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G. A. Somorjai

Materials and Molecular Research Division, Lawrence Berkeley Laboratory,
and Department of Chemistry, University of California,

Berkeley, California 94720

Abstract

Developments of new techniques over the past 15 years permits the
investigation of the>structure, the composition and reactivity of solid
surfaces on the atomic scale. Our present knowledge of the structure of

clean surfaces and of adsorbed monolayers as studied by low-energy

electron diffraction is reviewed. Surface crysta]]OQraphy provides in-

formation oh the nature of the surface chemica}-bond.

Electron spectrgScopy studies of‘thé surface phase diagrams (surface
ﬁomposition vs. bulk composition'and temperature) of binary alloy systems
arc reviewed, The surface ehrichment of.dne of the alloy constituents is
cormonly obsérved. The vériods thermodynamic and chemical variables that
control the surface composifioh are‘disEussed.

The reactive scattering of molecular beams from surfaces reveals the

‘kinetics and mechanisms of surface reactions. From. the data the minimnum
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surface residence times of the reactants and products and the partitioning
of energy between the molecules and the surface are determined. The avail-
able experimental data 1is feviewed and the utility of this technique is

demonstrated by discussion of the H2—02 exchange on platinum surfaces.

[N



Introduction

In recent years a very large number of new techniques have become
available that permit the investigation of surface phenomena on the atomic
scale. Most of these involve the scattering of electrons, atoms, mole-
cules or.ions»or photons (espécia]]y in thé vacuum ultraviolet or @igher
energy range). Particles such as electrons and atoms are scattered very
strongly by the topmoét monolayer, thus the scattered species provide in-
formation primarily about the surface. Elastically scatterad (diffrécted)
electrons in the 15-200 eV range are the probes utilized in low-energy;ﬁ
electron diffraction to determine thé structure of an ordered surface or
of an adsorbate (surface crystallography). Electrons that are emitted from
the valence shell or‘from tge inner shells of surface atoms as a result
of bombardment by electrons or photons of higher energy (]0-]04 éV) are the
probes of ultraviolet photoelectron spectroscopy, Auger electro spectro-
scopy and X-réy photoelectron spectroscopy. These techniques are emp]oyed'
to determine the chemical composition of the surface and the oxidation
states of surface atoms with a sensitivity‘of about 1% of a monolayer
-('\JO]3 atoms/cmz). Once we know the arrangemeht and cohposition of atoms
at the surface we may study a variety of surface phenomena involving atom
transport such as surface reactions and establish how.the reaction rate

and reaction path leading to observed product distribution depends on the
surfacé structure and composition. Reactive scattering of a beam of mole-
cules that takes place upon their collision with the surface has been used
to unravel the eTementary surface reaction steps. Studies of surface re-
actions by mo]ech]ar beam scattering reveal the minimum surface residence

time of the reactant that leads to a chemical reaction, the reaction
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probability (number of product molecules/number of incideht reactant mole-
cules) and the partitioning of energy (translation, vibration and rotation)
among the reaction partners, fhe reactants, surface atoms and the desorbing
product mo]ecu]es._'Other methods.of studying chemical surfabe reactions at
higher surface coverages than those used in mg]ecu]ar beam surface scatter-
ing experiments can also profit from re]atin;/ieactivity of thevsurface
with its atomic structure and composition. |

This paper will be divided into three parts. First we discuss our
present knowledge of the atomic surface structure. Much of the atomicv
scale information has been obtained by low-energy electron diffraction
studies over the past 15 years and these will be reviewed. Then we discuss
what is known of the surface composition of mu]ticomponent systems, pri-
mqri]y metal alloys since these have been Studied in most detail, Finally,
we shall review our present understanding of energy transfer durihg sur-
- face reactions and how the reactivity depends on the structure and compo-
sition of solid surfaces. We shall neglect discussions of the techniques
that have been utilized. Reviews on the use of low-energy electron diffrac-

tion,]’2’3'electron spectroscopy4’5’6 and molecular beam scattering” *° are

available and should be consulted by the interested reader.

The Structure of Solid Surfaces

Figure 1 depicts schematically avsolid surface. The surface is
struttural]y heterogeneous, there are several different atomic sites which
are distinquishable by their nuhber of nearest néighbors or coordination
number. There are atoms in terfaces where they are surrounded by the

largest number of neighbors. There are atoms in steps, and at kinks in
4
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" the steps. These sites have ]ess neighbors than the atoms in the terraces.
~ Adatoms that are ]océted on top of the terrace have, of course, the small-
est coordination number. This model of the solid surface has been utilized .
td develop the theofy of the growth of crystals and to explain the wvapori-
zatfon mechanisms of solids and other surface phenomena. New infofmatidn
that has been emerging from our studies, primafi1y single crystal surfaces,
is thét each of the surface sites may have different chemical reactivity.9
Our studies of transitioh metal surfaces indicate that chemiﬁa] bond
breaking (H-H, C-H and C-C bonds) are facilitated at low coordination o
number sites such‘as atomic-steps and kinks that can be present on suitably

prepared surfaces with high toncentrétiohs.]o’]]

