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Abstract

Nanotubular titanates and titania, with an external diameter of around 8 nm and a wall thickness of about 1 nm, were synthesised by
hydrothermal processing. Their morphological and structural properties were characterised by TEM and XRD, respectively, and their thermal
stability was evaluated. The formation of nanotubular products was due to hydrothermal treatment, rather than washing process, but the pH
values of washing solutions could determine the composition of the products. Sodium titanates, hydrogen titanates and titania nanotubes could
be synthesised, respectively, via changing the pH value of washing solutions and the heat-treatment temperature. The nanotubes remainec
in their shape at 40QC, fused together at 60C, and completely lost their nanotubular shape to give aggregated anatase nano-particles at
800°C.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction hand, the composition and structure of the resultant nanotubu-
lar products are also in discrepancy in the literature. Yao et

The synthesis of nanotubes has become one of the mosal.12 assumes, following the previous studies by Kasuga et

important research subjects in nanotechnology, and variousal. 2 that the nanotubes are composed of Fi@hile Du et

nanotubular materials have been produced during the lastal.l? first indicated that the composition of the nanotubes is

decaded*The success of preparing titania nanotubes is one H,Ti,Oo,+1, With which is in agreement with results pub-

of the examples of such intense research efforts. In generallished by Lin et at* and Ma et al*® In this paper, we present

templates, such as anodic alumtarganogelatdrand lau- our new findings on synthesising titanate nanotubes in an at-

rylamine hydrochloride surfactafhthave been employed to  tempt to clarify the discrepancy in the literature on both the

produce titania nanotubes. Nevertheless, KasugaSehas. formation mechanism and composition of the nanotubes.

synthesised well-developed nanotubes through a more simple

hydrothermal approach without using templates. They sug-

gest that washing hydrothermally treated products with acid .

> . . . 2. Experimental procedure

is a post-synthesis process that is essential for the forma-

tion of nanotube8;® with the support from Sun and19and

1 .

Chen et ?2 However, results published by Du et'dland . Matthey GmbH)) was used as starting materials. The phase

Yao et al-°® show that the nanotubes can be formed during : .
structure was analysed by X-ray diffraction (XRD, Cu Ka-

the process of hydrothermal treatment process. On the other. . .
diation) and the morphology observed by transmission elec-
tron microscopy (TEM, Jeol 2000 FXII). The Tidanopow-

* Corresponding author. Tel.: +86 755 26033464: fax: +86 755 26033874, der (1g) was added to 10 M NaOH solution (10 ml) and the
E-mail address: lqweng@hitsz.edu.cn (L.-Q. Weng). mixture was kept at 110C for different durations (6, 14,

