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Abstract

For TiO2 photocatalysts, recombination of photoexcited electrons and holes would occur
in crystalline defects such as oxygen vacancies, Ti3+ ions, and surface states. Therefore, it
is believed that the density of crystalline defects should be decreased to improve the
photocatalytic activity of TiO2 particles. Contrary to this common knowledge, the intro-
duction of crystalline defects by hydrogen reduction treatment is shown to increase the
lifetime of photoexcited electrons in rutile TiO2 photocatalysts with an increase of n-type
electrical conductivity. The photocatalytic activities of H2-reduced rutile TiO2 were
higher than those of anatase TiO2 and mixed-phase TiO2. This chapter explains the effect
of donor doping on the photocatalytic activity of rutile TiO2, the relationship between its
physicochemical properties and photocatalytic performances, and the mechanism of the
enhanced activity of H2-reduced TiO2. Particle size dependence on the enhanced activi-
ties suggests the formation of a space charge layer in large TiO2 crystallites.

Keywords: rutile, n-type semiconductor, conduction electron, donor density, oxygen
vacancy

1. Introduction

For utilization of light energy including solar light, the development of highly active

photocatalytic materials is expected. Mainly oxide photocatalysts have been studied so far, but

the design guideline did not become clear even in the case of representative TiO2. In crystalline

type of TiO2 photocatalysts such as anatase, rutile, and brookite, it is believed that anatase TiO2 is

active based on the studies such as the oxidative degradation of organic compounds, H2 evolu-

tion from water, and photoinduced super hydrophilicity. When anatase TiO2 is annealed to

decrease the density of crystalline defects, the crystal structure is transformed into a thermody-

namically stable rutile phase. Generally speaking, the photocatalytic performance of rutile-type
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TiO2 is inferior except for the case in specific photocatalyst reactions. The reasons of lower

activity are attributed to the smaller BET-specific surface area, the energetically lower conduction

band bottom, and the shorter lifetime of the photoexcited carriers, compared to those of anatase

TiO2.

When oxide photocatalyst absorbs light with energy larger than the bandgap, an electron is

excited to the conduction band, and a positive hole generates in the valence band. The lifetime

of the photoexcited electron and the hole must be long enough to promote reductive and

oxidative reactions on the surface efficiently. However, most of the photoexcited carriers are

deactivated by recombination at crystalline defects such as impurities and disorder of the

atomic arrangement in the bulk, on the surface, and at the interface. Therefore, highly crystal-

line particles are considered to show high photocatalytic activity if the band structure and the

BET-specific surface area are the same.

The photocatalytic activity of rutile TiO2 is frequently low compared to that of anatase TiO2

photocatalyst. However, Maeda recently revealed that a rutile TiO2 can induce overall water

splitting to evolve H2 and O2 under UV irradiation [1]. We have also found that photocatalytic

activity of rutile TiO2 was improved by H2 reduction treatment. The reaction can be written

using Kröger-Vink notation (Table 1). Hydrogen reduction of TiO2 creates both oxygen

vacancy and electrons as shown in Eq. (1). Therefore, this treatment is recognized as a donor

doping. The electron is trapped in a Ti4+ lattice site to form Ti3+ ions (Eq. (2)). The enhanced

activity by introducing lattice defects is against the common knowledge in photocatalyst

chemistry: crystalline defects should be decreased.

O�
O þH2 ! V••

O þ 2e0 þH2O ð1Þ

Ti�Ti þ e0 ¼ Ti0Ti ð2Þ

Despite the reputed lower activity of rutile TiO2 than anatase, it is important to determine the

physical properties affecting the photocatalytic efficiency of rutile TiO2. This chapter explains

the donor doping effect on rutile TiO2 photocatalysts and the effect of H2 reduction treatment

Notation Meaning

Ti�Ti Ti4+ ion in titanium lattice site

M0
Ti M3+ ion in titanium lattice site

M•

Ti M5+ ion in titanium lattice site

e0 Conduction electron

O�
O O2� ion in oxygen lattice site

OH•

O OH� ion in oxygen lattice site

V••

O Oxygen vacancy, with double positive charge

Note: M corresponds to metal cation.

