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Abstract 

Two series of TiO2 – SiO2 composites have been prepared by post-synthesis impregnation of a TiO2 precursor 
onto SBA-15 silica matrices and a subsequent thermal treatment at 400 °C under air. The influence of the textural 
properties of the SBA-15 and the TiO2 content on the dispersion of TiO2 and its crystallization in anatase were 
evaluated. The morphology of the samples before and after impregnation was observed by electronic microscopy 
while the textural and structural properties were evaluated by different techniques such as XRD, nitrogen 
sorption manometry, Raman spectroscopy. The quantity of crystallized anatase in the composites was 
determined by a XRD quantification using an internal standard. The photocatylic properties of all composites 
were also studied by following the degradation of methyl orange (MO) in water under UV irradiation. For the 
same amount of catalyst, the MO degradation rate in presence of the composites containing 28 and 44 wt% of 
crystallized anatase was found similar to the one in the presence of a commercial fully crystallized anatase. 

 

Introduction 

Nowadays, the increasing interest in heterogeneous photocatalysis leads to the study and development of new 

photocatalysts. Indeed, water and air treatments, bacterial studies ... using photocatalysis are more and more 

developed1-3. Among all the photocatalysts studied, TiO2 semi-conductor is one of the most used4. Titania exists as 

different polymorphs, the most known are brookite, anatase and rutile phases, presenting different physical 

properties5. Among these common crystalline forms of titania, due to its strong oxidizing properties and long term 

photostability, anatase is generally recognized to be the most active phase for photocatalysis6,7. Photocatalytic 

efficiency is favored by an increase of the crystalline degree, the particle size, the specific surface area and the 

porosity8,9. 

To enhance the photocatalytic activity of titania, different studies have been developed where titania is doped with 

metal ions or where mixed oxides are synthesized10-12. In particular, TiO2 – SiO2 mixed oxides exhibit a high thermal 

stability and mechanical strength; both properties come from silica, as well as good optical and catalytic properties, 

provided by the TiO2 phase., In particular due to its properties such as high specific surface area, mesostructured 

silica is an excellent candidate as host support for titania. In addition to its textural properties, mesostructured silica 

is thermally stable and so can be used in many application fields. By this way, the advantages of the silica support 

(e.g. opened porosity, thermal stability) and the properties of Ti clusters are combined in order to improve the 

catalytic activity of TiO2. Another advantage of the TiO2 - SiO2 mixed oxides concerns the delay in the anatase to rutile 

phase transition13,14. The use of a silica host support thus appears as an alternative way to nanostructure titania for 

catalytic applications. Indeed, lots of studies are developed in order to synthesize nanotubes of TiO2 or mesoporous 

TiO2 for increasing the titania specific surface area or to make possible the introduction of an active phase in the 

pores15-18. However, compared to silica materials it is difficult to obtain TiO2 with stable mesostructure and the main 

challenge is to preserve the pore ordering upon surfactant removal. The other key parameter for the formation of 

titania with a mesopore ordering concerns the control of the titanium precursor hydrolysis and condensation as well 

as the aging process. As a matter of fact precursors such as titanium alkoxides or titanium chloride exhibit a high 

reactivity towards hydrolysis and condensation. As a consequence, dense TiO2 with a poor mesopore arrangement 

is often recovered. 



TiO2 – SiO2 mixed oxides have been prepared according to different methods: by sol-gel process with co-

condensation of titania and silica sources19-24 or by different post grafting processes25-30. For example, Lihitkar et al. 

have obtained TiO2 nanoparticles embedded within the MCM-41 mesopores by the impregnation method27. The 

authors have reported that titania particles of an average size of 3 nm are obtained and that the titania particles are 

coordinated with silica MCM-41 by Si-O-Ti covalent bond. 

For direct incorporation of Ti atoms in the silica walls during the synthesis, it is important to control the synthesis 

conditions and thus avoid the formation of large external Ti particles. For example, Zhao et al. have shown that at 

low content, titanium is incorporated into the framework of SBA-15. With the increase of titanium content, the TiO2 

anatase particles are formed, located on the external surface of SBA-15. The recovered Ti-SBA-15 composites are 

active for a photocatalytic reaction in water treatment31. 

By post-grafting TiO2 on a SiO2 host support, special attention should be paid to the loading amount of TiO2 to avoid 

the pore blocking. It has been demonstrated that incorporation of TiO2 at low loadings leads to good dispersion of 

Ti atoms in pore structure, and that the catalytic activity depends on the size of formed TiO2 clusters. Comparing the 

direct and the post synthesis methods, the first one results in a relatively homogeneous incorporation of the 

titanium, whereas the post synthesis procedure leads to an increase of the titanium concentration on the surface25.  

