
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Au-C u0/C c02 Catalysts

H y d r o g e n  p r o d u ctio n  b y  o x id a t iv e  s te a m  r e fo r m in g  o f  m e th a n o l (O S R M )  
w a s  w x a m in e d  o v e r  A u -C u 0 /C e 0 2  c a ta ly s ts  p rep ared  b y  c o -p r e c ip ita t io n  m eth o d . 
T h e r e a c tio n  c o n d it io n s , su ch  as th e  e f fe c t  o f  c a ta ly s t  p r e tr e a tm e n t,C u /A u (w t/w t)  
ratio , c a lc in a t io n  tem p era tu re , H 2 O /C H 3 O H  m o la r  ratio  an d , O 2 /C H 3 O H  m o la r  ratio  
w e r e  s tu d ie d  in  d e ta il.

T h e  c a ta ly t ic  a c t iv ity  te s ts  w e r e  ca rr ied  ou t in  a  v e r t ic a l p y rex  g la ss  
m icr o r e a c to r  b y  p a c k in g  w ith  10 0  m g  c a ta ly s t  o f  8 0 - 1 2 0  m e sh  in s id e . T h e  a c tiv ity  
w a s  in v e s t ig a te d  at v a r ie d  tem p era tu re  in  th e  ran g e  o f  2 0 0  to  400°c u nder  
a tm o sp h e r ic  p ressu re . T h e  c h a r a c ter iza tio n  r e su lts  from  se v e r a l te c h n iq u e s  in c lu d in g  
T P R , F T -IR , U V -v is ,  X R D , T E M , T P O , A A S , an d  B E T  su r fa c e  area  o f  the p repared  
c a ta ly s ts  w e r e  u se d  to  e x p la in  th e  c a ta ly t ic  a c t iv ity  and s e le c t iv i t y  o f  the prepared  
c a ta ly s ts  in  th is  part.

4 .1 .1  E ffe c t  o f  C a ta ly sts  P retrea tm en ts
T o  s tu d y  th e  e f fe c t  o f  c a ta ly s t  p retrea tm en t o n  th e  c a ta ly tic  

p er fo r m a n c e  o f  3 % w t (1 :1 ) , (C u /A u ) , A u -C u O /C e C >2 c a ta ly s t , th e  c a ta ly s ts  w ere  
p retrea ted  b y  O 2 an d  N 2  at 150  ๐c  for  1 hr. T h e  3 % w t (1 :1 )  o f  b im e ta ll ic , C u /A u , 
b a sed  o n  w e ig h t  ra tio  c a ta ly s ts  p rep ared  b y  c o -p r e c ip ita t io n  te c h n iq u e  w ith  w ere  
c a lc in e d  at 4 0 0 ° c  fo r  4  h ou rs. F or  th e  r e a c tio n  c o n d it io n s  o f  O S R M , the  
H 2 O /C H 3 O H  m o la r  ra tio  and O 2 /C H 3 O H  m o la r  ra tio  w e r e  a ls o  in it ia lly  o p era ted  at 
2:1 and  0 .2 5 :1 , r e s p e c t iv e ly . F ig u re  4 .1  s h o w s  th e  m eth a n o l c o n v e r s io n  and  h y d r o g e n  
y ie ld  in  th e  r ea c tio n  tem p era tu re  ra n g e  o f  2 0 0  to  4 0 0 ° c  w ith  d if fe r e n t  p retrea tm en t  
g a s  c o n d it io n s .
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Figure 4.1 Effect of catalyst pretreatment on methanol conversion and hydrogen
yield over 3%wt (1:1), (Au/Cu), Au-Cu0 /Ce0 2  catalysts calcined at 400°c
(Reaction conditions: O2/H2O/CH3OH molar ratio = 0.63:2:1).
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Figure 4.2 Effect of catalyst pretreatment on CO2 , CO, and CH4 selectivity over
3%wt. (1:1), (Cu/Au), Au-Cu0 /Ce0 2  catalysts calcined at 400°c (Reaction
conditions: O2/H2O/CH3OH molar ratio = 0.63:2:1).
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It is  c le a r ly  s e e n  that b oth  m e th a n o l c o n v e r s io n  and  h y d r o g e n  y ie ld  
s lig h t ly  in c r e a se d  for O 2  p retrea tm en t w h e n  c o m p a red  w ith  N 2 p retrea tm en t. It c o u ld  
b e  im p lie d  that th e  f lo w in g  o f  O 2 g a s  m ig h t fu lf i ll  th e  o x y g e n  v a c a n c ie s  at the  
su r fa c e  o f  C eC >2 su p p o rt w h ic h  p la y s  an im p o rtan t ro le  fo r  im p r o v in g  th e  ca ta ly tic  
a c t iv ity  in th e  w h o le  ran ge o f  r ea c tio n  tem p era tu re  ( 2 0 0 ^ 4 0 0 ° C ) . T h e r e fo r e , 0 2 

p retrea tm en t w a s  c o n s id e r e d  a s  an ap p rop ria te  c o n d it io n  for  th e  in itia l s tu d y . T a n g  et 
al., 1 9 9 9  w a s  fo u n d  that C u  s p e c ie s  red u ctio n  at th e  C u -C e  in ter fa ce  p la y  a d e c is iv e  
ro le  for  O 2 a c t iv a t io n  b y  tran sferr in g  O 2 from  C u -C e  in te r fa c e  to  a d so rb ed  reactant 
e n h a n c e  C O  o x id a t io n  rea c tio n . T h is  a lso  illu stra ted  th e  sm a ll a m o u n ts  o f  C O  
fo rm a tio n  d u r in g  th e O S R M  rea c tio n , w h ic h  w a s  s t i ll a c c e p ta b le  for  P E M  fu e l c e ll  
a p p lic a tio n .

4.1.1.1 X-Ray Diffraction (XRD)
T h e e f fe c t  o f  c a ta ly s t  p retrea tm en t o n  th e  n atu re o f  A u  

c a ta ly s ts  h as b e e n  s tu d ie d  b y  X R D . F ig u re  4 .3  s h o w s  th e X R D  p attern s o f  the  
c a ta ly s ts , w h ic h  c o n s is t s  o f  O 2 p retrea ted , N 2 p retreated  and  u n trea ted . T h e  p h ase  
c o m p o s it io n  o b ta in e d  from  th e X R D  pattern s o f  a ll c a ta ly s ts  w a s  v e r y  s im ila r .
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Figure 4 .3  X R D  p attern s o f  A u -C u O /C e C >2 c a ta ly s ts  w ith  v a r io u s  p retrea tm en t  
c o n d it io n s .

