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INTRODUCTION

When Professor Thomas asked me to join up with him for a symposium
on catalysls, I was happy to oblige. Catalysis sclence stands on two
legs, surface sclience and the solid state chemistry of metastable materials
(Figure 1). In the last 10 years a sclentific revolution occurred that converted.
catalysis from art to scilence,. Frém the surface science side, this was
due to atomlc level characterization of model, low surface area and real,
high surface area catalysts. As a result the preparation of catalysts
and thelr applicatlon in the chemical and petrochemical technologles have
become science driven. That is, the molecular level understanding that
is obtained by research in the laboratory controls the development of
chemical or petrochemical catalysis based technology. Two examples of recently
developed high technology catalysts are the catalytic converter and the
new generation of zeolites (Figures 2 and 3). These could not have been
developed without the molecular level characterization of thelr structure
and ¢omposition by electron spectroscoples and solld-state rmr that lead
to the establishment of the all important correlation between thelr

atomic structure and composltion and performance.

Let me review thils recent development of the molecular science of heterogeneous
catalysis from the surface sclence side, where much of my research 1s concentrated,
and perhaps also show the direction the fleld might take in the near future.

My investigations utilize mostly small area single crystal catalysts and

use the full repertoire of surface sclence techniques for thelr characterization.
The most frequently used tools for surface characterization include low

energy electron diffraction (IFED), Auger electron spectroscopy (AES),

and high resolution electron energy loss spectroscopy (HRFELS). The work

horse for the catalytic studies was the low-pressure, high-pressure

apparatus (2), shown in Figure 4. After appropriate characterization



the sample 1is enclosed in an 1solat16n chamber that can be pressurilzed

to atmospheric pressures (up to 100 atmosphere) with the reactant gases.
These can be circulated by a pump and when the sample is heated to the
reaction temperatures, the rate and the product distrubution can be
monitored with a gas chromatograph. The high pressure loop acts as

a microreactor that can be operated'in the flow or 1n the batch modes.
When the reaction i1s complete, the isolation cell is opened and the sample
is now in an ultra-high vacuum envirorment again. After performing
surface analysis to ldentify the surface composition and structure that
was present under the reaction conditions, the surface may be modified

and the high pressure reaction study can be continued.

When using model catalysts it 1s essential to establish if close
similarity exists between the behavior of the model and the real catalyst
Systems. This was found to be the case for several reactions that include
the hydrogenation of carbon monoxide over rhodium (3), the hydrogenation of

cyclohexene (4) and the ring opening of cyclopropane (5).

We investigated, in some detall several important catalytic reactions.
These include the conversion of hydrocarbons over Pt crystal surfaces (6,7,8), the
synthesis of ammonia over iron (9) and rhenium (10) crystals, the hydrogenation of
carbon monoxide over iron (11) and rhodium (12), and the photodissociation of water
over Ti0p, SrTi03 (13) and iron oxides (14). From these studies three ‘
molecular ingredients of heterogeneous catalysis were identified. ‘These are:
1. The Atomlc Structure of the Surface
2. 'The Carbonaceous Deposit

3. The Oxidatlion State of Surface Atoms
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We shall discuss each one of these lngredients and give examples of

thelr roles in catalytlc surface reactions.

1. Atomlc Surface Structure: Figure 5 compares the rates of ammonia .

production on»three single crystal surfaces of body centered cubic iron (9)
at high pressures. The (111) face 1is about 430 times more active than

the closest packed (110) crystal face while the (100) face is 32 times as
active as the (110) face. The rate limiting step in this reaction 1s the
dissociation of No and it appears that this process occurs with a near

zero activation energy on the (111) iron surface while there is a larger
activation energy on the other iron crystal surfaces. It has been proposed
that the active site for breaking the very strong No bond is a seven
coordinated iron atom that 1s present in the second layer under the

surface. There 1s a theory being developed (15) that relates the concentration
of nearly degenerate electron vacancy states, the density of hole states,
near the Fermi level, to the ability of a glven slte to break and make
chemical bonds 1n a transient manner by charge fluctuations. The sites