Thanks to their characteristics, these oxides were used as good photocatalysts as well as support material for other 

heterogeneous catalysts32-37. Indeed, many researchers have reported on the preparation and properties of selective 

catalytic oxidation of various Ti-containing mesoporous materials, such as Ti-MCM-4138,39, Ti-MCM-4840, Ti-SBA-1541, 

Ti-HMS42, ... More recently, the impact of TiO2 dispersed in a silica SBA-15 support and its influence on the activity 

of the CoMo catalysts in the hydrodesulfurization reaction were studied. An intermediate TiO2 content of 20 wt% 

was determined to optimize active phase particles dispersion on the support and preserve intrinsic activity of the 

active sites37. 

In particular, the use of SBA-15 mesoporous silica as a host support for preparation of SiO2 – TiO2 composites has 

been largely studied and described in the literature43-47 and their photocatalytic activity have been studied48-51. 

Indeed, in recent developments of photocatalytic materials regarding semiconductor TiO2, metallic nanostructures 

in mesoporous silica frameworks were suggested for environmental remediation and solar energy utilization. The 

advantages of mesoporous-silica-based hosts are numerous, but the main important could be: 1) a large nanospace 

provided; 2) anchoring functional groups and moieties in order to create a unique photocatalytic reactor; 3) possible 

control of the diffusion, nanostructures, and sizes for the photo-responsive components52.  
In this work, different TiO2 – SiO2 composites were prepared by dispersing TiO2 in SBA-15 type mesoporous silica. The choice 

of SBA-15 mesoporous silica as host support has been made because of the mesopores diameter which is in the range of 5 – 

10 nm and also because it exhibits better thermal and hydrothermal stability compared to MCM-41 mesoporous silica. 

Composites of different TiO2/SiO2 mass ratios were prepared using a large pore SBA-15 host support, but also composites 

with the same TiO2/SiO2 mass ratios using SBA-15 host supports with different pore diameters. All the composites were 

prepared by post impregnation of SBA-15 support using a TiO2 precursor diluted in alcohol and a subsequent thermal 

treatment at 400 °C under air. The materials were then finely characterized in order to have a precise description of the 

composites13. The objective of the study is to obtain nano particles of titania well dispersed inside the porosity of the silica 

support. The influence of the mean pore size of the supports is studied and the The quantity of crystallized anatase in each 

sample was determined by XRD quantification using an internal standard. This original method allows us to measure the 

quantity of anatase formed during the calcination process which can be different from the initial quantity of Ti precursor 

impregnated. Moreover, this quantification will allow us to correlate the influence of the use of the silica host support with 

the formation of anatase nanocrystals. Finally, the possible catalytic activity of the composites was evaluated by studying the 

photodegradation of methyl orange (MO) in water under UV irradiation. 

Experimental part 

Syntheses 

1/ Synthesis of the host supports (SBA-15). 

Triblock copolymer P123 (EO)20(PO)70(EO)20 used as structure directing agent was purchased from Aldrich. 

TetraEthylOrthoSilicate (TEOS) and Titanium Isopropoxide (Ti(OiPr)4) from Aldrich were used as inorganic precursors. 

The SBA-15 supports were synthesized according to the protocol described by Zhao et al.53. In a polypropylene 

bottle, P123 was dissolved in an acidic medium of concentrated hydrochloric acid and water. The bottle was placed 

in a water bath at 40 °C in order to allow a complete dissolution of P123. Then TEOS was added by maintaining the 

temperature conditions. The molar composition of the gel was 1 TEOS: 0.017 P123: 5.68 HCl: 197 H2O. The solution 

was stirred during 2 hours under these conditions and then transferred to the oven for an ageing step of 24 hours 

at a temperature comprised between 36 and 90 °C or transferred in an autoclave for an ageing step of 24 hours at 



130 °C. After filtration and washing on a Buchner funnel the solid was dried at 70 °C for 24 hours. In order to release 

the porosity, the solid was calcined in a muffle furnace at 300 °C for 4 hours (temperature increasing time: 6 hours). 

Four different supports were synthesized at ageing temperatures of 36, 60, 90 and 130 °C for the different 

composites.  
2/ TiO2 – SiO2 composite synthesis 

Two series of TiO2-SiO2 composites have been prepared. The series a corresponds to composites made with 50 wt% 

of TiO2 from SiO2 SBA-15 hosts synthesized at 36, 60, 90 and 130 °C. The series b consists in composites with different 

TiO2 loadings of 10, 25, 50, 70 and 80 wt% prepared from the same SiO2 SBA-15 host synthesized at 130 °C. The 

different composites were prepared by impregnation in an excess of solvent. A known volume (depending on the 

desired titania loading) of Ti(OiPr)4 was diluted in 20 mL of dry ethanol and slowly added to the silica support in 

order to prepare 1 g of TiO2 – SiO2 composite. The solvent is evaporated under stirring at room temperature and the 

solid is dried at 70 °C for one night. For TiO2 content superior to 50 wt% the impregnation procedure is repeated a 

second time to obtain the desired TiO2 content. The TiO2 loading vary from 10 to 80 wt%. The composite is then 

calcined at 400 °C under air during 4 hours (temperature increasing time: 6 hours) in order to obtain the anatase 

phase.  

