Lawrence Berkeley National Laboratory
Recent Work

Title
SURFACE SCIENCE VIEW OF HETEROGENEOUS CATALYSIS: THE PAST, PRESENT AND FUTURE

Permalink
https://escholarship.org/uc/item/3zm3102h

Author
Samorijai, G.A.

Publication Date
1984-03-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3zm3102h
https://escholarship.org
http://www.cdlib.org/

..

o

LBL-17463 . >~
Preprint

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

Materials & Molecular sy iasomrory
Research Division MAY 1 1984

LIBRARY AND
DOCUMENTS SECTION

Submitted to Chemical Society Reviews

SURFACE SCIENCE VIEW OF HETEROGENEOUS CATALYSIS:
THE PAST, PRESENT AND FUTURE

a2 | | )
TWO-WEEK LOAN COPY

March 1984 This is a Library Circulating Copy
which may be borrowed for two weeks.

For a personal retention copy, call

G.A. Somorjai

Tech. Info. Division, Ext. 6782.

§

<9H L~

— 2

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



IBL~17463

‘SURFACE SCIENCE VIEW OF HETEROGENEOUS CATALYSIS: THE PAST, PRESENT AND FUTURE

Ry Gabor A. Somorjai

Materials and Molecular Research Division,
Lawrence Berkeley laboratory
. and
Department of Chemistry,
University of California,
Berkeley, California 94720



Surface Science View of Heterogeneous Catalysis:

The Past, Present and Future
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and
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Abstract

Modern surface sclence determines the atomic structure, composition, and
oxldation states of atoms on the catalyst surface along with‘the molecular
structure and bonding of adsorbates. This molecular information has been
correlated with the kinetic parameters of many catalyzed surface reactions,
turnover‘rates, selectivity and activation energies. New catalysts have
been developed and existing catalyst systems have been improved by
sysfematic modifications that were suggested by molecular surface science.
Catalysis sclence may now be applied to reactions important for energy
conversion or for producing chemicals that have not yet been explored, as

well as to other new areas.
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INTRODUCTION

Practical catalysis that started during the last quarter of the 19th
century took advantage of the development of thermodynamics.that-could
deteﬁmine the feasibility of chemical reactions. Then, an empirical
search was made to find a suitable satalyst to drive the reaction toward
thermodynamic equilibrium. In short order, several catalyst based chemical
technologies have evolved that include the oxidation of SO», NH3; the '
partial oxidation of methanol, benzene and naphthalene, the synthesis of
ammonia and-the synthesis of methanol and of othér organic molecules from
carbon monoxide and hydrogenl, The names of Ostwald, Sabatier,‘Mittash,
and Heber comes to mind and it is my privilege to speak about catalysis

in this clty where mucﬁ of the early history of catalysis was created.

While the important role surfaces play in heterogensoussCatalysis A
was recognized, the investigations of surfaces was not.an'integral part
of catalysis studlies in the esrly days. Rather, surface chemistry became
established with the development of the light bulb and the gas mask during
the first quarter of the century2. Then, some of the greats of physicai
chemistry that include Polanyi, ILangmuir, Bonhoeffer, Rideal, Roberts,
Taylor and Farkas turned their»attention to surface reactions and initiated
studies to identify the elementary steps. Among them, perhaps Emmett‘was
the leading spokesman for surface sclence studies of catalysts3 (for
ammonia synthesis and for the hydrogenation of carbon monoxide) by selective
adsorption, and by his atﬁempts to relate the adsorption properties of

the surface to the performance of the catalyst (rates and selectivity).
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I.  Modern Surface Techniques and thelr Applications to Heterogeneous Catalysis

The modern era of catalysis began with the availability of techniques .
that could characterize the catalyst surface on the atomic scale, and
then carry oﬁt reactions on these surfaces to correlate the reaction
rates and selectivities with these molecular parameters. Many of these
techniques have been developed through surface science over the last
twenty years that could determine the atOmic.structure of clean surfaces
and adsorbed monolayers of atoms and molecules, the surface éompoSition,
with less than 1% of a monolayer sensitivityQ, and the oxidation states
of surface atoms. Table I lists some of the techniques that are used
most frequently in surface chemical and catalytic reaction studies. The
advantage of these 1s the need for very small areas_in the range of 10-4
to 10-1 cm, for definitive studiesld., The disadvantage 1s that they often
require ultrthigh vacuum (~10-8 torr) for definitive investigations of

- the surface, and they'can be utilized for studies of external surfaces only.

In order to utilize the small area well characterized surfaces for
catélytic reaction studies at high pressures, we developed a low-pressure
high-pressure apparatus that is shown in Figure 1. The small area samples,
often single crystals, or polycrystalline folls, after sultable surface
characterization in ultra-high vacuum by IFED, AES, and other surface
sensitive.techniques, are enclosed in an isolation celld that can be
pressurized with the reactants. The sample 1s then heated to
the reaction temperature and the products that form are analyzed by

a gas chromatograph that is connected to the high pressure loop.
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The high pressure reactor can beVUSed in batch or in-flow modes.

