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Abbreviations

Ac acetyl group

AuNPore nanoporous gold

aq. aqueous

Bu buthyl group

BET Brunauer-Emmett-Teller

BJH Barrett-Joyner-Halenda

Cat catalyst

CvV cyclic voltammetry

DSSC dye-sensitized solar cell

EDS energy dispersive X-ray spectroscopy
EDX energy dispersive X-ray spectroscopy
Et ethyl group

GC gas chromatograph

h hour

HR high resolution

ICP inductively coupled plasma analysis
IR infra-red

Me methyl group

Min minutes

NBDP nano-beam diffraction pattern
NMR nuclear magnetic resonance

0SC oxygen storage capacity

Ph phenyl group

Pr propyl group

SA surface area

SEM scanning electron microscopy

SSA specific surface area

STEM scanning transmission electron microscopy
TGA thermogravimetric analysis

TEM transmission electron microscope
TLC thin layer chromatography

TOF turnover frequency

TON turnover number



TWC three way catalyst
uv ultra violet
XRD X-ray diffraction
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1. Nanomaterials

Nanotechnology plays a very important role in current societies.! By controlling of
materials size in the atomic or molecular scale, many new characters can be introduced
to materials.2 As an example, bulky gold is chemically inactive. In contrast, gold
nanoparticles which have diameter of several nanometers exhibit catalytic activities for
various kinds of organic transformation reactions.3 These differences are generally
explained by the high surface area and high surface energy originated by small size.

The synthetic method of nanomaterials can be categorized to “Top-down” and “Bottom
up” approaches. Top down approach is a fabrication method of nanomaterials by making
bulky materials smaller. Lithography and milling methods are categorized to this group.?
On the other hand, bottom up approach is a preparation method by assembling atoms or

molecules. Most of chemical approaches are categorized to the latter case.6

2. Dealloying process

Dealloying (selective leaching) process has received considerable attention as a
synthetic method of nanomaterials.5 Raney nickel is a well-known catalyst for organic
synthesis, which can be obtained with this method by dealloying of aluminum from a
nickel — aluminum alloy with base treatment. It consists of porous structures with high
specific surface area, and exhibits remarkable catalytic properties for reduction of
organic molecules.8 In 1979, Forty has reported a fabrication method of nanoporous gold

material by the selective leaching of silver from gold-silver alloy (Scheme 1).

Selective leaching of Ag

Au-Ag alloy \ Nanoporous gold

Ag*

Scheme 1. Fabrication of nanoporous gold

Nanoporous gold generally has three dimensional network structure with gold
ligaments, which results in the formation of a number of pores in a range of 20 ~ 30
nanometers with high surface areas. Due to such structures, this material shows unique
properties in a wide variety of applications, such as electrocatalysts,1© sensors,!!

actuators!?2 and so on.

3. Gold nanomaterials
3.1 Homogeneous gold

Molecular gold complexes are well known homogeneous catalysts. Such molecular golds



can catalyze various kinds of organic transformation reactions such as benzannulation
reaction, hydrosilylation reaction and so on. 13

In these type of reactions, golds act as homogeneous catalyst. Soluble gold salts HAuCls
and AuCls are commonly used as catalyst precursors. However, the problems associated
with these gold salts are highly expensive and sensitive to light and moisture. From the
resource saving point of view, gold catalyst should be recovered and reused. But the reuse

of homogeneous catalyst is very difficult and requires high energy.

3.2 Gold nanoparticles
Gold nanoparticle is one of the most powerful heterogeneous catalyst.3 This material
can be fabricated by the reduction of gold salt onto the support such as metal oxide or

activated carbon (Scheme 2).

Reductant
AuCl; + Ti0, — > Au/TiO,

Gold salt Support
Scheme 2. Synthesis of supported gold nanoparticle

In 1987, Haruta et. al. reported that metallic gold particles act as powerful catalysts for
CO oxidation reaction.l4 In this report, the they used gold nanoparticles deposited on

metal oxide nanoparticles for the oxidation of carbon monoxide(Scheme 3).

AU/F8203

CO + 120, CO,

Scheme 3. Oxidation of CO via gold nanoparticles

After this report, various kinds of organic transformation reactions catalyzed by gold
nanoparticles were reported.

The catalytic activities of gold nanoparticles are highly dependent on the size of gold
and support. In general, small particles show higher catalytic activities. One of the
reason is the increasing specific surface area. When the diameter becomes small, surface
area is enhanced slightly. Increase of the surface area of catalyst means the increasing
catalytically active site and catalytic activity. The other reason is the quantum size effect.
The electronic states of nanoparticles with the size of several nanometer are different
from that of bulk state.4 Due to these effects, the turnover frequency of gold nanoparticles
1s highly dependent on the particles sizes. For many reactions, suitable size of gold is
below 10 nm.3 4

In some reactions, catalysts were deactivated by the aggregation and size enhancement

3



of gold particles. To inhibit this aggregation, metal oxide particles or activated carbon
are used as support. However, the low stability of gold nanoparticles resulted in the loss

of catalytic activities due to aggregation.!?

il

Figure 1. Ostwald ripening

it — i,

Figure 2. Migration and aggregation

The roles of the supports are improving the stability and enhancement the catalytic
activity. In many cases, the catalytic activity of gold nanoparticle is highly depends on
the support material. In the case of the CO oxidation, only gold nanoparticles supported
on iron oxide, cobalt oxide and nickel oxide exhibited catalytic activity under -77 °C .14
Enhancement of catalytic activities are explained by many reasons, such as electronic
effect, molecular activation by support, acid-base effect or molecular adsorption.14. 16
These effects contribute to the flexibility of catalytic activities. But in some cases, they
make very complicated catalytic systems. In such cases, the detail analysis and

understanding of reaction systems are very difficult.

3.3 Nanoporous gold

Nanoporous gold is also well known nanomaterial. Forty et. al/ reported the first
synthesis of this material.? In this report, the author fabricated nanoporous gold using
dealloying of silver from a gold — silver alloy (Scheme 1). This material have three

dimensionally connected structures consisted by gold ligaments and pores (Figure 3).17



Figure 3. Three dimensional structure of nanoporous gold!?

Due to its small regiment size, this material has high surface area around 10 m2%/g. In
addition, nanoporous gold is stable without any support due to its self-supported
structure. By these unique features, many applications were reported.10-12

In spite of such unique structure and high surface area, the reports of the catalytic
activity of nanoporous gold are few reported. In 2006, Baumer et. al reported the
oxidation of carbon monoxide by using nanoporous gold. In this paper, author revealed
the nanoporous gold shows high catalytic activity for CO oxidation. After this report,
several papers of nanoporous gold catalyst were reported.1® But their reaction conditions
were limited to simple gas phase or electrochemical reactions. There was only one report
of nanoporous gold catalyzed liquid phase reaction, which is the simple oxidation of D-

glucose (Scheme 4).20

Nanoporous gold
D-Glucose + O » D-Gluconic acid

Scheme 4. Oxidation of D-Glucose catalyzed by nanoporous gold

4. Titanium oxide nanomaterials
4.1 Titanium oxide

Titanium oxide material such as titanium oxide (IV) is one of the most important metal
oxide materials. Titanium oxide (IV) can adsorb UV light and generate electrons and
holes. Due to this unique properties, titanium oxides are used as photo catalyst,
antibacterial agents, dye sensitized solar cells and so on. 2! Water splitting reaction
(Scheme 5) is the most challenging reaction because this technology can generate fuel

from sunlight and water without generation of carbon dioxide. The most important

5



finding of this research was Honda-Fujishima effect reported in 1972.22 In this reaction,
hydrogen gas was generated by the reduction of protons and oxygen was generated by
the oxidation of oxide anions. From this first report, various kinds of photocatalysts were
reported. But these efficiencies were still not high enough and required more powerful
catalytic systems.23

Tio,

2 HQO > 2 H2 + 02
UV light irradiation

Scheme 5. Water splitting reaction

The other important titanium oxides are titanate salts and hydrogen titanates.24 These
materials were used not only as TiOz precursors but also photocatalysts. Strontium
titanate and potassium titanate are well known photo catalysts. Total splitting reaction
of water was achieved by the combination of strontium titanate and tungsten oxide in
2011.25.26 Titanates can keep cations in interlayer. These ions can be exchanged to the
other ions such as Ca2+ and Sr2+. Using this property, titanate materials have gathered

considerable attention as radioactive ion trappers.2?

4.2 Nanomaterials

Many kinds of titanium oxide nanostructures are synthesized in various ways.28 One
dimensional titanate nanomaterials such as nanowires and nanotubes were commonly
synthesized by the hydrothermal method, sol-gel method and template method.2®

Titanium oxide nano-sheets have two dimensional structures and synthesized
commonly by exfoliation of titanium oxide.30 Structure of these materials are quite
unique and many applications were reported such as electrocatalysts and biomaterials.3!

Three dimensional titanate nanomaterials have also been reported. These materials
were synthesized commonly by template methods and anodizations32. In the case of
template methods, surfactants or other porous materials are used to control structures.
Molecular structure and concentration affect to the nanostructure and sizes. Anodization
means electrical etching of titanium metals or titanium contained alloys.
Oxidation of titanium is occurred by the electrolysis and some parts are leached while
some parts are remained as titanium oxide nanostructures. These three dimensional

titanium oxide nanomaterials were used as powerful electrocatalysts, DSSCs and so on.

