Studies on the Preparation of Nanostructured Materials
with Sputter-deposition of Metal onto Ionic Liquids and

Chemical Reactions in Solution

Toshimasa Suzuki



Referee-in-chief:

Referees:

Professor Tsukasa Torimoto
Nagoya University

Professor Susumu Kuwabata

Osaka University

Professor Toshinobu Yogo
Nagoya University

AssociateProfessor Hisao Yoshida

Nagoya University



Contents

Chapter 1 General Introduction

1.1 Introduction
1.2 Present Study 7
1.3 References 10

Chapter 2 Synthesis of AuAg Alloy Nanoparticles Using a Chemical
Reaction Induced by Sputter Deposition of Metal onto Ionic Liquids

2.1 Introduction 19
2.2 Experimental 20
2.2.1  Materials 20

2.2.2  Synthesis of Ag nanopaeticles by sputter deposition onto
Ionic liquids 21

2.2.3  Synthesis of AuAg alloy nanopaeticles using a chemical
reaction induced by Sputter deposition onto ionic lquids 21
2.2.4  Characterization of nanoparticles 22
2.3 Results and Discussion 23
2.3.1  Size control of nanoparticles by sputter conditions 25

2.3.2  Alloy nanoparticles prepared with a sputter-deposition of

metal onto ionic liquids and a chemical reaction in solution 25
24 Conclusions 31
2.5 References 32

Chapter 3 Synthesis of Transition Metal Oxide Nanoparticles Highly
Dispersed in Ionic Liquids by Sputter Deposition Technique

3.1 Introduction 37
3.2 Experimental 39
3.2.1 Materials 39



3.2.2  Synthesis of metal oxide nanoparticles by sputter deposition

onto ionic liquids 39

3.2.3  Characterization of nanoparticles 40

33 Results and Discussion 41
34 Conclusions 47
3.5 References 48

Chapter 4  Synthesis of Indium Metal Nanoparticles and Hollow Indium

Oxide Nanoarticles via the Sputter Deposition Technique in Ionic Liquids

4.1 Introduction 51
4.2 Experimental 54
4.2.1 Materials 54
4.2.2  Synthesis of indium nanoparticles by sputter deposition
onto ionic liquids 55
4.2.3  Heat treatment of indium nanoparticles in air 55
4.2.4  Characterization of nanoparticles 55
43 Results and Discussion 57

4.3.1  Characterization of nanoparticles synthesized by In sputter

deposition in EMI-BF4 57
4.3.2  Synthesis of In,O3 hollow nanoparticles via heat treatment

in air 65

4.3.3  Size control of the In/In,O; core/shell nanoparticles and

the resulting In,O3 hollow nanoparticles 72
4.4 Conclusions 81
4.5 References 82

Chapter 5  General Conclusions

5.1 Summary and prospect 89
List of Publications 93
Acknowledgement 98

II



Chapter 1 General Introduction

1.1 Introduction

Metal and semiconductor nanoparticles with small diameters and a narrow size

distribution have received intense attention in scientific research and industrial application,

31

because they exhibit unique properties depending their size and shape.'”' Catalytic

activities of metal nanoparticles are strongly affected by their size due to the enlargement of

32,33

surface-to-volume ratios. The metal nanoparticles such as gold (Au) and silver (Ag),

exhibit unique optical properties a localized surface plasmon resonance (LSPR) absorption, its

wavelength of is greatly varied by controlling the size and shape of nanoparticles.’**°

Metal particles

E-field

e cloud

Figrel.1 Schematic illustration of plasmon oscillation for a metal nanoparticle
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Figure 1.2 Schematic illustrations of energy diagrams for semiconductor nanoparticles in

the size between molecules and bulk semiconductors.

The photoexcitation of LSPR produce a locally enhance electric field in the proximity of
metal nanoparticles (Figure 1.1), which is utilized for several applications, such as

41-43

fluorescence enhancement for the detection of biomolecules, analysis with surface

4445 and plasmon induced photochemical reactions.”**’  On the

enhanced Raman scattering,
other hand, semiconductor nanoparticles exhibit the remarkable quantum size effects when
charge carriers (electrons and holes) are confined in a small nanoparticle with the diameter
less than twice the Bohr radius of excitation in the bulk material (Figure 1.2). 4836 The
quantum size effects begin to be appeared less than about 10 nm in its size, being dependent
on the kind of semiconductor materials. Decreasing the size of semiconductor nanoparticles,
their energy gap generally increase. Hence the energy levels of the conduction band (CB)

and valence band (VB) of nanoparticles vary depending on the size of nanoparticles; the

smaller size has, higher and lower energy levels of CB and VB, respectively. These
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Figure 1.3 Schematic illustrations of synthesis methods of nanoparticles.

properties in the electron energy structure of the semiconductor nanoparticles provides the

high photocatalytic activities and the highly efficiency photoluminescence compared to those

of bulk materials.

So far various strategies for the preparation of nanoparticles have been reported, and

they are roughly classified into two groups, chemical syntheses in solution phases (wet

processes) and the preparation with physical techniques (dry processes) (Figure 1.3). In

most cases preparation of nanoparticles in solution, the reduction of the corresponding metal

ions or metal complexes is conducted in the presence of additional stabilizing agents e.g.,

1-31,48-69

thiol compounds and polymers. As a result, the prepared suspension contains



byproducts, remaining substrates, and stabilizing agents. Since the species sometimes
prevent utilization of the functionality of nanoparticles, their removal is inevitable. On the
other hand, physical techniques such as metal vapor-deposition techniques enable the

production of nanoparticles on solid substrates.”*™*

Though the obtained nanoparticles have

a bare surface without adsorption of stabilizers, the amount of them is relatively small and

their size distribution is generally broad.
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Figurel.4 Schematic illustration of the experimental setup for the plasma

electrochemical reduction of metal ions dissolved in ILs.



Recently, novel preparation strategies have been developed for metal nanoparticles
dispersed in organic solvents without formation of byproducts. For example, synthesis of
metal nanoparticles was achieved by metal vacuum deposited on running liquid substrates of
organic solvents having a very low vapor pressure, such as alkylnaphthalene and silicone

0ils 5> 86

Stove et al. have developed the solvated metal atom deposition technique, where
gold was vaporized under vacuum followed by deposition on the inside walls of a
liquid-nitrogen-cooled vacuum chamber simultaneously with acetone vapor.®” However,
these methods required complicated apparatus equipped with rotary reactors or cooled traps to
collect metal vapor, and furthermore, deposited nanoparticles generally made large
aggregation unless suitable stabilizing agents, such as thiol compounds or surfactants.

Very recently, it has been reported an advanced method of the combination of
physical techniques with ionic liquids (ILs) as a reaction medium enabled preparation of

88, 89

ultrafine metal nanoparticles uniformly dispersed in the solution. ILs have attractive

features such as high ionic conductivity and capability to dissolve many kinds of

90-92

substances. Especially the extremely low vapor pressure of ILs has enabled the handing

of ILs under a high vacuum condition, such as x-ray photoemission’** and scanning electron
spectroscopy.” ILs works also as stabilizer of the produced nanoparticles. It is not

consequently required to add any capping molecules used for the conventional solvents.”*"%
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Figure 1.5 (a) Schematic illustrations of Au—Ag foil binary targets having various fa,.
(b) Schematic illustration of synthesis of the AuAg alloy nanoparticles by sputtering onto
ionic liquids.

