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Abstract In the present study we synthesize three TiO2 samples, TiO2-500, TiO2-750 and TiO2-850, by 

a sol-gel procedure varying the rutile and anatase content by calcination at different temperatures. 

Characterization by XRD, NIR-Raman, UV-Raman, BET, DR-UV-Vis spectroscopy and SEM points 

out that TiO2-500 consists mainly of anatase and TiO2-850 of rutile.  TiO2-700 presents both phases on 

the surface that is the part of the photocatalyst interested by UV illumination. The photocatalysts are 

tested in the deoxygenation reaction of methyl p-tolyl sulfoxide to the corresponding sulfide using 2-

propanol as hole scavenger. It is demonstrated that the presence of both anatase and rutile on the 

surface of TiO2-700 is responsible of the increase of the photocatalytic activity. This is likely due to a 

more efficient charge separation process that increases lifetime of the charges giving availability of 

electrons and holes for the photocatalytic reaction. Methyl p-tolyl sulfide is formed with a selectivity of 

100%. 
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1. Introduction 

Titanium dioxide (TiO2) has been widely studied in photocatalysis from the beginning of 70s. 

Photoexcitation of this semiconductor yields holes in its valence band (hvb
+) and electrons in its 

conduction band (ecb
-) according to Eq. 1. 

 

   TiO2  + h  hvb
+  +  ecb

-        (1) 

  

 The two main kinds of crystalline TiO2, anatase and rutile, exhibit different physical and 

chemical properties and it is well accepted that the crystalline phase plays an important role in 

photocatalytic reactions. Anatase is often regarded as the most efficient phase of titania, presumably 

due to the combined effect of lower recombination rate between the photogenerated charges and higher 

surface adsorptive capacity that means efficient holes scavenging activity [5-11], but some researchers 

stated that rutile is the most effective phase [12, 13]. 

There are several contradictory reports in the literature concerning the effect of mixed crystal 

phase on the photocatalyst performance. Some authors reported that no photocatalytic synergy between 

anatase-rutile composites exists both in dense thin films with an increasing percentage of rutile [1], and 

in commercial TiO2 Degussa P25 [2, 3]. However, it is becoming apparent that TiO2 based 

photocatalysts containing both phases in intimate contact show enhanced photocatalytic activities not  

assignable to the single phases [4].  This improved activity should be ascribed to longer lifetimes of 

electrons and holes, which can be spatially separated due to their transfer between the two different 

phases.  

Much confusion is present in the literature as to whether or not electrons are shuttled from 

anatase to rutile or vice-versa. Some research groups have reported that electrons move from the higher 

conduction band of anatase to rutile [14-17]. In this regard, based on the transient MIR dynamics of 

anatase-rutile mixed phase TiO2, Shen et al. demonstrated recently that charge transfer process from 

anatase to rutile occurs at the phase junction [16]. On the contrary, other authors claimed that the 

electron movement can be from rutile to trapping sites of anatase that lie below the rutile conduction 

band [18-26].  Kullgren et al. using high level electronic structure calculations concluded that, at 

typical rutile/anatase interfaces, accumulation of mobile electrons in anatase and mobile holes in rutile 

occurs [23]. A similar kind of charge separation was also reported by Carneiro et al. [24]. Some 

researchers demonstrated that the conduction band energy increase in the space charge layer of anatase, 
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caused by UV irradiation of TiO2 Degussa P25, stops electrons going from anatase to rutile, with holes 

transferred to rutile [25]. Very recently, other authors have examined closely the band alignment 

between anatase and rutile demonstrating that electron affinity of anatase is higher than that of rutile 

[26]. 

