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ABSTraCT 

T i t a n i a  s u p p o r t e d  R~ C a t a l y s t s  c h a r a c t e r i z e d  b y  EXAFS and XA.~5 a ~ a l y s e s  

i n d i c a t e  t h a t  t h e r e  i s  d i r e c t  Rh -T i  b o n d i n g  w i t h  e l e c t r o n  t r a n s f e r  from T i  to  

~,h i n  t h e s e  c a t a l y s t  a f t e z  h i g h  t e m p e r a t u r e  r e d u c t i o n .  When c o v e r a g e  o f  m e t a l  

p a r t i c l e s ,  ~'--i~5 i s  d r i v e n  by  t h i s  b o n d i n g ,  i s  a v o i d e d ,  t h e r e  does  n o t  a p p e a r  

¢0 b e  a m a j o r  e f f e c t  o f  t h e  e l e c t r o n i c  i n t e r a c t i o n  on H 2 and CO c h e m i s o r p t i o n .  

However ,  a c o m p a r i s o n  o f  R h l T i 0  2 and Rh/V203 w h i c h  u n d e r g o  s i ~ i l a r  m e t a l - o x i d e  

i n t e r a c t i o n  d o e s  s u g g e s t  t h a t  t h e r e  a r e  c a t 2 1 y t i ¢  c o n s e q u e n c e s  o f  t h i s  

i n t e r a c t i o n  w h i c h  a r e  o f  an  e l e c t r o n i c  n a t u r e .  A c o m p a r i s o n  o f  Rh a nd  P t  

s u p p o r t e d  on T i 0 2  (or  V203) d e m o n s t r a t e s  t h a t  t h e  s t o i c h i o m e t r y o  s t r e n g t h  and 

t e m p e r a t u r e  o f  i n i t i a t i o n  o f  t h e  i n t e . ~ - - c t i o n  i s  d i f f e r e n t  f o r  t h e  two m e t a l s  on 

t h e  same s u p p o r l .  

C h e m i s o r p ~ i o n ,  c a t a l y t i c  r e a c t i o n s  o f  d i f f e r e n t  s t r u c t u r e  s e n s i t i v i t y  and  

X - r a y  a b s o r p t i o n  s p e c t r o s c o p i e s  i n d i c a t e  t h a t  t h e  m o r p h o l o g y  o f  Rn-Cu c l u s t e r s  

s u p p o r t e d  on d i f f e r e n t  s i l i c a ~  i s  d i f f e r e n t .  On C a b - O - S i l  HS5 t h e  Cu i s  more  

u n i f o r m l y  s p r e a d  o v e r  a Ru c o r e  and i n h i b i t s  s u r f a c e  o x i d a t i o n  and p r e f e r e n t i l y  

i n h i b i t s  t h e  more s t r u c t u r e  s e n s i t i v e  r e a c t i o n s .  On C a b - O - $ i l  M5 Cu p h y s i c a l l y  

e n c a p s u l a t e s  t h e  Rn c o r e  o f  p a r t i c l e s  b l o c k i n g  b o t h  s t r u c t u r e  s e n s i t i v e  a n d  

s t r u c t u r e  i n s e n s i t l v e  r e a c t i o n s ,  b u t  t h e s e  c l u s t e r s  a r e  l e s s  r e s i s t e n t  t o  

s u r f a c e  o x i d a t i o n .  

The i n t e r a c t i o n  o f  MoO 3 and  S i 0 2  w i t h  A I 2 0 3  h a s  b e e n  s t u d i e d  b y  STA1 and  

= ' $ i  NMR. Mo r e a c t s  w i t h  t h e  s u r f a c e  o f  A 1 2 0 3  t o  f o r m  A 1 2 ( M o 0 4 )  3 b u t  t h i s  

r e a c t i o n  i s  i n h i b i t e d  b y  P ,  p r o b a b l y  b y  t h e  f o r m a t i o n  o f  A l P 0 4  a t  t e m p e r a t u r e s  

b e l o w  where  i~oO 3 r e a c t s  w i t h  A I 2 0 3 .  Low wt~ SiO 2 adde~  as  a s u r f a c e  m o d l f £ e r  

fo rms  a s u r f a c e  s p e c i e s  w h i c h  i s  e i t h e r  a - - e t a  s i l i c a t e  o r  more l i k e l y  S i  a t oms  

w h i c h  a r e  i n  a v e r y  s t r a i n e d  S i ( A I - O )  4 s u r f a c e  e n v l r o n m o n t .  The amount  o f  t h i s  

s p e c i e s  c o r r e l a t e s  w i t h  i n c r e a s e d  s t r u c t u r a l  s t a b i l i t y  o f  t h e  m o d i f i e d  ~ l u l i n a .  



I .~'1~2D D UC TI ON 

This progress report is intended to summarize results for the period 

beginning with the contract initiation date, 15 January, 1985, through t h e  

renewal date, 15 July, 19g7. Additional details can be found in two annual 

P r o g r e s s  R e p o £ t s  [ 1 , 2 ] ,  t h e  e i g h t  p - ~ * ~ s  p u b l i s h e d  ( o r  i n  p r e s s )  s i n c e  t h e  

i n i t i a t l o =  date which acknowledge DOE support under the current contract [3- 

i0] and the five theses complete during the contract and listed below. 

' M e t a l - M e t a l  I n t e r a c t i o n  on Suppor ted  I r - P t ,  Rh-Pt  B i m e t a l l i c  C a t a l y s t s ' o  
Louis Chintyen Chang, May, 1985. 

'Support Induced Geometric and Electronic Effects for Ehodium Supported 
Ti:ania Catalysts as Studies By EXAFS and Infrared Sepctroscopies'o Stanley 
John Sakellson, October, 1985. 

"Hydrogen Adsorption Behavior and Strong Metal-Support Interaction (SMSI) 
on Eh-Pt Bimetallic Catalysts'o Henton Hnango Hay, 1986. 

'Strong Metal-Support Interactions (SMSI) over Eh and Pt Catalysts 
Supported on V.qnadia or Vanadia-Silica', Zou-~yh Lin, Hay, 1987. 

,'E~A~S and KAS NMR I n v ~ , s t i g a t i o n s  o f  A c t i v e  P h a s e - S u p p o r t  I n t e r a c t i o n s ' ,  
Samuel Mar t i n  McRi l l an ,  Y r . ,  ~ay ,  1987.  

We will bezin by reviewing the nature of metal-o~ide interaction as 

e x e m p l i f i e d  by E h / T i 0  2 and c h a r a c t e r i z e d  by  e n t e n d e d  X - r a y  absorption f i n e  

structure (EXAFS) [5] and X-ray absorption near edge strncture (XANE$) [9] 

a n a l y s e s .  The c a t a l y t i c  consequences  o f  t h i s  i n t e r a c t i o n  be tween  a g roup  V I I I  

m e t a l  and a r e d u c i b l e  s u p p o r t  w i l l  be r ev i ewed  b y  r e f e r e n c e  t o  the  d i f f e r e n c e s  

between different group VIII m e t a l s  (Rh and Pt) supported on TiO 2 and the same 

metal (Eh) supported on different ~educible supports (TiO 2 and V203) [8]. 

The i n f l u e n c e  o f  t h e  s u p p o r t  ( S i 0  2 v s  TiO 2) on m e t a l - m e t a l  i n t e r a c t i o n  

(between Rh and Ag) was the subject of an earlier publication [Ii] from work 

COUl~Ieted unde r  the  p r e v i o u s  DOE c o n t r a c t .  Here we w i l l  b r i e f l y  o u t l i n e  the  

more r e c e n t  work o f  t he  e f f e c t  o f  d i f f e r e n t  a i l i c a  s u p p o r t s  on t he  m e t a I - ~ e t a l  

i n t e r a c t i o n  (Ru-Cu c l u s t e r  m o r p h o l o g y )  and on c h e m i $ o r p t i o n  and c a t a l y t i c  

a c t i v i t y  [6 ] .  

