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Abstract−Titanate nanotubes were synthesized by hydrothermal process using commercial titania nanoparticles. The

experiments were carried out as a function of reaction time, temperature, and NaOH concentration. Furthermore, the

titanate nanotube film was fabricated on the Si substrate using electrodeposition method with 60 V and at room tem-

perature. The specimens were investigated by using various techniques such as field-emission scanning electron micro-

scopy (FESEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), Raman Spectroscopy, and X-

ray photoelectron spectroscopy (XPS). The formation of sodium titanate nanotubes was affected strongly by the varia-

tion in all parameters. The best conditions for the titanate nanotubes were found to be a reaction temperature of 150 oC,

10 M NaOH concentration, and reaction time of 48 hr. Under the best conditions, the resulting titanate nanotubes did

not contain any remains of starting material, namely P25 nanoparticles, and also the resulting nanotubes had very smooth

morphology with a diameter of ~10 nm and length extending up to several micrometers without presence of any bundle-

like structures. The washing of sodium titanate nanotubes with HCl solution leads to conversion into protonic titanate

nanotubes via ion exchange reaction. The subsequent sintering of the titanate nanotubes renders dehydration of inter-

layered OH groups, thereby leading to precipitation of anatase phase. The tubular structure also gets destroyed during

phase change, beyond 375 oC. The electrodeposited titanate film with 60 V for 10 min at room temperature was dense

and uniform. In this work, we suggest that electrochemical deposition method of titanate nanotubes film can be used

for its applications.
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INTRODUCTION

Nanosized materials have received increasing attention in vari-

ous fields by virtue of their special chemical and physical proper-

ties. Much work has recently been done on the synthesis and ap-

plications of nanosized metal oxides, such as TiO2, ZnO, SiO2, etc

because of their peculiar catalytic behaviors, nonlinear optical prop-

erties, and unusual luminescence responses [Kim et al., 2005a, b;

Lee et al., 2003; Nam and Han, 2003; Oh et al., 2005]. Among these

materials, nanosized titanium dioxide has attracted great interest

because it exhibits many modified electronic and optical properties,

and hence resulting extensive applicability in fields including photo-

catalysis [Fujishima and Honda, 1972; Nam and Han, 2003; Oh et

al., 2005], environment purification [Na et al., 2005], dye-sensitized

solar cells [O’Regan and Gratzel, 1991; Chevaleevski and Larina,

2001], gas and humidity sensors [Kim and Lee, 2001]. The perfor-

mance in a given application is, however, strongly influenced by

the crystalline structure, the morphology and also the size of parti-

cles. Therefore, one-dimensional (1D) nanostructured TiO2 materi-

als such as nanotubes, nanowires, nanoribbons, and nanorods have

attracted extensive attention due to their great potential for use in

these applications.

A considerable amount of studies on various synthesis methods

of the 1D nanostructured TiO2 materials have been carried out. Hoyer

synthesized TiO2 nanotubes with diameters of 70-100 nm using sol-

gel method. Imai et al. prepared anatase TiO2 nanotubes in porous

alumina membranes. Also, Seo et al. manufactured tubular TiO2

material by digestion of the crystalline (anatase phase) powder us-

ing TiCl4. Whereas, rutile powder was used as a starting material

for preparing TiO2 nanotubes with diameter of ~8 nm and length

of ~100 nm in 10 M NaOH solutions using hydrothermal method

[Kasuga et al., 1998]. Recently, it was also reported that TiO2 nano-

fibers and/or nanotubes could be synthesized by use of various types

of templates, such as porous alumina, organic eggshell membrane,

and surfactant assemblies. The TiO2 nanofibers and/or nanotubes

obtained by use of templates have larger diameter and thicker walls

composed of nanoparticles. The hydrothermal methods, however,

were found to be better and more convenient for preparing TiO2

nanotubes. In this method, anatase or anatase-rutile TiO2 nanoparti-

cles were treated with an aqueous solution of 10 M NaOH at 150 oC,

to convert TiO2 particles into nanotubes. The formation mechanism

of TiO2 nanotubes has been in controversy. In this context, Du et

al. reported that TiO2 nanotubes are formed before the washing treat-

ment because the nanotubes do not consist of pure framework of

TiO2 but are of protonic titanate nature. Chen et al. insisted that nano-

tubes could be constructed in the form of hydrogen titanate phase

because sodium titanate nanotube structure changes to hydrogen titan-

ate nanotubes during washing and HCl treatment via ion exchange

of Na+ by H+. To date, the electrochemical deposition of metal oxides

can be expected to be precisely controlling the film thickness and

morphology and obtaining lower cost [Lee et al., 2005; Godbole et

al., 2005]. Especially, electrochemical deposition of titanate nano-

tubes will become more important in the future.