If each crystal plane, step and kink sites at the surface have
different chemical reactivity much of the comp]exity revealed in sthdies of
heterogeneous catalysis or corrosion.can readily be rationalized. Small
particles used in heterogeneous catalysis for example are bound by differ-
ent atomic planes and must have large concentrations of atoms in steps
and in kink positions. A Crystallographic model of one such particle is
shown in Fig. 2.' Thus the experimentally determined reaction rate and
product disfribution is that obtained by the sum total of the.rates:gnd
products obtained at each surface site. It is veny difficult, if'ﬁoii';
impossible, therefore, to decipher the reactivity of each active surface
site from the experiméntal data. It is possible, however, to prepare

surfaces of single crystals where one or another surface site is present
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in large concentrations and study them by low-energy e]ectroﬁ diffraction
(LEED), a technique that éan identify these various surface sites. A

scheme of the LEED experiment is shown in Fig. 3a. Low-ecnergy electrons
(10-200 eV) are back-scattered from a crystal surface and the elastically
scattered ffaction (those electrons that did not lose energy in the
collision with the surface) is acce]erafed and impinge on a fluore;cent
screen where the diffraction spoté are disp]ayed.] The diffrattion patterns
and schematic representations. of the three types of surfaces of platinum
that give large differences in relative concentratfons of terrace, step

and kink sites are shown in Fig. 3b. Surfaces where most of the atoms

are in terrace



positions can be easily prepared and these exhibit high thermal and chemi-

cal stability. Alternately stable surfaces with over 20% of the surface

By appropriate cutting of a

single cnysta], one can introduce a high dens1ty of kinks 1nto the steps.]]

atoms in step positions have been prepared.

One may explore the chemistry of each of these surface sites by study1ng
the react1v1ty as a function of step or kink concentration on a series of

single crystal surfaces and compare the resu]ts with those obtained on

small particles. This is then the approach we took in many catalytic

stud1es using single crystal p1at1num surfaces to exp]ore the mechan1sn

of hydrocarbon reactions. H

A. The Structure of C]ean Solid Surfaces

‘There are perhaps twoimajor findings that eherge from low-energy
e]ectron diffraction studies over the past 15 years that were previdusly
not known.

1) Surfacé reconstruction. - Many surfaces have atomic structures
that are different from that expected from the projection of the X-ray
bulk unit cell. The surface atoms assume new equilibrium positions by
out of plane buckling or by "relaxing" inward (contraction) that often
results in entirely different ordered surface structure.

2) Surfaces that exhibit ordered surface irregularities (steps and
kinks) are the stable structure of cnysta] planes of high Miller index.

A larger number of crysta]'p]anes are characterized by an atomic structure
in which terraces of a few atoms wide are separated by periodic steps of

one atom in height. This ordered step-terrace arrangement persists up
to the melting point of many solids. We shall give examples of both of

these properties of solid surface structure.
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Figure 4 displays the diffraction patterns and schematic representation
of the structures of the (100) crystal face of platinum. This surface ex-
hibits the so-called (5x1) surface structure shown in the figure (Fig. 4a).
There are two perpendicular domains of this‘structure and there are 1/5, 2/5
3/5 or 4/5 order spots between the (00) and (10) diffraction beams. The
surface structure appears to be stable at all temperatures from 25°C to the
melting point althoﬁgh at elevated temperatures impurities from the bulk
can come to the surface and cause a transformation of this structLre to the
impurity stabilized (1x1) surface structure (ng, 4c). Preliminary calcu-

lations by Clark et a].‘z and in this laboratory indicate that a model for

Pt(100) in which the surface atoms assume a disordered hexagonal configu-
ration by out~of-plane buckiing is favored. The apparent (5x1) unit cell
is then the result of the coincidence of the atomic positibn of atoms in
the surface, i.e., in the distorted hexagonal layer, with afoms of the .
undistorted second layer below. |

The surface atoms in any crystal face are in an anisotropic environ-
ment which is very different from that above the bulk atoms. The crystal
symmetry that is experienced by each bu]k atom is markedly higher than for
atoms p]acgd on the surface. The change of symmetry and the lack of
neighbors.in the direction perpendicular to the surface permit displacement
of the surface atoms in ways that.are not allowed the bulk. Surface re-

laxation can give rise to a multitude of surfacé structures depending on

the electronic structure of a given substance., The (109) crystals of
gold and iridium that are neighbors of platinum in the periodic table ex-
hibit the same surface reconstruction and the same surface structure as

that of platinum. that is shown in Fig. 4, The (110) crystal faces of these

R



threeve]ements are also restructured and exhibit a different unit cell
than that expected from the bulk X-ray structure. The (111) crysta] face
of these three metals has the same surface structure as that indicated by}
the bulk unit cell. Other ﬁeta]s such as tin, antimony and bismuth also
exhibit surfacevreconstruction. For semicoﬁductors, however, most Frysta]
planes that have been studied show reconstruction.]’3 Monatomic (Sf, Ge)-
and diatomic (GaAs, InSb, CdS, Zn0, etc.) semiconductor surfaces have been
investigated in large numbers and surface reordering has been observed
for most of them.]’3 Frequent]y'tﬂere are changes of surface stfucture .
with temperature (drder—order'transformation) that are often irreversible.

