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Preface

Preface

Inorganic nanostructured materials are attractive because novel and unique
functions can be obtained due to their high surface to volume ratios and quantum
confinement effects. Inorganic nanostructured materials are potentially and practically
applicable for many applications, such as catalysts, energy materials, electronic devices,
and adsorbents. Because the functions of inorganic nanostructured materials depend on
the composition, size, structure, and morphology, their precise control is quite important
to obtain desired functions for targeted applications. Therefore, development of
synthetic chemistry of inorganic nanostructured materials is highly required.

A templating method using inorganic compounds as a template is a powerful
route for such precise control. In this method, inorganic nanostructured materials
replicated from templates are typically prepared via the following three processes; 1)
infiltration of precursor into spaces/pores of template, 2) deposition of targeted
inorganic compounds within the template, 3) removal of template. Uncontrolled crystal
growth of inorganic compounds during the deposition process is strongly inhibited by
rigid frameworks of template. Therefore, the method is applicable to various
compositions. Among a wide range of inorganic compounds, silica-based compounds
with well-defined nanostructures, such as zeolites, mesoporous silica, and silica
colloidal crystals, are useful as templates because their sizes, structures, and
morphologies can be controlled uniformly and variously. However, the controllability of
some parameters (e.g. compositions and crystallite sizes) which are deeply related to
deposition processes is still low even by using the templating method.

In this thesis, the use of stepwise deposition within the silica templates for the

preparation of inorganic nanostructured materials is described. Because silica templates
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can accommodate inorganic compounds, the compounds can be deposited within the
templates stepwisely. The appropriate compound is deposited within the templates
and/or on their inner surfaces, and subsequent compounds which constitute main
frameworks of final product are deposited. This thesis shows the usefulness of the
stepwise depositions for precise preparation of inorganic nanostructured materials.

This thesis is composed of six chapters as follows.

Chapter 1 describes the general introduction and background of inorganic
nanostructured materials. Preparative methods, features and applications of inorganic
nanostructured materials are firstly reviewed. Then, silica templates and characteristics
of inorganic nanostructured materials prepared by using such templates are described.
After that, deposition methods applicable to the templating method are reviewed.
Finally, the current issues of the preparation using the silica templates and significance
of this thesis are described.

Chapter 2 describes the preparation of three-dimensional ordered mesoporous
TiO, with single crystalline frameworks using stepwise deposition of TiO, within the
silica colloidal crystal template. First, a small amount of TiO, was deposited within the
template by thermal treatment of titania-incorporated template. Then, TiO, with
relatively large crystallite sizes was hydrothermally deposited within the template.
Because the initially deposited TiO, worked as nuclei, the inside deposition using the
hydrothermal reaction, which had been unsuitable for the templating method, was
successful. By removal of the template, single crystalline ordered mesoporous TiO,
replicated from the template was obtained. In addition, Nb was doped into the TiO,
frameworks for tuning their properties, resulting in the formation of not only

three-dimensional mesoporous structures replicated from the template but also plate-like
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nanostructures with ordered mesoscale dimples. The crystalline phases of mesoporous
TiO; and plate-like nanostructured TiO, were rutile and anatase, respectively. The ratios
of the products were controlled by varying the amount of Nb-doping. The unique
dimpled structure was formed by the deposition of TiO, on the surface of the template,
which was shown by scanning electron microscopy (SEM) observation of the products
prior to the template removal. This was probably because the deposition occurred prior
to the diffusion of titanium species into the template.

Chapter 3 describes the stepwise deposition of TiO, and C for preparation of
TiO, nanoparticles supported mesoporous carbon (mesoporous C/TiO,). In order to
prepare TiO, nanoparticles within mesoporous carbon, thermal decomposition of a
titanium precursor incorporated into mesoporous carbon is conventionally performed.
However, this method suffers from both outer depositions and pore blockings when the
amount of a titanium precursor incorporated into the template increases for higher
loading amount of TiO,. Therefore, this chapter has demonstrated the novel preparative
method via surface deposition of TiO, and subsequent deposition of C within
two-dimensional hexagonal mesoporous silica (SBA-15). TiO, was initially deposited
on the surface of the template through reactions between titanium isopropoxide and the
surface silanol groups. Then, 2,3-dihydroxynaphthalene, used as a carbon precursor,
incorporated into the template was carbonized by high temperature heat treatment under
N, gas flow. Finally, the final products were obtained by removal of the template.
Crystalline TiO, nanoparticles were formed within mesoporous carbon as observed by
the transmission electron microscopy. Because TiO, was immobilized on the surfaces,
the outer depositions and the pore blockings would be suppressed.

Chapter 4 describes the stepwise deposition of Au and Pt within SBA-15 for

il
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the preparation of mesoporous bimetallic Au-Pt with a phase segregated heterostructure.
Chapter 4 consists of two sections as follows.

Section 4.1 describes a novel deposition method of Au within SBA-15 and
control of its particle shape within SBA-15. The previous deposition methods typically
require surface organic modifications for inside deposition of Au. This section has
demonstrated that the use of hexane and 1,1,3,3-tetramethyldisiloxane (TMDS) as a
solvent and reducing agent, respectively, enable Au deposition exclusively within the
SBA-15 without using the surface modifications. In non-polar solvent such as hexane,
the interaction between polar silanol groups and Au precursor becomes stronger,
resulting in the suppression of Au species, and consequently, the inside deposition. In
addition, the selective formation of Au nanorods replicated from the pore shape of the
template or Au nanoparticles was achieved by performing the deposition in the absence
or presence of hexadecyltrimethylammonium bromide (C;sTMAB). The formation of
Au nanoparticles under the presence of C;cTMAB was explained by the suppression of
the migration and growth of Au species within SBA-15 due to the formation of a
complex between a Au precursor and C;sTMAB.

Section 4.2 describes the preparation of mesoporous bimetallic Au-Pt with a
phase segregated heterostructure through Pt deposition within the Au nanoparticles
incorporated SBA-15. Higher loading amount of Au nanoparticles than that of the
previous reports was achieved by repeating the deposition process of Au described in
section 4.1. The crystal growth of Pt proceeded from the surface of the Au nanoparticles
due to a mild condition using vapor of dimethylamine borane. The EDX spectral
mappings of the products after the template removal showed that the frameworks were

composed of Au nanoparticles sandwiched between Pt nanowires. The measurements of

v
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pre-adsorbed (CO,q4) stripping voltammetry and cyclic voltammetry measurements
showed that the Au-Pt heterojunctions were formed and the surfaces of Au, Pt, and the
heterojunction were electrochemically active. From these data, the usefulness of
mesoporous silica as not only a template but also a reaction field of formation of
metal-metal heterojunction has been demonstrated.

Chapter 5 describes the applicability of the deposition method described in
section 4.1 to Bi deposition within SBA-15 and the preparation of Bi nanowires. After
introduction of a Bi precursor into the mesopores of SBA-15, the Bi deposition was
performed by using hexane and TMDS, resulting in the formation of Bi nanowires
replicated from the pore shape of the template. The deposition using the same condition
was successful for the template with different pore sizes between ca. 2.7 nm to 8.1 nm.
After the template removal, Bi nanowires with 8.4 nm, 7.5 nm, and 6.5 nm in mean
diameters were obtained, although the morphology was collapsed for the products
prepared by using SBA-15 with smaller diameters. The obtained nanowires were one of
the smallest Bi nanowires. Also, the obtained nanowires were non-crystalline.
Considering that bulk Bi particles formed by the outer deposition were crystalline, the
non-crystalline nature was related to the depositions within the confined nanospaces of
the templates.

Chapter 6 describes the conclusion of this thesis. This thesis shows the
usefulness of the stepwise depositions within the silica templates for precise preparation
of inorganic nanostructured materials. The concept of this thesis will contribute to

further precise design of inorganic nanostructured materials.
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1.1 Introduction

For the last several decades, numerous studies have been reported on inorganic
nanostructured materials. Nanostructured materials are defined as compounds with at
least one dimension in a range between 1 nm to 100 nm, and can be classified on the
basis of the number of their dimension outside the range (zero-dimensional (0D),
one-dimensional (1D), two-dimensional (2D))." Three-dimensional (3D) nanostructured
materials generally indicate a 3D assembly of 0D, 1D, or 2D nanostructured materials.

The nanostructured materials are potentially applicable in various fields
because of their unique properties, such as optical, magnetic, and catalytic properties.”
Because their properties are influenced by many parameters (e.g. composition,
crystallinity, crystallite size, particle shape, etc.), development of the preparative
methods is quite important to obtain desired properties.

Among the various preparative methods, a hard-templating method 1is
promising for the precise control. In particular, the use of nanostructured silica as a
template is beneficial due to its controllabilities of size, shape, morphology, and so on.
However, there still remains a challenge for the precise control of nanostructured
materials even by using the templating method.

Chapter 1 describes the general introduction of inorganic nanostructured
materials. An overview of inorganic nanostructured materials is given in Section 1.2.
The use of nanostructured silica as a template for the preparation of nanostructured
materials is described in Section 1.3. In section 1.4, deposition methods which have
been applied for the templating method are described. The significance and objective of

this thesis are shown in section 1.5.
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1.2 Inorganic nanostructured materials
1.2.1 Preparative methods of inorganic nanostructured materials

Preparative approaches of nanostructured materials may be classified into 1)
top-down approach and 2) bottom-up approach.! In the top-down approach,
nanostructured materials are prepared by breaking down bulk materials into nano-sized
materials. In contrast, nanostructured materials are prepared by building up atoms
and/or molecules into nano-sized materials in the bottom-up approach. It is generally
known that the bottom-up approach is advantageous in the preparation of
nanostructured materials with regard to variety and controllability of size, morphology,
and composition, etc.’

Up to date, numerous nanostructured materials have been prepared via the
bottom-up approach. Many kinds of chemical reactions, such as hydrothermal reaction
and sol-gel reaction, have been applied for the preparation.® The chemical reactions

applied for the preparation are summarized for each composition in Table 1.1

Table 1.1 Chemical reactions applied for the preparation of nanostructured materials.*

Compositions Chemical reactions
Metals Electrochemical reductions, electroless
(e.g. Au, Pt, Pd, Ag, Cu, Ru) reductions, thermal reductions, etc.
Metal oxides Sol-gel reactions, hydrothermal reactions,
(e.g. Si0,, AL, O3, TiO,, MnO,, Fe,03) solvothermal reactions, thermal

decompositions, etc.

Carbon Carbonization of organic compounds, chemical
vapor deposition, etc.

Others Thermal decompositions,

(e.g. SiC, Si3N4, BN, CdS, CdSe) coprecipitation reactions, etc.
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In the bottom-up approach, controls of nucleation and growth processes are
required to obtain nanostructured materials with targeted size, shape, crystallinity, etc.”
Therefore, appropriate choices of chemical reaction and its conditions are essential. For
the precise controls, the chemical reactions shown in Table 1.1 are typically performed

under the presence of a capping agent***

and/or a template*°. Although
nanostructured materials can be prepared without using a capping agent and a template
by carefully setting the reaction conditions, poorly controlled nanostructures are
normally formed.

The use of capping agents, such as organic molecules and polymers, are

beneficial for the control of the growth process (Figure 1.1).

4\.,,.,0 ‘

S i Nucleatlon —9 Growth ®

'&er ®

Tl * ey
J 4

¢ Atom e Capping agent o Nucleus QNanostructured material

Figure 1.1 A schematic view of the preparation of nanostructured materials using

capping agents.

The capping agents can inhibit overgrowth of formed nuclei during the growth process
by passivating their surfaces. 4% In addition, the capping agents can induce
anisotropic crystal growth by passivating specific crystal planes, which enables the
controls of shape and crystal facet of nanostructured materials.**>* 7 The passivation of
the surfaces is also beneficial to prevent the formed nanostructured materials from the
formation of their aggregates.® Because the effects of the capping agents described here
deeply depend on many parameters (organic molecule/polymer used as a capping agent,

4
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composition, crystal structure, and so on), an appropriate choice of the capping agents is
required for the preparation of nanostructured materials with desired size, shape,
crystallinity, etc. Although the preparative method using the capping agents is quite
effective to control shape, crystallinity, crystal structure, and composition, the obtained
nanostructured materials often suffer from residual capping agents on their surfaces.®
This means that the surface properties are undesirably influenced by the residual
capping agents.”

Another useful method to prepare nanostructured materials with controlled

structures is a templating method using inorganic nanostructures, such as zeolite,

4c,6

mesoporous silica, and anodic aluminum oxide as a template (Figure 1.2).

Infiltration Deposition Template
'%of precursor of solid removal

Templates

|

Nanostructured
materials

Figure 1.2 A schematic view of the preparation of nanostructured materials using the

templating method.

In this method, nanostructured materials are typically obtained via the following three
steps:® 1) infiltration of a precursor inside spaces/pores of a template, 2) deposition of a
targeted inorganic compound inside the spaces/pores, and 3) removal of the template.
The growth of formed nuclei within the template is strongly inhibited by its rigid
frameworks, resulting in the formation of nanostructured materials replicated from the
template. Therefore, a precise design of the template is the first key step to prepare
well-defined nanostructured materials. Among various inorganic nanostructures,
nanostructured silica, such as zeolite, mesoporous silica and silica colloidal crystal, are
especially useful as a template due to variableness and preciseness of their structural

5
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controls. The usefulness of nanostructured silica as a template will be described in detail
in section 1.3. Although the templating method is multi-step processes, this method

holds well-defined nanostructured materials.*®

1.2.2 Features and applications of inorganic nanostructured materials™’

Nanostructured materials exhibit unique properties which cannot be obtained
from bulk materials because of their high surface to volume ratios and quantum
confinement effects. Therefore, nanostructured materials have opened up new
applications, and they have been actively studies so far.

One attractive feature of nanostructured materials is their high surface to
volume ratios. Because surface atoms have fewer bonds with neighbor atoms, and
accordingly larger unsaturated sites than interior atoms, the surface atoms are
chemically more active. Furthermore, additional electronic states are formed by the
presence of the unsaturated atoms, which work as electron or hole trap centers. The
contribution of the surface nature to overall properties becomes significantly larger in

nanostructured materials because of the high surface to volume ratios (Figure 1.3).
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Figure 1.3 Surface to volume ratio as a function of a particle radius. Reprinted with
permission from Ref. 2. Copyright 2005 American Chemical Society.
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Therefore, nanostructured materials exhibit high catalytic activity,5f large storage

>t unique optical property,® and so on. In addition, physical properties, such as

ability,
melting point and heat capacitance, are also varied if compared with those of bulk
materials.

Another feature of nanostructured materials is quantum confinement effects
which occur for metals and semiconductors. When the size of a compound is down to a
nanometer range, its band structure is altered from continuous to discontinuous
quantized band (Figure 1.4).° In the case of metals, their continuous density of states
splits into discrete levels. In addition, spacings between energy levels in the bands
increase with the decrease in size. Because of such a change of the band structures,
when the size decreases to a few nanometers, metals often lose their metallic properties
and exhibit semiconducting properties. In contrast to metals, semiconductors originally
possess band gap energy between valence and conduction bands. The band gap energy
becomes larger with decrease in the size. As a result, transitions of electrons/holes

between valence and conduction bands in nanostructured materials are completely

different from those in corresponding bulk counterparts.

A
Conduction
band
— o Energy
Valence — — -
band — —
BUIk. Nanostructured material Atom or
material Molecule
-
Sizes

Figure 1.4 Band gap and the density states of nanostructured materials.
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Because of both the high surface to volume ratios and the quantum
confinement effects, nanostructured materials exhibit distinct properties (e.g. magnetic,
optical, and electronic properties). Therefore, nanostructured materials have attracted
much attention for various potential applications, such as catalysts, sensors, energy
storage/conversion materials, electrodes, and adsorbents. Up to date, numerous studies
have been reported on both the preparation and evaluation of their properties for such
applications.

As one attractive application of nanostructured materials, thermoelectric
materials have been intensively studied recently. The development of thermoelectric
materials which can convert heat energy into electrical energy is one of promising
solutions to improve the sustainability. The performance of thermoelectric conversion is
generally evaluated by dimensionless thermoelectric figure of merit (ZT). ZT is given in
the following equation: ZT = S?6 T/ k, where S, o, T, and « are the Seebeck coefficient,
electrical conductivity, temperature, and thermal conductivity, respectively.

The change of band structure by the size reduction to a nanometer range has
been theoretically predicted to have a good influence on the increase in both Seebeck
coefficient and electrical conductivity.'” And more, the high surface area of
nanostructured materials increases interfacial phonon scattering effectively, resulting in
lower thermal conductivity.'” For these reasons, the use of nanostructured materials is
promising for the thermoelectric application. Although enhancements in ZT value by
using nanostructured materials if compared with bulk counterparts were recently shown
experimentally,'' the enhancements in most reports are mainly due to significant
reduction in thermal conductivity.12 The increase in Seebeck coefficient and electrical

conductivity due to the change in band structure has not been fully understood
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experimentally. Therefore, further studies are highly demanded toward the use of

nanostructured materials for the thermoelectric application.

1.2.3 Summary

Up to date, numerous studies have been reported on the preparation and
applications of nanostructured materials. Nanostructured materials in the most reports
are prepared via the bottom-up process using various chemical reactions as shown in
Table 1.1. In order to prepare well-defined nanostructured materials, the use of capping
agent and/or template is quite effective. In addition, nanostructured materials exhibit
unique properties because of the high surface to volume ratios and the quantum

confinement effects. Therefore, various applications are expected.

1.3 Silica templates used for preparation of inorganic nanostructured materials

As described briefly in section 1.2, a templating method using nanostructured
silica, such as zeolite, mesoporous silica, and silica colloidal crystal, as a template is a
powerful route to prepare well-defined nanostructured materials. The nanostructured
silica possess uniform and controllable pore/space size and shape, meaning that
nanostructured materials with uniform and controlled size and shape can be obtained by
using the nanostructured silica as a template. For the preparation of nanostructured
materials with desired size and shape, an appropriate choice of a template is the first key
step. In section 1.3, the use of nanostructured silica as a template for the preparation of
inorganic nanostructured materials is reviewed. Because the templating method is
frequently applied to the preparation of nanostructured metals, metal oxides, and carbon

materials, some key points to be noted and examples of the preparation are described for
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the compositions.

1.3.1 Zeolite template

A term of “zeolite” generally indicates crystalline aluminosilicate or silica
whose frameworks are composed of TO4 (T = Si and Al) tetrahedra with uniform and
orderly arranged micropores (pore sizes of micropores are defined as less than 2 nm by
IUPAC). In addition, zeolites typically possess exchangeable cations within the
micropores. The ion-exchange ability of zeolites is used to incorporate a precursor of
nanostructured materials when zeolites are used as a template.'® The size and shape of
the micropores of zeolite are mainly dependent on its crystal structures. According to
pore arrangement, pore shape, and pore size, there are more than 200 different zeolite
structure types currently.'* These variations are useful as a template to control the size
and shape of nanostructured materials.

Although there have been some reports on mesoporous zeolites,> the pore size
of zeolites are typically less than 2 nm. Therefore, when zeolites are used as a template,
clusters (whose sizes are smaller than nanoparticles) are typically formed within the
micropores.'® The clusters formed in zeolites can be present stably because framework
oxygen atoms and/or extra-framework cation atoms can stabilize the clusters.'®
Therefore, the formed clusters are used without removing the template. In contrast,
three-dimensionally continuous frameworks can be formed for carbon within zeolites.
In this case, the formed nanostructured carbon is stable even without the template, and
therefore, used after the template removal.’

The use of zeolites as a template enables not only the preparation of

nanostructured materials but also control of their arrangements due to the

10
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three-dimensionally ordered arrangement of micropores. The arrangement of the formed
nanostructured materials often affects their properties. Because the frameworks of
zeolites are thin, the formed clusters can interact with adjacent clusters. In this case, the

clusters exhibit unique properties which are different with those of isolated clusters.

Metals

Metal clusters are most common nanostructured materials prepared by using
zeolites as a template. There are two major deposition methods of metals within the
micropores of the template. One is a direct metal deposition using metal vapor, and the
other is a decomposition or reduction of a metal precursor incorporated into the
micropores.

The first study to reveal the formation of metal clusters was reported by Kasai
in 1965."7 In this report, Nas'* clusters were formed in Na-Y zeolite by gamma ray
irradiation under a reduced pressure condition. He revealed the formation of the clusters
by ESR splitting. A study on the preparation of transition metal clusters was reported in
1977."% Agg clusters were prepared by partial decomposition of Ag™ within zeolite A.
The Ag clusters formed in zeolite A were sensitive to guest molecules, and their color
was varied by adsorption of the guest molecules on their surfaces.'® Therefore, the Ag
clusters in zeolite A are promising as a high sensitive sensor.

In addition to Na and Ag, K,l9 Fe,zo Ni,2 ! Ru,22 Rh,23 Pd,24 Ir,25 and Pt*° clusters
have been also prepared by using zeolites as a template. The transition metal clusters
work as catalytic sites. Because zeolites also have catalytic activities, the metal
clusters/zeolites nanocomposites are useful as bifunctional catalysts. In contrast, K

clusters incorporated into micropores of zeolites exhibited ferromagnetic property,

11
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although K metal does not show the property.19b

Metal oxides

Metal oxide clusters can be prepared mainly by calcination of a precursor
incorporated zeolites. Up to date, La oxide,27 Zn oxide,28 Mo oxide,29 Fe oxide,30 Cu
oxide,’' and Re-Mo oxide™ clusters have been prepared by using zeolites as a template.
These oxide clusters are useful as catalysts with high thermal stability. The high thermal
stability is explained by the formation of M-O-Si (M: metal) bonds between the metal

oxide clusters and frameworks of zeolites.

