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Abstract Photoluminescence is a powerful technique in the study of semiconductor

photocatalysts. This chapter deals with the application of photoluminescence tech-

niques to the study of TiO2 in relation to its photocatalytic performance. The

assignment of the visible and the near-infrared luminescence characteristics of

TiO2 are discussed. The influence of the adsorbed molecules, such as H2O, O2, H2,

unsaturated hydrocarbons and Pt loaded on TiO2, on the photoluminescence char-

acteristics of TiO2 is also discussed. The relationship between the photolumines-

cence features of TiO2 and the photo-assisted reaction of water and methanol

mixture is also summarized.

1 Introduction

Photoluminescence spectroscopy is a contactless, nondestructive method of prob-

ing the electronic structure of materials. Nowadays, the highly sensitive photolu-

minescence technique is widely used in the investigation of the photophysical and

photochemical properties of solid semiconductors (Anpo et al. 1985a, b, 1989;

Nakajima et al. 2001, 2004; Nakajima and Mori 2004; Jung et al. 2005; Murakami

et al. 2006, 2007). Particularly, it is a powerful technique in the study of photo-

catalysis, since it can supply meaningful information about the relationship

between the nature of the defect sites, such as surface oxygen or metal vacancies,

and the efficiencies of charge carrier trapping, immigration and transfer (Jeon et al.

2009; Naito et al. 2009). Application of the photoluminescence to the study

of the relationship between the solid surface properties and the efficiency of

the photocatalysis has already been reviewed by others (Anpo and Che 2000;
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Jing et al. 2006). And this chapter mainly deals with the application of the

photoluminescence techniques to a particular TiO2 semiconductor photocatalyst.

Because of the high chemical stability and favorable energy band structure

for the development of robust and efficient photocatalysts, TiO2 has been drawing

enormous attention over the past decades. Anatase and rutile, the two major crystal

structures of TiO2, are commonly used in photocatalysis. It is well known that

the photocatalytic activity of TiO2 largely depends on its crystal structure (Tsai

and Cheng 1997; Tanaka et al. 1991; Nishimoto et al. 1985; Ding et al. 2000; Ohno

et al. 2001; Fujihara et al. 1998) and surface properties (Anpo et al. 1989; Yu et al.

2000; Wu et al. 2004), etc. The crystal structures (Tang et al. 1994a; Poznyak et al.

1992; Montoncello et al. 2003; Nakajima et al. 2005) and the surface properties

(Anpo et al. 1989; Nakajima et al. 2002, 2004; Nakajima and Mori 2004) of TiO2

also have essential correlation with the luminescence features of TiO2. Therefore,

photoluminescence spectroscopy study can depict the surface photoactive sites of

TiO2 (Anpo et al. 1985a; Nakajima et al. 2001, 2002; Jung et al. 2005).

This chapter focuses on the review of the application of photoluminescence

spectroscopy in the study of TiO2 photocatalysts. The whole chapter is organized as

follows: Sect. 2 will give a brief introduction of the fluorescence spectroscopy,

followed by the photoluminescence characteristics of TiO2 in Sect. 3; the influence

of adsorbed molecules and loaded metal Pt on the photoluminescence properties of

TiO2 will be discussed in Sect. 4; the relationship between the photoluminescence

features of TiO2 and its photocatalytic activity will be discussed in Sects. 5 and 6;

based on the above extensive discussion, the final conclusion will be made in

Sect. 7.

2 Laser-Induced Fluorescence Spectroscopy

Fluorescence spectroscopy is an important spectroscopic technique for the

exploration of the electronic structures of materials in a molecular level. It has

been extensively applied in biology, pharmacology, and analysis sciences since

it is not only sensitively gives the information about the electronic and vibrational

states of the luminescent molecule, but also sensitively probes the influence of

surrounding environment on the electronic structures of the fluorescent molecules.

Fluorescence spectroscopy can help us better understand the mechanism of

the chemical reaction and guide us to design efficient photocatalysts. Various

kinds of commercially available autocompensating spectrophotofluorometers

(photoluminescence instrumentation) have been employed in the study of catalysts.

In these spectrophotometers, Mercury or Xenon arc lamps are commonly used

as the excitation source. However, laser-induced fluorescence (LIF) spectroscopy,

in which laser is used as the excitation source, has been developed in recent

years. Compared with the traditional fluorescence spectroscopic technique,

in which lamp is used as the excitation source, LIF spectroscopy has some

distinguished advantages in terms of higher sensitivity, more facile control of
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the light system of the apparatus, and less sample area for luminescence.