The mechanisms of surface reconstruction is not well understood.
There are models invoking changes of electronic structure at the shrface
| or proposing the presence of surface relaxation or ordered vacancies to_
explain theée findings.]3 Further studies both experimental and theoretij
ca] are clearly necessary to understand the mechanism and nature of sur-
face restructuring. |

The excess free energy introduced by the creation of the surface in-
duces other typés of chemical changes as well in addition to surface recon-
struction._'A]kalf—ha]ide surfaces have unit cef]s not visib]y différent
from what is expected from the bulk X-ray unit cells., However, the'surfgce‘
composition appears to be markedly different. Auger e]éctron spectrbscopy
'stud18576f a]ka]iéhalidesrrevea]ed that excess vacancies are introduced,
the surface becomes enriched fn either cations or in anions depending on
the relative sizes of the positive ions. Oxide éurfaCQS. such as the fur—

face of aluminum oxide and vanadium pentoxide, exhibit both nonstoichio-

metry and change of surface structu,lr'e.]4 It appears that under appropriate
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conditions the cation is reduced at the surface and a lower oxidation
state surface oxide forms (A120 or V365) with surface structure and com- -
position that are different from that of the bulk oxide. Still another
type of surface restructuring is exhibited by the surface of crystals of -
large organic molecules. For example, phthalocyanine crystals can be

epitaxially grdwn on ordered meta] sur"t’aces‘.]5 When copper phthalocyanine

was grown oﬁ the copper (111) surface the surface struéture of the growing

organic single crystal layer did not resemble thé structure of any gf the

bulk
simpler crystal planes in the/structure of the organic crystal. It appears

that the ordered metal substrate predetermined the orientation and packiﬁg
of the phthalocyanine mono]ayef which in turn control the orientation and
packing of organic layers depbsited on top of it. For large moTecu]es
such as phthalocyanine restructuring into a more stable crystallographic
arrangement requires molecular rotation and diffusion processes that are
too slow to occur under conditions of crystal growth. Thus the molecules
are frozen into a surface structure that is predetermined by the structure
of the substrate and the first adsorbed organic monolayer.

| The preparation of surfaces with large concentrations of'stable and
ordered irrggu]arities (steps and kinks) can be carried out by cutting
crystal surfaces along high Miller index directions. Figures 5a and 5b gl_f
show the cutting angles to obtain surfaces with given step and‘kink )
densities and also shows the schematic representations of these surfaces. 3

Stepped surfaces of several metals, semiconductors and oxide surfaces

were prepared this way.]3 It appears that ordered steps of one atom in

re of

height separated by terraces of low Miller index orientation that a
_ X many

the same width, on the average, are the stable surface structures of/high




Miller index surfaces of solids regardless of their chemical bonding. Not

all stepped surfaces are stable however.” Figure 6 shows a stereographic
in our laboratory

triangle for platinum with all the crystal faces that were cut and studied/
indicated by the pbints on the triangle. With the exception of crystal
faces in the regions indicated by arrows, the ordered step structure proved
to be the stab]e surface structure on all these crystal faces. Howsver,
when a crystal face was cut that was located in the region indicated by
one of the arrows (the (510) surface plane for example) this face was un-
. stable and on‘heatiﬁg it undergoes facetting into the two surfaces shown
at the ends of the arrows (the (100) and (210) crystal faces). Thus
studies of the relative structural stability of the various surfaces per-
mits determination of their\re]ative surface free energies (the more stable
surfaces having the lower surface free energy). | |
In several studies of adsorption and surface reaction on platinum
surfaces we have found that atomic steps and kinks are the active sites
to break strong H-H, C-H and C-C chemical bonds. In the absencé of high
concentration of these sites (for example on the (111) surface) thermal
activation or high adsorbate pressures were necessary to obtain bond

breaking activity comparable to that detectable on stepped surfaces.

Theoretical calculations by Falicov et a].]6’17’]8 revealed two major

reasons for this enhanced chemical activity of low coordination number

surface sites. One of the reasons is that at a corner site there is

enhanced amplitude of charge density fluctuations that leads to an in-
creased potential energy (Ad) of free electrons on the corner aton. The
magnitude of this potential enerqy difference for electrons at the corner

site and away from it depends on the local atomic structure at the surface
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irregularity. As a result, some of the free electrons are displaced away
from the corner site leaving behind a net positive charge. The number of
electrons AN that are removed from the corner site is proportional to

AN "~Ap x D(E) where D(Ec) is the density of states at the Fermi level.
The magnitude of A9 is determined b} the local step structure. Thus there
is a ]argerlocal electironic field present at the corner sités of the order
of .3~;4 V/K tﬁat should help to further polarize the incoming molecules
that have well-defined polarizabilities and break them apart. The higher
the density of states at the Fermi level, D(Ef), the larger is the posi%§0e

charge in the corner site., For transition metals the density of states

at the Fermi level is veny.]érge indeed while for nontransition metals
D(Ef) can be quite small, Some of the values of D(Ef)’that-have been *
determined are platinum: 2.1 e/v/atom; nickel: 1.1; tungsten: 0.7;
copper: 0.4; and gold: 0.3. These values yield AN of -0.6, -0.3 and -0.2
for platinum,.hickel and tungsten taking Aé equal .3 volts. Thus, for
metals with large values of D(Ef) there are large variations of charge
density at surface irregularities, i.e., low cqordination number sites.
For gold, on the other hand, AN is about -0.09. The surface irregu]arit:§;/901d
do not show much charge density variaggzn with respéct to atoms at surface

sites away from steps. Therefore thgfsurface is likely to present uniform

charge dénsity to the incoming reactants and is homogeneous regardless

These conclusions are certainly supported

by our experiments of chemisofption and chemical reactions on platinum,n

19

of variations of surface sites.

