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Abstract

Mesoporous titania nanocrystals were obtained through the surfactant-assisted templating method (SATM). The synthesis was carried out

in the presence of two series of micellar surfactant systems, namely (CnH2n+1)2NCH3 and (CnH2n+1)NH2 with n = 8–14. The sol–gel processed

nanocrystalline titania were characterized by small angle X-ray scattering (SAXS), transmission electron microscopy (TEM), X-ray

diffraction (XRD), N2 adsorption–desorption measurements. The morphologies of titania were affected by the formation conditions, e.g.,

carbon chain length of hydrophilic tails of alkylamine surfactants, and calcination conditions. SAXS experiments indicated that the structure

of titania sol under SATM was explained by the mass fractal model. The synthesized powders exhibited anatase-type mesoporous structure

with surface area of up to 215 m2 g�1.
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1. Introduction

Titania (TiO2) nanomaterials have attracted a lot of interest

from both theoretical and practical point of views as an

attractive material for oxide semiconductors. Considerable

effortshavebeendevotedtodeveloptitaniananomaterialswith

well-structured, porous, high surface area, and high photo-

catalytic activity [1–3], stimulated by the successful synthesis

of the mesoporous molecular sieves family, M41S [4,5].

The formation approaches of titania nanomaterials using

self-assemble of surfactant as templating structures have

been reported by several groups [6–8]. Antonelli and Ying

[6] have reported the preparation of mesoporous titania

through a modified sol–gel process in presence of phosphate

surfactant. Yang et al. [8] prepared mesoporous titania using

poly(alkylene oxide) block copolymers as template struc-
* Corresponding author. Tel.: +81 774 38 3502; fax: +81 774 38 3508.

E-mail addresses: s_singto@hotmail.com (S. Sakulkhaemaruethai),

s-yoshi@iae.kyoto-u.ac.jp (S. Yoshikawa).
1 Present address: Chemical Research Institute, Rajamangala University

of Technology, Klong 6, Thanyaburi, Pathumthani 12110, Thailand.

Tel.: +66 2549 3527; fax: +66 2549 3526.

0272-8842/$30.00 # 2005 Elsevier Ltd and Techna Group S.r.l. All rights reser

doi:10.1016/j.ceramint.2005.06.009
tures and titanium inorganic salts as metal precursor in a

non-aqueous solution. A number of formation mechanism

models have been proposed to explain the growth process of

nanostructured materials from the inorganic precursor in the

presence of surfactants self-assembles [9,10]. However, the

growth process and self-assembly mechanism, which drive

both organic and inorganic phases to coexist in a well-

defined mesostructure within the final materials, are far from

being well understood. The effective alternative approach,

called surfactant-assisted templating method (SATM), for

fabricating titania nanocrystals with high quality has been

reported [11–13]. The titania nanocrystals, obtained from

this approach using tetra(i-propyl) orthotitanate (TIPT)–

acetylacetone (ACA)–laurylamine hydrochloride (LAHC)

system, exhibited anatase-type mesoporous structure with

surface area of up to 140 m2 g�1. The structural and

morphological characteristics of synthesized titania nano-

crystals were affected by various key parameters, i.e.,

surfactant-removing condition, surfactant to alkoxide ratio,

acetylacetone concentration, etc.

In this paper, the formation and characterization of

mesoporous titania nanocrystals in TIPT–ACA–alkylamine
ved.
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surfactant systems under sol–gel process, in which gelation

occur homogeneously, will be described. The morphology of

titania under sol–gel process in the presence of micellar

surfactant solution is elucidated with SAXS, TEM, XRD, N2

adsorption–desorption measurements.
Fig. 1. SAXS profile of titania sol derived from TIPT–ACA–

(C8H17)2NCH3 system.
2. Experimental procedure

2.1. Titania nanocrystals preparation

Mesoporous titania nanocrystals were prepared under the

controllable sol–gel process of titanium alkoxide in the

presence of micellar surfactants, i.e., double-chained

alkylamine surfactants, [(CnH2n+1)2NCH3 (n = 8, 10, 12,

14)], and long chain alkylamine surfactants, [CnH2n+1NH2

(n = 8, 10, 12, 14)] as templating structures. Tetra(i-propyl)

orthotitanate (as a titania precursor), was modified with

acetylacetone resulting the yellow TIPT–ACA adduct. The

composition of TIPT to ACA was 1:1 in molar ratio. In

separate beaker, surfactant and HCl were dissolved in

deionized water at 40 8C until homogeneous solution is

obtained. The composition molar ratio of surfactant to acid

was 1:1. The mixture of TIPT–ACA was slowly added under

magnetic stirring to the micellar surfactant solution at room

temperature. The composition ratio of alkylamine surfactant

to TIPT was 1:4. The resulting suspension was stirred for

1 h, further stirred at 40 8C for 48 h, and kept sealed under

static condition at 80 8C for 1 week. The resulting titania gel

with yellow mother liquor was dried at 80 8C for overnight,

and washed with i-propanol (IPA). The powder was again

dried at 80 8C in air and calcined at temperature in the range

of 250–450 8C at given time.