4 .1 .2  E f fe c t  o f  A u /C u  (w t/w f)  R a tio  o n  C a ta ly tic  P e r fo r m a n c e
F o r  s tu d y in g  th e  e f fe c t  o f  C u /A u  (w t /w t)  r a tio s , th e  w e ig h t  ra tio s o f  

C u  an d  A u  (C u /A u )  — m u st b e  v a r ied  w h e r e a s  th e  to ta l w e ig h t  p e r c e n ta g e  w a s  k ep t  
c o n sta n t at 3 % w t o v e r  A u -C u O /C e Û 2 c a ta ly s ts . T h e  c a ta ly s t  w e r e  p rep ared  b y  c o 
p r e c ip ita tio n  te c h n iq u e , c a lc in e d  at 4 0 0 ° c ,  an d  th en  te s te d  fo r  c a ta ly t ic  a c t iv ity  at the  
r ea c tio n  c o n d it io n  o f  H 2 O /C H 3 O H  m o la r  ra tio s  and  O 2 /C H 3 O H  m o la r  ratio  o f  2:1  
and  0 .6 3 : 1 , r e s p e c t iv e ly .

F ig u r e  4 .4  s h o w s  th e m e th a n o l c o n v e r s io n  an d  h y d r o g e n  y ie ld  
in c r e a se d  w ith  in c r e a s in g  m e ta l w e ig h t  ratio  d u r in g  th e r e a c tio n  tem p era tu re  from  
2 0 0  to  4 0 0 ° c .  It ca n  b e s e e n  that C u 0 /C e 0 2  is  th e  m o s t  a c t iv e  c a ta ly s t  for th is  
e x p e r im e n t. N e v e r th e le s s ,  b i-m e ta llic  c a ta ly s t  w ith  a 5 :1 , (C u /A u )  ca n  e x h ib it  the
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h ig h e s t  c a ta ly t ic  p e r fo r m a n c e  (9 8 %  m e th a n o l c o n v e r s io n ) , c o m p a r e d  to  1:1 and 1:5, 
r e s p e c t iv e ly . T h e  แ 2 y ie ld  for  ea c h  c a ta ly s t  w a s  s lig h t ly  d if fe r e n t  d u r in g  rea c tio n  
tem p era tu re  ran g e . It ca n  b e c o n c lu d e d  that d o p in g  o f  C u  o n  A u -C u 0 /C e 0 2  ca ta ly st  
ca n  in c r e a se  th e  c a ta ly t ic  a c t iv ity  in  th e  O S R M , a s  sh o w n  in  F ig u re  4 .5 . A u /C e 0 2  

e x h ib ite d  th e lo w e s t  c a ta ly t ic  a c t iv ity  in  term s o f  m e th a n o l c o n v e r s io n  and  แ 2 y ie ld .
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Figure 4.4 Effect of Au/Cu (พt/wt) ratio on the methanol conversion and hydrogen

yield over 3%wt of Au-CuO/Ce02 catalysts calcined at 400°c (Reaction conditions:
O2/H2O/CH3OH molar ratio = 0.63:2:1).
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Figure 4.5 E ffe c t  A u /C u  (w t/w t)  rario  on  C O 2 , C O , an d  C H 4 s e le c t iv ity  o v e r  3 % w t  
(1 :1 ) , (C u /A u ) , A u -C u O /C e 0 2  c a ta ly s ts  c a lc in e d  at 4 0 0 ° c  (R e a c t io n  c o n d it io n s:  
O 2 /H 2 O /C H 3 O H  m o la r  ra tio  =  0 .6 3 :2 :1 ) .
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4.1.2.1 X-Ray Diffraction (XRD)
T h e X R D  p attern s o f  th e  p rep ared  c a ta ly s ts  s h o w n  in F igu re

4 .6  are v e r y  s im ila r  to  that c o r r e sp o n d in g  to  C e 0 2. A l l  c a ta ly s ts  p r e se n te d  a stron g  
d iffr a c tio n  p e a k  at 2 0  =  2 8 .5 ° ,  w h ic h  is  th e  c h a r a c te r is tic s  o f  f lu o r ite  stru ctu re o f  
C e 0 2 .  T h e  o th er  p e a k s  at 3 3 .0 8 ,  4 7 .4 7 ,  5 6 .3 3 , 5 9 .0 8 , 6 9 .4 0 ,  7 6 .6 9 , and  7 9 .0 7 °  w er e  
c o r r e sp o n d in g  to  C e 0 2 ( 2 0 0 ) ,  C e 0 2 ( 2 2 0 ) ,  C e 0 2 ( 3 1 1 ) ,  C e 0 2 ( 2 2 2 ) ,  C e 0 2 ( 4 0 0 ) ,  
C e 0 2 ( 3 3 1 ) ,  an d  C e 0 2 ( 4 2 0 )  for  C u K a  ( 1 .5 4 0 6  Â )  ra d ia tio n  (A r e n a  et a l, 2 0 0 6 ) .  
O p tio n a lly , A u  ( 1 1 1 )  p ea k  ca n  b e  d e te c te d  o n  0 :1 , 1 :5 , and 1:1 o f  A u - C u O /C e 0 2  
c a ta ly s ts  w h ic h  w e r e  o b se r v e d  at 2 0  o f  3 8 .3 5 ° . It’s a g r e e m e n t that in c r e a s in g  o f  A u  
c o n te n t  in  A u - C u O /C e 0 2 c a ta ly s t  lead  to  in c r e a s in g  o f  A u  p a r tic le  s iz e  c a lc u la te d  b y  
S ch errer  e q u a tio n  and resu lt su m m a r iz e d  in  T a b le  4 .1  (A r e n a  e t a l., 2 0 0 6 ) .  N o  C u O  
p rea k s are o b se r v e d  at 2 0  =  3 5 .7 , 3 9 .3 , 6 1 .5 , and  6 6 .5  fo r  a ll c a ta ly s ts , p ro b a b ly  d u e  
to  v e r y  lo w  m eta l lo a d in g  and its  h ig h  d isp e r s io n .
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F ig u r e  4 .6  X R D  p attern s o f  A u - C u O /C e 0 2 c a ta ly s ts  w ith  v a r io u s  C u /A u  (w tA vt) 
ratio s.
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T a b le  4 .1  C r y s ta llite  s iz e s  o f  th e  A u -C u O /C e O  2 c a ta ly s ts  w ith  d if fe r e n t  (C u /C u )  
m o la r  ra tio s

