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We have synthesised osmium nanoparticles of defined size
(1.5-50 nm) on a B- and S-doped turbostratic graphitic structure
by electron-beam irradiation of an organometallic osmium
complex encapsulated in self-spreading polymer micelles, and
characterised them by transmission electron microscopy (TEM),
high-resolution TEM (HRTEM), and atomic force microscopy (AFM)
on the same grid. Oxidation of the osmium nanoparticles after
exposure to air was detected by X-ray photoelectron spectroscopy
(XPS).

Arrays of metal nanoparticles (MNPs) deposited on surfaces
offer much potential for the design of novel nano-materials
and exploitation in areas such as catalysis, electronic nano-
devices, and quantum computers.'® Nanoparticles with dia-
meters of a few nanometers possess electronic properties and
atomic structures markedly different from those of the bulk
materials, whilst larger nanoparticles (>20-50 nm diameter)
are likely to have properties similar to those of the bulk.”
Hence, fine control of the growth and sizes of MNPs during
their synthesis is required to allow tuning of their electronic,
optical, and magnetic properties as well as chemical character-
istics. Although a number of physical (e.g. inert gas conden-
sation,® laser ablation,” pyrolysis'®) and chemical (e.g.
reduction,"" solvothermal'® or electrochemical*®) methods for
nano-metal deposition have been developed in recent years, it
is still challenging to achieve control of the growth and size of
nanoparticles over the range from small to large (e.g
1.5-50 nm).

We recently introduced a new method for the fabrication of
small (1 to 2 nm diameter) crystalline MNPs."**> Our pro-
cedure involved the encapsulation of the organometallic Os"
complex [Os(p-cymene)(1,2-dicarba-closo-dodecarborane-1,2-
dithiolate)] (1) in the triblock copolymer Pluronic® P123'® to
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form OsMs micelles (Fig. 1, and ESIt). These micelles contain
a defined number of molecules of osmium complex 1,"* and
are deformable on surfaces; P123 polymer forms stable Lang-
muir films at ambient temperature.'” Deposition of aqueous
droplets ([OsMs] = 1 mg mL™") onto lacey carbon-coated TEM
grids leads to the formation of an unsupported film over the
grid holes. We reported that high-energy electron-beam
irradiation of such grids (80 keV; 1.9 pA cm™2) leads to struc-
tural changes with the emergence of atomic ordering consist-
ent with a turbostratic graphitic structure in the first few
minutes, and a highly-structured few-layer graphene lattice
after 50 min of irradiation. Along with these structural modifi-
cations of the self-supporting polymeric film, a rapid
decomposition of the carborane-containing complex 1 was
also observed (in less than one minute), and individual Os
atoms could be imaged hopping on the surface, assembling
into clusters, and eventually forming nanocrystals with dia-
meters of 1 to 2 nm." Electron energy loss spectroscopy
(EELS) confirmed the chemical identity of the Os atoms and
also suggested that boron and sulfur from the carborane
ligand in 1 are present in the turbostratic graphitic structure.'*

However, this method produces only a small amount of
nanocrystals owing to the high focus of the electron beam in
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Fig. 1 Self-assembly of block copolymer OsMs micelles containing
encapsulated osmium carborane complex 1.
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an aberration-corrected HRTEM (ca. 200 x 200 nm?) and such
a small scale production renders the investigation of the nano-
crystal properties difficult. Focused high-energy electron
irradiation also leads to a rapid destruction of the turbostratic
graphitic structure. Here we report an important advance that
now allows the fabrication of a large amount of osmium MNPs
of controlled sizes (typically, between 1.5 nm and 50 nm) and
without destruction of the graphitic support structure, through
irradiation by a widely spread electron beam of a TEM to illu-
minate the entire TEM grid (3 x 3 mm?, Fig. S17). The size of
the osmium NPs can be varied by modulating the irradiation
time, offering a facile method for controlling their diameters
and potential properties. We characterise the MNPs by a com-
bination of TEM, HRTEM, and AFM on the same grid. The
ability to produce an abundance of large metal nanocrystals
on doped graphitic structure also allowed determination of the
osmium oxidation state by XPS after air exposure.

