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Core@shell Co@Au nanoparticles of around 8 nm have been
produced by inert gas condensation method, revealing for the
first time that most of the nanoparticles present an
icosahedral shape in agreement with the theoretical
prediction. Additionally, we report the existence of a novel
morphology which consists of a Co icosahedron surrounded
by fcc Au facets, reported here for the first time.

It is well-known that the properties of matter at the nanoscale
significantly differ from the bulk. Growing nanoparticles has
attracted a great interest in fundamental science and for industrial
applications in different areas such as catalysis, magnetism,
optics or electronics'”>. In addition to the unique properties
directly related to the reduced size, structural and compositional
parameters can be, at least to some extent, partially tuned
conferring more functions to a single nanoparticle. In this
context, the formation of nanoalloys or bimetallic nanoparticles is
crucial for the development of multifunctional materials.
Nanoalloys can adopt a variety of shapes and the atomic
structural conformation can be modified depending on their size
and composition®, adopting crystalline structures (fragments of
the bulk material), disordered structures, decahedra (dh),
icosahedra (ih) or polyhedra®. On the other hand, in the
nanoparticles the chemical arrangement of the elements can
display an intermixing’, a core@shell® ° structure or a Janus
disposition'’. Thus, alloys formed by magnetic metals such as Co
or Ni and noble metals as Au, Ag or Pt have gained an enormous
interest as they exhibit the magnetism from the Co or Ni and
optical or catalytical properties of the Au'" '* for example.
Core@shell Co@Au nanoparticles have been proposed for
biomedical applications in the magnetotherapy taking advantage
of the magnetic core (Co) that is protected from the oxidation by
a shell of Au which in addition, confers biocompatibility, optical
properties and the benefits of easy functionalization of the
nanoparticles.

There is a variety of methods for the production of metallic
nanoparticles (NPs) composed of more than one element, the
chemical procedures being the most common approaches'™'®
with the possibility to obtain core@shell'” ' structure and
polyhedral geometries. On the other hand, physical methods tend
to allow a better control over the size distribution and shape of
the nanoparticles (NPs), making them more suitable when such
properties are critical for a desired application. Inert gas
aggregation® °, where targets of the desired components are
magnetron-sputtered, in order to extract the atoms, which
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aggregate and are finally deposited on a substrate is probably the
most widely used method.

Until recently, the detailed characterization of such small
materials by Transmission Electron Microscopy (TEM) has been
extraordinarily difficult and not very precise. However, with the
implementation of the spherical aberration correctors (C,) sub-
dngstrom resolution can be commonly achieved providing sharp
and clear images that allow a precise identification of the atomic
columns or even single isolated atoms'®?2. Moreover, the
combination of these corrected instruments operated in scanning
transmission mode (STEM) using high angle annular dark field
detectors (HAADF) facilitate the direct interpretation of the data
acquired if the Z difference is high enough, which has converted
C,-corrected STEM-HAADF microscopy in a unique method for
the observation of metals in light supports' ** ** or the
interphases in metallic nanoparticles® 2. In the current work Cy-
corrected STEM-HAADF has been used to analyze bimetallic
core@shell Co@Au NPs produced by a modified gas aggregation
approach called Multiple Ion Cluster Source (MICS) that allows
the one-step generation of nanoparticles with well-controlled size,
chemical composition and structure®® ?’. The experimental
observations presented here are quite remarkable as they reveal a
novel structure that some of the Co@Au NPs adopted. In addition
to this new conformation, the results here reported corroborate
the calculations proposed by Bochicchio and Ferrando™ who
predicted that the icosahedron structure is the most favorable
configuration for core@shell Co@Au nanoparticles in terms of
energy.

Core-shell nanoparticles are produced, where the final element
distribution can be tuned by modifying the position of the
magnetrons within the MICS*" ?°; therefore, the system employed
here was set in order to favour the formation of a Co core and an
Au shell. This distribution is also chemically favoured as the Au
presents a larger atomic radius together with smaller cohesive and
surface energies that favour the noble metal surface segregation®
3933 Taking advantage of the atomic resolution images which can
be acquired simultaneously with chemical information data with
high spatial-resolution it has been possible to determine a
relationship between geometry and element ordering. Here,
Co@Au nanoparticles have been produced with a very good size
distribution presenting an average size of 7.5 - 8 nm in diameter.
The high control of the size distribution is illustrated in Fig. 1a,
where several NPs are shown. More interestingly than the great
control of the particle size is the structural confirmation and
elemental disposition that the NPs exhibit; three different types of
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Fig.1 (a) Ci-corrected STEM-HAADF image of several, 7.5 - 8 nm
diameter Co@Au nanoparticles. (b) Cs-corrected STEM-HAADF image
of a Co icosahedron coated by Au.

