%)WILEY-VCH

J. W. Niemantsverdriet

“Spectroscopy
in Catalysis

An Introduction

Second, Completely
Revised Edition




Professor Dr. J. W. Niemantsverdriet
Eindhoven University of Technology
Schuit Institute of Catalysis

5600 MB Eindhoven

The Netherlands

This book was carefully produced. Nevertheless, author and publisher do not warrant the information
contained therein to be free of errors. Readers are advised to keep in mind that statements, data, illustra-
tions, procedural details or other items may inadvertently be inaccurate.

First Edition 1993
Reprint of the First Edition 1995
Second. Completely Revised Edition 2000

Cover Illustration: Atomic force microscopy image of molybdenum oxide particles on flat, silicon dioxide
substrate, which serves as a model system for a supported catalyst. The area shown corresponds to one
square micrometer: the maximum difference in height is approximately 10 nanometer. The superimposed
curve is the secondary ion mass spectrum of the model catalyst, showing the caracteristic isotopic patterns
of single molybdenum ions and of molybdenum oxide cluster ions.

Library of Congress Card No.: Applied for.

British Library Cataloguing-in-Publication Data: A catalogue record for this book is available from the
British Library.

Die Deutsche Bibliothek - CIP Cataloguing-in-Publication-Data

A catalogue record for this publication is available from Die Deutsche Bibliothek
ISBN 3-527-30200-X

© Wiley-VCH Verlag GmbH. D-69469 Weinheim (Federal Republic of Germany), 2000

Printed on acid-free and chlorine-free paper.

All rights reserved (including those of translation in other languages). No part of this book may be repro-
duced in any form - by photoprinting, microfilm, or any other means - nor transmitted or translated into
machine language without written permission from the publishers. Registered names, trademarks, etc.
used in this book, even when not specifically marked as such, are not to be considered unprotected by law.
Composition: InVision Development, Romania.

Printing: betz-druck gmbh, D-64291 Darmstadt

Bookbinding: J. Schiiffer GmbH & Co. KG, D-67269 Griinstadt

Printed in the Federal Republic of Germany.



J. W. Niemantsverdriet

Spectroscopy in Catalysis

F)WILEY-VCH



To Marianne,
Hanneke, Annemieke,
Karin and Peter



Preface

‘Spectroscopy in Catalysis’ is an introduction to the most important analytical
techniques that are nowadays used in catalysis and in catalytic surface chemistry.
The aim of the book is to give the reader a feeling for the type of information that
characterization techniques provide about questions concerning catalysts or
catalytic phenomena, in routine or more advanced applications.

The title ‘Spectroscopy in Catalysis’ is attractively compact but not quite
precise. The book also introduces microscopy, diffraction and temperature
programmed reaction methods, as these are important tools in the characterization
of catalysts. As to applications, I have limited myself to supported metals, oxides,
sulfides and metal single crystals. Zeolites, as well as techniques such as nuclear
magnetic resonance and electron spin resonance have been left out, mainly
because the author has little personal experience with these subjects. Catalysis in
the year 2000 would not be what it is without surface science. Hence, techniques
that are applicable to study the surfaces of single crystals or metal foils used to
model catalytic surfaces, have been included.

The book has been written as an introductory text, not as an exhaustive review.
It is meant for students at the start of their Ph.D. projects and for anyone else who
needs a concise introduction to catalyst characterization. Each chapter describes
the physical background and principles of a technique, a few recent applications
to illustrate the type of information that can be obtained, and an evaluation of
possibilities and limitations. A chapter on case studies highlights a few important
catalyst systems and illustrates how powerful combinations of techniques are. The
appendix on the surface theory of metals and on chemical bonding at surfaces is
included to provide better insight in the results of photoemission, vibrational
spectroscopy and thermal desorption.

Finally, an important starting point was that reading the book should be
enjoyable. Therefore, the book contains many illustrations, as few theoretical
formulas as possible and no mathematical derivations. I hope that the book will be
useful and that it conveys some of the enthusiasm I feel for research in catalysis.
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About the Second Edition

The present version of the book represents a completely revised update of the first
edition as it appeared in 1993. Significant new developments in e.g. the scanning
probe microscopies, imaging and vibrational techniques calied for revision and
additions to the respective chapters. But also the other chapters have been updated
with recent examples, and references to relevant new literature. Many figures
from the first version of the book have been improved to make them more
informative. The chapter with case studies has been expanded with an example on
polymerization catalysts.