gold'” and iridium20’2] surfaces. While surface irregularities like atomic

steps have different chemistry for platinum and iridium both metals with

with high density of states, gold surfaces show the same chemical behavior
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regardless of surface atomic structure.
The second reason for the;different chémistfy with changing coordination
number is due to the local field experienced by the transition metal jon at
various surface sites. This local fie]dvhas two major cffects: (1) causing
‘a sizable electron transfer from the stepped corner to the bulk br vice
versa; (2) producing different d-orbital level splittings and différenf
d-orbital occupations depending on the position of fhe metal ion. , Tsang

and Falicov!’

have calcu]éted the energy levels of localized d-electrons
at different éurface sites when the crystal field is turned on. These
 ca1cu1ations made acros§ the periodic table for ions with different number
of d-electrons. The d-electron wave function is a pfoduct of the radial
and the angular part. Assﬁming that the radial part is constant, they
sdisplay the resultant constant contour of the angular part for these various »
ﬁons; These contours clearly indicate thét the stereochemiétty of the
corﬁer atoms can be quite different from that of a terrace aéom, thereforé,
a different'kind of bonding is favored at different sites. The resdlt

of their éalcu]ations have been applied to explain the large differences
between catalytic activity of various transition metal surfaces. Studfes
of the charge density, the energy and spatial arrangement of ]0ca]ized
e]ectronic”orbita]s at low coordination number surface sités, ﬁ.e., steps’
and kinks, appears to be an important and chajlenging area of theoretical
surface chemistny. |

B. }The Structure of Adsorbéd Honolayers

Over the past 15 years, low-energy electron diffraction studies of

monolayers of adsorbates on crystal surface have shown that 1) jadsorbate

monolayers are largely ordered under proper conditions of the experiment,
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2) the surface crystallography reveals the nature of the_surface_éhemical
bond and 3) thefe is a marked crystal plane sensitivity of the surface
chemical bond. Surface irregularities and kinks have differenf bond
.breaking abilities as compared to atoms in terraces. |
It is well estab]ished that atoms of small diatomic mo]equ1e§ order

readily on low Miller index surfaces. There are over 200 surfaée structures
that were detected have been tabu’lated.]’.22 In fact, the tabulated data
pefmitted us to propose rules of ordering for these small molecﬁles that
allows prediction (within certain limits) of theif surface structuregzg
~_The surface structures over - 50 hydrocarbon molecules have been
studied on the platinum (111) and (]00) surfaces. Again, ordering in the
adsorbed monolaysr was more of a rule than an exception. However, caution
should be exercised in estab]ishing the best experimental condi'tions to
.sfudy ordering of the adsorbed layers.. The same hydrocarbon molecule,
benzene for example, that orders readily at 300 K on the Pt(111) surface
may decompoSe readily on the Ir(111) surface or fail to adsorb altogether
on the (111) surface of gold under identical‘experinenfa1 cqnditions. The
metal-adsorbate interaction can be either tﬁo strong br too weqk and thus
ordering is prevented in the monolayer. Ordering can be facilitated

by lowering the surfaée temperature since most bqnd breaking processes at
the.surface require activation energy or in case of weak surface bgﬁdihg..
.]owered surface temperature results in increased surface coverage of the
adsorbate. |

Ordering of large molecules is generally best oh high symﬁetry sur-

faces. (Pt{111) rather than Pt(109), for example). Aromatic molecules

with high rotational symmetry order the best'with'sma]1 substituent groups
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'and.at lqw incident vapon flux. These conditions allow maximum opportunity
for -a molecule, once adsorbed, to reorient-itee]f for incorponation into
the growing ordered region,_ Thus ordering ofi]arge molecules can be seen
to be somewhat different fnom site edsorntion for smaller no]eéu]es. In
the former case the molecule may over]ap many surFace bonding sites and,
be51de requiring suffICient translational mobility, the mo]ﬁcu]e mus t a]so
have sufficient rotational mobility.

--The location of the adsorbed atom or nm]eCUie, its bond distances;
bond angles with respect-to other atoms in the surface can uniquely be
determined by ]dw-energy electron diffraction, .from ana]yeis nf the
- diffraction beam intensities. .Over the pasf 10 years tne theory of low-
energy electron diffrattion\has been developed to the point that we can
determine the surface structure of simple adsnrbates.' The field of surface
erysfa]]ography has been born. |

In Table I we list the.experimentaliy determined bond lengths that
vere obtained from surface crystallography stndies of se?erai adsorbud
atoms on metal surfaces. These results are conpared with the bond ]PHQLh
obtained by summing the cova]ent radii. In most cases the differences
are within .1 A that is claimed for the uncertainty of the experimental
determination, and in no case is the discrepancy greater than(]O%. This
result snggests that the_chemisorption bond is basically covalent for these
atoms which means that theoretice] treatments in terms of localized sur-
~ face complexes and clusters shou]d b2 applicable tp chemisnrption; |
Recently we have éna]yzed thehéurface structure of the first adsorhednnnle-
cule, tnatAof acetylene (CZHZ)’ on the (111) crystal face of:piatinum.25