The detection sensitivity of the gas chromatograph is high enough

that a one square centimeter surface area is adequate.to monitor the.

product distribution, as long as the reaction turnover rates over the catalysts
are greater than 10-4 molecules per site per second. Using.thisvhigh preééure
low pressure apparatus we can carry out cétalytic'reactions under conditions
that are virtually identical to those used in the chemical technology.

We can then evacuate the high pressure cell, open it,. and analyze the

surface properties of the working catalyst in ultra-high vacuum using the
various techniques of surface science. Then the isolation cell may be

closed again and the high pressure reaction may be continued and again
interrupted for surface analysis in vacuum. Using thls apparatus we

could show not only that the catalytic reactions can be readily investigated
using small ares single crystal surfaces, but that these surfaces can be

used as model heterogeneous catalysts.. Studies of the atomlic structure

and composition of the internal surfaces of high surface area catalysts

like the zeolites, for exampie, require diffefent'techniqﬁés-of modern
surface science. Among tﬁem, solid-state NVR and EXAFS (extended X—Péy
absorption fine strﬁcture), and X—ray photoelectroh spectroscopy (XPS)'

have been found particularly useful in studies of this‘class 6f catalysts

in recent years.

Since my research utilized small area, mostly single crystal surfaces
as model catalysts, this talk concentrates on the results that were

‘obtained using such systems. Similar small area single crystal surfaces
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were also used for studies of elementary surface reactions at_low puessures6,
adsorption, rearrangements, surface diffusion and desorptioh, and the
dynamics of gas surface collisions b& the use of moiecular—beam surface
scattefing7 Qur catalvtic reaction studies benefited greatly from these

surface scilence studies.

When using model catalysts, it is essential to establish.credibility
to acertain that the rates of a variety of chemlcal reactions are similar
or 1ldentical on these surfaces when compared with those on high surface
area dispersed metal catalysts. We have found nearly identical reaction
rates: for the ring opening of Cyclopropane on platinum8, the hydrogenation

-of cyclohexene.on platinum9, and for the hydrogenation of carboh monoxide

to methane on rhodiumlO,

II. The Results of Molecular Studies of Catalytic Reactions on Model

Catalyst Surfaces

A. Structure Sensitivity

Figure 2 compares the rates of ammonia production on three single
crystal surfaces of body centered cubic iron at high pr'essur'es11 The
(111) face is about U430 times more active than the closest packed (110)
crystal face while the (110) face 1s 32 times as active as the (110)
face. The rate limiting step in this reaction is-the dissociation of Np
and it appears that this process occurs with the near zero activation
energy on the (ill) iron surface, while there is a larger activation energy
for the automization of Ny on the other iron crystal surfaces. It has

been proposed that the active site for breaking the very strong Np bond

is a seven coordinated iron atom that 1s present in the second layer
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under the surface. There is a theory being developed12 that helates the
concentration of nearly degenerate electron vacancy states, the density
of whole states near the fermi level to the ability of a given site te ‘
break and make chemical bonds in a transient manner by charge fluetuations.
The sites with of the largest humber of nearest neighbors (higheat coordination)
have the highest density of electron hole etates and thas they should be
the most active durlng catalytic reactions. Unfortunately, they are
located In the bulk and are not accessible to the incoming reactants.
However, atoms 1n the 'second layer of an open surface structure are
accessible, but are still surrounded by a large.number of neighbors.
These are then the most active sites iIn many catalytic reactions. While:
this theory will have to be tested further, and proven by careful experiments,-'
the available experimental data on the structure sensitivity of catalytic
reactions can be explained by it. Figure 3 shows the rate of ammonia
formation from Nb and H2 over hexagonal close packed rhenium crystal surfacesl3.
Again, the open (1120) crystal face is about 1000 times more active than
the closest packed (0001) hexagonal surface, thus exhibiting a profound

structure sensitivity that is even more pronounced then that on iron.

In addition to the flat, low Miller index surfaces, we also utilized
high Miller index surfaces for studies of the conversion of hydrocarbons
on platinum single crystal surfacesl¥, These surfaces-exhibit ordered,
stepped terrace arrangements where the terraces are of variable width,
depending on the angle of the cut, and they are separated by periodic steps

of usually one atom in height (Figure 4). The step periodicity,

w
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as well as the step height can readily be determined by IEED studiesi5,

1 These surfaces can be cut in such a manner that the steps also have a
large concentration of kinks (Figure 5). Surfaces may have as much as 40%
of thelr atoms In step sites and the kink concentration can reach 10%.

As compared to this high concentration of line defecté, point defects

such as adatoms or vacancies, have very small concentrations (<1%) when
in equilibrium with the bulk and with other surface defects. These steps
and kinks are stable under the conditions of most catalytic surface
reaction. Figures U and 5 show some of the stepped and kinked surfaces
that were prepared. These surfaces exhibited very different reactivities
as compared to the flat surfaces. Adsorption studies of hydrocarbons and
carbon monoxide revealed preferential bond breaking at these defects
sites. C-H and C-C bond breaking was readily detectable on stepped or
kinked platinum surfaces upon adsorption of organic molecules, even at
300K at low pressures, while under the same circumstances, the (111)
surface was unreactive16. Molecular beam studies of'H2/D2 exchange of stepped
surfaces showed 7 to 10 fold higher dissoclation probability of the

hydrogen molecule on a single scattering than on the flat (111) crystal facel7.

