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We present a novel method to produce pure rutile nanotubes

using a sacrificial carbon nanotube template.

Titania (TiO2), which is one of the most widely used transition

metal oxides, has two main phases, anatase which can be

kinetically favoured over rutile, the thermodynamically stable

phase.1 Applications for titania include photo-electrochemical

splitting of water,2,3 photo-degradation of organic molecules for

purifying water and air,4,5 dye-sensitised solar cells6 and catalyst

supports.7 The fabrication of nanoporous and especially nano-

structured titania is thus a key challenge. Titania nanotubes and

nanofibrils have the advantage that they can be used to form three-

dimensional mechanically coherent architectures, which provide

ready gas access to a high surface area.8 Titania nanotubes have

already been used in some applications9,10 however their structures

have been either anatase or a TiOx polymorph.11,12 Such tubes

were produced by hydrothermal treatment of TiO2 with NaOH at

temperatures between 110 uC and 150 uC,13 anodic oxidation of

titanium foils14 or a sol–gel process15 using either alumina,16

cholesterol-based aggregates17 or carbon nanotubes18 as templates.

A specific attempt to change anatase into rutile nanotubes by

heating found that the tube morphology collapsed with loss of

structural control.14 Hitherto there are no reports on successful

synthesis of titania nanotubes in the pure rutile phase.

There is strong evidence that rutile would be the favoured form

of titania for nanotubes in terms of: selectivity and improved

kinetics in photo-catalytic reactions,1,19 dielectric constant7,20 and

refractive index (2.9 for rutile versus 2.4 for anatase) for photo-

electronic applications.21 For example, it has been reported

recently that rutile crystals smaller than 10 nm show comparable,

if not higher, photo-catalytic activity than anatase.22 However,

these crystals were found to increase in size at the higher

temperatures necessary for some applications, thus changing the

photo-chemical properties.23 Also, the photo-catalytic activity of

TiO2 for the decomposition of ozone24 as well as for the photo-

catalytic degradation of organic sulfides25 increases in the order:

anatase, anatase–rutile mixture, rutile. A possible explanation for

the preference of rutile in these photo-chemical reactions is that the

bandgap for rutile is smaller than anatase by 0.2 eV (the bandgap

can of course be modified further through doping of titania by

nitrogen or sulfur). The best catalyst for the production of

hydrogen from biomass reformation is reported to be ruthenium

supported on rutile.26 Electronic devices27,28 is another area where

rutile is preferred due to its very high dielectric constant (e y 90–

100) compared to anatase (e y 30–40).7 In future, nanostructured

rutile might also replace today’s sapphire as a dielectric resonator

in high-stability oscillators in satellites or atomic clocks.29 In the

upcoming field of photonic crystals, materials with a ‘‘complete

bandgap’’ are needed, for which a refractive index of at least 2.9 is

necessary,21,30 a value which can only be achieved by the rutile

form.

We report here a method for the production of pure rutile

nanotubes involving the sol–gel route which uses carbon

nanotubes as templates, with subsequent heat treatment being

used to convert the templated anatase to rutile. A key aspect of this

method is that the carbon nanotubes support the structure during

the anatase–rutile reconstructive phase transformation, preventing

break up as a result of transformation stresses. The carbon

templates can be subsequently burnt-out to leave pure rutile

nanotubes. Further advantages of this method are that the

templates can be used to control the internal diameter of the rutile

nanotubes, while synthesis conditions control the wall thickness.

The crystal structure of the samples was obtained by X-ray

diffraction (XRD) using a Philips Expert PW3020 diffractometer

(Cu-Ka radiation, 40 kV and 40 mA, l = 1.5406 nm). The

morphology was studied by high resolution scanning electron

microscopy (JEOL 6340F FEG-SEM). For scanning electron

microscopy (SEM) analysis, a thin layer of platinum was sputtered

onto the surface of the samples to reduce charging effects.

Transmission electron microscopy (TEM) was also used to

examine the microstructure (JEOL 200CX).

The production route for the rutile nanotubes involved four

processing stages: (1) coating of the carbon nanotubes with

amorphous titania through a sol–gel process, (2) heating in air to

convert the titania to anatase, (3) heating in nitrogen to transform

the anatase to predominantly rutile and (4) heating in air again but

at a higher temperature to remove the carbon nanotubes and to

transform the remaining anatase.

The multi-walled carbon nanotubes were prepared by a

modified chemical vapour deposition (CVD) process using

ferrocene as catalyst precursor and toluene as the feedstock.31

These reactants were vaporised into a hydrogen/argon atmosphere

at 760 uC. Iron particles were produced by the decomposition from

the ferrocene, which then acted as catalysts for the carbon

nanotubes growth. The average outer diameter of the nanotubes

was 70 nm and the length was between 20 and 30 mm. However,

the dimensions of the nanotubes can be controlled by the reaction

conditions.31

The carbon nanotubes were dispersed in ethanol with the aid of

ultrasonication for 10 min. Benzylalcohol (BA) and water were

then added and the solution stirred at 0 uC. Tetrabutyloxytitanate

(TBOT) was dissolved in ethanol and slowly dropped into the

CNT suspension, so that the final molar ratio was 1 : 3 : 6 : 30

(TBOT : BA : H2O : ethanol). The concentration of the carbon
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nanotubes was calculated as the mass (wt%) related to the expected

mass of the final TiO2 coatings and varied between 1 and 50 wt%.