The nomenclature used for the composites is defined as follows: 

XTin@Y 

with: X = TiO2 content (in wt%), Y = ageing temperature (°C) and n = a or b series. 

It is noteworthy that two composites with 50 wt% of TiO2 and a host support aged at 130 °C have been prepared: 

50Tia@130 and 50Tib@130.  

Materials characterization 

The morphology of the supports and the composites as well as the Ti and Si distributions were observed by Scanning 

Electron Microscopy (Philips FEG XL30) coupled with Energy Dispersive X-ray Spectroscopy (EDS). The samples were 

first metalized by a thin carbon layer. 

The pore structure of the different samples, as well as TiO2 nanoparticles, were observed by Transmission Electronic 

Microscopy (TEM). Micrographs were obtained using a Philips CM200 working at 200 kV. 

Powder low- and wide-angle XRD patterns were recorded on a PANalytical X’Pert Pro (45kV, 40mA) using a Cu Kα (λ 

= 1.5418 Å) as the X-ray source. The signal was recorded for 2θ = 0.5 – 10 ° with a step of 0.02 °.s-1 at low angles, 

and for 2θ = 10 – 70 ° with a step of 0.02 °.s-1 at wide angles. 

Specific surface area, pore size distribution and pore volume were obtained from nitrogen adsorption/desorption 

experiments. A known mass of sample were first degassed at 150 °C under 1.33 Pa overnight. Isotherms were 

collected at -196 °C on a Micromeritics Tristar equipment.  

The specific surface area of the samples was determined using the linear part of the BET plot and the pore size was 

estimated using the desorption branch of the isotherms using the Barrett – Joyner – Halenda (BJH) model although 

it is well known that this method gives an underestimated pore size and that some new methods have been 

developed54, we use it here for the sake of simplicity and the use of this mathematical algorithm does not affect 

significantly our results as it is a systematic comparison. The microporous volume is extrapolated from the linear 

part of the t-plots  

The Raman spectroscopic measurements were performed at room temperature with a FRA106/S FT-Raman module 

attached to a Bruker Equinox 55 FT-IR spectrometer equipped with a Nd:YAG laser operating at 1064 nm and a Ge 

detector. The spectra were collected using an output laser power of 400 mW and a spectral resolution of 4 cm−1. 

Diffuse reflectance UV-Vis spectra were obtained in air and under ambient conditions using a Lambda Perkin-Elmer 

spectrometer equipped with an integrated sphere for solid samples. The quantity of crystallized anatase (wt%) in 

each sample was determined by XRD quantification using an internal standard. The reflexion (2 0 0) at 48.04 °2θ has 

been chosen for the study because it corresponds to the first most intense and isolated peak, which is not in the 

region of the amorphous SiO2 signal. The internal standard chosen is α-Al2O3 (corundum, Fluka) due to the presence 

of an intense peak (reflexion (1 1 3) at 43.35 °2 θ) close to the studied one on anatase XRD pattern with no possible 

overlapping (Fig. S1). 

Physical mixtures of anatase 10 nm (Alfa Aesar) and calcined SBA-15 (series a aged at 130 °C) have been prepared 

in order to make standard compositions. For each XRD pattern, recordings were made at constant mass and volume, 

in the following mass proportions: 1/3 internal standard and 2/3 sample. A calibration line was made with the 

different standard mixtures at 10, 20, 40, 60, 80 and 100 wt% TiO2 (Fig. S2). 

Photocatalytic activity 

Methyl orange (MO) was chosen as the organic compound to evaluate the photocatalytic properties of the different 

nanocomposites synthesized. Analyses have been performed according to the previously published procedure32. 50 

mg of composite (or commercial anatase 10 nm purchased from Alfa Aesar, or P25 from Evonik) have been added 

to 100 mL of an aqueous MO solution (16 mg L-1). The reaction was carried out under continuous stirring in a quartz 



flask. The resulting suspension was left 1h in the dark to equilibrate the system prior irradiation. The UV-VIS spectra 

of the initial MO solution and the suspension prior irradiation are similar indicating that no MO was adsorbed on 

the catalyst.  

Samples were irradiated with UV light from a high-mercury lamp. The irradiation was assured by artificial light using 

a mercury lamp (low pressure mercury arc, USHIO, light power 7 W) emitting in the near-UV. The mean value of the 

radiation power impinging on the reacting suspension was estimated to be Iincident = 10-5 Einstein L-1 s-1. The 

degradation process of MO was monitored using a Cary 3EG UV-Vis-spectrophotometer. The photocatalytic 

degradation of MO in solution was followed by measuring the absorbance value at λ = 464 nm, which allowed access 

to the MO concentration. Analytical uncertainty on MO concentration was mainly due to the filtration step 

(performed on the suspension MO aqueous solution/catalyst with YY filter) and has been evaluated to be 1.5 mg L-

1. 