Endres and co-workers have reported the Ag nanoparticle synthesis in ILs using a glow
discharge (plasma-electrochemical deposition) under reduced pressure conditions, in which
metal ions dissolved in IL were reduced by Ar' plasma irradiation to produce the

corresponding metal nanoparticles at interphase between IL and Ar" plasma (Figure 1.4).'"

12 Torimoto et al, it has been reported that the sputtering of noble metal onto ILs produces

the liquid containing highly dispersed metal nanoparticles, such as Au, Ag, and Pt.'”''?  The

size of prepared nanoparticles was dependent on the kind of ILs used.'” The sputter



deposition technique also enabled AuAg alloy nanoparticles with a desired composition by

using Au and Ag binary metal target (Figure 1.5).'™

1.2 Present study

Actually, the strategies have been limitedly applied to only noble metals. In this
thesis, I have succeeded to extend their applications to other transition metals such as tungsten
(W), molybdenum (Mo), niobium (Nb), and titanium (Ti) and indium (In). In addition, we
applied this method to prepare alloy metals combined with the concept of liquid phase
nanoparticle synthesis. My results propose a new strategy for preparation of metal and metal
oxide nanoparticles with wide variety of composition and structures. I expect that the
technique of sputter deposition into IL is one of the promising tools to discover novel advance
nonmaterials.

Chapter 2 describes two topics; one is the influence of the sputtering conditions of
Ag on nanoparticle’s size and their size distribution in ILs, another utilization of their redox
activities to prepare AuAg alloy nanoparticles directly in ILs. Sputter deposition of Ag onto
IL produced Ag nanoparticles whose size was varied dependent on the sputtering conditions.

Change in the discharge current from 10 to 40 mA increased Ag nanoparticles size from 5.7 to



11 nm, though prolongation of sputtering time simply caused a higher concentration of Ag

nanoparticles in IL without any changes in their size. Sputter deposition of Ag onto IL

containing HAuCly resulted in the appearance of a single surface plasmon resonance peak in

the absorption spectra of the resulting liquid, and their peak position was red-shifted with an

increase in the concentration of HAuCly,. The obtained results clearly indicated that Ag

metal species sputter-deposited in IL can reduce HAuCl, to give AuAg alloy nanoparticles

and that their chemical composition varied depending on the initial concentration of HAuCl,.

Chapter 3 describes metal oxide nanoparticles synthesis in IL by sputtering the

corresponding metal targets. Sputter deposition of transition metals W, Mo, Nb, and Ti onto

IL produced corresponding metal oxide nanoparticles smaller than 6 nm, in which the

oxidation of sputtered metal species occurred during the sputter deposition or on the exposure

to the thus-obtained IL solutions to air. The obtained nanoparticles were composites

composed of metal and metal oxide and were highly dispersed in IL without any additional

stabilizing agents.

In Chapter 4, unique method to prepare the hollow nanoparticles of indium oxide

could be fabricated by the oxidation of In metal nanoparticles in ILs is described. Sputter

deposition of In in IL produced stable metal nanoparticles of In whose surfaces were covered

by an amorphous In,03 layer, forming In/In,O3 core/shell structure. The size of the In core



was tunable from ca.8 to 20 nm by selecting the kind of IL, whereas the shell thickness of

In,O; was almost constant at ca.1.9 nm. Heat treatment of the thus-obtained nanoparticles at

523K in air oxidized In metal of the core, resulting in the formation of spherical hollow

nanoparticles made of crystalline In,Os. The size of the hollow nanoparticles was slightly

larger than that of the In/In,O5 core/shell nanoparticles used as a starting material, whereas the

void space formed inside hollow nanoparticles was smaller than the corresponding In metal

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 In,O; crystal could be grown on

both the inner concave and outer convex surfaces of the oxide shell layer.

Finally, Chapter 5 describes general remarks on this thesis, summarizing my novel

findings through the researches and expected future contributions to the future nanoparticle

sciences and engineering.
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Chapter 2
Synthesis of AuAg Alloy Nanoparticles Using a Chemical Reaction

Induced by Sputter Deposition of Metal onto lonic Liquids

2.1 Introduction

Metal 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 nanoparticles.'” Ionic liquids (ILs) have been promising solvents for
various reactions such as organic®’ and inorganic® syntheses and electrochemical

. 10,11
reactions. ~

Preparation of metal nanoparticles has attracted much attention because they
could catalyze unique reactions in ILs that did not occur in conventional organic or aqueous
solvents. Several strategies have been developed for the preparation of metal nanoparticles,
such as Pt,12 Rh,12 Ir,13 and Au,14 uniformly dispersed in ILs. Torimoto et al. has recently
developed a method to prepare metal nanoparticles in ILs without any additives, such as

reducing agents and/or stabilizing agents. The extremely low vapor pressure of ILs enabled

sputter deposition of metal species onto ILs under vacuum, resulting in the formation of
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highly dispersed metal nanoparticles, such as Au, Ag and Pt, having sizes of 2~5 nm.">**

Furthermore, it has been reported that injection of low-energy electrons into ILs induced the
reduction of metal ions, such as Ag*?® and AuCl, ,*’ to produce corresponding metal
particles. If metal nanoparticles having an oxidation potential were sputter-deposited in IL
containing another metal ions having more positive reduction potential, the latter metal ions
could be reduced to form nanoparticles. However, such an attempt has never been made.

In this chapter, [ prepared Ag nanoparticles having various sizes by
sputter-deposition onto an IL with different conditions. Furthermore, Ag-sputtering was

made onto IL solutions containing HAuCly to produce AuAg alloy nanoparticles.

2.2 Experimental Section

2.2.1 Materials
1-butyl-3-methylimidazolium hexafluorophosphate (BMI-PFs) was purchased from
Kanto Chemical.l,6-hexanedithiol was purchased from Tokyo Chemical Industry.

Acetonitrile and HAuCl, were purchased from Kishida Reagents Chemicals.
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2.2.2  Synthesis of Ag nanoparticles by sputter deposition onto ionic liquids.

The IL (BMI-PF¢) was dried for 3 h at 393 K under vacuum just before use. Sputter
deposition of silver in IL was performed using a sputter coater (Sanyu Electron Co., Ltd,
SC-701HMCII) with various sputtering condition under argon (> 99.99%) pressure at room
temperature. An IL (0.60 cm®) was spread on a glass plate (10 cm?) that was horizontally set
in the sputter coater. The surface of the IL was located at distances of 85 mm from the silver

foil target (99.99% in purity). The sputtering was carried out for various times.

2.2.3  Synthesis of AuAg alloy nanoparticles using a chemical reaction induced by
sputter deposition of metal onto ionic liquids.

