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Foreword

This book is an excellent compilation of cutting-edge research in heterogeneous
catalysis and related disciplines — surface science, organometallic catalysis, and
enzymatic catalysis. In 23 chapters by noted experts, the volume demonstrates
varied approaches using model systems and their successes in understanding
aspects of heterogeneous catalysis, both metal- and metal oxide-based catalysis in
extended single crystal and nanostructured catalytic materials. To truly appreciate
the astounding advances of modern heterogeneous catalysis, let us first consider the
subject from a historical perspective.

Heterogeneous catalysis had its beginnings in England and France with the work
of scientists such as Humphrey Davy (1778-1829), Michael Faraday (1791-1867),
and Paul Sabatier (1854—1941). Sabatier postulated that surface compounds, simi-
lar to those familiar in bulk to chemists, were the intermediate species leading to
catalytic products. Sabatier proposed, for example, that NiH, moieties on a Ni sur-
face were able to hydrogenate ethylene, whereas NiH was not. In the USA, Irving
Langmuir concluded just the opposite, namely, that chemisorbed surface species
are chemically bound to surfaces and are unlike known molecules. These
chemisorbed species were the active participants in catalysis. The equilibrium
between gas-phase molecules and adsorbed chemisorbed species (yielding an
adsorption isotherm) produced a monolayer by simple site-filling kinetics.
Langmuir was the first to use single crystals as adsorbents, employing mica sheets
several hundred square centimeters in surface area to prove quantitatively that the
theoretical isotherm was obeyed on an atomically uniform surface. In 1927, based
on Langmuir’s work, C.N. Hinshelwood developed a simple kinetic model for reac-
tions between surface species which obey the Langmuir adsorption isotherm. At
about the same time, H.S. Taylor suggested the involvement of active surface sites
as the reaction centers for catalytic chemistry, where these surface sites possess low
coordination numbers to the underlying metal atoms. Paul Emmett (1900-1985)
was among the first to employ isotopic labeling and kinetics to probe catalytic reac-
tion mechanisms such as the ammonia synthesis and the Fisher—Tropsch synthesis
reactions on high-area catalytic surfaces.

Starting in the mid-1960s ultrahigh vacuum methods were used to study adsorp-
tion and catalysis on metal model catalyst single crystal surfaces, where by means
of X-ray orientation and careful grinding, polishing, annealing, and cleaning it was
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possible to produce crystals with known surface orientation and surface structure.
This research was closely connected to developments with single crystal semicon-
ductors, both in the establishment of new experimental methods and in the exten-
sion of solid-state theory from the bulk to the surface.

The use of single crystal surfaces, their chemistry, and their influence on various
surface chemistry types is exemplified in the first five chapters which represent a
well-chosen selection of the diversity of surface chemistry and catalysis studied on
metal-based single crystal model systems, and the depth of molecular information
obtained from such studies. Metallic single crystals can also serve as model sur-
faces of electrochemical surface science, and these in-situ electrochemical inter-
faces can be similar to the interfaces encountered in ultrahigh vacuum surface
science studies but with some significant differences as summarized by Stamenkovic
and Markovic.

As our understanding of metal catalysis increased through the combined appli-
cation of single crystalline substrates and techniques of surface science, researchers
sought to develop model systems for the study of other important catalytic surfaces,
such as oxide, carbide, and phosphide surfaces amenable to surface science tech-
niques (even those which require conductive substrates). The next three chapters
are a nice cross-section of model systems of these types, including carbides, phos-
phides, and oxides. The use of metal/metal oxide model systems to study poorly
understood complex phenomena on industrially relevant high surface area catalysts
is demonstrated by the report on the strong metal support interaction (SMSI) effect
for TiO, surfaces containing Pt and Pd nanostructures.

Since the 1960s, we have developed truly wonderful experimental tools for the
elucidation of various surface properties of single crystals and chemisorbed species
thereon. Chapters 9—11 highlight some of the most recent and important develop-
ments of experimental techniques and their application to study energetic, temporal,
and spatial phenomena in heterogeneous catalysis. Single crystal adsorption
calorimetry measurements yield the energetics for surface processes with unprec-
edented accuracy. A more recent technique — ultrafast (pump-probe) spectroscopy —
generates temporally resolved information on surface catalytic dynamics of single
crystals. The scanning tunneling microscope (STM), invented by Gerd Binnig and
Heinrich Rohrer (1981), ushered in a new epoch in surface measurements and their
work was quickly recognized by the Nobel Prize in Physics in 1986. This instru-
ment, because of its ability to observe atoms and molecules on surface sites, and its
capability to probe the local electronic structure at surfaces, has revolutionized
surface chemistry. The chapter by Zhou and Madix applies STM to understand
involvement of metal adatoms in producing adsorbed species and reaction interme-
diates on metal surfaces, a comparatively new surface phenomenon which may be
of great importance in describing some catalytic reactions.

The theory of catalysis has been notably advanced through the work in density
functional theory (DFT) of Jens Norskov. He and coworkers have formulated scal-
ing models of catalytic rates dependent upon an element’s position in the periodic
table and surface structural factors linked to low coordinate and highly active cata-
Iytic sites on the surface of that element. This work provides a quantitative foundation
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for Taylor’s active site hypothesis of 1925. Anders Nilsson and Lars G.M.
Pettersson describe the use of X-ray Emission Spectroscopy (XES) to observe sur-
face bonding by different classes of surface chemical bonds ranging from atomic
species to w-bonded species all the way to saturated hydrocarbons. Their work sup-
plies direct experimental measurements correlating with DFT. Norskov’s models
are being successfully applied to rate optimization of alloy catalysts with excellent
predictive results. Nikolla and Linic demonstrate that theory at the level of DFT can
be used to design high surface area catalytic materials. As an example, they prove
that an alloy of Sn and Ni leads to a carbon-tolerant steam reforming catalyst for
applications in solid oxide fuel cells. The entire book shows that the combination
of modern experiments and modern electronic theory brings greater precision to
heterogeneous catalysis, validating and extending the assumptions of the pioneers
in the field.

With the advent of synthetic methods to produce more advanced model sys-
tems (cluster- or nanoparticle-based systems either in the gas phase or on planar
surfaces), we come to the modern age of surface chemistry and heterogeneous
catalysis. Castleman and coworkers demonstrate the large influence that charge,
size, and composition of metal oxide clusters generated in the gas phase can have
on the mechanism of a catalytic reaction. Rupprechter (Chap. 15) reports on the
structural and catalytic properties of planar noble metal nanocrystals on thin
oxide support films in vacuum and under high-pressure conditions. The theme of
model systems of nanoparticles supported on planar metal oxide substrates is
continued with a chapter on the formation of planar catalyst based on size-
selected cluster deposition methods. In a second contribution from Rupprecther
(Chap. 17), the complexities of surface chemistry and heterogeneous catalysis on
metal oxide films and nanostructures, where the extension of the bulk structure to
the surface often does not occur and the surface chemistry is often dominated by
surface defects, are discussed.

This book reports on a wide range of model systems and advanced characteriza-
tion of these systems in surface chemistry and catalysis, including size- and shape-
controlled transition metal colloidal nanostructures. For example, El-Sayed and
coworkers discuss the complexity of catalysis on colloidal particles suspended in
solution, where the distinction between heterogeneous and homogeneous catalysis
is blurred. The control of nuclearity and connectivity of catalytic species — via
grafted organometallic complexes or organic functional groups — represents another
set of high surface area model catalysts which are inspired by nature’s catalysts,
enzymes. The final five chapters describe methods to produce supported single-site,
site isolated organometallic analogs, optimally shaped cavities or optimally situated
active species analogous to structural motifs observed in enzyme catalysis.
Embedding organometallic metal complexes in molecularly imprinted polymer or
inorganic surfaces establishes that cavities adjacent to the active catalytic species
enable molecular recognition which effectively accelerates catalysis, while organic—
inorganic hybrid materials with well-situated and well-defined organic functional
groups enhance cooperativity amongst the functional groups (thus mimicking
multifunctional enzymes).



viii Foreword

This book has been skillfully arranged with topics ranging from the complex to
the very complex as it broadly portrays current aspects of heterogeneous or
“almost” heterogeneous catalysis. With extensive references in many of the articles,
“Model Systems in Catalysis” will provide a source of inspiration and information
to a wide range of readers interested in catalysis (and its related disciplines, such as
surface chemistry, physics, materials science, and chemical engineering). I highly
recommend that anyone with interests in any of these disciplines include a copy of
this book on their bookshelves alongside their most coveted (and utilized) reference
books.

John T. Yates, Jr.
Department of Chemistry
University of Virginia
Charlottesville, VA 22904



Preface

Model Systems in Catalysis: Single Crystals
to Supported Enzyme Mimics

The idea for this book was born out of a discussion with Dr. Ken Howell and
Professor Gabor Somorjai at the American Chemical Society meeting in San
Francisco. The concept of the book was simple — combine all aspects of “model”
heterogeneous catalysts in one book. It seemed simple at the time, but turned out to
be a larger undertaking than I originally anticipated. However, in the end, I am very
proud of the 23 chapters you are about to read. This book is a first of its kind, and
a must for any chemist, chemical engineering, physicist, or materials scientists
working in heterogeneous catalysis or surface science.

During the compilation of this book, an important member and friend of the
catalysis and surface science community, J. Mike White (University of Texas,
Austin and Pacific Northwest National Laboratory) suddenly passed away. Mike
was to author two chapters in this book, “Photocatalysis at Adsorbate-Single
Crystal Metal and Metal Oxide Interfaces” and “Supported Early Transition Metal
Oxide Clusters: Structural and Catalytic Properties.” It is truly unfortunate that we
will not be able to read his chapters; they would have been first rate. I thank
Professor Hicham Idriss for including a section on photocatalysis on TiO, single
crystals in Chap. 7 and Professors Giinther Rupprechter and Simon Penner for their
chapter on metal oxide cluster catalysis (Chap. 17).

There are a number of people that I need to thank for all their efforts without
whom this book would have never happened. First and foremost, I need to thank
Dr. Ken Howell for his unwavering support, mentorship, and most of all, patience.
I would like to thank Professor John T. Yates, Jr. for writing the Foreword. John is
an expert in many of the topics discussed in this book, and in my mind, the foremost
authority to comment on the diverse set of chapters contained within. All of the
authors are commended for their hard work in completing an outstanding selection
of chapters. Each chapter in the book was peer-reviewed by at least two individuals
and I must thank the 50+ reviewers for their efforts. Lastly, I need to thank my wife,

ix
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Julie, and son, Lincoln, for their unwavering support and patience during this
project.

Robert M. Rioux

Department of Chemical Engineering
Pennsylvania State University
University Park, PA
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Chapter 1

Catalytic Chemistry of Hydrocarbon
Conversion Reactions on Metallic
Single Crystals

Wilfred T. Tysoe

Abstract The ability to be able to follow the chemistry of adsorbates on model
catalyst surfaces has, in principle, allowed us to peer inside the “black box” of
a catalytic reaction and understand the pathway. Such a strategy is most simply
implemented for well-ordered single crystal model catalysts for which the catalytic
reaction proceeds in ultrahigh vacuum. Thus, in order to be a good model for the
supported catalyst, the single crystal should catalyze the reactions with kinetics
identical to those for the supported system. This chapter focuses on catalytic systems
that fulfill these criteria, namely alkene and alkyne hydrogenation and acetylene
cyclotrimerization on Pd(111). The surface chemistry and geometries of the reac-
tants in ultrahigh vacuum are explored in detail allowing fundamental insights into
the catalytic reaction pathways to be obtained.

1.1 Introduction

The role of a heterogeneous catalyst is to open up alternative reaction pathways
compared to the corresponding homogeneous-phase reaction, in general, by lower-
ing the reaction activation energy. The ability to follow the chemistry of adsorbates
on model catalyst surfaces allows us to peer inside the “black box™ of a catalytic
reaction and understand the reaction pathway. Accomplishing this relies on being
able to study the catalytic reaction chemistry on well-characterized systems that
mimic the working catalyst. In general, this implies the model system should cata-
lyze the reaction of interest with kinetics identical to the realistic, often quite com-
plex industrial catalyst. However, it should also ideally be as simple as possible to
allow the nature of the catalyst and the reaction pathway to be understood at the
molecular level. The simplest, ideal model catalytic systems consist of oriented

W.T. Tysoe (D<)

Department of Chemistry and Biochemistry, University of Wisconsin-Milwaukee, Milwaukee,
WI, 53211, USA
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R.M. Rioux (ed.), Model Systems in Catalysis: Single Crystals to Supported Enzyme Mimics, 1
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single crystal metals that can be studied in ultrahigh vacuum. In addition, the reac-
tion of interest should take place on the model catalyst surface under ultrahigh
vacuum conditions so that the full range of surface analytical techniques can be
exploited to understand the chemistry. This means that the heat of adsorption of the
reactants should be larger than, or at least of the same order as the reaction activa-
tion energy. If this condition is not fulfilled, the adsorbates will merely desorb prior
to reaction so that little or no information on the surface reaction pathway can be
obtained. Under such circumstances, it is necessary to study the reaction under
higher pressures.

One area in which such surface science strategies have proved to be remarkably
successful in following rather complex surface catalytic reactions has been in the
area of hydrocarbon conversion catalysis [1-3], initially focusing on reforming
[4-10] and hydrogenation [11, 12] reactions. This work demonstrated, for example,
that hydrocarbons could undergo drastic transformations on noble metal surfaces,
such as the conversion of ethylene into strongly bound, but relatively unreactive
ethylidyne species on Pt(111) [13-23].

Since the intermediates in such hydrocarbon conversion reactions are often pres-
ent in low coverages or over narrow temperature ranges, strategies have been devel-
oped to graft these intermediates onto surface using organic iodide precursors
[24-27]. The relative weakness of the carbon—iodine bond compared to the heats of
adsorption of the adsorbed hydrocarbon fragment and chemisorbed iodine means
that carbon—iodine bond scission is both thermodynamically and kinetically favored
compared to other decomposition pathways, thereby allowing hydrocarbon frag-
ments to be relatively cleanly grafted onto transition metal surfaces. This has
allowed the properties of these hydrocarbon fragments to be followed providing a
fundamental mechanistic understanding of their chemistry and role in the catalytic
hydrocarbon conversion pathways. This has also enabled a comparison between the
chemistry occurring on extended transition metal surfaces and organometallic com-
pounds [28].

The following describes results of three, relatively simple chemical reactions
involving hydrocarbons on model single crystal metal catalysts that illustrate this
general approach, namely, acetylene cyclotrimerization and the hydrogenation of
acetylene and ethylene, all catalyzed by palladium. The selected reactions fulfill the
above conditions since they occur in ultrahigh vacuum, while the measured cata-
Iytic reaction kinetics on single crystal surfaces mimic those on realistic supported
catalysts. While these are all chemically relatively simple reactions, their apparent
simplicity belies rather complex surface chemistry.

The basic hydrogenation pathway for transition metal catalyzed hydrogenation
reactions was first described by Horiuti and Polanyi [29, 30] many years ago and
was shown to proceed by the metal surface being able to dissociate molecular
hydrogen to form the adsorbed hydrogen atoms, which then add in a step-wise
fashion to the alkene or alkyne. At the simplest level, therefore, the metal catalyst
lowers the reaction activation energy compared to the gas phase by cleaving the
relatively strong hydrogen—hydrogen single bond. The true situation, however, turns
out to be more complex since at the temperatures at which the catalytic reactions occur
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alkenes and alkynes convert to strongly bound species (ethylidyne and vinylidene)
that are relatively unreactive, and hydrogenate much more slowly than the rate at
which the catalytic reaction occurs. Detailed studies under ultrahigh vacuum condi-
tions allow the reaction pathway to be explored and the roles of these species in the
overall catalytic reaction to be identified; to understand, for example, whether they
are mere spectators or participate in the reaction, and how their presence affects the
overall reaction kinetics. It should, however, be stressed that this is still an ongoing
story and even for such simple systems on well-characterized model catalysts there
are still gaps in our understanding.

1.2 Chemistry of Acetylene Cyclotrimerization

This direct conversion of acetylene to benzene (3C,H, — CH,) was first found to
be catalyzed by palladium [31-33], although subsequently a wide array of materials
was found to catalyze this reaction [34-38]. This reaction fulfills the criteria out-
lined above since it is catalyzed at high pressures by Pd(111) where benzene is
formed from acetylene [39], as well as proceeding in ultrahigh vacuum where the
adsorption of acetylene on a palladium surface, particularly Pd(111), yields sub-
stantial amounts of benzene [31-33]. Temperature-programmed desorption (TPD)
experiments of acetylene on Pd(111) show that benzene is formed in two states at
~280 and ~520 K, where approximately 30% of the adsorbed acetylene is converted
to benzene [40]. Studies of benzene itself on Pd(111) show that it desorbs at these
temperatures [41] indicating that benzene is rapidly formed from acetylene on
Pd(111) and that benzene formation is product-desorption-rate limited. It has been
demonstrated that the high-temperature (~520 K) desorption state is due to flat-
lying benzene, while the lower-temperature state is due to the presence of tilted
benzene formed due to surface crowding [34, 41]; which desorbs at lower tempera-
tures since it is less strongly coordinated to the surface in a tilted orientation than
when flat-lying.

The benzene formation rate on Pd(111) under catalytic conditions (i.e., P(acetylene)
~20 Torr) is rather insipid with a turnover frequency of ~10~? reactions/site/s [39].
This reaction is first order in acetylene pressure and has a relatively low reaction
activation energy of ~2 kcal/mol.

A small amount of C, product is also detected in TPD experiments following
acetylene adsorption on Pd(111) suggesting benzene is formed in a step-wise fash-
ion on the Pd(111) surface. It was shown, by grafting a C H, intermediate onto the
surface using halogen-containing precursors [42], that the reaction does indeed
proceed in a step-wise fashion where two adsorbed acetylene molecules react to
form a C,H, intermediate, which has been identified as a tilted metallocyclic spe-
cies [43]. This finally reacts with a third acetylene molecule, presumably via a
Diels—Alder cycloaddition reaction, to form benzene. The ultimate rate of benzene
formation in ultrahigh vacuum is limited by the product (benzene) desorption rate
rather than the rate of benzene synthesis. A relatively simple geometrical model can
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be used to account for the benzene yield as a function of acetylene coverage in TPD
assuming that acetylene is immobile on the surface on the time scale of the
desorption experiment [40, 44]. This model also accounts for the relative benzene des-
orption yields from different faces of palladium [33], where the (111) face is more
reactive than the (100) and (110) surfaces since the hexagonal Pd(111) surface cor-
rectly orients the acetylene to form benzene [45]. Larger benzene formation yields
have been found using laser-induced thermal desorption where the bulk sample
heating rate is much slower (product desorption is induced by a very fast heating of
a local region), presumably forming more benzene by allowing some surface
mobility [46-48] and the catalytic act has been observed directly using scanning
tunneling microscopy [49].

Thus, surface analytical experiments have been able to successfully identify the
benzene cyclotrimerization pathway and the nature of the reaction intermediates in
ultrahigh vacuum. The question, however, remains whether this pathway also oper-
ates at higher pressures. The observation that reaction occurs rapidly in ultrahigh
vacuum would imply that the catalytic reaction under high pressures should be fast,
while relatively insipid rates are measured experimentally [39]. Measurements of
the benzene formation rate as a function of time using an initially clean, supported
palladium catalyst reveal that a high initial cyclotrimerization rate decreases to a
low steady-state rate as a function of time on stream [50]. Molecular beam results
on clean palladium in ultrahigh vacuum reveal a similar phenomenon. This self-
poisoning effect is attributed to the formation of stable vinylidene species (CH,=C=)
that are detected in surface science experiments when a Pd(111) surface is exposed
to acetylene at room temperature [51], and these react to form neither ethylene nor
benzene, at least in TPD experiments on vinylidene-covered Pd(111) in ultrahigh
vacuum [52].

In order to further explore the role of vinylidene species, the structures of the
surface species formed from acetylene on palladium were investigated. At low
temperatures, low-energy electron diffraction intensity versus beam energy (LEED
I/E) experiments reveal that acetylene adsorbs with the carbon—carbon bond close
to parallel to the surface on the hexagonal close-packed (hcp) hollow site, with a
bond length of ~1.36 A [53] and is therefore ~sp? hybridized. This structure is in
good agreement with theoretical calculations [54]. Acetylene exhibits a well-
defined V3 xV3 R30° LEED pattern at a coverage of 0.33 monolayers (where, in the
following, coverages are referenced to the atom site density on the Pd(111) surface)
and the saturation coverage is somewhat higher at ~0.45 ML.

At room temperature and above, where the catalytic reaction is carried out,
acetylene is converted into a vinylidene species [51]. The structure of vinylidene,
again determined from LEED I/E measurements, is depicted in Fig. 1.1.

It bonds with the C=C bond tilted somewhat with respect to the surface normal
and the measured structure is in accordance with that calculated using density
functional theory [55, 56]. The saturation coverage of vinylidene at ~300 K is
~1 ML. Furthermore, a vinylidene overlayer is found on the surface during palla-
dium-catalyzed reactions of acetylene [13], which suggests that acetylene
cyclotrimerization proceeds in the presence of a vinylidene-covered surface, rather
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Fig. 1.1 Depiction of the structure of vinylidene species on Pd(111)

than on clean Pd(111). Analogously, strongly bound ethylidyne species are found
on ethylene hydrogenation catalysts (see below), and it has been suggested that
alkenes can still access the catalyst surface at sufficiently high pressures in spite
of the presence of ethylidyne species [14-19], implying these surface layers are
sufficiently flexible or mobile to accommodate additional species [57]. High-
pressure CO adsorption was used to further explore this notion on vinylidene-
covered Pd(111) [58]. A vinylidene-covered surface was pressurized with carbon
monoxide and investigated using reflection-absorption infrared spectroscopy
(RAIRS) to monitor the coverage of carbon monoxide on the surface. Figure 1.2
plots the adsorbed CO stretching mode intensity (at ~1800 cm™) as a function of
pressure on vinylidene-covered Pd(111).

The CO vibrational frequency indicates that CO adsorbs on the metal surface in
spite of the presence of a vinylidene overlayer. Clearly, additional CO adsorbs onto
the vinylidene-covered surface at sufficiently high pressures (several Torr). Adsorption
is completely reversible and a Langmuir isotherm plotted with the data is shown (Fig.
1.2). Measurement of the variation in initial CO coverage with pressure as a function
of temperature reveals that the heat of adsorption of CO on vinylidene-covered
Pd(111) is 8+1 kcal/mol, significantly lower than the value of ~35 kcal/mol mea-
sured for CO on clean Pd(111) in ultrahigh vacuum [59, 60]. Since carbon monoxide
adsorbs onto the palladium surface, the strength of the CO-Pd bond should be
~35 kcal/mol, and the lower value on the vinylidene-covered surface is presumably
due to the additional work required to create room for the carbon monoxide. The CO
coverage is calibrated from the change in infrared absorbance of CO on Pd(111) as
a function of coverage at low coverage. It should be noted that infrared absorbances
are often not reliable measures of coverage due to dipole—dipole coupling effects [61]
but this is likely to be less of a problem at low coverage.

These results suggest that acetylene should also adsorb onto palladium in the
presence of a vinylidene monolayer at sufficiently high pressures. As noted above,
surface science experiments conclude that benzene is formed from acetylene on
Pd(111) under UHV conditions by an initial reaction between two acetylene mol-
ecules to form a C,H, intermediate [42, 43], followed by reaction with a third acety-
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Fig. 1.2 Adsorption isotherm for CO on a vinylidene-saturated surface collected at a sample
temperature of 300 K. The saturation coverage calculated from the integrated absorbance of CO
on the clean surface is estimated to be ~32% of that which can be accommodated on clean
Pd(111). The line plotted through the data is a Langmuir isotherm. (Reproduced with permission
from [58]. Copyright 2001, American Institute of Physics.)

lene molecule to yield benzene in a step-wise fashion. This reaction requires a
relatively large ensemble of atoms on the surface [62, 63]. While it is feasible that a
single acetylene molecule could adsorb onto a vinylidene-covered surface, it is not
likely to accommodate such large ensembles. However, reaction between acetylene
and vinylidene to form a metallocycle has been observed in organometallic mole-
cules [64-66]. It is therefore possible that adsorbed acetylene could react with
adsorbed vinylidene on Pd(111) under high-pressure conditions to form benzene. If
this proposal is true, gas-phase acetylene and adsorbed vinylidene should react at the
same rate at which benzene is synthesized catalytically. This postulate was tested by
forming a C-labeled vinylidene layer and reacting it with '>C-labeled acetylene and
following the change in the coverage of labeled vinylidene on the surface as a func-
tion of time. Nuclear magnetic resonance (NMR) is selected to follow this reaction
since ?C is NMR invisible, while *C can easily be detected [67]. Unfortunately,
NMR is not sufficiently sensitive to detect adsorbates on single crystal surfaces, so
this experiment was carried out using alumina-supported palladium to increase the
surface area. Infrared spectroscopy was used to confirm that vinylidene species are
formed on Pd/Al O, [68] since the CH, bending mode is detected both on Pd(111)
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and Pd/Al O, following acetylene adsorption at 300 K confirming that vinylidene is
also deposited onto the high-surface-area sample. The assignment to a CH, (rather
than a C=C) mode was confirmed using *C-labeled acetylene where only a small
shift in vibrational frequency was found. However, such as small shift precludes
infrared spectroscopy being used to follow '*C-vinylidene replacement [20, 21]. The
infrared spectra collected following adsorption of ethylene onto Pd(111) and Pd/
ALQ, at room temperature were also compared and both display an intense methyl
bending mode at 1329 cm™! and a weaker C—C stretching mode at 1098 cm™ [22, 23],
confirming that ethylidyne (CH,-C=) species are also formed from ethylene on both
the surfaces. This will be discussed in greater detail below. These results imply that
the surface chemistry of Pd/AlO, strongly resembles that found on Pd(111) in
accordance with the observation that both Pd(111) and supported palladium catalyze
hydrogenation reactions with identical kinetics.

An alumina-supported palladium sample was exposed to “CH, to form a
BC-labeled vinylidene monolayer and the resulting NMR signal collected. The
sample was then exposed to '*C H,. The experimentally determined benzene forma-
tion rate measured at 300 K [39] suggests that exposing vinylidene to 345 Torr of
acetylene for 130 s should remove ~63% of it. The NMR spectra resulting from this
experiment are shown in Fig. 1.3 and reveal that surface species are removed by
reaction with gas-phase *C-acetylene at the same rate at which the reaction pro-
ceeds [68]. This is indicated by the vertical lines in Fig. 1.3, which represent the
integrated areas under the NMR spectra, and considered to be proportional to the
coverage of "C-labeled vinylidene. The line labeled A (exp) indicates the initial
PC-labeled vinylidene (“CH,="C=) coverage (spectrum 1.3a), the line labeled
A(calc) is 37% of A (exp) — the amount expected to remain after reaction with
"?C,H, and calculated as described above —and A (exp) represents the amount found
experimentally from spectrum 1.3b. These values are clearly in good agreement.
The resulting product gas mixture was analyzed by mass spectroscopy and the mass
spectrum of the benzene formed during this experiment is shown as an inset, which
shows a peak at 80 amu confirming the *C-labeled vinylidene initially present on
the surface has undergone reaction to form benzene. These results clearly indicate
that adsorbed vinylidene species, although unreactive in ultrahigh vacuum [52], are
rendered labile under high gas pressures. This high-pressure reaction pathway is
summarized in Scheme 1.1.

There are two routes by which benzene can form from acetylene on Pd(111).
The first found under UHV conditions occurs by a pathway in which benzene is
produced via a C H, intermediate formed from two adsorbed acetylenes, that rap-
idly reacts with a third acetylene to form benzene. An alternative, but much slower
reaction occurs between vinylidene and acetylene to form the C H, intermediate
as shown in Scheme 1.1. The existence of two distinct pathways accounts for the
decrease in activity of the high-surface-area catalysts as a function of time on
stream [50]. Reaction initially occurs on the clean surface by the first pathway to
rapidly form benzene. However, vinylidene species accumulate on the surface so
that reaction then proceeds by the slower pathway depicted in Scheme 1.1.
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Fig. 1.3 '3C-magic-angle spinning NMR spectra of vinylidene formed on alumina-supported
palladium (a), and after exposure to '*C,H, (345 Torr, 130 s). Shown as an inset is a mass spectrum
of the benzene that is formed. (With kind permission from Springer Science and Business
Media.)
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Scheme 1.1 Proposed benzene formation pathway for acetylene under catalytic conditions



1 Catalytic Chemistry of Hydrocarbon Conversion Reactions on Metallic Single Crystals 9

1.3 Effect of Hydrogen Addition on the Benzene
Formation Rate

The effect of hydrogen on the Pd(111)-catalyzed rate of benzene formation was
also explored to provide insights into acetylene hydrogenation since, as shown
below, Pd(111) catalyzes acetylene hydrogenation. It would thus be expected a
priori that hydrogen addition should result in a decrease in the benzene formation
rate since acetylene is being removed from the surface. In contrast, as shown in
Fig. 1.4, the benzene formation rate increases substantially when hydrogen is added
to the reaction mixture.

As noted above, the Pd(111) model catalyst is covered by vinylidene species
during cyclotrimerization catalysis in the presence of acetylene alone. An infrared
interrogation of a Pd(111) model catalyst during acetylene hydrogenation reveals
the presence of some ethylidyne in addition to vinylidene. This suggests that

5 T T T T T T

Acetylene + hydrogen/ Pd foil

P(acetylene) = 100 Torr

T=300K u
Benzene formation

Reaction rate/site/sec/10~2

0 T T T T T T
0 200 400 600
Hydrogen pressure/Torr

Fig. 1.4 Plot of the benzene formation rate as a function of hydrogen pressure catalyzed by
Pd(111). (With kind permission from Springer Science and Business Media.)
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Fig. 1.5 (a) The ethylidyne coverage at 300 K as a function of hydrogen pressure in the presence
of 5 Torr of acetylene, (b) the CO coverage on the surface following reaction. (With kind permission
from Springer Science and Business Media.)

adsorbed vinylidene species can react with hydrogen to form ethylidyne. Ethylidyne
species will be discussed in greater detail below, but they can be identified by infra-
red spectroscopy from an intense vibrational mode at ~1329 cm™ [22, 23].
Displayed in Fig. 1.5a is the intensity of the ~1329 cm™ (ethylidyne) mode on
Pd(111) as a function of hydrogen pressure for the reaction of hydrogen with 5 Torr
of acetylene.

In the absence of hydrogen, the surface is completely covered by vinylidene
species (Fig. 1.1) while with increasing hydrogen a larger proportion of the surface
becomes covered by ethylidyne species and the ethylidyne coverage reaches a
maximum at a hydrogen pressure of ~15 Torr. Note, however, that the coverage
does not attain the saturation coverage found on clean Pd(111) (@_ =0.25) so the
surface is covered by a mixture of ethylidyne and vinylidene moieties. As noted
above (Fig. 1.2), carbon monoxide can adsorb onto a vinylidene-saturated surface
at high pressures. However, the increased ethylidyne coverage provides a more
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open surface and allows more carbon monoxide to adsorb onto the surface (see
Fig. 1.5b). This hints at the true complexity of an apparently simple hydrogenation
reaction, arising from the presence of strongly bound carbonaceous species on the
surface. The implications of this on the hydrogenation kinetics will be explored
below.

This chemistry was investigated further by measuring the kinetics of vinylidene
reaction with hydrogen using infrared spectroscopy. In this case, a saturated
vinylidene overlayer is allowed to react with high pressures of hydrogen. The for-
mation of ethylidyne species is found, and the time variation in the ethylidyne
coverage, measured from the intensity of the ethylidyne infrared signal, is plotted
in Fig. 1.6 using a hydrogen pressure of 0.1 Torr, which shows the ethylidyne cov-
erage initially increases, attains a maximum, and then decreases. Performing a
similar experiment for an initially ethylidyne-covered surface shows that this is also
removed by reaction with high pressures of hydrogen [69]. The data presented in
Fig. 1.6 therefore represent a reaction in which there is an initial conversion of
vinylidene to ethylidyne, causing an increase in ethylidyne coverage which is then
titrated from the surface by hydrogen causing the signal to decrease as depicted in
Scheme 1.2.

0.5 T T T T T T T T
i Vinylidene Hydrogenation
100 mTorr H,
0.4
. 4
= g ]
S 0.3 1
o
[
>
(o) 4
(@]
[0)
=
< 0.2
=, [ ]
=
L i
| ]
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- kj=3x103 g
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Fig. 1.6 Plot of ethylidyne coverage versus time from reaction of a vinylidene-covered Pd(111)
surface with hydrogen, where d[Eth]/dt is the rate of change of ethylidyne coverage. (Reproduced
from [102] with permission from Elsevier.)
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Scheme 1.2 Proposed reaction pathway between vinylidene and hydrogen to form ethylidyne

The kinetic equations for this simple sequential reaction can be solved analytically
and the rate depends on two rate constants, k; and k, (see Scheme 1.2). The value
of k, is measured independently by similarly monitoring the time dependence of the
intensity of the ethylidyne infrared signal of an initially ethylidyne-covered surface
in the presence of hydrogen using infrared spectroscopy [69].

The results of this experiment are shown in Fig. 1.7, which displays the plots of
the rate constants for ethylidyne removal from both clean Pd(111) (A) and alumina-
supported palladium (M) as a function of hydrogen pressure. The values for these
two samples are in good agreement, in accordance with the observation that a
Pd(111) single crystal is a good model for the supported hydrogenation catalyst
(see below).

This reveals the reaction rate is first order in hydrogen pressure and the implica-
tions of this on the overall reaction kinetics will be explored below. Since k, is
known, the kinetic data shown in Fig. 1.6 can then be fit into a single parameter (k)
and the fit is shown as a solid line. The resulting value of kl, the rate constant for
the conversion of vinylidene to ethylidyne, also varies with hydrogen pressure and
its dependence is shown in Fig. 1.8, which also exhibits a first-order hydrogen pres-
sure dependence. It is interesting to note that the rate constant for ethylidyne
removal (k,=3.1£0.3x107 P(H,) s™', Fig. 1.8) is very close to that for vinylidene-
to-ethylidyne conversion (k,=3.2+0.5x102 P(H,) s™', Fig. 1.7). The vinylidene
saturation coverage (O_(vinylidene)=1.0 ML [51]) is larger of ethylidyne
(O (ethylidyne)=0.25 ML [14, 15]) so the picture is more complicated than
depicted in Scheme 1.2. This may mean the conversion of vinylidene to ethylidyne
is limited by the removal rate of vinylidene to make space on the surface to accom-
modate the ethylidyne.

These results indicate that the origin of the acceleration in the rate of acetylene
cyclotrimerization due to the addition of hydrogen measured above (Fig. 1.4) arises
from a combination of the formation of a more open ethylidyne-covered surface,
and possibly also the removal of the ethylidyne once it has been formed to produce
regions of relatively clean palladium.

It is evident that acetylene cyclotrimerizes rapidly on clean Pd(111) as described
above. This, therefore, raises the question whether acetylene cyclotrimerization
reactions can also occur on the ethylidyne-covered portion also. This is addressed



1 Catalytic Chemistry of Hydrocarbon Conversion Reactions on Metallic Single Crystals 13

Ethylidyne Hydrogenation

50
A on Pd(111) B
| = on5% Pd/Al, O, g
40
_ 30
IUJ =
P
5 L
x* E
T
A
m
m
10 -
S A
. - Slope:
r Y \ 2 1 1
A 3.1£0.3x 10 s ' Torr
o .
0 200 400 600 800 1000 1200 1400 1600

P(Hy) / mTorr

Fig. 1.7 Plot of the rate constant (k,) for ethylidyne hydrogenation on Pd(111) as a function of
hydrogen pressure (Reproduced from [102] with permission from Elsevier.)

by the data shown in Fig. 1.9, which displays TPD data for hydrogen and benzene
desorption following exposure of acetylene to clean and ethylidyne-saturated
Pd(111).

The top spectra show the hydrogen desorption profiles for acetylene adsorbed on
clean and ethylidyne-saturated Pd(111). These spectra are typical for the thermal
decomposition of ethylidyne and vinylidene species indicating that both are ther-
mally stable at well above 400 K. More important are the bottom benzene (78 amu)
desorption spectra. The top spectrum, collected following acetylene adsorption on
clean Pd(111) shows the two peaks due to flat-lying (at ~520 K) and tilted (~280 K)
benzene discussed above. The bottom spectrum shows a strong benzene desorption
signal, indicating that acetylene cyclotrimerizes to benzene both on clean and eth-
ylidyne-saturated surfaces. Interestingly, the spectrum for desorption from ethyli-
dyne-saturated Pd(111) exhibits only a single peak due to the desorption of tilted
benzene. Evidently, the crowding due to the presence of a saturated ethylidyne
overlayer precludes the formation of flat-lying benzene and forms benzene at a
lower temperature than on the clean surface.
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Fig. 1.8 Plot of rate constant (k) for vinylidene conversion to ethylidyne on Pd(111) as a function
of hydrogen pressure. (Reproduced from [102] with permission from Elsevier.)

The picture that emerges is one in which the nature of the strongly bound carbonaceous
overlayer controls the catalytic reaction pathway. In the absence of hydrogen, the
benzene formation rate is relatively low since the surface rapidly becomes covered
by vinylidene species (Fig. 1.1) so that benzene is formed slowly by a reaction
between vinylidene species and acetylene that adsorbs at high pressures between
the vinylidenes (Scheme 1.1). When hydrogen is added to the reaction mixture, in
addition to hydrogenating acetylene to ethylene, hydrogen can also react with
vinylidenes to form ethylidynes and these may also be titrated from the surface,
thereby creating a more open surface, which allows sufficiently large ensembles to
be created so that benzene is now able to form more rapidly by reaction between
adsorbed acetylenes via the pathway found under ultrahigh vacuum conditions. In
catalytic parlance, this would be identified with the presence of two types of “active
sites,” one of which is created by hydrogen addition.

It should be emphasized that the proportion of benzene formed in the reaction is
much lower than the yield of ethylene formed by acetylene hydrogenation.
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Fig. 1.9 Temperature-programmed desorption (TPD) of (a) hydrogen and (c¢) benzene from
acetylene on clean Pd(111) compared with the spectra for (b) hydrogen and (d) benzene from
ethylidyne-covered Pd(111). (With kind permission from Springer Science and Business Media.)

However, measuring the hydrogen pressure dependence of a reaction that does not
involve hydrogen (acetylene cyclotrimerization) enables these effects to be disen-
tangled in a way that would not be easily possible by studying the hydrogenation
reaction alone. These results set the stage for understanding the catalytic hydroge-
nation of alkenes and alkynes and establishing the effect of the presence of ethyli-
dyne and vinylidene on the hydrogenation kinetics.

1.4 Alkene and Alkyne Hydrogenation

These are classical catalytic reactions and have been the subject of fundamental
study for many years [70-80]. Most transition metals catalyze hydrogenation reac-
tions to a greater or lesser extent and the reaction kinetics for all of these are
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remarkably similar showing a positive order in hydrogen pressure between about
0.8 and 1.4, depending on the reaction conditions, and a generally zero or negative
dependence on hydrocarbon pressure, indicating that hydrogen adsorption is
blocked by the hydrocarbon [79]. Activation energies for the reaction are also
remarkably constant, typically being between about 8 and 11 kcal/mol, and the
reaction is not structure sensitive. Fundamental studies of ethylene hydrogenation
catalyzed by a Pt(111) model single crystal [12] using a high-pressure reactor
incorporated into an ultrahigh vacuum system revealed a surface covered by ethyli-
dyne species after reaction [14, 15]. Sum-frequency generation [16—19] and infra-
red [20-23] experiments demonstrate that these are present during reaction. Such
carbonaceous layers have subsequently been found to be rather ubiquitous, with
only the nature of the hydrocarbon species varying with the type of catalyst and
reactant. Thus, as shown above for example, acetylene forms vinylidene following
adsorption on Pd(111) at ~300 K [13] and relatively thick carbonaceous layers are
found on molybdenum following catalysis [§1-83].

1.4.1 Acetylene Hydrogenation

This reaction is of particular interest since palladium is capable of selectively
hydrogenating acetylene to ethylene in the presence of excess ethylene and is
used to provide pure ethylene feedstocks for subsequent polymerization reactions
[84]. Insights into the nature of the surface during reaction with acetylene and
hydrogen described above are used as a basis for understanding the hydrogena-
tion catalysis.

Acetylene is rehybridized following adsorption on clean Pd(111) at low tem-
peratures, and is oriented with the carbon—carbon axis parallel to the surface. TPD
experiments of acetylene on hydrogen-covered Pd(111) [85] still reveal the forma-
tion of benzene, but with a lower yield than from the clean surface. Some butene is
formed at ~300 K due to hydrogenation of the C, metallocycle providing further
confirmation of its participation in the benzene formation pathway. In addition, a
relatively intense ethylene feature appears at ~280 K, due to acetylene hydrogena-
tion, where the hydrogenation rate is first order in hydrogen coverage. Assuming
that hydrogenation occurs via a step-wise (Horiuti-Polanyi [29, 30]) pathway, the
reaction must proceed via a vinyl intermediate. This can be grafted onto Pd(111)
using vinyl iodide, where the vinyl species hydrogenate more rapidly than adsorbed
acetylene indicating that the rate-limiting step is the addition of hydrogen to acety-
lene to form the vinyl intermediate [86].

The rate of acetylene hydrogenation on a clean Pd(111) model catalyst has been
measured using a high-pressure reactor incorporated in an ultrahigh vacuum
chamber [87]. This allows the reaction to be carried out on clean, well-character-
ized samples. This yields a kinetic rate equation (in units of reactions/site/s) of the
form:
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where a site is taken to be an exposed palladium atom on a (111) surface [88].
Reaction proceeds with an activation energy of 9.6+0.2 kcal/mol when using hydro-
gen and 9.1+0.1 kcal/mol when using deuterium; consistent with hydrogen addition
being involved in the rate-limiting step. The measured reaction kinetics are typical for
transition metal catalyzed hydrogenation reactions, which have reaction activation
energies ~10 kcal/mol, a zero or negative order in hydrocarbon pressure and some
positive order between ~1.0 and ~1.5 in hydrogen pressure. These values are also in
very good agreement with kinetic data collected for other supported palladium cata-
lysts [74, 77, 89-99], confirming that palladium provides a good model for a sup-
ported acetylene hydrogenation catalyst. Clearly, the reaction kinetics are more
complex than can be accounted for by a simple Horiuti—Polanyi pathway [29, 30],
where the reaction rate is proportional to hydrogen coverage and would therefore
yield a hydrogen pressure dependence substantially lower than unity. Evidently, the
change in the nature of the carbonaceous layers on the surface, identified above, will
affect the overall reaction kinetics. This is illustrated in the following by investigating
the hydrogen pressure dependence of palladium-catalyzed acetylene hydrogenation.

The proportion of the surface covered by ethylidyne or vinylidene species,
depends on the hydrogen pressure due to the reactions depicted in Scheme 1.2.
Both the coverage of carbon monoxide (Fig. 1.5b) and the rate of acetylene
cyclotrimerization (Fig. 1.4) vary linearly with hydrogen pressure, as a result of the
first-order hydrogen pressure dependence of vinylidene-to-ethylidyne conversion
(Fig. 1.8) and ethylidyne titration from the surface (Fig. 1.7). This suggests that the
number of “surface sites” N, available for reaction varies with hydrogen pressure,
P(H,) and can be expressed as:

Ny = A+ BP(H,) (1.2)

The parameter A represents the number of “sites” available at very low hydrogen
pressures corresponding to the intercepts in Figs. 1.4 and 1.5b due to adsorption on
a vinylidene-saturated surface. The parameter B represents the additional “sites”
that are made available by reaction with hydrogen to form the more open
vinylidene + ethylidyne-covered surface, exemplified by the slopes of Figs. 1.4 and
1.5b. Clearly, the acetylene coverage depends on its pressure so that A and B will
also depend on acetylene pressure.

Assuming hydrogen dissociatively adsorbs on the surface and that the reaction
rate is proportional to the hydrogen atom coverage as suggested by surface science
experiments, the hydrogen pressure dependence of the acetylene hydrogenation
rate can be expressed as:

Rate o< \/P(H,) x(1+yP(H,)) (1.3)

where y=B/A so that for y=0, the reaction order is 0.5, and for very large values of
ythe reaction order tends to 1.5. These results also suggest that since B depends on
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Fig. 1.10 Reaction order in hydrogen for acetylene hydrogenation catalyzed by palladium as a
function of reaction temperature. (Reprinted from [88] with permission from Elsevier.)

the conversion kinetics of vinylidene to ethylidene, y should depend on tempera-
ture; therefore, the reaction order should also be temperature-dependent. There has
been some suggestion in the literature that indeed the hydrogen reaction order
depends on temperature [70-80] and Fig. 1.10 shows the results for acetylene
hydrogenation catalyzed by a Pd(111) single crystal [88].

Figure 1.10 shows the plot of the reaction order in hydrogen versus reaction tem-
perature and reveals that the reaction order varies between 1.03 at 300 K to 1.25 at
365 K. This data can be converted into values of y versus temperature using (1.3); a
plot of In(y) versus 1/T is linear with a slope corresponding to an energy of
4.3+0.2 kcal/mol. These results emphasize the complexity of apparently simple
hydrogenation reactions, where the reaction kinetics are not only controlled by the
elementary reaction steps on the surface but also by the presence of strongly bound
carbonaceous layers. Thus, in order to rationalize the observed catalytic reaction
kinetics and to obtain a fundamental, molecular level understanding of the experi-
mentally measured kinetics and thereby fully understand the catalytic reaction pathway,
it is sufficient not only to follow the reaction under ultrahigh vacuum conditions,
although this is indeed a prerequisite for a full understanding, but also to understand the
nature of the surface and how this varies under high reactant pressures [100—102].
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1.4.2 Ethylene Hydrogenation

There are clear similarities between palladium-catalyzed acetylene and ethylene
hydrogenation since both occur in the presence of a relatively unreactive carbona-
ceous overlayer. In the case of acetylene hydrogenation, this is a combined ethyli-
dyne and vinylidene layer while in the case of ethylene hydrogenation this consists
of only ethylidyne species. Since ethylidyne species are removed by high pressures
of hydrogen (see Fig. 1.7), the general picture can therefore be expected to be simi-
lar to ethylene hydrogenation where, in this case, a more open surface is formed by
ethylidyne removal.

Ethylene adsorbs above a bridge site on Pd(111) at low temperatures in ultrahigh
vacuum with the carbon—carbon bond parallel to the surface with a bond length of
~1.42A, as depicted in Fig. 1.11, which shows the structure determined from LEED
I/E measurements [103]. As noted above, adsorption at room temperature results in
the formation of ethylidyne species with a carbon—carbon bond length of ~1.32A,
located above a threefold hollow site also depicted in Fig. 1.11, again determined
using LEED.

®

Fig. 1.11 Depiction of di-c-bonded ethylene and ethylidyne species on Pd(111). (Reprinted from
[103] with permission from Elsevier.)
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A small amount of ethane is detected in TPD following ethylene adsorption on
a hydrogen-covered Pd(111) surface. In this case, a sequential addition of hydro-
gen according to a Horiuti—Polanyi pathway forms an ethyl intermediate and
grafting this onto Pd(111) from ethyl iodide reveals that the addition of the first
hydrogen to form an ethyl species is the rate-limiting step [104]. The overall
picture appears to be similar to acetylene hydrogenation where the surface is
covered by a strongly bound (in this case, ethylidyne) species and the reaction
occurs in the presence of ethylidyne which is removed from the surface by hydro-
gen (Fig. 1.7).

The situation is, more complex since co-adsorbed hydrogen also affects the
adsorption state of ethylene as illustrated by the data of Fig. 1.12. This displays the
ethylene TPD traces collected following the adsorption of ethylene on hydrogen-
covered Pd(111). The strong bonding on the clean surface is indicative of di-c-
bonded ethylene shown in Fig. 1.11, while the decrease in desorption temperature
with increasing hydrogen coverage reveals the formation of more weakly 7-bonded
ethylene. The different forms of ethylene can be distinguished by infrared spectros-
copy. Figure 1.13 shows the infrared spectra of ethylene adsorbed on hydrogen-
covered surfaces, again measured as a function of hydrogen coverage. This shows
that the feature at ~1100 cm™" due to di-G-bonded ethylene decreases in intensity as
the hydrogen coverage increases, while the peak due to m-bonded ethylene at
~930 cm™! increases in intensity with increasing hydrogen coverage, in accordance
with the data displayed in Fig. 1.12. The situation for ethylene hydrogenation is

H, Coverage

1ML

N\
\

\g 0.25 ML
\
\

27 amu Mass Signal / a.u.

1L
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T v T T T
100 200 300 400 500 60C

Temperature / K

Fig. 1.12 Temperature-programmed desorption spectra of ethylene (0.5 L) on hydrogen-covered
Pd(111) as a function of hydrogen coverage. (Reprinted from [101] with permission from Elsevier.)
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Fig. 1.13 Infrared spectra of ethylene (4 L) on Pd(111) as a function of hydrogen coverage.
(Reprinted from [101] with permission from Elsevier.)

even more complex than for acetylene hydrogenation since adsorbed hydrogen
weakens the adsorption of ethylene to form m-bonded species.

Hydrogen can adsorb both on top and below the surface on Pd(111) [105-108]
where the proportion can be varied by changing the adsorption temperature. By
examining the coverage of nt- and di-c-bonded ethylene as a function of the proportion
of surface and subsurface hydrogen, it is possible to show that rehybridization is
caused exclusively by the presence of subsurface hydrogen [109].

The kinetics of ethylene hydrogenation catalyzed by a Pd(111) single crystal
model catalyst have been measured using a high-pressure reactor incorporated into
an ultrahigh vacuum chamber [110] where the hydrogenation rate (in units of reactions/
site/s) is given by:

0.6£0.1

Rate =3.0x107°P(H,) P(C,H,) ~  exp(-10600+300/RT)  (1.4)

and is again typical of noble metal catalyzed hydrogenation reactions [77-80] so
that the clean metal sample provides a good model for the working catalyst.

Note that both carbon monoxide and ethylene can adsorb onto ethylidyne-
covered Pd(111) [111, 112]. It has been shown above that ethylidyne adsorbed on
Pd(111) can react with hydrogen at high pressures [20, 113] so that a similar situation
occurs for ethylene hydrogenation as for acetylene hydrogenation. The data of
Fig. 1.7 show the rate of ethylidyne removal increases linearly with hydrogen pres-
sure. It is therefore anticipated that the reaction rate will also vary with hydrogen
pressure as shown in (1.4). This can be confirmed directly by plotting the ethylene
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Fig. 1.14 Plot of RateB/\/P(HZ) versus P(H,) for ethylene hydrogenation on a palladium foil.
(Reprinted from [102] with permission from Elsevier.)

hydrogenation rate/\/P(H)2 versus P(H),. These results are displayed in Fig. 1.14
and show the equation is obeyed by the experimental kinetic data.

The general picture for ethylene hydrogenation is similar to that found for acety-
lene hydrogenation, where the measured reaction kinetics can only be fully under-
stood by including effects due to the participation of the ethylidyne overlayer.
While this hydrogenates much more slowly than adsorbed ethylene and so only
contributes in a minor way to the reaction products, its presence on the surface does
substantially affect the reaction kinetics.

1.5 Summary

It has been shown that detailed, molecular-level reaction mechanisms can be
obtained for catalytic reactions by a combination of surface analyses carried out in
ultrahigh vacuum combined with experiments carried out under higher pressures.
This approach is illustrated for relatively simple catalytic reactions that occur on
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metal single crystals that mimic the working catalyst for which the elementary steps
of the reaction occur in ultrahigh vacuum. The results reveal the surface reaction
pathways for apparently relatively simple hydrogenation and cyclotrimerization
reactions can be quite complex. In particular, rather than occurring on the clean
surface, reaction proceeds on a rather dynamic surface whose nature varies with
reaction conditions. Clearly, in order for a catalyst to be active for hydrogenation
reactions, it must be capable of cleaving hydrogen-hydrogen bonds. This in turn
suggests that, as found experimentally, it is also capable of cleaving carbon-hydrogen
bonds, resulting in the formation of stable and therefore unreactive ethylidyne and
vinylidene species. Alkenes and alkynes can still adsorb onto the surface in the
presence of these overlayers but the repulsive interactions between the strongly
bound layers and the reactant hydrocarbons lowers the heats of adsorption of the
reactants and prevents further decomposition. That is, in the ideal case the surface
responds to the reactive environment to passivate itself to allow the reaction to
proceed. Furthermore, fully understanding the rather complex catalytic kinetics for
apparently rather simple catalytic reactions requires a complete understanding of
the chemistry of these strongly bound layers in order to account for the experimen-
tally measured reaction kinetics.
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Chapter 2
Structure, Characterization and Reactivity
of Pt—Sn Surface Alloys

Bruce E. Koel

Abstract Thermally stable, ordered surface alloys of Sn and Pt that isolate
threefold Pt, twofold Pt, and single-Pt atom sites can be produced by controlled
deposition of Sn onto Pt single crystals and annealing. The structure was estab-
lished by characterization with several techniques, including ALISS, XPD, LEED,
and STM. Chemisorption and catalysis studies of these well-defined, bimetallic
surfaces also define the overall chemical reactivity of Pt—Sn alloys, clarify the role
of a second-metal component in altering chemistry and catalysis on Pt alloys, and
develop general principles that describe the reactivity and selectivity of bimetallic
alloy catalysts.

2.1 Introduction

One of the great challenges in surface science is to understand and control the
chemistry (including catalysis) that occurs on multicomponent metal surfaces.
Bimetallic alloy surfaces are an important class of these systems. It is surprising
how little is understood fundamentally about chemical reactions at these surfaces,
given their commercial importance. Nearly all metal-based heterogeneous catalysts
involve more than one metal [1]. For example, in catalytic reforming, which is one
of the most important industrial applications of catalysis, Pt on alumina catalysts
gave way in the late 1960s to bimetallic catalysts consisting of mixtures of Pt with
Re, Ir, Ge, Sn, or Pb supported on alumina [2]. More recent advances in selective
hydrogenation and dehydrogenation catalysts are based on bimetallics [3—12].
Unfortunately, the continued lack of detailed knowledge about the catalyst surface
composition and structure during catalysis has made it difficult to establish
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unambiguously the reasons for the superior properties of these and many other
important bimetallic and multi-metal component catalysts.

There exist many elegant, surface science studies of the structure and chemistry
of bimetallic surfaces, in which a second metal component is present, either on top
of the outermost layer as adatoms or incorporated into the surface layers to form an
alloy, e.g., as reviewed by Campbell [13]. However, surface science has focused on
clean Pt, Ni, and other pure (single-component) metal surfaces, and has not exten-
sively addressed the surface chemistry of alloys. This situation exists because of the
obvious difficulties, even in ultrahigh vacuum (UHV) studies, of determining the
surface composition, and the 2D-distribution of each component at the alloy sur-
face and the control of their thermally and chemically induced segregation.
Currently, we neither have sufficient fundamental information on the chemistry of
alloys in general nor a good understanding of the fundamental principles that
underpin alloy chemistry to interpret or predict catalytic properties. For example,
two questions we may ask but do not yet know the complete answer to include:
What is the chemistry of Pt alloys that form in bimetallic Pt catalysts? What is the
role of a second, added component in the chemistry and catalysis of alloy surfaces
(site blocking, electronic modification, or new bifunctional chemical properties)?
A concerted effort is needed to obtain answers to these questions by measuring and
correlating the electronic structure, geometric structure, chemisorption properties,
and kinetics of catalytic reactions on well-characterized alloy surfaces. In this chap-
ter, we will focus our discussions on the ordered Pt—Sn surface alloys that can be
prepared by the deposition of Sn on Pt single crystal substrates under UHV
conditions.

The Pt—Sn system is of interest for practical applications as well. Economic
issues and the superior properties of alumina-supported Pt—Sn catalysts at lower
pressures make this an increasingly important commercial system in naphtha
reforming. Obviously, the main issue in these catalysts is whether truly bimetallic
entities, i.e., alloys, exist under catalytic reaction conditions. Most of the prior
work on high surface-area, industrial catalysts attempted to determine the oxida-
tion state and chemical nature of Sn in these catalysts. There is considerable confu-
sion in the literature on this issue, mainly because the answer to the bimetallic
question depends on several factors such as the kind of support and the type of
catalyst preparation. It should be remembered that the working conditions of
reforming catalysts (in the presence of naphtha at high temperature and pressure)
may alter the chemical composition of the catalyst surface; the surface composi-
tion and structure of metal particles depend on their size; and it is difficult to
identify the catalytically active phase rather than the majority phase. Further explo-
ration of the chemistry and catalysis on Pt—Sn alloys should provide an insight into
the role played by alloy phases in naphtha reforming and aid in understanding the
selectivity and performance of those Pt—Sn catalysts in which alloy phases are
strongly implicated.

There are several examples of this latter case. Schmidt and coworkers [3-5]
have shown that metal films used in millisecond-partial oxidation reactions
are catalysts for two of the most important reactions in chemical technology:
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(i) natural gas oxidation to syngas and (ii) olefin production by oxidative dehy-
drogenation of alkanes. For the latter reactions, Pt—Sn alloy films on alumina
monoliths have shown high selectivity (85%) and activity (70% conversion) for
the direct oxidation of ethane to ethylene. Prior to reaction, large (micron-sized)
islands of a Pt—Sn alloy were observed and after reaction, Pt—Sn alloy crystals
with Pt:Sn >1 were observed with large facets (flat faces). Surface science stud-
ies of Pt—Sn chemistry have been useful for explaining why Pt—Sn alloys are
better than Pt for the olefin production catalysis. In addition, Pt—Sn is a promis-
ing reforming catalyst required for hydrocarbon-based fuel cells and is known to
catalyze a variety of selective dehydrogenation and hydrogenation reactions. For
example, Pt—-Sn is a good catalyst for the selective dehydrogenation of high
molecular weight linear paraffins [6], the hydrogenation of p-chloronitrobenzene
[71, and the selective hydrogenation of citral [8] and other o,B-unsaturated alde-
hydes [9]. Cortright and Dumesic have reported a highly active and selective Pt/
Sn/K-L zeolite catalyst for isobutane dehydrogenation in which Pt-Sn alloy
particles are formed [10-12]. In addition, Pt—Sn electrocatalysts have been
investigated for use in low-temperature fuel cells [14].

Studies on unsupported, bulk Pt—Sn alloys have been helpful in assessing the
properties of Pt—Sn alloy clusters formed in catalysts [15, 16]. A large number of
surface science studies of Pt—Sn alloys have also been conducted; the most exten-
sive of these concerned the oxidation of Pt,Sn, in which much work was done by
Hoflund and coworkers (as reviewed by Unger and Marton [17]). Bulk alloy sam-
ples can be problematic in fundamental chemisorption and catalytic reaction stud-
ies because of significant differences between the composition and structure of the
surface and bulk. For example, exposure to O, or annealing in vacuum causes Sn
enrichment at the surface, while exposure to H, or sputtering causes Pt enrichment
at the surface. This is encountered even when single crystals of Pt—Sn alloys are
used.

In this chapter, we will illustrate with a few selected examples how well-defined,
ordered Pt—Sn surface alloys have been used to elucidate the overall chemical reac-
tivity of Pt—Sn alloys, clarify the role of Sn in altering this chemistry and catalysis,
and develop general principles for understanding the reactivity and selectivity of
bimetallic alloy catalysts. Most studies have involved chemisorption under UHV
conditions, but the use of these alloys as model catalysts for investigating catalysis
at pressures up to one atmosphere will also be discussed.

2.2 Structure of Ordered Sn/Pt(111) and Sn/Pt(100)
Surface Alloys

One of the difficulties in understanding the chemistry of alloy surfaces has been
the inability to determine the composition and structure of these surfaces at an
atomic level and the ability to alter the composition and structure in a controlled
manner in order to establish detailed structure-property relationships. The advent
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of scanning tunneling microscopy (STM) revolutionized surface science, and
when utilized in combination with other analytical methods such as Auger elec-
tron spectroscopy (AES), low energy electron diffraction (LEED), X-ray photo-
electron spectroscopy (XPS), and low energy ion scattering (LEIS), provides a
powerful approach to investigate the geometric and electronic structure of these
bimetallic surfaces. In our studies, we have relied heavily on alkali ion scattering
spectroscopy (ALISS) and angle-resolved “forward-focusing” XPS, or X-ray pho-
toelectron diffraction (XPD), to characterize these surfaces. In addition, we have
chosen to focus on surfaces of ordered alloys (intermetallic compounds) that
exhibit a minimum number and uniform array of reactive sites. Not all bimetallic
systems of interest are of this type, but we have restricted our studies to intermetal-
lic systems because of the fundamental understanding that can be gained from
such ordered systems.

Paffett and Windham first reported that (2 x2) and (\/ 3xy 3)R30° LEED patterns
could be formed by evaporating Sn on a Pt(111) surface followed by brief anneal-
ing to 1,000 K, depending upon the initial Sn coverage [18]. Sn scattering in angle-
resolved ALISS measurements using Li* ions (0.5-1 keV) confirmed that alloys
(rather than Sn adatoms) were produced, corresponding to the (111) face of Pt,Sn
(with 6, =0.25) and a substitutional surface alloy of composition Pt,Sn (with
0,,=0.33). Alloyed Sn atoms were almost co-planar with the Pt atoms at the sur-
face; Sn “buckled out” or protruded 0.022+0.005 nm above the surface [19]. This
result was later confirmed by LEED I-V analysis [20] and XPD [21]. Subsequently,
ALISS showed that a ¢(2x2)-Sn/Pt(100) surface alloy with 6, =0.5 was formed
[22]. The structure of these surfaces is shown in Fig. 2.1. The composition and
structure of these surfaces are quite stable thermally and chemically; therefore, they
provide new opportunities to explore the fundamental chemical properties and
probe site-specific reaction ensemble requirements, i.e., site-directed chemistry on
Pt-Sn alloys.

