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Abstract SBA-16-supported TiO2 photocatalysts was

synthesized by internal hydrolysis method. The synthesized

samples were characterized in detail by X-ray diffraction

(XRD), Raman spectra, N2 adsorption–desorption, trans-

mission electron microscopy (TEM), UV–Visible absorp-

tion spectra and X-ray photoelectron spectroscopy (XPS).

The results indicated that SBA-16 retained the 3D caged-

like mesostructure while TiO2 located almost inside the

mesoporous channels in form of small crystals with anatase

structure. The photodecomposition of Rhodamine B (RhB)

in aqueous medium was selected to evaluate the photoca-

talysis performance of TiO2/SBA-16. The influences of

different TiO2 loading were studied. The results indicated

that TiO2/SBA-16 synthesized by IH method showed much

higher photodegradation ability towards RhB than pure

TiO2 and TiO2/SBA-15.

Keywords TiO2/SBA-16 � TiO2 particles � Internal

hydrolysis � Location � Photodegradation

1 Introduction

Metal oxide semiconductors, such as TiO2, ZnO, ZnS and

SnO2, have shown a high efficiency in removal of highly

toxic and non-biodegradable pollutants commonly present

in air, domestic or industrial wastewater [1–3]. TiO2 is

regarded as the most promising one for its high photocat-

alytic activity, chemical/photocrossion stability, low cost

and environmental-friendly [4]. However, in practical

applications, the TiO2 particles trend to agglomerate into

large particles resulting in a reduction of photocatalytic

activity. Moreover, TiO2 should be small enough to offer a

high number of active sites. To overcome these drawbacks,

it is advantageous to generate mesoporous titania [5] and

mesoporous silica with incorporated TiO2 [6]. The incor-

poration of TiO2 within an ordered silica host with high

surface area increases the active surface area of TiO2 and

catalytic activity [7–9].

Well-ordered mesoporous silica materials M41S [10]

has been widely used for many purpose such as adsorption

separation and catalysis for many years [11, 12]. SBA-16 is

a type of highly interconnected 3-D mesoporous material

with cubic Im3m structure, by using F127 as a structure-

directing agent. Such type of highly interconnected 3D

mesostructured porous material is expected to be superior

to hexagonal structures with its unique 3D channel network

which allows the guest species access the opened porous

host easily [13]. However, unlike hexagonal SBA-15, little

work has been carried out on metal incorporated SBA-16.

This is probably due to difficulties encountered in the

synthesis conditions as many factors such as acidity, tem-

perature and molar ratio of the reactants have been

involved.

Generally, synthesis of TiO2/SBA-16 includes several

steps, the most important of which is the incorporation of

TiO2 into the pore channels. The synthesis is done at acidic

conditions which almost make all metal salts soluble and

lost during the filtration process. So a very small amount of

TiO2 can be incorporated into the framework of SBA-16

and few researches about the properties and performance of

TiO2/SBA-16 were reported. Thus, it requires new appro-

priate synthesis approach which can provide an effective

way to control the uniformity of TiO2 particle size and

induce controlled TiO2 particle growth. And it is still a
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challenge to synthesize TiO2 incorporated SBA-16 through

a direct, simple, economical and efficient process.

In the present work, the structural and the photocatalytic

properties of TiO2/SBA-16 obtained by internal hydrolysis

method were investigated. The texture, structure, and

crystallization were investigated by X-ray diffraction (XRD),

Raman spectra, N2 adsorption–desorption, transmission

electron microscopy (TEM), UV–Visible absorption spectra

and X-ray photoelectron spectroscopy (XPS). The photo-

decomposition of Rhodamine B (RhB) in aqueous medium

was selected to evaluate the photocatalysis performance of

TiO2/SBA-16 and compare with commercial pure TiO2 and

TiO2/SBA-15. This work may provide new insights into the

preparation of photocatalysts.

