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a  b  s  t  r  a  c  t

Ordered  TiO2–SiO2 mesoporous  materials  with  BJH  pore  diameters  in  the  range  from  12 to 15  nm  were
synthesized  by  a one-step  hydrothermal  synthesis  method.  In this  route,  tetraethoxysilane  (TEOS)  and
titanium  tetraisopropoxide  (TTIP)  in  a low  pH  solution  were  used  as  SiO2 and  TiO2 precursor,  respectively
with  P123  as  a  template  and  hexane  as  a  micelle  expander  in  the  presence  of  NH4F.  In  this  work,  we  show
the effect  of different  hydrothermal  temperatures  (70 ◦C and  130 ◦C)  on  pore  structure  and  photocatalytic
efficiency  of  the  materials  prepared.  The  synthesized  materials  were  characterized  by  small-angle  X-ray
scattering  (SAXS),  N2 adsorption–desorption  experiments,  X  ray  diffraction  (XRD),  X-ray  photoelectron
spectroscopy  (XPS)  and  field  emission  scanning  electron  microscopy  (FESEM).  The  method  could  produce
ordered mesoporous  structure  with  uniform  pore  size  of  12–15  nm  and  high  specific  surface  areas  SBET up

2
esoporous materials to 431  m /g. The  photocatalytic  activity  of  the  samples  was  evaluated  by  degradation  of MB  under  UV  light
irradiation  and  results  showed  these  mesostructure  materials  have  much  higher  photocatalytic  efficiency
in comparison  with  commercial  P25  titania.  The  results  also show  that  for  materials  synthesized  using
higher  hydrothermal  temperature  (130 ◦C)  resulting  in  increased  in  photocatalytic  activity  due to  higher
formation  of  anatase  phase  and  more  open  channels  by comparison  with  lower  hydrothermal  treatment
(70 ◦C).
. Introduction

TiO2 as a photocatalyst has attracted much attention due to its
igh chemical stability, low price and nontoxicity [1–5]. Neverthe-

ess, limited photocatalytic activity of TiO2 is one of the reasons for
heir limited industrial usage. Photocatalytic properties of TiO2 are
reatly dependent on their physicochemical properties. Decreas-
ng the size of TiO2 particles will significantly increase surface area
nd enhanced photocatalytic efficiency [6,7]. However, difficulties
ncountered in separation of fine size TiO2 particles become the
ajor obstacle for large scale industrial applications. In order to

vercome this problem and to further improve photocatalytic activ-
ty, development of TiO2 having mesoporous structure became a

ood alternative as this structure will provide abundant pores and
arge surface area [8–10]. However there are several process lim-
tations in preparing mesoporous titania, such as high hydrolysis
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and condensation rates of Ti-precursors [11–13] and phase trans-
formation from anatase to rutile around 500–700 ◦C [14–19],  that
make process control difficult. Due to the above mentioned diffi-
culties for preparing mesoporous TiO2, many attempts have been
done to activate a mesoporous silica material with titania. The acti-
vation can be carried out by impregnation of TiO2 particles inside
the pores of pre-synthesized mesoporous silica [20–24],  whereby
possible blocking of the pores occurs [25]. Another route to prepare
SiO2–TiO2 mesoporous materials is by introduction of Ti source
during synthesis of mesoporous silica [26–31].  As we show in this
study, although, photocatalytic performance and physical proper-
ties of composite are affected by hydrothermal temperature; there
are no similar work reported in the literature. On the other hand,
the outcome from our investigation could lead to many potential
applications as many other compounds can be impregnated into the
large pores including incorporation of semiconductor compounds
in order to improve the photocatalytic activity of TiO2 [32,33].

In this article, we report the preparation of ordered TiO2–SiO2

Mesostructured composite having large pore sizes of between 12
and 15 nm.  We  report the influence of two different hydrother-
mal  temperatures (70 ◦C and 130 ◦C) on the structure of pores and
photocatalytic activity of mesoporous TiO2–SiO2 composite.

dx.doi.org/10.1016/j.jallcom.2011.12.051
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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.  Materials and methods

.1. Materials

Pluronic triblock copolymer P123 poly(ethylene glycol)–poly(propylene
lycol)–poly(ethylene glycol), Mw = 5800 and titanium tertaisopropoxide (TTIP)
ere purchased from Aldrich. Tetraethoxysilane (TEOS), NH4F and HCl (37% con-

entration) were purchased from Merck. Hexane was bought from Baker (≥99%
urity).

