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Abstract

Mesoporous titania nanoparticles with high specific surface area and thermal stable anatase wall was synthesized from surfactant laurylamil
hydrochloride (LAHC) and inorganic precursor Ti(9& The as-synthesized and calcined materials were characterized by X-ray diffraction,
nitrogen adsorption—desorption, transmission electron micrographs, Fourier transform infrared spectroscopy and thermogravimetric analysi
The obtained mesoporous Ti@anoparticles have mean diameter of 25.5 nm. The specific surface area of the mesoporous nangsized TiO
calcined at 400C exceeded 189%y 2, and that of the samples after calcinations at 8DGtill have 151 mig—'. The obtained anatase
mesoporous Ti@nanoparticles show relative high thermal stability.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction nanoparticles are not high enough for industrial purppges
Hence, several methods have been reported to improve these
Overthe pastdecades, there has been increasing interestisituations, such as increasing the surface area, generation of
the application of large surface area titania with nanoparticles defect structures to induce interfacial charge separation and
and/or mesostructure for photocatalysts, photoelectrodes formodification of the TiQ with metal or other semiconductors
solar energy conversidi—20]. Among the three crystalline  [8,9].
phases of anatase, rutile and brookiteJitanosized anatase Among those, mesoporous Ti@as attracted much atten-
TiO, is the most attractive for these applications because oftion due to its high surface-to-volume ratio and offers more
its large effective surface area, which enhances the surfaceactive sites, which are of great importance in photocatal-
reactions. On the other hand, the smaller Ji@noparti- ysis, photoelectrical chemical conversifit0]. Therefore,
cles are also beneficial for the more effective photogeneratedworldwide research activity based on mesoporous, Tiés
carriers separation and greater photocurrent, thus, the higheensued. However, it is quite difficult to synthesize 7iO
photocatalytic and photoelectrical chemical conversion effi- with stable mesoporous structures because of their multi-
ciencieq1-3]. Therefore, there are numerous investigations tude of different coordination numbers and oxidation states
on the synthesis of anatase phase with sizes ranging from[10-12] The use of complex Ti(OR),(AcAc), precursors,
5nm nanoparticles to several micrometers mesostructurescombined with phosphonate anionic surfactants in slightly
and a variety of shapes for the photocatalysis and photo-acid medium, resulted in the first preparation of titania-
electrode materialgl,5]. Generally, the precipitates derived based mesoporous oxide in 19pR)]. However, they are
from sol-gel process are amorphd@$, the photocatalytic  not pure TiQ because a significant amount of phospho-
and photoelectrical conversion efficiencies of those 2TiO rous still remained in these materials and underwent partial
collapse of the mesopores during template removal by cal-
* Corresponding author. Tel. +86 27 87218474: fax: +86 27 68754067. Ccinations. Thereafter, a tridentate ligand (triethanolamine)
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wormlike, mesoporous TigJ12]. Blanchard and co-workers  with ethanol for 1 h, and then centrifugation, washed with
have also used protons in acid media to retard the rapidwater and ethanol, then dried at 8D overnight. The as-
condensation and generate titanium mesostructured oxosulprepared samples were calcined at different temperatures for
fates or mesoporous oxophosphdte® 14] Moreover, sur- 3 hto improve crystallinity with a heating rate of @ min—1,
factants[15-17] triblock copolymer[18] and many non-  respectively.
surfactant organic compound9] have been successfully Transmission electron microscopy images were obtained
used to prepare mesoporous 7i®Gor example, laurylamine  on a JEM-100X/Il (TEM) and LaB6 JEM-2010(HT)-FEF
hydrochloride (LAHC) assemblies have also been applied (HRTEM) electron microscope. X-ray diffraction (XRD)
as template yielded titania nanotubules and mesogdhae patterns were obtained on XRD-6000 diffractometer using
However, the obtained amorphous and semicrystalline TIO Cu Ka as radiation. The nitrogen adsorption—desorption
have insignificant photocatalytic activif20]. Calcinations isotherms at 77K were measured on a Micrometrics
at high temperature may not be beneficial for improving the ASAP 2010 system after samples were degassed &t(.20
photocatalytic activity, as the mesoporous framework has not Fourier transform infrared spectra (FT-IR) on pellets of
been retained after heat treatment at 30¢21]. Since the the samples mixed with KBr were recorded on a FT-IR-
anatase phase has afar higher photocatalytic and photoelectri8201PC spectrometer. Thermogravimetric analysis (TGA)
calchemical conversion efficiency than amorphous and rutile was conducted on the Netzsch STA449 simultaneous thermal
TiOg, it is still a challenge to synthesize mesoporoussTliO analyzer.
with high crystallization of anatase phase and large surface
ared[1,22,23]

