Besides, the 
photocatalytic hydrogen production activity of the mesoporous-assembled 0;97TiO2- 
0.03SiC>2 mixed oxide photocatalyst calcined at 500 °c (specific hydrogen 
production rate of 0.27 cm3/h gcat) is higher than that of the commercially available 
P-25 TiC>2 photocatalyst (specific hydrogen production rate of 0.17 cm3/h-gcat). From 
the overall results, the mesoporous-assembled 0.97Ti02-0.03SiC>2 mixed oxide 
photocatalyst was used for further experiments.

f
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SiC>2 content (mol%)

Figure 4.19 Effect of TiC>2-to-Si02 molar ratio in terms of SiC>2 content on specific 
hydrogen production rate over the mesoporous-assembled TiÛ2-Si02 mixed oxide 
photocatalysts calcined at 500 °c (Photocatalyst, 0.2 g; total reaction mixture volume, 
150 ml; DEA concentration, 15 vol.%; E.Y. concentration, 0.1 mM; and irradiation 
time, 5 h).

4.2.2 Effect of Calcination Temperature
Calcination temperature has a significant effect on the 

physicochemical properties and crystalline structure of a photocatalyst that definitely 
lead to the change in photocatalytic hydrogen production activity. Figure 4.20 shows 
the effect of calcination temperature on the specific hydrogen production rate over 
the mesoporous-assembled 0.97TiC>2-0.03Si02 mixed oxide photocatalyst as 
compared to the mesoporous-assembled pure TiC>2 photocatalyst. It could be 
observed that the mesoporous-assembled 0.97Ti02-0.03Si02 mixed oxide 
photocatalyst exhibited a higher photocatalytic hydrogen production activity than the 
mesoporous-assembled pure TiC>2 photocatalyst over the entire calcination 
temperature range of 500-800 ๐c. In case of the mesoporous-assembled 0.97TiC>2- 
0.03SiC>2 mixed oxide photocatalyst, its photocatalytic hydrogen production activity 
decreased with increasing calcination temperature. The highest photocatalytic
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hydrogen production activity was observed at the optimum calcination temperature 
of 500 ๐c  with the specific hydrogen production rate of 0.27 cm3/hgcat. The lower 
photocatalytic activity with the increase in calcination temperature is mainly because 
of a large decrease in the specific surface area (Table 4.1). In addition, a significant 
increase in the crystallite size was observed when increasing calcination temperature 
(Table 4.5), resulting in a higher probability of charge carrier recombination at the 
bulk traps. This suggest that a good control of crystallite size is required in order to 
prevent any charge carrier recombinations. In case of the mesoporous-assembled 
pure TiC>2 photocatalyst, the highest photocatalytic hydrogen production activity was 
also observed at the optimum calcination temperature of 500 ๐c  with the specific 
hydrogen production rate of 0.21 cm3/h gcat, which was lower than that of the 
0.97Ti02-Q.03Si02 mixed oxide photocatalyst. Apart from the similar reasons of the 
negative effects of the dramatic decrease in specific surface area and the increase in 
crystallite size, the pure TiC>2 photocatalyst also underwent the anatase-to-rutile 
phase transformation starting at the calcination temperature of 600 °c (Figure 4.6(a)). 
It can be implied that the presence of a greater extent of rutile phase also 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 leads to a smaller driving force of the rutile TiC>2 for water reduction to produce 
hydrogen than the anatase TiC>2.
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Figure 4.20 Effect of calcination temperature on specific hydrogen production rate 
over the mesoporous-assembled pure TiC>2 and 0.97Ti02-0.03Si02 mixed oxide 
photocatalysts (Photocatalyst, 0.2 g; total reaction mixture volume, 150 ml; DEA 
concentration, 15 vol.%; E.Y. concentration, 0.1 mM; and irradiation time, 5 h).

