
CHAPTER VII

7.1 Abstract

For economic reasons, Ag as a substitute for Pt promoter for FT C0 /AI2 O3 

catalysts was advocated, due to its satisfactory ability to facilitate cobalt oxide 
reduction, its good catalytic performance in improving the CO conversion and 
selectivity and, especially, its much lower price compared to that of Pt (i.e., 
$23.31/Troy oz Ag. vs $1486.0/Troy oz Pt. (May 10th 2013)). A comparative study 
between Pt and Ag promoters at several equivalent atomic loadings was performed in 
this work. While either Pt or Ag significantly facilitates cobalt oxide reduction 
supplying additional Co metal active sites compared to the unpromoted C0 /AI2 O3 

catalysts, the total metal site density increased with increasing Pt loading, but 
become attenuated at high Ag loading. The EXAFS results indicate isolated Pt 
atoms interact with cobalt cluster to form Pt-Co bonds, without evidence of Pt-Pt 
bond formation, even at levels as high as 5 wt % Pt. In Ag promoted C0 /AI2 O3 

catalyst, not only were Ag-Co bonds observed, but Ag-Ag bonds were present, even 
at levels as low as 0.276% Ag. The degree of Ag-Ag coordination increased as a 
function of Ag loading, while decreases in BET surface area and a shift to wider 
average pore size suggests some pore blocking by Ag at high loadings^ which likely 
blocked, access of reactant to internal cobalt sites. Therefore, although both 
promoters initially facilitate reduction of cobalt oxides, their local atomic structures 
are fundamentally different. Either Pt or Ag can significantly improve the CO 
conversion rate on a per gram catalyst basis of C0 /AI2 O3 . Slightly adverse effects on 
selectivity (i.e., increased CPI4 and CO2 , at detriment to C5+) were found with Pt, 
especially at higher loading, while Ag provides some benefits (i.e., slightly decreases 
CFI4 and CO2 , and increases C5+) at all loadings tested in this work.

FISCHER-TROPSCH SYNTHESIS: COMPARISONS BETWEEN Pt AND Ag
PROMOTED C0 /AI2O3 CATALYSTS FOR REDUCIBILITY, LOCAL

ATOMIC STRUCTURE, AND CATALYTIC ACTIVITY
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7.2 Introduction

Cobalt/alumina is an effective Fischer-Tropsch synthesis (FTS) "Catalyst for 
gas-to-liquids (GTL) production from syngas with high H2 /CO ratio (~2:1). There is 
general agreement that reduced Co metal surface sites are active sites for Fischer- 
Tropsch synthesis over this catalyst. Unlike other metals typically employed in 
catalysis, cobalt on alumina for FTS is often loaded in high amounts, often at or 
exceeding 20% by weight. Because the alumina support interacts strongly with 
cobalt (Espinoza, 1998; Van Berge et al., 2001), higher loadings facilitate the 
reduction of cobalt oxide species during activation and make the catalyst more 
resistant to deactivation (e.g., by oxidation at high conversion) (Espinoza, 1998; Van 
Berge et al., 2001). Despite high Co metal loadings, the support still hinders the 
ability of cobalt oxide to be reduced during thermal activation in บ2 at moderate 
temperature (e.g.. 350 °c  for 10 h in n 2).

The addition of noble metal promoters (e.g.. Pt. Ru, and Re) (Arnoldy et ah, 
1985; Christensen et al., 2009; Das et al., 2003; Hilmen et al., 1996; Jacobs et al., 
2004; Jacobs et al., 2002; Kogelbauer et al.. 1996; Ronning et al., 2001; Schanke et 
al., 1995; Vada et al., 1995; Van Berge et al., 2001) significantly enhances the 
reducibility of cobalt oxide interacting with the alumina support and, consequently, 
provides additional Co metal sites densities for the reaction in comparison with the 
unpromoted catalyst. A บ2 dissociation and spillover mechanism (Jacobs et ah, 
2004; Jacobs et al., 2002; Jacobs et al., 2009) was believed to be a possible way of 
promotion, in which the promoter metal, first reduced at lower temperature such that 
H2 dissociated and spilled over from the metal promoter to form nuclei of Co0 in the 
cobalt oxide, with this reduced cobalt expediting further reduction of cobalt oxide 
particles. Among these noble metal promoters, Pt promoter is among the most 
widely used in commercial FT C0 /ALO3 catalysts. PtÛ2 has been observed after 
calcination (Weaver et ah, 2005), while only a Pt-Co bimetallic phase was found in
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the Pt-Co/Al2 0 3 catalyst (Cook et al., 2012; Guczi et al., 2002; Jacobs et al., 2004) 
after activation in แ 2 , as investigated by EXAFS spectroscopy. This structural 
coordination was suggested to be responsible for facilitating Co reduction and 
thereby improving the CO conversion rate on a per gram catalyst basis.

Group 11 metals (Cu, Ag, Au) has been investigated as potential substitutes 
for Pt (Jacobs et al., 2009), due to their ability to facilitate reduction of cobalt oxides 
and, in particular, due to the lower prices of Ag and Cu compared to that of noble 
metals like Pt. We found that although all the Group 11 metals enhanced the 
reducibility of cobalt oxides and increased the fraction of Co reduced, there were 
differences in catalytic activity and selectivity: introducing Ag or Au (the latter at 
lower levels) improved CO conversion and slightly improved reaction selectivity 
relative to the unpromoted catalyst, while adding Cu, the catalytic activity and 
selectivity were worse than those of the unpromoted catalyst. Because of the good 
performance of Ag in facilitating cobalt reduction and in performance together with 
its lower price compared with Au, Ag appears to be the best among Group 11 metals 
and to be the most promising promoter as a substitute for platinum, a promoter used 
commercially. Well dispersed Ag20  was suggested to be the main Ag species in a 
Ag-Co/Al2 0 3 catalyst after calcination or oxidation (Jacobs et al„ 2009; Kuzmin et 
al., 2006) and this species quickly reduced during activation conditions (Greenwood. 
1997). In our preliminary study of the local atomic structure of Ag-Co/Al2 C>3 

catalyst Ag-Co coordination was difficult to assess due to the high loading of Ag 
used (Jacobs et al.. 2009). Notwithstanding, because of the ability of Ag to facilitate 
Co reduction and to slightly reduce CH4 formation as observed in our recent work 
(Jacobs et al., 2009), Ag-Co coordination is expected to be detected at lower Ag 
loadings, and this was investigated in this work using the EXAFS technique and 
scanning at the Ag K-edge. Adding Ag to hydrogenating catalysts can hinder the 
hydrogenation reaction and Ag-active metal bimetallic was proposed to be an active 
site (Redjala et al., 2006). This could shed lighten why CH4 selectivity is decreased 
in the Ag promoted Co FT catalyst.

A comparative study between Pt and Ag was conducted in this work. 
Although proposed in our previous report about the role of Pt (Jacobs et al., 2004) 
and Ag (Jacobs et al., 2009) promoter, one objective of this work was to determine if
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additional levels of loading could further facilitate cobalt reduction, and find the 
point at which Pt-Pt bonds could be identified in the case of Pt promotion or the 
point at which Ag-Co could be found in the case of Ag. which were not disclosed 
before; moreover, the most appropriate Pt and Ag loading will be suggested. In so 
doing, different levels of atomically equivalent loadings of Pt or Ag were applied to 
25%Co/Al2C>3. Standard characterization methods (e.g., FF TPR. FF 
chemisorption/oxygen pulse reoxidation. X-ray diffraction, and BET) wete also 
employed. The catalysts were thoroughly characterized at the atomic level by 
EXAFS spectroscopy, while electronic information was also obtained by XANES. 
Moreover, CSTR tests were implemented at -50% conversion level so that FTS 
selectivities could be directly compared between Pt and Ag promoted cobalt 
catalysts.

7.3 Experimental

7.3.1 Catalyst Preparation
The catalyst support used was Sasol Catalox-150 y-AFCfi. To achieve 

25%Co loading, a slurry impregnation method, which follows a Sasol patent 
(Espinoza, 1998), was used. Cobalt nitrate hexahydrate (Co(N0 3 ) 2  6 FFO) (Alfa 
Aesar) was employed to make the Co precursor solution. The ratio of the volume of 
loading solution used to the weight of alumina was 1:1, such that approximately 2.5 
times the pore volume of solution was used. Two impregnation steps of cobalt 
nitrate were applied. Between each step the catalyst was dried under vacuum in a 
rotary evaporator. After the last step of cobalt addition, platinum or silver precursor 
solution was added to the C0 /AFO3 catalyst by incipient wetness impregnation. 
Tetra-amine platinum (II) nitrate solution and silver nitrate (Alfa Aesar) were utilized 
as Pt and Ag sources, respectively. A series of Pt promoted C0 /AFO3 catalysts was 
prepared with loadings of 0.5%, 1%, 2%, 3%, 4%, and 5%, which are atomically 
equivalent to Ag loadings of 0.276%, 0.553%, 1.11%, 1.66%, 2.21%, and 2.76%, 
respectively. Only after the final step were catalysts calcined under air flow at 350 
๐c  for 4 h.



7 .3 .2  B E T  S u r f a c e  A r e a  a n d  P o r o s i t y  M e a s u r e m e n t s
T h e  m e a s u r e m e n t s  o f  B E T  s u r f a c e  a rea  a n d  p o r o s i t y  o f  th e  c a lc in e d  

c a t a ly s t s  w e r e  c o n d u c t e d  u s in g  a M ic r o m e r it r ic s  T r i-S ta r  s y s t e m .  B e f o r e  p e r fo r m in g  

th e  t e s t ,  th e  te m p e r a tu r e  w a s  g r a d u a lly  r a m p e d  to  1 6 0  ° c  a n d  th e  s a m p le  w a s  

e v a c u a t e d  a t le a s t  1 2  h  to  a p p r o x im a te ly  5 0  m T o r r . T h e  B E T  s u r fa c e  a r e a , p o r e  

v o lu m e  ( s i n g l e  p o in t ) ,  a n d  a v e r a g e  p o r e  r a d iu s  ( s i n g l e  p o in t  a n d  B J H  a d s o r p t io n )  

w e r e  o b t a in e d  fo r  e a c h  s a m p le .

7 .3 .3  T e m p e r a tu r e  P r o g r a m m e d  R e d u c t io n  (T P R )
T e m p e r a tu r e  p r o g r a m m e d  r e d u c t io n  (T P R )  p r o f i l e s  o f  c a lc in e d  

c a t a ly s t s  w e r e  r e c o r d e d  u s in g  a  Z e t o n - A l t a m ir a  A M I - 2 0 0  u n it  e q u ip p e d  w it h  a  

th e r m a l c o n d u c t iv i t y  d e te c to r  ( T C D ) .  S a m p le s  w e r e  p r e tr e a te d  b y  p u r g in g  w i t h  a r g o n  

f l o w  a t 3 5 0  ๐c  to  r e m o v e  tr a c e s  o f  w a te r . T h e  T P R  w a s  p e r fo r m e d  u s in g  a  1 0 % E l2/A r  

g a s  m ix t u r e  a n d  r e f e r e n c e d  to  a r g o n  a t a  f l o w  ra te  o f  3 0  c m 3/m in .  T h e  s a m p le  w a s  

h e a te d  f r o m  5 0  to  8 0 0  ° c  u s in g  a  h e a t in g  ra m p  o f  1 0  ° c / m i n .

7 .3 .4  H i  C h e m is o r p t io n  a n d  P e r c e n ta u e  R e d u c t io n  b y  P u ls e  R e o x id a t io n
H y d r o g e n  c h e m is o r p t io n  w a s  c o n d u c t e d  a t u s in g  te m p e r a tu r e

p r o g r a m m e d  d e s o r p t io n  (T P D ) ,  a l s o  m e a s u r e d  w i t h  th e  Z e t o n - A l t a m ir a  A M I - 2 0 0  

in s tr u m e n t .  T h e  s a m p le  w e ig h t  w a s  t y p ic a l ly  - 0 . 2 2 0  g . C a ta ly s t s  w e r e  a c t iv a t e d  in  a  

f l o w  o f  10  c m 3/m in  o f  แ 2 m ix e d  w i t h  2 0  c m 3/m in  o f  a r g o n  a t 3 5 0  ° c  fo r  10  h . a n d  

th e n  c o o l e d  u n d e r  f l o w in g  H 2 to  1 0 0  ° c .  T h e  s a m p le  w a s  h e ld  at 1 0 0  ๐c  u n d e r  

f lo w in g 'a r g o n  to  r e m o v e  a n d /o r  p r e v e n t  a d s o r p t io n  o f  w e a k ly  b o u n d  s p e c ie s  p r io r  to  

in c r e a s in g  th e  t e m p e r a tu r e  s lo w l y  to  3 5 0  ๐c ,  th e  r e d u c t io n  te m p e r a tu r e  o f  th e  

c a ta ly s t .  T h e  c a t a ly s t  w a s  h e ld  u n d e r  f l o w in g  a r g o n  to  d e s o r h  r e m a in in g  c h e m is o r b e d  

h y d r o g e n  u n til  th e  T C D  s ig n a l  r e tu r n e d  to  b a s e l in e .  T h e  T P D  s p e c tr u m  w a s  

in te g r a te d  a n d  th e  n u m b e r  o f  m o le s  o f  d e s o r b e d  h y d r o g e n  d e te r m in e d  b y  c o m p a r in g  

i t s  a r e a  to  th e  a r e a s  o f  c a lib r a te d  h y d r o g e n  p u l s e s .  T h e  lo o p  v o lu m e  w a s  f ir s t  

d e t e r m in e d  b y  e s t a b l i s h in g  a  c a l ib r a t io n  c u r v e  w i t h  s y r in g e  in j e c t io n s  o f  h y d r o g e n  in  

h e l iu m  f l o w .  D i s p e r s io n  c a lc u la t io n s  w e r e  b a s e d  o n  th e  a s s u m p t io n  o f  a  1:1 H :C o  

s t o ic h io m e t r i c  r a t io  a n d  a  s p h e r ic a l  c o b a lt  c lu s t e r  m o r p h o lo g y .  A f te r  T P D  o f
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h y d r o g e n ,  th e  s a m p le  w a s  r e o x id iz e d  a t 3 5 0  ° c  u s in g  p u l s e s  o f  o x y g e n .  T h e  

p e r c e n t a g e  o f  r e d u c t io n  w a s  c a lc u la t e d  b y  a s s u m in g  th a t m e ta l  r e o x id iz e d  to  C 0 3 O 4 . 
F u r th e r  d e t a i l s  o f  th e  p r o c e d u r e  are p r o v id e d  e l s e w h e r e  (J a c o b s  e t  a l . ,  2 0 0 2 ) .

7 .3 .5  X -r a y  D i f f r a c t io n  ( X R D )
P o w d e r  d i f f r a c to g r a m s  o n  c a lc in e d  c a t a ly s t s  w e r e  r e c o r d e d  u s in g  a  

P h i l ip s  X ’P e r t d i f f r a c t o m e t e r .  T w o  d i f f e r e n t  t e s t s  w e r e  p e r fo r m e d  fo r  e a c h  s a m p le  —  

a sh o r t  t im e  s c a n  o v e r  a  lo n g  r a n g e  a n d  a  lo n g  t im e  s c a n  o v e r  a  s h o r t  r a n g e . T h e  

o b j e c t iv e  o f  th e  sh o r t  t im e  s c a n  w a s  to  a s s e s s  th e  c r y s t a l l in e  p h a s e s  p r e s e n t  u s in g  th e  

f o l l o w i n g  c o n d i t io n s :  s c a n  rate  o f  0 .0 2  ° /s t e p  a n d  s c a n  t im e  o f  5  s / s t e p  o v e r  a  2 0  

r a n g e  o f  1 5 -8 0 ° .  T h e  l o n g  t im e  s c a n  w a s  c o n d u c t e d  to  q u a n t i fy  a v e r a g e  C 0 3 O 4 

d o m a in  s i z e s  u s in g  l in e  b r o a d e n in g  a n a ly s i s  fo r  th e  p e a k  at 2 0  =  3 7 °  r e p r e s e n t in g  

( 3 1 1 ) .  T h e  la t te r  c o n d i t io n s  e m p lo y e d  w e r e  a  s c a n  ra te  o f  0 .0 1  ° /s t e p  a n d  a  s c a n  t im e  

o f  3 0  s / s t e p  o v e r  a  2 0  r a n g e  o f  3 0 - 4 5 ° .

