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Synthesis of thermally stable mesoporous titania nanoparticles
via amine surfactant-mediated templating method
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Abstract

Mesoporous titania nanoparticles with high specific surface area and thermal stable anatase wall was synthesized from surfactant laurylamine
hydrochloride (LAHC) and inorganic precursor Ti(SO4)2. The as-synthesized and calcined materials were characterized by X-ray diffraction,
nitrogen adsorption–desorption, transmission electron micrographs, Fourier transform infrared spectroscopy and thermogravimetric analysis.
The obtained mesoporous TiO2 nanoparticles have mean diameter of 25.5 nm. The specific surface area of the mesoporous nanosized TiO2
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alcined at 400C exceeded 189 mg , and that of the samples after calcinations at 500C still have 151 mg . The obtained anata
esoporous TiO2 nanoparticles show relative high thermal stability.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Over the past decades, there has been increasing interest in
he application of large surface area titania with nanoparticles
nd/or mesostructure for photocatalysts, photoelectrodes for
olar energy conversion[1–20]. Among the three crystalline
hases of anatase, rutile and brookite TiO2, nanosized anatase
iO2 is the most attractive for these applications because of

ts large effective surface area, which enhances the surface
eactions. On the other hand, the smaller TiO2 nanoparti-
les are also beneficial for the more effective photogenerated
arriers separation and greater photocurrent, thus, the higher
hotocatalytic and photoelectrical chemical conversion effi-
iencies[1–3]. Therefore, there are numerous investigations
n the synthesis of anatase phase with sizes ranging from
nm nanoparticles to several micrometers mesostructures
nd a variety of shapes for the photocatalysis and photo-
lectrode materials[4,5]. Generally, the precipitates derived

rom sol–gel process are amorphous[6], the photocatalytic
nd photoelectrical conversion efficiencies of those TiO2

∗

nanoparticles are not high enough for industrial purpose[7].
Hence, several methods have been reported to improve
situations, such as increasing the surface area, genera
defect structures to induce interfacial charge separatio
modification of the TiO2 with metal or other semiconducto
[8,9].

Among those, mesoporous TiO2 has attracted much atte
tion due to its high surface-to-volume ratio and offers m
active sites, which are of great importance in photoc
ysis, photoelectrical chemical conversion[10]. Therefore
worldwide research activity based on mesoporous TiO2 has
ensued. However, it is quite difficult to synthesize T2
with stable mesoporous structures because of their m
tude of different coordination numbers and oxidation st
[10–12]. The use of complex Ti(OR)4−n(AcAc)n precursors
combined with phosphonate anionic surfactants in slig
acid medium, resulted in the first preparation of tita
based mesoporous oxide in 1995[10]. However, they ar
not pure TiO2 because a significant amount of phosp
rous still remained in these materials and underwent p
collapse of the mesopores during template removal by
cinations. Thereafter, a tridentate ligand (triethanolam
Corresponding author. Tel.: +86 27 87218474; fax: +86 27 68754067.
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wormlike, mesoporous TiO2 [12]. Blanchard and co-workers
have also used protons in acid media to retard the rapid
condensation and generate titanium mesostructured oxosul-
fates or mesoporous oxophosphates[13,14]. Moreover, sur-
factants[15–17], triblock copolymer[18] and many non-
surfactant organic compounds[19] have been successfully
used to prepare mesoporous TiO2. For example, laurylamine
hydrochloride (LAHC) assemblies have also been applied
as template yielded titania nanotubules and mesophase[17].
However, the obtained amorphous and semicrystalline TiO2
have insignificant photocatalytic activity[20]. Calcinations
at high temperature may not be beneficial for improving the
photocatalytic activity, as the mesoporous framework has not
been retained after heat treatment at 300◦C [21]. Since the
anatase phase has a far higher photocatalytic and photoelectri-
calchemical conversion efficiency than amorphous and rutile
TiO2, it is still a challenge to synthesize mesoporous TiO2
with high crystallization of anatase phase and large surface
area[1,22,23].

We have fabricated titania microtubules with mesoporous
walls as well as a large specific surface area in a LAHC/tetra-
n-butyl-orthotitanate system. The obtained titania micro-
tubules have a hierarchical organization of tubules-within-
tubule with tubular nanochannels forming the walls of micro-
tubules[11]. Herein, we apply a precipitation process to
synthesize mesoporous anatase TiOnanoparticles from lau-
r
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with ethanol for 1 h, and then centrifugation, washed with
water and ethanol, then dried at 80◦C overnight. The as-
prepared samples were calcined at different temperatures for
3 h to improve crystallinity with a heating rate of 2◦C min−1,
respectively.