Ne w i l l  c o n c l u d e  w i t h  some co- - . e~ t s  on o x i d e - o x i d e  i n t e r a c t i o n  (MoO 3 and 

SiO 2 interaction with AI203 support) investigated by NXR [4]. The interaction 
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o f  c a t a l y t i c a l l y  a c t i v e  p h a s e s  w i t h  o x i d e  s u p p o r t s  i s  one  o f  t h e  new d i r e c t i o n s  

which  we w h i s L  : o  m o v e .  

PHYSICAL CHARACTERIZATION OF Rh-TITA.NL~ IRTERACTION 

The b u l k  s t r u c t u r e  and e l e c t r o n i c  p r o p e r t i e s  o f  t h e  g r o u p  Y I I I - T i  a l l o y s  

~ a v e  b e e n  s t u d i e d  f o r  somo t i m e  [ 1 2 ] .  Among t h e  s t a b l e  i n t e ~ e t a l l l c s  f o r m e d ,  

t h e  s t o i c h i o m e t r i c  c o m p o u n d s  M3Ti a n d  Y T i ,  e . g . ,  P t H T i  a n d  P a T i o  h a v e  b e e n  

w i d e l y  i n v e s t i g a t e d .  B o t h  t h e o r y  [ 1 3 ]  a n d  e x p e r i m e n t  [ 1 4 - 1 7 ]  i n d i c a t e  t h a t  

t h e r e  i s  d - d  b o n d i n g  b e t w e e n  t h e  g r o u p  V I I I  m e t a l  and T i  w i t h  n e t  t r a n s f e r  o f  

c h a r g e  from T i  to the group VIII m e t a l .  

One m u s t  a s k  t o  w h a t  e x t e n t  t h e  b o n d i n g  s i t u a t i o n  i n  t h e  i n t e r m e t a l l i c  

c o m p o u n d s  may  c a r r y  o v e r  t o  m e t a l s  s u p p o r t e d  o n  T i O  2 a n d  r e d u c e d  a t  h i g h  

t e m p e r a t u r e .  Our  own X - r a y  a b s o r p t i o n  m e a s u r e m e n t s  o f  R h - T i  ¢o~,pounds e x h i b i t  

s u g g e s t i v e  s i m i l a r i t i e s  w i t h  t h e  r e d u c e d  Kh/T iO 2 c a t a l y s t s .  F i r s t  o f  a l l ,  t h e  

EXAFS a n a l y s i s  o f  h i g h  t e m p e r a t u r e  r e d u c e d  R h / T i O  2 (100~ d i s p e r s e d )  c a t a l y s t  

p r o v i d e s  e v i d e n c e  f o r  t h e  f o r m a t i o n  o f  E h - T i  b o n d s  [ 5 ] .  An i n s p e c t i o n  o f  the 

n e a r  e d g e  s t r u c t u r e  o f  t h e  K e d g e  o f  Rh r e v e a l s  i n t e r e s t i n g  f e a t u r e s  [ 9 ] .  As 

i l l u s t r a t e d  i n  F i g .  I °  t h e  XANES o f  Kh f o i l o  R h 3 T i  a n d  R h T i  show s i g n i f i c a n t  

v a r i a t i o n  in t h e  s i z e s  of t h e  p e a k s  l o c a t e d  a t  I0 and $5 eV a b o v e  t h e  e d g e .  It 

i s  o b s e r v e d  t h a t  b o t h  p e a k s  d e c r e a s e  a s  Eh c o o r d i n a t i o n  i s  g r a d u a l l y  r e p l a c e d  

by Ti around each Rh atom when going from pure Rh to RhTi. The first peak can 

b e  r e l a t e d  t o  s y m m e t r y  a l l o w e d  e l e c t r o , ' . £ c  t r a n s i t i o n s  f rom t h e  c o r e  l e v e l  l s  t o  

e m p t y  s t a t e s  a b o v e  t h e  F e r m i  l e v e l  [ 1 8 ] .  T h u s ,  t h e  d e c z e a s e  i n  t h e  s i z e  o £  

t h a t  p e a k  f r o m  Eh t o  R h T i  c a n  b e  e x p l a ~ m e d  £a t e ~ ' ~ s  o f  a f i l l i n g  o f  Eh v a l e n c e  

s t a t e s  r e s u l t i n g  f rom t h e  f o r m a t i o n  o f  R h - T i  b o n d s .  The  s e c o n d  p e a k  a f t e r  t h e  

e d g e  r e f l e c t s  l m l t i p l e  ~ c a t t e r i n g  p r o c e s s e s  o f  t h e  o u t g o i n g  e l e c t r o n  [ 1 8 ] .  I.u 

a g r e e m e n t  w i t h  m u l t i p l e  s c a t t e r i n g  c a l c u l a t i o n s  d o n e  f o r  d l f £ e r e n t  ¢ I u s t e z  

s i z e s  [ 1 9 , 2 0 ]  we h a v e  o b s e r v e d  t h a t  t h i s  s e c o n d  p e a k  i n c r e a s e s  w i t h  m e l : a l  
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p a r t i c l e  s i z e  ( n u m b e r  o f  l i g a n d s ) .  F i g .  I s h o w s  t h a t  i t  a l s o  v a r i e s  w i t h  t h e  

k i n d  o f  l i s a n d  b e c a u s e  i t  d e c r e a s e s  a s  Rh s c a t t e r e r s  a r e  r e p l a c e d ,  b y  T i .  I n  

t h e  c a s e  o f  ¢5e h i g h l y  d i s p e r s e d  R ~ ! T i 0  2 c a t a l y s t ,  s e e  F i g .  Z, i t  was o b s e r v e d  

t h a t  a s  t h e  r e . d u c t i o =  t e m p e r a t u r e  was i n c r e a s e d  t 'he  s i z e  o f  t h e  f i r s t  p e a k  

g = a d u a l I y  d e e , ' e a s e d ,  v e r y  m u c h  l i k e  f o r  t h e  s e r i e s  Rh,  R h s T i ,  R h T i .  T h i s  

s t : o n g l y  S u g g e s t s  t h a ~  t h e  same t y p e  o f  R ~ - T i  i n t e r a c t i o n s  o c c u r r i n g  f o r  t h e  

R ~ - T i  a l l o y s ,  i . e . ,  r e h y b r i d i z a t i o n  o f  d - o r b i t a I s  and  e l e c t r o n  t r a n s f e r  f rom T i  

t o  R~,  d o e s  o c c u r  f o r  t h e  h i s h  t e m p e r a t u r e  r e d u c e d  R h / T i 0  2 c a t a l y s t s .  I t  i s  

w o r t h  r e p e a : L u 8  t h a t  t h i s  i s  v e r y  l ~ . k c l y  b o n d i n g  b e t w e e n  Rh p a r t i c l e s  and T i  

c a t i o n s  and t h u s  n o t  i d e n t i c a l  t o  t he  b o n d i n g  i n  t h e  i a t e r m e t a l l i c  c o m p o u n d s .  

