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1. Objective of this thesis  

In recent decades, environmental problems such as global warming and the depletion of energy 

resources have become more serious than ever. To address these issues, the development of clean 

energy carrier that is independent from any fossil fuels, not only the technologies for the utilization of 

renewable energies, has been strongly desired and thus extensively studied. Although hydrogen is 

considered as one of the most promising energy carrier for clean generation of electricity and/or heat 

via technologies such as fuel cells, most hydrogen is currently produced from fossil resources, mainly 

methane in natural gas, via steam-reforming reaction.
1
 Therefore, the development of the technology 

that can produce hydrogen from non-fossil resources such as water by using renewable energy is 

strongly desired. Water splitting using semiconductor photocatalysts is considered as one of the 

promising technologies that can produce hydrogen cleanly and directly from water by harvesting 

abundant solar light energy, thus has been extensively studied.
2-10

 For the practical application of this 

technique for commercial hydrogen production, however, significant enhancement in the solar-light to 

hydrogen conversion efficiency is still indispensable.
10

 Semiconductor photocatalysts can also be 

applied to decompose and/or neutralize various pollutants (toxic organic compounds, NOx, SOx, etc.) 

in environments, by utilizing the energy of solar light (or other artificial light sources in some 

cases).
11–13

 As for such environmental purification, the products with photocatalytic ability, such as 

TiO2-coated glass or WO3-coated glass, have been already commercialized on some levels. To expand 

the use of photocatalysts in environmental purification, however, the development of highly active and 

scalable photocatalyst materials that are low-cost and abundant still required. Additionally, the 

development of technologies for effective immobilization of photocatalyst in a cost-effective and 

environmentally-friendly way is essential to further expand such application because photocatalyst 

particles are basically immobilized on a substrate (e.g., glass or silicon) in practical applications. Such 

effective immobilization is also indispensable for the practical application of photocatalytic water 

splitting in near future, because the simple scale-up of the present suspension-base system results in the 

necessity of huge energy for keeping the photocatalyst particles suspended in solutions.
14

 

To address the above mentioned problems, the present thesis focused on (1) the development of 

environmentally-friendly water-based synthesis processes of fine oxide semiconductor particles that 

exhibit high photocatalytic activities for water splitting and/or environmental purification, and (2) the 

immobilization of these particles onto substrates with maintenance of their high activities. Highly 
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active photocatalyst particles with diameters below 100 nm were synthesized by controlling the 

particle growth during calcinations process using appropriate chelate agents in precursor aqueous 

solutions. The prepared active photocatalyst particles with homogeneously small size are also utilized 

to fabricate efficient photocatalyst films via simple spin-coating or screen-printing method for 

demonstrating the feasibility of large-scale application. 

 

2. History of research on semiconductor photocatalysts 

Table 1. Major topics in the photocatalytic reactions. 

 

 

Table 1 summarizes the major history of researches on photocatalytic reactions.
15–46

 One 

pioneering study was done by Fujishima and Honda, who demonstrated that overall water splitting can 

be achieved using a photoelectrode system consisting of photoanode of single-crystal TiO2 with a rutile 

phase, and a platinum (Pt) cathode under ultraviolet (UV) irradiation with an external bias (Figure 1 

(a)).
21

 In such photoelectrochemical (PEC) water splitting with n-type semiconductor (e.g., TiO2), the 

water splitting is initiated by the absorption of the photon having higher energy that the band-gap of 

semiconductor, leading water oxidation on the semiconductor by photo-generated holes and the 

migration of photo-excited electrons via the outer-circuit to the counter where water reduction takes 

place by the electrons. Although PEC water splitting requires externally applied bias between the 

counter electrode, considerable fraction of photon energy can be converted and stored as hydrogen if 

Decomposition of organic pollutants

1950
1960

1970

1980

1990

2000

2010

Energy conversion (water splitting)

1940~ : Photodegradation of paint by TiO2

1997: Superhydophilicity TiO2
16,17

(Hashimoto, Watanabe, TOTO Ltd.)

2001: Decomposition of organic compounds

over anion-doped TiO2
18

(Toyota Central R&D Labs., Inc.)

1972 :  PEC water splitting using TiO2 single crystal 21

(Fujishima, Honda)

1960~: Semiconductor electrodes under illumination20 (Gerischer)

1980 :  Photocatalytic water vapor splitting over Pt/TiO2 particles23

(Sato, White)
Photocatalytic water vapor splitting over RuO2/TiO2

particles 24 (Kawai, Sakata)

Photocatalytic water splitting over NiOx/SrTiO3 particles25-26

(Domen)

1986~: Metal oxides with structural regularities 27-31 (Domen, Inoue)

1995~: Highly active tantalate photocatalysts 32-34(Kudo)

Visible-light-driven photocatalysts35-39 (Kudo, Domen)

2001 : Z-scheme water splitting over SrTiO3:Cr/Ta + WO3
40,41

(Abe, Sayama)

2004 : Z-scheme water splitting over SrTiO3:Rh + BiVO4
42

(Kudo)

Direct water splitting under visible-light over GaN-ZnO 43-46

(Maeda, Domen)

1977 :  PEC water splitting using “photochemical diode” 22 (Nozik)

1980: Photodecomposition of water including

organic compounds using TiO2
15

(Kawai, Sakata)

2008: Decomposition of organic compounds

over Pt/WO3
19 (Abe)
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the applied bias is smaller than the theoretical value for electrochemical water splitting (1.23 V).
20–22, 

47–50
  

 

Figure 1. Overall water splitting over (a) a photoelectrochemical system using n-type semiconductor 

(e.g., TiO2) photoelectorode and (b) a heterogeneous photocatalytic system under light irradiation. 

 

On the other hand, heterogeneous photocatalytic systems that employ semiconductor particles 

(Figure 1 (b)) have several advantages over PEC systems, including greater simplicity and lower cost. 

Heterogeneous photocatalysts have been extensively investigated by research groups in Japan. During 

the early stages of research, photocatalytic splitting of water was extensively attempted by using TiO2 

particles loaded with Pt co-catalyst (denoted as Pt/TiO2).
23,51,52

 However, simultaneous generation of 

H2 and O2 had not been achieved for more than 10 years, basically due to the occurrence of rapid 

backward reaction of H2 and O2 on the loaded metal co-catalyst such as Pt.
51

 Sato et al. have first 

reported photocatalytic H2 and O2 evolution from water vapor over Pt/TiO2 particles or NaOH-coated 

Pt/TiO2 particles, on which the NaOH layers on Pt co-catalyst effectively suppressed the backward 

reaction.
23,52

 However, the photocatalytic water splitting in suspended system, in which photocatalyst 

particles (e.g., Pt/TiO2) are suspended in water, was still difficult due to the rapid backward reaction 

between the evolved H2 and O2 on such metal co-coatalyst before they escape from the suspension to 

gas phase. To address this intrinsic issue, Domen et al. have developed a new core-shell type NiOx 

co-catalyst, on which the backward reaction is effectively suppressed whereas water reduction to H2 is 

efficiently enhanced, and demonstrated water splitting into H2 and O2 under the UV irradiation to the 

suspension of NiOx-loaded SrTiO3 photocatalyst particles in pure water.
 25,26
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3. Basic principle of photocatalytic reaction 

The applications of semiconductor photocatalysts can be generally classified into two categories: 

environmental purifications and light energy conversions.
4
 The photocatalytic reactions that are 

involved in such applications can be classified by the difference in the change in Gibbs free energy 

before and after the reaction, as shown in Figure 2. Since the former reactions involved in 

environmental purifications, such as oxidative decomposition of organic compounds, are basically 

accompanied by decrease in the Gibbs free energy, they are classified to downhill reactions (Figure 2 

(a)). On the other hand, the reactions involved in light energy conversions, such as water splitting, is 

undoubtedly accompanied by a large positive change in the Gibbs free energy. Thus they are classified 

to uphill reactions (Figure 2 (b)), in which a part of photon energy is converted into chemical energy, in 

analogy with the photosynthesis in green plants. 

 

Figure 2. Energy diagrams of photocatalytic reactions for (a) environmental purifications and (b) light 

energy conversions. 

 

Figure 3 describes the main processes involving in photocatalytic reactions on semiconductor 

photocatalysts. When the semiconductor absorbs the photons having higher energy than the bandgap, 

some electrons in the valence band (VB) are excited to the conduction band (CB), thereby generating 

holes in the VB (Figure 3, Step 1). A part of the photo-exited carriers separate each other and migrate to 

the surface without recombination (Figure 3, Step 2). The photo-excited electrons in CB can reduce 

some substances, whereas the holes in the VB can oxidize some substances, if the reactions are fulfill 

the thermodynamical requirements. (Figure 3, Step 3).  
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Figure 3. Reaction steps in the photocatalytic reactions on semiconductor photocatalysts. 

 

3.1 Basic principles and applications of semiconductor photocatalysts for environmental 

purification 

Environmental purification using semiconductor photocatalysts is caused by (a) photocatalytic 

oxidation reactions and/or (b) photo-induced super-hydrophilic phenomena
16

. One of the essential 

requirements for semiconductor photocatalysts to drive the reaction (a) is the more negative conduction 

band minimum (CBM) than the reduction potential of oxygen molecule (O2) (e.g., production of 

superoxide radical anions, O
•–
/O2, –0.05V vs. NHE). Simultaneously, the valence band maximum 

(VBM) must be more positive than the oxidation potential of water molecule to produce hydroxyl 

radical (
•
OH) which can subsequently oxidize various organic pollutants, while direct oxidation by 

photo-genetated holes is also occurred in some cases through the adsorption of organic compounds on 

the surface of photocatalyst (Figure 4 (a)).
12

 Photo-induced super-hydrophilicity (b) is a phenomenon 

that decreases the water contact angle, which is defined as the angle between the solid surface and the 

tangent line of the liquid phase at the interface of the solid-sliquid-gas phases
53

, less than ca. 5° on the 

surface of photocatalyst-coated film by light irradiation.
16,17 

 It has been suggested that the decrease in 

the contact angle up to ca. 10° is mainly caused by the removal of hydrophobic organic compounds 

from the surface through the reaction (a) (i.e., oxidative decomposition of organic compounds). It has 

been also suggested that the further decrease in the water contact angle below 10° is mainly caused by 

changes in the surface structure (i.e., increase of hydroxyl groups) through the self-oxidative reaction of 

photo-generated holes with the lattice oxygen (Figure 4 (b)).
54-56
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Figure 4. (a) Schematic energy diagram of a semiconductor photocatalyst for environmental 

purification. (b) Schematic illustration of changes in amounts of hydroxyl groups on a TiO2 film under 

UV light irradiation and in the dark. 

 

The reaction (a) can be used for the purification of air and/or water that contains contaminants 

(organic or inorganic), whereas the reaction (b) can be used for self-cleaning process combined with 

reaction (a), in which the organic contaminants on the surface are more easily removed by the 

photo-induced super-hydrophilicity of surface with additional water such as rain. The application of 

such self-cleaning effect of TiO2-coated substrates has been extensively studied since the first report in 

1997.
57

 Some products having such self-cleaning effects (basically based on TiO2 or its related 

materials) have been already commercialized. However, the development of technologies for both the 

synthesis of highly active photocatalyst materials and the immobilization of them onto some substrate 

through a cost-effective and environmentally-friendly way is essential to further expand such 

application, and therefore are still extensively studied.
58–61

 

 

3.2 Basic principles of water splitting reaction on a heterogeneous photocatalyst 

Although the photocatalytic environmental purifications, in which TiO2-based photocatalysts are 

mainly employed, can contribute to solve some environmental issues by reducing the required energy 

through the utilization of energy of solar light (or some cheap artificial light), it is difficult for them to 

radically solve the energy issues. Thus, the development of efficient photocatalyst systems with energy 

conversion type reaction (e.g., water splitting) is indispensable.  

When a heterogeneous semiconductor photocatalyst is used for water splitting, two 

thermodynamical conditions must be satisfied: (a) the more negative (i.e., higher) CBM than water 
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reduction potential to produce H2 (H
+
/H2, 0 V vs. NHE), and (b) the more positive (i.e., lower) VBM 

than water oxidation potential to produce O2 (O2/H2O, 1.23 V vs. NHE) (Figure 5 (a)). 

 

Figure 5. (a) Schematic energy diagram of a semiconductor photocatalyst for water splitting reaction, 

and (b) key steps for photocatalytic overall water splitting on heterogeneous photocatalyst. 

 

However, even if the semiconductors fulfill the above thermodynamical conditions, they cannot 

split water into H2 and O2 in most cases.
62

 Other three important requirements must be fulfilled. Firstly, 

the charge separation and the migration to the surface’s active sites must be occurred efficiently (Figure 

5 (b), Step 2). The crystal structure, crystallinity, and size of the photocatalysts particles influence this 

process. The use of small photocatalyst particles is useful in the elementary sense to shorten the 

migration length of carrier to reach the surface active sites, thereby decreasing the probability of 

recombination of the photogenerated electrons and holes during their migration. On the other hand, 

crystal defects such as oxygen vacancies in the photocatalyst particles generally work as trapping sites 

of electrons or holes, which often facilitate the recombination of photogenerated electrons and holes 

(Figure 5 (b)), lowering the photocatalytic activity. Therefore, the photocatalyst particles having both 

the small particle size and high crystallinity (i.e., low concentration of crystal defects) are highly 

desired to achieve efficient photocatalysis. Secondary, the surface chemical reactions (i.e., reduction 

and oxidation of water) must proceed efficiently (Figure 5 (b), Step 3). After protons are reduced to H2 

by photo-excited electrons and water is oxidized to O2 by holes, a water splitting reaction can take 

place. However, photo-generated electrons and holes can easily recombine with each other if there are 

no active sites on the surface, even if the thermodynamical requirements for water splitting are fulfilled. 

Thus, the quality and the numbers of active sites dramatically influence this process. A general strategy 

for introducing such effective active sites is loading of fine metal particles (e.g., Pt, Ru) or metal oxide 
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partilcles (e.g., RuO2, CoOx) as “co-catalysts” on the surface of photocatalyst particles. Finally, the 

produced H2 and O2 must escape from the surface of photocatalyst particles (from co-catalyst surface 

in some cases) into the solution and then into the gas phase without being react each other to form H2O 

catalytically on the surface of metal co-catalyst surface. The competitive reduction of O2 on the 

reduction site also lowers the efficiency of water splitting. As mentioned above, it is important to 

design and control the properties of both the semiconductor bulk and the surface active sites to achieve 

highly efficient water splitting. 

Photocatalytic H2 or O2 evolution from aqueous solutions containing sacrificial reagents, which 

are “half-reactions” of the overall water splitting reaction, are often used to evaluate the possibility of 

application of a semiconductor material to water splitting. The reaction schemes are shown in Figure 6.  

 

Figure 6. Schematic energy diagrams of photocatalytic reactions in the presence of sacrificial reagents 

(e.g., methanol and silver ion). 

 

When the photocatalytic reaction is carried out in an aqueous solution with a reducing reagent 

(e.g., alcohols or sulfide ions), photo-generated holes irreversibly oxidize the reducing reagent instead 

of water, generating only H2 if the material has enough CBM to reduce water. The addition of 

oxidizing reagents (e.g., Ag
+
 and Fe

3+
) enhance the consumption of photo-excited electrons and 

thereby facilitate the O2 evolution, if the material has sufficient VBM for water oxidation as well as 

high stability against self-oxidative deactivation. Although these half reactions in the presence of 

sacrificial reagents are downhill reactions and are different from overall water splitting reactions, they 

can be often used for the feasibility test whether a certain photocatalyst satisfies the thermodynamic 

and kinetic potentials for H2 or O2 evolution. 
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4. Overall water splitting using visible-light-driven semiconductor photocatalysts 

Overall water splitting (i.e., simultaneous H2 and O2 evolution from water in the stoichiometric 

ratio 2:1) has been demonstrated under UV light using various semiconductor photocatalysts, mainly 

metal oxides. Various oxide semiconductors consisting of transition metal cation with d
0
 configuration 

(Ti
4+

, Ta
5+

, Nb
5+

, and Zr
4+

) or those consisting of typical metal cation with d
10

 -configuration (Ga
3+

, In
3+

 

Ge
4+

, Sn
4+

, and Sb
5+

) have been reported to show activities for water splitting reactions under UV light 

irradiation.
63-73

 Such metal oxides are generally highly stable against photocorrosion and therefore have 

been extensively studied as UV-light-driven photocatalysts. However, the solar energy conversion 

efficiency of water splitting reactions using such UV-light-driven photocatalysts remains below 

1%,
47,74

 mainly due to their wide bandgaps (> 3.0 eV) that limit the utilization of solar light spectrum to 

only small fraction of UV region. In order to improve the solar energy conversion efficiency, it is 

necessary to use visible light from 400–800 nm, which accounts for about half (ca. 54%) of the solar 

spectrum. Although the use of photons in UV light limit the total energy conversion efficiency of solar 

to hydrogen up to ca. 2% at maximum, the efficient utilization of photons in visible light region 

drastically improves the ideal conversion efficiency; e.g., to ca. 16% by harvesting all of the photons up 

to 600 nm and to ca. 32% up to 800 nm.
47

 Therefore, the development of photocatalysts that can split 

water into H2 and O2 by harvesting visible light is indispensable to show the feasibility of efficient solar 

hydrogen production. Although the demonstration of overall water splitting under visible light had 

been quite challenging task in 20th century, some breakthroughs have been accomplished at the start of 

21th century. Visible-light-induced water splitting has been demonstrated in two different systems, 

one-step or two-step
7,75

 excitation systems, as shown in Figure 7.  

 

Figure 7. Schematic energy diagrams of the photocatalytic overall water splitting on (a) a one-step and 

(b) two-step systems. 
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The one-step excitation system uses a single photocatalyst material to induce water splitting. 

Maeda and Domen et al. demonstrated overall water splitting under visible light irradiation in 2004 

using a GaN-ZnO solid-solution photocatalyst ((Ga1-xZnx)(N1-xOx), x=0.05–0.42).
43-46

 Kudo et al. have 

succeeded to split water under visible light in 2014 using Rh,Sb co-doped SrTiO3 (SrTiO3:Rh,Sb).
76

 

Most recently, Takata and Domen et al. demonstrated overall water splitting under visible light using 

LaMgxTa1-xO1+3xN2-3x (x = 0–2/3), which can utilize visible light up to 600 nm.
77

 Although water 

splitting using a single photocatalyst is important from a scientific viewpoint, the requirement for the 

band structure on the photocatalyst is very strict; therefore, there are few photocatalysts suitable for the 

one-step system.
 

The two-step excitation system consists of two photocatalysts with smaller band gaps and 

reversible redox reagents (e.g., IO3
-
/I

-
, Fe

3+
/Fe

2+
).

7,75
 This system is inspired by photosynthesis and thus 

has been given the name “Z-scheme water splitting” due to the similarity between the excitation and 

transfer processes of photo-excited electrons.
78,79

 One photocatalyst works like photosystem II (PSII) in 

photosynthesis, as the reduction of redox reagents and the oxidation of water occur on this 

photocatalyst. The other photocatalyst works like photosystem I (PSI), as the oxidation of redox 

regents and the reduction of protons (or water molecules) take place on this photocatalyst. Because the 

energy required to drive each photocatalyst is significant lowered compared to that in conventional 

one-step system, the utilization of photons in visible light region becomes much easier. In other words, 

it becomes possible to apply a semiconductor with a potential for either water reduction or oxidation on 

one side of this two-step (Z-scheme) water splitting system. Although most of visible light-responsive 

oxide semiconductors such as tungsten oxide (WO3) and bismuth vanadate (BiVO4) cannot generate 

H2 due to their lower CBM than water reduction potential, they can generate O2 from water 

accompanied by reduction of some oxidant in the solution. Sayama and Abe et al. have reported water 

splitting under visible light for the first time in the world by constructing a Z-scheme system consisting 

of WO3 as O2-evolving photocatalyst, Cr,Ta-co-doped SrTiO3 (Pt/SrTiO3:Cr,Ta) as H2-evolving 

photocatalyst, and an IO3
-
/I

-
 redox as electron mediator.

40,41
 After the report of this pioneering work, 

various Z-scheme photocatalyst systems have been demonstrated to split water into H2 and O2 under 

visible light irradiation (see Table 2). Among the combinations of photocatalysts reported so far, the 

combination of SrTiO3:Rh (loaded with Pt or Ru cocatalyst for H2 evolution) and BiVO4 

photocatalysts is worth of attention, because it can work in the presence of various electron mediators, 
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not only redox couples such as Fe
3+

/Fe
2+

, [Co(bpy)3]
3+/2+

, or [Co(phen)3]
3+/2+

 but also solid conductive 

materials such as reduced graphene oxide (RGO) or Au metal.
42,80-85

 Interestingly, this combination can 

split water even without a redox mediator through direct electron transfer between them via the redox 

cycle of Rh species contained in the SrTiO3:Rh particle (Figure 8).
86,87

 

 

Table 2. Various Z-scheme photocatalyst systems that can split water under visible light. 

 

 

 

Figure 8. Schematic images of the photocatalytic water splitting using the Z-scheme photocatalysis 

system driven by electron transfer between co-catalyst loaded SrTiO3:Rh and BiVO4. 

 

photocatalyst (available wavelength) redox

mediator

max apparent 

quantum yield/%

ref (year)

H2 O2

Pt/TiO2 anatase (<380 nm) TiO2 rutile (<410 nm) IO3
-/I- 1 (350 nm) 78(2001)

Pt/SrTiO3:Cr/Ta (<550 nm) PtOx/WO3 (<460 nm) IO3
-/I- 1 (420 nm) 40(2001)

Pt/SrTiO3:Rh (<520 nm) BiVO4 (<520 nm) Fe3+/Fe2+ 0.4 (420 nm) 42(2004)

Pt/SrTiO3:Rh (<520 nm) WO3 (<460 nm) Fe3+/Fe2+ 0.4 (420 nm) 42(2004)

Ru/SrTiO3:Rh (<520 nm) BiVO4 (<520 nm) Fe3+/Fe2+ 0.3 (420 nm) 81,82(2008)

Ru/SrTiO3:Rh (<520 nm) BiVO4 (<520 nm) [Co(bpy)3]
3+/2+ 2.1 (420 nm) 83(2013)

Ru/SrTiO3:Rh (<520 nm) BiVO4 (<520 nm) [Co(phen)3]
3+/2+ No data 83(2013)

Ru/SrTiO3:Rh (<520 nm) BiVO4 (<520 nm) PRGO 1.0 (420 nm) 84(2011)

Ru/SrTiO3:Rh (<520 nm) BiVO4 (<520 nm) none 1.7 (420 nm) 86,87(2009)

Ru/SrTiO3:Rh (<520 nm) Ir/CoOx/Ta3N5 (<600 nm) none No data 88(2013)

Ru/SrTiO3:La,Rh (<520 nm) Ir/CoOx/Ta3N5 (<600 nm) none 1.1 (420 nm) 85(2014)

coumarin dye-adsorbed

Pt/H2K2Nb6O17 (<750 nm)

IrO2-Pt/WO3 (<460 nm) I3
-/I- <0.1 (500 nm) for H2

evolution

89,90(2009)

Pt/TaON (<520 nm) PtOx/WO3 (<460 nm) IO3
-/I- 0.5 (420 nm) 91,92(2005)

Pt/BaTaO2N (<660 nm) PtOx/WO3 (<460 nm) IO3
-/I- 0.1 (420-460 nm) 93,94(2008)

Pt/ZrO2/TaON (<520 nm) PtOx/WO3 (<460 nm) IO3
-/I- 6.3 (420 nm) 95,96(2008)
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5. Strategy for development of visible-light-driven photocatalysts 

Conventional metal oxide photocatalysts such as TiO2 and SrTiO3 cannot absorb visible light due 

to their wide band gaps (Figure 9 (a)). In general, the conduction bands of such metal oxide 

photocatalysts generally consist of empty orbitals (LUMOs) of metal cations, whereas the valence 

bands usually consist of O-2p orbitals forming the VBM at ca. +3 V vs. NHE.
97

 Consequently, the 

CBMs of the oxide semiconductors with visible light absorption (bandgap < 3.0 eV) are inevitably 

lower than water reduction potential, ruling out H2 evolution on these materials (Figure 9 (b)). Indeed, 

visible-light-responsive metal oxides such as WO3 and BiVO4 show photocatalytic no activity for H2 

evolution even in the presence of strong electron donors, whereas they can efficiently generate O2 from 

water in the presence of appropriate electron acceptors under visible light.
98-103

 On the other hand, 

some metal chalcogenides, such as CdS and CdSe, possess appropriate band levels for water reduction 

and oxidation. These metal chalcogenides, however, are generally unstable and easily become 

deactivated through photocorrosion or self-oxidation by photogenetated holes rather than evolving O2 

(Figure 9 (c)).
104,105

  

 

Figure 9. Schematic illustration of the band structures of some semiconductor photocatalysts. 