In literature, there are numerous reports on the application of LIF spectroscopy in

biological science. Detection of single molecules using LIF spectroscopy has also

been reported. However, this technique has not been well applied in the field of

catalysis area.

In order to study heterogeneous catalysis using LIF, we designed and built

up an in situ laser-induced fluorescence spectroscopy setup, as shown in Fig. 1. In

this setup, continuous wave UV lasers and visible lasers are used as the excitation

sources. It is equipped with the home-made ellipsoidal mirror collecting system,

which can provide a large space to accommodate the sample treatment

system. The CCD is mounted at the focal plane in the exit of the monochromator

for efficient detection of the fluorescence signal and collection of the full spectrum

simultaneously. A home-made in situ sample cell connected with the gas

system is fixed at the focal point of the ellipsoidal mirror. This setup is very

convenient to carry out in situ fluorescence studies under various experimental

conditions. Using this setup, we have successfully investigated many photo-

luminescence properties of heterogeneous catalysts in our laboratory (Chen et al.

2004a, b, 2005). By using this technique, we detected the defects in catalyst, which

is the crucial subject concerning active sites (Chen et al. 2004a, b). Furthermore,

using aniline as the fluorescence probing molecule, this setup also enabled

us to study the surface properties of the superacid sulfated zirconia catalysts

(Chen et al. 2005).

The photoluminescence has been drawing a great deal of attention in the field of

photocatalysis in recent years, because it is proved to be a powerful technique to

explore the electron and hole related photocatalytic processes which take place on

the surface of solid semiconductors. Indeed, combining the LIF spectroscopy with

other spectroscopic techniques, we have successfully obtained some essential

information regarding the surface properties of semiconductor photocatalysts as

well as the relaxation processes of the photo-induced charge carriers (Shi et al.

2006, 2007a, b).

Fig. 1 The schematic diagram of the in situ laser-induced luminescence spectroscopy setup
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3 The Photoluminescence Characteristics of TiO2

As an indirect wide band-gap semiconductor, the band edge luminescence of TiO2

is difficult to be observed (Emeline et al., 2005). The photoluminescence wave-

length of TiO2 depends on its crystal structure and its particle size, while the

photoluminescence intensity depends on the dopants, annealing temperatures and

atmospheric conditions during the crystallization of TiO2, and the ambient temper-

ature and atmospheric environments during the photoluminescence measurements.

The main features of TiO2 are the broad and structureless visible or near-infrared

luminescence bands (Anpo et al. 1985a, b, 1989, 1991; Serpone et al. 1995; Tang

et al. 1993, 1994b; Zhang et al. 2000a, b; Montoncello et al. 2003; Mochizuki et al.

2003; Poznyak et al. 1992; Hachiya and Kondoh 2003; Nakato et al. 1983, 1986,

1997; Grabner et al. 1970; Ghosh et al. 1969; Fernández et al. 2005; Plugaru et al.

2004; de Haart and Blasse 1986; Forss and Schubnell 1993; Lei et al. 2001; Qian

et al. 2005; Knorr et al. 2008).

In photoluminescence spectrum, the anatase TiO2 has a visible emission with a

broad spectral width. In general, the origin of the photoluminescence of anatase

TiO2 can be attributed to different kinds of species: self-trapped excitons, oxygen

vacancies and defect sites, impurities or reduced metal ions, etc. The broad visible

luminescence band of anatase TiO2 was interpreted as the emission from the self-

trapped excitons localized on TiO6 octahedra by Tang (Tang et al. 1993, 1994b).

Zhang et al. (2000a, b) observed the visible luminescence band at 2.15–2.29 eV and

interpreted it as the recombination of the electron/hole pairs via the localized levels

within the forbidden gap, which are related to some defect centers resided in

the surface region of anatase nanocrystallites. In the study of pristine anatase,

Mochizuki and co-workers reported that the broad visible luminescence band was

originated from the surface oxygen defects (Mochizuki et al. 2003). Fernández et al.

