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Abstract

Monoclinic vanadium dioxide VO2(M) shows a fully reversible first-order metal-to-insulator transition (MIT) with the phase transition
temperature (Tc) at about 68 1C. The large-scale and low-cost synthesis of VO2(M) are a challenge for materials scientists. In this paper, the
influence of different additives on the synthesis of VO2 polymorphs by a hydrothermal route was studied. F, Ti, Cr, Fe, Mo, Sn, Sb and W atoms
can promote the formation of VO2(M), while Mg, Al, Co and Ni atoms are favorable for the synthesis of VO2(B), whereas, Na, Ca, Mn and Zn
atoms have no influence on the formation of VO2(A). It was found that the Tc of doped VO2(M) is very sensitive to the doped atoms. Some
parameters, such as the temperature, reaction time, initial V2O5/oxalic acid molar ratio, tungstic acid concentration, were briefly discussed to give
a systematic overview on the synthesis of W-doped VO2(M). In all cases, the morphologies of the doped VO2(M) show micro- and nano-rods
structures. The Tc of W-doped VO2(M) can be simply tuned by changing the doping concentration of W atom within appropriate limits. The
variable-temperature infrared spectra show that the doped VO2(M) has outstanding thermochromic characters and optical switching properties.
Furthermore, the enlarged-scale experiments for the synthesis of doped VO2(M) suggest that the same results can be acquired, which makes this
route very suitable for practical application.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Low-dimensional materials, including those of zero-dimension,
one-dimension (1D), and two-dimensions, have been in the
forefront of applied research because they exhibit novel physical
and chemical properties, which greatly differ from their bulk
counterparts [1–4]. Among them, 1D nanostructures, such as
nanotubes, nanobelts, nanorods, and nanowires, are a particularly
attractive class of materials because they exhibit lots of novel
characteristics owing to their small radial dimen;sion while
retaining wire-like connectivity [5]. Moreover, 1D nanostructures
have been stimulating significant interest in material chemistry
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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due to their novel chemical and physical properties, which make
them have a wide range of potential applications [6–8], including
the fabrication of nanoscale electronic, optical, electrochemical,
optoelectronic, electromechanical devices, etc. Owing to their
special morphology, they can be also used as templates to
synthesize some extraordinary materials which can hardly be
fabricated by a direct route [3,9–11]. For example, V2O3@C
core-shell structured nanocomposites can be synthesized using
V3O7 �H2O@C nanobelts as templates and the as-obtained
V2O3@C can improve the electrochemical properties of V2O3

[3]. Therefore, it is of great interest for materials scientists to
fabricate materials with novel structures and morphologies, which
may have outstanding properties and applications.
As is well known, vanadium has abundant oxidation states

(0–+5), which is usually composed of a variety of binary
oxides with the general formula VO2+x (−0.5≤x≤0.5), such as
V2O5, V3O7, V4O9, V6O13, VO2, V2O3, etc. Over the past
decades, numerous efforts have been employed in vanadium
ghts reserved.
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oxides and their derivatives as functional materials because
of their layered structures, novel chemical and physical
properties [12–23], which make them possess a wide range
of promising potential applications, such as cathode materials
for reversible lithium batteries, catalysts, gas sensors, intelli-
gent thermochromic windows, laser shield and so on. As a fa-
mily of vanadium oxides, VO2 is a representative binary com
pound with different polymorphs, including VO2(B), VO2(M),
VO2(R), VO2(A), VO2(C) [24], recently reported VO2(D) [25],
etc. VO2(B) with metastable monoclinic structure has attracted
interest as a promising cathode material for Li-ion battery, on
the basis of not only its proper electrode potential, but also its
tunnel structure, through which Li-ions can make intercalation
and de-intercalation in reversible Li-ion battery [26]. Besides,
VO2(B) is usually as the precursor to be transformed to
VO2(M/R) [27]. Recently, increasing attention has been paid
on tetragonal VO2(A) (space group: P42/ncm) [28–31],
because it shows a metal-semiconductor transition with the
phase transition temperature (Tc) at 162 1C, accompanied by a
crystallographic transition between a low temperature phase
(LTP, P4/ncc, 130 below 162 1C) and a high temperature
phase (HTP, I4/m, 87 above 162 1C).

