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In this study, aberration-corrected scanning transmission electron microscopy is employed to investigate
the morphology of Au clusters formed from the aggregation of single atoms sputtered onto an amor-
phous carbon surface. The morphologies of surface-assembled clusters of N > 100 atoms are referenced
against the morphologies of size-selected clusters determined from previously published results. We
observe that surface-assembled clusters (at the conditions employed here) are approximately spherical in
shape. The structural isomers of the imaged clusters have also been identified, and the distribution of
structural types is broadly in agreement with those from size-selected cluster deposition sources. For
clusters of approximately 147 atoms, we find a preference for icosahedra over decahedra and truncated
octahedra, but at this size there is a high proportion of unidentified/amorphous structures. At around 309
atoms, we find a preference for decahedra over icosahedra and truncated octahedra, but over half the
structures remain unidentifiable/amorphous. For sizes above approximately 561 atoms we are able to
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identify most of the structures, and find decahedra are still the most favoured, although in competition
with single-crystal fcc morphologies. The similarity in structure between surface-assembled and size-
selected clusters from a cluster source provides evidence of the relevance of size-selected cluster studies

rsc.li/nanoscale to clusters synthesised by other, industrially relevant, methodologies.
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The size and structure of metal nanoclusters is crucially
important to both their catalytic activity and selectivity in a
wide array of reactions.”® Their size inherently regulates the
surface area to volume ratio of the catalyst, with single atom
catalysts maximising availability of metal atoms.® The cluster
structure determines the coordination of surface atoms and
thus the sites available for adsorption and desorption of mole-
cular species.”

In this study, we investigate the morphology of Au clusters
formed by surface-assembly of atoms sputtered onto an amor-
phous carbon film using aberration-corrected high-angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM). In particular, we aim to understand how the
structures of surface-assembled clusters compare with those
produced by size-selected cluster beam deposition. Clusters
deposited from cluster beam (e.g. gas-condensation) sources
are often used for exemplar studies of metal clusters in cataly-
sis. Understanding the differences in morphology between
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clusters produced via surface growth, versus those from cluster
sources, is therefore important. This is particularly so because
the process to form surface-assembled clusters is representa-
tive of those employed in the majority of commercial hetero-
geneous catalysts, i.e. is similar to the surface growth of nano-
clusters during calcination and reduction of metal precursors.
Specifically, we aim to understand whether clusters from gas-
condensation sources are representative of surface-assembled
clusters.

Gold nanoclusters are of particular interest, because of
their excellent catalytic activity in a number of reactions® and
the small energy differences between different structural
isomers that results in competition between different struc-
tures at small cluster sizes.”'® Gold nanoclusters typically
assume one of three structures: Icosahedral (Ih), Decahedral
(Dh) and single-crystal fcc (fcc),”'® which determine the
surface sites available for catalysis. In this study, we aim to
quantify the proportion of each structural isomer in a size
range between 100 and 1000 atoms for surface-assembled
clusters.

Due to the formation process of surface-assembly, we
expect to find populations of cluster structures that represent
equilibrium structure distributions (assuming a weak cluster-
surface interaction). If correct, we expect the distribution of
isomer populations to be broadly comparable to those found
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in clusters formed via gas-condensation with long conden-
sation lengths,'" or those that have been annealed.'? This is in
contrast to metastable structures that can be formed via short
condensation lengths via gas-condensation."’

In the present study, we find that clusters formed from
atomic sputtering and surface-assembly (at the particular con-
ditions used here) have a near-spherical morphology, similar
to those from gas-condensation cluster sources. Further, we
find the distribution of non-amorphous isomers is dominated
by icosahedral structures for clusters of less than approxi-
mately 436 atoms, while above this size decahedral and fcc
structures dominate. The distribution of structural isomers
found at the larger sizes are in broad agreement with previous
studies on equilibrium distributions from gas-condensation
cluster sources.

