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CHAPTER 1 

General Introduction 

1.1. General Synthetic Approaches to Nanostructured Materials 

Nano-size materials are generally characterized by their morphology; i.e. nanoparticles1
-
3
, nanofibers4-6, 

and nanosheets?-9 Such nanomaterials are the basic building blocks that constitute porous inorganic 

structures.10
-
12 Nanostructured inorganic materials have been synthesized by finely-controlled bottom-up 

approaches such as solution based synthesis or physical vapor deposition. 13 The sol-gel technique is an 

example of a bottom-up fabrication method based on solution chemistry. It has widely been used to prepare 

inorganic polymers, which can be subsequently converted to inorganic oxides under milder conditions than 

other synthetic techniques.1
4-

17 As the nanostructure can be controlled in atomic to molecular regime under 
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nnild conditions, the sol-gel technique has versatility in the fonn of the final product, allowing fabrication of 

thin to thick films, particles and monoliths. The sol-gel technique has a long history, dating back to the 

beginning of the 19th century, and chemists have used this technology for almost a century now. It was 

introduced in the process of oxide film preparation by Geffcken in a patent applied in 1939. Schott glass 

company (Germany) further developed this process and successfully used it as optical coatings for glass in the 

1960s.18 From the middle of 1980s, various catalysts for the sol-gel reaction was studied, allowing better control 

over the shape of solid materials, e.g., particles, fibers, monoliths and so forth. Sol-gel synthesis of inorganic 

oxides, such as Si~, 19 Ti~,20 Ah03,
21 Z~,22 Nb:20l3 and their composites, have been studied in detail with a 

wide range of applications. 

Inorganic polymers prepared by sol-gel techniques can be converted into materials other than oxides; for 

example, nitrides and carbides. Metallic frameworks can also be synthesized from such inorganic polymers by 

reduction of ionic species. Platinum group metals can be readily reduced by chemical reduction, 24
,25 allowing 

fabrication of various nanostrucutured metals, with most emphasis on metal nanoparticle synthesis . 

1.2. Synthetic Approaches 

1.2.1. Three Dimensional Nanostructure 

Porous materials composing nano-sized pore structure are recognized as a typical three dimensional (3-d) 

nanostructure material. On the other hand, dense materials who have little pores can be also dealt with as a 3-d 

nanostructure material. Unless the sintering process is conducted at a high temperature, the sol-gel process is 

able to use as an advantageous method for the fabrication of porous solid materials. The polymeric precursors 

are synthesized by hydrolysis and polycondensation reactions of metal alkoxides or metal salts, e.g., chlorides, 

nitrates and acetates.14 Inorganic oxide solids are fabricated via drying and heating processes of the precursor 

sols comprising inorganic oxide polymers. For instance, a metal oxide thin film possessing nanostructure like 
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nano-porous can be obtained by dip or spin coating of sols produced from a reaction-controlled sol-gel 

process.14
' 26-

29 

1.2.1.1. Porous Structures 

Aluminum oxide (alumina), which has multiple ccystalline structures, is famous for a porous material 

possessing a number of nano-sized pores in a matrix, referred to such as a-, p-, andy-alumina Alumina is 

fabricated from aluminum hydroxide purified from bauxite with high temperature calcination (T > 1000 °C). 

Pore-sizes are generally affected by the size of precursor nanoparticles of aluminum hydroxide (Scheme 1.1 ). 

As for the sol-gel process, silicon dioxide (silica) is the most common material. In addition to the wide 

range of applications of silica, the slow rate of hydrolysis of silicon alkoxide allows easy manipulation of 

precursor synthesis. In light of applicative aspects, silica is commonly used in a porous form, owing to 

fundamental properties, such as chemical and thermal stability, mechanical strength, availability, not to mention 

that it is an environmental benign material. Many approaches have been suggested to generate pores in the form 

of xerogels, aerogels or particles (Table 1.1 ).19
•
30

-
38 

Monolithic porous silica consists of a solid skeleton and voids in the gel structure. Pore formation is 

usually controlled by molecular templating techniques using organic-functionalized silicon alkoxides3942 or 

additives such as polymers and surfactants 4347 (Scheme 1.1 ). Heat treatment above 400 oc is often necessary 

for these synthetic methods to remove the organic species, resulting in inevitable collapse of pores. 

Development of alternative processes to fabricate monolithic porous silica without calcination is desired. 



Table 1.1. Selected syntJ1esis routes to porous silica 

Sources 

TEOS 

PMSSQ 

VTES, MTES 

TEOS 

SSQ 

VTES, MTES 

TMOS 

TEOS 

TEOS 

TEOS 

CatalystS 

HCI 

PPG 

HCI 

Template 
Agents 

T' Cf ~~c 
eq (nm) (%) 

Fluorocarbon 600 0.7 

tCD 

C12TAC 

tCD 

430 - 1.0 63 

550 1.3 20 

600 1.7 

420 1.7 

NH,tOH CTAB 550 2. 1 

20 

43 

HCI 

HN0.1 

HCI 

HCI 

2.5 

105 3.4 

Tween80 400 4.2 

Pluronic F127 550 -6.5 

5 

58 

Remarks 

Aero gel 

Ref. 

45 

48 

43 

44 

47 

43 

33 

36 

49 

50 

TEOS NI--h I 05 9.4 49 Particle-like 36 

u Calcination temperature. ' Average pore diameter . ' Pore volume fraction. tCD: heptakis 
(2,3.6-tri-0-mcthyl)-{3-cyclodextrin, CTAB: cetyltrimethylammoniurn bromide, C12 TAC: 
dodecaalkylammonium chloride, [C4mim] ' 8F4: 1-butyl-3-methyl-imida;r...oliwn-tetrafluoro 
-borate, Tween80; polyoxyethylene sorbitan monooleate. Pluronic F 127: poly-( ethylene 
oxide )-b-poly(propylcne oxide)-b-poly( ethylene oxide). 

nanoparticles pores 

monolith 

templates 

Scheme 1.1. Images of pore formation with nanoparticles and templates in monolithic stntcture. 

4 
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When targeting the precise control of the pore size and its uniformity aimed at the silicous materials 

without using the templates, the geometry control of the precursor polymers with an optimized 

hydrolysis/condensation reaction represents a challenge. It is established that use of a base catalyst in sol-gel 

process produces highly branched Si-0 polymer networks that easily create voids among them (Scheme 1.2).14 

This leads to mesopore (2 nm < d <50 nm) or macropore (d >50 nm) formation 51 due to the fact that the void 

size, i.e., pore diameter, is governed by the particle geometry, size and packing.14
'
52

'
53 On the other hand, the use 

of acid catalysts produces weakly branched silica precursor polymers characterized by a low-fractal 

dimension.14
,54-

57 Polymers with a low-fractal dimension should produce a dense monolithic structure with no 

large pore formation (Scheme 1.2). Micropores (d < 2 nm) are usually produced via an acid-catalyzed system, 

while the pore volume is not necessarily large. 

1.2.1.2. Dense Structures 

The physical properties of solid are influenced by the density of the material after drying or heating. The 

structure of polymeric matters depend on the primary conformation of the precursor polymers in the solution, 

i.e., either a low-fractal dimension (weakly-branched) structure or high-dimensional (highly-branched) one.14 

The density of the heat treated solids should reflect the geometry of initial precursor structure, in particular, for 

materials that are heat treated at low temperatures. In other words, weakly-branched polymeric precursors are 

expected to provide a dense solid, while highly-branched structures should lead to a low density, porous solid 

(Scheme 1.2). The dimensionality of polymers during growth is determined by the hydrolysis and 

polycondensation rate, which depends on the metal species. For example, silicon alkoxides have slow 

hydrolysis rate and fast polycondensation rate, whereas transition metal alkoxides such as titanium alkoxide are 

easily hydrolyzed but the polycondensation rate is slow. Most titanium alkoxides are easily attacked by water, 

thus producing highly-branched particle-like polymer aggregates resulting in porous structures. Thus, dense 

solids are prepared by further heat treatment at high temperatures to initiate necking and particle growth. In 
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other words, the synthesis of dense non-porous transition metal oxides via conventional sol-gel processes is not 

straightforward, and a method to prepare low- fractal dimension (weakly- branched) structure by inhibiting 

hydrolysis and/or enhancing polycondensation rate must be developed. 

Meso-Macroporous 

pores (d > 2 nm) 

High ;, • c 
0 
"iii Microporous 
c: 
Cl) 

E pores (d < 2 nm) 15 
(ij :flt1 t) 
!!! u. 

~ 
;~~ 

Low 
Dense 

~ 
~ 

Liquid Solid 

Scheme 1.2. Schematic showing the effect of confonnation of liquid precursors (fi-actal dimension of 

polymeric precursors) and final product. 

1.2.2. One Dimensional Nanostructure 

Owing to their unique geometries. one dimensional ( 1-d) nanostructured materials often possess 

characteristic properties that are not observed in bulk. Various 1-d nanostructures such as nanowires and 

nanotubes have been fabricated from diverse materials by the solution based synthesis. Use of templating 

agents, e.g .• cetyltrimethylammonium bromide (CTAB).~ lyotropic liquid crystal,59 sorbitan monostearate 

(Tween60). and nonaed1yleneglycol dodecylether (C12E09).
59 have been conducted for the preparation of 1-d 
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platinum nanostn1ctures (Scheme 1.3). The metal complex in the 1-d nanostructure can be easily reduced by a 

reductant such as NaB H.~. producing nanostructured platinum.s8
•
60 

(A) 

Scheme 1.3. Scheme of platinum nanowire fonnation by using sodium borohydride and TEM images of 

resulting platinum nanowire. Reprinted from ref. 58(A). (B) and 60(C). The grain boundaries are highlighted by 

the arrows (C). 

1.3. Characterization of Polymeric Nanostructure 

In order to understand the relation between the nanostructure of solid and physical properties, the solid 

must be carefully characterized in the nanometer scale. The morphology can be visually recobrnized by 

transmission electron microscopy (TEM). scanning electron microscopy (SEM) and atomic force microscopy 

(AFM). The crystal structural is revealed by electron diffraction, X-ray diffraction (XRD) and grazing incidence 

x-ray scattering. The microscopic geometry of the precursor polymers is conducted by scattering techniques 

such as; dynamic light scattering (DLS), small angle neutron scattering (SANS) and small angle x-ray 

scattering (SAXS). Among the scattering techniques, SAXS has become a popular analytical tool to gather 

information on the polymeric materials in solution. 
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SAXS records elastically-scattered x-rays in low angles by om-scale objects. Distance distribution 

functions estimated from the scattering intensities contains information regarding conformation, shape, sizes 

and periodicity. This method has long been used to investigate the structure of protein colloids, revealing 

long-range ordered structures and particulate structures. Strobl extended the SAXS analysis to general 

macromolecules, discussing self-similarity, internal structure and degree of swelling.61 In sol-gel chemistry, 

SAXS has been used for structural studies on the polymer network in aggregation of silicious colloids and 

porous gels.62
-M To explain the branched structure of polymeric sols, fractal dimension dr was applied to 

polymeric silica precursor sols.14
•
55

'
57

'
65

•
66 SAXS has recently been extended to the structural investigation of 

. . I 67-70 tltarua precursor po ymers. 

As shown in Scheme 1.2, one can easily image that the fractal dimension of precursor polymers influence 

the nanostructures of resulting solid materials. 4'
65 However, the relationship between conformations of precursor 

liquid polymers, nanostructures of solid materials and their physical properties of sol-gel derived inorganic 

polymers is still poorly defined. A detailed, systematic, and quantitative study is clearly necessary, especially 

since most SAXS studies on polymeric sols have not discussed scattering intensities normalized by absolute 

scale. Such studies is expected to advance material design in the nanoscale, identifYing structure-property 

relations. 
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1.4. Application ofNanostructured Materials 

1.4.1. Optical Thin Films 

When light enters second medium with refractive index n 2 from first medium with refractive index n 1 , 

both reflection and refraction of the light may occur at the interface of these media A typical example of the 

reflection loss, also called Fresnel loss, is observed at an air-glass interface such as the end-face of an optical 

fiber. The reflectance affected by polarization of incident ray is explained by Fresnel equations on each s- and 

p-polarized ray. If the ray is normally incident on the plane, there are no difference between the s- and 

p-polarized rays. In this case, the reflectance is obtained from 

R=(~)
2 

(1) 
n0 +n, 

where n0 and n, are refractive indices of first and second media The reflectance can be controlled by 

placing a third medium with a refractive index n1 between the first and second media. As for this single-layer 

film mode~ the reflectance is described by 

(2) 

When the reflectance is zero, reflection loss is the smallest The optimum refractive index of the intermediate 

layer is deduced from 

For example, in the case of fused quartz ( n s = 1.46) in air ( n0 = 1.0 ), the optimum refractive index is 

n1 =1.21. From eq.(2) and (3), it is obvious that low refractive index materials (e.g., 1.15<n1<1.3) are 

appropriate to reduce reflection, R < 0.5% (Fig.1.1 ). Low refractive index materials have been employed as 

antireflective (AR) thin films for optical applications including display devices, lenses and solar cells.36
•
38

•
71

-
78 

For example, magnesium fluoride is a low-n (n = 1.38) material that is widely used in commercial applications 

(Table 1.2). The reflectance of the single-layer films is determined by the indices of the thin layer. Films with 

lower indices are desired for obtaining low reflection loss and high transmittance. High refractive index films 
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are used for optical devices. such as planar waveguides, dielectric multilayer mirrors, and interference 

filters.77.ss High refractive index films are also used in combination with a low refractive index fi lm for low 

reflectance films in a wide wavelength range. 

10~--------------------, 

8 
air 

1.1 1.2 1.3 

n0 = 1.0 
n1 
ns = 1.46 

1.4 

Refractive index, n1 

1.5 

Figure 1.1. Reflectance of the model material composed of the single-layer fi lrn/Si~ plotted against the 

refractive index of the single-layer film, n 1 • 
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Table 1.2. Typical Refractive Indices of Transparent Solid Materials in Visible 
Wavelengths. 

Materials!frade name Chemical n A. Remarks Ref. 
formula (nm) 

Water(ice) H20 1.31 589 86 

Sodium fluoride NaF 1.32 633 Hygroscopic 87 

Potassium fluoride KF 1.36 633 Deliquescent 87 

Magnesium fluoride MgF2 1.38 633 88 

Fused quartz Si~ 1.46 589 89 

Sodium chloride NaCl 1.54 633 Hygroscopic 88 

Aluminum oxide Ah03 1.66 633 Thin film (PVDj 90 

Zirconium dioxide Zt02 2.21 633 Thin film (PVD) 90 

Niobium pentoxide ~Os 2.32 633 91 

Diamond c 2.42 589 89 

Titanium dioxide (rutile) Ti~ 2.49 633 88 

Lead titanate PbTi03 2.67 633 88 

Teflon00 AF (fluoropolymers) (C2F4)n 1.315 92 

Cytop (fluoropolymers) (C2F4)n 1.34 93 

Poly(methylmethacrylate) (CsHs~)n 1.49 633 94 

Polyethylene terephthalate (CwHs04)n 1.58 95 

Polycarbonate (CIJ-II403)n 1.58 633 94 

Polystyrene (CsH9)n 1.59 633 94 

a Physical vapor deposition. 

1.4.1.1. Low Refractive Index Materials 

Due to high transparency in visible light, silica thin films have been applied to optical thin films. The 

refractive index of silica, n=l.46, is relatively low compared to other inorganic materials (Table1.2). The 

refractive index is influenced by pore volume of a bulk material, i.e., porosity, as described by a Lorentz-Lorenz 

equation 
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where Vp is the volume fraction of pores, n 1 and n f are refractive index of a framework materials 

composing a film and a porous film, respectively. According to this equation, lower indices of silica matrices 

would be attained by incorporation of nanosized pores filled with air, n0 = 1.0, increasing their porosity. 

Increasing the content of nanosized pores is generally expected to greatly deteriorate the mechanical strength of 

the film.35 Consequently, many studies9
6-

100 have investigated reinforcement of porous silica (Table 1.3). 

Table 1.3. Optical and Physical Properties ofSol-Gel Derived Porous SiO:z Thin Films.a 

Source 

TEFS 

TEOS 

d 
(nm) 

TEOS ~10 

MTEOS 

TEFS 20 

TEOS 4.2 

SSQ 10-20 

TEOS 

MSQ 

TEOS 

n 

1.19 52 

1.22 48 

1.22 

1.24 40 

1.25 

1.27 34 

1.28 35 

1.29 

t 
(nm) 

E T Remarks 
(GPa) (0 C) 

150-400 5.0 Fluorosilane, Aerogel 

6.0 400 

Ref 

98 

100 

82 450 Templates (Pluronic F127) 101 

150-400 14 Fluorosilane 98 

9.2 400 Templates (Tween80) 49 

3.9 420 Templates (bCD) 38 

16.6 400 Particles and templates 100 

1.8 425 102 

1.32 ~28 ~50 550 Templates (Pluronic F127) 32 

a Notation: d, average pore diameter; n, refractive index; A., wave length; t, film thickness; E, elastic 
modulus (Young's modulus); T, heating temperature. bCD; heptakis (2,3,6-tri-0-benzoyl)-ft
cyclodextrin. 

1.4.1.2. High Refractive Index Materials 

Titania is a typical example of a high refractive index material. This titania films that are transparent in the 

visible light region are thus one of the most promising candidates for optically-functionalized films exhibit high 

refractive indices. Anatase and rutile forms exhibit n = 2.54 and 2.75 at A.= 550 nm, respectively. Amorphous 



titania has considerably lower n values; highest reported values are around n=2.2. 103 Nevertheless, amorphous 

titania is still preferable for optical films to suppress multiple light scattering103 because polycrystalline titania 

films will always have grain boundaries and particles having various anisotropic orientation, which induces 

birefringence of the films. Additionally, when one needs to use plastic substrates, polycrystalline titania are 

unfavorable because of its photocatalytic activity that may decompose the substrates. 

Amorphous titania thin films can be deposited by spin or dip coating of a solution prepared via the sol-gel 

process.27
-
29

•
1
04-

111 Resulting films are formed at room temperature under atmospheric pressure. Such mild and 

moderate condition should be useful when one targets the use of plastic substrates. However, when fabricated 

without high temperature calcination, porous amorphous titania thin films are obtained. The apertures between 

the particle-like structures of amorphous titania precursors constitute the pores, resulting in a decrease in the 

refractive index. In order to increase the refractive indices of amorphous titania films, dense films containing a 

reduced amount of air must be derived from precursors having suitable conformations. 

1.4.2. Hydrophilic Coatings 

Hydrophilic coatings have been used for anti-fogging, self-cleaning and enhancement of heat-transfer 

efficiency. With respect to organic materials, polyalcohol and fatty acid ester serve as an anti-fogging agent, and 

has been widely used in food packages. Inorganic hydrophilic coatings have the advantage in terms of 

durability of the coating. Titania has attracted attention due to its superhydrophilic properties (contact angle, 

f):::.SO) which is caused by the photocatalytic activity. 112 The drawback of hydrophilic titania coatings is that heat 

treatment is necessary to convert the film into the active crystalline phase, and that superhydrophility is lost in 

the absence of UV light. Silica also can provide hydrophilic nature without UV light radiation; however its 

hydrophilicity is not enough (typically ()> 1 0°). 

It is known that the surface topology of thin films affect the hydrophilicity or hydrophobicity. According to 

the Cassie-Baxter equation, 113 if the pores of a film is filled with air, hydrophobicity is enhanced, while 



hydrophilicity is increased when the pores are filled with water. Thus, hydrophilic/hydrophobic properties are 

influenced by size and the number of pores exposed on surface of thin films. 

1.5. Aim of Thesis 

The nanostructured materials promise development of distinguishing properties different from that of bulk 

structures. For the application perspective, nanostructure design is important to develop physical properties 

what we want. In general, nanostructures of solid materials are controlled by a synthesis condition. The 

resulting solids are closely researched on relationship between their nanostructures and properties. 

On the solution based synthesis for nanostructured material, we can consider two-step: growth of precursor 

polymers in solution and formation of solids from the solution by dtying (Scheme 1.4). In this process, 

conformation of the precursor polymers probably influences design of nanostructures of the solid materials, also 

affecting physical and chemical properties. The present study focuses on manifestation of relations ranging 

from conformation of precursor polymers to nanostructures of resulting solids and their diverse properties. 

Here, nanostructured materials will be fabricated by the sol-gel technique as a solution based synthesis. 

Solid materials fabricated via the sol-gel process using metal alkoxide as a starting reagent are typified by silica, 

titania and alumina In this work, sample fabrication is conducted by using silicon alkoxide having slow 

hydrolysis and titanium alkoxide having fast hydrolysis. The nanostructures of solids are controlled by the 

conformations of precursor liquid polymers derived from each of those alkoxides. Additionally, platinum 

precursor polymers are synthesized via a polymerized complex process being a type of the sol-gel technique, 

producing 1-d networked platinum whose nanostructure reflects a precursor geometry. This research also 

demonstrates that the resulting nanostructured materials have excellent properties on optical, mechanical and 

electrochemical characteristics, which are definite advantages over conventional materials. Definitions of the 

structural relationships, which are the goal of this work, would contribute to the development of synthesis 
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technique and design of various nanostructured materials. In terms of synthesis and applications of silica, titania 

and platinum materials. detailed targets of each chapter are outlined in the following description. 

sources 

Liquid 
(synthesis) 

reaction 

.. .. • 

films 

Solid 
(products) 

precursors nanostructured materials 

structural relationship 

Scheme 1.4. A scheme ofnanostructured materials fabrication and points of focus on this study. 

Chapter 2 will present fabrication of microporous silica fi'orn tctramethyl orthosilicate (TMOS) using a 

catalytic sol-gel process based on the non-ionic hydroxyacetone catalyst. Small angle X-ray scattering (SAXS), 

nitrogen adsorption porosimetry, and transmission electron microscope (TEM) allowed to observe the whole 

structural evolution. SAXS is certainly a suitable technique to confinn the generation of weakly- branched 

polymeric objects because one can easily distinguish such low- fmctal dimension characteristics from those of 

high fractal dimension or globular particle- like objects (dr:::::3) owing to their markedly different scattering 

behavior. Furthennore, a set of the structural parameters describing the geometry of the polymer chains, e.g., 

the radius of gyration reflecting the extent of the spatial distribution of the polymer chains, the fractal dimension 

corresponding to the internal self- similarity, the correlation length often referred to as the mesh size of the 

transient polymer network, and the persistent length related to the internal flexibility of the polymer chains. can 
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be evaluated from the measured scattering intensity. The data demonstrate the influence of conformation and 

microstructure, i.e., mesh-size, of liquid precursor polymers aggregates on pore structures of resulting silica 

From the perspective of an applicative aspect of porous silica, refractive indices of the microporous silica 

thin films fabricated from the precursor solution are characterized by means of spectroscopic ellipsometry, and 

simultaneously, its elastic modulus is investigated (in Chapter 3). Here it demonstrates that the advantage of the 

micropores silica thin film in mechanical strength that is obvious drawbacks of porous silica 

The evolution of superhydrophilicity on the microporous silica film is discussed in Chapter 4. In this 

section, it demonstrates that the apparently smooth and microporous surface can be readily formed below 80 oc 

not from silica nanoparticles or silicon alkylalkoxide, but from low-fractal dimension polymeric silica 

precursor derived from tetramethyl orthosilicate with the hydroxyacetone catalyst. The superhydrophilic 

coating on a polyethylene terephthalate (PED substrate prevents water droplets from forming on the surface. 

As for amorphous titania material, Chapter 5 will demonstrate rapid generation and growth oflow-fractal 

dimension titanium oxide polymers in the precursor solution derived from titanium-n-butoxide via the catalytic 

sol-gel process with the hydrazine monohydrochloride catalyst by mean of time-resolved small angle X-ray 

scattering (Tr-SAXS). In order to obtain a transparent sol or gel with no organic stabilizer for titanium 

alkoxides, previously, it takes a very long time ( > 1 month) before the low-fractal dimension polymers are 

grown. Results exhibited here realize the efficient fabrication of the low-fractal dimension titanium oxide 

polymers, highly transparent solutions. 