5. Cerium oxide nanomaterials



5.1 Cerium oxide

Metallic cerium is easily oxidized in air and Cerium (IV) oxide is formed. Cerium (IV)
oxides is very stable metal oxide having pale yellow color. This material is commonly
used as polisher of glasses. In this use, cerium oxide polishes grass not only mechanically
but also chemically.33 In addition, cerium oxides are used as photo catalysts34 and UV

blockers3> due to their UV adsorption abilities.

5.2 Oxygen storage capacity

One of the most important applications of cerium oxide is the support of three way
catalysts (TWCs) by their oxygen storage capacities (OSC). In TWCs, hydrocarbons,
carbon monoxide and nitrogen oxides are converted to carbon dioxide, water, and
nitrogen gas.36

In order to achieve high conversion of harmful components, the air: fuel ratio is
important because hydrocarbons and carbon monoxide are converted under oxidative
condition and, the nitrogen oxides are converted under reductive condition (Scheme 6).
To achieve high conversion, the air: fuel ratio is needed to be kept 14.7 called

“stoichiometric region” (Figure 4).

Removal of CO (Occurred in oxidative condition) \
2C0O + Oy 2 CO, CO + HyO CO, + Ho
Oxidation Water gas shift

Removal of hydrocarbon (Occurred in oxidative condition)

k Oxidation Steam reforming /

Removal of NO (Occurred in reductive condition)

16 CO, + 18 HO CgHyg + 8H,0 8CO, + 17H,

2C0; + Ny 2NO + 2H, ———— 2H;0 + Ny

2NO + 2CO

Redox with CO Redox with H,

Scheme 6. Reactions in TWCs
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Figure 4. Image of stoichiometric region

Cerium oxide supports TWCs with its oxygen storage ability. When air: fuel ratio
becomes less than 14.7, exhaust gas becomes reductive condition. In this case,
hydrocarbons and carbon monoxide can’t be oxidized. In such condition, cerium oxide
releases oxygen and oxidize hydrocarbons and carbon monoxide. On the other hand,
when air: fuel ratio become over than 14.7, Ce203 reacts with oxygen and keep high

conversion of nitrogen oxides (Scheme. 7).36

2 0602 Ce203 + 02

06203 + 02 2 Ce02

Scheme 7. Reaction of ceria as OSC materials

Recently, the development of low temperature TWCs is strongly required for future fuel
efficient vehicles for the protection of the environment.3? In this regard, considerable
efforts have been made to design and synthesize a variety of cerium oxide

nanomaterials.38



5. This study

The purpose of this study is to discover new functional nanomaterials by a dealloying
method. In chapter 1, I have succeeded in development of new catalytic functionalities
of nanoporous gold materials in heterogeneous organic molecular transformation

reactions.

Au-Ag Selective leaching

Nanoporous gold
Au-Al

Scheme 8. Fabrication of nanoporous gold

Nanoporous gold
R3S|H + Hzo R3S|OH + H2

Scheme 9. Oxidation of organosilanes (chapter 1)

Nanoporous gold
R3SiH + R'———H R;Si

Scheme 10. Hydrosilylation reaction (chapter 1)

In chapters 2 and 3, I combined the dealloying method with the oxidation process and
created new functional nanomaterials. Titanate nanowires fabricated from a Ti-Al alloy
exhibited an excellent strontium ion exchange ability (Chapter 2). Cerium oxide
nanorods obtained from a Ce-Al alloy exhibited a high oxygen storage capacity under low

temperatures.

Leaching and oxidation
Ti-Al Titanate nanowires

Scheme 11. Fabrication of titanate nanowires (chapter 2)

Leaching and oxidation
Ce-Al Cerium oxide nanorods

Scheme 12. Fabrication of cerium oxide nanorods (chapter 3)
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Development of nanoporous gold catalyzed
organic transformation reaction.
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Section 1

Nanoporous gold catalyzed oxidation of organosilanes with water
1, Introduction

Molecular transformations with a single atom / single molecular gold catalysts are
becoming a processing concern to organic and catalytic chemists.! On the other hand,
bulk gold metal does not exhibit catalytic activity. It is known that small gold particles
in the range of 2 to 5 nm on suitable support show catalytic activities in a wide variety
of molecular transformations in gas and liquid phases.2

More recently, nanoporous gold (AuNPore) nanostructured materials has attracted
much attention as sensors3 and actuations4 and so on. Recently, some reactions catalyzed
by nanoporous gold were reported.>7 But these reactions mainly focused on simple gas

phase or electrochemical reaction and simple liquid phase reaction was quite few.

Silanols are useful building blocks for silicon-based polymeric materials® as well as
nucleophilic coupling partners in organic synthesis.? Although a variety of preparation
methods of Silanols have been developed, oxidations of organosilanes with water
catalyzed by heterogeneous catalysts, such as supported metal nanoparticle catalysts,
would be ideal from an environmental viewpoint because the catalyst is reusable and the
co-product is only hydrogen gas. For example, Kaneda and co-workers reported that
hydroxyapatite-supported gold nanoparticles were effective catalysts for this
transformation.10. 11 However, there are some drawbacks in those cases, such as decrease
of catalytic activity owing to agglomeration, limited scope to certain substrate types,
formation of disiloxanes derived from the condensation of silanols, and cumbersome

work-up procedures for separation of products from the catalyst.

Here, we show how nanoporous gold exhibits a remarkable catalytic activity in the
oxidation of a wide range of organosilanes. The corresponding silanols can be produced
in high yields under mild conditions together with the evolution of hydrogen gas.
Furthermore, the catalyst can be reused several times and the work-up process is quite

simple.
After our report, some of powerful catalytic systems were newly reported. For example,
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gold nanoparticles anchored to carbon nanotubes exhibited excellent catalytic activity
for this reaction. Even compared with these new reaction systems, simplicity of the
nanoporous gold system is outstanding and importance is high because no need to used

filtering or centrifugation to catalyst recycles.

2, Result and discussion

The nanoporous gold catalyst used in this study was prepared by the selective leaching
of silver from gold-silver solid solution foil. As the mother alloy composition, I choose the
AusoAgro alloy (in atom %).12 In the case of AussAges alloy, it required over 2 days for
dealloying. On the other hand, nanoporous gold fabricated from the mother alloy of
Aus20Agso alloy can’t keep foil macrostructure and not suitable for reusing. From these
result, we choose the AusoAgro alloy foil of 40 um thickness as mother alloy. By the
treatment of 70 wt% HNOs for 18 h, nanoporous gold catalyst was fabricated.

HNO3 ag.
AuzpAg7g — > AuNPore
r.t., 18 h

Scheme 1.1 Synthesis of nanoporous gold

Figure 1.1 Picture of AusoAgro alloy foil (a) and AuNPore (b)

Figure 1.2 shows the SEM image of obtained nanoporous gold. As shown in here, the

nano pore size was measured around 30 nm.
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30.0kV X100000 100nm WD 3.imm

Figure 1.2 SEM image of AuNPore

Surface area was measured to around 10 m2/g by electrochemical analysis-

The reaction of PhMe2SiH with water in the presence of the AuNPore catalyst was
carried out (Scheme 1.2). When PhMe:SiH was treated with 1 mol% of AuNPore catalyst
at room temperature in aqueous acetone, hydrogen gas was evolved immediately (Figure

1.3). The gas production caused within one hour and dimethylphenylsilanol was obtained
quantitatively.

1 mol% AuNPore
PhMe,SiH + H,0 » PhMe,SiOH + H,

Acetone
1 mmol 5.6 mmol rt. 1h 100 %

Scheme 1.2 Oxidation of organosilanes with water
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Figure 1.3 Picture of reaction. Hydrogen gas is generated in from the nanoporous gold.

Initial reaction speed is needed for the turnover frequency calculation. I plotted the
amount of generated hydrogen gas (Figure 1.4 and 1.5) and calculated the reaction speed
was 3.01 s! (Scheme 1.3).

100
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Figure 1.4 Plot of generated hydrogen amount
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Figure 1.5 Expanded image of Figure 1.4.

Amount of Product

Turnover frequency
Amount of surface gold atom x Time

0.14 x 1/100 x 1/1000 x 6.02 x 1023
2.0x 1/1000 x 10 x 1.4 x 10" x 1

3.01[s]

Scheme 1.3 Calculation of turnover frequency

On the other hand, only the trace amount of silanols was obtained in the oxidation
reaction of silanes with simple gold foil having no porous structure. These results clearly
indicated that the nanostructure of the catalyst plays a crucial role for the current
transformations. It is noteworthy that the formation of disiloxane, 1,1,3,3-tetramethyl-

1,3-diphenyldisiloxane, was not detected at all by GC-MS.

Generally, the recovery of the heterogeneous catalyst was carried out by filtration of
centrifugation for the separation of the catalyst from the reaction system. In the presence
system, I used some small pieces of the nanostructured gold foil as a catalyst with the

size of around 5X2 mm (Figure 1.1). Thus, the catalyst can be reused easily by picking
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up by tweezers without any cumbersome work-up processes. After a simple washing of
the catalyst with dimethyl ether, it was reused without further purification. I used the
catalyst repeatedly (five times), but no significant loss of activity was observed (Table
1.1). The product was obtained nearly quantitatively every time and the turnover (TON)
reached up to 10700 (Scheme 1.4). Figure 1.6 is the SEM image of the recovered catalyst

after 5 time uses. No significant changes were observed in comparison with Figure 1.2.

