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Abstract Well-aligned anatase and rutile TiO2 nanorods

and nanotubes with a diameter of about 80–130 nm have

successfully been fabricated via sol-gel template method. The

prepared samples were characterized by using thermogravi-

metric (TG) and differential thermal analysis (DTA), X-ray

diffraction (XRD), scanning electron microscopy (SEM),

transmission electron microscopy (TEM), and energy dis-

persive X-ray spectroscopy (EDS). The XRD results indi-

cated that the TiO2 nanorods were crystallized in the anatase

and rutile phases, after annealing at 400–800 �C for different

periods of time from 0.2 to 10 h.

Introduction

Titanium dioxide is a fascinating class of inorganic solids

used in a wide range of common and high technique

applications because of its moderate price, chemical sta-

bility, non-toxicity, biocompatible, very high reflectivity of

light, efficient photocatalysis, and surface reactivity [1–4].

These properties can be controlled by TiO2 crystal structure,

crystallite size, size distribution, and morphology [5–7].

Crystalline TiO2 exists in three polymorphic forms: anatase

(tetragonal, c/a [ 1), rutile (tetragonal, c/a \ 1), and

brookite (orthorhombic) [7–11]. Rutile is the thermody-

namically stable phase (generally in the 600–1855 �C),

whereas anatase and brookite are metastable and are

readily transformed to rutile when heated. The phase

change from anatase to rutile has been reported to occur in

different temperature ranges from 600 �C to 1100 �C,

depending on the preparation conditions, particle size, and

the presence of impurities [11–13]. Anatase TiO2 has been

widely studied due to its tremendous technological impor-

tance in various applications. Anatase TiO2 has the (101)

plane as the most exposed face in nanocrystals [8, 14].

About rutile TiO2, the (110) face has been shown to be the

exposed plane. In this case, the TiO2 (110) plane yields

defect stoichiometry leading to a Ti3+ site, which is

photocatalytically active [8, 15]. The basic difference

between anatase and rutile is the symmetry about oxygen

atoms as well as differences in the polarization of the

oxygen ions [8].

TiO2 nanostructures are experiencing a rapid development

in recent years due to their unique properties that are derived

from their surface areas compared to TiO2 bulk material. One

of the ways of enhancing the surface area of nanostructured

TiO2 material is to convert it into one-dimensional (1D)

nanostructures such as nanorods, nanowires, and nanotubes.

These structures have larger surface areas than their partic-

ulate forms and have gained considerable attention for

their brilliant prospects in photocatalysts, gas and humidity

sensors, environment purification, photovoltaic cells, and

photoelectrochromic windows [5, 6, 16–22]. Numerous

methods have been developed for the synthesis of 1-D

nanostructures including chemical vapor deposition (CVD)

[23], electron beam lithography [24], surfactant-directed

[25], and the filling of templates with colloidal oxide particles
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[26–28]. Among them, the template-assisted synthesis

method has been found as an effective way for the formation

of 1-D nanostructures [29, 30]. This approach combines the

sol-gel processing and template-based growth. In this man-

ner, the template is dipped directly into the prepared TiO2-sol

solution by sol-gel process for a required period.

This paper reports the growth and characterization of

anatase and rutile TiO2 nanorods/nanotubes by a template-

assisted sol-gel method. Also, the effects of annealing

temperature and time on the phase structure of TiO2

nanorods are reported.

Experimental

The precursor chemicals for preparation of TiO2-sol were

used as-received: titanium tetraisopropoxide (C99%,

Kishida), acetylacetone (C99%, Kishida), ethyl alcohol

(99.5%, Kishida), and deionized water. Titanium tetraiso-

propoxide was added to a reaction beaker in the presence of

ethanol. Acetylacetone was added into ethanol and water in

a separate beaker. Then, two resulting solutions were

mixed and stirred at room temperature for 2 h.

For the synthesis of TiO2 nanorods/nanotubes, the por-

ous anodic alumina membranes (Anodisc; Whatman Inc.)

were used as the template. The diameter, average thick-

ness, and pore size of these templates were 21 mm, 60 lm,

and 100–150 nm, respectively. At first, the prepared TiO2-

sol was injected by a syringe into the templates several

times. Then, the templates were withdrawn from the

solution and were dried in air for 24 h. The prepared

samples were kept at 100 �C for 8 h to remove the residual

water and alcohol. For the preparation of anatase and rutile

TiO2, the samples were gradually heated up at a rate of

2 �C/min in 300, 400, 500, 600, 700, and 800 �C and were

held at this temperature for various periods of time: 0.2,

0.5, 1, 2, 4, and 10 h. Finally, the furnace was shut down

and the samples were cooled down to room temperature.