In the present studies, commercial titania powder (P25, Degussa,

Germany) was used as a starting material. It was added to NaOH
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solutions of various concentrations so that sodium titanate nano-
tubes could be obtained by heating it in the temperature range of
110 oC to 180 oC. In the process, the influence of reaction time, tem-
perature, and NaOH concentration on the crystalline transforma-
tion and morphology was estimated. The morphology and phase
transformation of partially ion-exchanged titanate nanotubes by heat
treatment at the temperature range of 375 oC to 450 oC in atmo-
sphere was also investigated. The characteristic states of the elec-
trodeposited films were also discussed.

EXPERIMENTAL

Commercial titania powder (P25, Degussa, Germany) was used
without any purification treatment as a starting material to prepare
sodium titanate nanotubes by hydrothermal method. Two grams of
powder was added to 75 ml of 3-10 M NaOH solutions in a Teflon
vessel under stirring and the so-obtained mixture was taken into a
Teflon-lined autoclave of 100 ml. Finally, the autoclave was sealed
into a stainless tank and placed in the oven at the temperature of
110 oC to 180 oC by changing reaction time for synthesis of sodium
titanate nanotubes. After reaction, the precipitates of sodium titan-
ate nanotubes were filtered, repeatedly washed with distilled water
until the pH value became neutral to prevent agglomeration of pre-
cipitates. The so-obtained precipitates were dried at 60 oC for 12 hr

or more to obtain sodium titanate nanotubes. The detailed synthe-
sis process is presented in Fig. 1. Finally, titanate nanotubes were
filtered out and washed thoroughly with HCl solution and then dis-
tilled water so that the pH value reached 7.

The coating of titanate nanotubes on <100> silicon was carried
out by using electrodeposition method. Titania nanotubes were mixed
in distilled water and methanol was used as an electrolyte. In these
experiments, silicon (size ~15 mm×10 mm) was used as an anode and
silver (Ag) was used as a counter (cathode) electrode. A constant
voltage of 60 V was applied and time of deposition was for 10 min.

The crystalline structures of the sodium titanate nanotubes were
analyzed with X-ray diffractometer (Rikagu D/Max P/N: 3 kW/
40 kV, 30 mA) with CuKα (λ=1.54056 Å). The morphology was
studied with a field-emission scanning electron microscope (Hitach,
S-4700), while elemental identification was carried out by energy
dispersive analysis of X-rays. Transmission electron microscopy
(JEOL, JEM-2010) has also been used for topological studies, while
selected area electron diffraction patterns (SAED patterns in TEM)
were recorded to bring out structural information. The surface chem-
ical bonding was analyzed by X-ray photoelectron spectroscopy
(XPS, Model - Kratos Amicus). Raman Spectroscopy (Renishaw,
Micro Raman) with excitation source Ar+ laser (λ=514.5 nm) was
also utilized for understanding bonding configuration (and hence

Fig. 1. The synthesis steps of titanate nanotube.

Fig. 2. XRD patterns of P25 powder and sodium titanate nano-
tubes prepared in various concentrations of NaOH solutions
at 150 oC hydrothermal treatment temperature for 48 hr:
(a) P25 powder, (b) 3 M NaOH, (c) 4 M NaOH, (d) 5 M
NaOH, and (e) 10 M NaOH (� anatase, � rutile, and �
sodium titanate nanotubes).
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structural information) via optical scattering.

RESULTS AND DISCUSSION

1. Studies on Sodium Titanate Nanotubes

1-1. Effect of NaOH Concentration

Fig. 2 shows the XRD patterns of P25 powder and sodium tita-

nate nanotubes prepared at 150 oC for 48 hr in various concentra-

tions of NaOH solutions. As identified in the figure, the peak posi-

tions and relative intensities in the diffraction pattern corresponding

to P25 powder (Fig. 2(a)) are almost identical to those of the parti-

cles obtained from 3 M NaOH solution (Fig. 2(b)). The pattern of

the particles, however, obtained from 4.0 M NaOH solution indi-

cates that some characteristic peaks of P25 powder disappeared and

new peaks corresponding to sodium titanate nanotubes appeared.

Also, as the concentration of NaOH solution increases, the peak

intensities of P25 powder decrease and those of sodium titanate nano-

tubes increase and finally at 10 M NaOH only the peaks at 2θ=24o,

28o and 48o, corresponding to sodium titanate nanotubes, are observed.

