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The interaction between transition-metal surfaces and simple diatomic
molecules (CO, NO, H,, N, and O,) may lead to the breaking and making of
chemical bonds and trigger important surface-catalysed reactions. We discuss the
most common surface interaction and orientation models and consider the
electronic structure of the transition metal, and the influence of structure, bonding
and coordination of the diatomic molecule. We emphasize the importance of the
tilted precursor in the dissociation of diatomic molecules on transition-metal
surfaces.

1. Introduction

Surface chemistry has a long and distinguished history. Benjamin Franklin studied
the spontaneous spreading of oil on water. Dobereiner discovered the platinum-
surface-catalysed reaction of H, and O, in 1823 and used this reaction in his lighter.
Today, heterogencous catalysis serves as the basis for most petroleum and chemical
technologies with substantial importance for the life sciences as well as environmental
protection and has been intensively investigated with the increasingly available tools
of physics, quantum chemistry and surface science [1-12]. A particularly interesting
and important area of catalysis and surface science is the interaction of diatomic
molecules (CO, N,, NO, H, and O,) with transition-metal (TM) surfaces which can
lead to the breaking and making of chemical bonds and trigger important surface-
catalysed reactions.

The development of modern surface science has made possible the investigation of
catalysts on the atomic scale, leading to understanding at the molecular level of how
catalysts function. The goal of surface scientists is to develop a predictive under-
standing of electronic properties, elementary dynamical processes and surface
structure, laying the groundwork for improved control of numerous technologically
important phenomena. The enormous economic significance of surface-related
technologies, from semiconductor devices to catalytic surface chemistry, from stability
and friction to materials growth, wear and lubrication, explains the continued
financial support and vitality for surface science research. Despite these impressive
objectives, during the first two decades of surface science research, efforts were mostly
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devoted to developing tools for preparing and characterizing samples and obtaining
useful information from acquired data with little hope of analysing trends, verifying
theories or improving technology.

In the early 1960s a catalyst was viewed as a ‘black box’ that mysteriously
converted entering reactant molecules to desirable products. From the late 1960s to
the early 1980s, the focus was on developing crystallography of single-crystal surfaces
and investigating the elements of surface electronic and vibrational behaviour. By the
mid-1980s, the surface structure problem had largely been solved through the
development of a host of experimental techniques and many surface structures became
well known. For theorists, the availability of a meaningful information base meant
that computational methods for predicting surface behaviour could be tested and
improved. In the 1990s, catalyst design, based in part on the understanding obtained
from a host of experimental techniques as well as quantum-chemical computational
methods, is the norm rather than the exception [1-28].

The control of the rate and direction of chemical reactions has held the imagination
of scientists and technologists for many centuries. Today, the benefits of catalytic
reactions are well represented by the datum that about 85% of all chemical products
are made with the use of catalysts which make possible the large-scale production of
numerous products for daily use. These include, for example, gasoline and other fuels,
fertilizer, plastics, detergent, pharmaceuticals and certain foods. If the catalyst can be
used in solid form, there are additional advantages for the chemical process because
various separation stages are eliminated, corrosion of equipment is minimized, and the
prospect of environmental pollutionis lessened. In addition, solid catalysts have more
thermal stability that facilitates higher temperatures and allows more frequent
regeneration [1-9].

The success of many commercial catalytic processes involving chemistry on TM
particles and surfaces for designing active selective poisons, surface ensembles and
promoters is based on knowledge of the fundamental principles of TM surface
chemistry and theoretical methods. Because of limitations in raw computer (central
processing unit (CPU)) requirements and the accuracy of available computational
methods, rigorous descriptions and high-energy predictions for each elementary
reaction step of an entire catalytic cycle from first-principles theoretical methods is still
unattainable. However, progress in computational resources and quantum-chemical
methods have advanced the theoretical treatment of adsorbate—surface interaction
and, in many cases, reliable quantitative predictions of energetics and structure can be
made.

Owing to the multisite nature of a catalyst and the array of competing elementary
surface steps, understanding the kinetics of heterogeneous catalytic systems is
complex. The chemical make-up of a particular catalytic site, which can change as the
surface becomes covered with reaction intermediates, is an important factor for
selectivity and activity. Molecular adsorption, dissociation, recombination and
molecular desorption are the basic elementary steps of a catalytic reaction cycle.
Dissociation and /or molecular desorption are the slow reaction steps that control
catalytic activity whereas surface composition and competition between the dis-
sociation rate and the recombination rate of coadsorbates can control selectivity.
Prediction of the overall selectivity and activity of a catalytic reaction can strongly
depend on the elucidation of each of the steps comprising the reaction mechanism.
These factors can be estimated using a range of semiempirical to first-principles
quantum-chemical methods. The latter techniques provide a good means of probing
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the effects of altering the surface TM, manipulating the nature of the active site,
changing the active particle size ensemble and gaining understandin g of the structural
and electronic features that govern the kinetics, which are the first steps towards
catalyst design.

The absorbate—surface interaction governs the stability of reactive surface
intermediates and controls whether these intermediates diffuse, react or desorb. One
can analyse the occupation of antibonding and bonding surface—adsorbate orbitals to
obtain insight into adsorbate reactivity and adsorbate—surface bond strength. Many
analyses rely on concepts from frontier molecular orbital (MO) theory for which the
lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital
(HOMO) are important parameters for understanding the adsorbate—surface in-
teraction. Further, the concepts of electron donation and back donation can provide
a satisfying description of the attractive part of the interaction potential. For TM
surfaces, differences in reactivity are often controlled by the interaction of the
adsorbate with the d valence electrons. In addition, bonding properties provide insight
on the relative stability of adatoms or admolecules at geometrically different surface
sites [9].

The quantitativeaccuracy of a quantum-chemical calculation for the prediction of
surface—adsorbate reactivity and binding can be highly dependent upon the method
used as well as the size and configuration of the cluster. For the present discussion, it
isconvenientto classify the methodsemployed to study diverse aspects of catalysis and
chemisorption on a TM surface into the following areas: empirical, semiempirical, ab
initio MO theory, formal theory (analytic solutions) and density functional theory
(DFT).

The formal theory of chemisorption (a theoretical approximation that provides a
parameter-dependent model of chemisorption) involves analytical representation of
the surface—adsorbate interaction. One approach treats the covalent bondingaspect of
the surface-chemical bond in a formalism in which electron—electron interactions are
only implicity considered through one- and two-centre electron repulsion integrals.
Solutions of the chemisorption problem are sought for the semi-infinite surface as a
function of valence-electron-ban d occupation, overlap between surface and adsorbate
orbitals, and delocalization of surface electrons [10]. In another approach, the jellium
model, in which electrons are treated as free, a continuous positive background
replaces discrete attractive due to positive nuclei and the density is chosen so that the
electron—nuclear attraction exactly cancels the electron—electron repulsion. A popular
semiempirical method, the effective-medium theory, is a combination of the tight-
binding MO appoach and the jellium model [10]. Intermediate between the DFT and
the effective-medium theory is the scattered X, theory, which approximates a solid by
spheres of constant potential and describes a metal solid or a molecule by equations of
motion of a free electron scattered by the spheres and their corresponding potentials
representing the atoms; potentials and sphere radii are adjustable parameters in this
formalism [11].

The bond order conservation (BOC)-Morse potential (MP) is an empirical
treatment of reaction energetics and surface adsorption [12]. For non-directed
bonding, BOC-MP yields analytical expressions relating atom-atom bond strength to
the strength and the number of nearest-neighbour interactions. The tight-binding or
Huckel method is an example of a semiempirical method also used for clusters.
However, Pauli repulsion effects, which are important for absorbate—substrate
interactions, require the explicit accounting of the non-orthogonality of the atomic
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orbitals that comprise the basis set for MOs. This requirement is absent in the simple
Huckel method. The atomic superposition and delocalization MO method (atomic
superposition of electron densities (ASED)) is an extension of the extended Huckel
method where the repulsive part of the bond is determined by the superposition of
fragment electron densities with a correction for the delocalization of electron density
[13]. The modified neglect of atomic overlap (MNDO) and its variants the Austin
method 1 (AM1), parametric method 3 (PM3) and semi-ab-initio model 1 (SAM1) are
more advanced and widely used semiempirical methods in which electron—electron
interaction effects are explicitly taken into account [14]. However, some of these
methods are inapplicable to the treatment of catalytic surface problems owing to the
current absence of parameterizations for TM systems. The well parametrized Zerner
intermediate neglect of differential overlap (ZINDO) [15] package has been used
in a number of interesting catalytic studies.

The first-principles models, namely the ab initio MO method and the DFT, have
provided new insights into the high-energy and electronic properties of TM systems
[16]. Ab initio approaches were historically severely limited to small systems. However,
current computational quantum chemistry has reached a level of sophistication where
much larger and scientifically meaningful calculations are routinely made for reliable
quantitative predictions of electronic properties, geometric structures and interaction
energies for metallic systems. The ab initio approach was used by the present authors
to investigate catalysis on metallic oxides, TMs as well as alloys [9]. The Hartree—F ock
self-consistent field (SCF) method is the most basic ab initio MO approach. By
expanding the many-electron state function into a linear combination of Slater
determinants the electron correlation can be incorporated, yielding a more complete
representation of the active configurationalspace. Such a full configurationinteraction
(CI) expansion is computationally intractable for larger systems. An excellent
alternativeis many-body perturbation theory coupled cluster approach which includes
single, double and perturbation inclusion of triple excitations (CCSD(T)). Size
consistent treatments include the coupled pair functional method and the modified
coupled pair functional method [16, 17]. Other methods vary the initial one-electron
functions and expand the many-electron wavefunction in a linear combination of
Slater determinants to incorporate a more complete representation of the active con-
figurational space, such as the complete-active-space self-consistent field (CASSCF)
or multiconfiguration self-consistent field (MCSCF) methods. Other methods such as
pseudopotentials are also used to reduce the computational expenditures involved in
treating larger TM systems [18].

An alternative first-principles approach, pioneered by Hohenberg and Kohn, is the
DFT method in which the energy is a unique functional of the density. The electron
density is computed by solving a set of Kohn—-Sham equations in a self-consistent
manner. Electron interactions and Cls are treated explicitly as a functional of the
density. DFT algorithm specifics include the choice of exchange—correlation func-
tional, non-local gradient corrections, basis set functions, degree of grid accuracy,
gradient and second-derivative solutions [19]. Extended two- and three-dimensional
slab or surface algorithms are now offered by both DFT and ab initio methods as well
as molecular dynamic simulations based on interactions described by hybrid
quantum-—classical methods [20].

The quantum Monte Carlo (QMC) method is a stochastic approach for sampling
the exact wavefunction [27]. The parameters in a trial wavefunction are optimized
typically by minimizing the variance of the energy. The QMC method yields energies
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and other properties in excellent agreement with exact values. QMC methods offer
considerable advantages over other techniques for treating electron correlation owing
to the capability of including functions explicitly dependent on interparticle distances
in the trial wavefunction. Among the other advantages of QMC are the comparatively
mild scaling of the CPU time with the number of electrons, the inherent parallelism of
the computations, and the weak dependence of the results on the basis set used in
constructing the trial wavefunction used to guide the random walk. The QMC method
has been demonstrated to scale better with CPU time than the CCSD(T) method does.

The use of pseudopotentials or effective core potentials (ECPs) has made possible
the application of ab initio methods to large systems that would be otherwise
inaccessible. ECPs have been found to yield energies of accuracy comparable with that
of all-electron calculations, multireference CI and coupled cluster calculations. For
this reason, ECPs are routinely used for treating valence correlations in TM systems
and at present make possible the application of post Hartree—Fock methods for which
large basis sets are currently impractical owing to high computational demands and
poor scaling [9, 27]. ECPs are essential to the application of the QMC method to
systems containing more than ten electrons.

Chemisorption, in contrast with physisorption, means that the substrate—
adsorbate interactions leads to bonding comparable in strength with that found in
molecules. The resulting species resemble chemical moieties with structure and
reactivities that can be explained by consideration of the local structure around an
active surface site with the help of an appropriate electron count. A chemical approach
to understanding these problems is based on the assumption that phenomena are local
which in its most naive sense means that a metal-adsorbate property, such as
vibrational frequency, bond distance or bond dissociation energy remains the same
regardless of the electronic environment. This is sometimes found to hold, justifying
the use of the most elementary description for the surface. The electronic distribution
on a reactive site could also influence bonding properties. Notwithstanding the
approximationsinvolved, finite cluster models implemented following first-principles-
based methods are often applied to the treatment of reactive surfaces because of their
less demanding computational requirements [20].

Three approaches have been used mainly to restrict the molecule—surface system to
manageable size. In some respects the most elegant is the embedding method in which
the aim is to solve as accurately as possible a system consisting of a small number of
atoms around the adsorbate while taking the rest of the system into account through
some form of embedding potential that serves as an additional boundary condition on
the system. While potentially very powerful, this method is at an early stage of
development compared with the methods outlined below. The second approach is to
model the substrate as a finite cluster. This approach is similar to the embedding
method, except that no account is taken of the part of the substrate that is neglected.
The third technique involves the use of a supercell geometry, which has become
popular largely because of its computational simplicity and efficiency. The semi-
infinite substrate is replaced by a periodicarray of extended two-dimensional slabs and
the single adsorbate is also replaced by a periodic array.

Some other models involve rigorous optimization of the local interactions between
a small cluster of surface or bulk atoms and an adsorbate. The resulting system is then
embedded into a larger cluster to model the interactions due to the bulk. Other models
use frozen-core d valence electron or pseudopotential methodology to treat the
electronic structure of the local adsorption complex which enables the calculation of
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larger clusters. Yet other proposalsinvolve the redistribution of electronsin the cluster
so as to populate the strongly interacting orbitals that are empty in the small cluster
but become occupied on the surface [20, 21]. Some workers, however, have indicated
that there should be changes in the local surface orbitals available for binding change
according to cluster size and proposed the bond preparation scheme in which the
occupied surface molecular orbital either is partially filled and available to accept an
adsorbate electron easily or is completely filled. An electron must first be promoted to
the LUMO before adsorption. In order to reduce the large energy cost, owing to
substantial HOMO-LUMO gaps, the bond preparation scheme manipulates the
electronic state of the bare cluster so as to mimic the electronic state of the bulk making
the cluster more favourable for adsorbate binding.

The MO cluster model for surface chemistry and surface phenomena is a simple
and yet valuable way to investigate the chemisorption bond and surface processes.
Many properties of the adsorbate—substrate system are relatively local and the MO
cluster model wavefunctionscan reproduce these properties well [22]. Some features of
the interaction such as binding energies of the adsorbate may depend on the cluster
size or on the electronic state of the cluster. What conditions should a cluster model
fulfil in order to represent correctly a wide range of surface properties? Upton and
Goddard [23] indicated that the cluster model should have a ground-state wave-
function in which the HOMOs, which represent the surface conduction band, have

(a) significant amplitude at the adsorption site,

(b) a large number of HOMOs in a small range of energy constituting a high
density of the conduction-band state,

(¢) a highly polarizable cluster model wavefunction and

(d) an ionization potential close to the work function.

Bagus and co-workers [24] in their study of N, and CO adsorbed on Cu and Ni
surfaces used very small clusters to represent the key features of the substrate
adsorbate chemical bond and showed that excited states of clusters which contained
the adsorbate plus a single atom could be successfully used to interpret core level
photoemission spectra. Hermann et al. [25] argued that the chemical bond with an
adsorbate depends on the size of the cluster model chosen to represent the substrate.
The present authors [9] also used small clusters to represent the key features of the
substrate adsorbate chemical bond for the 3d MTs [31]. Analysis of these interactions
using the constrained-space orbital variation method [24] indicated that all the cluster
models studied interact with CO through the same mechanism. Except for the initial
Pauli repulsion and cluster polarization, the different contribution to the chemi-
sorption bond did not strongly depend on the cluster size. In order to have net
bonding, the cluster must have the conduction-band = levels near the Fermi level. This
orbital structure results in a larger = back donation. The orbital symmetry of the
HOMOs appears to play a key role.

Panas et al. [26] using a ‘bond preparation method’ concluded that the density of
conduction-band states and the cluster polarizability are not properties which
significantly affect the calculated chemisorption bond energies. Panas et al. have stated
a proposition referred to as the Stockholm rule, which encompasses the work of
Hermann et al. [25] for guiding cluster modelling of chemisorption. The Stockholm
rule essentially states that, in order for a cluster to be a reasonable model of the surface
in a chemisorption calculation, the electronic state of the cluster must be a ‘properly
prepared’ bonding state. On the other hand, one of the important features and
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advantages of the ab initio cluster model approach used by many workers to determine
the leading physical interaction mechanism with an ab initio quantum-mechanical
formulation is the requirement, as input, of only the cluster geometry and the level of
cluster wavefunction. Following Bauschlicher, electron correlation can also be
included [24] in order to further the description of the absorbate absorbant system in
the cluster model approach.

In working with molecules interacting with metals, it is quite useful to make a
connection with a molecular treatment in order that chemical knowledge and
experience with orbitals, bonds, and charge transfer can be used as tools for analysing
molecule—surface interactions. Comparing orbital interactions in isolated molecules
with those of a molecule on a surface, one discovers that in the latter case it is possible
to assume that a small set of frontier orbitals dominates. In a one-electron picture, for
both the molecule and the surface, the controllinginteractions are likely to be the two-
orbital two-electron stabilizing interactions. Depending on the relative energies of the
orbitals and the magnitude of the overlap, each of these interactions will involve
charge transfer from one system to another. Ab initio unrestricted Hartree—Fock
(UHF) studies by Bagus et al. [24] and the authors [9, 30-35] on TM monocarbonyls
supports these views, that is mainly that the bonding of CO to metal carbonyls is one
of o forward donation and n back donation and is reflected in the classical
Dewar—Chatt—-Duncanson bonding model in an organometallic molecule or CO
bonding to a surface in the Blyholder [28] model. These primary interactions are the
fundamental electronic origins of the cluster—surface analogy and a remarkably useful
construction of a structural, spectroscopic and thermodynamic link between organo-
metallic chemistry and surface science. One can then use the available tools of
theoretical chemistry with special emphasis on charge transfer, which can be
reasonably well determined quantitatively using modern ab initio Hartree—Fock
computer programs.

The representation of a TM surface in terms of an individualatom or a small group
of atomsis based on the supposition that the surface atoms retain much of their atomic
character, the adsorption properties are strongly influenced by local site effects, and
band effects are secondary. Consider a molecule, described by occupied and
unoccupiedelectroniclevels, approachinga surface. Afterinitial long-range attraction,
repulsion sets in as the molecule approaches the surface more closely. When, however,
a bonding combination of wavefunctions of the absorbate and absorbant overlaps
significantly, the interaction becomes attractive. The simplest model would be the
interaction of two isolated atoms, one representing the metal and the other the gas
particle. As the number of surface atoms is increased to improve the representation of
the molecule—surface interaction, it also becomes of interest to ascertain the effect of
the defect morphology on the structure of adsorbed molecules and to investigate
whether the richer stereochemistry and differing electronic structure of high-Miller-
index surfaces can give rise to unique chemisorption complexes whose reactivity might
significantly differ from that exhibited by species adsorbed on close-packed ideal
planes.

Two mechanisms are used, in general, namely the direct and precursor states
models, to describe the dissociation of molecule on a surface. In direct dissociative
chemisorption, the incident molecule dissociates into adsorbed fragments immediately
upon collision with the surface. In dissociative chemisorption through a precursor
state, the molecule is adsorbed intact before dissociating. The precursor state arises as
a result of the loss of incident kinetic energy of the molecule to the surface upon
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collision. The molecule remains in this state until enough energy is received from the
solid to reorient it into an energetically favourable configuration for dissociation or
diffusion or, alternatively, until sufficient energy is supplied from the solid for it to
desorb without dissociating.

The mechanism for dissociation is dictated by the potential energy hypersurface of
the interaction. As a molecule approaches a surface, its long-range attractive van der
Waals interaction with the surface gives way to a short-range repulsive interaction.
However, the repulsion does not continue to grow at increasingly shorter distances.
Instead, because of electrons from the surface filling antibonding orbitals of the
approaching molecule, the interaction becomes less repulsive and then turns attractive.
The orientation of the incident molecule on the surface can determine the likelihood
of direct dissociation or molecular adsorption because there are typically few
orientations of the incident molecule and few surface sites that are energetically
favourable for direct dissociation.

A handful of recent studies investigating the dynamics of molecular chemisorption
have suggested that two similar mechanisms govern non-dissociative chemisorption.
In the precursor mechanism for molecular chemisorption (trapping-mediated chemi-
sorption) the impinging molecule dissipates its kinetic energy in the collision with the
surface and physically adsorbs or traps. Once the moleculeis trapped, there is a kinetic
competition between desorption and chemisorption on the surface that is governed by
surface temperature. In the case of a direct dissociative mechanism, chemisorption
occurs upon impact with the surface provided that the molecule has sufficient
translational and vibrational energy to overcome the barrier to dissociation. A similar
direct mechanism for molecular chemisorption in which the final product remains an
intact molecule is also possible.

Many of the ideas about how a molecule traps and locates a site for chemisorption
originate from experimental studies of adsorption kinetic [1-7]. Simple Langmuir
kinetics results in an adsorption probability that is linearly dependent on the number
of empty sites. The most common deviation from this mechanism arises near the point
of saturation coverage where independence of the adsorption probability on coverage
is attributed to the existence of precursor molecules, initially adsorbed above filled
sites, that migrate to empty sites where adsorption can take place. The precursor
molecules above the empty and filled sites have come to be known as intrinsic and
extrinsic precursor molecules respectively. The precursor molecule is capable of
diffusion over empty sites and over and around filled sites until a favourable
configuration or site for adsorption is attained. The independence of the adsorption
probability on coverage provides evidence for the existence of the extrinsic precursor
molecule. Kinetic measurements and the corresponding models are often suggestive of
the important role of a precursor molecule in the adsorption and dissociation
processes. The kinetic energy may also assist in surmounting barriers to molecularly
chemisorbed surface states, which then serve as precursors to dissociation. A number
of experimental features have been invoked to distinguish between direct dissociation
and direct molecular chemisorption mechanisms. These include surface temperature
effects, dependence of saturation coverage on incident kinetic energy, and energy—
angle scaling; the latter is a data characterization which is dependent on the initial
adsorption probability at various incident angles.

TM systems and molecular interactions with TM 3d surfaces, in particular, pose a
considerable challenge to both experimentalists and theoreticians. The reason is
because TM surfaces with adsorbed molecules have complex spectra arising mainly
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owing to the proximity of low-lying states (s, p, d), of similar spatial extent and energy,
and to many spin multiplicities. From an experimental viewpoint, this complexity is
frequently exacerbated by different isotopes with large nuclear spins and magnetic
moments. Despite these difficulties, new and refined experimental techniques [9] have
facilitated the acquisition of an immense data base of molecule-metal binding,
structure and reactivity information. Molecular-beam techniques permit the collision
energy and the direction of the incoming adsorbate to be varied over a wide range.
Experimental arrangements that couple molecular-beam techniques with electron
spectroscopies, especially those with vibrational resolution provide sensitive detection
of chemisorption by identifying the adsorbate and quantitatively measuring its
coverage. By applying field (or laser) pulses with variable repetition rates, one can
evaluate kinetic data of the surface processes. Among the various spectroscopic
techniques, ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron
spectroscopy (XPS) are certainly powerful tools for studying the nature of adsorbed
molecules on solid surfaces. Comparison of the relative spacing and intensities of the
photoelectronspectra between adsorbed and free molecules enables one to gain insight
into bonding geometry, bond strength and details of the electronic properties of
adsorbed molecules.

Well characterized (usually single-crystal) surfaces under low-pressure conditions
are nowadays generally accepted as suitable model systems for studying the elementary
processes underlyingchemical reactions at surfaces which are of considerable practical
relevance for phenomena such as heterogeneous catalysis and oxidation. Although the
surface science approach indicated substantial progress via the arsenal of tools from
surface physics previously indicated, it was Langmuir who introduced the concept of
chemical interactions at well defined surfaces without being able to conduct the
appropriate experimental studies as well as the idea of the chequerboard on to which
chemisorption of particles from the gas phase may take place. With the tools of
present-day technology, the macroscopic rates and outcomes of many important
processes including those occurring during heterogeneous catalysis, the manufacture
of semiconductor devices, and the modification of materials depend ultimately on the
interactions between individualatoms and molecules and the nature of specific sites on
solid surfaces.

