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The simultaneous sputter deposition of gold and silver onto
ionic liquids formed bimetallic alloy nanoparticles, which
exhibited composition-sensitive surface plasmon resonance,
the peak wavelength being red-shifted with an increase in the
surface area of the gold foil targets sputtered.

Alloy nanoparticles have been attractive materials for applications
such as biosensors,"? catalysts®* and optoelectronic devices,””
because they exhibit unique physicochemical properties distinct
from those of pure monometallic nanoparticles, being dependent
on the size, shape, and composition of particles. So far, several
types of bimetallic nanoparticle have been synthesized.® !
Especially, the combinations of gold (Au) and silver (Ag) are
interesting to investigate for their composition-sensitive optical
properties, because monometallic nanoparticles of Au have an
intense surface-plasmon absorption peak in the visible region at a
wavelength different from that of Ag nanoparticles and because
complete miscibility of Au and Ag can be obtained at any
composition in both bulk materials and nanoparticles.'> ™ In most
cases, Au-Ag nanoparticles have been prepared in solution phase.
For example, simultaneous reduction of the corresponding metal
ions or metal complexes resulted in the formation of alloy
nanoparticles. Mixtures of monometallic Au and Ag nanoparticles
enabled the conversion to the alloy by laser irradiation!"!> or heat
treatment in solution.'®

Tonic liquids (ILs) have been intensively investigated because of
their characteristic physicochemical properties, such as high
thermal stability, high ionic conductivity and ability to dissolve
many kinds of substances. For example, ILs could provide a
suitable medium for the preparation and stabilization of various
kinds of metal nanoparticles having a narrow size distribution.'’ "
Furthermore, owing to their extremely low vapor pressure,” ILs
can be treated under high vacuum conditions for XPS*' and
SEM??> measurements, the fabrication of extremely flat metal
mirrors,” or the preparation of pure metal nanoparticles.®*
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Recently, we have reported an extremely clean method to
synthesize Au nanoparticles in ionic liquids (ILs) using a sputter
deposition technique without any additional stabilizing agents.? It
is well known that in sputter deposition under vacuum, the
bombardment of a metal target, such as Au foil, with energetic
gaseous ions causes the physical ejection of surface atoms and/or
small metal clusters. Sputtered Au species were injected into ILs
without remarkable gas-phase collisions in the space between the
target and IL solution, resulting in the coalescence with each other
to form a dispersion of larger Au nanoparticles with diameters of
several nanometres. If the sputter deposition of different kinds of
pure metals is simultaneously performed onto ILs, their compo-
sites on a nanometre scale can be prepared in the solution phase,
but this has not been attempted. Here we report an extremely facile
single-step strategy to synthesize Au-Ag alloy nanoparticles
through the simultaneous sputter deposition of Au and Ag onto
ILs.

Tonic liquid 1-butyl-3-methylimidazolium hexafluorophosphate
(BMI-PF6) was purchased from Kanto Chemical Co., Inc. and
dried for 3 h at 378 K under vacuum before use. A 0.60 cm®
aliquot of BMI-PF6 was spread on a glass plate (10 cm?) that was
horizontally set in a sputter coater (JEOL, JFC-1300). It was
located at a distance of 35 mm from metal targets (diameter: 5 cm)
which were composed of radially-arranged Au (99.99% in purity)
and Ag (99.99%) foils (Fig. 1a). Each domain had a fan shape with
central angle of 30, or 90°, except for the cases of the deposition of
pure Au or Ag. The area fraction of gold foils on targets, fx,, was
defined as fay = Aau/(Aau + Aag), Where Ay, and A5, were total
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Fig. 1 (a) Schematic illustrations of Au-Ag foil binary targets having
various fa,. (b) Photographs of BMI-PF6 obtained after the sputter
deposition of Ag (fau = 0, left), Au-Ag (fau = 0.50, center) and Au (fa, =
1, right) nanoparticles.
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surface areas of gold and silver foils, respectively. Simultaneous
sputter deposition of Au and Ag onto the IL was carried out for
300 s with a current of 40 mA under an argon pressure of ca. 20 Pa
at room temperature. The structure and size distribution of the
nanoparticles were examined using a JEOL JEM-2010 transmis-
sion electron microscope (TEM) operated at a 120 kV acceleration
voltage. TEM samples were prepared by dropping the IL solution
onto a copper TEM grid with amorphous carbon overlayers,
followed by the removal of excess amounts of solution with filter
paper.

The sputter deposition of pure Ag (fau = 0) onto BMI-PF6
turned the solution to yellow from colorless (Fig. 1b). In contrast,
with an increase in fa,, the solution was a more reddish color and
finally became dark red at fy, = 1.0. Fig. 2 shows normalized
absorption spectra of BMI-PF6 with the simultaneous sputter
deposition of Au and Ag. The spectra were red-shifted with an
increase in fa,. In each case, the spectrum exhibited a single peak
or shoulder assigned to the surface plasmon resonance (SPR) band
of the metal particles. The sputter deposition with f, of 1.0 and 0,
that is, pure Au and pure Ag targets, gave the spectra having peaks
at 504 and 404 nm, which were in good agreement with those of
the SPR bands reported for Au and Ag nanoparticles,™'>'?
respectively. Furthermore, the peak SPR wavelength, Agpgr,
increased almost linearly with f4,, as shown in the inset of Fig. 2.
On the other hand, the absorption spectra of mixtures of pure Au
and pure Ag nanoparticle solutions gave two SPR peaks at 504
and 404 nm owing to the superimposition of spectra of
corresponding pure metal particles, regardless of the volume ratio
of pure Au to pure Ag solutions in mixing (Fig. S11), as already
reported in a previous paper.'! It is well-known that spherical Au—
Ag alloy nanoparticles exhibit a clear single SPR band and that a
linear relationship is observed between the mole fraction of Au
atoms in alloy particles and Aspr. Therefore the results in Fig. 2
indicated that the simultaneous injection of sputtered species of Au

