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Abstract 
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Shape Control of Au Nanoparticles Using Oxide Template with Ordered Tubular Mesopores 

and Their Photocatalytic Properties 

 (規則性細孔を有する酸化物鋳型を利用した金ナノ粒子の形状制御と光触媒特性) 

(Approx. 800 words) 

(要旨 1,200字程度) 

TiO2 is generally known as a material that is nontoxic, inexpensive and able to   

decompose many kinds of organic compounds under sunlight. However, one drawback of   

photocatalysis by TiO2 is that it can only be excited by ultraviolet (UV) radiation, which  

occupies only a small portion of solar radiation. Therefore, an extension of i ts absorption  

wavelength range to the visible (Vis) is an important issue to improve the photocatalytic  

performance of TiO2. Combining plasmonic metal nanoparticles (NPs) such as Au with TiO2 

is an outstanding strategy to improve the photocatalytic efficiency of semiconductor due to  

the unique optical and electric properties of plasmonic metals . In particular, Au nanorods  

(NRs) with large aspect ratio can absorb the light in near-infrared (NIR) region by surface  

plasmon resonance (SPR). The use of NIR light for the photocatalysis is large advantage  

because the lights in NIR region (over 800 nm) were hardly used for the photocatalysis  

under sunlight due to low energy of NIR light. 

In this thesis, Au NPs and Au NRs were deposited on the photoactive meso porous  

SiO2-TiO2 template and the photocatalysis using SPR of Au NPs and Au NRs deposited in  

the template was investigated. The effects of TiO2-Au interface, surface modification of the  

template and SPR wavelength of Au NPs and Au NRs on the photocatalysis under Vis and 

NIR light irradiation were discussed. 

In the first study, TiO 2  nanocrystal -containing mesoporous SiO 2  template were  

fabricated by sol-gel method and Au NPs or Au NRs were deposited in the as -formed  

tubular mesopores by thermal reduction method. A morphology change of the Au NPs was  

investigated when the content of TiO2 in the template was varied. Au NRs with a length  

of 10 to 400 nm were obtained in the template containing 20 mol% TiO 2 and the length of

Au NRs was shortened with increasing in TiO2 content because thermoexcited conduction  

electrons are generated from TiO2 and these generated electrons transfer to the Au ions to  

accelerate their reduction. Also Au NPs in the template containing 20 mol% TiO 2 were depo

sited by UV radiation to the sample during heat treatment. UV radiation during Au  

deposition in the template produced electrons photocatalytically and accelerated the Au  

deposition rate, leading to the dominant formation of Au NPs. The rate constant s per unit  

a rea  fo r  photob leaching  of  MB upon UV radi a t i on  by  SiO 2 -T iO 2 ,  Au NPs  and   

Au NRs/SiO2-TiO2 containing 20 mol% TiO 2 were evaluated. Bare SiO2-TiO2 showed  

3.24×10
-2

 min
-1

m
-2

 of rate constant per unit area, the Au NPs- and Au NRs-deposited  

SiO2-TiO2 possessed rate constants that were two and three times larger than that of the  

bare template. Vis irradiation of the prepared samples had no significant effect on their  

photocatalytic properties because the electronic contact between TiO 2 and Au was not  



 

formed by thermal reduction method. 

In  the  second s tudy,  Au NPs  and Au NRs were  deposi ted  in  SiO 2 -TiO 2  by  

p h o t o de po s i t i o n  me th o d  wi th / wi t h ou t  s u r f a ce  mo d i f i c a t i o n  o f  t h e  t e mp la t e  b y   

3-aminopropyltriethoxysilane (APTES) and Vis light-induced photocatalysis of prepared  

samples was investigated. Without APTES, spherical Au NPs with a diameter of < 15 nm  

formed dominantly at the outside of the mesoporous structure and showed the extinction at  

542 nm. The surface modification of the template with APTES prior to the deposition of Au

resulted in the formation of Au NRs with a diameter of ca. 5 nm and a length of 10–15  

nm in the tubular mesopores of the template and this sample showed two extinction peaks  

at 528 and 700 nm. Au NPs-deposited sample worked well as a photocatalyst to bleach MB

 under Vis l ight irradiation. Au NRs -deposited sample showed weak and abnormal  

photocatalytic activity, showing nonexponential curve in the photobleaching dynamics of MB 

because APTES being on the surface of the template suppressed the adsorption of MB onto 

the sample. Heat treatment to remove APTES from the sample  led to the amelioration of the

photocatalytic activity. The formation of good electronic contact between Au NPs and TiO 2 

was found to be essential to the high Vis light -induced photocatalytic performance. 

Finally, comparison of the photocatalytic activities of Au NPs/SiO 2-TiO2 with different 

amounts of Au (0.3, 0.6, 1.2 and 1.8 mol% Au) and Au NRs/SiO 2-TiO2 was carried out  

under UV, Vis and NIR light irradiation. Au NPs/SiO 2-TiO2 with an amount of 0.6 mol%  

Au showed the highest photocatalytic activity among the samples with different amount of A

u under both UV and Vis light irradiation. The specific surface area of Au/SiO 2–TiO2  

decreased with increasing the amount of Au, resulting in the decrease of the photocatalytic a

ctivity of 1.2 and 1.8Au/SiO2-TiO2. Au NRs/SiO2–TiO2 showed higher photocatalytic activity 

than Au NPs/SiO2-TiO2 under both UV and Vis light irradiation. The reasons of the high  

photocatalytic activity of Au/SiO2–TiO2 were investigated by measuring the action spectra  

and were considered to be the high specific surface area (353.2 m
2
g

-1
), the formation of  

Schottky barrier between Au NPs and TiO2, the wider light absorption by SPR of Au NRs. 
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Chapter 1 General Introduction 

1.1 Photocatalyst 

     Semiconductor photocatalysis has received much attention during last three 

decades as a promising solution for both energy generation and environmental problems. 

Since the discovering of Honda-Fujishima effect [1] that water can be 

photo-electrochemically decomposed into hydrogen and oxygen using a semiconductor 

(TiO2) electrode under ultraviolet [UV] radiation, extensive works have been carried out 

to produce hydrogen from water splitting using a variety of semiconductor 

photocatalysts. In recent years, scientific and engineering interest in heterogeneous 

photocatalysis has been also focused on environmental applications such as water 

treatment and air purification. Many review papers on semiconductor photocatalysis can 

be found in literature [2-6]. Nowadays, the mechanism of the illuminated catalyst, the 

surface phenomena, and the generated species has been elucidated [6-8]. Also, the 

parameters that affect the photocatalytic process and consequently the reaction rate have 

been studied. Several articles already were published where a detailed explanation about 

the influence of solution pH, catalyst dosage, substrate concentration, temperature, 

photonic flux etc [7-9]. 

     It has been well established that the photocatalytic process begins when photons 

of energy higher or equal to the band gap energy are absorbed by a semiconductor 

particle and an electron (e
-
) from the valence band [VB] is transferred to the conduction 

band [CB] generating a hole (h
+
) in the VB. The absorption of these photons creates 

within the bulk electron-hole pairs, which dissociate into free photoelectrons in the CB 

and photoholes in the VB. The e
-
 and h

+
 can recombine on the surface or in the bulk of 

the particle releasing the energy as heat or migrate to the surface where they can react 
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with adsorbed molecules on the surface of the particle as illustrated in Fig. 1.1. 

     In a fluid medium, the flat band potential, Vfb, of the semiconductor locates the 

energy of both charge carriers at the semiconductor-electrolyte interface and depends on 

the nature of the material and the system equilibria. Adsorbed species can be reduced by 

CB electrons if they have redox potentials more positive than the Vfb of the CB and can 

be oxidized by hole if they have redox potentials more negative than the Vfb of the VB. 

In presence of adsorbed water, electrons transfer from water molecule to the positive 

holes to produce ·OH radicals which are powerful oxidants and react with organic and 

toxic compounds. ·OH radicals play an important role in initiating oxidation reactions, 

especially for substances that adsorb weakly on the TiO2 surface. This oxidation 

pathway is known as indirect oxidation to differentiate it from the direct oxidation by 

holes. However, the role of the ·OH radicals is probably overestimated, and some 

controversial aspects have been reported regarding the origin of photogenerated free 

·OH radicals [10,11]. 

     Among various materials, TiO2 is the most widely used photocatalyst that is 

nontoxic, chemically stable, inexpensive, and able to decompose many kinds of organic 

compounds under sunlight as mentioned above. However, a major drawback of TiO2 

photocatalysis is the large band gap. TiO2 can only be activated upon irradiation with a 

photon of light < 390 nm, limiting its use under solar irradiation [12-14]. UV light 

makes up 3–5 % of the solar spectrum, whereas the spectrum consists of ~ 40 % visible 

[Vis] light. Therefore, in order to utilize TiO2 to its full potential it is necessary to 

decrease the band gap size facilitating Vis light absorption. 
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Fig. 1.1. Schematic representation of the photocatalysis on TiO2 particle. 
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1.2 Improving photocatalytic materials 

1.2.1 Ion doping to TiO2 

     Non-metal doping has shown great promise in achieving Vis light activated 

photocatalysis, with nitrogen being the most effective dopant. Asahi et al. were the first 

to show Vis light absorption through N doping. They reported nitrogen doped TiO2 

promoted photocatalytic activity up to λ = 520 nm [15]. The nitrogen substitutional 

doping of TiO2 was early claimed as a method for narrowing the band gap by 

exclusively changing the valence band structure; fine electronic details of this are 

however under discussion. Asahi et al. claimed that the presence of nitrogen narrows the 

band gap of TiO2 thus making it capable of performing Vis light driven photocatalysis 

[15]. However, Ihara et al. suggested that it is the oxygen vacancies that contributed to 

the Vis light activity, and the doped nitrogen only enhanced the stabilization of these 

oxygen vacancies [16]. They also confirmed this role of oxygen vacancies in 

plasma-treated TiO2 photocatalysts [16]. In addition the structural oxygen vacancy 

caused Vis light photocatalytic activity was also reported by Martyanov et al. [17]. 

Currently there appears to be some agreement on the mechanism of nitrogen doped Vis 

light absorption explained by Irie and Nakamura [18,19]. They explained that TiO2 

oxygen lattice sites substituted by nitrogen atoms form an occupied midgap (N-2p) level 

above the (O-2p) valence band (Fig. 1.2). Irradiation with UV light excites electrons in 

both the valence band and the narrow (N-2p) band, but irradiating with Vis light only 

excites electrons in the narrow (N-2p) band [18,19]. 

     Carbon, phosphorous and sulfur have also shown positive results for Vis light 

responsive TiO2
 
[20,21]. The non-metal dopants effectively narrow the band gap of TiO2 

(<3.2 eV) [22-24]. Change of the lattice parameters and the presence of trap states 
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within the conduction and valence bands from electronic perturbations give rise to band 

gap narrowing [12]. Not only does this allow for Vis light absorption but the presence of 

trap sites within the TiO2 bands increases the lifetime of photoinduced charge carriers. 

Doping of TiO2 with transition metals such as Cr, Co, V and Fe has extended the 

spectral response of TiO2 well into the Vis region also improving photocatalytic activity 

[12,25-28]. However, transition metals may also act as recombination sites for the photo 

induced charge carriers, thus, lowering the quantum efficiency. Transition metals have 

also been found to cause thermal instability to the TiO2 nanomaterials [29]. Kang argues 

that despite the fact that a decrease in band gap energy has been achieved by many 

groups through metal doping, photocatalytic activity has not been remarkably enhanced 

because the metals introduced were not incorporated into the TiO2 framework. In 

addition, metals remaining on the TiO2 surface cover photo reaction sites [30]. 
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Fig. 1.2. Schematic of N-doped TiO2 photocatalysis. 
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1.2.2 Surface modification of TiO2 with plasmonic metal nanoparticles 

     Combining plasmonic metal nanoparticles [NPs] with semiconductors is an 

outstanding strategy to improve the photocatalytic efficiency of semiconductor due to 

the unique optical and electric properties of plasmonic metals [31–33]. Au NPs 

deposited on TiO2 supports have been reported that have activities for oxidation of 

alcohol under Vis light [34-36]. When the size of metal NPs is much smaller than the 

wavelength of light, coherent oscillation of the conduction band electrons is induced by 

interaction with an electromagnetic field and this is called localized surface plasmon 

resonance [LSPR] [37-39]. The LSPR is a collective oscillation of electrons in NPs 

when they resonate with the electromagnetic field of the incident light with certain 

natural frequency [40]. This process can help the NPs' conduction electrons to gain 

energy from certain wavelength of irradiation and result in high energy electrons at the 

surface, which are capable of activating molecules on the NPs for chemical reactions. 

The advantage of this principle is that the gained energy from light irradiation is at the 

surface of the NPs and can interact with reactant molecules efficiently and avoid energy 

loss caused by the electron transmitting or transferring. Applying this effect, the reaction 

can be designed to use light instead of heat to proceed at high efficiency and at 

moderate temperature [41-43]. Furthermore, these NPs can also absorb UV light due to 

inter-band electron transitions (from 5d to 6sp) [44,45] and provide extra energy for the 

reactions. 

 

 

 



8 
 

1.3 Noble metal photocatalysts 

1.3.1 Plasmon absorption of noble metal nanoparticles 

The LSPR is a collective oscillation of electrons in NPs when they resonate with 

the electromagnetic field of the incident light with certain natural frequency [40] as 

shown in Figure 1.3 [46]. Mie was the first to explain the different colors of Au NPs 

solutions through Maxwell’s equation at year 1908. In Mie’s theory, when the 

nanoparticles are much smaller than the wavelength of incident light, only electric 

dipole term is significant [47,48]: 

 

σ𝑒𝑥𝑡(𝜔) = 9
𝜔

𝑐
𝜀𝑚
3/2

𝑉
𝜀2(𝜔)

[𝜀1(𝜔)+2𝜀𝑚]
2
+𝜀2(𝜔)2

 (1) 

 

Where V is the particle volume, ω is the angular frequency of the exciting light, c is the 

speed of light, εm and ε(ω) = ε1(ω) + iε2(ω) are the dielectric functions of the 

surrounding medium and the material itself respectively. When condition ε1(ω) = -2εm is 

fulfilled, the energy from irradiation absorption by the bulk metal is condensed into a 

single, surface plasmon band. For a metal nanosphere with a radius that is much smaller 

than the wavelength of light, the metal polarizability can also be given by the following 

equation, edited from [37]: 

 

α = (a/r)gd
3

    (2) 

 

With gd = (ε1-ε0)/(ε1+2ε0)   (3) 

 

Where α is the radius, r is the distance between molecular and the center of nanosphere, 
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εi is dielectric constant of the metal nanoparticles and ε0 is the dielectric constant of the 

surrounding medium. A strong resonance occurs when εi = -2ε0. Noble metals such as 

gold and silver can fit this equation.  
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Fig. 1.3. The Localized Surface Plasmon Resonance (LSPR) effect. 
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1.3.2 Light absorption of different nanostructures 

The LSPR strength may be influenced by the dielectric constants of both the 

metal and the surrounding material, the particle size and particle shape of the metal and 

the surrounding environment. The point effect is well known in macroscopic system, 

which is also applied to the nanoscale. Noble metal nanomaterials with thorny structures, 

edges and concave curvatures, such as nanowires, cubes, triangular plates and N-P 

junctions, have different absorption spectra from each other [49]. When the shape of the 

NPs changes, electric field density appears on the NP surface will shift and change the 

oscillation frequency of the electrons which may cause enhancement of the local 

electromagnetic fields [37,50,51]. 

