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Three-dimensional atomic-scale structure of
size-selected gold nanoclusters
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An unambiguous determination of the three-dimensional struc-
ture of nanoparticles is challenging'. Electron tomography
requires a series of images taken for many different specimen
orientations’. This approach is ideal for stable and stationary
structures®. But ultrasmall nanoparticles are intrinsically structur-
ally unstable and may interact with the incident electron beam*,
constraining the electron beam density that can be used and the
duration of the observation. Here we use aberration-corrected
scanning transmission electron microscopy’, coupled with simple
imaging simulation, to determine with atomic resolution the size,
three-dimensional shape, orientation and atomic arrangement of
size-selected gold nanoclusters that are preformed in the gas phase
and soft-landed on an amorphous carbon substrate. The struc-
tures of gold nanoclusters containing 3096 atoms can be iden-
tified with either Ino-decahedral, cuboctahedral or icosahedral
geometries. Comparison with theoretical modelling of the system
suggests that the structures are consistent with energetic consid-
erations. The discovery that nanoscale gold particles function as
active and selective catalysts for a variety of important chemical
reactions has provoked much research interest in recent years® .
We believe that the detailed structure information we provide
will help to unravel the role of these nanoclusters in size- and
structure-specific catalytic reactions'"">. We note that the tech-
nique will be of use in investigations of other supported ultrasmall
metal cluster systems.

Scanning transmission electron microscopy (STEM), in the mode
where incoherently scattered electrons are collected by a high-angle
annular dark field (HAADF) detector, is appealing as a method of
probing three-dimensional structure of nanoparticles (via an analysis
of the intensity map from a single HAADF-STEM image) because its
intensity is strongly dependent not only on the atomic number Z of
the observed atoms but also on the number of atoms in a column'>™.

Figure 1| High-resolution HAADF-STEM images of Auzqs clusters on a
carbon film. Typical images show various outline shapes, that is, cluster
projections: pentagon (a), square (b) and hexagon (c). The intensity
variation within the clusters clearly demonstrates atomic column resolution.

The recent successful implementation of spherical aberration (Cj)
correction in STEM'® enables us to achieve the same analysis, but
now at the atomic scale. We show that, by combining quantitative
HAADEF-STEM analysis with molecular-dynamics-based model
structure search procedures and realistic image contrast simulations,
it is possible to identify not only the size and shape but also the
structure and orientation of soft-landed Au nanoclusters.

We demonstrate this for size-selected Auy (where N =309 *+ 6)
clusters, where Ausgy is known to be a possible ‘magic number’
nanocluster (see Supplementary Information). Figure la—c displays
three high-resolution HAADF images taken from a Ausy nanopar-
ticle. The images show outline shapes, which are approximately pen-
tagonal, square and hexagonal, respectively. Close inspection of the
intensity variation within the individual cluster images further
reveals that the arrangement of the atomic columns varies from
one cluster morphology to the other. Single Au atoms are also visible
in the vicinity of the clusters or occasionally some distance away (two
such atoms are marked by the circles in Fig. la and c). We have
imaged the same clusters in several successive frames. The clusters
sometimes move/rotate by small amounts and sometimes their struc-
tures change too. The individual atoms imaged on the carbon surface
around the cluster also move from one frame to the next. The images
shown in Fig. 1 are the first-pass images in each case.

