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An O]d Field Rejuvenated, Demands Atténtion and People
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The author is Professor of Chemistry at the Department of Chemistry,
~ University of California, Berkeley, and a principal investigator of the
Materials and Molecular Research Division of the Lawrence Berkeley
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© Introduction . - . .

Systems'with high surface area, A, or surface to volume ratio, A/V;
have p]ayed'imbortant roles in evolution and in our liVéS-The’human brain
has'ailarge'area, almost teanold larger than that of an ape, while its
volume has 1ncreased only seven-fold.(1) The corral reef, the leaf and oth- -
er. photosynthetic systems, our bone structure, stomach 11n1ng and skin |
are all large A/V systems, It appears that increase of the A/V ratio
leads to optimum reaction rates and chemical selectivity. = Colloids that |
~ are stable high A/V ratlo systems play dominant roles in 5011 '
chemistry and food processing and in the paper, paint, and rubber
industries, just to name a few.ar'ees of ‘application.: Che'rnical reactions
are catalyzed by surfaces to achieve‘thermodynamic equilibrium and
| to be carried out selectively when in competition with other thermodynam-
ically equally feasible reactions. - This is the role of heterogeneous -
“and eniyme catalysts that, at present, serve as the basis of most chemi-
cal technologies.

The importance of surfaces has been recognized from the very begin-
'ning of the development of chemical sciences.: Determ1nat1ons of the sur-
face tension of liqUids, the amounts of>gases_absorbed'1n porous solids_
or the amounts vaporized were all possible already a century ago and.
these experimental quantities could be reIated to surface thermodynemic
parameters. It is not accidentai’that'Gibbs‘has developed much of the
framework of surface thermodynamics that’We_employ today; ‘Adhesion and
friction as well as lubrication were alneady,important concerns during
the latter part of the 19th century. - 'Progress in surface science

was rapid during the first four decades of this century. The ammonia
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synthesis over iron that was “promoted“;.fté..41mproved.by additives such
as potassium.and calcium, and the ammonia oxidation over platinum focussed
attention on transition metals as catalySts.' The-hydrogenation-of carbon
monoxide, over ruthenium, nickel, iron and thorium oxide catalyst surfates‘
became one of the.moét.1mportant*sources of gasoline, methane and other
chemicals in Germany and in much of Europe. before and during the second
World War. Adsorption and Qas surface interactions have become better un-
derstood in connection with theﬁdevelopment of the light bulb. The prop-
erties of surface space charge and electrical double layers at surfaces

were_uncovered and explored in connection with electrochemical processeé.

The various surfaoe charaoterization techniques that were developed dur-

"~ ing this period have provided much macroscopic information about surfaces
(sorface areas, average neats of adsorption, rates and activetion energies
for surface reactions). |

During the next stage of deveiopment of chemistry surfaces did not
fare well. Much of the research in phyeical chemistry turned toward in-
vestigating molecular properties, Otflizing the.rapid]y deve]oping spectro-

‘scopic techniques and x-ray diffraction. Then information on molecular struct-
ure was related to the dynamics of chemical reactions that, with the advent
of re]axation*spectroséopy and molecular beam scattering techniques could al-

- so be scrutinized on the molecular scale. Surface_sgience could not parti-
: cipate.in.this development mostly for the following reasons: the volume den-

22

sity of a solid, ice for example, is about‘p=3x10 mo]ecules/cm3. The sur-

2/3

face concentration, (A), is about (A)=p -10 molecu]es/cmz. Defining the

“surface to be studied as the topmost layer of atoms one must obtain detectable

15 22

signals from 10'> atoms or molecules in the background'10

atoms or molecules.

§
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to obtain surface inforﬁatfdn. 'Becau§e of.their low scattering cross
section, mést of the experimental téch?iques, that Successfuily use elec-
tromagnetic radiatfon, fdf studying mo]ecular properties in the gas or in
| the solid state are not sensitive probes of the properties of surface
molecules unless employed in very specia] configufations and circumstances.
In addition, the effdrt neededvtb obﬁainwc]ean or reproducible surface§
was formidable. _ |
During the .So's marked changesubegan fo take place in surface

'gcience, These werevlargeTy connected}with the development of the elec-
tfonics and computer inddstries and with the rise of aerospace technology.
Less expensive and faster\deviées could be fabricated by miniaturization
which meant ever increasing A/V ratio. Thus;'surface characterizations

and the study of the physical chemical properties of the surface layer by
and large controlled the rate of development in semiconductor device tech-
nology. Space exploration necessitated the development of ultrahigh ‘

vacuum technology (pressure’less than 10™S

torr ) which permitted the
preparation of clean surfaces and more reproducible surface studies. Sud-
denly there was an explosive development of new techniques that yielded
~atomic scale information of the atomic and electronic structure compo-
sition and 6xidation states of all types of suffaces._ The partial listing
of the techniques that are utilized most frequently i§ given in Table I.}

. Surface chemical analysis that had eluded the chemist for so long can now
be carried out with the sensitivity of less than 1% of a monolayer (less
than 10]3'atoms/cm2) over an area of much less than a millimeter (103 to
106 X);,It is ﬁo 1on§er necessary to study large surface area samples

2

(often>102 m2/gram) to obtain detectable surface signals. A 1 cm™ surface
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is sufficient for mosf surface chemical studies;

In the past ten years there has been en accelerated development of
our understanding of surfaces on the.atomic.écale. Modern surface science
has emerged>and its‘imbact on various technologies is beginning to be felt.
1 skall attempt here to review the—status'of our knowledge of the composi-
B tion and structure of surfeces, the surface chemica] bond; and the-dy-
namics of gas eurface interactions, -especially aS some of these studies
apply to heterogeneou§ cataiysis. Then I shall point out the areas of
surface sciehceA ’where development is lagging and the possible directions

of research for the near future.