However, among all of VO2, VO2(M) is the most important
because it shows a fully reversible first-order metal-to-insulator
transition (MIT) at a temperature of Tc=∼68 1C [32], which is
very close to room temperature. VO2(M), an insulator and IR
transparent, monoclinic phase above Tc changes to VO2(R), a
metallic and highly IR reflective, rutile phase [33]. For
example, the change in electrical resistivity is in the order of
105 below and above Tc. Moreover, the Tc of VO2(M) can be
tuned by doping with W, Mo, Nb, F atoms, etc. or their
mixtures [14,34–39]. These features make them have promis-
ing applications in smart window coatings for energy-saving
and comfort, optical switching devices, Mott field-effect
transistors, uncooled IR imaging, laser protection, data storage
and so on [14,40–43]. Among of their potential applications,
the most important one is “smart window coatings”. The VO2

material exhibits IR transmission at ToTc, where T is the
ambient temperature. However, it becomes IR reflection at
T4Tc. The above descriptions make it to be required for smart
windows. In winter, VO2 smart window coatings allow inf-
rared solar transmittance and keep the indoor warm. Whereas,
in summer, they block infrared solar transmittance and make
the indoor cool. If we can make use of VO2 for the smart
windows and in automobiles, electricity consumption can be
lowered by 30%, as well as other fuels conserved, because
about 50% of the total solar energy is distributed to the infrared
spectral range [44–47]. Therefore, VO2 smart window coatings
have been practiced by some researchers [48]. VO2-based
films with high thermochromic quality were deposited by PVD
methods in laboratory. However, there are some barriers which
restrict the production of these films in low-cost and large-
scale. To solve the problem, the route for the synthesis of
VO2/polymer composite films has been proposed. Nowadays,
polymer science has been greatly developed. Up to now,
highly transparent and durable films are commercially available
and a variety of functional fillers have been widely used. While
the VO2 powder is considered as a kind of filler, it can be
asserted that all other technical problems have been solved
except the availability of high quality filler [42,49,50]. There-
fore, the fabrication of low-cost and large-scale VO2(M)
powders is crucial for materials scientists.
So far, various technologies have been developed for pro-

ducing VO2(M) powders. These methods generally can be
cataloged to reduction of high-valance vanadium oxides [51,
52], pyrolysis of vanadium containing precursor [53,54], soft-
chemical route [55,56], transforming from VO2(B) [35,57] or
VO2(A) [43] to VO2(M) at elevated temperatures, direct con-
fined-space combustion [58], sol–gel synthesis [42] and hydro-
thermal synthesis [36,37,59–64]. However, most of them are
much complex, low efficiency and high cost. Besides, their
experimental conditions are very harsh and energy-consuming.
Thus, they are not suitable for coating the surface of substrates
with a large surface area and industrial applications. On the
contrary, in recent years, the hydrothermal synthesis has been
paid increasing attention owing to its simple route, low cost,
large-scale and mass production.
In 1977, Théobald [62] first reported the synthesis of VO2

(M) above 350 1C by the hydrothermal reaction in V2O3–
V2O5–H2O system. Thereafter, there has been few literatures
reported on the hydrothermal synthesis of VO2(M), suggesting
the difficulty in obtaining VO2(M) at low temperature by one
step reaction. Up to 2001, Gui et al. [63] mentioned the
formation of VO2(R) by a long-time hydrothermal reduction of
NH4VO3 by N2H4 (at 220 1C for 15 days). But no details about
the formed VO2(R) were given in their paper. Recently, VO2

