
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Catalyst Characterization

The catalytic and physical properties o f the Au/CeC>2-Zr02 catalysts was 
characterized by various techniques; XRD, BET, AAS, UV-vis, TPR, TEM, FT-IR, and 
FT-Raman in order to explain the changes in catalytic activities o f PROX reaction.

4.1.1 Atomic Absorption Spectroscopy (AAS)
Atomic Absorption Spectroscopy was utilized to examine the actual gold 

loading o f 1 wt% Au/Ce02-Zr02, as summarizes in Table 4.1. The initial result showed 
that the actual gold loading was lower than the nominal Au loading due to non
attachment o f gold complex anion ([AuCl(OH)3]" and [Au(OH)4]') on the support 
surface (Casaletto e t  a l . ,  2006). The amount o f Au deposit on C e0 2 was higher than 
Au/Zr02. Moreover, for the use o f C e02-Z r 0 2 supports, the amount o f Au deposit 
decreased with increasing Zr content. The possible explanation of these differences in 
Au deposition was that depended on point o f zero charge (PZC) value o f the support, 
which the PZC value for pure C e0 2 and Zr02 was approximate 7.72 and 4.87, 
respectively. If the PZC of the support is higher than the pH o f the solution, the surface 
will be positive charge due to protonation o f the surface hydroxyls, resulting in 
electrostatic adsorption of the gold anions. Whereas, the PZC of the support is lower 
than the pH of the solution, the surface will be negative charge due to the removal o f  
protons from the surface hydroxyls, resulting in an electrostatic repulsion force o f the 
gold anions (Chang e t  a l . ,  2009, Pojanavaraphan e t  a l . ,  2013). In the experiment, the pH 
o f solution was adjusted to 8 for precipitation, which the pH was higher than PZC value 
o f the support. Therefore, in case o f mixed oxide support, the PZC value o f Ce02-Zr02 
decreased with increasing the Zr content. The presence at lower PZC value had been
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suggested than it had a stronger repulsive fore. Hence, it was agreement with the high 
gold loading was obtained for 1 wt% Au/Ceo.75Zr0.25 02-

4.1.2 Surface Area
The surface areas o f the 1 wt% Au/Cei.xZrx02 catalysts were illustrated in 

Table 4.1. The results showed that Au supported on pure ceria and zirconia supports 
gave the surface areas, which were 106.6 and 169.0 m2/g, respectively. While the gold 
over mixed oxide supports had the surface areas in the range o f 121.5-129.6 m2/g, which 
were between those o f  individual supports. Among the Au/Ce02-Zr02 catalysts, the 
surface area seemed to be increased with Zr addition in the mixed oxides, implying that 
the surface area o f the catalysts was the consequences o f the substitution o f Ce4+ by Zr4+ 
ion (Zhang and Liu, 2013). It has been reported that the variation in Ce/Zr composition 
displayed the formation o f Cei_xZrx02 solid solution, where the smaller Zr4+ ion can 
corporate and/or substitute inside the larger Ce4+ lattice to cause the shrinkage in both 
ceria lattice and crystallite size. This smaller ceria crystal led to the increment o f the 
ceria (Reddy and Khan, 2005). As mention previously, it was reasonable to define the 
solid solution formation in the mixed oxide support as one o f the main factors to 
improve the surface area. On the other hand, many studies reported that the substitution 
o f zirconia in cerium structure slightly decreased their surface area (Dobrosz-Gômez e t  

a i , 2008).



T a b l e  4 .1  C h e m ic a l- p h y s ic a l  p r o p e r t ie s  o f  th e  A u / C e 0 2 - Z r 0 2  c a ta ly s ts

C a t a ly s t s
A c t u a l  A u  

l o a d i n g 3
( % )

S u r f a c e
n r p n b

A v e r a g e  c r y s t a l l i t e  
s i z e c ( n m )

L a t t i c e  c o n s t a n t 11 
( n m ) 1ร9ร/14636

( m  /g ) C e 0 2 A u  (1 1 1 ) C e 0 2 ( l l l ) C e 0 2 (2 0 0 )

F r e s h
C e 0 2 - - 7 .6 0 0 .5 5 0 0 .5 5 0 -
1 w t%  A u / C e 0 2 0 .9 7 1 0 6 .6 7 .5 6 0 .5 4 9 0 .5 5 0 0 .0 1 8
1 พ t%  A u/Ce0.7sZro.2502 0 .9 8 12 1 .5 5 .5 9 0 .5 4 8 ,0 .5 4 9 0 .0 3 9
1 w t%  A u /C e o .5Z r 0 . 5 0 2 0 .9 6 12 7 .8 4 .3 8 0 .5 4 3 0 .5 4 2 -
1 พ t%  A u /C e o .2 5Z ro.7 5 0 2 0 .8 7 1 2 9 .6 2 .6 5 0 .5 1 8 0 .5 1 8 -
1 w t%  A u / Z r 0 2z 0 .6 0 1 6 9 .0 - - - -

S p e n t

1 w t%  A u /C e 0 2 - - 7 .6 0 0 .5 4 4 0 .5 4 4 0 .2 9 0
1 w t%  A u /C e o .7 5Zro.2 s0 2 - 5 .8 3 0 .5 4 4 0 .5 4 7 0 .0 7 2

All o f  samples were calcined at 400 °c.
a The percentage o f  each metal was m easured quantitatively by AAS. 
b The surface area was measured by BET.
cThe mean crystallite sizes were calculated from the average values o f  C e 0 2 plane (111), (200), (220), and (311). 
d The unit cell parameters calculated from B ragg’s equation.
'  Calculated from the intensity ratio o f Raman bands at 463 and 598 c m 1.
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4 .1 .3  U V -v is ib le  S p e c t ro s c o p y
U V -v is ib le  s p e c t r o s c o p y  is  w e l l  k n o w n  as  th e  u s e f u l  te c h n iq u e  to  

id e n t i f y  A u  s p e c ie s  ( A u 3+, A u  c lu s te r ,  a n d  A ll0) o f  th e  c a ta ly s t  a n d  th e  r e s u l t s  a r e  
p r e s e n te d  in  F ig u r e  4 .1 . T h e  p u r e  C e 0 2  a n d  Z rC >2 s h o w e d  th e  b a n d  a r o u n d  3 7 0  n m  a n d  
2 0 8 - 2 1 0  n m , r e s p e c t iv e ly .  F o r  th e  m ix e d  o x id e  s u p p o r t  o b s e rv e d  th e  p e a k  in  th e  r a n g e  
o f  C e 0 2 a n d  Z r 0 2 b a n d . T h e  a d s o rp t io n  b a n d  c o u ld  b e  o b s e r v e d  a t  2 6 0 - 2 9 0  n m , 
a c c o r d in g  to  th e  fu ll c o n n e c t iv i ty  o f  C e - Z r - 0  l in k a g e s  v ia  b y  in c o r p o r a t io n  o f  Z r  in to  
th e  C e  la t t ic e  (C h e n  et al., 2 0 0 2 ,  P o ja n a v a ra p h a n  et al., 2 0 1 3 ) . M o r e o v e r ,  th e  p e a k  o f  
C eC >2 s h i f te d  to  lo w e r  w a v e le n g th  a f te r  a d d in g  Z r , w h ic h  p r o b a b ly  c a u s e d  o f  Z r  
in c o r p o ra t io n .  M o re o v e r ,  th e  p e a k  o f  Z rC >2 s t r o n g ly  b e c a m e  v i s ib le  a t  2 0 9 - 2 4 0  n m  a t 
h ig h  r a t io  o f  Z r . F ro m  th is  c o u ld  b e  im p l ie d  th a t  w a s  p o s s ib l e  to  c a u s e  th e  f o r m a t io n  o f  
C e 0 2- Z r C >2 s o l id  s o lu t io n .

T h e  a b s o rp t io n  b a n d  o f  g o ld  c lu s te r s  ( A u n, 1 <  ท <  1 0 )  a n d  g o ld  m e ta l l ic  
( o r  p la s m o n , A u ° )  c a n  b e  a s s ig n e d  a t 2 8 0 - 3 0 0  n m  ( S o u z a  et al., 2 0 0 8 )  a n d  5 0 0 - 6 0 0  n m  
( P a r k  et al., 2 0 0 6 ) ,  r e s p e c t iv e ly .  T h e  c a t io n ic  g o ld  s p e c ie s  ( A u 3+) c a n  b e  o b s e r v e d  a t  
lo w e r  2 5 0  n m  ( G a n g o p a d h a y a y  an d  C h a k r a v o r ty ,  2 0 0 4 ) .  T h e  g o ld  n a n o p a r t ic le s  
( P la s m o n )  a p p e a r e d  a t  3 5 3  n m , b u t  th e  g o ld  c lu s te r s  a n d  c a t io n ic  g o ld  s p e c ie s  w e r e  n o t  
c le a r  to  o b s e rv e  b e c a u s e  th e  A u  s p e c ie s  a ls o  a p p e a re d  th e  b a n d  in  th e  r a n g e  o f  o x id e  
s u p p o r t .  T h e r e fo re ,  it w a s  d i f f i c u l t  to  a s s ig n  th e  g o ld  s p e c ie s  o n  A u /C e 0 2- Z r 0 2  c a ta ly s ts  
u s in g  U V -v is  S p e c t ro s c o p y . F u r th e rm o r e ,  it  o b s e rv e d  th e  m u l t ip le  p e a k s  in  th e  u v  

s p e c t r a  th a t  r e la te d  to  th e  c h a r g e  t r a n s f e r  ( C T )  t r a n s i t io n s ,  a s  i l lu s t r a te d  in  T a b le  4 .2 .  F o r  
e x a m p le ,  th e  b a n d  a t  2 7 5 - 3 7 5  n m  c a n  b e  a s c r ib e d  to  C e 4+ <— (ว2 w h i le  C e 3+<— <ว2 a n d /o r  
Z r 4+ (ว2 c h a r g e  t r a n s f e r  a p p e a re d  a t  2 2 8 - 2 7 5  n m  ( K a m b o l is  et al, 2 0 1 0 ) .  
N e v e r th e le s s ,  th is  te c h n iq u e  c a n  u s e  to  in fe r  th e  c h a n g e  o f  m ix e d  o x id e ,  w h ic h  c o u ld  b e  
a t t r ib u te d  to  th e  fo rm a t io n  a  s o l id  s o lu t io n . M o re o v e r ,  th e  c a ta ly t ic  a c t iv i ty  c o u ld  r e la te  
to  th e  g o ld  s p e c ie s ,  w h ic h  b o th  A u °  a n d  A u 3+ a re  im p o r ta n t  ro le  f o r  th e  a c t iv i ty  ( W a n g  
et a l,  2 0 0 7 ) . F ro m  th e  r e s u l t s ,  A u /C e 0 2 - Z r 0 2 h a d  th e  c o e x is te n c e  o f  A u '5+ a n d  A u °  
s p e c ie s  o n  th e  s u p p o r t ,  w h ic h  th e s e  o n ly  p r e s e n te d  in  q u a l i ta t iv e  a n a ly s is .
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T a b l e  4 .2  S u m m a r y  o f  U V -v is  d i f f u s e  r e f le c ta n c e  c h a r g e  t r a n s f e r  b a n d  f o r  CeC>2- Z r 0 2  

( R a o  a n d  S a h u , 2 0 0 1 )

N a t u r e  o f  s p e c ie s  a n d  t r a n s i t i o n  W a v e l e n g th  ( n m )

o 2'  - >  C e 3+ 
o 2' - *  C e 4+ 

C e 3+ - >  C e 4+ 
C e 3+ s p e c ie s  

C e 0 2 

C e - O - Z r  
o 2' - »  Z r 4+

2 5 5 , 2 6 5 , 2 5 0 - 3 5 0  
2 7 5 , 2 7 8 , 2 8 0 , 2 5 0 - 3 5 0  
5 8 8 ,6 5 0
2 0 5 - 2 0 8 ,2 1 6 - 2 2 8  
3 2 0 - 3 5 0 ,  3 7 0  
2 6 0 - 2 9 0  
3 2 0 - 3 2 5
2 0 9 , 2 4 0 , 3 0 8 ,  3 4 1 - 3 4 3 ,  
351

m - Z r 0 2
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O v e r l a p p in g  b e tw e e n  A,, (1 < n < 1 0 )

W a v e l e n g t h  (ท ท า)

F ig u r e  4 .1  D if fu s e  r e f le c ta n c e  U V -v is  s p e c t r a  o f  ca ta ly s ts  w ith  v a r io u s  su p p o rt 

co m p o s itio n s .

