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TiO2 nanostructures with various morphologies like cubes, spheres, hexahedral pillars and spherical tubes were

synthesized by microwave-assisted hydrothermal process. Each structure was obtained by changing the relative

concentrations of titanium tetraisoproxide (TTIP), tetrabutylammonium hydroxide (TBAH) and ethanol.

Scanning electron microscopy (SEM), transmission electoron microscopy (TEM), X-ray diffraction and

Brunauer-Emmett-Teller (BET) surface area analysis were used to characterize the synthesized TiO2 nano-

structures. From these results, it has been proved that TiO2 structure could be controlled to have specific

morphology, size, surface area, pore volume and pore size distribution.
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Introduction

TiO2 is well-known industrial material with wide appli-

cations in a variety of fields due to high photo activity, photo

stability and nontoxic property. Extensive research has

focused on the hydrogen production by water splitting,1

degradation of organic pollutant, photovoltaics,2,3 and elec-

trochromic devices.4 Each application of TiO2 requires a

specific crystalline structure, shape, surface state and particle

size. These properties are generally dependent on prepa-

ration route and experimental conditions. Therefore, tailor-

made TiO2 with desired properties has been one of the main

objectives in this field. 

Anatase, one of three basic crystralline structures of TiO2

(anatase, rutile, and brookite) is known to show the highest

photo activity as a photocatalyst.3,5 Nanocrystalline anatase

is generally prepared by hydrothermal or sol-gel methods

with titanium alkoxides as a precursor.6 These wet chemical

methods are known to control the size and shape of the TiO2

particles efficiently by changing the reaction conditions and

hydrolysis control agents. Lee recently reported the syn-

thesis of well-dispersed TiO2 nanoparticles and hollow

microspheres of pure anatase by controlling the amount of

tetrabutylammonim hydroxide (TBAH).7

The hydrothermal process assisted by microwave is one of

recent innovation in hydrothermal process and this has been

shown to be superior to conventional one due to rapid

heating, fast kinetics of crystallization and homogeneous

temperature in the reactor.8,9 This results in less reaction time

and enhanced crystallinity of the product, TiO2.
10-14 Even

though these characteristics of microwave-assisted hydro-

thermal process are already recognized, actual adoption of

this process in the preparation of TiO2 nanoparticles is not

popular possibly due to technical limitation of mass produc-

tion. However, recent success in the preparation of TiO2 of

nanorod with mesopores15 will open the era of new techno-

logy for the special material with potentially high value.

In this study, the effects of various reaction parameters on

the characteristics of TiO2 in the microwave-assisted hydro-

thermal methods have been extensively investigated to have

an insight on the efficient tailor-made TiO2. 

Experimental Section

Preparation of TiO2. The general synthetic strategy of

TiO2 nano structure is to change the reaction conditions such

as concentrations of reactants and solvents. Titanium iso-

propoxide (TTIP, 97%) as a Ti precursor was dissolved in

ethanol (99%) and tetrabutylammonium hydroxide (TBAH,

40% aqueous solution) was added to this solution. The

mixture was stirred for several minutes to have a homogene-

ous solution. This solution was transferred to the container

fitted for the microwave heating and after heating to 200 oC

for 30 min, this was irradiated for 6 hr at 500W. White

precipitate was formed and this was washed with distilled

water and ethanol, respectively and collected by a centrifuge

several times. Final products were obtained by evaporating

the solvents. 

All reagents were purchased from Aldrich Chemicals Co.,

Ltd. and used without further purification. Commercial micro-

wave reactor (Milestone S&T Co., Ltd., MicroSYNTH) and

TFM reaction vessel for high pressure (Teflon, 100 mL,

maximum 100 bar) were used for the hydrothermal process.

Characterization. X-ray diffraction (XRD) patterns were

obtained by using a Rigaku Multiflex diffractometer with

monochromated high-intensity CuKα radiation (λ = 0.154

nm), scanning from 20° to 60° in 2θ. Transmission electron

microscopy (TEM, Philips CM30) was used to observe the

structure and shape of the obtained TiO2 particles. For this

measurement, small amount of TiO2 powder was dispersed

in ethanol, and a drop of the suspension was then spread on

carbon-coated copper grids. The overall shape was also

observed by a field-emission scanning electron microscopy

(FESEM, Hitachi S-4200). The Brunauer-Emmett-Teller
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(BET) surface area, pore size distribution and pore volume

of the samples were analyzed by using an automatic physi-

cosorption analyzer (Micromeritics, TriStar 3000). Before

analysis, obtained samples were treated at 200 oC for 12

hours with specific low pressure of 10−6 torr. The pore size

distribution was calculated by the Barret Joyner Halenda

(BJH) method.