 

To demonstrate water splitting under visible light, therefore, the semiconductor materials that 

fulfill the following three requirements are needed; (1) band gap energy lower than 3 eV, (2) suitable 

CBM and VBM for water splitting in one-step or two-step with appropriate redox, and (3) high 

durability toward chemical and/or photochemical reduction and oxidation. Kudo and Abe have 

suggested four strategies for developing such visible-light-responsive photocatalysts ((a) transition 

metal-doping, (b) formation of hybridized valence band, (c) formation of solid-solution, and (d) 

sensitization of wide bandgap oxide , as shown in Figure 10).
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Figure 10. Band engneering of heterogeneous photocatalyst.  

 

The doping of transition metal cations (e.g., Cr
3+

) into the lattice of wide bandgap oxide 

semiconductors (e.g., TiO2) had been extensively studied as an effective way to sensitize them in the 

early stage of research from 80s to 90s.
34

 Although doping of appropriate cation indeed enables such 

wide bandgap oxides to absorb visible light by forming impurity level in the forbidden band (Figure 10 

(a)), such doping by cations with different valences creates the defects that often works as 

recombination centers between photo-generated electrons and holes, consequently decreases the 

photocatalytic activity in most cases. Furthermore, the impurity levels are usually discrete, which 

would appear to be disadvantageous for the migration of photo-generated holes. Doping of cations 

such as Cr
3+

, Ni
2+

, Rh
3+

 and Ir
3+

 into TiO2 or SrTiO3 have been found to form electron donor levels in 

their forbidden band and thereby giving them ability of visible light absorption, however, the doping of 

these di- or tri- balance cations unbalance the charge in the host material by partial replacement of Ti
4+

, 

creating defects and losing their photocatalyst activities under visible light.
34, 106-110

 Kudo et al. have 

first proven that appropriate co-doping such as Cr
3+

/Ta
5+

, Cr
3+

/Sb
5+

, Ni
2+

/Ta
5+

 into SrTiO3 (or TiO2 in 

some cases), which replace a part of Ti
4+

, is effective way to obtain visible-light-responsive 

photocatalysts with high activity by suppressing the formation of defect through the charge 

compensation.
34,106,107

 Interestingly, Kudo et al. also found that the doping of Rh cations is effective 

creating the new visible-light-resonsive SrTiO3 photocatalyst showing high activity for H2 evolution.
108

 

It has been so far demonstrate that Rh-doped SrTiO3 (denoted as SrTiO3:Rh) photocatalysts exhibit 

high activity for H2 evolution (e.g., 5.6% apparent quantum efficiency at 420 nm) under visible light 

irradiation without co-dopants to suppress charge imbalances.
108
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visible light due to the transition from electron donor levels formed by Rh
3+

 ions to a conduction band 

composed of the Ti-3d orbital of SrTiO3 host, making it a unique photocatalyst.
111

 Although both the 

Rh
3+

 and Rh
4+

 cations are incorporated into the Ti
4+

 site in SrTiO3, the Rh
4+

 species are reduced by 

photo-excited electrons under the photoirradiation. (Figure 11).
108

 The SrTiO3:Rh is quite unique 

visible light-responsive photocatalyst because this is the only material that can generate H2 from water 

in the presence of Fe
2+

 electron donor as well as through interparticle electron transfer via redox cycle 

of Rh
4+

/Rh
3+

. 

 

Figure 11. Band structures of the Rh-doped SrTiO3 photocatalyst in H2 evolution reaction, (a) at the 

induction period and (b) in the steady state, under visible-light irradiation. 

 

Hybridization of O-2p orbital with other orbitals of cations, which have higher energy than that of 

O-2p, such as Bi
3+

, Pb
2+

, Ag
+
, and Sn

2+
 has demonstrated to obtain promising materials for achieving 

water splitting under visible light (Figure 10 (b)).
100-103,112-115

 Although some oxides containing these 

cations indeed exhibited activity for H2 evolution under visible light in the presence of an electron 

donor or hole scavenger, but overall water splitting has not demonstrated by using these materials. 

BiVO4 is classified to this kind of material, because it has been reported that the balance band of 

sheelite monoclinic BiVO4 is consist of hybridization of O-2p with Bi-6s, resulting in negative shift of 

the VBM compared to those of conventional oxide semiconductors. Although the CBM of sheelite 

monoclinic BiVO4 is still lower than water reduction potential even with the negative shift of VBM 

unfortunately, the sheelite monoclinic BiVO4 is regarded as one of the most promising photocatalysts 

for O2 evolution from an aqueous solution containing electron donors (Ag
+
 or Fe

3+
) under visible light 

irradiation. Another strategy for creating visible light-driven photocatalysts is the hybridization of O-2p 
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orbital with other p-orbitals of anions having less electronegativity than O-2p, such as N-2p or S-3p 

(i.e., metal oxynitidides or oxysulfides). It has been reported that some metal oxynitrides can be applied 

to both one-step and two-step water splitting under visible light,
2,5

 while their instability due to 

self-oxidation of these high energy anions (e.g., 2N
3-
 + 6h

+
 + N2) should be addressed and improved 

further for the practical application, as well as the improving their efficiency.  

The formation of solid solutions from two materials having same crystal structure but different 

bandgaps is effective way to adjust the potentials of CBM and VBM as well as the bandgaps, and has 

been indeed proven to be available for creating new photocatalyst materials for water splitting under 

visible light.  

As mentioned above, a large number of visible light responsive photocatalysts have been 

developmed through different strategies and many of them have been indeed demonstaret to show 

acivity for H2 or O2 evolution in the presence of sacrificial (or reversible in some cases) electron donor 

or acceptor, respectively. For practical use, however, to the significant improve in their efficiency is still 

indispensable.  

 

6. Designing and synthesis of semiconductor photocatalyst oxide particles for highly active water 

splitting reaction under visible-light irradiation  

As mentioned in Section 1.3, the photocatalytic reactions mainly consist of following three 

important processes: (1) absorption of photons having higher energy than the band-gap of 

semiconductor; (2) separation photo-generated electrons and holes and their subsequent migration to 

the surface of semiconductor particles; and (3) reduction/oxidation of substances (i.e., water or organic 

compounds) on the surface. Considering the reaction efficiency on the surface, the particle size should 

be as smaller as possible, while the total photocatalytic activity is generally influenced by various 

factors not only the particle size.
116

 When both the light absorption and the migration of carriers in the 

bulk are considered, the smaller particles size also seems favorable. For example, it was reported that 

the diffusion lengths of photo-generated carriers in visible-light responsive photocatalysts are generally 

short (e.g., ~70 nm in BiVO4, ~5 nm in Fe2O3).
117

 These short diffusion lengths imply that most of the 

carriers generated in the bulk of large particles readily recombination and thereby cannot reach the 

surface. Thus, it can be assumed that the particles radius of photocatalyst should be similar or smaller 

than the diffusion length of carrier for achieving effective utilization of photons. Additionally, the 
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higher amount of crystal defects such as oxygen vacancies increases the number of donor (electron 

traps) in the n-type semiconductors, thereby further shortening the diffusion length of carriers by 

increasing the probability of recombination. Based on the essential processes in photocatalysis 

explained above, the basic guiding principles for developing highly efficient photocatalysts will be 

prepare semiconductor particles having both the small size (considering the diffusion length of carrier, 

if possible) and the reduced numbers of crystal defects. However, it is difficult to synthesize the 

photocatalyst particles satisfying both the requirement simultaneously. For example in the conventional 

solid-state synthesis, elevating calcination temperature can generally reduce the amount of crystal 

defects, however, increase the particle size (i.e., decrease the surface area) due to the crystal growth and 

aggregation of particles. Other alternative synthesis methods have therefore been employed to control 

the physicochemical properties of photocatalyst particles in an effort to achieve highly efficient 

photocatalysis. Table 3 briefly summarizes such typical synthetic method for metal oxide particles 

along with their advantages and disadvantages.  

 

Table 3. Synthetic method of metal oxide particles along with their advantages and disadvantages. 

 

 

In general, metal-oxide photocatalysts are synthesized via a solid-state reaction. This method is 

extremely simple and does not require a large-scale device. The raw materials (e.g., metal oxides, alkali, 

and alkaline earth carbonates) are simply mixed and subsequently calcined at a high temperature under 

various conditions (e.g., air, N2). The solid-state reaction proceeds with the interdiffusion of the ions at 

the point of contact with heterogeneous particles (Figure 12 (a)). It should be noted that the speed of 

diffusion of cations within a solid is extremely low. Therefore, to obtain homogeneous samples, 

repeated calcination, mixing, and grinding processes are required to reduce diffusion distance and 

thereby promote interdiffusion for long hours at a high temperature, inevitably resulting in the increase 

of particle size. Extended calcination at high temperatures causes evaporation of some cations and/or 

Method Advantage Disadvantage

Solid-state reaction Extremely simple Difficult to control particle size

Sol-gel Small particle size Low crystallinity

Co-precipitation Small particle size Inhomogeneous

Hydrothermal/Solvothermal Small particle size Low crystallinity

Polymerized complex Homogeneous Particle aggrigation

Flux High crystallinity Large particle size
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anions in some cases, making it difficult to prepare products with precise stoichiometry. In addition, 

since the size of the obtained particles tend to depends on the particle sizes of the precursor particles, it 

is relatively difficult to control the particle size and size distribution.  

Various liquid-phase synthesis methods have been extensively applied to synthesis of 

photocatalyst particles because they can produce desired small particles through calcination at 

relatively low temperatures. This favorable feature of liquid-phase synthesis is basically due to the 

much easier diffusion of precursor materials (cations and/or anions in some cases) in liquid phase. Such 

homogeneous mixing of precursors enables low temperature synthesis as well as controlling of particle 

size in some extent.  

The sol-gel method can be applied to synthesize various homogeneous ceramics, in which various 

organic and/or inorganic compounds can be used as precursors in appropriate solutions.
118-121

 Adding a 

small amount of water to the organic solvent triggers hydrolysis, condensation and polymerization, 

thereby producing gels with a continuous inorganic network (Figure 12 (b)). The obtained gel is dried 

completely and followed by calcination to yield metal-oxide particles with relatively small size, while 

the particle size basically depends on the calcination temperature.  

The co-precipitation method is carried out as follows: ammonia water is added to a mixed solvent 

solution containing precursor metal salts, resulting in precipitation of particles due to the pH change.
122

 

However, differences in solubility and in the reaction rate between the precursors often produce the 

precipitates with inhomogeneous contents of precursor cations.
 

Hydrothermal or solvothermal synthesis involves the use of an aqueous/organic solvent to 

dissolve the precursor ions under high pressure and a high temperature (e.g., 100°C 1 atm).
123

 In these 

methods, the various properties such as crystals phase, crystal face orientation and the particle size can 

be controlled in some extent by changing the environment of dissolved and re-precipitated process; i.e., 

it is possible to control the properties of particles by employing appropriate additives such as 

surfactants.
124-125

  

Although the above-mentioned synthesis methods enables to prepare semiconductor (metal oxide 

in most cases) particles with small size, the prepared particles generally have low crystallinity, which 

often leads to low activity in photocatalytic water splitting. For example, Osterloh et al. synthesized the 

NiO cocatalyst-loaded SrTiO3 particles with nano-size (ca. 6.5 nm) via hydrothermal synthesis and 

demonstrated photocatalystic water splitting on these particles under UV light irradiation.
126

 However, 
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the nano-sized SrTiO3 particles exhibited lower activity on photocatalytic water splitting than 

large-sized SrTiO3 particles prepared via conventional solid-state reaction. In order to improve 

crystallinity, post-calcination at a high temperature, is generally required, resulting in theparticle growth 

after all. Kato et al. also synthesized small SrTiO3:Rh partcles with below 300 nm via hydrothermal 

synthesis, but calcined them at 1000°C to enhance the photocatalytic activity.
82

 

Polymerized complex (PC) method is another way to synthesize photocatalyst particles 

homogeneously at relatively low temperatures. This method was developed by Kakihana et al. and is 

based on a patent by Pechini et al..
127

 Essentially, the first step involves the formation of the stable 

chelate complexes with an -hydroxycarboxylic acid, such as citric acid (CA). Then, the esterification 

of carboxylic acid functional groups in CA with hydroxyl groups in polyhydroxy alcohol, such as 

ethyrene glycol (EG) at around 100–150°C (Figure 12 (c)), producing the polyester-type resins in 

which metal ions are highly dispersed. Heat treatment in air at 300–450°C decomposes the produced 

polymer, followed by the subsequent crystallization of the oxide at high temperatures (above 500°C), 

finally producing homogeneous composite oxide. Many perovskite-type metal oxides such as SrTiO3, 

La2Ti2O7, have been synthesized via the PC-method, which generally shows a higher photocatalytic 

activity on water splitting than that prepared by the SS-method.
82,127

  

 

Figure 12. Illustrations of various synthetic methods for metal oxide particles; (a) solid-state reaction, 

(b) sol-gel, and (c) polymerized complex method. 
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Controlling the crystallinity of semiconductor particles is also important for highly active 

photocatalysts. The application of flux method was demonstrated by Teshima et al.
128

 to be effective to 

obtain semiconductor particles with high crystallinity and relatively homogenous size, consequently 

affording high photocatalytic activity. 

Although the improvement in photocatalytic activity of various semiconductor materials has been 

demonstrated by employing the above- mentioned method, it is still difficult to synthesize 

photocatalyst particles of a small size and a high degree of crystallization. For practical applications, it 

is also desirable to synthesize photocatalyst particles using a simple and environmentally friendly 

process. However, the organic solvents are often used in most of the liquid-phase methods. Such 

organic solvents have adverse effects on the human body (e.g., they are explosive, flammable, or 

carcinogenic). Additionally, organic solvents are generally used in large amounts, in comparison to 

solutes, and are often released into the atmosphere through evaporation or leakage. In contrast to 

organic solvents, water is an environmentally friendly solvent with no toxicity, and it is inexpensive 

and easy to obtain. Therefore, the water-based synthesis has excellent properties in terms of green 

chemistry, safety, and cost, compared to that based on organic solvents. As mentioned in Section 1.4, 

many oxide semiconductors including transition metal cation with d
0
 configuration, such as Ti

4+
, Ta

5+
, 

and Nb
5+

, shows high activity for water splitting under UV light and also can be host materials of 

visible-light-responsive photocatalyst though cation doping. However, most of the precursors of these 

cations are insoluble or instable in water solvent. For example, the alkoxides of these metal cations are 

highly susceptible to hydrolysis, producing precipitate immediately in water solvent. A water-based 

synthesis method has been reported by Kakihana et al., which uses some chelating ligands (e.g., 

peroxo-species, lactate) to stabilize precursor cations such as Ti
4+

 in water.
129-132

 However, these 

complex aqueous solutions require a complicated preparation process. Thus, it is important to find a 

new method to synthesize composite oxides using a much more simple process. 

 

7. Immobilization of photocatalyst particles onto substrates 

As mentioned in the above sections, photocatalytic water-splitting reactions have mainly been 

studied using particle suspension systems, so far. However, when considering the practical application 

in large scale, such suspension systems have serious disadvantages to be solved. For example, such a 

heterogeneous system requires energy to suspend the semiconductor particles in the solution (e.g., 
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mechanical stirring or gas bubbling) and to separate the particles for recycling or replacing.
126

 

Although photoelectrochemical systems can solve the problems of suspension system, there are 

associated cost disadvantages due to the cost of conductive substrates (e.g., conductive glass or metals) 

and external circuitry (e.g., the power source).
126

 Therefore, development of new-type and low-cost 

photocatalyst system with high scalability is strongly desired.  

As one of such new systems, photocatalyst panels, in which photocatalyst particles are fixed onto 

an inexpensive substrate such as glass, have recently been suggested (Figure 13 (a)).Water splitting 

into H2 and O2 on photocatalyst panels have been reported for the first time by Domen et al. in 2014, in 

which particles of a visible-light-responsive photocatalyst Ga1-xNx-Zn1-xOx (GaN-ZnO, x = 0.18) 

solid-solution are fixed on glass substate via drop-casting or squeegee method.
127

 This study also 

reported that the addition of photo-inactive SiO2 particles as a hydrophilic binder created porosity 

suitable for mass transfer, resulting in higher H2 and O2 evolution than results obtained from GaN-ZnO 

panels without the addition of SiO2; the addition of micrometer-sized SiO2 was found to be more 

effective for photocatalytic water-splitting reactions afforiding comparable efficiency to that of 

suspension system.
127

 These findings indicated that controlling film structures for efficient diffusion of 

the water is necessary to achieve efficient water splitting on photocatalyst panels. Recently, Wang et al. 

demonstrated simultaneous evolution of H2 and O2 on a photocatalyst sheet, where Rh and La 

co-doped SrTiO3 (SrTiO3:Rh,La) and BiVO4 photocatalytic particles were immobilized onto a thin 

gold (Au) layer, which was deposited onto the substrate (Figure 13 (b)), and electron transfer between 

the two photocatalysts proceeded through the Au layer.
 128

 

 

Figure 13. Water splitting systems in which photocatalyst particles are fixed onto an inexpensive 

substrate (e.g. glass); (a) photocatalyst panel and (b) photocatalyst sheet. 
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photocatalytic reaction for environmental purification and energy conversion on a heterogeneous 

photocatalyst, and the progress made in the development of visible-light responsive photocatalysts 

were described.  

In Chapter 1, a novel stable aqueous titania sol was developed to prepare TiO2 photocatalyst thin 

films that shows high activity for environmental purification such as photo-induced surface 

superhydrophilicity under UV-light irradiation. A detailed characterization of the aqueous titania sol 

and the photocatalytic reaction of the prepared TiO2 films under UV-light irradiation were discussed.  

In Chapter 2, the titania sols developed in Chapter 1 was use as stable precursor to prepare mixed 

metal oxide Rh-doped SrTiO3 (SrTiO3:Rh) particles with small and narrow size distributions, to 

improve the photocatalytic activity of for H2 evolution under visible light irradiation compared to those 

prepared via conventional solid state synthesis. The effects of the preparation methods, preparation 

conditions, and Rh-doping concentrations on the physiochemical properties and photocatalytic 

water-splitting performance of SrTiO3:Rh were investigated.  

In Chapter 3, the highly active fine particles of SrTiO3:Rh developed in Chapter 2 were utilized as 

precursor of porous photocatalyst panels that can efficiently generate H2 under visible light irradiation. 

Attempt were made to control and optimize the porous structure and thickness of SrTiO3:Rh films for 

affording comparable efficiency in visible-light-induced H2 evolution to that in the corresponding 

suspension system.   

In Chapter 4, a new aqueous chelating method was developed to synthesis sheelite monoclinic 

BiVO4 particles with homogenously small size for demonstrating highly efficient photocatalytic O2 

evolution from water under visible light. The effects of the preparation methods, preparation conditions, 

and types of ligands on the physiochemical properties and photocatalytic water-splitting performance 

of BiVO4 were investigated. 

Chapter 5 described the fabrication photocatalyst panels that can split water into H2 and O2 under 

visible light through the interparticle Z-scheme mechanism. Composite-type films were prepared using 

simple screen-printing of SrTiO3:Rh and BiVO4 fine particles, which were described in Chapters 2 and 

4. The structures of the prepared composite-type films were examined and water-splitting activities 

under visible light irradiation were discussed.  

Finally, Summary and outlook summarizes the results described in the Chapters 1–5 and proposes 

future research and applications for the processes described in this thesis. 
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1.1 Introduction 

It is well known that titanium dioxide (TiO2) induces various useful photocatalytic reactions such 

as water splitting, decomposition of organic compounds
1
 and photo-induced surface 

superhydrophilicity
2
 under UV light irradiation. Owing to its excellent photocatalytic activity, sufficient 

chemical stability, nontoxic property and abundance as natural resources, various TiO2-related 

photocatalyst products have been already put to practical use, on which TiO2 thin films are coated as the 

active layer. For example, the glass plates coated with transparent TiO2 thin films can work as 

highly-functional glasses that display both antifogging and self-cleaning effects. 

Sol-gel techniques are typically used as a facile and cost-effective method to form transparent TiO2 

thin films on substrates such as glass.
3-6

 The coated titanium precursors or TiO2 nano-colloids are often 

subjected to post-calcination at relatively low temperatures for forming densely-packed TiO2 fine 

particles with enough photocatalytic activity and mechanical strength. The conventional sol-gel methods 

for TiO2 thin films generally employ an alkoxide (e.g., Ti(OEt)4, Ti(OiPr)4) or a chloride (e.g., TiCl4) as 

a titanium source, dissolved in an appropriate organic solvent such as ethanol. However, the high 

reactivity of these titanium sources toward hydrolysis makes it difficult to store these solutions for long 

periods under ambient condition, and therefore limits the use of them for lab-scale experiments or 

comparatively-small-scale practical applications. Thus, the development of water-based TiO2-precursor 

solution with enough stability is strongly desired to widen a range of applications and also to reduce 

environmental burdens such as the volatilization of organic solvents. It has been reported that some 

titanium complexes such as titanium lactate (Ti(OH)2[OCH(CH3)COOH]2)
7
 and 

titanium(IV)-peroxo-citrate ((NH4)4[Ti2(C6H4O7)2(O2)2]·4H2O)
8,9

 can be stabilized in water and thus 

used as water-based titanium precursors solutions for preparation of TiO2 thin films. However, the 

preparation of these stable titanium precursor solutions generally requires complicated multistep 

procedures. Another water-based sol-gel technique is the use of TiO2 colloids that are stabilized in water. 

However, the stabilization generally requires highly acidic condition to suppress the aggregation of TiO2 

colloids.
10-15

 The strong acidity of the precursor sols is environmentally-unfriendly. In addition, the 

conventional acidic titania sols dominantly contain TiO2 particles having non-uniform particle sizes 

larger than 10 nm,
12-15

 making it difficult to prepare densely-packed TiO2 thin films with retaining 

transparency and mechanical strength. 
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In this chapter, the facile preparation of aqueous sols that can stabilize amorphous titanium oxide 

particles with ca. 4 nm of average size even under mild acidic condition (~ pH 4), by simply mixing 

titanium(IV) tetraisopropoxide (TIPT) and acetylacetone (acac) in aqueous acetic acid (AcOH) solution, 

was developed. The role of these additives for stabilizing titania colloidal particles in water solvent was 

discussed on the basis of detailed characterization of the solutions. Transparent TiO2 thin films were 

prepared on quartz substrates by mean of simple spin-coating of the newly-developed titania sol and 

subsequent calcination in air, and their photocatalytic activities were evaluated on photo-induced surface 

superhydrophilicity under UV light irradiation. 

