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1. Introduction

The catalytic function of surfaces is exhibited in two.ways.. The
catalyst reduces the potential energy barrier (aéti?ation energy) in the
path of the chemical reaction, that is otherwise thermodynﬁmica]]y feasible,
by forming, temporarily, chemical bonds with the adsorbing molecules. The
ability of the surface to break some of the strong chemical bonds of the
reactant molecules (for example, H-H, C-H, C-C, C=0, N=N bonds), bind them
with strong enough surface bonds so that the residence time of the adsorbate
is sufficiently long for the necessary chemical rearrangementto occur, and
then permit the release of the product molecules to make the various active
surface sites available for new reactions is one of the essential features
of heterogeneous catalysis. It is well known that too strong chemical
bonds between the surface atom and the reaction intermediate leads to
permanent blocking of the catalyst Surface.\i.e.._poisoning. Too weak
chemical bqnds between the reactant molecules and the surface will either
not permit the crucial bond breaking processes to occur or the adsorbate
residence time becomes too short for the necessary and sometimes complex
chemical rearrangements to take place.

There is another and equally important function of a good catalyst

surface that leads to selectivity. A proper catalyst will facilitate the

forﬁation of only one out of many possible reaction products. There may be
many - thermodynamically possib]e'paths that cou]d.yie]d a wide variety of pro-
duct mo]ecu]es, However, fhe proper catalyst may produce only one product,
selectively, This enzyme-]ike characteristic of heterogeneous catalysis has
ndt been receiving as wide attention as fhe ability of the catalyst to ]ower

the activation energy of the chemical reaction by fdrming temporary chemical

bonds with the
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reactants. Both of tirese features are the properties of most technologic-

ally important working catalysts, especially those th;t exnibit abiiity to
catalyze the production of structurally complex molecules or catalyze N
complex molecular rearrangement.

Identification and study of the "active sites" where chemical bond
scission or rearrangement occurs, so crucial to the working of a catalyst,

requires that we investfgate the structure and the chemical composition of

the working catalyst on the atomic sga]e.' Ideally, we would like to'inspect

each non-identical surface site and determine its structure and chemical
composition'while the chemical reaction is taking place.

Over the past 10 years a multitude of new techniques has been developed
to permit characterization of catalyst surfaces on the atomic scale. Low-
energy electron diffraction (LEED) can determine the atomic s&rface
structure of the topmost layer of the clean catalyst or of the adsorbed

1 Auger electron spectroscopyZ(AES) and other elactron spectro-

intermediate.
scopy techniques (X-ray photoelectron, ultra-violet photoelectron, electron
loss spectroscopies, etc.) can be used to determine.the chemical composition
of the surface with the sensitivity of i% of a monolayer (approximately

13 2). In addition to qualitative and quantitative chemical

10"~ atoms/cm
analysis of the surface layer, electron spectroscopy can also be utilized

to determine the valency of surface atoms and the nature of the surface

chemical bond. These are static techniques but using a suitable apparatus, )
that will be described later, one can monitor the atomic structure and
composition during catalytic reactions at low pressures (less than 10"4

torr). As a result we can determine reaction rates and product distri-

butions in catalytic surface reactions as a function of surface structurs

and_surface chemical composition. These relations permit th2 exaloration
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of the mechanistic defails of catalysis on the molecular levei to optimize
catalyst preparation and to buila new catalyst systems by employing the
knowledge gained. “

Ideally, we would like to study the structure and composition of

supported, dispersed catalyst particles in the same configuration
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the
used in/chemical technology. However, the determination of the atomic

surface structure of ig:?;aii1cle that is s1tuated inside the pores of
the high surface area support by low-energy electron diffraction, for
example, is not possible. This technique requires the presence of
ordered domains of 200 R or larger to obtain shérp diffraction features
necessary to define the surface structure. Even Auger electron emission
that is the property of individual atoms can be obtained even from liquid
surfaces and can only be employed for studies of support23523¥%§ces with
difficulty. Ident1f1cat1on of the active sites does require the deter-
catalyst
mination of the structure and composition of the/surface, however. To
avoid the difficulties.of carrying out these experiments on supported
catalyst surfaces, we have adopted the strategy in our studies of catalyst
surfaces that is used successfully in synthetic orgahic chemistry and many
other fields of chemistry as well.

We shall prepare the various building blocks of the catalyst surface
and study them’separately. Then we put the parts together and the re-
sultant structure should have all of the properties of the working
catalyst partic]e. Just as in the case of synthétic insulin or the B]2
molecule the proof that the synthesis was successful is in the identical
performance of the synthesized and "natural" products. Our building
blocks are crystal surfaces with well-characterized atomic surface structure
and'composition. Cutting these crystals in various directions permits us
to systematically vary their surface structure and to study the chemical
reactivity associated with each surface structure. If we do it properly,

all of the surface sites and microstructures with unique chemical activity

could be identified this way. Then, by preparing a surface where all of



these sites are simultaneously present in the correct configurations and
concentrations the chemical behavior of the catalyst particle could be
reproduced. The real value of this synthetic apbroach is that ultimately,
one should be able to synthesize a catalyst that is much more selective
since we build into it only the desirable active sites in a controlled
manner.

In our modelling approach to heterogeneous ¢atalysis we carry out
studies on well-characterized crystal surfaces first in the fol]owiﬁg
sequence:

Structure of Crystal Surfaces and of Adsorbed Gases
t+ |

4

~Surface Reactions on Crystals gt Low Pressures (5]0‘ torr)

++

5 torr)

Surface Reactions on Crysta]s at.High Pressufes (103 - 10
N
Reactions on Dispersed Catalysts-

First we study the surface structure and chemisorption characteristics
of crystals cut along different crystallographic orientations. Then a
well chosen chemical reaction is studied at low pressure to establish
correlations between reactivity and surface structure and composition.
Below 10"4 torr the surface can be monitored continuously during the re-
action with various eléctron spectroscopy techniqueg. Then the same
catalytic reaction is studied at high pressures.(1 - 100 atmospheres) and
the pressure dependence of the reaction rate is determined using the same

sample over the 9 orders of magnitude range. Finally, the rates and pro-

duct distributions that were determined at high pressures on single
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crystal surfaces are ccmpared wit~ the reactivity of polvdispersed small
particle catalyst systems. At law pressures a quadrupo]e mass spectro-
meter is used as a detector of both the chemical reaction rates and the
product distribut‘ions.3 At high pressures a gas chromatograph is employed.
that is as sénsitive as a mass spectrometer that is used at low pressures.4
Our experiment indicates that small surface area (apbroximately i sz)
single crystél catalyst samples can readily be used in studies as long as
the reaction rate is greater than 10'6 product molecules/surface atom/
second. The rate so defined is commonly called "turnover numberv"l in the
field of catalysis. Most of the imporﬁant catalytic reactions - hydro-
genation, dehydrogenatfon, oxjdation, isomerization, dehydrocyclization,
hydroéeno]ysis -- have rates usually greater than the detection 1imit,
even at low bressures.

Using this approach to study heterogeneous catalysis on the atomic
scale, we have investigated the mechanism of hydrocarbon catalysis by
platinum surfaces. We shall describe in detail the results of these
studies that are pertinent in determining the nature of the active sites
on the surfaceiof this metal. We shall show how the results obtained for

platinum may be extrapolated to other catalyst systems. Finally we shall

present a model of metal catalysis that has been emerging from our studies
of platinum surfaces.

2. The Atomic Structure of Surfaces. Structures of Low and High Miller

Index Crystal Surfaces.

Figure 1 shows the schematic diagram of a solid surface. Th2 surrace



fs clearly heterogeneous on an atomic scale. There are atoms in various
positions that are distinguishable by their number or nearest neighbors,
atoms in steps and in kinks; there are adatoms and there are point defects,
vacancies in the surface. Experimental evidence to the existence of all

of these sufface species has come mostly from low-enercy electron diffraction
and field ion microscooy studies. Of these surface sitss that are shown
schematically in Figure 1| _the terrace sites, th2 kink and step sites

are perhaps the most important for purposes of haterogeneous cata]ys{s.

The concentration of these sites can be large from 5 to over 50% of a
monolayer (10]3 - 135 sites/cmz), while the concentration of adatoms and

2%, even at the melting point of

vacancies are very small, less than 10
most metals.

Sy cutting singls crystals in various crystallograonic directions, we
can change the relative concentrations of atoms in ferraces and steps and
kinks. Figure 2 shows a stereographic triangle of a face-centered cubic
matal. At the cormers the (111), (100) and (110) crystal faces are shown.\
These are the lowest surtace free energy, highest atcmic density crystal
orientations. When crystals are cut to these low “ilier Index orientations,
mosﬁ of the surface atoms will be in terrace positisns., The surface will
be relatively smooth on the atomic scale and most 27 the surface atoms have
the highest coordination number or number of nearesz neighbors possible.

schematically
One of these surfaces, the (111) face of platinum, is shownsin Figure 3a.
On cutting high\Mi]ler Index surfaces at some anglz w~ith respect to the
Tow Millar Index sur¥aca, the atomic surface struciu-~e chances completelv,
A (357) surface, for examnle, exhibits periodic s=29s 27 monatomic height

_ schematic;]1y
separated by terraces that are 6 atems wide. This is sacwn/in Figure 3o.
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The terraces have (111) orientations since thsy are cut closest to the

(111) crystal face while the steps have (100) orientation since the high

Miller Index surface is in the direction of ths (]OO) crystal face. The

high and Tow Miller Index surfacés, their atomic structure and chemistry | ‘
will be discussed in some detail below.

On cutting a crystal surface in the middla of the stereographic tri-
angle, a surface structure that exhibits a large density of kinks in the
steps will be produced. i! One of thesa high kink density surfaces
. . . DNguw Poragraph]
is shown schematically in Figure 3c. ' Platinum crystal surfaces that wer2
prepared in the zones indicated by the arrows 2t tne sides of the triangls,

are thermally unstable. These surfaces, on heating, will rearrange to

yield the two surfaces that appear at the end ¢F :the arrows.

| _ There is reason to

believe that the thermal stabjlity exhibited by various low and high itilizr
Index platinum surfaces are the same for other face-centered cubic metals.
There are, of course, differences expected for surfaces of body-centered
cubic solids or for surfaces of solids with othgr crystal structurss.

We have found that the chemical reactivity of low Miller Index‘sur— P
féces of platinum are very different from the r2activity of high Miller
Index stepped or kinked surfaces and that the reaétivities of surfaces wi=- |
steps and with kinks in the stens are very dgfferent from each other.5
Thus, it is appropriate to discuss these various surtaces saparately,
First we shall discuss the atomic structure of low Miller Index surfacas,
then we sha]i discuss the atomic surface structures of high Millar Ingax

stepped and kinked surfaces.



The Atomic Surfiace Structure of tha Zlean. (111) Platinum Crys=al Face

Low-energy electron diffraction studies have revealed that the atoms
in this platinum surface are in positicns as expected from the orojaction
of the X-ray unit cell to the surfaca.s The diffraction pattarn that is
“exhibited (Fiqure 4) clearly indicatas a six-fold rotational symmetry
that is expected in such a surface. Calculations of surface structure
from low-energy klectron diffraction beam intensities indicate that atoms
are in those positions in the surface layer (with respect to the secsnd
layer) as indicated by the X-ray unit cell within 5% of the intarlayer

istance.s’7

The Atomic Surface Structure of the Clean (100) Platinum Crystal Face

Figure 5 snows the diffraction pattern associated with the clean
(100) platinum surtface. There are exira diffraction features in adcition
to those expected for this surface stiructure from the X-ray unit cell.

8

This surface exhibits a so-called (5x1) surface structure.® Thera are two

perpendicular domains of this structure and there are 1/5, 2/5, 3/5 and

4/5 order spots between the (00) and (10) diffraction beams. The surface
structure is not quite as simple as tne shorthand notation indicates as

is shown by the splitting of the fractional order beams. The surface
structure appears to be stable at all temperatures from 25°C tz the
melting point; although at elevatad temperatures carbon can diifuse to tha
surface and cause transformation of the structure to the impurity
stabilized (1x1) surface structure, The same structure is odsarved for
otner 5d transition metals that are r2ignbors of platinum in In2 seriodic

table, such'aé gold and iridium.
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The diffraction beam intensities of the (5x1) surface structure are
,_.nA:'er'cl\ose investication in manv laboratories. Pre]inivar‘y calculations
favor a model in which the surface atoms assume a distortad, hexagonal
configuration by out-of-plane buckling. The apparent (5x1) unit cell is
the result of coincidence of the atomic positions of atoms in the surface
with atoms of thé undistorted sacond layer below. It has bDeen suggested
that the surface reconstruction arises from the high po]arizabi]ity of
these metal atoms which intensifies the driving force towards reconstruction

under action of the surface electric fie]d.9

We call this Pt(100) surface reconstructed. Surfacas reconstruction
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is defined as the state of the clean surface when it‘s low-energy electron
diffractioﬁ pattern/indicates the presence of a surface unit mesh that is
different from the bulk-like (1x1) unit mesh that is expected from the
projection of the bulk X-ray unit cell. Cenversely, an unreconstructed

“surface has a surface structure'and ggzﬁi};egiffraction pattern that is
expected from the projection of the X-ray unit cell for that particular
surface. Sﬁch a definition of surface reconstruction does not tell us
anything about possible changes in the interlayer distances between the
first and the second layers of atoms at the surface. Contraction or
expansion in the direction perpendicular to the surface can take place
without changing the (1x1) two dimensional surface unit cell size or
orientation; Indeed, several lTow Miller Inde¢ surfaces of clean monatomic
and diatomic solids exhibit unreconstrcted surfaces but the surface
structure also exhibits contraction of expansion perpendicular to the
surface plane in the first layer of atoms.9a

The Atomic Surface Structure of the Clean (110) Platinum Crystal Face

The (110) crystalfface, just 1ike the (100) crystal face, is recon-
structed¥) The.surface unit cell is an apparent (1x2) unit mesh indicating
that the lattice unit cell vector is twice‘as large in one direction while
the same in the other direction as that expected from the projection of
the bulk X-ray unit cell to this surface. Thus, the rectangular surface
unit mesh that would be expected from the projection of the X-ray unit
cell is elongated in one direction while remaining unchanged in the other

direction. This surface has not been investigated to such an extent as

the (111) and (100) crystal faces of platinum. The chemisorption characteristics
of various adsorbates
/are certainly less explored than those on the other two low Miller Index
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surfaces. However adsorbates which have been investigated, C0 and 02,]0’ jOaa
are more strongly bound than on other low index surfaces, thus the valley
and ridge structure make this surface adsorb simflérly to high Miller Index

step surfaces.
The Atomic Surface Structure of High Miller Index Surfaces

Studies of surfaccs of high Miller Index and higher surface free
energies are important in‘their own right. It is important to elucidate
their atomic siructure and stability under a variety of experimental con-
ditions in the presence of reactive and inert gases and in vacuum. Recent
Tow-energy electron diffraction investigatious of coppell s‘er'mam'um,]2
gallium arsenidézand p]atinu%ssurfaces indicate that the surfaces of
crystals characterized by high Miller Index consist of terraces of low
Index planes separated by steps often one atom in height. The ordered
stepped surfaces disp]ay varying degrees of thermal stability. Figure
6 shows a étereographic triangle of a face-centered cubic crystal depicting
the various high Miller Index surfaces of platinum that were studied.

