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FOREWORD 
The ACS S Y M P O S I U M S E R I E S was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 

IN C H E M I S T R Y S E R I E S except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub­
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

THE DISCOVERY O F S T R O N G M E T A L - S U P P O R T INTERACTIONS in 1978 led 

to a renaissance in the study of the effects of supports in supported metal 
catalysts. The importanc
years. In fact, the concep
and semiconducting supports was the basis for intense research on supported 
metal catalysts in the 1950s. In the late 1960s and early 1970s, research on the 
effects of metal particle size on refractory supports such as Si0 2 , A1 20 3 , and 
MgO became an active discipline. When it was found in 1978 that the 
properties of Group VIII metals could be altered dramatically by supporting 
these metals on reducible supports such as T i0 2 , research on metal-support 
interactions became an active area once again. This book focuses on the 
advances that have been made recently in this area. 

The origin of strong metal-support interactions has been the subject of 
much research during the past seven years. It has been proposed, for 
example, that these interactions are due to electronic interactions between 
the metal and the support, changes in a metal surface structure or particle 
size induced by the support, or the presence of support species on the metal 
surface. In general, any of these effects may be dominant for a given catalyst 
system as documented by the papers in this book. Undoubtedly, the origin of 
strong metal-support interactions for large metal particles is the presence of 
support species on the metal surface. This phenomenon is developed at 
length in this book by a number of papers that address the evidence for the 
presence of oxide species on metal surfaces and that probe the effects of 
these species on the catalytic and chemisorptive properties of the metal. 

ix 
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We hope that this collection of papers on metal-support interactions 
will serve as a "catalytic support" for further research and lead to new 
applications or to discoveries of new classes of metal-support interactions. 

R. T. K. B A K E R 

Corporate Research Science Laboratories 
Exxon Research and Engineering Company 
Annandale, ΝJ 08801 
S. J. T A U S T E R 

Corporate Research Advancemen
Exxon Research and Engineerin
Annandale, ΝJ 08801 
J. A. D U M E S I C 

Department of Chemical Engineering 
University of Wisconsin—Madison 
Madison, WI 53706 
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1 
Strong Metal-Support Interactions 
Facts and Uncertainties 

S. J. Tauster 

Corporate Research Advancement and Transfer, Exxon Research and Engineering 
Company, Annandale, NJ 08801 

Studies of metal-suppor
nificant progress in the past few years. It is appropriate, at the 
outset of the Metal-Support Interaction symposium, to review our 
current state of knowledge. We will focus on those facts that seem 
firmly established as well as on the major items that remain con­
troversial. 

A brief synopsis of the older literature will be given 
first. The finding that the chemisorption properties of Group VIII 
metals are drastically altered by titania supports following high­
-temperature-reduction (1), later generalized to include other re­
ducible transition metal oxides (2), was interpreted to mean that a 
strong interaction occurred between these phases. A theoretical 
model (3) indicated covalent bonding between a Ti3 + cation and a Pt 
atom and further suggested that cation-to-metal charge transfer 
would strengthen the interaction. This electronic perturbation of 
the metal atoms was held responsible for the suppressed chemisorp­
tion of H 2 and CO, although the observation that even large metal 
particles suffered this suppression was di f f icul t to explain on 
this basis. Evidence for the strength of metal-titania inter­
actions came from electron microscopy which revealed that some 
metals (Pt (4), Ag (5)) had a tendency to spread on the reduced­
-titania surface. These interactions drastically suppressed act i ­
vity for alkane hydrogenolysis (6,7); however, the same systems 
showed increased activity for CO-H2 synthesis, often accompanied by 
improved selectivity to higher hydrocarbons. 

TiOx Over layer Formation i n M e t a l / T i t a n i a Model Systems 

More recent research has g r e a t l y improved our unders tand­
i n g of these systems and has l e d to new quest ions as w e l l . Of 
major importance i s the d i s c o v e r y that r e d u c e d - t i t a n i a ( u s u a l l y 
r e f e r r e d to as ΤιΟ χ ) i s s u r p r i s i n g l y mobile and can migrate onto 
the surface of metals at temperatures commonly used f o r c a t a l y t i c 
r e a c t i o n or pre t rea tment . This remarkable s t r u c t u r a l dynamism 
in t roduces a new dimension to the i n t e r p r e t a t i o n of m e t a l / t i t a n i a 
systems. 

0097-6156/86/0298-0001$06.00/0 
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2 STRONG METAL-SUPPORT INTERACTIONS 

As an example of t h i s b e h a v i o r , a lOOA-thick l a y e r of Ni 
atop a l a y e r of TiOo shows, i n i t i a l l y , only Ni Auger peaks. Re­
d u c t i o n at 723K of T i 0 2 to T iO x leads to the d e t e c t i o n of both Ti 
and 0 s i g n a l s . E v i d e n t l y TiO^ has migrated a d i s t a n c e of 100Â, 
presumably along g r a i n boundaries or the l a t e r a l sur face of the Ni 
l a y e r , appearing on top of the Ni ( 8 ) . I f a l a y e r of S i0 2 i s 
i n t e r p o s e d between the Ni and T i 0 2 , no Auger peaks of Ti or 0 are 
seen, i n d i c a t i n g the absence of a r t i f a c t s . S i m i l a r r e s u l t s have 
been obta ined w i t h a 30A- th ick Rh l a y e r (Ti and 0 peaks seen w i t h 
Auger spectroscopy and SIMS) (9) and i n another study i n v o l v i n g Ni 
(120Â t h i c k ) on t i t a n i a (Ti and 0 peaks seen w i t h Auger s p e c t r o ­
scopy) (10 ) . In the l a t t e r two cases , Ar ion s p u t t e r i n g l e d to a 
decrease i n the Ti and 0 Auger s i g n a l i n t e n s i t i e s , i n d i c a t i n g r e ­
moval of the T i 0 x o v e r l a y e r . 

The d e t a i l e d mechanism of T i 0 x - o v e r l a y e r f o r m a t i o n , oc­
c u r r i n g w i t h i n minutes
s c u r e . I t must be unders tood
e f f e c t , d r i v e n by the i n t e r a c t i o n between the T i 0 x and metal s u r ­
f a c e s . The i n t e r a c t i o n i s s t rong enough to compensate f o r the 
p a r t i a l l o s s of Madelung energy caused by the d i s r u p t i o n of the 
t i t a n i a l a t t i c e . T i 0 x m i g r a t i o n i s t h e r e f o r e not t o be confused 
w i t h o r d i n a r y s i n t e r i n g which leads t o a decrease i n the t o t a l 
s u r f a c e a r e a . E a r l y experiments had i n f a c t shown tha t h i g h - t e m ­
p e r a t u r e - r e d u c t i o n of m e t a l / t i t a n i a systems d i d not cause such a 
decrease ( 1 ) . 

The format ion of TiO^ o v e r l a y e r s thus serves to demon­
s t r a t e the e x i s t e n c e of a meta l - suppor t i n t e r a c t i o n . The l a t t e r 
should be thought o f , p r i m a r i l y , i n m a t e r i a l s - s c i e n c e terms ; tha t 
i s , a bonding between the phases . The e f f e c t of t h i s i n t e r a c t i o n 
on c a t a l y t i c p r o p e r t i e s i s a separate q u e s t i o n . A d d i t i o n a l e v i ­
dence f o r m e t a l - t i t a n i a i n t e r a c t i o n comes from three sur face 
sc ience s t u d i e s i n which metals were vapor depos i ted onto t i t a n i a 
or S r T i 0 3 sur faces p r e t r e a t e d so as to c o n t a i n Ti** as shown by XPS 
or EELS. The important r e s u l t was tha t sur face was e l i m i n a t e d 
(U>!2) or decreased (13) by the metal f l u x . These exper iments , 
i n v o l v i n g P t , Ni or Pd as the depos i ted m e t a l , p o i n t c l e a r l y to a 
m e t a l - T i 3 + i n t e r a c t i o n . This f i n d i n g appears to have been obscured 
by the i n c o n c l u s i v e r e s u l t s of experiments aimed at e s t a b l i s h i n g 
the degree of charge t r a n s f e r i n m e t a l - t i t a n i a i n t e r a c t i o n s , u s u ­
a l l y i n v o l v i n g XPS. Regardless of how the ques t ion of charge 
t r a n s f e r i s u l t i m a t e l y r e s o l v e d , the f a c t of m e t a l - T i 3 + i n t e r a c t i o n 
seems e s t a b l i s h e d by the r e s u l t s j u s t c i t e d . 

THE EFFECT OF TiO^-OVERLAYERS ON ADSORPTION-DESORPTION PROPERTIES 
TRê s i g n i f i c a n c e of T i 0 x - o v e r l a y e r format ion extends 

beyond the ques t ion of bonding between metals and t i t a n i a . It 
suggests that the suppress ion of H 2 and CO chemisorpt ion i n metal/ 
t i t a n i a systems can be e x p l a i n e d as s imple s i t e blockage due to the 
o v e r l a y e r . Despi te the a p p e a l i n g s i m p l i c i t y o f t h i s model the 
ques t ion i s s t i l l open and evidence can be c i t e d tha t po ints to a 
more compl ica ted s i t u a t i o n . Experiments have been performed under 
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1. TAUSTER Facts and Uncertainties 3 

c o n d i t i o n s chosen to minimize the l i k e l i h o o d of o v e r l a y e r forma­
t i o n . In one case a monolayer of Pt was vapor depos i ted at 130K on 
a prereduced t i t a n i a f i l m . H 2 a d s o r p t i o n at 130K was determined 
before and a f t e r annea l ing at 370K. The treatment reduced the 
a d s o r p t i o n c a p a c i t y by 2/3 a l though t h i s low temperature would not 
be expected to lead to an o v e r l a y e r and, i n f a c t , none was i n d i ­
cated by Auger s p e c t r o s c o p y ( 1 4 ) . A s i m i l a r r e s u l t was obta ined by 
d e p o s i t i n g Pt (0 .5 ML) at 298K on a t i t a n i a f i l m that was e i t h e r 
o x i d i z e d o r , a l t e r n a t i v e l y , prereduced before d e p o s i t i o n . P r e r e ­
d u c t i o n l e d to a 2/3 decrease i n the amount of Ho adsorbed at 120K 
(15 ) . 

Another approach to the c h e m i s o r p t i o n - o v e r l a y e r ques t ion 
i s to determine the degree of coverage w i t h Auger spectroscsopy and 
compare t h i s w i t h the amount of chemisorpt ion s u p p r e s s i o n . Two 
such s t u d i e s have been reported and have reached oppos i te c o n c l u ­
s i o n s . In one case , v a r y i n
and then o x i d i z e d to Τ ι Ο
vary l i n e a r l y w i t h T i O x coverage and complete coverage was r e q u i r e d 
f o r complete s u p p r e s s i o n . Thus no e f f e c t other than s imple s i t e 
blockage could be d i s c e r n e d (16) . In another study Ni (120Â l a y e r ) 
was depos i ted onto T i 0 2 . Reduction at 698K produced a ΤιΟ χ o v e r -
l a y e r . The coverage o f N i , as we l l as i t s e f f e c t on CO a d s o r p t i o n , 
was monitored as a f u n c t i o n of t i m e . At low ΤιΟ χ coverge between 5 
and 9 Ni s i t e s were d e a c t i v a t e d f o r CO a d s o r p t i o n per Ti atom i n 
the o v e r l a y e r ( 1 0 , 1 7 ) . 

I f a ΤιΟ χ o v e r l a y e r i s able t o do more than block s i t e s , 
i . e . , i f ne ighbor ing metal atoms are a f f e c t e d , t h i s p e r t u r b a t i o n 
should l e a d t o changes i n the Temperature Programmed Desorpt ion 
(TPD) s p e c t r a . Some s t u d i e s have found t h i s . For example, a n n e a l ­
i n g a P t / T i O x sample at 370K lowered the Ho_ d e s o r p t i o n peak tem­
perature 33K v i z . anneal ing at 130K (14 ) . S i m i l a r l y , d e p o s i t i n g Pt 
(at 298K) on prereduced t i t a n i a lowered the H 2 peak temperature 75K 
v i z . d e p o s i t i o n onto an o x i d i z e d ( T i 0 2 ) f i l m (15.). Changes i n the 
CO TPD spectrum were seen as w e l l . In both these s t u d i e s TPD 
changes were accompanied by other evidence of e l e c t r o n i c p e r t u r b a ­
t i o n of the P t , i . e . , suppressed a d s o r p t i o n i n the apparent ab­
sence of TiO - o v e r l a y e r format ion ( c i t e d above) . C o r r e s p o n d i n g l y , 
an experiment i n which suppressed H 2 and CO adsorpt ions were a t t r i ­
buted to s imple s i t e blockage of Pt by TiO^ ( c i t e d above) a l s o 
f a i l e d to detect any TPD changes induced by Ι ί 0 χ ( 16 ) . F i n a l l y , 
the e f f e c t of a Τ ι 0 χ o v e r l a y e r on Ni was i n v e s t i g a t e d (18 ) . The 
a c t i v a t i o n energy for CO d e s o r p t i o n was found to be s i g n i f i c a n t l y 
decreased, whereas i n the case of H 2 both s t ronger and weaker b i n d ­
i n g s t a t e s were induced by Τ ι Ο χ . 

PROPERTIES OF HIGH-TEMPERATURE-REDUCED (HTR) METAL/TITANIA 
CATALYSTS 

T i O x - o v e r l a y e r format ion has been amply demonstrated i n 
model systems amenable to sur face sc ience c h a r a c t e r i z a t i o n . In the 
case of wel l d i s p e r s e d metal p a r t i c l e s on h i g h - s u r f a c e - a r e a t i t a n i a , 
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4 STRONG METAL-SUPPORT INTERACTIONS 

f i r m evidence f o r o v e r l a y e r formation i s not a v a i l a b l e ; s t i l l one 
might reasonably expect i t to o c c u r . As pointed out above, one 
might a t t r i b u t e the n e a r - t o t a l suppress ion of H 2 and CO chemisorp­
t i o n to n e a r - t o t a l e n c a p s u l a t i o n of the m e t a l . 

Some recent r e p o r t s , however, argue aga ins t such a d r a s ­
t i c i n t e r p r e t a t i o n . Although some degree of o v e r l a y e r format ion 
may wel l occur f o l l o w i n g high temperature r e d u c t i o n of a metal/ 
t i t a n i a c a t a l y s t , t o t a l coverage of the metal surface i s not i n d i ­
c a t e d . One example i s the a b i l i t y of the c a t a l y s t to generate 
s p i l l o v e r hydrogen. Metal / t i t a n i a c a t a l y s t s that are reduced and 
outgassed at 773K and subsequently contacted w i t h Ho at 298K show 
r a p i d format ion of hydroxyl groups (19) and T i 3 + (20) and an i n ­
crease i n e l e c t r i c a l c o n d u c t i v i t y (21) , r e s u l t i n g from the s p i l l ­
o v e r - r e d u c t i o n of t i t a n i a . In another s t u d y , the de so rpt io n i s o ­
therm of HTR P t / t i t a n i a , c o n s t r u c t e d by stepwise decreases i n the 
e q u i l i b r i u m p r e s s u r e , e x t r a p o l a t e d to H/Pt = 0.27 al though the 
convent ional a d s o r p t i o n
value agreed w i t h the p a r t i c l e s i z e d e r i v e d from e l e c t r o n m i c r o ­
scopy. A p p a r e n t l y , s p i l l o v e r hydrogen l e d to hydroxyl f o r m a t i o n , 
most of which occurred i n the v i c i n i t y of the metal p a r t i c l e s . 

S p i l l o v e r hydrogen can a l s o be demonstrated through i t s 
p a r t i c i p a t i o n i n c a t a l y t i c proce sse s . A recent report (22) des­
c r i b e d HTR P t / t i t a n i a as more a c t i v e for acetone hydrogénation than 
P t / S i 0 2 . This r e a c t i o n i s b e l i e v e d to occur v i a c o o r d i n a t i o n of 
acetone t o the oxide sur face f o l l o w e d by a t tack of s p i l l o v e r 
hydrogen. 

In a d d i t i o n to s u p p l y i n g s p i l l o v e r - h y d r o g e n , HTR metal/ 
t i t a n i a c a t a l y s t s have been reported to be a c t i v e f o r dehydrogena-
t i o n . (CO-Ho s y n t h e s i s r e a c t i o n s are not cons idered in t h i s sec­
t i o n due to the s p e c i a l problems they p r e s e n t ) . Despite the d r a s ­
t i c l o s s i n ethane hydrogenolys i s a c t i v i t y (1000- fo ld) caused by 
high temperature reduct ion of R h / t i t a n i a the ra te of cyclohexane 
dehydrogenation decreased only ~ 20% (23) v i z . the low temperature 
reduced c a t a l y s t . I t has a l s o been reported that HTR N i / t i t a n i a i s 
about 0.5% as a c t i v e f o r ethane hydrogenolys i s as Ni/alumina but ~ 
50% as a c t i v e f o r cyclohexane dehydrogenation (24) . Other s t u d i e s 
(25) have y i e l d e d c o n t r a s t i n g r e s u l t s , i . e . , a sharp decrease i n 
dehydrogenation a c t i v i t y f o l l o w i n g high temperture reduct ion of 
m e t a l / t i t a n i a . One may suspect that the d e t a i l s of c a t a l y s t p r e -
treatment are i m p o r t a n t . It appears , however, that at l e a s t i n 
some cases a c t i v i t y can be severe ly suppressed f o r one r e a c t i o n 
w h i l e r e l a t i v e l y unaf fec ted f o r another , which runs counter to the 
model of gross e n c a p s u l a t i o n of the metal p a r t i c l e s . 

For a given degree of T i O ^ - o v e r l a y e r coverge , i t i s 
important to know how t h i s phase i s d i s t r i b u t e d on the metal s u r ­
f a c e . One p o s s i b i l i t y i s "gross coverage" , i . e . , complete b l o c k ­
age of l a r g e areas of the metal w i t h , perhaps, l a r g e metal areas 
remaining unblocked . I f the TiO does not e l e c t r o n i c a l l y per turb 
nearby, unblocked s i t e s , the unblocked p o r t i o n of the metal would 
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1. TAUSTER Facts and Uncertainties 5 

be expected to e x h i b i t normal a d s o r p t i v e and c a t a l y t i c p r o p e r ­
t i e s . Thus a HTR 5% m e t a l / t i t a n i a c a t a l y s t w i t h 80% gross coverage 
of the metal by ΤιΟ χ should behave s i m i l a r l y t o a 1% l o a d i n g of the 
same metal on , say , S i 0 2 . The a b o v e - c i t e d changes i n hydrogenoly-
s i s - v e r s u s - d e h y d r o g e n a t i o n s e l e c t i v i t y are not accounted f o r by 
such a model . Fur ther evidence aga ins t t h i s s imple p i c t u r e comes 
from the o b s e r v a t i o n tha t P t / t i t a n i a and P d / t i t a n i a e x h i b i t an 
unusual r e l a t i o n s h i p between H 2 and CO a d s o r p t i o n s , w i t h the former 
able to p a r t i a l l y d i s p l a c e the l a t t e r (26,27) . t l In a d d i t i o n , the 
technique of " frequency response chemisorpt ion has been used to 
demonstrate the e x i s t e n c e of l a b i l e Ho chemisorpt ion s i t e s i n 
N i / t i t a n i a and R h / t i t a n i a that are not found w i t h the s i l i c a - s u p ­
ported metals (28) . 

Although gross coverage cannot account f o r the s e l e c t i v e 
suppress ion of hydrogenolys i s v i z . dehydrogenation a c t i v i t y c i t e d 
above, the p o s s i b i l i t y o
be c o n s i d e r e d . It has bee
c h a r a c t e r i s t i c of b i m e t a l l i c systems ( e . g . , C u - N i ) f o r which the 
s e l e c t i v e h y d r o g e n o l y s i s - s u p p r e s s i n g e f f e c t of Cu i s e x p l a i n e d on 
the bas i s of the l a r g e Ni ensembles r e q u i r e d f o r t h i s r e a c t i o n . 
A d d i t i o n a l support f o r the m e t a l / t i t a n i a - b i m e t a l l i c c l u s t e r analogy 
comes from the f a s t e r disappearnce of br idged CO v i z . l i n e a r CO 
w i t h i n c r e a s i n g r e d u c t i o n of m e t a l / t i t a n i a ( 1 0 , 2 9 , 3 0 ) . A l s o , H 2 

r e a c t i o n orders f o r hydrogenolys i s are changed i n the same way i n 
both types of systems (31 ) . These observa t ions po int out the need 
f o r i n f o r m a t i o n concerning the d i s t r i b u t i o n , on an atomic s c a l e , of 
ΤιΟ χ moie t i es on the metal s u r f a c e . 

INFLUENCE OF THE METAL/TiOv INTERACTION ON C0-Ho SYNTHESIS 
PROPERTIES * * 

Studies have shown t h a t m e t a l / t i t a n i a c a t a l y s t s o f ten 
show enhanced a c t i v i t y and/or s e l e c t i v i t y f o r the C 0 - H 2 s y n t h e s i s 
r e a c t i o n . This l i t e r a t u r e w i l l not be reviewed h e r e . Instead we 
w i l l concentrate on the quest ion of how these r e a c t i o n f e a t u r e s 
r e l a t e t o the p r o p e r t i e s of m e t a l / t i t a n i a c a t a l y s t s p r e v i o u s l y 
d i scussed i n t h i s r e v i e w . An important problem i s that H 2 0 i s a 
by-product of the C 0 - H 2 r e a c t i o n , r a i s i n g the p o s s i b i l i t y that 
reduced t i t a n i a , " Τ ι Ο χ " , cannot e x i s t i n these systems. S ince 
there i s much evidence t h a t T i O x i s i n t r i n s i c a l l y r e l a t e d to the 
r e s u l t s obta ined i n HoO-free systems, the r e l a t i o n s h i p between the 
e f f e c t s observed i n these d i f f e r e n t environments i s c a l l e d i n t o 
q u e s t i o n . 

I t must be remembered t h a t , d e s p i t e the presence of H 2 0 , 
C 0 - H 2 s y n t h e s i s r e a c t i o n s occur under net reducing c o n d i t i o n s . 
There w i l l be a dynamic e q u i l i b r i u m between T i 3 + and T i 4 governed 
by the r e l a t i v e a c t i v i t i e s of a l l ox idants and r e d u c t a n t s : H 2 0 , 
C 0 2 , s p i l l o v e r hydrogen, CO and hydrocarbons . Indeed there i s some 
evidence that the p r o p e r t i e s a s s o c i a t e d w i t h anhydrous metal/ 
t i t a n i a systems can occur under HoO-containing (but net reducing) 
c o n d i t i o n s as w e l l . Suppressed CO chemisorpt ion has been found 
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6 STRONG METAL-SUPPORT INTERACTIONS 

w i t h i n s i t u IR d u r i n g C 0 - H 2 s y n t h e s i s at 548K over P t / t i t a n i a (26) 
and P d / t i t a n i a ( 2 7 ) . Suppressed N i ( C 0 ) 4 format ion has been found 
d u r i n g C 0 - H 2 s y n t h e s i s over N i F e / t i t a n i a (32) . The spreading of Fe 
on t i t a n i a nas been observed w i t h TEM upon reduct ion at 773K i n H 2 

c o n t a i n i n g 1% H 2 0 (33 ) . In another study of F e / t i t a n i a under s i m i ­
l a r c o n d i t i o n s , c o n t r o l l e d atmosphere e l e c t r o n microscopy revealed 
tha t Fe atoms migrate from the center of the metal p a r t i c l e to r e ­
duced t i t a n i a created at the metal per iphery by hydrogen s p i l l o v e r , 
r e s u l t i n g i n a doughnut-shaped c o n f i g u r a t i o n (34) . As a f i n a l note 
on t h i s t o p i c , a c y c l i c voltammetry study of P t / T i O x / T i showed 
suppress ion of CO chemisorpt ion from a CO-saturated aqueous s o l u ­
t i o n (35) . 

The C 0 - H 2 s y n t h e s i s p r o p e r t i e s of m e t a l / t i t a n i a c a t a l y s t s 
have been found i n severa l s t u d i e s to be e s s e n t i a l l y unaf fec ted by 
the temperature of r e d u c t i o n , i n c o n t r a s t to the s trong e f f e c t t h i s 
f a c t o r has on chemisorpt io
a t t e n t i o n on the s p e c i a
meter . Reduction of t i t a n i a , undoubtedly through hydrogen s p i l l ­
o v e r , begins t h e r e . I t i s important to note that T i 3 " 1 * c a t i o n s are 
produced by r e d u c t i o n temperatures as low as 473K, as shown by 0 2 

a d s o r p t i o n / H 2 0 decomposit ion measurements (36) or by temperature 
programmed r e d u c t i o n . In the l a t t e r s t u d y , the amount o f - T i 3 + 

produced at temperatures below 503K was e q u i v a l e n t to a T i 3 + / P t 
atom r a t i o of 0.6 (37 ) . 

These reduced c a t i o n s may be i n v o l v e d i n the c r e a t i o n of 
s p e c i a l CO a d l i n e a t i o n s i t e s which have been proposed to e x i s t at 
the m e t a l / t i t a n i a contact per imeter (38-40) . The concept of CO 
a d l i n e a t i o n , i . e . , of a CO molecule s imul taneous ly coordinated to a 
c a t i o n and a metal atom, o b v i o u s l y demands an i n t i m a t e a s s o c i a t i o n 
between these centers and t h u s , i n f a c t , presupposes a bonding 
i n t e r a c t i o n between the metal and reduced t i t a n i a . This could 
c o n c e i v a b l y a f f e c t C 0 - H 2 s y n t h e s i s p r o p e r t i e s i n other ways. One 
i s by s imply i n h i b i t i n g s i n t e r i n g of the metal p a r t i c l e s . Another 
p o s s i b i l i t y would be the c r e a t i o n of metal s i t e s near the contact 
per imeter w i t h a l t e r e d a d s o r p t i o n p r o p e r t i e s f o r H 2 v i z . CO. Such 
s i t e s might be capable of s u p p l y i n g an i n c r e s e d f l u x of d i s s o c i a t e d 
hydrogen t o the metal s u r f a c e . I t should be noted that the H 2 -
d i s p l a c i n g - C O e f f e c t , r e f e r r e d t o above i n connect ion w i t h Pt/ 
t i t a n i a and P d / t i t a n i a , was a l s o observed f o l l o w i n g r e d u c t i o n of 
these c a t a l y s t s at 473K, a l though the e f f e c t was increased by r e ­
d u c t i o n at 773K. 

Thus, i t i s q u i t e c o n c e i v a b l e tha t the m e t a l - t i t a n i a 
i n t e r a c t i o n i n f l u e n c e s the C 0 - H 2 s y n t h e s i s r e a c t i o n through e f f e c t s 
t h a t are concentrated at the contact per imeter and t h a t , s i n c e 
r e d u c t i o n begins here , high temperature r e d u c t i o n i s not r e q u i r e d 
f o r changes i n C 0 - H 2 s y n t h e s i s p r o p e r t i e s to be observed. On the 
other hand, major suppress ion of H 2 (or CO) c h e m i s o r p t i o n , or of 
h y d r o g e n o l y s i s a c t i v i t y , r e q u i r e s that n e a r l y the whole metal 
p a r t i c l e be a f f e c t e d . Even i f suppress ion does not r e q u i r e 
blockage of a l l s i t e s , i . e . , i f t h i s can come about by the d i s -
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r u p t i o n of ensembles or the e l e c t r o n i c p e r t u r b a t i o n of s i t e s near 
the contact p e r i m e t e r , o v e r l a y e r format ion w i l l probably be r e ­
q u i r e d except , perhaps , i n the case of very t h i n metal c r y s t a l ­
l i t e s . I t has been reported that the hydrogenolys i s a c t i v i t y of a 
R h / t i t a n i a c a t a l y s t decreased 25% by reduct ion at 513K f o r 2 hours 
(41 ) . This undoubtedly r e f l e c t s the d e a c t i v a t i o n of s i t e s near the 
contac t p e r i m e t e r . D e a c t i v a t i o n increases c o n t i n u o u s l y w i t h tem­
perature/time and becomes n e a r l y t o t a l only f o l l o w i n g high tempera­
t u r e r e d u c t i o n . 

To conclude t h i s s e c t i o n , there i s a need f o r a b e t t e r 
understanding of the unusual C 0 - H 2 s y n t h e s i s p r o p e r t i e s of metal/ 
t i t a n i a c a t a l y s t s and r e l a t e d systems such as m e t a l / n i o b i a . The 
primary ques t ion to be answered i n t h i s regard concerns the 
s t a b i l i t y of reduced t i t a n i a i n the CO-Hg system. The f a c t that 
severa l r e d u c i b l e oxides ( t i t a n i a , n i o b i a , v a n a d i a , MnO, e tc .) 
have been found t o impar
supported metals suggest
f a c t o r t h a t i s not c a n c e l l e d by the C 0 - H 2 r e a c t i o n environment . 

SCOPE OF METAL-SUPPORT INTERACTIONS 

Although most of t h i s review has concerned metal / t i t a n i a , 
i t has been mentioned that other e a s i l y r e d u c i b l e oxides have s i m i ­
l a r support p r o p e r t i e s . E a r l i e r p u b l i c a t i o n s pointed out that they 
d i f f e r e d as a c l a s s from main-group oxides such as a l u m i n a , s i l i c a 
and magnesia as w e l l as from r e f r a c t o r y (to r e d u c t i o n ) t r a n s i t i o n 
metal oxides such as z i r c o n i a and h a f n i a (2 , 4 2 ) . 

I t appears , however, tha t support sur faces are not always 
as r e f r a c t o r y t o r e d u c t i o n as chemical i n t u i t i o n would d i c t a t e . An 
important new f i n d i n g i s that lanthanum oxide undergoes reduc­
t i o n , i n the presence of a supported m e t a l , to "LaO " , and the 
p r o p e r t i e s of Pd/lanthana are s i m i l a r i n several respects to those 
of m e t a l / t i t a n i a ( 4 3 , 4 4 ) . Even w i t h alumina s u p p o r t s , sur face 
r e d u c t i o n has been found i n some ins tances (45-47) . The reason f o r 
t h i s anomalous behavior i s not f u l l y unders tood, a l though s u l f u r 
has been found capable of promoting the r e d u c t i o n (46) . A recent 
report has d e s c r i b e d suppressed H 2 chemisorpt ion on R h / z i r c o n i a 
(48) a l though t h i s was not found i n an e a r l i e r study of I r / z i r c o n i a 
( 2 ) . One may suspect d i f f e r e n c e s i n surface r e d u c i b i l i t y between 
the supports used i n the two cases . 

Although t h i s review has d e a l t w i t h the i n t e r a c t i o n s of 
metals wi th reduced oxide s u r f a c e s , meta l - suppor t i n t e r a c t i o n s are 
c e r t a i n l y not l i m i t e d to t h e s e . Evidence f o r meta l - suppor t i n t e r ­
a c t i o n i n v o l v i n g non-reduced sur faces e x i s t s even i n the meta l/ 
t i t a n i a system. Enhanced hydrogenolys i s a c t i v i t i e s have been found 
f o r low-temperature-reduced R h / t i t a n i a (7) and R u / t i t a n i a (49) . 
These e f f e c t s presumably i n v o l v e i n t e r a c t i o n w i t h T i 4 + i o n s . 
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Information on Metal-Support Interactions from Near 
Edge X-ray Absorption Spectroscopy and Multiple 
Scattering Calculations 
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Annandale, NJ 08801 
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We have used
tion spectrum to obtain information on changes in the electronic 
structure of supported catalysts, compared to the bulk metal. The 
areas of the L2 and L3 edge resonances in s i l i ca and alumina­
-supported Ir catalysts indicate that the catalyst metal particles 
have a lower d orbital occupancy than the bulk metal. An approxi­
mate quantitative measure of the d orbital occupancy has been 
obtained using a calibration for a series of compounds based on 
multiple-scattering Χα calculations. At 90K the L2 and L3 edge 
regions in a silica-supported Pt catalyst show increased absorp­
tion 5-10 eV above the edge, compared to the same region in the 
bulk metal. We attribute this increased absorption to a transi­
tion to an empty antibonding state arising from the bonding of the 
metal particles to the support anions. Multiple-scattering Χα 
calculations on a simple cluster model of the metal-support 
interface support this explanation. 

X-ray absorption spectroscopy has become an important 
tool for the characterization of catalysts. The near edge region 
of the x-ray absorption spectrum, within 50 eV of the absorption 
edge, can provide information on the electronic structure of the 
excited atom and the local structure around that atom which is 
largely complementary to the information provided by EXAFS (Exten­
ded X-ray Absorption Fine Structure). In particular, the absorp­
tion edge resonance lines or "white l ines" , at the L edges of 
transition metals give information on the d orbital occupancy of 
the excited atom.1,2 Changes in the intensity of these absorption 
edge resonances can be used to follow changes in the d orbital 
occupancy in supported catalysts.1,3 We present here an analysis 
of the L2 and L3 edge structure in supported platinum and iridium 
catalysts using the results of multiple scattering Χα (MS-Χα) 
calculations of the L edge region in model clusters. Our analysis 
suggests that the observed changes in the L edge structure for 
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these c a t a l y s t s can be r e l a t e d t o changes i n the meta l - suppor t 
i n t e r a c t i o n . 

Analysis of the L Edge Resonance Lines i n Ir Catalysts 

The Lo and L 3 edges of supported Ir c a t a l y s t s have been 
obta ined by L y t l e et a l . F i g . 1 shows the L 3 edges f o r 1 wt% 
Ir/SiOo and 1 wt% I r / A l 2 0o c a t a l y s t s under He, 0 2 and CO, super ­
imposed on the L 3 edge of i r metal f o r compar ison . It can be seen 
t h a t the resonance l i n e s f o r the "bare" (under He) supported 
c a t a l y s t s have a s i g n i f i c a n t l y grea ter i n t e n s i t y than the r e s o n ­
ance l i n e of the bulk m e t a l . There i s a f u r t h e r i n c r e a s e i n 
i n t e n s i t y upon 0 2 c h e m i s o r p t i o n , but no s i g n i f i c a n t i n c r e a s e upon 
CO c h e m i s o r p t i o n . 

The L 2 resonanc
core l e v e l t o empty d s t a t e
s i o n s r e l a t i n g the a b s o r p t i o n cro$s s e c t i o n s of the L 2 and U 
resonances to the d band vacancies given by Mat the is and D i e t z , 
i t can be shown t h a t t o a good approximat ion the t o t a l d o r b i t a l 
vacancies should be p r o p o r t i o n a l t o the sum of the L 2 and Lo 
resonance a r e a s . In order t o r e l a t e the observed d i f f e r e n c e s i n L 
edge resonance i n t e n s i t y between I r c a t a l y s t s and the bulk metal 
t o changes i n d o r b i t a l occupancy we r e q u i r e a c a l i b r a t i o n t h a t 
r e l a t e s Χα o r b i t a l occupancies to the L 2 and L 3 resonance areas i n 
a s e r i e s of compounds. We have r e c e n t l y obta ined accurate values 
of the d o r b i t a l occupancy f o r a s e r i e s of p l a t i n u m compounds 
u s i n g m u l t i p l e - s c a t t e r i n g Χα m o l e c u l a r o r b i t a l c a l c u l a t i o n s . The 
molecular o r b i t a l c a l c u l a t i o n s were c a r r i e d out on c l u s t e r s 
r e p r e s e n t i n g the nearest neighbor environment of the Pt atom and 
i n c l u d e d the e f f e c t of the 2p core h o l e . The area of the r e s o n ­
ance was obta ined by d e c o n v o l u t i o n of the edge i n t o a L o r e n t z i a n 
f u n c t i o n r e p r e s e n t i n g the t r a n s i t i o n to the empty d s ta tes and an 
arctangent step f u n c t i o n r e p r e s e n t i n g the t r a n s i t i o n s to the c o n ­
t i n u u m . The t o t a l resonance area was taken to be the sum of the 
areas of the L o r e n t z i a n s at the L 2 and L 3 edges . A p l o t of the d 
vacancies obta ined from the molecular o r b i t a l c a l c u l a t i o n s on the 
p l a t i n u m compounds i s shown i n F i g . 2 . I t should be noted t h a t 
t h i s p l o t d i f f e r s from the one g iven i n R e f . 2 , where the Lo edge 
resonance area was er roneous ly m u l t i p l i e d by a w e i g h t i n g f a c t o r of 
0 . 5 . I t can be seen that the r e l a t i o n s h i p i s indeed l i n e a r and 
t h a t the d vacancies obta ined from a c l u s t e r c a l c u l a t i o n on the 
pure metal can be i n c l u d e d along w i t h the values f o r the com­
pounds. 

We now use the r e l a t i o n s h i p between d vacancies and L 
edge resonance area shown i n F i g . 2 to o b t a i n q u a n t i t a t i v e i n f o r ­
mation on the d o r b i t a l occupancy i n the I r c a t a l y s t s . We have 
found u s i n g SCF-Χα atomic wave f u n c t i o n s tha t the o s c i l l a t o r 
s t r e n g t h f o r the 2p*5d t r a n s i t i o n i n the I r atom i s very c l o s e t o 
tha t of the corresponding t r a n s i t i o n i n the Pt atom, so the 
r e l a t i o n s h i p i n F i g . 2 should be a p p l i c a b l e t o I r compounds 
a l s o . The resonance l i n e s f o r the supported c a t a l y s t s were 
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Ir on Si02 Ir on Al203 

-40-20 0 20 40 -40-20 0 20 40 

Energy, (eV) 

F i g . 1 Lg a b s o r p t i o n edges f o r i r i d i u m c a t a l y s t s under v a r i o u s 
c o n d i t i o n s (heavier l i n e s ) a l i g n e d w i t h the same edge i n 
the bulk m e t a l . The d i f f e r e n c e spectrum shown below each 
p a i r of edge spec t ra was obta ined by s u b t r a c t i n g the bulk 
metal edge from the c a t a l y s t edge. 
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e x t r a c t e d from the edge s t r u c t u r e by the same d e c o n v o l u t i o n as was 
used f o r the compounds. The f i t obta ined f o r the L3 edge of the 1 
wt% Ir/AloOg c a t a l y s t i s shown i n F i g . 3 . The L o r e n t z i a n has a 
somewhat l a r g e r area i n the c a t a l y s t than i n the bulk m e t a l , 
r e f l e c t i n g the more i n t e n s e resonance l i n e at the c a t a l y s t absorp­
t i o n edge. From the r e l a t i o n s h i p i n F i g . 2 the i n c r e a s e i n area 
of the resonances at the L 2 and L3 edges corresponds to an i n ­
crease of 0.24 d vacancies over the bulk value i n I r / A l 2 0 3 and an 
i n c r e a s e of 0.28 d vacancies i n I r / S i 0 2 . 

The o r i g i n of the i n c r e a s e i n d vacancies i n the i n d i u m 
c a t a l y s t s i s not c l e a r . The average e l e c t r o n i c c o n f i g u r a t i o n of 
an I r atom i n a small p a r t i c l e c o u l d d i f f e r s i g n i f i c a n t l y from 
t h a t of an I r atom i n the bulk m e t a l . However, we note t h a t the 
white l i n e at the L3 edge of supported Pt c a t a l y s t s does not show 
any s i g n i f i c a n t i n c r e a s e i n i n t e n s i t y compared t o the bulk ( a l ­
though the l i n e i s broadene
cussed i n more d e t a i l i
o r b i t a l vacancies i n the c a t a l y s t s i s a t t r i b u t e d to the small 
p a r t i c l e nature of the I r , then i t i s d i f f i c u l t to understand why 
a s i m i l a r i n c r e a s e i s not observed i n small Pt p a r t i c l e s of very 
s i m i l a r average s i z e . I t does not seem p r o b a b l e , t h e r e f o r e , tha t 
the i n c r e a s e i n d vacancies can be a t t r i b u t e d t o the smal l 
p a r t i c l e nature of the I r i n the c a t a l y s t s , a l though f u r t h e r work 
i s needed on the e l e c t r o n i c s t r u c t u r e of small I r c l u s t e r s i n 
order t o r u l e out t h i s e x p l a n a t i o n w i t h c e r t a i n t y . 

Another p o s s i b l e e x p l a n a t i o n of the i n c r e a s e i n d 
vacancies i n the I r c a t a l y s t s i s t h a t d e l e c t r o n s are withdrawn 
from the metal p a r t i c l e s by the s u p p o r t . However, i t i s d i f f i c u l t 
t o understand how a l a r g e average charge t r a n s f e r of 0.25 e l e c ­
t r o n s per metal atom can be caused by i n t e r a c t i o n w i t h wide band 
gap i n s u l a t o r s such as S i 0 2 and AI0O3. The valence band i n these 
supports has few empty s t a t e s t h a t are capable of a c c e p t i n g the 
e l e c t r o n s t r a n s f e r r e d from the metal p a r t i c l e s . A much more 
probable e x p l a n a t i o n i s that some of the I r c a t i o n s s u r v i v e the 
r e d u c t i o n treatment used t o prepare the c a t a l y s t (the support was 
impregnated w i t h c h l o r o i r i d i c a c i d and reduced f o r two hours at 
773 K ) . The I r c a t i o n s would be anchored t o the support through 
the oxygen atoms on the support sur face t o produce species of the 
type 

X X 

I t has been shown t h a t R h / A l 2 0 o c a t a l y s t s prepared from RhCl 3 
under s i m i l a r c o n d i t i o n s r e t a i n e d some c h l o r i n e , and IR s p e c t r o ­
scopy of CO absorbed on these c a t a l y s t s i n d i c a t e d tha t Rh c a t i o n s 
were p r e s e n t . ESR measurements have detec ted R i r ions i n 
reduced R h / A l 2 0 3 and R h / T i 0 2 c a t a l y s t s . 6 F u r t h e r work i s r e q u i r e d 
i n order to determine whether o x i d i z e d species are a l s o present i n 
reduced I r c a t a l y s t s . 

In Strong Metal-Support Interactions; Baker, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



14 STRONG METAL-SUPPORT INTERACTIONS 

1.6 

I I I I ι ι ι ι 1 1 1 

Pt02 % ^ 

1.4 / -

1.2 -
(PtCI6)2- · / 

1.0 -

0.8 - PtCI2 · / -

0.6 
/ · Pti

-

0.4 -
/ · Pt 

0.2 

/ ι 1 1 1 1 1 1 1 1 1 1 
2 4 6 8 10 

AREA OF L2 RESONANCE + AREA OF L3 RESONANCE 

F i g . 2 R e l a t i o n s h i p between the unoccupied d s ta tes i n p l a t i n u m 
metal and a s e r i e s of p l a t i n u m compounds, c a l c u l a t e d i n 
the 2p core hole p o t e n t i a l , and the sum of the areas of 
the L 2 and L 3 resonance l i n e s . 
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F i g . 3 Experimental Lo edge f o r 1 wt % I r / A l 2 0 3 c a t a l y s t ( f i l l e d 
c i r c l e s ) together w i t h the f i t t o the sum of the 
L o r e n t z i a n and arctangent f u n c t i o n s . The separate 
components of t h i s f u n c t i o n are a l s o shown. 
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Analysis of the L Edge Structure i n Supported Pt Catalysts 

We now c o n s i d e r the L edge reg ion i n supported Pt 
c a t a l y s t s . Measurements of the L2 and U edge region i n a 0.5 wt 
% Pt/SiOp c a t a l y s t have been c a r r i e d out by L y t l e et a l / at a 
s e r i e s of d i f f e r e n t temperatures between 90 Κ and 773 K. F i g u r e 4 
shows the L 3 and L 2 edges i n t h i s c a t a l y s t under He and H 2 f o r the 
l i m i t i n g temperatures of 90 Κ and 773 K. The corresponding edges 
f o r the bulk metal are shown f o r compar ison . It can be seen t h a t 
the Lo edge white l i n e i n the c a t a l y s t at 90 Κ i s much broader 
than tne white l i n e at the Lo edge at the bulk metal because of a 
s i g n i f i c a n t i n c r e a s e i n the a b s o r p t i o n cross s e c t i o n i n the region 
5-10 eV above the edge. However at 773 Κ the broadening has 
d isappeared and the edge peak i s now somewhat narrower than t h a t 
i n the bulk metal edge. Although the L 2 edge does not show a 
w h i t e l i n e there i s a corresponding i n c r e a s e i n the a b s o r p t i o n 
c o e f f i c i e n t at 5-10 eV above the edge, i n the c a t a l y s t at 90 Κ, 
f o r t h i s edge as w e l l . Th
ous between the two temperatures and i s complete ly r e v e r s i b l e on 
c o o l i n g , showing t h a t the change i s not due t o agglomerat ion of 
the Pt p a r t i c l e s i n the c a t a l y s t . The c a t a l y s t edge region at 90 
Κ under Ho i s almost i d e n t i c a l t o the edge region under He, which 
means t h a t the changes cannot be a t t r i b u t e d to d e s o r p t i o n of 
chemisorbed Ho. I t i s a l s o h i g h l y improbable t h a t changes i n the 
reg ion 5-10 ev above the edge, which corresponds to t r a n s i t i o n s t o 
empty s t a t e s tha t l i e f a r above the Fermi l e v e l , can be a t t r i b u t e d 
s imply to the f low of e l e c t r o n s i n t o the empty d band s ta tes i n 
t h i s r e g i o n . 

One p o s s i b l e e x p l a n a t i o n of the L edge changes i n the Pt 
c a t a l y s t i s tha t there i s a change i n the shape of the p a r t i c l e s 
as the temperature i s i n c r e a s e d . The p a r t i c l e s could have a f l a t 
r a f t - l i k e shape at low temperature because of bonding to the 
support and assume a s p h e r i c a l or hemispher i ca l shape at h igher 
temperatures when the bonds to the support are b r o k e n . To t e s t 
t h i s e x p l a n a t i o n we have c a r r i e d out c a l c u l a t i o n s of the L edge 
a b s o r p t i o n cross s e c t i o n f o r three d i f f e r e n t c l u s t e r s of Pt 
atoms: a) a P t 1 3 cube o c t a g o n , r e p r e s e n t i n g the nearest neighbor 
environment i n bulk Pt or a l a r g e t h r e e - d i m e n s i o n a l p a r t i c l e , b) a 
P t 1 Q c l u s t e r r e p r e s e n t i n g the nearest neighbor environment of an 
atom on the c l o s e packed (111) sur face of P t , or i n a two l a y e r 
r a f t - l i k e s t r u c t u r e , and c) a P t 7 c l u s t e r which represents the 
nearest neighbor environment of an atom i n a two-dimensional 
s i n g l e l a y e r r a f t - l i k e s t r u c t u r e . The s t r u c t u r e s of the three 
c l u s t e r s are shown i n F i g . 5 . The l i m i t a t i o n of the c l u s t e r s t o 
the f i r s t s h e l l of nearest neighbors might appear t o be a f a i r l y 
severe a p p r o x i m a t i o n . However, the shor t l i f e t i m e of the 2p core 
hole causes a s u b s t a n t i a l broadening (5 eV) of a l l the near edge 
f e a t u r e s . Because of t h i s b r o a d e n i n g , f e a t u r e s due to s c a t t e r i n g 
from second and higher s h e l l s of nearest neighbors might not be 
r e s o l v e d . 

The c l u s t e r p o t e n t i a l s were obta ined by superimposing 
the s e l f - c o n s i s t e n t Χα charge d e n s i t i e s f o r the i n d i v i d u a l Pt 
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4 L 2 and L 3 edge spec t ra f o r 0.5% Pt/SiOo c a t a l y s t under He 
(cont inuous l i n e ) and Ho (dashed l i n e ) , compared to the 
corresponding edge spectrum f o r the bulk metal (dot ted 
l i n e ) , at temperature of 773 Κ and 90 K. 
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Pt c l u s t e r s f o r which a d s o r p t i o n cross s e c t i o n 
were c a r r i e d o u t . 
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atoms i n the c l u s t e r . The L edge s t r u c t u r e was obta ined by 
c a l c u l a t i n g the a b s o r p t i o n cross s e c t i o n f o r t r a n s i t i o n s from the 
2p core l e v e l t o continuum s t a t e s above the i o n i z a t i o n t h r e s h o l d 
of the c l u s t e r . The i o n i z a t i o n t h r e s h o l d was made to c o i n c i d e 
w i t h the Fermi l e v e l of the c l u s t e r by surrounding the c l u s t e r 
w i t h a n e g a t i v e l y charged sphere of rad ius equal to the s u r r o u n d ­
i n g m u f f i n t i n sphere . In t h i s way the empty d s t a t e s below the 
vacuum l e v e l become continuum s t a t e s and do not need to be t r e a t e d 
s e p a r a t e l y . Absorpt ion cross s e c t i o n s f o r the^ core t o continuum 
t r a n s i t i o n s were obtained w i t h the Ms-Χα method 8 us ing the program 
of Davenport , m o d i f i e d t o a l l o w the use of a deep core l e v e l as 
the i n i t i a l s t a t e . The s p i n - o r b i t s p l i t t i n g of the 2p core l e v e l 
was not i n c l u d e d i n the c a l c u l a t i o n s , which must t h e r e f o r e be 
regarded as l e a d i n g to an "average" of the L 2 and L 3 edge s t r u c ­
t u r e . 

The c a l c u l a t e
the three Pt c l u s t e r s i
edge s t r u c t u r e f o r the P t 1 3 c l u s t e r reproduces f a i r l y a c c u r a t e l y 
the resonance l i n e and the two weaker peaks i n the bulk Pt near 
edge s t r u c t u r e , i n d i c a t i n g t h a t the core hole broadening does 
indeed wash out f ea tures due to s c a t t e r i n g from atoms o u t s i d e the 
f i r s t s h e l l . For the Pt^Q and Pty c l u s t e r s the weak fea tures 
above the resonance l i n e are c o n s i d e r a b l y d i m i n i s h e d i n ampl i tude 
and have almost disappeared complete ly i n the case of the Pty 
c l u s t e r , r e f l e c t i n g the weaker back s c a t t e r i n g of the reduced 
number of nearest n e i g h b o r s . However, the i n c r e a s e d a b s o r p t i o n i n 
the region 5-10 eV above the edge, which leads t o the broadening 
of the resonance l i n e , i s not obta ined i n any of the c a l c u l a ­
t i o n s . The c a l c u l a t i o n s i n d i c a t e tha t the changes i n the L edge 
are not caused by a change of shape of the Pt p a r t i c l e s . 

The most probable e x p l a n a t i o n of the temperature depend­
ence of the L edge s t r u c t u r e i n the c a t a l y s t appears to be that i t 
a r i s e s d i r e c t l y from changes i n the i n t e r a c t i o n of the metal 
c l u s t e r s w i t h the support a n i o n s . The i n t e r a c t i o n between the 2p 
o r b i t a l s of the support oxygen ions and the Pt 5d o r b i t a l s w i l l 
produce bonding and a n t i b o n d i n g h y b r i d o r b i t a l s below and above 
the Pt d band, r e s p e c t i v e l y . The i n c r e a s e d a b s o r p t i o n at low 
temperature can be a t t r i b u t e d t o t r a n s i t i o n s to the empty a n t i -
bonding s t a t e s . At h igher temperatures the i n t e r a c t i o n w i t h the 
support i s broken (which may be accompanied by a change i n shape 
of the p a r t i c l e s ) and the edge peak becomes narrow, as would be 
expected from the c a l c u l a t i o n s on the i s o l a t e d c l u s t e r s . Using 
the SCF-MS-Χα method we have c a l c u l a t e d the o r b i t a l energy l e v e l s 
f o r a s imple model of the meta l - suppor t i n t e r a c t i o n i n the 
c a t a l y s t , namely a s i n g l e Pt atom i n t e r a c t i n g w i t h a ( S i O ^ 8 " 
t e t r a h e d r a l c l u s t e r . The geometry of the c l u s t e r , i s shown i n 
F i g . 7 together w i t h the c a l c u l a t e d o r b i t a l e n e r g i e s . The P t - 0 
d i s t a n c e u s e d , 1.91 Â was t h e . v a l u e obta ined f o r the P t - 0 d i s t a n c e 
i n the c a t a l y s t from EXAFS. ' There i s a Pt5d-02p a n t i b o n d i n g 
l e v e l about 3 eV above l e v e l s that are l a r g e l y non-bonding Pt 5 d , 
(which w i l l correspond to l e v e l s that are c l o s e to the Fermi l e v e l 
i n a Pt c l u s t e r ) . An empty s t a t e at about 3 eV above the Fermi 
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F i g . 6 C a l c u l a t e d near edge s t r u c t u r e f o r the L edges of a) 
P t 1 3 , b) P t 1 0 and c) Pty c l u s t e r s . 
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F i g . 7 O r b i t a l energy l e v e l s f o r a (Pt S i 0 4 ) 8 " c l u s t e r 
c a l c u l a t e d us ing the SCF-MS-Χα method. 
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l e v e l of the Pt c l u s t e r would be i n the r i g h t region to produce 
the e x t r a a b s o r p t i o n that broadens the edge peak. Although t h i s 
s imple c l u s t e r model only very approximate ly represents the rea l 
system the r e s u l t s of the c a l c u l a t i o n do provide some support f o r 
a t t r i b u t i n g the changes i n the edge s t r u c t u r e t o changes i n the 
meta l - suppor t i n t e r a c t i o n . 

F i n a l l y , we note t h a t the whi te l i n e obta ined by Short 
et a l . 1 0 at the Lo edge of a 1.7 wt % P t / T i 0 2 c a t a l y s t prepared by 
r e d u c t i o n at 450% does not show any b r o a d e n i n g . This c a t a l y s t 
showed suppress ion of H 2 chemisorpt ion and was t h e r e f o r e i n the 
SMSI (Strong Meta l -Support I n t e r a c t i o n ) s t a t e . The metal-oxygen 
i n t e r a c t i o n i n t h i s c a t a l y s t appears to be much weaker than i n 
P t / S i 0 2 f o l l o w i n g our e x p l a n a t i o n of the broadening of the whi te 
l i n e , perhaps because i t i s dominated by i n t e r a c t i o n between the 
p l a t i n u m c l u s t e r s and the t i t a n i u m i o n s . 

Conclusions 

An a n a l y s i s of the L edge resonance l i n e s i n supported 
I r c a t a l y s t s us ing Pt compound resonance l i n e s as a c a l i b r a t i o n , 
i n d i c a t e s tha t the I r p a r t i c l e s i n the c a t a l y s t have about 0.25 
more d vacancies per atom than the bulk m e t a l . We a t t r i b u t e t h i s 
i n c r e a s e t o the presence of c a t i o n i c I r spec ies anchored t o the 
support tha t have s u r v i v e d the r e d u c t i o n t r e a t m e n t . The c o r r e ­
sponding edges i n a 0.5 wt % P t / S i 0 2 c a t a l y s t show i n c r e a s e d 
a b s o r p t i o n (compared to Pt metal) i n the region 5-10 eV above the 
edge, measured at 90 K, but t h i s f e a t u r e d isappears at h igher 
t empera tures . C a l c u l a t i o n s of the a b s o r p t i o n edge s t r u c t u r e f o r 
s e v e r a l model Pt c l u s t e r s i n d i c a t e t h a t the temperature dependence 
i s not due t o a change i n shape of the Pt p a r t i c l e s . I n s t e a d , we 
propose t h a t i t a r i s e s from changes i n the i n t e r a c t i o n of the 
metal p a r t i c l e s w i t h the support a n i o n s . 
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3 
Chemisorption and Catalysis over TiO2-Modified Pt 
Surfaces 

D. J. Dwyer, J. L. Robbins, S. D. Cameron, N. Dudash, and J. Hardenbergh 

Corporate Research Science Laboratories, Exxon Research and Engineering Company, 
Annandale, NJ 08801 

The migration of titania from the support onto a Pt 
surface during hig
demonstrated and correlated with chemisorption 
suppression. The origin of chemisorption suppression 
is a simple loss in surface adsorption sites; no 
electronic or chemical modification of the Pt 
occurs. The rate of methanation (3/1 H2/CO, latm) 
over Pt blacks increases by well over 2 orders of 
magnitude when surface TiO2 is added. This rate 
enhancement does not require high temperature 
reduction and is not directly related to chemisorption 
suppression. Ti+3 centers at the periphery of the 
titania-Pt interface are implicated in the mechanism 
of enhanced methanation. 

The nature of s trong metal support i n t e r a c t i o n s (SMSI) has been the 
subject of debate and controversy over the past severa l y e a r s . SMSI 
i s c h a r a c t e r i z e d by the l o s s of a supported m e t a l ' s a b i l i t y to 
chemisorb CO or H 2 f o l l o w i n g high temperature r e d u c t i o n . ( l ) In 
a d d i t i o n , the rate of methane s y n t h e s i s from C0/H 2 can be enhanced 
over c e r t a i n t r a n s i t i o n metals by using SMSI s u p p o r t s . ( 2 - 5 ) P t / T i 0 2 

c a t a l y s t s e x h i b i t one of the l a r g e s t SMSI e f f e c t s i n terms of en­
hanced methanation rates and have been e x t e n s i v e l y s t u d i e d i n the 
p a s t . ( 6 - 1 2 ) E a r l y exp lanat ions of the SMSI e f f e c t centered on an 
e l e c t r o n i c model wherein the chemical p r o p e r t i e s of Pt were a l t e r e d 
v i a a charge t r a n s f e r between the support and the m e t a l . ( 1 3 , 1 4 ) 
More r e c e n t l y , there i s a growing body of evidence that a reduced 
form of t i t a n i a migrates onto the metal surface dur ing high tempera­
t u r e r e d u c t i o n . ( 1 5 - 2 0 ) In t h i s work, we have s tudied SMSI e f f e c t s 
i n the P t / T i 0 2 system using a v a r i e t y of surface sc ience probes on 
both model ana convent ional c a t a l y s t s . This work shows tha t T i 0 2 i n 
contac t wi th Pt i s r e a d i l y reduced to a s u b s t o i c h i o m e t r i c TiOo χ . A 
s u b s t a n t i a l rearrangement of the e l e c t r o n i c s t r u c t u r e at the n i L / P t 
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i n t e r f a c e takes place dur ing t h i s r e d u c t i o n . However, t h i s e l e c ­
t r o n i c r e o r g a n i z a t i o n does not induce chemisorpt ion suppress ion v i a 
a charge t r a n s f e r mechanism as p r e v i o u s l y suggested. Rather , chemi­
s o r p t i o n suppress ion i s due to the s imple l o s s of s i t e s a s s o c i a t e d 
w i t h the m i g r a t i o n of T i 0 2 _ x onto the Pt s u r f a c e . When Pt b lacks 
are promoted by the a d d i t i o n of TiOo o v e r l a y e r s , a two order of 
magnitude increase i n the methanation rate i s observed. The rate 
enhancement does not r e q u i r e high temperature r e d u c t i o n and may be 
a s s o c i a t e d wi th s p e c i a l i n t e r f a c i a l r e a c t i o n s i t e s . 