Since its publication I have used the book as an accompanying text in courses
on catalyst characterization, both at the Eindhoven University of Technology and
the Netherlands Institute for Catalysis Research, NIOK. It has been very
rewarding to learn that several colleagues in catalysis have adopted the book for
their courses as well. T will be very grateful for comments and corrections.
Colleagues who are interested in the exercises we use at Eindhoven are most
welcome to contact me, the set is available at nominal cost.
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1 Introduction

Heterogeneous Catalysis

Aim of Catalyst Characterization
Spectroscopic Techniques
Research Strategies

1.1 Heterogeneous Catalysis

Catalysis plays a prominent role in our society. The majority of all chemicals and
fuels produced in the chemical industry have been in contact with one or more
catalysts. Catalysis has become indispensable in environmental pollution control:
selective catalytic routes are replacing stoichiometric processes that generate waste
problems. The three-way catalyst effectively reduces pollution from car engines.
Catalytic processes to clean industrial exhaust gases have been developed and
installed. In short, catalysis is vitally important for our economy now, and it will be
even more important in the future.

A heterogeneous catalytic reaction begins with the adsorption of the reacting
gases on the surface of the catalyst, where intramolecular bonds are broken or
weakened. The Appendix explains how this happens on metals in terms of simplified
molecular orbital theory. Next, the adsorbed species react on the surface, often in
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Figure 1.1: Schematic representation of
a well known catalytic reaction, the
oxidation of carbon monoxide on noble
metal catalysts: CO + %2 O, — CO,.
The catalytic cycle begins with the
associative adsorption of CO and the
; dissociative adsorption of O, on the
— " dsorption reaction desorption ~ surface. As adsorption is always exo-
A thermic, the potential energy decreases.
Next CO and O combine to form an
| adsorbed CO, molecule, which repre--
\ L sents the rate-determining step in the
o [ @O catalytic sequence. The adsorbed CO,
f ; molecule desorbs almost instantane-
ously, thereby liberating adsorption
adsorption reaction desorption sites that are available for the following
reaction coordinate reaction cycle. This regeneration of sites
distinguishes catalytic from stoichio-

metric reactions.

Potential Energy

several consecutive steps. Finally, the products desorb from the surface into the gas
phase, thereby regenerating the active sites on the surface, ready for the next
catalytic cycle. The function of the catalyst is to provide an energetically favorable
pathway for the desired reaction, in which the activation barriers of all intermediate
steps are low compared to the activation energy of the gas phase reaction. Figure 1.1
illustrates the sequence for the catalytic oxidation of carbon monoxide. Here the key
role of the catalyst is to dissociate the O, molecule — a process that can occur on
many metal surfaces. Some introductory texts on the theory of catalysis are listed in
the references [1-12].

As catalysis proceeds at the surface, a catalyst should preferably consist of small
particles with a high fraction of surface atoms. This is often achieved by dispersing
particles on porous supports such as silica, alumina, titania or carbon (see Fig. 1.2).
Unsupported catalysts are also in use. The iron catalysts for ammonia synthesis and
CO hydrogenation (the Fischer-Tropsch synthesis) or the mixed metal oxide
catalysts for production of acrylonitrile from propylene and ammonia form
examples.

Catalysts may be metals, oxides, zeolites, sulfides, carbides, organometallic
complexes, enzymes, etc. The principal properties of a catalyst are its activity,
selectivity, and stability. Chemical promoters may be added to optimize the quality
of a catalyst, while structural promoters improve the mechanical properties and
stabilize the particles against sintering. As a result, catalysts may be quite complex.
Moreover, the state of the catalytic surface often depends on the conditions under
which it is used. Spectroscopy, microscopy, diffraction and reaction techniques offer
tools to investigate what the active catalyst looks like.
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schematically:

Figure 1.2: Impression of a silica-
supported catalyst; the inset shows the
usual schematic representations.

1.2 Aim of Catalyst Characterization

The catalytic properties of a surface are determined by its composition and structure
on the atomic scale. Hence, it is not sufficient to know that a surface consists of a
metal and a promoter, say iron and potassium, but it is essential to know the exact
structure of the iron surface, including defects, steps, etc., as well as the exact
locations of the promoter atoms. Thus, from a fundamental point of view, the
ultimate goal of catalyst characterization should be to look at the surface atom by
atom, and under reaction conditions. The well-defined surfaces of single crystals
offer the best likelihood of atom-by-atom characterization, although occasionally
atomic scale information can be obtained from real catalysts under in sifu conditions
as well, as the examples in Chapter 9 show.

