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a b s t r a c t

Thermochromic tungsten-doped vanadium dioxide (VO2) powders were successfully synthesized by
thermal reduction using V2O5 as a vanadium precursor. The products were characterized by X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and differential
scanning calorimetry (DSC). The results indicated that W was successfully doped into the crystal lattice
eywords:
anadium oxide
ungsten
oping
hermal reduction

of VO2 matrix, and prepared tungsten-doped VO2 had a rod-like morphology. The effects of reducing
temperature and annealing temperature on the crystallographic structures were also discussed. The
phase transition temperature (Tt) of VO2 could be simply tuned by changing the doping concentration of
tungsten. When the doping concentration was 1.58 mol%, the Tt could be reduced to 37.8 ◦C from initial
69.5 ◦C, suggesting that tungsten-doped VO2 possesses prominent thermochromic properties and optical
switching characters. It has shown that this convenient and efficient approach could be applied in the
mass-production of functional powders materials.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Over the past decade, vanadium oxide compounds have
ttracted increasing attention because of their unique proper-
ies and potential applications in catalysis, optical, optoelectronic
nd electrochemical devices [1–5]. Among the various vanadium
xide compositions, vanadium dioxide (VO2) exhibits a reversible
emiconductor–metal phase transition when it undergoes a crys-
allographic structure transformation from monoclinic P21/c to
etragonal P42/mnm at about 68 ◦C [6,7], involving variations
n magnetic, electrical and optical properties [8,9]. These fea-
ures make VO2 suitable for applications in near-infrared optical
witches, smart window coatings, temperature-sensing devices
nd data storage mediums [10–12].

Up to now, various micro- and nano-structures of VO2, such
s ribbons, belts, rods, wires, microspheres and thin film, have
een prepared by different methods. These methods include chem-

cal vapor deposition, magnetron sputtering, vacuum evaporation,

igh-energy ion beam implantation, etc. [13–17]. Baudrin et al. pre-
ared VO2 filaments by heating vanadium oxide aerogels under
acuum [13]. Li et al. synthesized VO2 nano-belts by a hydrother-
al reaction between oxalic acid and V2O5 [14]. Xie and co-workers

∗ Corresponding author. Tel.: +86 411 39893609; fax: +86 411 39893609.
E-mail address: ninggl@dlut.edu.cn (G. Ning).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.05.152
reported a new method to obtain VO2 by direct combustion of
an solution of VO(acac)2 in a confined space [15]. Liu and co-
workers prepared VO2 micro-blocks by chemical vapor deposition
using VO(acac)2 as a vanadium precursor [16]. Su and co-workers
reported a facile template-free approach to prepare hollow VO2
microspheres [17]. Most of the reported methods inevitably need
either expensive equipments or exact conditional parameters,
which have some difficulties and complexities in controlling the
oxidation state of vanadium of final products. Furthermore, the
higher phase transition temperature (Tt) of VO2 confines its
extending applications in intelligent window coating, and tuning
of Tt to nearly room temperature becomes one of the research
focuses. It has been proved that doping with high-valence metal
ions into the VO2 lattice is an effective way to decreasing the Tt
[18,19]. Recently, more effort has been devoted to developing new
approaches to preparing doped VO2 powders with adjustable Tt
[20–23]. For examples, Cao et al. synthesized tungsten (W)-doped
VO2 via the hydrothermal reaction of V2O5, oxalic acid and tung-
stenic acid [20]. Peng et al. reported the synthesis of W-doped VO2
nanopowders by thermolysis of (NH4)5(VO)6(CO3)4(OH)10·10H2O
[21]. It is still a great challenging to simply and inexpensively obtain

the doped VO2 powders in real large quantities.

In this paper, we reported a simple thermal reduction tech-
nique to prepare W-doped VO2 powders using tungsten acid
as the dopant. The effects of experimental parameters on the
formation of the product were investigated in detail. And the

dx.doi.org/10.1016/j.jallcom.2010.05.152
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. XRD patterns of the W-doped V2O5 precursors with different W-doping
ractions (mol%).

orphology, structure and properties of products were also pre-
ented.

. Experimental

.1. Preparation of W-doped VO2

All chemicals are commercially available and used as received without further
urification. In a typical experiment, V2O5 (2.00 g) and tungsten acid (0.05 g) were
ixed and put into a ceramic crucible. The mixture was then heated to 800 ◦C in an

lectric furnace for about 20 min. When a molten liquid was formed, the mixture was
uickly poured into distilled water (100 mL) to give brownish W-doped V2O5 sol.
fter evaporating at 70 ◦C, amorphous W-doped V2O5 dried gel was obtained. Then
olycrystalline particles of precursor W-doped V2O5 were collected by calcination of
ried gel at 400 ◦C for 1 h. Reduction of the precursor W-doped V2O5 to W-doped VO2

as carried out according to our previously reported procedure [24], i.e. W-doped
2O5 particles were heated under mixed gas flow of ammonia (NH3, 15 mL/min)
nd nitrogen (N2, 150 mL/min) at 500 ◦C for 1 h, and further annealed in N2 at 650 ◦C
or 5 h. At last, dark blue powder products were synthesized. The effects of atomic
ercentages of V and W, reduction and annealing temperatures on the preparation
ere investigated in detail. The samples obtained under different conditions were
enoted as a–e (Table 1).

