
CHAPTER V
EFFECT OF STEAM CONTENT AND 0 2 PRETREATMENT 

ON THE CATALYTIC ACTIVITIES OF Au/Ce02-Fe20 3 CATALYSTS 
FOR STEAM REFORMING OF METHANOL*

5.1 Abstract

T h e  A u /C e 0 2- F e 2 0 3  c a ta ly s ts  p re p a re d  b y  d e p o s i t io n - p r e c ip i ta t io n  w e re  
s tu d ie d  o n  s te a m  r e fo rm in g  o f  m e th a n o l  (S R M ). C o m p le te  m e th a n o l  c o n v e r s io n  w a s  
o b ta in e d  a t  th e  o p t im a l  s te a m /m e th a n o l  ra tio  o f  2  a t  4 0 0  ๐c .  A  h ig h  s te a m  c o n te n t  
s tro n g ly  d e p re s s e d  b o th  m e th a n o l  c o n v e r s io n  a n d  h y d ro g e n  c o n c e n t r a t io n  s in c e  th is  
le d  to  a  c o m p le x  m e c h a n is m  a n d  th e  f o rm a t io n  o f  c a rb o n a te  a n d  fo rm a te  s p e c ie s . 
A f te r  p r e t r e a t in g  w i th  o x y g e n , th e  c a ta ly t ic  a c t iv i ty  d ra m a tic a l ly  d e c re a s e d  w ith  th e  
p re s e n c e  o f  a n  in h o m o g e n e o u s  C e xF e i .x0 2 so lid  s o lu t io n  p h a s e ; th e  c o v e r in g  A u  s ite s  
b y  th e  f re e  a - F e 2 0 3  p a r t ic le s ;  a n d  a n  a g g lo m e r a t io n  o n  b o th  f re e  a - F e 2 0 3  a n d  A u  
p a r tic le s .

Keywords: S te a m  r e fo rm in g ;  M e th a n o l ;  H y d ro g e n ; C a r b o n a te ;  F o rm a te ;  A u  c a ta ly s t

5.2 Introduction

P ro to n  e x c h a n g e  m e m b ra n e  fu e l c e lls  ( P E M F C s ) — a g r e e n  te c h n o lo g y — c a n  
g e n e ra te  e le c t r i c i ty  w i th o u t  e m is s io n s  b y  r e a c t io n s  b e tw e e n  H 2 a n d  0 2 in  th e  fe e d
[1], H o w e v e r ,  th e  r e q u i r e m e n t  o f  h ig h  H 2 p u r i ty  f e e d  l in k in g  w i th  th e  p e r f o rm a n c e  o f  
th e  P t e le c t ro d e  in  P E M F C  d o e s  n o t  a l lo w  th e  a m o u n t  o f  C O  c o n ta m in a t io n  in  th e  
f e e d s tr e a m  f ro m  H 2 p ro d u c t io n  p ro c e s s  to  b e  h ig h e r  th a n  10 p p m . T o  a c h ie v e  h ig h  
p u r i ty  o f  th is  e n e r g y  c a r r ie r  (H 2), th e  s te a m  r e fo rm in g  p ro c e s s  o f  l iq u id  h y d r o c a r b o n  
a n d  a lc o h o l  fu e ls  w a s  u s e d  to  p r o v id e  a  s u i ta b le  fe e d  fo r  P E M F C . M e th a n o l  
(C H 3 O H ) h a s  r e c e iv e d  m u c h  a t te n t io n  b y  v ir tu e  o f  f a c t  th a t  th e  o p e ra t in g  te m p e ra tu re  
c a n  b e  a s  lo w  as  2 0 0 - 4 0 0  ° C , w h e n  c o m p a re d  w i th  o th e r  o x y g e n a te d  c o m p o u n d s  a n d  
h y d r o c a r b o n  fu e ls  [2 ,3 ] , N o rm a l ly ,  th e  s te a m  r e fo rm in g  o f  m e th a n o l  (S R M )  is a n

* J o u m a l  o f  I n d u s tr ia l  a n d  E n g in e e r in g  C h e m is try ,  2 0  (2 0 1 4 )  9 6 1 - 9 7 1 .
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e n d o th e r m ic  r e a c t io n  th a t  r e q u i r e s  e x te rn a l h e a t  f ro m  th e  s u r ro u n d in g s  to  be  
f a v o r a b le  a t  a  h ig h  te m p e ra tu re .  H o w e v e r , C O  c a n  b e  p r o d u c e d  a s  a  b y -p ro d u c t  a t 
h ig h  te m p e ra tu re  v ia  m e th a n o l  d e c o m p o s i t io n  (D C M ) , w h ic h  d e p re s s e s  th e  H 2 p u r i ty  
d u r in g  th e  S R M  [4 ,5 ] . In  o rd e r  to  im p ro v e  S R M  a c t iv i ty  in  th e  lo w - te m p e r a tu re  
r a n g e , m a n y  e f f e c t iv e  p a ra m e te r s :  H 2 O /C H 3O H  r a t io  [5 ], ty p e s  o f  c a ta ly s t  s e le c t io n
[6 ], c a ta ly s t  p r e p a r a t io n  m e th o d  [7 ] , a n d  r e a c t io n  te m p e ra tu re  [4] a re  c o n s id e re d .

A m o n g  th e  c a ta ly s ts  s tu d ie d  fo r  H 2 p r o d u c t io n  a n d  C O  r e d u c t io n ,  o n e  o f  th e  
m o s t  a c t iv e  c a ta ly s ts  is a  c o p p e r - (C u - )  b a s e d  c a ta ly s t ,  w h ic h  e x h ib i ts  s u p e r io r  
c a ta ly t ic  a c t iv i ty ;  h o w e v e r ,  th e  th e rm a l  s ta b i l i ty  is  le s s  a t  T  >  2 7 0  °c b e c a u s e  o f  its  
p y r o p h o r ic  c h a r a c te r is t ic  [8 ]. R e c e n tly ,  th e  s e le c t io n  o f  n o b le  m e ta l c a ta ly s ts  h as  
b e e n  d e v e lo p e d  to  b e  m o re  a c t iv e , e s p e c ia l ly  f o r  th e  g o ld - ( A u - )  b a s e d  c a ta ly s ts  
w h ic h  p la y  a  r o le  in  r e d u c in g  C O  u n d e r  a  lo w  te m p e ra tu re  o p e ra t io n  v ia  C O  
o x id a t io n  [9] a n d  w a te r -g a s  s h if t  (W G S )  r e a c t io n s  [1 0 ] , It h a s  a ls o  b e e n  fo u n d  th a t 
th e  h ig h  H 2  p u r i ty  c o u ld  b e  a c h ie v e d  b y  th e  in t r o d u c t io n  o f  A ll m e ta l  in  m e th a n o l  
r e fo rm in g ,  a n d  its  a c t iv i ty  s tro n g ly  d e p e n d s  o n  th e  g o ld  p a r t i c le  s iz e  [4 ,5 ] , m e th o d - o f  
p r e p a r a t io n  [1 1 ] , a n d  ty p e  o f  s u p p o r t  [12 ]. F o r  th e  m e ta l  o x id e  s u p p o r t  s e le c t io n , 
c e r ia  ( C e 0 2 ) h a s  a n  o x y g e n  s to ra g e  c a p a c ity , w h ic h  c a n  s to re  a n d  r e le a s e  a c tiv e  
o x y g e n  to  a c h ie v e  g o o d  c a ta ly t ic  a c tiv ity . B e s id e s ,  th e  a d d i t io n  o f  h e m a t i te  (F e ? 0 3 ) 
in  th e  c e r ia  is k n o w n  to  fo rm  th e  s o l id  s o lu t io n  p h a s e  (C e xF e i .xC>2 ), r e s u l t in g  in  an  
in c re a s e  in  b o th  th e  o x y g e n  v a c a n c ie s  o r  s to ra g e  s ite s  o f  th e  s u p p o r t ,  a n d  its  
r e d u c ib i l i ty  [1 3 ,1 4 ] . In  2 0 1 2 , A u  s u p p o r te d  o n  C e 0 2  a n d  C e 0 2 - F e 2 0 3  m ix e d  o x id e s  
s u p p o r ts  e x h ib i te d  e x c e l le n t  p e r f o rm a n c e  in  H 2  y ie ld  fo r  b o th  o x id a t iv e  s te a m  
r e fo rm in g  o f  m e th a n o l  (O S R M )  a n d  S R M , w h ile  th e  C O  a m o u n t  w a s  p ro d u c e d  in  
m in u te  a m o u n ts  [4 ,5 ,1 5 ] ,  W e  h a v e  p r e v io u s ly  r e p o r te d  th a t  o u r  c a ta ly s t  w i th  a  C e :F e  
a to m ic  r a t io  o f  1:1 c a lc in e d  a t  4 0 0  °c e x h ib i te d  g o o d  a c t iv i ty  f o r  S R M  b e c a u s e  th e s e  
c o n d i t io n s  p r o v id e d  a  h o m o g e n e o u s  s o l id  s o lu t io n  ( s t ro n g  C e - F e  in te r a c t io n )  a n d  
s tro n g  A u - s u p p o r t  ( A u - F e 3+) in te r a c t io n  [4 ], I n te r e s t in g ly ,  it is  w e l l  k n o w n  th a t  th e  
c a ta ly t ic  p e r f o r m a n c e  o f  A ll c a ta ly s ts  a lso  d e p e n d s  o n  th e  p r e t r e a tm e n t  c o n d i t io n s  
a n d  in  th e  p r e s e n c e  o f  O 2 , w h e re  th e  A ll c a ta ly s ts  e x h ib i t  s t r o n g e r  c a ta ly t ic  a c t iv i ty  in  
C O  o x id a t io n  [1 6 ] , T h e  O 2 p r e t r e a tm e n t  m a y  a f f e c t  th e  c h a n g e  o f  th e  s o l id  s o lu t io n  
p h a s e  a n d  in te r a c t io n  o f  th e  p r e p a r e d  c a ta ly s t ,  a n d  it  m ig h t  b e  b e n e f ic ia l  fo r  th e  
r e g e n e r a t io n  s te p  in  m in im iz in g  c o k e  fo rm a t io n  v ia  c o k e  g a s i f i c a t io n  o n  th e  sp e n t
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c a ta ly s t  s u r fa c e  [1 7 ] . H e n c e , th e  in v e s t ig a t io n  o n  a p p ly in g  g a s  p r e t r e a tm e n t  w i th  th e  
p h y s ic a l- c h e m ic a l  c h a n g e s  o f  th e  A u /C e 0 2 - F e 2 0 3  c a ta ly s t  m u s t  b e  n e c e s s a ry .