4.2.3 Effect of Pt- and Bimetallic Pt-Au Loadings
Noble metals are normally used to load on a photocatalyst surface to 

solve the problem of the charge carrier recombination that can negatively affect the 
photocatalytic activity. The most active metal for photocatalytic enhancement has 
been reported to be 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 4.21 show's the specific hydrogen production rate of 
the Pt-loaded mesoporous-assembled 0.97Ti02-0.03Si02 mixed oxide photocatalysts 
calcined at 500 °c with various Pt loadings prepared by the PCD method. In overall, 
it can be clearly seen that the Pt loading had a positive effect on the enhancement of 
the photocatalytijc hydrogen production activity of the mesoporous-assembled 
0.97Ti02-0.03Si02 mixed oxide photocatalyst. The specific hydrogen production rate 
increased with increasing Pt loading and reached an optimum value before 
decreasing when the Pt loading was higher than 1.25 wt. %. Therefore, these results 
imply that the Pt loading of 1.25 wt.% was the most suitable Pt content for the
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investigated 0.97Ti02-0.03Si02 mixed oxide photocatalyst. Even though the specific 
surface areas of the Pt-loaded 0.97Ti02-0.03Si02 mixed oxide photocatalysts 
moderately decreased while their crystallite sizes remained almost unchanged with 
varying Pt loading, as shown in Tables 4.3 and 4.6, the increase in the specific 
hydrogen production rate with increasing Pt loading from 0 to 1.25 wt.% can be 
explained in that the loaded Pt nanoparticles could enhance the photocatalytic 
reaction by promoting the charge carrier separation and serving as the active 
hydrogen production sites. It can be seen from Figure 4.21 that the specific hydrogen 
production rate of the 1.25 wt.% Pt-loaded 0.97Ti02-0.03Si02 mixed oxide 
photocatalyst reached the value of 1.63 cm3/h gcat, which was significantly enhanced 
by 490 % as compared to the unloaded 0.97Ti02-0.03Si02 mixed oxide photocatalyst. 
After the Pt loading exceeded such critical limit of 1.25 wt.% to be 1.5 wt.% Pt, 
some of them inevitably act as the electron-oxidized sensitizer recombination centers 
that could negatively lead to a decrease in the photocatalytic activity, resulting in 
decreasing specific hydrogen production rate (Zou et al., 2007). These photocatalytic 
activity results agree well with the Pt dispersion results (Table 4.9), where the Pt 
dispersion increased with increasing Pt loading to 1.25 wt.% and then decreased with 
further increasing Pt loading to 1.5 wt.%. Hence, the Pt dispersion is another critical 
parameter in determining the photocatalytic activity. Since the high Pt loading of 1.5 
wt.% decreased the photocatalytic activity, this high 1.5 wt.% loading was used to 
investigate the effect of bimetallic Pt-Au loading (dilution of Pt by Au) on improving 
the photocatalytic activity of the 0.97Ti02-0.03Si02 mixed oxide. In particular, 
supported bimetallic Pt-Au nanoparticles are of fundamental interest and importance. 
Since Au is one of only two transition metals more electronegative than Pt, the 
incorporation of Au into Pt nanoparticles may have unique effects on photocatalysis 
(Bethany et al., 2007). Figure 4.22 shows the specific hydrogen production rate of 
the Pt-Au-IoadeJd mesoporous-assembled 0.97Ti02-0.03SiC>2 mixed oxide 
photocatalysts. The total bimetallic metal loading was maintained at 1.5 wt.%), 
whereas the Pt loading decreased from 1.5 to 0 Vvt.% while the Au loading 
conversely increased from 0 to 1.5 wt.%). It was found that when the Pt loading 
gradually decreased, the specific hydrogen production rate increased until reaching a 
maximum value at the 0.75 wt.%) Pt-0.75 wt.% Au loading (specific hydrogen
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production rate of 1.54 cm3/h-gcat), indicating an improvement of the specific 
hydrogen production rate as compared to the 1.5 wt.% Pt loading. However, the 
further decrease in Pt loading to obtain the Au-rich bimetallic loading (Au loading 
higher than 0.75 wt.%) negatively affected the photocatalytic activity. When 
considering the physicochemical properties of the bimetallic Pt-Au-loaded 0.97TiC>2-
0.03SiO2 mixed oxide photocatalysts, the moderate variation in the specific surface 
area and the insignificant changes in the crystallize size and band gap energy seemed 
not to play an important role on the photocatalytic activity. In contrast, the metal 
dispersion results (Table 4.10) are believed to greatly influence the photocatalytic 
activity,-where the highest metal dispersion was also observed at the 0.75 wt.% Pt-
0.75 wt.% Au loading. The interactions between the two components in bimetallic 
Pt-Au nanoparticles with their suitable contents may also introduce a significant 
influencé on the neighboring metal atoms as an ensemble effect of agglomerated Pt 
and Au nanoparticles, which leads to unique electronic and structural properties of 
the nanoparticles and improves photocatalytic activity of the monometallic Pt 
nanoparticles, as reported by Li et al. (2007). Hence, the bimetallic 0.75 wt.% Pt-
0.75 wt.%. Au loading was considered to be the optimum ratio at high metal loading 
for the effective photocatalytic hydrogen production in this work.

1



84

Figure 4.21 Effect of Pt loading on specific แ 2 production rate over the 
mesoporous-assembled 0.97Ti02:0.03Si02 photocatalyst calcined at 500 ๐ c  
(Photocatalyst, 0.2 g; total reaction mixture volume, 150 ml; DEA concentration, 15 
vol.%; E.Y. concentration, 0.1 mM; irradiation time, 5 h).

Pt-Au loading (wt.%)t
Figure 4.22 Effect of bimetallic Pt-Au loading on specific H2 production rate over 
the mesoporous-assembled 0.97Ti02-0.03Si02 photocatalyst calcined at 500 ๐c  
(Photocatalyst, 0.2 g; total reaction mixture volume, 150 ml; DEA concentration, 15 
vol.%; E.Y. concentration, 0.1 mM; irradiation time, 5 h).
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