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Preface

“We build too many walls and not enough bridges”

Isaac Newton

Since the earliest days of scanning tunnelling microscopy (STM) and the award
of the Nobel Prize to Binnig and Rohrer in 1986, it was evident that a powerful
approach had become available for the study of structural aspects of solid
surfaces. The technique provided a surface probe with atomic resolution with
initial emphasis being given to semiconductors, Binnig and Rohrer being at
IBM. It was clear, however, that it would be applicable for the study of surfaces
over a wide range of scientific disciplines with nanotechnology, over the last
decade, developing into a “stand-alone™ discipline with far-reaching implica-
tions in many areas of science and technology and with significant financial
investment in both academic and industrial laboratories. Matthew Nordon of
Lux Research, a nanotechnology consultancy in New York, suggested in The
Economist, 1 January 2005, that in 2004 the American government spent
$1.6 billion on nanotechnology, more than twice as much as it did on the
Human Genome Project. Also that IBM had in 2005 more lawyers than
engineers working in the field of nanotechnology relating particularly to patent
rights. However, at that time there had been no law suits as no real money had
been made from the nanoparticles — mainly carbon nanotubes.

Much of the early STM studies of metals was focused on surface restruc-
turing, particularly adsorbate-induced changes. Interpretation of adsorbate
images was initially by simple inspection but it became clear that information
from other experimental techniques would be required for particle identifica-
tion. In situ chemical information, to complement structural information, was
generally lacking until the mid-1990s and this was a serious disadvantage if we
were to probe the details of molecular events associated with a surface-
catalysed reaction. There was also a tendency in surface science to study either
single adsorbate systems or to carry out experiments where two adsorbates
were introduced to the solid surface sequentially rather than simultaneously.
The latter coadsorption approach could be argued to simulate more closely a
“real catalytic reaction” than the former; it was an approach we had adopted at
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Cardiff using surface-sensitive spectroscopies and which provided a different
insight into surface reactivity, particularly of the role of transient and precursor
states in the dynamics of surface-catalysed reactions.

Although this book is research oriented, we have attempted to relate the
information and concepts gleaned from STM to the more established and
accepted views from the classical macroscopic (kinetic, spectroscopic)
approach. How do well-established models stand up to scrutiny at the atom
resolved level and do they need to be modified? We have, therefore, included a
chapter where classical experimental methods provided data which could profit
from examination by STM.

In taking this approach, someone new to the field of surface chemistry and
catalysis can hopefully obtain a perspective on how more recent atom resolved
information confirms or questions long-standing tenets. There is, therefore, a
historical flavour to the book, with the first chapter dealing briefly with “how
did we get to where we are now?”. This inevitably means that the views
expressed reflect personal perspectives but are very much influenced by the
outstanding contributions from those who have pioneered the development of
STM in surface chemistry and catalysis, of which groups at the Fritz-Haber
Institut in Berlin and the universities at Aahrus, Berkeley and Stanford have
been at the forefront.

Thirty years ago, one of us (M.W.R.) set out with Clive McKee to write the
book Chemistry of the Metal-Gas Interface (Oxford University Press, 1979;
Russian translation, Moscow, 1981). This was prompted by the then rapid
developments in surface-sensitive spectroscopies — infrared, photoelectron and
Auger — and structural information from low-energy electron diffraction. The
present book represents a step-change in the quest to understand surface
phenomena through the wealth of information now becoming available from
STM. The atom resolved evidence brings into focus the limitations of long-held
views in surface chemistry and, where appropriate, we have given some hints as
to what questions should be addressed when formulating reaction mechanisms
and the challenge of providing meaningful kinetic expressions for surface
reactions.

J.W. Mellor, in his book Modern Inorganic Chemistry, published by
Longman Green and Co., made the following interesting observation:

“The word catalysis itself explains nothing. To think otherwise would lay us
open to Mephistopholes’ gibe: A pompous word will stand you instead for
that which will not go into the head.”

