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I am ~rateful for the invitation to ~ive this talk. I have always admired 

the Welch Foundation and Professor Milli~an. As one of the Welch lecturers who 

visited with hlm at Arlington, E1 Paso and Prarie View, I was most impressed by 

the sense of quality and equilibrium with which the Welch funds are beinK utilized 

to improve education and research all through Texas in a most effective way. The 

high quality of research in surface science in Texas clearly shows the enormous 

beneficial impact of the Foundation. I have close contact, especlally with 

Professor White's group at the University of Texas in Austin and with Professor 

Lunsford's group at Texas A & M, and they are certainly second to none. One of 

my best graduate students, Dr. Mark Davis, participated in undergraduate research 

with Professor Lunsfor&, and one of my recent postdoctoral associates, Dr. Bruce 

Koel who is a Miller Fellow at Berkeley, received his Ph.D. with Professor White. 

I am also grateful to the Foundatlon for another reason. This is the first 

time I had one of my old graduate students (Dr. John Gland) in the same proKram 

as one of the speakers. This certalnly proves that he was not irreversibly 

damaged by his graduate education at Berkeley. 

It might be of value to this audience to place our studies of the surface 

science of heterogeneous catalysis into some hlstorlcal perspective. When I came 

to this country I wanted to pursue graduate research in heterogeneous catalysis. 

I had the good fortune to go to Berkeley, but there was nobody on the chemistry 

faculty interested ~n catalyslso Fortunately, I managed to persuade Professor 

Richard Powell, an inorEanl¢ chemist, to give me a research toplc in catalysis. 

Three years later I recelveda Ph.D for doing small angle x-ray scattering. 

Since Professor Powell got his Ph.D at Princeton with Professor Eyrlng I con- 

~=OR?I.ON~ . OF ~IS.  R~ORT .~.E. ILT,EGIB~, I t .  DISTRIB~ON OF 7HIS DOCUMENT IS UNLIMI[EB 
has been rsp~oauoe~from t.h.e best avaiZable " 
copy %0 permit  the broadest  poss i b l e  a v a i l -  
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s i d e r  myse l f  the academic grandson of  t h i s  g rea t  man. 

After receiving my Ph.D in 1959 i left the field of catalysis and surface 

chemistry for several years. I really wanted to studysurfaces on the molecular 

scale. Perhaps the only technique for this purpose available at that tlme--fleld 

emission and field ion mlcroscopy--had only limited applicability in my view. 

At IBM Research, where I had my first Job. my research was in the field of solid 

state physics and chemistry. I had then learned about the great developments 

at the Bell Telephone Laboratory in the field of low energy electron diffraction 

(LEED) that were pioneered by L. Germer and J. Lander. LEED permlt~ed one to 

view and ~tudy the structure of ordered~surfaces of solids ~nd of adsorbed 
\ 

ordered monolayers on the atomic scale and I was i-,,edlately anxious to return 

to the study of surfaces with the hope that catalytically active surfaces would 

also be exeesslble to atomic scale scrutiny in the near future. 

When I returned to Berk~!ey as a Junior faculty member in 1964 I started to 

work with LEED to scrutinize the structure of platlnum crystal surfaces. These 

experiments needed only very small, - I cm 2 surface area single crystal surfaces. 

Figure I shows a typical crystal surface that we utillze, placed in the middle 

of an ul~ra high vacuum chamber. 

We could structurally characterize such a surface readily, we could deter- 

mene the surface composition and the oxldatlon state of surface atoms using elec- 

tron diffraction and electron spectroscoples. It is very dlfflcult to similarly 

chsracterlze large surface area (10-102 m2/gram) specimen that are used in most 

ca~alytlc studies in the chemical technology. 

Figure 2 shows the intenslty of back-scattered electrons as a function of 

energy when a 2000 eV energy electron beam strikes a solid surface. The elastl- 

tally scattered fraction is used for low'energy electron diffraction (LEED).(1) 

The most useful energy range for surface structure studies by LEED is 10 eV to 
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200 eV. Those electrons that 1;ost very llttle energy in the mev range due to 

vibrational excitation of surface atoms and molecules are utilized in high reso- 

lution electron energy loss sp~ctroscopy (RREELS) for determination of surface 

structure.(I) HREELS uses incident electrons with energies in the range of 2-6 eV 

most frequently. This technique was not available in the 1950's but it is very 

popular and useful nowadays for studies of the structure of disordered adsorbates 

where LEED cannot be employed. Auger electron Spectroscopy (AES), that was devel- 

oped in 1968, that is based on the emission of electrons as a res6/t of de- 

excltatlon of surface atoms provides us with the surface composition with about 

I% of a monolayer sensitivity. X-ray photoelectron spectroscopy (XPS) ylelds 

the oxidation states of surface atoms at a similar level of sensitivity. Table 

1 llsts some of the most frequently used techniques for surface'analysls at 

present. All these technlques are being utilized to determlne the surface 

properties (structure, composition, valency) of small area samples~. 

The most important result that came out of the early studies of platlnum'and 

other metal surfaces is the discovery of surface reconstzuction.(2) -It was found 

that the first layer of atoms at the surface mayhave a different structure than 

the projection of the bulk structure to the surface. Figure 3a shows the diffrac- 

tlon pattern characteristic' of the clean Pt(100) crystal face while Figure 3b 

exhibits the pattern that is expected based on the bulk structure of this fcc metal. 

The extra diffraction spots indicate the presence of a different surface unit c~ll 

as we discovered It in 1955., Sim~l~r reconstructed surface structures were exhi- 

blted by the gold and i~Idium(100) crystal faces as well. It took us'f5 years to 

solve this surface structure that we could only do as a result of the development 

of dynamical surface structure analysis during this period.(3) In 1980 we publish~d 

the complete surface structure analysis of the clean Pt(100) surface that exhibits 

the dlffraction pattern dlsplayed in Figure 3a. Td~ souare unit cell of this sur- 
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face is buckled into a hexagonal arrangement. The periodic coincidence of atoms 

in the hexagonal layer with atoms in the "underlying square layer produces the 

busy .d/ffractlon pattern and the complex unit cell that is shown in Figure 4, 

Of course the most famous surface structure that shows how different the surface 

is from the bulk structure is that of the (7 x 7) surface structure of the silicon 

(III) crystal face.(I) While this surface is commonly used to prepare silicon 

based' integrated circuitry the locatlon of surface atoms still has not been iden- 
• ° . - 

tlfled as yet by surface crystallography or by the use of other techniques. Sur- 

face structure analysis by LEED surface crystallography indicates that the surface 

atoms in many solid surfaces seek new equilibrium positions as a result of the 

anlzotropy of the surface envlronment. 

Not ouly the surface structure but also the composition of surfaces can be 

very different from the bulk composltlon. 7n Table 2 several binary metallic 

systems are~llsted for which there is surface segregation of one of the two bulk 

constituents, (I) There are ~ood surface thermodynamic reasons for such surface 

segregation° By placing atoms of one type on the alloy surface the surface fT:ee 
i 

energy (or surface tenslon) is markedly lowered. The surface segre~atlon of one 

of the constituents in a multlcomponent metal system can be utilized for .the 

passlvatlon of surfaces against chemical attack. We now have surface thermody- 

nazLic models based on regular solution theo~ that can predict the surface compo- 

sition of multlcomponent systems. For'a two component system that behaves as 

an ideal or as a regular solution the atom fractions X~ and X~ at the sur- 

face are related to the atom fractlons in the ,bulk, Xlb and X2 b as shown in 

Figure 5. 

We can also predict how the changed surface composition in the surface mouo- 
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layer approaches the bulk composition layer by layer. This is shown for the 

Au-Ag alloy that forms a regular solid solution by Figure 6. The first ~urface 

layer is rich in silver, the second layer is rlch in gold, the third layer is 

again rich sllver and by the fourth layer the bulkalloy composition is reestab- 

llshed.(1) We can actually see the beginning of compound formatlou by the alter- 

nation of excess constituents for alloys with exothermic heat of mlxlng, layer 

by layer. 

An interesting case is that of bimetallic monolayer systems, In this case 

there is no bulk~ t~ere is only surface and for these two-dlmenslonal systems the 

bulk phase diugrams are no longer valid. These two-dimeuslonal systems may have 

very different phase diagrams and m~scibllity gaps that are at a lower temperature. 

Two-dlmenslonal binary alloy systems are of g~eatlmportance in heterogeneous 

catalysis as shown by the studies of John Sinfelt. Using two-dlmenslonal systems 

there is an opportunity to produce surface compounds that would no~ exist if the 

surface were in equillbrlum with the bulk TJhase. 