(R) hollow spheres with nanorods aggregating on their surface
were successfully synthesized by a surfactant-assisted hydro-
thermal process [61]. Son and his coworkers [59] reported the
synthesis of micro- and nano-crystals of VO2(M) by a hydro-
thermal method including three steps: (1) V4+ solution was
obtained by the reaction of V2O5, H2SO4, and N2H4 �H2O; (2)
a gray to brown precipitate is formed by adjusting the pH
values using NaOH solution; and (3) the above precipitate
undergoes hydrothermal treatment at 230 1C for 48 h. Ji et al.
[60] directly synthesized VO2(R) nanorods via the hydrother-
mal reduction of V2O5 by oxalic acid. However, Cao et al.
[37], Luisa Whittaker et al. [36] and our groups [29] found that
only VO2(A) can be obtained by the hydrothermal reaction of
V2O5 and oxalic acid. Cao et al. [37] and Whittaker et al. [36]
published that W-doped VO2(M) snowflakes consisting of
nanorods and nanobelts had been synthesized via the hydro-
thermal reaction of V2O5, oxalic acid, and tungstic acid at
240 1C for 7 days and at 250 1C for 48 h, respectively. Our
group recently reported the W-doped VO2(M) nanobelts
synthesized using peroxovanadium (V) complexes as the vana
dium precursor and ethanol as the reducing agent by a facile
one-step hydrothermal approach [65]. However, the influence
of different additives on the formation of VO2 poly;morphs
(VO2(M), VO2(A) and VO2(B)) during hydrothermal reaction
has not been studied until now, which can guide the large-scale
preparation of VO2(M) for the industrial production.
Herein, we first reported a systematic overview on the

synthesis of W-doped VO2(M) using tungstic acid as the



Fig. 1. XRD patterns of W-doped VO2 prepared at different temperatures.
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additive during a hydrothermal approach. Then, the influence
of different additives on the formation of VO2 polymorphs by
this hydrothermal route was investigated. Last, the enlarged-
scale experiments for the synthesis of doped VO2(M) were
carried out.

2. Experimental section

2.1. Synthesis of W-doped VO2

All reagents used in the experiments were of analytical
grade and used without any further purification. In a typical
synthesis, 0.91 g of vanadium pentoxide (V2O5), 1.26 g of
H2C2O4 � 2H2O (oxalic acid dihydrate) and an appropriate
amount of tungstic acid [n(W)/n(V+W)*100%¼0, 0.25%,
0.5%, 0.75%, 1.0%, 1.25%, 1.5%, 2.0%, 3.0%, 4.0% or
higher] were dispersed into 40 mL of deionized water with
magnetic stirring vigorously for about 10 min at room tem-
perature. After the solution became suspension, the mixed
solution was transferred into a 60 mL stainless steel autoclave,
which was sealed and maintained at 180–280 1C for 1–96 h
and then cooled to room temperature naturally. The products
were filtered off, washed with distilled water and absolute
ethanol several times to remove any possible residue, and dried
in vacuum at 75 1C.

2.2. Synthesis of VO2 doped with different additives

The synthetic process was the same as Section 2.1, except
that the HF, NH4F, NaOH, MgO, Al2O3, Al(OH)3, Ca(OH)2,
TiO2, Cr(OH)3, MnO2, Fe2O3, Fe(OH)3, Co3O4, Ni(OH)2,
ZnO, molybdenic acid, ammonium molybdate, sodium molyb-
date, SnO, Sb2O3, ammonium tungstate or sodium tungstate
took the place of tungstic acid.

2.3. Enlarged-scale experiments for the preparation of doped
VO2(M)

The synthetic process was similar with Section 2.1, except
that the quantities of the starting materials were amplified to 20
times in these experiments, which were carried out by a 1.2 L
stainless steel autoclave.