Benzylalcohol was chosen due to its ability to act as a surface

shaper, keeping the particle size low.32 After one hour of stirring,

the precipitate was filtered, washed in ethanol and dried in air at

room temperature.

The filtered samples were found to consist of carbon nanotubes

uniformly coated with titania, such that the outer diameter of the

composite tubes was in the range of 60 to 250 nm. X-ray

diffraction (XRD) studies revealed that this titania coating was

amorphous (Fig. 1a).

Upon heating the samples in air at 400 uC for 2 h the titania

crystallised completely into anatase (Fig. 1b), as was reported also

by Jung et al.17 The size of the anatase crystals was calculated to be

18–19 nm from the X-ray line width. The thickness of the coating

depended on the concentration of the carbon nanotubes and the

composition of the sol and ranged from 20 nm (high CNT

loading) to 120 nm (low CNT loading) as obtained by SEM

(Fig. 2A).

The samples were treated in flowing nitrogen with exclusion of

oxygen for 4 h at temperatures between 700 uC and 900 uC, during

which the anatase phase almost completely transformed into rutile

(Fig. 1c) while preserving exactly the nanotube structure (Fig. 2B).

Indeed, if the carbon is removed prior to the nitrogen heat

treatment, then the tube morphology of the rutile is lost. The rutile

nanotubes showed two types of morphology depending on the

synthesis conditions. For thin anatase coatings, the nitrogen heat

treatment produced a similarly smooth rutile coating (Fig. 3A).

The electron diffraction pattern from these tubes was polycrystal-

line, with no preferred orientation. Rutile coatings produced from

anatase coatings which were thicker than 50 nm consisted of an

inner layer of smaller crystals, as previously described, and a semi-

discrete outer layer of crystals 30 to 40 nm in size (Fig. 3B).

The final step in the process was the oxidation in air at 550 uC
for 2 h to remove the carbon nanotubes. The oxidation

temperature was carefully selected to be sufficiently high to oxidise

the tubes but not so high as to destroy the rutile nanotube

Fig. 1 X-ray diffraction scans obtained from titania coated carbon

nanotubes: (a) directly after coating by the sol–gel process, (b) heated in air

at 400 uC (crystallisation of anatase), (c) heat treated in nitrogen at 800 uC
(phase transformation into rutile) and (d) heated in air at 550 uC (removal

of the carbon nanotubes templates and total completion of transformation

to rutile). The peaks labelled A, R and C are anatase, rutile and graphite

respectively.

Fig. 2 SEM images of (A) carbon nanotubes coated with anatase, (B)

carbon nanotubes coated predominantly with rutile as obtained after heat

treatment in nitrogen at 800 uC, (C) thick rutile nanotubes with a rough

coating after removing the template and (D) thin rutile nanotubes with a

smooth coating after removing the template.

Fig. 3 TEM micrographs of carbon nanotubes coated with titania after

heat treatment in nitrogen at 800 uC. (A) Shows the smooth rutile coating

and (B) shows the thick coating which consists of the small crystal inner

layer and the larger crystal outer layer. The top images are bright field, the

lower images are the corresponding selected area electron diffraction

patterns. The upper half of the diffraction pattern shows the experimental

data while the lower half shows the rings calculated from the reference

structure of rutile (labelled ‘‘R’’). The diffraction from the carbon

nanotubes is labelled ‘‘C’’. The inset in the lower image in (B) shows the

reference diffraction pattern of the carbon nanotube template.
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morphology. These nanotubes were identified with XRD (Fig. 1d)

and electron diffraction to be 100% rutile with no graphitic

diffraction present. Interestingly, the temperature needed for this

complete removal of carbon is significantly lower than that

required to oxidise a pure nanotube sample (650 uC). The effect is

still under detailed investigation but is believed to be due to a

catalysing effect of the titania on the graphitic decomposition.

Fig. 2C and 2D show the nanotube morphology in the rutile

after removal of the carbon nanotube template. The nanotubes

were typically several microns long, with the length being limited

to some extent by the cracking of the amorphous titania coating

(Fig. 2A). The smooth rutile coating results in thin nanotubes with

a wall thickness of 15 to 30 nm (Fig. 2C), while the rough coating

produces thick nanotubes with a wall thickness between 40 and

120 nm (Fig. 2D). The specific surface area was measured by

physisorption of nitrogen according to Brunauer-Emmett-Teller

(BET) and ranges from 20 m2g21 for the thick nanotubes up to

70 m2 g21 for the thin tubes. Taken into account that for phase

transformation the materials had already been treated at

temperatures as high as 900 uC, the observed surface areas are

quite large compared to nanopowders. For instance, Su et al.

found that the BET surface area of anatase nanoparticles calcined

at 700 uC for 2 h was only 11.5 m2g21.23 Furthermore, it is believed

that the nanotubes will be able to produce architectures that can

provide full access to their surface area, and current work is

focussing in this direction.

Pure rutile nanotubes have been produced for the first time by

using a carbon nanotube template for the deposition of an anatase

coating, and subsequently to support it during the phase

transformation to rutile. The carbon was then removed to leave

rutile nanotubes. The process was followed using XRD and

electron microscopy, with the final rutile crystal size depending on

the initial thickness of the amorphous coating. Studies on the

applications of these nanotubes to catalysis are currently being

made.
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