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Abstract 

 

There has been much interest in the development of metal nanoparticles/semiconductor heterojunction 

because it has attracted much attention to application for visible-light-driven photocatalyst due to the 

generation of hot electrons by the wide visible light absorption (400–800 nm) of metal nanoparticles. 

Although many research groups have studied this photocatalytic system driven by an absorption of visible 

light by gold (Au) nanoparticles due to their intraband transition, their activities are insufficient. The main 

objective of this thesis is to develop the highly efficient visible-light-driven photocatalysis based on 

interband transition of platinum (Pt) nanoparticles. This thesis consists of the following three chapters. 

In Chapter I, photocatalytic activity of Pt nanoparticles/titanium dioxide (TiO2) heterojunction was 

studied. Pt nanoparticles were supported on Degussa P25 TiO2, a mixture of anatase and rutile TiO2. The 

obtained Pt/P25 catalysts efficiently promote aerobic oxidation of aniline under visible light (λ >450 nm), 

and produce nitrosobenzene with high selectivity (~90 %). In that, Pt nanoparticles produce hot electrons 

(ehot
–) by absorbing of visible light. The formed ehot

– are injected into P25 TiO2 conduction band (CB) by 

overcoming the Schottky barrier created at the Pt–TiO2 interface, resulting in the charge separation. The CB 

electrons reduce molecular oxygen (O2), while the positive charge formed on Pt nanoparticles oxidizes 

aniline. The high activity of Pt/P25 is due to the high electron density of Pt nanoparticles. They behave as 

Lewis base sites for reductive deprotonation of aniline, promoting efficient aniline oxidation. The 

nitrosobenzene selectivity strongly depends on the reaction temperature. At high temperature, azobenzene 

is produced as byproduct, which is formed by subsequent condensation of aniline and the formed 

nitrosobenzene. Pt/P25 catalysts promotes aerobic oxidation of aniline under visible light at a low 

temperature (~283 K), and successfully produce nitrosobenzene with a very high selectivity by suppressing 

the condensation of aniline and nitrosobenzene. 

In Chapter II, Pt–copper (Cu) bimetallic alloy nanoparticles were supported on TiO2 (PtCu/TiO2) for 

the activity improvement of the Pt/TiO2 system. PtCu/TiO2 promote aerobic oxidation under visible light 

irradiation with high quantum yields (17 %, 550 nm), which is much higher than that obtained on the Pt/TiO2 

(~7 %). Cu alloying with Pt decreases the work function of nanoparticles due to the lower work function of 

Cu, and decreases the height of Schottky barrier created at the metal nanoparticles/TiO2 interface. This thus 

efficiently promotes the ehot
– injection from photoactivated Pt to TiO2 CB, resulting in enhanced 

photocatalytic activity. The mole fraction of Cu in the alloy and the size of metal nanoparticles strongly 

depend on the photocatalytic activity. The catalyst loaded with alloy nanoparticles, consisting of 80 mol % 

of Pt and 20 mol % Cu with 3–5 nm diameter, exhibits the highest activity. 
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In Chapter III, Pt nanoparticles were loaded on tantalum oxide (Ta2O5) and used for photocatalytic 

reactions. The author found that the Pt/Ta2O5 catalyst promotes aerobic oxidation under visible light with 

significant high quantum yields (25 % at 550 nm). In the Pt/TiO2 system, the ehot
– formed on the Pt are 

injected into the TiO2 CB by overcoming the Schottky barrier. The ehot
– injection is the rate-determining step, 

and the Pt/TiO2 system exhibits low photocatalytic activity. However, in the Pt/Ta2O5 system, the ehot
– are 

not injected into Ta2O5 conduction band due to the high Schottky barrier. Strong Pt–Ta2O5 interaction 

increases the electron density of Pt nanoparticles by promoting electron transfer from Ta2O5 to Pt 

nanoparticles. A large number of ehot
– are therefore produced on the photoactivated Pt nanoparticles by the 

enhanced interband transition of Pt electrons. These ehot
– directly activate O2 on the Pt surface and efficiently 

produce active oxygen species, thus promoting efficient aerobic oxidation. There has been no report of 

photocatalytic system without ehot
– injection from metal nanoparticles to semiconductor. This new concept 

may contribute to the creation of highly efficient photocatalytic system driven under visible light. 

This thesis described the visible-light driven photocatalysts based on Pt nanoparticles/semiconductor 

heterojunction, and suggested for the structural design for highly efficient photocatalysts driven under 

visible light. 
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General Introduction 

 

“Solar Energy” is an energy source that attracts a lot of attention as one of the renewable energy sources, 

and is expected to as a new energy source to replace fossil fuels such as coal, oil, and natural gas.1 A long 

time ago, human beings used firewood as an energy source to their easy life, but the energy consumption is 

only little. Since the Industrial Revolution in the 18th century, human beings has used coal as an energy 

source to power source of steam engine. The energy consumption has rapidly increased with the 

development of industry in exchange for convenient and prosperous life. According to the improvement of 

scientific technology and the further increase in the energy consumption and expansion of the application 

such as factory, transportation, and electric power generation, human beings have used oil as an energy 

source. The lives therefore became more comfortable and wealth, and the energy consumption and world 

population explosively increased. Heavy consumption of fossil fuels, however, induced the problem of 

depletion of limited fossil fuels and the environment issue such as global warming. The technology of using 

solar energy, which is one of the renewable energy sources, has been developed to reduce the dependence 

of fossil fuels and environmental burdens, especially since Oil Crisis of 1973–1974.2  

Renewable energy is generally defined as energy that is derived from natural processes that are 

naturally replenished at more speed than consumption such as sunlight, wind, rain, tides, and geothermal 

heat.3 Renewable energy sources exist around the world in contrast to fossil fuels, which are concentrated in 

a limited number of countries. Especially, solar energy, which is radiant light and heat from solar irradiance, 

consists of ultraviolet light (UV) (~6 %), visible light (~45 %), and near-infrared light (IR) (~49 %),4 has 

attracted attention due to its vast amounts of energy. The amounts of solar energy reaching the surface of 

the earth is much larger than the total world energy consumption. The efficient utilization of solar energy is 

therefore considered to be a key to solve the energy and environmental problems. Solar energy has been 

studied at the various fields such as photovoltaic generation, artificial photosynthesis, and photocatalysis.  

Photocatalysis has a potential to efficiently utilize solar energy for hydrogen (H2) production and carbon 

dioxide (CO2) reduction, redox reactions of organic compounds at room temperature. Photocatalysts has 

therefore attracted much attention for future hydrogen society (H2 production), solution of global warming 

problem (CO2 reduction), and chemical industry (redox of organic compounds). In the photocatalysis, 

titanium dioxide (TiO2) has been widely studied. TiO2 has been used as paints, pigments, cosmetics, 

medicines or foods because it is abundant, inexpensive, harmless and chemically and photochemically stable. 

In 1972, Fujishima and Honda discovered the photoelectrocatalysis of water (H2O) into H2 and O2 using a 

platinum (Pt) metal electrode as cathode and a TiO2 photoanode with UV irradiation.5 They found that UV 
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irradiation to the TiO2 electrode promotes water splitting at much lower bias voltage as compared to normal 

electrolysis. Since this report and oil crisis in 1973, the TiO2 photocatalysis has extensively been investigated 

by many researchers for the generation of clean energy such as H2 from H2O. Schrauzer and Guth reported 

that photoactivated TiO2 produces H2 and O2 from water under UV irradiation and ammonia (NH3) from 

nitrogen (N2) and H2O.6 Frank and Bard reported that photoactivated TiO2 powders promote photocatalytic 

oxidations of inorganic anions such as CN– and SO3
2–.7 Kraeutler and Bard applied TiO2 photocatalysts to 

photodecomposition of organic compounds.8 Inoue et al. reported that TiO2 also promote photocatalytic 

reduction of CO2.9 These pioneering reports accelerated the investigation of TiO2 photocatalysis. 

 

Figure 1. The mechanism for photocatalytic reaction with semiconductor photocatalysts. 

 

The mechanism for photocatalysis by semiconductor photocatalysts has been clarified by many 

researchers.10 Figure 1 describes the mechanism for photocatalytic reaction with semiconductor under the 

photoirradiation. When semiconductor absorbs light (hν) with the energy equal to or larger than their band 

gap energy (EG) (hν ≥ EG), the electrons of the valence band (VB) is excited to the conduction band (CB), 

and photoexcited electrons (e–) and holes (h+) are generated in the CB and VB, respectively. The e– induce 

reduction reactions at the semiconductor surface, while the h+ induce oxidation reactions, although some e–

–h+ pairs are deactivated by recombination at bulk and surface of semiconductor. 

TiO2 efficiently promotes various photocatalytic reactions such as organic transformation, water 

splitting, and CO2 reduction under UV irradiation. TiO2 is, however, a wide band gap semiconductor (3.0–

3.2 eV), which corresponds to the energy of ca. 400 nm wavelength light. This indicates that TiO2 cannot 

utilize the light in visible wavelength region (400–800 nm). It is well known that UV light (λ <400 nm) only 

accounts for ~6 % of solar radiation. This means that only small portion of solar light can be utilized for 
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TiO2 photocatalysis. The creation of visible-light-driven photocatalysts is therefore an important issue for 

efficient utilization of solar energy.  

 

 

Figure 2. Schematic representation for the mechanism for photocatalytic reaction with TiO2 photocatalyst 

and doped TiO2 photocatalyst. 

 

Many research groups have investigated to extend photoresponse of TiO2 into visible region. First 

approach is the use of TiO2 doped with nonmetal elements. In 1986, Sato reported that nitrogen (N)-doped 

TiO2 promotes oxidation of CO or ethane even under visible light irradiation (λ = 434 nm).11 In 2001, Asahi 

et al. reported that N-doped TiO2 have narrower bandgap and significant enhancement of photocatalytic 

activities under visible light.12 Since this report, N-doped TiO2 has attracted considerable attention until now. 

Various types of TiO2 doped with non-metal elements such as N,12 sulfur (S),13 carbon (C),14 boron (B),15 

iodine (I)16 and oxyhalide17 have been considerably studied as visible-light-driven photocatalysts. The 

doping of non-metal elements into TiO2 leads to a reduction in the bandgap of TiO2 and extends the 

absorption edge into the visible light region. The electronic structure of doped TiO2 has been studied by ab 

initio calculations.18 This consists of nonbonding of O 2p orbital at the top of the valence bands (VBM : 

valence band maximum) and the nonbonding of Ti 3d orbital at the bottom of the conduction bands (CBM : 

conduction band minimum). As shown in Figure 2, the VB and CB of TiO2, therefore, consists of O 2p 

orbital and Ti 3d orbital, respectively. When doping nonmetal elements into TiO2, the atomic p level of 

doping species is formed above the O 2p VBM. The newly formed bandgap between Ti 3d states and doping 

species p states therefore contribute to the bandgap narrowing of TiO2 and shows photocatalytic activity 

under visible light. These doped catalysts, however, suffer from low quantum yields for the photocatalytic 

reactions because of lattice defect formed by doping. When nonmetal elements are doped into TiO2, doping 

species are replaced with O in the TiO2 lattice. This creates a large number of lattice defects that behave act 

as recombination centers of electron and hole generated by photoexcitation of TiO2.19 In addition, these 
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catalysts are oxidized during photocataytic reaction because these non-metal elements are oxidized easily. 

 

 

Figure 3. Schematic representation for the mechanism for photocatalytic reaction with dye sensitized TiO2 

photocatalyst. 

 

Second approach is the use of dye sensitization. Photosensitization of TiO2 by dyes has been widely 

studied to extend the photoresponse of TiO2 into the visible region. Spitler reported that photosensitized-

dye-modified TiO2 electrodes exhibit photocatalytic activity for reduction of O2 under visible light 

irradiation.20 Clark et al. reported that TiO2 electrodes sensitized by ruthenium (Ru) complexes promotes 

photocatalytic reactions such as H2 generation from H2O or redox reaction of I– under visible light.21 Kisch 

et al. reported that platinum(IV) chloride (PtCl4) modified TiO2 promotes photodecomposition of 4-

chlorophenol under visible light.22 The mechanism for photocatalytic reaction on the dye-sensitized TiO2 is 

illustrated in Figure 3.23 Under irradiation of visible light, the attached sensitizer is photoexcited by 

absorbing visible light and produces excited electrons (a). The formed electrons are injected from excited 

sensitizer to the CB of TiO2 (b). The injected electrons on the TiO2 CB reduce substrates (c), while the 

sensitizer is regenerated by oxidizing electron donors (d). The sensitized TiO2 photocatalysts, however, 

suffer from low quantum yield due to the low efficiency of charge transfer from photoexcited sensitizer to 

TiO2. In addition, these catalysts cannot be used for long time operation due to the desorption of sensitizer 

from TiO2 during photocatalytic reactions.24 

The other approach is the use of localized surface plasmon resonance (LSPR) of noble metal 

nanoparticles. Nanosized noble metals such as gold (Au), silver (Ag) and copper (Cu) can absorb light in 

the visible region (400–800 nm) because of resonant oscillation of free electrons interacted with particular 

frequency of the light, known as LSPR.25 The photoabsorbed noble metals produce hot electrons (ehot
–) due 

to the intraband transition of free electrons from the sp band to the sp-conduction band.26 In 2004, Tian et 
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al. found that LSPR of Au or Ag nanoparticles are able to promote photocatalysis for the first time.27 Visible 

light irradiation to Au or Ag nanoparticles loaded on TiO2 film that is coated on an indium tin oxide (ITO) 

electrode generates an anodic photocurrent in the presence of iron cation (Fe2+) under visible light irradiation 

(λ >420 nm). The mechanism of this photoelectrocatalytic system is similar to the dye sensitized TiO2 

(Figure 3): the ehot
– are produced by LSPR of Au or Ag nanoparticles by absorbing visible light and are 

transferred to the TiO2 CB. Simultaneously, the positively charged metal nanoparticles receive electrons 

from the electron donors (Fe2+), thus completing the photocatalytic cycles (Figure 4).28 Since this report, 

plasmonic metal–supported photocatalysts have been studied extensively as a new class of visible-light-

driven photocatalysts. Rodríguez-González et al. reported that Au nanoparticles supported on TiO2 promote 

photodecomposition of organic substrates under visible light (λ = 495 nm).29 Kowalska et al. reported that 

Au nanoparticles loaded on TiO2 photocatalysts promote photooxidation of 2-propanol under visible light.30 

Silva et al. reported that Au nanoparticles supported on TiO2 exhibit photocatalytic activity for the generaton 

of H2 from H2O in the presence of methanol as a sacrificial agent under visible light irradiation (λ >400 

nm).31  

 

Figure 4. Schematic representation of photoelectrocatalysis on Au nanoparticles loaded on TiO2 under 

visible light irradiation. 

 

The mechanism for supported plasmonic metal nanoparticles photocatalysts is explained by an electron 

transfer mechanism. Under irradiation of visible light, the ehot
– produced by LSPR of metal nanoparticles 

are injected into the semiconductor CB, leading to charge separation. The contact of metal with 

semiconductor leads to an electron transfer between semiconductor and metals due to the difference of their 

Fermi level.32 In the case of the metal and n-type semiconductor such as TiO2, the metal work function 

(Wmetal) is higher than that of semiconductor (Wsemi). In this case, as shown in Figure 5, the semiconductor 
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electrons are therefore transferred to the metal until the Fermi levels of metal (EF,metal) and semiconductor 

(EF,semi) are aligned. As a result of this, the metal is charged negatively, and the semiconductor is charged 

positively at the interface due to the electrostatic induction. The positively charged semiconductor surface 

therefore creates a depletion layer. In that, the energy band edges in the semiconductor are shifted 

continuously due to the electric field between the semiconductor and metal, which is called band bending, 

and the energy bands bend upward toward the interface. The energy barrier, called Schottky barrier (ϕB), is 

therefore created at the interface (Figure 5).33 Therefore, in the Au nanoparticles loaded on TiO2 (Au/TiO2) 

system, Schottky barrier is created at the interface between Au and TiO2. As shown in Figure 6, visible light 

irradiation of the Au/TiO2 system produces ehot
– due to LSPR of Au nanoparticles by absorbing visible light. 

The ehot
– is injected into the TiO2 CB by overcoming the Schottky barrier, leaving the positive charges (hot 

holes, δ+) on the Au particles. The recombination of the CB electrons (eCB
–) and hot holes is suppressed by 

the Schottky barrier and, hence, the charges are separated efficiently. The hot holes promotes oxidization, 

while the eCB
– promotes reduction (Figure 6),34 thus exhibiting photocatalytic activity under visible light. 

The quantum yields for the photocatalytic reactions are, however, low although much higher than those 

obtained by the doped TiO2 and the dye sensitized TiO2 catalysts. In the Au/TiO2 system, the injection of 

ehot
– into TiO2 CB is the rate-determining step for the plasmonic photocatalysis, but the step is very slow.35 

Development of the system that efficiently promotes the ehot
– injection is necessary. Pt particles can also 

absorb visible light, although the absorption band of LSPR of Pt exist in the UV region.26 In the visible 

region, Pt particles exhibit absorption band assigned to the interband transition of 5d electrons from 5d band 

to 6sp-CB because Pt has 5d band around the Fermi energy (Figure 7). Pt nanoparticles loaded on TiO2 

catalysts is therefore one of the possible ways to promote photocatalytic reaction under visible light 

irradiation as with Au/TiO2, although there is no report of photocatalytic system based on visible light 

absorption of Pt nanoparticles. In addition, Pt nanoparticles strongly adsorb on the TiO2
 surface rather than 

Au nanoparticles.35 In that, the strong Pt–TiO2 interaction may efficiently promote ehot
– injection to TiO2, 

and would exhibit much higher photocatalytic activity than those on Au/TiO2.  
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Figure5. Energy band diagrams of metal and n-type semiconductor contacts.  

 

 

Figure 6. Schematic representation for photocatalytic reaction with Au–TiO2 heterojunction system under 

visible light irradiation. 

