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Studies of heterogeneous catalytic systems and of their models by
scanning tunnelling microscopy

Sh K Shaikhutdinov, D I Kochubei

Contents

I. Introduction
II. Principles of the scanning tunnelling microscopy method

III. Studies of surfaces by scanning tunnelling microscopy

409
410
410

Abstract. Studies of carbon materials, oxides, metals, clusters,
and model catalysts, of potential interest in the field of
heterogeneous catalysis, are reviewed. The principles of the
method and its possible applications are discussed. 127 references.

I. Introduction
Progress in heterogeneous catalysis is largely dependent on
improvements in our understanding, at the molecular level, of
surface structures and of surface processes. Various methods of
studying surfaces are used for this purpose. Workers in this field
have tried for many years to see atoms by observations in an
optical microscope. This visualisation of the surface structure at
the atomic level was made possible by the development, in 1981,
of scanning tunnelling microscopy (STM).1

The principle of the STM effect is based on recording the
tunnelling current between the sample and a needle scanning the
sample surface (Figure 1). We know that in the case of a
one-dimensional potential barrier2 the tunnelling current is
exponentially dependent on the width and height of the barrier
(the distance between the tip of the needle and the surface, i.e. the
tunnelling length, and the work function of the sample and needle
materials respectively). This exponential dependence accounts for
the high resolving power of the STM method (~ 1A in the plane of
the surface and 0.1 A at right angles to it). Furthermore, studies
by STM offer the additional advantage that the measurements are
non-destructive, are aimed at the surface layer itself, and can be
made in liquids and in gases as well as in a vacuum. The main
weaknesses of the method, which limit the range of applications
of STM, include the stringent elimination of all mechanical
vibrations, the small size (up to 10 um2) of the scanning region,
and (perhaps most importantly) the fact that the measurements
are confined to electrically conducting samples. The latter
limitation provided a stimulus for the development of a whole
family of new microscopes based on the STM concept: these
include the atomic force microscope, which can be used with non-
conducting as well as with conducting materials, the magnetic
force microscope, the thermal microscope, and others.3

Recent studies of scanning tunnelling microscopy and of
similar methods of surface analysis have shown that the analytical
possibilities of these techniques are increasingly wide-ranging.4' 5
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In spite of many suggestions of potential applications of STM
in studies of catalytic systems, the first reports of studies of actual
catalysts have only recently appeared. Evidently, difficulties have
been encountered firstly because heterogeneous catalysts usually
consist of a multiphased system on a highly dispersed (and often
non-conducting) carrier, and secondly because at present surface
structures are studied by STM without an element analysis.
Therefore research must be confined to model systems consisting
of metal single crystals, small particles on a conducting substrate,
metal oxides, and carbonaceous materials. The present review is
aimed at materials of these types.

STM began to be used here later than in some other countries,
and this partly accounts for our lag in this field. We hope that this
review will stimulate the interest of Russian physical chemists and
encourage them to study by STM the atomic structure of reactions
on surfaces more widely.
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Figure 1. Block diagram of the STM (a) and schematic representation of
the tunnelling process between the metallic needle and the sample (b).
EF is the Fermi energy, <p is the work function of the sample, Vt is the
tunnelling voltage, / t is the tunnelling current, z is the tunnelling distance,
VXly is the voltage applied to the scanning piezo-drives, Vz is the voltage
applied to the z piezo-drives of the feedback system.
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II. Principles of the scanning tunnelling
microscopy method
Various types of STM have already been developed, including
designs in which tunnelling microscopy is combined with other
analytical methods of surface analysis.6"8 A block diagram of an
STM and of its component parts is shown f in Figure 1. Elements
common to all types of STM include a vibration isolation system,
which limits the amplitude of external perturbations of the
tunnelling length to 0.05 A; a system which allows the needle to
be brought gradually closer to the surface until a tunnel current is
obtained; an electronic system with negative feedback (NFB),
which maintains the required tunnel current; a scanning needle
with a tip having the smallest possible radius of curvature (ideally,
terminating in a single atom), which mainly determines the spatial
resolution of the apparatus; a frame scanning apparatus, based
on piezoelectric ceramics (piezo-drives); a computer system for
controlling the scan and for collecting and processing the required
data.

In the topographic regime the negative feedback loop keeps
the tunnel current constant throughout the scan. Under these
conditions the vertical displacement Az of the piezo-drive relative
to the scanning plane reflects the geometry of the surface, and the
STM picture is a Az(x, y) representation. In the fast scanning
(constant height) regime the negative feedback loop does not
follow the outline of the surface, and under these conditions the
changes in the tunnel current A/are recorded, and the structure of
the surface is obtained as a AI(x, y) representation. The latter
regime can be used with relatively smooth surfaces, as in layer
structures or single crystals, on which collisions between the
needle and the surface are less likely.

An absolute calibration of the three-dimensional STM
representation is usually obtained with samples of highly oriented
pyrolytic graphite or samples containing monoatomic steps.

Obviously, the one-dimensional tunnelling model is a
simplified first approximation which offers a qualitative
interpretation of the STM picture. Attempts to develop a theory
of three-dimensional tunnelling have met serious computational
difficulties.

The tunnel current under conditions of weak binding between
the electronic states on the surface of the needle and the sample is
given by the expression9

eV)pt(E)\M(E)\2[f{E)-f{E + (1)

where E is the energy of a given electronic state, M is a matrix
element of the electronic transition, f{E) is the Fermi function,
p(E) is the state density function in the sample (s) and in the needle
(t), and Kis the tunnelling voltage.

At low voltages, and on the assumption that the point of the
needle can be described by a hemisphere with its centre at the
point r and that the wave function which describes the electronic
structure of the surface has the form of an s-type atomic function,
formula (1) can be simplified to1 0 > n

/ ~ Vps{r,Ef!)pt{Ej'), (2)

where ps(r, £p) and pi(Ep) are the densities of states at the Fermi
level in the sample and in the needle respectively.

It is clear from Eqn (2) that in the topographic regime
(/ = const) the z-displacement of the STM needle, for which
p t(x, y) is constant during the scan, takes place over a contour of
constant local density of electronic states on the sample surface.