Experimental 

The experimental apparatus used i n t h i s study i s shown s c h e m a t i c a l l y 
i n F i g . 1 . I t c o n s i s t s of a m u l t i - t e c h n i q u e UHV surface sc ience 
chamber coupled d i r e c t l y to a r e a c t o r system. This c o n f i g u r a t i o n 
permits sur face c h a r a c t e r i z a t i o n and reac tor s t u d i e s to be c a r r i e d 
out on both model and convent iona
and the down stream a n a l y t i c a
where. (21^22) 

The UHV sur face probes used i n t h i s study were x - ra y photoe lec -
t r o n spectroscopy (XPS) , ion s c a t t e r i n g spectroscopy (ISS) and tem­
perature programmed desorpt ion (TPD). XPS measurements were c a r r i e d 
out w i t h Mg Κ r a d i a t i o n ( h v = 1253.6 eV) and a hemispher ica l e l e c ­
t r o n energy a n a l y z e r set at 50 eV pass energy. ISS measurements 
were made w i t h the same a n a l y z e r but w i t h reversed p o l a r i t y on the 
hemispheres and input l e n s e s . The i n c i d e n t H e 4

+ ion beam current 
was 5 χ 1 0 " 9 amps at 500 eV. This beam energy and ion c u r r e n t 
caused no change i n surface composi t ion dur ing the ISS measurements. 
TPD experiments were c a r r i e d out on a l i q u i d n i t rogen cooled sample 
manipula tor whose temperature could be l i n e a r l y ramped at 10 K s " 1 

over the range 100 Κ to 1200 K. The desorbed molecules were mass 
analyzed by a m u l t i p l e x e d quadrupole mass spectrometer . 

Three types of samples were used i n the s t u d y : Pt p a r t i c l e s 
supported on T i 0 2 t h i n f i l m s , TiOo c r y s t a l l i t e s on Pt subs t ra tes and 
0.8 wt % T i 0 2 on Pt b l a c k . The r i 0 2 t h i n f i l m s (200 nm f i l m t h i c k ­
ness) were prepared on a metal s u b s t r a t e heater assembly by chemical 
vapor d e p o s i t i o n (CVD). The f i l m s were c h a r a c t e r i z e d by x - r a y d i f ­
f r a c t i o n and o p t i c a l t e c h n i q u e s . Pt was deposi ted on these t h i n 
f i l m s i n UHV v i a evaporat ion from a r e s i s t i v e l y heated Pt w i r e . 

The TiOo o v e r l a y e r s on Pt s u b s t r a t e s were prepared i n the UHV 
system; the d e t a i l s of t h i s p r e p a r a t i o n are reported e lsewhere . (12) 

The T i 0 2 m o d i f i e d Pt black was prepared by suspending two grams 
of Pt powder (Johnson-Matthey P u r a t r o n i c : 2 ppm S i , 1 ppm Fe) i n a 
s o l u t i o n of T i ( 0 - C g H 1 9 ) 4 (0.106g) i n spectrograde heptane (4 .0 
m l ) . The heptane was evaporated i n a n i t r o g e n stream, the dry s o l i d 
heated i n f l o w i n g a i r at 675 Κ f o r 2.5 hr and then i n f l o w i n g 10% 
H 2 , 90% He at 450 Κ f o r 4 h r . The sample was p a s s i v a t e d i n a i r at 
300 Κ and i t s sur face area measured by Kr BET. X-ray d i f f r a c t i o n 
measurements showed no evidence f o r c r y s t a l l i n e TiOo domains grea ter 
than 50 A. 

D i r e c t Evidence f o r the M i g r a t i o n of T i t a n i a 

A model c a t a l y s t system i d e a l i z e d to permit meaningful TPD and ISS 
s t u d i e s of Pt/Ti02 w a s prepared as shown s c h e m a t i c a l l y i n F i g . 2 . 
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F i g u r e 1 . Schematic of the UHV surface a n a l y s i s / m i r c o r e a c t o r 
system. 

PT Film 10A 

Ï2000A Ti02 Thin Film 600°C 

R, =1 x10eMbar 

Sintered Pt Particles 

Ti02 

F i g u r e 2 . Schematic r e p r e s e n t a t i o n of the t h i n f i l m model f o r 
the P t / T i 0 2 c a t a l y s t . 
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The TiOo t h i n f i l m s were f i r s t c leaned i n UHV by A r + i o n s p u t t e r i n g 
f o l l o w e d by oxygen anneal ing (1100 Κ, 1 0 " 6 mbar Oo) to res tore s u r ­
face s t o i c h i o m e t r y . A Pt f i l m of approximately u) A (based on the 
a t t e n u a t i o n of the Ti XPS s i g n a l s ) was vapor depos i ted on t h i s de­
f e c t f ree T i 0 2 s u r f a c e . The Pt f i l m was then s i n t e r e d by heat ing to 
875 Κ (2 h r . , 1 0 " 6 mbar Oo). The s i z e of the Pt p a r t i c l e s formed i n 
t h i s manner are est imated to be 2 t o 5 nm i n diameter based on com­
p a r i s o n w i t h microscopy s t u d i e s i n the l i t e r a t u r e . ( 1 8 ) 

CO TPD r e s u l t s from the p r e s i n t e r e d Pt/TiÛ2 samples before and 
a f t e r high temperature r e d u c t i o n are shown i n the l e f t hand panel of 
F i g . 3 . Desorpt ion from the f r e s h l y depos i ted Pt p a r t i c l e s ( F i g . 
3a) e x h i b i t s the c h a r a c t e r i s t i c two peak spectrum of p o l y c r y s t a l l i n e 
P t . ( 1 2 ) The lower temperature peak around 400 Κ i s due to desorp-
t i o n r r o m Pt (111) s u r f a c e s ; the high temperature peak i s due t o 

(10""b mbar, 825 K) had a s u b s t a n t i a T i m p a c t on the CO TPD ( F i g . 3b + 
3 c ) . There i s a decreas
the Pt p a r t i c l e s and a
spectrum. The decrease i n chemisorpt ion c a p a c i t y i s a d i r e c t mani­
f e s t a t i o n of the SMSI e f f e c t . The changes i n l ineshape and peak 
maxima are probably a s s o c i a t e d w i t h a change i n p a r t i c l e morphology 
as suggested by White and c o w o r k e r s ( l l ) and observed by Baker et 
a l . ( 2 4 , 2 5 ) The o r i g i n of chemisorpt ion suppress ion i n t h i s model 
system can be d i r e c t l y a s c e r t a i n e d by the h i g h l y surface s p e c i f i c 
technique of ISS. The ISS spec t ra a s s o c i a t e d wi th these TPD spect ra 
are d i s p l a y e d i n the r i g h t hand panel of F i g . 3 . The spectrum 
l a b e l e d 3a i s tha t obtained from the p r e s i n t e r e d Pt p a r t i c l e s which 
e x h i b i t normal c h e m i s o r p t i o n . A s trong s i g n a l at a r e c o i l energy of 
0.88 i s r e a d i l y ass igned by the b i n a r y c o l l i s i o n model(26) t o s c a t ­
t e r i n g from Pt sur face atoms. The a n t i c i p a t e d s i g n a l s from Ti and 0 
sur face atoms are a l s o c l e a r l y present i n the spectrum. Upon ex­
posure t o high temperature hydrogen ( F i g . 3b, 3c) there i s a c l e a r 
decrease i n the Pt s c a t t e r i n g s i g n a l concomitant w i t h the decrease 
i n CO c h e m i s o r p t i o n . The decrease i n the ISS s i g n a l i n t e n s i t y i n d i ­
cates a l o s s of Pt s c a t t e r i n g centers i n the outermost atomic l a y e r 
of the sample. I t should be noted that the i n t e n s i t y of the XPS 
s p e c t r a ( T i , 0 , Pt) from the sample remained v i r t u a l l y constant 
d u r i n g t h i s sequence. The only p o s s i b l e e x p l a n a t i o n f o r these r e ­
s u l t s i s the creeping of t i t a n i u m oxide onto the Pt sur face dur ing 
high temperature r e d u c t i o n . 

The SMSI induced chemisorpt ion suppress ion could be reversed i n 
these t h i n f i l m samples by heat ing i n oxygen. This f a c t i s demon­
s t r a t e d i n F i g . 4 where the l e f t hand panel conta ins CO TPD r e s u l t s 
from the p r e v i o u s l y encapsulated samples a f t e r o x i d a t i o n (875 K, PQ 
= 1 0 " b mbar) . I t i s c l e a r l y ev ident from the TPD r e s u l t s that the 
chemisorpt ion c a p a c i t y of the Pt p a r t i c l e s could be res tored by 
o x i d a t i o n . In a d d i t i o n , the ISS r e s u l t s ( r i g h t hand panel of F i g . 
4) show the reemergence of Pt i n the outermost atomic l a y e r of the 
sample. In t h i s manner i t was p o s s i b l e to repeatedly c y c l e the 
sample i n t o and out of the SMSI s t a t e . During the f i r s t r e d u c t i o n -
o x i d a t i o n c y c l e a permanent l o s s of some of the ISS and TPD s i g n a l s 
o c c u r e d . However, i n a l l subsequent c y c l e s both the ISS and TPD 
s i g n a l i n t e n s i t y could be f u l l y recovered by o x i d a t i o n . The i n i t i a l 
permanent l o s s of some 10 - 15% of the chemisorpt ion c a p a c i t y i s 

Heating t h i s sur face i n H 2 
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F i g u r e 3 . TPD and ISS r e s u l t s obta ined from the t h i n f i 
model c a t a l y s t as a f u n c t i o n of r e d u c t i o n time at 875 Κ i n 10"' 
mbar Ho. a) 0 m i n . b) 15 m i n . c) 30 m i n . 
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f. 2nd Ot Treatment 
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Figure 4 . TPD and ISS r e s u l t s obta ined from a prereduced t h i n 
f i l m model as a f u n c t i o n of o x i d i a t i o n time at 875 Κ i n 10" ° 
mbar 0 2 d) 0 m i n . e) 20 m i n . f ) 40 m i n . 

In Strong Metal-Support Interactions; Baker, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



26 STRONG METAL-SUPPORT INTERACTIONS 

probably due to the i r r e v e r s i b l e d e c o r a t i o n of the Pt p a r t i c l e s by 
m i g r a t i n g t i t a n i a . The subsequent r e v e r s i b l e chemisorpt ion suppres­
s i o n i s due t o t i t a n i a that spreads across the Pt sur face dur ing 
high temperature r e d u c t i o n and then s p a l l s up on the surface d u r i n g 
o x i d a t i o n . 

The Nature of Chemisorption Suppression 

The m i g r a t i o n of t i t a n i a onto the metal surface dur ing high tempera­
t u r e reduct ion does not r u l e out chemical m o d i f i c a t i o n of the metal 
as a f a c t o r i n SMSI b e h a v i o r . A second type of sample was s tudied 
t o probe the d e t a i l s of chemisorpt ion suppress ion and t o t e s t 
whether TiOg induces long range e l e c t r o n i c e f f e c t s on P t . Th is 
sample c o n s i s t e d of an u l t r a high p u r i t y Pt f o i l decorated w i t h a 
T i 0 2 o v e r l a y e r . The r e s u l t s of t h i s study have been publ i shed i n 
d e t a i l e1sewhere(12) but are i n c l u d e d here f o r the sake of complete­
ness . This e a r l i e r stud
w i t h Pt are r e a d i l y reduce
or carbon monoxide treatment i n the vacuum chamber. The reduct ion 
process r e s u l t s i n a s u b s t a n t i a l rearrangement of the e l e c t r o n i c 
s t r u c t u r e at the P t / T i 0 2 i n t e r f a c e . These changes can be seen i n 
XPS spec t ra from these surfaces as shown i n F i g . 5 . The spec t ra 
l a b e l e d 5a are those obtained from a f r e s h l y o x i d i z e d TiOo o v e r l a y e r 
on the Pt f o i l . The center panel conta ins the 2 P 1 ' 2 , Z p ' 3 ' 2 s p i n -
o r b i t doublet from t i t a n i u m i n the +4 o x i d a t i o n s t a t e . Upon reduc­
t i o n w i t h H 2 or CO a set of shoulders due t o T i + 3 appear i n t h i s 
s p e c t r a l region ( F i g . 5b) . In a d d i t i o n to t h i s t rue chemical s h i f t , 
there i s a r i g i d s h i f t [ £ = 0.7 ± 1 eV) i n the e n t i r e T i 0 2 band 
s t r u c t u r e r e l a t i v e t o the Pt fermi l e v e l . This r i g i d s h i f t i s 
caused by a change i n the fermi l e v e l p o s i t i o n i n the semiconducting 
oxide and the es tabl ishment of an ohmic contact at the metal semi­
conductor j u n c t i o n . ( 1 2 ) Since the T i + 3 centers produced d u r i n g the 
r e d u c t i o n are donor s t a t e s ( 2 7 ) , t h i s r e o r g a n i z a t i o n undoubtedly 
i n v o l v e s charge t r a n s f e r f r o m t h e semiconductor to the m e t a l . How­
e v e r , the charge t r a n s f e r does not per turb the chemisorpt ive proper ­
t i e s of the metal as was suggested i n e a r l i e r s t u d i e s . ( 1 3 , 1 4 ) This 
f a c t can be seen i n CO TPD r e s u l t s from these samples as a f u n c t i o n 
of T i 0 2 - x coverage. The l e f t hand panel of F i g . 6 conta ins CO TPD 
spec t ra at three coverages of Τ ι 0 2 - χ . The presence of TiOo χ on the 
surface only suppresses the t o t a l amount of chemisorbed CO. No new 
chemisorpt ion s ta tes are produced when T i 0 2 _ x i s added to the s u r ­
f a c e . The r i g h t hand panel of F i g . 6 demonstrates the l i n e a r r e ­
l a t i o n s h i p between the amount of chemisorpt ion suppress ion and the 
number of blocked surface s i t e s as measured by ISS. It i s c l e a r 
from these data that the presence of t i t a n i u m oxide on Pt suppresses 
chemisorpt ion v i a a s imple s i t e b l o c k i n g mechanism. 

Methanation over T i 0 2 M o d i f i e d Pt 

Chemisorpt ion suppress ion v i a a s imple s i t e b l o c k i n g mechanism i s 
not c o n s i s t e n t w i t h enhanced methanation rates observed f o r P t / T i 0 2 

c a t a l y s t s i n the SMSI s t a t e . ( 2 - 5 ) A simple l o s s of CO adsorpt ion 
s i t e s without a s u b s t a n t i a l cïïârTge i n the a d s o r p t i o n energy should 
r e s u l t i n a decrease i n c a t a l y t i c a c t i v i t y . I t i s l i k e l y then that 
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F i g u r e 5 . XPS data obta ined from a T i 0 2 on Pt p o l y c r y s t a l 
sample, a) F r e s h l y o x i d i z e d sample b ) A f t e r r e d u c t i o n by CO i n 
the UHV chamber. Reproduced w i t h permiss ion from Ref . 12 ( F i g . 
3 ) . 
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Figure 6. TPD of CO from Pt p o l y c r y s t a l as a f u n c t i o n of T i 0 2 -

χ coverage. The f r a c t i o n a l sur face coverage of T i 0 2 - x was 
obta ined by r a t i o i n g the Pt ISS s i g n a l to that of the c lean 
surface P t . Reproduced w i t h permiss ion from Ref . 12 ( F i g s . 8 
and 10) . 
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enhanced methanation rates over P t / T i 0 2 are not d i r e c t l y l i n k e d to 
the SMSI e f f e c t as d e f i n e d by chemisorpt ion s u p p r e s s i o n . To study 
the e f f e c t s of T i 0 2 o v e r l a y e r s on the c a t a l y t i c response of Pt s u r ­
f a c e s , Pt black samples w i t h and wi thout 0.8 wt . % TiOo were i n v e s ­
t i g a t e d . The 0.8 w t . % l o a d i n g of T i 0 2 was e q u i v a l e n t to 10 mono­
l a y e r s of T i 0 2 i f t o t a l l y d i s p e r s e d on the Pt black s u r f a c e . The 
methanation a c t i v i t i e s of these samples as a f u n c t i o n of temperature 
are shown i n an Arrhenius format i n F i g . 7. The r e a c t i o n c o n d i t i o n s 
were 3:1 H 2 : C 0 , latm and a maximum convers ion of 3%. In agreement 
w i t h e a r l i e r s t u d i e s , ( 8 , 1 0 ) c lean Pt b lack was an extremely poor 
methanation c a t a l y s t . The turnover frequency of our m a t e r i a l at 548 
Κ was approximately 1 0 " 5 molecules s i t e " - 1 # S " X (assuming 8 χ 1 0 1 4 

s i t e e c m ' z ) . This value i s somewhat lower than e a r l i e r s t u d i e s ( 8 , 1 0 ) 
but was not due to surface i m p u r i t i e s as v e r i f i e d by XPS and ISS 
s t u d i e s of the m a t e r i a l . The a d d i t i o n of TiOo t o the Pt black 
causes a dramatic increase i n the methanation a c t i v i t y (> 2 orders 
o f magnitude) . I t i s importan
F i g . 7 are sca led by th
not by the Pt sur face s i t e d e n s i t y . T h e r e f o r e , the rate increase 
represents a t r u e increase i n the c a t a l y t i c y i e l d of the m a t e r i a l . 
Th is r e s u l t i s remarkable i n l i g h t of the massive l o a d i n g of surface 
TiOo but i s i n e x c e l l e n t agreement w i t h e a r l i e r s t u d i e s of t h i s 
t y p e . ( 1 0 , 2 8 ) 

Surface a n a l y s i s of the T i 0 2 promoted Pt black revealed impor­
tant i n f o r m a t i o n concerning the nature of the c a t a l y t i c s u r f a c e . 
F i g . 8 conta ins the Ti 2p region of the XPS spectrum of the T i 0 2 

promoter a f t e r H 2 r e d u c t i o n (450 K, la tm H 2 ) . Two o x i d a t i o n s t a t e s 
of t i t a n i u m (+3 and +4) are r e a d i l y v i s i b l e i n the spectrum. The 
abso lute b i n d i n g energies are h igher than those i n F i g . 5 due t o 
d i f f e r e n c e s i n the l o c a t i o n of the fermi l e v e l of the o x i d e . ( 1 2 ) 
The presence of s u b s t a n t i a l T i + 3 c h a r a c t e r i n the XPS spectrum iriôT-
cates that T i 0 2 i n contact w i t h Pt i s r e a d i l y reduced to a sub-
s t o i c h i o m e t r i c form even under m i l d reducing c o n d i t i o n s (450 K ) . 
These c o n d i t i o n s are wel l below those requi red to induce t i t a n i a 
m i g r a t i o n and chemisorpt ion suppress ion i n t h i n f i l m s . Another 
important o b s e r v a t i o n was obta ined from ISS (see t a b l e i n s e r t i n 
F i g . 5 ) , which shows that only 5% of the outermost atomic l a y e r s of 
the sample i s P t . In s p i t e of the ex tens ive T i 0 2 _ ^ o v e r l a y e r which 
b locks 95% of the Pt a d s o r p t i o n s i t e s , the methanation r e a c t i o n r a t e 
increased by over two orders of magnitude. The o r i g i n of t h i s en­
hancement i s not immediately ev ident from these measurements but 
there i s i n d i r e c t evidence tha t T i + 5 centers l o c a t e d at the p e r i ­
phery of the t i t a n i a - P t i n t e r f a c e may be i m p o r t a n t . This evidence 
was obtained when the c a t a l y t i c response of the T i 0 2 _ x promoted 
sample was i n v e s t i g a t e d at a h igher temperature/higher convers ion (~ 
5%) c o n d i t i o n s . Prolonged (16 hr ) o p e r a t i o n of the T i 0 2 / P t at 625 Κ 
r e s u l t e d i n a 50% l o s s of c a t a l y t i c a c t i v i t y . The d e a c t i v a t e d ma­
t e r i a l s t i l l e x h i b i t e d l i n e a r a r r h e n i u s behavior w i t h a s lope i n d i s ­
t i n g u i s h a b l e from tha t of the f r e s h l y charged c a t a l y s t ( F i g . 9 ) . 
Surface a n a l y s i s showed the a c t i v i t y l o s s was not due to carbon 
d e p o s i t i o n or the a d s o r p t i o n of any other i m p u r i t y . In f a c t , ISS 
and XPS revealed the d e a c t i v a t e d c a t a l y s t contained l e s s a d v e n t i ­
t i o u s sur face carbon than the f r e s h one. S i g n i f i c a n t l y , c a t a l y s t 
d e a c t i v a t i o n accompanied both a 30% d e c l i n e i n the Ti" 1"' 3 s i g n a l and a 
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F i g u r e 7. Methanation ra te as a f u n c t i o n of temperature 
obta ined from Pt black compared t o T i 0 2 x m o d i f i e d Pt b l a c k . E a 

25 ± 1 kcal m o l e ' 1 f o r P t , E a = 20. ±1 kcal m o l e " 1 f o r T i 0 2 _ 

X / P t . 

Ti 2p 
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Atom % 

0 39 
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F i g u r e 8. Ti XPS s i g n a l from TiOo X / P t black sample a f t e r 
r e d u c t i o n . 
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doubl ing of the Pt ISS i n t e n s i t y ( F i g . 10) . These data c l e a r l y show 
that methanation a c t i v i t y of the T i 0 2 / P t does not c o r r e l a t e w i t h Pt 
metal surface a r e a . A p p a r e n t l y , water produced under high conver­
s i o n c o n d i t i o n s i s o x i d i z i n g the t i t a n i a o v e r l a y e r causing i t t o 
s p a l l up on the s u r f a c e . The concomitant l o s s i n c a t a l y t i c a c t i v i t y 
w i t h i n c r e a s i n g Pt s i t e d e n s i t y suggests that the key chemistry i s 
o c c u r r i n g at s i t e s assoc ia ted w i t h the T i + 3 centers and not on the 
average Pt s i t e . These s i t e s presumably e x i s t at the per iphery of 
the Pt t i t a n i a i n t e r f a c e and decrease i n c o n c e n t r a t i o n as the oxide 
o v e r l a y e r c o n t r a c t s back i n t o three dimensional c r y s t a l l i t e s . It i s 
important to note that even a f t e r 16 h r . under C0/H 2 at 5% conver­
s i o n , T i + 3 i s c l e a r l y ev ident by XPS. These r e s u l t s show that T i + 3 

centers and SMSI e f f e c t s are q u i t e durable under hydrocarbon synthe­
s i s c o n d i t i o n s . 

Conc lus ions 

The data present i n t h i
f o r SMSI b e h a v i o r . I t i s c l e a r tha t reduced t i t a n i a can migrate 
onto the supported metal dur ing high temperature r e d u c t i o n (see F i g . 
3 ) . This m i g r a t i o n r e s u l t s i n the suppress ion of chemisorpt ion by a 
s imple p h y s i c a l blockage of sur face s i t e s . The chemical p r o p e r t i e s 
of Pt a d s o r p t i o n s i t e s which are not b locked remain u n a l t e r e d by the 
presence of reduced t i t a n i a and e x h i b i t normal chemisorpt ive be­
h a v i o r ( F i g . 6 ) . No evidence e x i s t s f o r e l e c t r o n i c or chemical 
m o d i f i c a t i o n of the Pt sur face as i s the case f o r a l k a l i a d -
l a y e r s . (29^31) This s imple l o s s of metal a d s o r p t i o n s i t e s causes 
chemisorpt ion suppress ion and may account f o r reduct ions i n rates of 
ethane hydrogenolys i s over SMSI c a t a l y s t s . ( ^ 2 ) On the other hand, 

t u r e r e d u c t i o n and are not d i r e c t l y l i n k e d t o SMSI behavior (as 
d e f i n e d by chemisorpt ion s u p p r e s s i o n ) . The higher methanation rates 
appear t o r e l a t e t o some i n t r i n s i c property of the P t / T i 0 2 system 
and not coupled t o the migra tory behavior of reduced T i 0 2 _ x . The 
o r i g i n of methanation rate enhancement s t i l l remains an enigma but 
i n d i r e c t evidence suggests that T i + 3 centers at the per iphery of 
metal p a r t i c l e s are i m p o r t a n t . XPS data ( F i g . 8) shows that TiOo i n 
contac t wi th Pt i s r e a d i l y reduced to T i 0 2 _ x even at m i l d reduct ion 
temperatures (450 K ) . This r e d u c t i o n takes place wel l below the 
temperature (> 650 K) where T i 0 2 - x m i g r a t i o n i s f a c i l e . The p r e s ­
ence of T i + 3 centers at the p e r i p h e r y of the metal p a r t i c l e s may 
a c t i v a t e CO molecules v i a an unusual adsorpt ion geometry as sug­
gested by Vannice and o t h e r s . ( 8 , 3 3 , 3 4 ) The proposed a d s o r p t i o n 
geometry i n v o l v e s c o o r d i n a t i o n or the oxygen end of Pt-CO to a T i + 3 

c e n t e r . Presumably, t h i s bonding weakens the CO bond and f a c i l i ­
t a t e s CO s c i s s i o n (methanat ion) . However, no d i r e c t evidence f o r 
t h i s novel CO b i n d i n g geometry was obta ined i n t h i s s t u d y . No new 
f e a t u r e s were observed i n the CO TPD spectrum of T i 0 2 - x m o d i f i e d Pt 
( F i g . 6) and IR s t u d i e s revealed no unusual CO s t r e t c h i n g f requen­
c i e s . ^ ) I t could be that the c o n c e n t r a t i o n of such adsorpt ion 
s i t e s " i s below our d e t e c t i o n l i m i t s but the s i t e s are extremely 
a c t i v e and dominate the c a t a l y s i s . However t h i s e x p l a n a t i o n i s not 
very s a t i s f y i n g and u n t i l more d i r e c t evidence i s o b t a i n e d , the 
exact r o l e of T i + 3 centers i n CO hydrogénation remains s p e c u l a t i v e . 

enhanced methanation rates over tempera-
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F i g u r e 9. Arrhenius p l o t f o r T i 0 2 - x / P t showing l o s s of 
a c t i v i t y at high temperature . 
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F i g u r e 10. Ti XPS data from T i 0 2 - x / P t sample a f t e r h igh 
temperature d e a c t i v a t i o n . 
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4 
Effects of TiO 2 Surface Species on the Adsorption and 
Coadsorption of CO and H2 on Ni 
Implications for Methanation over TiO2-Supported Ni 

G. Β. Raupp1 and J. A. Dumesic2 

1Department of Chemical and Bio Engineering, Arizona State University, Tempe, 
AZ 85287 

2Department of Chemical Engineering, University of Wisconsin, Madison, WI 53706 

Temperature-programme
vacuum conditions of CO and H2 from polycrystalline 
nickel surfaces containing varying amounts of titania 
showed that the effects of titania are short-ranged. 
Carbon monoxide adsorption was weakened while hydrogen 
adsorption was strengthened with increasing 
concentration of surface titania. Coadsorption 
measurements confirmed that hydrogen and CO compete for 
sites on nickel. Using adsorption and desorption 
kinetic parameters derived from the TPD experiments, 
calculations indicated that shifts in heats of 
adsorption due to the presence of titania may result in 
a one to two order of magnitude higher hydrogen adatom 
coverage under steady-state methanation conditions 
relative to a clean Ni surface. This increased hydrogen 
coverage leads, in turn, to a one to two order of 
magnitude higher methanation turnover frequency. 

We have recently probed the effects of t i tania surface species on 
the chemisorpti ve properties of a polycrystal l ine nickel f o i l using 
temperature-programmed desorption (TPD) of carbon monoxide and 
hydrogen under ultra-high vacuum (UHV) conditions (]_). This work 
showed that submonolayer quantities of t i tania adspecies not only 
blocked adsorption s i tes , but also altered adsorption on neighboring 
nickel s i tes . Carbon monoxide adsorption strength was weakened, 
while hydrogen adsorption on nickel sites was only moderately 
perturbed. In addition, an activated state of adsorbed hydrogen was 
created and was thought to be associated with spillover of hydrogen 
from nickel to t i t a n i a . These results were in agreement with the 
chemisorption properties of titania-supported nickel particles and 
thus strongly suggested that so-called strong metal-support 
interactions may be induced by the presence of t i tania adspecies on 
the metal surface. 

Two issues were investigated in the present work. F i r s t , the 
relative importance of long-range (greater than f i r s t or second 
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nearest neighbor) electronic interaction versus short-range 
geometric effects of the t i tania surface species on nickel were 
studied. Second, the unresolved issue of how these t i tania 
adspecies lead to enhanced CO hydrogénation act ivi ty for t i tania -
supported nickel catalysts relative to "clean" nickel crystal l i tes 
was addressed. 

Results and Discussion 

Carbon Monoxide Desorption. The details of CO and H adsorption on 
Ni as a function of t i tania coverage were examined through TPD to 
differentiate between long and short-range interactions. In the 
extremes, i f long-range electronic interactions dominate, 
incremental addition of t i tania adspecies w i l l effect a l l adsorption 
sites equally; however, i f local interactions are important, new 
binding states w i l l be observed near t i t a n i a while the remainder of 
the surface sites w i l l remai

The influence of different coverages of predeposited Τ 1 0 χ on CO 
thermal desorption from CO-saturated surfaces i s shown in Figure 1. 
For the clean Ni surface, CO adsorbs molecularly and desorbs i n 
f irs t -order fashion with a peak maximum near H60 Κ, denoted as the 
o^CNi) state, and a low-temperature shoulder at ca. 250-350 K, 
denoted as the ct2(Ni) state. With increasing concentration of 
surface t i tania species, four changes can be observed i n the CO TPD 
traces: (i) the population of the a. (Ni) state is progressively 
decreased, ( i i ) the population of desorption states near 300-400 Κ 
is enhanced, ( i i i ) a new desorption peak at ca. 200 Κ is created and 
f i l l s to progressively higher coverages, and (iv) the peak 
temperature of the a. (Ni) state i s gradually shifted downward. 
Experiments on an oxidized titanium f o i l showed that the low-
temperature peak at 200 Κ is due to CO adsorption on the t i tania 
i t s e l f (2). No other states were observed on t i t a n i a , and thus the 
enhanced adsorption near 300-M00 Κ range i s attributed to adsorption 
on Ni sites perturbed by nearby t i t a n i a , denoted a^TiO^^/Ni). 

The shi f t of the a. (Ni) peak by about 20 Κ relative to the clean Ni 
surface at a t i t a n i a coverage of 0.1 monolayer may be taken as 
evidence for an electronic interaction (3). However, this small 
s h i f t represents only a 6 kJ«mol decrease in the.activation energy 
for desorption of CO from the value of 131* kJ«mol on clean N i . In 
contrast, the desorption energy for the ot.tTiO^^/Ni) state can be 
estimated to be 91 kJ»mol . It i s concluded, xtherefore, that long-
range electronic effects , although apparently present, are of 
secondary importance to short-range effects . 

I n i t i a l sticking coefficients (SQ) of CO at 150 Κ were estimated 
from the i n i t i a l slopes of CO coverage versus exposure plots for 
each of the surfaces studied. Figure 2 shows the dependence of S Q 

on t i tania coverage. From the i n i t i a l slope of this curve we 
estimate that each t i tania moiety affects approximately six Ni 
adsorption s i t e s , i n agreement with the work of Takatani and Chung 
(JO . Allowing for error i n absolute TiO coverage of ±*\0% and 
assuming t i tania i s well dispersed, i . e . ? does not form islands, i t 
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Figure 2. Variation of the i n i t i a l st icking coefficient of CO, 
S , as a function of t i tania coverage. Long dash-dot l i n e and 
sfiort dashed l i n e represent the theoretical proportionality of S 
to ( 1 - 4 Θ Τ 1 ) and (1-10Θ . ), respectively. 
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can be concluded that each TiO moiety affects not less than 4 and 
not more than 10 Ni surface si^es (these l imits are indicated i n the 
f igure) . These l imits are consistent with local modification of the 
Ni surface by the ΤίΟ χ moieties. 

As demonstrated i n recent HREELS and TPD studies of CO adsorbed on 
Ni (100), the majority of this local interaction may be explained by 
geometric effects or simple s i te blocking (5,6). A schematic 
diagram of a clean Ni(100) surface and a Ni(100) surface covered 
with a p(2x2) sulfur overlayer are shown i n Figure 3. On clean N i , 
CO adsorbs l inear ly on a single Ni atom, or atop s i te up to a 
coverage of Θ = 0.5 monolayer (6,7). Above this coverage so-
called compression (8) or "domain" structures form (9,1.0), with 
further CO adsorption occurring at two-fold, or bridging s i t e s . The 
presence of 0.25 monolayer S in a p(2x2) superstructure completely 
blocks a l l atop s i t e s . Adsorption of CO can then occur only at 
bridging or four- fold hollo
that the presence of S adatom
would not otherwise be occupied due to C0-C0 repulsive interactions. 

Gland et a l . (6) assigned characteristic CO desorption peak 
temperatures to each of the aforementioned s i tes , as reproduced i n 
Figure 3. The s imilar i ty of the present CO TPD results with those 
of Gland et a l . suggests that dispersed t i tania adspecies block CO 
adsorption on strongly-held, linear atop sites and allow adsorption 
onto less-strongly-bound hollow or bridging s i t e s . Moreover, this 
interpretation i s consistent with a recent HREELS study by Takatani 
and Chung W for CO adsorption on a nickel f i lm deposited on 
t i t a n i a . Following extended high temperature reduction, during 
which time the authors concluded that t i tania migrated onto the 
nickel surface, HREELS measurements showed no^CO stretching bands 
near 2050 cm (atop sites) nor_near 1920 cm (bridging s i t e s ) . 
Instead, only a band at 1850 cm was observed, which was assigned 
to "a s i te near the surface titanium oxide on nickel" W. J fhis 
stretching frequency i s similar to the peak at 1815-1845 cm 
observed on Ni(111) attributed to a threefold s i t e (]_0 (note that 
there are no fourfold hollow sites on Ni(111)). The lack of precise 
structural characterization of the surface studied presently 
precludes unambiguous s i te assignment, of course. Nonetheless, the 
present results are consistent with the suggestion that the effects 
of surface t i tania with respect to CO adsorption are short-ranged 
and can largely be explained in geometric terms. Electronic 
effects , although present, are apparently of secondary importance. 
This means that for large supported Ni c r y s t a l l i t e s , TiO surface 
species must be present on the metal for these crystallines to 
exhibit the chemisorption behavior indicative of so-called strong 
metal-support interactions. 

Hydrogen Desorption. Hydrogen desorption spectra as a function of 
increasing t i t a n i a adspecies coverage on Ni for saturation hydrogen 
coverages obtained by exposing the samples to H^ at 150 Κ are shown 
i n Figure 4. Increasing amounts of t i tania decrease the population 
of the $̂  and &2 dissociatively adsorbed states characteristic of 
clean N i , with perhaps some preferential blocking of the β- state. 
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A gradual upward s h i f t i n peak temperature for the two observed 
adsorption states with increasing t i t a n i a coverage i s evident. 
Because desorption of each observed state i s described by 
recombination of hydrogen atoms, or second-order kinetics , a portion 
of the upward s h i f t i n peak temperature i s due to lower i n i t i a l 
adsorbate coverages. Kinetic analysis of the desorption traces 
revealed that overall hydrogen adsorption strength i s increased by 
the^presence of t i tania adspecies. Assuming a pre-exponential of 
10 m •molecules *s, estimate^ desorption activation energies 
increased from 86 and 66 kJ«mol for the fL and β- s ta tes ,^ 
respectively, on the clean Ni surface, to 108 and 75 kJ-mol for 
the two states on the Ni surface containing 0.69 monolayers t i t a n i a . 

If the H 2 dosing temperature was raised to 300-400 Κ, slow f i l l i n g 
of a more-strongly-bound adsorption state occurred, as evidenced by 
a new peak with desorption temperatures near 500-550 Κ (desorption 
activation energy of ca
to the presence of an activatio
this strongest state; the barrier i s thought to be associated with 
the spillover of Η atoms from Ni onto the t i tania i t s e l f . The 
interpretation that H adatoms spillover and adsorb on t i tania i s 
supported by the results represented in the top half of Figure 5. 
For high coverages of t i tania and large exposures of H 2 at 300 Κ, 
the total coverage of hydrogen, including the activated state, i s 
within 20% of the coverage on the clean Ni surface. 

These results for hydrogen adsorption are consistent with a short-
range influence of t i tania on nickel . The lower half of Figure 5 
shows that at low TiO coverage the i n i t i a l sticking coefficient 
(SQ) for hydrogen adsorption decreases, with S Q proportional to 
between (1-40 T i) and (1-100Tj.) ; note that the effect of t i tania 
adspecies on nydrogen sticking coefficient i s greater than for CO 
since H 2 requires two adjacent Ni sites for dissociative adsorption. 

In summary, the presence of t i tania surface species weakens CO 
adsorption strength on Ni but increases hydrogen adsorption strength 
on N i . In addition, a more-strongly-bound, activated adsorption 
state i s created which i s probably associated with spillover onto 
t i t a n i a . This behavior i s i n marked contrast to that exhibited by 
either electronegative adatoms (S, C l , P) on N i , which weaken both 
CO and hydrogen adsorption, or electropositive adatoms (K, Na, Cs) 
which increase CO adsorption strength. Clearly one cannot 
rationalize observed shif ts in adsorption strength consistently i n 
terms of electronic interactions. Instead, geometric and structural 
factors must be controll ing. For CO adsorption, i t appears t i tania 
blocks adsorption at strongly-binding, linear atop sites and forces 
adsorption to occur at more-weakly-binding, multifold s i t es . For 
hydrogen, we speculate that the observed increases in binding energy 
could be a consequence of direct bonding of hydrogen adatoms to 
t i tania at nickel / t i tania interfaces (e.g^, bridge bonding to a 
nickel atom and to an oxygen anion or T i cation). Alternatively, 
the higher apparent binding energy could be due to s ter ic hindrance 
to hydrogen adatom migration and recombination, prerequisite steps 
for molecular desorption. 
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Coadsorption of Hydrogen and CO Under UHV Conditions. Desorption 
spectra for hydrogen and CO coadsorbed at 130 Κ on the clean 
polycrystalline Ni surface are shown i n Figure 6. J^he surface was 
f i r s t exposed to 5 L of H 2 (L = Langmuir = 1.33x10 Pa^s) and then 
to varying CO exposures. Exposure to background CO resulted i n 
negligible CO desorption and H 2 desorption from β.̂  and β 2 states 
(atomic states) characteristic of low-index crystal planes of clean 
N i . For CO exposures from 0.5 to 3 L, hydrogen adsorption i s 
weakened, a portion of the more-strongly-bound $^-state being 
transformed to the weaker 3 2 -state. In addition, a third desorption 
state becomes evident as a shoulder on the low-temperature side of 
the desorption trace. This corresponds to the appearance of a 
similar peak i n the CO desorption spectrum. These states are 
strongly interacting, and were or ig inal ly termed Σ - s t a t e s by Goodman 
et a l . (12) i n their work on Ni(100). Since the Σ - s t a t e s are not 
formed on Ni(111) (J_3,]_4), but are f i l l e d to a greater population on 
Ni(100) than observed here, i t appears that the polycrystalline Ni 
f o i l consists of both (100

For the polycrystal exposed f i r s t to n e a r - s a t u r â t ion doses of CO and 
then to H 2 , hydrogen adsorption into the 32~state was completely 
blocked. In addition, no Σ - s t a t e s were formed. Consistent with 
published spectroscopic characterization which showed that no C-H or 
0-H bonds are formed under UHV coadsorption conditions, no CO 
hydrogénation products could be detected desorbing from the surface 
during heating. 

These results favor a model or iginal ly proposed by Koel et a l . ( 15) 
wherein CO and H compete for the same adsorption s i te corresponding 
to the most-strongly-bound states (α-CO and β . - Η ) . The α,-CO state 
has a higher heat of adsorption and hence displaces β..-Η states to 
either 8 or Σ sites upon adsorption. Saturation of the β -Η states 
completely blocks adsorption of CO into the weaker ou-CO sites 
(desorption temperatures from 300-400 K) . 

The presence of ca. 0.2 monolayers of t i tania markedly alters Hp/C0 
coadsorption behavior on the nickel surface. Figure 7 shows TPD 
spectra for hydrogen and carbon monoxide coadsorbed on the t i tania -
containing surface. Pre-exposure to 10 L H 2 at 130 Κ gave an 
i n i t i a l Η coverage near 80$ of the saturation value, with desorption 
occurring from three states. The lower energy β^Νί) and & 2(Ni) 
states can be attributed to adsorption at Ni s i tes . The highest 
energy, or & 2(TiO /Ni) state, i s assigned to adsorption at a Ni s i te 
perturbed by nearly t i t a n i a , possibly interacting with t i tania at 
nickel / t i tania interfaces. No alteration of the H 2 desorption trace 
was evident upon exposure to CO corresponding to less than about 50% 
of saturation CO coverage. For increasing CO coverages above this 
l e v e l , β^(Ni)-H states were displaced to β 2 (Νί)-Η s i tes . The most-
strongly-bound hydrogen state remained essentially unperturbed by 
the presence of coadsorbed CO. 

If the surface was f i r s t preexposed with CO to saturate the (Ni) 
state, subsequent adsorption of hydrogen was markedly supressed. 
The β.. (Ni) state was nearly completely blocked and the β (Ni) 
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Figure 5. Variation of total Η coverage, 0 , for hydrogen 
exposure at 150 and 300 Κ and i n i t i a l sticking coefficient of H 2 

at 150 Κ as a function of t i tania coverage. Short dashed l i n e 
and long dash-dot ? line represent ?the theoretical proportionality 
of S to (1-40 T i) and ( 1 - 1 0 Θ Τ · ) , respectively. 

Figure 6. Desorption flux of H 2 and CO coadsorbed on a clean 
nickel surface. CO exposures were (a) background, (b) 0.5, 
(c) 0.8, (d) 1.5, (e) 3.0, (f) 5.0, and (g) 10 L. 
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state was par t ia l ly blocked and s l i g h t l y weakened. Fractional 
f i l l i n g of the most-strongly-bound hydrogen state occured despite 
the presence of strongly-bound CO, and displaced ca. 20% of the ol^ 
(Ni) states to more-weakly-bound states. 

Under no conditions were Σ - s t a t e s observed i n the 200-300 Κ regions 
of the desorption spectra. It i s interesting to note, however, that 
the weaker a 2(Ni)-C0 and β (Ni)-H states f i l l to greater populations 
than can be achieved when CO or H 2 are exposed alone, and that these 
states desorb at approximately the same peak temperature. 

The fact that Σ - s t a t e s are not observed on the titania-containing 
surface does not necessarily suggest a weaker interaction between H-
adatoms and adsorbed CO at reaction conditions. Indeed, the 
catalytic importance of the low-temperature Σ - s t a t e s has not been 
demonstrated, since there i s no detectable difference in the 
methanation rate for Ni(111)
(J_6,JjT), surfaces which
behavior with respect to the Σ - s t a t e s . 

The TPD data discussed above establish that H 2 and CO compete for 
adsorption sites on a polycrystalline nickel surface. Importantly, 
the presence of t i tania adspecies leads to more competitive hydrogen 
adsorption in the presence of coadsorbed CO. This behavior had been 
suggested earlier by Vannice (18). 

Coadsorption Under Moderate Pressure Conditions. A Langmuir 
adsorption model was employed to estimate steady-state H-adatom and 
CO surface concentrations at moderate pressure and temperature 
conditions in the absence of reaction between these adsorbed 
species. Adsorption and desorption rates of CO and H 2 were 
equilibrated according to the following equations: 

β ο ο ( ρ · τ ) s œ ( 1 " Θ ω " V ' e c o L vco e * P < - E
C 0

/ R T ) 

2£>H^(P,T) (1 " © c o - Θ Η ) 2 = θ 2 L 2 \^ exp(-EH /RT) 

Ο 
where 0̂^ = fractional coverage of surface by adsorbate i , S -
i n i t i a l sticking coefficient of adsorbate i , 0 ^ Ρ , Τ ) » c o l l i s i o n 
frequency of i , v. = preexponential factor for desorption of i , Ê ^ • 
desorption activation energy of i , and L = Ni surface s i te density. 
Adsorption and desorption kinetic parameters were obtained from UHV 
TPD experiments. 

Figure 8 compares the calculated CO and H coverages on Ni and 
TiO /Ni as a function of temperature at a total pressure of 760 Torr 
and an H /CO ratio of 4. The figure reveals that on clean N i , the 
surface i s essentially saturated with CO for temperatures less than 
600 K. At higher surface temperatures, the CO coverage decreases as 
molecular CO desorption becomes important. Titania adspecies weaken 
CO adsorption and allow s ignif icant ly higher H-adatom surface 
concentrations (1-2 orders of magnitude for temperature less than 
650 K) . 
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Figure 7. Desorption flux of and CO coadsorbed on a t i tania -
containing Ni surface. Solid curves are for CO exposures of 
(a) background, (b) 7 L, (c) 10 L (d) 20 L. Dashed lines 
correspond to desorption of a saturation layer of each gas 
adsorbed separately. 
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Figure 8. Comparison of CO and H coverages on Ni and t i tania -
containing Ni as a function of temperature at a total pressure of 
760 Torr and an Ho/C0 rat io of 4. 
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The H-adatom coverage on clean Ni shows an approximately Arrhenius 
dependence at low temperature, with a l imi t ing apparent activation 
energy of ca. 90 kJ-mol . This value gradually decreases to lower 
values at higher temperatures. Quali tat ively, this calculated 
dependence parallels the experiment ally-determined temperature 
dependence of the methanation reaction rate over polycrystalline 
(19,20) and single crystal nickel 06,17) · J t appears, therefore, 
that a controlling factor i n the observed methanation kinetics i s 
the surface coverage i n the chemisorbed layer . This conclusion i s 
compatible with mechanisms which involve H-adatom participation i n 
the rate-determining step. This would include both surface carbon 
hydrogénation and hydrogen-assisted CO dissociation. 

A more complete description of the reactant and intermediate surface 
concentrations was developed using a Langmuir-Hinshelwood model 
involving the following elementary steps over a nickel surface: 

H 2(g) + 2* 2H(a) 
k d 

k C 0 

C0(g) + * C0(a) 
k 
K d 
k1 

C0(a) + * —^C(a) + 0(a) 

k 2 
C(a) + H(a) —^->CH(a) 

Remaining steps were assumed to be kinet ical ly insignif icant . For 
negligible surface oxygen concentration, the following rate 
expression can be derived: 

k 1 K A C 0 p C 0 
r C H 4 

K c o p +

 k i K A C ° p r . n • ( κ Α % ) 1 / 2 

K A PC0 k 0 ( K n
n P H ) 1 / 2 A H2 

ά A H 2 

CO Η 
where Κ and Κ are the equilibrium constants for CO and 
hydrogen adsorption, respectively. Note that a rate-determining 
step was not assumed in this mechanism; instead the methanation rate 
i s determined by a balance between the surface carbon formation and 
removal rates as suggested by Goodman and coworkers (J_7). 
Using activation energies for CO dissociation and carbon 
hydrogénation reported i n the l i terature ( i . e . , 230 and 145 kJ/mol, 
respectively), calculations showed that changes in heats of 
adsorption of the reactants H^ and CO on Ni s ignificantly alter 
methanation behavior. Turnover frequencies for the Ni and TiO /Ni 
surfaces are plotted i n an Arrhenius fashion i n Figure 9 for a total 
pressure of 120 Torr and an H 2/C0 rat io of 4. The plots show that 
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the presence of t i tania adspecies increases the methanation rate one 
to two orders of magnitude for a l l temperatures below ca. 650 K. 

This increased act ivi ty of the TiO /Ni surface i s a direct 
consequence of corresponding higher H-adatom surface coverages on 
the titania-containing Ni surface. Figure 10 compares the 
calculated coverages of C, H, and CO for the clean and t i tania -
containing Ni surfaces. The figure shows that the major difference 
between these two surfaces i s that t i tania weakens CO to a 
sufficient extent that s ignif icant ly greater amounts of hydrogen 
(ca. > two orders of magnitude at 500 K) are adsorbed. The figure 
also reveals that the gradual increase i n apparent methanation 
activation energy as reaction temperature i s decreased i s due to a 
s h i f t i n the most abundant surface intermediate from C to CO. 
Studies using isotopic transient tracing have given results i n 
qualitative agreement with the model, showing that at low 
temperatures the surface
temperatures car bi die carbo
intermediates (CH ) dominate (21-23) . We also note that 
quali tat ively , the predicted dependence of apparent activation 
energy on reaction temperature has been experimentally observed 
(20,24). 

It i s unclear how the calculated shifts i n C and H surface coverages 
could lead to the greater selec t !v i t ies to higher hydrocarbons 
typical ly observed for titania-supported Ni catalysts (25). A 
possible explanation l i e s i n the work of Kelley and Semancik (26), 
who showed that higher hydrocarbon formation on Ni was strongly 
dependent on CO partial pressure. The authors concluded that CO 
weakly adsorbed at hollow or bridging sites (which are favored over 
atop sites for titania-containing surfaces) participated in chain 
growth reaction steps. 

Conclusions 

The effects of t i tania adspecies on Ni are short-ranged and can 
largely be explained in geometric terms. It i s suggested that 
t i tania adspecies block CO adsorption at strongly-bound linear sites 
and enhance adsorption at more-weakly-bound multifold s i t e s . In 
contrast to CO adsorption, hydrogen adsorption i s strengthened by 
the presence of t i t a n i a . This may be due to direct bonding of 
hydrogen adatoms to t i t a n i a . Carbon monoxide and hydrogen 
adsorption behavior cannot be consistently explained i n terms of 
electronic interaction of t i tania with n i c k e l . Electronic effects , 
although possibly present, appear to be of secondary importance to 
geometric and structural factors. 

Calculations show that changes i n CO and hydrogen adsorption 
strengths caused by t i t a n i a adspecies on nickel lead to 
s ignif icant ly greater H-adatom coverages on Ni sites under steady-
state methanation conditions. This shif t i n the competitive nature 
of hydrogen and CO adsorption could be responsible for the higher 
methanation reaction rates typical ly observed for nickel supported 
on t i tania relative to nickel on s i l i c a or alumina. Importantly, 
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Figure 9. Comparison
synthesis over a clean Ni and a titania-containing Ni surface 
based on model calculations at a total pressure of 120 Torr and 
an H /CO ratio of 4. 
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Figure 10. Surface coverages for clean Ni and titania-containing 
Ni as a function of temperature corresponding to the curves of 
Figure 9. 
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the activity enhancement predicted by this model could be realized 
without invoking a change in mechanism or rate-determining step and 
without assuming the existence of special sites for CO bond breaking 
at the interface between Ni and t i tania. 
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Support Effects Studied on Model Supported Catalysts 

R. A. Demmin, C. S. Ko, and R. J. Gorte 

Department of Chemical Engineering, University of Pennsylvania, Philadelphia, PA 19104 

Support-metal effects have been studied on model 
catalysts in which titania was deposited on Pt, 
Rh, and Pd foils
Pt foil. These samples were then characterized 
by Auger electron spectroscopy (AES), temperature 
programmed desorption (TPD), and methanation 
kinetics. Results indicate that a partial oxide 
of titanium can form an even layer on each metal 
and this layer causes the complete suppression of 
CO and H2 adsorption at a titania coverage corres­
ponding to 1 x 1015 oxygen atoms/cm2. Similar 
results are observed for niobia on Pt. Methanation 
rates on Pt show that the niobia and titania­
-covered foils exhibit rates which are identical 
to rates on actual Pt/TiO2 catalysts, even though 
no CO or H2 adsorption is observed in TPD. These 
results are used to explain the reasons behind 
the strong metal-support interactions observed 
for niobia and titania. 

The use o f t i t a n i a and n i o b i a as supports for a c a t a l y t i c metal 
can d r a m a t i c a l l y a l t e r the p r o p e r t i e s o f that meta l . (1 -7 ) 
Recent ly , evidence has been presented by seve ra l researchers 
that these e f f e c t s i n the case o f t i t a n i a are due to the 
presence o f a p a r t i a l l y reduced oxide l aye r on top o f the metal 
p a r t i c l e s . ( 8 - 2 0 ) For example, we have shown that a Pt f o i l 
with a t i t a n i a over l ayer e x h i b i t s i d e n t i c a l adsorpt ion and 
reac t i on p r o p e r t i e s to an ac tua l t i t a n i a - s u p p o r t e d Pt 
cata lys t . ( Q ) Others have come to the same conc lu s i on using 
other types o f samples. 

In t h i s paper , we w i l l d i s cus s r e s u l t s with t i t a n i a on Rh 
and Pd. While d i f f e r ence s are observed i n the r e s u l t s for 
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these d i f f e r e n t meta ls , there are s i g n i f i c a n t s i m i l a r i t i e s 
between them. S ince the t i t a n i a l ayer on each o f these metals 
appears to be bonded to the metal surfaces , (18) the d i f f e r ences 
that are observed for each metal can be expla ined i n terms o f 
s p e c i f i c i n t e r a c t i o n s between the oxide l aye r and each meta l . 
In a d d i t i o n to these r e s u l t s , we w i l l d i s c u s s the methanation 
ra tes we obtained from a Pt f o i l with a n i o b i a ove r l aye r . The 
n iob ia - covered f o i l exh ib i t ed i d e n t i c a l r a tes to the t i t a n i a -
covered f o i l , i n d i c a t i n g that n i o b i a support e f f e c t s are caused 
by ove r l aye r s s i m i l a r to those found with t i t a n i a . 

Resu l t s 

The experimental techniques and apparatus have been desc r ibed 
i n d e t a i l elsewhere.(8^9) T i t a n i a and n i o b i a were depos i ted 
onto the c l ean metal f o i l s by vapor i z ing e i the r a T i - T a a l l o y 
wire or a niobium wire
spectroscopy (AES) was use
and temperature programmed desorpt ion (TPD) was used to determine 
the e f f ec t o f the ox ide l aye r s on the adsorpt ion o f CO and H 2 . 
Methanation ra tes were measured in a s i de chamber which allowed 
the sample to be cha r ac t e r i z ed by AES before and a f te r r a tes 
were measured. A l l ra tes were measured with 100 Torr CO and 
400 Torr H 2 , and convers ion to methane was always kept l e s s 
than 1%. 

T i t an i a -Cove red P t , Rh, and Pd 

AES r e s u l t s for the c l e an and the t i t a n i a - c o v e r e d P t , Rh, and 
Pd sur faces are d i scussed i n d e t a i l elsewhere.(9) R e l a t i v e 
coverages for each o f these sur faces were determined by comparing 
the r a t i o o f the Ti(385eV) peak height to e i the r the Pt(238eV) 
peak, the Rh(302eV) peak, or the Pd(330eV) peak. In a l l cases , 
the O(508eV) peak was found to be very s e n s i t i v e to e l e c t r on 
beam i r r a d i a t i o n ; there fo re , t h i s reg ion o f the spectrum was 
always taken f i r s t before measuring the r e s t o f the spectrum. 
Because chemisorbed oxygen i s not e l e c t r on beam s e n s i t i v e on 
any of these sur faces , we b e l i e v e t h i s i s evidence that the 
oxygen on each o f these sur faces i s assoc iated with the t i t an ium. 

The r a t i o of the O(508eV) to the Ti(385eV) peak was constant 
for a l l t i t a n i a coverages on each meta l , a lthough t h i s r a t i o 
was d i f f e r e n t for each meta l . These r a t i o s were 0.6 for P t , 1.1 
for Rh, and 1.2 for Pd. The r a t i o for bulk T i 0 2 i s 2.5,(21) 
i n d i c a t i n g that the spec ies on each metal i s l i k e l y to be on ly 
a p a r t i a l ox ide . X - r ay photoe lect ron spectroscopy (XPS) o f the 
t i t a n i a l ayer on Pt i nd i c a t ed that t h i s ox ide l ayer has a s t o i c h i o -
metry c l o s e to that o f TiO. (18) 

The thermal s t a b i l i t y of the t i t a n i a l ayer was found to 
vary with the metal subs t ra te . On P t , t h i s ox ide l aye r was 
found to d i f f u s e i n t o the bulk at high temperatures and segregate 
back to the sur face at low temperatures. (1?) On Rh, the t i t a n i a 
l ayer d i d not disappear from the sur face at high temperatures; 
however, we d i d observe evidence for the migra t ion o f ox ide 
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i n t o the bulk meta l . We found that we cou ld remove the oxide 
l ayer on Rh by ion bombardment but , when t h i s sample was annealed 
to h igh temperatures i n vacuum, t i t a n i a would reappear from the 
bulk . For both Pt and Rh, there fo re , we have found evidence 
that a t i t an ium oxide spec ies i s mobi le i n the bulk meta l . 

The r e s u l t s for Pd were d i f f e r e n t . On Pd, we found that 
the t i t an ium oxide decomposed at HOOK. At t h i s temperature the 
t i t an ium apparent ly d i f f u s e s i n t o the bulk and forms an a l l o y . 
T i t a n i a can be forced back to the sur face on ly by anneal ing the 
sample at high temperatures i n oxygen. 

The on ly e f f e c t of the t i t a n i a l a ye r s on the adsorpt ion o f 
CO and H 2 on these su r f aces , as measured by TPD, was to decrease 
the amount o f each gas that cou ld adsorb. In a l l cases , we 
performed H 2 adsorpt ion at 8OK and CO adsorpt ion at 295K. On 
P t , H 2 e xh ib i t ed three deso rp t ion s ta tes at 220, 300, and 370K 
and CO exh ib i t ed two s t a t e s at 400 and 520K. For Rh, H 2 desorbed 
i n two s t a t e s at 120 an
s t a t e at 480K. For Pd
H 2 and at 470 for CO. 

No new deso rp t ion features were ever observed due to the 
presence o f t i t a n i a . In a l l cases except for H 2 deso rp t ion 
from Pd, the shape o f the TPD curve remained unchanged and the 
r e l a t i v e coverages for each desorpt ion feature remained the 
same. T i t a n i a on ly a f fected the t o t a l amount of gas that cou ld 
adsorb, and there was no evidence for i n t e r a c t i o n s between the 
oxide and the chemisorbed gases. For H 2 adsorpt ion on Pd, the 
desorpt ion feature at 160K was a f fected more d r amat i c a l l y i n 
that very smal l coverages of t i t a n i a tended to suppress t h i s 
peak p r e f e r e n t i a l l y . There i s evidence i n the l i t e r a t u r e that 
the 160K peak i s r e l a t e d to a sur face r econs t ruc t i on (22 ) ; 
there fo re , t h i s p r e f e r e n t i a l suppress ion should not be in te rp re ted 
as evidence for i n t e r a c t i o n between the ox ide and the H 2 . 

The amounts o f CO and H 2 that cou ld adsorb on each sur face 
decreased l i n e a r l y with the t i t a n i a coverage, showing that 
t i t a n i a forms an even l ayer on these meta ls . The coverages of 
t i t a n i a necessary to complete ly suppress the adsorpt ion o f H 2 

and CO have been determined us ing c a l i b r a t i o n s determined for 
oxygen on each o f these meta ls . For each meta l , t h i s t i t a n i a 
coverage corresponded to approximately 10*5 oxygen atoms/cm 2 , a 
coverage c l o s e to that expected for a c lose -packed monolayer.(9) 
Th i s i n d i c a t e s that chemisorpt ion suppress ion i s l i k e l y due to 
the t i t a n i a p h y s i c a l l y b l ock ing the sur face and not to any 
e l e c t r on t rans fe r mechanism. 

N i ob i a - Covered Pt 

N iob i a was depos i ted on the Pt sur face i n the same manner 
descr ibed for t i t a n i a . Evaporat ion was c a r r i e d out i n 10~ 7 

Torr 0 2 to ensure complete o x i d a t i o n and the sample was then 
annealed to high temperatures to remove oxide m u l t i l a y e r s . As 
with t i t a n i a , we found that the n i o b i a cou ld d i f f u s e i n t o bulk 
Pt at high temperatures and tended to segregate back to the 
sur face at low temperatures. The on ly e f f e c t n i o b i a had on the 
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adsorpt ion o f CO and as measured by TPD, was to decrease 
the coverages. Complete suppress ion o f CO and Η2 adsorpt ion 
occurred at a n i o b i a coverage c l o s e to 1 0 1 5 / c m 2 , as measured by 
the O(508eV)/Pt(238eV) r a t i o . 

