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Abstract

Using a triblock copolymer surfactant as a template, mesostructuredvE©prepared under completely different conditions. Properties of
the prepared samples were characterized by means of X-ray diffraction (XRD), transmission electron microscopy (TEM), nitrogen adsorption
and desorption isotherms, and absorption spectra. The results showed that hydrothermal treatment was in favor of formation of channels
with higher order and crystallinity. The removal of the template by refluxing the prepared samples in an EdGdlttion was superior
to that of calcination. The photocatalytic activity of the prepared samples was also investigated by using methylene blue (MB) solutions as
modal pollutants. For comparison, Degussa P25 powder was made as a reference catalyst. It was found that the prepared samples had highe
photocatalytic activity than Degussa P25.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction respectively. However, after the calcinations to remove the
template, these oxides lost their structural order or showed
Since researchers at Mobil discovered MCM{4a2] in lower surface area than expected from that of corresponding

1992, the first example of a well-ordered mesoporous ma- mesoporous silica.
terial, there has been a great deal of interest in extending Recently, block copolymers have been increasingly used
this class of materials to transition metal oxide analogues to organize mesostructured composite solids, because the
[3] due to the potential application of mesoporous transi- architectures of the amphiphilic block copolymers can be
tion metal oxides with ordered pore structures in catalysis rationally adjusted to control the interactions between the
[4-6], separation technolody—9], polymerizatiorf10] and inorganic and organic species, self-assembly and especially
nanoelectronicEl1]. To date, various mesoporous transition processibility more than possible with low-molecular-weight
metal oxides have been successfully synthesized using vari-surfactants.
ous strategiefl2—16] In most of the studies, ionid7-19] Mesoporous TiQ@ was first prepared using a phosphate
and neutrg]20—-23]surfactants, e.g. phosphates, sulfates, car- surfactant through a modified sol-gel process by Antonelli
bonates and primary amines surfactants, have been employednd Ying[13] in 1995. It is well known that the effective-
as templates, which direct the mesophase formation on theness of titania as a photocatalyst is very sensitive to its crys-
basis of the electrostatic and hydrogen bonding interactions,tal phase, particle size, crystallinity, specific areas and pore
structure and the mesoporous }igrepared using phosphate

* Corresponding author. Tel.: +86 10 64888179; fax: +86 10 64879375, surfactants has low photocatalytic activity because phospho-
E-mail addresscyliu@mail.ipc.ac.cn (C. Liu). rous from the template was bound so strongly to the meso-
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porous TiQ that it could not be removed completely by Thefirstapproachto the synthesis of mesostructureg:TiO
either calcinations or solvent extraction. The synthesis of one part solution was subsequently kept at room temperature
mesostructured Ti@materials with high photocatalytic ac-  with continuous stirring for several days. The obtained solid
tivity is desirable. product was washed and centrifuged three times using dis-
Calcination of the as-synthesized mesoporous,;T&D tilled water and then crystallized step by step at@Cfor
high temperature is essential for the crystallization of tita- 24 h, 120°C for 24 h and 180C for 5 days. The dried pow-
nia in the channel wall. However, damage to the integrity of der was calcined at 50@€ for 6 h in air using an alumina
the mesoporous structure will take place upon calcinations atboat to remove the surfactant (sample code TA).
high temperature, thus the preparation of mesoporoug TiO  The second approach to the synthesis of mesostructured
with well-ordered channel walls and high photocatalytic ac- TiO2: the rest part of the solution was subsequently kept
tivities still have challenges. at room temperature with continuous stirring for 24 h, then
In this paper, we improved the traditional sol-gel method, transferred into a 100 mL Teflon-lined stainless steel au-
and used multi-step crystallization and hydrothermal treat- toclave. The hydrothermal treatments were conducted at
ment to have successfully synthesized high-ordered meso-120°C for 48 h. The product obtained was filtered, washed
porous TiQ with crystalline channel walls respectively. The three times with deionized water and alcohol, and then
mesostructured Ti@prepared have showed higher photo- dried at 80°C. The surfactant was removed by refluxing in
catalytic activity than Degussa P25. It is expected that such EtOH/H,O molar ratio of 1:1 for 3 days (sample code TH).
kind of mesostructured Ti&may make a breakthrough in the

application of photocatalysis. 2.3. Characterization

Transmission electron microscopy (TEM) was performed
2. Experimental with a Philips Tecnai 20 microscope operating at 120 kV. The

TEM samples were prepared by dipping an alcohol suspen-
2.1. Materials

Block copolymer HO(CHCH,0)20(CH2CH(CHs3)O)70
(CH2CH20)20H (M4,=5800, designated EQPO;0EO,g, ‘
Pluronic P123) was received from Aldrich and used with-
out further purification. Titanium butoxideM=340.36,