A portion of HAuCly ethanol solution was added to BMI-PFg, followed by drying for
3 h at 378 K under vacuum. A 0.60 cm’ portion of thus-obtained solution was spread on a
glass plate (10 cm?) that was horizontally set in the sputter coater(Sanyu Electron Co., Ltd,
SC-701HMCII). The surface of the IL was located at a distance of 85 mm from the silver
foil target (99.99% in purity). The sputtering was carried out for 5 min under 5.0 Pa of

argon gas with 10mA of ion current.
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2.2.4 Characterization of nanoparticles.

The structure and size of nanoparticles formed in IL were observed using a
transmission electron microscope (TEM; HITACHI H-7650) operated at an acceleration
voltage of 100 kV. Samples for TEM measurements were prepared by dropping an IL
solution containing nanoparticles onto a copper grid with amorphous carbon overlayers (Oken
Shoji, #10-1012), followed by removal of the excess amount of solution with a filter paper.

The concentration of Ag deposited in IL was determined by using X-ray fluorescence
spectrometer (XRF; Rigaku EDXL300). A 0.2 cm’ portion of Ag nanoparticle IL solution
was mixed with 1.0 cm® methanol solution containing 1,6-hexanedithiol (0.05 cm’), followed
by the centrifugation. Thus-obtained precipitates of Ag nanoparticles were dissolved in a
HNO; aqueous solution and then subjected to the XRF analysis.

For the preparation of XPS samples, metal nanoparticles dispersed in IL were
isolated by precipitation with addition of a small amount of acetonitrile to BMI-PF¢ solution,
washed with acetonitrile several times, and dispersed in acetonitrile. Elemental composition
of isolated AuAg alloy nanoparticles was examined with X-ray photoelectron spectroscopy
(XPS; JEOL JPS-9000MC), by considering peak areas of each band in XPS spectra and their

corresponding relative sensitivity factor.

22



2.3 Results and Discussion

2.3.1  Size control of nanoparticles by sputter conditions

Figure 2.1 (a) shows changes in the absorption spectra of BMI-PFs by sputter
deposition of Ag with various sputtering times. A sharp absorption peak at ca. 420 nm that
developed with elapse of sputtering time was assigned to the surface plasmon resonance
(SPR) peak of Ag nanoparticles. The concentration of Ag linearly increased from 0.26 to 2.4
mmol dm with sputtering time from 5 to 45 min (Fig. 2.1 (b)). TEM observation revealed
that the spherical Ag nanoparticles with a size of ca. 5.7 nm were formed regardless of
sputtering time. Similar behavior was observed for Au sputter deposition in our previous
study.'¢

On the other hand, as shown in Figure 2.1 (c), the SPR peak intensity of Ag
nanoparticles increased with an increase in discharge current from 10 to 40 mA, resulting in
an increase in the concentration of Ag from 0.26 to 1.4 mmol dm™>. The size of
nanoparticles formed also increased from 5.7 to 11 nm with an increase in discharge current
from 10 to 40 mA. In sputter deposition, bombardment of energetic gaseous ions on the Ag
foil surface causes physical ejection of surface atoms and/or clusters, which are injected into

the IL solution. The density of these Ag species at the solution surface became high enough
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Figure 2.1 Absorption spectra obtained after Ag sputter deposition (a, c) and dependence
of average size (open circles) and concentration (solid circles) of the thus-obtained Ag
nanoparticles on sputtering conditions (b, d). A constant discharge current of 10 mA was
used (a, b) or the sputtering time was fixed to 5 min (c, d). The optical length of a quartz
cuvette used was 1.0 mm. The numbers in figures represent the sputtering time (a) or the

discharge current (c). The error bars in figure b and d indicate the size distribution.

to coalesce with each other, the degree being remarkable with high discharge current. The
coalescence of sputtered species proceeds until Ag nanoparticles have been stabilized by the

adsorption of ions of the IL.
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2.3.2  Alloy nanoparticles prepared with sputter-deposition of metal onto ionic liquids
and chemical reaction in solution

Figure 2.2(a) shows absorption spectra of BMI-PF¢ containing HAuCly after sputter
deposition of Ag. A single SPR peak is observed in each spectrum. The peak shape
became broad and then the peak wavelength (Aspr) was red-shifted with an increase in
HAuCly concentration (Figure 2.2(b)). It has been reported by Xia and coworkers that AuCly
ions in aqueous solutions were reduced by oxidative dissolution of Ag metal, according to

eq.2.1, resulting in AuAg alloy formation of nanoparticles or hollow shells. *'~

AuCly + 3Ag = Au + 3AgCl +CI —-mmmmmmemee- 2.1)

In this case also, it seems reasonable that AuAg alloy nanoparticles in BMI-PF¢ were formed
by the reduction of HAuCly with sputter-deposited Ag species because it has been reported
that AuAg alloy nanoparticles exhibited a single SPR peak in absorption spectra whose
wavelength was linearly red-shifted with an increase in the fraction of Au atoms in the
nanoparticles.” It was confirmed by TEM and XPS that the chemical composition of AuAg

alloy nanoparticles was changed by changing the concentration of HAuCls in BMI-PFg.
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Alloy nanoparticles were isolated by the addition of acetonitrile to IL solutions.
TEM observation of these nanoparticles revealed that solid spherical nanoparticles were
formed in BMI-PF¢ solutions by sputter deposition of Ag, regardless of the concentration of
HAuCly, as shown in Figure 2.3. The size determined from TEM measurements increased
slightly with an increase in the initial concentration of HAuCls: the Ag nanoparticles
sputter-deposited in pure BMI-PF¢ had an average diameter (d,,) of 5.7 nm with a standard
deviation (¢) of 1.8 nm, while sputter deposition onto solutions containing 65 and 100 pmol
dm > HAuCl, produced nanoparticles having d,, (o) of 6.4 (2.6) and 6.9 (2.9) nm, respectively.
A little larger values of d,, and o for AuAg alloy nanoparticles than those for Ag nanoparticles
is due probably to progress of some aggregation during Ag oxidation and Au deposition
reactions. However, the prepared AuAg nanoparticles were stable for several days without

change in their absorption spectra.
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Figure 2.2 (a) Absorption spectra of BMI-PFg solutions after sputter deposition of Ag.
The initial concentrations of HAuCly were 0 (i), 50 (ii), 65 (iii), and 100 pmol dm™(iv).
The optical length of a quartz cuvette used was 1.0 mm. (b) The SPR peak wavelengths

are plotted as a function of the initial concentration of HAuCls. Sputter deposition of Ag

onto ILs was carried out for 5 min with a discharge current of 10 mA.
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Figure 2.3 TEM images of Ag nanoparticles sputter-deposited in pure BMI-PF¢ (a) and
AuAg nanoparticles prepared in BMI-PF4 containing 65 (b) and 100 (¢) pmol dm™
HAuCly. Size distributions are also shown on the right side of the corresponding TEM

images.
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XPS spectra of AuAg nanoparticles isolated from BMI-PFg containing 65 pmol dm™
HAuCly showed that the binding energies of Au 4f;, and Au 4fs, appeared at 83.1 and 86.8
eV and those of Ag 3ds, and Ag 3d;, appeared at 367.3 and 373.3 eV, respectively (Figure
2.4(a) and 2.4(b)). The energies for gold and silver were in good agreement with the
literature values reported for AuAg alloy nanoparticles.’® Since no signals assigned to Cl
atoms were detected (Figure 2.4(c)), AgCl particles were not contained in the particles
isolated from IL solutions. These facts suggest that AgCl particles are extremely small even
if they are formed according to eq.2.1, and then the simple addition of acetonitrile to IL
solutions can not cause the precipitation of AgCl under the conditions used in the present
study. The present sputtering conditions have to give 260 pmol dm > Ag concentration in the
BMI-PF¢ solutions. Therefore, according to eq.2.1, alloy nanoparticles formed in solutions
containing HAuCly of 65 and 100 pmol dm™ are expected to form AuAg alloy with Au/Ag
ratios of 50/50 and 100/0, respectively. However, XPS analyses revealed the ratios of 34/66
and 90/10, respectively. These facts suggest that all sputtered Ag atoms did not react with
HAuCly in the solutions. It is likely that the formation of Au-rich alloy shells retards the

oxidative dissolution of Ag nanoparticle cores.
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2.4 Conclusions

