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Difference in TiO2 photocatalytic mechanism between rutile and 

anatase studied by detections of active oxygen and surface 

species in water  
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Atsuko Y. Nosaka, and Yoshio Nosaka*

 

Various kinds of TiO2 photocatalysts have been widely applied for practical use. It is prerequisite to know the exact surface 

properties to develop further and efficient applications. However, the cause of the essential difference in the activities of 

two polymorphs of TiO2, rutile and anatase, was not clearly elucidated yet. We tried to clarify the cause in terms of active 

oxygen species (•OH, •O2
-
, and H2O2) photogenerated on the surfaces, which are considered practically involved in the 

photocatalytic reactions. It was revealed that for anatase the rate of •OH generation was high, but it decreased in the 

presence of H2O2. On the other hand, for rutile, •OH generation was very small but it was increased with H2O2. The 

formation rate of •O2
-
 for rutile was higher than that for anatase, suggesting that the photoinduced reduction process 

should not be responsible for the higher photocatalytic activity of anatase. Since Ti-Ti distance of rutile surface could be 

smaller than that of anatase, rutile is capable of forming the surface structure such as Ti-OO-Ti, leading to form readily O2. 

The mechanism that the fast coupling of two photoinduced conduction band holes to form Ti-OO-Ti was proposed, which 

is responsible for the lower reactivity of rutile. This mechanism was verified by the analysis of surface species with ATR-IR 

spectroscopy. 

.

1.  Introduction  

The photocatalytic reactions using light-irradiated semiconductor 

surface have been attracted much attention because they could be 

utilized for the conversion of solar energy to hydrogen fuels by light-

induced water splitting.1,2 Among the various semiconductor 

photocatalysts, titanium dioxide (TiO2) is a practical photocatalyst 

which can be applied to water purification and environmental 

cleaning owing to its high photocatalytic activity, chemical stability, 

no toxicity, and commercial availability.3-6  Actually, TiO2 

photocatalysts have been utilized for self-cleaning tiles, glasses, and 

windows.7 The details of the photocatalytic reactivity, however, is 

still under debate.8,9 For example, the difference in the photocatalytic 

activities between two major polymorphs of TiO2, anatase and rutile, 

has not been clearly elucidated yet.8 In general, anatase powders 

show significantly higher photocatalytic activity. On multivalent 

analyses for the correlation among structural and physical properties 

and photocatalytic activities for 35 differently prepared TiO2 

samples, it was clearly indicated that anatase is more active than 

rutile for the decomposition of organic compounds.10 A lots of 

hypotheses have been proposed to explain the higher photocatalytic 

activity of anatase; i) higher potential of conduction band bottom for 

anatase crystal,11 ii) higher mobility of carriers with a smaller 

effective mass, iii) smaller crystallite size in general, iv) the longer 

lifetime of photoinduced e- - h+ pairs originated from the nature of 

indirect band gap,12 v) special surface active sites caused by the less 

dense crystal structure, and so on. However, for the oxygen evolution 

from water, rutile is reported to be superior to anatase.13 The 

significant activity difference may depend on the properties of TiO2 

surface. The higher activity of anatase might be explained by the 

reduction ability of O2 superior to rutile because of the higher 

conduction band level, and/or by a special surface interaction. 

Active oxygen species (•OH, •O2
-, and H2O2) are the products 

generated on the TiO2 surface by redox reactions of water and 

oxygen in the photocatalytic procedures. They are considered to be 

involved in the actual practical photocatalytic reactions. Previously, 

we revealed with a fluorescence probe method that •OH radicals 

were formed from the trapped holes for anatase TiO2, while for rutile 

TiO2 the Ti-peroxo (Ti-OO-Ti) site plays the role of a catalyst to 

generate OH radicals from water.14 In the present study we 

investigated the difference of the surface oxidation processes for 

anatase and rutile in detail by use of chemiluminescence methods 

and proposed the most plausible reaction mechanisms, which were 

confirmed with the aid of the ATR-IR measurements. 