Tﬁe test reactlions that best demonstrate the structure sensitivity
of'hydrocarbon conversion reactions over platinum are the conversion of
n-hexane and n-heptane to other organic molecules18, n-hexane may convert
to benzene upon dehydrocyclization or to methyl cyclopentane by a
cyclization reaction. These are shown in Figure 6. It may isomerize

to branched butanes or undergo C-C bond breaking (hydrogenolysis) to
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produce Cl-C3 fragments, methane to propahe. The first three of these
reactions are desiréable when the aim 1s to produce high octane gasoline,
while the fourth reaction is undesireable as it leads to the production
of gases of much less value as fuels. Figure 7 shows that the hexagonal (111)
surface produces mich more aromatic products than the square (100) crystai
face. In fact, a stepped surface with (111) ori§ntation terraces that are five ‘
atoms wide, is perhaps the best catalyst found so far to carry out the
dehydrocyclization reactioni8,19 Conversely, the (100) flat surfaces with
the square unit cells are much better isomerization catalysts as shown in.
Figure 8, than the hexagonal crystal surfaces of platinumZ0. Thus, depending
on the catalyst preparation, one may obtain superiof dehydrocyclization
or isomerization activity that is certainly well documented in the patent:
literature. The hydrogenolysis reaction18:21 that is also shown in Figure 8
is most active on surfaces that contain a large concentration of ledge or
kink sites. It is often necessary to poison these sites by the adsorption
of sulfur or other strongly bound additives that bind more strongly to
the ledge sites than to the other surface sites (step or terrace
sites). This way the ledges cannot participate in hydrocarbon reactions
because they are masked by the selective adsorption of additives while by the
rest of the higher coordination surface sites remain clean and thereby

active and selective,

B. The Carbonaceous prosit

A catalytically active metal surface is always covered with a -
carbonaceous deposit22. By labeling the reactant organic molecules with

i isotope, the residence time of this carbonaceous layer can be monitored23.
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Tt is found that it is usually ten to Fifty times larger than the
turnover time for the catalytic hydrocarbon conversion reactions. This is
shown in Figure 9 under the label of irreversible adsorption, aloﬁg with
the hydrogen to carbon ratio of this deposit. As the reaction temperature
is increased, the deposit becomes more dehydrogenated, as its stoichiometry
changes from CpHz to CpH, as determined by hydrogen thermai desorption
and finally it looses a hydrogen and becomes géaphitic2”. While the
metal surface retains its‘catalytic actlvity as long.as the carbonaceous
deposit contains hydrogen, it becomes completely inactive, poisoned in
the presence of the graphitic overlayer. The sequential dehydrogenation
of adsérbed organic monolayers with increasing temperature, can be readily
demonstrated by temperature programmed thermal desorptlon studies.
Figuré 10 shows the evolution of hjdrogen from adsorbed layers of CoHy,
C3H6 and CMH82u. At well defined temperatures, hydrogen evolves at a maximum
rate until complete dehydrogenation and graphitization of the remaining
carbon occurs at the highest temperatures. LEED and HREELS studies
reveal the structure of organic monolayers at each stage.of chemisorption.
At lower temperatures, less or equal to 300K, the organic molecules
exhibit ordered molecular structures2>. Figure 11 shows one of the
ordered surface structures of benzene on the rhodium (111) crystal face26
that was determined by IEED surface crystallography and Figure 12 shows

the HREELS spectra of benzene and i1ts deuterated form?

7. The C3v symmetry
is clearly compatible with the molecular structure shown in Figure 11
with the molecule lying with its I-ring parallel to the surface, and
the center of the ring abové a 3 fold hollow. Figure 13 shows the surface

structures of chemisorbed ethylene, propylene and butene on the
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platimnum (111) crystal face2.8. These molecules'form ethylidyne species

upon adsorption near 300K with their C-C bond that is élosest to the

metal surface, perpendicular and alongated to a single C-C bond length. Similar
ethylidyne structures have been found on other transition metal surfaces

as well that include paladium, rhodium and-nickel29. The carbon atom that
binds the molecule to the metal prefers this 3 fold hollow site. Figure

14 compares the molecular structure of the ethylidyne molecule oﬁ the
platinum (111) surface with the structurés of_ethylidyne containing trinuclear
metal compounds. The symmetry, the bond distances and the.bond angles in
these clusters are very similar to the molecular structure of chemisorbed
ethylene on the traﬁsition metal surface. This similarity indicateé the
predominance of localized bondihg3o of adsorbed surface species, an important

" conclusion in our scrutiny of the surface chemical bond?.