1 mol% AuNPore

PhMe,SiH + H,0 » PhMe,SiOH + H,
Acetone

1 mmol 5.6 mmol rt. 1h
Entry Catalyst Yield of silanol [%]
1 fresh 100
2 reuse 1 98
3 reuse 2 100
4 reuse 3 99
5 reuse 4 100

Table 1.1 Reusing test

Amount of Product

Turnover number
Amount of surface gold atom

(1+0.98+1+0.99+1) x 1/1000 x 6.02 x 1023
2.0 x 1/1000 x 10 x 1.4 x 10"°

10700

Scheme 1.4 Calculation of turnover number
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30.0kV X100,000 100nm WD 3.1mm

Figure 1.6 SEM image of AuNPore after being used five times

The catalytic oxidation reactions with variety of organosilanes were then carried out
(Table 1.2). Not only aromatic silanes but also trialkylsilanes were oxidized effectively
(entry 1-3). The reaction of sterically less-hindered triethylsilane proceeded smoothly in
2 h and the desired triethylsilanol was produced in 94% yield (entry 1). Even with
sterically hindered trialkylsilanes, such as tributhylsilane and triisopropylsilane, the
corresponding silanols were obtained in high yield by increasing the catalyst loading to
3 mol% (entries 2 and 3). On the other hand, the reaction of sterically hindered
triphenylsilane proceeded with 1 mol% of the catalyst, and the corresponding silanol was
obtained nearly quantitatively (entry 4). The AuNPore catalyst could also be used in the
oxidation of diphenylsilanes and phenylsilane and the corresponding oxygenated
products, diphenylsilanediol and phenylsilanetriol, were obtained in 90 and 80% yield
respectively (entries 5 and 6). Alkenyl- and alkynyl containing silanols were suitable
substrates for the current oxidation reaction, and the corresponding silanols were

obtained in high yields without hydrogenation reaction (entries 7 and 8).
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AuNPore cat.

Run)SiH,  + nHO > R4n)Si(OH), + nH,
1 mmol 5.6 mmol Ac?.‘f[c.me
Entry R(4-nySiH, Cat. [mol%] t[h] Yield of silanol [%]
1 Et;SiH 1 2 94
2 Bu;SiH 3 3 95
3 iPr3SiH 3 5 88
4 Ph3SiH 1 S 99
5 Ph,SiH, 1 9 90
6 PhSiH; 5 6 80
7 (H,C=CH)MePhSiH 1 1 98
8 (PhCC)Me,SiH 3 1.5 92

Table 1.2 Scope of the oxidation of organosilanes

We then examined the reaction to clarify whether the dissolved gold species in solvents
take part in the current molecular transformation or not. After the catalytic oxidation of
dimethylphenylsilane was carried out for 10 min under the standard conditions, the
nanoporous gold was removed from the reaction vessel. (HNMR analysis of the mixture
showed that product was produced in 48% yield at this time. While stirring of the
mixture was continued in the absence of the catalyst for 50 min, further consumption of
silane was not detected at all. AuNPore was then put back into the mixture. The
oxidation reaction restarted immediately and finally silanols was obtained in 99% yield
within 50 min (Figure 1.7). It is also worth mentioning that leaching of the gold in the
reaction of silanes was not detected by ICP analysis (<0.0005%). These results clearly

indicated that the current transformation was catalyzed by the AuNPore catalyst surface.
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Figure 1.7 Leaching test

In conclusion, I have discovered that a nanoporous gold materials exhibited a
remarkable catalytic activity in the oxidation of organosilanes compounds with water.
The catalyst was easily recoverable and could be reused at least five times without
leaching and loss of activity. The observed excellent durability of the catalyst was also
confirmed by SEM images. Indeed, the nanoporous structure of the catalyst did not
change, even after five time uses for the oxidation of organosilanes. Further studies to
elucidate the mechanism of this reaction and extend the scope of synthetic utility are in

progress.
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4. Experimental section

General information

ICP analysis was performed on Shimadzu ICPS-7510 equipment. GC-MS analysis was
performed on an Agilent 6890N GC interfaced to an Agilent 5973 mass-selective detector
(30 m x 0.25 mm capillary column, HP-5MS). MS analysis was conducted on Hitachi M-
2500 at 70 eV ionization energy. Scanning electron microscope (SEM) observation was
carried out using a JEOL JSM-6500F instrument operated at an accelerating voltage of
30 kV.

Fabrication of Nanoporous Gold Catalyst

Au (99.99%) and Ag (99.99%) were melted with electric arc-melting furnace under Ar
atmosphere to form Au/Ag alloy (30:70, in at. %), which was rolled down to thickness of
0.04 mm. The foil was cut into small pieces (5 x 2 mm square). Treatment of the resulting
chips (67.1 mg) with 70 wt. % nitric acid (3.77 mL) for 18 hours at room temperature in
a shaking apparatus resulted in the formation of the nanoporous structure by selective
leaching of silver. The material was washed with a saturated aqueous solution of
NaHCOs, pure water, and acetone, successively. Drying of the material under reduced

pressure gave the nanoporous gold (30.2 mg) and its composition was found to be AugsAga.

Oxidation of organosilanes

Acetone (1.5ml), water (0.1ml) and organosilanes (1 mmol) were added to the
nanoporous gold (2mg, 1 mol%) in a micto reaction vial with balloon at room temperature.
The mixture was stirred for 1 h at room temperature. The catalyst was removed and the
reaction mixture was then concentrated under reduced pressure to give a crude material.
The chemical yield of product was determined by the weight and 1H NMR. The recovered

catalyst was washed with acetone and dried in vacuo, and reused.

Product Identification

The products were identified by NMR and GC-MS. The silanes of entry 1-7 in table 1.7
were commercially available. The silane of entry 8 in table 1.7 was prepared according
to the literature.! The silanols of entry 1-8 in table 1.7 were identified by comparison of
their 1 H and 13C NMR signals with the literature data.2 The generated gas in the

oxidation reaction of organosilanes was identified to be hydrogen gas by MS.
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Section 2

Nanoporous gold catalyzed selective
hydrosilylation reaction of alkynes

1, Introduction

The hydrosilylation of acetylenic compounds is powerful synthetic method for
vinylsilane compounds,! which are synthetically versatile organosilicon reagents in
organic synthesis.2 Since three isomeric products, o, B-(£)-, and B-(2-isomers, can
possibly be formed with terminal alkynes (Scheme 1.5), the control of region- and stereo-
selectivity in this process is highly desirable for selective preparation of these vinylsilane

compounds.

Catalyst R SiR3 —
R—= + RySH — & >: = * RY SR,
R,Si R’

o - B-(E) B-(2)

Scheme 1.5 Addition of organosilanes to alkyne

Generally, the selectivity is mainly affected by the nature of catalysts, alkynes,
hydrosilanes, and reaction conditions. We have previously reported the selective trans—
hydrosilylation with Lewis acid catalysts, such as AlCls and EtAlClz, leading to the B-
(2)-product exclusively.3

Lewis acid
R——R? + R3SiH — >

R"  SiR;

H R
Lewis acid : AICI3 EtAICI,

Scheme 1.6 Trans-hydrosilylation of organosilanes to alkyne

On the other hand, most of the reactions with homogeneous and heterogeneous
transition metal catalysts, such as Pt, Co, Ni, and Pd, proceed in a cis- fashion stereo

selectively.4 But they often gave low regioselectivity between a, and B-(£)-products. I am
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particularly focusing on the development of heterogeneous green catalysis because a
heterogeneous catalytic system has many advantages compared to the homogeneous one,
such as easy separation of catalyst from the reaction mixture, easy recycling, and
enhanced stability.5 6 Recently, supported-gold nanoparticles have emerged as efficient
catalysts with considerable synthetic potential for many types of molecular
transformations.” The hydrosilylation also proceeded with these catalysts, but they often
have some drawbacks, such as formation of side-products, low substrate generality, and
low selectivity.8 A thin gold film on the surface of glass capillaries also exhibits the
activity for this reaction in a continuous-flow reactor, for which cumbersome microwave
irradiation is necessary.?

In last section, I was successful in using a monolithic nanoporous gold materials
AuNPore as an effective unsupported catalyst for some molecular transformations.10 11
In this section, I report that the AuNPore, fabricated from an Au-Al alloy, is an effective
green catalyst for hydrosilylation of terminal alkynes, leading to B-(£)-products with

high region- and stereo selectivities.!2

2, Result and discussion

The requisite nanoporous gold materials were fabricated from two kinds of alloys, AuAl
and AuAg. The selective removal of aluminum from an Auz20Also alloy ribbon was
conducted with 5 M sodium hydroxide to obtain AuNPore-1.13 On the other hand,
AuNPore-2 was fabricated from a AusoAgro alloy thin film with 70% HNOs (same as

AuNPore in section 1). 14

NaOH aq.
AU20A|30 —— > AuNPore -1

r.t., 3h

HNO3 aqg.
AuzoAg;9 — AuNPore - 2
rt., 18 h

Scheme 1.7 Fabrication of AuNPore-1 and AuNPore-2

The scanning electron microscopy (SEM) study revealed that both materials exhibited
an open bicontinuous interpenetrating ligament channel structure with a length scale of

10 to 30 nm (Figure 1.8). The energy dispersive X-ray analysis (EDX) spectra showed
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that small amount of less noble metals aluminum and silver, remained, respectively.