1. Investigation of sphericity

Two methodologies are employed to determine the sphericity
of Au clusters surface-assembled from sputtered atoms on an
amorphous carbon film. Firstly, the number of atoms in a
population of surface-assembled clusters is determined via
HAADF-STEM intensity (calibrated through comparison to
size-selected clusters known to be quasi-spherical).
Comparison of the number of atoms in each cluster to its dia-
meter/radius  provides evidence of sphericity versus
hemisphericity.

Fig. 1 shows a comparison of surface-assembled cluster dia-
meters (red data points) against those of size-selected clusters
(blue data points). Lines are plotted for expected diameter
versus number of atoms for spherical and hemispherical par-
ticles. The equations for diameter versus number of atoms for
nanoparticles can be derived from the volume of a sphere:

Vs =4/3nrs, (1)

where Vy is the volume of a sphere, and r is the spherical
radius. Taking the volume of the unit cell of bulk Au, V = a*, in
which there are 4 Au atoms, where a is the lattice parameter of
Au, we can define a sphere of radius r; to have the following
number of atoms:

N = 4(4/3)nr/a?, (2)

which can be rearranged to give the approximate diameter of
spherical and hemispherical nanoparticles with a number of
atoms N, as follows:

Ds = KN1/37 (3)
for spherical clusters, and for hemispherical clusters:
Dy, = k(2N)"?, (4)

where D is the spherical diameter, Dy, is the hemispherical
diameter and « represents approximately 0.8 multiplied by the
Au lattice parameter (0.408 nm).
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Fig. 1 Plot of the equivalent circular diameter of clusters for a given
number of atoms. The green line represents the hemispherical distri-
bution of diameters (eqn (4)), while the spherical (egn (3)) is represented
by the yellow line. Red data points are surface-assembled clusters and
blue data points are size-selected clusters, which are known to be
quasi-spherical. Inset is an example HAADF-STEM image of surface-
assembled Au clusters on a carbon support, taken normal to the carbon
surface, showing clusters to have a near-circular profile across a range
of sizes. Inset scale bar of 10 nm.

The number of atoms can be directly obtained from the
summed HAADF-STEM intensity associated with each cluster,
due to the fact that the intensity scales linearly with number of
atoms (up to a certain sample thickness)."> Calibration of
HAADF-STEM intensity to number of atoms is performed
through imaging of size-selected clusters of a known number
of atoms (309 + 9 atoms), which are also known to be approxi-
mately spherical. As the imaging of both size-selected and
surface-assembled clusters were performed under identical
conditions and essentially within the same time window,} the
calibration is applicable to the images of surface assembled-
clusters. The errors on the number of atoms within size-
selected clusters (approximately 2%) and the drift in emission
current (2%) combine to give an approximate error of 3% on
the size of measured clusters, which should be taken as the
error on all measurements of size of surface-grown clusters.
The calibrated number of atoms versus diameter clearly illus-
trates that the surface-assembled clusters across the entire

1 Both the surface-assembled and the size selected clusters were measured in a
JEOL ARM3O0O0F at 300 kV under the same microscope alighment conditions and
within 1 hour of each other to minimise any temporal drifts in the measurement
system. The amplifier gain and amplitude/offset were maintained between all
images. The emission current drift between size-selected and surface-assembled
samples is of the order of 2%.

This journal is © The Royal Society of Chemistry 2024
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range of sizes from 100 atoms to almost 2000 are approxi-
mately quasi-spherical.

A confirmation of cluster sphericity is provided through
imaging the sample tilted to a high angle with respect to the
electron beam. By tilting the sample it is possible to directly
inspect the angle of interaction of the cluster with the support
to see if any wetting-like behaviour is occurring, or if there is
any flattening of the sphere with respect to the support. Tilting
clusters through +70°, the vast majority of clusters maintain a
circular projected cross-section, Fig. 2e, indicating that they
are quasi-spherical. We support these observations with com-
parison against simulations of hemispherical clusters, Fig. 2a—
d. The simulated projection of hemispherical cluster geome-
tries at an angle of +70° reveal a clear change in their projected
outline, with a shrinking in projected diameter perpendicular
to the tilt axis. We do not observe this change in projected dia-
meter in clusters below 1000 atoms in size in the experimental
images.