Table 1. Kröger-Vink notation of species in TiO2 lattice.
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on the photocatalytic activity of rutile TiO2. The properties of the H2-reduced rutile TiO2 were

characterized using diffuse reflectance UV-vis-NIR spectroscopy, electron spin resonance (ESR)

spectroscopy, sheet resistance measurements, and electrochemical Mott-Schottky analysis. The

role of oxygen vacancies, Ti3+ species, and conduction band electrons in the enhancement of

photocatalytic and PEC activities of H2-reduced TiO2 is discussed based on the experimental

results.

2. Doping in oxide photocatalysts

For semiconductor materials in electronic use, the density of electrons and holes is controlled

by the doping of impurities into crystalline materials. Doping means incorporation of foreign

impurities into the crystalline lattice of the parent semiconductor, and it is significantly differ-

ent from surface modification. The donor doping implies an introduction of electrons to create

an n-type semiconductor. The n-type conductivity is increased by donor doping and decreased

by an acceptor doping-introducing hole. The electrons in the conduction band and the trap-

ping site are one of crystalline defects in a wide meaning.

In semiconductor photocatalysts, doping of impurities is used to control the band structures.

An impurity level and a subband can be formed in the bandgap by substituting a different ion

for an ion constituting a crystal, and it is applied for the development of visible light-

responsive photocatalysts. However, photocatalytic activity under visible-light irradiation has

not yet been in practical use because of the low quantum yield. The doped impurities fre-

quently resulted in deactivation of the doped photocatalysts, suggesting that the dopants and

the created defects work as a recombination center decreasing the lifetime of photoexcited

electrons and holes.

2.1. Perovskite oxide photocatalysts

There are many papers reporting the enhancement of photocatalytic activity by doping of cations

and anions, although some of the reports lack reproducibility and experimental evidence. For

perovskite oxide photocatalysts, some research groups reported that the photocatalytic activity

was enhanced by acceptor doping, that is, doping of cations with valence lower than that of the

parent cations. It is known that oxygen vacancies are easily formed in perovskite oxides, which

resulted in the increase of electron density (Eq. (3)) and the origin of n-type semiconductivity.

O�
O ! V••

O þ 2e0 þ 1=2 O2 ð3Þ

The electrons are trapped in shallowmidgap states near conduction band bottom and can be easily

excited from the donor levels to the conduction band. During photoexcitation, photogenerated

holes would recombine with the electrons in addition to the photoexcited electrons. Therefore, a

higher accumulation of electrons in n-type oxide would result in lower photocatalytic activity.

Actually, this is true for perovskite oxide photocatalysts such as SrTiO3 and KTaO3 [2–4].
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Ishihara et al. reported that the doping of Zr4+ to KTaO3 particles was effective for improving

the activity for overall water splitting under UV irradiation [2, 3]. The photocatalytic activity of

nondoped KTaO3 loaded with a NiO cocatalyst (NiO/KTaO3) was negligible, but the doping of

a small amount of tetravalent cations such as Zr4+ increases the rate of photocatalytic H2 and

O2 evolution. KTaO3 was originally an n-type semiconductor, since the electrical conductivity

was monotonically increased with decreasing oxygen partial pressure. The doping of acceptors

would decrease electron density in KTaO3 according to Eqs. (4) and (5). The electrical conduc-

tivity of KTaO3 was decreased with an increase of the amount of doped Zr4+, which resulted in

the enhanced photocatalytic activity.

ZrO2 ��!
KTaO3

Zr0Ta þ 2O�
O þ 1=2V••

O ð4Þ

V••

O þ 1=2 O2 þ 2e0 ! O�
O ð5Þ

Takata and Domen also reported that acceptor doping effectively enhanced the photocatalytic

activity of cocatalyst-loaded SrTiO3 particles for overall water splitting [4]. Ga-doped and Na-

doped SrTiO3 exhibited photocatalytic activity higher than that of nondoped SrTiO3 by about

10 times. Ga3+ occupies the Ti4+ site and Na+ occupies the Sr2+ site, which resulted in the

decrease of electron concentration (Eqs. (6) and (7)). In contrast, the doping of a higher valence

cations (Ta and La) led to the suppressed photocatalytic activity of SrTiO3 (Eqs. (8) and (9)).