4 .1 .4  T e m p e r a tu r e - P r o g r a m m e d  R e d u c t io n  (T P R )
T h e  H 2- T P R  p r o f i l e  w a s  u s e d  to  e v a lu a te  th e  r e d u c ib i l i t y  o f  A u / C e 0 2-  

Z r 0 2 c a ta ly s ts ,  a s  s h o w n  in  F ig u r e  4 .2 .  T h e  p u re  C e 0 2 s u p p o r t  p r e s e n ts  tw o  r e d u c t io n  
p e a k s . T h e  f i r s t  r e d u c t io n  a t  lo w  te m p e r a tu r e  (4 7 8  °C )  is  a t t r ib u te d  to  th e  r e d u c t io n  o f  
o x y g e n  o n  th e  c e r ia  s u r fa c e , a n d  a n o th e r  h ig h e r  te m p e r a tu r e  (8 3 6  °C )  is r e la te d  to  b u lk
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r e d u c t io n  o f  C e 4+—► C e 3+. H o w e v e r ,  i t  w a s  n o  o b s e r v a t io n  o f  th e  Z rC >2 r e d u c t io n  in  th e  
r a n g e  o f  s tu d ie d  te m p e ra tu re .

In  th e  p r e s e n c e  o f  A u , th e  a p p e a ra n c e s  o f  th e  lo w e s t  r e d u c t io n  p e a k s  a t 
7 7 - 1 0 0  ° c  w a s  c o r r e s p o n d e d  to  th e  A u xOy s p e c ie s  (o r  A u  h y d r o x id e )  r e d u c t io n  
( D o b r o s z - G ô m e z  et al. 1 2 0 1 0 ) .  F o r  A u /C e 0 2 , i t  h a s  b e e n  s u g g e s te d  th a t  th e  r o le  o f  g o ld  
m o d if ie d  th e  p r o p e r t ie s  o f  c e r ia  b y  e n h a n c in g  th e  r e d u c ib i l i ty  o f  C eC >2 s u r fa c e  o x y g e n , 
w h ic h  p r o b a b ly  c a u s e d  to  d e c re a s e  th e  s t r e n g th  o f  th e  s u r fa c e  C e - 0  b o n d s  a d ja c e n t  to  
g o ld  a to m s  ( S c i r e  et a l, 2 0 0 3 ) . F ro m  th is ,  it l e a d e d  to  in c re a s e  s u r f a c e  la t t ic e  o x y g e n  
m o b i l i ty  a n d  r e d u c ib i l i ty .  M o re o v e r ,  th e  r e d u c t io n  p e a k  o f  s u p p o r t  a ls o  s h i f t e d  to  lo w e r  _ 
te m p e ra tu re ,  r e s u l t in g  f ro m  a  s tro n g  in te r a c t io n  b e tw e e n  m e ta l  a n d  s u p p o r t  ( C h a n g  et al. , 
2 0 0 8 ) .

It is  w e l l - k n o w n  th a t, th e  a r e a  o f  u n d e r  th e  r e d u c t io n  p e a k  c a n  b e  r e la te d  
to  th e  a m o u n t  o f  r e d u c ib le  s u r fa c e  o x y g e n  s p e c ie s . F o r  e x a m p le , i f  th e  a re a  u n d e r  th e  A u  
r e d u c t io n  p e a k  is  h ig h , th e  a m o u n t  o f  A u 5+ ( A u + a n d  A u 3+) s p e c ie s  w il l  b e  h ig h  fo r  
a d s o rb in g  th e  H 2 m o le c u le s  d u r in g  th e  r e d u c t io n  p r o c e s s .  O n  th e  o th e r  h a n d s , th e  lo w -  
r e d u c t io n  a r e a  c a n  b e  in fe r r e d  to  a  g r e a t  n u m b e r  o f  A u °  s p e c ie s ,  s in c e  A u °  is  n o r m a l ly  
le s s  r e d u c t iv e  th a n  A u 5+, r e s u l t in g  in  le s s  H 2 c o n s u m p t io n  in  th e  r e d u c t io n  p r o c e s s .  
W h e n  f o c u s in g  o n  th e  c h a n g e  in  A u  r e d u c t io n  a re a  w i th  Z r  c o n te n t ,  it w a s  f o u n d  th a t  th e  
n u m b e r  o f  FI2 c o n s u m p t io n  ( o r  a r e a / in te n s i ty )  d e c r e a s e d  s ig n if ic a n t ly  a f te r  in c r e a s in g  th e  
Z r  c o n te n t  f ro m  2 5 %  m o le  to  7 5 %  m o le . T h is  s u g g e s te d  th a t  th e  g e n e r a t io n  o f  A u °  
s p e c ie s  w a s  m o r e  f a v o r a b le  w i th  r ic h - Z r  c a ta ly s ts . T o  b e t te r  u n d e r s ta n d  th e  e x i s te n c e  o f  
A u °  s p e c ie s  a t  e x c e s s  Z r 4+ p o s s ib ly  d i s s o lv e d  in s id e  th e  A u 6+ to  f o rm  A u n c lu s te r  o r  A u °  
s p e c ie  ( C h a n g  et a l, 2 0 0 8 , P o ja n a v a r a p h a n  et al, 2 0 1 2 ) .  N o t  o n ly  th e  r e d u c t io n  a re a , b u t  
th e  p o s i t io n  o f  th e  A u  r e d u c t io n  p e a k  a lso  c h a n g e d  b y  s h i f t in g  to w a r d s  h ig h e r  
te m p e ra tu re  (7 7  to  10 0  °C ) , w h ic h  r e p r e s e n te d  th e  s t r e n g th e n in g  o f  m e ta l - s u p p o r t  (A u -  
s u p p o r t)  in te r a c t io n .  H e n c e , i t  w a s  r e a s o n a b le  to  s p e c u la te  th e  c h a n g e s  in  a m o u n t  o f  A u °  
a n d  Z r  c o n te n t  a s  th e  c o n s e q u e n c e s  o f  Z r 4+ s o lu b i l i ty  in s id e  th e  A u 5+ a f te r  f o r m in g  th e  
s tro n g  in te r a c t io n .  H o w e v e r ,  th e  e x a c t  a m o u n ts  o f  A u °  a n d  A u s+ w e r e  n o t  d e t e r m in e d  in
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th is  s tu d y  s in c e  th e  g a p  d i f f e r e n c e  o f  th e  A u  r e d u c t io n  a r e a  w a s  la rg e  e n o u g h  to  b r ie f ly  
m e a s u r e  th is  s p e c ie s .

W h e n  c o r r e la t in g  a  v a r ie ty  o f  A u  s p e c ie s  to  th e  c a ta ly t ic  a c t iv i ty , m a n y  
l i te r a tu r e  h a v e  f o u n d  th a t  th e  a c t iv e  c a t a ly s t s  a lw a y s  c o n ta in e d  m e ta l l i c  A u  p a r t i c l e s  
( C h a n g  et al., 2 0 0 6 )  w h e r e a s  th e  h ig h  a c t i v i t y  o f  A u  n a n o p a r t ic le  c o n ta in e d  th e  
c o e x is te n c e  o f  A u '5’1’ a n d  A u °  s p e c ie s  ( H a n  e t  a h ,  2 0 0 9 ) . In  th is  w o rk , b o th  A u °  a n d  A u  â+ 
s p e c ie s  a c te d  a s  th e  c a ta ly t ic  a c t iv e  s i te ,  in  w h ic h  A u  ô+ a c te d  a s  a  d o m in a n t ly  a c t iv e  
s p e c ie s .  T h e r e f o r e ,  th e  c o m b in a t io n  o f  A u °  a n d  A u s+ is  r e s p o n s ib l e  f o r  th e  a c t iv e  s i t e s  in  
th e  re a c t io n . T h e  A u  m e ta l l ic  a c t iv a te d  th e  (ว2 m o le c u le  and" h y d ro x y l ,  w h ic h  th e  g o ld  
c a t io n  ( A u 3+) l in k e d  th e  A u  m e ta l l ic  o n  th e  s u p p o r t  a n d  p r o v id e  th e  p a th w a y  f o r  th e  
r e a c t io n  ( S a k w a r a th o r n  et a i, 2 0 1 1 ) ,  w h ic h  is in  a g r e e m e n t  w i th  th e  บ V - v is  a n a ly s is .

T e m p e r a t u r e  (๐(ว)

F ig u r e  4 .2  T P R  p ro f ile s  o f  th e  A u /C e C b -Z rC b  c a ta ly s ts  w ith  v a r io u s  s u p p o rt  c o m p o s itio n s .
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4 .1 .5  X - r a y  D i f f r a c t io n  (X R D )
T h e  X R D  p a t te r n s  o f  1 w t%  A u /C e i .xZ r x 0 2  s u p p o r ts  a r e  p r e s e n te d  in  

F ig u r e  4 .3 ,  a n d  th e  X R D  p a t te r n  o f  C e Û 2 s u p p o r te d  p r e s e n te d  th e  c h a r a c te r i s t ic  o f  f a c e  
c e n te r e d  c u b ic  ( F C C ) ,  f lu o r i te  ty p e  s t r u c tu r e .  F o r  th e  Z r 0 2 s u p p o r t ,  i t  p r e s e n ts  m a in ly  
m o n o c l in ic  a n d  te t r a g o n a l  p h a s e s .  E ig h t  d i f f r a c t io n  p e a k s  o f  c e r ia  w e re  d e te c te d ;  2 8 .4 6 ° , 
3 2 .9 7 ° , 4 7 .3 8 ° , 5 6 .2 4 ° , 5 8 .7 8 ° , 6 9 .2 0 ° , 7 6 .5 6 ° , a n d  7 8 .7 7 ° , w h ic h  w e re  in d e x e d  to  ( 1 1 1 ) ,  
( 2 0 0 ) ,  (2 2 0 ) ,  ( 3 1 1 ) ,  ( 2 2 2 ) ,  ( 4 0 0 ) ,  (3 3 1 )  a n d  ( 4 2 0 )  c ry s ta l  f a c e s  ( D o b r o s z - G ô m e z  et a i, 
2 0 0 8 , Z h a n g  a n d  L iu , 2 0 1 3 ) .  It w a s  c le a r ly  s e e n  th a t  th e  C eC >2 d i f f r a c t io n s  s l ig h t ly  
s h i f t e d  to  h ig h e r  a n g le s ,  a n d  th e  p e a k s  b e c a m e  b r o a d e r  w i th  lo w e r  in te n s i ty  a f te r  
in c r e a s in g  th e  a m o u n t  o f  Z r  c o n c e n t r a t io n .  T h is  e v id e n c e d  th e  c o r p o r a t io n  o f  Z r 4+ c a t io n  
( r a d iu s  0 .8 4  A )  in s id e  th e  C e 4+ ( r a d iu s  0 .9 7  Â )  la t t ic e  to  f o rm  th e  A u /C e i_ xZ r x 0 2  s o l id  
s o lu t io n  p h a s e . O u r  r e s u l t s  w e r e  in  a g r e e m e n t  w i th  m a n y  p r e v io u s  w o rk s ,  w h ic h  fo u n d  
th e  d e f e c ts  o r  d i s to r t io n s  in  th e  in  th e  o x y g e n  s u b la t t ic e  o f  c e r ia  a f te r  a d d in g  m o re  Z r  
c o n te n ts  ( R o d r ig u e z  et al., 2 0 0 3 ) .