Transmission electron microscopy images were obtained
on a JEM-100X/II (TEM) and LaB6 JEM-2010(HT)-FEF
(HRTEM) electron microscope. X-ray diffraction (XRD)
patterns were obtained on XRD-6000 diffractometer using
Cu K� as radiation. The nitrogen adsorption–desorption
isotherms at 77 K were measured on a Micrometrics
ASAP 2010 system after samples were degassed at 120◦C.
Fourier transform infrared spectra (FT-IR) on pellets of
the samples mixed with KBr were recorded on a FT-IR-
8201PC spectrometer. Thermogravimetric analysis (TGA)
was conducted on the Netzsch STA449 simultaneous thermal
analyzer.

3. Results and discussion

The as-synthesized sample shows broad anatase peaks
(JCPDS, No. 21-1272,Fig. 1a), indicating the existence of
nanocrystalline domain in the inorganic walls. It has been
proved that the SO42− anion and the acidic reaction con-
d
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ylamine hydrochloride (LAHC) and Ti(SO4)2 in a facile
nd reproducible way. The obtained anatase porous2
anoparticles show relative high thermal stability and sur
rea after heat treatment. To the best of our knowledge,
re few reports on the synthesis of TiO2 nanoparticles wit
table anatase mesoporous framework[22]. Those propertie
ave some potential application in relate to photocatalytic
hotoelectrochemical conversion, which is under progre
ur group.

. Experimental

All chemical reagents used in the experiments w
btained from commercial sources as guaranteed-g
eagents and used without further purification. We initi
ttempted to synthesize the mesostructure TiO2 from LAHC
nd Ti(SO4)2, but this has found to result in TiO2 nanopar

icles. Further experiment improvement and characteriz
as been found that mesoporous structure in the obt
iO2 nanoparticles was formed.

In a typical process, 0.3918 g of Ti(SO4)2 was mixed with
.2209 g of laurylamine hydrochloride (LAHC), then 4 m
thanol was added to the mixture under stirring. After 10
dding 4 ml of distilled water, stirring for another 2 h,
esulting mixtures was aged at ambient temperature for
nd then at 100◦C in loosely closed vessel. After another 4

he mixtures were cooled to room temperature, and the
esulting powders were recovered by centrifugation, wa
ith water. After air-drying, the obtained solid was trea
ition (the initial pH in the present systems is∼0.6) can
eneficial for the formation of anatase[24]. After heat treat
ent, only peaks of anatase phase that become strong

harper are identified inFig. 1b–e. The intensity of peaks f
natase change slightly upon calcinations from 100 to 50◦C,

ndicating the anatase grains in the mesostructures have
tive high thermal stability. Even calcination at 900◦C for
h, the XRD pattern show that the main crystal phase is
natase, and small peaks of rutile phase appeared (Fig. 1f).
he crystalline phase transferred into rutile after calcinat
f 1100◦C (Fig. 1g).

ig. 1. High-angle XRD patterns of samples. (a) As-synthesized an
ined at (b) 300◦C, (c) 400◦C, (d) 500◦C, (e) 700◦C, (f) 900◦C, (g)
100◦C.
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Fig. 2. Low-angle XRD patterns of samples. (a) As-synthesized and calcined
at (b) 300◦C, (c) 400◦C, (d) 500◦C, (e) 700◦C.

The low-angle XRD patterns of the obtained samples are
showed inFig. 2a–e. For the samples as-synthesized and cal-
cined at 300, 400 and 500◦C, all patterns are similar and
exhibit a single diffraction peak corresponding to d-spacing
of 9.45, 9.14, 9.02 and 8.90 nm, respectively. Although oth-
ers have already demonstrated that similar single-reflection
products still have short-range hexagonal symmetry[22],
those single strong diffraction peaks of the calcined samples
may just indicate the presence of mesostructure. The low-
angle XRD patterns of the as-synthesized sample show two
main broad peaks with shoulders at low angle regions, which
cannot be ascribed to any ordered mesostructure. Upon cal-
cinations from 300 to 500◦C, the peak broadening and the
reduction in the intensity of the patterns is clearly due to the
relatively wide range of pore diameter (ref. absorption data)
of the calcined materials and the partial loss and/or collapse
of the mesopores, as well as the nanosized property of our
samples (ca. 25 nm, ref. below). No obvious peak is observed
on low-angle XRD patterns for the sample calcined at 700◦C,
suggesting the complete collapse of the mesoporous frame-
work.