2 Experimental

2.1 Catalyst Preparations

SBA-16 was prepared according to the previously reported

procedure [14–16] by reaction from a solution of tri-block

copolymer F127 (EO106PO70EO106, Aldrich) and tetraeth-

oxysilane (TEOS). Typically, 5 g of the F127 polymer

were dissolved in 240 mL of 0.5 M HCl and stirred for 4 h

at 38 �C. After complete dissolution, desired amount of

n-butanol (BuOH) and TEOS were added to the solution

and then stirred vigorously for 24 h. The molar composition

was varied in the range of (0.0035F127/xTEOS/yBuOH/

0.91HCl/117H2O) with x = 0.9–2.2 and y = 0.76–2.08.

The resulting mixture was kept at 100 �C in an oven for

24 h. The resulting white solid was separated by filtration,

washed with de-ionized water, dried under vacuum for

24 h and calcined in air at 550 �C for 6 h.

TiO2 was incorporated into SBA-16 by internal hydro-

lysis (IH) method which different from the procedure of

Roie Zukerman [17]. Tetrabutyl titanate (TBT) was used as

titanium source instead of titanium isopropoxide (TTIP).

The preparation process of TiO2/SBA-16 was as follows

(Fig. 1). In order to get different Si:Ti ratio, different

amount of TBT (range from 0.46 to 7.36 mL) in ethanol

solution (the volume ratio of ethanol to TBT is 5) was

prepared. 0.5 g of SBA-16 was added to the above solution

and stirred for 1 h to make TBT adsorb on the surface and

channels of SBA-16. Next, desired amount of H2O was

added to the solution and stirred for 2 h to hydrolyze TBT

completely. Finally, the as-synthesized samples were sep-

arated by filtration, washed with anhydrous ethanol, dried

at 80 �C overnight and calcined at 550 �C for 3 h. The

operation of washing with ethanol is essential to remove

unanchored titanium species from the surface of SBA-16.

The samples are designated as TiO2/SBA-16(x), TiO2 load-

ing for all samples are reported in Table 1, where x means

the amount of TBT in the initial mixture.

2.2 Characterization Techniques

Low-angle and wide-angle XRD patterns were performed

between 0.6�–5� and 10�–80� (2h), respectively, on a

Siemens D5005 instrument with Cu Ka (k = 0.154 nm)

radiation. Raman spectra were measured with JOBIN

YVON HR800 Raman spectrophotometer (France) in the

range of 100–1600 cm-1, using an Ar ion laser beam and

an excitation wave length of 457.9 nm. The spectra were

recorded at room temperature by the condition of 50 s inte-

gral time at a 1 cm-1 resolution. N2 adsorption/desorption

isotherms were measured at 77 K in a Quantachrome

Autosorb-1 sorption analyzer. Samples were outgassed at

300 �C for 10 h before the measurement. The Brunauer–

Emmett–Teller (BET) method was used to calculate the

surface area. The pore size distributions were calculated

with the DFT Plus software (Micromeritics), applying the

Barrett–Joyner–Halenda (BJH) model with cylindrical

geometry of the pores. TEM and HRTEM were performed

by a FEI Tecnai G2 S-Twin electron microscope with an

acceleration voltage of 200 kV. Prior to the analysis the

samples were dispersed in acetone, stirred in an ultra-

sonic bath and placed on a carbon-coated copper grid.

UV–Visible absorption spectra scans were performed on a

Shimadzu UV-2550 spectrometer in the range from 250 to

600 nm with a resolution of 1 nm. BaSO4 was used as a

reflectance standard material during the experiment. XPS

was obtained using a physical electronics model PHI5700

X-ray photoelectron spectrometer with Mg Ka X-rays. The

binding energies were calibrated with reference to C1s at

285 eV.

Fig. 1 Schematic

representation of the synthesis

route for TiO2/SBA-16
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2.3 Adsorption and Photocatalytic Test

For all samples, the adsorption and photocatalytic activity

were investigated. The photocatalytic activity was tested

by photodegradation of RhB in aqueous solution in a

photolysis glass reactor. The UV-source was a 125 W

medium pressure Hg lamp (365 nm, from Tianjin Lvhuan

Unique Lamp Company) with a double wall jacket in

which water was circulated to prevent overheating of the

reaction mixture. The UV-light irradiated perpendicularly

to the surface of the suspension and the distance from the

UV source to the suspension was 10 cm. TiO2/SBA-16(x)