The diffraction patter from a high Miller Index surface exhibits diffraction
beam doublets that appear at well-defined electron beam energies. Some

of the diffraction patterns that are obtained from the high Miller Index
surfaces and the surface structures that can be defived from these
diffraction patterns are indicated in Figure 7, The terrace

. widths are calculated from the doublet separation. The step height is
obtained from the variation of the intensity maximum of the doublet
diffraction beam features with electron energy. The detailed analysis

of the surface structure based on these diffraction patterns are described

elsewhere.l3 The terrace width does not have to be uniform to obtain

14

satisfactory diffraction patterns. Houston and Park’ " in a theoretical

study have shown that there may be a great deal of variation in the step

width about an average value still, one obtains a diffraction pattern of
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satisfactory quality. That is, if the diffraction pattern indicates that
the terrace width is six atoms wide, that does not rule out the presence
of a large number of terraces of five or seven atoms wide. Since the re-
arrangements of high Miller Index surfaces to ordered low Index terraces
separated by periodic steps, takes p]aée regardless of the chemical bonding
in the crystal, it may be regarded as a general structural property of
high Index surfaces. It is therefore of value to have a standardized
nomenclature to identify stepped surface structures.
Stepped surfaces are indicated by the postscirpts, S, so that Pt(S)
indicates a stepped platinum crystal surface. The ordared step array
can then be completely designated by the widths and the orientations of
the terraces and the height and the orientation of the steps. The
stapped surface may be designated as Pt(S)-[M(!l])xN(]OO)](wheEe M(111)
designates a terrace of (111) orientation and M afomic rows in width and
N(100) indicates a stepped (100) orientation and N atomic layers nigh).
Pt(S)-[M(]]])X(]OO)] indicates the structure of various hfgh.Mi1Ier Indax
platinum stepped surfaces having stzp heights of one atomic layer. (7he
one is not shown in front of the step orientation.) A more detailed
description of the nomenclature of more complex stepped structures is
given e'lsewher'e.'l3 In Figure 6 the stereographic triangle indicates
both the hfgh Miller Index notation as well as the step notation tnat is
more descriptive qf the real atomic structure of high Miller Index surfa:ss.
The thermal stability of the steos is of great interest. 2 nave
found that for platinum high Miller Index surfaces show extraordinary
T

thermal stability away from the arrows indicated in Figure 8. Thes2

surfaces may be heated above 1200°C whers they may disordar, Iowaver,
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on cooling to 800°C or.in that temperature range the ordered step structure
is re-established. Because of the high thermal Stabi]ity of these surtaces
they must play important roles in catalytic surfaté reactions that take
place at,tempefatures appreciably below the teﬁperature at which the sur-

face structure ordcrs by annealing. However,
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high Miller Index surftaces in the range of the arrows indicatad in Fiqure
6 facet to crystal surfaces at the end of the arrows. Thus, on heating,
re-structure
a (510) surface will / . into a (100) and (210) surfaca. This faceting
is easily detectable and monitored by low-energy electron diffraction.
Pefhaps the most significant property of stepped platinum surfaces
is their great reactivity as compared to low Index c¢rystal surfaces. The
chemisorption of hydrogen, oxygen and carbon monoxide was studied by low-
energy electon diffraction on ordered stepped surfaces of p]atinwﬂﬁ The
stepped surfaces behave very differently during chemisorption fromlthose
of low Index platinun'surfaces and the various stepped surfaces also be-
have differently from each otherl? Hydrogen and'oxygen that do not chemi-
sorb?easi]yvon the (111) and (100) crystal faces of platinum; chemisorb
readily at relatively low temperatures on the stepped olatinum surfaces.
A1l in all, these surtaces play important roles in breaking large binding
energy chemical bonds (H-H, C-H, C-C, etc.) that would not break readily
on low Miller Index surfaces. It appears that steps and kinks are active
sites and their chemical properties play an important roie in catalytic
surface reactions. Much of our discussions of chemisorption and reactivity
associated with catalyst surfaces are centered on discussions of properties
of atomic sites (steos and kinks) of low coordination number. These
properties will be discussed shortly.

3. Techniques to Study the Relationship Between Reactiityand the

Structure and Composition of Surfaces in the Atomic Scale.

Static Techniques

A. Low-energy elactron diffraction. A typical low-2n2rgy electron

diffraction experiment consists of a mondenergetic beam of elzctrons,
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10 to 500 eV in energy, incident on one face on a single cfystal (ngure
8). Roughly 5% of the electrons are e]astica]]y béck-scattered and this
fraction is allowed to ihpinge on a fluorescent Screen. If the crystal
surface is well-ordered, a diffraction pattern consiSting of bright well-
defined spots will be displayed on the screen. The sharpness and overall
intensity of the spots is:related: te the degree of'order on surfacés.]
Although the surface may be irregular on a microscopic and submicroscopic
scale, the presence of sharp diffraction features indicates that the
surface is ordered on an atomic scaie, the atoms lying in a plane parallel
to the surface characterized by a twd-dimensional Tattice structure. The
size of thesevordered domains determines the quality of the diffraction
pattern. Because of experimental ]imitati?ns on the coherence width of
the electron beam, ordered domains larger than approximately 500 K in
distinguishable from smaller .
diameter are not / ones .. However, if the ordered domains become
significantly smaller than 500 R, diffraction spots broaden and become
less intense. The presence of sharp diffraction features in low-energy
(Figure 9)
electron diffraction/establishes that the surfaces are ordered on the
atomic scale. In addition, the positions and symmetry of the diffraction
spots can be used to determine the two-dimensional periodicity of the
surface structure. We can imagine for the moment
that the surface structure will be rather like the deterhination of the
b1k structure along the crystal plane, although there may be a rearrange-
ment or reconstruction of the surface atoms from fhé bulk structure. The
presence of the surface destroys the bulk translational periodicity in

the direction normal to the presumed planar surface while the translational

periodicity of the solid parallel to the surface is retained. The
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diffraction pattern gives a representation of the surface reciprocal lattice
and the unit cell vectors may be determined from measurement of the beam
angles.

The basic complication of surface structure analysis by low-energy

electron diffraction comes from the fact that observation of the diffraction
pattern geometry serves only to'determine the size and shape of the two-
dimensional unif cell which characterizes the translational periodicity
parallel to the surface.] Critical information relating to structural
variation in the direction normal to the surface must be extracted from

the analysis of the intensity of the diffracted beams. Such an intensity
analysis is in priciple required, for example, to determiné the packing
sequence and interlayer spacing of the top few atomic layers of a single
;rysta] surface.

Low-energy electron diffraction studies of clean surfaces have re-
vealed that most of these surfaces, ff prepared under proper conditions,
are ordered on an atomic scale and exhibit sharp diffraction beams and
high diffraction beam intensities. Metal, semicoﬁductors, alkali halide,
inert gas and organic crystal surfaces have been studied this way, and
all of these exhibit ordered surface structures.

One of the mosf exciting observations of low-energy electron diffraction
studies of adsorbed monolayers on low Miller Index crystal surfaces is
the predominance of ordering within these 1ayer§f’ These studies have
detected a large number of surface structures formed upon adsorption of
different atoms and molecules on a variety of solid surfaces. Conditions
range from low temperature, inert gas physisorption to the chemisorption
of reactive diatomic gas molecules and hydrocarbons at room temperature

and above. A listing of over 200 adsorbed surface structures, mostly of
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small molecu]es, adsorbed on low Miller Index surfaces can be found in a
recent review.]

There are two systems to denote the unit mesh.of ordered monolayer
structures - formed upon adsorptioﬁ. The first system origina11y proposed -
by blood]9 is'probably the most commonly used and can be apﬁ]ied to systems
in which the angle between the vectors 2 and b is the same for the adsorbed
structure as for the substrate. The structure is labeled by the general
form p(nxm)R¢® or c{nxm)R¢°, depending on whether the unit hesh is
primitive or centered. For example, in Figure10 khé diffraction pattern
~of a clean platinum (111) surface and a pattern with adsorbed acetylene
(CZHZ) on the (111) crystal face are shown. The structure deduced from
this figure is thus labeled p(2x2) having unit cell vectors twice as large
as the unit cell of the platinum substrate and pointing in the same

direction. The total system is then raferred to as Pt(]]])-(ZxZ)-C H2.

. : _ ordere
For cases in whicnh the angle between the unit mesh vectors of the/substrate
ordered . . .
and thejadsorbate is different, ~ - a matrix notation

13a .
is generally used. The unit mesh vectors or the adsorbed structure are
related to substrate mesh vectors by tne transformation
-+, = - —-
a ml]a + mlzb
->. = - ->
b m2]a + mZZb

These equations cefine the transformation matrix, M = (m11 m12) wnich is
Ma1 M2
used to characterize the structure. For the structure illustrated in

Figurein the transformation matrix is # = (gg), Using this notation the

reciprocal lattice transformation matrix and thus the diffraction pattern

can be obtained by taking the inverses transpose of M, M* =.ﬁ'] and this
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equation cén-obviouslyéalso be used in the reverse direction to obtain
the real space unii mesh from tne difrraction pattérn.

Over the past several years, low-energy e]ettron diffraction theary
has been developed that allows us to comoute from the diffraction beam
intensities the precise Tocations of atoms or molecules on surfaces. The
basic experimental data is the measured intensity of the diffraction beams
as a function of electron energy, and the only adjustable parameters are
the surface atomic geometry itself. Once the intensity vs. voltage curve
(I vs, V) is cohputed, assuming a certain atomic location in the surface,
they are compated with experiments. The computation is repeated using
various ldCations for éurfaée atoms until the best agreement between
experiment and theor§ is obtained. Figurellgshows the computed and ex-
perimental intensities of diffraction beams from platinum (111) clean
surface where best ag;eement’between'experiment and theory has been
obtained. For this surface the atoms appears to be positioned according
tn the predictable projection of the X-ray unit cé]l to that particular
surface.

There.are two major featﬁres of the electron-solid interaction
evidenced in the I-V profiles and in other scattering data in low-energy
electron diffraction that the theory must provide for. ]) In contrast
to the case of X-ray scattering, cross-sections for low-energy electrons
from atoms are large (on the order of 10 32/atom).and 2) the incident
electrons interact strongly with the valence electrons in the solids '
resulting inahigh probability of inelastic scattering. Features 1 and
2, taken together with the wave-like behavior of the electrons, make

low-energy electron diffraction a sensitive probe of the surface atomicz
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structure.  Feature 1, however, renders the use of the simple kinematical,
since scattering theory that is used so successfully in X-ray diffraction
inadequate in low-energy electron diffraction and necessitates the use of
multiple scattering or so-called dynamical theories. Feature 2, on the
other hand, means that the electrons are removed from the elastic electron
beam due to inelastic collision damping with a characteristic mean free
path of 3 to 10 R. The inelastic collision damping tends to réﬂuce though
by no means eliminates the effect of multiple scattering. The presence

of multiple scattering introduces secondary maxima in the I-V brofiles in
addition to the Bragg peaks that are also observed in X-ray diffraction and

anticipated from kinematical theory.

Over the past several years the surface structures of several clean
monatomic solid surfaces and a variety of adsorbed atoms on solid surfaces
have been determined by low-energy electron diffraction} \This field of
study is now called surface crystallography and it is one of the most
rapidly growing field of surface science. By studying the atomic surface
structure of clean surfaces and adsorbed molecules, the nature of the
surface chemical bond can be explored in a systematic manner.

B. Auger Electron Spectroscopy. If a high energy electron beam
5

('IO3 - 107 eV) or high energy electromagnetic radiation (X-rays) is allowed
to strike a solid surface in addition to electron emission from the valence
band, electrons are excited from inner electron shells as well. The

two primary electron shell excitation processes that lead to the production

of a free electron that can be collected byba suitable detector is illustrated
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in F}gure 12. The notation we have'adopted to designate the electron

energy 1eveis-in the atoms is that most commonly used in atqmit spectroscopy.
The K, L, M shells refer to those with principle quantum number 1, 2, 3,
respectively, .

/ and the subscripts (L], Ly L3) indicate the multiplicity J which is a
vector sum of the angular momentus, f'and the spin quantum number §,

J = C+8.

The electron, upon excitation, is ejected from an inner shell into
vacuum and the energy of the free electron is then measured. This techni-
que is called X-ray photoelectron spectroscopy. If the electron is ejected
from the valence band by ultaviolet radiation, the technique is called
ultraviolet phoroelectron spectroscopy. Excitation energies not greater
than those provided by ultraviolet radiation are necessary fof elactron
excitation from the valence ban or of electrons from the valence shell of
adsorbed molecules.

