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Abstract 

The use of titania-silica materials in photocatalytic processes has been proposed as an 

alternative to the conventional TiO2 catalysts, in order to facilitate the separation of the solids 

after the reaction. However, despite the large number of works in this field, up to date it is not 

totally clarified the mechanism governing the photocatalytic activity of the mixed TiO2/SiO2 

oxides. In the present work several titania-silica materials have been prepared through a sol-

gel method controlling the main variables to obtain materials with different textural 

properties, degree of titanium incorporation and dispersion of such species, and crystallinity 

of titanium dioxide. Characterization of the samples and correlation with their activity for the 

photocatalytic oxidation of cyanide has permitted to determine that the main factors 

conditioning the photoactivity of these materials are: i) textural properties and accessibility of 

the titania surface, ii) formation of anatase nanocrystals of suitable size and band gap energy, 

and iii) quality of the titania crystal network, improved by the use of a hydrothermal 

crystallization procedure. 
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1. Introduction 

 

Titania-silica mixed oxides have a large number of applications in catalysis, either as catalysts 

by themselves or as catalyst supports [1-3]. Consequently, the preparation and 

characterization of these materials have been extensively reported in the literature. 

 

The chemical and physical properties exhibited by these materials depend, among others, on 

both the composition and the degree of homogeneity. Therefore, different synthesis strategies 

have been developed [4,5] such as coprecipitation, flame hydrolysis, impregnation, chemical 

vapour deposition, etc. The sol-gel route has demonstrated a high potential for controlling the 

bulk and surface properties of the oxides [6-8]. Depending on the drying conditions the binary 

oxides could be obtained as aerogels, either by supercritical drying [9,10] or by silanization of 

the material previously to a conventional drying [11]. Additionally, non-hydrolytic sol-gel 

routes have been also reported in the literature [12]. 

 

The TiO2/SiO2 materials prepared by the sol-gel synthesis are essentially amorphous. At low 

contents, titanium atoms are mainly located in tetrahedral positions of the silica network with 

a high dispersion, avoiding the formation of Ti-O-Ti bonds. These materials show a high 

activity as redox catalysts, especially in epoxidation processes [13-15].  

 

A large number of reports deals with the application of titania-silica materials as catalysts in 

photocatalytic processes [16-19]. Heterogeneous photocatalysis has shown a high efficiency 

in the removal of highly toxic and non-biodegradable pollutants commonly present in air and 

in domestic or industrial wastewaters [20-26]. These processes are based on the use of UV 

radiation to stimulate a semiconductor material, usually TiO2, on whose surface the oxidation 

of the pollutants is carried out.  

 

The catalysts regularly used in photocatalytic reactions are constituted by crystalline titanium 

dioxide, mainly in the anatase form, such as the well-known material Degussa P25 [23,24]. 

To maximize TiO2 photoactivity, particles should be small enough to offer a high specific 

surface area. Unfortunately for applications in aqueous phase such a small particle size means 

high filtration costs to remove the catalyst once the reaction is finished. These problems have 

motivated the development of supported photocatalysts in which TiO2 has been immobilized 

on diverse materials [27,28]. Most of the work has been focused on the use of siliceous 



materials as supports, as they fulfil three desirable features for this application: chemically 

inert, high specific surface area and transparency to the UV radiation. However, despite the 

large number of works in this field, up to date it is not totally clarified whether the 

photocatalytic activity of the mixed TiO2/SiO2 oxides is attributed to the formation of 

quantum crystalline species stabilized on the silica matrix [29,30] or to a mechanism different 

from the semiconductor photocatalysis, based on the formation of excited states of charge 

transfer complexes located in the tetrahedral Ti
4+

 species isolated in the silica network [17]. 

 

The present work is focused on the elucidation of the main mechanism responsible for the 

photocatalytic activity of mixed TiO2/SiO2 oxides. Several titania-silica materials have been 

prepared controlling the main variables of the sol-gel route to obtain materials with different 

textural properties, degree of titanium incorporation and dispersion of such species, and 

crystallinity of titanium dioxide. The characterization of the catalysts and correlation with the 

activity for the photocatalytic oxidation in comparison with pure titania have allowed to 

determine the main features related to the photoactivity of these materials. 

 

 

2. Experimental 

 

2.1. Synthesis of the materials  

 

The synthesis procedure was based in a two stages sol-gel method of acid hydrolysis and 

basic condensation at room temperature. All the materials were synthesized using the 

following sequence of steps (not all the steps were followed in every material): 

1. Prehydrolysis of the silicon source. A solution of tetraethylorthosilicate (Si(OC2H5)4, 98 

wt.%, Alfa Chemicals; TEOS) in ethanol (molar ratio ethanol/TEOS = 2) was hydrolyzed 

with a 0.05 N HCl solution (molar ratio H2O/TEOS = 1.2) at room temperature during 90 

minutes. As the hydrolysis of the silicon source is much slower than that of the titanium 

species, one of the main variables affecting the degree of incorporation and dispersion of 

titanium atoms in the silica network is the extension of the silicon alcoxide prehydrolysis. 

2. Hydrolysis of the titanium source. The synthesis mixture was cooled by means of an ice-

water bath. A solution of titanium tetraisopropoxide (Ti(OC3H7)4, 97 wt%, Alfa 

Chemicals; TTIP) in isopropanol (mass ratio i-PrOH/TIPT = 1) was added dropwise to 

the synthesis medium and stirred during 45 minutes. The controlled addition of the 



titanium alcoxide avoids the fast formation of titanium dioxide, favouring the titanium-

silicon heterocondensation. 

3. Condensation. The formation of the mixed oxide gel was produced by increasing the pH 

by dropwise addition of a 1 N NH3 solution. 