025 0.50 0.75

Absorbance (normalized)

300 400 500 600 700 800

Wavelength / nm

Fig. 2 Normalized absorption spectra of BMI-PF6 after the simulta-
neous sputter deposition of Au and Ag with f5, = 0 (i), 0.25 (ii), 0.50 (iii),
0.75 (iv) and 1.0 (v). The arrows show the surface plasmon resonance band
peak. (Inset) The dependence of the peak wavelength of the SPR band
(Zspr) ON faAu-

and Ag into an IL caused a coalescence with each other in the
solution, resulting in the formation of alloy nanoparticles of Au-—
Ag having a single SPR peak, in which the content of Au atoms
was proportional to fa,. It is worth mentioning that Au-Ag
nanoparticles formed in the IL exhibited a broad SPR band,
except for pure Ag particles with fa, = 0. It is well-known that the
SPR peak becomes indistinct for pure Au and Au-Ag alloy
nanoparticles having the size of a few nanometres.® If this
situation could be applicable to Au-Ag alloy nanoparticles formed
in an IL, the sputter deposition might produce nanoparticles with
very small size. This interpretation is supported by TEM
observations.

Fig. 3 shows typical TEM images of pure Ag (fa, = 0), pure Au
(fau = 1.0), and Au-Ag alloy nanoparticles (f, = 0.50) in BMI-
PF6. In each case, the sputter deposition produced spherical
particles highly-dispersed in the IL. Individual nanoparticles were
single crystals, having clear lattice fringes without exhibiting lattice
mismatch or lattice defects inside the particles, even in the case of
fau = 0.50. The prepared nanoparticles gave almost the same
interplanar spacings for lattice fringes within experimental errors,
ca. 0.235 nm, regardless of the fa, values, which were assignable to
(111) planes of the face-centered cubic structures of the
corresponding bulk metals. These were reasonable because gold
and silver have very similar lattice constants of 0.4078 and
0.4086 nm.>”*® Elemental analyses of nanoparticles with energy
dispersive X-ray spectroscopy (EDX) performed at the same time
as the TEM observations revealed that nanoparticles obtained
with fa, = 0.50 were composed of Au and Ag atoms with the
molar ratio of Au : Ag = 0.52 : 0.48. On the other hand, the mole
fraction of Au atoms in the alloy particles could be estimated to
0.56, by fitting the Agpr obtained at fo, = 0.50 in Fig. 2 to the
previously reported relationship between Agpr and the mole
fraction of Au atoms in alloy particles.® Although the ispr peaks
were indistinct due to the size of the alloy particles being a few
nanometres, a relatively good agreement was observed between the
result determined from EDX and that estimated from absorption
spectra. This result suggested that the fluctuation in alloy
composition of individual alloy particles was small enough to be
neglected.

The size distributions of the nanoparticles were determined by
measuring the sizes of individual particles in TEM images (more
than 100 particles). The pure Au nanoparticles (fa, = 1.0) in BMI-
PF6 had an average diameter (d,,) of 2.6 nm with a standard
deviation (o) of 0.3 nm. The decrease in fa, brought about the
enlargement of the particle size: d,, (o) was 3.1 (0.6) and 6.0 nm
(1.5 nm) with 0.5 and 0, respectively. It has been reported in our
previous paper” that the size of Au nanoparticles sputter-
deposited in ILs varies with the kind of IL used, probably because
of the prevention of coalescence between particles by the strong
adsorption of IL species on the surface and by electrostatic
repulsion between the resulting particles. Since the adsorption
strength of ILs on the particle surface was expected to be
dependent on the kind of metal nanoparticles as well as the IL
used, it was suggested that the size of nanoparticles was determined
by the difference in the adsorption strength of BMI-PF6 on metal
sites of the surface: the relatively strong adsorption of IL could
suppress the growth and/or coalescence of particles.

In conclusion, the simultaneous sputter deposition of pure
metals on ILs was demonstrated to be an extremely facile synthetic
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Fig. 3 TEM images (a) and size distributions (b) of Au-Ag alloy nanoparticles obtained by the sputter deposition onto BMI-PF6 with f5,, = 0, 0.50 and

1.0. The bars in the pictures represent a length of 5 nm.

method to prepare bimetallic alloy nanoparticles. The chemical
composition and optical properties of the alloy nanoparticles were
easily controlled just by varying the area ratio of the individual
pure metal foils in the sputtering targets. Although the preparation
of only Au-Ag alloy nanoparticles is described in this paper, the
present technique enables the formation of novel alloy nanopar-
ticles in solutions, which have never been produced by conven-
tional solution strategies, such as the simultaneous chemical
reduction of several metal salts, where metal ions having more
positive redox potential tend to be preferentially reduced.
Furthermore, the simultaneous sputter deposition of different
kinds of pure materials can be applied to prepare alloy
nanoparticles containing three or more elements, the physico-
chemical properties being tunable for desired purposes, such as
catalysts for fuel cells. Study along this line is currently in progress.
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