 

1.2 Experimental 

1.2.1 Materials 

Titanium(IV) tetraisopropoxide (TIPT) (95.0%), acetylacetone (acac) (99.0%), acetic acid (AcOH) 

(99.7%), and lactic acid (85.5–94.5%) were purchased from Wako Pure Chemical Industries, Ltd., 

Osaka, Japan. Titanium(IV)-peroxo-citrate complex ((NH4)4[Ti2(C6H4O7)2(O2)2]·4H2O) was purchased 

from Furuuchi Chemical Corporation. All reagents were used as received, and all the experiments were 

carried out under ambient condition without eliminating the water from the atmosphere. 

 

1.2.2 Preparation of aqueous titania sols 

TIPT (20.0 mmol) was added to acac (20.0 mmol) slowly under continuous stirring at room 

temperature. The mixture was stirred for 10 minutes. The resulting yellow solution of TIPT/acac 

precursor was added dropwise to an aqueous solution of AcOH (0.40 mol/L, 50.0 mL) under 

continuous stirring for 1 hour at room temperature, yielding yellow transparency solutions. This titania 

sol will be denoted as AA-sols hereafter. For comparison, other aqueous solutions were prepared from 

TIPT in the same procedure but without either of acac or AcOH. 

Additionally, aqueous solution of titanium lactate was obtained by adding TIPT (20.0 mmol) into 

an aqueous solution of lactic acid (0.8 mol/L, 50.0 mL) under continuous stirring at room temperature 

for 7 days. Aqueous solution of titanium-peroxo-citrate was also obtained by adding 

titanium(IV)-peroxo-citrate complex (ca. 10.0 mmol) to water (50.0 mL). 
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1.2.3 Characterization of AA sols 

The particle sizes of titania colloids in sols were estimated by means of dynamic light scattering 

(DLS, ELSZ-1000, Otsuka Eletronics Co., Ltd). Infrared absorption spectra of the sols were obtained by 

means of Fourier transform infrared spectroscopy (FT/IR-4600, JASCO) using a transmission-type cell 

equipped with BaF2 windows. Spectra were obtained in the range 2000–800 cm
−1

, by integrating 64 

scans at an effective resolution of 4 cm
−1

. For comparison, FT-IR spectra of aqueous solutions of AcOH 

(0.40 mol/L), acac (0.40 mol/L), and their mixture were also measured. Differential spectra were 

obtained by subtracting the spectrum of water. 
1
H NMR and 

13
C NMR spectra were recorded on a 

JMN-ECA 500 spectrometer (JEOL). For 
1
H NMR spectrum measurements, sodium 

3-(trimethylsilyl)propionate-2,2,3,3-d4 in D2O (0.4 vol%) was used as an external reference in a 

capillary tube. For 
13

C NMR spectrum measurements, CDCl3 was used for an external referencing 

(77.23 ppm) and locking. For comparison, 
1
H NMR and 

13
C NMR spectra of aqueous solutions of 

AcOH (0.40 mol/L), acac (0.40 mol/L), and 2-propanol (1.6 mol/L) were also measured.  

 

1.2.4 Preparation of TiO2 films 

Thin films of TiO2 were prepared by spin-coating method: a cleaned quart substrate (5×5 cm) was 

dropped with the AA sols (ca. 1 mL), and then rotated at 500 rpm for 5 seconds and subsequently 2,000 

rpm for 10 seconds. The coated film was dried at room temperature for 10 min and then at 60°C for 10 

minutes. The set of spin coating and drying was further repeated once again. The as-prepared film was 

then heated at different temperatures ranging from 600 to 900°C for 5 hours to yield TiO2 thin films, 

which will be denoted as AA-T (T = 600–900) films hereafter. In addition, the TiO2 thin films prepared 

from aqueous solutions of titanium lactate complex or titanium(IV)-peroxo-citrate complex will be 

denoted as L-T or P- T (T = 600–900) films, respectively. The thickness of each film was adjusted ca. 50 

nm. 

 

1.2.5 Characterization of TiO2 films 

The morphologies of TiO2 films were observed using a laser microscope (Shimazu, OLS4000), 

scanning electron microscope (SEM, HITACHI, S-4100), and scanning probe microscope (SII, 

Nanocute) with a self-sensitive cantilever (SII, PRC-DF40P). 
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Changes in the crystal phase were monitored using X-ray diffraction (XRD, PANalytical, X’Pert 

Pro) rotating anode diffractometer (45 kV, 40 mA) with Cu K radiation (K = 1.5406 Å). The Raman 

spectra were recorded with laser Raman spectrometer (Jasco, NRS-7200); an argon ion laser at 532 nm 

was used. Thermal analysis (TG-DTA) was conducted on dried powders on a TG-8120 (Rigaku). 

TG-DTA curves were recorded under air flow in the temperature range from 25 to 900°C. 

Photocatalytic activity of TiO2 films was evaluated by monitoring the change in the contact angle 

of a droplet of water under UV light irradiation using a contact angle meter (Kyowa Interface Science 

Co., LTD. CA-X). The 0.5 wt% oleic acid in heptane solution (1 mL) was dropped on the TiO2 film, to 

make the surface hydrophobic before the evaluaction. After the films were rotated at 500 rpm for 5 

seconds and then 2,000 rpm for 10 seconds by using spin-coater, the film was dried at 70°C for 15 

minutes. A high power black light (TOSHIBA FL20S/BLB-A, 10 W/m
2
) was used as a light source.  

 

1.3 Results and discussion 

1.3.1 Size distribution of aqueous colloidal titania sols  

Figure 1-1 shows photographs of the aqueous solutions in which TIPT (0.4 M) was dissolved 

under different conditions. The appearance of AA-sol prepared via adding both TIPT and acac into 

aqueous AcOH solution was clear yellow with high transparency (see the left one). Interestingly, this 

solution was found to be stable without forming any visible precipitations even after leaving under 

atmospheric condition for more than 1 year. Although the addition of acac into the ethanol solution 

containing TIPT has been reported to lower the rate of hydrolysis of TIPT effectively,
16-24

 the addition of 

TIPT into water together with acac immediately formed yellow suspension (see the middle); producing 

visible precipitation. Simple addition of TIPT into aqueous solution of AcOH also resulted in rapid 

formation of white suspension (see the right), which then changed to precipitation. 

DLS measurement revealed that the AA-sol contained colloidal particles with diameters ranging 

from 0.8 nm to 10 nm (average diameter d = ca. 3.7 nm, see Figure 1-2). These colloidal particles, 

certainly consist of amorphous titania or titanium hydrate (the XRD pattern of dried powder showed no 

appreciable peaks, not shown), are much more uniform and smaller than conventional titania colloids 

stabilized by strong acid such as HCl or HNO3, which possess non-uniform feature with diameters 

ranging from 10 nm to some hundred nm.
12-15

 The use of diluted HCl or HNO3 for adjusting the pH of 
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aqueous solutions similar to that of AcOHaq (pH ~ 4) could not stabilize TIPT effectively even in the 

presence of acac; precipitations were immediately produced after adding TIPT/acac into the solution. 

 

 

Figure 1-1. An image of AA-sol (left), TIPT/acac in water (middle), and TIPT in AcOH aq. (right). 

 

 

Figure 1-2. Size distribution of the titania colloidal particles in AA-sols. 
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1.3.2 Characterizations of titanium species in the aqueous titania sols  

In order to clarify the titanium species that were stabilized as colloidal state in AA-sols, FT-IR and 

NMR spectroscopies were employed. Figure 1-3 shows infrared absorption spectrum of the AA-sols, 

along with those of aqueous acac or AcOH solutions for comparison. The AA-sols exhibited specific 

absorption bands at 1574, 1537, 1467, 1384, 1127, 1107 and 954 cm
−1

, which were not observed for 

either acac
16,19,20,25

 or AcOH
24

 solutions. 

The bands observed at 1467, 1384, 1127, 1107 and 954 cm
−1

 can be assigned to the absorption by 

2-propanol molecules,
26

 which should be formed by hydrolysis of TIPT. The bands at 1574 and 1537 

cm
−1

 are assignable to the vibrational bands of ν(C-C) and ν(C=O) of the enol-form acac molecules that 

bounded to Ti cations, indicating the chelation of acac to the surface of titania species.
16,27

 It appears that 

the absorption bands at around 1721 and 1297 cm
−1

 due to the existence of acetate species bound to 

titanium species.
28

 

 

Figure 1-3. FT-IR spectra of AA-sols, acac in H2O, and AcOH in H2O. 

 

The detailed structures of titanium species in the AA-sols were further estimated by mean of the 

liquid state 
1
H NMR and 

13
C NMR spectroscopies. The 

1
H NMR spectrum of the AA-sol is shown in 

Figure 1-4; the assignments of the observed signals are summarized in Table 1-1. The 
1
H NMR 

spectrum of AA-sol showed the characteristic broad resonance at around 2 ppm, along with the weak 

but sharp chemical shifts at 2.00 ppm, 2.23 ppm, and 5.87 ppm; these weak chemical signals were 

different from those corresponding to the free forms of AcOH, acac (keto/enol = 4:1) and 2-propanol. It 

80090010001100120013001400150016001700180019002000

In
te

n
s
it

y
 (
a
.u

.)

Wavenumber (cm-1)

AA-sols

acac

in H2O

AcOH

in H2O

1712

1392
1368

1279

1018

1721 1698

1574

1537

1467

1411

1384 1370

1288
1164

1127

1107

1020

954

1723 1697

1622 1417

1366

1312 1248 1161



Chapter 1 

34 

has been reported that the signals derived from the species having large molecular weight, such as 

products of hydrolysis or condensation, became broad or undetected in NMR because the molecules 

having larger weight generally shows lower mobility.
20

  

Judging from the fact that the signals attributed to the methyl groups of acac and AcOH are 

generally observed at around 2 ppm, the board resonance observed from 1.9 to 2.3 ppm in AA-sol is 

certainly derived from the acac and/or AcOH molecules that terminate the surface Ti cation centers and 

the hydroxyl groups, as illustrated in Figure 1-5 (a). The weak chemical shifts at 2.00 ppm, 2.23 ppm, 

and 5.87 ppm can be assigned to a small amount of Ti-acac complex as depicted in Figure 1-5 (b), since 

the similar spectral pattern was obtained with the 
1
H NMR spectrum of the Ti-acac complex in CDCl3 

(see Figure 1-6). All the signals observed in 
13

C NMR spectrum of AA-sol was well assigned to the 

species that were indicated by the 
1
H NMR spectrum, while the broad signal was not observed. It is 

known that 
13

C NMR is generally less sensitive than 
1
H NMR for the species having large molecular 

weight. 

 

 

Figure 1-4. 
1
H NMR spectrum of AA-sols. 
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Table 1-1. 
1
H NMR and 

13
C NMR chemical shifts of AA-sols and authentic samples. 

Species 
1
H NMR 

13
C NMR 

AA- sols [ppm] Authentic 

sample [ppm] 

AA-sols [ppm] Authentic 

sample [ppm] 

AcOH   (g) 2.15 (CH3, 29H) 2.10 (CH3) 21.1 (CH3) 

177.3 (CO) 

20.8 (CH3) 

177.1 (CO) 

acac 

(keto-form)  

(e) 2.35 (CH3, 25H) 

(d) 3.93 (CH2, 8H) 

2.30 (CH3) 

3.89 (CH2) 

30.9 (CH3) 

57.5 (CH2) 

208.9 (CO) 

30.8 (CH3) 

57.5 (CH2) 

208.9 (CO) 

acac 

(enol-form) 

 

(g) 2.15 (CH3, 6H) 

(b) 5.82 (CH, 1H) 

2.10 (CH3) 

5.76 (CH) 

24.5 (CH3) 

101.4 (CH) 

193.5 (CO) 

24.4 (CH3) 

101.2 (CH) 

193.4 (CO) 

2-Propanol   (i) 1.24 (CH3, 272H) 

(c) 4.09 (CH, 44H) 

1.19 (CH3) 

4.04 (CH) 

24.3 (CH3) 

64.7 (CH) 

24.1 (CH3) 

64.7 (CH) 

Ti-acac 

complex 

(depicted in 

Figure 2-5(b)) 

 

(h) 2.00  

(CH3, enol-form, 

3H) 

(f) 2.23  

(CH3, enol-form, 

3H) 

(a)5.87  

(CH, enol-form, 1H) 

－ 194.6 (CO) 

187.8 (CO) 

104.9 (CH)  

26.7 (CH3) 

25.4 (CH3) 

－ 
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Figure 1-5. (a) Possible structure of titania particles in AA-sols. (b) Proposed structure of the Ti-acac 

complex of trace components contained in AA sols. 

 

 

 

 

 

Figure 1-6. 
1
H NMR spectrum of a Ti-acac complex in CDCl3. 
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Based on these results, it can be concluded that the colloidal titania particles with diameters ranging 

from 0.8 to 10 nm are stabilized by the co-existence of acac and AcOH in the AA-sol as illustrated in 

Figure 1-5 (a). Although the TIPT molecules were undergone hydrolysis and condensed in the initial 

period into amorphous titania nano colloids with Ti-O-Ti networks, the surface Ti species were 

effectively protected from further hydrolysis and condensation via the chelation of acac molecules to Ti 

cations. This stabilization mechanism in aqueous system seems reasonable because it is known that the 

chelated acac molecules can effectively suppress the hydrolysis and further condensation of various 

alchoxides such as TIPT in organic solvents.
23

 As for the roles of AcOH, it is likely that AcOH 

molecules also inhibit the condensation of titania colloids by affecting the surface Ti cations and/or 

hydroxyl groups.
28-31

 Additionally, it has been reported that the added AcOH molecules can work as 

peptizer of TiO2-sols in organic solvents.
12

 Although, the sole addition of acac or AcOH is effective to 

suppress the hydrolysis and condensation of TIPT in organic media, neither can suppress the rapid 

hydrolysis of TIPT in aqueous media. The co-existence of acac and AcOH in an appropriate ratio 

specifically can stabilize the amorphous titania colloid even in aqueous media through a kind of 

concerted mechanism. 

 

1.3.3 Characterizations of TiO2 films prepared by simple spin-coating and following calcination 

Preparation of TiO2 thin films was attempted by coating three different water-base precursor solutions 

on various substrates such as quartz followed by calcinations in air at various temperatures. The AA-sol, 

which was stabilized by the co-exsistence of acac and AcOH, was found to readily form homogeneous 

and transparent films on various substrates besides quartz (e.g., Si) by simple spin-coating (see 

AA-film-as in Figure 1-7, for example). Although the aqueous solution of titanium-peroxo-citrate could 

form transparent films on hydrophilic quartz (see P-film-as), it produced inhomogeneous film on Si 

substrate (not shown) due to the insufficient wettability. As for the aqueous solution of titanium lactate 

complex, it could not be homogeneously coated even on quartz substrate, resulting in an opaque and 

non-uniform film (see L-film-as). Figure 1-8 shows the laser micrograph images of the films after the 

calcination at 900°C in air. Clearly, AA-900 and P-900 films possess much smoother surface than 

L-900. 
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Figure 1-7. A photograph of as prepared TiO2 films on the glass substrate (5×5 cm) by using (a) AA-sol, 

(b) titanium lactate complex solution, and (c) peroxo-titanium-citrate complex solution. 

 

 

Figure 1-8. Laser micrographs of TiO2 films prepared by using by using (a) AA-sol, (b) 

peroxo-titanium-citrate complex solution, and (c) titanium lactate complex solution, followed by 

calcinations at 900°C. 

 

Figure 1-9 shows SEM images of TiO2 films (AA- and P-films) calcined at different temperatures. 

As described later, all the films were confirmed to have anatase and/or rutile TiO2 phase after calcination 

at above 600°C (see Figure 1-10 for the XRD patterns). Although the grain sizes of TiO2 particles 

gradually increased with increasing calcination temperature in both cases, the degree of increase on 

P-films was much more significant than on AA-films. The difference in crystal growth was also 

confirmed in the average sizes of TiO2 particle calculated from the full width of half maximum intensity 

of the (101) diffraction peaks by the Scherrer formula (see Table 1-2). The P-films calcined at above 

700°C had coarse particles with size larger than 200 nm along with observable pores between the 

particles. As seen in the XRD patterns (see Figure 1-10), the peaks corresponding to rutile phase were 

obviously appeared along with those of anatase one after the calcination of P-films above 700°C, 

indicating the phase transition from anatase to rutile accompanied by the crystal growth. On the other 

hand, AA-films had crack free and flat surfaces consisting of density-packed nanoparticles even after 

the calcination at 900°C, with an average primary particle of 50 nm sizes. Interestingly, no peaks 
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corresponding to rutile phase was observed in the XRD pattern of AA-900. Raman spectra of these 

films (see Figure 1-11) also indicated that the phase transition from anatase to rutile was effectively 

suppressed up to 900°C in the case of AA-films, while the presence of rutile phase was clearly observed 

in the Raman spectra of the P-films above 700
o
C. Although the peaks corresponding to rutile phase 

were not observed in the XRD pattern of L-700, rutile phase was appreciably observed in the Raman 

spectrum, indicating that phase transition partially occurred at 700°C in the case of L-films. The 

thermogravimetry and differential thermal analysis (TG-DTA) was conducted to confirm the 

temperatures at which the phase transition from anatase to rutile occurred in each sample. Since it was 

difficult to analyze precisely the changes accompanied by the crystallization and/or phase transition 

behaviors owing to the quite small amount of TiO2 loaded on the glass substrate, the TG-DTA analysis 

was conducted on the powder samples that were obtained by the simply dryness of precursor sol 

solutions. As shown in Figure 1-12, no clear peaks was observed for the AA-powder from 500 to 900°C, 

while exothermic peaks corresponding to phase transition from anatase to rutile were observed at 

around 800°C for P- and L-powders. The TG-DTA results on the temperatures of phase transition to 

rutile were well agreed with those obtained by XRD and Raman spectra measurements, indicating the 

interesting nature of AA-sol for preventing the phase transition to rutile at high temperatures. 

 

 

Figure 1-9. SEM images of TiO2 films prepared by using AA-sol or peroxo-titanium-citrate complex 

solution (AA- or P-films) followed by calcination at different temperatures. 
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Figure 1-10. XRD patterns of TiO2 films prepared by using (a) AA-sol, (b) peroxo-titanium-citrate 

complex solution, and (c) titanium lactate complex solution, followed by calcinations at different 

temperatures. *: quarts substrate, A: TiO2 (anatase), R: TiO2 (rutile) 

 

Table 1-2. Crystalline sizes of TiO2 films prepared by using (a) AA-sol, (b) peroxo-titanium-citrate 

complex solution, and (c) titanium lactate complex solution, followed by calcinations at different 

temperatures. 

 
(a) AA-films (b) P-films (c) L-films 

600°C 23.7 32.0 25.0 

700°C 31.2 35.2 37.3 

800°C 35.7 36.7 40.3 

900°C 33.2 36.4 46.2 

Calculated from the FWHM of the (101) peak by the Scherrer formula. 
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Figure 1-11. Raman spectra of TiO2 films prepared by using (a) AA-sol, (b) peroxo-titanium-citrate 

complex solution, and (c) titanium lactate complex solution, followed by calcinations at different 

temperatures. A: TiO2 (anatase), R: TiO2 (rutile) 

 

 

 

Figure 1-12. TG-DTA curves of dried powders prepared by dryness of the (a) AA-sol, (b) 

peroxo-titanium-citrate complex solution, and (c) titanium lactate complex solution. 
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It has been reported that the addition of acac and/or AcOH into the organic solvents containing 

titania precursor effectively suppressed the phase transition
21

 and crystal growth
12,24

 during the 

calcination. As for phase transition, it has been reported that some supporting ligands can suppress 

hydrolysis of titania and affect phase transition behavior from anatase to rutile phase in the case of 

sol-gel method using organic solvents.
32

 For example, it was demonstrated that the TiO2 films prepared 

by sol-gel process with methanol or 2-propanol solvent could retain the anatase phase even at 

temperatures as high as 800°C, after addition of acac or AcOH
21

 into the precursor solution. Therefore it 

seems reasonable to consider that the phase transition from anatase to rutile was also suppressed at high 

temperatures by the co-existence of acac and AcOH in aqueous media, based on the similar 

mechanisms in organic solvents. Barbe et al. has been reported that anatase TiO2 particles with small 

size were obtained by adding acetic acid in precursor titania sols during hydrothermal synthesis.
 12

 Attar 

et al. has also reported that small anatase TiO2 particles were obtained by adding acetylacetone in 

precursor titania sols during sol-gel preparation in organic solvents. They suggested that crystallization 

temperature shift to higher temperature in presence of acethylacetone.
24

 Considering the similar results 

shown in these previous reports, the acetic acid and acetylacetone added in the AA-sol also work to 

suppress the particle growth in water solvent, while most of the previous reports were done in organic 

solvents. Another possibility will be that the strong perpendicular interaction between the coated titania 

colloids and the quartz substrate effectively suppressed the horizontal grain growth of titania. 

The surface roughness (Ra values) of TiO2 films was estimated by means of AFM; the obtained 

Ra values are summarized in Table 1-3. Clearly, the AA-films showed small Ra values even after the 

calcination above 600°C, while those of P-films appreciably increased after the calcination. These 

results clearly demonstrated that the aqueous AA-sol, in which titania nano colloids are effectively 

stabilized by the co-existence of acac and AcOH, is quite useful to prepare homogeneous and 

transparent TiO2 thin films by simple procedures such as spin coating. The smaller Ra values of 

AA-films than those of P-films at above 700°C clearly revealed the smoother surfaces of AA-films. 
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Table 1-3. Surface roughness of TiO2 films prepared by using (a) AA-sol and (b) 

peroxo-titanium-citrate complex solution followed by calcinations at different temperatures. 

 AA-films P-films 

600°C 1.59 1.47 

700°C 1.47 2.42 

800°C 1.72 4.18 

900°C 1.75 3.00 

 

1.3.4 Photocatalytic surface cleaning of TiO2 films 

Finally, the photocatalytic activity of the prepared TiO2 films was evaluated on the basis of 

photo-induced surface superhydrophilicity, by monitoring the change in water contact angle (CA) under 

UV light irradiation. Before evaluation, the surfaces of TiO2 films were made hydrophobic by applying 

small amount of oleic acid. Figure 1-13 shows the change in CA on AA-films calcined at different 

temperatures. Upon irradiation, the CA on all samples gradually decreased due to the photocatalytic 

decomposition of residual oleic acid on the surface and the following photoinduced hydrophilicity.
2
 

Clearly, the AA-films calcined at lower temperatures exhibited higher activity for the photoinduced 

hydrophilicity. In general, the surface wettability has been known to increase as the surface roughness 

increases.
33

 Judging from the fact that the Ra values in AA-films were similar independently on the 

calcination temperatures (see Table 1-3), other factors, such as change in the surface area of the TiO2 

particles dominated the activity. 

 

Figure 1-13. Changes in water contact angles upon AA films under UV light irradiation. 
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Figure 1-14 shows the CA values of AA-films and P-films before and after 10 hours under UV 

irradiation. Clearly, the AA-films showed higher activity, i.e., greater change in CA, than the P-films on 

each calcination temperature. The photocatalytic activity of AA-films was compared with those of the 

TiO2 films prepared via one of the well-known sol-gel methods (denoted as SG-films).
34

 The XRD 

analysis indicated that SG-film was composed of anatase phase when it was calcined at 600°C, and 

converted to rutile phase after calcined at 900°C. As shown in Figure 1-14, the AA-films showed higher 

photocatalytic activity than the SG-films at each calcination temperature, indicating high potential of 

AA-sol for preparing highly active TiO2 photocatalyst films. As for the samples calcined at 600°C, the 

higher activity of AA-film is undoubtedly due to the higher surface areas (i.e., smaller particle size) of 

TiO2 particles compared to those in P-films. As for the samples calcined above 700°C, the pure content 

of anatase phase in AA-films probably contributed to the higher photocatalytic activity, since in general 

anatase phase exhibits higher activity than rutile one for various photocatalytic reactions including the 

decomposition of organic contaminants of surface.
35

 Thus, we demonstrated that the AA-films, which 

were prepared using the newly-developed AA-sols, show high photocatalytic activity for both the 

self-cleaning (decomposition of organic compounds on the surface and photoinduced 

superhydrophilicity). 