2. Experimental Section 

2.1 Materials   

Samples of anatase TiO2 powder (ST-01, Ishihara Sangyo Ltd.) 

and rutile TiO2 powder (MT-150A, TAYCA Ltd.) were used. Their 
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specific surface areas were 320 and 88 m2/g, respectively. The other 

properties of these TiO2 powders have been described in the 

previous report.14 The amount of the surface OH groups was 

checked by thermogravimetry with ThermoPlus EVO (TG8120, 

Rigaku, Inc.) as shown in Fig. 1. According to literature,15 the 

physisorbed water which can be removed up to 150 ºC had the 

densities of 5.4 and 5.0 molecules/nm2 for anatase and rutile 

powders, respectively, while the densities of the chemisorbed OH 

group calculated from the weight loss between 150 and 600 ºC were 

4.9 and 12.9 molecules/nm2 for anatase and rutile, respectively. In 

the calculation, the specific surface area stated above was used. For 

example, from the weight loss of anatase powder at 150 ºC, the 

amount of physisorbed water was calculated as follows; 5.14 % x 

6.02x1023 molecules/mol / (18 g/mol x 320 m2/g) = 5.4 

molecules/nm2. Thus rutile is covered with larger amount of 

chemisorbed water than anatase although the amount of physisorbed 

water was almost the same for two polymorphs.  

 

Fig. 1 Thermogravimetry of anatase and rutile powders used. 

2.2 Detection of H2O2   

The amount of H2O2 was evaluated by a lucigenin 

chemiluminescence method.16 Fifteen mg of TiO2 powder was 

suspended in 3.5 mL of purified water in a quartz cell (1 cm x 1 cm 

x 4.5 cm) and stirred with a magnetic stirrer in a dark box. The pH of 

the suspension was adjusted to 9 with NaOH.17 The cell containing 

the suspension was irradiated with UV light using an LED source (5 

mW/cm2 at 365 nm, LC-L201, Hamamatsu Photonics). After the UV 

irradiation, 50 µL of 0.7 mM lucigenin solution was added with a 

micro-syringe to observe the chemiluminescence. The 

chemiluminescence light was guided to the photomultiplier 

(R2693P, Hamamatsu) through a UV sharp cut filter. The signal of 

the photomultiplier was introduced into photon counting unit (C3866 

and C8855, Hamamatsu) to be recorded by a desktop computer. The 

number of photons recorded as a function of time up to 100 s was 

integrated to evaluate the H2O2 concentration. The concentration of 

H2O2 was calibrated by measuring the chemiluminescence intensity 

for the known concentration of H2O2 solution in the absence of TiO2 

powders. Therefore, the calculated concentration for the suspension 

may have some errors caused by the scattering of the 

chemiluminescence.  

H2O2 adsorption property of TiO2 was evaluated in dark by 

measuring the concentration of H2O2 in the solution. The lucigenin 

chemiluminescence method was also employed to evaluate the 

concentration of 0.3-mM H2O2 solutions after the addition of TiO2 

powders. The decrease of the H2O2 concentration in solution 

provided the amount of adsorbed H2O2 and the intrinsic adsorbed 

molecules were calculated with the BET surface area of the TiO2 

powders. 

2.3 Detection of superoxide radicals (•O2
−
) 

The amount of photocatalytically generated •O2
− was measured 

by the chemiluminescence method with MCLA (Methoxy Cypridina 

Luciferin Analog, 2-methyl-6-(p-methoxyphenyl)- 3,7-

dihydroimidazo(1,2-a)pyrazin-3-one hydrochloride, Tokyo Chemical 

Industry). The experimental procedure was the same as that for the 

H2O2 detection described above, except that the solution pH was not 

adjusted to be 5.2. After the UV irradiation, 50 µL of 0.35-mM 

MCLA aqueous solution was added to the cell, and then the intensity 

of chemiluminescence caused by •O2
− was detected with the photon 

counting system described above. Integration of the intensity was 

proportional to the •O2
− concentration. To calibrate the MCLA 

chemiluminescence intensity, a luminol chemiluminescence 

method,18  by which •O2
− concentration can be quantitated, was 

employed for a standard suspension of alkaline solution. 