(2005) also observed a complex visible band in different surface orientations of

TiO2 single crystals by the cathodoluminescence spectra and ascribed it to oxygen

vacancies accompanied with the formation Ti3+. For rutile TiO2, a near-infrared

luminescence band peaked at about 830 nm has been reported. The luminescence

centers of this near-infrared band were identified as the Cr3+ impurities (Grabner

et al. 1970; Haart et al. 1986), though many other researchers attributed it to the

interstitial Ti3+ ions (Fernández et al. 2005; Plugaru et al. 2004; Ghosh et al. 1969).

In the photoluminescence spectra of rutile electrode in aqueous electrolyte solu-

tions, the near-infrared luminescence band was attributed to the intermediate

species generated during the photooxidation reaction of water (Nakato et al.

1983, 1986, 1997). On the contrary, Poznyak et al. (1992) proposed that the near-

infrared band was associated with the luminescence centers of the intrinsic defects

in TiO2, which shows more characteristic features of the rutile lattice other than

anatase lattice.

In our work, the phase transformation of TiO2 calcined at different temperatures

was systematically studied by the UV-Raman spectroscopy (Zhang et al. 2006).

We further studied the photoluminescence properties of TiO2 in the progress of
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phase transformation. Interestingly, it was found that the visible luminescence band

is related to the anatase structure and the near-infrared luminescence band is

associated with the rutile structure (Shi et al. 2007a, b). The photoluminescence

spectra and UV-Raman spectra of TiO2 calcined at different temperatures

are shown in Fig. 2. Comparison of the photoluminescence spectra with the UV-

Raman spectra of TiO2 clearly shows that the position of the luminescence bands is

related to the crystalline structure of TiO2. The sample calcined at 500�C is pure

anatase phase and displays only the visible luminescence band centered at 505 nm.

Elevating the calcination temperature to 600�C, the rutile phase begins to be

detected by Raman spectroscopy; accordingly, the near-infrared luminescence

band appears in the photoluminescence spectra. With the increase of the calcination

temperature, the anatase phase is gradually transformed into the rutile phase, while

the visible luminescence band is quenched and the near-infrared luminescence band

is prevailed. When anatase phase completely transforms into the rutile phase, the

visible luminescence band nearly disappears and the near-infrared luminescence

band predominates in the photoluminescence spectra. The results obtained from

commercial TiO2 further indicates that the visible luminescence band located at

about 505 nm and the near-infrared luminescence band centered at about 835 nm

are respectively relative to anatase structure and rutile structure.

The photoluminescence properties of semiconductors are closely related to

the surface stoichiometry and the kinds of surface states, which usually could be

changed by annealing processes (Zacharias and Fauchet 1997). Sekiya et al. (2004)

reported that the defects states of TiO2 can be controlled by heat treatments under

oxidation or reduction atmospheres. As shown in Fig. 3, the visible and the near-

infrared luminescence bands exhibit obviously different characteristics in the in situ
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Fig. 2 (a) UV-Raman and (b) photoluminescence spectra of TiO2 calcined at different tempera-

tures (Shi et al. 2007a, b)
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photoluminescence experiment of TiO2. The visible luminescence band is

quenched after annealing TiO2 in O2 and enhanced in the following reduction

treatment in H2. On the contrary, the near-infrared luminescence band is increased

in the oxidation treatment in O2 and quenched in the reduction treatment in H2.

It has been reported that reducing TiO2 in hydrogen atmosphere could generate

oxygen vacancies (Cronemeyer 1959; Göpel et al. 1983; Salvador and Garcı́a

González 1992), accompanied by the formation of Ti3+ ions (Sekiya et al. 2004;

Qian et al. 2005; Henderson et al. 1999), while oxidizing TiO2 in oxygen atmo-

sphere could remove oxygen vacancies and produce the stoichiometry surface

(Sekiya et al. 2004; Sanjinés et al. 1994). Numerous spectroscopic studies (Henrich

and Cox 1994) have observed isolated oxygen vacancy sites associated with

the reduced Ti cations. For example, UPS shows a state located ca. 0.7–0.8 eV

below the EF in the band gap of reduced anatase TiO2 (Kurtz et al. 1989), which was

characterized by the XPS as the defect sites associated with Ti3+ ions (Sanjinés et al.

1994). Therefore, it is concluded that the visible luminescence band is originated

from the oxygen vacancies associated with Ti3+ in anatase TiO2. For the near-

infrared luminescence band, we temporarily ascribe it to the intrinsic defects in

rutile TiO2 and more experiments are needed to confirm the nature of these intrinsic

defects.