We have fabricated titania microtubules with mesoporous 3, Results and discussion
walls as well as a large specific surface areain a LAHC/tetra-
n-butyl-orthotitanate system. The obtained titania micro- The as-synthesized sample shows broad anatase peaks
tubules have a hierarchical organization of tubules-within- (JCPDS, No. 21-127%ig. 1a), indicating the existence of
tubule with tubular nanochannels forming the walls of micro- nanocrystalline domain in the inorganic walls. It has been
tubules[11]. Herein, we apply a precipitation process to proved that the SgF~ anion and the acidic reaction con-
synthesize mesoporous anatasezi@noparticles fromlau-  dition (the initial pH in the present systems4€.6) can
rylamine hydrochloride (LAHC) and Ti(S), in a facile beneficial for the formation of anataf#4]. After heat treat-
and reproducible way. The obtained anatase porous TiO ment, only peaks of anatase phase that become stronger and
nanoparticles show relative high thermal stability and surface sharper are identified ifig. 1Ib—e. The intensity of peaks for
area after heat treatment. To the best of our knowledge, thereanatase change slightly upon calcinations from 100 t6 800
are few reports on the synthesis of Bi@anoparticles with  indicating the anatase grains in the mesostructures have arel-
stable anatase mesoporous frameW2#4. Those properties  ative high thermal stability. Even calcination at 9@ for
have some potential application in relate to photocatalytic and 3 h, the XRD pattern show that the main crystal phase is still
photoelectrochemical conversion, which is under progress in anatase, and small peaks of rutile phase apped&igd 1f).
our group. The crystalline phase transferred into rutile after calcinations

of 1100°C (Fig. 1g).

2. Experimental

OR

All chemical reagents used in the experiments were
obtained from commercial sources as guaranteed-graded
reagents and used without further purification. We initially
attempted to synthesize the mesostructure; Tiom LAHC
and Ti(SQ)2, but this has found to result in Tighanopar-
ticles. Further experiment improvement and characterization
has been found that mesoporous structure in the obtained
TiO2 nanoparticles was formed.

In atypical process, 0.3918 g of Ti(2)2 was mixed with
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0.2209 g of laurylamine hydrochloride (LAHC), then 4 ml of N ,‘J\ b
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ethanol was added to the mixture under stirring. After 10 min,
adding 4 ml of distilled water, stirring for another 2 h, the 1 , 1 ! 1
resulting mixtures was aged at ambient temperature for 48 h, 20 40 60
andthenat 100Cinloosely closed vessel. After another 48 h, 26

the m.IXtureS were cooled to room tempera_ture, f.ind then theFig. 1. High-angle XRD patterns of samples. (a) As-synthesized and cal-
resulting powders were recovered by centrifugation, washed ;.4 at (b) 300C, (c) 400°C, (d) 500°C, (€) 700°C, (f) 900°C, (g)
with water. After air-drying, the obtained solid was treated 1100°c
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with sample calcined at 30, the crystallinity of samples
calcined at 400C was slightly enhanced as observation from
the electron diffraction patterns. As can be seen fBiga 3

and d, the pore size and the crystalline size of sample are esti-
mated to be 1.8-6.0 and 2.5-4.5 nm, respectively. In previous
work with PEO-based surfactants, Yang et al. found that these
crystalline domains were embedded in the mostly amorphous
TiO, matrix[18]. Cabrera et al. also reported the existences of

Intensity

=2

¢ 3 nm anatase in the mesoporous walls of wormlike materials
d [12]. In the present LAHC-templated TiOsystem, how-
e ever, the mesoporous wall basically composed of nanocrystal
! S 3 . S e with limited amount of amorphous titania matrix, implying
20 that the thermal treatment can efficiently crystallize the inor-

ganic walls into anatase phase in the mesostrucutre. After
Fig. 2. Low-angle XRD patterns of samples. (a) As-synthesized and calcined cg|cinations at 700C, the anatase crystallites begin to grow
at (b) 300°C, () 400°C, (d) 500°C, (€) 700°C. extensively, then segregate from the mesostructures. Subse-
quently, the whole mesostructure is completely destroyed.