Carbon

The use of zeolites for preparation of nanoporous carbon has been studied since
the late 1990s.* The nanoporous carbon can be prepared by carbonization after
incorporation of an organic compound as a carbon source into the micropores of zeolite
templates. After removal of the templates, the nanoporous carbon can be stably obtained
because of its three-dimensional networks of frameworks (Figure 1.5). This is contrast
to metal and metal oxide clusters which cannot retain the formed nanostructures without
the zeolite templates. The nanoporous carbon prepared by using the zeolite templates
was not perfect replications of the templates in most of the reports, meaning that the
pore size and pore shape of the obtained nanoporous carbon were not uniform.®’
However, some groups succeeded in the preparation of nanoporous carbon perfectly

replicated from the templates.®® The nanoporous carbon prepared by using zeolite

templates offer high surface areas, large pore volume, fast mass transfers.*

12
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Zeolite (template)

) = L)

D A

Figure 1.5 A scheme for preparation of nanoporous carbon using zeolites as a template
and the TEM images of the template and the nanoporous carbon in the previous report.
Scale bars in the TEM images are 10 nm. Reprinted with permission from Ref. 6f.
Copyright 2012 John Wiley & Sons, Inc.

1.3.2 Mesoporous silica template

Since the discovery mesoporous silica in the early 1990s,”® numerous studies
have been reported on both its preparation and application.”® Mesoporous silica has
uniform mesopores (pore size of mesopores is defined as between 2 nm to 50 nm by
IUPAC) and their ordered arrangement. The pore size can be precisely controlled in a
range between ca. 2 nm to a few tens of nanometers by using different surfactants,

adding pore expanders, and varying aging temperature.”’ The pore shape (cylindrical,

13
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spherical, and their combination) and the pore geometry (some examples are shown in
Figure 1.6) can also be controlled variously by appropriately setting the preparative
conditions.”® In addition, morphology of mesoporous silica (film, powder, and
monolith) can be easily controlled.*® Because of these controllabilities, mesoporous
silica has been used as a template for the preparation of nanostructured materials with

3 .o . 4
different compositions. %

A

Figure 1.6 Pore models of mesoporous structures with different pore geometries; (A)
p6mm, (B) Ia3d, (C) Pm3n, (D) Im3m, (E) Fd3m, and (F) Fm3m. Reprinted with
permission from Ref. 36a. Copyright 2007 American Chemical Society.

The pioneering works on the use of mesoporous silica as a template were
reported by R. Ryoo and his coworkers. Mesoporous carbon (CMK-1* and CMK-3*")
were prepared by using mesoporous silica MCM-48 and SBA-15 as templates,
respectively. The obtained mesoporous carbon exhibited uniform pore sizes and

39-40

extremely high surface areas. In addition, a fact that the obtained mesoporous

carbon CMK-3 possessed an ordered mesostructure, which was same as the original
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template, is remarkable. This result was a strong evidence that SBA-15 possessed
connecting pores between primary mesochannels, which was different from MCM-41
with the similar 2D mesostructures.* Owing to the connecting pores, carbon nanorods
replicated from the pore shape of the template were bridged with each other, resulting in
the formation of the ordered arrangement of the rods. This report is valuable to show the
usefulness of the templating method for not only preparation of novel nanostructured
materials but also characterization of mesostructures of mesoporous silica.

As mentioned in the beginning of this section, the templating method consists
of the three steps (1) infiltration of a precursor, 2) deposition of a targeted compound, 3)
template removal). Because the pore sizes of mesoporous silica are much larger than
those of zeolites, the introduction of a precursor is not so difficult. In general, solvent
evaporation method, two-solvent method, solid-liquid method, and impregnation
method are used for the introduction.®®® An appropriate method should be chosen to
obtain desired nanostructures because the introduction methods sometimes affect the
formed nanostructures.*’ The deposition process is the most important step for the
successful preparation and the control of the nanostructures of the replicas. The details
of the deposition process will be described in section 1.4. The template removal is
performed by using aq. HF or basic aqueous solution such as aq. NaOH. In order to
avoid structural collapse of nanostructured materials during the template removal, the
reactivity between an etching solution and the formed nanostructured materials must be
considered. In addition, surface states of the obtained nanostructured materials after the
template removal should also be considered, although they are not characterized in most
of the previous reports. When aq. NaOH is used for the template removal, Si species

often remain on the surfaces of the obtained replicas owing to the formation of Si-O-M
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(M: metal) bonds.*

The connecting pores between primary mesopores as mentioned above are one
of characters of mesoporous silica.*® The connecting pores are often co-formed along
with primary mesopores when mesoporous silica is prepared by using block copolymers
including a poly(ethylene oxide) chain as a surfactant. When mesoporous silica having
such the connecting pores is used as a template, the nanostructures of replicas differ by
the conditions whether solid is deposited within the connecting pores or not (Figure
1.7).>® For example, nanorods/wires replicated from the pore shape of SBA-15 are
obtained without deposition within the connecting pores. In contrast, mesoporous
materials are obtained when solid is deposited within the connecting pores along with
the primary mesochannels. Therefore, the controlled deposition is essential to obtain
desired structure. However, there still remains a challenge in such a controlled
deposition. The deposition behavior depends on composition, the amount of deposited

compound, and deposition method.

No deposition
within connecting pores

Nanorods/wires

W
SBA-15 Deposition
within connecting pores

-

Mesoporous
materials

Figure 1.7 A schematic view of the templating method using SBA-15 as a template.

In addition, modifiable silanol groups located on the surfaces with organic

.. J 4 .
molecules are also characteristics of mesoporous silica.*’ Interactions between guest
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species and mesoporous silica can be varied by the surface organic modificatons.* The
surface modifications with functional groups which strongly interact with the precursors
facilitate their introduction into the mesopores.** The strong interaction also has a good
influence for inside deposition by suppressing migration of guest species. The surface

modifications are often used for Au depositions as described below.

Metals

Nanostructured metals are prepared by reducing metal cations within the
mesopores. The reduction of metal cations is typically performed by chemical reduction,
thermal reduction under H, gas flow, or electrochemical reduction.*®>*% Metals tend to
deposit outside the template and form bulk particles because of their high surface energy.
In addition, morphology and crystallinity of deposited metals strongly depend on
various parameters (precursors, pore size of the template, reduction conditions, etc.).
Therefore, judicious choices of the parameters are essential for the successful
preparation.

Up to date, the preparation of nanostructured metals using mesoporous silica
template have been achieved in various metals (Co,45 Ni,46 Cu,45 Ru,47 Pd,48 Ag,49
Pt,48'49 and Au48'49). In addition to the monometallic materials, nanostructured bimetallic
materials have been prepared.”® The bimetallic materials often exhibit superior catalytic
activity to the monometallic materials owing to synergistic effects of two kind of
metals.”

The surface organic modifications with amine, thiol, or ammonium groups are
typically required for Au deposition mainly because of weak interaction between Au

48,51

species and the surfaces of the template (Figure 1.8). In contrast, the inside
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deposition of most of the metals except Au within the template are easily achieved

without such surface modifications.

| |
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|
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/ HCI, EtOH, etc. '

Mesoporous silica

Figure 1.8 A schematic view of surface organic modifications of the surface of

mesoporous silica.

Conventional nanostructures, such as nanoparticles and nanorods/wires, tend to
form aggregates, resulting in low effective use of their surfaces. In contrast, mesoporous
metals, which are one of the nanostructures prepared by using mesoporous silica
template, have been good candidates to overcome the drawback of the conventional
nanostructured metals owing to their high inner surface area and accessibility of guest
species. In addition, the continuous frameworks are advantageous for better electrical

conductivity.

Metal oxides
In most of the previous reports, metal oxides are deposited within the template
by thermal decomposition after the infiltration of a precursor.”™ The inside deposition is

not so difficult for metal oxides as compared with metals. This would be explained by
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the formation of Si-O-M (M: metal) bonds between the template and metal oxide
replicas during the thermal decomposition. It should be noted that the templating
method using mesoporous silica cannot be applied to some compositions, such as Al,O3
and ZnO, because of their reactivities with both HF aq. and base solutions. In this case,
other template such as mesoporous carbon should be used instead of mesoporous
silica.’?

In the case of metal oxides, crystallized frameworks are required to obtain
desired properties.”™ In general, high temperature calcination is required to achieve
fully crystallized and/or single crystalline frameworks. However, high temperature
calcination often results in structural collapse of the template by crystallization of the
amorphous silica frameworks and/or formation of metal silicates by reaction between
the silica template and metal oxide replicas. These are drawbacks of mesoporous silica
template for the preparation of nanostructured metal oxides. In order to overcome these
drawbacks, effective crystallization methods at low temperature are demanded. The use
of metal nitrates as a metal precursor has been reported to be effective to obtain
crystallized frameworks by low temperature calcination, which is explained by low
decomposition temperature of metal nitrates.”> However, in the previous reports, the

characterization on the crystallinity is not enough.

Carbon

The preparation of nanostructured carbon (in most cases, mesoporous carbon
materials were prepared) has been most common and developed in the templating
method using mesoporous silica. Various mesoporous carbon materials with different

pore size, pore geometry, or wall thickness have been prepared.***
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The properties of mesoporous carbon are dependent on mesostructures (pore
size, wall thickness, pore geometry, etc.) and graphitization degree of frameworks.
Therefore, the control of both the mesostructure and the graphitization degree has been
studied. The former was easily achieved by varying the mesostructure of the template.
The high graphitization degree, which is desired for capacitors and electrodes because
of higher electronic conductivity, was achieved by using aromatic compounds as a
carbon source™* and adding catalysts to promote the graphitization of the frameworks.>

In the conventional preparation, the mesopores of the template are completely
filled with carbon. In contrast, R. Ryoo et al. reported that the partial filling of the
mesopores of SBA-15 resulted in the formation of mesoporous carbon with tubular
frameworks (named CMK-5, Figure 1.9).”® Because of the tubular structures, both inner
and outer surface can be used, resulting in the higher surface area than conventional

56
mesoporous carbon.
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The use of mesoporous carbon as a host material to incorporate metal oxide
nanoparticles has been one of the most promising applications. Mesoporous carbon can

provide high surface area, mechanical stability and electrical conductivity to metal
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oxides nanoparticles. Therefore, these nanocomposites are potentially applicable as
catalysts, capacitors, electrodes, and so on.”” Although a lot of studies have been
reported on the preparation of nanocomposites, the preparative method has not been so
developed.’”™ Metal oxide nanoparticles are conventionally prepared within the
mesopores by thermal decomposition after the incorporation of a metal oxide precursor
into the mesopores. However, the method suffers from low controllabilities of the
loading amount and the size of metal oxide nanoparticles formed within mesoporous

carbon.

1.3.3 Silica colloidal crystal template

Silica colloidal crystals are close-packed arrays (typically face-centered-cubic
(fce) lattice) of monodisperse silica nanospheres (Figure 1.10A). Therefore, by using
silica colloidal crystals as a template, three-dimensional ordered macro/mesoporous
(3DOM/m) materials can be obtained (Figure 1.10B).*® Although the controllability of
pore shape and geometry using silica colloidal crystal templates is low, pore size of
3DOM/m materials can be controlled in a wide range between ca. 10 nm to 1 pum
because particles size of silica nanospheres can be controlled in this range.”® This wide
range controllability of pore size is one of the advantage points of the colloidal crystal

template if compared with those of zeolite and mesoporous silica templates.
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(A) Particle sizes 1 (B)

/ | Wiiasise Meso/macro pore

Pore space
between silica nanospheres

Figure 1.10 Diagrams of (A) silica colloidal crystals and (B) 3DOM/m materials.

I Wall thickness

Considering the fcc arrangement of silica nanospheres, 3DOM/m materials
should consists of 74% pore space. In addition, each pore of 3DOM/m materials
connects with twelve neighboring pores through window pores (Figure 1.10B). Owing
to these characteristics of 3DOM/m materials, the mass transport through 3DOM/m
materials is more effective than other porous materials. Therefore, 3DOM/m materials
should have better kinetic properties in various applications, such catalysts, sensors,
electrodes, etc.

The control of wall thickness of 3DOM/m materials is also required for tuning
their properties.®>” The spaces between silica nanospheres, where the frameworks of
3DOM/m materials are formed, are defined by the sphere size. Therefore, it is difficult
to control both the pore size and wall thickness of 3DOM/m materials independently.
Although thinner wall thickness than expected from the pore space of the template can
be achieved by inducing large shrinkage of frameworks, the precise and uniform control
are normally difficult. When the wall thickness is thick, additional meso/micropores can
be incorporated into the frameworks.® These hierarchical porous structures can be
prepared by adding surfactants or small nanoparticles along with a precursor into the

pore spaces of the template.® The formation of hierarchical structures has good
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influence on the mass transport properties.

The key points to be considered and the applicability of compositions in the
templated preparation using silica colloidal crystals are almost same as those using
mesoporous silica. Therefore, some examples which are unique to the use of silica

colloidal crystal templates are shown below.

Metals

As described above, 3DOM/m materials are obtained when silica colloidal
crystals are used as a template. Meanwhile, Y. Kuroda and K. Kuroda reported the
formation of plate-like nanostructured Au with ordered mesoscale dimples on the both
sides using silica colloidal crystals composed of silica nanospheres with 40 nm in
diameter as a template (Figure 1.11).° Crystal growth of Au in the interstices of the
template induced the cleavage of the template, and the unique structure was formed by
replication of the cleaved surface. One of the key points of the formation was the low
density of Si-O-Si bonds between the constituent silica nanospheres. Because of this,

the cleavage was caused by the crystal growth of Au.
a)=

200 nm
A —

Figure 1.11 (a) The surface and (b) cross section SEM images of the plate-like
nanostructured Au. Reprinted with permission from Ref. 60. Copyright 2010 John
Wiley & Sons, Inc.

23



Chapter 1

Metal oxides

The formation of single crystalline metal oxide frameworks is one of the vital
goals to be achieved in the templated preparation of nanostructured metal oxides.
Recently, preparation of mesoporous TiO, with single crystalline frameworks was
reported, although its pore arrangement was not ordered.®’ The preparative method is a
sort of seed-growth process. A small amount of TiO, was deposited within the assembly
of silica nanospheres prior to hydrothermal deposition of TiO,. The pre-deposited TiO,
within the template worked as a nucleus to prevent the outer deposition of TiO,. In
addition, the reaction conditions of the hydrothermal treatment were suitable to form

single crystalline TiO, frameworks.**

Carbon

3DOM/m carbon materials are used for various applications, such as capacitors,
electrodes, sensors, etc. because of their high surface area and mass transport properties.
One unique application of 3DOM carbon is a template for preparation of spherical
shaped zeolite particles with uniform size.”> 3DOM carbon provided a reaction field for
the formation of zeolite by the hydrothermal treatment. The relatively large pore space
of 3DOM carbon would be more suitable for the formation of zeolites than mesoporous

carbon such as CMK-3.

1.3.4 Summary
Various nanostructured materials have been prepared by using nanostructured
silica, such as zeolites, mesoporous silica, and silica colloidal crystals, as a template.

The nanostructured silica is advantageous as a template from the viewpoint of
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controllability of size, structures, and morphology.

Zeolite template is used mainly for the preparation of metal clusters and
nanoporous carbon. Because the formed clusters are prevented from further growth and
formation of aggregates by the frameworks of zeolite, the nearly bare surface of the
clusters can be used under the presence of zeolite template. The frameworks of
nanoporous carbon prepared by using zeolite template are thin due to the micropores of
the template, resulting in extremely high surface area.

Because the pore size of mesoporous silica is much larger than that of zeolite,
the size of the frameworks of the formed nanostructures is also larger. Therefore, the
formed nanostructures can retain their nanostructures even after removal of the
templates. Owing to the variabilities of pore shapes, sizes and geometry of mesoporous
silica, various nanostructured materials can be prepared.

3DOM/m materials with fcc arranged uniform pores can be obtained when
silica colloidal crystals are used as a template. The controllable range of pore size of
3DOM/m materials is much wider than that of other porous materials prepared by using
zeolite and mesoporous silica templates because the particle size of silica nanospheres
can be controlled in a range between ca. 10 nm to 1 pm. 3DOM/m materials exhibit
superior mass transport properties to other porous materials because each pore of

3DOM/m materials connects with twelve neighboring pores.

1.4 Deposition methods applied for the templating method
In the templating method, deposition process is most influential to
nanostructures of replicas. For instance, crystallite size of nanostructured materials

formed within templates depends on not only size of spaces/pores of the templates but
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also deposition methods. Therefore, an appropriate deposition method should be applied
to obtain desired nanostructured materials. The most typical templates described in this
section are the silica templates such as zeolites, mesoporous silica and silica colloidal
crystals.

For the successful preparation of nanostructured materials replicated from the
templates, an inorganic compound must be deposited within the templates. This
prerequisite for the successful preparation limits deposition methods applicable to the
templating method. In this section, deposition methods which have been applied for the

templating method are overviewed for each composition.

1.4.1 Deposition methods of metals

In the templated preparation of nanostructured metals, metals are deposited by
reducing corresponding metal cations. Metal species tend to migrate from inside to
outside the templates during the reduction to form larger particles in order to minimize
their surface energy. Therefore, the migration of metal species needs to be suppressed.
The suppression is generally achieved by surface organic modification of the templates
with thiol, amine, or ammonium groups because of the strong interaction between the
metal species and the functional groups. In addition, reducing agents (electron donors)
are also required to be effectively introduced into the templates.

The reduction rate of a metal precursor is a decisive factor on the crystallite
size and particle shape of formed nanostructures. When the reduction rate is relatively
fast, a lot of nuclei are formed, resulting in the formation of metal nanoparticles or
metal replicas with small crystallite size. In contrast, metal replicas with large crystallite

size are formed when the reduction rate is relatively slow. Therefore, a deposition
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method which can control the reduction rate is suitable.

Thermal reduction under H; gas flow

Thermal reduction under H, gas flow is used for the deposition of metals
whose redox potential is higher than that of H,. The reaction is typically performed at
373 K —573 K under a mixed gas flow of H, and Ar/N,. Because of its small molecule

. . . . 2021
size, H, can access even into the micropores of zeolites.

Therefore, the deposition
method can be applied for zeolites, mesoporous silica, and silica colloidal crystal
templates. In addition, the method is applicable to various morphologies, such as
powder, film, and monolith.

The increase rate of the temperature sometimes affects the nanostructures of
replicas. R. Ryoo et al. reported the preparation of nanostructured Pt using MCM-48 as
a template.*® In the report, continuous Pt frameworks replicated from the template were
formed when the increase rate of the temperature was relatively slow. In contrast,
discrete Pt nanoparticles with 3 nm — 5 nm were formed when the increase rate was
relatively fast. This difference should be caused by the different reduction rates due to
the varied increase rates.

In general, the thermal deposition is performed after incorporation of a metal
precursor into the templates. In contrast, some studies reported the preparation of
3DOM/m metals via the thermal reduction of the corresponding 3DOM metal oxides.®
During the reduction from metal oxides to corresponding metals, the frameworks of
3DOM materials shrank more than 30%. Therefore, the periodicity of 3DOM metals

prepared by this process is lower than that prepared from metal precursors. Furthermore,

this process is not suitable for mesoporous metals because their frameworks are too thin
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to retain the porous structures after the shrinkage.

Electrodeposition

An electrodeposition is a powerful method for the metal deposition because the
reduction rate can be easily controlled by varying an applied voltage, although the
method can be applied only to nanostructured silica films on conductive substrates. The
reduction of metal cations occurs on surfaces of the substrates, meaning that metal
atoms are formed on the surface of the substrates. This leads to the formation of nuclei,
and subsequently continuous networks of metals on the surfaces. Therefore, outer
depositions of metals can be easily avoided, and nanostructured metals replicated from
the templates are obtained.

Because the reduction occurs on the surfaces of the substrates, nanostructures
of the templates near the surfaces are vital for the successful deposition within the
templates as demonstrated by Kanno et al.®® In the report, Au was electrochemically
deposited within a mesoporous silica film with 2D hexagonally arranged mesochannels
on an ITO substrate. When all mesochannels lie parallel to a substrate, the film was
cleaved by deposited Au. In contrast, when a film possess mesochannels aligned
vertically to the substrate in addition to the mesochannels lying parallel to the substrate,
Au was successfully deposited within the mesochannels without the cleavage of the film
to form Au nanowires replicated from the template.

As mentioned above, the control of the reduction rate is facile in the
electrodeposition method. U.-H. Lee et al.”’ reported the formation of single crystalline
Pt nanowires by electrochemical deposition of Pt within mesoporous silica template.

Although there is no detailed description on the formation of single crystalline Pt

28



Chapter 1

frameworks, the use of electrodeposition method would be critical. In the
electrodeposition method, because electrons are supplied through predeposited metals,
metal precursors tend to be reduced on the surfaces of the predeposited metals. In
addition, the formation of new nuclei during crystal growth of metals can be avoided by
carefully tuning the applied voltage. Due to these natures of electrochemical deposition

process, the formation of single crystalline frameworks was achieved.

Electroless chemical deposition

Electroless chemical deposition using chemical compounds as a reducing agent
is also a powerful method due to variability of reducing agents which enables the
control of the reduction rates. Although the controllability of the reduction rates of the
chemical deposition method would be lower than that of electrodeposition method, the
method can be applied to not only films but also powder and monolith. Solvents are not
used for the metal deposition under the presence of the templates because metal
precursors incorporated into the templates tend to flow to outside the templates by the
dissolution in the solvents.