The nature of bonding of this rolecule to a metal surface has important
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cata]ytic'imp]ications. Figure 7 shows the various molecular positions
that were considered for C2H2 as possible bonding sites. It was concluded
that acetylene is chemisorbed on platinum (]11) in one of two possible
local bonding modes.at a distance of 1.95+,1 R above the topmost plane of
platinum atohs. In the most likely bonding modé_(cz) the molecule is
centered 6n a triangular site, the carbon atdms are equivalent by symmetry
and relevant C-Pt distances are 2.25 K and 2.259 K. In the other possible
bonding mode (B]) the molecule is in an approximately two-fold position
with each carbon coordinating to three plétinum atoms, the C-Pt distances
being 2.47 A and 2.65 K. The C, mode of bonding is found to occur in
various trimetallic metal-alkine complexes whereas the bridging ﬁtructure
ana]ogous.to B] occurs in bimetallic complexes. These findings and
structure analysis contadicts popular notions df acetylene adsorption on
transition metal surfaces that were thought to involve acetylene w-com-
plex coordinated to a single metal atom {model geometry A] or AZ) or a
di-sigma model has often been cited in connection with mechanism of de-
hydrogenation of ethylene, C2H4, to an acetylanic species upon adsorption
with the ligand molecular orbitals in an sz hybrid configuration.
A]thobgh tﬁese bonding modes could be operable in some other bonding
situations, they are not the favored bonding arréngements of acetylene on
the P£(111) surfaces. |

Surface crystallography by low-energy electron diffraction permits

us to determine the chemical bonding of atoms or simple molecules on

solid surfaces. This information in turn will aid in determining the

nature of the surface chemical bond. This may also aid our learning about

adhesion and lubrication and other surface phenomena in the molecular level.
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Surface irregularities, steps and kinks, play important roles in
breaking chemical bonds that otherwise would not easf]y be broken in the
absence of these sites. There are many reports of the variation of heats
of adsorption and the types'of binding states that are available, from
crystal face to crystal face. - A po]ycrysta)lfne surface or the surfaces
of small particles provide several bonding sites each with its own chemi-
cal activity. It is difficult to compare the reactivities of theseb’
.structura]1y and therefore chemically heterogéneous surfaces that are pre-
pared in different laboratories since minof changes in surface preparatiaﬁ
changes their surface structure and thus may harkedly alter their re-
activity. It is therefore essential to correlate the atomic surface
structure and reactivity of model systems such as single crystal surfaces
and using the similarity in chemical reactivity between these crystal
surfaces and polydispersed systems to learn about the atomic surfa;e
structure of dispersed small particles that are utilized frequently as

heterogeneous catalyst systems.

The Surface Composition of Binary Alloys

The composition OF_alioys in the fopmost moﬁo]éyer is 1ike]y to be
very different from the bulk composition for severai reasons and we shall
review brief]y each one of them,

a) For.systems that ethbit régu]ar Sb]ution-behavior, the surface
free energy (which is a]ways_positive) is hinimiﬁcd bylthe segregation of
that constituent with the lower surface tension. For metals that have

high surface tensions as compared to organic surfeces or most oxide surfaces,
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such surface enrichment is likely to be very marked indeed, For a system

26,27

obeying regular solution theory, it has been shown that the compo-

sition of the surface monolayer is givén by Eq. (1).

R ol [ ) )) e @) o

X

where:x] and X,, are the atom fractions in the surface monolayer and bulk,

respectively. In this expression o is the surface energy, a is the molar

“surface area, T is the absolute temperature, R is the ideal gas cons;aht,
, "

Q is the reguiar solution pafameter which is given from the heat of mixing
AHm by
Ny (}i xﬁ ) o (2)

The_pg;king parameter £ gives the fractidn of an atom's nearest neighbors
which are in the same plane parallel to the surface as the atom, Simiiar]y'
m is the fraction of neafest neighbors which are in an adjacent\para11e1
plane. For instance; in an fcc lattice, an atom has 12 nearest neighbofs
so a (111) plane has 6 nearest néighbors in the plane of an atom and 3_
~ nearest neighbors in the plane below the atom. Thus in'thfs case £ =
6/12 and m = 3/12. |

Electron spectroscopy techniques, especially Auger electroh spectrqf}
scopy and photoe]ectron spectroscopy, have beén eminently succés;é51 e
datermining the surface phase diagfams.‘i.e., the surface composition as
a function of bulkvcomposition.and temperature; for several binary meta].
systems. ‘A typical Auger spectrum of an.alloy system that of silver--
go]d'is shown in Fig. 8.8 From the Auger peak intensities one may

determine surface composition for a series of bulk compositions and from
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this data the surfacé phase diagram is deduceﬂ.} The most serious experi-
mental dffficu]ty in converting the Auger peak intensities to surface
concentrations lies in estimating the depth near the surface from which
the Auger electrons of diffefen; kinetic energy are emitted and the relative
scattering power of the two types of atomsl%n this vo]ume samp]edxby the
~electrons. Since part of the Auger signal is due to atoms below the sur-
face, it is essential to subtract this part from the signal intensities
in order to extract the surfacé contributioﬁ. Much of the discrepancy
between results reported from different laboratories on the same_a]lo}?}f
system cah be attributed-to difffcu]tiés in estimating relative contri-
butions of surface atoms to the various Auger peak intensities.

b) Adsorbed gases or impurities segregating at the surface can
markedly change thé surface composition. If one of the constituents
forms strong chemical bonds with the adsorbate (oxygen, €O, carbon,
sulfur or ca]ciﬁm, most commonly) it will be accumulating on the surface
even though that it may not be at the surface in the absence of the
adsorbate. CO, for example, that forms strong bonds with many transition
metal atoms may aid the segregatidn of these atoms at the surface at the
expénse of.other constituents that form Qeak €O bonds. In essence an ad-
.sorbate converts a two-component system to a thfee component system
thereby altering the surface composition at equilibrium. |

c) Solute atoms with large or éma]] radii with respect to the'siéev
-of the solvent (majority) atoms may be "e*cluded“ from the bulk because
they introduce éxceséive strain in the crystal lattice. As a result,
surface segrégafion of one component that is misfit in the crystal lattice

can be observed. The strain energy contribution may enhance the surface
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concentration of that component that would segregate on the surface on
aécount of its effect of decreasing the total surface free energy. Con-
versely this strain energy contribution may oppose the effect of surface
segregation of one constituent fn some cases.