Let us turn our attention to the dominant'recohbinationu or de-~
excitation processes which follow the excitation of electrons from the

(Figure 13) .
inner shell or from the valence shell/. The first mode of de-excitation is
the Auger process which leads to further electron emission. The second
mode of de-excitation may result in the emission of electromagnetic
radiation and it is commonly called X-ray fluorescence. In the Auger
transition, the electron vacancy in an inner shell is filled by an electron
from an outer band. The energy released by this transition is transferred
to another electron in any of the electron levels which is then ejected.
Energy analysis of the emitted electrons will giQe differences in bindin:
energy between electronic bands participating in the Auger process that

are characteristic of a given element. Analysis of the X-ray fl.orescenz2



spectra gives ;imiiaf information. It has been fouhd, hdwever, that for
light elements the probability of Auger transitions is mucnh greater than
the probability of X-ray fluorescence.

In recent years Auger electron soectroscopy? ultraviolet photoelectron
spectroscopfoand X-ray photoelectron spectroscopflhave come to play
prominent roles in studies analyzing the composition and bonding at surfaces.
These techniques can conveniently be used to determine nondestructively the
composition of the surface and changes of the sufface composition under a
variety of experimental conditions. Since the Auger transition probab-
ilities are large, especially for elements of IdQ atomic number, surface

13 atoms/cmz)

impurities in quantities as little as 1% of a monolayer (710
may be detected. |

The expefimental apparatus to detect Auger eléctron emission that is
frequently used at present utilized the goemetry ofvthe low-energy electron
diffraction apparatus. Thﬁs, both Auger electron spectroscopy and low-
energy electron diffraction studies can be carried out on the same crysta!l
surface by using the same electron optics in two different modes alternataly
in the same experimental system., In the Auger mdde, howeyer, we analyze
the energy distribution of the inelastically scaﬁtered electrons. |
Separation of the Auger peaks from the background of secondary electrons
is carried out by superposing a small ac signal on a retarding dc potentia].2
Suitable  detection | allows the monitoring of the first and second |
derivative of the electric current as a function of the retarding potential

2 .
gl-and dr . In this way, the Auger peaks or other characteristic enarav

2
dav dayv
loss peaks can easily be distinguished from the background of other elactron

emission processes. The energy at which tne Auger peak is detected in



such-a spectrum, £ (obserwved), is actually the bindi?g‘energy‘?ifference
of the electronic shells that participate in the proé;égyresgaée the
electronic binding energias are tabulated in most cases inspection of these
tables allows one to detzymine the elament responsible for the energy loss
and the particular electronic fransitions that took place. By suitable
calibration with known standards, the intgnsities'of the peaks can be

used for quanitative as well as qualitative surface ana]ysi;{hiﬁ typical
Auger spectrum from platinum - - surfaces is displayed in Figure 15.
The presence of small comcentrations of carbon -~ . ., the most common
impurities oﬁ surfaces, are easily discernable. Since both Auger eTectron
and photoelectron emission are atomic properties, thase techniques can be

applied to studies of soiid surfaces with various dagrees of crystallinity

(foil, crystal, dispersed particlas, etc.) and to studias of liquid surtacss

as well,
Transport Tachniques |
A. Studies of surface reaction rates at low (13'7 - 10'4 torr) and
at nigh (103 - 105 torr} pressures. Ouring the past five years new in-

struments have been developed in our laboratory to permit in situ studies
of the reactivity of Crystal surfaces at both low and at nigh pressures.22a
In all of'these experiments small surface aréa, épproximately ] cm2 single
crystal or polycrystalline catalyst samples, can readily be used

as long as the reaction rate is greater than 10'6 product molecules/
surface atom/second. The scheme of one of these anparati is shown 1in

AT torr) tha reaction rate and

Figure 16. At low pressures (10
product distributions .are monitored by quadrupole mass spectrometer while

the surface structure and compositicn arz determined by Tow-2narcy elaciran
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diffraction and Auger electron spectroscopy, respectively, during tha
surface reaction if desired. Then, a small cup (totél volume approxizateiys
10 cm3) can be placed around the crystal samp1e that isolates it froa3 tha
rest of the chamber that can be pressurized to over 100 atmospheres, if
desired, during: the mixture of gaseous reactants. The high pressure
reaction chamber is connected to a gas chromatograph that serves to momitor
both rate and ﬁroduct distribution in this circumstance. The structure

and composition can be determined in situ by LEED and Auger electron
spectroscopy before and after the high pressure experiment once th2 cua

is removed. Crystal.samples may be heated during both low and hich

8 torr can be maintained ocutside

pressure experiments and a vacuum of 10~
the pressurized cup in the reaction chamber. Tha effact of adding an
irpurity or a second constitutani (alloying) to the surface on tha
reactivity, can also be studied in this system. The second constituest
may be vaporized at low ambient pressure onto the surface of the crys:iallinz
sample from an external vapor source until the desired sufféce comsositicn
is obtained. The crystal surtace can be cleaned by ion bombardrment Inat
is also available as an attacnment on the reaction chamber,

This and similar instrumentgﬂthat allow one.to study reaction razas
and product distributions on small area cryStal surfaces and catalys:
surfaces have been used in our studies of the mechanism of heterozanszcus
catalysis and the nature of active sites. The studies that are grizariiv
concentrated on hydrocarbon reaction as catalyzed by platinum cryszal

surfaces, will be reviewed below.

8. Molecular Beam Surface Scattering. Anothzr apparatus

that is very useful in studies of the mechanism of catalytic survacs
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: used in _

reactions is shown in Figure 17. This is/a molecular beam-surface scattering
experimen%zin which a well-collimated beam of the reactant gas or gas
mixture is scattered from a crystal surface and the products that are
desorbed after a single scattering at a ggven solid angle are detected
by mass'spectrometry. By rotation of ‘the mass spectrometer around the
sample, the angular distribution of the scattered products can be determined.
If the incident molecular beam is chopped at well-defined frequencies,
the time of flight of the incident molecules between the chopper and the
detector is determined by phase shift measurements?3 This information
ytelds the residence time of molecules on the surface. Chopping the
product molecules that desorb from the surface permit determination of
their volocity. The experimental variables of this system are fhe
tehperature, atomic structure and coﬁposition of the surface and the
velocity and the angle of incidence of the molecular beam. In reactive
scattering experiments the mass: spectrometer detects the product distri-
bution and rates of formationof product molecules (reaction probabilities
or single scattering) as a function of the system variables. From the
dependence of the reaction rate on the incident beam velocity (or "beam
temperature“).the activation energy for adsorption, if any, is deter-
mined. From the surface temperature dependence of the rate of activation
energy of the surface reaction is obtained. The surface residence time
of the molecu]es,'the kinetic energy and angular distribution of the
products reveals the nature of énergy transfer during the gas-surface

interactions.23

A detailed description of molecular beam-surface scattering experi-

22,23

ments and the results of these studies are given elsewhere. Here
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we shall discuss only those studies that are important in verifying the

nature of active sites in heterogeneous catalysis.

Cleaning and Preparation of Single Crystal Surfaces

The catalyst crystal samples are generally cut from single crystal
rods that are e]éctron beam zone-refined to obtain low impurity concen-
trations (in the ten parts per million range). The common impurities in
p]atihum samples are carbon, calcium, phosphorus and sulfur; these must
be removed before commencing with the studies of catalytic reactions.

The catalyst samples were prepared by orienting with a Laue back-reflection
X-ray technique, spark cutting an approximately 1 mm thick slice with the
proper crystallographic orientation exposed and polishing both sides and
gtching. The carbon; phosphorus and sulfur impurities can be removed by
oxidation in 5x10"8 torr of oxygen at “1000K. The adsorbed oxygen is
removed by heating the sample to 1300K in vacuum. The high concentration
of calcium impurity which possibly remained in fhe sample from the reduction
of the platinum ore, could only be removed by extensive oxidative heat
treatments. The sample was oxidized at 1500K in 10'5 torr of oxygen for
24-48 hours. This treatment fixes calcium on the surface in the form of

a stable oxide which will decompose with calcium vaporization from the
surface upon heating to IQOOK. A small amount of calcium impurity may be
removed also by argon ion bombardment at 1100K., The clean platinum sur-
face structure can be identified by both low-energy electron diffraction
pattern and the Laue X-ray diffraction pattern.

The cleaning of the various cata1yst sambles has to be scrutinized
for each materials studied. For iron, the major impurity is sulfur and

its removal has to be carried out outside the vacuum system in a furnace
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in.a constant hydrogen flow for a long pericd of.time (days). Trace
metallic impurities or nonmetallic impuriti=s may be removed either by
argon ion bombardment in the vacuum chamber or by chemical treatment.
using gas-surface interactions of differeﬁﬁ types.

We shall restrict our discu;sion of studiés on b]atinum surfaces

that will serve as a model of surface studias of other catalysts.

4, Chemisorption of Hydrocarbons on Low and High Miller Index Surfaces

of Platinum, Iridium and Gold.

Chemisorption of Hydrocarbons on the Platinum(111) and (100) Crystal Faces

The adsorption and ordering characteristics of a large group of
organic compounds has been studied on the nlatinum (100) and (111) single
crystal surface;%# Low-energy electron diffraction has been used to deter-
mine the surface structures. Work function change measurements have been
wade to determine the charge redistribution which occurs on adsorption.
The molecules which have been studied are acetylene, aniline, benzene,
biphenyl, n-butybenzene, t-butylbenzene, cyanobenzene, 1,3-cyclohexadiene,
cyciohexane, cyclonexene, cyclopentane, ethyiene, n-hexane, mesitylene,
2-methyInaphthalene, napthalene, nitrobenzesne, propylene, pyridine, toluene
and m-xylene. The shapg'and.the bonding characteristics of the organic
molecules have been varied systematically so that correlations can.ﬁe
made between. these properties and their interaction .with the metal surface.
The two .piatinum.crystal faces, (111) and (100), that were used as

substrates in this study have six-fold and fcur-fold rotational symmetry,

respectively., Thus, we can find out how th2 atomic surface structura of
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the metal influences the nature af chemisorption of the vartous organic
molecules. The adsorption of malecules with mo1ec§1ar dimensions smaller
than substrate interatomic distamces usually gives risé to the formation
of ordered adsorbed structures with the rotational symmetry of the sub-
strate such that the unit vectors of the overlayer are closely related to
the substrate unit cell vector€>  Thus in most cases local interactions
between substrate and adsorbate seems to play a dominant role in deter-
mining their adsorption characteristics. However,‘as the surface density
of smali molecules is increased adsorbate-adsorbéte interactions often
becohevincreasingly important as evidenced by continuous two dimensional
compressions in the unit cell size for some of the adSorbates.ZG.
| Studies of the adsorption of large molecules where the molacular

size is 1argervthan the interatomic distanées in the substrate is especially
interésting_because of the possibility that-]ocajized surface atomeadsorbed
molecule interaction may not p]ay-a cominant role fn the interaction between
the substrate and the adsorbate. Large molecules may interact simultaneously
with several surface atoms upon adsorotion so that the ﬁharacteristics of
the adsorbed layers may be less controlled by the local substrate bond while
the adsorbate-adsorbate interaction becomes more predominant. In the ex-
treme, the interaction of these 1érge molecules with metal substratas may
be similar to the interaction of larse polarizable rare gas stoms, sucn as
xenon with metal substrates.27’23 The surface %tructure of adsorbed
xenon at high coverage is independent of the atomic structure of tne.
substrate.

Ze have found that most of ths monolayers of organic molacules that

were studied did not undergo chemical change on these low Millar Indax



-29-

platinum surfaces during the adsoration studies that were carried out at
low pressures (]0-:j - 107° torr) ana in the temperiture range of 300 -
500 K, but remained intact so that their ordering characteristics and

surface structure could readily bz studied.

Summary of Experimental Findings

All'theiorganic molecules stuciiad adsorb on both the Pt(111) and
Pt(100)-(5x1) surface. The results of adsorption éxperiments are shown in
Tab]e§ I. i‘ Ordering in the adsorbed layer was more pronounced on the
Pt(111) surface than on the Pt(100)-{5x1) surface. One of these ordered
surface structures, the struéture of adsorbed monolayer of benzene on the

Pt(111) face is shown in Figure 1&. In general, the

adsorped layer is more ordered and causes a larger work function change
(WFC, Ad) on adsorption if the incident flux is lower., The work function
cdecreases with adsorption for all thz organic molecules studied. This
implies that.the adsorbed molecules are acting as electron donors to the
metal surface. This might be expected since the metal has a high work
function (75.7 V) and all of the rwlecules studied are polarizable.

The maghitude of the work function change associated with the adsorp-
tion of unsaturatad hydrocafbons wnera m-electrons make major contributions
to the bondfng is in the range of -1.3 to 2.0 volts. Saturated hydro-
carbons that'Were studied produca much smaller work function changes, in
the range of -0.9 to -1.2 volts. The Targest work.function-changes was
observed.during the adsorption of syridine (-2.7 volts) and reflects tha
large contribution of the nitrogen lone electron pair and/or the permanent
dipole moment to the charge transfar,

The work function change on adsorption for most of the moleculas
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studied varies approximately inversely with the first ionization potential
of tne adsorbate.24: The data is scattered, however there are many types
of molecules represented, some in fact have sizablebpermanent dipole
moments. |

Several compounds undergo pressure dependent transformatiohs (usually
above 10'6 torr adsorbate pressurs) on the platinum surfaées studied;’in
fact the transformations occur over unexpectedly long time periods, For

instance, at a surface pressure of 1078

torr typical transformation times
involve several thousand seconds of exposure. The compound studied which
undergoes transition at 20°C as indicated by changes in WFC and diffracticn
information are benzene, 1,3-cyclohexadiene (deﬁydrated to benzene on the

surface), cyclohexane, n-hexane, cyclopentane, and mesitylene.

. i
These transitions are changes in the chemistry of the ;

adsordate-surface interaction since thay occur with only a few of the mola-
culas studied. |

The adsorption and ordering characteristics of tha vérious hydro-
cardon molecules on the low Millar Index platinum surfaces are discussed
in gre=at detail elsewhere. These two surfaces appear to be excellent
substrates for ordered chemisorption of hydrotarbons that permit one to
study the surface crystallograony of these important organic molecules.
The conspicuous absence of C-# and C-C bond breaking during the chemisorptio?
of hydrocafbons below 500K and at low adsorbate pressures (10—9 - 10'6
torr) clearly indicates that tnese cfysta] faces are poor catalysts and
they lack the active sites that can break the important C-C and C-d chemica’
bonds with near zero activaticn enerqy.

