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7.1 � Outline of the Processes in Photocatalysis
7.1.1 � Environmental Clean-up or Solar Hydrogen Production
Since the discovery of photoinduced water splitting on TiO2 electrodes in 
1972,1 several studies on photocatalysis by TiO2 have focused on the solar 
energy conversion for hydrogen production. Recently, the TiO2 photocata-
lysts have been practically devoted to environmental clean-up by decompos-
ing organic pollutants. The difference in these two kinetic processes could be 
schematically illustrated in Figure 7.1.

Though the electrons photogenerated in the conduction band (CB) are con-
sumed to reduce protons for water splitting, they are actually used to reduce 
oxygen in air for environmental clean-up. Instead, for water splitting, holes 
generated in valence band (VB) by four photons are used to oxidize water, 
while for environmental clean-up only one hole is required to oxidize organic 
pollutants. Thus, there are varieties of kinetic processes in photocatalysis 
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Chapter 7166

and the initially employed reactants are also considerably diverse for indi-
vidual applications. Therefore, in photocatalytic reactions, the primary pro-
cesses of the photogenerated charge carriers are important. Though there 
are many review reports concerning the reactions of TiO2 photocatalysts,2–7 
in the present chapter the primary reaction processes studied mainly in our 
research group will be reviewed in particular by focusing on the application 
to environmental clean-up.

7.1.2 � Energy Levels of TiO2 and Water
Figure 7.2(A) shows the pH dependence of standard electrode potential8 for 
chemical species involved in four-step reduction from O2 to H2O. When the 
redox reaction involves H+ or OH−, the potential shifts depending on the 
solution pH by −0.059 V per pH unit according to the Nernst’s equation. 
In Figure 7.2(A), the slim dot-dash-line marked with (2e) shows a two-elec-
tron process, which is the average of the corresponding two processes of 
one-electron transfer. The other lines are one-electron redox potentials, 
which bent at the pKa of the corresponding species. Namely, •O2

− is proton-
ated at pH 4.8, while H2O2 and •OH are deprotonated at pH 11.7 and 11.9, 
respectively. Figure 7.2(B) shows relative free energy for chemical species 
involved in the four-step reduction from O2 to H2O at pH 0. Though the 
redox potentials were measured in homogeneous solution, they could be 
used as references for considering the primary kinetic processes at the sur-
face of the photocatalyst.

Figure 7.2(A) also shows the edge of the conduction band (CB) and the 
valence band (VB) of TiO2 for two crystal phases, i.e., anatase (A-TiO2) and 
rutile (R-TiO2). The potential energies of CB and VB are different between 
the two phases of TiO2. According to a recent report,9 the CB of anatase TiO2 
is lower by 0.22 eV than that of rutile TiO2, which contradicts results based 
on the measurements of flat band potential10 and used in the literatures for 
decades. However, this novel idea had already been suggested by a report on 

Figure 7.1 �� Difference in the representative two applications of photocatalytic reac-
tions, (A) water splitting and (B) environmental clean-up.
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167Kinetic Processes in the Presence of Photogenerated Charge Carriers

the calculated stability of polarons in the two phases of TiO2, where the holes 
are favourably located in bulk rutile, while electrons prefer bulk anatase.11 
The potential of the CB edge of rutile TiO2 shown by heavy dot-dash-lines in 
Figure 7.2(A) was calculated from recently published data for the flat-band 
potential of two faces of a rutile single crystal, that is −0.31 V vs. Ag/AgCl in 
0.1 M HClO4.12 The energy difference between the CB edge and the flat band 
potential was estimated to be 0.27 V from the donor density of 8 × 1014 cm−3 
by employing the reported data12 and the effective density of the states at the 
rutile CB edge, which is assumed to be 2.5 × 1019 cm−3.13

In Figure 7.2(A), the redox potential of trapped holes was estimated as that 
of the adsorbed •OH radicals which were produced by pulse radiolysis tech-
nique.14 Further discussion will be presented later in Section 7.3.3.

7.1.3 � Adsorption of Water Molecules
When photocatalytic reactions proceed in water, the reaction kinetics may be 
different from those performed in air. However, under air the surface of TiO2 
is covered with several layers of water molecules.15 Therefore, the difference 
may be related only to the diffusion processes of the molecules involved in 
the reaction; namely, diffusion in liquid phase or in gas phase.