N o t o n ly  th e  c a ta ly s t  p re p a ra t io n  ro u te , b u t  th e  d i f f e r e n c e  in  fe e d  
c o m p o s i t io n  a ls o  a f fe c te d  th e  c a ta ly t ic  a c t iv i ty  o f  th e  c a ta ly s t  d u r in g  th e  S R M  
re a c t io n . F o r  in s ta n c e ,  s o m e  a u th o r s  re p o r te d  th a t  th e  c a r b o n a te  a n d  f o rm a te  sp e c ie s  
c o u ld  b lo c k  th e  a c t iv e  s ite s  o r  A u -m e ta l o x id e  in te r fa c e  [1 8 ,1 9 ]  a n d  th e n  lo w e r  th e  
c a ta ly t ic  p e r f o r m a n c e  w h e n  th e  s te a m  c o n te n t  w a s  in c re a s e d  in  th e  fe e d s tre a m . 
S im ila r ly ,  th e s e  s p e c ie s  w e re  d e f in e d  as th e  p o is o n in g  s u b s ta n c e s  th a t  d e p o s i te d  a n d  
b lo c k e d  th e  a c t iv e  s i te s  o n  th e  su r fa c e s  o f  A u /C e C b , A u /C e 0 2 - F e 2 0 3 , a n d  A u -  
C u O /C e C b  c a ta ly s ts  w h e n  v a r y in g  th e  s te a m  c o n te n t  in  O S R M  [5 ,1 5 ,2 0 ] , In  c o n tra s t, 
th e  p o s i t iv e  e f fe c t  o f  w a te r  o r  s te a m  a d d it io n  w a s  p r o v e n  b y  S c h u b e r t  e t  a l. [21 ] a n d  
C o s te l lo  e t  a l. [ 2 2 ] , a n d  th e  m e c h a n is m  p a th w a y s  o f  f o r m a te /o r  c a r b o n a te  sp e c ie s  
l in k in g  w ith  th e  s te a m  a d d i t io n  h a d  b e e n  e lu c id a te d  o n ly  o n  th e  W G S  re a c t io n . O n  
th e  o th e r  h a n d , a n o th e r  e x p la n a tio n  b a s e d  o n  th e  r e a c t io n  p a th w a y s , o f  
th e r m o d y n a m ic  e v a lu a t io n  h a d  b e e n  p r o p o s e d  to  c la r i f y  th e  e f f e c t  o f  feed  
c o n c e n t r a t io n  in s te a d  [1 ], In  o r d e r  to  b e t te r  u n d e r s ta n d ,  a  s tu d y  o n  th e  s u r fa c e  c h a n g e  
o f  th e  A ll c a ta ly s t  d u r in g  th e  s te a m  v a r ia t io n  in  th e  S R M  fe e d  w a s  n e e d e d .

In  th e  p r e s e n t  w o rk , w e  in v e s t ig a te d  th e  e f fe c ts  o f  th e  H 2 O /C H 3 O H  m o la r  
r a t io  a n d  O 2 p r e t r e a tm e n t  o n  th e  c a ta ly t ic  a c t iv i ty  o f  A u /C e 0 2 - F e 2 0 3  c a ta ly s ts  fo r  
S R M . M a n y  c h a r a c te r iz a t io n  te c h n iq u e s — X R F , X R D , T P R , F T IR . F T -R a m a n , 
T E M , a n d  T P O — w e r e  u n d e r ta k e n  to  c la r i f y  th e  c a ta ly t ic  p r o p e r t ie s  o f  th e  A u  
c a ta ly s ts .

5 .3  E x p e r i m e n t a l

5 .3 .1  C a ta ly s t  p re p a r a t io n
F o r  C e 0 2 - F e 2 0 3  s u p p o r t  p r e p a r a t io n ,  c e r iu m  ( I I I )  n i t r a te  h e x a h y d ra te  

( C e ( N 0 3 )3 -6 H 2 0 ) ( A ld r ic h ) ,  i r o n  (III)  n i t r a te  n o n a h y d r a te  ( F e ( N 0 3 )3 .9 H 2 0 ) 
( A ld r ic h ) ,  a n d  N a iC C b  (R ie d e l-d e  H a e n )  w e r e  m ix e d  w i th  v ig o ro u s  s t i r r in g  a t 80 °c 
a n d  p H  8  v ia  th e  c o - p r e c ip i ta t io n  te c h n iq u e . F in a l ly ,  th e  p r e c ip i ta te  w a s  w a sh e d , 
d r ie d , a n d  c a lc in e d  in  a ir  a t  400 °c  fo r  4 h  to  o b ta in  th e  C e C h - F e iO j  s u p p o r ts .
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F o r  th e  3 w t%  A u  d e p o s i t io n , s im ila r  te c h n iq u e s  p r e v io u s ly  d e s c r ib e d  
w e r e  u s e d  [ 2 3 ,2 4 ] ,  T h e  CeC>2- F e 2 0 3  s u p p o r t  .(C e :F e  a to m ic  r a t io  o f  1:1) w a s  
s u s p e n d e d  in  a n  a q u e o u s  s o lu t io n  o f  H A U C I4 .3 H 2O  (0 .0 0 5  M ) , w h ic h  w a s  p u rc h a se d  
f ro m  A lfa  A E S A R . T h e  s u s p e n s io n  w a s  h e a te d  a t  8 0  °c a n d  a d ju s te d  to  th e  re q u ire d  
p H  (p H  8 ) w i th  v ig o ro u s  s t i r r in g  u s in g  N a 2 CC>3 . A f te r  th e  r e s u l t in g  s o lu t io n  w as  
s t i r r e d  fo r  1 h  a n d  c o o le d  to  ro o m  te m p e ra tu re ,  th e  s u s p e n s io n  w a s  w a s h e d  w ith  
w a r m  d e io n iz e d  w a te r  to  e l im in a te  r e s id u e  io n s . T h e  d e io n iz e d  p r e c ip i ta te  w a s  d r ie d  
a t  11 0  °c o v e rn ig h t  a n d  c a lc in e d  in  a ir  a t  4 0 0  °c fo r  4  h .

5 .3 .2  C a ta ly s t  c h a r a c te r iz a t io n
T h e  c r y s ta l  s tru c tu re s  o f  th e  f re s h  a n d  s p e n t c a ta ly s ts  w e re  

c h a r a c te r iz e d  b y  X - ra y  d i f f r a c t io n  (X R D . J D X -3 5 3 0 )  e q u ip p e d  w ith  a  C u K a (1 .5 4 0 6  
À )  X - ra y  s o u rc e . A  g e n e r a to r  w a s  o p e ra te d  a t  4 0  k v  a n d  3 0  m A . S a m p le s  w e re  ru n  
in  a  c o n t in u o u s  s c a n  m o d e  in  th e  ra n g e  o f  2 0 - 9 0 ° .

T h e  s iz e  a n d  d i s t r ib u t io n  o f  th e  A u  p a r t ic le s  d e p o s i te d  o n  th e  su p p o rts  
w e re  d i re c t ly  o b s e r v e d  b y  a  t r a n s m is s io n  e le c t ro n  m ic r o s c o p e ,  T E M  (JE O L , J E M
2 0 1 0 ) , a t  a n  a c c e le r a t in g  v o l ta g e  o f  2 0 0  k v  in  b r ig h t  f ie ld  m o d e . B e fo re  b e in g  
t r a n s f e r r e d  in  th e  T E M  c h a m b e r ,  th e  s a m p le s  w e re  d i s p e r s e d  in  e th a n o l  a n d  w e re  
th e n  d r o p p e d  o n to  a  c o p p e r  g r id .

A n  X - R a y  f lu o re s c e n c e  s p e c t ro m e te r ,  X R F  ( A X IO S  P W 4 4 0 0 )  w as  
u s e d  to  d e te rm in e  th e  a c tu a l  s u r fa c e  (A u , C e , a n d  F e )  c o m p o s i t io n .

T h e  F o u r ie r  t r a n s f o r m  in f r a re d  s p e c t ra  ( F T IR )  o f  th e  s a m p le s  w e re  
r e c o r d e d  u s in g  a  T h e r m o  N ic o le t  N e x u s  6 7 0  F T IR  s p e c t ro m e te r  in  a b s o rb a n c e  m o d e  
a t  3 2  s c a n s  w i th  a  r e s o lu t io n  o f  4  c m '1. T h e  s p e c t r a  in  th e  f r e q u e n c y  r a n g e  o f  4 0 0 0  
c m ' 1 to  4 0 0  c m ' 1 w e r e  o b ta in e d  b y  u s in g  a  d e u te r a te d  t r ig ly c e r in e s u l f a te  d e te c to r  
(D T G S )  w i th  a  s p e c i f ic  d e te c t iv i ty  o f  1 X 10 9 c m  H z 1/2 พ '1.