Fig. 2.1 Top-view schematic drawings of the surface structures for the (2x2)-Sn/Pt(111), (\/ 3xy 3)
R30°-Sn/Pt(111), and ¢(2 x2)-Sn/Pt(100) surface alloys. Pt atoms are white and Sn atoms are black.
These surfaces are not actually flat; the Sn atoms are buckled out of the surface plane by 0.2 A. The
shaded regions show possible small, reactive ensembles of Pt atoms labeled by size
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Ross and co-workers have studied the structure and composition of the (001)- and
(111)-oriented surfaces of the ordered Pt,Sn bulk alloy [23]. They found, essen-
tially, the ideal termination of the bulk structure, giving a mixed Pt—Sn plane at
the surface. The atomic composition of the (001) surface was 6, =0.5 and that
of the (111) surface was 6, =0.25. A key point is that the structure (including
the Sn buckling distance) of the bulk Pt,Sn(111) and (001) surfaces were the
same as those obtained by vapor deposition of Sn on Pt(111) or (100) to form
the surface alloys.

Very small changes were detected in the Pt valence levels by ultraviolet photo-
electron spectroscopy (UPS) [24] and in the core levels by XPS [25]; therefore, the
small changes in electronic structure seem insufficient to explain the large changes
in reactivity upon alloying Pt with Sn. It is useful to understand whether the influ-
ence of Sn can be explained by “ensemble” or geometric effects. If such a simple
interpretation explained the results, this would aid development of a predictive
capability (based simply on geometry) for related Pt alloy surfaces. However,
changes in the Sn and Pt electronic structure (“ligand” effect) must occur and are
ultimately the important factors in the observed changes in adsorption energies and
activation energy barriers. Specific ensembles available on the (2x2) Sn/Pt(111)
alloy include pure-Pt threefold hollow sites, but all adjacent pure-Pt threefold sites
present on Pt(111) have been eliminated. Only twofold bridge and atop pure-Pt
sites are present on the (V3 x\3)R30° Sn/Pt(111) alloy, with all of the pure-Pt three-
fold sites absent. On the ¢(2x2) Sn/Pt(100) alloy, individual Pt atoms are isolated,
surrounded only by the nearest neighbor Sn atoms, and all pure-Pt twofold bridge
and fourfold hollow sites have been eliminated.

The surface structure formed by evaporating Sn onto a clean hex-Pt(100) crystal
and annealing is more complex than that on Pt(111). On Pt(100), a ¢(2x2) and
(3V2 xV2)R45°-Sn/Pt(100) alloy can be prepared by annealing the sample to 750 or
900 K, respectively. Importantly, the c¢(2x2) LEED pattern can arise from two dif-
ferent structures [22, 26]. An overlayer of Sn adatoms forms over a relatively wide
range of temperatures below 750 K, and this orders into a ¢(2x2)-Sn overlayer
structure with 8, =0.5 after heating to 500-750 K. Formation of the ¢(2x2) surface
alloy occurs over a narrow temperature range (750-800 K), with 6, =0.5 incorpo-
rated into the Pt(100) surface to form the “checkerboard” pattern shown in Fig. 2.1.
A more thermally stable alloy with a (3V2x~2)R45° LEED pattern is formed at
higher annealing temperatures (800-1050 K). STM studies combined with the
previous LEIS and ALISS results, suggest a physical model for this surface alloy
with 6, =0.5; the surface has the same Sn buckling distance as the ¢(2x2) alloy,
and the LEED pattern arises from channels comprised of three missing atomic rows
[27]. As shown in the STM images in Fig. 2.2, there are narrow terraces between
these channels, which are predominantly three-atomic-rows wide.

The step edges of these terraces are Pt-terminated, while Sn is alloyed in the
center of these terraces. A local p(2x2) ordering of alloyed Sn is often observed on
wider (5—7 atomic rows) terraces. This new information was important for reinter-
preting some of our early chemisorption studies, especially concerning the active
sites for acetylene cyclotrimerization (see discussion below).
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Fig. 2.2 (Lefr) STM image (15.2 nmx 15.2 nm) of the Sn/Pt(100)-(3V2 xV2)R45° surface alloy.
Rows are oriented along the <100> and <010> directions with a narrow width distribution domi-
nated by rows exhibiting a 3\2 periodicity. (Right) Small-scale scan (5.7 nmx6 nm) of typical
rows on the surface characterized by a 3\2 period (image is filtered). Protrusions in the image are
individual Pt atoms. Missing Pt rows account for the 3vV2 periodic width of the rows with a
pseudo-p(2 x2) ordering on the terraces between the missing rows. Adapted with permission from
[27]. Copyright 2004 Elsevier

It would be productive to extend these studies to include the Pt(110) substrate.
Several ordered structures have been observed in LEED, but no structural studies are
available. The more highly corrugated Pt(110) surface with “row-like” features
should give rise to different and interesting alloy compositions and structures.

2.3 Other Related Surface Alloys

The conditions for alloy formation and their structural determination after deposi-
tion of Sn on other metals in UHV are available, e.g., Ni(111) [28] and Rh(111)
[25]. The (V3xV3)R30° alloys are the most easily produced, but (2x2) alloys can
also be formed. Similar to Pt(100), a ¢(2x2) Sn/Ni(100) alloy forms [29]. These
experiments established that the buckling distance of Sn in the surface alloys
depends on the substrate, with a linear correlation between the buckling distance
and the lattice mismatch of the two metal components. The Sn buckling is 0.20 A
for Pt(111) and (100), but is 0.45 A for Ni(111) and (100) surface alloys.

In order to better understand ensemble-size requirements for reactions on Pt
alloys and the role of Sn as a site-blocking agent, it is important to study other Pt-M
surfaces that are isostructural with Pt—Sn surface alloys. However, this has turned
out to be a difficult task. Different metals (M =Ge, Zn, Cu, Ag, Fe, and Ti) form
different surface alloy structures. For example, on Pt(111), Zn and Cu alloy but do
not form long-range ordered structures, and Ge only forms a dilute, two-domain
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(\/ 19%x 19)R23.4° surface alloy with 6, =0.05. CO and NO bond more weakly on
these alloyed surfaces than on a clean Pt(111) surface, similar to Sn/Pt(111) alloys,
but a quantitative comparison is not possible. In an analogous systematic
approach, Ross reviewed the adsorption of CO on (111) and (100) oriented single
crystals of the isostructural fcc alloys with a bulk stoichiometry of Pt M (M =Ti,
Co, and Sn) [30].

2.4 Chemisorption on Pt-Sn Surface Alloys

2.4.1 Diatomic Molecules (H,, O,, CO, and NO)

As initial probes of alloy reactivity, the chemisorption of H,, O,, and CO [24, 31],
and NO [32] under UHV conditions was investigated on two Sn/Pt(111) surface
alloys using AES, XPS, UPS, LEIS, LEED, high resolution electron energy loss
spectroscopy (HREELS), and temperature programmed desorption (TPD). These
alloys do not dissociatively chemisorb H, or O, under UHV conditions; no H or O
uptake was observed during UHV-dosing of these gases. This can be associated
with the loss of adjacent pure-Pt threefold sites that are important for the dissocia-
tive adsorption of diatomic molecules, and the small change in the Pt electronic
structure in the alloys. The CO adsorption energy decreased by only ~20 kJ/mol on
the alloys compared to pure Pt(111), and little change occurred in the occupation
of specific adsorption sites. In contrast, NO chemisorption was reduced by as much
as 40 kJ/mol, and the bonding geometry was altered on the alloys.

Studies of CO [33] and NO [34] chemisorption on the two Sn/Pt(100) surface
alloys further demonstrated that the surface chemistry of NO was altered to a
greater extent than CO chemisorption, which is due in part to the much greater role
of backbonding in CO compared to NO chemisorption. NO is predominantly
adsorbed reversibly on Pt(100) and most of the chemisorbed NO desorbs molecu-
larly from the surface during TPD, but about 25% of the adsorbed NO monolayer
decomposes above 400 K, leading to N, and O, desorption. Alloying Sn into the
surface layer of Pt(100) to form the ¢(2x2) alloy (8, =0.5) reduced the saturation
monolayer coverage of NO at 100 K from 6, =0.73 to 0.35, and also reduced the
adsorption energy of molecularly bound NO by more than a factor of two (118 kJ/
mol on Pt(100) to 55 kJ/mol on the ¢(2 x2) alloy). The ¢(2x2) Sn adlayer (6, =0.5)
rendered the bimetallic surface completely inert to NO chemisorption, illustrating
the crucial importance of the location of Sn at the surface for predicting its influ-
ence on surface chemistry and catalysis.

Alloyed Sn completely changed the selectivity of NO decomposition reactions,
primarily forming N,O as the primary desorption product in TPD. Based on
HREELS spectra, NO bonds in the same bent-atop configuration on both Pt(100)
and the Sn/Pt(100) alloys at low NO coverages. At monolayer coverage, two mol-
ecules of NO bond to one Pt atom (dinitrosyl species), which is an intermediate in
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the low-temperature N, O formation on the alloys. In addition to the dinitrosyl species,
N,O is co-adsorbed at monolayer coverage (Fig. 2.3).

In these and other studies, the initial sticking coefficient for molecular adsorp-
tion could be as high on the alloys as on the clean Pt surfaces, even though adsorption
did not occur at Sn sites. The existence of a modifier precursor state was postulated
and its importance was discussed for understanding adsorption kinetics on alloys
and other modified surfaces [24, 35].
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Fig. 2.3 HREELS spectra after NO dosing (in Langmuir (L)) on the (3\/2 X \/2) R45° Sn/Pt(100)
alloy at 100 K [34]. After low NO exposures, a v, , peak at 1666 cm™ was observed from bent-
atop NO. Higher NO exposure led to the appearance of a very broad peak at 1816 cm™', which can
be decomposed into two peaks centered at 1821 and 1698 cm™', as shown in the inset. These two
peaks were assigned to a surface dinitrosyl complex. Formation of adsorbed N,O from the reaction
of adsorbed NO, via a dinitrosyl intermediate, occurs at 100 K, as evidenced by the peaks at 580,
1234, and 2238 cm™',which are assignments for the three normal modes of linear N,O molecules:
N-N-O bending (8,,), N-N-O stretching (v,), and N-N stretching (v, ) modes, respectively.
Reprinted with permission from [34]. Copyright 2000 American Chemical Society
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24.1.1 Hydrogen Adsorption

Knowledge of hydrogen surface chemistry is central to many of the applications for
Pt-Sn catalysts. However, alloying Sn to form Sn/Pt(111) alloys causes a kinetic
barrier to arise for the dissociative chemisorption of H, under UHV conditions.
H adatoms can be created on these alloys by dosing atomic H, most conveniently
by using a pyrolytic source to dissociate H, near the crystal in the UHV chamber
[36]. Alloying with Sn decreased the saturation coverage of H adatoms and shifted
most of the thermal desorption of H, to lower temperatures. Due to the activation
energy barrier to dissociative H, chemisorption (E,), the activation energy for ther-
mal desorption of H, (E)) is not simply equal to the H, adsorption energy, (E, ) but
is given by E,=E  +E . In order to calculate the Pt-H bond dissociation energy,
D(Pt-H)=(E_, + D(H-H))/2, the value of E must be determined. The size of this
barrier was estimated by using measurements of the sticking probability S(E) of D,
as a function of translational energy (E) and incidence angle [37]. The barrier to
dissociative H, chemisorption on the (2x2)-Sn/Pt(111) surface alloy (hereafter
referred to as the (2x2) alloy, for brevity) is only slightly larger than on Pt(111),
but increases on the (\/3><\/3)R30°-Sn/Pt(1 11) surface alloy (hereafter referred to
as the V3 alloy, for brevity). Using these results for £, and the kinetic analysis from
TPD to obtain E, one finds that D(Pt-D) is the same on both Pt(111) and the (2x2)
alloy, but decreases by 10% on the V3 alloy; this may be associated with the
removal of the “pure-Pt” threefold sites (Fig. 2.1).

2.5 Hydrocarbons

2.5.1 Alkanes

Small alkanes, e.g., n-butane and isobutane are physisorbed reversibly on Pt(111)
and thermally desorb below 200 K. Alloying Sn into the surface of Pt(111) slightly
weakens the interaction, lowering the desorption temperature and linearly decreas-
ing the adsorption energy by 5-8 kJ/mol compared to Pt(111) as 6, increased from
0.25 to 0.33 [38]. The observation that alkanes desorb in a single, narrow peak
characteristic of each alloy surface, as shown in Fig. 2.4, provided an improved
method of testing for production of a single alloy phase compared to AES or
LEED.

Larger cyclic (e.g., cyclohexane) [39] and bicyclic (e.g., trans-decahydronaphthalene,
C,H,, and bicyclohexane, C ,H,)) [40] alkanes are more strongly adsorbed and
undergo partial decomposition during TPD on Pt(111), leading to the accumula-
tion of surface carbon. Alloying with Sn had little effect on the monolayer cover-
age and caused only a small decrease in the adsorption energies of these
molecules. However, cyclohexane and trans-decahydronaphthalene adsorbed
completely reversibly on both of the Sn/Pt(111) alloys, and the decomposition
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V3 +(2x2)+Pt(111)
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Fig. 2.4 TPD of isobutane on different Sn/Pt(111) alloys. The top two curves are from purposely
defective surfaces with mixed domains. Reprinted with permission from [38]. Copyright 1994
American Chemical Society

of bicyclohexane during TPD was strongly reduced on the (2x2) alloy and
eliminated on the V3 alloy.

2.5.2 Alkenes

In studies of ethylene [41, 42], propylene, isobutylene [42], 1-butene and 2-butene
[43], and cyclohexene [44], adsorption kinetics and TPD measurements showed
little or no effect of alloyed Sn on either the initial sticking coefficient or the satura-
tion coverage of these small alkenes on the two Sn/Pt(111) alloys when compared
with Pt(111) at 100 K. The adsorption ensemble requirement for chemisorption of
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these molecules on Pt(111) and the two Sn/Pt(111) alloys is at most a few Pt atoms.
Alkenes are chemisorbed more weakly on the Pt—Sn alloys, and decomposition is
strongly suppressed compared to Pt(111). To the extent that alloying or direct Pt—Sn
interactions occur in supported bimetallic Pt—Sn catalysts, this surface chemistry
would lead to increased alkene yields and decreased coking compared to Pt
catalysts.

Another general trend emerging is the importance of pure-Pt threefold hollow
sites for strong alkene chemisorption and adjacent pure-Pt threefold hollow sites for
alkene decomposition. For example, Fig. 2.5 illustrates for several C, hydrocarbons
that Sn incorporation has only a weak effect on alkene adsorption energies up to
0,,=0.25, similar to physisorbed alkanes, but causes a large decrease of ~25%
when the pure-Pt threefold hollow sites are removed on the V3 alloy. This is true
for all of the alkenes investigated, with the exception of cyclohexene, which was
similar to the physisorbed alkanes. In this case, the bonding mode changes from a
relatively upright di-c-bonded species on Pt(111) to a more flat-lying geometry on
the \3 alloy in which the ring has an increased polarization interaction with the
surface compared to the upright geometry [44].

Vibrational spectroscopy of adsorbed alkenes identify the bonding mode as
primarily di-c-bonded, with little change from that on Pt(111). Wandelt and
coworkers have made a more thorough study of ethylene adsorption on the Sn/Pt(111)
alloys and identified the presence of co-adsorbed mt-bonded species [45].
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calculated from the molecular desorption temperature on Pt(111) and the (2x2) and V3 Sn/Pt(111)
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2.5.3 Dienes

Dienes are more strongly bound on Pt and Pt alloys than alkenes. While all
chemisorbed 1,3-butadiene is completely dehydrogenated to H, and surface carbon
on Pt(111) during TPD, alloying Sn completely inhibits this decomposition and
1,3-butadiene adsorbs reversibly on the two Sn/Pt(111) alloys with an adsorption
energy of 88—75 kJ/mol [46, 47]. Even though it is more strongly chemisorbed than
1-butene, 1,3-butadiene is less reactive on the alloys than 1-butene because unlike
1-butene, 1,3-butadiene lacks allylic 3-CH bonds.

The adsorption of 1,3-cyclohexadiene on Pt(111) leads to irreversible dehydro-
genation to benzene below 400 K, the majority of which is further dehydrogenated
at higher temperatures to form a carbonaceous residue [48]. No 1,3-cyclohexadiene
desorbed during TPD from the Sn/Pt(111) alloys, but the monolayer was converted
with 100% selectivity to produce gas-phase benzene. No carbon was left on the
alloy surfaces after TPD as determined by AES. The ensemble requirement for
cyclohexadiene dehydrogenation on these alloys is at most a few (4-5) Pt atoms
(see Fig. 2.1).

2.5.4 Alkynes

Acetylene is a reactive molecule with a low C:H stoichiometry that can be used to
evaluate the resistance of metal-based catalysts to the formation of carbonaceous
residue (coking). Pt is very reactive, and the chemisorption of C,H, on Pt(111) is
irreversible under UHV conditions, with complete conversion of C,H, into surface
carbon during heating in TPD. Alloying with Sn strongly reduces the amount of
carbon formed during heating [49]. This is consistent with observations of increased
lifetimes for commercial, supported Pt—Sn bimetallic catalysts compared to Pt cata-
lysts used for hydrocarbon conversion reactions.

The reduction in carbon accumulation on the surface is accompanied by the
reversible adsorption of acetylene, and rather surprisingly, the desorption of gas
phase products C,H, and C.H, [49]. The Sn/Pt(111) alloys, like Pd(111), desorb
gas-phase benzene because of the cyclotrimerization of acetylene under UHV con-
ditions. Pd has the highest activity among the late transition metal group (Ni, Pd,
and Pt) for this reaction. On Pd(111) surfaces, Lambert and co-workers established
the reaction pathway to be acetylene dimerization to form a metallopentacycle,
Pd-C H,, intermediate that can further react with adsorbed acetylene to form ben-
zene [50]. Lambert’s group has also done analogous studies on Au/Pd(111) [51]
and supported Pd-Sn [52] catalysts. Because C, desorption occurred on the Sn/Pt(111)
alloys (that was not observed on Pd(111) and thus required an inference of the C,-
intermediate), this mechanism is most likely correct for the Sn/Pt(111) alloys.
Product desorption peaks occur in TPD at relatively high temperatures and are reaction
rate-limited peaks, i.e., no significant concentration of the surface-bound metallo-
pentacycle intermediate or benzene product exists on the alloy surface prior to



2 Structure, Characterization and Reactivity of Pt—Sn Surface Alloys 41

the onset of thermal desorption. This was confirmed by HREELS studies in our
laboratory, which indicated that acetylene is much less rehybridized on the two
alloys than on Pt(111), in which it bonds in a u,-m?* configuration by rehybridiza-
tion of the carbon atoms to ~sp?°. This is consistent with a much weaker adsorption
energy and reactivity for acetylene on the alloys.

The chemisorption of acetylene on the Sn/Pt(100) surface alloys revealed
similar chemistry and provided additional information on the structure sensitivity
of these reactions [53, 54]. While 15% of the adsorbed acetylene monolayer
was converted to gaseous benzene during TPD on the (3\/ 2 ><\/2)R45°-Sn/Pt(100)
alloy, no such benzene desorption occurred from related surfaces, as shown in
Fig. 2.6.

The analogous reaction of methylacetylene (H,CC=CH) on the alloy surfaces,
i.e., cyclotrimerization of methylacetylene to form trimethylbenzene (TMB), was
not observed [55]. The absence of TMB and the high yield of propylene are likely
due to facile dehydrogenation of methylacetylene because of the relatively weak
H-CH,C=CH bond compared to acetylene. The desorption of several C, hydrocar-
bon products at low (<170 K) temperature indicated a minor pathway on the surface
involving C—C bond formation.
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2.5.5 Arenes

Alloying Sn in the Pt(111) surface to form the (2x2) and \3 alloys eliminates the
thermal decomposition of benzene on these surfaces under UHV conditions [39].
In a subsequent reinvestigation of this chemistry, Wandelt and co-workers using
TPD, UPS and HREELS confirmed this result and found benzene physisorbed on
both alloys [45]. They gave evidence for the adsorption of benzene exclusively on
atop sites on Pt(111) and proposed that mixed domains complicated the earlier
work [39], which enable benzene desorption at temperatures above 200 K.

These results have profound effects for the selective catalytic dehydrogenation
of cyclohexane to benzene, a prototypical hydrocarbon conversion reaction. On
Pt(111), the intermediates, cyclohexene and a C H species, have been identified
and the rate constants for some of the sequential reaction steps measured [56].
Adsorption and reaction studies of cyclohexane [39], cyclohexene [44], 1,3-cyclo-
hexadiene [48], and benzene [39] on the two Sn/Pt(111) alloys provide a rational
basis for understanding the role of Sn in promoting higher selectivity for this reaction.
One example of structure sensitivity is shown in Fig. 2.7, in which a monolayer of
cyclohexyl (CH,,) was prepared by electron-induced dissociation (EID) of physi-
orbed cyclohexane to overcome the completely reversible adsorption of cyclohexane
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Fig. 2.7 The yield (from TPD experiments) of gas phase H,, benzene (C;H,), and cyclohexene (CH, )
from a monolayer of adsorbed cyclohexyl (C H, ) formed at 100 K on Pt(111) and the two Sn/Pt(111)

6 11
alloys. Reprinted with permission from [39]. Copyright 1994 American Chemical Society
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under UHV conditions on these alloys [39]. The benzene yield is enhanced on the
(2x2) alloy because of inhibition of benzene dehydrogenation, but the benzene
yield is decreased on the V3 alloy, while the cyclohexene yield increased because
of the inhibition of further dehydrogenation of cyclohexene.

2.6 Small Oxygen-Containing Organic Molecules

We have very little knowledge about the fundamental reactivity of oxygen-containing
organic molecules at Pt—Sn alloy surfaces. Methanol, ethanol and water are weakly
bound and reversibly adsorbed under UHV conditions on the (2x2) and V3 Sn/Pt(111)
alloys; they molecularly desorb during TPD without decomposition [57]. These
three molecules chemisorb slightly more weakly on the Sn alloys than on Pt(111),
indicating a lower reactivity for these molecules on the two alloys. Even
nitromethane (CH,NO,), containing the reactive NO, functional group, is reversibly
adsorbed on these two alloys [58].

Surface-bound methoxy, CH,0, is an intermediate in a variety of surface processes
in catalysis and electrocatalysis involving methanol. The chemistry of methoxy on
Pt(111) and the Sn-alloys had been elusive because of the difficulty of cleanly pre-
paring adsorbed layers of methoxy. One approach is to use the thermal dissociation
of an adsorbed precursor, methyl nitrite (CH,0-NO), to produce methoxy species
on such surfaces at temperatures lower than required for methoxy formation from
methanol [58, 59]. The methoxy intermediate is strongly stabilized (to 300 K)
against thermal decomposition on both Sn/Pt(111) alloys, whereas on Pt(111),
dissociation occurs below 140 K. There is a high selectivity to formaldehyde,
CH,O, on both alloys, i.e., methoxy disproportionates to make equal amounts of
formaldehyde and methanol. The two Sn/Pt(111) alloys do not form CO and H,
products characteristic of methoxy decomposition on Pt(111).

Ethylene oxide (EO), C,H,O, adsorbs molecularly on Pt(111) without ring
breaking or decomposition [60], even though it was reported previously that EO
decomposes extensively on Pt(111) to produce CO, H, and surface carbon. One
might expect that the oxophilicity of Sn might lead to other products on the alloys
because of ring-opening reactions or isomerization to form acetaldehyde, CH,CHO,
as suggested to occur on Pd(110). From combined HREELS and UPS studies,
ethylene oxide was found to adsorb molecularly via the oxygen atom without
isomerization on both the (2x2) and \3 alloys and desorbed during TPD experi-
ments without decomposition. TPD spectra showed that EO initially desorbs at
198 K on the (2x2) alloy and 190 K on the V3 alloy at low coverage, which shifts
to 160 K at monolayer coverage on both alloys because of strong dipole-dipole
repulsive interactions within the EO adsorbed layer.

Adsorbed acetaldehyde on Pt(111) at small coverage decomposed during
heating in TPD [61]. Desorbed products were CH,CHO (from the recombina-
tion of co-adsorbed H adatoms and acetyl, T]‘(C)—CH3CO, groups), CO, H,, and
CH,, and AES detected carbon (8.~0.1) left on the surface following TPD.



44 B.E. Koel

Approximately one-half of the adsorbed CH,CHO is adsorbed reversibly at monolayer
coverage, while the rest decomposes during TPD. CH,CHO bonds molecularly,
mainly in a '(O) configuration on Pt(111) at 90 K. On both of the Sn/Pt(111)
alloys, CH,CHO is adsorbed more weakly, and no CH,CHO decomposition took
place during TPD; the adsorption-desorption behavior was entirely reversible.
HREELS revealed that only 1'(0)-CH,CHO was present on the two Sn/Pt(111)
alloys [61].

2.7 Microreactor Studies of Catalysis over Pt—Sn Surface
Alloys

Early higher pressure reaction studies over Pt—Sn model catalysts by Paffett [62, 63]
and Somorjai [64, 65] and their coworkers revealed new insights into hydrocarbon
catalysis in such systems. Szanyi et al. [62] showed that n-butane hydrogenolysis
under moderate pressures (1-200 Torr; H /butane=20) and temperatures (up to
650 K) could be carried out without disruption of the ordered Sn/Pt(111) surface
alloys. This established that such catalytic reactions could be studied while main-
taining the composition and geometric structure of these alloys under reducing
reaction conditions (but not catalytic oxidation due to the aggressive interaction of
O, with Sn). These ordered Sn/Pt surfaces are qualitatively different from those in
many studies of promoters and poisons, or disordered alloys, e.g., Au—Pt, in which
the quantitative information on ensemble sizes available for reactions is difficult to
determine.

2.7.1 Hydrogenation of Crotonaldehyde

The hydrogenation of o,B-unsaturated aldehydes is an interesting class of reactions.
The commercial challenge is to selectively hydrogenate the carbonyl group without
hydrogenating the olefin functionality. Unsaturated alcohols are desired products
because of their use as intermediates in the production of fine chemicals and fra-
grances. These reactions can be done using preparative methods of organic synthe-
sis with 99% yield, but this methodology is expensive. Many studies have been
directed toward creating a catalyst that would enable a cheaper process and sup-
ported Pt—Sn catalysts are of interest for this reaction, with selectivity for the
unsaturated alcohol reported as high as 70% [9, 66—68]. The selectivity of Pt—Sn
bimetallic catalysts toward the formation of the unsaturated alcohol product is usu-
ally explained by invoking bonding of the carbonyl to a Sn cation, resulting in its
higher reactivity than the olefinic group [68]. Under conditions used for preparation
of such bimetallic catalysts, or under reaction conditions, some Sn may not be
reduced to the metallic state. The Sn/Pt(111) surface alloys prepared in UHV are
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excellent model catalysts to study the influence of the oxidation state of Sn because
all of the Sn present is in a reduced, metallic state and cationic Sn sites can be
rigorously excluded. The gas-phase hydrogenation of crotonaldehyde (2-butenal,
CH,CH=CHCHO), depicted in Scheme 2.1, was investigated over Pt(111) and the
(2><2) and V3 Sn/Pt(111) alloys [69].

From results such as those in Fig. 2.8, the influence of alloy structure, hydrogen
pressure, and temperature on activity and selectivity toward the formation of crotyl
alcohol (2-butenol, CH,CH=CHCH,OH) was determined. Both Sn/Pt(111) alloys
had similar activity and select1V1ty The hydrogenation activity was about two times
higher for the alloys compared to Pt(111), but little change in selectivity was
observed, and butyraldehyde (n-butanal, CH,CH,CH,CHO) was the main product
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on all surfaces. Alloy formation improved hydrogenation activity toward both of
the C=C and C=0 functional groups, and so the improvement in selectivity toward
formation of the unsaturated alcohol reported for supported Pt—Sn catalysts vs.
pure-Pt catalysts cannot be explained solely by alloyed Sn.

It is possible in these model catalysts to vary the extent of tin oxidation (no
oxidation to complete oxidation) and to verify the amount and extent by XPS prior
to the high-pressure reaction. In this manner, the importance of Sn cation centers
for selectivity improvements can be investigated. In preliminary experiments, the
oxidic species formed by heating the alloys in 5 Torr O, for 5 min at 600 K were
not stable under reaction conditions and reduced to form a surface with low cata-
Iytic activity, probably consisting of metallic Sn rafts over the Pt(111) surface. In
subsequent studies of H, reduction of a number of Sn oxide films differing in their
2D structure and composition at the Pt and Pt—Sn alloy interface, we found large
variations (by many orders of magnitude) in their reducibility. Sn oxide monolayers
are particularly reactive and unstable, both thermally and chemically. Further studies
are necessary to probe the nature of the active sites for selective crotonaldehyde
hydrogenation on Pt—Sn bimetallic catalysts.

2.7.2 Hydrogenation of Cyclohexanone

Cyclohexanone (C.H, O), a monocyclic ketone, is an important intermediate in hydro-
deoxygenation reaction sequences, for example in the production of e-caprolactam
(used in the manufacturing of nylon-6 and polyamide resins) from cyclohexanol. In
higher pressure reaction studies of Sn/Pt(111) alloy model catalysts, XPS and
LEED characterization before and after catalytic reaction indicated that both alloy
surfaces were stable under reaction conditions. Cyclohexanone hydrogenation
activity at low temperature (325 K) was substantially higher for both alloy catalysts
than Pt(111), with the activity proportional to the amount of Sn in the surface layer
[70]. The apparent activation energy for the hydrogenation of cyclohexanone at
325 K was 16, 13 and 12 kcal/mol for Pt(111) and (2x2) and V3 alloys, respec-
tively. The reaction order in H, changed from -0.6 on Pt(111) to -0.9 on both
alloys. In addition, the selectivity over the two alloys was the same as for Pt(111),
i.e., cyclohexanol was the only product detected below 400 K. The product selectivity
varied considerably as a function of temperature on all three surfaces, with cyclo-
hexene and cyclohexane as the sole products at 425 and 500 K, and the C,, coupling
product cyclohexylcyclohexene as the exclusive product at 600 K [70].

2.8 Summary

In the quest for the highest selectivity and improved performance of heterogeneous
catalysts, new fundamental information on the reactivity and properties of bimetallic
alloys will be helpful. The well-defined structures of ordered surface alloys (intermetallic
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compounds) that can be formed by the controlled deposition of Sn onto Pt single
crystals, and other bimetallic combinations, are useful in addressing fundamental
questions about the chemisorption properties and reactivity of alloy surfaces.
Investigations of several alloy structures for the same bimetallic system enable the
formulation of new structure-reactivity correlations. These studies address funda-
mental questions regarding the ensemble requirements for hydrogenation reactions
on bimetallic Pt surfaces and the importance of electronic (ligand) effects, in addi-
tion to site-blocking effects (decreasing ensemble sizes) of Sn at transition metal
surfaces.

The studies reviewed here focus on Sn/Pt because of the opportunity afforded by
the ordered alloys formed in this system for improving our basic understanding, as
well as the commercial importance of Pt—Sn catalysts in naphtha reforming and
their potential for other selective hydrogenation and dehydrogenation reactions.
These studies combined detailed structural characterization of the alloy surfaces
with UHV studies of adsorption and reaction of hydrocarbons and other small mol-
ecules, and measurements of the rate and selectivity of catalytic reactions at atmo-
spheric pressure over these model catalysts.

In general, Sn/Pt alloys are less reactive than Pt because the molecules are more
weakly chemisorbed, and barriers for dissociation are higher on Sn/Pt alloys com-
pared to Pt. The adsorption energies of hydrocarbons are reduced and dehydrogena-
tion is strongly suppressed or eliminated under UHV conditions on Sn/Pt alloys. In
addition, the presence of Sn alloyed within the surface layer does not thermally
activate oxygen-containing molecules under UHV conditions, as might have been
expected from the thermodynamic driving force provided by the strong Sn-O inter-
action, because of kinetic barriers to reaction that are larger on the alloy surfaces
than on pure Pt surfaces. Observations from chemisorption results, which constitute
two fundamental underlying principles of surface chemistry on alloys, can be cited
that have significance beyond the specific Sn/Pt alloys studied. First, the sticking
coefficients and saturation coverage of adsorbates on Sn/Pt alloys do not decrease
nearly as sharply with the Sn surface concentration as predicted by a Langmuirian
adsorption model. Secondly, reactive ensembles for hydrocarbon dehydrogenation
on Pt—Sn alloys are much smaller (at most a few Pt atoms) than often estimated.

Results from these studies are important for the ongoing debates on the exis-
tence and utility of Sn/Pt alloy phases in bimetallic Pt—Sn supported catalysts. For
example, our observation of dramatically decreased carbon buildup on the alloy
surfaces from acetylene (a coke-precursor), and the enhanced yield of aromatics
and alkenes from alkane dehydrogenation mimics important aspects of the chem-
istry of commercial Pt—Sn supported catalysts used for reforming. On the contrary,
it seems unlikely that Sn/Pt alloy phases are solely responsible for the high selec-
tivity observed in crotonaldehyde hydrogenation using Pt—Sn bimetallic
catalysts.
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Chapter 3
Catalysis at Bimetallic Electrochemical
Interfaces

Vojislav R. Stamenkovic and Nenad M. Markovic

Abstract The need to understand the key structure/composition relationships
governing the electrocatalytic behavior of metal surfaces continues to motivate
fundamental studies of surface processes at the solid-liquid interfaces. Although
the field is still in its infancy, a great deal is already known and trends are beginning
to emerge that give new insight into the true relationship between the surface
structure/composition and electrocatalytic activity. In this chapter, we will describe
how by systematic variation of surface crystallography and/or surface composi-
tion of bimetallic surfaces, very important electrocatalytic trends are delineated.
Structure/composition-function relationships are established by utilizing in situ
surface-sensitive probes and vibrational spectroscopy, which in combination with
ex situ ultrahigh vacuum (UHV) techniques and classical electrochemical meth-
ods, provide a link between the macroscopic kinetic rate of the reaction and the
microscopic properties at the electrified metal-solution interface. The preponder-
ance of electrocatalytic reactions discussed in this chapter are those related to the
development of polymer electrolyte membrane fuel cell technology, viz. the oxygen
reduction reaction, hydrogen reaction, and oxidation of CO,. We demonstrate that
the ability to make a controlled and well-characterized arrangement of atoms
on the surface and/or the near-surface region, heralds a new era of advances in our
knowledge of electrochemical reactions.

3.1 Introduction

Electrochemical interfaces play a crucial role in analytical, synthetic and materials
chemistry, as well as in chemical and photochemical energy conversion. However,
a longstanding difficulty for fundamental studies of the dynamical and structural
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properties of electrochemical interfaces has been the lack of methods for characterizing
— at the atomic-molecular level — interfacial components that control the rates,
direction, and chemical nature of charge-transfer reactions. This was in particular
true for transition metals which are catalysts for multielectron reactions in electro-
chemical systems. This situation is contrasted markedly with interfaces in ultrahigh
vacuum (UHYV), for which surface structural probes have been well established
since the late 1960s, enabling the use of metal surfaces that are well characterized
with respect to the geometry and to the chemical nature of the elements which
comprise the interface. As a consequence, the advent of techniques which offered
an ability to correlate surface chemical reactivity with atomic-level surface struc-
ture in vacuum placed UHV-based surface science, for the following two decades,
on a stronger microscopic-level footing than the corresponding metal surfaces in
electrochemical systems. This recognition has motivated the development of
“microscopic” experimental strategies applicable to electrochemical interfaces, and
the first structure-function relationships have begun to emerge for electrochemical
reactions since the late 1970s.

In an early work, determination of the surface structures in an electrochemical
environment was derived from ex situ UHV analysis of “emersed surfaces” [1, 2].
Although such ex situ methods are important, the relationship between the structure
of the interface in an electrolyte and that observed in UHV was examined carefully
on a case-by-case basis. However, the development of in situ surface-sensitive
probes in the mid-1980s, most notably synchrotron-based surface x-ray scattering
(SXS) [3-6] and scanning tunneling microscopy (STM) [7-9], has overcome this
“emersion gap” and provided information on potential-dependent surface structures
[10, 11]. The evolution of these two structural probes along with the development
of in situ vibrational spectroscopy, such as Fourier transformed infrared spectros-
copy (FTIR) [12], enabled the transformation of traditional electrochemistry from
a largely phenomenological subject into a discipline that addresses atomic/molecular-
level issues in a manner similar to what has been accomplished in UHV-based
surface science.

The aim of this chapter is to review our understanding of the fundamental pro-
cesses that yield improved electrocatalytic properties of bimetallic systems. Three
classes of bimetallic systems will be discussed: bulk alloys, surface alloys, and
overlayer(s) of one metal deposited on the surface of another. First, we describe
Pt,M (M=Ni, Co, Fe, Cr, V, and Ti) bulk alloys, where a detailed and rather com-
plete analysis of surface structure and composition has been determined by ex situ
and in situ surface-sensitive probes. Central to our approach to establish chemisorp-
tion and electrocatalytic trends on well-characterized surfaces are concepts of sur-
face segregation, relaxation, and reconstruction of near-surface atoms. For the
discussion on surface alloys, the emphasis is on Pd-Au, a system that highlights
the importance of surface segregation in controlling surface composition and sur-
face activity. For exploring adsorption and catalytic properties of submonolayer and
overlayer structures of one metal on the surface of another, we summarize the
results for Pd thin metal films deposited on Pt single-crystal surfaces. For all three
systems, we discuss electrocatalytic reactions related to the development of materials
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for the efficient conversion of chemical energy of hydrogen and oxygen in a
polymer electrolyte membrane fuel cell (PEMFC).

3.2 Bimetallic Surfaces

3.2.1 Preparation and UHV Characterization of Pt M
Bulk Alloys

Pt,M bulk alloys are prepared by conventional metallurgy, i.e., melting the elements
into an ingot followed by homogenization [11, 13]. These alloys are very interest-
ing from both a theoretical perspective (Pt and 3d elements have similar surface
energies, yet strong surface enrichment of Pt was observed in UHV [14-16]) and
because they represent the best catalysts for the oxygen reduction reaction (ORR).

Numerous UHV-based techniques have been used for the microscopic-level
characterization of Pt,M alloys [14—18]. Figure 3.1 is an example of a UHV-based
study of a Pt,Fe polycrystalline bulk alloy, which illustrates the kind of structure/
composition information attainable for such a system in UHV. For example, the
composition of the outermost surface layer is determined by analyzing low-energy
ion scattering (LEIS) data [19, 20]. LEIS results, summarized in Fig. 3.1a, show
that after mild sputtering of Pt,Fe the composition of the first layer is the same as
that in the bulk (75 at.% Pt); after annealing, however, the surface atomic layer is
pure Pt. In order to distinguish between the surface of bulk-terminated alloys and
annealed Pt.Fe alloy (see models in Fig. 3.1) the latter has been designated as the
Pt-skin structure [16, 21]. The enrichment of the surface in Pt occurs due to surface
segregation [11, 22], whereby one element is enriched at the surface relative to the
bulk. Surface enrichment in Pt and the formation of Pt-skin is also found for other
Pt,M alloys, emphasizing that surface segregation of Pt in the Pt,M is a ubiquitous
phenomenon.

This phenomenon is easily accounted for by the lower surface free energy of Pt
compared to 3d elements. In all these systems, the heat of mixing is small, and, the
heats of sublimation of the elements are not very different, so that the strain ener-
gies become determinant, i.e., the surface is enriched in the larger (Pt) atom. The
surface strain energy is minimized primarily by the exchange of atoms in the sec-
ond and the third layers. The first quantitative LEED studies of surface segregation
profiles were performed by Gauthier [14] on Pt Ni  and Pt Ni,, single-crystal
alloys. The authors found that the near-surface (i.e., first three atomic layers) region
exhibits an oscillation in composition.

The examination of surface properties of three low-index surfaces of Pt,Ni(hkl)
has also been pursued recently by a combination of low-energy electron diffraction
(LEED) and LEIS [23]. As summarized in Fig. 3.2, the Pt;Ni(111) surface exhibits
a (1 x 1) LEED pattern (Fig. 3.2d); the atomically less dense Pt,Ni(100) surface
shows a clear (1 x 5) reconstruction pattern (the so-called hex phase) in both the
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Fig. 3.1 UHV characterization of Pt.Fe alloy: (a) LEIS spectra during UHV treatment: annealed
and sputtered surfaces, (b) LEIS spectra (red) after electrochemical treatment reveals dissolution
of Fe atoms from the surface and formation of Pt-skeleton surface; (¢) UPS spectra; (d) The
d-band center position relative to the Fermi level from the valence band spectra measurements on
Pt,M alloy surfaces (red) and calculated values of d-band center position (blue); Schematic ball
models for the sputtered surface and Pt-skin are included to help visualize the structure and com-
position of Pt and M atoms in the near-surface regions. Reprinted with permission from [29],
copyright 2007 Nature Publishing Group

[011] and the [0T1] direction (Fig. 3.2¢). Analysis of the Pt Ni(110) (Fig. 3.2f)
indicates that this surface may exhibit a mixture of (1 x 1) and (1 x 2) periodicities,
the latter being known as the (1 x 2) missing row structure [24]. From the LEIS
spectra in Fig. 3.1b, it is apparent after a final anneal, the surface atomic layer of
all three Pt,Ni(/kl) crystals is pure Pt; they all form the Pt-skin structures.

In addition to the structure and surface composition of Pt bimetallic alloys,
another issue of comparable importance concerns evaluation of the electronic structure
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Fig. 3.2 Characterization of Pt,Ni(hkl) surfaces with: (a) Auger Electron Spectroscopy (AES);
(b) LEIS (revealed complete segregation of Pt for all three orientations and the formation of the
Pt-skin structure; (¢) UPS (confirmed that the position of d-band center is structure sensitive; (d-f)
LEED: the Pt,Ni(111) surface exhibits a (1 x 1) pattern, Pt;Ni(100) has a (1 x 5) reconstruct pattern,
and Pt,Ni(110) exhibits (1 x 2) periodicity. Reprinted with permission from [23], copyright 2007
by American Association for the Advancement of Science

of the Pt-skin and bulk-terminated surfaces. Of particular interest has been to
assess, either experimentally or theoretically, the position of the metal d-band density
of states (the d-band center). The body of work on the importance of the d-band
center in surface chemistry is too large to review in the context of this chapter (see
Chap. 12 by Nilsson and Pettersson and excellent reviews are provided by Hammer
and Norskov [25] and Greeley et al. [26, 27]).
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By utilizing synchrotron-based high-resolution ultraviolet photoemission
spectroscopy (UPS) [28], our group was the first to demonstrate that the elec-
tronic structure of an annealed polycrystalline Pt,M surface is quite different
from a sputtered polycrystalline Pt M surface, i.e., the position of the d-band
center shifts to lower binding energy on annealed surfaces [21], as illustrated in
Fig. 3.1c for Pt,Fe. Given that the same tendency was found for other Pt;M alloys
(Fig. 3.1d), it was concluded that, irrespective of the 3d element, the d-band cen-
ter of annealed surfaces is always down-shifted relative to a sputtered surface
[29]. It was also found that the relationship between the position of the d-band
center and the nature of the 3d element is linear, as shown in Fig. 3.1d. This
experimental result is in good agreement with the theoretically predicted varia-
tion in the surface d-band center of Pt(111) slabs containing subsurface 3d metals
[30, 31].

In the case of Pt,Ni(/kl) surfaces UPS results (Fig. 3.2) show that the d-band
density of states (DOS) shifts from -2.70 eV on Pt.Ni(110) to -3.10 eV on
Pt,Ni(111) to —3.14 eV on Pt,Ni(100). Furthermore, the DOS of the alloy surfaces
are quite different from corresponding pure Pt single crystals; the d-band center is
downshifted by approximately 0.16, 0.24, and 0.33 eV, respectively. We have had
six different single-crystal systems that could be studied specifically for the elusive
“electronic” effect in electrocatalysis.

3.2.2 Preparation and UHV Characterization of Surface
Alloys and Thin Metal Films

We have witnessed a tremendous growth in our understanding of chemical and
electronic properties of thin metal films supported on foreign metal substrates in the
last decade. Modern molecular (atomic) surface characterization techniques operat-
ing under UHV conditions have revealed that variations in interfacial bonding and
energetic constraints produced between monolayer metal films and their substrates
provide means for modifying the chemical properties of surfaces [25, 32-34].
A UHV-based method for preparing metal overlayers is the vapor deposition of one
metal onto a surface of the second metal followed by thermal annealing (a thermo-
dynamic driving force) to form variety of structures. Reviews on the surface struc-
tures have been presented first by Biberian and Somorjai [35], and later by Bardi
[36] and Campbell [37]. In general, depending on the miscibility of two metals,
either true metal overlayers or surface alloys can be prepared in UHV. If working
with metals that alloy, the metal overlayer can interdiffuse resulting in variety of
bimetallic structures; the two most common are a surface alloy and a single adlayer
in equilibrium with a dilute bulk alloy. While many different metals have been
studied as monolayer films in UHV [35, 38-42], in electrochemical studies only
thin metal films of Pd, Rh, and Pt have received significant attention [43-49]. For
our purposes here, we will focus on UHV preparation and characterization of Pd
adlayers on Au and Pt single-crystal substrates.



3 Catalysis at Bimetallic Electrochemical Interfaces 57

3.2.2.1 Surface Alloys of Pd-Au

An example of producing a surface alloy from two miscible metals such as Au and
Pd is shown in Fig. 3.3. In these experiments four monolayers (ML) of Pd were
vapor deposited on a Au(111) substrate. The LEIS results revealed that at liquid
nitrogen temperature (Fig. 3.3b) the Pd overlayer is rather stable, but at room tem-
perature a surface alloy forms spontaneously and Au can be resolved easily in LEIS
spectra (Fig. 3.3c). The enrichment of the Au on the surface is a consequence of
surface segregation, where the surface is enriched with the larger atom [50-53],

similar to the Pt;M alloys discussed earlier.

3.2.2.2 Pd Films on Pt

In contrast, using a combination of two immiscible metals or, working with metals
that only alloy at high temperature (Fig. 3.3b), it is possible to form true overlayer
systems. Depending on the surface energy and the size of the two metal atoms,
three modes of growth are possible: the layer-by-layer or Frank van der Merwe
(FM) pseudomorphic mode; the Stranski-Krastanov (SK) mode, whereby three-
dimensional crystalline island of deposited metal begins to aggregate after one or
more pseudomorphic monolayers form; the Volmer-Weber (VW) mode, whereby
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Fig. 3.3 Surface modification with Pd thin films by UHV vapor deposition: (Left) Gold surface
modified with Pd thin film: (a) Rotating disc electrode (RDE) polarization curves for electro-
chemical hydrogen oxidation reaction on pure Au(111), Au(111)-Pd (for different rpm ) and
Pt(111) surfaces [51]; (b) and (c) LEIS spectra of Au(111)-Pd surfaces after vapor deposition of
Pd in the amount that corresponds to four atomic monolayers. (Right) Platinum surface modified
with Pd thin film; (d) LEIS spectra of the Pt(111)-Pd surface with 65% of Pd and (e) LEIS spec-
tra of Pd monolayer on Pt(111) (red line) and pure Pt(111) (dashed line). (a) Reprinted with

permission from [51], copyright 2002 Elsevier
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3D islands grow starting at the lowest coverage. As might be expected based on
surface energy and the difference in atomic radius between Pd and Pt elements,
LEED and LEIS (Fig. 3.3) data reveal that Pd is deposited on Pt from sub-ML
coverage to three to five ML as a pseudomorphic layer(s) [54, 55]. In Sect. 3.2, a
gradual change in the surface coverage of Pd will be used to study the electronic
and structure effects in thin metal films and their influence on electrochemical
reactivity.

3.2.3 Characterization of Bimetallic Surfaces
in Electrochemical Environments

Interfaces in electrochemical environments can be studied by ex situ and in situ char-
acterization methods. Here, we focus on a few prominent contributions of these
methods to the characterization of the electrochemical interface of Pt,M bulk alloys
and Pd metal overlayers on Au(111) and Pt(111).

3.2.3.1 Ex Situ Characterization of Pt,M Polycrystalline Surfaces

The ex situ method, pioneered by Hubbard [1] and Ross [56], entails electrode
preparation in UHYV, clean transfer of the specimen from UHV into an electrochemi-
cal cell and transfer back to UHV for postelectrochemical reaction analysis. The
methodology was developed to study the stability of Pt-skin and 3d elements in sput-
tered surfaces. For this purpose, we restrict our analysis to the polycrystalline Pt.Fe
surface, which is discussed in Sect. 2.1. As summarized in Fig. 3.1b, LEIS spectra
indicate that after exposing this alloy to an electrochemical environment Fe surface
atoms dissolve from the near-surface layers leading to a first atomic layer composed
entirely of Pt [21]. For the remaining surface, which consists of only Pt atoms after
dissolution of the alloying component, we employ the term Pt-skeleton structure.
The conclusions drawn from these experiments are equally valid for all sputtered
Pt,M alloys; i.e., whenever 3d transition metal atoms are exposed to acidic environ-
ments, nonplatinum atoms dissolve leading to the formation of Pt-skeleton
surfaces.

In contrast to sputtered surfaces, UHV-annealed Pt3M surfaces are rather stable
in electrochemical experiments, implying that Pt-skin surfaces are structurally and
compositionally identical in both UHV and electrochemical environments. Although
the composition of the top most layer is the same (pure Pt) for both structures [21],
there are three key differences between the Pt-skin and Pt-skeleton surfaces: (1)
electronic properties are different for the two surfaces; i.e., for each Pt;M alloy the
corresponding Pt-skin surface has a larger d-band center shift from the Fermi level
than the sputtered surface; (2) Pt-skeleton is morphologically different than the
Pt-skin; i.e., the Pt surface atoms have a lower average coordination number; and
(3) the composition of the 3d element in the second layer of the skeleton surfaces
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is the same as in the bulk (25 at.%, consistent with Pt,M), while for the skin
structures, an oscillatory segregation profile is formed after annealing in UHV.
Thus, the Pt-skin and the Pt-skeleton structure have essentially identical surface
composition, but different near-surface composition, suggesting that it is possible
to study a pure segregation effect on the reactivity of the alloy surfaces.

3.2.3.2 In Situ Characterization of Pt,Ni(hkl) Single-Crystal Surfaces

Over the past ten years, we have witnessed a notable evolution in our ability to
extract atomic- and molecular-level structural information for in situ electro-
chemical interfaces. In the forefront of these developments, which collectively
have forged the new discipline of in situ electrochemical surface science, are SXS
and STM. These complementary in situ probes have enabled remarkably detailed
insight into the structure of ordered electrochemical interfaces. For the Pt bime-
tallic systems, a major contribution has been the development and utilization of
an in situ SXS technique [57-59]. We illustrate the importance of this technique,
by summarizing how crystal truncation rod (CTR) (i.e., linear regions in momen-
tum space normal to the surface) measurements of scattering aligned along the
surface normal in the Pt reciprocal space and pass through bulk Pt Bragg reflec-
tions) can be used for in situ characterization of Pt,Ni(hkl) surfaces in electro-
chemical environments. A review of the physics of CTR can be found elsewhere
[4, 57, 60, 61]. The results for Pt,Ni(111) are presented here, since they provide
the most useful information about potential-induced changes in the surface struc-
ture and segregation profile; a brief description of results for (110) and (100) can
be found elsewhere [23].

The first direct evidence that the Pt-skin structure can be transferred intact from
UHYV into an electrochemical environment was demonstrated by Lucas and cowork-
ers using in situ SXS [23]. Two important findings from these experiments are: (1)
between 0.05<E<1.0 V the surface structure of Pt,Ni(111) is the same as deter-
mined by LEED in UHV; and (2) the near-surface structure composition of the
Pt,Ni(111) alloy, obtained from anomalous x-ray scattering technique (in which the
incident x-ray energy is tuned to an atomic absorption edge of the element [23]),
shows oscillatory segregation profile (Fig. 3.4a’), the first layer is composed
entirely of Pt, while the second atomic layer is Ni-rich (52% of Ni compared to
25% in the bulk), and the third layer is again enriched in Pt (87%).

SXS was used to study the interaction of adsorbates with the Pt-skin structure
and to compare these results with Pt single-crystal surfaces (see Fig. 3.4a). A par-
ticularly insightful means of assessing metal-adsorbate interactions involves com-
parison of potential-dependent adsorbate coverages (E vs. ©  in Fig. 3.4c) data
with surface reconstruction. A notable published example of this approach
concerns the adsorption of hydrogen (H"+e‘=Hup ) and hydroxyls
(2H,0 = OH_,+H,0*+¢") in Fig. 3.4c, with the corresponding data for the expan-
sion of the topmost Pt,Ni(111)-skin surface atoms in Fig. 3.4a. The results are used
to establish how variations in adsorbate electrosorption energies for various metals



60 V.R. Stamenkovic and N.M. Markovic

E [V] vs. RHE
0.0 0.2 0.4 0.6 0.8 1.0

o Relative Expansion [

I
I
+
} J
7777777777 ‘7777_
| T
2 3 45 6 7 | } J
I

o ‘ f
Atomic layer |
§ 30f—- gNi(trryﬁj’ i Bt
2 } e : ]
=) A —ce=c= i e IR
o } //}" \{\\ :
a0l ) 2105 1 VRN i A
l I | | i |
wf I -
c .l | | —
=
=
s
=
@
0.0 0.2 0.4 0.6 0.8 1.0
E [V] vs. RHE

Fig. 3.4 Characterization of Pt,Ni(111) surface (red curves) compared to Pt(111) (blue curves):
(a) In situ SXS profiles (confirmed existence of (111)-skin structure as well as improved stability
over Pt(111) in designated potential range); (a”) Segregation profile (between 0.05 and 1.0 V; first
atomic layer: 100 at.%, second: 48 at.%, third: 82 at.% and fourth: 75 at.% of Pt); (b) Cyclic
voltammograms and (c) surface coverage by hydrogenated species and oxide species. Reprinted
with permission from [23], copyright 2007 by American Association for the Advancement of
Science

are related to changes in the metal d-band centers determined in UPS experiments.
Given that the fractional coverages of Hup ,and OH_, (@Hup ,and O, ) were reduced
by 50% on Pt,Ni(111) relative to Pt(111), it was proposed that metal—Hup J(OH, )
bonding is much weaker on the Pt-skin surface. We will further demonstrate the
metal-adsorbate interaction is important and essential to understanding the structure

sensitivity and electrocatalytic trends on metal surfaces.
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3.2.3.3 In Situ Characterization of Pd Thin Metal Films
on Au(111) and Pt(111)

The morphology of Pd overlayers in electrochemical environments has been
recently examined by in situ STM for Au(hkl)-Pd films [62, 63] and by a combina-
tion of FTIR and SXS for Pt(111)-Pd films [55, 64, 65]. For the former system, it
is surprising that the in situ study of the morphology of Pd films on Au(kkl) in an
electrochemical environment was possible, because UHV experiments revealed
that at room temperature the arrangement/composition of surface atoms changes
continuously due to the surface segregation of Au (Fig. 3.3). In contrast to pub-
lished results, the preliminary in situ SXS studies by Lucas confirmed UHV obser-
vations (Fig. 3.3) that the Au(hkl)-Pd system never reached structural/compositional
equilibrium.

In contrast, SXS measurements demonstrated that Pd overlayers on Pt(hkl) are
stable over a wide range of potential. The results for Pd overlayers on the Pt(111),
summarized in Fig. 3.4c, show that in the sub-ML Pd coverage regime, Pd films are
pseudomorphic, whereby Pd atoms occupy commensurate Pt sites. For Pd coverage
beyond 1 ML, however, Pd deposition on Pt(111) follows Stranski-Krastanov
growth [65]. These films were rather stable between the hydrogen evolution and the
oxide formation potential region, with evidence for the absorption of hydrogen into
the 3D Pd lattice (formation of adislands with ©,,>1 ML) [65] (Fig. 3.5).

The adsorption of CO (and the location of the adsorbed infrared peaks) was used
to characterize whether the Pd adlayer (in the sub-ML regime) coalesces into large
islands or is dispersed on the surface as a small clusters [66, 67]. For example on
Pt(111)-0.5 ML Pd surface (see Fig. 3.5b (n<1)), three different CO stretching
bands were observed: two characteristic for Pt-CO (~1730 cm™' for bridged-bonded
CO and ~2065 cm™! for atop CO) and one characteristic for pure Pd-CO (1870 cm™).
Based on these observations it was concluded that Pd atoms cluster into islands and
Pt and Pd behave in accordance to their independent surface chemistry [67].
Importantly, a gradual change in @, (Fig. 3.5d) led to systematic change in the
adsorption of HulDd (Fig. 3.5a); (1) from a single sharp peak for 0< &, <1 ML and
two peaks for ©,,>1 ML ; and (2) a monotonic increase in @H,up , from 2/3 ML on
pure Pt(111) to 1 ML on a Pt(111) surface covered by Pd (0, = 1).

3.3 Electrocatalysis on Well-Characterized Bimetallic Surfaces

The term electrocatalysis was coined by Kobosev and Monblanova at the beginning
of the 1930s [68]. However, it has been only in the last 30 years or so that this
terminology has been commonly employed to describe the study of electrode pro-
cesses where charge-transfer reactions have a strong dependence on the nature of
the electrode material [69, 70]. Virtually every electrochemical reaction where
chemical bonds are broken or formed is electrocatalytic, and the kinetics can vary
by orders of magnitude for different electrode materials [13]. This is true even for
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Fig. 3.5 Surface modification of Pt(111) with Pd thin films by UHV vapor deposition for differ-
ent amount of Pd, where n corresponds to the number of Pd monolayers [65]: (a) cyclic voltam-
metries in 0.05 M H,SO,, (b) infrared spectra of CO adsorbed on different surfaces recorded in an
electrochemical cell at 0.05 V; (¢) SXS spectra recorded in situ in an electrochemical cell at
0.05 V and (d) ball models of Pt(111) surfaces (gray) modified with Pd thin films (blue).
Reprinted with permission from [65]. Copyright 2002 Elsevier

the simplest bond-breaking electrochemical reaction, the hydrogen evolution/
oxidation reaction (HER/HOR) and for more complex reactions such as the oxygen
reduction reaction (ORR), and for bimolecular reactions such as the oxidation of
carbon monoxide. The kinetics of electrochemical reactions involving either inor-
ganic or organic compounds is governed by the same electrocatalytic law: the reac-
tion rate passes through a maximum for metals which adsorb reaction intermediates
moderately (the kinetics are slow on metals which adsorb intermediates either too
strongly or weakly). This is a statement of Sabatier’s Principle. The establishment
of more quantitative relationships between the energetics of intermediates and the rate
of electrochemical reaction is somewhat difficult owing in part to the absence of
directly measured values for the surface-intermediate bond energy, and because an
electrocatalytic reaction occurs on an electrode surface modified by the adsorption
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of “spectator” (specifically adsorbed anions, Hup . and OH_ ) species rather than on
clean metal surfaces.

The aim of this section is to summarize recent developments in electrocatalysis
on well-defined bimetallic surfaces whose structure and surface chemistry was
described in previous sections. The results are selected primarily from the authors’
laboratory and will illustrate the remarkable insight into the effect of bimetallic
electrode structure on the kinetics of the HER/HOR and the ORR.

3.3.1 Oxygen Reduction Reaction on Pt M

A hydrogen-based energy economy will become a reality only if a number of
challenging problems are solved. Three of the most significant problems are
emphasized. First, the significant overpotential of the ORR (or the cathodic half-
cell reaction in the hydrogen-air PEMFC) reduces the thermal efficiency well
below its thermodynamic limit. Second, an approximately fivefold reduction of the
amount of Pt in current PEMFC stacks is needed to meet cost requirements for
large-scale automotive applications. Finally, the dissolution and/or loss of Pt sur-
face area in the cathode must be greatly reduced. To overcome these limitations and
to make hydrogen a viable renewable energy source, a catalyst more effective than
Pt for the ORR is needed.

The ORR is a multielectron reaction that may include a number of elementary
steps involving different reaction intermediates. The detailed mechanism is still not
known, since neither ex situ nor in situ techniques are capable of identifying all reaction
intermediates formed under genuine reaction conditions exist. Of the various possi-
bilities [13], it has been proposed that on metal surfaces the most plausible reaction
pathway for the ORR in both alkaline and acidic electrolytes can be described by the
so-called serial reaction pathway (Scheme 3.1) where after the transfer of two
electrons and (simultaneous) fast protonation of superoxo/peroxo radicals (not
included in the reaction scheme), O, is reduced to H,O, (with rate constant k).

kZ k3 M
02 > 03,4 €— H30;,4 >H,0

e

H,0,

Scheme 3.1 Serial reaction pathway for oxygen reduction reaction

Depending on the nature of electrode materials as well as the surface coverage
by spectator adsorbates [71], H,O, will either desorb from the surface (with rate
constant k,), or it can be further reduced to water (with rate constant k). Based on
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this reaction scheme, it has been suggested by our group [13] that the rate of the
reaction (i [mA/cm?]) at constant potential (E) can be described as a simple relation-
ship between the availability of active metal sites for O—O bond making and bond
breaking (represented by a 1 - @  term in a rate expression) and the energetic term
(AG, = AG, +yAG,©,,) which is a reflection of the energy of adsorption of O, and
reaction intermediates and how this energy is modified by @,  [13]:

a

i=K(1-y0,)" exp(_lliI;E)exp(_J;?ad ) 3.1

where i is the observed current, K represents a lumped constant, @a | is the total
surface coverage of spectator species, x is the order of activity of metal sites, y is
the number of metal sites blocked by spectator species, E is the applied potential,
B and vy are the symmetry factors, and r (the Frumkin or Temkin parameter) is a
parameter characterizing the rate of change of the free energy of adsorption of the
reaction intermediate with the surface coverage by (all) adsorbing species. This
derivation assumes that the reactive intermediates (O,) , and (OH") , are adsorbed
only at low coverage (they are not a significant part of @, ) as confirmed recently
by Strmcnik et al. [72]. All these factors are uniquely related to the electronic prop-
erties of the electrode material and the nature of electrolyte used, either through the
adsorption energy of reaction intermediates, which is controlled by the position of
the d-band center or through the potential of zero charge (pzc) [71], which defines
the onset potential of adsorption of spectator species [71].