Fig. 3shows the TEM micrographs of the samples calcined
at different temperature. The nanoparticles as observation
from TEM images (Fig. 3a–c) show porous characteristic.
The more detail microstructure of the nanoparticles can be
seen from the HRTEM images (Fig. 3b and c). The sam-
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with sample calcined at 300◦C, the crystallinity of samples
calcined at 400◦C was slightly enhanced as observation from
the electron diffraction patterns. As can be seen formFig. 3c
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
TiO2 matrix[18]. Cabrera et al. also reported the existences of
3 nm anatase in the mesoporous walls of wormlike materials
[12]. In the present LAHC-templated TiO2 system, how-
ever, the mesoporous wall basically composed of nanocrystal
with limited amount of amorphous titania matrix, implying
that the thermal treatment can efficiently crystallize the inor-
ganic walls into anatase phase in the mesostrucutre. After
calcinations at 700◦C, the anatase crystallites begin to grow
extensively, then segregate from the mesostructures. Subse-
quently, the whole mesostructure is completely destroyed.

The TG–DTA curves (Fig. 4) of the as-synthesized sam-
ple revealed ca. 53% total weight loss on heating to 380◦C.
The second exothermic peak began ca. 300◦C is attributed
to combustion of organic compounds. Based on the mass
loss, the products of the starting materials contain ca. 33%
amine, indicating that the template cannot be displaced from
the mesoporous framework by ethanol exchange. It means
that in the present system, the self-assembly is S+X−I+ mech-
anism[22,23], which will be further discussed below. DTA
c
a after
c -
s mine
i tions
a m
( d
t nd
t tra of
t d
p e-
a in
t s with
i hing
t aks at
4
a
i mple
e e has
f

erm,
w HC
c cribed
i us-
t ina-
t V
N ops
( O
b pres-
s ar in
les have relative uniform particles diameter in the rang
8–36 nm with mean particle size of 25.5 nm. Except for
amples calcined at 700◦C, porous structure without lon
ange order can be clearly observed in the obtained sam
hich is coincides with the result of the low-angle XR
he morphologies of pores and nanoparticles are cha

nsignificantly upon calcinations from 300 to 500◦C, indicat-
ng that reconstruction and/or collapse of the mesostru
re not occurred drastically. After calcinations at 700◦C, the
owers ultimately change into nonporous nanoparticles
ean particle size of 24.6 nm (Fig. 2f). The inserted electro
iffraction patterns inFig. 3b and c indicated the polycry

alline properties in the mesoporous nanoparticles. Comp
,

urve showed the LAHC begin to combust at about 300◦C,
nd the organic compounds can be removed completely
alcinations at 400◦C. The FT-IR spectra (Fig. 5) of the as
ynthesized samples also indicate that the remained a
n the samples can be removed completely by calcina
t 400◦C. The IR-absorption band at 2920 and 2851 c−1

νCH3 andνCH2) in the as-synthesized TiO2 can be attribute
o the characteristic frequencies of reminded LAHC. A
here are no those peaks appeared in the FT-IR spec
he sample calcined at 400◦C. It is believed that the broa
eaks at 3400 and 1638 cm−1 correspond to the surfac
dsorbed water and hydroxyl groups[16,23]. The decrease

he intensities of these peaks in the spectra of the sample
ncreased calcinations temperature confirms the diminis
he surface-adsorbed water and hydroxyl groups. The pe
60, 519, 620 and 910 cm−1 in the range of 400–1000 cm−1

re contribution from the anatase phase[16,23,25]. The
ntensities of this large band of the as-synthesized sa
nhanced upon calcinations, implying the anatase phas

ormed completely as the observation from XRD.
The as-synthesized sample show nonporous isoth

hich is reasonable considering that large amount of LA
oexisted in the pores of as-synthesized sample as des
n the FT-IR and thermal analysis. Due to the comb
ion of the organic compound, the samples after calc
ions at 400 and 500◦C show an isotherms of type I

2 adsorption–desorption isotherms with hysteresis lo
Fig. 6), clearly indicating the mesoporous nature of Ti2,
ut the considerable hysteresis loop at high relative
ures confirm that the mesopores were not too regul
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Fig. 3. TEM and HRTEM images of samples. (a and b) Calcined at 300◦C, (c) and (d) calcined at 400◦C, (e) calcined at 500◦C, (f) calcined at 700◦C.