During the 1960's we have learned a great deal about the structure and compo- 

sition of surface mouolayers. However, we ~ained very little Informatlon about 

how these properties relate to heterogeneous catalysis. One pro~si~g technique 

fo~ studies of elementary surfane reactions was molecular beam surface scatterlng. (I) 

,?'he scheme of the experiment is shown in Figure 7. By the use of molecular beams 

of reactants we could determine the reaction probabillty upon a single collision 

with the metal surface. We found that when beams of R 2 and 0 2 were scatter~.d from 

the (111) crystal face of clean platinum the ¢eaction probabillty was so low that 

we could not detect the f~rmation of water. In fact, the lack of reactlvlty of 

thls surface at low temperatures (< 800 K) and pressures (~ 10 -6 tort) was unllke 

the reactivity of platinum as reported when usln~ platinum foils or sponges at 

higher pressures (atomspheres). 
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About t h i s  t t m e . l n  1972,, I a t t e n d e d  t h e ' W e l c h  C o n f e r e n c e  on S o l i d  S t a t e  

Chemistry where ! was one of the Discussion Leaders,:-lhea~d :~ talk by Professor 

Michel Boudart in which he discussed that by introducing defects into Mg0 that 

could be monitored by electron spin resonance, H2-D 2 exchange activity appeared 

that could be correlated with the defect concentration. It occurred tome that 

w~ are misslnE defects from the Pt(lll) crystal face that could account for the 

poor r~activity. In returnlng to Berkeley we started our studies of hIEh Miller 

Index stepped and k~nked crystal faces of platinum. 

When we cut fcc metals at some small angle to the low Miller Index (111) or 

(I00) crystal faces we obtain stepped or kinked surfaces that are shown in FiEures 

8 and 9. There are terraces of variable widths dependin E on the anEle of cut, 

separated by periodic steps of one 'atom in height, usually.(4) The step period- 

iclty as well as the step height cau readily be determined by LEED studles.(1) 

These surfaces can be cut in such a ~anner that the steps also have a large concen- 

tratlon of kinks. Surfaces may have as much as 40Z of their atoms in step sites 

and the kink concentration ca~ reach IO~. As compared to these hlgh concentra- 

tions of line defects~ point defects such as adatoms or vacancies have very small 

surface concentrations (< IZ) when in equillhrlum with the hulk and with other 

surface defects. These steps and kinks are stable under the conditions of most 

catalytic surface reactions° 

When we carried out H2-D 2 exchange on these stepped surfaces we immediately 

detected the formation of RD on a sinEle scatterinE.(5) Unlike on the flat (III) 

crystal faces R2, D 2 or 02 dissociate on these low coordination number surface 

sites with near zero activation enerEy while there is a finite activation energy 

for dissociation of these dlatomlc molecules on the flat surface° Thus, it ap- 

peared that s@rface defects must play important roles "in breakinE larEe blndln E 

energy chemical bonds which is one important elementary reaction step in many 
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catalyzed surface reactions. 

Low pressure reaction studies are valuable for several reasons. They reveal 

the kinetics and mechav/sms of elementary reaction steps: adsorption, bond 

breaking, surface diffusion and desorptiono In addition they permit the simul- 

taneous characterization of the surface structure and surface composition while 

the kinetic parameters (retest selectlv!ty, activation energy) are obtained. 
,r' 

I wanted to investigate the catalys~ of hydrocarbon reactions by platlnum 

surfacesat low pressures but the experiments did not work. Let me demonstrate 

the reasons for this by discussing a slmple'reactlon, the dehydrogenation of 

cyclohexene to benzene. This reaction readily occurs on the stepped platinum 

crystal surfaces at low pressures (~ 10 -6 tort) and its rate is shown in FiEure ~ 

10. First the reaction rate increases then after about five minutes ~t declines 

rapldly. After ten minutes the surface is polsoned and the reactivicy is almost 

undetectable. If we slmultaneously monitor the surface composition by AES we 

find the build-up of a monolayer of carbon on the platlnum surface. The expla- 

nation appears to be that the surface poisoned by the build-up of thls carbona- 

ceous monolayer, which is the result of a stolchlometric reaction between the 

incident cyclohexanemolecules and the metal surface. Of course, there are low 

pressure reactions which do not polson--the oxidation of CO to CO 2 is one of 

these. Nevertheless, hydrocarbon reactlons poison rapidly at low reactant pres- 
D 

sures on transltlon metal surfaces. 

The reason for the. rapld poisoning of the transltlon metal surface during 

low pressure hydrocarbon reaction condltlons is demonstrated in Figure 11o After 

chemlsorblng several different alkenes on the Pt(lll) crystal face at 300 K the 

sample was heated and the thermal desorptlon of various specles was monltored. (6) 

We find that the chemlsorbedhydrocarbons undergo eequentlal dehydrogenatlonwlth 

increasing temperature, The carbonaceous resldue that Is left behind is adsorbed 
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i r r e v e r s i b l y  and above 800 K it i s  c o n v e r t e d  to g r a p h i t e .  

Thus ,  we had to  go t o  h igh  r e a c t a n t  p r e s s u r e s  to  s t u d y  c a t a l y z e d  h y d r o c a r b o n  

c o n v e r s i o n  r e a c t i o n s .  We had t o  deve l op  the  t e c h n o l o g y  t o  c a r r y  ou t  h igh  p r e s  ~~" 

su re  r e a c t i o n s  ove r  sma l l  1 cm 2 a r ea  c r y s t a l  s u r f a c e s .  

The h igh  p r e s s u r e - l o w  p r e s s u r e  a p p a r a t u s  ~hat  p r e m i t s  us  to  s t u d y  the  r a t e  

~and s e l e c t i v i t y  o f  hyd roca rbon  r e a c t i o n s  a t  h igh  p r e s s u r e s ( 7 )  (up to  I00 arm) 

u s i n g  s m a l l  a r e a  (~ I cm 2) c r y s t a l  s u r f a c e s  i s  shown i n  F i g u r e  12. The sample ,  

a f t e r  s u i t a b l e  s u ~ s c e  c h a r a c t e r i z a t i o n  i n  u l t r a  h igh  vacuum by  LEED, AES and 

o t h e r  s u r f a c e  s e n s i t i v e  t e c h n i q u e s ,  i s  e n c l o s e d  i n  an i s o l a t i o n  c e l l  t h a t  can 

be  p r e s s u r i z e d ~ r l t h  ~he r e a c t a n t s .  The sample i s  then  h e a t e d  t o  t he  r e a c t i o n  

t e m p e r a t u r e  and  the  product ' s  t h a t  form a r e  ana lyzed  by  a gas chromatograph t h a t  

i s  c o n n e c t e d  t o  t he  h igh  p r e s s u r e  l o o p .  The h igh  p r e s s u r e  r e a c t o r  can be used  

i n  a b a t c h  or  i n  a £1ow mode. The d e t e c t i o n  s e n s i t i v i t y  o f  the  gas chromato-  

graph i s  h l g h  enough t h a t  a I cm 2 s u r f a c e  a r e a  i s  a d e q u a t e  to  mon i to r  the  p r o -  

d u c t  d i s t r i b u t i o n  as  long  as  t h e  t u r n o v e r  r a t e s  ove r  t h e  c a t a l y s t  a re  g r e a t e r  

than  I0  -4  m o l e c u l e s / s l t e / s e c .  Us lng  t h i s  high p r e s s u r e - l o w  p r e s s u r e  a p p a r a t u s  

we can c a r r y  o u t  c a t a l y t i c  r e a c t i o n s  unde r  c o n d i t i o n s  t h a t  a r e  v i r t u a l l y  I d e u -  

t l c a l  t o  t h o s e  used  in  the  chemica l  t e c h n o l o g y .  We can t he~  e v a c u a t e  t he  h igh 

p r e s s u r e  c e i l ,  o p e n I t  and a n a l y z e  the  s u r f a c e  p r o p e r t i e s  o f  t he  working c a t a l y s t  

i n  u l t = a  h igh  vacuum u s l , g  the  v a r i o u s  t e c h n i q u e s  o f  s u r f a c e  s c i e n c e .  Then, t h e  

i s o l a t i o n  c e l l  may be c l o s e d  a g a i n  and t h e  h i g h p r e s s u r e  r e a c t l o n m a y  be c o n t i n u e d  

and a g a i n  I n t e r r u p t e d  f o r  i n  s l t u  s u r f a c e  a n a l y s i s  i n  v a c u u m . ( ? )  We canno t ,  how- 

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

When "working w i th  model  c a t a l y s t s ,  l l k e  our  smal l  a r e a  s i n g l e  c r y s t a l  s u r -  

f a c e s ,  i t  i s  e s s e n t i a l  t o  compare i t s  r a t e s ,  p roduc t  d l s t r i b u t i o n s , - . a c t l v a t i o n  

energy for a glvcn reaetlon and other kinetic parameters with dispersed hlgh 

'surface area catalysts' that are used in the technology. Table 3 displays the 
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results of CO hydrogenation over dispersed rhodium catalysts as obtained by 

Vannlce and the results obtained over rhodium foils in my laboratory under iden- 

tical experlmenta~ conditlons.(8) The agreement is excellentp the product distri- 

bution (mostly methane) and the activation energies for methanation are identi- 

cal. Figure 13 compares the rates of hydrogenation of cyclohexene to cyclohexane 

obtained by Boudart et. al. using dlspersed':hi~h surface area supported platlnum 

catalysts with our data usin~ ~latinum single crystal surfaces. A~ain the turn- 

over rates are the same within the experimental error. Similar agreement was 

reached for several other structure insensltive reactlons(9) as well that were 

carried out under identical experimental conditions to providejcred~billty to 

our model studles that utilize small area well characterized'metal surfaces. 