-
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Some of ‘the Unique Physical Chemfcdl ﬁrogerties of Surfaces

The surface of a solid is héterogeneous on the atomic scale. Figure

1 depicts schematically the various surface sites tﬁat are identified by
experiments, . There are atoms in terra¢e§ which are §urrounded by the
largest_numbef of nearest neighbdrs. Atoms in steps have fewer nearest
heighbors and atoms at kink sites have even fewer. Kink, step and terrace
atoms have large equilibrium concentrations on any real surface. Point
defects such as adatoms and'vacanéies are also present'and are important
participants in the atomic transport along the surface, although their
equilibrium concentrations are;much less than 1% of a monolayer even at
the melting point.

There is a great deal of experimental evidence from studies of tran-
sition metal and oxide surfaces indicating that each type of surface site
may have different chemistry,(2) This is exhibited in the large differen-
énces in the heats of adsorption of molecules of the various sites (3)
and iﬁ their deferring ability to break large binding energy ;hemica]
bonds. (H-H, C-H, N-0, N-N; C-0 bonds) (4) There are theories (5) that’
have been proposed to explain this effect that involve large variations
in the 1bca1izéd charged density dispribntions as a result of the struc-
tural differences (variatian - in crystal.field splitting) and the ap-
earance of large surface dipoles due to redistributi&n of the charge den-
sity df\the e]ectron\gas atythese various_sites in metals. Herein lies on
one of the 1mbortant reasons for the diversity-of’surface chemistfy. The
rate and product distribution in avsurface~reaction is"the sum of the pro-

ducts at each-surface.sjte.thrbnly”daesthe preparation of the surface



-6-

.estébliShes | " the relative concentrations of each site and determine the

chemistry but it is very difficult to distinguish elementary chemistry properties.

cesses associated with each site from macroscopic studies of surfaces.

The.heteroqenedus surface is . covered with a near monolayer of

adsorbate under'most'experimentél conditions. This layer is present when

the surface is exposed to the ambient or during surface chemical reactions.
The adsorbate may impart to the surface unique chemical properties by
blocking sites or changing the oxidation states of sufface'atoms. The
presence of adsorbates changes the nature of~bonding of -incoming reactants,
reaction intéfmediates and pfoduct.molecules as well, Sﬁch an adsbrbed
overldyer is schematically represented in Fig, ?.  Not only the chemical
but also the mechanical properties of the Surface, (friction,vadhesioh,

" ‘resistance to mechanical or chemical attack) are affected by the presence .
- of the adsorbate. Maniputation of the adsorbed layer by depositing cheh-
"ically active additivés permits a great deal of control of impoftant sur-

face propertiés such as'cataysis or corrosion inhibition. There.are sév-'

eral reasons for the formation of the‘adSOrSed'mono1ayer. Moiecules ap=

broachihg the-SUrface experience a net attractive potential that may trap

_ them for a finite residence time. The surfaée free energy is always pos-

tiVe‘thus the surface would like to be covered by atoms or molecules that -

_‘w001d lower the surface free energy. Carbon, hydroca}bons; oxygen, sulfur
vand water are among the most common adsorbates on surfaées that are ex-
posed to the amb‘ient coﬁditions of this planet.

The two dimensional phase approximation, There is a g}eat deal of

<

exchange among atoms and molecules that are adsorbed at the different

surface sites. The reason for this lies in the low activation energies




for transport along the surface as compared to the high values for desorp-
tion into‘the'ga§ phase or diffusion into the bulk. Activation energies
\for surface diffusion of atoms from one step site along the terrace to
another are frequently one;haIfjor 1ess:of the activation energies or

heats for desorption into the gas phase. (6) Thérefore, we may assume equi-
~ 1ibrium among molecules in the various surface sites in most circumstances. |
This is forced on the system by the. long residence times, f, on account

of the large desorption energies (r=10exp AE/RTS). To is frequently of

the order of 10'12 second AE is the desorption energy and T, s the
surface tggge%a%irggp %%isC%gZFizﬁ?ace may be viewed as a two dimensional
phase that is well protected from exchange with the gas or with bulk by

| large potential energy barriers while transport and chemical exchange

along the surface is facile. There aré systems and experimental condi-
tions, of course, where the two dimensional phase approximation is not
appbopriate; Surface reactions at high T; or exothermic reactions where
~much of the ;hemical ehergy may be retained by the surface species would

belong tb this category.

The surface free energy, The‘energy necessary to create a unit area

of the surface is always positive. Thus a solid or liquid would have a
lower total energy without'a surface if this was possible. ‘The.maghitudes
of the surface free energy (or'surface;energy) depends on the chemical

‘bonding of the solid 6r liquid. For metals the surface energies are in

the range of 10° erg/cmz. This is about 14 kcal/mole for surfaces with

atom concentrations of 10‘5cm‘2. For most.ionic solids- and oxides the

surface free energies have a range of a few hundred ergs/cm , for water,
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82 ergs/cm2

whi]e:for'hydrocarbons considerably less. (7) Fluorinated
hydrocarbons are among those surfaceé with the lowest surface free energy.
There are some very imbortant consequences Of‘this positive surface
- free enefgy; The surface free energy of eny condensed system is minimized
by aﬁsuming shabes in equilibrium of the-smallest possible surface area.
Also the surface is covered with a substance at all times that minimizes
- the surface free energy. For mQ1ticomponeht systems,thatvconstituent
that has the lowest surface free energy segregates to the éurface. As a
result, alloys for example haveldifferent cbmpositions in the surface
'than‘in the bu]k. (8) Wetting or lack of adhesion ié determihed whether
the spreading of‘one type of mo1ecu]es en the surface reduces or increases
the total surface free energy. Thevdifficuity of:homogeneous nucleation
"and our ability to maintain supersaturated systems'is due to the high
positive surface energy 4or2 that for partie1es of smalliradiusvover-_
rides the negative volumetric free energy term (thet is pfoportiona] to
r3) that provides the driving force for growth near equilibrium. (9)