The results obtained by STM reflect not so much the
geometric topography of the surface as its electronic structure,
which is itself determined by the arrangement of the atoms. For
example, the true position of the carbon atoms on the STM picture
of the graphite surface is unquestionable. However, the image of a

fThe present writers have constructed an STM on the basis of an SO-03
Auger spectrometer.

single atom adsorbed on an ideally smooth surface scanned by an
atomically sharp needle can have different heights, depending on
the tunnelling voltage, and it can even appear as a hollow.12'13

This is due to the dependence of the electronic state density on the
applied tunnelling voltage [see Eqn (1)]. This phenomenon
complicates the interpretation of the observed STM picture, but it
also allows the surface states to be probed. For small needle
potentials, expressions of the following general form have been
obtained for the differential conductivity: 14>15> 18

where T(V) is the transparency of the barrier for a tunnelling
voltage V.

By establishing the dependence of the tunnel current on the
voltage we can measure the density of electronic states above and
below the Fermi level, and in particular we can obtain direct
information on the position of the energy gap in semiconductors.
Experimentally this is done by suppressing the negative feedback
during the time needed to measure the current—voltage
characteristic. If this procedure is applied at all the scanning
points on the surface the method is called scanning tunnelling
spectroscopy (STS). It has yielded spectroscopic representations
[I(x, y, V)) of S i ( l l l ) - (7x7) 1 6 - 1 7 and GaAs(110)-(l x2)
structures,18 from which the atoms on the surface could be
identified.

Thus more detailed information on the structure of the surface
can be obtained by recording the STM image for different values
of the tunnel voltage.

The parameters which mainly determine the tunnelling by
electrons are the height and shape of the tunnel barrier. From the
simplified formula for the tunnelling current

Ion Kexp(—azy/ip),

where a is a constant, it follows that the average barrier height <p
can be determined by measuring the changes in barrier current
(A/) produced by changes in the tunnelling distance z,

/ A In A 2

tp V Az r
The work function of the material of the sample is obtained in this
way.2 These measurements are usually made by the phase
detection method: this gives the STM representation as a cp(x, y)
dependence, which often offers a contrast better than that of a
Az (x, y) topogram of the surface. It should be noted that the
measured absolute values of the work function are often much
lower than the known values, even when the experiment is carried
out in a high vacuum. Usually this is attributed to adsorbates on
the surface of the sample or of the needle.19 Another possible
explanation is that at short distances between the needle and the
sample the height of the barrier decreases until a point contact is
produced.20"22

Thus in order to analyse the processes taking place in STM
and the experimental results obtained by this method we require
additional information, including new theoretical models of the
electronic structure of the surface.

m . Studies of surfaces by scanning tunnelling
microscopy
1. Carbon materials
Highly oriented pyrolytic graphite (HOPG) is one of the materials
most extensively studied by scanning tunnelling microscopy.
It offers a number of advantages for the development of the
STM technique, including a flat hexagonal layer structure
extending over thousands of angstroms, and it is chemically
inert. Nevertheless the STM pictures show some unusual features
even for this relatively simple material.

Thus, samples of HOPG have shown an anomalously high
atomic corrugation (the Azmax value for an atomically flat surface
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with periodic packing), making neighbouring atoms non-
equivalent in the STM picture and producing a trigonal rather
than hexagonal symmetry in the resulting map.23' 24

One possible explanation of the anomalous corrugation,
reaching ~ 1 A, is that the tunnelling current is proportional to
the local density of electronic states. According to theoretical
calculations11'14-25 the contours of constant density of states at
the Fermi level show corrugations with an amplitude of ~0.8 A,
whereas in the total charge density contours the corrugations are
only 0.2 A high.

However, giant corrugations up to 8 A in amplitude are often
observed: these cannot be explained in terms of changes in the
local charge density. One explanation proposed for this
phenomenon assumes that at small tunnelling distances the
interaction between the point and the sample produces elastic
shifts of the surface atoms of graphite, and thus enhances the
observed amplitude of the corrugations.26 An alternative
explanation relies on the shift of impurities and adsorbates (rather
than of the graphite atoms themselves) on the surface of the
sample or of the needle. Thus, it has been shown by electron
microscopy27 that when graphite is scanned in air microscopic
carbon whiskers are formed on the tip of the needle: their
deformation under the action of interatomic forces centred on the
sample is assumed to result in giant corrugations.

The apparently trigonal symmetry of the basal plane of
HOPG is usually attributed to the asymmetry of the local charge
density distribution between neighbouring atoms. The local
electron density on the surface is lower on the carbon atoms
located above the atoms of the second layer, and therefore their
image is suppressed in the STM picture.28

Another special feature of HOPG is the presence of surface
superstructures, detected as a regular variation of the amplitude of
the atomic corrugation of the graphite.29""32 The lattice
periodicity of the superstructures can reach hundreds of
angstroms. Evidently, these superstructures can be classified into
two groups.33 The first includes superstructures whose period and
amplitude depend on the angular mismatch between neighbouring
graphite layers. In this case the STM picture reflects a real
property of the surface: the difference in azimuthal orientation
between the first two layers of graphite atoms. In the second
group we find superstructures with constant period and
amplitude, which show a sharp transition to the normal graphite
structure. In this case the STM picture does not reflect the
real structure of the surface: it is due to the presence on the tip of
the needle of a crystalline graphite layer plane-parallel to the
surface. The second class of superstructures is the more common,
suggesting ready contamination of the point.

Effects arising from the formation of structures differing from
the normal graphite structure can complicate the study of
molecules adsorbed on HOPG, especially when the adsorbate is
accommodated with a periodic packing.

The symmetry type of the STM picture of HOPG is
determined by the electronic structure of the neighbouring
carbon atoms, which is strongly influenced (as was pointed out
above) by their interaction with the atoms of the underlying layer.
This effect has been allowed for34""39 in studies of graphite
intercalation compounds (GIC) whose Fermi surface was
controlled40 by introducing electron donors or acceptors.