Joon heating the adsorbed organic layers above 550K partial desornii:n



and partial thérma] decormosition of the molecules take olace. Thus C-&

and C-C bond breaking on the terrace sites require considerable activaticn
energy that can be overcome at higher surface teﬁperatures or by the
application of higher reactant pressures, Heatingvthe surface abqve 90scK
results in the formation of a graphitic overlayer that exhibits a diffraction
pattern characteristic of the basal plane of graphite.

Hydrocarbon Chemisorption on High Miller Index(Stepped)Platinum Surfaces

The chemisorption of over 25 hydrocarbons has been studied by low-
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energy electron diffraction on four different stepped crystal faces of
platinum? the Pt(S)-[9(111)x(100)], Pt(S)-[6(111)x(100)], Pt(S)-[7(111)x
(310)] and Pt(S)-[4(111)x(100)] structures. These surface structures

are shown in Figure 7 . The chemisorption of hydrocarbons produces carbon-
aceous deposits with characteristics which depend on the substrate
structure, the type of hydrocarbon chemisorbed, the rate of adsorption,

and the surface temperature. Thus, in contast with the chemisorption
behavior on low Miller Index surfaces, breaking of carbon-hydrogen a 6

even at 300K and at low adsorbate pressures (10°7-10"
carbon-carbon bonds can readily take place at stepped surfaces of platinum/

torr),

Hydrocarbons on the [9(100)x(100)] and [6(111)x(100)] crystal faces form
mostly ordered partially dehydrogenated carbonaceous depdsits while dis-
ordered carbonaceous layers are-formed on the [7(111)x(310)] surface,.
which has a‘high concentration of kinks in the steps. The distinctly
‘different chemisorption characteristics of these stepped platinum surfaces
can be explained by considering the interplay of four compéting proéesses:
(1) the nucleation and growth of ordered carbonaceous surface structures,
(2) dehydrogenation, i.e., breaking of carbon-hydrogen bonds in the
adsorbed organic molecules, (3) decomposition of the organic moleéules,
i.e., breaking of bofh carbon#hydrogen and carbon-carbon b;nds at steps,
and finally, (4) rearrangement of the substrate by faceting. On the
[9(111)x(100)] and [6(111)x(100)] crystal faces, processes (1) and (2)
predominate, On the [7(111)x(310)] face process (3) predominates, while
process (4) is the most important on the [4(111)x(100)] face. The lack of
reactivity of low Miller Index surfaces in hydrocarbon reactions indicates
the importance of steps in breaking carbon-hydrogen and carbon-carbon

bonds so important in various surface reactions of hydrocarbons.



Atomic’steps and kinks, i.e. low coordination number sites, are responsible
for decomposition via dehydrogenation and C-C bond breaking of hydrocarbon
molecules that can take place at these sites with near zero activation energy.
In the absence of a large concentration of the low coordination number sites,

" the hydrocarbon molecules remain intact below “450K.and at low pressures
("10'6 torr) and their surface crystallography may be readily studied;
However, in the presence of atomic steps and kink§ only carbonaceous re-
sidues remain on the surface that are the products of decomposition of the
varioqs hydrocarbon molecules that participate in chemisorption or in surface
chemical reactions. The prdperties of this carbonaceous residue is also
important in heterogeneous catalysis as will be~sh6wn below. Platinum dis-
plays a unique surface chemistry in that low coordination number sites are
predominantly responsible for bond-breaking processes. In the absence of
these sites the low Miller Index surfaces do not. exhibit bond breaking at

6 torr). Such a marked change

low temperatures (~450K) and pressures (<10°
in the chemical activity from surface site to surface site is one of the
major attributes of platinum that is responsible for its unique catalytic
activity.. On iridium surfaces as will be discussed later even on Tow Miller
Index surfaces partial decompogition of hydrocarbons may occur even at low
temperatures and pressures due to the stronger adsorbate-substrate, hydro-
éarbon-meta]-bonds. Even though for other transition metals the chemistry
of Tow coordihation number surface sites is likely to be different from the
terrace atom sites that are predominant on low Mil]er Index surfaces, the
hydrocarbon mojecules may not remain intact on either high or low Miller
Index crystal paces. Platinum and perhaps pa]]adiuh and nickel are the ele-

ments to show this drastic variation of reactivity when one compares low and

high Miller Index crystal faces at low temperatures and reactant pressures.
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The Chemisorption of Hydrocarbons on Gold and Iridium Crystal Surfaces

The chemisorption of hydrocarbons, ethelyene, cyclohexene, n-heptane,
benzene and napthalené at room temperéture and above, were studied on both
the gold (111) and gold [6(111)x(100)] stepped surfaces?d The difference
in the adsorption characteristics of hydrocarbons on gold surfaces and on
platinum surfaces is striking. The various light hydrocarbons studied
(ethylene, cyclohexene, n-heptane and benzene) chemisorb readily on_the
platinum (111) surface. These molecules on the other hand do not adsorb
on the gold (111) surface under identical experimental conditions as far
as can be judged by changes that occur in the Auger spectra. Napthalene
that form§ an ordered surface structure on the (111) face of platinum,
forms a diSordéred layer on adsorption on the gold (111) surface.

The stepped [6(111)x(100)] face of platinum reacts readily with all
- of the adsorbed hydrocarbons and certainlg}znose that are listed here.
The partiaily dehydrogenafed carbonaceous layers that form as a result
of dissociated hydrocarbon chemisorption are larely disordered. In
contrast, stebped gold surfaces of the same atomic'strhcture remain inert
to adsorption of the light hydrocarbon molecules just as the gold (111)
crystal face and the chemisorption behavior of the two types of gold
surfaces, low and high Miller Index surfaces, are indistinguishable.
Napthalene, however, adsorbs on both gold surfaces and the adsorption
behavior indicates dissociative chemisorption. The hydrocarbon fragments
that form are strongly bound.

These results indicate that while chemisorptidn of hydrocarbons on
platinum surfaces requires little or no:. activation energy, chemisorption

on gold has large enough activation energy for most hydrocarbons to prevent
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| adsorption at the studied low pressures (10"6 torr) and temperatures (less
than 550°C). While the activation energy for surface reactions such as
the rupture of C-H and C-C bonds is greatly reduced at atomic steps on
the platinum surface, this effect is not at all apparent on gold surfaces.
The chemisorption of acetylene, ethylene, benzene, and cyclohexane
were also studied on the (111) and stepped [6(111)x(]00)] iridium crystal
surfaces?0 Chemisorption characteristics of the iridium (111) and platinum
(111) surface are markedly different. Also, the chehisorption charécteristics
of the iridium Jow.Miller Index (111) surface and the stepped iridium
[G(III)X(IOO)] surface are markedly different for each of the molecu1e§
that was studied. The hydrocarbon molecules form only poorly ordered
surface structures on efther the (111) or stepped iridium surfaces.
Acetylene and ethylene (CZH2 and C2H4) form surface structures that are
somewhat better ordered on the stepped iridium than on the low Miller
Index (111)iridium metal surface. The lack of ordering on iridium surfaces
as compared to the excellent ordering characteristics of these nnlecules
on the platinum (111) surface indicates either the lack of mobility of
hydrocafbon moleculeslnecessary for ordering at these temperatures or a
chemical reaction, i.e., decomposition., The observation that CZHZ’ C?_H4 and
C6H]2 all yield the same diffractioﬁrpattern on the stepped iridium
surface regardless of molecular sizé‘wou]dfsuggest that decompositioﬁ
occurs on ibidium substrates éven at 200K on stepbed iridium surfaces.

The degree of decomposition appears to be different on the two crystal
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faces at foom temperature, being higher on steppéd fridium surfaces than
on the (lij) irfdium surtace as the diffearences in éurface structure and
flash desorption studies indicate?o The poorly ordered (2x2) structure
which has been observed on Ir{G(]]])x(100)] surfacés aftar adsorption of
C2H2 and CZH4 at room temperature is not found on.the iridium (1171)
surface below 500K. This could indicate a higher dégree of dehydrogenation
on the stepped surface than on the (111) surfaces . ’
The difference between the iridium (111) and platinum (111) surfaces
in their reéctivity to C-H bond breaking as indicafed by flash desorption‘
. spectra is striking. From the platinun (111) crySta] face, ethy]ene,
acetylene and benzene can all be desorbed in large quantities, uoan heating.
On the.iridium (111) surface, however, benzene is the only adsorhate that
cin be desorbed'upon flash desorption. Ethylene remains largely on the
surface, only a few percent of it is removed by heating and acetylene. can-
not bevdesorbed at all. Only hydrogen evolution is obsarved under conditions
of fiash desorption.
| The differences between tne ordering characteristics of the platinum
and iridium (111) surfaces aftar heating to high temperaczura (above 300°C)
following hydrocarbon adsorption, are marked. Iridium (111) yields an
ordered (9x9) coincidence carbon structure. This structure can ba attributad
to hexagonal overlayers of carbon similar to that of tha bHasal plane of
graphite or benzene, deposited on the (111) surface, A sinilar structure
was found on the platinum [6{111)x(100)] surface when this surfica was
heatad to high temperature in the presence of various nydracarbons. Howevar,

on the p1atinumv(lll) surface under similar experimental ccnditioas, one

observes a ring-like diffraction feature that is charactaristic o7 a
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graphite overlayer with rotationally disordered domains.

It appears that the stronger metal-carbon interac:tion on iridiunm
surfaces imposes the periodicity on the carbbn atoms in the overlayer
while the structure of the graphite over]éyer on the platinum (111) face
is independent of the substrate periodicity and rotatignal syrmetry.
Ordering of the dehydrogenated carbonaceous residue on th2 stepped iridium
surface is absent when the surface is heated to above 1130JK., Atomic steps
of (100) orientation appear to prevent the;formation of crderad domains
that are predominant on the iridium (111) crystal face. The reasons
for this are not clear. Perhaps the rate of carbon-carbcn bond breaking
on account of the staps is too rapid to allow nucleatian znd growth of
the ordered overlayer. On the (111) face, the slower danydrogenation allows
ordering asvobserved. It is tempting to list the sfeoped and (111) iridium
and platinum surfacas according to their ability of braa<ing C-H and C-C
bonds as Ir[6(111)x(120)] > Ir(111) = Pt{6(111)x(100)] > Pt{111). The
surfaces at the : two ends of this series ar2 no:t likely to be
versatile catalysts in reactions wherz C-H and C-C bond <issociations
are necessary.' Tha stepped iridium surface would decompose the reactants
too rapidly and the residue that forms would block the surtacz rather
well to further chemical reaction. The platinuh (111) surface intaracts
with the reactants too weakly and would not efficiently >raak the chemical
bonds. The surféces in the middle of the series would likely be verv
versatile catalysts. This contention is, of courszs, subjactad to
experimental scrutiny a:i the prasent,.

5. Chemical Reactions on Platinum Crystal Surfacss

The H2-D2 Excnanga on Platinum Crystal Surfaces 2: Low Prassuras
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-One ofAthe fundamental questions of heterogeneous catalysis is how
surfaces lower the activation enar3y for simple reacticns on an awomic
scale so that they proceed readily'on the surface whfle the same feaction
in the gas'phase is improbable. T-a reaction of hydrogen and deuteriuml
molecules to form hydrogen deuteride is one of the simmle reactioas that.
takes place readi]y on metal surfacas even at temperatures below 100K.

The same reaction is completely innibited in the gas phase by the large
‘dissociation energy of H2 or D2 (123 kcal/mole). Once the H2 rolacule

is dissociated, the successive atcm-molecule reaétion (H + 02 = HD + D)

in the gas phase still has a potential energy barrier of rougnly 13 kcal/
mole; The HZ-D2 exchange reaction was studied by Bernasex et al. 31
using.platinum single crystal surfaces .of low and high Miller Index.
Under zonditions of the experiments which put strict limitations an the
residence time of the detected moiacules, the reaction product HD could not
be detected from the (111) crystal face. However; the reaction product
was readily detectatcle from the rign Miller Index stepoed surface. The
integratad reaction probability {cafined as total desorped #AD flux divided

1

by H2 flux incident on the surfaca2) is approximately 15~ wnile HJ formation

was delow the limit of detectanility on the platinum (111) surface (re-
action probability less than 13'5). Thus, atomic steps at tha2 olatinum
surtace must play controlling roles in dissociating tha diatomic molecules.
Figure 19 shows the scattering distributions from Eoth.the (111) and the

d s ) . . v . ‘
steppad platinum surfaces. Varving the chopping frequency of

ine incicent molecular beam has vi2lded



HD residence times of about 25 milliseconds on a stepped platinum surface

at 700K surface temperature. Such long residence time should result in
complete thermal equilibration between the surface and the reaction products.
Indeed, it was found by experiments that the desorbing HD beam exhibits
cosine angular distribution as seen in Figure 19,

The pressure dependence of the exchange reaétion indicates than an
atom-molecule reaction or possibly an atom-atom reaction on the surface is
the rate limiting step. The absence of beam kinetic energy dependence of
the rate indicates that the adsorption of hydrogen does not require acti-
vation energy. The surface is able to store a sufficiently large concentration
of atoms which react with the molecules by a two branch mechanism, The
rate constants for the H2-02 reaction were also determined under conditions
of constant hydrogen atom coverage. At lower temperatures'(below 600K)
the rate constant for this exéhange is k1 = 2x]05 exp(-4.5 kcal/Rt)sec’].

The rate determining‘step appears to be a Langmuir-Hinschelwood type reaction
between the diffusing D2 molecules on the surface to a step site where the
hydrogen atom is located, where HD is formed by a three center or a two
center reaction (subsequent to D, dissociation at the step). At higher
temperatures, (above 600K) the reaction between an adsorbed hydrogen atom
and an incident 02 gas molecules competes with the low temperatureabrqnch.
This reaction, thus, appears to follow Eley-Rideal mechanism. The rate

2y exp(-0.6 kca]/Rt)sec']. The catalyst

constant for this branch is ky = 10
action of the platinum surface for the exchange feaction is due to its
ability to adsorb and dissociate hydrogen molecules with near zero

activation energy and to store atomfc hydrogen onvfhe surface thereby

converting the gas phase molecule-molecule reaction to atom-molecule or an
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atom-atom reaction of low aczivation energy. The detailed mechanism of
HZ-D2 exchange on platinum crystal faces is described elsewnere.3: Similar
techniques are being used to study deuterium exchange with metharne and
other hydrocarbon molecules %o tast the C-H bond breaking process on a
variety of.metal crystal surtaces.