Chapter 6 will offer the fabrication of an amorphous dense titania film with a high refractive index from 

low-fractal dimension titanium oxide precursor solutions below 60°C, overcoming negatives of sol-gel 

derived titania solids revealed in previous studies, i.e., creation of void space or inhomogeneous grains, high 

heating temperature, and side effects of an organic residue. Furthermore, it is revealed that the correlation length 

confirmed from the liquid polymers influences the dense structure of the resulting solid film. Also, a successful 



production of a high refractive index amorphous Ti~ film (n > 2.0) on poly(methyl methactylate) (PMMA) 

substrates is shown. 

Applicative study of platinum nanowire network is shown in Chapter 7. The platinum precursors are produced 

by the polymerized complex process being a type of the sol-gel technique, and the platinum nanowire network 

is created by the hydrogen reduction of dried precursor powders. The platinum nanowire network is supported 

on silica nanoparticles. The large electrically-conductive network of ctystalline platinum enables to use 

insulating inorganic oxides like silica. The high chemical stability of silica improves durability of the catalyst 

for the oxygen reduction reaction. 
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CHAPTER2 

Microstructures of Silica Liquid Precursors and 

Porous Solid Materials 

2.1. Introduction 

Porous silicon dioxide (silica) has attracted considerable attention for diverse applications owing to its 

fimdamental characters, such as chemical and thennal stability, optical transparency, and mechanical 

strength.1
-
3 Since nano-sized pores generally contribute to the enhancement of distinctive properties of silica 

materials, porous silica is expected to be utilized for a wide range of fimctional materials, e.g., low dielectric 

materials,4-6low refractive materials,z, 7'
8 and thermal insulators.9•

11 Various approaches have been suggested as 

a pore generation technique.12
•
14 However, poor mechanical properties and performance degradation caused by 

penetration and adsorption of external organic substances are still inherent problems of these porous materials.5' 



15
• 

16 Recent studies on porous materials have shown that a small pore size and its uniformity contribute to the 

strength.5
• 

17
-
19 Additionally, small pores appear to prevent the deposition of chemical species in the pores.Z0 

From these standpoints, microporous silica having micropores (diameter d < 2 nm21
) is highly desired as a 

candidate for evolutionary materials that can overcome all these difficulties. 

When targeting the precise control of the pore size and its uniformity aimed at the silica materials that 

possess exclusively micropores, the geometry control of the polymer-like, low-fractal dimension structures in 

the precursor solution with an optimized hydrolysis/condensation reaction represents a challenge. Compared 

with many existing approaches introducing organic templates to create micropores,22
-
28 this approach has some 

advantages to obtain porous solid materials, e.g., there is no template firing process at high temperature to create 

pores. It is established that use of a base catalyst in sol-gel process produces highly branched silica polymers, 

resulting in densely structured particles that easily create a void among them?9 This often leads to mesopore (2 

nm < d <50 nm) or macropore (d> 50 nm) formation21 in the silica solids due to the fact that the void size, i.e., 

pore diameter, is governed by the particle geometry and size?9
-
31 On the other hand, weakly branched silica 

polymers characterized by a low-fractal dimension have shown to be synthesized using an acid catalyst_29.32
-
35 

Micropores (d < 2 nm) are usually produced via an acid-catalyzed system, while the pore volume is not 

necessarily large. 

Degree of branching in the precursor, which is expressed in a fractal dimension de, has been investigated 

using small angle X-ray scattering (SAXS).36 Brinker et al. obtained weakly branched silica polymers with dr 

~2 by a two step hydrolysis procedure29
,3

7 of tetraethyl orthosilicate using a hydrochloric acid catalyst 

Microporous structure containing small pores < 1 nm was obtained in the dried material of these silica precursor 

polymers. Similarly, Nair et al. used a nitric acid catalyst, and suggested that the linear structure of silica 

precursor polymers should be appropriate for micropores formation. 33 

Small angle X-ray scattering (SAXS) was used to investigate microstructures of the silica sols prepared 

using the non-ionic hydroxyacetone (HA) catalyst. The structural evolution driven by the sol-gel reaction in the 



precursor solutions were pursued by time-resolved SAXS measurements for several days. The structures of the 

heat-treated sol and the product silica powders derived from dried sols were also investigated by SAXS and N2 

adsorption-desorption measurements. Effects of hydrocarbon chain length of the monohydric alcohols in the 

solvent as well as those of the HA catalyst on the microporous architecture of the silica solid materials have 

been elucidated. 

2.2. Experimental Section 

2.2.1. Sample preparation 

Materials. Tetramethyl orthosilicate, (TMOS; Si(OCH3)4 > 98%) and hydroxyacetone (CH3COCH20H 

> 80%) were purchased from Tokyo Chemical Industry, Japan. Methanol ( > 99.8%), ethanol(> 99.5 %) and 

1-propanol (> 99.5%) were purchased from Wako Pure Chemical Industries, Japan. These reagents were used 

as received. 

Synthesis. Precursor solutions were synthesized by the catalytic sol-gel process using hydroxyacetone 

catalyst. Monohydric alcohols, e.g., methanol, ethanol, or 1-propanol were used as solvent TMOS, alcohol, and 

distilled water were mixed in a tightly closed bottle. A non-ionic catalyst, hydroxyacetone, was added to each 

solution. A solution without the catalyst was also prepared using methanol as a control. A thoroughly mixed 

solution was stirred continuously and constantly at 25 °C for several days. The molar ratio ofSi(OCH3)4 to H20 

was I to 5, and hydroxyacetone was added at an equal molar mtio to TMOS except the catalyst-free solution, 

resulting in the concentration ofTMOS of0.525 mol L-1
• 

Porous silica powders were fabricated from 1he aged precursor solutions. The solutions, which were stirred 

at 25 °C for a day, were placed in a 1hermostatic chamber at 40 °C, and then kept a still standing for three days. 

The aged solutions were evapomted and dried under vacuum to produce whitish powders. The dried silica 

powders were immersed in water at 80 °C for 2 hours to hydrolyze me1hoxy groups and to remove organic 

compounds, and then dried at 40°C for 6 hours. 



2.2.2. Characterization 

SmaU-angle x-ray scattering (SAXS). SAXS measurements were carried out on precursor solutions, 

product powders, and their model systems. A SAXSess camera (Anton Paar, Austria) attached to a sealed tube 

anode X-ray generator (GE Inspection Technologies, Germany) was operated at 40 kV and 50 rnA. A Gobel 

mirror and a block collimator provide a focused monochromatic X-ray beam ofCu Ka radiation (A.= 0.1542 

nm) with a well-defined shape. A thermostated sample holder unit (TCS 120, Anton Paar) was used to control 

the sample temperature at 20 oc. The two-dimensional (20) scattering patterns recorded by an imaging-plate 

(IP) detector (a Cyclone, Perkin-Elmer) were integrated into to one-dimensional (10) scattered intensities, I(q), 

as a function of the magnitude of the scattering vector q = (4n/A.)sin(t9/2) using SAXSQuant software (Anton 

Paar), where t9 is the total scattering angle. All the measured intensities were semi-automatically calibrated for 

transmission by normalizing a zero-q attenuated primary intensity to unity. All I(q) data were corrected for the 

background scattering from the capillary and the solvents, and the absolute scale calibration was made using 

water as a secondary standard.38 A model-independent collimation correction procedure was made via an 

indirect Fourier transformation (IFT)39
'
40 routine and/or based on a Lake algorithm. All the fitting and fractal 

analyses were made after the desmearing procedure. 

29Si NMR. Chemical characterization of silica precursors was conducted by 29Si NMR spectroscopy. All 29Si 

spectra were obtained on an ADVANCE 400 MHz FT -NMR spectrometer (Bruker) at 20 °C as a function of 

the reaction times at 0 - 48 hours. All the measurements were conducted with a pulse width of 18 IJS and a 

pulse delay of 10 s at 79.49 MHz. 2 mL of the precursor solution was put in a 10 mm NMR glass tube, and 

chromium(III) acetylacetonate used as a relaxation agent was well dissolved before individual measurements. 

All 29Si chemical sifts were externally referenced to the silicon peak ofhexamethyldisiloxane (6 = 6.68 ppm) in 

a 5 mm inner tube. Spectrum peaks manifest various silicon sites in distinct chemical environments. The 

notation Q/ is commonly used to explain the degree of hydrolysis and condensation for a four functional unit 

(e.g., tetramethyl orthosilicate), where the subscript i and superscript j denote the number of silanols and 
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siloxane bonds on the silicon atom, respectively. Accordingly, the number of alkoxy groups on the silicon is 

4-i-j. 

Nitrogen adsorption porosimetry. Nitrogen gas adsorption-desorption isotherm were performed at -196 °C 

on an ASAP2010 volumetric adsorption analyzer (Micromeritics), after the heated powders were outgassed 

under vacuum at 200 oc in the degassing port. Specific pore volume and surface area of the micropores were 

evaluated from the adsorption isotherm data using the !-plot method28
•
41 in the thickness range of0.35 - 0.5 run, 

an empirical method based on the comparison of the obtained nitrogen adsorption isotherm for a porous sample 

with that of a non-porous reference material. A plot of the adsorption volume versus the statistical thickness of 

adsorbed layer on a reference surface was used in the t-plot method. Specific surface area was also calculated 

from the data in the relative pressure range from 0.05 to 0.3 using Brunauer-Emmett-Teller (BED method,42 

and total pore volumes were determined from the volume of the adsorbed nitrogen gas at a relative pressure of 

0.95?1 The pore size distributions in the pore diameter in the range of 2 - I 0 nm were evaluated by the 

Barrett-Joyner-Halenda (BJH) method,43 whereas those of< 2 nm were measured by the Saito-Faley (SF) 

modified Horvath-Kawazoe (HK) model from the adsorption isotherms in the low relative pressure region.44
·
45 

Transmission electron microscope (TEM) observation. TEM images of the powder samples were obtained 

using a JEM-2010 transmission electron microscope (JEOL) with an acceleration voltage of 200 kV. Fine 

ground powders were dispersed in methanol by ultrasonication. One drop of the suspensions was put on a 150 

mesh carbon-coated copper grid, and then they were dried at 60 °C in air. 



Table 2.1. Summary of the Preparation Process for Each of the 
Silica Precursor Sols and Powders a 

Sample Solvent Catalyst Chemical State 
code Hydrolysis 

LCSm Methanol Yes Liquid 

LCSe Ethanol Yes Liquid 

LCSp !-Propanol Yes Liquid 

LSm Methanol No Liquid 

CSmb Methanol Yes No Powder 

CSec Ethanol Yes No Powder 

HCSm 1-Propanol Yes Yes Powderd 

HCSe Methanol Yes Yes Powderd 

HCSp Methanol Yes Yes Powderd 

HSm Methanol No Yes Powdel 

a The powder samples were prepared by drying the liquid 
samples. Before the chemical hydrolysis of 6 HCSm or c HCSe. d 

The powders were hydrolyzed by immersing them in water at 
80 oc and then dried at 40 °C. 

2.3. Results and discussion 

2.3.1. Structure characterization of the precursor solutions as obtained by SAXS 

It is postulated that the porous structure of the sol-gel derived solid materials reflects the conformation of 

the aggregates in the liquid precursors.29
,3

3
,
37 The time evolution of static structures in the silica precursor 

solutions has been evaluated by means ofSAXS.46 Figure 2.1 shows SAXS experiments on the silica precursor 

solutions prepared using different monohydric alcohols with and without the HA catalyst, in which 

collimation-corrected SAXS intensities, I(q), for LCSm, LCSe, LCSp, and LSm are given in a 

double-logarithmic plot as a function of the reaction time, t. 
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The pronounced increase of l(q) with time for all the systems with reaction time provides evidence for the 

growth of the silica aggregates in the precursor solutions. Figure 2.2 shows the extrapolated forward intensities 

to zero scattering vector, l(q----"'0), of all the precursor solutions together with the radius of gyration, Rg, of 

LCSm and LCSe (Rg of LCSp and LSm are not accessible because Guinier regime qRg < 1 for these samples 

was beyond the resolution of this SAXS experiments). Importantly, it is found that independent ofhydrocarbon 

chain lengths of the solvent alcohols and of the presence or absence of the HA catalyst, all the precursor 

solutions showed induction times for an increase of l(q----"'0). The SAXS intensity should remain nearly constant 

until the size of silica aggregates and their number density are large enough to scatter X-rays to be detected, so 

that the observed induction times are likely to involve the induction time for nucleation, the actual nucleation 

period, and the period for the aggregate growth up to a certain size that can clearly be detected by SAXS 

experiments. 

The onset of the intensity rise for the methanol- and ethanol-based systems with the HA catalysts, i.e., 

LCSm and LCSe, was found to be ca 36 h. The polymerization in these systems proceeded slowly at t > 36 h. 

yielding the relatively small molecular weights even after 3 days. In contrast, when 1-propanol was substituted 

for methanol or ethanol (LCSp), the earlier onset was observed (ca 24 h). The aggregates exhibited far faster 

growth than those observed in LCSm and LCSe in t > 24 h, and finally reached several tens of times greater 

relative intensities than those for LCSm and LCSe. The absence of the HA catalyst (LSm) also led to faster 

growth and high molecular weights of the aggregates, similar to the behavior of the 1-propanol-based LCSp. It 

suggests that for the induction periods, hydrolyzed species may have been created by the hydrolysis reaction of 

TMOS that serves as a polymerization nucleus of the following condensation reaction, but polycondensation 

did not proceed actively. 
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Figu rc 2.1. Variations of collimation-corrected SAXS intensities, l(q ), for the liquid si I ica precursor solutions. 

LCSm (A), LCSe (B), LCSp (C), and LSm (D) on absolute scale as a function of the reaction time, 1, in a 

double-logarithmic plot The solid lines given in all panels represent the q'2 slope to highlight a feature of /(q) in 

the high-q regime. 

2.3.2. Scattering functions of the methanol- and ethanol-based precursor solutions 

For further quantitative description of the silica aggregate structure in the precursor solutions. the shape of 

the scattering curves was scmtinized. It was found that when methanol or ethanol was used with the HA 

catalyst in the precursor solutions. namely for LCSm and LCSe. /(q) can formal ly be fitted by the 

Omstein-Zemike (OZ) equation47 

I( )= t{o) 
q ' ' I + ~- q · 

( I) 

where ' is the correlation length and /(0) the asymptotic V!ro-q intensity. In Fig. 2.3, SAXS 
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intensities. f(q), and Kratky plots.c/!(q) versus q. ofLCSm and LCSe arc displayed. Note that the shape of the 

OZ function is not the same as, but resembles that of the Debye structure function, P,r.h~(q), of an ideal or 

G . I I . . I . 41!-SO auss1an po ymer c 1am m so ut10n 

l(q) = I(O) P,dcal(u) = 2/ (0) exp(- ll),+ u - l (2) 
u· 

where u = Rg1l with R~ being the radius of gyration. 
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Figure 2.2. The extrapolated forward intensities to zero scattering vector, f(q- 0), of LCSm (red). LCSe 

(blue). LCSp (green), and LSm (black) plotted against the reaction time. The radius of gyration, R~, for LCSm 

and LCSe determined with Guinier plot are also plotted in the upper panel. TI1e inset shows an enlarged view of 

the low intensity regime for LCSm. LCSe. and LCSp, where l(q- 0) < 2 em·'. 



At low-q, I(q) exhibited Guinier behavior reflecting the overall geometry of the aggregates, as described 

by a Guinier equation 

l(q)=l(O)exp -4 
[ 

R 2 2] (3) 

In the intermediate to high-q regime, power-law behavior was observed, indicating the emergence of the fractal 

structures. Self-similarity is an important basic property of fractal objects like polymer chains in solution, which 

means that independent of the chosen length scale, a polymer chain exhibits the identical internal structure.51 

The number of monomers, n(r), contained in a sphere of radius r is represented by the following power law 

with an exponent v 

The fractal dimension, dr, is just defmed as the abovementioned exponent v, where v = 2 corresponds to an 

ideal coil polymer without excluded volume, while v= 5/3 to an expanded chain with excluded volume in good 

solvent. drdirectly shows up in the asymptotic exponent in I(q) as 

The q-2 slope in I(q) observed for LCSm and LCSe atq > 2 nm-1 givesdr~ 2, which is identical with drof 

an ideal polymer chain. A Kratky plot, li(q) versus q, is an instructive way to highlight a fractal nature with dr 

~ 2, which is manifested in the high-q plateau Cli(q) oc q~. The fmding demonstrates that low-fractal 

dimension, polymer-like aggregates were synthesized by using the HA catalyst with short-chain alcohols, 

methanol and ethanol. The local stiffuess of a polymer chain often leads to rod-like properties on a short length 

scale, which is revealed in the highest-q regime of SAXS curve. The position of cross-over, q*, from coil-like 

[I(q) oc q-2
] to rod-like scattering [/(q) oc q-1

], can clearly and only vaguely be seen for LCSe and LCSm, 

respectively, which corresponds to persistence length, If'S. ~ nlq*; see Figs. 2.3(0) and 2.3(C). 

The correlation length, c;, explicitly involved in the OZ expression (Eq.(l)) can be interpreted as the 

mesh-size of the transient polymer network, 5° representing the length scale of the spatial correlation of density 
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fluctuations caused by a polymer chain.51 Figure 2.4 shows variation of e in the methanol- based and 

ethanol- based precursor solutions with the HA catalyst as a function of the reaction time as obtained by SAXS. 

It was observed that ~ was an increasin~ function of time, LCSm showing greater values than LCSe. 

Importantly. even aller 3 days, the growth of e was rather limited; LCSm gave '- 1.3 nm at t = 72 h. while 

LCSe did '- 1.9 nm. As discussed in the following sections, such geometry found in the liquid precursors is 

closely linked with the pore size of the resulting solid silica materials produced from LCSm and LCSe. 

Figure 2.3. Collimation- corrccted SAXS intensities, l(q). and Kratky plots, l l(q) versus q. of the methanol

and ethanol- based precursor solutions with the HA catalyst, fonning low- fractal dimension polymer- like 

aggregates with dr- 2; LCSm (A. 8) and LCSe (C, 0). as a function of the reaction time at 36, 48, and 60 hours. 

Red solid lines represent the optimum tit curves based on Omstein- Zemike (OZ) equation. 
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Figure 2.4. Variation of the correlation length (mesh-size),<;, ofLCSm (open circle) and LCSe (filled circle) 

with the reaction time. 

Generally, the asymptotic ZJ;!ro-q intensity, l(q~O), gives a measure of molecular weight of a polymer 

chain in a dilute solution. 1his relation is no longer exact for a semidilute solution because osmotic 

compressibility also contributes to l(q~0).49"51 Nevertheless, the apparent (relative) molecular weight, Mw app' of 

the polymer-like aggregates in the precursor solutions may be semi-quantitatively evaluated, relying on the 

relative forward intensity, l(q~O, t)ll(q~O, 0). Figure 2.5 shows I(q~O, t)ll(q~O, 0) plotted against Rg 

evaluated based on Eq.(3) using a Guinier plot [lnl(q) vs q2
]. With increasing Rgo l(q~O, t)ll(q~O, 0) increased, 

showing downwards convex behavior, in which interplay of mass and the extent of spatial distribution of a 

polymer-like aggregate is manifested; solid lines are the optimum fit curves under the assumption of Mw app oc 

Rgv· These exponents were evaluated as v = 1.98 and 2.17 for LCSm and LCSe, respectively. The exponent of 

ca 2 again confirms the growth of the weakly-branched coil polymer-like aggregates. 

All the data presented in Figs. 2.3-2.5 unambiguously demonstrate that Gaussian polymer-like aggregates 

having microscopic correlation length (or mesh-size) < 2 om and low fractal dimensions ~ 2, can selectively be 

synthesized in the precursor solutions based on a short chain alcohol (methanol or ethanol) and the HA 

catalysts. 
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Figure 2.5. TI1e relative forward intensity. !(q _, 0, t)ll(q - 0, 0), versus the radius of gyration, Rg. for LCSm 

(A) and LCSe (8). l(q _, 0, t)l!(q -+ 0. 0) may be used as a measure of the weight- averaged apparent 

molecular weight. Mwr~..,', of the polymer- like aggregates. Solid lines are the optimum fit ctuves drawn under 

the assumption of /v/,,01
7tl ex: R~': yielding v = 1.98 and 2.17 for LCSm and LCSe. respectively. 

2.3.3. Scattering behavior of the )-propanol and without catalyst solutions 

The precursor solutions based on !-propanol (LCSp) and without the I-lA catalyst (LSm) were also 

investigated. As discussed later, these precursor solutions resulted in the mesopore fonnation. Figure 2.6 shows 

SAXS intensities. /(q), and Kratky plots, t/ l(q) versus q, of LCSp and LSm. Figure 2.6 indicates that in contrast 

to the observation that the weakly branched polymer-like aggregates in LCSm and LCSe exhibited very similar 

behavior to an ideal polymer chains. substitution of !-propanol or the absence of the HA catalyst led to 

considerably different scattering behavior. /(q) for LCSp and LSm cannot be described by the OZ function, 

representing a local ma-ximum in d1e Kratky plot. It is naturally understood that branching of polymer chains 

imposes a somewhat particle-like nature to the polymer chains. Toporowski and Roovers predicted d1at 

star-branched polymers give such a local ma-ximum in a Kratky plot 52 Similar phenomenon was observed for 

dendrimers53 and nanoparticles comprising tightly crosslinked liner chain precursors54
• If a Kratky plot is 

applied to hardsphere, it gives a low-q local maximum and the rapid decrease at high-q as q2!(q) ex: q·2• However, 

unlike the expected behavior for a colloidal particle having homogeneous density, a high-q plateau after a local 

maximum is still present for LSCp and LSm. It suggests that such notable features of in LCSp and LSm are due 



to the co-existing particle-like and Gaussian chain-like natures of the branched polymer-like aggregates in these 

systems. 

The shape of the scattering function for a polymer is governed by the structure function, S'po1y(q), which is 

given by Fourier transformation of the monomer-monomer pair-correlation function, g(r) 

( 'ioo 2 sin qr l(q)ocSpoly(q)=47r em/ [g(r)-1]r --dr 
o qr 

(6) 

where (em) is averaged monomer concentration. For a dilute solution, g(r) describes the correlations within a 

single chain, whereas for a semidilute solution, g(r) inevitably involves those between different chains. Using 

Indirect Fourier transformation (1FT) technique,39
'
40 g(r) was derived. Figure 2.7 shows the monomer-monomer 

pair correlation functions of the silica precursors, LCSm, LCSe, LCSp, and LSm, in the expression of D(r) = 

(em)[g(r) - 1 ]r2
• This expression provides intuitive information about the extent of spatial distribution of the 

polymer-like silica aggregates. As shown in the insets of Fig. 2.7, D(r) ofLSCm (TMOS/methanoVwater!HA) 

and LCSe (TMOS/ethanoaVwater!HA) are well explained by that of an ideal polymer. However, obviously, 

D(r) of LSCp (TMOS/1-porpanoVwater/HA) and LSm (TMOS/water/methanol) cannot be described by D(r) 

of an ideal liner polymer. 

