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a b s t r a c t

Ti1−xVxO2 nanocrystals were prepared by employing a novel and water-soluble precursor via hydrother-
mal method, and the microstructure and magnetic properties have been investigated. All the samples
belong to a pure anatase structure and exhibit room-temperature ferromagnetism (RTFM) without any
trace of vanadium oxides or clusters. After V doping, the anatase structure is retained, while crystal

4+
eywords:
ilute magnetic semiconductor
i1−xVxO2 nanocrystals
erromagnetism
xygen vacancies and interstitials

growth is restrained. The homogenous distribution of V, in V chemical state, in TiO2 lattice is confirmed
by X-ray powder diffraction (XRD), energy-dispersive X-ray spectra (EDS), Fourier transform infrared
spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) analyses. Ferromagnetism in Ti1−xVxO2

is revealed to be highly dependent on the V content and defect concentrations. Furthermore, the anneal-
ing study in various atmospheres indicates that the oxygen vacancies and interstitials play a crucial role
in inducing ferromagnetism in Ti1−xVxO2 system, and the origin of RTFM can be explained by bound
ound magnetic polaron model magnetic polaron model.

. Introduction

Since ferromagnetic semiconductors with high Curie tempera-
ure (TC) are in great demand for the development of spintronic
evices, intense researches have concentrated on dilute magnetic
emiconductors (DMSs) [1,2]. Recently, considerable attention has
een paid to the manipulation of magnetism in functional oxide
emiconductors by doping. One approach to magnetize these
emiconductors is to lightly dope magnetic ions into the host
aterials [2,3]. Another probable approach is defect engineering,

amely, intentionally creating cation or anion defects that may give
ise to magnetic moments [4]. After the first discovery of room-
emperature ferromagnetism (RTFM) in Co-doped anatase TiO2 by

atsumoto et al. [2], a great deal of researches have been carried
ut on the 3d transition metal doped oxide semiconductors, such
s ZnO [1,5,6], TiO2 [3,7], SnO2 [8,9], etc., which exhibit ferromag-
etism above room temperature (RT). However, the origin of FM
n these oxide DMSs is still controversial as to whether the fer-
omagnetism is intrinsically caused by electron spins or it stems
rom the magnetic precipitations due to the dopant ions segrega-
ion, and some reported results are contradictory [7,10,11]. It is
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therefore vital to clarify the fundamental questions about origin of
ferromagnetism in these oxides.

Titanium (IV) dioxide (TiO2) has been extensively studied during
the past decades for its unique physical and chemical properties,
which have numerous applications such as excellent photocatalysts
[12–14], electrode materials of dye-sensitized solar cells (DSCs)
[15,16], etc. It is well known that TiO2 forms three distinct poly-
morphs: anatase, rutile and brookite, composed of Ti ions with an
octahedral coordination. The metastable anatase has higher mobil-
ity of n-type charge carrier and larger thermopower than that of
thermodynamically stable rutile phase, and it is also able to be
a good solvent for numerous impurities [17]. By doping transi-
tion metals into TiO2, many achievements have been received on
widening the application fields, such as visible light photocata-
lysts [18–20], transparent conducting oxides (TCO) [21], diluted
magnetic semiconductors (DMSs) [2], etc. Among the transition
metals used for doping (Co, V, Cr, Mo, Fe, etc.), vanadium was evi-
denced to be one of the most promising dopants to obtain the
strong ferromagnetism above room temperature [22]. However,
because anatase is not the thermodynamically stable phase, the
pure anatase TiO2 with high crystallinity is not easy to obtain. Fur-

thermore, for V-doped TiO2, many studies have shown that the
doping of V in TiO2 lattice would reduce the phase transition tem-
perature from anatase to rutile [23].

Considering the fabrication approaches of materials, most of
DMSs are fabricated by pulsed laser deposition (PLD) or molecular

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:huangfq@mail.sic.ac.cn
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Fig. 1. XRD patterns of Ti1−xVxO2 powders with different V contents.

Table 1
Characteristics of Ti1−xVxO2 powders with different V contents.