Crystallite size (nm.)
Catalyst C e0 2 C e0 2 C e0 2 C e 0 2 Au Au CuO

( 1 1 1 ) (2 0 0 ) (2 2 0 ) (331) ( 1 1 1 ) (2 2 0 ) ( 1 1 1 )
1 : 0

(Cu/Au) 13.25 14.73 9.08 22.17 < 5 < 5 14.98

5:1
(Cu/Au) 13.24 14.73 1 1 . 8 6 29.01 < 5 < 5 < 5

1 : 1

(Cu/Au) 12.04 14.74 1 1 . 0 1 23.82 8.84 < 5 < 5

1:5
(Cu/Au) 13.25 13.40 14.03 35.99 10.18 < 5 < 5

0 : 1

(Cu/Au) 1 1 . 2 0 11.33 12.85 28.98 11.34 < 5 < 5

4.1.2.2 Surface Area Measurement (BET)
B E T  su r fa c e  area o f  1 :0 , 5 :1 , 1 :1 , 1 :5 , 0:1 o f  3%  A u -  

C u 0 /C e 0 2  and  C eC >2 su p p ort are su m m a r iz e d  in  T a b le  4 .2 .  A fte r  lo a d in g  A u  and  
C u O  o n  C eC >2 su p p o rt, th e  su r fa c e  areas o f  a ll c a ta ly s ts  w e r e  d r a s t ic a lly  d ecrea sed . 
T h e su r fa c e  area  w e r e  a p p r o x im a te ly  in  th e  ran g e  o f  5 1 .6 5  to  7 7 .6 1  m 2/g fo r  m eta l 
lo a d e d  o n  C eC >2 su p p o rt c a ta ly s ts . H o w e v e r , trend  o f  su r fa c e  area  s t i ll  u n c lea r .
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T a b le  4 .2  B E T  su r fa ce  areas o f  CeC>2 , 1 :0 , 5 :1 , 1 :1 , 1:5 and  0:1 o f  A u -C u O /C e C >2

Catalyst BET surface area 
(m2/g)

Ce02 support 151.39
1:0 (Cu/Au) 61.20
5:1 (Cu/Au) 69.06
1:1 (Cu/Au) 51.65
1:5 (Cu/Au) 70.73
0:1 (Cu/Au) .77.61

4.1.2.3 Temperature-Programmed Reduction (TPR)
T h e  tem p era tu re -p ro g ra m m ed  r e d u c tio n  (T P R ) te c h n iq u e  w a s  

u se d  to  s tu d y  th e  r e d u c tio n  p r o f ile s  o f  th e  c a ta ly s ts , as sh o w n  in  F ig u re  4 .7 . F or the  
c er ia  su p p o rt, th ere  is  o n e  m a in  p ea k s  o b se r v e d  in  th is  e x p e r im e n t . T h e  b road er p eak  
w a s  reco rd ed  at 5 0 0 ° c  c o r r e sp o n d in g  to  th e  su r fa c e  r e d u c tio n  fro m  CeC >2 to  C e 2 C>3 

(J a c o b s  et.al, 2 0 0 5 ) .  T h e  A u /C e Û 2 c a ta ly s t  s h o w s  th e  p ea k  at lo w  tem p era tu re  o f  135  
°c, c o r r e sp o n d in g  to th e  su r fa ce  re d u c tio n  from  A u O  to  A u  (C h a n g  et.al., 2 0 0 8 )  and  
for C u O /C eC b  tw o  m a jo r  p ea k  w a s  d e te c te d  at 1 6 8 ° c  and  1 9 1 ° c  (P e r e z  et.al., 2 0 0 7 ).  
F ig u re  4 .7  in d ic a te d  that th e  a d d it io n  o f  th e  C u  m eta l ca n  c a ta ly z e  th e  su rfa ce  
r e d u c tio n  p r o c e s s , s h if t in g  th e  p ea k s  to  the lo w e r  tem p era tu re  (A y a s tu y  et.al., 2 0 1 0 ) .  
In d eed  th e  a d d itio n  o f  C u  c o u ld  r e d u ce  the m e ta l-su p p o r t in te r a c tio n  b e tw e e n  A u  and  
CeC >2 su p p o rt w h e r e  th e  C u  m eta l in tera cted  w ith  A u  m eta l o n  su r fa c e  o f  ca ta ly st . 
M o r e o v e r , in c r e a s in g  o f  C u O  c o n te n t  lea d s  c a ta ly s t  for  b e in g  a c t iv e  in  ca ta ly tic  
p e r fo r m a n c e  for  a ll tem p era tu re  ra n g e  ( 2 0 0 - 4 0 0 ° C ) .
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F ig u r e  4 .7  T P R  p r o f ile s  o f  A u -C u 0 /C e 0 2  c a lc in e d  at 4 0 0  ๐c  w ith  d iffe r e n t C u /A u  
(w t/w t)  ra tio s.

4.1.2.4 UV-visible Spectroscophy
A c c o r d in g  to  s ta c k in g  o f  c e r ia  o x id e  an d  A u 3+ b an d  w h ic h  

s h o w  in  th e  ra n g e  o f  2 0 0 —3 5 0  n m  and <  2 5 0  n m  (S o u z a  et a l, 2 0 0 8 ) .  It lea d s  to  
u n d e te c ta b le  o f  A u 3+ o n  A u -C u O /C e 0 2  c a ta ly s t  b y  uv sp ectra . H o w e v e r , th e  
a b so rp tio n  o f  A u  m e ta ll ic  (p la sm o n ) can  b e  d e te c te d  at 5 5 0  n m  to  c o n fir m  ca ta ly tic  
resu lt. F ig u re  4 .8  illu stra te s  that a ll th e  c a ta ly s ts  s h o w  th e  a b so r p tio n  from  4 5 0 - 6 0 0  
n m  w h ic h  referred  to g o ld  m e ta llic  (p la sm o n )  and  it ca n  b e  s e e n  th at an in c r e a se  o f  
A u  c o n te n t c a ta ly s t  ca n  p ro n o u n ce  m o re  g o ld  m e ta ll ic  o n  A u -C u O /C e C h . D u e  to  the  
e v id e n c e  that g o ld  m e ta ll ic  can  b e m o re  p r o n o u n c e d  w ith  in c r e a s in g  o f  A u  c o n ten t  
o n  A u -C u O /C e C h  ca ta ly s t . A c c o r d in g  to  th e  in ter fer in g  o f  CeC >2 b an d  and  A u 3+ b an d , 
it can  b e  c o n c lu d e d  that s ta te  o f  A u  is  s t i ll u n clear .



