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The Co-doped titanate nanotubes, synthesized via a hydrothermal reaction, are calcined at 300, 400,
and 500 °C for 2 h in an argon atmosphere to yield Co-doped TiO2�B� nanotubes and anatase
nanotubes with a dark gray color. It is shown that all calcined titania nanotubes have a stronger
absorption in visible region, attributed to the formation of oxygen vacancies. The saturation
magnetization of all Co-doped titania nanotubes is stronger than that of as-prepared Co-doped
titanate nanotubes. In particular, Co-doped TiO2�B� nanotubes calcined at 300 °C exhibit the
strongest ferromagnetism due to the existence of oxygen vacancies, as confirmed further by electron
paramagnetic resonance spectra. © 2007 American Institute of Physics. �DOI: 10.1063/1.2789734�

The titanium oxides with one-dimensional �1D� nano-
structures, such as nanotubes, nanorods, and nanowires, are
of particular significance because their unique morphology
and microstructure bring several important features. The ti-
tania nanotubes have been found to be very attractive due
to their superior physicochemical properties as active mate-
rials for photocatalysis,1,2 photoelectrochemistry,3–5 lithium
storage.6–11 Following the discovery by Matsumoto et al. in
2001 of room temperature ferromagnetism in Co-doped TiO2
anatase film,12 more attentions have been focused on Co-
doped TiO2 film, nanocrystals, and nanorods.13,14 Recently,
Co/Fe-doped titanate nanotubes and Co-doped anatase nano-
tubes with room temperature ferromagnetism have been re-
ported for potential applications in spintronics.15–19 It is be-
lieved that the appearance of oxygen vacancies near Co2+

sites in Co-doped TiO2 has important influence on the room
temperature ferromagnetism.18

Among titania polymorphs �including anatase, rutile,
TiO2�B�, and brookite�, monoclinic TiO2�B� as a n-type
semiconductor has a relatively open tunnel structure and a
low density as compared with other titania polymorphs.
TiO2�B� nanotubes have shown excellent electrochemical
lithium storage and photocatalytic dehydrogenation of
ethanol.20–23 Abundant surface states or oxygen vacancies
were reported to exist in TiO2�B� with 1D nanostructure.24

Co-doped TiO2�B� nanotubes would have an improved fer-
romagnetism due to the metastable phase and more structure
defects.

In this work, Co-doped titanate nanotubes were prepared
through a hydrothermal reaction and converted into Co-
doped TiO2�B� nanotubes after the calcination. An appropri-
ate amount of cobalt nitrate Co�NO3�2 ·6H2O �8 at. % � was
fully dissolved in a small amount of water �7 ml�, and TiO2

�anatase� powders were added in the solution and dispersed
ultrasonically for 1 h. After that 11 M NaOH aqueous solu-
tion �43 ml� was transferred to the solution and mixed suffi-
ciently under an ultrasonic treatment. The hydrothermal re-
action was conducted at 130 °C for 48 h in a Teflon
autoclave �50 ml/65 ml�. The products were thoroughly

washed with distilled water and 0.1 M HCl to a pH value of
about 7 and dried at 100 °C. A ceramic boat with the as-
prepared sample was located in the center of a tubular fur-
nace. Then argon gas was introduced to the above furnace at
a flow rate of 100 SCCM �SCCM denotes cubic centimeters
per minute at STP� for 1 h prior to the calcination. The as-
prepared sample was heated to 300, 400, and 500 °C at a
rate of 10 °C/min and kept for 2 h in argon atmosphere. The
microstructure of the samples was characterized using x-ray
diffraction �XRD� �Rigaku D/max-2500�, and transmission
electron microscopy �TEM� �FEI Tecnai 20�. Elemental
analysis of cobalt was conducted on a Thermo Jarrell-Ash
model inductively coupled plasma emission spectrometer
�ICPES� �9000�N+M��. N2 adsorption data were measured
using NOVA 2000e �Quantachrome� instrument and the spe-
cific surface area was calculated by the Brvnaver-Emmett-
Teller �BET� equation. The optical property was investigated
by UV-visible spectrophotometer �Varian Cary-100�. The
magnetic property was measured using a superconducting
interference device �MPMS-XL7, Quantum Design� at
300 K. Electron paramagnetic resonance �EPR� spectra were
measured on a Bruker EMX-6/1 EPR spectrometer at room
temperature.