7 .3 .6  E x t e n d e d  X - r a y  A b s o r p t io n  F in e  S tr u c tu r e  ( E X A F S )  a n d  X -r a y
A b s o r p t io n  N e a r  E d u e  ( X A N E S )  S p e c t r o s c o p ie s
In  s itu  f f y - T P R  X A F S  s t u d ie s  w e r e  p e r fo r m e d  at th e  M a te r ia ls  

R e s e a r c h  C o l la b o r a t iv e  A c c e s s  T e a m  ( M R - C A T )  b e a m l in e  at th e  A d v a n c e d  P h o t o n  

S o u r c e ,  A r g o n n e  N a t io n a l  L a b o r a to r y . A  c r y o g e n i c a l ly  c o o le d  S i(  1 1 1 )  

m o n o c h r o m a t o r  s e l e c t e d  t h e  in c id e n t  e n e r g y  a n d  a  r h o d iu m - c o a t e d  m ir r o r  r e je c te d  

h ig h e r  o r d e r  h a r m o n ic s  o f  th e  fu n d a m e n ta l  b e a m  e n e r g y .
T h e  e x p e r im e n t  s e t u p .w a s  s im i la r  to  th a t o u t l in e d  b y  J a c o b y  ( J a c o b y ,

2 0 0 1 ) .  A  s t a in le s s  s t e e l  m u l t i - s a m p le  h o ld e r  ( 3 .0  m m  i.d . c h a n n e ls )  w a s  u s e d  to  

m o n it o r  th e  in  s itu  r e d u c t io n  o f  6  s a m p le s  d u r in g  a  s in g le  T P R  ru n . A p p r o x im a t e ly
1 2 .5  m g  o f  e a c h  s a m p le  w a s  lo a d e d  a s  a  s e l f - s u p p o r t in g  w a fe r  in  e a c h  c h a n n e l .  T h e  

c a t a ly s t  to  d i lu e n t  w e i g h t  w a s  a p p r o x im a t e ly  0 .1 .  S u p p o r te d  c o b a l t  c a ta ly s t  s a m p le s  

w e r e  d i lu t e d  w ith  s u f f ic i e n t  S iC >2 to  a l l o w  fo r  th e  w a f e r  to  b e  a  s e l f - s u p p o r t in g .  T h e  

h o ld e r  w a s  p la c e d  in  th e  c e n t e r  o f  a  q u a r tz  tu b e , e q u ip p e d  w ith  g a s  a n d  th e r m o c o u p le  

p o r ts  a n d  K a p to n  w i n d o w s .  T h e  a m o u n t  o f  s a m p le s  u s e d  w a s  o p t im iz e d  fo r  th e  P t  

L ]ii-e d g e  a n d  A g - K  e d g e ,  c o n s id e r in g  th e  a b s o r p t io n  b y  A1 a n d  S i o f  th e  s u p p o r t .  
T h e  s a m p le s  w e r e  p r e tr e a te d  ( to  e n s u r e  d r y n e s s )  o f f  l in e  in  f l o w in g  a ir  at 2 0 0  ° c  fo r
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15  m in ,  c o o le d  d o w n  to  r o o m  te m p e r a tu r e  a n d  tr a n sfe r r e d  in to  th e  e x p e r im e n t  h u tc h .  
T h e  q u a r tz  tu b e  w a s  p la c e d  in  a  c la m s h e l l  fu r n a c e  m o u n t e d  o n  p o s i t io n in g  ta b le .  
E a c h  s a m p le  c e l l  w a s  p o s i t io n e d  r e la t iv e  to  th e  b e a m  b y  f in e ly  a d ju s t in g  th e  p o s i t io n  

o f  th e  ta b le  to  a n  a c c u r a c y  o f  2 0  p m  ( f o r  r e p e a t  s c a n s ) .  O n c e  th e  s a m p le  p o s i t i o n s  

w e r e  f in e - t u n e d ,  th e  r e a c to r  w a s  p u r g e d  w i t h  h e l iu m  fo r  m o r e  th a n  5 m in  a t 3 0  

m l/m in  th e n  th e  r e a c ta n t  g a s  (F E /F Ie , 4 % )  w a s  f lo w e d  th r o u g h  th e  s a m p le s  ( 3 0  

m l/m in )  a n d  a  te m p e r a tu r e  r a m p  o f  0 .7 ° c / r r t in  ( s ta r t in g  fr o m  ~ 5 0  ๐c  a fte r  a  m o r e  

ra p id  s ta r tu p ) w a s  in it ia te d  fo r  th e  fu r n a c e
T h e  P t L [ ii-e d g e  s p e c tr a  w e r e  r e c o r d e d  in  t r a n s m is s io n  m o d e  a n d  a  P t  

m e t a l l i c  f o i l  s p e c tr u m  w a s  m e a s u r e d  s im u l t a n e o u s ly  w i t h  e a c h  s a m p le  s p e c tr u m  fo r  

e n e r g y  c a l ib r a t io n .  X -r a y  a b s o r p t io n  s p e c tr a  fo r  e a c h  s a m p le  w e r e  c o l le c t e d  fr o m  

1 1 6 3 2  -  1 2 1 0 8  e V ,  w ith  a  s t e p  s iz e  o f  10  e V  a n d  a c q u is i t io n  t im e s  o f  3 0  m in  p e r  

s c a n .  B y  m e a s u r in g  e a c h  s a m p le ,  in tu rn , a n d  r e p e a t in g , th is  a l l o w e d  3 3  s c a n s  to  b e  

c o l l e c t e d  fo r  e a c h  s a m p le  o v e r  a 1 6  h o u r  a n d  a  h a l f  p e r io d . T h e  s a m p l e ' s  

te m p e r a tu r e  c h a n g e  fr o m  th e  a b s o r p t io n  e d g e  th r o u g h  th e  e n d  o f  th e  s c a n  w a s  th e n  

a b o u t  4 .0  ° c ,  w h i l e  e a c h  s a m p le  w a s  m e a s u r e d  a p p r o x im a t e ly  e v e r ) '  2 2 .6  ° c .  W h i le  

th e  A g  K - e d g e  s p e c tr a  w e r e  a ls o  r e c o r d e d  in  t r a n s m is s io n  m o d e  a n d  a  A g  m e t a l l i c  

f o i l  s p e c tr u m  w a s  e m p lo y e d  fo r  e n e r g y  c a l ib r a t io n . X -r a y  a b s o r p t io n  sp e c tr a  w e r e  

c o l l e c t e d  fr o m  2 5 2 6 6  -  2 6 1 5 7  e V ,  w ith  a  s t e p  s iz e  o f  15  e V  a n d  a c q u i s i t io n  t im e s  o f  

3 0  m in  p e r  s c a n . B y  m e a s u r in g  e a c h  s a m p le ,  in  tu rn , a n d  r e p e a t in g , t h is  a l lo w e d  3 3  

s c a n s  to  b e  c o l l e c t e d  fo r  e a c h  s a m p le  o v e r  a  16  h a n d  a  h a l f  p e r io d . T h e  s a m p l e ’ร 

t e m p e r a tu r e  c h a n g e  fr o m  th e  a b s o r p t io n  e d g e  th r o u g h  th e  e n d  o f  th e  s c a n  w a s  th e n  

a b o u t  3 .5  ° c ,  w h i l e  e a c h  s a m p le  w a s  m e a s u r e d  a p p r o x im a t e ly  e v e r y  2 3 .3  ° c .  A f t e r  

t h e  s a m p le  te m p e r a tu r e  r e a c h e d  to  3 5 0  ° c ,  th e  s a m p le  w a s  th e n  h e ld  at th is  

te m p e r a tu r e  fo r  6  h 3 0  m in  a n d  th e  s c a n s  w e r e  a ls o  d o n e  a s  f u n c t io n  o f  t im e .  T h e n ,  
th e  c a ta ly s t  s a m p le s  w e r e  c o o le d  d o w n  to  r o o m  te m p e r a tu r e  a n d  th e  f in a l  s c a n s  w e r e  

p e r fo r m e d .
X A N E S  s p e c tr a  w e r e  p r o c e s s e d  u s in g  th e  W in X A S  p r o g r a m  ( R e s s le r ,  

1 9 9 7 ) .  F o r  th e  c a s e  o f  P t p r o m o te d  c a t a ly s t s ,  s im u l t a n e o u s  p r e  a n d  p o s t - e d g e  

b a c k g r o u n d  r e m o v a l  w a s  c a r r ie d  o u t  u s in g  d e g r e e  2  p o ly n o m ia l  n o m im a ls  o v e r  th e  

r a n g e s  1 1 .4 1 3 - 1 1 .4 9 8  a n d  1 1 .6 6 2 - 1 2 .0 7 6  k e V ,  r e s p e c t iv e ly ,  a n d  n o r m a l iz a t io n  b y  

d i v i s i o n  o f  th e  h e ig h t  o f  th e  a b s o r p t io n  e d g e .  F o r  A g  p r o m o te d  c a t a ly s t s ,  X A N E S



s p e c tr a  w e r e  p r o c e s s e d  in  th e  s a m e  m a n n e r  b u t o v e r  th e  p r e - e d g e  r a n g e  o f  2 5 .3 4 2 -  

2 5 .4 4 4  k e V  a n d  th e  p o s t - e d g e  r a n g e  o f  2 5 .6 1 5 - 2 5 .1 2 2  k e V  w ith  n o r m a l iz a t io n .  O n c e  

th e  s p e c tr a  w e r e  p r o c e s s e d ,  th e y  w e r e  c o m p a r e d  w ith  r e f e r e n c e  c o m p o u n d s .  F o r  P t -  

2 5 % C o /A l 2 0 3 , a ll  o f  th e  b e g in n in g  s p e c tr a  c l o s e l y  r e s e m b le  th e  b u lk  P t 0 2  r e fe r e n c e  

c o m p o u n d . T h e r e f o r e ,  th e  in it ia l  s p e c tr u m  fo r  e a c h  c a ta ly s t  w a s  u s e d  a s  th e  

r e f e r e n c e  fo r  P t0 2  in  th e  s a m p le .  A s  th e  te m p e r a tu r e  tr a je c to r y  w a s  f o l lo w e d ,  it w a s  

c le a r ly  o b s e r v e d  th at a P t Û 2 to  P tO  tr a n s i t io n  to o k  p la c e  fo r  a ll  th e  s a m p le s ,  
c o n s id e r in g  th e  w h i t e  l in e  in t e n s it i e s  a n d  th e  l in e  s h a p e s .  F u r th e r  f o l lo w i n g  th e  

te m p e r a tu r e  tr a je c to r y , th e  c o n v e r s io n  fr o m  P tO  to  P t°  o c c u r r e d . T h e  c a t a ly s t  s p e c tr a  

a t 3 5 0  °c r e s e m b le  th e  s p e c tr u m  o f  P t° , s o  th e y  w e r e  u s e d  a s  a  P t°  r e fe r e n c e .  T o  

s p e c i f y  th e  s p e c tr u m  o f  P tO  in  th e  c a ta ly s t  s a m p le s ,  w h ic h  h a s  a  l in e  s h a p e  s im i la r  to  

P tC >2 b u t w i t h  a n  a t te n u a te d  in te n s ity ,  a  l in e a r  c o m b in a t io n  f i t t in g  w a s  p e r fo r m e d  

u s i n g  P t0 2  a n d  P t° in  s a m p le s  a s  r e fe r e n c e s .  T h e  s p e c tr u m  c o m p o s e d  o f  5 0 %  PtC>2 - 

5 0 % P t n w a s  e m p ir ic a l ly  s e l e c t e d  a s  a  P tO  s a m p le  r e fe r e n c e .  F in a l ly ,  a l in e a r  

c o m b in a t io n  f i t t in g  w a s  p e r fo r m e d  b y  u s in g  t h o s e  3 P t r e fe r e n c e  c o m p o u n d s  fo r  

a n a ly z in g  s p e c tr a  a lo n g  th e  te m p e r a tu r e  tr a je c to r y . F o r  A g - 2 5 % C o / A l 2 0 3 c a ta ly s t ,  
th e  s ta r t in g  s p e c tr a  o f  a ll  s a m p le s  d id  n o t  r e s e m b le  a n y  b u lk  A g  c o m p o u n d  

r e f e r e n c e s  ( i . e . ,  A g O , A g 2 0 ). H o w e v e r ,  it h a s  b e e n  p r e v io u s ly  s u g g e s t e d  th a t A g 2 0  

w a s  m o r e  l ik e ly  to  b e  a  A g  s p e c ie s  in  c a l c in e d  s a m p le s  ( K u z m in  e t  a h , 2 0 0 6 ) .  A l o n g  

w it h  th e  te m p e r a tu r e  tr a je c to r y , it w a s  o b v i o u s  th a t A g 2Û  c o n v e r te d  t o  A g ° .  T h u s , a  

l in e a r  c o m b in a t io n  f i t t in g  w a s  p e r fo r m e d  u s in g  A g 2Ü  a n d  A g °  in  th e  s a m p le s  a s  

r e f e r e n c e s .
E X A F S  s p e c tr a  w e r e  a ls o  p r o c e s s e d  u s in g  W in X A S  ( R e s s le r ,  1 9 9 7 ) .  

I n i t ia l ly ,  th e  c a t a ly s t s  w e r e  a n a ly z e d  o v e r  th e  k -r a n g e  2 - 1 2  Â "1. F o r  t h o s e  s p e c tr a ,  
s im u l t a n e o u s  p r e  a n d  p o s t - e d g e  b a c k g r o u n d  r e m o v a l  w a s  c a r r ie d  o u t  w ith  t w o  

p o ly n o m ia l  d e g r e e  2  f u n c t io n s  o v e r  th e  r a n g e s  1 1 .4 1 3 - 1 1 .4 9 8  a n d  1 1 .6 6 2 - 1 2 .0 7 6  

k e V ,  r e s p e c t iv e ly ,  fo r  P t p r o m o t e d  c a t a ly s t s  a n d  o v e r  th e  r a n g e s  2 5 . 3 4 2 - 2 5 . 4 4 4  a n d  

2 5 .6 1 5 - 2 5 .1 2 2  k e V , r e s p e c t iv e ly ,  fo r  A g  p r o m o te d  c a ta ly s t .  T h e  s p e c tr a  w e r e  

n o r m a l iz e d  b y  d iv id in g  b y  th e  h e ig h t  o f  th e  e d g e  ju m p . S p e c tr a  w e r e  th e n  c a l ib r a te d  

v e r s u s  th e  P t°  o r  A g °  r e f e r e n c e  s p e c tr u m , a n d  th e n  c o n v e r t e d  to  k - s p a c e .  A  c u b ic  

w e ig h t e d  d e g r e e  7  s p l in e  w a s  u s e d  to  r e m o v e  th e  b a c k g r o u n d  o f  th e  x (k )  fu n c t io n .  
F in a l ly ,  th e  d a ta  in  k - s p a c e  w e r e  F o u r ie r  tr a n s fo r m e d  to  R - s p a c e  u s in g  a  B e s s e l
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w i n d o w  to  o b ta in  th e  r a d ia l d is tr ib u t io n  f u n c t io n  ( u s in g  a  k 3- w e i g h t i n g  fo r  P t 

p r o m o te d  c a t a ly s t s  a n d  k 1 - w e i g h t i n g  fo r  A g  p r o m o te d  c a ta ly s t s ) .  E X A F S  f i t t in g s  

w e r e  c a r r ie d  o u t  u s in g  th e  c a t a ly s t s  in  th e ir  f in a l s ta te  f o l lo w i n g  T P R  a n d  c o o l i n g .  
A l l  c a t a ly s t s  d is p la y e d  h ig h  q u a li ty  d a ta  o v e r  th e  k -r a n g e  o f  2 - 1 2  Â ' 1 r a n g e . In R -  

s p a c e  fo r  P t p r o m o te d  c a t a ly s t s ,  th e  f ir s t  P t - C o  c o o r d in a t io n  s h e l l  w a s  i s o la t e d  b y  

e m p lo y in g  a  B e s s e l  w i n d o w  a n d  th e n  t a k in g  th e  b a c k -F o u r ie r  T r a n s fo r m . A f te r  

c o n v e r t in g  to  x ( k ) ,  f i t t in g  o f  th e  s p e c tr a  w a s  c a rr ied  o u t  in  k - s p a c e  u s in g  F E F F I T  

( N e w v i l l e ,  2 0 0 5 ) .  T h e  k - r a n g e  e m p lo y e d  w a s  3 - 1 2  À "1. T h e  F E F F  p r o g r a m  (R e h r  e t
a h . 1 9 9 2 ) w a s  u s e d  to  c o n s t r u c t  a  m o d e l  o f  P t - C o  F C C  t o  b e  u s e d  in  f i t t in g ,  a n d  th e  

a t o m ic  c o o r d in a t e s  o f  P t F C C  (w ith  la t t ic e  p a r a m e te r s )  w e r e  in p u t te d  to  th e  F E F F  

p r o g r a m  w ith  th e  a id  o f  th e  p r o g ra m  A t o m s  ( R a v e l ,  2 0 0 1 ) .  In o r d e r  to  u s e  

c o o r d in a t io n  n u m b e r  a s  a  f i t t in g  p a r a m e te r , th e  a m p l i tu d e  r e d u c t io n  fa c to r  S o 2 m u s t  

b e  f ix e d  fo r  a ll s c a t te r in g  p a th s  in  th e  s o l i d ,  a n d  it w a s  a s s u m e d  to  b e  0 .9  b y  th e  

z e r o t h  o r d e r  a p p r o x im a t io n .  F o r  A g  p r o m o te d  c a t a ly s t s ,  th e  fir s t A g - C o  a n d  A g - A g  

c o o r d in a t io n  s h e l l s  in  R - s p a c e  w e r e  id e n t i f ie d  a n d  a ls o  i s o la te d  by u s in g  a  B e s s e l  

w i n d o w  a n d  th e n  b a c k  F o u r ie r  tr a n s fo r m e d  to  k - s p a c e .  F it t in g  w a s  p e r fo r m e d  o v e r  

th e  k -r a n g e  o f  2 - 1 0  Â "1. T h e  m o d e l  fo r  A g  c o n s i s t e d  o f  A g - C o  a n d  A g - A g  b o n d s  

g e n e r a te d  b y  th e  F E F F  a n d  A t o m s  p r o g r a m s . T h e  a m p l i tu d e  r e d u c t io n  fa c to r  s 02 o f  

0 .9  w a s  a ls o  a p p lie d .