Figure 15 shows the séquential change of the vibrational specﬁrum of -
chemisorbed CoHy on the rhodium (111) crystal face as the temperature is
increased3l., The molecule decomposés and there is evidence for the.presence
of CH, Cp and CoH species on the surface in the spectra. Figure 16 shows
schematically many of these species that were detectable by HREELS, not
by LEED because these fragménts are disordered) and also -CH3 that_has
not been observed as yét32. It is believed that the location of these -
organic fragments is governed by the necessity of tetrahedral symmetry
for the bonding of carbon atoms. That is, =CH fragments occupy 3-fold
sites, with bonding to three metal atoms. =CHo fragments have two metal
bonds at the bridge.site and by analogy a ~CH3 fragment should have one
metal bond and be localized at the top site32., If this is the |

desired bonding configuration of the various fragments,
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it explains the mechanism by which the three fold strongly binding sites
are freed up by successive hydrogenation of the fragments, and become .

available to the next incident molecule.

The alkylidine molecules are present only under conditions of
catalyzed reaction at low temperatures as they decompose at about 400K on
most transition metal surfaces. This restricts their importance, by and
large, to hydrogenationh reactions which, having low actlvation energiles,
may proceed well below 4O0K. Recent studies of CoHy hydrogenation over
platinum and rhodium crystal faces indicates33 that it occurs on top of the

ethylidine layer that remains ordered, and stable as its residence time is mch

longer than the turnover time needed for CoHy hydrogenation to CoHg.

During other catalyzed hydrocarbon reactions that occur at an appreciable

rate only at higher temperatures, the organic fragments are the permanent
' fixtures on'the active metal surface during the reaction. Thelr main role
appears to be hydrogen transfer to the adsorbed reaction inter’mediates34

as the C-H bonds retain the hydrogen more easily than the bare transition
metal surface. H-D exchange studies using_pre;deuterated fragments or
reactants indicate that the rate of H-D exchange i1s at least an order of
magnitude faster than the turnover rate of most hydrocarbon conversion
reactions. Thus the hydrogen atom in the C-H bondé of the strongly held
organic fragments are readily transferredAto the adsorbed intermediates,

while the carbon atoms do not exchange easily.

Fortunately not all of the metal sites are covered with the organic

fragments although AES studies indicate that more than a monolayer of carbon 1s
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present bn the metal surface under catalytic reaction conditiéns during
hydrocarbon conversions. We can titrate the remaining bare metal sites
by the chemisorptidn of carbon monoxide at low pressures; which under the
same conditions does not adsorb on the carbonaceous deposit. Figure 17
shows the fraction of the bare metal surface (0/0p) CO that is
present after the reaction where g ié a concentration of chemisorbed
CO on the initially clean metalvsurface before the réaction22; About
5 to 20% of the platinum is uncovered, the bare metal area decreasing
with increasing reaction temperatures. Of course, at higher hydrogen
pressures (all hydrocarbon cohversion reactions are carried out in

the presence of excess hydrogen) the fraction of uncovered metal increases.

From these studles a molecular model of the working platirum catalyst
can be constructed and shown in Figure 18. There are bare metal islands
whose structure 1s determined mostly by the catalyst fabrication®®. The
incident reactant molecules adsorb and undergo chemical rearrangements on
these metal islands.. Then, the adsorbed intermediates diffuse'ohtobthe
carbonaceous deposit, pick up one or more hydrogen, and desorb as the
products. Once the carbon deposit lost all its hydrogen and becomes
graphitic, hydrogen transfer that is an important part of catalytic

reactions can no longer occur and the catalyst surface becomes inactive.

C. The Oxidation State of Surface Atoms

There are several experimental studies published in recent years
that indicate the importance of oxidation states other than the zero valent

metallic state for catalyzed reactions. During the hydrogenation
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of carbon monoxide over rhodium, rhodium was reported to yield
predominantly Co oxygenated products, acetaldehyde and acetic acid, when
prepared under appropriate experimental conditions3®. Our studies using
unsupported polycr&talline rhodium folils have detected mostly methane
along with small-amounts of ethylene and propolene under very similar
experimental conditions. This product distribution was identical to that
obtained by Vanlce over supported rhodium catalysts along with the
activation energies for methanation about 24 kecal per mole that we both
foundl0, 1t appears that most of the organic molecules form following the
dissociation of carbon monoxide, by the rehydrogenation of CHy units inv
the manner similar to alkane and alkene production from CO/Hp mixtures
over other more transition metal catalysts (iron, ruthenium, and nickel).
However, when rhodium oxide (Rh203), was utilized as a catalyst, large
concentrations of oxygenated Co or C3 h&drocarbons wére produced including
ethanol, acetaldehyde and propionaldehyde35. 'FUPthermore, the addition of
CoHy to the CO/Ho mixture yiélded propionaldehyde indicating the carbonylation
ability of Rhp03. Under similar experimental conditions over rhodium
metal, CoHy was quantitativély hydrogenated to ethane and carbonylation
activity was totally absent. Clearly, higher oxidation state

rhodium ions are necessary to produce the oxygenated molecules.
Unfortunately, RhpO3 reduced rapidly in the CO/Hp mixture to the metallic
state with drastic alteration of the product distribution from oxygenated
hydrocarbons to methane. In order to stabilize the rhodium ion, lanthanum
rhodate (LaRhO3) was prepared by incorporating RhpO3 into LapO3 at high

temperatures36. Over this stable catalyst, the formation of oxygenated
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products from CO/Hp mixtures predominatea. The marked change of

