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Sputter deposition of indium (In) in ionic liquids (ILs) could produce stable In metal nanoparticles
whose surfacewas covered by an amorphous In2O3 layer to form In/In2O3 core/shell particles. The size of
the In corewas tunable fromca. 8 to 20nmby selecting thekindof IL,whereas the shell thickness of In2O3

wasalmost constant at ca. 1.9nm.Heat treatmentof the thus-obtainedparticles at 523K inairoxidized In
metal of the core, resulting in the formation of spherical hollow particles made of crystalline In2O3. The
size of the hollow particles was slightly larger than that of the In/In2O3 core/shell particles used as a
startingmaterial, whereas the void space formed inside hollowparticles was smaller than the correspond-
ing Inmetal cores. These facts indicated that in addition to the predominant outward diffusion of In ions,
an inward transport of oxygen ions occurred, and thus an In2O3 crystal could be grown on both the inner
concave and outer convex surfaces of the oxide shell layer.

1. Introduction

Structure control of metal and semiconductor nano-
particles in nanometer scale has attracted much attention
because the physicochemical properties, such as optical
properties and catalytic activities, can be varied depend-
ing on the size and shape of nanoparticles.1-6 Recently,
ionic liquids (ILs) have been considered to be excellentmedia
for the formation and stabilization of nanoparticles.7-9

Noble metal nanoparticles were prepared in ILs without
addition of stabilizing agents or capping molecules, in con-
trast to the synthesis in aqueous or conventional organic
solvents, which inevitably requires the addition of stabilizing
agents. For example, stable noble metal nanoparticles, such
as Ir, Rh, and Au, were chemically synthesized in ILs by

chemical reduction of the corresponding metal ions or
thermal decomposition of organometallic compounds.10-12

Althoughmany strategies for the preparation of noble metal
nanoparticles have been reported, highly reactive metal
nanoparticles, such as Zn and In, which have relatively more
negative redox potentials, have been difficult to synthesize in
the form of nanometer-sized particles because of the instabi-
lity of particles induced by easy oxidation reaction in air.
Recently, the extremely low vapor pressure of ILs has

enabled researchers to treat them under vacuum condi-
tions.13,14 Endres et al. reported synthesis of Ag nano-
particles in an IL by reduction of Ag ions in the IL with elec-
trons produced by a glow discharge (plasma-electrochemical
deposition) under reduced pressure conditions.15,16 We pre-
viously reported a very clean method for synthesizing noble
nanoparticles, such as Au, Ag, and Pt, in ILs using a sputter
deposition technique without any additives.17-20 The size of
prepared particles varied depending on the kind of IL used.17
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This strategy can be applicable to the synthesis of highly
reactive metal particles.
Nanoparticles of indium (In) metal have attracted

much attention because they are expected to act as
nanometer-sized lubricants or novel catalysts for organic
syntheses. Particles of In have been useful as a starting
material for the preparation of nanostructured In-based
materials because indium is a highly reactive metal and
the reaction of nanosized In metal with chemical species
containing elements of V or VI groups can produce
semiconductor nanoparticles such as InP, InAs, and
In2O3.

21-23 In nanoparticles have been prepared by seve-
ral synthetic strategies, such as reduction of In3þ ions
with strong reducing agents,24 thermal decomposition of
organometallic precursors,25 laser ablation,26 metal vapor
deposition,27 and dispersion ofmolten In into paraffin oil.28

On the other hand, the preparationof nanostructured In2O3

is also attractive because their applications are expected in
wide research areas, such as gas sensors,29 solar cells,30 flat-
panel displays,31 and photocatalysts.32 One of the attractive
strategies for preparation of In2O3 nanoparticles has been
oxidation of In particles. The shape of the resulting In2O3

particles is expected to be reflected by that of the starting In
metal nanoparticles, but the details are not reported for
nanometer-sized particles.
In this study, we prepared Inmetal nanoparticles in ILs

by the sputter deposition technique. The thus-obtained In
particles were used as a starting material to fabricate
nanostructured In2O3 particles, and heat treatment of ILs
containing In metal particles in air enabled the formation
of hollow In2O3 nanoparticles highly dispersed in ILs.