T h e  F o u r ie r  t r a n s f o r m  R a m a n  s p e c t ra  ( F T - R a m a n )  o f  th e  sa m p le s  
w e re  r e c o r d e d  u s in g  a  P e r k in  E lm e r  ( S p e c tr u m  G X )  F T - R a m a n  s p e c t ro m e te r  u s in g  a 
N d -Y A G  la s e r  (1 0 6 4  n m )  in  a b s o rb a n c e  m o d e  a t  2 0 0 0  s c a n s  w ith  a  r e s o lu t io n  o f  16 
c m '1. T h e  f r e q u e n c y  r a n g e  o f  3 5 0 0  to  2 0 0  c m ' 1 w a s  o b ta in e d .
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T e m p e r a tu r e -p ro g r a m m e d  r e d u c t io n  (T P R )  w a s  e m p lo y e d  b y  u s in g  10 
%  แ 2 in  A r  a t  3 0  m L  m in ' 1 a s  a  r e d u c in g  g a s  in  a  c o n v e n t io n a l  T P R  r e a c to r  e q u ip p e d  
w i th  a  th e rm a l  c o n d u c t iv i ty  d e te c to r . T h e  r e d u c t io n  te m p e ra tu re  w a s  r a is e d  f ro m  3 0  
°c to  8 5 0  °c a t  a  r a m p  ra te  o f  10 ° c  m in '1.

F o r  th e  te m p e ra tu re - p r o g ra m m e d  o x id a t io n  (T P O )  e x p e r im e n t, 
a p p ro x im a te ly  5 0  m g  o f  th e  p o w d e re d  s a m p le s  w a s  p a c k e d  in  a  q u a r tz  r e a c to r  a n d  a 
th e rm o c o u p le  w a s  p l a c e d  a t  th e  to p  o f  th e  c a ta ly s t  la y e r . T h e  s a m p le  w a s  h e a te d  f ro m  

10 0  °c w ith  a  h e a t in g  r a te  o f  12 °c m in ' 1 to  9 0 0  °c u n d e r  a f lo w  o f  2 %  C b /H e  u s in g  
a  g a s  f lo w  ra te  o f  3 0  m L  m i n '1.

5 .3 .3  C a ta ly t ic  a c t iv i ty  m e a s u re m e n ts
C a ta ly t ic  a c t iv i ty  m e a s u r e m e n ts  w e re  c a r r ie d  o u t  in  a  f ix e d -b e d  

r e a c to r  c o n ta in in g  10 0  m g  o f  A u /C e C b -F e iC b  c a ta ly s t .  A  m ix tu r e  o f  w a te r  a n d  
m e th a n o l  in  a / s y r in g e  w a s  in je c te d  c o n t in u o u s ly  b y  a  s y r in g e  p u m p  a t a  ra te  o f  1.5 
m L  h ' 1 to  a  v a p o r iz e r  to  p r o d u c e  a  v a p o r  o f  m e th a n o l  a n d  s te a m , w h ic h  w a s  m ix e d  
w i th  th e  H e  c a r r ie r  g a s  b e f o r e  e n te r in g  th e  c a ta ly t ic  r e a c to r .  T h e  H 2 O /C H 3 O H  (o r  
S /M )  m o la r  r a t io  w a s  v a r ie d  p ro p o r t io n a l ly  f ro m  1/1 to  4 /1 . T h e  S R M  r e a c t io n  w a s  
c o n d u c te d  a t  a  r e a c t io n  te m p e ra tu re  o f  2 0 0  °c to  4 0 0  ๐c  u n d e r  a tm o s p h e r ic  p re s su re .

T h e  s ta b i l i ty  o f  th e  p re p a re d  c a ta ly s ts  w a s  te s te d  fo r  10  h . F o r  th e  O 2 

p r e tr e a tm e n t ,  th e  f r e s h  c a ta ly s t  w a s  p re tr e a te d  a t a  O 2 f lo w  ra te  o f  3 0  m L  m in ' 1 a t  2 0 0  
°c fo r  2  h . T h e  g a s  h o u r ly  s p a c e  v e lo c i ty  (G H S V )  w a s  k e p t  a t  2 1 ,0 0 0  m L /g -c a t. h . 
T h e  p r o d u c t  g a s e s  (e .g . H 2, C O , C O 2 , a n d  C H 4 ) f ro m  th e  r e a c to r  w e r e  a n a ly z e d  b o th  
q u a l i ta t iv e ly  a n d  q u a n t i ta t iv e ly  b y  a u to - s a m p lin g  in  a n  o n - l in e  g a s  c h r o m a to g r a p h  
(G C ) ,  A g i le n t  6 8 9 0 N , e q u ip p e d  w ith  a  p a c k e d  c a r b o s p h e r e  (8 0 /1 0 0  m e s h )  c o lu m n  
(1 0  f t  x  1/8 in c h )  a n d  a  th e r m a l  c o n d u c tiv i ty  d e te c to r  (T C D ) . T h e  s e le c t iv i ty  o f  e a c h  
p r o d u c t  g a s  w a s  d e f in e d  b y  th e  m o le  p e r c e n ta g e  in  th e  p r o d u c t  s tr e a m . N o  m e th a n e  
f o rm a t io n  w a s  o b s e r v e d  d u r in g  th is  s tu d y .

5.4 Results and discussion

5 .4 .1  C a ta ly s t  c h a r a c te r iz a t io n
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T a b le  5.1 s h o w s  th e  c h e m ic a l  a n d  p h y s ic a l  p r o p e r t ie s  o f  th e  s e r ie s  o f  
A u /C e C b - F e iC b  c a ta ly s ts .  T h e  a c tu a l c o m p o s i t io n s  o f  a ll  p r e p a r e d  c a ta ly s ts  (A u , C e , 
a n d  F e )  w e re  a lm o s t  th e  s a m e  a n d  c lo s e  to  th e  e x p e c te d  v a lu e s . I n  c o m p a r i s o n  to  th e  
la t t ic e  c o n s ta n t  o f  th e  p u re  C eC >2 s u p p o r t  (ao =  0 .5 4 4  n m )  w i th  th e  A u  d e p o s i t io n , 
c h a n g e s  in  th e  la t t ic e  c o n s ta n t  in d ic a te d  a  s o l id  s o lu t io n  w a s  fo rm e d . G e n e ra l ly , fo r  
ao <  0 .5 4 4 , i t  a g re e s  w e l l  w i th  th e  e x is te n c e  o f  a s o l id  s o lu t io n  f o rm , w h e re  th e  F e 3+ 
(r  =  0 .0 6 4  m il)  h a s  a l r e a d y  in c o rp o ra te d  in to  th e  C e 4+ m a tr ix  ( r  - 0 .1 0 1  m il)  [1 3 ]. T h e  
O 2 p r e t r e a te d  c a ta ly s t ,  s h o w e d  a  h ig h e r  la t t ic e  c o n s ta n t  c o m p a re d  to  th e  u n p r e tr e a te d  
c a ta ly s t ,  a t t r ib u t in g  to  th e  d is to r t io n  o f  th e  s o l id  s o lu t io n  p h a s e  in  th e  m ix e d  o x id e s  
s u p p o r t  d u r in g  p r e tr e a tm e n t ,  w h e re  th e  F e 3+ s e g r e g a t io n  f ro m  th e  C e 4+ m a tr ix  c a n  b e  
m o r e  f a v o ra b le  th a n  c o o p e ra t io n . T h is  k in d  o f  o b s e rv a t io n  h a s  b e e n  r e p o r te d  in  o u r  
p re v io u s  w o rk , in  te r m s  o f  v a r io u s  C e /F e  ra t io s  [4 ]. A f te r  e x p o s u re  to  th e  r e a c tio n , 
th e  s p e n t  u n p r e tr e a te d  c a ta ly s t  h a d  n o  c h a n g e  in  la t t ic e  c o n s ta n t ,  w h e re a s  th a t  o f  th e  
s p e n t  p r e t r e a te d  c a ta ly s t  s e e m e d  to  d e c r e a s e  f ro m  0 .5 4 2  to  0 .5 4 0 , w h ic h  w a s  c lo s e  to  
th e  v a lu e  o f  th e  s o l id  s o lu t io n  fo rm a tio n . It c o u ld  b e  im p l ie d  th a t  d u r in g  e x p o s u re  to  
th e  r e a c t io n , th e  a d s o r b e d  o x y g e n  m o le c u le s  ( f ro m  th e  O 2 p r e t r e a tm e n t)  o n  th e  
c a ta ly s t  s u r fa c e  m ig h t  h e lp  r e s t ru c tu re  a n d /o r  p a r t i a l ly  r e c o n s t r u c t  th e  s o l id  s o lu tio n  
p h a s e  w ith  s o m e  c o m p le x  m e c h a n is m s , w h ic h  w e re  n o t  d is c u s s e d  in  d e ta i l  h e re .



T a b l e  5.1  C h e m ic a l  a n d  p h y s ic a l  p r o p e r t i e s  o f  th e  3 w t%  A n /C e 0 2 - F e 2 0 3  c a ta ly s ts

Catalyst Calcination Temperature

(°C )

A LI
(wt%)

Ce
(wt%)

Fe
(wt%)

CeC>2 Crystallite sizea 
(nm)

Lattice constant6 
(nm)

Au crystallite size (nm) 

dill d200
3 wt% Au/Ce02 400 2.74 97.26 - 7.65 0.544 < 5 n.d.c
3 wt% Au/CelFel 400 2.49 61.88 35.63 6.25 0.540 11.87 n.d.
3 wt% Au/CelFel 400 (0 2 pretreatment) 2.61 61.97 35.42 6.32 0.542 12.92 11.68
Spent 3 wt% Au/CelFel 400 2.50 61.88 35.62 6.66 0.540 11.94 n.d.
Spent 3 wt% Au/CelFel 400 (0 2 pretreatment) 2.62 61.98 35.40 7.15 0.540 12.10 n.d.
3 wt% Au/Fe2Oj 400 2.57 - 97.43 - - 10.40 n.d.