The photocatalytic performance of TiO2 largely depends on the surface properties. In particular, 

the nature of the surface phases, which are directly exposed to the UV light source and to reactants, 

should have a crucial role in photocatalysis since photoinduced reactions take place on the surface and 

photogenerated electrons and holes might migrate through it. Therefore, investigation on the correlation 

between surface phases and photoactivity of TiO2 is of great importance for the building up of new 

efficient photocatalytic systems. In this regard, it is to mention that phase composition on the surface 

can be different from that in the bulk. Zhang et al. found that UV Raman spectroscopy is more sensitive 

to the surface region of TiO2 than visible Raman spectroscopy and that this technique can be used for 

investigating the phase composition present on the surface [27, 28].  

Mixed phase TiO2 materials other than commercial P25 [20] are scarcely studied in 

photoreduction processes and eventual interactions of the different phases during the reactions have not 

been well explored. In this context, few  papers investigate the effect of TiO2 phase fractions of anatase 

and brookite on CO2 photoreduction  [29, 30] showing that the bicrystalline TiO2 is more active than 

single anatase and brookite phases due to enhanced interfacial charge transfer between the two 

crystalline forms. 

In this work we synthesize TiO2 samples by a sol-gel procedure varying the rutile and anatase 

content by calcination at different temperatures according to the known behavior of titania upon 

thermal treatment. Then, the samples are characterized by XRD, NIR-Raman, UV-Raman, BET, DR-

UV-Vis spectroscopy and SEM. Effects of the mixed phases are discussed in relation to the 

photocatalytic activity of these materials in the deoxygenation of methyl p-tolyl sulfoxide. This kind of 

reaction has been chosen as an example of a reductive process on TiO2 that has not been widely studied 

in literature. [31, 32]  

 

2. Experimental. 

2.1 Photocatalyst preparation. The samples were prepared following a modified precipitation method 

reported in literature [27]. Titanium (IV) n-butoxide (Ti(OBu)4, 10 mL) was added to anhydrous 

ethanol (50 mL). Then, this solution was added dropwise to a mixture of distilled water (40 mL) and 

ethanol (50 mL). A white precipitate immediately formed. It was kept in suspension by stirring 
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continuously for 24 hrs at room temperature. After that, the precipitate was filtered, washed several 

times with water and then with anhydrous ethanol and dried at 80°C for 24 hrs. Finally, the solid was 

divided into three portions. Each portion was calcined in air at one of the following temperatures: 500, 

700 and 850°C for 4 hrs. The obtained photocatalysts were indicated as TiO2-500, TiO2-700 and TiO2-

850. 

2.2 Characterization.  XRD patterns were recorded on Bruker D8 Advance diffractometer with a CuK 

radiation source. Diffraction patterns were collected from 20° to 80° at a speed of 0.08°/s. 

NIR- and UV-Raman spectra were recorded on Renishaw inVia Raman microscope spectrometers 

equipped respectively with a diode laser emitting at 785 nm and a He-Cd laser emitting at 325 nm. 

Photons scattered by the sample were dispersed, respectively, by a 1200 and 3600 lines/mm grating 

monochromator and were simultaneously collected on a CCD camera. The laser power was limited in 

both cases in order not to have sample decomposition. BET measurements were carried out by means 

of ASAP2020 by Micromeritics using N2 adsorption at 77K. DR-UV-Vis spectra were collected with a 

Jasco V-570 spectrophotometer equipped with a diffuse reflectance accessory and using BaSO4 as 

reference. SEM images were obtained by a Hitachi H-800 instrument. 

2.3 Methyl p-tolyl sulfoxide deoxygenation. Solvents, methyl p-tolyl sulfoxide and methyl p-tolyl 

sulfide were purchased from Sigma-Aldrich and used without further purification. In a typical 

photocatalytic experiment, the chosen photocatalyst (20 mg) was suspended in a mixture of CH3CN/2-

propanol (4/1 v/v, 3 mL) containing methyl p-tolyl sulfoxide (1.55 x 10-3 M, Sigma Aldrich). The 

sample was outgassed with a N2 flux for 30 minutes and then irradiated with a medium pressure Hg 