The HZ;-D2 exhange reactisn was also studied by Palmer et a1.32 on
platinum and nickel surfaces hat were prepared as evaporated thin films.
They observed angular distrizutions that are peaked near the surtace
normal following a cosine nel relationship, where CRY is the angle of
desorptioh from the surfaca relative to the surface normal. Tha value
of n varies from 2.5 to 4.3 zan the different surfaces studied. Tiis
angular distribution instead af cosine 8, indiéates pernaps incosiete
accommodation of the reacticn product with the surface. The c=2ak2d angular
distribution could be relatai to the presence of impurities sucn 2s carbon

and sulfur contamination on the metal surfaces. There is evidenca from
33 '

-
i

the experiments of Sticknay 2t al. that as the surface is ciezned of

sul fur, oxygen or carbon, n 2pproaches unity. Copper, on the cihar hand,

3]

snows noncosine angular distribution for scattered HD even Trom z clean
surfaca. Un]ike for plating;, the adsorption of _H2 or 02 is activatad
on a copper surface., The 2c:ivation energy of adsorption is 2304t 5
kcal/mole as determined by Zalooch et a1.34 from the beam tamserzzura
dependenca of the reaction srobability. It would.be of importanca to
measure the velocity of tna scatterad products in addition to <hair
angular distribution in or<ar to determine the naturz of en2rzty Iransfar
Datween the HD product -olecul2s and the surface priar to dasor2%ion.

These studies are in progress inseveral laboratories.
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Dehydrogenatidn and Hydrogenolysis of Cyclohexane on Platinum Crystal
4

Surfaces at Low Pressures (less than 107" torr)

In a series of studies, the variation of the turnover number for this
reaction (the number of product molecules/platinum surface atoms/second)
with the hydrogen to hydrocarbon ratio at a constént hydrocarbon pressure of
4x8'8 torr was determined. The results are shown in Figure 2D for the

several stepped surfaces studied. The reaction rates increase with

increasing hydrogen to hydrocarbon ratio. If no hydrogen is introduced

into the reaction chamber the catalyst behaves Very differently. No benzene
is produced and cyclohexene production is reduced greatly. There is

also a higher than normal amount_of carbon residue on the surface, approxi-
mately one monolayer. Pretreating the catalyst‘in hydrogen and then
removing it prior to hydrocarbon introduction does not increase the

activity for dehydrogenation or hydrogenolysis.

We shall present the results of the reaction rate studies for dehydro-
genation and hydrogeno]ysié that were oﬁtained on stepped platinum surfaces
first%s Then we shall present the same rate data obtained for stepped
surfaces which have a 1argé concentration of kinks in the step. In Figure
21A the turnover number for dehydrogenation to benzene and hydrogenolysis
to n-hexane are shown as a functidn of step density at 423K. The dehydro-
genation rate is independent of step density, while the hydrogenolysis
rate increases with increased step density. The hydrogenolysis rate that
‘was measured via the rate of formation of n-hexane, one of the hydrogenolysis
products was lower than the rate of dehydrogenation to benzene. The molar
hydrogenolysis product distribution, (saturated aliphatic hydrocarbons

only), appears to be a C6:C3:C] = 1:1:4, Even though n-hexane is a
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minority hydroqeno]ysfs aoroduct, it is a reliable measure of the degree
of hydrogenolysis because of its ease of mass spectronatfic detection and
it is not formed in a background reaction with the walls of the reaction
chamber. Besfdes the saturated hydrogenolysis products and benzene, we
found the o]efinié products cyclohexene, ethy]ene, and sropylene. Cyclo-
hexene is an intermediate in the dehydrogenation to benzane and its |
various reactions will be discussed separately in the next section. The
olefinic product distribu;ion of ethylene: propylene: cyclohexene: benzene
151021:0:5:1.'

The turnover numbers for dehydrogenation and hydrccenolysis on kinked
surfaces are shown in Figure ZIBL The kink density.is 2afined as the
number of kink sites per square centimeter (the fotai n.Tbar of atoms on
the surface is approximately ].leo]slcmz).‘ For examniz, on the Pt(S)~
{7(111)x(310)] surface every third atom along the step snould, on the
aVerage, be in a kink position. Therefore, for this surface the step
density is 2.0x1014/cm2 and the kink density is approxinataly 7x10]3/cm2.
By comparing the turnovar numbers with those obtéined Trom stepped surfaces
that were shown in Figure 21A, it abpears that the rate 37 hydrogenolysis
is markedly higher in the prasence of kinks. The denycrocenation rate
is approximately constant and remains unaffectad by variation of kink
density while the hydrogenolysis rate increases by an arder of magni tuda
fro: 2 surface that is almost free of steps, Pt(]i?}. Tha kinks in the
steppéd surface appear ts be very effective in breaking C-C bonds l=ading
to-much enhanced hydrocenolysis rates. The hydrogenolvsis oroduct distri-
butions do noﬁ change anoreciably with step or kink dehsity, only the raia

increases. The independance of the dehydrogenation raz2 from the stao
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and kink density shows that this reaction is indeed structure-insensitive.
The hydrogenolysis rate increases with kink density just as with increasing
 step density, thus, hydrogenolysis appears to be structure-sensitive.

There was always an induction period of 10‘to 20 minutes before the
benzene product reached its steady state rate of production as detected
by the mass spectrometer after the introduction df cyclohexane onto the
crystal surface. This is shown in Figure 22 for several catalyst temperatures.
The catalyst was initially at 300K. When steady state reaction rates
were obtained, the catalyst temperature was rapidly increased (in
approximately 30 seconds) to 423K and the reaction rate monitored. This
was repeated with heating to 573K and 723K. The.beﬁzene desorbed during

13 molecules or

‘rapid heating of the cata]yst surface is approximately 1x10
less and represents only a smal]_fraction of the carbon on the surface.

The steady state reaction rates at a given temperature are the same whether
the cata]yst was initially at that temperature or another. This induction
period coincides with a higher‘than steady state uptake of cyclohexane.

A mass balance calculation on carbon, utilizing the known adsorption and
desorptioﬁ rates of reactants and products during the induction period
indicated that carbon was deposited on the surface. The amount calcul%ted
agreed reasonably w§11 with that determined by the Auger electron spectra
taken after the reaction mixture was pumped from the chamber, since the
electron beam may induce polymerization of hydrocarbons and further

carbon deposition. The formation of the adsorbed‘carbon layer always
precedes the desorption of benzene and olefinic pfoducts. However, the

amount of adsorbate changes as a function of temperature. This is shown

in Figure 23, A 4:1 ratio of the carbon 274 eV Auger peak to the platinum

[
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238 eV Auger peak corresponds to a complete monolayer of carbon by cali-
bration with acetylene. The carbon coverage ranges'from 0.1 monolayer at
300K to almost 1.0 monolayer at 723K. The line has a slope of 2+0.2 kcal/
mole. During and after the reaction this carbon deposit was always present
on the surface not only at our low pressure reactfon conditions, but also
after reactions that were carried out in another apparatus at higher
pressures  (approximately 200 torr total pressure).

The temperature dependence of the dehydrogenation and hydrogenolysis
rates for the»various crystal faces at a fixed hydrogen to hydrocarbon
ratio of 20:1 is shown in Figure 24. The dehydrogenation rate to benzene
decreases slightly at 723K. The rate of formation of olefinic products
have a similar temperature dependence as that of the rate of formation of
benzene. The hydrogeno]ysi§ rate to saturated pfoducts increases with
increasing temperature and an Arrhenius plot gives an activation energy
of 3:0.3 kcal/mole that is the same for all of the crystal faces within
our experimental accuracy.

We have found that the dehydrogenation reaction of cyclohexane to
form benzene was sensitive to the ordering of the.carbonaceous overlayer
as shown in Figure 25, Initia]]y, the 6ver1ayer was ordered on all of
the Stepped surfaces that were studied and dehydrogenation yielded more
benzene than cyclohexene. The low-energy electron dfffraction pattern
from the carbon deposit formed on stepped surfaces in 20:1 hydrogen to
hydrocarbon feaction mixture at 423K and above has a hexagonal unit cell
approximately 5.1 K on a side., This is about 5% larger than the next
nearest neighbor distance of Pt and considerably smaller than the Van der

-] . [+}
Waal's radius of either benzene (7.3 A) or cyclohexane (7.6 A) indicating
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that the adsorbed layer is at least partially dehydrogenated and the
diffraction pattern is certainly not due to the intatt reactant or product
molecules. Complete dehydrogenation that occurs on heating the adsorbed
layer to above 1000K yields graphitic deposits characterized by ring-like
diffraction features of 2.46 Z unit cell size. After several hours of
reaction time, the carbonaceous overlayer slowly disorders. Simultaneously,
the rate of production of cyclohexene increases while the rate of benzene
formation decreases until the product becomes predominantly cyclohexene.

As shown in Figu-e 2% for the Pt(S)-[6(111)x(100)] surface at 423K, the
initial 2:1 benzene to cyclohexene product ratio typical for dehydrogenation
on ordered carbonaceous overlayers becomes 1:3 on a disordered overlayer.
Thus, for:all practical purposes, the dehydrogenation on disordered over-
layers produces cyclohexene as further dehydrogenation to benzene is
poisoned.

A small amount of oxygen on a stepped surface is an effective poison
for dehydrogenation. If the catalyst sample was not vacuum reduced at
1375K after oxygen cleaning, approximately 0.1 of a monolayer of oxygen
(by Auger electron spectroscopy) would be left on the catalyst. This
was enough to completely stop the production of‘benzene and decrease the
cyclohexene production by 50% at 423K on the Pt(S)-[6(111)x(100)]. The
0.1 monolayer coverage would be less than one oxygen atom/step atom if
all the o*ygen was adsorbed at the steps. The oxygen was still present
on the surface after 1 hour of reaction at 423K and standard pressure
conditiohs.‘

The Dehydrogenation and Hydrogenolysis of Cyc]oheXene on Platinum Crystal

Surfaces at Low Pressure$35




-46-

The turnover number for the dehydrogenation of cyclohexene to benzene
is about two brders of magnitude greater than for the dehydrogenation Qf
cyclohexane. In Figure 26A we plot the dehydrogenation rate as a function
of step densfty. The turnover nﬁmber increases rapidly with step density
indicating that urlike the slywer dehydrogénation reaction of cyclohexane,
this reactfon is structure-sensitive. In Figure 26B the turnover number
is plotted as a function of kink density. Although there .is a small
increase in_the dehydrogenation rate, it may be considered insignificant
compared to the marked change of rate with step density.

Unlike the dehydrogenation of cyclohexane, the cyclohexene dehydro-
genation reaction poisons rapidly on many cata]ySt surfaces. Using a
hydrogen to cyclohexene mixture of 20:1, the rate of dehydrogenation
reaches a maximum, then it decreases rapidly as poisoning occurs, the
catalysts losing approximately one-half of their activity in 10-12 minutes.
Figure 27 sh&Qs a representative plot of the turnover number as a function
of time. On many catalyst surfaces, particularly on those with (111)
orientation terraces.'a disordered carbonaceous overlayer forms which
poisons further dehydrogenation of cycTohexene. The poiéoning is greatly
decreased, however, if the carbonaceous overlayer is ordered.

The - overlayer is disordered on (111) orientation terraced stepped
surfaces while thé overlayer orders on surfaces with (100) orientation
terraces upon cyclohexene-hydrogen adsorption at 423K, With an ordered
overlayer, the rate of dehydrogenation remains high for hours and there
is only slow deactivation of these catalysts. On bofh types of catalyst

surfaces the coverage is approximately 1.0 monolayer of carbon after the

induction period during the chemical reactions.
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Hydrocarbon Reactions on Platinum Crystal Surfaces at High Pressures

(1 to ]03 torr). Cyclopropane, Cyclohexane and n-Heptane

Perhaps the most significant step in bridging the gab between catalytic
reaction studies on crystal surfaces at low pressues on the one hand and
on disperéed metal particles at high pressures on the other is represented
by high pressure studies of chemical reactions on crystal surfaces. A
series of experimental apparatus have been developed that permit us to
study cata]ytic reactions on crystal surfaces at high pressures after
suitable cleaning by ultrahigh vacuum techniques andbana]yzing the
surface structure and surface composition by LEED and Auger electron
spectroscopy. Detaiied descriptions of these equipments are given else-
where36a and a brief descriptibn of the most versatile apparatus that
allows the study of the reactivity of the crystal surface at both low and
high bressures, in situ, is in the experimental part of thisrbaper.
Using these various apparati for high pressure studies on crystal sur-
faces, the turnover numbers and product distributions have been deter-
mined for the hydrogenolysis of cyclopropane and cyclohexane, the 3
dehydrogenation of cyclohexane and for the dehydrocyclization of n-heptane.6b
The purpose of these investigations is to determine the rate equations
that govern these reactions at high pressures and compare to the rate
rate equations that were determined at much lower pressures on the same
crystal surface. This_way the mechanism of the same reaction at low and
high pressures are compared and attempts are made to analyze the chemical
changes that occur over nine orders of magnitude reactant pressure range.

These studies are beginning to produce important kinetic information

only in recent years. We shall summarize the exberimenta] information



-48-

available from studies of these reactions on the stepped [6(111)x{100)]
and low Miller Index (111) crystal survacas and compare tne low and high
pressure'rates when these data are availzble.