Upon raising the temperature in ambient environments, the variation in 
the states of water adsorbed on the TiO2 powder could be observed as the 

Figure 7.2 �� (A) pH dependences of conduction band (CB) and valence band (VB) 
of rutile (R) and anatase (A) TiO2. The redox potentials (versus NHE) 
of chemical species are also expressed in the reduction steps from O2 
to H2O. The trapped holes are expressed by htr. (B) Relative free energy 
change (in unit of eV) for four-electron reduction of O2 to H2O.
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Chapter 7168

change of the proton NMR signals of the water. The TiO2 surface is covered 
with three water layers containing distinct water species: (I) the innermost 
layer with highly immobilized water, (II) the intermediate layer consisting 
of relatively mobile water, and (III) the outermost layer with mobilized water 
under the chemical exchange with water vapour.

To elucidate the proper photocatalytic kinetics, the processes of the incorpo-
ration of the organic pollutants into these three adsorbed water layers must be 
taken into account (Figure 7.3a). For instance, by employing ethanol as a pol-
lutant, by solid state NMR measurements it was revealed that the ethanol mole-
cules were initially incorporated into the outermost physisorbed water layer, and 
stabilized by the hydrogen bonds with water molecules (Figure 7.3b), where both 
ethanol and water molecules were fairly mobile.16 By increasing temperature up 
to 423 K (Figure 7.3c), with the evaporation of water molecules in the outermost 
layer, the ethanol molecules, which can reach the solid surface and react with 
titanol to form ethoxide, remain in the inner water layer. Since water and etha-
nol form an azeotropic mixture, ethanol could remain in the innermost water 

Figure 7.3 �� Schematic illustration of the incorporation of ethanol into the water 
layer at the TiO2 surface and photocatalytic decomposition in air. (a) 
TiO2 surface with water. (b) Ethanol molecules loaded preferably stay  
in the mobile physisorbed water layers. (c) On increasing temperature 
up to 423 K, water molecules in the inner phase would be replaced 
successively by ethanol and the ethanol molecules reaching the solid 
surface react with titanols to form ethoxide. At room temperature, the 
powder gradually re-adsorbs water molecules in the air and the ethox-
ide is hydrolyzed to ethanol, which returns to state b. (d) Photo-catalytic 
reactions of ethanol under atmospheric conditions take place in this 
state of the reactant, which decomposes to CO2 and water via several 
intermediate species.16 (Reprinted with permission from ref. 16. Copy-
right 2003 American Chemical Society.)
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169Kinetic Processes in the Presence of Photogenerated Charge Carriers

layer. When the temperature of the powder was decreased to room temperature, 
it gradually re-adsorbs water molecules from the air to form the water layers, 
where the formed ethoxide is hydrolysed to ethanol. Consequently, the original 
state (b) is reversed. Photocatalytic reactions of ethanol under atmospheric con-
ditions proceed in state (b) under UV irradiation and the incorporated reactants 
(ethanol) would decomposes to CO2 and water (Figure 7.3d).16

7.2 � Primary Processes of Photogenerated  
Charge Carriers

7.2.1 � Trapping of Free Charge Carriers
Upon UV irradiation an electron–hole pair, consisting of two free carriers, 
is produced in a TiO2 crystallite. The free electron in rutile remains at small 
polaronic state, resulting in the large effective mass of about 20m0.13 On the 
other hand, the electron mass in anatase is about m0. The effective mass of a 
hole in anatase nanoparticles was estimated to be 0.01m0,17 and that in rutile 
is suspected to be less than that of the CB electron.2

Each carrier in this mobile electron–hole pair is trapped inside or at the sur-
face of the semiconductor solid as a trapped hole and as a trapped electron, 
respectively. These trapped charge carriers could be identified by the transient 
absorption spectra as shown in Figure 7.4(A);18 the assignments of the absorp-
tion bands are illustrated in Figure 7.4(B). Besides the transient absorption 
of trapped electrons, a transient absorption of conducting electrons, which 
continuously increases with the wavelength in IR region, was observed (blue 
dotted line in Figure 7.4(A)). The electrons trapped below the CB show a broad 
absorption band at about 700 nm as illustrated by the yellow arrow in Figure 

Figure 7.4 �� (A) Transient absorption spectra for TiO2 film recorded immediately 
after excitation with a 355 nm picosecond laser pulse.18 (Reprinted 
with permission from ref. 18. Copyright 2010 Elsevier.) (B) Schematic 
illustration showing energy levels of the trapped carriers and the corre-
sponding absorption band in (A).
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Chapter 7170