The surface dipole. There is a net charge sepakation at the surface

~ due to the anisotropic environment of the surface atoms. There are atoms
of the same type on one side of the surface and atoms of different charge
density or vacuum 6n'the other. In the bulk ofla'metal for example, each

electron lowers its energy by pushing the other e]ectrons aside to form

han
“exchange correlation hole." This attractive 1nteract1o %est when the

electron leaves the solid so there is a sharp pdtential barrier at-the
surface, Quantum mechanically the electrons are not tota11§ trapped at
the surface and there is a. smal] probab1lity for them to leak into vacuum,

This charge leakage creates a surface dipo]l@phat modifies the barrier

i~



-~ where Ep is the Fermi energy.

potential. The work function ¢ is given by ¢ = V - EF

gxchange d1pole
This dipole is even more important at the surface of ionic solids where
there is a large polarization due to thevlocalized jon charges. Surface
dipoles'eXist~for all ‘types of solids and give rise to important bonding
and electrical propéfties.' One of the practical applications of the sur- -
face dipole is_at colloid surfaces where the electrical double layer that
forms due fo the separation qf surface charges is responsible for keeping
the cblloid system stable. (10) Breakdowns of the electric double layer

by ag1tat1on or by jon exchange leads to prec1p1tat1on and coagulation of

the colloid system. This phenomenanls of major consequence in soil chem—

istry and in human biology,to mention two important co]]oid systems,
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Surface Cemposition end Valency

Electron spectroscopy investigations:haveerevealed the Segregation of
a_large variety of 3mpuritie5-to the surface 6f-one-component systems from
the bulk of the condensed phase. The driving.force for this is the change
of chemical bonding of the impur1t1es or the minimization of the surface
free energy as mentioned above. Carbon, hydrocarbons, su]fur, oxygen, calcium,
a]uminum_and §111con,are»amonghthe most common impurities that contaminate
) the_surfage.l'Their rem6va1 is'a prereqeisfte to obtainingvclean_surfaees to
be used as reference states for surface studies.. Ion bombardment or chemi-
cal reactions are used most frequently fer this .purpose. HThe’sUrfece segre-
~.gation of phe constituentﬂin muftiCOMponent systems isfcommonly observed.(8).
Two comppnent,a]loy‘system§ithat obey regular solution thermodynamics or a]Q
'1oy systems with eomplex phasevdiagrams have:been.studied most thoroughly
(). Several_thermodynamic models have been proposed te be used to predict
surface enrichment (8) There are three experimental paraheters that influ-
ence surface compos1t1on, A) the relative surface tensions of the pure compo-
nents, B) the heat of formation of the binary compounds that may form and C)
the lattice strain energy that is due to the mismatch of the atomic sizes of
the constituents., Large values of A and C give rise to surface compositions
that are different from the.bu1k stoichipmetry’whi]e large negative value of
B ee cempered to A and C that reshlts'in compound formation_stabilizeé the
bulk-ltke combosition in the surface region.(11); Recently significant varia-
tions of the surface compositions with temperature were reported. An in-'
teresting phenomenon occurs for small particles of mu1t1component systems,

In the 1imit of very small part1c1e size where all of the atoms are 1ocated

[
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- on thé surface (dispersion = surface atom/total number of atoms = unity)
any variation in composition between the surface and bulk should disappear.
~ There is evidence, howe?er, for the formation of surface compounds in

“this circumstance. BimetaTliC‘systems such as ruthénium—éopper or iridi-
um=-gold that e*hibit neé]igible soTubility in the solid state become mis-
cible and form solid solutions when deposited as small particles with
nearfunity dispersion, (12) The exploration of the phase diagrams pf
these.surface phases is a fertiie area thatvwilllhaVe influence in catal-
ysis as wel].as in powder metallurgy. /

A twovcomponent system becomes a three component system in‘the pres-
ence of an adsorbate. The appearéncevof the third component on the sur-
. ‘féce may marked]y.effect the surface composifion,v Carbon monoxide, for
example, has been found to pull palladium onto the surfaée of a silver-"
palladium alloy that is in the absence of palladium is enriched by almost
| a‘monolayer of silver, (13) Other impurities such as oxygen, carbon, etc.
have similar influence and will change the surface composition as the am-
bient beéomes reducing or oxidizing over the surface.

NOnstoiChibmetry has been frequently observed in the surface layer
of compounds of high heats of formation. Ionic solids (alkali halides
and 1ithium hydride) exhibit excess of one of the ions (the pation in most
cases). Compouhd semiconductorsias Wellvas_oxides show detectable non-

- stoichiometry when heated in vacuum at elevated temperatures.'(14) Perhaps
one of the most important consequences of large deviation f(om.stoichio-
metry in the surface layer is the appearance of unusual oxidation states.

Large conéentrations of T1‘3+ appears to be stabilized in the T1‘02 and
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-SrTiO3 surface 1ayers and there is evidence for the presence of A10 and
. AIZO in the A1203 crystal surfaces. (15) These oxidation states are sta-
bilized only in the surface environment and have'unique chemical and
electrical properties, |

The structure of surfaces.