We deposited aqueous droplets of OsMs micelles (1 mg
mL ") onto a lacey carbon-coated TEM grid and, after drying,
irradiated the whole grid with the electron beam of a TEM
operating at 200 keV, for 12 h. As per irradiation with the
highly focused beam of an aberration-corrected HRTEM on a
small portion of the TEM grid (ca. 200 x 200 nm?) for 1 h,"* we
observed the formation of a graphitic structure covered by
dark areas of diameter 1.5 + 0.9 nm (average for 500 spots)
over much of the surface of the grid (Fig. 2a). To confirm the
nature of the spots, we examined the same grid by HR-TEM
and imaged it at high magnification within a short time
(<4 min) to avoid effects due to highly focused beam
irradiation. Fig. 2b-e show the images recorded on a specific
area of the grid (originally one of the smaller holes of the lacey
carbon film, now covered by the graphitic structure) at
different magnifications. The elemental composition of the
area was determined by energy-dispersive X-ray (EDX) analysis,
which clearly identified the presence of Os (Fig. 2f).

Element

atomic% |74.6| 1.8 | 0.4 |14.8| 8.4

Fig. 2 HRTEM imaging of a large number of nanocrystals produced by
electron beam irradiation for 12 h, without destruction of the self-sup-
porting matrix. (a—e) Imaging of the Os nanocrystals at different mag-
nifications. (f) EDX analysis of boron K-, osmium O-, and sulfur L-edges
in the area shown in (e).
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The graphitic structure was not destroyed during the MNP
synthesis even after 12 h of irradiation and this was also true
when the same grid was irradiated for another 16 h (total
irradiation time 28 h). Remarkably, the growth of the nanocrys-
tals continued during the further irradiation and the grid was
found to be covered with larger (ca. 50 + 6 nm diameter) Os
nanoparticles (Fig. 3a and b). It is also apparent that these
latter nanoparticles have sub-domains of smaller particles,
suggesting that the growth of the bigger nanoparticles arises
from coalescence of the smaller ones over time. Table 1 sum-
marises these results.

To gain more information on the morphology of the nano-
particles, we studied the same grid (after 28 h of irradiation)
by AFM (Fig. 3c and d). The images clearly show the large aper-
tures in the lacey carbon structure (large black areas in Fig. 3c)
and smaller shallow depressions with a depth of about
20-25 nm that correspond to the smaller holes in the lacey
carbon, covered by the turbostratic graphitic structure (e.g. in
the blue square in Fig. 3¢, and magnified in Fig. 3d). These
shallow depressions are not seen in a pristine TEM grid
(Fig. S21). Osmium MNPs appear as small bumps that are par-
ticularly visible within and on the edges of the shallow
depressions (Fig. 3d). The diameter of the nanoparticles deter-
mined by AFM is consistent with the diameters determined by
TEM. The osmium nanoparticles observed are relatively flat
(height: 6 + 3 nm), rather than spherical.

Notably, the structures of the Os nanoparticles appear to be
air-stable when studied by electron microscopy: the TEM
images are essentially the same before and after air-exposure.

Fig. 3 HRTEM and AFM images of large Os nanoparticles produced by
widely spread electron beam irradiation for 28 h. (a) HRTEM image of a
typical Os MNP. (b) Enlargement of the particle shown in (a). (c) Tapping
mode AFM image showing the large and small holes in the lacey carbon
structure; the latter are covered by the turbostratic graphitic structure.
(d) Tapping mode AFM image showing the enlargement of the blue
square area highlighted in (c), with Os MNPs appearing as small brighter
bumps.
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Table 1 Dependence of the graphitic structures and MNPs sizes on the irradiation conditions