.2. Characterizations

The crystal structures of the as-prepared samples were characterized by pow-
er X-ray diffraction (XRD) on a Rigaku D/max 2400 X-ray equipped with graphite
onochromatized Cu K� radiation (� = 1.5406 Å). A scan rate of 0.02◦ s−1 was applied

o record the pattern in the 2� range from 10◦ to 70◦ . The size and morphology of
amples were observed on scanning electron microscopy (SEM, JEOL-5600 LV) at an
cceleration voltage of 15.0 kV. Valences of the elements were studied by X-ray pho-
oelectron spectroscopy (XPS, VG ESCALAB MK II). DSC 204 (Netzsch, Germany) was
sed to measure the thermal properties of samples at a heating rate of 10 K/min

n ultrapure nitrogen atmosphere. IR spectra were measured by a spectrometer
AVATAR370, Thermo Nicolet, America) equipped with a temperature-control appa-
atus.

. Results and discussion

The crystal structure and phase purity of the as-prepared prod-
cts were determined by XRD. Fig. 1 shows XRD patterns of the
s-prepared precursors with different W-doping fractions. It indi-
ated that the obtained precursor powders are well crystalline
2O5 (JCPDS Card No. 72-0433) and no other vanadium oxides are
bserved. By reduction of precursor in a reducing atmosphere, the
hermochromic W-doped VO2 products could be obtained. The XRD
atterns of the obtained W-doped VO2 samples with different W
ractions synthesized by heating at 550 ◦C for 1 h and annealing

◦
t 700 C for 5 h are shown in Fig. 2a. All typical diffraction peaks
an be indexed to VO2 (M) phase (JCPDS Card No. 44-0252, P21/c,
= 4.506 Å, b = 2.899 Å, c = 4.617 Å and ˇ = 91.79◦) and impurities
hase cannot be found in the samples. And the peaks belong to
O3 are not observed because of doping W into vanadium oxide
Fig. 2. XRD patterns of W-doped VO2 with different W-doping fractions (mol%):
normalized (a) and magnified (b) patterns.

as the solute donor [25], which indicated that W enter into the crys-
tal lattice of VO2 matrix. In addition, it is also observable that most
peaks of doped VO2 samples shift slightly towards lower 2� value
(Fig. 2b). It is well known that the ionic radius of W is larger than
of V, so when W atoms substitute V atoms in VO2 lattice, adjacent
interplannar distance d(h k l) becomes larger, resulting in the peaks
shift toward low 2� angle.

Our experiments show that the process for the preparation of
W-doped VO2 (M) phase involves an intermediate step, in which
allotropic phase VO2 (B) forms [26]. XRD patterns of the samples
obtained on different conditions (Table 1) are shown in Fig. 3, which
indicates that samples exhibited crystal phase transformation from
VO2 (B) to thermochromic VO2 (M) phase as the heat treatment
temperature heightened. Fig. 3a displays the XRD patterns of the
obtained samples by heating at 500 ◦C for 1 h, we can observe obvi-
ous diffraction peaks according to VO2 (B) (JCPDS No. 81-2392).
When heating temperature is 550 ◦C for 1 h and annealing tem-
perature is 600 ◦C for 5 h, all peaks index VO2 (M). Furthermore, all
peaks became stronger and narrower when annealing temperature
is enhanced, suggesting that larger crystal is formed at higher tem-
perature. The transformation from VO2 (B) to VO2 (M) is a crucial
step to prepare thermochromic materials because VO2 (B) does not
possess reversible phase transition property. Therefore required

reduction and annealed temperature are 500–550 and 650–700 ◦C,
respectively for the preparation of thermochromic W-doped VO2.

Valence analysis of the obtained W-doped VO2 sample was
investigated by the typical XPS spectrum as shown in Fig. 4, which
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Table 1
Synthesis conditions for different samples.

Samples Reduction condition Annealing condition Phase of Samples

Temperature(◦C) Time (h) Temperature(◦C) Time (h)

a 500 1 – – B
b 500 1 550 1 B
c 550 1
d 550 1
e 550 1
f 550 1

F

i
b
p
W
o
d

ig. 3. XRD patterns of the samples obtained at different synthesis conditions.

ndicates that there are four elements: tungsten, vanadium, car-

on and oxygen. According to the standard binding energy, the
eaks at 40.7, 37.2 and 35.0 eV are the binding energy for W6+

5p3/2,
6+

4f5/2 and W6+
4f7/2, respectively [25]. It implies that the valence

f tungsten ion in the W-doped VO2 is +6. Vanadium presents pre-
ominantly as V4+ with V2p3/2 and V2p1/2 binding energy at 516.3 eV

Fig. 4. XPS spectra of th
600 1 B and M
650 1 B and M
650 5 M
700 5 M

and 524.0 eV, respectively. The peak at 517.2 eV is V5+
2p3/2 and it

means the atmospheric oxidation of a small amount V4+ at the sur-
face of sample [25]. The binding energy of O1s appears at 530.0 eV.
The peak at 285.1 eV is attributed to C, which is from surface con-
tamination. The XPS compositional results also indicate the phase
purity of the W-doped VO2 sample.