 

In the metal–semiconductor heterojunction, the ehot
– injection into semiconductor occurs via 

overcoming the Schottky barrier and is the rate-determining step for photocatalysis. Further improvement 

of the photocatalytic activity, creation of the system that promotes efficient ehot
– injection to semiconductor 

CB or promotes redox reactions on the metal nanoparticles without ehot
– injection into semiconductor (non 

ehot
– injection mechanism) is one of the possible way. The former approach is to decrease the Schottky barrier 

height. The Schotkky barrier is defined as the difference between Wmetal and the electron affinity of the 

semiconductor CB (χ):33 
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B = Wmetal –         (1) 

This suggests that the decrease in Wmetal may decrease the height of Schottky barrier, and would promote 

photocatalysis under visible light irradiation. In contrast, the use of a semiconductor with small χ creates 

high Schottky barrier, resulting in suppression of ehot
– injection, which is the latter approach for the activity 

enhancement. Therefore, increasing electron density of metal may promote photocatalysis under visible 

light irradiation due to generating a large number of ehot
–. As mentioned before, the contact of metal with 

semiconductor leads to an electron transfer between semiconductor and metals due to the difference of their 

Fermi level. In that, strong metal–semiconductor interaction may promote electron donation from 

semiconductor to metal, and increase electron density of metal. In the case of reducible metal oxide 

semiconductor, metal oxide strongly interacts with metal by high temperature H2 treatment, known as strong 

metal–support interaction (SMSI).36 The oxygen vacancies of the metal oxide adjacent to the reduced metal 

cations facilitate strong adhesion of metal, resulting in forming strong metal–metal cation bonding. This 

thus induces efficiently electron transfer from metal oxide to metal, and increases the electron density of 

metal. This suggests that a large number of ehot
– generated on the metal may directly promote redox reactions, 

and would promote photocatalysis under visible light irradiation. 

 

 

Figure 7. Schematic representation of hot electrons generation by interband transition of Pt nanoparticles 

from 5d band to 6sp band under visible light irradiation. 

 

The purpose of this thesis is to design highly efficient visible-light-driven photocatalysts based on Pt 

nanoparticles/semiconductor heterojunction. The main objective of this thesis is the creation of Pt 
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nanoparticles/semiconductor heterojunction that exhibits higher photocatalytic activity than Au 

nanoparticles/semiconductor systems. The framework of the present study is shown in Figure 8. 

 

 

Figure 8. Framework of the present study. 

 

This thesis consists of three chapters. Chapter I described that Pt nanoparticles supported on TiO2 

(Pt/TiO2) efficiently promote aerobic oxidation of aniline under visible light with much higher activity and 

selectivity for nitrosobenzene production than those on Au/TiO2. Chapter II described that Pt–Cu bimetallic 

alloy nanoparticles supported on TiO2 (PtCu/TiO2) promote aerobic oxidation of alcohols with higher 

activity than Pt/TiO2. In that, the decreased Schottky barrier by the Cu alloying efficiently promotes the ehot
– 

injection to TiO2. Chapter III described that Pt nanoparticles supported on tantalum oxide (Ta2O5) (Pt/Ta2O5) 

promote aerobic oxidation of alcohols with significantly high activity. In that, the ehot
– directly activate O2 

on the Pt surface due to the high Schottky barrier and efficiently produce active oxygen species, thus 
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promoting efficient aerobic oxidation.   

In Chapter I, photocatalytic activity of Pt nanoparticles/TiO2 heterojunction was studied. The author 

synthesized Pt/P25 catalysts, which is Pt nanoparticles supported on Degussa P25 TiO2, a mixture of anatase 

and rutile TiO2, and found that the obtained Pt/P25 catalysts efficiently promote aerobic oxidation of aniline 

under visible light (λ >450 nm), and produce nitrosobenzene with high selectivity (~90 %). In that, Pt 

nanoparticles produce ehot
– by absorbing of visible light. The formed ehot

– are injected into P25 TiO2 CB by 

overcoming the Schottky barrier created at the Pt–TiO2 interface, resulting in the charge separation. The CB 

electrons reduce O2, while the positive charge formed on Pt nanoparticles oxidizes aniline. The high activity 

of Pt/P25 is due to the high electron density of Pt nanoparticles. They behave as Lewis base sites for 

reductive deprotonation of aniline, promoting efficient aniline oxidation. The nitrosobenzene selectivity 

strongly depends on the reaction temperature. At high temperature, azobenzene is produced as byproduct, 

which is formed by subsequent condensation of aniline and the formed nitrosobenzene. Pt/P25 catalysts 

promotes aerobic oxidation of aniline under visible light at a low temperature (~283 K), and successfully 

produce nitrosobenzene with a very high selectivity by suppressing the condensation of aniline and 

nitrosobenzene. 

In Chapter II, Pt–Cu bimetallic alloy nanoparticles were supported on TiO2 (PtCu/TiO2) for the activity 

improvement of the Pt/TiO2 system. The author found that PtCu/TiO2 promote aerobic oxidation under 

visible light irradiation with high quantum yields (17 %, 550 nm), which is much higher than that obtained 

on the Pt/TiO2 (~7 %). Cu alloying with Pt decreases the work function of nanoparticles due to the lower 

work function of Cu, and decreases the height of Schottky barrier created at the metal nanoparticles/TiO2 

interface. This thus efficiently promotes the ehot
– injection from photoactivated Pt to TiO2 CB, resulting in 

enhanced photocatalytic activity. The mole fraction of Cu in the alloy and the size of metal nanoparticles 

strongly depend on the photocatalytic activity. The catalyst loaded with alloy nanoparticles, consisting of 

80 mol % of Pt and 20 mol % Cu with 3–5 nm diameter, exhibits the highest activity. 

In Chapter III, Pt nanoparticles were loaded on tantalum oxide (Ta2O5) and used for photocatalytic 

reactions. The author found that the Pt/Ta2O5 catalyst promotes aerobic oxidation under visible light with 

significant high quantum yields (25 % at 550 nm). In the Pt/TiO2 system, the ehot
– formed on the Pt are 

injected into the TiO2 CB by overcoming the Schottky barrier. The ehot
– injection is the rate-determining step, 

and the Pt/TiO2 system exhibits low photocatalytic activity. However, in the Pt/Ta2O5 system, the ehot
– are 

not injected into Ta2O5 conduction band due to the high Schottky barrier. Strong Pt–Ta2O5 interaction 

increases the electron density of Pt nanoparticles by promoting electron transfer from Ta2O5 to Pt 

nanoparticles. A large number of ehot
– are therefore produced on the photoactivated Pt nanoparticles by the 
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enhanced interband transition of Pt electrons. These ehot
– directly activate O2 on the Pt surface and efficiently 

produce active oxygen species, thus promoting efficient aerobic oxidation. There has been no report of 

photocatalytic system without ehot
– injection from metal nanoparticles to semiconductor. This new concept 

may contribute to the creation of highly efficient photocatalytic system driven under visible light. 

The results obtained in this work are summarized in general conclusions. Suggestions for future work 

are described as an extension of the present work. 
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Chapter I 

 

Hot Electron Injection on Pt Nanoparticles Supported on TiO2 

 

1. Introduction 

Nitrosobenzene is a versatile intermediate for organic synthesis in several reactions such as aldol,1 ene,2 

and Diels–Alder reactions.3 Traditionally, this compound has been synthesized by oxidation of aniline with 

excess amount of unstable peracids such as peracetic acid and perbenzoic acid.4–6 Catalytic oxidation 

processes with a phosphotungstate or phosphomolybdate catalyst have also been proposed;7–9 however, all 

of these methods require expensive hydrogen peroxide as an oxidant. Aerobic oxidation of aniline with 

molecular oxygen (O2) as an oxidant is therefore an ideal process from the view point of green chemistry 

(eq. 1). Some catalytic systems have been proposed;10–12 however, all of these reactions require high 

temperature (>373 K). The high temperature systems inevitably promote subsequent condensation of aniline 

and the formed nitrosobenzene,13,14 producing azobenzene as a main product (eq. 2). A new catalytic system 

that promotes aerobic oxidation of aniline at low temperature is necessary for selective production of 

nitrosobenzene. 

                       (1) 

                   (2) 

Photocatalytic oxidation on semiconductor materials with O2 is one of the possible methods that can 

serve this purpose because the reaction proceeds under photoirradiation even at room temperature.15–18 There 

have been three reports of photocatalytic oxidation of aniline with O2.19–21 These systems employed a 

titanium dioxide (TiO2), zinc oxide (ZnO), or zirconium dioxide (ZrO2) semiconductor catalyst under UV 

irradiation. All of these systems, however, produce azobenzene as a major product, where nitrosobenzene 

is scarcely detected during the reactions. 

Earlier, we reported that gold (Au)22,23 or platinum (Pt)24.25 nanoparticles loaded on semiconductor 

titanium dioxide (TiO2) successfully promote aerobic oxidation of alcohols to aldehydes under visible light 

irradiation ( >450 nm). Figure 1-1 summarizes the mechanism for photoreaction occurring in the Pt/TiO2 

system. Visible light absorption of Pt particles promotes an interband transition of 5d band electrons (e–). 

The e– overcome the Schottky barrier (ϕB) created at the Pt–TiO2 heterojunction26 and are transferred to the 

TiO2 conduction band.27 The positive charges formed on the surface of Pt particles oxidize the substrate, 
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while the e– on TiO2 are consumed by the reduction of O2. This catalytic cycle successfully promotes aerobic 

oxidation of alcohols even at room temperature. 

 

 

Figure 1-1. Proposed Mechanism for Electron Transfer from Photoactivated Pt Particles to TiO2. Where 

ECB, EVB, EF, and B denote the conduction band potential, valence band potential, Fermi level, and the 

height of Schottky barrier, respectively. 

 

Here, Pt particles supported on TiO2 (Pt/TiO2 catalysts) were used for photocatalytic oxidation of aniline 

with O2 under visible light irradiation (> 450 nm). The author found that Pt particles supported on Degussa 

P25 TiO2, a mixture of anatase and rutile particles,28–30 promote efficient nitrosobenzene production. X-ray 

photoelectron spectroscopy (XPS) and diffuse-reflectance infrared Fourier transform (DRIFT) analysis 

revealed that the high activity of the Pt/P25 catalyst is due to the high electron density of the Pt particles. 

They behave as Lewis base sites for reductive deprotonation of aniline, thus promoting efficient aniline 

oxidation. The Pt/P25 catalyst, when photoirradiated at a low temperature (~283 K), produces 

nitrosobenzene with a very high selectivity (90 %). 

 

2. Experimental Section 

2-1. Materials 

All reagents used were purchased from Wako, Tokyo Kasei, and Sigma–Aldrich and used without 

further purification. Water was purified by the Milli-Q system. Anatase TiO2 (JRC–TIO–1), P25 (JRC–

TIO–4), and rutile TiO2 (JRC–TIO–6; 15 nm; 104 m2 g–1) were kindly supplied from the Catalyst Society 

of Japan. 
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2-2. Synthesis of catalysts 

2-2-1. Ptx/TiO2  

The catalysts with different Pt loadings [x (wt %) = 0.5, 1, 2, 3, or 4] were prepared as follows: TiO2 (1 

g) was added to water (40 mL) containing H2PtCl6·6H2O (13.3, 26.8, 54.2, 82.1, or 110.6 mg). The solvents 

were removed by evaporation at 353 K with vigorous stirring for 12 h. The obtained powders were clacined 

under air flow and then reduced under H2 flow at the identical temperature. Unless otherwise noted, these 

treatments were carried out at 673 K. The heating rate was 2 K min–1 and the holding time at the designated 

temperature was 2 h, respectively. 

 

2-2-2. M2/P25  

The catalysts with 2 wt% metal particles (M = Ag, Pd) were prepared as follows: P25 TiO2 (1 g) was 

added to water (40 mL) containing AgNO3 (32.1 mg) or PdNO3 (44.2 mg). The solvents were removed by 

evaporation with vigorous stirring at 353 K for 12 h. The resulting powders were calcined at 673 K for 2 h 

under air flow and reduced at 673 K for 2 h under H2 flow. Au2/P25 catalyst was prepared by deposition-

precipitation method.22 P25 TiO2 (1 g) was added to water (50 mL) containing HAuCl4·4H2O (45.8 mg). 

The pH of solution was adjusted to about 7 with 1 mM NaOH, and the solution was stirred at 353 K for 3 h. 

The particles were recovered by centrifugation, washed with water, and dried at 353 K for 12 h. The powder 

were calcined under air flow, where the heating rate was 2 K min–1 and the holding time at 673 K was 2 h, 

respectively. 

 

2-3. Photoreaction  

The catalyst (20 mg) was added to toluene (5 mL) containing aniline within a Pyrex glass tube (φ 12 

mm; capacity, 20 mL). The tube was sealed with a rubber septum cap. The catalyst was dispersed by 

ultrasonication for 5 min, and O2 was bubbled through the solution for 5 min. The tube was immersed in a 

temperature-controlled water bath (298  0.5 K). The tube was photoirradiated with magnetic stirring using 

a 2 kW Xe lamp (Ushio Inc.).31 The light was filtered through a glass filter (CS3-72; Kopp Glass Inc.) to 

give  >450 nm light, where the light intensity at 450–800 nm was 16.8 mW cm–2. After the reaction, the 

catalyst was recovered by centrifugation. The liquid-phase products were analyzed by GC and free induction 

decay (Shimadzu, GC-1700). 
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2-4. ESR Measurement 

The spectra were recorded at the X-band using a Bruker EMX–10/12 spectrimeter with a 100 kHz 

magnetic field modulation at a microwave power level of 10.0 mW, where microwave power saturation of 

the signal does not occur.32 The magnetic field was calibrated with 1,1-diphenyl-2-picryl-hydrazyl (DPPH). 

The catalyst (20 mg) was placed in a quartz ESR tube and the tube evacuated at 423 K for 3 h. After the 

tube had been cooled to room temperature, O2 (20 Torr) was introduced into the tube and the tube kept 3 h 

at 298 K. The tube was photoirradiated for 3 h at 298 K. The tube was then evacuated for 10 min to remove 

the excess of O2 and subjected to analysis at 77 K. 

 

2-5. DRIFT Analysis 

The spectra were measured on a FTIR 610 system equipped with a DR–600B in situ cell (Jasco Corp.).33 

The catalyst (50 mg) was placed in a DR cell and evacuated (6.8  10–3 Torr) at 423 K for 3 h. Aniline (7.5 

 10–2 Torr) was introduced to the cell at 298 K, and measurement was started. 

 

2-6. Other Analysis 

TEM observations were made using a JEOL Tecnai G2 20ST analytical electron microscope operated 

at 200 kV.34 XPS analysis was performed using a JEOL JPS9000MX spectrometer with Mg Kα radiation as 

the energy source. Diffuse reflectance UV-vis spectra were measured on an UV-vis spectrometer (Jasco 

Corp.; V-550 with Integrated Sphere Apparatus ISV-469) with BaSO4 as a reference. IR spectra were 

recorded at room temperature using a FTIR-610 spectrometer (Jasco Corp.) with a liquid sample cell with a 

CaF2 window. 
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Figure 1-2. (a) Typical TEM image of Pt2/P25 catalyst and (b) the size distribution of metal particles. (c–f) 

High-resolution TEM images of the catalyst. Anatase (101) and rutile (110) phases were identified by their 

lattice spacings (0.352 and 0.325 nm, respectively). 
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Figure 1-3. Diffuse-reflectance UV-vis spectra of the supports and catalysts. 

 

M/P25 (M = Au, Ag, Pd, Pt) 

 

 

Ptx/P25 (x = 0.5, 1, 2, 3, 4 wt %) 
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Pt2/P25 prepared at different temperatures (673, 773, 873 K) 

 

Figure 1-4. Diffuse-reflectance UV-vis spectra of catalysts. 

 

3. Results and Discussion 

3-1. Preparation and properties of catalyst 

The Pt/P25 catalyst was prepared by impregnation of Pt precursors followed by reduction with H2.36,37 

P25 TiO2 particles (particle size, 24 nm; BET surface area, 57 m2 g–1; anatase/rutile ratio, 82/18) were added 

to water containing H2PtCl6, and the solvents were removed by evaporation with vigorous stirring. The 

resultant was calcined in air and reduced under a H2 flow at 673 K, affording Ptx/P25 as brown powders, 

where x denotes the amount of Pt loaded [x (weight percent) = Pt / (Pt + TiO2) × 100]. Figure 1-2a shows 

a typical transmission electron microscopy (TEM) image of the Pt2/P25 catalyst. Pt nanoparticles are highly 

dispersed on the support. The average diameter of the Pt particles was determined to be 3.1 nm (Figure 1-

2b). As shown in Figure 1-3, the diffuse-reflectance UV-vis spectrum of Pt2/P25 exhibits a broad absorption 

band at λ >400 nm, assigned to the interband transition of Pt particles.38 

 

3-2. Photocatalytic activity 

We performed photocatalytic oxidation of aniline by stirring a toluene solution (5 mL) containing 

aniline (1 mmol) and catalyst (20 mg) with O2 (1 atm) under photoirradiation at λ > 450 nm by a Xe lamp. 

The temperature of the solution was kept rigorously at 298 ± 0.5 K by a digitally controlled water bath. 

Figure 1-5 summarizes the amount of products formed by a 12 h photoreaction. It must be noted that gas 

chromatography (GC) analysis of the resulting solution for all of the systems detected only nitrosobenzene 

and azobenzene. With bare P25 TiO2, almost no reaction occurs. In contrast, the Pt2/P25 catalyst produces 

nitrosobenzene (9.7 μmol) with a minor amount of azobenzene (2.5 μmol). Although Pt nanoparticles exhibit 
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catalytic activity for aerobic oxidation even under the dark condition,39,40 the Pt2/P25 catalyst, when reacted 

under the dark condition, give only a minor amount of products. An increase in temperature enhances the 

reaction even under the dark condition, but azobenzene is produced as a main product because of the 

condensation of aniline with the formed nitrosobenzene enhanced at higher temperature.13 These data 

suggest that visible light irradiation of the Pt/P25 catalyst at room temperature successfully promotes aerobic 

oxidation of aniline and selectively produces nitrosobenzene. 