7.4(B). On the other hand, the hole-trapping sites are located in the middle of 
the band gap. As shown in Figure 7.4(B), the absorption band of trapped holes 
at 500 nm (∼2.5 eV) indicates the transitions from the maximum density of the 
VB state to a trapped state. This absorbance may be also assigned to the tran-
sition from a partially occupied trapped state to the maximum density of the 
CB state, because the band gap is 3.0–3.2 eV. Since the holes behave as electron 
acceptors, the assignment that the electron in the valence band is excited to 
the trapped hole state seems appropriate. The potential of the hole trapping 
site agreed with the reports that the luminescence wavelength of the trapped 
holes is 810 nm (1.5 eV).19 The trapped holes were assigned to Ti–O• formed by 
the dissociation of the Ti–O–Ti bond in the TiO2 lattice. Moreover, the number  
of trapped electrons decreased proportionally with the excitation intensity, 
while the number of the trapped holes only changed slightly18 indicating that 
the trapped holes decay independently from the trapped electrons.

The transient absorption properties of 17 commercially available TiO2 
photocatalysts have also been investigated by femtosecond diffuse-reflec-
tance spectroscopy.20 The transient absorption spectra and the time profile 
of trapped holes are shown in Figure 7.5 for two representative TiO2, i.e., 

Figure 7.5 �� (A and C) Typical examples of time-resolved transient absorption spec-
tra for anatase (UV-100) and rutile (MT-150W) TiO2 powders at various 
delay times; (●) 0.1, (◼) 0.3, (▴) 0.8, (▾) 1.2, (○) 1.4, and (◼) 1.8 ps after 
the 200 fs laser excitation. (B and D) Temporal profiles of the tran-
sient absorption at 470 nm for anatase (B) and rutile (D) TiO2 pow-
ders.20 (Reprinted with permission from ref. 20. Copyright 2011 Taylor 
& Francis Ltd.)
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171Kinetic Processes in the Presence of Photogenerated Charge Carriers

UV-100 (anatase) and MT-150W (rutile). The trapped holes are formed after 
the excitation within the experimental time resolution of 0.5 ps, which is 
consistent with the hole trapping time at the surface of colloidal TiO2 par-
ticles, ∼50 fs.21 The total amount of trapped electrons became smaller with 
increasing particle size for pure-anatase and pure-rutile TiO2.20 For ana-
tase–rutile mixed TiO2 photocatalysts, the amount of trapped electrons was 
smaller as compared with those for the pure-anatase and pure-rutile TiO2 
photocatalysts.20 The initial decay of the trapped holes observed for anatase 
TiO2 became slower when it was mixed with rutile TiO2.20 This observation 
agrees with the result of the theoretical calculations, which shows that the 
holes are thermodynamically more stable in rutile than in anatase TiO2.11

7.2.2 � Trapped Electrons and Reduction of O2

Electrons are trapped as Ti3+ in the TiO2 lattice as shown by ESR measure-
ments.22 The electron trapping takes place with a time constant of 200 fs.21 
The life time of the trapped electrons can be very long, particularly when 
holes are consumed, and electrons do not react with scavengers such as O2. 
Since the shallowly trapped electrons can be de-trapped to become conduct-
ing electrons, the IR absorption of the conducting electrons could be used to 
monitor the photocatalytic reduction process.

Figure 7.6 shows the decay of the absorbance measured at 2000 cm−1 in the 
presence and the absence of 10 Torr of (A) O2 and (B) H2O.23 The absorbance of 
conducting electrons in CB decays in the presence of O2 (Figure 7.6(A)), indi-
cating that the adsorbed O2 was reduced by free electrons at the time scale 
of tens µs to form •O2

−. Since the absorbance of free electrons decays very 
slowly, trapping and de-trapping of electrons may take place in the absence 
of O2. In vacuum, the decay is extremely slow as shown in Figure 7.6(B) on a 
larger time scale, which could be ascribed to the consumption of electrons 
resulting from the recombination with holes. Notably, the decay declined in 
the presence of H2O vapour. This deceleration of the decay in the presence of 
water is ascribed to the consumption of the holes by the oxidation of water.

Figure 7.6 �� Transient IR absorption measured at 2000 cm−1 for conducting elec-
trons in TiO2 induced by the 355 nm pump pulse, in the presence and 
the absence of 10 Torr of (A) O2 and (B) H2O.23 (Reprinted with permis-
sion from ref. 23. Copyright 2001 American Chemical Society.)
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Chapter 7172

7.2.3 � Trapped Holes and Oxidation of Alcohols
Figure 7.7 shows the decay of the trapped holes in the presence of alcohols.24 
In Figure 7.7(A), the absorbance just after excitation did not change after the 
addition of water, indicating that the photogenerated holes did not react with 
water but with different alcohols. As shown in the Figure 7.7(B), the oxidation 
of adsorbed alcohols occurred within 8 ns of the pulse duration. Figure 7.7(A) 
shows various decay rates in the time scale of ps, indicating the difference in 
the reaction rate for each alcohol. In air, trapped holes decay slowly by the 
recombination with electrons, which is consistent with the decay of electrons.22