T h is  c h a n g in g  b e h a v io r  o f  C e 0 2 d i f f r a c t io n  r e s u l te d  in  th e  d e c r e a s e  in  th e  
a v e r a g e  c r y s ta l l i te  s iz e  a n d  c e r ia  la t t ic e  c o n s ta n t  f ro m  7 .5 2  to  2 .6 5  n m  a n d  f ro m  0 .5 4 9  to
0 .5 1 8  n m , r e s p e c t iv e ly  ( T a b le  4 .1 ) .  A g a in , th e s e  r e s u l t s  c o u ld  c o n f i rm  th e  f o rm a t io n  o f  
s o l id  s o lu t io n  p h a s e  w h ic h  le d  to  th e  s h r in k a g e  in  c e r ia  la t t ic e  d i s ta n c e  a f te r  Z r 4+ 
in c o r p o r a t io n  ( R e d d y  a n d  K h a n , 2 0 0 5 , Z h a n g  a n d  L iu , 2 0 1 3 ) .  M o re o v e r ,  th e  s m a l le r  
c r y s ta l l i t e  s iz e  w a s  in  l in e  w ith  th e  in c re a s in g  o f  B E T  s u r f a c e  a r e a  ( D o b r o s z - G ô m e z  et 
al., 2 0 0 8 ) .  It w a s  b e l ie v e d  th a t  th is  in c o r p o r a t io n  c a n  e n h a n c e  th e  f o rm a t io n  o f  v a c a n c ie s  
in  th e  a n io n  s u b la t t ic e  d u r in g  th e  c h a r g e  b a la n c in g ,  w h e re  th e  r e d o x  p r o p e r t ie s  in  c e r ia  
c a n  b e  im p ro v e . I n te r e s t in g ly ,  th e  Z rC >2 d i f f r a c t io n s  b e c a m e  v i s ib le  a t  th e  r ic h - Z r  
c a ta ly s ts  (1 w t%  A u /C e o .5Z r 0 .5 C>2 a n d  1 w t%  A u /C e o .2 5 Z r 0 .7 5 0 2 ). T h is  m ig h t  r e p r e s e n t  th e  
n o n - u n i f o r m  s o l id  s o lu t io n  p h a s e ,  w h e re  s o m e  o f  Z rÛ 2 p a r t i c le s  p o s s ib ly  r e m a in e d  o n  
th e  c a ta ly s t  s u r fa c e , n o t  b e in g  f a v o r a b le  to  in c o r p o ra t io n  in s id e  th e  c e r ia  la t t ic e . T h is  
w a s  p r o b a b ly  f o u n d  in  th e  u s e  o f  e x c e s s  Z r  c o n c e n t r a t io n s .  W h i le  th e  u s e  o f  le a n  Z r  
c o n c e n t r a t io n  (1 w t%  A u /C e 0.7 5 Z ro.2 5 C>2 ) s h o w e d  n o  o b s e r v a t io n  o f  Z r 0 2 d i f f r a c t io n ,  
w h ic h  r e p r e s e n te d  th e  m o s t  u n i f o r m  s o l id  s o lu t io n  p h a s e  o r  th e  Z rC >2 w a s  h ig h ly  d is p e r s e
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o n  th e  c a ta ly s t  s u r fa c e . N o n e th e le s s ,  th e  A u  d i f f r a c t io n  p h a s e  ( 1 1 1 )  a t  3 8 .5 °  w a s  n o t 
d e t e c ta b le  fo r  a ll c a ta ly s ts ,  s u g g e s t in g  e i th e r  w e l l - d is p e r s e d  o f  g o ld  n a n o p a r t ic le s  o n  th e  
s u p p o r t  o r  lo w  a m o u n t  o f  g o ld  d e p o s i t io n  ( W a n g  et a i, 2 0 0 7 , V ic a r io  et al., 2 0 0 9 ) .

20 30 40 50 60 7 0 8 0

2 T h e t a  ( d e g . )

F i g u r e  4 .3  X R D  p a t te r n s  o f  s u p p o r te d  A u  c a ta ly s ts .
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T a b le  4 .3  C eC >2 an d  A u  c ry s ta llite  s iz e s  o f  th e  1 w t%  A u  c a ta ly s ts  o v e r  d iffe re n t s u p p o rts

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

C e 0 2 ( l l l ) C e O 2 (2 0 0 ) C e O 2 (2 2 0 )  C e 0 2( 3 1 1) A u ( l l l )
C e 0 2 9 .01 8 .8 4 6 .31 6 .0 5 -
1 w t%  A u /C e 0 2 9 .0 8 8 .1 8 6 .4 3 6 .3 3 -
1 w t%  A uyC eo .7 5Zro.2 5O 2 6 . 1 0 6 .1 4 4 .4 6 5 .6 6 -
1 w t%  A uyC eo .5Zro.5O 2 6 . 0 2 4 .3  f 3 .0 2 4 .1 8 -
1 w t%  A uyC eo .2 5Zro.75O 2 4 .3 3 3 .21 3 .0 5 2 .3 1 -
1 w t%  A u / Z r 0 2 - - - - -
Z r 0 2 - - - - -

F i g u r e  4 .4  X R D  p a t te rn s  o f  f re s h  a n d  s p e n t  o f  1 w t%  A u / C e 0 2 a n d  1 w t%  A u /
C eo.7 5Z ro.2 5 O 2 .
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F ig u r e  4 .4  i l lu s t r a te s  th e  c o m p a r i s o n  o f  X R D  p a t te rn s  b e tw e e n  th e  f re s h  
a n d  s p e n t  1 w t%  A u / C e 0 2 a n d  1 w t%  A u /C e 0.7 5Z r 0.2 5 O 2 a f te r  e x p o s u re  to  th e  r e a c t io n  fo r  
3 3  h o u rs . T h e  s p e n t  c a ta ly s t  h a d  a lm o s t  th e  s a m e  X R D  p a t te r n  a s  th a t  o f  f re s h  c a ta ly s t ,  
im p ly in g  th a t  th e re  w a s  n o  c h a n g e  in  th e  c r y s ta l l i t e  s t r u c tu r e  o f  b o th  A u  a n d  C e 0 2 

(G lu h o i  et al. , 2 0 0 5 ) .  H o w e v e r ,  th e  s p e n t  c a ta ly s t  h a d  la r g e r  a v e ra g e  c e r ia  c r y s ta l l i t e  s iz e  
f ro m  7 .5 6  to  7 .6 0  n m  a n d  5 .5 9  to  5 .8 3  n m  f o r  1 w t%  A u / C e 0 2 a n d  1 w t%  
A u /C e o .7 5Z r 0 .2 5 0 2 , r e s p e c t iv e ly .  T h e  A u  r e f le c t io n  p e a k  w a s  n o t o b s e r v e d  in  th e  b o th  
f re s h  a n d  s p e n t  c a ta ly s ts .

T a k in g  in to  a c c o u n t  th e  la t t ic e  c o n s ta n ts  o f  th e  s p e n t  c a ta ly s t s  b o th  1 w t%  
A u / C e 0 2 a n d  1 w t%  A u /C e o .7 5 Z ro.2s 0 2  s h o w e d  th e  d e c r e a s e  in  th e  la t t ic e  c o n s ta n ts  f ro m  
0 .5 5 0  to  0 .5 4 4  n m  a n d  0 .5 4 8  to  0 .5 4 5  n m , r e s p e c t iv e ly .  It h a d  b e e n  s u g g e s te d  th a t  th e  
g a s  fe e d in g  s t r e a m  p o s s ib ly  a f f e c te d  o n  th e  v a r ia t io n  in  c e r ia  la t t ic e , w h e r e  th e  c e r ia  
la t t ic e  v a r ie d  s ig n i f ic a n t ly  w i th  a n  in c re a s e  a f te r  e x p o s u r e  to  C O  a n d  a  d e c r e a s e  a f te r  
e x p o s u re  to  H 20  (W a n g  et al. , 2 0 0 6 ) . T h e r e fo re ,  it  c o u ld  b e  r e la te d  to  th e  c o m p le x  
m e c h a n is m s  d u r in g  th e  r e a c t io n  th a t  c h a n g e d  th e  c e r ia  la t t ic e  a n d  h e lp e d  r e s t r u c tu r e  th e  
s o l id  s o lu t io n  p h a s e .  H o w e v e r ,  th e  e x a c t  m e c h a n is m  w a s  s till u n c le a r  fo r  th e  s o l id  
s o lu t io n  r e c o v e ry .

4 .1 .6  R a m a n  S p e c t ro s c o p y
F ig u r e  4 .5  s h o w s  th e  R a m a n  s p e c t r a  o f  th e  f re s h  a n d  s p e n t  c a ta ly s ts  f o r  

A u / C e 0 2 a n d  A u /C e o .7 5Z r 0 .2 5 0 2. T h e  m a in  b a n d  a t  4 6 3  c m ' 1 w a s  c o r r e s p o n d e d  to  th e  
o x y g e n  b r e a th in g  v ib r a t io n s  a r o u n d  e a c h  C e 4+ in  m e ta l  o x id e s  (F 2g m o d e ) ,  a n d  th e  w e a k  
b a n d  a ro u n d  a t  5 9 8  c m " 1 is a s s o c ia te d  to  th e  fo rm a t io n  o f  o x y g e n  v a c a n c ie s  in  th e  c e r ia  
la t t ic e  ( R e d d y  a n d  K h a n , 2 0 0 5 ,  H e rn a n d e z  et ai, 2 0 1 0 ) .  T h e  Z r 0 2 b a n d s  ty p ic a l ly  
a p p e a r e d  a t  1 7 6 , 3 8 0 ,  4 7 5 ,  a n d  6 4 0  c m " 1 f o r  m o n o c l i n i c  p h a s e  a n d  2 6 6 ,  3 1 3 ,  4 7 0 ,  a n d  
6 4 0  c m  1 fo r  te t r a g o n a l  p h a s e  ( M a ia  et ai, 2 0 1 2 ) .  In c a s e  o f  Z r  in c o r p o ra t io n , th e  R a m a n  
f r e q u e n c y  s h i f te d  to  h ig h e r  w a v e  n u m b e r s ,  w h ic h  th e  in te n s e  b a n d s  a t t r ib u te d  to  th e  
o v e r la p p in g  o f  c e r ia  a n d  z i r c o n ia  p h a s e  a n d  i t  a ls o  a p p e a r e d  th e  w e a k  b a n d s  o f  z i r c o n ia  
a r o u n d  3 8 0  a n d  3 1 3  c m '1. F u r th e rm o r e ,  th e  s h if t  o f  th e  b a n d  to  h ig h e r  f r e q u e n c y  a n d
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le s s  s h a r p  o f  th e  b a n d  is  r e la te d  to  th e  d e c r e a s in g  c r y s ta l l i te  s iz e  o r  la t t ic e  c o n s ta n t  
(N e to  a n d  S c h m a l ,  2 0 1 3 ) ,  w h ic h  th e s e  r e s u l t s  c o n f i rm  th e  fo rm a t io n  o f  a  s o l id  s o lu t io n , 
in  a c c o r d a n c e  w i th  p r e v io u s  X R D  r e s u l t s .