A. Clean Surfaces. The studies of the structure of clean surfaces
by LEED have ident%fied several phenomena that were nof known previously.
(17) Atoms in the‘éurface layer and in the near surface region may "re-
]ax“~into new equilibrium posifions. For several systems the shift in the
location of surface atoms yield a new ordered surface structure. We call
the surface rearra’gement “recomrstruction" in this circumstance. Finally,
cnystal,surfacés that ére characterized by high Miller.lndex assume sur-
face structures that consi;t.of-ordered steps,_frequently'of monatomic
' height,vseparafed.by terraces of | ‘the same aQerage width, Often there
arevofdered kinks in the steps. | | »

Although the.surface unit cell remainS'uhchanged, the relaxation is
verified by surface structure analysis using the LEED beam intensities.
fhe theory of LEED has been developed to the_point that the location of
‘_}.the~surface atoms can be determined by a high degree of re]iabilfty in
most cases. (16) Re]axation‘appearﬁ to be marked :for the ‘A1(110) and |
Mo(100) and the.W(IOO) surfaces that show contraction of the'ffrst layer
towards the second layer by 15%; 12% and 6%;of interlayer distance re-
spectively; For other crystal faces, however, (Ni(111), Pt(lll)'etc.) thé
relaxation is negligible. Reconstruction is déteCted at eleﬁental semi-
conduCtof surfabes.(silicon, germanium) and at polar surfaceg‘of compound

semiconductors, (}ﬁ) Also, several metals have reconstructed surfaces at
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ai] temperatures uplto tne me]ting point (Pt(loo); (110), Au(100), (110),
Ir(]OO), etc.) whi]e others reconstruct only at low temperatures [(W(100}),
_Mo(lOO)] (17) Surface structure ana]ysxs is still lacking for recon-
structed surfaces because of the complexity of many of the unit cells,
However, drastic relocation of atoms fnvthe first and perhaps second lay-
ers are necessary to explain the observed_surface structural changes
| The"anisotropicvsurface environment necessitates atomic relocation in or-
_der tb optimize chemical bonding and'Tower the total surface energy° In
the case fbrvcompounds nonstoichiometry and relaxation are both detectable
fqr alkali halide surfaces while reconstruction and nonstoichiometry are
aetected for compound semiconductor and oxide surfaces. Ordered vacancy
astructures.appear nnvvanadium oxide | and_titanium oxide (15) surfaces.
that are stab&izeuvby simultanebus changes of the oxidation states
of a large concentration of surface atoms as mentioned before. Studies |
bf surface structural changes as the bulk of the solid undergo phase trans-
formations is an interesting area of research. The surface phase trans-
formation of cobalt as it undergoes hcp to fcc structure change and of Ni0
as it undergoes antiferromagnet1c transformation at the. Nee] temperature
have been 1nvest1gated (18)

Inert gas crystals can be grown by slow condensat1on on ordered cry-
hstal surfaces at low temperatures and thelr surface structures can be stu-
’d1ed (19) Us1ng a s1milar techn1que of epitax1a1 vapor deposition mo]ecu-
lar crystals can be grown and their surface structure studied by LEED.

Ice, naphtalene, benzene, paraffins, phtalocyanine and amino acid crystal

surfaces were investigated in this manner. (20) For most larger molecules
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the orientation and structure of the growing surface may be determined by
‘the orientation ahd struéturé of the first monolayer that, upon growth, .
repeats itself. This phenomena {s'pseudomdfphism and depending on the o
atomic structure of the substrate and the firét monolayer, ho]ecular crystal
surfaces with a variety of structures can be brepared this way (20).

Ordered surface irrégulafitfes{ steps and kinks. By cutting or cleav-

ing a crystal surface along directions of the highest atomic density (lowest
Miller Index) after §uitab1e preparaiion ah atomically homogeneous surface
‘can be_obtaihed. The (111)'crystal face of fcc solids (Ni,Ag,Pt,Ir,Au, etc.)
is such évsdrfaée and its atomic structure that can be deduced from the LEED
patterns is shown in Fig. 36; Such a surfacé'may exhibit many macroscopic
irregulafitfés,when Seen»by an opfica] or §cahning electron microscope. On
the atomic scale;’hdwéver, there are large ordered domains wfth most of'
the surface atoms occupying their 6-fold equil%brium positions. By cutting
'crystais along planes of lower atomic density (higher Miller Index), cry-
'sfé1 faces that exhibit ordered step ahd kink structures that are shown -in
FiQS. 3b énd'3c”can be prepared. By changing the cutting angle the terrace
width and simultaneously the’steb density can be alteréd. Surfaces with
step densities as high as 33% of the total number of surface sites can be
prepared (21). ‘These step or kink structures, once prepared, exhibit re-

. markable therﬁéf‘stébility;‘ Alfhough_struétura1 changes do_ take place in
the presence 6f édsokbates (cérbph, oXygen; etc.) that a]ter'the step
heights and terraée widths, the structure that characterizes the clean sur-

face reappears when the adsorbate is rémoved. Many stable surfaces exhibit

the ordered monatomic height‘stéb, ordered kink, terrace structure; others

are unstable in this configuration (21). The reversible changes of the
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surface structure upon adsorpfion or on removal of the surface impurity is
of great importance in studies of the cafalytic ectivity,‘redispersion.
and sinterjng of sma!lvpartic1es. Surface irregularities, steps, kinks,
and unusual -oxidation-state atoms that appear at these defects play dom-
inant roles iu heterogeneous cafa1ysis and other gas-solid surface reac-
tious.