Results and Discussion

Formation of Various TiO2 Structures by Microwave

Irradiation. Various TiO2 structures were obtained from the

sol after mixing of reactants through hydrothermal reactions

at 200 oC. Homogeneous sol, obtained from equivalent

environments all around the reaction system through direct

heat transfer with microwave, can control the formation of

specific TiO2 structure by modifying the composition of

reactants without considering the inequivalent environment.

The yields of TiO2 obtained from the microwave-assisted

hydrothermal process showed over 95% after only 6 hrs.

These reaction times are considerably shorter than conven-

tional one, usually over around 12 hrs.11 TEM and SEM

images of TiO2 structures shown in Figure 1 are proved to be

(a) cube, (b) hexahedral pillar, (c) sphere, and (d) spherical

microtube. Only change in the concentrations of reactants

resulted in different shapes. It is found that particle sizes of

various shapes are in the ranges of (a) 20-25 nm, (b) 0.1 ×

0.6-0.8 μm, (c) 20-25 nm, and (d) 25-30 nm (Figure 1). In

the case of (d), a spherical tube structure with 1 μm thick-

ness of wall and 10 μm length is formed by agglomeration

of numerous tiny particles.

Detailed compositions and amounts of reactants in various

structures are summarized in Table 1. TiO2 of cube type

shown in Figure 1(a) can be obtained as a size of 80 nm with

the compositions of 1:2.08:44.87:44.60 (TTIP/TBAH/H2O/

Ethanol). A hexahedral pillar, grown in one direction of cube

and shown in Figure 1(b), is obtained by increasing the mole

ratio of reactants (TBAH/TTIP) two times except solvents.

Spherical particles as shown in Figure 1(c) were obtained by

retreatment of cubic TiO2(a) with more TBAH. It is quite

surprising to observe the shape change of TiO2(a) particles

without any change of particle size and agglomeration.

Formation of hollow TiO2 microsphere with TBAH reported

by Lee7 has attracted our attention and possible reproduction

of this hollow TiO2 microsphere by a microwave-assisted

hydrothermal process has been tested to shorten the reaction

time and to improve the mass production problem. As

described above, reaction times can be reduced considerably

but the shape of the product was found to be TiO2 of

spherical microtube shown in Figure 1(d) instead of hollow

microsphere.7 Since there is wider space in spherical micro-

tube (1 µm × over 3µm) than that in hollow sphere (1-3 µm

diameter), some applications for micro reactor and gas

storage can be visualized. Easy recycle induced by easy

separation of these materials projected from over mm sizes

of particles that are consisted with nano particles of 25-30

nm will be additional merits. 

Figure 1. TEM and SEM images of various shapes of TiO2

structures prepared at each condition.

Table 1. The volume of each reactant and molar ratios in the
preparation of homogeneous sols before hydrothermal treatment
assisted by microwave

Reagents (mL)
molar ratio

(TTIP/TBAH/H2O/Ethanol)TTIP
TBAH 

solution
Ethanol

(a) 14.2 3.1 24 1 : 0.10 : 2.19 : 8.74

(b) 4.64 20.8 20 1 : 2.08 : 44.87 : 22.30

(c)a TiO2(a) 12.4 24 TiO2(a) : 0.40 : 0.87 : 8.74

(d) 14.2 12.4 24 1 : 0.40 : 0.87 : 8.74

aThe precursor TTIP in the condition (c) is substituted with TiO2, product
of (a).
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Influence of Tetrabutylammonium Hydroxide (TBAH).

In the reaction with titanium alkoxides as a precursor,

formation of network among Ti precursors through gel

agglomeration by H2O may lead to irregular size distribution

of TiO2 particles after thermal treatment. Tetraalkyl ammo-

nium hydroxides (TANH) with a large cation and an OH−

group is known to catalyze the hydrolysis and polycon-

densation of titanium alkoxides and it also plays a role of

peptizer to prevent from gel agglomeration.16 Yang prepared

TiO2 through homogeneous colloidal sol obtained from the

treatment of the precipitates by the reaction between H2O

and titanium alkoxides in the presence of various TANHs.17,18

They reported that the products showed various morpho-

logies depending on the type and concentration of TANH.

Even though there is a difference of basicity with the change

of alkyl groups in TANH, TAN+ cations turn agglomerated

suspension into stable sol through buffer reaction with

negative charged TiO2 particles caused by OH−.