“Mean crystallite sizes were calculated from the average values of Ce02 plane (111), (220), and (311). 
bUnit cell parameter calculated from Ce02 (220) with Bragg’s equation. 
cNot detectable.
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T h e  X R D  p a t te rn s  o f  th e  c a ta ly s ts  a r e  s h o w n  in  F ig . 5.1 A  a n d  B . T h e  
s tro n g e s t  d i f f ra c t io n  p e a k  o f  C eC >2 a t  2 0  =  2 8 .5 °  r e p re s e n ts  th e  f lu o r i te  s tru c tu re  [2 5 ] , 
O th e r  p o s i t io n s  o f  w e a k  p e a k s  a t  4 7 .4 7 , 5 6 .3 3 , 6 9 .4 0 , a n d  7 6 .6 9 °  c o r r e s p o n d  to  C eC b  
(2 2 0 ) , (3 1 1 ) , (4 0 0 ) , a n d  (3 3 1 ) , r e s p e c tiv e ly , f o r  th e  C u K a  ( 1 .5 4 0 6  Â ) r a d ia t io n  

o b s e rv e d  o n  C e Û 2 a n d  A u /C e 0 2  c a ta ly s ts  [1 8 ,2 6 ] , T h e  d i f f r a c t io n  p e a k s  o f  a - F e o f f  

a t  3 3 .1 , 3 5 .6 , 4 9 .4 , 5 4 .0 , 6 2 .6 , a n d  6 4 .0 °  r e p r e s e n t  th e  h e x a g o n a l  s tru c tu re  o f  th e  
h e m a t i te  p la n e s  o f  ( 1 0 4 ) ,  (1 1 0 ) , (0 2 4 ) , (1 1 6 ) , (2 1 4 ) , a n d  (3 0 0 ) ,  r e s p e c t iv e ly  [2 7 ,2 8 ] , 
w h ile  n o n e  o f  th e  m a g n e t i te  p h a s e  ( F e 3C>4 ), F e O , a n d  g o e th i te  ( F e O (O H ))  a re  
o b s e rv e d  in  th e  u n p r e t r e a te d  f re s h  c a ta ly s t  ( c u rv e  c  in  F ig . 5 .1  A ) . T h e  X R D  p a t te r n  
o f  C e xF e ] - x 0 2  (C e :F e  =  1 :1) (c u rv e  c in  F ig . 5 .1 A ) , a n d  th e  C e C b  d i f f r a c t io n  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 t ie s ,  c o m p a re d  to  th o s e  o f  p u re  C eO ? , w h e re a s  
th e re  is  a n  in i t ia l  a p p e a ra n c e  o f  v e ry  w e a k  h e m a t i te  in te n s i t ie s ,  w h ic h  c o u ld  b e  
d e f in e d  a s  w e l l - d is p e r s e d  F e 3+ in c o rp o ra t in g  in s id e  th e  C e 4+ la t t ic e  [1 3 ]. I t w a s  n o te d  
th a t  th e  c r e a t io n  o f  th e  m ix e d  p h a s e s  a ls o  r e s u lte d  in  th e  r e d u c t io n  o f  C eC b  c r y s ta l l i te  
s iz e s  [4 ] , c o m p a re d  to  th a t  o f  A u /C e C b , s in c e  th e  h ig h  C e 0 2  c r y s ta l l in i ty  w a s  d i r e c t ly  
in h ib i te d  b y  th e  a m o r p h o u s  s tru c tu re  o f  F e o f f .  B a s e d  o n  th e  S c h e r r e r  e q u a t io n , n o  
A ll (1 1 1 )  p e a k s  a t  3 8 .5 °  w e re  o b s e rv e d  o n  A u /C e C b , in d ic a t in g  th a t  th e  m in u te  A u  
p a r t ic le  s iz e  ( le s s  th a n  5 n m , a s  a  l im i ta t io n  o f  X R D  m a c h in e )  p r o v id e d  p e r f e c t  
d i s p e r s io n  in  th e  s u p p o r t  [5 ], In  c o n tr a s t ,  b o th  A u /F e 2 0 3 a n d  A u /C e 0 2 - F e 2 C>3 

s a m p le s  h a d  a  la r g e r  A u  c ry s ta l l i te  s iz e  o f  1 0 -1 2  m il, im p ly in g  th a t  F e  f o rm e d  a n  
in te n n e ta l l ic  b o n d  w i th  A u , a n d  th e n  p a r t ia l ly  s o lu b i l i z e d  to  f o r m  a  A u  c lu s te r  ( A u n, 
1 <  n  <  1 0 ), w h ic h  im p r o v e d  A u  c ry s ta l l in i ty  [2 9 ],

I n te r e s t in g ly ,  th e  O 2 p r e t r e a tm e n t  c o u ld  im p ro v e  th e  c r y s ta l l in i ty  o f  
b o th  A u  (1 1 1 )  a n d  s o m e  a - F e 2 0 3 p la n e s  [ (1 0 4 )  a n d  (1 1 0 ) ] ,  a s  i l lu s t r a te d  in  F ig . 5. I B . 
M o re o v e r ,  n e w  d i f f r a c t io n  p e a k s  b e c a m e  d e te c ta b le ,  e s p e c ia l ly  f o r  A u  (2 0 0 )  a t  4 4 .4 ° ;  

a - F e 2 0 3 (1 1 3 )  a t  4 0 .8 °  a n d  (0 1 8 )  a t  5 7 .5 ° , F e 3 0 4  a t  4 3 .2 °  [3 0 ] ;  a n d  F e O (O H )  a t 

3 7 .1 °  [2 7 ] ;  a t t r ib u t in g  to  d ra s tic  c h a n g e s  in  th e  s t r u c tu r a l  s u r f a c e  o f  th e  p r e tr e a te d  

c a ta ly s t .  H o w e v e r ,  th e  h e m a t i te  p la n e  (0 1 8 )  w a s  a ls o  o b s e rv e d  a t  5 7 .5 ° , r e p r e s e n t in g  
a  la c k  o f  s o l id  s o lu t io n  s ta b il i ty  d u e  to  th e  g e n e ra t io n  o f  f re e  F e 2 0 3 p a r t ic le s .  T h e  
p o s s ib le  e x p la n a t io n  c o u ld  b e  th a t  th e re  w a s  g e n e r a t io n  o f  m o r e  h e m a t i te  p h a s e s ,  
r e s u l t in g  in  m o re  in te n s e  a - F e 2 0 3 p la n e s  s in c e  th e  F e 3+ m ig h t  b e  m o r e  f a v o ra b le  to
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r e a c t in g  w ith  a d s o r b e d  o x y g e n  to  f o rm  F e jO i .  in c lu d in g  th e  f r e e  F e jO î  p a r t i c le s  w ith  
le ss  C e - F e  in te r a c t io n  in s id e  th e  C e 4+ la t t ic e . T h is  w a s  in  a g r e e m e n t  w i th  th e . 
s e g r e g a t io n  o f  th e  f r e e  a - F e iC b  p a r t i c le s  f ro m  th e  s o l id  s o lu t io n  p h a s e  to  th e  c a ta ly s t  
s u r fa c e , r e s u l t in g  in  th e  in c re a s e  in  th e  la t t ic e  c o n s ta n t .  It is  e v id e n t ,  f ro m  th e  X R D  
p a t te r n s ,  th a t  p r e t r e a tm e n t  a ls o  c a u s e d  p h a s e  t r a n s f o r m a t io n  f ro m  h e m a t i te  to  
m a g n e t i te  a n d  g o e th i te ,  a s  s h o w n  b y  th e  p r e s e n c e  o f  th e  r e f le c t io n  a t  4 3 .2 °  a n d  3 7 .1 ° , 
r e s p e c tiv e ly .

G e n e ra l ly ,  F e iC b  c a n  b e  c o n v e r te d  to  F e 3 Û 4  in  a n  F F  a tm o s p h e r e  [3 1 ]; 
h o w e v e r ,  th e  o p p o s i te  r e s u lt  u n d e r  o x id a t iv e  a tm o s p h e r e  w a s  o b s e rv e d  in  th is  w o rk . 
B a s e d  o n  o u r  p r e d ic t io n ,  w e  a s s u m e d  th a t  o u r  p r e p a r e d  C e xF e i _x 0 2  s o l id  s o lu t io n  
p h a s e  w a s  a n  u n s ta b le  p h a s e , s o  it  c o u ld  b e  e a s i ly  c o n v e r te d  to  u n k n o w n  F e O x 
s t r u c tu r e s  d u r in g  p re tr e a tm e n t .  T h e s e  F eO x  s t r u c tu r e s  c o u ld  b e  c o n t in u a l ly  c o n v e r te d  
to  o th e r  c o m p o u n d s  v ia  " to p o  ta c t ic  t r a n s f o r m a t io n ”  [3 2 ] , w h e re  th e  r e d u c t io n  o r  
o x id a t io n  p r o c e s s e s  w e re  r a n d o m ly  c o n tr o l le d  [3 3 ] , A l th o u g h  th e re  w a s  n o  
a p p e a ra n c e  o f  F e O  in  th e  p r e tr e a te d  s a m p le , w e '-a s s u m e d  th a t  th e  F eO x  m ig h t  b e  
t r a n s f o r m e d  to  F e iC T , fo llo w e d  b y  th e  p a r t ia l  t r a n s f o r m a t io n  to  th e  F e iO j  p h a s e . 
C o n s e q u e n t ly ,  s o m e  o f  th e  r e m a in in g  F e jC f  p h a s e s  w e r e  d e te c te d  b y  X R D . In  
c o n c lu s io n , w e  d e f in e d  th is  p h e n o m e n o n  a s  th e  lo s s  o f  h o m o g e n e i ty  in  th e  s o l id  
s o lu t io n  p h a s e  o f  o u r  c a ta ly s t  a f te r  p r e t r e a tm e n t ,  r e s u l t in g  in  th e  c h a n g e  in  la t t ic e  
p a r a m e te r .  T h e  e x a c t  m e c h a n is m  o f  th e  p h a s e  t r a n s f o r m a t io n  w a s  n o t  c la r if ie d .