.2. Synthesis

In a typical synthesis, 2.4 g of P123 was dissolved in 84 ml  HCl solution (1.3 M),
ollowed by the addition of 0.027 g of NH4F. The mixture was  stirred at room
emperature for 3 h. Subsequently, the solution was transferred to a water bath
temperature accuracy of 0.1 ◦C) set at 15 ◦C, and after 2 h, a mixture of 5.5 ml  TEOS
nd 15 ml  hexanes were introduced. Thereafter, TTIP was  added drop wise to the
queous solution (weight ratio of SiO2/TiO2 = 2) under stirring. The solution was
tirred for 24 h at 15 ◦C, and then transferred into an autoclave for further reaction
t 70 ◦C and 130 ◦C for 48 h (T70 and T130 samples, respectively). The precipitate
as filtered, washed and dried. Finally, calcination was  carried out in air by increas-

ng the temperature from room temperature (25 ◦C) to 540 ◦C with a heating rate
f  5 ◦C/min, and holding for 14 h at 550 ◦C. Next the temperature was increased to
00 ◦C and heated for 3 h.

.3. Characterization

Small-angle X-ray scattering (SAXS) measurements were performed on a Kratky
ompact small-angle system using K� radiation at 40 kV and 20 mA,  which equipped
ith a position-sensitive detector containing 1024 channels of width 53.0 mm.  After
egassing of sample at 250 ◦C for 6 h, the surface area was measured by using nitro-
en absorption–desorption (BET)-Autosorb-1 from Quantachrome instruments.
RD patterns were recorded with a Bruker powder X-ray diffractometer using a
u radiation source of wavelength 1.54 Å ranging from 20◦ to 80◦ with a scan speed
f  0.04◦/s at 40 kV and 40 mA.  The morphology of the samples was  characterized by
EM (LEO-1525) with an accelerating voltage of 20 kV. X-ray photoelectron spec-
roscopy (XPS) spectra were recorded with Omicron Nanotechnology (ELS5000)
ystem using Al K� radiation at a base pressure below 5.5 × 10−9 Torr.

.4. Photocatalytic activity measurement

The photocatalytic activity of the prepared samples was evaluated by measuring
he  degradation of methylene blue (MB) dye in aqueous solution under UV light
rradiation (mercury lamp 125 W).  In a typical experiment, 30 mg  of commercial
ure TiO2 (P25, Degussa Co., Germany) was dispersed in 100 ml  of MB  solutions
aving a concentration 40 mg/l. The amounts of TiO2/SiO2 materials were estimated
o  achieve the same TiO2 loading. The mixture was  first stirred for 30 min  in dark
ondition. The concentration spectrum of the mixture was determined using UV–vis
pectrometer (in 625 nm wavelength) after centrifuging.

. Results and discussion

The SAXS profiles of prepared samples are displayed in Fig. 1.
oth of them exhibit three peaks that can be indexed to the (1 0 0),
1 1 0) and (2 0 0) reflections associated with a 2-D hexagonal struc-

ure. The 2D hexagonal pore arrays are confirmed by FESEM images
Fig. 5). The (1 1 0) reflection reveals a more intense peak for the
ample treated at 130 ◦C due to thinner walls (Table 1) as shown by
thers [34,35]. From the SAXS results, the d spacing and hexagonal

Fig. 2. (a) Nitrogen sorption isotherms and (b) pore size distrib
Fig. 1. SAXS pattern of the samples.

unit-cell dimension (a0) were calculated (Table 1). It was  observed
that increasing the hydrothermal temperature from 70 ◦C to 130 ◦C
led to growing lattice parameter of sample which it can be due
to incomplete condensation at low hydrothermal temperature as
suggested in other reports for SBA-15 [36].

The N2 adsorption–desorption isotherms and the corresponding
pore size distribution calculated from the adsorption branch of N2
isotherm can be seen in Fig. 2a and b, respectively.