In  a d d i t io n ,  th e  in te n s i ty  r a t io  o f  th e  b a n d  o f  o x y g e n  v a c a n c ie s  a n d  th e  F 2 g 
m o d e  o f  f lu o r i te - ty p e  s tru c tu re  (I5 9 8 /I4 6 3 ) w a s  a ls o  c a lc u la te d  to  e v a lu a te  th e  a m o u n t  o f  
o x y g e n  v a c a n c ie s  o f  a  s a m p le , a s  s h o w n  in  T a b le  4 .1 . T h e  in te n s i ty  r a t io  in c r e a s e d  w i th  
in c o r p o r a t io n  o f  Z r  , im p ly in g  th a t  th e  d o p in g  o f  Z r  in  C eC >2 in c re a s e d  th e  c o n c e n t r a t io n  
o f  o x y g e n  v a c a n c ie s  d u e  to  th e  c h a n g e  o f  la t t ic e  o f  C eC >2 b y  s u b s t i tu t io n  o f  C e 4+ w i th  
Z r4+. F r o m  th is  c h a n g e  c a u s e d  to  p r o m o te  th e  la t t ic e  d e f o r m a t io n  a n d  f o rm a t io n  o f  
o x y g e n  v a c a n c ie s .  In  g e n e ra l ,  a n  o x y g e n  v a c a n c y  is p r o d u c e d  b y  th e  r e d u c t io n  o f  th e  
c a t io n ic  C e 4+ to  C e 3+. T h e  a d d i t io n  o f  s m a l le r  Z r 4+ c o u ld  p r o v id e  s o m e  s p a r e  s p a c e  fo r  
a c c o m m o d a t in g  th e  b ig g e r  C e 3+c a t io n s  a n d  in c re a s e  t h e f o r m a t i o n  o f  an  o x y g e n  v a c a n c y  
( G ra u -C re s p o  et al., 2 0 1 1 ) .

- M o re o v e r ,  th e  in te n s i ty  r a t io  o f  f re s h  c a ta ly s ts  w a s  a ls o  c o m p a r e d  w ith  
s p e n t  c a ta ly s ts .  It w a s  fo u n d  th a t  th e  r a t io  in c re a s e d  a f te r  th e  s ta b i l i ty  te s t ,  in d ic a t in g  th a t  
it m a y  o c c u r  s o m e  d e f e c t  s tru c tu re  o r  r e s t r u c tu r e  d u r in g  th e  r e a c t io n  ( P o ja n a v a r a p h a n  et 
al). F r o m  th is  d e f e c t  c a u s e d  to  c h a n g e  th e  la t t ic e  a n d  in c r e a s e d  th e  a m o u n t  o f  o x y g e n  
v a c a n c ie s .  T h e r e fo re ,  th e  e v id e n c e  f ro m  R a m a n  a n d  X R D  d a ta  r e v e a le d  a  c h a n g e  o f  
C eC >2 la t t ic e  in  th e  p r e s e n c e  o f  Z r  a c c o rd in g  to  th e  fo rm a t io n  o f  s o l id  s o lu t io n s  a n d  
in c re a s e  th e  n u m b e r  o f  o x y g e n  v a c a n c ie s .  O n  th e  o th e r  h a n d ,  th e  r e d u c t io n  o f  a n  o x id e  
c a u s e s  th e  f o rm a t io n  o f  s u r fa c e  v a c a n c ie s ,  w h ic h  th e n  m ig r a te  in to  th e  b u lk . T h e  
r e d u c t io n  p r o g r e s s iv e ly  e m p tie s  th e  s u r fa c e  o f  a c t iv e  C e 4+ s i te s ,  w h ic h  w o u ld  l im i t  th e  
o x y g e n  a v a i la b le  f o r  r e d u c t io n . A l th o u g h ,  th e  c a ta ly s t  s u r f a c e  w a s  c r e a te d  m o r e  o x y g e n  
v a c a n c ie s ,  th e y  c a n n o t  d i f fu s e  o 2' in  th e  la t t ic e ,  a c c o rd in g  to  r a te - d e te r m in in g  s te p  
( B o a r o  et a i, 2 0 0 0 ) .  It c a n  b e  im p l ie d  th a t  th e  h ig h  o x y g e n  v a c a n c ie s  d i d n ’t m e a n  th e  
h ig h  a c t iv i ty  d u e  to  l im i ta t io n  o f  o x y g e n  s to ra g e  c a p a b il i ty .
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F i g u r e  4 .5  R a m a n  s p e c t r a  o f  1 w t%  A u /C e 0 2 -Z rC > 2  c a ta ly s ts  f o r  ( a ) l  w t%  A u / C e 0 2 -
f re s h  (b )  A u /C e o .7 5Z ro.2 5 C>2- f r e s h  (c )  A u / C e 0 2- s p e n t  (d )  A u /  C eo .7 5 Z r 0.2 5 C>2- s p e n t .
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4 .1 .7  F o u r ie r  T r a n s f o r m  I n f r a r e d  S p e c t r o s c o p y  ( F T - IR )
F T -I R  u s e d  to  d e te rm in e  th e  f u n c t io n a l  g r o u p s  o n  th e  s u r f a c e  o f  th e  f re s h  

a n d  s p e n t  c a ta ly s ts ,  a re  s h o w n  in  F ig u re  4 .6 .  F T IR  s p e c t r a  w e r e  o b s e r v e d  in  tw o  r e g io n s ,  
w h ic h  a  b r o a d  b a n d  r e g io n  w a s  O -H  s t r e tc h in g  m o d e  a t  th e  w a v e  n u m b e r  r a n g e  o f  2 5 0 0 -  
3 7 0 0  c m ' 1 ( G a m a r r a  a n d  M a r t in e z - A r ia s ,  2 0 0 9 ) .  T h e  s e c o n d  r e g io n  w a s  a t  th e  w a v e  
n u m b e r  r a n g e  o f  1 2 0 0 - 1 8 0 0  c m '1, w h ic h  c o r r e s p o n d e d  to  th e  c h e m is o r p t io n  c a r b o n a te  
s p e c ie s  ( F a n  et al, 2 0 0 8 ) .  A f te r  th e  c a ta ly s t  w a s  te s t e d  in  a  s im u la te d  w e t  c o n d i t io n  
( w ith  F T O  +  C O 2 ), th e  in te n s i ty  o f  O - H  p e a k  a t 3 4 0 0  c m ' 1 w a s  h ig h e r  a n d  b r o a d e r  th a n  
th e  f re s h  c a ta ly s t .  I t m a y  c a u s e  f ro m  th e  p r e s e n c e  o f  u n d i s s o c ia t e d  w a te r  m o le c u le s  o r  
th e  h y d r o g e n  p ro d u c e d  a m o u n t  o f  w a te r  o n  th e  s u r f a c e  c a ta ly s t .  T h e  s p e n t  c a ta ly s ts  a ls o  
s h o w e d  a  s t r o n g  p e a k  a t  1 3 4 3  c m '1, a c c o r d in g  to  th e  C O  m o le c u le s  a d s o rb e d  o n  th e  
s u r f a c e  b y  c h e m is o rp t io n .  T h e  f o rm a t io n  o f  c a r b o n a te s  is  a n  in d ic a t io n  o f  C O  o x id a t io n  
b y  s u r fa c e  o x y g e n  s p e c ie s  a n d  it p r e s e n te d  th e  b a n d  a t  1 5 8 2 , 1 4 1 3 , a n d  1 2 2 0  c m '1, w h ic h  
a s s ig n e d  to  b ic a r b o n a te  s p e c ie s  ( H C O 3- )  ( B o c c u z z i  et al., 1 9 9 9 ). T h e  b a n d  a t  1 6 4 0  c m ' 1 

c o r r e s p o n d in g  to  O -H  b e n d in g  m o d e  o f  m o le c u la r  w a te r  a re  o b s e rv e d .  M o re o v e r ,  th e  
b a n d  a t  2 3 5 1  c m ' 1 c a n  b e  o b s e r v e d  a n d  it ty p ic a l ly  a s s ig n e d  to  g a s e o u s  C O 2 d u e  to  C O 2 

m o le c u le s  l in e a r ly  a d s o r b e d  o n  th e  s u r fa c e  c a t io n s  o f  th e  s u p p o r t  ( B o c c u z z i  et a l, 1 9 9 9 ). 
I t a ls o  a p p e a re d  th e  b a n d  a t  2 8 4 0  a n d  2 9 4 0  c m ' 1 th a t  c o r r e s p o n d e d  to  th e  f o r m a t io n  o f  
th e  fo rm a te  s p e c ie s  o n  th e  c a ta ly s t  s u r f a c e  ( G a m a r r a  a n d  M a r t in e z - A r ia s ,  2 0 0 9 ) .  In  
a d d i t io n ,  th e  s p e n t  c a ta ly s t  w a s  c o m p a re d  in  th e  d i f f e r e n t  o p e r a t in g  te m p e ra tu re .  It 
s h o w e d  th a t  a t  lo w  te m p e r a tu r e  h a d  a  s t r o n g e r  a c c u m u la t io n  o f  b o th  c a r b o n a te  a n d  
f o rm a te  s p e c ie s  th a n  h ig h  te m p e ra tu re .  T h is  s u g g e s te d  th a t  th e s e  s p e c ie s  d e c r e a s e d  a t  th e  
te m p e r a tu r e  a b o v e  10 0  ° c  ( G a m a rra  a n d  M a r t in e z - A r ia s ,  2 0 0 9 ) .  T h e r e b y ,  th e  
te m p e r a tu r e  h a s  a  s ig n i f ic a n t  e f f e c t  o n  th e  c a ta ly t ic  a c t iv i ty .