Thus, the STM pictures 34 of a GIC of the donor type (MC8>

M = K, Rb, Cs) show a 2 x 2 structure over a wide range of
tunnel voltage and current (Figures 2a and 2b), determined by the
distribution in space of a layer of donors under a layer of
graphite.37- 38 In the CuCb — HOPG system, which contains a
GIC of the acceptor type,35 the STM picture depended on the sign
of the tunnelling voltage. When the electrons are tunnelling from
the needle into the sample (at the electron localisation sites shown
in Figure 2d) the STM picture has a clearly developed hexagonal
symmetry. This indicates equivalence of the carbon atoms in the
elementary cell of the basal plane, corresponding to a large
decrease in the interaction between planes. When the polarity is

inverted the STM picture is determined by the layer of acceptors
and by their distribution under the upper graphite layer.
However, a similar dependence of the STM image on the sign of
the applied voltage is not found in compounds of graphite with
electron donors. This means that in GIC of the donor type both
occupied and unoccupied states are present near the Fermi level,
and can contribute to the tunnelling. In the case of intercalation
by a donor the charge transfer is relatively large, and if the packing
of the donor layer matches that of the graphite the modulation of
the electron density in the surface layer by the intercalated metal is
more marked than in compounds of the acceptor type, in which
the charge transfer is small and the packing is unmatched.35

A study of the KHgC4 and KHgCg systems detected39 a
matched 2 x 2 superstructure in addition to the hexagonal
graphite structure. This work led to the conclusion34' 39 that the
2 x 2 structure is the result of a periodic arrangement of the
potassium ions beneath a graphite layer. Furthermore a new
orthorhombic superlattice was detected for the KHgCg complex,
with parameters a = b = 8.9 A and i±y = 89°, whose orientation
is independent of the orientation of the graphite lattice.
This structure is believed to be related to the waves of charge
density observed in layer systems based on metal chalcogenides.

It can be seen that tunnelling microscopy offers valuable new
information in studies of intercalation compounds.

Important new topics in the study of carbon materials include
defect structures on the surface, the processes induced by
bombarding the surface with various particles, and the
amorphisation of graphite.41""44 In particular, treating pyrolytic
graphite with a methane plasma in a high-frequency
discharge produces a strong modification of the surface: ** the
bombardment by the plasma ions yields amorphous formations
~ 50 A in diameter which increase in number (but not in size) as
the exposure time is increased. Obviously, regions of amorphous
carbon are formed on defects induced by the plasma ions.
In samples which had not been bombarded reproducible patterns
could not be obtained because the operation of the STM was
destabilised by the formation of an electrically insulating layer on
the surface.

Recently reported 4 5~4 9 studies of other carbon materials
have greater practical interest than the studies of HOPG. Thus,
graphite structures obtained by the pyrolysis of various hydro-
carbons have been examined,45'46 as well as carbon fibres.47-49

As could have been expected, pyrolytic graphites have a planar
structure, but unlike the HOPG they contain large structurally
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Figure 2. (2 x 2) structure of an intercalation graphite compound of the
M Q type.34' 35

(a) transverse section; (b) top view of the basal plane; localisation sites of
the tunnelling electrons in compounds of graphite with electron donors (c)
and acceptors (d) for different polarities of the tunnelling voltage.
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inhomogeneous regions determined by the method of preparing
the graphite. The structure of the carbon fibre also depends on the
method of synthesis, and on the temperature of heat treatment.
For example, high-temperature graphitisation of the fibre results
in ordering of the structure at the atomic level, as is clearly shown
by the STM pictures.47

Scanning tunnelling microscopy has been used successfully in
studies of the processes involved in the etching of the basal plane
of graphite during the gasification of HOPG in air.50-51 This work
has made clear the unique possibilities of the method in studies of
reaction kinetics at the molecular level.

Heating a clean, freshly cleaved HOPG surface at 773 - 873 K
in air produces a uniform distribution of circular etch pits one
monolayer deep over the surface. The concentration of these pits
varies between 0.1 and 13 um~2 in different samples. Their
diameter (but not their number) increases linearly with the time of
heat treatment. The rate constant for the removal of carbon on
one active centre calculated50 from kinetic data is 0.5 s~'.
A typical activational temperature dependence of the growth rate
of the diameter for the monolayer etch pits has been observed51

between 773 and 973 K. The activation energy determined from
these data is 127 kJ mol"1 , which is close to the value51 obtained
gravimetrically (147 kJ mol"1) . Successive heating and cooling
cycles increase the size of the old pits as well as producing new pits.
Therefore the etching is controlled by the presence of vacancies or
impurities on the surface. Increasing the heat treatment
temperature above 973 K produces a large number of concentric
pits one monolayer deep, and at 1173 K the STM picture consists
of conical craters.

Many different types of tracks, channels, and craters are seen
on samples which have been stored in air for long periods or
exposed to chemically active (or even inert) materials before
being heat treated. Since in these cases the STM pictures are
independent of the nature of the impurity on the HOPG surface it
has been suggested50 that the carbon gasification centres may be
formed by the mechanical interaction of the impurity particles and
the graphite particles.

2. Metals
Attempts to achieve a resolution sufficient to observe atoms on a
clean metal surface have long been unsuccessful, though some
workers have observed monatomic steps and reconstructions of
the surface of single crystals induced by gases.52"54 The lack of
resolution on an atomic scale on metallic surfaces has been
interpreted as a manifestation of the high level of delocalisation
of the electron density in metals. The first report of atomic
resolution on a close-packed surface of monocrystalline gold was
published55 in 1987. The anomalously high amplitude (up to
0.5 A) of the atomic corrugations was stressed. By analogy with
graphite this phenomenon was ascribed to the presence of local
surface states near the Fermi level. In the following year another
group of workers56 proposed a different explanation of the atomic
resolution which they had observed on an Al(lll) monocrystal.
A reasonably reproducible method of modifying the point of the
STM to give an enhanced resolution was proposed: it was based
on the experimental observation that the point is elongated by
~ 25 A when a pulse of increased tunnelling voltage is applied to it
over a gold or aluminium sample. It was suggested that this pulse
induces the transfer of a small cluster of material from the
substrate to the tip of the needle, thus increasing the contrast of
the image. The same workers attribute the anomalously high
corrugations to elastic deformations of the resulting cluster by the
interatomic forces which it experiences from both sides (the needle
and the sample).

Different theoretical interpretations of the anomalous
amplitude of the atomic corrugations on metal surfaces have
already been proposed. According to one of these the resolution
of a tungsten needle57 can be ascribed to the elimination of all
impurities from the needle, giving ideally clean tungsten, whose dzi
atomic function has a smaller radius of curvature than the

generally adopted s wave function model of the electronic
structure of the point. An alternative theory58 postulates that for
small tunnelling gaps (in which the atomic corrugations of metals
surfaces are observed) large changes in the electronic structure of
the surface can take place, and the tunnelling current can no
longer be assumed to flow between unperturbed electronic states
In this case localised electronic states induced by the point above
the Fermi level appear on the surface. It was shown that their
energy distribution and the effective height and width of the
tunnelling barrier are very different in the regions above the
atoms and above the vacancies. As a result the contrast of the
STM representation of the metal surface increases until
atomic resolution is achieved. The amplitude of the atomic
corrugation calculated by this model (~0.3 A) is close to the
experimentally observed value (0.1—0.5 A).