Results and discussion 

SBA-15 host supports 

The N2 sorption isotherms of the different supports are reported in Fig. 1 and the corresponding textural properties 

are presented Table S1. Whatever the ageing temperature during the synthesis, the SBA-15 type OMS isotherms are 

all of type IV according to IUPAC classification55.  

 

  
Fig. 1. N2 adsorption – desorption isotherms (left) and low-angles X-ray diffraction patterns (right) of SBA-15 type mesoporous silicas synthesized 

after ageing at different temperatures. 

The N2 sorption isotherms of OMS synthesized at ageing temperature inferior or equal to 90 °C are also type I 

indicating the presence of microporosity. Indeed these materials are characterized by main cylindrical mesopores 

arranged in a 2D-hexagonal packing and micropores due to the interpenetration of PEO chain in the silica network. 

The SBA-15 host synthesized at 90 °C has also secondary small mesopores and/or supermicropores that interconnect 

primary mesopores. As a result, these materials present high specific surface area and large pore volumes. The SBA-

15 host synthesized at 130 °C is characterized by large primary mesopores interconnected by secondary mesopores. 

The absence of micropores in this material explains in part the lower specific surface area. The XRD patterns 

obtained in the low 2θ region clearly show three diffraction peaks, characteristic of the (1 0 0), (1 1 0) and (2 0 0) 

diffraction planes of the 2D hexagonal pore structure (Fig. 1). This suggests samples having a well-ordered 

mesostructure. The corresponding lattice spacings estimated on the (1 0 0) diffraction peak are presented Table S1. 

As expected, according to Galarneau et al.56, the pore diameter increases and so the silica walls thickness decreases 

(not presented here) when the ageing temperature increases. The SEM images of the different SBA-15 host supports 

are presented Fig. S3. In all cases, the SBA-15 presents a fiber-like morphology made by micron size rods of about 1 

μm (length) and 200 nm (width). 

TiO2 – SiO2 composites  

By observing the SEM images of the composites of the series a (50 wt% of TiO2), it appears that in the case of hosts 

aged at temperature ≥ 90 °C the rod-shape morphology of SBA-15 particles is still observed (Fig. 2C, D). In the case 

of hosts aged at lower temperatures (36 and 60°C) the rod-shape morphology is still present but particles with 

undefined morphology are also observed (Fig. 2A, B). 

The proportion of these latter increase with decreasing of the ageing temperature. These changes in morphology 

can be explained by the formation of TiO2 outside SBA-15 hosts or by textural modification upon TiO2 crystallization.  

 



  

  
Fig. 2. SEM images of the 50 wt% TiO2 – SiO2 composites (series a) obtained from SBA-15 aged at different temperatures. 

For the composites of series b, the fibre morphology of aggregates and the rod-shape morphology of primary SBA-

15 particles is observed for TiO2 contents ≤ 50 wt% (Fig. 3A, B, C). 

 

  

  

 

 

Fig. 3. SEM images of the TiO2 – SiO2 composites obtained from SBA-15 aged at 130 °C (series b) with 10 wt% (A), 25 wt% (B), 50 wt% (C), 70 wt% 
(D) and 80 wt% (E) of TiO2. 

Some morphology changes were observed when increasing the TiO2 content (> 50 wt%). For 70Tib@130 rod-like 

particles are still observed and in major proportion, but other particles with undefined particles are also observed 

(Fig. 3D). For 80Tib@130, the rod-like morphology is barely observed and major particles have undefined 

morphology corresponding to TiO2 formation outside the SiO2 host (Fig. 3E). As suggested for the composites of the 

series a obtained from hosts aged at low temperatures, the crystallization of TiO2 under thermal treatment at 400 

°C has provoked structural and textural modifications leading to a slight modification of the silica host morphology. 



However the rod-shape morphology of SBA-15 particles is globally preserved as observed by TEM (fig. SI). The 

difficulty to observe them is due to the low SiO2 content compared to the high TiO2 content. 

 

 

Fig. 4. SEM and corresponding elemental mapping images of 10Tib@130 and 80Tib@130. 

It cannot be excluded that some particles with undefined morphology correspond to the outside formation of TiO2 

particles. The elemental mapping images displayed in Fig. 4 show the repartition of Ti and Si in some composites. In 

the case of 10Tib@130, the Ti signal is low due to the small quantity of TiO2 in the composites. Whatever the TiO2 

content, it seems that the impregnation method used allows a homogeneous repartition of TiO2 on the SiO2 

supports. However the low resolution of the elemental mapping does not allow to distinguish individually the 

particles and to check if the ratio Ti/Si is constant or variable from one particle to another one. 

The N2 adsorption - desorption isotherms of the two series of composites are displayed in Fig. 5. By focusing on the 

composites of the series a, all isotherms are type IV, but compared to the SBA-15 hosts, the condensation capillary 

steps are broader due to a larger pore size distribution and the hysteresis are type H255 indicating a partial pore 

blocking. The shape of the isotherms is in agreement with the partial filling of main mesopores. The fast desorption 

at P/P0 of 0.45 corresponds to the catastrophic emptying of mesopores characteristics of bottle-necked pores. The 

average pore size measured from the desorption branch is then non indicative. However it is interesting to note that 

the condensation capillary step on the adsorption branch occurs at lower P/P0 indicating lower pore sizes than those 

of the corresponding SBA-15 hosts. These results show that some TiO2 are inside primary mesopores forming 

bottlenecks. 

