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a b s t r a c t

TiO2 nanowires and nanowalls core structures covered with carbon shell were selectively synthesized by
a simple chemical vapor deposition (CVD) method using commercial titanium powder as the starting
material. Morphology and structure of the products were characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The core shell structure is composed of single crys-
talline rutile titanium dioxide wrapped by amorphous carbon shell. By adjusting the growth temperature,
morphology of the products can be controlled from one-dimensional nanowires to two-dimensional
nanowalls. While TiO2@C nanowires were a preferred structure at higher temperature, TiO2@C nanowalls
dominated the final product at lower temperature. A growth mechanism was proposed based on the ini-
tial growth state of these nanostructures, in which solid-state diffusion of the elements involved in the
reaction was assumed to play an essential role. The obtained TiO2@C core shell structures may find poten-
tial applications in various nanoscale realms such as optoelectronic, electronic and electrochemical nan-
odevices and the simple synthesis procedure promises large scale production and commercialization of
the titanium oxide@carbon nanostructures.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

With a wide band gap of 3.2 eV, titanium dioxide is an n-type
semiconductor material, possessing superior photo electrochemi-
cal conversion properties, excellent chemical and thermal stability,
good electrical and optical properties, which make it suitable can-
didates for solar cells [1,2], photo-degradation [3] and photocatal-
ysis [4], optical [5–7] and electronic [8,9] devices, gas sensors
[10,11], waste water purification and self-cleaning coatings
[12,13]. With the research marching into nanoscale regime, aniso-
tropic TiO2 nanostructures, such as nanofilms [1], nanorods [14],
nanowires [15], nanowalls and nanotubes [16] have stimulated
great interest due to their large specific surface area, high sensitiv-
ity and activity, which significantly enhanced the applications
based on their properties. However, improving the photocatalytic
efficiency of TiO2 to meet the practical application requirement is
still very challenging, mostly due to the low yield caused by the ra-
pid recombination of photogenerated electrons and holes [17]. One
method to increase the electron–hole separation efficiency is to
form a heterostructures which could provide a potential driving
force for the separation of photogenerated charge carriers [18]. It
has been reported that carbon nanotubes (CNTs) could increase
the photocatalytic activity of TiO2 because the excited electron in

conducting band of TiO2 might migrate into the CNTs and prevent
the recombination of electron–hole pairs [19].

Carbon nanostructures have attracted great interest because of
their chemical compatibility, as well as the superior mechanical,
thermic and electronic properties compare to the conventional
bulk carbon materials. CNTs have tremendous potential for appli-
cations in electron field emitter of displays [20,21], nanoscale elec-
tronic devices [22], biosensors [23], hydrogen storage [24] and fuel
cell electrodes [25]. Carbon nanowalls also have unique field-emis-
sion and electron transport properties. Free-standing and vertically
oriented surface morphology of the carbon nanowalls carries a
large surface-to-volume ratio, which makes it an ideal functional
support for synthesizing composite material with large surface
area. Until now, approaches have been made to use carbon nano-
walls as catalyst support with magnetic nanoparticles [26] and
platinum [27] coated on surface by electrodeposition.

With respect to the potential of titanium oxide and carbon nano-
structures on catalysis fields, the composition of these two kinds of
structures may promise a novel hybrid structure with synergetic
functional effect compared to the two individual structures. Re-
cently, TiO2@C core shell particles have been synthesized, and their
great potential on photocatalysis and electrocatalysis have also
been addressed [28,29]. However, to our best knowledge, one-
dimensional or two-dimensional TiO2@C has rarely been reported.

In this study, we synthesized TiO2 nanowires and nanowalls
covered by amorphous carbon from Ti powder. Due to the high
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melting point of titanium and relatively low vapor pressure of the
titanium powder at the temperature used in this work, we propose
a new growth mechanism based on the diffusion of titanium and
oxygen ions.

2. Experiment

The titanium powder (100 mg) was put in an Al2O3 boat which
was placed in a quartz tube. The whole system was then placed in a
simple horizontal quartz tube furnace, in which the oxidation of
the Ti powder was carried out. Pure argon (99.999%) was first
introduced to the system at a flow rate of 400 sccm for about 2 h
to flush out the air in the tube. The furnace was then heated with
a heating rate of 60 �C/min until the temperature reached target
temperatures from 850 �C to 950 �C. Meanwhile the argon flow
rate was reduced to 5 sccm and acetone was introduced into the
reaction chamber through a water bubbler containing 5 vol.% ace-
tone in water using argon as carrier gas. The temperature was
maintained at the target temperature for 2 h before cooling down
to room temperature under the same atmosphere.