There has been a significant effort over the past two decades to improve the ORR
activity of Pt by alloying it with other metals in order to reduce the voltage loss on
the cathode side. A series of binary Pt-based nanoparticle alloys supported on carbon
produced a factor of 3-5 increase in the kinetics of the ORR [73, 74] relative to a
supported monometallic Pt catalyst. However, in studies involving nanoparticles, it
is difficult to separate the contribution of alloying on the reactivity from the contri-
butions of other structural factors, such as particle size, shape, composition, surface
structure, and the distribution of elements within the particles [74—76]. Such param-
eters are often poorly characterized and can vary substantially within a given study,
thus precluding the identification of a true alloying effect. Therefore, one of the
principal objectives in contemporary surface chemistry is to develop a detailed
fundamental understanding of the factors that influence electrocatalytic activity.
To this end, the determination of electrocatalytic trends across the periodic table is
crucial. Here we briefly summarize some of those trends at the Pt,M-electrolyte
interfaces characterized in Sect. 2.1.

Figure 3.6 demonstrates on both the Pt-skin as well as Pt-skeleton surfaces the
relationship between the specific activity and the d-band center position exhibits a
volcano shape, with the maximum catalytic activity obtained for Pt,Co. This behavior
is apparently a consequence of the Sabatier principle discussed earlier, and
published in many recent studies [77, 78]. For metal surfaces that bind oxygen too
strongly, as in the case of Pt, the d-band center is too close to the Fermi level
and the rate of the ORR is limited by the availability of “spectator-free” Pt sites.
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Fig. 3.6 Relationships between the catalytic properties and electronic structure of Pt;M alloys
[29, 31]: (a-b) Specific activity (at 0.9 V) for the ORR on Pt,M surfaces in 0.1 M HCIO, at 333 K
vs. experimentally measured d-band center positions for the Pt-skin and Pt-skeleton surfaces; (c)
The activity calculated from DFT vs. calculated d-band center for the Pt-skin slabs. (a-b)
Reprinted from [29], Fig. 4

It is well established that the most common spectators are Hup " OHEl » and anions
from the electrolytes.

If the d-band center is too far from the Fermi level, as in the case of PtV and
PtBTi, the intermediates and O2 bind too weakly to the surface. For the Pt.M
systems, the experimental results (summarized in Fig. 3.6a) and componential
screening of the same binary alloys (Fig. 3.6¢c) converge to the same optimal Pt to
3d ratio (e.g., Pt;M) and the identity of the 3d element (e.g., Co or Ni). While it is
tempting to conclude that the rationale for the variation in activity depends exclu-
sively on the position of the metal d-states relative to the Fermi level, Fig. 3.6
clearly shows that for a similar position of the d-band center, a different activity is
obtained on Pt-skin and Pt-skeleton surfaces. The relationships between the elec-
trocatalytic activity of the ORR and the d-band center position were also recently
demonstrated by Adzic and Mavrikakis [77, 78].

The use of single-crystal alloy surfaces enables the correlation of surface structure
with chemical activity with an unprecedented level of resolution thereby facilitating
the development of a fundamental understanding of electrocatalytic activity and the
design of improved electrocatalytic materials. The first examples of the power of
these single-crystal studies are beginning to appear; one such example is illustrated
in a very recent work for the ORR on Pt,Ni single-crystal alloy surfaces [23]. This
system is unique, considering that during the ORR the arrangement of surface
atoms, the segregation oscillatory profile, and the surface coverage by oxygenated
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Fig. 3.7 Influence of Pt-skin structures on the ORR kinetics. For comparison the values for the
ORR on Pt(hkl) are also included. Reprinted with permission from [23], copyright 2007 by
American Association for the Advancement of Science

species remain unchanged as determined in SXS experiments (see sections above).
Consequently, this system offers the ability to correlate ORR activity with the
atomic-level surface structure of Pt,Ni alloys. We demonstrate later, such structure-
function relationships ultimately form the basis for the predictive ability in tailoring
bimetallic surfaces with desirable catalytic properties for the ORR.

Figure 3.7 summarizes several important findings about the ORR on Pt,Ni(hkl)
and Pt(hkl) surfaces. The ORR is structure sensitive on Pt(hkl) with activity increas-
ing in the order Pt(100)<<Pt(111)<Pt(110) as well as on PtNi(hkl); e.g.,
Pt,Ni(100)-skin <Pt,Ni(110)-skin <<<Pt,Ni(111)-skin. For both systems these
differences in catalytic activity have been attributed to the structure-sensitive
adsorption of OH_; and its inhibiting (site blocking) effect on O, adsorption,
i.e., the (1-6,, ) termin (3.1) for the ORR.

For the same arrangement of the topmost layer, the same surface atomic density,
and the same surface composition (100% Pt), but a difference in electronic structure
(|Ad[“”| =0.33 eV), the ORR is enhanced by factor of 10 on Pt(111)-skin relative
to Pt(111). The rationale for this unprecedented increase in catalytic activity can be
found in Fig. 3.4a, which shows that at the same potential O, , is attenuated sub-
stantially on Pt-skin and as a consequence, the increased availability of Pt metal
sites for O, adsorption results in an increased ORR rate. We point out to gas-phase
surface scientists less familiar with electrocatalysis, that the properties which set
electrochemical interfaces apart from the same interface in UHV environments are
the potential-dependent nature of the metal-adsorbate interaction and the adsorption
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of spectator species in the absence of the “fuel” are ubiquitous and an extremely
important phenomena in surface electrochemistry.

Another intriguing aspect of the results in Fig. 3.7 is the observation that
although the difference in d-band centers between the (111) and (100) faces is neg-
ligible, the activity of the former surface is tenfold higher than the corresponding
(100) surface [23]. This implies the d-band center itself may not be sufficient to
explain all of the details of the catalysis of fuel cell reactions. Very recently, we
have argued that the pzc [71] is an equally important parameter in electrocatalysis
and should be considered. The Pt,Ni(111)-skin surface exhibits the highest catalytic
activity ever measured; the challenge is to create a nanocatalyst (i.e., nanoparticle-
based catalyst) with electronic and morphological properties that mimic an
extended Pt,Ni(111) surface. In the future, therefore, a way to reduce the Pt specific
power density in fuel cells (~1.0 g,/kW) without a loss in cell voltage, while main-
taining the maximum power density, may be accomplished with PtNi(111)-
skin-like nanocatalysts.

3.3.2 Hydrogen Oxidation Reaction on Au(111)-Pd
and Pt(111)-Pd Overlayers

The intrinsic kinetic rate of the hydrogen oxidation reaction (HOR), termed the
exchange current density, i, is defined as the rate at which the reaction proceeds at
equilibrium (zero net current) potential. A breakthrough with regard to the relation-
ship between log i, and physical properties of the electrode substrates was achieved
when Parsons [79], Gerischer [80], and Trassatti [81, 82] independently established
that the general form of the relationship between log i; and the Gibbs energy of
adsorbed hydrogen (AG;,,) is a “volcano” shape. A review of this topic has
appeared recently [83].

The mechanism for the HOR on a platinum electrode [84, 85] is usually
assumed to proceed by the adsorption of molecular hydrogen, which involves
either dissociation into atoms (H, —*— 2H,, ), or into an ion and atom
(H, —=—>H"+ H,, +e"), followed by a fast charge-transfer step (H, , <> H" +¢7),
where the overpotential deposited hydrogen H_, is an active intermediate, e.g., it is
different from the spectator Hup . [831.

Theoretical studies of the dissociative adsorption of H, on transition metals sug-
gest that electron transfer from the metal into the " antibonding orbital of the H,
molecule plays an important role in the breaking of the H-H bond by lowering the
activation energy for bond breaking. Transition metals, such as pure Pd, are good
electron donors, and dissociation of H, on these surfaces occurs readily at room
temperature. In contrast, at room temperature no dissociation of H, is observed on
the Re(0001)-Pd, and Nb(110)-Pd overlayer systems because the charge transfer
from the Pd overlayer to the substrate causes the local d-band on Pd to shift down
[32]. The development of theoretical methods to describe and understand adsorption
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on thin metal films has paralleled experimental developments. A number of
concepts have been introduced to describe both “electronic” and “‘geometrical”
effects in gas-phase catalysis on ultrathin metal films [25, 86]. In general, the
results indicate a clear correlation between the d-band center of the overlayer metal
atoms and the chemisorption energy of adsorbates [34].

The adsorption and catalytic properties of Pd films supported on single-crystal
metal surfaces have received attention in surface electrochemistry. As depicted in
Fig. 3.3a electrochemical oxidation of hydrogen on a Au(111)-Pd surface clearly
revealed that this surface exhibits significant activity, while a pure gold surface is
completely inactive [51]. Considering that the amount of Pd on Au(111) is fairly
small, this example highlights the importance of the surface and near-surface
composition as well as the ability to tune catalytic activity by changing the surface
constituents.

The HOR on Pt(111) modified by pseudomorphic Pd film exhibits, depending
on the surface coverage of Pd, responses ranging from enhancement (in acid and
especially in alkaline solutions) (6,, < 1 ML) to deactivation in both electrolytes
(6,,> 1 ML). Figure 3.8 reveals that the general form of i vs. ©,, relationship has
a volcano shape, with the maximum catalytic activity exhibited by the Pt(111)
surface modified with @, = 1. Similar to the discussion for HER/HOR on Pt(hkl),
it has been suggested the key to elucidating the activity of the Pt(111)-Pd surfaces
involves understanding the role of the spectator Hupd species and how this state
influences the formation of the active intermediate H_ . This relationship is quite
complex and more information (both experimental and theoretical) is required for
a complete understanding of the volcano shape (Fig. 3.8).

®Pd:1ML

Pt(111)-Pd
0.05M H,SO,

04

0 05 1.0 15 20 25 3.0
Opg/ML

Fig. 3.8 Thin metal films of Pd on Pt(111): activity of hydrogen oxidation reaction for different
coverage of Pd
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However, the fact that on Pt(111)-Pd surface a full monolayer of adsorbed Hup |
can form suggests the Pd-H,_, interaction is stronger than the Pt-H_, interaction.
Consequently, some fraction of the Hup , might sit in threefold hollow sites, and thus
be more inward the surface than on the surface and thus allowing the adsorption of
H_, on adjacent free Pd top-sites. However, when the Pd coverage exceeds 1 ML,
the catalytic activity decreased linearly (Fig. 3.8) and a surface covered by 3 ML
Pd is even less active than unmodified Pt(111). To explain the change in reactivity,
Arenz et al. postulated a change in the H binding energy on the Pt(111)-Pd surface
is induced by the absorption of hydrogen into the 3D Pd bulk phase [13, 87]. The
systematic change of @, alters electronic properties of the Pt-Pd surfaces that
induce special adsorption properties of spectator species and active intermediates,
and consequently unique catalytic properties of the bimetallic surfaces.

3.4 Summary

The examples summarized in the chapter were chosen to demonstrate the emer-
gence of in situ electrochemical surface science and its parallels with traditional
UHV-based surface science. Even though we emphasize a strong link between
metal surface phenomena in vacuum and electrochemical environments, there are
substantial differences between these two environments; the presence of spectator
species from supporting electrolyte on electrodes, even in the absence of the “fuel,”
sets the electrochemical interface apart from the same interface in UHV environ-
ments. This phenomenon drives the kinetics of electrochemical reactions by con-
trolling the number of active sites. Our examples reveal the surface science of
electrocatalysis on bimetallic surfaces is still in its infancy, but we can recognize
electrocatalytic trends that form the basis for the predictive ability to tailor active
sites with desirable reactivity.

In the future, there are the number of challenges that need to be overcome in
order to develop new bi(multi)metallic materials that meet the demanding perfor-
mance requirements under the extreme conditions of an electrochemical cell (high
voltage, temperatures, and corrosive environment). One of the most significant
challenges involves understanding the fundamental, molecular-level, processes
associated with O-O, H-H, O-H, and C—H bond-making and bond-breaking events
at inherently multicomponent electrochemical interfaces. To date, experimental
tools and theory have not adequately addressed the complexity of multielectron
reactions and the formation of short-lived reaction intermediates. Therefore, there
is a need to connect physicochemical properties of well-defined to nanoscale sur-
faces in order to understand and control the unique properties of metal-electrolyte
electrified interfaces that could provide the basis for advancements in the real-
world electrocatalysts.
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Chapter 4
Enantioselectivity on Naturally Chiral Metal
Surfaces

Andrew J. Gellman

Abstract Enantioselective heterogeneous catalysis requires surfaces with
structures that are chiral at the atomic level. It is possible to obtain naturally chiral
surfaces from crystalline inorganic materials with chiral bulk structures. It is also
possible to create naturally chiral surfaces from achiral materials by exposing
surfaces that have atomic structures with no mirror symmetry planes oriented per-
pendicular to the surface. Over the past decade there have been a number of experi-
mental and theoretical demonstrations of the enantiospecific physical phenomena
and surface chemistry that arise from the adsorption of chiral organic compounds
on the naturally chiral, high Miller index places of metals.

4.1 Chirality and Enantioselectivity

Chirality is a geometric property of objects, molecules, and crystals with structures
that lack mirror symmetry. In more familiar terms, a chiral object is nonsuperim-
posable on its mirror image in exactly the same way that the left and right hands
are nonsuperimposable. The two nonsuperimposable mirror images of a chiral
object are referred to as enantiomers. Figure 4.1 illustrates the chirality of the
molecular structures of the two enantiomers of an amino acid. Bulk crystal struc-
tures and the atomic structures of crystal surfaces can also be chiral, as illustrated
in Fig. 4.1 by the two enantiomers of a high Miller index surface of a face centered
cubic (fcc) crystal. Just as the left and right hands interact differently with the left
(or right) enantiomer of a glove, the two enantiomers of a chiral molecule interact
differently with the left (or right) enantiomer of a chiral surface. These enantiospe-
cific interactions result in enantioselective surface chemistry, the subject of this
chapter.
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(643)S  (643)R

Fig. 4.1 The two mirror images of an amino acid and the two mirror images of a high Miller
index, (643), surface of a face centered cubic metal. The pairs are both nonsuperimposable and,
therefore, they are the two enantiomers of chiral structures

The importance of chirality arises from the fact that the structures of most
biomolecules are sufficiently complex that they are chiral. Proteins and enzymes
are chiral because the amino acids of which they are formed are all chiral. DNA has
a helical primary structure that is intrinsically chiral. The isolated enantiomers of a
chiral molecule have identical physical and chemical properties and identical ener-
gies. Under most conditions the synthesis of such molecules will result in the for-
mation of a racemic (equimolar) mixture of the two enantiomers. However, life on
Earth has evolved such that biomolecules exist in only one of their two possible
enantiomeric forms. For example, the naturally occurring amino acids are all of
the L-form and naturally occurring DNA is always found as a right-handed helix.
A consequence of the homochirality of Nature is that living organisms exhibit dif-
ferent physiological responses to the left- and right-handed enantiomers of a chiral
compound such as a pharmaceutical. This is because the left- and right-handed
enantiomers of the compound have very different chemical interactions with the
naturally occurring, homochiral proteins and enzymes which are all based on
L-amino acids. The consequences can be dire; while one enantiomer of a pharma-
ceutical may be therapeutic, the other can be toxic. Synthetically produced bioac-
tive compounds of all types must, therefore, be produced in enantiomerically pure
form through the use of enantioselective chemical processes.

The development of enantioselective chemical processes is critical to the prepara-
tion of enantiomerically pure bioactive compounds. Roughly 75% of small molecule
pharmaceuticals are marketed in enantiomerically pure form [1]. Enantioselective
chemical processes require the use of chiral media that drive chemical reactions
kinetically to produce one of two enantiomers selectively. Many such enantioselective
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chemical processes could involve the use of chiral surfaces: for example, an
enantioselective catalytic process based on the use of a catalyst with a chiral atomic
structure. Alternatively, enantioselective separation of the two enantiomers of a
racemic mixture can be achieved by enantioselective adsorption onto a chiral sur-
face. The body of work on enantioselective heterogeneous catalysis has been
reviewed very recently by Mallat et al. [2]. The most widely studied reactions have
been the hydrogenation of a- and B-ketoesters to chiral alcohols over cinchondine
modified Pt and tartaric acid modified Ni catalysts, respectively. These are examples
of organically templated catalysts. Quartz, which has a naturally chiral bulk struc-
ture, can also be used to initiate enantioselective reactions [3]. While there are a
variety of methods employed in the pharmaceutical industry for the production of
enantiomerically pure compounds, there is plenty of room for improvement and
there are many types of reactions that cannot yet be catalyzed enantioselectively. As
a result, racemic mixtures of products must be separated into their enantiomerically
pure components. Perhaps the most well-developed use of chiral surfaces for enanti-
oselective chemical processing is the chromatographic separation of racemic mix-
tures using chiral stationary phases [4, 5]. While many enantioselective processes
have been developed, the development of enantioselective heterogeneous catalysts
remains a challenge because little is known about the mechanisms by which chiral
surface structures impart enantioselectivity to a surface reaction.

There are a number of homogeneous catalysts that are enantioselective, how-
ever, in many applications heterogeneous catalysis has several intrinsic merits over
homogeneous catalysis [2]. One of the motivations for developing enantioselective
heterogeneous catalysts is the fact that the heterogeneous catalyst is readily sepa-
rated from the reaction products and if the product is of sufficient enantiomeric
purity, it does not require further purification. Success in developing improved
enantioselective catalysts depends on an improved understanding of the origin of
enantiospecific interactions of chiral compounds with chiral surfaces. Perhaps the
simplest and most thoroughly characterized of all chiral surfaces are the naturally
chiral surfaces of metals. The scope of this chapter is the study of enantiospecific
adsorption on such natural chiral surfaces of metals. The discussion covers our cur-
rent understanding of the chiral structure of these surfaces, the enantiospecific
interactions of chiral adsorbates with such surfaces, the challenges that remain in
trying to understand the origins of their enantioselectivity and the challenges to
their use in practical applications.

4.2 Chiral Surfaces

Broadly speaking, there are two types of chiral surfaces; those that are templated
[2] and those that are naturally chiral. The most commonly used and studied chiral
surfaces are those that are templated with chiral organic ligands. These are achiral
substrates of any solid that have been modified by the adsorption of a chiral organic
compound. The presence of the chiral ligand renders the local structure chiral, and
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if the ligand itself forms an ordered array on the substrate surface it can also impart
long range, two dimensional order to the surface. Chiral molecules adsorbing and
reacting on the modified surface do so in a chiral environment and, therefore, inter-
act with the surface enantiospecifically. Reactions on such surfaces can be enanti-
oselective if they involve either chiral reactants or chiral products. Most of the
enantioselective heterogeneous catalytic chemistry reviewed by Mallat et al. occurs
on surfaces that fall into the category of templated chiral surfaces [2]. Most of the
work reviewed in the chapter in this book by Raval (see Chapter 5) describes the
properties of templated chiral surfaces. Finally, many of the stationary phases used
for chiral chromatographic separations are templated chiral surfaces [4, 5]. One
advantage of templated chiral surfaces over naturally chiral surfaces is that they can
be created using the broad spectrum of chemical functionality that can be found
among enantiomerically pure chiral organic compounds. A second advantage is that
templated chiral surfaces can be produced in high surface area forms simply by
starting with high surface area substrates and tethering chiral organic ligands to
their surfaces.

The second category of chiral surface includes those that are naturally chiral.
These are surfaces of crystalline materials that have been cleaved to expose surfaces
with atomic structures that have no mirror symmetry. In other words, if the bulk
crystal lattice contains mirror planes, these are the surfaces whose normals do not
lie in one of those mirror planes. As a trivial example, consider a crystal of an
enantiomerically pure chiral organic molecule. The crystal structure itself must be
chiral and any surface exposed by cleaving the crystal must also be chiral.
Alternatively, there are many inorganic compounds whose bulk crystal structures
are chiral. The most common is quartz, the crystalline form of SiO,. The Si atoms
in the bulk structure of quartz are tetrahedrally coordinated to four oxygen atoms
and the tetrahedral units are linked at their corners to form a helical structure. The
left- and right-handed versions of these helical structures form the two enantiomers
of bulk quartz. As a result of its bulk structure, the surfaces of quartz are also chiral.
Figure 4.2 shows the (100) surface of quartz and outlines the surface unit cell and
the locations of the terminal oxygen atoms of the SiO,(100) surface. The positions
of the terminal oxygen atoms — marked by an X in Fig. 4.2 — within the unit cell
reveal that it has no mirror plane symmetry and thus, is chiral. There are many such
chiral minerals [6] which expose naturally chiral surfaces and there have been a
number of studies of their enantiospecific properties [7, 8].

Naturally chiral surfaces can be created from achiral crystalline materials. The
bulk structures of many crystalline materials such as metals are highly symmetric,
contain one or more mirror symmetry elements and thus, are not chiral. Although
it may seem counterintuitive, such achiral bulk structures can, nonetheless, expose
surfaces with chiral atomic structures. These are planes whose normals do not lie
in one of the bulk mirror planes. The classification of the symmetry of surfaces
of a variety of bulk crystal structures has recently been reviewed by Jenkins
et al. and they have identified all planes in those crystal structures that are chiral
[9, 10]. As a simple example consider the two surfaces illustrated in Fig. 4.1. These
are the two enantiomers of the (643) surfaces of a face centered cubic lattice.
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Fig. 4.2 The (100) surface of quartz. The X’s mark the terminal oxygen atoms of the SiO, structure.
The unit cell is rectangular (achiral), but its atomic structure clearly lacks mirror symmetry rendering
it chiral

In this crystal lattice system, all surfaces with Miller indices, (hkl), satisfying the
conditions h x k x l and h# k#1# h are chiral [11]. Although such high Miller
index surfaces have been studied for decades, it was not until recently that
McFadden et al. specifically pointed out and demonstrated that their low symmetry
structures render them chiral and, therefore, that they might have enantiospecific
interactions with chiral adsorbates [12]. There has been a growing interest in the
enantiospecific properties of naturally chiral metal surfaces and in the possibility of
using such surfaces for enantioselective chemical processes.

Naturally chiral surfaces have a number of potential advantages for practical
applications over the organically templated surfaces. As they are inorganic materi-
als, they tend to have significantly higher thermal stabilities than organic materials.
Chiral metal surfaces retain their chiral structure after heating to temperatures in
excess of 1,000 K and it is quite possible that chiral ceramic materials can retain
their chiral surface structure to significantly higher temperatures. Moreover, many
of the ceramic materials are chemically stable in environments in which organically
templated surfaces would degrade. Finally, naturally chiral metal surfaces can, in
principle, catalyze a variety of reactions. At this point in time, the use of templated
chiral surfaces is far more widespread than the use of naturally chiral surfaces and,
similarly, a great deal more is known about the templated chiral surfaces. This
chapter reviews our current understanding of the enantioselectivity of naturally
chiral metal surfaces.
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4.3 Structure of Naturally Chiral Metal Surfaces

From the perspective of an adsorbed molecule, chirality and enantiospecificity
are dictated by the local arrangement of surface atoms around an adsorption site.
In the case of the chiral surfaces of a fcc metal, this can be understood by examining
the local structure of atoms around a kink site on the surface. Figure 4.3 illustrates
the kink site on a fcc(643) surface; this is an expanded image of one of the surfaces
shown in Fig. 4.1. In the terminology developed by van Hove and Somorjai, one
can consider this surface to have three basic structural elements: a terrace, a straight
step edge, and a kink [13]. Furthermore, one can consider these structural elements
to be formed by low Miller index microfacets of the face centered cubic lattice: the
terrace is a (111) microfacet; the step edge is a (100) microfacet; and the kink is
a (110) microfacet. The chirality of this surface is revealed by the fact that there is a
counterclockwise sense of rotational orientation as one goes from the (111) micro-
facet to the (100) microfacet to the (110) microfacet. Using the notation suggested
by Attard et al., this is the (643)S surface [14, 15]. On the (643)® surface, the sense
of rotational orientation among these three microfacets is clockwise and the two
surfaces are nonsuperimposable.

The stereographic projection or stereographic triangle shown in Fig. 4.4 serves
as a visual framework for considering all the surfaces that can be cleaved from a
face centered cubic lattice. All points in or on the stereographic triangle uniquely

Fig. 4.3 The local structure around a kink site on the fcc(643)° surface. The terrace is a (111)
microfacet; the straight step edge a (100) microfacet; and the kink a (110) microfacet. The three
low Miller index microfacets have a counterclockwise sense of rotation from the perspective of an
adsorbed molecule above the surface. Thus the local structure is chiral
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Fig. 4.4 The triangular stereographic projection used to enumerate all possible surfaces that can
be formed by cleavage of an fcc bulk structure. All points in or on the stereographic triangle
uniquely represent one of all possible surfaces. The points at the vertices are the high symmetry,
low Miller index planes. The points on the edges of the triangle have straight steps with mirror
symmetry planes oriented perpendicular to the surface and perpendicular to the direction of the
step edge. The interior of the stereographic triangle represents all the high Miller index surfaces
which lack mirror symmetry and thus, are chiral. The interior of the stereographic triangle is
divided into six zones distinguished by which of the (111), (100), or (110) microfacets form the
terrace, step, or kink

represent one of the possible surfaces that can be cleaved from a face centered cubic
lattice. All surfaces represented by points in the interior of the stereographic trian-
gle have structures that lack mirror symmetry and thus, are chiral. Equivalently, the
bulk mirror planes form the edges of the stereographic triangle and thus, the sur-
faces represented by points on the edges of the triangle cannot be chiral. Using the
microfacet concept mentioned above, one can consider all chiral surfaces to fall
into one of six zones illustrated on the stereographic triangle [13]. These zones are
distinguished by which of the three low Miller index microfacets form the terrace,
the step, or the kink. All of the surfaces within each zone have the same microfacet
structure around their kinks. Different surfaces within each zone are simply distin-
guished by the widths of their terraces or the lengths of their straight step edges.
The surfaces represented by points along the lines separating the zones of the ste-
reographic triangle are chiral but cannot be classified as having a simple terrace-
step-kink structure because the lengths of both the step and the kink are one atomic
spacing and thus indistinguishable on the basis of length. These features are none-
theless formed by different microfacets and therefore these surfaces are chiral.
The convention used to classify the handedness of the naturally chiral surfaces
is based on the relative sense of rotation among the (111), (100), and (110) micro-
facets. Because all surfaces within the portion of the stereographic projection
shown in Fig. 4.4 have the same relative sense of counterclockwise rotational
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orientation among the three exposed microfacets, they are all denoted (hkl)S. The
stereographic triangle formed by taking the mirror image of this triangle through
the line from (100) to (110), represents all those surfaces with structures denoted
(hkD)R. The convention for this nomenclature was first proposed by Attard et al. and
will be used in this chapter [14, 15]. This convention determines the sense of rota-
tion by the direction taken going from highest atomic density to medium density to
lowest density microfacets: (111) to (100) to (110). Jenkins et al. have examined
the surfaces exposed by cleavage of a more general set of bulk structures and sug-
gest that the convention should be based on the direction taken from the lowest
symmetry to the medium symmetry to the highest symmetry microfacet: (110) to
(111) to (100) [9, 10]. They suggest that the surfaces with counterclockwise sense
of rotation be labeled (hkl)-L and those with the clockwise sense of rotation be
labeled (hkl)-D.

The chiral surface structures just described are the ideal structures that one
would get by cleaving a metal single crystal in the absence of any surface relaxation
or reconstruction. It is well understood that in reality, crystals do not always expose
surfaces having the ideal structures predicted by examining the bulk lattice. Surface
relaxation is ubiquitous and surface reconstructions are common. Especially impor-
tant for the high Miller index surfaces are the effects of atom diffusion and thermal
roughening. The diffusion of atoms along step edges can occur rapidly at room
temperature and higher. It is worth noting that low energy electron diffraction
(LEED) studies of chiral Cu and Pt surfaces reveal the types of electron diffraction
patterns that one would expect from an ideally stepped and kinked chiral surface
[12, 14]. The LEED patterns clearly reveal the chirality of the surface but give no
indication of the effects of the thermal roughening that has resulted from prior
annealing. Initial attempts to image the Cu(643)**S surface structures at room tem-
perature using scanning tunneling microscopy were thwarted by the fact that atoms
move along the step edge too rapidly to be imaged [16]. The effects of thermal
roughening on chiral step edges have been studied by molecular simulation by
Sholl et al. [11, 17]. Barriers to atomic hopping predicted from density functional
theory were used in kinetic Monte Carlo simulations to study the evolution of the
Pt(643)S and the Cu(643)S surfaces at various temperatures. A snapshot of the simu-
lated structure of the Pt(643)S surface at 550 K is shown in Fig. 4.5a. Roughening
results in the coalescence of kinks along the step edge thus, reducing the kink den-
sity while also generating nonideal kinks formed by the intersections of long step
edges. These results are qualitatively similar to those observed from molecular
simulations of the Cu(643) surface. One of the key features of these simulations is
that although roughening occurs, it does not destroy the net chirality of the surface.
This can be appreciated by realizing that the orientation of the three low Miller
index microfacets around each of the kinks in Fig. 4.5a remains the same. One of
the results of the surface structure analysis by Jenkins et al. is the realization that
some crystal lattices such as the body centered cubic lattice, can be cleaved to pro-
duce surfaces with straight, close-packed step edges that are nonetheless chiral.
This is a potentially important observation because such step edges are less likely
to undergo thermal roughening than kinked chiral step edges such as those found
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Fig. 4.5 The high Miller index surfaces of metal are subject to roughening as a result of the
diffusion of atoms along the step edges and between step edges. (a) A local snapshot of the struc-
ture of a Pt(643)S surface at 550 K as predicted by molecular simulation of atom diffusion [11,
17]. Roughening results in the coalescence of kinks along the step edge. This reduces the areal
density of kinks from that of the ideal Pt(643)3 structure and creates nonideal kinks at the intersec-
tions of long step edges. The net chirality of the surface is, however, preserved in the sense that
all the exposed kinks are of the ‘S’ orientation. (b) STM image of a Cu(643)° surface obtained at
77 K revealing the type of step roughening predicted by molecular simulation [19]

on high Miller index surfaces of fcc metals. In summary, thermal roughening of the
kinked chiral step edges results in a reduction in the number density of kinks and
in the formation of nonideal kinks. The thermally roughened surface exposes a
distribution of kink structures rather than the single type predicted on the basis of
the ideal (643) structure. Simulations predict, however, that all of these kinks are of
the same chirality.

Scanning tunneling microscopy studies of the high Miller index surfaces of met-
als have revealed some of the phenomena predicted by molecular simulation.
Images have been obtained from surfaces that have been annealed at elevated tem-
peratures and then cooled to the point that diffusion is slow enough to allow imag-
ing at atomic resolution. Imaging the high Miller index planes of metals is
nonetheless difficult because of the fact that they are highly corrugated. An image
of the Cu(5,8,90) surface which is slightly misoriented from the (100) direction
reveals the presence of steps with very nonideal kinks separated by straight step
edges of varying length [18]. Figure 4.5a shows a scanning tunneling micrograph
of a the Cu(643)’ surface taken at 77 K [19]. It clearly reveals the presence of step
edges and the roughening of those step edges to generate very nonideal kinks. It
looks very similar to the structure illustrated in Fig. 4.5a that was predicted by
molecular simulation.

The thermal roughening of naturally chiral metal surfaces must have some
impact on their enantiospecific interactions with chiral adsorbates. Sholl et al. have
also studied the effects of step roughening on the adsorption of small chiral mole-
cules [11, 17]. Molecular simulation of small chiral alkanes adsorbed on ideal and
roughened Pt(643) surfaces revealed that enantioselectivity is preserved during
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roughening. In fact, the formation of nonideal kinks at the intersections of long step
edges can result in the formation of sites with greater enantioselectivity than that of
the ideal kink sites. The heats of adsorption of chiral molecules can be more
enantiospecific at these nonideal kinks than at ideal kinks. Presumably, this would
primarily manifest itself during adsorption at low coverages where molecules
would tend to be adsorbed at these nonideal kinks.

4.4 Enantiospecific Adsorption on Chiral Metal Surfaces

The initial studies of enantiospecific adsorption on naturally chiral metal surfaces
used temperature programmed desorption (TPD) to measure the adsorption ener-
gies of chiral probe molecules. The first attempt studied R- and S-2-butanol adsorp-
tion and desorption on the Ag(643)R*S surfaces and revealed no enantiospecificity
to their desorption kinetics . The first successful TPD study observed enantiospe-
cific desorption kinetics for R- and S-propylene oxide on the Cu(643)R¢S surfaces.
Since then, most of the work using TPD to measure enantiospecific desorption
energetics has been done on the Cu(hkl)?*S surfaces. The choice of Cu as a substrate
has been made because it tends to have a fairly isotropic surface tension which
means that its high Miller index chiral surfaces are not likely to facet into achiral
low Miller index planes. This is clearly borne out by the scanning tunneling micro-
graph in Fig. 4.5b. Equally importantly, the Cu surfaces tend to adsorb many
organic compounds reversibly, in the sense that they can be adsorbed at low tem-
perature but then desorb rather than decompose during subsequent heating. This is
a necessary condition for the measurement of enantiospecific desorption energies
by TPD.

The most carefully studied chiral probe on a naturally chiral metal surface has
been R-3-methylcyclohexanone (Fig. 4.6) [20-22]. R-3-methylcyclohexanone
adsorbs reversibly on all chiral Cu(hkl) surfaces. More importantly, its desorption
kinetics allow one to assign specific features in the TPD spectra to desorption
from the terrace, step, and kink sites on the Cu(hkl) surfaces. Figure 4.6 reveals
the TPD spectra of R-3-methylcyclohexanone from the Cu(643)R*S surfaces [20,
22]. The desorption feature at ~230 K arises from R-3-methylcyclohexanone mol-
ecules desorbing from the terraces. The desorption feature at ~345 K arises from
molecules desorbing from the straight step edges. Finally, the desorption feature
at ~385 K arises from molecules desorbing from the kink sites on the surface. The
assignment of these desorption features has been made by studying the TPD spectra
of R-3-methylcyclohexanone on all the relevant surfaces vicinal to the (111) plane:
Cu(111), Cu(221), and Cu(533). It is remarkable that this probe molecule has
such greatly varying desorption energies from all three types of sites and yet does
not decompose on the kink sites at which it is most tightly bound. Furthermore,
it is equally remarkable that the distribution of the desorption energies from the
different types of kink sites that result from thermal roughening is fairly narrow,
allowing us to resolve desorption features arising from kinks and step edges.
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Fig. 4.6 Temperature programmed desorption of R-3-methylcyclohexanone from the Cu(643)}
and Cu(643)" surfaces. The three peaks at 230, 345, and 385 K arise from molecules desorbing
from the terrace, step, and kink sites, respectively. Desorption from the kink sites is enantiospe-
cific in that the peak desorption temperatures from the R and S kinks differ by 3.5 K. Reprinted
with permission from [20]. Copyright 2004 American Chemical Society

R-3-Methylcyclohexanone desorption reveals the same types of easily assigned
desorption features on many of the other chiral and achiral surfaces in the stereo-
graphic triangle [23].

Enantiospecific desorption of R-3-methylcyclohexanone from the Cu(643)R%S
surfaces is observed by comparing the desorption from the kinks on both surfaces
[20, 22]. The right hand TPD spectrum of Fig. 4.6 expands the region around 385 K
and reveals a difference in the peak desorption temperatures of AT, =3.5+0.8 K
from the R- and the S- kinks. The all-important control experiment in this case is
the desorption of racemic 3-methylcyclohexanone from the Cu(643)R*S surfaces.
This reveals peak desorption temperatures from the kinks that are statistically
identical, indicating that the two surfaces are equivalent when studied using an
achiral probe. The difference in the peak desorption temperatures of R-3-methyl-
cyclohexanone on the Cu(643)8*S surfaces corresponds to a binding energy diffe-
rence of AAE, =1 kJ/mole or a difference in the desorption rates of ~30% at room
temperature. This has been estimated using the Redhead analysis for first-order
desorption and assuming a desorption pre-exponential factor of 10'¥/s [24]. Although
AAE, =1 kJ/mole may seem to be a small difference, it is well within the normally
observed range for enantiospecific interactions [4, 5]. Furthermore, studies of the
desorption kinetics of R-3-methylcyclohexanone from half a dozen other chiral Cu
surfaces distributed throughout the stereographic projection has revealed that the
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magnitude of AAE _from chiral kinks of various different types is quite similar on
all the chiral Cu(hkl)R*S surfaces [23].

Enantiospecific differences in desorption energies are the root of many enanti-
oselective separations. The results illustrated in Fig. 4.6 indicate that R-3-
methylcyclohexanone has a higher adsorption energy on the Cu(643)3 surfaces than
on the Cu(643)R surface. This suggests that exposure of the Cu(643)S surface to a
racemic mixture of 3-methylcyclohexanone vapor under equilibrium conditions
ought to result in the adsorption of an excess of R-3-methylcyclohexanone and an
enrichment of the S enantiomer in the vapor phase. Similarly, the adsorption of a
racemic mixture of 3-methylcyclohexanone onto the Cu(643)S surface followed by
heating at a constant temperature to induce partial desorption ought to leave an
excess of R-3-methylcyclohexanone on the surface. Experiments of this type have
revealed that partial desorption of the racemate from the Cu(643)" surface can leave
an adsorbed layer that has a 3:1 excess of the R-3-methylcyclohexanone [20]. For
a separation process that involves a single adsorption/desorption step, this results in
a significant enrichment of the racemate.

4.5 Enantioselective Surface Chemistry on Chiral Metal
Surfaces

The first experimental observation of an enantioselective chemical reaction on a
naturally chiral metal surface was made during the electrochemical oxidation of
D- and L-glucose on naturally chiral Pt(643)8S and Pt(531)%* electrode surfaces
[14, 15]. Clean single crystalline Pt electrode surfaces can be prepared in aqueous
solution for use in cyclic voltammetry measurements. Attard et al. were able to
observe enantiospecific differences in the kinetics of the electrooxidation of D- and
L-glucose on Pt electrodes with chiral surface structures. The mechanism of the
electrooxidation of glucose is not fully understood and so, it is not possible to
determine which elementary steps of the process are enantioselective. Nonetheless,
the fact that the rate of L-glucose electrooxidation is three times higher than the rate
of D-glucose electrooxidation on the Pt(531)R surface, indicates that the reaction
mechanism includes at least one highly enantioselective elementary step.

The surface chemistry of alkyl halides on Cu is fairly well understood and offers
an opportunity to study enantioselective surface chemistry, if both the alkyl halide
and the surface are chiral. As illustrated in Fig. 4.7, adsorbed 2-bromobutane under-
goes a well-documented series of elementary reaction steps as it decomposes on a
Cu surface [25]. During heating, some fraction of the 2-bromobutane desorbs from
the surface while the remainder undergoes debromination to yield adsorbed 2-butyl
groups. The 2-butyl groups react by -hydride elimination to yield adsorbed hydro-
gen and butenes that rapidly desorb from the surface. The adsorbed hydrogen can
react with the remaining 2-butyl groups to yield butane which desorbs from the
surface. The net result is that the heating of 2-bromobutane adsorbed on a Cu sur-
face results in the desorption of three types of products: 2-bromobutane, butenes
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Fig. 4.7 Enantioselective surface reactions of R-2-bromobutane on the Cu(531)%*S surfaces. R-2-
bromobutane can desorb intact or react on the surface by the illustrated mechanism to produce
R-2-butyl groups. The R-2-butyl groups react to produce either butane or butenes. The enantiose-
lectivities of these reactions on the Cu(531)**S surfaces are indicated by the numbers. Reprinted
with permission from [26]. Copyright 2006 American Chemical Society

(all three isomers), and butane [26, 27]. Mass spectrometry can be used to quantify
the relative yields of these products.

Recently, the chemistry of R-2-bromobutane has been studied on the Cu(531)R*S
and on the Cu(643)RS surfaces [26, 27]. By quantifying the relative yields of
2-bromobutane, butenes, and butane desorbing from the surface it is possible to define
and quantify the enantioselective yield of the major reaction steps in the overall
mechanism: desorption, debromination, 3-hydride elimination, and hydrogenation.
The numbers indicated on the reaction mechanism of Fig. 4.7 indicate the enanti-
oselectivities, ES, of these processes observed on the Cu(531)%S surfaces. The
enantioselectivity for desorption, for example, is defined as the ratio of the yields
of R-2-bromobutane desorbing from the from Cu(531)® and the Cu(531)" surfaces,
ES,. = Yoo / Yommobutane - Using this definition, a process with an ES=1 is not
enantioselective. The greatest enantioselectivity is observed in the desorption chan-
nel but significant enantioselectivity is also observed for debromination and for
hydrogenation. It should be pointed out that although a reaction model could be
created that might predict these enantioselectivities, even this well understood
surface reaction is sufficiently complex that the measured reaction yields alone are
insufficient to identify which of the elementary rates constants in this process might
be controlling the enantioselectivity.
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4.6 Enantiospecific Molecular Orientation on Chiral Surfaces

The enantioselectivities of reactions on chiral surfaces are of interest from a practical
standpoint and are the result of enantiospecific differences in reaction energetics
and reaction barriers. Another manifestation of the enantiospecific interaction
between a chiral adsorbate and a chiral surface is adsorbate orientation. Enantio-
specific orientations of chiral adsorbates on naturally chiral metal surfaces have
been predicted by molecular simulation studies. The first studies using Monte Carlo
methods to study chiral cycloalkanes adsorbed on chiral Pt(hkl)R*S surfaces pre-
dicted enantiospecific adsorption geometries [17, 28, 29]. Since then, density func-
tional theory studies have made similar predictions for a variety of chiral probe
molecules including propylene oxide, amino acids, and R-3-methylcyclohexanone
adsorbed on Cu(hkl)R*S surfaces [30, 31].

There are a variety of experimental probes of adsorbate orientation on surfaces.
One of the most sensitive probes of adsorbate orientation on a metal surface is
infrared absorption. The intensity of infrared absorption by a particular vibrational
mode in an adsorbate is determined by the orientation of its dynamic dipole
moment, fi, with respect to the surface normal, 7. The infrared absorption inten-
sity is proportional to (fi-A)*. If the dynamic dipole vector is oriented parallel to
the surface, there is no infrared absorption, while the absorption is most intense, if
it is oriented perpendicular to the surface. The first experimental demonstration of
enantiospecific molecular orientation was made using infrared absorption spectros-
copy to study R- and S-2-butanoxy groups on the Ag(643)*S surfaces [32]. More
recently, infrared absorption has been used to study R-3-methylcyclohexanone
adsorbed at the kinks on the Cu(643)R&S surfaces. Figure 4.8 reveals the infrared
absorptionspectraofracemic 3-methylcyclohexanone and R-3-methylcyclohexanone
adsorbed at the kinks on the Cu(643)*S surfaces [21]. The control experiments
using the racemate yielded identical spectra from the two surfaces. On the other
hand, the spectra obtained from R-3-methylcyclohexanone on the two surfaces are
significantly different, indicating that its orientation at the R- and the S- kinks is
significantly different. The intensities of the infrared spectra suggest that R-3-
methylcyclohexanone lies with its ring plane and C = O group roughly parallel to
the surface but the details of the differences between the orientations at the R- and
S-kinks have not been determined.

Although infrared absorption intensities are very sensitive to molecular orienta-
tion, deriving quantitative information about molecular orientation is not easy [33, 34].
On the other hand, photoelectron diffraction is relatively easily interpreted to yield
adsorbate orientations on surfaces. X-ray photoelectron diffraction and density
functional theory calculations have been used in tandem to study the orientations of
D- and L-cysteine adsorbed on the Au(17, 11, 9)8 surface (Fig. 4.9) [35]. Cysteine
is an amino acid with the functional group R = CH,SH. On the gold surface the S-H
bond dissociates to give a thiolate bond to the surface. X-ray photoelectron diffrac-
tion of the N 1s level indicates that the N-C_ bond in D-cysteine is oriented roughly
parallel to the step edge on the Au(17, 11, 9) surface while the N-C_ bond in
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Fig. 4.8 FT-IRAS spectra of racemic 3-methylcyclohexanone and R-3-methylcyclohexanone
adsorbed at the kink sites on the Cu(643)RS surfaces. The peak intensities in the spectra of the
racemic mixture are identical indicating the same net orientation on the two surfaces. The spectral
intensities from the R-3-methylcyclohexanone on the two surfaces differ, indicating different
average orientations of molecules adsorbed at the R- and the S-kinks. Reprinted with permission
from [21]. Copyright 2008 American Chemical Society

D-cys / Au(17,11,9)S L-cys / Au(17,11,9)8

Fig. 4.9 Dp- and L-cysteine on the Au(17,11,9)S surface. Photoelectron diffraction has been used
to determine the orientations of the N-C_vectors (white arrows) on the two surfaces. These match

the orientations predicted by density functional theory. Reprinted with permission from [35].
Copyright 2006 American Physical Society



90 A.J. Gellman

L-cysteine is oriented roughly perpendicular to the step edge. These orientations
agree with those predicted using density functional theory and indicate significantly
different orientations of the two enantiomers of cysteine on the chiral Au(17, 11,
9)R&S surfaces and significant differences in their adsorption energetics.

4.7 Synthesis of Naturally Chiral Surfaces

Organically templated chiral surfaces can be prepared relatively easily in forms that
have high surface area simply by starting with high surface area achiral materials.
One of the challenges facing the use of naturally chiral surfaces in practical applica-
tions that require significant surface area is their preparation in large quantities with
high surface area. It should be pointed out that there are some applications such as
use in sensors that do not require high surface area and for which the naturally
chiral surfaces are well suited. Although some naturally chiral materials such as
quartz are present on Earth in large quantities, none are readily prepared in high
surface area form in such a way that they expose a single chiral surface structure.
One possible route to the preparation of naturally chiral surfaces with high surface
area is through chemical imprinting, whereby a chiral organic adsorbate is used to
force an achiral surface to adopt a naturally chiral structure.

The first example of chemical imprinting of chirality into a metal surface was based
on the adsorption of L-lysine onto the achiral Cu(100) surface [36, 37]. Scanning
tunneling microscopy studies have shown that the adsorption of amino acids onto the
Cu(100) surface at low temperature followed by annealing of the surface at tempera-
tures >400 K results in the formation of facets in the surface that have (3,1,17) orienta-
tions [38]. This has been observed using glycine, L-alanine, and most recently L-lysine.
The (3,1,17) facets can have both R- and S- orientations and, in principle, there are
eight such facets that could be formed on the Cu(100) surface; one from each of the
eight stereographic triangles oriented around the (100) pole (Fig. 4.4). Figure 4.10
shows the scanning tunneling micrograph of a Cu(100) surface modified by the
adsorption of L-lysine [36, 37]. The flat region is a (100) terrace covered with L-lysine.
The (3,1,17) facets are clearly observed. The interesting thing about this surface is that
of the eight possible (3,1,17) facets that could be formed, only four are observed,
all lying at right angles with respect to one another and all having the same chirality.
All four are (3,1,17)5 facets. While this was not observe in the case of L-alanine
adsorption, it appears that the adsorption of L-lysine on the Cu(100) surface causes
faceting in such a way that its chirality is imprinted onto the facets. The facets are, of
course, covered with the L-lysine and although they are stable on the clean surface,
exposing them requires a means of removing the L-lysine without causing the surface
to relax back to the (100) orientation.

A second example of chemical imprinting has been observed in the study of
hexa-tertiarybutyl-decacyclene adsorption on the Cu(110) surface (Fig. 4.11) [39,
40]. The structure of hexa-tertiarybutyl decacyclene is shown in Fig. 4.11a, b.
Although the molecule is nominally flat, each of its three ‘blades’ rotates slightly
to reduce repulsions between the adjacent tertiary butyl groups, thus giving the
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Fig. 4.10 Scanning tunneling micrograph of a Cu(100) surface modified by the adsorption of
L-lysine at 430 K. The adsorption of L-lysine results in the formation of a homochiral set of
(3,1,17)* microfacets thus, imprinting the chirality of the adsorbate into an achiral surface.
Reprinted with permission from [37]. Copyright 2000 American Chemical Society

i

Fig. 4.11 Scanning tunneling micrographs of hexa-tertiarybutyl decacyclene adsorbed on the
Cu(110) surface. Figures (a) and (b) show the molecular structure which is chiral because the
three “blades” of the propeller-like structure are rotated out of the plane of the molecule. (¢) The
adsorbed molecules are imaged as six bright spots arising from the six #-butyl groups and the two
enantiomers tend to aggregate into bimolecular rows of like chirality. (d) Removal of the mole-
cules reveals the formation of chiral holes in the rows of the Cu(110) surface. The adsorbed
molecules imprint their chirality into the achiral Cu(110) surface. Reprinted with permission from
[40]. Copyright 2001 American Physical Society

molecule a propeller-like structure which is chiral. When adsorbed on the achiral
Cu(110) surface, the molecule can be imaged using scanning tunneling microscopy
as a ring of six spots each associated with one of the six tertiarybutyl groups.
Molecules of like handedness tend to aggregate into bimolecular rows as shown in
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Fig. 4.11c. Subsequent removal of the molecules using the STM tip reveals that
their adsorption results in the removal of Cu atoms from the rows of the Cu(110)
surface structure and the formation of pits in the surface. Examination of the perim-
eters of the pits reveals that they have two kinks and that those kinks impart the
same handedness to the pits as the kinks on a high Miller index Cu(hkl) surface.
Once again, the chirality of an adsorbed molecule has been imprinted into the structure
of an otherwise achiral surface.

If one could prepare thin chiral metal films on the surfaces of cheap chiral mate-
rials such as quartz, this might offer an avenue for the preparation of naturally chiral
metal surfaces in large quantities. In this vein, recent experiments have demon-
strated for the first time the homochiral, heteroepitaxial growth of thin Pt and Cu
films [41, 42]. SrTiO, is closely lattice matched with Pt and can be used for
heteroepitaxial growth of thin Pt films. Metals do not typically like to wet ceramic
surfaces during high temperature deposition, however, a pulsed laser deposition
technique has been developed that allows thin Pt films to be grown on the surfaces
of SrTiO,. Although SrTiO, does not have a naturally chiral bulk structure, it can
be prepared to expose high Miller index surfaces such as SrTiO,(621) illustrated in
Fig. 4.12 that are chiral. Under the correct conditions it has been shown that films
of Pt and Cu that are roughly 1,000 A thick can be grown such that their bulk
orientations are (621). More importantly, these films are flat and yield low energy

Pt

Fig. 4.12 Structure of the chiral SrTiO,(621) surface. The dark spheres are Sr, the light spheres
are O and the small gray spheres are Ti. Heteroepitaxial growth of Pt on the SrTiO,(621) surface
results in the formation of a homochiral Pt(621) film. Reprinted with permission from [41].
Copyright 2007 Elsevier Publ. Co
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electron diffraction patterns of the (621) plane, thus retaining the chirality of the
substrate on which they were grown.

4.8 Conclusions

It has now been understood for roughly a decade that the high Miller index planes
of metal single crystals are naturally chiral. In that period there has been significant
progress in understanding the structure of some of these surfaces and in demon-
strating that they have enantiospecific interactions with chiral adsorbates. These
include enantiospecific adsorption energetics, enantioselective reaction yields, and
enantiospecific adsorbate orientations. While these enantiospecific properties can
be demonstrated to lead to potential applications, there remains significant work to
be done to exploit the chirality of these materials. From a practical perspective, it
is critical that means be developed to prepare naturally chiral surfaces with high
surface area. From a more fundamental perspective, there is still a need to develop
models and molecular simulations that can predict quantitatively the enantiospe-
cific interactions of chiral adsorbates with naturally chiral surfaces.
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Chapter 5

Chiral Expression by Organic Architectures
at Metal Surfaces: the Role of Both Adsorbate
and Surface in Inducing Asymmetry

M. Forster and R. Raval

Abstract The manifestation of chirality at surfaces has attracted much attention
in recent years. In this review, some of the main features of chiral endowments by
complex organic molecules at defined metal surfaces are reviewed. Detailed surface
spectroscopic data have enabled a hierarchy of chiral expressions to be delineated
from point group chirality expressed by local chiral motifs, to space group chirality
in which these motifs act as building blocks which self-assemble into organised
chiral structures, to deeper propagation of chirality into the metal leading to chiral
reconstructions. Chiral endowments by both chiral and achiral molecules is dis-
cussed alongside the implications for progressing chirality from the local to the
global level.

5.1 Introduction

It has been noted, especially since the thalidomide tragedy, that different chemical
enantiomers can induce very different biochemical responses. The production of
enantiomerically-pure compounds is critical to the pharmaceutical, agro-chemical
and fine-chemical industries, and has fueled the need for enantioselective heteroge-
neous catalysis [1].

Classically, there have been two major approaches to enantioselective catalysis:
homogeneous and heterogeneous. The former has been the most extensively utilised
in industry. These methods can provide high enantioselectivity and yields; however;
they suffer from difficulty in the separation of the product from the reaction mixture.
In contrast, heterogeneous catalysis is a much younger science and remains to
become the industrial option but offers the advantage of non-stoichiometric produc-
tion of chiral molecules and ease of separation. There have been several different
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approaches for creating heterogeneous chiral catalysts [2-5], including the
following:

* Immobilising chiral transition metal complexes at surfaces

* Attaching chiral auxiliaries to the reactant to induce an asymmetry in the surface
reaction

* Creating intrinsically chiral solids and surfaces in which asymmetric configura-
tions of the reactive surface are displayed (See Chapter 4 by Gellman)

* Adsorbing chiral molecules at achiral solid surfaces to induce asymmetry

This review will focus only on the final approach, and will concentrate on how
chirality and asymmetric behaviour is bestowed upon metal surfaces by the adsorp-
tion of chiral molecules. We were inspired in our choice of chiral molecules by the
extensive Japanese work of Izumi, Tai and Harada [6, 7] on the hydrogenation of
B-ketoesters over supported Ni catalysts [6—10], which showed that the reaction can
be made enantioselective upon the adsorption of modifying chiral organic mole-
cules such as the bicarboxylic acid, tartaric acid, and the a-amino-acid, alanine, as
surface modifiers. Using these modifiers, researchers demonstrated the stereospe-
cific hydrogenation of methylacetoacetate to give R or S-methyl-3-hydroxybutrate
[6, 7], and the enantiomeric form of the product is determined by the chirality of
the organic modifier, with the (R, R)-tartaric acid (S-alanine) favouring the R-product
in <90% enantiomeric excess (e.e), while (S,S)-tartaric acid (R-alanine) favours the
S-product [6, 7].

Our work has focused on pursuing a detailed and general understanding of the
behaviour of organic modifiers at surfaces, with emphasis on producing a molecular
and atomic-level understanding on how chirality is nucleated, expressed and propa-
gated on single crystal metal surfaces. We utilized to model studies on single crystal
surfaces in ultra high vacuum (UHV) conditions, which allow the full range of
surface science techniques to be utilised.

The adsorption of (R,R)-tartaric acid on a Cu(110) surface formed the basis
of our initial studies and we present it to demonstrate the hierarchical expression of
chirality at surfaces. The behaviour of this system reveals the explicit role played
by the surface and the adsorption process in introducing additional asymmetry at
an interface, and we use this to demonstrate how such surface events can lead to
chiral expression in initially achiral systems such as succinic acid on Cu(110).

5.2 Model Systems: (R,R)-Tartaric Acid on Cu(110)

When we commenced our studies in 1995, perhaps the most intriguing aspect of the
literature on the enantioselective hydrogenation of B-ketoesters over supported Ni
catalysts was the critical dependence between enantiomeric excesses obtained and
system variables such as temperature, concentration of modifier, time of modifica-
tion, pH, etc [6, 7]. The underlying cause of this behaviour became evident when
we discovered that the adsorption behaviour of enantiopure (R,R)-tartaric acid
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Fig. 5.1 Phase diagram of (R,R)-tartaric acid on Cu(110) with the corresponding low energy
electron diffraction (LEED) patterns for the primary phases observed

on Cu(110) [11-14] occupies a complex and dynamic phase space and leads to a
highly polymorphic system where the adsorbed molecules change rapidly between
the monotartrate, bitartrate or dimer forms, as coverage and temperature are varied
(Fig. 5.1). This rationalised the delicate balances reported in the catalytic literature
and revealed the heterogeneous enantioselective site as a multifaceted and dynamic
entity. In addition, a rather unexpected behaviour of the organic modifier at metal
surfaces was revealed, namely, the ability to self-organise on the surface leading to
nanostructures that possess different crystalline architectures and provide chiral
environments.

Of the various phases exhibited by the (R,R)-tartaric acid/Cu(110) system, we
identify the low coverage/high temperature phase (the (9 0,1 2) phase, Fig. 5.1) as
the most pertinent, since it is the only one able to accommodate reactant molecules
such as methylacetoacetate within its structure. This phase consists solely of the
doubly dehydrogenated bitartrate species and there is a large activation barrier of
>70 kJ mol™! to its formation [13]. Generally, adsorption at room temperature gives
rise to a monotartrate phase with an (4 0,2 3) organised structure [11]. At coverage
of <1/6 monolayer, this monotartrate phase can be transformed into the bitartrate
phase upon heating to 405 K. The bitartrate phase is only observed for coverages
<1/6 of a monolayer. During the transition from the monotartrate to the bitartrate
phase, the molecule goes from a monocarboxylate to a bicarboxylate coordination
requiring greater adsorbed surface area. The low coverage (4 0,2 3) structure is
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able to transform into the bitartrate (9 0,1 2) phase when there is bare metal onto
which the expansion can proceed.

The bitartrate phase is a highly organised structure with a (9 0,1 2) repeat unit
cell. Here, we concentrate on this phase to delineate the hierarchies of chiral
expression exhibited by this system.

5.2.1 Hierarchical Chiral Expression: The (9 0,1 2) Phase

An object which does not possess any inverse symmetry elements is chiral, because
its mirror transformation is a non-identity operation. In other words, a chiral object
is non-superimposable on its mirror image. Many molecules can exist in two
enantiomeric forms as a direct result of this geometric property. The adsorption of
organic molecules at achiral surfaces can lead to a hierarchical expression of chiral-
ity [15, 16] from point chirality, arising because the adsorption of the molecule
locally destroys all mirror planes and leads to a chiral nanoscale motif, to the cre-
ation of organisational chirality in which the actual arrangements adopted by the
adsorbed molecules are bereft of mirror symmetry. These arrangements can vary in
lengthscale from the nanoscale to the macroscale [15, 17]. Both point group and
space group chirality can arise in a complex manner, with different factors and
attributes, inducing asymmetry in the system. We shall illustrate some of these
aspects with the tartaric acid/Cu(110) and succinic acid/Cu(110) systems.

5.2.2 Point Chirality: Factors that Introduce Asymmetry
in the (R ,R)-Tartaric Acid Adsorbed Motif

Tartaric acid is a chiral molecule, with two asymmetric carbon centres. Upon the
adsorption of enantiopure (R,R)-tartaric acid ((R,R)-TA) on Cu(110), a variety of
adsorption geometries (Fig. 5.1) in which both chiral centres are retained, are
adopted. Reflection adsorption infrared spectroscopy (RAIRS) data on the (9 0,1 2)
structure, show that the adsorbed molecule is the doubly dehydrogenated bitartrate
form, which possesses two carboxylate groups bonded to the surface via four Cu—O
bonds [11, 12]. Each carboxylate unit occupies the short-bridged site on the close
packed Cu(110) rows, a well known bonding configuration for the carboxylate
functionality [18]. Periodic Density Functional Theory (DFT) calculations by
Barbosa and Sautet [19] reveal that a second level of chiral expression comes into
play, namely, adsorption via all four carboxylate oxygen atoms create a concomi-
tant chiral distortion in the molecule. This distortion is twofold, first along the
carbon—carbon backbone and, second, from the O—C-O plane in the [1-10] direc-
tion of the surface (Fig. 5.2). The distortions are enantiomer-specific, with the (R,R)
enantiomer distorting one way and the (S,S) enantiomer distorting in the mirror
configuration. DFT calculations show the distorted geometry enable the OH groups
at the chiral centres to interact with the oxygen of the carboxylic group through
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(R,R)-TA (S,8)-TA

Mirror plane

Fig. 5.2 (a) DFT optimised (R,R)-TA/Cu(110) structure upon adsorption showing the effect of
intramolecular hydrogen bonding in stabilising the (9 0,1 2) overlayer. (b) The Cl1s XPD patterns
obtained for (R,R)-TA as a stereographic projection with white corresponding to maximum inten-
sity. (¢) The corresponding (S,S)-TA XPD pattern. (d) (R,R)-TA in its gas phase conformation. (e)
and (f) showing the molecular distortion adopted upon adsorption for the (R,R) and (S,S)
enantiomers respectively on Cu(110). Adapted with permission from [19] copyright 2001
American Chemical Society (a, d—f) and [20] copyright 2004 Wiley (b, ¢)

intramolecular hydrogen bonding (Fig. 5.2a); this naturally leads to enantiomer-
specific distortion, which possesses a preferred handedness, (Fig. 5.2d—f). This adsor-
bate distortion has been observed experimentally by Ernst et. al.[20] via X-ray
photoelectron diffraction (Fig. 5.2b, c). From the description above, it can be seen
that point chirality is bestowed both by the inherent molecular structure of (R,R)-TA
and by the actual adsorption process.