It is well known that anatase and rutile are the two major crystal structures

of TiO2, which are commonly used as TiO2 based photocatalysts. The structures of

these two crystals can be described as the chains of TiO6 octahedra differed by

the distortion of each octahedra and assembly pattern of the octahedra chains

(Linsebigler et al. 1995). The structural differences of these two crystals in the

form of anatase and rutile lead to the differences in their electronic and optical
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Fig. 3 In situ photoluminescence spectra of TiO2 calcined at (a) 500
�C and (b) 900�C. The in situ

treatment process: (a) after calcined at 520�C for 1 h in O2 and purged by N2; (b) after calcined at

520�C for 2 h in H2 and purged by N2; (c) after exposure to water vapor for 30 min; (d) after purged

water vapor by N2; and followed by thermal desorption of water in N2 for 20 min (e) at 100�C; (f)
at 300�C; (g) at 500�C (Shi et al. 2007a, b)
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properties (Chaves et al. 1974; Plugaru et al. 2004; Diebold 2003). So, it is

reasonable to conclude that the different crystalline structures of TiO2 result in

the different luminescence centers in anatase and rutile. This conclusion is obvi-

ously supported by our experimental observations, i.e., the oxygen vacancies

related to visible emission are prevailed in anatase while the defect states related

to near-infrared emission are predominant in rutile. In the mean time, during the

phase transformation processes of TiO2 from anatase to rutile, it was found that the

luminescence centers change from the oxygen vacancies in anatase to the intrinsic

defects in rutile, evidenced by the visible emission band replaced by the near-

infrared band.

4 The Influence of the Adsorbed Molecule

on the Photoluminescence Properties of TiO2

Photoluminescence is basically a kind of surface phenomena of the solid materials,

hence the changes of the surface environment will have significant impact on the

photoluminescence processes. Study the photoluminescence in the presence of

reactant molecules is expected to be a useful approach toward better understanding

the relationship between the surface structure and the excited states of the catalysts.

Meanwhile, the reactant molecules can also act as molecular probes to explore the

detailed photo-induced surface processes generating the electron and hole pairs.

The photoluminescence intensity of TiO2 largely depends on its surrounding

chemical and physical environments, such as the nature of the adsorbed molecules.

The photoluminescence intensity of TiO2 depends heavily on its atmosphere. Anpo

et al. (1991) had qualitatively depicted the dependence of the photoluminescence

intensity of TiO2 on its surrounding environments by correlating the photolumines-

cence with the change of the surface band bending.

For the highly dispersed titanium oxide with individual Ti–O sites anchored onto

the porous Vycor glass (Anpo et al. 1985a), its photoluminescence peak located at

about 485 nm with much higher intensity than that of bulk TiO2, which is attributed

to the radiative deactivation of the charge-transfer excited state of the titanium

oxide species:

ðTi3 � O�Þ� �!hv ðTi4þ � O2�Þ

The addition of O2 led to an efficient quenching of the photoluminescence

at �196 or 27�C. The addition of N2O also led to the quenching of the photo-

luminescence but with lower quenching efficiency than that of O2. The efficient

quenching of the photoluminescence was attributed to the efficient interaction of

the emitting sites with the quencher molecules (O2 or N2O here), since the emitting

sites were highly dispersed individual sites on the surface of porous Vycor glass.

Here, the quenching of the photoluminescence is mainly due to the electron transfer

from the excited states of the catalyst to the added O2 or N2O molecules.
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Anpo et al. (1989) also systematically studied the influence of the different

adsorption molecules on the photoluminescence properties of TiO2 powder. The

TiO2 powder exhibits a photoluminescence band at 450–550 nm when excited with

the light of photon energy larger than the band gap of TiO2. As shown in Fig. 4, the

intensity of the photoluminescence obviously decreases with the increase

of the amount of O2 adsorbed onto TiO2. However, addition of excessive amount

of O2 cannot quench the photoluminescence completely. In a typical experiment

for a sample under 1 bar of O2 atmosphere, it was found that about 15% of the

photoluminescence remains unquenched. And the quenched photoluminescence

could not be fully recovered upon evacuation of the sample at 25�C. ESR measure-

ments indicated that addition of O2 onto TiO2 at 25�C leads to the formation of

O2
� anion radicals adsorbed onto the Ti4+ sites. This confirms that the irreversible