One of the first key findings of low-pressure surface science studies was the
importance of surface irregularities (kinks and steps) in breaking and rearranging
chemical bonds of adsorbates [5]. Catalyst additives, or so-called promotors, have
frequently been deposited from the vapour phase on metal model single-crystal
catalysts to study their effects as structure or bonding modifiers. Alkali metals,
halogens and oxide or sulphide islands are deposited on TM surfaces with variable
surface concentrations to build complex catalyst systems on single-crystal surfaces or
on thin films of the catalyst. There is a higher reaction rate and stronger bonding at
defects and on rough surfaces. Not only are the latter catalytically more active, but
also they are more active in breaking chemical bonds.

Chemisorption-induced restructuring can be viewed as the initial phase of a solid-
state reaction whose kinetics are controlled by atom transport (diffusion) [5]. When
adsorbate-induced restructuring creates crystal faces that are beneficial to catalytic
activity, these adsorbates are called ‘structure modifiers’ or structural promoters. If
the reaction rate is decreased owing to adsorbate-induced restructuring, the adsorbate
is called a catalyst poison. Restructuring occurs in order to maximize bonding and
stability of the adsorbate—substrate complex. It is driven by thermodynamic forces and
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is most likely to occur when the stronger adsorbate—substrate bonds compensate for
the weakening of bonds between the substrate atoms (which is the result of the
chemisorption-induced restructuring process). Substrate restructuring also occurs
during chemisorption of molecules. Metal surface atoms that are relaxed by moving
inwards on a clean surface move outwards during the formation of a chemisorption
bond. Structure modifers are often introduced as important additives when formu-
lating the complex catalyst systems.

Structural promoters can change surface structure which is often the key to
catalyst selectivity. Alloy components may not participate in reaction chemistry but
modify structure and site distribution on the catalyst surface. Site blocking can
improve selectivity as has been proven for many working catalyst systems. S and Si
and other strongly adsorbed atoms that seek out certain active sites can block
undesirable side reactions. The activation energy for surface diffusion of chemisorbed
species is low compared with their heats of desorption; therefore, these atoms and
molecules migrate along the surface, visiting various adsorption sites during their
surface residence time. It is likely that the adsorption of reactants on a strongly
chemisorbed overlayer-covered surface occurs by laterally displacing the overlayer,
thereby creating a reaction site. As long as the activation energy for surface diffusion
of the deposit is small, this process can always create new sites for adsorption and
reaction.

The heat of chemisorption per atom or per molecule declines with increasing
coverage for most chemisorption systems [5]. Not only does increasing coverage of
chemisorbed species lead to sequential filling of binding sites, but also it can weaken
adsorbate—substrate bonds markedly. This effect of coverage influences surface
residence times of adsorbates and subsequently their behaviour during chemisorption
and surface chemical reactions. Under high pressures and high surface coverages of
adsorbed reactants and reaction intermediates, the heat of desorption is low compared
with the situation at low coverages. In most surface science studies, adsorbates are
investigated at low coverages because their stability under these conditions makes
their study easier and because of the low-pressure conditionsnecessary to utilize many
surface science techniques.

The coadsorption of two different species can lead to repulsive or attractive
adsorbate—adsorbate interactions [5]. The ordering of one adsorbate by the co-
adsorption of another through donor—acceptor interaction is commonly observed.
Repulsive interactions between two donor or two acceptor coadsorbed molecules
leads to separation of the adsorbates by island formation or disorder in the adsorbed
layer. Strong attractive interaction among adsorbates can lead to dissociation of the
molecular species. Alkali metals are often used as additives during catalytic reactions.
They are ‘bonding modifiers’ since they influence the bonding and therefore the
reactivity of the coadsorbed molecules. Halogen species can also be important
bonding modifiers because they are powerful electron acceptors and are used as
promoters in several catalytic processes. Oxide-metal interfaces can exhibit very high
activity compared with the metal alone whether the metal is laced on the oxide or the
oxide on the metal. The phenomenon of ‘strong metal supportinteraction’ emphasizes
the unique high catalytic activity due to oxide—metal interfaces. The typical activation
treatment for catalysts of this type involves reduction in hydrogen, during which the
oxide encapsulates the metal, resulting in much reduced CO or H, chemisorption
activity followed by an oxygen heat treatment that activates the catalysts during which
the oxide forms small islands in such a way as to maximize the oxide-metal periphery
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area. The chemically active surface undergoes adsorbate-induced restructuring that is
often local (short range) and can also be diffusion controlled (long range). Structural
rearrangements occur with the absorbates as well as on the substrate side of the
chemical bond. One of the challenges for the surface science of catalysts is the
development of selective catalysts for the stereoscopic synthesis of drugs and fine
chemicals for the human body. Biological catalysis provides us with many examples of
processes that occur with 100% selectivity in making a product. Therefore, we should
extend our understanding of the causes of selective catalytic surface chemistry in the
production of small molecules as well including diatomic molecules—the focus in this
review.

Macroscopic rates and outcomes of heterogeneous catalytic events depend on the
dynamics and microscopic kinematics of the interactions on the atomic scale. The
interaction of molecules with surfaces is dependent on molecular orientation,
molecule—surface separation, lateral position of the molecule within the surface unit
cell, and molecular velocity, angular momentum, electronic and vibrational states as
well as the effects of steps and defects of the surface. In addition, one must also
consider substrate degrees of freedom including phonons, plasmons and electron-hole
pairs [36]. Since a full theoretical description that includes all degrees of freedom is a
prohibitive task, one approach is to choose a model system for which the influence of
certain degrees of freedom is minimized or to investigate the influence of those degrees
of freedom over which one can exert considerable control. Since one cannot follow
continuously the changes in positions and velocities of the nuclei in the electronic state
of the system, one can at best hope to infer the detailed dynamics of the interaction
from a series of ‘snapshots’ of the system before, during and after the interaction.

Molecules are adsorbed on surfaces with preferential orientations that reflect the
response of the molecule to the orientation dependence of the potential energy surface
(PES) describing the interaction. This cannot be taken, however, as evidence that the
dynamics of gas—surface interactions are governed by the initial molecular orientation
in the gas phase. At very low energies the molecule may achieve adiabatically its
energetically preferred orientation during its approach to the surface, independent of
its initial orientation, or the oriented chemisorption state on the surface may be
reached by first trapping into a precursor state in which the tilted state may play an
important role. Experimental studies have given indirect evidence for the possible
importance of steric effects and orientation on adsorption [36].

In seeking to understand the role of molecular orientation in the molecule-surface
interaction, we must focus on identifyingthe connection between the orientation of the
molecule as it approaches (or leaves) the surface and the orientation of the molecule
in the adsorbed state. We note, for example, that molecular dynamics simulations
indicate that the process of ion desorption is accompanied by significant rotational
excitation, so the initial orientational order on the surface is lost. The overall shape of
the angular distribution is governed by the electrostatic image potential experienced
by the charged ion as it leaves the surface. On the other hand, the yield of desorbed
ions depends very significantly on the initial orientation of the molecule on the surface.
These findings suggest that molecular orientation can be an important factor in
surface dynamics.

Beyond the physisorption regime, charge transfer dominates the interaction of a
slow molecule with the surface of a metal. It often leads to the making of bonds
between the atoms of the molecule and the surface and to the breaking of bonds within
the molecule.
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Summarizing this section, understanding the mechanism of adsorption and
dissociation is related to molecular-level knowledge of various factors including the
reactions of adsorption and desorption, the structure of the catalytic surface, and the
bonding and coordination of the reaction intermediates to the surface. Consequently,
detailed studies of gas—solid heterogeneous catalysis retain considerable theoretical
and experimental interest and make heterogeneous catalysis a multidisciplinary
research field requiring the collaboration of scientists and technicians from many
areas. The development of modern surface science has provided the opportunity to
investigate catalysts on the atomic scale and to understand the molecular ingredients
that make them function. Evaluating quantitatively the energy of interaction between
a gas molecule and a surface is a computationally demanding task and presents many
difficulties, making it desirable to find empirical, phenomenological and, where
tractable, ab initio methods that can describe experimental results more precisely and
the gas molecule-TM surface interactions more generally for many kinds of metals
and surfaces. Calculations of molecular properties containing TM atoms have proven
to be more difficult than those for first- and second-row atoms although recent
advances in methodologyand high-speed computers have now made it possible to also
obtain quantitative information of many molecular systems containing TMs.

The development and refinement of new experimental techniques have also made
possible the acquisition of an immense data base for the chemical identity of the
adsorbate, its bindingsite, structure and reactivity. Questions are now being asked not
only about the structure and stability of adsorbates but also about their dynamics and
mechanisms. There is better understanding of the dominant features of the
molecule-surface potential energy hypersurface and how they govern the dynamics
and mechanism of both dissociative and molecular chemisorption. Despite con-
siderable progress in both theory and experiment, however, many questions remain
unanswered regarding chemisorption, dissociation, precursor states, back donation
and other interesting effects such as the influence of the choice of metal plane, surface
structure, geometric and electronic configuration, defects, impurities, steps, kinks,
terraces and doping, some of which will be reviewed below for selected diatomic
molecules in their interaction with TM surfaces.

In thisreview we discuss the interaction of simple diatomic molecules (CO, NO, H,,
O, and N,) involved in important catalytic processes and may lead to breaking of
bonds on TM surfaces. We begin with CO and N, adsorption and dissociation on TM
surfaces since these interactions can in general be used as models for chemisorption
and dissociation on metallic surfaces via donation and back-donation primary
interactions and in some configurations via a tilted precursor state proposed by the
present authors and co-workers [9, 30-35].

2. Adsorption and dissociation of CO on transition-metal surfaces

For many systems the TM—CO adsorption geometry has the C end lying directly
above a surface metal atom. This geometrical arrangement permits many features of
chemisorption to be determined by considering the interaction of CO ligands with
metal atoms in complexes. This rather simple conceptual picture of metal-CO
bonding remains applicable for many cases of molecular CO adsorption. In the early
1960s, Cotton and Kraihanzel [37] investigated CO-TM bonds and showed that in
substituted carbonyls a linear metal-C-O system can have CO stretching frequencies
strongly reduced from gas-phase values. In 1964, Blyholder [28] indicated that the
bonding in isolated CO can be regarded as resulting from an sp_ hybrid orbital of C
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combining with the p_ orbital of O to produce a o bond, whereas the p, and p, orbitals
of the C and O atoms combine to produce two © bonds. This leaves a lone pair of
electrons on the O 2s orbital and a lone pair on a C sp_ hybrid orbital which can form
a coordinate bond in a complex with suitable acceptor orbitals such as a d orbital on
a metal atom. This leads to a o bond between C and the metal atom. Since the
formation of this o bond puts a formal negative charge on the central metal atom, it
is usually stated that back donation from a metal d orbital to the antibonding x MO
on the CO ligand occurs to remove this excess negative charge and to stabilize the
bond. This statement about & bonding between the metal and the ligand seems slightly
misleading because, at first glance, it implies the placement of electrons in a high
antibondingorbital. However, these MOs are lower in energy than the metal d orbitals.

Sung and Hoffman [29] in 1985 summarized the main ideas at the time supporting
the early pioneering work of Blyholder [28]. From theory the MOs of isolated CO are
well known. The HOMO is mainly a C lone pair whose energy is lower than the d states
of TMs. In the generally accepted end-on CO chemisorption configuration the 5o is
pushed down by surface states relative to other CO levels. The lowest unoccupied MO
set, the free CO 2, consists of two antibonding orbitals with large coefficients on C.
During adsorption the 2n-derived orbitals are partially populated and the CO bond
weakened. The 5o loses electron density in going from the free molecule to the
chemisorbed system. The states that are pushed up above the Fermi level and which
originated from d_. are in reality an antibonding mixture of d_. and 5c orbitals. A
similar mechanism can explain surface bonding with N,. In this case the MOs that
participate predominantly in bonding to the surface are the donating 36, and 2o,
orbitals which are essentially non-bonding with respect to the molecular bond (the N,
3o, orbital is weakly bonding and the N, Ir, orbital is strongly antibonding). Strong
metal-absorbate ¢ bonding implies little regarding the C—O and N—N bonds whereas
metal-to-adsorbate back donation will lead to substantial weakening of the molecular
bond [31-35].

In the Blyholder [S] molecular view of chemisorbed CO, the molecule is adsorbed
in a linear metal-C—-O structure, with electron donation from the CO 5c orbital into
d orbitals, and back donation from the surface 3d orbitals into the CO 2x orbitals. The
metal atoms generally have various degrees of coordination with other metal atoms on
the supported surface, the lower-frequency bands arising from CO bonded to metal
atoms having less than the maximum number of neighbours. Within the HOMO-
LUMO description of chemical bonding, the interaction of two fragments is described
in terms of virtual excitations between occupied and unoccupied fragment orbitals.
The donatinginteraction populates unoccupied metal surface orbitals by excitation of
an electron from occupied adsorbate orbitals, whereas the back-donating interaction
populates unoccupied MOs with electrons from the occupied metal surface orbitals.
The donating and back-donating interactions between occupied and unoccupied
orbitals on the respective fragments result in attractive interactions. The Hiickel MO
theory suggests that the bond energy decreases when antibonding orbital fragments
become occupied. High coordination sites are favoured when electrons populate
bonding orbital fragments. Electron occupation of antibonding orbital fragments
favours low-coordination sites [3].

Adsorbate-metal fragment interactions control adsorption geometry. Both do-
nation and back donation contributeto the total bond energy of the adsorbate—surface
complex. Adsorbed molecules will interact with d as well as s and p valence electrons
of a TM surface. For diatomic molecules such as CO, NO or O,, the energy difference
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between bonding and antibonding orbitals is relatively small. This implies that the
back donation arising from the interaction between occupied metal valence electrons
and unoccupied adsorbate MOs must be considered. CO binds perpendicular to the
metal surface through C to help to optimize both donating and back-donating
interactions. This is due to the lower electron affinity of C. Donating interactions
between an adsorbate and a surface behave oppositely to those of back-donating
interactions. For example, a low work function, which acts to increase back-donating
attraction, actually decreases the attractive donating interaction.

In spite of the success of the Blyholder model in describing the CO interaction with
TMs, this model does not consider the existence of tilted states. During the period
when Blyholder developed his model, there was no evidence that inferred postulation
of tilted states. Only recently have tilted states been observed at unusually low CO
stretching frequencies around 1100-1330cm ' for Fe(100), Fe(111) and Cr(110)
[38-44]. Tilted precursor states and low N, stretching frequencies were also observed
for Cr(110) [45-47]. Coordination of a diatomic molecule can also occur parallel to the
metal surface. Overlap between the molecular 2n* orbital and TM surface orbitals
could be optimum when the diatomic molecule is adsorbed parallel to the surface. The
antibonding character of the CO 2rn* orbital weakens the C—O bond, resulting in an
elongation of the bond length and a lowering of the CO stretching frequency.

Much effort has been devoted to understandin g the specific behaviour of each TM
and the influence of its surface structure on the dissociation of diatomic molecules.
Depending on the choice of TM and experimental conditions, the molecule can
undergo either dissociation or molecular adsorption. The trends across the TM series
indicated by Broden et al. [48(a)] two decades ago still hold, namely firstly that,
for a given TM series, the further to the left a metal lies in the periodic table, the greater
the tendency for dissociation, and secondly that the approximate boundary for
dissociative or molecular adsorption moves to the left as one proceeds down the
periodic table from 3d- to 4d- to 5d-electron-containin g metals.

In order to understand better the approximate boundary for dissociative or
molecular adsorption, one must also take into consideration the unoccupied d levels
and the differences in energy among the 3d-electron-containing TMs arising from the
relative separation of atomic states. The d”s*,d"*'s' energy separation varies
significantly across the 3d transition row. As the 3d orbital becomes more stable
relative to the 4s orbital with increasing nuclear charge, there is, in general, a decrease
in the 3d"4s* — 3d"*'4s' and 3d"4s* — 3d"** excitation energies from left to right of a
row. Since the d” orbital contracts more rapidly than the d"*' orbital with increasing
nuclear charge, the propensity for s—d hybridization decreases across a row. There is
also little net 4s—4s bonding at the optimal 3d-3d bond length. Andreoni and Varma
[48(b)] analysed systematically the trend across a TM row of molecular against
dissociative adsorption and noted that the dominant mechanism is hybridization of
the 2r orbital with the TM surface density of states. The trends in charge transfer and
in binding energy are determined by gross parameters of the metal, that is the position
of the centre of gravity of the d band with respect to the atomic level and, to a lesser
extent, the d bandwidth. The main features of chemisorbed CO on TM surfaces are
strikingly similar to those of a carbonyl complex with a small number of TM atoms.
The basic properties of the chemisorptive bond and the driving mechanism for the
dissociation of the molecule are both essentially determined by the gross features of the
TM substrate.

Now a question arises: is the tilted state the precursor molecular site of the
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dissociation of diatomic molecules on 3d metal surfaces? The existence of the bent
geometry of diatomic ligands in TM complexes was a first indication implying tilted
states on TM 3d surfaces. Also a bent geometry was proposed for several carbonyl
haemoglobin compounds [49]. The present authors and co-authors [30-35] proposed
a resonating valence bond mechanism of CO and N, dissociation on metal 3d surfaces
that when combined with ab initio Hartree—Fock calculations predicts the occurrence
of tilted states and dissociation on TM 3d surfaces.

The mechanism for the dissociation of a diatomic molecule (AB) on a TM 3d
surface can also be viewed as a charge-transfer process with bonds resonating among
the metal, and atoms A and B of the diatomic molecule. The theory is applicable since
the surface—AB interaction is dominated by charge transfer [30-35]. Pauling’s [50]
resonating-valence-bond theory describes charge transfer in metals as transferring a
bond from one atom to the next, accompanied by the creation of M*, M- and M"
states. Synchronized resonance leads to charge separation and in fact describes an
insulator state. Unsynchronized resonance, however, requires that the atom receiving
a bond (M or M*) has an orbital available for its reception (occupied in M- ). It is the
existence of such an orbital (the lowest unoccupied 27* MO of CO or In, of N, ) that
permits the interaction of the adsorbed molecule as a Lewis = acid with the metal
surface. Schematically, one has

B B B-§
| | /
A A- A-d A B
- - - |
M M M M M M M M

(a) (® © {d

Following the approach of the diatomic molecule AB to the surface (with surface
atoms M, step (a)), the first electron-transfer (b) leads to incipient bond formation
between the surface (which acquires a positive charge represented by M*) and A atom
(the C atom of CO or the N atom of N,). In step (c), the A—B bond is transferred to
the metal surface. Dissociation occurs when the electron returns to the surface, step
(d), restoring electrical neutrality as must occur in a catalytic process. The electron
traverses a closed loop in the dissociation of AB. In the intermediate step of electron
transfer from the A—B bond to the surface, the molecule becomes inclined to the
surface. This mechanism predicts a tilted precursor state of dissociation of diatomic
molecules on TM surfaces.

During the sequence of reactions of CO promoted by TM catalysts, the metal
attacks C since the unoccupied 2n* molecular orbital is mainly localized on it. The
extent of 3d —» 2x* back donation is directly correlated to the strength of the M—CO
bond. The CO 5c— metal 3d donation contributes to reduce the excess negative
charge on CO; however, there is very little CO 5c-to-metal 3do donation if the 3do
shell is also filled. By occupying the antibonding 27* MO, the C—O bond is weakened.
The charge-transfer process leads to a build-up of negative charge mainly on C,
although a significant portion delocalizes on to O as well. This charge-transfer model
is supported by the results of our previous UHF SCF calculations [30-35].

The dissociation of diatomic molecules such as CO and N, holds high interest for
understanding heterogeneous catalysis and much effort has been devoted to the
comprehension of the specific behaviour of each TM and the influence of the metal
surface structure on the interaction with the diatomic molecule. The molecule CO, in
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particular, is partly dissociated at relatively low temperatures on some TM surfaces
whereas higher temperatures are required for other surfaces and yet on other surfaces
only molecular adsorption is observed. The surface structure also has significant
influence. On most densely packed surfaces, dissociated CO could not be detected even
at relatively high temperatures while CO dissociation was reported on various stepped
TM surfaces. It is found generally that, in going from left to right in the periodic table
and from TMs containing 3d to 5d electrons, dissociative adsorptionis suppressed. We
note that to the left of the periodic table, one finds dissociation of CO on the TMs Fe,
Cr, V,Ti, Nb, Ta, W, Reand Ru. To the right of the periodic table, one finds molecular
adsorption on the TMs Cu, Co, Ni, Rh, Pd, Ag, Au, Pt and Ir. CO adsorbs in an end-
on orientation with the C end towards the surface for the metals on the right side of
the transition series, for example Ni, Pt, Pd and Cu. Weak CO chemisorption was
observed on Cu(100), Cu(111) and Cu(110) and strong chemisorption on Ru(001),
Pd(100) and Pt(111).

Under certain experimental conditions, we can also find dissociation on some of
the metals on the right side of the periodic table. On densely packed surfaces of Co, Ni
and Rh, for example, dissociated CO was not detected even at high 7, while CO
dissociation was reported on stepped surfaces of these metals. Special step and bridge
sites, small crystallites with special surface sites with a low coordination number
occurring in high concentration on small metal particles, low-index faces, films and
rough surfaces, with surface defects such as steps and kinks can facilitate CO
dissociation on TMs including those to the right of the periodic table. In addition, K
and Li can also promote dissociation on some TMs to the right of the table, including
Cu(100), Ag(001) and Ni(100).

The effects of an alkali-metal promoter can be important. We note that, on clean
Ru(001), COis found to lie on the surface and, when K coverage exceeds+ ML where
ML indicates monolayer, CO is found to stand perpendicularly to the surface even
on Ru(001). Proceeding further left in the transition series one expects that side-on
bonded CO will be more stable than end-on bonded CO even on an unpromoted
surface. This behaviour has been confirmed in studies of CO and N, adsorbed on
Cr(110) surfaces. Remarkably, most of the data on CO and N, chemisorption on TM
systems can be unified and understood in terms of the simple conceptual Blyholder
metal-CO bonding model as modified by the present authors and co-workers [9,
39-35] with the introduction of the tilted precursor state.

There are four interesting and even unusual findings arising from experimental
results of chemisorption and dissociation of CO on TM 3d surfaces. First, why does
the adsorption of CO on first-row TM surfaces Sc to Fe tend to dissociate CO whereas
from Co to Cu the CO tends to remain adsorbed on the surface. Second, what is the
origin of the unusually low observed CO stretching frequencies at 200-1260 cm™* for
Fe(100) and 1150-1330 cm™ ' for Cr(110)? Third, what is the precursor state for CO
dissociation on TM surfaces? Fourth, how do modified catalytic 3d surfaces, such as
those formed by doping with alkali atoms, lead to more efficient chemisorption and
dissociation?

The interaction of CO with clean Fe surfaces has been investigated by various
techniques owing to the important role the CO-iron interaction plays in Fischer—
Tropsch synthesis [51-56]. These studies showed that CO is molecularly adsorbed at
low temperatures, but that it is decomposed at higher temperatures (above about
300 K). CO adsorption takes place via a weakly bound precursor state. The dissociated
C and O recombine and desorb as CO molecules around 800 K for the low-Miller-



16: 55 21 January 2011

Downl oaded At:

Adsorption and dissociation of diatomic molecules 179

index Fe crystal surfaces. Three molecular adsorption sites, two “hollow’ sites and one
‘on-top’ site for Fe(111), have been reported [55]. CO molecules adsorb on-top sites
of Fe(110) at 120 K. A clean well characterized Fe(100) surface yielded three low-
temperature desorption peaks at high CO coverages labelled o,, o, and a,. An
unusually low band at 1200 cm ' is the C—O stretching frequency associated with the
o, precursor to a dissociative state. The broad peak with the higher frequency at
2100 cm ' is the C-O stretching frequency associated with the a, and o, molecular
species [53]; the free-molecule CO stretching frequency is 2143 cm '. The «, state
indicates a tilt angle of about 45° for CO in the fourfold hollow site on the Fe(100)
surface and provides direct experimental evidence that CO (a, ) is the precursor to CO
dissociation on an Fe(100) surface.

Our previous [32] ab initio calculations of Mulliken populations, bond index and
Fermi levels of FeCO indicated that, as CO is tilted, there is increased Fe — CO charge
transfer as well as a corresponding decrease in the C—O bond order as the Fermi level
moves to more negative values. In order to improve our description of the interaction
between CO and an Fe surface, we considered an Fe CO cluster model for the
CO-Fe(100) surface. Calculations were carried out for five CO configurations: end on
with CO at 90° with respect to the surface, and at 0° and 45° with respect to the surface
with the CO placed both diagonally and parallel to the Fe, plane.

