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Abstract TiO2–SiO2 mesoporous materials were synthesised by deposition of

TiO2 nanoparticles prepared by the sol–gel method on to the internal pore surface

of wormhole-like mesoporous silica. In this work we synthesised wormhole-like

mesoporous silica of different surface area by changing the hydrothermal temper-

ature (70, 100, or 130 �C). Subsequent to this, titania solution was deposited on to

the inner surface of the pores and this was followed by calcination at different

temperatures (400, 600, or 800 �C). The effect of different hydrothermal and cal-

cination temperature on the photocatalytic properties was evaluated. The samples

were characterized by N2-sorption, X-ray diffraction, X-ray photoelectron spec-

troscopy, field emission scanning electron microscopy, and transmission electron

microscopy. The effect of different hydrothermal and calcination temperatures

on the photocatalytic properties was evaluated by measuring the degradation of
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methylene blue in aqueous solution under UV light irradiation (mercury lamp,

125 W). The results indicated that appropriate surface area and degree of crystal-

linity are two important factors for obtaining high photocatalytic efficiency. Sam-

ples prepared at a hydrothermal temperature of 100 �C and calcined at 800 �C had

the best photocatalytic performance, because of the highest surface area and high

crystallinity.

Keywords Ceramics � Chemical synthesis � Chemical techniques �
Surface properties

Introduction

TiO2 has attracted much attention because of its excellent electronic and optical

properties, for example photocatalysis, chemical sensing, and energy conversion

[1]. It can be used for degradation of pollutants in aqueous solutions by using UV

light irradiation [2]. The photocatalytic properties strongly depend on surface area,

phase composition, and crystallinity. Because photocatalytic activity is a surface-

based reaction, high surface area is always desirable [3]. Although reducing the

size of TiO2 particles will lead to increased surface area, filtering of small

particles from solution is a problem in industrial usage [4, 5]. As an alternative,

mesoporous TiO2 has been studied as a candidate in order to achieve large

particles with high surface area [6–8]. Problems in the synthesis of mesoporous

titania, for example severe hydrolysis and condensation of Ti precursors [9–11],

make it difficult to control the process and result in low thermal stability of the

structure and phase transformation from anatase to rutile [12–15], which reduce

photocatalytic efficiency [16, 17]; this has limited large-scale manufacture and

application of this type of material. One alternative is to produce titanium dioxide

supported on readily produced mesoporous silica. Use of a post-synthesis method

is an important step, because blocking of pores can occur [18]. It has been well

established that the photocatalytic properties of synthesised material can be greatly

affected by pore size, surface area, and pore structure of the mesoporous silica

[19–24]. SBA-15 [19–22], MCM41 [23], and MCF [24] have already been

activated with TiO2. Wormhole channel characteristics is a potentially important

structural feature that leads to favourable catalytic activity, because channel

branching within the framework can facilitate access to reactive sites on the

framework walls [25].

Therefore, in this work, wormhole-like mesoporous silica was synthesised by use

of hexane at different hydrothermal temperatures to investigate its effect on surface

area. After removing the template by calcination, TiO2 was deposited via the acid-

catalysed sol–gel method. The prepared materials were then calcined at different

temperatures. In particular, the effect of hydrothermal and calcination temperatures

on photocatalytic performance and the structural properties of the materials were

investigated.

1734 B. Mazinani et al.

123



Experimental

Materials

Pluronic triblock copolymer P123 poly(ethylene glycol)–poly(propylene glycol)–

poly(ethylene glycol), Mw = 5,800, and titanium tetraisopropoxide (TTIP, 97%)

were purchased from Aldrich. Tetraethoxysilane (TEOS, 98%) and HCl (37%) were

obtained from Merck, and hexane (C99%) was purchased from Baker.

Synthesis

Support

A typical synthesis was performed as follows. P123 (4 g) was dissolved in 30 g

water and 120 g 2 M HCl solution and stirred for 5 h at 40 �C in a closed bottle.