Samples Crystallite size (nm) Aspect ratio V content (mol%)

0 mol% 27.4 1.15 0
2 mol% 19.5 3.21 1.8

It is important to note that no significant shift of the diffraction
peaks can be observed after V doping, which may because of the
similar ionic radius between Ti4+ (0.61 Å) and V4+ (0.58 Å). So we
speculate that the vanadium ion goes into TiO2 lattice and substi-
X. Lü et al. / Journal of Alloys a

eam epitaxy (MBE), which could introduce the undesirable metal
anoparticles or clusters due to the high vacuum environment. On
he contrary, wet chemical methods are simple, cost-effective, and
asier to control the composition. The chemical solution method
ould provide a homogeneous distribution of dopant ions, and the
hole fabrication process was performed in the absence of vacuum.
arious liquid-phase methods have been investigated for synthe-
izing pure TiO2 and doped TiO2 powders [24,25]. Among them,
ydrothermal method has been employed widely because of the
ild condition and controllable morphologies [26]. However, the

xact speciation of vanadium ions (doped V in TiO2 lattice or sur-
ace clustered V2O5/VO2) with respect to the TiO2 surface and bulk
n samples is still hard to be controlled by the reported methods
27].

In this work, employing a homogeneous water-soluble pre-
ursor, V-doped anatase TiO2 (Ti1−xVxO2) nanocrystals with high
rystallinity were synthesized by a one-step hydrothermal reaction
n the absence of any organic matter. For the presence of ammo-
ia in the precursor, the contaminations such as surface clustered
2O5/VO2 can be excluded and the uniformly doped V in TiO2 lat-

ice can be obtained. Furthermore, the powerful evidences will be
rovided for the uniform doping of V by X-ray powder diffraction
XRD), Fourier transform infrared spectroscopy (FTIR) and trans-

ission electron microscopy (TEM) analyses. The structure and
erromagnetic properties of Ti1−xVxO2 were carefully character-
zed in this paper, which may offer some valuable information to
nderstand the real origin of ferromagnetism in DMS. We believe
hat this work will provide a new approach to prepare the transi-
ion metal doped semiconductors for the rapidly evolving field of
efect magnetism in functional materials.

. Experimental details

.1. Preparation

All the chemicals were purchased commercially, and used without further
urification. Tetrabutyl titanate (chemically pure), vanadium pentoxide (analyti-
ally pure), hydrogen peroxide (analytically pure, 25–28%), ammonia (analytically
ure, 30%) were used as starting materials. Titanium hydroxide was obtained by
ydrolysis of tetrabutyl titanate. First, 9.5 mmol titanium hydroxide and 0.25 mmol
anadium pentoxide were mixed together. Subsequently, 30 ml hydrogen perox-
de was added under continuously stirring, and then a small quantity of ammonia
∼1.0 ml) was injected to obtain a transparent precursor. The precursor was heated
t 80 ◦C to remove excess H2O2, and then the obtained suspension was transferred
nto a Teflon-lined autoclave (50 ml capacity). Further, it was heated to 180 ◦C with
rate of 3 ◦C/min and maintained for definite reaction duration (20 h). The resulting
recipitates were washed by deionized water until pH 7 and dried in vacuum at
00 ◦C for 6 h, then the 5 mol% V-doped TiO2 powder was obtained. Other samples
ith different V contents (2, 10 and 15 mol%) were also prepared following the same
rocedure and the undoped TiO2 was prepared as the reference.

.2. Characterization

The crystal structure and phase identification of the samples were performed by
-ray diffraction (XRD Bruker D8 ADVANCE) with a monochromatized source of Cu
�1 radiation (� = 0.15405 nm) at 1.6 kW (40 kV, 40 mA). Field-emission transmis-
ion electron microscopy (TEM JEM 2100F) as well as HRTEM analysis was carried
ut to study the morphology, crystallinity and particle size of the samples. The con-
ents of Ti and V in the samples were determined by energy-dispersive X-ray spectra
EDS Oxford INCA Model 6498). X-ray photoelectron spectroscopy (XPS Microlab-
10F with a dual anode X-ray source) was employed to test the chemical valences
f Ti and V. The absorption spectra of the powders were determined via UV–vis dif-
use reflectance spectrum (DRS) on a spectrophotometer (Hitachi U3010) equipped
ith an integrating sphere. FTIR spectrum (SHIMADZU IRPrestige-21) was applied

o confirm the substitution of the Ti sites with V in the TiO2 lattice. The magnetic
roperties were investigated by a commercial physical properties measurements
ystem (PPMS, quantum design) at room temperature.
. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the Ti1−xVxO2 pow-
ers with V contents of 0, 2, 5, 10, and 15 mol%. For each sample, all
5 mol% 16.8 4.28 4.5
10 mol% 13.4 1.17 8.6
15 mol% 11.1 1.06 13.2