Here, Ta5+ occupies Ti4+ site, and La3+ occupies the Sr2+ site increasing the electron density of

SrTiO3. Since the electrons are trapped in Ti4+ sites to create Ti3+ species (Eq. (2)), the defect

species most responsible for recombination would be Ti3+ species in n-type perovskite oxide

photocatalysts.

Ga2O3 þ 1=2 O2 þ 2e0 ��!
SrTiO3

2Ga0Ti þ 4O�
O ð6Þ

Na2Oþ 1=2 O2 þ 2e0 ��!
SrTiO3

2Na0Sr þ 2O�
O ð7Þ

Ta2O5 ��!
SrTiO3

2Ta•Ti þ 4O�
O þ 1=2O2 þ 2e0 ð8Þ

La2O3 ��!
SrTiO3

2La•Sr þ 2O�
O þ 1=2O2 þ 2e0 ð9Þ

2.2. TiO2 photocatalysts

The roles of dopants in TiO2 photocatalysts are complicated and controversial, since it might

depend on the particle size, the crystallinity, the crystalline phase, and reaction conditions.

Generally speaking, impurities and crystalline defects work as recombination centers. How-

ever, there are some reports pointing that donor doping enhanced the photocatalytic activity of

Pt-loaded TiO2 [5, 6]. This trend for Pt/TiO2 photocatalysts is opposite to the case of perovskite

oxides, which is activated by acceptor doping.

Karakitsou and Verykios reported the effect of aliovalent cation doping to the TiO2 matrix on

the photocatalytic activity of Pt/TiO2 for H2 evolution [5]. Since the doped TiO2 was prepared

at 900�C, the crystalline structure was rutile phase and the particle size was large (BET-specific
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surface area, ~1 m2 g�1). In contrast to the case of perovskite oxides mentioned above, the

doping of cations with valence higher than Ti4+ (W6+, Ta5+, and Nb5+) enhanced the

photocatalytic activity, while the opposite was observed for acceptor doping (In3+, Zn2+, and

Li+). The measurement of electrical conductivity revealed that the cation doping changed the

bulk electronic structure [7]. The authors concluded that n-type conductivity correlates with

the enhanced photocatalytic activity of Pt/TiO2 with rutile form.

Ying et al. investigated the role of particle size in cation-doped TiO2 nanoparticles with anatase

crystalline structure [6]. For TiO2 nanocrystals with an average diameter less than 11 nm, the

doping of Fe3+ enhanced the photocatalytic activity for CHCl3 degradation. The optimal

concentration of Fe3+ dopants decreased with increasing TiO2 particle size, suggesting that

the role of Fe3+ species is the inhibition of surface recombination. The Fe3+ doping might work

less effectively for large TiO2 particles, since the dominant recombination process is bulk

recombination rather than surface recombination. The photocatalytic activity of TiO2 with

large particle size was increased by Nb5+ doping in a combination with Pt loading, while the

activity was decreased by sole Nb5+ doping.

3. Deactivation of TiO2 photocatalysts at high temperature

Improving crystallinity by annealing can enhance the photocatalytic activity of TiO2 by

decreasing defects that act as recombination centers. However, high temperature calcination

frequently decreased photocatalytic activity. This deactivation is commonly attributed to a

change of the crystal structure from anatase to rutile and a decrease in BET-specific surface

area because of crystal growth. Both crystallinity and specific surface area, which are related to

particle size, are changed by high temperature calcination. Therefore, it is difficult to charac-

terize the effect of annealing except for the effects by crystal growth.