selectivity in CO/Ho reactions uﬁonAalteration of the oxidation stafe_éf

the transition metal is due largely to the change of heats of adsorptibn

of CO and D2(H2) as‘the oxidation state of the tfansition metal ion is variéd36.
This 1s demonstrated in Figure 19. The CO adsorption energyvisvdecréaséd
upon oxidation while the heat of adsorption of Do 1is increased. This in
ﬁurn changes the relative surface concentrations of CO and Hy. In

addition, the metal is primarily active for hydrogenation and CO
dissociation, while the oxide can perform éarbonylation and has reduced
hydrogenation aétivity. As shown in Figure 19, the active IaRhO3 catalyst
seems -to have both rhodium metal and rhodium ion sites as indicated by

the presence of several thermal desorption peaks of CO and Ho to provide both
optimum carbonylation as weli as hydrogenation actiVity S0 necessary tor

obtain Cp or C3 oxygenated hydrocarbon molecules.

One of the difficulties in preparing selective catalysts for hydrocarbon
conversion 1s the poor thermodynamic stabllity of higher oxidation states
of transition metal ion in the reducing reaction enviromment. It appears
that the strong metal support interaction that permits the incorporation
of the high oxidation state transition metal ion into the supporting
refractory oxide or sulfide crystal lattice often provides for the kinetic
stabllity of the desiréd oxidation state, as long as the catalytic reaction
temperatures are appreclably below the decomposition temperature of the

binary oxide so prepared.
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Anqther example of the importance of the changing oxidation state of
transition metal ions at the surface is shown by the catalytic cycle
leading to the photocatalyzed dissoclation Qf water on strontium titanate, SrTiO3
surfaces37, This is shown in Figure 20. The oxide surface is éompletely
hydroxylated in the presence of water, and the titanium ions are in the
'T1“+ oxidation state. When the surface region is irradiated with
light of 3.leV or larger energy, electron-hole palrs are generated.
The electron is utilized to reduce the T4 to Ti3*+ formal oxidation -
state2, The electroh vacancy induces charge transfer from the hydroxyl
group that produces OH radicals that dimerize to HpoOo and splits off
oxygen that evolves. The reduced T3t containing surface can now adsorb
another water moleculé that acts és an oxidizing agent to produce T i+ again
and a hydroxylated surface, evolving hydrogen in the process38. Clearly,
changes of oxidation states of transition metal lons are frequently

indispensible reaction steps in catalytic processes39.

We have thus identified several of the molecular ingrédients of
heterogeneous catalysis. Models that emphasize the importance of the
surface structure of catalysts for selectivity, the presence and involvement
of organic fragments in HC conversion reaction and the need for various
oxidation states of éurface atoms to obtain desired reaction products are not
new to the literature of catalysis. However, to establish direct
‘correlation between these molecular parameters and the catalytic behavior
eluded the practitioneré of catalysis in the past. Surface sclence
provided‘the tehniques for determiﬁation of the atomlc structure,

composition and oxidation state of surface atoms, and adsorbed molecules
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in the monolayer and when combined with studies of the kinétic parameters
of catalytic reactions (rates, selectivities, activation energies) the all
important correlations between the molecular ingredients on the catalyst

surface and the high pressure catalytic reaction behavior could be established.

As a result of these and many other similar studies using model or
high surface area catalysts, catalysls is being converted from art to
science, From the point of view of catalyst based industries, this
conversion signals the advent of high technology, that is, when the
development of the technology is science driven, and the rate of the
development depends on the advances made by catalysis sclience. This then
provides the bpportunity to build or design new catalysts. Perhaps the -
first two high téchnology catalysts are_ the catalytic converter that is
used on automoblles in the United States and the new generation of zeolites
with high silicon to aluminum ratio compositions. Their rapid development
could not have been possible without the application of modern surface

science,

D. Pullding of New Catalysts

By giving the examples of surface and catalytic studies on well
characterized systems, one can demonstrate the understanding that could.
be achieved on the molecular ingredients of important catalytic systems.
We now can now utilize this understanding the build better systems by
alteration of their structure or their state of surface charge. Below,
we discuss two examples of delibherate catalyst modifications: thé
effect of gold on transition metal catalysis and the effects of the

potassium on transition metal catalysts.
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1. 'The Effect of Gold on the Selectivity and Actlvity of Platinum Catalysts

The influenee of gold on hydrocarbon conversion catalysis by platinum
has been studied by condensing Au on Pt crystal surfaces0, Gold forms
epltaxial layers on Pt and upon heating it forms an alloy in the near
surface region. This Au-Pt alloy has a markedly different selectivityl41
and activity for the conversion of n-hexane to other hydrocarbons as
shown in Figure 21. The isomerization rate goes up as compared to that
on clean Pt while the hydrogenolysis and dehydrocyclization rates are
reduced exponentially with increasing gold concentration. This remarkable
selectivity and activity alteration-can be explained by a change of
vstrﬁcture of the Pt(111) surface induced by gold alloying. Ry |
substitution of a gold atom the high coordination 3-fold Pt sites are

“eliminated much fasteb than the two fold and one fold bridge and top
sites. This is commonly called the ensemble effect. As a result, the
chemistry thet requifes the adsorption of molecules end surface intermediates
at the'3—fold’siteslis eliminated while the chemical reactlions that
require adserption at bridge or top sites are not attenuated. While
subtle electronic changes may also occur at the alloy surface sites, most
of the results can be rationalized by this selective high coordination

site elimination model.