Hexane (molar ratio of hexane/P123 = 120) was pre-mixed with 9 g TEOS and

then added to the solution with stirring. The mixture was then stirred for 24 h in a

closed bottle and then transferred to a Teflon-lined autoclave for further reactions at

different hydrothermal temperatures (70, 100, or 130 �C) for 48 h. All materials

were filtered, washed with deionized water, and dried in a vacuum oven for 10 h.

The solids were then calcined at 540 �C for 24 h to remove remaining surfactants.

The synthesised materials were designated STx, where x is hydrothermal

temperature.

Post-modification

The procedure used for preparation of mesoporous TiO2–SiO2 samples followed the

method described by Battacharyya et al. [26]. First, TTIP (weight ratio of SiO2/

TiO2 = 2) was added to 30 mL 1 M HNO3 solution with continuous stirring for

2.5 h. The colloidal solution was diluted with 50 mL of water and the pH was

adjusted to 3 with 1 M NaOH. At pH 3 there is an electrostatic interaction between

the positively charged TiO2 and the negatively charged SiO2 material. Subse-

quently, 0.5 g mesoporous silica was added and the mixture was stirred for 2 h.

The resulting material was isolated by filtration, washed, dried, and finally heated at

different temperature (400, 600, and 800 �C) for 3 h, with a heating rate of 5 �/min.

The prepared materials are designated STx-y, where x and y are, respectively, the

hydrothermal temperature of the supporting material and the calcination temper-

ature of post-modified materials.

Characterization

The surface area of all prepared samples were characterized and measured by

nitrogen adsorption–desorption (BET) using the Autosorb-1 from Quantachrome

Instruments. Before surface area measurement, samples were degassed at 250 �C

for 6 h. Structural characterization of the materials was performed by X-ray

diffraction (XRD). The XRD patterns were recorded with a Bruker powder X-ray
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diffractometer using a Cu radiation source of wavelength 1.54 Å ranging from 20�
to 80� with a scan speed of 0.04 �/s at 40 kV and 40 mA. The morphology of the

samples was characterized by scanning electron microscopy (SEM, LEO-1525) with

an accelerating voltage of 20 kV. X-ray photoelectron spectroscopy (XPS) spectra

was recorded by use of an Omicron Nanotechnology (ELS5000) system using Al ka
radiation at a base pressure below 5.5 9 10-9 Torr. Transmission electron

microscopy (TEM) was performed with a Philips Tecnai 20 microscope operated

at 200 kV.

Photocatalytic activity measurement

The photocatalytic activity of the sample was evaluated by measuring the

degradation of methylene blue (MB; Sigma–Aldrich, [97%) in aqueous solution

under UV light irradiation (mercury lamp, 125 W). In a typical experiment, 30 mg

TiO2 was dispersed in 100 mL MB solution of concentration 40 mg/L. The amount

of mesoporous material used was the amount necessary to achieve the same TiO2

loading as for the commercial nanoporous photocatalyst P25. The mixture was

first stirred for 30 min in the dark. The concentration of MB in the mixture

was determined by UV–visible spectrometry (Lambda 25 Perkin–Elmer) after

centrifuging.

Results and discussion

Structural and photocatalytic properties of samples calcined at 400 �C

In this work, at first wormhole-like mesoporous silica was synthesised successfully

and then the TiO2–SiO2 materials were prepared. TEM and SEM patterns of

the ST100-400 sample are shown in Fig. 1a and b respectively. In addition, EDX

maps are presented in Fig. 1c, d. It is clear that the Si and Ti in the particles are

homogeneously distributed.

Nitrogen adsorption–desorption isotherms of the samples synthesized at different

hydrothermal temperatures (70, 100, or 130 �C), before and after introduction of

TiO2, are presented in Fig. 2a and b, respectively.