 

Figure 1-5. Amounts of (white) nitrosobenzene and (black) azobenzene produced by aerobic oxidation of 

aniline with respective catalysts in the dark or under visible light irradiation ( >450 nm; light intensity at 

450–800 nm, 16.8 mW cm–2). Diffuse-reflectance UV-vis spectra for Au, Pd, and Ag catalysts are 

summarized in Figure 1-3. 

 

To clarify the effect of TiO2 support, Pt particles were loaded on anatase TiO2 (Japan Reference Catalyst 

JRC–TIO–1; average particle size, 21.1 nm; BET surface area, 81 m2 g–1) and rutile TiO2 (Japan Reference 

Catalyst JRC–TIO–6; 15 nm; 104 m2 g–1). As shown in Figure 1-6, the sizes of Pt particles on these supports 

were determined to be 3.4 and 2.9 nm, respectively, both of which are similar to those of Pt2/P25 [3.1 nm 

(Figure 1-2b)]. As shown in Figure 1-5, both Pt2/anatase and Pt2/rutile catalysts, however, show 

photocatalytic activity lower than that of Pt2/P25. In addition, as shown Figure 1-7, Pt particles supported 

on other anatase and rutile TiO2 particles with different particle sizes and surface areas also exhibit catalytic 

activity lower than that of Pt2/P25. These data suggest that P25 TiO2 is the support exhibiting the best 
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photocatalytic performance. It is also noted that, as shown in Figure 1-5, Au, Ag, and Pd particles, when 

loaded on P25, exhibit activity much lower than that of Pt2/P25, although these metal particles are also 

activated by visible light absorption via the intraband (Au41,42 and Ag43,44) or interband (Pd45,46) transitions. 

These findings suggest that Pt particles loaded on P25 TiO2 promote efficient aerobic oxidation of aniline 

under visible light irradiation. In addition, as shown in Figure 1-8, Pt2/P25 maintains its activity even after 

prolonged photoirradiation (~48 h), suggesting that the catalyst scarcely loses its activity during the 

photoreaction. 

 

Pt2/anatase 

 

 

Pt2/rutile 

 

Figure 1-6. Typical TEM images of catalysts and size distribution of Pt particles. 
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Properties of the supports used 

Catalyst Supplier crystalline phase 
particle size  

/ nm a 

SBET  

/ m2 g-1 b 

JRC–TIO–1 Catalysis Society of Japan anatase 21 81 

ST–21 Ishihara Sangyo Co., Ltd. anatase 25 69 

anatase (Wako) Wako anatase 29 59 

P25 Catalysis Society of Japan anatase/rutile (83/17) 24 57 

JRC–TIO–6 Catalysis Society of Japan rutile 15 104 

NS–51 Toho Titanium Co., Ltd. rutile 220 7 

PT–101 Ishihara Sangyo Co., Ltd. rutile 71 25 
a Hydrodynamic diameter of particles determined by a Horiba LB–500 dynamic light–scattering particle 

size analyzer. b BET surface area determined by N2 adsorption/desorption measurements at 77 K using an 

AUTOSORB–1–C/TCD analyzer (Yuasa Ionics Co., Ltd.). 

 

Figure 1-7. Amounts of (white) nitrosobenzene and (black) azobenzene produced by aerobic oxidation of 

aniline on anatase or rutile TiO2 loaded with Pt particles under visible light irradiation (λ >450 nm). The 

reaction conditions are identical to those in Figure 1-5. 
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Figure 1-8. Time-dependent change in the amount of products and the nitrosobenzene selectivity during 

photocatalytic reaction of aniline with Pt2/P25. The reaction conditions are identical to those in Figure 1-

5. 

 

3-3. Transfer of an Electron from Photoactivated Pt Particles to TiO2  

As shown in Figure 1-1, in the Pt/P25 system, photoactivated Pt particles transfer their e– to TiO2, and 

the e– reduces O2 on its surface. This is confirmed by electron spin resonance (ESR) analysis of the catalysts 

measured at 77 after treatment of the sample with O2 at 298 K under visible light irradiation (λ > 450 nm; 3 

h) according to the procedure described previously (λ > 450 nm; 1 h).24 As shown in Figure 1-9a (black), 

the Pt2/P25 catalyst treated with O2 in the dark shows almost no signal. Visible light irradiation of this sample 

(blue), however, creates distinctive signals assigned to a superoxide-type oxygen anion (O2
–; gxx = 2.002, 

gyy = 2.009, gzz = 2.028) stabilized on the TiO2 surface.47 This suggests that photoactivated Pt particles 

indeed transfer e– reduces O2 on its surface. As shown in spectra b and c of Figure 1-9 (blue), 

photoirradiation of Pt2/anatase creates much stronger O2
– signals, whereas Pt2/rutile shows very weak signals, 

as also observed in our previous work.24 The weak O2
– signals on the Pt/rutile catalyst exist because, as 

reported,24,48 the transfer of an electron from photoactivated Pt particles to rutile TiO2 is difficult and the 

rutile surface is inactive for O2 reduction. The signal intensity of Pt/P25 is weaker than that of Pt/anatase 

because the Pt particles on P25 TiO2 are located at the interface between anatase and rutile particles. This is 

confirmed by a high-resolution TEM image of the Pt/P25 catalyst. As shown in Figure 1-2c-f, Pt particles 

are indeed located at the anatase–rutile interface and show well-defined contact surfaces consisting of 

Pt/anatase/rutile phases. As a result of this, the smooth transfer of e– from photoactivated Pt particles to 

anatase is suppressed, resulting in inefficient O2 reduction.49–52 The obtained ESR results suggest that the 

efficiency for photoinduced charge separation on Pt/P25 is lower than that on Pt/anatase. However, as shown 

in Figure 1-5, the photocatalytic activity of Pt/P25 is much higher.  
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Figure 1-9. ESR spectra of respective catalysts measured at 77 K. The catalysts were treated at 298 K with 

20 Torr of O2 (black) in the dark or (blue) under visible light irradiation for 3 h. After evacuation, the samples 

were measured at 77 K. The green spectrum in panel a was obtained as follows. Aniline (7.5 × 10–2 Torr) 

was added at 298 K to the sample treated with O2 under visible light irradiation and left for 10 min. After 

evacuation, the sample was measured at 77 K. The signals observed for the Pt/anatase sample (b) under the 

dark condition (g = 2.029 and 2.001) are assigned to O– formed via a dissociative adsorption of O2 onto the 

oxygen vacancy sites of the anatase TiO2 surface, which was also observed for bare anatase TiO2.24 The 

broad g = 1.980 signal (spectrum a) is assigned to the Ti3+ species formed on rutile TiO2.50 

 

 

Figure 1-10. XPS chart (Pt 4f level) for catalysts. The data for other anatase and rutile catalysts are 

summarized in Figure 1-11. 



25 

 

3-4. High Electron Density of Pt Particles on Pt/P25 

During the oxidation of aniline, deprotonation of aniline is the rate-determining step. The aniline formed 

via the deprotonation by the Lewis base is oxidized very efficiently.53 As shown in Figure 1-5, photoreaction 

of aniline with Pt2/Panatase catalyst produces 6.2 μmol of nitrosobenzene with 1.9 μmol of azobenzene. 

Addition of triethylamine (1 mmol), which behave as a base or a sacrificantly enhances the reaction 

(producing 34 μmol of nitrosobenzene with 2.0 μmol of azobenzene). In contrast, addition of 2-propanol (1 

mmol), which does not behave as a base but acts as a sacrificial reagent, scarcely enhances the reaction (9.5 

μmol of nitrosobenzene with 0.4 μmol of azobenzene). This clearly suggests that deprotonation of aniline 

by the base is indeed the rate-determining step for aniline photooxidation. 

In the Pt/P25 system, Pt nanoparticles located at the interface between anatase and rutile phases possess 

high electron density and behave as the Lewis base site for reductive deprotonation of aniline. This thus 

promotes efficient photooxidation of aniline. The high electron density of Pt particles on P25 TiO2 is 

confirmed by XPS analysis. As shown in Figure 1-10, the XPS chart of Pt/P25 shows Pt 4f 5/2 and 7/2 

peaks at 73.5 and 70.1 eV, respectively. In contrast, both Pt/anatase and Pt/rutile catalysts exhibit these peaks 

at higher binding energies. This suggests that Pt particles on P25 TiO2 indeed possess higher electron density. 

 

 

Figure 1-11. XPS results for respective catalysts. 
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The high electron density of Pt particles on P25 TiO2 is due to the strong Pt–support interaction. As 

shown in Figure 1-2b and Figure 1-6, Pt2/P25, Pt2/anatase, and Pt/2/rutile catalysts contain Pt particles with 

similar diameters (3.1, 3.4, and 2.9 nm, respectively), suggesting that the size of Pt peaks of Pt/P25 at lower 

binding energies (Figure 1-10) therefore exist because a larger number of electrons on P25 TiO2 are 

transferred to Pt at the interface. The position of Pt peaks usually depends on the Fermi level of the 

semiconductor; a semiconductor with a more negative Fermi level transfers its electrons to Pt more 

efficiently and shows Pt XPS peaks at lower binding energies.54,55 Rutile TiO2 has a Fermi level more 

negative than that of anatase.56 However, as shown in Figure 1-10 and Figure 1-11, the Pt peaks for Pt/rutile 

catalysts appear at a binding energy higher than that of the Pt/anatase catalyst because the anatase surface 

is strongly associated with Pt particles, as supported by DFT calculations,57 and transfers the electrons to Pt 

more efficiently.57 In contrast, Pt/P25 shows Pt peaks at a binding energy lower than that of Pt/anatase 

(Figure 1-10). As reported, 22,59 metal nanoparticles such as Au are highly stabilized when they are located 

at the anatase–rutile interface. The strong Pt–support interaction of Pt/P25 therefore probably enhances the 

transfer of the electron from the support to Pt. This thus increases the electron density of Pt nanoparticles. 

 

3-5. Lewis Base Activity of Pt Particles on Pt/P25 Catalyst 

The deprotonation of aniline promoted by Pt particles on the P25 support is confirmed by DRIFT 

analysis. Figure 1-12 shows the DRIFT apectra of aniline adsorbed onto the respective catalysts in the gas 

phase at 298 K. As shown in Figure 11a, the aniline adsorbed onto bare P25 shows two adsorption bands at 

3292 and 3245 cm–1, which are assigned to the antisymmetric stretching vibration (νanti) and the symmetric 

stretching vibration (νsym) of the –NH2 group, respectively.60 As shown in spectra c and d of Figure 1-12, 

aniline when adsorbed onto the Pt/anatase and Pt/rutile catalysts also shows similar signals. However, in the 

case of Pt/P25 (Figure 1-12b), a new band appears at a higher wavenumber (3323 cm−1). This indicates that 

some of the aniline molecules adsorbed onto the Pt particles on P25 are transformed to the species with a 

stronger (shorter) N−H bond.61 Figure 1-13 shows the IR spectra of aniline measured in a CCl4 solution. 

Distinctive νanti and νsym bands for -NH2 groups appear at 3478 and 3395 cm−1, respectively. In contrast, 

addition of 30 equiv of triethylamine to this solution creates a new band at a higher wavenumber (3511 

cm−1), which is assigned to the N−H vibrational band strengthened via deprotonation by the base.62 The 

obtained band is similar to that obtained on the Pt/P25 catalyst (Figure 1-12b). These data clearly suggest 

that Pt particles on the P25 support indeed behave as Lewis base sites and promote reductive deprotonation 

of aniline. 

On the basis of the findings described above, the mechanism for aerobic oxidation of aniline on the 
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Pt/P25 catalyst is explained in Figure 1-14. The reaction is initiated by deprotonation of aniline on the Lewis 

base site on Pt nanoparticles (a), producing anilino anion. Visible light absorption of Pt particles transfers 

their e− to anatase (b). The e− reduces O2 and produces a superoxide anion (O2
−) on the anatase surface (c). 

The O2
− attracts the removed H atom of aniline and produces a hydroperoxide species (d), as is observed in 

related systems for oxidation of alcohols.63,64 As shown in Figure 1-12a (blue), the ESR spectrum of Pt/P25 

obtained by visible light irradiation with O2 shows distinctive signals assigned to O2
−. However, as shown 

by the green spectrum, addition of aniline to this sample completely quenches the O2
− signal. This suggests 

that, as shown in Figure 1-14 (c → d), the H atom removed by deprotonation of aniline on the Pt particles 

reacts with O2
− and produces a hydroperoxide species. Subsequent reaction between the anilino anion and 

hydroperoxide species63,64 gives rise to nitrosobenzene and water and completes the photocatalytic cycle. 

 

 

Figure 1-12. DRIFT spectra of aniline adsorbed on (a) bare P25, (b) Pt2/P25, (c) Pt2/anatase, (d) Pt2/rutile, 

and (e) Pt2/P25 prepared at 873 K, in gas phase at 298 K. 
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Figure 1-13. IR spectra of aniline (20 mM) measured in the (black) absence and (blue) presence of 

triethylamine (30 equiv) in CCl4. 

 

 

Figure 1-14. Proposed Mechanism for Aerobic Oxidation of Aniline on the Pt/P25 Catalyst under Visible 

Light Irradiation 
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3-6. Effects of the Amount of Pt and Particle Size 

The catalytic activity for aerobic oxidation of aniline on Pt/P25 depends on the amount of Pt loaded. 

We prepared Ptx/P25 catalysts with different Pt loadings [x (weight percent) = Pt/(Pt + P25) × 100 = 0.5, 1, 

3, and 4]. As shown in Figure 1-15, the sizes of Pt particles on the Pt0.5/P25 and Pt4/P25 catalysts were 

determined by TEM observations to be 3.0 and 3.2 nm, respectively, which are similar to those on Pt2/P25 

(3.1 nm). This indicates that the amount of Pt loaded scarcely affects the Pt particle sizes. Figure 1-16a 

(bars) summarizes the amounts of nitrosobenzene and azobenzene produced by a 12 h photoreaction with 

respective catalysts. As shown by the orange symbols, the nitrosobenzene selectivities for the catalysts are 

similar (~80%). The amount of nitrosobenzene formed, however, depends on the amount of Pt loaded; the 

activity increases with Pt loadings (0.5−2 wt %) because the increase in the number of surface Pt atoms 

promotes efficient transfer of e− to anatase and deprotonation of aniline. The activity, however, decreases 

with >2 wt % Pt loadings. As reported previously,65 the increase in the amount of Pt loaded onto the 

semiconductor surface leads to an increase in the Schottky barrier height (ϕB), because of the decrease in 

the Fermi level of the semiconductor. The increased ϕB probably suppresses the transfer of e− from 

photoactivated Pt particles to anatase, resulting in decreased photocatalytic activity. 

The Pt particle size also affects catalytic activity. The Pt2/P25 catalysts were prepared at different 

calcination and reduction temperatures (673, 773, and 873 K) while maintaining a 2 wt % Pt loading. As 

shown in Figure 1-15, the size of Pt particles on the Pt/P25 catalyst prepared at 873 K is determined to be 

6.7 nm, which is much larger than that prepared at 673 K (3.1 nm). This is due to the sintering of Pt particles 

by a high-temperature treatment.24,25 Figure 1-16b shows the results obtained via a 12 h photoreaction with 

respective catalysts. Although the nitrosobenzene selectivities are similar, the activity significantly 

decreases with an increase in the size of Pt particles because the number of surface Pt atoms decreases with 

an increase in the size of Pt particles.66 This suppresses the transfer of e− from photoactivated Pt atoms to 

anatase24 as well as deprotonation of aniline, resulting in decreased photocatalytic activity. Figure 1-12e 

shows the DRIFT spectrum of aniline adsorbed onto the Pt2/P25 catalyst prepared at 873 K. The signal 

intensity at 3323 cm-1, assigned to the anilino anion, is much weaker than the catalyst prepared at 673 K 

(Figure 1-12b). This suggests that the catalyst with larger Pt particles is less active for deprotonation of 

aniline. The findings described above clearly indicate that the Pt/P25 catalyst containing 2 wt % Pt particles 

with ~3 nm diameters exhibits the best catalytic performance for aerobic oxidation of aniline. 
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Pt0.5/P25 

  

 

Pt4/P25 

 

 

Pt2/P25 prepared at 873 K 

 

Figure 1-15. Typical TEM images of Pt/P25 catalysts and size distribution of Pt particles. 
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Figure 1-16. Effect of (a) the amount of Pt loaded and (b) calcination and reduction temperature on the 

amounts of (white) nitrosobenzene and (black) azobenzene produced during photocatalytic oxidation of 

aniline with Pt/P25. Orange symbols denote the nitrosobenzene selectivity. The calcination and reduction 

temperature employed for the preparation of catalysts (a) is 673 K, and the Pt loading of the catalysts (b) is 

2 wt %. Reaction conditions are identical to those described in the legend of Figure 1-5. 

 

3-7. Effect of Reaction Temperature on Selectivity 

Photocatalytic oxidation of aniline on the Pt/P25 catalyst produces azobenzene as a byproduct, which 

is formed by subsequent condensation of aniline and the formed nitrosobenzene.13 The formation of 

azobenzene strongly depends on the reaction temperature. Figure 1-17 summarizes the amounts of 

nitrosobenzene and azobenzene produced by a 12 h photoreaction at different temperatures. An increase in 

reaction temperature significantly decreases the amount of nitrosobenzene formed, along with an increase 

in the level of azobenzene formation, because of the enhanced condensation of aniline and the formed 

nitrosobenzene. The nitrosobenzene selectivity at 343 K is only 13%. In contrast, at lower temperatures 
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(<298 K), nitrosobenzene is selectively produced; the selectivity at 283 K is increased to 90%. These data 

suggest that photoreaction at low temperatures suppresses the condensation of aniline with the product 

nitrosobenzene, thus facilitating selective nitrosobenzene formation. 

 

 

Figure 1-17. Effect of reaction temperature on the amounts of (white) nitrosobenzene and (black) 

azobenzene produced during photocatalytic oxidation of aniline. Orange symbols denote the nitrosobenzene 

selectivity. Reaction conditions are identical to those described in the legend of Figure 1-5. 