T a k in g  in to  a c c o u n t  th e  c r y s ta l l i te  s iz e  o f  th e  C eC F  a n d  F e iC b  
d i f f r a c t io n s ,  d e te r m in e d  f ro m  th e  S c h e r re r  e q u a t io n ,  a s  s h o w n  in  T a b le  5 .2 , th e s e  
v a lu e s  c a n  a lso  b e  r e la te d  to  th e  c h a n g e  in  th e  C eC F  a n d  F e 2 Û 3 p a r t ic le  s iz e s .  T h e  
r e s u lt s  in d ic a te d  th a t  th e  in c re a s in g  o f  b o th  C eC F  a n d  F e 2 C>3 c ry s ta l l i te  s iz e  w a s  
p r o n o u n c e d  a f te r  a p p ly in g  th e  o x y g e n  p r e t r e a tm e n t  in to  th e  f r e s h  c a ta ly s t ,  w h ic h  w a s  
in  l in e  w i th  th e  s ig n i f ic a n t  im p ro v e m e n t  in  in te n s i t ie s  o f  th e  h e m a t i te  d i f f ra c t io n s ,  
w h e re  th e  s e g r e g a t io n  o f  th e  f re e  a - F e 2 0 3  p a r t i c le s  o r  a g g lo m e r a t io n  o f  (t-F eo C F  
p a r t ic le s  o n  th e  c a ta ly s t  s u r fa c e  p o s s ib ly  c a u s e d  th e  la c k  o f  a  C e xF e i_x0 2  s o l id  
s o lu t io n  p h a s e . B e s id e s ,  th e  a c tu a l  A u  lo a d in g  w a s  o n ly  a t  2 .6 1  w t% , w h ic h  w a s  
m u c h  le s s  th a n  F e  (3 5 .6 3  w t% ), s o  th e s e  s e g r e g a te d  a - F e 2 0 3  p a r t ic le s  p ro b a b ly  
a p p e a re d  o n  th e  c a ta ly s t  s u r fa c e , a n d  th e n  e a s i ly  b lo c k e d  o r  c o v e re d  th e  e x p o s in g  
s u r fa c e  a r e a  to  th e  r e a c t io n  in s te a d  o f  A u  n a n o p a r t ic le s .  T h u s ,  th e  a c t iv e  A u  m e ta ls
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w o u ld  n o t  b e  a c c e s s ib le  fo r  th e  s te a m  r e fo rm in g  re a c t io n . W ith  th is  a s s u m p tio n , 
th e s e  p h e n o m e n a  c o u ld  h a p p e n  to  C eC b  p a r t ic le s  a s  w e l l ,  b u t  th e  sm a ll c h a n g e  o f  
C e 0 2 d i f f r a c t io n s  in  b o th  in te n s i ty  a n d  s iz e  w a s  n o t a s  e f f e c t iv e ,  w h e n  c o m p a re d  
w ith  th a t  o f  a - F e 2 0 3 , a s  i l lu s t ra te d  in  F ig . 5 .1 C .

I n  a d d i t io n ,  th e  R a m a n  s p e c tra  o f  th e  f re s h  c a ta ly s ts  w i th  a n d  w ith o u t  
p r e t r e a tm e n t  a r e  c o m p a re d  in  F ig . 5 .2  in  o rd e r  to  e x p la in  th e  im p a c t  o f  g as  
p r e t r e a tm e n t  o n  th e  C e xF e i _x 0 2  s o l id  s o lu tio n . T h e  in te n s e  b a n d  a t 4 7 3  c m ' 1 w as  
a s s ig n e d  to  th e  F ig  s y m m e tr ic  b r e a th in g  m o d e  o f  0  a to m s  a r o u n d  e a c h  C e 4+ in  m e ta l 
o x id e s  w ith  a  f lu o r id e  s tru c tu re ,  a n d  th e  w e a k  b a n d  a t  5 9 8  c m ' 1 w a s  re la te d  to  th e  
o x y g e n  v a c a n c ie s  in  c e r ia  la t t ic e  [ 3 4 - 3 6 ] .  F u r th e rm o r e , th e  b a n d s  a t  2 8 7  a n d  4 0 5  
c m ’ 1 r e p r e s e n te d  th e  s p e c t ra  o f  a - F e 2 0 3  [3 4 ,3 7 ] . A  s m a ll  s h if t  to w a rd s  h ig h e r  

w a v e n u m b e r s  o f  th e  a - F e i C b  b a n d s  (301  a n d  4 1 9  c m '1) w a s  o b s e rv e d  a f te r  

p r e t r e a tm e n t ,  p o s tu la t in g  th a t  th e  c h a n g e  o n  th e  a - F e 2O i p a r t  in  th e  m ix e d  o x id e s  
w a s  p o s s ib le .  In  a d d i t io n ,  th e re  w a s  a  la rg e  d i f f e re n c e  in  th e  in te n s i t ie s  o f  th e  C e 0 2 

b a n d s  in  b o th  f re s h  c a ta ly s ts . It s h o u ld  b e  p o in te d  o u t  th a t  th e  g a s  p re t r e a tm e n t  
d u r in g  th e  p r e p a r a t io n  s te p  w a s  e f fe c t iv e  in  r e la t io n  to  th e  a m o u n t o f  o x y g e n  
v a c a n c ie s  in  th e  C e 0 2- F e 2 0 3 . In  o rd e r  to  e v a lu a te  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  in  th e  m ix e d  o x id e s , th e  in te n s i ty  r a t io  o f  th e  b a n d s  a t  59 8  a n d  4 7 3  c m ' 1 

( I 5 98 /T4 7 3 ) w a s  c a lc u la te d ,  as s h o w n  in  T a b le  5 .2 . I t  w a s  c le a r ly  s e e n  th a t th e  in te n s i ty  
ra tio  o f  th e  f re s h  c a ta ly s t  d e c r e a s e d  s ig n if ic a n t ly  a f te r  a p p ly in g  th e  O 2 p r e t r e a tm e n t  
(0 .1 9 4  ->  0 .0 6 9 ) ,  im p ly in g  th a t  th e  c o n c e n t r a t io n  o f  th e  o x y g e n  v a c a n c ie s  in  th e  
C e 0 2- F e 2 0 3  s u p p o r t  w a s  a n n ih i la te d .  T h is  r a t io  w a s  a ls o  a t t r ib u te d  to  th e  f o rm a t io n  
o f  s o l id  s o lu t io n , w h ic h  is  k n o w n  to  s ta r t  w i th  th e  v a c a n c y  c o m p e n s a t io n  m e c h a n is m  
[3 4 ,3 8 ] , W h e n  a p p ly in g  th e  0 2 p r e t r e a tm e n t ,  le s s  s o l id  s o lu t io n  w a s  fo rm e d  s in c e  it 
c o u ld  in te r ru p t  th is  v a c a n c y  c o m p e n s a t io n  m e c h a n is m  b y  f o rm in g  f re e  a - F e 20 (  
p a r t ic le s  a n d  F e 3+ s e g r e g a t io n , r e s u l t in g  in  le s s  o x y g e n  v a c a n c ie s  b e in g  p ro v id e d . 
E v e n  th o u g h  th e r e  a r e  m a n y  v a r ia b le  p a r a m e te r s  d u r in g  th e  c a ta ly s t  p re p a r a t io n  
s te p — ty p e s  a n d  a m o u n ts  o f  d o p a n ts  in  C e 0 2- M O x (M  =  F e , M g , A l, S i, G a , a n d  C r)  
[3 9 ,4 0 ]  a n d  c e r iu m  p r e c u r s o r  [4 1 ]— a f fe c t in g  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  
in  th e  C e xM i-x0 2 s o l id  s o lu t io n , a s  e v id e n c e d  b y  R a m a n  s p e c t r a  c h a r a c te r iz a t io n , w e
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d e f in e d  th e  O 2 p r e t r e a tm e n t  a s  a n o th e r  n e c e s s a ry  p a r a m e te r  in  th e  p r e p a r a t io n  o f  th e  
C e 0 2 - F e 2 0 3  s u p p o r t .