7 .3 .7  C a ta ly t ic  A c t i v i t y  T estim z
F T S  r e a c t io n  t e s t s  w e r e  c o n d u c t e d  u s in g  a  1 L C S T R  e q u ip p e d  w ith  a  

m a g n e t i c a l ly  d r iv e n  s t ir rer  w i t h  tu r b in e  im p e l le r ,  a g a s - in le t  l in e ,  a n d  a  v a p o r  o u t le t  

l in e  w ith  a  s t a in le s s  s t e e l  ( S S )  fr itted  f i l t e r  ( 7  p m )  p la c e d  e x te r n a l t o  t h e  r e a c to r . A  

t u b e  f it te d  w i t h  a  S S  fr it te d  f i l t e r  (2  p m  o p e n in g )  e x t e n d s  b e lo w  th e  l iq u id  l e v e l  o f  

th e  r e a c to r  fo r  w i t h d r a w in g  r e a c to r  w a x  to  m a in ta in  a n e a r ly  c o n s ta n t  l iq u id  l e v e l  in  

th e  r e a c to r . S e p a r a te  m a s s  f l o w  c o n t r o l le r s  w e r e  u s e d  to  c o n t r o l  th e  f l o w  o f  

h y d r o g e n  a n d  c a r b o n  m o n o x i d e  at th e  d e s ir e d  f l o w  ra te . T h e  r e a c ta n t  g a s e s  w e r e  

p r e m ix e d  in  a  v e s s e l  b e f o r e  e n te r in g  th e  r e a c to r . C a r b o n  m o n o x i d e  w a s  p a s s e d  

th r o u g h  a  v e s s e l  c o n t a in in g  le a d  o x id e - a lu m in a  to  r e m o v e  tr a c e s  o f  ir o n  c a r b o n y ls .  
T h e  m ix e d  g a s e s  e n te r e d  th e  C S T R  b e l o w  th e  stir rer  o p e r a te d  at 7 5 0  rp m . T h e  

r e a c to r  s lu rry  te m p e r a tu r e  w a s  m a in ta in e d  c o n s ta n t  b y  a  te m p e r a tu r e  c o n t r o lle r .
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P r io r  to  p e r f o r m in g  th e  r e a c t io n  te s t ,  th e  c a ta ly s t  ( - 1 3 . 0  g )  w a s  g r o u n d  

a n d  s ie v e d  to  4 5 - 9 0  p m , a n d  th e n  lo a d e d  in to  a  f ix e d - b e d  r e a c to r  fo r  e x - s i t u  

r e d u c t io n  at 3 5 0  ๐c  u n d e r  a t m o s p h e r ic  p r e s s u r e  fo r  15 h u s in g  a g a s  m ix t u r e  o f  

H 2/ H e  ( 6 0  N L /h )  w it h  a m o la r  r a t io  o f  1 :3 . T h e  r e d u c e d  c a ta ly s t  w a s  th e n  tr a n sfe r r e d  

to  a  1 L  c o n t in u o u s ly  s t ir r e d  ta n k  r e a c to r  ( C S T R )  c o n t a in in g  3 1 5  g  o f  m e lte d  

P o ly w a x  3 0 0 0 ,  b y  p n e u m a t ic  tr a n sfe r  u n d e r  th e  p r o t e c t io n  o f  a  N 2 in er t  g a s .  
W e ig h in g  th e  r e a c to r  b e fo r e  a n d  a f te r  th e  tr a n s fe r  o f  c a ta ly s t  w a s  d o n e  to  e n s u r e  th at 

a ll c a t a ly s t  p o w d e r  w a s  s u c c e s s f u l ly  tr a n sfe r r e d  to  th e  r e a c to r . T h e  tr a n sfe r r e d  

c a t a ly s t  w a s  fu r th e r  r e d u c e d  in - s i t u  a t 2 3 0  ๐c  at a tm o s p h e r ic  p r e s s u r e  u s in g  p u re  

h y d r o g e n  ( 3 0  N L / h )  fo r  a n o th e r  10 h  b e fo r e  s ta r t in g  th e  F is c h e r - T r o p s c h  s y n t h e s is  

( F T S )  r e a c t io n .
In t h i s  s tu d y , th e  F T S  c o n d i t io n s  u s e d  w e r e  2 2 0  °c, 2 .2  M P a , FI2/C O  =

2 .1 .  T h e  r e a c ta n t  g a s  m ix t u r e  w a s  a n a ly z e d  p r io r  to  s e n d in g  to  th e  r e a c to r  to  e n su r e  

th e  c o m p o s i t io n .  T h e  r e a c t io n  p r o d u c ts  w e r e  c o n t in u o u s ly  r e m o v e d  fr o m  th e  v a p o r  

s p a c e  o f  th e  r e a c to r  a n d  p a s s e d  th r o u g h  t w o  tr a p s , a  w a r m  trap  m a in ta in e d  a t 1 0 0  ๐c  

a n d  a  c o ld  trap  h e ld  at 0  ๐c .  T h e  u n c o n d e n s e d  v a p o r  s tr e a m  w a s  r e d u c e d  to  

a t m o s p h e r ic  p r e s s u r e .  T h e  g a s  f l o w  w a s  m e a s u r e d  u s in g  a  w e t  t e s t  m e te r  a n d  

a n a ly z e d  b y  o n l in e  G C . T h e  a c c u m u la te d  r e a c to r  l iq u id  p r o d u c ts  w e r e  r e m o v e d  

e v e r y  2 4  h b y  p a s s in g  th r o u g h  a  2  p m  s in te r e d  m e ta l f i lt e r  lo c a t e d  b e l o w  th e  l iq u id  

l e v e l  in  th e  C S T R . C o n v e r s io n s  o f  C O  w e r e  o b ta in e d  b y  g a s - c h r o m a t o g r a p h y  

a n a ly s i s  ( m ic r o - G C  e q u ip p e d  w i t h  th e r m a l c o n d u c t iv i t y  d e t e c t o r s )  o f  th e  o u t le t  g a s  

p r o d u c t . T h e  r e a c t io n  p r o d u c ts  w e r e  c o l le c t e d  in  th ree  tr a p s  m a in ta in e d  a t d if f e r e n t  

te m p e r a tu r e s ;  a  h o t  trap  ( 2 0 0  ° C ) ,  a  w a r m  tra p  ( 1 0 0  ° C ) ,  a n d  a c o ld  trap  ( 0  ° C ) .  T h e  

p r o d u c t s  w e r e  s e p a r a te d  in to  d i f f e r e n t  f r a c t io n s  ( r e w a x , w a x ,  o i l .  a n d  a q u e o u s )  fo r  

q u a n t i f i c a t io n .  F lo w e v e r ,  th e  o i l  a n d  w a x  f r a c t io n s  w e r e  m ix e d  p r io r  to  G C  a n a ly s is  

( J a c o b s  e t  a h , 2 0 0 9 ) .  T o  in v e s t ig a t e  th e  e f f e c t  o f  Pt a n d  A g  o n  th e  a c t iv i t y  a n d  

s e l e c t i v i t y ,  a  r e f e r e n c e  C O  c o n v e r s io n  o f  a b o u t  5 0 %  w a s  u s e d  a n d  a c h ie v e d  b y  

a d j u s t in g  th e  s p a c e  v e l o c i t y  in  a l l  c a s e s .  A c t i v i t i e s  w e r e  c o m p a r e d  b y  a d ju s t in g  

s p a c e  v e l o c i t y  a n d  m e a s u r in g  th e  s p a c e  v e l o c i t y  u s e d  to  a c h i e v e  5 0 % C O  c o n v e r s io n ,  
w h i l e  s e l e c t i v i t i e s  w e r e  d ir e c t ly  c o m p a r e d  at th e  s a m e  le v e l  o f  c o n v e r s io n .



7.4 Results and Discussion

7 .4 .1  B E T  a n d  P o r o s i t y  M e a s u r e m e n t
T h e  r e s u lt s  o f  s u r f a c e  area  a n d  p o r o s i ty  d a ta  a s  m e a s u r e d  h v  N :  

p h y s is o r p t io n  at 7 7  K  a re  s h o w n  in  T a b le  7 .1 .  S a s o l  C a t a lo x - 1 5 0  Y -A E O 3 w a s  u s e d  

a s  a  c a t a ly s t  s u p p o r t  a n d  its  s p e c i f i c  B E T  s u r f a c e  is  1 5 0  m 2/ g .  B e c a u s e  th e  a n a ly s i s  

w a s  ta k e n  fo r  c a lc in e d  c a t a ly s t s ,  C 0 3 O 4 w a s  d e e m e d  to  b e  a  m a jo r  c o b a l t  o x id e  

c o m p o u n d  in  th is  c a t a ly s t  ( J a c o b s  e t  a l . ,  2 0 0 1 ) .  3 4 % C o 3 0 4 b y  w e ig h t  w a s  c a lc u la t e d  

b y  a s s u m in g  2 5 w t % C o  m e t a ls  in  C 0 /A I 2O 3 c a t a ly s t  w e r e  c o m p l e t e ly  c o n v e r t e d  to  

C 0 3 O 4 a f te r  c a lc in a t io n .  T h u s , i f  A I 2O 3 is  th e  o n l y  c o n tr ib u to r  to  th e  a r ea , th e n  th e  

a rea  o f  2 5 % C o /  A I 2O 3 c a t a ly s t s  s h o u ld  b e  1 5 0  X 0 .6 6  =  9 9  m 2/ g ,  w h ic h  is  v e r y  c lo s e d  

to  th e  m e a s u r e d  v a lu e  o f  9 8 .4  m 2/ g .  I n te r e s t in g ly '  P t p r o m o te r  s e e m s  to  h a v e  an  

e f f e c t  o n  th e  B E T  r e s u lt s ,  n a m e ly ,  in c r e a s in g  P t lo a d in g  e v id e n t ly  in c r e a s e s  B E T  

s u r fa c e  a r e a  a n d  s l ig h t ly  d e c r e a s e s  a v e r a g e  p o r e  r a d iu s . O n  th e  o th e r  h a n d , a d d in g  

A g  p r o m o te r  d id  n o t  s ig n i f ic a n t ly  a lt e r  th e  B E T  r e s u lt s  o f  th e  c a ta ly s t ,  e v e n  a t h ig h  

A g  lo a d in g s .

7 .4 .2  T e m p e r a tu r e  P r o u r a m m e d  R e d u c t io n
A s  o b s e r v e d  in  p r e v io u s  s tu d ie s ,  th e  T P R  p r o f i l e s  in  F ig u r e  7 .1  s h o w  

th at e i t h e r  P t o r  A g  p r o m o te r  c a n  s ig n i f ic a n t ly  f a c i l i t a t e  c o b a lt  o x id e  r e d u c t io n .  A s  

p r o p o s e d  in  p r e v io u s  w o r k  (J a c o b s  e t  a h , 2 0 0 7 ) ,  th e  T P R  p r o f i l e  o f  a  C 0 / A I 2O 3 

c a t a ly s t  i s - t y p ic a l ly  c o m p r is e d  o f  t w o  m a in  p e a k s ;  th e  f ir s t  p e a k  c e n te r e d  a t a r o u n d  

3 2 0 .  ° c  r e p r e s e n t in g  th e  c h e m ic a l  c h a n g e  o f  C 0 3 O 4 to  C o O  a n d  th e  a n o th e r  b r o a d e r  

p e a k  ( a b o u t  3  t im e s  th e  a r e a ) s itu a te d  at 5 9 0  ๐c  e x p r e s s in g  th e  s u b s e q u e n t  

c o n v e r s i o n  o f  C o O  to  m e t a l l i c  C o ° . In a  ty p ic a l  T P R  p r o f i le  o f  b o th  u n p r o m o t e d  a n d  

p r o m o te d  C 0 /A I 2O 3 c a t a ly s t s ,  th e  f ir s t  p e a k  is  n o r m a l ly  sh a r p e r  th a n  th e  s e c o n d  p e a k  

s in c e  th e  r e d u c t io n  o f  C 0 3 O 4 is  f a c i le  r e g a r d le s s  o f  e i th e r  m e ta l - s u p p o r t  in te r a c t io n  o r  

c lu s te r  s i z e ,  w h i l e  th e  s u b s e q u e n t  r e d u c t io n  o f  C o O  l ik e ly  d e p e n d s  o n  c lu s t e r  s iz e ,  
w ith  th e  s m a l le r  m o r e  s t r o n g ly  in te r a c t in g  c lu s t e r s  b e in g  m o r e  d i f f i c u l t  to  r e d u c e  

( C o o k  e t  a h , 2 0 1 2 ;  C r o n a u e r  et a h , 2 0 1 2 ;  J a c o b s  e t  a h , 2 0 0 2 ;  S e x t o n  e t  a h , 1 9 8 6 ;  

V a d a  e t  a h , 1 9 9 5 ;  V a n  B e r g e  e t  a h , 2 0 0 1 ;  W a n g  e t  a h , 1 9 9 1 ) .  B e s i d e s  th e  tw o  

p r o m in e n t  p e a k s  p r e s e n te d  in  u n p r o m o te d  C 0 /A I 2O 3 c a ta ly s t  ( b o t t o m ) ,  a  s h o u ld e r
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p e a k  o n  th e  s e c o n d  p e a k  a t a r o u n d  7 0 0  ๐c  w a s  a ls o  o b s e r v e d .  T h is  p e a k  w a s  t h o u g h t  

o f  a s  th e  s m a l l e s t  C o  s u r f a c e  s p e c ie s ,  w it h  th e  g r e a te s t  in te r a c t io n  w it h  th e  s u p p o r t ,  
w h i le  s o m e  c o b a l t  r e m a in s  u n r e d u c e d  u n t i l  e v e n  h ig h e r  te m p e r a tu r e s  a n d  is  r e la te d  to  

a s m a ll  a m o u n t  o f  c o b a lt  th a t is  s a c r i f ic e d  a s  c o b a lt  a lu m in a te  (J a c o b s  e t  a h , 2 0 0 2 ) .
F ig u r e  7 .1 ( A )  s h o w s  th e  e f f e c t  o f  Pt a n d  P t lo a d in g  o n  T P R  p r o f i l e s .  

0 .5 % P t b y  w e i g h t  f o r c e s  th e  c e n te r  o f  th e  f ir s t  p e a k  s h i f t  to  - 1 7 5  ๐c  ( 1 4 5  ° c  s h i f t )  

a n d  th e  s e c o n d  p e a k  to  4 2 0  ° c  ( 1 7 0  ๐c  s h i f t )  r e la t iv e  to  th e  u n p r o m o te d  C 0 / A I 2O 3 

c a ta ly s t .  I n c r e a s in g  P t c a u s e s  fu r th e r  d e c r e a s e s  in  th e  r e d u c t io n  t e m p e r a tu r e s  o f  

c o b a lt  o x i d e s ,  b u t w ith  d im in i s h in g  r e tu r n s . In T P R  p r o f i l e s  o f  0 .5 % P t  a n d  1 .0 % P t-  

2 5 % C o / A 12 0 3  c a t a ly s t s ,  a  s m a ll  p e a k  a t ~  2 4 0  ° c  w a s  o b s e r v e d  a s  a  l o w  te m p e r a tu r e  

s h o u ld e r  o f  th e  s e c o n d  p e a k . T o  id e n tify ' th is  p e a k , q u a n t i f i c a t io n  o f  p e a k  a r e a  w a s  

c o n d u c t e d .  It w a s  fo u n d  th a t th e  a r e a  o f  th is  p e a k  c o m b in e d  w i t h  th e  a rea  o f  th e  

s e c o n d  p e a k  i s  ~  3 t im e s  th a t o f  th e  f ir s t  p e a k . T h e r e f o r e ,  th is  s m a ll  p e a k  l ik e ly  

r e p r e s e n ts  a  f r a c t io n  o f  C o O  h a v in g  a  la r g e r  s iz e  a n d , in  tu rn , a  w e a k e r  in te r a c t io n  

w it h  th e  s u p p o r t .  R e c a l l  th a t th e  s t o ic h io m e t r y  o f  r e d u c t io n  is: C 0 3 O 4 +  112 =  3 C o O  

+  H 20  a n d  3 C o O  +  3 T F  =  3 C o °  +  3 H 20 .  S im i la r ly ,  th e  a d d it io n  o f  0 .2 7 6 % A g  

( a t o m ic a l ly  e q u iv a le n t  to  0 .5 % P t)  a l s o  s h i f t s  b o th  p e a k s  to  lo w e r  te m p e r a tu r e s ,  to  

- 2 7 0  ๐c  ( 5 0  ° c  s h i f t )  a n d  to  - 4 2 0  ๐c  ( 1 7 0  ๐c  s h i f t )  fo r  th e  f ir s t  a n d  th e  s e c o n d  

p e a k s ,  r e s p e c t iv e ly .  C o m p a r e d  w ith  P t, a lth o u g h  A g  a d d it io n  d id  n o t  s h if t  th e  f ir s t  

p e a k  ( l e f t )  to  th e  l o w  te m p e r a tu r e  a c h i e v e d  w ith  P t, in t e r e s t in g ly ,  th e  s h i f t  o f  th e  

s e c o n d  p e a k  (r ig h t )  is  n e a r ly  th e  s a m e .  T o  c o m p le t e  c o b a l t  o x id e  r e d u c t io n  to  m e ta l  

p a r t ic le s ,  r e d u c t io n  te m p e r a tu r e  u s e d  d e p e n d s  o n  th e  e x te n t  o f  r e d u c t io n  o f  th e  

s e c o n d  p e a k  ( C o O  —» C o 0). T h u s , i t  c a n  b e  c o n c lu d e d  th at A g  m a y  s e r v e  a s  a 

s u i t a b le  s u b s t i t u t e  fo r  P t in  f a c i l i t a t in g  C o  r e d u c t io n . M o r e o v e r ,  th e  r e d u c t io n  

te m p e r a tu r e  o f  c o b a lt  o x id e  a p p e a r s  to  d e c r e a s e  w ith  in c r e a s in g  A g  lo a d in g ,  b u t w i t h  

m a r g in a l  im p r o v e m e n t s .  It w a s ,  m o r e o v e r ,  o b s e r v e d  th a t th e r e  is  a  s m a ll  p e a k  

a p p e a r in g  a s  a  h ig h  te m p e r a tu r e  s h o u ld e r  o f  th e  f ir s t  p e a k  in  T P R  p r o f i l e s  o f  

l . l l % A g ,  1 .6 6 % A g ,  2 .2 1 % A g ,  a n d  2 . 7 6 % A g - 2 5 % C o / A l 20 3  c a t a ly s t s .  P e a k  a r e a  

w a s  a g a in  u s e d  fo r  p e a k  id e n t i f ic a t io n .  A s  a r e s u lt ,  th is  p e a k  i s  m o r e  l ik e ly  to  b e  