XRD patterns of as prepared and calcined samples are
given in Fig. 1. All diffraction peaks of the as-prepared
sample can be assigned to layered protonated titanate �Ref.
25� with poor crystallinity.8,26 It is also shown that the inter-
layer distance of nanotubes is reduced gradually with further
increasing calcination temperature. After the calcination at
500 °C, the anatase phase seems to coexist with the meta-
stable monoclinic TiO2�B� �Ref. 27�, which is usually
formed during the dehydration of layered titanate nanotubes
at low temperature. When the as-prepared sample was cal-
cined at 300 °C, only TiO2�B� phase with a poor crystallin-
ity is obtained, in good agreement with the previous
results.22,23,28 In particular, the anatase phase is hardly
formed after calcination at 400 °C in argon atmosphere,
which usually coexists with TiO2�B� after calcination in
air.22,29 Therefore, the argon atmosphere used during calcina-
tion is important to prohibit the phase transition from
TiO2�B� to anatase. However, no diffraction peaks of cobalt
species can be detected in the XRD patterns.
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The as-prepared Co-doped titanate nanotubes have an
outer diameter of 10–15 nm �Fig. 2�a�� and BET specific
surface area of 330 m2/g. The energy dispersive x-ray spec-
trum �EDS� �Fig. 2�e�� confirms the presence of cobalt ele-
ment in the as-prepared Co-doped titanate nanotubes. The
cobalt concentration is 0.9 at. % based from ICP analysis,
much lower than the added amount before the hydrothermal
reaction due to loss in the washing process. It means that a
small amount of cobalt is doped in as-prepared nanotubes.
After the calcination at 300 °C in argon atmosphere, the re-
sultant TiO2�B� retains the same morphology with a smooth
surface and a large specific surface area of 251 m2/g. When
the as-prepared sample is calcined at 400°C, TiO2�B� still
remains the tubular morphology with some nanoparticles at-
tached on the surface of nanotubes. After further increasing
the calcination temperature to 500 °C, some nanotubes with
the anatase structure are curved or collapse to some extent as
compared with the as-prepared titanate nanotubes, resulting
in a great decrease of the specific surface area �97 m2/g�.
Meanwhile, the wall of anatase nanotubes with a good crys-
tallinity calcined at 500 °C becomes thicker as shown from
high-resolution TEM image �inset in Fig. 2�d��. In addition,
rodlike morphology can be still observed among anatase
nanotubes. The calcination in argon atmosphere is more fa-
vorable to avoid forming anatase phase with a solid nanorod
morphology. Therefore, 300 °C is the optimal calcination
temperature to achieve the TiO2�B� phase, which maintains
the hollow tubular morphology with a clear surface.

It is noted that all Co-doped nanotubes calcined in argon
atmosphere have a dark gray color, which show a stronger
absorption in visible region as compared with the as-
prepared Co-doped titanate nanotubes. While the absorption
of the white Co-doped titania nanotubes calcined in air is
usually negligible in visible region, similar to that of the
as-prepared nanotubes.22,23 It was reported that annealing of
TiO2 nanotubes in argon atmosphere increased the concen-
tration of oxygen vacancies as defect density.30 The strong
absorption of the calcined Co-doped titania nanotubes in vis-
ible region is largely related to the formation of oxygen va-
cancies in the absence of O2.