2. Experimental Section

Ionic Liquids. Four kinds of imidazolium-based ILs with tetra-

fluoroborate (BF4) anion, 1-ethyl-3-methylimidazoliumtetrafluoro-

borate (EMI-BF4), 1-butyl-3-methylimidazolium tetrafluoroborate

(BMI-BF4), 1-allyl-3-methylimidazolium tetrafluoroborate (AMI-

BF4), and 1-allyl-3-ethylimidazolium tetrafluoroborate (AEI-BF4)

were purchased fromKantoChemical. The ILswere dried for 3 h at

393 K under a vacuum just before use.

Sputter Deposition of IndiumNanoparticles and Their Oxidation

in Air. Sputter deposition of indium in ILs was performed using a

sputter coater (Sanyu Electron Co., Ltd., SC-701HMCII) with a

sputtering current of 10 mA under argon (>99.99%) pressure of

2.0 Pa at room temperature. An ionic liquid (0.60 cm3) was spread

on a glass plate (10 cm2) that was horizontally set in the sputter

coater. The surface of the IL was located at a distance of 20 mm

from the indium foil target (99.99% in purity). The sputtering was

carried out for 10 min. After the sputter deposition of In, the

vacuum chamber was filled with air and the IL solution was them

collected from the glass plate. In the case of oxidation of In

particles, a 0.10 cm3 portion of thus-obtained IL solution was

put in a test tube, followed by heat treatment in air at various

temperatures for 1 h without agitation.

Characterization of Nanoparticles. The size and shape of

nanoparticles formed in ILs were observed using a transmission

electron microscope (TEM; HITACHI H-7650) operated at an

acceleration voltage of 100 kV. High-resolution transmission

electronmicrographs of nanoparticleswere obtainedusing a JEOL

2010FTEMoperated at 200 kV. Samples for TEMmeasurements

were prepared by dropping an IL solution containing nanoparti-

cles onto a copper grid with amorphous carbon overlayers (Oken

Shoji, 10-1012), and the excess amount of ILwas thenwashed out

by dropping a small amount of acetonitrile, followed by drying

under a vacuum. The size distribution of particles in ILs was also

obtained by dynamic light scattering operated at 298 K using an

Otuka Electronics FDLS-3000.

The crystal structure of particles was investigated by anX-ray

powder diffraction (XRD) analysis using a RIGAKU 2100HL

with CuKR radiation. X-ray photoelectron spectroscopy (XPS)

measurements were performed using a JEOL JPS-9000MC with

irradiation of Al KR. Samples for XRD measurements were

prepared by isolation of nanoparticles with the addition of a large

amount of methanol to the IL solutions. The precipitates were

collected by centrifugation, followed by washing with methanol

several times and drying under vacuum.

3. Results and Discussion

Characterization of Particles Prepared by In Sputter

Deposition in EMI-BF4. The XRD pattern of the product
obtained sputter deposition of indium in EMI-BF4 is
shown in Figure S1 in the Supporting Information. As
can be seen from the figure, several peaks were observed
and they were assigned to the body-centered tetragonal
(bct) crystal structure of In metal.33 No perceivable peaks
assigned to its derivatives, such as In2O3, were observed.

34

The crystallite size of thus-obtained Inmetalwas estimated
to be 4.8 nm from the full width at half-maximum of the
(101) peak by using the Scherrer equation.35 In contrast,
observation of the dynamic light scattering (DLS) showed
that the as-deposited particles in ILs had a wide size dis-
tribution ranging from 7 to 10 nm (see Figure S2 in the
Supporting Information), and the average diameter was
determined to 8.1 nm. This value was remarkably different
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from the crystallite size estimated from XRD. These facts
suggested that the surface of Inmetal particles was covered
with an amorphous layer as supported by the following
TEM measurements.
Figure 1a shows a typical TEM image of the particles

obtained by In sputter deposition in EMI-BF4. Spherical
nanoparticles were observed without the formation of
aggregated secondary particles. It was clearly recognized
that individual particles had a core/shell structure, with
the core showing a darker image than the surface shell
layer. Furthermore, even when the sample stage of the