B, Structure of adsorbed mono]ayers. The surface concentrat1ons of

adsorbates, .  » O (molecu]es/cm ) in equ111br1um depends on
the pressure of adsorbates P eq and on their surface residence times (22).
Far from a monolayer coverage, o, for the homogeneous surface is given by

depends

= Fr where the flux to the surface, F P /J mRT. Since texponential-
adsorbate concentrat1on

ly on the heat. of adsorption, the . at a given temperature depends
on the pressure over the system and the heagfedsorption.' The heat of ad-
sorption does not remain constant with coverage, of course, but changes as
a result of adsorbate-adsorbate interac;ions. Since the surface is heter-
ogeneous first the highest binding energy sites that are available are like-
1y to fill up with adsorbates. For weakly held :gggzPates the experiments
are carried out at low temperatures (below 200 K),Vstrongly held adsorbates
may yield monolayer coverages at 300 K or above (22). Because of the dif—
ferences bf experimental conditions, the former is ealled weak physical ad-
sorption whf]e the latter chemisorption; the divisiou is erbitrary as vari-
ation of bonding interactions is emooth and gradual from system to system,
Surface structure ana]yeis on'several adsorbate systems has been car-
ried out, These are atomic'adsorbates in most cases and the location of

atoms has been determined. Often adsorbed atoms occupy sites of highest

rotational symmetry and the adsorbate-substrate bond distances correspond
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. to the sum of the covalent radii (22). For example, oxygen, su]fur, selenium
and tellurium on nickel (100) crystal faces behave this way. In other
insténces the bonding is more unusual, o - Nitrogen, when adsorbed
on titanium metal surfaces, are located belbw the sufface and not on top.
of the metal atoms._'Qxygen on'Fe(loo) upon adsorption forces the metal
atoms to rearrange'and assume new equilibrium positions.(22). Adsorption
induced reconstruction is certaihly a possibility for sysfems where the
adsorbate-substfaté bonds are stronger than the substrate-substrate bonds.
| Perhaps the mostistriking charécteristic - of tﬁe adsorbate-
substrate systems is the'prédominance'of ordering in the mpho]ayer. Ad-
sorbed atoms or molecules 6ften form ordered islands at low coverages that h
‘grow and méy change structuré with ihcreasing coverage. Order-order and

' order—d1sorder transformat1ons in the monolayer are frequently observed,

ave been :

There are over 300 monolayer surface structuresYreported and tabulated (22).

RQles of ordering have been proposed that permit in some cases the predic-
tion of adsbrbateGSUrface unit cell size and orientation (22). Structure
ana]ysis has been carried out for only two molecules (23). The first, 02H2

| on Pt(l]]) exh1b1t a unit cell that is twice as 1arge as the unit cell of |
the pTatinum substrate and parallel with it. At 300 K C,H, adsorbs in such

a way that the molecule is localized almost on top of the p]at1num atom at

a Pt-C distance of 2.5 A._ At 75°C the Tocation of the molecule

thanges with respect to the metal atom in the substrate although the unit
cell remains unchanged, Analys1s of the diffract1on beam intensities indi-

nearest

cate that the molecule is located in a triangular site at. avbt-c.d1stance

thr
of 2.0 A and is bound effect1ve1y to ! metal atoms much stronger than be-

fore, The second molecular system that has recently been studied is CO on
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the nickel (100) crystal face. It appears that the molecule is bound to
one Ni atom and the CO internuclear axis is not berpéndicular to the sur-
face but at‘SOme angle to it. High resolution electron. loss spectroscopy
(24) can provide structuré] analysis ih addition to LEED by providing the
viﬁrationa1 spectra‘of ad§orbates as a function of 0 and T.. In this cir-
cumstance ordering in'thé adsorbed 1ayer'i$ not heCessary for determination
of thg surface structure, - Variation of bonding with o and T have studied
by this methodvfor only a few systems, A great advantage of HRELS is its
ability to detect hydrogen on the surface via its vibration against carbon

and ion scattering
or substrate atoms. Angularly resolved photgzelectron spectroscopyY%an also

be used fbrksurface structure determination" Eerhaps the important direc-
tion for the near future is to determine the Same_surface structure by a .
variety of techniques to ca]ibrate them.against one another. The richness

" and comp]exity of structure of.adsorbéd monolayers that varies with surface
temperature and coverage and from crystal face to crystal face emerges from

these studies and will no doubt produce many surprises,in-the future.
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The Surface Chemical Bond

In recent years a great deal of information has emerged from surface
diffraction, vibrational spectroscopy and. electron spectroscopy studies_bn
the nature of the surface chemical bond in several chemisorbed systems.
‘Perhaps its moét remarkable characteristic is its strong temperature de-
pendence (25). .Any féactivé molecule (C2H4 for example may be adsorbed
intact on any chemically active substrate (Fe or W for example) as long as -
the surface temperature is Tow enough (about 100 K). Upon heating the sur-
face, gradUa]ly'seIectiVe bond breaking'prdcésses take place at different
temperatdres (25).: For-CZH4 on W, C-H bonds break first at 150 K and the

| molecule fs coverted to C2H2'j Further-heating to 300 K removes the other

two hydrogen atoms and C2 units form. Finally, heating to IIOO.K'dissociates
the carbon dimers as well. On iron surfaces C-C bond breaking occurs first
with increasing temperature and there is evidence for the presence of CH2 _
species from angularly resolved photoelectroh spectroscopy. Acetylene,

on the‘Pt(llj) surface changes its bonding drastically upon increasing the
surface temperature from 300 K to 375 K, Diatomic molecules (0,, H,, CO)

| undergo dissciation with increasfng temperatures. co, for examp}e, adsorbs
as a molecule on Ni surfaces at 300 K. It dissociates, however, when the
adsorbed layer is'heafed to about 500K.