 

 

Figure 1-18. XRD patterns of Pt2/P25 catalysts prepared at different calcination temperature. The anatase 

(A) and rutile (R) contents were determined with the equation; A (%) = IA(101) / [IA(101) + 1.4IR(110)] × 

100 (Ramis, G.; Busca, G.; Cristiani, C.; Lietti, L.; Forzatti, P.; Bregani, F. Langmuir 1992, 8, 1744–

1749). 
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4. Conclusion 

The author found that the Pt/P25 catalyst promotes efficient aerobic oxidation of aniline to 

nitrosobenzene under visible light irradiation (>450 nm). Pt nanoparticles activated by visible light transfer 

their e− to the TiO2 conduction band. The positive charge that remained on the Pt surface oxidizes aniline, 

and the e− on TiO2 reduces O2, promoting aerobic oxidation of aniline. The high activity of Pt/P25 is ascribed 

to the high Lewis basicity of Pt particles due to the strong Pt−support interaction at the anatase−rutile 

interfaces. These Pt particles promote reductive deprotonation of aniline, resulting in the efficient 

photooxidation of aniline. The catalytic activity of Pt/P25 strongly depends on the amount and size of Pt 

particles. The catalyst containing 2 wt % Pt particles with ~3 nm diameters exhibits the best catalytic 

performance. The selectivity for nitrosobenzene formation also depends on the reaction temperature; 

reaction at low temperatures suppresses condensation of aniline with the formed nitrosobenzene and 

produces nitrosobenzene with a very high selectivity (~90%). 
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Chapter II 

 

Enhanced Hot Electron Injection on Pt–Cu Bimetallic Alloy Nanoparticles 

Supported on TiO2 

 

1. Introduction 

Aerobic oxidation by heterogeneous catalysts with molecular oxygen (O2) is an indispensable process 

for the synthesis of chemicals from the viewpoint of green chemistry.1 Photocatalytic oxidation with O2 has 

also been studied extensively with semiconductor titanium dioxide (TiO2);2–6 several types of substrates 

such as alcohols, amines, hydrocarbons, and sulfides are successfully oxidized at atmospheric pressure and 

room temperature. One of the critical issues for practical application of the photocatalytic processes is the 

low catalytic activity under irradiation of visible light (λ > 400 nm), the main component of solar irradiance. 

Several TiO2 materials doped with nitrogen,7,8 sulfur,9,10 carbon,11,12 or boron atoms13,14 have been proposed 

to extend the absorption edge into the visible region. These doped catalysts, however, suffer from low 

quantum yields for reaction (<0.5%) because they inherently contain a large number of crystalline lattices 

that behave as charge recombination centers.15 Design of visible-light-driven catalysts that promote efficient 

aerobic oxidation is still a challenge. 

Metal nanoparticle/semiconductor heterojunction is one powerful system for the creation of 

photocatalysts activated by visible light.16 Earlier, we reported that gold (Au) nanoparticles loaded on TiO2 

promote aerobic oxidation under visible light.17 The reaction is promoted via the absorption of visible light 

by the Au nanoparticles due to the resonant oscillation of free electrons coupled by light, known as localized 

surface plasmon resonance.16 Collective oscillation of 6sp band electrons (e–) on the surface Au atoms 

promotes intraband transition to the sp conduction band. The e– is transferred to the TiO2 conduction band. 

The positive charge formed on the surface of Au particles oxidizes the substrate, while the e– on the TiO2 

conduction band is consumed by the reduction of O2. This catalytic cycle successfully promotes aerobic 

oxidation of substrates even at room temperature. The apparent quantum yield for oxidation of alcohol 

determined by the irradiation of 550 nm monochromatic light is 3.8 %, which is much higher than that 

obtained with the doped catalysts (<0.5 %).7–14 The metal/semiconductor system is chemically stable even 

under aerated conditions as compared to the doped catalysts and shows a potential as a visible-light-driven 

catalyst. 

Platinum (Pt) nanoparticles also absorb light in the visible region due to the interband transition of 5d 

band e– to the sp conduction band,18 as schematically shown in Figure 2-1. Very recently, we found that Pt 
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nanoparticles loaded on anatase TiO2 (Pt/anatase) efficiently promote aerobic oxidation under visible light 

irradiation.19 The apparent quantum yield for the reaction is 7.1% (550 nm), which is much higher than that 

obtained with the Au catalyst (3.8%). The very high activity is due to the strong affinity between Pt 

nanoparticles and the anatase surface.20 This facilitates efficient e– transfer from the photoactivated Pt 

particles to anatase. 

We then explored further activity improvement of the Pt/anatase system. The rate-determining step for 

this system is the e– transfer from photoactivated nanoparticles to anatase. As shown in Figure 2-1, the 

metal/semiconductor heterojunction creates a Schottky barrier (ϕB) at the interface.21 Photoactivated e– on 

the Pt particles must therefore overcome this barrier and is transferred to anatase. This implies that the height 

of ϕB strongly affects the efficiency for e– transfer. The ϕB is defined as the difference between the work 

function of metal (W) and the electron affinity of the semiconductor conduction band (χ):22 

B = W –         (1) 

It is well-known that the work function of metal decreases by the alloying of other metal components with 

a lower work function.23,24 This suggests that alloying of other metal with Pt would decrease the work 

function of Pt nanoparticles. This may decrease ϕB and promote efficient e– transfer from nanoparticles to 

anatase. 

 

Figure 2-1. Proposed mechanism for electron transfer from photoactivated Pt particles to anatase. EF and 

ϕB denote the Fermi level and the height of the Schottky barrier, respectively. 

 

Here the author reports that bimetallic alloy nanoparticles consisting of Pt and copper (Cu), supported 

on anataseTiO2, significantly enhance aerobic oxidation under visible light. The apparent quantum yield for 

the reaction, 17% (550 nm), is more than double that obtained with monometallic Pt catalyst (7.1%).19 The 

activity of this alloy system depends strongly on the mole ratio of Pt and Cu and the size of alloy particles. 
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The catalyst loaded with alloy nanoparticles, consisting of 80 mol % of Pt and 20 mol % of Cu with 3–5 nm 

diameter, exhibits the highest activity. The catalyst is successfully activated by sunlight and enables efficient 

and selective aerobic oxidation of alcohols at ambient temperature. 

 

2. Experimental Section 

2-1. Materials  

All reagents used were purchased from Wako, Tokyo Kasei, and Sigma-Aldrich and used without 

further purification. Water was purified by the Milli-Q system. Anatase TiO2 (JRC-TIO-1), P25 (JRC-TIO-

4; average particle size, 24 nm; BET surface area, 57m2 g–1 ; anatase/rutile = ~83/17), and rutile TiO2 (JRC-

TIO-6; 15 nm; 104 m2 g–1) were kindly supplied from the Catalyst Society of Japan. 

 

2-2. Preparation of catalysts  

2-2-1. Pt1-xCux/TiO2  

These catalysts with 0.4 mol % of metal loading [x {= Cu/(Pt + Cu)} = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 

and 1] were prepared as follows. TiO2 (1.0 g) and H2PtCl6·6H2O / Cu(NO3)2·3H2O (26.8/0, 24.2/1.2, 

21.4/2.4, 9.4/3.6, 8.1/4.8, 6.7/ 6.1, 5.3/7.2, and 0/12.2 mg) were added to water (40 mL), and the solvent 

was evaporated with vigorous stirring at 353 K for 12 h. The resultant mixture was calcined under air flow 

and reduced with H2 flow at the identical temperature. The temperature employed for calcination and 

reduction was 673 K unless otherwise noted. The heating rate and holding time for these treatments were 2 

K min–1 and 2 h, respectively. 

 

2-2-2. Pt0.8 + Cu0.2/Anatase  

The catalyst with 0.4 mol % of metal loading was prepared by a step-by-step method as follows: 

Anatase TiO2 (1.0 g) and H2PtCl6·6H2O (21.4 mg) were added to water (40 mL), and the solvent was 

evaporated with vigorous stirring at 353 K for 3 h. The particles were recovered by centrifugation, washed 

with water, and dried at 353 K for 12 h. The powders were calcined at 673 K for 2 h under air flow and 

reduced at 673 K for 2 h under H2 flow. The obtained powder and Cu(NO3)2·3H2O (2.4 mg) were added to 

water (40 mL), and solvent was evaporated with vigorous stirring at 353 K for 12 h. The resultant mixture 

was calcined at 673 K for 2 h under air flow and reduced at 673 K for 2 h under H2 flow. 

 

2-2-3. Pt0.8M0.2/Anatase (M = Au, Ag, Pd)  

These catalysts with 0.4 mol % of metal loading were prepared as follows: Anatase TiO2 (1.0 g) and 
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H2PtCl6·6H2O / HAuCl4·4H2O (21.4/4.2 mg), H2PtCl6·6H2O / AgNO3 (21.4/1.7 mg), or H2PtCl6·6H2O / 

Pd(NO3)2 (21.4/2.3 mg) were added to water (40 mL), and solvent was evaporated with vigorous stirring 

at 353 K for 12 h. The resultant mixture was calcined at 673 K for 2 h in air and reduced at 673 K for 2 h 

with H2. 

 

2-2-4. Au0.8Cu0.2/Anatase  

This catalyst with 0.4 mol % metal loading was prepared according to the procedure described 

previously.25 Anatase TiO2 (1.0 g) was added to water (100 mL) containing HAuCl4·4H2O (16.8 mg) and 

Cu(NO3)2·3H2O (2.6 mg). The pH of solution was adjusted to ~7 with 1mM NaOH, and the solution was 

stirred at 353 K for 3 h. The particles were recovered by centrifugation, washed thoroughly with water, and 

dried at 353 K for 12 h. The obtained powders were reduced at 673 K under H2 flow. The heating rate was 

2 K min–1, and the temperature was kept at 673 K for 2 h. 

 

2-3. Reaction Procedure  

Catalyst (5 mg) was added to toluene (5 mL) containing an alcohol within a Pyrex glass tube (φ12 mm; 

capacity, 20 mL). The tube was sealed with a rubber septum cap. The catalyst was dispersed well by 

ultrasonication for 5 min, and O2 was bubbled through the solution for 5 min. The tube was immersed in a 

temperature-controlled water bath (298 ± 0.5 K). The tube was photoirradiated with magnetic stirring using 

a 2 kW Xe lamp (USHIO Inc.) and filtered through a glass filter (CS3-72; Kopp Glass Inc.) to give light 

wavelength of λ > 450 nm, where the light intensity at 450–800 nm was 16.8 mW cm–2. Sunlight reactions 

were performed on December, 4, 2012 at 10:00–14:00 at the top of the laboratory building (latitude 34.7 

north, longitude 135.5 east). The light intensity at 300–800 nm was 4.6 mW cm–2. The highest temperature 

during reaction was 293 K, and the dark reactions were performed at 293 K. After the reaction, the catalyst 

was recovered by centrifugation. The liquid-phase products were analyzed by GC-FID (Shimadzu, GC- 

2040). 

 

2-4. Action Spectrum Analysis  

Catalyst (8 mg) was suspended in toluene (2 mL) containing benzyl alcohol (0.4 mmol) within a Pyrex 

glass tube (φ12 mm; capacity, 20 mL). The tube was sealed with a rubber septum cap. The catalyst was 

dispersed well by ultrasonication for 5 min, and O2 was bubbled through the solution for 5 min. The solution 

was photoirradiated with 2 kW Xe lamp (USHIO Inc.), where the incident light was monochromated by 

band-pass glass filters (Asahi Techno Glass Co.). The full width at half-maximum (fwhm) of the 
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monochromatic light was 11–16 nm. The temperature of solution during photoirradiation was kept at 298 ± 

0.5 K with a temperaturecontrolled water bath. The photon number entered into the reaction vessel was 

determined with a spectroradiometer USR-40 (USHIO Inc.). 

 

2-5. ESR Measurement  

The spectra were recorded at the X-band using a Bruker EMX-10/12 spectrometer with a 100 kHz 

magnetic field modulation at a microwave power level of 10.0 mW,17 where microwave power saturation of 

the signal does not occur. The magnetic field was calibrated with 1,1’-diphenyl-2-picrylhydrazyl (DPPH). 

Catalyst (20 mg) was placed in a quartz ESR tube and evacuated at 423 K for 3 h. After cooling the sample 

tube to room temperature, O2 (20 Torr) was introduced to the tube and kept for 3 h at 298 K. The tube was 

photoirradiated for 1 h at 298 K using a Xe lamp (2 kW; USHIO Inc.) at λ > 450 nm (with CS3-72; Kopp 

Glass Inc.). The ESR tube was then evacuated for 10 min to remove the excess amount of O2 and subjected 

to analysis at 77 K. 

  

2-6. Analysis  

Total amounts of Pt and Cu in the catalysts were analyzed by an inductively coupled argon plasma 

atomic emission spectrometer (Sekio Instruments, Inc.; SPS7800), after dissolution of the catalysts in an 

aqua regia. Diffuse-reflectance UV–vis spectra were measured on an UV–vis spectrophotometer (Jasco 

Corp.; V-550 with Integrated Sphere Apparatus ISV-469) with BaSO4 as a reference. TEM observations 

were carried out using an FEI Tecnai G2 20ST analytical electron microscope operated at 200 kV, equipped 

with an energy dispersive X-ray spectroscopy (EDX) detector.26 EDX spectra from a metallic particle were 

taken under scanning transmission electron microscopy (STEM) mode. XPS measurements were performed 

using a JEOL JPS-9000MX spectrometer using Mg Kα radiation as the energy source. XRD patterns were 

obtained on a Philips XXX diffractometer with Cu Kα radiation. Hydrodynamic diameter of the catalysts 

was measured by a dynamic laser scattering spectrometer (LB-500, HORIBA).26 
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Figure 2-2. (a) Typical TEM image of Pt0.8Cu0.2/anatase catalyst (0.4 mol % of metal loading) and (b) 

size distribution of metal particles. (c–h) High-resolution TEM images. 
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3. Results and Discussion 

3-1. Preparation and Properties of Bimetallic Catalysts  

Pt–Cu bimetallic alloy particles were loaded on anatase TiO2 (Japan Reference Catalyst, JRC-TIO-1; 

average particle size, 21.1 nm; Brunauer–Emmett–Teller (BET) surface area, 81 m2 g–1) by the impregnation 

of Pt and Cu precursors followed by reduction with H2:27,28 Anatase particles were added to water containing 

H2PtCl6 and Cu(NO3)2, and the water was evaporated with stirring. The resultant mixture was calcined in 

air for 2 h and reduced with H2 for 2 h at 673 K, affording Pt1–xCux/anatase catalysts as brown powders. The 

total metal loading on the support is set at 0.4 mol % [= (Pt + Cu)/anatase × 100], and x denotes the mole 

fraction of Cu in the alloy [x = Cu/(Pt + Cu)]. 

Figure 2-2a shows a typical transmission electron microscopy (TEM) image of Pt0.8Cu0.2/anatase. 

Small nanoparticles were highly dispersed on the support. As shown in Figure 2-2c–h, high-resolution TEM 

images showed metal particles indexed as face-centered cubic (fcc) cuboctahedron structures. The average 

diameter of the particles (d) was calculated to be 3.4 nm (Figure 2-2b). As shown in Figure2-3, Pt1/anatase, 

Pt0.4Cu0.6/anatase, and Cu1/anatase catalysts contain metal particles with similar diameters (3.3, 3.4, and 3.3 

nm, respectively), indicating that Cu alloying scarcely affects the size of metal particles. 
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Pt0.4Cu0.6/anatase 

 

 

Cu1/anatase 

 

Figure 2-3. Typical TEM images of Pt1/anatase, Pt0.4Cu0.6/anatase and Cu1/anatase catalysts, and size 

distribution of metal particles. 

 

X-ray photoelectron spectroscopy (XPS) of the alloy catalysts (Figure 2-4) shows Pt 4f peaks (70 and 
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Cu(111) (JCPDS 04-0836, 0.209 nm) and is the same as the value calculated based on Vegard's law (0.223 

nm). These data suggest that Pt and Cu components in the alloy particles are mixed homogeneously. As 

shown in Figure 2-5, diffuse-reflectance UV–vis spectrum of Pt1/anatase shows a broad absorption band at 

λ > 400 nm, assigned to the interband transition of Pt particles.33 Cu1/anatase shows similar absorption at λ 

> 400 nm, assigned to the light scattering by the Cu particles.34,35 As a result of this, Pt–Cu alloy catalysts 

exhibit similar absorption spectra independent of their Pt/Cu ratio. 

 

 

Figure 2-4. XPS results for respective catalysts. 

 

 

Figure 2-5. Diffuse-reflectance UV–vis spectra of Pt1–xCux/anatase (0.4 mol % of metal loading). 
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Figure 2-6. (a) TEM and (b) HAADF-STEM images of Pt0.8Cu0.2/anatase, and (c) EDX results for some of 

the metal nanoparticles. 
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3-2. Photocatalytic Activity of Alloy Catalysts  

The activity of alloy catalysts was tested by oxidation of benzyl alcohol, a typical aerobic oxidation.36 

The reactions were performed by stirring a toluene solution (5 mL) containing benzyl alcohol (0.1 mmol) 

and catalys (5 mg) with O2 (1 atm). The temperature of the solution was kept continuously at 298 ± 0.5 K 

by a digitally controlled water bath. Figure 2-7 summarizes the amount of benzaldehyde produced by 4 h 

reaction with respective catalysts in the dark or visible light irradiation by a Xe lamp (λ > 450 nm). It is 

noted that both reactions selectively produce benzaldehyde (mass balance: >99%). In the dark (black), bare 

anatase promotes almost no reaction, but Pt1/anatase produces 3 μmol of benzaldehyde due to the catalytic 

activity of Pt particles.37,38 The increase in Cu amount decreases the activity, and Cu1/anatase promotes 

almost no reaction. Visible light irradiation enhances the activity (white): Pt1/anatase produces 9 μmol of 

benzaldehyde, which is 3 times that obtained in the dark. Alloy catalysts further enhance activity; 

Pt0.8Cu0.2/anatase produces the largest amount of benzaldehyde (18 μmol), which is twice that obtained with 

Pt1/anatase (9 μmol). Further Cu alloying, however, decreases the activity, and Cu1/anatase shows almost 

no activity. These data suggest that the alloy catalyst with a small amount of Cu promotes efficient aerobic 

oxidation under visible light irradiation. In addition, as shown in Figure 2-8, the Pt0.8Cu0.2/anatase catalyst 

maintains its activity even after prolonged photoirradiation (~24 h), indicating that the catalyst is stable 

under photoirradiation. 