It is clear that the hydrothermal temperature can modify struc-
tural properties of the synthesized samples as shown by the
changes of the hysteresis loops of the samples isotherm (Fig. 2
and Table 1). The isotherms can be classified as type IV accord-
ing to IUPAC. In the case of low hydrothermal sample (L70), results
show existence of a broad hysteresis loop starting around P/P0 = 0.4
indicate the narrowing of pores channel or plugging of its cylin-
drical pores [37]. Similar broad hysteresis has been reported for
pure mesoporous SiO2 expanded by hexane for non-hydrothermal
samples [38]. As the rate of hydrolysis of TEOS can be affected sig-
nificantly by temperature and its polymerization and condensation
rates are rather slow at low temperature [39], incomplete hydrol-
ysis of compounds in the hydrophobic poly (propylene oxide)
(PPO) cores of micelles (PPO-solubilized TEOS) can be the reason of
blocked pores. In the other words, the non-hydrolyzed or incom-
pletely hydrolyzed TEOS can transform to siliceous framework
during calcinations, forming blockage inside the channels [38,40].
As the hydrothermal temperature increases to 130 ◦C, a narrow hys-
teresis loop at high pressure with clear H1 hysteresis (Fig. 2a) was
obtained indicating present of large and open pores. As reported by
others [41], higher hydrothermal temperature results in formation
of larger pores, higher pore volume and lower surface area. Struc-
tural parameters of the samples are shown in Table 1 shows wall
shrinkage (30.4%) by increment in hydrothermal temperature from
70 ◦C to 130 ◦C.
XRD was  performed to investigate the structural phases and
crystallite size of the samples. Fig. 3 shows the XRD patterns of the
samples. A mixed crystal structure containing anatase and rutile
can be seen for both of them. The weight fractions of the anatase

ution calculated from adsorption branch of the samples.
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Table  1
Structural parameters of the samples.

Sample ID d1 0 0 spacing (nm) a (nm)a SBET (m2/g)b D (nm)c Vp (cc/g)d t (nm)e

T70 15.3 17.7 431.7 12.4 0.7 5.3
T130 16.3  18.8 281.3 15.1 1 3.7

a Cell parameter.
b BET surface area.
c BJH pore diameter calculated from adsorption branch of the isotherm.
d Adsorption total pore volume.
e Wall thickness (t = a − D).
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Fig. 3. XRD patterns of samples.

WA) and rutile (WR) phases in the samples were calculated from
he relative intensities of the strongest peaks corresponding to
natase and rutile as described by Spurr and Myers [42]:

R = 1
1 + 0.8(IA/IR)

(1)

here IA and IR are the X-ray integrated intensities of the (1 0 1)
eflection of anatase and (1 1 0) reflection of rutile, respectively.
he calculated weight percentage of rutile and anatase phase using
q. (1) and corresponding crystallite size calculated by Scherrer’s
quation [43] are summarized in Table 2.

In the case of T70, high amount of rutile (46.5%) was  found while
t higher hydrothermal temperature (sample T130) the major
hase is anatase (Table 1). Both anatase and rutile consist of tetrag-
nal structures having [TiO6]2− octahedral, which share edges and
orners in different ways while keeping the overall stoichiometry
s TiO2. In rutile two opposite edges of each [TiO6]2− octahedra are
hared to form a linear chain and these chains are further linked
o each other by sharing the corner oxygen atoms, but in anatase
our edges of the [TiO6]2− octahedra are shared. The linear arrange-

ent is the most stable structure since the electrostatic repulsive
nergy is minimized, thus thermodynamically, the basic structure

f rutile is favored. The higher energy upon collision at 90 ◦C enables
he octahedrons to overcome the electrostatic repulsion and form
natase phase [44–50].

able 2
alculated weight percentages of rutile and anatase and their corresponding crys-
allite sizes.

Sample Anatase phase Rutile phase

Wt%  Crystallite
size (nm)

Wt%  Crystallite
size (nm)

T70 53.5 33.1 46.5 26.5
T130 73.5 31.6 26.5 25
To obtain the information about titanium coordination state in
the synthesized samples, X-ray photoelectron spectroscopy (XPS)
analyses were performed for both samples.

From Fig. 4a and b, the profiles of the samples can be fit by
three Lorentzian curves. The peaks around 532 eV and 530 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 eV) could
be assigned to oxygen in Si O Ti [51]. It has been mentioned that
the existence of Ti O Si bond can improve photocatalytic activity
due to increase of surface acidity in the samples [52].