(5 mg) was added to a suspension of RhB (100 mL,

1 9 10-5 M) and stirred for 30 min without UV irradiation

at room temperature in order to establish an adsorption/

desorption equilibrium between RhB and the surface of the

catalyst. Next, the solution was illuminated for 90 min with

UV-light. During this illumination, the suspension (5 mL)

was collected at fixed intervals (15 min) and analyzed by

ultraviolet spectrophotometer (722 N from Shanghai Fine

Instrument Company). The absorbance was measured at

553 nm with water as reference and converted to concen-

tration with Lambert–Beer’s law. (Lambert–Beer’s Law,

A = ebC, where A absorption, e proportion constant, b light

length, C concentration).

3 Results and Discussions

3.1 Textural Properties and Characterization

The low-angle XRD patterns of SBA-16 and TiO2/SBA-

16(x) are shown in Fig. 2a. SBA-16 possess three reflec-

tions: (110), (200), (211) with d-value, which are consistent

with a cubic Im3m symmetry. All of the TiO2/SBA-16(x)

samples display similar XRD patterns to the parent

SBA-16, indicating they are still SBA-16-type. However,

the diffraction intensity of the (100) reflection gradually

decreased with increasing TiO2 loading leads to reduces

the order of the mesostructures. Furthermore, it can also be

seen that the position of the (100) diffraction peak shifted

to a higher angle, suggesting that the pore size of the

samples became smaller, which is due to the fact that the

Table 1 Textural properties and average TiO2 crystal size of SBA-16 and TiO2/SBA-16(x)

Sample Si:Ti

ratioa
ao (nm) BET area

(m2/g)

Vtot
b

(cm3/g)

Average pore

diameter (nm)

Average TiO2

crystal size (nm)

SBA-16 ? 13.88 941.8 0.704 5.236 0

TiO2/SBA-16(0.46) 74.0 13.61 593.3 0.642 4.953 2.242

TiO2/SBA-16(0.92) 57.2 13.56 467.2 0.518 4.324 2.887

TiO2/SBA-16(1.84) 34.8 13.52 522.3 0.492 4.149 3.051

TiO2/SBA-16(3.68) 28.6 13.48 421.9 0.355 4.083 3.516

TiO2/SBA-16(7.36) 12.7 13.23 414.8 0.304 4.077 4.054

a TiO2 loading was measured by ICP
b Vtot was the total pore volume

Fig. 2 XRD analysis of SBA-16 and TiO2/SBA-16(x). a Low-angle

XRD, b wide-angle XRD
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TiO2 particles exhibits inside the mesopores of the SBA-16

structure [18].

Figure 2b shows the wide angle XRD pattern of SBA-16

and TiO2/SBA-16(x). A typical characteristic amorphous

broad peak centered at 22� of 2h is observed for SBA-16.

The XRD patterns of TiO2 shows nine peaks at 25.3�,

37.8�, 48.1�, 54.6�, 55.0�, 62.6�, 68.9�, 70.3�and 75.1�, that

can be indexed to the crystal planes of anatase. The

intensity of the TiO2/SBA-16 reflections increased with the

increase loading of TiO2. These results indicate that a part

of TiO2 particles disperse into the pore of SBA-16. In the

case of TiO2/SBA-16(0.46), it shows only a broad peak

corresponding to the reflection plane (101) of anatase. This

indicated that the TiO2 is mainly in the amorphous form

with a small amount of anatase phase. The peaks of the

TiO2/SBA-16 are much smaller and broader at half-maxi-

mum height compared to TiO2. This indicates that the TiO2

particles are small in size when deposited on SBA-16. The

size of TiO2 in the mesostructure of SBA-16 is under 5 nm

compared with 22.7 nm for the pure TiO2 (shown in

Table 1), which was calculated according to the Scherrer

diffraction formula (D = jk/bcosh). This indicated that the

limited pore channels of SBA-16 restrict the growth of

TiO2 particles by IH method.

Raman spectra are known as a sensitive tool for detec-

tion of anatase crystal even at very low loading [19].

Figure 3 shows the Raman spectra of TiO2/SBA-16(x).