According to the definitions and formulations, D(r) for the branched polymer-like aggregates, as detected 

in LSCp and LSm, may be understood as a counterpart of the pair-distance distribution function, p(r), of a 

colloidal dispersion, which is given by the convolution square of the electron density fluctuations, I'.!A_r), 

For a dilute colloidal dispersion, the intensity I( q) is given by 

( ) i"' sin qr 
I q ~ P(q) = 4n p(r)--dr 

o qr 
(8) 

where P( q) is form factor of a colloidal particle. 55
'
56 Indeed, D(r) of LSCp and LSm looks more like p(r) of to 

some extent elongated colloidal dispersions, which underlines the different structural aspects ofLSCp and LSm 

from those ofLSCm and LCSe. 
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Figure 2.6. Typical SAXS intensities, /(q), and Kratky plots. c/l(q) versus q. of the !-propanol- based 

precursor solutions with the I-lA catalyst, LCSp (A, B), and the methanol- based precursor solutions without the 

HA catalyst LSm (C. D), fonning branched polymer- like or particle-like aggregates as a function of the 

reaction time at 36. 48, and 60 hours. 
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2.3.4. Fractal structure of the solid silica powders 

TI1e microstructure of the liquid silica precursors should be a key factor that affects the stnJcture of the 

dried silica powder products. How the liquid precursor structures is ' imprinted' on the solid silica materials is of 

an especial interest. Figure 2.8 shows SAXS intensities. l (q), and Kratky plots.l!(q), of the silica powders 

derived from the LCSm and LCSe precursor solutions, together with those of heat- treated sols. Different from 

the typical scattering pattern of the liquid precursors, the powder samples exhibited multi- asymptotic behavior 

of l(q), which is probably caused by polymer- polymer agglomeration via the heat treatment and drying process. 

Importantly, the SAXS data revealed that a series of the methanol- based treated samples, e.g., the heat- treated 
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LCSm sol, 1he silica powder produced by drying 1he heat-treated sol at 40 oc (CSm), 1he hydrolyzed silica 

powder (HCSm), and 1he heat-treated HCSm powder at 200 °C, commonly exhibited 1he plateau in 1heir 

Kratky plot in q > -2 nm-1
• This means 1he constant monomer density was achieved on a small length scale 

corresponding to q > -2 nm-1
, while large length-scale structures were modified via 1he heat and hydrolysis 

treatments. The finding is highly indicative of 1he preserved fractal nature in 1he internal (local) structures of 1he 

hydrolyzed and heat-treated silica powders, i.e., dr= -2 and~< 2 nm, found in 1he liquid precursor. 

As for 1he silica powders fabricated from LCSe, 1he q-position, where q2l(q) reaches a plateau shifted to 

higher-q side wi1h a series of1he treatments, which appears to suggest an increasing mesh-size. The HCSe and 

1he heat-treated HCSe powder sample showed a negative slope in 1heir Kratky plots (dr > 2), indicating 1hat 

additional crosslinking reactions via 1he hydrolysis and heat treatments caused 1he emergence of higher 

fractal-dimension structures. Wi1h respect to 1his observation, it is said that 1he porous structures derived from 

LCSe wi1h larger geometry 1han 1hose from LCSm are relatively fragile against 1he chemical reactions. 
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Figure 2.8. SAXS intensities. l(q). and a kratky plot. q2I(q). of the heat-treated sol and the silica powder 

samples synthesized from the methanol- based (A, B) and the ethanol- based (C. D) precursor solutions. I(q) 

and li(q) for heat- treated sol from LC m (black), C m (red). HCSm (blue), and HCSm heated at 200 oc 

(green) are shown in the panels (A) and (B), respectively, and those for heat- treated sol from LCSe (black), 

CSe (red), HCSe (blue), and HCSe after the same heat treatment (green) in the panels (C) and (D). 

2.3.5. 29Si NMR investigation of weakly branched silica polymers 

The degree of hydrolysis of a silicon alkoxide monomer is considered as one of the influencing factors for 

the generation of weakly- branched Gaussian chain-like polymers. In order to confirm the state variations ofSi 

sites by the hydrolysis and condensation reactions, 29Si NMR experiment was conducted on the 

methanol- based precursor solutions with the HA catalysts (LCSm) in an early stage of the sol- gel process (Fig. 

2.9). 29Si NMR spectra were recorded at I ::,; tlh S48, where 1 is the reaction time. A Q0
1 peak intensity at -75.6 

ppm increased with the reaction time in 1 < 9 h, while a Q0° peak intensity at - 77.9 ppm decreased. Q0
2 and Qo3 

peaks appeared respectively at - 74.0 and - 72.8 ppm att - 6 h. The Qi peak exhibited the maximum area at t -

12 h. which was smaller than that ofQ/,11le maximum area of the Qo3 peak was attained at 1- 15 h. The Qo3 



peak is the larger than any other Q0 peak after the 24-hour reaction. No Q0 
4 peak was observed, which was 

expected to appear at about -73.1 ppm.29
•
57 

The total intensity of the Q0°, Q0
1
, Q0

2
, and Q0

3 peaks was reduced with reaction time. This implies an 

increase in the number of condensed sites (e.g., Q1) produced by the condensation reaction of hydrolyzed 

silicon monomers, while the peaks attributed to Q1 sites were hidden in a background because of their blurred 

signals. The consumption of Si monomers was almost completed in t < 48 h, in which the condensation 

reaction between partially hydrolyzed silicon sites proceeded. The data demonstrate that although a sufficient 

amount of water was added to the solution ([TMOS]:[H20]~S), a fully hydrolyzed site Q0
4 was not generated. 

This notable feature well supports the SAXS results; the condensation of partially hydrolyzed silicon sites 

efficiently suppressed the branch formation, leading to the weakly branched polymer-like structure. In contrast, 

an ionic catalyst, e.g., hydrochloride57
"
59

, generally leads a rapid hydrolysis reaction, producing completely 

hydrolyzed silicon site Q0
4
•
29 Such fully hydrolyzed silicon atoms often enhance the branch formation, yielding 

particle-like highly-branched aggregates. 29 
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Figure 2.9. Time evolution of the hydrolysis reaction in the methanol-based precursor solution under the 

presence of the HA catalyst as obtained by 29Si NMR spectroscopy. A time series (from bottom to top) of the 

29Si NMR spectra for LCSm as a function of the reaction time, t. 

2.3.6. Pore characteristic of produced silica powders 

In order to determine the pore characters of the silica powder samples, the N2 adsorption-desorption 

measurements was conducted on CSm, HCSm, CSe, and HCSe. The hydrolyzed powders, HCSp and HSm, 

derived from the LCSp and LSm precursor solutions, respectively, were also evaluated. A N2 

adsorption-desorption isotherm obtained for HCSm, CSm, and CSe showed a typical type I isotherm (Fig. 2.1 0). 

According to IUPAC, this is classified into monolayer adsorption ofN2,
21 which represents a porous material 

based on micropores in diameter < 2 nm. The N2 adsorption-desorption isotherm of HCSe showed a type I 

isotherm with minor hysteresis loops, whereas those of HCSp and HSm showed typically type IV isotherms. 

The miner hysteresis loop ofHCSe indicates the presence of pores having slightly larger pore diameter than that 

of the micropore. The hysteresis loop of HCSp fell into a H2 type associated with an ink bottle shape of pores. 21 



43 

In contrast, HSm, derived from the methanol-based precursor solution without HA catalyst (LSm) showed a 

H 1 type hysteresis loop, which implies an aggregate as an assembly of particles. The result is consistent with 

the SAXS data which have shown the formation of branched polymer-like or somewhat particle-like silica 

aggregates in the LCSp and LSm precursor solutions. 
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Figure 2.10. Nitrogen adsorption-desorption isotherms of the hydrolyzed silica powders prepared from the 

HA catalyst-involved precursor solutions with different monohydric alcohols; HCSm (black circle), HCSe 

(blue circle), and HCSp (green circle), and that from the methanol-based precursor without the HA catalyst; 

HSm (black triangle). The data for the powders without the hydrolysis treatment, CSm (black square) and CSe 

(blue square), are also compared in the plot. All samples were heat-treated at 200 oc for 6 h to degas. The 

adsorption and desorption isotherms are represented by open and filled symbols, respectively. 

Figure 2.11 shows the BJH pore size distributions for a series of hydrolyzed silica powders calculated from 

the N2 adsorption data CSm and HCSm exhibited no obvious peak in the range from 2 to 10 nm. The 

distributions marked in the vicinity of d - 2 nm appear to reflect the amount of micropores. The total pore 
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volumes ofCSm and HCSm were estimated to be 0.26 and 0.37 cm3 g-1
, respectively (Table 2.2). One plausible 

reason for this phenomenon is that chemical substances remaining in the solid matrix were eliminated by the 

chemical hydrolysis. A broad shoulder can be seen in the pore size distribution of CSe in the range of2 ::; d/nm 

::; 4. After the hydrolysis (HCSe), a small peak at 3.3 nm emerged in the broad distribution. The total pore 

volume of 0.31 and 0.46 cm3 g-1 were obtained for CSe and HCSe, respectively (Table 2.2). In the 

ethanol-based powders, aside from the targeted elimination of the remains of chemicals, the hydrolysis caused 

an increase of large-sized pores ( d ~ 3.3 nm ). On the one hand, The pore size distributions of HCSp and HSm, 

which were produced from the branched polymer-like or particle-like silica aggregates, showed distinct peaks 

at 3.9 and 7.1 nm, respectively, highly indicative of the mesopore formation. 

The t-plot analysis, commonly used to determine the micropore volume of microporous materials, was 

applied to CSm, HCSm, CSe, and HCSe to confirm the presence of micropores. The t-plots ofCSm and HCSm 

are given in Fig. 2.12(A). Extrapolation lines for CSm and HCSm determined in the thickness range between 

0.35 nm and 0.5 nm had a positive intercept on they-axis, indicating the presence of micropores. In addition, 

the values of their y-intercept were close to each other. This means that the micropore structure was preserved 

after the chemical hydrolysis, owing to the robust micropore architecture. In view of the SAXS results shown in 

Figs. 2.8(A) and 2.8(B), these powders are characterized by dr~2 in their local structures. All these observation 

led to conclude that the weakly-branched polymer-like structure in the liquid precursor offers a micropore 

framework of the resulting solid silica, whose pore size is regulated by the mesh-size <a of the transient 

polymer network produced in the precursor solutions. These samples did not generate secondary pores, which 

are usually formed in the aggregate of grown polymers during the drying process.Z9 It suggests that mutual 

interpenetration of the weakly-branched silica aggregates generated in the liquid precursor, known as an 

important nature of Gaussian polymer chains, efficiently avoided the secondary pore creation via the drying 

process. 



-c>-HSm 
---<rHCSp 

4 ....t>-HCSe 
-<>-HCSm 
--9-CSa 

3 -o-csm 

Cl) 

§ 2 

~ 
Cl) 

5 1 
Q. 

0 

' a 7 a e 
10 

Pore diameter (nm) 

45 

Figure 2.11. BJH pore size distributions of the hydrolyzed silica powders, HCSm, HCSe. 1-lCSp and HSm. 

F'or comparison, the data for the powders without the hydrolysis treatment. CSm and CSe, are also displayed. 
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Figure 2.12. Effects of chemical hydrolysis on d1c microporc volume of the solid silica materials. t-plot 

curves of the silica powder samples: (A) the methanol- based systems, HCSm (open circle) and CSm (open 

square), and (B) the ethanol- based systems, HCSe (fi lled circle) and CSe (filled square). Tangent lines were 

drawn in the thickness range between 0.35 nm and 0.5 nm. 

To scrutinize the pore size distribution in the micropore region of d < 2, the SF modified HK model! ~s was 

applied to CSm and HCSm. 111is approach is based on a semiempirical calculation of the pore size distribution 

!Tom the nitrogen adsorption isothem1 in microporous materials with slit-like pores, and is applicable to active 



carbon. Its application was extended to the cylindrical pore geometry of microporous materials, such as zeolite 

d ·1· 46 d h b d. d" . ·1· 6061 an SI 1ca, an ave een use m many stu 1es on m1croporous s1 1ca ' 

It was found that CSm and HCSm exhibited narrow peaks at 0.87 nm and 0.84 nm, respectively (Fig. 

2.12). After the hydrolysis treatment, the micropore diameters only slightly decreased. The residual methoxy 

groups in the polymeric precursors may have been hydrolyzed and converted to silanol groups. The porous 

silica powders derived from the ethanol system, CSe, had a certainly larger average pore diameter than those 

derived from the methanol systems, CSm and HCSm (Table 2.2). The fmding again demonstrates that the 

micropore size of silica solid materials was linked with the mesh-size ( ~ ) of the polymeric silica precursors 

(Fig. 2.4). 

It is postulated that the larger pore size of the silica powder from the ethanol system (CSe) enhanced 

incorporation of water molecules in the hydrolysis process than that from the methanol system (CSm), which 

expanded the pore size (HCSe). As shown in Fig. 2.11, CSe and HCSe exhibited wider pore-size distribution 

compared with CSm; secondary pores may seem to have been included in some degree. For the !-propanol 

system (HCSp) or the catalyst-free system (HSm), the majority was mesopores caused by the cluster 

aggregation. Secondary pore structures are generally fragile against hydrolysis and poly-condensation reactions 

in hydrothermal treatment. 

The morphologies ofCSm and HCSm were observed by 1EM to obtain insights into the influence of the 

hydrolysis treatment on the porous structures (Fig. 2.14 ). The comparison of these images confirmed almost the 

same morphologies in CSm and HCSm. The pore diameters of both CSm and HCSm were estimated to be ca 

0.5 nm. 
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Table2.2. Structural Properties of the Porous Silica Samples u 

Sample d Smicro St<Xnl Vmicro ~0011 
code 

(m2 g·') (m2 g·') (mJ g·') (mJ g·') (nm) 

CSm <2.0 29S SIS 0.141 0.26 

CSe 2. 1 2S7 S88 0.11 0.31 

HCSm < 2.0 260 737 0.125 0.37 

HCSe 2.8 6 780 0.004 0.46 

HCSp 3.5 31 660 0.016 0.58 

HSm 6.1 68 517 0.024 0.79 

"Notation: d, average pore diameter (BET); Smiao. micropore 
surface area; S1001t. total surface area (BET); ~niat» micropore 
volume; ~OOIJ, total pore volume. 
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Figure 2.13. SF-modified HK pore size distributions for the microporous silica. HCSm (open circle) and 

CSm (filled circle). 



Figure 2.14. Typical TEM images of the dried silica powders. CSm (A) and the heated IIC m (B). 

2.4. Conclusion 

Microporous sil ica solids have successfully been synthesized from TMOS via the catalytic sol- gel process 

using the non- ionic HA catalyst. In the presence of HA, the pore size can essentially be controlled in tenns of 

the chain lent,rth of the monohydric alcohols used in the precursor solutions, as d < I nm was attained with 

LCSm (TMOS/methanol/water/HA). SAXS experiments have revealed that in the methanol- and 

ethanol- based systems. the polymer- like silica aggregates characterized by low fractal dimensions, dr - 2, 

identical to an ideal polymer chain, and the microscopic mesh-size of the transient polymer network ce < 2 nm) 

were generated via the condensation of partially hydrolyzed silicon alkoxides. which offered a micropore 

framework of the silica solids. The agglomerated sol by the heat treatment and the solid silica powders derived 

from L Cm also exhibited fractal scattering behavior on a similar length scale to that in LCSm. TI1c finding is 

indicative of the preserved fractal nature in their intemal structures, i.e., dr= - 2 and e < 2 nm. The average pore 
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diameter of the silica powders derived from the ethanol system (LCSe) increased via the chemical hydrolysis 

treatment from 2.1 nm to 2.8 nm, accompanied by an increase in the fractal dimension (dr> 2). The phenomena 

highlight the advantage of the robust porous architecture of the methanol-based system against the chemical 

hydrolysis treatment owing to the ultra-fine liquid ((- 1 nm) and solid (d < 1 nm) structures. Substitution of 

1-propanol or the absence of the HA catalyst led to higher dimension branched polymers or particle-like 

structures in the liquid precursors, which resulted in the formation ofmesopores with a diameter(> 2 nm) due 

to apertures between the particle-like aggregates. 
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CHAPTER 3 

Refractive Indices andY oung's Modulus of 

Microporous Silica Thin Films 

3.1. Introduction 

Low refractive index (!ow-n) thin films have been employed as antireflective (AR) coatings for optical 

applications including display devices, lenses and solar cells.1
-
10 Magnesium fluoride is a !ow-n (n = 1.38) 

material that is widely used in commercial applications. Films with lower indices (e.g., n < 1.3) are desired for 

obtaining high transmittance. Such films may be attained by incorporation of nanosized pores filled with air 

having n = 1.0. However, preparation of magnesium fluoride with nanosized pores is not trivial. 
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A promising candidate is highly porous silica, which can be in the fonn of particles2
'
4
'
8
, xerogei12

'
13 or 

aerogel11
'
14

• Silica has a !ow-n (n = 1.46), good durability and environmental resistance7
'
19 and can be used for 

optical applications, microelectronics15
-
18 and thennal applications14

• However, increasing the content of 

nanosized pores is generally expected to greatly deteriorate the mechanical strength of the film 11
• This problem 

h . I d d' 1617,20-22 d' =-~ f 'I' . I F I R 'd as stJ.mu ate many stu tes , re~ mg reuuorcement o porous st tea matena s. or examp e, et y et 

a!. reported that fluorination of silica improved the mechanical strength of porous silica The resultant film had 

an average pore size of about 20 nm, elastic modulus of 14 GPa, and n = 1.24?0 Luo et al. reinforced porous 

silica with colloidal silica nano particles22
, yielding a film with a low-n of 1.28, Young's modulus of 16.6 GPa, 

and hardness of 0.92 GPa Although high-density spherical silica nano particles should have high hardness, 

their introduction into the film matrix may roughen the surface and cause terrible increment of light scattering. 

Further improvement of these films in tenns of their Young's modulus and transparency is quite necessary. 

Investigations focusing on pore structures, pore unifonnity and film fonnation process will be helpful for 

obtainirtg stronger and more transparent films. 

P 'I' . . II 8111617 • h 2 50 . d' 23 A h . orous st tea ts typtca y mesoporous ' , ' wtt pores - nm m tameter . s s own m recent 

investigations, fonnation of micropores < 2 nm in diamete~ would be favorable in order to increase the 

mechanical strength.24
,2

5
,2

6 Furthennore, micropores would probably eliminate penetration and adsorption of 

chemical species21 which give rise to light scattering and absorption. As for microporous silica film is well 

known as packed silica nanoparticles27
-
31 and monolithic microporous silica3241

• Silica is promising high optical 

transparency, but nanoparticles tend to fonn inhomogeneous aggregation during packing process, which causes 

nonunifonn density distribution and light scattering. ln addition, pore volume fraction of dead space in packed 

silica nanoparticles is limited because of its fonnation principle. On the other hand, monolithic microporous 

silica consists of solid skeleton and void structure, which is usually prepared by template technique using 

organic-functionalized silicon alkoxides32
'
33

,3
5
'
41 or additive organic precursors3740

'
42 to create the pores. 

However, heat treatment above 400 °C to remove these organics and fonn micropores inevitably results in 
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collapse of pores itself. This contracts the film, which increases the film density and n. Moreover, residual 

organic functional groups or additives also increase n. Alternative processes of the monolithic microporous 

silica fabrication are still worth investigation. 

In the Chapter 2, a catalytic sol-gel process using tetramethyl orthosilicate (TMOS) and the non-ionic 

catalyst hydroxyacetone was demonstrated. In this chapter, this method is applied to fabricate microporous 

silica thin film with low-nand high Young's modulus. The homogeneous reaction with the non-ionic catalyst 

facilitates production of highly porous monolithic microporous silica with uniform pores < 1 nm in diameter. 

Because this process requires no sacrificial templates, residual alkoxy groups and the catalyst are easily 

removed during hydrolysis. Additionally, the process temperature can be as low as 80 oc, which results in less 

thermal stress. This also prevents the pore structures from collapsing, which aids in production of uniform pores 

with large volumes. 

3.2. Experimental Section 

3.2.1. Sample preparation 

To produce the film coating solution, TMOS (Si(OCH3)4, Tokyo Chemical Industry, > 98 %), ethanol 

(Wako, > 99.5 %), distilled water and hydroxyacetone (CH3COCH20H, Tokyo Chemical Industry,> 80 %) 

were mixed thoroughly at 25 oc for 2 days, and then kept at 40 °C for 3 days. The molar ratio of 

Si(OCH3)4:H20:C2H50H:CH3COCH20H was 1:5:27.5:1. Si(100) substrates were coated with the silica sol by 

spin coating at 2000 rpm for 60 s at 25 °C, and dried at 25 oc for a day. The dried silica films were then either 

heated at 200 ac for 2 h (non-hydrolyzed film, M~00), or immersed in water at 80 oc for 2 h to chemically 

hydrolyze the methoxy groups and remove organic compounds. After chemical hydrolysis, the films were dried 

and heated at 80-300 oc for 2 h (HMS8a-300) to promote the condensation reaction of silanol groups and 

eliminate pore water. Table 3.1 summarizes the preparation conditions for each sample. 
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3.2.2. Characterization 

Then and film thickness were measured with a spectroscopic ellipsometer (Horiba Jobin Yvon, UVISEL 

M200) at 80 ac, which minimized water adsorption. The mass fraction of water in the film prepared with 

hydrolysis but no heating was estimated to be approximately 15 % by thermogravimetric analysis. A flake of 

the film was observed using a transmission electron microscope (fEM, JEOL, JEM-2010) with an acceleration 

voltage of 200 kV. The surface morphology and the cross-section of a typical film were observed using a 

field-emission scanning electron microscope (FE-SEM, Hitachi, S-5000) and an atomic force microscope 

(AFM, Seiko Instruments, SPA400). The pore volume and surface area of the dried silica coating solution was 

evaluated by nitrogen gas adsorption-desorption measurement (Micromeritics, ASAP2010). Micropore volume 

and surface area were calculated from adsorption isotherm data using the t-plot method (0.35 nm < t < 0.5 nm) 

39
.4

3
• Total pore volumes were determined from the volume of adsorbed nitrogen gas at a relative pressure of 

0.95 23
. The pore size distributions were determined by the Saito-Foley (SF) modified Horvath-Kawazoe (HK) 

model from adsorption isotherms in the low relative pressure region. The HK model44 describes a 

semiempirical calculation of the pore size distribution from the nitrogen adsorption isotherm in microporous 

materials with slit-like pores, and is applicable to active carbon. The SF modified HK model45 extends 

application to the cylindrical pore geometty of microporous materials such as zeolite and silica, which have 

been used in many studies ofmicroporous silica41
'
43

'
46

• A Fourier transform infrared spectrophotometer (FT-IR 

Perkin-Elmer 1650) was used to record spectra of the dried silica sol mixed with KBr from 4000-450 cm-1
• 

The mechanical properties of the films were measured at room temperature by nanoindentation (Agilent 

Technologies Nanolndenter G200, Berkovich diamond indenter) based on IS0-1457't7
• Sixteen points on each 

sample were assayed using the continuous stiffuess measurement (CSM), and the average and standard 

deviation were calculated. The first 1 0 % of the film thickness was used as the indentation depth range to 

determine Young's modulus and hardness, and the values were compared with corresponding results from 

other samples. The Poisson ratio of silica films is 0.25 as calculated using Young's modulus. 



Table 3.1. Swnmary of the Preparation 
Process for Each of the Silica Films and 
Powders. 

Sample 
code 

HMSso 

HMStso 

HMSzoo 

HMSzso 

MSzoo 

Chemical Heat Treatment 
Hydrolysisa Temperatureh 

eq 
Yes 80 

Yes ISO 

Yes 200 

Yes 250 

Yes 300 

No 200 

aThe film and powder samples were 
chemically hydrolyzed by immersing them in 
water at 80 ac before ~eat treatment. 

3.3. Results and Discussion 
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Figure 3.l(A) shows a typical FE-SEM cross-sectional image of the silica film HMS250. The film 

thickness was estimated at approximately 125 nm. In the AFM image (Fig. 3.l(B)) and cross-sectional AFM 

profile (Fig. 3.l(C)) the film appeared very smooth with small ridges approximately 3 nm in height. The 

morphology of the micropores was undetectable by FE-SEM and AFM, due to the size(< 2 nm diameter) of 

the pores. Pores of approximately 0.5 nm in diameter with a narrow size distribution were observed in the TEM 

image of a typical flake of silica film (Fig. 3.1 (D)). 