Similar observations were reported by Boudart et al. for the production
of water from Hs and 0, over Pd-Au alloy surfacesue. Srall amounts of gold

iﬁcreased the rate of this reaction by fifty fold.

It should be noted that gold is a very poor catalyst for both of
these reactions. Nevertheless, 1ts presence as an alloying constituent
can beneficially}influence the selectivity and the reactivity of transition

metal catalysts.
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Bﬁnetailic alloys are frequently used for hydrocarbon conversion
reactions instead of single component metal catalysts. In addition to
often superior selectivity they maintain their activity at higher
temperatures and deactivate slower. Alloying appears to slow down the
rate of graphitization of organic fragments that are ever present on the
transition metal catalyst surfaces by perhaps limiting the island size -

of these carbonaceous deposits.

2. The Effect of Potassium on the Ponding and Reactivity of Carbon

Monoxide and Hydrocarbons.

Potassium has a high heat of adsorption when present in low coverages
on transition métal surfaces (Figure 22). Simulténeously it also reduces
the work function of the transition metals:indicating large charge transfer
between the metals¥3. A model that assumes that potassium is lonized
when adsorbed on the transition metal surface explains these results. As
the potassium concentration increases the charged species repell each
other and depolarization occurs; the potassium layer becomes metallic and
its heat of adsorption approaches rapidly the heat of sublimation of

potassium metal.

Potassium has a strong influence on the heat of adsorptionlof CO on
transition metal surfaces””. This is shown in Figure 23. In the absence
of potassium, CO desorbs at a maximum rate from the Rh(111) sufféce_at
4OOK. However, when cb—adsorbed with 50% of a.monolayer of potassium, 1t
desorbs at 600K indicating a “v12 kecal increase of its binding energy. |
The HRFELS spectra of CO on Pt(11l) also exhibits major changes“5 that are
shown in Figure 24, In the absence of CO two well defined CO stretching
frequencies are detectable that are associated with CO at a top and at a

bridge site adsorbed with its CO bond perpendicular to the surface, As
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the potassium is added to the Rh surface CO shifts to_the bridge site and
its stretching frequency decreases by more than 300 cm—l. This corresponds
to a gradual change of bond order with increasing potassium coverage
from 2 to 1.5. This indicates that the electron transferred from the
potassium to the transition metal density of states can populate the
antibonding moleculat orbitals of CO, thereby weakening the C-O bond.
Simultaneocusly the metal carbon bbnd is strengthened as charge density in

this bonding orbital must increase.

Potassium 1s often used as a beneficial additive to transition metal
catalysts utilized for the hydrogenation of carbon monoxide. Its presence
increases the molecular welght of hydrocarbon products as expected 1f the

dissociation rate of carbon monoxide is enhanced.

'Potassium however is a non-selective poison for hydrocarbon reactions
on platinum surfaées”6. The reason for this is revealed in recent
surface studies. 'The presence of potassium increasés the activation
energy for the breaking of C-H bonds that is an important stép in most
hydrocarbon conversion reactidns. This 1s shown in Figure 25. Thusgvthe
vsurface residence time of the molecules increase that reduces the catalytic

turnover rates.

| There is little doubt that potassium influences the catalytic reaction
by charge transfer, that is, by electronic changes. It has large effects
on some molecﬁles when coadsorbed with them (CO,.NQ) and virtually no
effects on others (MO, PF3)M7. It would be of value if we could predict by
the use of theoretical guidance whether charge transfer between the
molecular orbitals of adsorbates and the charge density that is altered

by the adsorption of potassium on the transition metal surface could or

could not take place.
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E.- New Directions of Catalysis Sclence for the Future

One of the most promising new directions of catalysis sclence is as old
as Ostwald's studies of ammonia oxidation. ILet us use the thermodynamic |
viewpoint again and find catalysts for important reactions that have nét
been investigated in detall before. There are many important'reactions of
small molecules that include CO», CHy, Hp and Npo, that may be investigated.
Figure 26 shows the free energy changes associated withAseveral reactions

of these molecules.

The reactlon of carbon with water to produce CHy and CHé is
thermoneutralu8. This process represents a deSireablé alternative for
the gasification of éarbon solids (coal, biomass) with water to the
production of CO and Hy, a very endothermic reaction 1ndeed”9. The
partiai oxidation of methane to methanol and to formaldehyde should be
feasible by suitable catalyst surfaces®?. The oxidation of nitrogen to
nitric acid in the aqueous phase 1s thermodynamically feasible and should
be investigated for nitrogen fixation. ‘While COp hydrogenation is feasible
its dlssociation to CO and oxygen requires the input of excess energy.
Indeed the photocatalyzed dissociation of both\COz and Ho0 provide
opportunities for solar energy conversion to fuels or chemicals that can
be storedl. These reactions could all be carried out by innovative
application of catalysis science, and they are needed because we need new
feedstocks for fuels as well as for chemicals for the futufe. These studies
provide ample opportunities for exciting new discoveries in the

field of catalysis scilence in the near future.