7.3 � Kinetic Processes at Pure TiO2 Photocatalysts
7.3.1 � O2 Production at Rutile Surfaces
It has long been supposed that the water photo-oxidation and photocatalytic 
oxidation of organic compounds were accompanied by •OH radical produc-
tion.3 In photocatalysis, it is difficult to investigate the oxidation process sep-
arately, because it is affected simultaneously both by the reduction process 
and by the electron–hole recombination. On the other hand, a photoelectro-
chemical process has advantages in terms of investigating oxidation only and 
allowing the measurement of reaction rates as electric current.

Figure 7.8(A) shows the current–time curves obtained under UV light irradi-
ation for three distinct single crystalline rutile TiO2 electrodes i.e., (100), (110), 
and (001).25 Only for the (100) electrode did the photocurrent decrease initially 
and then became constant. Since the initial photocurrent could recover after 
holding the electrode in the dark at the rest potential, tentatively, the anodic 
polarization changed the surface properties of the (100) face thus decreasing 
the photocurrent. Presumably, OH− anions were adsorbed on the surface by 
applying potential, then the surface reversed to the initial state by desorp-
tion. The electric charge of the photocurrent was measured by integrating the 

Figure 7.7 �� Transient absorption of trapped holes (A) measured at 400 nm with a 
160 fs laser and (B) measured at 415 nm with an 8 ns laser excitation at 
355 nm for anatase-TiO2 nanocrystalline film in air, methanol, ethanol, 
and 2-propanol.24 (Reprinted with permission from ref. 24. Copyright 
2006 American Chemical Society.)
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173Kinetic Processes in the Presence of Photogenerated Charge Carriers

photocurrent, and the yield of photocurrent was estimated from the electric 
charge by dividing by the amount of absorbed photons (Figure 7.8(B)). The 
amount of evolved O2 was measured and the yield (current efficiency) of O2 
formation was calculated with the electric charge. The O2 yield was found to be 
about 100% (Figure 7.8(B)). The concentration of •OH radicals produced under 
the same conditions was measured by a coumarin fluorescence probe method, 
and the •OH radical yield was calculated (Figure 7.8(B)).

The higher yield of photocurrent for (001) TiO2 indicates a faster O2 produc-
tion, while the yield of •OH radicals for this crystal was the smallest. On the other 
hand, for the (100) surface, O2 production was the slowest among the three elec-
trodes, while the •OH radical yield was the largest. This observation suggests 
that, when O2 formation is not feasible for some reason, •OH radicals should be 
produced at the rutile TiO2 surface. In other words, •OH radicals were formed as 
a by-product in the process of O2 production. In the oxidation process of water 
at the rutile surface, the two-electron oxidation intermediate was assigned to 
Ti–O–O–Ti peroxo complexes.26 Therefore, we could illustrate the difference in 
the reaction processes of O2 production and •OH radical formation as shown in 
Figure 7.9. The difference could be explained by the difference in the strength of 
the Ti–O bond of the peroxo intermediate against hole attack. Namely, O2 would 
be formed when the Ti–O bond in Ti–O–O–Ti breaks as shown in path (a). On the 
other hand, •OH radicals are formed when the O–O bond is cleaved (b) instead of 
the Ti–O bond. Since, for the ideal surface of (100), the Ti–O–O–Ti group exists 
in a symmetric structure, the Ti–O bond is more rarely broken as compared to 
the other facets, leading to a higher yield of •OH radicals.25

7.3.2 � •OH Radical Formation over Rutile and  
Anatase Photocatalysts

The difference in •OH radical generation through photocatalytic reaction 
with distinct crystalline types of TiO2 in aqueous suspension was explored by 
means of a fluorescence probe method. Figure 7.10(A) shows the formation 

Figure 7.8 �� (A) Time profiles of the photocurrent during O2 measurements at 
1.3 V (versus Ag/AgCl) for rutile TiO2 electrodes of distinct crystalline 
faces: (100), (110), and (001).25 (B) Yields of the photocurrent aver-
aged for 30 min of O2 and of •OH.25 (Reprinted with permission from  
ref. 25. Copyright 2013 American Chemical Society.)
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rate of •OH radicals measured by a terephthalic acid probe method in the 
presence (yellow bar) and in the absence (blue bar) of 0.2 mM H2O2.27,28 For 
the samples marked with (a), the measurements were performed by a cou-
marin-3-carboxylic acid probe method with and without 0.14 mM of H2O2.28 
Rutile TiO2 produced a much smaller amount of •OH radicals as compared to 

Figure 7.9 �� Plausible reaction steps starting from Ti-peroxo complex to form (a) 
O2 and (b) •OH at the rutile TiO2 surface.25 (Reprinted with permission 
from ref. 25. Copyright 2013 American Chemical Society.)