52

Wavelength (ททา)

Figure 4.8 D if fu s e  R e f le c ta n c e  UY-VUS sp ec tra  o f  A u  s p e c ie s  o n  A u -C u 0 /C e 0 2  

w ith  d iffe r e n t (C u /A u )  m eta l ra tio s .

4 .1 .3  E f fe c t  o f  C a lc in a tio n  T em p era tu re  o n  C a ta ly tic  P e r fo r m a n c e
T o  stu d y  th e  e f f e c t  o f  c a lc in a t io n  tem p era tu re  o n  th e  c a ta ly t ic  

p e r fo r m a n c e  o f  5:1 (C u /A u )  o f  A u - C u O /C e 0 2 c a ta ly s t  w ith  d if fe r e n t  c a lc in a t io n s  
tem p era tu res ( 2 0 0 , 3 0 0 , 4 0 0 , an d  5 0 0 ° C )

It ca n  b e  se e n  that b o th  m e th a n o l c o n v e r s io n  an d  h y d r o g e n  y ie ld  w e r e  
in c r e a se d  for  all o f  th e  r e a c tio n  tem p era tu re  ran g e . T h e  h ig h e s t  c a ta ly t ic  a c t iv ity  w a s  
o b se r v e d  b y  5:1 o f  A u - C u O /C e 0 2 c a ta ly s t  c a lc in e d  at 2 0 0 ° c  w ith  m eth a n o l  
c o n v e r s io n  at 7 4 .1 4 %  and  h y d r o g e n  y ie ld  o f  4 2 .9 6 %  a s sh o w n  in  F ig u re  4 .9 . It w a s  
fo u n d  that th e  B E T  su r fa ce  area  d e c r e a se d  w ith  in c r e a s in g  c a lc in a t io n  tem p era tu re . It 
ca n  c o n c lu d e d  th at th e  c a ta ly t ic  a c t iv ity  w a s  d ro p p ed  s in c e  th e  s in te r in g  o f  th e  
c a ta ly s t  occu rred . A c c o r d in g  to  th e  s in te r in g  p h e n o m e n a  o f  c a ta ly s t , T E M  w a s  u sed
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to  c o n fir m  th e  a g g lo m e r a t io n  o f  a c t iv e  m eta l p a r t ic le s . F ig u r e  4 .1 0  s h o w s  that C O , 
C O 2 , and  CFI4 s e le c t iv ity  h a v e  s lig h t ly  d iffe r e n t fo r  e a c h  c a lc in a t io n  tem p era tu re .
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Temperature (°C )

Figure 4.9 E ffe c t  o f  c a lc in a t io n  tem p era tu re o n  m e th a n o l c o n v e r s io n  and  h y d ro g en  
y ie ld  o v e r  3% \vt (5 :1 ) , (C u /A u ) , A u -C u 0 /C e 0 2  c a ta ly s ts  w ith  v a r io u s  c a lc in a t io n  
tem p era tu res (R e a c t io n  c o n d it io n s:  O2 /H 2 O/CH 3 OH m o la r  ra tio  =  0 .6 3 :2 :1 ) .
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Figure 4.10 E ffe c t  o f  c a lc in a t io n  tem p era tu re  o n  C O 2 , C O , and  C H 4 s e le c t iv ity  o v er  
3% w t (5 :1 ) , (C u /A u ) , A u -C u O /C e 0 2  c a ta ly s ts  w ith  v a r io u s  c a lc in a t io n  tem p era tu res  
(R e a c t io n  c o n d it io n s:  O 2 /H 2 O /C H 3 O H  m olar  ra tio  =  0 .6 3 :2 :1 ) .
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4.1.3.1 X-Ray Diffraction (XRD)
F rom  F ig u re  4 .1 1 , th e  X R D  p attern s o f  5:1 A u - C u 0 / C e 0 2  

c a ta ly s t  w ith  d if fe r e n t  c a lc in a t io n  tem p era tu res s h o w  that th e  g o ld  r e f le c t io n s  are n ot  
c le a r ly  v is ib le  fo r  a ll c a ta ly s ts . T h is  s h o w s  that A u  p a r t ic le s  are d isp e r se d  as sm a ll  
p a r tic le s  o n  th e  su r fa c e  o f  th e  su p p ort. It c o u ld  b e  im p lie d  th at w ith  lo w  lo a d in g  o f  
A u  and  C u  o n  c a ta ly s t  w o u ld  b e  u n d er  d e te c ta b le  c a p a b ility  o f  th e  m a c h in e  (5 n m ), as  
s h o w n  in T a b le  4 .3 .

2 0 / °

Figure 4.11 X R D  p attern s o f  3 % w t (5: l ) ,(C u :A u )  o f  A u -C u O /C e C h  c a ta ly s ts  w ith  
d iffe r e n t c a lc in a t io n  tem p era tu res.
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T a b le  4 .3  C r y s ta llite  s iz e s  o f  th e  A u -C u 0 /C e 0 2  c a ta ly s t  w ith  d if fe r e n t  c a lc in a t io n  
tem p era tu res

Catalyst Crystallite size (nm.)
C e 0 2
(111)

C e 0 2
(200)

C e 0 2
(220)

C e 0 2
(331)

Au
(111)

Au
(220)

CuO
(111)

Calcined
at 2 0 0 °c 13.25 16.38 17.16 29.99 < 5 < 5 < 5
Calcined 
at 3 0 0 ° c 13.25 13.39 12.86 30.15 < 5 < 5 < 5
Calcined 
at 4 0 0 °c 13.24 14.73 11.86 29.01 < 5 . < 5 < 5
Calcined 
at 50 0 °c 13.25 13.40 14.03 35.99 < 5 < 5 < 5