Our earlier effective-core potential (ECP) and multiple-scattering (MS) X,
calculationsindicated that two mechanisms are mainly responsible for this C—O bond
weakening [32]. First, as Fe—CO bends, the Fe—C bond changes character from sp to
sp? hybridization with loss of the triple-bond structure of CO. Second, as Fe— CO
charge transfer increases, the population in O antibonding orbitals increases,
weakening the CO bond. This increase in charge transfer arises from the new overlap
of the 3d orbitals of Fe with the CO sp* and p orbitals in a bent structure. Charge
transfer from the metal dx orbitals also contributes to CO bond weakening. In cases
where molecular symmetry is lowered from C, to C,, the system has only one
symmetry element, the x—z plane, which makes possible mixing of the 2p_and p.
orbitals from the C and O atoms while the p, orbital retains its symmetry. Although
this lowering of molecular symmetry smears the distinction between ¢ and = charge
transfer, it is now possible to have both charge transfer into and out of the CO sp*
hybrid orbitals. The same holds true for the CO p, orbital. These results indicate that
metal back donation is considerably larger than CO— metal donation. The mono-
carbonyl complex, in which the surface is represented by only one Fe atom as well
as the larger Fe CO cluster, obtained using ab initio MS X, and ECP methods,
indicate the same finding, that is that back donation is the dominant mechanism.
More negative values of the Fermi level facilitate Fe— CO charge transfer and,
for the bent 45° pre-dissociative state, its Fermi level is found to be the lowest of
all the configurations considered. The vibrational frequency of the adsorbed molecule
can be taken proportional to the inverse of the back donation. The ratio of
the calculated Fe, CO MS X, back donation for the perpendicular and the bent
(45%) CO configurations is 0.5 in reasonable agreement with the value obtained by
comparing the corresponding two observed frequencies, 1260/2070 ~ 0.6. This
suggests that the o, state is effectively the tilted state of CO on the Fe(100) surface and
the o, and a, states may be associated with perpendicular adsorption. Analysis of the
spread of back-donation values with CO inclination indicates that the changes in
stretching frequencies can be correlated with variation in Fe— CO back donation
using a cluster model representation of the molecule—surface interaction.
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CO chemisorption on a Cr(110) surface indicated that two molecular binding
modes are sequentially populated [57]. The first of these, o, (CO), is bound with its axis
nearly parallel to the Cr(110) surface. The C-O has a stretching frequency of
1150-1130 cm ' and is © bonded at twofold symmetric surface hollow sites—precursor
states to dissociation. At higher CO coverages, an o, (CO) binding mode is observed at
1865 cm ! and at 1975 cm !, indicative of terminally bound molecules adsorbed atop
and at bridge sites and aligned approximately perpendicular to the surface.

Our [34] ab initio calculations of the CrCO and Cr,CO model systems indicated
charge transfer and 3d orbitals to CO as well as weakening on the CO bond as it is
tilted. The net surface » CO charge transfer is typically larger when CO is tilted. The
additional charge transfer for the tilted states contributes to the populationincrease in
CO antibonding orbitals. For all sites and for all fixed Cr—Cr and surface-CO
distances, the CO bond order decreases as CO is inclined towards the surface. We also
observed that differences in CO bond order are typically smaller between the onefold
and twofold sites than the difference between the perpendicular and parallel
configurations which suggests that the important effect is inclination as opposed to site
adsorption. We infer that the CO vibrational frequencies around 1975 cm ' reflect
differences in site adsorption, whereas frequencies around 1330 cm™ ' correspond to
inclined CO at these same sites. Preferential inclination occurs in the direction of the
closest Cr atom. As expected, an increase in the Cr(1)-Cr(2) distance results in
reduction in charge transfer. Further, reduction in the surface—CO distance results in
increased charge transfer whereas an increase in the CO bond distance results in a
reductionin CO bond order. Comparison of the calculated ratios of back donation for
the perpendicular and parallel CO configurations suggests that there should be
increased back donation, CO bond weakening and subsequent reduction in stretching
frequencies in the tilted state, supporting experimental results which indicate that the
binding mode at 1360 cm™ ' is due to twofold symmetric surface hollow sites with the
intramolecular axis nearly parallel to the Cr(110) surface. The binding mode at
1975 cm ! is indicative of terminally bound molecules adsorbed and aligned
approximately perpendicular to the surface.

The present authors and a co-worker [31] used ab initio calculations of MCO
systems (M ranges from Sc to Cu) in order to describe general trends of CO adsorption
on TM 3d surfaces. In general, the metal » CO charge transfers for the 3d” *'4s' metal
configuration are higher than those corresponding to the 3d"4s* configuration. The
3d"*'4s' configuration has an additional 3d electron which further increases charge
transfer. As expected for a given TM, the occupation of 3dn orbitals leads to higher
back donation. The electronic configuration is an important factor in determining the
extent of TM — CO charge transfer and therefore the occurrence of dissociation. For
Co, Ni and Cu, the calculated ground-state configuration of the MCO system has
smaller back donation which suggests that there are surface configurations of these
metals that do not have a tendency to dissociate CO, as observed experimentally.
There are, however, some excited configurations that have back donation and could
lead to dissociation.

Turning now to other TM surfaces [31], we consider as a simple illustrative case the
Sc surface in which each of the two 3d orbitals has typically one electron. The
electronic configuration of the Sc surface, represented here by the electronic state of
linear ScCO is interesting to analyse because with it one can study the behaviour of the
3d_. (m) and 3d_ () orbitals in tilted states. The inclination of CO at 30° relative to the
surface increases the net SC— CO charge transfer by almost 50% (from 0.42¢ to
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0.59¢). The major contribution to this increase in charge transfer with CO inclination
comes from 3d orbitals. There is also a small —0.0le increase in CO— Sc charge
transfer to the 3d | and 4p orbitals as CO inclines. The ScCO electronic configuration
changes from (3dr)*(4s)' to (3dn)' (CO 2n*)' (4s)', illustrating the important role of Sc
(3dm)— CO (2n*) charge transfer. The symmetry of the 3d_ and the 3d_ orbitals is
broken with inclination. The Mulliken population of the 3d orbitali 1ncreases slightly,
but the metal » CO charge transfer remains large. On the other hand, charge transfer
via the 3d . orbital increases significantly, by about 0.5¢ (the 3d . Mulliken atomic
populatlon drops from 0.70¢ to 0.23¢). Analysis of bond order for different tilt angles
of CO on TM surfaces indicates that, for all the dissociative surfaces studied,
inclination leads to increased charge transfer and reduction in CO bond strength as it
inclines.

Cu, which is to the right of Fe in the periodic table, tends to be non-dissociative for
CO chemisorption. If we compare CuCO with FeCO in excited states without back
donation, we find that for inclined CO there is only a small increase in charge transfer
for CuCO compared with FeCO even though CuCO has more d electrons available to
participate in back donation to 2n* orbitals [9].

The CO interaction with TM surfaces has been investigated using a wide range of
experimental techniques. For example, CO adsorption on the Ni(100) surface has been
studied experimentally by low-energy electron diffraction (LEED), near-edge X-ray
absorption fine structure (NEXAFS), normal photoelectron diffraction, Fourier
transform infrared (IR) adsorption reflection spectroscopy, thermal desorption
spectroscopy (TDS), electron-energy-loss spectroscopy (EELS), high-resolution
electron-energy-loss spectroscopy (HREELS), IR reflection absorption spectroscopy,
angle-resolved X-ray photoemission spectroscopy and IR spectroscopy [58-69]. On
the flat closed-packed surface of Ni(111), surface adsorption of CO is both non-
dissociative and unactivated [70-72]; the activation energy for desorption has been
measured to be 1.3 eV. For a wide range of incident translation energies, approxi-
mately 50% of an incident beam of CO will stick to a Ni(111) surface [70-73]. The
adsorption of CO on Ni(111) is an example of multiple CO coordination possibilities
to surface Ni atoms, in which continuous conversion from threefold to twofold CO
bridge bonding has been observed with increasing coverage [74]. In addition,
spectroscopic measurements showed that the interaction among CO molecules at high
coverages is strongly repulsive. At saturation coverage, a strong repulsive interaction
for CO on Ni(110) was suggested to force a tilt of 21° in the [100] direction to lower the
total energy of the system [75]. CO molecules are also expected to interact strongly at
high coverages on Ni(111). The CO stretching band was observed to shift from
1815 cm ! at the lowest coverage to up to 1915 cm ! upon saturation. This behaviour
was attributed to increased CO bond strength at higher coverages caused by reduced
back donation into the 27* antibonding CO orbital [76]. The latter was attributed to
indirect chemical and electrostatic interactions between adsorbed molecules and, at
the highest coverages, to strong intermolecular repulsive forces, which arise because of
the closeness of adjacent CO molecules.

The interaction of CO with Ni surfaces has also been investigated theoretically by
numerous techniques, such as ASED-MO [77], model Hamitonian self-consistent field
[78], generalized valence bond (GVB) [79], CASSCF [80], X, [81], Hartree—Fock—Slater
[82] and the linear combination of Gaussian type orbitals (LCGTO)-local spin-density
method [83]. In addition to the Blyholder model, other approaches place importance
on the interaction of the CO 2z orbital with the metal p_ rather than d_ orbitals. The
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orbital energies of the bare cluster indicate few levels with appreciable s character and
a d band with a high density of states around the Fermi level. The 2n* orbital,
possessing mainly C 2p character, lies above the Fermi level of the bare cluster system.
Upon CO adsorption the Fermi level lowers relative to the bare cluster. When CO
approaches a Ni surface, charge transfer occurs from the surface to CO. The increase
in charge on C is due to the increase in 2p contributions arising from the partial
occupation of the CO 2x* orbital.

It is well known that both electronegative (e.g. O, Cl and C) and electropositive
(e.g. Na, Csand K) atoms exert strong influence on catalytic performance [84-87]. Pre-
adsorbed K increases the rate of dissociative adsorption of CO often by orders of
magnitude. This behaviour has been related to increased binding of the molecularly
adsorbed species in the neighbourhood of K atoms. The increase in dissociation rate
is then simply interpreted as a decrease in the desorption probability relative to the
dissociation probability. Further, it has been found that pre-adsorbed S, CI, P and C
act as poisons for CO adsorption by destabilizing the molecularly adsorbed species. S,
O and C adlayers all reduce the binding energy of CO to a surface and inhibit CO
dissociation. K was observed to enhance CO bond strength to a surface and to increase
the amount of CO dissociation relative to a clean surface. CO chemistry on an Fe
surface, for example, is markedly influenced by pre-adsorbed atomic species whereas
S, O and C adlayers all reduce the CO binding energy and inhibit CO dissociation [21].

Interesting studies of the effects of CO coadsorbed with alkali metals on TM
surfaces have been carried out. An example is the determination of vibrational shifts
of CO on Cu(100) which is of considerable experimental [88-92] and theoretical
interest [93-96]. It is well known that the alkali atoms influence the electronic structure
of CO and lead to significant changes in chemisorption properties. One of the most
dramatic changes induced by coadsorbed alkali atoms is the decrease in CO vibrational
frequency, which in some cases can be as low as 1200-1400 cm ' [97] compared with
the free CO stretching frequency of 2143 cm '. Several mechanisms have been
suggested to explain this decrease and the enhanced catalytic activity of CO
coadsorbed on TM surfaces in the presence of promoters.

The mechanisms that induce lowering the CO vibrational frequency [88-103] can
be roughly classified into five groups. One is a through-metal effect [98] that assumes
that electron donation occurs from the alkali atom to the surface resulting in a upward
shift of the Fermi level and increased capability of the metal to back donate charge into
the 2n* MO of CO, resulting in bond weakening and reduction in vibrational
frequency. Another mechanism suggests that there is sp* rehybridization of the
metal-CO bond with reduction of the triple-bond character of C-O [99]. Recently, a
third mechanism has been proposed that emphasizes direct interaction between the
outermost s orbital of the alkali metal and the 2rn* MO of CO [100, 101]. In this
picture, direct charge transfer from K to CO, for example, leads to the formation of
K*—CO" surface complexes and to dramatic vibrational shifts. The electrostatic
interaction between the electric field created by the positively charged alkali-metalions
and the dipole moment of adsorbed CO may also be an important path. It has been
shown that this purely electrostatic effect may induce a substantial red shift of the CO
vibrational frequency [94, 102]. Geometric effects have also been suggested to play a
role [103].

Pacchioni and Bagus [88] indicated that the activation of coadsorbed CO, and
hence the dramatic lowering of the CO vibrational frequency, arises from a
combination of various mechanisms with differing relative importances. Two of the
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dominant mechanisms are electrostatic interaction prevailing at long range and
enhanced back donation from polarized Cu electrons prevailing at short range. For
K-CO, nodirect charge transfer was found. Bauschlicher [24] also studied theoretically
CO/Cu(100), including electron correlation at the modified coupled-pair functional
level, using a large basis set for Cu atom at the adsorption site and for CO. Electron
correlation is found to increase the bindingenergy by about 1 eV, which is in very good
agreement, as is the geometry, with experiment for the largest Cu cluster considered.
Unlike bindingenergies, the CO vibrational frequency shift relative to free CO is found
to be independent of cluster size and the inclusion of electron correlation. Pacchioni
and Bagus [104] also investigated CO chemisorption on the bridge site of the Pd(100)
represented by Pd, and Pd, clusters using ab initio relativistic and nonrelativistic
Hartree—Fock and MCSCEF calculations. The interaction energy was decomposed into
contributionsarising from intraunit polarization and interunit effects including charge
transfer and covalent bonding. Besides classical © back bonding found for other TM
surfaces, CO ¢ donation to the partially occupied 4dc—5sp metal hybrid orbitals
significantly contributes to the chemisorption energy.

Some more recent work indicates the new trends. The surfaces of bimetallic
systems are being intensively studied because of their unique properties and indicate
marked effects when the constituents differ considerably. When the two metals are
neighbours in the periodic system, often a rich variety of interesting phenomena is
observed. For example, Pt grows epitaxially on Ni(111) and, owing to the large
atomic-radii misfit, departure from the compressed ideal Pt structure can be
anticipated [105, 106]. For CO on the (111) face of PtNi alloys a reduction in
chemisorption heat has been reported. A tight-binding model study [107] of CO
adsorption on a Pt /Ni(111) surface yielded a chemisorption energy lower than on pure
Pt(111), most probably owing to overlayer compression.

NEXAFS spectroscopy absorption features indicate that, for simple diatomic
molecules such as CO, two pronounced resonances, labelled = and o, are observed.
Lower in energy, the sharp = resonance is associated with the excitation of a core
electron into the lowest unfilled antibonding MO of = symmetry. At higher photon
energies, the broader ¢ resonance can appear, which is explained either by a transition
into an unfilled antibonding c MO or by MS of the excited electron in the molecular
potential, resulting in the first intramolecular extended X-ray absorption fine-structure
wiggle [108].

In order to elucidate the dynamics of surface-chemical reactions, it is important to
measure the internal (vibrational and rotational) energy and the translational energy
of product molecules desorbed from catalyst surfaces [109—111]. The oxidation of CO
on Pt and Pd surfaces are the prototype reactions for dynamics studies and the source
of information on the translational and internal energy states of CO, produced by
catalytic reaction. The vibrational and rotational states of product CO, are sensitive
to surface structure, that is the transition state of CO oxidation is strongly affected by
the structure of the reaction sites. Vibrational dynamics on surfaces are an elementary
class of gas—surface energy transfer problems whose description is a step towards full
understandingof crystal growth and chemical reactivity at surfaces. Beyond measuring
time scales and delineating whether such energy transfer is vibrational or electronic,
the central problem is understanding the relationship between the observed dynamics
and features of the chemical interactions between adsorbate and surface. In recent
years there has been importantexperimental progress in unambiguouslycharacterizing
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the vibrational relaxation of adsorbates on metals for which the most intensively
studied systems to date are CO/Cu(100) and CO/Pt(111) [112-114].

The oxidation of CO on CO/O, /Pt(111) has been attributed to O released from
dissociation of O, and to excited O,. The rate of CO, production is consistent with
dissociation of O, prior to the oxidation of CO. If CO oxidizes by an atomic pathway,
then the capture of O by CO is highly efficient ; if CO oxidizes by a molecular pathway,
then the O atoms in the CO¥ transition state are inequivalent [115]. The rates and
pathways by which adsorbates at surfaces are energized or de-energized play an
integral role in dynamical processes such as adsorption, surface diffusion, chemical
reaction and desorption [116].

Consider coadsorption of CO and CH,O on Ni surfaces. The adsorption of
methoxy (CH,O) on TM surfaces has received a great deal of attention because of its
role in catalytic oxidation and combustion reactions. Furthermore, CH,O is a
commonly occurring fragment in the O—H bond scission decomposition of methanol
on most metal surfaces. On Ni(100), methoxy decomposes a surface-bound CO and H,
for which a quasistable COH or HCO intermediate has been proposed. Similarly,
methoxy decomposes to CO and H on Ni(110) and Ni(111) at room temperature. In
all cases, the C—O bond is retained along the decomposition pathway [117].

Several mechanisms have been proposed to rationalize the observed intraligand
vibrational frequency shifts induced by an electric field [118-122]. One mechanism
assumes that the degree of coverage changes with the electric potential and that the
shifts originate from the coupling of oscillating C-O dipoles. Another explanation
assumes that the external electric field changes the amount of charge back donated
from the metal to the 2n* antibonding MO of CO, thereby modifying the CO
stretching frequency. A third explanation is based on an electrostatic argument
according to which the shifts are determined by physical effects and, in particular, the
interaction between the adsorbate dipole and the external field. It has also been argued
thata combination of chemical and physical effects is required to explain the potential-
induced shifts of CO on Pt electrodes [122]. The theoretical analysis by Bagus and
Pacchioni [118] of the vibrational shifts of CO chemisorbed on Pd(100) indicated that
the Stark turning rate is not altered significantly by the electronic rearrangement
induced by the field. They argue that the shifts arise primarily from the field—dipole
electrostaticinteraction and that chemical effects are small. Although the consequence
of electronic rearrangements, which are caused by the applied field, are small for the
change in shifts observed, these chemical effects lead to large changes in the intensity
of the IR transition. The chemical changes may be within the CO unit and may not
involve changes in charge transfer or dative bonding between the TM and CO.

A great deal of recent attention has focused on the physics and chemistry of Pd thin
films on several metal single-crystal surfaces owing to significant differences in the
structural, electronic and chemical properties between these films and bulk Pd. The
former are also of particular interest because the observed changes in CO chemi-
sorption properties are greater than those found with Ni and Pt films. For example, a
comparison of CO desorption from Ni, Pd and Pt monolayer films supported on
W(110) with that from bulk Ni(111), Pd(111) and Pt(111) samples shows that the CO
desorption temperature decreases by 50 K for Ni and by 60 K for Pt monolayer films,
but a surprising 180-195 K for a Pd monolayer. The electronic structure of Pd
monolayers on different substrates has also been observed to differ considerably from
that of bulk Pd, showing a low density of states at the Fermi level characteristic of the
group 1B (Cu, Ag and Au) metals. This alteration of the electronic structure is not
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strongly dependent on substrate, with similar changes seen for Pd thin films on
Ta(110), Nb(110), W(110), Cu(111), Ag(111), Au(111) and Al(111). This is most
striking in view of the reasons proposed for these alterationsincluding lowered Pd—Pd
overlap (suggested for the highly strained Pd-Nb system, butinapplicableto the almost
unstrained Pd-Ag and Pd-Au systems), d-state covalent interactions between the
substrate and adsorbate (also proposed for PAd-Nb), and charge transfer [123-126].

The transition from a molecular to a metallic adsorbate system is also of recent
interest. For extended metallic systems a detailed understanding of electron cor-
relation, charge transfer, screening response upon ionization, electron excitation and
decay dynamics is not easily achieved owing to the large number of electronic levels
involved; nevertheless, cluster calculations and band-structure models have been
rather successful. An important step towards a more complete understanding of the
adsorption bond was taken by introducing complexes consisting of molecules bonded
to only a few metal atoms as intermediates [127]. For CO, the prototype absorbate,
experimental data on carbonyls were found to exhibit many features similar to the CO
methyl case. Two alternative methods were used to monitor experimentally the
development of a CO adsorption system that gradually changes from molecular to
metallic: first, CO was deposited under ultrahigh-vacuum (UHV) conditions and
adsorbed on Pd islands of increasing size and, second, Pd was deposited in a CO
atmosphere leading to the growth of Pd carbonyl-like species. For CO adsorbed on
UHV-deposited islands, the electronic properties of the CO-Pd complex is strongly
dependent on the island size and CO coverage: large amounts of CO result in reduced
screening ability, and small effects characteristic of molecular systems can be detected
even for islands containing about 100 Pd atoms [127].

The reaction site identification and its modifications are requisite for designing
catalyst surfaces with new functions as well as for understanding the reaction
dynamics of surface elementary processes. The angular and the velocity distributions
of desorbing products provide structural information on the reaction sites. Identi-
fication and switch-over of reaction sites in CO oxidation of Pt(113) and Pt(112) are
indicated by heating the co-adlayer of CO and by five O, peaksin the range 160-420 K
sharply collimated along either the (111) terrace of the (001) step normal [128]. A
fundamental property of any model for the geometrical structure of an adsorption
system is the specification of which of the available sites on the surface is occupied by
the adsorbate and how surface site occupation changes with adsorbate coverage. A
method with the potential of providing such information in a rather straightforward
manner is high-resolution core-level photoemission applied to the core levels of the
adsorbate and the substrate. Such studies were used to investigate adsorption sites at
low temperatures of CO on a Rh(111) surface as a function of CO coverage. At
coverages up to 0.5 ML, the majority of the molecules are found to adsorb in on-top
sites and, at higher coverages, threefold sites become increasingly populated [129].

The study of CO adsorption and oxidation on Pt electrodes is of both fundamental
and applied importance in electrochemistry. Comparisons between the vacuum and
the electrochemical environments will facilitate the understanding of CO behaviour in
electrochemical environments. Incomplete oxidation of small organic molecules
results in the formation of adsorbed CO which poisons electro-oxidation reactions
[130]. Extensive studies of catalytic oxidation of CO over the past couple of decades
have lead to the development of a general mechanism that applies to a wide variety of
TM-based catalysts. In this mechanism the CO and O, adsorption steps, which are
believed to be molecular and dissociative, respectively, are followed by recombination
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between CO and O on the surface (via a Langmuir—Hinshelwood step) and fast
desorption of the resulting CO,. Although the kinetics of this reaction have been
investigated in some detail, owing to its complexity, questions remain.

Rate dependence on surface coverages for isothermal studies of the kinetics of CO
oxidation on Pt(111) have indicated that the reaction rates depend not only on
reactant coverage but also on surface preparation. While the presence of O on the
surface helps the production of CO,, increasing CO coverages increase the activation
barrier for this reaction [131]. Recent advances in in-situ measurements have brought
about greatly improved characterization of electrode surfaces and fundamental
knowledge about the interaction of molecules, solvents and solutes with a well defined
metal surface. This information is important for understanding the physics and
chemistry at a solid—solutioninterface. Coadsorption of CO with water on Pt(111) has
shown strong interaction with overlayer water molecules and retarded the oxidation of
CO to CO, [132].

In discussion to this point, adsorbed molecules and atoms on metal surfaces are in
registry with the substrate lattice so that adsorption-induced reconstruction can be
explained by assuming local movement of substrate atoms. In contrast with thisimage,
the metal surface often brings about a kind of chemical reaction during catalysis and
adsorption. In these cases, metal atoms react with adsorbed molecules or atoms to
yield low-dimensional quasicompounds which undergo self-assembly on the surface
[133]. Ordered alloy surfaces, which are known to have a stable, well defined structure,
provide the possibility of relating surface properties to microscopic data. An example
is Cu[110]c(2X 2)-Pd which is usually obtained by depositing 0.5 ML of Pd on to a
clean Cu(001) surface. On this surface, CO is bonded only at on-top positions of Pd
atoms and the CO stretching vibration is independent of CO coverage. For
Ni[001]c(2X 2)-Al, CO is bound at the on-top position of Ni atoms and also fourfold
bridge positions between two Al and two Ni atoms. Increasing the CO exposure leads
to a shift of the two C—O bond stretching vibrations. The d electrons that back donate
into the 2x* antibonding orbital of CO come from the Ni atoms both in the first and
in the second layer [134]. For CO adsorption on Cu(100) there are two known adlayer
structures. At very low coverages, the adlayer is disordered but, at 0.45ML, some
ordering occurs; at higher coverages, there is uniaxial compression. Vibrational
energy transfer processes that are known to have considerable influence on the
chemistry and physics of surface processes includingadsorption, reaction and diffusion
are important in this system in which dipole—dipolecoupling results in C—O frequency
shifts [35].