It is meaning that P25 powder completely transformed to sodium

titanate nanotubes. Previously, we reported that the less intense and

broad peaks are due to the titanate nanotubes containing sodium

(Na2Ti3O7), which is in good agreement with the reported titanate

nanotubes work [Godbole et al., 2005; Kim et al., 2006].

Fig. 3 shows high resolution SEM micrographs of fibrous mate-

rials, prepared by hydrothermal method at 150 oC for 48 hr in the

Fig. 3. High resolution SEM micrographs showing formation of
the fibrous particles after reaction of P25 powder with var-
ious concentration of NaOH solution at 150 oC for 48 hr (hy-
drothermal treatment): (a) 3 M NaOH, (b) 4 M NaOH, (c)
5 M NaOH, and (d) 10 M NaOH.

Fig. 4. (a) TEM images on the center, (b) on the edge, (c) high-re-
solution TEM (HRTEM), and (d) the selected area electron
diffraction (SAED) pattern of sodium titanate nanotube ob-
tained from the 10 M of NaOH solution.
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various concentration of NaOH solution. Fig. 3(a) shows the image

of the particles obtained from 3 M NaOH solution. Many small par-

ticles with spherical shape exist in a state of being agglomerated and

downy fine particles form the surfaces of the agglomerates, whereas

particles with fibrous shape are not observed in this reaction condi-

tion. However, as shown in the Fig. 3(b)-(d), it can be seen that par-

ticles with fibrous shape are formed in and over 4 M NaOH, and

the aspect ratio of the particle increases with increase of NaOH con-

centration, indicating that the particles grow in the preferred direc-

tion of length. The typical diameter and length of obtained fibrous

materials is 10-30 nm and 300-500 nm at 5 M and 8-12 nm and

~ several hundred nm at 10 M NaOH, respectively. Here, consid-

ering that the original shape of P25 particle is spherical, it is pre-

sumed that the thin layers as in Fig. 3(b) might be an intermediate

stage of conversion of spheres into fibrous structures with increase

of NaOH concentration. It is, therefore, concluded that NaOH con-

centration is one of the important factors in determining the overall

morphological aspects ratio of the fibrous materials.

Fig. 4 shows transmission electron microscopy (TEM) photo-

graphs and selected area electron diffraction (SAED) patterns of

fibrous materials synthesized at 150 oC for 48 hr in the 10 M NaOH

solution. As shown in the figure, typical outer diameter of the ob-

tained nanotubes is ~9 nm and inner diameter ~3.5 nm, indicating

the wall thickness of ~2.5 nm since the fibrous particles is tubular

shape. Fig. 4(d) is an SAED pattern taken from an area containing

a large amount of sodium titanate nanotube of Fig. 4(a). It is found

that the SAED patterns are different from those of TiO2 due to struc-

tural changes from TiO2 to sodium titanate nanotubes. This result

indicates that the shell of tubular structure consists of a quasi-two-

dimensional lattice.

1-2. Effect of Reaction Time

Fig. 5 shows the XRD patterns of P25 powder and sodium tita-

nate nanotubes synthesized by use of 10 M NaOH solution at 150 oC

Fig. 5. XRD patterns of (a) P25 powder and sodium titanate nano-
tubes synthesized at 150 oC hydrothermal treatment tem-
perature in the 10 M NaOH solution: (b) for 12 hr, (c) for
24 hr, and (d) for 48 hr (� anatase, � rutile, and � so-
dium titanate nanotube).

Fig. 6. High resolution SEM micrographs of sodium titanate nano-
tubes synthesized at 150 oC hydrothermal treatment tem-
perature in the 10 M NaOH solution: (a) for 12 hr, (b) for
24 hr, and (c) for 48 hr.
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while changing reaction time. As shown in the figure, all the XRD

peaks of P25 powder are assigned to anatase and rutile phases where-

as the peaks of the particles obtained after 12 hr showed a changed

results, identified that the peaks characteristic of rutile (�) in P25

powder disappeared and new peaks corresponding to sodium titan-

ate nanotubes (�) appeared. After 24 hr, only the sodium titanate

nanotube peaks are observed, indicating that P25 particles com-

pletely transformed to sodium titanate nanotubes. Also, as the reac-

tion time increases, the peak intensities for sodium titanate nanotubes

increase, indicating better crystallinity of nanotube structures. Con-

sequently, it can be said that at least 24 hr of reaction time is required

for complete transformation of P25 particles to sodium titanate nano-

tubes.