N2 gas adsorption-desorption isotherms of the silica powders HMStso, HMSzoo, HMS3oo and MS2oo (Fig. 

3.2) were used to classify them as IUPAC type I with monolayer adsorption ofN2,
23 which probably contains 

micropores with diameters< 2 nm. The isothenn of the silica powder HMS250 had significant overlap with that 

of HMS300, and consequently HMS250 is not depicted in Fig. 3.2. In the t-plot (Fig. 3.3(A)) calculated from 

nitrogen adsorption isothenn data for HMS200 the curve did not pass through the origin and had a positive 
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y-intercept. which indicates HMS200 is microporous. The specific surface area of a microporc in liM 200 was 

calculated to be 470 m2 g'1, and the pore volume was calculated to be 0.21 cm.l g·1• The pore size distribution in 

HM 200 (Fig. 3.3(B)) is 01e nan'Owest of all reported microporous silica.32
,34-Jlo.J? 

(C) 

n l: I 

: .. :·· - -~- . -- __ _) 

5 
Length (IJm) 

0 
Length (IJm) 

I 

5 

Figure 3.1. Typical images of the silica rilm liM 2~0: (A) cro s sectional EM image, (B) 1\FM image, (C) 

cr'Oss scctionol ArM pro rile measured along 01e indicated plane, and (D) TEM image. 
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Figure 3.2. Nitrogen adsorption-desorption isotherms of the chemically hydrolyzed silica powders 

heat-treated at different temperatures (HMS15o (circle), HMS2oo (square) and HMS300 (triangle)) and the 

non-hydrolyzed silica heat-treated at 200 oc (MS200 (inverted triangle)). Adsorption isotherms are represented 

by open symbols and desorption isotherms by solid symbols. 

The total pore voltnne for the hydrolyzed silica powder HMS150 was 0.37 cm3 g-1 (Table 3.2). Little 

change in the pore voltnne was observed when the hydrolyzed silica powders were heated at 200 oc (0.38 cm3 

g·'}, 250 °C (0.34 cm3 g-1
) and 300 oc (0.34 cm3 g·'}_ The pore voltnne for the non-hydrolyzed silica powder 

MS200 (0.26 cm3 g-1
) was smaller than that for the hydrolyzed silica HMS200 (0.38 cm3 g·')_ The pore voltnne 

fraction is related to the refractive index according to the Lorentz-Lorenz equation6
•
8
•
12 

where V P is a voltnne fraction of pores and n 1 and n 1 are a refractive index of a framework materials 

composing a film and a porous film, respectively. This explains that the increasing of the pore voltnne 

decreases the refractive index. In order to enhance the specific pore voltnne value, the synthesis procedure in 

which ethanol was used as the solvent instead of methanol was developed, 43 achieving the increase of 

maximtnn pore voltnne from 0.33 cm3 g-1 to 0.38 cm3 g-1 without expanding pore diameter. 

It is believed that the homogeneous hydrolysis reaction in the presence of hydroxyacetone catalyst 

facilitates formation of micropores. The framework of micropores might have already been fabricated in silica 
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precursors in the coating solution. The dried silica coating solution includes a lot of micropores, and therefore, 

all of the silica powders considered in this work had large pore volume. High temperature heating should cause 

densification with the condensation reaction, and consequently the total pore volumes of the silica powders 

heated at 2: 250 oc were smaller than that of HMS 1so and HMS2oo. 

Film thickness and n for each silica film are summarized in Table 2. Within the wavelength range 

250--800 nm, then were lower for the hydrolyzed films than the non-hydrolyzed film (Fig. 3.4). Figure 3.5(A) 

compares the FT-IR absorption spectra from 3200-2700 cm-1 for HMS200 and MS200. Peaks at 2980 and 2860 

cm-1 for the C-H stretching mode ofCH3 and CH2, respectively17
, were observed in the spectra ofM~oo but not 

HMS200. This suggests that organics, such as methoxy groups and hydroxyacetone, remained in the 

non-hydrolyzed silica but were removed during the process of chemical hydrolysis. The absence of these 

organics definitely facilitates reduction ofn and increases the pore volume ofthe hydrolyzed films. 
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Figure 3.3. t-Piot curve (A) and pore size distribution (B) of the hydrolyzed silica powder HM~00• 

Then of the hydrolyzed film decreased as the temperature for heat treatment was increased to 250 °C. The 

dependence of the n on wavelength changed with the temperature the film was heated at. When the hydrolyzed 

silica film was heated at 250 or 300 °C, then was independent of the wavelength. The FT-IR absorption spectra 

from 1800-500 cm-1 of the hydrolyzed silica films HMS80, HMS150, HMS200 and HMS250 are compared in Fig. 
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5(8). The absorption band near 950 cm·1 can be attributed to stretching vibrations of the Si-OH bonds8
'
12

, and is 

observed in the spectra of HMS80, HMS150 and HMS200• The peak height for the asymmetric stretching 

vibration of Si-0-Si (T03 mode) at about 1080 cm·1 8
'
12

'
17 increased with increasing heating temperature. In 

contrast, the Si-OH peak height decreased with increasing heating temperature, and was not apparent in the 

spectrum of HMS250• These results suggest that the terminal silanol groups were almost completely converted 

to Si-0-Si bonds with thermal dehydroxylation and condensation 48 at 250 °C. 

Although the total pore volume decreased when the heating temperature was ::::250 oc, the n of HMS250 

was lower than that ofHMS200 (Table 3.2). This is due to a reduction in the absorption of water for the high 

temperature film. Typically, hydrophilic silanol groups aid adsorption of water, and high polarization of water 

and silanol groups must increase then of the film7
'
16

.2
4
• When the film is heated at ::::250 °C the number of 

terminal Si-OH is decreased (Fig. 3.5(8)), which should reduce the adsorption of water and decrease n to <1.3. 

As discussed earlier, the pore volume of the hydrolyzed silica powder HMS250 was 0.34 cm3 g-1
• A pore 

volume fraction of 42.8 % was calculated using the density of dense silica (2.20 g cm-3
). This was used to 

calculate n=l.23 by substituting n=l.46 for dense silica into the Lorentz-Lorenz equation (Eq. 3.1). The 

experimental n of 1.27, which was determined by ellipsometric measurement (Table 3.2), is larger than the 

calculated n, which should be due to residues such as water in the experimental film. 



Table3.2. Structural Properties and Refractive Indices of the Microporous Silica Samples a 

Sample code Snucro 
c tc n633 

(m2 g-1) (m3 g-1) (m3 g-1) (om) 

HMSso N/A N/A N/A 1.340 132 

HMS1so 575 0.26 0.37 1.319 135 

HM~oo 470 0.21 0.38 1.278 130 

HM~so 482 0.22 0.34 1.270 128 

HMS3oo 532 0.24 0.34 1.265 130 

M~oo 350 0.16 0.26 1.358 162 

"Notation: Snucro, micropore surface area; V miCTO> micropore volume; Vto!ab total pore volume; 
n 633, refractive index at 633 nm; t, film thickness. bpowder samples were evaluated. cFilm 
samples were estimated by ellipsometric measurement. 
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Figure 3.4. Refractive index as a function of wavelength for HMS150 (a), HM~oo (b), HM~o (c) HMS300 (d), 

and M~oo (e). 



~ c 
ttl 
.0 ...... 
0 
UJ 
.0 
<( 

(B) 

3200 3000 2800 1500 1 000 500 
-1 -1 

Wavenumber (em ) Wavenumber (em ) 

Figure 3.5. FT-IR spectra of the hydrolyzed silica film HMS200 (a), the non-hydrolyzed silica film MS200 (b), 

and the hydrolyzed silica films HMS2so (c), HMS1so (d) and HMSso (e). 

Mechanical strengths were determined for the hydrolyzed silica film HMS300. In consideration of the 

substrate effect, two different thicknesses of 125 run and 240 run were adopted. Young's modulus was 

19.4±0.91 GPa and the hardness was 0.45±0.03 GPa at an indentation depth of 12.5 run for the 125 run thick 

film, while the corresponding values were 19.5±0.91 GPa and 0.74±0.04 GPa at an indentation depth of24 run 

for the 240 run thick film (Fig. 3.6). 

Young's modulus of this film is the highest of all reported porous silica thin films with equivalent porosity 

1617,20-22263149 Inthi k, fun . nal .,. alk 'd d fi th . .,. or n. ' · · · s wor tetra ctio s1 1con OXI e was use as a reagent or e trucroporous s1 1ca 

film. This reagent produced more cross-linking bonds between pore structures than trifunctional alkoxides and 

· · alkyl h 'eth xyfl .1 16 20 d .1 . 71 26 42 M reagents contammg groups, sue as tri o uoros1 ane ' an s1 sesqmoxane- ' ' . oreover, 

unreacted methoxy groups and silanol groups were not present in the hydrolyzed silica powder heated at 

>250 oc, and instead these formed Si-0-Si bonds (Figs. 3.5(A) and 3.5(8)). These results indicate the chemical 

hydrolysis and thermal condensation increased the bonding between the micropores and made the film stronger. 

At the same porosity, the density in number of walls per unit volume in a microporous material is higher than in 

a mesoporous material. Consequently, because stress acting on a material might disperse into the walls, it is 



expected that this stress is reduced in a microporous material compared with a mesoporous material. As a result, 

the pore structure in a microporous material should not collapse as easily as in a mesoporous material. A recent 

theoretical study has revealed that uniformity of pore diameter increases elastic modulus of silica thin film. 5° 

Therefore, the uniform pores of the hydrolyzed silica film result in a homogeneous wall density distribution, 

which provides high resistance to elastic variation. 
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Figure 3.6. Young's modulus (A) and hardness (B) values ofHMS300 as a function of the indentation depth 

from surface. The thickness of the silica film used in this study was 240 nm. 

3.4. Conclusion 

Low-n (n<l.3) was achieved with the introduction of large volume micropores in silica films. Film 

preparation utilized the sol-gel process with the catalyst hydroxyacetone. A !ow-n (YF1.27) was facilitated by 

removal of organic functional groups and the catalyst during the process of hydrolysis, and of adsorbed water 

and OH groups by heating (250-300 °C). The films have very small pores, which could protect against 

absorption or penetration of pollutants and other materials. Furthermore, due to their high Young's modulus 

(>15 GPa) these films are robust. 
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CHAPTER 4 

Superhydrophilicity ofMicroporous Silica Thin Films 

4.1. Introduction 

Anti-fogging treatments can keep glass and plastic surfaces, such as car windows, bathroom mirrors, 

camera lenses, eyeglasses, greenhouses and so forth, from getting fogged. Fogging on the surface is caused 

when water vapor condenses and then forms water droplets due to the surface tension of water. Water 

molecules are more attracted to each other than air molecules, forming a spherical shape. The anti-fog coating 

material offers a hydrophobic or a superhydrophilic surface (contact angles of water droplets are less than 1 0°); 

whereas the hydrophobic coating repels water to form droplets which roll on the surface, the water spreads out 

on the superhydrophilic coating without becoming drops of water. 
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A titania coating shows a remarkable antifogging effect. Both superhydrophilicity and superoleophilicity 

are induced on a titania surface by ultraviolet (UV) irradiation. 1 The titania coating first needs to be irradiated by 

UV light for inducing those effect and does not work for long time in the dark. Hydrophilic coating solutions 

have been synthesized by adding glycidoxypropyl- trimethoxysilane (GPS) to the colloidal silica suspensions 

adjusted to different pHs, with which a polyethylene terephthalate (PET) substrate is coated? The 

superhydrophilicity of the coating is developed by the preparation of a coating solution under strongly acidic 

conditions (pH 1-2). Although this needs no light exposure, the glycidoxypropyl group remains after the 

complete hydrolysis of the alkoxy group has occurred. Those organic residues would degrade a surface function 

for long-tenn operation. 

Recently, Bico et al. quantitatively discussed the wetting of a solid textured by a designed roughness.3 For 

a hydrophilic solid substrate, the liquid-solid contact is favored and the hydrophilicity is enhanced by the 

surface roughness. The liquid is in contact with a rough surface which consists of the solid and pores. 

Considering both air and liquid with which the pore is filled, the contact angle is described by the following 

equation, 

where (} * is the apparent contact angle of the liquid on the rough surface, e_, is the contact angle of the 

liquid on the smooth surface of the solid, r/J, is the fraction of the base of the liquid drop in contact with the 

solid, (}a is the contact angle of the liquid on the air with which the pore is filled ((}a = JC ), r a is the fraction 

of the open cross-section of the pore filled with air, and (}1 is the contact angle of the liquid on the liquid with 

which the pore is filled ( e, = 0 ). The above fonnula ( 4.1) can be transfonned into 

cos e· = (1- r/Js X•- 2ra) + r/J, cos e,. (4.2) 

For the porous material, the fraction of the base of the liquid drop in contact with the solid is small. The 

apparent contact angle of the liquid on the porous material surface decreases with a decrease in the fraction of 
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the top of the pore filled with the air. During the measurement of 1he contact angle of water, 1he water is 

dropped onto 1he surface in order to fill the pore. ra in Eq. 4.2 is 1hen almost zero as 

cos f)' =I -(!) .. (I- cos BJ. (4.3) 

Practically, it is hard for 1he large part of pores to fill wi1h and retain water because the exposed water at surface 

is easily dried under the ordinary conditions of temperature and humidity. The volume fraction of1he pore filled 

with water under general conditions is important to enhance the hydrophilicity. The multifunctional nanoporous 

1hin films, which exhibit bo1h the hydrophilic wetting characteristic and a low refractive index, have been 

reported by Cebesi and co-workers.4 The superhydrophilicity is developed in porous material involving the 

pores filled with water, whereas 1he porous material with a low refractive index involves the pores filled wi1h 

air. 

The adsorption types of water depend on 1he pore sizes; i.e., 1he monolayer adsorption of water on 1he 

surface of micropores and multilayer adsorption of water on the surface of mesopores. If almost the entire 

surface of the porous material consists of 1he inner surface of micropores, only 1he monolayer adsorption of 

water occurs and the adsorption strength simply depends on 1he hydrogen bond strength between a water 

molecule and an oxygen atom at the inner surface of1he micropores. 

4.2. Experimental Section 

4.2.1. Thin film preparation 

The solution used for the microporus silica coating is synthesized from a mixture of tetramethyl 

orthosilicate (Si(OCH3)4, Kanto >98%), water, hydroxyacetone (CH3COCH20H, Kanto >80%) as 1he catalyst, 

and me1hanol (Wako >99.5%) as 1he solvent The molar ratio ofSi(OCH3)4: H20: CH3COCH20H is l : l : 5. 

Water is deionized by an AQUARIUS GS-200 System (Advantec), while 1he o1her reagents are used wi1hout 

further purification. The mixture is stirred at 25 °C for 24 hours and then aged at 40 OC for four days. 

2-e1hoxye1hanol (Wako > 98%) is added to the solution, and me1hanol is removed by evaporation in order to 



smooth the surface of the coating film. The coating solution is dropped onto a PET (SANPLA TEC), 

nonluminescent quartz plate (Tosoh) or mirror polished silicon wafer (Komatsu Electronics> 99.9999 %) and 

spun at 1 000 rpm for 60 s at 25 °C. The coating on the substrate is dried at 25 °C or 80 oc for two hours, 

immersed in water at 80 oc for two hours and then dried at 25 °C. 

4.2.2. Characterization 

The pore structure of the coating is determined by the nitrogen gas adsorption/desorption technique 

(Micromeritics ASAP2020) for the bulk gel prepared from identical silicate precursors. The thickness of the 

coatings is measured using a surface profilometer (UL V AC Dektak 6M). The pencil hardness on a silicon 

wafer is measured by a Japanese Industrial Standard method (Jis-K-5400). The optical transmission spectra of 

the coating on a quartz glass are obtained using an UV-visible spectrometer (Shimadzu UV-2100) in the 

wavelength range of 300-800 nm. The surface morphology of the coating on a silicon wafer was observed 

using an atomic force microscope (AFM, Seiko Instruments SPA400). The surface wettability of the coating on 

a silicon wafer was evaluated from the contact angle measurement at room temperature using a contact angle 

meter (Kyowa Interface Science DropMaster 300). The averaged contact angle was calculated from five 

measured values at different points of the coating. The Fourier transform infrared (FT -IR) spectra of the coating 

were measured with an FT -IR spectrometer (Shimadzu IRPrestige-21 ), which was attached to an attenuated 

total reflection (A TR) unit equipped with a monolithic diamond prism crystal, in the range of700-4000 em -t. 

4.3. Results and Discussion 

The superhydrophilicity was developed by coating a PET substrate with microporous silica and immersing 

the microporous silica coating in water at 80 oc as compared to hydrophobicity of a bare PET substrate. Figure 

4.1 shows that a water droplet spread out on the superhydrophilic silica-coated PET, while a semispherical 

droplet of water remained on the hydrophobic bare PET. 
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Figure 4.1. A superhydrophilic coating on a PET substrate on the left half and a hydrophobic bare PET 

substrate on the right hal f. After coating half of the substrate with microporous si I ica, the coatings are immersed 

in water at 80 "C for two hours that causes hydrolysis of the remaining alkoxy groups. Water is sprayed after 

drying the half-coated substrate at 25 "C for one day. 

ll1e superhydrophilic coating of silica was highly transparent as shown in the inset of Fig. 4.2. Transparent 

quartz was used as a substrate instead of the PET since the surface of the PET substrate is rough. Figure 4.2 

shows the optical transmission spectra of the coating on a transparent substrate of quartz in the wavelength 

range of 300-800 nm. ·n,c transmit1ancc of the silica coating reached approximately I 000/o of incidence in the 

visible region. 
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Figure 4.2. Optical transmission spectra of a superhydrophilic coating on a quartz substrate. The inset is a 

photograph of the superhydrophi I ic coatings on a quartz substrate. 
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The superhydrophilic coating was smooth in the presence of microporcs. Figure 4.3 (a) shows an AFM 

topographical image of the coating on a highly smooth silicon substrate. A smooth silicon substrate was used 

instead of the PET substrate since the surface of the PET substrate is rough. A typical cross-sectional profi le 

(Fig. 4.3 (b)) indicates a vertical interval within 3 nm. The roughness was only three percent of the thickness of 

the coating \ I 00 nm). The roughness due to a micropore in d1e coating is visually imperceptible. 
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Figure 4.3. (a) An AFM topographical image of a supcrhydrophilic coating on a silicon substrate. (b) A 

typical cross-sectional profile. The thickne s of the coatings is estimated to be I 00 :1: 2 nm. 
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The specific surface areas of dried bulk gel, which was prepared from coating sol, are shown in Table 4.1. 

Immersing silica in water at 80 °C increased the specific surface area of the silica (700m2 g-1
) compared to that 

of the as-prepared one (410 m2 g-1
). The increase in the specific surface area was caused by the pore 

distribution change. Figure 4.4 shows the nitrogen adsorption-desorption isotherms for the as-prepared silica 

and two kinds of silica immersed in water. The isotherm is I type for all of the silica. which indicates that the 

high specific surface area of the silica is due to the microporous structure.5 The pore size for the as-prepared 

silica has a narrow distribution and a mode diameter of the pore is less than 0.8 nm. Immersing a microporous 

silica in water at 80 "C expanded the mode diameter of the pore to 0.8 nm. 
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Figure. 4.4. Nitrogen adsorption (open) I desorption (solid) isotherms of the silica powders; (a) immersed in 
water at 80 "C for two hours, (b) immersed in water at 25 "C for two hours, and (c) as-prepared. 
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Hydrolysis of the remaining alkoxy groups proceeded by immersing the silica coating in water at 80 °C. 

Figures 4.5 and 4.6 show the infrared spectra of the as-prepared coating and two kinds of coatings immersed in 

water at 25 °C and 80 °C. Immersing the silica coating in water increased the absorptions at a broad band 

centered near 3400 cm-1
, a small band at 1630 cm-1 and a sharp band at 950 cm-1 (Fig. 4.5). The broad band 

centered near 3400 cm-1 is assigned to the hydrogen bonded SiO-H stretching vibrations (3200-3650 cm-1
), 

hydrogen bonded water (3300-3500 cm-1
) and hydrogen bonded OH vibrations of alcohols (3300-3600 cm-1

) 

which are possibly of methanol, 2-ethoxyethanol and hydroxyacetone in the case of this study.5-
7 The small 

band at 1630 em -I is assigned to the scissor bending vibration of the adsorbed molecular water, while the band 

at 950 cm-1 is assigned to the Si-OH stretching ofthe terminal silanol groups.6-8 An isolated SiO-H stretching 

vibrations, which occurs at 3650-3800 cm-1
,
6 is not detected in these spectra. This result indicates that most of 

the silanol groups in these silica coatings are hydrogen bonded to water. The characteristic band of 

hydroxyacetone, which is observed at 1715 em -I, was not detected in all of the spectra. On the other hand, 

immersing the silica coating in water decreased the absorption bands at 2950 and 2850 em -I (Fig. 4.6). These 

bands are assigned to the C-H stretching of the alkoxy groups?-10 The alkoxy groups remained in the 

as-prepared coating. The reaction system for the preparation of the microporous silica involved only a molecule 

of water per tetrarnethyl orthosilicate molecule to leave the alkoxy groups after hydrolysis and condensation. 

The hydroxyl group increased whereas the alkoxy group decreased. Hydrolysis of the remaining alkoxy groups 

to hydroxyl groups proceeded by immersing the silica coating in water. Absorption bands, which consist of a 

shoulder at 1220 cm-1 and distinct peak at 1080 cm-1
, are slightly increased by immersing the silica coating in 

water. These bands are assigned to the longitudinal optical (LO) mode and the transverse optical (TO) mode of 

the asymmetric Si-0 stretching vibration, respectively,6,7 whereas the band at 800 cm-1
, the intensity of which 

almost did not change when immersing in the water, is assigned to the symmetric Si-0-Si stretching or 

vibrational modes of the ring structure. 11
'
12 The change in the Si-0 bonds is not recognizable due to the small 

rate of change in the initial quantity. 
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Figure 4.5. FT-IR spectra at 700-4000 run of the silica coatings on a silicon substrate (a) immersed in water 

at 80 OC for two hours, (b) immersed in water at 25 °C for two hours, and (c) as-prepared. 
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Figure 4.6. FT -IR spectra at 2800--3000 run of the silica coatings on a silicon substrate (a) immersed in water 

at 80 OC for two hours, (b) immersed in water at 25 °C for two hours, and (c) as-prepared. 



Immersing microporous silica in water at 80 °C facilitated the adsorption of water on the micropores of the 

silica Based on the thermogravimetly, for the silica immersed in water at 80 °C, the mass decrease developed 

in two stages (Fig. 4.7 (a)): rapid elimination of the adsorbed water below 120 oc and gradual elimination of 

hydroxyl groups through dehydrating condensation over a wide range of temperatures. The amount of adsorbed 

water on the silica immersed in water at 80 oc is almost four times greater than that on the as-prepared silica 

The hydrolysis of the remaining methoxy groups to hydroxy groups facilitated the adsorption of water on the 

micropores of the silica The behavior of the mass decrease of the silica immersed in water at 25 oc was similar 

to that at 80 °C (Fig. 4.7 (b)). The amount of water adsorbed on the silica immersed in water at 25 oc is lower 

than that at 80 °C, which depended on a decrease in the surface area or the pore volume. Methoxy groups 

slightly remained after immersing the silica in water at 25 °C, while they were completely removed during the 

immersion at 80 oc. The elimination process of the as-prepared silica was more complicated (Fig. 4.7 (c)). 

Organic functional groups, such as methoxy groups, and high boiling point organic compounds, such as 

hydroxyacetone and 2--ethoxyethanol, remained in the as-prepared silica. The mass decreases were observed to 

occur in two steps: the decrease at 120-200 °C was attributed to the combustion of hydroxyacetone and 

2--ethoxyethanol and the decrease at 200-300 °C was attributed to the combustion of the methoxy groups. 