quenching of the photoluminescence is due to the formation of thermally stable

superoxide anion species which retains tightly on the surface of TiO2 even

after exhaustive evacuation at 25�C. It was also found that addition of N2O also

leads to the photoluminescence quenching but with relatively lower quenching

efficiency compared to O2. The photoluminescence quenching by N2O was inter-

preted as the consequence of electron transfer from TiO2 to N2O molecules which

further decompose into N2 and O
�. On the contrary, addition of various unsaturated

hydrocarbons, such as 1-C4H8, C3H6, C2H5C�CH, CH3C�CH, C2H4, and CH�CH,

and small molecules such as H2O and H2, can considerably enhance the photolumi-

nescence of TiO2 powder. Furthermore, the extent of the photoluminescence

enhancement strongly depends on the ionization potentials of the added
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compounds: the lower the ionization potential of the added compound, the

higher the photoluminescence intensity. Addition of inert gas, such as N2, has

negligible influence on the photoluminescence. The quenching and enhancement

of the photoluminescence intensity of TiO2 powder can be understood by the

changes of the surface band bending in the dead-layer model: the width of the

TiO2 depletion layer becomes larger if the negatively charged adduct species are

formed through the electron capture; or it becomes smaller if positive adduct

species are formed through the hole trapping. Consequently, the photolumines-

cence intensity of TiO2 powder is quenched or enhanced.

Nakajima investigated the influence of C1–C3 alcohols on the photolumines-

cence properties of TiO2 and discussed the relationship between the properties of

the photoluminescence and the adsorbates on the TiO2 surface (Nakajima et al.

2001, 2002, 2004). The photoluminescence of rutile and anatase TiO2 powders was

measured at room temperature in vacuum, in air, and in air with one of C1–C3

alcohols (methanol, ethanol, 1-propanol, and 2-propanol). For rutile TiO2 powder

(Fig. 5), the photoluminescence intensities in air with the C1–C3 alcohols and in

vacuum increase linearly with t0.5, and the time dependence of the photolumines-

cence intensities agrees with that of the integrated amount of photo-desorbed

O2 from rutile TiO2 powder. For anatase TiO2 powder, the photoluminescence

intensities in air with methanol and in vacuum also increased linearly with t0.5.
But this is only the case for methanol, adsorption of other alcohols in air do not

increase the photoluminescence intensities. This kind of time dependence of the

photoluminescence intensities of TiO2 in air caused by the interaction with alcohols

is elucidated by considering the photo-desorption of O2 and its effect on the surface

band bending of the TiO2 powder. It is known that the adsorbed O2 on the rutile

TiO2 powder can be photo-desorbed by the irradiation of the excitation light during

the photoluminescence measurement. Adsorption of alcohols inhibits the desorbed

O2 from re-adsorption onto the powder by taking the adsorption vacancies left by

the desorbed O2. Replacement of the adsorbed O2 by alcohols reduces the surface
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charge density of the powder and hence the thickness of the space-charge layer

linearly with the increase of the t0.5. Decrease of the space-charge layer surely

facilitates the electron-hole recombination on the surface of the powder, resulting in

the increase of the photoluminescence intensity. The inconsistency of the photo-

luminescence behavior of the anatase TiO2 upon interaction with different alcohols

might be originated from the different photocatalytic activities of anatase TiO2

toward different alcohols.

The influence of H2O molecules on the photoluminescence properties of TiO2

has been studied in our group (Shi et al. 2007a, b). As shown in Fig. 3A, the

intensity of the visible luminescence band increases in the presence of water vapor,

decreases gradually upon the heat-treatment, and finally declines to the initial level

after annealed in the oxygen atmosphere. The interaction between water and the

surface of TiO2 has been studied by a variety of spectroscopic techniques, such as

temperature-programmed desorption (TPD), scanning tunneling microscopy

(STM), X-ray and ultraviolet photoemission spectroscopy (XPS and UPS). Kurtz

et al. (1989) reported that the dissociative adsorption of H2O onto the TiO2 surface

results in the increase of the amount of the Ti3+ defect sites, which also serve as an

indication of the increase of the amount of oxygen vacancy sites, since formation of

these two sites are the parallel results of the Ti–O bond dissociative cleavages.

These fundamental processes can aid us to understand the photoluminescence

effect of water upon adsorption onto the TiO2. It was observed that the visible

emission intensity was increased after exposing the surface of TiO2 to water vapor.

