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Abstract

The adsorption of atoms and molecules on crystalline
metal surfaces frequently leads to restructuring of the
metal surface. Such restructuring occurs during chem-
ical reactions and is likely to profoundly modify the
reactions. An overview of adsorbate-induced restructur-
ing is presented, stressing the atomic-scale structural
knowledge obtained on model single-crystal surfaces in
ultrahigh vacuum with techniques such as low-energy
electron diffraction etc.

1. Introduction

A considerable amount of information has been gathered
over the years regarding the effect of adsorption and
reactions on the surface structure of metal single crystals
that are used as models for catalytic reactions and
other surface processes (Somorjai, 1981; King, 1989;
Somorjai & Van Hove, 1989; Somorjai, 1994a,b; Van
Hove & Somorjai, 1994). The evidence points toward
dynamic restructuring of the metal, in the form of
geometric relaxations and reconstructions induced by
the adsorbed atoms and molecules. As a result, the
traditional view of a catalyst as a passive facilitator of
chemical reactions has to be revised: the metal surface
participates in reactions, by forming special (temporary)
bonds to adsorbates as it restructures, even though the
metal atoms are not consumed in the reaction.

We shall review major structural evidence for the
active role of metal surfaces, as obtained from sur-
face structural investigations (Watson, Van Hove &
Hermann, 1993). Structural determination has developed
to the point of providing much detailed information
about ‘adsorbate-induced restructuring’, as we shall col-
lectively name relaxations and reconstructions. Several
techniques are used, foremost of which is low-energy
electron diffraction (LEED). Considerable contributions
also come from surface extended X-ray absorption fine
structure (SEXAFS), photoelectron diffraction (PED),
ion scattering at low, medium and high energies (LEIS,
MEIS and HEIS) and X-ray diffraction (XRD), among
other techniques.

Most studies in surface science and surface crystal-
lography use model surfaces. These are either single
crystals that are cut and polished properly along certain
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crystallographic orientations, or evaporated thin films
which are epitaxially grown as thin crystals on single
crystal substrates. Ion bombardment, heating by electri-
cal resistance and chemical methods are used to clean,
smooth and order the crystal surfaces before deposition
of selected atoms and molecules.

We shall refrain from referencing the voluminous
original literature on the subject of this discussion.
Instead, we refer the reader to the extensive lists of
relevant publications contained in the related reviews by
Somorjai & Van Hove (1989), Van Hove & Somorjai
(1994) and Starke, Van Hove & Somorjai (1994), or in
the structural database by Watson, Van Hove & Hermann
(1993). Several useful historical overviews (written from
the personal perspectives of the respective authors) can
be found in the 1994 special volume (299/300) of Surf.
Sci. entitled The First Thirty Years, edited by C. B. Duke:
those accounts that are most relevant to our topic are
listed in our publication list. Further useful overviews
will be referenced below as appropriate. We will only
reference explicitly original publications of relatively
recent date.

2. Clean surface structures

2.1. Relaxation and reconstruction

Clean metal surfaces show atomic displacements near
the surface: the atomic positions differ from the ideal
extension of the bulk crystal due to the asymmetries
introduced by the surface (Marcus, 1994). We talk of
relaxations when these displacements are small com-
pared with the interatomic distances, that is, generally
smaller than ca 0.2 A.

2.2. Relaxation

The most frequently observed type of relaxation is a
change of the interlayer spacing between the two outer-
most atomic layers, relative to the bulk spacing. The top-
most interlayer spacing usually is reduced, particularly
on higher Miller-index surfaces of metals, which have
a periodic terrace-and-step structure. Fig. 1 shows this
effect on a clean platinum (210) crystal face. The atomic
displacements are typically of the order 0.1-0.2 A. Fig. 2
shows a compilation of data on how the relaxation
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depends on surface roughness, which is defined as the
inverse of the packing. density in the surface plane (Jona
& Marcus, 1988). The relative degree of contraction is
larger the more open or rough the surface is. On low
Miller-index surfaces, which are relatively close-packed,
the spacing relaxation is either very slightly contracted
or, in some cases, slightly expanded. Thus, Ni(111)
and Cu(100) show no detectable relaxation, whereas
Be(0001) (Davis, Hannon, Ray & Plummer, 1992) and
Mg(0001) (Sprunger, Pohl, Davis & Plummer, 1993)
exhibit expansions by ca 0.12 and 0.04 A of the top-most
interlayer spacing, respectively. This type of behavior
for metal surfaces is well documented and can be made
general (Jona & Marcus, 1988; Feibelman, 1994).
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Fig. 1. (a) Side and (b) plan views of the Pt(210) stepped surface,
exposing (110) oriented terraces and (100) oriented step faces. The
outermost atoms are shown dark. Relaxations of interlayer spacings
are marked as percentages of the bulk interlayer spacing (0.8765 A),
amounting to —0.20 £ 0.04, —0.11 * 0.05, +0.04 + 0.07 and —0.03
+0.07 A, respectively, with increasing depth.
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Fig. 2. Experimental and theoretical first-layer relaxation (in % of
the bulk interlayer spacing) as a function of surface roughness (=