Figure 1 shows the details of heat-treatment schedule for

rutile and anatase TiO2.

Thermogravimetric and differential thermal analysis

(Thermo Plus TG8120, Rigaku) were carried out in air

from room temperature up to 1000 �C, with a heating rate

of 2 �C/min in a Pt crucible. The crystalline phase of TiO2

samples were characterized by XRD with the use of a

Rigaku X-ray diffractometer Rint 2100. For XRD, Cu Ka
radiation was used at 40 kV and 30 mA, with a step size of

0.02 from 20 to 80. The surface morphology and cross-

section of the alumina template was obtained by using a

field emission-scanning electron microscopic (FE-SEM;

Model JSM-6330F, JEOL). The microstructure of obtained

TiO2 nanorods and nanotubes was observed by scanning

electron microscopy (SEM; Model S-3000N, Hitachi,

Japan) and transmission electron microscopy (TEM; Model

H-800, Hitachi, 200 kV). The SEM and TEM samples were

prepared by dissolving alumina template in 1 and 6 M

NaOH aqueous solutions, respectively. Then the samples

were washed several times with distilled water to remove

the dissolved alumina and the remaining NaOH solution.

Results and discussion

The TG-DTA curves of the as-prepared TiO2 materials are

shown in Fig. 2. The endothermic peak at about 40–120 �C

represents the removal of adsorbed water and solvent. On

DTA curve in Fig. 2, the exothermic peaks appear at 200–

400 �C that are attributed to the combustion of organic

compound, acetylacetanate groups, and the formation of

anatase phase. The final small loss step above 550 �C is

Fig. 1 The heat-treatment program for the preparation of anatase and

rutile TiO2 nanorods/nanotubes

Fig. 2 TG-DTA curves of the as-prepared TiO2 nanorods
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also an exothermic reaction, obviously corresponding to

the crystallization of the rutile phase.

The XRD patterns for TiO2 nanorod arrays annealed at

various temperatures and times are shown in Figs. 3 and 4.

In Fig. 3, we indicate XRD spectra of TiO2 nanorods

annealed at different temperatures for 2 h in air atmo-

sphere. The TiO2 samples annealed at 300 �C showed no

peaks, while the XRD patterns of the samples annealed at

400 and 500 �C are characteristic of anatase TiO2. In the

range from 400 �C to 500 �C, only anatase phase is

obtained. The formation of anatase TiO2 is found to begin

below 400 �C, indicating the start of the amorphous to

anatase crystallization, which coincides well with TG-DTA

results in Fig. 2. When the annealing temperature is around

600 �C, rutile phase peaks appear. It can be found the

transformation temperature of anatase to rutile is approxi-

mately 600 �C, while some small diffraction peaks of

anatase were also observed. With increasing temperature to

700 �C, the amount of rutile phase increases and at 800 �C,

rutile is a main phase and anatase disappears. This shows

that transformation of anatase to rutile phase is complete

below this temperature. For the prepared TiO2 samples,

with increasing annealing temperature from 400 �C to

800 �C, the peak intensities of anatase and rutile increase.

The diffraction peaks of anatase and rutile become nar-

rower and their crystallity is enhanced. The crystallite sizes

of the TiO2 nanorods annealed at various temperatures

were evaluated and are summarized in Table 1. The crys-

tallite size measurements were carried out using the Debye-

Scherrer’s equation [31]:

D ¼ 0:89k
b cosh

Fig. 3 XRD patterns of the TiO2 nanorod arrays annealed at various

temperatures for 2 h

Fig. 4 XRD patterns of the TiO2 nanorod arrays annealed at 400 �C

for different times

Table 1 Average crystallite size obtained from XRD results for TiO2

nanorods annealed at various temperatures for 2 h

Annealing temperature (�C) Average crystallite sizea (nm)

Anatase Rutile

300 – –

400 11 –

500 13 –

600 17 23

700 22 27

800 – 35

a Calculated by (101) for anatase and (110) for rutile
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where D is crystallite size, k is wavelength of the X-ray, b
is the full-width at half-maximum (FWHM) intensity

(obtained after correction for the instrumental broadening),

and h is the angle of diffraction. The (101) diffraction peak

is used for anatase phase and (110) peak for rutile phase. It

can be seen in Table 1 that the average crystallite size of

the anatase and rutile samples increased from 11 to 35 nm

as the annealing temperature increased from 400 �C to

800 �C. At higher annealing temperature, the crystallites

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

thermally promoted crystallite growth. It is well known that

the annealing improves the crystallity, and the amorphous

TiO2 to the anatase phase and after that anatase changes to

the rutile phase with increasing temperature [32].