Fig. 6 shows high resolution SEM micrographs of sodium titan-

ate nanotubes obtained at 150 oC with different reaction time. As

shown in the figure, although the nanotubes obtained at 12 hr ex-

hibit uneven size distribution in diameter and length, the unifor-

mity of nanotubes increases with increase of reaction time, indicat-

ing that reaction time plays an important role in imparting specific

morphology to the nanostructures.

1-3. Effect of Reaction Temperature

Fig. 7 shows the XRD patterns of P25 powder and sodium tita-

nate nanotubes synthesized in 10 M NaOH solution at various reac-

tion temperatures for 24 hr. As shown in the figure, the X-ray dif-

Fig. 7. XRD patterns of (a) P25 powder and sodium titanate nano-
tubes synthesized at 10 M NaOH solution for 24 hr at: (b)
110 oC, (c) 130 oC, (d) 150 oC, and (e) 180 oC hydrothermal
treatment temperature  (� anatase, � rutile, and � so-
dium titanate nanotube).

Fig. 8. High resolution SEM micrographs of sodium titanate nano-
tubes synthesized at 10 M NaOH solution for 24 hr at: (b)
110 oC, (c) 130 oC, (d) 150 oC, and (e) 180 oC hydrothermal
treatment temperature.
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fraction results reveal that the conversion from P25 powder to so-

dium titanate nanotube occurs even at a low temperature of 110 oC.

At higher temperatures the crystalline quality of tubular structure

improves as proved by sharper peaks in the XRD spectrum. Simi-

lar results were reported by Seo et al., where they observed an in-

crease in crystallinity with increasing reaction temperature.

Fig. 8 shows high resolution SEM micrographs of sodium titanate

nanotubes formed at various temperatures in 10 M NaOH solution

for 24 hr. In accordance with the XRD results, these micrographs

exhibit formation of tubular structures with improved morphologi-

cal aspects as the reaction temperature increased. It is also clearly

seen that at higher temperature of 180 oC, sodium titanate nano-

tubes form bundle-like structures due to their self-assembly pro-

cess. The length of these is found to be up to a few micrometers

and the diameters are in the range of 20-50 nm. It is expected that

the appearance of higher values of diameters might be due to self-

association of smaller diameter nanotubes.

This morphological change is also reflected in the Raman spec-

troscopy results, as shown in Fig. 9. The Raman spectrum shows

broad signals centered around ~280 cm−1, 450 cm−1 and 660 cm−1,

corresponding Ti-O vibrating modes as in the titania framework

[Yao et al., 2003; Kasuga et al., 1998; Sun et al., 2003, Chen et al.,

2002; Zhang et al., 2004]. The intensities of Ti-O vibrating modes

increase with the reaction temperature due to the structural changes

imparted in going from spherical particle to nanotube form. On the

basis of these results it can be inferred that the formation of sodium

titanate nanotubes is also affected substantially by reaction temper-

ature.

2. Studies on Titanate Nanotubes

2-1. Preparation of Titanate Nanotubes by Ion Exchange

The partially ion-exchanged titanate nanotubes were prepared

by ion exchange reaction of sodium titanate nanotubes with HCl

solution. For this purpose, the precipitate (~0.5 g) of sodium titan-

ate nanotubes was stirred in 100 mL of 0.1 M HCl for 1 hr at room

temperature and then washed with distilled water several times until

the pH value of the effluent reached 7. The precipitate was sepa-

rated by filtering and then dried under atmosphere at 60 oC for 12 hr.

Finally, the dried titanate nanotubes to prepare nanotubular TiO2

(anatase) were sintered at various temperatures for 1 hr in an atmo-

sphere.

2-2. Effect of Heat Treatment on Titanate Nanotubes

In this case, only the effect of post sintering temperature is stud-

ied. Fig. 10 shows the XRD patterns of the titanate nanotubes treated

for 1 hr at various temperatures up to 450 oC. As indicated by these

results, the overall crystallinity of nanotubes is found to enhance

Fig. 9. Raman spectra of sodium titanate nanotubes synthesized
at 10 M NaOH solution for 24 hr at: (b) 110 oC, (c) 130 oC,
(d) 150 oC, and (e) 180 oC hydrothermal treatment temper-
ature.