F reea -F e20 3 particles
/  ;  Weak Fe20 3 Interaction

• G enerating free a -F e20 3 particles
H o m o g en eo u s • S egrega tin g  of free a -F e20 3 particles N o n -h om o gen eou s
so lid  so lu tion  • A gglom eratin g of free a -F e20 3 particles so lid  so lu tion

• C overing Au region by free a -F e20 3 particles

Before pretreatment During 0 2 pretreatment After 0 2 pretreatment
F i g u r e  5.1 X R D  p a t te rn s  o f  th e  c a ta ly s ts :  (A )  S u p p o r t  a n d  s u p p o r te d  A u  c a ta ly s t ;  (a )  
CeC>2 , (b )  3 w t%  A u / C e 0 2, (c )  3 w t%  A u / C e l F e l ,  (d )  3 พ t%  A u /F e 2 0 3, a n d  (e ) 
F e 2 C>3 . (B )  F re s h  a n d  s p e n t A u / C e 0 2 -F e 2 0 3 c a ta ly s ts ;  (a )  u n p re tr e a te d  f re s h  c a ta ly s t ;
(b )  O 2 p r e t r e a te d  f re s h  c a ta ly s t ;  ( c )  u n p re tre a te d  s p e n t c a ta ly s t ;  a n d  (d )  0 2 p r e tr e a te d  
s p e n t  c a ta ly s t .  (C )  S c h e m a tic  d r a w in g  o f  th e  c h a n g e  o n  th e  c a ta ly s t  s u r fa c e  a f te r  
p re t r e a tm e n t .
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In  te rm s  o f  A u  s tru c tu ra l  c h a n g e  a f te r  p r e t r e a tm e n t ,  th e  A u  (1 1 1 )  
c r y s ta l l i te  s iz e  in c re a s e d  f ro m  11 .9  n m  to  12 .9  n m  a n d  A u  (2 0 0 )  c r y s ta l l i te  s iz e  w a s  
a ls o  o b s e rv e d  a t  11 .7  n m  ( c u r v e  b  in  F ig . 5 . I B ) ,  in d ic a t in g  th a t A u  a g g lo m e r a t io n  
w a s  fa v o re d . In c o n tra s t  to  A u /M m C b , th e  o x y g e n  p r e tr e a tm e n t  h a d  a  n e g lig ib le  
e f f e c t  o n  th e  A u  p a r tic le  s iz e  [ 4 2 J. A l th o u g h  th e re  w e re  m a n y  p o s s ib i l i t ie s  to  id e n tify  
th e  d o m in a to r  fo r  th e  g ro w th  o f  A ll n a n o p a r t ic le s  d u r in g  p r e tr e a tm e n t ,  w e  fo c u s e d  o n  
th e  p h a s e  t r a n s fo rm a t io n  o f  th e  F e O x s u p p o r t  th a t  c o u ld  d is ru p t  th e  A ll p a r t ic le s ,  
r e s u l t in g  in  th e  r e s t ru c tu re  o f  th e  A u  p a r t ic le s  [4 3 ], It h a s  a lso  b e e n  r e p o r te d  th a t  
p r e t r e a tm e n t  g a s  c o n d i t io n s  c a n  e x e r t  a  c o n s id e ra b le  im p a c t  o n  th e  s t r u c tu r e  a n d  
a c t iv i ty  o f  th e  A u  c a ta ly s ts  d u e  to  e n r ic h m e n t  in  th e  A u  a n d  o  c o n te n ts  o n  th e  
s u r fa c e  o f  th e  c a ta ly s t ,  a s  e v id e n c e d  b y  X P S  14 4 ], In  o r d e r  to  s u p p o r t  th e  a b o v e  
s ta te m e n t,  T P R  a n d  T E M  g a v e  u s e fu l in fo rm a t io n  fo r  s o lv in g  th is  p ro b le m .



T a b l e  5 .2  C r y s ta l l i te  s iz e s  a n d  th e  in te n s i ty  r a t io  o f  R a m a n  b a n d s  o f  th e  f re s h  3 w t%  A u /C e 0 2 - F e 2 0 3  c a ta ly s ts

C a ta ly s t  C e 0 2 C r y s ta l l i t e  s iz e  (n m )  F e 2 0 3 C r y s ta l l i t e  s iz e  (n m )  L W I 473

( 1 1 1 ) ( 2 2 0 ) (3 1 1 ) A v e ra g e (1 0 4 ) ( 1 1 0 ) (1 1 6 ) (2 1 4 ) (3 0 0 ) A v e ra g e

3 w t%  A u / C e l F e l 6 . 1 0 6 .5 5 6 . 1 0 6 .2 5 8 .8 3 1 2 . 6 6 1 2 .9 4 1 1 . 8 6 8 .3 0 1 0 .9 2 0 .1 9 4
3 w t%  A u / C e l F e l 6 .9 5 5 .2 4 6 .7 7 6 .3 2 9 .6 3 12 .7 3 1 4 .3 0 1 2 .2 4 1 0 .3 4 1 1 .8 5 0 .0 6 9
( 0 2 p r e t r e a tm e n t)
aAll catalysts were calcined at 400 °c.
bCalculated from the intensity ratio of Raman bands at 473 cm'1 and 598 cm'1.

p
to
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R a m a n  S h i f t  ( c m 1)

Figure 5 .2  R a m a n  s p e c t ra  o f  th e  f re sh  3 w t%  A u /C e 0 2 - F e 2 0 3  c a ta ly s ts  w ith  a n d  
w ith o u t  O 2 p r e tr e a tm e n t .

A s  se e n  in  th e  T E M  im a g e s . F ig . 5 .3 A  a n d  B , a n  in c re a s e  in  A u  
p a r t ic le s  f ro m  4 3  n m  to  5 0  n m  is o b s e rv e d  w h e n  c a ta ly s t  w a s  p r e tr e a te d . A p p a re n t ly ,  
th e re  is a n  a g g lo m e r a t io n  o f  A u  p a r t ic le s  o n  th e  p r e tr e a te d  s a m p le ,  w h ic h  is  in 
a g r e e m e n t  w i th  th e  X R D  p a t te r n s ,  w h e re  A u  s in te r in g  c o u ld  b e  re la te d . E v e n  th o u g h  
th e  c h a n g e  in  A u  m e ta l l ic  p a r t ic le  s iz e  w a s  low ', th e  e x is te n c e  o f  A u  (2 0 0 )  w a s  
e n o u g h  e v id e n c e  to  c o n f i rm  A u  a g g lo m e ra t io n  in th is  c a se .

A c c o rd in g  to  th e  T P R  p ro f i le s  o f  th e  s u p p o r ts  (F ig . 5 .4 ) , th e  o x y g e n  

s u r fa c e  r e d u c t io n  o f  th e  c e r ia  is a s s ig n e d  to  th e  v e ry  b ro a d  p e a k  lo c a te d  a t  4 8 9  ° C ; 

a n d  a n o th e r  p e a k  a t a h ig h e r  te m p e ra tu re  ( - 8 5 0  ° C )  in d ic a te s  c e r ia  b u lk  r e d u c t io n  

( C e 0 2 to  C e 3 Û 4 ) [45 ]. In  th e  tw o -s te p  r e d u c t io n  o f  F e 2 Û 3 , th e  f irs t  p e a k  a t  4 3 2  °c 
r e p r e s e n ts  th e  h e m a t i te - to -m a g n e t i te  t r a n s fo rm a t io n  ( F e 2 Û 3 ->  F e 3 C>4 ), fo l lo w e d  b y  
th e  t r a n s f o r m a t io n  to  m e ta l l ic  iro n  (F e 3 Û 4 ->  F e O  ->  F e )  a t 6 9 8  °c [46J. In  
c o m p a r is o n  w ith  th e  in d iv id u a l  s u p p o r ts , th e  m ix e d  o x id e s  sh o w  th re e  r e d u c t io n  
p e a k s : th e  f ir s t  p e a k  is a s s ig n e d  to  th e  h e m a t i te - to -m a g n e t i t e  s ta te ;  th e  s e c o n d  p e a k  
c o u ld  b e  th e  o v e r la p  o f  th e  r e d u c t io n  o f  C e 4* a n d  th e  r e d u c t io n  o f  F e 2+; a n d  th e  la s t
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peak is attributed to the reduction of bulk CeC>2 [47]. The results reveal that the 
presence of Fe could enhance reducibility of the catalysts by shifting reduction peaks 
toward lower temperatures, correlating with the strong Ce-Fe interaction in the 
Ce^Fei-xCE solid solution phase 113,48], The lowest temperature reduction (114-129 
°C) for the Au/CeC>2-Fe2 0 3  catalysts (Fig. 5.4 curve d and e) is related to the AuxOy 
reduction and/or Au hydroxide to Au metallic specie (Au°) [49]. Almost all reduction 
peaks of the support shifted toward lower temperatures, implying that the deposition 
of Au improved the reducibility of all supports by strengthening the Au-support (Ce 
or Fe) interaction [27], after weakening the Fe-0 or Ce-0 bonding [50).

Diameter (nm)
Figure 5.3 TEM images and Au particle size distributions: (a) unpretreated fresh 
catalyst; and (b) 0 2 pretreated fresh catalyst.
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T e m p e r a t u r e  ( ° C )

Figure 5.4 TPR profiles of samples calcined at.\400 °C: (a) Ce0 2 ; (b) Fe2Ü3; (c) 
CelFel; (d) unpretrealed fresh 3 wt% Au/CelFel; and (e) 0 2 pretreated fresh 3 wt% 
Au/Cel Fel.

The pretreated fresh catalyst presented two more separation peaks in 
the solid solution region, which could be classified into two types of hematite 
interactions; (i) larger free a-Fe2 0 3  particles, corresponding to lower Ce-Fe 
interactions (or strong Fe-Fe interactions) at a very broad peak of the lower 
reduction temperature at 266 °c and (ii) small Fe20 3  particles with strong Ce-Fe 
interactions, contributing to a higher reduction temperature of 334 °c. The results 
revealed that the adsorbed oxygen might interact with the Fe3+ in the CexFei-x0 2 

support to form more free Fe2C>3 particles, so that segregation of Fe3+ from the solid 
solution region could be attained. Similar to our previous work, the same existence of 
free Fe20 3 -type particles was also observed in calcination temperatures lower than 
400 ๐c , and defined as the main factor for providing an inhomogeneous solid 
solution phase in the Ce0 2 "-Fe2Ü3 support [4]. A different kind of free particle has 
already been reported in another type of catalyst as well. For instance, the 
Ni0 /Ce0 2-Zr0 2  catalyst has free NiO particles with less metal-support interaction
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[51], while our results displayed free a-Fe2C>3 particles with less support-support 
interaction. The shifting peak of A u xO y species toward a lower temperature (129 °c 
to 114 °C) could be attributed to either lower metal-support interaction or higher 
metal-metal interaction of A u xO y particles, indicating that the A u  agglomeration 
effect was more pronounced and resulted in a larger A u  particle size (50 nm). These 
results were in line with the XRD and TEM results.