Thus, we used this combination of model catalyst studies at high pressure to 

determine the reaction rates and product distribution and the surface analysis 

of their composition and structure to develop the surface science of heterogeneous 

catalysis. 

We concentrated our studies on a'few catalytic reactions. These included 

the catalysis of hydrocarbon conversion over metals, the hydrogenation of CO and 

the pho~odissociation of water to H 2 and 0 2. Platlnum is an excellent catalyst 

for dehydrocyclizatlon reactions that produce aromatic molecules from alkanes, 

or for isomerlzatlon. "Another metal we studied extensively was rhodium that was 

found to produce oxygenated organic molecules from carbon monoxide and hydrogen, 

selectively. Iron that carries out ammonia synthesis from nltroEen and hydrogen 

as well as the CO/H 2 reaction was also the focus of our investigations. Flnally 

the phQtodissociation of water t o  hydrogen and oxygen was one of the important 

reactions that we studied. These reactions were chosen for thelr importance in 

energy conversion processes. I believe that physical sciences must focus on 

understanding the energy related problems of our society, that includes energy 
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converslon, productlon, transport and storage. Catalysis is of course at the 

heart of most energy problems. 

Hay;~--Sn~h pressure-low pressure apparatus permitted us to measure the 

rates of reactions over l0orders of magnitude pressure range. This we have 

carried out for the hydrogenation and dehdyrogenation of ~yclohexene to cyclo- 

hexane and to benzene respectively,(I0) and the resultsareshown in Figure 14. 

The turnover rates lucreasewlth pressure as expected. It is possible, however, 

to replot the same information as reaction probabilities by dlv~dlng the rate of 

product molecule formation by the rate of molecular Incldence on the surface 

that can be calculated from the total reactant pressure. The reactlo~ probaS~l- 

ity is defined as the number of product molecules formed per incident reactant 

molecule. ~t can be seen fro~ Figure II that the reactlon probabilltles are 

very low, in the range of 10 -5 to I0 "7 and it decreases with increasing pressure. 

t 

Thlsls due to the very long residence time (seconds) of the molecules on the 

surface that causes a traffic Jam. Most surface sites are occupied by adsorbates 

and the catalyst cannot cope with the traffic because of the very long molecular 

residence times~ ~ 

Out of our studies of model catalysts came the identification of three nec- 

essary ingredients of seleetlve molecular scale catalysis. These are" 

I) Atomic surface structure. 

2) An active carbonaceous deposit. 

3) The proper oxidation states of surface atoms. 

Let us review each of these reaction parameters in order to understand how the 

catalytic reaction occurs. 

I) Structure Sens ltlvlty Of Catalytic Reactlons. 

l~gure 15 compares the rates of ammonia synthesis over the (111), (100) and 

(110) crystalfaces of Iron.(II) The (III) crystal face is 420 ~Imes as active 
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and the (100) face is 32 .'times as active as the. (110) iron surface. This reac- 

tion was studied by several outstanding researchers that include P, Emmett, ~.". 

Boudart and G. Ert~.who worked for a long time on the mechanism of the ammonia 

synthesis.(12) The extreme structure sensitivity of this reaction was predicted 

by many. However, this data is the first clear demonstration of this structure 

sensitivity. Figure 16 shows the atomic surface structures of the studied Iron 

crystal faces. Professor Boudart sugge.sted that the so-called C 7 (seven-coordl- 

nated) sites are the most active sites for the dissociation cf dlnltrogen, (IS) 

which appears to be the rate limiting step for the synthesis of ammonia. Since 

these sites are found in the (111) cryst.al face with the largest concentrations 

our results are certainly in support of his model. 

The reactions of n-hexane or n-heptane over platinum surfaces are excellent 

probes of structure sensitivity. (14) The various reactions of n-hexane are dis- 

played in Figure 17. The reactions leading to branched isomers (Isomerizatlon) 

and cycllc molecules (dehydrocycllzatlon) are especially desirable for producing 
j. 

high octane gasollne from peC~oleum naphta. The third type, hydrogenolysls reac- 

tlons that involves the sci~sion of C-C bonds ylelds low molecular weight gaseous 

products that are undesirable when producing gasoline. The reactivity of the flat 

(111) and ( I00)  su faces  f o r  the d e h y d r o c y c l i z a t i o n  of  n-hexane and n-hep tane  a re  

compared In Figure I~ The hexagonal (Ill) surface is 3 to 7 times more active 

"~.~han the platlnum surface with the square unit cell.(14) In Figure 19 the selec- 

tivlty of stepped platinum surfaces are~;compared with the flat surfaces under 

identical conditions ~for the same reaction. Maximum aromatization activity is 

obtained on stepped surfaces with terraces about 5 atoms wide with hexagonal 
"i 

orientations as indicated by reaction rate studies over more ~han 15 different 

'crystal surfaces with varied terrace orientations and step and ~nk orientations. 

The reactivity patterns displayed for alkane isomerization reactions is com- 
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pletely different to that for aromatlzation.(15) Our studies revealed that maxi- 

mum rates and selectlvlty (rate of desired reactions/total rate)for butane Isom- 

ezizatlon reactions are obtained on flat crystal faces with square (I00) unit 

cell. Isomerlzation rates for this surface are 4 to 7 times hither then those 

for hexagonal surfaces as shown in FiKure 20. 

For the undesirable hydrogenolysls reactions that require C-C bond scisslon 

we found that the two flat surfaces exhibit very similar reaction rates. However, 

the distribution of hdyrogeno!ysis products varies sharply over these two sur- 

faces. The hexagonal surface displayes high selectivity for sclssion of the 

termlnal C-C bond whereas the (100) square surface always prefers cleavage of 
I- 

C-C bonds located in the center of the reactant molecule.(16) The hydrogenolysis 

rates increase markedly (3-5 fold) when kinks are present in high concentrations 

on the platinum surfaces (Figure 20). 

Since different reactions are sensitive to different structural features of 

the catalyst surface we must prepare the cac~lyst with appropriate structure to 

obtain maximum activity and selectivity. ~G:~ terrace structure, the step or kink 

concentration or a combination of these structural features is needed to achieve 

optimum rates for a give reaction. Our studies indicate that R-H and C-R bond 

breaking processes are more facile o~ stepped surface then on flat crystal faces, 

while C-C bond breaking is aided by ledge or kink sites that appear to be most 

active for breaking any of the chemical bonds during hydrocarbon conversion reac- 

tions. Since molecular rearrangements must also occur in addition to bond break- 

ing it is not surprising that the terrace structure exerts such au important 

influence on the reaction path that the adsorbed molecules are llkely to take, 

The differences in the chemlcal behavior of terrace, step and ledge atoms 

arises not only from their different structural environment but also from their 

different electronic charge densities that result from variation of the local 
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coordination. Electron spectroscopy studies reveal altered density of electronic 

states at the surface irregularities; there is a'hlgher probability of electron 

emission into vacuum at these sites (lower work function) indicating the redistri- 

bution of electrons. 

These results, revealing the structure sensitivity of hydrocarbon conversion 

reactions over platinum surfaces can be used to interpret chan~es that occur on 

platinum catalysts used in the chemlcaltechnology. Figure 21 shows the changes 
• • 

of product distributions that occur as a function of time over Pt-Re catalysts 

that are often used ~n petroleum refining, With time the selectivity to produce 

aromatic ~olecules is increasing while the selectivity to produce isomerlzed 

products decreases. This can Be interpreted as du~ to the slow restructuring of 

the catalyst surfaces from (I00) to (111) type that facilltates dehydrocycllzatlon. 