lamp (Helios Italquartz Q-400) selecting wavelengths higher than 350 nm with a cut off filter (15 

mWcm-2). Conversion of sulfoxide to sulfide could be followed by UV-vis analysis. During irradiation, 

the initial spectrum of sulfoxide decreased (max = 240 nm) and only one peak grew (max= 254 nm), 

corresponding to sulfide, as verified from comparison with an authentic sample. Deconvolution of the 

spectra allows us to build a calibration curve at  = 254 nm that shows a linear function of absorbance 

vs. concentration (A=12094C). Furthermore, to confirm UV data, product analyses were also carried 

out using a HP 6890 gas chromatograph equipped with a flame ionization detector and an HPWAX 

capillary column (splitless, N2 carrier, programme temperature: 100°C 15 min, 15°C/min, 160°C 18 

min,). From GC analysis only one peak was detected whose retention time (15.3 min) corresponded to 

that of the sulfide authentic sample, confirming UV results. Moreover, we verified that the loss in 

sulfoxide concentration was equal to the increase of sulfide concentration. Quantitative analyses were 



5 
 

performed using a calibration curve of sulfide (equation was: peak area=1.29x1010C).  The values of 

sulfide concentration obtained from these two independent techniques were in agreement with each 

other within an experimental error of 10%. Each photocatalytic experiment was repeated three times in 

order to evaluate the error, which remained in the ± 5% interval around mean value. In order to test the 

stability of the photocatalysts, the most active TiO2-700, recovered at the end of the photocatalytic 

experiment, was washed three times with CH3CN (1 mL) and then dried overnight in the oven. Finally 

it was calcined at 400 °C for six hours and used in a subsequent experiment. Control experiments were 

run irradiating the solution of methyl p-tolyl sulfoxide (1.55 x 10-3M) without any photocatalyst at > 

350 nm or keeping in the dark TiO2-700 dispersed in the solution containing the sulfoxide. Moreover, 

we performed other experiments with the aim of optimizing the slurry amount of photocatalyst with 

respect to absorption of incident light. Twenty milligrams of photocatalyst were chosen as the optimum 

amount.  

 

 

3. Results and discussion 

3.1 XRD patterns of TiO2 calcined at different temperatures. 

Fig. 1 shows the XRD patterns of TiO2 before and after calcination at 500, 700 and 850° C. For the 

sample before calcination, diffraction peaks due to the crystalline phases are not observed, giving 

evidence that the sample is amorphous. For TiO2-500, the peak at 25.3° relative to anatase is very 

intense and narrow and that at 27.4° ascribed to rutile has a very low intensity. These evidences 

indicate that anatase is the main crystalline phase in this sample, but little percentage of rutile is already 

present.  Increasing calcination temperature to 700°C, the intensity of the anatase peaks decreases and, 

at the same time, that of rutile increases, indicating that anatase phase is transforming into the rutile 

one. Going further, TiO2-850 presents only the diffraction peaks of rutile and those assigned to anatase 

disappeared. This means that, at this temperature, anatase completely changed to the rutile phase. 

The weight fraction of the rutile phase (xR) can be estimated from the XRD peak intensities 

using the following formula [33]:  

xR = 1/[1+0.884(IA/IR)] 

where IA and IR represent the X-ray integrated intensities of anatase (101) and rutile (110) diffraction 

peaks respectively. Results are reported in Table 1 (first column). 
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Fig.1 XRD patterns of TiO2 before calcination and of TiO2 calcined at different temperatures. 

 

Table 1. Phase composition, crystallite size and surface area of the photocatalysts. 

photocatalyst phase composition from XRD particles diameter (nm) BET (m2/g) 

TiO2-500 93% A, 7% R 50-60 27 

TiO2-700 60% A, 40% R 90-150 20 

TiO2-850 0% A,  100% R 100-150 8 

 

3.2 DR-UV- visible spectra. 

Fig. 2A reports DR-UV-vis spectra of the investigated TiO2 samples. It can be seen that, going from 

TiO2-500 to TiO2-850, the absorption onset shifts to longer wavelengths, in agreement with the 

increasing amount of rutile, which it is well known to have a band gap value lower than that of anatase. 