 

 

Figure 1-14. Water contact angles of TiO2 films before and after UV irradiation for 10 hours. 
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1.4 Conclusions 

An significantly-simple method was developed for preparing stable water-base titania sols by 

employing three common and cheap chemicals, TIPT, acac and AcOH, as raw materials; just mixing 

them with appropriate ratio and sequence. The present titania sols possess desirable properties as 

precursor for fabricating TiO2 thin films, such as quite high stability (for more than one year), no use of 

organic solvents, mild acidity (pH ~ 4), sufficiently small sizes of titania colloids, and indeed can easily 

be transformed into homogeneous and transparent TiO2 thin films on various substrates by post 

calcination. The TiO2 thin films prepared from the present new water-base titania sols showed much 

higher photocatalytic activity for photoinduced superhydrophilicity under UV light irradiation, certainly 

due to the much smaller size of TiO2 particle, and the higher content of highly active anatase phase. 

These superior features of newly developed aqueous titania sols will widen the application of TiO2 thin 

films in the practical use on large scales. 
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Chapter 2 
Facile Water-based Preparation of Rh-doped SrTiO3 

Nanoparticles for Efficient Photocatalytic H2 Evolution 

under Visible-light Irradiation 
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2.1 Introduction 

Photocatalytic water splitting using semiconductors
1
 has attracted much attention as one of the 

technologies that can produce hydrogen (H2) cleanly and directly from water by utilizing abundant solar 

light; especially the effective utilization of visible light has become one of the most important challenges 

for achieving desired efficiency in practical application.
2-4

 Visible-light-induced water splitting has so 

far been demonstrated based on two different systems, one-step
5-7

 or two-steps systems.
8-22

 The latter 

system, which is so-called Z-scheme, basically consists of two different semiconductor photocatalysts 

and a redox couple (e.g., IO3
−
/I

−
, Fe

3+
/Fe

2+
, [Co(bpy)3]

3+/2+
, [Co(phen)3]

3+/2+
) that transfer electrons 

between the two photocatalysts,
8-18

 while some systems can work even without such a redox couple.
20-23

 

Among the various visible-light-responsive photocatalysts developed so far, strontium titanate (SrTiO3) 

doped with Rh species has been regarded as one of the most promising candidates of H2-evolving 

photocatalyst workable under visible light for two-step system,
8-24

 as well as for one-step one.
7
 The 

apparent quantum efficiency for H2 production on the SrTiO3:Rh systems, however, is relatively low
24

 

and their improvement is still of significant challenge. Both high crystallinity and high specific surface 

area of semiconductor particles are generally required for achieving efficient photocatalysis. However, it 

is basically hard to satisfy these two prerequisites simultaneously by using conventional preparation 

processes such as solid-state (SS) reaction, because grain growth cannot be avoided during the 

calcination at high temperatures. Thus, the development of new synthesis process that can produce 

semiconductor particles having both small particle size and high crystallinity have been highly desired 

and extensively explored. 

In Chapter 1, highly-active anatase-TiO2 photocatalyst films, consisting homogeneous TiO2 

particle smaller than 50 nm even after calcination at high temperatures (900°C) were prepared by 

employing a newly-developed stable aqueous titania sol. The aqueous titania sol is effectively stabilized 

via simultaneous chelating of acetylacetone and acetic acid to the surface of titania colloids.
25

 These 

findings have motivated to use the stable aqueous titania sol as a precursor in the synthesis of fine 

particles of various mixed titanates, such as SrTiO3 or its derivatives, as highly active photocatalysts. In 

this chapter, highly efficient H2 evolution under visible light irradiation (ca. 13.3% of quantum 

efficiency at 420 nm) from aqueous methanol solution is demonstrated on the SrTiO3:Rh particles 

having homogeneous and small particle size (< 50 nm), which were prepared via facile aqueous 

procedure employing the stable aqueous titania sol as Ti-precursor with other metal salts. 
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2.2 Experimental 

2.2.1 Materials 

Titanium(IV) tetraisopropoxide (TIPT, 95.0%), acetylacetone (acac, 99.0%), acetic acid (AcOH, 

99.7%), strontium acetate hemihydrate (Sr(OAc)2·0.5H2O), rhodium(III) chloride trihydrate 

(RhCl3·3H2O), lactic acid (85.5-94.5%) and Rh2O3 were purchased from Wako Pure Chemical 

Industries, Ltd., Osaka, Japan. TiO2 (99.9%) was purchased from Soekawa chemical. SrCO3 (99.9%) 

was purchased from Kanto chemical. Titanium(IV)-peroxo-citrate complex 

((NH4)4[Ti2(C6H4O7)2(O2)2]·4H2O) was purchased from Furuuchi Chemical Corporation. Acrylic 

emulsion (VONCOAT(EC-905EF), particle size: 100~150 nm) was purchased from DIC Corporation. 

All reagents were used as received, and all the experiments were carried out under ambient condition 

without eliminating moisture from the atmosphere. 

 

2.2.2 Preparation of SrTiO3:Rh(2%) particles 

The stable aqueous titania sol (AA-sol) was prepared as follows.
25

 TIPT (20.0 mmol) was added to 

acac (20.0 mmol) slowly under continuous stirring at room temperature and stirred for 10 minutes. The 

resulting yellow solution of TIPT/acac precursor was added dropwise to an aqueous solution of AcOH 

(0.40 mol/L, 50.0 mL) under continuous stirring for 1 hour at room temperature. The co-existence of 

acac and AcOH effectively suppressed the hydrolysis and condensation reaction of TIPT even in water, 

retaining the diameter of titania colloidal particles lower than 10 nm (average diameter ca. 4 nm) as 

shown in Figure 1-2. The particles of SrTiO3:Rh(2%) were prepared as follows. An aqueous solution of 

Sr(OAc)2 (1.08 mol/L) containing lactic acid (2.16 mol/L), AA-sol and an aqueous solution of RhCl3 

(0.24 mol/L) were mixed basically at the ratio of Sr : Ti : Rh = 1.02 : 0.98 : 0.02, and stirred for 1 hour 

at room temperature, yielding orange transparent sols. In some cases, the samples were prepared with 

different ratio of Sr/(Ti+Rh) (1–1.03) or Rh/(Ti+Rh) (0.01–0.03). The sols were added by the acrylic 

emulsion and stirred for 15 minutes at room temperature, then dried at 80°C for 3 hours, and finally 

calcined at 900–1050°C for 10 hours, yielding SrTiO3:Rh(Rh:2%) powdered samples. The SrTiO3:Rh 

samples prepared via the above method (water-based hetero-chelate method, WH-method) will be 

denoted by WH-T (T = 900–1050) hereafter). The five kinds of SrTiO3:Rh(2%) samples were also 

prepared from different water based titania precursors (titanium lactate
26

 and 

titanium-peroxo-citrate
27,28

) with the acrylic emulsion, from AA-sol with the different polymers 
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(polymethyl methacrylate latex particles (PMMA) and polyethylene glycol (PEG)), or from AA-sol 

without emulsion. These precursor solutions were dried and calcined at 1000°C for 10 hours, which will 

be denoted as L-1000, P-1000, WH’’-1000(PMMA), WH’’-1000(PEG) and WH’-1000 (without 

emulsion) respectively. In addition, SrTiO3:Rh particles were synthesized by solid state reaction method 

(SS-method) from TiO2, SrCO3 and Rh2O3 as raw materials. These materials were mixed basically at 

the ratio of Sr:Ti:Rh = 1.00 : 0.98 : 0.02 and calcined at 900–1050°C for 10 hours, while these ratio 

were changed as required. These particles will be denoted SS-T (T = 900–1050) hereafter. 

 

2.2.3 Characterization of SrTiO3:Rh(2%) particles 

The obtained SrTiO3:Rh2% particles were characterized by mean of an X-ray diffraction (XRD, 

PANalytical, X’Pert Pro, rotating anode diffractometer, 45 kV, 40 mA) with Cu K radiation (K = 

1.5406Å), a UV-vis-NIR spectrometer (UV-vis. DRS, Jasco, V-670), a scanning electron microscope 

(SEM, HITACHI, S-4100) and a transmission electron microscope (TEM, JEOL, JEM-2100F). 

Thermal analysis (TG-DTA) was conducted on dried powders on a TG-8120 (Rigaku). TG-DTA 

curves were recorded under air flow in the temperature range from 25 to 1000°C. 

The photocatalytic activity was evaluated using a gas-closed circulation system with a 300W 

Xe-arc lamp (Perkin-Elmer, Cermax PE300BF) attached with a cut-off filter (Hoya; L42). The amounts 

of gas produced were analyzed and quantified by using an on-line gas chromatograph (GL Science; 

GC-3200, TCD, Ar carrier, MS-5A column). The apparent quantum yields were determined using a 

150W Xe lamp (BUNKOUKEIKI, SM-25F) attached with various bandpass filters as monochromatic 

light sources; the number of incident photons at each wavelength were measured using a 

spectroradiometer (Ushio, USR-45VA). The apparent quantum yields were calculated by the following 

equation: 

apparent quantum yield (%) in H2 production 

= [number of H2 molecules evolved × 2] / [number of incident photons] × 100 
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2.3 Results and discussion 

2.3.1 Characterizations of SrTiO3:Rh(2%) particles prepared from stable titania sol (AA-sol)  

All the XRD patterns of the WH- and SS-samples calcined at above 1000°C exhibited pure 

perovskite phase of SrTiO3; no appreciable peak attributed to impurity phases was observed for the 

samples (see Figure 2-1). On the other hand, small amount of impurity peaks were observed for WH- 

and SS-samples calcined at below 950°C, along with the peaks corresponding to SrTiO3 phase. Some 

of them in WH-samples could be assigned to SrRh2O4 but the others could not be assigned to any 

possible mixed oxides from the precursors (Sr, Ti, Rh), thus shown as “unknown”. The impurity phases 

observed in SS-900 samples were assigned to Sr2TiO4, RhO2, and rutile-TiO2.  

 

Figure 2-1. XRD patterns of SrTiO3:Rh particles prepared at different calcination temperatures. 

 

The diffuse reflectance spectra of all WH-powders are shown in Figure 2-2 (a), in which two 

absorption bands were observed in visible region along with the band gap transition of SrTiO3 host 

(shorter than 400 nm). The absorption at around 420 nm and 580 nm in SrTiO3:Rh materials have been 

assigned to the transitions from the donor levels formed by Rh
3+

 to the conduction band (ca. 2.3 eV) and 

that from the valence band to the acceptor levels formed by Rh
4+

 (ca. 1.7 eV), respectively, based on the 

results of both the detailed characterization and first principle calculation on SrTiO3:Rh samples 

prepared by SS or CVD method.
29

 The absorption at around 580 nm for the present WH-powders were 

weaker than those observed for SS-powders (see Figure 2-2 (b)) in spite of the same amount of Rh 

species doped (2 mol% to Ti site). The lower absorption at around 580 nm might indicate that the Rh 
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cations were doped into the WH-particles preferentially in the form of Rh
3+

 instead of Rh
4+

, while it is 

difficult to analyze the amount of each species precisely due to the overlap of the absorptions 

corresponding to Rh
3+ 

and Rh
4+

. Another possibility will be that a part of Rh cations was doped into 

other sites, not to Ti
4+

 site, such as interstitial site and/or Sr
2+

 site. 

 

Figure 2-2. UV-vis spectra of (a) WH-particles and (b) SS-particles (SrTiO3:Rh(2%)) prepared at 

different calcination temperatures. 

 

Figure 2-3 show SEM (or TEM) images of the SrTiO3:Rh(2%) samples prepared via WH- or 

SS-method at different calcination temperatures. The SrTiO3:Rh samples prepared via WH-method up 

to 1000°C (see Figure 2-3 (a)–(c)) consisted of relatively uniform primary particles smaller than 50 nm, 

while the calcinations at 1050°C (Figure 2-3 (d)) resulted in appreciable increase in the particle size up 

to ca. 80 nm. A considerable number of the particles in the WH-1000 sample was found to exhibit cubic 

shapes with average particle size of ca. 50 nm (see the TEM image shown in Figure 2-3 (e) for 

example), undoubtedly due to the cubic perovskite structure of SrTiO3. In addition, the crystalline sizes 

of WH-1000 were estimated to be 46.8 nm by the Scherrer formula, suggesting that the WH-1000 

sample was dominantly consisted of single crystalline particles. So far as known, there is no report on 

the preparation of SrTiO3:Rh particles smaller than 50 nm via conventional SS- or other methods, 

which require high temperatures (at least 1000°C) to produce pure perovskite structure. Indeed the 

primary particle sizes of all SS-samples prepared at higher than 900°C were larger than 300 nm (see 

Figure 2-3 (f)–(i)), basically agreeing with the previous reports on the synthesis of SrTiO3-based 

particles via solid-state reaction.
24 
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Figure 2-3. SEM images of the SrTiO3:Rh(2%) samples  prepared via WH and SS method and 

followed by calcination at different temperatures (a–d, f–i) and TEM images of the Pt-loaded WH-1000 

(e). Numerical values at the bottom left indicate specific surface areas of the samples. 

 

2.3.2 Influence of titanium precursors and additives on the particle size of SrTiO3:Rh 

In the conventional sol-gel method using active titanium precursors such as titanium 

tetraisopropoxide (TIPT), the precise control in particle size is basically difficult due to the rapid 

condensation and polymerization reaction of active alkoxides with water.
30 

On the other hand, the 

present WH-method successfully produced SrTiO3:Rh particles having homogeneously small size (~ 

50 nm) after calcination at appropriate temperatures (~ 1000°C). As described in the experimental 

section, the present AA-sol was prepared via quite facial process, just mixing TIPT, acac and AcOH in 

aqueous solution with appropriate procedure.
25

 However, it was confirmed that the co-existence of acac 

and AcOH efficiently suppressed the hydrolysis and condensation reaction of TIPT even in water, 

retaining the diameter of titania colloidal particles lower than 10 nm (average diameter ca. 4 nm) as 

shown in Figure 1-2. It therefore appears that the use of the stable and small titania colloidal particles as 
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Ti-precursor is one of the key factors of the yielding of such small and homogeneous SrTiO3:Rh 

particles. To clarify this, SrTiO3:Rh samples were prepared using other water-based Ti-precusors. 

There are several reports on the preparation of ATiO3 (A=Ba, Sr) particles using water-soluble 

titanium-complex precursors such as titanium lactate and titanium-peroxo-citrate.
31-33

 Figure 2-4 (a) and 

(b) shows SEM images of SrTiO3:Rh(2%) samples prepared from titanium lactate (denoted as L-1000) 

and titanium-peroxo-citrate (P-1000), respectively, instead of AA-sol, in the presence of the acrylic 

emulsion, which were finally calcined at 1000°C. The primary particle sizes in both the samples were 

inhomogeneous and larger than 100 nm. These findings strongly suggested that the thermal 

polymerization reaction between the functional group (i.e., -COOH, -OH) of these water-soluble titania 

precursors could not completely be suppressed and consequently produced large crystal nuclei that 

incorporate Sr and Rh cations. The generation of such large crystal nuclei certainly results in the 

production of large SrTiO3:Rh particles. In general, the crystalline partciles of mixed oxides such as 

perovskite are produced through the nucleation and particle growth process. As for the nucleation 

process, it was reported that the primary particle size of SrTiO3 prepared through a hydrothermal 

method can be controlled by changing the structure of precursor titania colloids (i.e., TiO2∙nH2O gel, Ti 

cluster).
34-37

 Dang et al. reported that the use of small TiO2 clusters, which were generated from titanium 

lactate complex, produced SrTiO3 nanoparticles.
36

 It was suggested that Sr species such as Sr
2+

 and 

SrOH
+ 
can be easily incorporated into the Ti-O structure to generate many crystal nuclei.

36
 It is therefore 

likely that the present small titania colloids in AA-sol produce a number of small nuclei that contain all 

the precursors (Ti, Sr and Rh) with nearly the desired stoichiometic ratio during their mixing in aqueous 

solution, because the core amorphous titania were effectively protected from condensation by the 

chelating of acac and AcOH to the outer Ti species. The formation of such a large numbers of small and 

stable nuclei certainly enable the production of SrTiO3:Rh particles having homogeneously small size 

after drying and final calcination (see Figure 2-5).   

However, the sole use of AA-sol was proven inadequate for the production of such 

homogeneously small particles. Figure 2-4 (c) shows SEM image of SrTiO3:Rh(2%) particles prepared 

from the AA-sol without acrylic emulsion; in which particles larger than 100 nm were observed. It has 

been reported that the addition of inhibitors such as latex particles or linear polymers to the precursor 

solution effectively suppressed the growth of crystals and aggregation during calcinations at high 

temperature.
38-40

 Indeed, the primary particle sizes of SrTiO3:Rh(2%) samples from the AA-sol with 
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different polymer (polymethyl methacrylate latex particles and polyethylene glycol) instead of the 

acrylic emulsion were 60–80 nm and 50–100 nm, respectively (see Figure 2-4 (c) and (d)), smaller than 

that of SrTiO3:Rh particles prepared without any polymers (100–150 nm, see Figure 2-4 (e)). These 

findings indicate that the use of present acrylic emulsion worked more effectively as inhibitor and 

consequently produced the SrTiO3:Rh particles with much smaller size (~50 nm). TG-DTA analysis 

indicated that the acrylic emulsions were decomposed at temperatures below 500°C (Figure 2-6), 

suggesting that the residue components produced from the emulsions after calcinations did not affect 

the particle size. Based on these results, it can be concluded that the combination of the stable aqueous 

titania sol and the acrylic emulsion is necessary and useful to prepare metal oxide particles such as 

SrTiO3:Rh with uniform and small particle sizes. 

 

 

Figure 2-4. SEM images of the SrTiO3:Rh(2%) samples prepared via different method and followed by 

calcination at 1000°C. 
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Figure 2-5. Proposed mechanism of the nucleation and particle growth on SrTiO3:Rh particles 

synthesized by WH-method. 

 

 

Figure 2-6. TG-DTA curves of acrylic emulsion. 
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2.3.3 Photocatalytic activity of SrTiO3:Rh particles for H2 production from aqueous methanol 

solution 

The photocatalytic activity of these SrTiO3:Rh(2%) samples was evaluated for the H2 evolution 

from aqueous methanol solution under visible light irradiation ( > 410 nm). As an effective cocatalyst 

for water reduction, small amount (0.5 wt%) of platinum particles were loaded on all the samples by 

mean of in-situ photodeposition method,
24

 by which fine Pt particles with diameters of ca. 2 nm were 

loaded on the surface of SrTiO3:Rh as shown in Figure 2-3 (d), for example. All the samples were 

confirmed to show the activity for H2 evolution with almost steady rate (see Figure 2-7 for example). In 

the all cases, the color of sample was changed from grey to pale yellow after the H2 evolution under 

visible light (see inset of Figure 2-8 for example), certainly due to the photocatalytic reduction of Rh
4+

 

species to Rh
3+

 by the photoexcited electrons as previously suggested by Kudo et al.
24

 Figure 2-8 shows 

the action spectrum (apparent quantum efficiency at each wavelength) for the H2 evolution on 

WH-1000 sample, which were obtained by the irradiation of monochromatic light at each wavelength. 

As for the determination of apparent quantum efficiency, the sample was irradiated beforehand under 

continuous visible light to reduce the Rh
4+

 species in the sample and also the PtCl4
2– 

precursor to Pt 

nanoparticles by photoexcited electrons. 

 

Figure 2-7. H2 evolution from an aqueous methanol solution under visible light irradiation over a Pt (0.5 

wt %)/SrTiO3:Rh(2%) photocatalyst prepared via (a)WH- and (b)SS-method followed by calcination at 

1000°C for 10 h. *Catalyst, 0.1 g; reactant solution, 200 mL of 10 vol % aqueous methanol solution; 

light source, 300 W Xe lamp with cut-off filters ( > 410 nm). 
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Figure 2-8. Action spectrum for H2 evolution from an aqueous methanol solution of photocatalytic 

reaction over Pt loaded WH-1000 (SrTiO3:Rh(2%), Sr/(Ti+Rh) = 1.02). The inset shows diffuse 

reflectance spectra of (a) before and (b) after photocatalytic reaction. Catalyst, 0.1 g; cocatalyst, Pt (0.5 

wt %); reactant solution, 200 mL of 10 vol % aqueous methanol solution; light source, 150 W Xe lamp. 

 

The inset of Figure 2-8 shows the absorption spectra of Pt-loaded WH-1000 sample before and 

after the reaction under continuous visible light for 10 h. The shape of action spectrum was similar to 

the absorption spectrum of the WH-1000 sample after reaction, in which the onset of the action 

spectrum was observed at around 550 nm, almost agreeing with the absorption edge. This result 

indicates that the H2 evolution on the present SrTiO3:Rh sample proceeded photocatalytically through 

the photoexcitation of electrons from the Rh
3+

 donor level to empty conduction band under the 

irradiation of light with wavelength shorter than 550 nm, as previously reported on the SrTiO3:Rh 

prepared by SS-method.
24

 The apparent quantum efficiencies at 420 nm on the SrTiO3:Rh(2%) samples 

prepared via different method (WH or SS) and different calcination temperatures are summarized in 

Table 2-1, along with the rates of H2 evolution at steady state in each reaction under visible light 

irradiation ( > 410 nm). The amount of Pt cocatalyst was optimized for each system (WH-1000 and 

SS-1000 samples); 0.5 wt% was confirmed to result in nearly best rate of H2 evolution on WH and SS 

systems (see Table 2-2). Thus all other samples were loaded with 0.5 wt% of Pt cocatalyst via 

photodeposition method for fair comparison. As for the Pt-loaded WH-samples, both the amount of H2 

generated under visible light irradiation and the quantum efficiency at 420 nm increased with the 

elevated calcinations temperature up to 1000°C, while they decreased at a higher temperature (1050°C).  
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Table 2-1. H2 evolution from an aqueous methanol solution under visible light irradiation on WH and 

SS samples (SrTiO3:Rh(2%)) prepared under different conditions 

 Sr/(Ti+Rh) Calcined 

temperature (°C) 

H2 evolution (μmol 

h
-1
) *

1
 

Apparent quantum 

yield at 420 nm 

(%) 

WH 1.00 

1.01 

1.02 

1.02 

1.02 

1.02 

1.03 

1000 

1000 

900 

950 

1000 

1050 

1000 

63 

79 

35 

44 

87 

59 

67 

9.8 

- 

7.6 

- 

13.3 

9.4 

10.1 

SS 1.00 

1.02 

1.03 

1.00 

1.03 

1000 

1000 

1000 

1050 

1050 

15 

14 

12 

10 

14 

2.4 

2.4 

2.2 

1.8 

1.9 

L 1.00 1000 41 - 

P 1.00 1000 47 - 

WH 1.00 1000 124*
2
 - 

SS 1.00 1000 34*
2
 - 

*
1
 Catalyst, 0.1 g; cocatalyst, Pt (0.5 wt %); reactant solution, 200 mL of 10 vol % aqueous methanol 

solution; light source, 300W Xe lamp with a L-42 cut-off filter ( > 410 nm).  

*
2
 light source, 300W Xe lamp without cut-off filters ( > 300 nm). 

 

The enhanced efficiency for H2 evolution up to 1000°C is dominantly due to the improved 

crystallinity of particles, in other words, the decreased amount of crystal defects that generally work as 

recombination sites between photogenerated electrons and holes. Although the surface area was slightly 

decreased at the present temprature range (see Figure 2-3), the primary particle size was appreciably 

increased by the calcinations at 1050°C. The average crystalline sizes of WH-1000 and WH-1050, 
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which were calculated by the Scherrer formula, were estimated to be 46.8 and 54.1 nm, respectively. 