Methanation Rates 

Methanation ra tes for Pt wi th 400 Torr H 2 and 100 Torr CO are 
shown i n F i gu re 1. The ra tes for the n i o b i a and t i t a n i a -
covered surfaces were measured with an oxide coverage which 
complete ly suppressed h2 and CO adsorpt ion . As d i scussed 
e a r l i e r , our experimental apparatus allowed us to examine the 
sur face by AES both before and a f ter r e a c t i o n . On the c l e an 
sur face , we found that no i m p u r i t i e s , i n c l ud ing carbon, were 
present fo l lowing r e a c t i o n . A l s o , below 750K, the t i t a n i a and 
n i o b i a l a y e r s were unaf fected by r e a c t i o n c o n d i t i o n s . 
There fore , the ra tes presente
any impur i ty e f f e c t s or
r e a c t i o n . 

What these ra tes show i s tha t , over the temperature range 
of p r a c t i c a l i n t e r e s t , the ra tes on the ox ide -covered sur faces 
are cons ide rab ly higher than on the c l e an sur face . A l s o , the 
a c t i v a t i o n energy on the ox ide -covered sur faces i s cons ide rab ly 
lower than on the c l e an sur face , going from 30.2 kcal/mole on 
the c l e an sur face to 18.9 kcal/mole on the ox ide -covered 
sur faces . We b e l i e v e t h i s lower a c t i v a t i o n energy i s a r e s u l t 
o f changes i n the energet ics o f the r e a c t i o n pathways and i s 
not r e spons ib l e for the increased ra tes on the ox ide -covered 
sur faces , s ince no such a c t i v a t i o n energy changes are observed 
for ac tua l supported c a t a l y s t s . 

I t i s i n t e r e s t i n g to compare our r e a c t i o n ra tes to those 
reported for a c tua l supported c a t a l y s t s . ( 2 , 3 ) The ra tes for 
our ox ide -covered sur faces are almost i d e n t i c a l to those 
reported i n the l i t e r a t u r e for t i t a n i a - s u p p o r t e d c a t a l y s t s . 
Th i s i s very s t rong evidence that our model c a t a l y s t s are 
s i m i l a r to a c tua l c a t a l y s t s and are reproducing the important 
features o f t i t a n i a - s u p p o r t e d Pt . The ra tes for the c l e an Pt 
sur face are i n the range reported for Pt/Al203 but are not 
i d e n t i c a l to that sur face . These ra tes are cons ide rab ly 
d i f f e r e n t from those on Pt/Si02- We be l i e ve these v a r i a t i o n s 
may be due to c r y s t a l l o g r a p h i c e f f e c t s . D i f f e rences between 
Pt/Al2Û3 and Pt/Si02 c a t a l y s t s have been assigned to 
morpholog ica l e f f e c t s by other workers, and t h i s may a l so be 
respons ib l e for v a r i a t i o n s i n the ra tes on the Pt foil.(22) 

I t i s a l so i n t e r e s t i n g to note that the ra tes on the 
n iob ia - covered and the t i t a n i a - c o v e r e d sur faces are i d e n t i c a l 
w i th in the accuracy o f our experiment. S ince t i t a n i a and n i o b i a 
are chemica l l y d i f f e r e n t , t h i s s i m i l a r i t y suggests that the 
e f f ec t these ox ides have on the a c t i v i t y i s not due to e l e c t r o n i c 
i n t e r a c t i o n s . While XPS r e s u l t s suggest some bonding occurs 
between the adsorbed t i t a n i a and the meta l , one would expect 
the amount o f e l e c t r o n t rans fe r to be d i f f e r e n t for n i o b i a ; 
there fo re , we do not b e l i e ve that e l e c t r on t rans fe r i s the 
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prédominent factor for the enhanced a c t i v i t i e s that we observe. 
Rather, we be l i e ve that the oxide l aye r s may p lay a geometric 
r o l e i n a l lowing CO to approach the metal on ly up to a c e r t a i n 
d i s t ance or at a c e r t a i n angle . No f i rm reasons for the e f f e c t 
of the oxide l a y e r s can be g iven s ince the mechanism for methanation 
on Pt i s not known i n d e t a i l . 

Summary 

We have presented evidence that the strong meta l - support 
i n t e r a c t i o n s observed with t i t a n i a and n i o b i a are due to an 
oxide l ayer over the metal c a t a l y s t . T h i s l ayer i n t e r a c t s 
chemica l l y with the meta l , as evidenced by the fac t that the 
t i t a n i a l a ye r s on P t , Rh, and Pd do have s l i g h t l y d i f f e r e n t 
p r o p e r t i e s . The fac t that the methanation ra tes for a t i t a n i a -
covered and a n iob i a - cove red Pt f o i l are i d e n t i c a l i n d i c a t e s 
that the reason for enhance
covered sur face i s l i k e l
cons id er at i ons . 
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6 
Evidence for the Migration of MnO 
upon Reduction of Ni-MnOx and Its Effects 
on CO Chemisorption 

Y. W. Chung and Y. B. Zhao 

Department of Materials Science and Engineering, Northwestern University, Evanston, 
IL 60201 

Model Ni/MnOx catalysts were prepared by 150-Å nickel 
deposition onto a
high vacuum. The surface composition of the catalyst 
was followed as a function of time at 500°Κ in ultra­
high vacuum. Rapid diffusion of reduced manganese oxide 
onto the nickel surface was observed. This oxide migra­
tion phenomenon was observed for a wide range of metal/ 
TiO2 catalysts reduced at ≥ 700°K and is presently ac­
cepted as the key step in the induction of strong metal­
-support interaction (SMSI). The present observation ap­
pears to be the first case in which SMSI can be induced 
at normal (500°K) catalyst reduction temperatures. High 
resolution electron energy loss spectroscopy (EELS) ex­
periments of CO on Ni/MnOx reduced at 500°K showed dra­
matic reduction of the C-O stretching frequency of ad­
sorbed CO. These EELS results are discussed in light of 
similar data on Ni/TiO2 and infra-red data on Rh/MnOx. 

After the 1978-publication of Tauster and coworkers on CO and Η 
chemisorption suppression on titania-supported group VIII cata­
lysts reduced at 500 C (1), many research studies were performed 
to elucidate the mechanism of this so-called strong metal-support 
interaction (SMSI) phenomenon. The f i r s t direct clue came from 
the work of Dumesic and Ha H e r . Work by Dumesic and coworkers (2) 
on ammonia symthesis using Fe/Ti02 showed that SMSI behavior per­
sists even for iron particles with diameter exceeding 200-Â. This 
finding excludes the delocalized charge transfer model as a viable 
explanation of SMSI since such charge accumulation w i l l be com­
pletely screened out in one atomic spacing by the metal. Resasco 
and Haller (3) found that the ethane hydrogenolysis act ivi ty of 
Rh/titania decreases as the square-root of reduction time, the drop 
being faster with higher reduction temperature. Both groups pro­
posed that during high temperature reduction to induce SMSI, t i tania 
diffuses to the metal surface. 

0097-6156/86/0298-0054S06.00/0 
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6. CHUNG AND ZHAO MnO Effect on Ni-MnOx Reduction 55 

We provided a direct confirmation of this oxide migration model 
by starting with a single crystal Ni(111), depositing onto i t con­
trolled amounts of reduced t i tania , and performing CO chemisorption 
and CO hydrogénation reactions on such a surface (4). Such a T i O x / 
Ni(x<2) surface exhibits a l l the standard characteristics of SMSI, 
v i z . suppressed CO chemisorption, higher methanation ac t ivi ty , and 
shif t of product distribution to heavier molecular hydrocarbons. 
Additional Auger and prof i l ing experiments on a 120-A Ni/Ti02 model 
catalyst showed the rapid migration of reduced titania upon reduc­
tion at 700 Κ (5,6). Migration of t i tania was also found for Rh/ 
T1O2 (7,8) and Pt/Ti02(2). It is now well established that oxide 
migration onto the metal surface is the key process leading to SMSI. 

On the other hand, catalytic effects of this surface titanium 
suboxide are not so clear. There is evidence in the literature (2) 
and in this Symposium (1β3 that geometric effects are dominant in 
Pt. But in the case of N i , the bonding of CO and H2 is altered (6, 
11). Sachtler (12) suggested that the oxophilic nature of reduced 
titanium may weaken the
si tes . If this is true, other oxophilic ions should show similar 
characteristics. In this paper, we report Auger and EELS studies of 
Ni/MnOx model catalysts prepared by vacuum evaporation of Ni onto an 
oxidized manganese f o i l and subsequent reduction at 500 K. 

Experimental Section 

A l l studies were done in an ultrahigh vacuum chamber equipped with 
an Auger spectrometer, a high resolution EELS spectrometer, sput­
tering, Ni evaporation, standard gas and specimen handling f a c i l i ­
t ies . The manganese specimen used in this study is a 1 cm 2- 0.5 mm 
thick polycrystalline disk purged of bulk impurities by a series of 
sputtering and annealing cycles. Α Μη0χ (χ in the range of 0.9 -
1.2 using PHI Auger Handbook data) f i lm was formed by heating to 
300°C under 3x10"^ Torr oxygen for 5 to 15 minutes, followed by a 
150-S Ni deposition. The specimen temperature was kept at ambient 
during evaporation. The resulting specimen was annealed at 500 Κ 
under ultrahigh vacuum (UHV). Auger profiles of Mn, T i , and 0 were 
obtained by standard sequential argon ion sputtering and Auger anal­
ysis . HREELS studies of the C-0 stretching frequency of adsorbed 
CO on such surfaces were done at an electron impact energy of 2 eV 
(uncorrected for work function differences) and an overall resolu­
tion of 15 meV after a CO exposure of 2xl0*L. 

Results and Discussions 

Auger Results 

Figure 1 shows the evolution of the Ni(848 eV), Mn(589 eV), and 0 
(503 eV) Auger peak intensities as a function of reduction time at 
500°K in UHV on a 150-S Ni/MnO model catalyst. A l l Auger peak i n ­
tensities were converted to atomic concentration using data from 
the PHI Auger Handbook. The rapid increase of manganese and oxygen 
Auger intensity is apparent. If a l l the oxygen is associated with 
manganese, the stoichiometry corresponds to roughly Mn0n , 0 
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F i g . 2 shows the sputter profi le of the model catalyst after 
a 60 minute reduction at 500 K. Before reduction, one does not 
observe the presence of oxygen and manganese on the nickel surface. 
After reduction, the segregation of oxygen and manganese is appar­
ent. 

There are s imilar i t ies and differences between the above f i n d ­
ings and those of Ni/Ti02 (6.)· I n both cases, we observed the mi­
gration of the support oxide onto the Ni surface. However, the 
rates are very different . In order to observe significant segrega­
tion of T i in Ni/Ti02 in a reasonable amount of time, reduction 
temperatures £ 700 Κ must be used. However, in the case of Ni/ 
Μη0χ , massive segregation occurs within a few minutes at a reduc­
tion temperature of 500 K. A rough estimate of the diffusion co­
eff ic ient D can be made as follows. A substantial amount of Mn 
was observed on the Ni surface (thickness 150S) after about 100 
seconds. From the equation jfc2 = 2Dt, where i is the diffusion 
distance (150 1) and t th
lated to be about lxl0~l^cm
diffusion coefficient for the case of Ti was estimated by extra­
polation of our previous data (6) to be about 4xl0'^^cm^/sec. at 
500 Κ Μη diffuses more than 100 times farther than Ti under 
identical reduction conditions. 

Apart from kinetics , the fact that reduced manganese oxide 
(MnO) appears on the surface of Ni implies that the bond energy 
between MnO and Ni must exceed the lat t ice Madelung energy of the 
oxide. Since the electronic configuration of Mn in this case is 
3d5, i . e . a h a l f - f i l l e d d s h e l l , this suggests that the d-d bond­
ing between Ni and Mn may be a crucial driving force for the oxide 
segregation. Further, such d-d bonding may also affect the chem­
is t ry occuring on Ni sites as w e l l . There is now EXAFS evidence 
in the case of Rh/Ti0 2 of such direct Rh-Ti bonding (13) 

HREELS Results 

F i g . 3 shows EELS spectra near the C-0 stretch region of Ni/ΜηΟχ 
catalyst reduced at 500 Κ for zero and 10 minutes followed by 2x10 
L CO exposure. With no reduction, the major C-0 stretch is located 
at 1900 cm" 1 , with a shoulder around 2040 cm" 1 . These features are 
quite representative of CO chemisorption on Ni (β) and are assigned 
to CO chemisorbed on two-fold and on-top sites respectively. How­
ever, after 10 minutes of reduction, evolution of a new peak at 
1750 c m - 1 i s apparent. From the correlation of the appearance of 
these features and Mn Auger signals, i t is clear that these new C-0 
bands are due to CO chemisorption on or around the MnO si tes . 

Lowering of the C-0 stretch frequency has also been observed on 
Νί/Τίθ2· More recently, Ichikawa and coworkers (14) found that CO 
chemisorption on Rh catalysts promoted with Mn results in new CO 
bands at 1780 and 1530 cm" 1 , similar to what we report here. 

Based on these observations, we believe that the close proxi­
mity between nickel and surface manganese oxide as a result of d-d 
bonding makes i t possible for the two ends of CO to be activated by 
them simultaneously. The strong bonding and the resulting lowering 
of surface free energy are the primary driving forces for the migra­
tion of manganese oxide. The end result is similar to that of a 
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30 60 
REDUCTION TIME (MIN.) 

Figure 1. Auger intensity of Mn, 0, and Ni at 589 eV, 503 eV, 
and 848 eV respectively, as a function of reduction time. 
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Figure 2. Sputter prof i le of a 150S Ni/MnO model catalyst after 
60 minutes of reduction at 500 K. 

In Strong Metal-Support Interactions; Baker, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



STRONG METAL-SUPPORT INTERACTIONS 

ω 

< 
§ 
ΙΛ 

NI/MNOx «· 20000L CO 

1920 

1750 

1900 

2040 

0 MIN. 

1800 2200 
ENERGY LOSS (l/CM) 

Figure 3. High resolution EELS spectra of Ni^MnOx after 500°K 
reduction for various times, followed by 2x10 L CO exposure. 
Lower curve - zero minute, upper curve - 10 minutes. 
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catalyst promoter/poison, except that such a promoter/poison is de­
rived inherently from the oxide support. 

Summary 

Model Ni/ΜηΟχ catalysts have been prepared by deposition of 15θΧ of 
Ni onto an oxidized Mn disk. Subsequent reduction at 500 Κ in u l ­
trahigh vacuum results i n rapid segregation of MnO onto the Ni sur­
face. The segregation rate is much faster than that of T i under 
identical conditions. HREELS studies reveal new C-0 stretching 
bands at lower frequencies, comparable to what have been observed 
on Rh promoted with Mn. We assign these bands to be due to CO chemi-
sorbed on or near MnO s i tes . 

Acknowledgments 

Acknowledgment is made t
administered by the America
research. We thank Professor Sachtler and Dr. Ichikawa for many i l ­
luminating discussions. 

Literature Cited 

1. Tauster, S. J., Fung, S. C., and Garten, R. L., J. Amer. Chem. 
Soc. 1978, 100, 170. 

2. Santos, J . , Phillips, J . , and Dumesic, J. Α., J. Catal. 1983, 
81, 147. 

3. Resasco, D. E., and Haller, G. L., J. Catal. 1983, 82, 279. 
4. Chung, Y. W., Xiong, G., and Kao, C. C., J. Catal. 1984, 85, 

237. 
5. Takatani, S., and Chung, Y. W., Applic. Surf. Sci. 1984, 19, 

341. 
6. Takatani, S., and Chung, Y. W., J. Catal. 1984, 90, 75. 
7. Belton, D.N., Sun, Υ. Μ., and White, J. Μ., J. Phys. Chem. 1984, 

88, 5172. 
8. Sadeghi, H. R., and Henrich, V. E., J. Catal. 1984, 87, 279. 
9. Ko, C. S., and Gorte, R. J., J. Catal. 1984, 90, 59. 

10. Dwyer, D. J., Cameron, S.D., and Gland, J . , ACS Symposium on 
Metal-Support Interactions, Miami, April 29 - May 1, 1985. 

11. Raupp, G. B., and Dumesic, J. Α., J. Phys. Chem. 1984, 88, 660. 
12. Sachtler, W. Μ. Η., Proc. 8th Int. Cong. Catal., Berlin, 1984. 
13. Haller, G. L., private communication (1985). 
14. Ichikawa, Μ., private communication (1985). 

RECEIVED September 30, 1985 

In Strong Metal-Support Interactions; Baker, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



7 
Time Dependence of H2 and O2 Chemisorption 
on Rh-TiO 2 Catalysts 

H. F. J. van't Blik1, P. H. A. Vriens, and R. Prins 

Laboratory for Inorganic Chemistry, Eindhoven University of Technology, P.O. Box 513, 
5600 MB Eindhoven, The Netherlands 

A fast as well as a
room temperature adsorptio
and anatase TiO2 catalysts. Both components of the 
H2 adsorption decreased in magnitude with increasing 
catalyst reduction temperature, while the fast O2 
adsorption increased in magnitude and the slow O2 
adsorption stayed constant. The fast H2 adsorption 
proved to be due to chemisorption on the metal and 
the slow H2 adsorption to spillover from the metal 
to the support. The fast O2 adsorption was due to 
chemisorption on the metal as well as on the support, 
with the concurrent reoxidation of Ti3+ ions formed 
during Η-spillover. The slow O2 adsorption was caused 
by corrosive chemisorption of the metal particles. 

Some years ago Tauster et a l . reported that after a high tempera­
ture reduction of group VIII metals on supports like T1O2, Μ>2<>5 
and V2O3 the adsorption of H2 and CO was suppressed, while O2 
adsorption was unaffected (1-3). They believed that these effects 
were caused by a special type of metal-support interaction and 
therefore called this interaction Strong Metal Support Interaction 
(SMSI). Catalytic studies showed that with the catalyst in the SMSI 
state many reactions were inhibited too. Thus hydrogenolysis of 
ethane (4, 5) and butane (5,, 6), hydrogénation of ethene, benzene 
and styrene and dehydrogenation of cyclohexane (5, 6) and reforming 
of hexane (]_) were much slower with catalysts reduced at 500°C than 
at 200 or 250eC. On the other hand CO hydrogénation was not in­
hibited at a l l , on the contrary for some metals on T1O2 i t was 
even somewhat better after high temperature reduction (on the basis 
of total metal present) (8-10). 

1Current address: Philips Research Laboratories, P.O. Box 80000, 5600 JA Eindhoven, 
The Netherlands 
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The insensitivity of CO hydrogénation to reduction temperature 
may be connected to the fact that oxidants like O2 and H2O are 
capable of bringing the catalyst back from the SMSI state to the 
normal adsorption state. Thus Tauster et a l . published that the 
H*2 adsorption capacity of a Pd/Ti02 catalyst, which had been 
brought into the SMSI state by reduction at S00°C, was completely 
restored after oxidation at 400°C for 1 h and rereduction at 175°C 
(1). Baker et a l . published that H20 at 250°C for 1 h could restore 
the h*2 and CO adsorption capacities of a Pt/Ti02 catalyst, although 
to a less extent than oxidation at 600°C (11). On the other hand, 
Mériaudeau et a l . reported that H2 adsorption as well as catalytic 
activities for hydrogenolysis and hydrogénation of Ti02~supported 
Pt, Ir and Rh catalysts recovered after O2 admission at room 
temperature and subsequent reduction at low temperature (6). 

Explanations for SMSI have ranged from electronic theories, 
such as alloy formation (1, 12), metal-semiconductor interaction 
(3, 6) and metal-suppor
geometrical theories lik
14-19). Today the electronic theory based on metal-support cation 
interaction and the geometrical covering theory are favoured most. 
In a l l theories the reducibility of the support plays an important 
role. In the electronic theories i t is responsible for the form­
ation of reduced cations on the surface of the support, e.g. T i 3 + 

on T1O2. Χα scattered wave molecular orbital calculations on 
the interaction between a (T1O5)7- cluster and a Pt atom indicated 
a strong electron transfer to the Pt atom, leading to Pt"* 0' 6. As a 
consequence there was a strong ionic bonding between Pt and the 
T i 3 + cluster (13). It is a pity that this calculation was done on 
such an unbalanced system, because the large difference in charge 
between (T1O5)7" and Pt w i l l always favour an electron flow 
towards Pt. A new calculation with compensating cationic charges 
around the (T1O5)7" cluster would be of interest. Reducibility 
of the support and the formation of surface defects by dehydration 
at high temperatures are important ingredients in the model of 
Baker et a l . (11, 20) and Huizinga and Prins (21). They suggested 
that the interaction between metal particles and domains of T14O7 
under and around the metal particles might be strong, because of the 
metallic properties of the Magnelli phase type T14O7 suboxide. 
In the geometrical, covering theory the reducibility of the support, 
as well as the formation of surface defects by dehydration at high 
temperatures, are essential to explain the migration of reduced 
support species onto the metal particles (5, 7., 14). 

The reducibility of T1O2 has in recent years been studied 
with ESR and NMR techniques (21-23). In the course of our studies 
(21) we noticed that support reduction is a relatively slow process 
and that, as a consequence, hydrogen chemisorption on a metal on 
T1O2 catalyst has a fast component, due to adsorption on the 
metal surface, and a slow component, due to spillover of H atoms 
from metal to support and subsequent support reduction. We have 
studied the time dependence of H2 chemisorption, as well as that 
of O2 chemisorption, in more detail and the results of this study 
are presented in this paper. 
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Experimental 

Two Rh/Ti(>2 catalysts were prepared by pore volume impregnation 
of the support with an aqueous solution of RI1CI3.X H2O (39 wt%, 
Drijfhout). One catalyst was made with 0.99 wt% Rh on the rutile 
modification of T1O2 (Tioxide CLDD 1627/1, pore volume 0.57 ml g " 1 

and surface area 20 m2 g" 1), this catalyst w i l l be further denoted 
as Rh/R-Ti02- The other catalyst with 1.00 wt% Rh was made with 
anatase as the support (Tioxide CLDD 1367, pore volume 0.64 ml g" 1 

and surface area 20 m2 g"l) and w i l l be denoted as Rh/A~Ti02. 
It was checked that the main X-ray diffraction lines of the support, 
as well as those of the catalysts prepared therefrom, were those of 
rutile or anatase. Before use, both supports were washed twice with 
d i s t i l l e d water, dried at room temperature and calcined at 500°C for 
1 h to stabilise the surface area. After impregnation the catalysts 
were dried at room temperature for 24 h and subsequently for 10 h at 
120eC. 

Hydrogen and oxyge
in a conventional glass system at 22°C. Before a H2 chemisorption 
measurement, the catalyst was reduced, or oxidized and reduced, at 
temperatures and during times to be specified under Results. These 
temperatures were reached with a heating rate of 5°C min""1. 
Reduction and oxidation took place in flowing hydrogen and oxygen, 
respectively. After evacuation (10" 2 Pa) at the same temperature 
the c e l l was cooled down to room temperature and the chemisorption 
of H2 was started. The H2 used was purified by passing through 
a Pd diffusion c e l l . To check for activated chemisorption, in some 
cases the chemisorption of H2 was already started at the same 
temperature as that of evacuation and the catalyst was then cooled 
down to room temperature under H2. Similar procedures were used 
for oxygen chemisorption. 

A l l chemisorption experiments were single point measurements 
at 8.10* Pa. By measuring the adsorption isotherms from 10 3-10 5 Pa 
for a few catalysts, i t was checked that a relative comparison of 
the thus obtained chemisorption values was as justifiable as any 
other method based on other measuring points, or on extrapolation 
of measuring points to zero pressure, as advocated by Benson and 
Boudart (24). No corrections were made for chemisorption on the 
bare supports as such, because this was found negligible. 

Results 

H? chemisorption. Hydrogen chemisorption of a Rh/R-Ti02 and a 
Rh/A-Ti02 catalyst were measured at 8.10* Pa as a function of time. 
In Figure 1 the results for the Rh/R-Ti02 catalyst are presented by 
plotting the H/Rh ratios, calculated from the H2 consumption and the 
total amount of Rh present, as a function of In t. This was done 
because in that way nearly linear curves were obtained. Starting 
from the impregnated and dried catalyst the f i r s t measurement was 
carried out after reduction for 1 h and evacuation for 1 h at 215°C 
(Figure 1A). Further experiments were carried out after a subsequent 
prereduction at 520°C for 2 h, followed by a reoxidation at 140°C 
for 1 h to break the SMSI state which results from the high temper­
ature reduction. In the following section i t w i l l be shown that 
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140° C is sufficient to re-establish normal chemisorption behaviour. 
After this treatment reductions and evacuations (for 1 h each) were 
carried out subsequently at 2009 300, 400 and 500 °C, followed by 
h*2 chemisorption measurements. The results of these measurements 
are presented in Figures IB, 1C, ID and IE, respectively. After the 
last measurement (Figure IE), the catalyst was further reduced at 
500°C for 6 h, again an oxidation was applied at 125°C for 0.5 h, 
the catalyst was reduced for 1 h and subsequently evacuated for 1 h 
at 220°C, and then its H2 chemisorption capacity was measured 
again (Figure IF). Further prolonged reduction at 220°C for 9 h, 
followed by evacuation at 205°C for 2 h did not change the 
chemisorption behaviour. The resulting H/Rh vs. In t curve was 
equal to curve F. 

A l l measurements show a linear relationship between H*2 
chemisorption (expressed as H/Rh ratio) and In t (especially in the 
f i r s t hours), a decrease in chemisorption with an increase in 
reduction and evacuatio
of the H/Rh vs. In t curve
The results furthermore demonstrate that no equilibrium chemi­
sorption was established within 18 h (In t = 7) on this catalyst. 

The decrease in H/Rh values between curves A and Β demonstrates 
that the treatment at 520°C had caused sintering. Further treatment 
at intermediate temperatures followed by another treatment at 500°C 
did not induce further sintering, or only a l i t t l e b it (cf. curves 
F and B). Therefore sintering of the Rh particles cannot be the 
reason for the decreased H2 chemisorption and decreased time 
dependence (cf. curves Β to E). Note that within the uncertainty of 
the measurements there is no difference in slope between curves 
A, B, and F, indicating that the slope is independent of the 
dispersion of the metal. 

To see i f the time dependence of the chemisorption was caused 
by a slow establishment of H2 chemisorption at the Rh metal surface, 
the measurements were also carried out for a 3.7 wtX Rh/Si02 
catalyst ( s i l i c a Grace S.P. 2-324.382, pore volume 1.2 ml g" 1 and 
surface area 290 m2 g"1) after reduction at 500°C. The H2 chemi­
sorption of this catalyst measured after a day under H2 differed 
only 10% from that measured directly after reduction, evacuation and 
cooling (H/Rh= 0.46 and 0.42, respectively). Thus slowness of H2 
chemisorption onto the metal cannot be the reason for the time 
dependence of the H2 chemisorption on the Rh/R-Ti02 catalyst. 

That the time dependence of the H2 chemisorption was anyway 
caused by a slow attainment of equilibrium, was established by 
performing the H2 chemisorption measurement in a modified way. 
Hydrogen was admitted to the evacuated catalyst at ca. 200°C and 
subsequently the reactor was slowly cooled down to room temperature 
and H2 chemisorption was measured. In this case equilibrium was 
quickly established and the chemisorption value was substantially 
higher (about 20%) than that reached during room temperature 
measurements for 18 h. Furthermore, since there was no difference 
between the H2 chemisorption measured after admission of H2 at 
190°C during 10 min and that measured after admission at 205°C 
during 30 min, a temperature of about 200°C during 10 min seems 
sufficient to quickly reach equilibrium. 

Similar results as described above for the Rh/R-Ti02 (rutile) 
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catalyst were obtained for the Rh/A-Ti<>2 (anatase) catalyst, be i t 
that the slopes of the H/Rh versus In t curves were smaller for Rh 
on anatase than for Rh on ru t i l e . 

Breaking of SMSI by oxidation. In the literature i t has been 
stated that a metal-on-Ti(>2 catalyst which is in the SMSI state, 
can be brought back to the normal state by a treatment in oxygen. 
Several conflicting statements have been published, however, about 
the severeness of oxidation. Thus i t has been said that keeping an 
SMSI catalyst for some time in air would be sufficient (6), but in 
another publication i t has been claimed that high temperature 
oxidation is absolutely necessary (1, 11). Furthermore, also water 
vapour has been claimed to be able to break the SMSI state (11). 
Taken a l l published information together, i t seems clear that an 
oxidative treatment is necessary, either with oxygen, water or any 
other oxygen containing oxidant. The temperature and time needed 
to completely break the
metal-on-support state ar
further we subjected a 0.99 wt% Rh/R-Ti02 catalyst to a series of 
successive reductίοη-oxidation-rereduction (200°C) treatments, with 
evacuation after each reduction step, and measured the H2 chemi­
sorption after each treatment. The catalyst had been pretreated at 
500°C for several hours to stabilise i t s rhodium dispersion. This 
catalyst was precalcined at 150°C, (0.5 h), rereduced (1 h) and 
evacuated (1 h) at 200°C; the subsequently measured H2 chemi­
sorption is presented as curve A in Figure 2. Subsequently the 
catalyst was reduced again at 500°C for 1 h, oxidized in oxygen at 
room temperature for 15 min (passivated), rereduced and evacuated 
for 1 h at 200°C, and the H2 chemisorption was measured. The 
resulting curve Β in Figure 2 demonstrates that the H2 chemi­
sorption had decreased, indicating that passivation for 15 min 
cannot completely break the SMSI state. An extended passivation for 
17 h l e f t the chemisorption unaltered (curve C), proving that even 
prolonged passivation could not fu l l y restore the original chemi­
sorption capacity. Oxidation at 150°C for 0.5 h (curve D) and 
oxidation at 260°C for 0.5 h (curve Β), however, could restore the 
original chemisorption capacity and this shows that the restoration 
of the catalyst from SMSI to normal state is an activated process. 
Similar results were obtained for the Rh/A-Ti02 catalyst. 

O2 chemisorption. Whereas the chemisorption of hydrogen is 
suppressed in the SMSI state, chemisorption of oxygen s t i l l takes 
place after a metal-on-Ti02 catalyst has been reduced at high 
temperature. No information is available, however, whether there is 
a difference in O2 chemisorption in SMSI and normal state and 
whether the reduction temperature has any influence on this. 
Therefore we looked into the O2 chemisorption capacity of Rh/R-Ti02 
and Rh/A-Ti02 catalysts at room temperature and 8.10* Pa after 
successive reductions and evacuations (1 h each) at temperatures of 
200, 245, 280, 350 and 500°C. The results are presented in Figures 
3A, B, C, D and B, respectively. To ensure that the starting condi­
tions were the same in a l l cases, before each reduction-evacuation 
treatment and subsequent O2 chemisorption experiment the catalyst 
was oxidized at 150°C for 0.5 h because, as shown in the foregoing, 
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Figure 1. Influence of reduction temperature on the time 
dependence of the H 2 adsorption of 0.99 wt% Rh/Ti02-
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such an oxidation is sufficient to bring the catalyst back to the 
normal state. Furthermore, to eliminate sintering effects the 
catalyst was prereduced at 500°C for 2 h and reoxidized at 140°C 
for 1 h. 

We have presented the chemisorption results relative to the 
total amount of rhodium present, that is as O/Rh values. The 
results demonstrate that, just as for H2 chemisorption, the O2 
chemisorption is dependent on time. In the f i r s t few hours there is 
a more or less linear relationship with In t, thereafter the 
chemisorption levels off. The O2 chemisorption is strongly 
dependent on the pretreatment too, increasing reduction-evacuation 
temperature leads to increasing O2 chemisorption (Figure 3 curves 
A to D). On the other hand the slope of the curves is not much 
dependent on reduction temperature. 

The results for the Rh/A-Ti02 catalyst are qualitatively 
similar to those of the Rh/R-Ti02 catalyst, but quantitatively 
the O2 chemisorption is
catalyst and also the slop

Measurement of the O2 chemisorption of a reduced Rh/Si02 

catalyst showed that this catalyst behaved similarly as the Rh/Ti0 2 

catalysts, with a very fast O2 consumption, followed by a slow 
O2 uptake which had a linear behaviour with In t. In contrast to 
the Rh/Ti02 catalyst, however, the fast 0 2 consumption of the 
Rh/Si02 catalyst proved to be independent of reduction temperature. 

Discussion 

H2 chemisorption. Both Rh/R-Ti02 and Rh/A-Ti02 show a decrease 
in H 2 chemisorption when the reduction and evacuation temperature 
is increased, while at the same time the slope of the chemisorption 
vs. In t curve decreases. The decrease in H2 chemisorption is of 
course due to the gradual transition of the Rh particles into the 
SMSI state. Whatever the explanation for this state, an electronic 
interaction between metal particles and support or a covering of 
the metal particles by the support, in this SMSI state the metal 
particles are unable to adsorb H2. The decreased slope of the 
H/Rh-ln t curve can be explained in several ways, such as slow H 2 

chemisorption on Rh because of an activated process, dependence on 
metal dispersion, or an effect related to the support. The 
experiments in which H2 chemisorption was started around 200°C 
proved that the time dependence is indeed due to a slow adsorption 
at room temperature, but the experiment with Rh/Si02 showed that 
there is no kinetic limitation in the h*2 chemisorption on the metal 
part of the catalyst. In accordance with this conclusion, no effect 
of rhodium dispersion on the time dependence of the h*2 
chemisorption was observed for catalysts in the normal state 
(cf. Figure 1 curves A, Β and F). 

The conclusion must be that the support is the cause of the 
slow uptake of H 2 by the catalyst and this suggests that, in 
addition to H 2 being bonded to the metal, H 2 must be bonded to 
the support. It is of course well known that supports like T1O2 
and WO3 can be reduced by hydrogen atoms which s p i l l over from 
metal particles to the support and i t is not unlogic to presume 
that spillover is an activated process, and thus is slow at room 
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Figure 3. Influence of reduction temperature on the time 
dependence of the 0 2 adsorption of 0.99 wt% Rh/R-Ti02-
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temperature (25., 26). At f i r s t sight, however, one encounters a 
problem trying to explain our measurements with a spillover model. 
Since a l l our catalysts had been reduced at temperatures of 200°C 
and higher before the H 2 chemisorption at room temperature, s p i l l ­
over and support reduction should have been complete before the 
start of the H 2 chemisorption measurements and no support 
reduction would be expected during subsequent chemisorption measure­
ments at room temperature. A closer look at the mechanism of support 
reduction by spilled over hydrogen and at the conditions under which 
the experiments were carried out, c l a r i f i e s this contradiction. The 
answer l i e s in the fate of the spilled over H atoms. Depending on 
the temperature of reduction two reduction processes may take place, 
one at low temperature 

2 T i 4 + + 2 Ο 2" + H 2 -> 2 T i 3 + + 2 OIT (1) 

and one at high temperatur

2 T i 4 + + 0 2~ + H 2 -* 2 T i 3  + H20 t (2) 

Actually both processes can be composed of the following steps 

H 2 2 H (3) 

2 H + 2 T i 4 + -» 2 H + + 2 T i 3 + (4) 

2 H+ + 2 0 2~ -> 2 OH" (5) 

2 OH*" -» O2- + H20 t (6) 

The hydrogen atoms which are spilled over from the metal to the 
support reduce the Ti*+ ions and the resulting protons are trapped 
as OH- ions (Equations 3, 4 and 5). At elevated temperatures the 
protons are removed from the support surface by dehydration 
(Equation 6). Huizinga and Prins demonstrated by means of ESR 
measurements that Equations 3, 4 and 5 are reversible (21). Thus 
reduction of Pt/Ti0 2 and Rh/Ti0 2 catalysts with H 2 at 300°C induced 
a strong T i 3 + ESR signal, which disappeared after evacuation at 
300°C, but stayed constant after evacuation at room temperature. 
The authors concluded that desorption of H 2 by reversed spillover 
and desorption from the metal was an activated process. These 
phenomena were found reversible in the sense that when a catalyst, 
which had been evacuated at 300°C, was exposed once more to H2, 
the strong T i 3 + ESR signal reappeared. This reversibility was not 
observed when the reduction had taken place at 500°C, because in 
that case the protons had l e f t the T i 0 2 surface as H20 molecules 
and Equations 5, 4 and 3 could no longer be reversed. At the same 
time the titanium ions formed during high temperature reduction 
were trapped in the 3+ oxidation state. 

In view of these ESR results, the explanation of the time 
dependence of the H 2 chemisorption must be as follows. After 
reduction in H 2 at 200°C indeed quite a bit of T i 0 2 support 
w i l l be reduced, but during subsequent evacuation at 200°C a l l 
T i 3 + ions w i l l be reoxidized. As a consequence in the subsequent 
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H2 chemisorption not only fast adsorption of h*2 on Rh may occur, 
but also a slow spillover and reduction of ΤΙ**. On the other hand, 
after reduction at high temperature T i 3 + w i l l be formed and the 
surface of the support w i l l be dehydrated. Therefore during the 
following evacuation no reoxidation of the T i 3 + ions can take 
place. At the same time the rhodium has been changed into the SMSI 
state and therefore no H 2 chemisorption w i l l take place at a l l . At 
intermediate reduction and evacuation temperatures there w i l l be an 
intermediate behaviour and as a result of this the H 2 chemisorption 
values w i l l decrease with increasing treatment temperature and so 
w i l l their time dependencies. 

The maximum amount of H 2 which can be chemisorbed onto the 
support of the Rh/Ti0 2 catalyst (determined by admission of H 2 

to the catalyst at 200°C) is of the same order of magnitude as the 
number of Ti 3+ ions formed on Pt/Ti02 (21) and Rh/Ti02 (27) 
and detected by ESR. The agreement between H 2 chemisorption and 
ESR data means that a l l
indeed detected by the ES
are not situated close together as nearest neighbours, because in 
that case antiferromagnetic coupling between adjacent T i 3 + ions 
would have led to a much decreased ESR signal. 

The fact that the reduction of the support by hydrogen 
spillover is an activated process may be explained by hindered 
spillover from metal to support, by hindered reduction of T i * + 

ions by Η atoms or by diffusion of Η atoms over the support surface 
Our results demonstrate that H 2 chemisorption equilibrium is 
quickly reached at 200°C, while the ESR results have shown that the 
T i 3 + ESR signal formed after reduction at 300°C could be 
decreased by two orders of magnitude by evacuation at 300°C, but 
not by evacuation at room temperature. Both the reduction and the 
reoxidation of the support therefore are activated processes, with 
similar activation energies. In the reduction step as well as in 
the reoxidation step, the oxidation state of the titanium cation 
changes. As a consequence also the cation radius and the Ti-0 
interatomic distances of the reduced or oxidized site w i l l change 
and this w i l l give rise to an activation energy barrier. After the 
i n i t i a l reduction of Ti*+ cations in the immediate neighbourhood 
of a metal particle, further reduction of Ti*+ ions can only occur 
i f the resulting T i 3 + ions diffuse away from the metal particle. 
The diffusion of an Η atom over the very well dried, but not 
dehydroxylated, support surface can be described as hopping from 
one site to another, or alternatively as a synchronous hopping of a 
proton and an electron (25, 28). Each hopping consists of a simul­
taneous reduction of the receiving titanium cation and an oxidation 
of the leaving site, which may explain the similarity in activation 
energy for H 2 chemisorption on and desorption from the support. 

Instead of the observed In t dependence, a t ^ dependence of 
the H 2 chemisorption might have been expected. Such a relationship 
has indeed been observed up to t=5 min (29), but in our experiments 
i t proved d i f f i c u l t to obtain accurate data at short measuring 
times. At the moment we do not have a physical explanation for the 
In t dependence, but we note that a t ^ dependence is only expected 
under special conditions and that at large t, when the observed 
limited value of the slow adsorption is approached, the adsorption 
is neither described by a t ^ dependence, nor by a In t dependence. 
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The proposed mechanism also explains why the slopes of the 
H 2 chemisorption versus In t curve for Rh on anatase were smaller 
than those for Rh on r u t i l e . For the Ti*+ cations at the rutile 
surface are predicted to be more easily reduced than those at the 
anatase surface (30). 

The question may be posed i f the slow reduction of the support 
by spillover of H atoms from the metal particles takes place through 
the bulk of the T i 0 2 or on its surface only. The H 2 consumption 
after exposure of H 2 to the Rh/R-Ti02 catalyst at 200°C was found 
to be independent of exposure time. Apparently only a limited amount 
(0.3%) of the total available Ti 4+ ions can be reduced at 200°C and 
this suggests that this amount (which would constitute about 10% of 
the surface Ti*+ ions) might well be located at the surface. In this 
respect i t is of interest to remark that Iyengar et a l . observed 
that the ESR signal of T i 3 + ions, formed after a 200°C reduction of 
Ti 0 2 , was quenched after 0 2 admission at room temperature, while the 
ESR signal obtained afte
Apparently T i 3 + ions forme
fuse to the bulk at temperatures in excess of 200°C. In agreement 
with this our 0 2 chemisorption results also show that the major 
part of the reoxidation of support T i 3 + ions is fast (vide infra). 

In a recent publication Dumesic c.s. described adsorption and 
desorption measurements of H 2 on Ni/Ti0 2 and Pt/Ti0 2 catalysts, 
which showed that a larger amount of H 2 could be desorbed (after 
15-20 h equilibration of these catalysts under about 40 kPa H2) 
than could be directly adsorbed (32). In agreement with our conclu­
sions their explanation was that, apart from a fast H 2 adsorption 
on the metal, hydrogen apparently also adsorbed slowly on the T i 0 2 

support via a spillover process from metal to support. These authors 
noticed that the amounts of H 2 desorbed from the M/Ti0 2 catalysts 
in the SMSI state were in f a i r agreement with metal particle sizes 
determined by X-ray line broadening and electron microscopy and 
suggested that H 2 desorption could be used to estimate metal 
particle sizes in M/Ti0 2 catalysts in the SMSI state. In a former 
publication (21) we have presented ESR evidence which shows that 
indeed for Pt/Ti0 2 the number of H atoms spilled over to the support 
is about as large as the number of H atoms which can be adsorbed on 
the Pt particles, provided they are not in the SMSI state. 
Apparently hydrogen spillover can occur both in the SMSI and in the 
normal metal-on-support state and is related to metal particle size. 
Similar ESR results were obtained for Rh/Ti0 2 catalysts (27). Our 
present H 2 adsorption results for Rh on ruti l e are in conformance 
with the ESR results, but the results for Rh on anatase indicate a 
ratio of hydrogen adsorbed on the support to hydrogen adsorbed on 
the rhodium below one. Judged from this limited experience i t seems 
that the amount of spillover hydrogen might give a semiquantitative 
idea of the metal particle size in metal catalysts in the SMSI 
state. Be that as i t may, we would at the moment be reluctant to 
generalize the above findings without further study and would much 
rather support the method of breaking the SMSI state by reoxidation 
and subsequently measuring the metal dispersion by H 2 adsorption. 

0 2 chemisorption. Like the H 2 chemisorption, also the 0 2 chemi­
sorption had a slow component with a In t behaviour in addition to a 
fast uptake (cf. Figure 3). The fast component increased with 
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temperature of reduction, while the slope of the O/Rh vs. In t curve 
did not depend on reduction temperature. The Rh/Si02 catalyst had 
a In t type 0 2 chemisorption too and thus the slow chemisorption 
cannot be related to the T i 0 2 support, but must be due to the 
oxidation process of the rhodium particles. Temperature programmed 
oxidation (TPO) measurements on rhodium catalysts with dispersions 
around 0.5 have demonstrated that chemisorption and further 
oxidation of the metal particles could be distinguished (33, 34). 
TPO profiles of both Rh/Ti0 2 catalysts indeed showed a low tempera­
ture peak due to chemisorption of 0 2 and a second peak around 250°C. 
Vis et a l . attributed the occurrence of a second peak to a diffusion 
limitation of Rh 3 +and 0 2~ ions through the rhodium oxide layer 
formed during the i n i t i a l (corrosive) chemisorption (33, 34). For 
rhodium catalysts with a very low dispersion they even detected a 
third TPO peak at s t i l l higher temperature and attributed i t to the 
oxidation of the kernel of the very large metal particles. But, for 
that assignment to be correc
diffusion mechanisms responsibl
peaks, because otherwise only one peak would be present. In view of 
the metal dispersions of about 0.4 present in the Rh/Ti0 2 catalysts 
after prèsintering, the second TPO peak around 250°C must be corre­
lated with the slow 0 2 chemisorption. The different diffusion 
mechanisms then are a In t type mechanism for the second TPO peak 
and possibly a t ^ type mechanism for the third TPO peak. This seems 
a very reasonable proposal since in metallurgy a In t oxidation 
process has indeed been observed for metal layer thicknesses of a 
few tens of an Â, while a type oxidation is the normal 
oxidation diffusion mechanism for thick metal layers (35, 36). 

In accordance with the explanation given for the slow 0 2 

chemisorption process, the slope of the O/Rh-ln t curves is 
independent on reduction temperature. The catalysts had been 
pretreated at 500°C and any reduction at a lower temperature thus 
w i l l not change the rhodium particle size, therefore the slopes 
stay constant. The fact that the slope for the anatase based 
catalyst was about 50% larger than that for the ru t i l e catalyst is 
also in agreement with this explanation. Judged from the i n i t i a l 
O/Rh values for the anatase and rutile catalyst, the Rh particles 
in the Rh/A-Ti02 catalyst had a dispersion which is 53% higher 
than that of the Rh particles in the Rh/R-Ti02 catalyst. Since 
the slope of the 0 2 chemisorption curves is caused by further 
oxidation of the metal particles in a diffusion limited process, 
the rate of this process w i l l be dependent on the metal-oxygen 
interfacial area, thus on the dispersion of the metal. 

Adsorption of 0 2 on the Rh particles w i l l contribute to the 
fast i n i t i a l 0 2 chemisorption, but there must also be a contribu­
tion from the T i 0 2 support to explain the increase in 0 2 chemi­
sorption with increasing reduction temperature of the Rh/Ti0 2 

catalysts. When increasing the reduction temperature T i 3 + cations 
w i l l be formed. Some of these cations w i l l be reoxidized during the 
subsequent evacuation at the same temperature (the reverse of 
Equations 5, 4 and 3), but at increasing temperature more and 
more of these cations w i l l stay in the reduced form because of 
Equation 6. As a consequence increasing numbers of T i 3 + ions 
can be oxidized during 0 2 chemisorption. The major part of this 
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reoxidation of T i 3 + i o n s by 0 2 must be relatively fast, because 
otherwise the support reoxidation would have shown up in the slow 
0 2 chemisorption process in the form of increasing slopes at 
increasing reduction temperatures. This fast reoxidation is not in 
contradiction with the observed slow reduction of the corresponding 
Ti*+ ions, considering that 0 2 may directly chemisorb on Ti 3" 1" 
because both 0 2 and T i 3 + have radical character, while H 2 can 
only dissociâtively adsorb on the metal and must be transported to 
the T i * + ions via an activated spillover process. 

SMSI. Finally we want to draw some conclusions which have a direct 
bearing on the SMSI state. The results presented in Figure 2 i l l u s ­
trated that a catalyst which had been brought into the SMSI state 
by reduction at 500°C and had subsequently been passivated by 0 2 

at room temperature and rereduced at 200°C, had the same slope of 
the H 2 chemisorption vs. In t curve as a catalyst which had only 
been reduced at 200°C. I
of the slope, this suggest
to normal after admission of 0 2 at room temperature. This is in 
agreement with our discussion of the 0 2 chemisorption results, 
which disclosed that reoxidation of T i 3 + ions is fast at room 
temperature. In view of these conclusions i t is d i f f i c u l t to 
believe that suboxides like T 1 4 O 7 are formed in the neighbourhood 
of the metal particles to a great extent (20, 21), because such 
suboxides are known to be stable at room temperature in air. 

The results presented in Figure 2 demonstrate that after 
reduction at high temperature, passivation and rereduction at 200°C 
the i n i t i a l fast H 2 chemisorption only amounts to about 60% of the 
value attained after low-temperature reduction only. Thus, although 
passivation seems to have made at least part of the metal available 
again for H 2 chemisorption, i t is not sufficient to completely 
restore the H 2 chemisorption capacity. That passivation indeed 
brings at least part of the metal back to normal is also apparent 
from the 0 2 chemisorption results and from temperature programmed 
reduction (TPR) measurements. Figure 3 illustrates that even in the 
SMSI state the metal quickly adsorbs 0 2 at room temperature, 
while a subsequent TPR experiment shows a reduction peak at - 50°C 
(37), which is attributed to the reduction of the outer layer of 
the rhodium oxide on rhodium metal particles. The TPR profile also 
shows a negative consumption of H 2 between 50 and about 250°C. 
This must be due to H 2 desorption from the rhodium, proving that 
metallic rhodium was present and attainable for H2. 

Furthermore the fact that T i 3 + ions are quickly oxidized by 
0 2 at room temperature, but that the SMSI state cannot be com­
pletely broken under the same conditions, suggests that the charge 
transfer model for the explanation of SMSI (3, 13) is not very l i k e ­
ly. The covering model (5, 7, 14-19). on the other hand, would not 
be in contradiction to the results. Because, as suggested by 
Mériaudeau et a l . (J), the reduced TiO x species which have been 
formed and migrated over the metal surface during high temperature 
reduction may very well be two dimensional in shape. During 
reoxidation they w i l l transform into three-dimensional T i 0 2 

particles on the metal surface. Thus even during room temperature 
admission of 0 2 part of the metal surface w i l l be uncovered (.7). 
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One may further presume that large metal particles w i l l have a 
thinner TiO x layer and w i l l be more easily uncovered than small 
metal particles. During further 0 2 admission at elevated tempera­
tures the T i 0 2 particles w i l l migrate from the metal surface to 
the support and w i l l f u l l y uncover the metal surface (cf. Figure 2). 

We want to end with a remark on the consequences of the 
existence of a fast and slow H 2 adsorption on metal catalysts. The 
existence of H 2 spillover to the support forces the scientist to 
carefully design his experiments i f he wants to extract only the 
H 2 adsorption on the metal from his data, in order to determine 
metal dispersion and metal particle size. In the past the proven or 
suspected presence of spillover led to the method of measuring a 
H 2 adsorption isotherm and extrapolating its high pressure part 
back to zero pressure (24, 38). In another method a second isotherm 
was measured after intermediate evacuation and the resulting, 
so-called "reversible**, H 2 adsorption was attributed to spillover. 
The difference between f i r s
to be equal to the H 2 chemisorbe
"irreversible** H 2 adsorption (39, 40). Even disregarding the fact 
that there never exists such a thing as ··irreversible adsorption", 
the problem with both methods is that they give results which are 
very dependent on the experimental conditions. Just because of the 
fact that H 2 adsorption on the metal is fast and reversible, the 
amount of H 2 adsorbed w i l l depend on the f i n a l H 2 pressure and, 
in the second method, on the pressure reached at the catalyst during 
evacuation (41). For that reason H 2 adsorption measurements per­
formed around 100 kPa always give higher results than measurements 
performed around 10 kPa or even 1 kPa. Of course one has to take 
into account also the possibility that at higher pressure more than 
one hydrogen atom w i l l be adsorbed per surface metal atom. Evidence 
that the surface M:H stoichiometry may exceed one for some metals 
has been growing lately (39, 40, 42, 43). 

A l l this leads to the conclusion that our knowledge of frac­
tional coverage of hydrogen on a metal surface, of H:M stoichiometry 
and of hydrogen spillover in supported metal catalysts is s t i l l l i ­
mited and that careful studies to disentangle these three factors 
should be encouraged. In this respect we feel that our result of a 
slow H 2 spillover onto T i 0 2 strongly suggests that a better me­
thod to separate H 2 adsorption on the metal from that on the 
support would be to extrapolate H 2 adsorption measurments to zero 
time, instead of to zero pressure. 
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8 
CO, O2, and H2 Heats of Adsorption 
on Supported Pd 

M. Albert Vannice and Pen Chou 

Department of Chemical Engineering, The Pennsylvania State University, University Park, 
PA 16802 

Palladium dispersed on SiO2, η-Al2Ο3, SiO2-Al2O3, and 
TiO2, was characterized by chemisorption measurements 
to determine H2
isothermal heats of adsorption were then obtained 
using a modified differential scanning calorimeter. 
Values of ∆H(ad) were typically near 55 ± 10 kcal/ 
mole O2 and 25 ± 5 kcal/mole CO. Values for H2 
appeared to be around 20 kcal/mole H2 after a correc­
tion was made for a baseline perturbation caused by 
the difference in thermal conductivities between H2 
and Ar. The ∆H(ad) values on Pd/TiO2 reduced at 773K 
were not markedly different from those on the 
"typical" Pd catalysts, and no significant support 
effect on heats of adsorption was found for Pd. For 
all three gases, heats of adsorption increased as Pd 
crystallite size decreased from 6 nm to below 2 nm. 
Pd hydride formation was routinely determined by 
chemisorption and calorimetric measurements and heats 
of formation of the β-phase hydride were consistently 
near 10 kcal/mole H2 absorbed, independent of support 
and crystallite size, which is in good agreement with 
literature values for bulk palladium. 

Since the report by Tauster et a l . that high temperature reduction 
(HTR) near 773K markedly decreased the H 2 and CO chemisorption 
capacity of Group VIII metals dispersed on T i 0 2 ( 1 ) , many studies 
have been devoted to this phenomenon. One popular explanation i s 
that bond s t r e n g t h s between the adsorbate and the metal are 
decreased as a consequence of an e l e c t r o n i c e f f e c t caused by some 
form of e lec t ron transfer between the metal and the support (2-4). 
Another, which does not require a decrease in heats of adsorpt ion, 
i s that chemisorption is decreased because of physical blockage of 
metal surface sites created by the migration of a T i 0 x species onto 
the metal surface (5^7). In this study we wanted to conduct direct 
calorimetric measurements of CO and H 2 heats of adsorption on Pd 
dispersed on T i 0 2 along with those obtained for " typica l " Pd cata-
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l y s t s u t i l i z i n g Si0 2, AI2O3 and S i 0 2 - A l 203 as supports. A compari­
son of these results should help determine whether a decreased heat 
of adsorption of CO and H 2 is the primary cause for lower chemisorp­
tion uptakes. It was also of interest to measure these isothermal , 
i n t e g r a l heats of adsorption because these values describe surfaces 
which are equilibrated at high gas pressures and, therefore, r e l a t e 
to surfaces which can exis t under reac t ion condit ions . Another 
reason for this investigation was the large v a r i a t i o n i n methana­
t i o n turnover frequency which has been found for this family of Pd 
catalysts (8), and the correlation which has been observed between 
heats of adsorption and act ivi ty ( 3 ) . It was therefore of interest 
to determine whether any r e l a t i o n s h i p exis ted between these two 
parameters for this family of Pd catalysts. 

Experimental 

Cata lys t Preparation. A
were prepared from P d C l
Research & Engineering C o . ) , S i 0 2 - A l 2 0 3 (Davison Grade 979, 13% 
alumina), T i 0 2 (P-25 from Degussa Co. , 80J anatase and 20? r u t i l e ) , 
and S i 0 2 (Davidson Grade 57) using an impregnation technique (8). 
The reported surface areas for each support are 245, 400, 50 and 
220 m^ g~ 1 , r e s p e c t i v e l y . To achieve maximum dispersion, an ion 
exchange technique with Pd(NH3)jj(N03) 2

#2 H2O was a lso used for 
several samples (H)) . The f i n a l Pd weight loadings of the cata­
l y s t s were determined by both neutron a c t i v a t i o n a n a l y s i s and 
atomic emission spectroscopy. 

Chemisorption Measurements 

Apparatus. The uptake measurements were made i n a high vacuum 
system consisting of a glass manifold connected to an Edwards Model 
E02 o i l - d i f f u s i o n pump backed by a mechanical pump with l i q u i d 
nitrogen traps at the i n l e t of each pump. An ultimate dynamic 
vacuum near 4 χ 10~? tor r (1 torr = 133 Pa) was obta inable , as 
measured by a Granville P h i l l i p s Model 260-002 i o n i z a t i o n gauge. 
Isotherm pressures and temperatures were measured by a Texas Instru­
ments Model 145 Precision Gauge and a Doric d i g i t a l t r e n d i c a t o r , 
r e s p e c t i v e l y . A more d e t a i l e d d e s c r i p t i o n of the gases, their 
purif icat ion, and the adsorption system is given elsewhere (11). 
Procedures and P r e t r e a t m e n t s . The " t y p i c a l " Pd c a t a l y s t s 
(Pd/n-Al 203, P d / S i 0 2 and Pd/Si0 2 -Al 203) were given a pretreatment 
consisting of a 1 h reduction in flowing H 2 or a mixture of 20% H 2 

+ 80* He at 448K, 573K or 673K. Previous work had indicated that 
448K was s u f f i c i e n t for reduction O ) , but we found that better 
r e s u l t s were sometimes obtained at the higher temperatures (12). 
The Pd/Ti0 2 catalysts were given either a low temperature reduction 
(LTR) at 448K or a high temperature reduction (HTR) at 773K in a 
flowing gas mixture of 20Ï H 2 and 80Ï He following the procedure of 
Tauster et a l . {Y). The Pd/Ti0 2 (LTR) sample was treated in 20% 0 2 

at 573K for 1 h after each CO heat of adsorption measurement, p r i o r 
to another (LTR) s tep , to s t a b i l i z e the sample and to f a c i l i t a t e 
complete removal of the CO. After these pretreatments, adsorption 
was r a p i d as expected for nonactivated adsorption, and the pressure 
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t y p i c a l l y stabilized within 15 min for the i n i t i a l point and within 
2-3 min for the succeeding uptakes at higher pressure. 

Calorimetric Measurements 

Isothermal energy changes were measured using a modified Perkin-
Elmer DSC-2C di f ferent ia l scanning calorimeter with an Intracooler 
II (Model 319-0207) which allows subambient runs down to 200K. The 
gas handling system preceding the calorimeter c o n t r o l l e d the flows 
of argon, helium, hydrogen and carbon monoxide and provided switch­
ing capability between gas streams, as shown i n Figure 1. U l t r a 
high p u r i t y argon (99.999% from MG S c i e n t i f i c Gases) was further 
purified by passing i t f i r s t through a drying tube containing 5A 
molecule sieve (Supelco Inc.) , and then through an Oxytrap (Alltech 
Associates) before use as a purge gas i n the ca lor imeter . The 
helium ( 9 9 . 9 9 9 9 Î from MG S c i e n t i f i c ) was p u r i f i e d i n a s i m i l a r 
fashion. An Elhygen Mar
hydrogen (less than 1
d i s s o c i a t i n g deionized water and then d i f f u s i n g the hydrogen 
through a t h i n palladium membrane. The carbon monoxide (99.99* 
from Matheson) was passed through a molecular sieve trap held at 
383K to remove any metal carbonyls . The gases were regulated by 
Tylan mass flow c o n t r o l l e r s (Model FC260), and a d i g i t a l Tylan 
R020A readout box provided control and monitoring for the four mass 
flow controllers . Two of these controllers were capable of measur­
i n g between 0 and 50 cm 3 min""1 argon f low, the t h i r d one was 
designed for e i ther hydrogen or carbon monoxide f low c o n t r o l 
between 0 and 10 cm3 min"*1, depending upon which valve was opened, 
and the fourth regulated He flows up to 10 cm3 m i n " 1 . 