     The LSPR effect also strongly depends on the diameter of the particles [44]. Take 

Au NPs for example: in the particles diameter range between 5 nm and 10 nm, the 

strength of surface plasmon drops with the decrease of the particle diameter which is 

due to the increase of the frequency of electron scattering at a particle boundary in the 

electronic excited state. When the particle diameter is smaller than 3 nm, the surface 

plasmon peak nearly disappears. This may be caused by the number of the conduction 

electrons that reduces a result of the quantum-size effects. As the particles grow bigger, 

the absorption band broadens and covers the Vis range [52,53]. 

 

1.4 Fabrication of Au nanorods 

     To obtain metal NPs exhibiting effective surface plasmon resonance [SPR] that 

strongly absorbs light of aimed wavelength, the morphology and assembly must be 

precisely controlled. [54-56]. Several methods for synthesizing Au NPs including Au 

nanorods [NRs] have been reported. These methods include photochemical and 
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electrochemical deposition [57,58] and seeding growth methods [59,60]. In these 

methods, however, the Au NPs are suspended in a solvent. Therefore, the Au NPs are 

required to be immobilized in a designed fashion in/on a solid matrix for various kinds 

of practical applications. The immobilization process for Au NPs still requires further 

development [61,62]. Also, electron beam lithography [63,64] and electron beam 

induced deposition [65,66] can meet the requirement, but cannot be used for the 

deposition of metal NPs on powder/porous TiO2 effectively. A large variety of liquid 

phase syntheses for morphology-controlled metal NPs have also been reported.[54,67] 

However, the immobilization process of metal NPs on TiO2 is normally too 

complicating to be applied to practical applications [62,68]. 

On the other hand, the use of hard templates such as anodic alumina and 

mesoporous silica for the synthesis of Au NRs makes the complicated immobilization 

processes redundant, and several related studies have been reported [69,70]. Those 

methods using hard templates are also advantageous to control the diameter and 

dispersion state of Au NRs because they depend on the pore structure. Furthermore, the 

mesoporous template can also act as a functional matrix for the deposited metal 

nanoparticles. For instance, the high specific surface area of the matrix can be 

advantageous for catalysis. Thus, photocatalytic activity of TiO2 can be further 

improved by the deposition of TiO2 onto a mesoporous SiO2. 

 

1.5 Mesoporous material 

     Mesoporous materials are materials with pores in the range of 2–50 nm according 

to the IUPAC classification in which  

micropores have a diameter < 2 nm, 
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mesopores have a diameter between 2 and 50 nm and 

macropores have a diameter > 50 nm [71]. 

The pores can have different shapes such as spherical or cylindrical and be arranged in 

varying structures. Some structures have pores that are larger than 50 nm in one 

dimension, see e.g. the two first structures, but there the width of the pore is in the 

mesorange and the material is still considered to be mesoporous. 

Mesoporous materials can have a wide range of compositions but mainly consist 

of oxides such as SiO2, TiO2, ZnO2, Fe2O3 or combinations of metal oxides, but also 

mesoporous carbon can be synthesized [72-76]. The mesoporous materials are generally 

prepared by growing these oxide walls around the micelles. Both organic metal 

precursors such as alkoxides [77-79] as well as inorganic salts such as metal chloride 

salts [73] can be used. Alternatively a mesoporous template can be used to grow another 

type of mesoporous material inside it. This is often used for synthesizing e.g. 

mesoporous carbon [76,80,81]. 

 

1.5.1 Mesoporous silica 

In 1992 a new family of ordered mesoporous materials was reported [72,77] and 

this became the starting point of a new research field. These materials are named 

MCM-X (Mobil Crystalline of Materials) and were synthesized by Mobile Corporation 

laboratories. Mesoporous silica with different pore structures was synthesized e.g. 

MCM-41 with hexagonally ordered cylindrical pores and MCM-48 with a cubic pore 

structure. These materials are synthesized with cationic surfactants under basic 

conditions.  

This was though not the first attempt of synthesizing mesoporous silica. There is a 
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patent from 1971 regarding synthesis of low-density silica where cationic surfactants 

were used [82]. In this patent there is no report concerning porosity, only the low bulk 

density was of importance. Later this material has been synthesized, characterized and 

compared to MCM-41[83]. It is clear that this material is a predecessor to the 

mesoporous silica that is synthesized today, even though the importance of this type of 

material was not recognized then. 

The first mesoporous silica synthesized with non-ionic triblock polymers were 

reported in 1998 by Zhao et al. [78,84]. These materials are named SBA-X (Santa 

Barbara Amorphous) where X is a number corresponding to a specific pore structure 

and surfactant, e.g. SBA-15 has hexagonally ordered cylindrical pores synthesized with 

P123 as surfactant while SBA-16 has spherical pores arranged in a body centered cubic 

structure and is synthesized with F127. SBA-15 is the most extensively studied 

mesoporous silica and also the subject of attention in this thesis. 

 

1.5.2 Synthesis of mesoporous silica 

     Mesoporous silica is mainly prepared by sol-gel synthesis. The solution (sol) is 

the colloidal system where micelles are formed by surfactants and are dispersed in an 

aqueous solution. When the silica precursor is added to the sol it hydrolyses and a silica 

network is formed in which the liquid is enclosed, a gel. The transition between sol and 

gel is gradual and the sol becomes a gel when it can support a stress elastically. Finally 

the gel is heated (calcined) whereby the surfactants decompose and evaporate. Left is 

now the porous silica network.  

     Surfactants (surface active agents) are amphiphilic molecules, i.e. they are 

composed of a hydrophilic (water-loving), and a hydrophobic (water-hating), part. 
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Surfactants are classified by their head group: anionic, cationic, zwitterionic and 

non-ionic. The lipophilic part is often a hydrocarbon chain. Due to their amphiphilicity, 

the surfactants form micelles in oil or aqueous solutions to lower the free energy in the 

system. If the solvent has two immiscible phases the surfactants are located in the 

oil/water interface with the hydrophilic part towards the water and the lipophilic part in 

the oil. 

     When the concentration of surfactants is low in an aqueous solution, the 

surfactants are located as separate molecules in the air/water interface. This reduces the 

surface tension since it is larger for water than for the hydrocarbons. Increasing the 

surfactant concentration in the solution further reduces the surface energy until a critical 

value. At this point, the critical micelle concentration [CMC] is reached and aggregates 

of surfactants (micelles) are formed. The CMC is determined by two competing factors; 

bringing the nonpolar chains out of the water phase into the oil phase (hydrophobic 

effect) and repulsion between the polar head groups which opposes the formation of 

micelles [85]. The CMC and shape of the micelles are determined by the nature of the 

surfactant and conditions in the solution such as temperature or salt additions. 

The aggregate structure of the amphiphilic molecules is determined by the critical 

packing parameter [CPP] 

 

𝐶𝑃𝑃 =
𝜈

𝑙·𝑎
  (1) 

 

where v is the volume of the hydrophobic chain [nm
3
], a is the area of the hydrophilic 

part [nm
2
] and l [nm] the length of the hydrophobic chain. The volume v and length l 

can be expressed by 
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 = 0.027(nc + nMe)  (2) 

 

l = 0.15 + 0.27nc    (3) 

 

where nc is the number of carbon atoms and nMe the number of methyl groups.  

     When mesoporous silica is synthesized, several types of surfactant can be used 

e.g. cationic hexadecyl trimethyl ammonium bromide [72,77], non-ionic poly(ethylene 

oxide) [PEO] surfactants [86] or Pluronics [78]. In this work Pluronic P123, a non-ionic 

amphiphilic triblock copolymer has been used as surfactant. There are several non-ionic 

triblock copolymers under the trademark Pluronics. These polymers were patented in 

1973 and are also called Poloxamers. They all consist of hydrophilic polyethylene oxide 

chains and hydrophobic polypropylene oxide chains [PPO]. There are several different 

Pluronics with varying molecular weights and PEO/PPO ratios (EOxPOyEOx). The 

notation for a Pluronic triblock copolymer starts with a letter followed by two or three 

numbers. The letter describes the appearance of the polymer: F (flake), P (paste) or L 

(liquid). The first one or two numbers multiplied with 300 indicates the molecular 

weight of the PPO block and the last number gives the PEO weight fraction. Hence, 

P123 is a paste with ~3600 g/mol PPO and 30 wt% PEO while F127 is solid flakes with 

the same weight of PPO but 70 wt% PEO. These differences give rise to the variation of 

pore structures observed in the mesoporous materials, e.g. F127 is used for synthesizing 

spherical pores in a body centered cubic structure while P123 is used for hexagonally 

ordered cylindrical pores [78]. 
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1.5.3 SBA-15 

SBA-15 is a mesoporous silica (SiO2) which has cylindrical pores arranged in a 

hexagonal order synthesized with the Pluronic triblock-copolymer P123. For this 

material, the pore size refers to the width of the cylindrical pores which can be tuned 

between 4-26 nm [78,84,87,88] even though pore sizes above 12 nm are rare. The 

length of the pores varies from ~200 nm [89,90] to several microns. 

Around each mesopore is a microporous network called the corona [91,92]. This 

network interconnects the mesopores with each other and is responsible for the high 

surface area of SBA-15. The microporous network was first shown by platinum replicas 

[92] where the nanorods from filled mesopores were interconnected by the network 

which makes the nanorods remain in the hexagonal structure even after removal of the 

silica. 

The corona is mainly supposed to originate from trapped hydrophilic chains of 

the surfactants [93-95]. An additional explanation for the corona is stressinduced defects 

where the micropore fraction increases with the effective pore wall thickness to average 

pore diameter ratio [96]. It is stable up to 1173 K, but above this temperature the 

network disappears and the material has similar structure to MCM-41 [92]. The corona 

plays a crucial role when using SBA-15 as a template for other materials. Replicas can 

be synthesized in two variants, one rod-like and one straw-like. Due to that the 

micropores also will be filled with the replica material the mesopore replicas will be 

fixed in the hexagonal structure and the particle morphology will be retained.  

 

1.6 Overview of thesis 

     The main purpose of this research work in my thesis is the fabrication of 
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multi-wavelength light responsive photocatalyst by the shape control of Au NPs with 

photoactive mesoporous SiO2-TiO2 template. As described in section 1.2.2, plasmonic 

metal NPs such as Au are well known to enhance the photocatalytic activity under Vis 

by deposition to the surface of the photocatalysts. However, the photocatalysis with Au 

NPs under NIR light has seldom been reported although Au NRs with large aspect ratio 

can absorb the light in NIR region. In this thesis, I focused on the Au NRs. Au NRs with 

a certain length can absorb NIR light, and this Au NRs-deposited TiO2 photocatalyst 

promises to occur the photocatalysis under NIR light irradiation. If photocatalysis under 

NIR light occurs, higher photocatalytic activities are provided under sunlight because 

the spectrum consists of ~46 % NIR light. In order to deposit Au NRs, photoactive 

mesoporous SiO2-TiO2 was used as a template. The shape of Au NPs was controlled in 

the template with the photocatalysis of TiO2, and discussed the photocatalytic activities 

of prepared samples under UV, Vis and NIR light. 

This doctoral thesis consists of 4 chapters indicated below: 

Chapter 1 

     This chapter shows the background, the objectives and the contents of this thesis. 

Chapter 2 

     In this chapter, shape control of Au NPs was carried out with photoactive 

mesoporous SiO2-TiO2 template by thermal reduction of Au ions. The shape control of 

Au NPs was achieved by the different composition of TiO2 in the template or UV 

radiation during thermal reduction of Au ions. As a result from the investigation of 

photocatalytic activity, the enhancement of the photocatalytic activity of the template 

was investigated under UV, but photocatalysis under Vis light was not confirmed. It was 

because the effective formation of crystalline TiO2/Au interface for photocatalysis by 
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Vis irradiation was not achieved. 

Chapter 3 

     In this chapter, Au NPs and NRs were deposited in the template by 

photodeposition method to form the contact between TiO2 and Au. Both Au NPs- and 

NRs-deposited sample showed the photocatalysis under Vis light irradiation. However, 

organic being on the surface of the template, which is used to anchor Au ions on the 

template, suppressed the adsorption of reactant onto the sample by electrostatic force, 

which caused a significant decrease in the photocatalytic activity. Therefore, it was 

needed to deposit Au NPs in the template without surface modification of the template 

with organic being to achieve high photocatalytic acitivty. 

Chapter 4 

     In this chapter, detailed investigation of the photocatalytic activities of Au NPs- 

and Au NRs-deposited sample prepared by photodeposition method without organic 

being was carried out. Au NRs-deposited sample showed the photocatalysis under the 

wavelength of 500-1000 nm light by SPR of Au NRs, whereas Au NPs-deposited 

sample showed the photocatalysis under the wavelength of 500-700 nm light. 

Furthermore, the photocatalytic activity of Au deposited-sample was clearly improved 

by simultaneous Vis light irradiation with UV radiation.  

General conclusions 

     The conclusions of this thesis are described in this chapter. 
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Chapter 2 Shape control of Au NPs in oxide template using 

photocatalysis of TiO2 and the photocatalytic activity 

2.1 Introduction 

Au nanostructures have been attracting much attention because of the high 

chemical stability coincident with their unique optoelectronic properties, which are 

dependent on the morphology of the Au nanostructures [1-4]. SPR is one of the most 

interesting properties of Au NRs [2-5]. The wavelength of SPR is affected by the length, 

diameter, and aspect ratio of the Au NRs [6,7]. Aligned Au NRs perform polarization of 

light [8-10]. Such multi functionality of the Au NRs opens up new application fields 

such as wavelength-sensitive nonlinear optical devices and polarization filters [8,9,11]. 

Several methods for synthesizing Au nanostructures including Au NRs have been 

reported. These methods include photochemical and electrochemical deposition [12,13] 

and seeding growth methods [14,15]. In these methods, however, the Au nanostructures 

are suspended in a solvent. Therefore, the Au nanostructures are required to be 

immobilized in a designed fashion in/on a solid matrix for various kinds of practical 

applications. The immobilization process for Au nanostructures still requires further 

development [3,10,16]. 

Those methods using hard templates are also advantageous to control the 

diameter and dispersion state of Au NRs as discussed in previous chapter. However, 

methods that control the morphology of the Au NRs have several problems. For 

example, the elongation of the Au NRs requires more Au to be deposited in the template. 

This obstructs, for example, the investigation of the shape-dependent properties of the 

Au nanostructures. The Au NPs, a novel method to control the morphology of the Au 



32 
 

NRs in hard templates without changing the gold amount is eagerly demanded. 

In this work, nanocrystallized SiO2-TiO2 with tubular mesopores was prepared 

and used as an active template. The shape control of Au NPs and Au NRs was carried 

out by photocatalysis of TiO2 in the tubular mesopores. The shape of the Au NPs and 

Au NRs was observed, and the SPR characteristics and photocatalytic activities of 

prepared samples were measured.  

 

2.2 Experimental 

2.2.1 Materials  

Pluronic P123 ((EO)20(PO)70(EO)20, poly(ethylene oxide), and poly(propylene 

oxide)) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Tetraethoxysilane 

[TEOS] and 3-aminopropyltriethoxysilane [APTES] were obtained from Shin-Etsu 

Chemical Co., Ltd. (Tokyo, Japan). Titanium tetra-n-butoxide [TTB] and HAuCl4 were 

acquired from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and Kishida (Osaka, 

Japan), respectively. Methylene blue [MB] was purchased from Wako (Tokyo, Japan). 