To establish a foundation on which to analyse quantitatively the
structure of the Ausgg clusters, we carried out a series of integrated
HAADEF intensity measurements on size-selected Au clusters in the
size range N = 55-1,500 atoms. For each sample, the HAADF inten-
sity integrated over each cluster shows a narrow distribution (see
Fig. 2 inset for N = 309). The mean intensity value taken for each
cluster size is plotted as a function of the selected-size N in Fig. 2,
where the standard deviation is used for estimating the error bars.
The finite width of the distribution can be attributed partly to the

Single atoms can be seen in the vicinity of the clusters, as indicated by the
circle in ¢, and occasionally some distance away, as indicated by the circle in
a. Resolution of the mass selector is =2%.
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Figure 2 | Relationship between integrated HAADF intensity and size of
gold clusters. Integrated HAADF intensity of size-selected Au clusters on
amorphous carbon film plotted as a function of the number of atoms they
contain, showing a linear relationship. The line is drawn as a guide to the eye.
Each data point is obtained from a statistical intensity distribution analysis
over a large number of clusters with a given number of atoms. The standard
deviation is used for estimating the error bars. An example of such a
distribution for Ausgo is shown in the inset.

resolution of the mass-selector (=2%) and suggests that clusters soft-
landing on the surface do not suffer significant fragmentation or
coalescence. This is consistent with the results of our detailed image
analysis, which reveals no extensive rafts of single atom layers on the
amorphous carbon support, apart from a few ‘shake-off’ atoms.
Figure 2 shows that the integrated HAADF intensity from the clusters
increases linearly with the number of constituent atoms up to about
N=1,500. This linearity implies that, at small cluster size, atoms
within the cluster contribute equally to the total scattered electron
signal detected by the HAADF detector.

The linearity shown in Fig. 2 also suggests that the HAADF inten-
sities for the individual atomic columns in Fig. 1 can be directly
associated with the number of atoms in each column. The clear
five-fold symmetry in the atomic column arrangement in Fig. la,
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for example, suggests that the cluster has Ino-decahedral geometry
and is oriented on the substrate such that the five-fold axis is parallel
to the electron beam, as shown in the hard-sphere representation in
Fig. 3a. Figure 3b displays an illustrative line intensity profile from the
centre of this cluster to one of the corners, averaging over three
experimental pixels (equal to 0.9A). Five peaks and a shoulder
(marked by the arrow) are apparent, with the peak intensity decreas-
ing gradually towards the corner. Using a simple kinematical
approach, the simulated HAADF-STEM image of the decahedral
Ausg cluster is shown in Fig. 3¢, together with the intensity profile
(the solid red curve). The correspondence between the simulated
profile (Fig. 3¢), and the experimental profile (Fig. 3b), with respect
to both the peak positions and the relative peak intensities, is remark-
able, indicating the correct identification of the atomic column struc-
ture. An icosahedron also has a five-fold rotational symmetry axis;
however, the rotation-reflection symmetry of this structure results
in a STEM image having ten-fold symmetry, and the technique
described has the potential to discriminate between these two pos-
sible structures (see Supplementary Information). We have also con-
ducted a full dynamical calculation using the multislice method'.
The corresponding line profile is shown by the dashed line in Fig. 3c.
The similarity between the two simulated line profiles confirms the
validity of the simple kinematical approximation for HAADF-STEM
image simulation of the Ausgy clusters and that the quantization of
the HAADF intensity correlates directly with the quantization of the
number of the atoms.

Close comparison between Fig. 3b and c also highlights a discrep-
ancy in the atom columns at the edge of the cluster. The experimental
intensity of the outermost atomic column is significantly lower than
those predicted by either simulation. In addition, an extra shoulder
appears in the experimental profile, as indicated by the arrow, with a
peak intensity lower than that of the isolated single Au atom observed
on the same sample (Fig. 1a). This shoulder exists for all the clusters
inspected, irrespective of their shape. The discrepancy cannot be
wholly explained by effects such as the rocking movement of the
cluster under the electron beam, electron-beam scan instability or
noise from other sources, because all these effects would result in the
smearing out of the overall image. We take it as evidence that atoms
in the surface layer of the clusters fluctuate significantly, on a time-
scale shorter than the period for the data acquisition. This is similar