Ti(OC4Hg)4, TBT), acetyl acetonéyf =100.12, CHCOCH,
COCHgz, AcAc) were also commercially available. Degussa
P25 (average particle size 30 nm and specific surface area
of 50n?g~1) was used as reference and used as received.
A cationic dye, methylene blue (MB), was purchased from TH
Beijing Chemical Factory and used as received. Its structure TA
is given in Scheme 1All the other chemicals used in the
experiments were analytical grade reagents. Doubly distilled ' ' T

; , . : .
U . : 2 4 6 8 10
deionized water was used for solution preparation. (@ 26 (degree)

intensity

2.2. Experimental methods ®anatase
0 rutile

In a typical preparation, 5 g of titanium butoxide was dis-
solved in 10 mL absolute ethanol and 1 mL acetyl acetone
before 5 mL distilled water was added, followed by stirring
for another 5-6 h. In a separate beaker, 3 g of Pluronic P123
was dissolved in 20 mL ethanol and 50 mL 2 moldhHCl
solution. After stirring for 3 h, this surfactant solution was
slowly added to the titanium butoxide solution. Then the re-
sulting solution was divided into two parts.

intensity

ML.J )
N ! E ! T L T £ T ! T
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. (b) 26 (degree)

(CHg)N S N(CH3)Cl 3H,0

Fig. 1. XRD patterns of as-synthesized mesoporous:Ti&) low-angle and
Scheme 1. Structure of dye MB. (b) wide-angle.



B. Wen et al. / Journal of Photochemistry and Photobiology A: Chemistry 173 (2005) 7-12 9

sion of sample powders on a Formvar coated copper grid anddye solution without TiQ sample powder was made as a
dried at room temperature. X-ray powder diffraction (XRD) blank.

patterns were measured using Rigaku DMAX-2000 X-ray

diffractometer with the Cu K radiation ¢. = 1.54056A) at 2.5. Photocatalytic experiments

a scan rate of 0.02. The samples for XRD were sup-

ported on glass substrates. Nitrogen adsorption and desorp- Al the photoreactions were carried out in a home-built
tion isotherms were obtained with a Micromeritics ASAP photochemica| reactor described previoqgﬁ]_ A total of
2000 system after the samples were vacuum-dried at 473K 04 g sample powder was dispersedin 40 mL of solution con-

overnight. taining the dye at a desired concentration, and the pH of the
system was adjusted using 0.1 moldiHCI. The mixture
2.4. Adsorption study was stirred ultrasonically for about 30 min to obtain well-

distributed TiQ powder, then electromagnetic stirring not

All experiments were conducted in the darkness. A de- less than 2 h to make absorption got to saturation. Above ex-
tailed procedure is as follows: the fixed amount of 7iO perimental procedures were conducted in the darkness. The
sample powder was dispersed in the agueous solution condispersion was irradiated with a 300 W high-pressure mer-
taining MB (with a concentration of 1.8 10~° mol dm3). cury lamp ¢ > 330 nm) with continuous stirring ancb®ub-
After electromagnetic stirring for 3 h, dispersions were cen- bling (approximately 0.5 dr® min—1), cooling was provided
trifuged and measured immediately. Here, the dye adsorp-by cold water. At the desired irradiation times, 4 mL disper-
tion got to saturation. Absorption spectra were recorded on sions were sampled and centrifuged immediately. The solu-
a Shimadzu UV-1601 UV-vis spectrometer. For compari- tions were used for analysis. Absorption changes caused by
son, Degussa P25 powder was made as a reference. Theradiation were measured on a Shimadzu UV-1601 UV-vis

(@)

Fig. 2. TEM images of as-synthesized mesoporous T&) prepared from the first method and (b, ¢) prepared from the second method.
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spectrometer. For comparison, the dye solution was also pho-jpreserve the mesoporous structures during the templates be-

tolyzed in the presence of Degussa P25 powder under theing removed. So it is concluded that the solvent extraction

same conditions. method to remove templates was superior to the calcination
method based on the results of XRD patterns in the present
work. It could also be expected that adjustments of some of

3. Results and discussion the synthesizing conditions may lead to a successful result
for the aim.
3.1. Characterization of mesostructured 3iO The nitrogen adsorption—desorption isotherms of as-

synthesized mesoporous H@nd Barrett—Joyner—Halenda

Fig. 1 showed X-ray diffraction (XRD) patterns of the (BJH) pore size distribution analysis in the adsorption branch
prepared products. The products obtained from two methodsof the isotherm were shown ifig. 3. The results indicated
both showed a sharp diffraction peak at low andlig( 1a), that the samples prepared from two experimental methods
which was the characteristic of a mesostructured material showed a large H1-type hysteresis loop at high relative pres-
[25]. TEM images indicated that the products were indeed sure, which is related to the capillary condensation associated
mesoporous (shown Fig. 2). The presence of the diffraction  with large pore channe[26]. The narrow Gaussian pore size
peak was attributed to the order of the channels of mesostruc-distribution curve implied that the samples had very regular
tured TiG. In addition to the major peak due to the (100) pore channels in the mesoporous region. The textural proper-
reflection, small peaks due to the (1 1 0) and (2 0 0) reflectionsties of the samples prepared from two methods were listed in
were also observable. The averaggpacings of the products  Table 1 The specific surface area, pore size and pore volume
were 5.2 and 7.6 nm, respectively, as calculated from the po-of TH are greater than those of TA, which further confirmed
sitions of the XRD peaks, which were also consistent with the hydrothermal approach has the advantage of general ageing
results determined from the TEM micrographs. Wide-angle method.
XRD patternsFig. 1b) showed that the as-synthesized meso-
porous TiQ was crystalline and had different phase com- A58

position. However, from XRD patterns and TEM images, it ] P
could be seen clearly differences between the samples ob- £ 350+ TH O/o/""
tained from two different methods. The samples prepared on.) /.