Figure 1.8 SEM image of AuNPore-1 (a) and AuNPore-2 (b)

The reaction proceeded smoothly with a catalytic amount of AuNPore-1, derived from
the AuAl alloy, at 70 °C for 1 h, and gave the B-(£)-products in 74% yield selectively and
small amount of oa-isomer was produced. In contrast, the chemical yield of 3a

dramatically decreased to 21% when AuNPore-2 was used.

2 mol% AuNPore ) Et3Si
Ph—— + Et3S|H - Ph/\/SIEt:g + >:
AcOEt Ph
(o]
1a 2a 70°C, 1h 3a 4a
AuNPore -1 74 % 1%
AuNPore-2 21 % 2%

Scheme 1.8 Effect of AuNPore catalyst
The effect of solvent is summarized in table 1.2. Besides AcOEt, 1,4-dioxane and CH3CN

are suitable solvent for this reaction (entries 2 and 3), but less polar solvents, such as

(CH2ClD:z and toluene, were less effective for this reaction (entries 4 and 5)
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2 mol% AuNPore - 1 i Et;Si
Ph—— + Et3SIH - Ph/\/SIEts + >:
Solvent PH

y

1a 2a 70°C, 1h 3a 4a

Entry Solvent Time [h] Yield of 3a [%] Yield of 4a [%]

1 AcOEt 1 74 1
2 Dioxane 1 66 1
3 CH,CN 1 55 1
4 (CH,Cl), 1 48 1
5 Toluene 1 43 1

Table 1.2 Effect of solvent

Finally, optimization experiments revealed that the chemical yield of 3a increased up
to 98% when the reaction was conducted in AcOEt for 3 h (Scheme 1.9).

2 mol% AuNPore - 1 ) Et3Si
Ph—— + Et3S|H Ph/\/SIEt?’ + >:
AcOEt PH
1a 2a 70°C,3h 3a 4a
98 % 1%

Scheme 1.9 Hydrosilylation reaction by AuNPore
Further studies were conducted focusing on the difference in the catalytic activity

between AuNPore-1 and AuNPore-2. The specific surface area (SSA) was

electrochemically measured as shown in Figure 1.9.
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Figure 1.9 CV analysis of AuNPore-1

The CV analysis of AuNPore-1 is representative; The amount of reduction charge
corresponding to the shaded region in Figure 1.9 was obtained by integrating the charge
passed in the surface oxide stripping reaction recorded for AuNPore-1 (1.47 mg), which
was marked in the figure. The electrochemically active surface area of the nanoporous
gold is 68400 / 222 -104/2 = 1.54 102 (m2) where 2.22-1041C m™ is the gold’s conversion
factor.

Hence, the specific surface area was calculated to be 1.54 -102/1.47-103 = 10.5 m?2/g.

The catalytic TOF was calculated and summarized in next scheme. Obviously,
AuNPore-1 has a higher TOF than AuNPore-2.

2 mol% AuNPore

Ph——= + Et3SiH - Ph/\/SiEtg,
AcOEt
1a 2a 70°C,1h 3a
Entry Catalyts Composition SSA [m?/g] Yield of 3a [%] TOF [h™]
1 AuNPore -1 AuggAly 10.5 74 757
2 AuNPore -2 AuggAg, 12.0 21 189

Table 1.3 TOF of nanoporous golds for hydrosilylation reaction
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One might think that the fabrication process of AuNPore-2 with HNOs would deactivate
the materials. To check the effect of HNOs, AuNPore-3 is fabricated like scheme 1.9.

NaOH agq. HNO3 aq.
AuygAlgg ——— > AuNPore -1 ———— > AuNPore - 3
rt., 3h rt., 1h

Scheme 1.9 Fabrication of AuNPore-3

Figure 1.10 SEM image of of AuNPore-1 (a) and AuNPore-3 (b)

However, the catalytic acstivity of AuNPore-1 did not change upon treatment with 70%
HNOs although the surface area of the resulting AuNPore slightly decreased as reported
previously (Table 1.4).15

2 mol% AuNPore

Ph—=— + Et;SiH - Ph/\/SiEt3
AcOEt
1a 2a 70°C,1h 3a
Entry Catalyts Composition SSA [m?/g] Yield of 3a [%] TOF [h™]
AuNPore -1 AuggAly 10.5 74 757
AuNPore - 2 AuggAg, 12.0 21 189
3 AuNPore -3 AuggAl, 8.4 62 789

Table 1.4 TOF of AuNPores for hydrosilylation reaction
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These results suggested that two plausible synergistic effects generated by the residual
metals should be considered. One is the activation effect by aluminum, and the other is

the deactivation effect by silver.

Then, we next fabricated new nanoporous gold catalysts, including both aluminum and
silver, from the AuisAgiAlso alloy ribbon. The chemical etching was carried out with 5 M
sodiumhydroxide of the selective removal of aluminum to obtain AugsAgsAls (AuNPore-
4). In addition, by the acid etching silver decreased AuNPore-5 was fabricated from
AuNPore-4.

NaOH aq. HNO3 aq.
Au9Ag1Algg ——— > AuNPore - 4 AuNPore - 5
rt, 3h rt, 1h

Scheme 1.9 Fabrication of AuNPore-4 and AuNPore-5

Figure 1.11 SEM image of AuNPore-4 (a) and AuNPore-5 (b)

I found that the catalytic activity of AuNPore-4 was quite low and 3a was produced in
only 2% yield. In contrast, after immersion of AuNPore-4 in HNOs, the resulting
AuNPore-5, having lower amount of silver, exhibited comparable catalytic activity of
AuNPore-2. At the same time, this result also indicated that aluminum had no special

activation effect on this reaction.

2 mol% AuNPore

Ph—== + Et3SiH Ph/\/SiEt3
AcOEt
1a 2a 70°C,1h 3a

Entry Catalyts Composition SSA [m?/g] Yield of 3a [%] TOF [h™]
1 AuNPore -1 AuggAly 10.5 74 757

2 AuNPore -2 AuggAg» 12.0 21 189

3 AuNPore -3 AuggAl, 8.4 62 789

4 AuNPore -4  Aug3;AgsAly 11.3 2 19

5 AuNPore -5  AuggAg4Als 8.3 16 207

Table 1.5 TOF of AuNPores for hydrosilylation reaction
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The alkyne generality was examined and the results are summarized in Table 1.6. In
every cases, the reactions gave the product 3 in high yields together with less than 3%
of 4. Compared to the phenylacetylene 1a, p-fluorophenylacetylene 1b was more reactive
and 3b was obtained in 97% yield in 2 h. On the other hand, the reaction of p-methoxy-
phenylacetylene 1c needed longer reaction times. These result clearly showed that the
electron-withdrawing groups on the phenyl group promoted the present reaction. Not

only aromatic alkynes but also aliphatic alkynes are suitable for this reaction system.

2 mol% AuNPore _ Et3Si
R— + Et;SiH ~ X SiEty 4

AcOEt PH

1 2a 70°C 3 4

Entry R Time [h] Yield of 3 [%] Yield of 4 [%]

1 CeHs 1a 3 98 1
2 p-FCgH, b 2 97 2
3 p-MeOCgH, 1c 6 97 2
4 CeH13 1d 3 99 2
5 PhCH, 1e 3 97 1
6 c-CgHaq 1f 3 97 1

Table 1.6 Scope of the hydrosilylation reaction

The hydrosilane generality was examined and the results are summarized in Table 1.7.
Besides Et3SiH, other hydrosilanes were available. Even with sterically bulky (Pr)sSiH
the reaction proceeded to give the corresponding vinylsilane in 80% yield although

increased loading amounts of catalyst and longer reaction time were required.
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AuNPore R3Si

Ph—== + RySH ———> 5, "XxSRs 4 >:
AcOEt PH
1a 2 70°C 3 4
Entry R3SiH Cat. [mol%] Time [h] Yield of 3 [%] Yield of 4 [%]
1 Et;SiH 2a 2 3 98 1
2 PhMe,SiH 2b 2 6 96 3
3 (EtO)3SiH  2¢ 5 12 85 3
4 Bu;SiH 2d 10 12 98 2
5 (i-Pr)3SiH 2e 20 18 80 2

Table 1.7 Scope of the hydrosilylation reaction

The catalyst can be recovered easily by tweezers and any cumbersome separation
procedures, such as filtration and centrifugation, are not required. We conducted the
reaction of p-fluorophenylacetylene several times with re recovered catalyst, but no

significant loss of the catalytic activity was observed even after 5 times (Table 1.8).