The size of Ag nanoparticles prepared by sputter deposition of Ag onto BMI-PF and

their concentration varied depending on sputtering conditions, such as magnitude of discharge

current. Sputtered Ag species caused reduction of HAuCls in the IL, resulting in the

formation of AuAg alloy nanoparticles. The chemical composition and optical property of

the alloy nanoparticles were easily controlled by changing the concentration of HAuCl4,

though the size distribution was slightly broadened in comparison with the method of using

Au and Ag binary metal target. Although only AuAg alloy was prepared in the present study,

various metal and alloy nanoparticles can be prepared in IL by appropriately selecting the

metal to be sputter-deposited on ILs to reduce different metal ions. Furthermore, since

highly reactive metals, such as Zn and Li, are in principle vacuum- deposited onto ILs to form

nanoparticles, this technique will be useful for the development of novel chemical reactions in

ILs under vacuum using ultrafine metal nanoparticles as reagents.
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Chapter 3
Synthesis of Transition Metal Oxide Nanoparticles Highly

Dispersed in Ionic Liquids by Sputter Deposition Technique

3.1 Introduction

Nanoparticles are well known materials to enhance and/or to change the original
characters of bulk.'” Transition metal oxide nanoparticles are particular importance for
various fields of science and technology, such as in the field of heterogeneous catalysis,’
where they are used as catalyst supports for a wide variety of metals or as selective oxidation
catalysts by themselves. Applications to electric devices and sensors are also important
because metal oxides can be used as insulators, semiconductors, conductors, and even
superconductors. These characters result from the electronic states in the bulk or localized
surface states. Hence, there is much interest in how the character changes with change in the
size of metal oxide nanoparticles. There are several proposed methods for fabricating metal
oxide nanoparticles, and they can be classified into physical and chemical techniques:
physical methods include sputtering (dc, RF and reactive), evaporation (thermal and electron

beam) ’ and pulse laser deposition, * and chemical methods include sol-gel, co-precipitation,
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impregnation, chemical vapor synthesis and hydrothermal treatment’"?  Tonic liquid (IL) are
suitable media for the synthesis of metal oxide nanoparticles by decomposition of metal
carbonyl or alkoxide,"'* because ILs are utilized as non-flammable, non-volatile solvents.
Metal and alloy nanoparticles were prepared with a sputter-deposition of metal onto ILs and a
chemical reaction in solution, as described in Chapter 2. This fact suggests that various
kinds of chemical reactions can be induced, depending on the redox potential of metal
nanoparticles. For instance, if highly reactive metal, such as Ti, of relatively more negative
oxidation potentials are sputter deposited in ILs, the metal species can be acted as a precursor
to form metal oxide nanoparticles, because they are easy oxidized by air and/or moisture.
However, such as synthesis in the form of nanometer-sized particles attempt has not been
made yet. Therefore, oxide nanoparticles can be easily prepared.

In this chapter, we applied the method to synthesis of metal oxide nanoparticles in
ILs by sputter deposition of transition metals of tungsten (W), molybdenum (Mo), niobium
(Nb), and titanium (Ti) onto IL, and corresponding metal oxide nanoparticles of less than 6

nm in size were produced.
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3.2  Experimental Section

3.2.1 Materials
1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF4) was purchased from
Kanto Chemical. Octadecane-1-thiol was purchased from Tokyo Chemical Industry. Other

chemicals used in this study were supplied from Kishida Reagents Chemicals

3.2.2  Synthesis of metal oxide nanopaeticles by sputter deposition onto ionic liquids

I used a DC sputtering apparatus (Sanyu Electron Co., Ltd, SC-70|HMCII) with four
metal targets of W, Mo, Nb, and Ti. The IL (EMI-BF,4) was dried for 3 h at 393 K under
vacuum just before use. A 0.60 cm® portion of the dried IL solution was spread on a glass
plate (10 cm®) which was horizontally set in the DC sputtering apparatus. The glass plate
was 2.0 cm away from the metal target. After pre-sputtering for 10 min to clean the metal
target, metal sputter-deposition into EMI-BF, was carried out for 20 min under 2.0 Pa of Ar

gas (>99.9999%) with 40 mA of ion current.
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3.2.3  Characterization of nanoparticles.

The size distribution and shape of nanoparticles formed in EMI-BF, were determined
by TEM (HITACHI H-7650) operated at an acceleration voltage of 100 kV. TEM samples
were prepared by dipping a copper TEM grid with amorphous carbon overlayers (Oken shoji,
#10-1012) into the thus-obtained EMI-BF,. The excess amount of IL was rinsed off with
acetonitrile, followed by drying under a vacuum condition. Additionally, elemental
compositions and crystallographic structures of nanoparticles were analyzed by XPS (JEOL
JPS-9000MC) and XRD (RIGAKU 2100HL), respectively. For the preparation of XPS and
XRD samples, the nanoparticles in the thus-obtained IL were precipitated by a 5 mmol dm™
octadecane-1-thiol/ethanol solution, followed by centrifugation. The concentrated

nanoparticles were settled on a small Si substrate.
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3.3 Results and Discussion

Figure 3.1 shows typical TEM images of nanoparticles synthesized by sputter

deposition of W, Mo, Nb and Ti targets in EMI-BF,. Strong and vague contrasts were

observed; the former was assigned to nanoparticles obtained by sputter deposition, and the

latter could be attributed to the residue of EMI-BF, after washing with acetonitrile. The

nanoparticles were well dispersed, and no secondary particle formation was observed.

Figure 3.2 shows the size distribution of nanoparticles obtained by measurements of

the diameter of 100 nanoparticles in TEM images. Most of the nanoparticles were spherical

or polyhedral in shape, and no anisotropic type was found. The ranges of particle size were

3.2~4.8 nm for W target, 2.7~3.7 nm for Mo target, 1.9~2.9 nm for Nb target, and 3.4~4.6 nm

for Ti target. Average diameters (D,y.) of nanoparticles obtained for Mo and Nb sputtering

were 3.2 and 2.4 nm, respectively, being relatively smaller than those for W and Ti targets

(Dave= 4.0 in both cases). The size distributions of nanoparticles prepared from the Mo or

Nb targets were quite narrow, in which the standard deviations (¢) were 0.5 nm.