 

2.2.2 Synthesis of mesoporous template 

The preparation procedure of 80SiO220TiO2 (mol%) [20Ti] is described as a 

typical example. A mixture of P123 (1.74 g), NaCl (2.92 g), and 1 mM HCl (100 mM) 

was added to TEOS (4.18 g) and stirred at 35°C for 24 h. TTB (1.70 g) was then added 

to the solution and stirred further for 6 h. For the preparation of (100-x)SiO2·xTiO2, 

only the ratio of TEOS to TTB was varied (x = 20, 30, 40 and 50 mol%). The stirred 

solution was transferred into an autoclave vessel and kept at 100°C for 4 h. The 

precipitated powder was collected by suction filtration, then washed with ion-exchanged 
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water [IEW] and ethanol, and dried in an ambient environment. The obtained powder 

was calcined at 550°C for 5 h to remove the surfactant from the mesopore. Fig. 2.1 

shows the schematic diagram of the template fabrication experimental procedures. 

 

2.2.3 Loading of Au 

The obtained powder was immersed in the 1 wt% APTES solution (in ethanol) 

and stirred at 25°C for 3 h. The powder was then filtered with suction, washed with 

ethanol, and dried at 60°C in air. The amino-functionalized powder was mixed into a 1 

mM HAuCl4 aqueous solution and stirred at 25°C for 2 h. After the suction filtration, 

the product was washed with IEW and dried in an ambient environment. The product 

was then calcined at 350°C for 3 h (at a heating rate of 1°C/min) with or without UV 

radiation (USHIO SP-7, 230-440 nm, 2.5 mW cm
-2

 at 365 nm). Fig. 2.2 shows the 

schematic diagram of the Au deposition experimental procedure and Fig. 2.3 shows the 

schematic diagram of UV radiation method during calcination. 

 

2.2.4 Characterization 

X-ray diffraction [XRD] measurements were performed using a Rigaku RINT 

2000 diffractometer (Rigaku Corporation, Tokyo, Japan) with CuKα radiation (λ = 

1.5406 Å). Transmission electron microscopy [TEM] images and energy dispersive 

spectroscopy [EDS] were taken using an H-800 transmission electron microscope 

(Hitachi Corporation, Tokyo, Japan) and a JEOL JEM-2100F (JEOL, Ltd., Tokyo, 

Japan) transmission electron microscope operating at 200 kV. UV/visible-near infrared 

diffuse reflectance [Vis-NIR DR] spectra were measured using a JASCO V-670 

UV-Vis-NIR spectroscope (JASCO Corporation, Tokyo, Japan). Surface areas were 
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determined by N2 adsorption isotherms with the Brunauere EmmetteTeller [BET] 

method by using a Micromeritics TriStar II 3020 adsorption analyzer (USA). The 

samples were degassed at 150 ̊C for 2 h in a vacuum before the measurement. 

 

2.2.5 Photocatalytic measurement of prepared powders 

     The photocatalytic activity of the prepared powders was evaluated by measuring 

the rate of MB bleaching in aqueous solution. The prepared composite (10 mg) was 

stirred in an aqueous solution of MB (1.88×10
-5

 mol L
-1

, 20 mL) in the dark for 10 min 

to allow the complete adsorption of MB on the surface of the powder. The suspended 

powder was then irradiated with UV (230-440 nm, 1.0 mW cm
-2

 at 365 nm) and/or Vis 

light (490-550 nm or 570-690 nm, 8.5 mW cm
-2

) under magnetic stirring. A small 

portion of the solution was withdrawn after light irradiation for certain periods (1, 2, 3, 

5, 7, 10 and 15 min) and centrifuged at 5000 r min
-1

 for 5 min to remove the powder. 

The concentration of MB in this solution was evaluated by recording the absorbance of 

MB in solution at 664 nm with a UV-Vis spectrophotometer (JASCO, V-560, Japan). 
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Fig. 2.1. Schematic diagram of the (100-x)SiO2-xTiO2 template fabrication procedures. 
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Fig. 2.2. Schematic diagram of the Au deposition procedures. 
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Fig. 2.3. Schematic diagram of UV radiation method during calcination. 
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2.3 Results and discussion 

2.3.1 Characterization of mesoporous SiO2 or SiO2-TiO2 template 

Fig. 2.4 shows the XRD patterns of the mesoporous 100SiO2 template [0Ti], 

80SiO2·20TiO2 [20Ti] and 50SiO2·50TiO2 [50Ti]. In the XRD pattern of the 

mesoporous 100SiO2 template, amorphous SiO2 was observed as a halo at ca. 23°. On 

the other hand, the 80SiO2·20TiO2 template showed anatase and rutile TiO2 peaks in 

addition to an amorphous halo of SiO2. The peaks of the TiO2 crystals appeared stronger 

in the pattern of the 50SiO2·50TiO2 template in comparison with those of 20Ti.  

Fig. 2.5 shows the TEM images of prepared templates (0Ti, 20Ti and 50Ti). A 

TEM observation of these templates revealed that all of them possessed a 2-D 

hexagonal mesoporous structure with the same caliber of ca. 7 nm (Fig. 2.5 (a), (b) and 

(c)). The high-resolution TEM images of 20Ti and 50Ti showed ca. 4 nm crystals with a 

fringe spacing of 3.52 Å, which were well dispersed in the samples (insets of Fig.2.5(b) 

and (c)). The fringe spacing is consistent with the d value of {011} planes of anatase 

TiO2. This proves that the templates consist of pure amorphous SiO2, or SiO2 and 

well-dispersed TiO2 nanocrystals, forming a 2-D hexagonal mesoporous structure. 

Particles without mesopores were rarely observed in the TEM images of 20Ti and 

50Ti prepared by aging in water at 100°C for 4 h. On the other hand, 20Ti (and 50Ti) 

aged for 24 h in water at 100°C showed the formation of large nonporous particles 

outside the mesoporous structure as shown in Fig. 2.6(a). The components of the 

nonporous particles and mesoporous region were solely attributed to TiO2 and SiO2, 

respectively (Fig. 2.6(b)). Thus, the TiO2 crystal formation in our samples should be 

based on the dissolution and deposition of the TiO2 component by aging in hot water at 

100°C where the TiO2 component in the SiO2-TiO2 gel system is dissolved into water 
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and then reprecipitated as crystalline TiO2 [17,18]. The short aging time in hot water 

resulted in the suppression of large TiO2 particle formation and the sufficient deposition 

of TiO2 nanocrystals with a highly dispersed state on/in the mesoporous matrix. In this 

work, therefore, the aging time of 4 h at 100°C was employed to prepare the templates, 

which possess almost the same pore size and structure regardless of the TiO2 content. 

The molar ratio of SiO2 to TiO2 in the mesoporous region was checked by EDS, and it 

was found to be comparable to the nominal molar ratio. By using the templates, the 

effect of the TiO2 nanocrystals on the shape of the Au NRs can be investigated due to 

the sufficient formation of interfaces between the deposited Au and TiO2 nanocrystals. 
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Fig. 2.4. XRD patterns of 0Ti, 20Ti and 50Ti. 
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Fig. 2.5. TEM images of (a) 0Ti, (b) 20Ti and (c) 50Ti (scale bars, 50 nm). The insets in 

(b) and (c) are HR TEM images of the squared region. 
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Fig. 2.6. TEM image and Ti elemental mapping of 20Ti. (a) Bright field TEM image 

and (b) Ti elemental mapping of 20Ti treated in water at 100°C for 24 h. 
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2.3.2 Shape control of Au NPs by different compositions of template 

Fig. 2.7 shows the TEM images of prepared templates after Au deposition. Long 

Au NRs were formed in 0Ti after Au loading. Fig. 2.8 shows the schematic diagram of 

the formation of Au NRs in mesopores with SiO2 template. At the beginning of the Au 

loading, the Au
3+

 ions adsorb to the amino groups on the wall of the mesopores. Heat 

treatment of the resultant powder causes decomposition of the amino group-containing 

organic matter. The Au
3+

 ions are released and partly reduced to Au
+
 ions and Au atoms 

by electrons provided from the decomposed organic matter. The Au atoms agglomerate 

and form Au nanoclusters, and then the Au ions released from the amino groups are 

reduced on the Au nanoclusters by autocatalysis of Au [19, 20], causing the Au metal to 

grow. Since the growth of Au occurs in the tubular mesopores, the final shape of the Au 

should be nanorod or nanoparticle. A morphology change of the Au NPs was then 

investigated when the content of TiO2 in the template was varied. The length of the Au 

NRs formed in 20Ti (Fig. 2.7(b)) was shorter than that deposited in 0Ti, whereas Au 

NPs were predominantly obtained in 50Ti (Fig. 2.7(c)). These results indicate that an 

increase in TiO2 content leads to a shortening of the Au NRs. This is presumably 

because thermoexcited conduction electrons are generated from TiO2, and these 

generated electrons transfer to the Au ions to accelerate their reduction [21]. Fig. 2.9 

shows the schematic diagram of the formation of Au NPs and NRs in mesopores with 

SiO2-TiO2 template. TiO2 heated at 350°C generates approximately 8.8 × 10
13

 times as 

many thermoexcited electrons as TiO2 does at room temperature [22]. Therefore, the 

amount of electrons supplied to the Au ions increases as the TiO2 content increases. As a 

result, Au metal is rapidly deposited prior to its migration for the formation of long Au 

NRs and Au NPs were predominantly formed in the tubular mesopores by using 
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templates containing more than 50 mol% TiO2. 

Fig. 2.10 shows the diffuse reflectance [DR] spectra of prepared templates after 

Au deposition. Au NRs deposited in 0Ti showed two extinction peaks in the DR 

spectrum: a sharp extinction peak at 500 nm and a broad extinction peak spreading over 

the whole region of the NIR region. The shorter- and longer-wavelength extinctions are 

attributed to the transverse mode of SPR and the light scattering by fairly long Au NRs 

[23], respectively. The length of the Au NRs was shortened when 20Ti was used. An 

extinction peak appeared at around 600 nm, and the extinction intensity at wavelengths 

longer than 1,200 nm increased. This is presumably due to the shortening of the Au NRs, 

which leads to a decrease in the light scattering intensity of the long Au NRs (appearing 

over the whole NIR region) and an increase in the LSPR mode caused by the short Au 

NRs (appearing at the NIR region toward the shorter wavelength side, e.g. 600 nm and 

approximately 2,000 nm in this case). With 30Ti, the LSPR peaks blue-shifted and 

appeared at 580 and approximately 900 nm. When 50Ti was used, only Au NPs were 

deposited accompanied by a 520-nm peak, which is attributed to the SPR of the Au 

nanorparticles. By the use of a mesoporous SiO2 template containing less than 30 mol% 

TiO2, Au NPs exhibiting LSPR, which is excited by NIR light, are deposited regardless 

of the presence of TiO2 nanocrystallites in the template. 
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Fig. 2.7. TEM images of prepared templates after Au deposition. TEM images of (a) 0Ti, 

(b) 20Ti and (c) 50Ti after Au deposition (scale bar, 100 nm). 
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Fig. 2.8. Schematic diagram of the formation of Au NRs in mesoporous SiO2-TIO2. 
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Fig. 2.9. Schematic diagram of the formation of Au NPs and NRs in mesoporous 

SiO2-TIO2. 
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Fig. 2.10. DR spectra of 0Ti, 20Ti, 30Ti and 50Ti after Au deposition. 

 

 

 

 

 

 

 



49 
 

2.3.3 Shape control of Au nanoparticle by UV radiation 

Since TiO2 is known as a photocatalyst that generates electrons and holes by UV 

radiation, the effects of UV radiation during Au loading on the shape of the Au NPs 

were investigated. As for the TiO2 crystalline phases, anatase TiO2 was widely 

recognized as the most suitable phase for photocatalysis [24,25]; but recent reports 

suggest that mixed rather than single phases can be even more active [26,27]. Also, 

since the TiO2 nanocrystals in our samples possess diameters of a few nanometers, 

which are almost the optimum size for photocatalysis [24], UV radiation of the 

templates should generate charges and influence the shape of the Au NRs. Fig. 2.11 

shows the TEM images of 0Ti after thermal Au deposition with/without simultaneous 

UV radiation. In the case where 0Ti was used, Au NRs with a length of 10 to 100 nm 

were deposited regardless of the UV radiation. It is worth mentioning that the Au NRs 

in 0Ti were fabricated with a short length by shortening the calcination time in order to 

discuss the shift of the resonant wavelength in the measurable NIR region. In the DR 

spectra, the LSPR wavelengths of the samples prepared with and without UV radiation 

were 930 and 990 nm, respectively. The wavelengths were slightly shifted, and the 

LSPR extinction intensity decreased slightly upon UV radiation (Fig. 2.12). The results 

reveal that UV radiation has only a minor effect on the shape of the deposited Au NRs 

when 0Ti is used. On the other hand, although Au NRs with a length of 10 to 400 nm 

were obtained in 20Ti without UV radiation (Fig. 2.13(a)), Au NPs were predominantly 

deposited when UV radiation was carried out (Fig. 2.13(b)). The extinction peaks in the 

NIR region almost disappeared when the sample was exposed to UV radiation as shown 

in Fig. 2.14. These results clearly show that UV radiation during Au loading in 20Ti 

influences the shape of the Au NPs. Furthermore, since the Au NPs are insensitive 
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toward UV light, it is evident that the photocatalytic activity of TiO2 is affected by the 

shape of the Au NPs in the template. 

Two mechanisms were considered for the preferential formation of Au NPs by 

UV radiation: acceleration of the Au-ion reduction rate by the generated electrons or 

oxidation of deposited Au metal by the generated holes. In the case where UV radiation 

at room temperature was carried out on the Au ion-adsorbed 20Ti, an increase in 

extinction intensity was observed from the Vis to the NIR region (Fig. 2.15(a)). The 

increased extinction was attributed to the formation of Au NRs of various lengths 

because of the wide wavelength region of SPR. On the other hand, UV radiation of 0Ti 

resulted in a slight increase in extinction intensity over a similarly wide wavelength 

region (Fig, 2.15(a)). This is probably due to the marginal deposition of Au NPs by UV 

radiation, which partly decomposes the organic matter adsorbed on the mesoporous wall, 

and thus, a small number of electrons are generated that reduce Au ions. This would 

explain the spectral change in Fig. 2.12, where the thermal and photo decomposition of 

the organic matter occurs simultaneously at the beginning of the Au loading process; 

thus, the Au reduction rate is slightly increased. Furthermore, since the variation of the 

extinction intensity in 20Ti is much larger than that in 0Ti, it is clear that UV radiation 

accelerates the reduction of Au ions as a result of the electrons generated from TiO2. On 

the other hand, UV radiation after the thermal deposition of Au NRs in 20Ti led to little 

change in the DR spectra (Fig. 2.15(b)). This indicates that the holes, which are 

expected to oxidize the deposited Au NRs to Au ions, have negligible effect on the 

shape change in the Au NPs. Thus, it is concluded that the photocatalysis of TiO2 causes 

the reduction of the gold ions rather than oxidation of the Au metal. The generated holes 

may be consumed to decompose organic matter adsorbed on the wall of the template. In 
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addition, UV radiation of the Au NRs deposited in 0Ti also resulted in no change in the 

DR spectra. 