The samples were characterized by Hitachi S-4500 field-emis-
sion scanning electron microscope (SEM) operated at 5.0 kV, Phi-
lips CM10 transmission electron microscope (TEM) operated at
80 kV, and a JEOL 2010 FEG transmission electron microscope
(TEM) at 200 kV for high-resolution imaging and selected area
electron diffraction (SAED) determination.

3. Result and discussion

Fig. 1 shows the general morphology of TiO2 nanostructures
grown on the titanium powder using this simple CVD method.
Fig. 1a–c are taken from the samples synthesized at 850 �C,
900 �C and 950 �C for 2 h, respectively. Uniform nanostructures
were observed in all these SEM images. Since the titanium powder
was used as both the starting material and the substrate, the prod-
uct morphology shows ball-like feature. With the reaction dura-
tion, the titanium core can be gradually oxidized. At the
temperature of 850 �C shown in Fig. 1a, the representative struc-
tures observed on the surface of original TiO2 were nanowalls with
a width around 150 nm. The nanowalls had an orientated growth
direction perpendicular to the surface of the particles. Other than
nanowalls, some nanorods were also observed from the side view
of the nanostructure at the low right corner in Fig. 1a. At a higher
temperature of 900 �C, shown in Fig. 1b, much more nanorods
were found on the surface of the powder besides the nanowalls.
The difference can be seen clearly from the side view of the sample
at low right corner in Fig. 1b. When the temperature reached
950 �C shown in Fig. 1c, almost all the surface of the particles
was covered with nanorods, with a diameter of less than
200 nm; meanwhile the length of the nanowalls became smaller
than that of the ones synthesized at lower temperature. When
the temperature was continuously increased, the morphology of
nanowalls and nanorods disappeared and the surface of the parti-
cle was totally oxidized into dense polycrystalline grains which are
not shown here. When the temperature was lowered to 800 �C,
neither nanowalls nor nanorods were observed. Among all the con-
centrations we have tried from pure water to pure acetone under
this argon flow rate, it appears that 5% acetone in water is the best
concentration for the growth of nanostructures. Meanwhile, differ-
ent argon flow rates have also been studied. The results show that
as the increase of argon flow rate, more carbon would be brought
into our reaction, and the starting titanium powder will be covered
by a thick layer of carbon and no nanostructures can be observed
from the titanium powder and when the argon flow rate decreases,
oxygen is not sufficient in the reaction and a slow oxidation hap-

pens and no nanostructure can be observed, either. Our systemat-
ical study show that the best condition for the growth of carbon
covered TiO2 nanowires is 950 �C at 5 sccm of argon through a
water bubbler containing 5 vol.% acetone in water. The best condi-
tion for the growth of carbon covered TiO2 nanowires is almost the
same unless the temperature is lowered to 850 �C.

Further characterization of the structure was carried out by
using transmission electron microscopy (TEM). The TEM images
of a typical nanorod and nanowall are shown in Fig. 2a and b, sep-
arately. A relatively lighter color is observed on the side of both
nanorod and nanowall. Energy dispersive X-ray spectrometry
(EDX) analysis detected that the light part is carbon and energy fil-
tering TEM (EFTEM) mapping reveals that these TiOx nanostructure
are all covered by a layer of carbon. It can be seen that the diameter
of the carbon covered nanowire is less than 100 nm while the
width of the nanowall can reach 1 lm.

High resolution TEM (HRTEM) image in Fig. 3 shows that both
nanowalls and nanowires are single crystal with an inter-planer
spacing of 0.248 nm, in agreement with the d value of the (101)
planes of the tetragonal rutile TiO2 crystal structure whose lattice
constants are a = 4.593 Å, c = 2.959 Å and the space group is P42/
mnm (136) [JCPDS 21-1276]. The corresponding selected area
electron diffraction (SAED) was recorded in the image inserted in
Fig. 3, the bright diffraction spots indicate single crystalline struc-
ture of the nanowires. The lattice fringes of (101) crystal planes in
the nanowire are perpendicular to the longitudinal axis of the
nanowire, revealing that [101] is the favored direction of growth
of this TiO2 nanowires. This indicates faster growth rate along
the [101] direction than other crystal directions, resulting in

Fig. 1. SEM images of TiOx@C nanostructure grown at (a) 850 �C, (b) 900 �C and (c)
950 �C for 2 h respectively on titanium powder without catalyst. The picture at the
up-right corner is a high magnification top-view image and the picture at the down-
right corner is a high magnification side-view image.
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one-dimensional nanowires. The SAED patterns for both kinds of
nanostructures are the same.