from the second approach (TH) showed stronger in the in-
tensity and sharpness of the diffraction peaks than that of
the first approach (TA), which corresponded to the higher-
order and crystallinity of the channels. All the diffraction
peaks of the sample TH can be readily indexed to anatase
phase, which are in good agreement with the literature val-
ues (JCPDS No. 21-1272). But compared to the sample TH,
the sample TA contained another two impurity diffraction
peaks at around 41.2and 44.0. We consider that the ru-
tile phase shows the peaks due to the (111) and (210) re- 0.0 02 04 06 08 10
flections at 41.2 and 44.0, so we conclude the sample TA (a) relative pressure(P/Po)

maybe contains a few rutile phase. And the samples pre-
pared from two experimental methods displayed different
morphology as shown ifrig. 2 This mainly attributed to 0.4+ /°\TH

7/
200 / oS
.

1004 7 o/./

volume absorbased(cm3/g, STP)

%\\ﬁ

the different synthesizing conditions. Above analysis results
indicated that hydrothermal treatment is superior to general
ageing approach. The channel walls of the mesoporous ox-
ides can be successful crystallized at the relatively low hy-
drothermal treatment temperature and short treatment time.
The method of removal of the template is also a significant
factor. In our experiments, we found that there is a consid-

0.2+

pore volume(cm3/g)
o
w
i i 1
e

erable increasing in the intensity and sharpness of the XRD 0.1 ® aTA

patterns of the samples after the removed of template by re- 6! \O\O

flux in EtOH/H,O mixture at suitable pH, as compared to 1 a .\.'\.__‘\o

the XRD patterns of the samples which the template was re- 0.0 e ;;_" ;‘L‘-r'c":o _—

moved by calculation. This suggested that there is loss of (b)
structure and reduction in crystalline domain size on calci-
nations_ more than on reflu>§ with solution. As _We” .known' Fig. 3. Nitrogen adsorption—desorption isotherms (a) and BJH pore size
the major challenge to obtain mesoporous oxides is to well distribution plots (b) of as-synthesized mesoporous,TiO

pore diameter(nm)
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Table 1 known that pH would influence both the surface state of ti-
Textural properties of as-synthesized mesoporous $énples tania and the ionization state of ionizable organic molecules.
Sample BET surface area  Pore diameter Pore volume The point of zero charge (pzc) of Tids close to 6.2. For pH
(m?/g) (nm) (cn®/lg) values higher than pzc of titania, the surface becomes nega-
TA 134 4.2 0.33 tively charged and it is the opposite for pH < pzc, according
TH 201 6.4 0.46 to the following equilibria:
pH < pzc:  Ti-OH+4 H* — TiOH,* @

3.2. Absorption spectra ) ]
pH > pzc: Ti-OH+ OH™ — TIO™ +H20 2)

. Eigﬁ 4 scjr:jq\{ved tfh_?. absorztion s;r)]ectra of MB iolu:t’)i%ns Since MB is a cationic dye (s&&cheme }, it is conceivable
Wltd (t”? a |t|0|_r|1 o] I iQ p30\(')\/ erda;toel\sA%me E'nl;'e (dor ) that at high pH, its adsorption on a negatively charged surface
and different pH values (3.0 and 7.0). exhibited a max- ¢ ¢\ qred. By contrast, at low pH, the adsorption is inhibited

imum absorption peak at 664 nm. It can be seen that the ab'because of the opposite charged surface 0bTiO
sorption spectra intensity decreased in the following order '

TH>TA>P25, and the sample TH showed the best adsorp-
tion efficiency. This was attributed to the surface state, surface
area, preparation conditions, pore size distribution of2TiO
samples.

The influence of pH on absorption spectra of methylene
blue in the TiQ suspension was very significant. It is well

3.3. Photodegradation of the dye

The photocatalysis experiments were conducted to assess
the photocatalytic ability of prepared mesostructuredsTiO
by the degradation of MB dye as a probe molecule. The re-
sults were given irFig. 5. The corresponding performance
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Fig. 4. Influence of pH on absorption spectra of methylene blue in thg TiO Fig. 5. Influence of pH on the photocatalytic degradation of methylene blue
suspension (a) pH 7.0 and (b) pH 3.0. with various TiQ samples (a) pH 7.0 and (b) pH 3.0.
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