2.4. Characterization

The crystalline phases of the as-prepared samples were
characterized by X-ray powder diffraction (XRD), preformed
on D8 X-ray diffractometer equipment with Cu Kα radiation,
λ¼1.54060 Å. The patterns were recorded over the angular
range 8–801 (2θ) with a scan speed of 41/min. The narrow
XRD patterns were collected with 2θ ranging from 261 to 291
with a scan speed of 0.2 deg/min. The chemical composition of
the samples was confirmed by the means of the energy
dispersive X-ray spectrometer (EDS) attached to a scanning
electron microscope (SEM, Quanta 200), X-ray photoelectron
spectroscopy (XPS, KRATOS, XSAM800 with MgKα 1253.
6 eV 16 mA� 12 kV) and X-ray fluorescence (XRF, XRF-
1800, Shimadzu, Japan). The morphology of the products was
observed by SEM (Quanta 200) operated at 30 kV. The phase
transition temperature (Tc) of the samples was measured by
differential scanning calorimetry (DSC, DSC822e, METTLER
TOLEDO) in a heating rate at 5 1C/min with a liquid nitrogen
cooling system. Optical properties of the samples were tested by
variable-temperature Fourier transform infrared spectroscopy
(FT-IR, NICOLET 5700) with an adapted heating controlled
cell. FT-IR patterns of the solid samples were measured using
KBr pellet technique from 4000 to 400 cm−1 with a resolution
of 4 cm−1. About 1 wt% of the samples and 99 wt% of KBr
were mixed homogeneously, and then the mixture was pressed
to a pellet.
3. Results and discussion

3.1. Characterization of W-doped VO2(M)

3.1.1. XRD diffraction patterns
In this section, unless otherwise stated, the following experi-

ments were carried out using tungstic acid as the additive.
Fig. 1 shows the XRD patterns of W-doped VO2 prepared at
different temperatures for 48 h using 0.91 g of V2O5, 1.26 g of
H2C2O4 � 2H2O and 1.0 at% of tungstic acid. The products
obtained at 180 and 210 1C can be indexed to the metastable
VO2(B) polymorph (JCPDS, no. 31-1438) [66], which has
attracted increasing interest as a cathode material for Li-ion
batteries. Upon increasing the temperature of the hydrothermal
reaction to 230 1C, the isolated products appear to be a mix of
the original VO2(B) along with a significant proportion of the
monoclinic VO2(M) polymorph (JCPDS, no. 43-1051) [67], as
depicted in Fig. 1c. However, VO2(M) was obtained when the
reaction temperature was above 280 1C. The as-obtained



Fig. 3. XRD patterns of the products synthesized with different mol ratios of
V2O5/H2C2O4 � 2H2O.

Y. Zhang et al. / Ceramics International 39 (2013) 8363–83768366
VO2(M) is phase pure and exclusively monoclinic in crystal
structure within the detection limits of powder XRD. There-
fore, the transformation of crystal phases from VO2(B) to
VO2(M) in our hydrothermal system takes place between 230
and 280 1C, which is much lower than the reference's value
[62]. This phenomenon reveals VO2(M) can be formed at a
comparatively low temperature in the presence of H2WO4,
which greatly reduces the cost and technique of its industrial
production.

Fig. 2 represents the XRD patterns of W-doped VO2 syn-
thesized by the hydrothermal treatment at 280 1C for different
reaction times (0.91 g of V2O5, 1.26 g of H2C2O4 � 2H2O and
1.0 at% of tungstic acid). The diffraction patterns in this panel
illustrate that after shorter reaction times, such as 1, 3 and 6 h, a
residual amount of metastable VO2(B) remains in the isolated
products. Upon further increasing the reaction time to 12 h or
longer, the products appear to be exclusively phase-pure
VO2(M), suggesting that the metastable VO2(B) phase is an inter
mediate for the synthesis of VO2(M) structures. It can be
observed from Fig. 2, that the transformation from VO2(B) to
VO2(M) is very short compared with the previous [36,37].

The initial V2O5/oxalic acid molar ratio plays a significant
role in synthesizing high purity W-doped VO2(M). Fig. 3
shows the XRD patterns of the products synthesized with
different V2O5/oxalic acid molar ratios (0.91 g of V2O5, 1.0%
of tungstic acid and at 280 1C for 48 h). As depicted in Fig. 3,
the preparation of phase-pure VO2(M) is achieved only within
a limited molar ratio window (V2O5/oxalic acid¼1/2–1/3),
whereas various mixed VOx phases are observed below and
above this optimum range of molar ratio. In this context,
binary vanadium oxides are known to have an incredibly rich
phase diagram because of the diversity of vanadium oxidation
states (0–+5), local coordination environments (square pyr-
amidal, tetrahedral, octahedral, and trigonal bipyramidal), and
Fig. 2. XRD patterns of W-doped VO2 synthesized at 280 1C for different
periods of reaction time.