4. Hydrothermal treatment. The hydroprocessing of the materials was carried out in 

autoclave reactors at 110ºC or 170ºC and autogenous pressure for 24 hours. 

5. Silanization. The silanization of the cogel prevents the collapse of the porous structure 

during the thermal treatment, maintaining high specific surface areas. This stage was 

carried out after 48 hours of aging at room temperature to increase the degree of 

condensation of the cogel. The procedure was based in that reported by Sotelo et al. [11] 

by reacting the surface hydroxyl groups with trimethylchlorosilane ((CH3)3SiCl, 98%, 

Aldrich; TMCS). The aged cogel was washed three times with ethanol and another three 

times with n-hexane to remove the residual water. The reaction was carried out in boiling 

n-hexane (63-65ºC) for 45 minutes. Previously to the addition of TMCS (molar ratio 

TMCS/Ti+Si = 0.5) the system was purged with a continuous N2 flow. 

6. Drying. The removal of the solvent was carried out by conventional drying at 110ºC for 

12 hours. 

7. Calcination. Removal of residual organics and thermal stabilization of the materials was 

carried out by calcination for 5 hours at 450ºC, 550ºC or 650ºC in air atmosphere. 

 

Table 1 summarizes the synthesis pathway of the four types of xerogels prepared in this work. 

Obviously, all the materials with 100 wt% of TiO2 prepared for comparison purposes were 

synthesized without the prehydrolysis stage, as the silicon source is not incorporated. 

Concerning the materials in which titania is incorporated into a silica support, the hydrolysis 

and condensation of the titanium alcoxide took place in the presence of the silica particles 

previously suspended in the solution.  

 



Table 1. Synthesis pathway of the TiO2/SiO2 xerogels developed in this work. 

 

 

Stage 

Xerogels with 

prehydrolysis 

Silanized 

xerogels 

Xerogels without 

prehydrolysis 

Hydrothermal 

xerogels 

Si Prehydrolysis X X   

Ti Hydrolysis X X X X 

Condensation X X X X 

Silanization  X   

Hydrothermal treatment    X 

Drying X X X X 

Calcination X X X X 

 

 

 

2.2. Catalysts characterisation 

 

Nitrogen adsorption–desorption isotherms at 77K were obtained from a Micromeritics Tristar 

3000 sorptometer. The surface areas were determined according to the Brunauer–Emmett–

Teller (BET) method. The pore size distributions were calculated with the DFT Plus software 

(Micromeritics), applying the Barrett–Joyner–Halenda (BJH) model considering cylindrical 

geometry of the pores. 

 

X-ray diffraction (XRD) patterns of the samples were recorded on a Philips X’PERT MPD 

diffractometer using Cu K  radiation and a step size of 0.02◦ in the range 20–70º. The step 

time was 2 s, adequate to obtain a good signal-to-noise ratio for the two TiO2 crystalline 

phases detected, anatase and rutile, whose main diffraction peaks correspond to 1 0 1 (2θ ~ 

25.3º) and 1 1 0 (2θ ~ 27.4º) planes, respectively. Calcite 1 0 4 signal (2θ ~ 29.4º) was used as 

internal standard to calculate the instrumental width required for the estimation of the average 

crystal size through the Scherrer equation. 

 

UV–VIS spectral data were obtained in a Varian Cary 500 Scan UV–VIS–NIR 

spectrophotometer provided with an integrating diffuse reflectance accessory. The spectra 

recorded in the range 200–500 nm in terms of F(R), the Kubelka–Munk function, were used 

to calculate the band gap of the materials. 



 

 

2.3. Photocatalytic reactions 

 

The experimental setup consisted of a batch photoreactor with irradiation by a 150 W medium 

pressure mercury lamp (Heraeus TQ-150) placed axially inside a cooled quartz jacket. The 

catalyst was maintained in suspension by a magnetic stirrer placed at the bottom of the vessel. 

A gas bubbling system provided the oxygen required for the oxidation reaction. The UV-A 

incident photon flow, determined by ferrioxalate actinometry, was 1.37·10
-5

 Einstein l
-1

 s
-1

.  

 

The photocatalytic activity of the materials was evaluated using the photoxidation of 

potassium cyanide as test reaction. All reactions were carried out at 25ºC with a catalyst 

concentration of 0.5 g TiO2 l
-1

, considering the different titania loading of the catalysts tested. 

This catalyst concentration was previously selected from studies with Degussa P25 titania in 

order to obtain a maximum absorption of photons.  The initial concentration of potassium 

cyanide (Panreac, reagent grade) was 3.85 mM and the initial pH value was 11.0. The 

decrease in cyanide concentration along the catalytic test was followed by the pyridine-

barbituric standard colorimetric method. Oxidation products, mainly cyanate, were analysed 

by ion chromatography (Metrohm Separation centre 733) using an aqueous solution of 

NaHCO3 (2.0 mM) and Na2CO3 (1.3 mM) as eluent. 

 

 

3. Results and Discussion 

 

3.1. Characterization and activity of the reference TiO2 materials. 

 

Besides the use as catalyst support [31], Degussa P25 TiO2 is the most widely used 

semiconductor material for photocatalytic studies due to its high photoactivity [32]. For that 

reason, an exhaustive characterization of this sample was carried out with comparison 

purposes. Table 2 summarizes the main results of the crystallographic and textural properties 

analysis of this material.  

 

 



Table 2. Characterization and photoactivity for free cyanide photoxidation of the reference 

TiO2 materials. 