The results obtained suggest the probable mechanism of Au deposition by the 

simultaneous heat treatment and UV radiation, where the predominant formation of Au 

NPs was observed (Fig. 2.13(b)). The heat treatment causes the decomposition of 

organic matter adsorbed on the wall of the template. These results in the partial 

reduction of Au
3+

 ions, followed by the formation of scattered Au nanoclusters. The 

partially reduced Au ions are released from their electrostatic adsorption to the amino 

groups and associated with the oxygen atoms on the wall surface of the matrix, enabling 

mobility of the Au ions [28]. The Au ions, therefore, can reach the neighboring Au 

nanoclusters and are reduced on the surface of the nanoclusters by autocatalysis of Au 

[19,20], resulting in the formation of Au NRs because the growth of Au occurs in the 

tubular mesopores. Thermally excited electrons of TiO2 accelerate the reduction rate of 

the Au ions; thus, a large content of TiO2 in the template leads to the preferential 

formation of Au NPs. Furthermore, UV radiation also accelerates the reduction rate of 

the Au ions. Therefore, the combination of heat treatment and UV radiation leads to a 

fast rate of Au deposition. The time taken for the movement of the Au ions is shortened, 

and the formation of Au NPs instead of Au NRs becomes dominant. By optimizing the 

heating and UV radiation condition of our method, Au NRs and NPs are selectively 

deposited regardless of the composition of the template, where the amount of deposited 

Au atoms is constant but the shape of the Au NPs is different.  
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Fig. 2.11. TEM images of 0Ti after thermal Au deposition (a) without or (b) with 

simultaneous UV radiation (scale bars, 100 nm). 
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Fig. 2.12. DR spectra of 0Ti after thermal Au deposition without/with simultaneous UV 

radiation. 
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Fig. 2.13. TEM images of 20Ti after thermal Au deposition (a) without or (b) with 

simultaneous UV radiation (scale bars, 100 nm). 
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Fig. 2.14. DR spectra of 20Ti after thermal Au deposition without/with simultaneous 

UV radiation. 
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Fig. 2.15. DR spectra of (a) Au
3+

 ion-adsorbed 20Ti and 0Ti before and after UV 

radiation (no heat treatment) and (b) of the Au NRs thermally pre-deposited in 20Ti 

before and after UV radiation. 
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2.3.4 Photocatalytic activity under UV radiation 

     In order to investigate the effect of the shape of Au NPs on the photocatalytic 

activity, the photocatalytic activities of 20Ti and 20Ti deposited with Au NPs or Au NRs 

were measured. The time dependence of MB bleaching by the 20Ti templates with and 

without Au NPs under UV radiation is shown in Fig. 2.16. The concentration of MB 

maintains its initial value when the MB solution is irradiated with UV light for 15 min 

without the composite, revealing that UV irradiation itself has no direct influence on the 

bleaching of MB. On the other hand, MB in a solution containing 20Ti template without 

Au is photo-bleached upon UV radiation. The concentration of MB decreases by 75% 

after UV irradiation for 15 min. Au deposition enhances the photocatalytic activity of 

20Ti template. The 20Ti with Au NPs and NRs bleach about 85% and 95% of the MB, 

respectively, after UV radiation for 15 min. For comparing, the photocatalytic activity 

of Degussa P25 is evaluated in the same way. The concentration of MB decreases by 

53% after UV radiation for 15 min. Because the specific surface area of catalysts 

strongly affects their photocatalytic activity, the surface area of each sample was 

measured. The surface area of the prepared powders are 518.5 m
2
 g

-1
 (20Ti), 312.3 m

2
 

g
-1

 (Au NPs-deposited) and 388.6 m
2 

g
-1

 (Au NRs-deposited), respectively, as shown in 

Table 2.1. The surface area of 20Ti with Au NPs is smaller than that of the samples with 

Au NRs. This is because Au NPs are well dispersed in the mesopores compared with Au 

NRs, resulting in blocking of the more mesopores more frequently. The reaction rate 

constants (k) were also calculated using the equation, 

 

k = ln(I0/Ix)/t   (1) 
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where I0 is the initial concentration of MB (1.88×10
-5

 mol L
-1

), and Ix is the 

concentration of MB after irradiation with UV for a certain time t. These results are 

shown in Table 2.1, and demonstrated that deposition of Au, regardless of its shape, 

enhanced the photocatalytic activity of the 20Ti template even though the specific 

surface area decreased. The 20Ti templates with Au NPs and NRs possess k per unit 

area (k/A) which is two and three times larger, respectively, than that of the bare 20Ti 

template. This means that Au NRs improve the photocatalytic activity of the 20Ti 

template to a greater extent than Au NPs, and the prepared 20Ti template with Au NRs 

shows the higher photocatalytic activity than that of Degussa P25.  

     The enhanced photocatalytic activity achieved by the presence of Au NPs is 

presumably due to the fact that the Au NPs are effective traps for electrons generated by 

TiO2 due to the formation of a Schottky barrier at the Au-TiO2 interface. The effective 

electron trapping allows more efficient charge separation of the electron-hole pairs, 

increasing their lifetimes [29,30]. Furthermore, it has been reported that the 

photoactivity of Au nanoparticle-coated TiO2 under UV radiation is enhanced when the 

particle size of Au increases. This is because the efficiency of charge separation between 

TiO2 and Au NPs improves as the particle size increases [31]. In our case, Au NRs have 

the same diameter as Au NPs (-7 nm), but they are much longer than the NPs. Thus the 

deposition of Au NRs on 20Ti template effectively increases the lifetimes of holes and 

electrons generated in TiO2, leading to a larger k per unit area for photobleaching of MB. 

Au NPs in both samples were totally well dispersed judging from their TEM images, 

thus the dispersion state had no effect on the photocatalytic activity. This enhancement 

exceeded the attenuation effect of decreased surface area by Au deposition on the 

photocatalytic activity, therefore, k/A of Au NR sample was even higher than P25. 



59 
 

 

 

 

 

 

 

 

Fig. 2.16. Time dependence of the bleaching of MB through photocatalysis by the 

mesoporous SiO2-TiO2 samples with and without Au NPs under UV radiation. (I0: initial 

absorbance of MB solution, Ix: absorbance of MB solution after certain time). 
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Table 2.1. Specific surface area, rate constant of MB bleaching, and rate constant per 

unit area of mesoporous SiO2-TiO2 samples with/without Au and P25 

Sample Specific surface area [m
2
g

-1
] k [min

-1
] k/A [min

-1
 m

-2
] 

Bare 20Ti 518.5 0.168 3.24×10
-2

 

20Ti with Au NPs 312.3 0.209 7.04×10
-2

 

20Ti with Au NRs 388.6 0.375 1.01×10
-1

 

P25 46.5 0.051 9.75×10
-2
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2.3.5 Photocatalytic activity under UV and Vis irradiation 

The time dependence of bleaching of MB through photocatalysis by the 

Au-deposited samples under UV and/or Vis irradiation is presented in Fig. 2.17 and Fig. 

2.18. The wavelengths of Vis light were selected to effectively excite the SPR of 

deposited Au NPs in the samples; 490-550 nm and 570-690 nm for the Au NP- and Au 

NR-deposited samples, respectively. Irradiation of the Au-deposited samples with UV 

light cause bleaching of MB through the improved photocatalysis of TiO2, as shown in 

Fig. 2.16. However, Vis irradiation of 490-550 nm associated with/without UV radiation 

has almost no influence on the photocatalytic behavior of the samples. There is also no 

difference when 570-690 nm light is used instead of 490-550 nm light. In this study, the 

bleaching reaction of MB or any effect on the reaction upon UV radiation by Vis 

irradiation was not observed. According to the recent reports, TiO2 crystals modified 

with Au nanoparticles oxidize organic compounds such as 2-propanol upon irradiation 

with Vis light [32,33]. This reaction is caused by electron transfer from the Au NPs, 

which are SPR active under Vis light, to the conduction band of TiO2. The 

electron-deficient Au oxidizes the organic compounds to return to its metallic state [34]. 

However, according to Shibata et al. [35], this electron transfer can occur between 

specific crystal interfaces of TiO2 and Au. Our method of depositing Au presumably 

leads to the formation of various interfaces that even involve Au with amorphous phases 

of TiO2 and SiO2. As a result, Vis irradiation of our samples had little effect on 

photocatalysis because the effective formation of crystalline TiO2/Au interface, 

so-called electronic contact between TiO2 and Au for photocatalysis by Vis irradiation 

was not achieved. 
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Fig. 2.17. Time dependence of the bleaching of MB through photocatalysis by Au 

NR-deposited 20Ti sample under UV and/or Vis irradiation (490-550 nm). 
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Fig. 2.18. Time dependence of the bleaching of MB through photocatalysis by Au 

NP-deposited 20Ti sample under UV and/or Vis irradiation (490-550 nm). 
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2.4 Conclusion 

TiO2 nanocrystal-containing mesoporous templates were fabricated and Au NRs 

or Au NPs were deposited in the as-formed tubular mesopores Since the provision of 

thermally generated electrons from TiO2 increased when a template contained a large 

amount of TiO2, Au ions were rapidly reduced and deposited as shorter Au NRs or Au 

NPs. Similarly, UV radiation during Au deposition in the TiO2-containing template 

produced electrons photocatalytically and accelerated the Au deposition rate, leading to 

the dominant formation of Au NPs. The rate constant per unit area for photobleaching of 

MB upon UV radiation by the samples was evaluated. The Au NPs- and Au 

NRs-deposited SiO2-TiO2 composites possessed rate constants that were two and three 

times larger than that of the bare template. Vis irradiation of the prepared samples had 

no significant effect on their photocatalytic properties. This is presumably because the 

electronic contact between TiO2 and Au was not formed by our sample preparation 

procedure. Thus, it was found that the electronic contact is needed for the photocatalysis 

by Vis irradiation, but not necessary for the enhancement of TiO2 photocatalysis upon 

UV irradiation by Au deposition. 
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Chapter 3 Fabrication of Au/SiO2-TiO2 by photodeposition 

method with/without surface modification 

3.1 Introduction 

In the previous chapter, shape control of Au NPs in the mesoporous SiO2-TiO2 

template was achieved by changing the composition of TiO2 in the template and UV 

radiation to the sample during heat treatment. However, photocatalysis of prepared 

samples under Vis light irradiation was not observed although the improvement of 

photocatalytic activities under UV radiation was observed. This cause is because the 

effective formation of crystalline TiO2/Au interface for photocatalysis by Vis irradiation 

was not achieved. This reaction is caused by electron transfer from the Au NPs, which 

are SPR active under Vis light, to the conduction band of TiO2. The electron-deficient 

Au oxidizes the organic compounds to return to its metallic state [1]. Shibata et al. have 

reported that electron transfer can occur between specific crystal interfaces of TiO2 and 

Au [2]. However, our method of depositing Au presumably leads to the formation of 

various interfaces that even involve Au with amorphous phases of TiO2 and SiO2, 

therefore the effective formation of crystalline TiO2/Au interface TiO2 and Au, for 

photocatalysis by Vis irradiation was not achieved. 

In this chapter, Au/SiO2-TiO2 was prepared by photodeposition method 

with/without surface modification of the template to investigate the effect of TiO2/Au 

interface on the photocatalysis under Vis light. Photodeposition method is a technique to 

deposit metal NPs on TiO2 by photocatalysis of TiO2 under UV [3,4], Metal ions are 

reduced by excited electrons in TiO2 and become to metal NPs. Therefore a good 

interface is formed between TiO2 and metal NPs. The Vis light-driven photobleaching of 
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methylene blue [MB] is employed to evaluate the photocatalytic activity of the samples. 

The effects of interface and surface conditions of TiO2 and Au NPs on the photocatalytic 

performance are discussed in relation to the electrostatic repulsion of MB and interfacial 

electron transfer from Au NPs to TiO2. 

 

3.2 Experimental 

3.2.1 Preparation of 80SiO2·20TiO2 mesoporous template via a sol–gel route 

SiO2-TiO2 template (SiO2:TiO2 = 4:1) was synthesized with similar method as 

chapter 2. For a typical synthesis, 1.74 g of Pluronic P123, 2.92 g of NaCl and 100 ml 

of 1 mM hydrochloric acid were added to 4.17 g of tetraethoxysilane and stirred at 35°C 

for 24 h. 1.70 g of titanium tetra-n-butoxide was then added to the solution and stirred 

for further 6 h. The solution was transferred into an autoclave vessel and kept at 100°C 

for 4 h. The precipitated powder was collected by suction filtration, then washed with 

ion-exchanged water [IEW] and ethanol [EtOH], and dried in an ambient environment. 

The obtained powder was calcined at 550°C for 5 h to remove the residual P123 from 

the mesopore. 

 

3.2.2 Deposition of Au NPs by UV radiation 

Prior to the deposition of Au NPs, some of the prepared template powders were 

dispersed in 1 wt% 3-aminopropyltriethoxysilane [APTES] solution (in EtOH) at 25°C 

for 3 h in order to modify the surface of mesoporous powder with amino groups for 

facilitating the insertion of Au
3+

 ions into the mesopores. The powder was then filtered 

with suction, washed with EtOH, and dried at 60°C in air. The untreated and 

amino-functionalized templates were dispersed into a mixture of 5.41 g of 1 mM 
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HAuCl4 aqueous solution, 11.9 g of IEW and 11.34 g of methanol, and stirred at 25°C 

for 1.5 min under UV radiation (USHIO SP-7, 230–440 nm, 93 mW cm
−2

 at 365 nm). 

After the suction filtration and washing with IEW, the powder was dried in an ambient 

environment. Fig. 3.1 shows the schematic diagram of the Au deposition experimental 

procedures. 

 

3.2.3 Characterization of prepared samples 

Transmission electron microscope [TEM] images were observed by a JEOL 

JEM-2100F operating at 200 kV. X-ray diffraction [XRD] measurements were carried 

out using a Rigaku Ultima IV diffractometer with CuKα radiation (λ = 1.5406 Å). 

Diffuse reflectance [DR] spectra were measured with a JASCO V-670 UV-Vis-NIR 

spectroscope. The evaluation of photocatalytic activity was performed by measuring 

absorption spectra of MB aqueous solution as a function of the adsorption and Vis light 

irradiation time. The absorption spectra were measured with a JASCO V-560 UV-Vis 

spectroscope. The Vis light of aimed wavelengths was generated by an Asahi MAX-303 

(Xe lamp, 300 W) equipped with an Asahi CMS-100 (monochromator, resolution: ca. 

40 nm). Surface areas were estimated according to the Brunauer–Emmett–Teller [BET] 

method with a Micromeritics TriStar II 3020 adsorption analyzer. 
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Fig.3.1. Schematic diagram of the Au deposition procedures. 
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3.3 Results and discussions 

3.3.1 Characterization of SiO2-TiO2 and Au/SiO2-TiO2 

The prepared 80SiO2·20TiO2 template with 2-D Hex mesoporous structure was 

observed with TEM (Fig. 3.2(a)), from which the caliber and wall thickness were 

estimated to be ca. 5 and 4 nm, respectively. The framework was composed of 

amorphous SiO2 and ca. 3 nm-sized crystals, which were defined as anatase TiO2 with 

high-resolution TEM image and XRD pattern shown in the inset of Fig. 3.2(a) and (b), 

respectively. 