It appeags tha; even the most homogeneous single crysté1 surface has
many binding si%gi.ovthese, however, are not accessible to the adsorbed
molecules at low temperatures. A small potential barrier of height, kTS,
has to be ovefcome before the molecule assumes its more strbngly bound
location where bond breaking or molecular rearrangement occurs. Thus, even

though the breaking up of the molecule and the formation of strong substrate
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bonds with the atomic constiteents isvthebmodynamicaIIy feasible (for ex-
ample 02H2 ¥ 4Fe = 2Fe-§;,2FeH has negafive.free energy of_reaction) it
will'not occur at all at low tempefatures and takes place sequentially as
the surface temperature is raised, - v. | |
"SUrface ﬁrregu]arities on traesition metal and oxide surfaces have
the ability to efficiently break strong chemical bonds(H-H, C-H, C-C, C=0,
‘.etc.) that would wotherwise remain intact in the absence of defects on the
_ surface. Heats of chemisorption also épbear ﬁo be stronger at steps in some
cases. In general the chemical bond of most adsorbates appear to be very struct-
Strueture seneitive. In Fig. 4 heats of chemisorption of oxygeh and carbon
monoxide are plottedvfof various crystai feces of different elements in the
periodic table. There are several binding states for a given crystal face with
ﬁeats!of chemieorption that vary by a factor of two or more. There is indeed
no such thing as single.binding energy'for,a giVen melecule for a given sur-
face as it has been commonly assumed. The various binding stafes_are filled
with increasing surface coverage at a given surface temperature and the
nature of the bihding states may elso change with increasing temperature.
Both the structure sensitivity of the surface chemical bond and its
temperature dependence indicate the predominance of the localized interac-
tions that determine the nature and strength of the bond. 'Indeed recent
photoelectron spectroscopy studies reveeied great siuﬁ]arities of the‘eleef
tronic}structure_ef carbon monoxide adsorbed on metal surfaces and the elec-
tronic Strueture of metal earbonyl clusters with four metal,atoms in the
molecule (26). It appears"that the chemical bbnding of meta] cluster-1i-
| gand systems will‘proyide‘insight'into the surface chemical bonds for
many substrate-adsorbate systems, rhe predominance ef ofdering in the ab-

sorbed_mondlayer and island-1ike growth of the adsorbed layer indicate the
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he 1mportance of adsorbate-adsorbate interactions, It is difficult to
assess the re]at1ve importance of this 1nteract1on in the surface chem1ca1
bond as compared to the adsorbate-substrate interaction.

Dynamics of gas-surface 1nteract1ons.

Surfaces are primar1]y used to carry out chemical react1ons or as the
first line of defence of the condensed phase against external chemlcal and
mechanical forces{ In nither case, study of the dynamics of surface re-
v'actions is an 1ntegra] part of the character1zat1on ‘of the chemical prop-
erties of any surface (27) We may arbitrarily d1v1de gas surface interac-
tions that are a1med at understanding surface chemical reactions on the
mo]ecu]ar scaie]'tzmo parts a) nonreact1ve energy transfer between the gas
molecules and the surface and b) reactfve solid-gas interactions. In these
’stud1es we aim to understand the nature of energy accommodation between
| translat1ona1 (T), rotat1ona] (R) and v1brat1ona] (v), modes of the gas mole-
cules with the v1brat1ng surface atom (Vs). Then, the minimum residence time
necesSary to carry out an elementary surface reaction is determined along
with the reaction probability. Finally, we investigate how the available
energy is part1t1oned among the reactants, products and the surface during
the surface react1on. The energy transfer 1nformat1on obtained at this
molecular scale is then related to the macroscop1c reaction rates and other
kinetic parameters and to the product distribution. dn order to study gas-
surface energy transfer'and the nature of eiementary surface reactions, we
must carry out exper1ments at low pressures or re]ative1z h1gh surface tem-

rom-.

per‘atures. This allows varlatlon of the surface coverageV]% to a complete

monolayer and preferably permitsonly a single co]]is1on of the incident
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molecules with the surface before .analysis of the energy content of the de-
sorbing séecies. .One of the most powerful techniques for this purpose iS‘”
molecular beam-surface sc&ttering (27). A well collimated beam of mole-
cules of known velocity impinge on the surface at variable ang]es.of inciéi
dence. The sUFféce may be one face.of a single crystal with known atomicv‘
surface structure and composition located in the center of an ultrahigh
vacuum chamber to maintain surface cleanliness during the experiments; The
exiting mdlecu1es,after scattering,are detected in a mass spectrometer
thét ié‘rotab]e to detect the angular distribgtion. By suitab]é chopping
of the incident and of the exiting mblecu]ar beam, the surfacg residencé»
time and the velocity.are determined by time-of-flight analysis.

These studies using nonreactive gas-surface systems revea] relatively -
poor T-sVS energy accommodation on a single scattering. from a.clean-sufface :
(28). This means that an exiting molecule will not effeciently remove the

thermal energy of a heated surface. When the surface is covered with a

monolayer of carbon monoxide or roughened on the atomic scale, the transla- o

tional-sqrface vibration accommodation markedly improves.- Rotationa1¥sur-
face vibration, (R-Vs) energy accommodation abpears to be much more effi-
cient (28). There is a'largé isotope effect onn scatterihg HZ’DZ or HD
molecules that is accounted for by the relative ease of excitation of ro-
tational modes of the heavier D2 and HD as compared t6 H2.v Vibration-sur-
vface vibratfon (V}VS), energy trénsfer processes have not been investigated
thoroughly as-yet. Although much of the experimental informatibn was ob-
tained by studies of the angular distribution of the scattered atoms .and
molecules, recent technologicél advances have made it possible to construct

instruments for both time-of—flight velocity and angular distribution
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analysis,

Elementary catalyzed surface reactions such as the H -02 exchange

2
and the dissociation of diatomic (H 2 0. ) and polyatomic (N 0, HCOOH)molecules
have also been studied by using this techn1que and the k1netic parame= -
ters(pre-exponential factors, activation energies, rates as a funct1on of
temperature) have been determined (29); The kinetics of elementary gas-

solid chemical réactiohsvwhere the surface atoms are the reactants (for ex-
amp]e. 2C + H CZHZ’ etc.) have also been 1nvest1gated (29). High reac- |

. tion probab111t1es (in the range of .1 to 1.0) can be obtained upon sihgle

_ scattgring,and'thesurface reéidence time of the,réacting mb]ecu1es are

long,in the range of 10f2 to 1 sec, for endothefmic‘or athermic surface re-

actions. For exothermic reactions, such as atom recombinations. where ex-

o ;ess‘¢hemica1jenergy is available for partitioning among the product mole-

‘cules and the surface, the residence times are'likeiy to be much shorter.,
However, this has not been. verified by experiments as yet. Another tech-
hiqug}that involves a rapid_surféce~temperature_jump to react and desorb

the mo]eCu]eé from the surface has also been successful in obtaining detailed
kinefic information about elementary surface reactions and postulatiﬁg

the presencé of realistic surface reaction intermediates {29).