Concerning the isotherms of the series b, they are all type IV with H1 type hysteresis55 but with different shapes 

from parent SBA-15 hosts at high TiO2 contents. By comparing the shapes of the isotherms of the composites 

10Tib@130 and 25Tib@130 to the host SBA-15 aged at 130 °C, the same hysteresis of H1 type is observed with a 

high and thin capillary condensation step. 

 



  
Fig. 5. N2 adsorption – desorption isotherms of the composites. 

In these cases it seems that TiO2 is homogeneously located on the pore surface or outside of the pores, this is in 

agreement with results reported in the literature indicating that a loading of 20 wt% of TiO2 is the optimal value for 

an homogenous dispersion37. The first case is the most probable since the morphology of particles observed by SEM 

is very similar to the one of the SBA-15 hosts. When increasing TiO2 content (≥ 50 wt%), the shape of the isotherms 

change with decreasing and broadening of the capillary condensation step corresponding to larger pore size 

distributions and decreasing of the mesopore volumes. The textural characteristics of all composites are reported 

Table 1. For composites of the series a (50 wt% TiO2), it clearly appears that the specific surface area and the pore 

volumes are lower than those of the host supports. The decrease is more pronounced for composites obtained from 

a SBA-15 host synthesized at low ageing temperatures (≤ 90°C). This is due to the presence of microporosity which 

is low, indicating a partial micropore filling in the composites. For 50Tia@130, both decrease of the specific surface 

area and micropore volume is low but the decrease of the mesopore volume is high compared to the SBA-15 host. 

This means that the pore size of the silica supports, aged at 130 °C is large enough (about 8 nm) to allow the 

impregnation inside the mesoporosity. 

Table 1. Structural and textural properties of the different composites  

Sample SBET
a / m2.g-1 Vmes

a / cm3.g-1 Vmicro
a / cm3.g-1 Dpa / nm a0

b / nm 

50Tia@36 311 0.16 0.06 3.7 9.2 

50Tia@60 424 0.25 0.08 3.4 9.7 

50Tia@90 362 0.25 0.06 4 10.3 

50Tia@130 537 0.44 0.04 3.8 11.1 

10Tib@130 580 1.10 0.03 7.6 11.5 

25Tib@130 495 0.83 0.02 6.3 11.4 

50Tib@130 397 0.52 0.01 4.9 11.2 

70Tib@130 261 0.36 0.00 4.6 11.1 

80Tib@130 163 0.21 0.00 4.3 - 
a SBET is the specific surface area obtained using the BET model, Vmicro is the microporous volume extrapolated from the t-plots, Vmeso = Vtot - Vmicro is 
the mesopore volume where Vtot is the total pore volume obtained at P/P0 = 0.9, Dp is the mean pore diameter obtained using the BJH model on the 
desorption branch. 
b a0 is the lattice parameter calculated for a 2D hexagonal system, a0 = (2d100)/√3, where d100 is the lattice spacing obtained using low angle XRD 

 

For the series b of composites prepared from the SBA-15 type OMS aged at 130 °C, the specific surface area, the 

pore volume and pore diameter decrease when increasing the TiO2 content. Surprisingly, the specific surface area 

of the composite 10Tib@130 is higher than the one of the corresponding host. This composite displays also 

microporosity (micropore volume of 0.03 cm3 g-1 with a micropore specific surface area of about 70 m2 g-1 

determined by the t-plot method) which is not the case of its host. This microporosity can explain the increase of 

the specific surface area. The presence of microporosity is also observed for composites with 25 and 50 wt%, and is 

probably attributed to the formation of nanodomains of TiO2 inside mesopores and/or on the surface of SBA-15 

particles with most probably intergrain microporosity. 

The comparison of the N2 sorption data of the two series show that TiO2 is more homogeneously dispersed in series 

b indicating that the presence of large mesopores is more favourable for the impregnation method used.  

For the composites of series a prepared with 50 wt% of TiO2, the low angles XRD patterns exhibit the (1 0 0) 

diffraction peaks of the host supports in all cases. Compares to those of the host silica materials, the (1 0 0) peaks 

of corresponding composites are shifted to higher angles as a result of a network contraction upon the thermal 

treatment at 400 °C. The absence of the other reflexions is indicating of the loss of ordering probably due to the 

crystallization of TiO2 during the thermal treatment at 400 °C. At wide angles, peaks corresponding to crystallized 

anatase (ICDD n°03-065-5714) are observed for composites prepared with SBA-15 aged at temperatures below 130 

°C (Fig. 6).  



 

 

  
Fig. 6. Low (left) and wide (right) angles XRD patterns of the composites at 50% TiO2 content. 