2 mol% AuNPore

— ; SiEt
p-FCgH,—== + Et3SiH _ X 3
67 AcOEt p-FCeH
1b 2a 70°C,1h 3b
Entry Catalyst Yield of 3b [%]
1 fresh 97
2 reuse 1 98
3 reuse 2 97
4 reuse 3 97
5 reuse 4 97

Table 1.8 Reusing test
We next investigated the leaching test. The hydrosilylation of triethylsilanes to
phenylacetylene was carried out for 15 min under the standard conditions, and product
was produced in 22% yield at this time. Then the catalyst was removed from the reaction
vessel. Even after stirring for 2 h in the absence of the catalyst, futher generation of
product was not detected at all. The reaction restarted when the removed catalyst was

put back into the mixture, and finally product 3a was obtained in 96% yield (Figure 1.12).
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2 mol% 2 mol%

AuNP AuNPore :
Ph—== + Et;SiH —— s - - pp X SiEty
AcOEt \' AcOEt AcOEt
O, H lo) o
1a 9 70°C,15min Ca‘t.70 C.2h,. ~ 70°C,3h 3a

Scheme 1.10 Leaching test

Figure 1.12 Result of leaching test

Furthermore, leaching of the gold into the reaction mixture was not detected by
inductively coupled plasma analysis (ICP). These results clearly indicated that the

current transformation was really heterogeneous.

In conclusion, we have disclosed that the AuNPore exhibited a remarkable catalytic
activity in the hydrosilylation of alkynes as a non-supported nanostructured catalyst.
The reaction does not need any additives, such as bases, stabilizers, and ligands, as well

as any cumbersome work-up procedures like filtration or centrifugation.
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4. Experimental section

General information

For thin layer chromatography (TLC) analysis throughout this work, Merck pre coated
TLC plates (silica gel 60 GF254, 0.25 mm) were used. The products were purified by flash
column chromatography on silica gel 60 (Merck, 230-400 mesh). GC-MS analysis was
performed on an Agilent 6890N GC interfaced to an Agilent 5973 mass-selective detector
(30 m x 0.25 mm capillary column, HP-5MS). Scanning electron microscope (SEM)
observations were carried out using JEOL JSM-7800F instruments operated at
accelerating voltages of 15 kV, respectively. EDX analysis was carried out using Oxford
X-max50 with JEOL JSM-7800F operated at an accelerating voltage of 15 kV. The CV
measurements were carried out in a conventional three-electrode cell at ambient
temperature by using an Iviumstat electrochemical analyzer (Ivium Technology).
Nanoporous gold fixed to glassy carbon electrode with nafion was employed as the
working electrodes, and a saturated calomel electrode and a Pt plate were used as the
reference and counter electrodes, respectively. ICP analysis was performed on Shimadzu
ICPS-7510 equipment.

Fabrication of Nanoporous Gold Catalyst

AuNPore-1 (AugsAls): Au (99.99%) and Al (99.99%) were melted with electric arc-
melting furnace under Ar atmosphere to form Au/Al alloy (20:80, in at. %), which was
manufactured to thickness of 40 pm ribbon by melt spinning method. Treatment of the
resulting ribbon with 20 wt. % aqueous sodium hydroxide for 3h at room temperature
resulted in the formation of the nanoporous structure by selective leaching of aluminum.
The material was washed with pure water, and acetone, successively. Drying of the
material under reduced pressure gave the nanoporous gold (AuAl) and its composition
was found to be AugsAls by EDX analysis.

AuNPore-2 (AugsAg2): Au (99.99%) and Ag (99.99%) were melted with electric arc-
melting furnace under Ar atmosphere to form Au/Ag alloy (30:70, in at. %), which was
rolled down to thickness of 40 pm. The foil was cut into small pieces (2 x 5 mm square).
Treatment of the resulting several chips with 70 wt. % nitric acid for 18 hours at room
temperature resulted in the formation of the nanoporous structure by selective leaching
of silver. The material was washed with pure water, and acetone, successively. Drying of
the material under reduced pressure gave the nanoporous gold (AuAg) and its
composition was found to be AugsAgz by EDX analysis.

AuNPore-3 (AugsAlz): AuNPore-1 was treated with 70 wt. % nitric acid for 1 hour at
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room temperature. The material was washed with pure water and acetone, successively.
The material was dried under reduced pressure and its composition was found to be
AugsAls.

AuNPore-4 (AugsAgsAls): Au (99.99%), Ag (99.99%) and Al (99.99%) were melted with
electric arc-melting furnace under Ar atmosphere to form Au:Ag:Al alloy (19:1:80, in
at. %), which was manufactured to thickness of 40 pm ribbon by melt spinning method.
Treatment of the resulting ribbon with 20 wt. % aqueous sodium hydroxide for 3h at
room temperature resulted in the formation of the nanoporous structure by selective
leaching of aluminum. The material was washed with pure water, and acetone,
successively. Drying of the material under reduced pressure gave the nanoporous gold
(AuAgAl) and its composition was found to be AugsAgsAls by EDX analysis.

AuNPore-5 (AugssAgiAls): AuNPore-4 was treated with 70 wt. % nitric acid for 1 hour at
room temperature. The material was washed with pure water and acetone, successively.
The material was dried under reduced pressure and its composition was found to be
AugeAgiAls.

Hydrosilylation reaction

Ethylacetate (3 ml), alkyne (1 mmol) and organosilanes (1.5 mmol) were added to the
nanoporous gold (4mg, 2 mol%) in a micto reaction vial at room temperature. The
mixture was heated to 70 °C and stirred for 3 h at room temperature. The catalyst was
removed and the reaction mixture was then concentrated under reduced pressure to give
a crude material. The chemical yield of product was determined by 'H NMR using p-
xylene as internal standard. The recovered catalyst was washed with acetone and dried

1n vacuo, and reused.

Characterization Data

Spectral data of products are consistent with the literature data!?

(£)-Triethyl(3-phenylprop-1-enyl)silane

Colorless oil; IR (neat, cm™): 2941, 2909, 2873; 'TH NMR (400 MHz, CDCls) § 7.35-7.18
(m, 5H), 6.19 (dt, J = 18.4 Hz, 6.4 Hz, 1H), 5.68 (dt, J = 18.4Hz, 1.6Hz, 1H), 3.50 (d, J =
6.4 Hz, 2H), 0.96 (t, J = 7.6Hz, 9H), 0.59 (q, J = 7.6Hz, 6H) 13C NMR (100 MHz, CDCls)
5 146.3, 140.1, 128.6, 128.3, 127.7, 125.9, 43.6, 7.5, 3.6; HRMS (EI) calcd for C15H24Si,
232.1647; found 232.1644. Minor o product was observed: 'H NMR (300 MHz CDCls):
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85.52-5.54 (m, 1H), 5.43-5.45 (m, 1H)

(B)-Tributyl(styryl)silane

©/\/SiBU3

Colorless oil; IR (neat, cm™): 2955, 2918, 2870, 2855; 'H NMR (400 MHz, CDCls) & 7.48-
7.22 (m, 5H), 6.89 (d, J = 19.2 Hz, 1H), 6.45 (d, J = 19.2, 1H), 1.40-1.29 (m, 12H), 0.92 (¢,
J =2.8, 9H), 0.72-0.64 (m, 6H) 13C NMR (100 MHz, CDCls) & 144.3, 138.5, 128.4, 127.8,
126.9, 126.2, 26.8, 26.2, 13.9, 12.4; HRMS (EI) calcd for C20Hs4Si, 302.2430; found
302.2426. Minor a product was observed: 'TH NMR (300 MHz CDCls): § 5.86 (d. J = 2.8
Hz. 1H), 5.58 (d. J = 2.8 Hz. 1H)

(E)-Triisopropyl(styrylsilane

©/\/Si(i'Pr)3

Colorless oil; IR (neat, cm™): 3060, 3027, 2952, 2909, 2873; 'H NMR (400 MHz, CDCls)
§7.50-7.22 (m, 5H), 6.95 (d, J = 19.2Hz, 1H), 6.41 (d, J = 19.2), 1.14-1.09 (m, 21H) 13C
NMR (100MHz, CDCls) & 145.5, 138.6, 128.4, 127.8, 126.2, 123.9, 18.8, 11.1; HRMS (ED
caled for C17Hz2sS1, 260.1960; found 360.1963. Minor o product was observed: 1H NMR
(300 MHz CDCls): 6 5.89 (d. J = 2.8 Hz. 1H), 5.66 (d. J = 2.8 Hz. 1H)
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Chapter 2

Fabrication of ultrafine titanate nanowires
with extraordinary ion-exchange property
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1, Introduction

The decontamination of radiation-tainted water caused by a nuclear accident is and
emergent issue,!3 Sodium titanate has gained attention because radioactive cations and
adsorbed radioactive ions can be immobilized, leading to safe disposal.425 A variety of
titanate nanostructures have been produced by hydrothermal, sol-gel, and other
methods.425 However, the product sized relatively larger because these methods involve
high-temperature treatments that lead to crystal growth. Herein, we report a new
synthetic method involving a non-thermal process that allows for the formation of
ultrafine nanowires. The key to produce such nanowires originates from the
simultaneous aluminum leaching and titanium oxidation of Ti-Al alloy ribbons in

alkaline medium at room temperature.
2, Result and discussion

The requisite TiAl alloy ribbon were produced from the mother alloy ingot with a nominal

composition of TisAlgs by single-roller melt spinning method (Figure 2.1).

Melt Spinning
Molten Alloy

g

TigAlg, Ribbon

Figure 2.1 Image of melt spinning

A bright-field magnified transmission electron microscopy (TEM) image of the ribbon

sample reveals that the TiAls intermetallic compound nanocrystals (appearing
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granularly dark under moiré fringe contrast) with the diameter of approximately 50 nm

are distributed uniformly in the Al matrix.