The surface reactions studied so far exhibit great sensftivity to the
atomic surface stfucture and surface composition, Coﬁsideriﬁg the sensi-
ﬁivity of the surface chemical bond to these parameters these findings are
not surprising. By changing the atomic step dénsity, the reaction proba-
bility for H2-D2 exchangé at p]atinum surfaces can‘be increased by an order
~of magni tude (29). Contamination of the Ni surface by small amounts of |

carbon can complete]y change the nature of the reaction intermediates and

»
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the product distribut{on during the decomposition of HCOOH (29). The ki-
netic data (pre-exponential factors, activation‘energies) permit one to
identify the rate determining steps and changes of the rate limiting pro-
cesses as the experimenta]'conditfons_(surface.temperatdre, surfacé cover=-
age, structure, composition) are altered. |

‘Studies of surface reactions at low and high pressures. While low

pressure single scatterihg reaction conditions are of great value in de-
ciphering the elementary surface processés, the experimental conditions\are
far removed from those utilized in prabtical.surfape reaction studies where
instead of reactant preésures of 10'8 to 10'5 torr, presSurgs of 103 td 105
torr are employed. The reaction mechanisms are expected to change signifi-
éantly with pressure as the surface coverage as well as the surface resi-
dence times of adsorbates vary. In order to bridge the pressure gap, new
techniques have been developed that enclose the small area (1 cmz) catalyst
sample situated in thelmiddle of an ultrahigh vacuum chamber by a cup (30).

‘Once enclosed, the sample may be pressurized up to 100 atm and the surface

reactions be carried out in this circumstance using’a gas chromatograph as
a detector. The surface structure and composition can be characterized be-

| fore and after the high préssure study without femoving the sample from the
cont'roﬂed atmosphere enclosure. fhevcata]yzed‘:rea‘ctions of hydrocarbons on
platinum surfaces and the hydrogenation of carbon monoxide on rhodium and
iron have'been studied thfs way (30). By deternining the kinetics of the

~ reactions as a function of pressure, the reaction mechanism obtained. at

low pressures (by molecular beam surface-scattering experiments) and at
high pressures (practical cataiy tic reaction conditions) can be correlated.

In addition, the kinetics of high preséure catalyzed reactions that are ob-
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CLH,

tafhéd on well-characterized surfaces can be correlated to cstalyzed reac-

tions carried out on large surface area dispersed systems, These studies
begin to uncover the ingredients of selective heterogeneous catalytic pro-

cesses, For examp]e, surface irregularities on platinum surfaces were | :
~ found to play important roles in hydrocarbon reactions (31). H-H and C-H

bonds break readily at steps while C-C bonds break more readily at kinks

that o and C-H bonds as well. Thus, by blocking the kink sites by other

metal atoms or by impurities,the hydrogenolysis activity is suppressed |

while dehydrogenation or 1fomerizafion are largely unaffected,(31) since
“the kink concentration izwsﬁout 5%to 10% of a monolayer. The presence of

10 to 20% of a monolayer of oxygen was found to increase the reaction rates
significantly. Important surface reactions such as the dehydrocyclization
 of n-heptane to benzene or tbluene can oniy be carried out if oxygen is presenf at
the platimum surfasexin addition ts the surface}irregu]arftfes. Clean
'> iron and rhodium were found to be rather mediocre methanation catalysts in
the CO + H2 reaction while rhodium ahd iron industria] catalysts produce
alcohols, aldehydes,and acids (31). It has become apparent from these stu-
dies that the clean metals are not the practical catalysts but additives
(promoters) such as pdtassium, and compounds (carbides or oxycarbides) that
are produced in the reaction mixture on 'thé surface‘are responsible for
ﬁuch of the observed catalytic reactivities. As a fesult of these and other
molecular investigations using well characterized surfaces, heterogeneous
catalysis is rapidly becoming a science.

Recently, a great deal of interest has been developing ih relating homogeneous

‘ and'theterogenéous catalysis (32) The structure and chemical bonding in



o~

-25-

metallorganic clusters is being correlated to the structure and bonding of

organic adsorbates on surfaces. The activity of metal-ligand systems and

- surfaces in the same displacement and catalyzed reactions are being

. scrutinized (32). These studies hold the promise of developing a better

understanding of the chemistry of both hongeneous and héterogeneous systems
and perhaps'to learn how to tailor them to obtain the desired chemistry.

Thermodynamically uphill photon assisted reactions are being investi-

. . gated at the solid-gas and solid-liquid interfaces (33).. The reactions

that are being studies include the dissociation of water to hydrogen and

: oxygen and the reactions of CO2 and Hy0. Light of band gap'radiation when

incident on a suitable semiconductor or o*ide sgpface,-(fdr eXample, SrTiOz,
TiOz or GabP, efc.) generatés electrons and hdles which in turn can oxidize
and reduce ‘the adsorbates (33) -This important class of surface reactions
w111 no doubt be receiving increasing attentlon in the near future