with the largest number of nearest neighbors (highest coordination) have

the highest denslity of electron-hole states and thus, they should be the
most active durlng catalytic reactions. Unfortunately they are located

in the bulk and are not accesslble to the incoming reactants. However,

atoms In 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 in many catalytic reactions. Whille this theory will have to

be tested further and proven by careful experiments, the available experimental

data on the structure sensitivity of catalytic reactlons can be explained
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by it. Figure 6 shows the rate of ammonia formation from N> and Hp over hexagonal close
packed rhenium crystal surfaces (16). Again the open (1150) crystal face is about

a 103 times more active than the closest packed (0001) hexagonal surface, _ S
thus exhiblting a profound structure sensitivity that is even more pronounced

as that on iron.

For catalyzed hydrocarbon reactions on platinum that is an excellent catalyst
there are four crystal surfaces with very different atomic surface structures
that exhlbit very different reaction selectivities. ‘These are the flat
(111) and (100) surfaces that have hexagonal and square unit cells,
respectively. The other two surfaces have ordered steps of atomic helghts
and one has ledges (or kinks) in the steps as well. These are shown in
Figure 7. The test reactions that best demonstrate the structure sensitivity
over Pt is the conversion of n-hexane and n-heptane to other organic
molecules (6). N-hexane may convert to benzene upon dehydrocyclization
or to methycyclopentane by a cyclization reaction. These are shown in
Figure 8. It may isomerize to branched butanes or undergo C-C bond
breaking (hydrogenolysis) to produce C1~C3 fragments (methane to propane).

The first three of these reactions are desirable when the aim is to

produce high octane gasoline while the fourth reaction is undesirable as

it leads to the production of gases of much less value as fuels. Figure

9 shows that the hexagonal surface produces much more aromatic products

than the square (100) crystal face. In fact, a stepped surface with <
(111) orientation terraces that are 5 atoms wide 1s perhaps the best

catalyst we found so far to carry out the dehydrocyclization reaction.

Conversely, the (100) flat surfaces with the square unit cells

are much better isomerization catalysts, as shown in Figure 10,
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than the hexagonal crystal surface of Pt (7). Thus, depending on the catalyst
preparation, one may obtain superlor dehydrocyclization or 1somerization
activity that 1s certainly well documented in the patent literature. The
hydrogenolysis reaction that 1s also shown in Figure 10 1s most actlve on
surfaces that contain a large concentration of ledge or kink sites (8). It

is often necessary to "polson" 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 particlpate 1n hydrocarbon reactlions because they are
-masked by the selectlve adsorption of additives while the rest of the higher

coordination surface sltes remain clean and theqeby active and selective.

2. 'The Carbonaceous Depoéit:

A catalytically active metal surface is always covered with a carbonaceous
deposit. By labelling the reactant organlc molecules wiph 14¢ 1sotope,
the residence time of this carbonaceous layer can be monitored (17). It is
found that it 1s usually ten to fifty times larger than the turnover time
for the catélytic hydrocarbon conversion reactions. Thils is shown in
Figure 11 under the label of irreversible adsorption along with the
hydrogen to carbon ratio of this deposit. As the reaction temperature 1s
Increased, the deposit becomes successively dehydrogenated as 1ts
stolchiometry varies from CpH3 to CpH and finely it looses all 1its
hydrogen, and becomes graphitic., While the metal surface retains its
catalytic activity as long as the carbonaceous deposit contains hydrogen

1t becomes completely inactlve, poisoned in the presence of the graphitic overlayer.
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The sequential dehydrogenation of adsorbed organlc monolayers with
increasing temperature can be readily demonstrated by temperature programmed
thermal desorption studies. Figure 12 shows the evolution of hydrogen -
from adsorbed layers of CpHy, C3Hg, and CyHg (18). At well defined temperétures,
hydrogen evolves at a maximum rate until complete dehydrogenation and

graphitization of the remaining carbon occurs at the highest temperatures.

