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Since the discovery of ferromagnetism well above room tem-
perature in the Co-doped TiO2 system, diluted magnetic
semiconductors based on TiO2 doped with transition metals
have generated great interest because of their potential use
in the development of spintronic devices. The purpose of this
paper is to report on a new and swift chemical route to syn-
thesise highly stable anatase single-phase Co- and Fe-doped
TiO2 nanoparticles, with dopant concentrations of up to
10 at.-% and grain sizes that range between 20 and 30 nm.
Complementary structural, microstructural and chemical
analyses of the different nanopowders synthesised strongly
support the hypothesis that a homogeneous distribution of

Introduction
Titanium dioxide is a wide band-gap semiconductor that

has potentially a large number of technological applications
because of its excellent optical transmission in the visible
and near-infrared regions, high refractive index, high dielec-
tric constant and useful photocatalytic properties.[1] More
recently, Co-doped TiO2 has generated increasing interest
as a diluted magnetic semiconductor (DMS) because of its
ferromagnetic behaviour well above room temperature for
low Co doping concentrations, and exhibits Tc �650 K and
one of the highest saturation magnetisations of any recently
discovered DMS.[2–4] Moreover, ferromagnetism in TiO2 re-
sulting from oxygen vacancies and/or defects was also re-
ported.[5,6] These properties make it a very promising mate-
rial in the development of spintronic heterostructures by
using highly spin-polarised semiconductors operating at
room temperature.

The earliest observation of room temperature ferromag-
netism in Co-doped TiO2 was reported by Matsumoto et
al.,[7] who synthesised anatase-phase Ti1–xCoxO2 films
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the dopant element in the substitutional sites of the anatase
structure has been achieved. Moreover, UV/Vis diffuse re-
flectance spectra of powder samples show redshifts to lower
energies and decreasing bandgap energies with increasing
Co or Fe concentration, which is consistent with n-type dop-
ing of the TiO2 anatase matrix. Films of Co-doped TiO2 were
successfully deposited onto Si (100) substrates by the dip-
coating method, with suspensions of Ti1–xCoxO2 nanopar-
ticles in ethylene glycol.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

(0 � x � 0.08) by combinatorial laser molecular beam
epitaxy. A few months later, the same research group re-
ported room-temperature ferromagnetism in rutile-phase
Ti1–xCoxO2 (0 � x � 0.05) films, by using the same deposi-
tion technique.[8] Since then, synthesis of anatase or rutile
Co:TiO2 films has been achieved by using several deposi-
tion techniques, e.g. oxygen plasma-assisted molecular
beam epitaxy,[9] sputtering,[10] pulsed-laser deposition,[11,12]

sol-gel techniques[13,14] and cathodic electrolytic deposi-
tion.[15] Besides Co, other transition metals (TMs) such as
Fe, Cr or V were successfully used as dopant elements to
induce room-temperature ferromagnetism in TiO2 crystal-
line structures.[2,16]

Despite these achievements, there is a continuous search
for synthesis methods that allow the growth of TM-doped
TiO2 thin films, which guarantee interface quality and com-
patibility with Si technology and other industrially relevant
semiconductors. Endeavours are particularly focused on an-
atase single-phase synthesis since electron mobility is higher
in anatase than in the rutile phase, and it is preferable for
spin injection applications with Si.[17,18] However, anatase
has a lower thermodynamic stability than the rutile struc-
ture. Furthermore, synthesis at high temperature should be
avoided since the solubility of the dopant element is low at
high temperature. Consequently, much attention is currently
devoted to developing alternative synthesis processes.

Anatase TiO2 nanoparticles have been obtained primar-
ily by solution chemistry involving titanium sulfates and by
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hydrolytic reactions of titanium(IV) chloride or titanium
organometallic compounds. These methods usually involve
hazardous compounds and have shortcomings since chemi-
cal impurities or minor accessory phases are always present
in the final products.[19] In this paper we report on a novel
and swift chemical route to synthesise anatase single-phase
Co- and Fe-doped TiO2 nanocrystallites. Our synthesis ap-
proach is an extension of the hydrothermal process that
uses a commercial solution of TiCl3 as titanium precursor
to prepare highly pure and stable anatase TiO2 nanopow-
ders, recently reported by A. L. Castro et al.[20] (see Experi-
mental Section). Our method, relative to other methods,
presents several advantages. The procedure is simple and
low cost, it avoids the use of hazardous chemical com-
pounds and it is a low-temperature synthesis technique.
Furthermore, it allows the use of starting materials with
high purity and to obtain a homogeneous mixture of two
cations in the liquid state. Finally, it prevents the formation
of undesirable secondary phases. Suspensions of Co-doped
TiO2 nanoparticles in water and in ethylene glycol were
used to deposit Ti1–xCoxO2 (x � 0.1) thin films onto Si
(100) substrates by the dip-coating method.