5.2.3 Space Group Chirality: Chiral Transfer from the
Nanoscale to the Macrocale for the (9 0, £1 2) Tartaric
Acid/Cu(110) Structure

Low energy electron diffraction (LEED) and scanning tunnelling microscopy (STM)
data confirm that the (9 0,1 2) structure possesses a high degree of long range order,
with the molecules showing a great propensity for self-organisation. The STM
image in Fig. 5.3 reveals rows consisting of three bitartrate molecules are formed on
the surface which then proceed to self-assemble into long chains that align along
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Fig. 5.3 (a) Schematics of the dehydrogenated bitartrate species adsorbed on the Cu(110)
surface. (b) STM image (200Ax200A, V=-1.7V, I,=—1.18 nA) of the (9 0,1 2) phase formed at
405 K. (¢) Schematic diagram demonstrating the position of the trimer chains observed in the
STM image with respect to the surface atoms. Reprinted with permission from [14]. Copyright
2001 Springer

the <1-14> direction. Neither the short direction that connects the three mole-
cules in the trimer, nor the long direction adopted by the trimer chains coincide
with a mirror symmetry direction of the underlying surface. The chains are propa-
gated across large length scales and the macroscopic surface organisation is, there-
fore, also chiral (C, chiral space group) and is non-superimposable on its mirror
image. Only one preferred handedness is adopted across the entire surface, demon-
strating clearly that chirality is transferred with high fidelity over large length scales:
from the individual adsorption motif to the nanoscale trimer organization and finally
to the macroscale trimer-chain organization.

5.2.4 Switching Space Group Chirality

The transfer of chiral information from the nanoscale adsorbed motif to the mac-
roscale organisation of adsorbates leads to another consequence, namely, that switch-
ing molecular chirality should also flip the organisational chirality. When enantiopure
(S,8)-TA is adsorbed on Cu(110), the RAIRS spectra are identical to those of the
(R,R) enantiomer, showing that the chemical nature of the adsorbed species is the
same for both enantiomers. However, STM and LEED data show that the mirror
organisation is now created, yielding a (9 0,—1 2) overlayer (Fig. 5.4). A change in
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Fig. 5.4 STM images demonstrating the organisation of the (R,R) and (S,S) enantiomers of the
bitartrate species on Cu(110) are indeed mirror images. The main (9 0, +1 2) unit cells are shown
along with (3 1, 1 2) unit cell used for the calculation shown in Fig. 5.5. Reprinted with permission
from [12]. Copyright 2000 Nature Publishing Group

the chirality of the adsorbed molecule can switch the chirality of the entire organisa-
tion and, furthermore, the open spaces that expose the underlying surface. This
observation can rationalise the catalytic observation that changing the chirality of
the surface modifier from R to S switches the enantioselectivity of the product.

DFT calculations by Barbosa and Sautet [19] are particularly instructive in
understanding this large scale switching of surface organisation. The calculation
models (R,R)-bitartrate adsorption in the smaller (3 1,1 2) unit cell found within the
overall structure (Fig. 5.4). The adsorption energy is calculated by explicitly includ-
ing the following steps shown in Fig. 5.5a: (a) distortion of the bicarboxylate
molecules to the preferred conformation upon attachment to the surface; (b) packing
of the distorted gas-phase molecules into the model (3 1,1 2) structure; (c) adsorption
of the packed structure onto Cu(110).

Importantly, when the mirror (S,S)-enantiomer is forced into the (3 1,1 2) organi-
sation (the preferred organisation of the (R R)-bitartrate) an energy penalty of
35 kJ mol™" is computed (Fig. 5.5b). This energy cost is largely attributed to steric
repulsions that arise between the OH groups of neighbouring (S,S)-adsorbates when
they are forced to adopt the mirror structure (Fig. 5.6). Further optimisation of the
structure to relieve this unfavourable interaction disturbs the intramolecular hydrogen
bonding and reduces the energy penalty to 10 kJ mol~'. This energy difference
is sufficient to ensure that 95% of the adsorbed molecules would adopt their
preferred chiral organisation.
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Fig. 5.5 (a) the various steps undertaken in the DFT calculation to compute the energy of creating
the (3 1,1 2) organised adlayer from (R,R)-bitartrate on Cu(110) by considering energetics of
molecular distortion, packing and adsorption. (b) comparision of energetics depicted in (a) for (1)
(R,R)-TA, (2) (S,9)-TA and optimised (3) (S,S)-TA packing into the (3 1,1 2) arrangement.
Adapted with permission from [20]. Copyright 2001 American Chemical Society
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Fig. 5.6 Relative energies of (R R)-bitartrate in its preferred (9 0,1 2) structure compared with (S,S)-
bitartrate forcing into the (9 0,1 2) arrangement. The latter show unfavourable lateral interactions between
neighbouring (S,S)-TA molecules within the (9 0,1 2) organisation, incurring a 35 kJ mol™' energy pen-
alty. This energy penalty can be reduced to 10 kJ mol™ by optimising the (S,S)-TA structure
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5.2.5 Creation of Empty Chiral Channels
Within Supramolecular Assemblies

Thus far, the expression of chirality has occurred on surfaces only at the location of
the chiral molecule adsorption. There is, however, another and, catalytically more
important, manifestation of chirality in the (9 0,1 2) structure. STM data show the
appearance of a vacant nanochannel after every third bitartrate molecule, i.e each
long trimer chain is separated from the adjacent trimer chain by a vacant channel.
These nanochannels are also directed along the chiral < 1-14 > direction. This leads
to the creation of inherently chiral spaces on the copper substrate.

DFT and Kinetic Monte Carlo calculations reveal the origin of these channels
[21]. Upon adsorption of the bitartrate species to the surface, the Cu—Cu distance
of the bonding metal atoms increases from their bulk truncation value of 2.58 to
2.62 A, leading to a strong compressive strain along the close-packed [1—10] direc-
tion. This stress builds up with each additional carboxylate functionality bonding
to a particular row and can only be tolerated for three molecules in a row before a
break in the organisation is necessary to relieve the stress (Fig. 5.7). These chiral
nanochannels are potentially interesting in terms of enantioselective catalysis, since
they provide a confined environment within which reacting molecules can dock in
preferential orientations, forcing for example, hydrogenation to occur at one
reactant face only. Therefore, in this system, the heterogeneous active site may be
described, not in terms of one modifier, but by groups of modifiers acting
co-operatively to confer enantioselectivity to the reactive metal sites.

Stressed section of copper
row: more than three
molecules bonding to the

O
same rowand notwo - 5000000000000
empty copper sites

between. m// ,&l x

Stress relieved by diffusion Stress relieved by diffusion of the
of the right molecule in the lower left molecule in the [110]
[001] direction. direction.

Fig. 5.7 showing through surface interactions between neighbouring (R,R)-TA on Cu(110) indi-
cating how the induced stress can be relieved by a molecule being displaced by one lattice constant
in the [001] and [1-10] directions. Reprinted with permission from [21]. Copyright 2004 American
Chemical Society
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5.3 Model Systems: R,R-Tartaric Acid on Ni(110)

In this section, we focus on the Ni(110) surface, the metal most commonly modi-
fied by tartaric acid, to yield the successful enantioselective catalytic system for the
hydrogenation of B-ketoesters [6, 7]. A detailed study [22, 23] of the adsorption of
(R,R)-tartaric acid on Ni(110) as a function of temperature and coverage again
shows a polymorphic system, (Fig. 5.8) with the local nature of the chiral adsorbate
changing dynamically as conditions change, echoing the findings on Cu(110).

Again, the doubly dehydrogenated bitartrate phase is considered to represent the
catalytically active state, because its overall low coverage allows reactant species to
approach the surface, and also because the adsorption conditions of low coverage
and high temperature match those found by catalytic studies to be the most effective
[6, 7, 9]. Periodic DFT calculations on the bitartrate/Ni(110) phase [22] confirm, as
was observed on Cu(110), that the bitartrate molecule is located above the fourfold
hollow site and bonds via both carboxylate groups, with each of the four oxygen
atoms located at on-top sites (Fig. 5.9).

A major difference between the Cu(110) and Ni(110) systems emerges when
the organization of the bitartrate species is considered. The extended 2D chiral
templates, exemplified by the TA/Cu(110) (9 0, £1 2) phases are not created on
Ni(110). Instead, organisation is restricted to 1D chains, and occurs along the main
[1-10] symmetry direction (Fig. 5.9). However, detailed studies by FI-RAIRS,
LEED, STM and DFT calculations suggest that the expression of chirality at the
surface is, in fact, inducted at an even deeper level [22]. Adsorption leads to a
highly strained bitartrate-Ni, complex at the surface where a strong chiral distortion
of the bitartrate skeleton is created alongside a concomitant reconstruction of the
bonding nickel atoms, which are pulled away from their symmetric bulk-truncation
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Fig. 5.8 Phase diagram for the adsorbed nature of TA on Ni(110) as a function of coverage and
temperature. Reprinted with permission from [23]. Copyright 2004 Elsevier
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2.04A 1.94 A

Fig. 5.9 STM images of (R,R)-TA adsorbed on Ni(110) at room temperature. (a) Low coverage
bitartrate specws (300A><300A V=-2.115 V, I =-1.16 nA). (b) Medium coverage bitartrate
species (300 A x3004, V=-1.76 V, I=-1nA). (c) An enlarged STM image showing molecular
shape and perturbation of the surface (45 Ax100A, v=-2.115V, I =-1.16 nA). (d) Schematic of
the adsorption of a bitartrate species on the fourfold bridge site leadmg to distortion of both the
molecule and the underlying metal atoms. The four Cu—O bonds created have a chiral distribution
in lengths. Reprinted with permission from [23]. Copyright 2004 Elsevier

positions and twisted to give an oblique unit mesh where all the mirror planes are
locally destroyed (Fig. 5.9). Thus, the adsorption system possesses arrangements of
chiral bitartrate-Ni, units in 1D lines, where the transfer of chirality to the surface
is mediated by the strong metal-molecule interaction that leads to reorganisation of
the underlying metal atoms into chiral arrangements. The general structural conclu-
sions of the DFT calculations are confirmed by detailed analysis of the STM
images in Fig. 5.9, where the molecular features in the STM images occupy, on
average, an area of 6.8 A x 4.6A, in good agreement with the calculated area of
7.04A x4.98A [22] containing the relaxed bitartrate—Ni , complex. The STM
images also reveal the presence of electronic perturbations around the bitartrate
molecules, extending, on average, over a 15.5 Ax12.5A areafora single molecule,
representing a 6 x 3.5 bulk truncation surface unit cell. These perturbations are
attributed to the local restructuring of the Ni atoms to relieve the stress induced by
the large adsorption footprint. The resulting perturbation is propagated a number of
atomic distances away from the adsorption centre.

DFT calculations of polar charge distributions of the bitartrate-Ni, complex
[24] show the chiral transmission from the adsorbate to the surface is not restricted
to a geometrical reorganization. In fact, the delocalised nature of the molecular
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wavefunctions leads to direct electronic communication between the molecule’s
chiral centres and its bonding groups [24]. This leads to the transfer of chirality
from the chiral centres to the four O-Ni bonds, which display a chiral character,
with one diagonal pair being equivalent and having a bond length of 2.04 A, while
the opposite diagonal pair possesses a shorter bond length of 1.94 A. This chiral
distribution of bond length suggests that chirality may well be communicated into
the electronic structure of the adsorption site.

The distortion and underlying reconstruction of the Ni are enantiomer-specific,
so that the mirror enantiomer yields the mirror adsorption footprint, with the
backbone of the bitartrate molecule distorted in the opposite directions and the
underlying metal possessing the mirror chiral reconstruction. This chiral prefer-
ence is driven by the fact that the energy cost of adopting the ‘wrong’ distortion
is 7 kJ mol™" [22]. This energy penalty is enough to ensure that 90% of adsorbates
will display the energetically favoured chiral preference and ensure a high degree
of chiral transmission from the molecule into the metal structure.

5.3.1 Chiral Transmission from Molecule to Surface

The influence of a surface on an adsorbed species is well-accepted. The TA/Ni(110)
system demonstrates how much the molecule can influence the behaviour of
the surface. How far can an adsorbate like tartaric acid induce such effects? Work
by Switzer and co-workers on the electrodeposition of CuO films in the presence
of tartaric acid showed that chirality could be induced in a normally achiral
inorganic material [25]. In a standard electrochemical cell, a Au(001) crystal is
placed in a solution containing Cu(II) ions, tartrate ions and NaOH. At a certain
potential, CuO will deposit, as a thin-film on the Au Surface. Characterization
by diffraction revealed that the deposited CuO film has no mirror or inversion
elements, i.e. it is chiral. The chirality of the film is controlled by the chirality of
the tartrate ions in the solution: (R,R)-tartrate yielding a chiral CuO(-111) film
while presence of (S,5)-tartrate produces the mirror Cu(l-1-1) enantiomorph.
Switzer et al, by catalyzing the oxidation of tartaric acid, demonstrate that not
only the bulk, but also the surface of the CuO film is chiral; the CuO electrode
surface grown in the presence of (R,R)-tartrate is more effective at oxidizing
(R,R)-TA, while the surface deposited in the presence of (S,S)-tartrate is more
effective at oxidizing (S,5)-TA.

5.4 Model Systems: Succinic acid on Cu(110):
The Adsorption of Achiral Molecules at Surfaces

The TA/metal systems revealed that strong molecule—metal interactions, which
lead to adsorbate induced surface stresses, are the driving force behind chiral
expression in these systems. This provides a strong indication that, perhaps, the
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creation of chirality at surfaces is not solely restricted to adsorption of chiral
molecules. To test this, succinic acid was adsorbed on Cu(110); succinic acid
differs from tartaric acid only in the replacement of the hydroxyl groups by
hydrogen. This stereochemical change destroys both chiral centres of the molecule.
However, the carboxylic acid functional groups that dominate the interaction with
the surface remain unaltered. Similar to tartaric acid, succinic acid is able to exist
in the neutral, mono and bisuccinate forms and, as a result, the adsorption phase
diagram displays the polymorphism of the TA/Cu(110) system (Fig. 5.1) [26, 27].
However, a different temperature dependence is observed since upon initial
adsorption to the metal surface, the doubly deprotonated bisuccinate species is
created directly. This immediately provides an interesting deviation from the
tartaric acid system where a significant kinetic barrier to the formation of the
bitartrate species exists. It is concluded that the hydroxyl groups must play an
important role in creating hydrogen bonded networks that substantially stabilise
the monotartrate structure [11, 26].

Recent work reveals a much more complex adsorption phase diagram than was
first suspected [28]. For the purposes of highlighting the creation of chirality from
the adsorption of achiral molecules on achiral surfaces only the (9 0,1 1), (90,-1 1)
and p(4 x2) phases will be discussed [26].

5.4.1 Adsorption Induced Chirality: The (9 0, +1 1)
and (9 0, —1 1) phases

Succinic acid in its bisuccinate form gives rise to the STM image shown in
Fig. 5.10, which clearly shows three different types of domains coexisting at the
surface: the (9 0,1 1), the (9 0,—1 1) and the p(4 x 2) domains. Both the (9 0,1 1)
and (9 0,—1 1) domains possess chiral unit cells, and are mirror images of each
other. This clearly shows the adsorption of achiral molecules on an achiral sur-
face is equally adept at creating an extended chiral domain. Of course, the system
cannot break the overall symmetry, so chirality is only expressed at the local
domain level, with mirror domains coexisting at the global level. However, this
remains a significant step towards breaking mirror symmetry in an otherwise
achiral system.

5.4.2 The p(4x2) Organisation

A much more subtle expression of chirality [28] is observed in the p(4 x2) phase
which possesses a local bisuccinate coverage of 0.25 monolayer. LEED spots at
{'/,h+"1,,0} and {0, k+'/, } (h, k are integers) positions are missing in the diffrac-
tion pattern, suggesting the surface assembly possesses two glide planes along the
[1-10] and [001] directions. The nanoscale organisation of the bisuccinate species
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Fig. 5.10 STM (1,000A x 1,000A, V=-0.23 V, 1=-0.98 nA) and (inset) LEED images for the
coexisting (9 0,1 1)(9 0,1 1) and p(4 x 2) structure at 38 eV. Reprinted with permission from [26].
Copyright 2004 American Chemical Society

at this coverage was probed by STM [29] and, at first sight, the molecules seem to
be arranged in a simple c(4 x2) structure (Fig. 5.11). On closer examination, two
distinct molecular orientations, aligned along asymmetric directions of the sub-
strate, can be identified from the high-resolution STM image. These two orienta-
tions are highlighted by the ovals in Fig. 5.11b, and can be seen clearly in the
close-up image. The angle between the long axes of the oval shaped bisuccinate and
the [001] direction is approximately +65° for one adsorbate and —65° for the other,
i.e. they correspond to two distinguishable local chiral motifs, each the mirror form
of the other, designated here as D and L-bisuccinate. The true unit cell of this struc-
ture is p(4 x 2) and it is heterochiral with two mirror orientations of bisuccinate in
a 1:1 ratio. This arrangement naturally creates the glide reflection planes in the
[001] and [1-10] directions, delineated in the close-up STM image of Fig. 5.11. Our
STM observations are, consistent with the LEED pattern (Fig. 5.11a). In addition,
STM data reveal that all molecules within the same row along the [001] direction
adopt the same adsorbate orientation with adjacent rows possessing the opposite
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Fig. 5.11 The p(4 x 2) overlayer of SU/Cu(110). (a) p(4 x 2) LEED pattern at 45 eV beam energy
showing missing diffraction spots. The white rectangle specifies the Cu(110) lattice. (b) STM
image of the p(4 x 2) phase (SOZ\ x 80A, V=-0.88 V, 1,=0.35 nA) along with a close up showing
the unit cell and glide planes. The two ovals are used to highlight the two molecular orientations.
Reprinted with permission from [29]. Copyright 2007 Wiley

orientation i.e. the structure consists of homochiral lines of bisuccinate, with the
chirality alternating with each row.

Periodic DFT calculations were undertaken to gain further insight into the
induction of chirality in this system [29]. Two possible adsorption geometries con-
sistent with the STM and RAIRS data were proposed, shown in Fig. 5.12a and b.
In Fig. 5.12a, the bisuccinate molecule bridges straight across the two Cu rows as
observed for bitartrate on Cu(110); in Fig. 5.12b, the Cu atoms bonded to the two
COO™ groups are offset by one Cu lattice constant in the [1-10] direction, giving
rise to a diagonal adsorption site. The DFT calculations yielded the optimised struc-
tures, Fig. 5.12c, d, for the models in Fig. 5.12a, b, respectively. Interestingly, the
overlayer structure in Fig. 5.12d is more stable and is 15.9 kJ mol™' lower in energy
than that in Fig. 5.12c. The Cu-O distances of the molecule-metal bonds in both
configurations are essentially the same. However, appreciable differences exist in
intramolecular hydrogen bonding interactions between the horizontally oriented
hydrogens of the methylene groups and the COO~ oxygen atoms, with H-O dis-
tances of 2.44 A and 2.92 A observed for structure of Fig. 5.12¢, and 2.52 A and
2.7 A observed for structure of Fig. 5.12d. In addition, weak intermolecular hydro-
gen bonding between heterochiral species is possible in the structure of Fig. 5.12d,
with a distance of 3.11 A measured between the CH, group of one bisuccinate and
the COO™ oxygen of a neighbouring bisuccinate. These differences in hydrogen
bonding interactions contribute only slightly to the relative stability of the two
structures. Instead, the energy difference is mainly attributed to the different degree
of deformation suffered by the molecular skeleton; the configuration in Fig. 5.12d
is closer to the gas-phase geometry, thus the energy penalty of molecular distortion
in Fig. 5.12d is less than that in c.

The optimised structure of Fig. 5.12d shows how local chirality is created from an
achiral system, with the diagonal adsorption site and the distortion of the molecular



112 M. Forster and R. Raval

nlviolen
*f‘ ) ‘L?A&’O ‘
‘C’ ) ‘C‘? ) ‘(J '.‘1« ok ﬁ " K -
0 ' A o) ok ﬂ "- ﬂ s£e . ‘ . ‘ .
J 4. S '
.' ’n _ﬂ" i o ' F‘ 4‘
olr o ‘o oreeRaintiala Py ar
C’ ‘C"' . '.:’\‘ ' - "ﬂ' ' .

l'
| 0 #‘0 .

.J .).‘J. .1. J.

+1 5.9kl mol'] 0 kJ mol™!

Fig. 5.12 (a) and (b) Schematics of the two possible adsorption geometries for the p(4 x2) bisuc-
cinate structure. (¢) and (d) the DFT-optimised structures of a and b. The carboxylate oxygens are
all located in atop sites, but not in identical positions. Intramolecular and intermolecular H-O
distances are indicated. Reprinted with permission from [29]. Copyright 2007 Wiley

skeleton destroying both the molecular and local surface mirror planes. Furthermore,
the structure is optimised when molecules of the same chirality align along the [001]
direction, but with each row alternating in chirality. This generates an interesting
overlayer that is truly racemic, but containing homochiral chains. The partial charge
density (integrated from —0.9 eV to the Fermi level) shows strong intensity along
the diagonal connecting the vertically-aligned hydrogen atoms on the CH, groups
(indicated by the arrows in Fig. 5.12d), thus rationalising the 65° angle between the
long axis of the bisuccinate molecule and the [001] direction imaged by STM.

5.5 Conclusions

The understanding of how chirality is introduced at surfaces via the adsorption of
organic molecules has witnessed a real step-change in the past decade and a number
of important parameters and phenomena have been revealed from the dramatic
images obtained by STM and from the detailed insights attained by a range of surface
spectroscopic techniques and theoretical calculations. A number of excellent
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reviews have captured a large proportion of this work [30-33]. The work presented
here is confined to the behaviour of tartaric and succinic acid on Cu(110) and
Ni(110) surfaces studied under idealised (i.e UHV) conditions. Some general and
fundamental aspects of chiral expression at surfaces have been gleaned, which must
manifest themselves in the real catalytic system, albeit in a modified form when
solvents and promoters, etc are present. For example, our fundamental studies have
uncovered a myriad of chiral expressions that an organic—inorganic interface can
display and helps to rationalize the difficulty of creating a working heterogeneous
catalyst, with temperature of modification, temperature of reaction and concentra-
tion of modifier all impacting significantly on performance [3, 6-9, 34-37]. We
note the most catalytically relevant phase of the tartaric acid system occurs at high
temperature and low surface modifier concentration [6, 7], which correlates well with
the creation of the rigidly held bitartrate phase where both ends of the molecule are
bonded to the surface. Catalytic studies have shown that removing just one of the
bonding carboxylic acid groups causes the e.e to plummet to almost zero [6, 7]. In
addition, we demonstrate that metal reconstruction may also accompany the creation
of chiral phases and the chiral spaces that lie within them — these processes may have
a significant activation barrier and also require the higher temperatures. Furthermore,
a reorganized metal surface may also rationalize the rate of acceleration that is often
observed on modified surfaces. Finally, catalytic observations [6, 7] also show that
the size of the metal particles affects the performance, with higher e.e being recorded
for larger particles reaching a maximum at 100-300 A before leveling off. Such par-
ticles would be perfectly capable of sustaining 2D molecular assemblies of the type
images on our single crystal surfaces.

The nanoscopic insights built from advanced surface science experiments and
high level density functional theory is beginning to reveal the mechanisms of chiral
induction and the critical role of both the organic molecule and the underlying
surface in creating asymmetry. The studies reported here are some of the first
detailed mappings of such systems drawn from our laboratory and, no doubt, future
studies will reveal other important parameters, especially the balances that exist
between molecule—-molecule, molecule—surface, modifier—reactant and reactant—
metal interactions that allow heterogeneous enantioselective reactions to be con-
trolled to a high level. Once a database of the type that is available to the organic
chemist or the homogeneous catalytic chemist is established for the heterogeneous
catalytic chemist, the generic principles on which to base future design strategies
may become clearer. Thus, we may be able to move to rational designs for a new
generation of heterogeneous enantioselective catalysts.
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Chapter 6

Role of C and P Sites on the Chemical Activity
of Metal Carbides and Phosphides:

From Clusters to Single-Crystal Surfaces

José A. Rodriguez, Francesc Viies, Ping Liu, and Francesc Illas

Abstract Transition metal carbides and phosphides have shown tremendous
potential as highly active catalysts. At a microscopic level, it is not well understood
how these new catalysts work. Their high activity is usually attributed to ligand
or/and ensemble effects. Here, we review recent studies that examine the chemi-
cal activity of metal carbides and phosphides as a function of size, from clusters
to extended surfaces, and metal/carbon or metal/phosphorous ratio. These studies
reveal that the C and P sites in these compounds cannot be considered as simple
spectators. They moderate the reactivity of the metal centers and provide bonding
sites for adsorbates.

6.1 Introduction

The carbides of the early transition metals exhibit chemical and catalytic properties
that in many aspects are very similar to those of expensive noble metals [I].
Typically, early transition metals are very reactive elements that bond adsorbates
too strongly to be useful as catalysts. These systems are not stable under a reactive
chemical environment and exhibit a tendency to form compounds (oxides, nitrides,
sulfides, carbides, phosphides). The inclusion of C into the lattice of an early transi-
tion metal produces a substantial gain in stability [2]. Furthermore, in a metal car-
bide, the carbon atoms moderate the chemical reactivity through ensemble and
ligand effects [1-3]. On one hand, the presence of the carbon atoms usually limits
the number of metal atoms that can be exposed in a surface of a metal carbide
(ensemble effect). On the other hand, the formation of metal-carbon bonds modi-
fies the electronic properties of the metal (decrease in its density of states near the
Fermi level; metal — carbon charge transfer) [1-3], making it less chemically active
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(ligand effect) and a better catalyst according to the Sabatier’s principle [2]. Thus,
the carbides of early transition metals are able to catalyze the transformation of
hydrocarbons [1, 4], the conversion of methane to synthesis gas [5, 6], and desul-
furization reactions [1, 7-12]. These compounds display a unique combination of
the physical properties characteristic of noble metals and ceramics [13, 14]. Many
early transition metal carbides are good electrical and thermal conductors while
possessing ultra-hardness and very high melting points [13, 14]. All these chemical
and physical properties make the early transition metal carbides useful for techno-
logical applications in catalysis and materials science [1, 13, 14].

The inclusion of P into the lattice of an early transition metal also leads to a
substantial gain in stability [2]. In general, the metal-P bonds are less ionic than
metal-C bonds and the ligand effects of P are not very strong [2, 15]. This may be
important for some catalytic reactions, like hydrodesulfurization processes [15]. An
important issue when dealing with metal carbide and metal phosphide catalysts is
the role of the light elements (C and P) in catalytic processes. Are the light elements
simple spectators, as it is frequently assumed [1, 7, 9], or do they participate
directly in the reactions which are being catalyzed? In this chapter, we review a
series of recent studies that focus on the chemical and catalytic properties of metal
carbides and phosphides. Many of these studies have been performed on well-
defined single-crystal surfaces. A few deal with nanoparticles such as the metcars
Ti,C , or Mo,C,, (see Fig. 6.1). The chapter is organized as follows. The next sec-
tion examines the effects of the carbon/metal ratio on the electronic properties and
chemical reactivity of metal carbides. Then, we report systematic studies of the
adsorption of oxygen on metal carbides. In the last part of the chapter, we end with
studies of desulfurization on metal carbides and phosphides. In recent years, new
legislations require a very low content of sulfur in oil-derived products and new
catalysts have been developed for deep hydrodesulfurization reactions which are
based on metal carbide and phosphide compounds [1, 9, 15].

Fig. 6.1 Calculated structure for metcar nanoparticles, M,C,, (M=Ti,V,Mo). Large grey spheres
denote metal atoms, small dark spheres represent C atoms
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6.2 Effects of Carbon/Metal Ratio on the Chemical
Properties of Metal Carbides

Since Boudart et al. found that early transition metal carbides behave like noble
metals in surface catalysis [4], this class of materials has attracted considerable
attention [1]. Density functional (DF) theory was employed to study the stabilities
and chemical activities of transition metal carbides [3, 8, 12]. The calculations were
performed using GGA functionals (PW91 or RPBE) and using numerical (DMol?
code) or plane-wave basis sets (CASTEP and VASP codes) [3, 8, 12]. Different
kinds of structures including bulk surfaces, M,C(001) and MC(001) (see Fig. 6.2),
and metcars, MXC i (Fig. 6.1; M=Ti, V or Mo), were taken into consideration [16].
Systematic studies show that by increasing the C coordination number of the metal
atoms in the carbides, in general, the stability of the carbides increases (metcars are an
exception since they include both high-coordinated and low-coordinated metal
atoms); at the same time, the chemical activity of the carbides decreases due to a
downshift of the metal d-band center (ligand effect) [8].

Figure 6.3 displays calculated bonding energies for CO, S, SO, and thiophene
on a series of carbide surfaces and metcars [16]. It is usually assumed that the
chemical activity of the metal carbides decreases when the C concentration is
increased [1].

This hypothesis is not supported by the DF results in Fig. 6.3: the activity of the
carbides follows a volcano-like curve with the increasing carbon/metal (C/M) ratio.
The metcar nanoparticles have a chemical reactivity much higher than that expected
with a large C/M ratio of 1.5.

CO is a molecule frequently used to probe chemical reactivity. With the C/M
ratio increasing up to 1, the CO adsorption energy on the surfaces from M(001) to
MC(001) decrease greatly by ~2 eV (Fig. 6.3a). However, the CO-M bonds become
stronger by ~0.5 eV when the C/M ratio is increased to 1.5 and nanoparticles are

Fig. 6.2 Left: Top view of the (001) face of MC carbides (M=Ti, V, Zr, or Mo). Right: Top view
of the Mo,C(001) surface. Large spheres represent metal atoms
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Fig. 6.3 Calculated adsorption energies of carbon monoxide (a), atomic sulfur (b), sulfur dioxide
(c) and thiophene (d) on the metal carbides (Ti carbides, V carbides and Mo carbides) as a func-
tion of the C/M ratio. The C/M values of 0.5, 1 and 1.5 correspond to bulk M,C, bulk MC, and
metcar M C ,, respectively. Reprinted with permission from [16]. Copyright 2004 by the American
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Institute of Physics

formed. In spite of the high C/M ratio and the C, groups (Fig. 6.1), M,C,, displays
a much stronger interaction with CO than that of MC (Fig. 6.3a). As shown in
Fig. 6.3 b—d, the variation of the adsorption energy for S, SO, and tiophene with
the C/M ratio displays a similar volcano trend as that seen in Fig. 6.3a. Considering
the best catalysts, those with combined high stability and moderate chemical activ-
ity, the DF results suggest that the catalytic potential of Mo carbide systems should
decrease in the following sequence: Mo,C,,>Mo,C(001) or MoC(001)>pure
Mo(110). In spite of having the largest C/Mo ratio, the metcar appears as the most
attractive system [8, 12]. The theoretical studies also indicate that the unique
behavior of metcars is not unique for Mo carbides. Similar behavior is also
observed for Ti or V carbides [8, 16]. As we will see in section 6.4, the metcars
are more efficient catalysts for the hydrodesulfurization of thiophene than
Mo,C(001) or MoC(001) [17].
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6.3 Reaction of Oxygen with Metal Carbide Surfaces

The interaction of oxygen with surfaces of metal carbides is a very important issue
[1]. The catalytic properties of metal carbides can be drastically modified by
adsorption of oxygen from the air or by reaction with O centers of oxide supports
[1, 18]. In addition, oxygen also affects the performance of metal carbide coatings
used in the fabrication of mechanical and electronic devices [13, 14, 19]. The gen-
eration of an oxide film on top of the carbide can lead to a degradation of the con-
ductivity and hardness of the system [13, 14]; however, oxocarbides can have
interesting physical properties [, 18]. Several experimental studies have investigated
the interaction of oxygen with well-defined surfaces of metal carbides [19-24]. A key
point is the relative importance of the oxygen<>metal and oxygen<>carbon interac-
tions. Usually, it is assumed that the C sites of a metal carbide surface play a sec-
ondary or minor role in the chemical properties of the system [1, 7, 9]. However,
recent experimental studies for O/TiC(001) and O/ZrC(001) point to the existence
of strong oxygen<>carbon interactions [19, 23, 24].

High-resolution photoemission and first-principles DF calculations were used to
study the interaction of oxygen with TiC(001), ZrC(001) and VC(001) surfaces [23,
24]. Atomic oxygen is present on the carbide substrates after small doses of O, at
room temperature. At 500 K, the oxidation of the surfaces is fast and clear features
for TiO, ZrO_or VO_ are seen in photoemission. Figure 6.4 shows high-resolution
C 1s photoerhission ‘spectra for O/ZrC(001) and O/VC(001) surfaces. The C 1s

O adsorption Cis

C--metal
C--OorC--C

L ZrC(001)
30 L O, 500 K

VC(001)

Photoemission Intensity (arb. units)

30 L O, 500 K
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Binding Energy (eV)

Fig. 6.4 C Is photoemission spectra recorded after dosing oxygen to ZrC(001) and VC(001) at
500 K. Reprinted with permission from [24]. Copyright 2005 by the American Physical Society
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spectrum for O/ZrC(001) exhibits a distinctive line shape with two strong peaks at
283.4 and 281.9 eV. The peak at 281.9 eV is close in binding energy to the single
peak found for clean ZrC(001) at 281.7 eV. From the relative intensities of the two
peaks it appears that, in O/ZrC(001), a very large fraction (~40%) of the C atoms
near the surface has been perturbed by the presence of oxygen. In general, we found
C 1s shifts of 1.3—1.6 eV with respect to the main peak for the substrate. Similar
results have been found for O/TiC(001) [23]. They point either to a strong interac-
tion between O and C atoms (oxygen could be adsorbed directly on top of C sites)
or to a O<>C exchange which could take place on the surface (Zr—C or Ti—C bonds
being replaced by Zr—O or Ti—O and C-C bonds).

These two possibilities were investigated using DF calculations [23, 24]. The
calculations show a CZrZr or CTiTi pseudo-hollow as the most stable site for the
adsorption of O on ZrC(001) or TiC(001), see Fig. 6.5. Furthermore, the calcula-
tions also show that a C<>O exchange is exothermic on these metal carbide sub-
strates, and the displaced C atoms bond to CZrZr sites or CTiTi sites. Thus, in the
0O/ZrC(001) and O/TiC(001) systems, the surface C atoms play a major role in
determining the behavior of the system [23, 24].

In Fig. 6.4, the C 1s spectrum for O/VC(001) is characterized by essentially a
single peak at 282.1 eV and a very small feature near 283.5 eV. For clean VC(001),
the C 1s peak shows up at 282.0 eV. Thus, it appears that the O«<>C interactions are
negligible in O/VC(001). The results of photoemission are consistent with data of
HREELS for O/VC(001) [19]. The C 1s spectra in Fig. 6.4 suggest an important
difference in the mechanisms for the oxidation of ZrC(001) and VC(001). First-
principles DF calculations corroborate this finding [24, 25]. For the interaction of
O with the VC(001) surface, the DF calculations show no big differences for the O

Fig. 6.5 Calculated adsorption site for O on TiC(001) and ZrC(001). Dark grey spheres represent
C atoms, while metal atoms are represented by soft grey spheres. Reprinted with permission from
[24]. Copyright 2005 by the American Physical Society
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adsorption energies on top of V and on a CVV hollow [24, 25]. However, the
calculated rate constant for the dissociation of O, on V sites is much higher than
that on CV'V sites [25], allowing one to deduce that the O<>C interactions are not
really essential for the binding of the adsorbate in O/VC(001). The VC(001)
valence band has one more electron than that of TiC(001) or ZrC(001) [3], and it
occupies states that favor V-O bonding and the dissociation of molecular oxygen
[24, 25].

Density functional theory was used to perform a systematic study of the
adsorption of atomic O and O, on the (001) surface of a series of transition metal
carbides (TMC; TM = Ti, Zr, Hf, V, Nb, Ta, Mo) [26, 27]. On group 4 TMCs,
oxygen atoms highly preferred hollow sites surrounded by one carbon atom and
two metal atoms (CMM, see Fig. 6.5). On the group five and six TMCs, a com-
petition between this site and the adsorption of O on top of a metal atom (M-top)
was observed. A third possible competitive minimum was found for the
3-MoC(001) system, where a kind of CO-like molecule was formed and adsorbed
on the carbon vacancy site. The strong interaction of O with C explains the car-
bon removal and formation of metal oxycarbide compounds by oxidation, espe-
cially at high temperatures [26]. The bonding of O to the TMCs produced an
elongation in the M—C distances located near the adsorbate as consequence of
M-O or C-O interactions [26, 27].

A topological analysis of the electron localization function (ELF) provides an
unbiased description of the chemical bond [28]. The ELF contours for O adsorption
on the M-top site are reported on Fig. 6.6 for a representative TMC of groups 4, 5
and 6 of the Periodic Table. These results do not exhibit any region with a large

Fig. 6.6 Electron localization function (ELF) maps for the adsorption of O on M-top sites of
TiC(001), group 4 of the Periodic Table; VC(001), group 5; and 6-MoC(001), group 6. Reprinted
with permission from [26]. Copyright 2007 by the American Physical Society
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value of ELF between the adsorbate and the surface and hence there is no evidence
of either covalent or metallic bonding; the electron pairs are all localized over
the oxygen atoms as expected for a dominantly ionic bond. The plots show a
weaker bonding interaction for oxygen on Ti than on V or Mo. For the interac-
tion of atomic O above the CMM adsorption site(not shown), a well-defined
basin with a high ELF contour between the oxygen adatom and the surface
carbon was clearly observed [26], indicating significant covalent bonding at
this site. An analysis of the partial density of states near the Fermi level,
Mulliken charges, and adsorbate-induced work function changes point to
adsorption bonds which contain a strong mixture of ionic and covalent character
[23, 24, 26].

In a DF study of the adsorption and dissociation of O, on the (001) surface of
group 4-6 TMCs [27], it is found that O, may adsorb molecularly on two different
substrate sites with similar adsorption energy. At these sites, O, either bridges two
surface M atoms or it is placed directly on top of a M surface atom. A case apart is
8-MoC(001), where O, adsorption on top of surface Mo atoms high in energy with
respect to bridging two surface Mo atoms. The relative stability of O, on these
TMCs is dominated by the electron back-donation between the surface and O, and
the stabilization of the resulting partially charged molecule by the surface metal
sites. Three reaction paths leading to O, dissociation were considered [27]. The first
reaction pathway starts from M-M bridge molecular adsorption and lead to O
atoms on top of surface M atoms (TSM). The second one (TS€) starts from on top
molecular adsorption and leads to final states where O atoms are adsorbed on three-
fold hollow sites neighboring two M and one C surface atoms, while the third
pathway (TSEC) starts from O on the M-M bridge and leads to TS® products. For
each reaction path, transition state structures have been located and the correspond-
ing energy barriers obtained [27]. At low temperatures, O, dissociation on group 4
TMCs can only occur via the TSBC pathway whereas at high temperatures it may
also take place starting through TS€. For the rest of the carbides, only TS® and TSM
paths are possible. The calculated transition state theory rate constants reveal that
TMC:s of groups 4 and 5 are easy to oxidize whereas this is especially difficult for
8-MoC(001).

The calculated AEs for the formation of oxycarbides indicate that two reaction
paths are possible for the C<>O exchange in O/ TiC(001) or O/ZrC(001) [23, 24]:
O/MC(001)—C/MC,_0 (001), and O/MC(001)—-MC,_O (001)+CO(gas). The
first one essentially involves one oxygen atom per each carbon atom and does not
change the C content of the system. The C atoms replaced by O remain on the
surface bonded to CMM sites, see Fig. 6.7 [23, 24]. In the case of the second one,
the carbon content of the system decreases. It involves two O atoms per each C
atom removed. One O atom takes the place of a C atom in the carbide lattice, and
the second O atom reacts with the replaced C to form CO which evolves into gas
phase. For O/VC(001), DF calculations predict that a simple C<>0O exchange is
endothermic, and only the second pathway for the C<>0 exchange is allowed ther-
modynamically [24].
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Fig. 6.7 O/MC(001)—C/MC,_ O (001) exchange on a metal carbide surface. The carbon atoms
are represented by dark grey spheres, while the soft grey spheres denote metal atoms. Reprinted
with permission from [24]. Copyright 2005 by the American Physical Society

6.4 Desulfurization Reactions on Metal Carbides
and Phosphides

Since the last century, petroleum has been a very important source of fossil fuels
and chemical feedstocks. Sulfur-containing compounds are common impurities in
all crude oil [7, 9]. In our industrial society, these impurities have a negative impact
in the processing of oil-derived chemical feedstocks and degrade the quality of the
air by forming sulfur oxides (SO ) during the burning of fuels and by poisoning the
catalysts used in vehicle catalytic converters [29]. Hydrodesulfurization (HDS) is
one of the largest processes in petroleum refineries where sulfur is removed from
the crude oil [7, 9, 29]. Organosulfur compounds are converted to H,S and hydro-
carbons by reaction with hydrogen over a catalyst. Most commercial HDS catalysts
contain a mixture of MoS, and Ni or Co [7, 30]. The current HDS catalysts cannot
provide fuels with the low content of sulfur required by new environmental regula-
tions [9, 30]. The search for better desulfurization catalysts is a major issue nowa-
days in industry and academic institutions [15, 29, 30]. It has been established that
-Mo,C and other metal carbides are very active for the cleavage of C—S bonds, but
their HDS activity decreases quickly with time [31]. The degradation of 3-Mo,C
has been ascribed to the formation of a chemisorbed layer of sulfur or MoS C
compounds on the surface of the catalyst [31]. More recently, transition metal phos-
phides have shown potential as highly active HDS catalysts [9, 32, 33]. Among all
the phosphides, Ni P/SiO, demonstrated the highest HDS activity (HDS conversion
of 99%) and has been reported to be more efficient than NiMoS/AL O, (HDS con-
version of 76%) [9, 32]. Furthermore, Ni,P does not deactivate with time as 3-Mo,C
does [33].

X-ray photoelectron spectroscopy and first-principles DF calculations were used to
investigate the desulfurization of thiophene (a typical test molecule in HDS studies) and
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Fig. 6.8 Structure of the Ni,P(001) surface. The dark spheres denote Ni atoms
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Fig. 6.9 S 2p XPS spectra recorded after the adsorption of thiophene on Mo,C(001), Ni,P(001)
and MoC at 300 K. Reprinted with permission from [15]. Copyright 2005 by the American
Chemical Society

the removal of S on the surfaces of Ni,P, Mo,C and MoC [15]. The Ni,P(001)
surface studied exposes both Ni and P sites, see Fig. 6.8. This surface is of great
relevance because it is the predominant orientation observed in HDS catalysts con-
taining Ni P crystallites supported on a silica [03 1]. It has well-defined ensembles of
three metal atoms that are separated by ~3.8 A [34]. Each cluster of nickel is sur-
rounded by a group of six P atoms. In contrast, an o-Mo,C(001) surface exposes
only metal atoms (Fig. 6.2) [11, 12]. This carbide surface is expected to have a
chemical reactivity very similar to that of a metal surface [2].

Thiophene (C,H,S) was dosed to Ni,P(001), a-Mo,C(001) and MoC surfaces at
100 or 300 K [15]. Figure 6.9 shows S 2p XPS spectra acquired after dosing the
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molecule at room temperature. For chemisorbed thiophene, the S 2p features are
expected at 167-164 eV. The position of the S 2p features seen for the C,H,S/
Ni,P(001) and C,H,S/a-Mo,C(001) systems, 164-160 €V, is typical of sulfur ada-
toms [15] indicating cleavage of the C—S bonds in thiophene. In contrast, the
molecule does not dissociate or adsorb on MoC at 300 K. Photoemission data for
C,H,S/a-Mo,C(001) show that C—S bond scission occurs by 170 K and possibly at
temperatures as low as 105 K upon adsorption [11]. DF calculations also find a very
strong interaction between C,H,S and a-Mo,C(001) [12]. The molecule adsorbs
with its ring parallel to the carbide surface, and one of the C—S bonds spontaneously
breaks. In contrast, theoretical studies show weak bonding interactions for thio-
phene on a flat 3-MoC(001) surface [12]. A Mo — C charge transfer (ligand effect)
and a dilution in the fraction of metal atoms in the surface (ensemble effect) make
8-MoC(001) inert towards thiophene. Experimental results for C,H,S/MoC confirm
this theoretical prediction [15]. Thiophene adsorbs on polycrystalline MoC at
100 K, and desorbs intact upon heating to 200 K. From TPD experiments, a thio-
phene adsorption energy of ~11 Kcal/mol (0.48 eV) is estimated, which is close to
the value of 7 Kcal/mol (0.3 eV) calculated for C,H,S on a flat 5-MoC(001) surface
[12, 15].

In the case of Ni P(001), the Ni— P charge transfer is not large (<0.1 ¢) [15] and
the surface has a substantial number of Ni atoms. Clusters of three Ni atoms are
present (Fig. 6.8), and the separation between these clusters is not large enough to
prevent effective bonding interactions with a relatively big molecule like thiophene.
At 100 K molecular adsorption of C,H,S on Ni P(001) occurs, but at temperatures
above 200 K the surface is able to crack the C-S bonds of the adsorbate [15].
Similar results have been found for the interaction of thiophene with Ni,P/SiO,
catalysts [32].

Thus, it is clear that o-Mo,C(001) and Ni,P(001) can dissociate thiophene eas-
ily. The key to establish a catalytic cycle for desulfurization is in the removal of the
decomposition products of thiophene (C H fragments and S) from these surfaces.
At a temperature of 450 K, it is possible to hydrogenate and remove the CH frag-
ments present on the Ni P(001) surface [15]. On the other hand, the removal of the
S adatoms (S, clS+H2’gas—>HZSgas) is significant only at temperatures above 600 K
[15]. Arrhenius plots obtained after measuring the hydrogenation rates at different
temperatures (450, 500, 600 and 650 K) give apparent activation energies of
19-21 kcal/mol (0.8-0.9 eV) for the removal of S and 7-9 Kcal/mol (0.3-0.4 eV)
for the removal of the C H fragments. When similar experiments were carried out
for the o-Mo,C(001) surface, it was again found that the most difficult step in a
HDS process should be the transformation of adsorbed sulfur into gaseous H,S
[15]. In fact, at a temperature of 650 K, it was impossible to remove most of the S
adsorbed on a-Mo,C(001).

In the rest of this section, we will focus our attention on the interaction of S with
the carbide and phosphide surfaces. The DF results displayed in Fig. 6.3b indicate
that MC(001) surfaces bind sulfur much weaker than M,C(001) surfaces (M=Ti, V
or Mo) [16]. Experimental and theoretical results indicate that the S adsorbed on
the MC(001) substrates interacts with the C sites in structural configurations similar
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to those seen for adsorbed oxygen (see Fig. 6.5) [15, 35]. A M—C charge transfer
reduces the reactivity of the metal sites in MC compounds [2, 3], and S is forced to
interact with the C sites which are not simple spectators. On the other hand, the
M,C(001) surfaces bond S strongly at small and large coverages [11, 15, 16]. These
carbide systems have a reactivity towards S similar to that of pure metal surfaces [16].
For S/a-Mo,C(001), one doublet at 164-160 eV is detected in S 2p XPS spectra and
does not change when the sample is heated at temperatures above 700 K [15].

In the case of S/Ni,P(001), two types of S species were seen in the S 2p XPS
region: A set of two doublets appearing at 165-162 eV and 164-160 eV [15].
At small coverages of S, only the doublet at 164—160 eV was found and the sulfur was
strongly bound remaining on the phosphide surface upon annealing to temperatures
as high as 700 K. The results of DF calculations indicate that the S adatoms were
probably sitting on the Ni hollow sites of Ni,P(001), see left-side panel in Fig. 6.10
[15]. When the sulfur coverage was raised, there was a clear change in the line
shape of the S 2p features and the doublet at 165-162 eV appeared. The sulfur spe-
cies that produced this doublet desorbed upon heating to 400—450 K. This “weakly”
bound sulfur could be attached to Ni and/or P sites, since it induced a significant
change in the line shape of the P 2p XPS spectrum for the phosphide substrate [15].
DF calculations show that Ni—P bridge sites are probably populated at medium or
large sulfur coverages, see right-side panel in Fig. 6.10, and do not interact strongly
with the adsorbate. These Ni—P adsorption sites are interesting since they allow the
participation of P atoms in the hydrodesulfurization reactions.

Figure 6.11 compares the rates for removal of moderate to small coverages of
sulfur from Ni,P(001) and a-Mo,C(001). Initially, approximately the same amount
of sulfur was deposited on both surfaces, and then they were exposed to H,
(500 Torr) at high temperature (650 K) [15]. The Hz’gas+Sa ds—)HZSgas reaction pro-
ceeds faster on Ni,P(001). In fact, only a very small amount of sulfur is removed
from a-Mo,C(001). DF calculations give a barrier of ~4 ¢V for the hydrogenation
of S on a-Mo,C(001) due to the extremely strong sulfur-surface bonds [15]. The
degradation of 3-Mo,C catalysts in desulfurization processes has been attributed to
the formation of a chemisorbed layer of sulfur or MoS C compounds on the surface
of these systems [31, 32]. This is not the case for Ni P catalysts, which exhibit high
stability with time [9, 32, 33].

Fig. 6.10 Bonding configurations calculated for 0.33 and 0.67 ML of atomic S on Ni,P(001). The
dark spheres denote Ni atoms, while the small spheres denote S atoms
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Fig. 6.11 Hydrogenation of S adatoms on Ni,P(001) and a-Mo,C(001). The samples were
exposed to H, (500 Torr) at 650 K. The removal of S was followed by measuring the changes in
the S 2p XPS signal as a function of reaction time. Reprinted with permission from [15].
Copyright 2005 by the American Chemical Society

The very good catalytic performance reported for Ni,P [9, 32, 33] can be
ascribed to the moderate effects of Ni<->P interactions and the intrinsic reactivity of
the P sites [15]. First of all, the “ligand effect” of P atoms on the Ni sites is rela-
tively weak. The formation of Ni—P bonds produces a minor stabilization of the Ni
3d levels and the Ni— P charge transfer is very small. This leads to a reasonably
high activity of Ni P to dissociate thiophene and hydrogen. Secondly, the active Ni
sites of the surface decrease due to an “ensemble effect” of P, which prevents the
system from the deactivation induced by high coverages of strongly bound S. In
addition, P sites play an important role in the bonding of intermediates. When the
Ni hollow sites are occupied by an adsorbate, the P sites can provide moderate
bonding to the products of the decomposition of thiophene and the H adatoms nec-
essary for hydrogenation [15].

Ni,P is a highly active HDS catalyst by obeying Sabatier’s principle: good bond-
ing with the reactants, and moderate bonding with the products. Bulk metal car-
bides like Mo,C and MoC are not good HDS catalysts because one interacts too
strongly with the products (Mo,C) and the other has problems dissociating the
reactants (MoC) [15]. The DF results in Fig. 6.3 indicate that the M,C,, carbides
have an intermediate reactivity between those of bulk Mo,C and bulk MoC.
Theoretical studies predict that Mo,C,, and Ti,C,, will be good HDS catalysts [17].
Figure 6.12 shows optimized structures for the reaction: thiophene+3H, —
C,H,+H,S, on a Ti,C , metcar. In the first step, H, dissociates on two C sites (H!
configuration), and then moves to Ti sites (H" configuration).

Steps 1-8 are all exothermic and release the energy necessary for steps 9, 11 and
12 [17]. The rate determining step for the whole HDS process is the hydrogenation
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1: H,(9)+Th(g) 12: H,

5: H'+C H,S 6: S+C H, 8: S+C_H,

Fig. 6.12 Optimized structures for the reaction, thiophene + 3H, — C,H,+H,S, on a Ti,C , metcar:
Blue spheres, Ti; grey spheres, C; white spheres, H; and yellow spheres, S. Reprinted with permission
from [17]. Copyright 2004 by the American Chemical Society

of adsorbed HS (step 12) and subsequent evolution into gas phase of H,S. On Ti,C,,
and Mo,C ,, this step has an activation barrier smaller than on commercial Ni/MoS,
catalysts [17]. In Fig. 6.12, the H adatoms are essential for the hydrogenolysis of
the two C-S bonds in thiophene. In the absence of the H adatoms, the thiophene
just bonds to Ti,C,, without any C-S bond breaking [16, 36], but the metcar can
accommodate up to five C H,S molecules.

6.5 Conclusions

Transition metal carbides and phosphides have shown potential as highly active
catalysts. In these compounds, the C and P sites cannot be considered as simple
spectators. They moderate the reactivity of the metal centers and provide bonding
sites for adsorbates. The reactivity of the C centers in MC(001) surfaces varies in a
complex way with the position of the metal in the Periodic Table and the filling of
the carbide valence band. M,C , metcars should display a catalytic performance
even better than that of the well-known Mo,C or MC catalysts. By introducing
six pairs of C, groups in the structure, the M,C , system is stabilized, while the
presence of four low-coordinated M sites allows a reasonably high chemical
reactivity.
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Chapter 7

Surface Reactions of Oxygen Containing
Compounds on Metal Oxide (TiO, and UO,)
Single Crystals

Hicham Idriss

Abstract The surfaces of model metal oxides offer many fundamental examples
where the outcome of a specific chemical reaction might be linked to the surface
structure and local electronic properties. In this work the reaction of simple molecules
such as ammonia, alcohols, carboxylic and amino acids is studied on two metal
oxide single crystals: rutile TiO,(110) and (001) and fluorite UO,(111). Studies are
conducted with XPS, TPD, and Plane Wave Density Functional Theory (DFT). The
effect of surface structure is outlined by comparing the TiO,(110) rutile surface to
those of TiO,(001), while the effect of surface point defects is mainly discussed in
the case of stoichiometric and substoichiometric UO,(111).

7.1 Introduction

The complexity of catalytic materials due to their heterogeneous nature and complex
interactions with adsorbates has motivated researchers to focus studies to simple
reactants on polycrystalline or single-crystal surfaces that are amenable to charac-
terization by electron, ion and photon-based spectroscopy. The optimization of
catalyst design and an understanding of the catalytic process require a thorough
knowledge of the surface chemistry at the atomic (electronic) level, where active
sites are involved and defined by their coordination environment, electronic density,
and surface structure. Experimental and computational studies of reactions on
model solid surfaces have in some cases provided the ability to design highly active
and selective catalysts for important chemical processes, such as Fisher Tropsch
synthesis for the formation of synthetic fuels [1], ammonia synthesis [2], and auto-
mobile catalytic converters (i.e., three-way catalyst) [3].
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The study of metal single crystals is generally less complicated than that of
metal oxides, because metals are easier to manipulate (such as mount and clean) in
an ultrahigh vacuum (UHV) environment, stable at elevated temperatures, and
because they are conductive, they are easily characterized by charged particle spec-
troscopy. However, many new technologies utilize metal oxides [4, 5], and an
understanding of their behavior at the atomic and molecular level is required.
Because of their role as catalyst supports for expensive transition metals (often
nanometer sized particles), the metal-oxide interface has been central to many studies,
and considerable modifications of their chemical and structural properties under
reaction conditions have been observed [6-9]. The presence of two different atoms
— metal and oxygen — increases the number and complexity of possible surface
structures. Many transition metal oxides exist in their nonstoichiometric form under
reaction conditions. For example the electronic state of Ti atoms in titanium dioxide
may differ from the expected +4 state, and indeed a wide number of electronic
states (e.g., Ti** where 0<x<4; x is traditionally regarded as the oxidation state)
have been observed under reduced conditions. These reduced states have direct
implications on the reactivity. In this chapter, we compare reactions of several
organic compounds on the surfaces of single-crystalline TiO, and UO, in stoichio-
metric and reduced states. The structure and reactivity of single-crystalline TiO,
surfaces has been reviewed recently [10-12], while studies on UO, have been
reported less frequently.

7.2 Structure of Rutile TiO2 and UO2 Surfaces

7.2.1 Rutile TiO,

The surfaces of single-crystalline rutile TiO,, such as the (001), (110), and (100), have
been studied for decades as models for metal oxide surfaces. Many chemical reac-
tions of simple compounds have been investigated including water, alcohols, alde-
hydes, and carboxylic acids [10-13]. TiO, exists in many different phases, in addition
to the rutile phase, the brookite and anatase phases are known. While brookite is not
a common TiO, phase the anatase phase is often found in nature. In addition because
the anatase phase can be easily synthesized with high surface area many TiO,-based
catalytic materials contain a substantial amount of the anatase phase [14]. However,
the anatase phase is considerably less stable than the rutile phase; it can transform to
the rutile phase at temperatures as low as 500 K. While this may not be very critical
to some catalytic reactions it has rendered their study by surface science methods
more complex because high temperatures are required to prepare clean surfaces for
chemical reactions. Some single-crystal surfaces of anatase TiO, have been success-
fully studied by scanning tunneling microscopy (STM) [15, 16], although most stud-
ies are conducted by computation modeling [17-19]. Surface energy is one of the
main parameters determining the stability of a surface and possibly reactivity. One of
the crucial factors determining surface stability is the coordination number of surface



7 Surface Reactions of Oxygen Containing Compounds on Metal Oxide 135

atoms. The closer the coordination number of a given surface atom to that of the bulk,
the more stable the surface. In both the rutile and anatase structures the coordination
number of Ti atoms in the bulk is six and three for oxygen. Table 7.1 presents the
computed surface energies for some low Miller index rutile TiO, surfaces, while
Fig. 7.1 shows the most common surface structures.

The (110) rutile surface contains alternating rows of Ti and O atoms five- and
twofold coordinated, respectively. Ti atoms underneath the twofold coordinated
oxygen atoms are sixfold coordinated. Because of the high coordination numbers of
Ti atoms this surface is the most stable as evidenced by the value of its surface energy
(see Table 7.1). Because of its high stability, the (110) surface has received most of the
attention in surface science studies and has been often considered as a benchmark for
metal oxides. The (100) surface is second most stable surface where all surface Ti atoms
are fivefold coordinated and all O atoms are twofold coordinated. The (001) surface
with fourfold coordinated Ti atoms is the least stable of the low index rutile surface.
It readily facets to the {011} or {114} surface at high temperature [20]. These facets are
highly reactive, and the reactivity of a number of small molecules, including numerous
oxygen- and nitrogen-containing compounds, has been studied [11, 21-23].

Table 7.1 Computed surface energy by density func-
tional theory (DFT) for (1x1) rutile TiO, surfaces
[91]

Surface energy

Surface  meV/(a.u.)? J/m? DFT method®
(110) 15.6 0.89 LDA
(100) 19.6 1.12 LDA
011) 24.4 1.39 LDA
(011)° 19.3 1.10 GGA
(001) 28.9 1.65 LDA

“LDA: local density approximation; GGA: generalized
gradient approximation

"From [92]
Ti 15 layer
0 1 [ayer
) 5-fold CN,
Ti 15" layer (5fo ) (2-fold CN) Ti 15 Jayer
(5-fold CN) (4-fold CN)

Fig. 7.1 Side view of the unreconstructed (bulk terminated) rutile TiO, surfaces. The black
spheres represent Ti atoms, and the gray spheres are O atoms. The coordination number (CN) for
the Ti atoms is five for the (110) and (100) and four for the (001) structure
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The exact structures of the (011) and (114) surfaces are still debated. Models
derived from STM studies demonstrate that the (114) surface is composed of steps
each containing one fourfold coordinated Ti atom. The shortest distance between
two fourfold coordinated Ti atoms is 0.65 nm (along the [110] direction), while the
distance between two successive steps is equal to 0.30 nm along the [110] direction).
This model agrees with Ti2p core level x-ray photoelectron spectroscopy (XPS)
results indicating that the surface is composed of stoichiometric TiO, units [24]. On
the other hand low-energy electron diffraction (LEED) [11] and STM [25] data
suggest that the stable (011) surface is a (2x 1) reconstructed surface. The most
accepted model for the (011) surface is one terminated by Ti=0O groups, although
these terminal Ti=0 have not been verified spectroscopically.

7.2.2 Fluorite UOZ

The single-crystal surfaces of UO, have been studied to a lesser extent, most likely
because they are not readily available and the perceived irrelevance of their cata-
Iytic activity. Numerous investigations of polycrystalline and thin-film uranium
surfaces have been studied, due to their relevance in nuclear technology, [26-30].
It is however ironic that the first published LEED pattern of any metal oxide surface
was that of a UO,(111) single crystal [28]. The reduced UO, surface, like TiO,
contains a distribution of oxidation states less than +4 [26]. Contrary to TiO,, the
UO, structure, Fig. 7.2, can also accommodate additional oxygen atoms making it
a potentially good candidate for oxidation reactions [31].

Uranium ‘ ,]

Oxygen ——m8M8M

Fig. 7.2 Fluorite UO, structure contains eightfold coordinated U atoms (grey spheres) and fourfold
coordinated O atoms (black spheres); the cell unit length a=b=c=5.47 A. Uranium cations can
have an oxidation state greater than U*, as a result of the removal of two electrons from the 5f
orbital, to become U®. The UO, system can be used as a model for oxidation/reduction reactions
since it is an intermediate between the uranium metal (U°) phase and the most oxidized uranium
phase (UO,)
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Fig. 7.3 Side view of the unrelaxed (111), (100), and (100) surfaces of UO,. Uranium atoms are
represented as black spheres and oxygen atoms are represented as grey spheres

The lowest energy surface of the fluorite UO, structure is the (111) surface
(Fig. 7.3). The surface structure is a termination of the bulk structure with a (I1x 1)
arrangement [32], with the surface U and O atoms seven and threefold coordinated,
respectively. Experimental values for the surface energy ranged from 0.48 Jm™ at
1,450 K [33] to 1.032 Jm™ at 1,375 K [34]. A relatively small change in the stoi-
chiometry by 0.084 [33], equivalent to UO, , , increases the surface energy almost
threefold from 0.34 Jm™ for stoichiometric UO, to 0.9 Jm™ at 1,675 K. Tasker
calculated a value of 1.069 Jm™ for the surface energy using an ionic lattice model
[35]. Experimental investigations using Rutherford backscattering spectroscopy
[36] and theoretical calculations [35] indicate that the first row of anions relax,
normal to the surface by 0.1121&, while the cations move outward by 0.03 A.
Tasker’s theoretical calculations also suggest that subsequent rows of atoms
undergo a change in polarization and relax normal to the surface [35].