Commercial TiQ nanopowder (99.9%, Alfa, Johnson
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their spherical morphology changes to nanotubular shape af-
ter hydrothermal treatment at 110 for 1 day, with and with-
out being washed, as observed by TEMg( 2). The well-
O rutile developed nanotubes have an external diameter of around
8 nm and a wall thickness of around 1 nm. These results indi-
cate that the formation of nanotubes stems directly from the
hydrothermal treatment, rather than from the washing pro-
cess. Consequently, the pH value of a washing solution has
no apparent effect on the microstructure of nanotubes, which
is different from the mechanism suggested by Kasuga &t al.,
but is consistent with the results published by Du éfaind
Yao et al*3
TEM observations on the samples hydrothermally treated
at 110°C for different times (6, 14 and 24 hirigs. 2 and 3
suggest the forming mechanism as follows. At the early
stage of hydrothermal treatment, titania nanoparticles are
partially transformed into nanosheets due to the attack of
sodium hydroxide Fig. 3a), which is well consistent with
the previous studies on the hydrothermal synthesis of sodium
titanates'5-19 According to Watts' titania sheets are com-
posed of [TiQ] octahedra sharing edges with each other, and
form a zigzag ribbon structure. With increasing hydrothermal
treatment duration, the nanosheets grow, together with the
increasing tendency of curling, leading to the formation of
short nanotubed-{g. 3b). Comparingd-ig. 3 with Fig. 2a—c
exhibits the length increase of the nanotubes with hydrother-
mal treatment time, probably by a dissolution—reprecipitation
mechanism. However, there is no significant further growth
. , __in the length of nanotubes when the treatment time extends
Fig. 1. Phase structure and morphology of the raw material 9f2T|O beyond 24N
nanopowder. (a) XRD pattern of Tithanopowder and (b) TEM micro- . .
graph of TiG nanopowder. XRD results of the samples washed in the solutions of
different pH values and heat-treated at 400are shown in
Fig. 4, illustrating that the crystallinity of the nanotubes is
24 and 36 h) in a sealed container. The products were latergenerally poor. However, the influence of the processing pa-
collected by centrifugation and dried in oven at°8D In or- rameters, including the pH value of the washing solutions and
der to investigate the influence of washing process on thethe temperature of heat treatment, on the composition and
formation mechanism and chemical composition of the nan- phase structure, can be clearly identified. The main differ-
otubes, the products were thoroughly washed five times with ence in the XRD patterns between the crystalline titania (raw
the aqueous solutions of either pH 9.0 or 3.0 with NaOH and material) Fig. 1a) and the nanotubular sampl&g. 4) is the
HCI, respectively, being used to adjust the pH value of solu- appearance of a new and relatively strong broad peak around
tions. The products were dried in oven at°@0 In order to 20 = 10 for the nanotube products, which does not exist for
evaluate the thermal stability a quantity of the products was the pure titania. The results are consistent with the previous
also isothermally treated in static air for 1 h at 400, 600 and findings by Du et al’? where they attribute the pattern to
800°C, respectively. The structure and morphology of these the layered HTizO; compound, but the Ti/O ratio of titanate
samples were examined by XRD and TEM. nanotubes appears to be different for different nanotdbes,
which could explain the broadening of XRD peaks. In the
present study, the composition of the nanotubular samples is
3. Results and discussion also found to be dependent on the pH value of washing solu-
tions. As shown irFig. 4, there is a broad peak frond 2 23°
Fig. 1shows the structural and morphological properties of to 25° when the nanotubular products are washed with a so-
TiO2 nanopowder used as the starting compound. The XRD lution of pH 3, which could be assigned to hydrogen titanate
pattern of the raw nanopowdeFif. 1a) indicates that the  compounds according to the standard XRD data. Neverthe-
nanoparticles are well-crystallised anatase titania with mi- less, when the nanotubular sample is washed by the solution
nor rutile phase. These nanoparticles are spherical and havef pH 9, there exists a strong diffraction peak arouée 28
a broad size distribution ranging from about 2 up to 50 nm besides the weak peak fromd 223 to 25°, which is due to
with an average size of around 30 niFid. 1b). However, sodium titanate compounds. Heat treatment further exposes

B anatase
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Fig. 2. TEM micrographs of the nanotubular titanate products obtained by hydrothermal processingGfdri®4 h, without being washed (a) and being
washed in the solutions of (b) pH 9.0 and (c) pH 3.0.

the compositional difference between these two samples. Af-to titania. However, this peak still remains for the sample
ter the sample washed in the solution of pH 3 is heat-treatedwashed in the solution of pH 9, suggesting that most of the
at 400°C, the characteristic peak of titanates aroufi¢ 20° sample must be composed of sodium titanates because they
almost disappears in the XRD patterisg 4), which re- do not decompose at this temperature. These results indicate
sults from the compositional change from hydrogen titanate that sodium titanates are probably first formed from original

Fig. 3. TEM micrographs of the products hydrothermally treated at Clfor (a) 6 h and (b) 14 h.
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Fig. 4. XRD patterns of the samples treated in the conditions: (a) washed 2 theta ()
in the solution of pH 3.0 and (b) heat-treated at 409 (c) washed in the
solution of pH 9.0 and (d) heat-treated at 4@0 Fig. 5. XRD patterns of the nanotubular products without heat-treatment
and those heat-treated at 400, 600 and°€despectively.