The absence of crystalline anatase on the XRD pattern of 50Tia@130 suggests that due to the large pores of the 

host, TiO2 is entirely inside the porosity. According to the SEM images, the shape of N2 adsorption/desorption 

isotherms and XRD data it seems that with the SBA-15 aged at temperatures below 130 °C, the impregnation is both 

inside and outside the porosity where crystallized anatase is visible. By XRD Scherrer method, an average crystal size 

of 32, 43 and 18 nm is obtained for the composites with the supports aged at 36, 60 and 90 °C, respectively (Table 

2). The crystal size is obviously much larger that the pore size confirming that anatase crystallized outside the SBA-

15 host pores. By XRD quantification, the materials exhibit 19 wt% of anatase for 50Tia@90 and 22 wt% of anatase 

for 50Tia@36 and 50Tia@60. As no anatase reflection is visible for 50Tia@130 (Fig. 6), no quantification could be 

done. The results of anatase quantification and anatase crystal sizes of the different composites are summarized in 

Table 2. 

 

Table 2: Crystal sizes and anatase quantity in the different composites with crystallized 

TiO2 

Sample Crystal sizea / nm Anatase quantificationb / 

wt% 

50Tia@36 32 22 

50Tia@60 43 22 

50Tia@90 18 19 

50Tib@130 8 15 

70Tib@130 13 28 

80Tib@130 23 44 
a average crystal size obtained using XRD Scherrer method 
b anatase quantification obtained by method described in the experimental part 

 

Raman spectra of the composites of series a are presented Fig. 7. A reference sample of anatase 10 nm was used in 

order to compare it to the different composites.  

 

 

 

Fig. 7. Raman spectra of the composites of series a (50 wt% of TiO2). 

 



 
Fig. 8. TEM images of composites of series a: (a,a’,b,b’) 50Tia@36 and (c,d) 50Tia@130. 

The four different bands at 144, 395, 515 and 638 cm-1, assigned to crystallized anatase are visible for anatase 10 

nm and all composites except for 50Tia@130. These results confirm that no crystallized anatase is present in 

50Tia@130 sample. Composites of series a have been observed by TEM (Fig. 8 and S4). For each sample, the 

corresponding image obtained by dark field method is presented, allowing to bring out the crystallized TiO2 particles. 

No visible crystallized particle is visible in 50Tia@130, which is in agreement with the results obtained by wide-angle 

XRD and Raman. For all samples, the lattice fringes corresponding to the packing of cylindrical mesopores of the 

silica SBA-15 hosts are clearly observed. In the case of 50Tia@36 and 50Tia@60, aggregates of particles of about 

5nm in diameter are also observed on the surface of rod-shape SBA-15 particles (Fig. 8b). These particles are 

probably TiO2 particles formed under thermal treatments at 400 °C. These observations are in agreement with SEM 

observations showing particles with undefined morphology. The TEM images with dark field mode show that 

crystalline anatase particles are well dispersed with a major proportion on the SBA-15 particle surface.  

 

  
Fig. 9. Low angles (left) and wide angles (right) XRD patterns of the catalysts with different TiO2 content (series b). 

Fig. 9 presents low- and wide-angle XRD patterns of these composites. For all composites at least the reflexion (1 0 

0) is observed on low-angle XRD patterns. The (1 1 0) and (2 0 0) are also clearly observed for the composites with 

low TiO2 contents, 10Tib@130 and 25Tib@130. However, these two reflexions are not observed at higher TiO2 

content (≥ 50 wt%), while they are clearly observed for a physical mixture of silica SBA-15 with crystalline anatase 

(50 wt%) (Fig. S5). 

 



 

 

Fig.10. Raman spectra of the composites of series b 

This confirms that at high TiO2 contents the crystallisation of TiO2 upon thermal treatment at 400 °C leads to 

significant structural changes. The decrease of the intensity of the reflexions is a consequence of the dilution of the 

silica SBA-15 matrix with TiO2. The presence of crystallized anatase in the composites from 50 wt% of TiO2 content 

is evidence by wide-angle XRD and Raman spectroscopy (Fig. 9 and 10). It is noteworthy that contrary to 50Tia@130, 

the composite 50Tib@130 presents some crystallized anatase. This can be explained by the small differences 

observed in textural properties of the two host supports used (Table 1). These differences reveal some problems of 

repeatability due to uncontrolled experimental parameters such as the addition way of SiO2 and TiO2 precursors and 

the room temperature during impregnation. 