To enhance s e n s i t i v i t y and accuracy by minimizing basel ine 
perturbations af ter switching from the purge gas to the gas stream 
containing the adsorbate, various evolutionary modif icat ions were 
made to the gas handling system and the calorimeter i t s e l f , and the 
f i n a l flow design i s shown i n Figure 1. The changes to the DSC 
i n c l u d e d : 1) p e r f o r a t i o n of the platinum sample holder covers to 
enhance gas mixing; 2) removal of the flow s p l i t t e r i n s i d e the DSC 
and i n s e r t i o n of a needle valve i n each l ine (to the sample side 
and to the reference s i d e ) ; 3) regula t ion of flows by mass flow 
c o n t r o l l e r s ; 4) u t i l i z a t i o n of adjustable He/Ar ratios in the purge 
stream; and 5) enclosure of the entire aluminum block, the cover, 
and the draft shield under a blanket of flowing N 2 (99% from Linde) 
to eliminate the possibi l i ty of oxygen (air) d i f f u s i n g through any 
tiny leaks to the sample. 

To provide optimum performance, the following procedure was 
used. Needle valve 5 c o n t r o l l i n g gas flow to the atmosphere was 
adjusted so that equal pressure drops were attained through both 
loops of the switching v a l v e . This el iminated a p e r t u r b a t i o n 
during switching due to a pressure d i f f e r e n t i a l . Adjustment of the 
two needle valves in lines 9 and 10 balanced the flows through the 
sample and reference cavities at a constant overall flow rate. The 
purge gas to the DSC was comprised of a constant Ar flow of - 36 
cm3/min which bypassed the switching valve plus an additional compo­
nent which passed through the switching valve. For the experiments 
with H 2 , switching occurred from 8 cm3 min""1 He to 4 cnw min"*1 H 2 
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back to the He. These He flow rates (STP) minimized baseline 
perturbation and o f f s e t due to di f ferences between the thermal 
conduct iv i ty of the mixture and pure Ar, a problem which was more 
severe with the H 2 mixtures. After these m o d i f i c a t i o n s , very 
r e p r o d u c i b l e r e s u l t s w i t h minimal b a s e l i n e cor rec t ion were 
obtained, as indica ted i n Figure 2 by the basel ine traces a f t e r 
purging both the sample and the reference sides and readsorbing the 
gas. 

The s i g n a l output from the DSC and i t s time i n t e g r a l were 
monitored on a 2-pen integrating recorder (Linear Instruments Model 
252A). The energy calibration was conducted using various weights 
of indium and different ordinate (mcal/s) ranges, chart speeds, and 
heating rates to determine a calibration constant of Κ • 0.0442 ± 
.0002 s/count for the recorder integrator . As a check, another Κ 
value was determined based on the weight of the chart paper under 
the curve. Both provided excellent correlations, so the former was 
used i n most cases. Eigh
20 meals""1 could be used
- 0.15 g) and the t y p i c a l gas uptakes that occurred, most runs 
could be easily recorded on the 5 or 10 meal s""1 f u l l - s c a l e range. 
After admittance of H 2 , 0 2 or CO, the baseline was corrected by 
subtracting by switching back to the purge gas for 1 h, r e i n t r o d u c ­
ing the adsorbate mixture, and obtaining the baseline trace after 
weakly absorbed gas had been removed. For the runs with hydrogen, 
t h i s involved the determination of the energy associated with β-Pd 
hydride formation, as shown in Figure 2(a). 

The samples placed in the DSC were taken from a larger sample 
of that p a r t i c u l a r c a t a l y s t , which had been previously pretreated 
and character ized i n the chemisorption system then stored i n a 
d e s i c c a t o r . Each sample was then given another pretreatment in the 
DSC in pure H 2 or a 20Î H2/80> Ar mixture, flowing at 40 cm3 min" 1 

and was heated at 40K min""1 to the desired temperature. Because of 
the greater thermal conduct iv i ty of H 2 , s i g n i f i c a n t deviat ions 
occurred between the actual cavity temperature and the temperature 
indicated on the DSC when pure H 2 was used. For example, with a 
flow of pure H 2 , a maximum temperature of 713K was achieved rather 
than the indicated 773K. A calibration between ΔΤ and the H 2 mole 
fraction allowed the actual temperature to be obtained. 

F i n a l l y , to check for possible contamination e f f e c t s , the 
purge time at high temperature in the DSC system was varied from 20 
min to 660 min as a N 2 blanket was kept around the c a v i t y . Small 
apparent increases i n AH( a ( j) for H 2 were observed as purge time 
increased up to 60 min, which were a t t r i b u t e d to an increase i n 
desorption from the surface , but a d d i t i o n a l purging to 180 min 
produced no change, within experimental error, and a 660 min purge 
resul ted i n a 5% increase i n the energy change. Consequently, 60 
min was chosen as an optimum time for complete removal of hydrogen 
from the surface after reduction. 

Results 

A typical set of DSC traces is i l lustrated in Figure 2. The d i f f e r ­
ence i n areas under the trace obtained during adsorption and the 
baseline trace represents the energy change associated with the 
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Ί Γ Ί Ί 1 Γ 

2 4 6 8 0 
T I M E ( m i n ) 

Figure 2. Energy Change During Adsorption at 300K on 1.95% 
Pd/Si0 2 -Al 203 (TR = 673K) 
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82 STRONG METAL-SUPPORT INTERACTIONS 

chemisorption process as the clean Pd surface was equilibrated with 
the adsorbate at 75 torr (0.1 atm). In a l l cases the adsorption 
process was e s s e n t i a l l y complete in less than 2 minutes, in agree­
ment with our chemisorption experiments which showed that chemisorp­
tion on the Pd surface was very rapid. 

A set of adsorption isotherms i s shown i n F i g u r e 3 . The 
di f ference i n uptakes at 75 torr was used to determine the amount 
of gas i r r e v e r s i b l y adsorbed on the Pd surface ; however, both 
i sotherms are quite p a r a l l e l over a wide pressure range. The 
isotherm in Figure 3a clearly shows the onset of fl-phase Pd hydride 
formation at pressures above 10 torr but the amount of chemisorbed 
hydrogen on either the β-phase or α-phase hydride remains constant. 
The uptake from the lower isotherm, corrected for physical adsorp­
tion on the support, represents the extent of bulk hydride forma­
t i o n . 

A set of isothermal , i n t e g r a l AH( a c j) values i n kcal/mole is 
l i s t e d in Table I for a
c r y s t a l l i t e s i z e near
More complete representations of measured AH( a (j) values for CO, 0 2 , 
and H 2 are shown in Figures 4-6, respectively. 

Table I . Integral Heats of Adsorption on Supported 
Palladium (300K) 

Dia- H(ad) 

Catalyst 
TRed meter 
(°K) (nm) 

(a) 
H, o2 

CO 

2.1? Pd/Si0 2 

0.48? Pd/Si0 2 

573 
573 

1.7 
2.4 

32 
35 

70 
60 

29 
30 

1.95? P d / S i 0 2 - A l 2 0 3 

1.95? P d / S i 0 2 - A l 2 0 3 

448 
673 

3.2 
4.0 

32 
33 

55 
50 

22 
22 

1.80? Pd/n-Al 2 03 673 3.4 31 61 20 

2.03? Pd/Ti0 2 

2.03? Pd/Ti0 2 (0 2 0573K) 
448 
448 

3.7 
3.6 

33 
32 

71 
62 24 

2.03? Pd/Ti0 2 773 (3.7) 26 — 17 

(a) Apparent values prior to any correction 

F i n a l l y , a series of values for the apparent enthalpy of forma­
tion of β-phase Pd hydride, along with the bulk Pd hydride r a t i o s , 
i s l i s t e d i n Table I I . The bulk ratios were obtained by dividing 
the hydrogen uptake at 75 torr from the second isotherm by the 
number of bulk Pd atoms, i . e . , the total number of Pd atoms minus 
the surface Pd atoms, as determined by chemisorbed hydrogen. 
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Figure 3. Gas Uptake (umole/g cat.) at 300K on 1.95% 
P d / S i 0 2 - A l 2 0 3 (T R = 673K). 
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Figure 5. Heat of adsorpt ion of oxygen on supported 
pa l lad ium (300K). 
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Figure 6· Heat of adsorpt ion of hydrogen on supported 
pa l lad ium (300K). Apparent values p r i o r to c o r r e c t i o n . 
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Table II . Enthalpy of Formation of Palladium Hydride 

85 

(a) 
Diar- AH f 

Catalyst T R e ( j meter H(ab) kcal 
(°C) (nm) Pd D u ik mole H 2 

2.10? Pd/Si0 2 400 
0.48? Pd/Si0 2 300 

1.95? P d / S i 0 2 - A l 2 0 3 175 
" 400 

1.80? Pd/n-Al 2 0 3 400 

2.03? Pd/Ti0 2 17

Pd Powder 200 

(a)Apparent uncorrected values. 

1.7 
2.4 

0.83 
0.87 

25.3 
21 .5 

3.2 
6.5 

0.63 
0.43 

22.4 
20.6 

3.4 0.57 20.3 

1μ 0.69 21.3 
20.6 

(Abs.) 
(Des.) 

Discussion 

I n i t i a l heats of adsorpt ion, obtained under UHV conditions on Pd 
films and single c r y s t a l s , have varied from 32-40 kcal/mole CO, 
55-80 kcal/mole 0 2 , and 21-26 kcal/mole H 2 (1_3). Because AH( a d ) 
values are known to decrease with increas ing surface coverage, 
e s p e c i a l l y for CO and 0 2 , the integral heats of adsorption measured 
here are expected to be lower than the i n i t i a l v a l u e s . T h i s 
behavior i s observed for CO and 0 2 as a l l values are less than the 
reported maximum values. These resul ts supplement those recent ly 
reported (1_4). The one high value for the Pd/Ti0 2 sample in Figure 
5 i s undoubtedly due to some adsorption on a p a r t i a l l y reduced 
t i t a n i a surface . A metal l i k e Pd can catalyze oxygen removal from 
the t i tania l a t t i c e , hence the pure T i 0 2 used as a blank does not 
give completely s a t i s f a c t o r y c o r r e c t i o n for 0 2 adsorption on the 
t i t a n i a surface . Only one previous study has reported Δ Η ( a d ) 
values for supported Pd ca ta lys ts (1_5), and the values of 26.3 
kcal/mole H 2 and 40-80 kcal/mole 0 2 , determined by calorimetry for 
a Pd/Mg0 system, are in good agreement with those in our investiga­
t i o n . Somewhat s u r p r i s i n g l y , the H 2 heats of a d s o r p t i o n were 
a p p r o x i m a t e l y 10 kcal /mole higher than a n t i c i p a t e d , based on 
previous values. The reason for this is s t i l l not c l e a r ; however, 
we bel ieve that t h i s may be due to an a r t i f a c t . Experiments now 
underway indicate that this may be caused by the i n i t i a l removal of 
H 2 , which has a very high thermal conductivity, from the Ar carrier 
stream, which has a much lower thermal c o n d u c t i v i t y . The error 
appears to be propor t ional to the H 2 taken up by the catalyst and 
seems to be about 10 kcal/mole H 2 , which lowers the apparent AH( a ( j) 
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to the a n t i c i p a t e d r e g i o n . This i s not a problem for CO and 0 2 

because of the s imilar i ty of thermal c o n d u c t i v i t i e s with that of 
Ar. 

When plot ted versus c r y s t a l l i t e s i z e , independently of the 
support used, a similar c r y s t a l l i t e s i z e e f f e c t appears to e x i s t 
for a l l three adsorbates— heats of adsorption increase somewhat as 
c r y s t a l l i t e size decreases from 6 nm to below 2 nm. A l l Pd crystal ­
l i t e s i z e s were based on hydrogen chemisorption and the assumption 
of 1.2 χ 101 ^ Pdgm2""1 (8) . At t h i s time we bel ieve there i s a 
p o s s i b i l i t y that the values reported for the most poorly dispersed 
samples—particle sizes of 10 nm and higher—may actually represent 
a bimodal c r y s t a l l i t e distribution because of their preparation by 
sintering in H 2 . Consequently, the observed AH(a (j) values would be 
h i g h e r than expected f o r l a r g e s u p p o r t e d Pd c r y s t a l l i t e s . 
Charac ter iza t ion by TEM i s now underway to better character ize 
these c a t a l y s t s . Further study i s necessary to determine the 
reasons for t h i s apparent c r y s t a l l i t e s i z e e f f e c t on heats of 
adsorpt ion, especially sinc
supported Pt catalysts ( 16 ,U) . 

One of the most interesting aspects of this study is the small 
influence of the support on AH( a (j) values, as indicated i n Table I . 
Here a comparison i s made at approximately constant c rys ta l l i te 
s i z e to e l iminate v a r i a t i o n s due to that parameter . For the 
" t y p i c a l " c a t a l y s t s , e s s e n t i a l l y no influence is observed for H 2 

and 0 2 adsorption. The small variation which exists for CO adsorp­
t i o n , w i t h the h i g h e s t A H ( a ( j ) v a l u e s o c c u r r i n g for P d / S i 0 2 

c a t a l y s t s , i s consistent with behavior observed f o r Pt (17) . 
However, i n contrast to the Pt c a t a l y s t s , an HTR treatment for 
P d / T i 0 2 decreases A H ( a d ) for both H 2 and CO by only about 5-7 
kcal/mole; therefore , H-Pd and CO-Pd bond strengths remain high on 
t h i s "SMSI" c a t a l y s t and the great ly diminished c h e m i s o r p t i o n 
capacity after the HTR step ( l » 8 , 1 J p cannot be attributed to a weak 
adsorbate-metal interaction. This leaves physical blockage of the 
Pd surface by migrating T i O x species as the principal reasons for 
decreased chemisorption, a conclusion c o n s i s t e n t w i t h r e c e n t 
studies (5-7,18). 

Because of the insensi t ivi ty of H 2 heats of adsorption to the 
support, there is no correlation between CHij turnover frequencies 
determined e a r l i e r (8) and AH(a (j) values for H 2 . Also, the random 
variation among AH( a (j) values for CO also precludes any clear corre­
l a t i o n between CHij t u r n o v e r f requencies and t h i s parameter. 
Consequently, we propose that the enhanced a c t i v i t y i s due to 
s p e c i a l act ive s i t e s created at the Pd-TiO x interface, as proposed 
earlier for Pt (19). 

F i n a l l y , the enthalpies of formation for &-Pd hydride are very 
intr iguing. They are not especially s e n s i t i v e to e i ther c r y s t a l ­
l i t e s i z e or to the support , and the apparent values associated 
with t y p i c a l H/Pd^ r a t i o s near 0.6-0.7 are repeatedly near 20 
kcal/mole H 2 ; consequently, the corrected values are close to 10 
kcal/mole H 2 , i n agreement with the l i t e r a t u r e (20-22). These 
values are also in excellent agreement with those we obtained using 
ul t rapure Pd powder (Puratronic grade, 9 9 . 9 9 9 Î from J o h n s o n -
Matthey), for which the exotherm obtained during absorption and the 
endotherm measured during decomposition under pure f lowing Ar were 
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i n excel lent agreement (Table II) . The use of Pd powder to measure 
hydride formation provides a valuable i n t e r n a l standard to check 
the calibration of our instrument. 

Summary 

We have found that a modified DSC-2C calorimeter system is very 
applicable to supported metal catalysts, and reproducible heats of 
adsorption can be r a p i d l y determined for many gases. Our values 
for CO and 0 2 are in very good agreement with values measured i n 
UHV systems, being c o n s i s t e n t l y lower than these i n i t i a l values 
obtained at low coverages; however, the apparent heats of adsorp­
t i o n f o r H 2 were always h i g h e r than a n t i c i p a t e d by about 10 
kcal/mole H 2 , and a c o r r e c t i o n of t h i s s i z e was required for H 2 

when Ar was used as a c a r r i e r gas. Heats of adsorption for a l l 
three gases increased as c r y s t a l l i t e s i z e decreased from 6 nm to 
below 2 nm. No major support effect on AH( d) values was observed 
for Pd, and no correlatio
and H 2 or CO heats of adsorpt ion, i n c o n t r a d i s t i n c t i o n with Pt 
(16,17). This implies that generalizations cannot be made for a l l 
Group VIII metals on T i 0 2 , even for the noble metals, and each 
m e t a l / T i 0 2 system must be i n d i v i d u a l l y s t u d i e d . These r e s u l t s 
s t rongly support the explanation that the decrease in chemisorption 
capacity on Ti0 2-supported Pd is primarily due to s i t e blockage by 
T i 0 x species migrating onto the Pd surface. 
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9 
Equilibrium and Kinetic Aspects of Strong 
Metal-Support Interactions in Pt-TiO 2 and 
Cobalt-Doped Cu-ZnO-Al2O3 Catalysts 

M. S. Spencer 

Agricultural Division, ICI PLC, Billingham, Cleveland TS23 1LB, England 

Equilibrium and kinetic calculations, based on bulk 
properties, support the view that strong metal-support 
interactions in Pt/TiO
decoration of platinu
The surface concentration of titanium atoms in dilute 
Pt/Ti alloys is negligible in vacuo but traces of 
water, present under normal experimental conditions, 
are sufficient to oxidise titanium atoms, so causing 
extensive surface segregation of Ti as ΤiOx. Rates 
of diffusion across and through the platinum, 
extrapolated from bulk data, are too slow under low­
-temperature reduction to give SMSI states in Pt/TiO2 
catalysts. Experimental results indicate that 
diffusion of TiOx across platinum is more important 
than diffusion of Ti through platinum in the formation 
of the SMSI state. The inhibition of chemisorption 
and methanol synthesis activity in Cu/ZnO/Al2O3 
catalysts doped with small concentrations of cobalt is 
interpreted by a similar model of SMSI. 

The inhibi t ion of chemisorption and catalysis by Pt/Ti0 2 

catalysts after high-temperature reduction (HTR) is now widely 
attributed (1^7) to the local geometric and electronic effects of a 
monolayer (or less) of a partially-reduced titanium oxide, T i O x , 
decorating the surface of the platinum c r y s t a l l i t e s . In principle 
this monolayer can be formed i n two ways. If reduction conditions 
lead to the formation of Pt/Ti a l loys , then the par t ia l oxidation of 
titanium atoms in the platinum surface could give a surface titanium 
atom bonded both to platinum atoms and adsorbed oxygen, ie adsorbed 
T i O x . Alternatively, diffusion of T i O x across the surface of the 
platinum crystal l i tes from the partially-reduced T i 0 2 support could 
give the same f i n a l state. For convenience of calculation of 
equilibrium properties this f i n a l state is assumed to be formed via 
Pt/Ti a l loys . Bulk properties are used to deduce probable 
microscopic states, in both equilibrium and kinetic aspects, and 
these are compared with recent experimental results . 

0097-6156/86/0298-O089$06.00/0 
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The models are extended from Pt/Ti0 2 to some other systems for 
which data are available. The inhibit ion of Cu/ZnO/Al 20 3 methanol 
synthesis catalysts by low levels of Group VIII metals, especially 
cobalt, i s shown to f i t the same pattern of SMSI: the active metal 
surface is wetted by a reduced oxidic layer from the support. 

Equilibrium States of Platinum Crystal l i tes 

Although reduction of T i 0 2 to a stoichiometric lower valent titanium 
oxide, much less elemental titanium, is not possible under usual HTR 
conditions, the formation of Pt/Ti alloys is possible, extending as 
far as the formation of P t 8 T i and P t 3 T i , as recognised or iginal ly by 
Tauster et a l (8). This is due mainly to the very strong Pt -Ti 
bonding i n these al loys , usually attributed to strong interactions 
between the electrons i n the d_ bands of both metals, which has been 
predicted theoretically (9) and shown experimentally (10). The 
consequences of intermetallic compound formation on chemisorption 
and catalysis depend strongl
layer, i e , on the exent to which surface segregation of either 
titanium or platinum may occur. The limited experimental evidence 
is considered later after an analysis based on bulk properties. 

Simple c r i t e r i a for surface segregation in alloys (relative 
melting points, enthalpies of sublimation, metal atom r a d i i , surface 
free energies of the pure metals) a l l indicate that surface 
segregation of titanium should occur on Pt/Ti alloys i n vacuo. 
However, this is inadequate because of the large departures from 
ideal i ty in Pt/Ti a l loys . Analysis (11) of a broken bond model of 
the system, especially with the use of data directly determined with 
Pt/Ti a l loys , gives a more reliable result . 

The free energy of segregation can be regarded (13) as the sum 
of two components, a strain energy from the mismatch of atom sizes 
and a surface free energy term due to the differences i n atom-atom 
bond energies. Although the radius of a titanium atom in the pure 
metal is larger than the equivalent radius for platinum, the radius 
of a titanium atom in PtgTi is less than that of the platinum atoms. 
The contribution from strain energy to the free energy of 
segregation is therefore negligible (12). A consideration of the 
nearest-neighbour bonds broken and formed i n the exchange of 
platinum and titanium atoms between the surface layer and the bulk, 
for a very dilute solution of titanium in platinum, gives the main 
contribution to the free energy of segregation: 

AG 8 - ΔΖ ( G p t T i - G p t p t ) (1) 

ΔΖ is the difference i n effective coordination number of a bulk s i te 
and a surface s i t e , Gp t™ * s t n e nearest-neighbour bond strength 
between Pt and T i atoms (expressed as free energy, not enthalpy) and 
G p t p t , that between Pt atoms. With values derived from pure 
platinum and from PtgTi, the calculated values (13) of the 
segregation ratio (ie the ratio of surface and bulk concentration) 
vary between 2 χ 10"7 for the (110) face to 10"* for the (111) face 
at 800 K, and 5 χ 10" 1 2 to 2 χ 10"7 for the same faces at 500 K. 
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Thus the surfaces of dilute Pt/Ti alloys in vacuo (or indeed in pure 
hydrogen) consist essentially of pure platinum* As the strength of 
the P t - T i bond is much greater than that of either Pt-Pt or T i - T i 
bonds, the most stable system, maximising the number of Pt -Ti bonds, 
i s obtained when a l l the titanium atoms are in the bulk, surrounded 
by platinum atoms. 

Experimental results bear out these theoretical predictions. 
Work with T i 0 2 deposited on platinum f o i l (14, 15) indicates that 
under UHV conditions i n the absence of oxygen l i t t l e , i f any 
segregation of titanium occurs, in agreement with the theoretical 
predictions (11). In contrast, an AES study (16) of stoichiometric 
P t 3 T i showed that the surface composition i s close to the bulk 
composition, with consequent effects on H 2 and CO chemisorption. 
The theoretical analysis (11) of surface segregation in P t 3 T i , on 
the same basis as the analysis of dilute sol id solutions, predicts 
no surface segregation a
model of surface segregatio
surface segregation i n some other non-ideal platinum alloys (17). 

The surface properties of dilute sol id solutions of titanium i n 
platinum should therefore closely resemble pure platinum, so alloy 
formation as such, i f i t occurs, can provide no ready explanation of 
SMSI effects . 

The Effects of Water on Platinum/Titanium Crysta l l i tes 

Traces of water, present under normal HTR conditions, may lead to 
surface oxidation of the Pt/Ti c rys ta l l i tes , to l imits set by the 
H 2 /H 2 0 ra t io . The effect of surface oxidation on the surface 
segregation of titanium can be calculated (13) by the use of a 
modified broken-bond model in which any adsorbed oxygen is bonded 
primarily to a titanium atom in the platinum surface. (Ti-0 bond 
energies are greater than Pt-0 bond energies.) Although exact 
calculation is not possible because the strength of any O a -Ti (Pt ) 
bond is not known experimentally, some limits can be deduced which 
indicate qualitatively the surface state of the metal c r y s t a l l i t e s . 
If the free energy of an 0 -Ti(Pt) bond is assumed to be in the same 
range as those of Ti -0 bonds in titanium oxides, then extensive 
surface oxidation and the consequent segregation of titanium at the 
surface (eg segregation ratios of >103) can occur with a few ppm 
only of water i n a gas-phase of hydrogen. Thus the equilibrium 
state of platinum crystal l i tes upon a t i tania support, produced 
under the usual HTR conditions, is that of decoration by a near 
monolayer of reduced titanium oxide, T i O x , s tabil ised by strong Pt-
T i bonding. Under much more reducing conditions, eg i n a UHV 
apparatus, l i t t l e surface oxidation occurs and indeed any titanium 
oxide f i l m , present on the platinum surface, would be reduced to 
form Pt/Ti a l loys . This has now been shown experimentally with 
T i 0 2 deposited on platinum f o i l (14, 15). Re-oxidation of the SMSI 
state, either by molecular oxygen or higher levels of water (eg from 
CO/H2 reactions) leads to breaking of the Pt -Ti bonds and removal of 
the monolayer as T i 0 2 . It i s not known whether the reformed T i 0 2 

stays as small crystal l i tes on the platinum surface or returns to 
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the support phase. This then allows the recovery of the normal 
chemisorption properties of platinum upon low-temperature re-
reduction. 

Encapsulation of Metal Crystal l i tes 

The Τ 1 0 χ monolayer model differs from that of catalyst deactivation 
by encapsulation from the support, which is usually i r reversible . 
Encapsulation has been known for many years, eg i n Ni /Si0 2 catalysts 
(18), and understood, for Ni /Si0 2 catalysts, as an i n i t i a l "wetting" 
of the metallic nickel surface by a nickel hydrosilicate f i l m , 
followed by accretion of s i l i c a to give a coating many layers thick. 
Unreduced nickel hydrosilicate may also contribute to the 
interaction between nickel and s i l i c a , depending on catalyst 
preparation (19). The driving force for this process is the 
decrease in surface energy, f i r s t by the replacement of the nickel 
metal surface by a siliceou
total s i l i c a surface are
than the support part ic les) , analogous to Ostwald ripening. 

In comparison, the unexpected feature from HTR of Pt/Ti0 2 

catalysts is not the coverage of metal c rystal l i tes by oxide, but 
the fai lure of the coverage to extend beyond a monolayer. The 
reduced oxide, T i O x , cannot be present as a bulk phase because 
normal HTR conditions are too oxidising (13) i e , the monolayer of 
TiO requires Pt -Ti bonding for s t a b i l i t y . It seems possible that 
d i f f i c u l t i e s of epitaxial f i t may account for the fai lure of a 
coating of T i 0 2 to grow from the Τ 1 0 χ monolayer of the SMSI state. 
These d i f f i c u l t i e s could arise from either an incomplete coverage of 
the platinum surface by the Τ 1 0 χ layer or a mismatch of lat t ice 
parameters between the Τ 1 0 χ layer and T i 0 2 · Titania forms glasses 
or amorphous phases, which could cover a Τ10 χ /Τ10 2 boundary, much 
less readily than s i l i c a . 

Kinetics of the Formation of the SMSI State 

Equilibrium calculations for 500 Κ show that the SMSI state could 
form under LTR as well as HTR conditions (13), so the fai lure to 
achieve this i n experiments with Pt/Ti0 2 catalysts must be explained 
i n terms of the kinetics of the system. 

The mobility of the platinum surface i t s e l f is probably the 
c r i t i c a l factor i n the rate of diffusion of TiO across the platinum 
surface. The diffusing entity could be 0 T i ( P t ) n . As T i 3 + can be 
detected (20) i n the T i 0 2 support after LTR, the reduction step is 
probably not l imit ing attainment of the SMSI state. Nevertheless, 
the ease of reduction of the support may be significant with 
different supports, eg, the fac i le formation of the SMSI state in 
Ni/Nb 2 0 5 catalysts (7) may well be due to the reducibi l i ty of N b 2 0 5 . 
Resasco and Haller (3) found that deactivation of Rh/Ti0 2 catalysts 
after HTR depended on the square root of reduction time, as would be 
expected i f the rate of formation of the SMSI state is controlled by 
a diffusion process rather than a reduction step. Small metal 
c rysta l l i tes are also deactivated more readily than large 
c r y s t a l l i t e s . 
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From work on the surface se l f -d i f fus ion i n metals, eg (21), 
mobility on a platinum surface would be expected to be significant 
above about 700 Κ (the Huttig temperature), so giving rapid surface 
diffusion of ΤίΟ χ across a platinum surface at 800 Κ (HTR) but not 
at 500 Κ (LTR). Other experimental results tend to confirm this 
model* After reduction at 773 Κ the most refractory of the platinum 
group metals, osmium (Huttig temperature about 1100 K), when 
supported on t i tania , s t i l l had about 50% of the chemisorption 
capacity generated by LTR (8). Ruthenium (Huttig temperature about 
740 K) gives a marginal case* Variation of reduction temperature 
of a Ru/V 20 3 catalyst between 523 and 873 Κ brought about only small 
changes in catalytic act ivi ty and select ivi ty (22). Bond and Yide 
(23) found that a reduction temperature of 893 Κ was needed 
i n i t i a l l y to produce SMSI in ruthenium/titania catalysts. 
Subsequent oxidation of these catalysts gave better dispersions of 
ruthenium oxide over the t i tania , the reduction of which afforded 
more highly dispersed metal in smaller c r y s t a l l i t e s , which easily 
succumbed to SMSI i n furthe
K. In contrast, an SMSI state can be formed i n some supported 
copper catalysts (see below) by reduction at 500 K, above the Huttig 
temperature for copper (about 450 K). However, some Cu/Ti0 2 

catalysts have been found (24) to reach a SMSI state after reduction 
at 773 Κ but not at 573 K. A failure to achieve sufficient 
reduction of the t i tania with the weaker hydrogenating metal may be 
the explanation. The effect of potassium i n inducing an SMSI state 
i n Pt/Ti0 2 catalysts under LTR is probably due to increased mobility 
of T i 0 2 or TiO on the platinum surface (25). A suboxide of 
titanium and s i lver have the same activation energy of migration 
over rhodium particles (26), indicating a common dependence on the 
surface mobility of the metal. 

The experimental evidence therefore, favours surface diffusion 
of Τ 1 0 χ as the main mechanism of the formation of the SMSI state 
under the normal HTR conditions. Nevertheless, a similar 
difference in rates for LTR and HTR can be calculated for the 
alternative mechanism and Cairns et a l (6) have shown experimentally 
that T i O x can be formed via Pt/Ti alloys at higher temperatures. 
Estimates (13) for the rate of diffusion of titanium metal through 
platinum are uncertain but indicate that significant diffusion i n 
platinum crystal l i tes would occur in experimental times only under 
HTR. However, the fast diffusion of a par t ia l ly oxidised titanium 
species through bulk platinum has been observed experimentally (14, 
15) and this appears to be faster than the diffusion of metallic 
titanium. Similar observations have been made on the Ni /Ti0 2 

system (27). These results are surprising for diffusion through 
metals but as polycrystalline f o i l s were used i n both studies the 
path of diffusion of Τ 1 0 χ may have been along grain boundaries. 

Val idi ty of the Use of Bulk Properties 

The application of bulk properties to predict the behaviour of 
microscopic systems can introduce errors both from the presence of 
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surfaces and from the very small particle size* Similar 
d i f f i c u l t i e s arise in the use of macroscopic f o i l or single crystals 
i n attempts to simulate supported metal catalysts. However, i t i s 
shown elsewhere (13) that l i k e l y errors do not affect the val idi ty 
of the models of the processes which could occur i n Pt/Ti0 2 

catalysts. 

SMSI Effects i n Supported Copper Catalysts 

Experimental and Results. The addition of substantial amounts of 
cobalt to supported copper catalysts of type used for methanol 
synthesis gives catalysts capable of producing higher alcohols as 
well as methanol, although the systems display some complexities 
(28). Low levels of cobalt, eg 0.1-5% wt/wt, added to industrial 
Cu/ZnO/Al 20 3 LP methanol synthesis catalysts (either by 
incorporation of cobalt nitrate i n the co-precipitation or by 
subsequent impregnation of cobalt nitrate or acetate solutions) lead 
to a loss of methanol synthesi
methane or any other organic products. Experimental conditions for 
catalyst reduction and test of catalyst ac t ivi ty with C0/C0 2/H 2 

mixtures have been described (30). Reduction conditions 
corresponded to LTR. Lin and Pennella (29) have also observed the 
deactivation of several copper catalysts by low levels of cobalt. 
Similar effects are shown by the addition of some other Group VIII 
metals, eg n i c k e l . As copper i s soluble i n metallic cobalt (about 
8% at 500 K) the inhibi t ion of methanation, etc is understandable 
from the performance of nickel-copper alloy catalysts. However, as 
cobalt i s essentially insoluble i n metallic copper (<0.1% at 500 K), 
alloying of the copper crystal l i tes cannot account for the loss of 
methanol synthesis ac t iv i ty , for which copper metal surface is 
required (30). 

A l l techniques of bulk analysis used indicated that the 
catalysts were unaffected by cobalt doping, eg X-ray diffract ion 
analysis showed copper metal and ZnO crystal l i tes of the customary 
sizes , with no evidence of cobalt-containing phases. However, 
marked effects of cobalt addition were evident when surface 
techniques were applied. Both hydrogen and carbon monoxide 
chemisorption (measured at 293 K) f e l l to zero, in a similar way to 
methanol synthesis ac t iv i ty , with increasing cobalt content (Figure 
1). ESCA and SIMS analysis of unreduced and reduced catalysts 
showed that surface concentrations of cobalt were much higher than 
the bulk concentration. Ti t ra t ion with N 20 of a reduced catalyst 
containing 5% Co, a technique used (30) to determine copper surface 
areas, gave a negligible surface area. 

Discussion. These results show clearly that although copper 
c rys ta l l i tes are present i n the reduced, cobalt-doped catalysts, the 
copper surface is not available for catalysis or chemisorption. 
Also, the added cobalt, although present i n the surface layers in 
significant concentration, is in an oxidised form and not metallic , 
even though cobalt oxides should be reduced to cobalt metal under 
catalyst activation conditions. It i s probable that the surface of 
the copper crystal l i tes was largely covered by an oxidic layer 
containing cobalt and support ( A l , Zn) oxides. 
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Chemisorption 

Co % wt 

Figure 1. H 2 and CO chemisorption, and catalytic ac t ivi ty for 
methanol synthesis by Cu/ZnO/AL 20 3 catalysts with added cobalt. 
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In standard reduced Cu/ZnO/Al 20 3 catalysts the copper surface 
is not wetted by any of the oxidic components. The addition of 
cobalt could give the formation of an oxidic Co/Zn/Al phase (eg a 
"two-dimensional spinel") which, while not readily reduced to 
metallic cobalt, i s par t ia l ly reducible. Chin and Hercules (31) 
have described the formation of a cobalt "surface spinel" , enhanced 
by the presence of zinc, i n C o / A l 2 0 3 catalysts. This material, by 
virtue of Co-Cu bonding, then wets the copper metal surface, 
inhibi t ing chemisorption. Although the electronic interaction 
between a Cu(100) face and a cobalt monolayer is weak (33), strong 
Co-Cu bonding is not required to s tabil ise the oxidic layer on 
copper crystal l i tes (the equilibrium state of cobalt under the test 
conditions is the metal). The resemblance to the SMSI state of 
Pt/Ti0 2 catalysts is obvious, but here the condition is produced by 
LTR (so the inhibi t ion is not reversible) and i t is suff ic ient ly 
strong to prevent a synthesis gas reaction. Encapsulation of 
supported nickel catalyst
described (34). 

Conclusions 

1 The equilibrium and surface segregation calculations support the 
view that the SMSI effects i n Pt/Ti0 2 catalysts are due to a 
monolayer (or less) of strongly-adsorbed titanium suboxide on 
the platinum surface. 

2 The fai lure of Pt/Ti0 2 catalysts to show SMSI effects after low 
temperature reduction is due to kinetic rather than equilibrium 
l imitat ions. 

3 Two ways of forming the Τ 1 0 χ layer are possible: 

(a) Formation of Τ 1 0 χ at the Pt/Ti0 2 interface, followed by 
transport across the Pt surface. 

(b) Reduction of T i 0 2 to give a Pt/Ti a l loy , followed by 
dif fusion , surface segration and oxidation of T i . 

Both routes are suff ic ient ly fast i n HTR but both are too slow 
i n LTR. Experimental evidence now shows that (a) is more 
important than (b), under the conditions typical of high 
temperature reduction. 

4 The inhibi t ion of chemisorption and methanol synthesis by cobalt 
addition to Cu/ZnO/Al 20 3 catalysts occurs by a similar mechanism 
i n which copper crystal l i tes are covered by a cobalt-containing, 
oxidic monolayer. 
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In Situ Electron Microscopic Studies 
of Ni-TiO2 Interactions 
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A number of investigations have indicated that so-called 
"strong metal-support interactions (SMSI)" are caused by the migra­
tion of partially reduced oxide species onto the surface of titania 
supported metal particles (1-8). While this is an attractive 
theory in that i t can account for the observed modifications in 
chemical properties of the metal particles, there is no agreed 
mechanism by which the postulated transport processes occur. 

In the present study we have used two approaches to investi­
gate the respective roles of the oxide support and the metal in 
this interaction. In the f irst series of experiments we have used 
the formation of filamentous carbon as a catalytic probe reaction 
of the abil i ty of reduced titania species to spread on the surface 
of nickel. It is well known that when bulk nickel or supported 
nickel particles are exposed to a hydrocarbon environment at tem­
peratures in excess of about 920 K, the metal particles catalyze 
the growth of filamentous carbon (9). Figure 1a is an electron 
micrograph showing the formation of carbon filaments on a nickel 
grid which had been cooled to room temperature after reaction in 
acetylene at 1020 K. A schematic representation of the carbon flow 
path through an individual metal particle is given in Figure 1b. 
During the filament growth sequence, the catalyst particle is de­
tached from the bulk metal surface as a result of precipitation of 
dissolved carbon at the rear of the particle. 

Inhibition of filamentous carbon growth on metal surfaces by 
addition of titanium oxide has been reported previously (10). In 
these experiments the titanium oxide was in the fully oxidized 
state and was an effective physical barrier toward filament forma­
tion, provided that the temperature was kept below 920 K. Above 
this temperature, the oxide tended to spall , and as bare metal was 
exposed to the gas phase, prol i f ic filament growth occurred. In 
the present study we have combined electron microscopy studies with 
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Figure 1 (a) T y p i c a l appearance of carbon f i l a m e n t s pro­
duced on the sur face of n i c k e l a f t e r exposure to 2 
Torr ace ty lene at 1020 K. (b) Schematic r e p r e ­
s e n t a t i o n of the carbon f i l a m e n t growth on a 
n i c k e l p a r t i c l e . 
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macro-scale experiments performed i n a f low r e a c t o r , where the 
weight of carbon deposi ted on the specimen was monitored as a func ­
t i o n of temperature . Both types of experimental procedures i n d i ­
cated that f o l l o w i n g r e d u c t i o n i n hydrogen at 770 K, t i t a n i u m oxide 
i s an extremely e f f e c t i v e i n h i b i t o r for carbon d e p o s i t i o n from 
hydrocarbons up to temperatures of at l e a s t 1120 K, whereas f o l l o w ­
ing o x i d a t i o n i n oxygen, the a d d i t i v e has an almost n e g l i g i b l e 
e f f e c t at 1120 K . This i n h i b i t i o n e f f e c t a f t e r r e d u c t i o n i s 
r a t i o n a l i z e d i n terms of the a b i l i t y of reduced t i t a n i u m oxide t o 
wet and spread on the surface of the n i c k e l , prevent ing the growth 
of f i lamentous carbon which would normal ly take place when the hot 
metal surface was exposed to a hydrocarbon environment . As such , 
we have d i s c o v e r e d a novel method of i n h i b i t i n g c a t a l y t i c carbon 
d e p o s i t i o n on n i c k e l s u r f a c e s . 

In a second set of exper iments , o v e r l a p p i n g t h i n f i l m s of 
n i c k e l and t i t a n i a were
gen i n a c o n t r o l l e d atmospher
microscope (STEM). During r e a c t i o n the metal f i l m was observed to 
r e s t r u c t u r e i n t o d i s c r e t e p a r t i c l e s which e v e n t u a l l y moved and 
a t tacked the t i t a n i a s u b s t r a t e . We b e l i e v e that t h i s behavior 
prov ides d i r e c t evidence that both the m o b i l i t y of reduced t i t a n i a 
and metal spec ies are i n v o l v e d i n the i n i t i a t i o n of s trong m e t a l -
support i n t e r a c t i o n s . 

EXPERIMENTAL 

(a) Carbon D e p o s i t i o n Studies on N i c k e l - T i t a n i u m Oxide 
The changes i n appearance of n i c k e l specimens undergoing reac­

t i o n w i t h hydrogen, oxygen and acetylene were monitored c o n t i n u ­
o u s l y by c o n t r o l l e d atmosphere e l e c t r o n microscopy . Sec t ions of 
n i c k e l f o i l were spot-welded across a hole i n a plat inum heater 
s t r i p and sprayed w i t h a s o l u t i o n c o n t a i n i n g d i s p e r s e d t i t a n i u m 
oxide (Degussa P-25) i n b u t a n o l . With t h i s arrangement i t was 
p o s s i b l e to observe r e a c t i o n s o c c u r r i n g at the edges of the n i c k e l 
by f o l l o w i n g the changes i n shape of the sample s i l h o u e t t e as a 
f u n c t i o n of time and temperature . 

The microscopy experiments were complemented by macro-scale 
s t u d i e s performed i n a f low r e a c t o r . Here the weight of carbon 
depos i ted on t r e a t e d n i c k e l f o i l s was measured a f t e r r e a c t i o n for 1 
h i n 1 atm ethane at 870, 970 and 1070 K. 

(b) I n t e r a c t i o n of Thin F i lms of N i c k e l and Ti tanium Oxide 
In s i t u e l e c t r o n microscopy s t u d i e s were performed wi th over ­

l a p p i n g t h i n f i l m s of n i c k e l and t i t a n i u m d i o x i d e . A n i c k e l f i l m 
approximate ly 30 nm t h i c k was prepared by vacuum d e p o s i t i o n of the 
metal onto a s i n g l e c r y s t a l of sodium c h l o r i d e . The s a l t was d i s ­
so lved i n d i s t i l l e d w a t e r , and the r e s i d u a l metal f i l m was 

In Strong Metal-Support Interactions; Baker, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



102 STRONG METAL-SUPPORT INTERACTIONS 

t h o r o u g h l y washed and picked up on a n i c k e l g r i d . T i t a n i a f i l m s of 
s i m i l a r t h i c k n e s s were grown by o x i d i z i n g the surface of a t i t a n i u m 
metal f o i l i n oxygen at 620 K; the m e t a l l i c t i t a n i u m subst ra te was 
subsequently removed i n an aqueous s o l u t i o n of 10% n i t r i c and 2% 
h y d r o f l u o r i c a c i d s ( 1 1 ) . Sec t ions of the oxide f i l m were then 
f l o a t e d onto the p r e v i o u s l y mounted n i c k e l f i l m s t o create the 
specimen geometry depic ted i n F igure 2 , i . e . , (A) a reg ion of N i , 
(C) a region of T i 0 2 and (B) a zone of d i r e c t contact between Ni 
and T i 0 2 . 

These specimens were then examined i n a JE0L 200 CX e l e c t r o n 
microscope equipped w i t h an environmental c e l l and heat ing s t a g e , 
which a l lowed specimens to be heated i n 1 Torr hydrogen up t o 1100 
K; under these c o n d i t i o n s the s p a t i a l r e s o l u t i o n was 0.8 nm. In 
s i t u chemical a n a l y s i s of the r e a c t i n g specimen could be obta ined 
us ing e l e c t r o n d i f f r a c t i o n , e n e r g y - d i s p e r s i v e X-ray a n a l y s i s , and 
e l e c t r o n energy l o s s s p e c t r o s c o p y

P o s t - r e a c t i o n STEM examinat ions were a l s o performed on a 
s e r i e s of n i c k e l - t i t a n i u m oxide specimens which had been t r e a t e d 
f o r 1 h i n a f low reac tor i n 10% hydrogen/argon at atmospheric 
pressure and temperatures from 970 to 1120 K. P r i o r to removal 
from the r e a c t i o n zone, specimens were p a s s i v a t e d by c o o l i n g to 
room temperature i n f l o w i n g argon f o l l o w e d by exposure to a f low of 
2% carbon d i o x i d e - a r g o n f o r 1 h . As w i l l be demonstrated l a t e r , 
c a r e f u l p a s s i v a t i o n i s necessary t o a s c e r t a i n the corresponding 
chemical s ta te of the specimen from a p o s t - r e a c t i o n e x a m i n a t i o n . 

The gases used i n t h i s work, hydrogen, oxygen, argon, a c e t y ­
lene and e thane , were obta ined from S c i e n t i f i c Gas P r o d u c t s , I n c . 
w i t h s ta ted p u r i t i e s of >99.5% and were used without f u r t h e r p u r i ­
f i c a t i o n . 

RESULTS AND DISCUSSION 

(a) Carbon D e p o s i t i o n S tudies on N i c k e l - T i t a n i u m Oxide 

The t i t a n i u m o x i d e , which was i n i t i a l l y d i s p e r s e d on n i c k e l 
v i a butanol s o l u t i o n , was r e a d i l y de tec tab le as i s o l a t e d ragged 
aggregates of p a r t i c l e s aga ins t the smooth uniform n i c k e l edges. 
No changes i n appearance of the specimen s i l h o u e t t e were observed 
i n 1 Torr hydrogen u n t i l the temperature was r a i s e d t o 770 K. At 
t h i s stage the morphology of the oxide aggregates f i r s t changed 
from a ragged t o a smooth o u t l i n e , f o l l o w e d by a decrease i n 
p a r t i c l e height and a corresponding increase i n p a r t i c l e w i d t h , 
suggest ive of spreading over the n i c k e l surface ( t r a n s i t i o n A to Β 
i n F igure 3 ) . In g e n e r a l , the smal le r p a r t i c l e s appeared to ex­
h i b i t t h i s t r a n s f o r m a t i o n f i r s t . As the temperature was g r a d u a l l y 
increased to 870 K, the oxide spread to such an extent that i t was 
i m p o s s i b l e to l o c a t e the p o s i t i o n of some of the o r i g i n a l t i t a n i a 
aggregates . 

When these samples were subsequently t r e a t e d i n 5 Torr a c e t y ­
l e n e , they d i d not d i s p l a y the b e h a v i o r a l pa t tern c h a r a c t e r i s t i c of 
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F igure 3 Behaviora l pa t te rn of n i c k e l specimens coated w i t h 
t i t a n i u m oxide f o l l o w i n g sequent ia l t reatments i n 
hydrogen, ace ty lene and oxygen. 
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c l e a n n i c k e l f o i l s (see F igure 1 ) . Al though there were some i s o ­
l a t e d regions of the surface where sparse accumulat ions of amor­
phous carbon were detected at 1020 K, over 95% of the surface r e ­
mained unchanged ( P o i n t C i n F igure 3 ) . This c o n d i t i o n p e r s i s t e d 
even when the temperature was r a i s e d to 1120 K. An important f i n d ­
ing was that i f the i n i t i a l pretreatment i n hydrogen was performed 
f o r 1 h at temperatures near 570 Κ i n s t e a d of at 770 K, then no 
morphologica l t r a n s f o r m a t i o n of the t i t a n i u m oxide occurred and 
m i t i g a t i o n of f i l amentous carbon growth was not achieved to any 
s i g n i f i c a n t extent when specimens were subsequently reacted i n 
a c e t y l e n e . 

In some experiments the o s t e n s i b l y i n e r t samples (Po in t C i n 
F igure 3) were cooled to room temperature and the hydrocarbon r e ­
placed by 5 Torr oxygen. Upon r e h e a t i n g , the smooth r i p p l e d s u r ­
face was seen t o undergo a dramatic change at 840 K, r e s t r u c t u r i n g 
i n t o a saw-toothed form
samples were reheated i
t i o n ensued at 870 K. I f , however, an in termedia te r e d u c t i o n step 
i n hydrogen at 870 Κ was employed, then the surface s t r u c t u r e r e ­
v e r t e d to i t s smooth r i p p l e d form and showed no tendency to c a t a ­
l y z e f i l a m e n t format ion when subsequently t r e a t e d w i t h acetylene at 
temperatures up to 1120 K. 

The amount of carbon depos i ted on n i c k e l f o i l s f o l l o w i n g reac­
t i o n i n ethane at atmospheric pressure and temperatures from 870 to 
1070 Κ i s presented i n Table 1 . Examination of these data shows 
that t i t a n i u m oxide provides an e f f e c t i v e b a r r i e r towards carbon 
d e p o s i t i o n at 870 Κ w i t h or without hydrogen pretreatment ; however, 
at higher temperatures only t i t a n i u m oxide reduced i n hydrogen 
e x h i b i t s an i n h i b i t i n g e f f e c t . 

Amount of carbon depos i ted on n i c k e l specimens which have been 
reacted at var ious temperatures i n 1 atm ethane f o r 1 h 

TABLE I 

Weight of Carbon Deposited 
(g/10" 4 cm" 2 ) 

Specimen 870 Κ 970 Κ 1070 Κ 

V i r g i n N i c k e l 1.9 26.2 27.7 

N i c k e l / T i t a n i u m Oxide 0.2 24.5 25.0 

Nickel/Reduced 
T i t a n i u m Oxide 0.2 10.0 6.4 

These r e s u l t s provide d i r e c t evidence that reduced t i t a n i a 
spec ies migrate over n i c k e l at 770 Κ under reducing c o n d i t i o n s ; 
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t h i s change i n morphology of the oxide p a r t i c l e s c o i n c i d e s w i t h 
c o n d i t i o n s where s t rong m e t a l - s u p p o r t i n t e r a c t i o n s are induced f o r 
n i c k e l supported on t i t a n i u m oxide ( e . g . , 12 ,13) . Furthermore, the 
r e s t r u c t u r i n g of the reduced t i t a n i u m oxide from a h i g h l y w e t t i n g 
t o nonwett ing c o n f i g u r a t i o n d u r i n g treatment i n oxygen at 840 Κ 
c o r r e l a t e s w i t h the r e s t o r a t i o n of normal chemisorpt ion p r o p e r t i e s 
o f a m e t a l / t i t a n i u m oxide system, i n i t i a l l y i n the SMSI s t a t e , 
a f t e r exposure t o oxygen at 870 Κ (14 ) . 

(b) I n t e r a c t i o n of Thin Fi lms of N i c k e l and Ti tanium Oxide 
When the specimens c o n s i s t i n g of n i c k e l and t i t a n i a f i l m s were 

heated i n 1 Torr hydrogen, regions c o n t a i n i n g n i c k e l r e s t r u c t u r e d 
at 800 Κ to form l a r g e p a r t i c l e s (10-400 nm i n s i z e ) supported on 
an extremely t h i n n i c k e l f i l m . On cont inued heat ing t o 1000 K , 
l i g h t symmetrical shaped halos were observed to develop around the 
n i c k e l p a r t i c l e s l o c a t e d on the t i t a n i u m ox ide f i l m (Zone Β i n 
F i g u r e 2) suggest ing tha
r e g i o n s . This i n t e r a c t i o
was increased to 1070 K, as seen from the s e r i e s of micrographs 
( F i g u r e 4) taken from the T . V . moni tor of the v ideo recorder used 
t o f o l l o w t h i s process . This sequence provides d i r e c t evidence 
t h a t n i c k e l p a r t i c l e s can move on t i t a n i u m oxide under these c o n d i ­
t i o n s , as seen from the changing p o s i t i o n of the i n d i c a t e d p a r t i ­
c l e s . Furthermore , d u r i n g t h i s p r o c e s s , the mobi le metal p a r t i c l e s 
remove m a t e r i a l from the oxide s u p p o r t , and as a consequence c rea te 
unsymmetrical p i t s i n the t i t a n i a f i l m (see F i g u r e 5 ) . These r e ­
s u l t s a l s o i n d i c a t e t h a t the metal p a r t i c l e s on ly a t tack those 
regions of the support w i t h which they are i n c o n t a c t . S ince the 
s i z e of the p i t s that are produced i n the oxide are i n general 
l a r g e r than the metal p a r t i c l e s , i t i s p o s s i b l e t h a t a f r a c t i o n of 
the t i t a n i a i s t r a n s p o r t e d i n s i d e the p a r t i c l e s or v o l a t i z e s d u r i n g 
the r e a c t i o n . 

TABLE II 

E l e c t r o n d i f f r a c t i o n a n a l y s i s of t i t a n i a a f t e r r e a c t i o n i n 
hydrogen at 1070 Κ i n the presence of n i c k e l : 

0.427 0.427 

0.332 0.338 

0.308 0.302 

0.248 

0.276 

0.258 

0 .282 , 0.280 

0.263 

0 .252 , 0.248 
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Figure 4 Sequence showing the i n t e r a c t i o n of n i c k e l p a r t i ­
c l e s w i t h t i t a n i u m oxide i n 1 Torr hydrogen at 
1070 K . 
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Figure 5 E l e c t r o n micrograph showing p i t s i n t i t a n i u m oxide 
support produced by n i c k e l p a r t i c l e s d u r i n g r e a c ­
t i o n i n 1 Torr hydrogen at 1070 K . Inset shows 
the e l e c t r o n d i f f r a c t i o n pa t te rn of the support 
under these c o n d i t i o n s . 

In Strong Metal-Support Interactions; Baker, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



108 STRONG METAL-SUPPORT INTERACTIONS 

The extent of r e d u c t i o n of the t i t a n i a support was found to be 
a f u n c t i o n of the r e a c t i o n temperature . In s i t u e l e c t r o n d i f f r a c ­
t i o n a n a l y s i s showed that the oxide underwent t r a n s f o r m a t i o n from 
TiOo t o T i 4 0 7 at 1070 Κ (see i n s e t of F i g u r e 5 and Table I I ) . Th is 
p a t t e r n was not found at lower temperatures ; however, i t i s pos­
s i b l e t h a t Ti^Oy was formed i n the v i c i n i t y of the n i c k e l under 
these c o n d i t i o n s but that i t s p a t t e r n was masked by the s t rong 
r u t i l e s i g n a l . 

P o s t - r e a c t i o n examination of s i m i l a r l y prepared specimens tha t 
had been t r e a t e d i n a f l o w r e a c t o r at 1 atm i n 10% H 2 / A r at 970 Κ 
showed many of the fea tures observed d u r i n g the i n s i t u s t u d i e s . A 
sample t r e a t e d i n the f l o w r e a c t o r at 970 Κ looked comparable t o a 
sample t h a t had been t r e a t e d i n 1 Torr H 2 a t 1070 Κ i n the m i c r o ­
scope , i . e . , many of the n i c k e l p a r t i c l e s had unsymmetrical p i t s 
a s s o c i a t e d w i t h them. Reduct ion at 1120 Κ i n the f l o w r e a c t o r 
produced dramat ic change
t e n s i v e p i t t i n g of the t i t a n i

The e l e c t r o n d i f f r a c t i o n p a t t e r n s of these samples p a r a l l e l e d 
those observed f o r the samples reacted i n the e l e c t r o n microscope , 
i . e . , samples reduced i n the f l o w r e a c t o r at 1120 Κ showed t h a t the 
t i t a n i u m oxide had been complete ly converted t o T14O7, whereas 
samples t r e a t e d at 970 Κ showed o n l y the r u t i l e form of T i 0 2 , i n 
agreement w i t h the work of B e l l and coworkers (15) . One anomalous 
f i n d i n g occurred w i t h a sample t h a t was t r e a t e d at 1120 Κ f o r which 
the p a s s i v a t i o n procedure was i n a d v e r t e n t l y o m i t t e d ; the d i f f r a c ­
t i o n p a t t e r n showed no evidence of T i^Oy. 

F i n a l l y , one may ask why the a t tack of t i t a n i a by n i c k e l 
( e . g . , format ion of p i t s ) has not been observed i n prev ious s t u d i e s 
where n i c k e l / t i t a n i u m oxide samples had been t r e a t e d i n hydrogen 
and examined by e l e c t r o n microscopy ( 6 , 1 2 , 1 3 ) . In these p r e v i o u s 
c a s e s , the n i c k e l p a r t i c l e s were c o n s i d e r a b l y s m a l l e r (5 to 10 nm) 
than the ones formed i n the present experiments (~100 nm) and 
t h e r e f o r e the extent of r e a c t i o n may have been only s u f f i c i e n t to 
cause removal of a few monolayers of t i t a n i a , which would be d i f f i ­
c u l t to d e t e c t . 

SUMMARY 

The r e s u l t s of the present study demonstrate that m i g r a t i o n of 
both t i t a n i a and metal spec ies may be i n v o l v e d i n the i n i t i a t i o n of 
s t r o n g meta l - suppor t i n t e r a c t i o n s d u r i n g treatment i n hydrogen at 
temperatures i n excess of 770 K. 
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Presence and Possible Role of Pt Ions 
in Hydrocarbon Reactions 

M. J. P. Botman, Li-Qin She, Yia-Yu Zhang, T. L. M. Maesen, T. L. Slaghek, and 
V. Ponec 

Gorlaeus Laboratories, State University of Leiden, P.O. Box 9502, 2300 RA Leiden, 
The Netherlands 

Unreducible ion f th  transitio  metal t 
of supported catalysts
duction, are clea g
between the support and the metallic element. 
Currently there is a discussion in the literature 
on this subject, specifically: 1) Do some Pt-ions 
survive a severe reduction? 2) Are they accessible? 
3) Do they play a role in the metal-support inter­
action and reactions of hydrocarbons? 
Results presented here allow a positive answer to 
the first two questions. The third question is 
complex and cannot be answered definitely. 

The problem of the interaction between a catalytically active metal 
and i t s support is not new in the catalytic literature but during 
the last decennium the interest in this problem has increased. 
Research in this f i e l d has been stimulated in a quite remarkable 
way by several papers (1-4) and in a short time a great volume of 
information has accumulated (5). 

Interesting phenomena observed gave rise to some speculations 
which have lacked sound physical justification; examples are the 
speculations on a massive transfer of electrons from (or to) the 
support to (or from) the metal, the ideas about changes of the work 
function of the metal by such a transfer or by the f i e l d of the sup­
port, etc. However, these ideas have received considerable attention 
and unfortunately they have tended to shadow other pieces of infor­
mation concerning the metal-support interaction. 

One of the reliable indications of a real strong interaction 
between a support and the metallic component of a catalyst i s the 
presence, after a severe reduction, of unreduced ions of the metal­
l i c component. For example, there is an extensive literature in 
this respect on Ni and Cu and some other catalysts (6-11) demonstra­
ting the presence of Ni and Cu ions in reduced catalysts. However, 
with Pt the situation is less clear. 

0097-6156/86/0298-0110S06.00/0 
© 1986 American Chemical Society 

In Strong Metal-Support Interactions; Baker, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



11. BOTMAN ET AL. Pt Ions in Hydrocarbon Reactions 111 

McHenry et a l (12) reported at the 2nd Intl.Congress on Cata­
l y s i s that Pt ions survived a severe reduction and were, according 
to the authors responsible for dehydrocyclization and aromatization. 
Some workers confirmed this claim (13-15), while some others rejec­
ted this conclusion (16-18). Because of the extreme importance of 
such conclusions for catalyst preparation procedures ("can and 
should the Pt ions be stabil ized against the reduction?") we have 
addressed this question and we report below the results of our study. 
The questions to be answered are as follows. 
i ) Does a fraction of Ptn+ in the alumina or s i l i c a s supported ca­
talysts survive the reduction and is the fraction sufficient to have 
potential importance? 
i i ) Are the Ptn+ ions accessible to the gas phase? 
i i i ) Does the presence of the second component in the "bimetallics" 
influence the fraction of Pt present as ions? 
iv) Do the Ptn+ ions manifest themselves in the hydrocarbon skeletal 
reactions? 