The achievement of resolution on an atomic scale on metals
stimulated new studies of metal surfaces, including processes
leading to their reconstruction. The positions of the atoms on a
reconstructed metal were first established for the (111) gold
surface.59- 60 We know that gold is the only metal with a face-
centred cubic (f.c.c.) packing in which reconstruction of the (111)
face into a hexagonal close-packed (h.c.p.) structure is observed.
Woll et al.59 and Barth et al.60 were able to visualise (23 x \ /3)
elementary cells forming a structure of parallel lines (Figure 3a).
A more detailed study *° also revealed superstructures identified as
120° breaks in the lines approximately 250 A apart, producing a
zigzag pattern in the STM (Figure 3Z>). Surface steps and bulk
defects do not impede the passage of the lines, though they affect
the details of the picture. It is interesting to note that these lines
are always closed. These results suggest a model of the
reconstruction consisting in a transition from f.c.c. to h.c.p.
packing in the upper atomic layer.

300A

300A

Figure 3. STM image60 with atomic resolution of the reconstructed
Au(l 11) surface.
(a) structure of parallel lines, the frame defines the elementary 23 x V3 cell,
difference in height between the black and the white areas 0.2 A;
(b) structure of the zig-zag lines.

Scanning tunnelling microscopy results have also shown61

that carefully prepared, clean (110) faces of platinum and gold
undergo a thermodynamically stable (1x2) reconstruction by
the 'absent rows' model rather than through impurity effects
(Figure 4). The (1 x 2) reconstruction remains stable even near a
screw dislocation. Increasing the concentration of impurity
(mainly calcium) decreases the relative proportion of regions with
a (1x2) structure and increases the proportion of (1 x 7) and
(1 x 5) structures. Ultimately, at high impurity concentrations, we
obtain a (1 x 3) structure consisting of (111) micro-facets.

An analysis of sequential STM representations of an
Au(l 10)-(l x 2) structure, obtained in a period of several hours in
an ultra-high vacuum,62 revealed a substantial motion of the
surface atoms. The structural changes were found to be related to
defects on the steps (i.e. to kinks) on the (100) microfacets,
confirming the earlier hypothesis of an important contribution to
mass transfer from these defects.

A study of the fine structure of the steps on an Ag(l 11) face
showed that at room temperature this structure includes an
irregularity of subatomic dimensions, indicating a motion of the
atoms along the steps between successive frames of the scan.
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Lowering the temperature to 27 K in order to lower the mobility of
the atoms removes the kinks from the steps.

In situ studies by STM of the Ag(ll l) surface gave visual
evidence64 that an increase in temperature converts an initially
regular (though stepped) surface into a disordered system as a
result of the surface diffusion of atoms, with an effective transition
temperature of ~ 350 K. The list of metals which have been
studied by STM is continually growing. In particular, studies of
chromium monocrystals have been reported.65-66

Studies of the interaction of gases with the structure of the
surface are of special interest. These are conveniently classified
into two groups. The first includes the visualisation of adsorbed
molecules and the identification of their adsorption sites, the
second deals with surface reconstruction processes induced by
gases.

The adsorption sites of the molecules can be determined only
when the STM offers atomic resolution. One of the earliest studies
of the adsorption of oxygen67 was carried out on an Al(lll)
monocrystal surface. Even at low coverages (up to 5% of a
monolayer) islets of adsorbed oxygen uniformly distributed over
the surface can be distinguished, but they appear as depressions
10 — 20 A in diameter rather than as prominences. This confirms
that the STM image describes the local distribution of electron
density. After being annealed at 800 K the sample shows some
characteristic surface formations: a mound surrounded by a ring
of six depressions, with three aluminium atoms round each
depression. These structural features were interpreted as oxide
nuclei.

The STM image of molecules adsorbed on a substrate is the
result of changes in the local electron density not only at the site of
the adsorbate but also on the neighbouring atoms of the substrate,
as was demonstrated68 for carbon atoms adsorbed on Al(ll l) .
As can be seen from Figure 5, the carbon atom adsorbed on a
hexagonal metal lattice has a trigonal symmetry. The images of
the six aluminium atoms nearest to this carbon atom differ
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Figure 4. STM images 61 of the reconstructed Au(l 10) surface.
(a) top view of the region with a (1 x 2) structure; (b) transverse section
along the line / shown in Figure 4a; (c) model of the structure of the
surface along the line /, showing the structure of the microfacets; (d) top
view of the region of the surface with (1 x2) and (1 x 3) structures;
(e) transverse sections along the lines / and / / shown in Figure Ad;
(f) model of the structure of the surface along the lines /(open circles) and
//(filled circles).

markedly from those of the more remote atoms. Three of them are
bound to the carbon and appear as pits, whereas the other three
seem to project above the surface. The authors conclude from
these results that the apparent changes in the vertical position of
the aluminium atoms are more probably due to a redistribution of
the electron density than to genuine structural changes.
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Figure 5. Successive STM representations68 of the Al( l l l ) surface with
adsorbed carbon atoms.
(a) V = - 2 0 mV, / = 41 nA; (A) V = - 7 0 mV, / = 41 nA; (c) model of
the atomic surroundings of an adsorbed carbon atom; aluminium atoms
of the first (1—3) and of the second coordination sphere are shown (4—6);
(d) transverse section along the [110] direction shown in Figure 5a.

The scanning tunnelling microscopy method has also been
used69 in studies of the adsorption of oxygen on a Ni(100) single
crystal. At 400 K and 15% coverage square pits with a side of
~ 4 A were found in the STM pictures, and ascribed to oxygen
atoms. These pits are located over cavities of the square nickel
lattice. Unlike the oxygen atoms adsorbed on Al(l 11) the oxygen
atom on Ni(100) do not tend to form islets and appear to be
uniformly distributed over the surface. However, a more detailed
study revealed some ordering of the adatoms on the surface.
Statistical evidence of interaction between the adatoms up to the
third nearest neighbour was obtained. Gradually increasing the
coverage of the surface produces first ap(2x2) and then a c (2 x 2)
packing of the adsorbed layer.