The typical SEM image of the obtained W-doped VO2 sample
is shown in Fig. 5a. It can be seen that sample displays rod-like
morphology, which are straight with diameters in the range of
0.1–0.5 �m and lengths in the range of 1–4 �m. Fig. 5b presents a
typical energy dispersion spectroscopy (EDS) analysis of W-doped
VO2. It shows that there are V, W and O three elements in sample.
The content of W is determined to be 0.71% by quantitative analy-
sis, which is approximately to the doped concentration. The result
is in agreement with the XPS data.

To examine the influence of doping W upon the phase Tt of
VO2, the differential scanning calorimetry (DSC) and IR were used
to measure the thermal properties of the samples. Fig. 6 shows
the typical DSC curves of the W-doped VO2 with different dop-
ing fractions (Table 2). The phase Tt of the undoped VO2 is 69.5 ◦C,
which is slightly higher than 68 ◦C reported by Morin [7]. The
phase Tt of the doped VO2 was reduced to 56.2, 43.9 and 37.8 ◦C

when the fraction of W was 0.71, 1.32 and 1.58 mol%, respec-
tively. In our work, the phase Tt decreased about 20 ◦C with per
1 mol% W doping. This value was close to the phase Tt reduc-
tion efficiency studied on bulk single crystal and films [20,21]. The

e W-doped VO2.
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Table 2
Chemical compositions and phase transition temperature (Tt) of W-doped powders.

Samples Chemical Compositions V (wt%) W (wt%) O (wt%) Tt (◦C)

a VO2 61.45 0 38.55 69.5
b V0.9929W0.0071O2 60.32 1.56 38.13 56.2
c V0.9868W0.0132O2 59.38 2.87 37.76 43.9
d V0.9842W0.0158O2 58.98 3.42 37.60 37.8
Fig. 5. (a) Typical SEM image and (b) EDS spectrum of the W-doped VO2.

esults revealed that W atoms could be effectively doped into VO2

owders and phase Tt of VO2 can be tuned easily with different

atomic percent. Fig. 7 presents the IR spectra of the resulting
-doped VO2 at the 25 and 60 ◦C. Optical switching property of

ample is observed according to different IR transmittance below or

ig. 6. DSC curves of W-doped VO2 with different W-doping fractions (mol%): (a)
%, (b) 0.71%, (c) 1.32%, (d) 1.58%.
Fig. 7. IR spectra of W-doped VO2 at 25 ◦C and 60 ◦C.

above the transition temperature (Tt = 56.2 ◦C) which is similar with
VO2 nano-powders in the literature [22,23]. At 60 ◦C, the sample
exhibited low transmittance in IR spectra. However, at 25 ◦C, sam-
ple exhibited high transmittance. The difference in transmittance
resulting from semiconductor-metal transformation suggests that
the sample has good thermochromic property.

Up to now, the research about the doped mechanism is still pro-
cessing. According to the reported models [27–30], W6+ penetrates
into the crystal lattice of VO2 and substitutes the V4+ ion. For charge
compensation, two d-shell electrons from W ion will transfer to
the neighboring V ions to form V3+–W6+ and V3+–v4+ pairs along
the a-axis of the monoclinic VO2 cell. Therefore, with the increas-
ing fraction of W6+ in the lattice, the loss of homo-polar V4+–V4+

bonding becomes more and more obvious, resulting in the semi-
conductor phase becomes destabilized and the band gap is reduced.
This process can decrease the metal-to-semiconductor transition
temperature.

4. Conclusions

In summary, a convenient and efficient thermal reduction
approach for preparing thermochromic W-doped VO2 powders has
been demonstrated. The experimental results indicate that this pro-
cess involves an intermediate reduction step, in which metastable
VO2 (B) allotropic phase forms. It suggests that the reduction tem-
perature is the key factor for producing thermochromic VO2 (M).
The required reduction and annealing temperature are 500–550
and 650–700 ◦C, respectively. The W-doped VO2 powders display
rod-like morphology with diameters in the range of 0.1–0.5 �m.
The W doping leads to the tiny change of the host lattice, resulting
in the phase transition temperature lowered. When the fraction
of W was 1.58 mol%, the phase transition temperature could be

reduced to 37.8 ◦C, suggesting it is beneficial for the development
and application of thermochromic materials.
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