TEM was tilted at angles from -30 to þ30�, a similar
core/shell structure was seen in TEM images for each
particle (see Figure S3 in the Supporting Information);
that is, the dark image was located at the center of the
nanoparticles, indicating that the core was located almost
at the center of the particle and then the shell having a
uniform thickness covered the core surface.Figure 1b shows
anHRTEM image of the core/shell nanoparticles. The core
of darker image in a particle exhibited clear lattice fringes
without exhibiting lattice mismatch or lattice defects inside
the core. The interplanar spacing of lattice fringes was
calculated to be 0.27 nm, which was assigned to the (101)
plane of indiummetal,36 indicating that the corewas a single
crystal made of In metal and was covered with an amor-
phous shell layer.
Figure 2 shows XPS spectra of the core/shell nanopar-

ticles shown in Figure 1a in the range of binding energies
corresponding to the signals of In 3d and O 1s. Signals
assigned to In 3d5/2 and In 3d3/2 were observed at 444.8
and 452.5 eV, respectively.37 These peaks were shifted
toward higher energy from the binding energies of the
indium metal (In0) but agreed with those of In2O3. In
addition, the peaks originating from O 1s were composed
of two spectral bands at 533.5 and 531.6 eV. The signal at
531.6 eV could be attributed to the lattice oxygen in In2O3

and that at 533.5 eV was assignable to H2O probably
adsorbed on the particle surface.38,39 Because XPS spec-
tra were sensitive for the surface of the particles, these
results indicated that the particles as-sputter-deposited
had a surface composed of indium(III) oxide. Conse-
quently, on the basis of the results of XRD, XPS, and

Figure 1. (a) Typical TEM image of nanoparticles prepared by In sputter
deposition in EMI-BF4. (b) High-magnification image of a nanoparticle
in imagea. (c) Sizedistributionofwholeparticleshavingan In/In2O3 core/
shell structure, and (d) that of In cores inside the particles obtained from
TEM images.

Figure 2. XPS spectra for In (a) 3d doublets and (b) O 1s of the core/shell
nanoparticles.
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TEM observations, we could concluded that In sputter
deposition in EMI-BF4 produced core/shell-structured
particles composed of a single-crystalline In metal core
and amorphous In2O3 shell layer.
The size distribution of particles was determined by

TEM measurements as shown in Figure 1a (more than
100 particles). Figure 1c and 1d show the size distribution
of whole particles having a core/shell structure and that of
In cores in the particles. The average size of the whole
particles (dparticle) was determined to be 8.0 nm with
standard deviation (σ) of 2.0 nm, which was comparable
to the size determined by DLS measurement (8.1 nm),
indicating that nanoparticles were highly dispersed in ILs
without large aggregation. The cores of In metal had an
average size (dcore) of 4.6 nm (σ of 1.5 nm), which was in
good agreement with the size estimated from the XRD
peak (4.8 nm). The shell thickness could be estimated to
be 1.7 nm assuming that it was half the difference between
dparticle and dcore.
The expected mechanism for the formation of In/In2O3

core/shell nanoparticles is partial oxidation of In metal
particles with O2 contained in argon gas as an impurity or
in air. Bombardment of the In foil surface with energetic
argon ions caused physical ejection of surface atoms or
small clusters, which were injected in ILs. This situation
could make a high concentration of In species on the
surface of ILs to coalesce with each other, resulting in the
production of nanometer-sized In particles. Because In
metal has a sufficient redox potential to be oxidized with

O2 and the surface energy of nanoparticles is generally
high, the surface of In nanoparticles was rapidly oxidized
to form an In2O3 shell layer by exposure of the IL solution
to air after the sputter deposition. The density of the
In2O3 shell seems to be sufficient to prevent further
oxidation of the In metal core, resulting in the formation
of stable In/In2O3 core/shell particles.
Preparation of Hollow In2O3 Nanoparticles via Heat

Treatment in Air. The thus-obtained EMI-BF4 solution
containing In/In2O3 core/shell nanoparticles was heated
at various temperatures for 60 min in air. Figure 3 shows

Figure 3. Changes in extinction spectra of In-sputter-deposited EMI-
BF4 solution with heat treatment in air at various temperatures. The
temperatures are indicated in the figure.

Figure 4. XRD patterns of the nanoparticles shown in Figure 3. The
temperatures are indicated in the figure.