While many reactions of organic molecules are structure sensitive there are 

some that show no structure sensitivity: the ring openin~ of cyclopropane and 

the hydrogenation of cyclohexene to cyclohexane are two structure insensitive 

reactions when carried out on various metal surfaces. 

It should be noted that the metal surface structures that are stable in the 

presence of an adsorbed layer of hdyrocarbons may be unstable in an oxldlzin E 

environment,(4) In the presence of chemlsorbed oxygen other crystal faces may 

be more stable, As a result, changing the reducing chemical environment into 

oxldlzlng or the other way around could cause a massive reorganization of the 

surface structure. One should not expect all the catalyst surfaces to remain 

s tab le  under the  va r i ed  cond i t ions  encountered durln~ c a t a l y t i c  r e a c t i o n  s t u d i e s ,  

0~e of the reasons for the application of certain additives is to stabilize the 

surface structure of the catalyst as more extreme conditions for the catalytic 

chemlstzy and for its regeneratlon are used, 
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2) .Th e Carbonaceous : .Uepcs i t  

When s t a r t i n g  w i t h  a c l e a n  me ta l  s u r f a c e  t o  s t u d y  h y d r o c a r b o n  c o n v e r s i o n  

r e a c t i o n s ,  w i t h i n  m i l l i s e c o n d s  a f t e r  t h e  s t a r t  o f  the  hyd roca rbon  r e a c t i o n  a t  

a t m o s p h e r i c  p r e s s u r e s  an e q u i v a l e n t  o f  a c a r b o n a c e o u s  l a y e r  i s  d e p o s i t e d  on t he  

s u r f a c e  and the  c a t a l y t i c  hydraca rbon  r e a d t i ~ n  then o c c u r s  i n  t h e  p r e s e n c e  o f  

t h i s  d e p o s i t .  Indeed a c l e a n  p l a t i num o r  o t h e r  c l e a n  t r a n s i t i o n  me ta l  s u r f a c e  

cou ld  no t  r e a d i l y  c a t a l y z e  hydroca rbon  c o n v e r s i o n  r e a c t i o n s .  Most o r g a n i c  mole-  

c u l e s  would a d s o r b  i r r e v e r s i b l y  and form s t r o n g  m e t a l - c a r b o n  bonds .  Upon h e a t -  

l u g ,  and i n  the  absence  o f  hydrogen ,  s e q u e n t i a l  d e h y d r o g e n a t i o n  o c c u r s  u n t i l  a 

g r a p h i t l c  o v e r l a y e r  r e m a i n s .  F igure  11 shows t he  s e q u e n t i a l  d e h y d r o g e n a t i o n  o f  

several alkenes that were adsorbed on platinum at lowtemperatures# and then heate 

Our studies using C-14 labeled organic molecules~(17) thermal desorption and 

hydrogen-deuterlum exchange indicate strong temperature dependence for the resi- 

dence time and the composition of the organic deposit on platinum surfaces, Below 

about 120oc the layer can be r~bydrogenated and removed from the metal surface as 

rapidly as the turnover tlme f~r organic reacCants. Thus, at these low tempera- 

cures the metal "surface remains clean during facile reactions# llke the hydroge- 

natlon of ethylene that takes place with a low activation energy (less than 15 

kcal/mole) at these low temperatures. The temperature programmed thermal desorp- 

tion of hydrogen and AES studies indicate that the stolchlometry of this mobile 

layer-is C2H 3. Above 120°C wlth increasing temperature an Increaslugly larger 

fraction of the surface carbon becomes irreversibly adsorbed as it looses more 

hydrogen, That is, this layer resides on the surface much longer than the turn- 

over tlme of fihe organic reactants that may undergo isomerizatlon, dehydrocycll- 

zaelon or hydrogenolysls. These reactions have high activation energy (20-45 

kcal/mole) and are, therefore, carried out at higher temperatures, in the range 

o£ 150-400°C, t o  obtain reasonably high turnover numbers. FJ.gure 22 shows the 
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increase of the concentratlon of an irreversibly adsorbed carbonaceous layer 

and the simultaneous decline of the amount of reve~slbly adsorbed mobile organic 

layer as a function of temperature. The stolchlometry of this tenaceous layer 

on the catalytically active metal ~s C2H. Our detailed investigations exploring 

the catalytic effect of preparing the carbon deposit from a variety of preadsorbed 

organic molecules show relatlvelymlnor alterations of the selectivity of hydro- 

carbon conversion reactions. ~:,~ activity of.the catalyzed reaction was inversely 

proportional to the concentration of the irreversibly adsorbed carbon layer. 

The structure of the adsorbed hydrocarbon monolayers was subm/tted to 

detailed studies by LEED and ,WREELS. (18) In the temperature range of 300-400 K 

the adsorbed alkenes form alkylldyne molecules that are shown In Figure 23. The 

C-C bond closest to the metal is perpendlcular to the surface plane and its 

length corresponds to a single bond 1.5A. The carbon atom that bonds the mole- 

cule to the metal is located in a three-fold site equidistant 2.0A from the 

nearest metalllc neighbors. Thls bond is appreciably shorter than the covalent 

metal-carbon bond (2.2A) and is indicative of multiple metal-carbon bonds of the 

carbene or carbyne type. While this layer is ordered, on heating to about 100°C 

it disorders and hydrogen evolution is detectable by a mass spectr6meter that 

is attauhed to the system.: As the molecules dehydrogenate the disordered layer 

is composed of CH2, C2H and CH type fragments that can be iden~Ifled by ~EELSo 

Only after heating to about:400°C do the fragments loose all thei~ hydrogen and • 

the graphite overlayer form%o These sequential bond breaking processes that 

occur as a function of temperature is perhaps the most important characteristic 

of the surface chemical bond that distinguishes It frcm chemical bonds of other 

types. While the surface remains active in the presence of or~anlc fragments 

of C2H stolchi6metry it looses all activity when the graphltlc monolayer forms. 

Thus, we have two seemingly contradictory experimental informatlons. On 
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-~he one hand many, catalyzed reactions are strongly dependent on the structure 

• of the surface. 0n the other hand, the surface that is catalytlcally active is 

covered with about a monolayer of carbonaceous deposit that seem to mask the 

structure of thesolid catalyst. In order to sustain the observed structure 

sensltlvlty,not ~11 the metal surface sites arellkely to be covered by the 

organic layer, but some of them must be available to perform the catalytic func- 

tion. We have been able to tltrate the remaining clean platinum surface sites • 

by CO adsorption which can be attached readily to the uncovered metal at low 

pressures, about 10 -6 tort and 250C but does not adsorb under these circum- 

stances on the organic overlayer.(15) Figure 24 shows a fraction of the clean 

platinum surface as a £unctlon of the carbon surface concentration. ($/eclean) 

is the fraction of bare platinum surface as compared to the site concentration 

on the'Inltlally clean metal surface. This fraction decreases rapldly~Ith 

increasing temperature as seen in Figure 24. At about 400oC the carbonaceous 

overlayer that is Irreversibly adsorbed gradually looses its remaining hydrogen 

and becomes graphltlzed. The graphite layer is a catalyst poison ~nd the cata- 

lytic activity is irretrlevably lost when this occurs. 

Hydrocarbon reactions are always carried out in the presence of excess hy- 

drogen. Increased hydrogen concentration in the reactant feed helps to rehy- 

drogenate a larger fraction of the irreversibly adsorbe~ carbonaceous layer and 

to slow the rate of graphltlzatlon. In the absence of excess hydrogen in the 

reactant mixture a complete monolayer of carbon deposit forms readily ~t above 

400@C where th~ rate of graphltlzatlon is fast. 

As:a.result of these studies a molecular model of the working platinum cat- 

alyst can be proposed and is shown in Figure 25. Most catalyzed reactions could 

not occur on either the bare metal surface or on thesurface that is completely 

covered by the irreverslblF deposited organic layer.(15) Hydrocarbon conversion 
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must occur on the bare metal islands that are kept clean'by the presence of 

hydrogen in the reactant mixture. However, the intermediates or the products 

that form may not readily desorb from the bare metal sites because they are too 

strongly bound. It is likely then that these species diffuse over onto the car- 

bonaceous overlayer from which desorptlon commences perhaps with the additional 

transfer of hydrogen. By providing sites at which the reaction products are 

bound only weakly the carbonaceous overlayer facilitates the desorption of the 

organic molecules. It should be noted that the active carbonaceous deposit 

that contains CH and CH 2 fragment stores about ten times more hydrogen than the 

clean me~al surface that could be made available to the desorblng organic mole- 

cules. 