Figure 7.10 �� (A) Effect of H2O2 on •OH radical formation. In the presence (yellow 
bar) and in the absence (blue bar) of H2O2.27,28 The scale was adjusted 
by multiplying by 10 (×10) or dividing by 10 (/10) as suitable for each 
sample. (B) Effect of H2O2 on •O2

− formation. In the presence (white 
bar) and the absence (dark bar) of 0.2 mM H2O2.27 (Reprinted with per-
mission from ref. 27. Copyright 2007 Elsevier.)
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175Kinetic Processes in the Presence of Photogenerated Charge Carriers

anatase and mixed-phase TiO2. In the presence of H2O2 the •OH radical gener-
ation for the pure anatase TiO2 decreased but increased for rutile and mixed-
phase TiO2. The formation of •OH radicals from H2O2 is usually explained 
by the reduction by CB electrons. However, the formation of •O2

− was not 
decreased in the presence of H2O2 (Figure 7.10(B)). Then the addition of H2O2 
accelerated the oxidation of water to •OH radicals.

Therefore, the difference between the photocatalytic reaction of water 
and that of oxygen is illustrated in Figure 7.11. On the surface of anatase, 
photoinduced VB holes generate •OH radicals, while at the surface of rutile 
TiO2 water is initially oxidized to H2O2 and then further oxidized to O2.25 
In the generation process of O2, a certain amount of •OH radicals could be 
produced as depicted in Figure 7.8. On the other hand, electrons in the CB 
can reduce O2 to •O2

− and the latter may become H2O2 by disproportion-
ation.27 As illustrated on the right-hand side in Figure 7.11, when H2O2 is 
added into these reaction systems, for anatase TiO2, the oxidation of H2O is 
replaced by the oxidation of H2O2 to produce •O2

− because the redox poten-
tial of H2O2 is less positive than that of H2O as shown in Figure 7.2(A). Then, 
•OH generation is suppressed and •O2

− formation is accelerated with H2O2  
(Figure 7.10(B)). For rutile TiO2, since the surface is preferable for the O2 
generation, H2O2 is readily oxidized to O2 and then •OH radicals are pro-
duced as a by-product. This oxidation of H2O2 would accelerate the reduc-
tion of O2 to form •O2

−.29

Based on the above observations, the detailed generation mechanisms of 
•OH radicals on anatase and rutile TiO2 surfaces can be proposed as shown in 

Figure 7.11 �� Photocatalytic processes at TiO2 with anatase and rutile crystalline 
types in the absence of H2O2 (A) and (B) and in the presence of H2O2 
(C) and (D), respectively. The thickness of arrows expresses the degree 
of the reaction rate.28 (Reprinted with permission from ref. 28. Copy-
right 2014 American Chemical Society.)
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Figure 7.12. On the anatase surface, the photogenerated valence band holes, 
h+, are trapped at the surface oxygen to form trapped holes (Ti–O•) which can 
be regarded as adsorbed •OH in the deprotonated form (•O−);30 subsequently 
an •OH radical is released. Though the release of the •OH radicals has been 
shown to be thermodynamically hindered31 their release at the surface of 
TiO2 has been demonstrated by a laser-induced-fluorescence method.32 In 
contrast, for rutile TiO2, since the crystalline structure is packed more tightly 
than that for anatase TiO2, the stability of the surface trapped holes may be 
different. According to the reaction mechanism of water oxidation for rutile 
TiO2,33 Ti-peroxo species are formed by trapping h+ near the trapped hole. 
Since Ti-peroxo species are equivalent to the adsorbed H2O2,26 the increase of 
•OH generation with H2O2 for rutile TiO2 can be explained.