F ig u r e  4 .7  i l lu s t r a te s  th e  F T IR  s p e c t r a  o f  s p e n t  c a ta ly s ts  a f te r  e x p o s u r e  
th e  W G S  r e a c t io n  fo r  1 w t%  A u / C e 0 2 a n d  1 w t%  A u /C e o .7 5Zro.2 5 C>2 . I t c a n  b e  o b s e r v e d  
th a t  A u /C eC >2 h a d  h ig h  a m o u n t  o f  c a r b o n a te /b ic a r b o n a te  s p e c ie s  th a n  A u /C e o .7 5 Z r 0 .2 5 0 2. 
T h e s e  s p e c ie s  w a s  f o rm e d  d u r in g  th e  r e a c t io n  d u e  to  th e  c a r b o n a te - l ik e  s p e c ie s  a r e  th e  
m a in  in te r m e d ia te s  in  W G S  r e a c t io n  ( C o s te l lo  et al. , 2 0 0 3 ) .  It h a s  b e e n  s u g g e s te d  th a t
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th e  a c c u m u la t io n  o f  c a r b o n a te  s p e c ie s  a t t r i b u te d  o n  th e  a c id -b a s e  p r o p e r t ie s  o f  th e  
s u p p o r ts  , w h ic h  th e  a c id  s u p p o r t  w a s  le s s  a d s o rp t io n  o f  c a r b o n a te - l ik e  s p e c ie s  a n d  
h a d  m o r e  r e s i s ta n t  to  d e a c t iv a t io n  b y  th e s e  s p e c ie s  th a n  th e  b a s e  s u p p o r t  ( V in d ig n i  et al. , 
2 0 1 2 , S u d a r s a n a m  et al., 2 0 1 4 ) .  T h u s , th e  in c o r p o r a t io n  o f  Z r  c o u ld  e n h a n c e  th e  a c id ic  
p r o p e r t ie s  o f  CeC>2 , w h ic h  c o u ld  b e  e a s i ly  to  r e m o v e  th e  s u r f a c e  c a r b o n a te s .

W a v e n u m b e r  ( c m '1)

F i g u r e  4 .6  F T IR  s p e c t r a  o f  1 w t%  A u /C e 0.7 5Z r 0.2 5 O 2 c a ta ly s ts ;  (a )  f re s h  c a ta ly s t ,  (b )  
s p e n t  c a ta ly s t  a f te r  e x p o s u re  a t  5 0  °c, a n d  (c )  s p e n t  c a ta ly s t  a f te r  e x p o s u r e  a t  1 1 0  °c 
w ith  g a s  c o m p o s i t io n  o f  4 0 %  H 2, 1%  0 2, 1%  C O , 1 0 %  C O 2 , a n d  1 0 %  H 20  in  H e .
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W a v e n u m b e r  ( c m '1)

F i g u r e  4 .7  F T IR  s p e c t r a  o f  s p e n t  c a ta ly s ts  in  W G S  r e a c t io n ;  (a )  1 w t%  A u /C e 0 2  , (b )
1 w t%  Au/Ceo.75Zro.25C>2.
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T a b l e  4 .4  S u m m a ry  o f  f r e q u e n c y  a n d  a s s ig n m e n t  o f  c a r b o n a te ,  f o rm a te ,  a n d  
in te r m e d ia te  b a n d s  o f  f re s h  a n d  s p e n t  1 w t%  A u 7 C eo.7 5 Z ro.2 5 O 2 ( T a b a k o v a  et a l,  2 0 0 3 )

W a v e n u m b e r  ( c m '1) A s s i g n m e n t

1 0 4 5 - 1 0 7 0 ,  1 2 0 0 - 1 8 0 0 C a r b o n a te  s p e c ie s

1 2 2 0 , 1 4 1 3 , 1 5 3 0 , 1 5 8 2 B ic a rb o n a te  s p e c ie s
1343 C O  m o le c u le s  a d s o rb e d  o n  th e  s u r fa c e
16 3 0 B e n d in g  m o d e  o f  u n d i s s o c ia t e d  H 20
2 3 5 0 L in e a r  C O 2 w e a k ly  in te r a c t in g  w ith  c e r ia
2 8 4 0 - 2 9 4 0 F o r m a te  s p e c ie s
2 5 0 0 - 3 7 0 0 O - H  s t r e tc h in g  m o d e
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In  th i s  p a r t ,  th e  c a ta ly t ic  a c t iv i ty  o f  th e  c a ta ly s ts  w a s  e x a m in e d  in  p r e f e r e n t ia l  
C O  o x id a t io n . T h e  c a ta ly t ic  a c t iv i ty  w a s  c a r r ie d  o u t  a t  a tm o s p h e r ic  p r e s s u r e  in  a  f ix e d -  
b e d  r e a c to r  c o n ta in in g  1 0 0  m g  o f  c a ta ly s t  in  8 0 - 1 2 0  m e s h  s iz e . T h e  r e a c ta n t  g a s  
c o n ta in in g  1 %  C O , 1%  0 2, 4 0 %  H 2 w i th  H e  b a la n c e d  w a s  p a s s e d  th ro u g h  th e  r e a c to r  
w i th  a  to ta l  f lo w  ra te  o f  5 0  m l /m in  a t  th e  t e m p e ra tu re  r a n g e  o f  5 0  to  1 9 0  °C .

4 .2 .1  E f f e c t  o f  S u p p o r t  C o m p o s i t io n  o n  th e  C a ta ly t ic  A c t iv i ty
T h e  e f fe c t  o f  s u p p o r t  c o m p o s i t io n  o n  1 %  w t  A u /C e i  - - Z r r0 2 (x =  0 , 0 .2 5 ,

0 .5 ,  0 .7 5 , 1) w a s  v a r ie d . T h e  c a ta ly s ts  w e r e  s y n th e s iz e d  b y  c o - p r e c ip i ta t io n  te c h n iq u e  
a n d  th e n  1%  w t  A u  w a s  d e p o s i te d  o n  th e  p r e p a r e d  s u p p o r t  b y 'd e p o s i t io n - p r e c ip i ta t io n  
te c h n iq u e .  F ig u r e  4 .8  i l lu s t r a te s  th e  c a ta ly t ic  a c t iv i ty  in  te rm s  o f  C O  c o n v e r s io n  a n d  
s e le c t iv i ty  to w a r d s  C O -o x id a t io n  o f  1%  w t  A u /C e i .xZ r x0 2 c a ta ly s ts  w i th  v a r io u s  s u p p o r t  
a to m ic  r a t io s .

F r o m  F ig u r e  4 .8 ,  it  c a n  b e  s e e n  th a t  th e  c a ta ly t ic  a c t iv i ty  d e p e n d e d  o n  
C e /Z r  a to m ic  r a t io  o f  th e  o x id e  s u p p o r t .  T h e  r e s u l t s  s h o w e d  th a t  1 w t%  A u / C e 0 2 a n d  
1 w t%  A u / C e 0 .7 5Z r 0 .2 5 O 2  h a d  a  s im ila r  c a ta ly t ic  p e r f o r m a n c e  th a t  th e y  h a d  h ig h  a c t iv i ty  
a t  lo w  te m p e r a tu r e  th e n  th e  a c t iv i ty  d e c r e a s e d  w ith  in c re a s in g  te m p e ra tu re .  W h e r e a s  th e  
a c t iv i ty  o f  1 w t%  A u /C e 0 .5 Z ro.5 0 2, 1 w t%  A u /C e o .2sZ ro .7 5 0 2, a n d  1 w t%  A u / Z r 0 2 

in c re a s e d  w i th  in c re a s in g  te m p e ra tu re  u n t i l  th e y  r e a c h e d  m a x im u m  C O  c o n v e r s io n ,  a f te r  
th a t  th e  a c t iv i ty  b e g a n  to  d e c re a s e . D u e  to  a  h ig h e r  te m p e ra tu re ,  th e r e  is  d e c r e a s e  in  
s e le c t iv i ty ,  r e g a r d in g - h ig h e r  a c t iv a t io n  e n e r g y  fo r  th e  H 2 o x id a t io n  th a n  fo r  th e  C O  
o x id a t io n  ( L u e n g n a r u e m itc h a i  et al, 2 0 0 4 )  a n d  in  c a s e  o f  r ic h  C e - c o n te n t  g a v e  a  s ta b le  
in  s e le c t iv i ty  w i th  th e  o p e r a t in g  te m p e ra tu re .

T h e  m a x im u m  C O  c o n v e r s io n s  w e re  9 2 .3 6 %  (w ith  4 8 .3 7 %  s e le c t iv i ty )  
f o r  1 w t%  A u / C e 0 2 a t  5 0  °C , 9 4 .0 6 %  (w ith  4 9 .0 9 %  s e le c t iv i ty )  fo r  1 w t%  A u /  
C eo .7 5 Zro.2 5 O 2 a t  5 0  °C , 8 5 .5 8 %  (w ith  4 2 .3 5 %  s e le c t iv i ty )  fo r  1 w t%  A u /C eo .sZ ro .5 0 2 a t

4.2 Catalytic Activity
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7 0  ° c ,  6 1 .7 0 %  ( w ith  3 0 .4 5  s e le c t iv i ty )  f o r  1 w t%  A u /C e 0.2 5 Z r 0.7 5 O 2 a t  9 0  ° c ,  a n d  5 3 .7 1 %  
( w ith  3 1 .5 1 %  s e le c t iv i ty )  f o r  1 w t%  A u /Z r 0 2  a t  9 0  ° c .

F o r m  th e  r e s u l t s  in d ic a te d  th a t  th e  r o le  o f  a  s u p p o r t  h a d  a n  e f f e c t  o n  th e  
c a ta ly t ic  p e r f o r m a n c e .  T h e r e fo re ,  th e  c a ta ly t ic  a c t iv i ty  o f  th e  c a ta ly s ts  c a n  b e  o r d e r e d  
1 w t%  A u /C e 0.7 5 Z r 0.2 5 O 2 >  1 w t%  A u /C e Û 2  >  1 w t%  A u /C e o .5Z r 0 .5 0 2 >  l w t%  A u /  
C eo .2 5 Zro.7 5 O 2 >  1 w t%  A u /Z r Û 2 . T h e  in c o r p o r a t io n  o f  z i r c o n iu m  w a s  b e n e f ic ia l  f o r  th e  
e n h a n c e m e n t  o f  o x y g e n  m o b i l i ty  (L in  et al., 2 0 0 9 ). H o w e v e r ,  th e  p e r f o r m a n c e  o f  th e  
c a ta ly s t  d e p e n d e d  o n  a n  a p p r o p r ia te  a m o u n t  o f  z i r c o n iu m  c o n te n t .  In  th is  w o rk , 1 w t%  
A u /C e o .7 5Z r 0 . 2 5 0 2  w a s  s l ig h t ly  m o r e  a c t iv i ty  th a n  1 w t%  A u /C e 0 2  a t  h ig h  te m p e r a tu r e .  It 
h a d  b e e n  r e v e a le d  th a t  th e  C e i_ xZ r x 0 2  c o m p o s i t e  w i th  a  lo w  Z r - c o n te n t  e x h ib i te d  g o o d  
o x y g e n  s to ra g e  c a p a c i ty  a n d  h ig h  o x y g e n  m o b i l i ty  ( Z h a o  et a l, 2 0 1 1 ).