The appreciable decrease in efficiency for WH-1050 sample can probably be explained by the obvious 

increase in the particle size, which elongates the migration length of carriers generated in the bulk and 

consequently increases the possibility of recombination of them before reaching the surface. The 

SS-samples, which were prepared via conventional solid-state reaction for comparison, indeed showed 

lower H2 evolution rates than WH-samples; slightly decreased with the increasing calcination 

temperature from 1000 to 1050°C as shown in Table 2-1. It seems reasonable to consider that the much 

larger particle size of SS-samples is one of the dominant reasons for the significantly lower efficiencies 

for H2 evolution compared to those of WH-samples, while the influence of other factors such as density 

of crystal defects cannot be excluded. Additionally, the SrTiO3:Rh(2%) samples prepared via 

WH-method showed higher activity for H2 evolution than those prepared via SS-method (see Table 

2-1) under the irradiation of light containing both UV and visible light (300 <  < 800 nm), in which 

direct excitation of SrTiO3 host is also occurred. The higher activity of WH-sample under this condition 

(UV irradiation) strongly suggested the low density of crystal defect in the material prepared via the 

present WH-method. It is therefore can be concluded that the present WH-method is useful to prepare 

highly crystallized mixed metal oxide particles. The WH-1000 sample exhibited significantly high 

quantum efficiency (ca. 13.3 %) for H2 evolution at 420 nm, compared to the previously reported values 

on the SrTiO3:Rh samples prepared via SS-method.
24

 Kudo et al. have previously reported the highest 

apparent quantum efficiency (ca. 5.3 % at 420 nm) for H2 evolution on Pt-loaded SrTiO3:Rh(1%) 

sample, which was prepared via SS-method at 1000°C, under similar reaction conditions, while the rate 

of H2 evolution decreased to be almost half by increasing amount of doped Rh species from 1 to 2 

mol% to Ti site in SrTiO3.
24

 Therefore the quantum efficiency (2.4 %) of our SrTiO3:Rh(2%) sample 

(SS-1000) prepared via SS method seems reasonable and comparable to the values reported previously 

by other groups. However, it has been reported that the activity of SrTiO3:Rh photocatalysts was 

significantly affected by the ratio of Sr to Ti, not only that of Rh to Ti, in the preparation; slightly higher 

ratio of Sr to Ti than the stoichiometric one (1:1) generally resulted in higher activity.
17

 From this point 

of view, WH- and SS-samples with different ratio of Sr/(Ti+Rh) (1–1.03) were prepared and evaluated 

their activity under visible light ( > 410 nm) or monochromatic light (420 nm) in some case; the results 

are summarized in Table 2-1 along with Table 2-3. Cleary, all the SrTiO3:Rh samples prepared via 
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WH-method exhibited higher efficiency than those prepared via SS-method regardless to the ratio of 

Sr/(Ti+Rh), while the ratio actually affected the efficiency. 

 

Table 2-2. H2 evolution activity of SrTiO3:Rh2% prepared via WH- and SS-method loaded with 

different amount of Pt cocatalyst. 

 Amount of loaded Pt (wt%) H2 evolution (μmol h
-1
) 

WH-1000 

(Sr/Ti = 1.02) 

0.1 

0.25 

0.5 

0.75 

1 

2 

32 

53 

87 

75 

66 

56 

SS-1000 

(Sr/Ti = 1.00) 

0.1 

0.25 

0.5 

0.75 

1 

5 

11 

12 

*Catalyst, 0.1 g; reactant solution, 200 mL of 10 vol % aqueous methanol solution; light source, 300 W 

Xe lamp with cut-off filters ( > 410 nm). 

 

Table 2-3. H2 evolution from an aqueous methanol solution under visible light irradiation of 

SrTiO3:Rh(2%) photocatalyst prepared upon different doping amount. 

 Amount of doped Rh ion (%) H2 evolution (μmol h
-1
) 

WH-1000 

(Sr/Ti = 1.02) 

1 

2 

3 

50 

87 

77 

SS-1000 

(Sr/Ti = 1.03) 

1 

2 

15 

12 

*Catalyst, 0.1 g; reactant solution, 200 mL of 10 vol % aqueous methanol solution; light source, 300 W 

Xe lamp with cut-off filters ( > 410 nm). 
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2.4 Conclusions 

In conclusion, fine particles of Rh-doped SrTiO3 (SrTiO3:Rh) were successfully synthesized via 

newly developed water-based process, in which stable aqueous titania sol was used as Ti source 

together with other water soluble metal salts, followed by calcination in air. This method enabled the 

facile synthesis of SrTiO3:Rh particles smaller than 50 nm even after calcination at 1000°C and afforded 

significantly high efficiency for H2 evolution under visible light, probably due to the small particle size 

and high crystallinity. The present water-based method was confirmed to have versatility for preparing 

various mixed titanate semiconductors having both high crystallinity and small particle size, providing 

environmentally-benign process that can be used for synthesis of highly active photocatalyst materials 

in large scale without using toxic organic solvent. 
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3.1 Introduction 

Photocatalytic water splitting using semiconductors has attracted much attentions as technology 

that can produce hydrogen (H2) directly from water by harvesting abundant solar light.
1
 The design of 

photocatalytic systems that enable efficient utilization of wide range of solar light spectrum, especially 

in visible region has become one of the cutting-edge research areas for achieving practically sufficient 

efficiency in solar hydrogen production, as well as the development of semiconductor materials 

employed.
2-4

 So far, two types of semiconductor-based systems have been extensively studied for 

photo-induced water splitting; one is heterogeneous system
5-8

 with suspended semiconductor particles 

and the other is photoelectrochemical system
8-10

 with semiconductor photoelectrodes. The former 

suspended system has, however, some disadvantages in large-scale applications.
11

 Such heterogeneous 

system undoubtedly require the energy for keeping the semiconductor particles suspended in the 

solution, by mean of mechanical stirring or gas-bubbling, and also required separation of particles for 

recycling or replacing the used photocatalysts. Although these problems can be solved in the latter 

photoelectrochemical systems, in which semiconductor materials are generally fixed on substrates, 

other cost disadvantages come up to the surface, i.e., the costs for the conductive substrates (such as 

conductive glass or metals) and for the external circuit including power source.  

Photocatalyst panels, wherein semiconductor particles are fixed on an inexpensive substrate such 

as glass, will be another candidate of cost-effective and efficient water splitting system, if they exhibit 

comparable (or higher) efficiency to those in conventional systems.
11,12

 Although Domen et al. recent 

demonstrated simultaneous evolution of H2 and O2 under UV-vis irradiation using photocatalyst panels 

of GaN-ZnO solid solution semiconductor prepared via drop-casting or squeegee method,
11

 there is 

only a few report on the water splitting using such kinds of photocatalyst panels.
11-13

 Thus, detailed and 

systematic studies on photocatalyst panels are highly desired to evaluate their feasibility by examining 

the  influences of various factors such as types of semiconductor and structure of films on the 

performance. It is expected that high performance photocatalyst panels should have both the controlled 

structures for efficient light absorption and the controlled pores allowing efficient reaction and 

transportation of substances. However, such well-designed panels are generally difficult to be 

fabricated by using the semiconductor particles prepared via conventional synthesis processes such as 

solid-state (SS) reaction, in which large and inhomogeneous particles are generally produced.
14

 The use 

of semiconductor particles having well-controlled particle sizes, specifically in nano~submicron 
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regions, is highly desirable to fabricate such well-designed photocatalyst panels; the use of such fine 

particles will be also beneficial to ensure the mechanical strength of panels by forming good 

adhesion.
15 

A facile synthesis of fine particles of Rh doped SrTiO3 (SrTiO3:Rh) semiconductor, which is well 

known as one of the promising materials of visible light responsive photocatalyst for H2 production
16-26

, 

was developed in Chapter 2 via a newly-developed water-based hetero-chelate method using a stable 

aqueous titania sol
27 

as a precursor with other metal salts .
28

 The prepared SrTiO3:Rh particles 

possessed homogeneous and small particle size (ca. 50 nm) and exhibited significantly high efficiency 

for H2 evolution from aqueous methanol solution under visible light irradiation (ca. 13.3% of quantum 

efficiency at 420 nm).
28

 These findings have motivated to apply the SrTiO3:Rh fine particles as a 

model photocatalyst to the fabrication of photocatalyst panels that can efficiently generate H2 under 

visible light. In this chapter, the nanoparticulate SrTiO3:Rh were employed to prepare the porous 

SrTiO3:Rh films having both the controlled thickness and pores from the nanoparticulate SrTiO3:Rh by 

means of simple screen-printing and applied them for photocatalytic H2 production under visible light. 

 

3.2 Experimental 

3.2.1 Materials 

Titanium(IV) tetraisopropoxide (TIPT) (95.0%), acetylacetone (acac) (99.0%), acetic acid 

(AcOH) (99.7%), strontium acetate hemihydrate (Sr(OAc)2·0.5H2O), rhodium(III) chloride trihydrate 

(RhCl3·3H2O), lactic acid (85.5–94.5%), Rh2O3, -terpineol, 2-(2-butoxyethoxy)ethanol and 

poly(vinyl butyral) were purchased from Wako Pure Chemical Industries, Ltd., Osaka, Japan. Acrylic 

emulsion (VONCOAT (EC-905EF), particle size: 100–150 nm) was purchased from DIC Corporation. 

TiO2 (99.9%) was purchased from Soekawa chemical. SrCO3 (99.9%) was purchased from Kanto 

chemical. All reagents were used as received, and all the experiments were carried out under ambient 

condition without eliminating the moisture from the atmosphere. 

 

3.2.2 Preparation of SrTiO3:Rh films 

The particles of SrTiO3:Rh(2%) were prepared via the water-based hetero-chelate method 

(WH-method), which was recently developed by our group,
28

 using a stable titania sol
27

 as a precursor. 

The aqueous titania sol (AA-sol) was prepared by mixing TIPT, an aqueous solution of acac, and an 
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aqueous solution of AcOH.
27

 The AA-sol was mixed with an aqueous solution containing both 

Sr(OAc)2 (1.08 mol/L) and lactic acid (2.16 mol/L) and an aqueous solution of RhCl3 (0.24 mol/L) at 

the ratio of Sr:Ti:Rh = 1.02:0.98:0.02, and stirred for 1 hour at room temperature, yielding an orange 

transparent sol. The sol was added by an acrylic emulsion and stirred for 15 minutes at room 

temperature, then dried at 80°C for 3 hours, and finally calcined at 1000°C for 10 hours, yielding 

SrTiO3:Rh(Rh: 2%) powdered samples (these samples will be denoted by WH-particles). For 

comparison, SrTiO3:Rh(2%) particles were also prepared via the solid state reaction method 

(SS-method) using from TiO2, SrCO3 and Rh2O3 as raw materials, and following calcination at 1000°C 

for 10 hours (these samples will be denoted by SS-particles). Although some reports have suggested 

that the addition of excess Sr in the preparation of SrTiO3-based particles via the SS-method is effective 

to obtain more active photocatalyst samples, we confirmed that the SrTiO3:Rh particles prepared via 

the SS-method with excess amount of Sr (Sr/(Ti+Rh) =1.03, for example) showed almost same rate of 

H2 evolution as that on the sample prepared with the stoichiometric ratio.
28

 Thus in the present study, 

the SrTiO3:Rh particles prepared via the SS-method with stoichiometric ratio (Sr:(Ti+Rh) = 1) was 

employed as the almost best SS-sample for fabricating SrTiO3:Rh films for comparison. As an effective 

cocatalyst for water reduction, small amount (0.5 wt%) of platinum particles were loaded on all the samples by 

mean of in-situ photodeposition method.
16,17,28

 

The SrTiO3:Rh(2%) films were prepared via a conventional screen printing method as follows. 

The WH- or SS-particles were first dispersed in methanol solution and then dried at 80°C for 5 min. 

After dispersion process, the particles were mixed with organic compounds (-terpineol: 

2-(2-butoxyethoxy)ethanol: poly(vinyl butyral) = 60:15:25) as vehicles, yielding the paste of WH- or 

SS-particles (ca. 20 wt%) having an appropriate viscosity for screen-printing. Films were then prepared 

by screen-printing using the prepared pastes, followed by calcination in air at 500°C for 30 min. To 

control the thickness, the screen-printing procedure was repeated (1–10 times) before calcination; the 

obtained films will be denoted as WH- or SS-x where x (x = 1–10) indicates the times of print 

repitation. To obtain the thicker film having same thickness as to WH-10 and SS-10 without repeating 

the printing process, another setup of screen-printing with a thicker screen was used. The obtained 

films will be named WH-10’ and SS-10’. 
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3.2.3 Preparation of SrTiO3 films 

An aqueous solution containing both of Sr(OAc)2 (1.08 mol/L) and lactic acid (2.16 mol/L) and 

the AA-sol were mixed at the ratio of Sr:Ti = 1.02:1.00, and stirred for 1 hour at room temperature, 

yielding an yellow transparent sol. The sol was added by an acrylic emulsion and stirred for 15 minutes 

at room temperature, then dried at 80°C for 3 hours, and finally calcined at 1000°C for 10 hours, 

yielding SrTiO3 powders samples. As an effective cocatalyst for water reduction, small amount (0.5 wt%) of 

platinum particles were loaded on all the samples by mean of in-situ photodeposition method. 

The SrTiO3 films were prepared by following process. The SrTiO3-particles were first dispersed 

in methanol solution and then mixed with organic compounds (-terpineol: 

2-(2-butoxyethoxy)ethanol: poly(vinyl butyral) = 60:15:25) as vehicles, yielding the paste of 

SrTiO3-particles (ca. 20 wt%) having an appropriate viscosity for printing. The films were prepared by 

screen-printing using pastes of SrTiO3-particles, followed by calcinations at 500°C for 30 min. 

 

3.2.4 Characterization of SrTiO3:Rh films 

The obtained SrTiO3:Rh films were characterized by mean of a scanning electron microscope 

(SEM, HITACHI, S-4100), an X-ray diffraction (XRD, PANalytical, X’Pert Pro, rotating anode 

diffractometer, 45 kV, 40 mA, Cu  radiation), and , a UV-vis-NIR spectrometer (UV-vis. DRS, 

Jasco, V-670). The photocatalytic activity of SrTiO3:Rh(2%) films was evaluated for the H2 evolution 

from aqueous methanol solution under visible light irradiation, using a gas-closed circulation system 

equipped with a top-irradiation type reaction cell (Pyrex-made), in which the photocatalyst film was 

fixed horizontally in the solution. The light irradiation was carried out from the top of reactor by a 

300W Xe-arc lamp (Perkin-Elmer, Cermax PE300BF) attached with a cut-off filter (Hoya; L42) to 

eliminate the UV light. The amounts of gas produced were analyzed and quantified by means of an 

on-line gas chromatograph (GL Science; GC-3200, TCD, Ar carrier, MS-5A column). 
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3.3 Results and discussion 

3.3.1 Characterizations of SrTiO3:Rh films prepared via screen-printing method 

Figure 3-1, 3-2 and 3-3 show the SEM images of the films that were prepared via screen-printing 

with the pastes of SrTiO3:Rh(2%) particles followed by calcination at 500°C for 30 min. The thickness 

of the films was controlled by changing the repeated numbers of the screen-printing before calcination 

or by using another setup. The SEM images of WH-x films (“x” represent the repeated numbers) 

revealed that the film thickness increased by ca. 1 μm with increasing numbers of the screen-printing 

repetition (see Figure 3-1). For example, the film thickness of WH-1, 3, 5 and 10’ were about 1, 3, 5 

and 10 m, respectively (Figure 3-1 (a), (c), (d), (f)). In addition, all the WH-films exhibit flat surfaces. 

It was also confirmed that the WH-10’ film, which was prepared by using a thicker screen, possessed 

almost same thickness (ca. 10 m) as to that of WH-10 (see Figure 3-1 (g)), indicating the availability 

of such thicker screen for fabricating thicker films without repetition of screen printing. The flat surface 

morphology and uniform increment in thickness are certainly due to the homogeneously small size of 

WH-particles (ca. 50 nm, see Figure 3-4 (a)), which were prepared via newly developed water-based 

procedure. On the other hand, the surfaces of SS-films, especially in the case of thinner ones (e.g., 

SS-3), were not smooth as seen in Figure 3-1 (i), while the thickness actually increased roughly in 

proportion with the increasing numbers of the screen-printing. The inhomogeneous and large size of 

SS-particles (ca. 200–500 nm, see Figure 3-4 (b)) is undoubtedly one of the causes for the rough 

surfaces of SS-films. The magnified views of the cross-section revealed that both the WH-10’ and 

SS-10’ films have densely-packed porous structures (Figure 3-2). Figure 3-3 shows the top-view SEM 

images of WH- and SS-films (x = 1, 3, 5, 10’). All the WH-films were exhibits smooth surfaces 

without exposing the glass substrates, even in the case of thinner one (see Figure 3-3 (a)–(d)). On the 

other hand, uncovered parts of substrate were clearly observed for thinner SS-1 and SS-3 samples (see 

Figure 3-3 (e) and (f)), while the repeated printing improved the homogeneity to some extent (see SS-5, 

10’ in Figure 3-3 (g) and (h)). These findings indicated the difficulty in preparing thin films with 

well-controlled structures from the SS-particles.  
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Figure 3-1. Cross-sectional SEM images of SrTiO3:Rh films prepared by using WH- or SS-particles 

(WH- or SS-films) with different thicknesses. 

 

 

Figure 3-2. Magnified cross-sectional views of SrTiO3:Rh films prepared by using WH- or SS-particles 

(WH- or SS-film) with 10 m thickness. 
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Figure 3-3. Surface SEM images of SrTiO3:Rh films prepared by using WH- or SS-particles (WH- or 

SS-films) with different thicknesses. Yellow arrowed lines show the uncovered parts of substrate. 

 

 

Figure 3-4. SEM images of SrTiO3:Rh particles ((a) WH-particles, (b) SS-particles)). 

 

As clearly seen in the SEM images, the WH- and SS-films were composed of the SrTiO3:Rh 

particles whose primary particle sizes were almost same as those of WH- or SS-particles (see Figure 

3-4). The XRD patterns of WH- and SS-films showed a single phase of SrTiO3; no appreciable peaks 

attributed to impurity phase was observed (Figure 3-5). The diffuse reflectance spectra of WH- and 

SS-films (Figure 3-6) were similar to those reported for SrTiO3:Rh particles.
28

 The two absorption 

bands were observed at around 420 nm and 580 nm, which are attributed to the transitions from the 

donor levels formed by the Rh
3+

 species to the conduction band (2.3 eV), and from the valence band to 

the acceptor levels formed by the Rh
4+

 species (1.7 eV), respectively. These results indicated that the 

particles contained in WH- and SS-films retained the physicochemical properties of the original WH- 

and SS-particles, even after the preparation process accompanied by final calcinations at 500°C. As 

demonstrated above, the screen printing of appropriate pastes of WH-particles, which possess 

uniformly small size (ca. 50 nm), was proven as an effective way for fabricating porous films of 
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SrTiO3:Rh with homogenous and controllable thickness ranging from 1 to 10 μm. 

 

 

Figure 3-5. XRD patterns of SrTiO3:Rh films (WH- and SS-films) and particles (WH- and 

SS-particles). 

 

 

Figure 3-6. UV-vis spectra of SrTiO3:Rh films with 10 m thickness (WH-10’ and SS-10’) and 

SrTiO3:Rh particles (WH- and SS-particles). 

 

 

10 20 30 40 50 60 70

In
te

n
s

it
y
 (

a
.u

.)

2 theta (degree)

WH-10’

SS-10’

SS-particles

WH-particles

0

1

2

3

4

5

300 400 500 600 700 800 900 1000

K
M

 I
n

te
n

s
it

y
 (

a
.u

.)
 

Wavelength (nm)

SS-film(SS-10)

SS-particles

0

1

2

3

4

5

300 400 500 600 700 800 900 1000

K
M

 i
n

te
n

s
it

y
 (

a
.u

.)

Wavelength (nm)

WH-film(WH-10)

WH-particles

(a) (b)



Chapter 3 

73 

3.3.2 Photocatalytic H2 evolution from aqueous methanol solution under visible light on 

SrTiO3:Rh films 

The photocatalytic activity of these SrTiO3:Rh(2%) films was evaluated for the H2 evolution from 

aqueous methanol solution under visible light irradiation ( > 410 nm). As an effective co-catalyst for 

water reduction, 0.5 wt% of platinum particles were loaded on the WH-1000 or SS-1000 samples by 

means of in-situ photodeposition method
28

 prior to the preparation of paste. All the WH- and SS-films 

showed the photocatalytic activity for H2 evolution from aqueous methanol solution under visible light 

irradiation ( > 410 nm) with almost steady rate. The time courses of H2 evolution on WH-10’ and SS-10’ 

are shown in Figure 3-7, for example, in which the H2 evolution rate on WH-film was about 4 times 

higher than that on SS-film.  

 

 

Figure 3-7. H2 evolution from an aqueous methanol solution under visible light irradiation over a 

SrTiO3:Rh film ((a) WH-10’ or (b) SS-10’). Conditions: 3×3 cm film; reactant solution, 100 mL of 10 

vol% aqueous methanol solution; light source, 300 W Xe lamp with cut-off filters ( > 410 nm). 

 

During the reaction, the color of WH-film changed from gray to pale yellow (see Figure 3-8), 

indicating the photocatalytic reduction of Rh
4+

 species to Rh
3+

 by photo-excited electrons, as 

previously reported for SrTiO3:Rh particles.
16,28

 No appreciable release of particles from the substrate 

was observed for WH-10’ film after the reaction. On the other hand, the fraction of expose surface of 

substrate was appreciably increased in the SS-10’ film after the reaction, indicating that a part of 
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particles was detached from the substrate during the H2 evolution reaction (see Figure 3-9). Even the 

stirring the solution in dark resulted in particle release from the SS-10’ film (not shown). These results 

indicated that the WH-films were mechanically more robust than the SS-films. The small particle sizes 

of WH-particles certainly allowed the sufficient contact among the particles in WH-film as well as the 

sufficient adhesion between particles and substrate. 

 

 

Figure 3-8. Picture of WH-10’ (a) before and (b) after photocatalytic reaction. 

 

 

Figure 3-9. Optical microscope images of SrTiO3:Rh films ((a) WH-10’ or (b) SS-10’) after 

photocatalytic reaction. Yellow dashed lines show the uncovered parts of substrate. 

 

Figure 3-10 shows the dependence of film thickness on the H2 evolution rates. The rates of H2 

evolution on the WH-films increased linearly with increasing thickness up to 5 m and gradually 

increased to reach maximum value at 10 m (3.2 mol/h). The rates of H2 evolution on SS-films 

increased with increasing film thickness, however, saturated at a thinner thickness of 5 m. Up to 5 m, 

each WH-film showed nearly 4 times higher H2 evolution rates than the corresponding SS-films with 



Chapter 3 

75 

same thicknesses. As reported in Chapter 2, SrTiO3:Rh particles prepared by the present WH-method 

showed higher photocatalytic activity for H2 evolution than the SrTiO3:Rh particles prepared by the 

SS-method. Indeed, the present WH-particles, which were prepared at 1000°C, showed ca. 4 times 

higher H2 evolution rates than SS-particles prepared at the same temperature.
28

 This finding strongly 

suggested that the higher photocatalytic activity of WH-particles dominantly contributed to the higher 

performance of WH-films for H2 production. It also should be noted that the H2 evolution rates of 

WH-films increased as the film thickness increased up to 10 m, while those of SS-films saturated as 

the film thickness at 5 m. In the case of SS-film, large SS-particles (> 300 nm) existing in the upper 

side certainly scattered back the incident photons partially, as well as absorbed, and consequently 

inhibited the light penetration into the bottom part, resulting in the saturated rate of H2 evolution in the 

thicker films. In other word, a part of the particles in SS-films, especially those in bottom side, is 

unable to absorb the incident photons. On the other hand, in the case of WH-films, which consist of 

small WH-particles (ca. 50 nm), most of the particles effectively absorbed the light and functioned as 

photocatalyst due to the much less scattering of the incident light, consequently afforded the enhanced 

H2 evolution with the increasing thickness up to 10 m, while further increase in thickness resulted in 

the saturation because nearly all of the incident photons were absorbed within the films.  