Immersing a silica coating in water increased the hardness of the coating. The pencil hardness of the 

coating immersed in water was 2H, while that of the as-prepared coating was 2B (Table 4.1 ). By immersing 

the silica coating in water, a silica network will develop by hydrolysis of the remaining alkoxy groups and 

subsequent condensation of the generated hydroxy groups. The hardnesses of the coatings were quite different 

between the as-prepared silica coating and the coating immersed in water, although the thicknesses of all the 

coatings were about 100 nm. 

The superhydrophilicity was developed by immersion in water at 80 °C. The water contact angles, which 

were observed with a silica coating on a silicon substrate, are shown in Table 4.1. A drop of water immediately 

spreads over the coating immersed in water at 80 °C (Fig. 4.8 (a)), on which contact angle was 3°. The contact 
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angle on the coating immersed in water at 25 "C was 10° (Fig. 4.8 (b)), while the contact angle on the 

as-prepared coating was 29° (Fig. 4.8 (c)). The hydrophilicity depended on the extent of the hydrolysis of the 

methoxy groups. In contrast, the contact angle on a bare silicon substrate was 700 (Fig. 4.8 (d)). 

Table4.1. Immersion Effects on the Silica Coating 

Immersing Film Specific Pencil Contact 
temperature thickness surface area hardness angle ( 0 ) 

(OC) (nm) (mzg-t) 

80 100 700 2H 3.4 

25 100 510 2H 11.6 

as--prepareda 105 410 28 29.5 

a The sample without immersing process. 
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Figure 4.7. Themo-gravimetry of the silicas (a) immersed in water at 80 oc for two hours, (b) immersed in 

water at 25 °C for two hours, and (c) as-prepared. 

The superhydrophi1ic silica coating was prepared below 80 °C and thereby applied to the coating on a 

polymer substrate such as PET (Fig. 4.1 ). The micropores of the silica coatings are filled with water due to the 

adsorption of water. The presence of the infrared absorption band attributed to the hydrogen bonded 0-H 



vibrations and the mass decrea'ie attributed to water elimination suggested water adsorption on the surface Oil 

groups. The water drop is in contact with a rough surface which consists of the solid and the adsorbed water 

with which the micropore is filled. 

n1c contact angle of water on the coating immersed in water at 25 "C, which has the remaining methoxy 

group, was I 0°. The presence of tl1e infrared absorption band attributed to the C- H vibrations suggested 

residual metl1oxy groups. n1e remaining methoxy group would decrease tl1e adsorption of water. The TG data 

suggested that the amount of water adsorbed on the silica immersed in water at 25 "C is lower than that at 80 oc. 

(a) (b) 

(c) (d) 

Figure 4.8. Water drops onto the silica coatings on a sil icon substrate (a) immersed in water at 80 "C for two 

how'S, (b) immersed in water at 25 "C for two hours, and (c) arprcpared. (d) Semispherical drop of water on a 

bare silicon substrate. 
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Hydroxyacetone as a non-ionic catalyst allows the preparation of the microporous silica precursor from 

tetramethyorthosilicate under neutral condition. As before, the microporous silica precursor has been hardly 

obtained and then the porosity is controlled by slowing the rate of evaporation as compared to the rate of 

condensation. In fact, the microporous bulk gel is readily obtained by the slow dtying.5
•
13 On the other hand, this 

work controlled the porosity by accelerating the rate of the catalytic hydrolysis with hydroxyacetone. 

The pore size distribution was narrow and most of the pores are smaller than 1.5 nm in diameter. The 

pore size was so small that an apparently smooth surface was obtained. 

Immersing the silica coating in water is an important process for removing not only the methoxy group, 

but also hydroxyacetone as a non-ionic catalyst. Accessibility to the back of the coating depended on the 

immersion temperature. The hardness of the coating immersed in water at 25 ac is the same as that at 80 °C. 

Therefore, hydrolysis of the methoxy groups and the subsequent condensation of the hydroxyl groups would 

have already occurred at the surface layer of the coating. An increase in hardness of the silica coating immersed 

in water was also reported by Matsuda et al. 14 

4.4. Conclusions 

A transparent smooth superhydrophilic microporous silica coating on a PET substrate was developed by 

the hydrolysis of the remaining methoxy groups to hydroxy groups and the adsorption of water on the inner 

surface of the micropores at 80 °C. After the dtying of the adsorbed water, the superhydrophilicity can be 

restored by the adsorption of water at a normal humidity and room temperature. Immersing the coating in water 

is an important process for removing not only the methoxy group but also the hydroxyacetone that act as 

hydrophobic species while remaining in the coating. 
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CHAPTER 5 

Synthesis of Low-Fractal Dimension 

Titanium Oxide Polymers 

5.1. Introduction 

As demonstrated in the previous chapters, precursor polymers of inorganic materials are synthesized by 

the sol-gel technique through the hydrolysis and polycondensation reactions of metal alkoxides, and inorganic 

materials are fabricated via drying and heating processes of the precursor sols comprising inorganic oxide 

polymers. A metal oxide thin film can be obtained by dip or spin coating of sols produced from a 

reaction-controlled sol-gel process.14 



Similar to silica materials, titanium oxide thin films have often been produced by wet processes, e.g., dip 

or spin coating of liquid precursors.5-
10 In particular, when targeting the use as a functional optical coating, 

dispersions of titanium oxide fine particles (nanoparticle) that can suppress light scattering are often used to 

attain high transparency of the thin films. Titanium oxides are primarily high refractive index materials, and 

thereby expected to be used as high refractive index coating.S-11 Due to inevitable aperture formation between 

the particles, however, the refractive index of the titanium oxide coating is often lower than expected :from high 

values of crystalline titanium oxides. As for silicon dioxide (silica), low-fractal dimension polymer-like liquid 

precursors, instead of particle-like (high-fractal dimension) ones, were successfully synthesized aimed at 

densifYing a solid matrix of thin films. 5 In contrast, because of eccentric reactivity of titanium alkoxides, it has 

generally been difficult for titanium oxides to achieve such low-fractal dimension polymeric structure; a 

sol-gel reaction of titanium alkoxides easily produces particle-like aggregates, leading to immediate 

precipitation of titanium oxide particles.5 According to Murakami et al., such inherent difficulty comes 

essentially :from the 'slow' polycondensation reaction of titanium oxides in a sol-gel reaction system.12 

A number of techniques aimed at producing low-fractal dimension titanium oxide polymeric precursors 

were attempted based on a sol-gel technique. One possible way is to use organic ligands like acetylacetone to 

restrict the production ofhydrolyzed sites by stabilizing titanium alkoxides.13.14 The coordinated organic ligands 

are not easily removed :from the grown polymers; calcination may influence optical properties of the solid films 

because upon thermal decomposition of organic ligands, the low-fractal dimension titanium oxide network is 

to be destroyed, which is in some cases accompanied by partial crystallization. Alternative approach was to use 

strongly acidic solution codition,15
'
16 which allowed to generate weakly-branched titanium oxide polymers (df 

< 2). However, due to a slow polycondensation reaction, this method took a very long time ( > 1 month) before 

the low-fractal dimension polymers were grown, and thus would not be very practical. 

To realize the efficient fabrication of the low-fractal dimension titanium oxide polymers, one needs to 

introduce a renovated reaction-controlled sol-gel process that can enhance the polycondensation rate of 



titanium alkoxides to condense partially hydrolyzed reactive species rapidly, while suppressing the number of 

hydrolyzed sites. In this chapter, the time-evolution of titanium oxide polymers in the precursor solution 

derived via the catalytic sol-gel process with the hydrazine monohydrochloride catalyst was investigated by 

mean of time-resolved small angle X-ray scattering (Tr-SAXS). The present catalytic sol-gel process enables 

rapid production (within several hours) of a transparent sol or gel with no organic Iigand. 17
'
18 SAXS is certainly 

a suitable technique to confirm the generation of the only weakly-branched polymeric objects because one can 

easily distinguish such low-fractal dimension characteristics form those of high fractal dimension or globular 

particle-like objects (drr:; 3) owing to their markedly different scattering behavior. Furthermore, a set of the 

structural parameters describing the geometty of the polymer chains, e.g., the radius of gyration reflecting the 

extent of the spatial distribution of the polymer chains, the fractal dimension corresponding to the internal 

self-similarity, the correlation length often referred to as the mesh size of the transient polymer network, and 

the persistent length related to the internal flexibility of the polymer chains, can be evaluated from the measured 

scattering intensity. As shown in the following section, data unambiguously demonstrate successful rapid 

synthesis of the weakly-branched titanium oxide polymers. 

5.2. Experimental Section 

5.2.1. Preparation of titanium oxide precursor solutions 

Titanium tetra-n-butoxide (TTBO, Ti(OCJ19)4 > 97 %, Kanto Chemical, Japan) was dissolved in 

2-propanol (IPA, C3H70H > 99.5 %, Wako Pure Chemical Industries, Japan) under a nitrogen gas atmosphere. 

A solution of hydrazine monohydrochloride (H2N-NH2 H Cl > 98 %, Tokyo Chemical lndustty, Japan) in 

distilled water was dissolved in IPA. These solutions were slowly mixed at 0 ac to avoid generation and 

sequential precipitation of Ti~ particles. The molar ratio in the titanium oxide precursor solution, TTBO : 

lPA : [H2N-NH3t cr: H20 was adjusted to 1 : 20.95 : 0.04 : 2.5, resulting in the concentration ofTTBO of0.5 

moiL-1
• 



5.2.2. Small angle X-ray scattering (SAXS) experiments 

Small Angle X-ray Scattering (SAXS) experiments were carried out on the precursor solutions, in which a 

SAXSess camera (Anton Paar GmbH, Graz, Austria) attached to a sealed tube anode X-ray generator (GE 

Inspection Technologies, Germany) was operated at 40 kV and 50 rnA. A Gobel mirror and a block collimator 

provided a focused monochromatic X-ray beam of Cu Ka radiation (A. = 0.1542 nm). Two-dimensional 

scattering patterns recorded on an imaging-plate (IP) detector (a Cyclone, Perkin-Elmer) were integrated into to 

one-dimensional scattering intensities, /(q), as a function of the magnitude of the scattering vector q = 

(4n/A.)sin(e/2), where e is the total scattering angle. All I(q) data were corrected for the background scattering 

from a capillary and solvents, and the absolute intensity calibration was made using water as a secondary 

standard. 19 A model-independent collimation correction (desmearing) procedure was made via an indirect 

Fourier transformation (1FT) routine?0
,2

1 All fitting and fractal analyses were performed on the collimation 

corrected SAXS intensities. 

5.2.3. Viscometry 

Viscosity of the precursor solutions was measured by a ViscoMate VM-lA viscometer (CBC, Tokyo, 

Japan) at 20 ac. Specific viscosity, 1'/srn was determined as a function of reaction time referring to 1'/sp = (17 -

1'/s)/1'f5, where 17 and 1'/s are the viscosities of the precursor solution and the solvent, respectively. 

5.3. Results and Discussion 

The titanium oxide precursor solutions prepared via the hydrazine monohydrochloride-assisted catalytic 

sol-gel process were transparent without any precipitating particulate formation, whereas whitish precipitates 

were immediately formed in a solution without the catalyst, as shown in Fig.5 .1. 

The time evolution of the static structures of the titanium oxide precursor solutions was evaluated by 

means of time-resolved SAXS (Tr-SAXS).22 Figure 5.2 shows the collimation-corrected SAXS intensities, 
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/(q), of the titanium oxide precursor solutions on absolute scale, in which all/(q) curves are given in a 

double-logarithmic plot as a fimctionofthe reaction time in 15 min <t<4.5 h. 

A pronounced increase of /(q) with the reaction time provides the evidence for the growth of the titanium 

oxide polymers in the precursor solutions./(q) in the low-q regime exhibited Guinier behavior reflecting the 

overall geometty of the polymers, as described by a Guinier equation. 

[ 

R 2 2] 
l(q)=l(O)exp -4 (5.1) 

where Rg is the radius of gyration. Rg was evaluated by applying the Guinier plot, i.e., In /(q) versus i, in the 

Guinier regime qRg < 1. Figure 5.3 (A) shows the extrapolated forward intensities to zero scattering vector, 

l(q~O), and the radius of gyration, Rg, of the precursor solutions. The change in the specific viscosity of the 

precursor solution with reaction time is shown in Fig. 5.3 (B). It is generally expected that in a polymerization 

experiment, a SAXS intensity should remain nearly constant until the size of aggregates and their number 

density are large enough to scatter X-rays to be detected. Accordingly, when an induction time for the intensity 

rise is observed, this appears to involve the induction time for nucleation, the actual nucleation period, and the 

period for the aggregate growth up to a certain size that can be detected by SAXS experiments. Indeed, the 

SAXS study on the silica polymer growth in sol-gel derived solution (shown in Chapter 2) clearly indicated the 

existence of an induction period before the onset of the intensity rise. However, an almost immediate increase 

of the forward intensity was observed for the present titanium oxide precursor system after the preparation of 

the solution. This means that an induction period for the titanium oxide polymer growth, even if it exists, was 

too short to be detected within the time resolution of this Tr-SAXS experiments. /(q--">0) reached 

approximately 1.2 cm-1 within 15 minutes, which was about 30 times greater intensity than the solvent 

scattering (ca 0.04 em·\ High specific viscosity, 1'/sp-;:; 1.9, in spite of short reaction time of 15 minutes also 

suggests the short induction period for the polymer growth (Fig. 5.3 (B)). 
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Figure 5.1. The liquid titanium oxide precursors derived fi·om ·rrao (A) with and (B) without the hydrazine 

monohydrochloride catalyst. TI1e molar ratio of water. IPA, and TIBO was identical in (A) and (B). Note that a 

white o~jcct visible at the bottom of the solution (A) is a magnetic stirring bar. The solution in itself is 

transparent and contains no precipitation at all. 

.......... ..... 
I 

E 
(...) 

.......... ·~ 

15 min ~ 2 h 
-o- 30 min r 3 h 
-A- 1 h -{;"..- 4.5 h 

" ,, ' ' ' ' ' ' ' • • 

Figure 5.2. Variations of the SAX intensities, !(q), for the liquid titanium oxide precursors on absolute scale 

as a function of the reaction time, t, in a double-logarithmic plot. The dashed lines represents the q'513 and q'2 

slope to highlight the feature of /(q) in the intcm1ediatc- q regime, showing fractal behavior. 
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Figure 5.3. The structural evolution of the titanium oxide polymeric precursors as obtained by SAXS and 

viscometry. (A) The extrapolated forward intensities to zero scartering vector, /(q~O), (open circles) and the 

radius of gyration, R". (filled circles) as a function of the reaction time. (B) Changes in specific viscosity of the 

precursor solution with tl1e reaction time. 

For further quantitative description of tl1e polymeric structure of the titanium oxide aggregates formed in 

the precursor solutions. tl1e shape of tl1e scattering curves were attempted to evaluate. SAXS can efficiently 

distinguish a linear polymer and a globular particle thanks to their markedly different scattering behavior.7 1ne 

scartcring function lor a polymer is governed by the structure function, S1Xlly(q). which is given by Fourier 

transfonnation ofthe monomer-monomer p.1ir-correlation funct ion,g(r) 2
-' 

i"' sinqr 
l (q) ex: spoly (q) = 4rc(cn,) [g(r) - i]r 2 

-- dr 
o qr 

(5.2) 

where c:111 is the averaged monomer concentration. On the one hand, as for a dilute colloidal dispersion. the 

scattering intensity l(q) is given by Fourier transfonnation of the pair-distance distribution funct ion. p(r), as 22 

ioo sin qr 
l(q) = 4n p(r)--dr 

o qr 
(5.3) 

where P,r) corresponds to the convolution square of tlle electron density fluctuations. D.rf.r ), in a colloidal 

particle 
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Figure 5.4 compares typical scattering behavior of a polymer and a colloidal particle showing simulated 

scattering functions for a polymer in solution having the internal fractal dimension dr = 2, the correlation 

length ~ = 5.0 nm, and persistent length '~ ~ 1.5 nm and for polydisperse hardsphercs havlng an averaged 

radius of3.6 nm with a 0.4 nm standard deviation. A Kratky plot, l l(q) versus q. is an instructive expression to 

visualize a fractal nature of a coil polymer (dr~ 2), which appears as a plateau in the intennediate q- range (Fig. 

5.3(A)). As highlighted by arrows, a crossover from the coil-like [/(q) ex: q'2] to rod-like [/(q) ex: q'1] scattering 

can also be monitored if the measurement covers sufficiently high-q region.l'l If a Kratky plot is applied to a 

colloidal particle, it gives a low-q local maximum and a rapid decrease at high-q (Fig. 5.3(B)). 
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Figure 5.4. Comparison of d1e scattering behavior of a polymer (red) and a colloidal particle (green). (A) The 

simulated scattering intensities. /(q). of a polymer solution (the fractal dimension dr= 2. the correlation length ~ 

= 5.0 nm, and persistent lent,rth Ips::= 1.5 nm) and a dilute colloidal dispersion (polydisperse hardspheres having 

homogeneous scattering lengd1 density distribution wid1 an averaged radius of 3.6 nm and a 0.4 nm standard 

deviation), and (B) their Kratky plots, q2J(q) versus q. dr= 2 of a linear polymer is highlighted by a plateau in 

the Kratky plot. Arrows indicate the crossover from the coil-like [/(q) oc q'2] to the rod-like [/(q) oc q'1] 

scattering. 

The powe.-taw behavior was observed for the titanium oxide precursor solutions in the intennediate-q 

range (0.7 s; q/nm'1 s; 3), indicating the emergence of internal self-similarity, i.e., fractal nature.23 The fractal 

dimension, dr, directly shows up as the slope of J(q), as given by the following fonnula 
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!(q) oc q -dr (5.5) 

The observed q-5!3 slope of !(q) in 0.7 :::; q/nm-1 
:::; 3 gives dr R; 5/3, which is identical with dr of an expanded 

chain with excluded voltune, instead of drR: 2 for a Gaussian polymer. In the previous studies, the steeper slope 

of l(q) was observed for titanitun oxide precursors produced by a conventional sol-gel technique because of 

their highly-branched structures, yielding dr ... 5,15 
~ .). 

Neglecting notable high-q deviation, the experimental /(q) can be approximated by the Omstein-Zemike 

(OZ) expression24 

where ,; is the correlation length and /(0) is the asymptotic zero-q intensity. ~can be interpreted as the 

mesh-size of the transient polymer network}5 representing the length scale of the spatial correlation of density 

fluctuations caused by a polymer chain.23 The Fisher-Burford (FB) equation26 with the fractal dimension dr R; 

513 

gives a better description of the experimental !(q) than the OZ equation in the fractal regime exhibiting /(q) oc 

q-5!3, where Rg,FB is the (apparent) radius of gyration. Note that the FB equation does not involve the correlation 

length, ,;, explicitly, and Rgy8 is not consistent with the actual radius of gyration determined with the Guinier 

plot due to the systematic deviation of the FB curve from the data points in the Guinier regime (qRg < 1). 

Therefore, it is believed that despite notable high-q deviation of the experimental /(q) from the OZ function, a 

fitting analysis based on the OZ equation was sufficient to evaluate ,;. 

Instead of a conventional Kratky plot, li(q) versus q, a modified Kratky plot, l!3I(q) versus q (Fig. 

5.5(8)) was used to highlight the expanded chain-like nature of the titanitun oxide polymeric aggregates. The 

high-q plateau <l!3 I(q) oc l) in q > ca. 0.7 nm·1 intuitively shows dr R: 5/3. The crossover from the expanded 
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coil-like [/(q) ex q"513
] to the rod-like one (/(q) ex q"1

) can clearly be seen in q > 3 nm"1 (Fig. 5.5 (C)). At relatively 

longer reaction times > 2 h, a low-q local ma.ximum in q < I nm"1 emerged in the modified Kratky plot 

Branching of polymer chains may impose a particle-like nature on the polymer chains. Indeed, star-branched 

polymers,27 dendrimers,28 nanoparticles comprising tightly crosslinked liner chain precursors,29 and sol-gel 

derived high-fractal dimension silica aggregates show a local maximum in their Kratky plot, as globular 

particles do (in Chapter 2). This appears to indicate the partial branching of the polymeric structure, preserving 

internal fractal dimension of dr l':j 5/3, which resembles the finding of Mackay et a/.29 despite fairly different 

systems. 
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Figure 5.5. (A) SAXS intensities. l(q). on absolute scale, (B) a modified Kratky plot, l 131(q) versus q. and 

(C) q!(q) versus q. for the titanium oxide precursor solutions. Solid lines shown in a panel (A) represent the 

optimum fit curves based on the Omstein- Zemike (OZ) equation. The plateaus indicated by dashed lines in 

panels (B) and (C) highlight the expanded chain-like (!(q) ex q"S/3) and the rod- like (/(q) ex q"1
) scattering 

behavior in the individual q-regimes, respectively. All the data confum the formation of the expanded 

chain- like polymeric aggregates having dr l':j 5/3. 

Figure 5.6 shows variation of ( as a function of the reaction time as obtained by SAXS. It was observed that 

e was an increasing function of time, drawing an upwards convex curve. The data show that the mesh-size of 

transient polymer network of the titanium oxide liquid precursor was able to be treated as a tunable parameter 

controlled by the reaction time, while preserving a low fractal dimensionality (dr l':j 513). This may also affect 



the partial electron density of the optical solid materials produced from the present liquid precursor in future 

application. 

Tile asymptotic "lJ!ro- q intensity, l(q~O), gives a measure of molecular mass of a polymer chain in a 

dilute solution. In a semidilute solution as the titanium oxide precursor solution, this is no longer exact because 

the interference scattering between different chains also contributes to the forward scattering.17
•
1
R.10 /(q~) is 

used as a semi-quantitative measure of the apparent mass, M.} f'il, of the titanium oxide polymers. Figure 5.7 

shows !(q~O. t) plotted against R~, which reveals the interplay of the apparent mass and the extent of spatial 

distribution of the polymer-like aggregates. Two solid lines shown in Fig. 5.7 represent the optimum fit curves 

under the assumption of Mw01
'1tl oc Rg". There seem to exist t\vo regimes of the polymer growth, i.e., the short 

time regime ( V=:! 513) in r < I h, where R~ < 5 nm, and the long time one ( V=:! 2) in r > 1 h, where R.,. > 5 nm. It is 

believed that this finding is related to the emergence of the low-q maximum in the (modified) Guinier plot (Fig. 

5.5(C)), implying tl1e generation of branching at long reaction time (t > I h). Nevertheless, the exponents v 

found to be in tl1e range of 513 ~ v ~ 2 again confinn the growth of the weakly- branched titanium oxide 

polymers. 
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Figure 5.6. Variation ofthe correlation length,;. with the reaction time. ; can be understood as tl1e mesh-size 

of the transient polymer network. 
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Figure 5.7. The extrapolated forward intensities to zero scattering vector, /(q--+0), plotted against Rr.o 

revealing the interplay of the apparent mass and the spatial distribution of the titanium oxide polymers. The 

optimum fit curves given in the red broken line and blue solid line suggest the presence of two schemes of the 

polymer growth; [/(q--+0) ex: Ru Sl.l] at short times off < I h (red) and [/(q--+0) ex: R~21 in a long time regime off> 

I h (blue). 

