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Thermochromic vanadium dioxide exhibits a semiconducting to metallic phase transition at Tt = 341 K,
involving strong variations in electrical, magnetic, optical transmittance. Tungsten-doped vanadium diox-
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ide nanopowders were synthesized by thermolysis with slight improvement and active white powdery
tungstic acid (WPTA) used as a substitutional dopant. The results show that the phase transition temper-
ature of the doped VO2 powders were decreased to 298.6 K, which is very close to the room temperature.
Tungsten-doped has enhanced the IR properties of VO2 nanopowders because the contrast of its IR
transmission below and above the room temperature is up to 92% in our experiment.

© 2009 Elsevier B.V. All rights reserved.
ptical spectroscopy

. Introduction

Vanadium oxides compounds (V2O3, V2O5, V6O13, etc.) present
first order phase transition [1] and exhibit a semiconducting to
etallic phase transition at their transition temperatures, involv-

ng strong variations in electrical, magnetic, optical transmittance
n the infrared region. Among these oxides, VO2 has attracted much
ttention and been extensively studied [1–3], because its transition
emperature, Tt, is close to room temperature (Tt < 341 K) [4]. And
t can be considered as a very good candidate for a lot of switch-
ng applications: thermal sensors, smart IR optical windows [5–7],
mart IR emissive coatings [8], and switching electrical resistances
9].

The VO2 material, for example, exhibits infrared transmission
ith a monoclinic structure at T < Tt, where T is the ambient temper-

ture. It becomes, however, infrared reflection and has a tetragonal
utile structure at T > Tt. According to described above, it is required
or a smart window. In winter, it allows infrared solar transmittance
nd keeps the indoor warm; in summer, the smart window VO2

oating blocks infrared solar transmittance and makes the indoor
ool. In addition, a “smart window” used in international safeguard
atellites could help protect sensitive optical surveillance systems
rom accidental damage or even sabotage [10]. If we could make use
f VO2 for the smart windows and in automobiles, electricity con-
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E-mail address: peng1133@shnu.edu.cn (Z. Peng).
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sumption can be lowered by 30%, as well as other fuels conserved
[11–13], because about 50% of the total solar energy is distributed
to the infrared spectral range.

To make VO2 effective as an intelligent window material, it is
desirable to lower the transition temperature from 341 K to near
room temperature for practical applications [11–15]. Doping stud-
ies have shown that the transition temperature can be altered by the
incorporation of metal ions into the VO2 lattice [16,17]. It has been
found that the most effective metal ion is tungsten [18], because it
produces reversely large Tt shifts for small dopant concentrations
[19].

In this paper, we have slightly improved the method of thermol-
ysis to prepare tungsten-doped vanadium dioxide nanopowders
using white powdery tungstic acid (WPTA) as the dopant. The pro-
cess can be easily applied to commercial production lines due to
its short cycle period and simple operation, and obtained a better
result to reduce transition temperature. We have reduced the phase
transition temperature to 298.6 K, which is very close to room tem-
perature. And at 293 K and 303 K, the contrast of the semi-metal
states of the transmittance(�T) is measured being 92%. Such doped
VO2 nanopowders have a potential to be used as smart windows
materials.

2. Experimental
Undoped and tungsten-doped vanadium dioxide were prepared by the refer-
ence [20]. We slightly improved the method. Hydrazine hydrogen chloride was
added with less amount (1.00 g) and without solution when prepare vanadyl chlo-
ride (VOCl2) solution.15 g ammonium bicarbonate (NH4HCO3) was dropped into the
VOCl2 solution with stirring (as the VO2+ is stable in the acidity condition) when
prepare the precursor of nanopowders.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:peng1133@shnu.edu.cn
dx.doi.org/10.1016/j.jallcom.2009.01.092
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3.3. X-ray photoelectron spectroscopy analyses

The valence state and content of vanadium and tungsten were
studied by XPS. Fig. 4 shows the typical XPS valence band spectra
ig. 1. XRD patterns of VO2 particles with different tungsten-doping fractions: (a)
%, (b) 1.07%, (c) 2.13%, (d) 3.01%, (e) 4.11%, (f) 5.07%, (g) 6.15%, (h) 7.21%, (i) 8.02%, (j)
.13% and (k) 10.03% (calcinations condition: 773 K for 0.5 h).