Through the two different methodologies outlined, we have
determined that clusters below 1000 atoms in size, surface-
assembled from sputtered single atoms, are close to spherical
in morphology. This observation contrasts with previous find-
ings of a wider distribution of morphologies'* (N. P. Young
et al., 2008), which found many near-hemispherical clusters of
surface-assembled atoms produced by thermal evaporation on
the same type of amorphous carbon support. We postulate
that the difference may be due to different deposition rates in
the sputtering employed here in comparison to the thermal
evaporation employed by Young et al. The sputtering flux in
the samples in this study is comparatively low and therefore
the cluster atoms are more likely to have time to arrange into a
low-energy state. It may be a feature of atoms depositing at
higher flux that there is a wider distribution in morphology,

Fig. 2 Comparison of HAADF-STEM simulations of hemi-spherical
truncated clusters on carbon at —70° to experimental data. (a) —=70° pro-
jection of amorphised hemi-spherical Aul47 icosahedron. (b) —70° pro-
jection of amorphised hemi-spherical Au309 decahedron. (c) —70° pro-
jection of hemi-spherical Au509 decahedron. (d) —70° projection of
hemi-spherical Au923 truncated octahedron. (e) Wide field-of-view
experimental HAADF-STEM image acquired at —70° showing all clusters
under 1000 atoms in size are approximately spherical. (a—d) Scale bar of
1 nm. (e) Scale bar of 20 nm.
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including hemispherical clusters which may be metastable, i.e.
kinetically “trapped” before being able to relax to a lower
energy. Additionally, the spherical clusters found here on
carbon are in contrast to the 2D and hemispherical structures
regularly observed on thin oxide films,'> demonstrating the
importance of the interaction between Au and the support
material.

2. Investigation of structural isomer
distribution

In this section we determine the proportion of surface-
assembled clusters belonging to each structural isomer (icosa-
hedral, decahedral, fcc and unidentified/amorphous). Fig. 3
shows the distribution of classified structural isomers for clus-
ters surface-assembled from Au atoms sputtered onto amor-
phous carbon films, for ranges of atom numbers centred
around magic numbers. The results from Fig. 3 are summar-
ised in Table 1.

The structural isomers of clusters have been identified
using the Simulation Atlas method,>'® which provides an
extensive set (‘Atlas’) of HAADF-STEM images of idealised clus-
ters. Not all clusters could be identified as one of the three
structural isomers; this can be for a variety of reasons such as:
image quality, cluster motion under the beam, or genuinely
amorphous/glassy structures.

(d) 28+ A
[ Icosahedral
24 [ ] Decahedral
I Fce
£ 204
[9)
@
3 16
]
G 121
o)
Z 5]
4
0+
100-228 229-435 436-742 743-1000
Cluster Size (no. of atoms)
Fig. 3 (a—c) Experimental images of surface-grown clusters showing

clear examples of decahedral (a), icosahedral (b) and truncated fcc (c)
morphologies. Scale bars of 1 nm. (d) Summary of isomer distributions
for surface-assembled clusters. Bin ranges for the cluster sizes are nom-
inally centred around the “magic numbers” of 147, 309, 561 and 923.
Cluster identification was performed through manual comparison of
structural motifs to a Simulation Atlas of clusters of different sizes and
orientations.
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Table 1 Literature comparison of our findings