The development of powerful experimental techniques has helped us to understand
the bonding of molecules to metal surfaces and to reveal the basic mechanisms of
heterogeneous catalysis. Theoretical studies, however, have generally focused on
equilibrium geometries, vibrational frequencies and bonding mechanisms [136], but
little is known about the potential energy surfaces for bonding of diatomic molecules
to TM surfaces. For CO/Pt(111) the bonding mechanism can be described by the
Blyholder model for which reactants smoothly reach the chemisorbed state by a
process explained in terms of a single PES. This mechanism differs from other work
[137] which indicated that = back donation does not contribute to the interaction of
CO with Pt(111).

The surface chemistry of metal oxides holds considerable importance in catalysis.
A large fraction of industrial catalytic processes involves reactions occurring at TM
oxide surfaces. One of the most promising techniques proposed for non-destructive
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analysis of an oxide catalyst surface makes use of CO. The CO IR frequency is
measured at various temperatures and degrees of coverage. The vibrational frequency
shift of adsorbed CO relative to the gas-phase value provides an indirect measure of
formal charge, coordination and number of cation sites on the catalyst surface. The
great advantage of this technique is that it can be used for powders and other non-
single crystal surfaces. Bagus and co-workers [24] have reported interesting findings on
bonding and vibrations for CO chemisorption on oxide surfaces.

The molecular adsorption of CO on Pd(110) revealed a fascinating sequence of
reconstruction and de-reconstruction of the metal surface induced by changes in
adsorbate coverage. The theoretical dissociation energy barrier of CO on a Ni(111)
surface is much smaller than that on a Pt(111) surface, in agreement with experimental
results. The adsorption sites for CO on a Rh(111) single crystal surface indicates that,
at low coverages, the majority of the molecules are found to adsorb at on-top sites
whereas, at higher coverages, threefold hollow sites are increasing populated. The
lateral interactions between CO molecules chemisorbed on the Rh(110), Rh(100) and
Rh(111)surfaces have weakly repulsive and attractive interactions on all three surfaces
whereas non-monotonic interactions between chemisorbed CO molecules are rather
common on low-index surfaces [138-140].

Theoretical studies of the bonding mechanism of CO to Pt(111) and its effect on the
vibrational frequency of chemisorbed CO indicates that the bond is found to be
dominated by c donation and = back donation, whereas the major contribution to the
experimentally observed vibrational shift is explained by the = back donation
mechanism. The effects of coverage on IR frequency shifts of CO adsorbed on Ni(111)
surface was recently attributed to lateral interactions between the adsorbed molecules
and the adsorption of CO on different fcc and hep threefold hollow adsorption sites.
The site-occupancy pair correlation function for CO adsorbed on Pt(111) indicated
that, at low coverages a diffuse superstructure involving only on-top sites appears
while, on increasing the coverage, more and more bridge sites are occupied and a
superstructure grows progressively. The adsorption dynamics for precursor ad-
sorption in the systems N, /W(100), CO/(Fe-Si(100)) and O, /Ni(111) indicate that
there is no discernible influence of rotational state on the sticking coefficient for
intrinsic or extrinsic precursors. Apparently the molecule can rotate more or less freely
and the rotational energy can be accommodated subsequently leading to trapping.
Some very interesting work has also appeared recently on CO chemisorption over
metal surfaces and overlayers [141], surface electronic structure and reactivity of
transition and noble metals [142], a comparison of N, and CO adsorption on Ru(001)
[143], structure sensitivity in adsorption for CO interaction with stepped and
reconstructed Pt surfaces [144], and the theory of adsorption and surface reactions
[145].

Temperature dependence (90-440 K) of the vibrational spectra of CO adsorbed on
a disordered Pt(111) substrate has been studied by sum-frequency generation. At low
temperatures a centre-frequency of 2091+ 4 cm'' was determined which is charac-
teristic of the stretching vibration of top-bound CO at Pt terrace sites. At a temperature
of 360 K, a centre frequency of 2074+ 5 cm ' was obtained which is characteristic of
the stretching vibration of CO bound on step sites of the disordered Pt(111) substrate
[146]. Recently, the coadsorption of CO and Cs and Ru(0001) has been investigated
and provided detailed information on atom location and vibrational properties.
Starting from a pre-covered surface, coadsorption of CO leads to improved ordering
and the formation of a mixed Cs +CO overlayer. Cs atoms remain in on-top positions
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while CO changes its adsorption site from on top, as found on a clean surface, to the
threefold hollow site in the mixed Cs +HCO overlayer [147]. This site change was
ascribed to a purely electronic effect. CO molecules can utilize the enhanced charge
density at the surface due to the Cs overlayer by a substrate-mediated charge transfer
into the CO 2xn* MO. Since back donation is more efficient in highly coordinated sites
than in on-top positions, CO changes its adsorption site.

The adsorption behaviour of the K/CO coadsorbate system was studied at an
adsorption temperature of 95 K on the Cu(332) surface [148]. Thermal desorption
spectroscopy experiments show that K adatoms influence the electrostatic potential
induced by the steps of the surface, with the result that COs adsorbed on step sites are
the first to be influenced by coadsorbed alkali. With K present on the surface a strong
K-CO interaction is evidenced by the stabilization of the adlayer up to temperatures
greater than 599 K. Work-function change measurements reveal a change in CO
bonding towards the pre-covered surface, that is the results cannot be readily
interpreted in terms of direct interaction of K with the CO 1x orbital. The existence of
this direct interaction gives rise to absence of the (In +5c) degeneration in CO-
induced states in the ultraviolet photoelectron spectra.

The adsorption of CO on Pd(111) and Pd(100) surfaces has been extensively
documented experimentally [149]. On Pd(111), CO is adsorbed on a threefold hollow
site at low coverages and on a bridge site at higher coverages. On Pd(100) a bridge site
has been detected. Only a few data exist concerning the adsorption of CO on Mn. It
seems that CO adsorbs in both the dissociative and the molecular forms. The study of
CO adsorption on Pd, Mn alloysindicates a decrease in the bindingenergy on the alloy
surfaces compared with pure metal surfaces. The local chemical properties of
bimetallicsurfaces are often drastically different from those of each of the components.
Using CO adsorption as a probe, it was shown [150] for two model systems,
Au/Pd(111) and Pt /Ru(001), that their chemical properties depend critically on local
surface structure and that the correct interpretation of area integrating spectroscopic
and kinetic data obtained from these surfaces requires detailed knowledge of their
(defect) structure and the distribution of different components in the surface layer. In
addition, information on the local chemical properties of specific structural elements
such as monolayer islands and monolayer island edges, and specific surface ensembles
can be obtained by applying in combination high-resolution scanning tunnelling
microscopy imaging and area integrating spectroscopic techniques to bimetallic
surfaces whose morphology and composition are varied in a systematic and controlled
way.

Bimetallic surfaces of alloys often show superior catalytic performance. For
bimetallic surfaces, two mechanistic concepts have been introduced to account for the
experimentally observed pronounced dependence of reaction rates on surface
composition: the so-called ensemble effect and the ‘ligand effect’. The former assumes
that a minimum of neighbouring surface atoms of one type is required to make
possible adsorption or reaction on the surface, which for surfaces consisting of a
dispersed mixture of two or more atomic species yields a pronounced concentration
dependence. The ligand effect describes the stepwise change in electronic and chemical
character of a surface atom A when the neighbouring (surface) atoms are successively
replaced by B-type metal atoms.

Experimental results based on photoelectron spectroscopy, HREELS and LEED
indicate that a hydrogenated K /Cu(100) interface blocks the adsorption of CO [151].
The catalytic properties of a surface are determined by its composition and structure
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on the atomic scale. Structural effects are often investigated using well defined single-
crystal surfaces (model catalysts) [152]. This approach, however, cannot take into
account the characteristic behaviour of supported catalysts such as the influence of
dispersion and the role of the substrate (so-called size effects) in catalysis. Size effects
in heterogeneous catalysis are generally explained by the proportion of low-
coordinated active sites with metal cluster size (the geometrical effect) or by the
electronic structure of clusters relative to their size (the electronic effect). A good
model of a supported catalyst consists of metal particles deposited on to a non-porous
support film or crystal. To date, Pd is probably the metal most investigated in this way.
An increase in CO oxidation turn-over rate with decreasing particle size was observed
foraPd /Al O, catalyst. This behaviour was explained by larger accessibility of the gas-
phase molecules for corner and edge sites of the particle surface [153-155]. Later, a
new effect was observed, namely a decrease in the CO oxidation turn-over rate on a
Pd /mica catalyst with increasing particle density, that could not be explained using the
accessibility model. Explanations were proposed on the basis of an increase in the
effective CO flux towards the particles by the capture of CO admolecules diffusing over
the substrate. Subsequently it was shown that the CO adsorption rate on alumina-
supported Pd particles increases with CO diffusion over the support surface. The
diffusion of admolecules is interrupted by desorption or by trapping by catalyst
particles. The mean diffusion length determines the width of the so-called capture
zones around the particle.

Many catalytic reactions are structure sensitive; the rate depends on the detailed
geometrical structure of the surface atoms of the catalyst. Structure sensitivity usually
manifests itself as a dependence of the rate per surface atom on the average size of the
catalyst particles [156]. The understanding is that for particle diameters d<< 100 the
relative number of step and kink sites increases dramatically with decreasing d, and
these very under-coordinated surface atoms could have a substantially different ability
to interact with molecules from the gas phase. Structure sensitivity may reflect a
variation in the intrinsic ability of the surface atoms to participate in surface chemistry
(the electronic or ligand effect), or it may be related to the availability of a certain
number of surface atoms in special geometrical arrangements of importance for the
interaction with the reactants (the ensemble effect).

The structure sensitivity of CO adsorption on different flat, stepped, kinked and
reconstructed Pt surfaces has been studied using large-scale DFT calculations which
indicated an extremely strong structure sensitivity in the adsorption energy with
variationsup to 1 eV (or 100%) from one structure to the next. It was concluded that
any catalytic reaction (adsorption, dissociation, recombination and desorption)
involving TM catalysts will, in general, have contributionsfrom d bands to the binding
energy of the atomic and molecular adsorbates, and to the height of the barrier along
the reaction pathway. If the contributions are large, the stability of the intermediates
and the barrier heights will depend on the local coordination number for the TM
atoms in the surface through the d band centre.

Supported-metal catalysts are widely used in industry. Determination of the metal
surface area and the degree of dispersion of the metals on oxide supports is essential
for both the efficient use of precious metals (group 8) and in understanding these
catalytic systems. Many techniques have been used for determining metal surface
areas and metal dispersions. Techniques such as X-ray diffraction (XRD), electron
microscopy and selective chemisorption have been widely used. The XRD line-
broadening technique gives the average size of metal crystallites, but its application is



16: 55 21 January 2011

Downl oaded At:

190 C. A. Taft et al.

limited to catalysts with relatively high metal loading and relatively large metal
crystallites. The accuracy of the determination of metal surface area depends on the
knowledge of stoichiometry of the adsorption. This is a major limitation, in particular,
if the stoichiometry of adsorption changes significantly with metal crystallite size.
Despite its wide use, the selective chemisorption method is not good for the
determination of small metal surface areas because a very small difference in the
amounts of adsorbate gas between the beginning and end of adsorption must be
detected. A series of Ru—Cu bimetallic catalysts on silica were prepared by the co-
impregnation method. The amount of Ru was maintained constant and Cu loading
was varied. CO adsorption was followed by temperature-programme d surface reaction
of the pre-adsorbed CO with H, to form mainly methane. CO uptake was observed to
increase with Cu addition, which could be attributed to some kind of ligand effect. The
peak temperature was observed to shift to higher temperatures with increasing Cu
content, indicative of a decline in the rate of the methanation reaction with Cu
addition. It is suggested that this could be due to a decrease in the CO dissociationrate
on the bimetallic catalysts [157].

Pd and Pt are important components of metallic catalysts. Interestingly, their
metallic radii are about 10% larger than those of ferromagnetic TMs Fe, Co and Ni.
As a result, uncertainty arises concerning the interface geometry when Pt or Pd is
deposited on a densely packed surface of a ferromagnetic crystal [158]. For example,
Pt monolayers on Fe(001) and Co(001) yield a 1X 1 structure whereas 1 ML of Pd on
Co(0001) yields a 11X 1 superstructure. Pt on Co(0001) forms two domains
distinguished by either fcc or hep stacking. Regarding the electronic structure, the
spin-resolved photoemission spectra in the normal direction shows for 1 ML of Pd on
Co(0001) an interface state of Pd electron character 1.3 eV below the Fermi level E,.. A
remarkable property of this state is the inverted exchange splitting. Other electronic
features are close to those of the bulk for Pd (Pt).

Other intensively studied systems are Pt and Pd on Ni(111) which have essentially
the same approximately 10% metallic radius mismatch. The growth is layer by layer,
but LEED shows a diffuse 1X 1 pattern near 1 ML coverage which leads to the
suspicion that the growth is not an ideal pseudomorph. The Pt core level in Pt /Ni(111)
displays remarkable catalytic properties. It has been argued that, for fully compressed
pseudomorphic Pt monolayers or clusters on Ni(111), the Pt core-level shift (CLS) as
well as the Pt d bandwidth would be large, and surface reactivity would drop
drastically in contrast with the behaviour of the analogous Pd/Ni(111) surface.
Reasons have been given that the effective Pt—Pt separation lies well between the
Ni—Ni and the bulk Pt—Pt distances. An extremely interesting analogue is represented
by the disordered PtNi alloys at stoichiometry close to 1:1. It is known that the (111)
surface is a quasipure Pt segregated layer with strong Ni enrichment in the second
layer. The CO binding energy is slightly reduced compared with that on Pt(111) and
there is no significant CLS at surface Pt atoms compared with the bulk. Similar
remarks apply also to the Pt Co, (111) face. Hence, there is some similarity between
the overlayers and alloy surfaces mentioned. In contrast, the Pt surface is compressed
less then 5% (2%) in Pt Ni  (Pt, Co, ), which again corroborates the idea that the
complete compression of Pd (Pt) overlayers is never reached.

Even if the geometry were known, electronic structure calculations of the alloys
discussed above would not be accessible to modern rigorous methods since a huge
number of non-equivalent atoms are expected in the overlayer. A semiempirical self-
consistent tight-binding recursion scheme method was used for the Pd/Co(0001)
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system. Ideally pseudomorphic 11X 1 and ‘non-compressed’ Pd overlayers were
considered; the latter were treated by a mean-field method. The inverted exchange
splitting of interface states is shown to result from hybridization with the substrate
bands which is different for different spin orientations. Comparison of Pd /Co(0001)
results with those for Pt/Co(001), Pd /Ni(111) and Pt/Ni(111) shows that the best
agreement is reached if the Pd-Pd (or Pt—Pt) nearest-neighbour separation lies about
half-way between the overlayer and substrate nearest-neighbour distance in the
elemental crystals. Such a geometry can be achieved in domains separated by defect
walls. Clarification of this question can help in understanding the close analogy with
the (111) surface properties of the corresponding TM alloys. In many respects CO
chemisorption resembles the thoroughly studied Pd and Pt films on electropositive TM
substrates. Both the different nature of the substrate and the overlayer compression
contribute and drive the surface reactivity in the same direction [158].

The study of diffusion on metal surfaces has recently drawn considerable attention
owing to the realization that the migration of adsorbed species often controls catalytic
reactions. Despite many efforts to determine reliably the activation energy for surface
diffusion, which is reflected in the variety of techniques that have been applied, there
is generally poor agreement among the various experiments. For the most widely
studied molecule, CO, the values obtained in different investigations on Pt(111)
surfaces, for example, vary by about a factor of three. These irreconcilable differences
are probably due to the lateral averaging inherent in most techniques which may mask
the effects of surface imperfections. Surface diffusion microscopy of CO on Pd(111)
supports the notion that “macroscopic’ measurements of the diffusion coefficient do
not, in general, yield values typical of the flat defect-free surface. Although they may
be relevant to diffusion processes in catalytic reactions at elevated temperatures,
comparison with calculations of activation energies for diffusion processes on the
atomic scale, for example, is not possible. This will be particularly true of
measurements involving laser-induced desorption processes [159].

It is now well known that alkali metals play the role of promoters in catalysis,
improving some catalytic properties and parameters of catalytic reactions. Frequently
a promoter is added as a precipitant or in order to poison the support’s acidity. The
role of alkali promoters can be determined by comparison of the results from a clean
single-crystal surface with those obtained from a surface containing controlled
submonolayer quantities of alkali adatoms [160]. Improved adsorption characteristics
of a K-pre-dosed Cu(110) surface with coverage corresponding to a point below the
work-function minimum have been confirmed. Analysis of CO-induced orbitals in the
photoelectron spectra of the CO/K /Cu(110) interface for low coverages of CO
adsorbed at 118 K showed noticeable changes of orbital parameters with increasing
CO coverage. Elongation of the C—O bond without dissociation was deduced from the
energy separation of 3.4 eV between the 4o and the 1= orbitals. Weakening of the CO-
interface bond with coverage has been found on the basis of a decreasing So—In
separation with increasing 4c-to-5c intensity ratio. Perpendicular orientation of CO
molecules to the plane of the substrate surface has been concluded from analysis of the
4o and So-1m orbitals.

A molecular level description of binary alloys is of primary importance in
understanding the chemical implication of TM pairing[161]. The use of single crystals
as model catalysts coupled with surface techniques provides a convenient tool for the
comprehensive study of these alloy surfaces. For selective catalytic processes such as
automobile post-combustion or hydrogenation reactions for which both metals are
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involved, it is essential to describe well the nature of active sites of the surface. Pd—Cu
alloys are catalysts for the CO +NO reaction. Although Cu and Pd present both an
activity towards NO reduction and CO oxidation, it turns out that Cu is able to
dissociate NO even at low temperatures, this step being crucial in NO reduction.
Knowing that Pd is most active for CO oxidation, it seems reasonable to suppose that
Pd-Cu alloys could be useful catalysts for the reduction of NO by CO. Moreover, the
alloying effect could lead to enhanced catalytic properties with respect to the
individual Pd or Cu components. The Pd—Cu system is well known to favour
segregation of Cu, as with the Pd _ Cu,, (110) single crystal in which the very first layer
is essentially terminated by Cu atoms. The segregation of Cu was demonstrated to be
more moderate for the Pd, Cu, (111) single crystal, leading to Pd, Cu, surface
composition, that is slightly different from the bulk. Pd—Cu thin films have also shown
moderate Cu segregation over a representative series of alloy compositions. The larger
freedom of surface atoms in an open surface, such as the (110) surface, surely has
significant weight on the magnitude of the segregation. Bulk ordered structures
reported for Pd—Cu alloys have compositions around Cu,Pd (bcc and tetragonal) and
CuPd (bcc). The observation of well ordered Pd—Cu surfaces induced by segregation
of Cu appeared not to be strictly dependent on bulk composition. Nevertheless, the
main interest in alloys for catalysis remains the effective chemical properties (reactivity
and electronic structure) obtained for individual metals in the new material.
Adsorption properties of Pd in alloys such as Pd,_ Cu, or Pd Ag, are drastically
affected by the presence of the second metal. For example, the sticking coefficient and
the saturation coverage of CO and H, on Pd Cu, (111) are significantly lower than
values measured on pure Pd(111). The chemical properties of the Pd—Cu alloy have
been investigated by adsorption of CO, NO and H, and also by XPS. The amount of
CO adsorbed on the surface at 160 K is at least four times that for NO or H,.
Furthermore, the adsorption energies decrease on Pd and increase significantly on Cu
in alloys with respect to adsorption on pure metals. The significant shift of core and
valence bands observed by XPS and, moreover, the change in adsorption energies of
CO and NO are attributed to a strong electronic interaction between Pd and Cu upon
alloying. This Pd—Cu interaction has been interpreted in terms of bond formation
between the almost full valence sd band of Pd and the resonant dsp band of Cu near
the Fermi level. An explanation using back-donation capabilities of the Pd—Cu alloy
surface to CO and NO is also given to support the formation of a hybridized MO [161].

One component at a bimetallic surface can alter the chemistry of the other metal
component in two primary ways: firstly electronic effects, in which the electronic
structure at an adjacent site is modified, and secondly geometric effects, in which the
modifier acts simply as a site blocker to reduce directly the size and number of reactive
sites (ensembles) on the surface [161]. Distinguishing experimentally between
electronic and geometric effects remains a very difficult but important task. Ordered
surface alloys are especially useful systems to study in this regard because of their
known and stable composition and structure. Evaporation of Sn onto TMs such as Ni,
Pd, Pt, Rh, Ru and Cu and subsequent annealing can produce well ordered surface
alloys. These surface alloys are often very stable and consist of a single layer of the
alloy on top of the substrate. In several cases it has been found that Sn atoms are
almost coplanar with the substrate surface atoms, with some outward buckling of Sn
atoms. The magnitude of buckling has been correlated to the lattice mismatch of Sn
with the substrate. The buckling for Sn/Pt(111) is about 0.022 nm while the buckling
for Sn/Ni(111) is about 0.046 nm. Investigation of chemisorption of CO on Ni-Sn
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alloys formed on a Ni(111) surface using reflection—-absorption infrared spectroscopy
(RAIRS) and temperature-programme d desorption (TPD) indicated that formation
of the Sn/Ni(111) surface alloy strongly suppresses CO adsorption. Only 0.04 ML of
CO can be chemisorbed on this surface at 110 K, exclusively at atop sites. The binding
energy of the adsorbed CO is reduced to only about 15 kcal mol '. Additionally, no
significant effect of subsurface Sn on CO chemisorption on this alloy was observed.
These results are in sharp contrast with other results for CO chemisorption on a
surface alloy where the chemisorbed CO saturation coverage, adsorption site
distribution and desorption temperature were quite similar to those properties of the
Pt(111) surface. This effect was attributed to the repulsive Sn—CO interactions at the
Ni—CO distance required for chemisorption. The differences in the chemisorption
properties of these Pt—Sn and Ni-Sn alloys were rationalized by considering the
different sizes of the surface unit cells and the location of Sn with respect to the surface
plane (the Sn buckling distance). These results have important implications for the
determination of ensemble sizes at bimetallic surfaces since the surface chemistry
depends strongly on the vertical position of the modifier [161].

When gaseous CO approaches a surface, its interaction is governed by the
adsorption potential. The potential depth (adsorptionenergy E, ) of chemisorbed CO
on TM surfaces is typically about 0.5-2 eV. When CO collides with a surface, except
for the case of reflection from the surface, kinetic energy is transferred into various
kinds of excitation (vibrational, rotational, electronic, phonon, etc.) [162]. Usually the
molecule does not stick on the surface in the first collision, and it travels on the surface
(mobile precursor states), further dissipating its kinetic energy. Finally it is trapped at
a potential minimum (i.e. a certain adsorption site). After an absorbed molecule is
thermalized at the surface temperature, thermal motion of the adsorbed molecule can
be excited by the substrate. The statistical thermodynamic equilibrium of the total
adsorption system may be reached through the surface migration (hopping) of
adsorbed molecules. There are several possible adsorption sites for CO on TM
surfaces, namely a terminal site, a bridged site and hollowsites. In thermal equilibrium,
the occupation probability of each type of site is controlled by the free energy of
adsorption (adsorption energy and entropy of the system at the given temperature). If
the surface temperature is too low to activate surface migration, non-equilibrium
adsorbed states, where molecules are initially trapped at a certain local potential
minimum, may be observed. On a low-temperature surface, the adsorption site
occupancy is determined by the elementary adsorption dynamics and not by
thermodynamic equilibrium. On the other hand, when we observe the adsorption of
CO at higher temperatures (e.g. room temperature), thermodynamic equilibrium
between the adsorption sites is quickly achieved.