The (100) surface has not been studied as extensively as the (111) UO, surfaces.
The alternating uranium and oxygen atoms of the bulk termination result in a polar
surface, which is inherently unstable (Fig. 7.3). Taylor and Ellis [37] investigated
the (100) surface with ion scattering spectroscopy (ISS) and LEED; they deter-
mined that the surface oxygen atoms are arranged in a zigzag manner along the
<100> direction, as a result of a periodic lattice distortion. STM and LEED studies
indicated a considerable reconstruction of the surface with an atomic periodicity
consisting of ¥2 monolayer (ML) coverage of oxygen with respect to oxygen atoms
of the unreconstructed surface [38].

7.3 Defects on Single-Crystalline TiO, and UO, Surfaces

Single-crystalline surfaces — no matter how carefully prepared — contain defects,
which may influence or even dominate their catalytic or chemical properties. TiO,
is easily reduced by (1) annealing at temperatures above 1,000 K in UHYV, (2) expo-
sure to hydrogen, or (3) electron or ion bombardment. Any one of these procedures
produces oxygen anion vacancies which leave electrons in the lattice and nominally
reduces Ti** cations to a lower oxidation state, Ti** (x<4) (Fig. 7.4).
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Fig. 7.4 (a) High-Resolution (HR)-XPS spectra of the Ti2p region of a rutile TiO,(110) single
crystal after sputtering with Ar* (5 x 10~ Torr for 0.5 h). A distribution of Ti atoms in low oxidation
states is seen. (b) HR-XPS spectra of Ti2p region of the same surface after annealing at 800 K in
5x 107 Torr O,. The spectrum demonstrates the near-complete oxidation of Ti atoms to Ti**. The
FWHM of Ti* 2p_, is close to 1.1 eV

These reduced states have been well characterized by XPS and ultraviolet
photoelectron spectroscopy (UPS) [10-12]. Reannealing the reduced TiO, single-
crystal surfaces in the presence or absence of oxygen reoxidizes and reorders the
near-surface region [39, 40].

A similar situation occurs on the surface of a UO,(111) single crystal [41, 42]
and thin film (Fig. 7.5) [26], after sputtering with Ar* ions to form a relatively stable
(at 107" Torr) reduced surface of UO,  (0<x<0.3) at 300 K. Curve fitting of the
reduced states revealed that oxidation states between U’ and U* were present on
the thin film' [26].

7.4 Catalytic Reactions on Uranium
and Titanium-Oxide Surfaces

7.4.1 Dehydrogenation/Dehydration of Ethanol

Primary alcohols are dissociatively adsorbed on rutile TiO,(110) [43], TiO,(011)
[44] and UO,(111) [45, 46] surfaces at 300 K. Figure 7.6 is an XPS Cls spectra of
adsorbed ethoxide (CH,CH,0) formed from the dissociative adsorption of ethanol

'There are no solid-state reference compounds with U in a formal +3 or +2 oxidation state.
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Fig. 7.5 HR-XPS U4f of a thin film (~100 nm) of UO, deposited on a Mo substrate. (a) Near
stoichiometric surface containing U4f lines attributed to U*, with characteristic satellite peaks
(labeled as S' and S?, respectively). (b) The surface in (a) after sputtering with Ar* (5% 10° Torr
for 0.5 h) at 300 K. Note the shift to slightly higher binding energy, due to the n-type semiconduc-
tor behavior of UO, . The presence of U atoms in oxidation states lower than +4 is a shoulder on
the low binding energy side of the main U 4f peaks of U** at 380 eV. (¢) The surface in (a) after
sputtering with Ar* at 95 K. Note the increase in the intensity of the shoulder on the low binding
energy side of U4f, A and U4f,,

on a TiO(110) surface at 300 K (see inset of Fig. 7.6). The ethoxide is adsorbed
atop on a Ti atom, while the H atom from ethanol adsorbs atop of a twofold surface
O atom to yield a surface hydroxyl. The ethoxide can undergo either dehydrogena-
tion or dehydration on TiO, (and UO,) surfaces. The initial step in the dehydrogena-
tion reaction is a transfer of a proton to a surface lattice O* site (step 1 of
Scheme 7.1) followed by a hydride transfer to a M* surface ion (step 2a). The
oxygen incorporated into water released during dehydrogenation is provided by the
surface leaving behind an oxygen vacancy (step 3a).

The conversion of ethanol is carried out in the presence of gas-phase oxygen
molecules — oxidative dehydrogenation [47, 48] — and the oxygen vacancies created
in step 3a of Scheme 7.1 are regenerated by gas-phase oxygen. The dehydration of
ethanol to ethylene and water does not consume surface oxygen atoms (step 3b).

The reason why some metal oxides are more selective for dehydrogenation over
dehydration is not completely understood [12]. Semiempirical relationships
between the Madelung potentials® (of the metal and the oxygen ions of the lattice),
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Fig. 7.6 XPS spectra of the Cls region after the adsorption of ethanol on a TiO,(110) single
crystal at 300 K. The dots represent raw data while the solid line represents the convoluted curves.
The peak at 286.5 eV corresponds to ~CH,O- group while the 285.0 eV peak corresponds to the
—CH, group. The inset indicates the dissociative adsorption of ethanol to an ethoxide (CH,CH,0-)
on a fivefold coordinated Ti* ion (black small spheres) while the hydrogen is found on the twofold
coordinated O*7ion (gray large spheres)

CH;CH,0H (a) + O(s) — CH;CH,0(a) + OH(s) (7.1)
O-H bond dissociation, ethoxide formation

CH;CH,0(a) + M(s) - CH;CHO(g) + MH(s) (7.2a)
B hydrogen elimination, acetaldehdye formation

CH;CH,0(a) + M(s) — CH,=CH,(g) + M-OH (7.2b)

Removal of OH, ethylene formation

OH(s) + MH(s) — H,O(g) + Vo(s) + M(s) (7.3a)

Reduction via water formation

M-OH + OH(s) — H,O(g) + O(s) + M(s) (3b)

Water elimination not involving surface reduction

Scheme 7.1 The proposed sequence of reaction steps for the concurrent dehydrogenation (steps
1, 2a, and 3a) and dehydration (steps 1, 2b, and 3b) of ethanol over TiO, and UO, single-crystal
surfaces. V (s) surface O vacancy, (a) adsorbed phase, (g) gas phase, (s) surface species and
M=Ti* or U*. Surface oxygen atoms are indicated in bold to highlight the distinction with
molecular oxygen atoms
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the metal-oxygen bond strength, the oxygen electronic polarizability, the electronega-
tivity of the surface atoms, and the acid-base character of the solid were all invoked
as plausible causes for the difference in selectivity over a series of metal oxides [49].
Dehydrogenation is favored over basic oxides (compared to acidic oxides). Basic
oxides are characterized by a low O anion Madelung potential and a high oxygen
electronic polarizability [12, 49]. Figure 7.7 is a plot of the activity of ethanol dehy-
drogenation over a series of metal-oxide single crystals as a function of AV__ (the
difference between the Madelung potential of the metal cation and oxygen anion).
A linear relationship between the stability of the metal-oxygen pair (AV,, ) and
the preference for the dehydrogenation pathway is demonstrated. The more stable the
surface oxygen atoms (more negative AV, ), the less favored is the dehydrogenation

5 T 'I T '[ T l T I T '[ T '[ T l T 'I
CU,0(100)

Zn0O(0001)
Zr0,(110)
- O

® Uo 111)

Dehydrogenation/Dehydration ratio
V]
I

® Ti0,(001)
™

TiO,(110)
| IR TR R T S I R R

-80 -75 -70 65 -80 -55 50 -45 -40 -35 -30
AV, . (V)

Fig. 7.7 The correlation between the dehydrogenation/dehydration ratio of ethanol on stoichio-
metric metal oxide single-crystal surfaces and the difference of Madelung potentials, AV, ., which
is defined as the difference between V,,  of M* and V,,_ of O* for the bulk metal oxide. In the
case of Cu,0(100), the data are for n-propanol. Data taken from [87] for Cu,0(100), [88] for

Zn0O(0001), [89] for {011}-faceted TiO,(001), [90] for TiO,(110), and [45] for UO,(111)

>The potential taking into account the Madelung constant; the Madelung constant is a representa-
tion of the distance of the ions from one another and thus depends on their geometric arrangement
in a crystal structure or on a surface.
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pathway. The less stable the surface oxygen atoms (less negative AV, ), the easier
they are removed from the lattice and therefore the more active is the metal oxide.

7.4.2 Oxidation of CO, Formaldehyde, and Simple Alkenes on
Uranium Oxides

Nozaki and Ohki reported a high rate of CO oxidation on U,O, compared to other
metal oxides, such as V,O,, WO,, and MoO, (Fig. 7.8) [50]. This can be explained
by the ease by which O atoms are removed and restored from many uranium oxides,
such as U,0, and UO,. The complete oxidation of hydrocarbons to CO, and water
is catalyzed efficiently on uranium-oxides-based catalysts [51, 52]. Spectroscopic
studies conducted on model uranium oxide surfaces have indentified reactive inter-
mediates during oxidation; for example, during the oxidation of formaldehyde, formate
species were observed by HR-XPS over a UQ, thin film [53] as well as by infrared
spectroscopy on polycrystalline UO, materials [54]. The formate species decom-

posed at higher temperatures (>600 K) to CO, CO,, hydrogen, and water.
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Fig. 7.8 Arrhenius plot for the catalytic oxidation of CO over a series of metal oxides. The data
have been adapted from [50]
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Scheme 7.2 The active site for the oxidative coupling of acetylene to furan over UO,. The unit
bulk structure of f—UOQ, contains five U atoms (three are sixfold coordinated); only one is repre-
sented in the scheme for simplicity. U atoms can accommodate up to eight ligands and the adsorp-
tion of two acetylene molecules can occur on a single sixfold coordinated U atom. Oxidative
coupling proceeds with the following reaction stoichiometry: 2C,H,+UO, C,H,0+UO,. The
square indicates an O vacancy. The out-of-plane oxygen (represented by 0)is mcorporated into
the C, intermediate to form furan

Uranium oxides are also active for oxidative coupling reactions. The oxidative
coupling of ethylene [55] and acetylene [56] to furan (C,H,0) over B-UQO, is thought
to proceed on undercoordinated uranium cations such as sixfold coordmated us
cations that can coordinate two acetylene molecules (Scheme 7.2); uranium cations
can be up to eightfold coordinated to oxygen atoms. The out-of-plane oxygen
(identified by O in Scheme 7.2) is transferred to the acetylene molecules to U®* cat-
ion. After formation of furan, the U cation has been reduced to U* and accompanied
by an oxygen vacancy ([ symbol in Scheme 7.2). This reaction is stoichiometric, for
the formation of every furan molecule, an oxygen vacancy is created. The catalyst is
heated at 250°C in 30 atmospheres of molecular oxygen for regeneration [54].

7.4.3 Decomposition of Water at Point Defects on Single-Crystal
U0, Surfaces

The decomposition of water demonstrates the role of defects as active sites on
UO,(111) [41, 42], UO,(001) [57] single-crystal surfaces, UO, thin-film [26], and
polycrystalline U metal [58, 59]. This reaction is important for safety and environ-
mental reasons since it is directly related to the long-term storage of nuclear fuel in
underground disposal sites [60, 61]. Water does not adsorb dissociatively on stoi-
chiometric UQO, single-crystal [41] surfaces. The importance of O-point defects on
UO, for the cleavage of both O-H bonds in water to regenerate surface oxygen and
release gas-phase hydrogen has been demonstrated [41, 57]. Figure 7.9 presents
HR-XPS of the U4f photoelectron peaks for a freshly prepared Ar* sputtered UO,
(reduced) thin film before and after the adsorption of heavy water (D,0) at 300 K,
followed by successive annealing to the temperature indicated in the figure. The
shoulder at the low binding energy side of the U4f, , (due to reduced states of U
cations) decreased dramatically upon the adsorption of water, an indication of oxygen
abstraction from adsorbed D,0.
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Fig. 7.9 HR-XPS of the U4f region of a reduced UO, thin film (nominally close to UO, ,) after
exposure (in Langmuir, L) to D,0 vapor at 300 K. The U4f, , and U4f,, lines narrow due to the
complete dissociation of water and the oxidation of U cations in oxidation states lower than four.
An increase in the temperature resulted in further oxidation of the surface due to the migration of
atomic oxygen from the bulk to the surface

The adsorption of water on freshly prepared U metal and highly defective UO,
surfaces suggested the total dissociation to molecular hydrogen and surface oxygen
occurs at low surface coverage (<1 monolayer (ML)), while on UO, surfaces con-
taining a small fraction of defects, the same coverage results in partial dissociation
of water to surface hydroxyls [41, 58].

Temperature-programmed desorption (TPD) studies of water from a UO,(111)
single crystal containing a large number of surface oxygen defects has two H,
desorption peaks (400 and 550 K) [41]. The peaks originate from the dissocia-
tion of water and the subsequent surface oxidation and desorption of hydrogen.
Figure 7.10 is the TPD spectrum from a reduced UO, (111) surface prepared by
Ar* sputtering a UO,(111) single crystal. At low water exposure (0.2 L), a low
temperature peak (o) and a high temperature peak (3) are seen. As the coverage
of water increased, the amount of water desorbed upon heating increased for
both peaks, but the amount desorbed from the high temperature peak increased
to a greater extent. The shift of the high temperature peak to lower temperatures
with increasing coverage is most likely due to repulsive adsorbate interactions
between surface hydroxyls. If the two peaks originate from different surface
states (sites) present before adsorption, the high temperature peak should be
seen first, since it originates from the highest energy sites. The coverage-depen-
dent TPD studies (Fig. 7.10) indicated that the high-temperature peak populated
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after the low-temperature peak. In other words, the second H, desorption occurs
as a consequence of the first one.

The most plausible explanation for the occurrence of two H, desorption peaks is
presented in Scheme 7.3. The proposed reaction pathway is based on a combination of
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Fig. 7.10 TPD of H,O adsorption at 300 K on a highly defective UO,(111) surface. The o and
designations represent two distinct (low and high temperature) desorption states

U-[]-U + H,0 |

Heterolytic
dissociation

High coverage: |
L . 2
partial dissociation

Low coverage:
total dissociation

H
[] : Oxygen vacancy 2

Scheme 7.3 The mechanism for H, desorption from H,O dissociation on a heavily reduced UO,
surface. H, formed in reaction 1 represents the second desorption peak in the TPD experiments,

while the first desorption peak is due to recombination of two H atoms resulting from complete
dissociation of water (reaction 2)
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TPD [41], direct recoil spectrometry [58], and HR-XPS [26] studies. At low coverage
(<1 ML), the surface fully dissociates H,O to regenerate an oxygen vacancy which is
accompanied by the desorption of H, at 400 K due to the recombination of U-H spe-
cies. At higher coverage, >1 ML, there are fewer surface sites available and the partial
dissociation of water (U-H+U-OH) dominates leading to the second H, desorption
peak. The dissociation of the O—H bond is more demanding energetically than the U-H
bond and therefore the desorption of H, at higher temperature (8 peak in Fig. 7.10).

7.4.4 Reaction of Aldehydes Over Titanium and Uranium
Oxide Single-Crystal Surfaces

Aldehydes adsorb via a n' mode (RCHO—M?**) through the interaction of an O lone
pair with the empty d states of Ti cations or the f states of U cations on stoichiometric
TiO, and UQ,. A fraction of adsorbed aldehyde (7.4) is oxidized to a stable carboxy-
late species by surface oxygen (7.5).

RCHO+M -0 ->RCHO-M-0 7.4

RCHO -M - 0O — RCOO - M + H(a) 7.5

where H(a) is adsorbed to a metal cation surface site. The adsorbed hydrogen can
react with another adsorbed aldehyde to form an alkoxide intermediate, in a
Cannizzaro-type disproportionation reaction (7.6) [62].

RCHO -M -0 + H(a) » RCHO-M -0 7.6

If R=H (i.e., formaldehyde), reaction 7.6 occurs with high yield on both TiO, and
UO, surfaces, while if R=CH, or higher, the condensation of two aldehyde mole-
cules competes and results in the formation of unsaturated higher aldehydes such
as crotonaldehyde (CH,CH=CHCHO) from acetaldehyde (CH,CHO) (7.7) [63].

2CH,CHO (a) — CH,CH = CHCHO + H,0 7.7

In reduced TiO,  and UO, (where x is observed between 0.05 and 0.35), a third
reaction pathway dominates: the regeneration of surface O by breaking the C=0
bond (7.8) [10, 12]. It is believed that the initial adsorption geometry of the alde-
hyde is a 7*(C=0) mode, this mode has been observed on several metal surfaces for
HCHO [64] and CH,CHO [65] and for HCHO on a thin film of NiO [66].

H
|

RCHO..M-V, — R—C /O 7.8

—
\M
The main compound released in the gas phase during TPD is the symmetric olefin

(RHC=CHR). The reaction may occur via an intermediate containing both C—O and
C—C bonds such as a diolate (7.9). It is not known if this reaction occurs via two metal



7 Surface Reactions of Oxygen Containing Compounds on Metal Oxide 147

atoms (as indicated later) or one metal atom on extended solid surfaces. Organometallic
complexes of Th [67], Ti [68], or U [69] containing diolate species have been reported.

H H
H H R IR
‘ ‘ “c—c”
R—C C—R — R — 2RHC=CHR + 2M-O 7.9
/N /N o0
O—M M—O M7 M
diolate

A density functional theory (DFT) study of the reaction (7.9) over a Ti organometallic
complex indicated that intramolecular coupling is favored over an intermolecular
coupling pathway [70]. At the molecular level the intramolecular coupling might be
favored; it is more likely that intermolecular coupling occurs on surfaces because it
is difficult to completely reduce a metal cation to metal on a surface. The condensa-
tion of diolate species yields the symmetric olefin. Many examples for this reaction
have been found on the surfaces of reduced TiO, single crystals and these include:
ethylene from HCHO on TiO,_(110) [71], butene from acetaldehyde on TiO,_(001)
[72] and TiO, (110) [73], and stilbene (®-CH,=CH,-®) from benzaldehyde
(®-CHO) [74] (@=CH,), 1,3,5 hexatreine (CH,=CH-CH=CH-CH=CH,) from
acrolein (CH,=COCH) [75] on TiO,_(001). In addition when the adsorbate contains
two carbonyl compounds at both ends such as p-benzoquinone, head-to-tail coupling
was observed with the formation of polyphenylene on reduced TiO,(011) surface
[76]. The surfaces of reduced UO,(111) have also been investigated for this reaction,
although to a lesser extent and examples include butene from acetaldehyde [77] and
ethylene from formaldehyde [54]. This reaction is also found for CO and CO, coupling
to ethylene and acetylene on TiO, (001) [78] and UO, (111) [53] when the surface
has been exposed to hydrogen prior to the reaction.

7.5 Photocatalysis on TiO,(110) Single Crystals

Photoreactions of organic compounds over model surfaces of wide band-gap oxide
semiconductors have received considerable attention recently [43, 79-82]. The
most-studied photocatalytic reactions on rutile TiO,(110) single-crystal surfaces
include ethanol [43], acetic acid [78], trimethyl acetic acid [80, 81], and acetone
[82]. In this section, we will focus on the photoreaction of ethanol over TiO,(110).
Ethanol is dissociatively adsorbed via its oxygen lone pair on fivefold coordinated
Ti atoms to produce adsorbed ethoxide species (Fig. 7.6). STM studies of the
adsorption of ethanol on TiO,(110) demonstrated the presence of both alkoxides
and surface hydroxyls [83] confirming the adsorption is dissociative. Figure 7.11 is
the XPS Cls spectra after the exposure of ethanol (6=0.5 with respect to Ti atoms).

Upon exposure to UV light in presence of 10°Torr O,, two main changes in the
XPS spectra are observed: (1) a slight decrease in the Cls peak area for both
functional groups (~CH,O- and —CH,) with increasing irradiation time, and (2)
the formation of a peak at ~290 eV which is attributed to a RCOOr(a) species.
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Fig. 7.11 (a) XPS Cls of adsorbed ethanol on TiO,(110) at 300 K at saturation before (0 min)
and after UV illumination (Hg lamp with main line at 360 nm) in presence of 10~ Torr O, at dif-
ferent time intervals. (b) The peak area of the XPS Cls peak as a function of illumination time at
different O, partial pressures. The inset is the initial linear decrease of the computed peak areas
at different partial pressures of O,. Included in the figure is an additional run under H,
(7x 107" Torr) for comparison with the one in the absence of O, (P,,=4x 10" Torr is estimated as
the upper value for oxygen pressure at a vacuum of 2 x 10~ Torr)

The absorption of a photon by a surface-bound ethoxide results in the transfer of
electrons from the valence band (occupied states containing contributions from
the O2p level) to the conduction band (empty states containing contributions from
Ti3d level). The decrease in the ethoxide Cls peaks is due to its reaction with ‘O,
and/or ‘O, which form according to the following reactions (7.10 and 7.11):

TiO, —~ e +h* 7.10
e +0, —+0, 7.11

O, +CH,CH,0,,, —» HO, + CH; —CHO*
—-+0,, or O, — CH,CO0, —— CO,+H,0

7.12

The two successive arrows (——>) indicate multiple reaction steps of unidentified
intermediates.

The change in ethoxide concentration — expressed as the ratio, C/CO, where C,
is the area of the two Cls peaks of the ethoxide species at time 7 and C, is the area
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of the two peaks before irradiation — is plotted as a function of time (Fig. 7.11b).
Assuming a simple exponential decay of adsorbed ethoxide with time, the time-
dependent concentration is written as:

C, = C,exp(—kt) or C, = C, exp(-FQr) 7.13

and rearranging, the photoreaction cross-section, Q (in cm?) becomes

C
0- 4[] 7.1
t

t

where k is a pseudo first-order rate constant, ¢ is the illumination time, and F is the
UV flux. Q is found equal to ~2x 10~"*cm? at a pressure of 10-°Torr O,.

A plot of the surface coverage of ethoxide as a function of gas-phase oxygen
pressure is shown in Fig. 7.12. It is apparent that the dependence of the rate of
ethoxide disappearance on oxygen pressure is close to zero order at high pressure.
This rate is only the decrease in adsorbed ethoxide species and not the photocata-
lytic oxidation of ethanol to CO, and H,O.

Some of the ethoxide species are converted to acetate (RCOO-, where R=CH,) as
demonstrated in Fig. 7.11a. In the photo-oxidation of ethanol the reaction products are

052 ——r——71——1——1—

050 || -
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surface cove rage
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Fig. 7.12 The decrease in surface coverage of ethoxide species after UV (360 nm) irradiation for
10 min at different O, pressures
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CO, and water. Detailed studies of reaction intermediates on model metal oxides are
scarce; however, more work has been conducted on high-surface area powders. The
reaction intermediates on TiO, have been studied by TPD [84] and IR [85] participate
in the formation of CH,CHO by the removal of an electron from the radical of (7.12)

CH, —CHO, +h* — CH,CHO, 7.15

The acetaldehyde radical may further react in a complex set of reactions, which
are not well understood to yield the final product CO, (7.12) [73, 86].

7.6 Conclusions

The reactions of oxygen-containing organic compounds over single-crystal metal
oxides of titanium and uranium have been discussed in the chapter. Primary alco-
hols adsorbs dissociatively over TiO, and UO, single-crystal surfaces at room
temperature to form alkoxides. At higher temperatures, the alkoxide (ethoxide in
the case of ethanol) is dehydrogenated to acetaldehyde or dehydrated to ethylene.
Metal oxide surfaces with stronger metal-oxygen bonds favor dehydration, while
surfaces with weaker metal-oxygen bonds were more selective for dehydrogena-
tion. Oxidation is found to occur on uranium oxides containing U cations with high
oxidation states (U°"), while reduction occurs on oxygen-defected uranium and
titanium oxides (where the oxidation state of the metal cation is less than 4).
Oxidative coupling of hydrocarbons, such as acetylene (C,H,)) to furan (C,H,0),
occurs on the surfaces of UO,. Two reasons behind this reaction are apparent: (1)
the ease by which surface oxygen atoms are transferred to the adsorbed hydrocar-
bons and (2) the accommodation of two hydrocarbon adsorbates on one U atom.
Reduced UO, surfaces (which contain a number of oxygen vacancies) are very
active for the decomposition of water by either total or partial dissociation mecha-
nism depending on the water coverage and their degree of reduction that replen-
ishes the oxygen vacancies; this reaction is accompanied by the release of molecular
hydrogen. Restoration of surface oxygen atoms can also be achieved by oxygen-
containing organic compounds. One of the most interesting organic reactions that
occur on the surface of reduced TiO, and UO, is that involving coupling of two
organic adsorbates to symmetric olefins. For example, acetaldehyde yields butene
on reduced TiO, and UQ, surfaces. Because TiO, is a semiconductor with a band
gap of 3.2 eV (360 nm) it has been often studied in photocatalysis, and fortunately
for surface science studies, it is one of the most active, if not the most active, cata-
lyst for photo-oxidation of organic compounds. Therefore it serves as an ideal
prototype for photoreactions. Photocatalytic decomposition of ethanol on TiO,(110)
surface showed a clear dependence on the oxygen partial pressure., up to 10-°Torr,
above this pressure minor increase in the reaction rate is noticed. Moreover, in pres-
ence of molecular oxygen, considerable amount of surface carboxylate is seen as
evidence of oxidation of ethoxide species, under UV irradiation.
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Chapter 8
Surface Science Studies of Strong Metal-Oxide
Interactions on Model Catalysts

Michael Bowker and Roger A. Bennett

Abstract Here we report on recent model studies of a phenomenon known in
catalysis as the “Strong Metal-Support Interaction” (SMSI for short). Decoration
of the surfaces of precious metal single crystals, films, and nanoparticles supported
on titania produces beautiful long-range ordered structures which can often be
resolved at atomic resolution using scanning tunneling microscopy (STM). Such
surfaces show reduced binding for CO and effectively lower the activity of the sur-
face. Consideration is given to the cause and composition of the surface layer, that
is, whether it is a kind of intermetallic layer, or is simply a thin layer of titanium
(sub-)oxide.

8.1 Introduction

The strong metal support interaction (SMSI) was first described in 1978 by Tauster
[1-4]. The effect was observed as a severely negative effect on CO and H, uptake
on the catalyst after high temperature reduction (above ~700 K) [1, 2]. It also had
a negative effect on the reaction rate for reactions such as alkane hydrogenolysis
[5, 6]. It appeared that the effect occurred for catalysts comprised of reducible sup-
ports treated at elevated temperature in reducing conditions [2—4]. A classic support
which has manifested this behavior in many studies is TiO,. Over the years following
the first discovery of the SMSI effect it has been recognized that the effect is not
always negative — for the CO-H, reaction it appears to have a positive effect [7].
It was noted that hydrogen reduction was not necessary to observe the suppression
of CO adsorption; it also occurs by vacuum treatment [8]. It should be noted that
vacuum treatment at elevated temperature is, in effect, a reducing environment.
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There are two main models to explain the SMSI phenomenon: (1) an electronic
perturbation of the metal function [2, 4-6], for instance a charge transfer effect, as
originally favored by Tauster et al [1, 2]; and (2) encapsulation of the metal by some
form of TiO, [9-11] which acts as a site blocker, a poison. Encapsulation is pro-
posed as an explanation for reduced reactivity from evidence by both chemical
methods on single crystals [12—15] and by imaging with TEM [16, 17]. The work
by Pesty et al. using surface analysis by x-ray photoelectron spectroscopy (XPS)
and low energy ion scattering (LEIS) indicated fairly conclusively that the SMSI
state was due to encapsulation, though reactivity or adsorption studies were not
carried out [11]. Their work was on model catalysts consisting of Pt nanoparticles
deposited on single-crystalline TiO,(110). XPS indicated that an adsorbed layer of
partially reduced titania existed on the surface of Pt, although the exact oxidation
state could not be identified. It appears that the encapsulation model is now gener-
ally favored [17]. However, the exact nature of this encapsulation layer and the
mechanism of formation are only now becoming apparent.

The observation that SMSI can be a major factor in dictating activity, selectivity,
and lifetime for some catalysts requires a deeper understanding of the nature of the
metal/TiO, interface [18]. TiO, is readily available in single-crystal form and is
rendered sufficiently conductive during ultrahigh vacuum (UHV) cleaning enabling
the application of charged particle spectroscopies and scanning tunneling micros-
copy (STM). This has led to the development of model catalyst systems in which
nanoparticles or ultrathin films of metal are deposited on the TiO, surface in UHV
to mimic the supported metal phase of heterogeneous catalysts. Two systems have
demonstrated the clear development of surface structures related to the SMSI state:
Pd on TiO,(110) and Pt on TiO,(110). The work on these systems is reviewed here,
including recent research using “inverse catalysts” — titanium oxide deposited onto
Pt single-crystal surfaces.

8.2 Pdon TiO2 and the Formation of the SMSI State

Pd films deposited on TiO, give perhaps the clearest indication of the nature of the
SMSI state. In these systems, Pd is deposited at room temperature until the underlying
TiO, cannot be seen in low energy electron diffraction (LEED) and a slightly
blurred Pd(111) pattern appears (Fig. 8.1) [19]. Auger electron spectroscopy (AES)
shows neither Ti nor O in the as-grown film, confirming the Pd layer is thick
enough to completely attenuate the signal from the substrate (Fig. 8.1).

Thermal annealing of such films in UHV leads to a somewhat sharper Pd LEED
pattern due to ordering and flattening of the (111) facets that develop parallel to the
TiO,(110) surface and to the appearance of Ti in the Auger spectrum (Fig. 8.1¢ and d).
At this point there is no apparent O signal accompanying Ti (Fig. 8.1d). The lack
of an O derived signal from the substrate indicated that the Pd film does not dewet
to expose the TiO, substrate. The Ti signal must be due to the appearance of Ti at the
surface of the Pd film.
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Fig. 8.1 (Left) LEED pattern taken at 155 eV of a thick (~9 monolayers) Pd film evaporated on
TiO,(110). (Right) Auger spectra recorded on (a) reduced TiO,(110), (b) as-grown Pd film on
TiO,(110), (c) Pd film after annealing at 573 K for 25 min, (d) expanded version of (¢) with the
Pd peak multiplied by a factor of 1.5 and O region multiplied by a factor of 10 and (e) after anneal-
ing at 873 K for 30 min. Peak positions are marked with an underscore. The Mo peaks are from
the STM sample holder. Reprinted with permission from [19]. Copyright (2008) Elsevier

Annealing to higher temperatures improves the long-range order, marginally
increases the Ti Auger signal, and causes the appearance of an oxygen signal in the
Auger spectrum which is accompanied by the formation of superstructure spots in
the LEED pattern (Fig. 8.2). The superstructure spots that develop are hexagonal in
nature and are rotated with respect to the Pd layer by ~2-3° [19]. In addition, a
rectangular superstructure can be seen in LEED for some growth conditions (usu-
ally for thinner Pd overlayers that do not entirely cover the TiO, surface).

These surfaces represent a good model of a high-surface catalyst because they
are composed of Pd nanoparticles separated spatially by TiO, (Fig. 8.3).

The exact size distribution/number density of the Pd particles formed is not very
reproducible as the spatial arrangement of the particles is dictated by nucleation and
growth during deposition. Subsequent heating leads to ripening of the ensemble
[21] with concomitant changes in the total exposed metal surface area and the mor-
phology of the particles. These factors can mask the formation of the SMSI state.
However, STM facilitates local inspection on a particle-by-particle basis and the
reproducible identification of common structural motifs.

Figure 8.4a—c show the local hexagonal and zigzag structures typically observed
on individual particles and films after heating Pd layers deposited onto TiO,(110)
at low temperature. On vacuum-annealed continuous Pd films the STM images
show a family of related hexagonal superstructures covering large expanses of the
flat Pd film (Fig. 8.4d—f) [24] that match the hexagonal structures seen in LEED.
The hexagonal features are made up of a triangular motif of atoms (much like
racked pool or snooker balls), and six of these triangular structures are arranged
around a central hub to form a noncentrosymmetric pinwheel. These pin-wheels
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Fig. 8.2 LEED pattern after annealing at 873 K. (a) At a beam energy of 37 eV, (b) of 90 eV, and
(c) of 98 eV. (d) Schematic representation of the LEED pattern in panel ¢, showing the presence
of three different hexagonal structures of different unit cell size, one being rotated from the
Pd(111) underlayer (filled circles) by ~ 3° (diamonds), another by ~ 6° (open circles). Reprinted
with permission from [19]. Copyright (2008) Elsevier

form a compact and continuous layer across the surface whose appearance in
STM depends slightly on tunneling conditions and the condition of the STM tip. The

7 2
dominant, hexagonal structure has a (5 7) unit cell with respect to the Pd(111)

surface with unit cell vectors of 17.2A and a spacing of bright features within the
cell of 3.25A; these are proposed to be due to Pd and Ti atoms in the surface layer.
The proposed model will be discussed in detail as follows.

On isolated Pd islands formed by annealing thin Pd layers or films in vacuum,
the hexagonal pin-wheel structure also develops and is accompanied by a zigzag
rectangular structure (whose dimensions are consistent with LEED patterns) as
seen in larger area in Fig. 8.4c and present in part of Fig. 8.4a and b. These zigzags
appear as chains of equilateral triangles with sides comprising three atoms
separated by a dark row which can interlock with the pin-wheels (Fig. 8.4a and b)
suggesting a common structural basis to both zigzag and pin-wheel structures.

The state of the oxide support is potentially influential on the SMSI state. The
Pd films and islands reported were all formed on bulk-reduced TiO, substrates.
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Fig. 8.3 (a) 3D representation of a 1,630A x 1,630A STM image of Pd/TiO,(110)-(1 x 2) after
annealing at 573 K for 25 min, 773 K for 20 min, and 973 K for 20 min. The inset is a
13,770 A x 13,770 A STM image of the same surface. (b) A 101 A x 101 A STM image of an area
showing the zigzag structure (fop) and the pin-wheel structure (bottom). The zigzag structure joins
with the pin-wheel structure with a slight rotation as one goes from the spokes of the pin-wheel
to the diagonal of the zigzag. Reprinted with permission from Bennett et al [20], copyright (2002)
American Chemical Society

Fig. 8.4 STM images of the detailed structure of the decoration of the surface of Pd nanoparticles
and film after annealing to 973 K; (a—c) from various nanoparticles; (d—f) from Pd films. Image
sizesare (a) 124 A x 124 A; (b) 58 A x 58 A; (¢); 200A x 200A. (d) 150 A x 150 A; (e) 100 A x 100 A;
and (f) 316 A x 316 A. The line in fig b shows the 3° rotation of the pin-wheel structure from the
zigzag structure, while the highlighted areas in d and e show the pin-wheel motif. Reprinted with
permission from Bowker et al [24], copyright (2008) Elsevier
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Fig. 8.5 The effect of thermal annealing on the sticking probability of CO at 300 K measured by
in a molecular beam reactor. The sample is a model catalyst with ~12% of the TiO,(110) surface
covered by Pd nanoparticles. After annealing to 753 K (data not shown), no CO uptake was
measured. Reprinted with permission from [24], copyright (2008) Elsevier

Recently Fu et al. [22] considered the state of reduction of the bulk oxide and its
influence on the SMSI state. They concluded that, although complicated, the bulk
must be reduced (or n-type doped) to enable the encapsulation process to occur and
their study proposed electric field enhanced diffusion of Ti interstitials as a driver
for the formation of the SMSI state. Furthermore, Pd islands on reduced SrTiO,(001)
single crystals also show hexagonal structures on the flat facets of the islands when
vacuum annealed [23]. Here, the reduced SrTiO,(001) surfaces are predominantly
TiO, terminated, so it appears that reduced Ti oxides are a requirement to induce
the SMSI state.

8.3 Surface Chemistry of Pd Model Catalysts
in the SMSI State

The reproducible creation of model catalysts in the SMSI state has enabled the
characterization of the chemisorption properties of model SMSI surface using a
molecular beam reactor [8, 24]. The sticking probability of carbon monoxide is
shown in Fig. 8.5 for model catalysts annealed to 573, 633, and 693 K as a function
of coverage (uptake).
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There is a substantial decrease in the sticking probability with increasing annealing
temperature and a large drop in the absolute maximum of CO adsorbed under these
conditions. Both effects could be explained by ripening of the Pd nanoparticles.
However, for Pd on TiO, the ripening has been quantified [21] and is very slow at
these temperatures (particle density may drop by ~10%, a negligible change in sup-
ported particle surface area). The conclusion is that an SMSI effect has deactivated
the particle surface to CO adsorption. Angle-resolved XPS measurements (Fig. 8.6)
indicated that the binding energy of Ti decorating the surface of Pd particles
is shifted to a lower binding energy by ~3 eV (relative to Ti** in TiO,). This
energy corresponds to Ti in the 2+ state. The Ti located on the surface of the Pd
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Fig. 8.6 XPS of a Pd/TiO,(110) surface with high loading (~7 monolayers) of Pd as a film,
annealed to 973 K at normal (dotted) and grazing (solid) emission angles. Both angles show a low
binding energy Ti species (456 eV) which is in a lower oxidation state than the substrate Ti**
signal at 459 eV. The solid grazing emission data are more surface sensitive. Reprinted with
permission from [24], copyright (2008) Elsevier
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Fig. 8.7 High-resolution STM images (534 A x 534 A), at 573 K (a) after 1 hat 1 x 108 mbar 0,
(b) after 4 min at 5 x 10~ mbar O,and (c¢) after an additional 10 min at 5 x 10"* mbar. The STM
imaging parameters were 1 V, 1 nA. From Fourre [19]

particles is therefore certainly not fully oxidized [24], but final state effects and
contact with the metal nanoparticle may perturb the shift, and quantifying the
oxidation state is not reliable.

In situ STM studies of the oxidation of a Pd film in the SMSI state at elevated
temperature show a thickening of the encapsulating film (Fig. 8.7a—c). The film
prior to oxidation had a hexagonal pin-wheel structure on the raised triangular
island on the Pd film. After oxidation (Fig. 8.7¢), the island was decorated heavily
with a thickened, rough layer of Ti implying the formation of an oxide film of
higher stoichiometry (possibly Ti*), or mass transport of Ti to the Pd surface from
the Ti surface.

84 Pton TiO2 and the Formation of the SMSI State

The Pt on TiO, system also shows well-defined and unexpected structures on the
nanoparticles upon annealing in UHV to 973 K (Fig. 8.8) [25]. The structures
formed on top of the Pt islands were exclusively of the zigzag variety, although they
had more atoms in the zigzags than those seen on Pd films and islands. Atomic
resolution images (some of the first on a metal island) were obtained which showed
a local hexagonal arrangement of atoms in which 5—6 atoms form straight sections
of a zigzag structure. Each zigzag stripe is separated from its neighbors by a missing
row of atoms, and the whole arrangement self-assembles to form a large rectangular
surface unit cell on the Pt(111) facet.

This superstructure is very similar in appearance to that seen on the Pd nanocrystals
and really only differs in that the triangles have 6 rather than 3 atoms per side. The
pin-wheel structure was not seen on the Pt nanoclusters — possibly because of their
relatively small size in comparison to the large unit cell of the pin-wheel structure.
In addition to obtaining atomically resolved images, the local electronic structure
was investigated with scanning tunneling spectroscopy (STS) measurements which
demonstrated a difference between the electronic structure of the native (metallic)
Pt clusters and the encapsulated (more semiconducting) Pt. STS showed no
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Fig. 8.8 (a) LEIS spectra of clean TiO, (bottom), after deposition of 25 ML Pt at room tempera-
ture (middle) and after vacuum annealing to 973 K. (b—e) STM images after annealing showing
(b) overview of island array (2,0001& % 2,000 A); (c) filtered image of zigzag decoration of hex-
agonal particles (SOOA X SOOA); (d) atomically resolved zigzag structure; and (e) disordered
structure on square Pt(100) oriented island. (f) Scanning tunneling spectroscopy results from dif-
ferent locations on the surface. Reprinted with permission from Dulub et al. [25], copyright (2000)
American Physical Society

discernable difference between the clean TiO,(110) surface prior to Pt deposition
and the titania surface left between the Pt islands. LEIS was employed to determine
the composition of the outermost encapsulating layer. The analysis is complicated
by the large areas of TiO, between the islands; the authors concluded that the O:Ti
ratio on top of the Pt was close to 2:1. A structural model for the encapsulated layer
was proposed with this measured stoichiometry. In light of first principles calcula-
tions that showed that the proposed Ti/O/Pt bridge site O stacking is unstable and
that the Ti-O and O-O distances are unfeasible, a higher stability structure with
distorted O/Ti/Pt stacking was found [26].

8.5 Structural Models for the SMSI State on Pd and Pt

The small domain size of nanofacet supported structures and multiple overlapping
LEED patterns obtained from extended encapsulated metal films on the TiO, surface
significantly complicates quantitative structural interpretation. Several groups have
developed techniques to grow TiO_overlayers on Pt single-crystal surfaces to obtain
large, well-defined titania films. Koel has performed detailed work on the Pt(100)
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surface, by depositing and oxidizing the deposited Ti overlayers [27, 28], while
Granozzi has concentrated on the (111) surface [29-31]. The (111) facet is the only
surface of the exposed nanoparticles (and films) that has to date been shown to sup-
port an ordered SMSI state. We therefore concentrate the discussion on the films
grown on the (111) orientation which simulates the uppermost nanoparticle facets
that are oriented parallel to the TiO,(110) surface. Both zigzag and pin- (noncentro-
symmetric) or wagon-wheel (centrosymmetric) SMSI like structures are identified
in the films grown on the single metal crystals. Granozzi [30] has tabulated and
compared the wagon-wheel structures (identified by LEED and STM) on clusters
in the SMSI state to oxidized films of single-crystal metal surfaces and bimetallic
overlayers (Table 8.1). These structures all have a hexagonal motif and differ in their
unit cell dimensions and epitaxial relationship to the various substrates.

The structures labeled (w; w, , and w’)-TiO_on Pt(111) correspond to three hex-
agonal wagon-wheel structures found by LEED and STM. The w phase grows
under oxidizing conditions, the w’ phase is produced by exposing the w phase to
reducing conditions, and the w, appears as an intermediate phase between these
conditions which always coexists with at least one of the other w phases.

The STM contrast arises from Moiré interference between the hexagonal sub-
strate and a hexagonal overlayer rotated with respect to the substrate, as first pro-
posed in [20]. The Moiré coincidence lattice and corresponding STM images for
the three (w, w, , and w’ )-TiO, on Pt(111) phases are shown in Fig. 8.9.

For films of titania grown on metal substrates, it is readily apparent that the
overlayer is an oxide rather than an alloy as the superstructures only form in the
presence of oxygen and oxygen is seen in XPS. X-ray photoelectron diffraction
(XPD) has also been employed to probe the layer structure and most phases
(including all of the hexagonal phases); the overlayers are proposed to form with a
Pt-Ti-O stacking sequence in the monolayer [29].

The detailed composition of the structure is not readily resolved for Pd films in the
SMSI state on single-crystalline titanium oxide where AES indicated the presence of
Ti but not O (in the case of low temperature annealing), which would suggest the
formation of a Pd-Ti alloy. Both Pd and Pt readily form alloys with Ti metal; Pt,Ti
[32-34] and Pd,Ti [35, 36] are considered especially stable. Alloy formation has also
been proposed as a mechanism for the formation of the SMSI state on high-surface
area catalysts under thermal reduction [37]. The temperature regime over which
unoxidized Ti was seen appears to be between ~573 K and ~800 K; higher tempera-
ture annealing leads to the appearance of oxygen in the AES spectrum (Fig. 8.1e).
Model structures for the SMSI on Pd pin-wheels have been proposed on both ultra-
thin oxides and alloys. The thin oxide model proposed originally had Ti decorating a
hexagonal O raft on the Pd(111) surface (i.e., a Pd-O-Ti stacking sequence); however,
inverting the oxide stacking sequence to Pd—Ti—O does not alter the basic conclusion
that the surface layers of Pd are enriched in Ti (Fig. 8.10).

The ample evidence for thin oxide film formation on Pt(111) single crystals sug-
gests (by analogy) that it is most plausible that the oxide is also the correct model
for Pd, although there are significant gaps in our current understanding. For
example, hexagonal pin-wheel structures have not yet been identified on oxide
supported Pt particles or films nor have thin oxide films with hexagonal pin-wheel
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Fig. 8.9 Moir€ coincidence lattices (with Ti atoms shaded) of: (a) the w-TiO,_ structure ( 1 6) on
Pt(111); with lightest shade Ti and rhomboids highlighting quasibridge sites, mid-Ti in quasihollow
8 3
and dark Ti in quasiatop sites; (b) the w-TiO_ STM image; (¢) the w’-TiO_ structure( 3 5)

on Pt(111); with lightest shade Ti in quasibridge sites, mid-Ti connected by triangles in quasihol-
low and hexagonal rings of dark Ti in quasiatop sites; (d) the w’-TiO_STM image; (e) the w, -

1
TiO, structure 55 150 on Pe(111); (f) the w, -TiO,_STM image with Ti in quasiatop sites

connected by yellow lines, Ti in quasibridge sites connected by black lines and blue geometric
figures covering quasihollow Ti. Reprinted with permission from Sedona et al. [30], copyright
(2005) American Chemical Society

structures been reported on Pd(111) single crystals. It is important to note, how-
ever, that various treatments of these surfaces have been applied in the different
studies. The early work on model catalysts of Pd and Pt on TiO,(110) was carried
out in reducing conditions (i.e., simply heating in vacuum) [20, 24, 25], and there
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Fig. 8.10 The original proposal for the pin-wheel structure with a Pd—O-Ti stacking sequence. The
O layer sits in threefold Pd sites, the hexagonal Ti layer has a lattice constant of 3.25A and is
rotated 3° with respect to the Pd lattice. Substrate and overlayer unit cells are outlined. Reprinted
with permission from Bennett et al. [20], copyright (2002) American Chemical Society

is little work on these systems involving oxygen treatment (except in Fig. 8.7) [19].
However, the work on TiO_ thin films on Pt by Granozzi et al. [29-31] is carried
out by evaporating Ti on the Pt(111) surface under oxidizing conditions and
annealing in oxygen. The effect of oxygen treatment on the structures of these
model catalysts is of crucial importance for future work to facilitate our understanding
of the formation of these layers.

Our understanding of the mechanism is better understood for the zigzag struc-
tures which are common to both metals in the SMSI state and are seen in the oxide
covering Pt(111). The preferred structural motif on Pt is a hexagonal layer of oxide
with a Pt-Ti-O stacking sequence (Fig. 8.11). This sequence is clearly most stable
from ab initio calculations [26]. The calculations demonstrate further that the char-
acter of the Ti is not as ionic as in TiO and is better described as a positive metallic
species. It is perhaps a moot point whether these systems are described as oxidized
alloys or thin oxide layers.

8.6 Mechanisms of Encapsulation in the Formation
of the SMISI State

From a mechanistic point of view, the key question to address is how does the
metal become covered by an ultrathin film of Ti alloy or oxide? Helpful
insight is gained from an understanding non-stoichiometry in bulk TiO, [38].
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glide plane
and trough

Fig. 8.11 (a) The original model for the zigzag SMSI state for Pd with a Pd-O-Ti stacking
sequence. Reprinted with permission from Bennett et al. [20], copyright (2002) American
Chemical Society. (b) An alternative model for the zigzag phase from DFT calculations. Ti, and
Ti, indicate threefold and fourfold coordinate Ti, respectively. Reprinted with permission from
Barcaro et al. [31], copyright (2002) American Chemical Society

Slightly reduced TiO, contains a mixture of point defects such as oxygen vacancies
and titanium interstitials in the bulk [38]. At the surface, departure from stoichi-
ometry can be accommodated through the formation of reduced surface phases
such as Ti,O, which appear in STM as additional strands running in the <001>
direction and can assemble to form a (1x2) overlayer [39].! For larger depar-
tures from stoichiometry new surface reconstructions appear such as a (1 x 2)
phase periodically crosslinked between strands to form a (~12 x 2) reconstruc-
tion [40]. Upon extreme reduction to a stoichiometry of TiO, | (n<37),
Magneli phases [41] can form by the aggregation of Ti interstitial point defects
into extended planar defects throughout the entire bulk. Such phases have been
identified in high-resolution electron microscopy of catalyst supports in the SMSI
state [42]. The Ti interstitials play a key role in the reoxidation of a nonstoichio-
metric bulk at elevated temperatures; they can diffuse out to the surface, capture
oxygen atoms, and regenerate surface layers of stoichiometric TiO,. The mobil-
ity and flexibility of the TiO, surface to adapt to the local chemical environment is

'Tt has not been conclusively shown that these strings comprise Ti* as might be expected from
stoichiometric Ti,O,.
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one of the most remarkable features of this oxide and leads directly to its rich
surface chemistry [38].

The reoxidation of substoichiometric titania by regrowth of surface layers in an
oxidizing atmosphere has been well demonstrated by STM [43]; the Ti interstitials
diffuse from the bulk and react with adsorbed O, to form new layers in a layer-by-
layer fashion on top of the original surface. The activation barrier for the reaction
of surface Ti** and adsorbed O, was determined to be 25+4 kJ mol™ [44]. In the
presence of Pd nanoparticles, the mechanism is modified by the local increase in
O adatom flux at the periphery of the metal nanoparticle caused by the high dis-
sociative sticking probability of O, on Pd. In this case, the reoxidation of TiO,_
around the particle is faster than on the surrounding terrace and the surface rough-
ens and grows locally over the particles [45]. The overgrowth of a TiO,__ film on
the supported particles by this mechanism requires three factors: (1) the presence
of a reduction reaction that forms the TiO, ; (2) the presence of an oxidizing step
in which the supported metal has a higher dissociative sticking probability than the
support; and (3) the presence of bulk oxide to act as a reservoir of Ti interstitials
to grow monolayers of new oxide. In model catalyst systems prepared in UHYV,
these criteria are readily met. In high-surface area catalysts, the titania support is
itself nanoparticulate and may not be capable of supporting a large population of
interstitials; however, reduced oxide phases in the bulk of the oxide support are
frequently associated with the SMSI state [42]. The reduced bulk phases were
implicated in an early mechanistic model of SMSI by Beard and Ross [37] who
identified the formation of a Pt.Ti alloy due to local catalytic reduction of the sup-
port by the metal nanoparticle leading to subsequent encapsulation of the nanopar-
ticle into the substrate.

The discovery of highly mobile Ti interstitials above ~700 K, the formation of
SMSI states on continuous thin films, and the local reactivity of metal nanoparticles
suggest a new mechanism. Bulk reduced TiO, substrates have a high concentration
of Ti interstitials which are mobile at elevated temperatures. A low energy pathway
for the removal of the Ti interstitials from a high energy interstitial lattice position
is by dissolution into the metal catalyst and the formation of a very stable bimetallic
alloy. Recent ab initio calculations [46] have predicted the lowest energy diffusion
barriers for Ti** interstitials to be 0.23 eV, while it is 0.69 eV for O vacancies, sug-
gesting Ti interstitials would be the dominant mobile species associated with SMSI.
This is a bulk diffusion mechanism, possibly enhanced by local electric fields [22],
and hence would be capable of forming alloys by diffusion through continuous
metal films on oxides. The alloy would then be the starting point for oxidation to
generate SMSI structures, either through surface diffusion if the oxide substrate is
available or by capture of gas phase oxidants. Continuous metal films on the oxide
would not be able to form the SMSI state if surface diffusion was the only mecha-
nism operating as no pathway would lead from oxide surface to metal surface. The
delineation of such mechanisms is now within the grasp of the time- and spatially
resolved probes routinely employed in modern surface science at elevated tempera-
ture and pressures.
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8.7 Summary

It has recently been shown using surface science techniques that the so-called SMSI
effect in catalysis is due to the formation of ordered layers of TiO_ at the surface of
precious metals (PM). This layer passivates the surface of the catalyst to CO
adsorption, by blocking surface sites with substoichiometric oxide. There is still
much debate about the absolute configuration of the surface layers, in particular
whether the surface is an alloy-like/intermetallic —like layer, or whether it is simply
a complete oxide layer. The layer formed depends upon the conditions of a particu-
lar reaction, beginning at low levels of surface Ti, but eventually converting to
complete coverage by Ti, and the value of x in the surface compound TiO, is very
likely to be dependent on the redox potential of the gas phase. It must be remem-
bered that a high-surface area catalyst has metal particles bound to a nanoparticle
of titania, and that the supply of Ti from this source is probably much more limited
than from either a bulk crystal (for PM on TiO,(110)) or from a layer of Ti depos-
ited on PM single crystals. It is likely that much more highly reducing conditions
are required to form a complete Ti layer on PM nanoparticles (like those found on
an industrially relevant PM catalyst) than is the case for the single crystals.
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Chapter 9

Surface Thermodynamics: Small Molecule
Adsorption Calorimetry on Metal Single
Crystals

Vittorio Fiorin, David Borthwick, and David A. King

Abstract Using single-crystal adsorption calorimetry (SCAC), accurate
coverage-dependent heat of adsorption and sticking probability data are presented
for adsorption of CO, O, and NO on flat and stepped nickel, platinum and iron
single-crystal surfaces. We show that step atoms are the key to understanding the
increased reactivity for dissociation and oxidation compared to the low Miller index
surfaces. Pre-exponential factors for first-order desorption, v, are directly evalu-
ated and show considerably more variation than previously assumed: depending
on the gas-surface system, we find values for v that range from 10" to 10??s!. In
this respect, evaluations of the activation energy for first-order desorption using
temperature-programmed desorption analyses may be severely flawed if a fixed
value of v, usually 10"*s7!, is chosen.

9.1 Introduction

The single-crystal adsorption calorimeter (SCAC), designed and built in our labora-
tory as the first single-crystal adsorption calorimeter worldwide, directly measures
the heat released upon adsorption of a known amount of gas on a single-crystal
surface. Adsorption heats are measured within 6% uncertainty for as low as 1%
monolayer equivalent of gas molecules [1]. Since its birth in 1992, SCAC has
proved to be an invaluable tool for determining the energetics of surface processes,
such as reversible and irreversible adsorption, adsorbate-induced surface recon-
structions and hydrocarbon reactions with surface products. The SCAC data has
covered a wide range of gas-surface systems which have formed a critical bench-
mark for first-principles theoretical modeling, in particular, density functional theory
(DFT), and provided the basis for applications in the field of heterogeneous catalysis
in terms of the energetics of the gas—solid interface. An exhaustive comparison of
the results between experiments and theoretical calculations has been summarised
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in a review paper [2]. Here, we review published and new data for small molecule
adsorption on flat and stepped surfaces, such as Ni{211}, Rh{100}, Pt{111},
Pt{211}, Pt{311}, Pt{411} and Fe{211}. Studies on stepped surfaces represent a
natural progression from previous SCAC work on the corresponding low Miller
index surfaces, with the aim of understanding the energetics of adsorption and reac-
tion on metal surfaces that more closely resemble those used in industrial catalysis
applications. For all the systems, the heat of adsorption and sticking probability are
measured as a function of the adsorbate coverage at a surface temperature, T, of
300 K. Moreover, pre-exponential factors for desorption, v, are directly extracted at
steady state by equating the rate of adsorption to the rate of desorption. Values of v
show considerably more variation than always assumed: depending on the gas-
surface system, we find values for v that range from 10" to 10??s7". In this respect,
evaluations of the activation energy for first-order desorption using temperature-
programmed desorption analyses may be severely flawed if a fixed value of v,
usually 10"3s7!, is chosen.

9.2 Experimental

The design of the SCAC instrument has been described in detail previously [1] and
here only a brief account of the experimental technique is given. A schematic of our
single-crystal adsorption calorimetry experiment is shown in Fig. 9.1.
Experiments are performed in an ultra-high vacuum (UHV) chamber with a
base pressure of better than 5x 107! T. A pulsed molecular beam is used to dose
gases on a thin film single-crystal surface of 200-nm thickness. Each pulse, which

prism gold paraboloid
KBr window
gold flag \ /

~ I molecular beam I IR detector
—— e - B
I: crystal v\
lens Ge lens
shutter spinning rotary
gauge mass spectrometer

HeNe laser

Fig. 9.1 The key components of the single-crystal adsorption calorimeter (SCAC). Reprinted
with permission from [1]. Copyright 1996 Elsevier
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consists of approximately 2 x 10'> molecules, is 50 ms in duration, and the repeti-
tion rate of pulses is 2.5 s. The intensity of the molecular beam, (i.e. the number
of molecules per pulse) is measured after each experiment by means of a spinning
rotary gauge. The surface area irradiated by the molecular beam pulse is
~0.03 cm?, resulting in a gas dose of the order of 10> monolayer (ML) for each
pulse. The single-crystal surface is in the form of a thin film with a heat capacity
of the order of 10°J/K in order to achieve a measurable change in temperature
upon adsorption. Typically, the adsorption of a molecular beam pulse leads to a
temperature rise of the thin film of about 0.1 K. This temperature change is moni-
tored remotely via infrared radiation using a mercury cadmium telluride (MCT)
infrared detector, which is located outside the UHV chamber. The amount of heat
is then calibrated by pulsing a known amount of power into the single-crystal
surface using a HeNe laser (see Fig. 9.1), which has the same spatial and tempo-
ral profile as the molecular beam pulse. This calibration is repeated after every
experiment, since sputtering of the surface for cleaning purposes reduces the
thickness of the thin film (and its heat capacity) which will cause an increase in
the emitted infrared signal.

The accurate measurement of the heat of adsorption requires the amount
adsorbed per molecular beam pulse to be determined. This is accomplished by
measuring the sticking probability and the number of molecules that impinge onto
the surface per pulse. The sticking probability is evaluated directly using the King
and Wells technique [3]: during beaming, a portion of the impinging gas pulse is
not adsorbed by the sample and gets reflected back into the gas phase, which is then
compared with the amount of gas that is reflected from an inert surface, (a gold flag,
which is moved in front of the surface to prevent the molecular beam from imping-
ing directly onto the surface), using a quadrupole mass spectrometer. The experi-
ment starts with ten gas pulses onto the gold flag to measure the reference
background pressure of the gas of interest. Subsequently, the gold flag is removed
and ten gas pulses (at the same rate) impinge onto the surface. For each of the gas
pulses, mass spectrometer data for the sticking probability and the infrared emis-
sion data for the heat of adsorption are collected simultaneously. After the tenth gas
pulse onto the surface, the gold flag is moved back to block the beam for another
ten gas pulses. During this time, only mass spectrometer data are recorded as at the
beginning of the experiment. This sequence of ten gas pulses onto the gold flag
followed by ten gas pulses onto the surface is repeated in successive series. The
measured coverage-dependent heat of adsorption is called the differential heat
because it is the heat released per pulse of gas, each pulse containing about 10"
molecules which corresponds to a surface coverage of the order of 0.01 ML. The
integral heat is a collective heat at given coverage 6 and it is expressed as:

0
J‘qdiff (0)d9
Gy 0)=*+——— ©.1)

Jdo



178 V. Fiorin et al.

S\ S N7
.l'\.l\i\
OO0

Fig. 9.2 Ball models of stepped surfaces with the unit cell: (a) fcc{211}, (b) fcc{311}, (¢)

fcc{411} and (d) bec{211}. White, grey and dark grey atoms refer to first, second and third
surface layer, respectively

where ¢g,(0) is the measured differential heat of adsorption at coverage (6). If a
theoretical calculation is conducted for a finite coverage, for example using density
functional theory, this should be compared with the integral heat.

The cleaning of the thin-film single-crystal surfaces consists of cycles of gentle
argon ion sputtering at discharge currents below 8 pA and annealing to 700 K. In
some cases, oxygen treatment using the molecular beam is also used to completely
remove further contaminants. The cleanliness of the surface is verified by Auger
electron spectroscopy (AES) and the structure by low-energy electron diffraction
(LEED). Figure 9.2 shows ball models of the stepped surfaces referred in this
review article.

9.3 Carbon Monoxide Adsorption on Pt, Ni, Rh and Fe

9.3.1 CO on Pt{211}, Pt{311} and Pt{411}

Data for the adsorption of CO on the stepped Pt{211}, Pt{311}, and Pt{411}
surfaces at T, =300 K are shown in Fig. 9.3.