4.1.3.2 Surface Area Measurement (BET)
C a ta ly st  c a lc in a t io n s  is  g e n e r a lly  b e lie v e d  to  b e  a n e c e ssa r y  

step  o f  c a ta ly s t  a c t iv a t io n . T h e  su r fa ce  area s o f  3%  5 : l , ( C u /A u )  o f  A u -C u 0 /C e 0 2  

c a ta ly s t  w ith  v a r io u s  c a lc in a t io n  tem p era tu res  are su m m a r iz e d  in  T a b le  4 .4 . T h e  
su r fa ce  area  o f  c a ta ly s ts  w e r e  d e c r e a s in g  w ith  in c r e a s in g  o f  c a lc in a t io n  tem p era tu re  
fro m  9 8 .4 3  m 2/g  (2 0 0 ° C )  to  6 2 .5 2  m 2/g  (5 0 0 ° C ) . H ig h  c a lc in a t io n  tem p era tu re  
s tr o n g ly  a f fe c te d  th e  s in te r in g  o f  g o ld  c lu s te r  w h ic h  lea d  to  th e  b lo c k in g  o f  su r fa ce  
area o f  c a ta ly s t  b y  la rg e  m e ta l p a r tic le s . T h is  o b se r v a t io n  a g r e e s  w ith  th o se  o f  (E u n  
et al., 1 9 9 9 ), th e y  a lso  o b se r v e d  a d e c r e a se  in  su r fa c e  area  w ith  in c r e a s in g  
c a lc in a t io n s  tem p era tu re .
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Table 4.4 B E T  su r fa c e  areas o f  3%  5 : l ,( C u /A u )  o f  A u -C u O /C e C >2 c a ta ly s t  d ifferen t  
c a lc in a t io n s  tem p era tu re

C a ta ly st B E T  su r fa c e  a rea
(m 2/g )

CeC>2 support 151.39
C alcined  at 2 0 0 ° c 98 .43
C alcined  at 3 0 0 ° c 80.61
C alcined  at 4 0 0 ° c 6 9 .0 6
C alcined  at 5 0 0 ° c 62 .5 2

4.1.3.3 Temperature-Programmed Reduction (TPR)
F rom  F ig u re  4 .1 2 , it is  c le a r ly  s e e n  that in c r e a s in g  o f  

c a lc in a t io n  tem p era tu re  d id  n o t a f fe c t  m u ch  to  in te r a c tio n  o f  A u  an d  C e 0 2  su p p o rt in  
A u -C u O /C e ( > 2  c a ta ly s t . B e c a u se  T P R  p r o file s  s h o w  th e  r e d u c tio n  tem p era tu re  in  
ran g e  o f  150 to  182°c. It can  b e  n o t ic e d  from  th e  T P R  p r o f ile s  that th e  p ea k  w id th  
an d  th e  in te n s ity  o f  th e  first p ea k  at 138 to  1 5 9 ° c  d e c r e a se  w ith  th e  in c r e a se  o f  
c a lc in a t io n s  tem p era tu re . T o  e x p la in  th e  c a ta ly t ic  a c t iv ity  in  th e  e f f e c t  o f  c a lc in a t io n s  
tem p era tu re , th e  o th er  c h a ra c ter iza tio n  resu lts  c o u ld  b e  req u ired  to  e x p la in  th is  
p h e n o m e n o n .
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F ig u r e  4 .1 2  T P R  p r o f ile s  o f  3 % w t ( 5 : l ) , (C u : A u )  o f  A u -C u 0 /C e 0 2  d iffe r e n t  
c a lc in a t io n  tem p era tu res.

4.1.3.4 UV-visible Spectroscophy
In ord er  to  e x p la in  th e  c a ta ly t ic  a c t iv ity  in  F ig u r e  4.9, 5:1 o f  

A u -C u 0 /C e 0 2  c a lc in e d  at 2 0 0 ° c  w h ic h  e x h ib it  th e  h ig h e s t  c a ta ly t ic  a c t iv ity  for  b o th  
m e th a n o l c o n v e r s io n  and  h y d r o g e n  y ie ld . T h e  K u b e lk a -M u n k  tra n sfo r m e d  U V -v is  
d if fu s e  r e f le c ta n c e  sp ec tra  o f  th e  sa m p le s  are s h o w n  in  F ig u r e  4.13. C eC >2 su p p ort  
s h o w s  a s  a b so rp tio n  b an d  at w a v e le n g th  b e lo w  400 n m  and  C u O  ty p ic a lly  s h o w s  tw o  
a d so r p tio n  p ea k s  at 247 an d  312 n m , w h ic h  are r e la ted  to  o 2' -*  C u 2+ c h a n g e  tran sfer  
tra n s it io n  (P ra lia u d  et al., 1998). A c c o r d in g  to  th e  sp ec tra  b an d  in  th e  ra n g e  o f  450- 
700 n m , g o ld  m e ta ll ic  p a r tic le  w a s  o b se r v e d  an d  re la ted  to  5:1 o f  A u -C u O /C e 0 2  

c a lc in e d  at 2 0 0 ° c  w h ic h  had  th e h ig h e s t  a m o u n t o f  A u °  s p e c ie s .  M o r e o v e r  , c a ta ly s ts  
w e r e  f ix e d  th e  q u a n tity  o f  g o ld  lo a d in g  at 5:1 (C u :A u ) that lin k e d  to  th e  resu lt in  
F ig u r e  4.13 and it c a n  b e  o b se r v e d  that A u -C u O /C e C >2 c a lc in e d  at 2 0 0 ° c  sh o w e d  the
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h ig h e s t  c r y s ta l lin ity  o f  A u  p a rtic le  an d  h ig h e s t  q u a n tity  o f  g o ld  m e ta ll ic  p artic le  
o p p o s e d  w ith  s o m e  litera tu re . In 2 0 0 6  S m o le n ts e v a  E  an d  c o w o r k e r s  fo u n d  that the  
in c r e a s in g  o f  c a lc in a t io n  tem p era tu re  le a d s  to  th e  in c r e a s in g  o f  g o ld  m e ta ll ic  p a rtic le  
w h ile  our e x p e r im e n t  w e r e  n o t  th e  sa m e  trend  ( S m o le n ts e v a  E  et al.,2 0 0 6 ) .  O n  th e  
o th er  h an d  T u z o v s k a y a  an d  c o w o r k e r s  rep orted  th at g o ld  m e ta ll ic  p a rtic le  is  
r e s p o n s ib le  fo r  h ig h  tem p era tu re  a c t iv ity . It c o u ld  b e  a c c e p t  that w h y  th e  c a ta ly s t  
c a lc in e d  at 2 0 0 ° c  y ie ld  th e  h ig h e s t  c a ta ly t ic  a c t iv ity . H o w e v e r , th e  5:1 o f  A u -  
C u O /C e 0 2  c a lc in e d  at 5 0 0 °  e x h ib ite d  a  litt le  b it  p h e n o m e n a  o f  s in te r in g . It c o u ld  b e  
e x p la in e d  A u °  p la y  a s  an  im p o rtan t r o le  w ith  c a ta ly t ic  p e r fo r m a n c e . N e v e r th e le s s ,  
B e r a  and H e g d e  fo u n d  that th e  c a ta ly tic  a c t iv ity  o f  C O  o x id a t io n  c a n  b e  d rop p ed  b y  
th e  in c r e a s in g  o f  A u 3+ b u t, th e  o v e r la p  o f  A u 3+ and  C e 0 2  sp e c tr a  b an d  m a d e  th e  
in v e s t ig a t io n  o f  A u 3 +  w a s  s t i ll  u n clear . S o m e  litera tu res rep orted  th at c h a n g in g  form  
o f  A u 3+ to  A u °  is  o c c u r r in g  b y  in c r e a s in g  o f  c a lc in a t io n s  tem p era tu re . H o w e v e r , to  
c le a r ly  th e  c a u se  o f  a g g lo m e r a t io n  o f  g o ld  n a n o p a r tic le  T E M  w a s  u s e d  to  in v e s t ig a te .