Fig. 4. XRD patterns of the as-obtained VO2 with various extents of W
doping.
their ability to accommodate point defects through crystal-
lographic shear [36,68]. Thus, it is imperative to maintain an
appropriate concentration of the reducing agent to achieve the
correct stoichiometry in the reduction of V2O5 to successfully
form rutile phase of VO2.
The XRD patterns of undoped and W-doped VO2 with

various extents of W doping are shown in Fig. 4. Only VO2(A)
can be obtained from Fig. 4a, revealing VO2(M) cannot be
stabilized under the hydrothermal conditions in the absence
of W doping, in agreement with the literatures [29,36,37].
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VO2(M) can be detected with 0.25 at% of W doping. Conse-
quently, phase-pure monoclinic W-doped VO2(M) are obtai-
ned for W-doping greater than 0.50 at% by this hydrother
mal approach. At the relatively low doping concentrations
studied here (0.5–3.0 at%), no segregated WOx phases have
been detected by XRD, suggesting that the W atoms enter into
the crystal lattice of VO2 matrix and the homogeneous solid-
solutions of WxV1−xO2(M) are formed. However, when the
concentration of W-doped fractions is increased to 4.0 at% or
higher, some unknown peaks are observed due to the residual
dopants in the system, as shown in Fig. 4j. The reported W
doping of the sublattice here is based on W atom concentration
added to the initial reaction, as shown in Section 2.1.

To further reveal whether W atoms were doped into the
VO2(M) lattice, the narrow XRD patterns of W-doped VO2(M)
with various extents of W doping were carried out, as shown in
Fig. 5, where 2θ is ranging from 261 to 291 with a scan speed
of 0.2 deg/min. With the increasing of W doping, the most
prominent reflection, which is indexed to the (011) plane of
VO2(M), shows a shift toward smaller 2θ. This means that the
adjacent interplanar spacing d011 increases with increasing
extent of substitutional W incorporation within the VO2(M)
lattice, which is consistent with the larger atomic radius of W.
For example, the d-spacing increases from 3.207 Å for undo-
ped VO2(M) (JCPDS, no. 43-1051) to 3.221 Å for 1.0 at% W
doping into the vanadium sublattice. These results indicate that
W atoms substitute V atoms in VO2 lattice.

To verify if other tungstates can get the similar results, the
ammonium tungstate and sodium tungstate were used as the
additives to do the experiments and their corresponding XRD
patterns were depicted in the Supplementary data (Figs. S1 and
S2), which indicated that W-doped VO2(M) were also obtained.
3.1.2. EDS, XPS and XRF analysis
Based on the above XRD results, the tungstates can promote

the formation of VO2(M) by the hydrothermal reduction of
Fig. 5. Narrow XRD patterns (261≤2θ≤291) of VO2(M) with various extents
of W doping.
V2O5 by H2C2O4. When the reaction conditions are appro-
priately controlled, there are no impure phases detected by
XRD, which suggests the formation of homogeneous WxV1

−xO2(M) solid solutions. To further reveal whether W atoms
are doped into the VO2(M) lattice, some corresponding tests,
including EDS, XPS, and XRF, were carried out.
The composition of the as-obtained W-doped VO2(M) was

investigated by EDS and XPS. Fig. 6 shows a typical EDS
spectrum of W-doped VO2(M) sample (2.0 at%), which rev-
eals that the sample only consists of O, V and W elements.
Fig. 7 represents the typical XPS spectra of W-doped VO2(M)
sample (2.0 at%), which contains four elements: O, V, W and C,
where the C is attributed to surface contamination (Fig. 7a). The
O1s peak is centered at its standard value (530.0 eV) and V2p3/2