d) There are complex phase diagrams that exhibit the formation of
~ stable compounds of high lattice energy. In thisvcircumstance the energy
nécessary to exchange the two atoms, A ahd B, by removing them from their
equilibrium lattice site is so.large that it overrides the inf]uenc; of
surface forces that would ihduce surface segregation. Thus the bulk
composition pins the surfate composition, i.e., the surface and bulk
compositions remain identical. ‘le have.found in studying the comb]ex
gold-tin phase diagram that this phenomenon occurs at the bulk compoéition
of AuSn-that forms a compound with high cohesive energy.

In Table II we 1ist those metal systems that have been studied by
“electron spectrosc0py and indicate which element is found in exceés at
the surface. |

Since the topmost surface layer is the first line of defense of the
solid against external chemical attack such as corrosion, it is essential
that we determine and learn how to control the surface composition.
Perhaps alloys with unique corrosion resistance under high temperature and
high pfessure conditions can be developed by the addition of smill

quantities df appropriately chosen constituents that passivate the surface

]ayer'by segregating there,

~ Molecular Beam-Surface Scattering

One of the important questions we must answer in order to unravel the
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nature of surface reactions is how.the energy partitions in a chemical re-
action between the reactant, product molecules and the surface atoms.”»®
Also it.is useful to know the neceésary minimum residence time of molecules
on the surface for the chemical reaction to take place. Jo answer these
questions we are studying the interaction of'well—defined beams of mg]e—
cules witn crystal surfaces. ‘The scheme of the mo]ecuiar beam-éurface
scattering experiment is shown in Fig. 9. A beam of molecules impinges on
thé surfaée and the scattered product molecules are detected as a function
of angle (angular distribution) by a rotatab]e mass spectrometer detector,
By chopping the incident beams periodically the flight time of the mo]e—y
cules can be determined. This experimental information yields the surface
residence time of the impinging rolecules before readmission to thé gas
phase and the ve]ocfty and the momentum of the incident molecules and of
the scattered products. The surface structure and composition of theb
crystal surfaces are also determined by simultaneously utilizing low-enerqy
electron diffraction and Auger electron spéctroscopy.

Using this sensitive molecular beam probe we have detérmined that the
amount and type of energy transfer between the incident beam and surface
depends very much on the surface structure énd composition. tolecules
scattered ffom ordered clean metal surfaces undergo little loss of their
kinetic energy (ve]dcity). If the surface is covered with a layer of ad-
sorbed molecules, for example CO, the impinging atoms and moTecu]es lose
all their kinetfc enerqy toithe surface and_are trapped long enough tha;
complete energy equi]ibratibﬁ occurs betweeﬁ the gas and the surface before

the re-emission of the mo]ecu]e.‘?9
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This effect is demonstrated in Fig. IOa and 10b. Here the linear !
signal intensity due fo the scattered beam is plotted as a function of the
scattering angle. The peaked éngu]ar distribution of hydrogen and the fact
that the angle at which the scattered molecular beam has maximuin intensity
‘equals the‘ang]e of incidence of the incoming beam (which is indicated by
the arrow at the abcissa) are characteristics of'speCu]af scattering (Fig.
10a). This type of ping—pong ball like scattering is associa%ed'With poor f ;
energy exchange between the incident gas molecules and the surface. \In
the case when the part1c1es emitted from the surface have comp]ctely equ111-
brated with the surface, one obtains a “cosine Tike angular distribution as
shown in Fig. 10b. When hydrogen is scattered from a mono]ayer/of adsorbed
carbon monoxide, comb]ete energy equilibration occurs between the incident’
molecules and the surface. Much of the energy accbnmndation between incident
particles and the surface depends on the nature of energy transfer between
the translational and rotational modes of the gas molecules (énd vibrationa)
modes if these can be excited or de-excited during the collision) and the
vibrational modes of the surface atoms. It appears that the localized low
‘frequency bending modes of adsorbed carbon monoxide are very effective in
adsorbing much of the translational energy of the incident hydrogen mo]e-
cules. A recent-reviewvsunmarizes the results of energy transfer studies i
during non-reactive molecular beam-surface scattering.7 , 7vi

Reactive scattering studies can be divided -into two groups: 1) the
reaction takes place on the surface undér the cafalytic influence of the

surface atoms that however are not present among the reactants or the pro-

~ surface . '
ducts (for example, Az(gas) 2(gas)"“‘”"'ZAJ(OGS))’ 2) the‘surface atom

is one of the reactants (Az(gas) + S 2(gas))‘ Using a mass spectroneter
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the product distribdtion and the rates of formation of the product mole-
" cules (reaction probabilities) are determined as a function of the system
"~ variables. From the dependence df.the reaction rate on the incident beam
velocity, the activation energy for adsorption (if any) is determihed.
From the surface temperature dependence of tﬁe rate, the activation energy
of'the suﬁface reaction is obtained.

In Table III we list all of the pre-exponential factors, activation
‘energies ‘and reaction probabilities for the surfaco_fea;tions that were
sthdfed by molecular beam scattéring technidﬁes.and where such data vere
reported' From this information a great deal can be learned about the
k]net1cs and mechan1sms of surtace react1ons.