For all three surfaces 1 ML is defined as one CO molecule per (1 x 1) unit cell.
The surface atomic densities — or number of unit cells per cm? — for Pt{211},
Pt{311}, and Pt{411} are 0.53x10'5,0.78 x 10" and 0.31 x 10'> atoms cm™2, respec-
tively. Adsorption of CO on Pt{211} appears to proceed in three distinct stages,
with an initial heat of adsorption and sticking probability of 185 kJ/mol and 0.76,
respectively [4].
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Fig. 9.3 (a) Differential heat of adsorption and (b) sticking probability for the adsorption of CO
on Pt (filled square) {211}, (filled circle) {311} and (filled triangle) {411} surfaces at 300 K

With reference to literature TPD and RAIRS studies, it is believed that the initial
adsorption proceeds at step sites until 0.5 ML, followed by terrace site occupation
until saturation at approximately 1.5 ML [5]. Reference to SCAC data on the low
Miller index platinum surfaces reveals good agreement between the initial heat of
adsorption of CO on Pt{111}, 187 kJ/mol, and that on the Pt{211} surface [6]. This
has been explained in terms of an electrostatic argument; the proximity of the {111}
terrace sites modifies the {100} step sites so that they gain a significant amount of
terrace site character, causing the surface to appear much like a “rough” Pt{111}
surface [4]. Charge density calculations have also shown that the surface is signifi-
cantly smoother electronically than would be expected from a topographical perspec-
tive [4]. At the saturation coverage of 1.5 ML, the fractional distribution of adsorbates
on step and terrace sites matches the ratio of substrate step and terrace atoms. The
energy difference between step and terrace sites can be estimated to be 25 kJ/mol
from Fig. 9.3. The CO/Pt{311} system is highly interesting because of the issue of a
clean surface (1 x 2) reconstruction [7]. LEED experiments carried out in parallel with
the SCAC study provided clear evidence of a (1 x2) surface reconstruction, which is
subsequently lifted upon the adsorption of CO. The clean surface reconstruction is
very similar to that found on clean Pt{110}; however, the Pt{311} surface exhibits
both {100} and {111} microfacets. From Fig. 9.3, it is clear that CO adsorption
exhibits a number of adsorption regimes, with the heat of adsorption and sticking
probability dropping from initial values of 210 kJ/mol and 0.82—110 kJ/mol and 0.03
by saturation, respectively. It is believed that the missing row reconstruction is lifted
via (1x1) island formation for coverages above 0.16 ML (with 1 ML =0.78 x 10"
molecules cm™). Thus, initial adsorption occurs on the (1 x 2) reconstructed surface
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up to 0.16 ML, while from 0.16-0.5 ML (1x1) island formation occurs until the
reconstruction is fully lifted. This is very similar to the lifting mechanism for the CO/
Pt{110}-(1 x 2) system. Beyond 0.5 ML, the heat of adsorption drops because of
CO-CO lateral interactions, with the CO—CO nearest neighbour interaction energy
estimated to be 8 kJ/mol [7]. CO adsorption on the Pt{411} surface proceeds in two
distinct regimes and is very similar to adsorption on Pt{111} [6], with the heat of
adsorption decreasing from an initial value of 196 kJ/mol to 96 kJ/mol at saturation.
The surface is not believed to reconstruct, and as such initial adsorption has been
assigned to binding at {111 }-type step sites, with subsequent adsorption occurring at
{100}-type terrace sites. The sharp drop in the heat of adsorption at 2.6 ML is remark-
able, and corresponds to the point where the adlayer can be compressed no longer and
where desorption, rather than adsorption, becomes the more thermodynamically
favourable process. As for CO/Pt{211}, the ratio between the coverage correspond-
ing to saturation of step and terrace sites is very close to the ratio of step and terrace
atoms. From the sticking probability plots of Fig. 9.3, it is clear that the initial sticking
probability appears to be structure-independent, and indeed all three traces follow
very similar paths. All three plots can be fitted with the Kisliuk model [8], indicating
precursor-mediated adsorption. The analytic function of the Kisliuk model for the
coverage- dependent sticking probability, s(6), is:

-1
0/6
0)=s,| l+————K 9.2)
5©) 0( 1-6/6, j

The Kisliuk factor, K, which takes values between 0 and 1, gives the degree of
mobility of the precursor, with lower values associated with a highly mobile precur-
sor. Values for the three CO/Pt systems are all around 0.4, indicating fairly mobile
molecular extrinsic precursors.

9.3.2 CO on Nif211}

The only stepped surface of nickel to have been studied by SCAC is Ni{211} [9].
Unlike the CO/Pt systems, there is little difference between the initial heat of
adsorption on low Miller index nickel surfaces [10] and Ni{211}. In Fig. 9.4, where
1 ML coverage is defined as one CO molecule per (1x 1) unit cell, both the heat
and sticking plots show three distinct adsorption regimes, with the heat of adsorp-
tion falling from its initial value of 140 kJ/mol to 100 kJ/mol by the saturation
coverage of 1.5 ML, and the sticking probability dropping from 0.78 to 0.20 over
the same range. It is clear that when compared to the analogous case of CO/
Pt{211}, the Ni-CO chemisorption bond on Ni{211} is significantly weaker; how-
ever, density functional theory (DFT) calculations indicate that initial adsorption is
occurring at step sites [9].

The break in both the heat and sticking plots at 0.5 ML corresponds to one CO
molecule every two (1 x 1) unit cells on step sites, and marks the switch to adsorption
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Fig. 9.4 (a) Differential heat of adsorption and (b) sticking probability for the adsorption of CO
on Ni{211}. Data reproduced from reference [9]

at terrace sites, with the heat of adsorption comparing well with the initial heat of
adsorption of CO on Ni{111} [10]. The initial adsorption regime appears to pro-
ceed with an absence of lateral interactions until terrace site occupation begins.
Using the results of DFT calculations, the adsorption regimes of Fig. 9.4 can be
explained as follows: initial adsorption occurs at step bridge sites, with one CO
molecule for every two unit cells (0.5 ML), and as the coverage increases beyond
0.5 ML one molecule per unit cell is adsorbed at a threefold hollow site involving
one step atom and two terrace atoms (1.5 ML). Thus, the more pronounced decrease
in the heat of adsorption for 6>0.5 ML can be explained as resulting from repulsive
lateral interactions between near-neighbour CO molecules. Theoretical adsorption
energy values are found to be considerably higher than the experimentally mea-
sured values by around 60 kJ/mol [9]. However, comparing CO on Ni{211} and
Pt{211}, the difference between adsorption DFT energies on the two surface agrees
very well with the experimental value. In simple terms, this would suggest that in
this case the theoretical overestimation is a relatively constant offset.

9.3.3 CO on Rh{100}

With its application to the three-way exhaust catalyst, the energetics of CO adsorp-
tion on Rh{100} have been studied using SCAC, the first such studies on a surface
plane of rhodium [11]. Figure 9.5 shows the coverage-dependent heat of adsorption
and sticking probability; one monolayer is defined as one CO molecule per (1 x 1)
unit cell. The heat of adsorption plot shows two distinct regimes; the first extending
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Fig. 9.5 (a) Differential heat of adsorption and (b) the sticking probability of the adsorption of
CO on Rh {100}. Data reproduced from reference [11]

from zero coverage up to 0.4 ML, with the heat remaining constant at 118 kJ/mol.
Then, from 0.4 ML to the saturation coverage of 0.8 ML, the heat drops sharply to
85 kJ/mol. The sticking probability also shows two adsorption regimes, dropping
from the initial value of 0.87 to 0.20 by 0.8 ML. The sticking probability is indica-
tive of precursor-mediated adsorption, with a Kisliuk parameter of 0.2, indicating a
mobile precursor. Literature studies, including LEED, TPD, and XPS, have
observed the formation of a c(2 x 2) structure for coverages up to 0.5 ML, and a
p(4\/2 X \/2) structure at higher coverage (0.75 ML) [12, 13]. The sharp drop in the
heat of adsorption at 0.4 ML can be attributed to an ordering of the adsorbate layer
into the ¢(2 x 2) structure, reducing its ability to further accommodate CO molecules
without incurring an energy cost. Structural models have been proposed at low and
high coverages, with CO molecules occupying atop sites exclusively at low coverage,
and a combination of atop and bridge sites at higher coverages. The heat of adsorp-
tion data have been reproduced well with Monte Carlo simulations, which found
nearest neighbour, next-nearest neighbour, and next-next-nearest neighbour lateral
interaction energies of 9, 1, and —1 kJ/mol, respectively [11].

9.3.4 CO on Fe{211}

Iron is the first bece metal to be studied using SCAC, and the results for CO adsorp-
tion on the stepped Fe{211} surface have revealed a complex adsorption mecha-
nism [14]. Iron is a potential Fischer-Tropsch catalyst, having the ability to
dissociate CO without the assistance of an alkali metal promoter. Heat of adsorption
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and sticking probability data for CO adsorption on the Fe{211} are shown in
Fig. 9.6. The initial heat of adsorption of 160 kJ/mol decreases to 110 kJ/mol by
0.7 ML, after which the heat value oscillates around 110 kJ/mol with the baseline
decreasing slightly with increasing coverage.

The initial sticking probability is 0.71 decreasing to 0.55 by 0.7 ML, after which
it oscillates around 0.55, slowly decreasing with increasing coverage, as for the heat
of adsorption. The maxima and minima in the oscillations of both the heat and
sticking plots occur at the same coverage, and in order to understand the oscilla-
tions it is necessary to understand that the maxima correspond to the first pulse onto
the crystal after the King and Wells flag has been removed (see Sect. 9.2 for the
experimental procedure). For all systems previously studied by SCAC, at satura-
tion, the amount of adsorption during a pulse exactly balances the amount of des-
orption between pulses. However, for CO/Fe{211} this does not appear to be the
case, as indicated by the oscillations and declining baseline in the heat of adsorp-
tion and sticking probability. When analysed in terms of pulse number, rather than
in units of coverage, it is evident that when the flag is in front of the crystal a sec-
ondary mechanism is in operation, which changes the status of the system so that
the next pulse onto the crystal adsorbs with a higher sticking probability and heat
of adsorption than expected. DFT studies have found CO dissociation on Fe{211}
to be an exothermic process, with a dissociative adsorption energy of 185 kJ/mol at
0.5 ML (cf. the integral heat of 146 kJ/mol in Fig. 9.6a) [14]. The heat of adsorption
data would tend to suggest that initial adsorption occurs non-dissociatively; however,
dissociation may be occurring on a timescale greater than the 50 ms pulse within
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which the calorimetric heat is measured. The same DFT studies have predicted that
CO adsorbs in a threefold hollow site which is composed of one step atom and two
terrace atoms, with the CO internuclear bond elongated and tilted with respect to the
surface normal. The elongation and tilt result in a significantly red-shifted CO vibra-
tional frequency of 1634 cm™ (gas-phase value is 2143 cm™). It is believed that this
molecular state is the precursor to dissociation, and is very similar to the a, CO
molecular state on Fe{100} which is recognised to be the precursor state to dissocia-
tion [15, 16]. The high sticking probability at 0.7 ML suggests that a significant
amount of desorption is occurring between pulses, which explains the oscillations in
the heat and sticking plots; the first few pulses after the gold flag is removed fill
newly vacated surface sites and then true steady state is reached. The declining base-
line can then be explained by CO dissociating on the surface. Thus, both desorption
and dissociation occur on the “saturated” Fe{211} surface, with the timescales of the
respective processes much greater than the 2.5 s between molecular beam pulses.

9.4 Oxygen Adsorption on Ni, Pt and Fe

9.4.1 O, on Nif211}

Figure 9.7a shows the coverage-dependent calorimetric differential heat of adsorp-
tion of O, on Ni{211} at 7 =300 K, together with the integral heat derived from
the data. Figure 9.7b shows the coverage-dependent sticking probability [17].
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probability of O, on Ni{211}. Reproduced from ref. [17]
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The coverage of 1 ML is defined as one oxygen adatom per (1x 1) unit cell. The
detailed behaviour of the coverage dependence of the heat is unusual; the initial
heat on the clean surface is 620 kJ/mol and as the coverage increases several
regimes are clearly distinguishable by breaks at 1, 1.8, 2, 2.5 and 3 ML. The stick-
ing probability curve also exhibits different regimes. The pronounced breaks
observed in both the sticking probability and the heat curves are closely correlated.
The peculiar behaviour of a maximum in the sticking probability at 4 ML is indica-
tive of a surface oxidation process [18].

The high differential heat of adsorption at low coverage is thermodynamically
driven down by strong lateral inter-adsorbate interactions until it reaches the heat
of oxide film formation, when the adlayer develops into an oxide film. In particular,
at 2 ML a transition point can be seen, for which both the heat and the sticking
probability begin to rise. One can therefore distinguish adsorption in a chemisorp-
tion regime for 6 up to 2 ML and in the oxide film growth regime for 6>2 ML. In
the chemisorption regime, the high values of the heat of adsorption are clearly
indicative of dissociative adsorption. The same (2x 1) LEED pattern is observed at
0.5 and at 1 ML, which is consistent with oxygen adatoms occupying step atoms.
DFT calculations performed in our group [19] are consistent with the initial adsorp-
tion occurring on steps. The initial heat value, 620 kJ/mol, is considerably higher
than the initial heat on any low index Ni surfaces [18]. This reflects the higher
adsorption heat on the most uncoordinated atoms of the {211} surface. The sticking
probability curve, Fig. 9.7b also strongly suggests that dissociation occurs with a
high sticking probability on direct impact yielding an initial sticking probability, s,
of 0.5 at the step sites, compared with the previously obtained value of s, = 0.23 for
the {111} surface [18]. The magnitude of the lateral interactions between adsor-
bates is considerably high at 0.5 and 1 ML; a pairwise repulsive interaction of
40 kJ/mol is found at both coverages [17]. The fact that the inter-adsorbate lateral
interactions are already strongly repulsive at these low coverages means that repul-
sion for adsorption into any other site on the steps at higher coverage would be
prohibitively high. Between 1 and 2 ML, a clear change in the slope of the heat and
sticking probability curves is suggestive of adsorption occurring on the terraces. At
coverages greater than 2 ML the differential heat increases, coinciding with the
onset of oxidation, which is also revealed in the shape of the sticking probability.
The increase in the sticking probability for coverages greater than 2 ML is typical
of a switch from chemisorption to oxidation, as previously observed for every low
Miller index Ni surface [18]. Subsequently, it reaches a maximum and then
decreases. This behaviour is consistent with the original work of Horgan and King
[20] and the model proposed by Holloway and Hudson [21], in which oxidation
begins at nucleation points on the surface and proceeds by island growth. As the
island boundaries get larger, the uptake rate increases and so too the sticking prob-
ability. In the case of the present work, a close inspection of the sticking probability
reveals that in the oxidation regime s(8) exhibits a plateau in the coverage range of
2.4-3.0 ML. The corresponding heat of adsorption in the same coverage range falls
and subsequently remains almost constant until 5 ML. This feature of a falling heat
in the oxidation regime was not observed on the low index Ni surfaces and therefore
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it seems to be peculiar to the stepped Ni surface. A possible explanation for the
decrease in the heat at around 2.5 ML can be given by assuming a metastable
regime in which oxidation and chemisorption compete over the coverage range 2-3
ML. In this picture it is assumed that oxidation starts at nucleation points on the
step atoms, and as the islands grow, adatoms from the terrace sites might be incor-
porated into the Ni—O layer. This process generates clean terrace sites where
chemisorption may occur. The resulting heat of adsorption would then drop in a
fashion closely resembling the chemisorption regime at the terraces. This explana-
tion is also supported by a LEED and STM cstudy of O, on a vicinal Ni{100}
surface [22], which exposes terraces of 100 A width separated by monoatomic
steps. This study revealed that Ni—O crystallites preferentially start to grow at the
step edges. From the STM images there appear to be no adatoms closely surrounding
the oxide island. This supports the idea that vicinal adatoms are incorporated into
the island or alternatively migrate subsurface increasing the oxide thickness. This
would also explain the plateau in sticking probability between 2.5 and 3 ML where
chemisorption occurs after the incorporation of adatoms into the oxide layer. Thus,
the number of free sites and sticking probability remain constant in this regime and
so too does the sticking probability. Subsequently, for coverages greater than 3 ML
oxide film growth is the only mechanism, as revealed by the relatively constant heat
of adsorption at approximately 260 kJ/mol. Table 9.1 reports the key values for
adsorption in the chemisorption and oxide film growth regimes in comparison with
those obtained on low Miller index Ni surfaces. It is interesting to note that the
integral heat at the onset of oxidation of Ni{211} at 2 ML is 380 kJ/mol, a value
which is very similar to those found for each of the low Miller index nickel surfaces
[18]. This would suggest that the transition between chemisorption and oxidation
is intrinsically governed by thermodynamics, and the structure of the surface plays
no role. It is also interesting to note that the steady-state coverage of 9 ML, which
corresponds to 3 O adatoms per exposed Ni atom on the {211} surface, is consistent
with the room temperature oxygen saturation coverage of 3 ML reported on the
{111} surface [18].

Table 9.1 Comparison of data pertaining to the interaction of oxygen with nickel surfaces in the
chemisorption and oxide film growth regimes

q, s, E, q,, onset 6 onset 0,
Ni{211} [17] 620 0.48 557 380 2.0 9.0
Ni{100} [18] 550 0.63 520 350 0.68 3.6
Ni{110} [18] 475 0.78 485 380 0.8-1.2 4.1
Ni{l111} [18] 440 0.23 470 410 0.45 3.0

q, s the initial differential heat of adsorption (kJ/mol), s, is the initial sticking probability, and E
is the O-Ni bond energy derived from O,(g) +Ni—20,_ /Ni and O, /Ni—O(g) at the lowest coverage;
q,, onset (kJ/mol) is the integral heat of adsorption at the onset of oxidation, 6 onset (O, ML) is
the oxygen coverage at the beginning of the oxidation and 6_ (O, ML) is saturation coverage at the
steady state at 300 K
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9.42 0, on Pi{l11}, Pt{211} and Pt{411}

The heat of adsorption and sticking probability for O, on Pt{111}, {211} and {411}
are shown in Fig. 9.8. In order to aid comparison between the three surfaces, data
are plotted as a function of O, surface density; 1 ML is defined as 1 oxygen mole-
cule per (1 x 1) unit cell and corresponds to 1.31, 0.53 and 0.31 x 10> O, molecule/
cm? for the {111}, {211} and {411} surfaces, respectively.

The three heat curves are indicative of dissociative adsorption and show some
common characteristics: an almost constant heat value at low coverages and a
decline at coverages greater than 0.1x 10" O, molecules per cm*. This decline is
more pronounced for the Pt{111} surface, indicating stronger lateral adatom
repulsion compared with the stepped surfaces. This is consistent with the formation
of a p(2 x 2) structure at 300 K on Pt{111} [23], whereas no ordered structures are
found on the stepped Pt surfaces. The magnitude of the next-neighbour oxygen
adatom lateral repulsions on Pt{111} for the p(2 x 2) structure (at 0.25 ML or
0.16 x 10" molecules cm™) can be estimated to be 12.5 kJ/mol. This is done by
considering one oxygen adatom surrounded by six other neighbours in a p(2 x 2)
structure and the fact that at 0.25 ML the heat has dropped to 150 kJ/mol from an
initial value of 300 kJ/mol (i.e. (300—150)/(6 x 2), the factor of 2 in the denominator
takes into account that the heat is per oxygen molecule). Interestingly, the {211}
surface exhibits the highest heat values compared with the {411} and {111} sur-
faces and, in particular, the initial heat of adsorption on Pt{211} is approximately
70 kJ/mol higher than that for the other two surfaces. From a number of studies
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[24-27], it is known that, on stepped Pt surfaces, oxygen adsorbs dissociatively on
step atoms and subsequently on terrace atoms. Here, it is the character of the step
that determines the strength of the adsorption. Steps on Pt{211} are {100}-type,
whereas those on Pt{411} are {111}-type. If initial adsorption occurs at step sites
on both surfaces, then the {100} steps of Pt{211} are more reactive than the {111}
steps of Pt{411}. This is confirmed by a DFT study by Feibelman et al. who looked
at the two types of Pt steps and found the adsorption energy of oxygen on the
{100}-type to be some 40 kJ/mol higher than that on the {111}-type of step [28].
This difference is indeed in good agreement with the present calorimetric data for
0.5 ML oxygen coverage, which is the coverage used in the above mentioned DFT
calculations. This argument also explains the similar heat values of Pt{111} and
Pt{411} at low coverage. The O, sticking probabilities for the three surfaces are
rather similar. However, on Pt{211} a “clean-off* effect is evident at the lowest
coverages: an initial increase in the sticking is followed by a decrease until the
steady-state regime. This effect has been observed before by Winkler et al. on
Pt{111} and Pt{211} [29]; they found that oxygen was reacting with impurities,
which were below the AES detection limit, producing CO and water. In the present
work, if this effect is ignored then the initial sticking probability, s, is highest on
Pt{111} followed by Pt{211}, and the lowest on Pt{411}. The relatively low values
of 5, and the similar shape of the curves are suggestive of a direct and activated
dissociative adsorption. The barrier for adsorption does not change considerably
if steps are present on Pt surfaces and, more importantly, the kinetics of adsorption
dictate the fate of an impacting O, molecule; only those molecules landing on a
favourable adsorption site will adsorb and dissociate. In this context, the {111}
surface has the highest surface atomic density, with Pt{211} the next most dense
and the Pt{411} least dense, and it might explain the relative differences of the
sticking probabilities at low coverages.

9.4.3 O, on Fe{211}

Figure 9.9 shows the coverage dependence of the O, heat of adsorption and stick-
ing probability on Fe{211} at 300 K. The coverage scale is defined as one oxygen
adatom per (1x 1) unit cell. The initial heat of adsorption is 620 kJ/mol and the
initial sticking probability is 0.6. The sticking probability falls very rapidly until 1
ML, and then much more gradually at higher coverage, without ever reaching a true
steady-state regime over the coverage range studied. The differential heat shows
initially a brief plateau, a fall to 500 kJ/mol at 1 ML and a less-rapid decrease at
higher coverages. LEED inspection after O, dosing showed no ordered overlayers
with only a bright background in addition to the (1 x 1) pattern and no reconstruc-
tion. The magnitude of the heat of adsorption indicates dissociative chemisorption.
Recent density functional theory (DFT) calculations by Jenkins [30] show that
either a first layer bridge site, or a threefold hollow site is most favourable for atomic
O on the unreconstructed Fe{211} surface. These DFT calculations also present
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Fig. 9.9 (a) Heat of adsorption and the (b) sticking probability of O, on Fe{211} at 300 K

evidence for an energetically favourable (2 x 1) reconstruction induced by O, as
reported by Sokolov et al. [31] who observed a (2 x 1) reconstruction only upon
annealing to 573 K for 30 min, after O, dosing at 300 K. Previous studies of oxygen
uptake on Fe{100} [32, 33] have shown an increase in the sticking probability
after the initial chemisorption regime, corresponding to the onset of oxidation. The
shape of the sticking curve is similar to that observed during the oxidation of
Ni in SCAC [17], indicative of a nucleation model. The present data for Fe{211}
clearly shows no maximum in the sticking probability. Given that the sticking
begins to level off at about 1 ML, it is reasonable to assign this to the onset of oxi-
dation. More recent work, such as a molecular beam study of O, on Fe{110} by
Hodgson et al. [34], has still shown a rise in the sticking probability with a peak in
the oxidation regime for surface temperatures close to 300 K, but much more subtle
than the maxima observed in studies from the 1970s [32, 33] by LEED and AES.
The magnitude of the minimum in the sticking probability was found by Hodgson
et al. [34] to be sensitive to the method of surface preparation, suggesting a depen-
dence on defects and disorder in the oxide layer. A subsequent scanning tunnelling
microscopy related study by Hodgson et al. [35] at 300 K on Fe{110} showed the
sticking probability minimum to coincide with the onset of FeO nucleation. In
the present work, the measured heats in the range of 1-8 ML are far too high to be
representative of reversible adsorption of oxygen on an oxide film, for which
the heat would be expected to be of the order of 80—120 kJ/mol. The coverage at
the end of the run corresponds to nearly 8 O atoms per {211} unit cell. Assuming,
FeO to be the oxide composition, which was the favoured oxidation state in previous
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studies of Fe{110} and {100} crystals at 300 K [31, 34, 36], the oxide would have
a lattice parameter of about 4.3A and hence be of the order of 17A thick.
Ellipsometry measurements of the oxidation of Fe{110} at 300 K by Melmed et al.
[37] imply the limiting thickness of the oxide layer to be of the order of 25-30 A,
which agrees well with our estimate given that the final measured differential heat
implies that oxidation has yet to be completed by the end of the SCAC experiment.
The standard enthalpies for the formation of bulk FeO, Fe O, and Fe,O, are 272,
824 and 1,118 kJ/mol, respectively [38]. Converting these values to enthalpy per
mole of O, gives heats of formation for the oxides of 544, 550 and 559 kJ/mol,
respectively. These values compare very well with our integral heat, i.e. total energy
released, in Fig. 9.9, at the onset of oxidation (1 ML), which is 550 kJ/mol.
However, the specific type of the oxide film cannot simply be assigned from the
integral heat of adsorption. It would be useful to determine the stoichiometry of the
oxide film using electron spectroscopy.

9.5 Nitric Oxide Adsorption on Ni, Pt and Fe

9.5.1 NO on Clean and Oxygen-Covered Ni{211}

The relatively high initial heat of adsorption of NO on clean Ni{211} indicates dis-
sociative chemisorption [39]. The heat and sticking probability data shown in
Fig. 9.10 exhibit two distinct trends before and after 0.5 ML of NO molecules or 1
ML of N plus O (we define 1 ML as one adatom per (1 x 1) unit cell). The initial
decrease of the heat is rapid up to 0.5 ML and subsequently decreases more gently.
The sticking probability also shows a break at the same coverage. Therefore, two
adsorption processes can be distinguished. The coverage of 0.5 ML is such that all
step atoms are saturated. The corresponding heat at this coverage drops to 160 kJ/
mol, indicating non-dissociative adsorption. This behaviour is very similar to the
case of NO adsorption on Ni{100} [40]. The decrease of the heat from an initial
value of 400 kJ/mol to 160 kJ/mol is indicative of large lateral repulsions between
adatoms. We believe this is the driving force for the switch from dissociative to
molecular chemisorption: repulsive interactions between N and/or O adatoms make
molecular adsorption energetically more favourable, once a critical coverage is
reached. It has been demonstrated that the kinetic constraint of requiring an empty
array of sites for dissociation is not always the reason for subsequent molecular
adsorption to occur. For NO on Ni{ 100}, clear evidence was given to show that the
empty site array, required for the dissociation to be thermodynamically favourable,
can be very extensive when repulsive lateral interactions are large [41], and there-
fore the kinetic site blocking argument seems unlikely to explain molecular adsorp-
tion at higher coverage. We conclude that the molecular adsorption above 0.5
ML is thermodynamically driven by the large lateral adatom repulsions. DFT
results performed in this group indicate that the most stable sites for dissociation are
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Fig. 9.10 (a) Heat of adsorption and the (b) sticking probability of NO on clean and oxygen-
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on the steps [34], the nitrogen atoms occupy fourfold hollow sites at the step edge and
the oxygen atoms threefold hollow sites between two step atoms and one terrace
atom. According to this model, the next neighbour (nn) pairwise lateral interactions
between one nitrogen adatom and two oxygen adatoms at 1 ML coverage are relatively
high: @ = (400-170)/(2 x 2)~58 kJ/mol. The coverage dependent sticking proba-
bility, shown in Fig. 9.10b, has a clear break at 0.5 ML and correlates well with the
heat data. This reinforces the idea of two adsorption mechanisms: initial adsorption
occurs on steps and proceeds on terraces once the step sites are saturated. Indeed,
the break coincides with the coverage consistent with saturation of the step atoms.
The two resulting curves appear to be consistent with precursor-mediated adsorp-
tion in which the molecule is in a physisorbed state prior to chemisorption. As a
simple approximation, the two sticking probability curves are fitted independently
using the Kisliuk model, assuming two distinct processes occurring at the steps and
terraces. Details of the fit can be found elsewhere [39]. Turning to the NO adsorp-
tion on Ni{211} pre-dosed with oxygen, we know that both pre-coverages of 0.24
and 0.6 ML are formed from dissociated oxygen (see Sect. 4.1) and that the low
pre-coverage only saturates half of the step atoms, whereas the high pre-coverage
completely saturates the step atoms [17]. With 0.24 ML of oxygen, the NO
molecules still dissociate initially, giving a heat in the limit of zero NO coverage
of around 250 kJ/mol. By looking at the heat for the clean surface (Fig. 9.10a), we
note that at the same coverage of 0.24 ML of NO the heat has also dropped to a
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value around 250 kJ/mol. This implies that lateral interactions between adatoms are
of the same magnitude. Moreover, we observe a clear change in the slope of the
heat at 0.25 ML NO coverage which gives a total surface coverage of 0.50 ML. At
this point, all the step atoms are saturated and molecular chemisorption is energeti-
cally more favourable as in the case of the clean surface, with the heat of adsorption
of 160 kJ/mol. The dissociation of NO can then be controlled depending on the
amount of pre-dosed oxygen. From the coverage-dependent sticking probability, a
break at NO coverage of 0.25 ML (~0.5 ML total coverage) is still evident, which
is consistent with the change of the slope of the heat of adsorption. With 0.6 ML
oxygen pre-coverage, the NO heat of adsorption is molecular as revealed by the
initial value of 160 kJ/mol. Similar to the previous case, the initial heat is equal to
that on the clean surface at 0.55 ML. We note that on 0.6 ML oxygen pre-coverage,
the NO molecular adsorption is slightly stronger with respect to that on the 0.24
ML oxygen pre-coverage and clean surface. This can be explained by a decrease of
the intensity of NO lateral repulsions in an oxygen adatom rich surface. This is
consistent with the analysis previously reported on the magnitude of repulsive
interactions for NO and O, on Ni{100}, showing that these interactions are larger
in a mixed N and O adlayer than in an O adlayer [41]. In addition, it was found that
the difference in intensity is in the range of 20-30 kJ/mol, which is of the same
order of energy differences we observe between the 0.2 ML oxygen pre-coverage
case and the clean surfaces in the molecular regime.

9.5.2 NO on Pt{111}, Pt{211} and Pt{411}

Figure 9.11 shows the coverage-dependent NO heat of adsorption and sticking
probabilities on flat and stepped platinum surfaces. The coverage is defined in
terms of NO surface density as in the case of O, on Pt surfaces (see Sect. 4.2).
The initial sticking probability, s, is virtually identical for all three systems, with
values ranging in between 0.82 and 0.86, suggesting that the initial amount of
sticking is insensitive to the surface structure. This is perhaps surprising since the
adsorption sites of the three surfaces are markedly different. However, previous
SCAC studies of NO adsorption on the Pt{110} and Pt{100}-hex surfaces have
also found initial sticking probabilities of 0.87 and 0.86, respectively [10]. In all
cases and at low coverage, the sticking probability hardly changes with coverage,
which indicates that adsorption occurs via a precursor mechanism that is not
influenced by the nature of the final adsorption site, in terms of geometry and/or
coordination number.

All three sticking probability curves in Fig. 9.11 trace the same path up to a
coverage of 0.4 x 10" molecules cm™, this coverage corresponds to 0.3 ML for
Pt{111}, 0.75 ML for Pt{211}, and 1.3 ML for Pt{411}. Conversely, the presence
of step atoms has an effect on the energetics of adsorption. On a clean surface,
the highest heat is found on the {411} surface (217 kJ/mol), followed by that on the
{211} (192 kJ/mol), with the lowest on {111} (182 kJ/mol). It is well known that



9 Surface Thermodynamics: Small Molecule Adsorption Calorimetry 193

a b
240 [— —— 7 — ———T1——7——7 0.9
I : : : 4 [ 1
220 | I _'N D b
_ e { [ - doz
o . = 4 F i J
E 200 o gl | | : - : 06
S fes S 1y W s
= i | : I 1 Q
= 180 |4 ® " 1L Wy lgs 2
o A O [] H 0.5 S
5 % S LA S . 1°° 3
=4 ! ! ! : n Qe 5
S 160F 4ie | om f 4r i - : 104 3
) A : : | 1k ! | 1 o
° e . = i 4 T : H : )
3 4 e LI - : - 403 T
5 140 | a i 11 | ! | 1™ =
-— i [ | | ion
g any, n | L |- lo2 =
< i As i 1} 5 1
120 F ® o 4 | : ! i 01
9%, 1 r : : 10.
100 " 2 1 n 1 " 1 1 1 1 1 | 2 1 L 00

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
NO surface density (x10" molecules/cm?)

Fig. 9.11 (a) Heat of adsorption and the (b) sticking probability of NO on flat and stepped Pt
surfaces. (filled triangle) Pt{111}; (filled circle) Pt{211}; (filled circle) Pt{411}

NO adsorption on Pt{111} proceeds molecularly via sequential filling of fcc-hollow
and atop sites at 300 K, yielding a saturation coverage of 0.5 ML at this surface
temperature [42]. In the case of Pt{211}, evidence in the literature for room tem-
perature NO dissociation is varied and contradictory. Recent work from Brown
et al., using RAIRS, TPD and DFT, speculate about the possibility that the Pt{211}
surface is capable of dissociating NO at 300 K [43]. However, SCAC values at low
NO coverages on Pt{211} are only 10 kJ/mol higher than those on Pt{111}, for
which it is known that NO adsorbs molecularly. Even the initial heat value of
192 kJ/mol does not make initial dissociative adsorption a certainty. This does not
rule out dissociation, if it occurs on a timescale greater than the 50 ms, in which the
heat data is acquired. In any case, it seems reasonable to associate the first adsorp-
tion regime with step edge adsorption; the integral heat at 0.5 ML is in good agree-
ment with DFT calculations for step bridge adsorption [44, 45]. The second regime,
which will occur when step edge sites become saturated, likely corresponds to
molecular adsorption at terrace sites; owing to the similarity between this regime
and the second adsorption regime for NO/Pt{111}, it seems feasible to propose
adsorption on the {111} terraces, with the heat of adsorption agreeing well with the
DFT value for terrace-bridge adsorption [42]. The heat curve for NO/Pt{411} is
somewhat harder to interpret because of the lack of literature data available; how-
ever, it is possible to rationalise some of its features. The initial heat of adsorption
of 214 kJ/mol seems to favour dissociative adsorption, with the adsorption site
likely to be at the step edge. The fact that the heat drops so rapidly initially, more
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rapidly than do the curves for the other two systems suggests greater lateral adatom
repulsions compared to molecular species. The second adsorption regime from
0.4 x 10" molecules cm™= appears to show the same behaviour as observed in the
zero-coverage limit for NO/Pt{211}, namely, an initial heat of around 194 kJ/mol,
decreasing to around 138 kJ/mol. Since this adsorption regime for NO/Pt{211} was
attributed to NO binding at step edge sites, it is reasonable to assign the second
regime for NO/Pt{411} to molecular adsorption at step edge sites. A greater
amount of adsorption at step edge sites is possible on Pt{411} because of the sur-
face having a higher step density than Pt{211} (0.061 steps A~ compared to 0.053
steps A2 for the {211}). It might be expected that the second regime of NO/
Pt{411} will be different from the first regime of NO/Pt{211} because of the {211}
surface being clean and the {411} surface already containing 1 ML of dissociated
NO molecules. However, owing to the larger {411} unit cell, incoming NO molecules
will not be as close to the adsorbed N and O adatoms, so the lateral interactions will
affect the adsorption energy to a lesser extent.

9.5.3 NO on Fef211}

While the initial sticking probability of NO on Fe{211} is virtually identical to that
on Pt surfaces, the initial NO heat of adsorption on Fe{211} is more than double
than that on Pt (Fig. 9.12), which is indicative of dissociative chemisorption. This
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is hardly a surprise since Fe is known for its ability to activate strongly bound mol-
ecules such as N, and CO.

Indeed, early studies on polycrystalline and single-crystal iron surfaces found
NO to dissociate completely at 300 K [46] and molecular adsorption is only
observed either at high coverage or at low surface temperatures (85 K). On the
basis of our 300 K results, it is possible to assign molecular adsorption at cover-
ages greater than 1 ML where the heat is below 180 kJ/mol. The sticking probabil-
ity, in the dissociative regime, does not decrease to a great extent, decreasing from
0.82 at zero coverage to 0.7 at 1 ML. Conversely, the heat of adsorption drops
substantially in the same coverage range, going from 450 kJ/mol to 180 kJ/mol.
This is due to the energy cost in overcoming lateral adatoms repulsions. In spite
of this, we do not observe an ordered structure as to be expected when strong
lateral repulsions are present; LEED inspections only reveal a bright background
in addition to the (1 x 1) pattern at I ML. However, recent DFT calculations per-
formed in our group found that there are at least two possible adsorption configu-
rations, which are equal in energy, for the dissociated molecule [30]. These
calculations are carried out by considering separate and ordered islands of N and
O adatoms. The two most stable configurations consist of a nitrogen adatom bound
on a bridge site of the second surface layer and the oxygen either on the bridge site
of the top layer or the threefold hollow site between the first and the second surface
layer. These both equally yield a dissociative adsorption energy, E , of 469 kJ/mol
(4.89 eV) for 0.25 ML molecule-equivalent coverage [30]. This is carried out
using the revised Perdew-Burke-Ernzerhof (RPBE) functional, which is known to
give more accurate adsorption energies compared with the Perdew-Wang 1991
(PW91) functional [30]. In addition, a third configuration, only 10 kJ/mol ener-
getically less favourable, involves both the nitrogen and oxygen adatoms bound in
the second-layer bridge site. The random occupancy of these adsorption sites
might explain why an ordered adlayer is not formed. When comparing the experi-
mentally obtained value of E, with the theoretical one, the integral heat of adsorp-
tion must be used (Fig. 9.12), which we recall is the total energy release for a given
amount of adsorbed NO. The DFT adsorption heat of 469 kJ/mol at 0.25 ML
compares very well with our integral heat of 415 kJ/mol at the same coverage,
given the level of approximation used in these calculations (i.e. the fact that sepa-
rate ordered islands of N and O adatoms are considered rather than the dissociated
NO molecule itself).

9.6 Adsorption Thermodynamics and Pre-exponential
Factor for Desorption

As pointed out by Yeo et al. [47], using SCAC, the pre-exponential factor v for
desorption is readily obtained from the sticking probability and heat measurements
at high coverages. In a pulsed-beam experiment, a steady state is reached when the
amount adsorbed during a 50 ms (¢,) pulse is balanced by the amount desorbed in
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the time (7)) between pulses, which is 2450 ms. Since the amount adsorbed is 7,sQ,
where Q is the measured beam flux and s is the sticking probability and the amount
desorbed is z, OvN exp(—g/RT); where g is the heat measured during the adsorption
pulse, v is the pre-exponential factor for desorption and N_ is the surface atomic
density, equating these amounts adsorbed and desorbed yields:

b (f_lJ {ﬁj exp (L) 9.3)
t, J\ BN, RT

Within conventional transition state theory (CTST) [48], the desorption pre-expo-

nential can be expressed as:
kT AS*
=x| =2~ |exp AS 9.4)
h R

where AS* is the activation entropy for desorption, i.e. the difference in entropy
between transition state and adsorbed layer, and x (<1) is the transmission factor.
In evaluating AS* below, we have assumed that k=1. By time-reversal symmetry,
this is justified because it is in effect included in the experimentally determined
sticking probability s in equation (9.3). Values of v and AS* for some key systems
discussed in this article are given in Table 9.2.

From CTST, it is possible to generate theoretical values of the pre-exponential
factor and desorption entropy based on the partition functions of the adsorbate and
the transition state. The major disadvantage of CTST is that interactions between
the substrate and the adsorbate, as well as interactions between adsorbed species,
are neglected [49]. Thus, similar values of v will be obtained for molecules having
very different chemical properties, but with similar physical properties. The pro-
cedure used to determine the theoretical values has been outlined elsewhere [50];
however, it will be summarised here for completeness. The transition state is
assumed to be a two-dimensional gas, having two degrees of translational freedom
parallel to the surface and three degrees of rotational freedom. The two limiting
cases for the adsorbate layer correspond to desorption from a non-localised
adlayer (having two degrees of translational freedom parallel to the surface) and
desorption from a localised adlayer (having only degrees of freedom because of

Table 9.2 Values of the preexponential factor, v, (s™') and entropy of desorption AS* (J/K mol)
for some key systems, derived from the SCAC data using equations (9.3) and (9.4) respectively,
and compared with those derived from conventional transition state theory (CTST)

(6{0) v AS* O, \Y AS* NO v AS*

Pt{111} 2x105 48  Pt{111} 3x10% 109 Pt{111} 4%10° 130

Pt{211} 5%x10' 75 Pt{211} 6x10" 114 Pt{211} 6x10"7 95

Pt{411} 2x 105 48  Pt{411} 2x 10" 105 Pt{411} 2x10* 144
CTST CTST CTST

Non-localised 7x10™ 39  Non-localised 8x10" 40 Non-localised 1x10'“ 23
Localised 3x10' 70 Localised 6x10' 76 Localised 1x107 80
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frustrated translations and rotations). From CTST, the pre-exponential factor for
desorption is given by:
3
po kel O 9.5)
h Qad

where O and Q,, are the partition functions of the transition state and adsorbate,
respectively. Thus, depending on the choice of the partition function and the
approximations used, a range of values for v can be calculated.

From Table 9.2, it appears that the CO/Pt{111} and CO/Pt{411} adsorbate layers
are non-localised, and hence desorption from the adsorbed phase to the transition
state occurs with a fairly small entropy change. However, the CO/Pt{211} system is
more localized and consequently desorption proceeds with a greater change in
entropy. All three NO/Pt adsorbate layers are highly localized, with experimentally
derived values of v well above those calculated using the CTST approximation [48].
The same is true for the Oz/Pt adsorbate layers, however, to a lesser extent. Thus, from
such comparisons it is possible to gain valuable qualitative knowledge about the
degree of localisation of adsorbate layers and the thermodynamics of the desorption
process.

For completeness, we also present in Fig. 9.13 values of the pre-exponential
factor and the entropy of desorption for the systems already discussed in this article
together with data taken from the SCAC literature [10, 51]. This is shown in

Qg (kJ/mol)
70 80 90 100 110 120 130
| IS RS NS NS N N RS R S SRS NN S R
4 s
224 CH/PY100} o}
] 150
g NO/Pt{111} e -
20 O/PHIN - _NOPHa11} |
] O,/PH{411}." -
E ‘ 'NO/Pt{100} -
16 —f CEH‘!PY{E:H}' szP‘L{?ﬁ} _— 100
~ 1 NO/Pd{100} _NO/Ni{100} I o,
% 6 ] COINi{110} " COIPY311} L %
2 16 - NO/PH211} B
< CO/PH{110} . " COINi{100} s B
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Fig.9.13 Plot of log, (v) and AS* vs. the heat of adsorption for a number of systems studied by SCAC.
The data were all obtained at 300 K and hence constrained to the range within the dashed lines
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Fig. 9.13 where v and AS* are plotted against the heat of adsorption ¢,. It must be
emphasised that there is only one point for each system since in SCAC the value of
v can only be determined under steady-state conditions when the amount of
adsorbed molecules equals the amount of desorbed molecules at TS=300 K, since
all measurements are made at room temperature.

For this range of systems, we note that the variation in v is unexpectedly large
and not readily explained in CTST terms. The data in Fig. 9.13 appear to be an
example of the compensation effect noted for many catalytic reactions [52-55] and
normally expressed as InA=cE,, where A is the rate pre-exponential and E_ the
activation energy for the process. However, it is important to note that the SCAC
experimental procedure, operating solely at 300 K, means that the data are
constrained to the small part of the Inv vs. g, phase space represented by the straight
line in Fig. 9.13. Thus, we can rewrite equation (9.3) as:

Inv = ln|:(t—lj [ﬁﬂ +-4 9.6)
o \ N )| RT

so that at constant 7, Inv vs. ¢ must be a straight line, with slope 1/RT. The range of
values around this line is determined solely by the range of the sticking probabilities
and coverage at the steady state, because 7, 7,, O, and T are fixed by the experimental
condition. The extremes of sQ/6N_ in our experiment at steady state are indicated by
the dashed lines Fig. 9.13. Hence, the SCAC measurements are constrained to the
region within these lines. We can illustrate this by comparing the data from C,H,/
Pt{100} with the data from CO/Pt{100}. For the former, desorption between pulses
occurs at 300 K at a coverage of only 0.3 ML, when the heat is 135 kJ/mol. At this
coverage the desorption pre-exponential is a remarkably high 5x10*'s™'. However,
with CO on Pt{ 100}, there is no desorption when the heat has fallen to 135 kJ/mol and
the coverage is 0.65; desorption only becomes appreciable at higher coverages when
the heat has fallen to 85 kJ/mol. Even at low coverages when the heat of adsorption for
this system is high, it therefore follows that the desorption pre-exponential is <<10?'s™,
but inaccessible in a pulsed beam at 300 K it does not follow a compensation effect.
Higher temperatures would be needed to measure these values. Here, we simply note
the remarkably large range of desorption pre-exponential determined from SCAC.
This is an apparent, and not a true, compensation effect [55].

Nonetheless, we believe that the result in Fig. 9.13 is of major significance,
particularly regarding the interpretation of TPD data, since when analysing a TPD
curve, it is almost always assumed that the two parameters, v and E, are independent
of each other, and that a value of v of 10"s™" can be assumed. Clearly, Fig. 9.13
invalidates this long-standing assumption since, depending on the gas-surface
system, v can take values from 10" to 10**s™ for first-order reversible adsorption.
It appears that many TPD analyses may be severely flawed in their choice of the
pre-exponential factor in determining activation energies for desorption. While there
has been some considerable discussion of these effects [55-58], more theoretical
and experimental work will need to be brought to bear on this wide variation in
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experimentally measured values of v; it is a challenging problem which has
received little attention to date.
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Chapter 10
Surface Femtochemistry*

Ellen H.G. Backus and Mischa Bonn

Abstract A challenging task in surface science is to unravel the dynamics of
molecules on surfaces associated with, for example, surface molecular motion and
(bimolecular) reactions. As these processes typically take place on femtosecond
time scales, ultrafast lasers must be used in these studies. We demonstrate two
complementary approaches to study these ultrafast molecular dynamics at metal
surfaces. In the first, the molecules are studied after desorbing from the surface
initiated by a laser pulse using the so called time-of-flight technique. In the second
approach, molecules are studied in real time during their diffusion over the surface
by using surface-specific pump-probe spectroscopy.

10.1 Introduction

One of the key goals in surface science is to provide a fundamental, atomic-level
understanding of catalytic surface reactivity, which is important for a range of techno-
logical applications including heterogeneous catalysis. As fundamental processes,
such as bond formation and breaking, typically occur on femtosecond timescales, one
would like to investigate the dynamics of these processes on those ultrashort timescales
[3]. The development of ultrafast lasers and their application to surface spectroscopy
have enabled the direct, detailed study of the dynamics of surface reactions [4].

For molecular adsorbates on metal surfaces, the dynamics of reaction pathways
and surface molecular motion is increasingly being studied using femtosecond laser
spectroscopy, see e.g., Refs. [5—-11]. In a typical surface dynamics experiment, a

E.H.G. Backus and M. Bonn (<)

FOM Institute for Atomic and Molecular Physics, Kruislaan 407, Amsterdam, 1098 SJ,
The Netherlands

e-mail: m.bonn@amolf.nl

*Part of the text is reprinted with permission from [1] (Copyright 2005 AAAS) and from [2]
(Copyright 2007 American Chemical Society).

R.M. Rioux (ed.), Model Systems in Catalysis: Single Crystals to Supported Enzyme Mimics, 203
DOI 10.1007/978-0-387-98049-2_10, © Springer Science+Business Media, LLC 2010



204 E.H.G. Backus and M. Bonn

surface reaction, such as desorption or diffusion, is initiated by a femtosecond laser
pulse. One can distinguish essentially two approaches to obtain information on the
subsequent temporal evolution of the reaction. In the first, the dynamical information
is obtained indirectly. For desorption, for instance, the reaction products can be
detected in the gas phase after the reaction has occurred, with e.g., a mass
spectrometer (see e.g., [12]) or spectroscopic techniques like resonance-enhanced
multiphoton ionization [13]. For surface diffusion, scanning tunneling microscopy
can be used to quantify the effect of femtosecond laser excitation after the system has
returned to equilibrium [8]. The second approach is more direct, and involves
following the fate of the surface molecules in real-time on the surface during the
laser-induced process, for example with time-resolved X-ray absorption [6], 2-photon
photo-emission [5] or sum-frequency generation (SFG) spectroscopy [1]. The latter
approaches have the additional advantage that in addition to desorption, diffusion [1]
and excitation [9, 11, 14] of adsorbates can be studied.

There are several ways in which a femtosecond laser pulse can trigger chemical
transformations at a surface. Direct optical excitation of the adsorbates is a process
of very low probability, owing to the generally small cross section for such pro-
cesses. The laser pulse can, however, efficiently create excited electrons in the
metal near the surface (the optical penetration depth is typically ~10 nm), which
rapidly thermalize to a hot Fermi-Dirac distribution by electron—electron scattering
[15]. Owing to the small heat capacity of electrons, electronic peak temperatures
(T) of several thousands of Kelvin can readily be reached. Subsequent cooling of
the electrons occurs by diffusion of heat into the bulk and by heating of lattice
phonons (electron—phonon coupling) resulting in a phonon temperature (Tph) of
10°s—100’s of Kelvin. The energy flow is schematically depicted in Fig. 10.1.

Both the hot electrons and the hot phonons can transfer energy to the adsorbate
[16]. In an electronic process, electrons are transiently attached to a normally unoc-
cupied adsorbate orbital. As the equilibrium position and molecular conformation
on the excited potential energy surface is generally different from that of the ground
state, the adsorbate is accelerated towards its new equilibrium position. After electron
back-donation to the metal, this results in a potentially significant gain of vibra-
tional energy; the adsorbate vibrations may be coupled to the reaction coordinate.
Due to the femtosecond laser-induced high density of excited substrate electrons,
several of these cycles may occur, so the net energy transfer may be sufficient to
overcome the barrier towards desorption, for instance. This process is called
DIMET: desorption induced by multiple electronic fransitions, as opposed to the
single-electron (DIET) regime generally encountered using nanosecond laser pulse
excitation. In contrast, in a phonon-mediated process, the reaction occurs in the
electronic ground state. Energy is transferred from the phonons to adsorbate vibra-
tions that are potentially coupled to the reaction coordinate. The four vibrational
modes of an adsorbed diatomic molecule, exemplified for CO on Pt, are depicted
in Fig. 10.1: the high frequency internal C-O stretch vibration and three low-fre-
quency modes, the frustrated translation, the frustrated rotation and the Pt—CO
stretch vibration (CO molecule moves with respect to Pt). The hot electrons and
phonons typically do not have enough energy to significantly populate the internal
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Fig. 10.1 Schematic of the energy flow in the substrate—adsorbate system after excitation with a
femtosecond laser pulse. First hot electrons are created near the metal surface which relaxes by
heat diffusion into the bulk and by electron—phonon coupling resulting in hot phonons (see left
panel). The hot electrons and phonons can transfer energy to the various vibrational modes of the
substrate—adsorbate system, e.g., CO on Pt. Generally the electrons and phonons only have
enough energy to excite the three low-frequency modes: frustrated translation, Pt—=CO stretch
(movement of CO molecule with respect to Pt), and frustrated rotation (see fop right panel).
Excitation of these modes is described by a mode specific adsorbate temperature 7, . If the par-
ticular mode has gained enough energy a reaction may occur, like diffusion or desorption (see
bottom right panel). Excitation of the low-frequency modes will also be reflected in the internal
C-O stretch vibration. This mode is anharmonically coupled with the low-frequency modes result-
ing in a shift of the internal C-O stretch frequency

C-O stretch vibration, but the three low-frequency modes can have a sizable amount
of energy transferred to them.

It is convenient to describe each mode by an adsorbate temperature (7, ). Such
a description presumes a Boltzmann distribution for the occupation of the various
vibrational levels of each mode at all times. The magnitude of 7, depends on the
efficiency of energy transfer from the metal electrons and phonons into the specific
vibration and is determined by an electron or phonon friction coefficient, 1, and
n,,» respectively. These friction coefficients can be understood as the inverse of the
mode’s vibrational energy relaxation times 7, and 7 for coupling to electrons and
phonons, respectively. In this picture, the system consists of coupled heat baths,
which are internally thermalized, but in between which energy can flow. For the
metal, electron and phonon heat baths are defined; for the adsorbate, there are as
many heat baths as there are modes in the adsorbate. Energy transfer between the
adsorbate low-frequency modes is generally neglected. Following ultrafast laser
excitation of an adsorbate-substrate system, information on the rates and mecha-
nisms of the energy flow in the system can be readily obtained [4].

In this chapter we will discuss two recent examples of dynamics studies of
surface molecules, e.g., NO and CO on Pt(533), consisting of atomically flat,
four atoms wide, (111) terraces divided by monatomic (100) steps (Fig. 10.1).
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The step sites of this surface mimic the defect sites in real catalysts, which are
known to play a key role in surface catalytic processes (see e.g., [17-19]). The model
system CO/NO on Pt has been chosen due to its relevance for catalysis: in the
car exhaust catalyst the toxic species (NO and CO) are converted into the harmless
N, and CO, on the defect sites of active metals, like Pt and Pd.

Important steps in this reaction are the adsorption and desorption of the mol-
ecules and their diffusion over the surface. The adsorption structure of NO and
CO on this Pt surface has been described in detail [20-22]. Briefly, for saturation
coverage, (estimated 0.5 ML [23]) roughly 20% of the NO molecules bind to the
step sites in a bent or bridge geometry. The other 80% bind on the terrace sites,
atop (slightly tilted) and partly in threefold hollow sites. For saturation coverage for
CO (~0.63 ML [24]) roughly 30% adsorbs on the step sites in a bridge (25%) and
atop (75%) geometry, while the rest adsorbs on the terrace sites in a bridge
(33%) and atop (67%) way.

In the first part of this chapter, we investigate the desorption of NO and CO
molecules from a platinum surface to learn about energy flow between the substrate
and the adsorbate. By using a stepped surface we unravel how the chemical dynam-
ics are affected by surface defects [2], and demonstrate that the chemical dynamics
depend critically on the precise adsorption site. In the second part we will follow
diffusion of CO over the surface in real-time by using the adsorbate vibration-
sensitive SFG method in a pump-probe manner. The stepped surface allows us to
distinguish between molecules on the step and the terrace sites and therefore makes
the diffusion from step to terraces sites “visible” [1].

10.2 Experimental

10.2.1 Laser Induced Desorption

In a laser-induced desorption experiment, the reaction is driven by a laser pulse.
The laser initially interacts with the electrons in the substrate, transferring energy
to the electron bath. The hot surface electrons relax by heat diffusion into the bulk
and by coupling to the phonons (lattice vibrations). Both the hot electrons and the
hot phonons can transfer their energy to the adsorbate. If the energy is sufficiently
high, the adsorbate can desorb. The desorbing molecules can be detected with a
mass spectrometer as a function of their flight time. The flight time distribution
(spectrum) contains information about the translational energy of the desorbing
species [25, 26]. As desorption is generally a barrier-less process, the translational
temperature of a desorbing molecule can reveal whether the process is electron- or
phonon-mediated. In a phonon-mediated process the excess energy will always be
relatively low (typically a few hundred Kelvin) as the ground state vibrational
ladder is climbed until the barrier is exceeded. On the other hand, a temperature
exceeding the bulk melting temperature of the metal substrate (~1,000 K), points to
an electronically driven process.
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In our laser-induced desorption experiments, typically 2 mJ laser pulses at
800 nm from a Ti:sapphire femtosecond laser system (Quantronix, Titan, 800 nm,
3 mJ (1 kHz repetition rate), pulse duration of 130 fs (full width at half maximum
(FWHM))) are used. The beam is loosely focused by a lens with a focal length of
1,000 mm located roughly 500 mm from the crystal. The laser is sent through a
CaF, window into an UHV chamber [20] with a base pressure of 2x 10" mbar to
irradiate the sample under an angle of 35 degrees of incidence with a fluence —
defined throughout this chapter as absorbed fluence — below the damage threshold
(thermal desorption spectra before and after irradiation are identical). Laser-
induced desorption experiments are generally single-pulse, enabled through the
combination of a mechanical chopper and shutter. Desorbed molecules are detected
by a differentially pumped quadrupole mass spectrometer, amplified with a fast
amplifier and counted with a multichannel scaler after a 70 mm flight path as a
function of their flight time. Integration of the TOF spectra gives the yield of the
desorbing molecules. The first shot yield is determined from a depletion curve: on
one spot on the crystal we measure the desorption yield of each pulse from 10
sequential laser shots, and repeat this for different spots on the surface. By fitting
an exponential decay curve through the averaged yield as a function of the laser
shot number, the first shot yield at the initial coverage is obtained. This approach
ensures better statistics than true single-shot experiments. A schematic drawing of
a laser-induced desorption setup is given in [12].

10.2.2 Sum-frequency Generation

In the nonlinear technique of SFG, the sample is irradiated with two different laser
pulses. In a vibrational SFG experiment an infrared (IR) photon (e.g., wavelength
A=5,000 nm corresponding to 2,000 cm') and a visible (VIS) photon (e.g.,
A=800 nm corresponding to 12,500 cm™) are used. At the surface, the symmetry
is broken, and the sum-frequency of the two fields is generated (at e.g., 14,500 cm™;
A=690 nm). This process is strongly enhanced when the IR field is resonant with
a surface vibration. The ability of SFG to selectively record the vibrational spec-
trum of surface molecules is illustrated in Fig. 10.2, which illustrates that the
minority species of free O—D groups at the surface of a 20 monolayer thick amor-
phous ice film [27], pointing into the vacuum, are barely discernable with conven-
tional reflection—absorption IR, but dominate the SFG spectrum at ~2,725 cm™,
although its transition dipole moment is very weak.

SFG using femtosecond lasers allows all the resonances within the broad
(~200 cm™") bandwidth of the IR pulse to be probed simultaneously, without scan-
ning the infrared source. To obtain spectral resolution in an SFG spectrum, the IR
polarization is upconverted with a narrowband (~8 cm™) visible beam, which is
prepared by pulse shaping the output of a femtosecond laser. Only the frequency
components of the pulse that interact resonantly with the vibrational modes are
enhanced, resulting in an SFG spectrum [28, 29]. Owing to the use of femtosecond
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Fig. 10.2 Reflection absorption infrared (left) and SFG (right) spectrum of a 20 ML thick D,0
film on Pt(533). In contrast to the IR spectrum, the hydrogen-bonded bulk of the water layer (main
feature in left panel) is invisible with SFG, due to the surface sensitivity of the technique. On the
other hand the surface layer at 2,725 cm™, originating from non-hydrogen bonded, free OD at the
surface of the film, is almost invisible in the RAIR spectrum but dominates the SFG spectrum.
The broad band in the SFG spectrum at ~2,620 cm™ originates from non-resonant signal generated
in the Pt and simply reflects the IR spectrum (grey line)

pulses, broadband SFG is ideally suited for time-resolved experiments. In these
experiments, an intense (pump) pulse initiates a surface process, the time evolution
is probed with the broadband infrared and narrowband visible pulse at pre-defined
times after the pump pulse. In this way ultrafast processes like desorption of
molecules from the surface or diffusion of molecules over the surface can be mea-
sured with sub-picosecond time resolution. A recent review about picosecond time-
resolved SFG is given by Kubota and Domen [30].

For our femtosecond pump-SFG probe experiments, three laser pulses were used:
the SFG probe pair (a combination of a weak infrared (IR) and weak visible (VIS)
beam) and an intense visible pump beam to induce the motion of CO molecules. Both
the IR pulses (2,080 cm!, FWHM =200 cm™, 6.5 uJ), generated by a traveling-wave
optical parametric amplifier of superfluorescence (TOPAS), and the visible upconver-
sion pulses (12,550 cm™', FWHM =8 cm!, 4.5 uJ) were p-polarized and focused onto
the surface by the same parabolic mirror (=100 mm). 1.3 mJ of the 800-nm laser
output was used as a pump pulse (p-polarized). The beam diameter of the pump beam
was | mm, which is approximately four times larger than the diameter of the probe
beams. The time resolution was better than 200 fs. The SFG signal was detected with
a spectrometer and a charge-coupled device (CCD) camera. To minimize steady state
heating effects of the substrate, the laser frequency was reduced from 1 kHz to 83 Hz
by a chopper. A schematic drawing of an SFG setup can be found in [12].

10.2.3 Sample Preparation

All experiments were performed at ~100 K, at a background pressure lower than
2x 10" mbar, except for the pump-probe SFG experiments at high fluence
(>50 Jm™), which were performed at a CO background pressure of ~1x 108 mbar
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to retain constant surface coverage (desorption probability <0.1% per shot). To obtain
saturation coverage the Pt(533) single crystal was dosed with NO (’N'#0, isotopi-
cally labeled for larger contrast with background gas) or CO from background gas
with the crystal at ~100 K. To selectively cover the step sites with NO or CO, we
simply dosed at elevated temperatures (400 K) or flashed a fully covered surface to
420 K, making use of the higher binding energy for NO and CO on the step sites
NO: E e =13 V3 E slep=2 eV, CO: E | mee =15 V5 E step=2 eV (1,
20]). Thermal desorption spectroscopy (TDS) confirmed that in this manner only
the step sites were covered (see insets in Fig. 10.3c and d).
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Fig. 10.3 (a) Time of flight spectrum for NO desorbing from a fully covered Pt(533) surface
(grey) and from a surface on which NO is only adsorbed on the step sites (black, multiplied by
10). The macroscopic normal of the crystal was facing the mass spectrometer. A Maxwell-
Boltzmann fit (dashed black line) reveals a high translational energy (~3,500 K, fluence:
100 Jm™) of desorbed NO for both the steps and terraces. The inset shows schematically NO
bound atop on the step and terrace sites of the stepped Pt(533) surface. (b) Time of flight spec-
trum for NO desorbing from a surface of which only the step sites are covered with NO for two
different collection angles shown in the inset: along the step local normal (40°, grey) and its
symmetric opposite (—40°, black). The relatively large yield along the step local normal (40°)
indicates that NO adsorbed on the step sites preferentially desorbs along the local step normal.
All spectra are averages of the first 150 shots. (¢) and (d) Depletion of the surface after multi
pulse excitation for NO and CO, respectively, on terrace and step sites (normalized to the first
shot), illustrating the faster depletion of terraces sites. Solid lines are exponential fits. The insets
show TDS spectra of a fully saturated surface and the surface of which only the step sites are
covered, for NO (four peaks: three from terrace sites and one at high temperature from steps [20])
and CO (one terrace and one step peak), respectively. Reprinted with permission from [2].
Copyright 2007 American Chemical Society
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10.3 Results and Discussion

10.3.1 Site-dependent Chemical Dynamics

In this section we present a study of femtosecond reactivity on a surface with
well-defined defects. We elucidate the efficiency of energy flow between substrate
and adsorbate for steps and terraces sites by studying the desorption of nitrogen
monoxide (NO) and carbon monoxide (CO) from the Pt(533) surface (see inset
Fig. 10.3a). The dynamics occurring after substrate excitation are monitored by
detecting ultrafast desorption events [7, 16].