 

 

Material 

SBET  

(m
2
·g

-1
) 

Dpart. 
a
 

(nm) 

DCrystal  

(nm) 

Eg  

(eV) 

Eg 
b
 

(nm) 

0
 (molCN

-
 

·Einstein
-1

) 

 

r 

Degussa P25 52.0 30 31 (Anat) 

54 (Rut) 

3.7 335 0.072 1.00 

Acros Anatase 7.0 220 >1 m (Anat) 3.4 361 0.019 0.26 

Alfa Rutile 4.2 366 >1 m (Rut) 3.1 395 0.005 0.07 

MAT01 (450ºC) 2.7 570 42 (Anat) 3.2  385  0.014 0.19 

MAT02 (650ºC) 0.3 5100 300 (Rut) 3.0 406 0.003 0.04 

a
 Estimated from SBET assuming non-porous spherical particles. 

b
 Threshold wavelength of radiation absorption calculated from Eg. 

 

 

The quantitative processing of the diffraction pattern has been carried out by using as internal 

standard the diffraction signal of calcite at 2  = 29.4º. The results show that Degussa P25 is a 

totally crystalline material with an anatase/rutile ratio 81/19. The crystal sizes calculated with 

the Scherrer equation using the calcite signal to determine the instrumental width are 31 and 

54 nm for anatase and rutile, respectively. Both the relative proportion between the allotropic 

phases and the average crystallite size are similar to those reported by Ding et al. [33] and 

Bickley et al. [34] although the latter group proposed the existence of a certain amount of 

amorphous titanium dioxide. Other groups have also considered the material as 100% 

crystalline, but different anatase/rutile ratios have been reported in the range from 70/30 [24] 

to 90/10 [35]. 

 

Two additional reference materials called MAT01 and MAT02 were obtained by calcinating a 

100% titania material synthesized by the same sol-gel method at 450ºC and 650ºC 

respectively. According to the powder X-ray diffraction patterns shown in Figure 1, 

calcination at 450ºC led to a material mainly constituted by anatase crystals with an average 

size of 42 nm. In contrast, calcination at 650ºC produced a material 100% rutile with an 

average crystal size above 300 nm. The differences found for the crystal sizes of both 

allotropic phases support the proposal previously made that the transition of anatase to rutile 



requires the growth of the crystals to reach a critical size [36], phenomenon conditioned by 

solid state diffusion and thus activated by temperature. Such higher sizes of rutile crystals as 

compared to the anatase ones result in lower specific surface areas for rutile-based titania 

materials. The temperature of crystalline transition is strongly conditioned by the synthesis 

procedure, as the different values reported in the literature depending on the material prove. 

To achieve the total transformation to rutile of Degussa P25 more than 96 hours at 

temperatures above 700ºC are required [33]. For sol-gel titania, Rivera et al. [37] reported a 

total transformation to rutile at 600ºC. In contrast, according to Chan et al. [36] in titania 

samples synthesized by hydrolysis of titanium tetraisoproxide in vapour phase, the 

transformation to rutile starts after 3 hours at temperatures above 700ºC, being required more 

than 1000ºC for the total transformation. Consequently, the thermal treatment required for 

newly developed materials must be carefully investigated. 

 

 

Figure 1. X-ray diffraction patterns of the synthesized 100% TiO2 reference materials 

calcined at 450ºC (MAT01) and 650ºC (MAT02). 

 

 

The textural properties of the reference materials were estimated from nitrogen adsorption-

desorption isotherms at 77K. The main results are reported in Table 2. Assuming that all the 

estimated specific surface area corresponds to external particle surface, and considering a 

spherical shape of the particles, it is possible to estimate the average particle size from the 

BET surface area values, as it is also reported in Table 2. Besides the higher surface area 

presented by Degussa P25 in comparison with MAT01 and MAT02 it is worth noting that 

whereas in the commercial sample the estimated particle size is in good agreement with the 



average crystal size calculated by powder X-ray diffraction, significant differences between 

both values are found for the synthesized materials. One plausible explanation can be the 

formation, in the latter ones, of polycrystalline agglomerates. 

 

Figure 2 depicts the diffuse reflectance UV/Vis spectra of Degussa P25 TiO2, MAT01, 

MAT02 and two commercial samples of anatase (Acros, 99%) and rutile (Alfa Chemicals, 

99.8%). The Kubelka-Munk function, F(R), can be considered proportional to the absorption 

of radiation [29]. On this basis, the value of Eg, the band gap of the semiconductor, can be 

derived from the spectra by plotting (F(R)·h )
2
 against h  as shown in Figure 3 [38]. 

 

 

Figure 2. DR-UV/Vis spectra of the reference materials. 

 

 

Figure 3. Band-gap calculus from the DR-UV/Vis spectra. 



 

 

Table 2 summarizes the Eg values calculated for every material together with their 

corresponding wavelength value ( Eg). The latter is a threshold value, meaning that radiation 

with higher energy can also be absorbed producing the charge separation. The band-gap 

values usually reported for pure anatase and rutile are 3.2 and 3.03 eV, respectively [39]. 

However, these values are influenced by the synthesis procedure, the existence of impurities 

doping the crystalline network and also the average crystal size of the semiconductor. 

Moreover, different methods for calculating the Eg from the UV/Vis reflectance spectra are 

used. For example, some authors calculate the Eg values by direct extrapolation of the F(R) 

spectrum whereas others report the wavelength corresponding to the maximum absorption [3]. 

As a consequence, quite different Eg values for rutile and anatase samples are found in the 

literature. For instance, for anatase-based materials threshold wavelengths values of 370 nm 

[40], 380 nm [41], 387 nm [42], 393 nm [43] and 403 nm [44] corresponding to a band gap 

range from 3.08 to 3.35 eV have been reported. In the case of rutile-based materials it has 

been reported an absorption wavelength as high as 437.4 nm (Eg = 2.84 eV) [44]. In the 

present study, the values calculated for the synthesized anatase and rutile materials are 3.0 and 

3.2 for MAT01 and MAT02, respectively. Concerning Degussa P25 material, Bickley et al. 