7.3.3 � Kinetics of Methanol Oxidation
To elucidate the photocatalytic oxidation process, free •OH radicals in pho-
tocatalysis were monitored by a fluorescence probe method in the presence 
of reactants (A), such as alcohols (MeOH and EtOH) and inorganic ions  
(I−, Br− and SCN−).34 The reaction processes can be modelled with eqn (7.1)–(7.6),  
where coumarin (Cou) reacts with free •OH radicals to form fluorescent OH–
Cou (7.5) to be detected. The question is whether the reactant A is oxidized 
directly by trapped holes (7.2) or by free •OH radicals (7.6) which are pro-
duced in the solution via the trapped holes (7.3). The reaction rate of A with 
free •OH radicals could be measured from the formation rate of OH–coumarin  
(OH–Cou) by changing the concentration of the reactant A. To fit the experi-
mental results, the reverse reaction of free •OH formation, namely the reaction 

Figure 7.12 �� Plausible mechanisms of •OH generation at anatase TiO2 (upper), and 
rutile TiO2 (lower). Note that the surface Ti-peroxo complex can be 
formed by the adsorption of H2O2 for rutile TiO2.28 (Reprinted with 
permission from ref. 28. Copyright 2014 American Chemical Society.)
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177Kinetic Processes in the Presence of Photogenerated Charge Carriers

in which the trapped holes are generated with the adsorption of free •OH 
radicals (7.4), should be involved:
  
	 ′ ++ ⎯⎯→ ⎯⎯→ +2 2TiO h TiOghv hv	 (7.1)

	 Ah A productk+ + ⎯⎯→′ 	 (7.2)

	 + −+ ⎯⎯→0 •h OH OHk 	 (7.3)

	 + −⎯⎯→ +h•OH h OHk 	 (7.4)

	 αc•OH Cou ·OH–Couk+ ⎯⎯→ 	 (7.5)

	 + ⎯⎯→A•OH A productk 	 (7.6)
  

On the basis of the set of the reactions (7.1)–(7.6), by using a steady-state 
approximation to h+ and free •OH, the concentration of OH–Cou produced 
after the irradiation time of t can be expressed by eqn (7.7):34

  

	
[ ]( )
[ ]

[ ]A h c0

c

Cou1 A
[OH–Cou] Cout

k k kk
t g t g kα α

+
= + ⋅

′ ′⋅ ⋅ ⋅ ⋅ ⋅

′
	 (7.7)

  
By analysis of the reaction with inorganic ions, the photocatalytic oxidation 

was found to proceed through free •OH radicals for inorganic ions. On 
the other hand, for the organic molecules it has been suggested that the 
oxidation should not be caused by the free •OH radicals but by the holes 
trapped on the TiO2 surface.34 This conclusion is supported by the fact 
that the quantum efficiency of CO2 formation by MeOH oxidation was ten 
times larger than that of the free •OH formation.34 A general scheme of 
the photocatalytic oxidation and probing of •OH radicals with coumarin is 
illustrated in Figure 7.13. Based on the kinetic analysis of the dependence 
on the coumarin concentration, the photogenerated •OH radicals in solu-
tion are most probably in equilibrium with the holes trapped on the TiO2 
surface. By assuming a diffusion control for the reaction of MeOH with h+, 
the equilibrium constant (=k0/kh) could be estimated to be about 0.01.34

Figure 7.13 �� Plausible photocatalytic oxidation processes for methanol and iodide 
ions deduced from •OH radical detection with coumarin fluorescence 
probe.34 (Reprinted with permission from ref. 34. Copyright 2014 
Elsevier.)
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The above discussion along with a previous study30 would lead to the impli-
cation that the generated free •OH radicals could be trapped on the TiO2 sur-
face. Trapping of •OH radicals was suggested in 1991 with the use of pulse 
radiolysis experiments, where the reaction of •OH produced by electron-beam 
irradiation in TiO2 suspension was found to form surface trapped holes:14

  
	 •OH ↔ •O− + H+ (pKa = 11.9)	 (7.8)
	 •OH + ≡ Ti4+ ↔ ≡ Ti4+O•− + H+ (ΔG ≈ −39 kJ mol−1)	 (7.9)
  

Although the proton dissociation constant of •OH in eqn (7.8) in homoge-
neous solution is reported to be pKa = 11.9,8 the pKa of •OH shifts to pKa = 2.8 
in the state adsorbed on TiO2, because the charge density shifts to the lattice 
oxygen.14 In other words, at neutral pH, •OH is adsorbed dissociatively in the 
form of a trapped hole as shown by eqn (7.9). The trapped holes could not 
react with coumarin to produce OH–coumarin but react with organic reac-
tants, such as methanol. The redox potential of the trapped holes was exper-
imentally obtained to be ca. 1.5 V (V versus NHE).14 Since the redox potential 
of •OH is 1.90 V,35 the adsorption of •OH on TiO2 in aqueous solution, eqn 
(7.9), is exo-energetic by about 0.4 eV or 39 kJ mol−1. Thus, the •OH in solu-
tion becomes the surface trapped hole by adsorption, because protons are 
released owing to the shift of the pKa associated with the adsorption.