Figures 3.3(a) and (b) show the Au NP-deposited templates modified 

with/without APTES. Without APTES, spherical Au NPs with a diameter of < 15 nm 

formed dominantly at the outside of the mesoporous structure. The surface modification 

of the template with APTES prior to the deposition of Au resulted in the formation of 

Au NRs with a diameter of ca. 5 nm and a length of 10–15 nm in the tubular mesopores 

of the template, while small amount of spherical Au NPs with a diameter of ca. 10 nm 

were also deposited at the outside of the mesopores. These results indicated that Au
3+

 

ions supplied from HAuCl4 could only penetrate into tubular mesopores when the 

template was modified with APTES. The penetration presumably occurs because the 

Au
3+

 ions can be anchored by the amino groups of APTES on the inner wall of the 

mesopores [5]. The anchored Au
3+

 ions are reduced by electrons generated from anatase 

nanocrystals in the mesoporous framework by UV radiation, thus Au NPs/NRs are 

formed. The DR spectra shown in Fig. 3.4(a) well reflected the morphologies of Au NPs 

deposited on these templates modified with/without ATPES [6]. Namely, the sample 

prepared without APTES showed a relatively large extinction at 542 nm, which was 

attributed to the SPR of dominantly deposited spherical Au NPs. The half-width of the 
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extinction peak at 542 nm was unusually broad (128 nm). This is probably due to the 

formation of dimer of Au NPs (see the circled regions in Fig. 3.3(a)) and the coupling of 

their SPR [7], which occurs because Au NPs are deposited only on the limited space of 

anatase particles located outside of the mesoporous template, leading to gathering and 

aggregating of Au NPs. On the other hand, two extinction peaks at 528 and 700 nm 

were observed from the sample prepared with APTES. This was well consistent with the 

formation of Au NRs and a small fraction of spherical Au NPs on the template [8]. The 

XRD patterns shown in Fig. 3.4(b), however, presented no obvious difference between 

the samples. This revealed that the crystalline sizes calculated to be 13.5 and 13.4 nm 

using Scherrer’s equation with Scherrer constant of 0.9 for the samples prepared with 

and without APTES, respectively, and the quantity of the deposited Au NPs were almost 

the same between the samples, though the morphology of Au NPs and their depositing 

location were different.  
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Fig. 3.2. (a) TEM image and (b) XRD pattern of a mesoporous 80SiO2·20TiO2 template. 
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Fig. 3.3. TEM images of Au-deposited mesoporous 80SiO2·20TiO2
 
sample prepared (a) 

with and (b) without APTES. 
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Fig. 3.4. (a) DR spectra and (b) XRD patterns of Au-deposited mesoporous 

80SiO2·20TiO2
 
sample prepared with and without APTES. 
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3.3.2 Photocatalytic property of prepared samples under Vis light 

The photocatalytic performance of the prepared samples under UV radiation was 

confirmed with the photobleaching of MB (data not shown). This bleaching occurs 

because of the UV absorption of anatase TiO2 seen in Fig. 3.4(a) showing a strong 

extinction at the wavelength region shorter than 380 nm. In addition to the 

photocatalysis upon UV radiation, Vis light-induced photocatalysis should occur with 

these samples because of their Vis light absorption originated from SPR. Although the 

mechanism of photocatalysis caused by SPR of metal NPs on TiO2 crystal is still 

controversial, a transfer of excited electrons of metal NPs to TiO2 is most widely 

recognized as the leading cause of the photocatalysis, because the electron transfer 

generates active electrons and holes with long lifetime on TiO2 and Au NPs, 

respectively [9-12]. First, the photocatalytic property of large Au/TiO2 deposited on the 

surface of particles as shown in Fig. 3.3(a) was evaluated to compare the advantage of 

mesoporous structure. For that purpose, non-porous Au/SiO2-TiO2 was prepared by the 

similar method without P123. Fig. 3.5 shows the Vis-light-induced photobleaching 

dynamics of MB solution with samples prepared with/without P123. The wavelengths 

of irradiated light were set to 542 nm. Adsorption of MB on the samples was saturated 

by stirring for 10 min before Vis light irradiation. The y axis denoted the absorbance of 

MB solution after certain time (Ix) divided by the initial absorbance of MB solution (I0). 

The sample prepared without P123 showed the adsorption of MB and decreased Ix/I0 by 

0.1 after stirring for 10 min before light irradiation. A further decrease in Ix/I0 by 0.1 was 

caused by the subsequent Vis irradiation for 15 min. On the other hand, Au/SiO2-TiO2 

prepared with P123 showed MB and decreased Ix/I0 by 0.65 after stirring for 10 min 

before light irradiation. This improvement of the amount of adsorption is due to the 
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formation of mesoporous structure. Furthermore, the decrease in Ix/I0 by 0.2 was caused 

by Vis irradiation. Rate constants of the photobleaching (first-order reaction) were 

calculated to be 0.474 and 3.78 h
-1

 for the samples prepared without and with P123, 

respectively. The rate constant of non-porous sample was around 15% of the rate 

constant of mesoporous sample, which is presumably attributed to Au/TiO2 deposited on 

the surface of the template. Second, the effects of surface modification of powders were 

investigated with the samples prepared with/without APTES. Fig. 3.6(a) shows the Vis 

light-induced photobleaching dynamics of MB solution with samples prepared 

with/without APTES. The wavelengths of irradiated light were set to 528 and 542 nm, 

which were the SPR extinction peak wavelengths of the corresponding samples. The 

result of the sample prepared without APTES is same as the result of the sample 

prepared with P123 shown in Fig. 3.5. Normally, photobleaching occurs to decrease Ix/I0 

exponentially as a function of the reaction time as seen in the sample prepared without 

APTES. However, the sample prepared with APTES showed a nonexponential decrease 

in Ix/I0 after starting Vis light irradiation. Fig. 3.6(b) shows the Vis light-induced 

photobleaching dynamics of MB solution with the sample prepared with APTES. The 

irradiation time was longer than the data shown in Fig. 3.6(a), and two different 

wavelengths of Vis light were employed to excite SPR of the sample effectively. With 

light of 528 nm, a decrease of Ix/I0 by 0.45 occurred by the irradiation for 24 min. 

Irradiation of light of 700 nm that caused no obvious bleaching of MB within 15 min 

decreased Ix/I0 by 0.20 for 24 min. In contrast, Vis light irradiation of another 

wavelength for 24 min caused no change in Ix/I0. Since no adsorption of MB on the 

sample prepared with APTES occurred, the obtained results of Vis light-induced 

photobleaching of MB by the sample were discussed as follows. Because the hydroxy 
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groups appear on the surface of 80SiO2·20TiO2 template without modification of 

APTES, the template possesses negative charges and thus attracts MB that has 

positively charged sulfur by an electrostatic force. In contrast, the APTES-modified 

template possesses positive charges because amino groups appear on the surface, 

resulting in the repulsion of MB from the sample. But when the sample prepared with 

APTES is irradiated with Vis light, the generated holes would gradually decompose the 

adsorbed APTES, and thus MB becomes to be accessible to the bared sample surface. 

MB accessed to the sample surface should be bleached by the generated holes with 

continuous Vis light irradiation. This multi-step process of photobleaching of MB on the 

sample prepared with APTES would lead to the nonexponential curves seen in Fig. 

3.6(b). The schematic illustration of the phenomenon is shown in Fig. 3.7. 
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Fig. 3.5. Photobleaching dynamics of MB solution with Au-deposited 80SiO2·20TiO2
 

samples prepared with and without P123 under 542 nm light irradiation  
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Fig. 3.6. Photobleaching dynamics of MB solution with Au-deposited mesoporous 

80SiO2·20TiO2
 
samples prepared (a) with and without APTES under 528 and 542 nm 

light irradiation, (b) with APTES under 528 and 700 nm light irradiation.  
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Fig. 3.7. Schematic illustration of phenomenon occurring to the APTES-modified 

Au-deposited mesoporous 80SiO2·20TiO2 sample in MB solution under Vislight 

irradiation. With Vislight irradiation, (1) APTES starts to be decomposed, and then (2) 

MB gradually becomes accessible to the sample. (3) The accessed and adsorbed MB on 

the sample is bleached. Therefore the bleaching rate of MB should be regulated by 

several factors such as decomposition of APTES, adsorption of MB, bleaching of MB, 

and also transfer of decomposed APTES and MB in the tubular mesopores of the 

sample. 
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3.3.3 Effect of the surface modification on the photocatalysis under Vis 

light 

Since APTES seemed to be an obstacle to adsorption of MB on the sample, heat 

treatment was carried out for the Au NR-deposited sample prepared with APTES to 

remove APTES from the sample surface. The TEM image shown in Fig. 3.8 presented 

that almost all Au NRs were transformed to spherical Au NPs, whereas some short Au 

NRs were still remained and observed in the TEM image as indicated with white circles. 

Relatively long Au NRs observed before heat treatment would be preferable to 

transform because of its high surface energy originated from the morphological 

anisotropy of NRs. Additionally, the transformation seemed to be associated with a 

partial collapse of mesoporous framework, which was inferred by the bigger size of 

spherical Au NPs than the pore size. The DR spectrum shown in Fig. 3.9(a) represented 

that the sample after heat treatment exhibited a main extinction peak at 528 nm 

associated with a weak shoulder peaking at 650 nm which was attributed to the 

longitudinal SPR mode of short Au NRs. The XRD pattern in Fig. 3.9(b) showed no 

change by heat treatment of the sample. This unveiled that heat treatment did not lead to 

an increase in size of Au NPs by merging of themselves. Thus, it was concluded that 

heat treatment could induce only transformation of long Au NRs to spherical Au NPs, 

resulting in the partial collapse of mesoporous framework. The photocatalytic activity of 

the sample prepared with APTES was greatly improved by heat treatment, and the 

exponential photobleaching of MB was observed by Vis light irradiation as shown in 

Fig. 3.10. Rate constants of the photobleaching were calculated to be 3.78 and 2.47 h
−1

 

for the samples prepared without and with APTES, respectively, and the surface areas of 
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the samples were 384.9 and 275.0 m
2
 g

−1
. These results suggested that the difference in 

the rate constants arose mainly from the difference in the surface areas. Besides, the fact 

that SPR of the short Au NRs at 650 nm was not effectively excited by irradiation of 

light of 528 nm would also contribute to the relatively low photocatalytic activity. In 

contrast, because SPR of the sample after heat treatment can be excited by irradiation of 

light of longer wavelengths compared to the sample prepared without APTES, the 

higher quantum efficiency of photocatalysis of the heat treated sample is expected under 

ambient/sun-light irradiation due to the wide wavelength region of their SPR. 

     Finally, in order to check if the charge separation between Au NPs and TiO2 was 

the origin of the Vis light-induced photobleaching of MB, a template deposited with Au 

NPs by chemical reduction method was prepared for comparison, that is prepared 

samples in previous chapter. The APTES modification of the template was 

indispensable for this sample, because if the modification was not carried out, Au NPs 

formed as colloid NPs in the solution regardless of the presence of the template powder. 

Au NRs were mainly deposited in the template instead of spherical Au NPs. The 

location of the deposited Au NRs was supposed to be not on the surface of TiO2 but on 

SiO2 which was the main component of the template. Although some Au NRs would be 

deposited on TiO2, a good electronic contact between Au and TiO2 should not be 

established. This is because the photodeposition of Au on TiO2 requires the electron 

transfer from TiO2 to Au or Au
3+

 ions, thus much better electronic contact between Au 

and TiO2 must have been established compared to the sample prepared by chemical 

deposition of Au [12]. The sample prepared by the chemical reduction method showed 

little activity in photocatalysis under Vis light irradiation even after heat treatment was 

carried out to remove APTES from the sample surface. This result revealed that charge 
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separation between Au NPs and TiO2 was the origin of the photocatalysis, and that the 

fabrication of good electronic contact between Au and TiO2 contributed greatly to the 

high efficiency of photocatalysis under Vis light irradiation as well as the electrostatic 

attraction between sample surface and the reactant. 
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Fig. 3.8. TEM image of heat-treated Au-deposited mesoporous 80SiO2·20TiO2
 
sample 

prepared with APTES. 
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Fig. 3.9. (a) DR spectra and (b) XRD patterns of heat-treated Au-deposited mesoporous 

80SiO2·20TiO2
 
samples prepared with and without APTES. 
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Fig. 3.10. Photobleaching dynamics of MB solution with Au-deposited mesoporous 

80SiO2·20TiO2 samples prepared with APTES before and after heat treatment. The 

wavelength of irradiated Vis light is 528 nm. 
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3.4 Conclusions 

     Vis light-induced photocatalysis of mesoporous SiO2–TiO2 photodeposited with 

Au NPs was investigated. The sample prepared without APTES worked well as a 

photocatalyst to bleach MB. However, the sample prepared with APTES showed weak 

and abnormal photocatalytic activity, showing nonexponential curve in the 

photobleaching dynamics of MB. Heat treatment to remove APTES from the sample led 

to the amelioration of the photocatalytic activity. In contrast, the removal of APTES 

from the sample chemically-deposited with Au NPs resulted in no recovery of the 

activity. These results indicated that APTES being on the surface of the template 

suppressed the adsorption of MB onto the sample by electrostatic force, which caused a 

significant decrease in the photocatalytic activity. Besides, the formation of good 

electronic contact between Au NPs and TiO2 was found to be essential to the high Vis 

light-induced photocatalytic performance. On the other hand, the shape of Au NPs was 

transformed from sphere to rod by using APTES, which resulted in the expansion of 

SPR to longer wavelength region. This suggested that the Au NR-deposited samples 

show photocatalysis upon light irradiation of longer wavelength, which presumably 

leads to the higher photocatalytic performance of the sample under ambient- and 

sun-light illuminations that contain various wavelengths.  
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Chapter 4 Investigation of photocatalytic activity of 

Au/SiO2-TiO2 under UV, Vis and NIR light  

4.1 Introduction 

     In the previous chapter, Au NPs and Au NRs were deposited in the template by 

photodeposition method to form the interface between TiO2 and Au, and Au/SiO2-TiO2 

prepared by photodeposition method showed the photocatalysis under Vis light. 

However, the sample prepared with surface modification of the template showed weak 

and abnormal photocatalytic activity. Heat treatment to remove surface-modified 

organic being from the sample led to the amelioration of the photocatalytic activity. In 

contrast, the removal of organic beings from the sample chemically-deposited with Au 

NPs resulted in no recovery of the activity. These results indicated that organic being on 

the surface of the template suppressed the adsorption of MB onto the sample by 

electrostatic force, which caused a significant decrease in the photocatalytic activity. 

     In this chapter, Au NPs/SiO2-TiO2 and Au NRs/SiO2-TiO2 were prepared by 

photodeposition method without surface modification of the template, and detailed 

investigations of the photocatalytic activities of prepared sample were carried out to 

achieve the high photocatalytic activity under UV, Vis and NIR light irradiation. First, 

effects of Au amount in the template on the photocatalytic activity were investigated to 

optimize the amount of Au. If the amount of Au NPs get too high in the mesopores, their 

accessibility for the reactants decreases and slight blocking effects hinder oxygen 

diffusion to the Au NPs and reactivity with the electrons stored on the Au [1,2]. Second, 

action spectra were measured with prepared samples. The action spectrum represents 

the quantum yields plotted against wavelength of light. It shows what wavelength of 
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light is most effectively used for a specific chemical reaction. The effects of the SPR 

wavelength of Au NPs and Au NRs on the photocatalysis under Vis and NIR light were 

investigated by measurement of action spectra. 