2.4 Detection of •OH radicals 

The amount of •OH produced in photocatalysis was measured by 

a coumarin fluorescence probe method.19 The same cell and UV 

source mentioned above were used for this measurement. Fifteen mg 

of TiO2 was suspended in 3.5 mL of 0.1-mM coumarin aqueous 

solution. After UV irradiation, 0.5 g of KCl was added to the 

suspension to precipitate TiO2 powders from the suspension and then 

it was stored in dark for one day. After that, the fluorescence 

spectrum of the supernatant solution was measured with a 

fluorescence spectrophotometer (Model 850, Hitachi). Since 6.1% of 

•OH can be converted to umbelliferone in 0.1-mM coumarin 

aqueous solution,14 the •OH concentration could be calculated by use 

of this conversion factor. It should be noted that, since the probe 

molecules are present in solution during the irradiation, the obtained 

•OH concentration is that accumulated during the irradiation. 

Therefore, the time profile of •OH is different from those of H2O2 

and •O2
-, in which the probe molecules were added after stopping the 

irradiation.  

To examine the effect of H2O2 as the reaction intermediate, H2O2 

of up to 0.8 mM was added in the reaction solution before the UV 

irradiation. The amounts of •O2
− and •OH after the 60-s irradiation 

were measured by varying the concentration of added H2O2.  

2.5 ATR-IR measurements 

The chemical structure of TiO2 surface was examined with 

attenuated total reflectance infrared (ATR-IR) measurements. FT-IR 

spectrometer used was an FTS-7000e (Varian, Agilent) with an 

mercury cadmium telluride (MCT) detector and a Ge/KBr beam 

splitter which was operated at resolution of 4 cm-1 with an 

accumulation of 128 times. A diamond ATR (MIRacle P025-9010, 

PKE Technologies) for single diffraction was employed to measure 

the surface of TiO2 powder in solution. To photo irradiate TiO2, a 20 

mW diode laser of 376 nm (TC20-0375, NeoArk) was used.  

The TiO2 sample for ATR-IR measurements was prepared as 

follows. 120 mg of TiO2 powders were dispersed in 10 mL of water 

with ultrasonic agitation, then 30 µL of the suspension was placed 

on the surface of the diamond prism of ATR and dried under 

ambient atmosphere in dark for a night. After adding 150 µL of pure 
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water, the measurements of IR spectra were started using the stored 

spectrum of water as a reference. In some cases, D2O was used in 

place of water. Since H atom of the surface spices is replaced with D 

in D2O, the peak position largely shifts when the vibrational mode is 

assigned to the group containing H atom. An O-ring and cover-glass 

was used to prevent the evaporation of the solution. After an 

equilibrium surface state was reached in 60 min, UV light of the 376 

nm laser was irradiated during the measurements. For the addition of 

H2O2, a half of the solution was replaced with an appropriate 

concentration of H2O2 solution not to disturb the particle 

arrangements. The thicknesses of the TiO2 layer were calculated to 

be 73 and 66 µm for anatase and rutile powders, respectively, by 

assuming the fill factor of 50% and the sphere of the primary 

particle. Since the penetration depth of the ATR is calculated to be 

0.5-3.0 µm at 4000 – 500 cm-1, IR spectra reflect mainly the surface 

of the TiO2 powers located near the bottom of the layer. Since the 

UV laser irradiated the TiO2 layer from the top, the excitation 

efficiency at the observed TiO2 particles was not so high, as 

compared to the aqueous suspension.. 

