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A mild solution route has been designed for the synthesis of

uniform TiO2/SiO2 composite microspheres with octadecyltri-

methoxysilane (C18TMS) and tetrabutyl titanate at low

temperature via a self-assembly process. The TiO2 composite

microspheres consisted of TiO2 nanoparticles with several

nanometers in diameter; and the size and morphology of the

composite microspheres can be well controlled by controlling

the reaction conditions. Octadecyltrimethoxysilane and reaction

temperature play key roles in the formation of the composite

microspheres. In particular, the synthesized composite micro-

spheres exhibit strong anatase phase stability and good

performance on photodegradation of RhB dye from the

pollutant solution. All the results reveal that the self-assembly

strategy represents a facile method for controlling the crystal-

linity and size of TiO2 photocatalysts and for their excellent

photocatalytic activity, which is also of great importance to the

potential applications in solar cells and lithium ion batteries etc.

Introduction

Semiconductor nanomaterial fabrication coupled with size and

shape control is of great scientific and technological interest.1,2

Titania is the most important semiconductor, which has

received much attention due to its unique properties and

promising applications in photocatalysis,3,4 solar cells5,6 and

lithium ion batteries etc.7,8 Over the past decades, much effort

has been devoted to the development of different techniques for

the design and fabrication of TiO2 with well controlled

nanostructures, size and morphology, such as, sol-gel

method,9,10 micelle method,11,12 sol method,13,14 hydrothermal

method,15,16 solvothermal method,17,18 chemical vapor deposi-

tion,19,20 physical vapor deposition,21 electrodeposition22 etc. It

is commonly recognized that the preparation methods of the

material and their relations to the morphology, surface

condition, and size are important factors determining the

materials’ physical properties and applications.

The effectiveness of titania in practical applications vary

considerably with its specific surface area, composition, phase,

the morphology and texture of the materials. The controlled

synthesis of titania materials with well-defined structural archi-

tectures has made progress.23,24 Recently, monodisperse mesopor-

ous anatase titania beads with high surface area, tunable pore size

and uniform grain diameters have been prepared through a

combined sol-gel and solvothermal process in the presence of

hexadecylamine (HDA) as a structure-directing agent.25 Qi and his

coworkers have proposed a mesoscale assembly method to

fabricate unique TiO2 mesocrystals with a single-crystal-like

structure and tunable size in the TBT–HAc system without any

other additives under solvothermal conditions.26 More recently, a

facile approach has been developed to synthesize anatase/rutile

mixed-phase TiO2 hollow microspheres with hierarchical meso-

pores via polymer-assisted assembly of 5 nm nano-building blocks

into three-dimensional hierarchical hollow micro-nanospheres in a

mixed alcohol–water solution.27 Zeng and his coworkers have

developed several solution-based chemical schemes to prepare

core-shell and hollow-sphere nanocomposites comprising sol-gel

derived silica, anatase TiO2 and polyaniline.28 A fluoride mediated

self-transformation method is proposed for the synthesis of hollow

TiO2 microspheres (HTS) composed of anatase polyhedra with

exposed ca. 20% {001} facets.29

Previous studies revealed that the crystallization of TiO2 from

amorphous to anatase and from anatase to rutile usually occurred

in the temperature range of 450–550 uC and 600–700 uC,

respectively when the crystal grains reached a certain size

(y14 nm).30 So the controllable crystallinity of TiO2 can be

realized by controlling the size of products or by a silica-protected

calcination process.31 Nevertheless, the crystallization of TiO2 via

calcination usually results in bigger size and aggregation especially

for the samples with several nanometers in diameter. From the

application point of view, it is still a challenging task in searching

for new strategies for the synthesis of TiO2 materials on large scale

with well controlled size, phase, composition and morphology.

Herein, a simple solution approach has been developed to

synthesize anatase phase TiO2 microspheres successfully, using

tetrabutyl titanate and octadecyltrimethoxysilane using as titanium

source and silicon source, respectively. The size and morphology of
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TiO2/SiO2 microspheres can be well controlled by octadecyltri-

methoxysilane. Furthermore, the as-prepared TiO2/SiO2 composite

microspheres exhibit good phase stability and photocatalytic

properties.