The interaction between the water molecules and the TiO2 surface defect sites

actually involves not only the adsorption and dissociation of water on the surface,

but also the surface redox reaction such as re-oxidation of the reduced Ti3+ to Ti4+

by the adsorbed water molecules (Wang et al. 1999; Lu et al. 1994). The oxygen

atoms of the water molecules are preferentially extracted by the substrate to fill the

surface oxygen vacancies. Therefore, the gradual quenching of the visible lumines-

cence band was observed in the following processes of the thermal treatment.

Above the treatment temperature of 500�C, the surface of TiO2 is fully oxidized

by water and accordingly the nearly-perfect surface is formed, as a result, the

visible-luminescence intensity decreases to the level of TiO2 annealed in O2.

5 The Influence of Platinum Loading

on Photoluminescence of TiO2 Powder

It is well known that the deposited Pt on the surface of TiO2 plays a vital role in the

enhancement of the photocatalytic activity of TiO2. Excited electrons migrate from

the semiconductor of TiO2 to the metal Pt once the two Fermi levels are aligned

(Linsebigler et al. 1995). The Schottky barrier formed at the Pt and TiO2 interface

can serve as an efficient electron trap preventing electron-hole recombination in

photocatalysis (Linsebigler et al. 1995).
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Nakajima and Mori 2004 compared the photoluminescence characteristic of

TiO2 before and after Pt loading by mixing the TiO2 powder with platinum black.

The photoluminescence intensity of the pure TiO2 powder was greater than that of

the Pt-loaded TiO2 powder. The result was elucidated as follows: during the

photoluminescence measurement, excitation of TiO2 semiconductor with excitation

light generates electron and hole pairs in conduction band and valence band,

respectively. The photoinduced electrons in the conduction band will further

migrates to the Pt deposited on the surface of TiO2 by crossing the aligned

Fermi energy levels. Because of the interfacial Schottky barrier between TiO2

and Pt nanoparticles which inhibits back electron transfer from Pt to TiO2, electron

transfer from TiO2 to Pt generates efficient electron/hole charge separation by the

confinement of the excited electrons in the Pt nanoparticles and the holes in the

valence band of TiO2. This will result in the decrease of the photoluminescence

intensity of TiO2. The photoluminescence of two rutile TiO2 powders with different

specific surface areas upon Pt loading (5 wt%) was also investigated (Nakajima and

Mori 2006). It was also found that the intensities of the photoluminescence bands

observed at around 410 and 800 nm decreased upon Pt loading. The decrease of

the photoluminescence intensity was also ascribed to the result of the electron

transfer from TiO2 to Pt nanoparticles.

Our group also investigated the influence of the deposited Pt on the photolumi-

nescence properties of TiO2 and the photocatalytic activities of TiO2 for H2

evolution in a solution of water and methanol mixture (Shi et al. 2007a, b), and

the results are shown in Figs. 6 and 7. It can be seen that, upon Pt loading, the visible

luminescence band of TiO2 was obviously quenched while the near-infrared lumi-

nescence band was only slightly declined. In the photocatalytic reaction for hydro-

gen production from water and methanol mixtures, the amount of H2 production is

negligible on the pure TiO2 samples calcined at various temperatures (500, 650 and

900�C); while hydrogen production were detected in the samples with Pt loaded.

The photocatalytic activities of the Pt loaded TiO2 samples calcined at different
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temperatures follow the order of 500�C > 650�C > 900�C. Since high temperature

calcination tends to result in the formation of rutile structure, high photocatalytic

activity at relatively low calcination temperature is an indication that anatase TiO2

has better photocatalytic activity than rutile TiO2. For TiO2 alone, the photoinduced

charge carriers are mainly deexcited as the luminescence at the recombination

centers of the different defects and its photocatalytic activity is negligible. After

the deposition of Pt on TiO2, a large number of photoinduced electrons are further

transferred to Pt, which are readily consumed by the photo-assisted reaction. As a

consequence, the effective enhancement of H2 evolution rate is observed for Pt/

TiO2. The obvious quenching of the visible luminescence band and the negligible

change of the near-infrared luminescence band indicate that the loading of Pt on

the surface of TiO2 inhibits the recombination of the photoinduced-carriers at the

oxygen vacancies in anatase, while it has little influence on the recombination of the

photoinduced-carriers at the intrinsic defects in rutile. This may be the reason why

photocatalytic activity of anatase TiO2 is usually higher than that of rutile TiO2.