2.2. Characterization

The nanostructure of the titania sol was studied by small

angle X-ray scattering (SAXS) (Rigaku Rotaflex, RU-200)

using Cu Ka radiation under operating conditions of 40 kV,

80 mA. The scattering pattern was recorded in the range of

0.1–4.08 (2u) with step 0.058 (2u). The background

scattering was subtracted from the total experimental

scattering intensity. The fractal dimension (Df) and the

radius of gyration (Rg) were determined by analysis of mass

fractal (power-law) and the Guinier regions, respectively

[14]. Transmission electron microscopy (TEM) and selected

area electron diffraction (SAED) were performed on a

transmission electron microscope (JEOL JEM-200CX) at

200 kV. Constituent phases were determined by X-ray

diffractometer (Model RINT-2100, Rigaku) with Cu Ka

radiation (l = 0.154 nm) at 40 kV and 40 mA, and a scan

rate of 28(2u)/min. N2 adsorption–desorption isotherms were

obtained with a nitrogen adsorption apparatus (BELSORP18

PLUS). The powders were further degassed under vacuum

at 200 8C for 2 h before measurements to evacuate the

physisorbed moisture.
3. Results and discussion

3.1. Structural evolution of titania in sol–gel process

Titania sol was prepared through SATM using TIPT–

ACA–[(CnH2n+1)2NCH3 (n = 8, 10, 12, 14)] system. After

kept at 40 8C for 48 h, the homogeneous sol was

characterized the fractal morphology by SAXS. Fig. 1

shows a SAXS profile of titania sol prepared using

(C8H17)2NCH3 as templating structures at starting reaction

(t = 0 h) in 80 8C. As seen in this figure, fitting between

ln(q) = �1.5 and 0.5 gives a straight line with negative slope

corresponding to a mass fractal scaling laws [15]. The

negative slope was measured as �1.61 (Df = 1.61), which

represents the growth of rather linearly connected fractal

[16]. Fitting between ln(q) = �1.5 to 0.5, gives an

intersection between fractal behavior to the Guinier region

at ln(q) = �1.54, i.e., q = 0.214. SAXS data in Fig. 1 was

replotted as Guinier plot as given in Fig. 2. In Guinier region,

where the system is diluted and monodisperse [14],

Guinier’s approximation: ln IðqÞ ¼ ln Ið0Þ � ð1=3ÞR2
gq2

was expressed [17]. The Rg can be estimated from slope

of linear regressive line in Guinier plot (Fig. 2). The slope

was measured as�17.31, then Rg was estimated as 7.21 nm.

The time evolutions (reaction occur at 80 8C) of estimated

Df and Rg of titania sol derived from different type of double-

chained alkylamine surfactants [(CnH2n+1)2NCH3 (n = 8, 10,

12,14)]aregiven inFig.3.Asseen in thisfigure, the increaseof

the aging time of titania sol at 80 8C results in an increase of

both Df and Rg. The morphologies of all titania materials

derived under TIPT–ACA–[(CnH2n+1)2NCH3 (n = 8, 10, 12,

14)] system are nanoscale mass fractals with Rg > 12 nm and

Df in the range of 1.9–2.1, which are grown by a diffusion-

limited cluster–cluster aggregation process [16]. Similarly,

SAXS analysis has been performed on titania sol derived with

longchainalkylamine surfactants [CnH2n+1NH2 (n = 8,10,12,

14)]. The dependence of Df and Rg as a function of aging

time (at 80 8C) of all samples are given in Fig. 4. It can be

noticed that the aggregates generated in titania derived with
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Fig. 2. Guinier plot of SAXS spectrum of titania sol derived from TIPT–

ACA–(C8H17)2NCH3 system.

Fig. 3. Dependence of (a) Df and (b) Rg as a function of aging time of titania

sol derived in variation of double-chained alkylamine surfactants

[(CnH2n+1)2NCH3 (n = 8, 10, 12, 14)] aqueous solution.

Fig. 4. Dependence of (a) Df and (b) Rg as a function of aging time of titania

sol derived in variation of alkylamine surfactants [CnH2n+1NH2 (n = 8, 10,

12, 14)] aqueous solution.

Fig. 5. XRD patterns of anatase-type titania nanocrystals prepared at

different calcination conditions.
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Table 1

FWHM and crystallite sizes obtained from the XRD results for titania

nanocrystals calcined at different conditions in air atmosphere

Calcination condition FWHMa Crystallite sizeb (nm)

Dried powder 1.24 6.5

250 8C for 24 h 0.94 8.5

300 8C for 24 h 0.87 9.3

400 8C for 24 h 0.73 11
a Full-width at half maximum intensity of the (1 0 1) diffraction peak.
b Estimated by using Debye–Scherrer equation.
TIPT–ACA–[CnH2n+1NH2 (n = 8, 10, 12, 14)] system form

more compact branched fractal than that of nanocrystals

derived with TIPT–ACA–(CnH2n+1)2NCH3 system, with Rg in

the range of 11–14 nm and Df in the range of 2.1–2.2, which

follows a diffusion-limited monomer–cluster aggregation

process [16].