Figure 3.3 shows XPS spectra of the obtained nanoparticles. The solid lines

indicate observed data after subtracting background variation of photoelectron spectra. The

dotted lines and the dashed line indicate peak separation results and a summation of the
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Figure 3.1 Typical TEM images of nanoparticles obtained by sputter deposition of

transition metal targets: (a) W, (b) Mo, (c) Nb and (d) Ti into ionic liquids of EMI-BF4

results, respectively. In all cases, | observed not only a metal phase but also oxide phases.

From the XPS peak analysis, at least two oxide phases could be recognized and the total

amount of oxide phases was more than 80% in all cases. Further XPS analysis showed that

fluorine and sulfur were involved in each case. Typical representatives are shown in Figure

3.3(a) and (b), respectively. The former was attributed to the residue of the IL of EMI-BF4,
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Figure 3.2 Size distributions of nanoparticles obtained by sputter deposition of (a) W, (b)
Mo, (c) Nb and (d) Ti targets into ionic liquids of EMI-BF,, derived from Figure 3.1.

and the latter originated from the octadecane-1-thiol used in the preparation of XPS samples.

These species were difficult to remove completely by repeating the washing procedures,

indicating that these species were strongly adsorbed on the nanoparticle surfaces.
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Figure 3.3 XPS spectra for nanoparticles obtained by sputter deposition of (a) W, (b) Mo,
(c) Nb and (d) Ti targets into ionic liquids of EMI-BF,,

Figure 3.4 shows XRD pattern of the obtained nanoparticles. As can be seen from
the figure, the peak of origin at lattice intervals of these metals were observed at around 40°.

The crystallite size of thus-obtained these metals were estimated from the full width at half
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Figure 3.4 XRD patterns for nanoparticles obtained by sputter deposition of (a) Nb, (b)
W, (c¢) Ti and (d) Mo targets into ionic liquids of EMI-BF,

maximum of main peak by using the Scherrer equation. The crystallite size of W, Nb and Ti

were 3.1, 1.8 and 2.4 nm, respectively. The size of Mo could not be measured, because the

crystallite size was small. The estimated values decreased at about 20-40% from the
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nanoparticle size obtained from TEM. I expected that the change was due to oxidation of the
metal nanoparticle. From the result of XPS spectrum, about 80% of the obtained
nanoparticle was the oxide, although no peak corresponding to crystal phases of these oxides
was found in the XRD measurements. The amorphous oxide phases were probably formed
by oxidization of metal nanoparticles in the IL.

Torimoto et al. previous studies on Au, Ag and Pt nanoparticles, they concluded that
the IL could stabilize the metal nanoparticles without aggregation of Nanoparticles'>®. The
local structure of the IL surrounding the nanoparticle might have a role to protect the
nanoparticles from uncertain transformation. Actually, I did not find any oxidized
nanoparticles in these experiments. In the present study, however, I observed that the metals
of W, Mo, Nb, and Ti sputter-deposited in IL were oxidized to form metal oxide nanoparticles.
This means that the IL layer of EMI-BF, on the nanoparticle surface did not have an ability
enough to protect the oxidation of nanoparticles of the transition metal having negative
oxidation potentials from oxidants contained in the IL as impurities. Nevertheless, the metal
phases still remained in each XPS spectrum, suggesting that oxidization reaction of metal
nanoparticles was limited by initial concentrations of oxidants or did not rapidly proceed in
the IL. I propose oxygen and/or water molecules as possible candidates of oxidants.

Before the sputter deposition, we actually dried the IL for 3 h at 393 K under vacuum in the
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order of 10" Pa, but the degree of vacuum might not have been sufficient to completely
remove the dissolved water introduced from the atmosphere in advance. Alternatively, the
metal nanoparticles might have been oxidized by oxygen molecules that were contained as an
impurity in Ar gas and/or dissolved into the IL from air during sample preparation for TEM,
XPS, and XRD. Such dissolved oxidants may affect the stability of metal nanoparticles in
IL and oxidize metal nanoparticles to form amorphous oxide phases. Although it is difficult
to synthesize metal oxide nanoparticles having various diameters with a single oxidation state
of metal atoms at the present, I expect further precise control of the concentration of oxidants
and /or temperature of IL during the sputter deposition provides both the uniform composition

of nanoparticles and the tenability in the nanoparticle size.

3.4 Conclusions

I have synthesized transition metal oxide nanoparticles of WOy, MoOy, NbOy and
TiOx by sputter deposition in the IL of EMI-BF4. These metal oxide nanoparticles were
obtained in a dispersed manner with the size of 3.2~4.8 nm for W, 2.7~3.7 nm for Mo,
1.9~2.9 nm for Nb, 3.4~4.6 nm for Ti. These results indicate that sputter deposition in IL

has the potential to provide various types of highly dispersed transition metal oxide
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nanoparticles without any additional stabilizing agent to prevent aggregation of nanoparticles.
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Chapter 4
Synthesis of Indium Metal Nanoparticles and Hollow Indium
Oxide Nanoparticles via the Sputter Deposition Technique in

Ionic Liquids

4.1 Introduction

Structure control of metal and semiconductor nanoparticles in nanometer scale has
attracted much attention because physicochemical properties, such as optical properties and
catalytic activities, can be varied depending on the size and shape of nanoparticles.'®
Recently, ionic liquids (ILs) have been considered to be excellent media for the formation and
stabilization of nanoparticles.”” Noble metal nanoparticles were prepared in ILs without
addition of stabilizing agents or capping molecules, in contrast 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.'®'? Although many strategies for the

preparation of noble metal nanoparticles have been reported, highly reactive metal
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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 instability
of nanoparticles induced by easy oxidation reaction in air.

Recently, the extremely low vapor pressure of ILs has enabled researchers to treat
them under vacuum conditions. Endres et al. reported synthesis of Ag nanoparticles in an IL
by reduction of Ag ions in the IL with electrons produced by a glow discharge

15,16

(plasma-electrochemical deposition) under reduced pressure conditions. Torimoto et al.

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.'”*’

The size of prepared
nanoparticles varied depending on the kind of IL used."”

Furthermore, as demonstrated in Chapter 2 and 3, alloy and oxide
nanoparticles were prepared with a sputter-deposition of metal onto ILs and using
redox reactions. The sputter deposition of highly reaction metal nanoparticles
produced composite nanoparticles composed of metal and metal oxide as shown in
Chapter 3, though the detained structures of the nanoparticles were not known.

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.