Bands at 147, 398, 520 and 641 cm-1 generated by the

present of TiO2 prove the real existence of anatase phase

[20]. With low amounts of TiO2 loading (the TBT amount

is 0.46 mL), only one faint band at about 147 cm-1,

assigned to the Eg(1) peak, was observed. The intensity of

the Eg(1) peak increases with the TiO2 loading increased.

As the TBT amount is above 1.84 mL, three unconspicuous

peaks at 398, 520, and 641 cm-1 appear as could be

expected from the relative high TiO2 loading. The intensity

of the anatase bands of the sample TiO2/SBA-16(3.68) and

TiO2/SBA-16(7.36) remains unchanged but higher than the

relative intensity of sample TiO2/SBA-16(1.84), indicating

a higher amount of anatase phase in the SBA-16.

The adsorption–desorption isotherms for SBA-16 and

TiO2/SBA-16 are shown in Fig. 4 (TiO2/SBA-16(0.92) and

TiO2/SBA-16(3.68) are not shown). The samples exhibit

isotherms of typical type IV with a H2 hysteresis loop due

to the capillary condensation steps at relative pressure of

0.4 \ p/p0 \ 0.8, which suggest the presence of 3D caged-

like mesopores [21, 22]. It can be clearly observed that the

amount of N2 adsorption decreases and the inflection point

in the isotherm of TiO2/SBA-16 shows a shift to a smaller

relative pressure, indicating that the mesostructure is

maintained upon TiO2 addition and the present TiO2 leads

to a marked change in the shape of the hysterezis loop.

Such a significant change of N2 adsorption for TiO2/SBA-16

is reasonable, considering the formation of TiO2 particles

inside the mesopores of SBA-16. Furthermore, the decrease

in N2-sorption confirms the decrease of the interparticle

pores in size. The textural properties and average TiO2 size

for these materials were summarized in Table 1. When the

TiO2 loading is low, the TiO2 particles are located inside

the mesopores of SBA-16. It seems that the mesoporous

channels of SBA-16 controlled the size of TiO2 particles in

a certain extent. If the TiO2 loading is high, TiO2 particles

are located inside closing the pore or outside the pores [19].

Therefore, larger TiO2 clusters will obstruct the pores of

the SBA-16, resulting in low pore volumes. This trend is in

good agreement with previous observations about TiO2/

SBA-15 [23–27].

The TEM images of TiO2/SBA-16(x) are shown in

Fig. 5. The image clearly showed the well-ordered body-

centered mesostructure and with the Im3m space group

Fig. 3 Raman spectra of TiO2/SBA-16(x)

Fig. 4 N2 adsorption–desorption isotherms of SBA-16 and TiO2/

SBA-16(x)
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(as shown in Fig. 5a, b, c). The results indicated that the IH

method could not destroy the framework of SBA-16,

although there is a decrease of the order of SBA-16. It is

the direct evidence of the formation of TiO2 particles

inside the pore channels of SBA-16. The pore diameter

estimated from the TEM micrograph is ca. 5.2 nm. For

TiO2/SBA-16(3.68), TiO2 particles (appeared as dark

substances) are located inside the mesopore channels of the

SBA-16. However, larger TiO2 particles can also be found

in the TEM observations, which indicated that there

are TiO2 particles existed outside the pore channels of

the SBA-16 (Fig. 5c). The lattice fringes can be easily

observed from the HRTEM image. The measured lattice

distance of 0.35 nm is a good agreement with (101) lattice

distance of anatase TiO2. The result is consistent with

the Fourier diffractogram shown in the inset of Fig. 5d.

The results suggested that TiO2 could successfully grow

inside the pore channels of the host SBA-16 and also could

locate outside the pores in spite of the high TiO2 loading.

Figure 6 shows the UV–Visible absorption spectra for

TiO2/SBA-16 and pure TiO2. Pure TiO2 only shows

absorption less than 400 nm due to the intrinsic band gap

absorption. The absorption band edges of TiO2/SBA-16(x)

shifts towards shorter wavelength in compare with pure

TiO2, due to the quantum effect of the semiconductor

compound [27, 28]. This phenomenon indicates the increas-

ing of the forbidden band energy. Since the particle size of

the semiconductor compound is inversely proportional to

the forbidden band energy, the blue shift of the absorption

edge apparently indicates the smaller TiO2 particle size

limited by SBA-16 channels.