We investigated the effect of high temperature calcination on the photocatalytic activity of

rutile TiO2 with a small BET-specific surface area, ~2.3 m2 g�1, to diminish the change in the

crystalline phase and surface area by crystal growth [8]. Photocatalytic activity toward H2

evolution was examined using an aqueous ethanol solution, with in-situ photodeposited Pt

nanoparticles, under UV irradiation. Figure 1 shows that the rate of photocatalytic H2 evolu-

tion was significantly decreased by calcination in air at temperatures higher than 500�C,

although the BET-specific surface area showed a little change. These results indicated that the

deactivation of rutile TiO2 particles at high temperature calcination could not be attributed to

the phase transition and the decreased surface area.

Then, the behavior of photoexcited electrons was examined using transient IR spectroscopy to

probe the dynamics of photoexcited electrons [8]. Changes in IR absorption were recorded

after the pump irradiation of 355-nm laser pulse in the presence of methanol. Owing to low

signal levels under vacuum, methanol was added as an electron donor. Figure 2 shows the

millisecond-scale decay of the photoinduced IR absorption observed for calcined rutile sam-

ples. Since the photogenerated holes react with methanol within a millisecond, the decay of the

signal attributed to photoexcited electrons is very slow. The signal magnitude decreased as

Hydrogen Reduced Rutile Titanium Dioxide Photocatalyst
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calcination temperature of the sample increased, suggesting the more recombination of photo-

excited carriers. The rutile TiO2 particles calcined at high temperature showed the less density

of long-lived photoexcited electrons, which resulted in the low photocatalytic activity. The

reason for the deactivation at high temperature calcination is attributed to fast charge carrier

recombination.

4. Hydrogen treatment of rutile TiO2

4.1. Photocatalytic activity of reduced TiO2

TiO2 is often considered as a nonstoichiometric oxygen-deficient compound. According to

Eq. (3), a small amount of electrons would be naturally doped. However, the n-type conduc-

tivity may be decreased by calcination in air at high temperature owing to the strong oxida-

tion. To confirm the effect of electron density on the fast recombination observed in deactivated

Figure 2. Transient IR spectroscopy setup and the transient absorption at 2000 cm�1 triggered by a 355-nm laser pulse

with 6-ns duration in the presence of methanol of the rutile TiO2 calcined in air at different temperatures: 500�C, 700�C,

900�C, and 1100�C.

Figure 1. Effect of calcination temperature on (a) the rate of photocatalytic H2 evolution from an aqueous solution of 50

vol% ethanol with H2PtCl6 (2.0 wt% as Pt) under UV irradiation from light emitting diode (peak wavelength 380 nm) and

(b) BET specific surface area of rutile TiO2 particles.
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TiO2, we performed H2 reduction treatment to the rutile TiO2 particles calcined at 1100�C [8].

The TiO2 samples were reduced by H2 at 500 or 700�C, increasing both the density of long-

lived charge carriers and photocatalytic activity (Figure 3). These results suggest that the

density of oxygen vacancies and/or electrons is an important factor determining the

photocatalytic activity.

H2 reduction treatment has received extensive attention for improving the photocatalytic

activity of anatase TiO2 nanostructures since the recent report of the visible-light sensitivity of

“hydrogenated black TiO2” with defect disorders [9]. H2 reduction treatment has also been

reported to improve the PEC activity of TiO2 nanowire arrays [10]. The H2 treatment creates a

high density of oxygen vacancies and electrons as shown in Eq. (1). We investigated the effects

of H2 treatment temperature on the photocatalytic activity of rutile TiO2 particles to discuss the

role of oxygen vacancies, Ti3+ ions, and conduction band electrons [11]. The photocatalytic

activity was examined using an O2 evolution from an aqueous solution of 50 mmol L�1 AgNO3

as a sacrificial electron acceptor (4Ag+ + 2H2O ! 4Ag0 + O2 + 4H+). Calcination above 900�C

decreased the photocatalytic activity of rutile TiO2 particles probably owing to strong oxida-

tion, but its initial activity was restored by H2 treatment at above 500�C. The photocatalytic

activity of reduced TiO2 was hardly changed after recalcination in air at 300�C, but signifi-

cantly decreased after recalcination at 500�C.