Nanoparticles of In have been useful as a starting material for the preparation of
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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

28-30

produce semiconductor nanoparticles such as InP, InAs, and In,0;. In nanoparticles

have been prepared by several synthetic strategies, such as reduction of In*" ions with strong
reducing agents,’' thermal decomposition of organometallic precursors,’” laser ablation,
metal vapor deposition,** and dispersion of molten In into paraffin 0il.>> On the other hand,
the preparation of nano-structured In,O; is also attractive because their applications are
expected in wide research areas, such as gas sensors,’® solar cells,’” flat-panel displays,* and
photocatalysts.”” One of the attractive strategies for preparation of In,O3 nanoparticles has
been oxidation of In nanoparticles.”’ The shape of the resulting In,O3; nanoparticles 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 chapter, I prepared In metal nanoparticles in ILs by the sputter deposition
technique. The thus-obtained In nanoparticles were used as a starting material to fabricate

nanostructured In,O; particles, and heat treatment of ILs containing In metal nanoparticles in

air enabled the formation of hollow In,O3 nanoparticles highly dispersed in IL.
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4.2  Experimental Section

4.2.1 Materials

N,N,N,-trimethyl-N-propylammonium  bis(trifluoromethylsulfonyl)amide (TMPA-TFSA),
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide (BMI-TFSA),
1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF,4), 1-butyl-3-methylimidazolium
tetrafluoroborate (BMI-BF,), 1-allyl -3-methylimidazolium tetrafluoroborate (AMI-BF,) and
1-allyl-3-ethylimidazolium tetrafluoroborate (AEI-BF,) were purchased from Kanto Chemical.
1-hexyl-3-methylimidazolium tetrafluoroborate (HMI-BF,), 1-octyl-3-methylimidazolium
tetrafluoroborate (OMI-BF4) and 1-butyl-2,3-dimethylimidazolium tetrafluoroborate
(BMMI-BF,) were purchased from Merck. Other chemicals used in this study were supplied

from Kishida Reagents Chemicals.
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4.2.2  Synthesis of indium nanoparticles by sputter deposition onto ionic liquids.
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 IL (0.60 cm’®) was spread on a glass plate (10
cm?) 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 then IL solution was collected from the glass plate.

4.2.3 Heat treatment of indium nanoparticles in air.
In the case of oxidation of In nanoparticles, a 0.10 cm® portion of thus-obtained IL
solution was put in a test tube, followed by heat treatment in air at various temperatures for 1

hour without agitation.

4.2.4  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 electron micrographs of nanoparticles were
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obtained using a JEOL 2010F TEM operated at 200 kV. Samples for TEM measurements

were prepared by dropping an IL solution containing nanoparticles onto a copper grid with

amorphous carbon overlayers (Oken Shoji, #10-1012), and then the excess amount of IL was

washed out by dropping a small amount of acetonitrile, followed by drying under vacuum.

The size distribution of nanoparticles in ILs was also obtained by dynamic light scattering

operated at 298 K using an Otuka Electronics FDLS-3000.

The crystal structure of nanoparticles was investigated by an X-ray powder

diffraction (XRD) analysis using a RIGAKU 2100HL with Cu Ko radiation. X-ray

photoelectron spectroscopy (XPS) measurements were performed using a JEOL JPS-9000MC

with irradiation of Al Ka. 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.

56



4.3 Results and discussion

4.3.1 Characterization of nanoparticles synthesized by In sputter deposition onto
EMI-BF,.

The XRD pattern of the product obtained sputter deposition of indium in EMI-BF, is
shown in Figure 4.1. 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.*’ No
perceivable peaks assigned to its derivatives, such as In,Os, were observed.* The crystallite
size of thus-obtained In metal was estimated to be 4.8 nm from the full width at half
maximum of the (101) peak by using the Scherrer equation.” In contrast, observation of the
dynamic light scattering (DLS) showed that the as-deposited nanoparticles in ILs had a wide
size distribution ranging from 7 to 10 nm (Figure 4.2), and the average diameter was
determined to 8.1 nm. This value was remarkably different from the crystallite size
estimated from XRD. These facts suggested that the surface of In metal nanoparticles was
covered with an amorphous layer as supported by the following TEM measurements.

Figure 4.3a shows a typical TEM image of the nanoparticles 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 nanoparticles had
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Figure 4.1 An XRD pattern of nanoparticles prepared by In sputter deposition in
EMI-BF4
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 +30°, a
similar core/shell structure was seen in TEM images for each nanoparticles (Figure 4.4); that

is, the dark image was located at the center of the nanoparticles, indicating that the core was
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Figure 4.2 Size distribution of as-sputter-deposited particles in EMI-BF,4 obtained by DLS

measurement.

located almost at the center of the particle and then the shell having a uniform thickness
covered the core surface. Figure 4.3b shows an HRTEM 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 indium

metal,*" indicating that the core was a single crystal made of In metal and was covered with
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Figure 4.3 (a) A typical TEM image of nanoparticles prepared by In sputter deposition in
EMI-BF4. (b) A high magnification image of a nanoparticle in figure (a). (c) Size

distribution of whole particles having an In/In,O; core/shell structure and (d) that of In cores
inside the particles obtained from TEM images.
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Figure 4.4 Typical TEM images of core/shell nanoparticles prepared by the In sputter
deposition in EMI-BF,. Images were taken at various tilt angles of the sample holder from
20° to -30°.
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an amorphous shell layer.

Figure 4.5 shows XPS spectra of the core/shell nanoparticles shown in Figure 4.3a in
the range of binding energies corresponding to the signals of In 3d and O 1s. Signals
assigned to In 3ds,; and In 3ds, were observed at 444.8 and 452.5 eV, respectively.45 These
peaks were shifted toward higher energy from the binding energies of the indium metal (In°)
but agreed with those of In,O3. 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 In,Os and that at 533.5 eV was assignable to H,O probably adsorbed on

. 46,4
the nanoparticles surface.**"’

Since XPS spectra were sensitive for the surface of the
nanoparticles, these results indicated that the nanoparticles as-sputter-deposited had a surface
composed of indium (III) oxide. Consequently, based on the results of XRD, XPS and TEM
observations, I could concluded that In sputter deposition in EMI-BF, produced
core/shell-structured nanoparticles composed of a single-crystalline In metal core and
amorphous In,Os shell layer. The size distribution of nanoparticles was determined by TEM
measurements as shown in Figure 4.3a (more than 100 particles). Figure 4.3c and 4.3d show
the size distribution of whole nanoparticles having a core/shell structure and that of In cores

in the nanoparticles. The average size of the whole nanoparticles (dpariicle) Was determined to

be 8.0 nm with standard deviation (¢) of 2.0 nm, which was comparable to the size
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Figure 4.5 XPS spectra for In 3d doublets (a) and O 1s (b) of the core/shell nanoparticles.
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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 (o 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 dpariicie and deore.

The expected mechanism for the formation of In/In,Os; core/shell nanoparticles is
partial oxidation of In metal nanoparticles with O, 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 IL. This situation could make a
high concentration of In species on the surface of IL to coalesce with each other, resulting in
the production of nanometer-sized In particles. Since In metal has a sufficient redox
potential to be oxidized with O, and the surface energy of nanoparticles is generally high, the
surface of In nanoparticles was rapidly oxidized to form an In,Oj; shell layer by exposure of
the IL solution to air after the sputter deposition. The density of the In,Os shell seems to be
sufficient to prevent further oxidation of the In metal core, resulting in the formation of stable

In/In,O5 core/shell nanoparticles.
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4.3.2  Synthesis of In,O3 hollow structure nanoparticles via heat treatment in air.