A s s u m i n g  t h a t  t h e  e l e c t r o n i c  i n t e r a c t i o n s  t h a t  a c c o m p a n y  s t r o n g  m e t a l  

s u p p o r t  i n t e r a c t i o n s  (SMSI)  a r e  s i m i l a r  t o  t h o s e  i n  t h e  i n t e r m e t a l l i c  

c o m p o u n d s ,  we m u s t  t h e n  a ' s k  i f  t h e r e  a r e  a n y  s i s n i f i c a n t ,  e f f e c t s  o n  

c h e m i s o z ~ t i o n  o r  c a t a l y s i s  o t h e r  t h a n  t h e  e f f e c t s  o f  s i t e  b l o c k i n ~  and e n s e m b l e  

b r e a k - ~ p  w h i c h  h a v e  c l e a r l y  b e e n  d e m o n s t r a t e d  t o  a f f e c t  c h e m i s o r p t i o n  c a p a c i t y  

a n d  a c t i v i t y  f o r  s t r u c t u r e  s e u s i t i ~ e  r e a c t i o n s ,  r e s p e c t i v e l y .  Sadegh=" a n d  

H e n r i c h  h a v e  a d d r e s s e d  t h i s  q u e s t i o n  b y  p z e p a r . i n E  ~h  p a r t i c l e s  o n  a T i O  2 

s u r f a c e  e f f e c t i v e l y  r e d u c e d  ~:o T i 203  [ 2 1 ] .  The s a m p l e s  were  p r e p a r e d  a t  low 

t e m p e r a t u r e  t o  a v o i d  m i g r a t i o n  and  e m p h a s i z e  e l e c t r o n i c  i n t e r a c t i o n s .  U s i n 8  

s e v e r a l  d i f f e r e n t  e l ' e c t z o n  s p e c t r o s c o p i e s ,  t h e y  c o n c l u d e  t h a t  t h e r e  i s  e l e c t r o n  

t r a n s f e r  f o r  t h e  ~ i t a n i a  s u r f a c e  t o  t h e  P ~ h p a r t i c l e s .  H o w e v e r ,  t h e y  f i n d  n o  

e , / i d e n c e  f rom an  e f f e c t  o f  t h i s  e l e c t r o n  t r a n s f e r  on e i t h e r  t h e  amoun t  o r  ~ i n d  

o f  C0 c h e m i s o r p t i o n  a s  d e t e c t e d  b y  UPS. T h i s  i s  n o t  a v e r y  s e n s i t i v e  p r o b e  

c o m p a r e d  t o  o t h e r  m e t h o d s  o f  i n v e s t i g a t i o n  o f  c h e m i s o r p t i o n ,  e . g . o  TPD, o r  

c o m p a r e d  to  catalytic p r o b e s .  
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CHEMICAL CHARACTERIZATION OF Eh-TITA.~IA Ihq~CTION 

,C,omva~ison of Rh and Pt In%traction with Titania 

E l e c t r o n  e n e r g y  l o s s  s p e c t r o s c o p y  (EELS) d e m o n s t r a t e s  t h a t  t h e  T i  ÷4 i n  

T i C  2 i s l a n d s  f o r m e d  on  P t 3 T i  b y  0 2  c h e m i s o r p t i o n  a t  650K ( w h i c h  may c o n t a i n  

some T~ "3 d e f e c t s )  c a n  b e  r e d u c e d  b y  C0 d e s o r p t i o n  a t  430K [ 2 2 ] .  T h i s  i s  a 

v e r y  ~ n p o ~ a n t  o b s e r v a t i o n  b e c a u s e  i t  s u g g e s t s  t h a t  t h e  T i  ÷$ d e t e c t e d  b y  XPS o r  
A u g e r  on c a t a l y s e s  s u b j e c t e d  to C0/B 2 r e a c t i o n  m i x t u r e s  and e v a c u a t e d  a t  ~he 

r e a c t i o n  t e m p e . r e t u r e  may n o t  h a v e  h a d  d e t e c t a b l e  T i  +3 u n d e ~  r e a c t i o n  

c o n d i t i o n s ,  b u t  i t  was formed b y  t h e  d e s o r p t i o n  o f  CO a b o v e  4SOK. T h i s  may b e  

t h e  c a s e  i n  t h e  I o r k  o f  Dwyer  e t  a l .  [ 2 3 ]  who r e p o r t  t h a t  T i  +3 i s  f o r m e d  on  

T i 0 2  p r o m o t e d  P t  b l a c k  b y  H 2 r e d u c t i o n  a t  450 K and i s  a l s o  d e t e c t e d  b y  XPS on 

t h e  same c a t a l y s t  a f t e r  16 h o u r s  o f  r e a c t i o n  a t  625K i n  a one  a rm 3 : 1  m i x t u r e  

of H2:CO. We note that the surface of single crystal Ti203 is readily oxidized 

e v e n  a t  ambien t :  t e ~ j p e r a t u r e  b y  02 [ 2 4 ] .  E v e n  H20 w i l l  d i s s o c l a t i v e l y  a d s o r b  on  

defect Ti203 to partially oxidize the surface eo Ti +4 at room temperature, 

although perfect (047) Ti203 only associatively adsorbs H20 with accompanying 

transfer of electrons from the Ti alg band [25]. Since the mechanism of CO 

h y d r o a e n a t i o n  t o  CH 4 i s  8 e n e r a l l y  b e l i e v e d  t o  i n v o l v e  d i s s o c i a t i v e  a d s o r p t i o n  

o f  CO [26]o  i t  w o u l d  seem t h a t  t h e  o x y g e n  a toms  f o r ~ e d  w o u l d  o x i d i z e  a n y  T i  +3 

u n d e r  r e a c t i o n  c o n d i t i o n s .  T h i s  p i c l : u r e  i s  i n  a c c o r d  w i t h  p u l s e  e x p e r i m e n t s  we 

h a v e  p e r f o r m e d  a t  535 K u s i n g  a i t e r n a t i n g  CO and  H 2 p u l s e s ,  i .e°o CO p u l s e s  a r e  

a d s o r b e d  and  r e a c t  v l t h  a s u b s e q u e n t  p u l s e  o f  H 2 ~o p r o d u c e  CH 4 b u t  n o  H20 i s  

p r o d u c e d  u n t i l  o n e  0 a t o m  p e r  s u r f a c e  Rh a t o m  ( m e a s u r e d  b y  H 2 c h e m i s o z p t i o n  

a f t e r  LTE) has  b e e n  consumed~ s e e  T a b l e  1 [ 27 ] °  T h e r e  w i l l  a l w a y s  e x i s t  some 

T i  3+ a t  s t e a d y  s t a t e  ( o r  e q u i l i b z i u m )  c o n d i t i o n s  w h i c h  w i l I  d e p e n d  on  t h e  

H2/H20 a n d / o r  C0/CO 2 r a t i o s  and  t e m p e r a t u r e .  U n f o r t u n a t e l y  we do n o t  h a v e  an 

£n $ i t u  m e a s u r e m e n t  o f  t h e  T i  3÷ c o n c e n t r a t i o n  u n d e r  r e a c t i o n  c o n d l t i o n s  b u t  o u r  

p r e . ~ u d i c e  ~$ t h a t  i t s  c o n c e n t r a t i o n  i s  u ~ l ~ k e l y  t o  be  s i g n i f i c a n t .  
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TABLE 1 

Hyd tog  en /Oxygen  S t o i e h i o m e t r y  to  P r o d u c e / R e v e r s e  SHSI 

Rh P t  ReG. 

H 2 consumed t o  p r o d u c e  i n t e r a c t i o n  

0 2 consumed to r e v e r s e  £nteraction 
(02/H 2 titzation) 

Ratio, H2/O 2 

02 consumed to  r e v e r s e  i n t e r a c t i o n  
(C0/H 2 t i t r a t i o n )  

Auger  O(~08 e V ) / T i  (385 eV) rat~.o 

.7 ~ .2  32 ,33  

2 . 2  2 . 2  27 

' 1 . 4 2  2 .36  - 

1 .i - 27 

1 .1  0 . 6  34 

Once i t  h a s  b e e n  a c c e p t e d  t h a t  t h e  n a t u r e  o f  S] /SI  i s  b e s t  u n d e r s t o o d  i n  

t e r m s  o f  c h e m i c a l  b o n d i n g ,  a l b e i t  bonds  be tween  m e t a l  a toms on t h e  s u r f a c e  o f  s 

p a r t i c l e  w i t h  c a t i o n s  o f  an o x i d e ,  i t  f o l l o w s  t h a t  t h e  d e t a i l s  o f  such  b o n d i n ~  

and i t s  c o n s e q u e n c e s  w i l l  b e  a s t r o n g  Gunct~:on o f  t he  p a r t n e r s .  Tha t  i s ,  t h e  

d e t a i l s  o f  t h e  m e t a l - o x i d e  ~ u t e z a c t l o n  w i i l  change  when two d i f G e z e n t  n o b l e  

m e t a l s  s u p p o r t e d  on t h e  same r e d u c i b l e  o x i d e  a r e  c o m p a r e d  oz  when s h e  same 

m e t a l  on two d i f f e r e n t  r e d u c ~ l e  o x i d e s ,  e 4 . ,  T i02  and V203, a r e  compared .  We 

w£I1  make t h i s  p o i n t  b y  c o m p a r i n g  m e t a l - o x i d e  ~ u t c r s c t i o n s  i n  t h e  R h / T i 0 2  o r  

Pt/TiO 2 s y s t e m s .  