observed peaks can be assigned to the anatase TiO2 structure (JCPDS
21-1272), indicating that the anatase nanocrystalline structure is
retained after doping. Under the limit of instrument sensitivity, no
impurity diffraction peaks for either vanadium oxides (such as V2O5
and VO2) or vanadium metal can be detected from the XRD patterns,
even at high V doping level (15%). In addition, with the V content
increasing, the intensity of the diffraction peaks decreases gradu-
ally and the full width at half maximum (FWHM) increases, which
gives evidence of the reduction in the crystallite size. Using the
FWHM values of the main peak (1 0 1), the average crystallite sizes
calculated from Debye–Scherrer formula are listed in Table 1. This
result suggests that the crystal growth was restrained by vanadium
doping.
Fig. 2. XPS spectra of Ti0.95V0.05O2 in (a) the Ti 2p regime and (b) the V 2p regime.
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ig. 3. TEM images of the as-prepared Ti1−xVxO2 powders with different V cont
orresponding HRTEM image of each sample (scale bar 5 nm). (f) The selected area

ute for Ti ions in the form of V4+, which is further confirmed by

PS analysis. As shown in Fig. 2a, the Ti 2p spectrum with Ti 2p3/2

nd 2p1/2 peaks located at 458.7 and 464.3 eV are identified with
he binding energies of Ti4+ [28]. In Fig. 2b, the peak of V 2p3/2 is
ather wide and the corresponding core level binding energy is esti-
) 0 mol%, (b) 2 mol%, (c) 5 mol%, (d) 10 mol%, and (e) 15 mol%). Inset shows the
n diffraction pattern of Ti0.90V0.10O2.

mated to be 517.2 eV, and the peak of V 2p1/2 is invisible because

of the low V content, being consistent with that of V4+ in litera-
ture [29]. Furthermore, it was much easier for V4+ (0.58 Å) than V5+

(0.53 Å) to enter the TiO2 lattice to form a homogenous phase for
its comparable radius to Ti4+.
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ig. 4. (a) UV–vis and (b) FTIR spectra of Ti1−xVxO2 powders with different V con-
ents.

The TEM images of Ti1−xVxO2 powders with different V contents
re presented in Fig. 3. The result revealed that the as-prepared
amples consist of nanocrystallites with the crystallite size vary-
ng from 30 to 10 nm, which is in good agreement with the values
etermined from XRD patterns. In addition, the crystallite shape
trongly depends on the doping concentration of vanadium. In the
ase of undoping, particle-like nanocrystals with average crystallite
ize of about 28 nm can be observed. At the beginning, the aspect
atio of the nanocrystals increased with the addition of vanadium
nd presented as rod-like crystals. With the further increasing of V
ontent, the shape of crystals turned out to be particle-like at high

values (10 and 15 mol%) with the size of 10–12 nm. According
o the high-resolution transmission electron microscopy (HRTEM)
atterns, the interplanar spacing along the length direction is cal-
ulated to be 4.57 Å, corresponding to the (0 0 2) crystal plane, as
hown in the inset image of Fig. 3b. The high crystallinity of V-doped
iO2 nanoparticles can be observed from the HRTEM images.

In order to investigate the chemical compositions of the final
roducts, energy-dispersive X-ray spectra (EDS) analysis was per-
ormed, and the experimental data are summarized in Table 1. The
DS spectra at different selected areas have similar element com-
onents, indicting that vanadium has a homogenous distribution

n the Ti1−xVxO2 nanocrystals. It is worth noting that this experi-
ental value is a little lower than the corresponding original one

specially at high V doping levels. This can be ascribed to the effect
f ammonia added intentionally during synthetic procedure. For

he presence of ammonia in this system, the potential contamina-
ions such as surface clustered vanadium oxides can be dissolved
ompletely and the uniform V-doped TiO2 can be obtained [30,31].
his is critical for revealing the real origin of FM that the substi-
ution of vanadium for titanium in TiO2 lattice would induce the
Fig. 5. Room temperature M–H curves of Ti1−xVxO2 powders without heat treat-
ment. The inset shows the V content dependence of saturation magnetization.

ferromagnetism, unlike the cases of Co-doped TiO2 and V-doped
ZnO where ferromagnetism originated from the formation of mag-
netic dopant clusters [32,33].