The very high translational temperatures of both NO and CO (exceeding 3,000 K
at 100 Jm= fluence) observed in the TOF (Fig. 10.3a for NO) provide direct evi-
dence that desorption was induced by laser-heated electrons. Unraveling the
adsorption site-dependence of the efficiency of energy transfer between the elec-
trons and the adsorbate is the subject of this section. When only the steps were
covered the TOF signals were much weaker (by a factor of 60 (NO) and 30 (CO))
compared to the fully covered surface. These large reductions of the signals are
remarkable in view of the number of adsorbed molecules on steps being lower by
only factors of 4 (NO) and 3 (CO). Part of this large difference can be accounted
for by the observation that molecules on steps do not desorb along the macroscopic
[533] surface normal. This is illustrated in Fig. 10.3b, which shows TOF spectra for
NO on the step sites, in the two geometries indicated in the figure (with the crystal
rotated along the axis parallel to the monatomic steps). As the crystal angle was
varied symmetrically around the incident laser beam, the laser fluence remained
unchanged, allowing for a direct comparison of yields. Clearly, NO desorption from
steps is biased to the local [100] surface normal, apparently along the tilted molecu-
lar axis [20]. All other experimental data described here were measured along the
macroscopic normal of the crystal. As the signal was 30-60 times higher at satura-
tion coverage than for the selective occupation of the steps, we could use the fully
covered surface to obtain information on the desorption dynamics from the
(111)-terraces of the stepped Pt surface. By covering only the step sites, the same
information about the (100)-steps was obtained. The different angular distribution
for step and terrace NO accounts for a factor of ~3 in the difference in desorption
probability of steps and terraces (interpolating the data in Fig. 10.3b to 0° [31]).
Combined with the lower amount of NO on the steps (4x), we can conclude the
desorption probability for NO on steps is lower by a factor 5+2 compared to terrace
sites. This value was corroborated by an independent measurement of the relative
desorption probability through the decay of the depletion curves (Fig. 10.3c) result-
ing in a factor of 3+ 1. For CO, the depletion curves depicted in Fig. 10.3d indicate
an even smaller difference in desorption probability from steps and terraces, namely
a factor of 2+ 1 lower desorption probability for the steps sites.

The factor of 2-3 difference between the desorption probability from terrace and
step sites for both NO and CO is much smaller than what is expected from the large
difference in binding energy between step and terrace sites. Under equilibrium
conditions at T7=3,000 K (the kinetic temperature of desorbing molecules), the
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difference would be a factor of ~20 for both CO and NO using a simple Arrhenius
expression, given the desorption energies mentioned in Sect. 10.2.3. The relatively
strong enhancement of desorption from step sites compared to terrace sites suggests
the energy transfer rate from the laser-heated electrons in the Pt substrate to the
adsorbate is much more efficient at the step sites.

The rate of energy transfer from the surface into the adsorbate can be quantified
by analyzing a two-pulse correlation (2PC) spectrum. For the 2PC measurement,
the excitation pulse was split into two equal parts, which excited the sample with a
variable time delay. The yield as a function of pulse—pulse delay is determined by
the rate of energy transfer, in addition to variables such as laser characteristics
and binding energy, which can be determined independently. Figure 10.4a shows
the 2PC spectrum for NO on the terrace sites. To obtain accurate values for the
electron-coupling times, we measured the fluence dependence (Figure 10.4b) and
translational temperature (Fig. 10.4c) as a function of the delay between the two
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Fig. 10.4 (a) Two-pulse (20 Jm= each) correlation of NO desorbing from Pt(533) for saturation
coverage, indicating a time response of 0.8 ps (FWHM). (b) Dependence of the first shot yield
(FSY) for NO desorbing from Pt(533) for saturation coverage on the absorbed yield weighted
fluence (<F>). The spatial profile of the laser beam (determined independently) is explicitly taken
into account by calculating the yield weighted fluence in the manner described in ref. [12, 13].
This procedure yields a power law exponent of 4+0.5 (grey dotted line). (¢) Translational tem-
perature as a function of the delay between two laser pulses (see panel a). (d) “N'O and PN'80
laser induced desorption yield as a function of the fraction of "N'¥O on the surface. The surface
fraction is obtained from TDS of the residual NO (>90%) after the laser experiments. In this
mixed-isotopomers experiments, "N'®O and “N'O are first mixed in the desired ratio in the
vacuum chamber with the crystal at 500 K (where adsorption does not occur). The crystal was
subsequently cooled down, resulting in a homogeneous distribution of both isotopomers over the
crystal as confirmed by TDS. The solid lines in all panels are obtained within a friction model
calculation (see text), using an electron-coupling time of 0.075 ps. Typical error bars are depicted
in each panel. Reprinted with permission from [2]. Copyright 2007 American Chemical Society
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pump pulses in a 2PC experiment and the isotope effect (Fig. 10.4d) for NO on the
terrace sites. The complete data set for NO desorption from terrace sites can be well
described with the two-temperature and one-dimensional electronic friction model
in the low-friction limit [12, 32] using a coupling time of 0.075% 0 ps [33] (lines
in Fig. 10.4). This coupling time (where the super- and subscript denote the error
bar) defines the time it takes for heat to be transferred from the metal electrons into
the adsorbate vibrational mode that is responsible for desorption. The simple model
reproduces the data remarkably well: in addition to the fluence dependence and the
2PC trace, the kinetic temperatures are reproduced, as well as the ~15% higher
desorption probability for “N'*O compared to "N'80. Recently, alternative models
with temperature-dependent coupling times were needed to describe desorption of
diffusion events for other systems [10, 11, 34-36].

Based on the lower desorption probability and the shape of the 2PC spectrum
(not shown), the friction model gives a three times smaller electron-coupling time
(0.025 ps) for the step sites. The absolute error is significant, but the relative value
(compared to terrace NO) can be determined reliably. A similar analysis of the CO
data reveals an electron-coupling time of 0.3 ps and 0.1 ps for CO adsorbed on the
terraces and the steps, respectively. Thus for both CO and NO the electron coupling
time is three times faster at the step sites than at the terrace sites [37].

Before addressing the question which mode is responsible for desorption, and
why the coupling to this mode is so much more efficient at the step site, it is inter-
esting to consider the slower energy transfer time from Pt to CO than to NO. This
must be related to the electronic state that is coupled to in the DIMET process.
Indeed, it has been observed that the 2n* level lies appreciably higher above the
Fermi level for CO (~4.3 eV) compared to NO (~1.5 eV) [38]. As a result, energy
transfer is much more efficient for NO.

The flow of energy from laser-heated substrate electrons into the adsorbate results
in the excitation of adsorbate vibrational modes. For desorption of diatomics from
various surfaces, it has been suggested that excitation of the frustrated rotation is
responsible for the desorption process [9, 14, 39]. Our results are consistent with those
observations. We cannot, strictly speaking, dismiss (a contribution from) the Pt—CO
stretch vibration, but the frustrated translational mode can be excluded based on the
independently determined electron-coupling times found to be 2.5 and 4 ps for terrace-
and step-adsorbed molecules, respectively (see the Sect. 10.3.2). These coupling
times are much longer than those describing the very rapid desorption process.

In order to rationalize the faster electron-coupling times of adsorbates at the step
sites than at the terrace sites, DFT calculations of damping rates of the frustrated
rotational modes for step- and terrace-adsorbed molecules due to electron-hole
excitations were carried out [2]. Note that a full calculation of the laser-induced
desorption is a daunting task and requires at least a treatment of the mode—mode
coupling and calculations of electronic friction away from the equilibrium configu-
ration and at high electronic temperatures [40]. Thus, the inverse of the damping rate
as obtained from calculated vibrational lifetimes, cannot be directly compared to
the electron coupling times extracted from the experiments, but should provide a
useful measure of the relative efficiency of the energy transfer pathways resulting
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in desorption [41]. The DFT calculations (see [2] for details) follow the experimen-
tal trend: both for NO and CO a higher damping rate is found for molecules on the
step sites compared to molecules on the terraces. The stronger coupling is mainly
due to the higher density of states at the step edges, which is also responsible for
the stronger binding at the step sites. It should be noted that the observed correla-
tion between strong binding and effective coupling to the substrate electrons, is not
a generic phenomenon: for CO on Ru(0001), the adsorbate binding energy is com-
parable to NO/Pt(533), but the electronic transfer rate is negligible [12] — orders of
magnitude lower than both CO and NO on Pt(533).

Finally we note the experimentally and theoretically observed more efficient
energy transfer at the step sites is in accord with the generally observed higher
reactivity of these sites in surface reactions. It is well-established that defects, such
as steps and missing atoms, play a key role in surface catalytic processes (see e.g.,
[17, 42—44]). We have shown here that electronic effects are responsible for both
the more efficient coupling to NO, and more efficient coupling at step sites com-
pared to terrace sites, for both CO and NO. The study of ultrafast surface dynamics
can clearly complement existing efforts in elucidating the details of electronic
substrate—adsorbate coupling. For catalysis in particular, a full understanding of the
effects of the local (atomic-level) electronic structure would help design new and
more effective catalysts in, e.g., bi-metallic systems [45].

10.3.2 Real-time Observation of Diffusion

In the previous section we deduced from the desorption yield and the kinetic energy
of the particles, time constants for the energy flow between the metal and the sub-
strate. Of course a more direct way of studying dynamics at a surface would be the
real-time probing of a surface reaction. The simplest surface reaction is diffusion
over a surface: the making and breaking of a surface bond. In this section, we report
the direct, real-time observation of surface molecular motion by means of time-
resolved vibrational spectroscopy to provide real-time “snapshots” of the process.
Our approach relies on CO molecules having a different internal C—O stretch vibra-
tional frequency when adsorbed on the different sites of the stepped Pt(533) surface
(Fig. 10.5a) [22], which provides indirect, sub-nanometer spatial resolution along
the coordinate perpendicular to the steps, as shown previously [46, 47]. If CO is only
present at the step sites, a signal at 2,080 cm™" is observed (Fig. 10.5b). The spectrum
for a CO-saturated surface, for which the majority of CO is adsorbed on terrace sites,
shows a resonance at 2,100 cm™ (Fig. 10.5b) which is the vibrational frequency of
CO on terraces. For the fully CO-covered surface, the CO molecules bound to the
step sites are invisible because of the effects of dipole—dipole coupling: the vibra-
tional intensity from the oscillating CO dipoles on the step sites is transferred to the
more quickly oscillating CO’s (at higher frequency) on the terrace sites [21].

In our experiment, we induce the energetically up-hill motion of CO molecules
from step to terraces sites by exciting the substrate with an ultrashort laser pulse
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Fig. 10.5 (a) A schematic drawing of CO bound atop on the step and terrace sites of the Pt(533)
surface. (b) Sum-frequency spectra for CO bound atop on the step and terrace sites exhibiting
resonances at 2,080 and 2,100 cm™!, respectively. (¢) Experimental (grey) and calculated (black,
normalized to experimental curves) pump-probe spectra at short delay times for a surface partially
covered with CO (75% of steps occupied and 20% of terrace sites) for excitation with a laser pulse
with a fluence of 60 Jm=. Reprinted with permission from [1]. Copyright 2005 AAAS

(fluence: 60 Jm™). The dynamics of the motion of the CO molecules from step to
terrace sites is obtained from pump-probe spectra near zero delay, shown in
Fig. 10.5¢ for steady-state occupation of 75 and 20% of the step and terrace sites,
respectively. It is evident that the ratio of step and terrace peaks changes on ultrafast
time scales: the step peak disappears almost completely within a picosecond, indi-
cating the motion from step to terrace sites occurs on this time scale. The observation
that the effect of the pump pulse appears in the spectra already at negative delay can
be explained by the perturbation of the free-induction decay [9, 14].

The details of the mechanism and rate of the laser-induced diffusion process are
contained in the time-dependent fraction of the step molecules. This information
was extracted from the data by a full spectral simulation (see [9] for details of
modeling SFG spectra). The spectral changes are caused by two effects: (a) the
change of the occupation of the different sites due to motion of CO molecules from
step to terrace sites and (b) the effects of the laser-induced heating of the system on
the internal C-O stretch vibration. The latter can be determined in independent
measurements at a lower fluence for which no laser-induced motion occurs. Laser
excitation results in a transient redshift, line broadening and decrease in intensity
of the C-O stretch vibration for CO on both step and terrace sites, even when no
motion occurs (Fig. 10.6). The excitation of the Pt substrate creates a hot electron
gas, from which energy transfer to the CO molecules can occur. The internal C—O
stretch itself is not excited, as its frequency is too high, but it is affected by excitation
of the low-frequency (v=35 cm™' [48]) frustrated translation mode through anhar-
monic coupling [9, 14]. The anharmonic coupling strength between the frustrated
translation (occupation expressed in 7, , ) and internal C-O stretch frequency can be
obtained from temperature dependent measurements at thermal equilibrium [49].
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Fig. 10.6 (a) Experimental (grey) and calculated (black, normalized to experimental curves)
time-resolved sum-frequency spectra for CO on Pt(533) with only occupation of the step sites at
100 K. At time zero, a 130 fs pump pulse with a fluence of 11 Jm= excites the Pt substrate. Central
frequency (b and ¢) and FWHM (d and e) obtained by fitting a Lorentzian lineshape to the
experimental (grey dots) and calculated (black lines) SFG spectra (a) for CO on the step (¢ and e)
and terrace (b and d) sites, the latter with a fluence of 16 Jm=. Reprinted with permission from
[1]. Copyright 2005 AAAS

This sequence of events, excitation of the substrate electrons, energy transfer to
the frustrated translation of the CO molecules and the associated changes in the
C-O stretch vibration, can be described again with the friction model [50], the
result of which is shown as black lines in Fig. 10.6. To reproduce the data in
Fig. 10.6, coupling times of 7,=2.5+0.5 ps and 4+0.5 ps for terrace and step,
respectively, are required. The simple one-dimensional model fully reproduces the
time-dependent width and central frequency.

These coupling times can now, in combination with the dipole—dipole coupling
model [21], be used to calculate the SFG spectra of Fig. 10.5c, with inclusion of the
hopping process. In the modeling, the time-dependent hopping probability from
step to terrace sites is approximated by a function that is formed by a Gaussian ris-
ing edge followed by an exponential decay. The integral of this function gives the
time-dependent step site occupation.

The calculations confirm quantitatively that, in order to reproduce the data at
short delays (Fig. 10.5¢), a subpicosecond change of the site occupation is required,
as already evident from the raw data. The resulting step site occupation is plotted
in Fig. 10.7a. The time-dependent calculated SFG spectra are plotted in Fig. 10.5¢
and are in good agreement with the experimental data. The exponential time
obtained from the calculation is 500+ 150 fs. It has been generally assumed that
molecular diffusion of diatomic adsorbates is controlled by excitation of the frus-
trated translation (inset in Fig. 10.7) [10, 51, 52]. Although this model is intuitively
appealing, the actual reaction coordinate may involve a more complex combination
of modes. We calculated the time-dependent hopping probability expected for
motion controlled by the frustrated translational mode. Using the 7,=4 ps coupling
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Fig. 10.7 (a) Occupation of the step sites as a function of time after the pump pulse with a fluence
of 60 Jm=, obtained by fitting the spectra of Fig. 10.5¢ assuming exponential hopping dynamics
and a Gaussian response function. (b) Time-dependent electron temperature after excitation at =0
with a pump pulse with an adsorbed fluence of 60 Jm™ together with the temperatures of the frus-
trated translational (electronic coupling time: 4 ps) and the frustrated rotational modes (electronic
coupling time: 0.1 ps). (¢) Experimental and calculated hopping probability as a function of time.
The experimental curve is obtained by differentiating the step occupation of panel a. Calculations
are performed for hopping due to excitation of the frustrated translation and rotation mode using
the time-dependent adsorbate temperature of panel b. Clearly, coupling along the frustrated rotation
is in agreement with the experimental results: the shape and the intensity are excellently reproduced
(Note that the calculation is not scaled to fit). The inset depicts the molecular motion associated
with the two modes. Reprinted with permission from [1]. Copyright 2005 AAAS

time derived from Fig. 10.6 for CO on steps, we can directly calculate the time-
dependent temperature associated with the frustrated translational mode (T,)
(Fig. 10.7b), and calculate the hopping probability according to an Arrhenius type
expression B, (1) =0(t)k,exp[-E, / (k,T,, (1) ], given the activation energy (E,) of
0.4 eV [53] and the prefactor (k) of 10"*s™" [54].
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The agreement between the calculated and the experimentally observed hopping
probability (Fig. 10.7c, obtained by differentiating the hop fraction of Fig. 10.7a)
is very poor, despite the independent calibration of the temperature of the frustrated
translational mode with SFG (Fig. 10.6). However, quantitative agreement between
model and data is obtained for a hopping process controlled by excitation of the
frustrated rotational mode (v=411 cm™ [49], inset in Fig. 10.7). This mode (see
Fig. 10.7b for its time-dependent temperature) is coupled to the hot electrons in Pt
with 7 =0.1 ps as established in the section “Site-dependent chemical dynamics,”
and also in agreement with the coupling time previously reported for this mode on
Pt(111) [9]. Because of this very efficient coupling, hopping can occur on the
observed fast time scale. Not only was the temporal evolution reproduced, but also
the calculated total hop fraction of ~10% is in good agreement with our experimen-
tally observed 10*/°%. No additional coupling to the frustrated translation is
required to account for our experimental data. Thus a rotational motion rather than
a translational motion is essential for the hopping process of CO molecules from
step to terrace sites.

The conclusion that the rotational motion is important for diffusion has been
suggested before [56, 57] and is corroborated by DFT calculations [1], which
reveal that the barrier for motion onto the terrace next to the step (~0.4 eV) is
substantially lower than that for motion onto the terrace down the step (~0.6 eV);
the majority of the hopping CO molecules will migrate onto the upper terrace. The
calculated value of the diffusion barrier is in good agreement with the 0.4 eV
observed experimentally for CO on a stepped Pt surface [54]. The reaction path-
way for the motion of CO onto the upper terrace is depicted in Fig. 10.8. From the
initial (is) and intermediate (im) states, one can see that the CO molecules moving
onto the upper terrace first perform a frustrated translational motion: the C and O
atoms move in the same direction. Note that this is a joint motion around the cen-
ter of the underlying Pt atom [58], i.e., not parallel to the surface. At the first
transition state (ts1); however, a rotational motion of the molecule, with the C and
O atoms moving in opposite directions, compensates for this tilting so that the
reaction intermediate (ri), with CO bound in a bridge configuration, can be
reached. To reach the final state (fs), a similar motion has to be performed. The
entire process thus requires excitation of both the frustrated translation and frus-
trated rotation, but the former (frequency: 35 cm™) is thermally excited at 100 K,
effectively resulting in a precursor state.

Hence, excitation of the frustrated rotation is pivotal for CO hopping, in agreement
with our experimental observations. For diffusion on a flat surface, frustrated rotation
is most likely crucial. Because of the atomic corrugation of the surface, the frus-
trated translational mode always involves rotation of the molecular axis with
respect to the surface normal. This rotation has to be compensated in order for the
molecule to settle on the neighbouring site, which can only be achieved by excita-
tion of the frustrated rotational mode. Our findings illustrate the intricacies of mode
coupling at surfaces: contrary to common belief, the frustrated rotational mode is
strongly coupled to the coordinate for diffusion, and, in our case, dominates the dif-
fusion away from step sites.
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Fig. 10.8 Reaction pathways for the diffusion of CO from the step sites to the upper terrace
obtained with DFT calculations (calculated for the situation in which initially 75% of all step sites
are occupied). To go from the initial state (is) to the final state (fs) the CO molecule must pass two
transition states (tsl and ts2) and a reaction intermediate (ri). Whereas initially the motion is
dominated by the frustrated translation, the molecule has to perform a rotational motion as well to
overcome ts1. After passing tsl the molecule arrives in the reaction intermediate (ri) consisting of
a bridge state. Before reaching the final state (fs), CO bound atop on the terrace site, the molecule
performs again a translational and rotational motion. Note that experimentally a significant tilt
angle away from the surface normal has been concluded for CO on step sites [55]. Nevertheless,
even for tilted molecules the crucial step over the transition state is still the frustrated rotation: to
reach the final position the Pt—C bond has to be broken and reformed in the new position on the
terrace requiring a rotation of the molecule. An initial change in the tilt angle can be achieved by
a translation motion. Reprinted with permission from [1]. Copyright 2005 AAAS

10.4 Conclusions

This chapter has described our efforts in the relatively young field of surface
femtochemistry. The two examples described here illustrate the capabilities of ultrafast
surface spectroscopy in elucidating details of the chemical dynamics of surface—
adsorbate systems. Information about the energy flow from the substrate to the
adsorbate can be obtained in great detail using femtosecond laser spectroscopy.
Moreover, with pump-probe SFG it is possible to follow a surface reaction in real
time and to unravel the details of its mechanism. The motivation for this work origi-
nates from the realization that a full, molecular-scale understanding of surface
chemistry contains two essential elements: knowledge of the coupling between the
surface and the different molecular modes within the system, and the coupling of
these modes to different reaction coordinates. This type of information is vital in
the field of catalysis, where recent progress has been great: progressively more
complex materials are being used for catalytic purposes and novel catalysts are
being synthesised. However, in many cases this progress is dictated by experience,
intuition and trial and error. For many applications, the understanding of the mechanism
behind the catalytic reaction is unavailable and cannot be obtained by the synthesis
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of novel catalysts. A full atomic scale picture of reaction dynamics at surfaces is
desirable so that existing processes can be optimised and new and better catalysts
can be designed.
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Chapter 11

The Incorporation of Added Metal Atoms
into Structures of Reaction Intermediates
on Catalytic Metal Surfaces

Ling Zhou and Robert J. Madix

Abstract In this chapter, we review the dynamic nature of catalytic metal surfaces
and the effects of metal incorporation into surface reaction intermediates on their
reactivity. Scanning tunneling microscopy allows the direct observation of surface
reconstruction and dynamic reorganization of surfaces during adsorption, desorp-
tion, and surface reaction, and therefore, provides a powerful tool to relate the
surface structures of adsorbed layers to reactivity when combined with quantitative
temperature-programmed reaction spectroscopy, X-ray photoelectron spectroscopy
and other tools. The incorporation of added metal atoms to the structure of adsor-
bates and reaction intermediates is a general surface phenomenon not restricted to
more open, higher free energy single crystal planes, but also occurring on close-
packed surfaces of low free energy. Metal atom incorporation into the surface oxide
appears to be a guide to the possibility of incorporation of metal atoms into the
structure of other intermediates. Added metal atoms can stabilize the structures of
reaction intermediates and play an important role in their surface reactions. These
observations dictate that the participation of added metal atoms be considered as a
paradigm in metal catalyzed reactions, significantly affecting the theoretical treat-
ment of these processes.

11.1 Introduction

Metal surfaces have long been appreciated for their catalytic properties: the ability
to alter the pathways of important chemical reactions so as to increase reaction rates
and selectivity for desired products well above the rates occurring in a homoge-
neous phase. Catalytic metals are widely utilized in a variety of chemical processes,
and have been critical for processes that have had worldwide energy and health
benefits, such as the petroleum refining process for fuel production, the Haber—-Bosch
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process for ammonia production, and the reduction of emissions from internal
combustion engines, not to mention their ubiquitous use for the production of
chemical intermediates. In general, the “catalytic action” of these metals arises
from the selective bond scission of the reactants, leading to a succession of inter-
mediate species bound to the surface with varying lifetimes, and the reformation of
bonds to form gaseous products.

Given the importance of catalytic reactions on metal surfaces, it is not surprising
that studies of the metal surfaces have a long history. Langmuir, in the early 1910s,
proposed the first working model of the surface. He developed a general model of
reactions on surfaces during his studies of the reactions of gases, such as oxygen,
hydrogen, and carbon monoxide, with tungsten or platinum filaments [1]. Largely
for the easy derivation of isotherms of adsorption and kinetic equations of reaction,
Langmuir treated adsorption and surface reactions as they were occurred uniformly
over a static, featureless, checkerboard surface with all the surface sites locally
fixed and equal [2]. Langmuir’s ideas were widely accepted by the surface chemists
of his day, and are still in use today.

Studies of surface structures developed greatly with the use of low energy elec-
tron diffraction (LEED), invented by Davisson and Germer in 1927 [3], which
became a popular technique in the early 1960s. LEED advanced the understanding
of metal surfaces, not only for the determination of surface lattices for the metal
substrates and for structures of adsorbed atomic and molecular layers, but also for
the discovery of new surface phenomena like relaxations and reconstructions on
clean and adsorbate-covered metal surfaces [4]. In 1978, Estrup reported for the
first time that the W(100) surface reconstructs upon hydrogen adsorption [5].
Different from the conventional models of a chemisorbed layer on a metal surface
which treated the substrate as a static matrix of adsorption sites, tungsten atoms
locally rearrange to accommodate bonding to hydrogen. Soon thereafter, adsorbate-
induced surface reconstructions were discovered in other systems too, such as H/
Ni(110) [6] and S/Fe(110) [7]. Somorjai extensively employed LEED to study the
structures of adsorbates on transition metal surfaces, primarily platinum, develop-
ing the concept of the “flexible surface” [8], in which clean surfaces restructure
locally with respect to their bulk atomic structure due to metal-adsorbate bonding.
Such relaxation and reconstruction are more pronounced at open surfaces and low
coordination sites. As shown in Fig. 11.1, the low Miller index metal surfaces of

fce(110) fce(100)

flexible

Fig. 11.1 Low Miller index surfaces of face-centered cubic (fcc) crystal and their relative “flex-
ibility” in surface restructuring
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face-centered cubic (fcc) crystal can be divided according to their “flexibility”. The
fcc(111) surface is a close-packed surface where atoms have large coordination
numbers and therefore, is the most rigid surface. In contrast, the fcc(110) surface is
more open with higher surface free energy and is therefore, expected to be more
flexible and facile to restructure upon chemisorption. Structural studies of metal
surfaces by LEED clearly demonstrated that the real metal surfaces are neither
featureless nor static.

In the late 1980s, scanning tunneling microscopy (STM) was soon developed
after its invention by Binnig and Rohrer in 1982 [9], promising a more powerful
tool to probe the local atomic structures of the metal surfaces. STM has provided
scientists the capabilities not only of studying the static surface structures but also
the dynamical aspects of restructuring. The formation of the reconstructed phases
and the mass transport involved can be visualized by a series of real-time STM
images [10]. Though a (2 x 1)-O ordered phase had been observed early in 1967 in
the dissociative adsorption of oxygen on Cu(110) by LEED [11], for example, Ertl
et al. firstly reported the mechanism for the formation of the (2x1)-O “added row”
reconstruction in this system by STM [12]. The mass transport of Cu atoms from
the clean surface area to the (2% 1)-O phase unequivocally demonstrated the addi-
tion of Cu atoms into the (2x1)-O phase, leading to the —-Cu—O- “added row”
reconstruction. Besenbacher and Ngrskov generalized some trends in oxygen
chemisorption on metal surfaces by combining their STM results for the dynamics
of oxygen-induced reconstructions and theory [13]. It appears that oxygen-induced
surface reconstruction and the formation of surface oxides by incorporation of
metal adatoms is a general phenomena. They emphasized that the surface structure
cannot be viewed as being static during adsorption or during reactions on the sur-
face, but rather changes markedly as the concentration of the adsorbates is varied
[13]. In Sect. 11.2, STM studies of oxygen-induced surface reconstructions on soft
metals, such as copper, silver, gold, nickel, palladium, platinum, and rhodium are
summarized, with emphasis on the metal incorporation into their structures.

The adsorbate-induced surface reconstruction is not limited to oxygen adsorp-
tion. Besenbacher et al. [14] showed that even atomic species with lower electrone-
gativity, such as hydrogen and sulfur, can reconstruct the metal surfaces, leading to
the long-range mass transport of metal atoms. Generally, the large chemisorption
energy of the adsorbates on the reconstructed surface can compensate the energy
costs to break nearest-neighbour metal bonds. A recent STM study by Madix et al.
[15] exhibited in detail the dynamic reconstruction process of a Ni-H overlayer
during the adsorption and desorption of hydrogen on Ni(110). Hydrogen-induced
surface reconstructions will be discussed in Sect. 11.3.

There is now a considerable body of evidence indicating that added metal
atoms can be incorporated into not only the structures of adsorbates, but also the
structures of surface reaction intermediates (110) on surfaces of fcc metals, such
as methoxyn(?) and formate on Cu(110) [16, 17], sulfite on Cu(110) [18], acetyl-
ide on Ag(110) [19], sulfite on Ag(110) [20], and formate and acetate on Ni(110)
[21]. Metal atoms can be imported into the unit cell of surface species to form
two- or three-dimensional surface structures. As a result, during the formation of
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surface complexes, mesoscopic restructuring of the surface has often been
observed, such as islanding and pitting on the surface. Such complex phenomena
on (110) surfaces of the fcc metals are fascinating, but perhaps not surprising
(though they were not anticipated before the advent of STM!), since these surfaces
are of relatively high free energy and possess a large number of metal atoms that
are less than maximal coordination. As shown in Fig. 11.1, the close-packed (111)
surface is considered as the most rigid surface. Recently therefore, we have stud-
ied the formation of sulfite and sulfate on the Ag(111) surface, and showed the
incorporation of Ag adatoms into both of their structures [22]. The structures of
the sulfite intermediate on Cu(110), Ag(110), and Ag(111) will be illustrated in
Sect. 11.4 to show the generality of the incorporation of added metal atoms into
the structures of reaction intermediates on metal surfaces. We also emphasize that
a combined use of STM, X-ray photoelectron spectroscopy (XPS), and tempera-
ture programmed reaction spectroscopy (TPRS) is necessary for accounting for
the structures of surface complexes.

The kinetics of reactions on metal surfaces is strongly affected by the structures
of reaction intermediates, especially by the incorporated metal adatoms in their
structures (Sect. 11.5). In the mid 1970s, Falconer and Madix observed a surface- kinetic
explosion for the decomposition of formate and acetate adsorbed on the Ni (110)
surface [23, 24]. Recently, with the help of STM, TPRS, and XPS, we were able to
determine that Ni atoms are incorporated into the structures of the carboxylate inter-
mediates. Remarkably, the incorporation of metal atoms into the carboxylate structure
is an important aspect of the origin of the kinetic explosion.

11.2 Oxygen-Induced Reconstructions on Metal Surfaces

The interaction of oxygen with metal surfaces has been studied in great detail due
to its importance in a number of technological processes such as bulk oxidation,
corrosion, and especially heterogeneously catalyzed combustion and partial oxida-
tion [13]. The structures of adsorbed oxygen have been resolved on many catalytic
metal surfaces by STM. Since the chemisorbed oxygen often bonds strongly with
metal surfaces, the chemisorption process is often accompanied by extensive
restructuring, involving the breaking of metal-metal surface bonds and the creation
of new metal-oxygen bonds. Table 11.1 shows some oxygen-induced reconstruc-
tions on the single crystal surfaces of several selected important catalytic metals,
including copper, silver, gold, nickel, palladium, platinum, and rhodium. It is gener-
ally observed that metal atoms are incorporated in the oxygen adlayers, leading to
the formation of two- or three-dimensional surface oxides on these metals. In some
cases, for example on Ni(100) and Ni(111), the further growth of bulk oxide layer
advances by the nucleation of epitaxial oxide nuclei, a lateral growth of the nuclei
to coalescence and, finally, a thickening of the coherent coalesced oxide [25].
Oxidation of gold and platinum causes a substantial roughening of the surfaces and
the formation of inhomogeneous metal-oxygen complexes [26-30].
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Table 11.1 The reconstruction of chemisorbed oxygen on selected catalytic metal surfaces, and
the corresponding coverages of oxygen and metal adatoms in the oxygen adlayer

Coverage of

Surface Structure O coverage metal adatom References
Cu(110) p(2x1) 1/2 ML 1/2 ML [12]

c(6x2) 2/3 ML 5/6 ML [78]
Cu(100) (22 % <2 )R45° 172 ML 3/4 ML [32]
Cu(111) 4 3 0.52 +0.05 ML 1.03 £ 0.1 ML [79]

-3 5‘

Ag(110) p(nx1),n=T7to02 1/7 to 1/2 ML 1/7 to 1/2 ML [80]

c(6x2) 2/3 ML 5/6 ML [81]
Ag(100) (242 x \[2)R45° 172 ML 3/4 ML [82]
Ag(111) p(4x4) 3/8 ML 3/4 ML [40, 41]
Au(l111) Au-O complex Upto 1.2 ML Unknown [26, 27]
Ni(110) p(3x1) 1/3 Ml 1/3 Ml [13]

p(2x1) 1/2 ML 1/2 ML

p(3x1) 2/3 ML 2/3 ML
Ni(100) NiO(1x 1)@Ni(1x1) Up to 4 ML Up to 4 ML [25]
Ni(111) NiO(1x 1)@Ni(1x 1) Up to 3 ML Up to 3 ML [83]
Pd(110) c(2x4) 1/2 ML 1/2 ML [84, 85]
Pd(100) (5% \5)R27° 4/5 ML 4/5 ML [37]
Pd(111) (J6 % 6) 2/3 ML 5/6 ML [86]
Pt(110) p(1x2) 2 ML 1 ML [87, 88]
Pt(100) Pt—O complex Up to 3.6 ML Unknown [28]
Pt(111) Pt—O complex Upto 2.9 ML Unknown [30]
Rh(110) p(2x2) 1/2 ML 1/2 ML [89]

c(2x6) 2/3 ML 2/3 ML

c(2x8) 3/4 ML 3/4 ML

p(10x2) 0.95 ML 0.4 ML

c(2x4) 2 ML 1 ML
Rh(100) c(8x2) 1.75 ML 0.875 ML [90]
Rh(111) RhO (8 x8)@Rh(9%9) 1.58 ML 0.79 ML [91]

(NiO(1 x 1)@Ni(1 x 1) represents (1 x 1) NiO unit cells on a (1 x 1) Ni(100) or Ni(111) surface and
RhO,(8x8) @Rh(9x9) represents (8 x8) O-Rh-O unit cells on an (9x9) Rh(111) surface)

Oxygen causes a significant restructuring of the (110) surfaces of copper, silver,

and nickel, and the resulting reconstructed phases possess a high degree of similarity,
in the sense that they all are stabilized by —-metal-O- added rows perpendicular to
the close-packed direction [13]. On Cu(110), the added rows condense to form
separate, evenly spaced (2x 1)-O islands even at relatively low oxygen coverage.
A typical STM image of the oxygen-induced reconstruction on Cu(110) [31] is
displayed in Fig. 11.2a. The protrusions imaged in the chains running along the
[001] direction are the copper atoms in the —Cu—O- added rows, which form the
well-ordered (2x1)-O islands. Oxygen atoms are invisible under this imaging
condition. The regions between the (2 x 1)-O islands are the clean Cu(110) surface.
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Fig. 11.2 (a) STM image and (b) a ball model of the Cu(110)-p(2x 1)-O structure showing the
—Cu—O- added row reconstruction. Reprinted with permission from [31]. Copyright 2003
American Chemical Society

A ball model shown in Fig. 11.2b depicts the well- established, Cu—O— added row
reconstruction. Oxygen atoms sit in the short-bridge positions of the underlying
Cu layer and bond to the Cu adatoms. The Cu(110)-p(2x 1)-O structure comprises
0.5 ML (1 ML =1 O/Cu) O atoms and 0.5 ML Cu adatoms with a surface stoichi-
ometry of CuO. The copper atoms incorporated into the added —-Cu—O- row struc-
ture either diffuse from the terrace edges or are supplied by creating pits on the
terraces [12]. The elucidation of this added row structure provided the first evi-
dence of the incorporation of a considerable large numbers of “free” metal atoms
into the structure of an adsorbate on metal surface. At higher oxygen coverage (2/3
ML) a more densely packed c(6x2)-O reconstruction forms on Cu(110) contain-
ing up to 5/6 ML Cu adatoms.

When oxygen dissociatively adsorbs on the more densely packed Cu(100) sur-
face, another type of restructuring occurs, leading to a Cu(100)-(2 V2 x2 )R45°-0O
structure, as shown in Fig. 11.3. STM has revealed that during oxygen adsorption
islands with single Cu atomic height nucleate and grow preferentially along the
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Fig. 11.3 (a) STM image and (b) a ball model of the Cu(100)-(2 \E X \/5 )R45°-O structure
showing the missing row reconstruction. The small black circles represent the O atoms, whereas
the larger white and grey circles represent the Cu atoms in the oxygen adlayer and the underlying
layers, respectively. The arrows in (a) and (b) indicates the missing rows of Cu atoms. Reprinted
with permission from [32]. Copyright 1990 American Physical Society

[010] and [001] directions on terraces [32]. At saturation oxygen coverage, the
islands cover 25% of the surface area. These observations prove directly that the
O-induced reconstruction of the Cu(100) surface is of the missing row type, with
every fourth of the Cu [001] rows missing, and that these extra atoms nucleate and
grow epitaxially into small islands on top of the Cu surface [32]. Figure 11.3 shows an
atomically resolved STM image [32] as well as a ball model of the (2 V2 x2 )R45°-0O
structure. The protrusions shown in Fig. 11.3a are again associated with the Cu
atoms on the oxygen adlayer. The model shown in Fig. 11.3b consists of —-Cu—-O—
rows running along the [001] direction, two within a unit cell, and every fourth
[001] Cu row is missing. The Cu(lOO)-(Z«/E X x/E)R45°-O structure comprises
0.5ML (1 ML =1 O/Cu) O atoms and 0.75 ML Cu atoms with a surface stoichiometry
of Cu,0,.

Oxygen chemisorption on Cu(110) and Cu(100) exhibits two types of surface
restructuring, in which the mass transport for the O-induced reconstructions differs
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significantly. The Cu(110)-p(2x 1)-O structure is of the added-row type where the
metal atoms are supplied from step edges or by digging pits on terraces, whereas
the Cu(lOO)—(Z\/E x 2 )R45°-O structure is a missing-row structure, formed by
the removal of every fourth [001] Cu row from the substrate. The missing/added
row restructurings occur frequently in the adsorbate-induced reconstruction of the
(110) and (100) surfaces of metals. In some cases, for example, O chemisorption
on the Ni(771) surface [33], both missing and added row restructurings can occur:
removal of Ni atoms leaving missing-row structures behind and producing added
rows on the adjacent terraces, finally leading to the (2x 1) reconstruction on the
stepped (110) surface.

The continuous uptake of oxygen on metal surfaces can ultimately cause the
formation of a surface oxide with the planar structure similar to the bulk oxide. If
a Pd(100) surface is exposed to O, at elevated temperature under ultra-high vacuum
(UHV) conditions, one can observe up to four different superstructures for O cover-
ages under 1 ML: p(2x2), c(2x2), p(5x5), and (ﬁ X ﬁ )R27° [34]. The p(2x2)
and ¢(2 x2) structures have been attributed to simple atomic oxygen overlayers with
maximum coverages of 0.25 and 0.5 ML, respectively. At higher oxygen coverages,
it has been suggested that the p(5x5) and (/5 x /5 )R27° correspond to the
reconstructed surfaces that resemble the (110) [35] and (101) [36] planes of PdO,
respectively. The (/5 x /5 )R27° structure occurs at an oxygen coverage of 0.8
ML. Dynamic studies of the oxidation of Pd(100) by STM show that Pd atoms were
ejected from the terraces, diffusing across the surface either to nucleate islands or
to attach to the step edges during restructuring [34]. Figure 11.4 shows an atomi-
cally resolved STM image and a ball model of the (/5 x /5 )R27°-O structure. In
this model, the surface oxide structures consist of a stoichiometric PAO(101) layer,
with a slight in-plane shift, on top of the Pd(100) surface, in good agreement with
the LEED and STM observations [37].

Because on some rigid close-packed (111) planes of metals the sticking prob-
ability of oxygen is small, high oxygen pressures and elevated sample tempera-
tures, or alternative oxidation methods, such as oxidation by NO,, O, or directly
by atomic oxygen, are often applied to create stable surface oxides. Oxygen
chemisorption on Ag(111) shows a well-ordered p(4x4) structure (Fig. 11.5a).
While the incorporation of the added silver atoms into this structure is generally
accepted, several structure models have been suggested in the past four decades
[38]. On the basis of a combined STM and density functional theory (DFT) study,
Carlisle et al. proposed an O-Ag-O trilayer model with a Ag .,O stoichiometry
(Fig. 11.5b1) [39]. However, a revisiting of this structure by STM, DFT, and sur-
face X-ray diffraction has led to a completely different monolayer structural model
based on Ag, building blocks with a Ag O stoichiometry (Fig. 11.5b2) [40, 41].
Klust and Madix studied the mesoscopic restructuring of the Ag(111)-p(4x4)-O
during reduction of the structure by CO with STM [42]. As a result of this con-
trolled reduction of the surface oxide, Ag(111) islands and pits, formed by the Ag
adatoms released from the oxide layer upon removal of O atoms by CO, appear
within the reacted areas surrounded by unreacted p(4x4)-O (Fig. 11.5¢c, d).
Quantitative analysis of the STM images (Fig. 11.5e) showed a 25% deficit of Ag
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Fig. 11.4 (a) STM image and (b) a ball model of the Pd(100)-( \/g X \/g )R27°-0 structure show-
ing the formation of surface oxide. The small gray circles represent the O atoms, whereas the
larger white and grey circles represent the Pd atoms in the oxygen adlayer and the underlying
layer, respectively. The PAO(101) unit cell is shown for comparison. Domain boundaries are indi-
cated by double arrows in (a) and (b). Reprinted with permission from [37]. Copyright 2007
Elsevier

in the oxide monolayer on the surface, leading to the conclusion that the
Ag(111)-p(4x4)-0O structure contains 12 silver adatoms in its unit cell, in better
agreement with the Ag,O stoichiometry.

The incorporation of metal atoms into the oxygen adlayer is a general phenom-
enon on many metal surfaces. The surface restructuring upon oxygen adsorption
provides general information about the dynamic nature of metal surfaces, such as:
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Fig. 11.5 STM image of Ag(111)-p(4x4)-O (a) and the structure models proposed (b1) Ag, .0
by Carlisle et al. [39], (b2) Ag,O by Schnadt et al. [41] and Schmid et al.[40]. The large-scale and
the zoom-in STM images (c¢) and (d) show the partially CO-reduced Ag(111)-p(4 x4)-O surface.
In the local small reacted areas, Ag(111) islands and pits are formed by release of added Ag atoms
in the Ag(111)-p(4x4)-O structures. The plot (e) shows the measured ratio of individual island
area to the adjacent reacted area well fits the expected line derived from 12 Ag adatoms in the
Ag(111)-p(4x4)-O unit cell. Reprinted with permission from [22]. Copyright 2007 American
Institute of Physics

diffusion and mass transport of metal atoms, nucleation, growth, and coalescence
of surface complexes, and types of reconstruction. It is important to note that metal
atom incorporation into the surface oxide appears for be a guide for the possibility
of incorporation of metal atoms into the structure of other reactive intermediates,
as we will discuss in the following sections.

11.3 Hydrogen-Induced Reconstructions on Metal Surfaces

Atomic species other than oxygen that are important in catalytic reactions on
metals, such as hydrogen [15, 43—45], carbon [46—48], nitrogen [49-51], and sulfur
[7, 52-54] can significantly reconstruct metal surfaces, through long-range mass
transport of metal atoms. Compared with oxygen, hydrogen interacts with metal
surfaces more weakly, demonstrated by its desorption around room temperature
[14]. However, hydrogen adsorption does indeed induce reconstructions of Ni(110)
[43], Cu(110) [44], and Pd(110) [45] surfaces, where metal atoms can be transported
on the surface.
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Chemisorption of hydrogen on Ni(110) at low temperatures (7' < 220 K) leads to
the formation of four different lattice-gas structures, terminating in a (2% 1) struc-
ture at a hydrogen coverage of 1 ML. Continued hydrogen exposure converts this
structure into a (1 x2) reconstruction which is completed at a hydrogen coverage of
1.5 ML [55, 56]. All the low temperature phases irreversibly transfer at higher
temperatures to a streaky p(1x2)-H phase, which is also obtained by hydrogen
exposure at temperature above 220 K [56]. A STM study by Besenbacher et al.
revealed the structure of the streaky Ni(110)-p(1x2)-H [43], as also shown in pre-
viously unpublished data from our laboratory (Fig. 11.6). The reconstruction is
comprised of both added and missing rows of Ni atoms along the [110] direction.
The protrusions shown in Fig. 11.6a are associated with the Ni atoms in the —-Ni-H—
added rows, and the H atoms are not directly visible in the STM image. EELS [57]
and He-scattering [58] results suggest that the H atoms occupy threefold coordi-
nated sites on the inclined, rudimentary (111) face of the added row, as shown in

b
l-_aj- i
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H © 3" layer Ni . 2" layer Ni.1" layer Ni

Fig. 11.6 (a) STM image and (b) a ball model of the streaky Ni(110)-p(1 x2)-H structure show-
ing a combined added- and missing-row reconstruction. The LEED pattern of this structure is
inserted in (a). The missing-row (marked as m) and added-row (marked as a) are indicated by
arrows in (a) and (b)
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Fig. 11.6b. Dynamic study of the formation of the streaky p(1 x2)-H reconstruction
at room temperature by STM [43] showed that Ni atoms are removed from the
surface along the [110] direction and simultaneously added to a growing —Ni—H—
added rows. This gives rise to a structure in which added rows are separated from
one another by a minimum of two lattice units in the [001] direction with a period-
icity of one lattice unit along the [1 10] direction.

A more detailed STM study [15] exhibited long-range mass transport of Ni
atoms, two-dimensional (2D) condensation of —(Ni—H) — moieties, and anisotropic
2D crystallization of Ni islands during adsorption and desorption of hydrogen on
the Ni(110) surface. The process is described as follows:

H,(g) < 2H(a),

H(a)+ Ni(s) <> Ni--H(a),

nNi--H(a) <> (Ni--H), ——(a),
--(Ni--H), ——(a) <> --Ni--H-- overlayer,

with all steps reversible. At low hydrogen coverage, only missing rows of Ni
atoms are observed without any indication of the added rows, suggestive of
unresolved, mobile Ni ~H , precursors to the —Ni-H- chains. With increasing
hydrogen pressure the extension of the missing rows is concomitant with the
growth of segregated —Ni—H- chains as Ni from the surface is incorporated into
the added row structure. At a given temperature, the increase in the concentra-
tion of —-Ni—H- chains with increasing hydrogen pressure and lateral interac-
tions between chains (2D condensation) affects the sudden formation of the
Ni-H overlayer.

Missing rows propagated exclusively on the [001]-oriented steps, and the cover-
age of the -Ni—-H- added rows on the [001]-oriented steps is approximately two
times of that on the [110]-oriented steps, as shown in Fig. 11.7. This suggests that
the [001]-oriented steps act more readily as sources of Ni adatoms during the
adsorption of hydrogen. During H, (g) desorption, the Ni atoms liberated from the
Ni—H overlayer refill the missing rows (frames c and d), or agglomerates into aniso-
tropic islands of monoatomic step height, i.e. anisotropic 2D crystallization (frame b
and d). Changes in the shape of the [110]-oriented step, either during H, (g) adsorp-
tion or desorption, were not observed, suggesting that the primary mode of mass
transport of Ni atoms is in the direction of the [110] vector. The size and density of
islands depends on the proximity to defects. The islands coalesce to yield isotropic
structures which serve as sources of Ni for further Ni-H adsorption. Clearly, during
the adsorption and desorption of hydrogen on Ni(110), mass transport of Ni atoms
is anisotropic leading to a significant inhomogeneity of surface restructuring.
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Fig. 11.7 STM images showing changes in the surface topography at 360 K with decreasing H,
(g) pressure on Ni(110) near steps oriented along the [110] (frames a and b) and [001] (frames ¢
and d) azimuths at different initial H coverages. A filling-in of a portion of the [001] step has been
indicated by white arrows in frames (c¢) and (d). Reprinted with permission from [15]. Copyright
2004 Elsevier

11.4 Incorporation of Metal Adatoms into the Structures
of Reaction Intermediates on Metal Surfaces

The surface topography can be dramatically changed on nanometer scale during the
formation of surface reaction intermediates, by, for example, the formation of
nanometer-sized islands or pits on an otherwise flat terrace [31]. Such topographic
nanorestructuring has been observed in a number of surface reactions, such as C,H,
[19], NH, [59], NO, [60], and SO, [20] reacting with Ag(110)-p(2x1)-O, SO, [18,
61] reacting with Cu(110)-p(2x1)-O, and also NO, [62] and SO, [22, 63] reacting
with Ag(111)-p(4 x4)-O. Quantitative studies of these reactions by means of STM,
XPS, and TPRS, show that added metal atoms are generally incorporated into the
structures of the reaction intermediates formed on the surfaces, including C,(a),
NH(a), NO,(a), and SO,(a) on Ag(110), SO,(a) on Cu(110) and NO,(a), SO,(a) and
SO,(a) on Ag(111). Moreover, the number of added metal atoms and adsorbed
intermediates per unit cell of the adsorbed structure can be quantified by counting
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Fig. 11.8 (a) STM image of the pitted Cu(110) surface resulting from the reaction of SO, with
the clean surface (inset, flat terraces) at 300 K. The pits are of step depth and cover 18% of the
surface as determined within an area indicated by the dashed box. (b) The surface in (a) at higher
resolution, showing thick rows oriented along the [001] direction. At atomic resolution, the thick
rows consist of ¢(4x2) and p(2x2) sulfite moieties separated by the c¢(2x2)-S domains (inset).
Reprinted with permission from [18]. Copyright 2003 Elsevier

the coverage of the islands or pits associated with restructuring in the reaction. Such
information establishes a stoichiometry of the surface complex and results in a
molecular understanding of the structure.

The reaction of SO, with clean Cu(110) at 300 K produces pits of monatomic step
depth, which cover about 18% of the surface at areas far from the step edge
(Fig. 11.8a) [18]. XPS measurements reveal that the surface is covered with a mix-
ture of adsorbed sulfite (SO,) and sulfur (S) in a 2:1 ratio [61]. Close examination of
the surface by STM (Fig. 11.8b) reveals sulfite in both c(4 x2) and p(2 x2) structures
separated by the c(2x2) sulfur domains. Since the same c(2x2)-S structure was
observed in the reaction of H,S with clean Cu(110) without creating pits on the
surface [64], the pit formation in Fig. 11.8a is suggestive of the incorporation of Cu
adatoms into the sulfite structures. The sulfite domains cover 81% of the surface
area, and the rest of the surface is covered by sulfur. The local coverage of
¢(4x2)-S0O, and p(2x2)-S0O, structures is 0.25 ML, and that of ¢(2x2)-S structure
is 0.5 ML. Therefore, the overall sulfite and sulfur coverages counted by STM are
0.2 ML and 0.1 ML, respectively, in agreement with XPS results. The approximately
equal coverages of sulfite and pits indicate a stoichiometry of the surface complex
to be Cu-SO,(a), with an overall surface reaction expressed as 3S0,(g) + 2Cu(s) —
S(a) + 2Cu-S0,(a). On the Cu(110)-p(2x 1)-O surface, SO, reacts with a stoichio-
metric quantity of Cu-O to yield a flat surface covered with ¢(4x2)-SO, and
p(2x2)-SO, structures via the reaction SO,(g) + Cu-O(a) — Cu-SO,(a) [18, 61].

Partial reaction of the Cu(110)-p(2x 1)-O surface covered by 0.24 ML oxygen
with SO, generates a sulfite in coexistence with adsorbed oxygen (Fig. 11.9) [18].
The sulfite moieties occupy fourfold hollow sites, which are also the sites occupied
by added Cu atoms in the Cu(110)-p(2x1)-O structure (Fig. 11.9). TPRS after
exposure of SO, on the Cu(110)-p(2 x 1)-"*0 surface only showed the production of
SO, and a very small amount of SO™O, suggestive of a dominant monodentate
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Fig. 11.9 STM image following co-dose of SO, and O, onto Cu(110)-p(2x 1)-O. As indicated in
the inset, the Cu atoms comprising the (1 x 1) parent lattice are seen to sit in-between bright fea-
tures in the p(2x 1) structure, suggesting that the species imaged by the STM in the p(2x1)-O
overlayer are the “added” Cu atoms (white arrows). These two images indicate that the CuSO,
moieties occupy fourfold hollow sites. A structural model accompanying the boxed area is shown.
Reprinted with permission from [18]. Copyright 2003 Elsevier

configuration of sulfite species [61]. Combining these facts, it can be concluded
that sulfite binds in a monodentate configuration atop an added Cu atom which
resides in a fourfold hollow site of the underlying Cu(110) plane (Fig. 11.9).
Previous studies using STM, TPRS, XPS, UPS, LEED, and HREELS [20, 65—
68] have shown that the reaction of SO, with Ag(110)-p(2x 1)-O at 300 K produces
a sulfite intermediate in a c(6x2) structure. A large-scale STM image following
SO, exposure on Ag(110)-p(2x 1)-O with 0.375 ML oxygen coverage at 300 K
exhibits scattered islands of monatomic height on large terraces, covering about
13% of the surface area far away from the step edges (Fig. 11.10a) [20]. XPS mea-
surement shows the formation of 0.375 ML sulfite on the surface. It is apparent
from these observations that the 0.375 ML Ag adatoms (one added Ag atom per
adsorbed O atom) in the initial p(2x 1)-O structure are redistributed after sulfite
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Fig. 11.10 (a) STM image of the Ag(110) surface resulting from the reaction of SO, with the
Ag(110)-p(2x1)-O surface at 300 K. The wavy SO, structures are shown in the inset. (b) An
atomically resolved zigzagged rows oriented along the [001] direction: a ¢(6x2) unit cell has been
indicated and depicted in the model in the inset. The black arrows in the model correspond to the
white arrows indicated in the STM scan. Reprinted with permission from [20]. Copyright 2002
Elsevier

formation with two-thirds of them (~0.245 ML) being incorporated into the sulfite
structure, and one-third of them (~0.13 ML) being released to form islands on the
terrace. This results in a ratio of 3:2 for the number of sulfite moieties to added
Ag atoms in the sulfite structure. A zoom-in STM image of the sulfite-covered
surface shows zigzagged rows oriented along the [001] direction with a c(6x2)
ordering, giving a local sulfite coverage of 0.5 ML (Fig. 11.10b) [20]. A
c(6x2)-sulfite unit cell contains six sulfite moieties and four added Ag atoms. Four
of the six protrusions in the unit cell are of higher corrugation than the other two,
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as indicated by the arrows in the Fig. 11.10b, which is suggestive of two different
bonding modes of sulfite on the surface. The four brighter features in the unit cell
(Fig. 11.10b) can be associated with four Ag adatoms. Thus, it has been proposed
that they correspond to the sulfite bound atop an added Ag atom in a fourfold hol-
low site, similar to the structure of sulfite on Cu(110) [18]. The other two dimmer
features in the unit cell then are due to the sulfite in a long-bridge site with no Ag
adatom underneath. The overall surface reaction can be described as 650,(g) +
6Ag—0(a) — 4Ag-S0O,(a) + 250,(a) + 2Ag(island).

The incorporation of metal atoms into the structures of reaction intermediates is
not restricted to more open, higher free energy single crystal planes, like the (110)
surface. Recently, we have found that topographic restructuring also occurs during
the reaction of SO, with surface oxygen on the close-packed Ag(111) surface [63].
As indicated by TPRS and XPS [22], SO, reacts with chemisorbed oxygen on
Ag(111) at 300 K to form both surface sulfite (SO,) and sulfate (SO,) intermediates
(SO,(g) + O(a) — SO,(a), SO,(a) + O(a) — SO (a)). With heating, sulfite dispro-
portionates to form surface sulfate, desorbing SO, at ~490 K (2 SO,(a) — SO (a) +
SO,(g)); above ~750 K, surface sulfate decomposes to SO, and O, in a reaction-
limited process (SO,(a) — SO,(g) + O,(g)). At 300 K, the relative coverages of
surface sulfite and sulfate can be kinetically controlled by the SO, dose rate.

The high-resolution large-scale STM scan (Fig. 11.11a) taken after the reaction
of SO, with Ag(111)-p(4x4)-O at 300 K resolves a beautiful “landscape” in which
flat islands of monatomic height occupy a large terrace, and two distinct ordered
structures nearly fully cover both the islands and the lower terrace [22]. The zoom-
in STM images clearly reveal (2 ﬁ x2 \/5 )R30° and (4 \/5 X \/5 )R30° structures
(Fig. 11.11b, c), the single stripe structure in the (2 \E x2 ﬁ JR30° domain
(Fig. 11.11d), and the domain boundary (Fig. 11.11e). After heating the surface to
700 K, only the sulfate-induced stripe structure with (43 x x/§ )R30° ordering
was observed [63]. The (2+/3 x2+/3 )R30°-sulfite and (4+/3 x /3 )R30°-sulfate
domains in Fig. 11.11a cover approximately 75% and 25% of the total surface area,
respectively, in agreement with the quantitative XPS analysis of the surface species.
Sulfate also forms a single stripe structure without (4\/% X \/5 )R30° ordering at
low local coverages (Fig. 11.11d).

The restructuring of the surface shows unambiguously the redistribution of the
silver adatoms in the reaction of SO, with Ag(111)-p(4x4)-O. Initially the struc-
ture containing 6 oxygen atoms and 12 silver adatoms per unit cell fully covers the
large terrace of the Ag(111) surface. After reaction with SO, at 300 K, the p(4 x4)-O
structure is deconstructed due to the reaction of the adsorbed oxygen. This process
releases 12 silver atoms per p(4x4) unit cell, which may coalesce to form the
Ag(111) islands on the terrace and may also become incorporated into the sulfite
and sulfate structures on both the islands and the terrace. The simultaneous presence
of the sulfite and sulfate structures complicates the evaluation of the number of
silver atoms incorporated into each of the structures. Fortunately, this complication
can be addressed by varying the relative amount of sulfite and sulfate formed.
Assuming the (2V3 x2\/§ )R30°-sulfite and (4\/5 X \/5 )R30°-sulfate unit cells
contain M sulfite and N sulfate moieties, X and Y silver adatoms, respectively, mass
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Fig. 11.11 STM images after SO, reacting with Ag(111)-p(4x4)-O at 300 K: (a) large-scale
image showing islands on a flat terrace. Two different ordered phases covered both the islands and
the lower terrace; (b) a zoom-in on the island in (a) showing sulfite domains with (2\/§ X 2\/5 YR30

ordering; (¢) azoom-in on the stripe structures in (a) showing sulfate domains with (4\/5 X \/5 YR30

ordering; (d) a zoom-in on a single stripe in the sulfite domain; (e) a zoom-in on the island in (a)
showing both (2\/5 x23 YR30" and (4\/5 x3 )R30" orderings and the domain boundary. The
height profile along the /ine A—B shows that the islands are Ag monatomic high. Reprinted with
permission from [22]. Copyright 2007 American Institute of Physics

balances for oxygen and silver atoms in the adlayer before and after the reaction
are

6 A - Mx A(sulfite) %N X A(sulfate) (11
A(4x4) A3 x24/3) A3 xA3) '
A A(island) A(sulfite) y A(sulfate) (11.2)

2 = s
“aaxa T adxy  aaBxaB) @B x3)

where A is the total area of the image [initially completely covered with p(4 x4)-O];
A(island) is the island area in the image; A(sulfite) and A(sulfate) are the areas
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covered by sulfite and sulfate, respectively; and A(4x4), A(1x1), A2 \/5 x2 \/§ ),
A4 \/5 X \/5 ) are the areas of the respective unit cells.

A few high-resolution large-scale STM images of the surfaces prepared under
different reaction conditions were recorded for the calculation [22]. The imaged
areas were all taken far from substrate step edges to avoid diffusion of the silver
atoms to or from the steps during the restructuring. From the calculations, the
(2\/5 x2 \/5 )R30°-sulfite unit cell contains four sulfite moieties and three added
silver atoms. The coexistence of single and multiple stripe structures of sulfate
ordering and its relative small surface coverage lead to the difficulty in quantifying
the sulfate structures. However, the calculated results also suggest that 6-8 silver
adatoms are incorporated into sulfate structures per unit cell.

With the help of this stoichiometric information, a model of (2 \/37 x2 \/5 )R30°-
sulfite structure (Fig. 11.12¢) can be proposed with the assistance of the high-
resolution bias-voltage dependent STM images (Fig. 11.12a, b), which shows a reversal
in contrast of the features at the same imaging area when the bias is reversed [22].
In Fig. 11.12a, the imaged protrusions are most likely Ag adatoms, consistent with
the belief that the Ag adatoms in O-p(4 x4) structures are imaged as protrusions in
Fig. 11.5a with the same tunneling condition. Similar to the Ag, model of the
Ag(111)-p(4x4)-0 structure (Fig. 11.5b2), we propose that three Ag adatoms
are close-packed to form Ag, building block and most likely sit on the threefold
sites of the Ag(111) substrate, since it is energetically favored. A structural model
which accounts for repulsive interactions is shown in Fig. 11.12c. This model
incorporates both tridentate and monodentate sulfite ligands. Three sulfite moieties

a +0.3V,1nA

b -0.3V,1nA

Fig. 11.12 High-resolution STM images of the (2\/5 ><2\/§)R30° -sulfite structure by varying
bias voltages at the same imaging area, tunneling conditions: (a) +0.3 V, 1 nA; (b) -0.3 V, 1 nA.
A structural model (c) is proposed according to the STM images and the calculated numbers of
Ag adatoms and sulfite moieties in the unit cell. The (1x1) and (2\/5 X 2\/§ YR30" unit cells are
marked in the model. Reprinted with permission from [22]. Copyright 2007 American Institute of
Physics
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arrange in each corner of the unit cell with equal molecule—-molecule distance. Each
sulfite sits on the bridge site of the Ag(111) substrate and can be stabilized by the
interaction with the adjacent Ag adatom via oxygen in the sulfite. The last sulfite
moiety orients on the available threefold site in the unit cell, giving equal molecule—
molecule distances to the other three sulfite moieties around it. This model is con-
sistent with the observed features in the STM images (Fig. 11.12a, b).