Studying the distribution of the adsorbed molecules over the
surface gives information on their interaction. Thus, the
formation of sulfur clusters on the Re(0001) face has been
observed 70> 71 in this way. At low surface coverages (up to 25% of
a monolayer) the sulfur atoms are located over the c.p.h. cavities
of the Re lattice, forming p (2 x 2) or (less often) c (v^3 x 5)
structures. At higher surface loadings the more close-packed
(•\/3 x \/3 )R 30° structure is replaced by clusters of three, four, or
six atoms, but not by dimers, indicating the presence of three-
centre interaction. The authors suggest70'71 that this interaction
takes place through the substrate, because the distance between
the sulfur atoms in the clusters is much greater than the
interatomic distance in the S2 and Ss molecules. This assumption
is also confirmed by the absence of a similar effect when the
S/Mo(001) system is studied in the air.72

Scanning tunnelling microscopy has been successfully applied
in a study of the structure of surfaces during the adsorption of
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aromatic compounds. Ordered (3 x 3) circular formations,
occasionally with a resolved fine structure ascribed to benzene
rings, have been observed73 in the coadsorption of benzene and
CO (up to saturation) on a Rh(l 11) surface. In a study of the
adsorption of naphthalene on Pt( l l l ) it was found74 that the
adsorbed molecules can be accommodated in three positions
differing by a 120° rotation of the molecule in the plane. At low
coverages the naphthalene molecules are distributed uniformly,
and they can rotate round their axis and move over the surface, as
was demonstrated by comparing successively recorded STM
pictures. The mobility of the adsorbate is greatly suppressed at
higher coverages.

With large molecules the site of attachment to the substrate is
difficult to determine, because several such sites may be involved,
but under these conditions the visualisation of the molecule by
STM can be improved until the structure of the molecule is
resolved. Thus, the electron density distribution in copper
phthalocyanine adsorbed on a Cu(100) substrate has been
established in this way.75 It was pointed out that this was made
possible only by a correct choice of the metal support, since
the phthalocyanine molecule can move along the surface (like
silver phthalocyanine on a polycrystalline silver foil76).

The adsorption of molecules is often accompanied by
reconstruction of the surface, but different types of reconstruction
can be encountered, depending on the nature of the adsorbate and
of the metal, on the type of face, on the temperature and on the
coverage.77

The O/Cu system has been studied most intensively by
scanning tunnelling microscopy.78^83 On the STM pictures of the
clean Cu(l 10) surface the monatomic steps were found to have the
shape of a fringe.78 This was interpreted as evidence of a
substantial amount of diffusion of the copper atoms over the
surface. Quantitative estimates of the diffusion coefficient
obtained from successive STM pictures showed that a monolayer
of copper adatoms (removed from the steps) can be formed in less
than 20 s at room temperature. When adsorbed oxygen is present
on the surface the wandering copper adatoms are captured by the
oxygen atoms and the surface is reconstructed, giving a (2 x 1)
structure formed from O —Cu—O chains extending above the
base plane and oriented in the [001] direction. At higher coverages
the chains combine into islets elongated in the same direction,
denoting a greater probability of capture of the wandering adatom
at the end of the chain than on its side. The larger islets are less
mobile, but individual chains can be captured by them to produce
even larger islets. By visualising the dynamics of this process79

at about 1 frame s"1 it can be shown that copper atoms are
transferred from the steps to the terraces on the surface. This leads
to the so-called additional rows model, which differs from the
missing rows model by stipulating mass transfer in the opposite
sense. At even greater exposures the (2 x 1) structure is converted
into a c (6 x 2) structure. In this case the formation of islets of the
new structure beings on the steps.

Unlike the Cu(l 10) face, the Cu(100) gives a (2\/2 x v/2)J?45°
structure under the influence of oxygen. Under these conditions
successive STM pictures show 80 that the nucleation and growth of
islets takes place on the terraces, and that the steps are almost
unaffected. The islets grow preferentially in the [010] and
[001] directions. This is taken80 as direct evidence that the
reconstruction of the (100) face takes place by the missing rows
model with formation of O — Cu — O chains in the [001] direction,
which then coalesce in the [010] direction to give islets.

Two previously unknown structures containing 29 and 44
( l x l ) cells respectively have been discovered84 in the O/Cu(l 11)
system. They were ascribed to the mixing of the hexagonal lattice
of the Cu2O(l 11) face with the (1 x 1) copper lattice.

Surface reconstruction under the influence of alkali metals is
well known, but only one study of this effect has so far been
reported:85 the mechanism of the reconstruction of the Cu(l 10)
face induced by potassium. It was shown that at low coverages the
potassium atoms are uniformly distributed as single atoms or as

chains of 2 or 3 atoms in the [110] direction, and that these species
(unlike oxygen) are not captured by surface steps. It is suggested
that copper atoms under the potassium atom are squeezed out and
migrate along the surface, ultimately landing on steps. Increasing
the coverage to 15% of a monolayer results in growth of the
chains, with formation of (1 x 4) and (1 x 3) structures. At still
higher coverages the reconstruction ceases and the well known
(1x2) structure is observed.

STM studies of the morphology of Pt( l l l ) samples after the
ion bombardment and annealing86- 87 have made an important
contribution to our understanding of the role of defects in surface
processes. Irrespectively of the nature of the ion (He+ , or Ar + )
trigonal craters are formed on the metal surface at low doses and
for annealing temperatures below 700 K. Increasing the annealing
temperature results in the formation of monolayer pits and islets,
whether the anneal is carried out during the bombardment or
after it. This shows that an increase in temperature produces a
substantial mass transfer between the layers. The islets formed
under these conditions have a trigonal symmetry, indicating
thermodynamic equilibrium. It is assumed86- 87 that these
processes are common to all metals with an f.c.c. lattice [at least,
on the (111) face].