Looking at the first derivative curves (Fig. 2B), we observe a peak centered at 365 nm for TiO2-500 

and a peak at 401 nm for TiO2-850 that can be ascribed to anatase and rutile respectively, according to 

literature data [12]. Interestingly, the sample TiO2-700 presents both peaks, indicating that anatase and 

rutile are both present in agreement with XRD data. 
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Fig. 2A) DR-UV-vis spectra of TiO2-500, TiO2-700 and of TiO2-850. B) The first derivative curves 

obtained from part A. 

 

3.3 NIR- and UV-Raman spectra. 

Fig. 3 displays the NIR Raman spectra of TiO2 calcined at different temperatures. In the sample 

calcined at 500°C characteristic bands of anatase appear at 638, 515, 395 and 195 cm-1. This result is in 

agreement with XRD data that established that more than 90% was anatase. However, no peak relative 

to the little amount of rutile has been detected by the Raman spectrum. When the sample is calcined at 

700°C the bands of anatase decrease in intensity and other new bands at 612 and 446 cm-1 ascribable to 

rutile phase appear. The simultaneous presence of anatase and rutile confirms the results of XRD and 
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DR-UV-Vis analyses and the gradual transformation of anatase to rutile by increasing calcination 

temperature. In fact, TiO2-850 presents only the bands characteristic of rutile (612, 446, 234 cm-1). 
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Fig. 3 NIR Raman spectra of TiO2-500, TiO2-700 and of TiO2-850 (exc= 785 nm) 

 

Some authors reported recently that, in the case of TiO2 particles, information from UV Raman 

can be often different from that obtainable with longer wavelengths [27]. In particular, they distinguish 

between laser light sources, claiming that signals of Raman spectra recorded upon excitation with short 

frequency radiation mainly come from the bulk of TiO2. For this, Raman spectroscopy can be 

considered a bulk-sensitive method, like XRD [27, 34-37]. Moreover, Zhang et al. report that the use of 

an UV light source, which has a lower penetration power than longer wavelengths, could contain more 

signal from the surface skin region than from the bulk of the TiO2 sample [27, 28]. For our purposes, 

since we use UV light during the photocatalytic experiments (see below), it is important to establish 

which phase is present on the TiO2 surface and, thus, exposed to the photochemical excitation. On this 

basis, we decided to record UV-Raman spectra of the three samples under investigation (Fig. 4). The 

quality of the rutile UV Raman spectrum is always lower respect to that of anatase. This is due to 

resonant effect. For this, it is expected that rutile contribution reveals to be just a shoulder if present 

when anatase is the main crystal phase. Analogously to what observed in NIR-Raman spectra, TiO2-

850 consists of rutile and TiO2-500 consists mainly of anatase. The eventual presence of rutile traces on 

the surface of this sample is below the instrumental detection limit. In the case of TiO2-700 we clearly 

observe the peaks characteristic of anatase. A deep analysis of the anatase peak at 638 cm-1 (Fig. 4B) 
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reveals also the presence of rutile phase by the detection of a shoulder at lower wavenumbers.  The 

comparison between NIR-Raman and UV-Raman spectra lets us to conclude that, although anatase 

phase is persisting on the surface of TiO2-700 at relatively high calcination temperatures, both phases 

are present on the surface and can participate to the photocatalytic process.  
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Fig. 4. A) UV-Raman spectra of TiO2-500, TiO2-700 and of TiO2-850 (exc= 325 nm). B) Expanded 

view of the region from 450 to 750 cm-1 in TiO2-700 spectrum of part A and commercial rutile 

spectrum in the same range of wavenumbers. The intensity of rutile spectrum has been multiplied by 

3.5. 