Figure 4 shows XRD pattern of TiO2 nanorods annealed

at 400 �C for various periods of time. A pronounced (101)

peak of TiO2 at 2h ¼ 25:3� was observed that corresponds

to the tetragonal anatase single phase. Similar crystal

structure was observed for the samples annealed at 400 �C

for all cases. With increasing annealing time, the peak

intensity of the (101) diffraction increases and its width

becomes narrower. Figure 5 demonstrates the average

crystallite size of anatase phase as a function of annealing

time. The size of anatase crystallites increases from 9 to 15

nm, when the annealing time is raised from 0.2 to 10 h.

Figure 6a and b shows FE-SEM images of the surface

structure and cross-sectional structure of anodic alumina

membrane as the starting material. It can be seen that this

template has many pores whose mean diameter is

approximately 100–150 nm. SEM photographs of the

anatase TiO2 nanotube and nanorod arrays obtained by

annealing at 400 �C for 2 h are shown in Fig. 7a and b,

respectively. Figure 7a indicates image of the TiO2 nano-

tubes that are arranged roughly parallel to one another and

highly uniform in diameter. Densely assembled nanorods

with a diameter of about 80–130 nm and length of several

micrometers were observed in Fig. 7b, which corresponds

to approximately 15–20% lateral shrinkage with respect to

the template pore diameter. This size difference is almost

due to the volume shrinkage caused by removal of residual

materials and densification during the annealing. The pre-

pared TiO2 nanorod and nanotube arrays are abundant,

uniform, and highly ordered over a large area. In addition,

we can fabricate nanorods and nanotubes with desirable

diameter and length by selecting a proper template.

Figure 8a and b gives the TEM images of the TiO2

nanotube and nanorod, respectively. The both nanotube

and nanorod have a smooth morphology and longitude

uniformity in diameter. It can be seen clearly in these
Fig. 5 Average crystallite size of anatase phase as function of

annealing time

Fig. 6 FE-SEM images of the (a) surface structure and (b) cross-

sectional structure of the anodic alumina membrane
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images that the average diameter of the nanotube and

nanorod is about 100 nm. The TiO2 nanorods and nano-

tubes can be initiated by the formation of bonds between

Ti(IV) complexes and Al-OH sites on the pore walls [33–

35]. Then, the nuclei continue to grow by attracting more

Ti(IV) complexes to form partly dehydrated, polymeric

Ti(IV) hydroxide particles until the neighboring particles

make contact with each other to produce aggregates,

leading nanostructures upon annealing. The injection of the

hydrolyzed TiO2 solution by the syringe through pores of

the alumina membrane has created nanochannels, which

after several injections ultimately produces TiO2 nanorods/

nanotubes. After several injections, the pores became

smaller, which consequently lead to the slower passage of

TiO2-sols into pores. With the immersion of the samples

into boiling TiO2-sol, the pores are completely filled,

which leads to the formation of the TiO2 nanorods and

eliminates the possibility of tubes growth into template

pores.

The chemical composition of the TiO2 nanorod arrays were

determined using energy dispersive X-ray spectroscopy

Fig. 7 SEM images of the (a) TiO2 nanotubes and (b) TiO2 nanorods

grown into alumina templates

Fig. 8 TEM images of the (a) TiO2 nanotube and (b) TiO2 nanorod

Fig. 9 EDS analysis of the TiO2 nanorod arrays
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(EDS) that are shown in Fig. 9. EDS analysis confirms the

constituent of the nanorods to be essentially Ti and O, though

trace of Au is contained. The presence of peak of element Au

can be ascribed to the sputter-cover on surface nanorod to

provide conductibility of sample, while none of Al peak was

detected in EDS analysis which firmly indicates complete

removal of the alumina template.

Conclusion

In this study, the TiO2 nanorod and nanotube arrays

consisting of anatase and rutile have successfully been

prepared by a sol-gel template route. It was shown that the

dimension of nanorods/nanotubes depends on the pore size

of the template, and their diameter is almost the same as the

nominal pore size. The SEM and TEM images showed the

average diameter of nanorods/nanotubes were about 100

nm in diameter with several micrometers in length. The

TiO2 nanorod arrays have the desired chemical composi-

tion with anatase and rutile crystal structures, after

annealing at 400, 500, 600, 700 and 800 �C for various

periods of time from 0.2 h to 10 h. From thermal analysis

and XRD analysis, the anatase structure of TiO2 appeared

in annealing temperature below 400 �C and rutile structure

was observed around 600 �C. The crystallite size of the

obtained samples increased with increasing annealing

temperature and time.
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