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PREFACE

New production processes involving catalysts can only be created
at present when comprehensive specifications of a catalyst are available and
the mechanism of their action is understood in detail. This is because the in-
dustry now puts stricter requirements on catalysts to ensure their selectivity,
ecological cleanliness, and low energy and material costs. Our hopes that these
expectations will come true are based on two positive trends in science and
engineering, namely, the development of production processes to synthesize
novel materials with controllable physicochemical properties, and the develop-
ment and employment of physical methods (primarily for surface analysis)
to completely characterize material at the molecular and atomic levels.

The 1970’s saw substantial progress in studying the structure of the surfaces
of model catalytic systems (single crystals and thin films) and their interaction
with reacting molecules with the aid of physical methods of surface analysis.
The progress in studying real catalysts (including industrial ones) has not been
so great, and their development remains empirical. In the 1980’s, the gap in
our understanding the action of simulated and real catalytic systems has begun
to shrink owing to the more comprehensive studying of real systems by a set
of modern physical techniques that has been developed theoretically and
methodologically. For example, at our laboratory alone, over 50 studies involv-
ing the analysis of catalyst surfaces by electron emission spectroscopy (EES)
and ion spectroscopy (IS) have been completed in recent years. The total num-
ber of publications in this field has exceeded 1000. The goals of the studies
have changed appreciably. In addition to solving some particular problems,
they are aimed at establishing a fundamental relation between surface and
catalytic properties.

This is why the reviews of catalyst surface analysis performed by physical
techniques in the late 1970’s and early 1980’s [see, for example, A. W. Czander-
na (ed.). Methods of Surface Analysis. New York: Elsevier (1975); J. Thomas
and R. Lambert (eds.). Characterization of Catalysts. Chichester: Wiley (1980);
and the monograph: Kh. M. Minachev, G. V. Antoshin, and E.S. Shpiro.
Fotoelektronnaya spektroskopiya i ee primenenie v katalize (Photoelectron
Spectroscopy and Its Use in Catalysis). Moscow: Nauka (1981)] no longer
reflect the present state of this impetously developing field of science. All this
prompted us to attempt a newer and deeper analysis and overview of studies
of catalyst surfaces by EES and IS, chiefly on the basis of our own results,
and also of data that appeared in Soviet and foreign publications after 1980.



6 Preface

In addition to new results, the present monograph briefly sets out the fun-
damentals of the techniques used and the methodology of studying real cata-
lytic systems. We hope our foreign readers will be interested in the work of
Soviet authors and be able to appraise their contribution to the development
of this important field of surface and catalysis physical chemistry.

Kh. Minachev, E. Shpiro
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INTRODUCTION

The 1970’s are customarily considered the beginning of a new stage
in the fundamental studies of catalysis and in the prediction of the properties
of various catalytic systems. This stage is characterized by the development
of new ways of synthesizing catalysts (‘“heterogenized” complexes, materials
with the structure of zeolites, etc.) and also by the application of experimental
and theoretical techniques enabling one to describe the structure of a surface
and the nature of gas-solid interaction. The use of techniques such as low-
energy electron diffraction (LEED), Auger electron spectroscopy (AES), and
low-energy electron loss spectroscopy (LEELS) resulted in appreciable progress
in understanding the catalytic action of atomically pure surfaces of metal sin-
gle crystals [1, 2]. In particular, it became possible to explain the cause of
the different structural sensitivity of reactions, establish the substantial contri-
bution of the reaction medium to the formation of the “working” surface
of a catalyst, and confirm the validity of a local approach when describing
processes of adsorption and catalysis. At present, the entire set of techniques
of the surface science is employed for this class of catalysts including the most
up-to-date ones such as scanning tunneling microscopy. These techniques have
a high surface sensitivity and provide information of the fundamental charac-
teristics of solid surfaces, namely, the crystallographic and electron structure,
the chemical state and local environment of elements, and the nature and ge-
ometry of the bond of the gas or liquid molecules to the solid. At present,
we can list over fifty techniques and methods that were or are being used to
study surfaces.

At the same time, to achieve real progress in the development of catalysts,
it is essential to study the formation and nature of the activity of real catalytic
systems with the aid of these techniques. Owing to fundamental restrictions,
only some surface analysis techniques can be used for such investigations. The
most effective techniques that have already recommended themselves in study-
ing the surface of heterogeneous catalysts include electron emission spec-
troscopies (EES), X-ray photoelectron spectroscopy (XPS), Auger electron
spectroscopy (AES), and ultra-violet photoelectron spectroscopy (UPS)
(Table 1). They were first applied to catalysis at the beginning of the 1970’s.
Auger electron spectroscopy, especially during the first period, was employed
for a qualitative and semi-quantitative analysis of the composition of metal
and alloy catalyst surfaces. X-ray photoelectron spectroscopy [or electron spec-
troscopy for chemical analysis (ESCA)], developed in the fundamental and
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14 Catalyst Surface: Physical Methods of Studying

applied works of Siegbahn’s school [3-5], was found to be more universal.
Owing to these works, the first high-resolution spectrometers were developed.
A high sensitivity of XPS of the core levels was revealed when studying the
electron structure of substances and chemical transformations. Although at-
tention was also given earlier to the surface sensitivity of the technique,
thorough investigations in this field began in the 1970’s [6-28].