Real polycrystalline systems have not been studied in depth so
far. They were used as samples during the initial stages of the
development of tunnelling microscopy. Thus, Gimzewski et al.88

compared the topographies of silver films evaporated on
substrates at different temperatures with the aim of establishing
the effect of surface roughness on the enhancement in hyper
Raman scattering. Some studies of the epitaxy of metallic layers
on metals should also be noted.89

The above STM studies of metals were carried out on
monocrystalline samples under vacuum conditions, in
conjunction with data obtained by electron-spectroscopy and
structural methods of analysis such as low-energy electron
diffraction, Auger spectroscopy, X-ray spectroscopy, UV electron
spectroscopy, etc. Of course, under these conditions the
information content of the scanning tunnelling microscopy
method is substantially enhanced. Comparing different methods
allows us to use scanning tunnelling microscopy in cases where
alternative methods are unsatisfactory, for example owing to the
small size of the metallic particles, to their very low concentration,
or to their amorphous structure.

3. Ousters and small particles
The development of tunnel microscopy has stimulated
considerable interest from workers engaged in the study of
clusters. Applying STM to cluster studies usually involves the
following steps: depositing the substance of interest on a flat,
electrically conducting substrate in concentrations low enough to
allow the atomic structure of the substrate to be observed; a
quantitative element analysis of the composition of the surface;
visualising the particles in the STM. In spite of the apparent
simplicity of this approach only a few studies of clusters by
scanning tunnelling microscopy have been reported. Difficulties
are met even at the stage of choosing a substrate. A clean surface
and ultra-high vacuum conditions are needed when monocrystals
of metals or of semiconductors (of the silicon type) are chosen.
In this respect pyrolytic graphite is more convenient, but (as was
said above) there may be problems in interpreting the STM
representation because of the possible formation of anomalous
superstructures on the graphite substrate. Difficulties are also met
in ensuring uniform deposition of the clusters because of the
possibility of very rapid diffusion on the inert pyrographite
surface, and also of uneven evaporation of the solvent when the
clusters are deposited from a solution. Lastly, treating HOPG
with acetone produces a regular structure with a period of ~ 4 A
(which eventually disappears), and treatment with a solution of
[EUN]3[Re7C(CO)2i] in acetone produces a hexagonal structure
with a period of 10 A in addition to amorphous aggregated
formations.90
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A more uniform distribution of the particles is obtained by
molecular beam deposition in a stream of inert gas or by thermal
evaporation in a vacuum, with condensation of the atoms on a
substrate. Ligand-free particles of different size can be obtained
by varying the deposition conditions. Clusters with a ligand coat
and molecular complexes are usually deposited from solutions on
a graphite or gold substrate. Often the deposition of the
particles and the element analysis of the surface are carried out in a
vacuum, and the STM study in the air (sometimes including a
repeated check for changes in composition of the surface
during the vacuum treatment). However, some ambiguity in
the interpretation of the results cannot be avoided in these
experiments.

The potential advantages of STM in studies of small particles
were first demonstrated by the observation of isolated particles of
silver, gold, and aluminium on a graphite substrate.91- 92 In spite
of the high mobility of the adatoms relatively stable single atoms
of the metal could be detected near the larger particles. Dimers
and linear trimers were also seen in the STM pictures. It should be
noted that atoms were never observed over the cavities in the
graphite lattice: from this result, and from an analysis of the
interatomic distances, the authors suggested the presence of a
strong interaction between the metal and the carbon substrate,
which is suppressed by increasing the size of the particle.

This conclusion was tested by statistical studies93 of the
position of the metal atoms, and by determining the length of the
metal—metal bonds in the platinum dimers and trimers. It was
found that the position of the metal atoms was stable in time.
An analysis of the position of the single metal atoms with respect
to the graphite lattice showed that no preferential binding site
could be identified, though the metal atom had the highest
probability of lying above a carbon atom not directly bound to the
lower layer. The average Pt—Pt distance in the dimers was
2.45 ± 0.26 A, i.e. close to the lattice parameter of the graphite.
However, the relatively wide distribution of the Pt—Pt bond
lengths made it impossible to establish unambiguously whether
this agreement was fortuitous or whether it was the result of
platinum—carbon interactions. The trimers were mostly linear,
or arranged as equilateral triangles. The average bond length of
the trimers was 2.66 ± 0.32 A, suggesting a predominant effect
from the metal—metal bonds.

Humbert et al.94 studied clusters of gold and palladium
deposited by the atomic beam method in a Knudsen cell on a
single crystal of natural graphite at 623 K. Under these deposition
conditions the particles grow as a result of the diffusion of
adatoms over the surface. According to transmission electron
microscopy results the particles were condensed mainly along the
graphite steps. The STM= images revealed both large (~ 100 A)
and small particles (~ 15 A), with a ratio of height to diameter of
~0 .1 , indicating a strong compression of the particles.

The preferential formation of flat structures is confirmed by a
statistical analysis of more than 200 particles of platinum on
graphite at different coverages. When the coverage is increased
from 10% to 50% of a monolayer the particle diameter increases
from 47 to 80 A, whereas the average height (3.8 A) stays
practically constant. Unfortunately, these results were obtained
by working in the air, which gave an oxygen content of the surface
3—4 times higher than in the initial sample immediately after
evaporation of the metal. Therefore it is not clear whether the
results apply to particles of platinum or of its oxide.95

In order to establish the effect of exposure to air on the
observed form of the clusters Humbert et al.96 compared the STM
pictures obtained by depositing palladium particles in a vacuum
and in air. The clusters were deposited by the atomic beam
method on to a graphite substrate heated to 573 K, previously
irradiated in a low-energy (50 eV) ion beam with a dose of less than
1012 ions cm~2 in order to increase the concentration of adsorbed
particles on the surface. According to those workers the shape of
the larger particles ( > 100 A) was unaffected by deposition in air.
On the other hand an unexplained corrugation of atomic

dimensions was seen on the surface of the smaller particles (15 A)
in air.

Clusters of gold deposited by a molecular beam on an
atomically flat gold substrate were used to examine possible
explanations of the compression of the particles observed in the
STM, including artefacts associated with the production of
the STM image.97 The authors concluded that the compression
occurs only in particles of size smaller than a critical size
determined by the nature of the substance. The compression is
due to plastic deformation, which lowers the surface energy at the
contact with the substrate.

More recent papers have described STM studies of large AU55
clusters stabilised by ligands98'99 and of Pds6i clusters,99

deposited from solutions on HOPG or gold substrates. The
difficulty of working with these materials is stressed: the surface
mobility is high, especially on graphite, and the cluster can be
entrained by the point until it is transferred to the needle of the
microscope. Therefore the results so far are only tentative.
Similar investigations of the visualisation of heteropoly acids
(hydrogen tungstophosphate)90-10° and Bil3 clusters101 have been
reported.