3. Results and Discussion 

 

3.1  Generation of active oxygens 

At first, the generation of H2O2, which is the only stable species 

among the active oxygen species, was examined by the lucigenin 

chemiluminescence method. After stopping the UV irradiation, 

chemiluminescence was observed on the addition of lucigenin. The 

luminescence intensity decayed with time owing to the consumption 

of the generated H2O2 (see Fig. 2A). From the integrated 

luminescence intensity, the concentration of H2O2 produced by the 

irradiation was calculated.  

 
Fig. 2 (A) Time profile of the chemiluminescence on the 

addition of lucigenin after 60 s UV irradiation. (B) H2O2 

concentration evaluated from the chemiluminescence intensity 

as a function of the UV irradiation time for aqueous suspension 

of anatase (○) and ruDle (□) TiO2 nano-particles.   

 

Figure 2B shows the generation of H2O2 under UV irradiation on 

powder suspensions of anatase and rutile TiO2. The generation rate 

of H2O2 for rutile was 2-3 times larger than that for anatase. The 

surface area of anatase is larger by 3.6 times than that of rutile and 

the excitation rate of 365 nm light for rutile was almost the same as 

that for anatase.20 Therefore, the surface area and excitation rate 

would not be responsible for the larger production of H2O2 for rutile 

in Fig. 2. The problem is that the adsorbed H2O2 cannot be detected 

actually by the chemiluminescence method. Hence next the 

adsorption of H2O2 was measured. The specific adsorptions of H2O2 

for anatase and rutile particles were obtained to be 0.06 and 0.26 

molecules/nm2, respectively. Thus taking account of the larger 

adsorption of H2O2 for rutile, the experimental result of Fig. 2 

indicates that the formation of H2O2 is significantly larger for rutile. 

The photocatalytic generation of H2O2 could be expressed by the 

following equations. The photoexcitation of TiO2 causes electrons 

(e-) and holes (h+) at the conduction band and valence band, 

respectively,  eqn (1). Then, H2O2 was produced by the reduction of 

O2 in air with e-, eqn (2), and the oxidation of water takes place with 

h+ , eqn (3). 

TiO2 + hν  → e-  +  h+   (1) 

2 e- + O2 + 2 H+  → H2O2  (2) 

2 h+ + 2 H2O  → H2O2  +  2 H+ (3) 

To clarify the detail of the two-electron reactions, eqn (2) and 

eqn (3), the one-electron reduction step, eqn (4), and one-electron 

oxidation step, eqn (5), were also examined by the measurements of 

the products, •O2
- and •OH, respectively.  

e- + O2   → •O2
- (4) 

h+ + H2O  → •OH + H+ (5) 

 

 
 

Fig. 3 (A) Chemiluminescence intensity of MCLA observed after 

60 s UV irradiation. (B) ･O2
-
 generation measured from MCLA 

chemiluminescence as a function of the time of UV irradiation  

on aqueous suspension of anatase (○) and ruDle(□) TiO2 nano-

particles.   

 

At first, the one-electron reduction of O2 was examined by 

measuring the generation of •O2
- by means of the chemilumi-

nescence method with MCLA after stopping the UV irradiation. The 

intensity decayed after the addition of MCLA due to the 

consumption of •O2
- (Fig. 3A). The integrated chemiluminescence 

intensity reflects the concentration of •O2
- produced by the 

irradiation. The amount of •O2
- produced by the UV irradiation was 

plotted in Fig. 3B as a function of the UV irradiation time. As shown 

in Fig. 3B, rutile TiO2 generated a larger amount of •O2
- than 

anatase. The production of •O2
- was increased initially in a short 

period and reached to a steady state, indicating that a further reaction 

to form H2O2 by disproportionation 21, eqn (6), and/or further 

reduction, eqn (7), to form H2O2 proceeded. 