nanoparticles have been observed in the system. Pure Au
decahedron (= 20% of them, Fig. S1), which is very typical for
Au NPs® and it can be attributed to the aggregation of Au atoms
and ions of the super-saturated gas originated from the magnetron
loaded with Au. Secondly, and the most abundant (= 60%) type
of NPs are pure Icosahedral nanoparticles (Fig. S2). Bochicchio
and Ferrando®® predicted that the Ih structure is the most stable
conformation for core@shell Co@Au NPs. Although the
theoretical study of Bochicchio and Ferrando was focused on
smaller NPs (= 3 nm diameter); here we experimentally
corroborate the theoretical results and further extend the stability
of such structure up to 8 nm (Fig. S2). For this case, the entire
crystal is an icosahedron where the atoms in the nuclei are Co and
the subsequent layers are formed by Au atoms. The third type of
NPs that has been observed is shown in Fig. 1b and Fig. S3,
where a particular conformation is observed and reported here for
the first time. The lower contrast observed in the center of the
NPs of Fig. 1b and S3 suggests a difference in the atomic number
of the atoms of the core with respect to the atoms of the shell.
The core is attributed to a Co rich zone as confirmed by energy
electron loss spectroscopy (EELS). Fig. 2a displays the
compositional map corresponding to the Co-L;, edge
superimposed on the high-resolution image which perfectly fits
with the less brighter zone of the core of the nanoparticle. The
extracted EELS spectrum, Fig. 2b, shows the Co-L;, edge and
the absence of oxygen signal proving the good protection of the
Au from the Co oxidation.

Fig. 3a depicts the inverse FFT image of the Co core and the
corresponding FFT diffractogram is displayed in Fig. 3b, while,
for the sake of comparison, an ideal FFT diffractogram of a
perfect icosahedron is shown in Fig. 3¢ (all of them orientated
along their 5-fold axis). It is clearly deduced that the Co core of
the experimentally observed Co@Au nanoparticle has an
icosahedron structure as predicted by Bochicchio and Ferrando®.
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Fig. 2 (a) Atomic resolution image of the Co@Au nanoparticle with the

Au artificially colored (yellow) and the superimposed Co-L;, signal map

(blue). (b) EELS spectrum extracted from the core, blue part of Fig. 2a

with the Co-L;, edge.

T T T T
520 560 600 640

45

5

3

5

b

Y
S

80

85

Fig. 3 (a) FFT filtered image of the Co core. (b) Corresponding FFT
diffractogram of (a). (c) Corresponding FFT from a pure icosahedron
along its five-fold axis.

In their study, these authors demonstrated that the lowest-energy
configuration for a nanoparticle of around 3 nm diameter with a
Co core of 4 layers (equal to 147 Co atoms) and an Au shell of 8
layers is an icosahedron. For the present case the nanoparticles
are larger since they present a diameter of around 8§ nm with a
core of 3.3 nm and an external Au shell of 8 layers. While
Bochicchio and Ferrando predicted an Au shell with an
icosahedral structure, here for much larger nanoparticles it is
proved that such conformation is stable into a great extent;
however, in addition to this it has been also observed that the
outer Au shell exhibits distortions from the theoretically proposed
icosahedron.