A typical procedure of the chemical deposition is performed by dropping a
small amount of an aqueous solution of reducing agent, such as sodium tetrahydroborate
on the metal precursor incorporated templates. The amount of the aqueous solution
should be small because water elutes the metal precursors outside the templates and
enhances the migration of metal species during the reduction. H. Wang et al. have
demonstrated that the use of ascorbic acid as a reducing agent enables both size- and
shape-controlled preparation of mesoporous Pt using KIT-6 as a template. The obtained

mesoporous Pt possesses single crystalline frameworks and a polyhedral particle shape.
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High redox potential of ascorbic acid is critical for the formation of the single
crystalline frameworks. Due to the high redox potential, the reduction rate of Pt
precursors and supply rate of Pt atoms were slow. Therefore, Pt nuclei were formed
within the templates and crystal growth of Pt proceeded from the formed nuclei without
formation of new nuclei, resulting in the formation of single crystalline Pt with
polyhedral particle shape. In contrast to ascorbic acid, the use of sodium borohydride
and dimethylamine borane (DMAB), whose redox potentials are much higher than that
of ascorbic acid, resulted in the formation of mesoporous Pt with undefined particles
shapes. As shown in this report, the choice of the reducing agent largely affects
nanostructures of the replicas.

The use of vapor of DMAB as a reducing agent is also valuable for the metal
deposition. Noble metal (Pt, Ag, and Au) nanowires were successfully prepared by
using SBA-15 as a template through the vapor infiltration of DMAB. Because the
method does not require any solvents, the elution of metal precursors to outer surfaces
due to dissolution of metal precursors can be avoided. In addition, the choice of DMAB
i1s smart because the metal deposition can procced under its mild condition near room
temperature thanks to the volatile nature of DMAB around room temperature.

A phase of reducing agent should be taken into consideration for the metal
deposition even if same reducing agent is used. When Au was deposited with vapor of
DMAB within silica colloidal crystal template, 2D plate-like nanostructured Au with
dimpled surface was formed as already shown in Figure 1.11.%° In contrast, when Au
deposition was performed by mixing a solid of DMAB and the Au precursor
incorporated template, 3DOm Au replicated from the template was obtained.®® This

difference was mainly due to the different reduction rates. The reduction rate of vapor
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phase infiltration of DMAB was slower than that of the solid phase reduction. The slow
reduction rate enabled continuous crystal growth of Au within the template, which
caused strain in the template. This resulted in the cleavage of the template and the

formation of the dimpled nanostructure.

UV reduction

The reduction of metal precursors using UV irradiation typically requires
organic compounds as an electron donor. By UV irradiation, the organic compounds
incorporated into the template are decomposed and consequently release electrons to
reduce metal precursors. In fact, a previous report on preparation Pt nanowires using
mesoporous silica template has demonstrated that the reduction of Pt precursor did not
occur under the absence of methanol.®® The reduction rate of UV reduction is slow and
the reduction can be stopped easily by turning off the UV irradiation, which is

promising for size-controlled preparation of nanostructured materials.

Vapor phase deposition method

Vapor phase deposition methods, such as chemical vapor deposition (CVD),
are one of physical processes which can be applied for the templating method. Vapor of
metals are infiltrated into templates, and metal frameworks are formed. In this method,
because metal atoms are directly deposited without the reduction process, the method
can be applied for metals with low redox potential. For example, because of the low
redox potential of Si and its high affinity with oxygen, it is hard to apply the reduction
processes described above to Si deposition within the template. In contrast, the use of

vapor deposition method was demonstrated to enable the Si deposition within silica
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colloidal crystal template and accordingly preparation of 3DOM Si.%’

An unique example on the use of vapor deposition of metals for the templating
method is reported by M. Kobayashi et al.”’ Cu was deposited on surface of mesoporous
silica film by using Cu vapor. Because the vapor falls from above the film, Cu was
deposited only near the surface. Therefore, the deposited Cu form nanostructure

replicate from only the surface of the film.

1.4.2 Deposition methods of metal oxides

As described in section 1.3, the formation of crystalline frameworks of metal
oxides is highly required to obtain desired properties. Therefore, strategies to obtain the
crystalline frameworks are crucial in the templated preparation of nanostructured metal
oxides. Although sol-gel reaction and layer-by-layer deposition are widely applied for
the formation of metal oxide frameworks, the obtained frameworks are typically
amorphous. Therefore, thermal treatment at elevated temperature is required to obtain
crystalline frameworks. In the following, the deposition methods to obtain crystalline

frameworks are directly described.

Thermal decomposition
Thermal decomposition of metal oxide precursors incorporated into the
templates is most widely used for the preparation of nanostructured metal oxides with

382 Metal nitrate, metal chlorides, and metal alkoxides are

crystalline frameworks.
generally used as a metal oxide precursor. The temperature of heat treatment needs to be

decided by considering the decomposition temperatures of the precursors and the

crystallization temperature of metal oxide frameworks. However, the decomposition and
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crystallization temperatures are often slightly different between under the presence and
absence of the templates. The crystallization temperature within the templates is
typically higher than that under the absence of the template mainly because of the

' In addition, higher

confined nanospaces and the surrounding silica frameworks.’
temperature than the crystallization temperature is often required to obtain fully
crystallized frameworks.

Although heat treatment at higher temperature is preferable to crystallize metal
oxide frameworks, the nanostructures of the templates and corresponding replicas are
collapsed by heat treatment at such high temperature. This is because the crystallization
of silica frameworks of the templates induces the collapse. The crystallization occurs at
higher than ca. 900 °C. In addition, some metal species formed metal silicates with the
silica templates during the heat treatment. Therefore, appropriate temperature should be
investigated for each composition.

In order to achieve full crystallization at lower temperatures, the use of metal
nitrates as a metal precursor has been reported to be beneficial due to low

decomposition temperature of metal nitrates.” However, the crystallinity of the metal

oxide frameworks in the previous report was not characterized sufficiently.

Hydrothermal deposition

Hydrothermal deposition of metal oxides is a great candidate to obtain
crystalline metal oxides because the reaction proceeds at much lower temperature. In
addition, the control of shape and crystallite size of metal oxides is achieved by varying
the reaction conditions and/or adding capping agents.”” However, hydrothermal

deposition is not suitable for inside deposition within the templates because metal oxide
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precursors incorporated into the templates tend to flow to outside the templates due to
the dissolution of the precursors in water. In addition, there is no strong driving force to
form nuclei and grow crystals exclusively within the templates in such hydrothermal
processes. If hydrothermal deposition, which enables the control of shapes and
crystallite size of metal oxides, can be applied for the templating method, further precise
design of nanostructured metal oxides will be achieved.

Recently, inside deposition of TiO, within an assembly of silica nanospheres
was achieved by using hydrothermal reaction.®® A key point to achieve the inside
deposition is preparation of TiO, nanoparticles within the template prior to the
hydrothermal reaction.’' Because the preformed TiO, nanoparticles worked as nuclei,
TiO, was hydrothermally deposited within the templates. In addition, single crystalline
frameworks were successfully formed within the templates in the report by using
appropriate reaction conditions to form large crystalline domains.®* As shown in this
report, the use of hydrothermal deposition enables further design of nanostructured
metal oxides which cannot be achieved by the conventional process using the thermal

treatment.

1.4.3 Deposition methods of carbon

Deposition of carbon is mostly performed by high temperature heat treatment
of organic compounds under inert gas flows. The degree of graphitization is most
influential to the properties of carbon frameworks. Therefore, various strategies have
been developed to achieve high degree of graphitization. CVD method at high
temperature is also applied for the preparation of nanostructured carbon using the

templating method.
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Carbonization by high temperature heat treatment

The procedures of carbon deposition within silica templates are as follows.
After introduction of organic compounds into the templates, acid catalysts, such as
sulfonic acid and oxalic acid, are added to the carbon incorporated templates to promote
dehydration condensation between the carbon precursors. The templates are heated at
100-300 °C, and then 700900 °C under inert gas flows. Finally, the silica templates
were removed with HF aq. or NaOH aq. Although heat treatment at higher temperature
is desirable for graphitization (graphite is typically formed at 2300 °C), the collapse of
nanostructures and/or formation of silicon carbide are undesirably occurred. Therefore,
there need strategies to graphitize the carbon frameworks at lower temperature.

The use of aromatic compounds, such as naphthalene and anthracene, enables
the formation of more graphitic frameworks. Because the compounds possess similar
structures with graphite, the graphitic structures tend to form even at lower temperature.
R. Ryoo et al. achieved the preparation of mesoporous carbon with graphitic
frameworks using catalysts, such as Fe and Al, along with the aromatic compounds.>
The transition metal catalysts are modified on the surfaces of the templates or
incorporated into the templates. Owing to the use of the aromatic compounds and the
catalysts, the carbon frameworks can be graphitized at moderate temperatures of ca. 900

oC 55

Chemical vapor deposition (CVD)
Although CVD method requires a special equipment, the method provides high
degree of pore filling, resulting in dense pore walls without micropores within the

frameworks.** Owing to the use of vapor to incorporate carbon, the method is applied
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for various templates. In addition, in order to fully fill the templates, the method is also
used for additional incorporation of carbon after initial carbonization.**

The degree of graphitization depends on both the temperature and carbon
precursors. The use of acetonitrile was reported to be more effective to form highly

graphitized carbon frameworks.”

1.4.4 Deposition methods of other compounds

In addition to metals, metal oxides, and carbon, various compositions, such as
carbides, nitrides, fluorides, and chalcogenides, can be applied to the templating method.
The deposition methods within the templates for such compounds may be roughly
classified into the following three methods:*® 1) thermal decomposition of precursors
including constituent atoms of targeted compounds (under inert gas flows if needed), 2)
heat treatment of precursors under reactive gas flows, 3) heat treatment of
corresponding metal oxides under reactive gas flows. In the thermal decomposition of
precursors, the choice and/or preparation of appropriate precursors are the most
important step. Inert gas flows are sometimes required for non-oxygen containing
compounds to avoid oxygen impurities. The process of heat treatment of precursors
under reactive gas flows is almost similar process with the metal deposition using H,
gas flow. Outer deposition during the reactions must be avoided. In the process of heat
treatment of corresponding metal oxides under reactive gas flows, much attention must
be paid for the volume change during the transformation from oxides to targeted

compounds. When the volume change is large, the nanostructures will collapse.
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1.4.5 Summary

The deposition methods which have been applied for the templated preparation
of nanostructured materials are overviewed for each composition. In the templating
method, the inside deposition must be achieved for the successful preparation.
Therefore, the deposition methods should be appropriately chosen. The applicable
deposition methods are summarized in Table 1.2.

Table 1.2 Deposition methods applicable to the templating method.

Composition Deposition method

Metals Thermal reduction under H; gas flow,
electrodeposition, electroless chemical
deposition, UV reduction, and vapor phase

deposition method

Metal oxides Thermal decomposition and hydrothermal
deposition
Carbon Carbonization by high temperature heat

treatment and chemical vapor deposition
Others Thermal decomposition, heat treatments

(e.g. carbides, nitrides, and fluorides) under reactive gas flows, and heat
treatments of corresponding metal oxides

under reactive gas flows

1.5 Significance and objective of this thesis

The templating method using nanostructured silica as a template has been
demonstrated to be useful for the preparation of nanostructured materials as shown
above. However, the controllability of several structural factors, such as crystallite sizes
and crystal structures, is yet to be low, which is mainly because the deposition processes

are not sufficiently sophisticated.
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The purpose of this PhD study is to develop the deposition processes by
rationally separating the processes into multistep for further design of nanostructured
materials. The initially deposited compounds are expected to work as not only
components of final products but also a seed to induce the crystal growth of the
following deposited compounds. The seed compounds will be helpful for inside
deposition of the following deposited compounds. In addition, the stepwise deposition
should be advantageous for the preparation of nanostructured materials composed of
two different compounds because appropriate deposition methods can be separately
applied to deposition processes of each component. The ratio of the two components
can be easily controlled by varying the number of deposition times.

The preparative methodologies using stepwise deposition within the templates,
described in this thesis, enable further precise design of nanostructured materials which
have not been achieved by conventional one step deposition. Therefore, this thesis
surely contributes to synthetic chemistry of nanostructured materials, and accordingly

nanomaterial chemistry.
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2.1 Introduction

Since the discovery of ordered mesoporous silica in the early 1990s,' ordered
mesoporous materials with different chemical compositions have been actively studied.
Among various mesoporous materials, mesoporous TiO, is one of the most attractive
materials because of various potential applications, such as catalysts, dye-sensitized
solar cells, and lithium-ion batteries.” For these applications, the mesostructure of TiO,
(for example, surface area, pore volume, pore size, and so on) must be controlled. Also,
the crystal structure, crystallite size, and the level of doping of heteroatoms into TiO;
must be controlled, which is essentially important, because all of these three factors
greatly affect the properties of mesoporous TiO,. For example, higher electrical
conductivity and higher efficiency of charge carrier separation of TiO; has been realized
by 1) doping of heteroatoms into the frameworks, 2) full crystallization, and 3) increase
in the crystallite size.”® Furthermore, doping of heteroatoms enables visible light to be
absorbed, which is due to the formation of intermediate energy levels, thus meaning that
solar energy can be used more effectively.” One of the ultimate goals in the development
of this field is to prepare mesoporous TiO, with single-crystalline frameworks and
controlled doping. However, there have been no successful reports on this topic.

Two major approaches to prepare mesoporous TiO, are soft-* and
hard-templating methods.>* Neither crystallinity nor doping of mesoporous TiO, can be
controlled by soft templating. Preparation of mesoporous TiO, by soft templating is
carried out through cooperative assembly between titanium species and organic
surfactants, followed by template removal. Precise control of hydrolysis and
condensation rates of Ti precursors is required to achieve the cooperative assembly

because Ti precursors tend to form precipitates prior to the cooperative assembly owing
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to their high reactivity. Therefore, the method is unsuitable to control the dopant
concentration because the addition of different metal species into a Ti precursor solution
affects the hydrolysis and condensation rates of the precursor. Furthermore, formed
mesostructures tend to collapse during the removal of templates and the subsequent
crystallization by calcination. In particular, high-temperature calcination, which is
generally required to obtain fully crystallized TiO, frameworks with controlled
crystallite size or a high-temperature phase (rutile), inevitably causes serious collapse of

2408 Therefore, the method is unsuitable to control the crystallite

the mesostructure.
size and crystal structure along with retaining the mesostructure.’

Mesoporous TiO, can be prepared by hard-templating method by the following
three steps: 1) infiltration of Ti precursor inside spaces/pores of hard templates, 2)
deposition of TiO, typically by calcination, and 3) removal of the template. However,
the method has suffered from controlling the single-crystallinity of formed mesoporous
TiO,, because TiO, frameworks prepared by this method reported to date are
nanocrystalline even after full crystallization, which is not useful to achieve higher
electrical conductivity and charge carrier separation efficiency.” On the other hand, the
control of doping of heteroatoms by this method is easier than by the soft-templating
method because the process of the method is very simple without complicated sol—gel
processes.Sbfd

Recently, single-crystalline mesoporous TiO, has been successfully prepared
by using a silica nanoparticle assembly as template,’ though we should point out that the
mesostructure is not so ordered. In those reports, the single-crystalline frameworks were

achieved by using a hydrothermal process that had not been used for hard-templating

method. Another efficient key is the introduction of Ti species into hard templates prior
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to a hydrothermal process to deposit TiO, exclusively inside the template. Because it is
generally known that the crystal structure, crystallite size, and dopant concentration of
TiO, can be better controlled by the hydrothermal process than calcination,’ it is
expected that more sophisticated mesoporous TiO, can be prepared by using the method
reported previously.” However, single-crystalline mesoporous TiO, with ordered
mesostructure, which is promising for higher diffusivity of guest species,” has not yet
been achieved. Furthermore, doping of heteroatoms into the single-crystalline
mesoporous TiO, frameworks has not been achieved, either.

This chapter shows that mesoporous TiO, with both ordered mesostructure and
single-crystalline frameworks was prepared by using silica colloidal crystals as a
template (Scheme 2.1), and the ordering is much higher than those reported previously.3
Because the diameter of silica nanoparticles, which determines the pore size of
mesoporous TiO,, can be controlled in a wide range from nanometer to
submicrometers,® the template was chosen. Furthermore, Nb, which is very promising to
effectively enhance the performance of TiO, among other dopants,9 is doped into the
single-crystalline TiO, frameworks. This is the first report that has achieved the
preparation of ordered mesoporous TiO, with single-crystalline and Nb-doped TiO,
frameworks. Furthermore, to our surprise, the addition of a Nb precursor leads to the
formation of plate-like Nb-doped TiO, with ordered mesoscale dimples (Scheme 2.1).
This Nb-doped TiO; is thought to be formed by crystal growth directly on the surface of

the silica template.
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Silica colloidal crystals Ti and Nb sources Single crystalline Polycrystalline

rutile anatase
‘% v/ > Eiity
Hydrothermal treatment T .
& template removal Amount of d

Scheme 2.1 Preparation of single-crystalline mesoporous Nb-TiO, and plate-like

Nb-doped TiO, with ordered mesoscale dimples

2.2 Experimental
2.2.1 Materials

Tetracthoxysilane (TEOS, Wako Pure Chemical Industries, Ltd.) and
tris(hydroxymethyl)aminomethane (THAM, Wako Pure Chemical Industries, Ltd.) were
used for the preparation of silica colloidal crystals. Titanium tetrachloride (Wako Pure
Chemical Industries, Ltd.) was used for the preparation of Ti-containing silica colloidal
crystals. Tetrabutoxytitanium (TBOT, Wako Pure Chemical Industries, Ltd.) was
purified by distillation. The purified TBOT and niobium(V) chloride (Wako Pure
Chemical Industries, Ltd.) were used as the Ti and Nb precursors, respectively.
Concentrated hydrochloric acid (Wako Pure Chemical Industries, Ltd.) was used for the

hydrothermal process.

2.2.2 Preparation of silica colloidal crystals

Silica colloidal crystals were prepared by slightly modifying the conditions
reported previously."”” THAM (12.1 g, 1.00x10* mol) was dissolved in water (500 mL),
and the solution was stirred at 80 °C for 10 min. TEOS (100 mL, 0.451 mol) was
added into the solution, and the mixture was stirred at 80 °C for 24 h. Then, the
colloidal solution was cooled to room temperature. To grow the particles size of silica

nanoparticles, the procedure described above was basically repeated (seed-growth
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method). An aqueous solution of THAM (0.2 M, 375 mL) was mixed with the obtained
colloidal solution (125 mL), and the mixture was stirred at 80 °C C for 10 min. TEOS
(175 mL, 0.790 mol) was added to the mixture, and the mixture was stirred at 80 °C for
24 h. Then, the obtained colloidal solution was cooled to room temperature. Silica
colloidal crystals were obtained by drying the colloidal solution at 50 °C, and by the
subsequent calcination at 550 °C for 6 h. The obtained silica colloidal crystals were

lump-like with a few millimeters in size.

2.2.3 Preparation of Ti-containing silica colloidal crystals

The Ti-containing silica colloidal crystals that were used as a template were
prepared according to a previous report.” As explained previously,3 the incorporation of
Ti species into the silica colloidal crystal is required to deposit TiO, by a hydrothermal
process exclusively inside the template. A stock solution (2 M TiCly) was prepared by
mixing water (7 mL), conc. HCI (20 mL), and TiCls (2 mL) at ice bath temperature. The
stock solution was diluted to 15 mM with water. The prepared silica colloidal crystals
(5.0 g) were immersed in a 15 mM TiCly solution (33 mL) at 70 °C for 1 h. After
filtration of the aqueous solution, the colloidal crystals were washed with water.
Ti-containing silica colloidal crystals were obtained after calcination at 550 °C for 30

min.

2.2.4 Preparation of single-crystalline mesoporous Nb-TiO;
TBOT (0.8 mL) and a certain amount of conc. HCI solution of 0.2 M NbCls (59
mL, 119 mL, or 240 mL) were added to a mixture of conc. HCI (28 mL) and H,O (28

mL). The molar ratio of Ti:Nb in the reaction mixture was 1:0.005, 1:0.01, or 1:0.02.
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Then the prepared Ti-containing silica colloidal crystals were added to the mixture.
Hydrothermal treatment was performed at 150 °C for 12 h. Silica colloidal crystal/TiO;
nanocomposites were obtained after filtration of the solution and washing with water.
Finally, the nanocomposites were stirred in 2 M NaOH aqueous solution at 80 °C for 2 h
to remove the silica template. The obtained samples were denoted as Nb(X)-TiO,,
where X means 100xNb/(Ti+Nb) calculated from the quantitative analysis data by
inductively coupled plasma optical emission spectroscopy (ICP-OES) measurement. For
comparison, single-crystalline mesoporous TiO, was prepared without the addition of

Nb.

2.2.5 Characterization

Transmission electron microscopy (TEM) images and selected-area electron
diffraction (SAED) patterns were taken by a JEOL JEM-2010 microscope using an
accelerating voltage of 200 kV. Scanning electron microscopy (SEM) images were
taken by a Hitachi S-5500 electron microscope at an accelerating voltage of 2.0 kV for
the silica template or 15.0 kV for TiO, samples. Scanning transmission electron
microscopy (STEM) images and energy-dispersive X-ray (EDX) spectral mappings
were conducted on a JEOL JEM-2100F microscope using an accelerating voltage of 200
kV. Samples for TEM, SEM, and STEM measurements were dispersed in ethanol, and
the solutions were dropped on a carbon-coated microgrid (Okenshoji. Co). To conduct
SEM observation of the nanocomposite, the lump of the nanocomposite was mounted
on the carbon tape after cleaving the lump. The particle size of the silica nanoparticles
was estimated by measuring the size of 50 nanoparticles in the TEM images. X-ray

diffraction (XRD) patterns at very small diffraction angles were recorded with a Rigaku
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NANO-Viewer using CuKa radiation under the operating conditions of 40 kV and 30
mA and a Pilatus 2D X-ray detector (Dectris). N, adsorption—desorption isotherms were
measured with a MicrotracBEL BELSORP-max at —196 °C. The samples for the N,
adsorption—desorption measurements were preheated at 120 °C under vacuum.
High-angle XRD patterns were recorded with a Rigaku RINT-Ultima III diffractometer
using CuKa radiation under the operating conditions of 40 kV and 40 mA. ICP-OES
analysis was conducted on a Thermo Scientific iCAP 6500 Duo-ICP-OES. XPS profiles
were measured with a ULVAC-PHI PHI 5000 VersaProbe II using monochromated

AlK o radiation.