Another important area of catalysis science is the catalysis of
excited state molecules. Catalysis almost always utilizes molecules in

thelr thermodynamic ground states. Even when endothermic reactions are
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carried out, energy is always employed in the form of heat that assures,
by and large, that thermodynamic equilibrium exists in the ground state
configuration. However, us1ng lasers and plasmas, it is possible to
create large populations of molecules in their electronic or vibrational
excited states. Their Surface reactions are very likely to occur along
reaction channels that are different from ﬁhat in their ground state to yield

new reaction products and perhaps improve selectivity.

It is my hope that the field of catalysis will be broadened to
embrace many other areas of physical sciences that have noﬁ been viewed
from a catalytic perspectlve., Catalysis of phase changes is one of them.
It is important to learn how to catalyze crystal growth, evaporation or

sintering (densification).

One of the frontiers of cataiysis science lies at the solid-liquid
interface. Newly developing Surface science technique352 will permit the
molecular 1evél scrutiny of electrocatalysis and biqlogical catalysis in
" the near future. Perhaps we might be able to explore the working on the

molecular level of one of the most successful catalysts, the brain.

The future 1s indeed bright for catalysis science.
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Figure 1:

Figure 2:

Figure 3:

Figure U:

Figure 5:

Figure 6:

Figure 7:

FIGURE CAPTIONS

Schematic representation of the experimental apparatﬁs utilized

to carry out the catalytic reaction rate studies on single crystal

~or polycrystalline surfaces of low surface area at low and high

pressures in the 10~7 to 10*Y torr range.

The remarkable surface structure sensitivity of the iron catalyzed_
armonia synthesis.

The structure sensitivity of ammonia synthesis on rhenium single
crystal surfaces.

Structure of several high Miller Index stepped surfaces with
different terrace widths and step orientations.

Surface structures of several high Miller Index surfaces with
differing kink concentrations in the steps.

Skeletal rearrangement reactions of hydrocarbons catalyzed by
platinum with high activity and unique selectivity. Depicted
here_are_the several reaction pathways which occur simultaneously
during the catalyzed.conversion of n-hexane, CgHjy. The
isomerization, cyclization and aromatizatioh reactions that
produced branched or cyclic products are imporfant in the
production of high octane gasoiine from petroleum naphtha.

The hydrogenolysis reaction that involves breaking of C-C bonds
yields undésirable gaseoUs products.

Dehydrocyclization of alkanes to aromatic hydrocarbons;is one

of the most important petroleum reforminglreactions. The bar

graphs shown here compare reaction rates fbr n-hexane and



Figure 7:
(cont.)

Figure 8:

Figure 9:
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.

n-heptane aromatization catalyzed at 573 K, and atmospheric
pressures over the two flat platinum single crystal faces with
different atomic structure. The platinum surface with the

hexagonal atomic arrangement is several times more actlve than

‘the surface with a square unit cell over a wide range of reaction

conditions.

‘Reaction rates are shown as a function of surface structure

for isobutane isomérization and hydrogenolysis catalyzed at

570 K at atmospheric pressure over four platinum surfaces.

The rates fqr both reaction pathways are very sensitive to

structural features of the model single crystal catalytic

surfaces. Isomerization of these light alkanes favored on the

platinum surfaces that have a square (100) atomic arrangement.

. Hydrogenolysis rates are maximized when kinked sites are present

at high concentrations as in the platinum (10,8,7) crystal surface.
Carbon 14 labeled ethylene CpHy was chemisorbed as a function
of temperature on a flat platirum surface with hexagonal
oriéntation, Pt(111). H/C composition of the adsorbed

species was determined from hydrogen thermal desorption
studies. ihe amount of preadsorbed ethylene, which could not
be removed by subsequent treatment in 1 atmosphere of hydrogeﬁ
represents the irreversibly adsorbed fraction. The adsorption
reversibiiity decreases markedly with Increasing adsorption
temperature as the surface species becomes more hydrogen.
deficient. The irreversibly adsorbed specles have very long

surface residence times on the order of days.



Figure 10:

Figure 11:
Figure 12:

Figure 13:

Figure 14:

Figure 15:

Figure 16:

Figure 17:

2l

Hydrogen thermal desorption spectra illustrating the sequential
dehydrogenation of ethylene, propylene, and cis—2ébutene |
chemisorbed on Pt(111) at about 120 K (the heating rate is

12 K per second). N

Surface Structure of Benzene as determined from low energy
electron diffraction studies and surface crystallography.

The vibrational speétra of benzene and deuterated benzene as
determined by high resolution electron eneégy loss spectroscopy.
Surface structures.for alkylidyne species formed on

platinum (111) after the adsorption ahd rearbangement of
ethylene, propylene and butenes. These structures were determined
by LEED surface crystallography.

The surface structure of ethylidyne, the bond distances and
angles, are compared with several tri-nuclear metal cluster

compounds of similar structure.