Figure 3 | Three-dimensional atomic structure

HAADF intensity (arbitrary units)

of a gold cluster (N =309 * 6). a, Three-
dimensional atom density profile of Ausgo,
derived from Fig. 1a. A hard-sphere model for an
Ino-decahedral structure is shown with the
electron beam (arrow) parallel to the five-fold
axis. b, Experimental intensity line profile taken
from the central atom column of the cluster to
one of the corners (indicated in inset with red
line. ¢, Simulated HAADF-STEM image (inset),
obtained with a simple kinematical approach, of
an Ausgg cluster with Ino-decahedral geometry.
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An intensity profile (solid curve) across one ridge
(indicated in inset with red line) is compared with
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. the result from a full dynamical multislice
calculation (dashed line).
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to the dynamic motion of surface atoms previously observed for
larger nanoparticles'”'®.

The observed structures of the Au clusters can be understood from
their calculated total potential energies for different polyhedral
geometries (icosahedral, Ino-decahedral and cuboctahedral) as a
function of the number of constituent atoms. After local energy
minimization, it was found that, for very small Au clusters
(N'<100), the icosahedral structure is much more stable than the
Ino-decahedral and the cuboctahedral structures. The total potential
energy is in the order of: icosahedral < Ino-decahedral < cuboctahe-
dral. However, for the larger clusters (N = 500-1,000), the order of
stability begins to change, with the Ino-decahedral structure becom-
ing more stable than the icosahedral geometry: Ino-decahedral <
icosahedral < cuboctahedral. Further increasing the cluster size
results in the order of stability changing to: Ino-decahedral <
cuboctahedral < icosahedral. For Ausq, the difference in total energy
between different geometries was less than 1.2 eV (that is, less than
3.88meV per atom) from the most stable to the least stable.
Moreover, there are many local energy minima and the energy bar-
riers between these structures are small. These results support our
experimental findings that no one structure dominates. For Aus, we
see a similar proportion of clusters with Ino-decahedral (32%) and
cuboctahedral (25%) structures and a much lower population of
icosahedral structures (8%). In the remaining population, some
clusters show irregular facets and some do not show any ordered
geometry, possibly because of significant rearrangement of the
outer-shell atoms, akin to the solid-liquid phase coexistence pre-
dicted for other systems'. Given the narrow size distribution of the
deposited clusters, our results may shed light on the relative struc-
tural stabilities of the various cluster isomers in the gas phase,
information that has solicited many theoretical investigations but
little hard experimental evidence.

In conclusion, we have demonstrated the suitability of high-angle
annular dark-field imaging in the aberration-corrected STEM for
detailed structural and stability analysis of size-selected metallic clus-
ters on solid supports at atomic resolution. The multiplicity of cluster
geometries revealed by our detailed study of the atomic arrangement
of soft-landed Ausgg clusters on amorphous carbon supports is con-
sistent with many local energy minima predicted for clusters of this
size by cluster simulations. Evidence for increased fluctuations and
motion of cluster surface atoms relative to the core atoms within the
Ausgg clusters may reflect an inherent property of the nanometre-
sized gold clusters that could be related to their enhanced catalytic
properties through much reduced coordination. Vertical depth
information can be extracted from a single projection, with single-
atom sensitivity, opening up the possibility to use the technique as a
routine three-dimensional structural characterization tool for small
nanoparticles at the atomic-scale level, with the help of image simu-
lation based on ab initio cluster modelling including dynamical
effects. The experimental approach has practical advantages, such
as the more relaxed constraints on cluster stability'”'®. When com-
bined with time-lapsed imaging techniques, our approach could
provide the dynamical insight into the atomistic structural changes
of nanoparticles that commonly occur in some catalytic reactions™.