A new class of carbon compounds (the fullerenes) has recently
come to the fore in the study of clusters. Their properties have
been studied by various physical methods, including scanning
tunnelling microscopy.102'l03 After mild evaporation of C60 and
C70 clusters on to a gold substrate regular close-packed spherical
structures spaced at a distance of ~ 11 A between centres were
observed on the surface. Furthermore after deposition on the
Au(110) face [but not on the (111) face] C60 showed
intramolecular structure both in air and in an electrochemical cell
containing a solution of HCIO4.104 A model of the electron
tunnelling which allows for superexchange interactions was
developed from the STM images obtained in this work.

The present writers believe that studies of clusters and of small
particles by scanning tunnelling microscopy will develop mainly
in the following directions: the achievement of intramolecular
resolution (for example, at low temperatures); studies of the
dynamics of the cluster behaviour in adsorption processes and
during changes in temperature; studies of electronic structure.
All these directions need new theoretical models to be developed
in order to interpret the STM representations of the clusters.

4. Model catalysts
Alumina or silica are often used in industrial catalysts as carriers
with a highly developed surface. Unfortunately these carriers are
electrically insulating, and therefore the catalysts cannot be
studied by scanning tunnelling microscopy. Substrates of carbon
materials or of 3d metal oxides have been used for STM studies of
model catalysts. Studies of transition-metal oxides are also of
independent interest because these materials are themselves
catalysts for many processes. Titanium oxide has been studied
most intensively by scanning tunnelling microscopy.

The TiO2 surface partially reduced in hydrogen has been
studied in air as a function of the conditions of surface treatment
(polishing and etching),105 and the effect of the potential applied
to the sample in an electrochemical cell on the STM picture has
also been examined.106 It was found that stable images of n-TiO2

are obtained only when negative potentials are applied to the
sample, suggesting a system of energy bands typical of
semiconductors. The band structure of the oxide was established
by tunnelling microscopy (TS) on «-TiO2(001) samples107'108 and
reduced TiO2(l 10) samples.109 The measurements were made in
air. The edges of the energy gap were determined from the
tunnelling spectra.107 A hysteresis observed108 in the tunnelling
spectra was ascribed to surface states induced within the energy
gap by the electric field.

From the tunnelling spectroscopy results the width of the
energy gap was found109 to be only 1.7 eV [( + 0.25) —(-1.35) eV
relative to the Fermi level], i.e. much smaller than the bulk value
(~ 3.0 eV). (The possibility of this effect being due to the presence
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of a large number of states near the band edges cannot be
excluded, since the measurements were made in air.) Of course, a
stable STM picture cannot be obtained when the applied
tunnelling voltage brings the Fermi level of the metal of the needle
within the forbidden band of the oxide. However, the adsorption
of phenol, for example, on the titanium oxide surface produces a
surface state within the energy gap ~0.45 eV below the Fermi
level. Scanning for this potential difference produced STM
images of the phenol, which appeared to be adsorbed parallel to
the plane of the oxide. These workers adopted the approach used
in scanning tunnelling spectroscopy: they scanned the sample at a
predetermined tunnelling voltage.

Rohrer et al.110 obtained atomic resolution on a sample of
reduced TiC>2(110) by careful surface preparation and by
operating the STM in an ultra-high vacuum. The STM image
showed some clearly developed lines alternating (with a period
of 8.5 A in the [111] direction) with a less well developed
corrugation having a period of 3.4 A along the lines. This picture
was interpreted as an ordered packing of two-dimensional defects
(crystal lattice shifts).

As in the case of titanium oxide, atomic resolution could not
be obtained in an STM study111 of ZnO(OOOl) monocrystals.
Attention was paid mainly to the effect of surface geometry on the
electronic structure of the surface. The STM pictures of the ZnO
crystal contained a large number of steps in the [1010] and [1120]
directions. The tunnelling spectroscopy results suggest that these
steps lead to the formation of surface states in the forbidden
energy gap which are probably responsible for the chemical
reactivity of the surface.

The scanning tunnelling microscopy method can be used to
study strong metal—substrate interactions. According to one of
the models the effect is caused by the decoration of the metallic
particle by the carrier, with formation of new active centres on the
metal —oxide interface. One approach to the study of these
interactions is to use oxide samples deposited on a metallic
substrate (i.e. a reversed-phase model of the catalyst), because the
electrical conductivity of the oxides is low and the effects of
surface charge are substantial.

Thus, STM has been used112 to study islets of MnOx

deposited on a Ni( l l l ) substrate during the adsorption of CO.
Measurements of the perimeter of the particles as a function of the
mean coverage revealed a correlation with data for the thermal
desorption of CO. These results confirm the earlier conclusion
that the increased rate of hydrogenation of CO is associated with
the CO adsorption centres at the metal — oxide interface.

Islets 20 A in diameter, in the form of rings, were observed''3

on Rh(l 11) at submonolayer coverages of TiO*. The ring shape
was obtained only when negative tunnelling voltages were applied
to the sample, and therefore its origin must be electronic. These
observations were explained in terms of partial reduction of the
TiO2 at the perimeter of the particle.

Unlike TiO2 zirconium oxide (ZrO2) is not easily reducible as a
substrate. ZrO2/Pd(100) systems have been studied by scanning
tunnelling microscopy. The results114 suggest the presence of
different types of region in this system. The first is assigned to
metallic palladium, the second to semiconducting zirconium
oxide. The third region is seen only on samples prepared by
thermal oxidation in air at 673 K of Zr(OC2H5)4 sublimed on a
Pd(100) substrate. According to EXAFS spectroscopy results this
region may be associated with palladium oxide. It has been
suggested that in an oxidising atmosphere the zirconium oxide is
uniformly distributed over the whole surface of the substrate.
After treatment in hydrogen at 773 K for one hour the oxide islets
develop a bulk structure with a sharp metal —oxide boundary.
It is suggested that this boundary prevents the decoration of the
metal particles by the reduced oxide when zirconium oxide is used
as the carrier.