[34] reported a spectrum with a band-gap value intermediate between anatase and rutile, in 

agreement with the X-ray diffraction data. Other groups have obtained wavelengths values of 

390 nm [45] and 375-380 [33]. The spectrum shown in Figure 2 leads to a 350 nm wavelength 

by linear extrapolation, similar to the value reported by Chiang et al. [45] and close to the 

value of 360 nm reported by Cabrera et al. [32].  

 

Nevertheless, despite the above mentioned differences, the study of UV/Vis radiation 

absorption constitutes an important tool for the evaluation of the changes produced in 

semiconductor materials by different treatments. An example is the red-shift observed when 

comparing MAT01 with MAT02 (Figure 3) indicative of the crystal growth and transition to 

rutile that takes place. 

  

Table 2 shows the activities of the reference materials in the photocatalytic oxidation of 

potassium cyanide. They have been expressed in terms of initial photonic efficiency (
0
), 

calculated as the ratio between the initial reaction rate and the volumetric incident photon 



flow. For comparison purposes, relative activities referred to Degussa P25 ( r) are also 

included. 

 

The activity shown by the commercial anatase and rutile and the synthesized MAT01 and 

MAT02 materials is much lower than that of Degussa P25, probably due to their low specific 

surface area. Moreover, the photocatalytic activities of both anatase samples are higher than 

that of the rutile ones, what is in agreement with the conclusions of other research groups. 

This fact has been attributed to the higher photoadsorption of O2 and lower charge 

recombination rate in anatase as compared to rutile [21] and also to the higher adsorption 

capabilities for hydroxyl anions and water molecules of the former [33].  

 

There is no agreement in the literature about the reasons that justify the high photoactivity of 

Degussa P25. Two different categories of explanations could be identified, depending on 

which of the two sequential steps of the photocatalytic process is taken into account: photon 

absorption or charge transfer vs. recombination rate, that is, the quantum yield. According to 

Cabrera et al. [32] the high activity of the P25 material could be a consequence of its 

extremely high specific coefficient for radiation absorption. In contrast, Bickley et al. [34] 

attributed the high photocatalytic activity of the sample Degussa P25 to the enhancement in 

the magnitude of the space-charge potential, which is created by contact between the different 

phases present and by the presence of localized electronic states from the amorphous phase. 

Martin et al. [46] proposed that this high activity is due to the low amount of crystalline 

defects resulting from its preparation by the Aerosil method at high temperature. Accordingly, 

the materials synthesized by sol-gel method would show a much higher density of crystalline 

defects increasing the recombination of the charge carriers in the bulk phase. Finally, 

Hoffmann et al. [24] claimed that the high activity shown by certain titanium dioxide 

photocatalysts could be related to either a high charge transfer rate or a reduced 

recombination rate, being the latter the reason attributed to Degussa P25.  

 

 

3.2. Development of silica-titania materials 

 

One of the most suitable methods for preparing TiO2/SiO2 materials is the hydrolysis and 

condensation of silicon and titanium alcoxides [16,47]. In this work, different materials have 



been prepared by changing the synthesis route with the aim of modifying the dispersion of the 

titania clusters on the silica matrix. 

 

3.2.1. TiO2/SiO2 xerogels synthesized with prehydrolysis of the silicon source. 

 

Initially, a series of mixed TiO2/SiO2 xerogels with different titania content ranging from 0 to 

40 wt% were prepared prehydrolysing the silicon source in order to maximize the 

incorporation of titanium atoms on the silica network [48]. The materials were obtained 

following calcination at 450ºC (MAT03, MAT05 and MAT07) and 650ºC (MAT04, MAT06 

and MAT08). Two 100% silica xerogels (MAT03 and MAT04) were prepared for comparison 

purposes.  

 

Table 3 summarizes the textural properties of the materials. The values calculated for the 

specific surface areas are much higher in comparison with the reference materials 100% TiO2 

MAT01 and MAT02. Both the specific surface area and the pore volume values decrease as 

the titania loading increases, being the porosity of the material directly related to the silica 

content. In the preparation of the TiO2/SiO2 materials it is important to achieve a 

homogeneous dispersion of titania on the silica matrix for developing the TiO2 surface, 

achieving higher values than that corresponding to the pure titania materials. According to 

Biaglow et al. [49], the TiO2 surface area of these mixed oxides could be estimated by 

temperature-controlled desorption of 2-propanol. Using this procedure, Davis and Liu [3] 

showed that the equivalent titania specific surface area in this type of materials is higher than 

that corresponding to Degussa P25.  

 



Table 3. Characterization and photoactivity for free cyanide photoxidation of the TiO2/SiO2 

xerogels prepared with prehydrolysis of the silicon source. 

 

 

Material 

TiO2 

(wt%) 

Calcin.T 

(ºC) 

SBET 

(m
2
·g

-1
) 

VP 

(cm
3
·g

-1
) 

DP 

(nm) 

Eg 

(eV) 

0
 (molCN

-
 

·Einstein
-1

) 

 

r 

MAT03 0 450  685 1.05 5.0 - - - 

MAT04 0 650  599 0.89 4.8 - - - 

MAT05 20 450  594 0.44 3.1 4.2 - - 

MAT06 20 650  423 0.33 3.0 4.1 0.0001 0.001 

MAT07 40 450  461 0.32 3.0 3.8 - - 

MAT08 40 650  234 0.18 2.9 3.7 0.0002 0.003 

 

 

 

Concerning the radiation absorption, Figure 4 shows the UV/Vis reflectance spectra of these 

materials in comparison with those of 100% TiO2 reference materials. First, it must be noticed 

the null absorption exhibited by the pure silica materials in the whole wavelength range 

studied, which confirms that the features in the UV/Vis spectra are exclusively due to the 

titania contribution, which supports the use of SiO2 as dispersing material of the absorbing 

semiconductor active phase. 