Figure 5. (a) Typical TEM image of nanoparticles in EMI-BF4 obtained
after heat treatment at 523 K in air. (b) High-magnification image of a
hollow nanoparticle in image a. (c) Size distribution of In2O3 hollow
nanoparticles and (d) that of their void spaces obtained fromTEM images.
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the changes in extinction spectra of the In-deposited EMI-
BF4 solution with increase in heat treatment temperature.
An absorption shoulder appeared at 280 nm for In/In2O3

core/shell nanoparticles, which was assigned to the surface
plasmon resonance (SPR) peak of In nanoparticles.26,28,40

The intensity of the peak at 280 nmwas diminished with an
increase in temperature and then completely disappeared
with heat treatment at 523K, indicating that degradation of
the In metal core occurred with heat treatment. This was
supported by the results of XRD analyses.
Figure 4 shows XRD patterns of the nanoparticles

heat-treated at various temperatures. The crystal phase
of In metal was detected for samples treated at tempera-
tures below373K, but the intensity of theXRDpeakswas
lessened with an increase in heating temperature, the beha-
vior being accordance with the results observed in the
extinction spectra. Heat treatment at temperatures higher
than 423 K caused disappearance of the peaks originating
from the Inmetal, whereas broad diffraction peaks assigned
to the (222) lattice planes of In2O3 emerged at around 2θ=
30� byheat treatment at 473Kand then a highly crystallized
In2O3 phase was produced at 523 K.34 Considering that the

melting point of In is 419 K,41 these facts suggested that the
In metal cores melted with heating at temperature higher
than 423 K and then were easily oxidized with O2 to form
In2O3.
Figure 5a shows a TEM image of crystalline In2O3 nano-

particles obtainedwithheat treatment at 523K.Althoughas-
sputter-depositedcore/shellparticles completelydisappeared,
spherical particles with a hollow interior were formed. TEM
images of the individual particles were almost unchanged
when the measurements were performed by changing the tilt
angle of the TEM sample holder (see Figure S4 in the
Supporting Information). This fact indicated that the sphe-
rical hollow In2O3 particles were formed by heat treatment
with the void space being located at almost the center of
each particle. An HRTEM image (Figure 5b) revealed that
hollow particles had a polycrystalline shell wall composed of
nanoparticles having clear lattice fringes with an interplanar
spacing of 0.29 nm corresponding to the (222) of cubic In2O3

phase.36

Panels c and d in Figure 5 show the size distributions of
hollow particles and their void spaces determined by
TEM measurements. Hollow particles had a wide size

Figure 6. Typical TEM images of In/In2O3 core/shell nanoparticles prepared by In sputter deposition in BMI-BF4 (a), AEI-BF4 (b), and AMI-BF4

(c). The size distributions of the particles are also shown beside the corresponding images.
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distribution ranging from 6 to 13 nm, and the average
diameter of whole particles (dparticle) was determined to
8.1 nm (σ of 1.5 nm), whichwas slightly larger than that of
the In/In2O3 core/shell particles used as a starting mate-
rial, dparticle of 8.0 nm. In contrast, a void space smaller
than the size of the In core was formed; void spaces in
hollow particles with an average size (dvoid) of 4.1 nm (σ of
0.9 nm) were formed by heating the core/shell particles
with In core size of 4.6 nm. By halving the difference
between dparticle and dvoid of hollow particles, the shell
thickness could be estimated to 2.0 nm, slightly thicker
than that of the shell thickness of original core/shell
particles.
Size Control of the In/In2O3 Core/Shell Particles and

the Resulting Hollow In2O3 Particles. It has been reported
that the size of nanoparticles formed in ILs varied de-
pending on the kind of ILs used. We therefore tried to
control the size of sputter-deposited In particles by chan-
ging the kind of IL containing BF4

- as an anionic species.
TEM images of the thus-obtained particles and their size
distributions are shown in Figure 6.
Sputter deposition of In produced In/In2O3 core/shell-

structured particles in all cases, but the size of particles
varied depending on the kind of IL used. Heat treatment
of thus-obtained ILs at 523 K in air changed the nano-
structure of particles as shown in TEM images in Figure 7.
Although it was difficult to obtain clear TEM images in

the case of using AMI-BF4, it could be recognized that
hollow In2O3 particles were produced in all kinds of ILs
used, the size of which was increased with an increase in
the whole size of In/In2O3 particles as-sputter-deposited.
Figure 8a shows average dimensions of the prepared

particles: dcore of the In core obtained from TEM mea-
surements is plotted as a function of dparticle of In/In2O3