 

4.2 Experimental 

4.2.1 Preparation of 80SiO2·20TiO2 mesoporous template via a sol–gel 

route 

     80SiO2·20TiO2 was used as the template of Au NPs prepared in chapter 3. For a 

typical synthesis, 1.74 g of Pluronic P123, 2.92 g of NaCl and 100 ml of 1 mM 

hydrochloric acid were added to 4.17 g of tetraethoxysilane and stirred at 35°C for 24 h. 

1.70 g of titanium tetra-n-butoxide was then added to the solution and stirred for further 

6 h. The solution was transferred into an autoclave vessel and kept at 100°C for 4 h. The 

precipitated powder was collected by suction filtration, then washed with ion-exchanged 

water [IEW] and ethanol [EtOH], and dried in an ambient environment. The obtained 

powder was calcined at 550°C for 5 h to remove the residual P123 from the mesopore. 

 

4.2.2 Preparation of mesoporous TiO2 with controlled particle size 

     Mesoporous TiO2 with controlled particle size was synthesized by using 

surfactants as the structure-directing agent under base conditions. In a typical synthesis 

process, firstly, 0.5 g hexadecyl trimethyl ammonium bromide and 0.06 g 

triethanolamine were dissolved completely in 20 ml distilled water at 95°C under 

different stirring rate for 1 h. Then, 1.5 ml titanium tetra-n-butoxide was added at a 

speed of 1 ml/min. After continuous stirring for 1 h, the as-synthesized mesoporous 

TiO2 were collected by centrifugation at 12,000 rpm for 30 min and then washed with 
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EtOH to remove the residual reactants. To remove surfactants completely, the 

as-synthesized mesoporous TiO2 was dispersed under ultrasound for 20 min and 

calcined at 550°C.  

 

 

4.2.3 Deposition of Au NPs by UV radiation 

The prepared template (0.574 g) was dispersed in a mixture of 1 mM HAuCl4 

aqueous solution (2.4 ml, Kishida, Japan), IEW (11.9 mL) and methanol (14.3 mL, 

Wako, Japan), and then stirred at 25°C for 1.5 min under UV radiation (USHIO SP-7, 

230–440 nm, 93 mW cm
-2

 at 365 nm) to deposit Au NPs. After the suction filtration and 

washing with IEW, the powder was dried in an ambient environment. The amount of 

Au deposited on the template was fixed to be 0.6 mol% (0.6Au/SiO2–TiO2 or Au 

NPs/SiO2-TiO2). 0.3, 1.2 and 1.8 mol% Au-deposited powders were also prepared using 

the same method. For deposition of Au NRs (0.6 mol% Au), template powder was 

immersed in a HAuCl4 ethanol solution, and the solution was placed under reduced 

pressure. Then light intensity and irradiation time were changed to 30 mW cm
-2

 and 15 

min. 

 

4.2.4 Characterization of prepared samples 

    X-ray diffraction [XRD] patterns were recorded on a Rigaku Ultima IV 

diffractometer (30 kV, 20 mA, Japan) with CuKα radiation (λ = 1.5406 Ǻ). 

Transmission electron microscope [TEM] images were taken by a JEOL JEM-2100F 

microscope at an acceleration voltage of 200 kV (Japan). UV–Vis-NIR diffuse 

reflectance [DR] spectra were measured with a JASCO V-670 UV–Vis-NIR 
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spectrophotometer (Japan). Surface areas were determined by N2 adsorption isotherms 

with the Brunauer–Emmett–Teller [BET] method using a Micromeritics TriStar II 3020 

adsorption analyzer (USA). The samples were degassed at 150°C for 2 h in a vacuum 

prior to the measurement of surface area. 

 

4.2.5 Evaluation of photocatalytic activity 

The photocatalytic activities of the prepared mesoporous SiO2-TiO2 before and 

after Au NPs deposition were determined by measuring the generation rate of acetone 

by photooxidation of 2-propanol and reaction rate of photobleaching of methylene blue 

[MB] in aqueous solution under a light illumination. When 2-propanol was used for 

evaluation, the prepared powder (10 mg) was suspended in an aqueous solution 

containing 5 vol% 2-propanol (20 mL). The photocatalyst powder was stirred 

magnetically in the dark for 10 min to allow the complete adsorption of 2-propanol on 

the surface. Then the suspension was photoirradiated with UV (<380 nm, 1.8 mW cm
-2

 

at 365 nm) or Vis light (>480 nm, 40 mW cm
-2

) using an Asahi HAL-320 light source 

(300 W Xe lamp, Japan) with cut-off filters (Y48, Asahi Techno Glass, Japan) under 

magnetic stirring. A small amount (1 mL) of the solution was collected after light 

irradiation for certain periods (20, 40 and 60 min) and centrifuged at 5000 rpm for 5 

min to separate the powder sample from the solvent. The amount of generated acetone 

in the solution was measured by gas chromatography (Shimadzu, GC-2014 equipped 

with a flame ionization detector, Japan). When MB was used for evaluation, the 

prepared powder (10 mg) was stirred in an aqueous solution of 1.88×10
-5

 M MB (20 

mL) in the dark for 10 min to allow the complete adsorption of MB on the surface of the 

samples. Then the suspension was photoirradiated with UV or Vis light under magnetic 



97 
 

stirring; 1 mL of the solution was collected after light irradiation for certain periods (5, 

10, 15, 20, 25, 30, 35 and 40 min). After the elimination of powder samples from the 

solution, the concentration of MB in the solution was evaluated by recording the 

absorbance of MB at 664 nm with a spectrophotometer (JASCO V-560, Japan). 

     For the measurement of action spectra, a portion of the prepared photocatalyst (10 

mg) was suspended in an aqueous solution containing 5 vol% 2-propanol (20 mL) or 

MB aqueous solution (1.88×10
-5

 M, 20 mL) and irradiated with monochromatic light 

(365-1020 nm) for 1 h using a 300 W Xe lamp equipped with a monochrometer (Asahi 

CMS-100, full width at half maximum = 40 nm, Japan). The light flux of the incident 

light was adjusted to 7.0×10
-8

 mol m
-2

 s
-1

 by adjustment of light intensity using Neutral 

Density (ND) filter at each wavelength. An apparent quantum yield was calculated as 

the ratio of the rate of electron consumption by the photocatalytic reaction to the flux of 

incident photons. 

 

4.3 Results and discussion 

4.3.1 Characterization of SiO2-TiO2 and Au/SiO2-TiO2  

    The XRD pattern and TEM images of an SiO2–TiO2 template are shown in Fig. 4.1. 

Peaks of anatase TiO2 were clearly observed as well as a halo of amorphous SiO2 at ca. 

23̊ in the XRD pattern (Fig. 4.1(a)). The template possessed an ordered tubular 

mesoporous structure with a pore diameter of ca. 8 nm that was proved by the TEM 

image (Fig. 4.1(b)). A high-resolution [HR]-TEM image of SiO2–TiO2 template was 

inserted in Fig. 4.1(b), and the image showed that nanocrystals with a diameter of 2–5 

nm were well dispersed in the template. This d spacing of 3.51 Ǻ is consistent with that 

of the {011} planes of anatase TiO2 [3]. These results show that the mesoporous SiO2–



98 
 

TiO2 template with ordered tubular pores consists of amorphous SiO2 and 

well-dispersed anatase TiO2 nanocrystals. 

The TEM images and DR spectrum of an Au NPs/SiO2-TiO2 and Au NRs/SiO2–

TiO2 composite are shown in Fig. 4.2 and Fig. 4.3. In Au NPs deposited sample, 

spherical NPs with a diameter of 7–15 nm were observed on the inside and outside of 

the template (Fig. 4.2(a)). The inset of Fig. 4.2(a) is a HR-TEM image showing that the 

observed NP is Au NP, because of the d spacing of 2.35 Ǻ [4]. On the other hand, NRs 

with a diameter of 7 nm and lengths of 20–80 nm were observed in the mesopores of Au 

NRs-deposited sample (Fig. 4.2(b)). The specific surface areas of SiO2–TiO2, Au 

NPs/SiO2-TiO2 and Au NRs/SiO2–TiO2 were 518.2, 303.1 and 353.2 m
2
 g

-1
, 

respectively. The decrease in specific surface area is due to the Au blockage in the 

tubular mesopores. However, the relatively narrow decrease range indicates that there 

are interpores in this template like SBA-15 [5]. The specific surface area of Au 

NPs/SiO2–TiO2 was smaller than that of Au NRs/SiO2–TiO2. This is presumably 

because the number of Au NPs was larger than Au NRs when the same amount of Au 

atoms was deposited, resulting in effective blocking of the mesopores. The specific 

surface area of Au/SiO2–TiO2 decreased with increasing the amount of deposited Au 

because the Au blockage in the tubular mesopores would occur more often. Au 

NPs/SiO2–TiO2 showed extinctions at shorter wavelength than 380 nm and at ca. 542 

nm. On the other hand, Au NRs/SiO2–TiO2 showed extinction peaks at 525 and 712 nm 

in the DR spectrum (Fig. 4.3). In comparison with the spectra of mesoporous SiO2 and 

SiO2–TiO2 templates made by the similar sol–gel method, the extinction below 380 nm 

was attributed to light absorption by the band gap of anatase TiO2, and the extinction 

peaks at 542, 525 and 712 nm were defined as the extinction by SPR of the deposited 
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Au NPs and NRs. The wavelength of SPR was well consistent with the size and shape 

of the deposited Au [6-8]. 
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Fig. 4.1. (a) XRD pattern and (b) TEM image of mesoporous SiO2-TiO2. 
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Fig. 4.2. TEM images of (a) Au NPs and (b) Au NRs/SiO2–TiO2. The inset of (a) is an 

HR-TEM image of observed Au NP. 
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Fig. 4.3. DR spectra of Au NPs/SiO2-TiO2 and Au NRs/SiO2-TiO2. 
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4.3.2 Photocatalytic property of prepared samples under UV 

The photobleaching dynamics of MB solution and photoxidation dynamics of 

2-propanol with samples before and after Au deposition under UV are shown in Fig. 4.4 

and Fig. 4.5. For comparative purposes, commercially available Degussa P25 

(AEROSIL, Japan) was employed, and the results by P25 are also shown in Fig. 4.5. 

First, adsorption of MB on the samples was saturated by stirring for 10 min before light 

irradiation. The y axes in Fig. 4.4(a) and Fig. 4.5(a) denote the absorbance of MB 

solution after light irradiation for certain time (Ix) divided by the initial absorbance of 

MB solution after adsorption process (I0). The absorbance of MB decreased by 60, 40, 

20, 15 and 8 % by the adsorption process for 10 min when the SiO2–TiO2 and 0.3, 0.6, 

1.2 and 1.8Au/SiO2–TiO2 powders were used, respectively (Fig. 4.4(a)). 25 % 

decrement of MB absorbance was confirmed with Au NRs/SiO2–TiO2. Meanwhile, the 

absorbance of MB did not decrease when P25 was used (see the inset of Fig. 4.4(a) and 

Fig. 4.5(a)). The differences in the amount of adsorption of MB were in good agreement 

with the specific surface areas of each powder (see Table 4.1 and 4.2). The absorbance 

of MB solution decreased by further 34 % after UV radiation for 30 min when the 

SiO2–TiO2 powder was used. This value of decrease was almost the same as that of P25. 

On the other hand, decreases of the absorbance by 75 and 80 % occurred after UV 

radiation for 30 min when Au NPs/SiO2–TiO2 and Au NRs/SiO2–TiO2 were used. 

Decreases of the absorbance by 44, 20 and 14 % occurred after UV radiation when 0.3, 

1.2 and 1.8Au/SiO2-TiO2 powders were used, respectively. In the case of 

photooxidation of 2-propanol, about 4.0 μmol acetone was generated under UV 

radiation for 60 min when SiO2-TiO2 and P25 were used. On the other hand, Au 

NPs/SiO2-TiO2 and Au NRs/SiO2-TiO2 generated 5.54 and 5.76 μmol acetone under 
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UV radiation for 60 min, respectively. Also, 4.58, 3.79 and 3.49 μmol acetone were 

generated under UV radiation for 60 min when 0.3, 1.2 and 1.8Au/SiO2-TiO2 powders 

were used, respectively. First-order reaction rate constants of MB photobleaching, kUV, 

and generation rate of acetone by 2-propanol photoxidation, RUV, under UV are also 

shown in Table 4.1 and Table 4.2. 0.6Au/SiO2–TiO2 showed the highest kUV and RUV 

among the powders with the difference amount of Au. Au NRs/SiO2–TiO2 showed 

almost the same kUV and RUV as Au NPs/SiO2–TiO2. It is worth mentioning here that the 

surface areas of Au NPs/SiO2–TiO2 and Au NRs/SiO2–TiO2 were smaller than that of 

SiO2–TiO2 (303.1, 353.2 and 518.2 m
2
 g

-1
, respectively). This indicates that the 

photocatalytic activity of the template per surface area was doubtlessly improved by the 

deposition of Au. This improvement of the photocatalytic activity by the deposition of 

Au NPs is presumably due to the fact that the charge separation lifetime is elongated by 

the formation of a Schottky barrier at the Au–TiO2 interface [1,9-11]. However, 1.2 and 

1.8Au/SiO2–TiO2 showed lower value than that of the template. This result is 

presumably due to the large decrease in specific surface area, leading to blockage of 

access of MB and 2-propanol to the inside of the powders. To investigate effects of 

blockage region by deposition of Au NPs to the photocatalytic activity, mesoporous 

TiO2 with controlled particle size was prepared and used as the template for the 

deposition of Au. The diameter of prepared mesoporous TiO2 was ca. 50 nm (Fig. 4.6), 

which is smaller than SiO2-TiO2 template. Therefore, specific surface area of 

mesoporous TiO2 was larger than that of SiO2-TiO2 (shown in Table 4.3). This specific 

surface area decreased with increasing the amount of Au. Although the specific surface 

area of SiO2-TiO2 decreased less than half by the deposition of 1.8 mol% of Au (518.2 

m
2
 g

-1
 to 221.6 m

2
 g

-1
), the specific surface area of mesoporous TiO2 decreased to 66% 
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when 1.8 mol% Au was deposited in mesoporous TiO2 (758.1 m
2
 g

-1
 to 507.5 m

2
 g

-1
).  

This difference is presumably due to the decrease of number of Au NPs deposited in a 

template particle. Since the size of template particles became small, the number of Au 

NPs deposited in a template particle decreased and then the blockage region by Au NPs 

decreased. The photobleaching dynamics of MB solution and photoxidation dynamics 

of 2-propanol with mesorporous TiO2 and Au/TiO2 under UV are shown in Fig. 4.7. 

0.6Au/TiO2 showed the highest photocatalytic activity with both photobleaching of MB 

and phtotooxidation of 2-propanol (7.58×10
-2

 min
-1

 and 9.2 mol h
-1

, respectively). 

When the amount of Au increased over 0.6 mol%, the photocatalytic properties 

decreased like the case of SiO2-TiO2. These results probably indicate that the decrease 

of the photocatalytic properties with different amount of Au is due to the decrease of 

specific surface areas by deposition of Au NPs.  

