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In this work we present the analysis by aberration corrected
electron microscopy of the formation of gold clusters based on
the proton irradiation of larger nanoparticles (NP). Pentagonal
arrays have been observed and energetic calculations have been
performed in order to prove the stability of these materials.

In recent years noble metals clusters, such as gold or silver,
have attracted extraordinary attention" > due to their high
reactivity. Potential applications™ * in the fields of catalysis
and nanoelectronics are currently being explored in both
theoretical and experimental ways to finally fabricate
materials with tunable structures and properties on the
nanometer scale. These properties are strongly related to the
size and shape of the clusters* and in the particular case of
gold, relativistic effects cause Au, clusters to present unique
structures and properties relative to the other “noble” metals.

Many
theoretically predicted™ %; planar symmetries (2D) have been
reported for clusters up to about 11-13 atoms. Three-
dimensional morphologies are energetically preferred for
larger clusters” 5. Tetrahedral morphology has found to
stabilize Auao> '°. Meanwhile, for larger clusters such as Aus,,
Auy, or Auy,, hollow structures tend to present the lowest
energy'''*; Moreover, cage structures (23 to 42 atoms) are
energetically stable on MgO surfaces'’. Unfortunately, due to
the small size of these solids, little is known from the
experimental point of view'®. With the development of
aberration transmission electron microscopes,
atomic resolution can be achieved and therefore, smaller
materials which are ‘not visible’ by conventional electron
microscopy techniques can be directly imaged'® 7.

The analysis carried out in this work was mainly done using
the STEM-HAADF technique. In this mode heavy elements
such as metals appear very bright respect to light elements
such as carbon. However, until the introduction of these
machines the analysis of small nanoparticles was practically
impossible as the probe size tended to be larger than the
interatomic distances. With the implementation of aberration
1719 in STEM microscopes, electron probes smaller
than 1 A have been achieved, allowing dynamic imaging of
single atoms and clusters composed of a few atoms. In this
work gold nanoparticles, which were deposited onto a fine
layer of graphite, were irradiated with a proton beam for up to
500 hours. Following irradiation, small gold clusters, as well
as, isolated gold atoms were observed. The materials obtained
were characterized by aberration corrected transmission

structures for different cluster sizes have been

corrected

correctors

55

60

65

7

S

75

=

3
S

9

95

s pseudopotential

electron microscopy, which allows observing in great detail
isolated gold atoms, small clusters with sizes below 1 nm and
the structure of larger nanoparticles of about 2nm'® 2% 2!,
These NP were found to be quite stable under electron beam
irradiation retaining the fcc structure of bulk gold.

Producing clusters in the range below 1 nm is extraordinary
difficult because if “bare” surface particles are formed, very
strong cluster mobility is expected which would result in
coalescence. The production of such small particles was
carried out as follows: gold nanoparticles passivated with 1-
dodecanethiol were synthesized by the Brust method reported
elsewhere®” *. 3 mg of the passivated gold nanoparticles were
mixed with 100 mg of graphite in 0.5 ml of toluene and then
mounted over a brass sample holder. The solvent was allowed
to evaporate until a dry pellet of the sample was formed. The
samples were irradiated in an EN Tandem Van de Graaff
accelerator, with a proton beam of 5 MeV and a total dose of
2.4x10® Gy for periods of time ranging from 100 to 500 hours.

Scanning transmission electron microscopy (STEM) was
used to image the materials in a JEOL 2100F 200kV FEG-
STEM/TEM equipped with a CEOS C; corrector on the
illumination system. High angle annular dark-field (HAADF)
STEM images were acquired on a Fischione Model 3000
HAADF detector with a camera length such that the inner cut-
off angle of the detector was 50 mrad. The pixel spacing was
calibrated using Si 110 lattice images in HAADF mode.

High resolution STEM images were processed using the
Richardson-Lucy algorithm implemented by Ichizuka®®. The
possibility of misinterpretation of the filtered images by the
introduction of artefacts was ruled out by the analysis of
several image of larger particles and isolated atoms.
Theoretical calculations were performed within a DFT-LDA
framework using the DMOL3 code®.
Effective core potentials were used for carbon and gold atoms,
including semi-relativistic effects. All electron calculations
were carried out with a double numeric plus polarization basis
set. The local density approximation (LDA) within the
Perdew-Wang (PWC) functional were used in all cases.

Fig. 1a shows the bright field image of a hexagonal shaped
Au NP of about 3 nm. The lattice distances measured are 2.75
A, which correspond to the double distance for the {110}
planes in a fcc structure obtaining a unit cell value of 3.89 A,
smaller than the data reported for bulk Au (4.07 A). This
apparent lattice decrease has been previously reported for gold
nanoparticles below 3nm®'. As described in the experimental
section, the original gold nanoparticles were irradiated until
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they split into smaller fractions which remained deposited on
the carbon. Fig. 1b shows a ‘large’ gold nanoparticle of ~ 2.5
nm recorded along the [110] orientation in the process of
disintegration; two smaller clusters of ~ 1 nm, which have
been created due to the irradiation are still linked (marked
with a circle in Fig. 1b) to the ‘parental’ nanoparticle.