Isomer
Cluster size (atoms) Th Dh FCC UI/A
100-228 12% 6% 3% 79%
229-435 12% 22% 12% 54%
436-742 7% 43% 36% 14%
743-1000 0% 50% 50% 0%
Li 2008
Size Th Dh FCC UI/A
309 8% 32% 25% 35%
Wells 2015"
Size Th Dh FCC UI/A
561 2% 43% 36% 19%
742 3% 46% 37% 14%
923 4% 41% 31% 24%
Au923
Wang 2012°
Irradiation time 1h Dh FCC UI/A
0 53.16% 22.78% 24.05% —
>160 1.27% 60.75% 37.97% —
Au561
Foster 2018°
Temperature Th Dh FCC UI/A
20 °C 3% 32% 39% 26%

Comparison of classification results of our work against those of Wells
(2015)", Wang (2012)* and Foster (2018)°. Clusters are classified as
face-centred-cubic (FCC), decahedron (Dh), icosahedron (Th) or un-
identified/amorphous (UI/A).

Our results show that unidentified/amorphous structures
dominate the lower size range of clusters, from 100-435
atoms, with the proportion of unidentified/amorphous clus-
ters rapidly decreasing in the range 436-742 atoms. The
reduction in the proportion of unidentified/amorphous clus-
ters with increasing size could be due to electron beam inter-
actions, smaller clusters may be more influenced by the elec-
tron beam and thus more likely to move/rotate. However,
smaller clusters may also show a preference for amorphous/
glassy structures without the influence of the electron
beam."” ™" Clusters in the size range 436-1000 atoms are
predominantly fec (approximately 40%) or decahedral
(approximately 45%). There is also a relatively high abundance
of icosahedra at lower sizes (12%), which decreases at larger
sizes.

Table 1 compares the results obtained here to results from
studies of size-selected clusters in previously published
literature.' "

Our results cover a broad range of sizes and do not overlap
with previously published experimental data until a size of 309
atoms. Comparing our data to that corresponding to clusters
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of 309 atoms from a previous study,"® the clear difference is a
lower proportion of identifiable/crystalline clusters in compari-
son to the present study. The relative proportions of crystalline
isomers (ignoring unidentified/amorphous clusters) are
similar to those in the range 229-435 found here, although the
present study has fewer icosahedra and more fcc structures
than the proportions determined for size-selected clusters.
We see a similar degree of unidentified/amorphous classifi-
cations between 436-742 in our data compared with the
reported 561 and 742 results of Wells et al,' and the 561
results of Foster et al.> However, Wells et al.' report about a
quarter of their clusters around 923 to be amorphous still,
while for our surface-assembled clusters we find no amor-
phous clusters above 742 atoms. This is likely due to the
“templated growth” of the clusters studied by Wells et al.,
where observations indicated isomer distributions were main-
tained through different size ranges due to templated growth
over an initial smaller core. Differences in our observations
could also be due to differences in microscope setup or
simply differences in manual classification; we have relatively
low statistics for this size range. Wang & Palmer” make no
report on amorphous structures, they excluded unidentifiable
atomic structures for their considerations of transformations
under the electron beam. An interesting note on the results
of Wang & Palmer is that their initial clusters are far from
equilibrium distributions, but that under prolonged electron
irradiation they reach ratios similar to our study and Wells
et al

The distributions of structural isomers in this study of
surface grown clusters are a reasonable match to those found
in pre-formed clusters deposited after gas condensation and
size-selection. Small differences in the distributions of struc-
tural isomers could occur because of the formation mecha-
nism, due to counting statistics in this or previous studies, to
kinetic trapping of metastable structures in the formation
process or to effects of the electron beam.

3. Methods

3.1. Production of nanoclusters

The surface-assembled Au clusters used in this work were pre-
pared by sputtering single atoms from a gold target with an Ar
ion beam. First, a Au film is evaporated onto an oxygen-free
copper support. Once generated, the film is sputtered with an
Ar ion beam (Omicron ISE-5 cold cathode gun) to generate the
Au atoms which are soft-landed onto an amorphous carbon-
coated TEM grid. In the samples of this study, atoms were de-
posited with sputtering voltages of 2 and 3 kV.