Anatase TiO2 is necessary as the support. As shown in Figure 2-7 (Pt0.8Cu0.2/P25), visible light 

irradiation of the Pt0.8Cu0.2 alloy loaded on P25 (a mixture of anatase and rutile TiO2) also enhances activity, 

but the enhancement is lower than that of Pt0.8Cu0.2/anatase. In addition, Pt0.8Cu0.2/rutile shows much lower 

activity. These data suggest that Pt–Cu alloy particles loaded on anatase TiO2 exhibit very high activity, as 

also observed for monometallic Pt/anatase system.19 It must also be noted that (Figure 2-7) Pt–Au,39 Pt–

Ag,40 Pt–Pd,41 and Au–Cu25 alloy particles, often used for aerobic oxidation, show activity much lower than 

that of the Pt–Cu alloy. In addition, the Pt0.8 + Cu0.2/anatase catalyst, prepared by a step-by-step deposition 

of respective Pt and Cu metals onto the anatase surface, scarcely exhibits reaction enhancement by visible 

light irradiation. These data clearly suggest that homogeneously mixed Pt–Cu alloy particles loaded on 

anatase TiO2 are necessary for efficient aerobic oxidation under visible light.  
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Figure 2-7. Amount of benzaldehyde formed by aerobic oxidation of benzyl alcohol with respective 

catalysts (0.4 mol % of metal loading), (black) in the dark, or (white) under irradiation of visible light (λ > 

450 nm; light intensity at 450–800 nm, 16.8 mW cm–2). 

 

 

Figure 2-8. Time-dependent change in the amount of benzaldehyde formed during aerobic oxidation of 

benzyl alcohol with Pt1/anatase and Pt0.8Cu0.2/anatase catalysts in the dark or under visible light irradiation 

(λ >450 nm). Reaction conditions are identical to those in Figure 2-7. 

 

0 10 20

Pt1/anatase

Pt0.7Cu0.3/anatase

Pt0.6Cu0.4/anatase

Pt0.4Cu0.6/anatase

Cu1/anatase

Benzaldehyde formed / mol

Pt0.8Cu0.2/anatase

Pt0.5Cu0.5/anatase

Pt0.9Cu0.1/anatase

anatase <0.1

Au0.8Cu0.2/anatase

Pt0.8Cu0.2/P25

Pt0.8Cu0.2/rutile

Pt0.8Au0.2/anatase

Pt0.8Ag0.2/anatase

Pt0.8Pd0.2/anatase

Pt0.8 + Cu0.2/anatase

<0.1

dark

 >450 nm

0 12 24
0

20

40

60

Photoirradiation time / h

B
e
n
z
a
ld

e
h
y
d

e
 f

o
rm

e
d

 /
 µ

m
o
l

Pt0.8Cu0.2/anatase (VIS)

Pt1/anatase (VIS)

Pt0.8Cu0.2/anatase (dark)

Pt1/anatase (dark)



49 

 

3-3. Mechanism for Reaction Enhancement  

In the PtCu/anatase system, photoactivated alloy particles efficiently transfer e– to anatase. This 

enhances the reduction of O2 by e– on the anatase surface, resulting in enhanced aerobic oxidation. The 

enhanced e– transfer from the alloy particles to anatase is confirmed by electron spin resonance (ESR) 

analysis of the catalysts. Figure 2-9a (black) shows the ESR spectra of Pt0.8Cu0.2/anatase measured in the 

dark at 77 K after exposure to O2. Two signals observed at g = 2.001 and 2.029 are assigned to O– produced 

by dissociative adsorption of O2 onto the oxygen vacancy sites of the TiO2 surface.42 As shown by the blue 

line in Figure 2-9a, visible light irradiation of the sample creates strong signals assigned to superoxide anion 

stabilized on the TiO2 surface (O2
–; gxx = 2.002, gyy = 2.009, gzzI = 2.028, gzzII = 2.033, gzzIII = 2.038, and gzzIV 

= 2.052).43 This indicates that visible light irradiation of alloy nanoparticles indeed transfers their e– to 

anatase, and the e– reduces O2 on the anatase surface. As shown in Figure 2-9b, Pt1/anatase catalyst also 

exhibits an O2
– signal by visible light irradiation, but the signal intensity is much lower than that obtained 

on the alloy catalyst. These data suggest that photoactivated PtCu alloy particles transfer their e– to anatase 

more efficiently than the monometallic Pt particles. 

The efficiency for e– transfer from photoactivated nanoparticles to anatase depends on the Pt/Cu ratio 

of alloy particles. As shown in Figure 2-9c, visible light irradiation of Pt0.4Cu0.6/anatase with O2 shows O2
– 

signals much weaker than that formed on Pt0.8Cu0.2/anatase (Figure 2-9a). In addition, as shown in Figure 

2-9d, Cu1/anatase shows almost no O2
– signal. The intensity of the O2

– signal on the respective catalysts 

(Figure 2-9a–d) is consistent with the catalytic activity under visible light irradiation (Figure 2-7). These 

data suggest that the e– transfer from photoactivated nanoparticles to anatase is the crucial factor controlling 

the photocatalytic activity. The Pt0.8Cu0.2/anatase catalyst efficiently promotes e– transfer and exhibits very 

high activity. 
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Figure 2-9. ESR spectra of (a) Pt0.8Cu0.2/anatase, (b) Pt1/anatase, (c) Pt0.4Cu0.6/anatase, and (d) Cu1/anatase 

measured at 77 K. The respective samples were treated with O2 (20 Torr) for 3 h in the dark at 298 K (black). 

The samples were irradiated by visible light for 3 h at 298 K (blue). The metal loading of the catalysts is 0.4 

mol %. 

 

Figure 2-10. Action spectrum for aerobic oxidation of benzyl alcohol on Pt0.8Cu0.2/anatase and Pt1/anatase 

catalysts (0.4 mol % of metal loading). The apparent quantum yield for benzaldehyde formation (ΦAQY) was 

calculated with the equation; ΦAQY (%) = [{(Yvis − Ydark) × 2}/(photon number entered into the reaction 

vessel)] × 100, where Yvis and Ydark are the amounts of benzaldehyde formed (μmol) under light irradiation 

and dark conditions, respectively. 
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Figure 2-10 (black) shows the action spectrum for aerobic oxidation of benzyl alcohol with 

Pt0.8Cu0.2/anatase obtained by irradiation of monochromatic light. A good correlation is observed between 

the interband absorption of the catalyst and the apparent quantum yield for benzaldehyde formation (ΦAQY). 

This suggests that, as shown in Figure 2-1, the interband excitation of alloy particles by visible light indeed 

promotes aerobic oxidation. It is also noted that ΦAQY for Pt0.8Cu0.2/anatase is much higher than that for 

Pt1/anatase (white); the ΦAQY for Pt0.8Cu0.2/anatase determined at 550 nm (17%) is more than twice that for 

Pt1/anatase (7.1%). 

As shown in Figure 2-1, visible light absorption of Pt promotes interband transition of e– from the 5d 

band to the sp conduction band.18 The e– is transferred to the anatase conduction band, where the e– 

overcomes the Schottky barrier (ϕB) created at the heterojunction.21 The enhanced e– transfer from 

photoactivated alloy particles to anatase is due to the decrease in the height of ϕB by Cu alloying. As shown 

by eq 1, ϕB is defined as the difference between the work function of alloy particles and the electron affinity 

of the anatase conduction band.22 The work function of the bimetallic alloy is expressed by the sum of the 

work functions of two metal components.23,24 The work function of bulk Pt1–xCux alloy (Walloy∞) is expressed 

as follows: 

  CuPtalloy   )-(1  (eV) WxWxW                 (2) 

WPt∞ and WCu∞ are the work functions of bulk Pt (5.65 eV) and Cu (4.65 eV),44 respectively. Walloy∞ for the 

bulk Pt0.8Cu0.2 alloy is therefore calculated to be 5.45 eV. As reported,45 the work function of metal particles 

depends on their size (d). The work function of alloy particles (Walloy) is expressed as follows: 

 
08.1

 (eV) alloyalloy
d

WW 


                  (3) 

The average diameters of nanoparticles on Pt1/anatase and Pt0.8Cu0.2/anatase are determined by TEM 

observations to be 3.3 and 3.4 nm, respectively. The Walloy values for the nanoparticles on these catalysts are 

therefore calculated to be 5.98 and 5.77 eV, respectively. Smaller work function of the alloy particles 

indicates that alloying of Cu possessing a smaller work function decreases the height of ϕB. This thus 

promotes efficient e– transfer to anatase and results in higher photocatalytic activity of Pt0.8Cu0.2/anatase. At 

the metal/semiconductor heterojunction, Fermi level pinning usually occurs and makes the Schottky barrier 

height less sensitive to the work function of metal loaded.46 It is, however, well-known that the pinning 

effect depends on the type and size of semiconductors. In particular, the size of TiO2 particles strongly 

affects the pinning effect:47,48 the effect scarcely occurs on the TiO2 particles with small diameter (~60 nm) 

due to the high electronegativity of the Ti–O bond. The TiO2 particles used in the present work are very 

small (average diameter, 21.1 nm). This implies that the Fermi level pinning may scarcely occur on the 
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present system. This therefore results in a decrease in the height of ϕB by the Cu alloying, thus facilitating 

the enhanced e– transfer from photoactivated alloy nanoparticles to anatase on the Pt0.8Cu0.2/anatase catalyst. 

In contrast, further increase in the Cu amount of nanoparticles would decrease the height of ϕB more 

significantly. In this case, interband excitation of 5d e– of Pt atoms is suppressed due to the decrease in Pt 

amount. This results in decreased efficiency for e– transfer to anatase (Figure 2-9d) and decreases 

photocatalytic activity (Figure 2-7). 

The reaction mechanism on the PtCu/anatase catalyst is explained as Figure 2-11. As shown in Figure 

2-11A, the dark reaction is initiated by activation of O2 on the anionic Pt site (a).49 The activated species 

removes the H atom from alcohol and produces hydroperoxide and alcoholate species on the surface (b).50 

Subsequent removal of the H atom from alcoholate species affords the product (c). Under irradiation of 

visible light (Figure 2-11B), photoactivated alloy particles transfer e– to anatase (d). In that, the height of 

the Schottky barrier created at the inter face is decreased by Cu alloying, thus promoting efficient e– transfer. 

The e– reduces O2 and produces O2
– species on the anatase surface (e). The O2

– attracts the H atom from 

alcohol and produces the hydroperoxide and alcoholate species (f), giving rise to the product (g). 

 

Figure 2-11. Proposed mechanism for aerobic oxidation of alcohol on the alloy catalyst (A) in the dark and 

(B) under visible light. 

O2

a

e

A

dark

B

visible light

g

b

d

Pt0

Cu0

f

c



53 

 

 

Figure 2-12. Effect of the (a) amount of Pt0.8Cu0.2 alloy particles loaded and (b) calcination and reduction 

temperature on the amount of benzaldehyde formed during aerobic oxidation of benzyl alcohol with 

Pt0.8Cu0.2/anatase catalysts, (black) in the dark and (white) under visible light irradiation. Orange keys denote 

the size of Pt0.8Cu0.2 alloy particles (d) on the catalysts. The calcination and reduction temperature employed 

for catalysts (a) is 673 K, and the metal loading of the catalysts (b) is 0.4 mol %. Reaction conditions are 

identical to those in Figure 2-7. 

 

3-4. Effect of the Amount of Metal loaded  

The activity of Pt0.8Cu0.2/anatase depends on the amount of metal loaded. This is confirmed by aerobic 

oxidation using the Pt0.8Cu0.2/anatase catalysts with different metal loadings [(Pt + Cu)/anatase × 100 = 0.2–

2.4 mol %]. As shown in Figure 2-12a (orange), the particle sizes (d) of these catalysts are similar (3.4–3.6 

nm), although the absorbance of catalysts in the visible region increases with the metal loadings (Figure 2-

13a). The bar graphs in Figure 2-12a shows the results for aerobic oxidation of benzyl alcohol with 

respective catalysts. The dark activity (black) increases with the metal loadings due to the increase in the 

number of surface Pt atoms, active for aerobic oxidation.51,52 Visible light irradiation (white) further 

enhances the reaction. The activity enhancement for the catalyst with 0.2 mol % of Pt0.8Cu0.2 alloy is low, 

but that for the catalysts with >0.4 mol % of Pt0.8Cu0.2 alloy is similar. This means that the >0.4 mol % of 
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metal loadings scarcely affects the activity enhancement by visible light irradiation, although a larger 

number of alloy nanoparticles are loaded on the surface. As reported,53 the increase in the amount of metal 

loaded onto the semiconductor leads to an increase in ϕB, due to the decrease in the Fermi level of the 

semiconductor. The ϕB increase probably suppresses e– transfer from photoactivated nanoparticles to anatase, 

resulting in almost similar photocatalytic activity. 

 

 

Figure 2-13. Diffuse-reflectance UV–vis spectra of (a) Pt0.8Cu0.2/anatase catalysts with different metal 

loadings prepared at 673 K and (b) Pt0.8Cu0.2/anatase catalysts with 0.4 mol % of metal loading prepared at 

different calcination and reduction temperature. 

 

3-5. Effect of Particle Size  

The size of Pt0.8Cu0.2 alloy particles (d) also affects the photocatalytic activity. The Pt0.8Cu0.2/anatase 

catalysts were prepared at different calcination and reduction temperatures (573–873 K) while maintaining 

0.4 mol % of metal loading. As shown in Figure 2-12b (orange), d of the catalysts increases with a rise in 

temperature due to the sintering of nanoparticles; the treatment at 573, 673, 773, and 873 K creates metal 

particles with 2.8, 3.4, 5.3, and 42nmdiameters, respectively. X-ray diffraction (XRD) pattern of the 
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catalysts (Figure 2-14) indicates that the anatase-to-rutile phase transition scarcely occurs. In addition, 

dynamic laser scattering analysis of the catalysts revealed that the size of these catalysts is 22.4 nm (573 K), 

23.8 nm (673 K), 23.9 nm (773 K), and 24.2 nm (873 K), respectively. This means that the size of anatase 

support is almost similar, although the size of alloy nanoparticles increases with a rise in temperature. As 

shown by the black bars in Figure 2-12b, in the dark conditions, the catalysts prepared at 673 and 773 K 

show relatively high activity, and the catalysts with smaller or larger particles show lower activity. The 

lower activity of smaller particles is due to the decreased density of low-coordination sites that are active 

for oxidation.53 In contrast, larger particles contain a decreased number of surface Pt atoms and, hence, show 

decreased activity.  

As shown by the white bars (Figure 2-12b), photocatalytic activity of Pt0.8Cu0.2/anatase prepared at 

different calcination and reduction temperature shows d dependence similar to the dark activity. The catalyst 

prepared at 673 K shows the highest activity, and the catalysts with smaller or larger particles show 

decreased activity. As shown in Figure 2-13b, absorbance of the catalysts in the visible region is similar, 

although their d values are different (Figure 2-12b). This indicates that the light absorption efficiencies for 

these catalysts are similar. The low activity of the catalysts with smaller Pt particles is due to the height of 

ϕB created at the nanoparticle/anatase interface. As shown by eq 3, the work function of metal particles 

increases with a decrease in their particle size. The d values for the catalysts prepared at 573, 673, 773, and 

873 K are 2.8, 3.4, 5.3, and 42 nm, respectively, and their Walloy values are calculated to be 5.84, 5.77, 5.65, 

and 5.48 eV, respectively. As summarized in Figure 2-15(black), the Walloy values become more positive 

with a decrease in the particle size. This suggests that the catalysts with smaller Pt particles create higher 

ϕB. This may suppress smooth e– transfer from photoactivated alloy particles to anatase, thus resulting in 

decreased photocatalytic activity (Figure 2-12b). 

 

Figure 2-14. XRD patterns of respective catalysts and standard patterns for anatase (JCPDS 21-1272) and 

rutile (JCPDS 21-1276). 

Pt0.8Cu0.2/anatase (673 K)

Pt0.8Cu0.2/anatase (773 K)

Pt0.8Cu0.2/anatase (873 K)

anatase

rutile

(101)

(110)



56 

 

 

Figure 2-15. (Black) Work function of Pt0.8Cu0.2 alloy particles (Walloy) and (white) the number of perimeter 

metal atoms (Nperimeter) for Pt0.8Cu0.2/anatase catalysts with 0.4 mol % of metal loading prepared at different 

calcination and reduction temperature. The detailed calculation results for Nperimeter are summarized in Table 

2-1.  

 

 

Figure 2-16. Rerationship between the size of metal particles and the number of perimeter metal atoms on 

Pt0.8Cu0.2/anatase catalysts prepared at different calcination and reduction temperature. 
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Table 2-1. Properties of Pt0.8Cu0.2/anatase catalysts prepared at different calcination and reduction temperature. 