Wavelength (nm)
F ig u r e  4 .1 3  D if fu s e  R e f le c ta n c e  U V -v is  sp ec tra  o f  A u  s p e c ie s  o n  A u -C u O /C e C b  
w ith  d iffe r e n t c a lc in a t io n  tem p era tu res.
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4.1.3.5 Transmission Electron Microscope (TEM)
F ig u re  4 .1 4  s h o w s  th e T E M  im a g e s  o f  5:1 o f  A u -C u O /C eC E  

w ith  d iffe r e n t c a lc in a t io n s  tem p era tu res and  th e  a v e r a g e  p a r tic le  s iz e  o f  th e  c a ta ly s t  
c a lc in e d  at 2 0 0 , 3 0 0 , 4 0 0 ,  and  5 0 0 ° c  are 5 .6 4  n m , 6 .4 4  n m , 7 .3 9  n m , an d  1 0 .1 6  n m , 
r e sp e c t iv e ly . T h e  la r g e st  g o ld  p a rtic le  s iz e  w a s  o b s e r v e d  o n  th e  c a ta ly s t  c a lc in e d  at 
5 0 0 ° c  w h ic h  a g r e e s  w ith  B E T  su r fa ce  area  resu lt  th at an  in c r e a se  o f  g o ld  p artic le  
w o u ld  b lo c k  a c t iv e  su r fa c e  area o n  th e  c a ta ly s t  su r fa c e .

a) C a lc in e d  at 200°c

b ) C a lc in e d  at 3 0 0 ° c
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d ) C a lc in e d  at 5 0 0 ° c

F ig u r e  4 .1 4  T E M  im a g e s  and  p a rtic le  s iz e  d istr ib u tio n  o f  A u -C u O /C eC E  c a ta ly s ts  
w ith  v a r io u s  c a lc in a t io n  tem p era tu res.
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4 .1 .4  E ffe c t  o f  H 7 O /C H 3O H  M o la r  R a tio  o n  th e  C a ta ly tic  P er fo r m a n c e  o f  
3%  (5: ท .  (Cu:Au) o f  A u - C u O /C e O

T h e  e f fe c t  o f  H 2 O /C H 3 O H  m o la r  ratio  o n  th e  c a ta ly t ic  a c t iv ity  o f  5 :1 , 
(C u /A u )  o f  A u -C u O /C eC E  c a lc in e d  at 2 0 0 ° c  w a s  s tu d ie d  at th e  r e a c tio n  tem p era tu re  
ran g e  o f  2 0 0  to  4 0 0 ° c .  T h e  H 2 O /C H 3 O H  m o la r  ra tio s  w e r e  s tu d ie d  at 1 /1 , 2 /1 ,  3 /1 ,  
an d  4 /1 ,  r e s p e c t iv e ly .

It is  c le a r ly  s e e n  that in c r e a s in g  o f  r e a c tio n  tem p era tu re  le a d s  to  an  
in c r e a se  c a ta ly t ic  a c t iv ity  fo r  b o th  m e th a n o l c o n v e r s io n  an d  h y d r o g e n  y ie ld . T h e  
ap p rop ria te  c o n d it io n  is  1 / 1  w h ic h  ca n  e x h ib it  h ig h e s t  c a ta ly t ic  a c t iv ity  (m e th a n o l  
c o n v e r s io n  at 7 9 .4 9 %  and  h y d r o g e n  y ie ld  at 5 1 .8 9 % ) c o m p a r e d  to  th e  o th er  ra tio s. In  
ord er  to e x p la in  th e  e f fe c t  o f  s te a m /m e th a n o l it refer  to  fo r m in g  o f  h y d r o x y l grou p  
and  ca rb o n a te  s p e c ie s  w h ic h  b lo c k e d  a c t iv e  s ite s  o f  c a ta ly s ts  d u r in g  th e  rea c tio n  
(T a b a k o v a  et a i, 2 0 0 3 ) .  N e v e r th e le s s , E l-M o e m e n  an d  c o -w o k e r  rep orted  that  
ap p ro p ria te  s te a m  can  d e c o m p o s e  th e  ca rb o n a te  s p e c ie s  an d  c a ta ly s t  turn to  r e a c tiv e
a g a in .
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Temperature (°C)
Figure 4.16 Effect H2 O/CH3 OH molar on CO2 , CO, and CH4 selectivity over 3%wt 
(5:1) Au-Cu0 /Ce0 2  calcineed at 2 0 0 ° c .
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4.1.3.1 Fourrier Transform Spectroscopy (FT-1R)
T h e  F T -IR  resu lts  o f  th e  sp en t 5 :1 , (C u /A u )  o f  A u -C u 0 /C e 0 2  