4.2. ESR and UV-vis-NIR spectroscopy

Electron spin resonance (ESR) is active for paramagnetic species such as Ti3+ ions (electron

trapped in titanium lattice site) and O•� radicals (hole trapped in oxygen lattice site).

Figure 4A shows ESR spectra of the H2-reduced TiO2 samples [11]. The TiO2 calcined at

1100�C exhibited signals with g = 2.061 and 2.045. Kumar et al. have reported radical formation

(g1 = 2.026, g2 = 2.017, and g3 = 2.008) on rutile TiO2 by calcination at 750�C and assigned the

signals to trapped holes on the surface (Ti4+O2�Ti4+O•� radicals) [12]. It has been reported that

strong oxidation of TiO2 facilitates the transformation of n-type oxygen-deficient TiO2�x to

p-type metal-deficient Ti1�yO2 [13]. The high temperature calcination of TiO2 may be considered

Figure 3. (A) Time course of photocatalytic H2 evolution from an aqueous ethanol solution with Pt, and (B) transient IR

absorption triggered by a 355-nm laser pulse in the presence of methanol: (a) TiO2 calcined in air at 1100�C, (b) TiO2

reduced with H2 at 500
�C after calcination at 1100�C, and (c) TiO2 reduced with H2 at 700

�C after calcination at 1100�C.

Hydrogen Reduced Rutile Titanium Dioxide Photocatalyst
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as acceptor doping to create titanium vacancy (V0 00 0
Ti) and hole (h•) according to Eq. (10). The

hole would be trapped in the oxygen lattice site as an O•� radical.

O2 ! 2O �
O þ V 0000

Ti þ 4h• ð10Þ

The signals attributable to O•� radicals (trapped hole) disappeared after H2 treatment at

400�C, indicating that strongly oxidized Ti1�yO2 was reduced to neutral TiO2 by the mild H2

treatment. The ESR spectrum of TiO2 reduced at 500�C exhibited a sharp signal at g = 2.002

assigned to electrons trapped in oxygen vacancies and an intense signal at g = 1.974 assigned to

Ti3+ ions (electron trapped in Ti lattice site) in rutile. This indicates that H2 treatment at 500�C

further reduced the TiO2 to oxygen-deficient TiO2�x. The signal at g = 1.974 was significantly

broadened when the H2 treatment temperature was increased to 700�C, indicating the high

density of Ti3+ ions. The TiO2 reduced at 700�C was assumed to be deeply doped n-type TiO2.

The color of the TiO2 samples changed from white to a pale ash color after H2 reduction

treatment [11]. Figure 4B shows diffuse reflectance UV-vis-NIR spectra of the TiO2 samples.

The onset of intense photoabsorption originating from interband transitions was located at ca.

415 nm corresponding to the bandgap of rutile, 3.0 eV. The spectrum of TiO2 reduced at 500

and 700�C exhibited a broad absorption located in the visible and NIR region, which can be

assigned to the transition of electrons in shallow traps and the conduction band. From the NIR

absorption, the density of electrons in the TiO2 reduced at 500�C was higher than that in the

TiO2 reduced at 700�C. Therefore, it is concluded that H2 reduction at higher temperature

increased the density of electrons in the conduction band.

4.3. X-ray photoelectron spectroscopy (XPS)

Figure 5 shows X-ray photoelectron spectra of the strongly oxidized TiO2 and reduced TiO2

[11]. There was no significant change in the Ti 2p spectra. The binding energy of 458.6 eV for Ti

2p3/2 was similar to the literature value for Ti4+ in TiO2. This indicates that the amount of Ti3+

ions on the surface of reduced TiO2 was too small to analyze by XPS. In contrast, there was a

Figure 4. (A) ESR spectra and (B) diffuse reflectance UV-vis-NIR spectra of H2-reduced TiO2 samples: (a) TiO2 calcined in

air at 1100�C, and (b–d) TiO2 treated with H2 after calcination at 1100�C. The H2 treatment temperatures are (b) 400�C, (c)