The hydrogenolysis of cyclopropane was studied at one atmosphere
total pressure on the stepped single crystal surface of p]atinum.4 The
hydrogeno]ysié of cyclopropane was chosen as the test reaction because of
the considerable amount of data and experience which has been collected
in studies of this reaction in various laboratories. The rate is
relatively high even at room temperature on supported platinum catalysts
- and only one product, propane, is formed below 150°C, thereby simolifying
the analysis of the results. Tablell summarizes the results that were
obtained and compares our results on stepped single-crystal surfaces at
attossheric pressure with those of others obtained using supnorted
piatinum catalysts. It appears that at one atmbsphere prassure the
platinum stepped single crystal behaves very much like a highly disbersed
supported platinum cata]ysf for the cyclopropane hydrogenolysis. In
addition, the same studies that were carried out on the platinum {111)
crystal face result in identical reaction rates as. those found on stepped
crystal surfaces of platinum.. These obsarvations support the contention
that well-defined crystal surfaces can be excellent models for polycry-
stalline supported metal caté]ysts. It also tends to verify 30udart's‘
hypothesis that cyclopropane hydrogenolysis is an example of a structure
insensitive reaction. The initial scecific reaction rates thét vere
" reproducible within 10% are within a factor of two identical to nublishad
values for this reaction on highly disoersed p]atihum catalysts. The

activation energies that were observzd for this reaction, in addition o
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the turnover number, are similar enough on the various platinum surfaces
that we may call the agreement excellent. |

In a sérigs of studies the dehydrogenation and hydrogenolysis of
cyclohexane was studied on both the stepped and low Miller Index (111)
crystal faces of p]atinum ét a surface temperature of 300°C and a hydrogen
to cyclohexane ratio of 20:1. While the rates on the stepped and low
Miller Index surfaces were not very different for the formation of benzene
and hexane. The formation of cyclohexene was very structure sensitive;

its rate being 100 times greater on the stepped surface than on the (111)

crystal face. In Table III we compare the initial turnover numbers for the
various reactions at low and hfgh pressures that”ﬁave been studied so far.
The reactién rates may change from 3 to 5 orders of magnitude upon changing
the total reactant pressure by about 9 orders of magnitudeQ Work is in
progress to determine the rate equation, both at low and high pressures,
and to determine the rate constants under these two widely different
experimental conditions. These studies should lead to a complete picture
of the mechanism of hydrocarbon reactions on p]atiﬁum surfaces at both

~ Tow and high pressures. '

6. Active Sites for C-H, H-H and C-C Bond Breaking on Platinum Crystal

Surfaces

Dehydrogenation of cyclohexane and cyclohexene to benzene occurs
"~ readily at low pressures (less than 10'6 torr) on:stepped platinum catalyst
surfaces.35 This is in contrast with the very slow or negligible dehydro-

genation rate of these molecules on the Pt(111) catalyst surface.36 Thus,
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C-H bond breaking takes place at atomic steps, the same steps that are
effective in breaking H-H bonds as revealed by studies in this laboratory
of the hydrogen-deuterium exchange reaction at low pfessures, using

3 Atomic steps on platinum surfaces

molecular beam scattering techniques.
appear to be the active sites for C-H and H-H bond scissions.

We have been able to identify another active site by studying the
ratio of the dehydrogenation rate t« hydrogeno]y§is rate of cyclohexane
to benzene and n-hexane, respectively. While the benzene:n-hexane ratio
is 3:1 on a stepped surface (with roughly 17% of the surface atoms in
step positions), the ratio decreases rapidly wiﬁh increasing kink
densityv(Figunaglm. Using a set of catalyst surfaces that were cut to
maintain the same terrace width (step density equal to 2.5x10]4/cm2), but
with variable kink density in the steps, we have fodnd that the hydro-
genolysis rate increases linearly with kink density while the dehydrogenation
rate remains unaffected. On a Pt(S)-[7(111)x(310)] catalyst surface
approximately 30% of the atoms in the step are in kink positions, (in
addition to the thermally generated kinks). For this surface the benzene
to n-hexane ratio has reached unity. Thus, the microstructure of kinks
in the steps is effe¢tive in breaking C-C bonds in addition to C-C and
H-H bonds. The selectivity of these bond breaking processes at different
atomic surface sites on platinum is certainly significant in that the |
atomic surface structure of platinum may be properly tailored to provide
selectivity in chemical reactions where C-H and C-C bond breaking processes
are to be separated. |

7. The Role of the Carbonaceous Overlayer in Hydrocarbon Reactions on

Platinum Surfaées.
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During_dehydrogenation of cyclohexane and cyclohexene, the platinum
crystal surfaces are alwéys covered with a carbonaceous deposit of 0.1-1.0
monolayer judged by the carbon to-platinqm Auger peak intensity ratio.

The coverage appears to increase with increasing reaction temperature, but
is rather independent of pressure as indicated by récent high pressure
studies on the Pt(S)-[6(111)x(100)] catalyst surfaces in this laboratory.
The overlayer coverage also depends on the particular surface reaction,
higher molecular weight reactants and products (cyclohexene, benzene,
n-heptane, toluene) yield greater coverage than low molecular weighf ‘
reactants and products (cyclopropane, propane, etc.). Low molecular
weight hydrocarbons (cyclopropane, ethane) which do not form carbonaceous
 overlayers do not readily react on platinum surfaces at low pressures.

The build-up of adsorbates during the induction period for cyclohexane

and cyclohexene dehydrogenation to benzene 1ndicates the need for the
formation of carbonaceous over]éyer to obtain the products. This is not

a build-up of the product benzene since it will desorb at a two orders of
magnitude higher rate as evidenced by the rate of cyclohexene dehydrogenation.

During the dehydrogenation of cyclohexane the carbonaceous overlayer
is ordered initially. After a few hours of reaction at 423K, however,
the overlayer becomes successively more disordered as judged by its Tow-
energy electron diffraction pattern. The amount of carbon in the over-
layer, however, remains constant at approximately 0.3 monolayers as
determfned by Auger electron spectroscopy. Simultaneously the product
distribution in the dehydrogenation reaction changes as well. While
benzene is the dominant product in the presence of the ordered overlayer,

cyclohexene becomes the major product of the dehydrogenation reaction in
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the presence 6f the‘disordered overlayer, Tnis is shown in Figure?25.
Thus, tne disordering of the carconaceous overlayer poisons éha rormation
of benzene, i.e. the dehydrogenation of cyclohexene, and under the reaction
conditions the cyclohexene intarmediate becomes the final product. It
should be noted that the turnover number for the cyclonexane-benzene re-
action is two orders of magnitude higher (approximately 10'3/second) than
for the cyclohexane-benzene reaction (approximately lo's/second). Thus,
the presence’of the disordered overlavers poisons the fast sacond step,

~ but not the first slow step in the dehydrogenation of cyclohexane to
benzene.

The marked effect of the ordaring characteristics of the carbonaczous
daposit on the reaction rate is 21s0 clearly dispnlayed during our studigs
27 tha dehydroganation of cyclohzsxene. As shown in Figure27, there is
rapid poisoning of the dehydrogsnation rate within minutes as the disorderad
caroonaceous overlayer forms. Sowever, when the overlayer is ordered
{(on (100) orientation terraced surtaces), the catalytic actfvity decreases
ruch more siowly. Again, the pcisoning of benzene production is prevented
by the tormation of an ordered ovarlayer. Since the nlatinum catalyst
surtace is covered with a carponaceous layer at low as well as at nigh
pressures, we must consider this layer an important part of the surface
reaction.

Carbonaceous overlayers can have an important-effact in both the
catalytic activity and selectivity of a metal surface. neinberg, Deans
and Herri]137 postulated that tn2 carbonaceous overlayer is tha catalytic
site for the hydrogenation of 2:hylene on the Pt(111) surfaca and

. .~ ~ ’:'3 .
similarly by Gardner and Hansen”™ for tungsten stepped surfaces, Yasumori
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et a1.39 found preadsorbing acety]ené prevents poisoning or restores the
activity of a palladium film for the hydrogenation of ethylene. In af{
three cases, the structure of the carbonaceous overlayer has a marked
effect on the catalytic activity in a m&nner which is not simple site
b]ockage poisoning. Holbrook and Wise40 found a specific pretreatment
of their Pd catalyst which involved oxygen activation and hydrocarbon
preadsorption could markedly affect the electivity of an isomerization
reaction. The rate of dehydrocyclization of n-heptane, as well as the
selectivity to isomerization and hydrogenolysis, was observed in this
1aborator&4] to be dependent on the ordéring of the carbonaceous over-
layer. These observations, in addition to the data presented in this
paper indicate that the formation of the carbonaceous overlayer on the
catalyst surface can affect the selectivity as well as activity of a
catalytic reaction. The presence.of thése effects at both atmospheric
and Tow pressures and on a variety of metals indicates the importance of
the carbonaceous overlayers and the need for their further characteri-
zation. This leads to the conclusion that not all carbon on a catalyst
surface is deleterious and only amorphous forms cause site blockage
poisoning. |

8. _The Mechanism of the Dehydrogenation of Cyclohexane and Cyclohexene:

Expanded C]aésification of Reactions According to Their Structure Sensitivity.

In dispérsed metal catalysts, the metal is dispersed into small
particles, the order of 5-500 R in diameter, which are generally located
in the micropores (20-1000 R) of-a high surface area support. This
provides a large metal surface area per gram for high, easily measurable

reaction rates, but hides much of the structural surface chemistry of the
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catalytic reaction. The surface structure of the small particles is
unknown; only their mean diameter Can be measured and the pore structure
could hide reactive intermediates from characterization. Some of the same
difficulties also hold for thin films., However, we can accurately char-
acterize dnd'vary‘the surface structure of our single crystal catalysts
and in our reactor the surface composition c(an also be readily measured;
both are prerequisites for the mechanistic study of the catalysis on the
atomic sca]e. _

We have been able to identify two types of structural features of
platinum surfaces that influence the catalytic surface reactions: (a)
atomic steps and‘kinks, i.e. sites of low metal coordination number anxd
(b) carbonaceous overlayers, ordered or disordered. The surface reaction
may be sensitive to both or just one of'these structural features or it
may be totally insensitive to the surface structure. The dehydrogenation
of cyclohexane to cyclohexene appears to be a structure-insensitive
reaction. It takes place even on the Pt(111) crystal face that has d.
very low density of steps and proceeds even in the presence of a disordered
overlayer. The dehydrogenation of cyclohexene fo beniene is very structure-
sensitive. Ifrrequires the presence of atomic steps (does not occur on
the Pt(l]]) crystal face) and the presence of an ordered overlayer (it
is poisoned by disorder). Others have found the dehydrogenation of

42, 43 on dispersed

cyclohexane fo benzene to be a structure-insensitive
metal catalysts. On our catalyst, surfaces which contain steps, this is
also true, but on the Pt(111) catalyst surface, benzene formation is much
slower. Dispersed particles of any size will always contain many step-

like atoms of low coordination, and therefore, the'reaction will display
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structure-insensitivity. Based on our findings, we may write a mechanism

for these reactions by identifying the sequence of reaction steps:

C.H,.,(gas) C_H,.,(gas) ‘ C_H_(qgas)
6712 ordered or 612 66

disordered

overlayer

low step
C H,, (ads)— Ll + C.H,(ads) ~C H_(ads)
612 610 ordered 66
overlayer

The slow step in the dehydrogenation of cyclohexane to benzene is
the productibn of the cyclohexene intermediate at these low pressures
on stepped surfaces. Cyclohexene dehydrogenates'very rapid]y'at a step
to form benzene; approximately 1 in every 3 collisions of a cyclohexene
molecule with an unpoisoned step results in the fofmation of a benzene
molecule. -Howéver, on the Pt(111) surface, which’is practically free of
steps, the rate of dehydrogenation of cyc]ohexenevhad become slow

36 Sinfelt, Hurwitz and Shu]mén44 concluded

v

the dehydrogenation of methylcyclohexane to toluene, a very similar

enough to be rate-limiting.

reaction to cyclohexane dehydrogenation to benzene, was rate limited by
the desorption to tolyene. Their arguments are equallyvalid if the slow
step was the desorption of methylcyclohexene, followed by its very rapid
dehydrogenatibn to toluene which would be hidden by the pore structure.

44a :
Maatman, et al., postulated the slow step,,in agreement with out results,

45 have

as the formation of an intermediate species. Haensel, et al.,
observed the intermediate cyclohexene species at very high (approximately
30,000 LHSV) space velocities. This indicates the intermediate is also
found at atmospheric pressure reaction conditions énd is very reactive

at the step and edge atoms which must exist on the dispersed metal particles.
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In addition to dehydrogenation reaczions, hydrogenolysis is also
taki;g placé on éhe alatinum surfaces. =7 —oni*oring tha banzana2 oo
n-hexane ratio on tﬁe various catalysts 2s a function of surface sfructure,
we have identified\steps as primarily.res;onsible for C-H and H-H bond
breaking and kinks for C-C bond breaking in addition to C-H and H-H bond
scissions. Thus, hydrogenolysis is initiated at_kinks in the atomic
steps. Since we need specific surface sitas for-hydrogenolysis to occur
this is also a structure-sensitive reacticn. However, hydrogenolysis is
insensitive to the state of ordering of tha carbonaceous overlayer. It
proceeds whether tha carbonaceous overlayver is ordered or disordered.