the obtained samples. While considering that the meso-
pores and nanoparticles coexist in the obtained samples, it
would be reasonable to think that the hysteresis loops can
be attributed to the total contribution of both intra-particle
pores and inter-particle pores. The pore size distribution
determined from Barret–Joyner–Halenda (BJH) desorption
isotherm for the sample calcined at 400◦C show a bimodal
pore size distributions consist of smaller fine (2.0–5.5 nm)
intra-particle pores and larger (8–20 nm) inter-particle pores
(Fig. 6a). The 2.0–5.5 nm intra-particle pore size distribution
centered 3.3 nm. The sample calcined at 500◦C still main-

tains relatively narrow intra-particle pore size distribution
(2.0–7.5 nm) centered 3.7 nm (Fig. 6b). The pore increase
in small degree can be attributed to the integrated results
between the removals of the residual organic compounds
in pores and the collapse together with shrinkage of meso-
porous upon calcinations as described above. However, the
pore size distribution of the inter-particle pores just changed
slightly upon caclination, indicating that the inter-particles
pores as well as the particle sizes changed insignificantly.
The Brunauer–Emmett–Teller (BET) specific surface areas
and pore volumes of samples are summarized inTable 1. For
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Fig. 4. TG–DTA curves of the as-synthesized sample.

Fig. 5. FT-IR spectra of samples. (a) As-synthesized and calcined at (b)
300◦C and (c) 400◦C.

the sample calcined at 400◦C, the surface area is 189 m2 g−1

with central pore diameter of 3.3 nm; the thickness of the pore
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 151 m2 g−1) of sample calcined at 400
and 500◦C confirms that the framework of mesoporous TiO2
is relative thermally stable. Moreover, the large reduction of
surface area of the samples calcined at 700◦C show sub-

Table 1
Summary of the physicochemical properties of mesoprous TiO2

nanoparticles

Calcination
temperatures
(◦C)

SBET
a

(m2 g−1)
Central pore
sizeb (nm)

Total volumec

(cm3 g−1)

As-synthesized 8.3 – 0.04
300 212 3.3 0.23
400 189 3.4 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.
c Single-point total pore volume of pores atP/P0 = 0.98.

Fig. 6. N2 adsorption–desorption isotherms (inset) and Barret–Joyner–
Halenda (BJH) pore size distribution plots of samples calcined at (a) 400◦C
and (b) 500◦C.

stantial pore damage or sintering, as indicated inFig. 3f and
Table 1. The surface areas and pore sizes of the obtained sam-
ples allow for comparison with previous work: Antonelli and
Ying [10] (180 m2 g−1, 3.2 nm calcined at 300◦C), Yang et
al. [18] (205 m2 g−1, 2.4 nm, calcined at 400◦C), Wang et al.
[22] (246 m2 g−1, 3.0 nm, calcined at 300◦C). 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 literature[12–17]. The phase
behavior of TiOSO4/CTAB composite mesophase has been
investigated[13,14]. 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 reports[13–17], 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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the SO4
2− ions would be expelled during the framework

condensation while oxo or additional hydroxo bridges are
formed between the titanium centers[13,14]. The SO4

2−
density and thus the charge density are therefore expected
to decrease during the condensation of the inorganic frame-
work. The removal of SO42− during the condensation induces
the expulsion of LAHC molecules from the pores in order
to maintain the overall charge neutrality of the mesophase.
Because pH < pHiepTiO2, surface hydroxyl or OH2

+ groups
are present[27]. Thus, the solid obtained from thermal treat-
ment should present an I+X−S+ type of interface (X− =Cl−).
Therefore, we think a discrete hydrophilic nanosized Ti-oxo
block are formed prior to the development of mesostruc-
tured hybrid phase in the present system[16,26–28]. As
the further condensation of the inorganic framework, more
and more surfactant will be expelled from the Ti-oxo block.
Therefore, the relative concentration of the surfactant in the
mixture will be gradually increasing, which may result in the
formation of disordered liquid-crystal-like mesophases com-
posed of preformed titania nanobuilding blocks, which are
self-assembled around micelle assemblies within a liquid-
crystal-like mesophase. At the same time, upon further con-
densation between Ti-oxo block, the directional growth of
anatase phase inside the hybrid assembly maybe also occur
at this stage. This mesophase is finally reinforced leading
t ation
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