Using ouz o p e r a t i o n a l  d e £ i n i t i o n  o f  SMSI, i . e . ,  i u h i b i t i o •  o£  h y d r o g e n  and 

CO c h e m i s o ~ - p t i o n  f o l I o v £ n g  h i g h  t e m p e z a t u z e  r e d u c t i o n ,  Rh/TiO 2 and P t / T i O  2 do 

a p p e a z :  t o  b e h a v e  i n  an a n a l o g o u s  m a n n e r .  H o w e v e z ,  when one  c o n s i d e r s  • 

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

e f f e c t  oG $MSI on p a ~ t l c l e  BOz~hology°  i t  iS c l e a r  that B~ and P t  z e s p o n d  q u i t e  

d i G £ e r e n t l y  t o  i n t e r a c t i o n  w i t h  T i02 .  Ve ry  e a z l y  i n  t h e  l i t e r a t u r e  on SMSI, 

E~ker  e t  a l .  [28°29]  r e p o r t e d  t h a t  P t  p a r t i c l e s  s p r e a d  o u t  t o  £o ,~  t h i n  p i I 1 -  

b o x  p a r t i c l e s  d u r i n g  r e d u c t i o n .  ] / e z i a u d e a u  e t  a l .  [30]  and S ingh  c t  a l .  [31]  

perGozmed s i J s i l a r  e l e c t r o n  m i c z o s c o ~ i c  i n v e s t i s a t i o n s  o f  F,h/T£02 and r e p o r t e d  
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t h a t  t h e . - e  was no o b s e = v e d  c h a n s e  i n  Rh p a r t i c l e  s h a p e  w i t h  r e d u c t i o n .  

P e r h a p s  t h e  m o s t  d i r e c t  p r o o f  t h a t  t h e  i n t e r a c t i o n  b e t v e e n  Rh and T iO  2 i s  

d i f f e . - e n t  f r o m  t h e  P t  and T i 0 2  i n t e r a c t i o n  comes  f r o m  e x p e r i m e n t s  w h i c h  p r o b e  

t h e  s t o i c h i o m e t r y  o f  t h e  m e t a l - o x i d e  i n t e r a c t i o n  c h e m i s t r y .  T h e  h y d r o g e n  

con.~-med t o  p r o d u c e  i ~ . t e r e c t i o n  h a s  b e e n  m e a s u r e d  b y  M i e s s n e r  e t  e l .  [ 5 2 ]  f o r  

] ~ h / T i 0  2 a n d  b y  K u n i m o r i  a n d  U c h i j  ima  f o r  P t / T i 0 2  [ 3 3 ] .  We h a v e  m e a s u r e d  t h e  

o ~ y s e n  c o n s u m p t i o n  t o  r e v e r s e  t h e  i n t e r a c t i o n  on  b o t h  c a t a l y s t s  u s i n g  

a l t e = n a t ~ u 8  H 2 and 02  p u l s e s  a t  423][ and  m o n i t o r i n g  t h e  c o n s u m p t i o n  o f  0 Z w h i c h  

d i d  no~ r e s u l t  i n  H20 as  a p r o d u c t  [ 2 7 ] .  I n  a l l  c h e m i s o z p t i o =  e x p e r i m e n t s  t h e  

tt 2 o r  02  c o n s u m p t i o n  h a s  b e e n  n o r m a l i z e d  t o  t h e  H2 c h e m i s o ~ ' p t i o n  a f t e r  LTR w i t h  

t h e  a s s u m p t i o n  t h a t  She  s t o i c h i o m e t r y  h e r e  i s  H / M s u  r = i and  t h a t  t h i s  i s  a n  

a p p r o x i m a t e  m e a s u r e  o~ t h e  f r a c t i o n  o f  t h e  m e t a l  o n  t h e  s u r f a c e .  T h e s e  

r e s u l t s  a l o n 8  w i t h  some A u g e r  O /T i  r a t i o s  f o r  T iO x on  t h e  two f o i l s  m e a s u r e d  b y  

Ko and G o r t e  [ 3 4 ]  a r e  c o l l e c t e d  i n  T a b l e  I .  

The e x p e c t e d  r a ~ - i o  o f  H 2 consumed t o  p r o d u c e  t h e  SMSI s t a t e  t o  02  consumed  

t o  x e v e ~ s e  i t  w o u l d  b e  2,  o f  c o u r s e +  i f  t h e  r e d u c t i o n  p r o d u c e d  M surT iO  x and  ( 2 -  

x)  ~ 2 0 ;  ( ~ T i o u s l y  t h i s  r a t i o  i s  l ow  f o r  Rh and h i g h  f o r  P t~  b u t  one  m u s t  k e e p  

i n  m i n d  t h e  r e a c t i o n s  w e r e  n o t  d o n e  o n  t h e  s a m e  s a m p l e s ,  t h a t  t h e  H 2 

chemisorpt ion  i s  n o t  an  e x a c t  = ,e • su~e  o f  e x p o s e d  s u r f a c e  m e t a l  a t o m s  and  t h a t  

t h e  p e r c e n t a g e  e x p o s e d  v i i 1  c h a n g e  i f  a c h a n g e  Jn m o r p h o l o g y  a c c o m p a n i e s  SMSI 

• s i t  a l m o s t  c e r t a i n l y  d o e s  f o r P t .  V h a t  o n e  i s  a b l e  t o  c o n c l u d e  f r o m  t h e s e  

e x p e r i m e n t s  i s  t h a t  t h e  tMS~  s u r f a c e  c o m p l e x ,  ] / s u r T i O x  i s  l i k e l y  t o  b e  m o r e  

o x y g e n  r i c h  on  Rh t h a n  on  P t  and  t h i s  i s  c o n f i r m e d  b y  t h e  O / T i  A n g e r  r a t i o  f o r  

T i 0  x on t h e  s u r f a c e  o £  Rh a n d  P t  f o i l s .  I t  s h o u l d  b e  a d d e d  t h a t  t h i •  i s  n o t  

l i k e l y  a s ~ e ~ l e  c o m p o u n d ,  e ~ . ,  RhTiO, b u t  a m i x t u r e  o f  $ t o i c h i o m e t r i c  • u r £ • c e  

c o m p o u n d s  and  may e v e n  c o n t a i n  • c o m p o n e n t  o f  t h e  i n t e ~ e t a l l i c  compounds  N3Ti  

a n d  MTi  [ 3 5 ] .  N o t e  a l s o  t h a t  t h e  s t i o c h i o m e t r y  o f  0 2  c o m s u m e d  t o  B.hsu r i s  
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i n d e p e n d e n t  o f  t h e  so=nee ,  i . e ,  we o b t a i ~  t h e  same s t o i c h i o m e ~ r y  whe= CO i s  t h e  

o x i d a n t  ( a l t e r n a t e  H 2 • n d  CO p u l s e s  F r o d u c i n g  CH 4 and  H20 a f t e r  c o m p l e t e  

o x i d a t i o n  o£ TiO x) o r  when 02 i s  t h e  o x i d a n t  [27 ] .  