 

 

Figure 3-10. Rate of H2 evolution from an aqueous methanol solution under visible light irradiation 

over a SrTiO3:Rh film ((a) WH-film and (b) SS-film) having different thickness. Conditions: 3×3 cm 

film; reactant solution, 100 mL of 10 vol% aqueous methanol solution; light source, 300 W Xe lamp 

with cut-off filters ( > 410 nm). 
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3.3.3 Influence of immobilization on the photocatalytic performance 

To evaluate the influence of immobilization on the performance, the H2 evolution rates on the 

films were compared with those on the suspended particles. For example, the immobilization of the 

particles on substrates may lower diffusion of the substances (e.g., water) and/or the products (e.g., H2 

gas) inside the pores of film and therefore may decrease the H2 evolution rate. The rates of H2 

evolution using suspended WH- or SS-particles or fixed WH- or SS-T (T = 5, 10’) films are 

summarized in Figure 3-11. The amounts of particles loaded on each film with thickness of 5 and 10 

m were measured to be ca. 8 mg and 16 mg, respectively, regardless to the kind of particles (WH or 

SS). Thus, the same amounts of particles were used in suspended system for comparison. Except for 

SS-10’, the films showed higher activity than the corresponding suspended systems employing the 

same amounts of photocatalyst particles. These results indicated that the SrTiO3:Rh particles 

immobilized on the films, especially in the case of WH-films, could absorb the light more efficiently 

than the suspended particles. The higher efficiency in the films were probably due to the more effective 

absorption of the photons by the neighboring particles in the densely packed film even if a part of 

incident photons was scattered on the surface of particles. On the other hand, in the suspended systems, 

a portion of photons is scattered on the surface of particles and then uselessly passed through the 

diluted suspension, resulting in the lower efficiency than in the film systems. As for SS-10’, the light 

can be used only on the upper side because of significant light scattering due to the large particle size, 

resulting in the similar rate of H2 evolution to that on suspension system. The higher H2 evolution rates 

in other films also implied that the diffusion of substances was not significantly lowered in the pores in 

the WH- and SS-films. However, the rates of gas evolution on the present SrTiO3:Rh films were still 

lower than those on general suspension systems for water splitting under visible light. The low 

evolution rates make it difficult to evaluate objectively the efficiency in the diffusion of substances 

and/or products in the present porous films. Thus, non-doped-SrTiO3 porous films (10 m) were 

prepared. Non-doped SrTiO3 porous films are expected to evolve H2 with much higher rates than the 

Rh-doped one, while the former required the irradiation of UV light. The non-doped-SrTiO3 particles 

were prepared via same preparation procedure to that for Rh-doped-SrTiO3 (WH-) particles, except for 

the absence of Rh-salt, producing the non-doped-SrTiO3 having the same particles size (ca. 50 nm) to 

that of Rh-doped one. As shown in Figure 3-12, the H2 evolution rate on the SrTiO3 porous film 

showed much higher rate (78 mol/h) than that on Rh-doped one (3.2 mol/h, under visible light). The 
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H2 evolution rate on the SrTiO3 porous film was almost same with that on the corresponding 

suspended particles, strongly suggesting that the diffusion of substances and/or products was not 

significantly lowered in the pores in the present SrTiO3 film systems, including Rh-doped one, 

prepared via screen-printing. 

 

 

Figure 3-11. Rate of H2 evolution from an aqueous methanol solution under visible light irradiation on 

a WH/SS-x film (x = 5 or 10’) and from a SrTiO3:Rh-suspended system containing SrTiO3:Rh 

particles with the same amount as the film contains. Inset shows the H2 evolution from an aqueous 

methanol solution under visible light irradiation over a SrTiO3:Rh film (WH-10’) and SrTiO3:Rh 

particles. *Conditions: 3×3 cm film, 8 mg (5 m) or 16 mg (10 m) particles; reactant cell, 

top-irradiation-type separable cell, reactant solution, 100 mL of 10 vol% aqueous methanol solution; 

light source, 300 W Xe lamp with cut-off filters ( > 410 nm). 
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Figure 3-12. Rate of H2 evolution from an aqueous methanol solution under visible light irradiation on 

a SrTiO3 film and from a SrTiO3-suspended system containing SrTiO3 particles with the same amount 

as the film contains. *Conditions: 3×3 cm film with 10 m thickness, 16 mg particles; reactant solution, 

100 mL of 10 vol% aqueous methanol solution; light source, 300 W Xe lamp without cut-off filters. 

 

3.3.4 Effect of adding the light scattering centers on the photocatalytic performance 

As shown above, the combination of the screen-printing method with SrTiO3:Rh particles 

prepared via the WH-method enable the fabrication of porous SrTiO3:Rh film that possess capability of 

evolving H2 efficiently from aqueous methanol solution under visible light irradiation, in which the use 

of small WH-particle probably minimize the light scattering and enable the most of SrTiO3:Rh 

particles to absorb the incident light. However, too low scattering may result in the transmittance of a 
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absorbance and scattering in the WH-film, small amounts of SS-particles, which have larger diameters 
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H2 evolution. For example, for the improvement of the photon-to-current efficiency in the 

dye-sensitized solar cell (DSSC), small amount of large TiO2 particles (> 200 nm) that scatter the 

visible light are often added into the nano-sized TiO2 particles which absorb large amount of dye 

molecules and conduct electrons efficiently.
29-33

 Thus, a part of incident visible light is expected to be 
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efficient utilization of incident light. The films were prepared by screen-printing using the paste 
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and 30 wt%. The resulting films are denoted as (WH+X-SS) hereafter. As shown in the SEM image of 

(WH+20-SS), for example, SS-particles were dispersed in the film homogeneously (see Figure 3-13). 

Figure 3-14 shows the relationship between the ratios of SS-particles added and the H2-evolution rate 

on the films with different thickness. The rate of H2 evolution in every thickness increased with the 

increasing amounts of SS-particles up to 20 wt%, but decreased with further addition. If the WH- and 

SS-particles act independently as photocatalysts, the H2 evolution rates should be simple sum of each 

contribution of WH- and SS-particles, as shown in Figure 3-14 as dotted lines. However, the H2 

evolution rates on composite films were higher than the estimated values, also higher than those on 

pure WH-films. The composite films (10 m) in which SS-particles (10 wt%) exist only bottom side 

were also prepared, for comparison. The H2 evolution rate of this film was higher than that of the 

estimated value (see Figure 3-14, open triangle), but lower than the composite film in which the 

SS-particles dispersed homogeneously. These results strongly suggested that the composite films could 

use incident light more efficiently due to the light scattering by large SS-particles added into the films. 

The large SS-particles might also improved the diffusion of the substrates by forming larger pores in 

the film, as suggested in the previous report on photocatalyst panel of GaN-ZnO particles added by 

large SiO2 particles (a few m size).
11

 

 

 

Figure 3-13. SEM images of SrTiO3:Rh film (WH+20-SS) prepared with a mixture of WH- and 

SS-particles (SS/(WH+SS) = 20 (wt%)) Yellow dashed lines show the SS-particles. 
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Figure 3-14. Plots of the H2 evolution rate from an aqueous methanol solution on films prepared with a 

mixture of WH and SS-particles under visible light irradiation against the ratio of SS-particles over the 

sum of WH and SS-particles (weight %). Filled triangle, filled square, and filled diamond show films 

with 3, 5, and 10 μm-thickness. Open triangle shows a layered film consisted of WH-particles (80 

wt%) over SS-film (20 wt%). The dashed lines indicate the expected rate based on the rates with pure 

WH- and SS-films. *Conditions: 3×3 cm film; reactant solution, 100 mL of 10 vol% aqueous 

methanol solution; light source, 300 W Xe lamp with cut-off filters ( > 410 nm). 
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3.4 Conclusion 

In this chapter, the photocatalyst panels that can efficiently generate H2 under visible light were 

fabricated by employing highly active SrTiO3:Rh fine particles prepared via a water-based 

hetero-chelate method. The combination of the fine particles with screen-printing method enabled 

precise controlling of the thickness (1 to 10 μm) of the porous films with enough mechanical strength 

after calcination (500°C) in air, whereas the use of large particle prepared via a conventional solid state 

reaction method resulted in inhomogeneous and uncontrollable thickness. The porous SrTiO3:Rh films 

prepared with fine particles exhibited almost linear increase in H2 evolution rate with increasing film 

thickness up to 5 µm and gradually increased to reach a maximum value at 10 µm; the H2 evolution 

rates on the films (5 and 10 µm) were higher than those on the suspended system using the same 

amounts of photocatalyst particles. These results indicate that the present photocatalyst panels, as 

assembled 2-D structure, can effectively utilize the incident light comparable to the conventional 

suspension systems. Efficient H2 production on these panels also suggested that the transfer of 

substance and products was not significantly inhibited within the porous films. Moreover, the 

improved of H2 evolution rate by adding light scattering media (large SrTiO3:Rh particles) will provide 

an effective strategy for achieving highly efficient photocatalysis in fixed panels. The concept of 

constructing highly active porous structures with fine photocatalyst particles via simple screen-printing 

method is useful for large-scale application of photocatalyst panels for practical splitting of water under 

solar light. 
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4-1. Introduction 

Photocatalytic splitting of water is a promising technology for the clean and direct production of 

H2 from water, and thus is expected to contribute to the realization of a sustainable society based on 

clean energy cycles involving H2 carriers. Great progress has been made on photocatalytic (and 

photoelectrochemical) water splitting
1-6

 since the pioneering work on photoelectrochemical water 

splitting using TiO2 anodes first reported in 1972.
7
 Development of photocatalysis systems that 

efficiently split water by harvesting a wide range of visible light is crucial to demonstrate the feasibility 

of photocatalytic solar H2 production. Photocatalytic water splitting under visible light has been 

demonstrated on two different systems, i.e., one-step
8-11

 and two-steps systems.
12,13

 The latter system 

(so-called Z-scheme) basically consists of two different photocatalysts and a redox couple (e.g., 

IO3
−
/I

−
) that mediates the electron transfer between them.

14,15
 Among the various 

visible-light-responsive photocatalysts developed so far, bismuth vanadate (BiVO4) has attracted much 

attention as an efficient photocatalyst for O2 evolution under visible-light irradiation in the presence of 

various reversible electron acceptors, such as Fe
3+

/Fe
2+

, [Co(bpy)3]
3+/2+

, and [Co(phen)3]
3+/2+

.
16-20

 The 

main crystal forms of BiVO4 are zircon-tetragonal (z-t), scheelite-monoclinic (s-m) and 

scheelite-tetragonal (s-t).
21

 A number of reports have demonstrated that s-m phase BiVO4 particles 

exhibit higher photocatalytic activity for O2 evolution than that of other crystal phases.
22,23

 The higher 

activity of s-m BiVO4 is primarily because of narrower bandgap (2.4 eV), which is due to a greater 

contribution of Bi-6s orbitals mixed with O-2p orbitals in its valence band. However, it is widely 

recognized that the activity of photocatalysts is determined not only by the band structure but also by 

other physicochemical properties of the semiconductor particles.
24

 Among these physicochemical 

properties, the particle size often influences the photocatalytic activity significantly, because it dictates 

the distance of charge transport from the bulk material to its surface, and the number of active sites on 

the surface. This influence differs depending on the reaction systems.
24

 Various methods, such as 

solid-state reactions,
25-27

 liquid-phase reactions,
28,29

 hydrothermal processes,
30-33

 and co-precipitation 

techniques,
34

 have been employed to control the crystal phase and particle size of BiVO4 photocatalysts 

in order to achieve highly efficient O2 evolution. However, the synthesis of small s-m phase BiVO4 

particles is basically difficult because the s-m phase is formed at high temperatures. For example, it has 

been reported that the phase transition from z-t to s-m phase occurs above 500°C in conventional 

solid-state reactions. Such high temperatures usually cause crystal growth and aggregation. Although 
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the application of liquid-base methods, such as hydrothermal processes and co-precipitation methods, 

allows the formation of s-m phase BiVO4 at low temperatures, there is still a limited number of reports 

on the preparation of fine s-m BiVO4 particles smaller than 100 nm in diameter.
33,34

 In addition, the 

low crystallinity of s-m BiVO4 particles prepared via such methods generally necessitates 

post-calcination in order to improve their activity by reducing crystal defects where the recombination 

of photoexcited electrons and holes is often accelerated. However, such post-calcination inevitably 

leads to particle growth. 

The synthesis of fine particles (ca. 50 nm) of Rh-doped SrTiO3 (SrTiO3:Rh) via an 

environmentally friendly water-based process, and their high activity for photocatalytic H2 evolution 

under visible light, were demonstrated in Chapter 2.
35

 One of the key features of this process is the use 

of an appropriate combination of chelating agents, which effectively stabilize the titania nanocolloid 

(ca. 4 nm) precursor, even in water.
36

 The calcination of the precursor sols produce highly crystallized 

SrTiO3:Rh with particles sizes of ca. 50 nm, even after calcination above 900°C. These results 

suggested that appropriate chelators not only stabilize precursor cations in water but also suppressed 

particle growth during calcination, affording highly crystallized and small particles of mixed metal 

oxides.  

In this chapter, fine particles of s-m phase BiVO4 were attempted to synthesize in aqueous 

solution through a similar chelating process. Various chelating ligands with different numbers of 

carboxyl groups are used to stabilize the Bi
3+

 and V
5+

 ions in aqueous solution. The influence of these 

ligands on the size and photocatalytic activity of the obtained s-m BiVO4 particles is evaluated. 

 

4.2 Experimental 

4.2.1 Materials 

Ammonium vanadate(V) (99%, NH4VO3), bismuth(III) nitrate pentahydrate (99.9%, 

Bi(NO3)3·5H2O), glycolic acid (gly), L(+)-tartalic acid (tart), citric acid (cit), ethylenediamine 

tetraacetic acid (edta), silver nitrate (99.5%, AgNO3) and iron(III) chloride (99.9%, FeCl3·6H2O) were 

purchased from Wako Pure Chemical Industries Ltd., Japan. Aqueous ammonia (28.0–30.0%) was 

purchased from Kanto Chemical Ltd., Japan. All reagents were used as received, and all the 

experiments were carried out under ambient conditions without eliminating the moisture from the 

atmosphere. 
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4.2.2 Preparation of fine BiVO4 particles via an aqueous chelating method 

BiVO4 particles were prepared via a newly developed aqueous chelating method (hereafter 

denoted by AC-method). Bi(NO3)3·5H2O (0.17 mol/L, 0.82 g) was added to an aqueous solution (10 

mL) containing edta (0.34 mol/L, 0.73 g) and aqueous ammonia (ca. 1.0 mL) to adjust the pH of the 

solution to 8, producing a clear solution (hereafter denoted by Bi(edta)-sol.). For the chelation of V
5+

 

species, four kinds of ligands (gly, tart, cit, or edta) were tested. NH4VO3 (0.17 mol/L, 0.20 g) was 

added to an aqueous solution (10 mL) containing one of the ligands (0.17 mol/L). Then, aqueous 

ammonia (ca. 0.5 mL) was added, resulting in a transparent solution of pH 7–8, depending on the 

ligand (hereafter denoted by V(L)-sol., where L = gly, tart, cit, or edta). The Bi(edta)-sol. and one of the 

V(L)-sol. were mixed at a molar ratio of Bi:V = 1:1 with stirring (30–60 min) at room temperature to 

prepare the precursor solutions for BiVO4 synthesis (hereafter denoted by Bi(edta)+V(L)-sol., where L 

= gly, tart, cit, or edta). The precursor solution was evaporated at ca. 80°C to complete dryness, 

followed by calcination in air. To determine the appropriate calcination temperature, thermal analysis 

(TG-DTA, TG-8120, Rigaku) was carried out for the precursor gels obtained by the drying of the 

Bi(edta)+V(L)-sol.. No significant weight loss was observed above 430°C for all samples (see Figure 

4-1), strongly suggesting that almost all ligands were combusted at ca. 430°C.  

 

 

Figure 4-1. TG-DTA curves of dried gels obtained by dryness of Bi(edta)+V(L)-sol. 

 

-80

-70

-60

-50

-40

-30

-20

-10

0

10

20

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

1

0 100 200 300 400 500 600 700

D
T

A
 (m

V
)T

G
 (
m

g
)

Temperature (oC)

-80

-70

-60

-50

-40

-30

-20

-10

0

10

20

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

1

0 100 200 300 400 500 600 700

D
T

A
 (m

V
)T

G
 (
m

g
)

Temperature (oC)

-80

-70

-60

-50

-40

-30

-20

-10

0

10

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

1

0 100 200 300 400 500 600 700

D
T

A
 (m

V
)T

G
 (
m

g
)

Temperature (oC)

(a) gly (b) tart

(c) cit (d) edta

-70

-60

-50

-40

-30

-20

-10

0

10

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

1

0 100 200 300 400 500 600 700

D
T

A
 (m

V
)T

G
 (
m

g
)

Temperature (oC)

423oC 414oC

414oC 430oC



Chapter 4 

87 

Thus, we set the basic calcination temperature as 500°C, while other temperatures (e.g., 450 and 

550°C) were applied in some cases. The samples calcined at 500°C are denoted by AC-L (where L = 

gly, tart, cit, or edta), unless otherwise stated. For comparison, BiVO4 particles were prepared via the 

conventional solid-solution reaction method (SS-method) using NH4VO3 and Bi(NO3)3·5H2O as metal 

sources. These materials were mixed at a molar ratio of Bi:V = 1:1 and calcined in air at 500–700°C 

for 6 h, yielding BiVO4 particles, hereafter denoted by SS-T (where T is the calcination temperature). 

 

4.2.3 Characterization 

1
H NMR spectra of the precursor solutions were recorded in 10% D2O on a JMN-ECA 500 

spectrometer (JEOL). For 
1
H NMR measurements, sodium 3-(trimethylsilyl)propionate-2,2,3,3-d4 in 

D2O was used as an external reference in a capillary tube. Thermogravimetry and differential thermal 

analysis (TG-DTA) of dried powders was conducted on a TG-8120 (Rigaku). 

The obtained powdered samples were characterized by X-ray diffraction (XRD, PANalytical, 

X’Pert Pro, rotating anode diffractometer, 45 kV, 40 mA) with Cu K radiation (K = 1.5406Å), 

ultraviolet-visible-near infrared spectrometry (UV-Vis-NIR. DRS, Jasco, V-670), and scanning electron 

microscopy (SEM, HITACHI, S-4100). Specific surface areas of the powdered samples were 

determined by N2 adsorption at 77 K (BET, MicrotracBEL, BELSORP mini). 

 

4.2.4 Photocatalytic reactions 

The photocatalytic activity of the BiVO4 particles was evaluated by monitoring O2 evolution from 

an aqueous solution containing an electron acceptor (Ag
+
 or Fe

3+
) under visible-light irradiation, using 

a gas-closed circulation system equipped with a top-irradiation type reaction cell (Pyrex-made). The 

catalyst powder (50 mg) was suspended in 120 mL of an aqueous AgNO3 solution (10 mM, pH 5.2) or 

an aqueous FeCl3 solution (10 mM, pH 2.2). The suspension was thoroughly degassed via repeated 

evacuation with a vacuum pump, and subsequently introduction of Ar gas (80 Torr). Light irradiation 

was introduced from the top of the reactor with a 300 W Xe-arc lamp (Perkin-Elmer, Cermax 

PE300BF) attached with a cut-off filter (Hoya; L42) to eliminate the UV light. The gases in the 

circulation system were analyzed and quantified by means of an on-line gas chromatograph (GL 

Science; GC-3200, TCD, Ar carrier, MS-5A column).  
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4.3 Results and discussion 

4.3.1 Preparation of stable BiVO4 precursor solutions with different ligands 

The present study attempted to stabilize V
5+

 and Bi
3+

 cations in water using four different ligands 

(gly, tart, cit, or edta), and the results are summarized in Table 4-1. A simple addition of 

Bi(NO3)3·5H2O or NH4VO3 to water results in a precipitation due to rapid hydrolysis (Figure 4-2 

(a)–(b)). In contrast, the combination of Bi(NO3)3·5H2O with two equivalents of edta produces a 

transparent solution without any precipitation (see Figure 4-2 (c)), whereas the use of other lignads, 

even two equivalents, results in precipitation. The solution prepared with two equivalents of edta will 

be denoted as Bi(edta)-sol., hereafter. For NH4VO3, all the ligands (L = gly, tart, cit, or edta) were 

effective in stabilizing V
5+

, even at just one equivalent (see Figure 4-2 (d)). These solutions prepared 

with one equivalent of ligand will be denoted hereafter as V(L)-sol. (where L = gly, tart, cit, or edta). 

Although the formation of stable complexes of V
5+

 and Bi
3+

 in aqueous solution have been reported 

previously,
37-47

 excess amounts of ligand were used in most cases. In the present case, it is confirmed 

that one and two equivalents of the appropriate ligand are effective for stabilizing V and Bi cations, 

respectively. As for the stabilization of Bi
3+

 cation, less amounts (e.g., one and a half equivalents) of 

edta results in precipitation (as summarized in Table 4-1). In addition, NMR spectrum of Bi(edta)-sol. 

indicates no signals corresponding to free edta species in the solution (see Figure 4-4). These results 

strongly suggest that more than one edta ligands contribute to the stabilization of one Bi
3+

 cation. It is 

also confirmed that a simple mixing of Bi(edta)-sol. with V(L)-sol. (L = tart, cit, or edta) produces clear 

yellow solutions (see Figure 4-3). Although the combination of Bi(edta)-sol. and V(gly)-sol. readily 

produces a clear yellow solution immediately after mixing, precipitates are gradually generated. The 

other mixed solutions show high stability and do not produce any appreciable precipitations, even after 

leaving under atmospheric conditions for more than one year.  
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Table 4-1. Summary of synthesis of aqueous solution containing Bi
3+

 or V
5+

 species after stirred for ca. 

3 hours. 

Entry 

No. 

Metal Ligands ligands/metal 

(molar ratio) 

Appearance 

T:transparent, P:precipitated 

1 Bi(NO3)3·5H2O - 0 P (white, see Fig. 4-2(a)) 

2  gly 1 P (white) 

3   2 P (white) 

4  tart 1 P (white) 

5   2 P (white) 

6  cit 1 P (white) 

7   2 P (white) 

8  edta 1 P (white) 

9   1.5 P (white) 

10   2 T (see Fig. 4-2(c)) 

11 NH4VO3 - 0 P (yellow, see Fig. 4-2(b)) 

12  gly 1 T 

13  tart 1 T (see Fig. 4-2(d)) 

14  cit 1 T 

15  edta 1 T 

 

 

Figure 4-2. Photograph of the solutions of (a) H2O+ Bi(NO3)3·5H2O, (b) H2O+ NH4VO3, (c) edta-sol.+ 

Bi(NO3)3·5H2O, (d) tart-sol.+ NH4VO3. 
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Figure 4-3. A photograph of aqueous solutions obtained by mixing Bi(edta)-sol. and V(L)-sol (L = (a) 

gly, (b) tart, (c) cit, and (d) edta). 