500�C, and (d) 700�C.
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significant difference observed in the O 1s spectra. The peak at 529.8 eV was assigned to lattice

oxygen of TiO2, and the shoulder peak at 531.5–532.0 eV was assigned to surface hydroxyl

groups. Unexpectedly, the area assigned to the hydroxyl group was higher in intensity for

reduced TiO2 than that of oxidized TiO2. This is because the oxygen vacancies at the top

surface became filled by reaction with H2O in the air. It is reported that oxygen vacancies

induce dissociation of water molecules and form two hydroxyl groups via H+ transfer to a

neighboring lattice oxygen according to Eq. (11) [14]. Therefore, oxygen vacancies are not

considered to be present on the surface of reduced TiO2 under ambient conditions. This

suggests that oxygen vacancies are not a catalytic site in reduced TiO2 photocatalysts.

V ••

O þH2OþO �
O ! 2ðOHÞ •

O ð11Þ

4.4. PEC and electrochemical properties

Thermally oxidized TiO2 films were prepared by a simple calcination of a Ti sheet at 900�C [11].

Figure 6A shows PEC properties evaluated in dilute sulfuric acid (0.1 mol L�1 H2SO4, pH = 1)

under UV irradiation (wavelength >330 nm). The thermally oxidized TiO2 film was inactive for

Figure 5. Ti 2p and O 1s X-ray photoelectron spectra of (a) TiO2 calcined in air at 1100�C, and (b) TiO2 treated with H2 at

700�C after calcination at 1100�C.

Figure 6. Effect of H2 treatment temperature on (A) PEC voltammetry curves in 0.1 mol L�1 H2SO4 (pH = 1) and (B) sheet

resistance and donor density of thermally oxidized TiO2 films.
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PEC water oxidation. The photocurrent was also negligible for the TiO2 films treated with H2

at 400�C. However, anodic photocurrent was observed at applied potentials larger than +0.1 V

versus Ag-AgCl after H2 treatment at higher temperature, suggesting the formation of long-

lived holes in the reduced TiO2 films.

Figure 6B shows the relationship between sheet resistance and donor density of the thermally

oxidized TiO2 films after H2 treatment [11]. The sheet resistance was measured using a four-

point probe. The donor densities were evaluated by Mott-Schottky analysis of the capacitance

of the space charge layer. The Mott-Schottky plots of the TiO2 films showed a positive slope of

n-type conductivity. The resistance of the thermally oxidized TiO2 films was high owing to

their low donor density. H2 treatment at above 450�C greatly reduced the sheet resistance and

increased the donor density. H2 treatment at 600�C increased the donor density by 2–3 orders

of magnitude. The enhanced PEC and photocatalytic properties are because of the increase of

n-type conductivity by H2 treatment.

5. Highly efficient TiO2 photocatalysts for H2 evolution

5.1. Phase junction between anatase and rutile

A mixture of anatase and rutile phases has been reported to be more active than either pure

phase alone. Incidentally, the highly efficient commercial photocatalyst Degussa (Evonik) P25

consists of mainly the anatase phase (~80%) with a reasonable amount of rutile (~15%).

Because a synergetic effect between anatase and rutile phases is often not observed when

separately synthesized powders are simply mixed together, close contact of the phases with

each other is expected to be necessary. The high activity of the mixture of phases has been

attributed to the separation of photoexcited charge carriers between the two phases. Anatase is

considered to be an active component in mixed-phase TiO2, while rutile is considered to act as

an electron sink because of the lower conduction band energy than that of anatase. In contrast,

an ESR study revealed that photoexcited electron transfer occurred from the conduction band

of rutile to that of anatase in mixed-phase P25 [15]. This would be because the trapping sites of

anatase lie below the energy level of the conduction band of the rutile phase. However, in

attempts to explain electron transfer from the conduction band of rutile to that of anatase, it is

reported that the conduction band of rutile lies ~0.4 eV above that of anatase based on

calculation and X-ray photoelectron spectroscopy studies [16]. In this way, there is controversy

over the alignment of the conduction band minima of rutile and anatase phases of TiO2,

experimental results suggest that the photoexcited electrons of rutile are less active than those

of anatase. It is reputed that pure rutile is less active for photocatalytic H2 evolution fromwater

than pure anatase and mixed-phase TiO2.