C o n s e q u e n t ly ,  th e  h ig h e s t  a c t iv i t ie s  fo r  1 w t%  A u /C e 0  7 5 Z r 0.2 5 O 2 c o u ld  b e  
a t t r ib u te d  th a t  a  s o l id  s o lu t io n  m a y  im p r o v e  th e  c a ta ly t ic  a c t iv i ty  a n d  in c re a s e  th e  
o x y g e n  v a c a n c ie s ,  a s  c o n f i r m e d  b y  X R D  a n d  F T -R a m a n  r e s u l t s .  T h e  p r e s e n c e  o f  o x y g e n  
v a c a n c ie s  a l lo w e d  e f f e c t iv e  O 2 a d s o rp t io n  a n d  a c t iv a t io n  f o r  C O  o x id a t io n  ( L o n g o  et al,
2 0 1 2 ). T h e r e fo re ,  th e  C e i .xZ r xC>2 c o m p o s i t e  w i th  a  lo w  Z r  c o n te n t  e x h ib i te d  a  la r g e  
a m o u n t  o f  o x y g e n  v a c a n c ie s  th a t  th e  p u r e  C e 0 2 , w h ic h  w a s  fo u n d  to  e n h a n c e  in  o x y g e n  
m o b i l i ty  a n d  p r o m o te d  a  h ig h  o x y g e n  s to r a g e  c a p a c ity . In  a d d i t io n ,  it h a d  th e  p r e s e n c e  
th e  h ig h e s t  a m o u n t  o f  A u  d e p o s i te d  o n  th e  s u p p o r t  th a t  m a y  p r o m o te d  th e  re a c t io n . S o , 
th e  c a ta ly s t  s h o u ld  h a v e  a p p r o p r ia te  c o m p o s i t io n  to  e m p lo y  th e  o p t im u m  c a ta ly t ic  
p e r f o rm a n c e .  F u r th e r m o r e ,  th e  c a ta ly t ic  p e r f o r m a n c e  c o u ld  a t t r ib u te  to  th e  g o ld  s p e c ie s  
o f  th e  c a ta ly s t ,  w h ic h  b o th  A u °  a n d  A u 3+ a r e  r e s p o n s ib le  f o r  th e  a c t iv i ty  ( W a n g  et al. ,
2 0 0 7 ) .  In  th is  w o r k ,  th e  1 %  w t  A u /C e 0 .7 5 Z ro .2 s0 2  e x h ib i te d  th e  h ig h e s t  a c t iv i ty  w i th  
c o e x is te n c e  o f  A u 5+ a n d  A u °  s p e c ie s  o n  th e  s u p p o r t .
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F i g u r e  4 .8  C O  c o n v e r s io n  a n d  s e le c t iv i ty  to  C O 2 a s  a  f u n c t io n  o f  r e a c t io n  te m p e r a tu r e  
fo r  P R O X  re a c t io n  o v e r  1 w t%  A u /C e 0 2 - Z r Ü 2 c a ta ly s ts  w i th  v a r io u s  a to m ic  r a t io s  o f  
C e /Z r .
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4 .2 .2  E f f e c t  o f  A d d i t io n a l  F e e d  S tr e a m  C o m p o s i t io n  o n  th e  C a ta ly t ic  A c t iv i ty
N o r m a l ly ,  th e  h y d r o g e n - r ic h  s t r e a m  f ro m  r e f o r m in g  g a s e s  c o n ta in s  s o m e  

a m o u n t  o f  H 2 O  a n d  C O 2 . T h e r e fo re ,  th e  s tu d y  o n  th e  c a ta ly t ic  a c t iv i ty  o f  H 2 O  a n d  C O 2 

in  th e  f e e d  s tr e a m  a re  v e r y  in te r e s t in g . T h e  p r e s e n c e  o f  C O 2 a n d  H 20  in  H 2 s t r e a m s  
o r ig in a t in g  f ro m  a  r e f o r m in g  p r o c e s s  is s ig n i f ic a n t ,  a n d  th e i r  e f fe c t  o n  c a ta ly s t  
p e r f o r m a n c e  w a s  s tu d ie d  b y  a d d i t io n  o f  e i th e r  C O 2 o r  H 20  to  th e  fe e d  s t r e a m . T h e  1 
w t%  A u /C e Û 2 a n d  1 w t%  A u /C e o .7 5 Z ro . 2 5 0 2  c a ta ly s ts  w e r e  te s t e d  w i th  th e  r e f o r m a te  g a s  
c o m p o s i t io n  (1 %  C O , 1 %  O 2 , 4 0 %  H 2, 0 - 1 0 %  H 2 0 ,  0 - 1 0 %  C 0 2, a n d  b a la n c e d  in  H e ) . 
T h e  c o a d s o r p t io n  o f  H 20  a n d  C O 2 c a n  c a u s e  th e  s e v e r e  e f fe c t  f o r  th e  c a ta ly s t  d u e  to  th e  
b lo c k a g e  o f  th e  a c t iv e  s i te s  o n  th e  s u r fa c e  o f  c a ta ly s ts  ( Z h a o  e t  a h , 2 0 1 1 ) .  B e s id e s ,  th e  
r e a c t io n  te m p e ra tu re  h a d  th e  s ig n i f ic a n t  im p a c t  o n  th e  c a ta ly t ic  p e r f o r m a n c e ,  w h ic h  it 
d e p e n d e d  o n  th e  n a tu r e  o f  th e  c a ta ly s t .

4.2.2.1 Effect o f Temperature in the Presence o f CO2 and H2O
F ig u r e  4 .9  p r e s e n ts  th e  e f f e c t  o f  r e a c t io n  te m p e r a tu r e  in  th e  

p r e s e n c e  o f  1 0 %  C O 2 a n d  1 0 %  H 20  o n  C O  c o n v e r s io n  a n d  s e le c t iv i ty  o f  1 w t%  A u /  
C eo.7 5 Z ro .2 5 O 2 c a ta ly s t  u n d e r  d i f f e r e n t  c o n d i t io n . F r o m  th e  r a n g e  o f  b o th  th e  t e m p e ra tu re  
r e a c t io n  ( 5 0 -1 9 0  °C ) , th e  h ig h e s t  a c t iv i ty  w a s  o b ta in e d  a t 5 0  ° c  a n d  it  is  a n  in te r e s t in g  to  
in v e s t ig a te  a t  1 1 0  ° c  b e c a u s e  th is  t e m p e ra tu re  is  c lo s e  to  th e  o p e ra t in g  c o n d i t io n  o f  
P E M F C s . M o re o v e r ,  it  h a d  b e e n  s u g g e s te d  th a t  in  th e  p r e s e n c e  o f  w a te r  a d d i t io n  to  th e  
f e e d  s t r e a m , a t  th e  te m p e r a tu r e  h ig h e r  th a n  1 0 0  ° c ,  a  h ig h  C O  c o n v e r s io n  w a s  o b ta in e d  
(D a té  et al., 2 0 0 2 ) . I t w a s  r e p o r te d  th a t  a t  h ig h  te m p e ra tu re ,  a  h ig h e r  a c t iv i ty  w a s  
o b ta in e d  th e  b e s t  r e s u l t s  th a n  lo w  te m p e ra tu re  s in c e  it  m a y  n o t  b e  a c h ie v e d  f ro m  th e  
w a te r  g a s  s h if t  r e a c t io n  ( H 20  +  C O  <-> H 2 +  C O 2 ) ( S c h u b e r t  et a l, 2 0 0 4 ) .  O n  th e  o th e r  
h a n d , s o m e  w o rk  o b ta in e d  th e  b e s t  r e s u l t  a t  lo w  te m p e ra tu re  ( N a k n a m  et a l,  2 0 0 9 ) . In  
th is  e x p e r im e n t ,  th e  r e a c t io n  w a s  in v e s t ig a te d  a t  a  c o n s ta n t  t e m p e r a tu r e  o f  5 0  ° c  a n d  11 0  
๐c  w i th  t im e - o n - s t r e a m . It w a s  fo u n d  th a t  th e  t e m p e r a tu r e  h a d  s ig n i f ic a n t  e f f e c t  o n  th e  
p e r f o r m a n c e  b o th  C O  c o n v e r s io n  a n d  s e le c t iv i ty .  T h e  r e a c t io n  te m p e r a tu r e  a t  5 0  ° c  w a s  
s ig n if ic a n t ly  lo w  C O  c o n v e r s io n  w h e n  c o m p a re d  to  th e  r e s u l t s  o f  t e m p e r a tu r e  a t  11 0  ° c  
u n d e r  p r e s e n c e  o f  H 20  a n d  C 0 2 b u t  in c re a s e d  th e  s e le c t iv i ty .  In  th e  c a s e  o f  H 2 0 ,  C O
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c o n v e r s io n  d r a m a t ic a l ly  d e c r e a s e d  a t  lo w  te m p e r a tu r e ,  w h e re a s  a t  h ig h  te m p e r a tu r e  g a v e  
a  s a m e  r e s u l t  a s  n o rm a l  f e e d  s tr e a m . T h e  C O  c o n v e r s io n  a ls o  r a p id ly  d r o p p e d  w ith  
a d d in g  C O 2  to  th e  fe e d  s t r e a m  fo r  b o th  t e m p e r a tu r e ,  b u t  it  w a s  h ig h e r  im p a c t  e f f e c t  a t 
lo w  te m p e r a tu r e .  W h e n  a d d in g  b o th  C O 2 a n d  H 2 0 ,  th e y  w e re  a  s ig n i f ic a n t ly  n e g a t iv e  
im p a c t  o n  th e  c a ta ly t ic  a c t iv i ty  a t lo w  te m p e r a tu r e ,  w h ic h  C O 2 h a d  m o r e  n e g a t iv e  e f fe c t  
th a n  H 20 .  A l th o u g h ,  th e  s e le c t iv i ty  w a s  in c re a s e d  a t  5 0  °c, 0 2 c o n v e r s io n  w a s  lo w e r  
th a n  11 0  °c. S o , 0 2 c o n s u m p t io n  in  c o n v e r s io n  C O  to  C 0 2 w a s  le s s  a t  lo w  te m p e ra tu re  
a n d  s e le c t iv i ty  h a s  n o t  e f f e c t  m u c h  to  th e  a c t iv i ty  w h e n  c o m p a re d  w i th  C O  c o n v e r s io n . 
T h e  w a te r  v a p o r  m a y  b e  c o n d e n s e d  o n  th e  c a ta ly s t  s u r f a c e ,  w h ic h  m a y  b lo c k  th e  a c t iv e  
s ite . O n  th e  o th e r  h a n d , C O  m o le c u le s  s e e m  to  b e  d e s o rb e d  a n d  a l lo w e d  O 2 to  a d s o rb  
f o r  th e  r e a c t io n  ( in c e  et a i,  2 0 0 5 )  a t  h ig h  te m p e ra tu re .  In  c a s e  o f  w a te r ,  it w i l l  d is s o c ia te  
to  fo rm  O H , a n d  it r e a c ts  w i th  C O  to  p r o d u c e  H C O O . T h e n  th e  f o r m a te  d e c o m p o s e s  to  
H 2 a n d  C O 2  p r o d u c ts  ( B o c c u z z i  et al. , 1 9 9 9 ). It m ig h t  b e  n o t a c h ie v e d  to  d e c o m p o s e  th e  
fo rm a te  s p e c ie s  a n d  b e c a m e  to  b lo c k  th e  a c t iv e  s i te s  a t  lo w  te m p e ra tu re .  T h u s ,  th e s e  
c a ta ly s ts  f la v o r e d  th e  r e a c t io n  a t  h ig h  te m p e r a tu r e  in  c a s e  i f  a d d i t io n a l  f e e d  s tr e a m  
c o n d i t io n . F u r th e rm o r e ,  th e  e v id e n c e  in  th e  F T IR  s p e c t r a  c o n f i r m e d  th a t  th e  f o rm a t io n  
o f  c a r b o n a te  a n d  f o rm a te  s p e c ie s  w a s  h ig h e r  a t  lo w  te m p e ra tu re .  T h e r e f o r e ,  th e  
a c c u m u la t io n  o f  th e s e  s p e c ie s  c o u ld  b lo c k  th e  a c t iv e  s i t e s  a n d  h a d  a  s ig n i f ic a n t  e f f e c t  o n  
th e  c a ta ly t ic  p e r f o rm a n c e  f o r  th e  P R O X  re a c tio n .
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Figure 4.9 Effect of temperature in the presence o f 10% c c >2 and 10% H20  on the
catalytic activities of 1 wt% Au/Ce0.7 5 Zr0.2 5O2 . The reaction was tested at constant
temperature of 50 °c and 110 °c and monitored with time-on-stream.
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4.2.2.2 Effect o f Water Vapor
W ith  1 0 %  o f  H 20  w a s  a d d e d  in to  th e  r e a c ta n t  f e e d  s tr e a m . F ro m  