 

 
Fig. 11. TEM images of composites of series b: (a,a’) 10Tib@130 and (b,b’,c,c’) 70Tib@130 

The presence of crystallized anatase in composites with 50, 70 and 80 wt% TiO2 content is confirmed by TEM images 

with dark field mode presented Fig. 11 and S6. There is no TEM images in dark field mode for 10Tib@130 and 

25Tib@130 because no crystallized anatase is present in both samples, which is consistent with XRD and Raman 

results. For all samples, particles with rod-shape morphology and lattice fringes characteristics of the 2D-hexagonal 

pore network characteristic of the SBA-15 hosts are clearly observed.  Like for 50Tia@36 and 50Tia@60, small 5-nm 

particles more or less aggregated are also observed on the SBA-15 particle surfaces of 50Tib@130, 70Tib@130 and 

80Tib@130. These observations are consistent with SEM observations. Anatase crystallites look homogeneous in 

size and homogeneously dispersed inside or outside the silica SBA-15 hosts. The crystal sizes measured by XRD 

Scherrer method on the samples are 8, 13 and 23 nm for the samples containing 50, 70 and 80 wt% of TiO2, 

respectively (Table 2). 

 



 

 

Fig. 12. DR UV-Vis spectra of the series b composites. 

When increasing the TiO2 content, the impregnation and the crystallization of TiO2 takes place inside and outside 

the porosity. By XRD quantification the materials exhibit 15, 28 and 44 wt% of crystallized anatase for 50, 70 and 80 

wt% of TiO2 content, respectively. 

Fig.12 shows the DR spectra of the different composites of series b. For 50, 70 and 80 % of TiO2.The adsorption 

occurs in a range between 230 and 400 nm. They exhibit a broad band that can be decomposed in two parts. The 

first contribution at around 250 nm arises from a ligand to metal charge transfer transition in isolated TiO4 units. It 

corresponds to coordinated Ti4+ species that are incorporated into the silica framework. The second contribution at 

350 nm corresponds to small TiO2 clusters. A blue shift is observed when the titania content drecreases meaning 

that the size of the particles is reduced. This blue shift has been observed for titania nanopaticles57,58 on silica and 

corresponds to small TiO2 clusters through the quantum size effect. These observations support the XRD results, i.e. 

an increase of the particles’ size as a function of the TiO2 content. 

 

 

 

Fig. 13. Evolution of the energy band gap of the composites according to the TiO2 content. 

Using the Kubelka-Munk function, the band gap (Eg) has been calculated from a plot of (αhν)² versus photon energy 

(hν), where α stands the adsorption coefficient. The band gap is determined by extrapolating the straight line 

portion of (αhν)1/2 = 0 axis.The intercept of the tangent of the plot gives the value of E (Fig S6). The bang gap 

decreases from 4.0 to 3.4 eV, when the TiO2 content is increased from 10 to 80% (Fig. 13). Thus, with the increase 

of the tinania content Eg is near the value of the pure anatase 3.2 eV. This result is in accordance with the ones 

obtained by XRD. Indeed it should be reminded that an increase of the anatase content in the composite is noted 

with when the TiO2 content varies from 10 to 80%. 

 

Photocatalysis experiments 

Fig. 14 shows the photocatalytic results obtained using the catalysts of the series a compared to commercial anatase 

10 nm and P25. P25 appears to be the best photocatalyst with a total degradation of MO after 90 min of irradiation 

time. With the host support aged at 130 °C the MO degradation is less important, only 20 % of degradation is 

observed after 150 min. This sample also corresponds to the one for which no crystallisation of anatase was 

observed. For the other samples, the degradation profile is quite similar which can be explained by the presence of 

almost the same crystallized anatase amount (around 20 wt%).  

 



 
Fig. 14. Evolution of MO concentration with irradiation time by using the different catalysts at 50 wt% of TiO2 (series a) and two commercial 

references. 

Compared to the sample of anatase 10 nm, the profiles of the samples at 50 wt% of TiO2 using SBA-15 host support 

aged at temperature inferior to 130 °C are quite similar until 90 min of reaction. 

After that, the anatase 10 nm exhibits a better activity than the composites. The evolution of the MO concentration 

with the irradiation time using the samples at different TiO2 contents prepared from SBA-15 silica aged at 130 °C 

(series b) as photocatalysts, is presented Fig. 15. In this case, it clearly appears that the degradation of MO using 

samples with low TiO2 content (10 and 25 wt%) is quite low and slow. This is consistent with the absence of any 

crystallized anatase observed by wide-angle XRD. The necessity of having crystallized anatase particle is evidenced 

here, by comparing 50Ti@130 of both series (Fig. 14 and 15), the photoactivity is improved in the second case (series 

b – Fig. 15) when crystallized particles are present in the composite. Moreover, it seems that the degradation of MO 

is improved by increasing the TiO2 content (Fig. 15). No relevant difference is observed between the samples with 

70 or 80 wt% of TiO2 but their photoactivity is very similar to that of anatase 10 nm. These results are interesting, 

because in that case, although there is 70 or 80 wt% of TiO2 due to the impregnation method, only a part of it had 

crystallized in anatase resulting in 28 and 44 wt % of anatase, respectively, with particle size of about 13 and 23 nm, 

respectively.  

 

 

Fig. 15. Evolution of MO concentration with irradiation time by using the different catalysts at different wt% of TiO2 (series b) and two commercial 
references. 

