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Fig. 3 OH volume mixing ratio profile calculated assuming that

X were CH3;CN, and compared with measurements and model

calculations. Data for 24-h average model from G. Brasseur
(personal communication).

obtained OH profile is compared with recent measurements,
performed by different authors®>™?’.

As can be seen the OH mixing ratios of this work are
considerably lower than the measurements. Note, however, that
the measurements represent instantaneous values of [OH],
whereas the data calculated here are 24 h averages, taking into
account the long lifetime of CH;CN versus the OH reactions
(between 400 and 1,000 h for the altitude region under con-
sideration).

In fact, a comparison of the OH profile calculated from the
CH;CN profile with a recent model calculation of the 24-h
average of OH according to G. Brasseur (personal communica-
tion) turns out to be quite satisfactory, in view of the simple
CH;CN profile assumed (a straight line on semi-log plot). The
reasonable agreement of these OH data with previous work
can be considered as additional evidence for the identification
of X as CH;CN.

A more complete model of CH,CN, taking into account
possible surface sources, washout in the troposphere, diffusion
and photochemical destruction is clearly needed to elucidate
this problem. At present, however, the available data seem to
indicate that the molecule X is indeed CH;CN.
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Direct surface imaging
in small metal particles
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Atomic-level information about the surfaces of small metal
particles has been recorded directly in recent observations with
a 600-kV high-resolution electron microscope. Here, we have
studied small polycrystalline particles of silver and gold tilted
to bring their surfaces parallel to the electron beam. However,
unlike previous workers using this normal reflection electron
microscopy (REM) configuration, we have used conventional
bright field axial imaging thereby considerably facilitating image
interpretation. As well as clean, sharp surface images, morpho-
logical details of catalytic significance, such as the distribution
of surface steps, particle facetting and the nature of surface
reconstructions, have been obtained. Moreover, detailed com-
puter simulations confirmed that the electron micrographs can
be interpreted in terms of atomic columns and, in particular,
established that some micrographs showed, for the first time in
a transmission electron microscope (TEM), direct atomic-scale
imaging of a reconstructed metal surface.

The first direct atomic imaging in the electron microscope
was achieved by Crewe and co-workers using the scanning
transmission instrument’, and several workers®®, have demon-
strated that imaging of atoms is feasible, although less straight-
forward, in the conventional TEM using tilted-beam dark-field
illumination. Good quantitative agreement between experi-
mental bright-field images of isolated tungsten atoms and
clusters with calculated contrast levels has also been obtained®,
Furthermore, it is possible to obtain images of crystals showing
surface information on the atomic scale. For example, surface
steps in projection have been observed® in MgO and gold® in
weak-beam dark-field imaging conditions and also in gold’
using forbidden reflections, whilst single atomic steps on the
(111) surface of silicon crystals were imaged using a bright
field technique®. Cowley has used the scanning TEM in a
glancing incidence surface imaging mode® to observe unit-cell-
high steps on the faces of MgO crystals. This REM technique,
which utilizes electrons incident at glancing angles (and thereby
produces a severely foreshortened image) has also been used
to good effect in TEM studies of surface topography. Direct
observations, for example, of superstructures in silicon resulting
from surface reconstruction have been made'’. The various
configurations and results for surface imaging have been
recently reviewed '’

The specimens of silver and gold were prepared by evapor-
ation and epitaxial growth on heated alkali halide substrates,
as described elsewhere'?. These were examined at either 500
or 575 kV using the Cambridge University high-resolution elec-
tron microscope (HREM)'?; recent modifications and increased
resolution' have resulted in almost an order of magnitude
improvement in the signal-to-noise ratios for the common lat-
tice spacings (0.235 nm for 111 beams and 0.204 nm for 200)
and experimental imaging conditions could be accurately
chosen by direct particle observation using an image pick-up
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Fig. 1 a, High-resolution electron micrograph of a small,

slightly-rounded, square-pyramidal particle of gold after tilting

from the (100) epitaxial orientation to the (110) pole. Visible

lattice spacings are 0.235nm and 0.204 nm. Reverse contrast

image-atomic columns appear white. b, Enlargement from a, with

image simulation superimposed. Note visibility of surface steps
and facetting.

and viewing system'’. Theoretical calculations, used for
confirmation of the image interpretations, were carried out
using computer programs based on the multi-slice approach'®'’.
However, because of the step discontinuity between the finite-
thickness crystal and vacuum, as well as periodic continuation
effects'®, obtaining a good fit at the edge of the crystal was not
simple (L.D.M., in preparation). The standard resolution-
limiting factors of energy spread and beam convergence were
included by an incoherent image summation in real space rather
than the more usual reciprocal space envelope function
approach.

In both the experimental and theoretical images we have
concentrated, for convenience, on the (110) pole, although we
have some preliminary images which indicate that our results
and conclusions are applicable in other projections. Our results
are illustrated by Fig. 1, which is an image of a slightly-rounded
square pyramid of gold tilted from its original (100) epitaxial
orientation to the (110) pole. Figure 1a shows the entire particle
whilst Fig. 15 shows an enlargement of its top edge together
with the results of a numerical image simulation for a (111)
surface of a crystal of constant thickness. At this particular
objective lens defocus (—97.5 nm), the white spots in both the
calculated and experimental images can be interpreted directly
as columns of atoms; surface steps and facetting are clearly
visible.

The power of the technique for examining surfaces is well
demonstrated by Fig. 2. This image, which was recorded at the
optimum defocus (atomic columns black), shows a (111) sur-
face of a gold particle which has partially reconstructed to a
(2x1) surface (that is, a surface with a double periodicity in
the (001) direction). Such reconstructed surfaces are well known
from macroscopic surface techniques but have never been
imaged directly in previous electron microscopy observations.
Although there is some surface roughness, and the reconstruc-
tion is irregular, part of the edge of the particle provides
unambiguous evidence for the ‘missing-row’ model for this

Fig. 2 Small particle of gold showing directly, at the atomic

level, a partially-reconstructed (2 x 1) surface superstructure. Inset

shows a calculated image, corresponding to the so-called ‘missing-

row’ model’®, which matches well with the experimental image
in the region marked.

reconstructed surface' (that is, the loss of every second column
of atoms on the surface) as shown by comparison with the
calculated image inset. Independent confirmatory evidence for
this missing-row model has also been recently obtained using
scanning tunnelling microscopy®®. Further observations and
image simulations, which will be described in detail elsewhere
(work in preparation), establish that such surface images are
indeed sensitive to the chemical nature of the surface; as shown
by the inset, for example, we are faithfully imaging the gold
surface rather than contamination atoms.

Knowledge of the structure and composition of solid surfaces
is essential to a proper understanding of many physical and
chemical properties. Moreover, it is the surfaces of small metal
particles which are crucial in determining the behaviour of many
heterogeneous catalysts. Our results clearly demonstrate that
the surface structure of small metal particles can now be directly
characterized with atomic resolution in the electron microscope;
that is, local structural information is provided which is compar-
able with the macroscopic results produced by low-energy elec-
tron diffraction (LEED) techniques. Admittedly, we have used
an idealized model system but other f.c.c. metals are known to
have similar particle structure and comparable effects have
already been seen in preliminary observations of Pt-impreg-
nated graphite industrial catalysts (E. Noordally and L. A.
Freeman, personal communication). Fundamental insights into
the structural aspects of heterogeneous catalysis can be expec-
ted from a detailed exploitation of this technique.
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