Adsorption of CO on to a cold surface at 20 K has been studied by RAIRS. The
occupationratio of bridged CO to terminal CO species on Ni(100) at 20 K ranges from
about 3.1 to 0.8 at total coverages from 0.003 to 0.15 ML. Two adsorption processes
are observed: direct adsorption of CO on the bare metal surface and indirect collision
site conversion. At zero coverage, CO tends to accommodate on the site with the larger
adsorption energy. The strong coverage dependence of the occupation ratio even at
small coverages suggests that the interaction between CO molecules operates at
relatively long range (greater than 10 A). The isotope experiments suggest that there
is substantial interaction between pre-adsorbed (accommodated) molecules and
incoming (mobile) CO molecules [162].

The effective PESs for interactions between pairs of adsorbed molecules govern
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many properties of chemisorption systems. The difficultiesassociated with determining
these surfaces, both experimentally and theoretically, have led to a large body of data
for adsorbed molecules that is only now beginning to be understood collectively. CO
adsorption on many TM surfaces, such as CO-Ni(111) has been extensively studied.
Despite this archive of information on CO chemisorption, our ability to transfer
knowledge learned from one system to another is limited. This is true even for
apparently similar systems such CO-Ni(111) and CO-Pt(111). Very little predictive
power exists, for example, for interaction energies between adsorbed molecules. This
situationis changing as more powerful computers become available to accomplish the
complex calculations necessary to model these systems. The PESs obtained from such
calculations can then be applied to explain the relationship between various data sets
for a given system and to predict other properties of the system. In this
complementarity between theory and experiment it is important to develop quality
data to be used as checks of the emerging calculations. As an example, measurements
of the isothermal desorption rate for the CO-Ni(111) chemisorption system have been
reported. Values for microscopic lateral interaction parameters were determined by
fitting the isotherms in the coverage regime to a lattice-gas model, making the
quasiequilibrium approximation, and using a transfer matrix grand partition function.
The parameters determined from this analysis were shown to be compatible with a
wide range of experimental data for this system, and describe a system that is weakly
interacting outside a short-range hard-wall repulsion. Low-coverage Arrhenius
parameters were determined by fitting the desorption waveforms. Comparisons were
made with the CO-Pt(111) systems. A simple model for substrate-mediated lateral
interactions has been discussed on the basis of the relief of surface tensile stress which
can qualitatively explain the differences between the two systems [139].

The adsorption of hydrocarbons and CO over Ni and Pt catalysts is well
documented. As expected with such key catalytic metals, adsorption studies have been
performed on single-crystal systems under high vacuum as well as on supported
systems at atmospheric pressure. In general, the studies have involved only a single gas
and, with single crystals, have often concentrated on structural aspects of the
adsorption. However, it soon becomes apparent that the main emphasis of the studies
is adsorption at or below room temperature. The information available at high
temperatures is generated principally from thermal desorption studies. Information
generated by this route has significant limitations, which are not always appreciated.
Adsorption at room temperature followed by thermal desorption to a given
temperature is not the same as adsorption at the given temperature. High-temperature
adsorption of gases could yield information on the catalyst and on the dynamic nature
of the adsorbent—adsorbate interaction. The high-temperature (573 K) adsorption of
CO and the high-temperature coadsorption of hydrocarbon-CO was studied over
Pt/alumina and Ni /silica catalysts. The Pt catalyst was found to retain H, from the
reduction process. In general, it was found that, with the Ni system, regeneration of
adsorptive capacity could be achieved to some extent, dependent upon the gas being
adsorbed, by treatment with H, at 573 K. Similar treatment with a Pt catalyst had no
obvious effect. Coadsorption studies revealed that single adsorption behaviour was
not reproduced in the presence of a second adsorbing gas [163(a)].

Although the Blyholder model has been widely accepted because of its simple and
lucid way of describing the bonding mechanism, several studies, both experimental
and theoretical, have pointed out deficiencies in the model [163(b)]. An extended
Huckel calculation for CO on Pt(111) has shown that the 46 MO is also partially
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empty in the adsorbed state and suggested that this orbital could also contribute to
bonding [163(c)]. Recently, an X-ray emission spectroscopy experiment by Nilsson et
al. [163(d)] for CO on Ni(100) has shown the existence of occupied sites with a
symmetry which is localized on one of the atoms of the molecule. Since the CO MOs
of this symmetry (1 and 2r) are extended over the molecule in the gas phase, Nilsson
et al. have claimed that it is inappropriate to describe the electronic structure of the
adsorption system in terms of MOs, as in the Blyholder model [163d]. In order to
address this possibility Aizawa et al. [163(b)]investigated the validity of the Blyholder
model via a first-principles study of CO bondingto Pt(111). These workers studied the
system using a local density functional (LDF) formalism with a slab model to
represent the extended metal surface. They developed a population analysis scheme
applicable to calculations with plane wave basis sets. For CO on Pt(111), they found
the 4o and 1= orbitals of CO to be completely filled, showing that these orbitals do not
play a role in the bonding of CO to the surface. On the other hand, the calculated
populations of the 5o and 2x orbitals indicate that there is substantial 56 and 2x back
donation, supporting the Blyholder model of CO chemisorption, the validity of which
was questioned. These results also suggest that a MO-based picture such as the
Blyholder modelis appropriate for describing simply the chemisorption bond, in spite
of the fact that CO MOs rehybridize upon adsorption as has been shown by X-ray
emission spectroscopy [163(b)].

The changes in the adsorption energy for CO adsorbed at different coordination
sites are much smaller than the changes in binding energies for adatoms at different
coordination sites [3]. The relatively small changes for molecular adsorbates are
attributed to a balance between changes in donating and back-donating interactions
that occur in these sytems. Moreover, CO often prefers adsorptive coordination atop
at onefold sites. On the other hand, adatoms prefer to bind to highfold coordination
at low surface coverages. It has been shown experimentally that CO adsorbs onefold
on a Co(111) surface. The preference for atop coordination is largely due to a strong
low coordination directing effect of the donating interaction of the CO 5¢ MO to Co
d atomic orbitals. Theoretical results for clusters containing seven to eight Co atoms
as well as nine to 11 Co atoms predict a strong Co—Co cluster interaction with a
preference for the higher twofold and threefold coordination sites, which does not
directly accord with experimental observations attributed to these clusters. CO
chemisorbed to a spherical cluster provides a better representation of edge atoms and
predicts the onefold coordination site of Co to be the preferred site.

According to bond order conservation and delocalization theory, the adsorbate—
Co atom interaction is strongly affected by the metal atom’s environment. The
adsorbate-metal atom interaction will increase when the metal atom has low
coordination. The preference for twofold and threefold coordination over onefold
coordinationin clusters can be directly related to differences in cluster atom reactivity.
Bond order conservation essentially indicates that, the fewer the number of atoms that
share a bond with the same atom, the stronger are the corresponding metal-metal
bonds. Stronger CO chemisorptive bonds to larger clusters are largely due to
weakened Co—Co bonds. In the cluster the lower coordination numbers of edge atoms
compared with those at centre atoms lead to electron redistribution in which the centre
atoms have lower d-electron atomic orbital occupancy than might be expected at the
surface. This situation is different from that on a real metal surface where the
narrowed d bandwidth on the surface results in increased d atomic orbital electron
occupation on the surface atoms compared with that on bulk atoms [3, 165].
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Dissociative adsorption is a prototype surface-chemical reaction which is often a
rate-limiting step in various catalytic reaction cycles [3]. The prediction of overall
catalytic reaction cycles requires detailed computation of the reaction energies of each
elementary step in the cycle. In addition, knowledge of the kinetics of each individual
step in the overall cycle is required to make an ab initio prediction of the overall rate
constant. Using the methanation reaction as an example, it is known that the CO
dissociation rate goes through a maximum with CO coverage which indicates that, for
surface dissociation to occur, empty surface sites next to the adsorbed molecule are
required. In order to postulate a plausible mechanism for this reaction it is necessary
first to analyse both the initial and the final states of the reaction, that is the associative
molecular state (reactants) and surface adatoms (dissociation products). While
molecules adsorbed on a metal surface show only small differences in energy with
change in coordination number, atoms, on the other hand, are, in general, more
sensitive to adsorption site changes and show a preference for higher coordination
sites. This implies that a dissociative molecule requires an ensemble of surface atoms
to accommodate both the lower-coordination adsorption site and the higher-
coordinationadatom sites of the products, that is the ensemble effect in heterogeneous
catalysis.

The energy change of a surface dissociation reaction depends on the difference in
energy of the adsorbed molecule and the adsorbed atoms generated upon dissociation.
Adatoms are much more sensitive to changes in surface topology and changes in the
composition of the TM surface than are adsorbed molecules. This sensitivity is directly
tied to the greater variance in adsorption energies of adatoms relative to molecules.
Calculations have been made of the lowest-energy dissociation path for CO on clusters
simulating the Rh(111) and Rh(100) surfaces using the semiempirical ASED method
and extended Huckel approach which explicitly includes repulsive potentials between
the atoms. The reaction path is not only determined by the energies of the initial and
final states; it is also governed by the electronic interactions that weaken the
dissociating bond. The CO molecule inclines until a strong enough interaction
between the O atom and the surface-metal atoms develops. The C—O bond then begins
to stretch. It is weakened by electron back donation into the molecular antibonding
orbitals. These are the LUMOs of CO—the 2r* orbitals. Their interaction with the
surface requires appropriate symmetry of the surface group orbitals [3].

3. Mechanism of N, interaction on transition-metal surfaces

The reactions of N, with TM surfaces is of considerable theoretical and
technological importance [164-208]. It has practical importance in the preparation of
nitride coatings and in the stability of ceramic—metal interfaces, and it also plays an
important role in understanding the processes of the heterogeneously catalysed
ammonia synthesis. The N, molecule is an interesting adsorbate to study because of
the many ways that it can bond to a surface. In addition to molecular bonding
(chemisorption or physisorption), atomic adsorption can occur through dissociation.
From a fundamental viewpoint, a comparison of N, chemisorption and dissociation
with that of isoelectronic CO should provide useful insights into understanding how
the substrate and molecular structures lead to the observed molecule—surface bonding
and dissociation energetics. While CO adsorption has been the subject of intense
study, N, has received relatively little attention. The success of the extrapolation of
low-temperature kinetic models to the prediction of the kinetics of N, dissociation at
elevated temperatures (and even the rate of ammonia formation) has distracted, to
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some extent, from a careful and detailed investigation of the kinetics of N, adsorption,
desorption and interstate conversion.

A similar picture to the Blyholder model can be used to describe the bonding of
TMs to N,. In these systems, the o, and o, (donating orbitals) and the Ir,
(antibondingorbital) are the orbitals that participate predominantly in bonding to the
surface. Both experimental [164, 166, 167] and theoretical studies [158, 165, 167] have
shown that N, is weakly chemisorbed via one of the N atoms and oriented with its
bond axis nearly perpendicular to most TM surfaces, including Ni [157-159, 165], Pd
[158], Ru[158], W [162, 163], Re [164] and Ir [166]. This geometry is usually described
by the well known o donation and n weak back-bonding concepts. Like CO, N,
typically bonds to TM surfaces in an orientation normal to the surface plane, but with
substantially weaker bond strength. The adsorption process breaks the symmetry of
N,, producinginequivalent N atoms and leading to qualitative similarities to CO. The
stronger TM—CO bond is attributed, in general, to the greater ability of CO to act as
a macceptor. For CO and N, chemisorption on model Ni clusters, the weaker CO-TM
bonds are attributed to greater CO o donation and « back donation which is believed
to result from both the larger spatial extent of the CO 5o orbital relative to that of N,
and the localization of the 2n* MO on the C end (towards the surface) of CO.
Theoretical models vary as to the relative importance of ¢ against = back donation in
forming the N,-M and CO-TM bonds.

While similar adsorption mechanisms can rationalize the differing adsorption
bond strengths of N, and CO, comparisons of other experimental results suggest
differences in the electronic and vibrational properties of CO and N, adsorption on
TM surfaces [169]. CO adsorption is accompanied by pronounced increases in work
function, in general; N, adsorption results in a decrease in the work function. Intense
multielectronic excitations are observed in all UPS and XPS studies on N, on TMs;
such satellite peaks are weak or non-existent for CO. The C-O stretching frequency
substantially increases by 30-60 cm ' as a function of CO coverage while the N-N
vibrational frequency remains constant or decreases in most of the systems
investigated. In contrast with the adsorption of CO, alkali promotion weakens or
inhibits the bonding of N, to Ru(001). The ratio of the (N,—metal)-to-(N-N) dipole
intensity is substantially larger than the (CO-TM(1))-to-(C-O) intensity. Noting these
contradictory results, alternative and qualitatively different mechanisms have been
proposed for the bonding of N, to TM surfaces. In addition to these contradictions a
series of recent experiments have shown that N, is strongly chemisorbed on Fe(111)
[170-172], Cr(111) [173] and Cr(110) [174], with its intramolecular axis parallel to the
surfaces, that is as n-bonded o-N, [170].

Low concentrations of electronegative or electropositive additions can strongly
affect N, catalyticactivity on metal surfaces includingthe promotion of N, dissociation
by K, and the reduction in the dissociative activity of iron due to the presence of O, or
S. In contrast with the adsorption of CO, alkali promotion weakens or inhibits the
bonding of N, to Ru(001) [161, 175-179]. On the other hand, pre-adsorption of O,
results in metal-N, strengthening. For K-promoted Fe surfaces, it was suggested that
adsorbed K atoms exert a short-range electrostatic effect and long-range electronic
effect on the molecular precursor for dissociation. Bond dissociation of N, is
promoted by electropositive elements through their electrostatic potential. The
potential aids in the filling of the antibonding M Os. Catalytic activity is affected by the
local electrostatic potential and by long-range charge redistribution in the TM. The
range of the poisoning or promoting effects of a foreign adatom depends on the height
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of the atom above the surface plane, that is the closer the adatom is to the surface, the
shorter is the range. In the case of foreign atoms embedded into the surface, the effects
of the adatom dipole moments on catalysis are reduced and the expected catalytic
influence of the foreign atom is essentially site blocking. Examples of this behaviour
include the decrease in dissociation probability for N, on a polycrystallineiron surface
owing to pre-adsorbed O or S.

There has been intense study of the interaction of Fe surfaces with N,, prompted
by the great commercial importance of this reaction in the 80-year-old Bosch Haber
process for producing ammonia from N, and H, gases using Fe as a catalyst. The
commercial process uses iron oxides that are reduced to elemental Fe during the
reaction at about 80 atm, and at temperatures above about 625 K [180-183]. In order
to obtain an understanding of how the catalysis works, many studies have been carried
out of Fe surfaces interacting with N, whose adsorption and subsequent dissociation
is believed to be the rate-limiting step. Normal Fe contains many impurities,
particularly S, but also C, Cland P, among others. Furthermore, it reacts rapidly with
CO and is very readily contaminated with O, and C. To reduce the complexities, most
surface studies have been carried out on cleaned Fe surfaces. These have been typically
subjected to an extensive cleaning process, so that the starting surface for reactions is
largely free from contaminants detectable by Auger electron spectroscopy. Fur-
thermore, since there is evidence that N atoms enter the bulk, many studies have first
saturated the surface region so that reproducible starting conditions for adsorption
are achieved. While such procedures are necessary in order to have consistent and
simplified starting points for study, no elaborate cleaning procedures are used in the
commercial process. In catalyst preparation, K and Al oxides (promoters) are fused
with magnetite (Fe,O,) at about 1870 K followed by reduction. Industrial catalysts
might also use oxides of Ca, Mg and Siin the Fe. After reduction, studies have shown
that the reduced magnetite exists as platelets 30—500 nm wide, made up of several to
many single crystals of Fe, the platelets being separated by spacers of ternary oxides
and covered in part by patches or promoter oxides. Evidence has also been adduced
that, at the high pressures and temperatures used in this operation, the Fe, possibly as
iron nitride, coats potassium aluminate. Although these conditions are very different
from those of cleaned single-crystal surfaces, an understanding of the simplest case
must precede understanding of the real case.

Adsorption of N, and its subsequent dissociation into atomic nitrogen on Fe(111)
has been studied in some detail [177, 179, 184-186]. Surface science studies on N,
dissociation on Fe single-crystal surfaces revealed that the overall dissociation
probability is very low for 7 > 300 K and that the open Fe(111) surface exhibited
relatively the highest dissociation. The low dissociation rate observed for T > 300 K
was explained by Ertl et al. [176] in their classic paper by a mechanism in which
dissociation proceeds via a molecular precursor state. Among the low-index planes,
the Fe(111) surface exhibits the highest activity in high-pressure synthesis as well as N,
chemisorption. For N, adsorption on Fe(111), two weakly chemisorbed N, states have
been identified. In the so-called y state, N, molecules are terminally bonded to first-
layer Fe atoms. The slightly stronger bound a state is the precursor to N, dissociation
with an adsorption enthalphy of about 0.25 eV; the N, molecules are terminally
bonded to first-layer Fe atoms. The slightly more strongly bound « state, with an
adsorption enthalpy of about 0.32 eV, which is the precursor to N, dissociation on the
surface, has been attributed to N, that is = bonded to the surface. While the y state has
been found to have a stretching frequency of 2100 cm ', consistent with N, molecules
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oriented perpendicular to the surface, the a state exhibits an unusually low stretching
frequency of 1490 cm ' consistent with the N, axis inclined from the surface normal.
The kinetics of dissociative N, chemisorption on both clean and K-promoted Fe(111)
surfaces indicated that the adsorption energy increases in the vicinity of the coadsorbed
K atom.

On Cr(110) surfaces [174] at 90 K, N, adsorbs molecularly via a mobile weakly
bound precursor state with an unusual valence electronic structure similar to that of
n-bonded N, on Fe(111). Adsorption into the n-bonded state occurs with a sticking
coefficient near unity. The existence of only a single molecular N species on the surface
at 90 K is surprising in view of results for Fe(111) where, besides the n-bonded N
precursor state to dissociation, two weakly bonded species are found to be present for
T< 100 K. At 300 K, only dissociative chemisorption is observed, but with a reduced
sticking probability and a lower saturation coverage compared with a thermally
dissociated molecular adlayer. Low coverages of chemisorbed O, do not inhibit N,
adsorption, but coadsorption effects are observed when a N, saturated surface is
exposed to large O, doses. A bonding geometry with both N atoms coordinated to Cr
atoms has been proposed. Small concentrations of elemental Fe at the surface reduces
the probability of dissociative N, adsorption by orders of magnitude. This decrease in
N, dissociation is observed despite the formation of a surface chromium nitride on
both Cr-rich and Cr-poor surface regions of the Fe—Cr alloy [187].

Our ab initio calculations [8] of a Cr,N, cluster indicated that the adsorption
geometry at a fourfold site with the N—-N axis nearly parallel to the surface, forming
an angle of 14.2° with respect to the surface, was the most stable geometry. It is
computed to be about three times more stable than the cluster at the fourfold vertical
position. The inclination from the vertical position to an angle of 14.2° with respect to
the surface results in increased change transfer (0.47 to 0.79) from the surface of N,,
an increase in R(N-N) from 1.34 to 1.43 A, a reduction of the R(surf-N)
surface—nitrogen distance from 1.07 to 1.00A, and an increase in Mulliken overlap
population from 0.244 to 0.299 proceeding from the perpendicular to the nearly
parallel configuration. A reduction in the nearest nitrogen (N(1))-surface distance
with corresponding increase of N—N bond length indicates that the N(1)—surface bond
is strengthened, but the molecular N—N bond is weakened. The stretching frequency
of 1220 cm ', calculated at the fully optimized geometry, is small (estimated 50%
reduction) compared with the stretching frequencies corresponding to adsorption of
N, on Ni(100), Ru(100) and W(100) surfaces, which are of the order of 22002330 cm'*
(closer to the experimental free N, stretching frequency) suggesting, according to our
model, a dissociative Cr(110) surface. The small stretching frequency calculated for N,
adsorption on the Cr surface can be correlated with weakening the N—N bond. The
n(p,) and n(p,) orbitals of adsorbed N, have 3.93 electrons in the perpendicular and
4.95 electrons in the nearly parallel configurations [13]. The number of & electrons in
the perpendicular configuration is closer to the number of electrons in free N, and
indicateslarge = donation (about 1 electron) to adsorbed N, in the parallel orientation,
in these so-called n-bonded systems. The much larger back donation (increase in the
n antibonding orbital population) in the nearly parallel configuration would explain
the weakening of N—N bonds and the larger binding energy to the surface in this
configuration. As the N(2) atom (one furthest from the surface) inclines towards the
surface, the strong interaction between this increasingly negatively charged atom
and some of the positively charged Cr atoms of the surface favours the parallel
configuration, lowering the total energy of the system. The HOMO and LUMO
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energy levels in the inclined configurations are lower than in the perpendicular
configuration. Lowering of the Fermi and LUMO energies in the nearly parallel
configuration facilitates the occupation of N, antibonding orbitals localized above the
Fermi level, occupation of bonding orbitals of the TM surface and weakening of the
N-N bond. In the parallel configuration, energy levels are more closely spaced.

Ab initio Hartree—Fock calculations were used to analyse N, dissociation on doped
(bimetallic) Cr(110) surfaces described by Cr, MN, and Cr,M,N, (M = Sc, Ti, V, Fe,
Co, Ni, Zn, Mg or Ca) clusters in both perpendicular and inclined configurations.
These results indicate that the inclined arrangement is energetically more favourable
than the perpendicular configuration. In comparison with monometallic surfaces,
some of the bimetallic systems, such as Cr,ScN,, Cr, TiN, and Cr,V,N2 are found to
have larger N-N distances and surface charge transfers, higher Fermi energies and
smaller N-N stretching frequencies, indicating greater efficiency of these alloys for
dissociation. Cr surfaces doped with another TM (bimetallic systems) can be more
efficient for N, dissociation because they raise the Fermi energy and reduce the energy
gap which facilitates back donation, inclination and consequently dissociation, and
electroneutrality when the electron returns to the surface. The addition of other TMs
increases the number of d orbitals for back donation. Some 3d-containing TMs, for
example, Ti on a Cr(110) surface, also increase the number of d unoccupied orbitals
available for the reception of electrons transferred to the surface. The introduction of
other TMs to the lattice can introduce more electrons for donation and more
unoccupied orbitals to receive the electron when it returns to the surface. Analogous
to familiar stepped and open-surface effects, geometric effects caused by substitution
can result in modifications of potentials and overlaps between N, and the surface
yielding important effects on dissociation of diatomic molecules in bimetallic systems
[35].

At 300 K, N, does not adsorb on Ni(110) but, for 7< 170 K, N, is adsorbed
molecularly, forming strongly bonded N adatoms. At 125K, N, is adsorbed
molecularly on the terminal and bridge positions of W(100) whereas, at 300 K, one
finds that N, adsorption is dissociative. For 7> 150 K, on Pd(110), N, is adsorbed
molecularly; however, at 300 K, no adsorption is observed. N, is physisorbed on the
(111) surface of Ag, Pd and AI[163, 187-191].

The adsorption of N, on Nb(110) has been studied by EELs and it has been shown
that, at 80 K and low exposures, N, is chemisorbed dissociatively [195]; at higher
exposures, molecular adsorption was found. At 20 K and low exposures, N, is
chemisorbed in a terminal position whereas, at higher exposures, it is physisorbed.
Recent studies of the kinetics and dynamics of N, adsorption on Ru(001) indicated
increased chemisorption for an incident angle of 60° and increased incident
kinetic energy, yielding evidence for a direct activated mechanism for molecular
chemisorption [196].

There is always the question of the effect of impurities in normal Fe. Impurities
constantly diffuse to the surface at high temperatures and it is not certain that they do
not affect gas adsorption and related processes on the surface. Studies on used
catalysts have found significant C as well as promoter materials including O,. Recent
studies of N, adsorption and native contamination of Fe(211) surfaces indicated that
on clean surfaces there is negligible adsorption at low temperatures or room
temperature whereas a contaminated surface showed appreciable adsorption. Heating
a clean surface in N, resulted in low surface N concentration. Because used catalysts
in the ammonia synthesis show the presence of C and O, the structures on Fe(211)
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formed with internal contaminants S and C and external O were studied and indicated
that various ordered structures are formed at fractional monolayer concentrationsand
cannot be excluded from involvement in the catalytic process [192].