7.4 � Modified TiO2 Photocatalysts for Visible  
Light Response

7.4.1 � Copper(ii) deposited TiO2 and WO3

To utilize TiO2 photocatalysts in indoor environments, visible-light respon-
sive photocatalysts prepared by the modification of TiO2 have been studied. 
The reaction processes of Cu(ii)/TiO2 and Cu(ii)/WO3 photocatalysts are 
proposed and illustrated in Figure 7.14.29 By grafting metal ions on the TiO2 
surface, the visible-light absorption was achieved by the interfacial charge 
transfer (IFCT) from the TiO2 VB to the grafted metal ions.36,37 The reaction 
processes of visible-light responsive Cu(ii)-grafted TiO2 and WO3 photocat-
alysts were analysed by detecting the trapped holes and electrons by means 
of ESR spectroscopy, and •O2

− and H2O2 by chemiluminescence photometry. 
The reduction of grafted Cu2+ and the alternative reduction of O2 by the thus 
formed Cu+ were elucidated by ESR measurements at 77 K for both photo-
catalysts under the irradiation of visible light. The one-electron reduction 
product of O2, i.e., •O2

−, was detected in aqueous suspension of Cu(ii)/TiO2. 
Contrary to the case of UV-irradiated bare TiO2, the formation of •O2

− was 
suppressed by the addition of H2O2. The decrease in •O2

− formation with the 
addition of H2O2 suggests that H2O2 should be reduced to •OH radicals at 
the Cu2+/Cu+ level, because the reduction of H2O2 occurs more preferably 
than that of O2 as indicated in Figure 7.2. For Cu(ii)/WO3, since the optical 
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absorption is mainly caused by band-gap excitation, only the two-electron 
reduction product, H2O2, was observed,29 with Cu2+ species acting as catalysts.

7.4.2 � Iron(iii)-deposited Ru-doped TiO2

Since the absorption coefficient of IFCT of Cu(ii) and Fe(iii) deposited TiO2 
is very small, the combination of metal ion doping via deposition has been 
developed to promote the visible light absorption.38 The photocatalytic reac-
tion processes of Fe(iii)-grafted TiO2 (Fe/TiO2) and Fe(iii)-grafted Ru-doped 
TiO2 (Fe/Ru:TiO2) were clearly elucidated by means of ESR spectroscopy and 
by chemiluminescence photometry.39

By ESR spectroscopy it was revealed that visible-light irradiation on the Fe/
TiO2 photocatalyst caused the direct charge transfer from the valence band 
of TiO2 to the grafted Fe ions. For the Fe/Ru:TiO2 photocatalyst, acceptor lev-
els were formed by doping Ru ions in the lattice of TiO2, because Ru3+ could 
be observed in the ESR spectra upon visible-light irradiation. In the presence 
of Fe(iii), the electrons at the acceptor level are readily transfered to Fe(iii) 
ions with recovery of Ru4+, then the signal of Ru3+ was not observed for Fe/
Ru:TiO2.39 In this case, the decrease in the ESR signal of Fe3+ was accordingly 
detected.39

Moreover, by chemiluminescence photometry it was confirmed that the 
grafted Fe ions act as a promoter to reduce O2 to H2O2 via two-electron reduc-
tion. Since longer-wavelengths of light (λ > 500 nm) induced the formation 
of the conduction band electrons, a two-step electron excitation from the 
valence band to the conduction band through defect levels such as oxygen 
vacancy (VO) was proposed as shown in Figure 7.15. However, it was implied 
that VO levels were not effective for visible-light photocatalytic activity.40

Figure 7.14 �� Energy diagram of Cu(ii)-grafted TiO2 (rutile) and WO3 photocatalysts 
at pH 7, showing the photocatalytic reaction processes under visible 
light irradiation.29 (Reprinted with permission from ref. 29. Copyright 
2014 American Chemical Society.)
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7.4.3 � Platinum Complex Sensitized TiO2

To provide visible-light response of TiO2 photocatalysts, dye sensitization 
type photocatalysts such as platinum(iv)-hexachloride deposited TiO2 (PtCl/
TiO2) have been proposed.41,42 The reaction process of PtCl/TiO2 photocata-
lysts under visible-light irradiation was examined by means of ESR spectros-
copy and chemiluminescence photometry.43

The photoinduced trapped electrons and holes were detected at 77 K 
by ESR spectroscopy. The ESR signal of Pt3+ was also observed under visi-
ble-light (λ > 500 nm) irradiation, indicating that a charge separation was 
induced in the deposited PtCl yielding Pt3+ and Cl radicals. Upon light irra-
diation, ESR signals appeared, which can be attributed to the holes trapped 
at the subsurface lattice oxygen. Notably, even under visible-light (λ > 500 
nm) irradiation, the PtCl/TiO2 produced a significant amount of trapped 
holes. This indicates that holes are photogenerated by a process other than 
inter-band excitation.