2.3 Results and discussion
2.3.1 Preparation of Ti-containing silica colloidal crystals

The Ti/Si ratio was calculated to be 2.9x10™* from an ICP-OES analysis. The
TEM images (Figure 2.1a—) and the XRD pattern at very small angles (Figure 2.1d)
clearly showed that silica nanoparticles ca. 30 nm in diameter were arranged in a
face-centered
cubic lattice. These data mean that silica colloidal crystals were successfully formed.
The steep increase in the N, adsorption—desorption isotherm (Figure 2.2) indicates the
formation of uniform pores, supporting the formation of the colloidal crystals. In the
low-magnification SEM image (Figure 2.3), TiO, bulk particles were not observed
outside the template, indicating that TiO, was deposited inside the template. This is
consistent with the effect of a very small amount of Ti atoms located on the surfaces of
silica nanoparticles to avoid the deposition outside of the template, reported previously.”

In the high-angle XRD pattern (Figure 2.4), the broad peak at 26=20-30°, which should
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be due to amorphous silica, was observed. Considering that TiO, should crystallize after
calcination at 550 °C, no peaks assignable to TiO, phase suggested two possibilities.
One is that the amount of TiO, in the template was too small to observe the peaks
assignable to crystalline TiO; in the XRD pattern. The other is that the crystallite size of

TiO; crystals was too small to detect as peaks in the XRD pattern.

Intensity (a.u.)

.

05 10 15 20

: T, 26/ °(Cu Ka)
Figure 2.1 TEM images of the Ti-containing silica colloidal crystals taken along a) [111],
b) [110], and c) [100] zone axes. d) Small-angle XRD pattern of the Ti-containing silica

colloidal crystals.
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Figure 2.2 N, adsorption-desorption of the Ti-containing silica colloidal crystals.

Figure 2.3 Low-magnified SEM image of the Ti-containing silica colloidal crystals.
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Figure 2.4 XRD pattern of the Ti-containing silica colloidal crystals.
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2.3.2 Analysis of chemical composition and crystal structure of Nb(X)-TiO;

The dopant concentrations of Nb(X)-TiO, are shown in Table 2.1. In the three
samples prepared by adding Nb, the Nb/(Ti+Nb) ratios were larger than those of the
starting reaction mixtures. This may be explained by the preferential deposition of Nb
species to Ti species, owing to the stronger Ti—-O—Nb bond than Ti-O-Ti bond,'® under
the presence of residual Ti and/or Nb species in the reaction mixture after the
hydrothermal treatment.

Table 2.1 Molar ratios of Nb(X)-TiOs.

Nb/(Ti + Nb) in the Nb/ Si/
. . . ) ) Sample name
starting reaction mixture (Ti + Nb) (Ti + Nb)
0.0 0.0 0.0 Nb(0)-TiO,
0.5x 1072 1.6 % 107 3.1x1072 Nb(1.6)-TiO,
1.0 x 1072 44x107 2.1x107 Nb(4.4)-TiO,
2.0 x 107 7.4%x107 1.7 %1072 Nb(7.4)-TiO,

The XPS peaks at about 464, 458, 210, and 207 eV were assigned to Ti 2p,,, Ti
2psn, Nb3dsjn, and Nb 3ds), respectively (Figure 2.5). The peaks at 206.8 eV can be
assigned to Nb**, and no peaks due to Nb** (ca. 206 V) were observed. The peak at
458.2 eV of Nb(X)-TiO; (X=0) and the peaks at 458.4 eV of Nb(X)-TiO, (X=1.6, 4.4,
and 7.4) were assigned to Ti*". The difference in the binding energy between pure TiO;
and Nb-doped TiO, samples is attributed to the presence of Nb. The shoulder peaks
around 457 eV newly appeared in the XPS profiles of Nb-doped TiO, samples, and the
peaks became more obvious with the increase in the amount of Nb. The shoulder peaks
indicate the presence of Ti*" in the TiO, lattice, meaning that the charge compensation

of Nb>* can be mainly achieved by reducing Ti*" to Ti*".*!"
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Figure 2.5 XPS profiles of Nb(X)-TiO, : X=a) 0, b) 1.6, c) 4.4, and d) 7.4 for A) 454—
468 eV and B) 202 eV-214 eV.

The XRD pattern of Nb(0)-TiO, (Figure 2.6A) shows that the crystal phase of
the product is mainly rutile and peaks due to brookite are slightly observed. It has
already been reported that hydrothermal treatment under highly concentrated HCI
conditions resulted in the formation of a high-temperature rutile phase.”*'*

With an increase in the amount of Nb, the intensity due to peaks of anatase
phase increased, and the intensities of the peaks due to rutile and brookite phases
decreased. In the XRD pattern of Nb(7.4)-TiO,, only the peaks that are due to anatase
were observed. The formation of an anatase phase in the presence of Nb can be
explained by the stronger Nb—O-Ti bond, and the bond hinders the formation of the
rutile phas.”®'® Furthermore, all the peaks in the XRD patterns were very sharp,
indicating the crystallite sizes were not so small, unlike conventional mesoporous TiO,
with polycrystalline frameworks.>** Tt should be noted that no peaks that are due to Nb

or Nb-Ti oxides were observed, which strongly supports that all Nb atoms are

successfully used to substitute with Ti sites of TiO, crystals as discussed below.
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Figure 2.6 XRD patterns of Nb(X)-TiO, ; X=a) 0, b) 1.6, c) 4.4, and d) 7.4 for A)
between 20—65° and B) between 24-28°. The peaks marked as B, R, and A are assigned
to brookite, rutile, and anatase, respectively. The lattice spacings of Nb(X)-TiO, (X=0,
1.6, 4.4, or 7.4) calculated from C) the 110 diffraction of rutile phase and D) 101

diffraction of anatase phase as a function of the dopant concentrations.

The diffraction peaks of all Nb-doped samples are shifted to lower angle with
the increase in the amount of Nb, corresponding to the increase in the d-spacings
(Figure 2.6B). This data clearly indicates that Ti was substituted with Nb because both
of the ionic radii of Nb>* (0.64 A) and Ti** (0.67 A), which were actually detected in the
XPS profiles of the Nb-doped samples, are larger than that Ti*" (0.61 A). Furthermore,
the d-spacings of Nb(X)-TiO; calculated from the 110 diffraction of rutile and the 101
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diffraction of anatase increased linearly with the amount of Nb (Figure 2.6C and 2.6D).
Because any peaks that are due to Nb- or Nb-Ti-based oxides were not observed, all Nb

atoms must have substituted for Ti sites in the TiO, lattice.

2.3.3 Characterization of nanostructured Nb(X)-TiO,

The SEM image of Nb(0)-TiO, (Figure 2.7) showed that the
three-dimensionally ordered mesoporous structure replicated from the template was
formed. The pore size was estimated as approximately 30 nm, which was almost the
same as the size of the silica nanoparticles. To our surprise, not only the
three-dimensional mesoporous structure (Figure 2.7b,c) but also a dimpled surface
without window pores (Figure 2.8) was observed for Nb(1.6)-TiO, and Nb(4.4)-TiO,.
Furthermore, only the dimpled surface was observed for Nb(7.4)-TiO,. The diameter of
the dimples was almost the same as those of the silica nanoparticles, and the
arrangement of the dimples were the same as that of the silica nanoparticles. These data
clearly show that both the three-dimensional mesoporous structure and the dimpled
structure were copresent, formed by replicating the template. These very unique

dimpled surface structures will be characterized and discussed later.
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Figure 2.8 SEM images of dimpled Nb-doped TiO, observed for (a) Nb(1.6)-TiO, and
(b) Nb(4.4)-TiO,.
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2.3.4 Characterization of single-crystalline mesoporous Nb-TiO,

In the TEM images of Nb(X)-TiO, (X=0, 1.6, and 4.4; Figure 2.9, top),
overlaps of mesopores, which are characteristic of three-dimensional porous materials,
were observed. The SAED patterns of the particles with three-dimensional mesoporous
structure (Figure 2.9, bottom) showed intense spots that are attributed to the
single-crystalline rutile phase, indicating the mesoporous particles had single-crystalline
TiO, frameworks. Furthermore, Nb atoms were uniformly distributed in mesoporous
Nb-doped TiO; particles, as shown in EDX spectral mappings (Figure 2.10). These data

are consistent with the peak shifts observed in the XRD patterns.

Figure 2.9 TEM images (top) and the corresponding SAED patterns (bottom) of
three-dimensional mesoporous Nb-doped TiO, observed for a) Nb(0)-TiO,, b)
Nb(1.6)-TiO,, and ¢) Nb(4.4)-TiO..
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Ti mapping Nb mapping

Ti mapping’ Nb mapping

Figure 2.10 BF-STEM images (left) and the corresponding EDX spectral mappings
(center and right) of mesoporous Nb-doped TiO, observed for (a) Nb(1.6)-TiO, and (b)
Nb(4.4)-TiO».

In the small-angle XRD patterns of Nb(X)-TiO, (X=0, 1.6, and 4.4; Figure
2.11), the peaks were observed at the same positions as those of the original silica
template though the intensity and resolution of the peaks were slightly lower than those
of the template. These results definitely show the successful formation of mesoporous
Nb-doped TiO, with both single-crystalline frameworks and a highly ordered pore
arrangement. The materials reported herein should have higher electrical conductivity
than those of conventional polycrystalline mesoporous Nb-doped TiO, owing to the
single-crystallinity.* Furthermore, the diffusivity of guest species in the samples should
be higher than those in single-crystalline mesoporous TiO; reported previously owing to

2213 For these

the ordered pore arrangement and three-dimensional interconnected pores.
reasons, the materials reported here are expected to show superior performance in

lithium-ion batteries, catalysts, dye-sensitized solar cells, and so on, because almost all

requirements for mesoporous Nb-doped TiO; are now fulfilled.
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Figure 2.11 Small angle XRD patterns; solid line: Nb(X)-TiO, (X = (a) 0, (b) 1.6, and

(c) 4.4); dotted line: Ti-containing silica colloidal crystals shown in Figure 2.1.
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2.3.5 Characterization of dimpled Nb-doped TiO;

As shown in Figure 2.7d and 2.8, unique dimpled structures were formed along
with the mesoporous structure when the Nb precursor was added. The ratio of the
dimpled structure to the mesoporous structure increased with the increase in the amount
of Nb, and all the particles observed for Nb(7.4)-TiO, were plate-like with dimpled
surfaces.

The TEM images and the corresponding SAED patterns of the dimpled
structures are shown in Figure 2.12. The SAED patterns showed ring-like patterns with
many intense spots attributed to the anatase phase, meaning that the dimpled structures
were polycrystalline anatase. The tendency of the increase in the amount of the phase
exhibiting dimples is consistent with the increase in the peak intensities of anatase in the
XRD patterns. Thus, it is reasonable that the formation of anatase induced by the

addition of Nb is strongly related to the formation of the dimpled structures.
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Figure 2.12 TEM images (top) and the corresponding SAED patterns (bottom) of
nanodimpled Nb-doped TiO, observed for a) Nb(1.6)-TiO,, b) Nb(4.4)-TiO,, and c)
Nb(7.4)-TiO».

The dimpled structures were formed by the deposition of TiO, on the surface of
the template, as discussed below, which is completely different from dimpled Au
nanoplate formed in the interstices of silica nanoparticles."*

The surface observation of Nb(7.4)-TiO, with the template was conducted after
cleaving the nanocomposite (Figure 2.13). The SEM image of cleaved surface, which
was not exposed to the solution during the hydrothermal treatment, showed an ordered
arrangement of silica nanoparticles without any TiO, particles. In contrast, the entire
surface of the exposed surface was covered with square-shaped particles. Furthermore,
the opposite surface of the particle shown in Figure 2.7d was also covered with the
square-shaped particles (Figure 2.14). These data indicate that dimpled structures were
formed by replication of the surfaces of the template. The surface replication by a

bottom-up process, such as a hydrothermal method, is actually unique because normal
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deposition on the surface results in the formation of bulk materials without any specific
surfaces. Probably the presence of a small amount of Ti on the silica colloidal crystals
influences the initial stage of deposition of Ti species directly on the surfaces of

assembled silica nanoparticles.

Exposed surface

Cleaved surface
Figure 2.13 SEM image of Nb(7.4)-TiO, with the template nanocomposite after

cleaving.

Figure 2.14 SEM images of Nb(7.4)-TiO,; low-magnified image of (a) the dimpled
particles shown in Figure 2.7d and (b) the opposite surface of the particles.

The addition of Nb led to the faster nucleation and crystal growth of TiO, than

those without Nb, resulting in the deposition of TiO, prior to the infiltration of Ti
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species into the inside of template. The crystallite size of rutile phase became smaller
with the increase in the amount of Nb (Figure 2.9). Furthermore, the anatase phase
formed by adding Nb was polycrystalline, which means that the crystallite size of
anatase phase is smaller than that of rutile phase. These data suggest that the addition of
Nb led to the faster nucleation and crystal growth.

The influence of Nb-doping into TiO; on the variation of both crystalline phase
and mesostructure has been confirmed in this study. The size of silica nanoparticles
forming a silica colloidal crystal template must be quite important to govern the
preference of infiltration of precursor solutions. The preparation of highly ordered
mesoporous Nb-doped TiO, with single-crystalline frameworks prepared in this study
should contribute to both deeper understanding of controlled preparation of mesoporous
transition metal oxides and various applications as electronically functional materials by

tuning the electronic states.

2.4 Conclusion

This chapter showed the preparation of highly ordered mesoporous Nb-doped
TiO, with single-crystalline frameworks using Ti-containing silica colloidal crystals as a
template. The regularity of mesopores was much higher than that of single-crystalline
mesoporous TiO; reported previously. This high regularity is attributed to the use of the
silica nanoparticles assembly with ordered arrangement as a template. This work
provides the method and chemistry for the design of mesoporous materials that should
be promising for use in various potential applications. The addition of the Nb precursor
into this reaction system unexpectedly induces the formation of very unique dimpled

structures. This finding provides the preparative methods for not only mesoporous
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materials but also plate-like Nb-doped TiO, with ordered mesoscale dimples from silica

colloidal crystals.
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3.1 Introduction

Ordered mesoporous carbon has been intensively studied for various potential
applications, such as supercapacitors, Li-ion batteries, and adsorbents, because of its
high surface area, large pore volume, uniform mesopores, chemical inertness,
mechanical stabilities, and electrical condu(:tivity.1 Because of these characteristics,
mesoporous carbon has also been used as a support to accommodate metal oxide
nanoparticles.” In fact, there have been some reports on such nanocomposites in various
metal oxides so far.” However, there still remains a challenge in the preparation of the
nanocomposites with high loading amount of metal oxides, although the loading amount
is the most influential on the properties of the nanocomposites.*

The nanocomposites are prepared by the following three steps: 1) preparation
of mesoporous carbon using hard- or soft-templating methods, 2) infiltration of a metal
oxide precursor into the prepared mesoporous carbon, 3) heat treatment of the metal
oxide precursor incorporated mesoporous carbon under inert gas flow. When the amount
of the introduced precursor is relatively small, dispersed metal oxide nanoparticles can
be obtained within the mesopores.” However, the increase in the amount of the
precursor undesirably induces the formation of bulk particles on the outer surface of
mesoporous carbon, which is mainly due to the weak interaction between the carbon
and metal oxides.> The introduction of oxygen containing functional groups into the
surface of carbon frameworks using oxidizing reagents, such as hydrogen peroxide and
nitric acid, has been used to vary the interactions between carbon and metal oxides.*
However, such a functionalization process often induces the deterioration of
mesostructures of carbon frameworks due to the harsh conditions of the introduction of

oxygen containing functional groups, and the amount of the introduced functional
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groups is limited.’ Therefore, unconventional approach is required for the preparation of
metal oxide nanoparticles incorporated mesoporous carbon with the controlled loading
amount.

Co-addition of precursors of carbon and metal oxides into a hard template such
as mesoporous silica is beneficial to avoid the formation of the bulk particles.” Metal
oxide nanoparticles are simultaneously formed along with carbon frameworks within
the template during the heat treatment. The formation of bulk particles are avoided
owing to both the strong interaction between the silica template and metal oxides and
doubly confinement by frameworks of silica and carbon.” However, the formed
nanoparticles were reported to be encapsulated within the carbon frameworks, meaning
that the surfaces of the nanoparticles were not effectively used.”™>

Herein, I have demonstrated that the use of metal oxide modified mesoporous
silica SBA-15° as a template is quite effective for the successful preparation of metal
oxide nanoparticles incorporated mesoporous carbon with high loading amount. In this
study, titanium oxide was chosen as an example to demonstrate the usefulness of the
preparative approach reported here because a combination of carbon and titanium
oxides is one of the most common combinations due to the potential application for
Li-ion batteries.” Titanium oxides are modified on the surface of mesoporous silica by
using a surface sol-gel technique,® and subsequently carbon was deposited within the
template. The formation of the bulk particles during the heat treatment for carbonization
and crystallization of titanium oxide can be avoided because titanium oxide was
immobilized on the surface of mesoporous silica template. In addition, the
encapsulation should also be avoided because the formation of TiO, nanocrystals occurs

in the interstices between the frameworks of the silica template and carbon frameworks
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owing to the immobilization of titanium oxide on the surface of mesoporous silica. This
is in contrast to the previous reports on the use of simultaneous addition of precursors of

metal oxide and carbon into the template for the preparation of such complex systems.

3.2 Experimental
3.2.1 Materials

Tetraethoxysilane (TEOS, Kishida Chemical Co.), triblock copolymer
EO,)PO70EO,¢ (Pluronic 123, Aldrich Co.), hydrochloric acid (35-37 wt%, Wako Pure
Chemical Industries Ltd.) were used for preparation of SBA-15. Titanium
tetraisopropoxide (TTIP, Wako Pure Chemical Industries Ltd.) was used as a Ti source.
Anhydrous toluene (Wako Pure Chemical Industries Ltd.) was used as a solvent for
modification of titanium oxide on the surface of SBA-15. 2,3-Dihydroxynaphthalene
(Tokyo Chemical Industry Co., Ltd.) and acetone (Wako Pure Chemical Industries Ltd.)
were used as a carbon source and solvent for the incorporation of the carbon source into
the template, respectively. Sodium hydroxide was used for removal of the silica

template.

3.2.2 Modification of titanium oxide on the surface of SBA-15

SBA-15 type mesoporous silica was hydrothermally synthesized at 130 °C
according to a literature.® After drying SBA-15 (0.6 g) at 120 °C for 3 h, the dried
SBA-15 was dispersed in toluene (20 mL), and then TTIP (1.9 mL, 6.5 mmol) was
added to the mixture. The mixture was refluxed at 110 °C for 3 h under N, flow. Then,
the mixture was filtered under N, atmosphere. The obtained powder was washed with

toluene and hexane, and then dried under reduced pressure. Then, deionized water (200
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mL) was added to the powder, and the aqueous mixture was stirred at room temperature
for 1 h to hydrolyze the unreacted alkoxy groups of the grafted alkoxide. The formation
of hydroxyl groups is required for the subsequent carbon deposition.” The powder was

recovered by filtration, and dried at 60 °C for 30 min in an oven. The obtained sample

was denoted as Ti-SBA-15.

3.2.3 Preparation of mesoporous C/TiO, nanocomposites

2,3-Dihydroxynaphthalene was chosen as a carbon source because it does not
require acid catalysts, which are reactive with titanium oxides, for its carbonization.’
The prepared Ti-SBA-15 (0.10 g) was dried at 120 °C for 3 h. Then,
2,3-dihydroxynaphthalene (4.3 g, 27 mmol) was dissolved in acetone (2.0 mL), and the
solution was added to the dried Ti-SBA-15. The mixture was placed under reduced
pressure to incorporate the carbon source into mesopores of Ti-SBA-15 by a capillary
force until the powder became dry. The obtained powder was calcined at 300 °C for 2 h
under Ar flow for the dehydration reaction between silanol groups of the surface of the
template and hydroxyl groups of the carbon source.” The calcined powder was washed
with acetone to remove the free carbon source,9 and then calcined at 900 °C for 5 h
under Ar flow. Finally, mesoporous C/TiO, was obtained after removal of the silica
template with 2 M NaOH aq. The obtained sample was denoted as mp-C/TiO, (mp:

mesoporous).

3.2.4 Characterization
Transmission electron microscopy (TEM) images and energy dispersive X-ray

(EDX) spectra of SBA-15 and Ti-SBA-15 were taken by a JEOL JEM-2010 microscope
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using an accelerating voltage of 200 kV. TEM images and high-resolution TEM
(HRTEM) image of mp-C/TiO, were conducted on a JEOL JEM-2100F microscope
using an accelerating voltage of 200 kV. Samples for TEM and EDX measurements
were dispersed in ethanol, and the solutions were dropped on a carbon-coated microgrid
(Okenshoji. Co). X-ray diffraction (XRD) patterns at small diffraction angles were
recorded with a Rigaku NANO-Viewer using CuKa radiation under the operating
conditions of 40 kV and 30 mA and a Pilatus 2D X-ray detector (Dectris). N,
adsorption-desorption isotherms were measured with a BELSORP-max (MicrotracBEL
Co.) at =196 °C. Prior to the N, adsorption-desorption measurement, samples were
heated at 120 °C under reduced pressure. The pore size was determined by using
adsorption data. High-angle XRD patterns were recorded with a Rigaku RINT-Ultima
III diffractometer using Ni-filtered CuKa radiation under the operating conditions of 40
kV and 40 mA and a high-speed 1D X-ray detector (D/teX Ultra). Inductively coupled
plasma optical emission spectroscopy (ICP-OES) analysis was conducted on a Thermo
Scientific iCAP 6500 Duo-ICP-OES. TGA measurement was conducted on a Rigaku

Thermo plus EVO2/TG-DTAS8121 instrument.