1/packing density) for several bcc and fee surfaces. After Jona &
Marcus (1988).
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Also shown in Fig. 1 are relaxations of. deeper
interlayer spacings: these are detectable only for higher-
index (stepped) surfaces. They often show sequences of
contractions and expansions, that decay exponentially
into the bulk over a depth of a few layers.

Lateral relaxations (parallel to the surface) are also
seen for stepped surfaces, because of the lowered sym-
metry: an atom at a step edge has a different atomic
neighborhood on its upper-terrace side than on its lower-
terrace side, and generally prefers to move towards the
upper terrace. These lateral relaxations have amplitudes
similar to the interlayer spacing relaxations, and also
propagate a few layers into the bulk.

2.3. Relaxation and reconstruction

Clean metal surfaces can also develop a nonbulk-
like surface structure, through a more drastic process
that is usually called reconstruction. Surface atoms are
then displaced by an amount comparable to interatomic
distances, such that bonds are broken and made. The
result is a new phase that is limited to one or two surface
layers. The first discoveries of surface reconstruction on
metals occurred for iridium, platinum and gold (100)
surfaces, shown in Fig. 3 (Heinz, 1994). In these surfaces
the restructuring is due to the top-most surface atoms
rearranging in a quasi-hexagonal, more close-packed
configuration. The coincidence of positions in the top
hexagonal layer and the underlying square unit cell gives
rise to large coincidence cells, resulting in complex
diffraction patterns. The (110) surfaces of the same Ir, Pt
and Au undergo the so-called *missing-row’ reconstruc-
tion. In this circumstance, rows of atoms are missing and
troughs are formed, also enlarging the two-dimensional
unit cell, as shown in Fig. 4. The (100) surfaces of body-
centered cubic metals are often reconstructed (Estrup,
1994). In these more open surfaces, there are enhanced
opportunities for restructuring to optimize the atomic
bonding.

To contrast metals with other materials, we first note
that a majority of semiconductor surfaces reconstruct,
often in complex manners, unlike the majority of metal
surfaces which only relax. A relatively simple exam-
ple is that of Si(100), illustrated in Fig. 5, in which
pairs of surface atoms bond into ‘dimers’ to reduce
the number of ‘dangling bonds’ left by the surface cut.
Whether reconstructed or not, both semiconductor sur-
faces (Kahn, 1994) and polar ionic surfaces often exhibit
large relaxations of individual atoms, on the scale up to
ca0.5A, e.g. for Fe30,4(111) (Weiss, Barbieri, Van Hove
& Somorjai, 1993). This reflects the effect of the more
directional covalent bonds in semiconductors, and of
the strong electrostatic bonding forces in ionic surfaces.
Nonpolar ionic surfaces, however, show little relaxation,
presumably due to their charge neutrality. Examples are
the MgO, NiO, CaO and CoO(100) surfaces (all of NaCl
type).
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and sulfur coadsorb on the Pt(111) face, a reconstruction
is induced to a more compact, but still essentially
hexagonal top-metal layer, such that parts of the surface
have the outermost Pt layer located in hcp relationship
to the underlying layers. This type of structure is stable
for clean Au(l111), but metastable for clean Pt(111). The
mechanism for this reconstruction induced by CO and
sulfur needs to be clarified. A possibility is that the CO
here acts as an electron donor, since electron donors (like
alkali atoms) tend to favor reconstructions of several
metal surfaces. (Note that CO can also act as an electron
acceptor, in different circumstances.)

4.6. Model catalysts

Many of these surface studies have direct implications
for the science of heterogeneous catalysis. One can carry
out reaction rate studies on single-crystal surfaces in
a high-/low-pressure apparatus. The sample is cleaned
under ultrahigh vacuum conditions, and then a stainless
steel tube is moved over to enclose it. The tube acts
as a microreactor that can be pressurized while an
ultrahigh vacuum is maintained outside the stainless steel
tube. Reactions can occur inside the tube as gases are
circulated and the single crystal is heated. The reaction
products are analyzed by gas chromatography or mass
spectroscopy. After the reaction studies the gases are
pumped out, the cell is opened, and the surface is
re-examined in ultrahigh vacuum. Studies of this type
clearly indicate that many of the surface properties
which are important in understanding the structure of
chemisorbed layers are also important in understanding
heterogeneous catalysis.