Owing the d i f f i c u l t i e
close proximity to the metal by XPS, an UV/VIS or other spectrosco­
pic techniques (with XPS the interpretation of shifted peaks is not 
free of problems, decreases in the particle size shifts the Binding 
Energy by the same amount as one positive charge) we decided to use 
the c lass ical chemical determination by a selective extraction of 
ions. 

Experimental 

Catalytic tests were performed with n-hexane/H2 mixtures (1/16) at 
atmospheric pressure. The total flow of gases in the feed was 
varied between 10 and 20 ml/min. Under these conditions the total 
conversion was always < 10%. Analysis of products was performed by 
GLC. The column used contained 15% squalane on chromosorb P-AW 
with DMCS, the length of the column was 5m. Description of the flow 
apparatus and of data evaluation can be found in earl ier papers (19). 

One detai l of the experimental procedure should be considered 
in more d e t a i l . Regardless of the procedure used, the catalysts a l ­
ways exhibit some slow decay in the act ivi ty and sometimes an exten­
ded selfpoisoning can cause changes in s e l e c t i v i t i e s . We observed 
that the decay i s small and has no influence on the selec t ivi t ies 
when the following procedure is adopted. It i s measured from low 
to high temperatures and after each temperature jump, the tempera­
ture is kept constant for 30 minutes. 

Extraction was performed in a special c e l l which allowed ad­
mission of oxygen free extracting solution to the reduced samples. 
The extraction solution consisted of ethylene diamine and 4% 
CH3COOH. Samples covered by the l i q u i d was placed under the reflux 
cooler and the mixture (with the powder) brought to b o i l i n g . 
Refluxing was continued for about 15 hours and then the powder was 
separated by centrifugation and the content of Pt in the solution 
determined by Atomic Absorption Spectroscopy. Calibration experi­
ments showed " ionic" Pt could be recovered from supported chlorides 
and oxides completely and vice versa and that some reduced samples 
containing small Pt particles on inert carrier (Si02) has less than 
0.5% Pt as ions. 
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In contrast in systems where ions could be reasonably expected, the 
concentration of Pt ions varied between 0.5 and 9% of the total Pt 
content. It i s important to notice that the presence of CH3COOH i s 
essential for complete extraction of Ptn+ from oxygenated ligands. 
We have also examined some other methods. Extraction by SnCl2 ap­
peared to be entirely unreliable since i t cannot extract Ptn+ out 
of bulk oxide. Extraction by acetylacetone caused d i f f i c u l t i e s when 
the system was r ich i n chlorine. Therefore, the method as described 
above was f i n a l l y adopted. 

Catalysts used were prepared by impregnation and after reduc­
tion they contained different amounts of extractable Pt. The f o l l o ­
wing catalysts were tested: 
Catalyst A: from Pt dissolved in aqua regia (H2PtCl6 in excess 
HC1/HN03). 
Catalyst B: from H2PtCl6 dissolved i n H20. 
Catalyst C: from Pt(ΝΗ3>4(0Η) 2 

Catalyst D: prepared from H2Pt(OH)6 dissolved par t ia l ly in hot water 
and precipitated f i n a l l
A l l these catalysts were 1% wt Pt/Al203; AI2O3 was Ketjen Alumina 
CK300. Catalysts were prepared both with and without a calcination 
step (2 hours at 723K, in a i r ) . 
Standard reduction in s i tu (of samples as such, or prereduced) was 
4 hours at 723K. 

Results 

Table I shows the region of concentration in which the Ptn+ ions 
are found to exist after a standard reduction (723K, 4 hours) 

Table I. Content of Pt ions in the Pt/Al203 reduced catalysts 

catalyst precursor % Pt ions 
calcined not calcined 

A Pt(NH3)4(OH)2 0.7 0.8 

Β H2PtCl6 in H20 2.0 1.7 

C H2PtCl6 in aqua regia 4.0 3.1 

D H2Pt(OH)6 0.4 0.6 

When a second component was added to the catalyst, the concentration 
of Ptn+ ions was suppressed, as can be seen from figure 1. 

It i s important to know whether the Pt ions, i f present, are 
also accessible to the gas phase. The extracted Pt can, in pr inciple , 
also comprise those Pt ions which are present as "anchors" hidden 
under the metal part ic les . One way to establish the accessibi l i ty 
i s to use a test reaction, which is known to occur (solely or pre­
f e r e n t i a l l y ) on metal ions. It has been found that the formation 
of methanol from C0/H2 mixture i s such reaction (11,20). A test by 
this reaction showed a positive correlation between the amount of 

In Strong Metal-Support Interactions; Baker, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



11. BOTMAN ET AL. Pt Ions in Hydrocarbon Reactions 113 

Pt ions and the act ivi ty of this reaction. We shal l report on this 
aspect i n more detai l elsewhere. Another point of interest concerns 
the nature of the environment in which unreducible Pt ions embedded. 
It has been shown from the UV/VIS reflection spectra that CI ligands 
of Pt complexes exchange rather easily with the OH (or 0?) ligands 
on the support surface. Nevertheless, after calcination, the UV/VIS 
spectrum of catalysts made from chlorine containing precursors and 
of those made from some chlorine free precursors (H2Pt(OH)6) are 
different in the region of the spectrum where the ligand to metal 
charge transfer band usually appears. However, some other chlorine 
free compounds (Na2Pt(0H)6) are similar i n this respect to a c a l ­
cined H2PtCl6 catalyst. This probably indicates that the Pt ions 
surviving the reduction are i n a different local environment (main­
ly an oxygen containing environment) in the two mentioned groups of 
products of calcination. 

The test of catalytic behaviour in the n-hexane reactions has 
been performed in two temperatur
a) in the "low Τ region
function of the supported Pt operates predominantly, and 
b) in the "high Τ region" (653K, up to 773K), where the support also 
shows an ac t iv i ty . 
The low temperature region offers the following picture. At the 
lowest temperature the select ivi ty for hydrogenolysis S H is the 
highest select ivi ty with a l l catalysts studied, and this s e l e c t i v i ­
ty decreases with the increasing temperature following a "Z-form" 
curve. The select ivi ty for isomerization Si starts low but increases 
with increasing temperature, forming an S-shaped curve. The total 
dehydrocyclization select ivi ty rises to 100% and i t shows usually a 
featureless (almost a constant) curve. The S H and Si cross each 
other in the region between 533 and 553K. Calcined catalysts, when 
compared with the uncalcined catalysts of the same composition, 
showed a cross point at a l i t t l e higher temperature. However, this 
behaviour is not correlated with the concentration of Pt ions. 
When excess CI is present in the system calcination leads to a 
higher concentration of ionic Pt, but with other systems calcination 
did not always increase Ptn+ concentration measurably. 

As our discussion below w i l l demonstrate, the high temperature 
region i s a more d i f f i c u l t feature to study than the low temperature 
region. Typical results and problems are demonstarted by figure 2, 
showing the select ivi ty in dehydrocyclization SD as a function of 
temperature. Selectivity in isomerization Si varies complementary 
to the variations in S D ; under conditions where SD is high - Di is 
low, and vice versa. Selectivity in hydrogenolsyis rises to 100% 
and does not vary s ignif icantly in the same region. Data shown in 
figure 2 were obtained at low and comparable conversions but at 
different contact times (contact time being characterized by the 
ratio S/F, with S • metal surface area and F = feed). 

Discussion 

Two of the three questions formulated in the introduction can now be 
answered; 
1) A measurable amount of Pt ions survives the reduction at 723K; 
and 
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%PtH 

2 

Pt Pt/Re Pt/Sn 

Figure 1. Content of Pt ions in reduced catalysts. 
Catalysts: 1% w
amount of Sn or Re has been added. 

660 680 700 720 740 760 
> Τ (Κ) 

Figure 2. Selectivity in the total dehydrocyclization S D , as 
a function of temperature. Standard reaction conditions. 
For the codes, see table 1. 
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2) Some of these ions are certainly accessible to the gas phase. 
The third question concerning the role of Pt ions can only be ans­
wered for the low temperature region: there are no indications 
found for any role of Pt ions in this region. The data show that the 
calcination step can, indeed, influence the shape of the s e l e c t i v i -
ties vs temperature curves, however, this effect i s not particularly 
pronounced. 

With regard to the high temperature region, the study is s t i l l 
in progress. What follows therefore i s merely a progress report on 
the state of a f f a i r s . 
Let us start by reviewing the effects and phenomena which are of 
potential importance for the high temperature region. For convenience 
we divide them into two classes: I . Intr insic effects . II . Secondary 
and indirect effects . Under I. the following i s understood. 
a) Pt ions could be, as suggested by McHenry et a l (12), the centres 
of dehydrocyclization. This poss ibi l i ty should be considered for two 
reasons. F i r s t , an important mechanism leading to aromatization and 
dehydrocyclization (21,22
stepwise dehydrogenation. Such reaction does not require a large en­
semble of sites and the (poly)olefinic complexes can be more easily 
stabil ized on positively charged Pt. Second, the olefines are indeed 
detected under the reaction conditions (23). 
b) Particle size effects . In pr inciple , some geometric configurations 
can be i n t r i n s i c a l l y better in dehydrocyclization than some others 
(24,25). 
c) Acidity of the support is varying with different preparations. 

The following is understood under class II of the secondary 
and indirect effects . 
a) Consecutive reactions. 
In the high temperature region consecutive reactions play a role also 
when the overall conversion is kept low (under 10%); a fraction of 
isomerization products are formed through a ring opening of the pre­
viously produced methylcyclopentane (when hexane i s the feed). This 
indicate that each shortening of the apparent contact time τ enhances 
dehydrocyclization. Contact time τ can be varied in a controlled 
manner by changing the amount of the catalyst and the extent feed. 
The upper l imit of variations being controlled by the extent of 
conversion, that has to be kept low. However, τ i s also sensitive 
to effects which cannot easily be controlled. For example, when the 
selfpoisoning is stronger with a certain catalyst, that catalyst 
functions under an effectively shorter τ and can as a result exhibit 
a higher dehydrocyclization se lec t iv i ty . 
b) It i s known that Pt particles of larger size are more easily s e l f -
poisoned by the carbon(aceous) layer formation, then the smaller 
part ic les , which are less susceptible to selfpoisoning (26). This 
feature leads to an enhanced dehydrocyclization also with Pt on i n ­
ert s i l i c a (26) and, of course the enhancement can be i n t r i n s i c or 
induced by the carbon(aceous) layer (in one way or another). For 
example, by changing the effective τ . Particle size can thus have 
direct effects (as mentioned under I, b) or indirect effects as just 
described. 

From figure 2, i t i s apparent that the differences between the 
catalysts are most pronounced in the region of the highest tempera­
tures, conditions where the consecutive reactions are expected to 
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become more important. When the catalysts A, Β and D are compared 
at approximately the same contact time τ (i.e. approximately the 
same metal surface area of the catalyst in the reactor) then with 
comparable overall conversions the sequence in selectivity towards 
cyclization of these catalysts i s changed. This strongly suggests that 
some of the differences in figure 2 are due to consecutive reac­
tions. 

Two catalysts with the highest and lowest concentration of ions 
(but of different particle sizes) show the highest dehydrocycliza­
tion activity. This leads to the conclusion that the role of ions 
(i f any) i s rather limited or masked by compensation due to d i f f e ­
rences on other effects mentioned above. 

Conclusions 

1) A small amount of Pt ions survives on AI2O3 after a severe 
reduction treatment an
metal. 
2) A part of these ions i s accessible. 
3) At low temperature these ions have l i t t l e influence on the skele­
t a l reactions of hydrocarbons. A possible role of ions in the high 
temperature region i s not excluded but as yet is not proven. 
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Support Effect on Chemisorption and Catalytic 
Properties of Noble Catalysts 

P. Mériaudeau, Μ. Dufaux, and C. Naccache 

Laboratoire Propre du C.N.R.S., Institut de Recherches sur la Catalyse, Conventionné à 
l'Université Claude Bernard, Lyon I, 2, Avenue Albert Einstein, 69626 Villeurbanne Cédex, 
France 

Although the most well established function of the support is 
to disperse the metal an
metal-support interaction collected in (1) have shown that the chemi-
sorptive and catalytic activity of group VIII metals were considera­
bly lowered when the metal was supported on reducible oxide, such as 
TiO2, and reduced at high temperature. The objective of the work 
reported in this paper was to further investigate the role of the 
support on the adsorptive and on the catalytic properties of platinum. 

Results and discussion 
Supported-Pt-catalysts were prepared by wet impregnation tech­

nique using H2PtCl6 solution. Supported platinum salt was reduced 
at 473 Κ and 773 K, H2, CO adsorption and electron microscopy were 
used to measure the metal dispersion. On table 1 are reported Pt 
dispersion, infrared νCO for CO adsorbed on Pt and the catalytic data 
on benzene hydrogenation and n-hexane conversion. 
As already reported (2) the adsorption of H2 and CO is greatly 
lowered for Pt-TiO2 reduced at 773 K. The decrease of hydrogen adsorp­
tion capacity is accompanied by a decrease of the catalytic activity 
for benzene hydrogenation and n-hexane hydrogenolysis. However there 
is no change in νCO stretching frequency of adsorbed CO. In contrast 
for Pt-CeO2 reduced at 773 Κ only a small decrease of H2-adsorbed 
was observed. Furthermore the frequency was lowered by 16 cm 

0097-6156/86/0298-0118$06.00/0 
© 1986 American Chemical Society 

In Strong Metal-Support Interactions; Baker, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



12. MERIAUDEAU ET AL. Catalytic Properties of Noble Catalysts 119 

TABLE 1 

C a t a l y s t 
T r e d H / P t s 

« Γ 1 cm 
V C 0 r a 

C 6 H 6 
r b 

C 6 H 1 4 

P t - T i 0 2 473 K 0.25 2080 1 75 

4 .8 wt % Pt 773 K 0.05 2080 0.08 2 

P t - C e 0 2 473 K 0.6 2088 1 1119 

1.8 wt % Pt 773 K 0.4 2072 0.2 173 

a : r e l a t i v e r a t e r ^ / r ^ g ; b : r a t e n-hexane i n m.moles h g p t 

E l e c t r o n microscopy s t u d i e s i n d i c a t e d t h a t the Pt p a r t i c l e s i z e s r e ­

mained almost unchanged between low and high temperature reduced 

samples, n-hexane c o n v e r s i o n on P t - T i 0 2 and P t - C e 0 2 reduced a t 473 

and 773 Κ was f o r both c a t a l y s t s c o n s i d e r a b l y lowered f o r those sam­

ples reduced a t high temperature . However on P t - T i 0 2 the s t r o n g de­

crease i n the r e a c t i o n r a t e occured w i t h o u t any s i g n i f i c a n t change 

i n the product d i s t r i b u t i o n (about 20 % cracked product C j -Cg) w h i l e 

on P t - C e 0 2 reduced at 773 Κ n-hexane h y d r o g e n o l y s i s i s c o n s i d e r a b l y 

reduced compared w i t h P t - C e 0 2 reduced at 473 Κ (48 % cracked p r o ­

ducts on P t - C e 0 2 473 Κ and 17 % cracked products on P t - C e 0 2 773 K ) . 

Both T i 0 2 and Ce0 2 form η-type semiconductor when reduced a t h i g h 

temperature . I t r e s u l t s t h a t both T i 0 2 and Ce0 2 reduced at high tem­

perature would have the a b i l i t y t o donate e l e c t r o n s to the supported 

p l a t i n u m p a r t i c l e s . This model would lead to the same e f f e c t f o r both 

supports i n c o n t r a s t w i t h our r e s u l t s ( 3 ) . We conclude t h a t i n the 

case o f T i 0 2 the r e d u c t i o n o f H 2 , CO a d s o r p t i o n and consequent ly the 

decrease i n the c a t a l y t i c a c t i v i t y o f Pt i s main ly due t o a coverage 

of Pt s u r f a c e by a suboxide Τ ι 0 χ l a y e r (3 ,4) which upon oxygen a d ­

s o r p t i o n i s d e s t r o y e d . The m o b i l i t y o f reduced cer ium oxide c o u l d be 

l e s s . However cer ium c a t i o n s were reduced to cerium z e r o v a l e n t which 

a t h igh temperature would form Pt -Ce i n t e r m e t a l l i c compounds which 
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e x p l a i n s the s h i f t i n v C Q as w e l l the change i n benzene hydrogénation 

and n-hexane c o n v e r s i o n . 

Support e f f e c t on the s y n t h e s i s of methanol over Pt 

I t has been repor ted t h a t methanol i s formed from C 0 - H 2 r e a c ­

t i o n over s i l i c a - s u p p o r t e d P d , P t , I r c a t a l y s t s ( 5 ) . The behaviour 

o f the metal was found to be i n f l u e n c e d by the c a r r i e r ( 6 , 7 , 8 , 9 ) . The 

s e l e c t i v i t y i n methanol was d i s c u s s e d i n terms of a c i d - b a s e p r o p e r ­

t i e s o f the support which i n f l u e n c e d the non 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 on the metal r e q u i r e d f o r oxygenated hydrocarbon f o r m a t i o n , i n 

terms of e l e c t r o n i c i n t e r a c t i o n between the metal and the support or 

i n terms of s t a b i l i z a t i o n by the c a r r i e r o f o x i d i z e d metal c a t i o n s 

which would adsorb CO no

r e a c t i o n at 553 K, 30 atmospheres over Pt supported on a v a r i e t y o f 

o x i d e s . The c h a r a c t e r i s t i c s of the c a t a l y s t s are g iven i n t a b l e 2 

TABLE 2 

C a t a l y s t wt % Pt H / P t s T . E . M . 
nm 

A a 
SMe0H 

% 

S b 

^ROH 

P t - S i 0 2 1.8 0.65 2.0 1 46 53 

P t - A l 2 0 3 2.5 0.77 1.5 4 .40 26 48 

P t - T i 0 2 4 0.26 - 6.6 64 67 

P t - T h 0 2 3 .3 0.25 - 8.5 72 77 

P t - C e 0 2 2.4 - - 17.7 82 85 

Pt-MgO 2.5 0.16 2-6 21.7 95 97 

P t - L a 2 0 3 2 - 2.0 26 95 97 

a) A c t i v i t y (MeOH + EtOH) Ι Ο - 2 mole h" b) S e l e c t i v i t y i n 

oxygenated hydrocarbons (MeOH, EtOH, DME). 

The c a t a l y t i c a c t i v i t y o f the supports i n CO + H 2 was a l s o i n ­

v e s t i g a t e d . The r e s u l t s i n d i c a t e d t h a t C e 0 2 , T h 0 2 , L a 2 0 3 have appre­

c i a b l e a c t i v i t y f o r methanol f o r m a t i o n . A 1 2 0 3 , MgO and T i 0 2 have very 

low a c t i v i t y f o r MeOH f o r m a t i o n . 

Table 2 shows c l e a r l y t h a t the a c t i v i t i e s o f supported Pt c a ­

t a l y s t s and to a l e s s extend the s e l e c t i v i t i e s f o r oxygenated com-
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pounds form C 0 - H 2 are s t r o n g l y a f f e c t e d by the s u p p o r t , the more ba­

s i c supports having the b e t t e r promoting e f f e c t f o r methanol forma­

t i o n . Furthermore i t i s c l e a r t h a t the h i g h e s t r a t e s o f MeOH forma­

t i o n were obta ined f o r Pt supported on the c a r r i e r s e x h i b i t i n g a non 

n e g l i g i b l e a c t i v i t y . Mechanical mix ture of P t - s u p p o r t p lus support 

were t e s t e d i n the C 0 - H 2 r e a c t i o n . The r e s u l t s are l i s t e d i n t a b l e 3 . 

TABLE 3 

C a t a l y s t Promoting e f f e c t a S e l e c t i v i t y % MeOH 

P t - C e 0 2 + Ce0 2 

P t - T h 0 2 + Th0 2 3.53 76 

P t - T i 0 2 + Ce0 2 3.6 60 

P t - S i 0 2 + Ce0 2 2.4 74 

a) d e r i v e d from the r a t i o : exper imenta l MeOH/calculated MeOH which 

would be g i v e n by each component. 

The a c t i v i t y o f supported Pt c a t a l y s t s f o r methanol s y n t h e s i s 

from C 0 - H 2 i s c o n s i d e r a b l y enhanced when the metal i s supported on 

oxides which e x h i b i t themselves a p p r e c i a b l e a c t i v i t y f o r MeOH s y n t h e ­

s i s . Furthermore i t i s found t h a t the r a t e o f methanol f o r m a t i o n on 

P t - s u p p o r t e d c a t a l y s t i s i n c r e a s e d when T h 0 2 , C e 0 2 were m e c h a n i c a l l y 

mixed w i t h the Pt c a t a l y s t . Such behaviour i s t y p i c a l f o r b i f u n c t i o ­

nal c a t a l y s t s . I t has a l r e a d y been r e p o r t e d t h a t T h 0 2 , Ce0 2 adsorb 

carbon monoxide w i t h o u t d i s s o c i a t i o n . Such a c t i v a t e d CO can be 

hydrogenated to form a formyl s p e c i e s , the formyl spec ies i n t e r a c ­

t i n g w i t h l a t t i c e oxygen w i l l produce a formate i n t e r m e d i a t e . 

CO c o u l d a l s o r e a c t w i t h OH group to form a formate . Formyl or forma­

te i n t e r m e d i a t e s have o f t e n been suggested i n the mechanism which 

d e s c r i b e s the f o r m a t i o n o f CHgOH from C 0 - H 2 . I f such mechanism p r e ­

v a i l s f o r P t - s u p p o r t e d c a t a l y s t one c o u l d suggest t h a t on Pt -CeO^, 

P t - T h 0 2 , P t - L a 2 0 3 , Pt-MgO, the c a t a l y s t behaves as a dual s i t e mate­

r i a l : CO a c t i v a t e d on the ox ide i s hydrogenated by hydrogen a c t i v a ­

ted on p l a t i n u m . Such mechanism does not exc lude the p o s s i b i l i t y 
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t h a t CH^OH c o u l d be formed a l s o through CO and H 2 both a c t i v a t e d on 

the m e t a l . However s i n c e Pt i s a l s o a c t i v e f o r CO d i s s o c i a t i o n w i t h 

the subsequent f o r m a t i o n of methane, C 0 - H 2 r e a c t i o n o c c u r i n g o n l y on 

Pt would g i v e a lower s e l e c t i v i t y i n CH^OH. Dual s i t e mechanism on 

mechanical m i x t u r e o f supported p l a t i n u m w i t h ox ides would a l s o p r e ­

v a i l p r o v i d e d t h a t the pure ox ide i s a c t i v e f o r CO a c t i v a t i o n and 

t h a t a c t i v a t e d hydrogen c o u l d s p i l l o v e r a t the s o l i d i n t e r p h a s e . 
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13 
Metal-Support Interactions in Ni Catalysts 
A Comparative Study of Kinetic and Magnetic Behavior 
Between Nb2O5 and Phosphate Supports 

Ε. I. Ko1, J. E. Lester2, and G. Marcelin2,3 

1Department of Chemical Engineering, Carnegie-Mellon University, Pittsburgh, PA 15213 
2Gulf Research & Development Company, Pittsburgh, PA 15230 

Different mechanisms of metal-support interactions 
were found from
nickel catalysts
supports. All the catalysts showed a suppression in 
hydrogen chemisorption after they had been reduced 
at high temperatures. However, the niobia-containing 
samples as a group behaved very differently from the 
phosphate-containing samples in ethane hydrogenoly­
sis and carbon monoxide hydrogenation. When reduced 
at still higher temperatures, the phosphate-contain­
ing catalysts exhibited a change from the normal 
magnetization-temperature behavior, but the niobia­
-containing catalysts did not. Instead, the latter 
showed an apparent loss of nickel metal and a de­
crease in crystallite size. Furthermore, the extent 
of interaction in the niobia-containing catalysts 
could be moderated by using a niobia-silica surface 
phase oxide. 

The work of Tauster and coworkers ( l ,2) showed that hydrogen 
chemisorption is suppressed on group VIII metals supported on a 
series of oxides after these samples have been reduced at high 
temperatures. The term strong metal-support interactions (SMSI) 
was introduced to describe this behavior. A similar suppression in 
hydrogen chemisorption has since been reported for many other 
supported metal systems (3-5). However, the use of other chemical 
probes (4,5) demonstrated that different mechanisms of metal-
support interactions could exist for different types of oxides. 
Furthermore, even for a so-called SMSI oxide, the degree of 
interaction could be influenced by many parameters such as c rys ta l ­
l i t e size and reduction temperature. It would thus be desirable to 
find an approach to systematically compare catalytic behavior of 
different systems. 

3Current address: Department of Chemical and Petroleum Engineering, University of 
Pittsburgh, Pittsburgh, PA 15261 
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124 STRONG METAL-SUPPORT INTERACTIONS 

AS AN ATTEMPT IN THIS D I R E C T I O N , A HIERARCHY WAS RECENTLY D E ­
VELOPED FOR NICKEL CATALYSTS ( 6 ) . THE BASIC IDEA IS TO MONITOR THE 
CHEMICAL PROPERTIES OF A CATALYST AS PROBED BY HYDROGEN CHEMISORP­
T I O N , ETHANE HYDROGENOLYSIS, AND CARBON MONOXIDE HYDROGÉNATION. 
THE HIERARCHY, ORIGINALLY DEVELOPED FOR N I / N B 2 0 , - C A T A L Y S T S , WAS 
LATER EXTENDED TO NICKEL SUPPORTED ON PHOSPHATE-CONTAINING M A T E ­
RIALS AND A N I O B I A - S I L I C A SURFACE PHASE OXIDE. I N THIS PAPER THE 
USEFULNESS OF THE HIERARCHY WILL BE ILLUSTRATED BY ITS A B I L I T Y TO 
DIFFERENTIATE BETWEEN SUPPORT EFFECTS OF NIOBIA AND PHOSPHATE, AND 
TO ESTABLISH THE INTERMEDIATE DEGREE OF INTERACTION OF N I B O I A -
S I L I C A . 

MAGNETIC MEASUREMENTS, WHICH INCLUDED MAGNETIZATION-TEMPERA­
TURE BEHAVIOR AND PARTICLE S I Z E DETERMINATION, WERE ALSO MADE ON 
THIS SERIES OF CATALYSTS AS A FUNCTION OF REDUCTION TREATMENT. 
THESE RESULTS, IN CONJUNCTION WITH THOSE OBTAINED FROM K I N E T I C 
S T U D I E S , PROVIDED A PHYSICAL PICTURE OF THE DIFFERENT MECHANISMS 
FOR THE NIOBIA AND PHOSPHAT
TENT WITH THE LESS INTERACTIN
SHOULD PROVE USEFUL AS A MODEL SYSTEM FOR THE STUDY OF M E T A L -
SUPPORT INTERACTIONS IN GENERAL. 

EXPERIMENTAL 

SUPPORTS AND C A T A L Y S T S . THE PREPARATION OF THE SUPPORTS USED IN 
THIS STUDY WAS DISCUSSED IN DETAIL ELSEWHERE. THE TWO PHOSPHATE 
SUPPORTS, A L 2 0 ·2Α1Ρ0^ AND 4MGO E 13AL 2 C> 3 Ί Ο Α Ι Ρ Ο ^ WERE C O - P R E C I P I ­
TATED USING TNE NECESSARY NITRATE S A L T S , PHOSPHORIC A C I D , AND 
AMMONIUM HYDROXIDE AT A FIXED PH ( ! ) . NIOBIA WAS PRECIPITATED BY 
ADDING AMMONIUM HYDROXIDE TO A METHANOLIC SOLUTION OF NIOBIUM 
CHLORIDE ( 8 ) . THE N I O B I A - S I L I C A SUPPORT WAS PREPARED BY IMPREGNAT­
ING S I O ^ (DAVISON 952) TO INCIPIENT WETNESS WITH A HEXANE SOLUTION 
OF NIOBIUM ETHOXIDE. THE SAMPLE WAS THEN DRIED AND CALCINED TO 
OBTAIN A HOMOGENEOUS SURFACE PHASE OXIDE ( 9 ) . 

TABLE I SUMMARIZES THE CHARACTERISTICS OF NICKEL CATALYSTS 
PREPARED ONTO THESE SUPPORTS. FOR BREVITY THESE CATALYSTS WILL BE 
REFERRED TO BY A NOTATION IN THE FORM Α Α - Β . FOR EXAMPLE, 
7AAP-573 REPRESENTS A 7 WT % N I CATALYST SUPPORTED ON A ^ O ^ 
•2A1P0^ REDUCED AT 573 Κ FOR 1 H . INCIDENTALLY, THIS SAMPLE DID 
NOT REDUCE UNDER THESE CONDITIONS AND WAS EXCLUDED FROM FURTHER 
K I N E T I C STUDIES. NOTATIONS FOR THE OTHER CATALYSTS ARE SHOWN IN 
THE FIRST COLUMN OF TABLE I . ALL SAMPLES WERE REDUCED AT THE 
S P E C I F I E D TEMPERATURE FOR 1 H UNLESS NOTED OTHERWISE. THE PERCENT 
REDUCTION WAS DETERMINED BY MEASURING OXYGEN UPTAKE AT 673 Κ IN A 
COMMERCIAL THERMOGRAVIMETRIC SYSTEM (CAHN 1 1 3 ) . THE AVERAGE P A R T I ­
CLE S I Z E WAS DETERMINED BY EITHER X-RAY DIFFRACTION LINE BROADEN­
ING OR MAGNETIC MEASUREMENTS ( S E E BELOW). 

CHEMICAL MEASUREMENTS. ALL THE CATALYSTS IN TABLE I SHOWED A 
SUPPRESSION IN HYDROGEN CHEMISORPTION TO VARYING EXTENT. SUCH A 
SUPPRESSION MANIFESTED I T S E L F EITHER AS AN OVERESTIMATION OF C R Y S ­
T A L L I T E SIZE FROM CHEMISORPTION DATA OR AS A LOWER ADSORPTION 
STOICHIOMETRY OF H / N I , ν THAN WHAT WOULD BE EXPECTED OF A COMPAR­
ABLE N I / S I O ^ C A T A L Y S T . IN ADDITION, THE SUPPRESSION WAS MORE 
SEVERE WITH INCREASING REDUCTION TEMPERATURE ( 8 - 1 0 ) . AS MENTIONED 
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126 STRONG METAL-SUPPORT INTERACTIONS 

E A R L I E R , THIS STUDY FOCUSSED ON THE CHEMICAL BEHAVIOR OF THESE 
CATALYSTS IN ETHANE HYDROGENOLYSIS AND CO HYDROGÉNATION. BOTH 
REACTIONS WERE RUN IN A MICROREACTOR OPERATED IN A DIFFERENTIAL 
MODE AT ATMOSPHERIC PRESSURE. THE BRACKETING TECHNIQUE OF YATES ET 
A L . (11) WAS FOLLOWED IN THE CASE OF ETHANE HYDROGENOLYSIS, AND 
THE PROCEDURE SUGGESTED BY VANNICE (1^) WAS USED IN CO HYDROGÉNA­
T I O N . DETAILS OF THE REACTOR SYSTEM AND PROCEDURE CAN BE FOUND 
ELSEWHERE ( 6 ) . IN EXPRESSING THE ACTIVITY IN TERMS OF TURNOVER 
FREQUENCY, THE NUMBER OF SURFACE NICKEL ATOMS WAS CALCULATED BY 
USING THE AVERAGE PARTICLE SIZE AND PERCENT REDUCTION SHOWN IN 
TABLE I . 

MAGNETIC MEASUREMENTS. MAGNETIZATION MEASUREMENTS WERE PERFORMED 
USING A CAHN MODEL 6602-4 FARADAY APPARATUS. BASICALLY TWO TYPES 
OF EXPERIMENTS WERE DONE. THE FIRST TYPE INVOLVED MEASURING THE 
CHANGE OF MAGNETIZATION AS A FUNCTION OF TEMPERATURE AT A CONSTANT 
FIELD STRENGTH OF 5 K O E
BEHAVIOR AND CURIE TEMPERATUR
INVOLVED MEASURING THE MAGNETIZATION AS A FUNCTION OF APPLIED 
F I E L D AT ROOM AND LIQUID NITROGEN TEMPERATURE. THE PARTICLE S I Z E 
DISTRIBUTION WAS THEN OBTAINED BY F I T T I N G THE DATA TO THE LANGEVIN 
EQUATION (130 . A COMPARISON BETWEEN THE SATURATION MAGNETIZATION 
OF THE SAMPLE, OBTAINED FROM EXTRAPOLATING THE MAGNETIZATION-FIELD 
CURVE TO I N F I N I T E F I E L D , AND THAT OBTAINED FROM A CALIBRATION 
STANDARD (PURE BULK NICKEL) YIELDED THE APPARENT REDUCIBILITY OF 
THE C A T A L Y S T . A MORE THOROUGH DESCRIPTION OF DATA ANALYSIS IS 
GIVEN ELSEWHERE ( 1 4 ) . 

RESULTS 

ETHANE HYDROGENOLYSIS. TABLE I I SUMMARIZES THE K I N E T I C RESULTS OF 
ETHANE HYDROGENOLYSIS OVER NICKEL CATALYSTS ON PHOSPHATE ( 1 5 ) , 
NIOBIA ( 6 ) , AND N I O B I A - S I L I C A (9) SUPPORTS. AS A POINT OF ^EFER^ 
E N C E , TAYLOR ET A L . (16) REPORTED AN ACTIVITY RANGE OF 10 - 1 0 
M O L E C U L E / S / N I AT 478 Κ FOR N I / S I 0 9 CATALYSTS CONTAINING 1 , 5 , AND 
10 WT % N I . OF ALL THE SAMPLES REDUCED AT 573 Κ FOR 1 H , NICKEL ON 
MGAAP AND NS BOTH HAVE AN ACTIVITY CLOSE TO THAT OF N I / S I O ^ , 
INDICATING A SMALL SUPPORT E F F E C T . ON THE OTHER HAND, THE TWO 
NIOBIA-SUPPORTED SAMPLES ALREADY SHOW A SIGNIFICANT DECLINE IN 
A C T I V I T Y . THE A C T I V I T I E S OF ALL SAMPLES DECLINE FURTHER AFTER 
REDUCTION AT 773 K , AND THE NIOBIA-SUPPORTED SAMPLES REMAIN THE 
LEAST A C T I V E . 

ALL CATALYSTS SHOW ROUGHLY A FIRST-ORDER DEPENDENCE ON E T H ­
ANE PARTIAL PRESSURE, BUT THE DEPENDENCE ON HYDROGEN PARTIAL 
PRESSURE V A R I E S . THE THREE MOST INTERACTING NIOBIA-SUPPORTED 
SAMPLES HAVE A REACTION ORDER OF *V - 1 , WHEREAS THE OTHER SAM­
PLES HAVE VALUES BETWEEN - 1 . 5 AND - 1 . 8 . ACTIVATION ENERGIES OF ALL 
THE SAMPLES ARE CLOSE TO THE VALUE OF 170 KJ/MOLE REPORTED FOR 
N I / S I O ^ (11)· THE ONE EXCEPTION IS THE 7AAP-773 SAMPLE, WHICH HAS 
A SOMEWHAT HIGHER V A L U E . 

CARBON MONOXIDE HYDROGÉNATION. THE A C T I V I T I E S OF THESE NICKEL 
CATALYSTS IN CO HYDROGÉNATION ARE SHOWN IN TABLE I I I . THE PHOS­
PHATE-SUPPORTED CATALYSTS AS A GROUP ARE ABOUT A FACTOR OF 5 TO 10 
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13. KO ET AL. Kinetics in Nb2Û5 and Phosphate Supports 127 

Table I I . Kinetic Results of Ethane Hydrogenolysis 
over Nickel Catalysts 

Sample Ε k , kj/mol A 

Act ivi ty at 478 Κ 
(molecule/s/atom) 

7AAP-773( ) 
20MgAAP-573 
20MgAAP7773 
2NB-573^ 
2NB-773^% 
10NB-573)^ 
10NB-773^ ; 

9NS-573^ 
9NS-773C ; 

(1) 
(1) 

194 0.9 -1.5 8.0 X 
160 0.9 -1.8 1.4 X 
175 0.9 -1.5 2.0 X 
176 1.1 -1.1 1.1 X 
180 1.0 -1.2 1.2 X 
183 0.9 -1.7 4.9 X 
170 1.0 -0.9 1.4 X 
179 0.9 -1.7 5.9 X 
172 0.9 -1.7 4.1 X 

-7 
-4 
-6 

6 
-7 
-6 
-7 
-5 
-6 

(1) 

(2) 

(3) 

(4) 

Taken from reference (15). 

Taken from reference (6). 

Taken from reference (9). 

Exponents in the experimental rate law, kp p^ 
P|j correspond to ethane and hydrogen par t ia l pressure 
t ively . 

where p £ and 
respec-

LESS ACTIVE THAN THE NIOBIA-SUPPORTED C A T A L Y S T S . IN F A C T , THEIR 
A C T I V I T Y IS COMPARABLE TO THAT REPORTED FOR N I / S I O ^ (1Ζ>18)· THEIR 
S E L E C T I V I T Y IS ALSO SIMILAR TO THAT OF N I / S I O ^ IN THAT METHANE IS 
THE PRIMARY PRODUCT. INSTEAD OF SHOWING THE ACTUAL PRODUCT D I S T R I ­
BUTION, THE S E L E C T I V I T Y PATTERNS OF THESE CATALYSTS ARE H I G H ­
LIGHTED IN THE LAST TWO COLUMNS IN TABLE I I I AS TO WHETHER MORE 
HIGHER HYDROCARBONS ARE PRODUCED THAN N I / S I O ^ , AND WHETHER O L E -
F I N I C PRODUCTS ARE FORMED. WITH THESE COMPARISONS IT IS OBVIOUS 
THAT PHOSPHATE AND NIOBIA BEHAVE VERY DIFFERENTLY. IT IS N O T E ­
WORTHY THAT THE N I O B I A - S I L I C A SUPPORT DISPLAYS ALL THE CHARACTER­
I S T I C S OF BULK NIOBIA AND SHOWS AN EVEN HIGHER A C T I V I T Y . 

MAGNETIC R E S U L T S . TABLE I V SUMMARIZES THE MAGNETIC RESULTS FOR 
THIS SERIES OF C A T A L Y S T S . IT SHOULD BE NOTED THAT DUE TO THE 
CONFIGURATION OF THE FARADAY APPARATUS, THE REDUCTIONS PRIOR TO 
MAGNETIC MEASUREMENTS WERE DONE IN A STATIC HYDROGEN ATMOSPHERE OF 
ABOUT 400 TORR. FOR THIS REASON THE APPARENT REDUCIBILITY OF THE 
C A T A L Y S T , SHOWN IN TABLE I V AS N I ( 0 ) / ( N I T O T A L ) , IS NOT THE SAME 
AS THE PERCENT REDUCTION SHOWN IN TABLE I . IN GENERAL A HIGHER 
EXTENT OF REDUCTION WAS ACHIEVED WHEN THE CATALYST WAS REDUCED IN 
FLOWING HYDROGEN UNDER THE SAME TEMPERATURE AND DURATION. THE 
PURPOSE OF THE MAGNETIC STUDY WAS TO DETECT ANY BULK ELECTRONIC 
CHANGES WHEN THESE CATALYSTS WERE SUBJECTED TO A MUCH MORE SEVERE 
REDUCTION TREATMENT. UNDER THE MORE SEVERE CONDITION THE D I F ­
FERENCE BETWEEN STATIC AND FLOW MODE OF REDUCTION IS EXPECTED TO 
BE SMALL. 
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Table III . Kinetic Results of CO Hydrogénation 
over Nickel Catalysts 

Sample 
Activity at 548 Κ 

(xlO molecule/s^atom) 

Shift i n 
product 

distribution? 
CH, CO 

Olefin 
formation? 

7AAP-773 (1) 

20MgAAP-573 
20MgAAP7773 
2NB-573)^ 
2NB-773*,' 
10NB-573)^ 
10NB-773^ ; 

9NS-573)^ 
9NS-773( } 

(1) 
(1) 

0.24 0.27 no no 
0.48 0.68 no no 
0.30 0.39 no no 
1.9 4.2 yes yes 
2.6 3.5 yes yes 
2.4 6.3 yes yes 
1.8 5.8 yes yes 
6.3 37 yes yes 
3.8 

(1) 

(2) 

(3) 

Taken from reference (15). 

Taken from reference (6). 

Taken from reference (9). 

Table IV. Magnetic Results for Nickel Catalysts^^ 

Average particle, Ni(0) Curie 
Sample diameter (nm)' ' (Ni total) temperature (K) 

7AAP-773 
7AAP-873 

(16 h) 
20MgAAP-773 
20MgAAP-873 

(64 h) 
10NB-773 
10NB-873 

(16 h) 
9NS-873 

(5 h) 
9NS-873 

(16 h) 

3 0.2 603 
3 1 < 573 

4 0.45 643 
4 1 593 

7.5 1 643 
4.5 0.55 643 

4.5 1 633 

5-4.5 0.8 643 

^ ^Taken from reference (14). 
(2) 

' A l l values were obtained from magnetic measurements. 

The 7AAP sample showed a normally behaved magnetization-
temperature curve after a reduction at 773 Κ for 1 h. However, an 
anomalous concave downward curve was observed after a rigorous 
reduction at 773 Κ for 16 h (Figure 1). The corresponding Curie 
temperature (<573 K) is s ignificantly less than that of bulk 
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NICKEL (631 K ) . FOR THE 20MGAAP SAMPLE, A LOWERING OF CURIE 
TEMPERATURE WAS OBSERVED ONLY AFTER A REDUCTION AT 873 Κ FOR 64 H . 

FOR THE NIOBIA AND N I O B I A - S I L I C A SUPPORTED C A T A L Y S T S , THE 
CURIE TEMPERATURE REMAINS VIRTUALLY UNCHANGED AFTER A REDUCTION AT 
873 Κ FOR 16 H . AS SHOWN IN FIGURE 2, A SLIGHT DECREASE IN THE 
CURVATURE OF THE M(T) CURVE WAS FOUND FOR THE 10NB SAMPLE REDUCED 
AT 873 Κ FOR 16 TO 64 H . THIS CHANGE IN CURVATURE CORRESPONDS TO 
AN APPARENT DECREASE IN THE AVERAGE NICKEL PARTICLE S I Z E . SUCH AN 
APPARENT DECREASE IS ILLUSTRATED BY THE PARTICLE SIZE DISTRIBUTION 
DATA SHOWN IN FIGURE 3 . CONCURRENT WITH THIS CHANGE THE AMOUNT OF 
N I ( 0 ) IN THE CATALYST DECREASED TO ABOUT HALF OF THE ORIGINAL 
VALUE (TABLE I V ) . FIGURE 4 SHOWS QUALITATIVELY A SIMILAR SHIFT IN 
THE PARTICLE SIZE DISTRIBUTION FOR THE 9NS SAMPLE WITH INCREASING 
SEVERITY OF REDUCTION. HOWEVER, THE CHANGE IS SLIGHT COMPARED TO 
THE 10NB SAMPLE, SO IS THE DECREASE IN THE N I ( 0 ) CONTENT. 

DISCUSSION 

A HIERARCHY RECENTLY DEVELOPE
SEVERAL CHARACTERISTICS FOR SMSI BEHAVIOR ( 6 ) . THESE CHARACTER­
I S T I C S INCLUDE A DECREASE IN ETHANE HYDROGENOLYSIS A C T I V I T Y WITH A 
CHANGE IN THE RATE LAW AND AN INCREASE IN CO HYDROGÉNATION 
A C T I V I T Y WITH A SHIFT IN PRODUCT DISTRIBUTION. AS DISCUSSED E L S E ­
WHERE ( 6 ) , THE HIERARCHY CAN BE UNDERSTOOD IN TERMS OF AN INCREAS­
ING EXTENT OF THE MIGRATION OF REDUCED NIOBIA ONTO N I C K E L . RESULTS 
PRESENTED PREVIOUSLY CLEARLY SHOW THAT THE PHOSPHATE-SUPPORTED 
CATALYSTS DO NOT DISPLAY SIMILAR CHARACTERISTICS AND SUGGEST A 
DIFFERENT MECHANISM OF INTERACTION BETWEEN NIOBIA AND PHOSPHATE. 
MÉRIAUDEAU ET A L . (4) ALSO CONCLUDED THAT THE NATURE OF I N T E R A C ­
TION IS DIFFERENT BETWEEN T 1 O 2 AND CE02» THESE AUTHORS REPORTED 
THAT PLATINUM ON BOTH SUPPORTS SHOW SOME DEGREE OF SUPPRESSION OF 
HYDROGEN CHEMISORPTION, BUT DIFFERENT BEHAVIOR IS OBSERVED FOR 
BENZENE HYDROGÉNATION, N-HEXANE REACTION, AND CO HYDROGÉNATION. 
THEIR STUDY AND OURS DEMONSTRATE THE IMPORTANCE OF USING SEVERAL 
ADSORPTIVE AND CATALYTIC PROBES TO FULLY CHARACTERIZE M E T A L -
SUPPORT INTERACTIONS. SUPPRESSION IN HYDROGEN CHEMISORPTION, WHICH 
IS FIRST RELATED TO SMSI (1^), MAY BE INADEQUATE IN DEFINING THIS 
COMPLEX BEHAVIOR IN SOME SYSTEMS. 

MAGNETIC MEASUREMENTS OF THE N I O B I A - AND PHOSPHATE-SUPPORTED 
CATALYSTS AT HIGH REDUCTION TEMPERATURES PROVIDED A CLUE AS TO 
WHAT THE DIFFERENT MECHANISMS A R E . THE ANOMALOUS MAGNETIZATION-
TEMPERATURE CURVE OBSERVED FOR THE 7AAP SAMPLE IS SIMILAR TO THAT 
REPORTED BY IIDA (19) FOR AMORPHOUS NIP ALLOY F I L M S . AN ALLOY 
FORMATION BETWEEN NICKEL AND PHOSPHOROUS WOULD ALSO BE CONSISTENT 
WITH THE OBSERVED LOWERING OF CURIE TEMPERATURE. I T THUS SEEMS 
LIKELY THAT PHOSPHOROUS FROM THE SUPPORT DIFFUSES INTO THE NICKEL 
PARTICLE LEADING TO THE FORMATION OF AN A L L O Y . SINCE S O L I D - S O L I D 
DIFFUSION IS A SLOW PROCESS, A LONG AND SEVERE TEMPERATURE T R E A T ­
MENT IS NECESSARY TO INDUCE THE OBSERVED CHANGE IN MAGNETIC 
BEHAVIOR. THE SAMPLES USED IN THE K I N E T I C STUDIES ARE REDUCED 
UNDER MILDER CONDITIONS AND AS SUCH, REPRESENT AN EARLY STAGE OF 
THIS TYPE OF INTERACTION. IT IS THUS NOT SURPRISING THAT THE 
PHOSPHATE-SUPPORTED CATALYSTS BEHAVE VERY SIMILARLY TO N I / S I O ^ IN 
CO HYDROGÉNATION. ETHANE HYDROGENOLYSIS, ON THE OTHER HAND, IS 
MORE SENSITIVE TO THIS INTERACTION AS ITS ACTIVITY HAS ALREADY 
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0.8 
T/Tc(bulk) 

MAGNETIZATION-TEMPERATURE CURVES FOR 7% N I / Α Α Ρ . 
TREATMENTS WERE: (0) 773K. L H ; AND (T) 873K, 16H. 

DASHED LINE IS CALCULATED FOR A 40 A DIAMETER PARTICLE WITH 
A CURIE TEMPERATURE OF 603 K . (REPRODUCED WITH PERMISSION FROM 
R E F . 14 . COPYRIGHT 1985, ACADEMIC PRESS, I N C . ) 

FIGURE 1 
REDUCTION 

0.4 0.6 0.8 
T/Tc(bulk) 

FIGURE 2 . MAGNETIZATION-TEMPERATURE CURVES FOR 10% NI/NB^O^* 
REDUCTION TREATMENTS WERE: ( · ) 773K, L H ; (0) 873K, 16H; AND 
( • ) 873K, 64H. (REPRODUCED WITH PERMISSION FROM R E F . 14 . 
COPYRIGHT 1985, ACADEMIC P R E S S , I N C . ) 
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FIGURE 3 . PARTICLE S I Z E DISTRIBUTION DATA FOR 10% N I / N B ^ O , . . 
REDUCTION TREATMENTS WERE: (A) 773 K , L H ; AND (B) 873K, I 6 H . 
(REPRODUCED WITH PERMISSION FROM R E F . 14 . COPYRIGHT 1985, 
ACADEMIC PRESS, I N C . ) 

1.0 

CRYSTALLITE DIAMETER, A 

FIGURE 4 . PARTICLE SIZE DISTRIBUTION DATA FOR 9% NI/NB^O 
SIO . REDUCTION TREATMENTS WERE: (A) 773K, 2 H ; (B) 873K, 51 
AND (C) 873K, 16H. 
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BEEN LOWERED. IT SHOULD BE RECALLED THAT FOR NI/NB^O^ C A T A L Y S T S , 
CO HYDROGÉNATION IS MORE SENSITIVE THAN ETHANE HYDROGENOLYSIS AS A 
PROBE FOR THE INTERACTION ( 6 ) . EVEN THOUGH IT IS REASONABLE TO 
EXPECT SUCH A DIFFERENCE FROM THE DISSIMILAR MECHANISMS OF I N T E R ­
ACTION FOR THE TWO SYSTEMS, FUTURE WORK WILL BE NEEDED TO PROVIDE 
A CLEAR PHYSICAL PICTURE REPRESENTING THE EARLY STAGE OF I N T E R ­
ACTION IN THE PHOSPHATE-SUPPORTED C A T A L Y S T S . 

BETWEEN THE TWO PHOSPHATE SUPPORTS MGAAP IS LESS INTERACTIVE 
THAN ΑΑΡ UNDER COMPARABLE REDUCTION TREATMENT. THIS DIFFERENCE 
COULD BE DUE TO THE SLIGHTLY LARGER PARTICLE SIZE OF N I ON MGAAP, 
OR A LOWER A V A I L A B I L I T Y OF PHOSPHOROUS IN THE FORMER SUPPORT. OUR 
PRESENT DATA CANNOT DIFFERENTIATE THESE P O S S I B I L I T I E S . THE IMPOR­
TANT POINT IS THAT A LOWERING IN CURIE TEMPERATURE CAN ALSO BE 
INDUCED IN MGAAP, INDICATING A SIMILAR MECHANISM OF INTERACTION IN 
THE PHOSPHATE FAMILY. 

RECENTLY SEVERAL GROUPS HAVE PROVIDED STRONG EVIDENCE FOR 
THE PRESENCE OF TIO SPECIE
SYSTEMS OF N I / T I 0 9 CATALYST
THAT OXIDE MIGRATION ALSO OCCURS IN N I / N B - O , . IN VIEW OF THE 
SIMILARITY BETWEEN T I O ^ AND NB^O^ (2^6) . IN F A C T , THE PRESENCE OF 
NBO SPECIES WAS SUGGESTED TO EXPLAIN THE OBSERVED CHEMICAL BEHAV­
IOR FOR NI/NB^O^ CATALYSTS ( 6 ) . THE FOLLOWING PICTURE THEN COULD 
ACCOUNT FOR THE OBSERVED TREND IN MAGNETIC STUDIES. WITH THE MORE 
SEVERE REDUCTION TREATMENT AT 873 Κ FOR 16 H , IT SEEMS PLAUSIBLE 
THAT THE SURFACE SUBOXIDE SPECIES INCREASES IN CONCENTRATION AND 
REACTS WITH THE NICKEL METAL TO FORM AN OUTER LAYER OF COMPOUND. 
THIS COMPOUND, WHICH IS PROBABLY NICKEL NIOBATE, IS RESPONSIBLE 
FOR THE DECREASE IN THE OVERALL N I ( 0 ) CONTENT. THE INNER CORE OF 
NICKEL S T I L L RETAINS ITS MAGNETIC PROPERTIES, MOST NOTABLY THE 
CURIE TEMPERATURE, BUT IS OF A SMALLER DIAMETER THAN THE ORIGINAL 
P A R T I C L E . 

RESULTS FOR THE N I O B I A - S I L I C A SUPPORT LEND CREDENCE TO THIS 
P I C T U R E . BY LIMITING THE NIOBIA CONTENT, A MUCH SMALLER DECREASE 
IN EITHER THE AVERAGE PARTICLE SIZE OR N I ( 0 ) CONTENT IS FOUND FOR 
THIS SAMPLE. THE SIMILAR TREND FOR THE TWO NIOBIA-CONTAINING 
SUPPORTS, HOWEVER, REINFORCES THE CONCLUSIONS FROM K I N E T I C RESULTS 
THAT THE SAME MECHANISM OF INTERACTION PREVAILS IN THIS FAMILY OF 
SUPPORTS. 

AS NOTED EARLIER MORE SEVERE REDUCTION CONDITIONS WERE USED 
IN THE MAGNETIC THAN K I N E T I C STUDIES DUE TO THE DIFFERENT SCOPE OF 
THESE EXPERIMENTS. IN ORDER TO BRIDGE THIS GAP AND FULLY CORRELATE 
THE RESULTS, K I N E T I C MEASUREMENTS WERE MADE ON A FEW SELECTED 
SAMPLES REDUCED AT 873 Κ FOR 16 H . NICKEL SUPPORTED ON ΑΑΡ, MGAAP, 
N B , AND NS ALL SHOWED A FURTHER DECLINE IN ETHANE HYDROGENOLYSIS 
A C T I V I T Y UNDER THIS SEVERE REDUCTION. THE PHOSPHATE-SUPPORTED SAM­
PLES ARE THE LEAST A C T I V E , WHICH IS PROBABLY CAUSED BY A CONSIDER­
ABLE EXTENT OF ALLOY FORMATION. A HIGHER ACTIVITY WAS FOUND FOR 
NICKEL SUPPORTED ON N I O B I A - S I L I C A THAN ON N I O B I A . THE LESSER 
DEGREE OF INTERACTION FOR N I O B I A - S I L I C A IS ALSO EVIDENT IN THE 
RESULTS OF CO HYDROGÉNATION. AS SHOWN IN FIGURE 5 , BOTH 10NB AND 
9NS SHOWED A DECREASE IN A C T I V I T Y WHEN THE REDUCTION TREATMENT WAS 
RAISED FROM 773 Κ FOR 1 H TO 873 Κ FOR 16 H . THE ACTIVITY OF THE 
9NS SAMPLE IS HIGHER AT BOTH TEMPERATURES. BURCH AND FLAMBARD (17) 
ALSO REPORTED A DECREASE IN CO HYDROGÉNATION ACTIVITY WITH 
INCREASING TEMPERATURE OF ACTIVATION OVER N I / T I 0 9 . THUS, IT 
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FIGURE 5 . METHANATION ACTIVITY OF CARBON MONOXIDE HYDROGENA 
TION OVER NICKEL SUPPORTED ON (A) N B ^ O , AND (B) N B ^ O ^ - S I O ^ A 
A FUNCTION OF REDUCTION TREATMENT, INDUCTION TREATMENTS WERE 
( · ) 773K, L H ; AND ( A ) 873K, 16H. 
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APPEARS GENERALLY THAT FOR THESE CATALYSTS THE ENHANCEMENT IN 
A C T I V I T Y FIRST DIMINISHES AND THEN DISAPPEARS WITH INCREASING 
SEVERITY OF REDUCTION. A COMPARISON BETWEEN CATALYSTS SHOULD BE 
DONE WITH THIS OBSERVATION IN MIND. 

AT PRESENT THE EXACT CAUSE FOR THE ENHANCED CO HYDROGÉNATION 
A C T I V I T Y REMAINS UNCLEAR. SEVERAL AUTHORS HAVE PROPOSED THAT S P E ­
CIAL ACTIVE SITES EXIST AT THE SUBOXIDE-METAL INTERFACE ( 1 7 , 2 3 ) . 
RECENTLY, RAUPP AND DUMESIC (24) SUGGESTED THAT THE ENHANCED 
A C T I V I T Y OF N I / T I O ^ CAN BE UNDERSTOOD IN TERMS OF MORE COMPETITIVE 
HYDROGEN ADSORPTION AND THAT SPECIAL INTERFACIAL SITES NEED NOT BE 
INVOKED. WITHOUT DIFFERENTIATING BETWEEN THESE MODELS, WE SIMPLY 
SUGGEST THAT THE ENHANCED A C T I V I T Y IS RELATED TO THE PRESENCE AND 
DISTRIBUTION OF THE SUBOXIDE SPECIES ON THE METAL SURFACE. THE 
SUBOXIDE SPECIES SHOULD BE WELL DISTRIBUTED AT LOW CONCENTRATIONS, 
THUS AFFORDING A LARGE INTERFACIAL AREA AT ITS PERIMETER. WITH 
INCREASING CONCENTRATIONS THESE SPECIES ARE LIKELY TO AGGREGATE, 
RESULTING IN A LOSS O
SOME COMPOUND FORMATIO
IS CONSISTENT WITH THE OBSERVED ACTIVITY TREND. THE USE OF 
N I O B I A - S I L I C A PRESUMABLY SLOWS DOWN THE DECLINE IN ACTIVITY BY 
LIMITING THE CONCENTRATION OF MIGRATING OXIDE THROUGH A LOW A V A I L ­
A B I L I T Y OF N I O B I A . CONSEQUENTLY THE N I O B I A - S I L I C A - S U P P O R T E D SAMPLE 
IS MORE ACTIVE AT A GIVEN REDUCTION TREATMENT, WHICH WOULD CORRE­
SPOND TO A MORE FAVORABLE DISTRIBUTION OF THE SUBOXIDE S P E C I E S . I T 
SHOULD BE NOTED THAT OUR ARGUMENT ONLY REQUIRES THAT THE A C T I V I T Y 
IS RELATED TO THE AVAILABLE INTERFACIAL AREA AROUND THE PERIMETER 
OF THE SUBOXIDE S P E C I E S . WITH CURRENTLY AVAILABLE DATA IT WOULD BE 
D I F F I C U L T TO ASCERTAIN WHETHER SUCH A RELATIONSHIP ARISES FROM A 
CREATION OF SPECIAL SITES AT THE INTERFACE OR A DIFFERENCE IN THE 
COMPETITIVE ADSORPTION OF AND CO ON THE METAL SURFACE NEAR THE 
I N T E R F A C E . 

SUMMARY 

COMBINED K I N E T I C AND MAGNETIC STUDIES ESTABLISH DIFFERENT MECHAN­
ISMS OF METAL-SUPPORT INTERACTIONS FOR NIOBIA AND PHOSPHATE SUP­
PORTS. THE TERM S M S I , ORIGINALLY COINED FOR T I 0 2 - S U P P O R T E D M E T A L S , 
SHOULD PERHAPS BE RESERVED FOR SYSTEMS WHOSE MODE OF INTERACTION 
IS SIMILAR TO THAT OF T I 0 2 « IN ADDITION TO THE SUPPRESSION IN 
HYDROGEN CHEMISORPTION AND ITS REVERSIBILITY WITH OXIDATION AS 
FIRST REPORTED FOR SMSI BEHAVIOR, OTHER CHEMICAL PROBES CAN BE 
USED TO FURTHER DEFINE THIS PARTICULAR MODE OF INTERACTION. 