Figure 7 show O (1s) XPS spectra of TiO2/SBA-

16(0.92). It reveals three O 1s peaks at 527.23, 528.9 and

531.15 eV. Two peaks at binding energies of 531.15 and

527.23 eV are assigned to oxygen in Si–O–Si and Ti–O–Ti

bonds, respectively [29]. Furthermore, a peak at an inter-

mediate binding energy value of 528.9 eV was attributed to

the hydroxyl groups or chemisorbed water molecules

Fig. 5 TEM micrographs of TiO2/SBA-16(x). a TiO2/SBA-16(0.92), b TiO2/SBA-16(1.84), c TiO2/SBA-16(3.68), d HRTEM image of the TiO2

(the corresponding FFT pattern is inset)
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adsorbed on TiO2 surface, which is produced by the

oxygen in interfacial Si–O–Ti cross-linking bonds [30].

It is noted that O 1s spectra have a small binding energy

shift compared with that of pure TiO2 in the reported lit-

eratures [31–33]. This may be ascribed to an increase in the

ionic state of the oxygen bond when TiO2 incorporate into

SBA-16.

3.2 The Adsorption and Photocatalytic Activity

of TiO2/SBA-16

For all samples, the adsorption and photocatalytic activity

were investigated. The photocatalytic activity of the

TiO2/SBA-16(x) samples was evaluated for RhB under UV

irradiation and the activity was also compared with

TiO2/SBA-15(0.92) and pure TiO2 samples. There was no

RhB photodegradation without any catalyst and irradiation

in the preliminary test. It is believed that the decrease of the

RhB concentration over the photocatalyst depends on two

factors: the adsorption and the photodegradation of the

RhB. In the absence of UV irradiation, the concentration of

RhB rapidly decreases for all the samples. The adsorption

capacity of TiO2/SBA-16 was measured during 60 min.

For the low amount of TiO2 loadings, it takes 30 min

before the adsorption–desorption equilibrium is reached

and the samples exhibits higher adsorption capability due

to its highest specific surface area and pore volume

(59.34% RhB). When the TiO2 loading is high, it takes

20 min to reach adsorption–desorption equilibrium, which

is difficult for the RhB to pass the narrowed pores and

approach the TiO2 particles inside the SBA-16 channels

[19]. The addition of TiO2 added has a strong effect on the

mesoporous structure and was found to strongly influence

the adsorption capacity and photocatalytic activity.

Therefore, the RhB adsorbed on the samples decreased

with an increasing amount of titania, due to the decrease in

specific surface area, pore volume and pore radius (Fig. 8).

The photodegradation of RhB in the presence of TiO2/

SBA-16(x) is shown in Fig. 9. We observed the signifi-

cantly photodegradation activity for the TiO2/SBA-16.

The activities decrease in the following order: TiO2/SBA-

16(0.92) [ TiO2/SBA-16(3.68) [ TiO2/SBA-16(1.84) [
TiO2/SBA-16(0.46) [ TiO2/SBA-16(7.36) [ TiO2/SBA-

15(0.92) [ pure TiO2.

It is known that photodegradation kinetics follow

Langmuir–Hinshelwood kinetics model [34, 35]. The

reaction can be represented as follows (Eq. 1):

R ¼ �dC

dt
¼ krKC

1þ KC
ð1Þ

where kr is the reaction rate constant, K is the adsorption

coefficient of the RhB at the surface of SBA-16 and C is

the concentration of the RhB solution. When C is very
Fig. 7 UV–Visible absorption spectra of TiO2/SBA-16(x)

Fig. 8 Adsorption of RhB on TiO2/SBA-16(x)