Let us consider, as an examp]e, the mechanism of H-H bond breaking on

platinum surfaces that can be 1nvost1gated by studylnq the exchange of

hydrogen and deuterium to form HD using molecular beam scattering.BO One

of the fundamental questions of heterogeneous catalysis is how surfaces

lower the activation energy for simple react1ons on the atomic sca]:hso
e

that they proceed readily on the surface while the same reactIOn in/ gas
phase is improbable. The reaction of hydrogen and deuterium molecules

“to form hydrogen deuteride is one of the simple reactions that takes place

readily on metal surfaces, even at temperatures below 100 K. The same re-

action is completely 1nh1b1ted in tha gas phase by the large dlSSOClaL10n

energy of H2 or D2 (103 kcal/mole). Once the szmqlecu1e is dlsaoc1ated,

‘the successive atom-molecule reaction (H + D, = HO + D) in the gas phase

still Kas a potential energy barrier of about 10 kcal/mole. If we were

‘to study this reaction at high pressures (about 103 Torr), the exchange

takes place so rapidly on most transition metal surfaces that equilibrium
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is readily established among the various'hydrbgen nolecules, H2?'Dz and

HD. In order to study the kinetics of this reaction one has‘t& carry

out the experiments far from equilibrium. Molecular beam-surface scattering
experiments work the best far from equilibrium at low incident beam pressures

(about 1077-1070 Torr) and at low surface coverages. The H,-D exhange
30

¢

reaction was studied by Bernasek et al. using platinum sing]é crystal
surfaces of low and high ﬁi]]er index. Under the conditions of the experi-
ments which puts strict limitations on the residence time of the detected
molecules the reaction product, HD, could not be detected from théa(]]])
crystal face. However, the reaction product was readily detectable from
the high Miller index stepped surface. The integrated reaction probability -
defihed as total desorbed.HD flux/H2 flux incident on the sdrface,is‘
approximate]y 10'1 while HD formation was below the limit of detectability
ongthe platinum (111) surface (reaction probability less than 10'5). High
Miller index single crystal surfaces are characterized by ordered arrange-
ments of atomic steps of one atom height separated by terraces of low
Miller index orientation. Thus atomic steps at the platinum surface must
play contro]]ihg roles in dissociating tHe diatomic molecuies. Fig. 11
shows the scattering distributions frpm both the (111) and the stepped
platinum surfaces. Varying the chopping frequency of the incident mole-
cular beams have yielded HD residence times of about 25 mffffSeEonhs and
Jonger up to 1 second on a stepped platinum surface in the 700-1000 K
surfaée temperature range. Such long residence times should result in
complete thermal equilibration between fhe surface and the reactant pro-

ducts. Indeed it was found by experiments that the desorbing HD exhibits

cosine angular distribution as seen in Fig. 11.
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The reaction probabi]ity was also-dependent on the.ang]e of H2 inci-
dence. The maximum reaction probabiiity was obtained upon incidence normal
to the step edges. The experimentsvhave also revealed thatdthe exchange
reaction occufs by a‘two-branch mechanism. The faster reaction takes
place at the step while a slower reéction (Qith surfate rés}dcnce times
of seconds) occurs 6n the atdmic terraces, The absence of beam kinetic
energy dependence of the rate indicates that adsorption and dissociaiion of
hydrogenvdoes not requife activation energy. The surface {s able to store

‘a sufficiently large concentration of atoms which react with other surfucé
- atoms by a two-branch mechanism. The rate cbnstants for th? H2~02 r¢action
were also determined under conditions of cOnstant hydrogen ;tom coveraye
and are given in TaB]e II1I. The rate determining step appears to be the
diffusion of D atoms on.the surface to a site where HD is formed by a two
centered reactioh'subsequent to Hé or D2 dissociation at the step. At

higher temperatures the reaction between an adsorbed H atom and an incident

D2 gas molecule may also become an important_rcaction channgﬁ. The catalyst
actibn of the platinum surface for the exchange reaction is due to its
ability to adsorb and dissociate hydrogen molecules with near zero acti-
vvétion enerqgy and to store atomic hydrogen on the surface thereby cbnverting,

the gas phase mo]écu]e-mp]ecu1e reaction to an atom-atom reaction of low

. . \
vactlvatlon energy.

It would be of great importance to measure the velocity of the scattered
products from time of flight measurerments using a mass Spectrowvtef, in
addition to their angular distribuﬁion, in ofder to deternine the nature
of energy transfer between the HD product mo}ecu]es.And the surface prior

to desorption. It is likely that during certain exothermicisurface re-
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actions (for example hydrogen or oxygen atom recombination) much of the
.chemical energy is converted into internal energy and translational energy
of the product molecules. Studies of energy transfer durihd exothermic

surface chemical reactions are in progress in several laboratories.
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Tab]e.l