core/shell particles prepared in various kinds of IL. The
figure also shows the dependence of dvoid of the void space
on dparticle of the hollow In2O3 particles obtained after
heat treatment in ILs. The size of the In metal core seems
to linearly increase from 8 to 20 nm by enlargement of the
whole size of In/In2O3 core/shell particles. Figure 8b
shows the In2O3 shell thickness of core/shell particles
estimated from the results in Figure 8a. Interestingly,
the shell thickness was almost constant regardless of the
size of the In core, the average thickness being ca. 1.9 nm.
This fact indicated that an In2O3 shell with a thickness of
ca. 1.9 nm could effectively prevent the penetration of O2

through the shell layer to the In metal core surface from
air and/or IL solution at room temperature.
Heat treatment of In/In2O3 particles at 523Kproduced

hollow particles with a slight increase in dparticle (0.1-0.6
nm), except for the case of using AEI-BF4 as an IL. The
value of dvoid linearly increased from 4 to 10 nm with an
increase in dparticle of hollow particles, indicating that the
structure of thus-obtained hollow In2O3 nanoparticles

Figure 7. Typical TEM images of hollow In2O3 nanoparticles prepared by the heat treatment at 523 K. ILs used were (a) BMI-BF4, (b) AEI-BF4, and
(c) AMI-BF4. The size distributions of the particles are also shown beside the corresponding images.
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could also be controlled by selecting the kind of IL used for
the sputter depositionof In. It shouldbenoted thatdvoidwas
smaller than dcore of the corresponding core/shell particles
(Figure 8a). Furthermore, as shown in Figure 8b, the shell
thickness of hollow particles was larger than that of In/
In2O3 particles (ca. 1.9 nm on average) and increased with
an increase in dparticle of hollow particles.
The formation of a void space byoxidationof the Inmetal

corewithO2 is reasonably explained by theKirkendall effect
in a nanometer scale.42,43 Though the In/In2O3 core/shell
particles were stable at room temperature because of cover-
age of the In core with an oxide shell layer to prevent further
oxidation of In metal, heat treatment of core/shell particles
in ILsat 523K,which ishigher than themeltingpointofbulk
In metal (419 K), accelerated the oxidation of the In metal
core. If only indium ions diffused outward through the shell
to form the In2O3 oxide layer at the outer surface of the shell,
the void space would be formed inside the particle, the size
being comparable to the size of the In core. As shown in
Figure8a, the sizeof the final void spacebecamesmaller than

that of the initial Inmetal core, especially for larger In/In2O3

particles. This fact indicated that in addition to the predo-
minant outward diffusion of In ions, an inward transport of
oxygen ions occurred, and an In2O3 crystal could thus be
grown on both the inner concave and outer convex surfaces
of the oxide shell layer.

Conclusion

Sputter deposition of indium in ILs resulted in the produc-
tion of stable In metal particles without additional agents,
being different from conventional chemical methods using
highly active agents to reduce indium ions.The thus-obtained
Inmetal nanoparticles were covered by an amorphous In2O3

layer (ca.1.9 nm in thickness), that is, In/In2O3 core/shell
particles, the core size of which was tunable from ca. 8 to
20 nm depending on the kind of IL used. Heat treatment of
thus-obtained particles at 523 K in air removed the In metal
core, resulting in the formation of hollow particles made of
crystalline In2O3, the void space of which could be enlarged
from 4 to 10 nm by increasing the size of core/shell particles
used as the startingmaterial. The sizes of both In/In2O3 core/
shell particles and hollow In2O3 particles were controlled by
selectinganappropriatekindof IL.Because Inmetalparticles
are useful as a starting material to convert them to In-based
compound materials, such as InP quantum dots,44 the size
tunability of In particles obtained by the present strategy will
enable precise control of the nanostructure of the resulting
target materials. On the other hand, In2O3 is well-known as
ann-type semiconductingoxide having abandgapof around
3.6 eV. Precise control of the hollow structure of In2O3 nano-
particles should lead to the development of novel photo-
catalysts for molecular-size-selective reactions and for solar
cells, in which the void space can act as a nanoflask for
reaction sites and/or molecular adsorption sites. A study
along this line is currently in progress.
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Figure 8. (a)Dependence of dcore (solid circles) and dvoid (open circles) on
the whole size (dparticle) of In/In2O3 core/shell particles and that of hollow
In2O3 particles, respectively. (b) Relationship between shell thickness and
dparticle of In/In2O3 core/shell particles (solid circles) or hollow In2O3

particles (open circles). Cationic species of ILs used are indicated in the
figure.
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