Temperature d / nm a Ntotal 
b m c Nperimeter* d Nparticle / μmol g–1 e Nperimeter  / μmol g–1 f 

573 K 2.8 ± 0.5 (7.94 ± 0.50)  102 6.68 ± 0.10 (1.70 ± 0.03)  10 (6.50 ±0.39)  10-2 1.11 ± 0.04 

673 K 3.4 ± 0.5 (1.42 ± 0.06)  103 8.01 ± 0.10 (2.10 ± 0.03)  10 (3.62 ±0.13)  10-2 (7.62 ±0.18)  10-1 

773 K 5.3 ± 2.9 (5.39 ± 1.61)  103 (1.22 ± 0.06)  10 (3.37 ± 0.17)  10 (9.57 ± 5.74)  10-3 (3.22 ± 0.57)  10-1 

873 K 42 ± 8.7 (2.68 ± 0.16)  106 (9.35 ± 0.18)  10 (2.78 ± 0.05)  102 (1.92 ± 0.27) × 10−5 (5.33 ±0.35)  10-3 

a Average diameter of metal particles determined by TEM observations. b The number of total metal atoms per particle. c The munber of shells.  
d The number of perimeter metal atoms per particle. e The number of metal particles per gram catalyst. f The number of perimeter metal atoms per gram catalyst. 
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In contrast, larger alloy particles create lower ϕB due to their lower work function; therefore, the e– 

transfer to anatase would occur more easily. However, as shown in Figure 2-12b, photocatalytic activity of 

the catalysts with larger alloy particles is much lower than that prepared at 673 K. As shown in Figure 2-

16, the e– transfer from photoactivated metal particles to anatase occurs through the perimeter atoms 

indicated by the green spheres.19 The number of perimeter metal atoms may therefore affect the e– transfer 

efficiency. As shown in Figure 2-2c–h, the high-resolution TEM images of catalysts revealed that the shape 

of many alloy particles is a part of a cuboctahedron, which is surrounded by (111) and (100) surfaces. The 

PtCu alloy particles on the anatase surface therefore can simply be modeled as a fcc cuboctahedron,55 as 

often used for related systems.56,57 This thus allows rough determination of the number of perimeter metal 

atoms. Considering the full shell close-packing cuboctahedron for the PtCu alloy particle, where one atom 

is surrounded by 12 others, the number of total metal atoms per particle (Ntotal*) can be expressed by eq 4 

using the number of shells (m). Ntotal* is rewritten with the average diameter of alloy particle (d) and the 

average atomic diameter of Pt and Cu [datom (= 0.274 nm) = 0.8 × datom,Pt (=0.278 nm) + 0.2 × datom,Cu (=0.256 

nm)].57 The number of perimeter atoms per particle (Nperimeter*) is expressed by eq 5.55 
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The number of alloy particles per gram catalyst (Nparticle) is expressed by eq 6, using the percent amount of 

metal loaded [0.87 wt % = (Pt + Cu)/(Pt + Cu + anatase) × 100], average molecular weight of Pt and Cu 

[MW (= 168.8 g mol–1) = 0.8 × MPt (= 195.1 g mol–1) + 0.2 × MCu (= 63.5 g mol–1)], and Ntotal*. The number 

of perimeter metal atoms per gram catalyst (Nperimeter) is therefore expressed by eq 7. 

                                
*100
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1-

particle
NM

N
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                (6) 

                                * )g ( m o l p a r t i c l ep e r i m e t e r
-1
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The Nperimeter values for respective Pt0.8Cu0.2/anatase catalysts prepared at different temperature can therefore 

be calculated using their d values determined by TEM observations (Table 2-1). As shown in Figure 2-15 

(white), Nperimeter decreases with an increase in the particle size; the value for the catalyst prepared at 573 K 

is 1.1 μmol g–1, but the value for the catalyst prepared at 873 K is only 5.3 × 10–3 μmol g–1. This suggests 

that the particle size increase significantly decreases Nperimeter. This may suppress e– transfer from 

photoactivated alloy particles to anatase, resulting in low photocatalytic activity. As shown in Figure 6b, the 
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catalysts prepared at 573, 673, and 773 K contain alloy particles with similar diameter (2–6 nm), but the 

catalyst prepared at 673 K shows the highest photocatalytic activity. This means that the particle size 

strongly affects Walloy and Nperimeter values, and this trade-off relationship is critical for activity. The 3–5 nm 

Pt0.8Cu0.2 alloy nanoparticles with shell number 7–11 create relatively low ϕB and large number of perimeter 

metal atoms at the nanoparticle/anatase heterojunction and, hence, exhibit high photocatalytic activity. 

 

Table 2-2. Effect of Sunlight Exposure on Aerobic Oxidation of Alcohols with Respective Catalystsa 

entry substrate catalyst sunlightb 
conversion 

/ %c 
product yield / %d 

1 

OH

 

Pt0.8Cu0.2/anatase + 75 

O

 

72 

2 
Pt0.8Cu0.2/anatase – 

13 12 

3 Pt1/anatase + 37 35 

4 

OH

 

Pt0.8Cu0.2/anatase + 84 

O

 

80 

5 
Pt0.8Cu0.2/anatase – 

9 9 

6 Pt1/anatase + 60 59 

7 

OH

MeO  

Pt0.8Cu0.2/anatase + >99 

O

MeO  

99 

8 
Pt0.8Cu0.2/anatase – 

14 14 

9 Pt1/anatase + 77 77 

10 

OH

Cl  

Pt0.8Cu0.2/anatase + 73 

O

Cl  

73 

11 
Pt0.8Cu0.2/anatase – 

7 7 

12 Pt1/anatase + 43 40 

13 
OH

 

Pt0.8Cu0.2/anatase + 72 
O

 

72 

14 
Pt0.8Cu0.2/anatase – 

11 10 

15 Pt1/anatase + 34 34 

16 
OH

MeO  

Pt0.8Cu0.2/anatase + 85 
O

MeO  

84 

17 Pt0.8Cu0.2/anatase – 5 5 

18 
Pt1/anatase + 

49 49 

a Reaction conditions: toluene (5 mL), alcohol (25 μmol), catalyst (5 mg), O2 (1 atm), exposure time (4 h). 
The average light intensity at 300–800 nm was 8.1 mW cm–2, which involves  <400 nm light with only ca. 
2% (see Figure 2-17). The solution temperature during exposure was 288–293 K. b The dark reaction (−) 
was performed at 293 K. c = (alcohol converted) / (initial amount of alcohol) × 100. d = (product formed) / 
(initial amount of alcohol) × 100. 
 

3-6. Effect of Sunlight as the Light Source  

The Pt0.8Cu0.2/anatase catalyst prepared at 673 K successfully promotes aerobic oxidation of alcohols 
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under sunlight irradiation at ambient temperature. Table 2-2 summarizes the results for oxidation of various 

alcohols obtained with Pt0.8Cu0.2/anatase under sunlight exposure, where the temperature of solution during 

exposure was 288–293 K. Sunlight irradiation selectively oxidizes alcohols to the corresponding carbonyl 

compounds with very high yields (75–99%). 

 

 

Figure 2-17. Light emission spectra for Xe lamp (λ >450 nm) and sunlight, and diffuse reflectance UV-vis 

spectra of Pt0.8Cu0.2(673)/anatase catalyst. 

 

4. Conclusion 

The author found that bimetallic alloy nanoparticles consisting of 80 mol % of Pt and 20 mol % of Cu, 

supported on anatase TiO2, behave as highly efficient photocatalysts for aerobic oxidation under visible light 

irradiation. The activity of the alloy catalyst is much higher than that of the monometallic Pt catalyst. The 

enhanced activity is due to the decrease in the work function of nanoparticles by Cu alloying. This decreases 

the height of the Schottky barrier created at the nanoparticle/anatase heterojunction and promotes smooth e– 

transfer from the photoactivated nanoparticles to anatase. The activity strongly depends on the size of alloy 

particles. Smaller particles (<3 nm diameter) have larger work function and create a larger Schottky barrier, 

resulting in decreased activity. In contrast, larger particles (>5 nm diameter) possess a smaller number of 

perimeter metal atoms. This thus suppresses smooth e– transfer from photoactivated nanoparticles to anatase, 

resulting in decreased activity. As a result of this, alloy nanoparticles with 3–5 nm diameters exhibit the 

highest photocatalytic activity. Sunlight activation of the catalyst successfully promotes selective and 

efficient oxidation of alcohols. The efficient charge separation at the Pt–Cu alloy nanoparticle/anatase 

interface clarified here may contribute to the creation of more active photocatalysts driven by visible light 

and the design of photocatalytic systems for selective organic transformation by sunlight. 
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Chapter III 

 

Direct O2 Activation by Pt Nanoparticles Supported on Ta2O5 

 

1. Introduction 

Aerobic oxidation by heterogeneous catalysts with O2 as an oxidant is an essential reaction for organic 

synthesis from the viewpoint of green and sustainable chemistry.1 Photocatalytic oxidation with O2 has also 

been studied extensively with semiconductor TiO2,2−6 because it oxidizes several types of substrates such as 

alcohols, amines, hydrocarbons, and sulfides at room temperature. One critical issue for practical application 

of the photocatalytic processes is the low catalytic activity under irradiation of visible light (λ >400 nm), 

the main component of solar irradiance. Several TiO2 materials doped with nitrogen,7,8 sulfur,9,10 carbon,11,12 

or boron atoms13,14 have been proposed to extend the absorption edge into the visible region. All of these 

doped catalysts, however, suffer from low quantum yields for the reaction (<0.5%), because they inherently 

contain a large number of crystalline lattices that behave as charge recombination centers.15 The creation of 

visible-light-driven-photocatalysts that efficiently promote aerobic oxidation is still a challenge. 

A metal particles/semiconductor system, driven by an absorption of visible light by metal particles,16 

is one of the promising photocatalysts for aerobic oxidation. As shown in Figure 3-1, Au17−24 or Pt 

particles25−28 supported on semiconductors such as TiO2, CeO2, ZrO2, and SrTiO3 absorb visible light and 

produce hot electrons (ehot
−) via an intra- or interband transition of 6sp or 5d band electrons.29−31 These ehot

− 

are injected into the semiconductor conduction band (CB) through the metal/semiconductor interface. The 

positive charges (hot holes, δ+) formed on the metal oxidize substrates, while the CB electrons (eCB
−) are 

consumed by the reduction of O2, promoting aerobic oxidation even at room temperature. The quantum 

yields for the reactions are, however, <5% (at 550 nm), although much higher than those obtained by the 

doped catalysts (<0.5%).7−14 The rate-determining step is the injection of ehot
− into the semiconductor CB 

because it requires the energy to overcome the Schottky barrier (ϕB) created at the metal/semiconductor 

interface.32,33 Development of a new catalyst that promotes the reaction without ehot
− injection is therefore a 

key to efficient aerobic oxidation. 

Recently, some metal absorption systems that promote reactions on the metal particles “without ehot
− 

injection” have been proposed.34 Laser photoexcitation (λ ≥450 nm) of Au particles (ca. 10−20 nm) 

supported on SiO2 promotes H2 dissociation (H2 + D2 → 2HD) at room temperature by the ehot
− photoformed 

on the Au particles.35 In that, a TiO2 support is less effective because the ehot
− injection into the TiO2 CB 

decreases the number of ehot
− on the Au particles.36 Aerobic oxidation of carbon monoxide (CO) is promoted 
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on Pt particles (ca. 2−3 nm) supported on α-Al2O3 under visible light irradiation by a Xe lamp with relatively 

high quantum yield (ca. 5% at 550 nm).37 The reaction is promoted by photoexcitation of CO molecules 

adsorbed on the Pt surface. In that, a high temperature (>373 K) is necessary for high catalytic activity. 

Aerobic oxidation of ethylene (C2H4 + 1/2O2 → C2H4O) is promoted on Ag nanocubes (75 nm edge length) 

supported on α-Al2O3 by visible light irradiation with a Xe lamp.38,39 It is considered that, based on ab initio 

calculation by density functional theory (DFT), the reaction occurs via a donation of ehot
− to O2 adsorbed on 

the Ag surface. The formed anionic oxygen species are proposed to be the active species for oxidation, 

although the species are not detected directly. The Ag/α-Al2O3 system promotes the reaction with very high 

quantum yield (ca. 60% at 380−800 nm) but needs high reaction temperature (>373 K). This is probably 

because vibrational activation (dissociation) of the active oxygen species by thermal stimuli is required for 

oxidation.40 The design of a visible-light-driven metal particle system that promotes aerobic oxidation at 

room temperature is therefore still a challenge. 

 

 

Figure 3-1. Aerobic Oxidation on a Metal/Semiconductor System under Irradiation of Visible Light. Where 

EF and ϕB [= W − χ (eV)] are the Fermi level and the height of Schottky barrier, respectively [W = work 

function of metal (eV); χ = electron affinity of semiconductor CB (eV)]. 

 

Herein, we report that visible-light-induced aerobic oxidation at room temperature is facilitated by Pt 

nanoparticles (~5 nm diameter) supported on semiconductor Ta2O5. These Pt nanoparticles possess very 

high electron density due to the strong Pt−Ta2O5 interaction. This enhances interband transition of the Pt 5d 

electrons by absorbing visible light. A large number of ehot
− produced on the photoactivated Pt surface 

directly activate O2 and create active peroxide species for oxidation. The formation of the species was 
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detected by spectroscopic analysis. The Pt/Ta2O5 catalysts successfully promote aerobic oxidation of 

alcohols with significantly high quantum yield, ~25% (at 550 nm). 

 

2. Experimental section 

2-1. General  

All of the reagents used were supplied from Wako, Tokyo Kasei, and Sigma-Aldrich and used without 

further purification. Water was purified by the Milli Q system. Ta2O5 and SrTiO3 were purchased from 

Wako. TiO2 (JRC-TIO-1 and JRC-TIO-4), ZrO2 (JRC-ZRO-3), and CeO2 (JRC-CEO-3) were kindly 

supplied from the Catalyst Society of Japan (Japan Reference Catalyst). These properties are summarized 

in Table 3-1. 

 

Table 3-1. Properties of semiconductors used 

Semiconductor Supplier 

Average 

particle size  

/ nm [a] 

SBET  

/ m2 g-1 [b] 

pzc 

/ pH [c] 

Ta2O5 Wako 1269 2.6 3.3 

TiO2 (JRC-TIO-1) Catalysis Society of Japan 21 81 5.0 

P25 TiO2 (JRC-TIO-4) Catalysis Society of Japan 24 57 6.0 

ZrO2 (JRC-ZRO-3) Catalysis Society of Japan 107 94 3.4 

CeO2 (JRC-CEO-3) Catalysis Society of Japan 20 82 6.6 

SrTiO3 Wako 222 10  
[a] Hydrodynamic diameter determined by a Horiba LB–500 dynamic light scattering particle size analyzer. [b] 

BET surface area determined by N2 adsorption/desorption measurements at 77 K using an AUTOSORB–1–

C/TCD analyzer (Yuasa Ionics Co., Ltd.). [c] Point of zero charge for the catalysts determined by Zeta potential 

measurements on an ELSZ-1000Z analyzer (Otsuka Electronics Co., Ltd.). 

 

2-2. Catalyst Preparation  

Ptx/Ta2O5 [x (wt %) = Pt/Ta2O5 × 100; x = 0.5, 1, 1.5, 2, 2.5, or 3] were prepared as follows: Ta2O5 (1 

g) was added to water (40 mL) containing H2PtCl6·6H2O (13.3, 26.8, 40.4, 54.2, 68.1, or 82.1 mg). The 

solvents were removed by evaporation at 353 K with vigorous stirring for 12 h. The obtained powders were 

dried under air flow and reduced under H2 flow at the identical temperature. Unless otherwise noted, the H2 

reduction was carried out at 673 K. The heating rate was 2 K min−1, and the holding time at the designated 

temperature was 2 h, respectively. Pt2/TiO2 (JRC-TIO-1), Pt/CeO2, Pt2/ZrO2, and Pt2/SrTiO3 were prepared 

in a similar manner to that of Pt2/Ta2O5. Ag2/Ta2O5 and Pd2/Ta2O5 were also prepared in a similar manner, 

with AgNO3 (32 mg) or Pd(NO3)2 (44 mg) as a metal source. 
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Au2/Ta2O5 and Au2/TiO2 were prepared by a deposition−precipitation method.19 Ta2O5 or TiO2 (JRC-

TIO-4, 1 g) was added to water (50 mL) containing HAuCl4·4H2O (46 mg). The pH of the solution was 

adjusted to ~7 with 1 mM NaOH, and the solution was stirred at 353 K for 3 h. The particles were recovered 

by centrifugation, washed thoroughly with water, and dried at 353 K for 12 h. The powders were calcined 

under air flow, where the heating rate was 2 K min−1 and the holding time at 673 K was 2 h, respectively. 

 

2-3. Photoreaction  

Catalyst (10 mg) was added to 2-PrOH (5 mL) within a Pyrex glass tube (φ 12 mm; capacity, 20 mL). 

The tube was sealed with a rubber septum cap. The catalyst was dispersed well by ultrasonication for 5 min, 

and O2 was bubbled through the solution for 5 min. The tube with an O2 balloon was immersed in a 

temperature-controlled water bath, and the temperatures of the solutions were kept rigorously at the 

designated temperature (deviation: ±0.5 K).19 The tube was photoirradiated with magnetic stirring using a 2 

kW Xe lamp (USHIO Inc., λ >300 nm). The light intensity at 300−800 nm was 21.0 mW cm−2. A glass filter 

(CS3-72; Kopp Glass Inc.) was used to give light wavelength at λ >450 nm, where the light intensity at 

450−800 nm was 16.8 mW cm−2. After photoreaction, the catalyst was recovered by centrifugation, and the 

resulting solution was analyzed by GC-FID (Shimadzu, GC-1700). 

 

2-4. Action Spectrum Analysis  

Catalyst (8 mg) was suspended in 2-PrOH (2 mL) within a Pyrex glass tube (φ 12 mm; capacity, 20 

mL). The tube was sealed with a rubber septum cap. The catalyst was dispersed well by ultrasonication for 

5 min, and O2 was bubbled through the solution for 5 min. The tube with an O2 balloon was photoirradiated 

with magnetic stirring by a 2 kW Xe lamp (USHIO Inc.), where the incident light was monochromated by 

band-pass glass filters (Asahi Techno Glass Co.).23 The full-width at half-maximum (fwhm) of the lights 

was 11−16 nm. The temperature of the solutions during photoirradiation was kept at 298 ± 0.5 K in a 

temperature-controlled water bath. The photon number entered into the reaction vessel was determined with 

a spectroradiometer (USR-40; USHIO Inc.). 