For the present case the Co core, with icosahedral shape, is
oriented along the 5-fold axis; it is well-known that metal
nanoparticles in the range of 2 - 10 nm are typically multi-
twinned decahedral or icosahedral structures formed by non-
space filling 10 or 20 tetrahedra respectively. In order to finally
complete these forbidden structures each of the units need to be
strained® **® to close the remaining gaps; however, for the case
of bimetallic nanoparticles chemical ordering also needs to be
taken into account in the final morphology. This is the case of the
current Co@Au system; no bimetallic decahedra or face-centered
cubic structure (fcc) NPs has been observed and only core@shell
icosahedra were formed, as it has been energetically predicted by
Bochicchio and Ferrando®®. Fig. 4a presents the 2-dimensional
projection of an icosahedron with a perfectly centered Co core
surrounded by an Au shell that is composed by 10
crystallographic fcc domains linked by twin planes. Fig. 4b shows
the experimental data collected orientated along the same
direction. As can be observed there are some similarities between
the ideal icosahedron and the structure where 10 fcc domains can
be observed. Furthermore, no projected image of a purely
icosahedron structure would lead to the observation of the 10 fec
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Fig. 4 (a) Schematic model of a sliced icosahedral core fully occupied by
Co atoms (blue) and a shell formed by 10 fcc projected domains formed
by Au atoms (yellow). (b) Aberration-corrected STEM-HAADF image of
the corresponding Co@Au nanoparticle. In both figures the 10 Au fec
domains are numbered.
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Fig. 5 (a) Cs-corrected STEM-HAADF image of the magnified region
displaying a twin plane. The atomic positions are marked by black circles;
the atomic column belonging to the twin plane is denoted by a black
s arrow pointing into the direction where these atomic columns are
displaced. (b) Atomistic model of the Co core (blue) and Au shell
(yellow), with one of the intergrowths marked (arrow) as A. The fcc
facets are numbered. (c) C,-corrected STEM-HAADF image of a
core@shell nanoparticle where two intergrowths positions are marked as
10 “A” and “B”. (d) and () Zoom of the triangular junction units.

domains as presented here which suggests the formation a new
structure with an icosahedron in the center and pure Au fcc facets
encapsulating it. By observing an ideal icosahedron on its 5-fold
zone axis the projected 2-dimensional image would exhibit 10
15 facets (see model S4) and each of these facets may act as growing
point for the adsorption of the gold atoms leading into the
formation of 10 different fcc domains. However, due to the high
strain that the tetrahedra present in these materials in order to fill
the space®™ *® the growing facets would be also highly strained in
20 order to completely cover the Co surface. In order to measure the
strain of decahedra and icosahedra, different approaches have
been reported. Johnson et al. used geometrical phase analysis
(GPA) to describe the presence of a disclination and shear
gradients together with the importance of elastic anisotropy®* in a
»5 35 nm (diameter) Au nanoparticle; however, this method to
measure the strain can be only applied to relatively large
nanoparticles where an area free of defects can be used as
reference. For icosahedra or very small nanoparticles the
interatomic distances have been manually measured for each
30 column in order to determine the strain present in the particles.
Herein, the units perfectly orientated perpendicular to the electron
beam were used in order to measure the atomic (columns)
distances between adjacent atoms (Fig. S5). In this case, the
atomic columns that take part in the twin planes were not taken
35 into account as the atoms are displaced from their theoretical
positions by = 11% through the direction marked by the arrow in
Fig. 5a. The interatomic distances measured did not reveal any
tendency (Fig. S5) as it has been reported for single metal
decahedra and icosahedra®® 3 measuring a mean d;;; = 2.642 A.
40 This reveals that no strain is present in the outer part of the
nanoparticle formed by single crystal units. Such result is
coherent with an intergrowth that would fill the gaps between
some of the fcc structures. An atomistic simulation is displayed in
Fig. 5b; the Co icosahedron appears in blue color and the Au in
ss yellow. For simplicity only top part has been built, units
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numbered as 9, 10 and 1 (Fig. 5¢), and the “linking units” marked
by an arrow denoted as “A & B”. These two intergrowths (A and
B, Fig. 5c) exhibit triangular shape of approximately 2 nm
(measured in the external surface) for both cases and with an
angle of 66° for A and 56° for B (Fig. 5d and 5e respectively).
The two cases observed in this nanoparticle resembles to a
chevron defect which has been previously reported in Au’’ and
Ag®® intersections. The junction denoted as “A” links two <110>
units which are rotated to each other by 149°; meanwhile unit
“B” links another two <110> units rotated by 141°. The two
intergrowths, also along the 110 zone axis are responsible for
closing the gap of the nanoparticle and releasing the strain that
would be present if only the 10 facets were forming the shell.

Conclusions

In summary, bimetallic core@shell Co@Au nanoparticles have
been produced by Multiple Ion Cluster Source inert gas
condensation method. The elemental distribution has been
analyzed by analytical methods (EELS and EDS) confirming the
presence of both metals in most (80%) of the single
nanoparticles. As theoretically predicted by Bochicchio and
Ferrando no decahedral nanoparticles were observed containing
both metals and they always adopted icosahedral shapes or a
novel structure presented here for the first time. The novel
structure consisted on icosahedra made of pure Co that is coated
by 10 pure Au fcc facets along the <110> direction which are
linked to each other by twin planes. In addition to the 10 facets,
two intergrowths are present which are responsible for releasing
the strain that the nanoparticle would present.
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