One method of visually resolving the phases in the STM
picture relies on the large difference in work function between the
metal and the substrate. This conclusion was reached in one of the

first studies of model catalysts: ultra-dispersed particles of gold
and platinum on carbon substrates, and of titanium oxide.115

The same approach was used in the Pt/Ga2O3 system.116

The metal particles were identified with a greater contrast by
superposing the <p (x, y) distribution map on the topogram of the
same area of the surface. By comparing the maps thus obtained
before and after an anneal of the sample at 1100 K large
differences in the structure of the sample were detected. Before
the anneal the platinum islets were circular and of similar size, but
after being annealed the surface developed a patchwork
appearance with the islets concentrated mainly along the grain
boundaries of the Ga2O3: this may account for the decrease in the
free platinum surface (according to Auger spectroscopy results)
and in the catalytic activity towards the oxidation of CO
(according to mass spectrometry results).

It is well known that catalytic activity is largely determined by
the method of preparation of the catalyst: its previous history,
and its treatment and conditioning. Therefore studies of all these
stages are of interest. In this respect the studies of the effect of
various pretreatments on the morphology of platinum particles
on a graphite surface are particularly meaningful.117-118 The
particles were obtained by various methods, including the
reduction in hydrogen of tetrachloroplatinic(II) acid H2PtCl4 or of
tetra-ammineplatinum nitrate for 2 h at 723 K. A graphite surface
(clean, or treated with nitric acid for 50 h at room temperature)
was used as substrate. Detailed studies by STM were carried out
at each stage. Thus, the modification of graphite by HNO3
produced a more uniform distribution of the precursor, and the
platinum salt gave smaller associations than the IfePtCU. The size
and the distribution of the reduced particles were less dependent
on the nature of the precursor, but their microstructure and
morphology were strongly influenced by the previous history of
the sample. Thus, in the reduction from tetra-ammineplatinum on
a substrate treated with HNO3 the reconstruction of the platinum
surface into a structure close to ( l l lXv^ x \/3) induced by
atmospheric oxygen was visualised for the first time for small
particles.

The dynamics of the changes in the morphology of the
particles on a graphite surface during the reduction of platinum
from H2PtCU were studied under conditions analogous to those
used in the preparation of the platinum catalyst.118 It was shown
that for short reduction times (0.5 h, 723 K) rod-shaped particles
are formed, both large (1000 - 2000 A long and 100 - 500 A high)
and small (280 A long and 30 A high). This large scatter suggests a
partial reduction of the precursor. After being reduced for 2 h the
particles break down into crystallites, ellipsoid in shape, and
ultimately (after 60 h) they produce particles with a nominal
diameter of ~ 170 A and ~20 A high, showing a well faceted
surface. On the other hand the platinum particles evaporated in a
vacuum and treated with hydrogen at 623 K for 0.5 h are spherical,
with a diameter of 25—100 A and an atomically disordered
surface structure.

The study of the shape of the particles reduced from I^PtCU
for different times showed that the crystallite shape is determined
mainly by the reduction conditions and is less dependent on the
precursor, on the type of graphite substrate, and on the method of
deposition. It was found that a small proportion of the crystallites
is spherical (with a ratio of length to width not greater than 1.2),
and that the proportion of these increases with the reduction time
though not above 40%. This is surprising, since crystallites of
platinum in thermodynamic equilibrium (a metal with an f.c.c.
structure) should be spherical. Studies of the degree of sphericity
of the particles could be of interest in relation to the
thermodynamics of small supported particles.

Molybdenum disulfide occupies a special place among model
catalysts, because it has a layer structure similar to that of
graphite, built of S — Mo — S packets. The atomically flat surface
of M0S2 makes this a convenient substrate for visualising
deposited molecules; furthermore molecules can, in principle, be
intercalated between the layers, and this should help to explain
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the nature of superconductivity in structures of reduced
dimensionality (see Heckl et al.119). The strong localisation of the
electron density makes atomic resolution possible, confirming the
hexagonal packing of the upper layer.120 However, the element
which appears in the STM image has not yet been
identified.121-123

Mono layer particles of M0S2 deposited on a pyrolitic graphite
substrate have been studied in this way.'23 It was found that if the
layer of sulfide is surrounded by water molecules its surface
undergoes a (2 x 1) reconstruction. When the sample is dried an
STM picture identical to that of the surface of the bulk crystal is
observed. By combining the results obtained from STM and
EXAFS measurements the authors constructed a model in which
the molybdenum had distorted octahedral surroundings in
solvated samples. The aim of those studies was to determine the
mechanism of the action of hydrodesulfurisation catalysts.

Only a few studies of industrial catalysts by scanning
tunnelling microscopy have been reported so far. 124~127 The first
dealt with the surface topography of an iron — zirconium alloy
(the precursor of an ammonia synthesis catalyst).124

Besenbacher et al.125 observed a very dispersed structure in a
passivated ammonia synthesis catalyst containing iron.
In addition to pores and cracks they found parallel ridged
structures corresponding to the crystallographic orientation of
magnetite grains. They suggested that these lines appear in the
STM as a result of the FeO/Fe epitaxy accompanying the
passivation of the catalyst, and that they correspond to the [110]
direction of the iron lattice.

Studies of the platinum — rhodium gauze catalyst used in
HCN synthesis showed that the surface roughness of this catalyst
varies with the conditions of the reaction.126 However, the
increase in the surface area of the catalyst during the activation
calculated from STM data (as compared with the initial surface)
was not more than two-fold, which is an order of magnitude less
than the values obtained by other methods. Therefore the authors
concluded that the main contribution to the increase in area is
provided by the formation of crystallites more than 1 p.m in
diameter, and not by changes in morphology on a submicrometre
scale.

Ex situ studies of the morphological changes in a supported
Ag/SiC catalyst (for the conversion of ethylene glycol into
glyoxal) were made possible by the formation of a conducting
layer of silver over the whole surface of the carrier.127 According
to the scanning tunnelling microscopy results the silver particles
are sintered into larger flat formations under the conditions of the
reaction. Additions of small quantities of diethyl phosphite to
improve the selectivity of the reaction produce a marked change in
the topography of the catalyst, giving a surface of the fractal type,
probably as a result of chemical erosion.

Thus tunnelling microscopy is often the only suitable method
of studying catalytic systems. The amount of information which it
yields on model catalysts depends on the specific properties of the
system of interest.

The results discussed above show that scanning tunnelling
microscopy is a powerful instrumental method of studying the
surface of electrically conducting systems. Further improvements
in the method for in situ temperature and adsorption studies and
the application of the scanning tunnelling spectroscopy method in
conjunction with fast scanning regimes should offer new prospects
of studying the kinetics of surface processes at the atomic-
molecular level.
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