 

2-5. ESR Measurement  

ESR spectra were recorded at the X-band using a Bruker EMX-10/12 spectrometer with a 100 kHz 

magnetic field modulation at a microwave power level of 10.0 mW, where microwave power saturation of 

the signal does not occur.27 The magnetic field was calibrated with 1,1′-diphenyl-2-picrylhydrazyl (DPPH). 
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Catalyst (10 mg) was placed in a quartz ESR tube and evacuated at 423 K for 3 h. After cooling the tube to 

room temperature, O2 (20 Torr) was introduced to the tube and left for 3 h at 298 K in the dark or under 

photoirradiation using a Xe lamp (2 kW; USHIO Inc.) at λ >450 nm (with CS3-72; Kopp Glass Inc.). The 

ESR tube was then evacuated for 10 min to remove the excess amount of O2 and subjected to analysis at 77 

K. 

 

2-6. DRIFT Analysis  

The spectra were measured on a FT/IR-610 system (JASCP Corp.),78 equipped with an in situ DR cell 

(Heat Chamber HC-500, ST Japan, Inc.). The catalyst (20 mg) was placed in the DR cell, and the cell was 

evacuated (6.8 × 10−3 Torr) at 423 K for 3 h. O2 or CO (1.5 Torr) was introduced to the cell at the designated 

temperature. The cell was left at the temperature for 3 h in the dark or under irradiation of 450 nm 

monochromatic light with a Xe lamp (300 W; Asahi Spectra Co. Ltd.; Max-302) equipped with 450 nm 

bandpass filter. The fwhm of the light was 10 nm, and the light intensity was 68 μW cm−2, respectively. The 

cell was then evacuated for 10 min to remove the excess amount of O2 or CO and subjected to analysis at 

303 K. 

 

2-7. Other Analysis  

TEM observations were performed on a FEI Tecnai G2 20ST analytical electron microscope operated 

at 200 kV.79 XRD patterns were measured on a Philips X′Pert-MPD spectrometer. XPS measurements were 

performed using a JEOL JPS9000MX spectrometer with Mg Kα radiation as the energy source. C 1s binding 

energy at 284.8 eV was used as a reference for the calibration of XPS lines.80 Diffuse-reflectance UV−vis 

spectra were measured on an UV−vis spectrometer (Jasco Corp.; V-550 with Integrated Sphere Apparatus 

ISV-469) with BaSO4 as a reference. 
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Figure 3-2. (a) Typical TEM image of Pt2/Ta2O5 catalyst and (b) size distribution of the Pt particles. (c−f) 

High-resolution TEM images of the catalyst. 

 

3. Results and Discussion 

3-1. Catalyst Preparation 

The Pt2/Ta2O5 catalyst loaded with 2 wt % Pt (= Pt/Ta2O5 × 100) was prepared by impregnation of 

H2PtCl6·6H2O onto Ta2O5 (average particle size, 1.3 μm; BET surface area, 2.6 m2 g−1) followed by H2 

reduction at 673 K.41,42 Transmission electron microscopy (TEM) observation of the catalyst (Figure 3-2a 

and 3-2b) exhibits spherical Pt particles with an average diameter 3.6 nm. High-resolution TEM images 

(Figure 3-2c and 3-2d) reveal that these particles can be indexed as fcc structures, as is the case for bulk Pt 
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(JCPDS 04-0802). As shown in Figure 3-3a, diffuse-reflectance (DR) UV−vis spectra reveal that bare 

Ta2O5 absorbs light at λ <330 nm, whereas Pt2/Ta2O5 shows a broad absorption band at λ >350 nm, assigned 

to interband transition of 5d electrons on the Pt particles.43 These data clearly suggest that visible light 

activates the Pt particles but does not activate the Ta2O5 support.  

 

 

Figure 3-3. (a) DR UV−vis spectra of the catalysts and (b) action spectrum for aerobic oxidation of 2-PrOH 

on Pt2/Ta2O5. The apparent quantum yield for acetone formation (ΦAQY) was calculated with the equation: 

ΦAQY (%) = [{(YVIS − Ydark) × 2}/(photon number entered into the reaction vessel)] × 100, where YVIS and 

Ydark are the amounts of acetone formed under visible light irradiation (λ >450 nm) and in the dark conditions, 

respectively. 

 

3-2. Catalytic Activity 

High catalytic activity of Pt2/Ta2O5 is demonstrated by aerobic oxidation of 2-propanol (2-PrOH). The 

reactions were performed by stirring the catalyst (10 mg) in 2-PrOH (5 mL) under an O2 balloon (~1 atm) 

in the dark or under visible light irradiation with a Xe lamp (λ >450 nm). The temperature of the solution 

was kept rigorously at 298 ± 0.5 K by a digitally controlled water bath. Figure 3-4 summarizes the amount 

of acetone formed by 6 h reaction in the dark (black) or under photoirradiation (white). It is noted that all of 

the systems selectively produce acetone (mass balance >99%), as is the case for related metal/semiconductor 

systems.17−28 Bare Ta2O5 is inactive for the reaction in both conditions. In contrast, Pt2/Ta2O5 produces 

acetone relatively efficiently even in the dark (ca. 0.3 mmol). The striking aspect of this catalyst is the drastic 

activity enhancement by visible light irradiation; about 5 times the amount of acetone (ca. 1.6 mmol) is 

produced by the irradiation of λ >450 nm light. Other semiconductors (TiO2, CeO2, ZrO2, and SrTiO3) 
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loaded with Pt or Au particles, which promote the reaction by the ehot
− injection mechanism,17−28 exhibit only 

a minor activity enhancement (<0.2 mmol) even by visible light irradiation. In addition, Au, Ag, or Pd 

particles supported on Ta2O5 show almost no activity enhancement. These data suggest that Pt particles, 

when supported on Ta2O5, specifically promote efficient aerobic oxidation under visible light irradiation. 

It is generally accepted that a Pt/TiO2 catalyst shows very high photocatalytic activity under UV 

irradiation because Pt particles efficiently trap the CB electrons on the photoexcited TiO2 and create a charge 

separated state.44−46 However, as shown by the gray bar in Figure 3-4, a Pt2/TiO2 catalyst, when irradiated 

by UV−visible region light (λ >300 nm), produces only a small amount of acetone (ca. 0.25 mmol). This 

emphasizes extraordinary high catalytic activity of Pt2/Ta2O5 under visible light irradiation. It must be noted 

that, as shown in Figure 3-5, Pt2/Ta2O5 maintains its activity even after prolonged photoirradiation (~36 h), 

indicating that the catalyst is stable under photoirradiation.  

Figure 3-3b shows the action spectrum for aerobic oxidation of 2-PrOH on Pt2/Ta2O5 obtained by 

monochromatic light irradiation. A good correlation is observed between the absorption spectrum of the 

catalyst and the apparent quantum yields for acetone formation (ΦAQY). This suggests that interband 

transition of 5d electrons on the Pt particles by absorbing visible light indeed promotes the reaction. It is 

noted that the ΦAQY obtained by 550 nm light irradiation is ~25%, which is much higher than that for early 

reported metal nanoparticle/semiconductor systems (<5%)17−28 and doped catalysts (<0.5%).7−14 

 

Figure 3-4. Amount of acetone formed by aerobic oxidation of 2-PrOH on the respective catalysts at 298 

K, (black) in the dark, (white) under visible light irradiation (λ >450 nm; light intensity at 450−800 nm is 

16.8 mW cm−2), and (gray) under UV−visible light irradiation (λ >300 nm; light intensity at 300−800 nm is 

21.0 mW cm−2). DR UV− vis spectra of the catalysts are summarized in Figure 3-6, and spectral irradiances 

for the light sources are shown in Figure 3-7. 
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Figure 3-5. Time-dependent change in the amount of acetone formed by aerobic oxidation of 2-PrOH on 

Pt2/Ta2O5 in the dark or under visible light irradiation (λ >450 nm). The reaction conditions are identical to 

those in Figure 3-4. 
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Ptx/Ta2O5  

 

Pt2/Ta2O5 prepared at different H2 reduction temp. 

 

Figure 3-6. DR UV–vis spectra of catalysts. 

 

Figure 3-7. Light emmision spectra for Xe lamp (blue) without filter, (orange) with λ >450 nm filter, and 

(red) with λ = 450 nm band-pass filter. DR UV-vis spectra of Pt2/Ta2O5 catalyst is also shown here.  
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Figure 3-8. ESR spectra of (a) Pt2/TiO2 and (b) Pt2/Ta2O5 measured with O2 at 77 K. The catalysts were left 

at 298 K with 20 Torr of O2 (black) in the dark or (blue) under visible light irradiation (λ >450 nm) for 3 h. 

After evacuation, the respective samples were subjected to analysis at 77 K. 

 

Figure 3-9. (A) Energy Diagram and (B) Proposed Mechanism for Aerobic Oxidation on Pt/Ta2O5 in the 

Dark or under Visible Light 
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3-3. No ehot
− Injection from Pt to Ta2O5 

On Pt2/Ta2O5, the ehot
− produced on the photoactivated Pt particles are not injected into the Ta2O5 CB. 

The work function of the Pt particles (average diameter: 3.6 nm) is determined to be W = 6.0 eV,47−49 and 

the electron affinity of Ta2O5 CB is χ = 3.2 eV.50,51 The height of Schottky barrier created at the Pt−Ta2O5 

interface is therefore calculated with the equation, ϕB = W − χ,32,33 to be 2.8 eV (λ = 443 nm). This is larger 

than the energy of light irradiated in the present photoreaction system (λ >450 nm). This suggests that, on 

Pt/Ta2O5, the high ϕB suppresses the ehot
− injection from Pt particles to Ta2O5 CB. The no ehot

− injection is 

confirmed by electron spin resonance (ESR) analysis of the catalysts. The Pt2/TiO2 catalyst, which promotes 

aerobic oxidation by the ehot
− injection mechanism,25−28 was irradiated by visible light (λ >450 nm) with O2 

at 298 K. As shown by the blue line in Figure 3-8a, the sample, when subjected to ESR analysis at 77 K, 

shows strong signals assigned to superoxide anion formed on the TiO2 surface (gxx = 2.002, gyy = 2.009, gzz 

= 2.028).52 This suggests that, as shown in Figure 3-1, the ehot
− photoformed on the Pt particles are indeed 

injected into the TiO2 CB and reduce O2 on the TiO2 surface. In contrast, as shown by the blue line in Figure 

3-8b, visible light irradiation of Pt2/Ta2O5 with O2 does not create superoxide signal. This clearly indicates 

that ehot
− injection from Pt particles to Ta2O5 does not occur. 

 

3-4. Catalysis Mechanism on Pt/Ta2O5 

Mechanism for aerobic oxidation on Pt/Ta2O5 can be explained by Figure 3-9. In the dark condition, 

Pt particles partially donate their 5d electrons (e5d
−) to LUMO (π*) of O2 (Figure 3-9.a).53−55 This activates 

O2 and produces anionic peroxo species (Pt5d−O−Oδ−, Figure 3-9B.a).56,57 Visible light absorption of the Pt 

particles promotes interband transition of their e5d
−, producing a large number of ehot

− (Figure 3-9A.b and 

3-9B.b). The ehot
− also activate O2 by partial electron donation (Figure 3-9A.c),39 producing a large number 

of anionic peroxo species (Pthot−O−Oδ−; Figure 3-9B.c). These peroxo species (Pt5d−O−Oδ− and 

Pthot−O−Oδ−) behave as the active species for oxidation: they abstract the α-hydrogen of alcohos and produce 

alcoholate and hydroperoxide species on the Pt surface (Figure 3-9B.d).58 Subsequent abstraction of β-

hydrogen from the alcoholate species produces the corresponding carbonyl product (Figure 3-9B.e).  

 

3-5. Formation of Peroxo Species  

In the present Pt/Ta2O5 system, anionic peroxo species (Pthot−O−Oδ−) formed by ehot
− donation to O2 on 

the Pt surface act as the active species. As reported,39 aerobic oxidation of ethylene on the Ag/α-Al2O3 

catalyst under visible light irradiation is also considered to occur via ehot
− donation to O2 on the Ag surface. 
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Similar anionic peroxo species (Ag−O−Oδ−) are proposed to act as active species based on the DFT 

calculation. The formation of the Pthot−O−Oδ− species (Figure 3-9B.c) on the Pt surface by visible light 

irradiation is confirmed by the diffuse-reflectance infrared Fourier transform (DRIFT) analysis of O2 

adsorbed onto the catalysts. As shown in Figure 3-10a, bare Ta2O5 measured with O2 shows almost no 

signal in the dark (black) or under irradiation of 450 nm light (blue). In contrast, as shown in Figure 3-10b 

(black), Pt2/Ta2O5 measured with O2 in the dark creates a band at 2037 cm−1, assigned to O−O vibration of 

peroxo species.59 This suggests that, as shown in Scheme 3-10A.a and 3-10B.a, the peroxo species 

(Pt5d−O−Oδ−) are indeed produced by partial e5d
− donation to O2.56,57 In contrast, visible light irradiation of 

Pt2/Ta2O5 with O2 (Figure 3-10b, blue) creates a very strong O−O band at the blue-shifted position (2048 

cm−1). This suggests that, as shown in Figure 3-9A.c and 3-9B.c, a large number of more anionic peroxo 

species (Pthot−O−Oδ−) are indeed produced via a strong ehot
− donation to O2. It is noted that, as shown in 

Figure 3-10b (green), the Pt2/Ta2O5 catalyst, when treated with O2 at high temperature (343 K) in the dark, 

shows a red-shifted signal at 2037 cm−1, which is similar to that obtained in the dark at 303 K (black). This 

indicates that, under present photoirradiation conditions, photothermal conversion60 on the Pt particles does 

not occur.61−64 This again suggests that, as shown in Figure 3-9A.c and 3-9B.c, visible light irradiation of 

the Pt/Ta2O5 catalyst produces peroxo species (Pthot−O−Oδ−) via an ehot
− donation to O2.  

In contrast, as shown in Figure 3-10c−e, Pt2/TiO2, Pt2/CeO2, and Pt2/ZrO2 do not show O−O band even 

under visible light irradiation. The O−O band intensities on the respective catalysts are consistent with the 

activity data (Figure 3-4). This suggests that, on Pt/Ta2O5, the enhanced ehot
− formation on the Pt particles 

efficiently activates O2 and produces a large number of peroxo species; this is the crucial factor for high 

catalytic activity. Figure 5f shows the time-dependent change in the Pthot−O−Oδ− signal on the Pt2/Ta2O5 

catalyst, when left in the dark at 303 K after addition of 2-PrOH in the gas phase. The signal decreases with 

time, and GC analysis of the fouling on the resulting catalyst detected a formation of acetone. These findings 

clearly suggest that abstraction of alcohol hydrogen by the peroxo species (Figure 3-9B.c → d) indeed 

promotes aerobic oxidation. 
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Figure 3-10. (a−e) DRIFT spectra of O2 adsorbed onto the catalysts, measured (black) in the dark at 303 K, 

(green) in the dark at 343 K, (blue) under 450 nm light irradiation at 303 K, or (red) under 450 nm light 

irradiation at 343 K. The catalyst (20 mg) was evacuated (6.8 × 10−3 Torr) at 423 K for 3 h. O2 (1.5 Torr) 

was introduced to the cell at the designated temperature and left for 1 h in the dark or under photoirradiation. 

(f) Time-dependent spectral change (intervals: 5 min) monitored in the dark at 303 K after addition of 2-

PrOH (7.5 × 10−1 Torr) to the Pt2/Ta2O5 sample obtained after 450 nm light irradiation at 303 K with O2 for 

1 h (sample b, blue). 

 

Figure 3-11. XPS chart (Pt 4f level) of respective catalysts. 
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3-6. Electron Density of Pt Particles on Ta2O5  

The efficient ehot
− formation on the Pt particles, when supported on Ta2O5, is due to the high electron 

density of the Pt particles by strong Pt−Ta2O5 interaction. The Fermi levels of Pt and Ta2O5 lie at −5.65 eV 

(bulk)49 and −4.25 eV,65 respectively (from vacuum level), indicating that there is a large Fermi level 

difference between Pt and Ta2O5. Strong metal−support interaction,66−68 if it occurs, may therefore promote 

electron donation from Ta2O5 to Pt for the Fermi level balancing and result in high electron density of Pt 

particles. X-ray photoelectron spectroscopy (XPS) of the catalysts confirms this. As shown in Figure 3-11, 

the Pt/Ta2O5 catalyst exhibits Pt 4f 5/2 and 7/2 peaks at 73.0 and 69.7 eV, respectively. In contrast, the Pt 

peaks for other catalysts (Pt/TiO2, Pt/CeO2, and Pt/ZrO2) appear at higher binding energy. This indicates 

that the Pt particles on Ta2O5 are indeed charged more negatively. These data clearly indicate that strong 

Pt−Ta2O5 interaction enhances electron donation from Ta2O5 to Pt at the interface and, hence, increases 

electron density of the Pt particles.69 

 

Figure 3-12. DRIFT spectra of CO adsorbed onto the catalysts (black) in the dark or (blue) under 450 nm 

light irradiation at 303 K. The catalysts (20 mg) were evacuated (6.8 × 10−3 Torr) at 423 K for 3 h. CO (1.5 

Torr) was introduced into the cell at 303 K and left for 1 h in the dark or under photoirradiation. 

 

It is well-known that a reducible metal oxide support is crucial for strong metal−support interaction, 

where the oxygen vacancies of the support adjacent to the reduced metal cations facilitate strong adhesion 

of metal.30 A correlation between the reducibility of supports and the interaction strength with metal 

indicates strong metal−Ta2O5 interaction.70 Strong Pt−Ta2O5 interaction is supported by HRTEM 
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observations. As shown in Figure 3-3e,f, the Pt(111) plane is adsorbed onto the Ta2O5(023) plane. Their 

lattice spacings are determined to be 0.227 and 0.240 nm, respectively. A good agreement of the spacings 

(deviation: ~6%) indicates epitaxial growth of Pt particles on the Ta2O5(023) plane.71,72 These data suggest 

that strong adhesion of Pt onto the oxygen vacancies of Ta2O5 surface facilitates strong Pt−Ta2O5 interaction. 