In the light of the Tr-SAXS result which has unambiguously demonstrated the rapid production of the 

low- fractal dimension polymeric stn1cture of the titanium oxides, the following reaction mechanisms and the 

role of the hydra7jne monohydrochloride catalysts are figured out. In the sol- gel process, a metal oxide 

polymer is produced by hydrolysis and subsequent polycondensation reactions of metal alkoxides.5 A partially 

hydrolyzed titanium alkoxide (• Ti-OH) is generated by the hydrolysis of a titanium alkoxide 

l I 
- Ti - OR + H!O - - Ti- OH + ROH (5.8) 

I I 

where OR denotes an alkoxy group and ROH is the corresponding alcohol. A dehydrative polycondensation 

reaction of two partially hydrolyzed titanium alkoxide species is given by the following two reaction formulas 

I l 
- Ti - 011 - - Ti - 0 " + H' (5.9) 

I I 

I I I I 

- Ti - o · + - Ti - OH + W - - Ti- 0 - Ti- + 11!0 (5.10) 
I I I I 

Eq.(5.9) expresses deprotonation while Eq.(5. 10) refers to dehydroxylation, which are generally accelerated by 

a base catalyst and an acid catalyst, respectively. Therefore, in order to accelerate the overall polycondensation, 

both a base catalyst and a acid catalyst are expected to be simultaneously requircd.12 
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Hydrazine monohydrochloride, [H2N-NH3t cr, used in this study dissociates in solution and attains an 

equilibriwn state of a hydraziniwn ion and hydrazine 

[H2N-NH3r :;=!!::: H2N-NH2 + H+ (5.11) 

That is to say, a hydraziniwn ion, [H2N-NH3t, releases a proton acting as an acid and is decomposed into a 

hydrazine, H2N-NH2, while a hydrazine accepts a proton serving as a base and forms a hydraziniwn ion.17 If 

such an equilibriwn state exists in the reacting system of the titaniwn oxides, a hydrazine promotes the 

deprotonation given in Eq.(5.9) as a base catalyst and a hydraziniwn ion does the dehydroxylation fonnulated 

by Eq.(5.10) as an acid catalysts. Thereby, the overall dehydrative polycondensation reaction of the partially 

hydrolyzed titaniwn alkoxides is to be efficiently accelerated by hydrazine monohydrochloride, which 

elaborately serves as an acid-base pair catalyst 17
.1

8 

5.4. Conclusions 

The Tr-SAXS study has demonstrated the successful rapid synthesis of the low-dimensional polymeric 

titaniwn oxide precursors with the help of the catalytic sol-gel process using the hydrazine monohydrochloride 

catalyst. It was confirmed that the generated titaniwn oxide polymers possess the expanded chain-like fractal 

architecture (dr ~ 5/3) with local rod-like structure. This synthetic technique is shown to be advantageous over 

the previously attempted sol-gel processes aimed at producing a low-fractal dimensional titaniwn oxide 

polymer; without any organic ligand to enhance the stability of titaniwn alkoxides, this achieves drastically 

faster growth (within hours) of the low-fractal dimension titaniwn oxide polymers than the existing approach 

that used a strongly acidic solution condition ( ca 1 month). 

The catalytic sol-gel technique is able to treat the mesh-size of the transient polymer network of the 

titaniwn oxide liquid precursor as a tunable parameter controlled by the reaction time, while preserving a low 

fractal dimension (dr~ 5/3). This may also offer a route to controlling the partial electron density of the optical 

solid materials fabricated from the present liquid precursor in future material application. The next chapter will 
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show fonnation of dense titania solids with high refractive indices from the low fractal dimension titanium 

oxide polymers. 
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CHAPTER 6 

Fabrication of High Refractive Index Amorphous 

Dense Titanium Oxide Thin Films 

6.1. Introduction 

High refractive index films have widely been used for diverse optical devices, such as anti-reflective glass, 

planar waveguides, dielectric multilayer mirrors, and interference filters. 1
-
9 Titanium dioxides (Ti{}z) are among 

promising candidates for optically-functionalized films that are transparent in the visible light region and 

simultaneously exhibit high refractive indices, n. It is known that crystalline Ti02 shows a greater n value than 

amorphous Ti02, as anatase and rutile crystal forms exhibit n = 2.54 and 2.75 at A. = 550 nm, respectively.10 

Nevertheless, amorphous Ti{}z is still preferable for optical films to suppress multiple light scattering10 because 
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the growth of crystalline Ti0:2 is accompanied by the creation of inhomogeneous grains or particles having 

various anisotropic microcrystals, which induces birefringence of the films. Additionally, when plastic 

substrates are needed to use, crystalline Ti0:2 are unfavorable because of its photocatalytic activity that may 

decompose the substrates. 

In order to increase the refractive indices of amorphous Ti0:2 films, dense films containing a reduced 

amount of air must be synthesized by suitable techniques. Various vacuum techniques of physical vapor 

deposition1
0-

18 have actively been studied to produce high-refractive index amorphous Ti0:2 thin films. These 

vacuum processes yielded a dense amorphous film having a high refractive index (n > 2.0). 12
'
17 However, 

evaporation sources or a target were to be placed at a short distance(< 100 mrn) from a substrate. This exposes 

the substrate to heat radiation and high temperatures (> 1 00°C), which inevitably causes damage to the 

b II 12 14 16 Th' ~ d' f I . b d . h . b f ad su strate. · · · IS 1act tscourages use o p asttc su strates esptte t err num er o vantages, e,g., 

flexibility, workability, and light weight. For example, a commonly-used plastic substrate like poly(methyl 

methacrylate) (PMMA) have such low heat-resistance that the films need to be fabricated at temperatures 

below 80°C. Attempts to protect the substrate against heat radiation by increasing the target-to-substrate 

distance resulted in reduced film density. 13
•
14 Thus, it has been so far difficult to increase the refractive index of 

amorphous Ti0:2 thin films without thermal damage to the substrates. 

An alternative deposition method may be spin or dip coating of the solution prepared via the sol-gel 

process. 1
9-

29 Resulting films are formed at room temperature under atmospheric pressure. When the use of 

plastic substrates is targeted, such mild and moderate condition should be useful. As for polymeric precursors, 

they are synthesized from hydrolysis and polymerization reactions oftitanium alkoxides. Packing density of the 

Ti0:2 films depends on primary conformation of the precursor polymers in the coating solution, i.e., either a 

low-fractal dimension (weakly-branched) structure or high-dimensional (highly-branched) one.30 The 

weakly-branched polymeric precursors are expected to provide a denser film, while the highly-branched 
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precursors generally leading to globular particle-like aggregates may create void spaces in the product film due 

to their apertures. 

Weakly-branched (low-fractal dimension) titanium oxide polymers were synthesized by using organic 

ligands to retard the hydrolysis and polymerization reaction rates or by accelerating the polymerization 

reaction.30 Rantala et al. fabricated amorphous Ti(h film with n = 1.81 (at A.= 632.8 nm) using methacrylic acid 

as an organic ligand at 85°C.26 However, the use of organic ligands prevented the Ti(h film from being 

densified because of the organic residue. The film fabricated from these precursors involved many apertures 

filled with air, and as a result, the refractive index of the film did not attain a sufficiently high value. 

Alternatively, the polymerization reaction was accelerated by high concentration alkoxide. The rate of 

polymerization was proportional to the square of the hydrolyzed alkoxide concentration whereas that of 

hydrolysis was to the alkoxide and water concentration. Kuwabara et al. studied a high concentration sol-gel 

process, in which they produced transparent solutions.Z1
•
31 Although monolithic denser films can be produced 

from high concentration solutions, the process needed an organic additive, such as 2-methoxymethano~ to 

prevent rapid hydrolysis. 

In this chapter, an amorphous dense Ti02 film with a high refractive index is tried to fabricate below 

60°C, overcoming all abovementioned issues revealed in previous studies, i.e., creation of void space or 

inhomogeneous grains, high heating temperature, and side effects of an organic residue. As also shown in 

Chapter 5, the salt catalyst is expected to increase the polymerization rate in the sol-gel process compared to 

that ofhydrolysis,32 which helps produce a transparent sol or gel exhibiting low light scattering.33
.3

4 The coating 

solution was prepared via a catalytic sol-gel process using hydrazine monohydrochloride, which involved 

accelerated polymerization of hydrolyzed titanium alkoxide. Small angle X-ray scattering (SAXS) confirmed 

the formation of an expanded polymer chain-like titanium oxide aggregates (dr ~ 5/3) having microscopic 

transient mesh size (2-3 nm) in the precursors. A successful production of a high refractive index amorphous 

Ti(h film (n > 2.0) on poly(methyl methacrylate) (PMMA) substrates is demonstrated by a unique 
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low-temperature process. The resulting films were characterized by means of spectroscopic ellipsometry, 

transmission electron microscope (TEM), X-ray diffraction (XRD), and atomic force microscope (AFM). 

6.2. Experimental Section 

6.2.1. Preparation of titanium oxide thin films 

Materials. Tetra-n-buthoxide (TTBO; Ti(OCJ!9)4 > 97 %) was purchased from Kanto Chemical, Japan. 

2-propanol (C3H70H > 99.5 %) was purchased from Wako Pure Chemical Industries, Japan. Hydrazine 

monohydrochloride (N2~ HCl > 98 %) was purchased from Tokyo Chemical Industry, Japan. All reagents 

were used without further purification. 

Synthesis. To prepare the film coating solution, TTBO, 2-propanol, distilled water, and the catalyst 

hydrazine monohydrochloride were mixed together. Different molar ratio in the precursor solutions was 

prepared by treating water content as a tunable parameter while fixing [N2~ HC1]/[Ti(OCJ!9)4] to 0.04. 

[Ti(OCJ!9)4] was adjusted to 0.5 mol L -I for all precursors. Table 6.1 summarizes the sample preparation. The 

solution was mixed slowly at 0 oc to avoid generation and precipitation of Ti~ particles. Without hydrazine 

monohydrochloride in this preparation, white colored fine particles were immediately generated and 

precipitated as soon as the solutions were mixed. The mixed solution was then stirred at 25°C for several hours. 

Silicon(lOO) (25 x 25 x 1 mm) and PMMA (50 x 50 x 1 mm) substrates were coated with the solution by spin 

coating (3500 rpm) at 25°C for 60 s. The coated films were dried in a closed container below 10 % relative 

humidity at 25°C for 1 h, which was followed by a heating process at 40-150°C for 1 h. 

6.2.2. Thin film characterization 

SAXS experiments were carried out on precursor solutions, in which a SAXSess camera (Anton Paar, 

Austria) was employed. A Gobel mirror and a block collimator provided a focused monochromatic X -ray beam 

ofCu Ka radiation. Two-dimensional scattering patterns recorded by an imaging-plate (IP) detector (a Cyclone, 

Perkin-Elmer) were integrated into to one-dimensional scattering intensities, l(q), where q is the magnitude of 
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scattering vector. All /(q) data were corrected for the background scattering from a capillary and solvents, and 

the absolute intensity calibration was made using water as a secondary standard.35 A model-independent 

collimation correction (desmearing) procedure was made via an indirect Fourier transformation (IFT) routine. 

All fitting and fractal analyses were performed on the collimation corrected SAXS intensities. The refractive 

index, extinction coefficient, and thickness of the films were measured with a spectroscopic ellipsometer 

UVISEL M200 (Horiba Jobin Yvon, Japan) by using a DeltaPsi 2 simulation software (Horiba Jobin Yvon). 

The film thickness was also determined from a cross-sectional image of the films using a field-emission 

scanning electron microscope S-5000 (FE-SEM, Hitachi, Japan). A transmission electron microscope (TEM) 

image of the amorphous Ti02 thin film was obtained by means of a JEM-20 10 transmission electron 

microscope (JEOL, Japan) with an acceleration voltage of200 kV. Fine ground powders of the peeled thin film 

was dispersed in methanol by ultrasonication. One drop of the suspension was put on a 150 mesh carbon-coated 

copper grid, and then dried at 60 oc in air. The crystallinity of the dried and heated precursor powders was 

estimated using a X-ray diffractometer (XRD, Rigaku, RINT2500HF), which was operated at 40 kV and 40 

rnA, with Cu Ka radiation (A. = 0.1542 nm) in the scanning angles between zoo and 70°. The surface 

morphology was observed using an atomic force microscope (AFM, Seiko Instruments, SPA400), and the 

surface root-mean-square roughness values were calculated from AFM images. 

Table 6.1. Molar Ratio of Water and 2-Propanol 
to TTBO in the Precursor Solutions and the 
Reaction Time in the Sol-Gel Process. 

Sample Water 2-propanol reaction time 
code (h) 

W2 2.00 21.07 6 

W225 2.25 21.02 

W25 2.50 20.95 0.5 
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6.3. Results and discussion 

6.3.1. Structure ofthe precursor solutions as obtained by SAXS 

SAXS has been used to investigate confonnation and the fractal nature of polymer-like aggregates produced 

in a sol-gel process.36
'
37 In order to monitor the microstructure of titanium oxide aggregates in the liquid 

precursors, their static structures were evaluated by means ofSAXS.38 Figure 6.1 shows SAXS experiments on 

the titanium oxide precursor solutions, W2, W225, and W25 prepared in varied molar ratio of water, in which 

collimation-corrected SAXS intensities, I(q), are given in a double-logarithmic plot (Fig. 6.1(A)). 

It is established that liner polymers and globular particles show fairly different scattering behavior, 

leading to different shapes of I(q). Branching of polymer chains imposes somewhat particle-like nature on the 

polymer chains. For instance, star-branched polymers,39 dendrirners,40 nanoparticles comprising tightly 

crosslinked liner chain precursors,41 and sol-gel derived high-fractal dimension silica aggregates (indicated in 

Chapter 2), give a local maximum in a Kratky plot as globular particles do. It is found that all the titanium oxide 

precursor solutions were to be assigned to a liner polymeric structure in tenns of their scattering patterns. 

Power-law behavior was observed in the intennediate to high-q regime, indicating the emergence of the fractal 

structure, i.e., self-similarity of the internal structure independent of the chosen length scale. The fractal 

dimension, dr, directly appears in the slope of I(q), as represented by the following fonnula 

A Kratky plot, li(q) versus q, is an instructive expression often used to highlight a fractal nature of an ideal 

or Gaussian coil polymer (drr:::. 2). Instead, a modified Kratky plot, l 3 I(q) versus q was used (Fig. 6.1(8)). The 

water contents modified the fractal nature of the structure as dr increased with increasing water content, W2 < 

W225 r:::. W25. W225 and W25 gave a high-q plateau <l13I(q) oc q~ in this expression, demonstrating q-513 

behavior in q>~1 nm-1
• The revealed drr:::. 513 = 1.67 for W225 and W25 coincides well with drofanexpanded 

chain with excluded volume in good solvent. W2, i.e., the liquid precursor with a restricted amount of water, 
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showed slightly but definitely gentler high-q slope of q -4.?f3 corresponding to dr ~ 1.54, which sensitively 

showed up as a positive slope in the modified Kratky plot. 

l(q) for the titanium oxide precursors in the low-q to intermediate regime can formally be fitted by the 

Ornstein-Zemike (OZ) equation42 

(6.2) 

where r; is the correlation length and /(0) the asymptotic zero-q intensity. It is believed that despite marked 

high-q deviation, a fitting analysis based on OZ equation was almost sufficient to evaluate¢, see Figure 6.l(A). 

r; can be interpreted as the mesh-size of the transient polymer network. 43
'
44 The radius of gyration, Rg. reflecting 

the overall geometry of the polymers, was also evaluated by a Guinier plot based on a Guinier equation, l(q) = 

/(O)exp[-RgV/3]. The mesh-size r; for W2 was found to be smallest, giving 2.1 nm. Increasing water content 

increased r;, W225 and W25 showing 2.7 nm and 2.9 nm, respectively. Accordingly, Rg for W2, W225, and 

W25 was an increasing function of the water content and estimated to be 3.0 nrn, 3.8 nrn, and 4.1 nrn, 

respectively (Table 6.2). The cross-over from expanded coil-like scattering [/(q) oc q·5f3] to rod-like one [/(q) oc 

q"1
] can clearly be seen for W225 and W25 at q -3.5 nm·1 whereas such transition is somewhat vague for W2 in 

the available q-range. 

All abovementioned findings unambiguously demonstrate that the titanium oxide polymers having the 

expanded polymer chain-like structure were synthesized using the hydrazine monohydrochloride catalyst in a 

reasonably short time (within several hours). To the best of my knowledge, such a weakly-branched structure of 

the titanium oxide polymers has never been produced from titanium alkoxides via a ligand-free sol-gel process. 

Generally, in order to synthesize a weakly-branched titanium oxide polymers, organic ligands are needed to 

stabilize titanium alkoxides. However, organic residues often put issues like coloration on the solid products. 

An alternative way is to use an extremely low water content system to retard hydrolysis reactions of titanium 

alkoxides, which takes a very long time for the reaction(> 1 month)/6 and thus would not be very practical. In 
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the next section, it will discuss the interplay of the liquid precursor stmctures and the properties of the resulting 

solid film materials. 
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Figure 6.1. SAXS intensities, /(q), on absolute scale and a modified Kratky plot, l'Jt(q) versus q, for the 

precursor solutions prepared at different water molar ratio, W2 (red), W225 (blue), and W25 (green). The solid 

lines shown in panel (A) represent optimized fit curves based on the OZ equation. 

6.3.2. Optical properties of the amorphous Ti02 thin films on a siUcon substrate 

Silicon( 100) substrates were coated with the precursor solutions. W2, W225, and W25, dominated by the 

weakly-branched titanium oxide polymers, by spin coating, and then heat- treatment was applied to the dried 

spin-<:oated films at varied temperatures (40 s TfC s 150). In order to investigate optical properties. i.e., 

refractive index. n, and extinction coefficient, k, of the resulting thin films, a spectroscopic ellipsometry 

measurement was conducted. Figure 6.2 shows complex optical constants, Lhe n and k curves of d1c 

low-temperature (60 °C) heat- treated Ti~ thin films on a Si substrate as a function of wavelength of light, A. 

Table 6.3 lists the n values at 550 and 633 nm, the kvalues at 380 nm. and the fi lm thickness. A noteworthy fact 

is that as targeted, all the thin films exhibited relatively high n values (> 1.9 at 633 nm) despite such a mild 

heating condition, which is obviously advantageous for widening a range of applications of the Ti~ optical 

coating. The attained high n values also imply that the dense amorphous films were produced owing to Lhe 

mutual intefl)enetration of the expanded chain-like titanium oxide polymers (dr ~ 513) during d1e drying and 
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curing processes while avoiding void space creation. Figure 6.3 shows the relation between the mesh size 

(correlation length), ;, of the extended chain-like titanium oxide polymers in the liquid precursors and the 

refractive indices, n, of the resulting TiOz thin film. Importantly, as shown in Fig. 6.3, it found that then values 

of the thin films almost linearly increased with decreasing water content in the precursor solutions, which 

demonstrates that the titanium oxide polymer having smaller ?; was transcribed into finer and denser solid 

structures in the thin film (Table 6.2). This view is well supported by the nanoporous silica production via the 

catalytic sol-gel process that is discussed in Chapter 2; the silica powders having exclusively micropores 

(diameter< 2nm) were produced from a low-fractal dimension polymeric precursor whereas the high--fractal 

dimension particle--like aggregates in the liquid precursor resulted in the generation of mesopores (diameter > 5 

nm) due to their excluded volume effect 

The k values were found to be almost identical for all the films at 380 nm, giving < I x 10-4 in the wide 

visible light range of A. > 390 nm. The small k values were expected to be accomplished thanks to the absence of 

organic residues in this ligand-free synthetic strategy because an organic ligand-coordinated, stabilized 

titanium alkoxide generally imposes coloration on the consequent solid products because of its visible light 

absorption. In addition, the thin films containing no such organic ligands are expected to be denser, and thereby 

to be equipped with higher refractive indices. 
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Table 6.2. Microscopic Geometries of the Liquid Precursors Prepared at 
Different Water Concentrations and the Optical Properties and Thickness 
of the Resulting Amorphous Ti01 TI1jn Fi lms Fabricated on a Si Substrate 
with Low- Temperature Heat- Treatment at 60 °C.0 

Precursor ' Ru Film nsso n6JJ k380 

solution (nm) (nm) thickness 
(nm) 

W2 2.1 3.0 100 2.100 2.074 2.96x 10"3 

W225 2.7 3.8 117 1.991 1.968 3. 10x l 0~1 

W25 2.9 4.1 118 1.926 1.905 2. 10x 10"3 

"ll1e thickness and optical constants were determined by an analysis of 
ellipsometric spectra. Notation: ' · the correlation length estimated by 
fining the SAXS curves based on the Omstein- Zemike equation (eq 2); 
R..,. the radius of gyration determined with Guinier plot; nsso. refractive 
index at ..1. == 550 nm; n6l3, refractive index at ..1. = 633 nm; k380, extinction 
coefficient at A.= 380 nm. 
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Figure 6.2. Refractive indices (A) and extinction coefficients (B) of the amorphous Ti02 thin films fabricated 

fonn the W2 (red), W225 (blue). and W25 (green) precursor solutions applying low- temperature heat 

treatment at 60 oc as a function of wavelength, ..1.. In an inset of the panel (B). the absorption edge (A. = 

38Q-400nm) is highlighted. 
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Figure 6.3. The relation between the transient mesh size (correlation length),~. of the extended chain-like 

titanium oxide polymers in the liquid precursors and the refractive indices, n, of the resulting TiOz thin film at A. 

= 550nm (open) and A.= 633 nm (filled), indicating the production of the finer and denser solid architecture 

from the more microscopic linear polymeric liquid structure. 

6.3.3. Structures of the amorphous Ti02 thin films 

The TEM images of the Ti02 thin films fabricated from the weakly-branched titanium oxide polymer 

solutions, W2, W225, and W25, with heat-treatment at 60°C are presented in Fig. 6.4. In an optical thin film 

containing particles dispersed in a matrix, an optical transmission loss may arise from Mie scattering in case that 

the refractive-index difference between a matrix and particles is large enough, and when the correlation length 

of the density fluctuation of the aggregates of the dispersed particles becomes comparable to a wavelength of 

light. In the TEM images, it is hardly observed obvious apertures or particulates at this magnification. The 

texture of the films was not porous, showing no traces of agglomerated particles, but rather, it looked dense and 

monolithic. If crystalline particles are dispersed in an amorphous thin film, they often act as scattering objects of 

lights and become the source of birefringence. A selected-area electron di:fli'action (SAED) pattern of the 

W2-based thin film confirms an amorphous nature of the present TiOz film, as shown in the inset of Fig. 

6.4(A). The dense amorphous TiOz monolith involving quite few void spaces and no crystalline particles helps 

achieve a high n value, simultaneously suppressing optical scattering owing to its fine textured matrix. It is 
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noteworthy that condensation of the weakly-branched titanium oxide polymers provided the Ti~ films with 

ultrafine structural features, which is intrinsic to an optical thin fi lm to avoid Mie scattering and to lower the 

Rayleigh scattering loss in the visible light range. 

Stn1ctural di fference among the Ti~ tl1 in films generated from the precursors having diflerent transient 

mesh-size, '· "vas not very clear in the TEM images. TI1e revealed notable difference in the refractive indices. 

i.e. tl1e higher n value of tlle fi lm for smaller r; in the liquid precursor, suggesLc; tl1at a microscopic length scale 

structure as small as' contributed to the enhancement of the optical property of the fi lm. 

The film thickness of the W2-clerivcd Ti~ fi lm on tl1e si licon substrate with heating at 60°C was found to 

be ca. II 0 nm in view of its cross-sectional EM image (Fig. 6.5(/\)). TI1is is consistent with that evaluated 

from the ellipsometric data (Table 6.2). TI1e 1\FM image (Fig. 6.5(8)) and the cross-section profile (Fig. 6.5(C)) 

of the Ti02 film show that the film is very smooth, showing surface asperity within I nm. The 

root-mean-square surface roughness was estimated to be ca 0.4 nm. Low roughness reduces the surface 

scattering lo s. and consequently provides excellent optical properties. 

Figure 6.4. TEM images of the Ti02 thin films produced from the (A) W2. (B) W225, and (C) W25 

precursor solutions. ·me inset of tl1e figure (A) shows the selected- area electron difTmction pattem of the Ti02 

thin film fi·orn W2. 
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Figure 6.5. Typical images of the W2-derivcd Ti~ thin film coated on a i substrate: (A) cross-sectional 

EM image, (B) AFM image, and (C) cross-sectional profile. The film was heated at 60°C. 