6 The Relationship Between the Photocatalytic Performance

on TiO2 and Its Photoluminescence Properties

The photoluminescence spectrum can directly give not only the information about

the separation and recombination of the photoinduced charge carriers, but also the

information about the surface defects, oxygen vacancies, and surface states, etc.

Photoluminescence properties of TiO2 is useful for monitoring the surface property

changes associated with the photocatalytic reactions, for evaluating the photocata-

lytic activity of TiO2, and for more thoroughly understanding the mechanism of

TiO2 photocatalysis. The inherent relationships between the photoluminescence
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intensity and photocatalytic activity have already been investigated and reviewed in

detail (Jung et al. 2005; Jing et al. 2006; Jung and Kim 2009).

UV irradiation of the porous Vycor glass anchored with TiO2 in the presence of

H2O and CH3–C�CH at 27�C leads to the photocatalytic hydrogenation of

CH3–C�CH (Anpo et al. 1985a). As shown in Fig. 8, the yield of the photocatalytic

hydrogenation products changes accordingly with the change of the photolumines-

cence intensity of the anchored titanium oxide. It was proposed that the photo-

luminescence originates from the charge-transfer excited state of the (Ti3þ–O�)*,
which plays a vital role in the photocatalytic hydrogenation reaction of water with

CH3–C�CH on the anchored titanium oxide catalyst. UV irradiation of the TiO2 in

the presence of sufficient amount of H2O and unsaturated hydrocarbon, such as

C3H6 and C4H6, leads to the formation of photocatalytic hydrogenated products and

oxygenated products (Anpo 1997; Anpo et al. 1984, 1987). As shown in Fig. 9, the

rates of these photocatalytic reactions increase with the decrease of the ionization

potential of the reactants (Anpo et al. 1989). There exists a parallel relationship

between the enhancement of TiO2 photoluminescence resulted from the addition of

unsaturated hydrocarbons and the photocatalytic reaction rate of these unsaturated

hydrocarbons with H2O on TiO2, since both of these two processes are closely

associated with the electron transfer and the charge separated state. In other words,

the initial electron transfer from the reactant molecules to TiO2 to form cationic

derivatives of the hydrocarbons is one of the crucial rate determining steps toward
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Fig. 8 Effect of the pretreatment temperature of PVG upon the yields of photohydrogenation

reaction of CH3–C�CH with H2O and of photoluminescence of the anchored titanium oxide

catalyst at 27�C (UV excitation wavelength >290 nm; reaction temperature, 27�C; initial pressure
of CH3–C�CH, 3.0 torr; initial pressure of H2O 5.0 torr; excitation wavelength for photolumines-

cence, 280 � 10 nm; emission slit width, 7.0 nm), (Anpo et al. 1985a)
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the efficient charge separation of the photoinduced electron/hole pairs, which in

turn plays a vital role in determining the yields of the photocatalytic reaction and

the intensity of the photoluminescence of the TiO2 catalyst.

Jung et al. (2005) investigated the photoluminescence characteristics of anatase

titania particles prepared by sol–gel method and found good correlations between

the photocatalytic behavior and the sample’s calcination temperature. They moni-

tored the quenching behavior of the photoluminescence at �196�C by in situ

oxygen supply. And Fig. 10 shows the dependence of the quenching intensity

(the intensity difference at the peak position of the two photoluminescence spectra

measured with and without oxygen) of prepared titania particles on the sample’s

calcination temperature. The photocatalytic activity of titania toward the decompo-

sition of trichloroethylene (TCE) was measured and plotted as the function of the

calcination temperature in Fig. 10. It can be seen that the photocatalytic activity

changes in line with the quenching intensity with the variation of the calcination

temperatures. The photoluminescence quenching is due to the upward bending of

the band edge, which produces thicker space-charge layer for efficient separation of

the photoinduced electron/hole pairs. The quenching level largely depends on the

quantity of the surface-active sites on which oxygen can be adsorbed. The higher

the photoluminescence quenching intensity implies the existence of larger amounts

of surface-active sites which readily react with oxygen. Photocatalysis is a surface

reaction and the reaction rate is proportional to the quantity of the surface-active

sites taken by the electron acceptors or donors. And since titania shows efficient

photoluminescence quenching, it is supposed that it should have high photocataly-

tic activity. The parallel relationship between the quenching intensity of the
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photoluminescence and the photocatalytic activity of TCE decomposition suggests

that the increase of the photocatalytic activity of titania particles with the increase

of the calcination temperature is due to the formation of surface-active sites.