The high electron density of the Pt particles on Ta2O5 is further confirmed by DRIFT analysis of carbon 

monoxide (CO) adsorbed onto the Pt particles, because the stretching frequency of the adsorbed CO depends 

strongly on the electron density of metal particles.57,73 Figure 3-12 shows the DRIFT spectra of CO adsorbed 

onto the catalysts at 303 K. Bare Ta2O5 measured in the dark (Figure 3-12a) shows almost no signal, 

indicating that its surface is inactive for CO adsorption. As shown in Figure 3-12b (black), Pt2/Ta2O5 shows 

a CO stretching band at 2046 cm−1. Other Pt-loaded catalysts show blue-shifted bands (Figure 3-12c−e). 

This indicates that the Pt particles on Ta2O5 indeed possess high electron density. The XPS and DRIFT data 

therefore imply that the high electron density of the Pt particles on Ta2O5 enhances interband transition of 

e5d
− and produces a large number of ehot

−. 

As shown in Figure 3-12b (blue), CO molecules, when adsorbed onto Pt2/Ta2O5 under 450 nm light 

irradiation, exhibit a redshifted and stronger stretching at 2040 cm−1. This indicates that the Pt particles are 

charged more negatively by visible light irradiation. This is because CO molecules are strongly adsorbed 

onto the Pt surface via stronger electron donation from the photoformed ehot
−. This is consistent with the 

DRIFT data for the formation of peroxo species (Figure 3-12b, blue). The results strongly support the 

proposed mechanism for efficient aerobic oxidation via O2 activation by the photogenerated ehot
− (Figure 3-

9). 

 

3-7. Effect of Pt Amount 

The catalytic activity of the ehot
−-induced aerobic oxidation on Pt/Ta2O5 depends on the amount of Pt 

loaded. The Ptx/Ta2O5 catalysts with different Pt loadings [x (wt %) = Pt/Ta2O5 × 100; x = 0.5−3 wt %] were 

prepared by H2 reduction at 673 K. As shown in Figure 3-13a (orange), these catalysts contain Pt particles 

with similar sizes (3.6−3.8 nm). The black and white bars show the amounts of acetone formed by aerobic 

oxidation of 2-PrOH on the catalysts for 6 h in the dark or under irradiation of visible light, respectively. 

The activity enhancement by photoirradiation increases with the Pt loadings because an increased number 

of surface Pt atoms produces a larger number of ehot
−. Among the catalysts, Pt2/Ta2O5 shows the largest 

activity enhancement, and further Pt loadings (x > 2.5) are ineffective. This is because, as often observed 

for related metal/semiconductor systems,74 larger Pt loadings lead to an inefficient electron donation from 
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Ta2O5 to Pt and creates Pt particles with lower electron density. This is confirmed by higher binding energy 

for the Pt XPS peaks of Pt3/Ta2O5 than that of Pt2/Ta2O5 (Figure 3-11). As a result of this, the Pt2/Ta2O5 

catalyst containing Pt particles with high electron density enhances interband transition of their e5d
− and 

exhibits the highest activity enhancement by visible light irradiation.  

 

 

Figure 3-11. Effect of (a) Pt loading (x) of Ptx/Ta2O5 catalysts and (b) H2 reduction temperature of Pt2/Ta2O5 

catalysts on the amount of acetone formed by aerobic oxidation of 2-PrOH (6 h reaction), performed (black) 

in the dark or (white) under visible light irradiation at 298 K. The reaction conditions are identical to those 

in Figure 3-4. Circles denote the average diameters of Pt particles on the respective catalysts. The H2 

reduction temperature for the catalysts (a) is 673 K, and the Pt loading of the catalysts (b) is 2 wt %, 

respectively. Typical TEM images of the catalysts and size distributions of the Pt particles are summarized 

in Figure 3-12. 
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Pt2/Ta2O5 prepared by H2 reduction at 773 K 

 

Pt2/Ta2O5 prepared by H2 reduction at 873 K 

 

Figure 3-12. Typical TEM images of Ptx/Ta2O5 and size distribution of the Pt particles. 

 

3-8. Effect of Pt Particle Size. 

The size of Pt particles also affects the catalytic activity. The Pt2/Ta2O5 catalysts were prepared by H2 

reduction at different temperatures (673−873 K) while maintaining 2 wt % Pt loading. As shown in Figure 

3-13b (orange), the size of Pt particles increases with a rise in reduction temperature due to the sintering of 

Pt particles.26 It is noted that, as shown in Figure 3-14, X-ray diffraction (XRD) patterns of the catalysts 

reveal that phase transition of Ta2O5 support scarcely occurs during H2 reduction at this temperature range. 

As shown by the bar data in Figure 3-13b, the increase in the Pt particle size significantly decreases the 

activity enhancement by visible light irradiation. The size increase decreases the number of surface Pt atoms. 

This may decrease the number of ehot
−, probably resulting in decreased activity enhancement. These data 

indicate that the Pt/Ta2O5 catalyst with 2 wt % Pt, containing <5 nm Pt particles, efficiently promotes 

interband transition of their e5d
− and exhibits the largest activity enhancement by visible light irradiation. 
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Figure 3-14. XRD patterns of Pt2/Ta2O5 prepared at different H2 reduction temperature. 

 

 

Figure 15. Effect of reaction temperature on the amount of acetone formed during oxidation of 2-PrOH (6 

h reaction) with Pt2/Ta2O5 catalyst, performed (black) in the dark or (white) under visible light irradiation. 

The reaction conditions are identical to those in Figure 3-4. 

 

3-9. Effect of Reaction Temperature  

The catalytic activity of Pt2/Ta2O5 is also affected by reaction temperature. Figure 3-15 summarizes 

the results of aerobic oxidation at different reaction temperatures on the Pt2/Ta2O5 catalyst prepared by H2 

reduction at 673 K. The dark activity (black bars) increases with a rise in reaction temperature because this 

enhances the e5d
− donation to O2

53−55 and produces a larger number of active peroxo species (Pt5d−O−Oδ−), 

as shown in Figure 3-9A and 3-9B.a. In contrast, under visible light irradiation (white bars), the highest 
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activity is obtained at 298 K, and the activity decreases at lower or higher temperature. Two factors may 

affect the reaction. The activity decrease at <298 K is probably due to the decrease in electron conductivity 

of Pt particles with decreasing temperature.75−77 This may suppress the ehot
− formation on the Pt surface and, 

hence, decrease the catalytic activity. 

In contrast, the activity decrease at higher temperature is probably due to the enhanced e5d
− donation to 

O2. This may suppress interband transition of e5d
− and results in decreased ehot

− formation. As shown in 

Figure 3-15, a rise in temperature at >298 K decreases the photocatalytic activity while increasing the dark 

activity, and almost no photocatalytic reaction occurs at >333 K. This means that acceleration of the dark 

reaction at higher temperature suppresses photocatalytic reaction. This is confirmed by DRIFT analysis. As 

shown by the black line (Figure 3-10b), Pt2/Ta2O5 measured with O2 at 303 K in the dark shows a peak at 

2037 cm−1, assigned to the Pt5d−O−Oδ− species formed via an e5d
− donation to O2. As shown by the green 

line, the sample, when measured at 343 K in the dark, shows a stronger peak at the same position, indicating 

that e5d
− donation to O2 is accelerated by thermal activation of e5d

− at higher temperature. In contrast, as 

shown by the blue line, the sample measured at 303 K under visible light irradiation shows a peak at 2048 

cm−1, assigned to the Pthot−O−Oδ− species formed via an ehot
− donation to O2. However, as shown by the red 

line, the sample measured at 343 K under visible light irradiation shows a red-shifted peak at 2037 cm−1, 

which is similar to that measured at 343 K in the dark (green). These data suggest that the ehot
− formation is 

suppressed at higher temperature. Thermal activation of e5d
− at higher temperature enhances the e5d

− 

donation to O2. This may suppress the interband transition of e5d
− and results in decreased ehot

− formation. 

The above findings suggest that visible light irradiation at around room temperature is the condition 

suitable for maximizing the activity of the Pt2/Ta2O5 catalyst for aerobic oxidation. It must be noted that, at 

this photoirradiation condition, the Pt2/Ta2O5 catalyst selectively oxidizes various types of alcohols. As 

summarized in Table 3-2, reactions of aliphatic (linear and cyclic) and benzylic alcohols on Pt2/Ta2O5 

successfully produce the corresponding aldehydes and ketones with very high yields (>90 %), even in the 

presence of electron-withdrawing Cl and NO2 substituents. 

 

 

 

 

 

 



85 

 

Table 3-2. Aerobic oxidation of various types of alcohols on Pt2/Ta2O5 under visible light irradiation.[a] 

Substrate Substrate conv. / % [b] Product Yield / % [b] 

 
>99 

 
>99 

 >99  96 

 93  93 

 93  90 

 
>99 

 
94 

 
97 

 

95 

 
>99 

 
>99 

 

>99 

 

97 

 
96 

 
95 

 

>99 

 

>99 

 

>99 

 

>99 

 

>99 

 

>99 

[a] Reaction conditions: toluene (5 mL), alcohol (5 mM), Pt2/Ta2O5 catalyst (100 mg), O2 (1 atm), Xe lamp 

(λ >450 nm), light intensity at 450–800 nm (16.8 mW cm–2), temperature (298 ± 0.5 K), time (12 h). [b] 

Determined by GC analysis. 
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4. Conclusion 

The author found that Pt nanoparticles (~5 nm diameter), when supported on Ta2O5, behave as visible-

light-driven catalysts for efficient aerobic oxidation at room temperature. Visible light absorption of the Pt 

particles produces a large number of ehot
− via the enhanced interband transition of their 5d electrons. They 

activate O2 and produce a large number of peroxide species behaving as key active species for oxidation. 

The basic concept presented here, based on the enhanced ehot
− formation on the metal particles by an 

appropriate semiconductor support and the promotion of photocatalysis without ehot
− injection into the 

semiconductor CB, may contribute to the creation of more active catalyst driven by visible light and to the 

design of sunlight-driven organic synthesis. 
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General Conclusions 

 

This dissertation work described highly efficient visible-light-driven photocatalysts based on Pt 

nanoparticles/semiconductor heterojunction. Chapter I described that Pt/TiO2 catalysts efficiently promote 

aerobic oxidation of aniline under visible light with much higher activity and selectivity for nitrosobenzene 

production than those on Au/TiO2. Chapter II described that PtCu/TiO2 promote aerobic oxidation of 

alcohols with higher activity than those on Pt/TiO2 because the decreased Schottky barrier by the Cu alloying 

efficiently promotes the ehot
– injection to TiO2. Chapter III described that Pt/Ta2O5 promote aerobic oxidation 

of alcohols with significantly high activity without ehot
– injection. In that, the ehot

– directly activate O2 on the 

Pt surface due to the high Schottky barrier and efficiently produce active oxygen species, thus promoting 

efficient aerobic oxidation. 

In Chapter I, the author found that the Pt/P25 catalyst promotes efficient aerobic oxidation of aniline 

to nitrosobenzene under visible light irradiation (>450 nm). Pt nanoparticles activated by visible light 

transfer their e− to the TiO2 conduction band. The positive charge that remained on the Pt surface oxidizes 

aniline, and the e− on TiO2 reduces O2, promoting aerobic oxidation of aniline. The high activity of Pt/P25 

is ascribed to the high Lewis basicity of Pt particles due to the strong Pt−support interaction at the 

anatase−rutile interfaces. These Pt particles promote reductive deprotonation of aniline, resulting in the 

efficient photooxidation of aniline. The catalytic activity of Pt/P25 strongly depends on the amount and size 

of Pt particles. The catalyst containing 2 wt % Pt particles with ~3 nm diameters exhibits the best catalytic 

performance. The selectivity for nitrosobenzene formation also depends on the reaction temperature; 

reaction at low temperatures suppresses condensation of aniline with the formed nitrosobenzene and 

produces nitrosobenzene with a very high selectivity (~90%). 

In Chapter II, the author found that bimetallic alloy nanoparticles consisting of 80 mol % of Pt and 20 

mol % of Cu, supported on anatase TiO2, behave as highly efficient photocatalysts for aerobic oxidation 

under visible light irradiation (λ >450 nm). The activity of the alloy catalyst is much higher than that of the 

monometallic Pt catalyst. The enhanced activity is due to the decrease in the work function of nanoparticles 

by Cu alloying. This decreases the height of the Schottky barrier created at the nanoparticle/anatase 

heterojunction and promotes smooth e– transfer from the photoactivated nanoparticles to anatase. The 

activity strongly depends on the size of alloy particles. Smaller particles (<3 nm diameter) have larger work 

function and create a larger Schottky barrier, resulting in decreased activity. In contrast, larger particles (>5 

nm diameter) possess a smaller number of perimeter metal atoms. This thus suppresses smooth e– transfer 

from photoactivated nanoparticles to anatase, resulting in decreased activity. As a result of this, alloy 
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nanoparticles with 3–5 nm diameters exhibit the highest photocatalytic activity. Sunlight activation of the 

catalyst successfully promotes selective and efficient oxidation of alcohols. The efficient charge separation 

at the Pt–Cu alloy nanoparticle/anatase interface clarified here may contribute to the creation of more active 

photocatalysts driven by visible light and the design of photocatalytic systems for selective organic 

transformation by sunlight. 

In Chapter III, the author found that Pt nanoparticles (~5 nm diameter), when supported on Ta2O5, 

behave as visible-light-driven catalysts for efficient aerobic oxidation at room temperature. Visible light 

absorption of the Pt particles produces a large number of ehot
− via the enhanced interband transition of their 

5d electrons. They activate O2 and produce a large number of peroxide species behaving as key active 

species for oxidation. The basic concept presented here, based on the enhanced ehot
− formation on the metal 

particles by an appropriate semiconductor support and the promotion of photocatalysis without ehot
− injection 

into the semiconductor CB, may contribute to the creation of more active catalyst driven by visible light and 

to the design of sunlight-driven organic synthesis. 
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Suggestions for Future Work 

 

This dissertation work described the visible-light-driven photocatalysts with high photocatalytic 

activity by Pt nanoparticles–semiconductor heterojunction system. The author points out here the extension 

of this work for the design of Pt/Ta2O5 photocatalyst towards the application of sunlight as a light source 

for organic synthesis. 

In Chapter III, the author found that Pt/Ta2O5 photocatalyst efficiently activates O2 on the Pt 

nanoparticles under visible light irradiation. Visible light irradiation to Pt/Ta2O5 produces a large number of 

ehot
– by absorption of the Pt nanoparticles due to enhancement of interband transition of Pt 5d electrons. 

They efficiently activate O2 and produce a large number of peroxide species. Therefore, in the presence of 

hydrogen atom (H) instead of O2, photoactivated Pt nanoparticles may activate H, and produce hydride 

species (H–). Pt nanoparticles however cannot form H– stably due to its low hydrogen overpotential.1 Pd 

alloying with Pt nanoparticles may form H– on the alloy nanoparticles due to the stronger H–Pd interaction,2 

Pt–Pd bimetallic alloy nanoparticles may thus promote reduction reactions such as hydrogenation of organic 

compounds. Previously, our research groups found that Pt–Pd bimetallic nanoparticles loaded on TiO2 

(PtPd/TiO2) promote photocatalytic dehalogenation of aromatic halides with alcohol as hydrogen source 

under UV irradiation.3 UV irradiation to PtPd/TiO2 produce CB electrons (eCB
–) by excitation of TiO2, and 

the formed eCB
– are trapped to Pt–Pd alloy nanoparticles. In that, PtPd/TiO2 produce H– by electron donation 

from Pt–Pd alloy nanoparticles to H atom, which is produced by dehaydrogenation of alcohol. This thus 

promotes dehalogenation of organic halides under UV irradiation. Pt–Pd bimetallic alloy nanoparticles 

loaded on Ta2O5 (PtPd/Ta2O5) probably promote photocatalytic dehalogenation of organic halides with 

alcohol as hydrogen source under visible light irradiation. Visible light irradiation to Pt–Pd alloy 

nanoparticles produce ehot
– by absorption of metal nanoparticles. The ehot

– produce H– on the alloy metal 

nanoparticles by activation of H atom, which is produced by dehydrogenation of alcohol with PtPd/Ta2O5. 

The formed H– induces dehalogenation of organic halides (Figure 9). Although the detailed reaction 

mechanisms remain to be clarified, this alloy system with visible light irradiation would be one of the 

candidates for the application metal-semiconductor system for highly efficient organic synthesis under 

visible light irradiation. 
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Figure 9. Proposed mechanism for photocatalytic dehalogenation of aromatic halides with alcohol as H 

source on Pt-Pd/Ta2O5 catalyst under visible light irradiation.  

 

In addition, in Chapter III, the author found that Pt/Ta2O5 exhibits significantly high photocatalytic 

activity due to the high electron density of Pt nanoparticles. In the Pt/Ta2O5 system, the ehot
– are not injected 

into Ta2O5 conduction band due to the high Schottky barrier. Strong Pt–Ta2O5 interaction increases the 

electron density of Pt nanoparticles by promoting electron transfer from Ta2O5 to Pt nanoparticles. It is well 

known that strong metal–support interaction occurs by high temperature H2 treatment of metal nanoparticles 

loaded on reducible metal oxide.4 In that, Pt nanoparticles loaded on a reducible metal oxide semiconductor, 

which has high Fermi level, may exhibit high photocatalytic activity under visible light irradiation. It is 

reported that gallium oxide (Ga2O3) is a reducible metal oxide semiconductor, and interacts with Pt by high 

temperature H2 treatment.5 Moreover, Ga2O3 has the high Fermi level energy.6 These results indicates that 

Pt nanoparticles loaded on Ga2O3 catalyst may efficiently activate O2 by the ehot
– of Pt nanoparticles, and 

promote efficiently aerobic oxidation under visible light irradiation (Figure 10). This may contribute to 

clarify the influence of SMSI on photocatalytic activity via non-ehot
–-injection mechanism, and the design 

of more efficiently photocatalysts. Although the detailed reaction mechanisms remain to be clarified, this 

concept would contribute to the improvement of photocatalytic activity under visible light irradiation. 
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Figure 10. O2 activation by the ehot
– on Pt/Ga2O3 catalyst under visible light irradiation. 
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