2 •O2
- + 2 H+  → H2O2 + O2 (6) 
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e- + •O2
- + 2 H+   → H2O2 (7)  

 

The larger amount of •O2
- detected for rutile indicates that rutile 

produces •O2
- more preferably than anatase. This observation is 

consistent with the previous report in which the generation of •O2
- 

was measured by luminol chemiluminescence in alkaline solution for 

several kinds of TiO2 powders.22  When the production of H2O2 (Fig. 

2B) was compared with that of •O2
- (Fig. 3B), rutile is found to be 

more preferable for the both productions, namely •O2
- and H2O2. 

Taking account that the photocatalytic oxidation should take place 

simultaneously with the reduction, one could conclude that the 

oxidation ability of rutile for H2O is significantly larger than that of 

anatase. 

To clarify the oxidation process of H2O, the formation of another 

one-electron-oxidation product, •OH, was measured by a coumarin 

fluorescence probe method. On the photoirradiation of anatase and 

rutile powder suspensions in the presence of coumarin, a new 

fluorescence band attributable to the •OH adduct of coumarin, 

umbelliferone, was observed for anatase (Fig. 4A) but not for rutile. 

From the fluorescence intensity, the concentration of •OH was 

calculated and plotted in Fig. 4B as a function of the irradiation time. 

As shown in Fig. 4B, for anatase TiO2 the production of •OH was 

increased almost proportionally to the irradiation time. On the other 

hand, for rutile TiO2 the •OH formation was scarcely observed, 

though the slight amount of •OH was detected after 100 s irradiation. 

The higher generation of •OH for anatase agrees well with the 

previous report,20 in which the decomposition rate of alcohols was 

parallel to the •OH formation rate. The lack of •OH generation by 

reaction (5), responsible for the small generation of •OH, may 

suggest that the direct two-electron oxidation, eqn (3), of water 

should be dominat to form H2O2 for rutile since the formation of 

H2O2 is larger for rutile as described above. 

 

Fig. 4 (A) Fluorescence spectra measured after 300 s UV 

irradiation for anatase and rutile TiO2 suspension containing 0.1 

mM coumarin. (B) OH radical generation calculated from 

fluorescence intensity as a function of the UV irradiation time 

for aqueous suspension of anatase (○) and ruDle (□) TiO2 nano-

particles. 

To clarify the processes of the active oxygen formation, the 

effects of the addition of H2O2 on the formation of •O2
- and •OH 

were examined. As shown in Fig. 5A, the •O2
- formation increased 

with H2O2 significantly for anatase TiO2, suggesting the oxidation of 

H2O2 by valence band holes, eqn (8), with the acceleration of the 

reduction of O2 to produce •O2
-, eqn (4).  

h+ + H2O2  → •O2
- + 2 H+ (8) 

For rutile, the increase of •O2
- was less than anatase TiO2. The 

smaller increase suggests that the oxidation of H2O2 should 

accelerated the reduction of O2 to generate •O2
- , eqn (4), but that the 

oxidation of H2O2, eqn (8) might not contribute to the •O2
- 

generation. Because the O2 production for rutile is more preferable 

than that for anatase,13 H2O2 may be oxidized by two holes to form 

O2 , eqn (9).  

2 h+ + H2O2  → O2 + 2 H+ (9) 

 

Fig. 5 Effect of H2O2 on the (A) ･O2
- 
and (B) ･OH

 
generations 

measured after the 60-s UV irradiation on aqueous 

suspension of anatase (○) and ruDle (□) TiO2 nano-particles. 