The low-angle XRD patterns of the obtained samples are  The TG-DTA curvesKig. 4) of the as-synthesized sam-
showed inFig. 2a—e. For the samples as-synthesized and cal- ple revealed ca. 53% total weight loss on heating to°&30
cined at 300, 400 and 50, all patterns are similar and The second exothermic peak began ca. 0@ attributed
exhibit a single diffraction peak corresponding to d-spacing to combustion of organic compounds. Based on the mass
of 9.45, 9.14, 9.02 and 8.90 nm, respectively. Although oth- loss, the products of the starting materials contain ca. 33%
ers have already demonstrated that similar single-reflectionamine, indicating that the template cannot be displaced from
products still have short-range hexagonal symmé¢2&], the mesoporous framework by ethanol exchange. It means
those single strong diffraction peaks of the calcined samplesthatin the present system, the self-assembly¥3* mech-
may just indicate the presence of mesostructure. The low-anism[22,23], which will be further discussed below. DTA
angle XRD patterns of the as-synthesized sample show twocurve showed the LAHC begin to combust at about 300
main broad peaks with shoulders at low angle regions, which and the organic compounds can be removed completely after
cannot be ascribed to any ordered mesostructure. Upon calcalcinations at 400C. The FT-IR spectraHig. 5) of the as-
cinations from 300 to 500C, the peak broadening and the synthesized samples also indicate that the remained amine
reduction in the intensity of the patterns is clearly due to the in the samples can be removed completely by calcinations
relatively wide range of pore diameter (ref. absorption data) at 400°C. The IR-absorption band at 2920 and 2851 ¢ém
of the calcined materials and the partial loss and/or collapse (vcH, andvch,) in the as-synthesized Ti&an be attributed
of the mesopores, as well as the nanosized property of ourto the characteristic frequencies of reminded LAHC. And
samples (ca. 25 nm, ref. below). No obvious peak is observedthere are no those peaks appeared in the FT-IR spectra of
onlow-angle XRD patterns for the sample calcined atZ00 the sample calcined at 40Q. It is believed that the broad
suggesting the complete collapse of the mesoporous framepeaks at 3400 and 1638 cth correspond to the surface-
work. adsorbed water and hydroxyl groyp$,23] The decrease in

Fig. 3shows the TEM micrographs of the samples calcined the intensities of these peaks in the spectra of the samples with
at different temperature. The nanoparticles as observationincreased calcinations temperature confirms the diminishing
from TEM images Fig. 3a—c) show porous characteristic. the surface-adsorbed water and hydroxyl groups. The peaks at
The more detail microstructure of the nanoparticles can be 460, 519, 620 and 910 cm in the range of 400—-1000 cth
seen from the HRTEM image$ig. 3 and ¢). The sam-  are contribution from the anatase phg46,23,25] The
ples have relative uniform particles diameter in the range of intensities of this large band of the as-synthesized sample
18-36 nm with mean particle size of 25.5 nm. Except for the enhanced upon calcinations, implying the anatase phase has
samples calcined at 70C, porous structure without long-  formed completely as the observation from XRD.
range order can be clearly observed in the obtained samples, The as-synthesized sample show nonporous isotherm,
which is coincides with the result of the low-angle XRD. which is reasonable considering that large amount of LAHC
The morphologies of pores and nanoparticles are changedcoexisted in the pores of as-synthesized sample as described
insignificantly upon calcinations from 300 to 500, indicat- in the FT-IR and thermal analysis. Due to the combus-
ing that reconstruction and/or collapse of the mesostructuretion of the organic compound, the samples after calcina-
are not occurred drastically. After calcinations at 7aQthe tions at 400 and 500C show an isotherms of type IV
powers ultimately change into nonporous nanoparticles with N, adsorption—desorption isotherms with hysteresis loops
mean particle size of 24.6 nriif. X). The inserted electron  (Fig. 6), clearly indicating the mesoporous nature of 7jO
diffraction patterns irFig. 3 and c indicated the polycrys- but the considerable hysteresis loop at high relative pres-
talline properties in the mesoporous nanoparticles. Comparedsures confirm that the mesopores were not too regular in
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40 nm