On the other hand, higher photocatalytic activity of Au/SiO2–TiO2 than that of 

P25 can also be related to the effect of Si–O–Ti bond formed in the mesoporous SiO2–

TiO2 template because the existence of Si–O–Ti bonds causes the lowering of both the 

HOMO and LUMO levels as compared with TiO2 [12]. 
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Fig.4.4. (a) Photobleaching dynamics of MB solution and (b) photooxidation dynamics of 

2-propanol with Au/SiO2-TiO2 with various amount of Au under UV (<380 nm) radiation. The 

inset in panel (a) shows the adsorption dynamics for MB on each sample. 
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Fig. 4.5. (a) Photobleaching dynamics of MB solution and (b) photooxidation dynamics of 

2-propanol with P25, SiO2-TiO2 and Au NPs and NRs/SiO2-TiO2 under UV (<380 nm) radiation. 

The inset in panel (a) shows the adsorption dynamics for MB on each sample. 
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Table 4.1. Specific surface areas and rate constants of MB photobleaching under UV (kUV) 

radiation for Au/SiO2-TiO2 with various amount of Au. 

Catalyst Specific surface area [m
2
 g

-1
] kUV [min

-1
] RUV [μmol h

-1
] 

SiO2-TiO2 518.2 1.18×10
-2

 4.03 

0.3Au/SiO2-TiO2 425.1 1.59×10
-2

 4.58 

0.6Au/SiO2-TiO2 303.1 5.22×10
-2

 5.54 

1.2Au/SiO2-TiO2 261.8 1.43×10
-2

 3.79 

1.8Au/SiO2-TiO2 221.6 5.72×10
-3

 3.49 

 

 

 

 

Table 4.2. Specific surface areas and rate constants of MB photobleaching under UV (kUV) 

radiation for P25, SiO2-TiO2 and Au NPs and NRs/SiO2-TiO2. 

Catalyst Supecific surface area [m
2
 g

-1
] kUV [min

-1
] RUV [μmol h

-1
] 

P25 52.3 1.29×10
-2

 3.98 

SiO2-TiO2 518.2 1.18×10
-2

 4.03 

Au NPs/SiO2-TiO2 303.1 5.22×10
-2

 5.54 

Au NRs/SiO2-TiO2 353.2 5.34×10
-2

 5.76 
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Fig. 4.6. TEM image of mesoporous TiO2 with controlled particle size. 
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Fig. 4.7. (a) Photobleaching dynamics of MB solution and (b) photooxidation dynamics of 

2-propanol with mesoporous TiO2 and Au/TiO2 with various amount of Au under UV (<380 

nm) radiation. The inset in panel (a) shows the adsorption dynamics for MB on each sample. 
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Table 4.3. Specific surface areas and rate constants of MB photobleaching under UV (kUV) 

radiation for mesoporous TiO2 and Au/TiO2 with various amount of Au. 

Catalyst Supecific surface area [m
2
 g

-1
] kUV [min

-1
] RUV [μmol h

-1
] 

Mesoporous TiO2 758.1 4.12×10
-2

 6.31 

0.3Au/TiO2 703.5 5.02×10
-2

 7.62 

0.6Au/TiO2 653.2 7.58×10
-2

 9.23 

1.2Au/TiO2 551.1 4.41×10
-2

 7.32 

1.8Au/TiO2 451.5 2.81×10
-3

 5.87 
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4.3.3 Photocatalytic property of prepared samples under Vis 

     SiO2–TiO2 template showed a decrease of the absorbance of MB solution by 

13 % after Vis light irradiation for 30 min, whereas P25 showed little photocatalytic 

activity under Vis light (Fig. 4.8(a)). This tendency was also observed in the case of 

photoxidation of 2-propanol (Fig. 4.8(b)), SiO2–TiO2 template generated 0.56 μmol 

acetone after Vis light irradiation for 60 min although P25 did not generated acetone 

under Vis light. These differences in the photocatalytic activity between two samples 

under Vis light irradiation could be derived from the structural defects that should be 

contained in the mesoporous template, and the defects can absorb Vis photons [13]. Au 

NPs/SiO2–TiO2 composite showed decrease of the absorbance by 25 % and generation 

of 6.11 μmol acetone after Vis light irradiation. From these results, the first-order 

reaction rate constants, kVis, and generation rate, RVis, under Vis light were calculated, 

and the values of 1.04×10
-2

 min
-1

 and 6.11 μmol h
-1

 for Au NPs/SiO2–TiO2 were 

approximately 2 and 12 times higher than those of the SiO2–TiO2, respectively (see 

Table 4.4). Additionally, the photocatalytic activities of 0.3, 1.2 and 1.8Au/SiO2–TiO2 

under Vis light were lower than that of 0.6Au/SiO2–TiO2 (Table 4.5 and Fig. 4.8). A 

deposition of Au onto TiO2 enables SPR-induced photocatalysis under Vis light [14]; 

however, too much deposition leads to a decrease in surface area and Au blockage in 

mesopores. In previous chapter, the Au/SiO2–TiO2 prepared by heat-reduction method 

exhibited almost no photocatalytic activity because many Au NPs were deposited on 

SiO2. Conversely, in this work, Au was deposited by a light-reduction method through 

an excitation of electrons of TiO2, followed by a transfer of the electrons from TiO2 to 

Au ions. Therefore, Au NPs should be deposited on TiO2, and the interface of Au/TiO2 

causes SPR-induced photocatalysis, resulting in the high photocatalytic activity of 
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Au/SiO2–TiO2 in this work. Furthermore, Au NRs/SiO2–TiO2 composite showed even 

larger decrease of the absorbance of MB solution (35 %) and generation of agetone 

(7.54 μmol) than that of Au NPs/SiO2–TiO2. This improvement of photocatalytic 

activity is probably due to the wider absorption wavelength region of SPR by Au NRs. 

Au NPs showed extinction at 500–600 nm in Vis region. On the other hand, Au NRs 

showed extinction at 500–800 nm (shown in Fig. 4.3). In the next section, the action 

spectra for the samples were measured to investigate the detailed mechanisms of the 

photocatalysis. 

     In these experiments, hydrogen production was not observed. Hydrogen 

production occurs when H
+
 in aqueous solution reacted with excited electrons in the 

semiconductor under light irradiation. However, oxygen reacts with the excited 

electrons in preference to hydrogen generation if oxygen is present in the aqueous 

solution. Therefore, the property of hydrogen production with a photocatalyst is usually 

investigated after the removal of the oxygen with an inert gas such as nitrogen and 

argon [15,16]. Actually, hydrogen production was observed by removal of oxygen in 

the solution with nitrogen gas under UV and Vis light irradiation in my experiments. 

About 1.0 and 0.3 ml (about 45 and 13 mol, respectively) of hydrogen were produced 

with Au NPs/SiO2-TiO2 for 1 h under UV and Vis light irradiation.  
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Fig. 4.8. (a) Photobleaching dynamics of MB solution and (b) photooxidation dynamics of 

2-propanol with P25, SiO2-TiO2 and Au NPs and NRs/SiO2-TiO2 Vis (>480 nm) light 

irradiation.  
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Fig. 4.9. (a) Photobleaching dynamics of MB solution and (b) photooxidation dynamics of 

2-propanol with Au/SiO2-TiO2 with various amount of Au under Vis (>480 nm) light 

irradiation.  
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Table 4.4. Specific surface areas and rate constants of MB photobleaching under Vis (kVis) light 

irradiation for P25, SiO2-TiO2 and Au NPs and NRs/SiO2-TiO2. 

Catalyst Supecific surface area [m
2
g

-1
] kVis [min

-1
] RVis [μmol h

-1
] 

P25 52.3 6.31×10
-4

 0.01 

SiO2-TiO2 518.2 5.33×10
-3

 0.56 

Au NPs/SiO2-TiO2 303.1 1.04×10
-2

 6.11 

Au NRs/SiO2-TiO2 353.2 1.83×10
-2

 7.54 

 

 

 

 

Table 4.5. Specific surface areas and rate constants of MB photobleaching under Vis (kVis) light 

irradiation for Au/SiO2-TiO2 with various amount of Au. 

Catalyst Supecific surface area [m
2
g

-1
] kVis [min

-1
] RVis [μmol h

-1
] 

SiO2-TiO2 518.2 5.33×10
-3

 0.56 

0.3Au/SiO2-TiO2 425.1 6.72×10
-3

 4.02 

0.6Au/SiO2-TiO2 303.1 1.04×10
-2

 6.11 

1.2Au/SiO2-TiO2 261.8 3.15×10
-3

 2.64 

1.8Au/SiO2-TiO2 221.6 2.23×10
-3

 2.34 
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4.3.4 Action spectra of prepared samples 

The action spectra of photobleaching of MB with no photocatalyst and 

mesoporous SiO2–TiO2 before and after Au deposition are shown in Fig. 4.10. The DR 

spectra of Au NPs/SiO2-TiO2 and Au NRs/SiO2–TiO2 composite and absorption 

spectrum of MB solution are also shown in the same figure. No photobleaching of MB 

occurred when MB solution containing no photocatalyst was irradiated with light of any 

wavelength (open circles). This indicates that light irradiation itself has no direct 

influence on photobleaching of MB in the solution. In contrast, photobleaching of MB 

occurred when the solution with SiO2–TiO2 was exposed to lights of 365 and 600–700 

nm (closed circles). The bleaching occurred presumably because the wavelengths of 

incident light overlapped with the absorption wavelengths of TiO2 and MB. Since the 

photobleaching did not occur when the irradiation of light of 600–700 nm was carried 

out to the pure MB solution, it was found that the adsorption of MB on the surface of 

SiO2–TiO2 is indispensable to the photobleaching of MB under the Vis light of 600–700 

nm, though the structural defects in the mesoporous template would have small 

contribution to the photobleaching under Vis light irradiation. On the other hand, a peak 

at 540 nm appeared in the action spectrum of Au NPs/SiO2–TiO2 in addition to the 

peaks at 365 and 600–700 nm (closed squares). This new peak in the action spectrum 

and the SPR peak of Au NPs/SiO2–TiO2 in the DR spectrum have comparable 

wavelengths. Therefore, a trigger of photobleaching caused by light of 540 nm was 

attributed to the light absorption by SPR of Au NPs. Au NRs/SiO2–TiO2 showed 

photobleaching of MB when the sample was exposed to lights of 365 and 500–1000 nm 

(closed triangles). These wavelengths are consistent with the SPR peaks of Au 

NRs/SiO2–TiO2. Thus, SPR of Au NRs was also found to be able to use for 
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photobleaching of MB. 

The action spectra of photooxidation of 2-propanol with prepared samples are 

shown in Fig. 4.11. From these action spectra, we can see that the almost the same 

results as that of photobleaching of MB except the absorption wavelength region of MB. 

2-propanol solution does not absorb the light. Therefore, peaks by SPR of Au NPs and 

NRs were clearly observed in action spectra of photooxidation of 2-propanol with Au 

NPs/SiO2-TiO2 and Au NRs/SiO2-TiO2. These results concluded that the photocatalysis 

under Vis light irradiation occurs by the light absorption of SPR of Au NPs and Au NRs 

and MB adsorbed on samples. Au NPs/SiO2–TiO2 can cause Vis light absorption in the 

range of 500–700 nm and Au NRs/SiO2–TiO2 can cause Vis light absorption in the 

range of 500–1000 nm, leading to the high and the highest photocatalytic activity under 

Vis light irradiation, respectively. 
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Fig. 4.10. Action spectra of MB bleaching using MB solution with no samples (〇), 

SiO2-TiO2 (●),  and Au NPs/SiO2-TiO2 (■) and Au NRs/SiO2-TiO2 (▲). DR spectrum 

of Au NPs and NRs/SiO2-TiO2 and absorption supectrum of MB solution are also 

shown as references. 
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Fig. 4.11. Action spectra of photooxidation of 2-propanol with SiO2-TiO2 (●), and Au 

NPs/SiO2-TiO2 (■) and Au NRs/SiO2-TiO2 (▲). DR spectrum of Au NPs and 

NRs/SiO2-TiO2 and absorption supectrum of MB solution are also shown as references. 
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4.3.5 Photocatalytic activity under simultaneous irradiation of UV and 

Vis 

     The electrons excited in TiO2 transfer to Au NPs from CB of TiO2 and react with 

reactants on the surface of Au NPs when Au-TiO2 photocatalyst was illuminated by UV 

[11,17]. On the other hand, the electrons excited in Au NPs transfer to CB of TiO2 when 

Vis light was irradiated [18,19]. Therefore, it was expected that photocatalytic activity 

under simultaneous irradiation of UV and Vis light decreased because generated holes 

remain in TiO2 or Au and electrons transferred from the other, thus the recombination of 

charges could occur. The photooxidation dynamics of 2-propanol and photobleaching 

dynamics of MB using SiO2-TiO2, Au NPs/SiO2-TiO2 and Au NRs/SiO2-TiO2 under 

individual and simultaneous irradiation of UV and Vis light is shown in Fig. 4.12 and 

Fig. 4.13, and the generation rates of acetone (RUV+Vis) and first-order reaction rate 

constant (kUV+Vis) are summarized in Table 4.6 and Table 4.7. The photobleaching 

reaction of MB is a reduction reaction in contrast to the case of acetone generation from 

2-propanol, which is an oxidation reaction. Therefore, we can discuss the behavior of 

both negative and positive charges generated by light irradiation. Since the rate of 

photocatalytic reactions depends on the number of photons of the incident light, the flux 

of photons was adjusted to be the same (7.0×10
-8

 mol m
-2

s
-1

). Thus, the simultaneous 

irradiation of UV and Vis light possesses the photon flux of 1.4×10
-7

 mol m
-2

s
-1

. In the 

case of photoxidation of 2-propanol, 4.38 μmol of acetone was generated under 

simultaneous irradiation when SiO2-TiO2 was used, and this amount was almost the 

same as that obtained under UV radiation. On the other hand, the photocatalytic activity 

of Au NPs/SiO2-TiO2 and Au NRs/SiO2-TiO2 was clearly improved by simultaneous 

Vis light irradiation with UV radiation. Moreover, the improved generation rate 
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(RUV+Vis) was almost the same as the summed rates of RUV and RVis (RUV+Vis), which 

were obtained under independent UV and Vis light irradiation. This result indicates that 

both reactions under independent UV and Vis light irradiation occurred in parallel when 

Au/SiO2-TiO2 photocatalyst was illuminated UV and Vis light simultaneously. Even in 

the case of the photobleaching of MB, similar tendency was confirmed, that is the 

improvement of photocatalytic activity under simultaneous irradiation was not 

confirmed when SiO2-TiO2 was used, and the photocatalytic activity of Au 

NPs/SiO2-TiO2 and Au NRs/SiO2-TiO2 was clearly improved by simultaneous 

irradiation. The first-order reaction rate constants under the irradiation were calculated 

from these results and are shown in Table 4.7. The rate constants of SiO2-TiO2 under 

UV or simultaneous irradiation were almost the same, but the rate constants of Au 

NPs/SiO2-TiO2 and Au NRs/SiO2-TiO2 under simultaneous irradiation were clearly 

higher than those obtained under UV and Vis light irradiation. The rate constant under 

simultaneous irradiation was almost the same as summed rate constants obtained under 

independent UV and Vis light irradiation. This result is analog of the case of 2-propanol 

experiments. For comparative purposes, Au/SiO2 and stand-alone Au NPs were 

prepared and used as photocatalysts. Fig. 4.14 shows the dynamics of acetone 

generation from 2-propanol and MB photobleaching with the photocatalysts. Obviously, 

photooxidation of 2-propanol and photoreduction of MB did not occur when Au/SiO2 

and Au NPs were used. This indicates that the increase of photocatalytic activity under 

simultaneous irradiation of UV and Vis light occurs only when both TiO2 and Au NPs 

exist. Schematic image of the mechanism for the improvement under simultaneous UV 

and Vis light irradiation is shown in Fig. 4.15. Under the irradiation of UV and Vis light, 

electrons and holes are generated in TiO2 and Au. The generated electrons transfer to 
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the other side from TiO2 or Au NPs, and the holes remain in TiO2 and Au NPs. The 

generated charges do not suffer with recombination but are used for photocatalyses 

effectively. 
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Fig. 4.12. Photooxidation dynamics of 2-propanol with (a) SiO2-TiO2, (b) Au 

NPs/SiO2-TiO2 and (c) Au NRs/SiO2-TiO2, under individual and simultaneous 

irradiation of UV and Vis light. 
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Fig. 4.13. Photobleaching dynamics of MB with(a) SiO2-TiO2, (b) Au NPs/SiO2-TiO2 

and (c) Au NRs/SiO2-TiO2, under individual and simultaneous irradiation of UV and 

Vis light. 
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Table 4.6. Generation rate of acetone by photooxidation of 2-propanol with SiO2-TiO2 

and Au NPs/SiO2-TiO2 and Au NRs/SiO2-TiO2 under UV (RUV), Vis (RVis) and 

simultaneous irradiation (RUV+Vis). 