Results and Discussion

Figure 1 shows a representative set of diffractograms re-
corded for pure TiO2 and Co-doped TiO2 nanopowder
samples, with Co content that ranges from 2.5 to 10.0 at.-
%. As can be seen, all the XRD patterns match the TiO2

anatase phase JCPDS card no. 21–1272, which confirms
that only one crystalline phase was formed during the syn-
thesis process. No traces of rutile or brookite secondary
phases were observed. Moreover, there is no sign of other
undesirable phases throughout the whole range of cobalt
content considered, e.g. cobalt clusters, cobalt oxides or
Co–Ti oxide phases, which are known to exist in the bulk
Co–Ti–O phase diagram.[21] This result seems to support
the hypothesis that the dopant element is homogeneously
distributed in substitutional sites of the anatase matrix as
intended. The mean grain sizes of the samples were evalu-
ated by Scherrer’s equation,[22] with the (101) plane reflec-
tion at 2θ = 25.281° and its full-width at half-maximum
(FWHM), which was calculated by fitting the experimental
diffraction lines with a Pseudo-Voigt function. Diffractog-
rams of samples prepared with different dopant concentra-
tions enabled us to estimate the mean grain sizes, which
range between 20 and 30 nm.

To reinforce the assumption that the dopant element is
homogeneously distributed in substitutional sites of the an-
atase structure, samples of pure TiO2 and Co-doped TiO2

nanoparticles with different Co content were also studied
by TEM, electron diffraction and energy dispersive X-ray
spectroscopy (EDS) and compared. For all Co concentra-
tions tested (x = 0.025, 0.05 and 0.10), the Ti1–xCoxO2 par-
ticles exhibit some heterogeneity in shape and size. Most are
square or elongated nanocrystallites with a rather irregular
surface microstructure that is similar to that observed for
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Figure 1. X-ray diffraction patterns of pure TiO2 and Ti1–xCoxO2

particle samples prepared with three different Co content.

the pure TiO2 anatase-phase samples, and without any mi-
crostructural evidence of the presence of other phases.
Furthermore, the electron diffraction patterns of the
Ti1–xCoxO2 nanocrystallites are identical to those obtained
for the pure anatase samples. These results are summarised
in Figure 2, in which TEM micrographs of pure TiO2 (Fig-
ure 2a) and Ti0.95Co0.05O2 (Figure 2b) nanocrystal samples
are shown. On the other hand, EDS spectra recorded over
the Ti1–xCoxO2 samples confirmed the presence of cobalt,
with Co/Ti ratios close to the nominal stoichiometry values
of the source solutions, as illustrated by the spectrum in
Figure 3 obtained for a sample with x = 0.05. Furthermore,
different EDS analyses scanning different regions of the
powder samples showed no significant variations in the co-
balt concentration, which attests to the homogeneous distri-
bution of the dopant element all over the nanocrystals. Im-
age analyses of the TEM micrographs showed average crys-
tallite sizes consistent with the values determined by XRD.

Figure 2. TEM micrographs of (a) pure TiO2 and (b) Ti0.95Co0.05O2

powder samples. The insets show electron diffraction patterns of
the respective nanocrystalline samples.
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Figure 3. EDS spectrum of a Ti0.95Co0.05O2 powder sample. The
Cu peaks assigned are due to the copper grid used.

The effect of Co substitution on the TiO2 anatase matrix
was studied by examining the change in volume of the te-
tragonal unit cell (V = a2c, where a and c are the lattice
parameters) with doping concentration. Figure 4 shows the
c-axis parameter and the cell volume as a function of Co
content. As can be seen, as a consequence of the c param-
eter increase, the unit cell volume increases with x, in agree-
ment with predictions for a Co-doped anatase matrix. Actu-
ally, cobalt appears in the doped TiO2 system in the +2
formal oxidation state.[9] The ionic radii of Ti4+ and Co2+

are 0.68 Å and 0.82 Å, respectively. Consequently, substitu-
tion of Ti4+ by the larger Co2+ cation should expand the
crystalline lattice and increase its volume.