4.7. Adsorbate-induced restructuring observed during
catalysis

With a scanning tunneling microscope placed within
a high-temperature/high-pressure microreactor, one can
carry out a catalytic reaction and continuously monitor
the surface during the reaction by scanning tunneling
microscopy (STM). As shown in Fig. 8, STM readily
reveals the restructuring of a platinum surface during
reaction.

Similar studies indicating dynamic restructuring of
surfaces were carried out by Ertl and his coworkers
using photoelectron emission microscopy [PEEM (Ertl,
1994)]. The PEEM technique, although not working
on the atomic scale as STM does, reveals on the mi-
cron scale the continuous restructuring of platinum and
other transition metal surfaces during carbon monoxide
oxidation to carbon dioxide. In this instance, various
regions periodically form oxygen islands, which then
react with carbon monoxide and disappear. This results
in an alternation of structure that is readily noticeable and
detectable as periodic changes of temperature, or spatial
and time variation of the work function at the surface.
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The use of structural promoters is an important part
of the formulation of heterogeneous catalytic systems.
In the case of iron and ammonia synthesis catalysis,
alumina is added to the iron surface that produces iron
aluminates. Under the reaction conditions, iron migrates
onto the iron aluminate, and forms an epitaxially grown
thin film with primarily (111) orientation: this is the
most active surface for ammonia synthesis. This way
any surface structure of iron can be restructured to form
Fe(111) crystal faces. The result is that all crystal faces
of iron become as active as the (111) crystal face, after
suitable pretreatment of the iron catalyst.

5. Issues that need further study

Studies like those presented in this review raise a num-
ber of important general questions about the mecha-
nisms of adsorbate-induced restructuring and about their
implications for reaction steps in catalysis. Their answers
are needed and would greatly benefit the fundamental
understanding of catalysis. The answers would also be
of great utility for understanding other chemical reaction
mechanisms at surfaces, such as corrosion and even tri-
bology (this science studies the mechanical interactions
between solid surfaces, which at the atomic level also
often involve bond formation and bond breaking).

One of the general questions to be clarified is: when
does adsorption lead to relaxation, and when does it
lead to reconstruction of the metal substrate? Systematic
experimental studies are needed to identify the types of
adsorbates and substrates and the coverages that give
rise to the two forms of restructuring. Reconstruction is
an initial phase on the path toward compound formation
at the surface and then in the bulk. This issue is thus of
great practical importance.

Another important issue is: to what extent can adsorp-
tion be regarded as a very localized cluster-like phenom-
enon? The cluster-like view, which appears successful
from a structural point of view, simplifies considerably
the understanding of chemical bonds and processes at
surfaces. It also closely relates the surface process to the
corresponding process on the smaller particles used in
industrial environments.

A question of central relevance is: why do rough
surfaces show better chemistry than atomically flat sur-
faces? As a result, it is imperative that more adsorption
structures at rough surfaces be studied.

It would be most valuable to answer how exactly
thermal activation breaks bonds at sequences of sep-
arate temperatures. This would clarify the sequential
nature of molecular decomposition and greatly help in
understanding how to guide the selectivity of catalytic
reactions.

The role of coadsorption needs to be studied in more
cases. Coadsorption is of course central to bringing
distinct molecules to react together. In addition, it is
known (for example, from vibrational measurements)
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that proximity effects can be large: but they need to be
elucidated and related to reactivity.

The studies performed so far point to other missing
links that are needed to further elucidate the relationship
between surface reactivity and restructuring abilities
of surfaces and surface sites. In particular, we must
carry out high-coverage studies of surface structure and
bonding. High coverages are present during catalytic
reactions. Such studies would permit us to learn about
the structural surface arrangements that occur during
catalysis at high pressures.

We must also carry out time-resolved investigations
of short-lived adsorbates. Most of the adsorbates studied
to date are stagnant on surfaces and do not turn over
during the catalytic reaction because of their strong
chemisorption bonds. Reactions occur in the presence
of these stagnant overlayers. It is very important that
by using time-resolved methods we focus on short-
lived species that are removed from the surface within
times shorter than or equal to turnover times. By time
resolution we should be able to distinguish between
stagnant molecules and reactive intermediates.

Finally, time-resolved studies of the dynamics of
adsorbate-induced restructuring should be carried out.
The surface chemical bond is always between the adsor-
bate and the substrate. Therefore, it is imperative that
we use techniques that can simultaneously monitor the
structure and structural changes on both sides of the
chemical bond: on the adsorbate side and the substrate
side.

This work was supported by the Director, Office
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