He then goes on to state that there is no difficulty in covering an obscure idea so
that the word appears to explain the idea. This, written in 1920, still has a ring
of authenticity nearly 100 years later, with Mephitopholes’ gibe having a much
wider relevance than being confined just to the word catalysis.

There is good evidence that STM has already and will continue to have a
significant and far-reaching impact on our understanding at the molecular level
of the dynamics and structural aspects of adsorption processes and their role in
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surface-catalysed reactions. There has, however, been only limited evidence on
STM’s impact in industrial or applied catalysis, the evidence being more
obvious in materials science with atomic force microscopy (AFM) being used
to greater advantage. There is indeed the view that the development of catalysts
in the chemical industry has and will continue to rely very much on empirical
skills in catalyst preparation, where nanoscale particles have been central to the
control of both activity and selectivity. A knowledge of the development of
principles and concepts which emerge from fundamental studies will, however,
undoubtedly continue to influence thinking in industrial laboratories.

We hope that the book will appeal not only to those who wish to become
familiar with the contribution that STM has made to the understanding of the
field of surface chemistry and heterogeneous catalysis, but also to those who are
new to catalysis, a fascinating and important area of chemistry and where so
much has still to be achieved. Chapters have, where appropriate, suggestions
for further reading where topics have been considered in more depth by others
in both original papers and monographs. In addition to the references included
with each chapter, dates are occasionally mentioned in the text to enable the
reader to glean the time scale on which the science, concepts and experimental
data first became available, then established and possibly modified.
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Some Relevant Units — SI and
Derived Units

Physical quantity

Length
Length

Time

Electric current
Thermodynamic
temperature
Frequency
Energy

Pressure Conversion Factors

1 atm
1 atm
1 bar
I mbar
1 Torr
1 Torr

Gas Exposure

Name of unit Symbol and definition

metre m_
dngstrom, nanometre 1A=10"""m=0.1 nm
Inm=10"m=10A

second S
ampere A
kelvin K

hertz Hz=s""
calorie lcal=4.184]
101325 Pa

1.01325 bar

10° Pa

10? Pa

1.332 mbar

133.32 Pa

1 L (langmuir)=1 x 107° Torr s
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Abbreviations

AES
AFM
DFT
EELS
ESCA
ESR
EXAFS
FEEM
FIM
FTIR
HAADF
HREELS
HRTEM
IETS
IRAS

L
LEED
ML
NEXAFS
PIS
RAIRS
SEM
SEXAFS
SNOM
SPM
STEM
STM
STS
SXRD
TPD
TPR
UHV
UPS
XPS
XRD

Auger Electron Spectroscopy

Atomic Force Microscopy

Density Function Theory

Electron Energy Loss Spectroscopy

Electron Spectroscopy for Chemical Analysis
Electron Spin Resonance

Extended X-ray Absorption Fine Structure
Field Electron Emission Microscopy

Field Ion Microscopy

Fourier-Transform Infrared

High-Angle Annular Dark Field
High-resolution Electron Energy Loss Spectroscopy
High-resolution Transmission Electron Microscopy
Inelastic Electron Tunnelling Spectroscopy
Infrared Reflection Absorption Spectroscopy
Langmuir (exposure of 1 Torr s)

Low-energy Electron Diffraction

Monolayer

Near Edge X-ray Absorption Fine Structure
Penning Ionisation Spectroscopy

Reflection Absorption Infrared Spectroscopy
Scanning Electron Microscopy

Surface Extended X-ray Absorption Fine Structure
Scanning Near-field Optical Microscopy
Scanning Probe Microscopy

Scanning Transmission Electron Microscopy
Scanning Tunnelling Microscopy

Scanning Tunnelling Spectroscopy

Surface X-ray Diffraction
Temperature-programmed Desorption
Temperature-programmed Reaction
Ultra-high Vacuum

Ultraviolet Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy

X-ray Diffraction
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