Ande r son  e t  a l .  [36] h a v e  p e r f o r m e d  s i m i l a r  e x p e r i m e n t s  v h e r e  hyd rogen  and 

oxy&en consume~ i u  c h c m i s o r p t i v e  t i t r a t i o n  (as  opposed  to consumed to form and 

b r e a k  t h e  SMSI s t a t e )  was m e a s u r e d  on E h / T i O  2 and  P t / T i O  2.  T h e s e  r e s u l t s  

c a n n o t  b e  d i r e c t l y  compared  to  t h o s e  p r e s e n t e d  in  T a b l e  1 b e e • u s e  t h e y  u s e d  • 

h i g h e r  LTR ( 5 7 3 E  i n s t e a d  o f  4 2 3 K )  t h a n  H u a n g  [ 2 7 ] °  b u t  t h e y  come  t o  

c o m p l e m e n t a r y  c o n c l u s i o n s .  They f i n d  t h a t  P t  e n t e r s  i n t o  the  SMSI s t a t e  more 

e a s i l y  ( a t  a l o w e r  t e m p e r • t r o t •  o r  in  a s h o r t e r  t ime)  t han  Rh and t h a t  t he  SMSI 

s t a ~ e  f o r  P~/TiO 2 i s  more d i f f i c u l t  t o  r e v e r s e  than  Rh/TiO 2. 

Comparison o_~f ~ - - - ~ _ 2  l a d  ~_~..V233 - Interaction. 

The investigation of both TiO 1 supported s,.all Rhparticles [37] and a 

model system of Rh evaporated films on single crystal TiO 2 (110) [38] have 

i n d i c a t e d  t h a t  t h e r e  "~s a T i  c o n t a i n i n g  s p e c i e s  which  m i g r a t e s  o v e r  t he  m e t a l  

p a r t i c l e s .  E x t e n d e d  X - r a y  A b s o r p t i o n  F i n e  S t r u c t u r e  ( ; t rAPS) a n a l y s i s  o f  

P t / T i O  2 i s  a l s o  c o n s i s t e n t  w i t h  • m i g r a t i o n  u o d e l .  H o w e v e r ,  o n l y  f o r  i o n -  

e x c h a n g e d  Eh/TiO 2 do we o b s e r v e  ]'~J~FS e v i d e n c e  f o r  d i r e c t  Rh-Ti  b o n d i n g  wh ich  

p r o v i d e s  t he  t he rmodynamic  d r i v i n g  f o r c e  f o r  the  i n t e r a c t i o n .  

I o n - e x c h a n g e  p ~ e p a r e d  R h / T i O  2 a n d  I r / T i O  2 c a t a l y s t s  a r e  1 0 0 5  d i s p e r s e d  

and ,  when r e d u c e d  a t  high t e m p e r a t u r e  (773 K), t h e y  e x h i b i t  a u n i q u e  a c t i v i t y  

f o r  n - b u t a n e  i s o m e r i z a t i o n  and d e h y d r o g e n a t i o n  [ 3 9 ] .  H y d r o g e n o l y s i s ,  g r e a t l y  

s u p p r e s s e d  on t h e s e  c a t a l y s t s ,  ha s  an u n u s a l  p o s i t i v e  o r d e r  i n  h y d r o g e n  and a 

r e l a t i v e l y  h i z h  s e l e c t i v i t y  f o r  t e r m i n a l  v s .  c e n t r a l  C--C bond b r e a k i n g  o f  n -  

b u t a n e  c o m p a r e d  t o  i m p r e g n a t e d  Rh a n d  I r  c a t a l y s t s .  ~ h e n  V203 i s  u s e d  a s  a 

s u p p o r t  f o r  Eh o r  P t ,  e v e n  c a t a l y s t s  p r e p a r e d  b y  i m p r e g n a t i o n  and  o f  l ow  

d i s p e r s i o n  e x h i b i t  h i g h  a l E • h e  i s o m e r i z a t i o n  and d e h y d r o g e n a t i o n  a c t i v i t y  [ S ] .  

Y h i l e  Eh i n t e r a c t i o n  w i t h  e i t h e r  T iO  2 oz  V203 c a u s e s  o r d e r s  o f  m a g n i t u d e  
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d e p r e s s i o n  o f  n - b u t a n e  h y d r o g e n o i y s i s ,  a c o m p a r i s o n  o f  a c t i v i t i e s  s u g g e s t  t h ,  t 

t h e i r  r o l e  i s  more  t h a ~  s i m p l e  s u p p r e s s i o n  o f  h y d r o E e n o l y s i s  so t h a t  a l k a n e  

i s o m e r i z a t i o n  and d e h y d r o g e n a t i o n  c a n b e  o b s e r v e d .  P o t  e x a m p l e ,  a f t e r  h i g h  

t e m p e r a t u r e  r e d u c t i o n  R h / T i O  2 and E h / V 2 0 3  h a v e  c o m p a r a b l e  h y d r o s e n o l y s i s  

a c t i v i t i e s ,  c - b u t a n ~  d e h y d r o g e n a t i o D  i s  a f a c t o r  o f  t h r e e  h i g h e r  on R h l V 2 0 3  

w h i l e  n - b u t a n e  d e h y d r o g e n a t i o n  i s  a f a c t o r  o f  t e n  h i g h e r  on Rh/TiO 2. M o r e o v e r ,  

t h e  a c t i v a t i o n  e n e r g i e s  f o r  r e a c t i o n s  o f  n - b u t a n e  a r e  a b o u t  t h e  same on ~he t ~  

s u p p o r t s  a f t e ~  a low t e m p e r a t u r e  r e d u c t i o n  (when h y d r o s e n o l y s i s  £$ t h e  dominan t  

~ e s c t i o n )  b u t  i n c r e a s e s  s l i g h t l y  on R h / T i O  2 a n d  d e c r e a s e s  s i g n i f i c a n t l y  on 

R h / V 2 0 3  a f t , e r  a h i g h  t e m p e r a t u r e  ~ e d n c t i o n .  R h / V 2 0  j i s  a l s o  much l e s s  

s e n s i t i v e  t o  o x y g e n  a~d w a t e r  i m p u r i t i e s  ( w h i c h  i ~ d u c e  a r e c o v e r y  of 

h y d r o s e n o l y s i s  a c t i v i t y )  t h a n  i s  Eh/TiO 2.  We c o n c l u d e  t h a t  t h e  mechanism o f  

m e t a l - s u p p o r t  i n t e r a c t i o n  f o r  TiO 2 and V203 a r e  d i f f e r e n t  and t h a t  i n t e r a c t i o n  

b e t w e e n  n o b l e  g roup  VIII m e t a l s  and r e d u c i b l e  oxi~-e~,  w h i c h  p r o d u c e s  a l k a n c  

i s o m e r i z a $ i o n  and d e h y d r o g e n a t i o n  a c t i v i t y ,  i n v o l v e s  e l e c t r o n i c  as  w e l l  a s  

s e o m e ~ r i c  e f f e c t s .  