The fractional concentration of Ehe bare metal islands and of the carbona- 

ceous overlayer can be manlpula~ed not only by hydrogen pressure but by addi- 

tives such as alkali promoters or by other transition metals that are used as 

alloying agents. Gold and tin were found to beneficially effect the activity, 

change the selectivity, and surface residence time of adsorbed reaction inter- 

mediates and product molecules by: a) alteration of the structure and active 

site concentration of bare metal islands, b) aiding t~e rehydrogenation of the 

carbonaceous layer on the active catalyst and by c) slowlng the rate of its 

dehydrogenatlon to the graphitic form that poisons the catalyst surface. 

The surface structure of the bare platlnum islands may be the same or may 

be different from the structure of the inltlally clean metal. In order to study 

this we carried out CO thermal desorptlon from the platinum crystal surface after 

various hydrocarbon conv~£sion reactions and compared the TDS spectra w-Ith that 

obtained from the clean platinum surface.(!5) We found that after the reactions 

wlth light alkanes the TDS spectrum was identlcal to that from the clean metal 

surface the term the Deaks due to the desorptlon of CO from the terrace (lower 
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temperature) and step s i t e s  (higher temperature) being at tenuated uniformly.  

Thus, the bare platinum islands maintained the same surface structure as the 

initially clean platinum surface. After the reactions with heavier hydrocarbons| 

n-hexane or n-hexanep the TDS spectrum was altered as shown in Figure 25. CO 

could no longer adsorb on step bites only on terrace s~tes. Thus, the b~gher 

molecular ~Ight alkanes produced a carbonaceous deposit during their catalyzed 

reaction that blocked off the step sites. As.a result, all the catalytic activity 

could be attributed to the flat terrace, in this circumstance. 

3) The Oxidation State of Surface Atoms 

There are several experimental studies publlshed in recent years which clearly 

indicate the importance of oxidation states other than zero relent metallic state 

for catalyzed reactions. We shall show two examples of the importance of the 

presence of higher oxidation states of transition metal ions at the catalyst 

surface. 

a) C~rbon monoxide hYdrogenatlon over rhodium. Rhodium was reported to 

yield predomlnantly C 2 oxygenated products, acetaldehyde and acetic acid when 

prepared under appropriate experimental condltlons.(19) Our studies using un- 

supported polycrystalllne rhodium foils have detected mdstly methane along with 

small amounts of ethylene ,and propylene under very similar experimental conditions, 

This product d~srrlbutlon was identical to that obtained by Vannice over supported 

rhodSum c~talyst along wlth the identical activation energies for methanatlon 

(about 24 itcal/mole) that we both found (Table 2).(20) It appears that most of 

the or~anlc molecules form following the dissociation of CO by the rehydrogena- 
4 

tlon of CH x units in the manner similar to alkane and alkene production from 

CO/H 2 mixtures over other more active transition metal catalysts (Iron~ ruthenium 

and nickel). 

/Rowever, when rhodium ox/dep Rh203, was:utillzed as a catalyst, large concen- 



-19- 

t r a t i o n s  of  oxygenated C 2 o r  C 3 hydrocarbons were produced,  inc lud ing  e t h a n o l ,  

a ce t a ldehyde  and p rop lona ldehyde .  (21) Furthermore the  a d d i t i o n  of C2H4: • to  t he  

C0/S 2 mixture  y i e lded  prop iona ldehyde ,  i n d i c a t i n g  the  ca rbony la t ion  a b i l i t y  of  

Rh203. Under s i m i l a r  e xpe r i me n t a l  condi t ions  over the  rhodium metal  C2H 4 was 

q u a n t i t a t i v e l y  hydrogenated to e thane  and c a r b o n y l a t i o n  a c t i v i t y  was t o t a l l y  

absen t .  C lea r ly ,  h igher  o x i d a t i o n  ~ a t e  rhodium ions  a re  necessary  to  produce 

the  oxygenated organic  mo l e c u l e s .  Unfor tuna te ly ,  Rh203 reduced r a p i d l y  i n  t h e  

C0/H 2 mixture  to the m e t a l l i c  s t a t e  with d r a s t i c  a l t e r a t i o n  of the product  d i s -  

t r i b u t i o n  from oxygenated hydrocarbons  to methane.  In  o rde r  to s t a b i l i z e  the  

rhodium ion ,  lanthanum r h o d a t e ,  LaRh03, was prepared  by i n c o r p o r a t i n g  Rh20 3 i n t o  

La203 a t  high tempera tures .  Over t h i s  s t a b l e  c a t a l y s t  t he  format ion of  oxygen-  

a t ed  produc ts  from CO/H 2 predominated.  

The reason for the change of selectivity in CO/H 2 reactions upon altera- 

tlon of the oxidation state of the transition metal is due largely to the change 

of heats of adsorption of CO and D 2 as the oxidation state of the transition metal 

ion is varied. This is demonstrated In Figure 27. The CO adsorption energy Is 

decreased upon oxidation while the heat of adsorption of D 2 is increased, presum- 

ably due to the' formation of hydroxyl groups. This, in turn, changes the relatlve 

surface concentrations of CO and H 2. 'Inadditlon, themetal is prlmarily active 

for hydrogenation and CO dissociation while the oxide can perform carbonylatlon 

and has reduced hydrogenation actlvlty.(21) As shown in Figure 27, the active 

LaRh03 catalyst seems to have both rhodium metal and rhodium ion sites, as Indl- 

cared by the presence of the thermal desorptlon peaks of CO and H2, to provide 

both optimum carbonylatlon as well as hydrogenation activity so.necessary to 

ob ta in  C 2 or  C 3 oxygenated hydrocarbon molecules .  

We t~ave also found t h a t  the  product  d i s t r ~ b u t i o n  t h a t  r e s u l t s  from t h e  

CO/H 2 reaction at high pressures over LaRhO 3 is highly ~emperature dependent 
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(F igu re  28 ) .  A t : l o w  enough t e m p e r a t u r e s ,  be low 250°C, t he  f o r m a t i o n  o f  methanol  

p r e d o m i n a t e s . ( 2 1 )  This  can o c c u r  by  t h e  d i r e c t  h y d r o g e n a t i o n  o f  t h e  u u d i s s o c i -  

a t e d  carbon  monoxide m o l e c u l e .  As t h e  t e m p e r a t u r e  i s  i n c r e a s e d  f rom 250 to  300°C 

the  f o r m a t i o n  o f  C 2 o r  C 3 oxygena t ed  h y d r o c a r b o n  m o l e c u l e s  e t h a n o l ,  p ropano l ,  

a c e t a l d e h y d e  and p rop iona ldehyde  p r e d o m i n a t e .  These m o l e c u l e s  need  t he  p r e s e n c e  

of  bo th  CH x u n i t s  t h a t  form as a r s u l t  o f  t h e  d i s s o c i a t i o n  o f  c a r b o n  monoxide 

follo~d by the partial rehydrogenatlon of the surface carbon and ~he insertion 

of CO Into these fragments, to form the oxygenated product. In a finite temper- 

ature range between 250 and 350°C the CO dissociation and hydrogenation abillty 

and the carbonylatlon abllity of the catalyst are about identical. As the tem- 

perature is increased to above 350°C, the formation of methane predominates. 

The CO concentration is too low on the surface at these temperatures to produce 

CO insertion and the dehydrogenation characteristics of the material control the 

product dlstrlbutlon.(21) 

One of the dlfflcultles in preparlng~selective catalys~s for hydrocarbon con- 

version is the poor thermodynamic stability of higher oxldatlon states of transi- 

tion metal ions in the reducing reaction environment.(22) It appears that the 

strong metal support Interactlonthat permits the incorporation of the high oxlda- 

tlon state transition metal ion into the supporting refractory oxide or sulfide 

crystal lattice often provides for the klnetlc stability of the desired oxidation 

state~ as long as the catalytic reaction temperatures are appreclably below the 

decomposition temperature of the binary oxide so prepared. 

b) Photodlssoclatlon of water over reduced SrTi03 surfaces. When strontium 

tltanate is illuminated with band gap radiation, about 3°1 electron volts in the 

presence of water vapor or aqueous alkali hydroxide solutlons, hydrogen and oxy- 

gen evolutlon are detectable.(23) The presence of Ti 5+ ions at the surface play 

a crucial role in dissociating water and is a necessary Ingredlent of the photo- 



-21- 

catalytic process. Figure 29 shows the catalytic cycle that explains most of 

the experimental results found s it. The reduced SrTiO 3 surface that is full 

of oxygen vacancies and Ti 3+ ions readily adsorbs water and dissociates it in 

the dark. As a result the Ti 3+ species are oxidized to Ti 4+ and the oxygen 

vacancies are filled with the fragmented adsorbates. (24) Upon illumination, the 

photoelectron so ~enerated is used to reduce g + to H and the electron vacancy 

traps the negative charge of the hydroxyllon to convert it to OR radical which 

in turn produces oxygen through ~ presumahly~ a peroxide intermediate° As both 

hydrogen and oxygen desorb after atom recombinations the Ti 3+ surface sites as 

well as the oxygen vacancy are regenerated. There is evidence for the rapid 

exchange of oxygen from the water molecules with the oxygen ions at the surface 

and for the reduction and oxidation of Ti 3+ sites during the photoche,|ical reac D 

tlon. Thus the importance of the proper oxldation state of transition metal ions 

to carry out oatalyzed reactions is again demonstrated. 