Surface IR vibrational spectroscopy is widely used to investigate substrate
morphology of catalysts by observing the IR spectrum of an adsorbed probe molecule.
Such work may be done on high-area supported catalysts as well as on model single-
crystal catalysts of defined surface structure. CO has often been the probe molecule of
choice because of its high IR absorption coefficient and the sensitivity of its vibrational
frequency to the local bonding environment. However, the use of CO as a probe
molecule is sometimes complicated by CO-induced substrate reconstruction and
vibrational coupling between adsorbed CO molecules. Recently IR spectroscopy of
adsorbed N, was used and shown to be a sensitive probe of defect sites on Pt(111)
[193]. This study indicated that N, adsorbs at 90 K mainly on monovacancies on Pt by
o donation from N, to the base of monovacancy sites which possess a low d-electron
density compared with surface Pt atoms.

Angle-resolved photoemission extended fine structure (ARPEFS) is a well
established technique for determining the spatial structure of atomic and molecular
adsorbates on metal surfaces [197]. One of the advantages of the technique is its
elemental selectivity due to the unique binding energies of core electrons. ARPEFS
studies of N, /Ni(100) indicated that N, stands upright at an on-top site with a
N-Ni bond length of 2.25 A, a N-N bond length of 1.107 A, a first layer Ni—Ni
spacing of 1.76 A and inequivalent N atoms. It was concluded that a quantitative
theoretical treatment of weakly adsorbed systems must include lateral interactions
between adsorbates [202]. Scattering of small molecules with kinetic energies in the
range of several hundreds of electronvolts up to several kiloelectronvolts at grazing
incidence is an interesting tool for the investigation of basic electronic and
mechanical interactions.

The importance of the different dissociation mechanisms on molecular survival is
still controversial. Generally, N, is a very inert molecule. The scattering process
appears to be well described in terms of elastic collisions of the molecule with surface
atoms; however, some workers found a sizeable influence of electronic excitation of
N; due to violent collisions leading to dissociation and also dissociation due to hot
electrons.

On a (100) face of Cu, a ¢(2X 2)N superstructure is formed in which the preferred
sites of N, are the fourfold hollow sites [200, 201]. For low coverages the overlayer is
organized in square-shaped islands separated by one or two bare Cu rows with the
island edges running along the (100) directions. For higher N doses, islands coalesce
and a structure appears with narrow trenches running in the (001) direction. The lack
of island coalescence at low coverages and the appearance of trench-like structures at
higher coverages are interpreted as two different strain-relief mechanisms for an
incommensurate structure corresponding to Cu,N. LEED studies of activated N,
adsorption on the (100) and (411) faces of Cu indicate the existence of two surface
phases with a first-order transition between the phases. On the (100) face, the situation
corresponds to the formation of an ordered stepped overlayer composed of alternating
square island and bare Cu(100) atomic rows. For the (k11) stepped faces, one appears
to have an unusual N; -induced facetting into (100) and (%11) structures [205-207].

Adsorption of N, on Ni surfaces has been extensively studied as a prototypical
example of weak chemisorption [208(a)—(d)]. The electronic structure of the system
N, /Ni(100) was studied by means of angle-resolved X-ray emission spectroscopy and
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ab initio calculations. This research shows that it is necessary to use an atom-specific
description rather than one that treats the molecule and the substrate as separate units.
The weakening of the internal = bond is seen in the appearance of a non-bonding
orbital whose character is essentially Ni 3d with a contribution of N 2p lone pair on
the outer N atom. The o system strongly polarizes in order to minimize Pauli repulsion
with Ni 4sp states in the substrate [208(c)]. At low temperatures, N, adsorbs non-
dissociatively and most studies have concluded that it binds exclusively to on-top
sites with the molecular axis perpendicular to the surface. Some more recent studies
suggest, however, that bridge bonding may also occur on the Ni(110) surface.
Thermodynamic measurements for the three surfaces Ni(100), Ni(110) and Ni(111)
indicate that N, adsorption energies are similar on the first two surfaces and smaller
on the last. Adsorption entropies have also been reported for Ni(100) and Ni(110)
surfaces.

In recent years, adsorption of N, on TM clusters has also been used to probe
cluster surface morphology, which gives valuable information on overall geometrical
structure. The structures of most Ni clusters in the size range from three to 28 atoms
have been determined by this method (the chemical probe method) and show
preference for icosahedral packing. The structures of nickel clusters Ni, , n = 40-200,
have also been probed with N, . These studies reveal icosahedral structure with subtle
changes in the cluster growth sequence due to surface strains inherent in this type of
packing.

Recently, Ni,, has been identified as a truncated octahedron (or a distorted version
of this structure) by using N, H, and CO as chemical probes [203, 204]. For the most
part, the binding of N, to Ni clusters is consistent with what is observed on bulk Ni
surfaces. There is no evidence for N, dissociative adsorption at temperatures as high
as 373 K, although it is important to note that reaction times in typical cluster experi-
ments are only a few milliseconds at most. Non-dissociative adsorption is consistent
with observed N, saturation levels as well as with the decrease in the extent of
adsorption with increasing temperature up to 373 K. Obviously, longer interaction
time might produce different results. On-top adsorption of N, in the perpendicular
configuration is generally observed under saturated conditions (from the saturation
levels and simple geometrical considerations), although sideways adsorption cannot
be completely ruled out at low coverages. Recent calculations on the adsorption
of N, on small Ni clusters (two to four metal atoms) show the greatest stability
for on-top absorption in the perpendicular configuration.

Previous experimental studies have demonstrated that the extent of N, adsorption
depends sensitively on the metal coordination of the surface Ni atoms. Atoms having
metal coordination of four (i.e. bound to four other Ni atoms) or less will bind two N,
molecules at saturation. Those with a coordination of five to eight will bind a single N,
and Ni atoms with metal coordination of nine or greater bind N, more weakly or not
at all. Equilibrium constants for chemisorption reactions of N, with Ni clusters were
determined as a function of temperature for cluster sizes n= 19-71. A van’t Hoff
analysis of the data yielded standard-state changes in reaction enthalpy and entropy.
In general, the adsorption energy is highest for the smallest clusters investigated,
reaching values twice those for N, adsorption on bulk Ni surfaces. In many cases,
there is a correlation between enthalpy and entropy; high adsorption energy is
accompanied by a large change in entropy, and vice versa. These effects are related to
the magnitude of the configurational entropy and the frequencies of the frustrated
translational and rotational motions of adsorbed N,. Since the enthalpies and
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entropies of N, adsorption are determined by the nature of the surface atoms of the
cluster, their magnitudes can give important structural information. N, adsorption is
a short-range phenomenon determined by the immediate environment of the adsorbed
N,, and not by long-range or cluster-wide effects [208(a)—(d)].

We summarize this section by noting that the analogy between the chemistry of
organometallic compounds and the processes of chemisorption have been the
motivation for considerable study, both experimental and theoretical [208(d)]. It
seems easier to consider a small cluster with well defined geometry and ligands than a
surface. Experimentally, in spite of progress in techniques, the structure of adsorbed
systems is not known with the same accuracy as that of organometallic clusters.
Metal-metal bonds appear in the skeleton of large clusters and are supposed to look
like the metal-metal bonds in metal crystals. The metal-ligand binding should look
like that between a metal surface and an adsorbate. Thisis the case for CO which is one
of the most common ligands. The distances and the stretching frequencies are
determined even with a single metal atom; the analogy with organometallics has been
extended to even mononuclear coordination. The back-donation model is satisfactory
even when charge transfers are shown to be almost negligible. Also CO (N,) do not
always remain perpendicular to the surface but may incline towards the surface owing
to lateral interactions. The analogy between clusters and adsorption structures is
sometimes striking. However, there may be still many systems which do not conform
to this simple picture.

What are the main differences between surfaces and clusters [208(d)]? Cluster
chemistry is ruled by electron count. The bonding and structure are, in general,
understood with the help of the polyhedral skeletal electron pair theory that relates the
geometry of the cluster to the number of valence electrons. A change in the count by
two modifies the number of vertices in the compound, breaking or forming
metal-metal bonds. Note that the electron count is global and associated with a
structure. It does not account for isomerization when ligands reorganize themselves
around the same skeleton. The electron count also fails to associate an electron pair
with each metal-ligand bond. One of the questions about the adsorbate is the
fluxionality of the modes for which the theory has only a limited response. On a surface
the position of the adsorbate and the type of adsorption are more important than the
count of the ligands; the adsorption mode does not vary when one metal is replaced
by another metal close by in the periodic table. The number of adsorbates per unit cell
(coverage) increases progressively on a surface up to saturation whereas the number of
ligands in a cluster is fixed by the 18-electron rule. When the gap between the bonding
or non-bonding and the antibonding MOs becomes small, the electron count may
become questionable. It is difficult to attribute a given number of electrons to a
metal-metal bond on a metallic surface; there are only modest differences between one
metal and another with a different number of valence electrons; the Fermi level E, acts
as a reservoir of electrons.

The cluster approach presents several problems. These include truncation where
bonds are broken at the boundary of the cluster, generating unpaired electrons or
dangling bonds [208(d)]. Other disadvantages of the cluster approach are due to
symmetries. Clusters often have high spin multiplicity because symmetry imposes a
large number of degenerate orbitals which do not facilitate calculations. Also, when
several desorption modes of different symmetry are to be compared, it is difficult to
identify an appropriate model. Among the alternatives to clusters are aggregates,
infinite crystals, periodic approaches and finite cubes. Aggregates are sets of metal
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atoms that have features closer to real catalysts than pure crystal surfaces. However,
they are often supported and the support is an additional problem in modelling. They
also differ from clean well defined surfaces for small dimensions because the ratio of
corner to edge atoms is large with respect to real surfaces within a given
crystallographic face.

Regarding the metallic state we note that an aggregate has discrete levels. When its
size increases, the energy levels become denser and metallic properties emerge leading
to an incipient band. At room temperature, the critical size of a cluster that prevents
the consideration of discrete levels (quantum size effect, E, /2k T) is about 100 atoms.
For small sizes, orbitals and levels of appropriate symmetry are not close enough to E,
and the situationis not ideal. For large systems, orbitals at the active site may be overly
dispersed so that their density at E, is weak. Few answers have been provided for
ascertaining the size where local properties fade and collective properties emerge.

Regarding surface reactivity and coordination, we note that, with few exceptions,
sites of small coordination are typically more reactive [208(d)]. A site that already has
ligands is stabilized and is less reactive than another site with a lower coordination
number. Open surfaces are more reactive than dense surfaces, defect sites are more
reactive than regular sites, and small aggregates are more reactive than large
aggregates. The higher reactivity at the foot of a terrace may simply result from the
possibility of binding simultaneously to two facets; binding at a foot may increase
coordination more than binding on an edge atom.

We end this section by noting that, despite the criticisms and limitations of the
theoretical, experimental and computational methods at present available to interpret
a large, diversified and controversial number of experimental results regarding
heterogeneous catalysis of CO and N, on TM surfaces, the simple donation and back-
donation mechanism of Blyholder (modified with the introduction of the tilted
precursor state pioneered by our group) can unify and explain most of the experimental
data.

4. Breaking bonds of NO on metallic surfaces

NO is important in catalysis, physiology, immunology, neuroscience, pollution
control and organometallics and was selected as Science’s ‘molecule of the year’ in
1994 [209(a)]. NO has one electron more than the two isoelectronic molecules CO and
N, discussed above. In the isolated molecule this additional electron occupies an
antibonding 27* orbital with an energy comparable with that of a TM conduction
band. This orbital can play a prominent role in the chemisorption system. NO
adsorption has similarities to CO adsorption. In comparison with CO, the extent of
back donation for neutral NO is more limited, because the n* orbital is already
partially occupied. When NO is bonded to a TM, the bond angle can be related to the
extent of back donation. DFT and ab initio calculations indicate that NO binds
perpendicular to a threefold coordination surface site in Cu(111) and Ni(111). The
general mechanism for adsorption is thought to involve the interaction of the NO =
orbital by means of back donation of the surface electron density into singly occupied
NO =*. The back-donatin g interaction dominates the binding of adatoms such as C,
O and N to TM surfaces and drives these species to high coordination sites where the
degree of coordinative unsaturation is stabilized by forming bonds to a number of
different metal surface atoms [3, 209(b)]. The calculated Ni-NO linear and bent
geometries obtained using the CASSCF method followed by a CI consisting of all
single and double excitationsindicate that the linear geometry involves a 3d-2n* bond
and that the bent geometry involves a Ni 4d-N 2p bond [16]. Ab initio GVB and



16: 55 21 January 2011

Downl oaded At:

Adsorption and dissociation of diatomic molecules 205

correlation-consistent CI methods were used to study the interaction of CO and NO
with Pd and Pt atoms and indicated that PANO and PtNO involve a covalent ¢ bond
between a singly occupied metal d_ orbital and a singly occupied NO 2n* orbital. NO
is weakly bound to Pd, while CO is strongly bound to Pt and Pd atoms. Dimerization
of NO on TM surfaces has been suggested by various researchers [209(e)] on Pt(111),
Nb(110) and Ag surfaces, whereas it has been postulated that adsorbed (NO), is a
possible intermediate in the reaction pathway for the reduction of NO. DFT studies
indicate that (NO) is stabilized on Ni, clusters [209(f)].

The use of catalytic converters containing TMs (e.g. Pt, Rh and Pd) for the
abatement of NO from automotive and stationary sources has resulted in considerable
interest in the catalytic chemistry of NO on the surface of these metals. In particular,
the decomposition of NO_ in traditional automotive catalytic converters by means of
catalytic reduction is an important industrial problem. For an exhaust catalyst to be
effective, it needs to facilitate the decomposition of NO_ to atoms leading to
recombination to N,. At the same time, it should catalyse non-dissociative adsorption
of CO and facilitate oxidation of adsorbed CO to CO,. The dissociation of NO is often
the rate-limiting reaction step in this process [209(b)-214]. Practical catalysts
incorporate Rh and Pt since their activity can be explained by low barriers to NO
dissociation, while the CO barriers are high enough to preclude dissociation. The
dissociation of CO is analogous to NO dissociation. NO dissociates at room
temperatures on surfaces of Fe, Co and Ru. The dissociative fragment distributions of
NO and its positive ion scattered from Cu(111) are sharply peaked at an orientation
of NO parallel to the surface [47].

Molecular adsorption [215-236] of NO has been observed on many TMs, for
example on Ni(111) [216-219], Ni(100) [220], polycrystalline Ni [221, 222], Ru [223,
224], Cu [225], Ir [226, 227], Re [228, 229], Fe [230], Rh [231], Pd [323, 233], Pt [234,
235] and W [236]. Molecular adsorption can take place at various sites on a substrate
surface, for example on Ni(111) and Ru(001) at threefold sites as well as at on-top
positions. NO is usually adsorbed in a linear or bent configuration, but dissociative
adsorption is observed even at low temperatures.

The sticking of NO on Ni(100), on Pt(111) and on CO/Ni(100) as well as the
displacement of oriented pre-adsorbed CO by gas-phase oriented NO indicated
pronounced steric asymmetry effects and that, in particular, sticking takes place
preferentially for incident NO with the N atom pointing towards the surface [47].
NO is mobile on Pt(100) and desorbs in the surface temperature range
( =150 °C < T< 100 °C). NO adsorption proceeds by direct chemisorption as well as
by an orientation-dependent trapping into a precursor state for low translational
energies. Studies of NO chemisorption on various TM surfaces have demonstrated
that there can be a strong orientation dependence of the chemisorption probability
and it is very natural to assume that similar effects will also occur for dissociative
chemisorption.

On the more open Cu(100) and Cu(110) surfaces, there is a higher probability of
NO dissociation than on a close-packed Cu(111) surface. The dissociation barrier for
NO is much lower than that for CO; NO tends to adsorb dissociatively, while the
barrier for CO precludes dissociative adsorption [237, 238]. Also for Pt, the (100)
surface was found to be more active in inducing dissociation of NO compared with the
(111) surface. The height of the activation barrier decreases as one proceeds to the left
in the first TM row of the periodic table. The transitions from dissociative to
associative adsorption are different for CO and NO (as NO dissociation barriers are
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usually lower) and are also a function of the surface geometry. In general, for a given
surface the preferred coordination mode of NO (similar to CO) may depend on
coverage [208(a), 239, 240]. In particular, on Pt(111), at low coverages, twofold
coordination is preferred but, at higher coverages, on-top coordination becomes
preferable [241]. On Rh(111), twofold coordination persists at all coverages [242]. On
Ru(001), as NO coverage increases, all three coordination modes, threefold, twofold
and on-top, have been suggested [243]. Similarly, on Re(001), a bridge-bonded linear
NO species has been identified [244]. Also, with increasing coverage, NO sometimes
becomes tilted to the surface [245]. Because N, formation barriers rapidly increase in
the order Pt < Rh< Ru< Re, Rh and Rh-Pt surfaces are projected [239] to be the
most efficient catalysts for NO reduction by CO (to N, and CO,). Similarly, Pt surfaces
are projected to be the most efficient catalysts for NO reduction by H, (to NH, and
H,0).

The interaction of NO with Ni(111) has been studied [246-253] with several
techniques and some controversy exists in the literature about the orientation of
adsorbed NO molecules. XPS measurements [246] found that adsorption in the
300400 K temperature range is partially dissociative with perpendicularly oriented
molecules up to 330 K. Other workers [247] found perpendicular NO molecules at
85 K, which change into a tilted configuration at 250 K. Synchrotron radiation
photoemission [248] indicated that, in a ¢(4X 2) layer at 120 K, NO molecules are
perpendicular to the surface. Metastable quenching spectroscopy measurements [249]
show no changes for a c(4X2) NO layer between 90 and 300 K. NEXAFS
measurements [249] have shown that NO molecules adsorbed in the ¢(4X 2) phase on
Ni(111) are within 10° of the surface normal. An X-ray photoelectron diffraction [250]
study of CO and NO-saturated Ni(111) did not observe any induced tilt of the
molecular axis with respect to the surface normal. However, more recent work [251]
indicates a strongly tilted or even horizontal NO species on Ni(111) at a coverage of
about 0.2 ML [252, 253]. A LCGTO-LDF cluster model [252] investigation of
structural and vibrational properties of Ni(111)/NO adsorption complexes indicated
a nitrosyl species bound upright to the threefold hollow sites. Bent and tilted structures
of the adsorbate are energetically less favoured. It is conjectured that, on the Ni(111)
surface, NO molecules in the on-top coordination are stabilized by electronegative
coadsorbed O atoms. These on-top NO species might coexist on O-covered surfaces
with NO moieties. In the presence of O, on the surface, the N-O modes as a whole
possess a stronger dynamic dipole moment than that found on a clean Ni(111) surface.
Coadsorption studies with NO and CO on surfaces have significance in surface physics
and in technical applications involving corrosion and catalysis. If both CO and NO
coexist on a surface, then two processes can occur. Either molecules such as N, and
CO, can be produced via chemical reaction or the NO bond prevails and CO is
displaced by NO. Recent work indicates that the latter case prevails for the Ni(100)
surface [254(a)].

Adsorption experiments show that NO molecules are very reactive on a Ag(111)
surface and, in addition to molecularly adsorbed NO, atomic dissociation products
are observed even at low temperatures as are other reaction products including N,O
[255-258]. This complexity of the Ag(111)/NO system renders the task of determining
the characteristics of the various molecular forms of adsorbed NO difficult, and so
knowledge on the adsorption states is still quite limited. Angle-resolved UPS data at
150 K indicated [258] that NO is molecularly adsorbed on the Ag(111) surface with an
upright orientation. However, it is not clear which adsorption states were actually
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detected because this temperature is well above the desorption threshold. NO peaks in
the 1300-2000 cm ' region have been observed, which is the characteristic region for
ligand-related vibrations of TM nitrosyl complexes. There are peaks at 1153 and
1282 cm*. It is difficult to understand why the N—O stretching frequency is so low. It
is even smaller, by about 60 cm™ ' than the vibrational frequency of free NO-. Bagus
and Illas [259] investigated the NO /Ag(111) system and showed the following.

(a) These vibrational features are consistent with NO adsorbed on Ag(111) in
a threefold site, but in an O-down orientation.

(b) The bond between NO and Ag(111) is highly ionic regardless of NO
orientation.

(¢) The vibrational frequency of the O-down orientation is consistent with
experimental results.

(d) The origin of the large shift in vibrational frequency is due to the internal
electric field generated by the negatively charged adsorbed NO and the image
charge response of the metal surface.

While external electric fields are known to modify strongly the vibrational
frequencies of adsorbed species, there is no previous knowledge that the same effect
may be produced by an internal electric field which arises as a consequence of ionic
bonding.

Coadsorption of NO +CO results in the site conversion of CO on Pd(110) and
Ni(111). CO, and N, are produced on Pt(100), Rh(111) and Rh(110) whereas no
reaction takes place on Pt(111) and Ru(001). Surface explosions and kinetic
oscillations are observed for NO +CO reactions on Pt(100) and other systems,
yielding desorption products of CO, and N,. The NO +CO reaction on the Pd(100)
surface also yields explosive production of CO, followed by gradual N, desorption
whereas the formation of mixed NO +CO island patterns were found to be a
prerequisite to autocatalytic reaction. The local fractional coverage is estimated to be
0.33. As a result of the competition between NO and CO for surface electrons, the
CO—metal bond is weakened by coadsorbed NO. On the other hand, strengthening of
the NO—metal bond is observed [254(b)].

The periodic part of a structure can be determined from reflection high-energy
electron diffraction with a precision of about 0.1 A and information regarding the
corresponding coverages can be gathered. This has been demonstrated, in particular,
with the study of the CO-induced (1 X 2)— (1X 1) structural transition on Pt(110), a
transition which is also induced by the adsorption of NO. On the first Pt layer, NO
adsorbs on bridge sites and on hollow sites on the (111) microfacets while, in the case
of the (1X 1) structure, first-layer top sites are also occupied [260-262]. As soon as the
transition begins, the rearrangement of the first Pt layer provides for additional vacant
bridge and top sites in the second layer [261].

NO pollutants in exhaust emissions are commonly [262(a)] controlled by passing
the gas over TM-based catalysts. Recent studies of the effect of initial rotation on the
sticking of NO on Pt(110) found that supplying the molecule with a modest amount
of rotational energy enhances sticking because it rotates from O end down to N end
down and chemisorbs, while those molecules initially N end down remain so because
of the depth of the chemisorption well. With greater rotational energy the repulsive O
end of the molecule is often nearest the surface, causing NO molecules to scatter from
regions higher above the surface with resultant reduction of sticking. Chemisorption
of NO on Pt(111) leads to loss of spin identity but induces weak magnetic changes
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in the slab. The strength of the chemisorption bond is in the order
fcc > hep > bridge > on-top. The diffusion barriers from hep to fce sites are 0.22
and 1.02 eV across the bridge and the on-top sites respectively.

The reactions of NO with TMs are also of interest in biochemical systems,
atmospheric chemistry and surface chemistry. Nitric oxide acts as a potent bio-
regulator in several haem-containing enzymatic cycles. The binding of NO to haem
Fe centres in metalloproteinsis often a crucial protective step in the enzyme reactions
that combat toxins in the body. The chemistry of NO is an environmental concern in
both the upper and the lower atmospheres. NO undergoes primarily charge transfer
reactionsin the ionosphere where it contributes to ozone depletion. In the troposphere,
NO is implicated in the photodissociative production of smog, which also contains a
number of TMs including Ti, Pb, Z, Fe, V, Mn and Ni, in highly polluted areas.
Because NO is also a byproduct in the combustion of fossil fuels by automobiles,
reactions involving NO on TM surfaces are important in the development of efficient
catalysts for catalytic converters.

In the automotive industry, three-way catalysts involving notably Rh, Pd and Pt
are used to reduce the emission of the nitrogen oxides NO_. While Rh is more efficient
in the reduction of NO, than Pd and Pt are and many experimental investigations of
these systems have provided new and interesting information, the key reason for the
efficiency of Rh is still not well understood. With ever more stringent air quality
regulations being imposed on automobile manufacturers, a detailed understanding of
the catalytic reduction of NO becomes even more urgent. The adsorption and
chemical reaction of NO on Rh, Pd and Pt show a complicated and complex nature.
Depending on the crystal surface of the substrate, dissociative adsorption may be
promoted or hindered. Also strong dependence of the adsorption site on temperature
and coverage has been reported and some of the experimental results are controversial
[262(b)].