High-energy focused
electron-beam irradiation**

Widely spread electron-beam
irradiation

Area irradiated
Irradiation time (h) 1

Size of the MNPs (nm) 1.8+0.5
Destruction of the graphitic structure Yes

Furthermore, as found previously, under the vacuum con-
ditions of TEM, the Os-Os distances in the MNPs are compati-
ble with the presence of Os(0)."* However, metallic Os is
known to be sensitive to air oxidation to form (volatile) OsO,.
It might be expected that the MNPs would be even more sensi-
tive. To gain more information on their reactivity, we per-
formed XPS analysis of the particles after air exposure. Such
measurements have been shown to be powerful to determine
the oxidation state of osmium nano-islands, via the obser-
vation of identifiable Os signatures of different oxidation
states in XPS spectra.'® We first examined five reference
samples with known osmium oxidation states. These exhibited
chemical shifts in their Os 4f spectra to higher binding ener-
gies with increasing oxidation state from 0 to +6 (Fig. 4a and b).
Then, we acquired the XPS spectrum of the nanoparticles
deposited on a TEM grid (Fig. 4c). Quantitative analysis of the
data revealed two different bonding environments, with Os 4f;,
components at 51.90 eV and 53.60 eV. These energies corres-
pond most closely to the Os** and Os*" reference samples,
respectively, with the Os** accounting for the majority of the
measured intensity.

The apparent absence of an Os(0) signature in the XPS
spectrum of the MNPs clearly suggests that oxidation of the

Oxidation State Material Os 4f,, Binding energy (eV)
a 0 Ground metallic Os 50.59
2+ Complex 1 51.66
3+ 05Cly - xH,0 53.22
4+ Na,0sClg - xH,0 53.86
6+ K,050, - 2H,0 56.92

o
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Fig. 4 XPS analysis of the Os MNPs on a TEM grid after air exposure.
(a) The five Os reference samples examined in this study and (b) corres-
ponding Os 4f region. The position of the 4f;,, components (peak at
lower binding energy) are reported in the table in (a). (c) Os 4f region
acquired from Os MNPs, revealing two different bonding environments,
corresponding to 0Os?* and Os**, respectively (CPS, counts per second).
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ca. 200 x 200 nm?

All grid (3 x 3 mm?)

12 28
1.5+1 50+ 6
No No

osmium atoms has occurred, perhaps favoured by the rela-
tively flat rather than spherical shape of the particles. While
this could in principle also be caused by the surface sensitivity
of the technique, osmium atoms within the full height of the
MNPs as determined by AFM should be detectable by XPS. The
somewhat surprising predominance of Os®>" components
might indicate that only a small amount of carborane-contain-
ing 0s®>" complex 1 is decomposed under electron irradiation,
even after 28 h of bombardment. We hypothesise that the
kinetic energy of the e-beam is the main driving force for the
MNP formation observed in TEM. However the fundamental
mechanisms of interaction between incident electrons and the
metallated particles are not understood, and will need to be
explored in the future. Such understanding might reveal an
enormous amount of valuable chemical information at the
atomic scale."”' The Os*" binding energy corresponds well
with that reported in the literature for 0sO,,** but future work
will also be needed to characterise quantitatively the chemical
composition of the MNPs.

Conclusions

In addition to being a powerful analytical and imaging tool,
the high-energy electron beam of HR transmission electron
microscopes can also be utilised to modify in situ the structure
and composition of various nano-scale materials, e.g. by phase
transformation of primary nanoparticles, or reductive
decomposition of inorganic/organometallic precursors, and to
tailor the assembly and structure of metal nanoparticles.>*>°
We have taken advantage of this high-energy electron source
for producing very small nanocrystals of osmium via reduction
of Os(u) precursors under the electron beam irradiation.'*
Here we have introduced an important advance in this method
by using a widely spread electron beam for producing large
amounts of nm-sized Os nanocrystals. Furthermore, this new
methodology induces less damage in the sample than a
HRTEM beam - in particular no destruction of the supporting
graphitic surface was observed - allowing the irradiation to be
carried out over a much longer time (28 h versus 1 h). This
method is expected to be easily generalised to provide a variety
of other nano-metals and nano-alloys. Under the vacuum con-
ditions of TEM, the Os-Os distances in the osmium nano-
particles are compatible with the presence of Os(0),"* but here
we detected by XPS the presence of oxidised Os* and Os**
ions after exposure of the nanocrystals to air. This study raises

This journal is © The Royal Society of Chemistry 2015
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chemical questions about the composition of such MNPs syn-
thesised in a TEM chamber, their reactivity towards growth
and oxidation, and the chemistry which takes place at the
atomic level. Highly sensitive new analytical techniques and
methods are required that might allow such investigations and
provide pathways to novel nanomaterials which exploit for
their potential for unique magnetic and optical properties and
chemical functionalisation.
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