. Results and discussion

.1. X-ray diffraction analyses

The XRD patterns of W-doped VO2 particles with various W con-
ents are presented in Fig. 1. It can be seen from Fig. 1that all the

-doped VO2 are well crystallized and consistent with JCPDS 43-
051, even the W atomic percent is up to 7.21%. But for powders
ith dopant level higher than 8.02%, extra reflections are seen in

he X-ray diffraction patterns which do not correspond to any vana-
ium oxide phase. This is most likely because some of the tungsten
o towards the formation of tungsten oxides. It illuminates that
.02% is a crunode for W-doped VO2 particles, which consists with
he report that tungsten dopant would restrain the growth of VO2
rystal [21].

Vanadium dioxide is a thermochromic compound showing a
eversible metal–semiconductor phase transition at a temperature
t. Above Tt it has a tetragonal rutile structure and exhibits metallic
roperties, while below Tt it is a semiconductor with a monoclinic
tructure. From Fig. 1, we can see that the small reflection angle
t 26.7◦ could not be found when W content is above 3.01%, sug-
esting that the thermal transition was observed from changed of
he monoclinic structure to tetragonal rutile structure. This indi-
ates that the transition temperature in our samples (from 3.01%
o 8.02%) is below room temperature, which is in accord with the
ifferential scanning calorimetry (DSC) data.

According to the results of seven crystalline samples calculated
y the Scherrer equation, the powder sizes are 10–20 nm, which
orresponded to those of TEM.

.2. Thermal studies

DSC experiments were performed to determine the phase tran-
ition temperature of the sample. The typical DSC curves of the

-doped particles with various W fractions between 263 K and
73 K are manifested in Fig. 2. The Tt is significantly decreased from
41.3 K to 298.6 K, which is near room temperature. A noticeable
ndothermal profile is exhibited in the DSC curve when the phase
ransition of VO2 occurs. The temperature on this endothermal peak
orresponds to that of the VO2 phase change. It could be seen that
he Tt of undoped VO2 particles is 341.3 K (the peak temperature),

ery close to 341 K, which was reported by Morin [4]. When tung-
ten atoms were doped, the Tt decreased respectively to 298.6 K and
76.1 K for samples with 2.13% and 8.02% of W atomic.

Thus, Fig. 3 also shows the transition temperature versus tung-
ten atom percent incorporation, and suggests that the phase
Fig. 2. DSC results of VO2 with different WPTA-doping contents: (a) 0%, (b) 2.13%,
(c) 8.02%.

transition of W-doped VO2 nanopowders declined with increas-
ing W-doping content. We can see that the curve in Fig. 3 can be
divided into two parts: one part shows that the phase transition
temperature sharply decreased to 288.4 K when the W atomic per-
cent is up to 3.01% W, decreasing by 17.6 K with every 1% W doping;
the other part displays that the transition temperature changed a
little when a dopant level above 3.01%. Indeed, some authors have
proposed that tungsten dopant would restrain the growth of VO2
crystal [21]. And Tang et al. [22] has concluded that each tung-
sten ion in the VO2 lattice breaks up a V4+–V4+ homopolar bond.
For charge compensation, two W 3d electrons are transferred to a
nearest neighbour vanadium ion to form a V3+–W6+ and a V3+–V4+

pair. The loss of homopolar V4+–V4+ bonding destabilizes the semi-
conducting phase and lowers the metal–semiconductor transition
temperature [22,23]. Both groups of authors have described the
doping effect of tungsten [22] on VO2 in terms of a local model in
which coupled pairs of ions have definite valences and form local
paramagnetic moments. Nevertheless, the phase transition is a col-
lective phenomenon and the doped VO2 is believed to consist of
weakly interacting magnetic regions in the case of tungsten doping
[22].
Fig. 3. Relationship between phase transition temperature of the samples and WPTA
doped concentration in VO2 particles.
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ig. 4. (a) XPS survey spectrum of W-doped VO2, (b) V2p peaks of the sample contain-
ng 2.13 at %WPTA, (c) W4f peaks of the sample containing 2.13 at% WPTA (calcination
ondition: 773 K for 0.5 h).

f representative VO2 powders containing 2.13% amounts of tung-
ten. The XPS results indicate that there are only four elements:
arbon, vanadium, tungsten and oxygen, in the spectrum where car-
on peak is from the surface contamination. Peaks at 35.5 eV and

7.7 eV are attributed to W4f7/2 and W4f5/2 respectively. According
o the standard binding energy, it is shown that there is a little tung-
ten in the sample, and the existent form of tungsten ions in these
anopowders is W6+. The XPS compositional results indicate the
uccessful synthesis of pure W-doped VO2 particles. Additionally,
Fig. 5. Transmission electron-microcopy micrographs of W-doped VO2 nanopow-
ders.

the peak at 516.8 eV due to V2p3/2, appearing in the XPS of W-doped
VO2 particles, has the same binding energies of V2p3/2

4+ as reported
in literatures [24,25]. This suggests that the valence of vanadium is
+4 for both cases and then confirms that the obtained vanadium
oxide is stoichiometric and consists of pure VO2. The powder has
a tungsten content of 2.13 at% from XPS data. The other peaks at
529.6 eV and 523.7 eV belong to O1s and V2p1/2

respectively.