 

3.4 SEM, BET analyses 

Specific surface areas and morphology of the three samples have been investigated by N2 adsorption at 

77K and SEM respectively. The values of surface area are reported in Table 1. It is seen that increasing 

calcination temperature and the content of rutile, the surface area decreases and, at the same time, 

particle size tends to increase, in agreement with what is reported in the literature [27, 38]. However, as 

shown in Fig. 5, the increase of particle size is more pronounced passing from TiO2-500 to TiO2-700 

than from TiO2-700 to TiO2-850 (see Table 1).  
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Fig. 5 SEM images of TiO2-500 (a), TiO2-700 (b) and of TiO2-850 (c). 

 

3.5 Photocatalytic activity 

Irradiation (> 350 nm) of deaerated suspensions of the investigated photocatalysts (20 mg) in 

CH3CN/2-propanol(4/1 v/v, 3 mL) containing methyl p-tolyl sulfoxide (1.55 x 10-3M) led to the 

formation of methyl p-tolyl sulfide (see experimental part). Its formation has been followed during one 

hour irradiation as shown in Fig. 6. From gas chromatographic analysis and UV spectra we quantified 

that the decrease of substrate concentration corresponds to the formed product, with a selectivity of 

100%. For this, we can claim that no other side products are formed during the deoxygenation reaction. 

This result is of relevance since other authors reported in the past that irradiation of TiO2 (Aldrich 

99%) dispersed in pure ethanol in the presence of methyl p-tolyl sulfoxide (1.0 x 10-3M) led to methyl 

p-tolyl sulfide with a selectivity of only 73%. Moreover, no data have been reported about the phase of 

the photocatalyst, and the relation between the crystalline phase and the photoactivity has not been 

considered [31, 32]. In our system 2-propanol scavenges the photogenerated holes [39].   

From Fig. 6A we observe that the most active photocatalyst is TiO2-700, TiO2-500 follows, and 

TiO2-850 shows a very poor photocatalytic activity. Since from Table 1 the three TiO2 based samples 

have different surface area values, Fig. 6B reports sulfide concentration values normalized to the 

effective area present in 20 mg of employed photocatalyst.  
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Fig. 6A Methyl p-tolyl sulfide concentration vs. irradiation time obtained upon irradiation of deaerated 

solutions of CH3CN/2-propanol (4/1 v/v) containing methyl p-tolyl sulfoxide (1.55 x 10-3M) as 

substrate in which the photocatalyst (20 mg) has been dispersed. Squares: TiO2-700, circles TiO2-500, 

triangles TiO2-850. 

 

 

 

Fig. 6B Methyl p-tolyl sulfide concentration (values from Fig. 7A) / surface area vs. irradiation time. 

Squares: TiO2-700 (0.4 m2), circles TiO2-500 (0.54 m2), triangles TiO2-850 (0.16 m2). 
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Fig. 6B shows that TiO2-500, containing more than 90% of anatase, is more active than TiO2-

850 that is made of rutile. These results are in agreement with the facts that charge recombination 

process in anatase is known to be relatively slow [6] and that good interaction between anatase and 2-

propanol probably occurs, leading to efficient holes scavenging activity [5]. Interestingly, the presence 

of both anatase and rutile in comparable amount on the surface of TiO2-700 has an important role in 

increasing the photocatalytic activity with respect to TiO2-500 and TiO2-850. Many literature works 

report that the efficiency of charges separation process in titania is enhanced when both phases are 

present [13-26] and our results reinforce this idea. In our photocatalytic system, deoxygenation reaction 

uses promoted electrons and 2-propanol oxidation needs photogenerated holes. The increase in 

photocatalytic activity of TiO2-700 is likely due to spatial separation of electrons and holes on the two 

different phases, which enhances their lifetime, so increasing the efficiency of reduction and oxidation 

processes. Two possible mechanisms of charge separation, both supported by literature, can be 

invoked: the first is the movement of electrons from rutile to anatase and the second is the shuttle of 

electrons from anatase to rutile (Scheme 1A and 1B respectively). In Scheme 1A it is to consider that 