As can be seen in Fig. 2a, although the hysteresis loops of all samples are type IV

isotherms, the shapes of the loops vary substantially with different hydrothermal

temperature. For low hydrothermal temperature, a broad loop was obtained, because

of the presence of narrow passages inside the pores [27–29]. For higher hydrothermal

temperatures, the hysteresis loops are narrower. The insets show the pore size

distribution calculated by use of the BJH method. Analysis revealed that increasing

the hydrothermal temperature increased the mean pore size. A broad pore-size

distribution was achieved for sample prepared at a hydrothermal temperature of

130 �C (ST130), which could be because of a higher vapour pressure of hexane

inside the pores during the hydrothermal process [27, 28]. On the other hand,

although the shape of the loops before and after impregnation is similar (Fig. 2a, b),

the pore volume and surface area are substantially affected (Table 1).
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Fig. 1 TEM micrograph (a), SEM micrograph (b), and EDX maps of silicon and titanium of the ST100-
400 sample (c, d)

Fig. 2 N2 isotherms with pore size distribution calculated by use of the BJH method a before and b after
introducing TiO2 to mesoporous silica prepared at different hydrothermal temperatures

Table 1 Textural properties of

the samples

a BET surface area
b Mean BJH pore diameter
c Adsorption total pore volume

Sample ID SBET (m2/g)a D (nm)b V (cm3/g)c

ST70 706 5.3 0.9

ST100 629 9.8 1.5

ST130 396 19 1.9

ST70-400 408 7.2 0.7

ST100-400 395 9.8 1

ST130-400 283 17.6 1.2

ST70-800 190 9 0.4

ST100-800 324 10.8 0.9

ST130-800 251 18.9 1.2
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These results indicate that TiO2 particles have been dispersed in the pores of

mesoporous materials, leading to a reduction in pore volume and surface area [21].

The XRD patterns of samples calcined at 400 �C are shown in Fig. 3a. The

patterns show that anatase is the only TiO2 crystalline phase. For all samples

calcined at 400 �C, the crystallite size was estimated, by use of the Scherrer

formula, to be approximately 12 nm.

To understand the surface structure of the photocatalysts, the XPS technique was

used. The O(1s) XPS peak for ST70-400 is best fitted with three component peaks

(Fig. 3b). The peaks at 532.6 and 529.6 eV are assigned to oxygen in Si–O–Si and

Ti–O–Ti bonds, respectively. In addition, a peak at an intermediate binding energy

(531.1 eV) was assigned to oxygen in Si–O–Ti [30].

Photocatalytic performance was investigated by degradation of MB in aqueous

solution under UV light irradiation. Figure 4A shows the photocatalytic results for

samples calcined at 400 �C. For comparison, the photocatalytic activity of commer-

cial nanoporous photocatalyst P25 was also measured under the same conditions.

It is well known that the rate of photodegradation can be described by use of

pseudo-first-order kinetics, and the rate constant for degradation, k, can be estimated

as follows:

� ln
C

C0

� �
¼ kt ð1Þ

Fig. 3 a XRD patterns of samples calcined at 400 �C, and b XPS spectra of the ST70-400

Fig. 4 A photodegradation of MB by UV light, and B photodegradation kinetic curve in the presence of
(a) ST70-400, (b) ST100-400, (c) ST130-400, and Degussa P25
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where C0 is the initial absorbance of the MB dye and C is the absorbance after

time t [31]. The related graphs are presented in Fig. 4B.

Elimination of MB can be caused by adsorption on the surface of the

photocatalyst or by photodegradation. To evaluate the photodegradation of MB,

the suspension was initially stirred for 30 min in the dark to reach the adsorption–

desorption equilibrium.

The efficiency of titania can be related to the phase composition (rutile or

anatase), surface area, crystallinity, electron–hole recombination, number of

electrons created, and the size of TiO2 nanoparticles [32]. As can be seen in

Fig. 4, ST70-400 (hydrothermal temperature 70 �C) with the highest surface area

(408 m2/g) resulted in the highest rate of photodegradation (k = 0.0073 min-1)

whereas ST130-400 (hydrothermal temperature 130 �C) with the lowest surface

area (283 m2/g) resulted in the lowest rate of photodegradation (k = 0.0011 min-1).