EVEN FOR AN SMSI O X I D E , THE EXTENT OF INTERACTION IS D E P E N ­
DENT ON MANY PARAMETERS AND A COMPARISON AMONG SAMPLES MUST BE 
DONE SYSTEMATICALLY. UNDER HIGH REDUCTION TEMPERATURES ENCAPSULA­
TION OF THE METAL PARTICLE LEADS TO A DECLINE IN CO HYDROGÉNATION 
IN NIOBIA-CONTAINING SUPPORT. THE N I O B I A - S I L I C A SURFACE PHASE 
O X I D E , WHICH SHOWS A SIMILAR MECHANISM OF INTERACTION TO NIOBIA 
BUT IS LESS INTERACTING, SHOULD PROVE USEFUL AS A MODEL SYSTEM IN 
FUTURE S T U D I E S . 
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14 
Intermetallic Compounds as Models for Materials 
Formed at the Metal Crystallite-Oxide Support Interface 

Ralph G. Nuzzo and Lawrence H. Dubois 

AT&T Bell Laboratories, Murray Hill, NJ 07974 

This paper discusses transition metal intermetallic compounds, in the 
context of the reactivity and physical properties expected for materials 
produced via solid-soli
interface. It is shown that several observable and proposed features of 
the so called Strong Metal-Support Interaction (SMSI) — 
chemisorption activity, phase segregation, and encapsulation — follow 
naturally from the chemistry of these materials. Both literature 
precedent and experimental data are presented to support the close 
relationship suggested above. 

Are intermetallic compounds and their associated properties a reasonable model for 
the Strong Metal-Support Interaction (SMSI)? Before addressing this question, it 
would serve well to restate and review briefly the most frequently cited explanations of 
the origin of this effect (1,2): (1) Direct electron transfer from the support to the 
metal catalyst; (2) Schottky barrier formation at the metal crystallite-oxide support 
interface; (3) Changes in crystallite size, structure, and morphology; 
(4) Encapsulation; (5) Alloy and/or intermetallic compound formation. The first two 
proposals, which we reasonably classify as being electronic theories, have been the 
subject of considerable criticism (2). Indeed, the physics related to the latter of these 
first two proposals, and metal-semiconductor interfaces in general (3), places almost 
intolerable constraints on the applicability of this proposed origin of the SMSI effect. 
It is not our intention or inclination to recite or develop this type of critique. Rather, 
we would like to describe in general terms the results emerging from our studies on the 
properties of silicon based intermetallic compounds and to suggest that similar 
materials and processes might serve centrally in the last three mentioned explanations 
of the SMSI effect. Indeed, this notion is not completely new to us as Tauster et al.9 

in their original paper (4), showed that the formation of Pt 3Ti (produced via the high 
temperature reduction of platinum on Ti0 2) is thermodynamically feasible. By way of 
reference, we would direct the reader to the primary articles where much of the 
following information is discussed in explicit detail (5-11). 

Three main properties have come to characterize the SMSI effect (1). The first 
of these is a diminished activity toward the chemisorption of H 2 and CO induced by 
the high temperature reduction of a supported metal catalyst (low temperature 
reductions are ineffective). The second is a significant alteration of the catalytic 
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activity and/or selectivity of the metal. Finally, the SMSI state can be reversed, in 
that these effects are eliminated by a subsequent oxidation at a moderate temperature 
followed by a low temperature reduction. We first are led to ask, then, do 
intermetallic compounds exhibit "altered" and diminished chemisorption activity? 

The answer to the above is a clear and emphatic yes as first shown by ourselves 
on the (111) and (100) single crystal surfaces of NiSi 2 (5) and more recently by Ross 
and coworkers on both polycrystalline and single crystalline Pt 3Ti (12,13). We note 
that, although most studies to date have dealt with zero-valent materials, partially 
oxidized species may show similar effects. In the case of metal crystallites supported 
on reducible oxide substrates (14), these latter materials may, in fact, be more 
relevant. Despite this, the properties of zero valent intermetallic surfaces can provide 
useful insights as we shall show below. 

Chemisorption Studies 

Data for the chemisorption of small molecules on NiSi ( l l l ) (5), Pt Ti (12,13), Ni Ti 
(15), Ni, Si, Ti, and Pt surface
two striking contrasts. 

Table I 

Small Molecule Chemisorption on Intermetallic Compound Surfaces 

Adsorbate 
Surface o 2 Η 2 CO c o 2 

NiSi 2 o a N R b , c C+O d o + c o ( g ) 

Ni ο Η CO NR 
Si ο NR C NR — 

Pt 3Ti ο NR C O e — 

Pt ο Η CO NR 
Ti ο Η C+O O+CO 

Ni 3 Ti ο Η C+O, CO — 

a. Low exposures, chemisorbed oxygen; high exposures, Si0 2 formation. 

b. NR - no reaction. 

c. Η atoms will chemisorb. 

d. Low sticking probability for the molecular species. 

e. Amount of CO adsorbed is significantly less than that observed on pure Pt. 

First, NiSi 2 ( l l l ) exhibits little or no activity toward the dissociative chemisorption of 
molecular hydrogen. Pt 3Ti also shows a lack of reactivity toward H 2 (this dissociation 
is facile on pure nickel and platinum surfaces). Further, our studies show that, on 
NiSi 2 ( l l l ) , this effect is kinetic in origin as hydrogen atoms readily and strongly 
chemisorb on this surface (5). Similar kinetic limitations to hydrogen dissociation also 
have been observed on several T i 0 2 supported Group VIII metal surfaces (16). 
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Second, CO strongly chemisorbs as the molecular species on nickel and platinum metal 
surfaces under the conditions given in Table I while, on NiSi 2 ( l l l ) , the sticking 
probability is extremely low. Once bound, however, dissociation to surface bound 
carbon and oxygen occurs in a facile process. Our subsequent studies have shown that 
these properties are not singular to the NiSi 2 ( l l l ) surface (i.e. a surface in which all 
Ni-Ni and Si-Si bonding is excluded) as both different nickel suicide stoichiometrics 
and morphologies have shown similar perturbations of chemisorption activity. Facile 
CO dissociation was also seen on N i 3 T i (15). In sharp contrast, Pt 3Ti shows both a 
decrease in total CO uptake and a shift to lower binding energy compared to pure 
platinum; no dissociation was detected (1_2). It is thus clear that intermetallic 
compound formation has not made the metal centers in these materials uniformly 
either more or less reactive. Bardi et al. have made similar observations and ascribed 
them to alterations of electronic structure arising predominately through a ligand 
effect (12). Such notions are hard to generalize, however. For example, the electronic 
structure of NiSi 2 ( l l l ) has been likened unto that of a compound noble metal (17), a 
description which seems at odd

Catalytic Activity 

Studies of the catalytic chemistry of bulk metal suicides are difficult to perform due to 
their facile oxidation upon exposure to air (7,18,19). It was necessary, as a result, to 
prepare catalysts in situ (i.e., in the reactor). There are reports in the literature that 
supported intermetallic compounds can be prepared by heating nickel on silica (an 
SMSI example using a highly redox resistant support) catalysts to 900 °C in flowing 
H 2 (20,21). In fact, the semiconductor literature is replete with studies showing that 
intermetallic compound thin films can be formed via the high temperature deposition 
of metal overlayers on oxidized silicon single crystal substrates (22,23). In the case of 
the catalytic studies, involving metals supported on silicon oxide carriers, the new 
materials were characterized by a significant decrease in hydrogen uptake activity as 
well as by a decrease in saturation magnetization (20). Further studies of such 
reactions in our laboratory indicated that both the metal and the support were 
extensively sintered. These samples displayed low CO and H 2 chemisorption activity 
as well as a slightly altered activity and selectivity in the competitive 
dehydrogenation/hydrogenolysis of cyclohexane (6). 

In order to form well characterized intermetallic materials under more mild 
conditions, we have prepared supported silicon based intermetallic compounds by the 
metal surface catalyzed decomposition of organosilanes (6,7). The decomposition of 
such reagents as S i H 4 or (CH 3 ) 6 Si 2 (the latter in the presence of H 2) on nickel 
surfaces cleanly yields intermetallic compounds whose structure and stoichiometry 
depend on such factors as substrate temperature, total gas exposure, and reaction time. 
The generality of this procedure is indicated on the periodic table given in Figure 1 
which details the metals we have examined and the conditions necessary to effect their 
modification (7). XPS and Auger studies indicate that the procedures of thin film 
interdiffusion (a standard technique for forming intermetallic compounds) and surface 
mediated decomposition yield materials of nearly identical stoichiometry when 
reactions are run under comparable conditions (7). As expected, we observed low H 2 

chemisorption activity on both supported and unsupported intermetallic materials 
formed by this latter preparative procedure. CO chemisorption activity was not 
studied for the reasons discussed below. 
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The trends observed in the chemisorption activity of the nickel suicides (see 
above) are also manifested in their catalytic activity (6,8). This is most clearly shown 
by the data given in Figure 2. As is indicated, the catalytic reformation of 
cyclohexane over a supported nickel suicide catalyst exhibits both different product 
balances and power rate dependences than that which obtains for pure nickel. We 
believe that the negligible H 2 partial pressure dependence of this reaction is the result 
of a large kinetic barrier to hydrogen dissociation on the nickel suicide surface. 
Several hydrogénation and isomerization studies on Pd-Si glasses have also shown 
significant changes in catalytic activity and selectivity when compared to reactions 
taking place on pure palladium (24,25). Thus, in terms of important chemical 
reactivity patterns, intermetallic compounds can exhibit properties akin to those seen 
in the SMSI effect. 

Although not expressly stated as such, extensions of the data given above also 
begin to address the question of reversibility. As we will show, there exists a strong 
relationship between the ideas which follow and the proposed importance of 
encapsulation and morphologica

Surface Oxidation 

Table I shows us that 0 2 dissociates readily on NiSi 2 ( l l l ) . Examination of high 
resolution electron energy loss (EELS) spectra leads to the suggestion that this 
adsorption results in the initial coordination of oxygen atoms at bridged nickel-silicon 
sites (5). Aging the sample, or simply warming it to ambient temperature, results in 
the observation of a very different type of oxygen centered bonding. New modes 
appear which indicate a significant restructuring of the surface to generate silicon 
based bonding in Si-O-Si linkages, that is, the preferential segregation of a silicon 
oxide (5). This effect is powerfully demonstrated by the XPS data shown in Figure 3. 
The upper trace shows core levels of Si (2s and unresolved 2p doublet) and Ni (3s) as 
they appear in a Ni 2 Si thin film grown by the surface mediated decomposition of S i H 4 

on a nickel foil at 300 °C. Exposure of this material to air at 25 °C yielded the surface 
characterized by the spectrum in the middle trace in Figure 3. Careful examination of 
these and other core levels show that oxidation, under these conditions, results in the 
preferential segregation of oxidized silicon (7,9,11). Further, the metal suicide 
underlayer is passivated by this thin non-native oxide. The results of Bardi et al. 
show that this is not an exclusive property of silicon based intermetallic compounds; 
both Pt 3Ti (12,Π) and Pt-Zr (26) thin films show similar preferential segregation of 
the thermodynamically more stable oxide. In addition, materials such as Ti 2 Ni, 
TiCu 3 , and iron-titanium alloys (27) as well as LaNi 5 (28) require pre-treatment at 
elevated H 2 pressures to remove an encapsulating surface oxide before significant 
hydrogen absorption can take place. 

We, and others, have also found that these same oxidations are very hard to 
prevent even under strongly "reducing" or U H V conditions (5,29). For example, 
Table I shows that even CO and C 0 2 are sufficiently strong "oxidants" to effect these 
reactions while other observations we have made suggest that low level water 
impurities in hydrogen streams can result in the oxidation of the intermetallic with the 
concomitant encapsulation and passivation of the metal. The consequences of 
oxidation at high temperatures have been shown in convincing detail by Wallace (30), 
Hercules (19), and their coworkers. All elements of the intermetallic are oxidized and 
the morphology and chemical state of the metal particles, as a result, are extensively 
altered. A subsequent reduction at low temperature reduces only the group VIII 
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M + y S l H 4 ^ - * " M X S i y • 2yH 2 

TREATMENT TEMPERATURE (°C) 

550 510 - 3 3 0 120 

SC 
A 

/ 
Cr 

/ 

/ 
Mn 

/ 
Fe CO 

Ni 

Cu Zn 

Y Zr Nb MO TC 
/ 

Ru 
/ 

Rh Pd Ag Cd 

La Hf τ α W 
A 

Re o/ 
/ 

Ir 
/ 

Pt Au Hg 
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Figure 1. Periodic table showing intermetallic compound formation from the 
reaction of clean metal surfaces with —5000L of SiH 4 . Temperature required to 
grow thin films are indicated above the table. Solid areas indicate metals studied 
in our laboratory, while the
employable based on thin film interdiffusion precedents. 

(a) 

10 % Ni · A î 2 0 3 

(b) 

20 30 40 
% H 2 IN He 

Figure 2. Product distribution for cyclohexane conversion to either benzene or 
hydrogenolysis (>90% n-hexane) products over (a) pure nickel on alumina and 
(b) the same catalyst after treatment with hexamethyldisilane in H 2 . Reaction 
conditions are discussed in references (6) and (8). 
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160 440 120 100 
BINDING ENERGY (eV) 

Figure 3. XPS spectra of (a) a Ni 2 Si thin film formed via the reaction of a clean 
Ni foil with S i H 4 at 300 e C ; (b) same foil after exposure to air for 5 minutes at 
30 °C; (c) silicon (100) single crystal with a native oxide overlayer. 
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component (that is to say, the "SMSI effect" is reversed and a novel oxide supported 
metal catalyst is formed (30)). A schematic view of the entire process — 
intermetallic compound formation at elevated temperatures, oxidation, and subsequent 
reduction — is shown in Figure 4. The general notion presented here, then, is that 
intermetallics can provide an effective means of transport of a support metal ion to the 
surface of a catalyst. 

(a) (b) 

300-800°C 

N i S i v 

H 2 ,500°C 

p i e 

0 2 , 2 5 ° C 

SiQ2 

NiSi x 

0 2 , 25°C 

PtT i x O Y 

0 2 , 300°C 0 2 t 300°C 

Ti0 2/Pt-PtO x 

H 2 l 300eC 

Si0 2 /Ni-NiO x 

H 2 f 600°C 

S i0 2 

Figure 4. Schematic view of intermetallic compound formation, oxidation 
(encapsulation), and subsequent reduction of (a) Ni on Si and (b) Pt on Ti0 2 . 
We note that the oxidation states of Pt and Ti in PtTi x O y are not known (i.e., y 
may be 0); this figure is intended to indicate qualitative phase formation 
characteristics only. 

General Observations 

What, then, need pertain in order for intermetallic compounds to help explain what 
has been called SMSI? First, and most importantly, they must form as a result of the 
high temperature reduction of the metal catalyst (typically Group VIII) on an 
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appropriate support (generally Ti0 2 ) . We conclude that there is ample precedent for 
this type of reactivity in both the chemical (4,20,21) and thin film technology (22,23) 
literature. It should be noted, in this regard, that the SMSI effect is most frequently, 
but not exclusively, observed on metal oxide supports which are easily reduced (14). 
Second, these materials, or the products derived from them, must exhibit the 
observable properties characterizing SMSI. Our belief is that the studies reviewed 
above, as well as those of others not directly cited herein (2), allow strong inferences 
to be made about the relationship between the properties of intermetallic compounds, 
and their derivatives, and the mechanism (s) and characteristics of the SMSI effect. 
Indeed, it may prove that SMSI is not a single effect (31) under all conditions of 
practice. This is most clearly suggested by the multi-phase material whose core level 
spectrum is shown in the middle trace in Figure 3. This material, comprised of 
layered pure metal, intermetallic, and passivating/inert oxide domains (Figure 4), 
shows how a complex morphology, characterized by abnormal chemisorption activity, 
is easily obtained as a result of intermetallic compound formation followed by a 
subsequent selective segregatio
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15 
Effect of H2 Treatment on the Catalytic Activity of 
Pt-SiO2 Catalysts 

H. Zuegg and R. Kramer 

Institut für Physikalische Chemie, Universität Innsbruck, A-6020 Innsbruck, Austria 

The deactivation of platinum catalysts for hydrocarbon reactions 
caused by high temperature reduction (HTR) has been observed by many 
authors (for review, se  1)  Whe  usin  titani t th  extent 
of deactivation is especiall
supports like silica or  reporte
(2, 3). The aim of this work was to investigate the changes in 
activity of Pt/SiO2 model catalysts caused by HTR. Special interest 
has been paid to the activity change of the Pt/SiO2 phase boundary 
in relation to the bulk platinum surface, as was for instance observed 
recently by Resasco and Haller (4) with Rh/TiO2. We have shown 
earlier (5, 6) that the hydrogenolysis of methylcyclopentane (MCP) on 
platinum proceeds via two different pathways, (i) occurring at the 
"bulk" platinum surface and yielding exclusively 2-methylpentane 
(2-MP) and 3-methylpentane (3-MP), and (ii) occurring at the phase 
boundary Pt-support, where nearly statistical ringopening leads to 
the formation of 2-MP, 3-MP and n-hexane (n-H). The selectivity for 
n-hexane formation in this reaction was therefore taken to indicate 
possible activity changes of the phase boundary in relation to the 
Pt-surface. Parallel to the MCP hydrogenolysis the hydrogenation of 
benzene was chosen for examining in addition the effect of HTR on a 
structure insensitive reaction. 
Experimental 

The model catalysts were prepared by HV deposition of an 
amorphous Si0 2 film (by evaporation of SiO in 10~ Pa of oxygen), onto 
which Pt was deposited by high vacuum evaporation, as described 
earlier (7). In order to get catalysts of different dispersion, the 
mean thickness of deposited Pt was varied between 0.1 and 1 nm. By 
TEM inspection of catalyst specimens the particle density and the 
particle size distribution were obtained, from which data the 
platinum surface area and the dispersion were calculated. Additionally 
a conventional 6,3 % Pt/Sio^ catalyst (EUROPT-1, d = 1.7 nm) was used 
in the experiments. 
The catalytic reactions were carried out in an all-glass 
recirculation apparatus providing long reaction times. For a l l 
reactions the conversion-time behavior was measured up to a reaction 
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time of one hour. The partial pressures of MCP and benzene were 
1 KPa and 3 KPa respectively, hydrogen was admitted to a total 
pressure of 1 atmosphere. The reaction temperatures were 523 Κ for 
MCP hydrogenolysis and 323 Κ for benzene hydrogénation. Before each 
experiment the catalysts were pretreated by heating in oxygen at 
673 K. After cooling down to room temperature in flowing helium 
the catalysts were reduced by heating up in hydrogen (a) to 523 Κ for 
low temperature reduction (LTR) and (b) to 673 Κ for high temperature 
reduction (HTR). The LTR was continued for at least one hour at 
523 K, in the HTR the time of treatment was varied in order to 
investigate the extent of deactivation as a function of HTR treatment 
time. 

Results 

A. Hydrogenolysis of Methylcyclopentane. After LTR of the 
catalysts the product distributio
the expected dependence o
of a l l LTR-catalysts agree within experimental error, leading to an 
approximate turnover number of 40 h , independent of the metal 
dispersion. The conversion increases nearly linearly with reaction 
time, indicating that no significant deactivation occurs during 
reaction. The HTR causes generally both a decrease in the 
selectivity for n-hexane and a loss of catalytic activity, but 
these changes exhibit a different time dependence. After HTR for only 
15 minutes the f u l l shift in selectivity i s reached, while the 
activity has changed only moderately. After HTR for several hours the 
remaining activity reaches a stationary level of about 10 to 40 % of 
the i n i t i a l value (Fig. 1). No general dependence of the deactivation 
on dispersion could be established. However, with the EUR0PT-1 
catalyst only a change in the reaction selectivity but no significant 
loss in the activity was observed. The changes of the catalytic 
behavior turned out to be reversible and i n i t i a l selectivity could 
be reestablished by treatment in oxygen, but again selectivity was 
changed more easily than the activity. While treatment of the 
catalysts with oxygen even at room temperature gave the i n i t i a l 
selectivity, the activity was only partially restored after room 
temperature oxygen treatment. Further increase of activity was ob­
served by oxygen treatment at successively higher temperatures 
(Fig. 2). Only when treated at 673 Κ in oxygen did the catalysts 
regain their f u l l i n i t i a l activity. 

B. Hydrogénation of benzene. After LTR the activities of the 
catalysts agree within experimental error resulting in a turnover 
number of approximately 300 h . Again, after HTR the activity of the 
model catalysts was decreased, while the EUR0PT-1 catalyst retained 
the i n i t i a l activity. With the model catalysts the extent of 
deactivation by HTR i s smaller for benzene hydrogénation than for MCP 
hydrogenolysis. However, oxygen treatment at room temperature has a 
smaller effect on benzene hydrogénation activity than on the 
activity for MCP hydrogenolysis. For both reactions the same fraction 
of i n i t i a l activity i s regained after this treatment and the further 
recovery of activity due to oxygen treatment at successively higher 
temperatures proceeds in a similar way for both reactions. 
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Table I. Effect of HTR on catalytic behavior. 

147 

Catalyst Selectivity change Activity change 

Pt mean Disper- % n-hexane in Activity ratio HTR/LTR 
thickness sion MCP hydrogenolysis for MCP hydro- for benzene 

(nm) % after LTR after HTR genolysis hydrogénation 

1.0 7 3 3 0.3 0.7 
0.52 17 6 8 0.3 0.8 
0.3 20 12 11 0.1 0.8 
0.23 30 28 23 0.4 1.0 
0.1 40 37 32 0.15 0.7 

EUROPT-1 60 40 3

Discussion 

The results obtained with the MCP hydrogenolysis indicate that 
HTR causes two different effects on the catalytic behavior of the 
Pt/SiO^ model catalysts: (i) a fast change of the selectivity to less 
n-hexane formation followed by (ii) a slow decrease of activity. 

As was mentioned above the nonselective pathway of MCP hydro­
genolysis (formation of n-hexane additional to 2-MP and 3-MP) takes 
place at the phase boundary platinum-support (6). From the change of 
selectivity towards less n-H formation i t i s concluded that HTR 
causes a preferential inhibition of catalytic ensembles composed by 
platinum and support sites. This process occurs rather fast but 
requires reduction temperatures higher than 600 K. In earlier work (B) 
we were able to show that at these temperatures atomic hydrogen can 
be adsorbed at the support surface via hydrogen spillover. The support 
surface next to the platinum should quickly be saturated by this 
spilled-over hydrogen resulting in a partial reduction of the s i l i c a 
surface. This reduction of the support surface i s assumed to be 
responsible for the change of selectivity by inhibition of the 
catalytic sites situated at the phase boundary platinum-silica. The 
inhibition of these "adlineation ensembles" may occur either by 
poisoning of support sites by atomic hydrogen or by formation of a 
bond between platinum and s i l i c a , as has been proposed recently by 
Frennet and Wells (9), resulting in a changed electronic structure 
of the platinum atoms adjacent to the support. A localized charge 
transfer has been proposed recently by Resasco and Haller (4) to 
account for the activity loss of the Rh/Ti0 2 interface. 

The fast attainment of the i n i t i a l selectivity by an oxygen 
treatment at room temperature i s also understandable on the basis of 
this mechanism, since atomic hydrogen adsorbed at support sites 
adjacent to the platinum should easily be oxidized even at room 
temperature. 

The overall deactivation due to the HTR is reversed by oxygen 
treatment at 673 K. Hence sintering of the platinum particles i s not 
responsible for the deactivation since redispersion i s not likely to 
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occur in oxygen at 673 K. Furthermore the deactivation i s only 
observed with the model catalysts, while the activity of the EUROPT-1 
catalyst i s hardly affected by HTR. The support of the model cata­
lysts i s prepared differently than that of the EUROPT-1 and we 
therefore conclude that the supporting material i s involved in the 
deactivation process. This result rules out the proposal during HTR 
inhibit platinum sites, since in this case the effect of HTR should 
not depend on the support. 

The HTR affects more strongly the activity for MCP-hydrogenolysis 
than that for benzene hydrogénation. However, as i s seen in Figure 2, 
even an oxygen treatment at room temperature results in a recovery of 
activity for MCP hydrogenolysis to reach the same fraction of i n i t i a l 
activity as for benzene hydrogénation. The stronger deactivation vs 
MCP hydrogenolysis due to HTR can be related to the change in 
selectivity, i.e. both are caused by HTR and are reversed by oxygen 
treatment at room temperature. Therefore we conclude that the 
partial reduction of the
platinum, at least for hydrogenolysi
room temperature most likely results in the reoxidation of the 
support surface thereby reversing the special deactivation and the 
change of selectivity However sthe f u l l activity ±s not regained by 
this oxygen treatment at room temperature. 

As the course of reactivation by further oxygen treatments agrees 
for both reactions, we assume that part of the platinum surface might 
be inhibited geometrically by support material, a mechanism well 
established for titania supported catalysts exhibiting SMSI behavior 
(10). This inhibition of the platinum surface could occur either by 
surface migration of s i l i c a due to wetting conditions in the reducing 
ambient causing the formation of a s i l i c a skin or by diffusion of 
molecular SiO species onto the platinum surface. 

The formation of a s i l i c a skin has been already proposed by 
Schuit et a l . (jj.) for explaining deactivation effects in Ni/Si0 2 

catalysts. From electron microscopic observations the beginning of 
skin formation in the Pt/SiO- system at high temperatures was 
deduced (12). 

On the other hand, the segregation of s i l i c a on platinum surfaces 
has been reported to start at about 600 Κ by bulk diffusion through 
platinum (13). Van Langeveld et a l . (14) have shown that the 
structure of the substrate (quartz or Pyrex) determines, whether 
SiO species can migrate through evaporated films of platinum. Hence, 
the fact that EUROPT-1 does not suffer from this deactivation could 
be due to the different preparation procedures of the s i l i c a . The 
support fojj the model catalysts, which i s prepared by deposition of 
SiO in 10~ Pa of oxygen, may have retained some structural "memory" 
on the formation from SiO and may therefore be reduced more easily 
than the conventional s i l i c a of the EUROPT-l catalyst. The islands 
formed by segregation of sili c o n from bulk platinum are reported to 
be easily oxidized to Si0 2 at temperatures lower than 400 K, when 
they are exposed to atomic oxygen (^5). Thus assuming molecularly 
dispersed silicon species to be formed during HTR, these species 
should be readily oxidized to S i 0 2 even at room temperature, since 
atomic oxygen necessary for this oxidation i s certainly provided by 
dissociatively adsorbed oxygen on platinum. 

While oxygen treatment at room temperature i s assumed to be 
sufficient to cause reoxidation of either the s i l i c a skin or the 
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1 ——τ 
5 10 h 

Time of HTR treatment 
Figure 1. Loss of activity towards MCP hydrogenolysis as a func­
tion of HTR treatment time. 
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Figure 2. Recovery of activity due to oxygen treatments at suc­
cessively higher temperatures. 
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silicon islands formed during HTR, higher temperatures are obviously 
necessary for removing the s i l i c a from the platinum surface thereby 
restoring the activity for MCP hydrogenolysis and benzene hydro­
génation in a similar way. The mobility in the silica/platinum system 
also under oxidizing conditions has been demonstrated earlier (J5) by 
an experiment, using a Pt/Si0 2 model catalyst, exhibiting a platinum 
particle size of about 10 nm. This catalyst was covered by a 20 nm 
thick layer of Si0 2 by HV deposition, resulting in a total loss of 
catalytic activity. However, after heating in oxygen at 673 Κ 
followed by reduction at 523 Κ 26 % of the i n i t i a l activity was 
regained, indicating that the mobility i s sufficient to lead to the 
reexposure of a substantial part of the platinum surface. 

Conclusion 

(i) High temperature reduction of platinum / s i l i c a model catalysts 
causes two different effect
connected with a specia
slow overall deactivation for both MCP hydrogenolysis and benzene 
hydrogénation. 
(ii) The special deactivation of MCP hydrogenolysis and the change in 
product distribution i s assumed to be due to a partial reduction of 
the support next to the platinum via hydrogen spillover causing a 
deactivation of catalytic ensembles at the phase boundary. The de­
activation of the platinum support ensembles may be caused either by 
inhibition of support sites by atomic hydrogen or by formation of a 
Pt-Si bond leading to a disturbed electronic structure of platinum 
adjacent to the support. 
( i i i ) The overall deactivation for MCP hydrogenolysis and benzene 
hydrogénation i s most likely due to coverage of platinum by s i l i c a . 
This coverage can occur either by s i l i c a skin formation due to wetting 
conditions in a reducing atmosphere or by diffusion of molecularly 
dispersed SiO species onto the platinum particles. 
(iv) Recovery of i n i t i a l activity i s attained by oxygen treatment at 
673 K. It i s assumed that this treatment causes the removal of 
the s i l i c a skin or the diffusion of the Si0 2 islands back to the 
support. 

The effect of hydrogen pretreatment temperature on the catalytic 
behavior of Pt/SiO^ model catalysts has been studied for hydrogeno­
lysis of methylcyclopentane (MCP) and hydrogénation of benzene. For 
benzene hydrogénation the catalysts exhibit only a slightly lower 
activity after high temperature reduction compared to that after low 
temperature reduction. In the MCP hydrogenolysis both a loss of 
activity and a change of product distribution i s observed after high 
temperature reduction. However, the i n i t i a l product distribution of 
MCP hydrogenolysis i s reestablished after oxygen treatment at room 
temperature, and f u l l i n i t i a l activity for both reactions is re­
gained after oxygen treatment at 673 K. 

On the basis of these results the following mechanisms are 
deduced: (i) Partial reduction of the support adjacent to the p l a t i ­
num via hydrogen spillover, resulting in a special deactivation for 
MCP hydrogenolysis and in a change of product distribution. This 
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reduction i s reversed by oxygen treatment at room temperature, 
(ii) The overall deactivation for both reactions i s assumed to be 
due to platinum covered by supporting material. The s i l i c a cover 
layer i s assumed to be formed either by formation of a s i l i c a skin 
due to wetting conditions in the reducing atmosphere, or by bulk or 
surface diffusion of SiO species onto the platinum particles. By 
oxygen treatment at 673 £ the s i l i c a cover layer i s removed and the 
f u l l platinum surface i s again exposed to the gas phase. 
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Interactions and Surface Phenomena in Supported Metal 
Catalysts 

E. Ruckenstein 

Department of Chemical Engineering, State University of New York at Buffalo, Amherst, 
NY 14260 

Transmission Electron Microscopy was used to investi­
gate the behaviour of Fe/alumina catalysts in various 
environments (such as  and O . The results indi­
cate that dependin
lites can extend, spread or contract upon the substrate 
and also acquire toroidal shapes or fracture into 
smaller units. At high temperatures and in an O2 
atmosphere, films spread out from the crystallites 
and a (multilayer) contiguous film coexists with the 
crystallites. These wetting and spreading phenomena 
are a result of the interactions between the metal, 
substrate and atmosphere. The strong chemical inter­
actions between the substrate and the compounds 
formed between the active metal and the chemical 
atmosphere can enormously decrease the interfacial 
free energy between the crystallites and substrate. 
This then leads to a rapid spreading of the crystal­
lites, to torus formation and also fragmentation of 
the crystallites. New mechanisms of sintering 
based on wetting and spreading have been suggested 
to explain some experimental observations. 

Considerations based on spreading are used to 
explain the room temperature suppression of CO and H2 
chemisorption upon any of the Group VIII metals sup­
ported on TiO2 when the supported metal is prereduced 
in H2 at 500°C (The Tauster effect). From the condi­
tion that a layer of oxide should spread over the 
metal, one concludes that only those combinations 
of oxides and metals for which the interaction energy 
per unit interfacial area is greater than twice the 
surface free energy of the oxide can manifest the 
Tauster effect. A thin film thermodynamic treatment 
is employed in which the free energy of formation of 
the oxide film is expressed in terms of the film 
thickness. The minimization of this free energy 
with respect to the film thickness provides an ex-
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pression for the thickness of the spreading film. One 
concludes that a monomolecular film of oxide is likely 
to spread upon the surface of the crystallites driven 
by the strong interactions between the oxide species 
(TiOx) and the metal. Various implications of a 
physical nature, such as the occurrence of raft-like 
crystallites (pillbox morphology), and of a chemical 
nature, such as the possibility of an optimum coverage 
of the metal surface by ΤiΟx to obtain maximum activity, 
are pointed out. 

Supported metal catalysts contain small metal crystallites dispersed 
over the internal surface area of refractory metal oxides. The 
traditional view was that the support constitutes an inert carrier 
whose role is merely to ensure a high dispersion of the metal. 
However, while the commonly used refractory oxide supports, silica 
and alumina, increase th
especially toward the non-noble metals and less conspicuously also 
toward the noble metals. The physical and chemical interactions 
between the active metal, the oxide support and the environment 
affect the surface properties of the catalyst and consequently in-
fluence the shape of crystallites and the particle size distribution. 
Two sets of experimental observations involving surface phenomena are 
of interest in the present context: (1) The average size of the 
crystallites increases in time, thereby decreasing the surface area 
of metal exposed to the chemical atmosphere. This sintering process, 
reviewed recently in Reference 1, occurs in order to decrease the 
free energy of the system and is therefore affected by the inter-
facial free energies involved and hence by the interactions (both 
physical and chemical) between the crystallites, substrate and 
atmosphere. (2) Tauster and Fung C2»3) observed that when Group 
VIII metals are supported on Ti02 and the catalysts reduced at 5Q0°C, 
their normal ability to chemisorb H2 and CO at room temperature is 
almost completely suppressed. This suppression is reported to be 
absent when the catalysts are prereduced at the lower temperature of 
200°C. This Tauster effect was explained by the formation of a 
metal-metal bonding between the reduced cations of titanium and any 
of the Group VIII metals. An alternate explanation was associated 
with the blockage of the metallic surface by TiOx species resulting 
from the reduction of the Ti02 substrate (4-6). 

The scope of the present paper is to emphasize that the inter­
actions between support, metal and atmosphere are responsible for 
both the physical (size distribution, shape of the crystallites, 
wettability of the substrate by the crystallites and vice versa), the 
chemical and the catalytic (suppression of chemisorption, increased 
activity for methanation, etc.) manifestations of the supported metal 
catalysts. In the next section of the paper, a few experimental 
results concerning the behaviour of iron crystallites on alumina are 
presented to illustrate the role of the strong chemical interactions 
between the substrate and the compounds of the metal formed in the 
chemical atmosphere. Surface energetic considerations, similar to 
those already employed by the author (7,8), are then used to explain 
some of the observed phenomena. Subsequently, the Tauster effect is 
explained as a result of the migration, driven by strong interactions, 
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of T i O x species over the surface of the ioetal and thermodynamic 
arguments are adduced to support the premise that the layer of ΤΙΟχ 
on the metal i s monomolecular i n thickness. F i n a l l y , the insight 
gained from the above considerations i s used to explain the occur­
rence of extended planar shapes of the crystal l i tes on the substrate 
(pillbox morphology) and to point out some catalytic implications of 
the spreading of T i O x over the surface of the metal. 

Experimental 

Numerous experiments have been carried out in this laboratory using 
particularly alumina as substrate (but also T1O2) and Pt, Pd, N i , Co, 
Fe and some of their alloys as metals (8-12). Only a few results 
obtained with Fe/Al203 are reported here; more details are included 
in Reference 8. The experiments are based on transmission electron 
microscopy, which provides information on the physical behaviour of 
the c r y s t a l l i t e s , and o
mation on the chemical compound
actions between atmosphere, substrate and metal. 

Changes occurring in model Fe/Al203 catalysts were recorded 
upon their heating i n hydrogen or oxygen atmospheres at temperatures 
ranging from 300 to 900°C. Two kinds of hydrogen have been employed 
for reduction. In some experiments, ultrahigh pure hydrogen, which 
contains <lppm02 and <3ppmH20, was used as supplied; i n others, this 
hydrogen was further purif ied with the help of a Deoxo unit (Engel­
hard Industries), followed by a s i l i c a gel column and by molecular 
sieve beds immersed i n l i q u i d nitrogen. Samples of 6, 7.5, 10 and 
12.5A i n i t i a l metal thicknesses deposited by evaporation were 
investigated. 

Considerable chemical interaction between the traces of oxygen 
and moisture i n the as supplied hydrogen, iron crystal l i tes and 
alumina substrate was detected. In addition to α-Fe i n traces, or 
Fe3Û4 (y-Fe203 has the same lat t ice constant), which were detected 
when heating i n as supplied H2 or O2, respectively, sol id solutions 
leading to FeAl204 and/or Al2Fe206 were detected i n a l l the cases. 
In as supplied H2, at the low loading of 6 or 7.5A, very small 
amounts of zero valent iron forms even at 700°C, whereas almost 
complete reduction to metalic iron i s achieved even at 500°C when 
the loading i s higher, i . e . , about 12.5A. In contrast, when the 
as-supplied hydrogen is additionally pur i f ied , zero valent iron i s 
detected even at 400°C and at the low loading of 7.5A. 

Particle migration, coalescence of par t ic les , disappearance of 
a large number of small as well as large part ic les , etc. were 
detected, unusual shapes such as the torus (Figure lb) and the core-
and-ring structure (Figure la) form alternately on heating a sample 
i n as-supplied hydrogen at 400 or 500°C. The former shape i s found 
to be associated with a more oxidized state and the latter with a 
re lat ively less oxidized (or relat ively reduced) state (8). On 
oxidation, at temperatures between 400 and 600°C, considerable 
extension of the crystal l i tes and the formation of torus shaped 
particles which enclose large cavities were observed. In some cases, 
the cavity tends to be f i l l e d i n , and i n other cases there remains an 
immobile, randomly located small c rys ta l l i te in the cavity. On 
heating i n O2 at 700°C, following heating at the same temperature i n 
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Figure 1. Sequence of changes in the same specimen following 
heating i n as-supplied hydrogen at 400°C for a) 12h and b) addi­
t ional 6h. The torus (b) corresponds to a more oxidized state, 
while the core and ring structure (a) corresponds to a relat ively 
less oxidized state. 
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additionally purif ied hydrogen, considerably extended crystal l i tes 
without any cavity were observed. The heating i n 02 at 70Q°C, sub­
sequent to heating i n either as-supplied or further purified hydrogen 
appears to give rise to a multilayer f i l m coexisting with the three 
dimensional c r y s t a l l i t e s , as inferred from the par t ia l blocking of 
the substrate grain boundaries i n the micrographs. However, at the 
higher temperatures of 800-900°C such thick films can be direct ly 
observed (Figure 2). Spl i t t ing i s observed, both at low and high 
loadings, on heating i n hydrogen subsequent to heating i n oxygen 
(Figure 3). 

Discussion 

A large number of phenomena such as sintering, wetting, shape changes, 
s p l i t t i n g , e t c . , occur during heating of iron-on-alumina catalysts in 
H2 or 02 environments. Some of these phenomena are discussed below: 

Sintering: The tradit iona
(1): migration of the crystal l i tes and their coalescence (13), 
Ostwald ripening (14-17) and direct ripening (18). Additional 
mechanisms of sintering, inferred from our experiments, are a result 
of wetting and spreading (19). Small c rystal l i tes and even some of 
the larger ones extend considerably over the substrate, particularly 
during heating in oxygen, into patches of thin (multilayer) films 
undetectable by electron microscopy. These patches may contact 
either one another or films surrounding the part ic les . During subse­
quent heating i n hydrogen, the extended patches either coalesce with 
the existing crystal l i tes or form, by further contraction, new crys­
t a l l i t e s located i n different places than the i n i t i a l ones. Of 
course, during the extension of the c r y s t a l l i t e s , undetectable films 
around neighboring particles can come into contact to produce necks 
that favor the subsequent coalescence of the c r y s t a l l i t e s . Another 
possible scenario i s the following: A number of particles extend 
during heating i n oxygen and form a more or less contiguous (multi­
layer) f i l m . During heating i n H2, this f i l m being thin , becomes 
unstable, for reasons discussed i n Reference 19, to thermal or 
mechanical perturbations of the free interface and ruptures into a 
number of particles which are located i n different positions than the 
i n i t i a l par t ic les . 

Wetting: The a b i l i t y of a c rys ta l l i te to wet a substrate i s deter­
mined by the following in ter fac ia l free energies: substrate-gas 
( O S g ) , crystall i te-gas ( A C G ) and crystallite-substrate ( A C S ) . The 
equilibrium contact angle 8 of the c rys ta l l i te on the substrate is 
provided by Young's equation: 

σ - σ = σ cos© (1) sg es eg 

When A S g - O C S > σ"cg^ no wetting angle can exist and the c rys ta l l i te 
completely spreads over the substrate. The c rys ta l l i te has, however, 
a f i n i t e wetting angle (0° < θ < 180° ) when A S G - O C S < A C G . 

Under vacuum and i n an inert atmosphere, the metals used as 
catalysts have high a c g values as well as high in ter fac ia l free 
energies O C S with the commonly used substrates ( s i l i c a , alumina). 
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Figure 2. Micrograph showing the presence of a thick f i l m on 
the substrate and around the crys ta l l i tes following heating i n 
0 2 at 900°C. 

Figure 3 (a ) . Micrographs d e p i c t i n g the s p l i t t i n g sequence: 
a) 2h, hydrogen, 500 C . 
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F igure 3 ( b f c ) . Micrographs d e p i c t i n g the s p l i t t i n g sequence: 
b) 1h, oxygen, 500 C; c) 1h, hydrogen, 500 C . 
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This leads to values of θ greater than 90° and the metal does not wet 
the substrate wel l . In a hydrogen atmosphere, the chemisorption of 
the gas on the surface of the metal decreases the value of O C g . How­
ever, i n an oxidizing atmosphere, because of the oxidation of the 
metal, O C g and O C S become much smaller than i n the above mentioned 
cases and the contact angle θ can decrease substantially. The inter ­
action energy between the two sol id phases i n contact plays a major 
role i n this decrease and also i n many of the phenomena described i n 
the Introduction and the Experimental parts. The interaction energy 
and the in ter fac ia l free energy between the c rys ta l l i te and substrate 
are related v ia the expression (7,8): 

σ = σ + σ - ( υ \ - υ ) = σ + σ - υ (2) es e s int str c s es 

where O C and O S are the surface free energies of the c rys ta l l i te and 
substrate respectively, U  i s the interaction energy per unit area 
of the crystallite-substrat
of the c r y s t a l l i t e and thos
energy per unit i n t e r f a c i a l area due to the mismatch of the two 
la t t i ces . O C S between an oxidized c rys ta l l i te and an oxide substrate 
is smaller than that between the metal c rys ta l l i te and the oxide sub­
strate because the interactions between the two oxides are stronger 
than those between the metal and oxide (like interacts stronger with 
l i k e than with unlike) and O C of the oxidized c rys ta l l i te i s also 
smaller than the O C of the metal. When, i n addition, a chemical 
interaction takes place at the crystallite-substrate interface with 
the formation of a chemical compound, U c s can become very large, thus 
decreasing the value of O C S enormously. If this chemical bonding is 
very strong, then O C S could decrease to zero or even below zero under 
non-equilibrium (dynamic) conditions (at equilibrium, an interface i s 
stable only i f O C S > 0). This can happen for iron on alumina i n an 
oxidizing atmosphere. The large decrease i n the dynamic value of O C S 

and also the simultaneous decrease i n the value of O C (in an O X I D I Z E 
ing atmosphere the metal forms an oxide whose O C i s smaller than the 
O C of the metal) can tremendously increase the driving force for 
spreading, namely, O S G - O C S - a c g c o s e f . Here Θ1 i s the instanta­
neous dynamic wetting angle. The reaction occurs ini t ia l ly^ at the 
interface between the substrate and c rys ta l l i te and propagates into 
the substrate and/or into the c r y s t a l l i t e , most l i k e l y into the 
former. It continues u n t i l the rate of dissolution of the oxide 
molecules becomes limited by a large diffusional resistance. The 
value of U c s i s , however, very large just when the chemical compound, 
iron aluminate i n the present case, forms at the interface. As soon 
as some of the oxide has already dissolved into the substrate, the 
subsequent surface interaction energy between aluminate and oxide 
becomes smaller, since, unlike alumina and oxide, aluminate and oxide 
do not lead to a chemical compound at the interface. As a result of 
t h i s , the plot of TJ C S against time passes through a maximum and a C S L 

against time passes through, a minimum (which could be negative). 
Consequently, O C S can have a large decrease i n i t i a l l y (becoming pos­
sibly even negative) and then increases to an asymptotic value. The 
large driving force for spreading corresponding to the maximum of U c s 

leads to a rapid extension of the c r y s t a l l i t e s . The considerably 
extended c rys ta l l i te reaches a new equilibrium angle with, the 
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substrate, at which instant the driving force for wetting becomes 
zero. The torus probably forms because the driving force for wetting 
i s suff i c ient ly large to allow the propagation and coalescence of 
cracks existing on the surface of the c r y s t a l l i t e s . During heating 
i n as-supplied hydrogen, the crystal l i tes extend on the substrate 
because of the oxidation of iron by traces of oxygen and the reaction 
between alumina and the iron oxide thus formed. Subsequent to the 
oxidation of the metal and i t s reaction with, the substrate, the 
crystal l i tes are partly reduced by the excess hydrogen and hence 
contract. These extension and contraction cycles become sluggish-
eventually (because of fatigue in the system). The extensions during 
heating i n oxygen and contractions during heating in hydrogen are 
caused by the changes i n the in ter fac ia l free energies i n these 
atmospheres. 

The Tauster Effect 

Arguments are provided belo
also a result of surface phenomena induced by strong interactions. 
Two explanations, which are considered opposite to one another, have 
been suggested for the Tauster effect . In one of them, the suppres­
sion of chemisorption i s assumed to be a result of the formation of a 
strong metal-metal bonding because of electron transfer between the 
substrate and metal. In the other, T i O x species formed through the 
catalytic reduction of Ti02 are considered to migrate over the sur­
face of the metal. In r e a l i t y , the second explanation does not ex­
clude the f i r s t , since the spreading of T i O x over the surface of the 
metal i s triggered by the strong interactions between metal and T i O x . 
The available experimental facts are compatible with the spreading of 
a layer of T i O x species over the surface of the metal. For this 
reason, the problem of the spreading of an oxide over a metal w i l l be 
examined i n some d e t a i l . F i r s t , i n order to use t radit ional surface 
thermodynamics, the f i lm w i l l be assumed to be thick. While not 
entirely r e a l i s t i c , this approach provides, nevertheless, useful i n ­
sight into the Tauster effect . A more r e a l i s t i c treatment that f o l ­
lows considers that the f i lm is thin and provides the poss ibi l i ty of 
calculating the thickness of the spreading f i l m from the condition of 
the minimum of the free energy with respect to the f i lm thickness. 
As noted later i n the paper, the main conclusion of the treatment 
based on thick films i s compatible with the latter more r e a l i s t i c 
treatment. 

Spreading of a Thick Layer 

Metals generally have a much larger surface free energy than the 
oxides; therefore, metals do not wet the oxide substrates. However, 
for the same reason, an oxide can wet the surface of the metal better, 
A thick f i l m of oxide w i l l spread upon the surface of the metal i f 
the surface free energies satisfy the following inequality: 

aoxide-metal + σ oxide-gas < σ met al-gas (3) 

Expressing σoxide-metal * n t e r m s ° f t n e other two surface free 
energies by means of Equation 2, inequality (3) i s replaced by: 
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U > 2σ . , (4) es oxide-gas 

Inequality (4), which conveys that the spreading of the oxide over 
the surface of the metal w i l l occur i f the interactions per unit 
in ter fac ia l area exceed twice the interfac ia l free energy of oxide-
gas, i s both simple and illuminating. Indeed, inequality (4) i s 
sat isf ied i f CJoxide-gas i s suff ic ient ly small and/or U c s i s s u f f i ­
ciently large. From the data available i n the literature (20) on the 
surface free energies of oxides, those pertinent to the oxides used 
as catalytic substrates are summarized i n Table I. 

TABLE I 

NON-SMSI 

% 2 

OXIDE
1130 <1423 

Zr0 2 770 1423-2573 1243 

MgO 1000 298 1000 

A1 2 0 3 680 2323 883 

SiOo 605 298 605 

T i 0 2 380 2100 560 

SMSI Ta 2 0 5 280 2100 460 

V 2 0 5 90 963 156 

The values in the last column have been calculated assuming 
do Λ ι , 20-rpjr = -0.1 ergs/cm °C 

It i s interesting to note that the oxides which do not manifest the 
SMSI, such as Z r 0 2 , MgO, AI2O3 and Si02, have large values; those 
which do manifest SMSI, such as T i 0 2 , Ta 205, V 2 05, have low values. 
Of course, i t i s easier to satisfy inequality (4) i f o 0xide-gas i s 

small, but a more complete comparison should also include the inter ­
actions between the oxide and metal. If the interactions between 
oxide and metal are strong, for instance of the order of 60 Kcal/mole, 
then, i f one assumes species of T i O x per cm2, one obtains 
U c s * 3300 dyne/cm. Comparing this figure with Table I , i t i s clear 
that inequality (4) can indeed be sat isf ied when strong interactions 
between metal and substrate occur. 

Even though thermodynamics ensures that spreading w i l l occur i f 
inequality (4) i s s a t i s f i e d , the rate of the process may be too slow 
for this phenomenon to be observed. In order to enhance the rate of 
the process, either vacancies have to be created and/or bonds broken 
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to increase the mobility of the substrate species. This can be 
achieved by depleting the oxide of some oxygen, by reduction for 
example as has been generally carried out. However, depletion could 
also be achieved by heating i n vacuum or even i n an inert atmosphere, 
although at higher temperatures of course. In addition, one may note 
that: (1) the strong interactions between metal and T i O x can i n ­
crease tremendously the value of TJ C S , thus ensuring that inequality 
(4) i s s a t i s f i e d , and (2) while i t i s l i k e l y that T1O2 has a lower 
o8o value than T i O x , the stronger interactions between the more 
mobile and reactive species TiO^ and metal probably overcompensate 
for i t s increased surface free energy. 

Spreading of a Thin Layer 

The real problem, however, i s to predict the thickness of the f i l m . 
In the problem on hand, a number of c rys ta l l i tes are distributed over 
the surface of the substrat
strate spread upon the crystal l i te
can decrease the free energy. The thickness of the spread layer 
should be such as to minimize the free energy of the system. The 
main d i f f i c u l t y i s to derive an expression for the free energy of 
formation of a thin f i l m . In a thick f i l m , the majority of the 
molecules have a range of interaction smaller than the thickness of 
the f i l m , whereas i n a thin f i l m , the molecules have a range of 
interaction larger than the f i lm thickness. For this reason, the 
free energy of formation of a thin f i l m depends on i t s thickness, 
while that of a thick f i lm does not. For the sake of simplicity and 
for i l l u s t r a t i v e purposes, the Lennard-Jones expression is used for 
the interaction potential between the oxide molecules themselves and 
between the oxide molecules and those of the metal. The following 
expression is then obtained for the free energy of formation of a 
thin f i l m of thickness h on a substrate (21): 

h 2 h 8 

where 

σ«> " aoxide-metal + aoxide-gas ametal-gas ^ 

and α and 3, which are both negative quantities, depend upon the co­
eff ic ients i n the Lennard-Jones potentials (oxide-oxide and oxide-
metal) . The second term i n the right hand side of Equation 5 i s due 
to the van der Waals interactions, while the third term is due to the 
Born repulsion. Since a continuum approach i s used i n i t s derivation, 
Equation 5 holds only for f i l m thicknesses that are suff ic ient ly 
large compared to molecular s izes ; nontheless, for qualitative pur­
poses i t w i l l be extrapolated also to small thicknesses. While the 
above equations have been derived i n some detai l in Reference 21, i t 
is instructive for the present purpose to clearly define the free 
energy of formation σ. This quantity represents the difference be­
tween the free energy due to the interactions between the molecules 
of the f i l m and those of the metal and the free energy due to the 
interactions between the molecules of the f i l m and the substrate 
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before their migration. This means that migration from the sub­
strate to the surface of the metal w i l l occur i f σ<0 and that the 
thickness h m of the spread f i l m i s such as to make σ minimum. Using 
Equation 5, one obtains that 

1/6 

\ • 
α 

and that spreading w i l l occur i f 

k/3 

°<V - σ~ +
 7 7 3 < 0 ( 8 ) 

4 ρ 
Because α and 3 are negative quantities, the second term i n the right 
hand side is also a negativ
cations. It i s clear fro
w i l l also be negative. However, a(hm) can have a negative value even 
for positive values of σ Μ , i f the second term is suff ic ient ly nega­
tive and/or i s not too large. One may also note that the condi­
tion σ 0 0<ο coincides with the cr i ter ion for spreading of a thick f i l m . 
Of course, the thickness of the spreading f i l m has to result from the 
condition of minimum of the free energy. However, the condition Ooo<0 
is more stringent than the condition provided by Equation 8 and 
therefore, any result derived from the former, such as inequality (4) 
w i l l also be more stringent. This means that i f Ucs>^< Joxide-gas 
spreading w i l l surely occur; i t can, however, also occur even when 
U c g i s somewhat smaller than 2 a o x i d e _ g a s . 

While Equation 5 i s approximate and involves an interaction 
potential which i s not v a l i d for strong interactions, i t can s t i l l 
illuminate the consequences of strong interactions for the following 
reason. The thickness h given by Equation 7 i s determined both by 
the van der Waals interactions and Born repulsion and obviously has 
to be smaller than the range of Born repulsion which i s smaller than 
say a few Angstrom, In the case of strong interactions, the two d i s ­
similar species w i l l be i n very close contact, which means that the 
repulsive interactions w i l l have a shorter range. This line of 
reasoning in such cases suggests that a monolayer (or submonolayer) 
of T i O x i s l i k e l y to spread upon the surface of the metal. 

It i s important to note that the cases of metal crystal l i tes on 
a substrate and of a substrate of arbitrary thickness deposited upon 
a metal f o i l are not equivalent from a thermodynamic point of view 
because the constraints to which each of these systems are subjected 
are different . In the f i r s t case, a monolayer of T i O x w i l l cover the 
metal, the amount being determined by the equilibrium with the sur­
face of the substrate. For the second, the entire deposit of Ti02 
must be located on the surface. Since the coverage by a monolayer 
leads to the smallest free energy, the excess of T i O x should form i n 
the lat ter case a tridimensional structure with the least possible 
surface area over the smallest possible part of the substrate 
surface, thus minimizing the free energy. There are, however, 
kinetic d i f f i c u l t i e s to achieve such a structure. For this reason, 
i f σοο<0, i t i s l i k e l y that a met as tab le state of extended patches 
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w i l l form which although less stable thermodynamically, can be more 
easily achieved k i n e t i c a l l y . These patches should have, for reasons 
discussed later i n the paper, an abrupt variation of angle near their 
leading edges. If Ooo>0 and σ<0, then instead of a single crystal l i te , 
several c rysta l l i tes w i l l coexist with the monolayer, again because 
such a state i s more easily achievable k i n e t i c a l l y . 

The above considerations are based on expression (5). If more 
complete expressions are used for the interaction potential , the 
dependence of σ on h w i l l be more complicated, resulting in addi­
t ional manifestations of the spreading phenomena. This w i l l be taken 
up i n a later paper. 

Mechanism of Migration of the Ti02 Species 

The migration of the T i O x species (probably as a monolayer) upon the 
surface of the metal occurs because this decreases the free energy of 
the system; i n other words
for the surface of the metal
tration and of the surface free energy constitute the driving forces 
of the process. Molecules of T i O x are adsorbed at the leading edge 
of the c rys ta l l i te and the adsorbed molecules move from the leading 
edge, where their concentration i s larger and the surface free energy 
is smaller, i n the direction of increasing surface free energies. 
Indeed, i f there is a variation of the surface free energy along an 
interface, then the interface has the tendency to relapse into a 
state with a minimum free energy through the expansion of the 
regions with a low surface free energy and contraction of those with 
a high surface free energy. The gradient of the surface free energy 
along the surface gives rise to a shear stress and the molecules of 
T i O x migrate along the surface under the action of this stress and of 
the concentration gradient. At thermodynamic equilibrium, the frac­
tion of the metal surface that i s occupied can be calculated from the 
equality of the chemical potentials of T i O x on the substrate, y g , and 
on the surface of the metal, μ. Neglecting the interactions between 
the T i O x molecules on the surface of the metal as well as the effect 
of the curvature i n comparison with the strong interactions between 
T i O x and metal, one can use for the chemical potential μ the expres­
sion val id for the Langmuir isotherm: 

μ = kTln 9 

(i-e»q 

where k i s the Boltzmann constant, Τ i s the absolute temperature, q 
is the part i t ion function for a single adsorbed molecule and 9 i s the 
fraction of sites occupied. Consequently 

μ ^ Τ 

W μ /kT W 

1+qe S 

Additional assumptions regarding μ 8 and q are however, needed to ex­
press 9 as a function of temperature. For strong interactions q i s 
very large and one can therefore expect 9 to be close to unity. 

In Strong Metal-Support Interactions; Baker, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



16. RUCKENSTEIN Surface Phenomena in Catalysts 165 

Strong Interactions, and the Shape of the Crystal l i tes 

When Pt supported on Ti02 i s heated i n H2, the Pt c rysta l l i tes spread 
to form thin planar structures, hexagonal i n shape Ç22).. Similar re ­
sults have been also obtained i n other cases ( 2 3 - 2 5 ) · This appears 
to be a result of the reduction of Ti02 to T i O x in the presence of 
Pt. This reduction increases the surface free energy o S g* However, 
the surface free energy o C g decreases (Because of the migration of 
T i O x over the surface of the metal and the strong interactions be­
tween the two, and (as a result of the same interactions) the inter -
f a c i a l free energy o c s also decreases. Therefore, o S g - o c s can 
become greater than o c g and hence the c rys ta l l i te has the tendency to 
spread over the substrate. This cannot, however, explain the forma­
tion of the planar structure with an abrupt variation of the angle 
near the leading edge of the c r y s t a l l i t e . The p o s s i b i l i t y of a 
planar structure which exhibits a rapid variation of angle near the 
leading edge was anticipated theoretically by Ruckenstein and Lee i n 
1975, on the basis of th
dynamic approach on which Young's equation i s based involves the ex­
istence of a macroscopic wetting angle which i s defined on a length 
scale which i s large compared with the atomic dimensions. One can, 
however, demonstrate that within a short distance of a few nanometers 
from the leading edge, the internal angle between the horizontal and 
the l ine connecting the centers of two successive molecules at the 
solid-gas interface varies rapidly from some value 0 o at the leading 
edge to the smaller thermodynamic value θ at some distance from the 
leading edge. The calculations have been carried out by using for 
the interaction potential , <j>ij, between two atoms of species i and j 
whose centers are at a distance r apart,the (simple) expression: 

β ϋ 
φ. . = «- for r >a. . and φ. . = » for r <a. . (10) 

i j R 6 i j Y i j i j 

where a-jj i s the minimum distance of approach of the atoms of species 
i and j (the hard core radius) and Bij characterizes the strength of 
the attractive interactions between species i and j . The rapid v a r i ­
ation of the angle i s caused i n this case by the hard core repulsion 
(exclusion) between the atoms of the c rys ta l l i te and those of the 
substrate. At the leading edge, where the atoms of the c rys ta l l i te 
and those of the substrate are i n close proximity, the effect of this 
exclusion i s greatest and consequently the internal angle i s the 
largest. The macroscopic, thermodynamic angle θ is given by Young's 
equation: 

σ - σ = σ cosO (11) sg es eg 

and i s achieved asymptotically at some distance from the leading edge. 
Since the angle 0 o at the leading edge i s larger, i t w i l l be given by 
an expression of the form: 

χ(σ - σ ) « σ cos© (12) 
Λ ν sg se 7 eg ο 

where χ i s a factor smaller than unity, whose form i s given in 
Reference 26. 
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The leading edge angle 0O i s the angle between the l ine connect­
ing the centers of two successive atoms located at the leading edge 
of the crystall i te-gas interface and the horizontal . Values of 
cos0 o >1 obtained from Equation 12 are incompatible Obecause they 
cannot exist) with the presence of a second layer of molecules on the 
f i r s t layer. In this case, the atoms w i l l spread as individual atoms 
over the substrate. However, i f cosO >1 and cosOQ <1 total spreading 
can occur at some distance from the leading edge while the atoms near 
the leading edge s t i l l have a f i n i t e wetting angle with the substrate. 
In this case the spreading w i l l generate an extended thin planar 
c rys ta l l i te whose prof i le changes rapidly i n a region of a few nano­
meters near the leading edge. As already noted, strong interactions 
are needed to achieve cosO >1. If these interactions are, however, 
too strong, then cos0 o can become greater than unity and the atoms 
w i l l spread as individual atoms over the surface of the substrate. 