C o O , a  f r a c t io n  o f  w h ic h  is  la r g e r  a n d  in  w e a k e r  in te r a c t io n  w ith  th e  su p p o r t .
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Table 7.1 T h e  r e s u lt s  o f  B E T  s u r f a c e  a r e a  a n d  p o r o s i t y  m e a s u r e m e n t s ,  h y d r o g e n  c h e m is o r p t io n /p u l s e  r e o x id a t io n ,  a n d  X - r a y  d i f f r a c t io n  
o f  c a t a ly s t s

Catalyst BET SA,
m2/g

Pore vol. 
(single 
point, cmVg

Avg.
•pore
rad.,
nm

H2 desorbed per
gcan
pmol/g

Uncorr.
Metal
disp.,O'

Uncorr.
Co
disp.;\0/

Uncorr.
avg. Co"
diam.u,
nm

0 2 uptake 
per รุ่1,,, 
pmol/g

0 2 uptake 
by Co 
per g,„b, 
pmol/g

% Red. of 
Co

Corr.
metal
disp.,
0/

Corr.
Co
disp ",
%

Corr
avg. Co" 
diam a, 
nm

Est. Co"
diam.
from
XRDC,
nm

25%Co/AI;0, 98 4 0.234 4.5 53.6 2.5 2.5 40.8 1008 1008 35.6 7.1 7.1 14 6 10 4
Pt promoted 25%Co/AI203
0.5%Pt-
25%Co/AI’Ot

98.5 0.218 4.4 132.9 6.2 6.3 16.5 1759 1733 61.3 10.1 10.3 10.0 10.4
103.9 0.255 4.9 157.6 7.3 7.4 13.9 1856 1805 63.8 1 1.4 1 1.7 8.8 8.8

2.0%Pt-
25%Co/AI:Ot

108.8 0.229 4.2 151.2 7,0 7.1 14.4 1699 1596 56.4 12.1 12.8 8.1“ 9.7

25%Co/AI,0,
II 1.9 0.226 4.2 172.2 7.8 8.1 12.7 1799 1646 58.2 13.1 13.9 7.4 J 8.4

4.0%Pt-
25%Co/AI;Ot

113.6 0.237 4.2 163.5 7.4 7.7 13.5 1719 1514 53.5 13.2 14.3 7.2J 8 6
5.0%Pt-
25%Co/A!jO,

123.4 0.228 3.7 185.1 8.4 8.7 II .8 1758 1502 53.1 15.0 16 4 bj3 8.6
Ag promoted 25%Co/AI20.3
0.276%Ag - 
25%Co/Al:0 ,

95.5 0.224 4.7 113.0 5.3 5.3 19.3 1688 1688 59.7 8.6 8.9 11.5 9.2
0.553%Ag-
25%Co/AI:Ot

101.4 0.237 4.7 109.1 5.1 5.1 20.1 1784 1784 63.1 7.7 8.2 12.7 9.6
1.11 %Ag- 
25%Co/AI;0,

102.1 0 245 4.8 108.4 5.0 5.1 20.2 1717 1717 60.7 8.2 8.4 12.3 10.0
1,66%Ag- 
25%Co/AI;0,

100.5 0.245 4.9 97.8 4.5 4.6 22 4 1700 1700 60 1 6.9 7.7 13.5 10.1
2.2l%Ag-
25%Co/AhOi

97.3 0.236 4.9 90.3 4.1 4.3 24.2 1748 1748 61.8 6.5 6.9 15.0 9.2
2.76%Ag-
25%Co/AI203

95.6 0.222 4.7 100.7 4.5 4.8 21.7 1729 1729 61.1 7.0 7,8 13.3 9.8

aAssume H2 desorbed from only Co metal sites. I

'’Assume oxidation o f Pt° to Pt02 (Rehr et al., 1992) and no oxidation of \g° (Weaver et al., 2005).

cFrom analysis o f 20 peak at 37° for Co30 4 (3 11) anci assuming a contraction o f 0.75 in converting to the. metal after reduction.

dAssumption that H2 desorbed only from Co metal sites slightly underestimates Co° size at higher promoter loadings. นJ
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T h e  j u s t i f i c a t i o n  fo r  th is  is  th a t th e  a rea  o f  th is  p e a k  c o m b in e d  w ith  th a t o f  th e  b ro a d  

h ig h  te m p e r a tu r e  p e a k  is  a p p r o x im a te ly  3 t i m e s  th a t o f  th e  f ir s t  p e a k . It i s  w id e ly  

s u g g e s t e d  th at แ 2  d i s s o c ia t io n  a n d  s p i l lo v e r  o n  th e  P t m e ta l  s u r f a c e  i s  l ik e l y  to  b e  a  

c a t a ly t ic  m e c h a n is m  fo r  a c c e le r a t in g  c o b a lt  o x id e  r e d u c t io n  ( J a c o b s  e t  a h ,  2 0 0 2 ;  

J a c o b s  e t  a h , 2 0 0 7 ;  J a c o b s  e t  a l . ,  2 0 0 9 ;  W a n g  e t  a l . ,  1 9 9 1 ) ,  e v e n  th o u g h  th e  p r e c is e  

m e c h a n i s m  s t i ll  r e m a in s  u n c le a r . H o w e v e r ,  E X A F S  r e s u lts  f r o m  o u r  p r e v io u s  w o r k  

( J a c o b s  e t  a l . ,  2 0 0 4 )  a n d  o f  ( G u c z i  e t  a l . ,  2 0 0 2 )  h a v e  r e p o r te d  th at p la t in u m  is  In  

c o n t a c t  w ith  c o b a lt  a t th e  a t o m ic  le v e l ,  f o r m in g  P t-C o  b o n d s ,  a n d  th e r e fo r e  a  

c h e m ic a l  e f f e c t  ( i . e . ,  a l lo y  a s  a n  a c t iv e  p h a s e )  s h o u ld  a ls o  b e  c o n s id e r e d .  T h e  

p r o m o t io n  o f  A g  in  C 0 /A T O 3 c a t a ly s t  w a s  a ls o  r e p o r te d  in  o u r  p r e v io u s  w o r k  (J a c o b s  

e t  a l . ,  2 0 0 9 ) ,  a n d  a  p r e lim in a r y  X A S  s tu d y  s h o w e d  th at h ig h ly  d is p e r s e d  s i l v e r  o x id e  

p a r t ic le s  w e r e  p r e s e n t  a n d  l ik e ly  to  b e  in  c l o s e  p r o x im ity  to  c o b a l t  o x id e  in  f r e s h ly  

c a lc in e d  c a ta ly s t s .  A f t e r  r e d u c t io n ,  th e  A g  m e ta l  p h a s e  w a s  d e t e c t e d  a t h ig h  A g  

lo a d in g .  T h e r e f o r e ,  it is  r e a s o n a b le  to  s u g g e s t  H 2 d i s s o c ia t io n  a n d  s p i l lo v e r  o n  th e  

A g  m e t a l  s u r fa c e  a s  a  p o s s ib le  m e c h a n is m . It is  im p o r ta n t  to  d e te r m in e  i f  A g - C o  

b o n d s  a re  d e te c te d  at lo w e r  A g  lo a d in g s .
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F ig u r e  7 .1  ( A )  T P R  p r o f i l e s  o f  (a )  u n p r o m o te d  a n d  P t p r o m o te d  2 5 % C o/A l2 C > 3  

c a t a ly s t s ,  in c lu d in g  ( b )  0 .5 % . ( c )  1 .0 % , (d )  2 .0 % , ( e )  3 .0 % , (1) 4 .0 % , a n d  ( g )  5 .0 %  b y  

w e ig h t  P t. ( B )  T P R  p r o f i l e s  o f  (a )  u n p r o m o te d  a n d  A g  p r o m o te d  2 5 % C o /A B 0 3  

c a t a ly s t s ,  in c lu d in g  ( b )  0 .2 7 6 % , ( c )  0 .5 5 3 % . (d )  1 .1 1 % , ( e )  1 .6 6 % , ( f )  2 .2 1 % , a n d  ( g )  

2 .7 6 %  b y  w e i g h t  A g ,  a t o m ic a l ly  e q u iv a le n t  to  t h o s e  o f  P t, r e s p e c t iv e ly .

7 .4 .3  H y d r o g e n  C h e m is o r p t io n /P u ls e  R e o x id a t io n  a n d  X -r a y  D if f r a c t io n
E v id e n c e  fr o m  T P R  p r o f i l e s  i l lu s tr a t e s  th at a d d in g  e i th e r  P t o r  A g  

d o e s  le a d  to  a  s u b s t a n t ia l  im p r o v e m e n t  in  th e  r e d u c t io n  o f  c o b a lt  o x i d e s  in  C 0 / A I 2O 3 

c a t a ly s t s  a n d , m o r e o v e r ,  th e  ty p e  o f  m e ta l  p r o m o te r  ( i . e . ,  Pt o r  A g )  a n d  th e ir  l o a d in g s  

a p p e a r  to  e x h ib i t  s ig n i f ic a n t  d i f f e r e n c e s  in  r e d u c in g  c o b a lt  o x id e s .  T o  v e r i fy  w h e th e r  

t h o s e  im p r o v e m e n t s  tr a n s la te  in to  im p r o v e d  C o  m e ta l  s it e  d e n s i t ie s  a n d  h o w  w e l l  P t 

o r  A g  f a c i l i t a t e  C o  o x i d e  r e d u c t io n  a s  a  f u n c t io n  o f  lo a d in g , H 2 c h e m is o r p t io n  'and  

p u ls e  r e o x id a t io n  w e r e  u t i l i z e d .  C h e m is o r p t io n  o f  h y d r o g e n  f o l l o w i n g  r e d u c t io n  in  

h y d r o g e n  a t 3 5 0  ๐c  fo r  1 0  h  at a t m o s p h e r ic  p r e s s u r e  w a s  u t i l i z e d  to  o b ta in  th e



n u m b e r  o f  m e t a l  s u r fa c e  a t o m s ,  w h ic h  is  c a lc u la t e d  b y  th e  a m o u n t  o f  H 2 d e s o r b e d  

fr o m  T P D  a n a ly s i s  ( J a c o b s  e t  a h , 2 0 0 2 ) .  It w a s  fo u n d  th a t w ith  P t th e  n u m b e r  o f  

m e ta l  s i t e s  m o r e  th an  d o u b le d  c o m p a r e d  to  th e  u n p r o m o te d  c a ta ly s t ,  a n d  m e ta l  s i t e  

d e n s i t y  a ls o  in c r e a s e d  w i t h  in c r e a s in g  P t lo a d in g . F o r  A g  p r o m o te r ,  m e ta l  s i t e  

d e n s i t y  a l s o  in c r e a s e d  b u t a p p r o x im a t e ly  d o u b le d  a n d  a p p e a r e d  t o  d e c r e a s e  w i t h  

fu r th e r  in c r e a s e s  in  A g  lo a d in g .  T h e s e  im p r o v e m e n t s  fo r  b o th  P t a n d  A g  p r o m o te d  

c a ta ly s t s  a r e  c o n s i s t e n t  w i t h  th e  te m p e r a tu r e  s h i f t s  o b s e r v e d  in  T P R  in  F ig u r e  7 .1  a s  

m e n t io n e d  p r e v io u s ly .  B e c a u s e  o f  th e  a b i l ity  o f  P t a n d  A g  m e ta l t o  a d s o r b  แ 2 , th e  

m e a s u r e m e n t  o f  th e  a c tu a l C o 0 m e ta l s u r f a c e  s i t e s  m a y  b e  c o m p l ic a t e d .  T h u s , in  th is  

rep o r t, w e  r e p r e s e n t  th e  d i s p e r s io n  b y  2  te r m s:  to ta l m e ta l  d is p e r s io n  a n d  C o 0 m e ta l  
d is p e r s io n  ( b y  a s s u m in g  H 2 o n ly  fr o m  C o  s u r fa c e ) .  B y  ta k in g  in to  a c c o u n t  b o th  C o  

a n d  m e ta l  p r o m o te r ,  th e ~ u n c o r r e c t e d  m e ta l  d i s p e r s io n  ( i . e . ,  w h ic h  e r r o n e o u s ly  

p r e s u m e s  th a t  th e  C o  a n d  m e ta l  p r o m o te r  a re  c o m p le t e ly  r e d u c e d )  s h o w n  in  c o lu m n  

6  o f  T a b le  1 w a s  in c r e a s e d  s ig n i f ic a n t ly  a f te r  a d d in g  p r o m o te r . A d d in g  5 .0 %  P t b y  

w e ig h t  s h i f t s  %  m e ta l  d i s p e r s io n  to  8 .3 6 %  ( th r e e fo ld  h ig h e r  th a n  u n p r o m o t e d ) ,  w h ic h  

i s  a ls o  m o r e  p r o n o u n c e d  th a n  a t lo w e r  P t lo a d in g .  T h is  i s  d if fe r e n t  fr o m  th e  c a s e  o f  

A g ,  w h e r e  in c r e a s in g  A g  s l i g h t ly  d e c r e a s e s  %  m e ta l  d is p e r s io n  r e la t iv e  to  lo w e r  A g  

lo a d in g s ,  w h i l e  j u s t  u p  to  a r o u n d  a t w o f o ld  h ig h e r  im p r o v e d  %  m e ta l  d i s p e r s io n  fr o m  

th e  u n p r o m o te d  c a ta ly s t  w a s  o b s e r v e d  at th e  l o w e s t  lo a d in g  o f  0 .2 7 6 % A g  

( a t o m ic a l ly  e q u iv a le n t  to  0 .5 % P t) .  B y  ig n o r in g  FB c h e m is o r p t io n  o n  m e t a l l i c  P t a n d  

A g ,  th e  u n c o r r e c te d  C o  d is p e r s io n  is  o b ta in e d , a n d  u n co n n ec te d  C o  d is p e r s io n  is  

s l i g h t ly  h ig h e r  th a n  u n c o r r e c te d  m e ta l d i s p e r s io n  b u t th e  s a m e  tr e n d  r e m a in s .  
Q u a n t i f y in g  th e  d e g r e e  o f  r e d u c t io n  o f  c o b a lt  is  n e c e s s a r y  in o r d e r  to  o b ta in  th e  

c o r r e c te d  m e ta l  d is p e r s io n  a n d  a  m o r e  a c c u r a te  e s t im a t e  o f  C o  c lu s t e r  s iz e .  T h e  

o x y g e n  p u l s e  r e o x id a t io n  e x p e r im e n t  w a s  im m e d ia t e ly  p e r fo r m e d  a f te r  th e  T P D  

e x p e r im e n t .  T h e  to ta l o x y g e n  c o n s u m e d  is  d ir e c t ly  r e la te d  to  to ta l m e ta l  r e d u c e d  

w ith  th e  a s s u m p t io n  th a t C o  o x id iz e d  in to  C 0 3 O 4 . F o r  m e ta l p r o m o te d  C 0 /A I 2O 3 

c a ta ly s t ,  th e  p o s s ib i l i t y  o f  m e t a l l i c  m e ta l  p r o m o te r  to  b e  s im u l t a n e o u s ly  o x id iz e d  

w ith  C o  m e t a l  d u r in g  p u l s e  r e o x id a t io n  m u s t  b e  c o n s id e r e d .  Pt m e ta l  s h o u ld  b e  

o x id iz e d  in to  P tO ?  a fter  c o m p l e t e  r e o x id a t io n  b y  o x y g e n  p u ls e s .  T h e  p r e v io u s  s tu d y  

o f  th e  o x id a t io n  o f  P t ( l  1 1 ) b y  g a s  p h a s e  o x y g e n  a t o m s  b y  W e a v e r  e t  a l .  ( W e a v e r  e t  

a l . ,  2 0 0 5 )  s u g g e s t e d  PtC >2 a s  a  m a in  p la t in u m  o x id e  s p e c ie s  in s te a d  o f  P tO  a fte r
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o x id a t io n  a t 1 7 7  ๐C ; m o r e o v e r  it  c a n  b e  th e r m a lly  to le r a te d  u p  to  4 2 7  °c ( W e a v e r  et  

a h , 2 0 0 5 ) .  A l s o ,  th e  th e r m a l d e c o m p o s i t i o n  o f  P t0 2  (P tC >2 —> P t +  O 2)  o n  c a r b o n  h a s  

b e e n  r e p o r te d  a t 5 0 0  ๐c  ( K in o s h it a ,  1 9 7 7 ) ,  s o  th a t PtC >2 i s  m o r e  l ik e ly  to  e x i s t  a fte r  

o x y g e n  p u ls e  r e o x id a t io n  in  o u r  c a s e .  A c c o r d in g ly ,  to  c o r r e c t  O 2 c o n s u m p t io n  b y  C o  

m e ta l  s i t e s ,  O 2 c o n s u m e d  b y  P t (P t  +  O 2 —» PtC>2 )  m u s t  b e  d e d u c te d . In th e  c a s e  o f  

A g ,  th e  O 2 c o n s u m e d  b y  A g  m e ta l  is  n e g l i g ib le  b e c a u s e  o f  th e  in s t a b i l i t y  o f  a n y  

s i l v e r  o x id e  f o r m s  at 3 5 0  °c, at w h ic h  p u ls e  r e o x id a t io n  is  p e r fo r m e d  ( J a c o b s  e t  a h ,  
2 0 0 9 ) .