4) The Buildln ~ of New Rich Technology Reterogeneous Catalysts 

As a result of combined surface science and catalytlc studies on well 

deflned model catnlyst systems many of the molecular ingredients of heteroge- 

nous catalysis have been uncovered. The model of the working platinum catalyst 

reveals not only how selective hydrocarbon ca=alysls ocurs over platinum surfaces 

but also how we might modify or certainly optimize these working catalyst sys- 

tems. Once we understand the molecular details of the catalyst operation we can 

design new high technology catalysts by using the scientific understandln~ that 

was obtained on the molecular scale. Indeed~ the fleld of heterogeneous cataly- 

sis is ready to be transformed from an art to catalysis science that perm/ts the 

fabrication of hlgh technology catalyst systems. 

I 

There exlsts~ already, a group of high technology catalysts that has been 

in use in the chemical technology over the past 12 years. These are the zeo- 
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lites, (25) and one of them is shown in Figure 30. Zeolltes are aluminum sill- 

cares that can be prepared with variable pore sizes that have molecular dimen- 

sions. This Elves rise to shape selectivity in hydrocarbon conversion reactions 

as molecules that are small enough to ehter the pores can undergo catalyzed reac- 

tions. In addition, by controlling the silicon to aluminum ratio of the zeolite 

crystalllte the catalytic behavior of these aluminum silicates can be drastically 

altered. Zeolltes, at present, are the largest volume heterogeneous catalysts 

used in technology. 

Using the molecular ingredients of heterogeneous catalysis that were des- 

cribed above we may control the structure, the concentration of the carbonaceous 

deposit and the oxidation states of atoms on the catalystssurface. The struc- 

ture of the catalyst may be controlled by epltaxlal deposition of one metal on 

top of another metal or on an oxide or a sulflde that serve as suitably struc- 

tured supports. The concentration and hydrogen content of the carbonaceous 
f 

deposits in hydrocarbon conversion reactions or of oxide layers under oxidizing 
i 

conditions can be altered by the addition of other metals, transition and alkali. 

And'finally, the oxidation state of surface ions may be stabilized by incorpor- 

ation of the transition metal ion into the crystal lattice of refractory oxides 

or by the addition of electron acceptors, halogens, etc. Below we shall give 

brief descriptions of several attempts to build a new catalyst. 

a) The catalytic activity, o$ the ~o!d-platin.um system. Bimetallic alloy 

systems are noted for their higher activity and selectivity for many hydrocarbon 

reactions as compared to single metal component catalysts. In order to explore 

the reasons for this we studied the gold-platlnum system.(26) Gold was epitax- 

Jelly deposited on the (I00) or (111) crystal faces of platinum and the structure 

of the monolayer and the activity for various hydrocarbon reactions as a function 

of gold surface concentratlon was monitored. Then by heating the system gold was 



-2S- 

diffused into platlnum and the catalytic activity of the freshly formed alloy 

was again determined for the same chemical reaction as that used in the presence 

"of the gold overlayer on platinum. Gold forms an ordered overlayer on the 

platlnum surface. Figure 31 shows the activity for dehydrogenatlon, hydrogen- 

olysIs and isomerlzatlon of n-hexane as a function of gold coverage-ln the 

epltsxlal case. It appears that the acuivity of platinum is linearly decreased 

by the presence of a gold overlayer at high reactant pressures. This result, 

of course, is not surprising as gold is inactive for all these catalytic reac- 

tions. 

Very different results are obtained when gold was dlfused into platlnum at 

elevated temperatures. The gold~platlnum alloy that forms showed a much higher 

activity for isomerlzation than clean platinum. Simultaneously the activity 

for dehydrocycllzatlon and hydrogenolysls is declined exponentlally with gold 

co-~erage. As a result, the selectivity for isomerlzatlon became very large. 

Gold tends to break up the large coordination number sites by substitution 

more than the lower .coordlnatlon number sites; thus reactions that require 

three-fold sites are more likely to be affected by'the presence of gold in the 

crystal !at~Ice than those reactions involving one or two nelghborln~ platinum 

atoms. This simple argnmen~ can explain the observed selectivity. However, 

this cannot completely explain the observed increase in chemical activity; =he 

gold alloy is a more active catalyst than clean platinum for Isomerizatlon. 

The presence of gold may decrease the concentration of the carbonaceous deposit 

and the residence times of the reaction intermedlates. By breaking up the 

carbonaceous polymers by the presence of gold it can be more rapidly rehydroge- 

hated. This can certainly account for the increased rates obtained on the 

g01d alloy surface for Isomerlzatlon. It is also known that bimetallic alloys 

poison more slowly than pure metallic catalyst in many hydrocarbon conversion 
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reactions. Perhaps the: presence of a second component metal also decreases the 

rate of conversion of the active carbonaceous fragments to the inactive graphitlc 

phase. 

~ton~c scale Studies of several bimetallic systems including platlnum- 
.~'~ 

iridium, i~.dium-gold and platlnum-rhenlum systems are in progress and no ./oubt 

will help to elucidate the important effects of blmetallic catalysis; the 

increased activity, higher selectlvlty and greater resistance to poisoning. 

b) %%e effect of alkall metals on the chemisorption of CO and on the 

reactivity of surface carbon. Alkali metals are frequently used as promoters 

in  many ca t a lyzed  s u r f a c e  r e a c t i o n s .  These inc lude  the ammonia s y n t h e s i s  on 

i r o n ,  the ca t a lyzed  hydrogenat ion  of  carbon monoxide on var ious  t r a n s i t i o n  

meta l  s u r f a c e s  and coa l  g a s i f i c a t i o n  in  t he  presence  o f  wa te r .  A lka l i  meta ls  

when present on transition metal surfaces affect the catalytic activlty in 

several ways. One important effect is their influence on the heats of adsorp- 

tlon of adsorbates such as carbon monoxide. HE.EELS and TDS studies showed that 

the coadsorption of potassium and ~ carbon monoxi'~e on platinum surfaces has 

decreased  the CO s t r e t c h i n g  f requency by about 300 wave numbers as compared to  

t he  ~#re tch ing  f requency  on the  c lean  p la t inum,  in  ~he absence of  po tass ium.(27)  

This e f f e c t  i s  shown in  Figure 32. A decreased  CO s t r e t c h i n g  f requency  i n d i -  

ca t e s  ~weaken tng  of  the CO bond and s imul t aneous ly  i t  impl ies  an i n c r e a s e d  

meta l -ca rbon  bond s t r e n g t h .  Thus, potassium seems to i n c r e a s e  the  bonding 

energy  of CO to  the  s u r f a c e ,  the reby  improving the d i s s o c i a t i o n  p r o b a b i l i t y  

significantly. During ammonia synthesis the presence of potassium on the iron 

s u r f a c e  i n c r e a s e s  the  binding energy  of  d i u i t r o ~ e n  and reduces  the  a c t i v a t i o n  

energy  fo r  i t s  d i s s o c i a t i b n  to  produce atomic n i t r o g e n  on the  s u r f a c e .  Since 

the  d i s s o c i a t i o n  of  diniCrogen i s  the r a t e  l i m i t i n g  s t ep  the  ammonia s y n t h e s i s  

rateis accelerated. 
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Another effect is due to the alkali metal catalyzed interaction of water 
|% 

vapor with carbon at the surface. It was reported recently that when alkali 

hydroxides or carbonates are adsorbed on the surface of graphite they catalyse 

its reaction with water vapor.(28) At low temperature in the range 200-250"C 

methane and carbon dioxide are produced (Figure 33). This reaction is an alter- 

hate route for the gaslficatlon of carbon that is usually carried out without 
• , 

a catalyst around 1000°C with water vapor to produce carbon monoxide and oxygen. 