Catalytic Implications 

In a recent kinetic theory of the selec t ivi ty of catalytic processes 
(27,28) the concept of a spectrum of landing areas was introduced and 
employed. According to that theory, the molecules can land i n a 
variety of ways upon the surface of the catalyst (even upon one whose 
surface i s energetically homogeneous). Various kinds of landings i n ­
volve various numbers and arrangements of sites and lead to various 
products. While a particular s i te can be a part of several kinds of 
landing areas, the likelihood of finding a larger number of more ex­
tended landing areas for particular products i s smaller on a smaller 
c rys ta l l i te than on a larger one. This explains the effect of the 
size on the select ivi ty of the catalytic process. The interactions 
between metal, substrate and atmosphere affect the shape, composition 
and size distribution of the c r y s t a l l i t e s , For reasons just noted, 
they w i l l also affect the act ivi ty and select ivi ty of the catalyst. 
In addition, because of the migration of the substrate species on the 
surface of the metal during prereduction of the Group VIII metals on 
Ti02, the spectrum of landing areas w i l l be changed tremendously. 
The structure insensitive reactions w i l l be only attenuated by the 
presence of the layer of T i O x on the metal. In this case, the inter ­
actions between the metal and chemisorbed molecules w i l l s t i l l take 
place, but the rate of electron transfer between them i s decreased 
because the electrons have to tunnel through the T i O x layer. Indeed, 
for Rh/Ti02, the specif ic act ivi ty for benzene hydrogénation or for 
the dehydrogenation of cyclohexane i s decreased (by a factor of less 
than two) as the reduction temperature i s increased to 500°C (29,30). 
The change i n ac t ivi ty for Ir or Pt i s much larger (4,29). The 
structure sensitive reactions, such as hydrogenolysis, need landing 
areas on the surface of the metal whose l ikelihood to exist on a 
metal surface largely occupied by T i O x i s very small. A major de­
crease i n their act ivi ty i s therefore expected to occur and t h i s , 
indeed, occurs (4,30). The reaction between CO and H2 (31-36) i s of 
particular interest because the act ivi ty for methanation of Ni/Ti02 
is increased by the presence of T i O x on the metal. This could be a 
result of the following two opposite effects : On one hand, a large 
number of Ni sites are covered by T i O x and therefore there are fewer 
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sites over which chemisorption can occur. On the other hand, the 
presence of T i O x molecules nearby a metal atom increases the rate of 
reaction, either because (1) i t decreases the strength of the chemi­
sorption bond with the metal thus increasing the rate of desorption 
of the reaction product, (2) T i O x and the metal form a bifunctional 
catalyst which accelerates the reaction, (3) the presence of T i O x 

accelerates the reaction for steric reasons providing a useful tem­
plate for the f i n a l product, and (4) combinations of the above. 
Irrespective of the real mechanism, the migration of T i O x decreases 
the number of chemisorption sites but increases greatly the reaction 
rate on the remaining si tes when their number decreases. This means 
that by selecting an appropriate prereduction temperature one can 
find an optimum coverage which w i l l provide the maximum ac t iv i ty of 
the catalyst. The coverage of the metal surface by T i O x favors the 
formation of compounds that need landing areas with fewer metalic 
s i tes . For instance, CO chemisorbs on one or two s i tes . Because of 
the surface exclusion provided by the existance of T i O  species, the 
chemisorption of CO on on
the fraction of the surface occupied by T i O x ) , i s more l i k e l y to 
occur than that on two s i t e s , which i s proportional to (1-0)2. This 
means that the compounds based on one si te chemisorption of CO are 
also more l i k e l y to form than those based on two sites chemisorption. 

Conclusions 

Surface thermodynamic considerations can be helpful i n an understand­
ing of the complex phenomena which occur i n supported metal catalysts. 
Indeed, the physical and chemical interactions between metal, sub­
strate and atmosphere lead to wetting and spreading phenomena (of the 
active catalyst over the substrate and of the substrate over the 
metal) which are relevant for the physical (sintering, redispersion) 
as well as chemical (suppression of chemisorption, modification of 
se lec t iv i ty , enhanced activity) manifestations of supported metal 
catalysts. 
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Effects of Reduction Temperature on H2 Adsorption by 
Pt on Various Supports 
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The influence of reduction temperature on subsequent 
hydrogen chemisorption for Pt supported on magnesias, 
aluminas and silicalit
Significant decreases in hydrogen chemisorption capaci­
ties with increasing reduction temperatures were ob­
served for most catalysts. X-ray diffraction results 
showed that sintering of Pt was not the major cause for 
the suppression in adsorption uptakes. Poisoning of 
the Pt surface by substances which originate in the 
support and which migrate onto the Pt surface during 
reduction at elevated temperatures is the probable 
cause for the suppression of adsorption observed for 
Pt/MgO and Pt/silicalite. Adsorption suppression for 
Pt supported on sulfur-containing MgO was observed 
after reduction at temperatures as low as 350°C. For 
Pt/Al2O3, reduction at 700°C was required before sig­
nificant decreases in hydrogen adsorption were ob­
served. 

Hydrogen chemisorption has been used extensively for over two decades 
for the determination of metal surface areas, i . e . metal dispersions 
of supported platinum group metal catalysts. In order to convert 
measured hydrogen adsorption uptakes to metal dispersions, the amount 
of hydrogen adsorbed per surface metal atom has to be known, i . e . the 
adsorption stoichiometry has to be known. Considerable amount of 
research was carried out i n the 1960s and 1970s to determine adsorp­
tion stoichiometrics for various adsorbates on different metals for a 
range of adsorption pressures and temperatures (1-7). Based on these 
and other studies, i t was concluded that hydrogen adsorption on pla t ­
inum at temperatures close to room temperature and low pressures cor­
responds to approximately one hydrogen atom per surface platinum 
atom. 
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However, i n the past few years many investigators have reported 
hydrogen adsorption uptakes on supported platinum catalysts which 
correspond to adsorption stoichiometries of much less than one hydro­
gen atom per surface platinum atom. This suppression of hydrogen ad­
sorption is usually brought about by reducing the supported catalyst 
i n hydrogen at elevated temperatures. Tauster and co-workers (8-9) 
were the f i r s t to report dramatic decreases i n hydrogen adsorption 
capacity as a result of high temperature reduction for various p l a t i ­
num metals on reducible supports such as T i 0 2 , V 2 0 3 and N b 2 0 5 . They 
coined the phrase 'Strong Metal-Support Interactions 1 (SMSI) to 
denote this behavior which was attributed to the reducibi l i ty of the 
supports. Decreased hydrogen adsorption uptakes as a result of high 
temperature reductions have also been reported for platinum supported 
on alumina, a much more d i f f i c u l t support to reduce (10-11). 
Dautzenberg and co-workers also attributed the suppression i n hydrogen 
adsorption to metal-support interactions, i . e . the formation of 
P t - A l 2 0 x complexes. It i
perature can have a significan
tion uptakes (12), but no single explanation for this phenomenon has 
been universally accepted. 

In the present paper, results on the influence of reduction tem­
perature on subsequent hydrogen adsorption are reported for platinum 
supported on three d i f f i c u l t to reduce supports (γ-alumina, magnesia 
and s i l i c a l i t e ) . The results indicate that the observed suppression 
in hydrogen uptakes, after high temperature reduction, are due to 
poisoning of the platinum surface by species originating from the 
support. This interpretation i s similar to that of Wang et a l . (13). 

Experimental Methods 

Supports and Catalysts. The catalyst supports used i n this work are 
described i n Table I . The surface areas, except for the s i l i c a l i t e , 
were measured by the multi-point BET method. The surface area for 
the s i l i c a l i t e was obtained from the manufacturer. S i l i c a l i t e i s an 
essentially aluminum-free pentasil zeolite (14) manufactured by Union 
Carbide. The chlorine contents of the supports were determined by 
neutron activation analysis, and sulfur contents were obtained with a 
Leco sulfur analyser. Sulfur and chlorine contents were measured 
since these elements may influence subsequent hydrogen adsorption on 
the supported platinum catalysts (15). 

Support MgO-3 was obtained by steam stripping MgO-2 at 
atmospheric pressure for 40 h at 500°C, 105 h at 550°C and 110 h at 
600°C, followed by dehydration i n flowing, dry nitrogen at 600°C for 
4 h . This treatment reduced the chlorine content from 0.41 to 0.03 
wt% (see Table I ) . Support A l 2 0 3 - 2 was obtained by steam stripping 
A l 2 0 3 - 1 at atmospheric pressure for 24 h at 350°C and 24 h at 400°C. 
This treatment reduced the chlorine content from 1.5 to 0.04 wt%. 

Supported platinum catalysts, described i n Table I I , were 
prepared by impregnation of MgO and A1 2 0 3 supports and by exchange for 
the s i l i c a l i t e support. Impregnations were done with aqueous 
solutions of hexachloroplatinic acid and with acetone solutions of 
platinum acetylacetonate. The impregnation procedures with aqueous 
chloroplatinic acid have been described previously (16). The impreg­
nation procedure with P t ( C 5 H 7 0 2 ) 2 - acetone consisted of wetting the 
support with acetone, addition of Pt(C5H702)2*" acetone solution, 
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Table I . Description of Supports 

171 

Support Surface Area Chlorine Content Sulfur Content 
(m2/g) (wt%) (wt%) 

MgO-1 30 <0.05 0.32 
MgO-2 90 0.41 0.02 
MgO-3 — 0.03 0.02 
MgO-4 16 <0.001 n . d . * 

A l 2 0 3 - 1 100 1.5 n . d . 
A l 2 0 3 - 2 95 0.04 n . d . 

S i l i c a l i t e 430t <0.005 n.m.// 

* n . d . = not detected; // n.m. = not measured 
t area obtained from supplie

Table II . Description of Catalysts 

Catalyst Support Platinum Pt Loading 
Precursor (wt %) 

CAT-1 MgO-1 H 2 P t C l 6 0.48 
CAT-2 MgO-2 H 2 P t C l 6 0.59 
CAT-3 MgO-2 P t ( C 5 H 7 0 2 ) 2 0.56 
CAT-4 MgO-2 H 2 P t C l 6 5.9 
CAT-5 MgO-2 P t ( C 5 H ? 0 2 ) 2 5.6 
CAT-6 MgO-3 P t ( C 5 H ? 0 2 ) 2 0.55 
CAT-7 MgO-4 H 2 P t C l 6 0.60 
CAT-8 Mg0-4 P t ( C 5 H ? 0 2 ) 2 0.53 
CAT-9 A l 2 0 3 - 1 P t ( C 5 H 7 0 2 ) 2 1.06 
CAT-10 A l 2 0 3 - 2 H 2 P t C l 6 1.27 
CAT-11 A l 2 0 3 - 2 P t ( C 5 H 7 0 2 ) 2 1.07 
CAT-12 S i l i c a l i t e Ρί (ΝΗ 3 )^01 2 0.98 

intermittent s t i r r i n g during next 24 h , evaporation of excess acetone 
at 35°C, and drying at 75°C for 24 h . The P t / s i l i c a l i t e catalyst 
(CAT-12, Table II) was prepared by immersing the s i l i c a l i t e i n an 
aqueous solution of Ρ ί ( Ν Η 3 \ 0 1 2 at 22°C for 60 h , followed by 
f i l t e r i n g the solids from the solution, washing the solids with 
deionized d i s t i l l e d water (eight times) and drying i n a i r at 300°C 
for 3 h . 

A l l the dried catalysts were reduced i n flowing hydrogen at 
150°C for 16 h and 250°C for 2 h . The reduced catalysts were stored 
i n a i r u n t i l use. The platinum contents l i s t e d i n Table II are on a 
dry basis and were determined by neutron activation analysis. 
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Treatment and Characterization of Catalysts. A dynamic pulse adsorp­
tion apparatus (16) was used to carry out i n s i t u pretreatments, re­
ductions, degassing and hydrogen chemisorption measurements. 
Portions of the prereduced, air-stored catalysts (1 to 3 g for the 
0.5 to 1.0 wt% Pt catalysts and 0.3 to 0.4 g for the 5 to 6 wt % Pt 
catalysts) were placed into a quartz U-tube which was then attached 
to the adsorption apparatus. Each catalyst sample was subjected to 
various sequential oxygen treatments and reduction conditions. After 
the desired reduction, usually for 1 h, the catalyst was degassed i n 
ultra-pure nitrogen before hydrogen adsorption uptakes were deter­
mined at 22°C. A l l the treatments (oxygen, reduction and degassing) 
were done in flowing gases at atmospheric pressure. 

After many of the adsorption measurements the sample was removed 
from the U-tube and examined by wide-angle X-ray diffract ion (XRD). 
A Phil ips X-ray diffractometer using the step-scan mode and Cu Κα 
radiation was used to obtain the XRD patterns i n the range of 36 to 
44° of 2Θ. The step siz
of 100 s per step. Compariso
tron microscopy results showed that at the above scan rates the Pt 
111 l ine at 3 9 . 8 ° was readily detected for samples containing Pt 
c rystal l i tes >2.0 nm even for Pt contents of 0.5 wt%. 

Results and Discussion 

Platinum Supported on Magnesia. Results of hydrogen adsorption as a 
function of reduction temperature for Pt on various MgO supports are 
tabulated i n Table III . For CAT-1 to CAT-6 increases i n reduction 
temperature resulted i n significant decreases i n subsequent room tem­
perature hydrogen adsorption uptakes. The hydrogen adsorption capac­
i t i e s for catalysts reduced at 500°C were restored by oxygen treat­
ment at 550°C followed by low temperature (250 to 300°C) reduction 
(cf. Runs 4 and 5, and Runs 7 and 8, Table III) . Similar 
r e v e r s i b i l i t i e s i n suppression and restoration of hydrogen adsorption 
capacities were observed for CAT-3 to CAT-6. The results for Runs 6 
to 9 show that the high-low-high hydrogen adsorption sequence occurs 
for many cycles of low temperature reduction - high temperature re­
duction - 0 2 treatment followed by low temperature reduction. 

It is unlikely that this revers ibi l i ty is due to reversible 
changes i n Pt dispersion. The XRD results for CAT-4 shown i n Figure 
1 clearly show that increasing the reduction temperature from 300 to 
500°C does not result in appreciable changes i n Pt dispersion. The 
XRD patterns after 300°C reduction (Runs 12 and 14) are very similar 
to the corresponding patterns after 500°C reduction (Runs 13 and 15). 
The s imilar i ty of the patterns i s shown i n Figure IB. The subtracted 
patterns i n Figure IB show sl ight maxima at 4 0 ° , and minima and 
maxima at about 4 3 ° . The minima and maxima at 43° are due to very 
small mismatches i n the angles and the sharpness and intensity of the 
MgO 200 l i n e , i . e . i f the patterns for Runs 13 and 15 are shifted by 
0 . 0 2 ° before subtraction then the minima and maxima are reversed. 
The small maxima at about 40° may be due to s l ight increases in Pt 
crystali te size as a result of reduction at 500°C. These small 
decreases in Pt dispersion, however, cannot account for the over 
f i v e - f o l d decrease i n hydrogen adsorption after the 500°C reductions 
(cf. H 2 uptakes for Runs 12 and 13 and Runs 14 and 15. Table III ) . 
XRD results for a l l the other Pt/MgO catalysts also snowed that i n -
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creasing reduction temperatures from 300 to 500° did not result in 
appreciable changes in Pt dispersion. 

However, treatment in oxygen at 550°C of Pt/MgO resulted in s i g ­
nif icant changes i n Pt dispersion. This is clearly shown i n Figure 1 
(cf. XRD intensities of the Pt 111 lines for Runs 12 and 14). Pre­
viously reported electron microscopy results have also shown that 
oxygen treatment at 550°C results in decreases in Pt c rys ta l l i te 
sizes (17). The suppression of hydrogen adsorption as a result of 
500°C reduction occurred for both low and high Pt dispersions, and 
hence, is not a strong function of Pt dispersion. 

However, not a l l the Pt/MgO catalyst displayed reduced hydrogen 
uptakes after high temperature reduction; reduction temperature did 
not influence hydrogen uptakes for CAT-7 and CAT-8 (see Table III ) . 
The only major difference between these two catalysts and the pre­
viously discussed six catalysts was the sulfur content; CAT-7 and 
CAT-8 were essentially sulfur-free (see Table I ) . The chlorine 
content and platinum precurso
adsorption uptakes. Hence
responsible for the decrease in hydrogen adsorption with increasing 
reduction temperature. Similar results were obtained by Wang et a l . 
(13) with Rh supported on MgO. 

Table III . Effect of Pretreatment on Hydrogen Adsorption for Pt/MgO 

Catalyst Support 0 2 Treatment* Run Reduction H 2 Uptake 
Temp.(°C) (H/Pt) 

CAT-1 MgO-1 16 h at 550°C 1 250 0.26 
2 350 0.10 
3 400 0.01 
4 500 0.00 

16 h at 550°C 5 250 0.26 
CAT-2 MgO-2 16 h at 550°C 6 300 0.27 

7 500 0.03 
see belowt 8 300 0.23 

9 500 0.01 
CAT-3 MgO-2 16 h at 550°C 10 300 0.26 

11 500 0.00 
CAT-4 MgO-2 none 12 300 0.15 

13 500 0.02 
1 h at 550°C 14 300 0.42 

15 500 0.08 
CAT-5 MgO-2 16 h at 550°C 16 300 0.57 

17 500 0.25 
CAT-6 MgO-3 1 h at 550°C 18 300 0.11 

19 500 0.00 
CAT-7 MgO-4 1 h at 550°C 20 300 0.16 

21 500 0.19 
CAT-8 MgO-4 1 h at 550°C 22 300 0.10 

23 500 0.10 
* Treatments for each catalyst done sequentially on the same sample 
t Four 0 2 - H 2 - N 2 treatment cycles at 550°C done before reduction. 
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Figure 1. XRD patterns for CAT-4 (5.9% Pt/MgO-2). 
A: Patterns as measured (offset for c l a r i t y ) ; 
B: Subtracted patterns (see Table III for treatments), 
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The revers ibi l i ty of this phenomenon indicates that during high 
temperature reduction a reduced sulfur species i s formed which 
migrates to the Pt surface and poisons the Pt surface. Subsequent 
oxygen treatment oxidizes this sulfur species and the oxidized 
species migrates back to the support. The oxidized species do not 
leave the catalyst since the reduction - oxidation sequence produces 
the same effects over several cycles (see Runs 6 to 9, Table III ) . 
I f , for example, i t i s assumed that high temperature reduction of 
CAT-2 causes 50% of the Pt surface to be covered by sulfur and that 
a l l this sulfur leaves the catalyst during the high temperature ox i ­
dation, then less than two high temperature reduction - oxidation 
cycles would be required to remove a l l the sulfur (0.02 wt%) from the 
MgO, but reduced hydrogen uptakes s t i l l occurred after f ive 
oxidation-reduction cycles (see Run 9). 

Platinum Supported on Alumina. Reduction of P t / y - A l 2 0 3 , both A l 2 0 3 - 1 
and -2 are γ - Α 1 2 0 3 , at hig
decreases i n hydrogen adsorptio
temperatures above 500°C are required to cause significant 
suppressions i n hydrogen adsorption. Hydrogen adsorption results 
which i l l u s t r a t e this behavior are presented i n Table IV. XRD re­
sults i n Figure 2 show that the low H/Pt ratios after 700°C reduction 
cannot be attributed to decreases i n Pt dispersions. 

Table IV. Effect of Pretreatment on Hydrogen Adsorption for P t / A l 2 0 3 

Catalyst Support 0 2 Treatment* Run Reduction H 2 Uptake 
(H/Pt) Temp.(°C) 

CAT-9 Al 0 
2 3 

•1 1 h at 550°C 24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

300 
500 
300 
500 
700 
700t 
500 
500 
500 
500 
500 
300 
500 
300 
500 
700 
500 
700 

1.04 
0.79 
1.13 
0.83 
0.33 
0.19 
0.49 
0.55 
0.55 
0.55 
0.22 
0.32 
0.31 
0.29 
0.26 
0.03 
0.18 
0.03 

CAT-10 2 1 h at 550°C 

CAT-11 •2 

0.5 h at 22°C 
0.5 h at 100°C 
0.5 h at 200°C 
0.5 h at 300°C 
1.0 h at 700°C 
1.0 h at 550°C 

16 h at 550°C 

24 h i n a i r 
at 22°C 

* Treatments for each catalyst done sequentially on same sample, 
t 16 h reduction for Run 29; a l l other reductions for 1 h . 
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Changing the reduction temperature from 300 to 500°C for well 
dispersed catalysts (CAT-9, Runs 24 and 25; CAT-10, Runs 26 and 27) 
resulted i n small decreases i n hydrogen uptakes. These decreases i n 
H/Pt ratios from about unity to 0.8 are probably due to sintering. 
The subtracted XRD pattern for Runs 26 and 27 i n Figure 2B show a 
very s l ight maximum i n the 40° region. Very l i t t l e Pt growth i s re­
quired to change Pt dispersion from unity to 0.8, and the XRD condi­
tions used are not sensitive to Pt crystal l i tes <2.0 nm. For a cata­
lys t with a lower Pt dispersion (CAT-11), increasing the reduction 
temperature from 300 to 500°C did not change the H/Pt ratio 
appreciably. Hence, i t i s concluded that for P t / y - A l 2 0 3 no anomalous 
hydrogen adsorption occurs for catalysts reduced at <500°C. 

Increasing the reduction temperature to 700°C caused large 
decreases i n hydrogen uptakes (see Runs 28,29,39 and 41, Table IV). 
Reduction at 700°C results in some Pt sintering as indicated by the 
maximum i n Figure 2B for the subtracted patterns for Runs 29 minus 
26, but this s l ight sinterin
ratios from about unity t
dispersion of 0.19 would have an intense Pt 111 l i n e . This i s i l l u s ­
trated i n the top XRD patterns (Run 34) i n Figure 2A. This XRD pat­
tern was obtained for CAT-10 after the catalyst had been treated i n 
oxygen at 700°C for 1 h . The H/Pt ratio for this sample after reduc­
tion at 500°C was 0.22, i . e . the H/Pt ratio for this case was higher 
than the one after reduction at 700°C. Hence, sintering i s not the 
main reason for the low H/Pt ratios obtained after Runs 28 and 29. 

The loss i n hydrogen adsorption capacity which results from 
700°C reduction can largely be restored by oxygen treatment at 22 to 
100°C (cf. H/Pt ratios for Run 29 to Runs 30 and 31). The difference 
i n H/Pt ratios for Run 27 and Runs 31 to 33 ( i . e . 0.83 compared to 
0.55) can be attributed to sintering which occurred during the 700°C 
reductions. 

Many other investigators have observed significant decreases i n 
hydrogen adsorption capacity as a result of high temperature reduc­
tion of P t / A l 2 0 3 . These observations and possible explanations have 
been reviewed by Paal and Menon (12). Two possible causes which have 
been proposed are: one, the formation of a Pt-reduced A1 2 0 3 surface 
complex (10-11), and two, the occurrence of very strong hydrogen ad­
sorption and possibly absorption during high temperature reduction 
(18). The results i n Table IV do not support the formation of 
Pt-reduced A1 2 0 3 complexes since the suppression of hydrogen uptakes 
i s less pronounced for catalysts with high Pt dispersions (CAT-10) 
than for catalysts with low Pt dispersions (CAT-11). Catalysts with 
high Pt dispersions should form surface complexes more readily than 
catalysts with low Pt dispersions since there is better Pt-support 
contact for highly dispersed catalysts, unless the presence of 
chlorine i n CAT-10 suppresses surface complex formation under 
reducing conditions. However, the formation of a reduced A1 2 0 3 com­
plex which migrates onto the Pt particles and suppresses subsequent 
hydrogen adsorption cannot be ruled out. 

The results i n Table IV can also be explained i n terms of 
strongly adsorbed/absorbed hydrogen which i s not desorbed during sub­
sequent degassing (18). Increasing the degassing temperature from 
500°C (used for Run 41) to 700°C increased the H/Pt ratios from 0.03 
to 0.06. This increase i n H/Pt as a result of higher degassing 
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178 STRONG METAL-SUPPORT INTERACTIONS 

temperature can also occur i f the suppression i n hydrogen adsorption 
was due to poisoning or blocking of the Pt surface by a reduced A1 2 0 3 

species. 

Platinum Supported on S i l i c a l i t e . Hydrogen adsorption results i n 
Table V and XRD results i n Figure 3 show that reduction at 500°C 
after prior oxygen treatment at 550°C results i n abnormally low H/Pt 
rat ios . The XRD results i n Figure 3A show that oxygen treatment at 
550°C causes significant sintering of the Pt (cf. XRD patterns for 
Runs 42 and 43). However, reduction at 500°C does not cause 
sintering (see subtracted patterns i n Figure 3B). 

Hydrogen adsorption by fresh P t / s i l i c a l i t e catalysts reduced at 
500°C (CAT-12, Run 42 as well as for other P t / s i l i c a l i t e catalysts we 
have examined) appears to correspond to one hydrogen atom per surface 
Pt atom. This conclusion i s based on detailed comparisons of hydro­
gen adsorption results with XRD and electron microscopy results . 
However, treatment i n oxyge
results i n hydrogen uptake
atom. For these oxygen treated P t / s i l i c a l i t e catalysts the H/Pt 
ratios obtained after 300°C reduction are a good measure of the Pt 
dispersion. 

The low H/Pt ratios after 500°C reduction of the oxygen treated 
catalysts have to be caused by poisoning of the Pt surface since 
strong hydrogen adsorption/absorption does not occur during 500°C re­
duction. The nature of the poison i s not known, but i t could 
originate from one of the precursors used i n the preparation of 
s i l i c a l i t e . I t appears that oxygen treatment at elevated tempera­
tures i s required to mobilize this poison. The hydrogen adsorption 
capacity can be restored by oxygen treatment at 400°C (see Runs 45 to 
47), but subsequent reduction at 500°C again results in a low H/Pt 
ratio (Run 48), i . e . the cycle of high and low hydrogen uptakes i s 
also reversible for P t / s i l i c a l i t e . 

Table V. Effect of Pretreatment on Hydrogen Adsorption for 
0.98% P t / S i l i c a l i t e (CAT-12) 

Oxygen Treatment* Run Reduction 
Temp. (°C) 

H Uptake 
(H/Pt) 

none 42 500 0.58 
1 h at 550°C 43 300 0.25 

44 500 0.14 
1 h at 700°C 45 300 0.06 

46 500 0.00 
1 h at 400°C 47 300 0.07 

48 500 0.01 

* Treatments, reductions and adsorptions done sequentially 
on the same catalyst sample. 
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Figure 3. XRD patterns for CAT-12 (0.98% P t / S i l i c a l i t e ) . 
A: Patterns as measured (offset for c l a r i t y ) ; 
B: Subtracted patterns (see Table V for treatments). 
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Summary and Conclusions 

The above results for Pt supported on three different types of 
d i f f i c u l t to reduce supports show that high temperature reduction 
usually causes large decreases i n hydrogen adsorption capacity. 
However, the reduction temperature required for hydrogen adsorption 
suppression depends on the support. Hydrogen adsorption capacities 
of catalysts reduced at high temperatures can be restored by oxygen 
treatment followed by low temperature reduction, i . e . the processes 
responsible for adsorption suppression are reversible. 

For a l l Pt supported on sulfur-containing MgO, 500°C reduction 
resulted i n low hydrogen uptakes. This i s attributed to sulfur 
poisoning of the Pt surface since for Pt on sulfur-free MgO 500°C re­
duction did not affect the hydrogen uptakes. The results for 
P t / s i l i c a l i t e were similar to those for Pt on sulfur-containing MgO, 
but the decrease i n hydrogen adsorption as a result of 500°C reduc­
tion was not as pronounce
for Pt on alumina did no
capacities, but decreases were observed after 700°C reductions. The 
relative decrease i n hydrogen adsorption for P t / A l 2 0 3 as a result of 
700°C reduction appears to depend on Pt dispersion; catalysts with 
low Pt dispersion had relat ively larger relative decreases i n H/Pt 
than catalysts with high Pt dispersions. Further investigations are 
needed to determine whether the decreases i n hydrogen adsorption for 
P t / A l 2 0 3 are caused by poisoning of a reduced form of alumina or by 
the formation of strongly adsorbed or absorbed hydrogen which i s 
formed during high temperature reduction. 
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Influence of Noble Metal Particles on Semiconducting 
and Insulating Oxide Materials 

J. Schwank, A. G. Shastri, and J. Y. Lee 

Department of Chemical Engineering, The University of Michigan, Ann Arbor, 
MI 48109-2136 

In order to improve our understanding of metal-support 
interactions, metal-induce
properties of
investigated. Gold is chosen as metal component, and 
MgO and TiO2 in form of anatase are used as support. 
In Au/MgO, a structural destabilization occurs which 
is a strong function of Au dispersion. Symptoms of 
the gold induced destabilization are: a significant 
weakening of the solid state oxygen bonds in MgO, 
increased susceptibility to electron beam damage in 
STEM, and Mg-carbonate formation following adsorption 
of CO at room temperature. In contrast to Au/MgO, the 
Au/TiO2 system exhibits a mutual stabilization of the 
Au dispersion and of the high surface area anatase 
structure even after thermal treatment at high 
temperatures. No evidence for weakening of the oxygen 
bonds or carbonate formation is found. Our results 
show that, depending on the particular metal/oxide 
system, highly dispersed metal particles can cause 
significant modifications of the oxide properties. 
Consequently, blank studies which are generally 
carried out on catalyst supports to check for 
inertness in a given catalytic reaction may not always 
fully describe the behavior of these oxides after 
catalyst preparation. 

The catalytic literature offers numerous examples for metal-support 
interactions, focusing mainly on support-induced changes in the 
adsorption characteristics and catalytic behavior of metals. Here, 
we are going to address the other side of this issue exploring 
certain manifestations of metal induced changes in the properties of 
typical oxide support materials. Since the pioneering work of 
Schwab, i t is well known that the contact between a metal and a 
semiconductor can modify the catalytic activity of the semiconductor 
by altering the charge carrier density of the Schottky layers (1-3). 
The analogy between metal-semiconductor or metal-insulator contacts 
in electronic materials and heterogeneous catalysts containing small 
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metal particles supported on oxide materials is quite obvious. 
Besides electronic interactions i t is conceivable that the presence 
of metal particles, especially when they are in a state of high or 
even atomic dispersion, might cause structural changes in the oxide 
materials, at least at or near the metal-oxide interface. 

In the case of supported metal catalysts, the typical oxides 
used are generally high surface area materials which are prone to 
surface defects and poor cry s t a l l i n i t y . The origin of the oxide 
material and the details of catalyst preparation and pretreatment 
w i l l have a profound influence on the way how metal particles or 
small metal aggregates are in contact with the oxide surface. 
Numerous possible scenarios come to mind, a l l of them, of course, 
highly system specific. Without attempting to be comprehensive, 
examples include random 'adsorption' of metal atoms or metal 
aggregates on the oxide surface, grain boundary decoration, formation 
of two-dimensional metal rafts, deposition of metal particles of 
varying sizes and contac
non-wetting angles, formatio
formation of surface compounds, i n t e r s t i t i a l and substitutional 
solutions. To complicate matters even further, supported metal 
catalysts can undergo morphological and structural changes not only 
during catalyst pretreatment, but also under reaction conditions and 
during catalyst regeneration. To what extent such restructuring 
events come into the picture w i l l depend on the properties of the 
metal-oxide interface. One might envision a situation where the 
interaction between metal and oxide leads to a mutual stabilization 
of both the metal dispersion and the oxide structure, or at the other 
extreme to a destabilization. Once again, analogies to material 
science come to mind where i t is fu l l y appreciated that the 
properties of materials can profoundly be influenced by the presence 
of impurities or dopants. In the case of supported metal catalysts 
having a metal loading of a few weight percent, one might view the 
metal as playing the role of an impurity. This aspect becomes 
particularly important when part of the metal gets incorporated or 
encapsulated in the oxide matrix. 

The objectives of this work are to study the influence of gold 
particles on the properties of typical catalyst supports, namely MgO 
and T i 0 2 # Gold has been chosen because of i t s relatively low 
catalytic activity except for oxygen transfer reactions (4). MgO, an 
insulator, and TiO^, a semiconducting material, are widely used as 
catalyst supports, and for both of them metal-support interactions 
have been reported in the literature. Our study places main emphasis 
on the role of gold on thermal stability, phase transformations, 
solid-phase oxygen exchange activity, and adsorption characteristics 
of the oxides. 

Experimental 

A multifaceted characterization effort to study these materials as a 
function of thermal treatment has been undertaken. The techniques 
include BET surface area measurements, X-ray d i f f r a c t i o n , 
chemisorption, scanning and high-resolution transmission electron 
microscopy, analytical electron microscopy, neutron activation 
analysis, atomic absorption spectroscopy, FTIR and isotopic tracer 
studies. The details of catalyst preparation have been previously 
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reported (5-7). The An catalysts were prepared by impregnation of 
the support materials with aqueous solutions of HAuCl 4, followed by 
reduction in either H 2 at 573-673 Κ or in oxalic acid at 623 K. Table 
I gives characterization data, most of which were obtained in a 
recent reinvestigation of the samples. 

Table I. Catalyst Characterization Data 

Catalyst 
Code 

Au Loading 
(wt %) 

Au Particle 
Size (nm) 

Support BET Area 
(m2/g) 

CI Content 
(wt %) 

32b 3.46 bimodal 
(1-10) 

MgO 
(Carlo Erba) 

248 0.02 

1231 0.982 2.2 MgO 264 0.04 

1241 2.53 9.0 MgO 
(Fisher) 

242 0.03 

1241 
sintered 

2.53 47 MgO 
(Fisher) 

35 -

1342 4.39 63 MgO 
(Carlo Erba) 

31 -

Au/Ti0 2 0.64 1.5 TiO. 
(Glidden) 

118 0.01 

The Carlo Erba MgO support was a low surface area oxide of about 
15 m2 /g which underwent a massive increase in surface area upon 
hydration, drying and subsequent reduction during the catalyst 
preparation; residual chlorine contents exerted a significant 
influence on the final surface area obtained (8). Table I shows the 
surface areas obtained after catalyst reduction. The T i 0 2 support, 
supplied by Glidden, was obtained by hydrolysis of titanium 
isopropoxide, followed by washing and drying at 378 Κ under vacuum. 
The BET surface area of the freshly prepared T1O2 was 118 m2/g, and 
appeared to be almost X-ray amorphous although high-resolution 
transmission electron microscopy showed domains approximately 20 nm 
in diameter with lattice fringes typical for anatase along with a few 
domains which had the brookite structure (7). After heating for 2 hrs 
to 673 K, X-ray diffraction showed patterns typical for pure anatase. 
FTIR spectra were obtained with a Digilab FTS-20 Fourier Transform 
infrared spectrometer. About 100 mg of catalyst was pressed into a 
self-supporting wafer and placed into vacuum-tight infrared c e l l s . 
The catalyst wafers were pretreated inside the IR c e l l at 573 Κ in H 2 

or 0 2, followed by evacuation and cooling under vacuum to the desired 
adsorption temperature. Gold particle sizes were determined by 
oxygen chemisorption at 473 K, transmission electron microscopy, and 
wide angle X-ray scattering. The details of the experimental 
techniques have been reported earlier (6.7). Isotopic oxygen exchange 
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studies between gas phase and solid phase were carried out in a 
Pyrex-glass high-vacuum recycle reactor interfaced with a mass 
spectrometer (9). 

Results and Discussion 

An/MgO. In keeping with our objective to examine the influence of 
metal particles on the properties of oxides, f i r s t the question of 
possible modifications in the oxygen bond strength had to be 
addressed. An elegant way to assess the relative strength of oxygen 
bonds in solids is the measurement of the rates of isotopic oxygen 
exchange between solid phase and gas phase. Generally, heterogeneous 
oxygen exchange between oxides and labelled gas phase oxygen becomes 
significant only at elevated temperatures (10.11). Since a previous 
study (9) clearly showed that the presence of Au can trigger high 
isotopic oxygen exchange activity of MgO at temperatures where the 
blank oxide is almost inactive
systematically the effec
on the exchange activity. 

Isotopic molecular oxygen can undergo three reactions in 
presence of a catalyst. The f i r s t reaction, the homogeneous 
exchange, is a scrambling of the oxygen isotopes which can take place 
either in the gas phase or on the catalyst surface without 
participation of oxygen from the solid phase. 

In our case, we start with an isotopic oxygen gas mixture which has 
already reached complete st a t i s t i c a l equilibrium according to 
reaction (1). More interesting for our purposes is the participation 
of solid phase oxygen according to the following two heterogeneous 
exchange reactions: 

3 \ +
1 6 0 = 3 4 0 , - 1 8 0 (2) 2 s 2 s 

3 6 0 , + 2 1 6 0 = 3 2 0 , + 2 1 8 0 (3) 
Ζ S 2 S 

Experimentally, the change in the relative amounts of molecular 
oxygen isotopes (mass 32, 34, and 36) and the total amount of 1 8 0 in 
the gas phase are measured during the course of the reaction. 
Reaction (1) which is typically 2-3 orders of magnitude faster than 
the heterogeneous reactions (2) and (3) does not alter the content of 
0 in the gas phase. The overall exchange rate derived from the 

disappearance of 0 from the gas phase combines in effect the rates 
of reactions (2) and (3). More details concerning the kinetic 
analysis are presented elsewhere (9). Figure 1 shows that blank MgO 
and MgO containing large Au particles with an average particle size 
of 63 nm are practically inactive for uptake of isotopic oxygen at a 
temperature of 623 K. However, as the Au dispersion increases, the 
exchange activity becomes quite significant. Figure 2 gives the 
Arrhenius plots for Au/MgO catalysts of varying dispersion. The most 
active Au/MgO catalyst 32b has a bimodal particle size distribution 
with part of the Au in a state of very high, maybe even atomic 
dispersion. 

As the gold dispersion decreases, the activity drops until i t 
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Figure 1. Concentration of 0 in the gas phase as a function of 
reaction time in presence of MgO and two Au/MgO catalysts of high 
and low dispersion, respectively. The reaction was carried out in 
a recycle batch reactor at a total oxygen pressure of 2.13 kPa and 
at a temperature of 623 K. 
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Figure 2. Arrhenius plots for the heterogeneous exchange of 
isotopic oxygen on MgO and Au/MgO catalysts of varying gold 
dispersion. See Table I for catalyst code numbers. 
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reaches that of blank MgO. Another important observation from Figure 
2 is that the gold-induced increase in exchange activity by far 
exceeds the change in activity one can achieve by increasing the BET 
surface area of blank MgO. The exchange activity depends both on the 
MgO surface area as well as the Au dispersion. However, Figure 2 
clearly shows that the Au dispersion and probably the proportion of 
Au in high (atomic?) dispersion is the dominating variable. These 
conclusions are substantiated by a sintering experiment on the Au/MgO 
catalyst 1241 where the agglomeration of Au from 9 to 47 nm 
correlates nicely with a large drop in exchange activity. The amount 
of oxygen atoms participating in the exchange reactions is 
substantially higher than the total number of gold atoms in the 
samples. This proves that oxygen from the support participates in 
the reaction and that the exchangeable oxygen cannot be accommodated 
on Au particles in form of gold oxides which are thermodynamically 
unstable under reaction conditions. 

One might wonder ho
the isotopic oxygen exchang
catalyst preparation conditions shows that the impregnation with 
aqueous precursor solutions followed by drying at about 373 Κ can 
lead to an almost complete bulk hydration of MgO to Mg(OH)2 . 
Subsequent dehydration during catalyst pretreatment causes massive 
changes in specific volume and surface area and can lead to the 
formation of highly porous, high surface area MgO particles of poorly 
defined crystal habit (8.12). The morphology of the resulting MgO 
strongly depends on the thermal history and the impurity content of 
the sample. It is conceivable that the nucleation and reduction of 
gold takes place while these massive restructuring events are going 
on in the Mg(OH)2 /MgO system. Some of the gold might get 
incorporated or encapsulated by MgO, and some gold atoms might get 
deposited on defect sites on the MgO surface thus destabilizing the 
MgO oxygen bonds in the v i c i n i t y . This hypothesis is at least 
qualitatively confirmed by electron microscopy results. Convergent 
beam μ-μ electron diffraction patterns were obtained by focusing a 
10nm diameter electron beam on chosen regions of the specimen. Blank 
MgO gave μ-μ diffraction patterns which were reproducible i f one 
focussed the beam repeatedly on the same area for 5 minutes. However, 
the μ-μ diffraction patterns of MgO taken in the immediate v i c i n i t y 
of gold particles could only be obtained once. After about two 
minutes of exposure to the electron beam, the diffraction patterns 
tended to fade out indicating that localized regions of the MgO were 
sensitive to electron beam damage. No such beam damage was 
encountered in specimen regions which had no gold particles in the 
immediate vi c i n i t y . The observations made on the JEOL-100 CX 
transmission electron microscope operated at 100 kV were 
independently confirmed by Dr. John Cowley at Arizona State 
University (13) who investigated some of our MgO supported catalyst 
samples in a 200 kV microscope. 

To check whether the presence of gold would alter the adsorption 
characteristics of MgO, an infrared study of CO adsorption at room 
temperature was carried out. The results are shown in Figure 3. When 
blank MgO that had been subjected to the same pretreatment as Au/MgO 
except for the impregnation with the gold precursor salt was exposed 
to 10 Torr of CO gas at 293 K, no adsorption of CO was observed and 
the infrared spectrum showed no band whatsoever that could be 
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Figure 3 (a,b). Infrared spectra obtained after exposing 
magnesium oxide and gold-magnesium oxide samples to CO gas 
at a pressure of about 1.3 kPa. a) blank magnesium oxide; 
b) highly dispersed 3.46% gold-magnesium oxide (catalyst 
32b) · 

In Strong Metal-Support Interactions; Baker, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



SC H WAN K ET AL. Noble Metal Particles on Oxide Materials 

Lu 
Ο 
Z < 
m 
or 
ο 
to 
m < 

I I I I I I I 1 I I I I I I I I I 

Evacuated 

I I I I I I I I i I I I \ I I I I 
2600 2200 1800 1400 1000 

cm"1 

< 
oo 
or 
ο 
co 
m < 

I I I I I I I I I I I I I I I I I 

after cooling to 3 0 5 ° Κ in vacuo 

evacuation at Λ*. 

/~Jit 4 7 7 0 K 

2 9 3 ° Κ 

_I I I I 
2600 2200 1800 

cm" 1 

1400 1000 

Figure 3 (c,d). Infrared spectra obtained after exposing 
magnesium oxide and gold-magnesium oxide samples to CO gas 
at a pressure of about 1,3 kPa. c) 4.39% Au-MgO (catalyst 
1342); d) spectra obtained on blank MgO after heating in 
presence of CO and oxygen to 477 K. 
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attributed to adsorbed CO or to the formation of carbonates. In 
striking contrast to the lack of reactivity of the blank support 
towards CO, the Au/MgO catalysts showed strong infrared bands that 
could not be removed upon evacuation of the gas phase CO. While 
these bands f a l l into a spectral region that is typical for magnesium 
carbonates, the details of band position and relative band intensity 
depend on the individual catalyst sample. Here we show for 
comparison the spectra obtained on the catalysts representing the two 
extreme cases in the isotopic exchange experiment, namely the highly 
dispersed catalyst 32b and the Au/MgO catalyst 1342 with very low 
metal dispersion. Similar carbonate spectra although with slightly 
different band positions were also obtained on MgO catalyst supports 
impregnated with other metals such as ruthenium (14). In order to 
achieve carbonate formation on the blank MgO, i t was necessary to 
heat the oxide in presence of a CO/02 gas mixture to 477 K. The 
resulting carbonate bands were quite different in appearance from 
those obtained after exposin
CO at room temperature a
the carbonate bands are different depending on the nature of the 
metal and the metal dispersion could be taken as an indication that 
the carbonates are located at or near the metal-oxide interface. A 
more detailed band assignment and verification of this hypothesis 
w i l l have to await further study. A l l these observations point 
towards a strong influence of Au on the properties of MgO, and we 
suspect that the proportion of Au in high dispersion plays a crucial 
role in destabilizing the oxide structure. 

Au/TiO^. A completely different picture emerges for the Au/Ti0 2 

system. There, our previous work (7) had already indicated that the 
presence of Au in high dispersion resulted in a mutual stabilization 
of the gold dispersion and the anatase structure of T i 0 2 . The latter 
was manifested by better thermal stability of the BET surface area of 
T i 0 2 and by a significant delay in the anatase to rutile phase 
transformation. These results were interpreted in terms of gold 
forming an i n t e r s t i t i a l solution and decorating the Ti0 2 grain 
boundaries, thus restricting the cooperative movement of T i 4 + and 
0 2 - ions which would be required to accomplish the phase 
transformation. In keeping with t h i s idea of gold-induced 
stabilization of Ti0 2 one would not expect gold to destabilize the 
oxygen bonds in the solid phase in a manner analogous to that seen on 
MgO. In fact, our highly dispersed Au/Ti0 2 catalyst showed no 
indication of any enhanced isotopic oxygen exchange activity as 
compared to blank T i 0 2 . 

In contrast to MgO, exposing the Au/Ti0 2 catalyst to CO at 293 Κ 
and 323 Ε did not lead to the appearance of any carbonate bands. The 
adsorption isotherms obtained on blank T i 0 2 and Au/Ti0 2 at 293 Κ 
showed considerable uptake of CO on the blank support while at 323 Κ 
the CO uptake on the support became almost negligible (7). At both 
temperatures, most of the adsorbed CO could easily be removed by 
prolonged evacuation, indicating low heats of adsorption on both Au 
and T i 0 2 surfaces. CO adsorption on Au typically gives a single 
infrared band at about 2110-2070 cm"1 (15-21). To the best of our 
knowledge, there has been no previous infrared study of CO adsorption 
on Au/Ti0 2 . According to Tates (22), CO adsorbed on T 1 O 2 gives two 
infrared bands at 2180 and 2210 cm - 1. A recent publication (23) 
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reports three infrared bands of CO on the anatase form of Ti0 2 at 
2110, 2190, and 2210 cm"1. The band at 2110 cm""1 was assigned to CO 
adsorption to reduced T i 3 + sites while the bands at higher 
wavenumbers were attributed to CO adsorption on weak and strong Lewis 
acid sites, respectively. These Lewis acid sites are believed to be 
T i 4 + cations with different degrees of coordinative unsaturation 
which are exposed at the oxide surface. 

In our case, we found that on high surface area anatase three CO 
bands appeared at 2128, 2188, and 2210 cm - 1 after room temperature 
adsorption of CO at a pressure of 10 Torr (Figure 4). In agreement 
with reference (23) we assign the three bands also to adsorption on 
T i 3 + , and week and strong Lewis acid sites on the T i 0 2 surface. The 
CO band at 2128 cm"1 took longer to remove by evacuation compared to 
the two other bands indicating a higher strength of adsorption of CO 
on T i 3 + sites. The two bands at higher wavenumbers which are 
attributed to CO adsorption on Lewis acid sites appeared to be rather 
sensitive to catalyst pretreatmen
variations in hydroxyl grou
infrared spectra of CO on Au/Ti0 2 are also shown in Figure 4. A l l 
three bands that were seen on the blank T i 0 2 are v i s i b l e . The low 
wavenumber band at 2128 cm - 1 is now clearly the most intense band in 
the spectrum and appears to be slightly enhanced compared to the 
blank T i 0 2 spectrum. With decreasing relative 00 surface coverage, 
the two bands at higher wavenumbers decrease in intensity without a 
shift in band position. The low wavenumber band, once again, is more 
stable. The position of the band maximum shifts from 2128 to 
2125 cm - 1 as the surface coverage decreases, a shift similar to that 
observed on blank T i 0 2 . The question now arises whether the increased 
band intensity of the 2128 cm'1 band is due to adsorption of CO on Au 
sites which should give a band in the region of 2120 to 2070 curl · 
The band position of 2128 cm"1 obtained on Au/Ti0 2 is higher than any 
band position ever reported for CO on Au. Furthermore, i t has been 
observed that the infrared band of CO adsorbed on Au shifts to higher 
wavenumbers as the surface coverage decreases (21_), a trend opposite 
to the one observed here. Finally, CO adsorbed on Au can usually be 
removed just by brief evacuation. Here, the low wavenumber band 
proved to be quite persistent and required prolonged evacuation 
before i t could be removed. A l l these facts indicate that the 
2128 cm"1 band could be a result of an interaction between highly 
dispersed Au located in i n t e r s t i t i a l positions and on grain 
boundaries of the oxide and the titanium cations resulting in an 
increased concentration of T i 3 + sites. 

The uptake of CO by the T i 0 2 support became almost negligible 
when the adsorption temperature was raised to 323 K, while the 
Au/Ti0 2 catalyst was s t i l l able to adsorb 00 at this temperature (7). 
The infrared spectra of CO adsorbed at 323 Κ on blank anatase and on 
Au/TiO2 are shown in Figure 4c and 4d. In contrast to the room 
temperature experiment, CO adsorption at 323 Κ led to only one weak 
band at about 2128 cm"1. Once again, no band attributable to CO 
adsorbed on Au could be detected. It seems that gold in high 
dispersion can contribute to a slight enhancement of CO adsorption on 
anatase. Some of the CO might be adsorbed at the metal-oxide 
interface mainly in the form of CO on T i 3 + cations. 

In Strong Metal-Support Interactions; Baker, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



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 

m 
< 

a b i l l ' 

_ 

evoc

1 1 1 1 1 ' 1 1 1 1 
2300 cnT< 2100 2300 2100 

CO on blank Ti0 2 COon Au/T i0 2 

25° C 

d . . 1 1 _ 

0 = 1 ^ ^ ^ i i m ^ 

I I 1 1 I I I I I 
2300 cm" 1 2100 2300 2100 

CO on Au/ T i0 2 CO on blank T i0 2 

5 0 ° C 

Figure 4· Infrared spectra of CO on a) titanium dioxide 
at a) 298 Κ and b) 323 K; and gold-titanium dioxide at 
c) 298 Κ and d) 323 K.The values of theta indicate the 
relative residual CO pressure in the IR c e l l normalized 
with respect to a CO partial pressure of 1.3 kPa. 
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Conclusions 

Our study has provided some interesting clues with regard to 
metal-induced changes in typical catalyst support materials. It is 
obvious that the phenomena observed are system specific, and our data 
do not permit us to extrapolate our findings in a straightforward 
manner to other supported catalyst systems. It is also not clear 
whether or not the enhancement of the carbonate formation or the 
increased solid-phase oxygen mobility in MgO is related to support 
effects reported for catalytic reactions on MgO supported metals. 
Nevertheless, i t seems important to keep a wary eye on metal-induced 
changes in typical catalyst supports. Even i f blank experiments 
prove that there is no activity of the support under given reaction 
conditions, one should not ta c i t l y assume that these results apply to 
the support after i t has been impregnated with metal. 
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Evidence of a Metal-Surface Phase Oxide Interaction 
for Re on WOx Supported on Activated Carbon 

L. L. Murrell, N. C. Dispenziere, Jr., R. T. K. Baker, and J. J. Chludzinski 

Corporate Research Science Laboratories, Exxon Research and Engineering Company, 
Annandale, NJ 08801 

Hydrogen and CO chemisorption of Re, W, and Re-W on a 
carbon black support reduced in H2 confirm metallic 
phases are present in al l three systems. The tempera­
tures at which reductio
ent strong meta
supported WOx, was followed by chemisorption. In 
addition, the catalytic gasification of the carbon 
black by the very active Re component in H2 was sig­
nificantly retarded for the Re-W system. Controlled 
atmosphere electron microscopy examination of the Re-W 
system confirmed the marked decrease in the catalyzed 
gasification of graphite in H2 compared to the very 
active Re component. In the gasification of graphite 
in O2, however, the Re-W bicomponent alloy system was 
significantly more active than either tungsten or 
rhenium. It was concluded that at high temperatures 
in O2, Re covers the Re-W alloy particles, and at high 
temperatures in H2, W covers the Re-W alloy parti­
cles. At low temperatures highly-dispersed Re parti­
cles interact with a WOx surface phase complex either 
on the carbon surface or on the Re particle surface to 
retard both H2 and CO chemisorption. 

There i s c o n s i d e r a b l e c u r r e n t i n t e r e s t i n the s t r o n g i n t e r a c t i o n 
between c e r t a i n ox ide supports and a metal phase (SMSI) ( 1 , 2 ) , In 
a d d i t i o n , the i n t e r a c t i o n between oxide supports and h i g h l y d i s ­
persed oxide phases i s r e c e i v i n g i n c r e a s i n g a t t e n t i o n ( 3 - 6 ) , This 
paper presents evidence t h a t a r e l a t i v e l y i n e r t a c t i v a t e d carbon 
black s u p p o r t , ( C a r b o l a c , c o n t a i n i n g 20 wt% oxygen, Cabot C o r p o r a ­
t i o n ) , when used as a support f o r a t r a n s i t i o n metal oxide (TMO) 
a l t e r s the p r o p e r t i e s of the supported TMO i n s i g n i f i c a n t ways. 
Bulk tungsten oxide does not behave as an SMSI support whereas t u n g ­
sten oxide when supported on a c t i v a t e d carbon i s an SMSI s u p p o r t . 
The extent of r e d u c t i o n of T i 0 2 has been i m p l i c a t e d i n the SMSI 
phenomenon ( 7 , 8 ) , In t h i s paper we present c l e a r evidence tha t the 
number of systems which can give r i s e to the SMSI phenomenon i s not 
l i m i t e d t o primary oxides such as TiOo, Nbo05, or b i n a r y oxides such 
as B a T i 0 3 or Z r T i 0 4 . 

0097-6156/86/0298-0195S06.00/0 
© 1986 American Chemical Society 
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In a r e l a t e d study of Rh on T i 0 2 - d o p e d SiO? (9) i t was shown 
tha t a h i g h l y - d i s p e r s e d s u r f a c e phase complex o f TTD 2 on an i n e r t 
S iO2 support i n t r o d u c e d c o o r d i n a t i v e l y unsaturated s i t e s (CUS) (10-
12) of T i + 4 which were " t i t r a t e d " by the reduced metal c l u s t e r s . 

T i ï i s R h - T i 0 2
 o n S l 0 2 i n t e r a c t " i ° n l e a d t 0 CO a n d H 2 c h e m l * s o r P t l o n 

suppress ion when reduced i n H 2 at 500°C. S i m i l a r s t u d i e s of FeO on 
T i 0 2 and I r -Fe on T i 0 2 (13) show i n t e r a c t i o n of the CUS s i t e s of 
T i 0 2 w i t h both F e + Z centers and an I r - F e b i m e t a l l i c c l u s t e r . A c t i ­
vated carbon i n the present study and g r a p h i t e model systems have 
been employed as supports f o r WO3, ReoOy and W 0 3 - R e 2 0 y . The p r o p e r ­
t i e s of these three systems i n reducing and o x i d i z i n g environments 
have been s t u d i e d by H 2 and CO c h e m i s o r p t i o n , x - r a y d i f f r a c t i o n 
(14 ) , and C o n t r o l l e d Atmosphere E l e c t r o n Microscopy (15 ) . Rhenium, 
W, and Re-W are i n t e r e s t i n g systems t o i n v e s t i g a t e as f a r as the 
g r a p h i t e g a s i f i c a t i o n i n o x i d i z i n g and reducing c o n d i t i o n s i s c o n ­
cerned ( 1 6 , 1 7 ) . This i s due t o the f a c t tha t the s i n g l e component 
systems Re and W, i n bot
such extremes i n c a t a l y t i
toward g r a p h i t e g a s i f i c a t i o n i n H 2 whereas rhenium i s one of the 
most a c t i v e c a t a l y s t s (15 ) . Tungsten i s a l s o o n l y m a r g i n a l l y more 
a c t i v e than the u n c a t a l y z e d g r a p h i t e g a s i f i c a t i o n i n 0 2 whereas 
rhenium i s an a c t i v e c a t a l y s t . Studies of the mixed component s y s ­
tem, Re-W, are t h e r e f o r e of c o n s i d e r a b l e i n t e r e s t (16,17) s i n c e the 
s i n g l e component systems have such d i f f e r e n t c a t a l y t i c a c t i v i t y 
toward g r a p h i t e g a s i f i c a t i o n . 

The Re-W system shows complete r e v e r s a l i n g a s i f i c a t i o n a c t i v i ­
ty f o r o x i d i z i n g and reducing c o n d i t i o n s . The Re-W system f o r 
g r a p h i t e g a s i f i c a t i o n i n oxygen i s more a c t i v e than rhenium i t s e l f . 
This i s c o n s i s t e n t w i t h a model wherein a p a r t i c l e of W i s s u r r o u n d ­
ed by an outer Re metal phase. This "cherry model" of the Re-W 
system e x p l a i n s enhanced a c t i v i t y f o r g r a p h i t e o x i d a t i o n e i t h e r v i a 
the t h i n "outer s k i n " of Re a l l o w i n g f a s t e r carbon d i f f u s i o n and/or 
v i a the Re phase being a l t e r e d e l e c t r o n i c a l l y by the i n n e r W c o r e . 
In any case the Re-W g a s i f i c a t i o n i n oxygen i s c l e a r l y more c h a r a c ­
t e r i s t i c o f Re than W, which i s n e a r l y i n e r t . 