The effect of H2O2 addition on the •OH generation was 

examined and plotted in Fig. 5B. For anatase •OH formation 

decreased with the additional H2O2, while it increased for rutile. This 

notable observation was found previously by using several 

fluorescence probes, such as terephthalic acid,22 coumarin,14 and 3-

carboxy coumarin.14 The decrease of •OH formation for anatase in 

Fig. 5B may be explained by that the oxidation of H2O, eqn (5), was 

replaced by the oxidation of H2O2, eqn (8), because the oxidation 

potential of H2O2 (E0 = 1.48 V vs. SHE at pH=0) is smaller than that 

of H2O (E0 = 2.7 V).23  The increase of •OH for rutile might be 

explained by the reduction of H2O2 as was suggested previously.22 

However, since the reduction of O2, eqn (4), was not decreased with 

H2O2 as shown in Fig. 5A, the formation of •OH should be attributed 

to the oxidation of H2O, eqn (5), assisted by the presence of H2O2. In 

our recent study on the oxidation process at single crystalline rutile 

photoelectrodes, the formation of OH radicals as a by-product of O2 

formation was suggested.24 That is, adsorbed H2O2, which is the 

intermediate in the O2 production at rutile TiO2 surface, acts as a 

catalyst to produce OH radicals.  

Thus, the plausible mechanisms of the photocatalytic •OH 

formation procedure for anatase and rutile could be illustrated 

individually in Fig. 6. For anatase, photoinduced valence band holes 

are trapped at bridged OH sites of TiO2 surface to become trapped 

holes. Electron spin resonance (ESR) studies showed that the 

structure of the trapped holes for anatase was not the same as that of 

the adsorbed •OH species.25 However, •OH can be in the equilibrium 

with •O- , eqn (10),23 where pKa may vary with the adsorption.19  

•OH  ↔  •O- +  H+          (pKa=11.9)  (10) 

Therefore, the trapped holes cannot be distinguished from the 

adsorbed OH radicals. The ratio of OH radicals in solution to the 

surface holes was estimated to be about 0.01.20  
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Fig. 6 Plausible mechanisms of •OH generation at the surface 

of anatase and rutile TiO2 to explain the observations for Fig. 

5B 

On the other hand, for rutile, the photoinduced valence band hole 

is rapidly trapped at oxygen adjacent to the hole to form Ti-OO-Ti 

structure at the surface.26 Since it is equivalent to the adsorbed H2O2, 

a small fraction of •OH could be produced at the rutile surface by the 

oxidation of H2O owing to the Ti-OO-Ti structure.24  

The difference in the formation process of •OH radicals between 

anatase and rutile could be explained by the Ti – Ti distance of two 

Ti atoms forming a bridged OH site. According to the study of the 

PbO2 deposition on TiO2, an oxidation site of TiO2 locates on the 

surface of anatase (001) and rutile (011).27 Based on the crystalline 

structure, the Ti – Ti distances are 379 and 296 pm for anatase and 

rutile, respectively. Thus, the holes trapped at the bridged O site are 

rather distant each other at the anatase surface, while at the rutile 

surface they locates short enough capable to form a couple. This 

concept would be supported by the fact that the specific adsorption 

of H2O2 is significantly larger for rutile than anatase as stated above. 

 

 

Fig. 7 ESR spectra of anatase and rutile TiO2 powders 

measured at 77 K as the effect of UV irradiation, taken from 

the references 28 (©Springer, 2012) and 29 (© Elsevier, 

2014).  

Figure 7 shows ESR spectra of anatase and rutile TiO2 

powders measured at 77K as the effect of UV light irradiation, which 

have been reported previousely.28,29 For anatase, signals similar to 

the photoinduced-trapped holes appeared before photo irradiation, 

and the trapped electron disappeared due to the recombination with 

the trapped holes after the photoirradiation, indicating the presence 

of relatively-stable trapped holes. On the other hand, for rutile 

powder, the signal of the trapped holes was relatively small and the 

signal of the trapped electrons appeared. This observation is 

consistent with the proposed surface reaction by which at the rutile 

surface the trapped holes are diminished by coupling. 