F ig u r e  4 .1 0  c a n  b e  o b s e rv e d  th a t  it  o b ta in e d  q u ite  s im i l a r  a c t iv i ty  w i th  th e  n o rm a l  fe e d  
c o n d i t io n  a n d  g a v e  a  s m a ll  in c re a s e  w i th  th e  r e a c t io n  t im e . M a n y  w o r k  p r o p o s e d  th a t  
a d d i t io n  o f  w a t e r  f a v o re d  f o r  C O  o x id a t io n  r e a c t io n  b e c a u s e  it c o u ld  s u p p ly  h y d ro x y l  
g r o u p  th a t  m a y  p r o m o te  th e  r e a c t io n  b y  a c t i v a t in g  m o l e c u la r  o x y g e n  o n  th e  s u r f a c e  o r  it 
m a y  h e lp  to  d e c o m p o s e  th e  c a r b o n a te s  s p e c ie s  o n  th e  c a ta ly s t  s u r f a c e  ( O ji f in n i  et al.,
2 0 0 8 ) .  S o , it  w a s  o b s e rv e d  th a t  th e  p r e s e n c e  o f  w a te r  h a d  n o  e f fe c t  o n  th e  p e r f o rm a n c e  
o f  b o th  c a ta ly s ts .  In  c o n tr a s t ,  s o m e  g ro u p s  o b s e rv e d  th a t  th e  p r e s e n c e  o f  w a te r  v a p o r  h a d  
a  n e g a t iv e  e f f e c t  o n  th e  p e r f o r m a n c e  o f  th e  c a ta ly s t  d u e  to  b lo c k in g  o f  w a te r  o n  th e  
a c t iv e  s ite s  b y  a d s o r b e d  w a te r  o n  th e  c a ta ly s t  s u r fa c e  ( S c h u b e r t  et al-, 2 0 0 4 ) .

4.2.2.3 Effect o f CO2 Addition
W ith  1 0 %  o f  C 0 2 w a s  a d d e d  in to  th e  r e a c ta n t  f e e d  s t r e a m , th e  

r e s u l t s  s h o w e d  th a t  t h e - m a x im u m  C O  c o n v e r s io n  d r o p p e d  f ro m  ~ 9 0 %  to  ~ 6 5 %  
c o n v e r s io n  a n d  th e  s e le c t iv i ty  d ro p p e d  f ro m  ~ 4 6 %  to  ~ 3 4 %  ( F ig u r e  4 .1 0 ) . S e v e ra l  
e x p e r im e n ta l  s tu d ie s  h a v e  p r o v e d  th a t  e x i s te n c e  o f  c a r b o n a te  s p e c ie s  o n  th e  s u r f a c e  o f  
A u  c a ta ly s ts  c o u ld  b lo c k  th e  a c t iv e  s ite s  e s s e n t ia l  f o r  C O  o x id a t io n . A d d in g  o f  C O 2 h a d  
s e v e r e  n e g a t iv e  e f f e c t  o n  th e  c a ta ly t ic  p e r f o rm a n c e  d u e  to  b lo c k in g  th e  a c t iv e  s i te s  b y  
f o rm a t io n  o f  c a r b o n a te ,  w h ic h  in h ib i te d  th e  o x y g e n  m o b i l i ty  a s  w e l l  a s  th e  c o m p e t i t iv e  
a d s o rp t io n  o f  C O  a n d  C O 2 o n  th e  s u r fa c e  o f  c a ta ly s t  ( P a r k  et al., 2 0 0 4 , M a r in o  et al, 
2 0 0 5 ) .  A n o th e r  a s p e c t ,  it o c c u r r e d  th e  r e v e r s e  w a te r - g a s  s h i f t  th a t  m a y  lo w e r  th e  C O  
c o n v e r s io n  ( H 2 +  C O 2 —>-H20  +  C O )  (Z h a o  et al, 2 0 1 1 ) .  T h e r e fo re ,  C O 2 c o n ta in in g  w a s  
r e s p o n s ib le  f o r  c a t a l y s t  d e a c t iv a t io n  a n d  it s ig n i f ic a n t ly  r e d u c e d  th e  a c t iv i ty  o f  th e  
c a ta ly s ts .

4.2.2.4 Effect o f Combination H2O and CO2

W ith  c o m b in a t io n  o f  1 0 %  F t20  a n d  10 %  C O 2 w e r e  a d d e d  to  th e  
r e a c ta n t  f e e d , a s  s h o w n  in  F ig u r e  4 .1 0 . M a n y  w o rk  h a d  b e e n  fo u n d  th a t  a d d in g  H 2O  w ith  
C O 2 c o u ld  im p r o v e  th e  c a ta ly t ic  a c t iv i ty  th a n  a d d in g  o n ly  C O 2 b e c a u s e  w a te r  c a n  
p r o v id e  th e  O H - g r o u p  to  ta k e  p la c e  th e  r e a c t io n  ( S c h u b e r t  et al, 2 0 0 4 ) .  H o w e v e r ,  in  th e
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p r e s e n c e  w o r k  o b ta in e d  th e  n e g a t iv e  r e s u l t s  w i th  a d d in g  b o th  H 2 O  a n d  C O 2 in  th e  fe e d  
s tr e a m . T h e  C O  c o n v e r s io n  a n d  s e le c t iv i ty  r e d u c e d  f ro m  ~ 9 0 %  to  ~ 6 5 %  a n d  4 6 %  to  
3 4 % , r e s p e c t iv e ly .  B o th  H 2O  a n d  C O 2 to g e th e r  c o u ld  c r e a te  th e  b lo c k a g e  o f  th e  a c t iv e  
s ite s  o f  th e  c a ta ly s t  b y  c a r b o n a te  a n d  f o r m a te  s p e c ie s .  T h is  m a y  b e  a t t r ib u te d  to  th e  
r e v e r s e  w a te r  g a s  s h i f t  ( พ น  et a l, 2 0 1 3 )  a n d  th e  n e g a t iv e  e f fe c t  o f  C O 2 w a s  m o re  
d o m in a n t  th a n  th e  p o s i t iv e  e f f e c ts  o f  H 2 O . T h e r e fo re ,  th e  c a ta ly t ic  a c t iv i ty  t r e n d  
b e c o m e s  b a d  f o r  th e  c o m b in a t io n  f e e d in g  o f  H 2 O  a n d  C O 2 w i th  th e  r e a c ta n t  g a s .

I t w a s  f o u n d  th a t  b o th  c a ta ly s ts  g a v e  th e  s a m e  r e s u l t s ,  w h ic h  it 
m a y  b e  a t t r ib u te d  to  th e  u n i f o r m  o f  s o l id  s o lu t io n  a t  lo w  c o n c e n t r a t io n  o f  Z r  (2 5 %  
m o le ) .  N o r m a l ly ,  th e  r e a c ta n t  f e e d  r e a c t  th e  r e a c t io n  o n  th e  c a ta ly s t  s u r fa c e . S o , th e  
u n i f o r m  o f  s o l id  s o lu t io n  w il l  c o m p le te  to  c o r p o ra te  th e  Z r  in to  th e  c e r ia  la t t ic e  a n d  
fo u n d  o n ly  c e r ia  o n  th e  c a ta ly s t  s u r fa c e .
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F i g u r e  4 .1 0  T h e  e f f e c t  o f  C 0 2 a n d  H 20  o n  th e  c a ta ly t i c  a c t i v i t i e s  o f  1 w t%  A u / C e 0 2 

a n d  1 พ t%  A u /C e o .7 5 Z ro .2 5 0 2.T h e  r e a c t io n  w a s  t e s t e d  a t  c o n s t a n t  t e m p e r a tu r e  o f  110  °c 
a n d  m o n i to r e d  w i th  t im e - o n - s t r e a m .

4 .2 .3  E f f e c t  o f  T e m p e r a tu r e  f o r  C O  O x id a t io n  R e a c t io n
T h e  c a ta ly t ic  a c t iv i ty  o f  1 w t%  A u / C e 0 2 a n d  1 w t%  A u /C e o .7 5 Z ro .2 5 0 2 f o r  

lo w - te m p e r a tu re  C O  o x id a t io n  r e a c t io n  is  s h o w n  in  F ig u r e  4 .1 1  a n d  4 .1 2 . T h e  r e a c t io n  
w a s  ta k e n  in  th e  te m p e r a tu r e  r a n g e  5 0  to  1 9 0  °c u n d e r  th e  r e a c t io n  m ix tu r e  r a t io  o f  
C 0 : 0 2 f o r  1:1 a n d  4 :1  in  H e  b a la n c e d .

T h e  r e s u l t s  s h o w  th a t  1 w t%  A u / C e 0 2 a n d  1 w t%  A u /C e o .7 5 Z r 0 .25 0 2 c a n  
a c h ie v e  1 0 0 %  C O  c o n v e r s io n  in  th e  p r e s e n c e  o f  e x c e s s  o x y g e n  ( C O : 0 2 =  1 :1 ) , w h e re a s
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in  p r e s e n c e  o f  le a n  o x y g e n  (C O :C >2 =  4 :1 ) ,  1 w t%  A u /C e o .7 5 Z r 0 .25  0 2  c a ta ly s ts  g a v e  a 
h ig h e r  c a ta ly t ic  a c t iv i ty  th a n  1 w t%  A u /C e 0 2  in  a ll r a n g e  o f  te m p e r a tu r e  ( F ig u r e  4 .1 2 ) .  
B e c a u s e  th e  m ix e d  o x id e  s u p p o r t  p o s s ib ly  s u p p l ie d  th e  o x y g e n  f o r  th e  re a c t io n . T h u s , 
1 w t%  A u 7C eo .7 5Zro.2 5 O 2 p r o v id e d  a  h ig h e r  a c t iv i ty  in  c a s e  o f  le a n  o x y g e n . A s  c o m p a r e d  
to  C O  o x id a t io n  r e a c t io n  a n d  p r e f e re n t ia l  C O  o x id a t io n  r e a c t io n ,  1 w t%  
A u 7 C eo.75Z ro .2 5 O 2 e x p l ic i t ly  e x h ib i te d  a  b e t te r  p e r f o rm a n c e  th a n  1 w t%  A u / C e 0 2 in  c a s e  
o f  C O  o x id a t io n  re a c t io n . I t c o u ld  b e  o b s e r v e d  th a t  Z r  c a u s e d  to  in c r e a s e  o x y g e n  s to ra g e  
c a p a c i ty  a n d  h ig h  o x y g e n  m o b il i ty .  In  th e  p r e s e n c e  o f  e x c e s s  h y d r o g e n  in  p r e f e r e n t ia l  
o x id a t io n  r e a c t io n  h a d  s ig n i f ic a n t ly  im p a c t  e f fe c t  in  th e  r e a c t io n  d u e  to  it s u p p r e s s e d  b y  
c o m p e t i t io n  b e tw e e n  แ 2 a n d  C O  fo r  a d s o rp t io n  a n d  r e a c t io n  w i th  th e  a c t iv a te d  o x y g e n  
a to m s  ( L io t ta  et al, 2 0 1 0 ) .