In this study, we successfully prepared TiO2 particles with

various structures by the same reactants and this represents

that only change in the compositions of reactants can result

in subtle change of environments where TiO2 crystal is form-

ed and grown. Change in the amount of only one component

among TTIP, TBAH, H2O, and ethanol leads to the change

of compositions of reactants, which in turn affects the shape

and size of TiO2 particles. This can be explained by different

Figure 2. XRD patterns of TiO2 particles formed by the hydro-
thermal treatment assisted by microwave. All of the indexed peaks
for the TiO2 structures of cube (a), hexahedral pillar (b), sphere (c),
and spherical tube (d) were assigned to the anatase phase. 

Figure 3. N2 adsorption-desorption isotherms and pore size distribution of the synthesized TiO2. (a) cube (b) hexahedral pillar (c) sphere (d)
spherical tube.
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growing direction of TiO2 core caused by different inter-

actions among particles of reactants in the homogeneous

reaction systems. 

Excess addition of TBAH in the preparation of TiO2 leads

to the agglomeration of nano particles. Lee reported that

addition of small amount of TBAH resulted in the formation

of nano particles but a hollow microsphere by gathering of

nano TiO2 particles was formed with addition of more

TBAH.7 In the mechanism given by Lee, it is proposed that

gas phase C4H8 formed by the decomposition of TBAH acts

as an aggregation center of TiO2 particles. This proposal was

supported by the evolution of microbubbles during the

solvothermal reaction.19 Formation of spherical tube shown

in Figure 1(d) can be explained by the same mechanism.

Microbubbles formed during the hydrothermal reaction

under the high pressure might be distorted from sphere to

rod and the spherical tube could be obtained. Change of

TBAH amounts from 9.3 mL to 15.5 mL under the same

condition described in Table 1(d) resulted in a hollow micro-

sphere at the lower end of the amount but a thin and long

hollow microtube at the higher end. It is assumed that

formation of these hollow structures cannot be formed by

the successive aggregation of nanoparticles on the surface of

bubbles after the formation of nanoparticles. In the prepa-

ration described in Table 1(c) where TiO2 nanoparticles

instead of TTIP were exploited, no aggregation structures

are formed. Therefore, it can be concluded that formation of

microbubble and TiO2 crystalline occur simultaneously.

Properties of TiO2 Structures. XRD patterns of TiO2

products obtained in this study are summarized in Figure 2.

All peaks are identical for the anatase phase of TiO2. No

other peaks except anatase phase in the XRD patterns sup-

port high purity of TiO2 particles. In Figure 3, N2 adsorption

and desorption isotherms and pore size distributions (inset)

of all the particles obtained in this study are shown. Type V

isotherms (IUPAC classification) with a clear hysteresis

showing mesoporous nature are observed in Figures 3(a) and

3(c). General sizes of the pores determined by pore size

distribution are 6 nm and 14 nm, respectively. Considerably

high portions of pore size for the particle size but no visual

proof in TEM images can be interpreted as high portion of

space among packing TiO2 particles but negligible pore in a

particle. Therefore, it is concluded that sphere structure has

wider and broader distribution of space among particles. As

shown in Figure 3(b) and 3(d), hysteresis is observed at the

relatively higher pressure and pore sizes are determined as 4

nm and 3 nm, respectively. The data of crystallite sizes,

crystallite phases, BET surface areas, pore sizes and pore

volumes of particles obtained in this study are summarized

in Table 2.

Conclusions

Successful preparation of various types of TiO2 nano

particles has been achieved through hydrothermal process

assisted by microwave. Precise control over nanocrystal

structure, size, and shape through subtle control over

formation and growth of TiO2 nucleus is established with

subtle change in the amounts of reactants. 

Tetraalkylammonium hydroxide, suitable for the pure

anatase phase of TiO2, has been adopted as a surfactant to

prevent from the agglomeration of reactant mixture sol. 

The effect of composition of reactants on the nanocrystal

structure, size, and shape has been investigated and various

structures of TiO2 products such as cube, sphere, hexahedral

pillar and spherical tube have been obtained. It is also found

that all the products show anatase phase with unique

morphologies and sizes. From these results, it is expected

that tailor-made TiO2 production on demand for specific

industrial applications would be possible in a near future.
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Table 2. Summary of physical properties of the synthesized TiO2

structures

Crystallite 

size

(nm)

Crystallite

Phase

BET surface 

area 

(m2g−1)

Pore 

size

(nm)

Pore 

Volume

(cm3g−1)

(a) 20-25 Anatase 73.0 6 0.131

(b) 100 × 600-800 Anatase 3.6 4 0.015

(c) 20-25 Anatase 61.3 14 0.272

(d) 25-30 Anatase 21.4 3 0.104