The size-selected Au clusters used in this work were made
by a magnetron sputtering, gas aggregation cluster beam
source.””*" Clusters are aggregated in rare gas after plasma
sputtering of target atoms, accelerated, and focused. The
focused beam is then mass-separated by a lateral time-of-flight
filter.>*> The clusters are soft-landed onto amorphous carbon-
coated copper TEM grids.

This journal is © The Royal Society of Chemistry 2024
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3.2. Characterisation using STEM

Images of clusters used to assign structural isomers and to
provide calibrated numbers of atoms versus diameter were
acquired on a probe-corrected JEOL ARM300F (GRAND-ARM)
Scanning Transmission Electron Microscope operated at
300 kv at the electron Physical Sciences Imaging Centre
(ePSIC) at Diamond Light Source. The probe semi-angle was
approximately 23 mrad and the HAADF detector had an inner
collection angle of approximately 58 mrad (outer angle
approximately 215 mrad).

Sample tilt series were acquired using a probe-corrected
Thermo-Scientific Spectra 200 Scanning Transmission
Electron Microscope operated at 200 kV at Cardiff University.
The probe semi-angle was approximately 30 mrad and the
HAADF detector had an inner collection angle of approxi-
mately 56 mrad (outer angle approximately 200 mrad).

3.3. Cluster simulations

Idealised cluster structure models were produced in Python
using the Atomic Simulation Environment (ASE) package.”?
From these models, HAADF-STEM simulations of clusters were
produced, again in Python, using the abTEM package®* and
the multi-slice Plane-wave Reciprocal-Space Interpolated
Scattering Matrix (PRISM) algorithm.>® This method was used
to produce both the Simulation Atlas of different cluster sizes
and orientations, as well as the hemispherical cluster images
used in the tilt series comparison.

The simulations use “magic number” clusters; that is, clus-
ters of a particular number of atoms corresponding to closed
shell geometric arrangements of the atoms. These structures
are the icosahedron (Ih), decahedron (Dh) and single-crystal
fee (fec, ie. the bulk-like arrangement). In reality cluster struc-
tures deviate from these ideal forms even at magic numbers.

4. Conclusions

We have determined the morphologies of atomic clusters, in
the size range 100-1000 atoms, formed by the surface-assem-
bly of Au atoms on amorphous carbon films. The surface
grown clusters were found to preferentially form 3-dimen-
sional near-spherical structures over 2-dimensional or hemi-
spherical structures.

The distribution of intensity vs. diameter of surface-
assembled Au clusters on amorphous carbon films is consist-
ent with quasi-spherical particles. This is further supported by
direct observation of tilted clusters, which maintain a circular
projected cross-section with an intensity distribution consist-
ent with a quasi-spherical shape.

The distributions of structural isomers in the surface-
assembled clusters studied here are largely consistent with
those previously reported for clusters formed from a gas-con-
densation cluster source and deposited onto amorphous
carbon. Amorphous clusters dominate the size ranges of
100-228 and 229-435 atoms, which is the major difference we
have found in comparison to previous cluster-beam deposition

This journal is © The Royal Society of Chemistry 2024
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results. Above these sizes, in the range of 436-742 atoms,
cluster morphologies begin to be dominated by decahedral
and fec (fce) structures. A small fraction (12%) of icosahedral
structures are observed at cluster sizes below 435 atoms, but
this decreases as cluster size increases above this range.

The degree of sphericity and structural isomer distribution
found in this study is specific to the Au/C system. The weak
interaction between Au and carbon results in limited influence
of the support on cluster structure. Systems possessing a
strong metal-support interaction will not display the same
degree of sphericity due to the influence of support on overall
structure.

Data availability

All data used in this paper can be found at https:/doi.org/
10.5281/zenodo.11147031. A Jupyter notebook demonstrating
the analysis of intensity data and plotting of Fig. 1 can be
found at https:/github.com/TomSlater/Surface-Assembled-
Clusters.
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