It is clear that by the low temperature reaction alkall hydroxides (potassium, 

lithium, etc.) act as catalysts for both the reductlonof carbon to CH 4 and for 

its oxidation to CO 2 or CO. This reaction involves ionic intermediates, the 
• , [. I' 

formation of R + and OH-, that are catalyzed by the alkali hydroxides.(28) These 

then, by a series of complex reactions that follow, can hydrogenate and oxidize 

the surface carbon. This low temperature reaction has an activation energy of 

}. 

about II kcal/mole and can be responslble for t h e  removal of the carbo,,laceous 
,s . '%': 

:':.. 

deposlt from various transition metal surfaces when water vapor is present.(28) 

c) Strong metal-support interaction. A control of the oxidation state 

of the surface transition metal ions has been reported by Tauster and co¥orkers.(29) 

By using relatively basic oxides, titanium oxide, zirconium oxide, etc. they find 

very different chemisorption and reactivity properties of transition metal ions. 

The influence of these refractory oxide supports on the catalytic activity was 

called "strong metals support interaction" (SMSI). Thus, using the support, 

higher oxidation state transition metal ions can be stabilized in addition to 

the presence of the same transition metals in the zero valent state. 

Undoubtedly there will be many attempts in the future to build new metal 

catalysts using the molecular ingredients of heterogeneous catalysis that were 

uncovered. Indeed, it appears thatthe art of catalysis is rapidly becoming 

high technology ca~alysls sciencE. We also need more hlgh quality people who 
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take a long range view in their research so necessary to successfully build new 

catalysts. I hope that fundlnE tha£ is essential to comblne surface science 

based characterization of catalysts with catalytic reaction studies will remain 

excesslble to researchers enteriug this exciting field. 
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TABLE I :  Table  of  s u r f a c e  c h a r a c t e r i z a t i o n  eechnlques  t h a t  a re  used to  de t e rmine  the  s t r u c -  

t u r e  and compostlon o f  s o l i d  s u r f a c e s .  A~sorbed s p e c i e s  p r e s e n t  a t  c o n c e n t r a t i o n s  of  IZ of  

a monolayer can be r e a d i l y  d e t e c t e d ,  

SURFACE ANALYSIS METHOD ACRONYM 

Low energy  e l e c t r o n  d i f f r a c t i o n  LEED 

Auger e l e c t r o n  spec t ro scopy  AES 

Righ r e s o l u t i o n  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  

HREELS 

I n f r a r e d  s p e c t r o s c o p y  IRS 

X-ray and u l t r a v l o ! e t  p h o t o -  
e l e c t r o n  s pe c t r o scopy  

~ s  
UPS 

Ion s e a t t e r i n ~  spec t ro scopy  ISS 

Secondary  ion  mess s p e c t r o s c o p y  SIMS 

Extended X-ray a b s o r p t i o n  f i n e  
s t r u c t u r e  a n a l y s i s  

EBAFS 

Thermal d e s o r p t i o u  s p e c t r o s c o p y  TDS. 

PHYSICAL BASIS 

Elastic backscatterlng 
of low energy electrons 

E l e c t r o n  emiss ion  from 
s u r f a c e  atoms e x c i t e d  
by e l e c t r o n  x - r a y  or  
ion  bombardment 

Vibartlonal excitation 
of surface atoms by 
inelastic reflection 
of low energy elec- 
trons 

V i b r a t i o n a l  e x c i t a t i o n  
o f  surface atoms by 
a b s o r p t i o n  o f  i n f r a r e d  
r a d i a t i o n .  

E l e c t r o n  emiss ion  
from atoms 

I n e l a s t i c  r e f l e c t i o n  
of  i n e r t  gas ions  

Iou  beam induced e j e c -  
t i o n  o f  s u r f a c e  atoms 
as p o s i t i v e  & nega t i ve  
ions  

Z u t e r f e r e n c e  e f f e c t s  
dur ing  x - r a y  emiss ion  

Thermal ly  induced de-  
s o r p t i o n  o r  decomposi-  
t i o n  o f  adsorbed spec i e s  

TYPE OF INFORMATION 
OBTAINED 

atonL'LC s u r f a c e  s t r u c -  
t u r e  o f  s u r f a c e s  and 
o f  adsorbed gases  

s u r f a c e  composl t lon  

- S t r u c t u r e  and bonding 
of  s u r f a c e  atoms and 
adsorbzd s p e c i e s  

S t r u c t u r e  and bondinE 
o f  adsorbed  gases  

Electrou.~c s t r u c t u r e  
aud o x i d a t i o n  s t a t e  
o f  s u r f a c e  atoms and 
adsorbed  s p e e / e s  

Aton~c s t r u c t u r e  and 
compos i t ion  o f  s o l i d  
s u r f a c e s  

s u r f a c e  compos i t ion  

a tomic  s t r u c t u r e  o f  
s u r f a c e s  and adsorbed 
gases 

AdsOrpt ion e n e r ~ e t i c s  
compos i t ion  o f  adsorbs  
s p e c i e s  
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TABLE If: Surface Composition Of Alloys: Experlmental Results And Predlctlons 

Of The Regular Solutlon And Unlfled Segregation Models 

Segrega t lug  Constituent 

Predicted 

Alloy Systems Phase Diagram Regular Solution Experimental 

Ag-Pd 
Ag-Au 
Au-Pd 
NI-Pd 
Fe-Cr 
Au-Cu 

Cu-Ni 
Au-Ni 
Au-Pt 
Pb-ln 
Au-Yn 
A1-Cu 
Pt-S. 
Fe-Sn 
Au-Sn 

simple Ag 
simple Ag 
simple Au 
simple Pd 
low-T phase Cr 
low-T ordered phases Cu 

low-T m i s c i b i l i t y  gap Cu 
m l s c i b i l l t y  gap Au 
m i s c i b i l l e y  gap Au 
in t e rmed ia t e  phase Pb 
complex . In 
complex A1 
complex Sn 
complex Sn 
complex Sn 

A~ 
Ag 
Au 
Pd 
Cr 

An, none, or  Cu, depend- 
ing on composi t ion  

Cu 
Au 
Au 
Pb 
In 
A1 
Sn 
Sn 
Sn 
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TABLE III: Comparison Of Polycrystallln Rh Foll With a 1 Percent Rh/AI203 

Catalyst In The CO-H 2 Reaction At Atmospheric Pressure 

Polycrystalline Rh a 
loll 

Suppor ted  ~Z 
Rh/AI203 

Reaction conditions 

Type of reactor 

Conversion 

Product distribution 

Absolute methanatlon 
rate at 300°C 
(turnover no.) 

3000C, 3:1H2/CO, 
700 torr 

Batch 

<0.1Z 

90Z .~H 4 ± 3 
5Z c2H 4 -+ i 
2% C2H 6 -+ I 
3Z Cl:I + 

<IZ C 4 

0.13 ~ 0 .03 
molecules/slte/sec 

300"C~ 3:1R2/CO , 
760 tort 

flow 

<5Z 

90Z CH 4 
8Z C2H 6 
2Z C 3 

<IZ C4 + 

0.034 
molecules/slte/sec 

Activation energy 24.0 ~ 2 24.0 
(kcal) 

aThs va lues  i n  t h i s  column are  from B.A. Sexton and G.A. SomorJa i ,  J . C a t a l .  466, 
167 (1977). 

bThe values in th.~s column are from I.~.A. Vannlce, J. Catal. 37, 462 (1975). 
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FIGURE CAPTIONS 

Figure I: 

Figure 2~ 

Figure 3: 

Figure 4: 

Figure 5: 

Figure 6: 

Figure 7: 

Figure 8: 

Figure 9: 

Figure  10: 

Y i ~ r e  11: 

Figure  12: 

Figure 13: 

? igu re  14: 

Small surface sr~a sample mounted in an ultra-hlghlvaeuum chamber 
prepared for surfers studies, 

Experimental number of scattered electrons n(E) of energy E versus 
electron energy E curve. 

a) Diffraction pattern from tbe Pt(100) 5 x I structure. 
h) Schematic representation of the 100 surface with hexagonal over- 

layer. 
c) Diffraction pattern from the Pt(100) I x I structure. 
d) Schematic ~epresentatlon of the 100 surface. 

Structure of the reconstructed Pt(100) crystal face as solved by 
s u r f a c e  c r y s t a l l o g r a p h y .  

The i d e a l  and r egu l a r  s o l i d  s o l u t i o n  models t ha t  p r e d i c t  s u r f a c e  
s e g r e g a t i o n s  o f  the  c o n s t i t u e n t s  wi th  lower s u r f a c e  f r e e  energy .  