is centered at 516.8 eV, as depicted in Fig. 7b and c, res-
pectively. The value of V2p3/2 peak is slightly higher than that of
pure VO2 powder [69,70], but it is in agreement with the reports
of W-doped VO2(M) [42], suggesting that the binding energy of
V2p3/2 increased slightly after W doping. The peaks located at
245.8 (Fig. 7a), 37.4 and 35.3 eV (Fig. 7d) are attributed to W4d,
W4f5/2 and W4f7/2, respectively, indicating the successful synth-
esis of W-doped VO2. According to the standard binding
energy, the existing form of tungsten ion in these powders is
W6+ [54,70]. Besides, the binding energy centered at 42.3 eV in
Fig. 7d is indexed to V3p.
The variation of the final content for different elements

mainly depends on the solubility of different chemicals under
the hydrothermal condition. To determine the final doping
amount of W in the samples, XRF was performed. Fig. 8
shows the W atomic percent in W-doped VO2(M) as a function
of W atomic percent in feed, which reveals that the real con-
tents of W in final products are slightly higher than its corres-
ponding nominal contents. These results indicate that some
vanadium remains in the solution after hydrothermal treatment,
which is consistent with the reference [42]. However, the
Fig. 6. Typical EDS spectrum of W-doped VO2(M).



Fig. 7. Typical XPS spectra of W-doped VO2(M): (a) survey spectrum; (b) core-level spectrum of O1s; (c) core-level spectrum of V2p; and (d) core-level spectrum of W4f.
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tungsten atomic percent in WxV1−xO2(M) solid solution is
basically the same as the W atomic percent in feed, indicating
that the tungsten content in WxV1−xO2(M) solid solution can
be easily controlled by the change of dopants concentration in
our process, which is crucial for the large-scale manufacture.
Fig. 8. Relationship of the W atomic percent in W-doped VO2(M) solid
solution and W atomic percent in feed.
3.1.3. DSC analysis
W is the most effective dopant for reducing the Tc on per

atomic percent basis. Here, the phase transition properties of
W-doped VO2(M) were studied by DSC. Fig. 9 shows DSC
data demonstrating the influence of W doping on the Tc and
hysteresis of the MIT. As noted above, polycrystalline VO2(M)
exhibits a reversible thermally induced first-order MIT at
68 1C, between a high temperature metallic phase and a low
temperature insulating phase. The phase transition is first-order
in nature and thus associated with a latent heat and a
pronounced change in the specific heat capacity [36,43]. The
two primary contributions to the latent heat at the phase
transition arise from the lattice distortion and the entropy
change for conduction electrons because of the discontinuity in
the carrier density. Fig. 9a shows the representative DSC
curves of W-doped VO2(M) (1 at% of W), which display sharp
endothermic and exothermic profiles upon heating and cooling
cycles, respectively. The Tc is about 53 1C in the heating cycle
and 44 1C in the cooling cycle, which is due to the hysteresis
behavior. Fig. 9b summarizes the Tc associated with the
insulator-metal and metal-insulator phase transitions as a



Fig. 9. Effect of W doping on the phase transition temperature (Tc): (a) the
typical DSC curves for W-doped VO2(M) with 1.0 at% upon heating and
cooling cycles; and (b) relationship between Tc and W contents.
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function of the extent of W doping. When the concentration of
tungsten is not larger than 2.0 at%, the Tc of W-doped VO2(M)
is decreased with the increase of tungsten concentration, rev-
ealing that W atoms can be effectively doped into VO2(M) and
the Tc of WxV1−xO2(M) can be easily tuned. There is an almost
linear dependence of the Tc on the concentration of tungsten
not larger than 2.0 at%, for both the heating and cooling
cycles, and the least square approximation gives a Tc reduction
efficiency of 13.5 1C/at% W. However, further doping with W
has a negative influence on Tc, because the doping atoms
cannot be effectively doped into VO2(M) lattice with the
higher concentration of dopants. The phase transition behavior
of the W-doped VO2(M) here differs in some important
respects from previous observations of W-doped VO2(M)
powders, thin films, and single crystals [71,72]. First, a very
pronounced hysteresis is observed between the insulator-
metal and metal-insulator transitions. Second, the insula-
tor-metal and metal-insulator transitions show dramatically
different dependences on the extent of substitutional W
doping. Third, the Tc for both transitions initially follows a
quasi-linear dependence but subsequently rises with W doping
exceeding 2.0 at%.