5.2. Reduced TiO2 with pure rutile phase

As mentioned, TiO2 P25 is a well-known commercial material with high photocatalytic activ-

ity. The mixture of anatase and rutile phases in P25 is reportedly more active than the individ-

ual polymorphs of TiO2. Contrary to this viewpoint, we demonstrated that H2-reduced

rutile TiO2 is much more active than mixed-phase P25 for photocatalytic H2 evolution from
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aqueous ethanol solution [17, 18]. To confirm that the anatase phase does not work as an active

component, we investigated H2 reduction treatment of pure single-phase rutile particles

[17]. P25 was first calcined in air at 900�C to induce complete phase transition from anatase

to rutile, and then the pure rutile phase was reduced by H2 at 700�C (Figure 7A). The

photocatalytic H2 evolution rate was enhanced to 344 µmol h�1 after H2 reduction treatment

at 700�C (Figure 7B).

Highly efficient rutile photocatalyst is easily fabricated from P25 by H2 reduction treatment at

700�C for 2 h [18]. The H2-reduced rutile TiO2 outperforms anatase-rich TiO2 because of the

wider absorption range caused by its bandgap of rutile (3.0 eV) smaller than that of anatase

(3.2 eV). The apparent quantum yield of H2-reduced rutile TiO2 was estimated to be 46% for

photocatalytic H2 evolution under 390-nm irradiation, which was 3.3 times higher than that of

mixed-phase P25.

6. Effect of particle size

6.1. Reduced TiO2 with large particle size

Crystalline size is one of factors affecting the lifetime of photogenerated charge carriers in oxide

photocatalysts. For photocatalytic O2 evolution by water oxidation, anatase TiO2 nanoparticles

exhibit poor activity, while larger rutile particles are more efficient. LargeWO3 particles with low

surface area-to-volume ratios are suited to providing long-lived photogenerated holes for water

oxidation [19]. This is because slow bulk recombination is the dominant process in larger

particles, rather than fast surface recombination.

Controlling the crystalline size of H2-reduced TiO2 is expected to improve the photocatalytic

activity for O2 evolution by water oxidation. The crystalline size and electron density of rutile

Figure 7. (A) XRD patterns of (a) P25, (b) P25 after calcination at 900�C, and (c) P25 treated with H2 at 700�C after

calcination at 900�C. Symbols ▲, ●, and ■ indicate peaks due to anatase TiO2, rutile TiO2, and NiO, respectively, which

was added as an internal standard. (B) Photocatalytic H2 evolution from aqueous ethanol solution over TiO2 samples (50

mg) with 2.0 wt% Pt under UV irradiation from 380-nm LEDs.
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TiO2 particles (BET-specific surface are 17 m2 g�1) was controlled by high-temperature calci-

nation and subsequent H2 reduction [20]. The photocatalytic activity of TiO2 for water oxida-

tion was significantly improved by H2 reduction at 700�C, after calcination at 1100�C

(Figure 8). The effect of H2 reduction treatment was obtained only if the rutile particle was

previously calcined at temperatures higher than 1000�C. The improved activity was probably

due to a combination of the increased crystalline size and the increased electron concentration.

The H2-reduced TiO2 exhibited high apparent quantum yield for O2 evolution, 41% under

irradiation at 365 nm.

Photocatalytic efficiencies per unit of BET-specific surface area were calculated to consider

surface reactivities [20]. The surface reactivity for water oxidation, defined as the O2 evolution

rate per unit of surface area, was significantly improved by H2 treatment when the samples

were previously calcined at >1000�C. It was found that H2 treatment also improved the surface

reactivities for photocatalytic H2 evolution and photocatalytic CO2 evolution (oxidative

decomposition of acetic acid). The H2 treatment effectively improved the surface reactivity of

TiO2 calcined at high temperature, without dependence on a particular photocatalytic reaction.