It appears that the classification of strutturg-sensitive reactions
should bé expanded %o separate those reactions that exhibit step (or kink)
sensit%vity iﬁto one group and those tha:t are also sensitive to the
structure.of the over!ayer, into another group. This expanded ciassifi-
cation is shown in Table I¥Y' . In addizion to the dehydrogenation and
hydrogenolysis reactions described in this paper we have included two
other reactions that were studied recsniiy, It would be of great
value to include in this classification s2veral other hydrocarbon reactions
(isomerizatidb,‘hydrogenation, exchancej. ™More reactians afe presently
being studied to expand these results on cnaracterized surfaces. ilonogue
and Katzer46 Have proposed a.subdivision of structﬁre-sensitive
(demanding) reactions along very siniiz~ lines. 'Primary structure-
sensitivity' is tae effect of changing zarticle size or step and kink
density. Their 'secondary structure-ss~sitivity’ in;]udes effacts of
self-poisoning and oxygen impurity on reaction rate. Thé selr-poisaning

pnenomena is, for nydrocarbon reactions on nlatinum, at least at low

L5



pressure, the sensitivity of a reaction to the order in the carbonaceous
overlayer. However, caution must be exercised in studies of structure-
sensitivity as the reaction mechanism or the surface structure may change
markedly with pressure, temperature and reactant ratio. Most of the sur-
face structure-sensitivity of Various catalyticbreactions was derived
from the particle size dependence of the reaction rate on polydispersed
metal catalyst systems. Although there is excellent agreement between
the classifications of the varibushreactions based.on studies using supported
metal catalysts with variable particle size and our studies using various
single crystal surfaces, this may not be the case for all reactions.
Perhaps the‘step density or the kink density is'propbrtional to pa-ticle
siie while the ordering characteristics of the carbonaceous overlayer may
or may not be affected by changes of particle size. In addition, studies
similar to - thdse reported on platinum must be carried out using crystal
surfaces of other transition metals to ascertain that these arguments are
more broadly applicable to describe the catalytic chemistry of transition
elements. There is evidence that the heat of adsorption of hydrogen on

47

palladium crystal surfaces varies markedly with step density ' while gold

crystal surfaces exhibit chemisorption behavior that is independent of

step density.29

9. A Descriptive Model of Hydrocarbon Catalysis on Platinum Surfaces.

Studies to correlate the reactivity and the surface structure and
composition of platinum surfaces indicate that the active platinum crystal
surface must be heterogeneous. The heterogeneity involves the presence

of various atomic sites that are distinguishable by their number of
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nearest neighbors (atoms in terraces, in steps and in kinks), and also
variation in surface chemical composition. A model that depicts tie
active platinum surface is shown schematically in Figure 29 - Part of the
surface is covered with a partially dehydrogenated carbonaceous overlayer,
ordered orvdisdrdered, from which 'islands' of platinum clusters pro-
trude. These are the platinum atoms in steps and at kinks that are
factive in various C-C, C-H an’' H-H bond breaking activity. Perhaps
because of the ease of dissociation and higher bihding energy of hydrogen
at the steps, these sites and their vicinity remain clean (as long as
there is ekcess hydrogen) and represent areas of high turnover number.

The species that form as a result of bond scission at these clusters may
rearrange and then diffuse away onto the terrace thaf is covered with the
overlayer, where desorption takes place. Alternately, rearrangement

takes place on the ordered carbonaceous overlayer prior to desorption.

The heat of desorption should be lower on the portion of the surface that
is covered with the overlayer than at an exposed step.

It should be noted that the presence of excess hydrogen is always
necessary during hydrocarbon reactions even in those circumstances when
the reaction is hydrogen producing'(dehydrogenation,bdehydrocyc]ization,
etc). It appears that the main role of excess hydrogen is to keep the
step and kink sites clean. The reduction of the hydrogen pressure can
lead to immediate deéctivation as it is frequently experienced in reactor
studies. | |

The discdvery that kink sites in steps are effective in breaking C-C
bonds in addition to C-H and H-H bonds, thereby initiating hydrogenolysis

reactions may also explain the effect of trace impurities or second
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comp;nent metals that introduce selectivity. Since these kink sites have
fewer nearest neighbors than step or terrace sites, they are likely to
bind impurities or other metal atoms with stronger chemical bonds. Thus,
these sites arelreadi1y blocked by impurities. As a result selective
'poisoning” of hydrogenolysis may be obtained by minute concentrations of
well-chosen impurities or another metal component.

10. Theory of Low Coordination Wumber Active Sites on Surfaces

The large differenca in the bond breaking ability between various
surface sites that are distinguishable by the number of nearest neighbors
must be the result of their unique local structural environment and charge
density. The charge density at a corner on the surface has been calcu-
lated‘by Kesﬁbde] and Fa]icov48 employing the configuration that is
depicted in Figﬁre]9 . iheir calculations utilized the jellium rodel for-
the metal that permits computations of the charge density at the surface
éelf-consistent1y and also utilized the free electron gas properties of
tungsten. At the corner site there is enhanced amb]itude of the charged
density fluctuation (Friadel oscillation) that leads to an increased
potential energy, A), for g]ectrons on the corner atom. The magnitude
cf this potehtia] enercy difference for free electron; betwaen the corner
sites and away from it dapends on the local atomic structure at the sur-
face irregularity. As a result some of the free electrons are displaced
away from the corner site leaving there benind a net positive cnarge.

The number of electrons, All, that are removed from the corner sitas is
praportional to &ila-i3+d(E¢) wnere D(E.) is tne density of statas at tne
Fermi level while the magnitude of &y is determinad by the locii s:2p

structure. Thus, thara is a large local electric fi2ld aresent 2t the
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cornér sites of the order of 0.38 V/E that should He1p to further polarize
the incoming molecules that have well-defined po]Arizabf]ities and break
them apart. The higher the density of states of the Fermi level, the
larger is the positive charge at the corner site.. For transition metals
the density’of states at the Fermi lavel is very large indeed while for
nontransition metals D(Ef) can be quite small. Some of the values of
.D(Ef) that have been determined are Pt: 2.1 e/V/atom, Ni: 1.1, W: 0.7,

Cu: 0.4, Au: 0.3. These values yiald A4 of =0.6, -0.3 and -0.2 for Pt, i |

and W takihg Ad = 0.3 volts. Thus, Tor metals with large values of D(Ef)
| there are ]arge variations of charge density at surface irregularities
(i.e., low coordination number sitas). For gold, on}the other hand, AN
| is abeu =0.09, Thus, surface irrezuiarities do hot show much charge -
Zensity variation with respe;t to 2ixs at surfaée sites away from stens.
Therefore the surface is likely to oresent uniform charge density to the
incoming reactants and is homogeneous ragardless of variations of surface
sites. These conclusions are certainly supported by our expériments of
chemisorption and chemical reactions on platinum, gold and iridium sur-
faces. While surface irregularitiss like atomic steps have different
chenistry for platinum and iridium, zoth metals with high density of
states, gold surfaces siow the same cnemical behavior regard]ess»of surface
atonic struéture.

?or pTatinum C-H, H-H and C-C >ond breaking occurs predominantly at

low coordination number sites (st2os 2nd kinks) at low pressuras and |
- temperatures while atoms in terr2c2s ira relatively inactive undar thasa
exnarimental conditions. Thus, th2 -ond scission activities for thase

three bond breaking processes could 2 identified by experimants on low
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and high Millér.Index surface with relative ease due to the marked change
in reactivity with step and kink density. For iridigm and for that matter
for most transition metals to the left of platinum,in the periodic table,
C-H, H-H and C-C bonds may be broken on atomic terréces as well due to the
increased M-C and M-H bond energies. Thus, distinguishing between the
chemical activities of surfate sites of differeht coordination number may
be somewhat more difficult., Detailed experimental aﬁa]ysis of the chemi-
cal behavior of different surface sites on cobalt, iron, rhodium and
ruthenium, etc. surfaces is yet to be carried out. It is likely that
larger binding enefgy diatomic molecules, CO and N2’ should perhaps be
more sensitive probes of the bond breaking abi]itieé associated with
different low éoordination number sites of these elements than hydrocarbons
withn Qeaker‘chemical bonds.

Anile low coordination number sites, steps and kinks, are the active
sites for bond breaking in platinum, the atomi; terrace sites with larger
coordination nUWbers may also becamé active sites with unigue chemistry.
for other elements. It will perhaps become'possible to identify the bond
breaking ability o7 various coordination number sites of a given metal in
breaking H-H, C-H, C-C, C=0, =N, etc. chemical bonds. By variation of
the atomic surface structure that would change the relative contentrations
of the different coordination number surface sites, the product distri-
bution in surface chemical reactions may be markeadly varied.

Falicov and Tsangr9 have calculated tha charée density distributian
at cérner sites in ionic and rare gas crystal surfaces. For ionic solids,
low coordination number surface sites should irave larsas cnargs density
variations and even changes in interionic distancas at stens when compar~24

to sites away from steps. On rara gas crystal surfaces, the charge donsity
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appeérs to be uniform independent of atomic irregularities. These calcu-
lations, no doubt, will be subjected to experimental scrutiny in the not
too distant future. Results similar to that obtained by Falicov et al.
for corners on metal surfaces were obtained by K. Johnson using Xa
computational methods. Calculations are also beihg carried out to deter-
mine the lattice vibrational spectrum (phonon spectrum) and the mean
square displacement associated with surface atoms in steps and kinks. b2a
One would expect that the local field experienced by a transition
metal ion deriving from (1) the self-consistent field of the s-electrons
and (2) the crystal field from the lattice to be different depending on
the ion's position; in the bulk, on the plane surface or near a step
corner. This local field has two major effects: (1) causing a sizable
electron transfer from the ¢ tepped corner to the bulk or vice versa, (23
producing different d-orbital level splittings and different d-orbital
occupations depending on the position of the metal ion. Tsang and

Falicov50

-have calculated the energy levels of d-electrons at different
corner sites when the crystal field is turned on. These calculations
made across the periodic table for ions with different number of d-electrons

2+,-Cr2+, Fe2+, C02+,‘N1‘2+ and Cu2+. Tﬁe d-electron wave function

namesly V
is a product of the radial and the angular part. Assuming that the radial
part is constant, they display the resu]tant constant contour of the
angular part for these various ions. These contours clearly indicate that
the stereo-chemistry of the corner atom can be qdite different from that
of a surfacé étom therefore a different kind of bonding is favored at

different sites. The results of their ca]cu1ations'have been applied to

explain the large differences between the catalytic activity of platinum
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and bo]d at atomic steps.

Studies of the charge density, the energy and the spatial arrangement
of localized electronic orbitals at low coordination number surfaces sites
(i.e, steps and kinks) appears to be an important and challenging area of
theoretical surface chemistry. The effect of surface irregularities on
orbital symmetry considerations, so important in chemical reactions, may
further elucidate the unique chemical activity of these assymetric siteé.
Although potential energy surface calculations either by trajectory or by
transition state methods for surface reactions arevin their inTancy, these
computations.shou1d be of great value to obtain theoretical insight into
the dynamics of surface reactions. Experimental detérmination of surfaca
reactidn rate constants, activation snergies and pre-exponential Taztars
ar2 siow in coming; however, there are enough data aQai]ab]e at oresant
10 provide tests for surface reaction theories. This is certainly “he
case for the H2-02 exchange reaction on various surfaces as the datz Tor
this reaction and for others has been reviewed and tabulated recently.

t is hoped that theorstical models zhat will be developed will taks into
account the heterogeneity of the surtace and the unique chemical ac=ivity
associated with low coordination numoer surface sites of various izcil
atomic structure and symmetry. ’

Perhaps one of the imbortant conclusions of these studies tbaf z0in®
to tha unique chemistry of surface irreqularities, steps and kinds <na®
appear to be active sites, is the controlling influence of tha Toyc2l
atomic structure, local surface cc—wosition and local bonding zz2zw2:2n
abséraapes and surface sitas. Th2 ~icrostructura of tha mefal sur™:ze

controls bond scission and thus the rat2 and path of chemical reac:ians.,

b
4

Calculations taking into account this local bonding oictura saauis -
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to unravel the elementary bond breaking steps in catalytic surface

reactions.

Active Sites on Mon-Metallic Surfaces

On transition metal surfaces much of the chemical activity that re-
sults in the breaking of large binding energy chemical bonds (C-H, C-C,
etc.) is likely to be asﬁociated with surface sites of low coordination
number (steps_and kinks). The question arises to what extent these low
coordination number sites are responsib]e‘for bond scission in non-metallic
catalyst surfaces such as oxides and various other semiconductors. Experi-
mental studies over the past several years indicate that low coordination
number surface. sites arz2 3lso chemically active in non-metallic surfaces.

" Stene et a].SI have studied the decomposition of methanol and formic acid
cn doped Mg0 surfaces. 0Ooping with cobalt and other metals changes. the

surface composition and introduces excess vacancies at tetranedral sites.

The decomposition of hydrocarbons has been markecly enhanced with in-
craasing concentrations o7 these low coordination number defect sites.
Cimino and Indovfnasxa in a similar study found doping Mg0 with Mn in-
creased the concentration of surface defect sites.and increased the rate
of i,0 decomposition and CO oxidation. Boudart et aT.S]b found Hy=0,
exchange occurs at sdecially prepared defect sites on an Mg0 surface.
Thus dafect sites on oxice surfaces, similar to steps on metal surfaces,

have greater catalytic activity.
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Studies of the sticking probability of oxygen on silicon surfaces
5

Pl
to 1 with increasing density of surface steps.

revealed a change from 10~
Crystals with 1érge density of steos may be prepared.by cleavage and their
chemistry can be readily studied. Ibach has assocfaped the increased
activity of dissociatively chehﬁsorbed oxygen to the presence of electron
orbitals that became available on silicon atoms at low coordination number
step sites on surfaces. | | |
Even in the absence of a free 2lectron gas that causes charge redis-

tribution at low coordination number sites on metal surfaces there are

sirong chemical effects associated with atoms in surface irregularities.
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The renybridization of localized elec<ron orbitals should have a marked
effect on tﬁe chemical bonding at thase sites. fhese are indicatad by
experiments on Mg0 and silicon sur?aces as well as by calculations of
crystal field splitting of metal ions in steps and charge distribution at
corners or ionic crystal surfaces. It is likely that low coordination
number sites are active sites for breacing of chémicaﬁ bonds of various
strength and types of non-metallic surfaces as well. Clearly, studies

of the surface chemistry associated with low coofdination number sites in
non-metallic surface is an important arsza of exploration of catalysis
science. |

11. Aspects of Enzyme Catalysis on Me:al Surfaces

Ohr studies of hydrocarbon reactizns on platihum surfaces when
coupled with Auger electron spectroscody determinations of the composition
of the reactive surface indicate that the catalyst surface is covered
with a carbonacesous daposit during the surface reaction either at low or
at high pressure., Thus the reaction intarmediates and prodgcts form in

the presance of, or perhaps with the carticipation of, these carbonaceaus

o

-
“ of ammonia decomposition on tungsten

residues. Studies by Hansen et é].
surfaces also indicate that the reactive metal catalyst surface is -covered
‘with nitrogen or nitrogen-tungstan ccmpounds during the surface reaction.