A full-potential linearized augmented-plane-wave method for thin films was used
to study the dynamical and geometrical aspects of NO chemisorption on the TMs Rh,
Pd and Pt, indicating stronger bonding of NO to Pd and Pt than to Rh. The metal
surface is strongly affected by NO chemisorption, including a buckling that is about
50% larger on Pd and Pt than on Rh. Lower calculated stretching frequencies confirm
the idea that NO bonding on Rh is weaker. The electronic properties of NO
chemisorption indicate that the 27* state is broadened because of the interaction with
TM states. Also the 2n* state hybridizes with the TM d states which produces new
states lying just below the Fermi energy. This result is consistent with the frequently
discussed picture of o and © back donation. The relative occupancy of the hybridized
27* state has two effects. On the one hand, the filling of the antibondingorbital should
elongate and weaken the NO bond. On the other hand, more charge is transferred into
the bondingregion between NO and the TM, which strengthens the NO—TM substrate
bonding. There is a stronger interaction between NO molecules on a Rh surface which,
in addition to the NO-metal interaction reduces the NO bond length. In accordance
with the higher filling of the hybridized 2=* state, there is a stronger polarization of the
electrons towards the metal surface. This modifies the electrostatic potential in the
surface region and leads to a dipole layer that raises the electronic levels including the
Fermi energy and results in a reduction in the work function. The mobility and
chemical reactivity of NO on Pd and Pt surfaces are hindered owing to the stronger
bonding to the surface and large buckling of the surface layer. These two findings may
possibly distinguish Rh as a more efficient catalyst [262(c)].
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In the automotive industry, reactions involving three-way catalysts with Rh, Pd
and Pt as active metals, NO (more generally NO ) is reduced and CO and uncombusted
hydrocarbons are oxidized [262(d), (¢)]. It has been suggested that the dissociation of
adsorbed NO is the rate-determinin g step for reaction on Pd. NO adsorption is mainly
associative even if a small fraction of the molecules dissociate at room temperature and
higher, presumably on defect sites. In the dissociation of NO, Rh surfaces are superior
to Pd surfaces. Associative chemisorption on Rh surfaces can only be seen at low
temperatures; however, if the molecule is adsorbed at room temperature, dissociation
occurs and is dependent strongly on NO coverage. If at 80 K the Rh(100) surface is
saturated with NO, dissociation is hindered until NO desorption at 250 K creates
vacancies. For coverage below 0.3 ML at room temperature the decomposition of NO
iscomplete on Rh(111). At saturation coverage (0.67 ML), only 55% of the adsorbed
molecules decompose. Molecular chemisorption on a Pd(100) surface at 0.25 ML
coverage yields vertical NO molecules on a bridge site. For Rh(100), horizontal NO
was proposed at low coverages that is transformed into bridge-bonded vertical NO at
higher coverages. For NO on Pd(111), one observes a disordered structure at 0.3 ML
with vertically chemisorbed NO molecules on bridge sites, a ¢(4X 2) at 0.5 ML again
with bridge sites, a (2X 2) structure correspondingto 0.75 ML coverage, and a mixture
of sites. For the latter system, simultaneous population of either top and bridge or top
and hollow sites has been proposed. IR reflection absorption spectroscopy studies of
CO and NO coadsorption on Pd(111) reported that, at low coverages, NO adsorption
occurs at hollowsites. N and O are known to bind at high-coordinationsites on Pd and
Rh metal surfaces: threefold hollow on (111) and fourfold hollow on (100). Atomic N
on Pd(100) can be obtained by reaction of NO with H, or with CO. With O, exposure,
ordered structures have been observed on Pd(111), Pd(100) and Rh(100). On Rh(111),
O orders in threefold hollow positions in domains of (2X 2) structure (with a coverage
of 0.25 ML), or otherwise of (2X 1) structure (with a coverage of 0.5 ML).

Studies of the interaction of NO with polycrystalline Rh, Rh(111), Rh(100) and
Rh(110) generally indicate that, at low temperatures, NO adsorbs molecularly [262(f)].
At low coverages, NO dissociates completely upon heating as witnessed by the
desorption of the dissociation product N, between 450 and 700 K and, at much higher
temperatures, desorption of O,. Some NO desorbs molecularly at higher coverages
and an additional desorption state of N, arises. In order to study the overall kinetics
of a complicated reaction mechanism, one should isolate the various elementary
reaction steps and study their kinetics over a wide range of experimental conditions.
In a mixed adlayer, lateral interactions can be included in the kinetic scheme by
investigating well defined coadsorption systems. For Rh(111), efforts in this field have
led to studies of the interaction of N with Rh(111), the coadsorption of N and O, NO
and O,, NO and N, NO and CO, and NO and H,. Determination of the kinetic
parameters of elementary reaction steps calls for spectroscopies that are able to
monitor the surface reaction in real time. The combination of TPD and temperature-
programmed static secondary-ion mass spectrometry (TPSSIMS) have become
powerful tools. These methods were used to study the kinetics of adsorption,
dissociation and desorption of NO on Rh(111). At 100 K, NO adsorption is molecular
and proceeds via mobile precursor state kinetics with a high initial sticking probability.
TPSSIMS indicates the presence of two distinct NO adsorption states, indicative of
threefold adsorption at low coverages and occupation of bridge sites at higher
coverages. NO dissociates completely at temperatures between 275 and 340 K. The
N(ads) and O(ads) dissociation products desorb as N, and O, respectively. At higher
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coverages, the desorption kinetics of N, is strongly influenced by the presence of
coadsorbed O, and dissociation of NO becomes progressively inhibited because of site
blocking. The accumulation of N and O on highly covered surfaces causes
destabilizationofthe N atoms that resultsin an additionallow-temperature desorption
state of N,. For high initial NO coverages, above 0.50 ML, dissociation is completely
self-inhibited, indicating that all sites required for dissociation are blocked. The
desorption of the more weakly bound, presumably bridged NO does not generated the
sites required for dissociation; these become available only after desorption of
presumably triply coordinated NO.

The NO energy profile on a Pd surface was studied using photoemission spectra
and an effective one-electron Hamiltonian and indicated that multicentred adsorption
sites are preferred over on-top positions. Binding energies of 32-33 kcal mol ' are
found for the (111) and (100) surfaces respectively. Extended Hiickel tight-binding
calculations and BOC-MP methods were used to study the adsorption of NO on
Rh(100). This work showed trends in the decomposition of NO and its reductionto N,
and NH, by CO and H, and indicated the importance of coverage. Periodic DFT
calculations were performed for the molecular and dissociative chemisorption of NO
on Pd(100), Pd(111), Rh(100) and Rh(111) surfaces with generalized gradient
approximationexchange—correlation functionals. The periodic systems were modelled
by two-dimensional Pd and Rh slabs with frozen geometries, on which a NO, N, O or
N +O adlayer is placed. On Pd(100) and Rh(100), at a coverage of 0.5 ML, the bridge
site is the most stable arrangement with binding energies of —-1.54 and -2.18 ¢V,
respectively. On the (111) surfaces, at a coverage of 0.33 ML, the threefold hollow sites
are favoured with bindingenergies of —2.0 eV for Pd(111)and -2.18 ¢V for Rh(111).
For the dissociated structures, the mixed coadsorption of N and O is favoured in most
cases compared with separated domains. The chemisorption of NO, N and O is
stronger on Rh surfaces than on Pd surfaces but stability is greater for atomic
chemisorption. The absolute values of binding energies decrease with increasing
coverage. The NO dissociation is exothermic only for Rh at low coverages, while it is
endothermic on Pd owing to the smaller atomic binding energies [262(3)].

5. Interaction of O, with metallic surfaces

Considerable research has been undertaken in order to understand the mechanism
of O, interaction with TM surfaces [263—-284]. Whereas dissociative chemisorption of
O, by clean metal surfaces might be considered the rule in surface science, molecular
chemisorption of O, is the exception. It occurs on clean surfaces of Ag, Pt and Cu at
temperatures above 80 K under UHV conditions and on Pd in the presence of a
passivating layer of adsorbed O [263, 280]. O, has been cited as binding perpen-
dicularly, tilted and parallel to TM clusters and surfaces. Through back donation from
the surface, the low-energy 2n* orbital is easily populated which is relevant in the
parallel adsorption mode where there is significant weakening of the O—O bond. This
is typified by low stretching frequencies and long bond lengths. The mechanism for the
three modes involves donation of electrons from the 2r orbital of O, to available
surface orbitals along with subsequent back donation from the surface to the O, 2rn*
orbital, which is accompanied by charge transfer to the adsorbed O,. The charge
transfer and occupation of the 2n* orbitalslead to a weaker O—O bond. Both superoxo
and peroxo intermediates have been suggested on different surfaces, based on the
degree of charge transfer and weakening of the O—O bond. DFT calculations showed
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that O, adsorbs molecularly on Cu(111) with a small adsorption energy, which is
consistent with experiments and indicates that threefold coordination is preferred [3].
The difference between parallel and perpendicular adsorption modes is rather small,
with the parallel mode being slightly favoured, which is consistent with the relatively
low experimental O—O stretching frequency. Mulliken populations for O, parallel to
the surface indicate that both O atoms pick up substantial negative charge from the
surface and form a peroxo species, resulting in a substantially weaker O—O bond as
indicated by an 0.22 A bond length increase from the gas-phase value of 1.21 A. The
results for binding O, perpendicularly differ primarily in the degree of charge transfer
and O—O bond weakening [3]. The interaction of O, on Agis weaker than on Pd. The
molecule O, on Ag(110) prefers to bind as a peroxo surface species, which is confirmed
by the significantly longer O—O bond length and very low O, stretching frequency
found for the system. Both the n* and the o* orbitals are highly populated in the
adsorbed surface state. Theoretical and experimental results on Pt(110) and Cr(110)
indicate that O, binds as a superoxo species. For molecular O, adsorption the general
bonding characteristics are similar to those for CO, that is there is back donation from
the surface into O, n* and donation from the O, n* orbital to the surface. Molecular
O, surface species were observed on Pt, Ag, Cu and Ni, and with clearly identified
bands at 630, 710, 766 and 887 cm ' respectively.

The Ag(110) surface has been the focus of considerable attention owing to the
commercial use of Ag catalysts for the partial oxidation of ethylene. O, molecule
adsorption on single-crystal planes can yield ordered forms of adsorbed O, in which
the surface structure of the metal planes remains almost unaltered. O atoms are
covalently bonded to TM atoms of the surface layer. For most metals, O, is bound
primarily in its precursor state which later moves along the surface searching for a
more stable site. When the TM surfaces Cu(110), Ni(110) and Ag(110) are exposed to
O,, etching at step edges and defects is induced at room temperature and one-
dimensional metal-O strings are found to grow on the surface, yielding a precursor
species [156]. The O, heat of adsorption tends to decrease with increased coverage
which can be associated with surface irregularity, interaction with adsorbed atoms,
and changes in electronic properties of the metallic surface with degree of coverage.

0, /Ag(110) manifests three distinct adsorption states: physisorbed O, (T < 40 K),
molecularly chemisorbed O, (140 K< 7< 180 K) and atomically chemisorbed O
(T > 180 K) [47, 278, 279]. The molecularly chemisorbed state is regarded as a
precursor to dissociative adsorption and, similarly, the physisorbed state is regarded
as a precursor to intact molecular chemisorption. One of the most striking features of
the dynamical behaviour of this system is the very low sticking coefficient for O, on
Ag(110) at liquid-N, temperatures (i.e. into the molecularly chemisorbed state,
possibly via the physisorbed precursor). By contrast, the sticking coefficient into the
physisorbed state at 7'~ 30 K appears to approach unity. Even more significantly,
when the physisorbed layer is warmed, the efficiency of conversion into the molecularly
chemisorbed state is high, perhaps 50%. These results present a paradox; two different
experiments that seem to measure the probability of sticking in the molecularly
chemisorbed state give quite different results. Possible and intriguing resolutions of
this paradox are associated with the orientation of the chemisorbed O, molecule: does
it lie parallel to the surface with its axis along the [1-10] direction or parallel to the
surface but pointing along the [001] surface? The optimum orientation of the
physisorbed precursor is stabilized by the O,-O, interaction in the physisorbed layer
where orientation discriminates against conversion into the chemisorbed state.
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These results provide striking evidence of the key role played by molecular
orientation in molecule—surface interactions, a role which is likely to extend well
beyond the model O, /Ag(110) system. At low temperatures, Ag(110) is also one of the
few known surfaces which chemisorb O, without breaking the O-O bond, but only
weakening it. It has also been proposed that the molecule should lie parallel to the
surface in order to yield efficient overlap of O, and Ag orbitals, thereby providing a
partial rationalization of the observed low O—O stretching frequency [266, 275]. This
extremely low frequency was argued to be an indication that the n* orbitals of the O,
species are filled and that the o* orbital is possibly partially occupied. The O, =
orbitals normal to the surface interact strongly with second-layer Ag atoms, while =
orbitals parallel to the surface interact with first-layer Ag atoms [263, 284].

The gross features of O, chemisorption on Ni are well known from experiments.
When the Ni(100) surface is exposed to O,, the molecules dissociate until a coverage
of about 0.25 ML is reached, each O occupying a fourfold hollow site. Chemisorbed
O, has been observed on polycrystalline Ni, but not on the low-index surface of fcc Ni
[264,273]. As O, exposure continues, the hollow sites become occupied and the surface
reconstructs. Once O atoms have come to rest at their final chemisorption sites, the
barrier for diffusion effectively prevents O transport on the surface at normal
temperatures. This barrier can be estimated from comparisons with similar systems,
for which the barriers are known, to be about 20% of the atomic chemisorption energy
[264]. In the case of O on Ni(100), the barrier estimate of 23-26 kcal mol ! is in
agreement with theory. Although O, is not observed generally on fcc Ni surfaces, there
is ample evidence of molecularly chemisorbed O, on other TM surfaces. Molecular O,
was found on both polycrystalline Ga and Cu surfaces. Chemisorption on the Pt(111)
surface indicated three O-associated vibration bands at 870, 710 and 390 cm™!
(compared with 1580 cm ' for free O,); the 870 cm ' peak was assigned to O,
molecules with only a single O-O bond implying that the antibonding =, orbital was
filled for this species [241]. The photoelectron spectra of O, on Cu(100) and Cu(110),
which display three broad peaks, suggest that the adsorbed molecule is neutral O, in
a singlet state. Spitzer and Luth [276] suggested a neutral adsorbed O, in a singlet state.
It has been further suggested that the dramatically lowered intramolecular bond order,
which is associated with the reduced vibrational frequency of chemisorbed O, is
caused by a m-to-surface and a surface-to-n, electron transfer which is also suggested
to be the mechanism by which O, dissociates [277].

Panas et al. [264] used a cluster model approach to indicate that the dissociation
mechanism for O, on Ni(100) was very similar for the reaction pathway over an on-
top position, over a bridge position and over a fourfold hollow position. In the
entrance channel a chemisorbed peroxo form of O, is first formed, which is strongly
bound to the Ni(100) surface by two polar covalent bonds. The binding energy at the
fourfold hollow site is found to be 78 kcal mol ' which is about 20 kcal mol ' larger
than that for the other two sites and much larger than the chemisorption energies
found experimentally for O, on Pt(111) and Ag(110). The dissociation of O, proceeds
by two stepwise electron transfers from the surface over to the O, 3o, orbital, which
completes the breaking of the O—O bond.

In spite of their importance in applications, relatively little is known about
reactions of gas-phase TM atoms compared with TM cations. The laser-induced
fluorescence technique was combined with a dc discharge to produce laser photolytic
formation of gas-phase TM atoms and provide useful information on bimolecular
reactions of TM atoms. In some cases, such information has been extended to the
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interaction of electronically excited states as well as the ground state. These studies
have shown that ground states, the 3d"-*4s* configuration in most cases, are inert,
while the excited states of the 3d"-'4s' configuration correlate to higher electronic
energies in Ti and V. It is difficult to distinguish between the effect of electron
configuration and the effect of electronic energy. Two explanations have been
proposed for reactions of Ti and V with oxidants. One is an electron-transfer
mechanism in which the electronic energy is the dominant factor. In reactions of
molecules with positive electron affinities, the electron-transfe r mechanism can explain
relative reaction rates semiquantitatively. The other explanation is based on the
orbital correlation between the reactant and the product metal oxide. In this
mechanism, the electron configuration is the dominant factor. Studies of the reactions
of Mo with O, have shown that the 4d°5s' configuration is more reactive than the
4d*5s* configuration although the latter has a higher electronic energy. Efficient
depletion of the atoms of 3d"- '4s' configuration by O, was interpreted as an attractive
interaction correlated to a stable intermediate. The singly occupied antibonding n*
orbitals of O, interact favourable with singly occupied 3d orbitals of Co or Ni.

Among the low-index single-crystal faces, the Pt(100) face exhibits peculiarities
that are connected with the reconstruction of the first atom layer into a buckled
hexagonal arrangement [281-283]. On a reconstructed surface the rate of O, adsorp-
tion is very low at ambient temperatures, as are the attainable concentrations. High-
density adlayers are formed at elevated temperatures. The initially clean metastable
substrate adsorbs O, with a high efficiency at ambient temperatures in contrast with
the reconstructed surface. Recent studies of adsorption of O, on Pt(100) surfaces pre-
covered with different amounts of Cl indicated that small concentrations of the latter
lower the temperature necessary to accomplish O, adsorption. Pre-adsorbed Cllowers
the temperature necessary to obtain high-density O, adlayers. Coadsorbed Cl
destablizes adsorbed O,.

Recent studies of reaction pathways by surface femtochemistry of routes to
desorption and reaction in CO /O, /Pt(111) indicate that, if CO oxidizes by an atomic
pathway, then O-atom capture by CO is highly efficient ; if CO oxidizes by a molecular
pathway, then the O atoms in the transition state are inequivalent. Bagus and Illas
[271] investigated the bonding of O to Cu(100) with a surface cluster model and
showed that the bond is ionic with a net charge on O of about 1.5 electrons and
supports the commonly held belief that d electrons participate in the bond.

Alloys and bimetallic metal surfaces present various interesting phenomena which
should be understandable at the atomic level. The effects of dopant atoms on the
catalysis of metal surfaces are especially interesting. The catalytic activity of an alloy
or bimetallic system is strongly influenced by its surface composition and structure. To
change the surface composition of an alloy or bimetallic system by annealingin UHV
requires a rather high annealing temperature. However, a bimetallic surface exposed
to active gases such as O, readily changes its surface composition at a far lower
temperature. These phenomena are explained well by the concept of chemical
reconstruction—a type of reconstruction that involves chemical reaction. If the
chemical reconstruction takes place on an A-B alloy or bimetallic surface, then the
more reactive metal atoms react with the gas so that the segregation of A metal atoms
is established. During catalysis a catalyst surface is necessarily exposed to active gases
under flow conditions. The notion of chemical reconstructionis indispensable for alloy
or bimetallic catalysts. For example, when a clean Pt-enriched Pt—Rh(100) surface is
exposed to O, at about 500 K, Rh atoms are easily segregated on the surface [285].
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It is well known that O, adsorption on TM surfaces occurs more rapidly in the
presence of alkali metals than on clean metal surfaces. The presence of alkali metals
increases both the adsorptive capacity of the surface and the dissociative adsorption
rate. The increase in O, uptake rate caused by alkali metals is explained by enhanced
electron flow into the antibonding molecular orbital and reduction of the activation
barrier for dissociation. The presence of alkali metals on a metal surface decreases the
electron work function because of the higher electron density localized in the vicinity
of the alkali adspecies. O, chemisorption on an Fe surface covered with K occurs after
prior adsorption of O atoms under the layer of K atoms. The various atom locations
in addition to the electron transfer causing the change of work function could be
responsible for the kinetic of oxidation of TM surfaces [286].

Since dissociation is assumed to occur by collision upon impact with the surface,
the simplest direct mechanism is surface temperature independent. While the simple
direct and trapping-mediated models for dissociative chemisorption describe O,
adsorption on Cu(110) and W(110), they are insufficient for describing O, adsorption
on many other surfaces including Ru(001) [287(b)]. Early studies of O, adsorption on
W surfaces led to the conclusion that adsorption occurred by means of a physically
adsorbed precursor at low kinetic energies and by means of a simple direct mechanism
at higher kinetic energies. Later studies of O, adsorption led to an alternate (direct
molecular chemisorption) explanation for high-kineticenergy adsorption.

One of the early studies of O, adsorption on single-crystal TM surfaces was made
by Wangand Gomer [287(d)]in which the adsorption probability of O, on W(100) and
W(110) was measured. They determined that dissociative O, adsorption proceeded via
a physically adsorbed precursor. Subsequently, Rettner et al. [287(e)] used supersonic
molecular beams to measure the dissociative chemisorption probability of O, on
W(110) and concluded that the initial dissociative chemisorption of O, on W(110) was
dominated by a direct mechanism for incident kinetic energies above 0.1 eV and that
the dissociation probability increased dramatically with increasing incident kinetic
energy. The initial O, adsorption probability was also independent of surface
temperature and approached unity at high incident energies, which was consistent
with the view at the time of a direct mechanism. Dynamical studies of dissociative O,
adsorption on Cu(110) also support a trapping-mediated mechanism at the lowest
kinetic energies and a surface-temperature-independen t direct mechanism at higher
incident energies. Recent studies of O, adsorption states on W(111) at low
temperatures indicate three weakly bound molecular adsorption states corresponding
to multilayer condensation, physisorption and weak chemisorption. Molecularly
adsorbed O, serves as an extrinsic precursor to dissociative adsorption of O, on
W(111). Comparison of molecular chemisorption states for different W surfaces
displays the influence of the substrate surface structure on the binding energy of
weakly chemisorbed O, [285].

Adsorption and dissociation of O, and Pt is a necessary step in the operation of an
automobile’s catalytic converter and exhaust O, sensor. Also, in some fuel cells the
dissociation of O, at a Pt anode is postulated as a step in O, reduction. In such
applications, the Pt surfaces are heterogeneous with a high concentration of defects
that can strongly affect the surface chemistry. As a consequence, the dissociative
sticking probability of O, increases exponentially with increasing step concentration
while the CO oxidation probability decreases. The optimum configuration for CO
oxidation occurs with O, at a step edge and CO on a terrace. Studies of adsorption and
dissociation of O, on Pt(335) indicated five vibrational peaks from atomic O on the
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terraces, on the steps and under certain conditions, from a distinct molecular step
species. Dissociation occurs almost exclusively at the steps [287(a)].

In contrast with O, adsorption on W(110) and Cu(110), the initial dissociative
adsorption probability of O, on Pt(111) is influenced by surface temperature.
Adsorption decreases with increasing translational energy and surface temperature at
low incident energies which is consistent with a trapping-mediated chemisorption
mechanism. The adsorption probability increases with increasing incident energy at
higher kinetic energies. However, an inverse dependence on surface temperature is
observed which is inconsistent with the picture of the simple direct mechanism [287(f)].

It is necessary to discuss the different states of O, that have been identified on the
Pt(111) surface in order to understand the unprecedented behaviour observed in this
system. On Pt(111), four states of O, have been identified: a physically adsorbed
molecular state, two molecularly chemisorbed states and an atomic state. The two
molecular chemisorbed species are a superoxo-like O, species and a peroxo-like O*
species. The physically adsorbed state has been identified as the precursor to molecular
chemisorption. It is believed that, for adsorption at low energies, dissociation proceeds
from the physically adsorbed state sequentially through the surface intermediates to
the atomic state which could explain the kinetic energy and surface temperature
dependences of the initial adsorption probability in the low-kinetic-energy regime in
terms of a trapping-mediated model involving sequential precursors. However, there
was no explanation for the temperature dependence of adsorption at high kinetic
energies. Rettner et al. [287(e)] expanded the sequential precursor mechanism of Luntz
et al. [287(f)] by allowing for the possibility that the molecule could directly access the
molecularly chemisorbed state at higher kinetic energies. This extension of the
mechanism gave an accurate description of the kinetic energy and surface temperature
dependences of the dissociation probability for O, on Pt(111) over the entire range of
energies and temperatures studied.

Supersonic molecular-beam measurements of the initial dissociative chemisorption
probability of O, on Ru(001) as a function of incident kinetic energy, surface
temperature and angle of incidence indicated that adsorption in the low-energy regime
can be accurately modelled by a trapping-mediated mechanism with a surface-
temperature-independent trapping probability into a physically adsorbed state
followed by a temperature-dependent kinetic competition between desorption and
dissociation[287(b)]. However, there is an unusual surface temperature dependence of
the dissociative chemisorption probability in the high-energy regime that is in-
consistent with a simple direct mechanism in which the probability rises as the surface
temperature is increased. A mechanism involving electron transfer from the Ru
surface was suggested to account for this phenomenon.