 

3.2 Change of TiO2 surfaces on the irradiation 

The difference in the surface process for anatase and rutile TiO2 

stated above was analysed for the interface of the photocatalyst and 

water by ATR-IR spectroscopy. For the proper comparison with the 

above experimental results, the samples were prepared without any 

pre-treatment and measured under the same condition, namely, in the 

presence of O2 without the addition of any electron acceptor.  

 

 
Fig. 8 ATR-IR absorption spectra of anatase and rutile TiO2 

nano-powders spread over the ATR prism surface. The 

reference was bulk water without TiO2 powders. 

Figure 8 shows the ATR-IR spectra for anatase and rutile TiO2 

powders. Since the diamond used as the ATR prism shows 

absorption from 2300 to 1800 cm-1, the middle part of the spectra 

was excluded. Signals observed ranging from 3600 to 2600 cm-1 are 

attributable to the stretching mode of OH group under some 

environments.30 The HOH bending mode corresponding to the 

stretching mode was observed as a peak at 1620 cm-1. 31 The 

absorption of the OH bending mode is expanded down to 900 cm-1. 

Strong absorption due to Ti-O stretching mode32 was observed in the 

wave number region smaller than 1000 cm-1 for anatase  and  900 

cm-1 for rutile crystallites. 

Figure 9A shows the change of the ATR-IR spectra with the UV 

irradiation for anatase and rutile powder layers. A broad peak at 

3200 cm-1 is attributable to O-H stretching mode associated with 

bridged OH (b-OH) groups.30 For rutile this signal was decreased 

rapidly (within 5 min) by UV irradiation, indicating the release of b-

OH by trapping of holes as suggested by Nakamura et al.26 and 

Salvador.9 The peak at 1332 cm-1 increased along with the increase 

of the peaks at 1569 and 1593 cm-1, which could be observed even in 

D2O (Fig. 9B). These peaks could be assigned to the CO stretching 

mode of HCO3
-.33 Since CO2 in air was dissolved in solution as a 

form of HCO3
-, it photoadsorbed on the surface of TiO2. The broad 

signal ranging from 1100 to 900 cm-1 could be attributed to Ti-OO- 

based on the spectral change with H2O2 in the following experiments 

and the spectra in D2O (Fig. 9B). Since oxygen was not removed in 

the present study, photoadsorbed •O2
- may cause the change in the 

IR spectra of this broad signal region. It is notable that for rutile the 
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absorption peak at about 930 cm-1 was observed under UV 

irradiation, which may be assigned to Ti-OO-Ti from the following 

experiments  

 

 

Fig. 9 Change of the ATR-IR spectra of anatase and rutile TiO2 

nano-powder films in (A) H2O and (B) D2O with the UV 

irradiation for 5, 10, and 30 min. 

Figure 10A shows the effect of adsorption of the addition of 

H2O2 on the anatase and the rutile surface. The IR spectrum of 0.5 

mM H2O2 in water is negligibly small as shown in Fig. 10B. In this 

figure, the spectra of H2O2 of different concentrations down to 10 

mM were shown and a peak of O-O stretching mode was observed at 

900 cm-1. Since the IR spectra of aqueous solution of 0.5 mM H2O2 

could not be observed, the difference in the IR spectra with 0.5 mM 

H2O2 (Fig. 10A) would be caused by the adsorption of H2O2 on TiO2 

surface. 

For rutile, the decrease of the broad absorption band 1200 – 900 

cm-1 in Fig. 10A could be attributed to the release of adsorbed water, 

and the sharp increase of absorption band at 934 cm-1 could be 

attributed to the adsorbed H2O2 species. For anatase, terminal water 

at around 3300 cm-1, which is associated with OH stretching of 

terminal OH sites,30 decreased with the adsorption of H2O2. And the 

increase of adsorbed water at 1150-900 cm-1 could be attributed to 

the adsorption of H2O2 in a form different from rutile, probably as a 

form of –OO-.  

Thus, the distinct signal at 934cm-1 was observed only for rutile 

on irradiation (Fig. 9A) and by adsorption of H2O2 (Fig. 10A). 