It is found from Fig. 4 that the as-prepared Co-doped
titanate nanotubes exhibit an evident hysteresis loops at
300 K, indicating ferromagnetic properties although the co-
balt concentration in nanotubes is low. The saturation mag-

netization �Ms� of the as-prepared Co-doped titanate nano-
tubes is 0.000 723 emu/g. It was reported previously that
oxygen vacancies near Co2+ sites in Co-doped TiO2 had an
important contribution to the ferromagnetism.18,31–33 Coey et
al. proposed that oxygen vacancies induced the ferromag-
netic coupling through a F-center exchange mechanism.33

The saturation magnetization of all Co-doped titania nano-
tubes, calcined in argon atmosphere, is stronger than that of
the as-prepared titanate nanotubes due to the formation of
extra oxygen vacancies during the calcination in the absence
of O2. In the meantime, it is also demonstrated that the cal-
cination temperature has a great influence on the saturation

FIG. 2. �Color online� �a� TEM images of the as-prepared titanate nanotubes
and calcined products at �b� 300, �c� 400, and �d� 500 °C. EDS spectrum of
as-prepared titanate nanotubes is shown in �e�.

FIG. 3. �Color online� UV-visible diffuse-reflectance spectra of the Co-
doped as-prepared titanate nanotubes and calcined products at different
temperatures.

FIG. 1. XRD patterns of the as-prepared titanate nanotubes and calcined
products at different temperatures.
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magnetization of Co-doped nanotubes. In particular, Co-
doped TiO2�B� nanotubes with a poor crystallinity calcined
at 300 °C have the strongest ferromagnetism. With further
increasing calcination temperature to 500 °C, the saturation
magnetization of Co-doped nanotubes turns to decrease. As
shown by XRD patterns, the calcination at 500 °C results in
TiO2�B� partially transforming into anatase. TiO2�B� and
anatase are structurally related, containing chains of edge-
sharing octahedral in one orientation. The transformation
from TiO2�B� to anatase occurs always with the shear elimi-
nating a similar amount of cationic and anionic vacancies.34

Therefore, the formation of anatase phase in the sample cal-
cined at 500 °C results in decrease of oxygen vacancies, and
further results in decrease of the saturation magnetization of
Co-doped anatase nanotubes.

To further confirm the existence of oxygen vacancies,
EPR spectra of the Co-doped titania nanotubes as inserted in
Fig. 4. It is shown that all samples have the sharp symmetric
EPR peak. The EPR signal with g=2.00 was reported and
referred to as a single-electron trapped oxygen vacancy of
TiO2.35 The EPR signal relative intensity of Co-doped
TiO2�B� nanotubes calcined at 300 °C is obviously higher
than that of the samples calcined at the higher temperatures.
The asymmetric EPR signal with g=1.97–1.98 is not ob-
served, which is usually originated from surface defects.35 It
implies that bulk oxygen vacancies rather than surface de-
fects have more responsibility for the appearance of EPR
signals in Co-doped TiO2�B� nanotubes. As shown above,
the calcination at higher temperature results always in the
formation of anatase phase with good crystallinity and less
bulk defects. Therefore, more oxygen vacancies appear in
Co-doped TiO2�B� nanotubes calcined at 300 °C, contribut-
ing to the strong ferromagnetism as measured above.

In summary, Co-doped titanate nanotubes can be synthe-
sized via the hydrothermal reaction in concentrated alkaline
solution, and converted to Co-doped TiO2�B� and anatase
nanotubes by the calcination at different temperatures. The
presence of cobalt element in the as-prepared titanate nano-
tubes is confirmed by EDS spectrum and the cobalt concen-
tration is 0.9 at. % based from ICP analysis. All calcined
Co-doped titania nanotubes, with a dark gray color, have a
stronger absorption in visible region, attributed to the forma-
tion of oxygen vacancies in argon atmosphere .The satura-
tion magnetization of all Co-doped titania nanotubes is stron-
ger that that of the Co-doped titanate nanotubes due to the

formation of oxygen vacancies. In particular, Co-doped
TiO2�B� nanotubes calcined at 300 °C have the strongest
ferromagnetism due to the existence of oxygen vacancies, as
confirmed further by EPR spectra.
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FIG. 4. Hysteresis loops at 300 K for the Co-doped as-prepared titanate
nanotubes and calcined products at different temperatures. EPR spectra of
Co-doped nanotubes calcined at different temperatures are inserted.
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