Experimental section

Octadecyltrimethoxysilane (C18TMS) was received from Sigma

Ltd and all chemicals are of analytical grade and used as received.

Preparation of TiO2 composite microspheres

In a typical experimental process, 100 mL tetrabutyl titanate and

40 mL octadecyltrimethoxysilane were added into 20 mL ethanol in

the wide mouth glass bottle respectively, with vigorous magnetic

stirring to form a clear solution. 1 mL 1M HCl was added into the

previous solution and stirred for 10 min. The final solution was

sealed and maintained at 60 uC for 24 h. Subsequently, it was

allowed to cool to room temperature naturally. The product was

collected by centrifugation, washed several times with absolute

ethanol and finally dried at 60 uC for 4 h. The as-prepared sample

was calcined at 500 uC and 900 uC, respectively, in static air with a

heating rate of 1 uC min21 and dwell time of 2 h.

Photocatalytic activity

Photocatalytic activity testing on the degradation of RhB was

carried out in a 100 mL beaker containing 50 mL RhB with a

concentration of 3 mg L21 and 100 mg of the as-prepared TiO2

composite microspheres were calcined at 900 uC for 2 h under

stirring at room temperature under UV light irradiation of a 10 W

Hg lamp. The concentration of RhB was measured by a UV-

Visible spectrophotometer (2401 PC model; Shimadzu, Kyoto,

Japan) in the wavelength range of 200–800 nm at 10 min intervals

during the degradation process of RhB.

Characterization

The phase of the as-prepared product was characterized by X-ray

diffraction (XRD) analyses, which was carried out on a Philips

X’Pert PRO SUPER X-ray diffractometer equipped with graphite

monochromatized Cu-Ka radiation and the operation voltage and

current were maintained at 40 kV and 40 mA, respectively. The

morphology and size of the samples were investigated by field-

emission scanning electron microscopy (FESEM, JEOL-6700F)

and transmission electron microscopy (TEM, JEOL 3010).

Results and discussion

The phase of the as-prepared product was characterized by X-ray

diffraction (XRD) analyses. According to the XRD pattern shown

in Fig. 1a, the as-prepared sample obtained from 100 mL tetrabutyl

titanate, 40 mL octadecyltrimethoxysilane and 1 mL 1M HCl in

ethanol solution at 60 uC was poor in crystallization, in which only

the diffraction peak of (101) can be assigned to anatase phase

TiO2. The anatase phase TiO2 is observed after heat treatment at

high temperature. Fig. 1b–d show XRD patterns of the samples

obtained after calcination of the as-prepared samples at 500 uC,

700 uC and 900 uC for 2 h; all the peaks shown can be readily

indexed to the anatase phase TiO2 (JCPDS no. 21-1272) with a cell

constant (a = 3.785 Å, c = 9.513 Å) and without impurity peaks

detected. In the present study, no tetragonal rutile TiO2 (JCPDS

no. 21-1276) was observed even when the calcination temperature

is elevated to 900 uC for 2 h, indicating that the anatase phase TiO2

is stable at higher temperatures. A previous study revealed that the

anatase to rutile transformation occurred rapidly only when the

anatase grains are above a critical size of 14 nm.32 The size of the

formed anatase TiO2 nanoparticles is an average diameter of 9 nm

even when the calcination temperature is elevated to 900 uC for

2 h, which is calculated according to the Scherrer equation (Rm =

kl/b1/2cosh). In addition, the transformation from the anatase to

rutile phase is kinetically forbidden even at a significantly higher

calcination temperature, e.g., 900 uC.33,34

The morphology and size of the as-prepared samples have been

characterized by field emission scanning electron microscopy

(FESEM) and transmission electron microscopy (TEM). A general

overview SEM image (shown in Fig. 2a) shows that the product

obtained from 100 mL tetrabutyl titanate, 40 mL octadecyltri-

methoxysilane in ethanol solution at 60 uC for 24 h, is composed of

microspheres with ca. 1 mm in diameter and the TiO2 microspheres

consisted of nanoparticles indicated in the magnified FESEM

image shown in Fig. 2b. Fig. 3a–c show that the microspheres are

composed of TiO2 nanoparticles not closely packed and the size of

the nanoparticles with an average diameter of 6 nm, which is in

good agreement with the XRD results calculated according to the

Scherrer equation. Fig. 3d showing the high-resolution transmis-

sion electron microscopy (HRTEM) image is taken from the

specific area marked with a rectangle in Fig. 3b, which shows that

the lattice spacing is 0.24 nm, corresponding to the (004) lattice

planes of anatase phase TiO2, which indicates that the nanopar-

ticles of TiO2 are single crystalline.