It is  c le a r  th at a d d it io n  o f  e i th e r  P t o r  A g  le d  to  a  c o n s id e r a b le  in c r e a s e  

in  th e  e x t e n t  o f  r e d u c t io n  r e la t iv e  to  th e  u n p r o m o te d  c a t a ly s t  ( i .e . ,  - 7 0 %  in c r e a s e  fo r  

e i t h e r  0 .5 % P t  o r  0 .2 7 6 % A g  p r o m o te d  c a t a ly s t s ) ,  w h ic h  is  c o n s i s t e n t  w it h  th e  r e s u lt s  

o f  r e d u c t io n  te m p e r a tu r e  s h i f t s  to  lo w e r  te m p e r a tu r e  a s  o b s e r v e d  in  th e  T P R  p r o f i l e s .  
T h e r e f o r e ,  it s h o u ld  b e  s t r e s s e d  th a t  th e  r o le  o f  P t a n d  A g  p r o m o te r  is  n o t  m e r e ly  to  

im p r o v e  th e  r e d u c ib i l i t y  o f  c o b a l t  o x id e  b u t p r im a r ily  to  a u g m e n t  th e  C o 0 a c t iv e  s it e  

d e n s i t ie s ,  a s  p r e v io u s l y  d e m o n s tr a te d  ( C o o k  e t  a h , 2 0 1 2 ;  G u c z i  e t a h , 2 0 0 2 ;  J a c o b s  e t  

a h , 2 0 0 4 ;  J a c o b s  e t  a h , 2 0 0 2 ;  J a c o b s  e t  a h , 2 0 0 7 ;  J a c o b s  e t  a h , 2 0 0 9 ) .  C o n s id e r in g  

th e  e f f e c t  o f  P t lo a d in g , it a p p e a r s  th at in c r e a s in g  P t s l ig h t ly  d e c r e a s e s  % C o  

r e d u c t io n  a t h ig h  lo a d in g ,  a s  e s t im a t e d  b y  O 2 t itr a t io n , a n d  th is  is  c o n s i s t e n t  w ith  

T P R . T h is  in  tu rn  im p a c ts  th e  c o r r e c te d  a v e r a g e  C o  c lu s t e r  s iz e ,  w h ic h  a p p e a r s  to  

b e c o m e  s m a l le r  a s  P t lo a d in g  in c r e a s e s .  It i s  s u g g e s t e d  th a t h ig h e r  Pt c o n t e n t s  le a d  

t o  a  g r e a te r  f r a c t io n  o f  s m a lle r  c o b a l t  o x id e  c lu s t e r s  b e in g  r e d u c e d , th e r e b y  r e s u lt in g  

in  a n  in c r e a s e  in  th e  fr a c t io n  o f  s m a lle r  C o  c lu s te r s .  T h e  tren d  o f  C o  c lu s t e r  s i z e  

v e r s u s  P t lo a d in g  hi fu r th e r  s u p p o r te d  b y  th e  s i z e  e s t im a te d  b y  X -r a y  d i f f r a c t io n  ( i . e . ,  
th e  C o  c r y s ta l  s i z e  o f  C 0 3 O 4 at 2 9  =  3 7 °  a f te r  a p p ly in g  a c o n t r a c t io n  fa c to r  o f  0 .7 5 ) .

X R D  d if fr a c t io n  p r o f i l e s  o f  P t - 2 5 % C o /A l 2 0 3  a n d  A g - 2 5 % C o /A l2 Ü 3  

c a t a ly s t s  a re  s h o w n  in  F ig u r e  7 .2 ( A )  a n d  F ig u r e  7 .2 ( B ) .  r e s p e c t iv e ly .  R e s u l t s  o f  l in e  

b r o a d e n in g  a n a ly s i s  fo r  e v a lu a t in g  C o  m e ta l  s i z e  ( i . e . ,  th e  C o  c r y s ta l s i z e  o f  C 0 3 O 4 at 

2 0  =  3 7 °  a n d  a p p ly in g  a  c o n t r a c t io n  fa c to r  o f  0 .7 5 )  in  e a c h  c a ta ly s t  a re  s u m m a r iz e d  

in  th e  la s t  c o l u m n  o f  T a b le  7 .1 .  X R D  r e s u lt s  s h o w  th at in  a ll  c a s e s ,  th e  e s t im a t e d  C o 0 

s i z e  is  s im i la r .  I n te r e s t in g ly ,  w h i l e  at l o w  lo a d in g s  o f  e ith e r  A g  o r  P t, th e  

c h e m is o r p t io n  r e s u lt s  a re  c l o s e  to  th e  e s t im a t e s  fr o m  X R D ,  a t h ig h e r  lo a d in g s  o f  P t 

th e r e  is  a  d e v ia t io n  to w a r d  s l i g h t ly  s m a lle r  s i z e ,  a n d  w i t h  A g  th e r e  i s  a  d e v ia t io n
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to w a r d  s l i g h t ly  la r g e r  s i z e .  T h e  la t te r  m a y  in  p a rt r e f le c t  a  d i f f u s io n  p r o b le m  o f  O 2 

p e n e tr a t in g  th e  c o r e  o f  la r g e r  m e ta l  p a r t ic le s  ( H i lm e n  e t  a h , 1 9 9 6 ) .  A s  w e  w i l l  s h o w  

fr o m  r e a c t io n  t e s t in g  d a ta , th e  d e v ia t io n s  a re  l ik e ly  d u e  n o t  to  a  rea l c h a n g e  in  a c tu a l  
c lu s t e r  s i z e ,  b u t r a th e r  to  p r o m o te r  lo c a t io n . W ith  P t, it a p p e a r s  th a t th e r e  m a y  b e  a  

f r a c t io n  o f  P t e x p o s e d  o n  th e  s u r f a c e  a n d  c o n t r ib u t in g  to  th e  H 2 - T P D . W ith  A g ,  th e r e  

i s  l ik e l y  a  f r a c t io n  th a t e s s e n t i a l ly  b lo c k s  C o  s u r fa c e  s i t e s ,  r e s u lt in g  in  a  s l ig h t  

a t te n u a t io n  o f  th e  C o -  s i t e  d e n s i t y .  W h i le  a n  in c r e a s e  in  B E T  s u r fa c e  a r e a  a n d  a  

d e c r e a s e  in  a v e r a g e  p o r e  r a d iu s  a f te r  in c r e a s in g  P t lo a d in g  s u g g e s t  th at at th e  h ig h e r  

Pt lo a d in g s ,  a  fr a c t io n  o f  Pt r e s id e s  o n  th e  s u p p o r t , b e c a u s e  n o  P t-P t  b o n d s  are  

o b s e r v e d  in  E X A F S  ( to  b e  d i s c u s s e d )  s u g g e s t s  th a t  th e  P t is  in c o r p o r a te d  w i t h  C o 0 

c lu s t e r s  d u r in g  r e d u c t io n .  F o r  A g  p r o m o te r ,  th e  a g g lo m e r a t io n  o f  A g  to  fo r m  la r g e r  

A g  c lu s t e r s  d u r in g  r e d u c t io n  at 3 5 0  ๐c  w a s  p r o p o s e d  in  o u r  p r e v io u s  r e p o r t  ( J a c o b s  

et a h , 2 0 0 9 ) .  T h u s ,  th e  p o s s i b i l i t y  o f  s o m e  p o r e  b lo c k in g  at h ig h  A g  lo a d in g  

f o l l o w i n g  a c t iv a t io n  s h o u ld  b e  c o n s id e r e d .  N o t e  th a t th e r e  w a s  n o  s ig n i f ic a n t  c h a n g e  

in  B E T  r e s u lt s  e v e n  a t h ig h  A g  lo a d in g s  a f te r  c a lc in a t io n ,  im p ly in g  th a t th e  A g  is ,  
p r io r  to  r e d u c t io n ,  w e l l  d is p e r s e d  o n  th e  s u r f a c e  o f  C 0 / A F O 3 c a ta ly s t  a s  s m a ll  A g 2Û  

c lu s t e r s  (J a c o b s  e t  a h , 2 0 0 9 ;  K u z m in  e t  a h , 2 0 0 6 ) .  T h e  A g 20  c lu s te r s  f o r m e d  a fte r  

c a lc in a t io n  a re  l ik e l y  lo c a t e d  n e a r  C 0 3 O 4 to  p la y  a  p iv o ta l  r o le  in  f a c i l i t a t in g  c o b a lt  

o x id e  r e d u c t io n  a s  d e s c r ib e d  a b o v e .  A c c o r d in g  to  th is  p o in t ,  th e  p o s s ib i l i t y  o f  A g - C o  

fo r m a t io n  w a s  p o s t u la t e d  a n d  in v e s t ig a t e d  b y  X A S  s tu d y  in  th is  s tu d y . In  

c o n c lu s io n ,  a l t h o u g h  A g  p r o m o te r  is  a b le  to  s a t is f a c t o r i ly  p r o m o t e  C o  r e d u c t io n ,  it 

m a y  b e  u n a b le  to  p r o v id e  s im i la r  C o  s it e  d e n s i t i e s  -as o b s e r v e d  w ith  P t p r o m o te r .  
H o w e v e r  its  p r o m o t in g  a b i l ity  a n d  lo w e r  c o s t  m a k e  it a l lu r in g  a s  a  p o s s ib le  

a lt e r n a t iv e  p r o m o te r .
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F ig u r e  7 .2  ( A )  X - r a y  d i f f r a c t io n  p r o f i l e s  o f  ( a )  u n p r o m o te d  a n d  P t p r o m o te d  

2 5 % C o / A 12 0 3  c a t a ly s t s ,  in c lu d in g  ( b )  0 .5 % , ( c )  1 .0 % , (d )  2 .0 % , ( e )  3 .0 % , ( f )  4 .0 % ,  
a n d  ( g )  5 .0 %  b y  w e i g h t  P t. ( B )  X - r a y  d i f f r a c t io n  p r o f i l e s  o f  ( a )  u n p r o m o te d  a n d  A g  

p r o m o te d  2 5 % C o / A 12C>3 c a ta ly s t s ,  in c lu d in g  (b )  0 .2 7 6 % , ( c )  0 .5 5 3 % , (d )  1 .1 1 % , ( e )
1 .6 6 % , ( f )  2 .2 1 % , a n d  ( g )  2 .7 6 %  b y  w e ig h t  A g ,  a t o m ic a l ly  e q u iv a le n t  to  t h o s e  o f  P t, 
r e s p e c t iv e ly .

7 .4 .4  X A N E S  a n d  Ë X A F S  S p e c t r o s c o p ie s
T h e  n o r m a l iz e d  X A N E S  sp e c tr a  m e a s u r e d  at th e  P t L m -e d g e  in  F ig u r e  

7 .3 ( A )  c o n s i s t  o f  t w o  s p e c tr a  o f  th e  0 .5 % P t - 2 5 % C o /A l2O3 c a ta ly s t s :  th e  o n e  c a lc in e d  

( 3 5 0  °c , in  a ir  f lo w ,  4  h )  a n d  th e  o th e r  r e d u c e d  ( 3 5 0  °c, in  4 % H 2/ H e  f l o w ,  1 0  h ) , P t 

m e ta l ,  a n d  t w o  p la t in u m  o x id e s :  P tO  a n d  P t 0 2. T h e  Pt L | 1I a b s o r p t io n  e d g e  at 

~ 1 1 .5 6 6  k e V  o f  th e  c a lc in e d  c a t a ly s t  i s  c l o s e  to  th a t  o f  P t 0 2, w h i c h  a b s o r b s  a t 1 1 .5 6 6  

k e V  e d g e  ( i . e . ,  + 2  e V  s h if t  fr o m  Eo o f  1 1 .5 6 4 )  ( C h r is t e n s e n  e t  a l . ,  2 0 0 9 ) .  B y  

c o m p a r in g  th e  X A N E S  r e g io n  ( i . e . ,  E o -  1 0 0  e V  <  E  <  Eo +  4 0  e V ;  Eo =  1 1 .5 6 4  k e V ) ,
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th e  X A N E S  l in e  s h a p e s  o f  c a lc in e d  P t - 2 5 % C o /A l ? 0 3  a n d  P tO ?  a re  a ls o  s im i la r .  
M o r e o v e r ,  th e  w h i t e  in t e n s it y  o f  c a l c in e d  c a t a ly s t  m o r e  c l o s e ly  r e s e m b le s  to  th a t o f  

PtC>2 ra th e r  th a n  P tO . T h e  w h it e  l in e  in te n s ity  in  th is  c a s e  fo r  p la t in u m  is  r e la te d  to  

th e  d - e le c t r o n  d e n s i t y  o f  s ta te s . A n  in c r e a s e  in  th e  w h i t e  l in e  in t e n s i t y  d ir e c t ly  s h o w s  

a  d e c r e a s e  in  th e  n u m b e r  o f  e le c tr o n s  in  th e  d o r b ita l ,  s u c h  th at th e  w h i t e  l in e  o f  P tO  

(P t 21) a n d  P t 0 2  (P t4+) c a n  b e  d i s t in g u is h e d .  A n  in v e s t ig a t io n  o f  P t in  c a lc in e d  P t /C o  

c a ta ly s t  h a s  a ls o  s h o w n  th a t Pt is  in  th e  P t4+ o x id a t io n  s ta te  ( C o o k  e t  a h . 2 0 1 2 ) .  O n  

th e  o th e r  h a n d , a f te r  r e d u c t io n  P t Û 2 i s  c o n v e r t e d  in to  P t m e ta l  a s  e v id e n c e d  b y  

c o m p a r in g  th e  X A N E S  s p e c tr u m  to  th a t  o f  th e  P t m e ta l  r e fe r e n c e .
T o  o b s e r v e  th e  te m p e r a tu r e -d e p e n d e n t  c h a n g e s  o f  th e  o x id a t io n  s ta te  

o f  p la t in u m  d u r in g  H 2 r e d u c t io n , th e  T P R - X A N E S  t e c h n iq u e  w a s  a p p lie d . T P R -  

X A N E S  s p e c tr a  o f  P t-  2 5 % C o /A l2 0 3  c a ta ly s t  w it h  3 d i f f e r e n t  P t lo a d in g s  a re  

d e p ic t e d  in  F ig u r e  7 .3 ( B ) .  It is  c le a r ly  s e e n  th a t X A N E S  s p e c tr a  o f  a ll c a t a ly s t s  

c h a n g e  s ig n i f ic a n t ly  w i t h  in c r e a s in g  r e d u c t io n  te m p e r a tu r e  a s  p la t in u m  o x i d e s  are  

c o n v e r t e d  to  m e t a l l i c  P t. P la t in u m  (I I )  o x id e  (P tO )  is  an in te r m e d ia te  Pt s p e c i e s ,  

w h ic h  i s  d e t e c t a b le  b y  X A N E S  s p e c tr a . A  lo w e r  w h i t e  l in e  in t e n s i t y  c o m p a r e d  to  

P t 0 2. a h ig h e r  w h i t e  l in e  in te n s ity  c o m p a r e d  to  P t m e ta l ,  a n d  a  + 1  e V  s h if t  fr o m  Eo at 

th e  Pt L m - e d g e  w e r e  e v id e n t .  T h u s , l in e a r  c o m b in a t io n  f i t t in g s  o f  th e  X A N E S  

s p e c tr a  o f  th e  c a t a ly s t  s a m p le s  w e r e  p e r fo r m e d  u s in g  P t 0 2, P tO , a n d  P t m e ta l  

X A N E S  s p e c tr a  a n d  th e  f i t t in g  r e s u lt s  a re  s h o w n  o n  th e  r ig h t s id e  o f  F ig u r e  7 .3 ( B ) .  
It w a s  f o u n d  th at Pt l o a d in g  h a s  a  m e a s u r a b le  e f f e c t  o n  it s  r e d u c ib i l i ty .  I n c r e a s in g  P t  

n o t ic e a b ly  d e c r e a s e s  th e  r e d u c t io n  te m p e r a tu r e  o f  P t0 2  a n d  P tO  r e s p e c t iv e ly ,  th e r e b y  

a l l o w i n g  th e  Pt m e ta l to  fo r m  at lo w e r  te m p e r a tu r e . 1 8 % P tO  w a s  fo u n d  in  5 .0 % P t-  

2 5 % C o /A l 2 0 3  c a ta ly s t ,  e v e n  at th e  te m p e r a tu r e  o f  r e d u c t io n  a s  l o w  a s  5 0  °c. T h e  

m a x im u m  c o n t e n t  o f  P tO  in  e a c h  c a ta ly s t  s a m p le  w a s  fo u n d  at d i f f e r e n t  

t e m p e r a tu r e s ,  n a m e ly ,  1 8 5  °c, 1 5 0  °c, a n d  1 2 5  °c fo r  0 .5 % P t. 2 .0 % P t ,  a n d  5 .0 % P t -  

2 5 % C o /A l 2 0 3 , r e s p e c t iv e ly .  T h e  o n s e t  te m p e r a tu r e  o f  Pt m e ta l  fo r m a t io n  w a s  a ls o  

fo u n d  to  d e c r e a s e  w ith  in c r e a s in g  lo a d in g  ( 2 1 0 ° c ,  1 7 5  °c. and  1 2 5  °c w e r e  o b s e r v e d  

at 0 .5 % P t , 2 .0 % P t , a n d  5 .0 % P t-2 5 % C o /A l2 O 3 , r e s p e c t iv e ly ) .  F lo w e v e r ,  p la t in u m  

o x id e s  in  a ll  c a t a ly s t s  w e r e  s u c c e s s f u l ly  r e d u c e d  in to  P t m e ta l  a t 3 5 0  °c, a s  a ls o  

s h o w n  in  F ig u r e  7 .3 ( C ) .  In c o n c lu s io n ,  th e  ra te  o f  p la t in u m  o x id e  c o n v e r s io n  to  Pt 

m e ta l  is  im p r o v e d  b y  a d d in g  m o r e  p la t in u m . It h a s  b e e n  s u g g e s t e d  th a t a
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n u c le a t io n /g r o w t h  m o d e l  m a y  d o m in a t e  th is  r e d u c t io n  p r o c e s s .  T h a t is ,  o n c e  P t  

m e ta l  n u c le i  h a v e  f o r m e d , th e y  s e r v e  to  f a c i l i t a t e  o th e r  n e a r b y  m e ta l  o x id e s  to  b e  

r e d u c e d , w h ic h  is  p o s s i b l y  b y  a H i d i s s o c ia t io n  a n d  s p i l lo v e r  m e c h a n is m :  m o r e o v e r ,  
in c r e a s in g  P t lo a d in g ,  w h i l e  it i s  c o s t ly  to  d o  s o ,  a c c e le r a t e s  th is  p r o c e s s .  P t m e ta l  

fo r m e d  d u r in g  th e  r e d u c t io n  p r o c e s s  f a c i l i t a t e s  n o t  m e r e ly  fu r th e r  p la t in u m  o x id e  

r e d u c t io n  b u t c o b a lt  o x i d e  r e d u c t io n  a s  w e l l ,  a s  th e  r e d u c t io n  te m p e r a tu r e s  o f  c o b a l t  

o x id e s  w e r e  o b v i o u s l y  s h i f t e d  to  lo w e r  te m p e r a tu r e  fo r  P t-2 5 % C o /A T 0 3  c a t a ly s t  a s  

s h o w n  in  F ig u r e  7 .1 ( A ) .