IFFD and HREELS studies reveal the structure of organic monolayers
at each stage of chemisorption. At lower temperatures (<~300K) the organic
molecules exhiblt ordered molecular structures. Figure 13 shows one of
. the ordered surface structures of benzene (19) on the Rh(111) crystal face
that was determined by IEFD and Figure 14 shows the HREELS spectra of
benzene and its deuterated form (20). The C3y symmetry 1s clearly compatible
with the molecular structure shown in Figure 13 with the molecule lying
with its f ring paréllel to the surface and the center of the ring above
a three-fold hollow. Figure 15 shows the surface structures pf chemisorbed
ethyléne, propylene and butene on the Pt(111) crystal face (21). These“wj
molecules form alkylidyne species upon adsorption near 300K with theif 6;C bond,
that 1s closest to the metal surface, perpendicular and élohgated to
a single C-C bond length. Similar alkylidyne structures have been found
on other transition metal surface, as well that include Pd, Rh and Ni (22).
The’carbon atom that binds the molecule to the metal prefers the 3-fold
hollow site. Figure 16 compares the molecular structure of the ethylidyne
molecule on the Pt(111) surface with a structure of ethylidyne containing
trinuclear metal cluster compounds._ The symmetry, the bond distances and

bond angles in these clusters are very similar to the molecular structure
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of chemisorbed ethylene on the transition metal surface. This
similarity indicates the predominance of locallzed bonding of adsorbed
surface species, an important conclusion in our scrutiny of the surface

chemical bond (23).

Figure 17 shows the sequentlal change of the vibrational spectrum of
chemisorbed CoH)y on the Rh(11l) crystal face as the temperature is
increased (24). The molecule»decomposes and there 1s evidence for the presehce
of CH,Co and CoH specles on the surface in the spectra. Figure 18 shows schema-
tically many of these specles that were detectable by HREELS (not by LEED
because these fragments are disordered) and also -CH3 that has not been
observed as yet (25). It 1s believed that the location of these organic
fragments 1s governed by the necessity of tetrahedral symmetry for the bonding
carbon atoms. That 1s a =CH fragment occuples a 3-fold site with bonding
to 3 metal atoms; a CHo fragment has two metal bonds at a bridge site and by
analogy a -CHz fragment should have one metal bond and be localized at a top
site. If this 1s the desired bonding confilguration of the various fragments,
it explains the mechanlsm by which the 3-fold strongly binding sites are
freed up by successive hydrogenation of the fragments and becomes available

to the next inclident molecule.

The alkylidyne molecules are present only under conditions of
catalyzed reactions at low temperatures, as they decompose above 400K on
most transition metal surfaces. This restricts their importance by and
large to hydrogenation reactions which having low activatlon energies may

proceed well below 400K. Recent studies of CoHy hydrogenation over
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Pt and Rh(111l) crystal faces indicate that it occurs on top of the ethylidyne
layer that remains ordered and its residence times is much longer than

the turnover time of CoHy hydrogenation (26).

For other catalyzed hydrocarbon reactions that occur at an appreclable
rate only at higher temperatures the organic fragments are the permanent
fixtﬁre on the surface during the reaction. Their main role appears to
be B-transfer to the adsorbed reaction intermediates 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 1s at least an order of magnitude faster

than the turnover rate of most hydrocarbon conversion reactions. Thus, -
the hydrogen atoms in the C-H bonds of the strongly held organic fragments .
are readlly transferred to the adsorbed intermediates while the carbon

" atom does not exchange easily.

Fortunately ﬁot all of the metal sites are covered with the organic
fragments althéﬁgthES.studies indicate that more than a monolayer of
carbon present oh the surface under catalytic reaction conditions. We
can titrate the remalning bare metal sites by the chemisorption of CO at
low pressures which, under the same conditions, does not adsorb on the
carbonaceous deposit (6). Figure 19 shows the fraction of the bare metal
surface (8/6g)co that 1s present after the reaction where ¢g is
the concentration of chemisorbed CO on the initially clean metal surface
before the reaction. About 5 - 20% of the Pt 1s uncovered, the bare metal area

decreasing with increasing reaction temperatures. Of course at higher
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hydrogen pressures (all hydrocarbon conversion reactions are carried out
in the presence of excess hydrogen) the fraction of uncovered metal

increases.