SILICA $UPPOEI n~FECT ON Bn-Cu INTERACTION 

I n  a p r e v i o u s  p u b l i c a t i o n  [40]  we h a v e  d r a w n  a t t e n t i o n  o f  ~he  f a c t  t h a t  

~he k i n d  o f  s i l i c a  s u p p o r t  u s e d  to  p r e p a r e  R~-Cu b i m e t a l l i c  c a t a l y s t  c a n  h a v e  a 

p r o n o u n c e d  i n f l u e n c e  on t h e  b e h a v i o r  o f  ~hese  c a t a l y s t s .  T h i s  i s  p a r t i c u l a r l y  

e v i d e n t  w h e n ' t h e  H/Ru r a t i o  m e a s u r e d  b y  room ~ e m p e r a t u r e  c h c m i s o ~ ' p t i o n  £s 

compared  f o r  t h e  Rn/SiO 2 and Rn-Cn/$iO~ c a t a l y s t s  u s i n ~  t h e  same s ~ l i c a .  F o r  

e x a m p l e ,  on C a b - O - S i l  HS~, t h e  s i l i c a  u sed  b y  S i n f e l Z  i~  h~s o r i g i n a l  wore  on 

s u p p o r t e d  ~u I c u  [ 4 I  ] " a d d i t i o n  o f  Cu c a u s e s  a d e p r e s s i o n  o f  lq[M r e l a ~ i v e  t o  

Eu/SiO 2 p r e p a r e d  on ~he same s i l i c a .  However° ~he o p p o s i t e  b e h a v i o r ,  ~ .e . ,  an 

i n c r e a s e  in  H/M v i t :h  a d d i t i o n  o f  Cu, ~s o b s e r v e d  foz  Cab-4>-S£1 MS. The l a t t e r  

r e s u l t  i s  m o r e  E e n e z a l  a n d  h a s  b e e n  o b s e r v e d  f o r  a l l  s i l i c a s  i n v e s $ i & a ~ e d  
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e x c e p t  f o r  HS5 [ 6 ] .  

The  R u - C u  s y s t e m  r e p r e s e n t s  • s y s t e m  o f  m e t a l s  i n  w h i c h  t h e r e  i s  v e r y  

little bulk miscibility. The iuital evidence for interaction between the two 

m e t a l ~  was p r o v i d e d  b y  c h e m i s o r p t i o n  and c a t a l y s i s  where  i t  was shown t h a t  t h e  

p r e s e n c e  o f  tI~¢ Cu i~  t h e  c a t a l y s t s  l e d  t o  s u b s t a n t i a l  i n h i b i t i o n  o f  ]~2 

chemisorption b y  t h e  Ru and also to a marked suppression of the catalytic 

activity of the Rn for ethane hydrogenolysis [41]. ChemisorptiOno catalysis 

and X-r•3" photoelectron spectroscopy studies on unsupported Rn-Cu aggregates 

[42-45] indicate that a typical aggregate consists of • Core of Rn covered by 

Cn, i.e., that Cu effectively chemisorbed on the surface of the Rn particles. 

This picture has been confirmed for the Rn-Cu/Si02 catalysts by an extended 3[- 

ray absorption fine structure (EXAPS) analysis [46]. The effect of this 

chemisorption of Cu on Eu is to block H 2 chemisorption and, in the case of 

h y d r o g e n o l y s i s ,  $o b r e a k  up e n s e m b l e s  o f  En w h i c h  c o n s t i t u t e  s i t e s  s u c h  t h a t  a 

r e l a t i v e l y  s m a l l  f r a c t i o n a l  c o v e r a g e  o f  t h e  Rn s u r f a c e  b y  Cuo as m e a s u r e d  b y  

c h e m i s o r p t i o n ,  c a n  r e s u l t  i n  • d r a m a t i c  r e d u c t i o n  o f  h y d r o g e n o l y s i s  s i t e s .  How 

t h e n  c a n  one  e x p l a i n  an ~ c ~ e a t e  i n  H 2 c h e m i s o r p t i o n  when Cu i s  added  t o  Ru? 

Ve suggested that there may be H 2 spillover from Ru to Cu [47]. Such H 2 

s~illover has been unequivalently shown to occur in the model system of Cu 

evaporated onto (0001) Eu by Yeden and Goodman [48]. However, these same 

investigators observe that Cu forms two dimensional islands on Ru(0001) using 

their low ~en~erature ev&poration approach which results in a one-to-one site 

blocking of H 2 [49]. This is in oonstrast to the observation of Shi~nizu et al. 

[50] and Vicke~man and Christman [51] who concluded that • single Cu acorn 

blocked approzilmtely 10 and 4 hydrogen bonding sites, respectively. Perhaps 

the latter wore involved a ,,ore =uiform spreading of Cu over the Rn because of 

the high teEperature at which the Rn was held during evaporation of Cu. Ped~n 

a~d Good~an [52] have also perfo~ed ethane hydrogenolysis on the g~del system 
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and o b s e r v e  s ~ o d e s t ,  l J m e a r  d e c r e a s e  i n  r a t e  to  a b o u t  ? ~  o.~ t h e  c l e . a n  Rn r a t e  

up~o 0.25 m o n o l a y e r s  o f  Cu b e y o n d  w h i c h  t h e r e  i s  l e s s  e f f e c t  o f  &dded Cu, i . e . ,  

t h e  r a t e  a t  one  m o n o l a y e r  o f  added  Cu i s  5(Rb o f  t h e  c l e a n  Rn r a t e .  ~ T h i s  w o u l d  

seem'  to  i m p l y  Cu i s l a n d  f o r = a t i o n  u p t o  0.25 m o n o l a y e r s  a nd  t h e  o n s e t  o f  t h r e e  

dimensional growth at higher Coverages. A very similar effect ~ of Cu on CO 

hydz~genatlon rate is observed but this reaction is known not to'be structure 

sensitive so island formation or uniform distribution at below monolayer 

c o v e r a g e  w o u l d  b e  e x p e c t e d  to  g i v e  s i m i l a r  r e s u l t s .  The ] z y d r o g e n o l y s i s  r e s u l t s  

are not entirely consistent with the temperature programed desorption of Cu 

from Ru(0001) which suggests the onset of three dimensional growth does not 

occur until the total Cu deposited al~proaches a monolayer [48]~ 

The Ru-Cu s y s t e m  £f clearly a complex system where the degree'of metal- 

metal i~teraction depends on the preparation and treatment. Supported Rn-Cu is 

probably even more complex than the model systembecanse one must deal with 

~rarying particle sizes, varying distribution of particle sizes and even 

s e p a r a t e  Cu p a r t i c l e s  no~ i J 1 t e r a c t i n g  w i t h  Ru. [ 5 3 ] .  By c o m p a r i n g  t h e  e f f e c t s  

o f  t h r e e  r e a c t i o n s  , ~ h i c h  h a v e  v a r y i n g  s t r u c t u r e  s e n s i t i v i t y  i n  t h e  o r d e r  

e t h a n e  h y d r o g e n o I y s i s  > c y c l o h e x a n e  h y d r o g e n o l y ~ i s  > b e n z e n e  h y d r o g e n a t i o n  one 

c a n  d e d u c e  t h e  d i f f e r e n c e  i n  th-- g r o s s  m o r p h o l o g y  o f  Rn-Cu c l u s t e r s  o n  HS5 and 

MS s i l i c a s  [ 6 ] .  On HS5 t h e s e  r e a c t i o n s  h a v e  r e l a t i v e  r a t e s  ( r a t e  on  p u r e  Ru 

r a t i o e d  t o  t h e  r a t e  o n  a 1 : 1  m ~ t u r e  o f  R u : C u )  i n  t h e  r a t i o  2 5 0 : 1 0 : 5 o  

respectivity, while on M5 the ratios are 160:810:100. Becuase all three 

reactions are greatly affected by added Cu on the M$ support and this effect 

d o e s  n o t  f o l l o w  t h e  e x p e c t e d  o r d e r  o f  s t r u c t u r e  s e n s i t i v i t y ,  we p o s t u l a t e  t h a t  

t h e  Ru p a r t i c l e s  a r e  e f f e c t l y  e n c a p s u l a t e d  b y  Cu on  J iS.  On t h e  o t h e r  h a n d ,  

a d d i t i o n  o f  Cu t o  Ru on  HS5 b e h a v e s  more  l i k e  o n e  m i g h t  p r e d i c t ,  ~ . eo ,  t h e  

r e l a t i v e  r a ~ e s  a r e  i n  t h e  o r d e r  o f  s t r u c t u r e  s e n s i t i v i t y  and w o u l d  a c c o r d  w i t h  
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a s i = p l e  b r e a k i n 8  =p o f  Eu e n s e m b l e s  b y  Cu. H o w e v e r ,  to  o b t a i n  a mass  b a l a n c e  
. 