Fig. 3. TEM and HRTEM images of samples. (a and b) Calcined at@0(c) and (d) calcined at 40C, (e) calcined at 500C, (f) calcined at 700C.

the obtained samples. While considering that the meso-tains relatively narrow intra-particle pore size distribution
pores and nanoparticles coexist in the obtained samples, it(2.0—7.5nm) centered 3.7 nrixig. 60). The pore increase
would be reasonable to think that the hysteresis loops canin small degree can be attributed to the integrated results
be attributed to the total contribution of both intra-particle between the removals of the residual organic compounds
pores and inter-particle pores. The pore size distribution in pores and the collapse together with shrinkage of meso-
determined from Barret—Joyner—Halenda (BJH) desorption porous upon calcinations as described above. However, the
isotherm for the sample calcined at 4@ show a bimodal pore size distribution of the inter-particle pores just changed
pore size distributions consist of smaller fine (2.0-5.5nm) slightly upon caclination, indicating that the inter-particles
intra-particle pores and larger (8—20 nm) inter-particle pores pores as well as the particle sizes changed insignificantly.
(Fig. 6a). The 2.0-5.5 nm intra-particle pore size distribution The Brunauer—-Emmett—Teller (BET) specific surface areas
centered 3.3nm. The sample calcined at BDGtill main- and pore volumes of samples are summarizéekhlsle 1 For
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Fig. 6. Nb adsorption—desorption isotherms (inset) and Barret-Joyner—

Halenda (BJH) pore size distribution plots of samples calcined at ()@00
and (b) 500C.

Fig. 5. FT-IR spectra of samples. (a) As-synthesized and calcined at (b)

300°C and (c) 400C.

the sample calcined at 40Q, the surface area is 18Fmy*

stantial pore damage or sintering, as indicateHign 3f and
Table 1 The surface areas and pore sizes of the obtained sam-
ples allow for comparison with previous work: Antonelli and

with central pore diameter of 3.3 nm; the thickness of the pore Ying [10] (180 n? g~1, 3.2nm calcined at 30TC), Yang et

wall (ca 5.7 nm), estimated from XRD and porosity, signif-
icantly higher than that of the mesoporous MCM-41 silica
materials. This fact probably favors the comparatively high
thermal stability of the obtained materials. The relative high
surface area (189 and 15Fgr 1) of sample calcined at 400
and 500 C confirms that the framework of mesoporous 7iO
is relative thermally stable. Moreover, the large reduction of
surface area of the samples calcined at ‘@&how sub-

Table 1

Summary of the physicochemical properties of mesoprous; TiO
nanoparticles

Calcination SeT? Central pore Total volumé
temperatures (mg™b sizé® (nm) (cmig™)
(S

As-synthesized 8.3 - 0.04

300 212 3.3 0.23

400 189 34 0.20

500 151 3.7 0.21

700 51.5 - 0.19

a BET surface area calculated from the linear part of the BET plot.
b Estimated using the desorption branch of the isotherm.
¢ Single-point total pore volume of poresiPy=0.98.

al.[18] (205 n? g1, 2.4 nm, calcined at 40CC), Wang et all.

[22] (246 P g1, 3.0 nm, calcined at 30CC). The obtained
materials present some useful characteristics for the photo-
catalysis and photoelectrical chemical conversion, such as
the large and accessible pore surfaces, small crystal size and
high crystallization of anatase mesoporous wall, etc.

The ordered mesophase and/or mixed mesophase have
been formed in many previous investigations along with the
titania/CTAB and titania/LAHC literaturf|d 2—17] The phase
behavior of TIOSQ/CTAB composite mesophase has been
investigated13,14] It was shown that the initial step is a
rapid formation (<300 ms) of either a pure lamellar, hexag-
onal or a mixed hexagonal/lamellar phase with a low degree
of condensation, depending on the chain length of the surfac-
tant as well as on the ionic strength of the solution. Due to the
lower concentration of surfactant in the present system com-
pared with the previous reporf$3—17] it is impossible to
form perfect ordered mesophase. Furthermore, the extended
condensation is retarded by the lower pH condition. There-
fore, only highly flexible organic—inorganic self-assemblies
at a low degree of condensation maybe form in the ini-
tial stage. From this titanium-based hybrid self-assemblies,
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