 

 

Figure 4. DR-UV/Vis spectra of the TiO2/SiO2 xerogels prepared with prehydrolysis of the 

silicon source. 

 



 

In the wavelength range from 200 to 300 nm the absorption shown by the TiO2/SiO2 is much 

higher than that of pure TiO2 materials. Unfortunately, this higher absorptivity is useless for 

photocatalytic purposes, since it is restricted to the UV-A wavelength range. Samples MAT05 

and MAT06 (20 wt% of TiO2) show absorption maxima close to 240 nm that are associated to 

the presence of non-octahedral TiO2 species [47]. This feature is usually related with titanium 

atoms isolated on the tetrahedral silica network, although in this case the high titania loading 

suggests the presence of small titania aggregates interacting strongly with the silica matrix, as 

the maximum incorporation of isolated titanium atoms in the silica network has been reported 

to be close to 2 wt% [50]. Higher titania contents lead to an increase in the aggregates size, 

according to the shift of the absorption band to higher wavelengths observed in materials 

MAT07 and MAT08 (40 wt% of TiO2). It also observed by increasing the calcination 

temperature a red-shift in the absorption threshold wavelength, due to the growth of the titania 

aggregates. This shift is more significant as the titania content in the material increases. 

Imamura et al. [51] reported similar results with a blue-shift of the threshold radiation as the 

titania content decreases.  

 

The Eg values of the TiO2/SiO2 materials estimated from their spectra are reported in Table 3. 

It is worth noticing that the values estimated for the samples with 20 and 40 wt% of TiO2 are 

similar to those obtained by other authors in materials with lower titania contents. Yamashita 

et al. [17] showed a threshold wavelength of 300 nm for a xerogel with 1 wt% of TiO2, that 

increased up to 350 nm when titania content reached 5 wt%. Inoue et al. [52] calculated Eg 

values in the range of 4.0 to 4.3 eV for materials with a titania content between 3.5 and 11.8 

wt%. By contrast, Anderson and Bard [29] reported values in the range from 3.3 to 3.45 eV 

for TiO2/SiO2 materials with titania contents between 25 wt% and 75 wt%. Liu and Davis [7] 

showed a shift of the threshold wavelength of TiO2/SiO2 xerogels from 340 nm for a material 

with 14 wt% of TiO2 to 384 nm for 89 wt% of TiO2. Consequently, from the comparison with 

the results reported in the literature, the synthesis procedure followed for the preparation of 

the materials MAT05 to MAT08 leads to highly dispersed titanium dioxide crystals on the 

silica matrix, even for high titania contents. 

 

Regarding the photocatalytic activity of these materials, all of them showed negligible activity 

for free cyanide photoxidation, the selected model reaction. For instance, the relative photonic 

efficiencies calculated for MAT06 and MAT08 were 0.001 and 0.003, respectively. Taking 



into account that the threshold wavelengths of both materials are located between those 

corresponding to Degussa P25 and Acros anatase, it seems that this lack of activity is not 

related to the radiation absorption stage. One possible explanation could be related to the 

inaccessibility of the reactant to the semiconductor sites. With the aim of exploring this 

hypothesis, new materials (MAT09 to MAT14) were prepared following similar synthesis 

conditions that materials MAT03 to MAT08 but including a silanization stage previous to the 

drying step in order to prevent the collapse of the porous structure of the xerogels [14]. The 

textural properties of these materials are summarized in Table 4. The results show a clear 

increase in the pore volume of the materials in comparison with those reported in Table 3. In 

the case of the pure silica xerogels, the silanization also leads to higher specific surface areas, 

whereas for the TiO2/SiO2 mixed xerogels a reduction in the BET surface area values is 

observed.  

 

Table 4. Characterization and photoactivity for free cyanide photoxidation of the TiO2/SiO2 

xerogels prepared with prehydrolysis of the silicon source and silanization previous to the 

drying. 

 

 

Material 

TiO2 

(wt%) 

Calcin.T 

(ºC) 

SBET 

(m
2
·g

-1
) 

VP 

(cm
3
·g

-1
) 

DP 

(nm) 

Eg 

(eV) 

0
 (molCN

-
 

·Einstein
-1

) 

 

r 

MAT09 0 450  892 3.50 14.9 - - - 

MAT10 0 650  728 2.73 13.8 - - - 

MAT11 20 450  283 0.70 12.3 4.3 - - 

MAT12 20 650  222 0.64 12.5 4.2 0.0002 0.003 

MAT13 40 450  279 0.56 6.9 4.1 - - 

MAT14 40 650  127 0.29 6.0 4.0 0.0003 0.004 

 

 

 

The reflectance UV/Vis spectra of materials MAT09 to MAT14 (not shown) proved that 

xerogels prepared after silanization show the same trend than those obtained by conventional 

drying. A red-shift of the threshold wavelength is observed either as the titania content is 

increased or, for the same TiO2 content, as the calcination temperature is raised. Additionally, 

the band gap values (Table 4) are very close to those obtained in the materials prepared 

without silanization, which means that this treatment only modifies the textural properties, 



mainly conditioned by the silicon oxide, whereas radiation absorption, exclusively produced 

by the titanium dioxide species, is not altered. 

 

The photocatalytic tests performed with these materials show that they also present negligible 

activity as it is reported in Table 4. For instance, the material with a higher TiO2 content and 

higher calcination temperature, MAT14, shows a relative photonic efficiency of only 0.004. 

Consequently, the improvement in the textural properties of the silanized samples is not 

enough to achieve a good photoactivity.  