Figure 2.2 TEM image of obtained melt spun ribbon

The XRD profile shows that TiAls with energetically stable tetragonal DOss-type and
metastable cubic Lls types structure can be assigned in additional to fcc Al (Figure 2.3).26
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Figure 2.3 XRD of obtained melt spun ribbon
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These results are in good agreement with the TEM observation and the prediction of
phase separation for TiAls and Al in the TisAlss composition alloy.2” Room-temperature
treatment of the TisAlos ribbon in 5 M sodium hydroxide aqueous solution resulted in a

whitish turbidness along with evolution of hydrogen gas, as depicted in Figure 2.4.

] 5 M NaOH ag.
TigAlgy ——— > Sodium titanate nanowires
rt, 4h

Scheme 2.1 Fabrication of sodium titanate nanowires

Al Leaching & Ti Oxidizing

N g

5M NaOH(aq)

Ribbons
Figure 2.4 Image of dealloying

Finally, sodium titanate nanowires were obtained after the centrifugation of the turbid
solution. The picture of obtained nanowires is shown in Figure 2.5. To the best of my
knowledge, this is the first example of the fabrication method of metal oxide nanowires

by simultaneous leaching and oxidizing process.
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Figure 2.5 Picture of obtained sodium titanate nanowires

Bright-field TEM images of the ultrafine nanowires are shown in Fig. 2.6 and 2.7. Fig.
2.6 taken at lower magnification reveals that hierarchical nanostructures with
diameters of a few hundred nanometers and aggregation of highly dense nanowires
creates a cotton like skeletal structure with a three-dimensional network. The individual

nanowires have diameters of a few nanometers with large aspect rations (Fig. 2.7).

Figure 2.6 Blight field TEM image of nanowires (Low magnification)
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Figure 2.7 Blight field TEM image of nanowires (High magnification)

Figure 2.8 shows nano-beam diffraction patterns (NBDP) with concentric hollow rings
obtained at the amorphous region, which partially exists in the nanowires and

crystalline region.

)

Figure 2.8 NBDP obtained from amorphous phase (a) and crystalline phase (b)



The results of the TEM-NBDP and XRD measurements (Figure 2.9) identify that the
layered crystal structure with a body-centered orthorhombic unit cell possesses a
sequential framework stacking of TiOs-octahedra layers and intercalated layers (Figure

2.10).

Counts (arbitrary unit)

Figure 2.10 Crystalline model of sodium titanate nanowires

This structure is related to lepidocrocite and has been reported as a series of “non-
stoichiometric” layered titanates with the composition AxTizx4<,104 (where A denotes
alkali metal, hydrogen, or HsO* molecule and <> denotes a vacancy.).2831 The XRD
pattern is obtained based on the lattice constants of a0=0.37 nm, bo = 1.82 nm and o =
0.30 nm. Consequently, these constants are different from those of “stoichiometric”
sodium titanates of NasTisO7 and NasTieO13.32 33 It is also evident that the NBDP
diffraction obtained from the incident electron beam parallel to the [001] direction shows
a series of weak streaks and super lattice spot contrast along the [010] direction, which

corresponds to the lattice planes parallel to the TiOg-octahedra and intercalated layers.
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Furthermore, high-resolution TEM (HRTEM) observations also reveal that the
diameter of the nanowires is approximately 2 nm and the nanowires have a
crystallographic tendency to grow along the [100] direction parallel to the TiOs-octahedra
and intercalated layers (Figure 2.11 and 2.12).

Figure 2.11 HRTEM image of sodium titanate nanowires

Figure 2.12 Structure model of sodium titanate nanowires

The energy dispersive X-ray spectroscopy (EDS) analysis shows that the Al is
completely dissolved (Figure 2.13).
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Figure 2.13 EDS result of sodium titanate nanowires

We further verified the amount of Al in the nanowires using inductively coupled
plasma-mass spectrometry (ICP-MS) by dissolution of titanate nanowires in aqueous
HClI because the sensitivity of ICP-MS is much higher than that of EDX. A small amount
of Al was detected, but the Al intermetallic phase excluded in the titanate nanowire. The
ICP-MS results also identify that the atomic ratio of Na to Ti is 0.57 = 0.02, which leads

to x =1 in the NaxTiz2-w1<>,404 structure.

The ligaments produced by simple dealloying protocols, such as Raney nickel34 and
nanoporous gold, 3% do not achieve diameters in the low single-digit nanometers. On the
basis of the weak metallic bonding, the rapid and consecutive ad-atom diffusion on the
metal surface leads to self-healing and facet formation even at room temperature. In
contrast, the mogul-shaped surface structures in this study are created under the kinetic
limited circumstances where the diffusion length of ad-atoms is much shorter because

the stronger ionic or covalent bonds in titanates.

The key to creating such ultrafine nanowires originates with a TiAls nanocrystal, which
is the intermetallic compound in the Al matrix included in the rapidly quenched TisAlgs
alloy, as the shown in Figure 2.2.

To confirm this result, pure titanium powder, TisoAls0 alloy, and Ti2sAl7s alloy are
treated with 5 M NaOH aqueous solution at room temperature. Although nanowires can
be produced from the pure metallic titanium powder, they appear only on surface and

their diameter is an order of magnitude larger (Figure 2.14 - 2.16).36.37
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] 5 M NaOH ag.
Ti powder —————— Black powder

rt., 4 h

Scheme 2.2 Base treatment of metallic Ti

_Titanate nanowires

Titanate 200
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Figure 2.15 NBDP of base treated Ti
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Ti particle surface

Figure 2.16 TEM image of base treated Ti (High magnification)

In the case of the TisoAlso alloy, which consists of a TiiAl: phase, the Al leaching was

not accomplished even after 3 days.

] 20 % NaOH aq.
TiggAlgg » Sample
rt., 72 h

Scheme 2.3 Base treatment of Tis0Also

In contrast, the TissAl7s alloy, which i1s composed of a TiAls phase, produced ultrafine
titanate nanowires but required 9 hours for the removal of Al. These results demonstrate
that the TiAls phase is necessary to produce the ultrafine nanowires and the existence

of TiAls nanocrystals enhances the Al leaching.

5 M NaOH aq.
TizsAl75 alloy ——— \White powder

Ti:Al=1:3 . 9h

Scheme 2.4 Base treatment of Ti2sAl7s
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The obtained nanowires are expected to possess remarkable ion-exchange properties
because of their ultrafine diameters, which compose layered atomic structure and rough
surfaces. In fact, the theoretical ion exchange capacity based on the composition of
NaxTiox4,104 (x = 1) is 5.8 mequiv g -1. The ICP-MS results show that the Sr2+
adsorption is proportional to the initial Sr2* concentrations and is saturated at 3.8

mequiv g'! with the initial Sr2+ concentration of 2 mM (Fig. 2.17)

ICP

meq/g Effect of concentration
450
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00
0.001 0.0015 0.002 0.0025 0.003

Initial conc of SrZ* (mol/I)

Figure 2.17 effect of concentration of initial Sr2+

Amount of adsorbed Sr2* calculated from ICP result

This result indicates that 66% of Na* is exchanged to Sr2*. This value is outstanding
because the previously reported experimental saturation capacities of related materials,
Na2TisO7 and Na15TisO7 are only 19 and 22% of the theoretical capacity (1.26 and 1.14

mequiv g'), respectively.

In addition, Figure 2.26 shows that the uptake of Sr2+ speeds in an extremely fast event

where the adsorption saturates within 5 min.

55



Sr** adsorption (meq g™)

.y
o
1

©c o =2 = N MM 0
o »w o v o - o o
" 1 n 1 " 1 " 1 " 1 " 1 " 1

T T

T T
50 100 150
Immersion time (min)

o

Figure 2.18 effect of treating tim

T
200

e

250

The comparison with other reported materials is shown in Figure 2.19. A similar

saturation capacity (3.56 mequiv g1) was reported with the KsiNbsO17 nanolamina but

the saturation required 300 min.
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Adv. Mater. 2008, 20, 2777.

Figure 2.19 Comparison with reported materials
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According to the Brunauer-Emmett-Teller (BET) measurements, a typical specific
surface area is 369 m2 g'l. In addition, the intercalated Na* cations can be exchanged
with H* by neutralization with 0.1 M HCIl aqueous solution, leading to hydrogen
titanates. The BET specific surface area increased to 555 m2 g! as a result of the

expansion of the interlayer space, which was confirmed by the XRD results (Figure 2.20).

Counts (arbitrary unit)

10 20 30 40 50 60 70 80 90
Cu-Ka 26 (degree)

Figure 2.20 XRD of titanate nanowires after treated by HCI

With the Na2TisO7 and NaisHo.5TisO7 nanofibers, the deformation was observed and
the interlayer spaces were varied from 8.6 to 7.5 A and 7.5 to 7.1 A, respectively, after
the Sr2+ adsorption. In contrast, the deformation of the present nanowires by Sr2+
adsorption is very small because the XRD measurements indicate that the variation of
the interlayer space ranges from 9.1 to 9.0 A, which is negligible. Furthermore, the
ultrafine nanowire has a much wider interlayer space. These facts suggest that the ion-

exchange can be easily accomplished for the present nanowires.
The Barrett-Joyner-Halenda (BJH) pore size distribution plots based on N2 adsorption

1sotherm experiments are shown in Figure 2.21. These result clearly show there is no

signature of mesoporous and nanotube structures in the nanowires.
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Figure 2.21 BJH plot of sodium titanate nanowires and

titanate nanowires after treated by HCI

Before the Sr2* adsorption, EDS map identified that the Na+* sites are homogeneously

distributed in the nanowires (Figure 2.22). After the Sr2* adsorption, Sr2* ions were

distributed homogeneously (Figure 2.23).