It is noteworthy that the commercial anatase 10 nm is totally crystalized (100 wt%). Anatase nanocrystals appear 

thus more efficient photocatalysts when they are dispersed in silica matrices with high specific surface areas. 

However, P25 appears to be the best catalyst for the MO degradation in our conditions. The unusually high 

photocatalytic activity of the TiO2 P25 is attributed to the complex structure of this material since it is a mixture of 

anatase crystallites with amorphous and rutile phases. For nanoparticles (such as P25), the transportation length of 

electron/hole from crystal interface to the surface is short, which helps to accelerate the migration rate of 

electron/hole to the surface of the nanoparticle to participate the reaction process59. The commercial anatase 10 

nm and 80Tib@130 are then the following best catalysts. But although, anatase 10 nm is better at the beginning of 

the degradation of MO, the composite 80Tib@130 tends to follow the same profile of anatase 10 nm after 100 min 

of irradiation, which confirms that with less crystallized anatase in the catalyst (44 wt%), the composite exhibits a 

photocatalytic activity close to the fully crystallized anatase one. 

The effect of the anatase concentration on the degradation rate of MO is evaluated Fig. 16. The rates are determined 

at 60 min after the initiation of the photocatalytic activities. This reaction time is high enough to obtain different 

values for the degradation rates under different conditions. The catalyst loading is the same for each experiment in 

order to avoid the photodegradation activitiy variations that can be observed60. 



 

 

Fig. 16. Effect of the anatase content in the composites on the rate of degradation of MO. 

By observing Fig. 16, it appears that anatase 10 nm sample and composites at 50 wt% of TiO2 exhibit equivalent 

rates of degradation of MO. In the first case, anatase 10 nm exhibits 100 % of crystallized anatase whereas the 50 

wt% composites exhibit around 20 % of crystallized anatase for the same quantity of catalyst. At this stage, the 

composites at 50 wt% composites exhibit identical rate degradation with lower crystallized anatase. These 

composites are clearly more efficient than anatase 10 nm. Moreover It is worth mentioning the important 

degradation rates obtained by the composites with 70 and 80 wt% of TiO2, that are higher than the one with fully 

crystallized sample and the best degradation rate was observed using 80Tib@130 composite. In this case, the 

degradation rate of 80Tib@130, composite exhibiting 44 % of anatase, is twice better than the anatase 10 nm one 

where the sample is 100 % crystallized. It clearly appears that the composites synthesized in this study are better 

photocatalysts, when crystallized anatase is formed during calcinations, than fully crystallized anatase. 

Conclusions 

Two different series of composites were synthesized by post-impregnation of a SBA-15 host support. In series a, the 

influence of the pore size of the silica supports on the dispersion of TiO2 was evidenced. Four different OMS were 

prepared with different ageing temperature: 36 °C, 60 °C, 90 °C and 130 °C. In order to allow a quasi-total 

impregnation inside the porosity, an ageing at 130 °C is necessary, leading to SBA-15 with large mesopores of about 

8 nm.  

In series b, SBA-15 aged at 130 °C is used as host support and the TiO2 content of the composites is varied. In this 

case, it seems that the impregnation occurs both inside and outside the porosity, and that TiO2 crystallized in anatase 

phase outside the porosity. At low TiO2 content ≤ 25wt% the impregnation occurred homogeneously inside the 

mesopores but no crystalline anatase was observed by XRD and Raman. 

The use of SBA-15 host support with large mesopores, compared to those used in series a, allows a better dispersion 

of TiO2 particles. The quantity of crystallized anatase was determined by XRD using an internal standard when 

crystalline particles were visible. For these composites, the initial quantity of TiO2 varied from 50 to 80 wt% with 

different quantity of crystallized anatase from 15 to 44 %, respectively.  

The photocatalytic activity of the composites was evaluated by following the degradation of MO and compared to 

commercial references. While P25 sample appeared to be the best photocatalyst for the degradation of MO in our 

conditions, the photoactivity of the other composites exhibiting crystallized anatase were similar to that of fully 

crystallized anatase. However by comparing the degradation rate of MO using all the other composites, it clearly 

appears that 80Tib@130 with only 44 wt% of crystallized anatase, exhibits the highest MO degradation rate of both 

series. 

 

 
† Electronic Supplementary Information (ESI) available: XRD patterns of the anatase phase and the internal standard chosen (S1). Calibration line obtained 
with the standard mixtures (S2). SEM images of the SBA-15 type ordered mesoporous silicas aged at 36 °C (A), 60 °C (B), 90 °C (C) and 130 °C (D) (S3). TEM 
images with bright and dark field mode of 50Ti-Si60a (left) and 50Ti-Si90a (right) (S4). Low-angles XRD patterns of a physical mixture (50 wt% of TiO2 and 
SBA-15) and the composite 50Ti-Si130b (S5). TEM images with bright and dark field mode of 25Ti-Si130b (left) and 80Ti-Si130b (right) (S6). See 
DOI: 10.1039/x0xx00000x 
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