3.2. Morphology of titania nanocrystals

Fig. 5 shows the XRD patterns of titania nanocrystals

calcined at different conditions. All sample powders are

crystalline. The XRD pattern of all powders are similar and

peaks are assigned to the (1 0 1), (0 0 4), (2 0 0), (1 0 5)

reflections of the anatase phase. Crystallinity of the titania

nanocrystals calcined at different temperatures has been

studied. The full-width at half maximum intensity (FWHM)

of (1 0 1) diffraction peak and the crystallite size of titania

nanocrystals estimated from the Debye–Scherrer’s equation

[18] using the XRD line broadening were reported in

Table 1. As seen in Fig. 5 and Table 1, the crystallinity of

nanocrystals increased (XRD became sharper, and FWHM

decreased) as the calcination temperatures increased.

At higher calcination temperatures, the crystallite sizes

formed are larger in size, which can be attributed to the

thermally promoted crystallite growth. These results were in

agreement with the previous reported by Yu et al. [19]. Fig. 6
Fig. 6. High-resolution TEM image and SAED pattern of titania nano-

crystals calcined at 500 8C for 4 h.

Fig. 7. (a) N2 adsorption–desorption isotherms and (b) pore size distribution

curves of titania nanocrystals derived with TIPT–ACA–(CnH2n+1)2NCH3

(n = 8, 10, 12, 14) system.
shows high resolution TEM image and SAED pattern of

mesoporous titania nanocrystals calcined at 500 8C for 4 h.

As seen in this figure, the bulk calcined titania powder

consisted of�10 nm particles. The first four rings of SAED,

shown in inset of Fig. 6, are assigned to the reflections of the

anatase phase. The results are in agreement with the XRD

results shown in Fig. 5. Examples of the N2 adsorption–

desorption isotherms and pore size distributions of

mesoporous titania nanocrystals derived with this proposed

approach are shown in Fig. 7. The isotherms exhibit the

typical type IV, characteristic of mesoporous materials

according to the IUPAC classification [20]. The dependence

of Brunauer–Emmett–Teller surface area (SBET) and

pore diameter of synthesized titania nanocrystals derived

with different carbon chain length of hydrophobic

tails of surfactants in aqueous solution are displayed in
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Fig. 8. Dependence of SBET, pore diameter, and pore volume of titania nanocrystals on the carbon chain length of hydrophobic tail of (a) (CnH2n+1)2NCH3 and

(b) CnH2n+1NH2 (n = 8, 10, 12, 14).
Fig. 8. The calcined titania nanocrystals derived with

(CnH2n+1)2NCH3 (n = 8, 10, 12, 14), as templating structures

exhibit SBET in the range of 180–200 m2 g�1, pore diameter

in the range of 4.5–6 nm, and pore volume in the range of

0.38–0.46 ml g�1. The calcined titania nanocrystals derived

with CnH2n+1NH2 (n = 8, 10, 12, 14), as templating

structures exhibit SBET in the range of 170–215 m2 g�1,

pore diameter in the range of 5–7 nm, and pore volume in the

range of 0.38–0.44 ml g�1.

3.3. Possible formation mechanism of titania

nanocrystals

The formation mechanism of titania nanocrystals through

SATM approach is still unclear at this point. However, it is

agreed based on the formation of silica molecular sieves

using surfactants as templating structures that the formation

process of titania nanocrystals in this system through the

geometric matching between titania species (I+), surfactant

head group (S+), and counter ions (X�) in an acidic aqueous

solution system and the controllable sol–gel process [21].

ACA played a role as a modifying agent to retard hydrolysis

reaction of titanium alkoxide by coordinate to the central

metal atom of titania precursor and letting one isopropoxyl

group unbound [22]. When the chemical modified titania

precursor and alkylamine micellar acidic solution was
mixed, the partially hydrolyzed precursor was formed and

interacted with head group of surfactant. Further gelation

process followed the formation of –O–Ti–O–Ti– network by

polycondensation on the surface of assemblies resulting in

the production of mesoporous structure.
4. Conclusion

Mesoporous titania nanocrystals have been synthesized

through SATM under sol–gel process in the presence of

alkylamine surfactant as templating structures. The synthe-

sized titania aggregates are nanoscale mass fractals. The

fractal dimensions displays in the range from 1.9 to 2.1 and

form 2.1 to 2.2 for titania sol derived using

[(CnH2n+1)2NCH3] and [CnH2n+1NH2] (n = 8–14), respec-

tively. The surface area of calcined titania nanocrystals

prepared through this proposed approach can exceed

215 m2 g�1 and decrease as the calcination temperature

increases. The surfactant system played an important role on

the structural and morphological characteristics of titania.
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