 

A plausible explanation for the low photocatalytic activity found in materials MAT03 to 

MAT14 can be found in the crystalline state of TiO2. The X-ray diffraction patterns of the 

materials do not show diffraction signals at the Bragg angles corresponding to anatase or 

rutile meaning that, if titania crystals are formed, their size must be too small to be detected 

by this technique. Taking into account that the textural properties and the band gap value of 

these materials seem not to be responsible of the lack of activity, the absence of crystalline 

titania appears as a possible explanation. 

 

The above mentioned results contrast with those reported by Anderson and Bard [16,29] for 

similar mixed TiO2/SiO2 materials. They prepared materials with TiO2 molar contents of 25, 

50 y 75 wt%. The characterization data showed the formation of quantum-size titania crystals 

of 1.6 nm, not detectable by XRD. These authors justified the high activity of these materials 

for the photocatalytic oxidation of rhodamine-6G by the adsorption capabilities of the silica, 

producing an increase in the effective concentration of the reactant. In the case of ionic 

species such as cyanide, the adsorption over the silica surface is less favoured, although it 

does not seem the only reason to support the lack of activity. 

 

On the other hand, Yamashita et al. [17] presented similar activity results for xerogels with 

titania contents analogous to those reported here, that were justified by the decrease in the 

Ti/Si ratio on the surface that takes place in the mixed xerogels. These authors, however, 

found a very high activity, even higher than that of Degussa P25, for materials with a titania 

content in the range of 0.4 to 5 wt%. In this case a mechanism different to the semiconductor 

photocatalysis was proposed based on the formation of excited states of charge transfer 

complexes located in the tetrahedral Ti
4+

 species isolated in the silica network. 

  



It would be worthy to address two important questions that arise in the comparison of low 

titania content TiO2/SiO2 xerogels and pure TiO2 samples such as P25. The first one is related 

to the fact that the activities are usually compared at equal TiO2 contents. For instance, the 

activity of 0.5 g/l of Degussa P25 should be compared with a concentration as high as 125 g/l 

of a material with only 0.4 wt% of titanium dioxide. Consequently, from a practical point of 

view, the use of materials with titania contents below 20 wt% should be avoid, unless a very 

high specific activity is achieved. Another point for the application of these materials in 

photocatalysis is the higher Eg values shown in comparison with pure titania, shifting the 

absorption of radiation to lower wavelengths in the UV-B range. In these conditions, the 

emission spectrum of the light source is critical, because the use of a pure UV-A or a UV-

B/UV-A lamp could lead to different results. 

 

Finally, to investigate the influence of the silica matrix in the temperature of titania 

crystallization, two materials were prepared in identical way that MAT07 and MAT08 but 

calcinated at 800ºC and 1000ºC. The X-ray diffraction patterns of these materials (not shown) 

indicate that the anatase signal is incipient in the sample calcinated at 800ºC leading to an 

estimation of the crystal size by the Scherrer equation of 1.7 nm. In the sample calcinated at 

1000ºC an evident increase of this signal is observed, leading to an average crystal size of 

14.2 nm. 

 

These results are similar to those obtained by Anderson and Bard [29], showing anatase 

formation only at very high temperatures (above 750ºC for TiO2/SiO2 materials with 36 wt% 

of TiO2). This effect has been attributed to the stabilization of the quantum TiO2 clusters due 

to the interaction with tetrahedral titanium atoms incorporated to the silica network [48]. The 

delay in the crystallization temperature could also be explained by the high dispersion of the 

TiO2 clusters in the silica surface. Both the interactions Si-O-Ti and this high dispersion 

prevent the crystalline transition to rutile [33].  

 

Summarizing, the synthesis of TiO2/SiO2 xerogels with prehydrolysis of the silicon alcoxide 

leads to materials with a high dispersion of the titanium atoms in clusters whose size depends 

mainly on the TiO2 content and the calcination temperature. Very high temperatures are 

required for the formation of anatase crystals, what on the other hand can reduce drastically 

the textural properties of the mixed oxide, leading to anatase crystals highly dispersed but not 

accessible through the porous structure of the material. 



 

 

3.2.2. TiO2/SiO2 xerogels without prehydrolysis of the silicon source. 

 

On the basis of the results above discussed, the following step was the preparation of titania-

silica mixed oxides using a sol-gel route similar to that employed for materials MAT03 to 

MAT08 but without the prehydrolysis of the silicon alcoxide. The goal was to increase the 

degree of homocondensation of the titanium source favouring the formation of TiO2 

aggregates able to yield anatase crystals at lower calcination temperatures. As it can be seen 

in Table 5, the so-synthesized materials (MAT15 to MAT18) show lower specific surface 

areas than those of the previous xerogels where the heterocondensation of Ti-O-Si species 

was favoured by prehydrolysis of the TEOS. However, despite the differences in textural 

properties, the UV/Vis spectra lead to similar Eg values without crystalline evidences even 

after calcination at 650ºC.  

 

Table 5. Characterization and photoactivity for free cyanide photoxidation of the TiO2/SiO2 

xerogels prepared without prehydrolysis of the silicon source. 
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MAT15 20 450  312 0.73 17.8 4.2 - - 

MAT16 20 650  164 0.61 12.6 4.1 0.0006 0.008 

MAT17 40 450  199 0.76 15.4 4.0 - - 

MAT18 40 650  165 0.47 11.3 3.9 0.0011 0.015 

 

 

 

Considering the differences in the hydrolysis rate of the silicon and titanium sources, these 

results could be attributed to the growth of the silicon oxide covering the titania aggregates 

previously formed, and whose size would be too small to produce diffraction signals. 

Consequently, the anatase crystallization should be again limited by the segregation of the 

titanium species and hindering the solid state diffusion through the silica network. 

 



As it could be expected from the characterization results, these materials showed a negligible 

activity for the photocatalytic oxidation of cyanide with relative photonic efficiencies of 0.008 

and 0.015 for the materials MAT16 and MAT18, respectively. 