Effects of heating- temperatures on the optical properties were investigated in the amorphous Ti02 thin 

ntms prepared fl·om the W2 precursor. Table 6.2 shows the film thicknesses. n values at ). - 550 and 633 nm. 

and k values at ). - 380 nm of the Ti02 thin films coated on the i ubstrate. Then value of the Ti02 film was 

lower 01an 1.9 with no heat treatment or when the film was heated at < 40° . With increasing heating 

temperature, n at A. = 550 exceeded 2.0, reaching ca.2.1 at 60°C, and finally approached to 2.2 at 80 oc. 111e 

heating- temperature dependence of 11 shown in Fig. 6.6 highlights the presence of the threshold around 60 oc 

for 01e n values and the appearance of a plateau at ca. 100 oc. n1e observation indicates that the low- fi"actal 

dimension titanium oxide polymers were able to be suniciently densified at > 60°C. When a low- heat resistant 

plastic is used as a substrate, 60°C may be an optimum temperature that can compromise the refractive index 

and heat resistance of a substrate material. The k values of the films heated below 80°C were < 5 x I o·' around 

the absorption edge (J..:::::: 380 nm) and < I x 10-l in the nearly entire visible light range (390 ~ ..Vnm ~ 800). All 

Ti0 2 products heated below 150°C were found to be amorphous by XRD measurements (Fig. 6.7). TI1e optical 
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data confinn that in comparison to other amorphous Ti(h thin films fabricated via sol-gel processes at T < 

80°C26
•
28

•
31 in previous works, the W2-derived films possessed a higher n value. 

Table 6.3. Thickness and Optical Constants of Amorphous 
Ti(h Films Fabricated on the Silicon Substrate at Various 
Heating Temperaturesa 

Heating Film n55o n633 k380 

temperature thickness 
eq (nm) 

136 1.863 1.846 < 1x10 

40 138 1.885 1.868 <1xW4 

60 100 2.100 2.074 2.96x10"3 

80 92 2.155 2.127 4.10x10"3 

120 86 2.185 2.153 14.5x10"3 

150 88 2.190 2.157 11.9x 10"3 

aThe thickness and optical constants were determined by 
analysis of ellipsometric spectra Notation: n550, refractive 
index at A. = 550 nm; n 633, refractive index at A. = 633 nm; k 380, 

extinction coefficient at A. = 380 nm. 
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Figure 6.6. Heating-temperature dependence of the refractive indices n at A.= 550 nm (open circles) and 633 

nm (filled circles) of the amorphous Ti(h thin films fabricated from the W2 precursor on a Si substrate. 



....... 

..... ... 
:....... 

..... 
I I I I I I I I I 

20 30 40 50 60 

2 theta (deg.) 

111 

(a) 

(b) 

(c) 

(d) 

70 

Figure 6.7. XRD patterns of the W2-derived amorphous Ti~ powders heated at 60°C (a), 80°C (b), l20°C 

(c), and 150°C (d). 

6.3.4. Fabrication of the amorphous Ti02 thin film on a PMMA substrate 

To widen a range of applications of optical thin films, obviously, the low-temperature process is highly 

advantageous. However, in the formation of a thin film, physical and chemical properties of a substrate often 

affect morphological and physical properties of thin films.9
•
10 A PMMA plate was used as a substrate of the 

amorphous Ti~ thin film produced from the W2 precursor solution with heating temperature at 60°C. The 

surface morphology of the amorphous Ti02 film on a PMMA substrate was found to be vety similar to the film 

on Si shown in Fig. 6.5(B), and its roughness was estimated to be ca 0.5 nm. Unlike the case of typical 

crystalline films, the amorphous structure was little affected by the substrate materials. 

Figure 6.8 shows the n and k of the amorphous Ti~ film coated on PMMA prepared from the W2 

precursor solution at 60°C as a function of wavelength of light. Ann of2.064 at 633 nm and ak of2.23xi04 at 

380 nm can read out from the spectrum. Then value for the film on a PMMA substrate was quite identical with 

that on a Si substrate obtained at the same heating temperature. The film thickness was also not largely affected 

by the substitution of the plastic substrate, giving 95 nm. The k value was also < 1 x 104 in the almost entire 

visible light range. 
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Synthesis of weakly- branched titanium oxide precursors anempted so far needed organic ligands to 

stabilize titanium alkoxides, and removal of tightly bound organic ligands from a film body required a high 

temperature process to produce a dense film. ll1is ligand-free catalytic sol-gel technique overcame these issues. 

and would promote the use of various plastics for a wider range of optical applications. 
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Figure 6.8. Refractive index, 11, (solid red) and extinction coefficient, k, (solid blue) of an amorphous Ti~ 

thin film coated on a PMMA sub trate as a function of wavelenr:,rth of the light. 1l1e fi lm was fabricated from 

the W2 precursor solution at 60°C. For comparison, then and k of the amorphous Ti~ thin film fabricated on a 

Si substrate under the identical condition are shown together in the broken lines, which are the same data as 

shown in Fig. 6.2. 

6.4. Conclusions 

Highly dense amorphous Ti02 thin films were fabricated from the titanium oxide precursor sols 

synthesized via the catalytic sol- gel process witl1 the hydrazine monohydrochloride catalyst. The expanded 

chain-like conformation (d,.~ 5/3) of the titanium oxide polymers were con finned by SAXS experiments on U1e 

precursor sols. ll1e water content in the sol-gel systems, treated as a tuning parameter in this study, did 

influence the fractal natures as well as the transient mesh size, '- of the titanium oxide polymers. Increasing 

water content increased dr and (. When a si I icon ( I 00) wafer was used as a substrate, the min films obtained by 

spin coating of U1e liquid precursor having smaller dr and (showed a higher refractive index, 11, which reached 
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2.074 (at A.= 633 run) after heat-treatment at 60 °C. The data suggest that densification was accompanied by 

mutual interpenetration of the expanded polymer-like Ti{}z through the drying and curing of the thin film, 

which created the monolithic structure involving few apertures, and thus suppressed light scattering loss of the 

film due to void spaces. The extremely smooth surface of the film confirmed by AFM whose surface roughness 

was as small as 0.5 run is a desirable feature for optical materials. The n exceeding 2.0 was identified for the 

films heat-treated at> 60 °C, and their amorphous structure was preserved even after heating at 150 °C. Such 

amorphous nature is essential to prevent photocatalytic activity and birefringence. An excellent optical property 

was demonstrated in the amorphous Ti02 film coated on PMMA with low temperature (60 oq heat-treatment; 

n = 2.064 (at .it= 633 run), which is identical with that on a Si substrate. 

Synthesis of weakly-branched titanium oxide precursors has been attempted so far by using ligands to 

stabilize titanium alkoxides or spending a long time for the reaction (>I month) in an extremely low water 

content system to retard hydrolysis reactions of titanium alkoxides. The catalytic sol-gel technique using 

hydrazine monohydrochloride as a catalyst enables rapid synthesis (within several hours) of the low-fractal 

dimension titanium oxide polymers without introducing any organic stabilizers. The resulting amorphous Ti{}z 

thin films containing no ligand residues are free of coloration caused by optical absorption, and thus are 

employable as a good optical thin film. The established low-temperature route to the amorphous Ti{}z thin 

films with high refractive index would open new combination with various resin materials, which potentially 

develops the use of plastics for a variety of optical applications. 



References 

I. Bange, K.; Ottennann, C. R.; Anderson, 0.; Jeschkowski, U.; Laube, M.; Feile, R. Thin Solid Films 

I99I, I97,279-285. 

2. Orignac, X.; Barbier, D.; Du, X. M.; Almeida, R. M. Appl. Phys. Lett. I996, 69, 895-897. 

3. Yang, P. D.; Wirnsberger, G.; Huang, H. C.; Cordero, S. R.; McGehee, M.D.; Scott, B.; Deng, T.; 

Whitesides, G. M.; Chmelka, B. F.; Buratto, S. K.; Stucky, G. D. Science 2000, 287, 465-467. 

4. Lee, L. H.; Chen, W. C. Chern. Mater. 2001, 13, 1137-1142. 

5. Bartl, M. H.; Boettcher, S. W.; Hu, E. L.; Stucky, G. D. J. Am. Chern. Soc. 2004, 126, 10826--10827. 

6. Kararnan, M.; Kooi, S. E.; Gleason, K. K. Chern. Mater. 2008, 20, 2262-2267. 

7. Rao, Y. Q.; Chen, S. Macromolecules 2008, 41, 4838-4844. 

8. Zhang, L.; Li, Y .; Sun, J.; Shen, J. Langmuir 2008, 24, 10851-10857. 

9. Hasan, M. M.; Haseeb, A. S. M. A.; Saidur, R.; Masjuki, H. H.; Hamdi, M. Opt. Mater. 2010, 32, 

690--695. 

I 0. Martinu, L.; Poitras, D.; J. Vac. Sci. Technol. A 2000, 18, 2619-2645. 

11. Hou, Y. Q.; Zhuang, D. M.; Zhang, G.; Zhao, M.; Wu, M.S. Appl. Surf. Sci. 2003,218,97-105. 

12. Yamada, Y.; Uyama, H.; Murata, T.; Nozoye, H. J. Vac. Sci. Technol. A 200I, I9, 2479-2482. 

13. Kim, S. H.; Lee, J. H.; Hwangbo, C. K.; Lee, S.M. Surf. Coat. Technol. 2002, 158-159,457-464. 

14. Barnes, M. C.; Kumar, S.; Green, L.; Hwang, N. M.; Gerson, A. R. Surf. Coat. Technol. 2005, 190, 

321-330. 

15. Zhao, Z.; Tay, B. K.; Yu, G. Appl. Opt. 2004,43, 1281-1285. 

16. Musil, J.; Heiman, D.; Sicha, J. J. Vac. Sci. Technol. A 2006,24,521--528. 

17. Lin, S. S.; Hung, Y. H.; Chen, S.C. Thin Solid Films 2009,517,4621-4625. 

18. Hu, Z. G.; Li, W. W.; Wu, J.D.; Sun, J.; Shu, Q. W.; Zhong, X. X.; Zhu, Z. Q.; Chu, J. H. Appl. Phys. 

Lett.2008,93, I819IO. 

19. Ozer, N.; Demiryont, H.; Simmons,J. H. Appl. Opt. 1991,30,3661-3666. 

20. Hu, L. L.; Yoko, T.; Kozuka, H.; Sakka, S. Thin Solid Films 1992, 219, 18-23. 

21. Shimooka, H.; Kuwahara, M. J. Am. Ceram. Soc. I995, 78, 2849-2852. 

22. Lee, S. W.; Ichinose, 1.; Kunitake, T. Langmuir 1998, 14,2857-2863. 

23. Mosaddeq-ur-Rahman, M.; Yu, G.; Soda, T.; Jimbo, T.; Ebisu, H.; Umeno, M. J. Appl. Phys. 2000, 88, 

4634-4641. 

24. Hanley, T. L.; Luca, V.; Pickering, 1.; Howe, R. F. J. Phys. Chern. B 2002, 106, 1153-1160. 

25. He, J. H.; Ichinose, 1.; Fujikawa, S.; Kunitake, T.; Nakao, A. Chern. Mater. 2002, 14,3493-3500. 

26. Rantala, J. T.; Klirkkainen, A. H. 0. Opt. Express 2003, II, I406--I410. 

27. Stathatos, E.; Lianos, P.; Tsakiroglou, C. Langmuir2004, 20,9103-9107. 

28. Sheng, Y.; Liang, L.; Xu, Y.; Wu, D.; Sun, Y. Opt. Mater. 2008,30, 1310-1315. 

29. Song, X. M.; Wu, J. M.; Tang, M. Z.; Qi, B.; Yan, M. J. Phys. Chern. C 2008, 1I2, 19484-19492. 



30. Brinker, C. J.; Scherer, G. W. In Sol-gel Science, The Physics and Chemistry of Sol-gel Processing, 

Academic Press: New York, 1990, pp. 797. 

31. Shimada. S.; Matsuu, M.; Miyazawa, K.; Kuwahara, M. J. Ceram. Soc. Jpn. 2002, 110,391-394. 

32. Murakami, Y.; Matsumoto, T.; Takasu, Y. J. Phys. Chern. B 1999, 103, 1836-1840. 

33. Matsumoto, T.; Murakami, Y.; Takasu, Y. Chern. Lett 1999,2, 177-178. 

34. Murakami, Y.; Matsumoto, T.; Watanabe, Y.; Takasu, Y. Trans. Mater. Res. Soc. Jpn. 1999, 24, 

425-427. 

35. Orthaber, D.; Bergmann, A.; Glatter, 0. J. Appl. Crystallogr. 2000, 33, 218-225. 

36. Kallala, M.; Sanchez, C.; Cabane, B. Phys. Rev. B 1993, 48, 3692-3704. 

37. Pattier, B.; Henderson, M.; Brotons, G.; Gibaud, A. J. Phys. Chern. B 2010, 114, 5227-5232. 

38. Glatter, 0.; Kratky, 0. Small-Angle X-Ray Scattering, Academic, London, 1982. 

39. Toporowski P.M.; Roovers, J. E. L. Macromolecules 1978, 11 365-368. 

40. Tande, B. M.; Wagner, N.J.; Mackay, M. E.; Hawker, C. J.; Jeong, M. Macromolecules 2001, 34, 

8580-8585. 

41. Mackay, M. E.; Dao T. T.; Tuteja, A.; HoD. L.; Hom V. H.; Kim, H-C.; Hawker, C. J. Nature materials 

2003, 2, 762-766. 

42. Ornstein, L. S.; Zemike, F. Proc. Acad. Sci. Amsterdam 1914, 17,793-806. 

43. Pedersen, J. S.; Schurtenberger P. J. Polym. Sci., Part B: Polym. Phys. 2004,42,3081-3094. 

44. Strobl, G. R. The Physics of Polymers: Concepts for Understanding Their Structures and Behavior, 3rd 

ed., Springer, Berlin, 2007. 





CHAPTER 7 

Platinum Nanowire Network with Silica 
Nanoparticle Spacers for use as 
an Oxygen Reduction Catalyst 

7.1. Introduction 

Platinum-based catalysts in polymer electrolyte membrane fuel cells efficiently convert electricity from 

hydrogen and oxygen at low temperature, and have attracted attention because of recent growth in the demand 

for alternative energy sources and environmental awarenessY Platinum nanoparticles (PtNPs) supported on 

carbon black (Pt/C) are commercially available and commonly used as anode and cathode catalysts. Most 

recent studies have focused on development of cathode catalysts with high catalytic activities and durability for 

the oxygen reduction reaction (ORR).2'
3 To increase the ORR activity, PtNPs (0<1 0 nm) loaded on an 
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electrically conducting support with a high surface area, such as carbon black, are used to increase the reactive 

surface area of the platinum. However, such small nanoparticles are generally unstable under fuel cell operating 

conditions. During initial operation of the fuel cells, the catalytic activity is reduced as the particle diameter 

increases from 3-4 nrn to >5 nrn because of dissolution and reprecipitation of the PtNPs.4-7 Oxidative corrosion 

of the carbon support has also been observed at applied potentials >0.9 VRHE, which results in aggregation of 

the PtNPs and a large decrease in the reactive surface area7
-
10 

To increase the durability, alternative support materials have been investigated, including metal 

compounds with good electrical conductivity and chemical stability.11
,t

2 For example, loroi et al. reported that 

PtNPs dispersed on Tit07, a conducting titanium oxide, exhibited improved oxidative resistance compared to 

that of a commercial Pt/C catalyst.13
,t

4 Other conducting metal oxides such as Sn02, 
15

'
16 Ru~, 17 and sulfated 

Zr02
18 have also been suggested as possible alternatives. Although conducting oxide supports can suppress 

corrosion, the electrical conductivities of such oxides are lower than carbon blacks and are also not as abundant. 

Here, a platinum nanowire network with silica nanoparticle spacers (Pl;,.,/Si~) via spray drying and 

hydrogen reduction was prepared. The use of a platinum nanowire network1
'}-

23 instead ofPtNPs eliminated the 

need for a conducting support. As a novel non-conducting material with good chemical stability and size 

uniformity to support the high surface area platinum nanowire network, silica nanoparticles (average 0 75 nrn) 

were investigated and the activity and stability with respect to the electrochemical oxygen reduction reaction of 

the electrocatalysts were studied. 
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7 .2. Experimental Section 

7.2.1. Preparation of the PtnetiSiOz catalysts 

Materials. Hydrogen hexacWoroplatinate(IV) hexahydrate (H2PtCk6H20, >99.9%) and 2-propanol 

(>99.7%) were purchased from Wako Pure Chemical Industries (Osaka, Japan). Anhydrous ethylenediamine 

(>98%) was purchased from Tokyo Chemical Industry (Tokyo, Japan). PL-7 colloidal silica nanoparticles 

(SiO:zNPs) dispersed in water (average 0 75 nm, silica mass fraction 23%) was obtained from Fuso Chemical 

(Osaka, Japan). Carbon black (EC300J, 800 m2 g-1
) was received from Mitsubishi Chemical Corporation 

(Tokyo, Japan). As a controL commercial Pt/C catalyst (TECIOE50E, platinum mass fraction 46.4% on C 

Black EC-3001) was obtained from Tanaka Kikinzoku Kogyo (Tokyo, Japan). All chemicals were used as 

received. 

Preparation of catalysts. For preparation of the platinum network, H2PtCk6H20 was slowly dissolved 

in ethylenediamine to make sure the temperature did not rapidly increase. The clear yellow solution was kept in 

a tightly sealed bottle at 25 oc for 1 day, and during this time it turned into an opaque paste. 2-Propanol was 

added to adjust the platinum concentration to 0.132 mol L -I. The solution was heated at 80 oc for 1 h, and then 

added to a nanoparticle dispersion of colloidal silica or carbon black dispersed in 2-propanol at room 

temperature. The platinum concentration in the nanoparticle dispersion was 0.066 mol L-1
, the molar ratio of 

H2PtCk6H20 to ethylenediamine was 1 to 22.7, and silica was added at equal mass to the platinum. The 

mixture was stirred at 25 oc for 1 h and then sprayed onto a glass plate, which was heated to 1 05 oc to dry the 

nanoparticles without aggregation. A beige powder was obtained, and this was fmely ground and reduced in a 

tube furnace with an Ar!H2 (H2 volume fraction 10 %) gas stream at 270 °C for 2 h. 

7.2.2. Characterization 

Structural and Morphological Characterization. Each mass fraction of platinum in the black fine 

powders, PtnJSi02 and Ptne!C, was determined by means of an EX-200 energy-dispersive X-ray analyzer 
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(Horiba, Kyoto, Japan). X-ray diffraction (XRD) measurements were conducted with a RINT2500HF X-ray 

diffractometer (Rigaku, Tokyo, Japan) with Cu Ka radiation (A.= 1.54056 A). The diffractometer was operated 

at an accelerating voltage of 40 kV with a tube current of 40 rnA. Diffraction patterns were collected at 

scanning angles between 20° and 90° with a scanning rate of 2° min-1 and a step size of 0.02°. The mean 

crystallite size, D, of platinum was calculated using the Scherrer formula D=(O. 9A. )1(/Jcos{}), where A. is the X -ray 

wavelength, fJ is the full-width at half-maximum expressed in radians, and e is the diffraction angle of the 

crystalline phase determined at the peak maximum. Transmission electron microscope images of the Ptn./Si0.2 

and Ptne/C powders were obtained using a JEM-2100 transmission electron microscope (JEOL, Tokyo, Japan) 

equipped with an UltraScan 1000 CCD camera (Gatan, Pleasanton, CA). The accelerating voltage was 200 kV. 

Finely ground powder was dispersed in methanol by ultrasonication. One drop of the suspension was placed on 

a 150 mesh carbon-coated copper grid, and then dried at 60 oc in air. A S-5000 scanning electron microscope 

(Hitachi, Tokyo, Japan) was used to examine the surface morphologies of the Ptne/Si0.2 and Ptn./C powders 

with a beam current of 10 IJA and an acceleration voltage of20 kV. 

Electrochemical characterization. Electrochemical measurements were carried out using a 

three-electrode cell composed of a glassy carbon (GC) disk working electrode (0 6 mm), a platinum mesh 

counter electrode, and a reversible hydrogen electrode as the reference electrode. The solution used for 

electrochemical measurements was 0.5 mol L-1 H2S04 prepared from sulfuric acid (Wako Pure Chemical 

Industries, >96%) and Milli-Q deionized water (> 18 Mn, Millipore, Billerica, MA ). The solution temperature 

was 60 °C. A HSV-100 potentiostat (Hokuto Denko, Tokyo, Japan) was used for potential control and 

recording data. Before the measurements, the GC working electrode was polished to a mirror-like fmish with 1 

and 0.05 !!ill alumina polishing suspensions (Baikowski, Annecy, France), and then washed with deionized 

water and ethanol. A catalyst layer on the GC electrode was formed using 5 llg of the electrocatalyst and 

Nation® as a binder. A Nation alcohol/water solution (Nation mass fraction 5 %, Sigma-Aldrich, St Louis, 

MO) was diluted with ethanol (Wako Pure Chemical Industries, >99.5 %) to one three-hundredth of the 
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original concentration, and 10 J.!L of the dilute solution was coated on the GC electrode. Catalyst powder (10 

mg) was dispersed in a water/ethanol mixture to a concentration of 1 g L-1
• An aliquot (10 J.!L) of this 

homogeneous dark dispersion was dropped onto the Nafion layer on the GC electrode. This embedded the 

catalyst in the semidry Nafion layer. After drying at 80 oc for 45 min, the Pt loading on the working electrode 

was 17.7 Jlgcm-2
• 

Cyclic voltammograms (CYs) were measured in Nrbubbled electrolyte solution at a scan rate of 50 mY 

s -1 between 0.05 and 1.20 Y RHE· The electrochemical surface area of the platinum in each of the catalysts was 

derived from hydrogen desorption charges estimated from the CYs.24--
26 Rotating disk electrode experiments 

were performed to evaluate the catalytic activity for the ORR.27
-

30 The working electrode was mounted on a 

rotating disk electrode holder equipped with a rotation speed controller (Nikko Keisoku, Atsugi, Japan). Linear 

sweep voltammetry measurements were conducted in Orsaturated electrolyte at a scan rate of 5 mY s -1 from 

1.05 to 0.05 YRHE with rotation rates between 1000 and 3000 rpm. The data obtained at all rotation rates were 

used for Koutecky-Levich analysis.31
-

33 Before these measurements, the catalyst surface was activated by 20 

cyclic scans at a scan rate of 50 mY s-1 between 0.05 and 1.20 YRHE. 

Electrochemical degradation test Accelerated degradation tests were conducted on the three-electrode 

cell with the 0 2-saturated 0.5 mol L -1 H2S04 electrolyte solution at 60 °C. The composition of the testing cell 

was same as described above except that a Au disk (0 6 mm) was used as the working electrode in place of the 

GC disk. Scans were repeated 27 000 times with a scanning rate of 100 mY s -1 between 0.8 and 1.30 YRHE. The 

CY s and linear sweep voltammograms were determined after each scan. 

Rotating ring-disk electrode (RRDE) experiments. Hydrogen peroxide generated during oxygen 

reduction was detected by RRDE measurements using a platinum ring (1 mm width) and GC disk (0 6 mm) 

electrode. Before the measurements, the ring-disk electrode was polished as described above for the disk 

electrode. An aliquot (1 0 J.!L) of the catalyst dispersion was dropped onto the semi dry Nafion layer on the GC 

disk electrode, and this step was repeated several times to prepare electrodes with different amounts of the 
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catalysts. The 0:1-saturated 0. 1 mol L-1 HCI0 4 electrolyte solution was prepared from perchloric acid (Wako 

Pure Chemical Industries, 60 %) and Milli-Q deionized water and kept at 60 °C. Data were collected with an 

AUTOLAB PGSTAT 12 potentiostat (Metrohm Autolab B. Y., Utrecht, The Netherlands). The catalyst 

surface was stabilized by 20 scan cycles between 0.05 and 1.20 YRHE at 50 mY s-1
• The GC disk electrode was 

swept at 5 mY s-1 from 0.05 to 1.02 YRHE while rotating the ring-disk electrode at 2000 rpm and holding the 

platinum ring electrode at 1.0 Y RHE· 

7.3. ResuJts and Discussion 

7.3.1. Morphologies of amorphous precursors ofthe Ptnet/Si02 catalyst 

The transparent yellow solution containing hydrogen hexachloroplatinate(!V) hexahydrate and 

ethylenediamine produced brawn colloidal precursors of Ptnel· Figw-e 7. 1 shows that TEM images of dried 

precursor powder ofPtnciSiO:l. SiO:l nanoparticles were covered with platinum precursors grown by continuous 

reaction in the solution. Before the reduction reaction, the platinum precursors formed a mesh-like morphology. 