Figure 2.22 STEM image and Na mapping of sodium titanate nanowires
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Figure 2.23 STEM image and Sr mapping of titanate nanowires after being used as

Sr2* ion exchanger

The EDS analysis of the adsorbed nanowires shows that the Na peak completely

disappears and the Sr2+ was captured to nanowires (Figure 2.24).
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Figure 2.24 EDX of titanate nanowires after being used as Sr2+ ion exchanger

The pH effect shows that the near maximal adsorption is observed in the pH range of 4

- 11, whereas the adsorption ability becomes smaller at pH = 3 because of the partial ion-

exchange of Na+ with H+ (Figure 2.25).
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Figure 2.25 Dependence of pH on the Sr ion exchange in the nanowires

The present nanowires prefer to uptake Sr2* over Na+ even with 50 times excess of

sodium ions; thus Na* ions was not detected by EDX analysis (Figure 2.26).
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Figure 2.26 EDX of titanate nanowires after being used as Sr2+ ion exchanger with

excess amount of Nat ions

In addition, cation selectivity based on Gibbs exchange energies in zeolites has been
reported that the exchange energy of Ba2* is lower than that of Sr2+. We examine the Ba

adsorption with the current nanowires, which is important because Ba2* ions have a
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similar ionic diameter as radioactive 226Ra ions and show similar ion-exchange

behavior.38

The results shown in Figure 2.27 shows that the Ba?* adsorption saturates at 4.3
mequiv gl with an initial concentration of 2.5 mM. This result also demonstrate that Na

ions were exchanged with Ba ions at 74% of the theoretical capacity.

mequiv/g Ba adsorption
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Figure 2.27 Effect of concentration of initial Ba2+

Amount of adsorbed Ba2* calculated from ICP results

In summary, we demonstrated a new method to create ultrafine sodium titanate
nanowires and characterized their crystal structures. The key to creating such ultrafine
nanowires 1s the simultaneous leaching and oxidizing of the rapidly solidified TisAlgs
alloy, which includes TiAls intermetallic compound nanocrystals. The nanowires are
composed of unique atomic structures of layered TiOs-octahedra units and intercalated
layers. These layered structures in the nanowires are important because they represent
the extraordinary Sr ion exchange capacity as well as the extremely fast adsorption
speed. These nanowires exhibit obvious potential application is not limited to adsorbents
but also opens up new possibilities in battery electrodes, photo catalysts, and fiber

reinforced materials.
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4. Experimental section

General information

Powder X-ray diffraction (XRD) measurements were performed by Rigaku SmartLab
high-resolution X-ray diffractmeter. The rotating anode generator with Cu Ka radiation
was used. The tube voltage and current was 45 kV and 200 mA, respectively. JEOL JSM-
6500FE scanning electron microscopy (SEM) equipped with an energy dispersive X-ray
spectroscopy (EDS; Oxford Instruments, X-Max 50) was used for the microstructure
characterizations. The JEOL JEM-2010F scanning/transmission electron microscopy
(S/TEM) with an accelerating voltage of 200 kV equipped with EDS (Oxford Instruments,
X-Max 80) was used for the nanostructure characterizations. By making the electron
beam size converge down to approximately 1 nm in diameter, nano-beam diffraction
patterns (NBDPs) were obtained to identify the crystal structures and crystallographic
orientations of the nanowires. High-resolution TEM (HRTEM) images were taken by a
FEI TITAN80-300 aberration-corrected TEM operated at an accelerating voltage of 200
kV. The BET specific surface area of the prepared samples was obtained by using
Quantachrome Quadrasorb. The ICP-MS measurements were performed with Agilent
8800.

Preparation of TiAl alloy ribbon

Highly-pure Ti (99.99%) and Al (99.99%) grain was melted with an electric arc-melting
furnace in an Ar atmosphere. The atomic ratio of Ti : Al was 6 : 94. The alloy ribbons
were prepared by the single-roller melt spinning that allow the rapid solidification of
Ti6A194 alloy and the homogeneous distribution of TiAls intermetallic compound

nanocrystals in Al matrix. The thickness of the ribbons is measured to be about 20 pm.

Nanowire preparation

The TisAlos ribbon (750 mg) was treated in 300 mL of 5 M NaOH aqueous solution for 4
hours at room temperature. Visually, white turbid liquid dispersed by fine powders was
formed. The powders were separated by centrifugation at 10,000 rpm for 1 min, and
washed with 50 mM NaOH three times, and then rinsed with acetone. Finally, NaTi1.7504
nanowire were dried in vacuum and the visual appearance is to be white fine powders

(146 mg). The overall yield is 94%.

Sr2+ and Ba2* adsorption experiments

The aqueous solution of SrCls or BaCls (4 mL) with given concentrations was added to
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the sodium titanate (4 mg) at room temperature at the desired pH, which was controlled
by addition of 1 M HCl or 1 M NaOH. After the mixture was stirred for the required time,
the adsorbent was separated by centrifugation at 10,000 rpm for 1 min, and washed with
distilled water two times and acetone two times. The concentration measurement of the

solution and the elemental analysis of the adsorbent were conducted with ICP-MS.
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Chapter 3

Cerium oxide nanorods with unprecedented
low temperature oxygen storage capacity
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1, Introduction

Shape and size controlled fabrication of inorganic nanomaterials is one of the ventral
issues in nanotechnology because their chemical and physical properties are highly
depends on their structures.! Particularly, 1D nanostructures, such as nanorods,
nanowires, nanotubes, and nanobelts, have attracted great attention because of their
unique electronic, optical, and mechanical properties and their applications in a variety
of research fields, including catalysis, optoelectronics, and nanoelectronics.2

A number of fabrication methods have been reported, but most of them required high
temperature conditions, which promote crystal growth with decrease of surface areas.3
In the chapter 2, I reported a new fabrication method of a Ti-Al alloy compound.4 The
process involves the selective leaching of Al and the oxidation of Ti under nonthermal
conditions, which allows the construction of metastable layered structure with

remarkable Sr ion exchange ability.

Cerium oxide has been extensively studied owing to its high oxygen storage capacity
(OSC), which is one of the most important features for the three-way catalysts (TWCs)
for controlling exhaust emissions from automobile combustion engines.> Particularly, the
development of low temperature TWCs is strongly required for future fuel efficient
vehicles for the protection of the environment.6 In this regard, considerable efforts have
been made to design and synthesize a variety of cerium oxide nanomaterials.”
Nevertheless, the development of cerium oxide with effective OSC at low temperature is
still a challenging issue.8 Recently, cerium oxide cubic nanocrystals have been reported
to have low-temperature OSC properties, but need organic surfactants in fabrication
process for controlling (100) facets under supercritical hydrothermal conditions.? In this
chapter, we report fine cerium oxide nanorods produced by simple corrosion method of
Ce-Al alloy compounds in alkaline medium under mild conditions where emphasis is on
the absence of surfactant and template. The obtained ultrafine nanorods have several
nanometers in diameter and up to 50 nm in length. Surprisingly, they exhibits a
remarkable OSC performance under low temperatures. The formation and homogeneous
distribution of CesAli: intermetallic nanocrystals in the Al matrix in the mother Ce-Al

alloy ribbon is key for production of fine nanorods.
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2, Result and discussion

The CesAlos mother ingot was prepared by arc melting in an Ar atmosphere, and was

liquid quenched by melt spinning with a single roller machine to form the corresponding
ribbons (Figure 3.1).

Melt Spinning
Molten Alloy

Ce;Al,, Ribbon

O . O Arc melting=

Ce Al N
Ce:Al=6:94 Alloy ingot

Figure 3.1 Fabrication scheme of CesAlgs alloy ribbon

The X-ray diffraction (XRD) profile of the ribbon indicates CesAli1 with the

orthorhombic LasAl11 structure!® in addition to fcc Al matrix (Figure 3.2).12
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Figure 3.2 XRD profile of CesAlss alloy ribbon
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A bright field magnified transmission electron microscopy (TEM) observation for the
ribbon shows that the CesAlir nanocrystals with sizes of 5-30 nm in range are

homogeneously distributed in the Al matrix (Figure 3.3). The inset of figure 3.3 shows
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that the selected area electron diffraction (SAED) pattern confirms the phase separation

of CesAl11 and Al, which is in excellent agreement with the XRD result.13

y ‘g"“_ v ' = ’
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Figure 3.3 Blight field TEM image and NBDP of CesAlos alloy ribbon

Figure 3.4 shows a dark field magnified TEM image obtained at the diffracted 020 beam
of CesAli1 nanocrystals. This image clearly shows the well dispersed CesAli1 structure of

the size of 10 - 20 nm.