The thus-obtained EMI-BF, solution containing In/In,O; core/shell nanoparticles was
heated at various temperatures for 60 min in air. Figure 4.6 shows the changes in extinction
spectra of the In-deposited EMI-BF, solution with increase in heat treatment temperature.
An absorption shoulder appeared at 280 nm for In/In,O3 core/shell nanoparticles, which was
assigned to the surface plasmon resonance (SPR) peak of In nanoparticles.*****®  The
intensity of the peak at 280 nm was diminished with an increase in temperature and then
completely disappeared with heat treatment at 523 K, indicating that degradation of the In
metal core occurred with heat treatment. This was supported by the results of XRD
analyses.

Figure 4.7 shows XRD patterns of the nanoparticles heat-treated at various
temperatures. The crystal phase of In metal was detected for samples treated at temperatures
below 373 K, but the intensity of the XRD peaks was lessened with an increase in heating
temperature, the behavior 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 In metal. From TEM image, although as-sputter-deposited core/shell
nanoparticles completely disappeared, spherical nanoparticles of uniformly contrast were

formed (Figure 4.8). Whereas broad diffraction peaks assigned to the (222) lattice planes of
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Figure 4.6 Changes in extinction spectra of In-sputter-deposited EMI-BF, solution with
heat treatment in air at various temperatures. The temperatures are indicated in the

figure.

In,O3; emerged at around 260 = 30° by heat treatment at 473 K and then a highly crystallized
In,O;3 phase was produced at 523 K.** Considering that the melting point of In is 419 K,*
these facts suggested that the In metal cores melted with heating at temperature higher than
423 K and then were easily oxidized with O, to form In,Os.

Figure 4.9a shows a TEM image of crystalline In,O3 nanoparticles obtained with heat
treatment at 523 K. Although as-sputter-deposited core/shell nanoparticles completely

disappeared, spherical nanoparticles with a hollow interior were formed. TEM images of the
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Figure 4.7 XRD patterns of the nanoparticles shown in Fig.4.6. The temperatures are
indicated in the figure.
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individual nanoparticles were almost unchanged when the measurements were performed by
changing the tilt angle of the TEM sample holder (Figure 4.10). This fact indicated that the
spherical hollow In,O3 nanoparticles were formed by heat treatment with the void space being
located at almost the center of each particle. An HRTEM image (Figure 4.9b) revealed that
hollow nanoparticles 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
In, 05 phase.

Figure 4.9c and 4.9d show the size distributions of hollow nanoparticles and their
void spaces determined by TEM measurements. Hollow nanoparticles had a wide size
distribution ranging from 6 to 13 nm, and the average diameter of whole nanoparticles
(dparictle) Was determined to 8.1 nm (o of 1.5 nm), which was slightly larger than that of the
In/In,O3 core/shell nanoparticles used as a starting material, dparicie 0f 8.0 nm.  In contrast, a
void space smaller than the size of the In core was formed; void spaces in hollow
nanoparticles with an average size (dyoiq) of 4.1 nm (¢ of 0.9 nm) were formed by heating the
core/shell nanoparticles with In core size of 4.6 nm. By halving the difference between
dparticle and dyoiq of hollow nanoparticles, the shell thickness could be estimated to 2.0 nm,

being slightly thicker than that of the shell thickness of original core/shell nanoparticles.
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Figure 4.9 (a) A typical TEM image of nanoparticles in EMI-BF, obtained after heat
treatment at 523 K in air. (b) A high magnification image of a hollow nanoparticle in

figure (a). (c) Size distribution of In,O3; hollow nanoparticles and (d) that of their void
spaces obtained from TEM images.
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Figure 4.10 Typical TEM images of hollow nanoparticles prepared by heat treatment at 523
K. Images were taken at various tilt angles of the sample holder from 10° to -30°.
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4.3.3  Size control of the In/In,O; core/shell structure nanoparticles and the resulting

In,O3 hollow structure nanoparticles.

The size control of In nanoparticles was examined by the similar method in Chapter

2. TEM images of In nanoparticles prepared under different sputter conditions are shown in

Figure 4.11. Spherical nanoparticles with the core/shell structure were observed in all cases,

although the particle size did not changed apparently. In Chapter 2, the size of Ag

nanoparticles increased up-to 1.4 nm larger than the initial size with increasing the sputtering

current from 10 to 20 mA, while the size of In nanoparticles was not the case. At the present,

there is not clean explanation on the difference between them. The phenomenon might be

related to formation of core/shell structure in the case of In nanoparticles, which means that

oxidation process probably reduced the size of In nanoparticles.

On the other hand, it has been reported that the size of nanoparticles formed in ILs

d.17:50:32 Therefore, I tried to control the size of In

varied depending on the kind of ILs use
nanoparticles by changing the kind of IL. Figure 4.12 and 4.13 shows TEM images of
particles obtained by In sputter deposition in the different type of BF4-base and TFSA-based
ILs. Sputter deposition of In could be produced nanoparticles in all cases. Average

diameters were 5.6 nm for BMMI-BF,4, 7.4 nm for HMI-BF,, 5.7 nm for OMI-BF, (Figure

4.12) and 9.7 nm for BMI-BF, 16.8 nm for AEI-BF,4, 18.2 nm for AMI-BF,, (Figure 4.13).
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Figure 4.11 TEM images of In nanoparticles sputter deposited in EMI-BF, with discharge
currents of (a) 5, (b) 10, and (c) 15 mA and their respective histograms.
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Figure 4.12 Typical TEM images of In/In,O; core/shell nanoparticles prepared by In
sputter deposition in HMI-BF, (a), OMI-BF4 (b), and BMMI-BF4 (c).

distributions of the particles are also shown beside the corresponding images.

The size
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On the contrary, in the case of BMI-TFSA, In nanoparticles could not be confirmed by TEM

(Figure 4.14). However, XRF measurement showed existence of In in ILs after sputter

deposition of In. The result suggested that the obtained species in the case of TFSA-base

ILs may be a cluster of an atom-like species which is too small to observe by our 100 kV

TEM instruments.

Hollow nanoparticles made by using three kinds of ILs, BMI-BF, AEI-BF,, and

AMI-BF,. Heat treatment of thus-obtained ILs at 523 K in air changed the nanostructure of

nanoparticles as shown in TEM images in Figure 4.15. Although it was difficult to be

obtained clear TEM images in the case of using AMI-BF,, it could be recognized that hollow

In,O; nanoparticles were produced in all kinds of ILs used, the size of which was increased

with an increase in the whole size of In/In,O3; nanoparticles as-sputter-deposited. 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/In,Os core/shell nanoparticles. Figure 4.16b shows the In,O; shell

thickness of core/shell nanoparticles estimated from the results in Figure 4.16a. Interestingly,

the shell thickness was almost constant regardless of the size of core/shell nanoparticles

prepared in various kinds of IL. The figure also shows the dependence of d,.iq of the void

space on dparicie Of the hollow In,O3 nanoparticles obtained through the shell layer to the In

metal core surface from air and/or IL solution at room temperature. Heat treatment of
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Figure 4.13 Typical TEM images of In/In,O3; core/shell nanoparticles prepared by In
sputter deposition in BMI-BF, (a), AEI-BF4 (b), and AMI-BF;, (c).