In the FTIR spectra, shown in Figure 5.5A-C, the appearance of the 
formate and carbonate species (or the adsorbed reaction intermediates), including the 
hydroxyl group are clearly observed on the surfaces of the spent catalysts with 
various H2O/CH3OH molar ratios as follows: (A) carbonate at 1200 cm' 1 to 1700 
cm'1, (B) formate at 2800 cm' 1 to 3000 cm'1, and (C) hydroxyl at 3200 cm' 1 to 3600 
cm'1. Many types of carbonate and formate species are detected in many positions, 
including abundant unspecified carbonate species. It is noted that the difference in 
formate and carbonate species is a consequence of the type of reaction and the type 
of used catalyst [18], However, the bands at 2343 and 2360 cm’1 could be related to 
the band of CO2 adsorbed species, which probably originates from the reaction 
between the oxygen molecules during the reoxidation of ceria and the CO adsorbed 
species during the reaction 152). In consideration of the possible routes of carbonate 
formation (1340-1344 cm’1 and 1525-1550 cm' 1 j52,53 ]) on the catalyst surface, the 
first route might be the dehydration of the surface bicarbonate intermediate (-CO3H, 
assigned at 1590, 1390, and 1212 cm’1) [52,53] and an adjacent hydroxyl (OIT) [54J. 
The second route might be the adsorption of C02 which is the reaction product at the 
catalyst surface, and this route has been proposed in the Au/Ce0 2  catalyst during the 
WGS reaction [52,53], In contrast, the route of formate formation is attributed to the 
reaction between CO adsorbed on the Au6’ and O H  groups located on the Cext of the 
ceria surface [55], as evidenced in the strongest bands at 2853 cm"1, and at 2924 cm' 1 
and 2955 cm’ 1 relating to the formate species on Ce3i and Ce4+ [ 18.52], respectively.

Furthermore, the change in both carbonate and formate intensities was 
observed with S/M variation. The formate intensities proportionally increased when 
increasing the S/M from 1/1 to 3/1. T his was in line with previous works [56,57] that 
stated that higher formate contents originated from the high steam addition in the
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reaction. Likewise, the intensities of the carbonate species (1344 and 1525 cm’1) also 
followed the same trend as those of the formate species. We speculated that the 
trends of these species related to the routes of the formation of each species in the 
presence of the steam addition. In addition, all of these specified species implied that 
the blocking of the active sites on the Au catalyst by the carbonate and formate was 
possible with the steam variation in the SRM.

Except for the spent catalyst at the highest S/M of 4/1, the overall 
carbonate intensities became weaker, while the formate and cc >2 adsorbed bands 
increased. The decrease in carbonate species by the addition of high steam content 
(S/M = 4/1) possibly came from the carbonate decomposition, known as reversed 
carbonate formation, by heated water [54,58). In some cases, the positive effect of 
the steam addition was to lower the carbonate species that blocked the active sties of 
some catalysts, such as Pd/Ce0 2  [59], Au/CeCb [5], and Au-CuO/CeC>2 [2 0 ], 
Another pathway in the reverse carbonate formation was that the carbonate might 
potentially be converted to a less stable bicarbonate by steam, and then continually 
changed to CO2 adsorbed species [60]. The above statements agree well with our 
results, and we speculated that the Au/Ce0 2-Fe2 0 3  catalysts were, at least, similarly 
affected by the carbonate and formate species in the presence of steam variation. 
However, the exact mechanisms of these phenomena were still unclear.
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Figure 5.5 FTIR spectra of 3 wt% Au/Ce0 2 -Fe2Ü3 catalysts: (a; 3000-3700 cm'1, b; 
1150-1800 cm'1, and c; 2200-3000 cm'1) (I) after reaction at H2O/CH3OH molar 
ratio of 1/1; (II) after reaction at H2O/CH3OH molar ratio of 2/1; (III) after reaction 
at H2O/CH3OH molar ratio of 3/1; and (IV) after reaction at H2O/CH3OH molar ratio 
of 4/1.

5.4.2 Catalytic activity
5.4.2.1 Effect o f O2 pretreatment

There are many findings regarding the effect of pretreatment, 
especially O2 pretreatment. These studies propose that O2 adsorption proceeds 
directly on the Au particles, resulting in increased catalytic activity of Au catalysts
[61]. In this work, we compared the activity of O2 pretreated catalyst and the fresh 
catalyst and expected that after O2 pretreatment there would be a change taking place 
at the perimeter of the Au-support.
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As illustrated in Fig. 5.6, the negative effect on the catalytic 
activity from the SRM is observed when the O2 pretreatment is applied to the fresh 
Au/Ce0 2 ~Fe2 0 3  catalyst. The methanol conversion and แ2 concentration of the 
pretreated fresh catalysts are much lower than those of unpretreated fresh catalyst in 
the range of reaction temperatures (200-M00 °C). It is evident from the XRD patterns 
that O2 pretreatment causes a significant increase in intensity of hematite, as shown 
by the reflections at 33.1°, 35.6°, 40.8°, and 57.5°. This suggests that the active solid 
solution phase changes to various inactive phases (free hematite with less Fe3+ 
interaction, magnetite, and goethite), followed by blocking and/or covering the 
reaction region of All sites by these inactive phases, which more severely affected 
the SRM activity than the Au agglomeration. In some cases, only the inactive Fe2Û3 

phase in Au/FeOx could inhibit the catalytic activity when the Fe3Ü4 was oxidized 
into Fe2C>3 form during air pretreatment [30],

Focusing on the gold structural change, the pretreatment 
atmosphere significantly influenced: the physical size (geometric effect) and 
distribution of the gold nanoparticles, electronic effect, gold nature species, and 
gold-support interaction [30], When we considered the area under the TPR peak of 
Au reduction, it only indicated qualitatively that there were (some) All6' species 
contained in the prepared catalysts. As imaged by TEM, the All particles represented 
the existence of Au° or Au metallic species for both samples. It is thus assumed that 
these samples contained both metallic and positively charged All species. Only the 
Au particle size exhibited a change to a larger size, W'here the calculated values could 
be evidenced. Geometrically, change was another decisive factor because the larger 
Au particle size caused blocking of the active surface area of the catalyst [5], then 
catalytic performance was inhibited. It has been reported that the evolution of Au 
structural growth could be affected by O2 pretreatment, where the complex model 
possibly involved the diffusion of Au to the outer surface of the oxide support 
[35,62J. Other researchers also proposed an evaporation-deposition mechanism 
during pretreatment of Au/Si02, starting with the evaporation of Au particles in the 
gas phase, resulting in the nucléation of Au atoms in the gas phase, W'here they then 
deposited onto the support. Finally, there was an agglomeration of Au clusters [62],
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It was further reported that not only the size of Au was ehanged in this mechanism, 
but also the dispersion of the All nanoparticles was improved, indicating the key to 
high activity in CO oxidation. Nonetheless, our catalyst exhibited poor activity after 
applying O2 pretreatment due to the large size of the Au particles and the phase 
transformation in the support. As a consequence, it is noteworthy that the change of 
support interaction in the solid solution phase, phase transformation of support, 
occupying area of reaction sites, and Au particle size were the major factors for 
effectively providing less active Au catalysis during pretreatment.

The IT and CO concentrations were decreased dramatically 
after the pretreatment of the Au catalyst with oxygen. A range of IT concentrations 
was observed for non-pretreatment and pretreatment fresh catalysts at 10-40 % and
0-32 %, respectively. In addition, both samples showed low values of CO 
concentration in the range of 0-3 % at the operating temperature of 200 °c to 400 
๐c. These results may also be related to the existence of Au agglomeration and the 
lack of homogeneous solid solution due to free cx-FeiOj particle segregation. When 
interpreting our results, the value of CO concentration was still in the acceptable 
range for operating at 300 ๐c  in the methanol fuel processor, where the reaction 
temperature was not too high and the CO concentration was lower than 1 % (<
10,000 ppm) in the presence of rich H2 concentration (37 %). In comparison with a 
previous work, our catalysts (Au/Ce0 2 -Fe2 0 3) seemed to be more active than the 
precious metal [63], in terms of obtaining the minute amount of CO formed during 
SRM, before continually sending this reformate to the PROX unit in the methanol 
fuel processor.



T e m p e r a tu r e  ( ° C )

Figure 5.6 E ffe c t  o f  g a s  p r e t r e a tm e n t  o n  m e th a n o l  c o n v e r s io n  a n d  p ro d u c t 
c o m p o s i t io n  o v e r  A u /C e 0 2 - F e 2 0 3 . (R e a c tio n  c o n d i t io n s :  H 2 O /C H 3O H , 2/1; 

c a lc in a t io n  te m p e ra tu re ,  4 0 0  °c.)

5.4.2.2 Effect of H2O/CH3OH molar ratio
Figure 5.7 shows the catalytic activities of Au/CeC>2-Fe2 0 3  

catalysts with various H2O/CH3OH (S/M) molar ratios. The lowest catalytic activity 
is observed on S/M at 1/1 where the amounts of adsorbed species (Fig. 5.5) are also 
the lowest values, when compared to other S/M ratios. It could be implied that with 
an insufficient steam addition, the catalysts could not longer undergo an efficient 
SRM reaction when compared to the higher steam addition. The S/M of 2/1, which
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gives the highest methanol conversion and hydrogen yield, is recommended as the 
optimum condition. When comparing the FTIR results, a higher S/M ratio (S/M > 
2 / 1) resulted in lower catalytic activity caused by the existence of carbonate and 
formate species, which blocked the active sites of the Au catalyst, as reported 
elsewhere [5,20], In addition, Kim and coworkers (2005) proposed that the variation 
of water pressure could result in the desorption of surface carbonates, known as 
poisoning by-products for the CeÜ2 support. These species could inhibit the catalytic 
performance of the catalyst โ 181. Although a decrease in carbonate species, with 
increasing formate species, was found at the highest steam contents (S/M = 4/1), the 
SRM activity lowered progressively. It could be implied that the formate species 
might negatively affect the SRM activity more than the carbonate species.