Sur face  e x c e s s  of  s i l v e r  as  a f u n c t i o n  of  bulk compos i t ion  in  s i l v e r -  
gold  alloys. 

Scheme of the molecular beam surface scattering experiment. 

Structure of several hlghMiller Index stepped surfaces with dlf- 
ferent terrace widths and step orientations. 

Surface structures of several high Miller Index surfaces with dif- 
fering kink concentrations In the stepS. 

The comparison at 150°C of the eyclohexane dehydrogenation rate over 
Pt (223)  s tepped  su r face  a t  low p r e s s u r e s  with the s imul taneous  b u i l d -  
up of  the  i r r e v e r s i b l y  chem~sorbed carbouaceous o v e r l a y e r  C273/Pt237 
r a t i o  o f  2,8 corresponds to monolayer coverage.  

Hydrogen thermal  deeorp t ion  s p e c t r a  i l l u s t r a t i n g  the  s e q u e n t i a l  dehy- 
d r o g e n a t i o n  o f  e thy lene ,  p ropylene  and c i s - 2 - b u t e n e  chemisorbed on 
the  P t ( l l l )  c r y s t a l  su r face  a t  120 K. The r a t i o  of  h e a t i n g  i s  12 K/see .  

Schematic  r e p r e s e n t a t i o n  of. the  exper imenta l  appara tus  to  c a r r y  out 
c a t a l y t i c  r e a c t i o n  r a t e  s t u d i e s  on s i n g l e  c r y s t a l  o r  p o l y c r y s t a l l i n e  
surfaces of low surface area at low and high pressures in the range 
of 10-7-104 torro 

Comparison of  s t u d i e s  of  cyc lohexene  hydrogenat ion to  cyc lohexane  on 
p la t inum s i n g l e  c r y s t a l  s u r f a c e s  and on d i spe r sed  p la t inum c a t a l y s t s .  

C o r r e l a t i o n  o f  cyclohexene r e a c t i o n  r a t e s  and r e a c t i o n  p r o b a b i l i t i e s  
over  a p r e s s u r e  range of  t en  o r d e r s  of  magnitude. The r e a c t i o n s  were 
performed a t  150"C over the s t epped  Pt(223)  c r y s t a l  s u r f a c e  wi th  a 
hydrogen to  hydrocarbon r a t i o  of  t en ,  
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F i g u r e  15: 

Figure 16: 

Figur~ 17: 

F i g u r e  18: 

Figt l re  19 : 

.. 

' ,Figure 20: 

/ 

Figure 21: 

FiEur~ 22: 

Figure 23: 

Surface structure sensitivity of Ye-catalyzed NR 3 synthesis. 

Idealized atomic surface structure for the low index planes of irou 
Fe(100) ,  F e ( l l l )  and F e ( l l 0 ) .  

Skeletal rearrangement reactions of hydrocarbons are catalyzed by 
platlnum ~Ith high activity and unique selectivity. Depleted here 
are the several reaction pathways which occur simultaneously during 
the catalyzed conversion of n-hexane, C6H14. The Isomerlzatlon, 
eycllzaclon and aromatization reactions that produced branched or 
cyclic products are importan~ in the production of high octane gaso- 
llue from petroleum naptha. The hydro~enolysls reaction that involves 
a C-C bond ylelds undeslrable gaseous products. 

Dehydrocycllzatlon of alkanes to aromatic hydrocarbons is one of the 
most important petroleum reforming reactions. The bar graphs shown 
here compare reactlon rates for n-hexaue and n-heptane aromatization 
catalyzed at 573 K and atmospheric pressure over the two flat pl~tlnum 
single crystal faces with different atondc structure. The platinum 
surface wlth the hexagonal atomic arrangement is several times more 
active than the surface with a square unit cell over a wlde range of 
reaction conditions. 

The selectlvlty of various platinum surfaces for the ~ehydrocycllza- 
tlon reaction. The stepped (557) surface with five atom wide terraces 
of (Iii) orientation appears to be the most actlveo 

Reaction rates are shown as a function of surface structure for Iso- 
butane Isomerlzatlon and hydrogenolysls catalyzed at 570 K and atmo- 
spheric pressure over the four platlnum surfaces. The rates for both 
reaction pathways arc very sensitive to structural features of the 
model single crystal catalyst surfaces, Isomerlzatlon is favored on 
the platinum surfac=s that have a square (100)atomic arrangement. 
Hydrogenolysls rates are maximized when kink sites are present In 
high concentrations as In the Pt(lO,8,7) platinum crystal surface. 

Change of selectivity as a function of time over platlnum-rhenlum 
dispersed catalysts that are widely used in the chemical technology. 

Carbon-14 l a b e l e d  e t h y l e n e ,  C2H4, was c h e m i s o r b e d  a s  a f u n c t i o n  o f  
temperature on a flat platinum surface with hexagonal orientation 
Pt(lll). The R/C composition of the adsorbed species was determined 
from hydrogen thermal desorptlon studies. The amount of p~eadsorb~d 
ethylene, which could not be removed by subsequent treatment in one 
atomosphere of hydrogen, represents the irreverslbly adsorbed frac- 
tion. The adsorbtlou reverslbillty decreases markedly with Inoreas- 
Ing adsorption temperature as the surface species become more hydro- 
gen deficient. The irreversibly adsorbed species have very lon E 
surface residence times on the order of days. 

Atomic s u r f a c e  s t r u c t u r e s  f o r  a l k y l i d T n e  s p e c i e s  chemtsorbed  on 
P t ( l l l ) .  
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Figure 24: 

Figure 25: 

Figure 26: 

Figure 27: 

Figure 28: 

Figure 29: 

Figure 30: 

Figure 31: 

Figure 32: 

Figure 33: 

Fractional concentrations of uncovered platinum surface sites deter- 
mined by CO adsorptlon-desorptlon as a function of surface carbon 
coverage o h t h e  (I00), (111) and (13, 1,1),platlnum surfaces. A 
comparison is made between the CO uptake dete~mlned following n- 
hexane reaction studles and CO uptake determined when CO was coad- 
sorbed wlth graphlte surface carbon. 

Model for the working platinum cacalyst that was developed from our 
co~blnatlon of surface studies using slngle crystal surfaces and 
hydrocarbon reaction rate studies on these sa~e surfaces. 

CO;thermal desorption followlng reaction studies on a stepped platinum 
surface. 

Heat of desorptlon (kcal/mole) of CO and D 2 from La203 fresh and 
used, LaRbO 3 used, Eh203 used and Rh metal. The spread of each value 
represents the variation with surface coverage rather than experl- 
mental uncertainty. 

Variation of product distribution during dehydrogedatlon of carbon 
monoxide over LaEhO 3 surfaces as a function of temperature. 

A proposed ~echanlsm for the photodlssoclation of water over TIO 2 and 
SrTiO 3 surfaces. 

One of tH~important zeolltes, mordan/te, NaaAI8Si40096.24 H20 viewed 
along the  001 axis. 

The r a t e  of format ion of  v a r i o u s  products  from n-hexane as a f unc t i on  
of  f r a c t i o n a l  ~old s u r f a c e  coverage for  go ld -p la t lnum a l l o y s  t h s t  
were prepared by vapo r i z ing  and d i f f u s i n g  gold i n t o  Pt(111) c r y s t a l  
surfaceso 

Vibrational spectra of the saturation C0 coverage chemisorbed on Pc(Ill) 
at 300 K as a function of preadsorbedl)potasslum 'coverage. 

N1mber of CH 4 molecules produced during the LiOH, NaOH~ K0R and CsOH 
catalyzed waEer graphite reactlons as a function of reaction time at 
522 K. 
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fcc { !00)  : buckled hexa¢onal ~op layer 

t wo-br I dQe top/center 

C. 

XBL 7912~13739 

Fiz. 4 

.,,' 



-39- 

For an ideal solid solution: 

x•  x b 
: ~ exp [ ~ 1  

x~ x~ RT J 

For a regular solid solution: 

Yb" r.~exp[!°'l-°'2)al I'~(~ ,+m)I', b,2 b 
xs: xb _ - RT je~p~ RT' L'x, ' -(x2 }2] 

n_ J-F, s,2 _, s,211 
- R T L t X 2 j  tx I ,  ] j '  

. l  I" 

where 1"~ regular solution parameter: ~Hmixing 
i ,.b , x b ; 

• ^1  2 

,B fraction of nearest neighbors in surfoce layer. 

m = fraction of nearest neighbors in adjacent 
layer. 

XBL 741-234 

F i E .  5 • 
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