From these studies a molecular model of the working Pt catalyst can
be constructed and 1is shgwn in Figure 20. There are bare metal islands
whose structure is determined mostly by the catalyst fabrication (6). The
incident reactant molecules adsorb and undergo chemical rearrangements on
these metal islands. 'Then the adsorbed intermediates diffuse onto the
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 the catalytic

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

3. Oxidatlon State of Surface Atoms:

The importance of different oxidation states of transition metal
ions can well be demonstrated through the studies of the CO/H, reaction over
rhodium (12). The metal produces mostly methane as shown in Figure 21, because
it dissociates CO and has superior hydrogenating ability. However, over
Rh203 surfaces a large fraction of oxygenated molecules CH3CHO, CH3CH and
62H5OH form. When the rhodium ion is Incorporated into the crystal
lattice of a refractory oxide such as Iap0O3 in the form of IaRhpO3 the
products of the CO/Hg.reaction are excluslvely oiygenated hydrocarbons (27).
This drastic change 1n reaction selectivity has several causes. Figure
22 shows the heats of adsorption of CO and D, on the rhodium metal, Rh203
and IaRhO3 surfaces. Rhp03 binds CO more weakly and Dp more strongly

than the rhodium metal. However, the active IaRhO3 appears to have at least
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two binding states indicating that the transition metal is present on the

active surface in at least two diff'erent oxidation states.

Rhodium-oxide has a unique ability to carbonylate olefins, an important
step toward the formation of oxygenated specles. When CoHy is added to
the CO/Ho reactant mixture 1t 1s carbonylated quantitatively to propionaldehyde.
On rhodium metal, ethylene was hydrogenated fully to ethane. Thus, |
oxidation of the metal reduces its hydrogenation ability and makes it active for

carbonylation.

The difficulty 1s to maintaln the higher metal oxidation sﬁates
that produce desireable producfs under conditions of the catalytic reactions
that occur in a highly réducing atmosphere. 'The refractory oxide support
plays a key role in this circumstance. The Auger sbectra of Rhp03 before
and after the CO/Hpo reactlon indicates that the oxlde 1s reduced to the
metal within an hour with the corresponding change of the product distribution
from the oxygenated species to methane. However, IaRhO3 does not loose
its lattice oxygen and the Rh3t ion is fixed in the crystal lattice by
the large lattice energy. Thus, the higher'oxidation state transition
metal ion 1is kinetically.stabilized in the reducing reaction mixture and
remains stable indefinitely as long as the temperature 1s not Increased
too high. The so-called strong metal support-interaction 1s often used to
stabilize one or more different oxidation states of transition metal
ions. Thus, the catalyst support plays an important chemical role in
most catalyst systems in addition to providing high surface areas on

which the metal component may be finely dispersed.
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Another example of ?he importance of the changing oxidation state of
transition metal ions at the surface is shown by the catalytic cycle
leading to the photocatalyzed dissociation of HpO or SrTiO3 surfaces (28).
This is shown'in Figure 23. The oxide surface is completely hydroxylated
in the presence of water and the Ti ion are in the U+ formal oxidation
state. When the surface region is irradiated with light of 3.1 eV or
larger energy electron-hole pairs are generated. The electron is utilized
to reduce the Ti!t to the Ti3* formal oxidation state. The electron
vacancy induces charge transfer from the hydroxyl group that produces OH
radicals that dimerize to Ho0p and splits off oxygen that evolves (29). The
reduced Ti3t+ containing surface can now adsorb another water molecule
that acts as an oxldizing agent to produce T4+ agaln and a hydroxilated
surface evolving hydrogen in the process. Clearly changes of oxldation
states of transition metal lons are frequently indispensable reaction

steps in catalytic processes.