3.3 Results and discussion
3.3.1 Modification of titanium oxide on the surface of SBA-15

The Ti/Si ratio of Ti-SBA-15 was calculated to be 0.24 from the ICP-OES
measurements. The N, adsorption-desorption isotherms of SBA-15 and Ti-SBA-15 were
typical type IV (Figure 3.1A). The hysteresis loop in the N, adsorption-desorption
isotherm slightly shifted to lower relative pressure after the modification, and

accordingly the pore size calculated by using non-local density functional theory
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(NLDFT) method was reduced (Figure 3.1B). The reduction in the pore sizes indicates

the formation of the titanium oxide layers on the surface of SBA-15.

(A) (B)

r‘K:!T!
“g

© -

o [=)]

= Nl

w £

-~ c

o |(b

i (b) mg

o -~

] [

° g

Q =

Kl

E S

G o

>

sf|@

« o

1@
T T T T T T T 1 1 I I 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0 2 4 6 8 10 12
Relative Pressure (P/Pg) Pore diameter / nm

Figure 3.1 (A) N, adsorption-desorption isotherms and (B) NLDFT pore size
distributions of (a) SBA-15 and (b) Ti-SBA-15.

The small-angle XRD patterns showed that the prepared SBA-15 possessed an ordered
2D hexagonal mesostructure, and the mesostructure was retained after the modification
of titanium oxide (Figure 3.2).

It is reasonable that the peaks of Ti-SBA-15 did not shift from the original positions
because the size of periodicity should not be varied by the surface modification. The
textural properties of SBA-15 and Ti-SBA-15 calculated from the N
adsorption-desorption isotherms and the small-angle XRD patterns are shown in Table
3.1. The decrease in the pore volume and BET surface area also supports the surface

modification with titanium oxide.
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Figure 3.2 Small-angle XRD patterns of (a) SBA-15 and (b) Ti-SBA-15.
Table 3.1 Textural properties of SBA-15 and Ti-SBA-15.

Unit cell BET Pore NLDFT Wall
Sample . .
Name parameter  surface area  volume pore size thickness
[nm] [m’ ] [em® g'] [nm] [nm]
SBA-15 11.3 489 1.1 9.3 2.0
Ti-SBA-15 11.3 475 0.98 8.7 2.6

The XRD patterns of SBA-15 and Ti-SBA-15 showed only broad peaks due to
the amorphous silica template. This shows that anatase TiO, was not formed by

non-hydrolytic condensation between TTIP'® in the reaction conditions used in this

study.

(b)

(a)
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Figure 3.3 XRD patterns of (a) SBA-15 and (b) Ti-SBA-15.
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TEM images of Ti-SBA-15 (Figure 3.4) also supported the retention of the
mesostructured, as characterized by small-angle XRD patterns. The EDX spectra

showed the presence of Ti

species in each SBA-15 particle (Figure 3.4).
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Figure 3.4 TEM images (left) and corresponding EDX spectra (right) of (a) SBA-15 and
(b) Ti-SBA-15.

The formation of bulk particles by the outer deposition was not observed. These data
described above indicate the successful modification of titanium oxide. It should be
noted that the prevention of the formation of bulk titanium oxide particles is successful
because N, atmosphere was used throughout the reaction between surface OH groups
and TTIP and the following filtration to remove unreacted TTIP after the reaction. In
fact, when the filtration was performed under air atmosphere as reported previously,® the
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bulk particles were formed due to the hydrolysis and condensation of the unreacted

TTIP (Figure 3.5).

500 nm

Figure 3.5 SEM image of Ti-SBA-15 prepared by the filtration under air atmosphere.

3.3.2 Preparation of mesoporous C/TiO; using Ti-SBA-15 as a template

The weight fraction of carbon in mp-C/TiO, was calculated from the TGA
curve (Figure 3.6). The weight loss of ca. 10 wt% between room temperature to 280 °C
is mainly due to elimination of adsorbed water. The major decrease in the weight around
400 °C is due to the combustion of carbon. From the TGA curves, the weight fraction of
carbon content of mp-C/TiO; calculated from the weight loss is ca. 69 wt%. Therefore,

the weight fraction of TiO, of mp-C/TiO, was roughly estimated as 31 wt%.
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Figure 3.6 TGA curve of mp-C/TiO,.

The XRD pattern showed the three broad peaks at around 25°, 42° and 48°,
respectively (Figure 3.7). The broad peaks at 25° and 48° are due to amorphous carbon
frameworks. The peak at 48° can be assigned to anatase TiO,. The broad peak suggested
the formation of small anatase TiO, nanocrystals without the accompanying formation

of bulk TiO, nanoparticles.
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Figure 3.7 XRD pattern of mp-C/TiO,.
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The ordered mesostructure replicated form the template was clearly observed in
the TEM images of mp-C/TiO, (Figure 3.8).

)5

Figure 3.8 (a) TEM and (b) HRTEM images of mp-C/TiO,. Dotted circles indicate the

lattice fringes of the formed TiO; nanocrystals.

The peaks observed in the small-angle XRD pattern of mp-C/TiO, support the
successful replication of the template. The peak positions were slightly shifted to lower
angles, which is due to the shrinkage of the frameworks during the high temperature
heat treatment. The peak intensities became smaller if compared with those of the
original template, meaning that the regularity of the mesostructure was reduced. These
are common phenomena for the hard-templating synthesis of mesoporous carbon.' In
the TEM image, the small black spots were observed, which was due to the formed TiO,
nanocrystals. In fact, lattice fringes due to anatase TiO, were observed as indicated by
the two dotted circles in the HRTEM image (Figure 3.11b). Both of the crystallite sizes
are estimated to be ca. 3 nm and 5 nm, respectively, which is well consistent with the
broad peak in the XRD pattern (Figure 3.7). In addition, bulk particles were not
observed. These TEM images are the strong and direct evidence for the formation of
small TiO, nanocrystals without accompanying the formation of bulk particles. The
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formation of small crystallites is due to the suppression of the crystal growth by both the
silica frameworks of the template and the simultaneously formed carbon frameworks. In
addition, the covalent bonds between titanium oxide layer and the template are also
crucial. The migration of Ti species within the template during the carbonization was
suppressed due to the covalent bonds, resulting in the formation of small crystallite

sizes.

log Intensity (a.u.)
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Figure 3.9 Small-angle XRD patterns. Solid line: mp-C/TiO;; dotted line: SBA-15

(reprint of Figure 3.2a)

The N, adsorption-desorption isotherm of mp-C/TiO, was type IV with hysteresis loop,
indicating the successful formation of mesoporous structure (Figure 3.10A). Because
the calculation using NLDFT method was not fitted well, Barrett—Joyner—Halenda
method was applied for the calculation of the pore size distribution, although the
method assuming a cynlindrical pore shape is not suited the materials reported here. The
BJH pore size of mp-C/TiO, was ca. 3.3 nm in diameter (Figure 3.10B). The pore size is
in good agreement with the wall thickness of SBA-15, suggesting that the mesoporous

structure was formed by replicating the template. The textural properties of mp-C/TiO,
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calculated from the small-angle XRD pattern and N, adsorption-desorption isotherm are

summarized in Table 3.2.

(A) (B)
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Figure 3.10 (A) N, adsorption-desorption isotherm and (B) BJH pore size distribution of
mp-C/Ti0,.

Table 3.2 Textural properties of mp-C/TiO,.

Unit cell BET Pore Wall

Sﬁiﬁ? parameter  surface area  volume ]sglile{ [1[1)1 ?;(]3 thickness
[nm] m’g']  [em’g’] [nm]
mp-C/TiO, 10.5 993 0.79 33 7.2

The uniqueness of this study is the use of titanium oxide modified mesoporous
silica as a template for the preparation of mesoporous C/TiO, nanocomposite. Although
there have been some reports on the use of mesoporous silica with surface oxide such as

aluminum oxide as a template for preparation of mesoporous carbon, the preparation of
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the mesoporous nanocomposite has not been achieved. Because the covalent bonds
between the oxide layer and the surface of the template suppress the migration of Ti
species during the crystallization, small TiO, nanocrystals tend to form within the
template. The control of loading amount of TiO, on mesoporous carbon retaining small
crystallite sizes is expected to be achieved by increase in the thickness of the oxide

layer.

3.4 Conclusion

We have demonstrated the usefulness of titanium oxide modified mesoporous
silica as a template for the preparation of mesoporous C/TiO, nanocomposites. The
crystallization of the surface titanium oxide layer and the formation of carbon
frameworks occurred simultaneously during the heat treatment. The formation of
anatase TiO, with small crystallite sizes was due to the confinement effects by the rigid
frameworks of silica and carbon and the suppression of the migration by the covalent
bonds between the surface oxide layer and the surface of the template. In addition, the
encapsulation was avoided because the formation of TiO; nanocrystals occurred in the
interstices between the frameworks of the silica template and carbon frameworks owing
to the immobilization of titanium oxides on the surface of mesoporous silica. The
unique preparative route reported here should be applicable to other composition, which

enables further design of nanocomposite materials.
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Mesoporous Silica SBA-15  for
Preparation of Mesoporous Bimetallic
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4.1 Introduction

Bimetallic nanocrystals are attractive for wvarious applications because
synergistic effects between the two kinds of metals provide novel properties that cannot
be obtained from monometallic nanocrystals.' Bimetallic nanocrystals may be classified
into three structural types according to the arrangements of the two metals: 1) alloyed
(solid solution or intermetallic) structures,'** 2) core/shell structures,® and 3) phase

segregated heterostructures.'™'¢"

Because the properties of bimetallic nanocrystals
strongly depend on their structures, structural control is essential to tune their
physicochemical properties..” To date, numerous studies have been reported on
structural control in various combinations of metals." However, bimetallic nanocrystals
tend to form aggregates due to their high surface energy, resulting in less effective use

. 1
of their surfaces, d3

except for the mesoporous bimetallic structures described in the
next paragraph. Although capping agents, such as thiol and amine molecules, can
prevent the formation of aggregates, the properties of the surfaces are undesirably
influenced by such agents.

Mesoporous bimetallic materials are expected to be promising candidates
because their surfaces can be effectively used owing to their large inner surface areas
free from capping agents.* There have been several reports on the preparation of
mesoporous bimetallic nanostructures with alloyed® or core/shell structures.® Although
mesoporous bimetallic films composed of interstratified layers of mesoporous Pt and Pd
have been reported,” mesoporous bimetallic materials with a nanoscale
phase-segregated structure, which is generally accepted as a phase-segregated

nanostructure, ™'“" have not been achieved despite the usefulness of the bimetallic

structures as unique catalysts.” Nanoscale phase segregation is advantageous, compared
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with previously reported materials,* from the viewpoint of density of heterojunctions
between the two constituent metals, which is essential to obtain the associated unique
properties. Therefore, an unconventional approach is required for further development
of this field.

Among several approaches for the preparation of mesoporous metallic
materials,* the use of mesoporous silica should be very promising for the preparation of
bimetals with phase-segregated heterostructures because silica can effectively serve as
both a support’® and a template.*™™ Therefore, we envisaged that monometallic
nanocrystals might be supported on mesoporous silica® and that they can be used as
seed metals to form heterojunctions via a seed-growth method. Furthermore, the
anisotropic growth of the second metal from preformed nanocrystals supported on the
mesopores can be achieved irrespective of various synthetic factors (e.g. size, shape,
and facets of seed metals, combination of two metals, etc.) owing to the anisotropic

. 1d,4b,f
shapes of mesopores and rigid frameworks. a4,

Although the usefulness of mesoporous
silica as both a support and template has been demonstrated in many studies, ™" the
preparation of mesoporous bimetallic materials with phase-segregated heterostructures
has yet to be achieved.

This chapter describes stepwise deposition of Au and Pt within
two-dimensional mesoporous silica SBA-15' for preparation of mesoporous bimetallic
Au-Pt with a phase segregated structure. This chapter consists of two sections (Section
4.2 and 4.3). Section 4.2 describes the preparation of controlled nanostructured Au
within mesopores. Au nanorods replicated from cylindrical mesopores of SBA-15 and

Au nanoparticles were selectively prepared by performing Au deposition under the

absence or presence of hexadecyltrimethylammonium bromide (C;sTMAB). Section 4.3
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describes the preparation of bimetallic Au-Pt with a phase segregated structure by
stepwise deposition of Au and Pt. Au nanoparticles were prepared within the mesopores
of SBA-15 by using the deposition method described in section 4.2, and then Pt was

deposited to form heterojunction between the two metals.

4.2 Preparation of highly controlled nanostructured Au within mesopores using
reductive deposition in non-polar environments

This section describes the deposition of Au exclusively inside mesoporous
silica by a liquid phase deposition process using a non-polar solvent and unique
reducing agent (Scheme 4.1). The method reported here has several advantages,
including ease of scale-up, energy consumption, and simple synthetic equipments.
Although liquid-phase deposition is an ideal process because of these advantages, this
method has not been suited to the templating method because Au precursors
incorporated into the template tend to migrate outside the template owing to their
dissolution into solvents containing reducing agents. Therefore, we have conceived a
protocol employing a reducing agent/solvent combination, both of which have low
affinity with the Au precursor, to enable Au deposition inside mesoporous silica. In this
section, Au is exclusively deposited inside SBA-15' without outside deposition by
using hexane and 1,1,3,3-tetramethyldisiloxane. In addition, we have succeeded in
separately preparing Au nanorods without simultaneous addition of surfactants and Au
nanoparticles using C;sTMAB as a surfactant. Because the properties of nanostructured
Au are greatly influenced by their morphology and size, the utility of the method
reported here becomes apparent since nanoparticles and nanorods can be selectively

prepared by simply performing deposition in the presence or absence of the surfactants.
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Scheme 4.1 Preparation of controlled nanostructured Au within mesopores

4.2.1 Experimental
4.2.1.1 Materials

Tetraethoxysilane (TEOS, Tokyo Chemical Industry Co., Ltd.), triblock
copolymer EO,0PO7oEO,¢ (Pluronic 123, Aldrich Co.), and hydrochloric acid (35-37
wt%, Wako Pure Chemical Industries Ltd.) were used for the preparation of SBA-15.
HAuCls4H,0 (Kanto Chemical Co., Inc.) was used as a Au precursor. Anhydrous
ethanol (Wako Pure Chemical Industries Ltd.) was used as a solvent for incorporation of
the Au precursor. Hexane (Wako Pure Chemical Industries Ltd.) and
1,1,3,3-tetramethyldisiloxane (TMDS, Tokyo Chemical Industry Co., Ltd.) were used as
solvent and reducing agent, respectively. C;eTMAB (Wako Pure Chemical Industries
Ltd.) was used as a capping agent to control the morphology of the nanostructured Au

inside mesoporous silica.

4.2.1.2 Preparation of SBA-15
Mesoporous silica SBA-15 was hydrothermally synthesized at 100 °C
according to a literature.'® The temperature of the hydrothermal treatment in this section

was different with that in Chapter 3. Therefore, the textural properties of SBA-15
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prepared in section 4.2 are different with those of SBA-15 prepared in Chapter 3. The
Synthesized SBA-15 had a highly ordered 2D hexagonal mesostructure, as determined
by its X-ray diffraction (XRD) pattern (Figure 4.1). The unit cell parameter was

calculated as 10.6 nm from the d;y spacing of the XRD pattern.
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Figure 4.1 Low-angle XRD pattern of SBA-15.

Straight mesochannels were clearly observed in the transmission electron microscopy

(TEM) image (Figure 4.2).

Figure 4.2 TEM image of SBA-15.
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The N, adsorption desorption isotherm of SBA-15 was typical type IV (Figure 4.3A),
which is characteristic of mesoporous materials. The pore size of SBA-15 as calculated
by the Barrett—Joyner—Halenda (BJH) method was calculated as 8.1 nm (Figure 4.3B)

and the pore volume was estimated as 1.2 cm’g™" from the volume of adsorbed N, at

P/Py = ca. 0.99.
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Figure 4.3 (A) N, adsorption-desorption isotherm of SBA-15 and (B) BJH pore size
distribution of SBA-15.

4.2.1.3 Preparation of Au nanorods inside SBA-15

SBA-15 was dried under reduced pressure at 120 °C to remove adsorbed water.
The dried SBA-15 (0.1 g) was then dispersed in anhydrous ethanol (10 mL). A stock
solution of HAuCls4H,0 in ethanol (12 mL, corresponding to 0.029 mmol of Au) was
added to the solution containing SBA-15. The mixed solution was placed under reduced
pressure to incorporate the Au precursor into the mesopores of SBA-15 by capillary

forces; this process yielded a dried powder. The color of the Au-incorporated SBA-15
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powder was yellow. After the powders were dispersed in hexane (5 mL), TMDS (103 m
L, 0.58 mmol) was added to the hexane solution under stirring; the color of the powder
was observed to change to black-purple within 1 min. After stirring for 1 h, the hexane
solution was filtered. The obtained powders were washed with hexane and ethanol and
dried at room temperature under an air atmosphere. The obtained product was denoted

as SBA-15/Au.

4.2.1.4 Preparation of Au nanoparticles inside SBA-15 by adding C,(TMAB

The preparative procedure of Au nanoparticles inside SBA-15 was almost same
except the addition of C;sTMAB before the reduction. Before the addition of TMDS,
CisTMAB (0.091 g, 0.25 mmol) was added into the solution. The color of the powders
in the solution turned orange from yellow during stirring, which indicates the formation
of a gold complex with C;sTMAB."" After stirring for 1 h, the reducing agent was added
into the mixture. The color of the powders in the solution turned from orange to purple.
After stirring for 1 h, the hexane solution was filtered. The obtained powders were
washed with hexane and ethanol and dried at room temperature in air atmosphere. The

obtained product was denoted as SBA-15/Au_C;,TMAB.

4.2.1.5 Characterization

TEM images, selected area electron diffraction (SAED) patterns, and energy
dispersive X-ray (EDX) spectra were recorded on a JEOL JEM-2010 electron
microscope (accelerating voltage of 200 kV). Samples were dispersed in ethanol and
mounted on a STEM microgrid for TEM observations. High-angle XRD patterns were

measured using a Rigaku RINT-Ultima III diffractometer with a high-speed X-ray
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detector (D/teX Ultra; CuKa radiation of 40 kV, 40 mA). Low-angle XRD patterns
were measured using a Rigaku Ultima IV diffractometer (FeKa radiation of 40 kV, 30
mA). N, adsorption—desorption isotherms were measured using a Quantachrome
Autosorb-1 apparatus. The sample was preheated at 120 °C for 3 h under vacuum. Pore

size distributions were calculated from the adsorption branch by the BJH method.
Solid-state *’Si magic-angle spinning (MAS) NMR measurement was recorded using a
JEOL INM-CMX-400 spectrometer at a resonance frequency 79.42 MHz with a pulse
width of 45 and a recycle delay of 100 s. Chemical shifts for *Si MAS NMR were
referenced to poly(dimethylsilane) at —33.8 ppm. FT-IR spectra were recorded on a

JASCO FT/IR 6100 spectrometer by a KBr disk technique.

4.2.2 Results
4.2.2.1 Characterization of SBA-15/Au

The TEM images of SBA-15/Au are shown in Fig. 4.4a and b. A rod-like
morphology replicated from the cylinder-like pore of SBA-15 was observed along the
mesopores of SBA-15. The diameter of the nanorods was estimated to be about 8 nm,
corresponding to the pore size of SBA-15. These results show that Au was deposited
inside the mesopores of SBA-15. Furthermore, it should be noted that almost no
particles other than nanorods were observed even in the low-magnified TEM image (Fig.

4.4a), indicating that single-phase Au nanorods were obtained.
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Figure 4.4 TEM images of SBA-15/Au (a) low-magnification, (b) high-magnification
(inset: corresponding SAED pattern) and (c) dark-field TEM image in the same area as

(b).
The SAED pattern (Fig. 4.4b, inset) showed ring-like diffractions, although the

intensity of the diffractions was very weak. This weak intensity can be explained by
both the small amount of Au in the area and electron-beam scattering by mesoporous
silica. The single-crystalline domain size of the Au nanorods was estimated to be less
than 30 nm as determined from dark-field TEM image (Fig. 4.4c), which was smaller
than the long-axis length (several tens of nm to ca. 200 nm); these data are indicative of
the polycrystalline nature of the Au nanorods. As determined from the 111 lattice plane
in the XRD pattern of SBA-15/Au (Fig. 4.5), the crystallite size was calculated as ca. 16
nm by the Scherrer equation using the Scherrer constant K = 1. This calculated value is
close to that estimated from the dark-field TEM image, which suggests that Au
nanorods were formed inside SBA-15/Au without the accompanying formation of bulk
Au particles. After the reduction, silanol groups located on the surface of SBA-15 were
modified with TMDS at least partly, which is supported by the reduction of the signal
due to Q° units of SBA-15 and the presence of signals due to M and D units of TMDS
(Figure 4.6). Three bands at 2924 cm™' (CH; sym stretching), 2853 cm ' (CHj3 asym
stretching), and 2148 cm ™' (Si—H stretching) were observed in the FT-IR spectrum of

SBA-15/Au (Figure 4.7), also supporting the surface modification with TMDS.