Fig. 5 presents the FESEM micrograph of T70 (a–c) and T130
(d–f). Low magnification patterns (Fig. 5a and d) show the over-
all morphology for both of the samples exhibit rod-like shape
with the length approximately about 50 nm.  Although there are
some limitations for getting a very clear view of pores by FESEM,
ordered honeycomb pore structure can be seen in high magnifica-
tion FESEM pictures which confirm LAXRD results (Fig. 5c and f). On
the other hand average pore size was estimated to be in the range
of 12–16 nm which support BJH results (Table 1).

Methylene blue as a toxic, carcinogenic and non-biodegradable
material can be decomposed by crystalline titania in the presence of
UV light in aqueous solution. After activation of TiO2 by photon, the
electrons excite from the valence band to conduction band which
leads the formation of negatively charged electrons and positive
holes. The positive holes in valence band can gain electrons from
species such as water; resulting in the formation of hydroxyl radical
which is a strong oxidizing agent. Dyes like MB  can be oxidized
directly or through intermediate compounds by hydroxyl radicals
[53].

The photocatalytic activities of the prepared samples were
tested by the degradation of methylene blue (MB) dye as model
reaction in the presence of UV light in aqueous solution and the
results of photocatalytic and kinetics study are shown in Fig. 6a
and b, respectively. As it can be seen Si–Ti system increase the pho-
tocatalytic activity in comparison with commercial P25 titania. The
rate of degradation was  assumed to obey pseudo-first-order kinet-
ics and the initial reaction rate constants were calculated according
to the formula −Ln(C/C0) = kt, where C/C0 is the normalized organic
compounds concentration and k is the apparent reaction rate con-
stant.

The activity of titania will depend on several parameters, includ-
ing electron–hole recombination, number of electrons created,
phase composition (anatase or rutile), surface area, crystallinity,
size of TiO2 and the absorption properties of the dyes on the surface
of TiO2 used [54,55]. Two factors can be mentioned for decreas-
ing of concentration of MB  in photodegradation experiments, (i)
the adsorption of MB  onto the surface of photocatalyst and (ii)
photodegradation of MB.  In order to evaluate each of them the
suspension was  initially stirred for 30 min  in dark condition. As
the adsorption of MB  in dark condition is related to surface area,

MB reductions are directly related to the adsorption of MB  onto
the surface of the photocatalyst materials [56]. Thus, in the case of
P25, MB  reduction cannot be recognized due to low surface area
of P25.
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Fig. 4. XPS spectra of: (a) T70 and (b) T130 sample focus on the O1s region.

Fig. 5. FESEM images of: T70 (a–c) and T130 (d–f).
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Fig. 6. (a) UV light photodegradation effect of MB and (b) the p

Results in Fig. 6 clearly show both TiO2–SiO2 mesoporous mate-
ials exhibit superior photodegredation of MB  than P25 commercial
aterials with T130 exhibited higher efficiency than T70. This

hotocatalytic activity results can be related to high surface area
f mesoporous materials and the existence of Ti O Si chemical
onds which improve photocatalytic properties in comparison with
25. On the other hand, although the sample hydrothermal at
ower temperature (70 ◦C) has much higher surface area (Table 1),
igher hydrothermal temperature (130 ◦C) improves photodegra-
ation (Fig. 6). This interesting phenomenon of enhancement of

hotocatalytic performance can be related to higher amount of
natase phase in T130 sample according to XRD results (Fig. 3 and
able 2) and present of more open and accessible channels for mate-
ials prepared with higher hydrothermal temperature (Fig. 2a). The
egradation kinetic curve in the presence of P25, T70 and T130.

calculated rate constant of samples after dark condition show the
highest amount for T130 (K = 0.014 min−1) in Fig. 6b.

4. Conclusion

In summary, we successfully synthesized ordered mesoporous
TiO2–SiO2 with large pores (12–15 nm)  by introducing TTIP as Ti
source and hexane as micelle expander into solution at low synthe-
sis temperature (T = 15 ◦C). The results showed that hydrothermal

temperature has a strong effect on the physical properties and with
enhanced photocatalytic performance of the sample. Although,
high hydrothermal temperature (130 ◦C) leads to lower surface
area but with higher amount of anatase phase and more open and
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