4, The Building of Catalysts

By giving the examples of surface and catalytic studies on well
characterized systems I hoped to demonstrate the understanding that could
be achleved of the molecular ingredients of important catalytic systems.

We can now utllize thils understanding to bulld better systems by alteration
of their structure or thelr state of surface charge. Pelow we discuss
two examples of deliberate catalyst modifications: the effects of gold on

transition-metal catalysis and the effects of potassium.
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Ja, The Effect of Gold on the Selectivity and Activity of Pt Catalysfs

The influence of gold on Pt hydrocarbon conversion catalysis has been
studied by condensing Au on Pt crystal surfaces. Gold forms epitaxial
layers on Pt and upon heating it forms an alloy in the near surface
region (30). This Au-Pt alloy has a markedly different selectivity and
activity for the conversion of n-hexane to other hydrocarbons as shown in
Figure 24. The isomerization rate goes up as compared to that on clean
Pt while the hydrogenolysls and dehydrocyclization rates are reduced
exponentially with increasing gold concentration (31). This remarkable
selectlvity anﬁ activity alteration can be explained by a change of
structure of the Pt(111) surface induced by gold alloying. By
substitution of a gold atom the high coordination 3-fold Pt sites are
eliminated much faster than the two fold and one fold bridge and top
sites. This 1s commonly called the ensemble effect. As a result, the
chemistry that regulres the adsorption of molecules and surface intermediates
at the 3-fold sites is eliminated while the chemical reactions that
require adsorption.at bridge or top sites are not attenuated. While
subtle electrénic éﬁénges may also occur at the ailoy surface sites, most
of thebresults can be rationalized by this selectlve high coordination

site elimination model.

Similar observations were reported by Boudart et al for the production
of water from Ho and Op over Pd-Au alloy surfaces. Small amounts of gold

increased the rate of this reaction by fifty fold.
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It should be noted that gold 1is a Very poor catalyst for both of
these reactions. Nevertheless, its presence as an alloying constituent'
can beneficlally influence the selectiviﬁy aﬁd the reactivity of transition
metal catalysts.

kb, The Effect of Potassium on the BPonding and Reactivity of Carbon Monoxide and
Hydrocarbons

Potassium has a high heat of adsorption when present in low coverages
on transition metal surfaces (Figure 25). Simultaneously it also reduces
the work function of the transition metéls indicating large charge transfer
between the metals (32). A model that assumes that potassium is ionized
when adsorbed on the transition metal surface explains these results. As
the potassium concentration increases the charged specles repell each |
other and depolarization occurs; the potassium layer becomes metallic and
its heat of adsorption approaches rapidly the héat of sublimation of

potassium metal.

Potassium has a strong influence on the heat of adsorption of CO on
transition metal surfaces. This 1s shown in Figure 26. In the absence
of potassium, CO desorbs at a maximum rate from the Rh(11l) surface at
4OOK. However, when co-adsorbed with 50% of a monolayer of potassium, it
desorbs at 600K indicating a 12 kcal increase of its binding energyv(33).
The HREELS spectra of CO on Pt(111) also exhibits major changes that are
shown in Figure 27. 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 (33). As
the potassium 1s added to the Rh surface CO shifts to the bridge site and

its stretching frequency decreases by more than 300 cm-1 (34). This corresponds
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to a gradual change of bond ohder with increasing potassium coverage
from 2 to 1.5. 'This Indicates that the electron transferréd from the
potassium to the transition metai density of States can populate the‘
antibonding molecular orbitals of CO, thereby weakening the C-O bond.
Simultaneously the metal carbon bond 1s strengthened as charge'dehsity in

this bonding orbital must increase.

Potassium 1s often used as a beneficlal additlve to transition metal
catalysts utilized for the hydrogenation of carbon monoxlde., Its presence
increases the molecular weight of hydrocarbon products as expected if the

dissociation rate of carbon monoxide is enhanced.