Fig. 10. XRD patterns of the titanate nanotubes sintered for 1 hr at
various temperatures: (a) room temperature, (b) at 375 oC,
(c) at 400 oC, (d) at 425 oC, and (e) at 450 oC (� anatase
and � titanate nanotube).
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with sintering temperature. At a higher temperature of 450 oC, the

phase of partially ion-exchanged titanate nanotubes disappeared

completely and transformed into titania (TiO2) anatase phase. Dif-

fraction peaks corresponding to the (101), (004), (200), (105), and

(211) planes appear in the XRD pattern. These peak positions and

their relative intensities are also consistent with the anatase diffrac-

tion pattern of P25 powder. No characteristic peaks of the other im-

purities, such as NaCl, Na2TiO3, and rutile phase have been observed.

Fig. 11 shows that the TEM micrograph and the select area elec-

tron diffraction (SAED) pattern of the titanate nanotubes sintered

at 450 oC. The SAED of those nanotubes includes diffraction rings

of the (101), (004), (200) and (105) planes of the anatase phase.

All these results reveal that the dehydration of interlayered OH

groups induced the change of crystalline structure from titanate nano-

tubes to pure titania anatase, and also nanotubular structure is de-

stroyed during sintering.

3. Electrodeposited Titanate Nanotubes

The XPS spectra and FESEM image corresponding to electrode-

posited titanate film on the Si substrate are shown in Fig. 12. The

Fig. 11. (a) TEM image and (b) the selected area electron diffrac-
tion (SAED) pattern of titanate nanotubes sintered at 450
oC for 1 hr.

Fig. 12. (a) XPS spectra and (b) top view FESEM image of the electrodeposited titanate film with 60 V at room temperature for 10 min.

peak positions of the sample were referenced to adventitious car-

bon at 284.75 eV. As can be seen, in a typical wide scan spectra of
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Fig. 12(a) all the standard photoelectron lines of Ti in TiO2 are pres-

ent: Ti 2p, Ti 3s, Ti 3p, O 1s, and adventitious carbon C 1s. The

peak, located at around 745 eV, is characterized as the O KLL Auger

line. The doublet separation of Ti 2p spectral line is characterized

by a binding energy of 458.41 eV (2p3/2) with an FWHM of 1.48 eV

and 464.28 eV (2p1/2) with a separation energy of 5.87 eV. Spectral

lines of both the Ti 2p3/2 and 2p1/2 are very close to the values reported

in the literature that Ti 2p3/2 has been shown to have a binding en-

ergy of 458.8 eV with a separation energy of 5.54 eV [Moulder et

al., 1992]. These small discrepancies between measured and reported

binding energies are attributed to inadequacies in the calibration of

the binding energy scales of individual instruments [Powell, 1995].

The spectral line of O 1s at 531.0 eV indicates titanium oxide (TiO
x
).

The FESEM image of electrodeposited titanate film is shown in

Fig. 12(b). The titanate nanotube film was found to be reasonably

dense and uniform. We have also tried to change the deposition po-

tentials and to fit the Ti 2p and O 1s spectra by using Shirley type

base line with mixed Gaussian (30%) and Lorentzian (70%) pro-

files. This will be further investigated in a future study.

CONCLUSIONS

Sodium titanate nanotubes have been synthesized by the hydro-

thermal synthesis of P25 powders. These experiments were carried

out by varying reaction parameters such as temperature, concentra-

tion of NaOH solution, and reaction time. The experimental results

suggest that the formation of sodium titanate nanotubes is affected

strongly by the variation in all these parameters. Based on the present

research findings, it can be concluded that the best quality sodium

titanate nanotubes can be synthesized at a reaction temperature of

150 oC, with 10 M NaOH concentration, and reaction time of 48 hr.

The resulting product does not contain any remnants of the starting

material, namely P25 nanoparticles, and also the resulting nano-

tubes have very smooth morphology without the presence of any

bundle-like structures. Typically, these nanotubes exhibit ~10 nm

diameter and length extending up to several micrometers. The con-

version of P25 nanoparticles into nanotubes is believed to occur

via initial formation of two dimensional nanolayers, which then un-

dergo the curling mechanism to form a tubular structure.

The washing of sodium titanate nanotubes with distilled water

and HCl solution leads to conversion into titanate nanotubes via

ion exchange reaction. The subsequent sintering of the titanate nano-

tubes renders dehydration of interlayered OH groups, thus leading

to precipitation of the anatase phase. The tubular structure also gets

destroyed during phase change, beyond 375 oC. Subsequently, a

dense and uniform titanate film is fabricated on the silicon sub-

strate by using electrodeposition method with 60 V for 120 s and

at room temperature. This result indicates that titanate film can be

easily fabricated by the electrodeposition method for its application

such as dye-sensitized solar cell.
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