Fig. 6 O (1s) XPS spectra analysis of TiO2/SBA-16(0.92)
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small, the KC product is negligible with respect to unity so

that Eq. 1 describes first-order kinetics. The integration of

Eq. 1 with the limit condition that at the start of irradiation,

t = 0, the concentration is the initial one, C = C0, giving

Eq. 2:

ln
C0

C
¼ kappt ¼ krKt ð2Þ

where kapp is the apparent first-order reaction constant, C0

is the initial concentration of the RhB solution. A kinetic

linear simulation curve of RhB photocatalytic degradation

using TiO2/SBA-16(x) is shown in Fig. 10. The fact that

the curve showed good linearity indicating that the pho-

tocatalytic degradation of RhB using TiO2/SBA-16 as

catalyst fits well with the first-order reaction kinetics. The

values of kapp for TiO2/SBA-16 are calculated and listed in

Table 2. kapp value of the catalyst TiO2/SBA-16(0.92) is

0.0272 min-1, which is much higher than that of pure TiO2

and TiO2/SBA-15(0.92) (0.0102 and 0.0122 min-1,

respectively). However, TiO2/SBA-16(7.36) has the rate

constant of 0.0134 min-1.

Among all of the photocatalysts, TiO2/SBA-16(0.92)

exhibits the most excellent photocatalytic activity, whereas

TiO2/SBA-16(0.46) shows lower activity even if it has the

highest adsorption ability. This can be due to the different

position of the TiO2 particles, which affects the photocat-

alytic activity.

When the TiO2 loading is low, the particles can be

located inside the channels. But when the TiO2 loading is

further increased, the large amount of TiO2 on the external

surface cannot approach to the RhB molecules, leading to a

decreased photocatalytic activity. This lower photocatalytic

activity indicated that the accessibility of the anatase

nanoparticles has decreased in a large extent. The large

amount of particles on the external surface leads to a

bad accessability of all nanoparticles [19]. In case of

TiO2/SBA-16(7.36) with the highest TiO2 loading, the

lower adsorption capacity and photocatalytic activity may

result from the extra amount of TiO2 present in the sample,

causing difficulty in passing to the RhB. These results

indicate that both the adsorption capability of SBA-16 and

influence of the photocatalytic activity from the amount of

the TiO2. Thus, an optimal amount of TiO2 loading is

crucial for the photocatalyst. When the loading is too high,

TiO2 particles will gather into larger particles and block the

mesopores of SBA-16, leading to decrease of photocata-

lytic activity. Moreover, it can be explained by the quan-

tum size effect [20]. On the contrary, if the loading is too

small, the photoactive sites are relatively low, which leads

to the increase of average distance from the photoactive

sites to the adsorption sites. In conclusion, TiO2/SBA-16(0.92)

shows efficient photocatalytic degradation towards RhB

among the TiO2/SBA-16 samples. Moreover, it is con-

clude that 3D mesostructures and long range ordered

structures [36] can promote effective degradation of RhB

by enhancing the diffusion of reactants to the reactive sites

of TiO2 [37].

Fig. 9 The degradation curves of RhB by the TiO2/SBA-16(x)

Fig. 10 Kinetic linear simulation curve of RhB photocatalytic

degradation by TiO2/SBA-16(x)

Table 2 The rate constant of TiO2/SBA-16(x) for RhB photo-

degradation

Sample kapp (min-1)

Pure TiO2 0.0102

TiO2/SBA-15(0.92) 0.0122

TiO2/SBA-16(0.46) 0.0147

TiO2/SBA-16(0.92) 0.0272

TiO2/SBA-16(1.84) 0.0172

TiO2/SBA-16(3.68) 0.0226

TiO2/SBA-16(7.36) 0.0134
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4 Conclusions

TiO2/SBA-16 with different TiO2 loading was prepared

using IH method. The TiO2/SBA-16(0.92) shows efficient

photocatalytic activity towards RhB degradation than pure

TiO2 and TiO2/SBA-15(0.92) under UV irradiation. The

high specific surface area and pore volume for TiO2/SBA-

16 with 3D mesostructure were prone to have high

adsorption capability and easier diffusion to the photo-

oxidative towards RhB. TiO2 dispersed in mesostructure in

form of small crystals with anatase structure and its size

was limited by the channel of SBA-16, which could pro-

vide more photo-oxidative sites due to quantum effect,

leading to improvement of its photocatalytic activity.
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