c a ta ly s ts  w ith  d if fe r e n t  H 2 O /C H 3 O H  m o la r  ra tio s are sh o w n  in  F ig u r e s  4 .1 8  and 4 .1 9  
fo r  b o th  h y d r o x y l g ro u p s  an d  ca rb o n a te  s p e c ie s ,  r e s p e c t iv e ly . F or  e a c h  rea c tio n  
c o n d it io n , h y d r o x y l g ro u p s  ca n  b e  fo r m e d  in  th e  ra n g e  o f  3 2 0 0 -3 6 0 0 c m ''  d u e  to  
d iffe r e n t H 2 O /C H 3 O H  m o la r  ra tio s. In con tra st, c a rb o n a te  s p e c ie s  w e r e  d e te c te d  in  
th e  ran g e  o f  8 0 0 - 1 8 0 0 c m '1 and  2 5 0 0 - 3 0 0 0  c m '1. T h e  d if fe r e n t  p o s it io n  o f  ea c h  p eak  
in d ic a te d  d if fe r e n t  k in d  ca rb o n a te  and fo rm a te  s p e c ie s ,  as s h o w n  in  T a b le  4 .5 . F rom  
F ig u te  4 .1 8 , s tro n g  b an d  ap p ear at 2 9 2 1 , 2 8 4 4 , 2 8 5 3 , 2 9 1 8 ,  an d  2 8 4 7  r e la ted  to C e 3 +  
an d  C e 4 + , r e s p e c t iv e ly . D u e  to  fe e d  h ig h  a m o u n t o f  s te a m  ca n  le a d  to  W G S  rea c tio n  
w h ic h  is  th e  s id e  r e a c tio n  o f  S R M  th u s ca n  form  fo rm a te  s p e c ie s  a s  th e  in term ed ia tes  
(E l-M o e m e n  et al., 2 0 0 8 )  N e v e r th e le s s , h ig h  a m o u n t o f  w a te r  ca n  e a s i ly  red u ce  th e  
ca rb o n a te  s p e c ie s  w ith  d e c o m p o s it io n  o f  ca rb o n a te  s p e c ie s  th e m  th e  c a ta ly s t  w a s  
h ea ted  (E l-M o e m e n  et al., 2 0 0 8 ) .  It c o u ld  b e  im p lie d  that th e  c a ta ly t ic  p e r fo rm a n ce  
m ig h t d ep en d  o n  th e  fo rm a te  s p e c ie s  stro n g er  th an  c a rb o n a te  s p e c ie s  d u e  to  a b ility  to  
d e c o m p o s e  o f  ca rb o n a te  s p e c ie s .

W a v e n u m b e r s (c m " ^  )
Figure 4.17 F T IR  sp ec tra  o f  3 % w t (5 :1 )  A u -C u O /C e C b  c a ta ly s ts  c a lc in e d  at 200°c 
(1 )  a fter  r ea c tio n  at H 2 O /C H 3 O H  m o la r  ra tio  o f  1/1; (2) a fter  r e a c tio n  at H 2 O /C H 3 O H  
m o la r  ratio  o f  2/1 ; (3 )  a fter  r ea c tio n  at H 2 O /C FI3 O H  m o la r  ra tio  o f  3/1 ; (4) after  
r ea c tio n  at H 2 O /C H 3 O H  m o la r  ratio  o f  4/1.
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W a v e n u m b e r s ( c n T ^ )
Figure 4.18 FTIR sp ec tra  o f  3% w t (5 :1 )  A u -C u 0 /C e 0 2  c a ta ly s ts  c a lc in e d  at 200°c 
(1 )  a fter  r e a c tio n  at H2 O/CH3OH m o la r  ratio  o f  1/1 ; (2 )  a fter  r e a c tio n  at H2 O/CH3OH 
m o la r  ratio  o f  2 /1  ; (3 )  a fter  r ea c tio n  at H2 O/CH3 OH m o la r  ra tio  o f  3 /1  ; (4 )  a fter  
rea c tio n  at H2 O/CH3 OH m o la r  ratio  o f  4 /1 .

Table 4.5 F r e q u e n c y  an d  a s s ig n m e n t  o f  ca rb o n a te , fo r m a te , an d  in te r m e d ia te  b an d s  
o n  sp en t o f  3 % w t A u -C u O /C e C >2 c a lc in e d  at 2 0 0 ° c  (T a b a k o v a  et al, 2 0 0 3 )

W a v e n u m b e r  ( c m 1) A ss ig n m e n t

2 8 5 3 ,1 3 9 8 Form ate sp ec ies  on C e+
2 9 2 1 ,2 8 4 4 , 2 9 2 1 ,2 9 1 8 , 28 47 Formate sp ec ies  on C e4+
8 1 8 ,2 3 5 8 Carbonate sp ec ies  on Ceria
1525 Bicarbonate sp ec ies  on Ceria
2334 , 2 3 55 , 2 3 3 7 , 2 3 31 , 2 3 5 7 ,2 3 2 8 Linear C 0 2  w eak ly  interacting ceria

4 .1 .5  E ffe c t  o f  O 2 /C H 3 Q H  M o la r  R a tio  o n  th e  C a ta ly tic  P e r fo r m a n c e  o f  3%  
( 5 : ท . (C u :A u l o f  A u -C u O /C e O ?

T o  in v e s t ig a te  th e  o x id a t iv e  s tea m  r e fo r m in g  re a c tio n  o v e r  5 :1 , 
(C u /A u ) o f  A u -C u 0 /C e 0 2  c a lc in e d  at 200°c, th e  O2/CH3OFI m o la r  ra tio s  w er e
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v a r ied  fro m  0  to  0 .4 8 ,  0 .9 6 , 1 .4 4 , and  1 .9 2 , w h ile  u s in g  th e  o p t im u m  c o n d it io n  o f  the  
H 2 O /C H 3 O H  m o la r  ra tio  at 1/1 c o n sta n t. F ig u r e  4 .2 0  s h o w e d  th at th e  m eth a n o l 
c o n v e r s io n  e x tr e m e ly  e n h a n c e  fo r  w h o le  r ea c tio n  ran g e . It w a s  c le a r ly  s e e n  that an  
in c r e a se  o f  O 2  in  fe e d s te a m  ca n  lea d  r ea c tio n  to  o x id a t iv e  s te a m  r e fo r m in g  resu ltin g  
in  an in c r e a se  o n  c a ta ly t ic  a c t iv ity  m eth a n o l c o n v e r s io n  an d  h y d r o g e n  y ie ld  in  F igu re  
4 .1 9 . A t  a  0 .9 6  e x h ib it  th e  h ig h e s t  m e th a n o l c o n v e r s io n  o f~ 9 0 %  and  h y d r o g e n  y ie ld  
o f~ 5 1 % . N e v e r th e le s s ,  th e  e x c e s s  O 2 in  fe e d s te a m  ca n  sh ift  th e  r e a c tio n  to  P O M  
r e su lt in g  in  d e c r e a se  o f  h y d r o g e n  y ie ld . T h e  resu lt  in  F ig u r e  4 .2 1  s h o w e d  that the  
a d d it io n  o f  o x y g e n  d e c r e a se d  th e  h y d r o g e n  s e le c t iv ity  th a n  th e  a b s e n c e  o f  o x y g e n  
w h ic h  p referred  to  S R M . T h e  m o r e  o x y g e n  c o n te n ts  w e r e  a d d e d  in to  th e  r e a c tio n , the  
m o r e  r e a c tio n s  p referred  to  P O M  w h ic h  is  n o t fa v o r a b le  at h ig h  tem p era tu re  d u e  to  
its  e x o th e r m ic  rea c tio n .
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Figure 4.19 E ffe c t  O 2/C H 3 O H  m o la r  ratio  o n  th e  m e th a n o l c o n v e r s io n  and  h y d r o g e n  
y ie ld  o v e r  3% w t (5 :1 )  A u -C u 0 /C e 0 2  c a lc in e d  at 2 0 0 ° c .
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Figure 4.20 E ffe c t  O2/CH3 OH m o la r  ratio  o n  H2 s e le c t iv ity  o v e r  3 % w t (5 :1 )  A u -  
C u 0 /C e 0 2  c a lc in e d  at 200°c.