Figure 4. The c-axis parameter and the unit cell volume of
Ti1–xCoxO2 nanocrystallite samples as a function of the cobalt con-
centration.

The XRD patterns of the synthesised Fe-doped TiO2 an-
atase nanopowders match that of the TiO2 anatase phase
without any trace of undesirable phases (Figure 5) and their
microstructures are similar to those found for the Co-doped
TiO2 nanoparticles, with a slightly larger mean grain size
(Figure 5, inset). No significant variation in the unit cell
volume was observed for the Fe-doped TiO2 samples, be-
cause Fe3+ has an ionic radius (0.64 Å) that is very close to
that of Ti4+.
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Figure 5. XRD pattern of a Ti0.95Fe0.05O2 nanopowder sample. The
inset shows a TEM micrograph of the same sample.

Optical characterisation of undoped and doped TiO2

powder samples was carried out by measuring the diffuse
reflectance, R, at room temperature. R is related to the
Kubelka–Munk function FKM by the following relation-
ship: FKM(R) = (1 – R)2/2R.[23] The bandgap energy of dif-
ferent Ti1–xTMxO2 powders was calculated from their dif-
fuse reflectance spectra by plotting the function fKM =
(FKMhυ)2 versus energy (in electron volts). The linear part
of the curves were extrapolated to fKM = 0 to get the direct
bandgap energy, Ed

g, of the samples. Figure 6 shows the
plots for Ti1–xCoxO2 samples with different Co concentra-
tions. As can be seen, an increase in the doping concentra-
tion shifts the absorption edge to longer wavelengths (lower
energies) and decreases the bandgap energy. A bandgap en-
ergy of 3.25�0.01 eV was determined for a pure anatase
TiO2 sample, which is very close to 3.20 eV reported in lit-
erature for bulk anatase TiO2. Ed

g values of 2.92�0.01,
2.87�0.02 and 2.80�0.01 eV were estimated for x = 0.025,
x = 0.05 and x = 0.1, respectively. Such redshifts of the
absorption edge and the decrease in the bandgap energy
with increasing Co content are consistent with the introduc-
tion of electronic states by the 3d electrons of the Co2+ cat-
ions, and therefore, with n-type doping of the TiO2 anatase
matrix.[24] A bandgap energy of 3.02�0.01 eV was mea-
sured for the a sample with x = 0.05 for the Fe-doped TiO2

Figure 6. Diffuse reflectance spectra of different Ti1–xCoxO2 pow-
der samples.
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powders (plot not shown); the observed redshift is attrib-
uted to the charge-transfer transition between the d elec-
trons of the doping Fe3+ cation and the TiO2 conduction
band.[25]

With regard to the preparation of TM-doped TiO2 films,
we concentrated our efforts on the preparation of Co-doped
TiO2 thin films. Suspensions of Ti1–xCoxO2 nanoparticles
in water and in ethylene glycol (2 gdm–3) were used to de-
posit Co-doped TiO2 thin films onto Si (100) substrates by
the manual dip-coating technique, followed by post-anneal-
ing at T = 200 °C in vacuo (ca. 10–2 mbar) for 30 min. SEM
analyses showed that the microstructure of the films depend
critically on the suspension medium used. Figure 7 shows
two SEM micrographs of films prepared from suspensions
of Ti0.95Co0.05O2 nanoparticles in water and in ethylene
glycol. As can be seen, the use of ethylene glycol as the
suspension medium clearly prevents stress-related film dam-
age: it stops films from cracking during either the drying or
the final thermal curing stages and favours film homo-
geneity. Besides the dispersion medium, the pH of the sus-
pension also seems to be an important experimental param-
eter that determines good film densification and homo-
geneity. Best results were obtained for acidified suspensions
with nitric acid (pH≈2), for which finer and more uniform
particle dispersion was achieved. This result could probably
be attributed to the double layer repulsion phenomena,
which is well known to be responsible for the stability of
colloidal systems.[26] The subject is currently being investi-
gated.

Figure 7. Deposition of Co-doped TiO2 thin films onto Si (100)
substrates prepared from acidified suspensions of Ti0.95Co0.05O2

nanocrystallites in (a) water and (b) ethylene glycol. The inset
shows a higher magnification detail of the microstructure of the
film in (b).