(account for ali the Cu) on the HSS support and to rationalize H 2 spillover 

from Ru to Cu on M5 but not on HSSo we were obliged to postulate that the 

bimetallic Ru-Cu clusters have outer layers that are effectively a Cu rich 

mixture or sul'faoe alloy [6]. This postulate goes beyond that proposed by 

S~ufelt et al. [46] based on EXAFS where there model pictured the Cu as more or 

less chemisorbed on the surface of Rn particles. A re-investigation of both 

the EXAF$ and XANES of the Ru-Cu on HS5 and M5 supports is in progress. What 

is immediately clear from t~e ~=4.~S is that Cu protects the undeIlying Ru from 

oxidation on HS5 (in agreement with the EXAF$ results of $infelt et al. [46]), 

bn~ it does not on M5 even though the rates of va~yin~ Stuctnre. sensitive 

r e a c t i o n s  s u 2 2 e s t s  t h a t  t h e  Eu p a r t i c l e s  a r e  R o t e  c o m D l e t e l ~  e n c a p s u l a t e d  on M~ 

s u p p o r t .  The  m o r p h o l o g i e s  o f  E u - C u  a r e  c £ e & r l y  d i f f e r e n t  b u t  t h e  d e t a i l e d  

differences must ~wait a careful rANtS an~ EXAFS analy~e$. 

0XIDE-0XIDE INIERACTION IN SUPPOEI~D OXIDES ~I~D BY }ME 

Interaction of MoO3 ~ AI203 

H i g h  r e s o l u t i o n  NMR s p e c t r o s c o p y  o f  s o l i d s  i s  now a w e l l  r e c o s n i z e d  

s t r u c t u r a l  t o o l  [ 5 4 , 5 5 ]  a n d  t h e r e  h a v e  b e e n  s e v e r a l  r e c e n t  a p p l i c a t i o n s  t o  

c a t a l y s t s  p e r  s e .  S l i c h t e r  a n d  h i s  c o - l o r k e r s  h a v e  a p p l i e d  ~ P s P t  NME t o  

P t / A I 2 0 3  c a t a l y s t s  [56 ]  Lud s e v e r a l  g r o u p s  h a v e  i n v e s t i g a t e d  2 " S i  i n  z e o l i t e s  

[ 5 7 ] .  The KMR o f  ~ A 1  i n  z e o l i t e s  h a s  a l s o  b e e n  e x a m i n e d .  P o t  z e o l i t e s ,  i t  was 

n o t e d  t h a t  =~A1 ~MR i s  much more  s t r u c t u r e  s e n s i t i v e  t h a n  ~ ' S i  }O/R w h i c h  i s  

first nearest-neighbor dependent [58]. Specifically, AI can ezist in both 

o c t a h e d r a l  and t e t r a h e d r a l  c o o r d i n a t i o n  and ,  when t h e  l ~ a n d s  a r e  o x y g e n ,  t h e  

c h e m i c a l  s h i f t  o f  s~A1 d i f f e r s  b y  $ $ - 8 0  ppm f o r  t h e s e  d i f f e r e n t  c o o r d i n a t i o n s  

[59,60]. Thus, =~AI NMR can, in pricipleo ~e very useful for following the 

t e t r a h e d r a l / o c t a h e d r a l  r a t i o  ~n a l u m i n a  s u p p o r t s  a s  a f u n c t i o n  o f  ~ h e r m a I  

t r e a t m e n t .  
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A l m o s t  a l l  o f  t h e  s o l i d  s t a t e  NHE o f  o x i d e  c a t a l y s t s  h a s  i n v o l v e d  

c r y s t a l l i n e  z e o l i t e s  [ 5 7 ] .  Our  a t t e n t i o n  h a s  b e e n  f o c u s e d  on o z i d e s  s u p p o r t e d  

o n  a n  a m o r p h o u s  s u p p o r t ,  i . e . ,  T - A 1 2 0 3 ,  w h i c h  a r e  m o r e  d i f f i c u l t  ¢o s t u d y  

b e c a u s e  t h e r e  l a c k  o f  c r y s t a l l i n i t y  and d i s t o r t i o n s  r e s u l t  im b r o a d e r  l i n e s  

t h a n  f o u n d  i n  t h e  z e o l i t e s .  We w i l l  b r i e f l y  o u t l i n e  o u r  f i n d i n g s  f o r  a 

commercial hydrodesulf~rization catalyst studied by ~TAI NMR [4] and for 

several silica modified alumina supports [61] which were studied by ~9$i ~4R. 

Even vii5 magic angle sl~i~ing of highly crystalline a alumina (corundum), 

the mR linewidth of ~TAI is quite broad. This would lead one to surmise that 

it would nor be feasible to observe the formation of surface compounds of the 

alumina support or active catalytic phases since the NMR signal of the surface 
/ 

phase would be masked b~ the bulk if the two phases were of comparable 

l i n e w i d t h .  H o w e v e r ,  we h a v e  d e m o n s t r a t e d  t h a t  t he  s u r f a c e  and b u l k  phases o f  

alumina need not have the same linewidth. In the case of a NiMoP/AI203 

hydrodesulfurizatlon catalyst, at least, an AI 3+ containing surface phase is 

formed during calcination which can easily be distinguished from the bulk T- 

A1203 support. 

We h a v e  o b t a i n e d  t h e  ZVAl NMR s p e c t r a  o f  t h r e e  a l u m i n a  s u p p o r t e d  c a t a l y s t s  

c o n t a i n i n z .  NiO,  MoO 3 and  t h e  m i ~ e d  o x i d e s  p r e p a r e d  b y  i m p r e g n a t i o n  and ¢ a I c J . n e d  

a t  s e y e r a l  t e m p e r a t u r e s  b e t w e e n  800 a n d  1 1 0 0  K i n  a i r  [ 4 ] .  l e  h a v e  u s e d  t h e  

compound AI2(Mo04) 3 as a reference because it produces • sha~-p NMR resonance, 

and a surface phase of this compound may be expected to form when Me03 and 

AI203 are heated together. The NiMoP/AI203 was 3.1~ NiO, 19.8% MoO 3 and 2.5% P 

on 7-AIr03. The Me/A1203 and Ni/Al203 catalysts were i~ He03 and 3.1~ Ni0, 

r e s p e c t  i r e  l y .  

A c o m p 1 ¢ ¢ ¢  X - r a y  s t r u c t u r e  o f  A 1 2 ( ] I o 0 4 )  3 d o e s  n o t  a p p e a r  I;o h a v e  b e e n  

p u b l i s h e d ,  b u t  G o l d i s h  [62 ]  s t a t e s  t h a t  i t  i s  i s o s t r u c t u r a I  w i t h  a l a r g e  c l a s s  
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o f  m o l y b d a t e s  and t u n g s t a t e s  o f  t he  scand ium t u n g s t a t e  t y p e  and ,  in  p a r t i c u l a r ,  

w i t h  A I 2 ( W 0 4 )  3 w h i c h  h a s  b e e n  a n a l y z e d  [ 6 3 ] .  T h i s  s t r u c t u r e  c o n s i s t s  o f  W04 

t e t r • h e d r •  and A I 0 6  o c t a h e d r a  which  e x t e n d  i n t o  an i n f i n i t e  t h r e e - d i m e n s i o n a l  

n e t w o r k  b y  - , o r n e r  s h a r i n g .  By ¢o~parLug the  NME c h e m i c a l  s h i f t  o f  AI2(Mo04) 3 

w i t h  t h a t  o f  u - A ! 2 0 3  and a l a r g e  number o f  • l u m i n a t e s  w i t h  b o t h  t e t r a h e d r • l  and 

o c t a h e d r a l  A13+ c o o = d i n a t i o n ,  we c a n  u n e q u i w o o a l l y  c o n c l u d e  t h a t  A13÷ i n  

A 1 2 ( M o 0 4 )  3 i s  i n  a p u r e  o c t a h e d r a l  e n v i r o n m e n t .  By a s i m i l a r  a n a l y s i s ,  we 

c o n c l u d e  t h a t  t h e  su r f • -~e  compound o f  A13+ formed i n  t h e  NiMoP/AI /O 3 c a t a l y s t  

when c a l c i n e d  a t  980K i s  i n  a p u r e  t e t r a h e d r ~ l  e n v i r o n m e n t .  We a s s i g n  t h i s  

peak  to  A l P 0 4  b e e • u s e  i t  i s  n o t  formed in  e i t h e r  Ho/A1203 o r  ~ i /A1203~  t h e  a ~p 

s~nal develops in parallel lith 2~Al. cud the chem£cal shifts of both ~al and 

2~p are identical to AIPO 4. The Mo/AI203 forms the surface structure of 

AII(Ho04) 3 and the ~R of Ni/AIzO 3 calcined at 980E is almost that of 7-A1203. 