Fig. 1 XRD pattern of the sample obtained at 60 uC for 24 h and XRD

patterns of the as-prepared sample after calcination at different

temperatures for 2 h: b) 500 uC, c) 700 uC, d) 900 uC.

Fig. 2 (a–b) FESEM images of the as-prepared product obtained from

100 mL tetrabutyl titanate, 40 mL octadecyltrimethoxysilane (C18TMS)

and 1 mL 1M HCl in ethanol solution at 60 uC for 24 h.
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The chemical composition of the composite microspheres is also

characterized by energy-dispersive X-ray analysis (EDX) shown in

Fig. 4, in which Cu was detected due to the use of Cu grids as the

samples’ substrate for TEM observation and the chemical

composition of the composite microspheres is mainly composed

of elements Ti, Si and O. The elemental compositions of the as-

prepared microspheres in detail have been listed in Table 1. The

results of the EDX and above analyses indicate that the TiO2/SiO2

composite microspheres have been achieved successfully.

Octadecyltrimethoxysilane is an organosilicon compound,

which is used for preparing hydrophobic coatings and self-

assembled monolayers,35 mesoporous silica coating on NaYF4/

silica,36 SiO2/Fe2O3
37 and Au@silica.38 To gain a better under-

standing of the growth mechanism of these TiO2/SiO2 composite

microspheres, the products formed at an early stage were collected

for SEM and TEM analyses. The product in white obtained at

60 uC for 2 h is composed of TiO2 nanoparticles ca. 5–6 nm in

diameter (shown in Fig. 5a,b) and these nanoparticles were

wrapped by the siloxane polymer because octadecyltrimethoxysi-

lane molecules are sensitive toward water, quickly degrading to

siloxane polymer in the reaction system. C18TMS can form linear

two-dimensional polymers owing to the hydrolysis and condensa-

tion reactions of octadecyltrimethoxysilane, which has been

revealed by means of the Langmuir–Blodgett technique and

electron spectroscopy for chemical analysis (ESCA).39 The new

formed TiO2 nanoparticles exhibit hydrophobic properties due to

their surface absorbed by many siloxane polymers. In principle,

aggregation of these hydrophobic nanoparticles with each other

and the self-assembly process would happen in a polar solution

(ethanol solution), which resulted in formation of TiO2 composite

microspheres. The formation mechanism of the TiO2 composite

microspheres is illustrated as Scheme 1.

The growth and self-assembly of the TiO2/SiO2 composite

microspheres are strongly dependent on the reaction kinetics and

the amount of the octadecyltrimethoxysilane. The suitable amount

of octadecyltrimethoxysilane and temperature played key roles in

producing hydrophobic coatings and self-assembled microspheres

with different size and shape, as well as the homogeneity of

particles. For comparison, the experiments were carried out using

different amounts of octadecyltrimethoxysilane and other experi-

mental conditions were kept the same. In the present case, no

microspheres can be obtained and instead aggregated nanoparti-

cles are obtained in the absence of octadecyltrimethoxysilane

(Fig. 6b), which could be short of driving force for the self-

assembled process of the formed TiO2 nanoparticles in the absence

of C18TMS. When the amount of C18TMS increased to 20 mL,

irregular microparticles of TiO2 with a diameter of ca. 1

micrometer was obtained (Fig. 6c). When the amount of

C18TMS increased to 60 mL, the product is composed of

microspheres with 2 micrometers in diameter (Fig. 6d). These

results suggested that the shape and size of the TiO2 composite

nanostructures can be well controlled by varying the amount of the

octadecyltrimethoxysilane. Fig. 6a shows that only nanoparticles

have been obtained at room temperature (10 uC) from FESEM

observation and other experimental conditions were kept the same.