71

100

0

1 0 0

0

A ---------------------A - ------------A - . - _ . _ _ -----A ------ A

i

— 0.00 ะ 1 : 1 ■ปี -- 0 .4 8 ะ1 :1  
—T — 0.96 ะ 1 : 1 

1.44 : 1 : 1 
— 1.92 ะ 1 :1

150 200 250 300 350 400 450

Temperature (°C)

Figure 4.21 E ffe c t  O 2 /C H 3 O H  m o la r  on  C O 2 , C O , and  C H 4 s e le c t iv ity  o v e r  3 % w t  
(5:1) A u -C u 0 /C e 0 2  c a lc in e d  at 200°c.
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4 .1 .6  C o m p a r iso n  o f  C a ta ly tic  P e r fo r m a n c e  b e tw e e n  S u p p o rt and  o f  3%  
(5:1). (C u :A u ) o f  A u -C u O /C e O ?  c a lc in e d  at 200°c

T o  e v a lu a te  th e  c a ta ly t ic  b e h a v io r  o f  h e  p rep ared  c a ta ly s ts  w ith  and  
w ith o u t  m eta l lo a d in g , th e  3 % w t 5:1 o f  A u - C u O /C e 0 2 an d  C e 0 2 c a ta ly s ts  c a lc in e d  at 
4 0 0 ° c  w e r e  c o m p a r e d  for  th e  O S R M  rea c tio n  at th e  O 2 /H 2 O /C FI3 OFI m o la r  ratio  at 
0 .9 6 /1 /1  in  th e  tem p era tu re  ran g e  o f  2 0 0  to  3 0 0 ° c

A s  illu stra ted  in  F ig u re  4 .2 3 ,  th e  g a p  d if fe r e n c e s  in  m eth a n o l 
c o n v e r s io n  an d  h y d r o g e n  y ie ld  b e tw e e n  A u - C u ) /C e 0 2 an d  C e 0 2 w e r e  large . A s  
e x p e c te d , A u - C u 0 / C e 0 2  r e sp o n se  for  h ig h  c a ta ly t ic  a c t iv ity  in  th e  w h o le  ran ge o f  
rea c tio n .
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Figure 4.22 C o m p a r iso n  b e tw e e n  th e c a ta ly t ic  a c t iv ity  o f C e 0 2  su p p o rt and  3% w t  
A u - C u 0 /C e 0 2 -  R e a c tio n  c o n d it io n : O 2 /H 2 O /C H 3 O H  =  1 .2 5 /1 /1 .
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4 .1 .7  E f fe c t  o f  S id e  R e a c t io n s  (D M & S R M )
T h e  p ro d u ct o f  th e  m e th a n o l d e c o m p o s it io n  is  h y d r o g e n  w h ic h  is  the  

m a in  p ro d u ct fro m  th e  m e th a n o l s te a m  re fo r m in g . M e th a n o l w a s  d e c o m p o s e d  m a in ly  
to  C O  an d  แ 2  o v e r  th is  rea c tio n . T h e r e fo r e , it is  n e c e s sa r y  to  s tu d y  th e  a c t iv ity  o f  
3 % w t 5:1 o f  A u -C u 0 /C e 0 2  for th e  m e th a n o l d e c o m p o s it io n  rea c tio n .

F ig u re  4 .2 4  s h o w s  th e  c a ta ly t ic  a c t iv ity  in  th e  d e c o m p o s it io n  o f  
m e th a n o l r e a c tio n , it  is  c le a r ly  s e e n  that th e  m a x im u m  m e th a n o l c o n v e r s io n  o f  
5 4 .0 7 %  w a s  a c h ie v e d  at 4 0 0 ° c .  T h e  m e th a n o l c o n v e r s io n  w a s  v e r y  lo w , w h e n  the  
r e a c tio n  w a s  o p era ted  at lo w  tem p era tu re . It c a n  b e  c o n c lu d e d  th a t th e  A u -C u 0 /C e 0 2  

w a s  a c t iv e  for  b o th  th e  o x id a t iv e  stea m  r e fo r m in g  o f  m e th a n o l r e a c tio n  and  
d e c o m p o s it io n  o f  m e th a n o l r e a c tio n s .
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Figure 4.23 C a ta ly tic  p e r fo r m a n c e  o f  3 % w t A u -C u O /C e C >2 in  th e  d e c o m p o s it io n  o f  
m e th a n o l r e a c tio n .
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Figure 4.24 G a s c o m p o s it io n  o f  3 % w t A u -C u 0 /C e 0 2  in  th e  d e c o m p o s it io n  o f  
m eth a n o l r e a c tio n .
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Figure 4.25 Catalytic performance of 3%wt Au-CuO/CeC>2 in steam reforming of
methanol reaction.
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F ig u r e  4 .2 6  G a s c o m p o s it io n  o f  3% w t A u -C u 0 /C e 0 2  in  s te a m  r e fo r m in g  o f  

m e th a n o l r e a c tio n .
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