94



Chapter 4

Au
111
2
‘B
c
9
=
Au
200
w
o
L
[Te]
30 35 40 45 50

20/ °(Cu Ka)

Figure 4.5 XRD pattern of SBA-15/Au.
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Figure 4.7 FT-IR spectra of SBA-15 and SBA-15/Au.
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4.2.2.2 Characterization of SBA-15/Au_C,TMAB

The liquid-phase deposition has advantages from the viewpoint of the control
of reductive behavior using capping agents, such as surfactants and polymers. This
controllability is important for preparation of nanostructured Au because reductive
behavior is related to the morphology and size of deposited Au inside mesoporous silica.
Therefore, we added C;(TMAB, often used as a capping agent for preparation of
nanostructured Au in a liquid phase,'? to the hexane solution prior to reduction.

The TEM image of SBA-15/Au_C;sTMAB is shown in Fig. 4.8a and b. The
removal of C;(TMAB molecules was confirmed by EDX spectra of
SBA-15/Au_CsTMAB before and after washing (Figure 4.8b and c), showing the
absence of bromide and chloride ions after washing. Au nanoparticles were observed
with morphologies noticeably different from the Au nanorods prepared without
CisTMAB. In addition, the formed Au nanoparticles had a noticeably wider distribution
than Au nanorods, although accurate three-dimensional distributions could not be
obtained from the TEM images. The diameters of the nanoparticles were ca. 8 nm,
almost identical to the pore size of SBA-15. Outer deposition of Au was not observed
even in the low-magnified TEM image (Figure 4.8a) as well as SBA-15/Au. The
crystallite size was calculated as about 8 nm from the 111 lattice plane in the XRD
pattern (Fig. 4.9) using the Scherrer equation, indicating that each Au nanoparticle was
single crystalline. In contrast, when the amount of C;(TMAB was decreased, not only
nanoparticles but also nanorods were observed (Figure 4.10). These data show that
C16TMAB changed the morphology of nanostructured Au inside mesoporous silica; the
reason for this morphological variation by the addition of C;sTMAB is discussed in the

next section.
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Figure 4.9 XRD pattern of SBA-15/Au_CcTMAB.
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Figure 4.10 TEM image of SBA-15/Au C;sTMAB prepared by the reduction in the
presence of 0.025 mmol of C;,TMAB.

We have already reported the preparation of nanostructured Pt using a
mesoporous silica film in the presence of surfactant molecules using an
electrodeposition process."> Although electrodeposition is suitable for metal deposition
within mesopores in a liquid phase because the deposition site is limited to the surface
of substrate, a conductive substrate is necessary for successful preparation. Conversely,
the deposition method using a chemical reducing agent reported here is advantageous in

terms of its applicability to not only powders but also films on insulating substrates.

4.2.3 Discussion
4.2.3.1 Significance of the use of non-polar compounds as a solvent and a reducing
agent

In this study, we have succeeded in performing Au deposition solely inside
mesoporous silica without surface modification. The most significant difference
between the preparative method reported here and those in previous reports is the use of

non- polar-liquid as a medium for reductive deposition. Therefore, this difference is
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strongly related to successful Au deposition.

In order to deposit Au inside mesoporous silica, the migration of Au species
must be suppressed. Au species migrate inside mesoporous silica either by pore surface
diffusion or pore bulk diffusion; pore surface diffusion is the dominant migration
mechanism for compounds interacting with the surface of mesoporous silica, whereas
pore bulk diffusion predominates for compounds that do not interact with the surface.**
The diffusion coefficient of pore surface diffusion is much smaller than that of pore bulk
diffusion.'* In addition, stronger interactions will lead to slower pore surface diffusion."
Therefore, it is vital to promote stronger interactions of Au species with mesopore
surfaces in order to suppress the migration of Au species.

In the initial reduction process, Au precursors and partially reduced precursors,
both of which are ionic compounds, exist within the mesopores. The ionic Au
compounds interact with the silica surfaces owing to the presence of polar silanol
groups. In particular, because hexane has a low affinity with the ionic Au compounds,
these species should be located near the surface in the hexane solution; this suggests
that the use of hexane leads to the restriction of the Au species migration by pore
surface diffusion which is much slower than pore bulk diffusion'*® —one of roles of
hexane for controlled Au deposition inside mesoporous silica. Because the interactions
between polar compounds increase inversely with the dielectric constant of the reaction
medium, it is reasonable to suggest that the use of solvent with extremely low dielectric
constant such as hexane suppresses migration. Outer deposition of Au was slightly
observed when other reducing agents, like triethyl-, butyl-, and hexyl-silanes were used
(Figure 4.11). The use of triphenylsilane induced larger outer deposition of Au. The

function of reducing agent in the non-polar systems needs further studies.
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0.5 pm -
Figure 4.11 TEM images of SBA-15/Au prepared by using (a) triethylsilane, (b)
tributylsilane, (c) trihexylsilane, and (d) triphenylsilane as reducing agents, respectively.

With the progress of the reduction process, Au atoms or clusters, which are no
longer ionic compounds, are formed within the mesopores. As a result of the weak
interactions between silanol groups and Au, Au atoms or clusters should migrate not

142 Although this is not

only by pore surface diffusion but also pore bulk diffusion.
related to the state (liquid or gas) of the reductive reaction medium, the diffusion
coefficient for pore bulk diffusion in the liquid phase is smaller than that in the gas

phase by two to three orders of magnitude.14b This means that the use of liquid hexane

as the reductive reaction medium suppresses the migration of Au species compared to
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the gas phase.

4.2.3.2 Effect of the addition of C;(TMAB

As shown in the Results section, the addition of C;(TMAB into the hexane
solution before reduction resulted in the formation of Au nanoparticles within the
mesopores. Here, the effect of the addition of C;TMAB is discussed. C;{sTMAB forms
complexes with HAuCly (le,TMA—AuBm),11 and is known to strongly interact with Au
atoms and clusters.'” Therefore, the apparent sizes of Au species are presumed to
enlarge further in the presence of C;cTMAB than in the absence of C;,TMAB, which
should suppress the migration of Au species within the mesopores. As previously
demonstrated, because the molecular size of C;(TMAB is comparative to the
complementary pores,'® migration between the mesopores through these pores should
be suppressed. This naturally disturbs the crystal growth or aggregation of Au, resulting

in the formation of Au nanoparticles.

4.2.4 Summary

The use of non-polar liquid as a solvent and reducing agent is demonstrated to
be valuable for controlled Au deposition exclusively inside mesoporous silica. Hexane
and reducing agent TMDS play critical roles in suppressing the migration of Au species
within the mesopores. In addition, the selective preparation of Au nanoparticles and
nanorods was successfully achieved by simply performing reductive deposition in the
presence or absence of C;TMAB. The use of surfactants such as C;cTMAB for the hard
templating method is advantageous for the liquid phase deposition process reported here,

which enables further precise design of nanostructured Au materials.
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4.3 Preparation of mesoporous bimetallic Au-Pt with a phase segregated
heterostructure using mesoporous silica

This section describes the preparation of mesoporous bimetallic Au-Pt with
phase segregated heterostructures using SBA-15' as a template. Au nanoparticles were
prepared as seed metals within the mesopores of SBA-15 by using the deposition
method in section 4.2, and subsequently Pt was deposited'® in between the Au seeds
(Scheme 4.2). A combination of Au and Pt was chosen because carbon monoxide can be
used to probe the surface compositional properties of bimetallic Au-Pt since the
electrooxidation behavior of adsorbed CO on Au and Pt occur at different electrode
potential.'” Hence, CO,q stripping voltammetry should provide information regarding
the alloying state of mesoporous bimetallic Au-Pt as well as the surface Au/Pt ratio.
Furthermore, the Au/Pt ratio, which has a strong impact on the surface properties of
bimetallic Au-Pt, was varied by controlling the deposition time of Au in order to

demonstrate the usefulness of the preparative method for tuning the properties.

Au deposition Pt deposition Template removal

4 - LG

v '@

Mesoporous silica SBA-15/Au SBA-15/Au/Pt  Mesoporous
(SBA-15) bimetallic Au-Pt

Scheme 4.2 Preparation of mesoporous bimetallic Au-Pt with a phase segregated

heterostructure.

4.3.1 Experimental
4.3.1.1 Material
Tetraethoxysilane (TEOS, Kishida Chemical Co.), triblock copolymer

EO20PO7EOyy (Pluronic 123, Aldrich Co.), and hydrochloric acid (35-37 wt%, Wako
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Pure Chemical Industries Ltd.) were used for the preparation of SBA-15. HAuCls-4H,
O (Kanto Chemical Co., Inc.) and H,PtCls-6H,O (Wako Pure Chemical Industries Ltd.)
were used as Au and Pt precursors, respectively. Anhydrous ethanol was used as a
solvent for incorporation of the Au and Pt precursors. Anhydrous hexane (Wako Pure
Chemical Industries Ltd.), 1,1,3,3-tetramethyldisiloxane (TMDS, Tokyo Chemical
Industry Co., Ltd.), and hexadecyltrimethylammonium bromide (C;sTMAB, Wako Pure
Chemical Industries Ltd.) were used as solvent, reducing agent, and capping agent,
respectively, for the preparation of Au nanoparticles incorporated into SBA-15.
Dimethylamine borane (DMAB, Wako Pure Chemical Industries Ltd.) was used as a
reducing agent to deposit Pt inside the mesopores. Hydrofluoric acid (Wako Pure
Chemical Industries Ltd.) was used for removal of the silica template. Ultrapure water

was used for all experimental procedures in the electrochemical analyses.

4.3.1.2 Preparation of Au nanoparticles incorporated into SBA-15 (SBA-15/Au(X))

Mesoporous silica SBA-15, used as a template, was synthesized at 130 °C
according to a previous procedure.'® Although the temperature of the hydrothermal
treatment was same as that in Chapter 3, the preparation was performed in the different
batches. Therefore, the textural properties of SBA-15 prepared in this section are
slightly different with those of SBA-15 prepared in Chapter 3. The complementary
pores between mesopores, which are characteristic of SBA-15,'" ensured the
accessibility of Pt species into the mesopores even when Au nanoparticles had already
been deposited within them. The prepared SBA-15 had a highly ordered 2D hexagonal
mesostructure, as evidenced by its small angle X-ray diffraction (XRD) pattern (Figure

4.12) and transmission electron microscopy (TEM) images (Figure 4.13). The unit cell
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parameter of SBA-15 was calculated as 11.2 nm from the d;y spacing in the XRD

pattern.
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Figure 4.12 Small angle XRD pattern of SBA-15.

Figure 4.13 TEM images of SBA-15 taken from (A) perpendicular and (B) parallel to

the pore axis.

The N, adsorption-desorption isotherm of SBA-15 (Figure 4.14A) was a typical type IV
curve, and the pore size was calculated as 9.2 nm by using Barrett—Joyner—Halenda

(BJH) method (Figure 4.14B).
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Figure 4.14 (A) N, adsorption-desorption isotherm and (B) BJH pore size distribution of
SBA-15.

SBA-15/Au with different Au/Si ratios were prepared by slightly modifying the
method in section 4.2. SBA-15 was dried under reduced pressure at 120 °C for 3 h to
remove adsorbed water. The dried SBA-15 (0.3 g) was dispersed in anhydrous ethanol
(30 mL). A stock solution (2.4 M HAuCly-4H,O) was prepared by dissolving
HAuCls-4H,0 (1.0 g) in anhydrous ethanol (1.0 mL). An aliquot of the stock solution
(72 pL, 0.17 mmol) was added to the dispersion of SBA-15 in ethanol. The mixture was
placed under reduced pressure to incorporate the Au precursor into the mesopores of
SBA-15 until a dry yellow powder was obtained. The obtained powder was further dried
under reduced pressure for at least 2 h. This procedure was essential to prevent outer
deposition of Au. The dried powder was dispersed in anhydrous hexane (15 mL)
containing C;c TMAB 0.55 g, 13 mmol), and the solution was stirred at room
temperature for 1 h. Then, TMDS (618 uL, 3.6 mmol) was then added to the solution
under stirring. After further stirring for 1 h, the dispersion in hexane was filtered. The
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obtained powder was washed with hexane and ethanol to remove the reducing agent and
CisTMAB, and then dried at room temperature.

For the preparation of SBA-15/Au with a larger amount of Au, the procedure
described above was basically repeated once or twice more. The obtained samples are

denoted as SBA-15/Au(X), where X is the number of Au deposition cycle.

4.3.1.3 Preparation of mesoporous bimetallic Au-Pt with a phase segregated
heterostructure (mp-Au(Y)/Pt)

Pt was deposited through vapor infiltration of DMAB.'®!®

The prepared
SBA-15/Au(X) was dried at 120 °C for 3 h to remove adsorbed water. The dried
SBA-15/Au(X) (0.2 g) was dispersed in anhydrous ethanol (20 mL). A stock solution
(1.9 M H,PtCls -6H,0) was prepared by dissolving H,PtCls-6H,0 (1.0 g) in anhydrous
ethanol (1.0 mL). The amount of stock solution added was set at 600 nL/0.2 g SiO,. The
Si0; contents of 0.2 g of SBA-15(X) (X =1, 2, and 3) were calculated to be 0.19, 0.18,
and 0.16 g, respectively, from the inductively coupled plasma optical emission
spectroscopy (ICP-OES) data. Therefore, 560, 530, or 490 pL of the stock solution was
added to dispersion of SBA-15/Au(X) (X = 1, 2, or 3), respectively, in ethanol. The
mixture was placed under reduced pressure to incorporate the Pt precursor into the
mesopores of SBA-15/Au(X) until a dry powder was obtained. The obtained powder
was put on a dish, and the dish was placed in a closed vessel along with DMAB (2.0 g,
34 mmol) on another dish, at 45 °C for 7 d. The powder was stirred with a spatula once
a day. After 7 d, the powder was washed with ethanol and dried at room temperature

(SBA-15/Au(X)/Pt). Finally, SBA-15/Au(X)/Pt was stirred in 10 wt% aqueous HF

solution at room temperature for 3 h to remove the silica template. The obtained
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samples are denoted as mp-Au(Y)/Pt, where Y denotes the Au/Pt ratio calculated from
quantitative ICP-OES data. For comparison, mesoporous Pt (mp-Au(0)/Pt) was

prepared by omitting the procedure for the incorporation of Au nanoparticles.

4.3.1.4 Analysis of surface compositional properties of mp-Au(Y)/Pt

All electrochemical measurements were performed by using a three-electrode
system at room temperature. A beaker-type electrochemical cell equipped with a glassy
carbon working electrode, a platinum mesh counter, and an Ag/AgCIl/KCI (satd.)
reference electrode, connected with a salt bridge, was used. All potentials reported
herein are referred to the reversible hydrogen electrode (RHE) scale.

Aqueous solutions of mp-Au(Y)/Pt (1 mg mL™! catalyst) were prepared by
sonication of the samples in ultrapure water for 10 min. Working electrodes were
prepared by dropping 20 pL of the catalyst solution onto a glassy carbon electrode and
drying at 60 °C. This procedure was repeated once more. Then, 20 uL of 1 wt% Nafion
ionomer solution (Aldrich Co.) was dropped onto the electrode surface and dried at 60
°C to immobilize the catalysts. The amount of catalyst on each electrode was estimated
by ICP-OES measurement of the catalyst solution.

Pre-adsorbed CO (CO,q) stripping voltammetry was utilized to characterize the
surface compositional properties of mp-Au(Y)/Pt. Prior to CO,q stripping voltammetry,
the potential was cycled between 0.05 V and 1.6 V in 0.5 M H,SO; at a scan rate of 50
mV s for 10 cycles to clean the surface. CO gas was introduced to purge the
electrolyte for 30 min while maintaining a constant voltage of 50 mV vs. RHE to allow
complete adsorption of CO onto the catalyst surface. Excess CO in the electrolyte was

then purged out by bubbling N, gas for 30 min. CO,q stripping voltammetry was
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performed at a scan rate of 10 mV s'. The electrochemical surface areas (ECSAs) of the
catalysts were calculated from the CO stripping voltammograms assuming a monolayer
of linearly adsorbed CO on the metal surface and the coulombic charge required for the
oxidation to be 420 pC cm ™ (ECSAco). The ECSA was normalized by the amount of Pt
on the electrode surface, assuming that CO was adsorbed only on Pt surface. For
comparison, the ECSA was also calculated from the hydrogen desorption peaks
(ECSAy) assuming that the coulombic charge required for the oxidation on

polycrystalline Pt was 210 pC cm >,

4.3.1.5 Characterization

TEM images and energy dispersive X-ray (EDX) spectra of SBA-15,
SBA-15/Au(X), and SBA-15/Au(X)/Pt were acquired on a JEOL JEM-2010 microscope
using an accelerating voltage of 200 kV. TEM images and EDX spectral mappings of
mp-Au(Y)/Pt were acquired on a JEOL JEM-2100F microscope with an accelerating
voltage of 200 kV. Samples for TEM and EDX measurements were dispersed in ethanol,
and the dispersions were dropped onto a carbon-coated microgrid (Okenshoji. Co).
XRD patterns at very small diffraction angles were recorded with a Rigaku
NANO-Viewer using CuKa radiation with operating conditions of 40 kV and 30 mA,
employing a Pilatus 2D X-ray detector (Dectris). N, adsorption-desorption isotherms
were measured with a BELSORP-max (MicrotracBEL Co.) at =196 °C. Prior to the N,
adsorption-desorption measurement, SBA-15 was heated at 120 °C under reduced
pressure and mesoporous metal samples were placed under reduced pressure at room
temperature. The pore size was determined from the adsorption data. High-angle XRD

patterns were recorded with a Rigaku RINT-Ultima III diffractometer using CuKa
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radiation under operating conditions of 40 kV and 40 mA, employing a high-speed 1D
X-ray detector (D/teX Ultra). Electrochemical measurements were performed with an
HSV-100 (Hokuto Denko Co.). ICP-OES analysis was conducted on a Thermo
Scientific iCAP 6500 Duo-ICP-OES. X-ray photoelectron spectroscopy (XPS) profiles
were measured with a PHI 5000 VersaProbe II (ULVAC-PHI, Inc.) using
monochromated AlKa radiation. The peak shift due to the charging was corrected by

using the C 1s core-level peak at 284.8 eV as a reference.

4.3.2 Results and discussion
4.3.2.1 Characterization of SBA-15/Au(X)

The Au/Si ratios of SBA-15/Au(X) (X (number of deposition times = 1, 2, and
3) are calculated as 0.020, 0.043, and 0.069, respectively, on the basis of ICP-OES
measurements. In the high angle XRD patterns (Figure 4.15A), the peaks could be
attributed to face-centered cubic Au. The intensities of the peaks became stronger with
increasing number of deposition cycles, consistent with the ICP-OES measurements. As
determined from the full-width at half-maximum of the 111 diffraction peaks in the
XRD pattern, the crystallite sizes of SBA-15/Au(X) (X =1, 2, and 3) were calculated as

8 nm, 9 nm, and 12 nm, respectively, by using the Scherrer equation.
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Figure 4.15 (A) High angle XRD pattern of SBA-15/Au(X) (X = 1, 2, and 3). TEM
images of SBA-15/Au(X); X=(B) 1, (C) 2, and (D) 3.

The TEM images of SBA-15/Au(X) (Figure 4.15B-D) showed that Au
nanoparticles were formed within the mesopores. Elongation of the Au nanoparticles
along the mesopores was observed for SBA-15/Au(2) and /Au(3). The sizes of the Au
nanoparticles along the mesopores were estimated as 7—-14 nm from the TEM images.
These data correspond well with the crystallite sizes calculated from the XRD patterns.
The particle sizes were consistent with the pore sizes, which is essential for forming a
phase-segregated heterostructure within the mesopores. Outer deposition of Au was not
observed even in the low-magnified TEM images (Figure 4.16), which is crucial for the
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preferential deposition of Pt inside the mesopores. Furthermore, the low-magnified
TEM images clearly showed that the number of Au nanoparticles increased with
increasing number of deposition cycles. The absence of peaks due to N and Br in the
EDX spectra indicated complete removal of C;sTMAB molecules (Figure 4.16). It
should be noted that the large amount of Au nanoparticles formed within the mesopores
(ca. 18 wt%) by repeated deposition was remarkable. Previous studies on preparation of
Au nanoparticles within mesopores showed that the amount of loaded Au is variable but
of the order of a few weight percent. Higher Au loadings reported previously were
inevitably due to in part to outer deposition of Au.*® The reason for the successful
deposition of such a large amount of Au within the mesopores (and without outer
deposition) is the presence of C;¢TMA cations during the reduction, which suppress the

migration of capped Au nanoparticles to the outside region as described in section 4.2.
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Figure 4.16 Low-magnified TEM images (upper) and corresponding EDX spectra
(bottom) of SBA-15/Au(X); X =(A) 1, (B) 2, and (C) 3. The peaks of C and Cu are due
to the TEM grid.
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4.3.2.2 Characterization of SBA-15/Au(X)/Pt
After 1 day of reduction, Pt was deposited within the mesopores to form

nanorods replicated from the pore shape (Figure 4.17).

Figure 4.17 TEM images of SBA-15/Au(X)/Pt; X =(A) 1, (B) 2, and (C) 3 for 1 d,

4 d, and 7 d of reduction, respectively.