UV illumination (> 350 nm) photoexcites both phases: electrons promoted to the conduction band of 

rutile can flow to anatase thanks to its reported higher electron affinity [26] and, at the same time, 

photogenerated holes can migrate toward rutile phase [24]. This kind of charge separation is supported 

also by Sun and coworkers, who suggested that UV irradiation of TiO2 P25 causes a band bending of 

0.1 eV that inhibits the thermodynamically allowed transfer of electrons from anatase to rutile [25]. 

Looking at Fig. 6B, we observe that photocatalytic activities of TiO2-500 (anatase) and of TiO2-700 

(mixed phase) are very similar at the initial stages of the experiment and diverge at irradiation times 

longer than 20 minutes. This behavior could be in agreement with this hypothesis. The electron transfer 

from rutile to anatase does not mean that the hole transfer process does not proceed in mixed phase 

TiO2. Holes could be transferred to rutile and be scanvenged there by 2-propanol. This means that the 

alcohol should be very important to the effectiveness of the sulfoxide photoreduction reaction over 

TiO2. On this regard, it has been reported that calcination treatment of TiO2 rutile samples leads to a 

very small surface hydroxyl concentration [24] and that alcohol molecules can be dissociatively 

adsorbed as alcoholate species [39-41] on these dehydroxylated rutile surfaces. The reaction between 

adsorbed alcoholate and holes is generally fast and may contribute to the efficiency of the sulfoxide 

photoreduction. 
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Scheme 1B proposes the thermodynamically allowed transfer of photoexcited electrons from 

anatase to rutile [17]. Hole scavenging by 2-propanol would occur mostly on anatase, which is reported 

to be the most reactive phase with alcohols [5]. An improved photocatalytic reduction reaction 

efficiency implies both a good charge separation and an efficient process of holes scavenging and these 

considerations could explain the enhancement of TiO2-700 photoactivity.  
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Scheme 1. Possible mechanisms for the deoxygenation of methyl p-tolyl sulfoxide with the TiO2-700 

mixed-phase photocatalyst. 

 

Stability of the photocatalyst has been evaluated for the most active TiO2-700. At the end of the 

photocatalytic experiment, the material is recovered and treated as described in the experimental part. It 



15 
 

is found that calcination is a necessary step to recover the photocatalytic activity. Three repeated 

experiments show that it can be re-used with good results (Fig. 7). We observe a loss of photocatalytic 

activity, in terms of formed end product, between the first and the second run of about 20% but no 

significant decrease is seen between the second and the third run. 

 

 

 

Fig. 7 Methyl p-tolyl sulphide concentration vs. time upon irradiation of TiO2-700 in three repeated 

cycles. 

 

Conclusions 

Anatase and rutile formation has been thermally induced calcinating at different temperatures 

amorphous TiO2 prepared by a sol-gel method. Three photocatalysts have been synthesized and fully 

characterized. Then, they have been tested in the deoxygenation of methyl p-tolyl sulfoxide to the 

corresponding sulfide. UV- Raman spectrum of TiO2-700 (calcined at 700°C) shows that anatase and 

rutile are both present on the surface. Their presence is responsible of the improvement of 

photocatalytic activity with respect to single phases. This positive performance is attributed to a 

synergy between anatase and rutile that allows an efficient charges separation process with electrons 

and holes on the two different phases. This work points out that a suitable surface composition of TiO2 
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together with a good holes scavenger produces a more efficient photocatalyst, useful in processes of 

synthetic interest. We underline that the conversion of the sulfoxide to sulfide is completely selective 

under the used reaction conditions. Research is going on both in the preparation of other photocatalysts 

with intermediate anatase-rutile ratios on the surface and in the comprehension of the details of charges 

movement. 
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