 

As will be discussed later, the kind of ligands used for V
5+

 stabilization significantly influences the 

size and activity of the BiVO4 particles produced after calcination of the mixed solutions 

(Bi(edta)+V(L)-sol.). Particularly, the use of tart ligands with V
5+

 (V(tart)-sol.) produces significantly 

smaller BiVO4 particles, suggesting that the presence of the V
5+ 

species coordinated by tart ligands 

(V(tart) species) in the mixed solution plays a significant role in reducing the particle size. However, 

the possibility of replacement of the tart that originally coordinated to V
5+

 by the edta that originally 

coordinated to Bi
3+

, possibly by the residual free edta, in the mixed solution cannot be excluded. Thus, 

liquid state 
1
H NMR measurements were conducted to obtain detailed information on the species in 

Bi(edta)+V(tart)-sol., and the spectrum is shown in Figure 4-4. The assignments of the observed 

signals estimated from comparison with authentic samples are summarized in Table 4-2. The spectrum 

exhibits signals assignable to both the edta that coordinates to Bi
3+

 at 3.90 and 3.25 ppm (Figure 4-4 (i) 

a–b) and the edta that coordinates to V
5+

 at 4.15, 3.90, 3.60, 3.20, and 2.85 ppm (Figure 4-4 (i) c–g). 

These results indicate that a some of the tart ligands that originally coordinated to the V
5+

 cation are 

replaced by edta ligands in the mixed solution. However, it is difficult to confirm the presence of tart 

ligands that still coordinate to V
5+

 cation (V-tart) after mixing due to the overlap of the V-tart and free 

tart signals (at 4.3 ppm, Figure 4-4 (i) f). The line width of the singlet signal at 4.3 ppm (a) is broader 

(5.6 Hz) than that of the free tart molecules (0.7 Hz) but narrower than that of the pure V(tart) complex 

(7.3 Hz). These findings strongly suggest that some of the tart ligands originally coordinated to V
5+

 are 

replaced by the excess edta ligands after mixing. However, titration experiments with excess of edta 

(up to three equivalents, see the detail in Table 4-3) indicate that the V-tart complex can exist to some 
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extent in the solution even when it contains two equivalents of free edta, strongly suggesting that 

complete replacement of the original tart ligands by edta does not occur under the present conditions. 

Based on these results, it is concluded that Bi(edta)+V(tart)-sol. contains mainly V(tart) and Bi(edta), 

along with free tart, and V(edta) to some extent. 

 

 

Figure 4-4 
1
H NMR spectrum of (i) aqueous BiVO4 precursor solution (Bi(edta)+V(tart)-sol.), (ii) 

aqueous solutions obtained by mixing NH4VO3 and tart (V(tart)-sol.), (iii) aqueous tart solution 

(tart-sol.), (iv) aqueous solutions obtained by mixing Bi(NO3)3·5H2O and edta (Bi(edta)-sol.), (v) 

aqueous solutions obtained by mixing NH4VO3 and edta (V(edta)-sol.) and (vi) aqueous edta solution 

(edta-sol.). 
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Table 4-2. 
1
H NMR chemical sifts of aqueous BiVO4 precursor solution (Bi(edta)+V(tart)-sol.) and 

authentic samples. 

Species Authentic samples [ppm] Bi(edta)+V(tart)-sol. [ppm] 

V(tart) 4.35 (s, FHWM = 7.3 Hz) 
(a) 4.4 (s, FHWM = 5.6 Hz) 

tart 4.4 (s, FHWM = 0.7 Hz) 

Bi(edta) 3.2 (br) 

3.4 (br) 

3.6 (br) 

4.0 (br) 

(f) 3.25 (br) 

(d) 3.9 (br) 

V(edta) 2.9 (d) 

3.3 (d) 

3.6 (d) 

3.9 (q) 

4.19 (d) 

(h) 2.85 (d) 

(g) 3.2 (d) 

(e) 3.6 (d) 

(c) 3.9 (q) 

(b) 4.16 (d) 

edta 2.95 (s) 

3.4 (s) 

- 

- 

 

Table 4-3. 
1
H NMR chemical sifts of aqueous solution of V(tart)-sol. mixed with edta-sol.(1–3 eq.) 

 and authentic samples. 

Species V(tart)-sol. 

+edta(1 eq.)-sol. [ppm] 

V(tart)sol. 

+edta(2 eq.)-sol. [ppm] 

V(tart)sol. 

+edta(3 eq.)-sol. [ppm] 

tart / V-tart 4.4 (s, 1H) 4.4 (s, 1H) 4.4 (s, 1H) 

edta 2.95 (s) 

3.4 (s) 

2.95 (s) 

3.4 (s) 

2.95 (s) 

3.4 (s) 

V(edta) 2.9 (d) 

3.3 (d) 

3.6 (d) 

3.9 (q) 

4.19 (d, 0.67H) 

2.9 (d) 

3.3 (d) 

3.6 (d) 

3.9 (q) 

4.19 (d, 0.78H) 

2.9 (d) 

3.3 (d) 

3.6 (d) 

3.9 (q) 

4.19 (d, 0.97H) 
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4.3.2 Characterization of the BiVO4 fine particles prepared via the aqueous chelating method 

Figure 4-5 shows a photograph of the AC-L samples, which were obtained by drying the 

precursor solution (Bi(edta)+V(L)-sol.) followed by calcination at 500°C in air. The volumes of the 

samples increase after calcination, regardless of the stabilizing ligands. In particular, the AC-tart sample 

shows the most significant increase in volume compared with the other AC-L samples. 

 

 

Figure 4-5. Photographs of the dried gel obtained by dryness of the Bi(edta)+V(tart)-sol. and the AC-L 

samples obtained by dryness of the precursor solution Bi(edta)+V(L)-sol. (L = (a) gly, (b) tart, (c) cit or 

(d) edta) followed by calcination at 500°C in air. 

 

The XRD patterns of BiVO4 particles prepared via the AC-method are shown in Figure 4-6. 

Doublet peaks at ca. 18.5° and 35° are observed for the BiVO4 particles prepared with three ligands 

(tart, cit, and edta), indicating the production of single-phase s-m BiVO4.
22,29

 Conversely, the BiVO4 

particles prepared with gly ligands (AC-gly) show a single broad peak at ca. 18.5°, implying the 

formation of s-m BiVO4 with low crystallinity and/or the co-existence of s-t BiVO4.
29,48

 The band gap 

of the AC-gly sample (see Table 4-4) estimated from the UV-spectrum (see Figure 4-7 (a)) is ca. 2.4 eV, 

which is characteristic of s-m phase BiVO4.
22,23

 The same value (2.4 eV) is obtained with other 

preparations, i.e., AC-tart, AC-cit, and AC-edta. The V−O bond length (ca. 1.69 Å), calculated from the 

corresponding Raman stretching signal at around 830 cm
-1
 for the AC-gly samples(see Figure 4-7 (b)), 

is almost the same as the values for other samples, such as AC- tart, as seen in Table 4-4. This value 

agrees well with the reported value for s-m BiVO4 (1.69 Å) but is appreciably different from that for s-t 

BiVO4 (1.72 Å).
26,49

 From these results, it can be concluded that the AC-gly sample predominantly 

consists of s-m BiVO4 with low crystallinity. The XRD patterns of the BiVO4 particles prepared via the 
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SS-method with calcination in air at 600 and 700°C (SS-600 and 700) also indicate single-phase s-m 

BiVO4, whereas an unknown peak is observed in the sample calcined at 500°C (SS-500, see Figure 

4-8). 

 

Figure 4-6. XRD patterns of BiVO4 particles prepared via AC-method with different ligands (gly, tart, 

cit or edta) followed by calcination at 500°C in air. 

 

 

Figure 4-7. (a) UV-vis spectra and (b) Raman spectra of BiVO4 particles prepared via AC-method with 

different ligands (gly, tart, cit or edta) followed by calcination at 500°C in air. 
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Table 4-4. Band gap energy, Stretching Raman shift of V-O bond and bond length of V-O on BiVO4 

particles prepared via AC method with different ligands (gly, tart, cit or edta). 

 B.G. [eV] Stretching Raman shift 

V-O bond [cm
-1
] 

Bond length 

V-O [Å] * 

gly 

tart 

cit 

edta 

2.4 

2.4 

2.4 

2.4 

825 

827 

828 

828 

1.697 

1.695 

1.695 

1.695 

*calculated using the empirical expression:  (cm
-1
) = 21349 exp[-1.9176 R(Å)] 

* V-O bond length of BiVO4: sheelite tetragonal structure, 1.72 Å, sheelite monoclinic structure, 1.69 

Å 

 

 

Figure 4-8. XRD patterns of BiVO4 particles prepared via SS-method with calcinations at different 

temperatures. (▼: unknown) 

 

Figure 4-9 shows SEM images of the BiVO4 samples. The primary particle sizes in the 

AC-samples calcined at 500°C range from 80 to 300 nm, which are much smaller than those of the 

SS-samples (1–10 m) containing single-phase s-m material (SS-600, SS-700). Specifically, the 

sample prepared with the tart ligand (AC-tart) contains the smallest particles (ca. 80 nm) with relatively 
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homogeneous distribution. In addition, the specific surface area of AC-tart (5.2 m
2
 g

-1
) is larger than 

those of other samples (see the bottom left in Figure 4-9 for each sample). Since all the AC-samples 

were prepared under the same conditions (i.e., pH of precursor solution, concentration of metal ions, 

calcination temperature, etc.) except for the ligands used, the significant difference in the particle size 

strongly suggests that the ligand used for stabilizing the V
+
 ions is the key factor in determining the 

particle size after calcination. During the drying and calcination of the Bi(edta)+V(L)-sol. in the 

AC-method, the polymerization reaction first proceeds between the functional groups (i.e., -COOH 

and -OH) of the ligands, followed by nuclei generation (i.e., crystallization) and further crystal growth. 

The TG-DTA data (see Figure 4-1) strongly suggest that the organic compounds in the dried gels are 

completely combusted at ca. 430°C, regardless of the type of ligands used for stabilizing the V
5+

 ion. 

As shown in Figure 4-9, the particle size of AC-tart calcined at 450 °C is slightly smaller than that 

when it is calcined at 500°C. Similarly, the particle size of the AC-samples prepared using other ligands 

and calcination at 450°C is slightly smaller than that of those prepared at 500°C. These findings 

indicate that the particle size of each AC-sample is predominantly determined by the processes 

occurring below ca. 450°C, not those above 450°C. At temperatures lower than 430°C, at which 

organic species still remain, processes such as polymerization, nuclei generation, and crystal growth 

occur. In general, the number of carboxyl groups in the ligands considerably influences nuclei 

generation. A higher number of carboxyl groups in the ligands generally cause the formation of larger 

nuclei due to the increased probability of polymerization. Therefore, the AC-samples prepared with cit 

and edta, which have three and four carboxyl groups, respectively, formed larger nuclei in the precursor 

during polymerization, thereby resulting in the production of BiVO4 particles with large sizes (> 100 

nm) after calcination. Although the number of carboxyl groups in gly is lower than that in tart, the size 

of BiVO4 particles prepared with gly (AC-gly) is larger (100–300 nm) than that prepared with tart (ca. 

80 nm). This contradicting phenomenon is explained by the instability of the precursor solution. As 

described in the previous section, the precursor solution prepared using the gly ligand for V
5+

 

stabilization (Bi(edta)+V(gly)-sol.) is unstable and gradually produces precipitations, indicating that the 

hydrolysis of V
5+

 species proceeds via replacement of gly ligands with water molecules. Thereby, 

larger and inhomogeneous nuclei are produced during the drying of Bi(edta)+V(gly)-sol., affording 

larger particles after calcination.   
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Figure 4-9. SEM images of BiVO4 particles prepared via (a–i) AC- and (j–l) SS-methods after 

calcination at different temperatures. 

 

4.3.3 Photocatalytic O2 evolution on BiVO4 prepared via aqueous chelating method 

The photocatalytic activity of the BiVO4 samples was evaluated for O2 evolution from an aqueous 

solution containing an electron acceptor (Ag
+
 or Fe

3+
) under visible-light irradiation ( > 410 nm). The 

initial rates of O2 evolution over AC- and SS-samples are summarized in Table 4-5. The rate of O2 

evolution over the AC-samples was dependent on the calcination temperature during the preparation 

process. The highest rate is observed for AC-sample calcined at 500°C. For the SS-samples, the 

optimum calcination temperature is 600°C. 
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Table 4-5. Photocatalytic O2 evolution from an aqueous methanol solution under visible light 

irradiation on WH and SS samples (BiVO4) prepared under different conditions. 

 Calcination 

temperature [°C] 

O2 evolution rate [mol h
-1
] 

Ag
+
 Fe

3+
 

(a) AC(gly) 500 8 39.6 

(b) AC(tart) 450 13 59.4 

(c) AC(tart) 500 16 89.5 

(d) AC(tart) 550 15 80.8 

(e) AC(cit) 500 11 44.4 

(f) AC(edta) 500 10 41.2 

(g) SS 500 4 16 

(h) SS 600 6 19 

(i) SS 700 3 15.8 

* Catalyst, 0.05 g; reactant solution, 120 mL of 10 mM aqueous solution containing an electron 

acceptor (Ag
+
 or Fe

3+
).; light source, 300 W Xe lamp with cut-off filters ( > 410 nm). 

 

Figure 4-10 shows the time course of O2 evolution from aqueous solution over these samples 

under visible-light irradiation in the presence of an electron acceptor (Ag
+
 or Fe

3+
). Although largely 

steady rates of O2 evolution are observed for all the cases in the initial period of photo-irradiation, the 

rates gradually decrease due to the occurrence of the backward reaction (i.e., re-oxidation of Fe
2+

 by 

holes) or deposition of Ag metal particles on the surface. The higher activity over the AC-tart sample 

calcined at 500°C than that prepared at 450°C is certainly due to the improved crystallinity of the 

particles, which leads to a decreased amount of crystal defects that function as recombination sites 

between photogenerated electrons and holes. The appreciable decrease in efficiency of the AC-samples 

calcined above 550°C can be explained by the increase in particle size (see Figure 4-9), which 

increases the migration distance for charge carriers generated in the bulk material, and consequently 

increases the possibility of their recombination before reaching the surface. The rate of O2 evolution 

over the AC-samples also changes depending on the type of ligand used for V
5+

 stabilization in the 

precursor solution, with the rate increasing in the order AC-gly < AC-edta < AC-cit < AC-tart, when 

compared at the same calcination temperature (500°C). The primary particle size of AC-tart (80 nm) is 
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much smaller than that of the AC-samples prepared with other ligands (gly, cit, and edta) (100–300 

nm) (see Figure 4-9). The O2 evolution rate over AC-gly is lower than that over AC-edta, despite the 

larger specific surface area of AC-gly. This lower activity may be explained by the lower crystallinity 

of the AC-gly particles, as confirmed by XRD measurements. Thus, the highest O2 evolution rate for 

AC-tart can be explained by it having the smallest particle size with similar crystallinity among the 

samples, except for AC-gly. It is also confirmed that the BiVO4 particles prepared via the AC-method 

show higher activity for O2 generation than the BiVO4 samples prepared via the conventional 

SS-method. The O2 evolution rate with AC-tart is ca. three times higher than that with SS-600. These 

results indicate that the present AC-method is extremely useful for the preparation of fine s-m BiVO4 

particles that exhibit high activity for photocatalytic O2 evolution from water under visible-light 

irradiation. 

 

 

Figure 4-10. O2 evolution from an aqueous solution containing an electron acceptor (Ag
+
 or Fe

3+
) 

under visible-light irradiation over BiVO4 photocatalyst prepared via AC- or SS-method followed by 

calcination (AC-tart and SS-600). Conditions: Catalyst, 0.05 g; reactant solution, 120 mL of 10 mM 

aqueous solution containing an electron acceptor (Ag
+
 or Fe

3+
); light source, 300 W Xe lamp with 

cut-off filters ( > 410 nm). 
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4.4 Conclusions 

In this chapter, fine particles of s-m BiVO4 (80–300 nm) with a particle size smaller than those 

produced with conventional solid-state reactions (1–10 m) were successfully synthesized via a newly 

developed aqueous chelating method. The kind of ligands used for the stabilization of V
5+

 ions in the 

precursor solution was found to significantly influence the particle size of the obtained BiVO4. Among 

the ligands examined, the use of the tart ligand produced s-m BiVO4 with the smallest particles (ca. 80 

nm), even after calcination at 500°C. The present method afforded catalysts capable of a significantly 

higher rate of O2 evolution under visible light than that of BiVO4 catalysts prepared via conventional 

solid-state reactions, probably due to their smaller particle size and higher crystallinity. The present 

aqueous chelating method provides an environmentally benign process that can be used for the 

synthesis of highly active photocatalyst materials on a large scale without the use of toxic organic 

solvents. 
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Chapter 5 
Z-scheme Water Splitting into H2 and O2 under 

Visible-light over Photocatalyst Panels Consisting of 

Rh-doped SrTiO3 and BiVO4 Fine Particles 
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5.1 Introduction 

Photocatalytic water splitting has attracted considerable attention due to the potential application 

of this reaction to clean hydrogen production from water by utilizing abundant solar light.
1
 

Heterogeneous photocatalysis systems with suspended semiconductor particles have extensively been 

studied for this reaction due to the simplicity and/or potential scalability.
2,3

 Such suspension systems, 

however, requires the energy for keeping the semiconductor particles suspended in the solution (e.g., 

mechanical stirring) in the practical application, as well as the troublesome process in the collection 

and/or recycling (e.g., filtration or centrifugation) of the used photocatalysts. In contrast, photocatalyst 

panels, in which films of photocatalyst particles are fixed on an inexpensive substrate (e.g., glass), 

require neither such energy nor troublesome collection process, and thereby have a potential to be 

employed as a cost-effective system on large scale.
4–6

 For example, Domen et al. demonstrated water 

splitting using such kind of photocatalyst panels prepared via drop-casting or squeegeeing of 

Ga1-xNx-Zn1-xOx (x = 0.18) photocatalyst particles, which can harvest visible light up to ca. 460 nm.
4
 

For the practical application, however, it is necessary to harvest wider range of visible light by 

employing the semiconductor materials having narrower bandgaps. It has been demonstrated that the 

introduction of Z-scheme mechanism can extend the usable wavelength for water splitting up to 670 

nm at maximum by employing two different narrow bandgap photocatalysts combined with a redox 

mediator such as IO3
–
/I

–
 or Fe

3+
/Fe

2+
.
7,8

 Among them, the combination of Rh-doped 

SrTiO3(SrTiO3:Rh) and BiVO4 has been demonstrated to split water into H2 and O2 in the presence of 

various redox couples in solution (e.g., Fe
3+

/Fe
2+

, [Co(bpy)3]
3+/2+

, [Co(phen)3]
3+/2+

) with relatively high 

efficiency by harvesting visible light up to 520 nm.
9–13

 The availability of solid electron mediator such 

as RGO and Au was also proven.
14,15

 For example, Wang at el. recently demonstrated simultaneous 

evolution of H2 and O2 on a photocatalyst sheet, in which SrTiO3:Rh,La and BiVO4 photocatalyst 

particles immobilized onto the thin Au layer deposited on substrate; the electron transfer between two 

photocatalyst proceed through the Au layer. Interestingly, the combination of SrTiO3:Rh and BiVO4 

can work even without any redox couples or solid electron mediators; the electron transfer between 

them proceed directly via redox cycle of Rh species that are contained in the SrTiO3:Rh particle.
16,17

 

These findings have motivated to employ this combination as the component of photocatalyst panels 

for water splitting under visible light. To achieve efficient water splitting based on such interparticle 

electron transfer in the films, a greater numbers of hetero-interfaces between these two different 
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photocatalysts (SrTiO3:Rh and BiVO4) is required. The use of semiconductor particles having 

well-controlled particle sizes is thus highly desirable to increase the numbers of hetero-interfaces, as 

well as to control the porous structure that facilitate the transport of the substrates and products, within 

the films. 

As described in Chapter 3, efficient H2 evolution (half reaction in aqueous methanol solution) 

using photocatalyst panels prepared via simple screen printing of SrTiO3:Rh fine particles on a glass 

substrate were demonstrated.
6
 The use of SrTiO3:Rh particles with homogeneously small size (ca. 50 

nm), which were synthesized via a newly-developed water-based hetero-chelate (WH) method,
18

 

enabled the preparation of homogeneous films with controlled structures for effective light 

absorption and efficient transportation of substances and/or products within the pores. In this chapter, 

the composite-type porous films consisting of the SrTiO3:Rh and BiVO4 fine particles were fabricated 

by means of simple screen-printing followed by calcinations, to achieve simultaneous evolution of H2 

and O2 on such structure-controlled photocatalyst panels under visible light. 

 

5.2 Experimental 

5.2.1 Materials 

Titanium(IV) tetraisopropoxide (95.0%, TIPT), acetylacetone (99.0%, acac), acetic acid (99.7%, 

AcOH), strontium acetate hemihydrate (Sr(OAc)2·0.5H2O), rhodium(III) chloride trihydrate 

(RhCl3·3H2O), lactic acid (85.5–94.5%), rhodium(III) oxide (Rh2O3), ammonium vanadate(V) (99%, 

NH4VO3), bismuth(III) nitrate pentahydrate (99.9%, Bi(NO3)3·5H2O), L(+)-tartalic acid (tart), 

ethylenediamine tetraacetic acid (edta), silver nitrate (99.5%, AgNO3), -terpineol, 

2-(2-butoxyethoxy)ethanol and poly(vinyl butyral) were purchased from Wako Pure Chemical 

Industries, Ltd., Osaka, Japan. Acrylic emulsion (VONCOAT (EC-905EF), particle size: 100–150 nm) 

was purchased from DIC Corporation. Titanium oxide (99.9%, TiO2) was purchased from Soekawa 

chemical. Strontium carbonate (99.9%, SrCO3) and aqueous ammonia (28.0–30.0%) were purchased 

from Kanto chemical. All reagents were used as received, and all the experiments were carried out 

under ambient condition without eliminating the moisture from the atmosphere. 

 

5.2.2 Preparation of BiVO4 and SrTiO3:Rh particles 

Particles of BiVO4 were prepared via the following aqueous chelating (AC) method developed in 
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Chapter 4. An aqueous solution that contains bismuth(III) nitrate pentahydrate (Bi(NO3)3·5H2O, 0.17 

mol/L), ethylenediamine tetraacetic acid (edta, 0.34 mol/L) and ammonia solution (NH4OH, 0.01 

mol/L) was mixed with another aqueous solution that contains ammonium vanadate(V) (NH4VO3, 

0.17 mol/L) and tartaric acid (tart, 0.17 mol/L), at the ratio of Bi:V = 1:1. After the evaporation of the 

solution to dryness, the obtained gel was calcined in air at 500°C for 2 h, yielding BiVO4 particles with 

monoclinic scheelite structure and relatively small primary particle sizes below ca. 100 nm (see Figure 

5-6 (a)), which will be denoted by BiVO4(AC). For comparison, BiVO4 particles were prepared via the 

conventional solid-state (SS) reaction, in which a stoichiometric mixture of NH4VO3 and 

Bi(NO3)3·5H2O was calcined at 700°C for 6h, giving the BiVO4 particles with the same monoclinic 

scheelite structure but significantly larger particle size (1–10 m) (see Figure 5-6 (b)). These BiVO4 

particles prepared via SS reaction will be denoted by BiVO4(SS). It was confirmed that the 

BiVO4(AC) sample showed higher rate of O2 evolution than the BiVO4(SS) sample under visible light 

from aqueous solution containing Ag
+
 as an electron acceptor (Figure 4-11).  