SLues AIz(MoO4) 3 forms on Ho/A1203 but not on NiMoP/A120 $ at 980E we conclude 

that the formation of A12(Mo04) 3 is probably inhibited by the formation of 

AlPO 4, even thouEh Ni's influence re,-ain$ unclear. If the }~iMoP/Al203 catalyst 

is calcined at temperatures above 1000K. the surface compound of AIPO 4 begins 

to decompose, and •t sufficiently high temperatures. •11 of the Mo 6+ is 

converted to All(MoO4) 3. 

I n t e r • c . t i o n  o f  SiO_~ w i t h  AI2_O__ 3 

Low p e r c e n t a g e s  o f  s i l i c a  a r e  o f t e n  a d d e d  t o  a l u m i n a  a s  a m o d i f i e r  t o  

s t a b i l i z e  t h e  p o r e  s t r u c t u r e  [ 6 1 ] .  T h e r e  a r e  a v a r i e t y  o f  ways  t h a t  t h i s  i s  

d o n e ,  e . g . ,  d u r i n g  p r e c i p i t a t i o n  o f  t h e  alum-~.nao i m p r e g n a t i o n  o f  t h e  

p r e c i p i t a t e d  a l u m i n a ,  e t c . ,  hu~ t h e r e  i s  v e r y  l i t t l e  known a b o u t  t h e  manner  i n  

w h i c h  t h e  s i l i c a  becomes  d i s t r ~ b = t e d  o v e r  and bonded  t o  t h e  a l u m i n a  s u r f a c e .  

We h a v e  s t u d i e d  s e v e r a l  s i l i c a  m o d i f i e d  a l u m i n a s  b y  = ' S i  NMR. These  s u p p o r t s  

w e r e  p r e p a r e d  b y  A m e r i c a n  C y a n a m i d  b y  p o s t  p r e c i p i t a t i o n  i m p r e g n a t i o n  o f  

a l u m i n a  b y  • b a s e  s t a b i l i z e d  s i l i c a  s o l  and were  1 - 6  wt~b s i l i c a .  
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V e r y  l i t t l e  o f  t h e  s i l i c a  i n  t h e s e  m o d i f i e d  a l u m i n a  h a d  ~Si i n  an  

e n v i r o n m e n t  w i t h  o n e ,  t w o ,  t h r e e  o r  f o u r  A1 c a t i o n s  b o n d e d  i n  a n o r m a l  

• tetrahedral geometry, i.e., much of the silica has a chemical shift (-ii0 ppm 

with respect to TMS) which can only be assigned to $i bonded to four ether Si- 

O units [64]. A surprising result is that the next most abundant Si species 

has a chemical shift of -77 ppm which is out of the range expected for Si 

surrounded by any number of AI-O- I igands, the highest frequency shift of 

Si(OA1) 4 normally falling between -81 to -92ppm. The -77 ppm chirr is very 

c l o s e  t o  t h a t  o b s e r v e d  f o r  s o l i d  m e t a  s i l i c a t e  N a 2 S i O  ~ and  e s s e n t i a l l y  

identical to the cyclic recta silicate species found in basic solution [65]. 

Both of these seem chemically unlikely on the surface of alumina. A third 

p o s s i b i l i t y  i s  t h a t  t h i s  s p e c i e s  i s  b o n d e d  t o  t h r e e  o r  f o u r  A I 0  £n a v e r y  

distorted environment. Newsam [66] has identified a Si(AIO) 4 at -76 ppm in a 

synthetic Li sodalite and inferred that the origin of this low field shift is 

caused by a smaller Si-O-AI bond anE-le (126") compared to its Na analog (138°). 

The 2~Si NMR of vaz:~us mineral shows that in at lear one phyllosilicaze 

(margarita) where Si is Si(AI0)3(SiO), the resonance lie~ at -76 ppm and a 

correlation between de~hielding and distzotion of the S£O 4 tetrahedra was 

noted [67]. 

T h e  p e a k  a t  - 7 7  ppm i n  t h e s e  s p e c t r a  c o u l d  t h u s  be  S £ ( A I O )  4 i n  a s t r a i n e d  

e n v i r o n m e n t ,  p e r h a p s  n e a r  t h e  s u r f a c e  o f  t h e  a l u m i n a  r a t h e r  t h a n  a m e t r a  

s i l i c a t e .  T h i s  may e x p l a i n  why t h e  - 7 7  ppm p e a k  a p p e a r s  a f t e r  c a l c i n a t i o n  i n  

some  s a m p l e s  o r  a p p e a r s  t o  S r o v  a f t e r  c a l c i n a t i o n  a n d  may s i g n a l  t h a t  t h e  

species is near the surface of the alumina which is liEely to be a highly 

s t r a i n e d  e n v i r o n m e n t .  The p r a c t i c a l  o b s e r v a t i o n  i s  t h a t  t h e r e  a p p e a r s  t o  b e  a 

g o o d  c o r r e l a t i o n  b e t w e e n  t h e  s t a b i l i z a t i o n  o f  t h e  a l u m i n a  p o r o s i t y  and  t h e  

a R o u n t  o f  t h e  - 7 7  ppm s p e c i e s  f o r m e d  b y  s i l i c a  a d d i t i o n .  
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1. 

2. 

We h a v e  p e r f o r m e d  cumene c r a c k i n g ,  a good t es t  r e a c t i o n  f o r  c h a r a c t e r i z i n g  

Br~ns~ed a c i d i t y ,  o v e r  s e v e r a l  o f  t h e s e  s i l i c a  m o d i f i e d  a l u m i n a s .  ~ i l e  t h e r e  

i s  an e x p o n e n t i a l  i n c r e a s e  i n  c r a c k i n g  a c t i v i t y  w i t h  ~ s i l i c a ,  t h i s  does  n o t  

c o r r e l a t e  w i t h  e i t h e r  o f  t h e  m a j o r  k i n d s  o f  s i l i c a  s p e c i e s  i d e n t i f i e d  b y  NMR. 

~t  seems p r o 5 a b ' l e  t h a t  o n l y  a s ~ - l l  f r a c t i o n  o f  t h e  s i l i c a  i s  i n c o r p o r a t e d  ~uto 

t h e  a l u m i n a  s u r f a c e  in  such  a way t h a t  an a c i d  s i t e  is c r e a t e d .  

In summar}-, we emphasize that the observation of the .~MR of S~Al, a~.d 

probably that of other metal oxides sufficiently near the surface to be of 

catalytic interest° need not be restricted to the crystalline alumino- 

s i l i c a t e s .  T h e r e  may b e  a l a r g e  c l a s s  o f  c a t a l y s t s  w h e r e  t h e  a c t i v e  p h a s e  

S n l ~ p o r t e d  on  an o z i d e  may e n t e r  i n t o  c h e m i c a l  r e a c t i o n  and many o f  t h e s e  

s u r f a c e  p h a s e s  may be  d i s t i n g u J . s h e d  from t h e  b u l k  o x i d e  p h a s e  b y  NMR. 
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