The industrial view on catalyst characterization is different. Here the emphasis is
mainly on developing an active, selective, stable and mechanically robust catalyst. In
order to accomplish this, tools are needed which identify those structural properties
that discriminate between efficient and less efficient catalysts. All spectroscopic
information that helps to achieve this is welcome. Establishing empirical relationships
between the factors that govern catalyst composition, particle size and shape and pore
dimensions on the one hand and catalytic performance on the other are extremely
useful in the process of catalyst development, although such relationships may not
give much fundamental insight into how the catalyst operates in molecular detail.

Van Santen [13] identifies three levels of research in catalysis. The macroscopic
level is the world of reaction engineering, test reactors and catalyst beds. Questions
conceming the catalyst deal with such aspects as activity per unit volume, mechani-
cal strength and whether it should be used in the form of extrudates, spheres or loose
powders. The mesoscopic level comprises kinetic studies, activity per unit surface
area, and the relationship between the composition and structure of a catalyst and its
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catalytic behavior. Much characterization work belongs to this category. Finally, the
microscopic level is that of fundamental studies and deals with the details of adsorption
on surfaces, reaction mechanisms, theoretical modeling and surface science.

Simplifying, one could say that catalyst characterization in industrial research
deals with the materials science of catalysts on a more or less mesoscopic scale,
whereas the ultimate goal of fundamental catalytic research is to characterize the
surface of a catalyst at the microscopic level, i.e. on the atomic scale.

Catalyst characterization is a lively and highly relevant discipline in catalysis. A
literature survey identified over 4000 scientific publications on catalyst characteriza-
tion in a period of two years [14]. The desire to work with defined materials is
undoubtedly present. No less than 78% of the 143 papers presented orally at the 11™
International Congress on Catalysis [15] contained at least some results on the
catalyst(s) obtained by characterization techniques, whereas about 20% of the papers
dealt with catalytic reactions over uncharacterized catalysts. Another remarkable fact
from these statistics is that about 10% of the papers contained results of theoretical
calculations. The trend is clearly to approach catalysis from many different
viewpoints with a combination of sophisticated experimental and theoretical tools.

Figure 1.3: Diagram from which most charac-
terization techniques can be derived. The circle
represents the sample under study, the inward
arrow stands for an excitation, and the outward
arrow indicates how the information should be
extracted.

1.3 Spectroscopic Techniques

There are many ways to obtain information on the physico-chemical properties of
materials. Figure 1.3 presents a scheme from which almost all techniques can be
derived. Spectroscopies are based on some type of excitation, represented by the
ingoing arrow in Fig. 1.3, to which the catalyst responds as symbolized by the
outgoing arrow. For example, one can irradiate a catalyst with X-rays and study how
the X-rays are diffracted (X-ray diffraction, XRD), or one can study the energy
distribution of electrons that are emitted from the catalyst as a result of the photoe-



1.3 Spectroscopic Technigues 5

infrared Raman UPS XPS XRD EXAFS
| | l ‘ | Méssbauer
|
synchrotrons
lasers He I, 11 Ko X-rays
1

Figure 1.4: The electro-
visible magnetic spectrum,
along with common

L .|rl1lf:?1red L ’ J L UV[ l ‘ X\ rays el “{ralys photon sources and a
0.01 0.1 1 10 100 1000 10000 100000 number of characteriza-
tion techniques based on

Energy (eV) photons.
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Adsorption / BET 46
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TEM / SEM 25
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AES
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presented orally: 143 Catalysis in Baltimore, 1996
[15].
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lectric effect (X-ray photoelectron spectroscopy, XPS). One can also heat up a spent
catalyst and look at the temperatures at which reaction intermediates and products
desorb from the surface (temperature programmed desorption, TPD).

Characterization techniques become surface sensitive if the particles or radiation
to be detected come from the outer layers of the sample. Low energy electrons, ions
and neutrals can only travel over distances between one and ten interatomic spacings
in the solid state, implying that such particles coming off a catalyst reveal surface-
specific information. The inherent disadvantage of the small mean free path is that
measurements need to be carried out in vacuum, which conflicts with the wish to
investigate catalysts under reaction conditions.