Effects of calcination temperature

Figure 5a and b show the WAXRD patterns of the samples calcined at 600 and

800 �C, respectively. The results indicate that anatase is the only phase present in all

the samples. It is well known that the presence of TiO2 and the SiO2 mesostructure

can retard the phase transformation from anatase to rutile during calcination and

improve the photocatalytic properties [21]. As the temperature increased, the peaks

of the anatase phase became stronger and sharper. Estimation by use of Scherer’s

equation revealed the average crystallite size for samples calcined at 600 and

800 �C was approximately 14 and 17 nm, respectively.

Because of growth of TiO2 particles inside the pores with increasing calcination

temperature, the physical properties of the pores can be affected. N2 adsorption–

desorption isotherms and pore size distribution of samples calcined at 800 �C are

presented in Fig. 6, and their structural characteristics are summarised in Table 1.

For ST70-800, surface area decreases dramatically. This can be attributed to

plugging of small pores by growing TiO2 particles with increasing calcination

temperature.

The photocatalytic properties of samples calcined at 600 and 800 �C are

presented in Fig. 7A and B, respectively. It can be seen that all of the samples result

in better elimination of MB than P25 titania. To assess the effect of calcination

Fig. 5 WAXRD of samples calcined at a 600 �C and b 800 �C
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temperature on photocatalytic efficiency, the photodegradation kinetic curves were

determined for samples calcined at 600 and 800 �C; the plots are shown in Fig. 7C

and D, respectively.

The rate constants for all the samples are depicted in Fig. 8.

Two important factors that significantly affect the photocatalytic activity of

mesoporous SiO2–TiO2 are surface area and the degree of crystallinity. It has been

well established that photocatalysis is a surface-based reaction, therefore a higher

Fig. 6 N2 adsorption–desorption isotherm and pore size distribution (inset) of samples calcined at
800 �C

Fig. 7 A and B UV light photodegradation effect on MB. C and D Photodegradation kinetic curve in the
presence of (a) ST70-400, (b) ST100-400, and (c) ST130-400 calcined at 600 �C (A and C) and 800 �C
(B and D)
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surface area improves photocatalytic efficiency because of the availability of more

reaction sites [3].

As shown in Fig. 8, for samples that were calcined at 400 �C, ST70-400 has the

highest photocatalytic activity because of its high surface area (408 m2/g). Increasing

the calcination temperature from 400 to 600 �C, improves the photocatalytic

efficiency (Fig. 8) because a higher calcination temperature increases crystallinity.

Interestingly, for samples prepared at a hydrothermal temperature of 70 �C, a further

increase in calcination temperature (600–800 �C) results in a decrease in photocat-

alytic performance because of a decrease in surface area (190 m2/g). This

phenomenon can be related to collapsing of pores as TiO2 particles grow at higher

temperatures. In other words, although a higher calcination temperature results in

greater crystallinity, which should improve photocatalytic performance, it can also

lead to a drastic decrease of surface area, which results in reduced photocatalytic

performance. For samples prepared at hydrothermal temperatures of 100 and 130 �C,

photocatalytic activity improved with increasing calcination temperature from 600 to

800 �C. The photocatalytic performance of ST100-800 was better than that of

ST130-800 because of greater surface area (Table 1).

Conclusion

It was established that surface area and crystallinity are the two main factors that

significantly affect the photocatalytic activity of mesoporous TiO2–SiO2 photocat-

alyst. Results showed that a wormhole-like structure is suitable for degradation of

MB, and the photocatalytic activity of all the calcined powder samples was higher

than that of Degussa P25 except for the sample prepared at the highest hydrothermal

temperature (130 �C) and calcined at the lowest temperature (400 �C). The best

photodegradation of MB was obtained by use of the sample which was treated

hydrothermally at 100 �C and calcined at 800 �C, because of the relatively high

surface area and a high degree of crystallinity.

Fig. 8 Effect of hydrothermal temperature and calcination temperature on photocatalytic rate constant
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