Thus, the improvement was not due to the surface modification such as a creation of catalytic

active sites, but due to the change of electronic properties.

6.2. Mechanism of the enhanced activity

Figure 9 shows a schematic illustration of the Fermi level in reduced TiO2. An increase in the

electron concentration of n-type semiconductors results in an improvement of the electrical

conductivity and an upward shift of the Fermi level toward the conduction band edge [21].

When n-type TiO2 contacts with water, space charge layer forms at the interface by electron

transfer from conduction band, with a simultaneous potential drop inside TiO2 (Figure 10).

This is so-called band bending. The higher Fermi level of n-type TiO2 resulted in the increase of

the surface barrier of Schottky type and the electric field in space charge layer. The intrinsic

Figure 8. Effect of calcination temperature on the rate of photocatalytic O2 evolution from water in the presence of

sacrificial AgNO3 over TiO2 samples treated by (●) calcination in air and (□) reduction with H2 at 700
�C after calcination.

SEM images of (a) TiO2 (rutile 96 wt%, BET-specific surface area 17 m2 g�1), (b) TiO2 calcined at 900�C, and (c) TiO2

calcined at 1100�C.
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electric field in the space charge layer separates photoexcited electrons and holes, preventing

their recombination. This facilitates the transfer of holes from the valence band to the reactants.

The width of space charge layer (W) is determined by the donor density (ND) and the potential

drop in the layer (Δϕ0) according to Eq. (12) [21].

W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ε0εΔφ0=eND

q

ð12Þ

where ε0 is the permittivity of vacuum, ε is the dielectric constant of semiconductor, and e is

electronic charge. As the electron concentration increases, the space charge layer narrows.

Thus, there exist an optimum electron concentration and an optimum particle size depending

on this concentration. For example, W can be calculated to be 220 nm at ND = 1017 cm�3,

assuming Δϕ0 = 500 mV, and taking ε for rutile to be 86. The radius of photocatalyst particle

should be larger than this thickness to obtain a band bending. The calcination temperature

dependence observed in Figure 8 can be explained in terms of the relation between the particle

size and the thickness of space charge layer. High-temperature calcination would be necessary

to increase the TiO2 particle size to an optimum value, 500 nm–1 µm, to form space charge

Figure 9. Fermi level (EF) of (a) stoichiometric TiO2 insulator and (b) reduced TiO2 with n-type conductivity, in which Ti3+

ions are donor and (c) reduced TiO2 under photoirradiation.

Figure 10. Interface of n-type semiconductor and solution (a) before and (c) after contact in thermal equilibrium. Eredox is

the electrode potential of redox species in the solution, Δφ0 is potential drop in the semiconductor,W is the width of space

charge layer, and r is the radius of the semiconductor particle (r > W).
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layer thickness. The formation of space charge layer is suggested to be involved in the activa-

tion mechanism of H2-reduced rutile TiO2 with large particle size.

7. Conclusion

H2 reduction treatment enhanced the photocatalytic activity and PEC properties of rutile TiO2

with large particle size. One of the most important factors deciding the photocatalytic activity

of reduced TiO2 is the density of electrons in shallow traps and conduction band, rather than

the density of oxygen vacancies. H2 treatment at 500�C created Ti3+ ions (trapped electrons),

while treatment at 700�C increased the density of conduction electrons, resulting in an

improvement of the electrical conductivity of the TiO2 by 2–3 orders of magnitude. The

enhanced activity of the reduced TiO2 suggests that n-type conductivity governed by electron

density plays an important role in suppressing fast recombination by facilitating charge trans-

port. The suppression of recombination in the reduced TiO2 was caused by not only the high

electrical conductivity but also the band bending in space charge layer. The built-in electric

field facilitates charge separation and charge transfer. Thus, the surface reactivities of reduced

TiO2 with large particle size were enhanced without dependence on reactions. It was demon-

strated that H2-reduced rutile TiO2 exhibited photocatalytic activity higher than that of anatase

TiO2 and mixed-phase TiO2.
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