As discussed in the fo llowing section, the confonnation of the amorphous precursors is expected to reflect a part 

of platinum nanowire network. 

Figure 7.1. Transmission electron microscopy images of pr-ecursor powders ofPt,~e~/Si02. 
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7.3.2. Structures and morphologies of the platinum nanowire networks 

The XRD patterns of the Ptne/Si~ and Ptne/C catalysts and a commercial Pt/C catalyst confirmed the 

platinum crystal structure was face-centered cubic (Figure 7.2). Peaks attributed to (Ill), (200), (220) and (311) 

reflections were stronger in the diffraction patterns of the Ptne/Si~ and Ptne/C catalysts than in that of the 

commercial Pt/C catalyst. The crystalline sizes were estimated from the full widths at half maximum of the 

peaks, and those for Ptne/Si02 (13.9 nm) and Ptne/C (14.3 nm) were much larger than that of commercial Pt/C 

(4.2 nm) (Table 7.1). 

Scanning electron microscopy images of Ptne/Si02 and Ptne/C revealed that the thin platinum nanowire 

network was spaced by the Si02NPs (approximately 0 70 nm) (Figs. 7.3(A) and 7.3(B)). The conducting 

platinum nanowire network prevented the electron from charging during scanning electron microscopy. The 

platinum nanowire networks of Ptne/Si02 and Ptne/C were also observed by transmission electron microscopy 

(Figs. 7.3(C) and 7.3(0)). The average diameter of the platinum nanowires in Ptne/Si02 (4.5 nm) was less than 

that of the platinum nanowires in Ptne/C (5.2 nm). The platinum nanowire slightly flattened in shape, like a 

ribbon rather than a rod. A magnified image of Ptne/Si02 revealed continuous crystal growth of platinum with 

interplanar distances (0.19 nm for {200} and 0.22 nm for {111}) consistent with the face centered cubic 

platinum structure (Fig. 7.3(E)). The platinum nanowire networks of the prepared catalysts were more complex 

than platinum nanowire networks prepared by liquid-phase reduction using sodium borohydride,192122
•
34 and 

showed branching and crossing of the nanowires. Because of the branched nanowires, the platinum nanowire 

network had high density. Moreover, the continuous crystal growth contributed to the presence of few grain 

boundaries. These unique configurations gave the network high electrical conductivity. 
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Figure 7.2. XRD patterns of synthesized Pt.lC/SiOz (A) and Ptne/C (B) and commercial Pt/C (C) powders. 

The peaks are marked with triangles labeled with the Miller indices, (hkl), for the face centered cubic crystal. 
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Figure 7.3. canning electron microscopy images of Pt,,J i02 (A) and Pt,.../C (B), transmission electron 

microscopy images ofPt,.,/ ' i(h (C) and Pt,oe/C (D). and a typical magnified transmission electron microscopy 

image oftl1e networked platinum (E). The red arrow indicates Ole location of a grain boundary. 

7.3.3. Comparison of electrochemical propcrtit'S 

The CVs of Pt,~e/ iO, and Pt,,jC showed characteristic double tU1odic current peaks at approximately 0. 12 

and 0.25 VRIIh (Figs. 7.4(A) and 7.5(A)). l11cse peaks could be attributed to hydrogen desorption from the 
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platinum surface on the (110) plane (0.12 VRHE) and (100) plane (0.25 VRHE).35 The peak shapes for the 

platinum nanowire networks were similar to that of Pt black36 and Pt/C, which indicates that the platinum 

nanowire networks consist of polyctystalline platinum?7 For commercial Pt/C, a third anodic current peak was 

observed between those at 0.12 and 0.25 VRHE (Fig. 7.5(0)), which can be attributed to the high content of 

platinum atoms with low surface coordination in the PtNPs.35
,3

8 By contrast, this peak was not observed for the 

platinum nanowire networks, which indicates they contain few platinum atoms with low surface coordination. 

The electrochemical surface areas (ESA) of Ptne/Si02 and Ptne/C were half that of the commercial Pt/C 

catalyst (Table 7.1 ). Independence of the electrical conductivity of the support, such as silica and carbon black, 

suggests that the platinum nanowire network itself is electrically conductive. Even though the PtneiSi02 (13.9 

nm) and PtneiC (14.3 nm) had large crystalline sizes (estimated by XRD), the ESA were quite high because the 

networks are made of fine platinum nanowires (0 4 nm). The ESA of a support-free platinum nanowire network 

catalyst, 21.8 m2 g.pt·\ derived from the platinum precursor solution containing no Si~NPs was smaller than 

the ESA of Ptne/Si02, 27.9 m2 g.pt·1• The data imply that the Si~NPs acted as a spacer inhibiting densification 

during the ctystal growth of platinum through the calcination and reduction process. 

Kinoshita indicated that the number of the edge and comer sites decreased with increasing platinum 

particle size.39 Low coordination platinum atoms are exposed at edges and comers. Large ctystal size and 

diameter of the platinum nanowire networks probably decreased these sites. Also, from TEM images (Figs. 7.3 

(C) and 7.3(0)), the flat surface of the platinum nanowire network were expected to decrease the edge and 

comer sites. 
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Koutecky-Levich plots (Fig. 7.4(8)) were constructed from linear sweep voltammograms measured using a GC 

disc (0 6 mm) electrode at rotation rates between 500 and 3000 rpm (Fig. 7.4(C)). The mass activity, A-mass. of 

Ptru,/Si(h (115.8 A g.Pt-l at 0.85 VRHE) was higher than that of commercial Pt/C (103.4 A g.Pt-l at 0.85 VRHE)-

Because Ptru,/Si02 had half the ESA of the commercial catalyst but higher mass activity, its specific activity,A 

(0.415 rnA cm..Pt-2 at 0.85 VRHE) was twice that of the commercial Pt/C (0.155 rnA cm..Pt-2 at 0.85 VRHE)- TheA 

ofP1ne/C (0.358 rnA cm..Pt-2 at 0.85 VRHE) was relatively low compared to that ofPt,JSi(h even though the 

platinum nanowire network was identical. The specific activity depends on surface properties of platinum, such 

as an electronic state and a coordination number, and is affected by the chemical characteristics of the support40 

and the number of platinum atoms, i.e., particle size.39
'
41 The large ctystal size of platinum of Ptne/Si(h and 

P1ne/C would contribute to the high specific activity of ORR 42 

Table7.1. Summaty of the catalyst properties. a 

Sample Wpt Don> s A at 0.85 V RHE A-mass at 0.85 VRHE 

(%) lnm I mz g.Pt-1 lmAcm..Pt-2 I A g.Pt-1 

Ptru,/Si2 51.1 13.9 27.9 0.415 115.8 

Ptru,/C 48.8 14.3 28.5 0.358 102.0 

Pt/C (commercial) 46.4 4.2 56.6 0.155 103.4 

'Notation: Wpt. Pt mass fraction determined from the EDX analysis except Pt/C (commercial); 
Don>• Pt ctystallite diameter calculated using the Scherrer equation with full width at half 
maximum of the ( 11 1) peak; S, electrochemical surface area (ESA) calculated from hydrogen 
desorption charges; A, specific activity given as kinetic current density in Koutecky-Levich plots; 

A-mass, mass activity calculated from A and ESA. All electrochemical measurements were 
conducted using a glassy carbon disc electrode. 
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Figure 7.4. Electrochemical properties of the Ptt11.1/Si02 catalyst. (A) A cyclic voltammogram measured in a 

N2-saturated electrolyte solution of0.5 molL 1 H2S04 at 60 oc with a scan rate of 50 mV s 1
, (B) linear sweep 

voltammograms measured in ~-saturated electrolyte solution of0.5 mol L 1 H2S04 at 60 oc with a scan rate of 

5 mV s 1
, and (C) Koutecky-Levich plots using extracted data from the kinetic ORR currents at 0.85 VRI U: (red 

circle). 0.80 V RIIF. (blue triangle), and 0.75 VRnF. (green square). 
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Figure 7.5. Electrochemical properties of the Pt,..,/C (left) and commercial Pt/C catalysts (right). (A) and (D) 

Cyclic voltamrnograms measured in a N2-saturated electrolyte solution of0.5 mol L _, H2S0.1 at 60 oc with a 

scan rate of 50 mY s 1
, (B) and (E) linear sweep voltammograms measured in an 02-saturated electrolyte 

solution of 0.5 mol L 1 H2SO" at 60 oc with a scan rate of 5 mY s 1
• and (C) and (F) Koutecky-Levich plots 

using extracted data from the kinetic ORR currents at 0.85 YRIIE (red circle), 0.80 YRIIE (blue triangle). and 0.75 

YR11E (green square). 
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7.3.4. Durability studies of platinum nanowire networks 

Accelerated durability testing (ADT) of Ptne/Si02 (Fig. 7.6 (A)) was carried out by 27 000 repeat cyclic 

voltarnmetry scans between 0.8 and 1.3 VRHE at a scanning rate of 100 mV s-1
• The results were compared to 

those for commercial Pt/C (Fig. 7.6 (C)). To avoid electrode corrosion, a Au rotation electrode was used for the 

ADT instead of the glassy carbon electrode that is widely used for fuel cell catalysts. The ESA ofPtne/Si02 (Fig. 

7.6(B)) decreased by 4% after the ADT, whereas that ofPtne/C decreased by 23% (Table 7.2). These reductions 

were attributed to oxidative corrosion of the carbon support, which would partially collapse the platinum 

nanowire network. Oxidation of the carbon supports was reflected the increase in double layer capacitance 

between about 0.4 and 0.6 VRHE with repetition of the cyclic voltarnmetry ofPtne/C and commercial Pt/C.43
•
44 

The use of Si~NPs stabilized the platinum nanowire network during ORR. The high durability of Ptne/Si~ 

was probably caused by the stability of the silica support against corrosion and of the platinum nanowire 

network structure during ORR. 

The ESA of the commercial Pt/C decreased by >50% (Fig. 7.6 (D)), and this was much larger than the 

decrease for Ptne/C (23%). This difference between the catalysts could arise from the degree of platinum 

dissolution. The PtNPs in commercial Pt/C have a high concentration oflow-coordination platinum edge sites, 

which are more likely to dissolve during potential cycling.4'
6
'
45 The low-coordination platinum edge sites would 

be easily oxidized with the oxygen species, gradually producing dissoluble platinum ion during the 

oxidation-reduction cycles. The platinum nanowire network has a low concentration of low-coordination 

platinum edge sites, which is advantageous over the PtNPs because it stops platinum dissolution during the 

redox cycle. 

The A-mass of Ptne/Si02 decreased by 23%, and with the small ESA decrease for this catalyst the A-mass 

decrease could be attributed to theA decrease (38%). By contrast, larger decreases in theA-mass ofPtne/C (34%) 

and commercial Pt/C ( 4 3%) were observed, and with the slight A changes for these catalysts the A-mass decrease 

could be attributed to their ESA decreases. The A decrease for Ptne/Si02 would be caused by changes in the 
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state of the platinwn on the inside of the structure during ORR. TheA ofPtae/C, which had the same platinwn 

nanowire network, remained constant even after the ADT, whereas its ESA decreased. The A decrease of 

platinwn strongly depended on its surface and sub-surface state. Changes in the state of the platinwn on the 

inside of the structure occur through processes at the platinwn surface, such as diffusion of oxygen species into 

subsurfaces of the bulk platinwn.46
•
47 

Table7.2. Summary of the catalyst properties for the cycle test a 

Sample s jkat0.85 VRHE A-massat0.85 VRHE 

lmz g.Pt-1 /mAcm..Pt-2 I Ag.Pt-1 

initial last initial last initial last 

Ptne/Si{}z 31.3 29.8 0.37 0.28 110.5 84.8 

Ptae/C 26.9 20.4 0.39 0.34 105.9 70.1 

Pt/C (commercial) 58.3 29.0 0.17 0.20 100.2 57.0 

'Notation: S, electrochemical surface area (ESA) calculated from hydrogen 
desorption;j~co specific activity given as kinetic current density in Koutecky-Levich 
plots; A-mass. mass activity calculated from jk and ESA. All electrochemical 
measurements were conducted using a Au disc electrode. 
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Figure 7.6. Comparison of the linear sweep voltammograms and cyclic voltammograms (inset) before 

(black) and after (red) accelerated degradation testing for the Pt,,./Si~ (A), Pt,~e/C (B), and commercial Pt/C 

(C) catalysts, and comparison of the ORR mass activities s (red) and ESAs (blue) of each catalyst (0). Linear 

sweep voltammograms were measured in an ~-saturated electrolyte solution of 0.5 mol L 1 H2S04 at 60 oc 
with a scan rate of5 mY s 1 and electrode rotation rate of2000 rpm. Cyclic voltammograms were measured in 

a N2-saturated electrolyte solution of0.5 mol L 1 H2S04 at 60 °C with a scan rate of 50 mY s 1
• 

5.3.5. elcctivity of oxygen reduction on platinum nanowire networks 

ll1e electrocatalytic activities of the Pt,.,_./Si02 and commercial Pt/C catalysts toward the reduction of 

oxygen to hydrogen peroxide were evaluated using the ring-disk electrodc.29A
11 Hydrogen peroxide molecules 

generated from a platinum catalyst on the disk electrode will diffuse through the electrolyte to the ring electrode, 

where the hydrogen peroxide is oxidized to water. The magnitude of the ring current reflects the amount of 

hydrogen peroxide decomposed on the ring electrode. In large quantities, the platinum catalysts considerably 

decreased the ring current (Fig. 7.7). Hydrogen peroxide was pa11ially decomposed to water over the platinum 

catalysts on the disk electrode during diffusion to the ring electrode.49 High ring currents were observed with the 

Pt,~e/Si02 ( 1.0 j.tg.PI) and the commercial Pt/C (0.5- 1.0 ~.g.PI) catalysts over a wide potential range (0.05-0.6 
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V RHE), and the influence of catalytic decomposition of hydrogen peroxide would be small. When the ring 

currents of these catalysts were compared at an arbitrary potential below 0.6 VRHE, the ring current ofPtnet/SiOz 

( 1.0 r..tg.Pt) was less than the half that of the commercial Pt/C catalyst (0.5 and 1.0 r..tg.Pt). These results imply that 

the platinum nanowire network in the Pt.re/Si02 prevents hydrogen peroxide from forming, unlike the PtNPs in 

the commercial Pt/C catalyst This phenomenon was especially notable at low potentials (<0.4 VRH£). The 

characteristics of hydrogen peroxide generation on the Ptne/C catalyst were similar to those for the Pt.re/SiOz 

catalyst, and this was confirmed by the RRDE experiments. It is expected that the higher A for Pt.re/SiOz and 

Pt.re/C (fable 7.1) is because of the low selectivity for hydrogen peroxide generation in the oxygen reduction 

reaction. 

Bridge site adsorption of an oxygen molecule will occur on the flat platinum surface of the platinum 

nanowire network in Pt.re/SiOz and Pt.re/C, which helps dissociation of oxygen into oxygen atoms and the 

four--electron ORR into water. Bidentate site adsorption on the low~coordination platinum edge site in the 

commercial Pt/C catalyst will prevent the oxygen molecule from dissociating, which favors hydrogen peroxide 

formation via the two--electron ORR The decrease in hydrogen peroxide formation will prevent decreases in 

the cell performance that are caused by polymer membrane decomposition because ofhydrogen peroxide.750 
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Figure 7.7. Ring. /R, (top) and disk, fo. (bottom) currents of different quantities of the Pt.~e/Si~ (A) and 

commercial Pt/C (B) catalysts loaded on the GC disk electrode during ORR in an ~-saturated electroly1e 

solution ofO.I mol L 1 HCI04 at 60 oc. The potential of the GC disk electrode was swept at 5 m V s 1 from 0.05 

to 1.02 V Rl m with rotating the ring-disk electrode at 2000 rpm, while the platinum ring electrode was held at 1.0 

7 .5.4. Conclusions 

Platinum nanowirc (0 4 nm) networks with Si~NP spacers were synthesized by reduction using H2 gas 

instead of metal borohydride. TI1ese networks exhibited higher electrocataly1ic activity and durability for the 

ORR then commercial Pt/C. The high ORR mass activity of Ptne/Si~ could be attributed to its high specific 

activity per platinum surface area compared to the PtNPs. The use ofSi02NPs stabilized the platinum nanowire 

network during both calcination and H2 reduction in the catalyst preparation and ORR. After ADT of Pt.~e/Si~. 

the ESA remained constant and the mass activity decreased by 23.2%. This decrease was much smaller than 

that of commercial Pt/C (43. 1%). The selectivity of the ORR for hydrogen peroxide on Pt.~e/Si~ was lower 

than that on the commercial Pt/C. The decrease in the hydrogen peroxide fonnation is also expected to increase 

the durability of polymer membranes. 
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CHAPTER 8 

General Summary 

The series of studies demonstrate the relations ranging from confonnation of precursor polymers to 

nanostructures of resulting solids and their excellent properties (Scheme 8.1 ). The characteristic nanostructures 

of porous silica and dense titania solids were produced by the catalytic sol-gel technique using unique catalysts, 

i.e., hydroxyacetone and hydrazine monohydrochloride, respectively. The catalytic sol-gel processes enabled 

confonnation control of liquid precursors of silica and titania, affecting nanostructures of solid materials and 

their characteristics. In addition, the distinctive 1-d nanostructure of platinum nanowire network also reflected 

the confonnation of precursor polymers fabricated by a polymerized complex process being a type of the 

sol-gel technique. The excellent properties of nanostructured silica, titania and platinum materials were 



investigated, indicating low and high refractive indices, superhydrophilicities and high catalyst durability. 

Owing to their characteristic nanostrctures, these solid materials generated noteworthy characters. In addition, 

each property was inevitably influenced by the nanostructure of the solid. The detai ls of the results from each 

chapter are summarized below. 

sources 

Liquid 
(synthesis) 

reaction 

.. .. • 
conformation control 

precursors 

., 
t 

Solid 
(products) 

thin films powders 

nanostructured materials 

structural relationship 

Scheme 8.1. l11e manifestation and achievement on this study through the nanostructured materials 

fabrication. 

Chapter 2 presented fabrication of microporous silica from tetramethyl orthosilicate (TMOS) using the 

catalytic sol-gel process based on the non- ionic hydroxyacetone catalyst. Small angle X-ray scattering (SAXS), 

nitrogen adsorption porosimetry, and transmission electt·on microscope (TEM) allowed to observe the whole 

structural evolution, ranging from polymer-like aggregates in the precursor solution, agglomeration with heat 

treatment and microporous morphology of silica powders after drying and hydrolysis. Using the 

hydroxyacetone (HA) catalyst with short chain monohydric alcohols (methanol or ethanol) in the precursor 
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solution, polymer-like aggregates having microscopic correlation length (or mesh-size)< 2 nm and low fractal 

dimensions dr::; 2 which is identical to that of an ideal coil polymer, were selectively synthesized, yielding the 

uniform micropores with diameters < 2 nm in the solid materials. In contrast, the absence of HA or substitution 

of 1-propanolled to considerably different scattering behavior reflecting the particle-like aggregate formation in 

the precursor solution, which resulted in the formation of mesopores (diameter> 2 nm) in the solid product due 

to apertures between the particle-like aggregates. The data demonstrated that the extremely fine porous silica 

architecture comes essentially from a Gaussian polymer-like nature of the silica aggregates in the precursor 

having the microscopic mesh-size and their successful imprint on the solid product 

From the perspective of an applicative aspect, the microporous silica thin films were fabricated from the 

silica precursor solution synthesized from TMOS via the catalytic sol-gel process (Chapter 3 and 4). The 

refractive indices were characterized by means of spectroscopic ellipsometry, and simultaneously, a typical 

elastic modulus was measured by nanoindentation (in Chapter 3). The microporous silica thin film presented a 

low refractive index (low-n) of 1.27 and a high Young's modulus of 19.5 GPa, The high mechanical strength of 

resultant microporous thin films was considered to be provided, thanks to their extremely small and uniform 

micropores. Unlike other microporous synthesis methods, this method did not require sacrificial reagents as 

templates. This enabled low temperature fabrication of high-strength low-n silica 

The generation of superhydrophilicity on the microporous silica film was discussed in Chapter 4. This 

section demonstrated that low-temperature fabrication, T::; 80 "C, of superhydrophilic silica thin films having a 

huge number of micropores exposed on the extremely smooth surface. Also, the superhydrophilic microporous 

silica film was able to be formed on a polyethylene terephthalate substrate. The small pores (d < 1 nm) 

embedded in the surface of the films were able to absorb water from the air and could be not easy to desorb 

them. Owing to a lot of waterbearing micropores on the flat surfaces, the hydrophilicity of the silica coating 

were expected to be enhanced. 



As for amorphous titania material, in Chapter 5, the rapid generation and growth (within hours) of 

low-:fractaJ dimension titania polymers derived from titanium-n-butoxide via the catalytic sol-gel process with 

the hydrazine monohydrochloride catalyst was confirmed by the time-resolved small angle X-ray scattering. It 

was confirmed that the generated titanium oxide polymers possess the expanded chain-like fractal architecture 

(dr ~ 5/3) with local rod-like structure. The low fractal dimension titania polymers gave a highly transparent 

solution without light scattering. The results exhibited the efficient fabrication of the low-fractal dimension 

titanium oxide polymers, highly transparent solutions. 

In Chapter 6, the amorphous dense titania ftlm with a high refractive index (>2.1) was fabricated from 

low-fractal dimension (dr ~ 5/3) titanium oxide precursor solutions below 60°C. This result revealed that the 

smaller correlation length (~2om showed a higher refractive index, n, which reached 2.074 and 2.139 (at A.= 

633 om) after heat-treatment at 60 and 80°C, respectively. Also, the amorphous titania ftlm was successfully 

coated on PMMA with low temperature (60 oq heat-treatment; n = 2.064 (at A.= 633 om). Like the results of 

the sol-gel derived silica solid materials (Chapter 2), the microstructure of the solid titania materials were 

expected to reflect that of liquid precursors significantly. It believed that the expanded chain-like titanium oxide 

polymers produced the highly dense solids through mutual interpenetration during the drying and curing 

processes. 

In the last chapter, the platinum nanowire network (approximate 0 4 om) with silica nanoparticle 

(Ptne/Si02) spacers was prepared via spray drying and hydrogen reduction. Different from the conventional 

metal oxide supported platinum nanoparticles, the characteristic nanostructure of platinum nanowire network 

required no electric conductivity from the support materials because of their own electricity-conducting 

network. The nanowire network had a high electrochemical surface area (31.3 m2 
g_Pt-

1
), and acted as a catalyst 

for the oxygen reduction reaction. Its initial mass activity (110.5 A g_Pt-l at 0.85 VRHE) was high compared to 

commercial Pt/C catalyst (100.2 A g_Pt-l at 0.85 VRHE). Because of the chemical stability of the silica and the 



minimal amount of low-coordinated platinwn in the platinwn nanowires, Ptne/Si~ retained 77 % of its initial 

activity after 27 000 cycles compared to 57 % for commercial Pt/C. 

The nanostructural relationships between precursors and solids revealed throughout this study can be 

expected to contribute to the development of synthesis technique and design of various nanostructured 

materials. 
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