Co-doped TiO2 films prepared by using the experimental
procedure described above are colourless and exhibit good
adhesion properties. They have a dense granular micro-
structure, good surface coverage and retain the polycrystal-
line pure anatase structure of the precursor powders (Fig-
ure 8). It should be pointed out that Co-doped TiO2 films
grown on Si are always reported in the literature as exhibit-
ing the rutile crystal structure, unless buffer layers are
grown in between the substrate and the TiO2 film.[2] There-
fore, the procedure described here seems to be very promis-
ing when Co-doped TiO2 anatase-phase films directly de-
posited onto silicon substrates are required.
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Figure 8. X-ray diffraction patterns of Ti1–xCoxO2 thin films pre-
pared with three different Co content. S refers to the peaks origi-
nating from silicon substrates.

Conclusions

A new and fast chemical route was developed to synthe-
sise anatase single-phase TM-doped (TM = Co, Fe) TiO2

nanoparticles. It was shown that pure and highly stable ana-
tase Ti1–xCoxO2 (0�x�0.1) nanopowders can be synthe-
sised under low-temperature conditions, with mean grain
sizes that range between 20 and 30 nm and with the dopant
element homogeneously distributed in substitutional sites
of the anatase matrix. Consistent with n-type doping, the
UV/Vis diffuse reflectance spectra of representative powder
samples have revealed redshifts to lower energies and
decreasing bandgap energies with increasing TM concentra-
tion.

With the use of adequate suspension media, the nano-
powders could have potential application in the deposition
of Ti1–xCoxO2 thin films at low temperatures, with either
dip- or spin-coating techniques. In particular, films of Co-
doped TiO2 were successfully deposited onto Si (100) sub-
strates by the dip-coating method, by using acidified sus-
pensions of Ti1–xCoxO2 nanoparticles in ethylene glycol.

Experimental Section
Nanoparticles Synthesis: All the reagents used in the synthesis ex-
periments were purchased from commercial sources and used as
received without further purification. A titanium trichloride solu-
tion (10 wt.-% in 20–30 wt.-% HCl, Aldrich) diluted in a ratio of
1:2 in standard (2 ) hydrochloride acid (37% HCl, Panreac) was
used as the titanium source. To this solution, an ammonium solu-
tion (4 ) (Merck) was added dropwise under vigorous stirring,
until complete precipitation of a white solid was observed. The
resulting suspension was kept at rest for 15 h at room temperature
and then filtered and vigorously rinsed with deionised water in or-
der to remove the remaining ammonium and chloride ions. Crystal-
lisation of the TiO2 precursor was performed in an autoclave at
200 °C, for 6 h in an aqueous suspension. The same chemical route
was used to synthesise TM-doped TiO2, by adding the required
molar amount of metallic cobalt or iron (Johnson Matthey) solu-
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bilised in nitric acid to the titanium trichloride solution (doping
step). After being washed, the undoped and doped TiO2 nanopar-
ticles can easily be stored in aqueous suspensions and straightfor-
wardly retrieved by centrifugation whenever necessary. A flowchart
of the overall synthesis method is shown in Figure 9.

Figure 9. Flowchart of the synthesis method developed to prepare
TM-doped (TM = Co, Fe) TiO2 anatase nanoparticles. The same
chemical route can be employed to prepare pure TiO2 anatase
phase, by using only the TiCl3 solution.

Thin Film Preparation: Ti1–xCoxO2 thin films deposited onto Si
(100) substrates were prepared from suspensions of Co-doped TiO2

nanoparticles in water and in ethylene glycol (2 gdm–3), by the
manual dip-coating technique, followed by post-annealing at
200 °C in vacuo (ca. 10–2 mbar) for 30 min. Before the dip-coating
process, the substrates were cleaned with a 2% HF solution, then
rinsed with deionised water and dried with blowing argon.

Characterisation: The crystallographic structure and phase purity
of the powders were studied by X-ray diffraction (XRD) with Cu-
Kα radiation, in the Bragg–Brentano (θ–2θ) geometry, by compar-
ing the obtained patterns with the JCPDS database. The micro-
structure and morphology of the samples were analysed by TEM.
The average crystallite size was evaluated from XRD data with the
Scherrer equation and by TEM image analyses. In order to com-
pare the nominal stoichiometry and the effective TM/Ti ratio, a set
of representative doped samples were analysed by EDS. The optical
characterisation of the powders was carried out by UV/Vis diffuse
reflectance spectroscopy with a spectrophotometer equipped with
an integrating sphere attachment. Spectra were recorded in the
wavelength range 210–830 nm. The films prepared were analysed
by XRD and SEM.
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