5.0% Pt-25% Co/A I2O  3

11.50 11.52 11.54 •ท .56 11.58 11.60 11.62

Photon Energy (keV)
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Photon Energy (keV)

F ig u r e  7 .3  ( A )  N o r m a l i z e d  X A N E S  s p e c tr a  a t th e  P t L ] ii - e d g e  o f  P t - 2 5 % C o /A l20 3 
c a t a ly s t s  ( c a lc in e d  a n d  r e d u c e d )  a n d  P t r e f e r e n c e  c o m p o u n d s ;  P tO , P t 0 2, a n d  P t°.
( B )  ( l e f t )  T P R - X A N E S  s p e c tr a  a n d  (r ig h t)  th e ir  c o r r e s p o n d in g  lin e a r  c o m b in a t io n  

f i t t in g s  fr o m  r e f e r e n c e  s p e c tr a  in  F ig u r e  7 .3  ( A )  o f ,  m o v in g  d o w n ,  0 .5 % P t-  

2 5 % C o / A 120 3; 2 .0 % P t - 2 5 % C o /A l2O 3; a n d  5 .0 % P t - 2 5 % C o /A l2O 3. ( C )  N o r m a l i z e d  

X A N E S  s p e c tr a  a t th e  P t L n i- e d g e  o f  P t p r o m o te d  C o /A 1 20 3 c a t a ly s t s  w i t h  d i f f e r e n t  

lo a d in g s ;  ( s o l i d  l in e )  0 .5 % P t , ( d o t t e d  l in e )  2 .0 % P t ,  a n d  (d a s h e d  l in e )  5 .0 % P t , a fte r  

T P R  a f te r  c o o l i n g  to  a m b ie n t  c o n d i t io n s .

T o  in v e s t ig a t e  th e  lo c a l  a to m ic  s tr u c tu r e  o f  P t p r o m o te d  C o /A 1 20 3 

c a t a ly s t s ,  E X A F S  a n a ly s i s  w a s  p e r fo r m e d . F ig u r e  7 .4 ( A )  p r o v id e s  th e  k 3- w e ig h t e d  

E X A F S  F o u r ie r  T r a n s fo r m  m a g n itu d e  s p e c tr a  o f  th e  P t L |i i - e d g e  f o r  r e le v a n t  

p la t in u m  r e f e r e n c e  c o m p o u n d s  ( i . e . ,  P t°  a n d  P t 0 2) fo r  c a lc in e d  a n d  r e d u c e d  c a ta ly s t s .  
T h e  F T  m a g n i t u d e  s p e c tr u m  o f  th e  c a lc in e d  c a t a ly s t  is  c o m p r is e d  o f  p e a k s  fo r  P t - 0  

a n d  P t-P t  c o o r d in a t io n .  T h e  sp e c tr a  d i f f e r e d  fr o m  b u lk  P t 0 2, a s  th e  p e a k s  

r e p r e s e n t in g  th e  f ir s t  s h e l l  c o o r d in a t io n  o f  P t - 0  a n d  P t-P t a re  b o th  s h i f t e d  to  lo w e r
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d is t a n c e  c o m p a r e d  to  th e  b u lk  PtC>2 , p o s s ib ly  d u e  to  th e  c o n t r a c t io n  o f  t h o s e  b o n d s  

fo r  s m a l l  p la t in u m  o x id e  p a r t ic le s .  A f t e r  r e d u c t io n , th e  r e d u c e d  c a ta ly s t  s h o w e d  a 

d is t in c t  p e a k  at a b o u t  2 .1  Â  in  th e  p h a s e - u n c o r r e c t e d  s p e c tr a . T h is  p e a k  p o s i t i o n  is  

n o t  th e  f ir s t  c o o r d in a t io n  s h e l l  o f  P t m e ta l ,  w h ic h  is  lo c a t e d  a t a ro u n d  2 .7  Â  in  th e  

p h a s e  u n c o r r e c te d  s p e c tr a .  T h e  c h a n g e  in  Pt c o o r d in a t io n  e n v ir o n m e n t  w i t h  th e  

r e d u c t io n  te m p e r a tu r e  c a n  b e  o b s e r v e d  in  T P R - E X A F S  s p e c tr a  in  F ig u r e  7 .4 ( B ) .  A  

l o w  te m p e r a tu r e  P t c o o r d in a t e s  w i t h  b o th  o x y g e n  a n d  p la t in u m  a t o m s  a s  P t is  in  th e  

fo r m  o f  PtC>2 ; th e n , a t a r o u n d  1 7 5  ๐c  t h o s e  b o n d s  d e c r e a s e ,  w h i l e  a  d i s t in c t  p e a k  ( ~
2 . 1  Â )  s ta r ts  to  fo r m  a n d  b e c o m e s  m o r e  o b v i o u s  a s  th e  r e d u c t io n  te m p e r a tu r e  

in c r e a s e s .  A s  P t a to m  w a s  th e  c o r e  a to m , th e  c h a n g e  in  th e  p o s i t io n  o f  th e  F T  

m a g n i t u d e  o f  P t-P t  b o n d  ( ~ 0 .6  Â  s h i f t  to  c lo s e r )  in d ic a t e s  th a t P t-P t  b o n d s  w e r e  n o t  

d e t e c t e d  a f te r  r e d u c t io n  b u t, ra th er , P t - C o  b o n d s  w e r e  fo r m e d  ( C o o k  e t  a l . ,  2 0 1 2 ;  

G u c z i  e t  a l . ,  2 0 0 2 ;  J a c o b s  e t  a l . ,  2 0 0 4 ) .  T h o u g h  P t -C o  b o n d  fo r m a t io n  h a s  b e e n  

e x p lo r e d ,  th e  e f f e c t  o f  P t lo a d in g  o n  th e  fo r m a t io n  o f  th is  b im e t a l l ic  b o n d  h a s  n o t  

b e e n  d i s c l o s e d .  T h e  r e s u lt s  o f  th e  m o d e l in g  p r o c e d u r e  u s in g  F E F F I T  fo r  th e  k 3- 

w e ig h t e d  E X A F S  F o u r ie r  T r a n s fo r m  m a g n itu d e  s p e c tr a  a n d  f i l t e r e d  k 3- w e i g h t e d  x (k )  

s p e c tr a  o f  P t -p r o m o te d  c a ta ly s t  f o l l o w i n g  T P R  e x p e r im e n t  a n d  c o o l i n g  to  a m b ie n t  

c o n d i t io n s  a re  s h o w n  in  F ig u r e  7 .4 ( C ) .  T h e  w e l l - d e f i n e d  p e a k  c o r r e s p o n d s  t o  P t -C o  

b o n d in g  ( G u c z i  e t  a l . ,  2 0 0 2 ;  J a c o b s  e t  a l . ,  2 0 0 4 ) .  T h e  s o l id  l in e s  in  F ig u r e  7 .4 ( C )  

s h o w  th e  e x p e r im e n t a l  d a ta , w h i l e  th e  c i r c le s  p r o v id e  th e  b e s t  fit . 1 h e  f i t t in g  

p a r a m e te r s  a re  s u m m a r iz e d  in T a b le  7 .2 .  G e n e r a l ly ,  th e  r - fa c to r  v a lu e  o f  < 0 .0 2  

in d ic a t e s  a  g o o d  f it , a n d  a ll  c a t a ly s t  s p e c tr a  fa ll b e l o w  th is  v a lu e .  T h e  r e s u lt s  s u g g e s t  

th a t th e  m a jo r ity  o f  P t is  in  in t im a te  c o n t a c t  w ith  J h e  c o b a lt  c lu s te r .  T h e  p r e f e r e n c e  

o f  Pt to  fo r m  b o n d s  w i t h  C o  is  a l s o  s t r e s s e d  b y  r e s u lt s  o f  v a r y in g  P t lo a d in g ,  e v e n  

w h e n  h ig h  a m o u n ts  o f  P t are  a p p l ie d .  M o r e o v e r ,  in c r e a s in g  P t d o e s  n o t  h a v e  a  

s ig n i f ic a n t  e f f e c t  o n  P t -C o  c o o r d in a t io n  n u m b e r  a m o n g  r e d u c e d  c a t a ly s t s  w ith  

d if f e r e n t  P t lo a d in g ,  a s  th e  n u m e r ic a l  r e s u lt s  o f  P t - C o  c o o r d in a t io n  n u m b e r  w i t h  a  

w id e  r a n g e  o f  d e v ia t io n  are  s h o w n  in  c o lu m n  2  o f  T a b le  7 .2 .  A l t h o u g h  F ig u r e  

7 .4 ( D ) ,  a n  o v e r la id  g r a p h  d e p ic t in g  a  c o m p a r is o n  o f  P t -C o  p e a k  in t e n s i t y  o f  a ll  
c a t a ly s t s  a f te r  r e d u c t io n , p r o v id e s  a n  e a s i l y  o b s e r v e d  d i f f e r e n c e  in  in te n s ity ,  it  i s  n o t  

s t a t i s t i c a l ly  d if f e r e n t  a s  m e n t io n e d  a b o v e .  T h u s , it  i s  s u g g e s t e d  th a t e v e n  a t h ig h  Pt 

l o a d in g ,  P t°  s t i l l  r e m a in s  in  g o o d  c o n t a c t  w ith  C o 11. F lo w e v e r .  th e  d e g r e e  o f
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c o o r d in a t io n  b e t w e e n  P t a n d  C o  is  e x p e c t e d  at th e  l o w e s t  Pt lo a d in g ,  at w h ic h  l o w e s t  

m o la r  r a t io  o f  P t to  C o  i s  p r e s e n t . W h i le  th e  a u th o r s  a re  f u l ly  a w a r e  th a t h ig h  c o s t s  

a lr e a d y  p r e c lu d e  th e  u s e  o f  Pt at h ig h  lo a d in g s ,  th e  lo a d in g  s tu d y  s e r v e s  a s  a  p o in t  o f  

r e fe r e n c e  fo r  c o m p a r in g  p o t e n t ia l ly  l e s s  e x p e n s i v e  p r o m o te r s ,  w h e r e  h ig h e r  p r o m o te r  

lo a d in g s  m a y  b e  a c c e p t a b le .
I n v e s t ig a t in g  s i lv e r  p r o m o te r  in  A g  p r o m o te d  C 0 /A I 2O 3 c a ta ly s t ,  X A S  

s c a n n in g  a t th e  A g  K - e d g e  e n e r g y  w a s  p e r fo r m e d  fo r  b o th  r e le v a n t  A g  r e f e r e n c e  

c o m p o u n d s  a n d  c a t a ly s t s  (b e f o r e  a n d  a fte r  r e d u c t io n ) .  A s  a r e s u lt ,  th e X A N E S  

s p e c tr a  a n d  th e  lo c a l  a t o m ic  s tr u c tu r e  o f  A g  in  t h is  c a ta ly s t  w e r e  r e v e a le d  in  th is  

w o r k . A s  s h o w n  in F ig u r e  7 .5 ( A ) ,  A g  in  th e  c a l c in e d  A g - 2 5 % C o /A l 2 0 3  c a t a ly s t  d id  

n o t  r e s e m b le  e ith e r  b u lk  A g 2 0  o r  b u lk  A g O  r e f e r e n c e s .  R e fe r r in g  to  r e s u lt s  fr o m  

p r e v io u s  w o r k  ( K u z m in  e t  a l„  2 0 0 6 ) ,  w h ic h  in v e s t ig a t e d  A g 20 - B 2 0 3  m ix e d  o x i d e s  

a n d  w ith  o u r  p r e v io u s  rep o r t (J a c o b s  e t  a h , 2 0 0 9 ) .  th e  s p e c tr u m  r e p r e s e n t in g  th e  

c a lc in e d  c a t a ly s t  is  l ik e ly  in d ic a t iv e  o f  h ig h ly  d is p e r s e d  A g 2 0  p a r t ic le s  lo c a t e d  in  

c l o s e  p r o x im i t y  to  c o b a l t  o x id e  d o m a in s .  O n  th e  o t h e r  h a n d , th e  s p e c tr u m  o f  r e d u c e d  

0 .2 7 6 % A g - 2 5 % C o /A l2 O 3  m a tc h e s  th a t  o f  th e  A g  f o i l .  M o r e o v e r ,  d u e  to  th e  h ig h e r  

F T  m a g n i t u d e  o b s e r v e d  fo r  th e  A g  f o i l  r e la t iv e  to  th e  r e d u c e d  c a ta ly s t ,  it c a n  b e  

im p lie d  th a t  th e  A g - A g  c o o r d in a t io n  n u m b e r  in  th e  r e d u c e d  c a ta ly s t  is  n o t  a s  la r g e  a s  

th at o f  th e  A g  f o i l  ( i . e . ,  w ith  F C C  s tr u c tu r e  a n d  First s h e l l  c o o r d in a t io n  n u m b e r  o f  

1 2 ). T o  o b s e r v e  e le c t r o n ic  c h a n g e s  o f  A g  d u r in g  th e  r e d u c t io n  p r o c e s s ,  a  T P R -  

X A N E S  e x p e r im e n t  w a s  c o n d u c t e d  a n d  th e  r e s u lt in g  s p e c tr a  o f  c a t a ly s i s  w it h  3 

d if fe r e n t  A g  lo a d in g s  a re  d e p ic te d  in  F ig u r e  7 .5 ( B ) .  In F ig u r e  7 .5 ( B )  ( l e f t ) ,  th e  w h i t e  

l in e  in t e n s i t y  d e c r e a s e d  w i t h  in c r e a s in g  r e d u c t io n  te m p e r a tu r e , in d ic a t in g  a  g r a d u a l  
c h a n g e  f r o m  s i lv e r  o x id e . t o  A g  m e ta l .
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Distance from Absorber (Angstroms)
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Distance from Absorber (Angstroms)

F i g u r e  7 .4  ( A )  k 3- W e ig h t e d  E X A F S  F o u r ie r  tr a n s fo r m  m a g n i t u d e  s p e c tr a  o f  P t 

p r o m o t e d  C 0 / A F O 3 c a t a ly s t s  a n d  Pt r e fe r e n c e  c o m p o u n d s .  ( B )  T P R - E X A F S  k 3-  

W e ig h t e d  F o u r ie r  t r a n s fo r m  m a g n itu d e  s p e c tr a  o f  5 .0 % P t-2 5 % C o /A l2 O 3 , ( C )  k 3- 
w e i g h t e d  E X A F S  F o u r ie r  tr a n s fo r m  m a g n itu d e  s p e c tr a  o f  P t -p r o m o te d  c a t a ly s t s  a fte r  

T P R  a f te r  c o o l i n g  to  a m b ie n t  c o n d i t io n s :  (a )  r a w  k 3 y (k )  v s .  k d a ta ; ( b )  f i l t e r e d  

k 3 x ( k )  v s .  k  d a ta  ( s o l i d  l in e )  a n d  r e s u lt in g  f i t t in g  ( f i l l e d  c i r c le s ) ;  ( c )  F o u r ie r  

t r a n s fo r m  m a g n itu d e  s p e c tr a  ( s o l id  l in e ) ,  a n d  f ir s t  s h e l l  f i t t in g  ( f i l l e d ) ,  m o v in g  

d o w n w a r d .  (I )  0 .5 % P t - 2 5 % C o /A l2O 3; ( H ) 1 .0 % P t - 2 5 % C o /A l2O 3; (111) 2 .0 % P t-  

2 5 % C o / A 120 3; ( I V )  3 .0 % P t - 2 5 % C o /A 1 2O 3; ( V )  4 .0 % P t - 2 5 % C o /A I :CE ( V I )  5 .0 0/nPt- 

2 5 % C o / A 120 3 ( D )  k 3- W e ig h t e d  F o u r ie r  tr a n s fo r m  m a g n itu d e  s p e c tr a  a f te r  th e  T P R  

a fte r  th e  c a t a ly s t s  w e r e  c o o le d  to  a m b ie n t  c o n d i t io n s ,  (a )  0 .5 % P t-2 5 % C o /A l2 C > 3 ; (b )  

1 .0 % P t - 2 5 % C o /A l2O 3; ( c )  2 .0 % P t - 2 5 % C o /A l2O 3; (d )  3 .0 % P t - 2 5 % C o /A l2O 3; ( e )  

4 .0 % P t - 2 5 % C o /A l2O 3; ( f )  5 .0 % P t - 2 5 % C o /A l2O 3.
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Table 7.2 Results of EXAFS fitting parameters for references acquired near the Pt 
L]||-edge. The fitting ranges were approximately Ak = 3-12 Â' 1 and AR = 1.6-2.83 Â, 
So2 = 0.9