H o w e v e r ,  th e  fe e d  s t r e a m  th a t  o b ta in e d  f ro m  th e  r e f o r m a te  g a s  
c o n ta in in g  e x c e s s  o f  h y d r o g e n . T h e r e fo re ,  p r e f e re n t ia l  C O  o x id a t io n  w a s  a n  e f f e c t iv e  
te c h n iq u e  to  g e t  r id  o f  C O  c o n c e n t r a t io n  f ro m  th e  r e fo rm a te  g a s  a n d  th e  c a ta ly s ts  s h o u ld  
h a v e  s t r o n g e r  C O  a d s o r p t io n  th a n  H 2 a d s o rp t io n .
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F i g u r e  4 .1 1  C O  c o n v e r s io n  a s  a  fu n c t io n  o f  r e a c t io n  te m p e ra tu re  f o r  C O  o x id a t io n  
r e a c t io n  o v e r  1 w t%  A u / C e 0 2 a n d  1 w t%  A u /C e o .75 Zro.2 5 0 2 c a ta ly s ts  w i th  th e  r e a c t io n  
m ix tu r e  o f  1%  C O , 1%  0 2, a n d  H e  b a la n c e d .



71

F i g u r e  4 .1 2  C O  c o n v e r s io n  a s  a  f u n c t io n  o f  r e a c t io n  te m p e r a tu r e  f o r  C O  O x id a tio n  
- r e a c t io n  o v e r  1 w t%  A u /C e Û 2 a n d  1 w t%  A u /C e o .7 5 Z r 0 . 2 5 0 2  c a ta ly s ts  w i th  th e  re a c t io n  

m ix tu r e  o f  4 %  C O , 1%  O 2 , a n d  H e  b a la n c e d .

4 .2 .4  E f f e c t  o f  T e m p e r a tu r e  fo r  W a te r - G a s  S h if t  R e a c t io n
F ig u r e  4 .1 3  i l lu s t r a te s  th e  c a ta ly t ic  p e r f o r m a n c e  o f  1 w t%  A u /C e Û 2 a n d  

1 w t%  A u /C e o .7 5Z ro . 2 5 0 2  c a ta ly s ts  fo r  th e  lo w  te m p e r a tu r e  w a te r - g a s  s h i f t  (W G S )  
r e a c t io n .  T h e  a c t iv i ty  w a s  p e r f o r m e d  w ith  a  r e a c ta n t  m ix tu r e  c o m p o s i t io n  o f  4 %  C O , 
1 0 %  H 2 O  a n d  H e  b a la n c e d  in  th e  lo w  te m p e r a tu r e  r a n g e  o f  1 5 0 - 3 5 0  ° c .  T h e  r e s u l t s  o f
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1 w t%  A u /C e 0 2  a n d  1 w t%  A u /C e o .7 5 Z r 0 .2 5 0 2 c a ta ly s ts  g a v e  th e  s a m e  t r e n d  in  th e  
a c t iv i ty ,  w h ic h  th e y  o b ta in e d  th e  g o o d  p e r f o r m a n c e  w i th  in c r e a s in g  th e  t e m p e r a tu r e  d u e  
to  th e  v i e w p o in t  o f  k in e t ic s  r e a c t io n  (V in d ig n i  et a l, 2 0 1 2 ) .  M o re o v e r ,  th e  w a te r - g a s  
s h i f t  is  a n  e n d o th e r m ic  r e a c t io n ,  w h ic h  is f a v o r a b le  a t  h ig h  te m p e r a tu r e .  W h e n  
c o m p a r in g  b e tw e e n  th e s e  c a ta ly s ts ,  1 w t%  A u /C e o .7 5Z r 0 .2 5 0 2 c a ta ly s ts  e x h ib i te d  h ig h e r  
c a ta ly t ic  p e r f o r m a n c e  th a n  1 w t%  A u / C e 0 2 a t  h ig h  te m p e r a tu r e  d u e  to  th e  a d d i t io n  o f  

- Z r 0 2 c o u ld  e n h a n c e  in  th e rm a l  s ta b i l i ty  a n d  r e s i s ta n c e  to  s in te r in g  ( B e d r a n e  et al, 
2 0 0 2 ) .  F u r th e r m o r e ,  th e  F T IR  r e s u l t s  in d ic a te d  th a t  1 w t%  A u /C e o .7 5Zro.2 5 0 2 h a d  lo w  
a m o u n t  o f  c a r b o n a te  a n d  s e v e ra l  ty p e s  o f  d i f f e r e n t ly  b o u n d  C O  m o le c u le s  o n  th e  
s u r fa c e . T h u s ,  th e s e  s p e c ie s  d e c r e a s e d  in  th e  a c t iv i ty  a n d  b e c a m e  to  b lo c k  th e  a c tiv e  
s ite s . T h e  a d d i t io n  o f  z i r c o n ia  c h a n g e d  th e  a c id - b a s e  p r o p e r t ie s  o f  th e  c a ta ly s t  s u r fa c e , 
w h ic h  th e  z i r c o n ia  in c r e a s e d  th e  a c id  p r o p e r ty  o f  c e r ia .  A s  a  c o n s e q u e n c e  th e  c a r b o n a te  
s p e c ie s  w a s  le s s  a d s o r p t io n  in  c a s e  o f  a c id ic  s u r f a c e ,  a s  s h o w n  in  F ig u re  4 .7 .  T h e r e fo re ,  
th e  a c t iv i ty  o f  th e  c a ta ly s t  r e la te d  to  th e  c a r b o n a te - l ik e  s p e c ie s  b e c a u s e  th e y  c o v e re d  o n  
th e  s u p p o r t  s i te s  a n d  in h ib i te d  th e  C O  a d s o rp t io n  ( V in d ig n i  et al. , 2 0 1 2 ) .

W h e n  c o m p a r in g  w a te r  g a s  s h if t  r e a c t io n  w ith  p r e f e re n t ia l  C O  o x id a t io n  
r e a c t io n ,  it h a d  h ig h e r  a c t iv i ty  f o r  r e m o v a l  o f  C O  a n d  th e  a c t iv i ty  o f  m ix e d  o x id e  
s u p p o r t  w a s  b e t te r  a t  lo w  te m p e r a tu r e .  In  c o n tr a s t ,  w a te r  g a s  s h i f t  r e a c t io n  g a v e  a  c le a r ly  
b e t te r  p e r f o r m a n c e  a t  h ig h  te m p e r a tu r e  r e a c t io n  a n d  it m u s t  b e  o p e r a te d  a t  h ig h  
te m p e r a tu r e  to  a c h ie v e  th e  m a x im u m  C O  c o n v e r s io n  ( ~ 1 0 0 %  a t 3 5 0  ° C ) , w h e re a s  
p r e f e re n t ia l  C O  o x id a t io n  r e a c t io n  c a n  a c h ie v e  th e  m a x im u m  C O  c o n v e r s io n  a t  lo w  
te m p e r a tu r e  ( ~ 9 4 %  a t  5 0  °C ).- T h e r e f o r e ,  p r e f e re n t ia l  C O  o x id a t io n  r e a c t io n  u s e d  lo w  
e n e r g y  c o n s u m p t io n  a n d  h a d  m o r e  e f f ic ie n c y  a t  lo w  te m p e ra tu re .
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F i g u r e  4 .1 3  C O  c o n v e r s io n  a s  a  f u n c t io n  o f  r e a c t io n  te m p e r a tu r e  fo r  W G S  re a c t io n  
o v e r  1 w t%  A u /C e 0 2  a n d  1 w t%  A u /C e o .7 5Z r 0 .25 0 2 c a ta ly s ts .  R e a c t io n  m ix tu re :  4 %  C O , 
1 0 %  H 2 0 ,  a n d  H e  b a la n c e d .

4 .2 .4  D e a c t iv a t io n  T e s t
T h e  c a ta ly t ic  s ta b i l i ty  o f  1 w t%  A u / C e 0 2 a n d  1 w t%  A u /C e o .7 5 Z r 0 . 2 5 0 2  

c a ta ly s ts  w a s  in v e s t ig a t e d  in  d ry  a n d  w e t  c o n d i t io n  f o r  3 3  h o u r s  a t  th e  t e m p e r a tu r e  o f  
110  ° c ,  a s  s h o w n  in  F ig u r e  4 .1 4 . I t w a s  fo u n d  th a t  1 w t%  A u /C e 0 2  a n d  1 w t%  
A u /C e o .7 5Z ro . 2 5 0 2  c a ta ly s ts  s h o w e d  th e  s im i la r  r e s u l t s .  T h e  r e s u l t s  e x h ib i te d  th e  g o o d  
s ta b il i ty  in  th e  s im u la te d  d ry  c o n d i t io n .  T h e y  w e re  m a in ta in e d  f o r  2 8  h o u rs  w i th o u t  a n y  
lo s s  o f  a c t iv i ty .  T h e n  th e  c a ta ly s ts  w e r e  te s te d  f o r  5 h o u r s  in  th e  s im u la te d  w e t  c o n d i t io n  

'  a n d  th e  s ta b i l i ty  w a s  d e c r e a s e d  to  7 0 % , w h ic h  th e  d e a c t iv a t io n  b e h a v io r  w a s  in f lu e n c e d
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b y  th e  c a r b o n a te  a n d  f o rm a te  s p e c ie s  f ro m  C O 2 a n d  H 2 O . H o w e v e r ,  th e y  e x h ib i te d  th e  
s a m e  r e s u lts  a s  th e  f re s h  c a ta ly s ts  a n d  w e r e  m a in ta in e d  d u r in g  th e  r e a c t io n  t im e . F ro m  
th e  X R D  r e s u l t ,  th e re  a re  n o t  c h a n g e d  in  th e  c e r ia  s t r u c tu r e  a n d  th e  g o ld  p e a k  c a n n o t  b e  
o b s e rv e d . T h e r e  w e re  a  l i t t le  c h a n g e d  in  th e  c r y s ta l l i te  s iz e  fo r  b o th  1 w t%  A u /C e C >2 

( 7 .5 6  to  7 .6 0  n m )  a n d  1 w t%  A u /C e 0.7 5 Z ro .2 5 C>2 ( 5 .5 9  to  5 .8 3  n ra ) .  F u r th e r m o r e ,  th e  
o x y g e n  v a c a n c ie s  in c re a s e d  a f te r  e x p o s u r e  th e  r e a c t io n , w h ic h  th e s e  c a n  p r o v id e  th e  s ite  
f o r  th e  r e a c t io n  a n d  le a d  to  th e  e x c e l le n t  c a ta ly t ic  s ta b i l i ty .  N e v e r th e le s s ,  th e  F T IR  
e x p e r im e n t  a s s ig n e d  to  th e  s p e c ie s  th a t  c o u ld  b lo c k  th e  a c t iv e  s i te s  a f te r  th e  r e a c t io n .
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F i g u r e  4 .1 4  D e a c t iv a t io n  te s t  o f  1 w t%  A u / C e 0 2 a n d  1 w t%  A u /C e 0.75Z r 0.2 5 O 2 c a ta ly s ts .  
R e a c t io n  c o m p o s i t io n :  1%  C O , 1%  0 2, 4 0 %  H 2 a n d  H e  b a la n c e d  f o r  d ry  c o n d i t io n  a n d  
1%  C O , 1%  O 2 , 4 0 %  H 2 , 1 0 %  H 2 O , 1 0 %  C O 2 a n d  H e  b a l a n c e d  fo r  w e t  c o n d i t io n .
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