Figure 3.4 Dark field TEM image obtained at 020 beam CesAli1 of CeeAlgs alloy ribbon

Treatment of the CesAlos ribbons with 5 M NaOH aqueous solution at 70 °C results in
the formation of precipitates with the evolution of hydrogen gas. The collected materials
are washed with distilled water and acetone several times. After vacuum drying, the pale
yellow powder was obtained (Figure 3.5) and the XRD profile shows that the peaks are
assigned to CeO2 (Figure 3.6).14
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Scheme 3.1 Fabrication of ceria nanorods
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Figure 3.6 XRD profile of ceria nanorods
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The bright-field TEM image of the obtained CeOsz reveals the highly dense nanorods
structures with a length up to 50 nm (Figure 3.7). The result of the SAED patterns (the
inset of figure 3.7) confirms that the sample has a fluorite stricter of CeOsz, which is

consistent with the XRD result.
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Figure 3.7 Blight field TEM image and NBDP of ceria nanorods

The energy dispersive X-ray spectroscopy (EDX) analysis shows that Al was dissolved

nearly quantitatively (Figure 3.8). From the ICP-MS analysis, amount of Al in obtained
nanowires was lower than 0.5 wt%.

Ce
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Ce Ce

Ce

0 1 2 3 4 5
Energy (keV)

Figure 3.8 EDX spectra of ceria nanorods
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Figure 3.9 shows a high-resolution (HR) TEM image of CeO2 nanorods, revealing that
the ultrafine diameter is approximately 5-7 nm and the crystallographic growth direction
is mainly {011}. Furthermore, it demonstrates that the sidewall structures are composed
of (100) surfaces. In contrast to a flat (111) surface, the (100) surface of the nanorods

have significant roughness and such atomic structure can be recognized in this figure.

[100]

_ [011]&-»[0"1'1]

Figure 3.9 HRTEM image of ceria nanorods

According to the Brunauer-Emmett-Teller (BET) measurement, a typical specific

surface area is 218 m2/g.

Alternatively, the alloy thin films with thickness of 40 pum are prepared from the CesAlos
alloy ingot by cold rolling instead of the melt spinning method.

O . o Arc melting= O @
Ce Al

Ce:Al=6:94 Alloy ingot % @

Figure 3.10 Fabrication scheme of CesAlos alloy film

The XRD patterns shows that these films have also CesAl11 crystalline phase (Figure
3.11). However, the scanning electron microscopy (SEM) with EDX elemental mapping
analysis indicate that crystal of CesAli1 is micrometer size (Figure 3.12), which is much

larger than that in the alloy ribbon.

72



Intensity (a.u.)

26 (degree)
Figure 3.11 XRD profile of CesAlos alloy film

Figure 3.12 SEM image and EDX mapping of CesAlss alloy film

Interestingly, when the Ce-Al alloy thin film were dealloyed under the same conditions,

the nanorods were formed only on the film surfaces, and Al remained without dissolution.

5 M NaOH aq.
70 °C, 30 min

CegAlg, rolled foll Black powder

Scheme 3.2 Base treatment of alloy foil
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200 nm

Figure 3.14 SEM image of base treated CesAlos alloy film
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Figure 3.15 EDX spectra of base treated CesAlos alloy film
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Furthermore, the treatment of cerium metal grains with alkaline medium under the

same conditions, did not give any nanorods structures (Figure 3.16).

5 M NaOH aq.
Metallic Ce ————————— Black ingot

70°C, 30 min

Scheme 3.3 Base treatment of metallic Ce

Figure 3.16 SEM image of base treated metallic Ce

These result clearly indicate that the formation and homogeneous distribution of
CesAl11 nanocrystals in the Al matrix by the rapid quenching with the melt spinning

system 1is key to the fabrication of ultrafine nanorods.
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The OSC measurement of the present cerium oxide nanorods were conducted by use of
thermogravimetric analysis (TGA). As a pretreatment the sample was heated to 200 °C
and kept for 6 h under N2 flow conditions to stabilize the baseline (Figure 3.17) Then,
2% Ho/N2 and 2% O2/N2 were alternately introduced at various temperatures, and the

resulting mass change was converted to OSC (Figure 3.18-3.20).
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Figure 3.17 Initial TGA result at 200 °C
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Figure 3.18 Stabilized TGA result at 200 °C
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Figure 3.19 Stabilized TGA result at 150 °C
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Figure 3.20 Stabilized TGA result at 100 °C

We started the OSC measurement at 200 °C. When the H2/N2 gas was induced, weight
of nanorods decreased by the releasing of oxygen and finally weight loss was leached to
0.5% which corresponds to the OSC of 156 pmol O2/g. Then, by changing the gas from
hydrogen to oxygen, nanorods were quickly oxidized under the oxidative conditions and

the weight was gone back to the original weight.

The result is outstanding because the reported nanocubes with (100) facets exhibit less
than 35 pmol O2/g at the same temperature. These results encouraged me to examine

the OSC at lower temperature. The nanorods showed the OSC at 150 °C with 140 pmol
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Oq2/g, which is five times more than that of the nanocubes. Furthermore, the OSC was

observed even at 100 °C with 81 pmol Os/g (Figure 3.21).
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Figure 3.21 Summarized TGA results

Previous theoretical studies on CeOz2 suggest that the surface reactivity is higher on the
(100) surface than on either (110) or (111), and the exposure of more active (100) surfaces
followed by (110) surfaces, should facilitate the formation of oxygen vacancies, and
enhance the OSC.15 This is confirmed by HRTEM obtained after the OSC measurements,
as shown in Figure 3.22. Significantly rough surface on (100) can be recognized. The

improved crystallinity is observed by XRD (Figrue 3.23).
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Figure 3.22 HRTEM image of ceria nanorods after being used at 200 °C
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Figure 3.23 XRD profile of ceria nanorods after being used at 200 °C

The observed high performance at low temperature would be ascribed to the reactive
surface on the current nanorods. It is known that surface few layers of CeOz contribute
to OSC, therefore, CeO2 with large specific surface area has advantage for OSC. The BET

surface area is 194 m?/g after the OSC measurement at 200 °C.

The OSC value per surface area of CeOz nanorods (156 pmol Oz g1/ 194 m2 g1 = 0.80
umol Oz m2) is higher than that of the cubic (100) CeOz in reference 9c¢ (35 umol Oz g1 /
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61 m2 g1 =0.57 umol Oz m2) at 200 °C.% These results clearly show that the observed
high OSC is not only due to the large surface area but also due to the nanorods surface

structures.

In summary, I have demonstrated a new fabrication method of fine cerium oxide
nanorods by the simple corrosion method. The process proceeds though the leaching of
Al and the oxidation of Ce in the rapidly solidified CesAlos alloy under mild conditions.
The key to create such ultrafine nanorods is the formation and homogeneous distribution
of CesAl11 intermetallic compound nanocrystals in the Al matrix in the mother alloy
ribbons. They represent the excellent low temperature OSC performance composed to
the previously reported cerium oxide nanomaterials. These nanorods exhibits obvious
potential applications as the three way catalyst. Furthermore, their application is not
limited to OSC materials but also opens up new possibilities in catalysis, fuel cells, UV

blockers, solar cells, and sensors.
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4. Experimental section

General information

Powder XRD measurements were performed by Rigaku SmartLab high-resolution X-
ray diffractometer. The rotating anode generator with Cu Ka radiation was used. The
tube voltage and current were 45 kV and 200 mA, respectively. JEOL JSM-6500FE SEM
equipped with energy-dispersive X-ray spectroscopy (EDS) (Oxford Instruments, X-Max
50) was used for the microstructure characterizations. The JEOL JEM-2010F
scanning/transmission electron microscopy (S/TEM) with an accelerating voltage of 200
kV equipped with EDS (Oxford Instruments, X-Max 80) was used for the nanostructure
characterizations. SAED patterns were obtained to identify the crystal structures of the
Ce—Al alloys and CeO2 nanorods. HRTEM images were taken by a FEI TITANS80-300
aberrationcorrected TEM operated at an accelerating voltage of 200 kV. The BET specific
surface area of the prepared samples was obtained by using Quantachrome Quadrasorb.
The OSC measurements are carried out on Rigaku thermo plus EVO 11/ TG8120.

Preparation of Ce—Al Alloy Ribbon

Highly pure Ce (99.9%) with the grain sizes of 2—3 mm and highly pure Al (99.99%)
with the grain sizes of 5~8 mm were melted in an electric arc-melting furnace (Divac
Limited, ACM-S01 TMP) in a 0.05 MPa Ar atmosphere. The arc current was about 200
A. The atomic ratio of Ce:Al was 6:94. The alloy ribbons were prepared by the single-
roller melt spinning (3400 rpm) that allow the rapid solidifi cation of CesAlss alloy and
the homogeneous distribution of CesAli1 intermetallic compound nanocrystals in Al

matrix. The thickness of the ribbons is measured to be about 20 pm.

Nanorods Preparation

The CeeAlgs ribbon was treated in 5 M NaOH aqueous solution for 15 min at 70 °C.
After decantation of the mixture, the remained materials were treated again with 5 M
NaOH repeatedly for 15 min at 70 °C. The resulting powders were separated by
decantation, and washed with distilled H2O more than five times, and then rinsed with

acetone. Finally, the materials were dried in vacuum to give CeOz2 nanorods.
Preparation of Ce—Al Thin Film

About 7 g of CesAlos alloy ingot was sandwiched between stainless steel boards and

extended with cold rolling. The thickness of a thin fi Im was 40 pm.
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