C a ta ly s t r , Nc „ P t-C o  (Â ) (e V )
๙  ( A ') r - f a c to r

0 .5 % P t- 6 . 6 2 .5 4 9 6 . 0 0 0 .0 0 6 8 0 .0 0 6 0
2 5 % C o /A I 20 3 ( 0 .5 9 ) (0 .0 0 7 ) ( 1 .0 2 ) ( 0 .0 0 0 8 7 )
1.0 % P t- 7 .0 2 5 5 8 5 .9 9 0 .0 0 7 6 0 .0 0 6 7
2 5 % C o /A I 20 3 ( 0 .6 7 ) (0 .0 0 8 ) (1 .0 9 ) (0 .0 0 0 9 7 )
2 .0 % P t- 7 .6 2 .5 5 5 - 6 .1 8 0 .0 0 6 9 0 .0 0 4 8
2 5 % C o /A I  2(ว3 ( 0 .6 1 ) (0 .0 0 6 ) (0 .9 1 5 ) (0 .0 0 0 7 9 )
3 0 % P t- 6 .7 2 .5 5 7 5 .6 4 0 .0 0 6 7 0 .0 0 6 4
2 5 % C o /A I 20 3 ( 0 .6 1 ) (0 .0 0 7 ) (1 .0 5 ) ( 0 .0 0 0 9 0 )
4 .0 % P t- 7 .2 2 .5 5 7 5 .8 3 0 .0 0 6 2 0 .0 0 6 5
2 5 % C o /A I 20 3 ( 0 .6 7 ) (0 .0 0 7 ) (1 .0 6 ) ( 0 .0 0 0 8 8 )
5 .0 % P t- 6 . 6 2 .5 6 0 5 .5 4 0 .0 0 7 2 0 .0 0 6 7
2 5 % C o /A I 20 3 ( 0 .6 3 ) (0 .0 0 8 ) (1 .0 8 ) ( 0 .0 0 0 9 4 ) J

Photon Energy (keV)
2 5 4 5 2 5 .6 0
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2 5 4 5  2 5 . 5 0  2 5 . 5 5  2 5 . 6 0

Photon Energy (keV)

Figure 7.5 (A) Normalized XANES spectra at the Ag K-edge of Ag-2 5 %Co/Al2 0 3  

catalysts (calcined and reduced) and Ag reference compounds; AgO. Ag2 Û, and 
Ag°. (B) (left) TPR-XANES spectra and (right) their corresponding linear 
combination fittings from reference spectra in Figure 7.5 (A) of, moving down, 
0.276%Ag-25%Co/Al2O3; 1.1 l%Ag-25%Co/Al20 3; and 2.76%Ag-25%Co/Al20 3.
(C) Normalized XANES spectra at the Ag K-edge of Ag promoted Co/AE03 

catalysts with different loadings; (solid line) 0.276%Ag, (dotted line) 1.1 l%Ag, and 
(dashed line) 2.76%Ag, after TPR after cooling to ambient conditions.

A linear combination fitting of the XANES of the catalyst samples with different Ag 
loadings using the Ag30  and Ag metal XANES spectra leads to the results in Figure 
7.5(B) (right). As the amount of Ag increases, Ag metal tends to form at lower 
temperature. The nearly equal amount (5()%-50%) of Ag2 Ü and Ag metal is 
observed at 165 ๐c , 130 ๐£, and 110 ๐c  in 0.276%Ag. l.ll%Ag, and 2.76%Ag- 
25%Co/Al203 catalysts, respectively. Elowever, silver oxide present on each catalyst 
is completely reduced to the metallic form of Ag after PE activation at 350 °c, as
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shown in Figure 7.5(C). A comparison of normalized XANES spectra of Ag- 
promoted C0 /AI2 O3 catalysts was obtained by scanning the catalysts after TPR and 
cooling to ambient conditions. Thus, following activation in IF. highly dispersed 
silver oxides in this catalyst are transformed to Ag metal, which further facilitates the 
reduction of C0 3 CF and, subsequently, CoO species, perhaps via a IF dissociation 
and spillover mechanism (Jacobs et ah, 2002; Jacobs et al., 2007).

Figure 7.6(A) shows the k1-weighted EXAFS Fourier Transform 
magnitude spectra of silver reference compounds (Ag°, Ag2 0, and AgO) and 
catalysts (before.and after reduction). In good agreement with the interpretation of 
the XANES spectra, the EXAFS spectra show that neither the Ag20  spectrum nor the 
AgO spectrum is identical to that of the calcined catalyst, implying that silver oxides 
in the calcined catalyst are in interaction with the Al2 0 3  support. After reduction, 
two prominent peaks were formed. By comparing with the Ag° foil, the one located 
at a distance (~2.8 Â) further from the absorbing Ag atom is assigned to Ag-Ag 
coordination, while the nearer peak (~2.6 Â) correlates well with Ag-Co 
coordination. The peak corresponding to those bond distances become more obvious 
"with increasing degree of reduction, as shown in Figure 7.6(B). To verify those 
peaks, a fitting procedure using FEFF1T for the k'-weighted EXAFS Fourier 
Transform magnitude spectra and filtered k'-weighted x(k) spectra was performed 
for the spectra recorded after reduction and cooling to close to ambient conditions. 
The results of the fitting are displayed in Figure 7.6(C) and fitting parameters are 
summarized in Table 7.3. The model with the best fitting was obtained when the 
first and the second peak in reduced catalysts were assigned to Co-Ag and Ag-Ag 
bonds, respectively. The first shell of Ag-Co coordination number follows the trend 
0.276%Ag-25%Co/AFO3 > 0.553%Ag-25%Co/Al2O3 = 1.1 l%Ag-25%Co/Al20 3 = 
1.66%Ag-25%Co/AF03 > 2.21%Ag-25%Co/Al20 3 > 2.76%Ag-25%Co/Al20 3. On 
the other hand, the trend of first shell Ag-Ag coordination number is opposite, with 
Ag likely forming isolated particles at higher Ag loading. This is evident when the 
spectra are superimposed in Figure 7.6(D). Therefore, the results expand upon our 
previous work for Ag-Co/Al2 0 3  catalyst, and reveal that in addition to the formation 
of Ag-Ag bonds due to segregation of Ag during reduction (Jacobs et ak, 2009), Ag-
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Co bonds are indeed present, such that this bimetallic species may play a role in 
facilitating Co reduction, as well as impacting catalytic performance during FTS.

In conclusion, the coordination of the promoter with Co is 
fundamentally different, as silver offers a much lower degree of coordination to 
cobalt on a per atom basis relative to platinum at the same atomic ratio. Moreover, 
Ag-Ag first shell coordination was observed even at the lowest Ag loadings after 
complete activation in H2 , while Pt-Pt bonds were not apparent, even at levels as 
high as 5%Pt. However, either Pt or Ag promoted C0 /AI2 O3 catalysts can
significantly facilitate the reduction of cobalt oxides as shown by the results of TPR 
and แ 2 chemisorption/pulse reoxidation above. This significantly different atomic 
structure of Ag promoter relative to Pt, a commercial promoter, could conceivably 
pose problems in terms of maintaining coordination following regeneration cycles.
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Distance from Absorber (Angstroms)

Figure 7.6 (A) k'-Weighted EXAFS Fourier transform magnitude spectra of Ag 
promoted C0 /AI2 O3 catalysts and Ag reference compounds (not to scale), (B) TPR- 
EXAFS k'-Weighted Fourier transform magnitude spectra of 2.76%Ag- 
25%Co/A120 3, (D) k1-weighted EXAFS Fourier transform magnitude spectra of Ag- 
promoted catalysts after TPR after cooling to ambient conditions: (a) raw k' x(k) vs. 
k data; (b) filtered k' x(k) vs. k data (solid line) and resulting fitting (filled circles); 
(c) Fourier transform magnitude spectra (solid line), and first shell fitting (filled), 
moving downward. (I) 0.276%Ag-25%Co/Al2O3; (II) 0.553%Ag-25%Co/Al2O3; (III) 
l.ri%Ag-25%Co/Al20 3; (IV) 1.66%Ag-25%Co/Al20 3; (V) 2.21%Ag-25%Co/Al20 3; 
(VI) 2.76%Ag-25%Co/Al20 3 (C) k'-Weighted Fourier transform magnitude spectra 
after the TPR after the catalysts were cooled to ambient conditions, (a) 0.276%Ag- 
25%Co/Al20 3; (b) 0.553%Ag-25%Co/Al2O3; (c) 1 . 1  l%Ag-25%Co/Al20 3; (d) 
1.66%Ag-25%Co/Al20 3; (e) 2.21%Ag-25%Co/Al20 3; and (0 2.76%Ag- 

-25%Co/Al20 3.
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T a b le  7 . 3  Results of EXAFS fitting parameters for references acquired near the Ag K-edge. The fitting ranges were approximately 
Ak = 2-10 A'1 and AR = 1.5-3.1 À, So2 = 0.9

Catalyst Ag-Co Ag-Co
(À)

N
Ag-Ag

R
Ag-Ag

(À)
N Ag-Co 
!N Ag-Ag

eo (eV) a2 (À2) r-factor
Ag foil

1
- - 12 2.858

(0.Ô081) -
0.370

(0.493)
0.0106

(0.0007) 0.015
Ag-Ag fitting only
0.276%Ag-
25%Co/A120 3 - -

6.6
(4.5)

2.764
(0.084) - ๙?, 0.0277

(0.0178) 0.212
Ag-Co and Ag-Ag fitting
0.276%Ag- 
25%Co/Al20 3 (024°๑

2.676
(0.017) ((459)

2.758 
(0 018) 0.59 -1.92

(1.00)
0.0112

(0.0027) 0.022
0.553%Ag-
25%Co/A120 3 «5 2.657

(0.018) (05« ,
2.786

(0.014) 0.36 -0.879
(0.724)

0.0147
(0.0021) 0.016

1.1 l%Ag-
25%Co/A1203 5, 2.649

(0.020) J i 2.810
(0.012) 0.25 -0.541

(0.582)
0.0169

(0.0019) 0.011
1,66%Ag-
25%Co/A120 3 5) 2 663 

(0.025) (06s ï
2.804

(0.014) 0.27 -0.896
(0.751)

0.0155
(0.0023) 0.017

2.21%Ag-
25%Co/A120 3 T, 2.660

(0.026) (0 90)
2.817

(0.014) 0.23 -0.506
(0.691)

0.0164
(0.0022) 0.015

2.76%Ag-
25%Co/A120 3 A 2.667

(0.030) (0 85)
2.829

(0.011) 0.16 -0.340
(0.570)

0.0155
(0.0017) 0.0098
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7.4.5 Catalytic Testin»
As demonstrated in the literature, adding either Pt or Ag promoter can 

significantly improve CO conversion on C0 /AI2 O3 catalyst on a per gram catalyst 
basis (Cook et ah, 2012; Jacobs et ah, 2009; Schanke et ah, 1995; Wang et ah, 1991). 
The enhancement in conversion rate after introducing metal promoter stresses that 
one primary role of promoters is to provide a higher Co metal active site density for 
carrying out the reaction. Note that not_all metals found to promote reduction led to 
improved Xco; Cu was one metal that clearly promoted Co oxide reduction, but led to 
negative effects on both CO conversion and product selectivity (Jacobs et ah, 2009). 
In addition to the aim of improving the reducibility of cobalt oxide and enhancing the 
CO conversion rate, it was also our intent to further investigate the possibility of 
decreasing the hydrogenating activity of Co with the aim of decreasing light products 
(e.g., CH4 ) and CO2 and thus increase liquid HC product selectivity (C5+). 
Comparisons of product selectivity generated from Pt and Ag promoted catalysts 
were thus conducted at the same level of conversion. The CO conversion was set at 
-50% (i.e., industrially relevant conditions) by adjusting space velocity as a basis of 
comparison. The influences of Pt and Ag promoter and loadings on product 
selectivities are summarized in Table 7.4.

For Pt promoted catalyst, it is obvious that Pt slightly increases the 
formation of C H 4  and CO2 and decreases C 5 +  as compared to the unpromoted 
catalyst at -50% CO conversion. However. Pt promoter significantly increased the 
catalyst initial activity on a per gram catalyst basis, as indicated by the much higher 
space velocities (12-16 NL/g-cat/h) used to achieve -50% CO conversion at the 
beginning of FTS for the 0.5-5%Pt promoted Co catalysts relative to the unpromoted 
2 5 %Co/A1 ? 0 3  catalyst (4.2 NL/g-cat/h). Considering the effect of Pt loading with 
time on stream (TOS), once CO2 , C F I 4  and C5+ selectivities were established, their 
changes with time on stream were unnoticeable. CO2 selectivity was found to 
increase measurably (0.8%, 1.1%, and 3.2% for unpromoted, 0.5%Pt-promoted, and 
5%Pt promoted, respectively) with increasing Pt loading. The catalysts deactivated 
with time, and the space velocity was adjusted to maintain ~50%CO conversion. 
Another interesting perspective is the effect of Pt loading on the activity of the 
catalyst on per gram basis. Considering space velocity adjustments, it is clear that
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h i g h e r  s p a c e  v e l o c i t i e s  w e r e  a p p l i e d  in  th e  c a s e  o f  h i g h e r  P t  l o a d i n g .  T h i s  m e a n s  

t h a t  P t  d o e s  h e l p  to  p r o m o t e  C O  c o n v e r s i o n  p e r  u n i t  m a s s  o f  c a t a l y s t .  N e v e r t h e l e s s ,  

t h e  p r o d u c t  s e l e c t i v i t y  d o e s  n o t  r e m a i n  t h e  s a m e ,  a n d  P t  t e n d s  to  c o n t r i b u t e  t o  h i g h e r  

C H 4  a n d ,  e s p e c i a l l y ,  t o  m o r e  C O 2 . C o n s e q u e n t l y ,  a n o t h e r  i m p o r t a n t  c o n c l u s i o n  t o  b e  

d r a w n  f r o m  t h i s  w o r k  is  t h a t  w h i l e  h ig h  l e v e l s  o f  P t  l o a d i n g  a r e  a b l e  to  p r o d u c e  

h ig h e r  C O  c o n v e r s i o n ,  i t  c o m e s  a t  t h e  e x p e n s e  o f  s l i g h t  l o s s e s  in  f a v o r a b l e  C 5 +  

s e l e c t iv i ty .  T h e  r e m a r k a b l e  i n c r e a s e  in  C O 2 s e l e c t i v i t y  w i t h  i n c r e a s i n g  P t  a l s o  

s u g g e s t s  t h a t  t h e  w a t e r - g a s  s h i f t  ( W G S )  r e a c t i o n  p a t h w a y  is  e n h a n c e d ,  a s  P t  m e ta l  

l ik e l y  s e r v e s  a s  a n  a c t i v e  s i t e  f o r  t h i s  r e a c t i o n  ( B u n l u e s i n  e t  a h ,  1 9 9 8 ;  G r e n o b l e  e t  a h ,  

1 9 8 1 ;  K a l a m a r a s  e t  a h ,  2 0 0 8 ;  P h a t a k  e t  a h ,  2 0 0 7 ) ,  p e r h a p s  b y  f a c i l i t a t i n g  t h e  

d e h y d r o g e n a t i o n  o f  f o r m a te  d u r i n g  s t e a m - a s s i s t e d  f o r w a r d  f o r m a t e  d e c o m p o s i t i o n  

( J a c o b s  e t  a h ,  2 0 1 0 ) .  W i th  h i g h e r  w a t e r  g a s  s h i f t  r e a c t i o n  r a t e s ,  h i g h e r  C O 2 a n d  แ 2 

l e v e l s  a r e  o b t a i n e d  a n d ,  s u b s e q u e n t l y ,  th e  a d d i t i o n a l  แ 2 m a y  a c c e l e r a t e  t h e  

h y d r o g e n a t i o n  r e a c t i o n  o n  C o  s i t e s ,  t h u s  o b s t r u c t i n g  th e  lo n g  c h a i n  H C  g r o w t h  o n  

t h e s e  s i t e s ,  in  a g r e e m e n t  w i th  t h e  l o w e r  C 5+  s e l e c t i v i t i e s  a n d  h i g h e r  m e t h a n e  

s e l e c t i v i t y  a s  m e n t i o n e d  p r e v i o u s l y .  H i g h e r  C H 4 s e l e c t i v i t y  m a y  b e  th e  r e s u l t  o f  a  

h ig h e r  h y d r o g e n  s u r f a c e  p o o l  a s  a  r e s u l t  o f  a  h i g h e r  H 2 d i s s o c i a t i o n / s p i l l o v e r  r a t e  d u e  

to  P t .  A n o t h e r  p o s s i b i l i t y  is  a  s l i g h t l y  h i g h e r  W G S  r a t e  ( p e r h a p s  d u e  to  P t / a l u m i n a  

s p e c i e s ) .  A  s l i g h t l y  h i g h e r  C O 2  p r o d u c t i o n  r a t e  w a s  o b s e r v e d  a t  h ig h  P t  l o a d i n g  

w h ic h  in  t u r n  i n d i c a t e s  t h a t  a  s m a l l  a m o u n t  o f  แ 2 is  l ik e ly  f o r m e d  b y  W G S .  

T h e r e f o r e ,  in  o r d e r  t o  a p p ly  P t  a s  a  p r o m o t e r  f o r  C 0 / A I 2 O 3 F T  c a t a l y s t ,  C O  

c o n v e r s i o n  a n d  p r o d u c t  s e l e c t i v i t i e s  m u s t  b e  c o m p r o m i s e d ,  s u c h  t h a t  l o w  P t  l o a d i n g s  

a r e  w a r r a n t e d ,  a s i d e  f r o m  th e  c o s t  f a c t o r .