11.5 Effect of Incorporated Ni Adatoms on the Autocatalytic
Decomposition of Formate and Acetate on Ni(110)

It appears that the incorporation of metal adatoms into adsorbate structures stabi-
lizes the reaction intermediates, and therefore, can be expected to be a general
phenomenon on catalytic metal surfaces, at least for metal particles large enough to
be considered as metallic. The dynamic processes of incorporation, release, and
mass transport of metal adatoms may occur on the time scale of surface reactions
and affect the reactive behavior of the intermediates, that is to say, the reaction
kinetics. Indeed, STM studies have shown that the kinetic oscillation in some sur-
face reactions can be partially attributed to the spatial organization of reactive spe-
cies on the surfaces and the structural change in such complex surfaces on the time
scale of reaction [69]. The structural complexity of the active surfaces and the ori-
gin of unusual surface reaction kinetics are of interest, and may be connected.
Recently, such a relationship was established in the autocatalytic decomposition of
formate and acetate on the Ni(110) surface [21].

In the mid 1970s, Falconer and Madix observed a surface- kinetic explosion for
the decomposition of formic acid (HCOOH) [23] and acetic acid (CH,COOH) [24]
on the Ni(110) surface, characterized by very narrow product desorption peaks in
TPRS. Such autocatalytic reactions have also been observed in the decomposition
of acetic acid on Pd(110), Rh(110), Rh(111), and even supported Rh catalyst by
Bowker et al. [70-75]. In general, these reactions exhibit accelerations in rate as the
reaction proceeds to completion. Earlier work hypothesized that decomposition of
the carboxylate species formed following adsorption of the acids on the surface was
initiated at vacancies (i.e. “bare” metal sites) and propagated by the further creation
of vacancies as the products desorbed from the surface [23, 24]. The rate of decom-
position was well described by the rate equation r = —k(C/C,)(C,-C + fC,) , in which
C is the instantaneous surface concentration of carboxylate, C, is the initial surface
concentration, and f is the density of initiation sites. Since the decomposition pro-
duced an ever-increasing concentration of vacant sites, a kinetic explosion
occurred.

LEED and TPR spectra showed the evolution of the formate structure with
increasing coverage (Fig. 11.13) [21]. At low exposure to formic acid, both auto-
catalytic (370 K) and normal first-order decomposition routes for the formate
occurred in the TPRS. With increasing formate coverage, the normal first- order
decomposition route was suppressed, demonstrated by the disappearance of the low
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Fig. 11.13 (a) LEED measurements, showing the development of the c(2 x2)-formate structure
with increasing formic acid exposure toward saturation (bottom to top). The (1x 1) at the bottom
was obtained following cleaning. The (0,0) and (1,1) spots of the (1 x 1) have been indicated in the
bottom spectrum. The beam energy was ~120 eV. (b) LEED spot intensity profiles accompanying
the LEED patterns in (a). Profiles were taken along /ine AB, as shown in the bottom LEED pattern
of (a). The ratio of the (1/2,1/2) peak to that of the most intense (1 x 1)-(0,0) or (1,1) spots peak is
displayed to the right of each profile. (¢) m/z = 44 (CO,) from temperature-programmed reaction
of formate accompanying the LEED patterns in (a). Reprinted with permission from [21].
Copyright 2004 American Chemical Society

temperature should in TPRS (Fig. 11.13c), and the autocatalytic route dominated.
Accompanying this transformation was the appearance of a ¢(2x2) LEED pattern.
The growth of the 370 K explosive peak was concomitant with the intensification
of the c¢(2x2) spots in LEED, suggesting that the intensity of the autocatalytic
decomposition of the formate is dependent on the density of c(2x2)-formate
islands. The development of the acetate overlayer (and explosion) is qualitatively
identical to that of the formate.
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Fig. 11.14 (a) STM image of the clean Ni(110) surface at 300 K following saturation exposure
of formic acid. The line scan (/ine AB) shows the pits to be of step depth. (b) Magnification of the
surface in (a); an enlargement of the c(2x2)-formate structure is shown in the inset. Reprinted
with permission from [21]. Copyright 2004 American Chemical Society

STM studies showed morphological changes to the clean Ni(110) surface
accompanying the adsorption of formic acid or acetic acid at 300 K [21]. In general,
scattered pits of monatomic step depth amid large c(2x2)-formate or acetate
domains were observed (Fig. 11.14) [21]. The pits cover approximately 33% of the
surface at locations far from step edges. The c(2 x2)-formate domains cover the rest
67% of the surface giving 0.33 ML formate coverage, in agreement with the XPS
measurement. The equal coverages of formate and pits suggest that a stoichiometric
quantity of Ni atom is incorporated into the formate structure; the local ¢(2 x2)-for-
mate structure contains 0.5 ML formate and 0.5 ML added Ni atoms. The overall
surface reaction thus can be described as HCOOH(g) + Ni(s) — Ni-HCOO(a) +
1/2 H,(g). Similarly, the local ¢(2 x 2)-acetate structure also contains 0.5 ML acetate
and 0.5 ML added Ni atoms, with the overall surface reaction expressed as
CH,COOH(g) + Ni(s) — Ni-CH,COO(a) + 1/2 H,(g).

Annealing the formate-covered Ni(110) surface to 340 K, the leading edge of
formate decomposition produces scattered Ni islands of monatomic step height
amidst the c(2x2)-formate domains and the small number of pits of monatomic
step depth (Fig. 11.15) [21]. The Ni islands are apparently formed by Ni adatoms
released during the decomposition of a small fraction of formate. The Ni islands
were also observed when annealing the acetate-covered Ni(110) surface to 360 K
[21]. These observations provide a more detailed explanation for the kinetic explo-
sion in the decomposition of formate and acetate. It appears that the released
Ni atoms catalyzed the further decomposition of the carboxylates. The released Ni
atoms can either catalyze the reaction before they nucleate into islands or provide
unoccupied metal sites, which are produced exponentially due to desorption of the
carboxylates with the exponential rate, for decomposition. This ultimately leads to
a kinetic explosion in the decomposition of the carboxylates on Ni(110).
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Fig. 11.15 STM images after heating the formate-covered surface (Fig. 11.14a) to 340 K. (a)
Large scale and (b) small scale scans of the surface, showing bright protrusion of step height (line
scan A) and pits of step depth (line scan B) amid domains of the c(2x 2) structure, which is better
resolved in the inset. Reprinted with permission from [21]. Copyright 2004 American Chemical
Society

A 2D model shows a possible structure of c(2x2)-formate or acetate on the
Ni(110) surface (Fig. 11.16) [21]. Both formate and acetate have a bidentate short-
bridge site binding configuration, represented by OCO fragment in Fig. 11.16a [76,
77]. There is additional evidence showing that formate [76] and acetate [77] tend
to tilt along the [001] direction, suggesting that the added Ni atoms likely sit on the
fourfold hollow site of the underlying Ni(110) plane to stabilize the intermediates.
A reaction sequence in which the formate interacts with the added Ni atom was
postulated (Fig. 11.16b) [21]. This interaction effects a tilting of the formate toward
the added Ni, which in turn positions the formate C—H bond to access the transition
state for C—H bond cleavage. As the reaction proceeds, the concerted cleavage of
the C-H bond and formation of the Ni-H bond yields CO,. This process clearly
demonstrates that the added Ni atom in the structure of carboxylates can alter their
rate of decomposition.

11.6 Summary

The application of STM to the studies of adsorption and surface reactions in the last
two decades has revealed important aspects of the dynamic nature of catalytic metal
surfaces. In addition to a local restructuring of metal surfaces with respect to their
bulk atomic structure upon adsorption (e.g. the flexible surface), mass transport of
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Fig. 11.16 (a) Two-dimensional model showing the c¢(2 x 2)-formate/acetate structure. (b) Three-
dimensional representation of a reaction sequence between formate (HCOO) and an added Ni
atom. The interaction between the HCOO and the added Ni atom may facilitate the decomposition
of formate to CO,(g) and Ni-H. Reprinted with permission from [21]. Copyright 2004 American
Chemical Society

metal atoms across the surface occurs to stabilize adsorbates. The surface topogra-
phy can be dramatically changed on nanometer scale with adsorption or during
surface reaction at steady state, leading to the formation of nanometer-sized islands
or pits on an otherwise flat terrace and/or to ordered or mobile adsorbate—metal
complexes. As a result, the incorporation of added metal atoms into the structures
of adsorbates and surface reaction intermediates must be viewed as potentially a
general phenomenon, operative on all metal surfaces for all strongly adsorbed reaction
intermediates. Specifically, for adsorbates involving metal-oxygen interactions, it
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appears that reconstruction induced by adsorbing oxygen is a general clue to
whether or not such reconstruction may occur for other adsorbed species on a given
metal surface. Other catalytically important atomic species, such as hydrogen, carbon,
nitrogen, and sulfur, can lead to the reconstructions comprising added metal atoms.
STM can be used to determine whether or not metal atoms are incorporated into the
surface reaction intermediates forming surface complexes and also the stoichiom-
etry of such surface complexes. It is imperative, however, that the intermediates be
clearly identified and their synthesis studied using complementary methods, such
as TPRS, XPS, LEED, and vibrational spectroscopy. Such information is very
important for understanding the structures of complex surface intermediates and
their behavior in heterogeneous catalysis. The mass transport and the redistribution
of the added metal atoms during catalytic reaction may play a very important role
in catalytic processes and affect the reaction kinetics. The importance of this effect
will depend on the relative time scales of the competing processes and may vary
according to the conditions of temperature and pressure. The incorporation of metal
atoms into the structures of reaction intermediates and its effect on reaction rates
should necessarily be considered in theoretical treatments to predict surface-intermediate
structures and to evaluate energetics and rates of surface reactions.
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Chapter 12
Chemical Bonding on Metal Surfaces

Anders Nilsson and Lars Gunnar Moody Pettersson

Abstract X-ray spectroscopy provides a number of experimental techniques
that give an atom-specific projection of the electronic structure. When applied to
surface adsorbates in combination with theoretical density functional spectrum
simulations, it becomes an extremely powerful tool to analyze in detail the surface
chemical bond. This is of great relevance to heterogeneous catalysis as discussed
in depth for a number of example systems taken from the five categories of bond-
ing types: (i) atomic radical, (ii) diatomics with unsaturated m-systems (Blyholder
model), (iii) unsaturated hydrocarbons (Dewar—Chatt—-Duncanson model), (iv)
lone-pair interactions, and (v) saturated hydrocarbons (physisorption).

12.1 Introduction

In heterogeneous catalysis, molecules impinge on the catalyst surface, adsorb,
diffuse and undergo reactions transforming into new species. The relative bond
strengths of the different species that are involved in a reaction as reactant, product
or intermediate, as well as the activation energies separating different intermediate
steps, often determine why a particular surface is a good catalyst for a specific reaction
[1]. The Brgnsted—Evans—Polanyi (BEP) relationship in heterogeneous catalysis
allows a correlation between the adsorption energies of different molecules and
transition state energies [2]. It is thereby possible to relate the variation in reactivity
between different metals and surface structures to specific adsorption energies.

As the molecule binds to the surface, its electronic structure rearranges to form
the required new bonds. Since the internal electronic structure of the molecule in
gas phase has arranged itself to maximize intramolecular bonding, the interaction
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with the surface, by necessity, involves weakening of the internal bonds in order to
allow new bonds to be formed. Knowledge of these electronic structure rearrange-
ments is key to a fundamental understanding of adsorption and how the bonding to
the surface can facilitate a specific reaction; a simple molecular orbital picture may
be extremely helpful to grasp the main ingredients. In the present chapter, we shall
describe a very powerful combination of experimental and theoretical tools that,
when used in conjunction, allow for the development of such a picture.

We discuss in the present chapter, the electronic structure of the surface
chemical bond for a number of systems on metal surfaces that can be considered
of importance in heterogeneous catalysis. These are taken from the five funda-
mental categories of chemical bonding [3, 4]: (i) atomic radical, (ii) diatomics
with unsaturated m-systems (Blyholder model), (iii) unsaturated hydrocarbons
(Dewar—Chatt—Duncanson model), (iv) lone pair interactions, and (v) saturated
hydrocarbons (physisorption).

12.2 Probing the Electronic Structure

It is essential to have selective experimental and theoretical tools that would
allow us to disentangle the different parts of the electronic structure that are
important for the formation of the surface chemical bond. The most common
way to measure the occupied electronic structure is with valence band photo-
emission, also denoted as Ultraviolet Photoelectron Spectroscopy (UPS), where
the overall electronic structure is probed through ionization of the valence elec-
trons [5]. However, in order to describe the electronic structure around a specific
adsorbate, it is necessary to enhance the local information. X-ray Emission
Spectroscopy (XES) provides such a method to study the local electronic proper-
ties centered around one atomic site [3, 6, 7]. This is particularly important when
investigating complex systems such as molecular adsorbates with many different
atomic sites.

Figure 12.1 shows an N, molecule adsorbed on a Ni surface in a perpendicular
geometry. The gray zone represents the charge density of the valence electrons
extending outside the metal surface. We have made a cut through the adsorbate
to see more deeply into the molecule. Inside, we can see the core electrons that
are localized to one atom and also one particular molecular orbital extending over the
nitrogen and Ni atoms. As the inner and outer nitrogen atoms are inequivalent,
the core-levels of the two atoms are shifted relative to each other [8]. We can create
a core hole selectively on either one of the two nitrogen atoms through specific
excitation using energy-resolved synchrotron radiation. The core holes can decay
through transitions between core and valence levels with the emission of X-rays.
As the core hole is localized to one atom we can study the valence electrons in an
atom-specific way [3, 9]. The decay process is governed by the dipole selection
rule, and with an N1s core hole we will probe the N2p valence states projected onto
the selected atom. Furthermore, angle-resolved measurements allow for a separation
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Fig. 12.1 Schematic picture illustrating the local probe character in XES for N, adsorbed on a Ni
surface [3]. From the total charge density (gray envelope) valence electrons with p-angular
momentum (contour lines) decay into the N 1s core hole. Reprinted with permission from ref. [3].
Copyright 2004 Elsevier

of valence levels of different symmetries [3, 9, 10]. We thus have a tool to look into
the nature of the surface chemical bond by disentangling the valence contributions
from the different atoms.

Figure 12.2 shows a comparison of UPS [11] and XES [9, 12] spectra for N,
adsorbed on Ni(100). We can observe adsorbate-induced features in the region of
7-12 eV binding energy relative to the Fermi level in both spectroscopies. However,
in the important regime around 0-5 eV, where the metal valence d-electrons reside,
the UPS spectrum only shows strong substrate emission whereas XES reveals
adsorbate-derived states. In addition, XES provides a projection on the two differ-
ent nitrogen atoms as well as a separation of ¢ and & states. Using angular-resolved
photoemission (ARUPS), the k-dispersion and symmetry of the electronic states
and thereby the band-structure can be measured [13]. If XES measures the local
aspects of the electronic structure, UPS determines the more collective aspects. In
this regard, the two techniques complement each other.

Although the occupied orbitals are of main importance, since they are directly
involved in the formation of the chemical bond, the unoccupied states also pro-
vide complementary information. In X-ray Absorption Spectroscopy (XAS),
often denoted Near Edge X-ray Absorption Fine Structure (NEXAFS), we excite
a core electron to the empty states above the Fermi level [3, 7, 14]. There is a
close connection between XES and XAS where the former gives information on
the occupied orbitals while the latter relates to the character and symmetry of the
unoccupied levels.

From a theoretical point-of-view, we can relate to the spectroscopy by calculating
the spectra within certain approximations and computational models of the system.
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Fig. 12.2 Comparison between atom-specific and symmetry-resolved XE spectra [9, 12] with an
UPS spectrum measured at a photon energy of 35 eV [11] of N, adsorbed on Ni(100) [3].
Reprinted with permission from ref. [3]. Copyright 2004 Elsevier

Once the model is verified, e.g., through agreement between computed and experi-
mental spectra, then it is possible to extract additional information on the bonding
and interactions from the calculations that is not present in the experimental
data [3]. The experiment and typically Density Functional Theory (DFT) calcula-
tions go hand in hand and provide a full view of the electronic structure and bond
formation. Furthermore, XES provides a very strong basis for the evaluation of
different theoretical methods for population analysis. Many different schemes
subdividing the charge density into contributions assigned to specific atoms have
been proposed, but the lack of means to directly measure the atomic populations in
different orbitals has made all methods somewhat arbitrary. The localized character of
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the core level in combination with the direct dependence of the XES transition
probability on the amount of local p-population, makes XES a very sensitive tool
to directly measure this atomic population.

The molecular orbitals formed upon adsorption and plotted from the calculations
provide valuable qualitative information on the bonding mechanism. Charge den-
sity difference plots, where the charge density of the unperturbed gas phase mole-
cule is compared with the modified charge density for the surface adsorbate,
provide important information on the flow of electron density induced by bond
formation. We furthermore make extensive use of the possibility to decompose the
interaction energy through the very simple Constrained Space Orbital Variation
(CSOV) technique [15, 16]. There exist many alternative ways to decompose the
energetics in the bond formation. However, the CSOV allows a very simple and
intuitive decomposition starting from the wave functions of the separated systems,
adsorbate and surface, where, in the first step, the Pauli exchange repulsion is
obtained by bringing the adsorbate from long distance into the chemisorption
geometry and computing the interaction energy while disallowing any orbital
changes except those required to maintain orthogonality; this is achieved by trans-
forming the Kohn-Sham matrix to a molecular orbital (MO) basis and then elimi-
nating all off-diagonal elements connecting occupied and unoccupied orbitals as
well as between the adsorbate and substrate. In subsequent steps, by appropriately
eliminating or retaining off-diagonal matrix elements, internal polarization of the
adsorbate and substrate as well as charge-transfer between the two can be intro-
duced. This gives a stepwise approach to the fully relaxed electronic structure of
the chemisorbed molecule, which often is indispensable for a complete understanding
of the bond-formation. In this chapter, we will see several applications of these
techniques.

12.3 Adsorbate Electronic Structure and Chemical Bonding

We outline all the different bonding types that are essential for most chemical bond
descriptions on metal surfaces. First, we discuss some general aspects of chemical
bonding. In particular, in comparison to the delocalized s- or p-electrons, we
emphasize the uniqueness of the more localized d-electrons in transition metals in
the formation of the chemical bond. Most of the active catalysts are transition met-
als where d-electrons play a major role and most adsorbates interact with the metal
substrate via covalent bonding, i.e., electron-pair sharing involving mainly sub-
strate d-electrons.

Figure 12.3 shows a schematic illustration of the resulting electron density of
states projected onto the adatom in the Newns-Anderson model [17, 18] for two
different cases. In this model, the interaction strength between the adatom wave
function of one specific electronic level and the metal states is often denoted the
hopping matrix element. When the hopping matrix element is much smaller than
the bandwidth of the metal states, in this case the s-electrons, the interaction leads
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Fig. 12.3 Schematic illustration of the formation of a chemical bond between an adsorbate
valence level and the s- and d-states of a transition metal surface. Reproduced from [19].
Copyright 2005 Springer

to a broadened resonance-level of the projected states on the adatom. If the bandwidth
is much smaller than the hopping matrix element, then the bonding and antibonding
states separate out as new distinct electronic levels, below and above the free
adatom level.

We can imagine including the coupling between the adsorbate atomic level
to the metal s-states first and switching on the coupling to the metal d-states,
later. The coupling to the broad s-band then leads to a broadening and shift of
the adsorbate state [18-20], see Fig. 12.3. There may be a large energy
involved in this interaction, but since all the transition metals have a half-filled
s-band in the metallic state and since the band is broad, there will only be
small differences in this interaction from one metal to the next. The differ-
ences between the transition metals must be associated primarily with the
d-states. The interaction of the adsorbate states with a narrow distribution of
states will give rise to the formation of separate bonding and anti-bonding
states, see Fig. 12.3. When bonding and anti-bonding states are formed, the
strength of the bond will depend on the relative occupancy of these states. If
only the bonding states are filled, there will be a strong bond, whereas if the
anti-bonding states are also filled the bond becomes considerably weaker.
Since the energy of the d-states relative to the Fermi level varies substantially
from one metal to the next, the number of anti-bonding states that are above
the Fermi level, and thus empty, will depend on the metal in question. As the
d-states shift up in energy going from right (Cu) toward the left in the first
transition-row, the strength of the adsorbate-metal bond should increase. This
simple model was first presented by Hammer and Ngrskov in 1995 [21] in the
case for hydrogen adsorption on transition and noble metals and has since
become denoted as the d-band model [1]. We will discuss below how this
model can become more general if we can generate the correct electronic state
on the adsorbate through bond-preparation or spin-uncoupling [4] prior to
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Fig. 12.4 Schematic illustrations of the five different types of chemical bond formation on metal
surfaces [4]

turning on the interaction with the metal. For a more phenomenological
description of the d-band model, see [22].

In the formation of electron-pair sharing, we need to create a radical state in the
interacting atom or molecule in order to form the bond to the substrate. The differ-
ent interactions between an adsorbate and metal surface are summarized in
Fig. 12.4. For a molecular adsorbate the bond-prepared radical state can be obtained
upon internal (partial) bond-breaking where the fragments will have unpaired elec-
trons that can interact with unpaired electrons in the metal surface. We can also
consider virtual processes through orbital interactions or an excitation process that
creates a bond-prepared state.
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12.4 Radical Adsorption

The simplest case is where the fragment is an atom, such as C, N, O or S. In this
case, the adsorbate level that represents the interaction is an atomic orbital of the
isolated unit. The unpaired radical interacts with the metal d-states to form bonding
and antibonding states. If only the bonding states are occupied, a strong bond is
created, whereas, if both bonding and antibonding states are occupied Pauli repul-
sion will make the resulting bond rather weak, as is the case with noble metals. As
we go toward the left in the periodic table, we depopulate more and more of the
antibonding state, making the overall bond increasingly stronger. As with simple
atomic adsorbates, this picture holds for any radical state in molecular fragments
such as ~OH, —CH,, -NH, etc. In the case where the interaction with the d-states
leads to weak or repulsive interaction, there could still be some bonding involving
sp-electrons. lonic contributions can also be important, in particular for cases where
the adsorbate has a high or low electronegativity with respect to the metal, as is the
case with oxygen, halogen and alkali atom adsorption.

The atomic or molecular radicals represent bonding to surfaces where the adsor-
bate has unpaired electrons available for covalent interaction with unsaturated
electronic states on the metal surface and forms electron pairs with the metal atoms
at the surface. These radical atoms have, in most cases, been generated through the
dissociation of molecules on the surface.

Let us demonstrate this bonding case with chemisorbed atomic nitrogen where
the difference in population of the antibonding states between transition and noble
metals such as Ni and Cu is clearly observed. Figure 12.5 shows the XES and XAS
spectra on a common binding energy scale [3]. Spectra related to adsorbate (in-
plane) p,, states are drawn with solid lines while spectra due to (out-of-plane) p_
states are plotted with dotted lines.

In the XES spectra of N adsorbed on Cu, both the p_ and p_ components exhibit
two strong peaks, representing the bonding and antibonding states. In the XAS
spectra, on the other hand, no strong peaks are observed. For N adsorbed on Ni, we
only observe one strong peak at high binding energy in the XES spectra, due to
occupied bonding states. The antibonding states can instead be seen in the XAS
spectra directly above the Fermi level. This clearly shows, directly from experi-
ment, how the antibonding states are shifted from below to above the Fermi level
going from Cu to Ni. As discussed above, the population of the antibonding states
will have a large influence on the total adsorption energetics. In Ni metal, the Fermi
level is located at the top of the d-band, whereas in Cu, it is located 2 eV above the
d-band. This implies the antibonding states are occupied for the adsorption on Cu
and unoccupied in the case of Ni. For adsorption on Cu, the only net bonding effect
would come from the remaining 4sp interaction.

This simple chemical bonding picture is general and applicable also to other
atomic adsorbates including C and O atoms. The effect of populating the antibond-
ing states can be directly seen in the adsorption energies. Figure 12.6 shows the
computed dissociative adsorption energies for N,, O, and CO on different transition
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Fig. 12.5 Top: Comparison of the XES (occupied states) and XAS (unoccupied states) spectra of
atomic N adsorbed on Ni(100) and Cu(100) with separated p components [19]. The intensity scal-
ing between the XES and XAS spectra is arbitrary. Bottom: DFT calculated density of states
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Fig. 12.6 Calculated dissociative nitrogen (filled circle), carbon monoxide (open square), and
oxygen (open triangle) chemisorption energies over different 3d transition metals plotted as a
function of the center of the transition metal d-band. A more negative adsorption energy indicates
a stronger adsorbate-metal bond. Reproduced from [19]. Copyright 2005 Springer
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metals as a function of the position of the center of the d-band with respect to the
Fermi level [19]. We see a major change in energy between Ni and Cu for C, N and
O adsorbates confirming the picture that the population of antibonding states
affects the bond strength. The bond strength increases also beyond Ni going toward
Co and Fe. It implies the antibonding states are still partially occupied on Ni and
continue to be emptied as we move left in the periodic table of the transition metal
series.

12.5 Diatomic Molecules with Unsaturated nt-Electron Systems

In molecular adsorbate systems with no unpaired electrons but with an unsaturated
n-electron system, the bond-prepared radical state required for bonding to the sur-
face can be generated through two distinctly different mechanisms, either by partial
mixing or an excitation process involving the w and n* orbitals (Fig. 12.4) [4]. The
virtual radical state can now interact with the metal d-states and again form bonding
and antibonding states. The total adsorption bond strength will depend on the filling
of these states. The mechanism of the bond-preparation depends on the orientation
of the m-electron system. Diatomic molecules such as CO and N, typically adsorb
with the molecular axis perpendicular to the surface whereas the unsaturated hydro-
carbons and O, adsorb parallel to the surface.

Let us first discuss the diatomic molecular case as exemplified by the isoelec-
tronic CO and N,,. The adsorption energy is only 5-10% of the molecular dissocia-
tion energy. This led to the plausible assumption, in the past, of a weak
molecule-surface interaction where the chemisorption process causes only a small
modification of the molecular orbital structure of the free molecule. However, it is
important to differentiate between the strength of the surface chemical bond and the
strength of the involved interactions. There is always a rehybridization cost, typi-
cally driven by exchange repulsion, which is compensated by the resulting bond-
formation. It is the difference between the two that appears as the final bond
strength, but as such, it is clear that a low bond energy can be obtained either as the
difference between a strong bond and a slightly less strong repulsion or simply
from a weak bond without significant repulsion to overcome.

The most common description of the bonding of CO and N, to metals is through
a frontier-orbital picture where a dative bond between the 5o and metal states of
o-symmetry is formed, leading to charge donation into the metal, which is compen-
sated by back-donation into the molecular 2r* orbital. In this frontier-orbital picture,
a synergism between the  and ¢ systems is achieved, where the internal molecular
bond is weakened due to the increased population of the antibonding 27* in the
back-donation. It should be noted, however, that this is different from the original
Blyholder model, which considered the m-system as a three-orbital interaction with
the generation of new electronic levels [23—30]. What is then the nature of the new
electronic states formed upon adsorption and are there accompanying changes in the
remaining molecular orbitals, i.e., is a frontier-orbital picture sufficient?
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The key experiment that enabled a detailed description of the electronic structure
of the adsorbates was XES [3, 4, 9]. In Fig. 12.2, the electronic structure is pro-
jected on the two different nitrogen atoms in N, on Ni(100). The molecule is homo-
nuclear and in the gas phase all molecular orbitals have the same weight on both
atoms, but upon adsorption, the upright geometry breaks the symmetry and the
molecular orbitals rearrange between the two atoms due to the surface chemical
bond formation. All spectral peaks, representing the N2p derived and N-atom pro-
jected molecular orbitals, exhibit different intensities or shapes for the inner and
outer N atoms. Interesting findings are the localization of the 4c state to the inner
N atom, with no visible spectral intensity from the outer N atom, and the larger 5o
localization to the outer N atom. There is also a small polarization of the 17 orbital
toward the inner nitrogen atom. Near the Fermi level, new states are formed as direct
consequence of the surface chemical bond. Surprisingly, the new states are located
mainly on the outer atom centered at about 2.5 eV binding energy. These arise from
interaction of the molecular © and * states with the Ni d-states. In some sense, we
can label this state as a lone-pair orbital on the outer atom. Closer to the Fermi
level, there is also intensity on the inner nitrogen atom. An important question is,
how the m-system can be bonding when the new substrate-induced orbital essen-
tially is a lone-pair, non-bonding orbital on the outer nitrogen atom.

It has been shown that the XES spectra can be simulated using DFT calculations
with excellent agreement with experiment. In Fig. 12.7, orbital plots for gas phase

N, gas phase N, on Ni

2Tk .

Allylic configuration

i
=4

— — Nyt

Fig. 12.7 Tllustration of the m-electron interaction of N, with Ni [3]. (Left) Contour plots of
n orbitals from DFT calculations for N, in the gas phase and adsorbed on Ni(100). Solid and
dashed lines indicate different phases of the wave function. (Right) Schematic illustration of the &
orbital interactions in the allylic configuration of the N -Ni adsorption system in terms of the
atomic N2p and Ni3d orbitals. Reprinted with permission from ref. [3]. Copyright 2004 Elsevier
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and adsorbed N, for molecular orbitals of m-symmetry are shown. In the lower left
panel the gas phase 1w and the bonding adsorbate 17 orbital are shown. As seen in
the XES spectra, the 1m polarizes upon adsorption toward the inner nitrogen atom.
It also mixes with the d_of the interacting Ni atom. The amplitude of the 17 orbital
has the same phase between the Ni and two nitrogen atoms, constituting an orbital
which is bonding between all three centers. In the middle panel on the left hand side
of Fig. 12.7 orbital plots of the lone-pair d, states are shown. The orbital is mainly
of Ni3d character with a nodal plane centered at the inner nitrogen atom. It clearly
shows the outer nitrogen lone-pair character of this state as seen experimentally. In
the top panel, we show the 2rt* orbital, which is unoccupied and, therefore, can not
be observed with XES. It has two nodal planes between the two nitrogen atoms and
the metal atom and is totally antibonding.

In order to create the new adsorbate orbitals, we need to involve the whole original
7 system of the free molecule, i.e., both the 17 and 2n* orbitals, in the interaction
with the metal 3d . If we only consider the Ni atom that is directly involved in the
bonding, the nt-system will involve three atoms and three new  orbitals will thus be
generated. The lowest orbital will always be bonding between all three centers and
the highest orbital will be antibonding. The intermediate orbital should be antibond-
ing between the end-atoms, which for a symmetrical molecule results in no contribu-
tion on the center atom and this orbital can be denoted non-bonding. The bonding
orbital is similar to the free molecule 17 orbital, but slightly polarized toward the
inner nitrogen atom in contact with the surface and with a small but significant con-
tribution from the Ni 3d orbital. As the 7 orbital nitrogen population is smaller than
that of the 17 of the free molecule, we have weakened and partly broken the internal
N-N n-bond and instead formed a covalent Ni-N interaction involving the created
partial radical state on the inner N atom. The intermediate orbital is essentially non-
bonding with a main contribution from the metal as seen from the low intensity in the
XES spectrum; the lone-pair intensity generated on the outer atom results from the
partial breaking of the internal n-bond. This can be summarized as a three-orbital
allylic interaction involving the formation of a totally bonding (17), a non-bonding
(d,) and a totally antibonding orbital (27") as illustrated in the right part of Fig. 12.7
[12, 31, 32].

There are significant rearrangements in the o-system; the spatially more
extended 5o orbital polarizes toward the outer nitrogen atom as is evident in the
spectra in Fig. 12.2 [3, 4, 9, 12]. This is opposite to the frontier orbital picture with
5o donation into the metal where we expect to see accumulation of the 5o orbital
on the inner atom in order to form overlap with the bonded substrate atoms. The
same discrepancy with the frontier-orbital model is observed also upon CO adsorp-
tion to Ni [33, 34], Cu [34] and Ru [35] surfaces, where in each case, the 5c orbital
is polarized away from the carbon atom toward oxygen. Simultaneous with the
internal rehybridization of the adsorbate, there is a polarization of charge in
the substrate away from the bonded metal atoms [34]. In a very simple picture the
protruding, closed-shell and “stiff” 5o orbital “digs a hole” in the substrate elec-
tronic structure with rehybridization both of the adsorbate and metal atom. The
energy cost is only partially compensated by the formed dative bond and results in
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Fig. 12.8 Charge density difference plots of CO adsorbed on a Ni , cluster [3]. Regions of elec-
tron loss are indicated with dashed outer line and increase with full line. We have chosen a plane
containing the metal atom interacting with one CO molecule in the same plane. Reprinted with
permission from ref. [3]. Copyright 2004 Elsevier

an overall repulsion in the c-system; the main covalent bonding is, however, due to
the m-system.

In order to analyze the overall charge rearrangements, we show in Fig. 12.8 the
computed difference in charge density due to the adsorption of CO on Ni(100) [3].
An increase in charge between the connecting units can be related to the formation of
an electron pair in the covalent bond whereas a depletion of charge represents repul-
sion. The latter often appears when closed-shell orbitals interact resulting in Pauli
repulsion. The left part of Fig. 12.8 shows the difference in the total charge taken as
the density of the fully relaxed interacting system minus that of the subunits. There
seems to be a gain of charge in the T-symmetry resembling backbonding into the 27*
orbital. If we look at the c—interaction on the axis between the O—C-Ni centers there
is a loss of charge on all atomic centers and there seems to be some small gain in
charge between the C and Ni atoms. However, in the theoretical calculations it is pos-
sible to use CSOV analysis to individually relax the o- and m-systems, the result of
which is also shown in the right part of Fig. 12.8. We observe that the entire G-system
loses charge and the entire -system gains charge, i.e., a ¢ to  charge transfer which,
however, is not expressible in terms of a simple frontier orbital picture. The loss of
charge of o-symmetry in the CO-Ni unit is a direct consequence of the repulsive
interaction but not quite a sign of donation into the metal [3].

The m-interaction in the total density difference has, in the past, been interpreted
as evidence of backdonation into the CO 27t* from the Ni 3d orbitals [36]. However,
investigation of the relationship between charge transfer to and polarization within
the adsorbed CO unit in forming the allylic configuration reveals that, if we use the
gas phase molecular orbitals to decompose the wave function, the 2n* becomes
populated by 22% while the Im is depopulated by 12%. The net effect is the
observed 10% increase of the CO m-population for chemisorbed CO, which
however, as seen in the rightmost panel in Fig. 12.8, participates in the formation
of a partial n-bond between the carbon and nickel as well as the population of the
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lone-pair state on the oxygen. This result highlights the importance of orbital mixing
within the n-system upon adsorption resulting in the allylic configuration as shown
in Fig. 12.7.

We arrive at a model of the electronic structure and the surface chemical bond which
involves all molecular orbitals and where the resulting adsorption energy is obtained
from a balance between repulsion in the o-system and bonding involving the wt orbitals.
The balance between attractive nt-interaction and repulsive c-interaction explains why
the adsorption energy is relatively low; the adsorbate electronic structure is the result of
a complete rehybridization, which costs energy to generate, and an only somewhat
larger bond energy is returned with the difference as the observed chemisorption energy.
The attractive adsorbate-metal interaction in the n-channel similarly leads to a weaken-
ing of the internal molecular bond, which is to some extent countered by rehybridization
of the internal anti-bonding 5c state in the -channel [12].

This balance between repulsive and attractive interactions in the two symmetry
channels is also essential for understanding adsorption of CO in different sites [16].
Both interactions increase with increasing coordination and the net effect is a can-
celation resulting in rather similar chemisorption energy. This explains why CO
forms many different surface structures involving a combination of on-top, bridge
and hollow sites. In adsorption systems where the m-interaction is weaker, such as
CO on Cu and N, on Ni, the o-repulsion will dominate at higher coordination, lead-
ing to population of only on-top sites. For NO with one additional nt-electron, the
m-interaction is enhanced while the c-interaction remains quite similar to that of CO
leading to a larger probability for adsorption in sites with higher coordination.

We will connect to the d-band model and discuss the relationship between the
position of the center of the d-band in different transition and noble metals and the
CO adsorption bond strength [29, 37]. Shifting the center of the d-band toward the
Fermi level increases the adsorption energy of CO. As discussed above, the mixing
of the 1n and 2n* orbitals partly breaks the internal n-bond and leads to a radical
virtual state on the carbon atom and a lone-pair state on the oxygen. The radical vir-
tual state can form virtual bonding and antibonding states with the metal where the
bond strength will depend on the occupancy of the latter which leads to a dependence
of the m-contribution to the adsorption energy on the energetic position of the d-band
center. The c-repulsion will also depend on the d-band center because a less-filled
d-band will result in a smaller Pauli repulsion. It could be that at the beginning of the
transition metal series the c-interaction even becomes attractive. In this sense, both
the - and c-interactions contribute to the adsorption energy in such a manner that the
CO bond strength increases when the d-band center shifts toward the Fermi level.

12.6 Unsaturated Hydrocarbons

In the previous section, we have explained the bonding of N, and CO to metals in
terms of the allylic model with a partial mixing of © and ©* to generate the required
virtual radical state that can bond to the metal. Both N, and CO have unsaturated
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n-bonding character with a rather large experimental 1 — m* excitation energy
around 6 eV, which in the general case makes it unfavorable to fully populate the
n* orbital, as would be required for completely breaking an internal m-bond and
instead forming two bonds to the substrate in a lying-down geometry. As a conse-
quence, N, and CO generally bond in an upright geometry and only partially
involve the m* orbital, as described in the allylic bonding model. In the present sec-
tion, we will discuss the bonding of unsaturated hydrocarbons, e.g., acetylene,
ethylene and benzene to metals. In this case, the relevant & to m* excitation energy
is much lower, 3.5-3.9 eV, which is low enough that it can be compensated by the
formation of two covalent bonds to the surface in a lying-down geometry.
Furthermore, the loss of m-character and population of n* both contribute to
weaken the m-bond leading to large bond-elongation upon adsorption. This is in
contrast to the case of CO and N, where the polarization and depopulation of the
antibonding 5c-orbital compensates for the bond-weakening in the n-system lead-
ing to smaller effects on the internal bond-length than expected from the © and m*
orbital-mixing.

The description of the bonding of unsaturated hydrocarbons to metals was origi-
nally developed by Dewar, Chatt and Duncanson and is now known as the well-
established DCD model based on a frontier-orbital picture [38, 39]. In this model,
the interaction is viewed in terms of a donation of charge from the highest occupied
n-orbital into the metal and a subsequent backdonation from filled metal-states into
the lowest unoccupied m*-orbital, see Fig. 12.4. Contrary to the case of the frontier
orbital model for CO and N, adsorption, the DCD frontier-orbital model finds sup-
port from the experimental XES measurements [40].

Due to the intermediate core-excited state in the XES spectroscopic process, there
are additional selection rules for molecules with an inversion center which allows
one to distinguish the symmetry of both the occupied and unoccupied orbitals [41].
Due to the two-step character of the XES measurements with initial absorption
(excitation) and subsequent emission (de-excitation) steps, we find selection rules
for molecules with inversion symmetry that require the same characteristics of
initial and final states. New states below the Fermi level can then be identified and
attributed to the population of the m* orbital through the back-donation process
while above the Fermi level the presence of states of m-character confirm the
n-donation process [40, 42].

As the DCD model gives a good description of the bond-formation, it becomes
relevant to consider which molecular states are actually involved in the bonding and
the energies required to rehybridize the molecule accordingly. We can simply con-
sider the initial interaction of a closed-shell molecule with unsaturated m-system in a
lying-down geometry and quickly realize that this closed-shell interaction with the
surface must lead to repulsion unless the adsorbate internal bonding is broken up into
a di-radical, which can subsequently form the required two ¢ bonds to the substrate;
the energy involved corresponds to the excitation energy required to reach the triplet
n—1* molecular state [43]. Interestingly, the geometry of this excited triplet state is
in the gas phase already very close to the chemisorbed structure. In the simple case
of acetylene, the C—C bond elongates and the hydrogens bend up upon T—m* excitation
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Fig. 12.9 Charge density difference plotted in a plane containing the metal atoms and the carbon
skeleton of ethylene [42]. The difference is taken between interacting and non-interacting mole-
cules and metal clusters for the adsorbed cases. For the gas phase molecule (top), the difference
between the singlet and triplet state is shown. Reprinted with permission from ref. [42]. Copyright
2004 Elsevier

while for ethylene the lowest triplet excited state twists the CH, groups in a staggered
conformation. From this structure, the required two ¢ bonds with the metal cannot
form and it is instead the transition state in this rotation, where both CH, groups point
slightly upwards, that forms the binding state. In Fig. 12.9 we take this geometry for
ethylene, either as optimized for the adsorbate or as the gas phase triplet state, and
show the rearrangement of charge density upon adsorption from the singlet gas phase
electronic state on Cu(110) and Ni(110) as well as upon excitation from the singlet to
the relevant triplet state for the free molecule [42].

At the top of Fig. 12.9, we show the charge density difference between the sin-
glet and triplet states of free ethylene, both computed in the geometric structure of
ethylene adsorbed on Ni(110) [42]. The difference in electronic structure in this
case is that the m-orbital is doubly occupied for the ground state singlet molecule,
whereas for the triplet one electron is excited from the n- to the m*-orbital. This
shows up in the charge density difference plot as an increase of electronic charge
in the region of the m*-orbital, above and below the molecular axis, outside of the
carbon atoms, and as a decrease of electronic charge in the area of the m-orbital,
above and below the molecule, between the carbon atoms.

This change is very similar to what is seen upon adsorption on both the Cu and
Ni surfaces, shown in the middle and lower parts of Fig. 12.9. On the surfaces the
rearrangement of charge is smaller than full excitation due to rehybridization of the
excited m*-state with surface states on the metal. This is in perfect agreement with
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the DCD model, which predicts charge depletion from the w-orbital and concomitant
increase in the w*-orbital. It can be noted that the increase in the ©* dominated area
of the integrated spectrum is approximately twice as large on Ni as on Cu, in com-
plete agreement with the m* occupation, which upon adsorption increases from
unoccupied to 0.16 electrons/atom on Cu and to 0.31 electrons/atom on Ni [42].
The decrease in the nt-dominated area is only slightly larger on Ni than on Cu. This
is consistent with the almost equal decrease in m-population on Ni and Cu, resulting
in 0.78 and 0.84 m-electrons/atom, respectively [42]. There is a larger increase in
the electronic charge density below the m*-dominated area of the XES spectrum
which arises as a consequence of the bonding to the surface [42]. There is also an
internal change in the metal, where charge moves away from the direction directly
toward the molecule.

There are essentially no changes in the charge density along the direction of the
C-H bonds, indicating these bonds are not affected significantly by interaction with
the surface [42]. As the charge density difference was computed for the already
distorted geometry, electronic structure changes related to, e.g., the o-m-mixing
upon rotation of the CH, groups, are not seen in the difference plots.

The spin-uncoupling, or bond-preparation picture of Triguero et al. [43] allows
an estimate of the rehybridization cost through the computed singlet to triplet exci-
tation energy for the gas phase molecule in its chemisorbed geometry. Calculating
the chemisorption energy allows an estimation of the carbon-metal bond strength
as the rehybridization cost plus resulting chemisorption energy divided by the num-
ber of bonds formed. We will complement the discussion of the standard DCD
model with a discussion of the bond energetics according to this spin-uncoupling
concept in comparison to the previously discussed surface chemical bond in the
cases of N, and CO, which also have unsaturated m-systems.

CO and N, adsorb most commonly in an upright position which, in the case of
N,, breaks the © and * separation and allows for mixing between the two sym-
metries. Here, it is important to also consider the ¢ system which is repulsive creating
a balance between ¢ repulsion and © bonding. This balance is affected by the metal
coordination, which leads to N, only adsorbing at on-top sites whereas CO popu-
lates different sites with nearly equal adsorption energy. For a lying-down species,
such as adsorbed ethylene, the symmetry due to the interaction with the surface is
different, and the 17 and 27t* levels cannot mix; they will, instead, interact indepen-
dently with different d-orbitals of appropriate symmetry in the metal. The elec-
tronic state of the adsorbate, which gives the bonding with the metal, can be
prepared by exciting an electron from the 1m to the 2n* level generating two
unpaired radical orbitals that can interact with the metal. An important question
then, is why CO and N, do not adsorb with the molecular axis parallel to the surface
similar to adsorbed ethylene?

If we look at the excitation energy of the molecule and analyze the interaction
energy of the bond-prepared state obtained via the & to m* excitation, the adsorption
energetics and geometries have been predicted successfully for a large number of
unsaturated hydrocarbons adsorbed on surfaces [43]. Considering acetylene, ethylene
and benzene adsorption on a range of copper surfaces, a surprisingly consistent
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carbon-metal individual ¢ bond energy of 2.21+0.09 eV is found based on the
calculated chemisorption energies on Cu(100), Cu(110) and Cu(111) [43]. This can
be compared with the very similar value of 2.30 eV used by Carter and Koel as an
estimate of the Pt—C bond strength in ethylene decomposition reactions on Pt(111)
[44]. With & to * excitation energies in the range 3.7—4.2 eV, it is clear that forma-
tion of two ¢ bonds to the surface more than compensates the cost to rehybridize
the molecule for these unsaturated hydrocarbons.

In the case of CO and N, the excitation energy is of the order of 6 eV, which is
rather high. It means that the bond-prepared orbital interaction will not be strong
enough on most surfaces to compensate the large excitation energy, and it becomes
more efficient to slightly mix the n-system in the allylic configuration to open for
bonding to the surface. In a simple perturbative treatment, rehybridization in this
geometry requires only 10-20% of the excitation energy, and the resulting structure
is more stable in spite of the c-repulsion that can be avoided in the lying-down
geometry. In the standing-up geometry, there is a compensating effect on the inter-
nal bond length, where the o interaction shortens and & interaction elongates the
bond resulting in essentially no change in the internal bond distance from the free
molecule and only small shifts in the internal stretch vibrational frequency [33]. In
the case of lying-down species, there is no compensation from the c—system
resulting in a strong elongation of the internal bond leading to a precursor state to
dissociation. On specific surfaces such as Fe(111) and stepped surfaces, where both
atoms can bond more efficiently to active sites with energetics overcoming the
excitation energy, the lying-down species becomes more favorable [45-47]. A simi-
lar balance should be expected for O, where the 1 to 2n* excitation energy is
much smaller, 4.1 eV [48], and where unpaired electrons are already available in
the n-system for bonding. For O, , it thus becomes energetically favorable to avoid
the perpendicular geometry and on most metal surfaces adsorb with the molecular
axis parallel to the surface prior to dissociation [14, 49, 50]. It has, furthermore,
been estimated experimentally that for O, adsorption on Ni, the lying-down geom-
etry is favored over the perpendicular by a difference in bond energy of 2 eV [51].

The n—n* excitation energies of the unsaturated hydrocarbons, acetylene, eth-
ylene and benzene are of a similar magnitude as for O, [43]. They have easy access
to the unoccupied n* in the bond-formation with the substrate and can be expected,
as is also found, to bind with the molecular axis or plane parallel to the surface with
a surprisingly constant resulting bond-strength per c-bond formed.

12.7 Lone Pair Interactions and Bonding of Saturated
Hydrocarbons

Molecules that lack radical bonding, either through broken or virtual bonds via the
n-electron system, usually have much lower adsorption strength. This is typically
the case where bonding occurs through a lone-pair or via hydrogen atoms in an XH
group. We will briefly discuss the adsorption of water and then saturated hydrocarbons.
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There are two bonding configurations of water to metal surfaces, H-bonding via the
OH group in water that points to the surface and O-bonding via the lone-pair (Ip)
[52]. Here, we focus on the O-bonding channel, which is responsible for the domi-
nant part of the bonding strength [53]. The H-bonding belongs to the XH bonding
type and will be discussed in connection with saturated hydrocarbons.

The Ip interaction is similar to the c-system interaction in CO and N, but occurs at
much longer bond distances where it becomes attractive. There is an interplay between
repulsive interactions involving the oxygen (1b)) lone pair and the metal d-shell, and
attractive electrostatic interactions of the Ip with the positive metal core [54]. The
interaction with the d-band leads to the formation of bonding and antibonding states,
which have been observed in, XES and XAS for water on Pt(111), respectively. [52].
The bonding state will mainly have molecular character and the antibonding state
metal d-character. Since, for the late transition metals, the d-band is nearly fully occu-
pied the antibonding state will mostly be filled resulting in Pauli repulsion. We will
again see a relationship with the position of the d-band where noble metals will have
substantially larger repulsion with respect to the d-electrons [54] and a trend with
increasing adsorption bond strength toward the left of the transition metal series can
be expected. The sp-electrons, on the other hand, are much more mobile and can easily
move away from the bonded metal atom toward neighboring atoms to minimize the
overall repulsion. This can be described in a simplistic way as that the water lone-pair
“digs a hole” in the s-band, as shown schematically in Fig. 12.4b. Since there is now
a partial positive charge on the metal atom, the Ip orbital will be stabilized through
electrostatic interaction (dative bonding). It becomes similar to the solvation bond of
water to a metal ion in aqueous solutions. This provides the main surface bonding
mechanism for water and describes general lone-pair interactions on surfaces [4].

The bonding of X—H groups to metal surfaces constitutes the weakest bonding
covered in the current discussion [3, 4, 55, 56]. The hydrogen atom in the X-H
group directly interacts with the metal surface. The resulting electronic structure is
generated through interaction of both X—H bonding and antibonding orbitals with
the d- and sp-bands. In order to create the surface bond the internal X—H bond has
to be weakened to reduce the bond-order and, if the X atom is bonded to other
molecular groups, the bond order released can contribute to increased bond strength
internally in the molecule. In the case of octane shown in Fig. 12.4e, the decrease
of the C—H bond strength allows for a stronger C—C bond which is manifested as a
decrease in the C—C bond distance corresponding to a slight reduction of the sp*
hybridization of the carbons [55, 56]. The O-H group in water pointing toward the
metal surface will behave in a similar manner where the internal O-H bond is
weakened due to bonding to the metal surface [52].
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Chapter 13
From Molecular Insights to Novel Catalysts
Formulation

Eranda Nikolla and Suljo Linic

Abstract First-principles methods can be utilized to obtain elementary step
mechanisms for chemical reactions on model systems. In this chapter, we will
illustrate how this molecular information can be employed to motivate novel
heterogeneous catalyst formulations. We will discuss a few examples where first-
principles studies on idealized model systems were utilized, along with various
experimental tools, to identify alloy catalysts that exhibit improved performance
in a number of catalytic processes. We will emphasize the role of molecular
approaches in the formulation of these catalysts.

13.1 Introduction

A catalytic process is a complex interplay of multiple phenomena, including the
flow of reactive mixtures through a reactor, the respective diffusion of reactants and
products to and away from active sites, and the chemical transformation of reac-
tants into products at the active sites. Aside from issues related to the transport and
chemical transformations of reactants and products, it is also necessary to manage
the heat load in a catalytic system. In principle, any of the above-mentioned
phenomena can be manipulated to affect the outcome of a catalytic reaction.

In this chapter, we discuss approaches aimed at the manipulation of active sites
to affect the outcome of a catalytic process. Special attention will be given to
scientific advances that have allowed us to begin to develop systematic strategies
toward predictive catalysis. These approaches focus on building a sufficient under-
standing of the elementary step based mechanisms of catalytic processes, and the
utilization of these molecular insights in the rational manipulation of the active sites
to achieve the desired activity, selectivity, or stability.
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Catalytic materials for almost all commercial heterogeneous catalytic processes
have been designed through trial and error experimental approaches. The strate-
gies for the discovery of catalysts have mainly relied on a combination of chemical
intuition and extensive empirical testing. The chemical intuition has been on the
basis of a fairly broad categorization of catalytic materials. For example, these
materials have been classified as bases or acids, oxidation, dehydrogenation, or
hydrogenation catalysts, and so on. While this broad categorization of catalytic
materials is very valuable in identifying catalysts that might be reasonable choices
for a given chemical transformation, it does not represent the ideal platform for the
discovery of optimal catalysts. For example, many heterogeneous catalysts that
have been designed using these strategies are, while still profitable, often environ-
mentally unfriendly, have high overall activation barriers (rendering them less
energy efficient), and are limited by low selectivity and stability [1].

Catalysis by “rational design” has been a long-standing goal of fundamental
catalysis research [1]. The term rational, which has been used traditionally in the
field, is somewhat unfortunate and it is important to note that it does not imply that
other approaches are irrational. The main distinction is that this approach, unlike
approaches that rely on the above-mentioned broad categorization of catalytic
materials, is based on a sufficient understanding of and control over the underlying
elementary step chemistry that governs the outcome of a catalytic process. To
accomplish the goal of catalysis by rational design, we need to be able to (i) deter-
mine the elementary steps that affect the catalytic cycle, (ii) identify predictive
approaches which allow us to identify optimal active sites by changing the energetics
(kinetic barriers and thermodynamic driving forces) of the elementary steps, (iii)
synthesize the optimal active sites, and (iv) devise strategies aimed at preserving the
active sites under catalytic conditions.

While it is currently not possible to approach indiscriminate problems in hetero-
geneous catalysis using the “rational” approach outlined above, recent theoretical and
experimental advances suggest that the goal of heterogeneous catalysis by rational
design might be within reach. The landscape-changing advances are the following:

1. Development of powerful spectroscopy and microscopy techniques, which allow
us to study underlying chemical transformations that govern the performance of
catalysts, including reaction mechanisms and the evolution of catalyst structure,
with high spatial and temporal resolutions and at relevant conditions [2—6].

2. Development of density functional theory (DFT) methodology, which is utilized
to study chemical transformations at the elementary step level with reasonable
accuracy and efficiency [7]. DFT is particularly well suited for the treatment of
extended metallic structures, which are often ideal model systems for heteroge-
neous catalytic processes [8—11].

3. Development of novel synthetic chemistry approaches designed to synthesize
materials with almost atomic precision and with a high degree of uniformity
[12-14].

As it is practically impossible to summarize all the advances in the area of hetero-
geneous catalysis by rational design, we will discuss recent examples where some



13 From Molecular Insights to Novel Catalysts Formulation 277

of the tools mentioned above have been utilized to develop heterogeneous alloy
catalysts for hydrocarbon steam reforming that exhibit improved carbon tolerance
compared to traditional catalytic materials [10, 15-17]. These examples will not
only allow us to demonstrate how advanced experimental and theoretical tech-
niques can be used to systematically approach problems in heterogeneous catalysis,
but also to discuss the deficiencies associated with these approaches.

13.2 Steam Reforming: Background

Steam reforming is an endothermic reaction that involves the conversion of hydro-
carbons and water into hydrogen and oxidized carbon (13.1). It is the most impor-
tant route for the production of hydrogen [18]. This reaction is accompanied by a
slightly exothermic reaction, the water gas-shift reaction (WGS) (13.2), which
converts CO and steam into gas-phase CO, and hydrogen:

C,H,, +nH,0 — nCO+(n+m/2)H, (DH,, > 0) (13.1)

CO+H,0 ¢> CO, +H, (DH,,, =—41.2 kJ/mol) (13.2)

Most commercial steam reforming catalysts contain metallic Ni supported on an oxide
such as Al,O,, MgO, and MgAl,O,. Ni is the catalyst of choice because of its high
activity toward C—H bond cleavage and low cost. The oxide supports offer superior
mechanical and thermal stability under the reaction conditions [18].

Aside from being a crucial process for the catalytic production of hydrogen, steam
reforming is also important in the direct electrochemical hydrocarbon conversion
over solid oxide fuel cells (SOFCs) [19-27]. SOFCs are devices that convert the
chemical energy of combustible fuels such as hydrogen, CO, and different hydrocar-
bons to electricity. The electro-oxidation reactions take place at the metal/electrolyte
interface and result in the formation of steam, which then internally reacts with the
incoming fuel via steam reforming to form hydrogen and CO that are further oxidized
at the interface.

One of the main problems associated with hydrocarbon steam reforming over Ni
is the deactivation of the Ni catalyst as a result of the formation of carbon deposits
on Ni. The C-induced deactivation of Ni has been studied extensively [10, 18, 28-35].
For example, Rostrup-Nielsen reported that steam reforming of various liquid fuels
on Ni leads to the formation of encapsulating, whisker-like, or pyrolytic carbon
on the catalyst [18, 30]. To illustrate the problem of carbon poisoning, in Fig. 13.1
we show a transmission electron micrograph (TEM) of a Ni particle taken after
steam reforming of propane at steam to carbon ratio of 1.5. The micrograph shows
that carbon deposits are formed on Ni [16].

The mechanism of the formation and growth of carbon deposits on Ni has also
been studied by many investigators. For example, it has been demonstrated by in-situ
TEM and DFT studies that during the decomposition of methane on Ni/MgAl,0O,,
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Fig. 13.1 Transmission electron micrograph of Ni particles after propane steam reforming [15]

carbon deposits are formed by the diffusion of carbon atoms and fragments on Ni
particles and their subsequent attachment to carbon nucleation centers. These studies
also revealed that carbon nucleation commences on the under-coordinated surface
sites of Ni [32, 34].

An increase in the concentration of steam in the feed can alleviate carbon-
induced deactivation of Ni. Steam enhances the rate of carbon oxidation, thus
leading to carbon removal in the form of CO or COZ. However, the increase in the
S/C (steam-to-carbon) ratio introduces a number of operational problems. For
example, the additional steam increases the flow rate through the reformer,
thereby escalating the size and capital cost of the equipment [ 18, 36]. In addition,
substation energy is required to vaporize water and increase its temperature to
the operating conditions of the reactor. In SOFCs, the addition of steam lowers the
energy density of the fuel stream. Also, the need for additional steam lowers
the flexibility to manipulate the CO/H, ratio in the effluent stream via the water
gas-shift reaction.

Rather than increasing the operating S/C ratio, it is more desirable to develop
reforming catalysts that are inherently more carbon-tolerant than Ni [19, 35, 37—
43]. For example, it has been suggested that Ru and Rh do not facilitate the forma-
tion of carbon deposits because of poor carbon solubility in these metals [30, 44].
However, Ru and Rh are prohibitively expensive. It has also been shown that the
promotion of Ni with alkaline earth metals such as Mg suppresses carbon-induced
catalyst deactivation [18, 36]. There have also been reports that by selectively poi-
soning the low-coordinated Ni sites with small amounts of sulfur, the carbon-
induced deactivation of Ni can be suppressed [9, 45]. In addition, the patent
literature is rich with multiple examples where numerous additives, including those
mentioned below in this text (e.g., Sn and Au), have been suggested to promote the
stability of Ni catalysts [46].

In addition to carbon-tolerant catalysts mentioned above, which were mainly
identified through empirical testing, there have also been a number of recent efforts
to probe the underlying molecular mechanism associated with carbon poisoning
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and to utilize this mechanistic information to formulate novel carbon-tolerant alter-
natives to monometallic Ni [10, 15—17]. First-principles calculations have played a
significant role in these studies. In the following section we will discuss a more
systematic approach toward the discovery of carbon-tolerant reforming catalysts.

13.3 DFT Studies: Carbon Chemistry on Ni Surfaces

The accepted mechanism for steam reforming of hydrocarbons on Ni involves the
decomposition of hydrocarbons to form carbon, CH , and hydrogen adsorbates [10,
47, 48]. In addition, the process of steam activation results in the formation of
adsorbed O and OH. This mechanism is illustrated in Fig. 13.2, which shows the
DFT-calculated energies for the elementary steps involved in methane steam
reforming on Ni(111) [10, 16, 48]. The DFT calculations indicate that there exists
a strong thermodynamic driving force for adsorbed C atoms (and CH_fragments),
formed during methane activation, to react with O or OH to form adsorbed CO, or
to react with one another to form extended carbon networks (e.g., graphene). It is
important to note that CO further reacts with H O via the WGS reaction to form
CO, and H,. This reaction provides a pathway for the removal of carbon from the
catalyst surface.

CH,(9). H,0(9)
0+ |
CH,* 4H*, O*
—~-1r .
>
3
S - -
o C*, 6H*, 0*
C
w -2 | -
|
*
I CH" 5H" 0™\ co(g), H,(9)|
|
|
-3+ | -
B
L graphene CO*, 6H*
-4 1 1 1 1 1 1 1 1

Fig. 13.2 DFT-calculated potential energy surfaces for various elementary steps associated with
methane steam reforming on Ni(111) [15, 16]
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The sequence of elementary steps shown in Fig. 13.2 suggests that one can formu-
late the problem of carbon poisoning in terms of the selectivity associated with the
formation of C-O vs. C—C bonds on Ni. In order to prevent carbon-induced deactiva-
tion, a catalyst should be able to selectively oxidize C atoms (and CH_ fragments)
rather than form C—C bonds. This elementary step mechanism was the basis for the
DFT calculations that focused on the identification of catalysts (mainly Ni-containing
alloys), which preferentially oxidize C atoms rather than form C-C bonds [15, 16].
In these DFT calculations, the potential energy surfaces for the formation of C—C and
C-0O bonds were calculated for different Ni alloys. The alloy model system used in
these calculations contained mainly Ni, with some Ni atoms displaced by another
atom in the surface layer. While we have examined a number of different alloys, we
will focus our discussion on the alloy material (Sn/Ni). We note that this alloy mate-
rial has also been studied by others previously [35, 38, 41, 49, 50].

Figure 13.3 shows the calculated potential energy surfaces for the oxidation of a
C atom and the attachment of a C atom to a carbon nucleation center (C—C bond
formation) on the (111) surface of Ni and the (111) surface of a Sn/Ni model alloy.
The carbon nucleation center was mod