7 Conclusions

In this chapter, we discussed the application of photoluminescence spectroscopy

in the study of TiO2 photocatalysts. The origin of the TiO2 photoluminescence,

the influence of the adsorbates and loaded Pt on the photoluminescence properties

of TiO2, and the relationship between photoluminescence properties and the photo-

catalytic activities are summarized. Photoluminescence spectroscopy is an effective

way to study the electronic structures, optical and photochemical properties of

semiconductor materials. The photoluminescence spectrum applied in photocata-

lysis fields can provide useful information about the surface oxygen vacancies and

defects, the efficiency of charge carrier trapping, immigration and transfer, which

are useful for designing and synthesizing new semiconductor photocatalysts with

high activity. Better understanding of these processes is crucial for the design and

synthesis of new semiconductor photocatalysts with high photocatalytic activity.

It should mention that we haven’t included the time-resolved photoluminescence

spectroscopic technique in this chapter, though it can provide more direct informa-

tion about the transfer and separation processes of the photo-induced charge

carriers at or near semiconductor surfaces and their effects on photocatalytic

activity. Several good studies on TiO2 have been reported using time-resolved

photoluminescence spectroscopy (Fujihara et al. 2000; Harada et al. 2007).

Application of the steady-state and time-resolved photoluminescence spectroscopy

Fig. 10 The effect of the calcination temperature on the quenching intensity of photo-

luminescence measured at �196�C and the photoactivity of as-prepared titania particles (Jung

et al. 2005)
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combined with other related techniques is a powerful tool to nail the nature of the

complex photocatalytic processes, which is the main message we would like to

deliver in this chapter.
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Tang H, Prasad K, Sanjinès R, Schmid PE, Lévy F (1994b) Electrical and optical properties of

TiO2 anatase thin films. J Appl Phys 75:2042–2047

Tsai S, Cheng S (1997) Effect of TiO2 crystalline structure in photocatalytic degradation of

phenolic contaminants. Catal Today 33:227–237

Wang LQ, Ferris KF, Skiba PX, Shultz AN, Baer DR, Engelhard MH (1999) Interactions of liquid

and vapor water with stoichiometric and defective TiO2(100) surfaces. Surf Sci 440:60–68

Wu NL, Lee MS, Pon ZJ, Hsu JZ (2004) Effect of calcination atmosphere on TiO2 photocatalysis

in hydrogen production from methanol/water solution. J Photochem Photobiol A Chem

163:277–280

Yu JC, Lin J, Lo D, Lam SK (2000) Influence of thermal treatment on the adsorption of oxygen and

photocatalytic activity of TiO2. Langmuir 16:7304–7308

Zacharias M, Fauchet PM (1997) Blue luminescence in films containing Ge and GeO2 nanocrys-

tals: the role of defects. Appl Phys Lett 71:380–382

Zhang WF, Zhang MS, Yin Z, Chen Q (2000a) Photoluminescence in anatase titanium dioxide

nanocrystals. Appl Phys B 70:261–265

Zhang WF, Zhang MS, Yin Z (2000b) Microstructures and visible photoluminescence of TiO2

nanocrystals. Phys Stat Sol (a) 179:319–327

Zhang J, Li MJ, Feng ZC, Chen J, Li C (2006) UV Raman spectroscopic study on TiO2. I. Phase

transformation at the surface and in the bulk. J Phys Chem B 110:927–935

7 Photoluminescence Spectroscopic Studies on TiO2 Photocatalyst 203


	Chapter 7: Photoluminescence Spectroscopic Studies on TiO2 Photocatalyst

	1 Introduction
	2 Laser-Induced Fluorescence Spectroscopy
	3 The Photoluminescence Characteristics of TiO2
	4 The Influence of the Adsorbed Molecule on the Photoluminescence Properties of TiO2
	5 The Influence of Platinum Loading on Photoluminescence of TiO2 Powder
	6 The Relationship Between the Photocatalytic Performance on TiO2 and Its Photoluminescence Properties
	7 Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