Let us consider the basic features of photoelectron spectroscopy that are
especially important when studying adsorption and catalysis.

1. The effective escape depth of photoelectrons is determined by the mean
free path up to inelastic collisions with a lattice (\) and is within 2-4 nm. The
attenuation of the signal of the photoelectrons is of an exponential nature.
This suggests that the thickness of the layer being analyzed does not exceed
3\, while about 60% of the intensity falls to the share of layer \. Hence, sur-
face layers less than 10 nm thick are analyzed by using XPS.

2. The energetic position of the inner level lines (or the chemical shift)
characterizes the valence and coordination state of elements, the degree of
ionicity of a bond or the effective charge, while the position, shape, and inten-
sity of the valence bands characterize the energy of the valence orbitals and
the density of the occupied states in the valence band.

3. The energy and angular distribution of the photoelectrons emitted from
adsorbates reflect the type and geometry of an adsorption bond.

4. The intensity of the lines is the basis for a quantitative analysis of a
surface.

5. The technique can be used to study all the elements of the periodic
table except hydrogen.

In the late 1960’s, the first publications also appeared describing the use
in catalysis of techniques based on the interaction of 0.5-10-keV ions with a
surface. The best known of them include secondary ion mass spectrometry
(SIMS) and low-energy ion scattering spectroscopy (ISS) [6-8, 29, 30]. In both
techniques, the surface of a specimen is bombarded by ions, most often of
inert gases. In SIMS, the sputtered substance in the form of ions is analyzed,
and in ISS — the primary ions that have spent their energy on elastic collisions
with the substance. The main merits of SIMS is its high elemental sensitivity
(Table 1) and the possibility of procuring data on the composition of the top
and deeper layers. The main feature of ISS is its extremely high sensitivity
to a surface — under definite conditions information is received from only
the first layer of a specimen. It should be noted that owing to the difficulties
involved in running experiments and interpreting their results, SIMS and ISS
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have meanwhile not been embodied to such an extent in catalysis as the elec-
tron spectroscopy techniques.

The main object of the present monograph is to consider the fundamental-
ly new information that is given by EES and IS or will most likely be given
when these techniques are further developed for understanding the mechanism
of formation of active surfaces of various types of catalysts and the nature
of their activity. Our readers can acquaint themselves with more particular
data independently by turning to the references. A number of problems remain
in each of the considered techniques whose solution requires their further the-
oretical and methodological development or the use of additional techniques.
These problems include a quantitative description of the electron structure,
quantitative analysis of the surface and near-surface layers of heterogeneous
systems, improvement of the accuracy of the spectral parameters and their
standardization for non-conducting specimens, and the development of proce-
dures wherein the pretreatments of the specimens in situ and the simulation
of a catalytic process are closer to real conditions. All these matters are dealt
with in the present monograph.

We considered primarily the works including investigations of model and
real objects, and employing not only EES and IS, but also such effective tech-
niques as EXAFS, NMR in solids, and varieties of electron microscopy. It
is just such works, in our opinion, that will allow one to understand more
deeply the contribution of the collective and local properties of a surface to
the proceeding of an elementary catalytic event and will be the foundation
for building up a modern theory of the selection of optimum catalysts.

The present monograph has been conceived to be helpful not only for
specialists, but also for a broad circle of scientists working in the field of
the physical chemistry of surfaces and catalysis. Chapter 1 briefly treats the
physical fundamentals of the EES and IS techniques that were used to obtain
the main results. Since these questions were repeatedly considered in special
monographs and reviews [3, 5, 8, 10, 30-34], the main attention in this chapter
is devoted to the specific features of the analysis and interpretation of the
spectra of complicated systems, a comparison of the possibilities of individual
EES and IS techniques, as well as to other related techniques of surface analy-
sis. Chapter 2 describes the procedure of an experiment with a view to the
latest developments and discusses the problems of standardizing spectral data.
Chapters 3-5 contain the results of studying catalysts by EES and IS. Here
Chap. 3 on the example of the latest achievements reveals the possibilities of
the techniques in studying the fundamental properties of a surface: the elec-
tron structure, chemical state of the components, and the composition, local
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structure, and morphology of the surface. It also discusses the most important
theoretical and methodological problems such as the electron structure of
small metal clusters and the quantitative analysis of heterogeneous surfaces.
Chapter 4 discusses in detail data on various types of catalysts, namely, metals
and alloys, oxides, zeolites, and mono- and polymetallic supported catalysts.
Chapter 5 gives examples of studying the formation of surfaces and the nature
of the active centers of new and existing catalysts used in the most important
processes of petroleum refining, petrochemistry, organic, and inorganic syn-
theses.