Fig. 4a shows the UV–vis diffuse reflectance spectra of Ti1−xVxO2
powders. Compared with the spectrum of undoped TiO2, a remark-
able absorption in the visible range can been observed with a
significant red-shift of the absorption edge for the V-doped TiO2,
indicating the formation of a dopant energy level within the band
gap and electron-transfer from the d orbital of V4+ to the conduction
band of TiO2 [34,35]. The regular red-shift of the absorption edge
also indicates the successful doping of V into TiO2 lattice. Fig. 4b
displays the FTIR spectra of the Ti1−xVxO2 samples with different V
contents. For all the samples, the weak band around 1100 cm−1

is due to the ionic character of Ti O bonds [36]. The Ti1−xVxO2
with lower V contents (0, 2, 5 mol%) shows relatively strong bands
around 460, 700 and 800 cm−1, which is owing to the lattice vibra-
tions of TiO2 [37,38]. Meanwhile, the broad band at 460–700 cm−1

for Ti1−xVxO2 with higher V contents (10, 15 mol%) seems to be the
neutralization of V O V (800–900 cm−1) and Ti O Ti bond, which
may indicate the formation of Ti O V bond. Normally, it is diffi-
cult to accurately define the formation of V O Ti by FTIR analysis
because of the high similarity in the properties of V and Ti. How-
ever, some characteristic bands of vanadium oxides (V O bond at
about 1022 cm−1 and V O V bond at about 835 cm−1) have been
widely used to determine the presence of isolated vanadium sec-
ondary phases [39–41]. Here, any band related to vanadium oxides
is absence in FTIR spectra, suggesting that the as-prepared V-doped
TiO2 formed a full solid solution without any contaminations of
vanadium oxides.

Regarding the origin of ferromagnetism, it is still under fierce
debate for whether it is intrinsic or due to magnetic precipita-
tions. In this work, the contributions from the second phases or
any magnetic contaminations have been ruled out. Thus, the fer-
romagnetism of these Ti1−xVxO2 nanocrystals should be intrinsic
and based on the electronic behaviours. For V dopants in TiO2,
it has been reported that (i) V0

Ti creates a partially occupied gap
state with open-shell d-based electronic configuration t1

2+t0
2−e0+e0−

(referring to the approximate local Oh site symmetry), due to the
low 3d energy of V, (ii) V0

Ti–V0
Ti pairs couple ferromagnetically,

and the range of interaction extends up to the fifth neighbor, and
(iii) the equilibrium solubility of V reaches a maximum of x = 21%
(cation substitution) [42]. Thus, V doping of TiO2 could lead to fer-

romagnetism under appropriate growth conditions that provide
sufficiently high V concentrations.

Fig. 5 displays the M–H curves measured at RT with the max-
imum applied magnetic field of 6 kOe for the Ti1−xVxO2 powders
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ig. 6. XRD patterns of Ti1−xVxO2 powders annealed in (a) Ar and (b) air atmospheres
t 500 ◦C for 6 h.

ith x = 0.02, 0.05, 0.10, and 0.15. The existence of magnetic hys-
eresis at RT indicates that the Curie temperatures of as-prepared
amples are higher than 300 K. Obviously, the magnetic property
f the samples strongly depends on the V doping level. A relative
arge saturated magnetization (Ms) of about 5 memu/g is observed
or the Ti0.9V0.1O2 sample. As shown in the inset of Fig. 6, the

agnetic moment increases gradually at beginning with increas-
ng V content, and then decreases when the doping value reaches
o 15 mol%. Here the ferromagnetic exchange coupling and mag-
etic moments are discussed in terms of bound magnetic polarons
BMPs) model [22]. An electron associated with a particular defect is
onfined in a hydrogenic orbital of radius rH = �a0 and � = ε (m/m*),
here ε is the high-frequency dielectric constant, m is the electron
ass, m* is the effective mass of the donor electrons and a0 is the

ohr radius (53 pm). For V:TiO2, m/m* = 1, ε = 9, resulting in large
H and � , i.e., rH = 0.48 nm, � = 9 [22]. Taking into account a suffi-
iently large orbital radius, say � = 9, overlap between a hydrogenic
lectron and the cations within its orbit leads to ferromagnetic
upercoupling between them [43]. In our system, ferromagnetic
xchange is mediated by the 3d electrons of V4+ that form bound
agnetic polarons, which overlap to create a spin-split impurity

and. The increase of defects caused by V doping can make more
MPs overlapped together to enhance the FM phase and satura-

ion magnetization. For the samples with lower V contents, more
emote impurities are interacting too weakly with polarons, and
his produces much lower magnetic moments. In addition, the
tructure evolution by V doping makes contribution to the ferro-
agnetic property. With the increasing of V content, the grain size
Fig. 7. Room temperature M–H curves of Ti1−xVxO2 powders annealed in (a) Ar and
(b) air atmospheres at 500 ◦C for 6 h.