F o r  A g  p r o m o t e d  c a t a l y s t ,  t h e  r e s u l t  in  s e l e c t i v i t y  is  i n t r i g u i n g  a s  A g  

p r o m o t e r  w a s  c o n f i r m e d  to  l o w e r  t h e  c h a i n  t e r m i n a t i o n  r a t e  o f  C o ,  a s  a  d e c r e a s e  111 

m e t h a n e  s e l e c t i v i t y  w a s  o b t a i n e d ,  a n d  C 5 +  H C  p r o d u c t  s e l e c t i v i t y  i n c r e a s e d .  C O 2 

s e l e c t i v i t y  w a s  a l s o  d i m i n i s h e d ,  i n d i c a t i n g  th a t  A g  m e ta l  i n h i b i t s  C O 2 f o r m a t i o n .  

T h i s  m e a n s  t h a t  A g  m e ta l  i n h i b i t s  t h e  w a t e r  g a s  s h i f t  ( W G S )  r e a c t i o n ,  in  c o n t r a s t  to  

P t  m e ta l .  W i t h  i n c r e a s i n g  A g  l o a d i n g ,  i n i t i a l l y  t h e  c a t a l y s t  s t i l l  p e r f o r m e d  w i t h  

h ig h e r  C 5 +  s e l e c t i v i t y  in  l in e  w i th  t h e  l o w e r  lo a d e d  A g  p r o m o t e d  c a t a l y s t ,  b u t  C H 4  

a n d  C O 2 s e l e c t i v i t i e s  t e n d e d  to  s l i g h t l y  i n c r e a s e  d u r i n g  - 1 5 0  h  o f  t e s t i n g .  B e c a u s e  

lo c a l  a t o m i c  s t r u c t u r e  s h o w s  t h a t  A g - C o  b o n d  f o r m a t i o n  is  f a v o r a b l e  a t  l o w e r
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l o a d i n g ,  i t  i s  s u g g e s t e d  t h a t  t h i s  A g - C o  i n t e r a c t i o n  m a y  s e l e c t i v e l y  i n h i b i t  s o m e  

a c t i v e  s i t e s  f o r  C H 4  a n d  C O 2 f o r m a t i o n ,  w h i l e  a t  h i g h  A g  l o a d i n g ,  s i l v e r  t e n d s  to  

f o r m  m o r e  A g  m e ta l  c l u s t e r s  a n d  t h u s  h i g h e r  A g - A g  c o o r d i n a t i o n ;  t h i s  t e n d e n c y  m a y  

r e s u l t  in  s i t e s  f o r  i n h i b i t i n g  C H 4  b e i n g  l o s t  w i th  t im e  o n - s t r e a m  f o r  t h e  m o r e  h e a v i l y  

A g  l o a d e d  c a t a l y s t s .  I t  h a s  b e e n  p r e v i o u s l y  r e p o r t e d  t h a t  A g - a c t i v e  m e ta l  a l l o y s  in  

c a t a l y s t s  f o r  s e l e c t i v e  h y d r o g e n a t i o n  r e a c t i o n s  o f  b u t a d i e n e  a n d  a c e ty l e n e  d o  

s u p p r e s s  h y d r o g e n a t i o n  r e a c t i o n s  ( B o r o d z i n s k i  e t  a h ,  2 0 0 8 ;  R e d j a l a  e t  a h ,  2 0 0 6 ) .  A t  

l o n g e r  t i m e s  o n  s t r e a m ,  s l i g h t  i n c r e a s e s  in  C H 4  a n d  C O 2 s e l e c t i v i t i e s  a n d  s l i g h t  

d e c r e a s e s  in  C 5 +  s e l e c t i v i t y  w e r e  o b s e r v e d  f o r  a l l  l o a d i n g s ;  h o w e v e r ,  t h e  s e l e c t i v i t i e s  -  

a r e  s t i l l  b e t t e r  t h a n  b o th  t h e  u n p r o m o t e d  c a t a l y s t  a s  w e l l  a s  t h e  P t - p r o m o t e d  c a t a l y s t .

T o  r e i t e r a t e ,  t h e  n e g a t i v e  s e l e c t i v i t y  c h a n g e s  w i th  T O S  m i g h t  b e  d u e  to  t h e  

s e g r e g a t i o n  o f  A g  d u r in g  t h e  r e a c t i o n  t h a t  l e a d s  to  t h e  f o r m a t i o n  o f  a  s e p a r a t e  A g  

m e t a l l i c  p h a s e  ( J a c o b s  e t  a h ,  2 0 0 9 ) ,  w h i l e  lo s i n g  A g - C o  c o o r d i n a t i o n  th a t  r e t a r d s  

C H 4 a n d  C O 2 f o r m a t i o n .  A s  w i th  P t  p r o m o t e d  c a t a l y s t ,  t h e  C O  c o n v e r s i o n  o f  A g  

p r o m o t e d  c a t a l y s t s  d e c l i n e d  w i th  T O S  b e c a u s e  C o  a c t i v e  s i t e s  a r e  lo s t  b y  

d e a c t i v a t i o n  p r o c e s s e s ,  w h i c h  w e r e  n o t  a n a l y z e d  in  t h i s  c o n t r i b u t i o n ,  s u c h  t h a t  l o w e r  

s p a c e  v e l o c i t i e s  w e r e  r e q u i r e d  to  r e t a i n  t h e  ~ 5 0 %  C O  c o n v e r s i o n  l e v e l .  U n l i k e  t h e  

c a s e  o f  P t  p r o m o t e r ,  i n c r e a s i n g  A g  l o a d i n g  d e c r e a s e d  c a t a l y s t  a c t i v i t y  o n  a  p e r  g r a m  

c a t a l y s t  b a s i s ,  a s  c l e a r l y  o b s e r v e d  b y  t h e  l o w e r  s p a c e  v e l o c i t y  t h a t  w a s  n e e d e d  to  

m a k e  e q u i v a l e n t  5 0 %  C O  c o n v e r s i o n  w h e n  h ig h e r  l o a d i n g s  o f  A g  w e r e  a p p l i e d .  

T h i s  s u g g e s t s  t h a t  A g  m e ta l  c l u s t e r s  d o m i n a t i n g  a t  h ig h  A g  l o a d i n g  i m p e d e  a c c e s s  o f  

r e a c t a n t s  t o  C o  a c t i v e  s i t e s ,  e i t h e r  b y  p o r e  b l o c k i n g  o r  c o v e r i n g  o f  s i t e s .  A m o n g  

d i f f e r e n t  A g  l o a d i n g s  t h e  b e s t  A g  l o a d i n g  w a s  f o u n d  to  b e  t h e  l o w e s t  l e v e l  

( 0 .2 7 6 % A g ) ,  p r o v i d i n g  th e  h i g h e s t  a c t i v i t y  c o u p l e d  w i t h  t h e  h ig h e s t  C 5 +  s e l e c t i v i t y  

a m o n g  a l l  t h e  c a t a l y s t s  t e s t e d .

T o  s u m m a r i z e  t h u s  f a r ,  a l t h o u g h  t h e r e  w a s  f o u n d  a  f u n d a m e n t a l  

d i f f e r e n c e  in  t h e  lo c a l  a t o m i c  s t r u c t u r e  b e t w e e n  P t  a n d  A g  p r o m o t e r  in  C 0 / A I 2 O 3 

c a t a l y s t s ,  b o t h  a r e  a b le  t o  e f f e c t i v e l y  c a t a l y z e  t h e  r e d u c t i o n  o f  c o b a l t  o x i d e  a n d  

p r o v i d e  h i g h e r  C o 0  s i t e  d e n s i t i e s  f o r  t h e  r e a c t i o n  r e l a t i v e  to  th e  u n p r o m o t e d  c a t a l y s t ;  

m o r e o v e r ,  t h e y  a l s o  p r o v i d e  g o o d  a c t i v i t y  f o r  t h e  F T  r e a c t i o n  w i t h  s a t i s f a c t o r y  

s e l e c t i v i t i e s ,  e s p e c i a l l y  in  t h e  c a s e  o f  A g  t h a t  c a n  s l i g h t l y  l o w e r  C H 4  a n d  C O 2 

f o r m a t i o n  a n d  i m p r o v e  C 5 +  p r o d u c t  s e l e c t i v i t i e s .
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T a b l e  7 .4  A c t i v i t y  a n d  s e l e c t i v i t y  o f  th e  F is c h e r - T r o p s c h  s y n t h e s i s  r e a c t io n  o n  u n p r o m o t e d  C 0 / A I 2O 3 c a t a ly s t  c o m p a r e d  to  P t a n d  A g  
p r o m o te d  C 0 / A I 2O 3 c a t a l y s t s a

C a ta ly s t T O S , h C O  c o n v e rs io n , % S p a c e  v e lo c ity ,  
N L /g cat/h

H y d r o c a rb o n  s e le c t iv i ty ,  
c a rb o n  a to m  %

C 0 2 se l .,  
c a rb o n  a to m  %

C H 4 c ,+
2 5 % C o /A l20 3

8 .7 -5 3 5 1 .0 3 .4 -4 .2 8 .3 8 2 .5 0 .8
5 3 -1 4 5 5 1-4 2 .8 8 .9 8 0 .0 0 .9

0 .5 % P t-2 5 % C o /A I 2O 3
6 .3 -5 8 5 2 .0 1 .7 -1 2 9.1 8 1 .2 1.1
5 8 -1 2 1 ‘ 4 8 .2 1 .1 -1 .7 10 .9 7 8 .9 1.4

2 .0 % P t-2 5 % C o /A l2O 3
6 .0  -5 8 4 5 .0 9 .0 -1 2 .0 9.1 8 1 .9 1.1
5 8 -1 4 3 5 0 .6 6 .2 -6 .9 9 .2 8 1 .2 1.8

5 .0 % P t-2 .5 % C o /A I2O 3
6 .0 -5 5 .0 5 2 .5 1 0 -1 6 .0 9 .5 8 0 .7 3 .2
7 1 -1 7 5 4 9 .5 9 .1 -1 0 9 .9 7 9 .0 4 .0

0 .2 7 6 % A g -2 5 % C o /A 2(ว3
6 .0 -4 8 4 6 .4 8 .8 -1 2 7 .4 84.1 0 .4
5 6 -1 4 9 4 9 .4 4 .5 -7 .0 7 .9 8 2 .3 0  5

1.1 l% A g - 2 5 % C o /A l203
6 .0 -4 8 48 .1 8 .3 -1 2 7 .3 8 3 .7 0 .4
5 5 -1 4 5 50 .1 5 .0 -6 .2 8 .4 8 1 .4 0 .6

2 .7 6 % A g -2 5 % C o /A l20 3
6 .0 -4 6 4 4 .5 7 .0 -1 2 7 .6 84.1 0 .6
4 9 -1 2 0 4 8 .7 3 .4 -4 .8 8 .3 8 1 .2 0 .8

R e a c t i o n  c o n d i t i o n s :  2 2 0  ๐c ,  3 0 0  p s i g ,  H 2/ C O  =  2 .1
น'ไ
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7 .5  C o n c lu s io n

A  s e r ie s  o f  P t lo a d e d  c o b a lt  c a t a ly s t s  w a s  p r e p a r e d  a s  a  r e f e r e n c e  fo r  

c o m p a r in g  th e  e f f e c t i v e n e s s  o f  A g  a s  a  p r o m o te r , a s  it i s  m u c h  l e s s  c o s t ly .  In 
a g r e e m e n t  w i t h  o u r  p r e v io u s  r e p o r ts , P t a n d  A g  p r o m o te r s  d o  fa c i l i t a t e  th e  r e d u c t io n  

o f  c o b a lt  o x i d e s  a n d  im p r o v e  th e  n u m b e r  o f  a c t iv e  C o  m e ta l  s u r fa c e  s i t e s .  A l t h o u g h  

in c r e a s in g  A g  e n h a n c e s  C o  r e d u c t io n , in  c o n t r a s t  to  P t th e  m e ta l  s it e  d e n s i t y  d o e s  n o t  

in c r e a s e  w ith  fu r th e r  in c r e a s e  in  lo a d in g .  W h i le  it is  k n o w n  th a t P t in  C 0 /A I 2O 3 

c a t a ly s t  is  in  in t im a te  c o n t a c t  a t th e  a t o m ic  l e v e l  w ith  c o b a l t  c lu s t e r s ,  w ith  P t - C o  

b o n d s  b e in g  r e a d i ly  o b s e r v e d ,  th is  w o r k  d e m o n s tr a te s  th a t  th is  h o ld s  tru e  e v e n  at 

v e r y  h ig h  p r o m o te r  lo a d in g s .  A g  p r o m o te r  c a n  a ls o  in te r a c t  w it h  C o  to  fo r m  A g - C o  

b o n d  in  A g  p r o m o t e d  C 0 / A I 2O 3 c a t a ly s t s .  H o w e v e r ,  u n l ik e  Pt p r o m o te r ,  A g  

p r o m o te r  a ls o  d i s p la y s  c o o r d in a t io n  to  o th e r  A g  a to m s  a n d  a  p e a k  fo r  A g - A g  f ir s t  

s h e l l  c o o r d in a t io n  a fte r  c o m p le t e  a c t iv a t io n  in  H 2 i s  e v id e n t .  M o r e o v e r ,  th e  fr a c t io n  

o f  A g  in  c o o r d in a t io n  w ith  C o  d e c r e a s e s  a s  a fu n c t io n  o f  A g  p r o m o te r  lo a d in g ,  
r e v e a l in g  th a t th e  in te r a c t io n  o f  s i lv e r  w i t h  c o b a lt  is  n o t  a s  h ig h  a s  in  th e  c a s e  o f  

p la t in u m . W h i le  e i th e r  P t - C o  b o n d s  o r  A g - C o  b o n d s  f o r m e d  in  C 0 /A Ç O 3 c a n  

s ig n i f ic a n t ly  f a c i l i t a t e  th e  r e d u c t io n  o f  c o b a l t  o x id e s ,  th e  fu n d a m e n t a l ly  d i f f e r e n t  

a t o m ic  s tr u c tu r e  o f  th e  A g  p r o m o te r  r e la t iv e  to  P t p la y s  a  d if f e r e n t  r o le  in  p r o d u c t  

s e l e c t i v i t y  o f  th e  F is c h e r - T r o p s c h  s y n t h e s is  r e a c t io n . P t p r o m o te r  in c r e a s e s  C H 4 a n d  

C O 2 , a t th e  e x p e n s e  o f  C 5+ . T h e  g r e a te r  th e  a m o u n t  o f  P t, th e  h ig h e r  C H 4 a n d  C O 2 

s e l e c t i v i t i e s .  W a t e r  g a s  s h i f t  ( W G S )  a c t iv i t y  o f  P t is  a t l e a s t  in  p a rt r e s p o n s ib le  fo r  

th e  a d v e r s e  e f f e c t .  I n te r e s t in g ly ,  c o m p a r e d  to  b o th  P t p r o m o te d  a n d  u n p r o m o te d  

c a t a ly s t s ,  A g  p r o m o te r  at a ll  lo a d in g s  d e c r e a s e s  C H 4 a n d  C O 2 a n d  b e n e f i t s  C5+ 
s e l e c t i v i t y .  H o w e v e r ,  in c r e a s in g  A g  d o e s  n o t  im p r o v e  s e l e c t i v i t y  b u t ra th e r  w o r s e n s  

it r e la t iv e  to  l o w e r  lo a d in g s ,  w h ic h  m a y  b e  a ttr ib u te d  l o s s e s  in  A g - C o  b o n d in g  th a t  

in h ib i t s  e x c e s s i v e  h y d r o g e n a t io n  a n d /o r  W G S . D e s p i t e  a  s o m e w h a t  lo w e r  

p e r fo r m a n c e  fo r  p r o m o t in g  C o  m e ta l s i t e  d e n s i t y  r e la t iv e  to  P t. th e  s a t is f a c t o r y  

a c t iv i t y  a n d  h ig h e r  s e l e c t i v i t y  o b ta in e d  w i t h  A g  p r o m o te r  a n d , in  p a r t ic u la r , i t s  m u c h  

l o w e r  p r ic e  r e la t iv e  to  P t, m a k e s  A g  a n  im p o r ta n t  c a n d id a te  a s  a  p o s s i b l e  s u b s t itu te .
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7 .6  A c k n o w le d g m e n t s

C A E R  w o r k  w a s  s u p p o r te d  b y  a N A S A  g ra n t ( R e la t in g  F T S  c a ta ly s t  

p r o p e r t ie s  to  p e r f o r m a n c e  N o .  N N X 1 1 A I 7 5 A )  a n d  b y  th e  C o m m o n w e a lt h  o f  

K e n t u c k y .  A r g o n n e ’ร r e s e a r c h  w a s  s u p p o r te d  in  p art b y  th e  บ .ร .  D O E , O f f i c e  o f  

F o s s i l  E n e r g y , N E T L . T h e  u s e  o f  t h e  A P S  w a s  s u p p o r te d  b y  th e  บ . ร .  D O E , O f f ic e  o f  

S c i e n c e ,  O f f ic e  o f  B a s ic  E n e r g y  S c ie n c e s ,  u n d e r  C o n tr a c t  N o .  D E - A C 0 2 -  

0 6 C H 1 1 3 5 7 .  M R C A T  o p e r a t io n s  a re  s u p p o r te d  b y  th e  D O E  a n d  th e  M R C A T  

m e m b e r  in s t i t u t io n s .  W e  w o u ld  l ik e  to  th a n k  M s .  S h e l ly  H o p p s  fo r  h e r  a s s i s t a n c e  

w it h  X R D  e x p e r im e n t s .  W e  are  a ls o  g r a te fu l  to  th e  F u lb r ig h t -T R F  s c h o la r s h ip  

p r o g r a m  fo r  f in a n c ia l  s u p p o r t  fo r  M r . T h a n i J e r m w o n g r a ta n a c h a i.
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