The fine particles of SrTiO3:Rh(2%) were prepared via the water-based hetero-chelate (WH) 

method, which was developed in Chapter 2.
18

 The aqueous titania sol (AA-sol) was prepared by 

mixing titanium(IV) tetraisopropoxide, an aqueous solution of acetylacetone, and an aqueous solution 

of acetic acid.
20

 The AA-sol was mixed with an aqueous solution containing both Sr(OAc)2 (1.08 

mol/L) and lactic acid (2.16 mol/L) and an aqueous solution of RhCl3 (0.24 mol/L) at the ratio of 

Sr:Ti:Rh = 1.02:0.98:0.02, and stirred for 1 hour at room temperature, yielding an orange transparent 

sol. The sol was added by an acrylic emulsion (VONCOAT (EC-905EF), particle size: 100–150 nm) 

and stirred for 15 minutes at room temperature, then dried at 80°C for 3 hours, and finally calcined at 

1000°C for 10 hours, yielding SrTiO3:Rh(Rh: 2%) particles with pure (cubic) perovskite structure and 

relatively small primary particle sizes below ca. 50 nm (see Figure 5-6 (c)), which will be denoted by 

SrTiO3:Rh(WH). For comparison, SrTiO3:Rh(2%) particles were also prepared via the solid state (SS) 

reaction method,
21 

in which a stoichiometric mixture of TiO2, SrCO3 and Rh2O3 was calcined at 

1000°C for 10 hours, producing large particles (ca. 300 nm) (see Figure 5-6 (d)), which will be denoted 

by SrTiO3:Rh(SS). Although some reports have suggested that the addition of excess Sr in the 

preparation of SrTiO3:Rh particles via the SS-method is effective to obtain more active photocatalyst 

samples, it was confirmed that the SrTiO3:Rh particles prepared via the SS-method with excess amount 

of Sr (Sr/(Ti+Rh) =1.03, for example) showed almost same rate of H2 evolution as that on the sample 
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prepared with the stoichiometric ratio(Sr:(Ti+Rh) = 1).
2
 Thus in this chapter, the SrTiO3:Rh particles 

prepared via the SS-method with stoichiometric ratio was used for comparison. Small amount (0.7 wt%) 

of ruthenium (Ru) particles were loaded on all the SrTiO3:Rh samples by mean of in-situ photodeposition 

method and following H2-reduction treatment at 200°C for 30 min.
16

 

 

5.2.3 Preparation of composite-type films 

The composite-type films were prepared as follows. The BiVO4(AC) and Ru/SrTiO3:Rh(WH) 

particles were basically mixed at the weight ratio of 1:1 unless otherwise stated. The mixture was 

added to an organic vehicle consisting of mixture of -terpineol, 2-(2-butoxyethoxy)ethanol, and 

acrylic resin (SPB-TE1) with their weight ratio of 4:10:2. The weight ratio between the mixed particles 

and the vehicles was set to 1:3. The paste was coated on glass substrate (quartz) by screen-printing 

using a metal mask (60 m thick), followed by calcination in air at 300°C for 30 min unless stated. The 

TG-DTA analysis confirmed that the organic vehicle used in the present study can be completely burn 

out by the calcination at 300°C, producing films having enough mechanical strength. The obtained 

films are denoted as AC-WH film. The composite-type film of BiVO4(SS) and Ru/SrTiO3:Rh(SS) 

particles was also prepared by the same process for comparison (SS film).  

 

5.2.4 Characterization of composite-type films 

The obtained SrTiO3:Rh films were characterized by mean of a scanning electron microscope 

(SEM, HITACHI, S-4100), an X-ray diffraction (XRD, PANalytical, X’Pert Pro, rotating anode 

diffractometer, 45 kV, 40 mA, Cu  radiation), and , a UV-vis-NIR spectrometer (UV-vis. DRS, 

Jasco, V-670). Photocatalytic reactions were carried out in a Pyrex-made reaction vessel connected to a 

closed gas-circulating system. For the Z-scheme water splitting reaction, the composite-type film was 

horizontally fixed in 100 mL of pure water or a pH-adjusted aqueous solution. The light irradiation was 

carried out from the top of reactor by a 300W Xe-arc lamp (Perkin-Elmer, Cermax PE300BF) attached 

with a cut-off filter (Hoya; L42) to eliminate the UV light. The amounts of gas produced were analyzed 

and quantified by means of an on-line gas chromatograph (GL Science; GC-3200, TCD, Ar carrier, 

MS-5A column). 
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5.3 Results and discussion 

5.3.1 Characterizations of Composite films prepared via screen-printing method 

The XRD patterns of the composite-type films (AC-WH film and SS film, see Figure 5-1) showed 

only the diffraction peaks corresponding to the original BiVO4 and SrTiO3:Rh particles, strongly 

suggested that any impurity phases were not produced during the calcinations process at 300°C. As for 

the AC-WH film, any peaks corresponding to impurity phase were not emerged even after calcinations 

at 500°C. The diffuse reflection spectrum of the composite-type films roughly agreed with the sum of 

each diffuse reflection spectrum of BiVO4 and Ru/SrTiO3:Rh(2%) even after calcinations at 

300–500°C (Figure 5-2). Figure 5-3 shows the SEM images of the composite-type films (AC-WH and 

SS). As seen in the cross-section views (a, b), the AC-WH film possessed homogeneous thickness of 

ca. 10 m with flat surfaces, whereas the SS film possessed rough surface. The magnified cross-section 

views (c, d) revealed that both the films have densely packed porous structures. The top-views (Figure 

5-4) and elemental mapping images (EDX, see Figure 5-5) of AC-WH and SS film indicated 

homogenous mixing of SrTiO3:Rh and BiVO4 particles; no significant change in particle sizes 

compared to the original ones (Figure 5-6) was not observed. 

 

 

Figure 5-1. XRD patterns of composite-type films ((a) AC-WH films and (b) SS film) prepared by 

using SrTiO3:Rh and BiVO4 particles.  
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Figure 5-2. UV spectra of composite-type films (a) prepared by mixing at the different weight ratio of 

SrTiO3:Rh(WH) and BiVO4(AC) particles followed by calcinations at 300°C, (b) prepared by mixing 

at the 1:1 ratio of SrTiO3:Rh(WH) and BiVO4(AC) particles followed by calcinations at different 

temperatures. 

 

 

 

Figure 5-3. Cross-sectional SEM images of composite-type films of (a and c) AC-WH film and (b and 

d) SS film. 
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Figure 5-4. Top-view images of composite-type films ((a) AC-WH film and (b) SS film). 

 

 

Figure 5-5. Top-view images of composite-type film ((A) AC-WH film, (b) SS film). (a and b) SEM 

images. (c–f) SEM-EDX mapping images for (c) Bi, (d) Sr. 

 

 

Figure 5-6. SEM images of BiVO4 particles prepared via AC process (a) and SS reaction (b). Those of 

SrTiO3:Rh(2%) particles prepared via WH method (c) and SS reaction (d). 
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5.3.2 Photocatalytic water splitting on composite-type films under visible-light irratiation 

The prepared composite-type films were then evaluated as photocatalyst panels for water splitting 

under visible light. As summarized in Table 5-1, all the composite-type films (AC-WH and SS films, 

Entries 1–5, 8) generated H2 and O2 simultaneously from pure water under visible light irradiation, 

whereas the films consisted of single photocatalyst (Entries 6, 7) could not generate any gasses. Figure 

5-7 shows the time course of gas evolution on the composite-type film prepared via the calcination (at 

300°C) of the 1:1 mixture of BiVO4(AC) and Ru/SrTiO3:Rh(WH) particles (corresponding to Entry 1). 

Although O2 gas was evolved preferentially in the initial period of photoirradiation, H2 and O2 gasses 

simultaneously evolved with steady rates after the evacuation of gas phase, while the gas evolution 

rates (H2: 0.71 µmol h
–1

, O2: 0.27 µmol h
–1

) slightly deviated from the stoichiometric value. The total 

amount of H2 gas evolved was 31 mol. The doubled value (i.e., 62 mol) exceeded the amount of 

photocatalyst particles (SrTiO3:Rh: 46.1 mol, BiVO4: 26.4 mol). These results strongly suggested 

that the overall water splitting reaction proceeds through the two-step photoexcitation mechanism 

including interparticle electron transfer. The first step includes the water oxidation to O2 by the 

photogenerated holes on the BiVO4 accompanied by the transfer of photoexcited electrons to the 

neighbor SrTiO3:Rh particles, on which the Rh
4+

 species are reduced to Rh
3+

 by the injected electrons. 

The second step includes the photoexcitation of the SrTiO3:Rh particles containing the Rh
3+

 species by 

visible light, generating both the Rh
4+

 species and the photoexcited electrons in the conduction band for 

water reduction to H2 on the Ru cocatalysts. The rates of gas evolution on composite-type films were 

strongly dependent on the calcinations temperature during the preparation process (Entries 1–3 in Table 

5-1). As described above, the organic vehicle used in this study can be completely burn out by the 

calcination at 300°C. The calcination at lower than 250°C produced residual carbons, resulting in lower 

activity (not shown). Although the AC-WH film prepared by the calcination at 300°C exhibited the 

highest rate of gas evolution, the higher temperatures was found to be detrimental to the activity of 

composite-type films; the rate of gas evolution significantly decreased with increasing calcination 

temperature up to 500°C. To clarify the reasons for the lowered activity, the influence of calcination 

temperature on each photocatalyst was examined. It was found that the calcination at higher 

temperature was detrimental to the H2-evolving ability of Ru/SrTiO3:Rh photocatalyst as shown in 

Table 5-2, in which the rate of H2 evolution on Ru/SrTiO3:Rh samples from an aqueous methanol 

solution was obviously decreased by the calcination in air. The most likely reason for this phenomenon 
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will be that the air-calcination at elevated temperatures causes the oxidation of Ru species loaded on 

SrTiO3:Rh photocatalyst and consequently lowers their activity as water reduction site. These findings 

evoked us the necessity of rational design of highly active co-catalysts that are durable against such 

calcination for improving the efficiency of these photocatalyst panels for water splitting in the future. 

The water splitting activity of the composite-type films was also dependent on the mixed ratio of 

BiVO4 and Ru/SrTiO3:Rh. The highest activity was obtained when BiVO4:Ru/SrTiO3:Rh was mixed 

at 1:1 by weight. This dependence was probably caused by the balance of the numbers of photons 

absorbed by each photocatalyst, as well as the number of contact points between Ru/SrTiO3:Rh and 

BiVO4 particles, as suggested by Sasaki and co-workers.
16

 The use of fine particles was also confirmed 

to be effective; the H2 and O2 evolution rates on the AC-WH film were about 1.5 times higher than 

those on the SS film (Entry 8 in Table 5-1). The higher activity of the original fine particles of 

Ru/SrTiO3:Rh(WH) and BiVO4(AC) than that of samples prepared via SS method is undoubtedly 

favorable for overall efficiency, as well as for the formation of larger numbers of contact between the 

fine particles.  

 

Table 5-1. Photocatalytic activity of Z-scheme water splitting under visible light irradiation using 

composite-type films of BiVO4 and SrTiO3: Rh with various modes. 

Entry Synthesis 

method 

 BiVO4 : 

SrTiO3:Rh ratio 

Calcination 

temperature (°C) 

H2 evolution 

rate (mol/h) 

O2 evolution rate 

(mol/h) 

1 AC-WH 1:1 300 0.71 0.27 

2 AC-WH 1:1 400 0.32 0.16 

3 AC-WH 1:1 500 0.16 0.08 

4 AC-WH 2:1 300 0.45 0.21 

5 AC-WH 1:2 300 0.57 0.25 

6 AC-WH 0:1 300 n.d. n.d. 

7 AC-WH 1:0 300 n.d. n.d. 

8 SS 1:1 300 0.54 0.22 

*film, 4×4 cm; film thickness, 10 m; reactant solution, aqueous solution, 100 mL; reactant cell, 

top-irradiated separable cell; light source, 300 W Xe lamp with cut-off filters ( > 410 nm). 
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Figure 5-7 Time course of gas evolution on the AC-WH film prepared via the calcination (at 300°C) of 

the 1:1 mixture of BiVO4(AC) and Ru/SrTiO3:Rh(WH) particles. *film, 4×4 cm; film thickness, 10 

m; reactant solution, 100 mL of pure water; reactant cell, top-irradiated separable cell; light source, 

300 W Xe lamp with cut-off filters ( > 410 nm). 

 

Table 5-2. Rate of H2 evolution from an aqueous methanol solution under visible light irradiation over 

a Ru/SrTiO3:Rh(WH) particles after calcination at different temperatures (300–500°C).  

Calcination temperature (°C) H2 evolution rate (mol/h) 

Non 7.8 

300 1.6 

400 1.4 

500 1.3 

Conditions: photocatalyst, 0.05g; reactant solution, 50 mL of 10 vol% aqueous methanol solution; 

reactant cell, top-irradiated separable cell; light source, 300 W Xe lamp with cut-off filters ( > 410 

nm). 

 

To evaluate the influence of immobilization on the performance, the H2 and O2 evolution rates on 

the AC-WH film were compared with those on the suspension systems of photocatalyst particles. In 

the suspension system of Ru/SrTiO3:Rh and BiVO4 particles, aggregation of the photocatalyst particles 

occurred upon acidification of the suspension, thus resulting in the highest activity at pH 3.5 where the 
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effective aggregation for interparticle electron transfer was formed.
20

 Thus, the pH value of the reaction 

solution was adjusted to 3.5, for fair comparison. The water splitting activity on the AC-WH film was 

almost the same as that on the corresponding suspended particles (Figure 5-8), suggesting the 

availability of the porous structure in the present composite-type film (AC-WH film) for maintaining 

the original activity of photocatalyst particles for H2/O2 evolution under visible light even after being 

immobilized on a substrate. 

 

 

Figure 5-8 H2 and O2 evolution from an aqueous solution under visible light irradiation over particle 

suspension system, and composite-type film calcined at 300°C using ((a) Ru/SrTiO3:Rh(WH) and 

BiVO4(AC), (b) Ru/SrTiO3:Rh(SS) and BiVO4(SS)). *film, 4×4 cm , particles: 17 mg Ru/SrTiO3:Rh 

(8.5 mg) and BiVO4 (8.5 mg); film thickness, 10 m; reactant solution, aqueous H2SO4 solution (pH 

3.5), 100 mL; reactant cell, top-irradiated separable cell; light source, 300 W Xe lamp with cut-off 

filters ( > 410 nm). 
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5.4 Conclusions 

In summary, photocatalyst panels that can split water to H2 and O2 under visible light were 

successfully fabricated by employing the composite fine particles of SrTiO3:Rh and BiVO4, both of 

which were prepared using water based processes. The combination of the fine particles and the 

screen-printing method enabled the preparation of porous films having enough mechanical strength 

after calcination in air. Although the improvement in efficiency is still required and challenging, our 

concept of constructing a highly active porous structure with fine photocatalyst particles via simple 

screen-printing method will open the possibility for the large-scale application of photocatalyst panels 

in solar-hydrogen production. 
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1. Summary of this thesis 

In this thesis, the following two themes were studied to achieve efficient photocatalytic water 

splitting under visible light: (1) the development of new environmentally-friendly water-based 

processes for preparing fine particles of metal oxide that show high photocatalytic activity, (2) the 

effective immobilization of such photocatalyst fine particles to the substrates to demonstrate the 

feasibility of photocatalyst panels. Firstly, a new stable aqueous titania sols were prepared via 

extremely simple process and applied to fabricate highly active TiO2 film photocatalyst (Chapter 1). 

Then the stable aqueous titania sols were utilize as precursor of SrTiO3:Rh fine particles that show high 

activity for photocatalytic H2 evolution from water under visible light irradiation (Chapter 2). The 

prepared SrTiO3:Rh fine particles were immobilized onto glass substrates with controlled porous 

structure via simple screen-printing method to demonstrate efficient H2 evolution from photocatalyst 

panels (Chapter 3). As an efficient visible-light-responsive photocatalyst for O2 evolution, fine particles 

of BiVO4 with scheelite-monoclinic phase were prepared via newly developed aqueous process 

(Chapter 4). Finally, photocatalytic water-splitting into H2 and O2 on photocatalyst panel was 

demonstrated for the first time by using porous and composite type photocatalyst films fabricated via 

simple screen-printing method of the mixed paste of the SrTiO3:Rh and BiVO4 fine particles (Chapter 

5). The details of the results described in each chapter were summarized as follows; 

 

Chapter 1; 

Highly stable aqueous titania sols were prepared via extremely-facile process using titanium 

tetraisopropoxide under the co-existence of acetylacetone and acetic acid in the water. The co-existence 

of them enabled the titania colloidal particles in the sol to stably retain the small diameter (average 

diameter d = ca. 4 nm), due to the effectively suppressed hydrolysis and condensation of titanium 

tetraisopropoxide even in water. The titania sols could be easily coated on various substrates via simple 

spin-coating method, forming highly homogeneous and transparent TiO2 films. The TiO2 thin films 

prepared from the present new water-base titania sols showed much higher photocatalytic activity for 

photo-induced superhydrophilicity under UV light irradiation, certainly due to the much lower 

roughness factor, the smeller size of TiO2 particle, and the higher content of anatase phase that shows 

high activity.  
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Chapter 2; 

Fine particles of SrTiO3:Rh were prepared via a newly developed facile water-based process, 

in which the newly synthesized aqueous titana sols as Ti source and their photocatalytic H2 

evolution performance under visible-light irradiation were investigated. The stable aqueous titania 

sol was mixed with other metal salts and acrylic emulsion in water solvent, then dried and finally 

calcined in air. The present facile aqueous solution-based process allows to synthesize pure perovskite 

phase of SrTiO3:Rh at relatively low temperatures (900–1000°C), producing sufficiently small particles 

of SrTiO3:Rh with primary particle size lower than 50 nm. Such small particles of SrTiO3:Rh could not 

be obtained by using other water-soluble Ti precursors. The prepared SrTiO3:Rh fine particles 

exhibited higher efficiency (e.g., 13.2 % of quantum yield at 420 nm) for photocatalytic H2 evolution 

under visible light than the best values (ca. 5% at 420 nm) previously reported on SrTiO3:Rh particles 

prepared via conventional solid-state reaction, because of the satisfying both the high crystallinity and 

high surface area. 

 

Chapter 3; 

The prepared SrTiO3:Rh fine particles were immobilized onto glass substrates with controlled 

porous structure via simple spin coating method to demonstrate efficient H2 evolution from 

photocatalyst panels. Porous films of SrTiO3:Rh were prepared by simple screen-printing using 

pastes of fine particles (ca. 50 nm) of SrTiO3:Rh followed by calcination. The screen printing of the 

paste of SrTiO3:Rh fine particles enabled fabrication of porous films with precisely controlled  

thickness (1 to 10 μm) and enough mechanical strength. The prepared porous films exhibited high 

activity for H2 evolution from aqueous methanol solution under visible light irradiation ( > 410 nm), due to the 

effective utilization of incident photons in visible light region and to the facilitate transfer of substances within the 

pores. Furthermore, the addition (10–20 wt%) of the large particles to the SrTiO3:Rh films further 

increased the H2 evolution rate probably due to the light scattering with large SrTiO3:Rh particles, by 

which the neighboring small SrTiO3:Rh particles in the films can effectively absorb the scattered light 

and generate more H2. 
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Chapter 4; 

Fine particles of BiVO4 with scheelite-monoclinic (s-m) phase, which is known as the most 

favorable crystal phase for photocatalytic O2 evolution under visible light irradiation, were 

prepared via a newly developed aqueous process. Stable aqueous solutions that contain both Bi
3+

 

and V
5+

 complexes were prepared by simply mixing of two aqueous solutions in which each 

cation was stabilized with an appropriate chelating agent. The use of chelating agents (glycolic acid 

(gly), L(+)-tartaric acid (tart), citric acid (cit), or ethylenediamine tetraacetic acid (edta)) was effective 

to form stable V
5+

 complexes from NH4VO3. On the other hand, only the use of two equivalents of 

edta with Bi(NO3)3·5H2O was effective to stabilize the Bi
3+

 complex in water, while the use of other 

ligands resulted in precipitations. Evaporation of the aqueous solution containing the stable Bi
3+

 and 

V
5+

 complexes and subsequent calcination in air at 500°C yielded s-m BiVO4 particles smaller 

than 300 nm, which were much smaller than BiVO4 particles prepared via conventional 

solid-state reactions (1–10 m). In particular, the BiVO4 particles that were prepared with the tart 

ligand for V
5+

 stabilization possessed the smallest size (< 80 nm) and exhibited the highest 

photocatalytic activity for O2 evolution from an aqueous solution containing an electron acceptor 

(Ag
+
 or Fe

3+
) under visible-light irradiation. These results strongly suggested that the tart ligand 

effectively suppresses particle growth during the crystallization process and thereby affords small 

BiVO4 particles with high crystallinity, both of which are necessary to achieve highly efficient 

photocatalysis. 

 

Chapter 5; 

Finally, the construction of photocatalyst panels that can split water into H2 and O2 under 

visible light was attempted to employ the combination of the developed fine particles of 

SrTiO3:Rh and BiVO4 as components of interparticle Z-scheme water splitting. The 

composite-type films were prepared by employing simple screen-printing of the mixed paste of BiVO4 

and SrTiO3:Rh fine particles (< 100 nm). The prepared composite-type films were found to possess 

porous structure and to exhibit high activity for H2 and O2 evolution from pure water under visible light 

irradiation ( > 410 nm). The use of fine particles and simple screen-printing method enabled us to 

prepare the films with controlled structures for both the effective light absorption and the efficient 



Summary and Outlooks 

120 

transportation of substances and/or products within the pores. 

 

2. Outlooks 

The goal of this study is the construction of an efficient photocatalysis that is 

environmentally-friendly and also cost-effective in large scale application. As for the environmental 

purification using photo-induced surface superhydrophilicity of TiO2 under UV-light irradiation, the 

present aqueous titania sols have superior features such as high stability (for more than one year), no 

use of organic solvents, and mild acidity (pH ~4). The aqueous titania colloidal sols are very 

convenient for preparing homogeneous and transparent TiO2 thin films with high photocatalytic 

activity for photo-induced superhydrophilicity under UV-light irradiation. These superior features of 

newly developed aqueous titania sols will widen the application of TiO2 thin films for practical use on 

a large scale. As for the water-splitting reaction, significant enhancement of the solar-light to hydrogen 

efficiency is still indispensable for the practical application of this technique for commercial hydrogen 

production. It is generally suggested that the overall water-splitting system via solar-driven with a solar 

energy conversion efficiency higher than 5% requires an apparent quantum efficiency of as high as 

30% and up to 600 nm for the photocatalytic reaction. Although the apparent quantum efficiency still 

remains at most a few percent at a wavelength around 400 nm, it appears that the efficiency of the 

present water-splitting system using SrTiO3:Rh and BiVO4 could be improved by extending the visible 

absorption of photocatalysts toward a longer wavelength. Accordingly, it is necessary to develop more 

efficient photocatalytic materials by decreasing the intrinsic band gap to be as narrow as 2 eV 

(corresponding to 600 nm) or by introducing doing levels of metal ions to harvest long wavelength 

light. It is generally accepted that particle sizes influence the photocatalytic reaction. The distance that 

photo-excited carriers have to migrate to reach the active surface sites is shorter, and therefore charge 

recombination is probably lower when the particle size is smaller. The fine particles synthesized by the 

present water-based process actually enhance the photocatalytic activity under visible-light irradiation. 

This research offers useful concepts for the preparation of active metal oxide photocatalysts. The 

present aqueous titania colloidal sols are very convenient to be used as a metal source of mixed 

material. As mentioned in general introduction, the precursors of many photocatalysts include 

transition material oxides consisting of d
0
 cations, such as Ti

4+
, Ta

5+
, and Nb

5+
. The present water-based 
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processes based on coordination chemistry are environmentally friendly and can be applied to metal 

oxides including not only Ti but also other transition metals such as Ta and Nb. 

For large-scale applications, the development of techniques for immobilizing photocatalyst 

particles onto substrates is indispensable, in addition to improving the efficiency of photocatalytic 

particles. In particular, studies of photocatalyst panels have recently been promoted. The concept of 

constructing a highly active porous structure with fine photocatalyst particles via a simple 

screen-printing method will open the possibility for the large-scale application of photocatalyst panels 

in solar-hydrogen production. 

For visible-light driven overall water-splitting reaction, further development of photocatalysts 

requires advanced knowledge of materials preparation and system design. The author hopes that the 

results presented in this dissertation will provide useful information for improving the photocatalytic 

performance of photocatalysis. 
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