METHODS SUMMARY

The gold clusters are formed by gas-phase condensation of sputtered atoms in a
rare-gas atmosphere”', size-selected by a lateral time-of-flight mass spectro-
meter”” and soft-landed on an amorphous carbon support® for examination
by high-angle annular dark-field STEM, using a spherical-aberration-corrected
machine for the atomically resolved imaging*!. The three-dimensional atomic
structures of the size-selected clusters are obtained by comparison of the experi-
mental results with both kinematic and dynamical image simulations'**, based
on structural models optimized by a realistic many-body potential®**’.
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Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Cluster formation and deposition. Gold cluster beams were produced by a
source based on radio-frequency magnetron plasma sputtering and gas aggrega-
tion*'. The positively ionized clusters were extracted and focused by ion optics
and mass-selected (resolution, £2%) by a lateral time-of-flight mass filter*>. The
clusters were deposited on a transmission electron microscope grid coated with
an amorphous carbon film with a deposition energy of 500 eV, which is in the
soft-landing regime, to ensure the maximum probability of retaining the pre-
formed cluster structure upon deposition®.

Electron microscope imaging. Systematic measurements of integrated HAADF
intensities for a wide range of size-selected Au clusters were carried out using
a Tecnai F20 200 kV STEM at the Nanoscale Physics Research Laboratory,
University of Birmingham. High-resolution imaging of Ausoo clusters was per-
formed using a dedicated VG HB501 STEM at the UK SuperSTEM facility at
Daresbury*. This was fitted with a second-generation spherical-aberration
corrector from Nion Inc. and operated at 100 kV. These images were captured
by a high-angle annular dark-field detector with a probe convergence angle of
24 mrad and collection angle from 70 to 200 mrad. The beam current was
typically 70 pA. All images were recorded at a rate of 19 ps per pixel. The images
in Fig. 1 were extracted from a 1,024 X 1,024 pixel image and are 170 X 170
pixels. They have been low-pass filtered (with a 3 X 3 kernel and a weight of
1.2) using the SPIP program (version 3.2.0.1, Image Metrology).

Structure modelling. To simulate HAADF images of the Ausgg clusters for
comparison with experiments, we first generated idealized icosahedral, Ino-
dechedral and cuboctahedral geometries with the magic number N = 309. The
structures, which were modelled by the Gupta many-body potential*® for Au,
were then locally relaxed. This was followed by a detailed genetic algorithm
search?” for Ausge cluster structures.

Kinematical STEM simulation. This was done by locating each trial cluster
within a two-dimensional grid of dimensions 50 AX 50 A, with an interval spa-
cing of 0.25 A in both the x and y coordinates. A probe of diameter 1 A visited
each grid point and checked for atoms within the probe radius of this grid point
in the two-dimensional x—y plane. The quantitative contribution of an atom to
the intensity was related to the actual distance between the probe centre and the
centre of the atom by a gaussian distribution. All the atomic contributions within
the probe radius were then summed and used to calculate the total intensity.
Finally, we examined the calculated image for various alignments of each cluster
relative to the electron beam probe. The above procedure was repeated for high-
symmetry clusters with the magic number N = 309, including the icosahedron,
the cuboctahedron and the Ino-decahedron structures.

Multislice STEM simulation. We have used an approach described by
Kirkland'® that allows the atomic potential at each layer to be different.
Therefore, the image of a particle can be calculated by putting the appropriate
number of atoms in each layer of the multislice calculation in accordance with
the cluster geometry. To simulate the HAADF image of the cluster, a supercell
was built by putting a single cluster into a box of dimension 60 X 60 X 25 A>. The
same relaxed atomic coordinates as in the kinematical simulation were used for
the Aujy clusters. In the beam direction, the sample is sliced into 17 layers. The
sampling is 1,024 X 1,024 for the supercell and this configuration covers the
scattering angle up to about 210 mrad. The frozen phonon method was used
to include the thermal diffuse scattering with a constant Debye—Waller factor of
0.0057 nm>. The experimental probe parameters we used were Cs =70 mm,
C; = —0.026 mm and C; = 5nm with convergence angle aperture of 24 mrad.
The resulting probe profile has a full-width at half-maximum (FWHM) of about
0.08 nm. The scattering factor for gold was taken from ref. 16.
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