During the oxidation of ammonia on piatinum surfaces there is avidence by

Auger electron spectroscopy that tenaciasusly held éhemisorbed nitrogen cr
| nitride is present on the surface during the chemical reaction.s4 It is not
too difficult to rationalize the na2cassary presente ar such-an gveriyar
by surfaca taermodynamic arguments. ~r2 <otal surface fre2 energr of

metal surtaces would b2 lowered by tnz srasance of carbon or nitreian
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contéminatidn or other deposits. The surface segregation of impurities
such as calcium, carboh or sulfur are well demonstrated by electron
spectroscopy studies. The driving force for éurface segreqation of thesa
impurities oh metal surfaces largely caones froh the lowering of the surface
free energy of the metal catalyst systen due to their presence. Thus,

- the catalyst activityiis associated not with the metal surface but with

the metal-carbon on metal-nitrogen, i.2., the metal-adsorbate system. It
is perhaps misleading to consider the -=tal alone as providing the catalytic
surface as one ought to scrutinize the surface properties of the catalyst
in the presence of the réaction mixturs., In this circumstance tne sur-
face carbonacedus overlayer or other cesosit attributable to the reactant
is 1ikely to be an active participant in creating the actives cata]yst‘
surface.

More importantly, the carbonaceous deposit on the platinum catalyst
surfaces was often ordered, and ordering imparfed to it unique prcperties.
Tne presence of an ordered overlayer 21iminated the poisoning of dehydro-
genation reactions (C6H1O to C6H6). Tr2 denydrocyclization of n-haptana
to toluene wduld.only occur in the oresance of the ordered carbonaceous
overlayer that must form during the course of the reaction. On platinum
crystal surfaces wher¢ ordering of tn2 aydrocarbon residue was innibited
by either the atomic surface structure o7 platinum or by the reaction
conditions, dehydrocyc]ization could not occur at all in compatition with
the much more fatile hydrogenolysis c¢r isomerization réactions.

ft appears'that complex molacuiar rearrangaments on tﬁe SLrTC2 ra-
quire the presence of an orderad ovarizvar or tehp]ate to csm:ete

successfully with other simpler reac<izns that take place at an aspracianiy
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‘faster rate. The rates of hydrogenolysis or isomerization reactions are
about one Qrder of magnitude faster than the denyqrocyciization rate of
n-neptane to toTuene at low pressures and also marxedly more facile at
jhigh pressures. It is not unreasonable to suggeét_that the ordered
overIayer.provides the template for slower, more ccmoiax chemical re-
arrangements during the course of the surface reaciicns by providing sites
.at proper disfances and symmetry communsurate with the molecular dimensions
and structure of the complex product to be formed. Future studies must
explore the precise experimental conditions for orZaring of the carbon-
aceous overlayer, its composition and the unique'réfa:ionship between its
structure and that of the product molecules. It is'}ikely that this
sinple mechanfsm for product selectivity is also -2 croperty of other
catalyst surfaces that are employed in hydrocarbon resactions or in re-
zctions of nitfogen and oxygen containing compounds toth in reducing and
cxidizing environments. Perhaps these overlayer szrictures provids the
Sridge bgtueen neterogeneous catalysis and enzyme catalysis.

12. Possible Correlations Between Homogeneous and -2%arogeneous Catalysis

Heterdgeneous catalyst surfaces with their muliitude of irragularities,
5t208 and‘kfnks, of various configurations proviis ready sites for bond-
Sra2aking processes of many types that may occur siTultaneously. Homogeneous
-catalysts that consist of a single metal atom sUrr;unded by Tigands canrc®
225ily match the varied reactivity of the heterascanaous surface especially
in breaking strong chemical bonds of different %tvz2s., However, tnars are
sinmilaritias between the homogeneous and hetero@enec;s systems that are
alr2ady apparent. Internal rearrangement of the:ﬂcieguTe tnat rasults in

2xchange among the surrounding ligands is much f2s=2-, ind takes plice -
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a time scale much shorter than the exchange of thevligand with extarnal
molecules. . Likewise, rearrangement of adsorbed molecules taxkes place

much faster than desorption of the final product on heterogeneous surfaces.
Thus, rearrangement on the surface of both heterogeneous and homogeneous
systems is faét éompared to external chemical exchange. We should increase
the surface area of the homogeneous systaem and provide metal-metal bonds

to further increase the similarity. Metal clusters, i.e., molecules with
several metal atoms joined together and then stabiliged by suitable ligands,
are likely to approximate the catalyst activity of the heterogeneous systams.
Clusters of this type, even bimetallic clusters, ha?e already been syn-
thesized. It appears that the assymetric structure of a step or kink is
important in providing the charge density distribution and orbital con-
figuration necessary to break strong chemical bonds. Assymetric clusters
mizht be able to exhibit bond breaking acitivty similar to that of steps

and kinks on metal surfaces.

We may then view the relationshfp between homogeneous, neterogeneous
and enzyme catalysis as depicted in Figure 29. The two dominant featuras
o7 heterogeneous metal catalysis, the importance of low coordination
number sites to break chemical bonds and the structural properties of
overlayefs that control the path of more complex surface reactions, ara
the bridges between these fields. Future studiés will verify hcw well

these views are justified.
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Figure Captions
"Model of a heterogeneous solid surface depicting different surface
sites. These sites are distinguishable by'their number of nearest
neighbors.
Stereographic triangle indicating various crystallographic orientations
of face centered cubic solid surfaces using Miller Index notations.
Low-energy electron diffraction patterns and schematic representations

of the surface configurations of platinum single crystal surfaces.

12

R ¢
(a) Pt (111) containing less than 10 defects/cmgg (b) Pt(557) sur-

14 step atoms/cm2 with an average spacing between

steps of 6 atoms and (c) Pt{673) surface containing 2.3><1O]4 step

14

face containing 2.5x10
atoms/cm2 and 7x10° 7 kink atoms/cmz.with an average spacing between
staps of 7 atoms and between kinks of 3 atoms.‘ |

Difiraction pattern and cnematic rebresentatioﬁ of the Pt(111)

crystal face. ,

Diffraction pattern from tne Pt(]OO)-(Sx]) structure. )gchematic ra-
presentation of the (100) surface with hexaqona]_over]ayer.c)biffraction
pattern from the Pt(100)-:1x1) structure.(igchematic representation

of the (100) surface.

A stereographic triangle of a platinum crystal depicting the various

high Miller Index surfacas of platinum that were studied.

Diffraction patterns and scnematic represeﬁtatﬁons of additional plaiimur
stepped surfaces used in taese studies: (a) P£(S)-[9(111)x(109) at

84 v, (b) PE(S)-[4(111)x(193) at 3¢ ¥, and (c) PL(S)-[7(111)x(213}

at 43 v, |

Scneme of the low-enerqy eiactran diffraction tachnique.



9.4 Typical diffraction patterns ©rco the (111) face of a npilazinun singie
crystal at four different incidant electron beam energia=s: {a) 51 eV,
(b) 63.5 eV, (c) 160 eV and (d) 181 eV.

Diffraction patterns of a cle;n Pt(111) surféce'and from z surface with

—
o
.

adsorbed ordered acetylene exhibiting a (2x2) structure.

1. é Comparisans ofrtheory and expariment for intensity-enercv crofilas
from Pt(lT]).at room temperature for (a) the (00) beam znc {b) the
(10) beam at three angles of §ncidence. The verticle sc2izs are of
relative intensity in arbitrary Onits and are not necessarily compatible
from one curve to the next. 772 theoretical results werz zalculated
on tihe assumption of the bulk interplanar spacing for 277 zicmic |
layers parailel to the surfaca.

12. Energy-]eveifdiagram represenzaiion of (a) photdé]ectrcz emission and
(b) X-ray absorption.

13. Energy-level-diacrzm represenzition of the excitations v  a) Augzar

electron emission and {b) X-ray fluorescence,.

14. Auger electron spectroscosvsexperimental configuratisn and enersy
diagram,
. . a) .
15. Auger spectra of platinum in tne presence of carbon anc c2rbon rmonoxide
b) .

in the clean state.

16', Scheme of the experimental asnaratus to carrv dut catail/Iic r2acting
rate studias on sinqla crys:af suirfaces at low and a- DT Tolc ER-SISA0 I
in the range of 1977 torr to 37% ore.

17. Schematic of tha altrahigh vazuun molacular beam surface :zziizaring

apoaratus.



18.

19.

20.

21.

22.

23.

24.
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Diffraction patterns for the benzene surface sfructure of the Pt(111)
crysté] face taken at several voltages and a schematic diaqram of the
unit cell. The benzene is shown in two orientations. A1l dimensions
are inbz.

Scattering distribution of HZ’ D2 énd HD formed at the surface from
platinum (111) and platinum single crystal surfaces. On single
scattering, HD Signal from the Pt(111) surfaée is not observable.

The steady state rate of production of benzéne and cyclohexene from
cyclohexane as-a function of hydrogen to hydrocarbon ratio. The
reaction conditions are 4x10'8 torr of cyc]oﬁexane and 423K catalyst
temperature. A - Pt(S)-[7(100)x(111)]; O - Pt(S)-[3(111)x(100)];

0 - Pt(S)-[6(111)x(100)]; O - Pt(S)-[6(111)x(710)j;‘O - Pt(S)-{7(111)x
(310)]

(A) Cyclohexane dehydrogenation to benzene (-0-) and hydrogenolysis
to n-hexane (-A-) as a function of step densify; (B) Cyclohexane
dehydrogenation to benzene and hydrogenolysis to n-hexane as a function
of kink density at a constant step density of 2.0x10]4/cm2.

Induction period for the production of benzene (—) and cyclohexene
(=--) from cyclohexane. Hydrogen to cyclohexane ratio of 20:1;
cyc]ohexane pressure 4x10"8 torr.

The amount of carbon on the catalyst surface at-steady state reaction
under standard conditions. An Auger peak height.ratio of 4.0
corresponds to approximately 1.0 monolayers of carbon. Line through
points at a 2 kcal/mole slope.

Temperature dependence of dehydrogenation of cyclohexane to benzene (-0-)

and hydrogenolysis (-A-). The overall activation energy for hydrogenolysis
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"is 3+.5 kcal/mole. Standard reaction conditions, data for Pt(S)-

[6(111)x(100)].

25.! Inhibition of benza2ne (-0-) from cyclohexane and increasing cyclohexene

2. |

|

formation (-C3-) with time on Pt(S)-[6(111)x(100)] surface. All catalysts .

with\(]]]) orientation terraces behave similarly.

Cyclohéxene.dehydragenation to benzene as a function of 1A step
densfty and (B\ kinﬁ density. Standard reaction conditions.

Inhibitﬁon of benzene formation from cyclohexene on disordered
carbonaceous overiayers (—), Pt(S)-[6(111)x(100)] and Pt(S}-[13
(111)x(100)]; and lack of inhibition of ordered carbonaceous overlayers
(-==), Pt(S)-[7{120)x(111)]. , - ;
Schematic répresentation of a platinum catalyst Qith a monolayer of {
carbonaceods ovarlayar showing the exposed olatinum clusters.

Relationship betwzen homogeneous, heterogeneous and enzyme catalysis

as inferred from the experimental studies of hydrocarbon catalysis

on platinum surfaces.
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Table 1 : .
Work function changes and structural information ¥or adsorption of

organic compounds,on the Pt(111) and Pt(100)-(5x1} surfaces.
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vable II
Comparison on initial specific rate data for the cyclopropane hydro-

genolysis on platinum catalysts.
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TAKLE II

Comparison of Initial Specific Rate Data for the Cyclopropane

Hydrogenolysis on Platiaum Catalysts

Calculated specific reaction
rate 8 ?°~> = 135 torr and

Data source ,-TyPe of Cataiyst T = 75°C.
. fmoles TaHg) fmolecules C3Hg
(W) (:::in * Pt site)

Present study Run 10A , 2.1 x 10_—6

Run 124 1.8x 107°

Run 15 1.8 x 107° .

Run 16 2.1x 107°

Average - 1.95 x 107° 312
;egedhsBO;ég' . 0.04 WrZPr . 7.7 x 10—7 410

-omn - al03 :gggd??

dispersica

Boudart et al. 0.3% and 2.0 8.9 x 10’ 480
Pt on n - Als03; ' .
and -6
0.3% and 0.6% 2.5 x 19 1340

9 .
Dougharty” Pt on vy - Al,03
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Table 111
Initial turnover numbers on platinum crystal surfaces for various

hydrocarbon reactions at high pressures and at low preésdres.



INITIAL TURNOVER NUM

(

(300°C)
HIGH PRESSURE

total pressure 215 torr

)

(

BER (sec™') ON Pt CRYSTAL SURFACES

- LOW PRESSURE" 7

total pressure 8x107" torr
REACTION reactant pressure 15 torr/|\ reactant pressure 4XIO‘8forr>

CeHi2 — Cg He 3 6.3x107°

CeHi2— CeHio 2x1072 2.0x1075

CeHio—~ CeHse 100 4x1073
n-heptane—toluene 1072 1075

n-heptane —methyl cyclohexane Ton ~

cyclopropane — propane 150 1073

(total pressure 7x107 torr)

XBL 756-3161

_58_

g

_____
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Table 1V
Classification of reactions by step density and carbonaceous overlayer

dependence.



STEP SENSITIVE

STEP INSENSITIVE

Overlayer Sensitive

Overlayer Insensitive

Overlayer Sensitive | Overlayer Insensitive

Cyclohexene ~Benzene

n—heptane—Toluene

o

Cyclohexane -=Hexane

Cyclohexane-»Cyclohexene

Cyclopropane—+Propane

XBL756-6430

_LS_

o0

c 80k b0
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Unit Stereographic Triangle
with orientations studied @ 9 (111)x(100) ++(54 4) 3
6(111)x(100) ++(557 )
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Fig. 6
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P+S)-[9(111)X(100)

Fig. 7a
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PERIODICITY

XBB 733-2190

Fig. 7b
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P+(S)-[701DX(310)]
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XBB 733-2189

Fig. 7c¢
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Fig. 8
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Insuiator

Fig. 12

Conduction band

XBL707-3389



-102-

| De-excitation |
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Fig. 13
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t
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Fig. 15
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TRANSIENT BEHAVIOR-OVERLAYER FORMATION
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or 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.
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