The Re-W system f o r g r a p h i t e g a s i f i c a t i o n i n hydrogen i s j u s t 
the o p p o s i t e to g a s i f i c a t i o n i n oxygen. Rhenium-tungsten i s com­
p l e t e l y i n e r t f o r g r a p h i t e g a s i f i c a t i o n i n hydrogen! This r e s u l t 
argues t h a t under reduc ing c o n d i t i o n s the outer s u r f a c e of the Re-W 
metal p a r t i c l e s are covered by an "outer s k i n " of W. The W sur face 
segregat ion comple te ly r e t a r d s the a c t i v i t y of one o f the most a c ­
t i v e g r a p h i t e h y d r o - g a s i f i c a t i o n c a t a l y s t s known. The CAEM s t u d i e s 
of Re, W and Re-W on g r a p h i t e are on ly one aspect o f t h e i r i n t e r e s t ­
i n g c h e m i s t r y . Chemisorpt ion and x - r a y d i f f r a c t i o n s t u d i e s of the 
Re, W and Re-W systems shows t h a t W0 X on a c t i v a t e d carbon t o be SMSI 
support ( 1 , 2 ) . The H 2 and CO chemisorpt ion uptake f o r W on a c t i ­
vated samples reduced at 500°C i n f l o w i n g Ho was very low d e s p i t e W 
metal p a r t i c l e s being detected by x - r a y d i f f r a c t i o n , see Tables 1 
and 2 . Since bulk WO3 does not reduce u n t i l 550°C we suspected 
oxygen contaminat ion of the W metal p a r t i c l e s u r f a c e . Reduct ion of 
both a 10 and a 25% W on a c t i v a t e d carbon sample at 700°C i n c r e a s e d 
both the H 2 and CO chemisorpt ion to t h a t expected of a d i s p e r s e d 
metal p a r t i c l e of ca 10 nm d i a m e t e r , see Tables 1 and 2 . 
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Table I . Hydrogen Chemisorpt ion and X-ray D i f f r a c t i o n S tudies of W, 
Re, and Re-W on Carbolac 

Metal Surface 

Sample on 
Carbolac 

Reduction 
Temperature(°C) 

Metal Surface 
A r e a 1 by Ho 

Chemisorpt ionfnr/g) 

Area Measured 
by X-ray L i n e 
Broadening(mVg) 

10% W/C 500 0.53 Very Broad Line 

10% W/C 700 15.9 43 

25% W/C 500 2.61 50 

25% W/C 700 10.8 28 

10% Re/C 300 

10% Re/C 500 37.9 23 

10% Re-10% W/C 300 13.6 NV 2 

10% Re-10% W/C 500 9.88 -60 

The Ho chemisorpt ion blank on Carbolac was found t o be 0.056 cc/g 
reduced at 300° or 500°C and 0.067 cc/g reduced at 700°C. This 
small gas uptake on the Carbolac support was s u b t r a c t e d from the 
values f o r a l l the samples i n t h i s t a b l e . 

Not v i s i b l e . 

In c o n t r a s t t o the s l u g g i s h r e d u c t i o n of W on a c t i v a t e d carbon 
10% Re on a c t i v a t e d carbon reduced r e a d i l y at 300°C as conf irmed by 
H 2 and CO c h e m i s o r p t i o n . This f a c t w i l l become important when com­
p a r i s o n i s made t o Re-W on a c t i v a t e d c a r b o n . Reduction of Re on 
a c t i v a t e d carbon i n f l o w i n g H 2 at 500°C f o r 1 h r . r e s u l t e d i n about 
50% g a s i f i c a t i o n of the a c t i v a t e d carbon . Cons iderab le s i n t e r i n g o f 
the 500°C reduced sample occured compared t o the 300°C reduced sam­
ple as conf irmed both by x - r a y d i f f r a c t i o n and by H 2 and CO chemi­
s o r p t i o n . Reduction of a sample of 10% Re on a c t i v a t e d carbon at 
700°C i n f l o w i n g H? r e s u l t e d i n n e a r l y complete carbon g a s i f i c a t i o n 
i n 5 m i n . The high carbon g a s i f i c a t i o n a c t i v i t y of Re on g r a p h i t e 
i s c o n s i s t e n t w i t h the observed g a s i f i c a t i o n of a c t i v a t e d c a r b o n . 

A 10 wt.% Re-10 wt.% W on a c t i v a t e d carbon sample was next 
i n v e s t i g a t e d by H 2 and CO c h e m i s o r p t i o n . The sample was prepared by 
f i r s t i n t r o d u c i n g the W component f o l l o w e d by i n t r o d u c t i o n of the Re 
component. The Ho and CO chemisorpt ion of the Re-W on a c t i v a t e d 
carbon reduced at 300°C was reduced by a f a c t o r of 10 compared t o Re 
on a c t i v a t e d c a r b o n . T r i v i a l s i n t e r i n g of Re t o g i v e l a r g e p a r t i ­
c l e s was discounted as x - r a y d i f f r a c t i o n showed t h a t no Re p a r t i c l e 
could be d e t e c t e d . Increas ing the r e d u c t i o n temperature t o 500°C 
f o r Re-W on carbon f a i l e d to i n c r e a s e the H 2 and CO chemisorpt ion 
uptake . A l s o , the carbon g a s i f i c a t i o n observed f o r the 10% Re on 
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a c t i v a t e d carbon sample was complete ly suppressed i n the case of Re-
W on a c t i v a t e d c a r b o n . These o b s e r v a t i o n argues t h a t Re i n t e r a c t s 
w i t h the h i g h l y d i s p e r s e d W0X phase on a c t i v a t e d carbon at both 300 
and 500°C i n H ^ . This i n t e r a c t i o n a l t e r s both c h e m i s o r p t i o n and 
carbon g a s i f i c a t i o n c h a r a c t e r i s t i c of the Re component. The model 

Table I I . Carbon Monoxide Chemisorpt ion and X-ray D i f f r a c t i o n 
S tudies o f W, Re, and Re-W on Carbolac 

Metal Surface 
Metal Surface Area Measured 

Sample on Reduction A r e a 1 by Ho « by X-ray L i n e 
Carbolac Temperature(°C) Chemisorpt ionfm z /g) Broadening(nr/g) 

10% W/C 500 2.86 Very Broad 

10% W/C 700 13.1 43 

25% W/C 500 6.29 50 

25% W/C 700 17.4 28 

10% Re/C 300 123 NV 2 

10% Re/C 500 19.0 23 

10% Re-10% W/C 300 21.2 NV 2 

10% Re-10% W/C 500 12.7 60 

The CO c h e m i s o r p t i o n blank on Carbolac was found t o be 0.09 cc/g 
when reduced at 500°C and zero when reduced at 700°C. The uptake 
on the Carbolac support was subt rac ted from the va lues f o r a l l the 
samples d e s c r i b e d i n t h i s t a b l e employing the double i sotherm 
t e c h n i q u e . 

t h a t p a r t i a l r e d u c t i o n of t r a n s i t i o n metal ox ide phases leads t o the 
SMSI phenomenon must be expanded to a d i spersed t r a n s i t i o n metal 
ox ide phase on a carbon s u p p o r t . CAEM s t u d i e s support the view t h a t 
W0X on carbon i s a h i g h l y d i s p e r s e d and s t r o n g l y i n t e r a c t i n g phase 
w i t h the carbon s u b s t r a t e . A recent paper (18) d e s c r i b i n g Pt-Mo 
b i m e t a l l i c c a t a l y s t s supported on X - z e o l i t e s r e p o r t s a s i g n i f i c a n t 
decrease i n H 2 and CO chemisorpt ion as Mo i n t e r a c t s w i t h the s u r f a c e 
of the 1.0 nm Pt p a r t i c l e s i n the z e o l i t e cages . The p a r a l l e l s 
among the r e s u l t s f o r Pt-Mo on X - z e o l i t e , the r e s u l t s f o r Re-W on 
a c t i v a t e d carbon i n t h i s paper , and the r e s u l t s f o r SMSI systems on 
T i 0 2 ( 1 , 2 , 7 , 8 , 1 3 ) are s t r i k i n g . 
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Metal-TiO2 Catalysts 
Electronic Effects During H2 Chemisorption, CO-H2 Interactions, and 
Photocatalysis 

J.-M. Herrmann 

Equipe photocatalyse, C.N.R.S., Ecole Centrale de Lyon, B.P. 163, 69131 Ecully Cedex, 
France 

The electronic behaviour of Pt, Rh and Ni/TiO2 catalysts 
was followed by measurin
the support. Fro
that the metal is always enriched in free electrons from 
the support and that H2 chemisorption is followed by Η 
spill over on the oxide. On Pt/TiO2, σ measurements sho­
wed (i) that CO chemisorbs as a donor molecule, which 
can explain why an excess of electrons in the metal can 
counteract CO chemisorption and (ii) that CO does not 
dissociate on TiO2 or at the interface. At reaction tem­
perature (290°), CO does not dissociate either, which can 
hint that methanol is a primary product and, on adding 
H2, the decrease of σ shows that TiO2 surface is reoxi-
dized by the oxygenated products (methanol, water), thus 
partly destroying SMSI. The electron exchange between 
the metal and its support play a fundamental role in 
SMSI as clearly demonstrated in the photocatalytic cy-
clopentane-deuterium isotopic exchange reaction. 

Recently titania appeared as a non-conventional support for noble 
metal catalysts, since i t was found to induce perturbations in their 
H2 or CO adsorption capacities as well as in their catalytic a c t i v i ­
ties. This phenomenon, discovered by the EXXON group, was denoted 
"Strong Metal-Support Interactions' 1 (SMSI effect) (1) and later ex­
tended to other reducible oxide supports (2), Two symposia were de­
voted to SMSI, one in Lyon-Ecully (1982) (3) and the present one in 
Miami (1985) (j4) and presently, two main explanations are generally 
proposed to account for SMSI: (i) either the occurence of an electro­
nic effect (2y5-13) or ( i i ) the migration of suboxide species on 
the metal particles (14-20), The second hypothesis was essentially 
illustrated on model catalysts with spectroscopic techniques,It can 
be noted that both possi b i l i t i e s do not necessarily exclude each 
other and can be considered simultaneously (21). 

In the present paper, the metal-support electronic interactions 
in various metal catalysts-mainly Pt - were followed by measuring in 
situ the electrical conductivity of the solids either in the "nor­
mal" or the "SMSI" state, when in contact with various atmospheres 
(vacuum, H2, 02> (CO+H2). The manifestation of the electronic factor 
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during catalysis was i l lustrated by the photocatalytic isotopic ex­
change between deuterium and cyclopentane. 

Experimental 

Catalysts;The three types of catalysts (Pt, Rh, Ni/Ti02) where 
prepared by impregnating a desired quantity of titanium dioxide 
(anatase Degussa P-25; 50 m2 g-1) with aqueous solutions of com­
pounds containing the cations of the metal chosen (chloroplatinic 
acid, rhodium tr ichloride and nickel hexammine nitrate) at concen­
trations appropriate to y ie ld the proper metal loading (5 wt% unless 
otherwise stated). The impregnated slurries were subsequently eva­
cuated at 80eC in a rotating f lask, dried at 110°C for 2 h, reduced 
at 480eC overnight in hydrogen, cooled down to room temperature un­
der nitrogen flow and kept in v i a l s u n t i l l further use. Chemical 
analyses gave metal loadings of - 5 wt%, 

The catalysts were characterize
transmission electron microscop
homodispersed particles of 2 and 3,5 nm respectively, homogeneously 
distributed on a l l the quasi-spherical (d^25 nm) particles of P-25 
Degussa anatase. Concerning Pt, different catalysts were prepared 
with loadings varying from 0,1 to 10%: the part ic le size remained 
unchanged (1,5-2 nm) even with a metal loading varying by 2 orders 
of magnitude (22), 

Nickel particles were far bigger and because of a lack of con­
trast could not be seen by TEM, Magnetic measurements, however, 
yielded a mean size of about 13,5 nm, A rough estimation showed that 
only 10 to 20% of T102 particles were in contact with a nickel one. 

E l e c t r i c a l conductivity measurements: They were carried out in 
a static-type c e l l , designed for powder samples, which allows in 
situ measurements from the beginning of the pretreatment up to sub­
sequent solid-gas interactions. The results refer only to the sup­
port in the case of supported metal catalysts, 

The photocatalytic isotopic exchange between cyclopentane and 
deuterium (CDIE) was carried out in a static fused s i l i c a photoreac-
tor described in ref (23), 

Results and Discussion 

Effect of SMSI on H? chemisorption: The various M/T102 catalysts 
were reduced in 250 Torr H2 either at low temperature (200eC; LTR 
samples) or at high temperature (500eC; HTR samples), LTR Ni/Ti02 
sample was exceptionnally reduced at 300eC to make sure that a l l 
nickel was completely reduced, H2 adsorption capacities are l i s ted 
in Table I. 

From Table I, i t can be seen that for a constant metal loading 
(5%), the sensit ivi ty to SMSI of the present samples varies as 
Ni » Pt>Rh, This c lass i f ica t ion is purely qualitative and not i n d i ­
cative of the proper influence of the nature the metal since several 
parameters such as texture and dispersion can influence the extent 
of SMSI, For instance, nickel is under the shape of far larger par­
t i c les than Pt or Rh ones with 2 to 3 times more atoms. On the con­
trary, in the case of Pt catalysts, the comparison between catalysts 
is more meaningful since the metal c r y s t a l l i t e size is homodispersed 

In Strong Metal-Support Interactions; Baker, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



2 0 2 STRONG METAL-SUPPORT INTERACTIONS 

and constant. It can be observed from Table I (i) that for two d i f ­
ferent preparations with the same Pt content (5%), the reproducibi­
l i t y i s correct and ( i i ) that for two different loadings (0,5 and 
5 Pt%), the effect of SMSI on the adsorption is stronger for the 
smaller one and initiates at lower temperatures (300eC), This beha­
viour w i l l be observed and discussed further in the catalytic section. 

Table I. Adsorption of H on various M/TiO? catalysts 

Amount of chemisorbed (ymol/g,cat) 
Reduction temperature 

200 300 500 

Pt/TiO 5% 41 41 6 
Pt/TiO^ 5% 3 8 -
Pt/TiO^ 0,5% 6,
Rh/Tio' 5% 67 - 24 
Ni/TiO^ 5% - 8 0 

Electrical conductivity study of M/TiO^ catalysts 

This study has been previously described in ref (11,24)and can be 
summarized as follows, 

(i) LTR samples (Tg « 200°C): In H2 at 200eC, since the presence of 
a metal deposited increases the conductivity of titania by 1 to 2 
orders of magnitude, i t was inferred that the metal catalyzes the 
reduction of the oxide with spi l t over atomic hydrogen which f i r s t 
creates OHg^surface groups: 

H2 + 2 M S " 2 V H ( 1 ) 

Ms " H + °s~ Ms + 0Hs" + e " ( 2 ) 

whose dehydration forms anionic vacancies VQ2-
2 0H~ & H20(g) + 0 2" + V Q2- (3) 

which are generally singly ionized at the temperatures considered 
V Q2- 5=? V Q2- + e" (*) 

Simultaneously, because of the good physical and thence e l e c t r i ­
cal contact between both solid phases, there is an alignment of their 
Fermi levels which demands an electron migration - even limited -
from the support to the metal in agreement with the respective va­
lues of the work functions of the metal and of the reduced support, 

e~ + M ^ e"~ (5) 
The electron transfer of Eq (5) is confirmed when H2 is evacua­

ted at 400eC since the electrical conductivity of M/Ti0 2, a
M / T i 0 « t 

decreases whereas increases because of the creation or new 
anionic vacancies due 2to the increase of temperature, 

Ο 2" φ* 1/2 0 2 ( g ) + V Q£_ + e" (6) 
In Eq(6), the charge balance i s obtained by summation in both 

sides of the equation of a l l the charges mentioned, included those 
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in subscripts ( l ike VQ2-} in order to account for the fact that spe­
cies such as 0̂ ~ and VQ2 - are neutral with respect to the s o l i d , 
Eq(5)is also confirmed when Τ is decreased under vacuum from 400°C 
to room temperature since M/T102 samples remain semiconductors with 
a constant activation energy of conduction E c > in contrast with bare 
t i tania which behaves as a quasi-metallic conductor (E c - 0), 

F i n a l l y , the introduction of hydrogen at room temperature on 
M/T102 produces a reversible increase of QM/Ti02 which follows the 
isotherm law: . 

σ = a + b P__ 1 / 2 (7) 
2 

which can be accounted for by Eqs (1), (2) and (5), 
( i i ) HTR samples (T = 500 eC), SMSI state: Qualitatively, M/Ti0 2 

samples behave as tne LTR ones. However, as evidenced by the higher 
value of σ, the reduction of t i tania is much more important, A T l ^ y 
phase was even identified (18,25), Consequently, the relative elec­
tron enrichment of the metal is stronger in agreement with the 
alignment of the Fermi level
whose work function decreases with the reduction l e v e l . This electron 
excess in the metal, even i f i t i s l imited, is thought to be at the 
origin of the SMSI effect which partly suppresses H 2 chemisorption, 
especially i f this chemisorption occurs with the creation of dipoles 
at the surface of metal (26,27,28), The absence of chemisorptive pro­
perties under SMSI conditions for catalysts having a low loading, 
H h i c h depends on the nature and texture of the metal (0,5% for Pt 
and 5% for N i , Table I) i s confirmed by the absence of hydrogen 
s p i l l over (do/dP = 0 in Eq,(7))on these samples, whereas for a l l 
other samples whose H2 chemisorption capacity is not n i l when in the 
SMSI state, the relationship of Eq 7 is duly observed. 

The restauration of a normal state by exposure to oxygen is ex­
plained by the reoxydation of the support with the f i l l i n g of sur­
face anionic vacancies (Eqr6) which increases t i tania ' s work func­
tion and requires the retrocession of excess electrons to the oxide, 

CO + H 2 interactions on 5 wt% Pt/TiQ 2 in the SMSI state 

Interactions at room temperature: When CO is f i r s t introduced 
( F i g . l ) , σ increases instantaneously and then remains independent of 
P r . The fact that σ does not decrease means that CO does not d i s ­
sociate on t i tania nor at the interface, otherwise the f i l l i n g of 
anionic vacancies by atomic oxygen (Eq,-6) would have decreased 
substantially σ by consuming free electrons. The sharp i n i t i a l i n ­
crease, on the contrary, shows that CO chemisorb on Pt with a donor 
effect probably due to the creation of dipoles as proposed for 
chemisorption which renders ohmic the e lec t r ica l contact between the 
metal and i t s semiconductor support (26, 17, 28)According to these 
authors, the creation of a dipole layer decreases the work function 
0M of the metal which approaches the electron a f f i n i t y of the semi­
conductor, thus suppressing the Schottky barrier . Presently CO ad­
sorbs as a donor molecule on Pt decreasing 0 , which allows elec­
trons to be restituted to t i t a n i a . The absence of variations of σ 
versus Ρ for subsequent increasing CO pressure means that the sur­
face is already saturated at these pressures. 

The introduction of H ? in the presence of CO increases σ but 
more slowly than did the i n i t i a l dose of CO, The kinetics is compa­
rable to that of hydrogen spillover which can be observed on this 
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catalyst since chemisorption under SMSI conditions is not n i l 
(Table I) , This means that is able to displace CO from certain 
of i t s sites (29) from which i t can subsequently migrate on the sur­
face of t i t a n i a . This requires that these adsorption sites are the 
weakest for CO and close to the interface to let hydrogen s p i l l over. 

Interactions at reaction temperature ( 2 9 0 ° C ) : When the same ex­
periments are repeated at 290eC (Fig,2) , CO does not dissociate on 
t i tania since σ does not decrease but on the contrary conserves i t s 
donor character to platinum which retrodonates some excess electrons 
to the support. 

The introduction of H 2 increases f i r s t sharply σ for a few se­
conds and then produces a rather slow decrease. This behaviour shows 
that Η is always-able to adsorb dissociatively on a surface satura­
ted with CO but now the s p i l l over is prevented - or at least mas­
ked - by the reaction i t s e l f whose oxygen - containing products, 
mainly methanol and water, are able to par t ia l ly reoxidize the sur­
face of t i tania by f i l l i n
decrease of σ can be obtained by introducing pure water. The sharp 
i n i t i a l increase of σ observed in Fig,2 i s to be ascribed to a ther­
mal effect due to the starting reaction and the subsequent exother­
mic reoxidation of t i t a n i a . 

The drop of σ induced by the par t ia l reoxidation of t i t a n i a f s 
surface i s small in comparison with the reoxidation by gaseous oxy­
gen at room temperature (11,24).This is not unexpected since (i) 
oxygen is highly electrophilic and readily chemisorbs on reduced 
t i t a n i a ; ( i i ) the temperature of reoxidation by 0^ is by 290°C lower 
than for (CO + H ) , which does not unfavor the strongly exothermic 
reoxydation of T i 0 2 but substantially decreases σ because TiO« has 
recovered i ts complete semiconductor behaviour with a high activa­
tion energy of conduction and ( i i i ) in the case of (CO + H 2) , the 
atmosphere remains highly reducing, permitting the maintenance of 
anionic vacancies with free electrons of conduction. In fact , the 
σ level at the end of (CO + Η ) interactions at 290°C is comparable 
to that of Pt /Ti0 2 under H 2 at 200°C in the "normal state". 

Consequently, although CO and H 2 chemisorptions are decreased 
by a factor of 5 and 9 respectively on the 5% Pt sample used, the 
absence of inhibit ion for CO + HL reaction can be accounted for by 
two simultaneous explanations: (i) the active CO and H 2 species are 
only those whose chemisorption sites are unaffected by SMSI (see 
ref , (30) and close to the interface perimeter (31), and/or ( i i ) 
SMSI does not exist any longer during the (CO + ÏÏ7) reaction, since 
the catalyst returns to the "normal" state by par t ia l reoxidation of 
the support, In this last case, the exothermicity of titania*s reo­
xidation can increase the catalyst temperature and accelerate the 
i n i t i a l reaction rate, 

Photocatalytic cyclopentane-deuterium isotopic exchange (CDIE) 

This reaction was chosen to i l lus t ra te the occurence of an elec­
tronic factor in a catalytic test under SMSI conditions. This reac­
tion appears to be particularly suitable for this purpose since(i) 
the photonic activation involves the formation of photoelectrons and 
photoholes and ( i i ) the absence of oxygen-containing molecules as 
well in the reactants as in the products allows to avoid the des­
truction of the SMSI state by a par t ia l reoxidation of the support. 
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T = 563 κ 

2 h 

1 0 0 

t/ min 
Figure 2 . (CO + H 2) interactions on Pt /Ti0 2 i n the SMSI state 
at reaction temperature (290°C) (Pressures i n Torr) . 

In Strong Metal-Support Interactions; Baker, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



206 STRONG METAL-SUPPORT INTERACTIONS 

THE REACTION MECHANISM HAS BEEN DESCRIBED IN R E F , ( 2 3 ) , THE R E A C ­
TION IS CARRIED OUT AT TEMPERATURES <-10°C WHERE NO DARK THERMAL 
A C T I V I T Y OF THE METAL CAN B E D E T E C T E D . I T ONLY OCCURS WHEN NEAR-UV 
LIGHT IS ADMITTED ONTO THE S O L I D , THUS SHOWING THAT THE A C T I V E P H A ­
SE IS CONSTITUTED BY THE SUPPORT. HOWEVER, THE PRESENCE OF A METAL 
( P T , N I ) IS REQUIRED TO CONFER A CATALYTIC CHARACTER TO THE REACTION 
S I N C E , OTHERWISE, THE REACTION CARRIED OUT ON THE BARE SUPPORT D E ­
CLINES AND STOPS AFTER A CERTAIN TIME CORRESPONDING TO AN EXHAUSTION 
OF NON-RENEWABLE A C T I V E S I T E S . THESE S I T E S HAVE BEEN IDENTIFIED AS 
DEUTERATED HYDROXYL GROUPS SINCE NAKED TITANIA EITHER DEHYDROXYLATED 
OR PRETREATED IN H^ INSTEAD OF IS TOTALLY P H O T O - I N A C T I V E , 

MOREOVER, FROM THE ELECTRONIC POINT OF VIEW, IT HAS BEEN SHOWN 
BY PHOTOCONDUCTANCE MEASUREMENTS THAT ( I ) UNDER VACUUM THE ELECTRONS 
PHOTO-PRODUCED IN THE SUPPORT ARE ATTRACTED BY THE METAL BECAUSE OF 
THE ALIGNMENT OF THE FERMI LEVELS CORRESPONDING TO THE ILLUMINATED 
STATE - THE ELECTRON ENRICHMENT OF THE METAL IS SUPPORTED BY THE 
FACT THAT THE HIGHER TH
NUMBER OF PHOTO-ELECTRON
TANCE OF THE SAMPLE (33) - AND ( I I ) UNDER H ^ , THERE S T I L L EXISTS A 
REVERSIBLE S P I L L OVER OF ATOMIC HYDROGEN, DESCRIBED BY A PHOTOCON­
DUCTIVITY ISOTHERM (Σ « A + B ^ ^ , 2 ) FORMALLY IDENTICAL TO THAT O B ­
TAINED IN THE DARK ( E Q , 7 ) BUT WITH " A " BEING PROPORTIONAL TO THE 
RADIANT F L U X . 

A L L THESE OBSERVATIONS ENABLED US TO PROPOSE A 8 - S T E P CYCLIC M E ­
CHANISM FOR THE 100% S E L E C T I V E FORMATION OF MONODEUROCYCLOPENTANE, 

1 ° / D I S S O C I A T I V E CHEMISORPTION OF D« ON PLATINUM 
D , + 2 PT ^ 2 PT - D 

2 S S 

AND REVERSIBLE WEAK CHEMISORPTION OF CYCLOPENTANE ON T I T A N I A , 

S H 1 0 < « > ~ S « 1 0 (ads) 

2 ° / CREATION OF ELECTRON-HOLE PAIRS BY U V - L I G H T 
( T I 0 O ) + HV - E - + P+ (HV ^ Ε = 3 EV) 

2 G 
3 ° / MIGRATION OF PHOTOELECTRONS TO PLATINUM 

E " + PT ^ E ^ 

4 ° / REACTION OF PHOTOHOLES WITH NEGATIVELY CHARGED OD GROUPS 

0D~ + P + - OD * 
8 S * 

5 ° / DEACTIVATION OF OD EXCITED SPECIES BY REACTION WITH A CYCLO­
PENTANE MOLECULE 

0 D S + C 5 H I 0 < A D S > ^ < y5
 H

9 •* 0 H
S

 + S H
9
 D <8) 

6 ° / REVERSE S P I L L OVER OF LIGHT^HYDROGEN AS PROTON FROM THE S U P ­
PORT TO THE METAL WHERE IT IS REDUCED BY EXCESS ELECTRON (CATHODΙΟ­
Ί IKE REDUCTION), 

H + • E ; T - Η - P T S 

7 ° / DESORPTION OF LIGHT HYDROGEN AS HD AND/OR H 2 MOLECULES INTO 

THE GAS P H A S E . 
P T - - Η + PT - D -* H D , N + 2 P T -

S S (G) S 

2 P T 0 H - H + 2 PT 
ο l f s S 

(G) 
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8 ° / Regeneration of photoactivable 0D~ sites by direct s p i l l 
over of deuterium atoms as deuterons at the surface of the oxide. 

This cycl ic reaction has been carried out more than 102 times 
on the same si tes , under constant l ight f lux , without any decrease 
in ac t iv i ty . This mechanism accounts for the 100% select ivi ty in 
C^H^D which constrasts with the polydeuteration found in c lass ica l 
catalysis on conventional Pt catalysts (32), It also accounts for 
the role of Pt which acts as a co-catalyst necessary (i) to separate 
the electron-hole pairs by attracting the electrons; ( i i ) to evolve 
l ight hydrogen in the gas phase and ( i i i ) to regenerate the photo­
activable si tes . 

Existence of an optimal metal content for CDIE due to an electronic 
factor 

When platinum loading is varied on 2 orders of magnitude 
(0,1 < Pt% <10%), but
exists an optimum conten
of CDIE is maximum (Fig,3), This optimum is characteristic of the 
Pt/Ti0 2 system since i t has been found for other photocatalytic reac­
tions, as well in the l iquid or aqueous phase (dehydrogenation of 
(C-- C )̂ - alcohols (22) or of unsaturated ones (34)(curves (1) and 
(2; in Fig (3) as in the gas phase (photocatalytic isotopic exchange 
of oxygen (35)), Such an optimum is general and can be observed for 
other metals. It was found equal to ^ 5 wt% for nickel (36) and 
seems to depend upon the nature and especially on the texture (par­
t i c l e size and dispersion) of the metal. 

The ascending part of the curves in Fig,3 correponds to the bene­
f i c i a l role of the metal described in the above paragraph. The sub­
sequent decrease in act ivi ty for higher metal contents cannot be 
accounted for by geometrical considerations (dark reverse reactions 
catalyzed by the metal, occultation of the photosensitive support 
by an increasing metallic phase,, ,) since their influence is smaller 
than the effect observed. On the contrary the optimum metal content 
can be explained by an electronic effect since at high metal l o a ­
ding or high surface density of negatively charged c r y s t a l l i t e s , 
the positive photo-holes w i l l progressively be preferentially attrac­
ted by these partidlee which become electron-hole recombination cen­
ters and hence inhibitors of the reaction, 

CDIE in contact with Pt/TiO^ catalysts under SMSI conditions 

When CDIE is repeated on the same Pt /Ti0 2 catalysts but reduced at 
500°C, one observes a strong decrease in act ivi ty (curve B, Fig ,3) , 
This might be par t ia l ly explained by a reduction of deuteroxyl group 
coverage. However, the lacking OD groups would be readily replaced 
by deuterium spillover provided i t s chemisorption on platinum be not 
total ly inhibited by SMSI, Moreover, the decrease in 0D~" coverage 
would have affected the photocatalytic ac t ivi ty in CDIE independen­
t l y of the Pt percentage. In fact , the smaller the platinum loading-
with a constant part icle size - , the stronger the effect of SMSI 
quantified by the " inhibi t ion factor R n , defined as the ratio of the 
"normal" reaction rate, i , e , for Τ < 300°C, to the "SMSI" reaction 
rate (Fig,4), For very low Pt% (̂  0,1%), R could not be determined 
accurately since Γ ς Μ ς τ was too close to that obtained on naked t i -
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Figure 4. Inhibition factor R vs Pt%. 
R = rate (normal state)/rate (SMSI). 
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tania in the "normal" state. This result clearly shows that the ex­
tent of SMSI is relevant to the quantity of metal deposited, as 
observed for hydrogen chemisorption (Table I ) , If the migration of 
TiO species on the metal particles were the major factor responsible 
for the decrease in ac t iv i ty , i t would not be metal content s e n s i t i ­
ve, as observed in Fig ,4 , since the support part icle represent a 
large enough reservoir of oxide or suboxide species to cover or de­
corate a l l the metal c r y s t a l l i t e s , On the contrary, i t was shown for 
Pt and Ni that the higher the metal content, the smaller the free 
(photo-) electron density in the support (33,36), Consequently a 
catalyst having a low Pt content would be more perturbed electroni­
cal ly and thence would move more easily to the SMSI state than one 
with a higher Pt content. 

Conclusions 

The SMSI state of M/Ti0
tronic point of view in
ve capacity, ( i i ) (CO + H 2) interactions and ( i i i ) CDIE photocata­
l y t i c test, In a l l cases, the free electron density was involved. 
Without rejecting any influence of the decoration of the metal par­
t i c les by suboxide species, the electronic effect can be considered 
as responsible - at least par t ia l ly - for the SMSI state (11,21) , 

The excess electron in the metal could not be quantified from 
elec t r ica l conductivity data. On electrostatic grounds, i t does not 
seem possible to transfer a great number of electrons sufficient 
to reach unity for e/M, This is confirmed by simple considerations 
on the reduction level of t i tania and the relative molar ratio 
n P t ^ n T i O * I t : s e e m s m o r e reasonable to think in terms of "long" 
distance2influence. For instance, since H 2 and CO chemisorb on the 
metal surface as dipoles with a donor character, even a small excess 
of electrons in the metal or at i t s interface with the support w i l l 
counteract this chemisorption. 

For CDIE, besides the inhibit ion of deuterium chemisorption ne­
cessary to regenerate OD photoactivable s i tes , the electron excess 
in the metal increases the recombination of holes which is detrimen­
t a l for the basic activation step of the reaction. 

The electronic metal-support interactions can also account for 
the lesser extent of SMSI with respect to H chemisorption and ca­
talysis when the metal loading is increased at constant c r y s t a l l i t e 
size, since for an equivalent quantity of free electrons created by 
reduction in the support, the higher number of metal atoms present 
leads to weaker electronic perturbations per atom concerned. 

The electron transfer from a η-type semiconductor support to a 
metal is quite general and can be observed in milder conditions when 
high temperature reduction is replaced by suitable illumination at 
room temperature. It has been detected either under vacuum or in 
hydrogen by photoconductance measurements (33) and even in oxygen 
by photosorption determinations (35), 

More work on SMSI has to be done to elucidate the exact respec­
tive part - i f any - of decoration and electron effects and a pos­
sible technique for that would be heat flow microcalorimetry, 
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21 
Spectroscopic and Electrochemical Study of the State 
of Pt in Pt-TiO2 Catalysts 

M. Spichiger-Ulmann, A. Monnier, M. Koudelka, and J. Augustynski 

Département de Chimie Minérale, Analytique et Appliquée, Université de Genève, 
1211 Genève 4, Switzerland 

Previous studies performed in this laboratory have led 
to the observation of a strong metal-support interaction 
(SMSI) for a Pt/TiO
the absence of hydrogen
~ 500°C. This SMSI effect, evidenced by a negative shift 

of binding energy for the Pt4f electrons (reaching 
0.6 eV), presents the peculiarity of being persistent 
even after exposure of the samples to air for several 
days. Such a behavior, observed for the titanium suppor­
ted Pt/TiO2 films, is thought to arise from the fact 
that Ti atoms from the underlying metal may act as a 
reducing agent during the thermal treatment. Because of 
a relatively small specific surface area of this Pt/TiO2 
catalyst, an electrochemical technique - the cyclic vol-
tammetry - was chosen to characterize the properties of 
platinum on the surface of various SMSI and non-SMSI 
samples. Results regarding H and CO chemisorption, 
obtained for different Pt/TiO2 films reduced or oxidized 
at various temperatures, are discussed. A tentative 
explanation of the SMSI effect exibited by the Pt/TiO2 
films is proposed. 

A large number of studies, st irred up with the report in 1978 by 
Tauster et a l . (J_) of strong metal-support interaction (SMSI) 
occurring for a series of Ti0 2-supported noble metal catalysts, has 
allowed successive refinements of the model of such a system. Both, 
geometrical and electronic factors are presently considered between 
possible causes of the altered adsorption behavior of SMSI catalysts, 
appearing in a quasi-total suppression of hydrogen and carbon mono­
xide chemisorption. Following an earlier suggestion of Mériaudeau et 
a l . (2), the high-temperature reduction of the catalyst, inducing an 
SMSI behavior, has been conclusively shown (3,4) to lead to at least 
part ial recovering of the metal particles by the reduced oxide of the 
support. However, i t is s t i l l not quite clear whether the encapsula­
tion of metal particles is the cause or the consequence of an 
electronic interaction with the support. 

0097-6156/86/0298-0212S06.00/0 
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The existence of the electronic interaction in a model Pt /Ti0 2 

system has been inferred (5,6) from our observation of a significant 
and reproducible negative binding energy (BE) shift for core level 
Pt electrons, following the reduction of the catalyst in argon at 
550°C. The kind of samples used in these studies (5,6) , consisting of 
Pt /Ti0 2 films supported on T i metal, allowed to minimize charging 
effects which usually render d i f f i c u l t precise interpretation of the 
photoelectron spectra for powder catalysts. Apart from the extent of 
the observed Pt4f BE s h i f t , which reached -0.6 eV in comparison with 
the BE value measured for a Pt f o i l , i t is i ts persistence, in spite 
of exposure of the samples to a i r , which constitutes the most pecu­
l i a r feature of these Pt /Ti0 2 f i lms. In this paper we discuss in 
more details the morphological characteristics and adsorption proper­
ties of this SMSI Pt/Ti0 2 system in comparison with those of other 
non-SMSI Pt/Ti0 2 f i lms. In particular , the second part of this paper 
focuses on the informations, regarding chemisorption of hydrogen and 
of carbon monoxide, availabl
at Pt /Ti0 2 surfaces. 

Experimental 

Different kinds of platinum catalysts investigated in this study were 
supported on 10 to 15 ym thick T i 0 2 f i lms. These films were prepared 
according to a standard procedure (6,7) involving a layer by layer 
hydrolytic decomposition of an alcoholic TiClt, solution, applied 
onto metallic titanium substrates. After each application the speci­
mens were heated at 450°C in air for 15 min. ; following the deposi­
tion of the last layer the heating was prolonged up to 1 h . Thermal 
platinum deposits, referred as Pt ( th) /Ti0 2 , were obtained by impre­
gnating the T i 0 2 films with an aqueous solution of H 2PtCl6 and decom­
posing i t in a i r , in most cases at 450°C. The platinized T i 0 2 films 
were then subjected for 40 min. to annealing in ultra-pure argon, in 
general at 300° or 550°C. The latter high-temperature reduction 
treatment led to an SMSI type behavior. 

The T i 0 2 films which served as supports for photochemical (6,8) 
and electrochemical (9) platinum deposits were, prior to recovering 
them with Pt, reduced in argon under conditions identical with those 
used for SMSI Pt(th)/Ti0 2 samples, i . e . , at 550°C and during 40 min. 

X-ray photoelectron spectroscopic (XPS) measurements were taken 
on a Varian IEE-15 spectrometer, using MgKoti,2 radiation at 1253.6 eV. 
Basic pressure in the sample chamber of this spectrometer is not 
better than 10~7 torr . A l l XPS analyses were performed ex s i t u , the 
samples being transferred to the spectrometer through a i r . Binding 
energies were referenced to a main C1s l i n e , due to residual pump 
o i l on the sample surface, taken at 285 eV. The Au4f(7/2) l ine of 
metallic gold served as a second internal reference. The BE d i f f e ­
rence between these two levels was remarkably constant, 201.2 ± 0 . 1 eV, 
in agreement with the results of an extensive comparative study 
published in the literature (5). Relative surface concentrations of 
different species were determined as described previously (10). 

Several portions of the powder catalyst, detached from the 
surface region of Pt(th)Ti0 2 specimens, were examined by transmission 
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electron microscopy (TEM). Both, samples ultrasonically dispersed in 
alcohol and extractive replica with isolated platinum particles were 
used. 

Titanium-supported Pt /Ti0 2 specimens characterized by cycl ic 
voltammetry had an apparent (geometrical) area of 0.28 cm 2 . The 
measurements were carried out in an aq. 0.5 M NaHSOit/0.5 M Na2S0it 
solution kept at 20°C. The solution was saturated with Ar or CO under 
1 atm. The potentials were monitored with respect to and are referred 
to the reversible hydrogen electrode (RHE) in the same solution. The 
cyclic-voltammetry procedure followed that conventionally employed 
with the potential swept, in general, at a rate of 0.1 V e s - 1 . 

Results and discussion 

Structural studies 

Both, X-ray diffrac t ion and electron micro-diffraction analyses 
showed the outer part of
of polycrystalline anatase domains with only small adjunction of 
r u t i l e . No structural changes were v i s i b l e for high-temperature-
reduced Pt(th)/Ti0 2 films for which, besides anatase, metallic p l a ­
tinum was also observed. Due to a particular mode of reduction of 
T i 0 2 and Pt(th)/Ti0 2 samples used in this study, the interior of the 
f i lms , close to the interface with titanium metal, is expected to 
consist of lower titanium oxides including we11-conducting TiO and 
T i 2 0 3 . This was qualitatively confirmed by the presence in this 
region of the f i lm of perceptible oxygen and titanium concentration 
gradients detected by means of electron microprobe (6). However, 
limited resolution of the latter method does not allow detailed i n ­
terpretation of the observed concentration p r o f i l e s . The reduction 
at 550°C of the titanium oxide layer is supposed to proceed mainly 
from the metal-oxide interface and to involve both the T i migration 
into T i 0 2 - x and the 0 2~migration into the metal (Figure 1). As a 
result , two kinds of defects, the oxygen vacancies, V Q , and the 
titanium atoms in i n t e r s t i t i a l positions, (Ti)^, may be expected to 
coexist (11) in thus reduced T i 0 2 f i lms. 

An extensive XPS study, involving large number of T i 0 2 samples 
platinized using thermal, photochemical and electrochemical methods, 
showed that, characterist ical ly , Pt4f binding energies corresponding 
to the Pt(th)/Ti0 2 samples reduced at 550°C were substantially lower 
than those for bulk platinum metal and those for other Pt /Ti0 2 

samples. The main results of these measurements are summarized in 
Table I. 

In order to avoid the uncertainties associated with a possible 
contribution to measured BE's from the extra-atomic relaxation 
energy (6,12) we chose for this comparison a relat ively thick photo­
chemical Pt deposit, Pt(ph)/Ti0 2 (in fact , the T i signal from the 
T i 0 2 support could not be distinguished in that case). The correspon­
ding Pt4f(7/2) BE was of 71.4 eV, i . e . perceptibly higher than that 
of unsupported bulk Pt. As a rule , Pt4f(7/2) BE 1s s l ight ly higher 
than 71.1 eV were also found for other Pt(ph)/Ti0 2 samples containing 
less or much less platinum, l ike the one shown in Figure 2. Platinum 
appears on the low-magnification scanning electron micrograph as 
irregular islands dispersed on the T i 0 2 surface and in the cracks. 
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4o2-

T i - M T i ) H-Pt 

Τ1 3 +-(Τ1 3"·"),-Τ1 4+ 

Ti 

metal 

T i 0 2 

anatase 

Pt 

crystallite 

Figure 1. Diffusion processe
ted, platinized T i 0 2 f i lm during annealing in argon at 550°C. 

Figure 2. Scanning electron micrograph (magnification χ 5000) 
of photochemically plat inized, prereduced T i 0 2 f i l m . 

In Strong Metal-Support Interactions; Baker, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



216 STRONG METAL-SUPPORT INTERACTIONS 

Table I. Surface composition and XPS binding energies for T i 0 2 

and Pt /Ti0 2 f i lms, and for bulk Pt. 

Sample 
BE, eV 

surface atomic 
ratio 

Sample 

Pt4f(7/2) Ti2p(3/2) 01s* Pt /Ti 0/Ti 

T i 0 2 ( A r , 550°C) 458.8 530.2 2.05 
Pt(ph)/Ti0 2 71 .4 - 532.1 

(6-1.4) 
Pt(th) /Ti0 2 (Ar, 550°C) 70.5 458.7 530 0.1 2.03 

(6=1.4) 
smooth Pt f o i l 71.1 532.3 

*The 01s BE 1s and 0/Ti ratios are given for the most intense 
oxygen 1s signal . 

Table I I . Surface composition and XPS binding energies for various 
Pt(th)/Ti0 2 (Ar, 550°C) samples. 

surface atomic 

Pt4f(7/2) Ti2p(3/2) 01s Pt/Ti 0/Ti 

1 70.5 458.8 530 0.015 1 .96 
(6=1.6) 

2 70.5 458.8 530 0.04 2.04 
(6=1.5) 

3 70.5 458.7 530 0.1 2.03 
(6=1.4) 

4 70.6 458.8 530 0.04 2 
(6=1.6) 

5 70.6 458.8 530 0.07 1.92 
(6=1.5) 

6 70.6 458.8 530 0.15 1 .95 
(6=1.5) 

7 70.7 458.9 530 0.13 1.93 
(6=1.5) 

8 70.9 458.9 530.1 0.13 1.75 
(6=1.6) 

9 70.9 458.9 530.1 0.23 2.04 
(6=1.5) 
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If one assumes that platinum, present on the surface of 
Pt(th)/Ti0 2 samples during their annealing in argon, did not affect 
in a significant way the extent of reduction of the T i 0 2 support, 
the Pt4f BE difference occurring between Pt(ph)/Ti0 2 and Pt(th)/Ti0 2 

samples (equal to 0.9 eV) can be assigned neither to relaxation 
energy nor, more generally, to a matrix effect (6,13). On the contra­
ry, since the size of Pt particles observed with TEM for high-tempe­
rature-reduced (HTR) Pt(th)/Ti0 2 deposits (Figure 3) was much smaller 
than that of the photochemically formed Pt islands shown in Figure 2, 
the actual chemical BE shift could possibly be even larger than the 
experimentally observed Pt4f BE shift (6,12). However, i t is to be 
noted that despite a really heterogeneous metal part icle size d i s t r i ­
bution characterizing the above mentioned Pt(th)/Ti0 2 deposits, the 
corresponding Pt4f photoelectron signals had the same width at h a l f -
maximum (indicated in Tables as δ) as the signals recorded for Pt 
f o i l (Tables I and II) . This is inconsistent with diversif ied contr i ­
butions to the Pt4f electro
ceptible differences in relaxation energy between the Pt /Ti0 2 samples 
examined during this study. 

XPS measurements performed with a large number of HTR 
Pt(th)/Ti0 2 samples, containing different amounts of platinum showed 
certain dispersion of the Pt4f(7/2) BE 1s examplified in Table II . The 
values ranged from 70.5 to 70.9 eV (respectively 0.6 to 0.2 eV lower 
than for Pt f o i l ) and tended to increase for the Pt/Ti ratios higher 
than 0.1-0.15. In contrast with distinct differences between the 
Pt4f BE*s for the HTR thermal and the photochemical Pt /Ti0 2 deposits, 
the Ti2p(3/2) BE 1s l i s ted in Tables I and II (including that for non-
platinized Ti0 2 ) a l l range from 458.7 to 458.9 eV. Also the 01s BE 
(corresponding to the main signal due to 0 2 " ions in the T i 0 2 

lattice) was almost constant at 530-530.1 eV. Importantly, there was 
no significant change in the positions of Ti2p and 01s signals conse­
cutive to HTR treatment of the Pt/Ti0 2 f i l m , following which the 
Pt4f(7/2) line shifted 0.4 eV to lower BE 1 s (Table III) . Table III 
examplifies also an unexpected and interesting effect exhibited by a 
few samples, namely the persistence of the low BE Pt4f(7/2) value in 
spite of prolonged (in one case, for 75 days) exposure to a i r . S t i l l , 
another Pt(th)/Ti0 2 specimen, maintained in air for 4 months, showed 
f i n a l l y a positive shift of the Pt4f(7/2) BE (Table IV). This shift 
was accompanied by a significant increase, up to 2 eV, of the width 
at half-maximum (WHM) of the corresponding photoelectron signal 
(Figure 4). Since, as just mentioned, the WHM of the Pt4f(7/2) lines 
were very reproducible, close to 1.5 eV, a value of 2 eV can be taken 
as an evidence for the presence of non-equivalent platinum atoms on 
the surface of that partly "oxidized" sample. Other HTR Pt(th)Ti0 2 

samples exposed to air for a similar period of time exhibited a 
shoulder to the main Pt4f signal , due to Pt(II) oxide (in comparison, 
the oxidation in air of the non-SMSI samples was in general much more 
rapid, needing few days). 

As shown in Table IV, the i n i t i a l , lower Pt4f BE could be 
restored by high-temperature reduction in argon and then increased 
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Figure 3. Transmission electron micrograph (replica) of Pt 
particles isolated from the Pt(th)/Ti0 2 f i lm annealed in 

76 74 72 70 

Binding energy (eV) 

Figure 4. X-ray photoelectron spectra of the Pt4f level for the 
reduced (550°C) Pt(th)/Ti0 2 deposit : (a) as prepared, (b) after 
4 months of exposure to a i r . 
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TABLE I I I . SURFACE COMPOSITION AND XPS BINDING ENERGIES 

219 

B E , EV 
SAMPLE 

SURFACE ATOMIC 
RATIO 

Pt4f(7/2) Ti2p(3/2) 01s Pt/Ti 

a) P t ( th) /Ti0 2 (a i r , _ 4 , e n n e ^ 4 

/ ς Λ ο ρ χ . / 9 71 458.8 530.1 0.04 450 C) before . 
annealing in Ar 

b > r Î r ^ o - Î ? 2 , 7 0 · 6 « 8 . 8 530 0.04 (Ar,550 C) sample ^ *̂ 
(a) after reduction 

C > a ( t S n o J ? 2 , 70.(Ar,550°C) sample . 
(b) 75 days later 

d) Pt(th)/Ti0 2 

(Ar,550°C)^sample ^ ^ ^ Q Q ^ 
(C) AFTER 2nd 
PROLONGED REDUC­
TION IN AR 

(6=1.5) 

TABLE I V . SURFACE COMPOSITION AND XPS BINDING ENERGIES 

SAMPLE 

SURFACE ATOMIC 
B E - e V ratio 

P t ( t h ) / T i 0 2 ( A r , 5 5 0 ° C ) p t 4 £ ( 7 / 2 ) T i 2 p (3 /2 ) 01s Pt/Ti 

A) AS PREPARED 

B) AFTER A 4 MONTHS 
EXPOSURE TO AIR 

C) AFTER ANNEALING 
IN AR AT 550°C 

D) AFTER ANNEALING 
IN AIR AT 450°C 

70.5 458.7 
(6=1.4) 

70.9 458.9 
(6=2) 

70.6 458.7 
(6=1.5) 

70.9 458.8 
(6=1.7) 

530 0.1 

530.1 0.1 

530 0.09 

530 0.09 
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again by oxidation in air at 450°C. The same part ia l revers ibi l i ty 
of BE changes was also observed consecutive to electrochemical 
oxidation and reduction of the Pt(th)/Ti0 2 samples in an aq.sodium 
sulfate solution at room temperature (6). 

Electrochemical investigations 

The usefulness of cycl ic voltammetry as a tool for characterization 
of noble metal catalysts has been demonstrated by several authors 
(14-17). The application of this method requires the metal/support 
system to be e lec t r i ca l ly conducting, the condition which has been 
shown to be f u l f i l l e d by the reduced P t / T i 0 2 / T i samples (5). 

When the potential of a smooth platinum electrode immersed in 
an acidic aq. solution is swept in cathodic direct ion, two reduction 
peaks, due to formation of atomic hydrogen, are usually observed at 
potentials preceding H  evolution (Figure 5). Three oxidation peaks 
are v i s i b l e on the reverse(anodic
of H atoms from different submonolayer adsorption states. It is to 
be mentioned that four states of H adsorption at Pt could be resolved 
on cycl ic voltammograms recorded in dilute acid solutions, in the 
absence of significant specific adsorption of anion (18). The occur­
rence of these multiple states of H chemisorption has been explained 
(18) by a combination of in t r ins ic and induced heterogeneity factors. 
The former are mainly associated with the presence of various crystal 
planes on the polycrystalline Pt surface whilst the latter arise 
from progressive increase of H coverage. 

The region of the cycl ic voltammogram, corresponding to anodic 
removal of H a ( j atoms, looks quite similar to the thermal desorption 
spectra of platinum catalysts. However, unlikely the thermal desorp­
tion spectra, the cyclic-voltammetric profi les for H chemisorbed on 
Pt are usually free of kinetic effects . In addition, the electro­
chemical techniques offer the poss ibi l i ty of cleaning eventual impu­
r i t i e s from the platinum surface through a combined anodic oxidation-
cathodic reduction pretreatment. Comparative gas-phase and electro­
chemical measurements, performed for dispersed platinum catalysts, 
have previously demonstrated similar hydrogen and carbon monoxide 
chemisorption stoichiometries at both the l iquid and gas-phase 
interfaces (14). 

Cyclic voltammograms recorded for a series of photochemically 
and electrochemically platinized T i 0 2 samples (Figure 6) exhibited 
principal features typical of smooth platinum. There were some minor 
differences, especially for small Pt coverages, regarding the d i s t r i ­
bution of H atoms amongst various adsorption states or the position 
of the Pt oxide reduction peak. In contrast, the behavior of HTR 
Pt(th)/Ti0 2 electrodes was diametrically different , the multiple H 
adsorption peaks being replaced by smooth increase of the current 
both in the cathodic and anodic directions (Figure 7). The voltammo­
grams of this kind are known, for example, for electrochromic W03 

films (19) and are associated with the proton injection into, res­
pectively, the proton removal from the oxide l a t t i c e . Prereduced T i 0 2 

films also display similar behavior but the corresponding cathodic 
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Figure 6. Cyclic voltammogram of a Pt(ph)/Ti0 2 f i l m electrode, 
recorded in a 0.5 M NaHSO^/0.5 M Na2S0i f solution saturated 
with argon. 
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and anodic peaks are shifted to much more negative, non-equilibrium 
potentials (Figure 7, dotted l ine curve). This suggests that, in the 
case of HTR Pt(th)/Ti0 2 electrodes, the role of Pt c rysta l l i tes is 
to mediate entering of protons into the T i 0 2 f i lm and/or to enhance 
the f i l m conductivity. Voltammetric experiments, involving p o l a r i ­
zation of the HTR Pt(th)/Ti0 2 electrode at constant potential corres­
ponding to the end of the cathodic sweep, before starting the anodic 
sweep, showed that the proton injection was restricted only to the 
surface of the f i l m . The anodic oxidation peak recorded in the 
latter experiment was, in fact , unchanged with respect to that 
observed during continuous potential cycling. These features of 
electrochemical behavior of the HTR Pt(th)/Ti0 2 samples are to be 
associated with the results of gas-phase experiments indicating that, 
whilst SMSI Pt catalysts become inactive with respect to H 2 disso­
c iat ion, they are s t i l l able to catalyse reduction of the T i 0 2 

support by H atoms (C. Naccache, this Symposium). It should also be 
mentioned that a Pt(th)/Ti0
the annealing in argon at 300°C, i . e . , below the c r i t i c a l tempera­
ture necessary for inducing SMSI properties, showed voltammetric 
profi les (Figure 8, dotted line curve) of the kind of those exhibi­
ted by the Pt(ph)/Ti0 2 and smooth Pt electrodes. 

The differences in behavior of the HTR Pt(th)/Ti0 2 SMSI samples 
and of other non-SMSI Pt /Ti0 2 films were even more marked in the 
case of carbon monoxide chemisorption experiments. In Figure 9 is 
shown a typical cycl ic voltammogram recorded for a smooth Pt elec­
trode in the solution saturated with CO. The strong adsorption of CO 
results both in a quasi-total suppression of the current in the 
hydrogen region and in the appearance of a sharp anodic peak, at 
^ 0.9 V vs.RHE, corresponding to the removal of CO a (j species from the 
Pt surface. The latter peak, associated with a two-electron oxidation 
of adsorbed carbon monoxide, usually serves as a basis for estimating 
the coverage of the electrode by C0 a ^. Again, the behavior of 
Pt(ph)/Ti0 2 and of LTR (Ar,300°C) Pt(th)/Ti0 2 samples (Figures 10 
and 11, respectively) was similar to that of smooth Pt. On the other 
hand, in the case of HTR Pt(th) /Ti0 2 electrodes, the anodic peak 
corresponding to the COa<j oxidation was absent from the voltammogram 
(Figure 12). In addition, the latter voltammogram, in contrast with 
those for the non-SMSI Pt /Ti0 2 samples, shows pronounced cathodic 
and anodic currents in the hydrogen region, which are also inconsis­
tent with strong CO adsorption on the surface of HTR Pt(th)/Ti0 2 

samples. These currents were, however, less intense than those 
observed in the absence of CO, suggesting the occurrence of an appa­
rently weak adsorption of carbon monoxide. 

Conclusions 

F i rs t and the most obvious conclusion, which can be drawn from the 
experiments described above, is that the SMSI state of Pt and other 
noble metals dispersed on a T i 0 2 support can be induced, probably 
more effect ively , by means of the reduction with T i metal. Conse­
quently, the hydrogen spillover is not the only mechanism leading 
to SMSI. 
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Figure 7. Cyclic voltammograms for Pt( th) /Ti0 2 (solid line 
curve) and T i 0 2 (dotted line curve) films reduced in argon at 
550°C. Conditions identical as in Figure 6. 

V VS RHE 

Figure 8. Comparison of cycl ic voltammograms for Pt(th)/Ti0 2 

films reduced, respectively, at 300°C (dotted line curve) and 
at 550°C (solid l ine curve). Conditions as in Figure 6. 
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Figure 10. Cyclic voltammetric current-potential prof i le for 
a Pt(ph)/Ti0 2 f i lm electrode in the presence of CO; conditions 
as in Figure 9. 
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0.5 1.5 
V vs.RHE 

Figure 11. Cyclic voltammogram for a Pt(th)/Ti0 2 f i lm reduced 
at 300°C, recorded in the presence of CO. Conditions l ike in 
Figure 9. 

Figure 12. Cyclic voltammogram for a HTR Pt(th)/Ti0 2 f i l m in 
the solution containing CO. Conditions as in Figure 9. 
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One possible explanation of the results of electrochemical 
measurements obtained with the HTR Pt(th)/Ti0 2 samples may involve 
encapsulation of the metal particles in the T i 0 2 support or their 
par t ia l recovering by T i 0 2 - x . This would be consistent with the Pt 
migration, in-depth the f i l m , revealed by electron microprobe ana­
lyses of a f i lm cross-section (6). However, i t is not quite clear i f 
such a migration does not mainly proceed through the cracks in the 
f i lm surface, which are v i s i b l e on the SEM image (Figure 2). On the 
other hand, diffusion processes occurring in the surface region of 
the Pt /Ti0 2 films during the reduction treatment can hardly be res­
ponsible for the large and persistent BE shif t of Pt4f photoelectrons. 
The la t ter , as suggested earl ier (20,21), can be explained in terms 
of the Fermi level adjustment, between the reduced T i 0 2 and Pt, 
leading to the formation of a Schottky barrier . In this connection, 
i t is worthy to mention recent measurements (22) of the work function 
changes resulting from the adsorption of Pt on the 001 face of re­
duced r u t i l e . An increas
ponding to a Pt coverage equivalent to 2 monolayers, has been obser­
ved. The change of the work function for a 1 monolayer Pt coverage 
was of approximately 0.7 eV. 

However, the assumption of the Schottky barrier formation 
raises some complex questions regarding both the size of particles on 
the surface of which (in pr inc iple , in a region of less than 0.5 nm) 
a significant change of electron density may be expected, and the 
nature of the space charge layer on the oxide side of the barrier . 
The optimum conditions would arise for the size of Pt particles 
comparable with the thickness of the space charge layer. Such an 
adjustment would certainly be favored by the Pt encapsulation and by 
a decrease of the space charge layer thickness, around Pt par t ic les , 
due to the increase of the donor concentration. 

There is yet an additional feature which could explain both the 
long-term persistence of the negative Pt4f BE shif t and the mechanism 
by which the electron transfer to the surface of Pt particles may 
take place. Because of the pronounced tendency of titanium dioxide 
to dissociate water, the exposure of prereduced Pt /Ti0 2 to ambient 
atmosphere is expected to lead to the spontaneous formation of 
TiOOH, through the proton injection into the surface region of the 
sample. The protons can be easily accommodated in vacant octahedral 
sites in the anatase l a t t i c e , compensating the excess charge due to 
the presence of T i 3 + ions (d 1 ) . Assuming that these hydrogen ions 
(with an effective fractional positive charge) are present around Pt 
particles encapsulated close to the catalyst surface, they may both 
stabil ize negative excess charge in platinum and mediate the 3d 1 

electron transfer from the T i 3 + ions to the Pt c r y s t a l l i t e s . Such a 
" t r i p l e layer" model would be consistent both with our results of 
XPS measurements for the reduced Pt(th)/Ti0 2 samples pre-exposed to 
air and with the observation of the negative Pt4f BE shift conse­
cutively to the electrochemical reduction of such a sample (5). 
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