Figure 7.16(A) shows the amount of photogenerated •O2
− and H2O2 as 

a function of the irradiation time for PtCl/TiO2 in aqueous suspension. 
The amount of •O2

− abruptly increased in the initial stage, which could 
be caused by the reduction of O2 adsorbed on the surface. The decrease 
of •O2

− by further irradiation indicated that the generated •O2
− could be 

oxidized to O2 by photogenerated Cl radicals or by the valence band holes. 
Thus, as shown in Figure 7.16(B), valence band holes were formed by the 
electron transfer to the oxidized PtCl upon the visible-light absorption, 
leading to the high photocatalytic activity of PtCl/TiO2. Thus, in dye-sensi-
tized TiO2 photocatalysis, visible-light IFCT excitation to the oxidized dye 
to produce valence band holes was suggested to be involved in the reaction 
mechanism.43

Figure 7.15 �� Suggested reaction mechanisms of visible-light-responsive photoca-
talysis for Fe(iii)-deposited TiO2 and Fe(iii)-deposited Ru(iv)-doped 
TiO2. VO: oxygen vacancy.39 (Reprinted with permission from ref. 39. 
Copyright 2012 American Chemical Society.)
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7.4.4 � Gold-Nanoparticle Deposited TiO2

Quite recently, gold-nanoparticle-deposited TiO2 (AuNP/TiO2) has been antic-
ipated as one of the promising visible-light responsive photocatalysts, where 
the plasmonic absorption of AuNP plays the role of a photosensitizer.44 To 
investigate the primary reaction process causing the photocatalytic activity, 
we prepared various AuNP/TiO2 samples using 13 commercially available TiO2 
powders and detected the formation of •O2

−.45 In Figure 7.17(A) the initial gen-
eration rates of •O2

− are plotted as a function of the primary particle size of TiO2. 
In addition to •O2

−, the formation of singlet oxygen (1O2) was also detected.46 
Hence the reaction process could be illustrated as shown in Figure 7.17(B).

The rate of •O2
− generation became larger with increasing TiO2 particle size 

of AuNP/TiO2. The samples prepared with anatase TiO2 showed larger rates 
than those prepared with rutile TiO2. These observations could be explained 
by the following mechanisms, where the plasmonic excited AuNP electrons 
are transfered to TiO2 to produce •O2

− (Step 1). Since the CB potential of ana-
tase is less negative than that of rutile as described above (Section 7.1.2), 
anatase showed a higher rate of •O2

− formation with feasible electron transfer 
from AuNP to TiO2. For TiO2 particles of large size, the transferred electrons 
could diffuse in TiO2 for a longer period of time to reduce O2 (Step 2), then 
the recombination with h+ in the AuNP would be delayed. The simultanous 
formation of 1O2 has been explained by the oxidation of •O2

− (Step 3), based 
on our previous investigation on the 1O2 formation in the photocatalysis of 
bare-TiO2 under UV-irradiation.47,48

In Figure 7.18(A), the generated amount of 1O2 is plotted against the cor-
responding generation rate of •O2

−. The remarkable correlation observed 
between 1O2 and •O2

− confirmed the formation of 1O2 from •O2
− as stated 

above. In Figure 7.18(A), the mixed phase TiO2 (marked with the orange 
triangles) deviated from the dependence of pure crystalline phases of TiO2 
exhibiting a higher 1O2 production rate. The distinctive observation for the 

Figure 7.16 �� (A) Concentrations of (●) •O2
− and (○) H2O2 formed upon irradiation 

of photocatalysts with 442 nm light. (B) Suggested processes in vis-
ible-light-induced reactions for the Pt-complex modified TiO2 (PtCl/
TiO2) photocatalyst.43 (Reprinted with permission from ref. 43. Copy-
right 2012 American Chemical Society.)
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mixed phase TiO2 could be explained by electron transfer from rutile to ana-
tase phase in the particle (Figure 7.18(B)), which prolongs the lifetime of 
holes in AuNP by preventing the recombination with electrons, resulting in 
the increase of the oxidation of •O2

−.
It is generally acknowledged that 1O2 could be applied to photodynamic 

therapy. Since AuNP/TiO2 is a non-hazardous material, if sufficient genera-
tion of 1O2 is attained, AuNP/TiO2 could be applied to medical use.
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