The size distributions of
the particles are also shown beside the corresponding images.
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Figure 4.14 Typical TEM images of In nanoparticles prepared by In sputter deposition
in BMI-TFSA.

In/In,O3 nanoparticles at 523 K.

Figure 4.16a shows average dimensions of the prepared nanoparticles: dcqre 0f the In
core obtained from TEM measurements is plotted as a function of dparicte 0f In/In,O3 after heat
produced hollow nanoparticles with a slight increase in dparicle (0.1-0.6 nm), except for the
case of using AEI-BF,4 as an IL. The value of d,jq linearly increased from 4 to 10 nm with
an increase in dparicle Of the In core, the average thickness being ca.1.9 nm. This fact
indicated that an In,O; shell with a thickness of ca.1.9 nm could effectively prevent the
penetration of O, hollow nanoparticles, indicating that the structure of thus-obtained hollow
In,O; nanoparticles could also be controlled by selecting the kind of IL used for the sputter

deposition of In. It should be noted that d,.iq was smaller than d.q. of the corresponding
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Figure 4.15 Typical TEM images of hollow In,Os nanoparticles prepared by the heat
ILs used were BMI-BF, (a), AEI-BF, (b), and AMI-BF, (c). The
size distributions of the particles are also shown beside the corresponding images.

treatment at 523 K.
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in the figure.
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core/shell nanoparticles (Figure 4.16a). Furthermore, as shown in Figure 4.16b, the shell
thickness of hollow nanoparticles was larger than that of In/In,O3 nanoparticles (ca.1.9 nm on
average) and increased with an increase in dparicic of hollow nanoparticles.

The formation of a void space by oxidation of the In metal core with O, is reasonably
explained by the Kirkendall effect in a nanometer scale.>>* Though the In/In,O; core/shell
nanoparticles were stable at room temperature because of coverage of the In core with an
oxide shell layer to prevent further oxidation of In metal, heat treatment of core/shell
nanoparticles in ILs at 523 K, which is higher than the melting point of bulk In metal (419 K),
accelerated the oxidation of the In metal core. If only indium ions diffused outward through
the shell to form the In,O3 oxide layer at the outer surface of the shell, the void space would
be formed inside the nanoparticles, the size being comparable to the size of the In core. As
shown in Figure 4.16a, the size of the final void space became smaller than that of the initial
In metal core, especially for larger In/In,O; nanoparticles. This fact indicated that in
addition to the predominant outward diffusion of In ions, an inward transport of oxygen ions
occurred, and an In,O3 crystal could thus be grown on both the inner concave and outer

convex surfaces of the oxide shell layer.
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4.4 Conclusion

Sputter deposition of indium in ILs resulted in the production of stable In metal

nanoparticles without additional agents, being different from conventional chemical methods

using highly active agents to reduce indium ions. The thus-obtained In metal nanoparticles

were covered by an amorphous In,O; layer (ca.1.9 nm in thickness), that is, In/In,O3

core/shell nanoparticles, 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 nanoparticles at 523 K in air removed

the In metal core, resulting in the formation of hollow nanoparticles made of crystalline In,Os3,

the void space of which could be enlarged from 4 to 10 nm by increasing the size of core/shell

nanoparticles used as the starting material. The sizes of both In/In,O; core/shell

nanoparticles and hollow In,O3 nanoparticles were controlled by selecting an appropriate kind

of IL. Since In metal nanoparticles are useful as a starting material to convert them to

In-based compound materials, such as InP quantum dots,”

the size tunability of In
nanoparticles obtained by the present strategy will enable precise control of the nanostructure
of the resulting target materials. On the other hand, In,Os is well known as an n-type

semiconducting oxide having a band gap of around 3.6 eV. Precise control of the hollow

structure of In,O3 nanoparticles should lead to the development of novel photocatalysts for
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molecular-size-selective reactions and for solar cells, in which the void space can act as a

nano-flask for reaction sites and/or molecular adsorption sites.
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Chapter S General Conclusion

5.1 Summary and prospect

The present thesis is concerned with synthesis of nanoparticles using a chemical
reaction induced by sputter deposition of metal onto ionic liquids (ILs). The remarked
results are as follows: In Chapter 2, the sputter deposition of silver (Ag) onto IL produced Ag
nanoparticles whose size was varied greatly dependent on the sputtering conditions. Change
in the discharge current from 10 to 40 mA increased Ag particle size from 5.7 to 11 nm,
though prolongation of sputtering time simply caused a higher concentration of Ag
nanoparticles in IL without change in their size. Sputter deposition of Ag onto IL solutions
containing HAuCly resulted in the appearance of a single surface plasmon resonance peak in
the absorption spectra of the resulting solution, and their peak position was red-shifted with
an increase in the concentration of HAuCls. The obtained results clearly indicated that Ag
metal species sputter-deposited in IL can reduce HAuCl, to give AuAg alloy nanoparticles
and that their chemical composition varies depending on the initial concentration of HAuCly.

In Chapter 3, the sputter deposition of transition metals tungsten (W), molybdenum

(Mo), niobium (Nb), and titanium (Ti) onto IL produced corresponding metal oxide
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nanoparticles smaller than 6 nm. The obtained naoparticles were composites composed of

metal and oxide and a highly dispersed manner without in IL any additional stabilizing agents

in IL.

In Chapter 4, the sputter deposition of indium (In) in ILs could produce stable In

metal nanoparticles whose surface was covered by an amorphous In,Os layer to form In/In,O3

core/shell nanoparticles. The size of the In core was tunable from ca. 8 to 20 nm by

selecting the kind of IL, where as the shell thickness of In,Os; was almost constant at ca. 1.9

nm. Heat treatment of the thus-obtained nanoparticles at 523K in air oxidized In metal of

the core, resulting in the formation of spherical hollow nanoparticles made of crystalline

In,O3. The size of the hollow nanoparticles was slightly larger than that of the In/In,O3

core/shell nanoparticles used as starting materials, where as the void space formed inside

hollow nanoparticles was smaller than the corresponding In metal 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 In,Oj; crystal could be grown on both the inner concave

and outer convex surfaces of the oxide shell layer.

Desired metal nanoparticles can be prepared by the sputter deposition of the

corresponding metal onto ILs. [ demonstrated in this thesis that the chemical reactions

induced by the sputter-deposited metal species were useful to modify the nanostructure of the
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resulting nanoparticles. Especially, nanoparticles of highly reactive In metals, which was

difficult to be synthesized by the conventional solution methods, could be easily prepared by

this sputtering technique and worked as a precursor to prepare hollow In,O3 nanoparticles by

the oxidation of In metal, void space of which was tunable depending on the size of precursor

nanoparticles. Though the spherical nanoparticles were reported in the present study, the

combination of the sputter deposition technique with the chemical reaction in ILs will enable

the designing of nanostructured particles having anisotropic shapes with various kinds of

materials, which are suitable for various applications, such as drug delivery systems, catalytic

reactions, sensors, and solar light energy conversion systems. I expect that the findings in

the present thesis will open a way to develop novel functional materials using colloidal

nanostructured particles in near future.
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