Potassium however 1s a non-selective polson fof hydrocarbon reactions
on platiﬁUm surfacés.(BS). The reason for this 1s revealed in recent
surface studiés._ iﬁé'presence of potassium iIncreases the activation
energy for the breaking of C-H bonds that 1s an important step in most
hydrocarbon conversion reactions. Tis is shown in Figure 28. Thus, the
surface residence time of the molecules increase that reduces the catalytic

turnover rates.

There 1s little doubt that potassium influences the catalytic reaction
by charge transfer, that is, by electronic changes. It has large effects
on some molecules when coadsorbed with them (CO, No) and virtually no
effects on others (NO, PF3) (36). It would be of value if we could predict by
the use of theoretical guldance whether charge transfer between the
molecular orbitals of adsorbates and the charge density that is altered
by the adsorption of potassium on the transitlion metal surface could or

couid hot take place.
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5. New Reactioné, New Processes

As our understanding of how catalysts work increases through the
applicaﬁion of molecular surface sclence, 1t will be increasingly‘possible
to find catalysts for reactions for which good catalysts do not seem to
exist., There are many important reactions of:small molecules that include
COp, CHy, HpO and Np that may be investigated. COp could be well utilized as
a source of carbon containing chemicals if it 1s hydrogenated to HCOOH or
dissoclated to CO. Figure 29 shows the free energy changes assoclated
with several reactions. While CO, hydrogenation is thermodynamically
feasible, its dissoclation to CO and 0o requires the input of excess
energy in the form of light or heat. The reaction of carbon with watef
to produce CHy and COo, is thermoneutral, as shown in Figure 29. This
reaction may represent a deslrable alternative for carbon gasification

with water to CO and Hp, a very exothermlc reaction indeed.

The partial oxidation of methane to CHpO and CH30H should be feasible
by suitable catalyst surfaces (37). 'Ihesé reactions are shown in Figure 29c.
Finally, the oxidation of nitrogen to nitric acid (Néo + 5/2 O2 + H20 > 2H' + 2NO3‘)
is thermodynamically feasible as pointed out by G. N. Lewis in 1923 (38).
"Even when starting with water and air, we see by our equations that
nitric acid should form until it reaches a concentration of about 0.1M where
the calculated equilibrium exlsts. It 1s to be hoped that nature will not
discover a catalyst for this reaction, which would permit all of the
oxygen and part of the nitrogen of the alr to turn the oceans into dilute

nitric acidg."l

1, G.N. Iewils: Thermodynamics, page 568 (1923).
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FIGURE CAPTIONS

Figure 1: Schematlc representation of the close relatlonship between
the materials chemistry of metastable high surface area

materials, surface science, and catalysls scilence.

Flgure 2: The catalytic converter for the complete combustion of
automobile exhaust., It oxidizes unburned hydrocarbons, and carbon
monoxide to carbon dioxide and water, and reduces nitrogen

oxides to dinitrogen simultaneously.

Figure 3: Two recently synthesized zeolites with large sllicon

to aluminum ratios.

Figure 4. Schematic representation of the experimental apparatus 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** torr range.

Figure 5: The remarkable surface structure sensitivity of the iron

catalyzed ammonia synthesis.

Figure 6: The structure sensitivity of ammonla synthesis on rhenium

single crystal surfaces.

Figure 7: Idealized atomic surface structures for the flat platinum (111)
and platinum (100), the stepped platinum (775) and kinked

platinum (10,8,7) surfaces.
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Figure 8: Skeletal rearrangement reactlons 6f hydrocarbons catalyzed by
platinum with high activity and unique selectivity. Deplcted
here are the several reaction pathways which occur simultaneously
during the catalyzed conversion of n-hexane, CgHiy. The
isomerization, cyclization and aromatization reactions that
produced branched or cyclic products are important in the
production of high octane gasoline from petroleum néphtha.

The hydrogenolysis reaction that involves breaking of C-C bonds

ylelds undesirable gaseous products.

