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Sputter deposition of gold �Au� onto ionic liquids �ILs� resulted in the formation of highly dispersed
Au nanoparticles without additional chemical species, such as reducing and/or stabilizing agents.
The Au nanoparticles in 1-ethyl-3-methylimidazolium tetrafluoroborate had an average diameter
�dav� of 5.5 nm with a standard deviation ��� of 0.86 nm, while sputter deposition onto
N ,N ,N-trimethyl-N-propylammonium bis�trifluoromethanesulfonyl�imide resulted in the formation
of much smaller Au nanoparticles with dav of 1.9 nm and � of 0.46 nm. Prolongation of sputtering
time results in a higher concentration of Au nanoparticles in ILs, but did not cause a remarkable
change in their size. © 2006 American Institute of Physics. �DOI: 10.1063/1.2404975�

Ultrafine metal nanoparticles of a few nanometers in di-
ameter exhibit size-dependent photonic and electronic prop-
erties that are of interest for applications such as biosensors,
catalysts, optics, and electronics.1–5 In most cases of nano-
particle preparation in solution, reduction of the correspond-
ing metal ions or metal complexes is conducted in the pres-
ence of additional stabilizing agents �e.g., thiol compounds
and polymers�.6–13 As a result, the prepared suspension con-
tains byproducts, remaining substrates, and stabilizing
agents. Since species other than metal nanoparticles are
sometimes obstructive for utilization of the prepared nano-
particles, their removal is needed. On the other hand, metal-
vapor-deposition techniques have been developed for the
clean preparation of metal nanoparticles dispersed in organic
solvents without formation of byproducts. For example,
metal particles were vacuum deposited on running liquid
substrates of organic solvents with a very low vapor pres-
sure, such as alkylnaphtalene and silicone oils.14,15 Stoeva et
al. have developed the solvated metal atom deposition tech-
nique, where gold was vaporized under vacuum followed by
deposition on the inside walls of a liquid-nitrogen-cooled
vacuum chamber simultaneously with acetone vapor.16 How-
ever, these methods required complicated apparatuses
equipped with rotary reactors or cooled traps to collect metal
vapor, and furthermore, deposited particles generally made
large aggregation unless suitable stabilizing agents, such as
thiol compounds or surfactants, were added.

Ionic liquids �ILs� have attractive features such as high
ionic conductivity and capability to dissolve many kinds of
substances.17–19 The extremely low vapor pressure of ILs has
enabled x-ray photoemission spectroscopy20 and scanning
electron spectroscopy21 measurements under a high vacuum
condition. This property of ILs also enables vacuum deposi-
tion of solid materials onto ILs, though such attempts have
never been made. Here we report an extremely clean method
to synthesize gold �Au� nanoparticles in ILs using the sputter

deposition technique without any additional stabilizing
agents. The simple sputter deposition onto ILs resulted in the
formation of a solution containing highly dispersed Au nano-
particles whose size was dependent on the kind of IL used.

ILs of 1-ethyl-3-methylimidazolium tetrafluoroborate
�EMI-BF4� and N ,N ,N-trimethyl-N-propylammonium bis-
�trifluoromethanesulfonyl�imide �TMPA-TFSI� were pur-
chased from Kanto Chemical Co., Inc., and dried for 3 h at
378 K under vacuum. An IL �0.60 cm3� was spread on a
glass plate �20 cm2� that was horizontally set in a sputter
coater �Eiko, IB-3�. It was located at a distance of 35 mm
from the gold �99.99% in purity� foil target. Sputter deposi-
tion onto ILs was carried out with a current of approximately
4.0 mA under an air pressure of approximately 20 Pa at
room temperature. The structure and size distribution of
nanoparticles were examined using a JEOL 2010 transmis-
sion electron microscope �TEM� operated at 120 kV accel-
eration 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 amount of
solution with a filter paper.

Figure 1�a� shows changes in the absorption spectra of
EMI-BF4 with the sputter deposition of Au. Spectra showing
onset around 800 nm and a shoulder around 520 nm as-
signed to the surface plasmon resonance �SPR� peak of Au
nanoparticles developed with elapse of sputtering time. The
concentration of Au in the IL was proportional to the sput-
tering time, as shown in the inset of Fig. 1�a�. It is well
known that the SPR peak becomes remarkably sharp with an
increase in the size of spherical Au nanoparticles from
2 to 9 nm.22,23 However, the peak shape of the spectra
shown in Fig. 1�a� seemed to be invariable even when the Au
concentration reached as high as 33 mmol dm−3 after
120 min of sputtering. This indicates that the successive
sputtering did not cause any significant change in the size as
well as size distribution of Au nanoparticles. Hence, a de-
sired concentration of Au nanoparticles was simply obtained
by adjusting the sputtering time.a�Electronic mail: torimoto@apchem.nagoya-u.ac.jp
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The colorless solutions of TMPA-TFSI and EMI-BF4
turned yellow and dark red, respectively, after the sputter
deposition of Au �inset of Fig. 1�b��, and their absorption
spectra were greatly dependent on the kind of IL used, as
shown in Fig. 1�b�. The sputtering of Au into TMPA-TFSI
gave an absorption spectrum exhibiting onset around 500 nm
and an absorption shoulder around 320 nm, which were ap-
parently blueshifted compared with the spectrum of nanopar-
ticles in EMI-BF4. It has been reported that in the case of Au
nanoparticles prepared by the chemical reduction of Au ions,
the SPR peak around 520 nm disappeared when the particle
size was less than 2 nm.22 Instead, absorption peaks in the
range of 300–450 nm were observed in spectra of synthe-
sized Au clusters.24,25 These facts suggest that our sputtering
method would be useful even for preparation of metal clus-
ters. The nanoparticles dispersed in both ILs were very
stable; no recognizable change in their absorption spectra
was observed for several months under an N2 atmosphere in
the dark.