Hence, besides the amount of octadecyltrimethoxysilane, the

temperature also influenced the TiO2 composites morphology

due to the reaction kinetics and the interactions between the TiO2

and siloxane polymer. Herein, TiO2/SiO2 composite microspheres

can be fabricated after calcination of the as-prepared TiO2 and

siloxane polymers composite microspheres due to the decomposi-

tion of the siloxane polymer at higher temperatures (e.g. 500 uC)

and resulting in hollow nanostructures (Fig. S1, ESI{).40

Fig. 3 (a–d) TEM and HRTEM images of the as-prepared product

obtained from 100 mL tetrabutyl titanate, 40 mL octadecyltrimethoxysilane

and 1 mL 1M HCl in ethanol (20 mL) at 60 uC for 24 h.

Fig. 4 EDX analyses of elemental composition of as-prepared TiO2/SiO2

composite microspheres.

Table 1 Elemental compositions of the as-prepared TiO2/SiO2

composite microspheres from EDX analyses

Element Weight (%) Atomic (%)

C 9.70 26.70
O 8.70 18.00
Si 4.50 5.30
Ti 58.60 40.40
Cu 18.50 9.60
Totals 100.00

Fig. 5 SEM and TEM images of the as-prepared product obtained from

100 mL tetrabutyl titanate, 40 mL octadecyltrimethoxysilane and 1 mL 1M

HCl in ethanol (20 mL) at 60 uC for 2 h.
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The as-prepared TiO2 composite microspheres calcined at

higher temperature exhibit excellent performance on the degrada-

tion of RhB molecules from the pollutant solution. The

concentration of RhB is determined according to the absorption

at 553 nm which is measured by a UV-vis spectrophotometer.

Before UV irradiation, the catalysts and RhB mixed solution were

stirred in the dark for 30 min to ensure that RhB was adsorbed to

reach saturation on the surface of catalysts due to the sample

having a specific surface area of 32.9 m2 g21 (Fig. S2, ESI{).

Fig. 6a shows typical adsorption spectra of aqueous RhB solution

after UV irradiation for various time periods using the as-prepared

TiO2/SiO2 composite microspheres calcined at 900 uC for 2 h as the

catalyst. The strong adsorption peak at 553 nm of RhB gradually

decreased and finally completely disappeared after 60 min under

UV irradiation, which indicated the complete photodegradation of

RhB molecules. For comparison, the photocatalytic activity of the

TiO2 composite microspheres calcined at 500 uC was carried out

under the same conditions (Fig. 7b), which indicated that only 82%

RhB molecules have been degraded. The photocatalytic perfor-

mance of the TiO2 composite microspheres calcined at 900 uC is

higher than that those calcined at 500 uC due to the crystallization

of the anatase TiO2, which is in good agreement with the previous

phase analysis. In particular, the complete photodegradation of

RhB requires 50 min using the sample after treatment of the TiO2/

SiO2 composite microspheres with 2.0 M NaOH aqueous solution

and other experimental conditions was kept the same (Fig. 7d),

suggesting the photocatalytic activity has been enhanced after

removal of the silica using NaOH aqueous solution due to the

TiO2/SiO2 photocatalyst wrapped with silica resulting in limiting

the contact of the photocatalyst and dye molecules.

Conclusion

In summary, a simple solution approach has been developed to

synthesize anatase phase TiO2 microspheres successfully via self-

assembly process, tetrabutyl titanate and octadecyltrimethoxysi-

lane using as titanium source and silicon source, respectively. The

size and morphology of TiO2 microspheres can be well controlled

by varying the amount of octadecyltrimethoxysilane. In particular,

the transformation to rutile phase is kinetically forbidden even at a

significantly higher calcination temperature, e.g., 900 uC. All the

results reveal that the self-assembly strategy represents a very

powerful method for controlling the crystallinity and size of TiO2

photocatalysts and for excellent photocatalytic activities, which is

also of great importance to the potential applications in solar cells

and lithium ion batteries etc.
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