Fig. 2 displays several single Au atoms on the carbon. The
full-width half maximum of the intensity measured after black
level correction (performed by subtracting the intensity
measured on gold atoms and clusters minus the intensity
measured on empties zones) was 1.03 in agreement with data
previously reported'” 2% ?7 for isolated metal atoms on carbon.
Considering that the diffusion barrier for a gold adatom on a
graphene sheet is 0.05 eV*® a high atomic mobility is expected
for Au adatoms on defect-free graphene sheets. However, if it
is taken into account the possibility of Au adatoms adsorbed
on graphene vacancies, which may be created due to proton
irradiation, the diffusion barriers change drastically to the
order of 2.2 and 5 eV, indicating that gold atoms could be
trapped on carbon vacancies or will migrate together with the
vacancies as predicted very recently by Zhang er. al.?’.

Fig. 3 presents the STEM-HAADF images of two different
gold clusters. Fig. 3a corresponds to a cluster of less than
Inm, composed by approximately 17-18 atoms, with planar
morphology. A pentagonal array of gold atoms is marked by
an arrow. In Fig. 3b an isolated pentagon is presented. Fig. 4a
displays another gold cluster of ~ 12 A, composed by ~ < 50
atoms, where an almost completely flat pentagonal array is
highlighted in Fig. 4b. In this case the atomic distances
between the gold atoms forming the pentagon varied from 2.1
At02.6 A. The intensity profile line of this particle, (obtained
from the raw data), is shown in the suplementary material
compared with the result obtained for a single atom.

All the images were recorded for either 16 or 20 seconds;
during this time, no structural changes were observed in the
atomic structure of the clusters proving that the pentagonal
arrays were formed and stabilized after the proton irradiation.
However, for longer exposure times, the interaction between
the electron beam and the gold became predominant over the
interaction between the Au atoms and the carbon substrate
making the cluster mobile over the surface of the graphite.
Theoretical calculations have been performed using free and
supported Au clusters: Free Aus clusters: First, we started the
calculations with small free clusters composed of five gold
in a 3-dimensional array (Fig. 5a). Geometry
optimizations revealed a planar  2D-structure in good
agreement with previous studies’®. Aus presents a planar
trapezoidal structure (Fig. 5b) with a C,v symmetry which is
more stable than the 3D by 1.45 eV. Supported Aus clusters:
The systems considered include two graphene layers within a
5 x 5 unit cell and the optimized Aus cluster (Fig. 5b) onto the
surface. During these calculations the first atomic layer of
graphite and all gold atoms were allow to relax. Geometry
optimization were performed and the final structure obtained
after relaxation is shown in Fig. 5c. The calculations show
that gold atoms are placed above C-C bonds with a slight
displacement towards the hollow site, the Au-Au distances are
in the range of 2.62-2.71 A as indicated in the figure.
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Although the structure is not exactly the same as in Fig. 4b, it
is in fairly agreement with the experimental findings,
especially considering that the calculations are predictions at
0 K.

The presence of pentagonal arrays of atoms is extremely
important; suggesting that a five fold related structure is
present. No fcc structure would produce such an array of
atoms except if a star disclination is produced deforming the
structure to a five fold structure. However, this would not
produce pentagons as presented in this work. Theoretically,
for such a small materials gold fullerenes have been
energetically predicted to be the most stable phase. The
stability has been attributed to their spherical aromaticity
following the 2( N + 1)? rule® 2. Good examples are Ausg
and Au;,, which have been found to be stable and form
fullerene type geometry'> ** 3 To date, hollow Aus, has only
been successfully prepared via immersion in an organic
ligand®’, but experimental evidence has not been recorded
from the electron microscopy point of view. In the present
work pentagonal arrays, which to our knowledge are reported
for the first time have been produced and analyzed, and could
represent an experimental evidence of a precursor for the
fullerene-like morphologies.

Conclusions

In summary, a method for the production of gold clusters
based on the proton irradiation of larger crystals has been
described which creates isolated gold atoms and small
nanoparticles of different sizes, which were characterized by
BF-STEM and HAADF-STEM.

Gold clusters smaller than 1nm have been successfully

synthesized presenting in some cases a structure with
pentagonal arrays.
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Fig. 1 a) Aberration corrected STEM-BF of a gold cluster, the gold

atoms; in this case appear as black spots in the image.. b) High resolution
STEM-HAADF image of a gold cluster recorded along [110] orientation

after gamma irradiation. The circles remark two small clusters formed
after irradiation.
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Fig. 2 High resolution STEM-HAADF image of single gold atoms

deposited on a layer of graphite. The atom used in this case for diameter

measurements is marked by two dashed lines.

Fig. 3 a) Aberration corrected STEM-HAADF of a Au cluster. A
pentagonal array is marked by an arrow. b) HR-STEM-HAADF image of
a Au cluster formed by two pentagons.

Fig. 4 a) High resolution Aberration corrected STEM-HAADF image of
a gold cluster of about 1.2 nm. b) Pentagonal array collected from Fig. 4a.
The distances between gold neighbours oscillated between 2.1 A to 2.6 A.

75 Fig. 5 Free Aus clusters: a) 3D structure b) planar trapezoidal cluster. ¢)
Supported Aus cluster on graphite 5x5.
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