Figure 9: Dehydrocyclization of alkanes to aromatic hydrocarbons is one
of the most important petroleum reforming reactions. The bar
graphs shown here compare reaction rates for n-héxane and
n-heptane aromatizatlon 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 atomlc arrangement 1s several times more actlve than
the surface with a square unit cell over a wide range of

reactlion conditions.

Figure 10: Reaction rates are shown as a function of surface structure
for isobutane isomerization and hydrogenolysis catalyzed at
570 K at atmospheric pressure over four platinum surfaces.
The rates for both reaction pathways are very sensitive to
structural features of the model single crystal catalytic
surfaces. Isémerization of these light alkanes favored on the

platinum surfaces that have a square (100) atomic arrangement



Flgure 10:
(continued)

Figure 11:

Figure 12:

Figure 13:

Figure 14:

Figure 15:
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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 CoH) was chemisorbed as a function
of temperature on a flat piatinum surface with hexagonal
orientation, Pt(111). H/C composition of the adsorbed

specles was determined from hydrogen thermal desorption

studies. The amount of preadsorbed ethylene, which could not

be removed by subsequent treatment in 1 atmosphere of hydrogen
represents the irreversibly adsorbed fraction. The adsorption
reversibllity decreases markedly with 1ﬁcreasing adsorption
temperature as the surface specles becomes more hydrogen
deficient. The irreversibly adsorbed specles have véry long

surface residence times on the order of days.

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

12 K per second).

The surface structure of benzene as determined from low energy

diffraction studles and surface crystallography.

The vibrational spéctra of benzene and deuterated benzene as

determined by high resolution electron energy loss spectroscopy.

Surface structures for alkylidyne specles formed
on platinum (111) after the adsorption and rearrangement
of ethylene, propylene and butenes. These structures were

determined by IFFD surface c¢rystallography.



Figure 16:

Figgre 17:

Figure 18:

Figure 19:

Flgure 20:

Figure 21:
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The surface structure of ethylidyne, the bond distances and
angles, are compared with several tri-ruclear 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 presence of CH, Cp, CoH, CHy and C—CH3 species have been

- detected.

Fractional concentrations of uncovered platirum surface sites
determined by CO adsorption desorption as a functioh of surface
éarbon coverage on the (100), (111), and (13,1,1) platinum crystal
surfaces. A comparison 1s made between the CO uptake determined
following n-hexane reaction étudies and CO-uptake determined

when CO was coadsorbed with graphitic surface carbon.

Model for the working platinum catalyst that was developed
from our combination of surface studies using single crystal
surfaces and hydrocarbon reaction rate studies on these same

surfaces.

Product distribution in the carbon monoxide hydrogenation

reaction on various rhodium compound surfaces.
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Figure 22: Heat of desorption (kcal/mole) of CO and Do from lanthanum oxide,
fresh and used lanthanum rhodate, fresh and used rhodium
oxlde and rhodium metal. The spread of each value
‘represents the varlation with surface coverage rather than

experimental uncertainty.

Figure 23: A proposed mechanism for the photodissoclatlion of water over

Ti0p and SrT103 surfaces.

Pigure 24: The rate of formation of various products from n-hexane as a
function of fractional gold surface coverage‘for gold platinum
alloys that were prepared by vaporizing and diffusing gold -

into Pt(111) crystal surfaces.

Flgure 25: The heat of adsorption of potassium on platinum single crystal

surfaces as a functlon of potassium coverage.

Figure 26: (O thermal desorption spectrum from clean platinum and

when coadsorbed with potassium on platinum crystal surfaces.

Flgure 27: Vibrational spectra of CO at the saturation coverage when
chemisorbed on Pt(111) at 300 K as a function of preadsorbed

potasslum coverage.

Figure 8: Activation energy of the hydrogen B-elimination from carbonaceous

deposits after n-hexane reactions over platinum (111) surfaces

as a function of potassium coverages.

§z%gre 29
a),(b) and (c): Standard free energles for several chemical reactions.
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