To verify the above-described characterization of Au-
deposited ILs, TEM observations of Au-deposited ILs were
conducted. Highly dispersed nanoparticles with no aggrega-
tion were seen in both ILs. Sputter deposition onto EMI-BF4
resulted in the formation of spherical nanoparticles that had
clear lattice fringes with interplanar spacing of 0.24 nm as-
signed to the �111� plane of the face-centered-cubic �fcc�
crystal structure of gold, as shown in Fig. 2�a�. The electron
diffraction patterns of these particles consisted of seven clear
diffraction rings that were assignable to diffractions from
�111�, �200�, �220�, �311�, �222�, �420�, and �422� planes of
the fcc crystal structure. On the other hand, much smaller Au
nanoparticles having clear lattice fringes with interplanar

spacing of 0.24 nm were formed in TMPA-TFSI, as shown
in Fig. 2�b�.

The size distribution of Au nanoparticles was determined
by measuring the sizes of individual particles in TEM images
�more than 100 particles�. The Au nanoparticles in EMI-BF4
had an average diameter �dav� of 5.5 nm with a standard
deviation ��� of 0.86 nm, while sputter deposition onto
TMPA-TFSI resulted in the formation of much smaller Au
nanoparticles with dav of 1.9 nm and � of 0.46 nm. In the
latter case, we noticed some coalescence of nanoparticles
during TEM observation, which should give a larger dav
value. The dependence of size variation on the kind of IL in
TEM images roughly agreed with that expected from the
absorption spectra in Fig. 1�b�, though the precise crystal
shape could not be determined in the present observations of
Au clusters in TMPA-TFSI. It is well known that in sputter
deposition, the bombardment of Au foil surface with ener-
getic gaseous ions causes the physical ejection of surface
atoms and/or small Au clusters.26 Though sputtered species
were assumed not to considerably suffer gas-phase collisions
in the space between Au foil and IL solution because of low
gas pressure, their injection into IL solution could make high
concentration enough to coalesce with each other, resulting
in the formation of larger particles. Metal nanoparticles
formed by chemical reduction have been reported to be
stable in ILs even in the absence of additional stabilizing
agents, where the high dispersibility of nanoparticles was
attributed to the prevention of coalescence between particles
both by the strong adsorption of IL species on the surface
and by the electrostatic repulsion between the resulting
particles.27–31 Considering these facts, the coalescence of the
sputtered species would proceed until Au nanoparticles were
stabilized by the adsorption of ions of IL; the degree being
dependent on the kind of IL. Furthermore, it is well known
that TFSI anion makes a coordination bond with metal

FIG. 1. �Color� �a� Changes in the absorption spectra of EMI-BF4 with
sputter deposition of Au. Sputtering time is shown in the unit of minutes in
the figures. �Inset� Concentration of Au in EMI-BF4 as a function of sput-
tering time. �b� Normalized absorption spectra of EMI-BF4 �solid line� and
TMPA-TFSI �dotted line�. The spectra were obtained by the sputter deposi-
tion of Au for 30 min and normalized in absorbance at arrows. �Inset� Pho-
tographs of original TMPA-TFSI �i� and Au-deposited ILs of TMPA-TFSI
�ii� and EMI-BF4 �iii�.

FIG. 2. TEM images of Au nanoparticles prepared by sputter deposition
onto EMI-BF4 �a� and TMPA-TFSI �b�.
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ions.32 If this coordination ability works for its adsorption on
nanoparticle surface, it is expected that strong adsorption of
TFSI suppresses the growth and/or coalescence of particles.

In conclusion, an extremely clean way to synthesize Au
nanoparticles in IL was demonstrated using the sputter depo-
sition technique. The deposited nanoparticles were very
stable in the absence of any additional stabilizing agents, and
the size of nanoparticles was found to depend on the kind of
IL. This could not be achieved by the vacuum deposition
onto conventional organic liquids, in which the surface of
metal particles must be modified with stabilizing agents to
prevent the aggregation. Although the preparation of only Au
nanoparticles is described in this letter, nanoparticles of vari-
ous solid materials, such as semiconductors, polymers, and
organic compounds, can be prepared in ILs by using strate-
gies for the preparation of thin films in vacuum, such as
thermal evaporation, pulsed laser deposition, and chemical
vapor deposition. Furthermore, this technique will also en-
able the preparation of alloy nanoparticles with simultaneous
evaporation of different kinds of pure materials. Study along
this line is currently in progress.
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