  RUV[μmol h
-1

] RVis[μmol h
-1

] RUV+Vis[μmol h
-1

] 

SiO2-TiO2 4.03 0.56 4.38 

Au NPs/SiO2-TiO2 5.56 6.12 10.1 

Au NRs/SiO2-TiO2 5.72 7.53 12.4 

 

 

 

 

Table 4.7. First-order reaction rate constant (k) of MB photobleaching with SiO2-TiO2 

and Au NPs/SiO2-TiO2 and Au NRs/SiO2-TiO2 under UV (kUV), Vis (kVis) and 

simultaneous irradiation (kUV+Vis). 

  kUV [min
-1

] kVis [min
-1

] kUV+Vis [min
-1

] 

SiO2-TiO2 1.32×10
-2

 2.01×10
-3

 1.12×10
-2

 

Au NPs/SiO2-TiO2 5.22×10
-2

 1.04×10
-2

 6.58×10
-2

 

Au NRs/SiO2-TiO2 5.34×10
-2

 1.83×10
-2

 7.56×10
-2
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Fig. 4.14. Photoreaction dynamics of (a) 2-propanol and (b) MB with Au 

NPs/SiO2-TiO2, Au/SiO2 and Au NPs under simultaneous irradiation of UV and Vis 

light. 
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Fig. 4.15. Schematic illustration of possible charge behavior in Au/SiO2-TiO2 under 

simultaneous irradiation of UV and Vis light. 
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4.4 Conclusions 

     Mesoporous SiO2–TiO2 was synthesized by the sol–gel method and then Au NPs 

and NRs were deposited in the tubular mesopores by photodeposition method. The 

photocatalytic properties of them under UV and Vis light irradiation were separately 

measured and compared to that of the commercially available photocatalyst, P25. Au 

NRs/SiO2–TiO2 showed the highest photocatalytic activity among the samples under 

both UV and Vis light irradiation. The reasons of the high photocatalytic activity of 

Au/SiO2–TiO2 were investigated by measuring the action spectra and were considered 

to be the high specific surface area (353.2 m
2
g

-1
), the formation of Schottky barrier 

between Au NPs and TiO2, and the light absorption by SPR of Au NRs. Au NRs/SiO2–

TiO2 also showed the highest photocatalytic activity among the samples under both 

simultaneous light irradiation. The generation rate of acetone with Au NRs/SiO2-TiO2 

under individual irradiation of UV and Vis light were 5.72 and 7.53 h
-1

, and the rate 

constants of MB were 5.34×10
-2

 and 1.83×10
-2

 min
-1

, respectively. The photocatalytic 

activity under simultaneous irradiation was clearly higher than those under independent 

light irradiation (12.4 h
-1

 and 7.56×10
-2

 min
-1

, respectively). This phenomenon was not 

observed when SiO2-TiO2, Au/SiO2 and stand-alone Au NPs were used as photocatalyst 

instead of Au NPs/SiO2-TiO2. Therefore, the increase of photocatalytic activity under 

simultaneous irradiation of UV and Vis light occurs only when both TiO2 and Au NPs 

exist. Furthermore, the generation rate of acetone and rate constant of MB achieved by 

simultaneous irradiation were almost the same values as summed activities under 

independent UV and Vis light irradiation. This result indicates that the charges derived 

from UV absorption of TiO2 and Vis absorption of SPR of Au NPs are efficiently used 

for photocatalysis without recombination even under simultaneous irradiation of UV 
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and Vis light. 
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General conclusions 

     In this thesis, Au NPs and Au NRs were deposited on the photoactive mesoporous 

SiO2-TiO2 template and the photocatalysis using SPR of Au NPs and Au NRs deposited 

in the template was investigated. The effects of TiO2-Au interface, surface modification 

of the template and SPR wavelength of Au NPs and Au NRs on the photocatalysis 

under Vis and NIR light irradiation were discussed. 

The results and discussion in each chapter are summarized as follow: 

In chapter 2, TiO2 nanocrystal-containing mesoporous SiO2 templates were 

fabricated by sol-gel method and Au NPs or Au NRs were deposited in the as-formed 

tubular mesopores by thermal reduction method. A morphology change of the Au NPs 

was then investigated when the content of TiO2 in the template was varied. Au NRs with 

a length of 10 to 400 nm were obtained in the template containing 20 mol% TiO2 and 

the length of Au NRs was shortened with increasing in TiO2 content because 

thermoexcited conduction electrons are generated from TiO2 and these generated 

electrons transfer to the Au ions to accelerate their reduction. Also Au NPs in the 

template containing 20 mol% TiO2 were deposited by UV radiation to the sample during 

heat treatment. UV radiation during Au deposition in the TiO2-containing template 

produced electrons photocatalytically and accelerated the Au deposition rate, leading to 

the dominant formation of Au NPs. The rate constant per unit area for photobleaching of 

MB upon UV radiation by SiO2-TiO2, v and Au NRs/SiO2-TiO2 containing 20 mol% 

TiO2 was evaluated. Bare SiO2-TiO2 showed 3.24×10
-2

 min
-1

m
-2

 of rate constant per unit 

area, the Au NPs- and Au NRs-deposited SiO2-TiO2 composites possessed rate constants 

that were two and three times larger than that of the bare template. Vis irradiation of the 

prepared samples had no significant effect on their photocatalytic properties because the 
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electronic contact between TiO2 and Au was not formed by thermal reduction method. 

In chapter 3, Au NPs and Au NRs were deposited in the SiO2-TiO2 by 

photodeposition method with/without surface modification of the template by 

3-aminopropyltriethoxysilane [APTES] and Vis light-induced photocatalysis of 

prepared samples was investigated. Without APTES, spherical Au NPs with a diameter 

of < 15 nm formed dominantly at the outside of the mesoporous structure and showed 

the extinction at 542 nm. The surface modification of the template with APTES prior to 

the deposition of Au resulted in the formation of Au NRs with a diameter of ca. 5 nm 

and a length of 10–15 nm in the tubular mesopores of the template and this sample 

showed two extinction peaks at 528 and 700 nm. Au NPs-deposited sample worked well 

as a photocatalyst to bleach MB under Vis light irradiation. Au NRs-deposited sample 

showed weak and abnormal photocatalytic activity, showing nonexponential curve in 

the photobleaching dynamics of MB because APTES being on the surface of the 

template suppressed the adsorption of MB onto the sample. Heat treatment to remove 

APTES from the sample led to the amelioration of the photocatalytic activity. The 

formation of good electronic contact between Au NPs and TiO2 was found to be 

essential to the high Vis light-induced photocatalytic performance. 

In chapter 4, comparison of the photocatalytic activities of Au NPs/SiO2-TiO2 

with different amounts of Au (0.3, 0.6, 1.2 and 1.8 mol% Au) and Au NRs/SiO2-TiO2 

was carried out under UV, Vis and NIR light irradiation. Au NPs/SiO2-TiO2 with an 

amount of 0.6 mol% Au showed the highest photocatalytic activity among the samples 

with different amount of Au NPs under both UV and Vis light irradiation. The specific 

surface area of Au/SiO2–TiO2 decreased with increasing the amount of deposited Au 

NPs, resulting in the decrease of the photocatalytic activity of 1.2 and 1.8Au/SiO2-TiO2. 
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Au NRs/SiO2–TiO2 showed higher photocatalytic activity than Au NPs/SiO2-TiO2 with 

0.6 mol% Au under both UV and Vis light irradiation. The reasons of the high 

photocatalytic activity of Au/SiO2–TiO2 were investigated by measuring the action 

spectra and were considered to be the high specific surface area (353.2 m
2
g

-1
), the 

formation of Schottky barrier between Au NPs and TiO2, and the wider light absorption 

by SPR of Au NRs. In order to investigate the detailed mechanism of the photocatalysis, 

photocatalytic activity of Au/SiO2-TiO2 under simultaneous irradiation of UV and Vis 

was investigated. Au/SiO2-TiO2 showed higher photocatalytic activity under 

simultaneous irradiation than those under independent light irradiation. This 

improvement of the photocatalytic activity was observed only when both TiO2 and Au 

NPs exist. The generation rate of acetone and rate constant of MB obtained under 

simultaneous irradiation were almost the same values as summed activities under 

independent UV and Vis light irradiation. This result indicates that the charges derived 

from UV absorption of TiO2 and Vis absorption of SPR of Au NPs are efficiently used 

for photocatalysis without recombination even under simultaneous irradiation of UV 

and Vis light. 

Au NRs/SiO2-TiO2 prepared in this thesis achieved high photocatalytic activity 

under light irradiation with wide wavelength region from UV to NIR. In particular, the 

use of NIR light for the photocatalysis is large advantage of this photocatalyst because 

the lights in NIR region (over 800 nm) were hardly used for the photocatalysis under 

sunlight due to low energy of NIR light. Therefore this Au NRs/SiO2-TiO2 photocatalyst 

promises the use as novel photocatalyst acting under NIR light. 
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4) 奥野照久、河村剛、武藤浩行、松田厚範、” Au-TiO2系光触媒におけるプラズ

モン誘起光触媒反応の波長依存性”、第 47 回ガラス部会夏季若手セミナー、

岡山 (2015.8). 

5) 奥野照久、河村剛、武藤浩行、松田厚範、” 紫外光・可視光同時照射下にお

ける Au/SiO2-TiO2 光触媒のキャリア挙動”、日本化学会第 95 回春季年会、

1F7-40、千葉 (2015.3). 

6) 奥野照久、河村剛、武藤浩行、松田厚範、 ”Carrier behavior in Au 
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論会、2B05、京都 (2015.1). 

7) 奥野照久、河村剛、武藤浩行、松田厚範、” Au-TiO2系光触媒における紫外光・

可視光同時照射下での光触媒特性”、日本セラミックス協会第 27 回秋季シン

ポジウム、1PE05、鹿児島 (2014.9). 

8) 奥野照久、河村剛、武藤浩行、松田厚範、”金ナノ粒子析出メソポーラスシ

リカ-チタニアの作製と光電気化学デバイスへの応用”、第 46回ガラス部会夏
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季若手セミナー、宮城 (2014.8). 

9) 河村剛、奥野照久、武藤浩行、松田厚範、”チタニア－金ナノ粒子複合材料

の波長依存光触媒特性”、 第 25回東海地区光電気化学研究会、愛知 (2014.8). 

10) 奥野照久、河村剛、武藤浩行、松田厚範、”Photocatalysis of Mesorporous 

SiO2-TiO2-Au Nanoparticle Composite under UV and Visible Light”、日本化学会

第 94回春季年会、3H4-24、愛知 (2014.3). 

11) 奥野照久、河村剛、武藤浩行、松田厚範、”チタニア-シリカ系メソ細孔内へ

の金ナノ粒子析出と電気化学デバイス”、平成 26 年甲南大学合同セミナー、

21、兵庫 (2014.1). 

12) 奥野照久、河村剛、武藤浩行、松田厚範、”Visible-Light-Induced Photocatalysis 
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14) 鳥越充、奥野照久、河村剛、武藤浩行、松田厚範、”メソポーラスシリカ-チ
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貴金属ナノ粒子の形状制御”、 第 46回東海若手セラミスト懇話会 2013 夏期



143 
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17) 鳥越充、奥野照久、河村剛、武藤浩行、松田厚範、”メソポーラスチタニア

薄膜を鋳型とした銀ナノ粒子の形態制御と光特性”、日本セラミックス協会

2013 年年会、1F21、東京（2013.3). 

18) 奥野照久、河村剛、武藤浩行、松田厚範、”Visible-Light-Induced Photocatalysis 

using Mesoporous Oxide Deposited with Au Nanoparticles” (International session)、

第 51回セラミックス基礎科学討論会、1H21、宮城 (2013.1). 

19) 奥野照久、河村剛、武藤浩行、松田厚範、”メソポーラス酸化物‐金ナノ粒

子ナノコンポジットの作製とその可視光光触媒特性”、日本セラミックス協

会第 25 回秋季シンポジウム、1PK06、愛知 (2012.9). 

20) 奥野照久、河村剛、武藤浩行、松田厚範、”メソ構造を有した金ナノ粒子‐

無機酸化物複合体の作製とメチレンブルーの光消色特性”、日本ゾル‐ゲル

学会 第 10 回討論会、50、神奈川 (2012.7). 

21) 奥野照久、河村剛、武藤浩行、松田厚範、”金ナノ粒子含有メソポーラス酸

化物の光触媒特性”、日本セラミックス協会東海支部第 44 回 東海若手セラ

ミスト懇話会 2012 年 夏期セミナー、P24-(C)、静岡 (2012.6). 

22) 鳥越充、奥野照久、河村剛、武藤浩行、松田厚範、”チタニア薄膜細孔内へ

の銀ナノ粒子の光析出と表面プラズモン特性”、日本セラミックス協会東海

支部第 44回 東海若手セラミスト懇話会 2012年 夏期セミナー、P28-(A)、静

岡 (2012.6). 
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25) 河村剛、奥野照久、武藤浩行、松田厚範、”メソポーラスシリカ-チタニアに

おけるメソ細孔と光触媒能を利用した金ナノ粒子の形態制御と有機物の分

解”、 セラミックス基礎討論会第 50回記念大会、1P15、東京 (2012.1). 

26) 奥野照久、河村剛、武藤浩行、松田厚範、”メソポーラスシリカ-チタニアを
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春季年会、1PB-037、神奈川 (2011.3). 

29) 奥野照久、河村剛、武藤浩行、松田厚範、”メソポーラスシリカ-チタニアを
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4. Awards and Prizes (7) 

1) 日本ゾル-ゲル学会第 13回討論会、ベストポスター賞 (2015.11). 

2) The 9th International Conference on the Science and Technology for Advanced 
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Ceramics (STAC-9), Silver Poster Award (2015.10). 

3) 第 47回ガラス部会夏季若手セミナー、Excellent Presentation Award (2015.8). 

4) 第 27回秋季シンポジウム、 若手優秀ポスター発表賞 (2014.9). 

5) 3rd International Conference on the Advancement of Materials and Nanotechnology, 

Best Poster Award (2013.11). 

6) 第 25回秋季シンポジウム, 優秀ポスター発表賞 (2012.9). 

7) 平成 24 年度 卓越した技術化学者養成プログラム 成績優秀者 表彰 