 

 

3.2.3. Hydrothermally treated TiO2/SiO2 xerogels. 

 

To avoid the drastic thermal conditions required for the crystallization of anatase in the 

materials previously described, a different approach based on the use of a hydrothermal 

treatment was tested. In this case the diffusion of the titanium species is faster, favouring the 

growth and crystallization of titania [53]. According to the literature, by using a hydrothermal 

treatment in a nitric acid medium, it is possible to produce the direct crystallization to rutile 

[53-56] without thermal transition through anatase, consequently obtaining lower crystal sizes 

than those obtained by calcination. In contrast, the hydrothermal processing in water at 

neutral pH leads to the formation of nanocrystalline anatase [53-55] very stable to the thermal 

transition to rutile [57,58]. 

 

As new reference materials, four different 100% TiO2 xerogels (MAT19 to MAT22) were 

prepared using a hydrothermal treatment at different temperatures, in different aqueous media, 

with and without subsequent calcination. The textural properties of these materials are 

summarized in Table 6. 

 

Table 6. Characterization and photoactivity for free cyanide photoxidation of the 

hydrothermal TiO2 xerogels. 
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MAT19 110ºC H2O / - 200 30 7.1 (Anat) 3.5 0.020 0.28 

MAT20 110ºC H2O / 550ºC 32.0 366 46 (Anat) 3.4 0.033 0.46 

MAT21 170ºC H2O / 550ºC 21.1 570 57 (Anat) 3.3 0.019 0.26 

MAT22 110ºC HNO3 / 550ºC 21.0   74   73 (Rut) 3.2 0.007 0.10 

a
 Estimated from SBET assuming non-porous spherical particles. 

 

 



As it can be observed, the hydrothermal treatment increases substantially the specific surface 

area of the 100% TiO2 materials, leading to much lower estimated average particle sizes in 

comparison with the non-hydrothermal samples MAT01 and MAT02. Even after calcination 

at 550ºC the materials show a higher specific surface area, which confirms the stabilization 

against crystal growth achieved by the hydrothermal treatment. Concerning the influence of 

the temperature of the treatment, an increase from 110ºC to 170ºC reduces the specific surface 

area of the material increasing the particle size. Finally, the material processed in nitric acid 

medium shows a BET surface area lower than the material obtained in pure distilled water at 

the same temperature, but interestingly the allotropic phase achieved in this case was rutile 

with a particle size far below the ones obtained through the calcination of amorphous titania. 

 

The X-ray diffraction patterns displayed in Figure 5 show that materials MAT19, MAT20 and 

MAT21 are mainly constituted by anatase, whereas MAT22 is mainly rutile. The results from 

the Scherrer equation indicate that material MAT19 is formed by anatase crystals with an 

average size of 7.1, a value lower than the particle size estimated from the specific surface 

area (Table 6). The materials MAT20 and MAT21 show bigger anatase crystals (46 and 57 

nm, respectively) what is certainly due to the crystal growth produced during the calcination. 

Finally, for the rutile material MAT22 an average crystal size of 73 nm is calculated, value 

very close to the estimated particle size. It is important to remark that such kind of material is 

very difficult to obtain by non-hydrothermal treatments as the thermal transition from anatase 

to rutile usually leads to larger crystals. 

 

 

Figure 5. X-ray diffraction patterns of the hydrothermal 100% TiO2 xerogels. 



 

 

The use of distilled water or nitric acid as synthesis medium also led to important differences 

in the UV/Vis spectra as expected from the crystallographic results. Figure 6 shows the 

absorption patterns of MAT20 and MAT22 in comparison with Degussa P25, Acros Anatase 

and Alfa Rutile. The calculated band gap energy values (3.4 eV for MAT20 and 3.2 eV for 

MAT22) are close to those of Acros anatase and Alfa rutile titania, respectively. The spectra 

of the materials MAT19 and MAT21 (not shown) are very similar to that of MAT20. 

 

 

Figure 6. DR-UV/Vis spectra of the hydrothermal 100% TiO2 xerogels. 

 

 

Table 6 also summarizes the results obtained in the photocatalytic tests. The three anatase-

containing materials show higher activity than the sample constituted by rutile. The best 

results are clearly obtained with MAT20, hydroprocessed at 110ºC in distilled water and 

subsequently calcinated. Despite the important reduction of specific surface area induced 

during the calcination treatment, the sample MAT20 is more active than the uncalcinated 

xerogel MAT19. Taking into account that the average crystal size of the anatase that 

constitutes MAT19 is close to that considered as the optimum [59], the lower activity of this 

sample could be due to the presence of residual organics of the synthesis procedure. 

Regarding the temperature of the hydrotreatment, the lower activity of MAT21 in comparison 

with MAT20 could be due to its lower specific surface area. 

 



The improvement of the activity achieved including the hydrothermal treatment in the 

synthesis of the 100% TiO2 xerogels suggested to follow the same treatment for the TiO2/SiO2 

xerogels preparation procedure. Table 7 summarizes the main properties of the materials 

synthesized in this way: MAT23 and MAT24. In the UV/Vis spectra shown in Figure 7, it can 

be seen that less energetic threshold wavelengths are obtained in comparison with the non-

hydrothermal TiO2/SiO2 materials MAT15 to MAT18, suggesting the formation of bigger 

anatase particles. This is confirmed by the X-ray diffraction patterns shown in Figure 8, from 

which average crystal sizes of 5.8 and 12 nm are calculated for MAT23 and MAT24, 

respectively. 

 

Table 7. Characterization and photoactivity for free cyanide photoxidation of the 

hydrothermal TiO2/SiO2 xerogels. 