Taking into account the product distribution, the แ 2 
concentration increased with increasing reaction temperatures where the endothermic 
reaction was favorable; how'ever, the maximum แ2 concentration of 38 % was 
observed at 400 °c with the S/M of 2/1. The variation of S/M revealed that the แ 2 

concentration was significantly improved in the range of the initial ratio ( 1/ 1- 2 / 1), 
and was then decreased proportionally when the S/M was higher than the optimum 
condition. T his was in agreement with the previous explanation of carbonate and 
formate formation, where the All catalyst deactivated during แ 2 production. Similar 
to the trends of the แ2 concentration, the CO concentration also increased with 
increasing reaction temperatures since the appearance of a methanol decomposition 
(DM) reaction might be favored. Indeed, the positive aspect of S/M variation could 
be discussed in terms of CO reduction, where the CO formation decreased with 
increasing S/M. Even though the overall CO concentration was still in the minute 
range at 0-3 %, the addition of steam seemed to help reduce CO content via the 
WGS reaction during the DM and SRM reaction. The S/M of 2/1 W'as selected as the 
optimum condition, where the แ 2 concentration was the highest and the low' CO 
concentration was still in the acceptable range for directly sending to the PROX unit 
in the methanol fuel processor without setting more additional units.
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Figure 5.7 Effect of H2O/CH3OH molar ratio on methanol conversion and product 
composition over Au/CeCh-FejCE calcined at 400 °c.

5.4.3 Stability testing
In this experiment, the pretreated and unpretreated fresh Au/CeC>2-  

Fe2 0 3  catalysts were investigated at 400 °c for 640 min, as shown in Fig. 5.8. The 
rapid deactivation of the unpretreated catalyst was seen. The methanol conversion 
and แ 2 yield drastically dropped after 1.5 h (~90 min) from 100 % and 74 % to 25.9 
% and 19.3 %, respectively. In comparison with the pretreated one at the same 1.5 h 
of time on stream, better stability of the pretreated catalyst seemed to be observed in
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the slower reduction in both methanol conversion (95 -> 67.7 %) and น2 yield (71.3 
-> 51.7 %). Moreover, at the end of the experiment, higher values of methanol 
conversion at 47 % and fb yield at 35 % were measured. In terms of product 
selectivity, there was no difference in both types of catalysts; H2 = 75 %, C 02 = 17- 
20 %, and CO = 5-8 %. As mentioned above, the positive effect on the stability of 
the catalyst could be achieved by O2 pretreatment, which was necessary for longer 
thermal stability of the Au/Ce0 2 ~Fe2 0 3  catalyst. Based on our knowledge, carbon or 
coke deposition normally plays an important role in deactivating a catalyst during a 
reaction [18], which was similarly reported in our previous works [4,51. However, 
we assumed that the adsorbed 0 2 molecules on the fresh catalyst surface, after 
pretreatment, probably also reacted with the coke depositing on the catalyst surface 
with various complex mechanisms, which could be an explanation for stability 
improvement. To support this assumption, the TPO technique was necessary for 
evaluating the change in the amount of coke formed on the spent catalysts. It was 
found that the amount of coke deposition on the oxygen pretreated catalyst surface 
was decreased to 0.85 wt%, when compared to that of unpretreated catalyst (2.60 
wt%). This was probably due to the diminishment of coke from the catalyst surface 
in the presence of oxygen via coke gasification, in which two sources of oxygen: (i) 
oxygen gas introduced into the reaction and (ii) oxygen atom adsorbed in the high 
oxygen vacancies support could be involved in either Au-based catalysts or 
Cu/CeCb/AbCb catalysts [17], Besides, the deactivated catalysts were also 
subsequently regenerated with the on-line treatment in O2 ( 2 0 0  ๐c  for 2  h) in order to 
check whether the decrease in the amount of coke deposition was still favored or not. 
As expected, the amount of carbon deposit was decreased to the lowest value of 0.60 
wt%, which most likely confirmed the existence of coke gasification during the 
regeneration step.
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Figure 5.8 Stability observation of the fresh 3 wt% Au/Ce()2-Fe2 0 3  catalysts with 
and without O2 pretreatment. (Reaction conditions: H2O/CH3OH, 2/1; reaction 
temperature, 400 ๐C; and time-on-stream per sample, 640 min. )

According to the TPO profile, the coke deposited on the spent catalyst 
surface presented two distinct peaks of carbon oxidation, indicating the different 
positions of coke interactions, as seen in the TPO profiles in Fig. 5.9. For example, 
the low-temperature oxidations at 285, 312, and 320 ๐c  could be assigned to the 
oxidation of the poorly polymerized coke deposited on the metal particles, and the 
high-temperature oxidations at 492, 512, and 593 °c are attributed to the highly 
polymerized coke deposited near the metal -support interphase [64], The types of 
coke formed on the catalyst surface have been previously classified based on the 
reaction temperature and the type of reaction [65]. In addition, the evaluation of the 
sources of coke formed has been done previously [1,66]. Depending on the area and 
intensity of each peak, the results reveal that the amount of low polymerized coke is
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higher than that of the highly polymerized coke. For the fresh catalyst, the lowest 
oxidation temperature at 106 °c can be attributed to the carbonates species [8], 
where no carboneous species were observed. Among the samples studied, the lowest 
intensity low-temperature oxidation peak was observed in the spent catalyst from the 
regeneration step, while there was no difference in that of the high-temperature 
oxidation peak. This confirmed the existence of coke gasification, where the amount 
of carbon deposits was decreased to the lowest value of 0.60 wt%.

Tem perature (°C)
Figure 5.9 TPO profiles of spent 3 wt% Au/CeCT-FejCb after exposure to reaction. 
(Reaction conditions: H2O/CH3OH, 2/1; reaction temperature, 400 °C; and time-on- 
stream per sample, 640 min.)

The XRD patterns of the spent catalysts are also presented in Fig. 
5.IB (c,d). Both unpretreated and pretreated spent catalysts presented a decrease in 
CeC>2 diffraction intensities and the disappearance of some a-Fe2 0 3 diffraction 
peaks, implying that the coke partially covered both the metal and support surfaces. 
In addition, the crystallinity of some angles of a- FC2Ü3 (at 35.6° and 62.6°) seemed 
to be improved, which possibly came from sintering of Fe2 0 3 particles and/or the 
segregation of Fe20 3 from the homogeneous solid solution during the stability test.
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Likewise, the peaks of iron (Fe), which might come from sintering and/or the 
reduction process of Fe2Ü3, and carbon iron chemical compounds (FexC) were also 
introduced. The appearance of Fexc  confirmed that coke remained on the spent 
catalyst surface. To support the above explanation, Knogzhai et al. also defined Fe3C 
as the source of massive carbon deposits on the spent catalyst, as detected by XRD 
[67], Particularly, the Fe3C>4 diffractions (43.2°) also appeared close to Fexc, where 
those peaks overlapped. Taking into account the phase transformation of Fe2Û3 to 
Fe3()4, it was identified that the hematite in the solid solution phase could be reduced 
to the less active magnetite phase during the reaction. This reduction behavior was in 
accordance with Kudo et ah, who found the same transformation in Au/Fe2 0 3  during 
the WGS reaction and indicated that the amounts of Fi2 consumed in the reduction 
process were performed or spilled over the iron oxide surface stoichiometrically 
using the following equation: Fe2Ü3 + 1/3 แ 2 —» 2 /3 Fe3Û4 + 1/31LO, where แ2 came 
from the product streams in the gas phase [6 8 ], They also inferred that the existence 
of Au/FejO.) seemed- to provide a catalytically active oxidation state in WGS, 
whereas our work defined this reduced state as the inactive phase for SRM. When 
compared with the Ce0 2 diffraction peaks in the spent catalysts, the intensities of the 
spent pretreated catalyst became more pronounced. This was also evidenced by coke 
gasification resulting in reduced coke deposition on the CeC>2 surface. Consequently, 
the intensities of the CeC>2 peaks were then higher than those of the unpretreated 
spent catalyst.

According to the Au diffractions of the spent catalysts, no 
improvement in intensity or Au (111) crystallite size (11-12 Iim) was observed, 
indicating that All sintering did not occur during the stability test. Additionally, Au 
(200) disappeared with the presence of less Au (111) intensity in the spent catalyst, 
implying that not only the coke, but some of the segregated a-Fe2 0 3  particles on the 
outer catalyst surface also partially covered the Au surface, which was not accessible 
to the reaction during stability test. This could be one of the causes of the short life of 
the Au/CeC>2-Fe2 0 3  catalyst.



5.5 Conclusions

it can be concluded that the highest catalytic activity of 3 wt% Au/CeCh- 
Fe2Ü3 (Ce:Fe = 1:1) catalyst could be obtained when an optimum amount of steam 
was added to the reaction in order to avoid the inhibition of carbonate and formate 
species. The effect of O2 pretreatment did not improve the uniform solid solution of 
CexFe| . x0 2  in the fresh catalyst, but it was necessary for coke removal from the spent 
catalyst during regeneration. Coke formation and the phase change in the support 
were the main causes of catalyst deactivation, which were confirmed by XRD and 
TPO techniques. Nonetheless, no Au sintering was observed during the stability test. 
As our limitation, we were not able determine the exact amounts of Au species (Auu 
and Au8̂ ) in this experiment. In terms of product distribution, the Au/Ce0 2 -Fe2 0 3  

catalyst will be useful for providing fU-rich reformate in the low temperature zone 
(300 °C) before sending to the PROX in the practical methanol fuel processor, in 
which further experiments to be carried out in the future.
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