With increasing reduction time, the nanorods were further elongated along the
mesopores. Because the Pt precursor could infiltrate into the mesopores even in the
presence of preformed Au nanoparticles owing to the characteristic complementary
pores between the mesopores of SBA-15,' Pt was successfully deposited within
mesopores. Indeed, this is the reason why we chose SBA-15 as a template. It should be
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noted that no deposition of Pt was observed on the outer surface of SBA-15. These
result showed promise for the successful formation of mesoporous metals replicated
from the template.'® It is remarkable that the original morphology of the Au
nanoparticle seeds within the mesopores, as shown in Figure 4.16, could no longer be
observed after just 1 day of reduction. This is strong evidence that the growth of Pt
proceeded from the surfaces of the Au nanoparticles, implying the successful formation
of the heterojunctions between Au and Pt. The seed-growth of Pt was due to the mild

reduction condition involving vapor infiltration of DMAB.'®'®

4.3.2.3 Characterization of mp-Au(Y)/Pt (mp: mesoporous, Y: ratio of Au/Pt)

The Au/Pt ratios of mp-Au(Y)/Pt samples prepared by using SBA-15/Au(X) (X
=1, 2, and 3) were calculated as 0.09, 0.17, and 0.21, respectively. These larger Au/Pt
ratios compared to the initial values (0.06, 0.13, and 0.20) mean that the Pt species were
not fully reduced. Although a previous report'® on the preparation of mesoporous Pt
with DMAB also showed incomplete reduction of Pt species, the recovery percentages
of Pt in the present study (66%, 77%, and 96%) are much higher than that in the
previous report (6%).'° This can be mainly attributed to the presence of the Au
nanoparticle seeds, which promote Pt deposition."” The increase in the recovery
percentage with the increase in the amount of Au is also consistent with the description.

In the high-angle XRD patterns of mp-Au(Y)/Pt (Figure 4.18), the shoulder
peaks around 38°, which can be attributed to Au, became more obvious with increasing
Au/Pt ratio. The diffraction angles of the peaks attributed to Pt did not shift compared
with those of mp-Au(0)/Pt, suggesting that most of the deposited Pt did not form an

Au-Pt solid solution alloy. The crystallite sizes of the deposited Pt were almost the same,
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calculated as 10 nm for mp-Au(Y)/Pt (Y = 0, 0.09, 0.17, and 0.21) and 9 nm for
mesoporous Pt (i.e. mp-Au(0)/Pt) prepared under the same conditions. We have
previously reported that the reduction of Pt species with DMAB yields Pt nanowires
typically composed of Pt nanocrystallites several nanometer in size.'® Considering the
calculated crystallite sizes of Au and Pt based on the XRD data, mp-Au(Y)/Pt should be
polycrystalline. The peak area ratios of Au to Pt of mp-Au(Y)/Pt (Y = 0.09, 0.17, and
0.21) were calculated as 0.11, 0.15, and 0.20, respectively, by deconvoluting the peaks
due to 111 lattice planes in the XRD patterns using a Gaussian function. The ratios were

in good agreement with those calculated from the ICP-OES data.
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Figure 4.18 High-angle XRD patterns of mp-Au(Y)/Pt; y =(a) 0, (b) 0.09, (c) 0.17,
and (d) 0.21.

In the XPS profiles of mp-Au(Y)/Pt (Figure 4.19), the peaks at around 88, 84,
74, or 71 eV were assigned to Au 4fs;, Au 417, Pt 4fs), or Pt 4f7,, respectively. The

binding energies were almost consistent with those of pure Au and Pt, respectively.”’
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This indicates the formation of phase segregated structures.
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Figure 4.19 XPS profiles of mp-Au/Pt(Y); Y = (a) 0, (b) 0.09, (¢) 0.17, and (d) 0.21 for
(A) 80-90 eV and (B) 68-78 eV.

The small-angle XRD patterns of mp-Au(Y)/Pt (Figure 4.20) featured a
relatively weak and broad peak located at almost the same position as that of the
original template. This result indicated the successful formation of ordered
mesostructures replicated from the template. The lattice parameters due to the
mesostructural ordering of those samples were same (11.2 nm), as determined by the d;y
spacing in the XRD patterns. The weaker intensities of mp-Au(Y)/Pt in the
mesostructural ordering compared to those of the template suggest a decrease in the
regularities of the mesostructures, which is a common phenomenon in the

hard-templating method."®
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Figure 4.20 Small angle XRD patterns; solid lines: mp-Au(Y)/Pt (Y = (a) 0, (b) 0.09, (c)
0.17, and (d) 0.21); dotted line: SBA-15.

Ordered mesostructures replicated from the template were evident from TEM
images of mp-Au(Y)/Pt (Figure 4.21). The periodicity obtained from these TEM images
was consistent with that derived from the small angle XRD patterns. EDX spectral
mapping of the same area clearly showed that the frameworks of mesostructures were
composed of Au nanocrystals and Pt nanowires. This provided direct evidence for the
formation of mesoporous bimetallic Au-Pt with a phase-segregated structures. The
green dots weakly observed even for the sample with no Au (mp-Au(0)/Pt) are an
artifact due to the background signals derived from continuous X-ray source”’ and do

not imply Au impurities (Figure 4.21)
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Figure 4.21 TEM images (left) and the corresponding EDX spectral mapping (right) of
mp-Au(Y)/Pt (Y = (A) 0, (B) 0.09, (C) 0.17, and (D) 0.21). The purple and green dots

indicate Pt and Au, respectively.

N, adsorption-desorption isotherms of mp-Au(Y)/Pt (Figure 4.22) showed
characteristic profiles due to mesoporous structures, indicating the successful formation

of mesoporous materials. The BET surface areas of mp-Au(Y)/Pt (Y =0, 0.09, 0.17, and
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0.21) were calculated as 32, 38, 34, 37 m” g ', respectively. These values are in good
agreement with those reported previously for formation of mesoporous Pt prepared by a
hard-templating method.”* Pore size analysis using BJH method showed broad peaks

corresponding to a diameter of around 4 nm.

(A) (B)
L]

E
o -
o "o
» [ <
= E |©
8 “g
3 S
) 2 |
: 2"\
o —4\\_4-;\
> | (b) ~_

' o (a) R

o
X

21| @ S

I I I 1 I I 1 I I

00 02 04 06 08 1.0 0 5 10 15 20

Relative Pressure (P/Pg) Pore diameter / nm

Figure 4.22 (A) N, adsorption-desorption isotherms and (B) BJH pore size distributions
of mp-Au(Y)/Pt; Y = (a) 0, (b) 0.09, (c) 0.17, and (d) 0.21.

4.3.2.4 Electrochemical analysis of mp-Au(Y)/Pt

In order to analyze the availability of the surfaces of mp-Au(Y)/Pt,
electrochemical measurements involving cyclic voltammetry and CO,q stripping
voltammetry were performed. In the cyclic voltammograms in the range 0.05-1.6 V
(Figure 4.23), oxidation/reduction peaks of both Au and Pt were observed,'’*¢ meaning
that the surfaces of both metal components were exposed. The surface Au/Pt ratios of
mp-Au(Y)/Pt (Y = 0.09, 0.17, and 0.21) were calculated as 0.10, 0.13, and 0.17,

respectively (Table 4.1), from the charge of the oxide reduction peaks of Au and Pt. The

118



Chapter 4

surface Au/Pt ratios of mp-Au(0.17)/Pt and mp-Au(0.21)/Pt were smaller than the Au/Pt
ratios obtained from the ICP-OES measurements, which suggests the formation of

heterojunctions between Au and Pt as discussed below.

Pt oxidation Au omda\tlon

(c)

~~ AuOx
reduction

(b) / reduction
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Figure 4.24 Cyclic voltammograms of mp-Au(Y)/Pt (Y = (a) 0.09, (b) 0.17, and (c)
0.21)in 0.5 M H,SO, at 50 mV s™.

According to previous reports on the CO,q oxidation potential of Pt-coated Au

172¢ the paramters is dependent on the thickness of the Pt coating.

electrodes,
Measurement of CO,q oxidation potential should also enable assessment of both the
availability of the surfaces of bimetallic structures and the degree of solid solution
formation. Table 1 shows ECSAco and ECSAy. Because Au does not adsorb CO'"4 or
hydrogen,23 both ECSAco and ECSAy were normalized by the amount of Pt on the
electrode surface. The smaller ECSAco values compared to the ECSAy values may be

explained by the presence of bridged adsorption of CO.**
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Table 4.1 Results of electrochemical measurements.

ECSAco ECSAy Surface
Sample name 5 1 ) 4 .
[m” (g-Pt) ] [m” (g-Pt) ] Au/Pt ratio
mp-Au(0)/Pt 22 28 —
mp-Au(0.09)/Pt 23 30 0.10
mp-Au(0.17)/Pt 29 36 0.13
mp-Au(0.21)/Pt 25 31 0.17

In a previous report on the CO,qg stripping measurements of Pt-coated Au

18
nanocrystals,

the oxidation potential was reported to be higher than that of pure Pt by
more than 300 mV when a few monolayers of Pt were deposited on Au nanocrystals.
The potential shifts to lower values with the increasing Pt thickness. A further increase
in the Pt thickness eventually resulted in almost the same potential as that of pure Pt.
Therefore, the nature of Pt can be probed by its oxidation potential, which largely
depends on the location of Au or the distance from the interface of a heterojunction.

The main CO, oxidation peaks at around 0.69 V in the CO,q stripping
voltammograms slightly shifted to higher potential with increasing Au/Pt ratio. In
addition to the main peak, a broad shoulder peak at around 0.75 V was observed for
mp-Au(0.17)/Pt and mp-Au(0.21)/Pt. The shift in the broad peak was similar to that in
the previous report described above. Therefore, the observed main and broad peaks in
the voltammograms of mp-Au(0.17)/Pt and mp-Au(0.21)/Pt show the formation of
heterojunction between Au and Pt along with effective use of all the surfaces, including
those near the heterojunctions and those of bulk Pt. It should be noted that the
accessibility of the surface may be attributed to the mesoporous structures. The
difference in the voltammograms between mp-Au(0.17)/Pt and mp-Au(0.21)/Pt may be

attributed to the difference in Au/Pt ratio and/or the crystallite size of Au.'® The
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voltammogram of mp-Au(0.09)/Pt was essentially the same as that of mesoporous Pt

(i.e. mp-Au(0)/Pt). The amount of Au was most likely too small to be detected.

J1Ag

10

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Evs. RHE/V

Figure 4.25 CO,q stripping voltammograms of mp-Au(Y)/Pt; Y = (a) 0, (b) 0.09, (¢)
0.17, and (d) 0.21. Solid line: 1st cycle after CO adsorption; dotted line: 2nd cycle.

The unique feature of this study is the use of mesoporous silica as a medium
for the formation of an Au-Pt bimetallic structure. Normally it is quite difficult to
prepare bimetallic structures possessing exposed surfaces of both metals because
conventional techniques do not lead to the formation of well-regulated bimetallic
structures. The unique hierarchical structure, and the presence of mesoporosity along
with the formation of phase-segregated structure (a sort of sandwich structure) reported
here may lead to creation of fascinating new nanomaterials, which are expected to be
useful for catalytic and electrochemical applications by tuning the composition, metal

ratio, the amount of heterojunctions, and so on.
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4.3.3 Summary

Mesoporous bimetallic Au-Pt with phase segregated heterostructures was
prepared by using SBA-15 as a template. The Au/Pt ratio was controlled by varying the
times of Au deposition. The EDX spectral mapping clearly showed that mp-Au(Y)/Pt
were composed of Au nanoparticles sandwiched between Pt nanowires. We have
demonstrated that the surfaces of the bimetallic Au-Pt heterostructures were
electrochemically active owing to the mesoporous structures, as determined by CO,q
stripping measurement. The availability of the surfaces of joined bimetallic structure

holds a great promise for various applications, such as catalysts and electrodes.

4.4 Conclusion

Mesoporous bimetallic Au-Pt with phase-segregated heterostructures has been
prepared by stepwise deposition of Au and Pt within mesoporous silica SBA-15.
Mesoporous silica is useful as not only a template for preparation of mesoporous
materials but also a reaction field for formation of metal-metal heterojunction. In
addition, the surface of the heterojunction was electrochemically active, meaning that
Au was not covered with Pt. In order to form such the nanostructure, sizes of metal
initially deposited should be comparative to pores sizes of the template. The unique
nanostructure and the preparative method reported here can be applied to other
compounds, such as metal oxides and carbon, which should contribute to further
development of precise design of nanomaterials. In addition, the method will be
extended to three- and multi-component systems, which will further expand the
possibility of multi-metallic systems. This controllability should also contribute to the

fundamental understanding of properties of bimetallic materials.
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Usefulness of Mesoporous Silica as a
Template for Preparation of Bundles of Bi
Nanowires with Precisely Controlled

Diameter below 10 nm
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5.1 Introduction

One-dimensional (1D) nanomaterials, such as nanowires and nanotubes, are
attractive materials for potential applications in various areas because of their unique
properties owing to finite size effects, anisotropic morphology, and so on.' Among
various 1D nanomaterials, Bi nanowires are one of the most studied materials regarding
both their preparation and properties for fundamental understandings of finite size
effects of 1D nanomaterials.'? In addition, the decrease in the diameter of Bi nanowires
below 10 nm has been an important target, following theoretical prediction of
significant enhancement in thermoelectric performance from confinement effects.’
However, there still remains a large challenge to reliably prepare such extremely thin Bi
nanowires and have good control of the diameter in this size range.

Several preparative methods of Bi nanowires are known, including templating

2a2d-14 sputtering,5 vapour deposition,’ and solvothermal methods.’

and replicating,
Although the successful formation of Bi nanowires with diameter below 10 nm was
clearly shown in the previous reports using a physical vapour deposition method® and a
solvothermal method,” both of the methods suffered from low uniformity and poor
controllability of the diameter. In addition, spherical Bi nanoparticles were undesirably
formed as a coproduct in the solvothermal method (the ratio of nanoparticles to
nanowires was reported to be ca. 4).°

For the preparation of Bi nanowires with controlled diameter, a hard-templating

method using various solids is promising. In fact, the diameter control of Bi nanowires

has been reported in a wide range between ca. 0.6 nm to 2 um by using zeolites,*

2d-f4c-h 2a,4i-k

.. 4b . .. .
mesoporous silica,” anodic aluminium oxide, polycarbonate membrane, and

20-1 . . . . . .
quartz®" as templates. However, in the previous reports on Bi nanowires with diameter
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below 10 nm, there has been no direct evidence, such as electron microscopy images, to
show the successful formation of such thin nanowires after removal of the

templates, #4424

One report using mesoporous silica, which is most promising as a
template to control the diameter below 10 nm because of its uniform and controllable
pore sizes in a range from ca. 2 nm to a few tens of nanometers,® showed electron
microscopy images of products after removal of the template;*™ however, we should
point out that the product did not actually show wire-like morphology replicated from
the template. Therefore, a different new preparative method of Bi nanowires with
precisely controlled diameter below 10 nm is highly needed.

Here, we report the successful preparation of bundles of thin Bi nanowires with
precisely controlled diameter below 10 nm using two-dimensional hexagonal

mesoporous silica with different pore sizes (SBA-15" and MCM-41'") as templates

(Scheme 5.1).
1,1,3,3-Tetramethyl-
disiloxane Template
: removal

N A .

Bi deposition

Mesoporous Bundles of

Mesoporous silica)  eyane silica/Bi Bi nanowires

/Bi precursor

Scheme 5.1 Preparation of thin Bi nanowires using mesoporous silica as a template.

We have employed a liquid phase deposition wusing hexane and
1,1,3,3-tetramethyldisiloxane as a solvent and reducing agent, respectively, to deposit Bi
inside the template.'' By using the deposition method, Bi was successfully deposited to
form nanowires within the mesopores of the templates whose pore sizes were 8.7 nm,

7.6 nm, 6.7 nm, 5.5 nm, and 3.7 nm, respectively. After the removal of the template, the
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transmission electron microscopy (TEM) observation clearly showed the successful
formation of bundles of Bi nanowires with 8.4 nm, 7.5 nm, and 6.5 nm in mean
diameter, although undefined nanostructures were formed when the templates with 5.5
nm and 3.7 nm in pore sizes were used. The diameter distributions of the obtained
nanowires were quite narrow, which is due to the uniform pore size of the template.
This is the first report that has achieved successful preparation and diameter control of

thin Bi nanowires by using mesoporous silica as a template.

5.2 Experimental
5.2.1 Materials

Tetraethoxysilane (TEOS, Kishida Chemical Co.), triblock copolymer
EO,)PO70EO, (Pluronic 123, Aldrich Co.), hydrochloric acid (35-37 wt%, Wako Pure
Chemical Industries Ltd.) were wused for the preparation of SBA-15.
Hexadecyltrimethylammonium bromide (C;sTMAB, Wako Pure Chemical Industries
Ltd.) and an aqueous solution of ammonia (25 wt%, Wako Pure Chemical Industries
Ltd.) were used for the preparation of MCM-41. Sodium hydroxide (Wako Pure
Chemical Industries Ltd.) was used for removal of the silica templates. Bismuth(III)
nitrate pentahydrate (Aldrich Co.) was used as a Bi precursor. Acetic acid (Wako Pure
Chemical Industries Ltd.) was used as a solvent for incorporation of the Bi precursor
into the templates. Hexane (Wako Pure Chemical Industries Ltd.) and
1,1,3,3-tetramethyldisiloxane (TMDS, Tokyo Chemical Industry Co., Ltd.) were used as
a solvent and reducing agent, respectively, for the Bi deposition within the mesopores of

the templates.

130



Chapter 5

5.2.2 Preparation of SBA-15 and MCM-41

Mesoporous silica SBA-15 were hydrothermally synthesized according to a
literature.’ It has already been known that the pore size of SBA-15 can be controlled by
simply varying the temperature of hydrothermal treatment.’ Therefore, SBA-15 with
different pore sizes were synthesized by varying the temperature (100 °C, 80 °C, 60 °C,
and 40 °C) for the diameter control of Bi nanowires. The prepared SBA-15 was denoted
as SBA-15(X), where X is the temperature of hydrothermal treatment. In order to
prepare further thinner Bi nanowires, we focused on and synthesize mesoporous silica
MCM-41 whose pore size was much smaller than those of SBA-15(X)."° The
synthesized SBA-15(X) and MCM-41 had ordered two-dimensional hexagonal
mesostructures, as determined by their small angle X-ray diffraction (XRD) patterns
(Figure 5.1) and transmission electron microscopy (TEM) images (Figure 5.2). The unit
cell parameters of SBA-15(X) (X = 100, 80, 60, and 40) and MCM-41 were calculated
to be 11.3 nm, 10.7 nm, 10.0 nm, 9.3 nm, and 4.5 nm, respectively, from the d;y values

of their powder XRD patterns.
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Figure 5.1 Small angle XRD patterns of (A) SBA-15(X) (X = (a) 100, (b) 80, (c) 60,
and (d) 40) (Baselines are offset.) and (B) MCM-41.
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Figure 5.2 TEM images of SBA-15(X) (X = (a) 100, (b) 80, (c) 60, and (d) 40) and (c)
MCM-41.

The pore sizes of SBA-15(X) (X =100, 80, 60, and 40) and MCM-41 were calculated to
be 8.7 nm, 7.6 nm, 6.7 nm, 5.5 nm, and 3.7 nm, respectively, by using the non-local
density functional theory (NLDFT) method (Figure 5.3B) from the N
adsorption-desorption isotherms (Figure 5.3A). The pore volumes of SBA-15(X) (X =
100, 80, 60, and 40) and MCM-41 were calculated to be 1.1 cm’g ™, 0.92 cm’g™", 0.77
em’g !, 0.60 cm’g”’, and 0.85 cm’g’', respectively, on the basis of the volume of

adsorbed N, at P/Py = ca. 0.99.
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Figure 5.3 (A) N, adsorption-desorption isotherms and (B) NLDFT pore size
distributions of SBA-15(X) (X = (a) 100, (b) 80, (c) 60, and (d) 40), and (¢) MCM-41.

5.2.3 Preparation of bundles of Bi nanowires using SBA-15(X) and MCM-41 as
templates

The obtained SBA-15(X) (X = 100, 80, 60, and 40) and MCM-41 were dried
under reduced pressure at 120 °C for 3 h. A stock solution (0.5 M Bi(NOs3);-5H,0) was
prepared by dissolving Bi(NO3)3-5H,0 (10 g) in acetic acid (40 mL). The stock solution
(0.4 mL) was added to dried SBA-15(X) and MCM-41 (0.1 g), respectively. The
volume fraction of the precursor for the pore volume of SBA-15(X) (X = 100, 80, 60,
and 40) and MCM-41 are 32 vol%, 38 vol%, 46 vol%, 59 vol%, and 42 vol%,

respectively. Accordingly, the expected volume fractions of deposited Bi are 4.0 vol%,
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4.8 vol%, 5.7 vol%, 7.3 vol%, and 5.2 vol%, respectively. The volume of the precursor
incorporated into the templates should be smaller than the pore volumes to suppress the
outer deposition. The wet powders were placed under reduced pressure to incorporate
the Bi precursor into the mesopores of SBA-15(X) and MCM-41 until the odor of acetic
acid was not detected. The obtained powders were dispersed in hexane (5 mL). Then,
TMDS (4 mL, 23 mmol) was added to the solution under stirring. The color of the
solution changed from white to black within 2 h. After stirring for 1 d, the hexane
solution was filtered. The obtained powders were washed with hexane and ethanol, and
dried at room temperature. The obtained samples were denoted as SBA-15(X)/Bi (X =
100, 80, 60, and 40) and MCM-41/Bi, respectively.

In order to remove the silica template, the powders of SBA-15(X)/Bi and
MCM-41/Bi (0.1 g) were dispersed in a mixed solution of 2M NaOH aq. (17.5 mL) and
ethanol (2.5 mL). After the solution was shaken for 12 h, the powders were recovered
by filtration and washed with ethanol and water. The obtained powders were dried under
reduced pressure. As mentioned in the results and discussion section, the following
three samples were successfully obtained, and they were denoted as Bi-nw(Y), where Y

indicates the mean diameter (nm) of the formed nanowires.