The importance of Pt as an oxidation catalyst, for example for ammonia oxidation
and in car exhausts, provides the incentive for the study of the interaction of O, with
Pt and much work has been carried out using Pt single crystals. The Pt(100) surface in
its most stable reconstructed form has a contracted rotated hexagonal structure,
Pt(100)-hex-R which is akin to that of Pt(111) although it is more densely packed and
slightly buckled. Supersonic molecular-beam experiments indicate that adsorption on
the Pt{100}-(1X 1) surface differs from that on the reconstructed Pt{100}-hex-R surface
in both magnitude and mechanism. The initial sticking probability on the (1X 1)
surface at first decreases with increasing incident energy and then increases as the
incident energy exceeds 0.1 eV, in a manner typical of an adsorption process that is
precursor mediated at low incident energies and direct at higher incident energies.
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Precursor-mediated adsorption at low energies is also indicated by scattering
measurements and by the angular variation in the initial sticking probability. At high
incident energies the angular variation in the initial sticking probability indicates that
adsorption is an activated process. Repulsive lateral interactions exist between
adsorbed O atoms. Thermal energy atom scattering measurements show an absence of
island formation upon adsorption, in contrast with adsorption on the hex-R face
[287(h)]. Molecular-beam measurements of the sticking coefficient at zero coverage for
O, on a Pt(111) surface as a function of initial energy, angle of incidence and surface
temperature indicate that both precursor-mediated and quasidirect dissociation can be
observed, depending upon initial conditions. The quasidirect process is revealed by a
step increase in sticking with initial energy. This feature is weakly dependent on the
surface temperature. Precursor-mediated sticking is well described by standard
precursor kinetic models. At low incident energies and surface temperatures, sticking
measures trapping into a molecularly adsorbed state. This tapping decreases more
rapidly with increasing incident energy than anticipated from simple models.

6. H, on transition-metal surfaces

The chemisorption of H, on TMs is a process that has been extensively investigated
by surface scientists both owing to its importance in catalysis but also because H, is
one of the simplest adsorbates [47, 288-318]. From a theoretical point of view, H,
provides simplifying benefits because of its small mass, weak interaction with substrate
vibrations, and large separation between rotational and vibrational energy levels that
make possible the separate treatment of these degrees of freedom to lowest order. Both
Nb and Pd are well known for their capacity as absorbers of large quantities of H,,
producing in this way a sure and efficient manner of keeping the molecule in stock.
Absorption of H, in some metals is also known to lead to deterioration of the
mechanical properties of those metals.

Water decomposition in electrochemical and photoelectrochemical cells leads to
the interesting possibility of storing energy in the form of gaseous or dissolved H,. In
an electrochemical cell with two metallic electrodes, electrical energy is converted into
chemical energy by splitting H,O with formation of gaseous H,. In photoelectric cells
that have one semiconductor and one metal electrode, solar energy can be converted
into H, gas by water decomposition; H, dissociation is poisoned by electronegative
adsorbates. In the latter case, however, a molecular precursor has not been observed,
but it appears that poisoning is more than simply blocking of sites for H adsorption.

Because H, is one of the simplest adsorbates, if not the simplest adsorbate, most
theoretical methods have been applied to the development of a description of the
chemisorption bond of H, on metals [47, 288—314]. Among these studies, Nordlander
et al. [314] applied an extended effective-medium technique in order to explain, in a
very simple way, the trends in the chemisorption energies on the TM 3d, 4d and 5d
series from variation in parameters describing the pure metal. The computed
chemisorption energies are in good agreement with experiment and the trends along a
given row are shown to be dominated by the degree of filling of the d band. In general,
the sites of highest coordination are favoured, and the differences between sites are
found to be small, indicating large H, mobility. Harris and Anderson [296] observed
that H, dissociates on TMs without apparent activation because of the mechanism
that suppresses Pauli repulsion and for which d electrons serve as sinks for s electrons.
Pauli repulsion is reduced because s electrons of a TM can revert to the d band and
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avoid the energy cost of penetrating the H, 1o, core. Chemisorption is accompanied
by local filling of d holes which enables metal-H bonds to form with only moderate
weakening of metal-metal bonds. The SCF calculations of Niu et al. [297] indicated
that the interaction of H, with a Ni* ion is characteristically different from the
interaction with neutral Ni. While H, chemisorbs dissociatively on a neutral metal, it
retains the molecular form on an ion. The former (dissociative) result is a consequence
of the Pauli exclusion principle whereas the latter (molecular) finding results from
electrostatic interaction.

Saillard and Hoffmann [295] investigated how the H-H bond interacts and
eventually breaks in the proximity of one or more TM centres for both discrete
complexes and clean metal surfaces by comparing the chemistry that occurs in an
inorganic complex with that on a metal surface. Donation and back-donation effects
previously discussed for CO are also effective for H, interaction with metallic surfaces.
The electron transfer of H to the metallic surface decreases H-H bonding and
increases metal-H bonding. Electron transfer in the opposite direction, that is from an
orbital originally on the metal to H, has a consequence of decreased H-H bondingand
increased metal-H bonding. These two orbital interactions, which are the most
important bonding interactions between a H, molecule and a discrete TM complex or
surface, lead to H-H bond weakening and metal-H bond formation even though they
accomplish these actions by charge transfers in different directions. At a crude level,
itis generally accepted that the energy barrier to H, dissociation, which is observed for
metals such as Mg and Cu, arises from the orthogonalization of the metal states to the
H, bonding orbital as required by the Pauli exclusion principle. The absence of a
dissociation barrier on TMs with a partially filled d band is then a result of
orthogonalization which can occur through s—d transfer of the metal electrons at
minimal energy cost (owing to the high density of d states at the Fermi level).

On a more detailed level, seeded molecular-beam scattering experiments and state-
resolved time-of-flight measurements of desorption make possible the determination
of the behaviour of sticking probability as a function of the molecular vibrational
state, rotational state and momentum parallel to the surface. These studies show that
this behaviour is strongly dependent on both the chemical composition and the
orientation (crystallographic index) of the surface. Dynamical simulations, using
quantum and classical dynamics, have proved invaluable in understanding the
behaviour of more complex systems. As an example, the dependence of sticking
probability on vibrational state for the H, /Cu system has been seen to result from a
late barrier in the PES, that is the barrier occurs at an extended bond length. By
contrast the sticking probability for the H, /Ni system, in which the barrier occurs at
the molecular bond length, shows no vibrational-state dependence. Another example
is the absence of parallel momentum dependence of the sticking probability found for
the H, /Cu(100) system for which it has been proposed not, as one might expect, from
the absence of surface corrugation in the PES, but from the cancellation of effects of
two types of corrugation, that is the variation in both the position and the magnitude
of the barrier on the PES [315(b)].

The reaction of H, on low-index Cu surfaces stands as the prime example of
activated dissociative chemisorption and these systems have been widely investigated
experimentally [315(c)]. The experiments have demonstrated the existence of several
trends in the dependence of reactivity on internal molecular motion. Putting energy
into H, vibration enhances reaction (vibrationallyenhanced dissociation). Associative
desorption experiments have shown that increasing the H, rotational quantum
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number J first inhibits dissociation at low j and then increases it as higher j. The
dissociative chemisorption of H, on Cu(100) was recently studied using a six-
dimensional wave-packet method. All molecular degrees of freedom were treated
quantum-mechanically with no dynamical approximations. The PES used as an
analyticalfit to DFT energies obtained in the generalized gradient approximation with
a slab representation of the metal surface. The dependence of the reaction probability
on normal incident energy was compared with experiment, and it was suggested that,
on the average, the DFT method overestimates the barrier to dissociation by about
0.15 eV for H, +Cu(100). In broad agreement with experiments, the calculationsshow
large vibrational inelasticity.

Studies [47, 316] of dissociative chemisorption of H, on Cu(111) indicated that the
sticking coefficient at fixed translational energy first decreases and then increases with
rotational excitation. This behaviour is attributed to an orientation dependence of the
sticking coefficient. The molecular-axis orientation upon approach to a particular
surface crystallographic direction determines the probability that either atom or both
atoms of the molecule experience close collisions with atoms of the surface. Upon
approach to a metal surface, both the ground-state singlet and the first-excited triplet
states of H, are generally considered to be accessible for charge transfer. Adiabaticity
arguments suggest that charge transfer occurs as the molecule approaches the surface.
Fast neutral H, in its ground electronic state is efficiently dissociated in grazing
collisions with TM surfaces. The topography of the adiabatic ground state of the
H,/Cu(111) system is well established. The H-H interaction is by no means purely
repulsive in the pre-barrier region of the ground-state PES. A repulsive H-H
interaction during the approach of the molecule to the surface is crucial and the
dynamics of the interaction of fast neutral H, with Cu(111)is influenced by additional
(higher-lying) PESs. First-principles calculational results, which conflict with con-
ventional wisdom, showed an orientation dependence of the energy of H, a few bohrs
above a Rh(001) surface. In geometric configurations near the saddle point where an
H-Rh bond begins to form, the favoured molecular axis orientationis along the (100)
direction, corresponding to the attraction of each H atom to a twofold bridge site. This
occurs even though the final destinations of H atoms are fourfold hollows and even
though the (100) orientation corresponds to relatively low symmetry.

Metal surfaces often undergo reconstruction with the adsorption of gases. In some
cases, one finds non-traditional adsorption-induced reconstruction, that is recon-
struction caused by chemical reaction of TM atoms with molecules [156]. When a
Ni(110) surface is exposed to H,, two reconstructions occur, namely adsorption-
induced reconstruction and chemical reconstruction, depending on the temperature.
For T< 220 K, the Ni(110) surface undergoes (1X 2) reconstruction but, when the
surface is exposed to H, at room temperature, one-dimensional Ni-H grows on the
surface in the [110] direction.

Investigations of the properties of Fe monolayers on W(110) indicated that
desorption of H, from H/Fe/W(110) occurred at substantially lower temperatures
than from H/W(110), suggesting lower binding energies on the Fe-covered surface.
For H on Fe/W(110) the enthalpy and entropy values at low coverages also behave
normally with AH substantially less than on clean W(110) and the surface entropy
corresponding to an excited two-dimensional gas, unlike the H/W(110) case.
Presumably, these findings arise from the lower bindingenergy of H to this surface and
could be attributed to Fe—W interactions that decrease H-Fe binding [316].

Adsorption of H, on W surfaces has attracted considerable interest since the early
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days of surface physics, particularly regarding the role of a precursor in the H,
chemisorption on W. From the earliest experiments it was apparent that the H,
accommodation coefficient on a polycrystalline W surface, that is the dissociative
sticking probability, exhibited unusual temperature-dependent behaviour. Much
effort has been expended to characterize the adsorbed H, phase and the kinetics of
adsorption on W(100) [315(d)].

The adsorption dynamics of H, /W on rough (111) and (100) surfaces indicate that
H, adsorbsat low relative translationalenergies almost exclusively through a precursor
path; at high beam energies a direct activated path is followed. H, adsorption on a
W(110) surface proceeds via a direct activated path [315(e)]. Direct adsorption
typically exhibits a forward distribution for the sticking coefficient; in contrast, at low
collision energies, the precursor path shows a minimum in the sticking coefficient in
the surface normal direction. It was found that the dissociation sticking probability of
H, on W(100) is independent of coverage and decreases linearly with increasing
collision energy after saturation, thereby providing evidence for a precursor
mechanism. Supersonic molecular-beam experiments have also indicated the im-
portance of a precursor in the dissociation dynamics in the low-temperature gas
regime which appeared to be absent for H, dissociation on W(110). The apparent
ambiguity concerning the role of a molecular precursor in this case also extends to H,
dissociation dynamics on Ni and Pt. It has been suggested that both direct and indirect
dissociation channels contribute to sticking at energies below about 150 meV and that
the contribution of the indirect channel is via an intrinsic precursor which has a
surface-structure-dependen t sticking probability.

Classical and quantum calculations of the dissociation dynamics of H, on W(100)
show conclusively that, at low translational energies, dissociation is dominated by
strong steering in an essentially direct process. Starting from near unity, the
dissociation probability falls with increasing energy because the steering has less time
to operate and is therefore less effective. Some molecular trapping occurs as a result of
rotational excitation which gives rise to sharp peaks in the quantum dissociation
probability.

The distinctive feature of H, interacting with surfaces is that the internal molecular
bond and the bonding to the surface are produced by the same electrons. Therefore,
bonding to the surface is necessarily accompanied by weakening of the internal
bonding of the molecule. If one freezes the H-H separation at the isolated molecule
value, H, orbitals do not contribute to bonding to the surface and the molecule
behaves similar to a He atom as it approaches the surface. The first unoccupied H,
orbital lies far above the vacuum level so that the molecular charge density remains
frozen and the interaction with the surface is repulsive. Bonding to the surface is
possible due to the relaxation of the H-H bond distance. The increase in the bond
distance lowers the 1o, antibonding orbital, giving rise to charge transfer from the
H-H bond to the H,—surface bond. Bonding to the surface involves also appreciable
polarization of TM states which gives rise to charge transfer from the molecule to the
metal, that is to a local decrease in the work function. The occupation of d states
facilitates the polarization of the TM states. As soon as the molecule begins to
dissociate, the charge transfer goes in the reverse direction. When H, is near the
surface, there is appreciable softening of the molecular bond and electron charge
accumulates between the protons and the surface in order to minimize the descreened
repulsion between protons and surface, at the expense of H, bonding. Even in the
absence of dissociation, the weakening of the H-H bond should be quite appreciable
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as H, gets close to a TM surface. Dissociation requires that H, lies flat or nearly flat
on the surface in order to maximize interaction with the TM as the H atoms move
apart. As the molecule tilts away from the horizontal orientation, one of the H atoms
feels enhanced repulsion and the other becomes increasingly more weakly bound, so
that the potential energy increases. However, at low energies, the molecule will be
reflected at most location on the surface [317, 319].

The recombination of two H atoms on a TM surface represents the simplest but
most fundamental catalytic reaction. In the past, most experiments determined
angular and velocity distributionsfor various substrates. These quantum-state integral
measurements provided information on the energetics of this reaction. In many cases
an energy barrier against recombinative desorption or, equivalently, dissociative
adsorption was found [320]. These experiments led to the conclusion that simple one-
dimensional barrier models could not appropriately describe the desorption mech-
anism. Quantum-state-resolve d experiments for recombinative hydrogen desorption
from Cu(110) and Cu(111) substrate surfaces indicated slightly less than thermal
energy in the rotational degrees of freedom, but very high vibrational populations, up
to 50 times the expected thermal value. A high translational barrier of about 0.7 eV
against associative desorption of two H atoms on Cu surfaces was deduced.
Subsequently, theoretical models based on a two-dimensional PES were developed to
account for the vibrational excitation and the high velocity of the desorbing molecules.
In these models recombination takes place at a H-H separation of 1.63-0.23 bohr
larger than the equilibrium internuclear distance of gas-phase H,.

Supported Pt catalysts are of tremendous technological importance in a variety of
applications, including petroleum naphtha reforming, automobile exhaust conversion
and fine chemicals synthesis [321]. Naphtha-reformin g catalysts, in particular, may
contain Pt clusters containing only a few atoms on a high-surface-area alumina
support. H, chemisorption of Pt is central to many catalytic reactions, for example
hydrogenation and hydrogenolysis; moreover, volumetric H, chemisorption is the
standard technique for determining Pt dispersion—the percentage of surface-exposed
Pt atoms in supported catalysts. In-situ spectroscopic characterization of chemisorbed
H, on supported Pt catalysts is difficult to achieve by conventional spectroscopic
techniques; however, in-situ X-ray adsorption spectroscopy studies have identified
two effects: a relaxation of Pt—Pt bonds in hydrogen-covered clusters relative to bare
clusters as well as Pt—H bonding.

There are contradictory observations regarding contracted nearest-neighbour
distances in supported clusters prepared in vacuo and bulk-like nearest-neighbour
distances in supported clusters prepared by H, reduction of Pt ions. H, chemisorption
on small silica-supported Pt clusters was investigated using in-situ extended X-ray
absorption fine-structure spectroscopy and NEXAFS and found to exhibit a bulk-like
Pt first-nearest-neighbour distance and low disorder. In contrast, bare Pt clusters
produced by heating in vacuo at 300 °C are characterized by a contracted Pt nearest-
neighbour distance and greater disorder. These effects are reversed by re-exposure of
bare Pt clusters to H, at 25 °C. Electronic transitions from Pt 2p levels to H 1s-Pt 5d
antibonding states were observed.

For a variety of reasons, adsorption of H, on Pd is interesting for chemical
technology as well as for basic surface science. Pd can be used as a catalyst for
dehydrogenation and hydrogenation indicating a high rate of permeation of H,
through Pd samples. H, dissociates spontaneously on Pd(100), that is molecules with
low kinetic energy dissociatively adsorb on Pd(100) surfaces with a large initial
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sticking coefficient. The preference of non-activated dissociation pathways for low
kinetic energies of H, is also consistent with the independence of the initial sticking
coefficient on incident angle as well as with the measured Maxwell-Boltzmann velocity
distribution of desorbing H, molecules, which corresponds to the surface temperature
of the Pd substrate. There are, however, clear indicationsthat activated pathways exist
as well. State-resolved desorption experiments show that the occupancy of the first
vibrational state is significantly higher than that corresponding to H, molecules in
equilibrium at the surface temperature, that is vibrational heating is found. On the
other hand, the rotational degrees of freedom are occupied less than implied by the
surface temperature. In order to explain these effects, it has been found necessary in
dynamics studies on two-dimensional model PESs to assume the presence of a small
(about 0.1 eV) barrier in the exit channel, that is in the region of the reaction pathway
where the H-H bond is already significantly stretched. The presence of a weak
metastable molecular bound state of H, and the presence of a precursor state have also
been proposed [322].

Dissociative adsorption of H, on Pd(100) has been investigated using ab initio
quantum dynamics and ab initio molecular dynamics calculations [323]. The main
assumption of the dissociation dynamics was the Born—-Oppenheimer approximation.
In this study, adsorption corresponds to a process in which statistically distributed
molecules hit the surface from the gas phase. For diatomic molecules this requires the
calculation of thousands of trajectories; the adsorption probabilityis then obtained by
averaging over these trajectories. Treating all H, degrees of freedom as dynamical
coordinates carries very high dimensionality and requires statistical averaging over
thousands of trajectories. An efficient and accurate treatment of such extensive
statistics was achieved in a three-step approach. In the first step an ab initio PES was
computed for a number of representative points in configuration space. In the second
step an analytical representation was determined which served as an interpolation
formula between the calculated points. In the third step, dynamical calculations were
performed using the analytical representation of the PES.

The ab initio molecular dynamics were compared with detailed quantum-
dynamical calculations carried out using the same representation of the PES as in the
molecular dynamics simulation. Quantum oscillations in the sticking probability as a
function of kinetic energy were found which were very sensitive to initial conditions.
At low kinetic energies, sticking is dominated by a steering effect that was illustrated
using classical trajectories. The steering effect depends on kinetic energy, but not on
the mass of the molecules as long as no energy transfer to substrate atoms is
considered. A comparison of quantum and classical calculations of the sticking
probability showed the importance of zero-point effects on the H, dynamics. The
calculations demonstrated that an increase in the sticking probability with increasing
incident angle could be caused by the dynamics of dissociative adsorption on a
corrugated PES. In an intermediate-energy range between 0.05 and 0.35 eV, even
values of parallel momentum were found to enhance the sticking probability. At
relatively large distances from the surface, incident molecules are first attracted to the
on-top sites, but molecules steered to these sites will eventually encounter a barrier to
dissociative adsorption of 0.15eV. For fixed total kinetic energy, increasing the
incident angle means decreasing the kinetic energy component normal to the surface
and increasing the component parallel momentum. At low kinetic energies, decreasing
the kineticenergy normal to the surface makes steering more effective which promotes
dissociation.
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The PES for dissociative adsorption of H, on Pd(100) was investigated using DFT
and the full-potential linear augmented-plane-wave method. These methods yielded
several dissociation pathways with vanishing energy barriers. The calculated PES
shows no indication of the presence of a precursor state. Both results indicate that
steering effects determine the observed decrease of the sticking coefficient at low
energies of H,. The topology of the PES is related to the dependence of the covalent
H s—Pd d interaction on the orientation of H,. Differential sticking coefficients for a
single-energy nozzle beam of H, on Pd(111) and Pd(110) indicated that adsorption in
these systems occurs through a direct path with an activation barrier of perhaps
50 meV or less, and a precursor path. There is relatively little difference in the
adsorption properties of the (111) and the (110) planes. The appearance of a molecular
precursor on the (111) plane can be related to the electronic structure of Pd and, in
particular, to the absence of occupied Shockley surface states compared with Ni(111)
and Pt(111). Note that pre-adsorbed K on a (110) plane acts as an inhibitor to
adsorption. Different inhibiting mechanisms are observed for the direct adsorption
path and the precursor path. At high K coverages the precursor path is completely
suppressed.

Although the interaction of H, with TM surfaces can be considered a classical field
of surface science, a complete and detailed understanding of the processes taking place
at and on surfaces is still lacking. This holds, in particular, if one includes the whole
surface region (comprising, say, the first ten atomic metal layers) where not only
relaxation and reconstruction phenomena can occur, but also H, dissolution and
absorption processes. Several status reports have reviewed the recent literature and
focused mainly on H,—metal surface equilibrium phenomena (structures, interaction
energies, etc.) [315(f)]. Although an increasing number of studies are concerned with
H-surface interaction dynamics, there still remain various unresolved problems in the
area of standard H adsorption thermodynamics and kinetics, an especially important
one being H-induced surface relaxation and reconstruction, as well as the existence of
so-called subsurface H. It is generally believed that subsurface H should pre-
ferentially form on surfaces with open crystallography (i.e. surfaces with high Miller
indices).

Another quite important problem encountered in H, adsorption on TM surfaces
is the local nature of the adsorption site, that is the question of the energetically most
favourable coordinationsite. H atoms are likely to adsorb on highly coordinated sites,
preferably fourfold coordination on squared ((100) orientation) surfaces, threefold
sites on trigonal surfaces ((111) orientation) and quasithreefold sites on diagonal
surfaces ((100) orientation), while bridge-site occupation has been reported only
occasionally (e.g. for the W(100) surface). Combined LEED, TDS and HREELs
measurements of the interaction of H, and D, with Pd(210) in the temperature range
100-500 K indicates that H, adsorbs spontaneously with a very high initial sticking
probability as atoms in three binding states which can be identified with different
geometrical adsorption sites including a subsurface site [324]. Even at the lowest
adsorption temperatures, no H-induced LEED superstructure appears, indicating
vanishing long-range order between the adsorbed H atoms and the absence of a
H-induced surface reconstruction.

The interaction of H, with TM surfaces, for example Ni(111), has been investigated
extensively by both experimental and theoretical methods, because it is important for
applications such as catalytic reaction and H storage and because it has led to
fundamentally interesting topics such as H-induced surface reconstruction, two-



16:55 21 January 2011

Downl oaded At:

Adsorption and dissociation of diatomic molecules 223

dimensional phase transitions, indirect interaction between adsorbed H atoms, and
quantum delocalization [325]. The presence of H, in the near-surface region is
important for the reactivity of a TM surface in various catalytic reactions, and it
cannot be investigated experimentally in a direct way like other atoms because of the
low electron density around H. Consequently, a wide range of different effects such as
the existence of different adsorption phases, the principal ability of H, to penetrate
into the near-surface region, surface relaxations and the coverage dependence of the
H-induced work-function changes are of theoretical and experimental interest. We
note, forexample, that ab initio calculationsindicate that for Pd the energy gain caused
by H, absorption in subsurface positions is only about 100 meV lower than for H,
adsorption at the surface. In contrast, for Rh, significant differences between
adsorption and absorption were calculated [325].

We summarize by emphasizing that molecule—surface orientation, donation and
back-donation mechanisms as well as possible tilted precursor states are important
parameters for monitoring the reactions (adsorption and dissociation) of diatomic
molecules (CO, N,, NO, O, and H,) on TM surfaces. Our recent extensive calculations
of these diatomic molecules interacting with first-row TMs (Sc to Cu), focusing on the
tilted precursor states, suggests that for these molecules and TM surfaces there is a
tilted precursor state in which back-donation effects could effectively lead to
dissociation [35]. Our proposed unsynchronized resonance bond dissociation model is
shown to provide an illuminating explanation of dissociation processes of simple
diatomic molecules on TMs.
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