became smaller and more boundary defects were induced, which
have been reported to activate ferromagnetism by mediating long-
range magnetic exchanging coupling [44]. On the other hand, with
the increase in V4+ ions, some antiferromagnetic superexchange
interaction takes place within the nearest V4+ ions through O2−

ions, which leads to the reduction in magnetic moment [9]. Con-
sidering the synergistic effects of the factors discussed above, the
optimal V value is observed to be around 10 mol%.

In order to verify the validity of the BMP model for this sys-
tem, the annealing in poor-oxygen and rich-oxygen atmospheres
for the Ti1−xVxO2 samples was undertaken to study the depen-
dence of FM on different defects. In Ti1−xVxO2 system, the oxygen
vacancies (VO) is dominant among various defects in poor-oxygen
condition, while oxygen interstitials (Oi) play a dominant role in
rich-oxygen condition, owing to their low formation energies cal-
culated theoretically in literatures [28,42]. Fig. 6 displays the XRD
patterns of Ti1−xVxO2 powders annealed in (a) Ar and (b) air atmo-
spheres at 500 ◦C for 6 h. For all the samples, the pure anatase TiO2
can be observed, indicating that the obtained anatase nanocrys-
talline structure is stable after annealing. Fig. 7 shows the room
temperature M–H curves for Ti1−xVxO2 powders annealed in Ar
(Fig. 7a) and air (Fig. 7b) atmospheres. It is seen that the FM of
all the samples were enhanced after annealing in both poor-oxygen
and rich-oxygen atmospheres, and a considerably large Ms of about

9 memu/g is obtained for the Ti0.9V0.1O2 samples. Importantly, the
V concentration-dependent variation tendency is the same with
that of the unannealed samples. It can be understood that the poor-
oxygen annealing can introduce more oxygen vacancies, which are
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esponsible for the increase in Ms, while the rich-oxygen annealing
ay bring in oxygen ions, hence increase interstitial oxygen, and

lso in favor of enhancing FM [45]. As discussed previously about
he BMP model in our system, an electron associated with a defect
s confined in a hydrogenic orbital of radius rH, and the increased
efects after annealing make their interaction easier with polarons,
hus, make more BMPs overlap together to enhance the FM and sat-
ration magnetization. These results reveal that the defects such
s oxygen vacancies and interstitials play a crucial role in inducing
TFM in Ti1−xVxO2 nanocrystals system, and the origin of RTFM can
e explained by the BMP model.

. Conclusions

In summary, by using an organic-free and water-soluble pre-
ursor, the Ti1−xVxO2 nanocrystalline powders were obtained via
he hydrothermal reaction, and the magnetic effect was demon-
trated. After the V doping, the anatase structure was maintained
nd crystal growth was restrained. Under the presence of ammo-
ia in the precursor, the contaminations such as surface clustered
2O5/VO2 were excluded completely and the homogeneous doped
4+ in TiO2 lattice was obtained, which was further confirmed by
RD, EDS, FTIR and XPS analyses. Ferromagnetism in Ti1−xVxO2
anocrystals was revealed to be highly dependent on the V doping

evels and defect concentrations. The magnetic moment increases
radually at the beginning of increasing V content, and then goes
own when the doping value goes up to 15 mol%. The annealing
tudy of the samples in poor-oxygen and rich-oxygen atmospheres
eveals that the oxygen vacancies and interstitials play a crucial
ole in mediating the indirect exchange between vanadium ions to
nduce ferromagnetism in Ti1−xVxO2, and the origin of RTFM can
e explained by BMP model. This observation of an intrinsic mag-
etic effect in Ti1−xVxO2 system under specific synthetic approach
ay provide some information on understanding the real origin of

erromagnetism and designing high-performing DMSs that are of
nterest to spintronics.
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