Other directions for the near future. Surface science  has

developed répidly in many areas towards obtaining a molecular level under—
standing of the the structure, bonding, and reactivity of many surface-
adsorbate systems. However, there are important areas of concern
where modern surface science has made very few inroads. Perhaps the most
important among them afe the.éolid-liquid and sqlidjsolid interfaces. Our

modern electron and ion scattering techniques that are excellent for studies

of the solid-gas interface cannot provide information about the interface

of two equal atomic density media. = Most of the surface chemistry in
biology, electrochemistry and collold chemlstry take place,at the solid-
11qu1d interface, while'many of the mechanlcal properties of solids are

controlled by propertles of solid-solid interfaces. »Enzyme catalysis
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and heterogeneous catalysis should be areas of research where correlations
are desirable and should be-possible: Yet'progress in these areas must
await the developnént and utilization of new techniques that probe these
interfaces on the molecular scale. Various 1ight'scattering techniques
dsing high intensity X-réys or UV radiation appear to'be'promising for |
this purpose, and we will see increased activity in this frontier area of
research in the near future, no doubt. |

"There is a noticeable.schism among surface chemists: There are those
who study and detennlne macroscopic surface parameters in the various
important subflelds, (for example, rates of surface reactions over hetero—
geneous catalysts or at electrode surfaces, determination of interfacial
tensions by contact angle measurements, etc.). _ Then.there are thosevwho
concéntfate on atomic scale detenmiﬁations of the surféce structure and
comp051t10n by low-energy electron diffraction and other electron or ion .
scatterlng technlques. Perhaps the most 51gn1f1cant developments occur

as we correlate molecular and macroscopzc properties of surfaces. The

synthesis of these two approaches, I believe, will be to the greatesi

benefit of surface science and of technologies that are now based on

‘surface properties.

‘The most significant role of moderh surface science  is in its impact
on energy sciences. Virtually'all energy conversion Schemes and energy
storage systems involve surface science,. Recently a series of nine
workéhops were organized by the Materials Science Program of the Basic
Energy Sciences Division of the Depaftment.of Energy to assess the status
Aand difection of various subfields of materials research in the areas of
fossil, nuclear, fusion, consefvation,/solar, énd geothermal energy

conversion. Research in surface science appeared at the top of the list

-

-
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of priorities in the various workshop reports. Relating the mechahical
properties of solids to surface properties, studies of sﬁrfaces under
radiation damege conditions, the study of chemical corrosion and

inhibitioh, catalee& liquificationvand gassification of.coal, and removal
of nitrogen from coal by surface chemistry are just a few of the many
1oﬁg-term problems of energy conversion that research in surface science
can help to resolve. Since energy, its production, conversion and control
has been recognized as a societal probiem, physical sciences and engineering
will become increasingly involved in research and development in this area
over the next several deeedes. Surfece science has always attracted a
formidable population of scientific and engineering talent, but already
lacks people in sufficient numbefs to cover the areas»that are the basis
of present—day technology. We are far from critical mass when it comes

to educating and earrying out research in the field. With the new thrust
in energy sciences, the lack of people trained in surface science will
become even more acute, It is likely that most of the positions in the‘
field that become available will be filled by those who retrain and enter
the field of surface ‘science from other fields. No doubt surface science
'will provide challehges and-opportunities for first-class frontier research
as well ae for the development of important new technologies for many

years to come.
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SUMMARY

During the past fifteen years, surfaces have been increasingly

studied on the atomic scale. As a result, the atomic structure, composi-

tion and the dynamicéfof gas-surface interactions are much better under-

 stood. Modern surface science is beginning to have an impact on many

technoiogies. Techniques éré readily available to study the solid-vacuum -

_ and'solid-gas inteffétes. Studies of solid-liquid and solid-solid inter-

faces are difficult and appear to be challenging frontier areas of research.

Surface science is at the heart of most research and development problems

in energy conversion and storage.
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Table 1: Partial listihg of techniques most frequently utilized presently for studies of surfaces in vacuum.

Technique

Atomic Process Main Information Sensitivity Depth sampled
(monolayer)
LEED. Low-energy electron Elastic back-scattering Surface structure. ~10 2-1071 1-7 layers.

XPS.

AES.

HRELS.

ISS.

SIMS.

diffraction.

X-Ray Photoelectron
Spectroscopy.

Auger electron
Spectroscopy.

High resolution .
electron loss
Spectroscopy.

Ion Scattering
Spectroscopy.

Secondary Ion Mass
Spectroscopy.

of electrons in 10-200
eV range.-

Electron emission from
atoms at the surface.

Electron emission induced ,
by the de-excitation of

atoms. Initial excitation
by electron or ion impact.

Inelastic back-scattering
of electrons in the 1-30
eV range. '

Inelastic back-scattering
of ions in the 1 keV range.

Mass analysis of ionized -
surface atoms ejected by
ion impact in the 1 keV
range. '

Oxidation state,  ~1072-107%
composition. _
Surface composition. ~1073-1972
Qualitative and ‘
quantitative.

3 .42

Vibrational spectrum ~10 ~-10
of adsorbed atoms
and molecules.

Surface composition. ~1073.1072

Surface composition. ~1070

1-7 layers.
1-7 layers.
1 layer.

1 layer.

1 layer.

6 &0

- -6z-

{1

A



-30-

Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4,

Schematic representation of the heterogeneous surface on the

atomic scale. Terrace, step and kink atoms as well as point

 defects (adatoms and vacancies) have been identified by experi-

. ments.

Schematic representation of the surface when covered with a near
monolayer of adsorbate or deposit.

LEED patterns and schematic representations of three types of

- fec crystél surfaces; (a) (ill) orientation containing less than

12 14

10 defects/cm (b) (557) w1th 2.5x107 " step atoms/cm and

6 atom wide. terraces between steps and (c) (679) surface with

Z.SX1014 step atoms/cm and 7x10 kink atoms/cm . The average

‘spacing between steps is 7 atoms and 3 atoms between kinks.
: Heats of: chemisorption of (a) oxygen and (b) CO for various

crystal faces of elements in the periodic table.
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