Photons that are scattered, absorbed or emitted by a catalyst form a versatile
source of information. Figure 1.4 shows the electromagnetic spectrum, along with a
number of techniques involving photons. In addition to the common sources of
photons (lamps, lasers, helium discharge and X-ray sources) available for laboratory
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use, synchrotrons offer a broad spectrum of highly intense, polarized light. Electro-
magnetic radiation penetrates solids significantly. However, if the solid responds by
emitting electrons, as in the photoelectric effect, one nevertheless obtains surface-
specific information.

In this book we describe some the most often used techniques in catalyst
characterization (see Fig. 1.5). We will highlight those methods that have been
particularly useful in the study of metal, oxide and sulfide catalysts, and related
model systems. Zeolites and techniques such as nuclear magnetic resonance [2,3,16]
fall outside the scope of this book. A number of books on catalyst characterization
are listed in the references [3, 16-22].

1.4 Research Strategies

Keeping in mind that the aim of characterization in fundamental catalysis is to obtain
information of the active surface under reaction conditions in molecular detail, one
might think that surface science is the discipline that offers the best opportunities.
However, many of the tools do not work on technical catalysts, and one has to resort
to model systems. For example, one can model the catalytic surface with that of a
single crystal [5]. By using the appropriate combination of surface spectroscopies,
the desired characterization on the atomic scale is certainly possible in favorable
cases. The disadvantage, however, is that although one may be able to study the
catalytic properties of such samples under realistic conditions (pressures of 1 atm or
higher), most of the characterization is necessarily carried out in ultrahigh vacuum
and not under reaction conditions.

The other approach is to study real catalysts with in situ techniques such as
infrared and Mossbauer spectroscopy, EXAFS and XRD, cither under reaction
conditions, or, as is more often done, under a controlled environment after quenching
the reaction.

The in situ techniques, however, are usually not sufficiently specific to yield the
desired atom-by-atom characterization of the surface. Often they determine overall
properties of the particles. The situation is schematically represented in Fig. 1.6.

The dilemma is thus that investigations of real catalysts under relevant conditions
by in situ techniques give little information on the surface of the catalyst, and that the
techniques which are surface sensitive can often only be applied on model surfaces
under vacuum. Model catalysts consisting of particles on flat, conducting supports
sometimes offer an alternative with respect to surface analysis [23-27], as several
examples in this book show. Also, in situ tools that work on single crystals or model
surfaces can in some cases be used to assess the significance of results obtained in
vacuum for application in the real world [28]. Bridging the gap between UHV and
high pressure, as well as the gap between the surface of a single crystal and a that of
a real catalyst, are important issues in catalysis.
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real catalyst single crystal
XRD, TP techniques Infrared
reaction Infrared and Raman TP techniques
conditions EXAFS, Mossbauer STM,AFM

esr, NMR, AFM

XPS, SIMS, SNMS all surface science
LEIS, RBS, TEM, SEM techniques

vacuum

Figure 1.6: Possibilities for spectroscopic research in catalysis.

that both catalysis and spectroscopy are disciplines that demand considerable
expertise. For instance, the state of a catalyst depends, often critically, on the method
used to prepare it, its pretreatment or its environment. It is therefore essential to
investigate a catalyst under carefully chosen, relevant conditions and after the proper
treatment. Catalytic scientists know these things precisely.

Spectroscopy, too, is by no means simple. Quick and easy experiments in catalyst
characterization hardly exist. The correct interpretation of spectra requires experi-
ence based on practice and a sound theoretical background in spectroscopy, in
physical chemistry and often in solid state physics as well. Intensive cooperation
between spectroscopists and experts in catalysis is the best way to ensure meaningful
and correctly interpreted results.

It is good to realize that, although many techniques undoubtedly provide valuable
results on catalysts, the most useful information almost always comes from a
combination of several characterization techniques. The case studies in Chapter 9
present a few examples where this approach has been remarkably successful.

In conclusion, a successful outcome to any research on catalysts is most likely to
be achieved by using a combination of spectroscopic techniques applied under
conditions as close as possible to those of the reaction in which the catalyst operates
and also by using an integrated approach in which experts from catalysis and
spectroscopy work closely together.
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