4. Growth mechanism

The formation mechanism of the TiO2 nanowires is different
from that of the vapor–liquid–solid (VLS) mechanism because it
is a catalyst free process and that of vapor–solid (VS) model due
to high melting point of metal titanium (1660 �C). To understand
how the carbon-covered TiO2 nanostructures are formed, a series
of experiments at 850 �C using different heating duration were em-
ployed to study the initial state of the growth of nanowalls and
nanowires. Fig. 4 shows the SEM images of the nanostructures,
with heating duration of 30 min, 60 min, 90 min and 120 min,
shown in Fig. 4a–d, respectively. Fig. 4a reveals that TiO2 seeds
were formed as nanoclusters with a high surface energy at the first
step of the process. With the growth time, Fig. 4b and c presents
that some of the nanoclusters grew together forming the nano-
walls while the remaining nanoclusters grew longer to form
nanowires.

Fig. 2. TEM images of TiO2@C nanostructures: (a) nanorod and (b) nanowall.

Fig. 3. HRTEM image and related selected area diffraction pattern of the synthe-
sized structure.

Fig. 4. SEM images of TiOx@C nanostructures grown at 850 �C using (a) 30 min, (b) 60 min, (c) 90 min and (d) 120 min, separately.
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To help understanding the growth mechanism, experiments
with pure water and acetone have also been carried out. SEM
images of above experiments are shown in Fig. 5. With pure ace-
tone, as shown in Fig. 5a, due to existence of big amount of carbon,
carbon layer totally covered the surface of titanium particles.
Meanwhile, nanowire structure with low density and non-uniform
size was observed by using pure water.

Based on the above observation, a schematic mechanism is pro-
posed and illustrated in Fig. 6 and we attribute the growth mech-
anism of this nanostructure to a solid-state diffusion process.

Initially, shown in Fig. 6a and b the surface of the Ti powder was
oxidized by oxidative water vapor. Due to the existence of reduc-
tive carbon mono-oxide, which is decomposed from acetone [30],
the reduction happened at the same time. Oxygen is partially re-
moved from the TiO2 surface to leave TiO2�x, demonstrated in
Fig. 6c. The resultant Ti interstitials such as Ti cations will rapidly
diffuse from the surface into the bulk [31], as illustrated in Fig. 6d.
The grain-boundary diffusion dominates the diffusion process over
lattice diffusion [32] making the Ti cations accumulate in the grain
boundaries, presented in Fig. 6e. As the accumulation proceeds to

Fig. 5. SEM images of sample synthesized with (a) pure acetone and (b) pure water.

Fig. 6. Schematic illustration of the growth steps of carbon covered TiO2 nanostructures. Black arrows are showing the diffusion direction of oxygen atom and yellow arrows
are showing the diffusion direction of Ti cations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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certain extend, the Ti cations are re-oxidized by the oxidative
water vapor, exhibited in Fig. 6f. As the reduction, diffusion and
re-oxidation proceed, nanowall structures are formed at grain
boundaries and nanowires structures are arisen at the conjunc-
tions of three grain boundaries, as shown in Fig. 6g. At higher
temperature (950 �C), the diffusion of Ti cations is enhanced,
then more Ti cations could diffuse to the conjunctions of three
grain boundaries, then TiO2 nanowires are preferred to be synthe-
sized at high temperature. At lower temperature (850 �C), the mo-
tion of Ti cations decreases. Then most of Ti cations are
accumulated at the grain boundaries giving rise to the dominance
of nanowalls. When the temperature further decreases, no suffi-
cient Ti cations could diffuse to the boundaries, and no nanostruc-
tures could be observed. On the other hand, simultaneous to the
above process, carbon decomposed from acetone forms carbon lay-
ers on the surface of TiO2. The presence of carbon atoms preferred
to cover the surface of the TiO2 where the growth is relatively slow
while the crystallographic plane with higher growth rate cannot be
covered. Then the nanostructures were driven to grow along a cer-
tain crystallographic orientation. This growth mechanism also ex-
plains the reason why the growth of TiO2 did not begin soon after
the target temperature was reached. The nucleation of the nano-
wires needs a longer time compared with the VLS growth mecha-
nism. The reason why nanowire-like structures were also obtained
using pure water, however, featuring low density and non-uniform
size, is probably due to the weak reductive atmosphere generated
by water vapor decomposition on the titanium oxide surface under
high temperature.

5. Conclusion

TiO2@C core shell nanowires and nanowalls were synthesized
by a simple CVD method with a controllable structure by modulat-
ing experimental conditions. SEM, HRTEM along with SAED tech-
niques were employed to investigate morphology and structure
of these nanostructures. The proposed growth mechanism based
on the solid-state diffusion was supported by the time dependent
observation of the initial state of these nanostructures. The ob-
tained single crystal TiO2@C nanowires and nanowalls are ex-
pected to be a good candidate for the development and design of
various optoelectronic, electronic and electrochemical nanode-
vices. And the simple synthesis procedures promise large scale
production and commercialization of the core shell titanium
oxide@carbon nanostructures.
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