 

 

 

Figure 7. DR-UV/Vis spectra of the hydrothermal TiO2/SiO2 xerogels. 
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MAT23
 
 20 110ºC H2O / 550ºC  453 1.03 10.6 5.8 (Anat) 3.8 0.006 0.09 

MAT24  40 110ºC H2O / 550ºC  230 1.02 17.8 12 (Anat) 3.7 0.009 0.13 

 



 

Figure 8. X-ray diffraction patterns of the hydrothermal TiO2/SiO2 xerogels. 

 

 

The results of the photocatalytic activity (Table 7) show that in both cases the observed 

reaction rate is clearly higher than that obtained with the non-hydrothermal materials with the 

same titania content. From these results it can be concluded that the hydrothermal treatment 

enhances the activity of the titania and titania-silica photocatalysts, probable due to the 

promotion of the titania crystallization, what is in agreement with the results recently reported 

by Li et al. [60]. 

 

 

 

3.2.4. Silica-supported TiO2 xerogels. 

 

The previous results suggest the elimination of the prehydrolysis stage of the silicon source 

and the inclusion of a hydrothermal treatment in order to increase the photocatalytic activity 

of the TiO2/SiO2 xerogels. The characterization of the materials seems to indicate that the 

increase in activity is related to the formation of TiO2 aggregates large enough and 

crystallized as anatase. On this basis, the synthesis of a TiO2 over a silica support was 

explored as a way to favour the formation of dispersed TiO2 aggregates. Two different 

materials with 40 wt% of TiO2 over commercial silica (Grace Sylopol 2104) were prepared, 

with and without hydrothermal processing prior to the calcination (MAT 25 and MAT26). 

The commercial support is a non.-structured mesoporous silica with high specific surface area 

and pore volume.  



 

The textural properties of the silica and both supported xerogels are reported in Table 8. The 

values of the specific surface area and pore volume are very similar to that of MAT24, the 

hydrothermally treated TiO2/SiO2 xerogel with analogous titania content. Neither were found 

differences between the diffraction patterns of the latter and of supported materials MAT25 

and MAT26, being anatase the only crystalline phase detected with estimated average crystal 

sizes of 11 and 12 nm, respectively. Moreover, the UV/Vis spectra of MAT25 and MAT26 

are also very similar to that of MAT24, leading to exactly the same Eg value: 3.7 eV (Table 

8). However, and despite the similarities in the characterization data, supported materials 

show an important increase in the photocatalytic activity, with relative photonic efficiency 

values of 0.20 and 0.55 for MAT25 and MAT26, respectively.  

 

Table 8. Characterization and photoactivity for free cyanide photoxidation of the supported 

TiO2/SiO2 xerogels. 

 

 

On one hand, it must be remarked the important increase of activity observed when titania is 

supported on silica in comparison with mixed TiO2/SiO2 xerogels of similar TiO2 wt% 

(relative photonic efficiencies of 0.015 and 0.20 for materials MAT18 and MAT25, 

respectively). These results could be explained by the improved accessibility to the titania 

surface in the supported materials in contrast to the more probably bulk localization of titania 

in the mixed xerogels. On the other hand, once again, it can be observed the drastic increase 

in the activity that produces the hydrothermal processing of the material: a total conversion of 

cyanide is achieved after 4 hours of irradiation with MAT26 whereas the CN
-
 conversion with 

MAT25 remains below 65%. This fact points to the hydrothermal crystallization as a key 

procedure for the improvement of the crystalline properties of the TiO2 nanoparticles. This 

effect could be related to a reduction in the number of bulk defects of the crystal network in 

which bulk recombination of the electron-hole pairs could take place, thus reducing the 

charge transfer rate. However, the experimental verification of this hypothesis, for instance by 

refining the diffraction patterns using the Rietveld method, is very difficult to accomplish for 
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Grace SiO2 0 -  317 1.59 19.1   - - 

MAT25 40 - / 550ºC  220 0.97 17.2 11 (Anat) 3.7 0.014 0.20 

MAT26 40 110ºC H2O / 550ºC  246 0.94 17.5 12 (Anat) 3.7 0.040 0.55 

 



such a small crystallite size [61]. Other research groups have also found an enhancement in 

the photocatalytic activity of TiO2 materials when crystallized by a hydrothermal route, what 

has been justified by the well-developed morphology of the primary nanocrystallites [62]. In 

any case, it seems that the hydrothermal crystallization of titania is produced under less 

drastic conditions in comparison with the calcination treatment, leading to titania crystals of 

better quality that show higher photocatalytic activities.   

 

 

4. Conclusions 

 

The results presented in this work point out the strong influence of the synthesis procedure on 

the physical and chemical properties of the mixed TiO2/SiO2 oxides and therefore in their 

photocatalytic activity. Characterization of the samples and correlation with their activity for 

the photocatalytic oxidation of cyanide has permitted to determine that several factors are 

simultaneously conditioning the photoactivity of these materials. First of all, suitable textural 

properties are essential but a good accessibility of the reactant to the titania surface must be 

also provided.  Secondly, the correlation between the photonic efficiency and the results of 

characterization of the materials by diffuse reflectance UV/vis spectroscopy and powder X-

ray diffraction have showed that the formation of anatase nanocrystals of suitable size and 

band gap energy is absolutely required. Consequently, no evidences have been found of 

activity based on the formation of excited states of charge transfer complexes located in the 

tetrahedral Ti
4+

 species isolated in the silica network, as suggested by other authors. Our 

results evidence that the semiconductor photocatalysis is the main mechanism responsible for 

the photoactivity of titania-silica materials. Finally, an important improvement in the 

photoactivity of the catalysts is observed when using a low-temperature hydrothermal 

crystallization stage in the synthesis procedure, which could lead to the formation of titania 

crystals with less crystalline defects, although the quantitative information derived from the 

diffraction data do not allow to support unequivocally this statement.  
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