Therefore, ATR-IR observation clearly showed that on the UV 

irradiation the surface structure of rutile changes to that covered with 

the adsorbed H2O2 as suggested by the analysis of active oxygens 

stated above. Consequently, the surface structure of rutile was found 

to be considerably different from that of anatase. 

 

Fig. 10 (A) Change of the ATR-IR spectra of anatase and rutile 

TiO2 nano-powder films in H2O at 15, 30, and 60 min after the 

addition of 0.5 mM H2O2. (B) ATR-IR spectra of 1, 0.5, 0.1 .05, 

0.01 M H2O2 aqueous solution relative to that of pure water. 

3.3 Oxidation mechanisms on anatase and rutile TiO2 

Based on the above mentioned results on the photocatalytic 

oxidation processes at the anatase and rutile TiO2 surfaces, the most 

plausible processes could be summarized as is illustrated in Fig. 11.  

The lifetime of trapped holes was suggested to be longer than 1 s 

for anatase TiO2.
34 Furthermore, it was revealed that the 

photocatalytic activity of the oxidation of organic compounds (RH) 

was related to the produced amount of •OH but the oxidation was 

mainly caused by the surface trapped holes, which was verified 

through the quantitative analysis of •OH.20 Taking account of these 

facts, the oxidation at the anatase surface must proceed as is 

illustrated in Fig. 11.  

It is notable as stated above that for rutile surface the distance 

between two adjacent surface Ti atoms is 296 pm, while it is 379 pm 

for anatase. Since the actual O-O bond length is 146 pm, and the Ti-

O-O angle should be near 90º, it would be difficult to form Ti-OO-Ti 

structure at the anatase surface. This difficulty would be responsible 

for the relatively longer lifetime of the surface trapped holes for 

anatase TiO2.  
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Fig. 11 Plausible photocatalytic actions at the surface of 

TiO2.  The oxidation of organic molecule for anatase, and 

that of water for rutile polymorphs. 

For rutile, due to the shorter separation distance between Ti at 

the surface, the trapped holes could easily form a dimer to generate a 

Ti-OO-Ti structure, which is not active for the oxidation of organic 

compounds. Thus, the formation of a trapped-hole dimer would be 

responsible for the low activity of rutile TiO2 for the oxidation of 

organic compounds. On the other hand, the formation of Ti-OO-Ti 

structure is essential to produced O2 by four electron oxidation of 

water. Thus, the larger activity of rutile for O2 production could be 

explained. 

4.Conclusions 

TiO2 photocatalysts have been practically applied in various 

fields. The two polymorphs of TiO2, rutile and anatase, are known to 

present different physical properties and show different 

photocatalytic activities. However, the cause has not been clearly 

elucidated yet. If we can clarify the cause the more efficient and 

diverse applications could be developed. In this study we tried to 

clarify the cause in terms of active oxygen species (•OH, •O2
-, and 

H2O2) photogenerated on the surfaces, which are considered 

practically involved in the photocatalytic reactions.  

It was revealed that the formation of H2O2 for rutile was 

significantly higher than that for anatase but •OH generation was 

very small. On the other hand, the formation rate of •O2
- for rutile 

was higher than that for anatase, suggesting that the higher activity 

of anatase should not be attributed to the photoinduced reduction 

process. 

Since Ti-Ti distance of rutile surface could be smaller than that 

of anatase, rutile is capable of forming the surface structure such as 

Ti-OO-Ti, which corresponds to the adsorbed H2O2, leading to form 

readily O2 by further oxidation. The mechanism that the fast 

coupling of two photoinduced conduction band holes to form Ti-

OO-Ti was proposed as the cause of the lower photocatalytic 

reactivity of rutile, which was verified by the analysis of the 

photogenerated surface species on TiO2 with ATR-IR spectroscopy. 
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