‘Changes of the vibrational spectrum of chemisorbed ethylene as

a function of increasing temperature. Sequential decomposition

is clearly visible from the vibrational spectrum obtained by

high resolution electron energy loss spectroscopy. ‘ |
Schematic representation of the various organic fragments

that are present on metal surfaces at higher temperature.

The preseﬁce of CH, Co, CoH, CHg and C-CH3 species have been
detected. |

Fractional concentrations of uncovered platinum surface sites
determined by CO adsorptidn desorption as a function of surface
carbon coverage on the (100), (111), and (13,1,1) platinum crystal

surfaces. A comparison is made between the CO uptake determined



Figure 17:
(cont.)

Figure 18:

Figure 19:

Figure 20:

Figure 21:

Figure 22:
Figure 23:

Figure 24:

Figure 25:

Figure 26
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following n-hexane reaction studies and CO uptake determined

~when CO was coadsorbed with graphitic surface carbon. _

Modelffor the working platirum catalyst that was developed

- from our combination of surface étudies using'singlé"crystal

- surfaces and hydrocarbon reaction rate studies on these same

surfaces.

Heat of desorption (kcal/mole) of CO and D> from lanthanﬁm'oxide;
fresh and used lanthanum rhodaﬁe; fresh and used rhodium oxide

and rhodium metal. The spread of each value represents the

variation with surface coverage rather than experimental uncertainty.

A proposed mechanism for the photodissociation of water over

T10, and SPTi03 surfaces.

The rate of fobmatioh of various prodﬁcts froh n-hexane as a
function of fractionél gold surface coverage fob’gold platinum
alloys that were'pfeparedbbyk§ap0fizing aﬁd diffusiﬁg gold into
Pt(111) crystal surfaces.

The heat of adsorption of potassium on platinum single crystél
surfaces as é function of potéssium cdverage. o

CO thermal desorption spectrum from clean platinum and when

~ coadsorbed with potassium on platinum crystal surfaces.

Vibrational spectra of CO at the saturation coverage when
chemisorbed on Pt(111) at 300 K as a function of preadsorbed
potaésium’cbverage.‘ | o

Activatién‘energy of the hydrogen g-elimination from carbonaceous
deposits after n-hexane reactions over platinum (111) surfaces

as a function of potassium coverages.

(a),(b) and (c): Standard free energies for several chemical reactions.
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Table of surface characterization techniques that are used to determine the

structure and composition of solid surfaces.

concentrations of 1% of a monolayer can be readily detected.

SURFACE ANALYSIS METHOD ACRONYM  PHYSICAL BASIS
Iow energy electron IEED Elastic backSéat-
diffraction tering low energy
electrons
Auger electron spectro- AES Electron emission
scopy from surface atoms
excited by electron
x-ray or ion bombard-
ment
High resolution electron  HRFELS Vibrational excitatibn
energy loss spectroscopy of surface atoms by
inelastic reflection
of low energy electrons
Infrared spectroscopy JRS Vibrational excitatidn,
B of surface atoms by ad-
- sorption of infrared -
_ radiation. :
X-ray and ultraviolet XPS Electron emission from
photoelectron spectro- UPS atoms :
scopy '
Ton scattering spectro- ISS - Inelastlic reflection
scopy of inert gas lons.
Secondary ion mass SIMS Ion beam:induced ejec—
spectroscopy tion of surface atoms
as positive & negative
ions . ‘
Extended X-ray absorp- EXAFS Interference effects
tion fine structure during x-ray emission
analysis
.
Thermal desorption ™S Thermally induced de-
spectroscopy sorption or decomposi-
tion of adsorbed
specles
Solid state nuclear Solid- NMuclear magnetic reso-
magnetic resonance state nance on samples with
NVR

areas of 1 m2 or larger

Adsorbed species present at

TYPE OF INFORMATION
OBTAINED

Atomic surface struc-
ture of surfaces and
of adsorbed gases

Surface composition

Structure and bonding
of surface atoms and
adsorbed species.

Structure and bonding
of adsorbed gases.

Electronic structure
and oxidation state of
surface atoms and ad-
sorbed species.

Atomic structure and
composition of solid
surfaces

Surface composition

Atomic structure ener-
getics composition of
adsorbed specles

Adsorption energetics
composition of adsorbed
species

Atomic and molecular
composition, structure
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STRUCTURE SENSITIVITY OF ALKANE AROMATIZATION
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" Different ethylidyne species: bond distances and angles
(rC = carbon covalent radius; M= bulk metal atomic radius)‘«’»;

C [A] m ™ c a[°]
Co (CO)g CCH, 153(3) 1.90(2) 125 065 1313 -
Hs Rugz (CO)g CCH, 151(2)  208(1) 1334 © 074 1281
Hj Os3 (COJg CCH3 -~ 1.51(2)  208(1) 135 .0.73 . 128.1"
Pt(111)+ (2% 2)CcCH, © 1.50 200 . 139 061 1270
Rh(111)+(2X2) CCHy  1.45(10) 2.03(7) 134 069 1302
HyC-CHy 154 .. 077 1095
H,C = CH, © 1.33 068 1223
HC = CH ©1.20 . 060 1800

"1 XBL 818-11196

- Fig. 14
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