3.4. Microscopy studies

The sample annealed at 773 K for 0.5 h was placed in absolute
alcohol and dispersed by ultrasound for 15 min. The morphology
of the powders was directly confirmed by the TEM. Typical TEM
images (Fig. 5) shows that the samples display spherical shape with
weak agglomeration and narrow size distribution. Primary particles
with sizes ranging between 10 nm and 15 nm are found to be linked
together. As expected, the observed dimensions of each isolated
domains of grain are in good agreement with the values of the mean
sizes of crystallites calculated from the X-ray diffraction data.

3.5. FTIR studies

Powders were studied after dispersion in a classical KBr pellet
(0.1 wt% of VO2). VO2 and KBr powders were carefully mixed in an
agate mortar to obtain reproducible dispersion of thermochromic
particles. FTIR spectroscopy was performed on the as-prepared VO2
particles, as illustrated in Fig. 6.

The IR spectra at 293 K and 303 K of VO2 nanocrystals about
15 nm in size calcined at 723K for 30 min in our work are reported
in Fig. 6. It can be found that only the absorption at 10 �m for the
nanomaterial did not disappear upon heating. Indeed, some authors
have previously observed an additional band at around 10 �m [26].
It is commonly discussed as a result of the partial oxidation of VO2
powders. The red shift of this absorption band, observed in our
nanosized samples, could be attributed to the high specific sur-
face contribution, surface mode contribution (including adsorbed
species) or initial step in the oxidation mechanism related to high
surface sensitivity of these powders [26].

Fig. 6 confirms the strong reversible metal insulator phase

transition modifications observed in transmittance measurements
upon heating and cooling. The transmittance of VO2 is about 98%
at 293 K in the semiconducting phase and it is reduced to as low as
6% at 303 K in metal phase at the wavelength of 5 �m. And the dif-
ference of the transmittance (�T) of these two states is 92%, which
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[25] S.W. Lu, L.S. Hou, F.X. Gan, Thin Solid Films 353 (1999) 40.
ig. 6. Fourier transform infrared transmittance spectrum of VO2 nanopowder dis-
ersed in a classical KBr pellet, in the 25–5 �m range.

s usually sufficient for smart windows and protection of sensitive
nfrared detectors from strong laser radiation. For nanoparticles,
his contrast is maximized at � = 5 �m and no obvious change is
ound in the 5–25 �m wavelength range with increasing wave-
ength, which is different from the report that this change would
ecome negligible in the vibrational range (� > 10 �m) [27]. It
aybe attributed to smaller particles we obtained, for our sample

s about 15 nm. The sizes of primary particles can play a prominent
ole in the final properties of the materials, because the diffusive
henomenon occurs in the MID-infrared range. In fact, in such gran-
lar media, the crystal or grain dimensions can play a drastic role

n the electrical and optical property. They [28,29] showed that the
mplitude of optical contrast in the infrared range could be highly
ncreased by decreasing VO2 particle sizes. As is well known, diffuse
cattering of infrared radiation decreases as particle sizes decrease,
ecause infrared light transmission is strongly increased when par-
icle sizes are smaller than the wavelength of the incident radiation.
nd nanoparticles of VO2 [27] could allow minimizing the most part
f diffuse scattering phenomena.

. Conclusions

Well-crystallized and narrow size distribution nanopowders of

anadium dioxide and tungsten-doped vanadium dioxide were suc-
essfully synthesized by thermolysis method with white powdery
ungstic acid used as a substitutional dopant. The micro-structure
as studied in detail by XRD and TEM. A crunode at 8.02% W dop-

ng for W-doped VO2 particles can be observed from XRD with W

[
[
[
[
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contents up to 10.03%. According to the curves of DSC, the transi-
tion temperature of the W-doped powders is reduced to 298.6K.The
transition temperature and IR properties depend on the size, struc-
ture, and composition of the nanopowders. The IR properties of the
powders change remarkably around the phase-transition tempera-
ture, the contrast of semi-metal states is measured being 92%, which
is beneficial for the development and application of an intelligent
window material.
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