Adsorbate-Substrate Bond Lengths'Uetermined by LEED!®

Substrate Adsorbate Bond Length (experimental) Bond Length (predicted)

r

Ni (001) 0 197 A 1.90 A

S 2.18 2.28
Se - 2.27 2.4
Te  2.58 2.61
Na 337 3.10

Ni(110) 0 1.91 1.90

S 2.17 2.28

Ni(111) S _ 2.02 2.28

Ag(001) Se 2.80
Ag(111) I 2.75
A1 (100) Na - | 3.52
Mo(001) N 2.02
W(110) 0 2.08

2.61
2.77
3.32

A
[
A
-]
A
[+]
A
A
[
A
A
A
A
A
: [
2.03 A
A

>0 J»0 X0 PO IO 350 0 IN0 IN0 Iv0 b0 Ivo

2.05
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Table II

Surface Enrichment of Binary Hata1 Alloys

Ag-Au(28) Ag
Ag-Pd(3])' Ag
A1-cul32) Al
Au-Cu(33) Au
'Au-In(34) | In -
Au-ni (35) Au
cu-ni (36-37) ' Cu
n-pp(38) Pb
Ni-pd(39) Pd
Fe~Cr(40) Cr ]

pt-sn(41) Sn



Table III

Pre-exponential Factors, Activation Energies and Reaction Probabilities
for Several Surface Reactions Studied by Molecular Beam Scattering

Reactian ' '_ﬁj_ S ,Ea(kca1/mole)  PrE§gg;1?2y Reference
D, 5t (<600 K) 2x10° (sec™?) 4.5 Mo 1
H+02-PE»PD (>600 K) mo? (sec']) 0.6 Ao~! 30
o+02—»ozo (700 K) - | 12 - " 42
CO+0 —-»c:o2 (700 X) - 20 A073 43
Af} 3 : . -2 .
Cyf;#0,23-C0, (800 K) - | 8 <10 a4
24 ST 1 (500-1000 K)  1.06x1072cnP/atom sec 15.9 10731072 45
Hy=22H (1100-2600 K) - 75 ~ax10”! 4
| N 2, 4
Hcocm-(-imp—co2 (<455 K) 10'2 (sec™ V) 20.7 - 47,
HOOOH=TitsC0y (>455 K)  5.8¢10'% (sec™) 2.5 R T
| C+0,—=C0 (1000-2000 K) ~ 2.5x107 (sec™!) 30 1073-10"2 49
¢+0,—~C0 (10002000 K) 3101 (sec™t) 50 107321972 49
C+4H—--'-CH4 (500-800 K) 1.27x10° -18 4/ato"x sec 3.3 1073102 45
20+ 2H—> CoH, (51000 K) 1.59¢m?/atom sec 32.5 1073102 4s:
Get0,—=Ge0 (760-1100K) - 10'° (sec™) — 55 2x10"2 50..

_62_



Table IIfcentinued)

. : Reaction
_Reaction E (keal/mole)  propaniiity Reference
" Ge*0—=GeO (750-1100 K) (sec™) 55 x10” 51
Ger0;—=Ge0 (750-1100 K)  10'° (sec™) 55 5x107 52
GetCl 5 GeCl, (750-1100 K) 107 (sec™!) 25 2x10°7] 47
GetBr—=GeBr, (750-1100 K) 107 (sec) 20 3x10”! 53 -
| GeBr4 | | |
- Si4C1;—-SiC1, (1100-1500 K) 0% (sec™!) 40 w0t 4
Ni+C1,~= RiC1 (900-1400 K) 107 (sec™)) 30 8x10"] 48
.

For bimolecular reactions, the pre-exponential factor also includes the surface concen-
tration of one of the reactants that is held constant during the experiments. '

—Og_



~3]-

Figure Captions

Fig. 1 Model of heterogeneous solid surface depicting different sur-
face sites. These sites are distinguishable by their number

of nearest neighbors.

Fig. 2 Crystallographic model of'a small particle.

Fig. 3 a) Scheme of the low-energy electron diffraction (LEED) éxperihent.
b) Low-energy electron diffraction patterns and schematic repre-
sentations of the surface configurations of platinuim single
crystal surfaces: a) Pt(111) contaihing less than 1012 defect(

2 14

cn’; b) Pt(557) surface containing 2.5x10 atom/cngwith an

average Spacing between steps of 6 atoms and c) Pt(679) sur-

4 step atom/tm2 and 7x]0"4 kink atoms/

face containing 2.3x10]
cm2 with an average spacing between steps of 7 atoms and
.between kinks of 3 atoms. |
Fig. 4 a) Di ffraction pattern from the Pt(iOO)-(Sx]) structure.
b) Schematic répresentation of the (109) surface wi th hexagonal
~overlayer. c) Diffraction pattern from the Pt(]OO)—(]x])
structure. d) Schematic representation of the (IOOY surface.
Fig. 5a,b - The cutting anQ]es-necessary to 6btain stepped and kinked
surfaces whose schematic diagrams are shown,
Fig. 6 A stereographi; triangle of a platinum crystal depicting the
“Qarious high Miller index surfaces of p]gtinum that‘were
studied. |
Fig. 7 o Trial geometries of C2H2 on the Pt(]]]).surface. Divisions
é)<b and~c refer to coordination to 1, 2 or 3 neighboring
b]atinum atoms. The labels 1 and 2 distinquish 90° thated_

“molecules.
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Fig. 9
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Auger spectra of Au-Ag alloys and of pure Au and Ag.

Scheme of the molecular beam-surface scattering experiment.
a) Scattering distribution of H, from a clean surface; b)
Scattering distribution of H2 from a CO covered surface.

a) Angular dfstribution of HZ and 02 scattered from Pt(l]])
single crystal (HD signal is undetectable). b) Angular
distribution of H QD and HD scattered from a stepped platinun

2 72
single crystal. Schematic diagrams of the surfaces are shown

above the figures.
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Face-centered Cubic (335) < 4(I11)x (100)

Face - Centered Cubic (122) <« 4(J11) x (1)
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Fig. 6
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