5.2.4 Characterization

TEM images, selected-area electron diffraction (SAED) patterns, and energy
dispersive X-ray (EDX) spectra were taken by a JEM-2010 microscope (JEOL Ltd.)
using an accelerating voltage of 200 kV. High-resolution TEM (HRTEM) images of the
sample prepared by the template removal of SBA-15(100)/Bi were conducted on a

JEM-2100F microscope (JEOL Ltd.) using an accelerating voltage of 200 kV. Samples
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for TEM, HRTEM, SAED, and EDX measurements were dispersed in ethanol, and the
solutions were dropped on a carbon-coated microgrid (Okenshoji. Co). Mean diameters,
diameter distributions, and the corresponding standard deviation of Bi nanowires were
obtained by measuring the diameter of 50 nanowires in the TEM images. X-ray
diffraction (XRD) patterns at small diffraction angles were recorded with a
NANO-Viewer (Rigaku Co.) using CuKa radiation under the operating conditions of 40
kV and 30 mA and a Pilatus 2D X-ray detector (Dectris). N, adsorption-desorption
isotherms were measured with a BELSORP-max (MicrotracBEL Co.) at —196 °C. Prior
to the N, adsorption-desorption measurement, samples for measurement were heated at
120 °C under reduced pressure. The pore size was determined by using adsorption data.
High-angle XRD patterns were recorded with a RINT-Ultima III diffractometer (Rigaku
Co.) using CuKa radiation under the operating conditions of 40 kV and 40 mA and a
high-speed 1D X-ray detector (D/teX Ultra). Inductively coupled plasma optical
emission spectroscopy (ICP-OES) analysis was conducted on an iCAP 6500
Duo-ICP-OES (Thermo Fisher Scientific K.K.). Fourier transform infrared (FT-IR)
spectra of SBA-15(X)/Bi and MCM-41/Bi IR were obtained with a FT/IR 6100
spectrometer (JASCO Co.) by a KBr disc method. X-ray photoelectron spectroscopy
(XPS) profiles were measured with a PHI 5000 VersaProbe II (ULVAC-PHI, Inc.) using
monochromated AlKa radiation. The peak shift due to the charging was corrected by
using the C 1s core-level peak at 284.8 eV as a reference. In order to characterize the
internal chemical state of Bi nanowires, the surfaces were bombarded by Ar ions with

an ion acceleration voltage of 1 kV for total time of 30 s.
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5.3 Results and discussion
5.3.1 Characterization of SBA-15(X)/Bi and MCM-41/Bi

The obtained powders of SBA-15(X)/Bi and MCM-41/Bi were grey in colour,
suggesting the formation of Bi metals. The TEM images of SBA-15(X)/Bi and
MCM-41/Bi showed that Bi was successfully deposited inside the template to form
nanowires replicated from the template (Figure 5.4). As observed in Figure 5.4, Bi was
not fully deposited within the mesochannels, which is a usual phenomenon for the
hard-templating method.'? This is due to inhomogeneous infiltration of metal precursors
into mesopores and/or migration of metal species between mesopores during metal

deposition.

¥
¥

';'10_0 nm

Figure 5.4 TEM images of SBA-15(X)/Bi (X = (a) 100, (b) 80, (c) 60, and (d) 40) and
(), () MCM-41/Bi.

In the small angle XRD patterns of SBA-15(X)/Bi and MCM-41/Bi (Figure
5.5), the intensities of the peaks became weaker than those of the original templates,
indicating the Bi deposition inside the templates.
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Figure 5.5 Small angle XRD patterns.
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Figure 5.6 N, adsorption-desorption isotherms of SBA-15(X)/Bi (X = (a) 100, (b) 80,
(c) 60, and (d) 40), and (¢) MCM-41/Bi; Circle plots and triangle plots indicate
isotherms of the original templates (the reprint of Figure 5.3A) and the templates after

the Bi deposition, respectively.
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The decrease in the amount of adsorbed nitrogen in N, adsorption-desorption isotherms

(Figure 5.6) indicated the successful inside deposition. The shifts of the hysteresis loops

to lower relative pressure are mainly explained by the surface modification with TMDS,

which is one of the characteristics of the reducing agent,'' as proved by FT-IR

measurements (Figure 5.7).
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Figure 5.7 FT-IR spectra of SBA-15(X)/Bi (X = (a) 100, (b) 80, (c) 60, and (d) 40) and
(e) MCM-41/Bi. Three bands were observed at around 2970 cm ™' (CH3 sym stretching),
2890 cm ' (CH; asym stretching), and 2150 cm ' (Si-H stretching), indicating the

Most of the deposited Bi formed nanowires within the mesopores as far as we

observed. However, Bi bulk particles formed by outer deposition were also slightly

observed for all the samples studied here (typical image of SBA-15(100)/Bi is shown in

Figure 5.8) even though the templates possessed enough pore volumes to accommodate
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all the deposited Bi as described in the experimental section. The reason for such an

outer deposition is not clear.

Figure 5.8 TEM image of Bi bulk particles formed by the outer deposition observed for
SBA-15(100)/Bi.

The successful deposition of Bi within mesopores can be explained by the
following process. The non-polar solvent and reducing agents confined the Bi precursor
inside the templates and suppressed the migration of Bi species during the deposition, as
described in detail in our previous report on Au deposition.'' The mild condition of the
present deposition process is also a key for the successful deposition of Bi inside the
templates because of low melting point of Bi (m.p. 271 °C). In addition, the deposition
method reported here is advantageous from the viewpoint of large laboratory scale
preparation, which is essential for the potential application as thermoelectric materials,
because the method requires neither special equipment nor large energy consumption.
Thermal deposition under H, flow and electrochemical deposition are useful and most
commonly used for metal deposition inside mesoporous silica so far.*! However, the
former is not suitable for Bi deposition because of its harsh conditions, while the latter

is not good for large laboratory scale preparation. Although there has been one report to
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fill the nanochannels of anodic aluminum oxide template with Bi by using high-pressure
injection of molten Bi, this technique is not suitable for templates with smaller pore
sizes, such as mesoporous silica, because of the high surface tension of molten Bi.*

Therefore, we can conclude that the deposition method reported here is valuable as a

deposition method of Bi inside mesoporous silica.

5.3.2 Characterization of bundles of Bi nanowires

In the TEM images of the three products prepared by using SBA-15(X) (X =
100, 80, and 60) as a template (Figure 5.9), the bundles of nanowires were clearly
observed, and their mean diameters were determined to be 8.4 nm, 7.5 nm, and 6.5 nm,
respectively. The diameters are in good agreement with the pore sizes of the templates.
The obtained diameters are one of the smallest among those reported previously on Bi

nanowires as far as we know.

Figure 5.9 TEM images (top and bottom) and SAED patterns (inset) of Bi-nw(Y) (Y =
(a) 8.4, (b) 7.5, and (c) 6.5).
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It should be noted that the diameter distributions are narrow as shown in Figure 5.10,
indicating the preciseness of the control of our synthesis. The standard deviations were
calculated to be 3.6 %, 5.9 %, and 3.5 %, respectively. The uniformity of the diameter

resulted from the use of mesoporous silica with uniform pore size.
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Figure 5.10 Diameter distributions of Bi-nw(Y) (Y = 8.4, 7.5, and 6.5) by measuring the
diameter of 50 nanowires in the TEM images.

The ultrasonication (35 W, 1 min) of the products in ethanol solutions to
disentangle the bundles resulted in the collapse of the morphology of the nanowires to
form somewhat elongated and aggregated nanoparticles. However, it should be
emphasized that the diameter of nanoparticles was retained. Such elongated
nanoparticles seem to be formed owing to partial structural weakness of each nanowire.

(A typical TEM image of Bi-nw(8.4) after ultrasonication is shown in Figure 5.11).
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Figure 5.11 TEM images of Bi-nw(8.4) after the ultrasonication (35 W, 1 min) in an
ethanol solution.

The successful formation of bundles of Bi nanowires replicated from the
templates is due to the filling of the mesopores with Bi as shown in Figure 5.4. In
addition, the etching condition of the silica templates is another key to obtain Bi
nanowires. Further extension of the etching time resulted in collapse of morphology of
Bi nanowires though the amount of Si scarcely changed (Figure 5.12). One reason for
the unsuccessful formation of Bi nanowires in the previous report using mesoporous
silica would be explained by the collapse of wire-like morphology during the removal

of the template due to the relatively harsh condition using 6M NaOH aq.*
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Figure 5.12 TEM images (left) and EDX spectra (right) of Bi-nw(8.4) prepared by
shaking SBA-15(100)/Bi in the mixed solution of 2M NaOH and ethanol for (A) 12 h or
(B) 24 h. (Figure 5.12A is a reprint of Figure 5.9a) The peaks of C and Cu are due to the

TEM grid.

In contrast to Bi-nw(Y) (Y = 8.4, 7.5, and 6.5), the products prepared by the

template removal of SBA-15(40)/Bi and MCM-41/Bi did not form bundles of

nanowires replicated from the templates but rather resulted in undefined nanostructures

(Figure 5.13), although Bi nanowires were indeed formed within the mesopores prior to

the template removal as shown in Figure 5.4. From these results, we can surmise that

the diameters formed within the mesopores of SBA-15(40) and MCM-41 are too small

for Bi to retain the morphology of nanowires under the absence of the templates.
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Figure 5.13 TEM images (left and right) and SAED patterns (inset) of the products
prepared by the template removal of (a) SBA-15(40)/Bi and (b) MCM-41/Bi.

The small angle XRD patterns of Bi-nw(Y) (Y= 8.4, 7.5, and 6.5) showed no
obvious peaks (Figure 5.5). When metals are deposited within both mesopores of
SBA-15 and the connecting pores between the mesopores, which is characteristics of
SBA-15,” nanowires should be bridged and orderly arranged, possessing the same
periodicity as that of SBA-15."? Therefore, the absence of such peaks at the same
position as those of the templates suggests that Bi was not deposited within the
connecting pores and nanowires were not bridged. In addition, SBA-15(60) does not
possess connecting pores, which is contrast to SBA-15(80) and SBA-15(100) according
to the literature.” Considering that Bi nanowires were successfully obtained from the
three templates (SBA-15(X) (X =100, 80, and 60)), the presence/absence of the
connecting pores cannot be a reason for the retention of the morphology after the
template removal.

In order to characterize the crystal structure of the obtained nanowires,
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HRTEM observation and SAED measurements were performed. As a result, no lattice

fringes were observed in the HRTEM image of Bi-nw(8.4) (Figure 5.14).

Figure 5.14 HRTEM image of Bi-nw(8.4).

The d-values calculated from the ring patterns in the SAED patterns were almost same
as those of liquid Bi (Figure 5.9 inset)."”” In addition, the same patterns were also
observed in the SAED patterns of the products prepared by the template removal of
SBA-15(40)/Bi and MCM-41/Bi (Figure 5.13 inset). These results mean that the
obtained products were non-crystalline. In contrast, the SAED patterns of the bulk
particles formed by the outer deposition showed spot patterns attributed to
rhombohedral crystal structure of Bi (Figure 5.15). Therefore, it is clear that the
formation of non-crystalline Bi was caused by the deposition within confined nanospace
of the template. The formation of non-crystalline Bi within mesoporous silica should be
related to the following points; low melting point of Bi (ca. 271 °C) and depression of
the melting point due to the high surface to volume ratios in the nanoscale region.'
Although a lot of studies have been reported on deposition of various metals within

mesoporous silica so far, the formation of such non-crystalline metals within
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mesoporous silica is quite rare.

Figure 5.15 TEM image (left) and SAED pattern (right) of Bi bulk particles observed
for Bi-nw(8.4).

The surface chemical states of Bi-nw(Y) (Y= 8.4, 7.5, and 6.5) were analysed
by XPS combined with Ar ion sputtering (Figure 5.16). In the XPS profiles before the
Ar ion sputtering, the peaks observed at around 102 eV, 158.6 eV, and 164.2 eV were
assigned to Si 2p, Bi 4f7,, and Bi 4f5),, respectively. The presence of the peaks due to Si
2p indicated the incomplete removal of the silica templates. The binding energy of Si 2p
was lower than that of SBA-15(100) by more than 1 eV. In addition, the binding
energies of Bi 4f;, and Bi 4fs, were higher than those of commercial Bi,Os; powder
(158.2 eV and 163.6 eV). These shifts of the binding energies were well explained by
the formation of Bi-O-Si bond."’ Thus, the surfaces of Bi nanowires were covered with
Si oxides, and Bi atoms on the surfaces formed Si-O-Bi bonds with the surface Si oxide
layers. The formation of the chemical bonds between the templates and the replicas
would be the reason for the incomplete removal of the templates as reported on template

synthesis of nanostructured TiO, using mesoporous silica.'® Although the presence of Si
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species on the surface may affect the properties of Bi nanowires, Si species should have

a positive influence on the structural stability of Bi nanowires.

(A) —Bi-nw(8.4) (B) —Bi-nw(8.4)
—Bi-nw(7.5) —Bi-nw(7.5)
—Bi-nw(6.5) —Bi-nw(6.5)
(a) @
: [ )
ﬁ (c)
(c)
(d) (d)

Binding energy / eV Binding energy / eV

Figure 5.16 XPS profiles. Solid line: Bi-nw(Y) (a, c, e) after and (b, d, f) before Ar ion
sputtering for (A) 154-168 eV and (B) 96-110 eV; dotted line: Commercial Bi,0O;
powder (99.0 %, Wako Pure Chemical Industries Ltd.) for (A) 154-168 eV and
SBA-15(100) for (B) 96110 eV.

After the Ar ion sputtering, the peaks at 162.2 eV and 157.0 eV were newly
observed in the profiles of Bi-nw(Y) (Y= 8.4, 7.5, and 6.5). These peaks were assigned
to Bip, meaning that the Bi precursor was fully reduced, and the interior of the
nanowires was not oxidized. The peaks at 102 eV, 158.6 eV, and 164.2 ¢V due to the
surface oxide layers as mentioned above were also observed, which was attributed to the
presence of unetched particles of Bi-nw(Y) (Y= 8.4, 7.5, and 6.5) even after 30 s
sputtering.

Although it is difficult to estimate the thickness of the surface Si oxide layers
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accurately from the XPS profiles, the thickness should be thin. The Si/Bi ratios of
Bi-nw(Y) (Y= 8.4, 7.5, and 6.5) were calculated to be 0.09, 0.12, and 0.13, respectively,
on the basis of the data of ICP-OES measurements, and the data are well consistent with
those calculated from the EDX measurements (Figure 5.17). These Si/Bi ratios were
smaller than the roughly calculated surface/interior atom ratios of Bi nanowires with 8.4
nm, 7.5 nm, and 6.5 nm in diameter (0.12, 0.14, and 0.16, respectively). This suggests

that the number of the surface Si oxide layers was no more than one.
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Figure 5.17 EDX spectra of Bi-nw(Y) (Y = (a) 8.4, (b) 7.5, and (c) 6.5).

As shown above, the obtained bundles of thin Bi nanowires were almost
non-crystalline. While, unique properties, such as the significant increase in
thermoelectric performance from confinement effects, are unlikely to be obtained
immediately, it is important that the proper morphology was able to be obtained. This

study is meaningful as the first report that has achieved the preparation of thin Bi
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nanowires with uniform diameter and highly precise control of their diameters in the
range below 10 nm using mesoporous silica as a template. The fact that the same
deposition method can be applicable to mesoporous silica with different pore sizes
should also be noted because metal depositions within mesopores are often unsuccessful

when the pore sizes of the templates are varied.

5.4 Conclusion

In conclusion, we have demonstrated the usefulness of mesoporous silica as a
template for preparation of the bundles of thin Bi nanowires below 10 nm and precise
control of the diameter. The diameters of the obtained nanowires were uniform, which is
due to the use of mesoporous silica with the uniform pore sizes. In addition, the
diameter was successfully controlled between ca. 6 nm to 9 nm by varying the pore
sizes of the templates. The obtained diameters were one of the thinnest ones among
those reported previously on Bi nanowires even though the nanowires were
non-crystalline. The reliable formation of such thin Bi nanowires opens up exciting new
possibilities as the basic enhanced control of morphology, and once higher crystallinity
is achieved, 1D physical phenomena such as finite size effects and confinement effects

can be probed.
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This thesis describes the usefulness of the stepwise depositions within the silica
templates for precise preparation of inorganic nanostructured materials. The deposition
methods should be rationally selected, and then the selected methods should be applied
in appropriate order for targeted nanostructured materials. In this section, several critical
points related to the templating methods using the stepwise deposition are presented on
the basis of the contents of this thesis for the preparation of inorganic nanostructured
materials.

Chapter 2 describes the preparation of highly ordered mesoporous Nb-doped
TiO, with single-crystalline frameworks via stepwise deposition of TiO, within the
silica colloidal crystal template. The use of the hydrothermal reaction and the
appropriate setting of their reaction conditions are critical for the formation of single
crystalline frameworks. The initially deposited TiO, within the template can work as a
seed to enable the inside deposition of TiO, within the template even by using the
hydrothermal reaction. In addition, Nb-doping is shown to affect not only crystalline
phases but also nanostructures of the replica. These findings provide the preparative
method of novel nanostructured metal oxides using silica colloidal crystal templates.

Chapter 3 describes the stepwise deposition of TiO, and C within mesoporous
silica SBA-15 for preparation of TiO, nanoparticles incorporated mesoporous carbon
(mesoporous C/TiO,). The immobilization of titanium oxide layer on the surface of
mesoporous silica through covalent bonds between the titanium oxide layer and the
surface of the template is critical to obtain anatase TiO, with small crystallite sizes. The
formation of small crystallite size can be attributed to the suppression of migration of
titanium species by the covalent bonds during the crystallization.

Chapter 4 describes the stepwise deposition of Au and Pt within mesoporous
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silica SBA-15 for the preparation of mesoporous bimetallic Au-Pt with a phase
segregated heterostructure. Section 4.2 describes the usefulness of hexane and
1,1,3,3-tetramethyldisiloxane (TMDS) as a solvent and reducing agent, respectively, to
deposit Au exclusively within SBA-15. Furthermore, the addition of
hexadecyltrimethylammonium bromide (C;sTMAB) as a capping agent is effective to
control the morphology of Au within the mesopores. The combining use of the template
and capping agent is shown to be valuable to control the nanostructures of Au. Section
4.3 describes the preparation of mesoporous bimetallic Au-Pt with a phase segregated
heterostructure through Pt deposition within Au nanoparticles incorporated SBA-15.
The frameworks of the prepared mesoporous bimetallic materials are composed of Au
nanoparticles sandwiched between Pt nanowires. Mesoporous silica is useful as not only
a template for preparation of mesoporous materials but also a reaction field for the
formation of metal-metal heterojunctions.

Chapter 5 describes the preparation of Bi nanowires using mesoporous silica as
a template. The deposition method using the non-polar compounds described in Chapter
4 is applicable for the inside deposition of Bi. In addition, it is remarkable that the
deposition method is also successful for the inside deposition of Bi within the template
with different pore sizes between 3.7 nm to 8.7 nm. From the studies in Chapter 4 and 5,
the deposition method is expected to be applicable to various metals.

On the basis of the contents of this thesis described above, several critical
points related to the templating methods using the stepwise deposition are shown below.

This thesis indicates that the initially deposited compounds can work as a seed
to induce the crystal growth of the following deposited compounds even within the

templates as shown in Chapters 2 and 4. These findings are quite meaningful as
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described below.

In the author’s opinion, liquid phase deposition methods, such as hydrothermal
deposition and electroless chemical deposition, are ideal to deposit targeted materials
within the templates because liquid phase deposition methods are typically superior
with regard to the controllabilities of various structural parameters, such as crystal
structure, crystallite size, and composition. However, liquid phase deposition methods
are unsuitable because a precursor incorporated into template tend to flow to outside
due to dissolution. In addition, there is typically no driving force to deposit a targeted
compound only inside the template from the precursors in the solution (outside the
templates). In contrast, as demonstrated in Chapter 2, inside deposition of TiO, can be
achieved even by using hydrothermal deposition, which is one of the liquid phase
deposition methods, under the presence of the TiO, seeds within the template.
Considering this result, various liquid phase deposition methods, such as solvothermal
deposition and electroless chemical deposition, are applicable to the templating method
by stepwisely depositing targeted compounds within the templates, which will enable
further precise design of nanostructured materials.

In addition, Chapter 4 shows that the stepwise deposition of two different kinds
of metals within the template is quite useful for the formation of bimetallic
nanostructures with a phase segregated heterostructure. In general, there are various
complicated synthetic factors (e.g., size, shape, and facets of seed metals, combination
of two metals, etc.) to be satisfied in order to achieve the anisotropic crystal growth of
metals and the formation of the phase segregated structure. In contrast, as demonstrated
in Chapter 4, anisotropic crystal growth of Pt from the Au seeds and the formation of

the phase segregated structure can be achieved irrespective of the various synthetic
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Chapter 6

factors by stepwisely depositing the two metals within the template. This concept using
stepwise deposition of metals within the template for preparation of bimetallic
nanostructures with a phase segregated structure is expected to be applicable to various
combinations of metals and multi-metallic system, which leads to creation of novel
metallic nanomaterials.

This thesis also indicates that rational separation of the deposition processes
into individual steps is valuable for the preparation of nanostructured materials
composed of two different compounds as shown in Chapters 3 and 4. In the
conventional processes, two different precursors are simultaneously added into the
templates. Therefore, it is difficult to apply suitable deposition methods to each
component, separately, which leads to the controllabilities of nanostructures of the
components. In contrast, as shown in Chapters 3 and 4, the use of stepwise deposition
enables the application of appropriate deposition methods to each component, resulting
in the improved controllability of the nanostructures.

In the templating method, the deposition process is the most influential on final
products. However, the most of previous studies used only the one step deposition
methods which have been already known to be applicable to the templating method.
Therefore, the deposition methods in the templating method have not been sufficiently
developed. As shown in this thesis, the use of stepwise deposition enables precise
designs of nanostructured materials which have not been achieved by using the
conventional deposition methods. I strongly believe that the concepts of this thesis will
stimulate the development of synthetic chemistry of nanostructured materials, and

accordingly their material chemistry.
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