Intensity (arb.)

Intensity (arb.)

titania powder through hydrothermal treatment, which is in

agreement with Clearfield and Lehto stddyand then the  tion after washed by the solution of pH 9. The results shown
sodium titanate products change to hydrogen titanate afterhave suggested that the titania nanotubes are formed by heat
washed in acidic solution through an ion exchange mecha-treating at 400C the hydrothermal products that have been
nism, as studied by Bunker et &P, The ion exchange pro-  washed with a pH 3 solution.

cess is apparently retarded under basic conditions, therefore Heat-treatment also affects the microstructure and phase
the nanotubes mostly retain their sodium titanate composi- structure of the nanotubular products. XRD results (see

Fig. 6. TEM micrographs of the samples heat-treated at (ay@0(b) 600°C and (c) 800C, respectively.
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Fig. 5 demonstrate that the crystallinity of the resultant nan- 3.
otubes increases with the increase of heat-treatment tempera-
ture. In comparison to the XRD pattern of the starting titania
powder €ig. 1a), the diffraction peaks of the nanotubes heat-
treated at 400C is considerably broadened due probably to
the dimensionality change from powders to nanotubes that are 5.
of very thin wall Fig. 2). Although the microstructure of the
nanotubes heat-treated at 4@is similar to that of the sam-
ples without heat-treatmenfigs. 2 and &), the nanotubes
are fused together when the temperature of heat treatment is
increased to 600C (Fig. 6b). The XRD results show that the
samples become more crystalline with a dominant anatase
phase plus a trace rutile ongig. 5). As the temperature is
increased to 800C, the initial nanotubes completely disap-
pear and are replaced by aggregated nano-parti€igsec).

7.

1409

Choi, J., Musfeldt, J., Wang, Y., Koo, H., Whangbo, M., GalyetJ.
al., Optical investigation of Ng&/307 nanotubesChem. Mater., 2002,
14, 924-930.

4. Yada, M., Mihara, M., Mouri, S., Kuroki, M. and Kijima, T., Rare

earth (Er, Tm, Yb, Lu) oxide nanotubes templated by dodecylsulfate
assembliesAdv. Mater., 2002,14, 309.

Imai, H., Takei, Y., Shimizu, K., Matsuda, M. and Hirashima, H., Di-
rect preparation of anatase Ti@anotubes in porous alumina mem-
branes.. Mater. Chem., 1999,9, 2971-2972.

6. Khitrov, G., Self-assembly of organic/inorganic superlattice struc-

tures may enable novel photonic devicedRS Bull., 2001, 26,
157.

Adachi, M., Murata, Y., Harada, M. and Yoshikawa, S., Formation
of titania nanotubes with high photo-catalytic activityhem. Lett.,
2000, 8, 942-943.

8. Kasuga, T., Hiramatsu, M., Hoson, A., Sekino, T. and Niihara,

K., Formation of titanium oxide nanotubd.ongmuir, 1998, 14,
3160-3163.

The aggregated nano-particles possess an anatase phase aloryg Kasuga, T., Hiramatsu, M., Hoson, A., Sekino, T. and Niihara, K.,

with a small amount of rutile phase as markedrig. 5.

10.

4. Conclusions 11
Titanate nanotubes with an external diameter of around 12.
8 nm and a wall thickness of around 1 nm are produced by hy-
drothermal processing. The formation of titanate nanotubes
is in the process of hydrothermal treatment, rather than in
the washing process. The nanotubes may be formed from
nanosheets through curling in the early stage and growingi4.
longer by a dissolution—reprecipitation process with the in-
crease of reaction time. On the other hand, the composition of
the resultant products is dependent on the pH value of wash-1>
ing solution and the heat treatment temperature, which result, g
in sodium titanate, hydrogen titanate and titania nanotubes.
The nanotubular shape of the products remains at@Ghd
is replaced mainly by the aggregated anatase nano-particles
at 800°C.
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