3.1.4. SEM analysis
The morphology and size of the typical samples were inves-

tigated by SEM. Fig. 10 depicts the representative morphol-
ogies of W-doped VO2(M) prepared by this hydrothermal
reduction. It can be observed that the W-doped VO2(M) predo
minantly consists of a large quantity of uniform micro- and
nano-structures with well-defined facets. The diameter of rod-
like structures ranges from 100 to 500 nm, and the length is up
to several tens of micrometers, which leads to the for-
mation of rods with an ultrahigh-aspect-ratio. As suggested
by the XRD patterns in Figs. 1–4, while mapping the multi-
dimensional parameter space, the reaction temperature, reac-
tion time, initial V2O5/oxalic acid molar ratio and W doping
concentration exert distinctive influences on the morphologies
and crystal structures of the products. Figs. S3, Fig. S4, Fig. S5
and Fig. S6 (Supplementary data) illustrate the influence of the
reaction temperature, reaction time, V2O5/H2C2O4 � 2H2O ratio
and contents of W doping on the morphologies of the obtained
products. All the SEM images show the as-obtained samples
have rod-like morphology.

3.1.5. Optical properties
The “smart window coating” is the most important appli-

cation of VO2(M). In this paper, the optical properties of
W-doped VO2(M) (1.0 at%) were investigated by variable-
temperature infrared spectra of the heating and cooling cycles,
as depicted in Fig. 11. Fig. 11a describes the process of the
phase transition of VO2(M) below and above Tc, indicating its
Tc is at 54 1C in the heating cycles and at 42 1C in the cooling
cycles, which agrees with the results of DSC (Fig. 9). As
shown in Fig. 11b, a significant change in optical properties on
switching is observed based on different IR transmittances
below or above Tc. At 80 1C, the sample exhibits low trans-
mittance in IR spectra, however, the sample exhibits high trans
mittance at 25 1C. The difference in transmittance suggests that
the as-obtained W-doped VO2(M) has good thermochromic
property. Two spectra below Tc in Fig. 11b almost have the
same optical transmission, indicating the good reversibility of
the sample. Besides, the heating and cooling curves in Fig. 11
are asymmetric due to the hysteresis behavior in the sample.

3.2. The influence of different additives on the formation of
VO2 polymorphs

As suggested by the W-doped VO2(M) discussed above,
W6+ ions in the system can stabilize the phase and structure of
VO2(M), which stimulates us to study other additives influ-
enced on the synthesis of VO2 by this hydrothermal reaction.
Thus, a serial of experiments using different additives as the
doping reagents were carried out and their corresponding
results were summarized in Table 1. It can be seen from



Fig. 10. Typical SEM images of W-doped VO2(M): (a) a lower magnification; and (b) a higher magnification.
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Table 1, that F, Ti, Cr, Fe, Mo, Sn, Sb and W are favorable for
the formation of VO2(M), while Mg, Al, Co and Ni facilitate
the synthesis of VO2(B), whereas, only VO2(A) is obtained
with the atoms Na, Ca, Mn or Zn, which indicates that these
additives have no influence on the synthetic process of VO2(A)
compared with the results without the presence of additives
(Fig. 4a).

Through the above experimental results, we know that the
additives are crucial for the synthesis of VO2(M). Although the
detailed formation mechanism of VO2(M) by the hydrothermal
reduction of V2O5 by H2C2O4 in the presence of additives is
not entirely clear, we presume it can be attributed to the
assistant function of the additives. In order to understand the
effects of the additives on the phase transformation mechan-
ism, we first have to know the phase transition among VO2(B),
VO2(A), and VO2(M). In the recent reports [29,36,37,73–75],
VO2(M/R) cannot be directly synthesized under the hydro-
thermal conditions in the absence of additives at the tempera-
tures ranging from 180 to 300 1C. Instead of VO2(M/R), only
VO2(B) and VO2(A) can be prepared. Théobald [62] studied
the phase transformation VO2(B)-VO2(A)-VO2(M) by the
hydrothermal reaction of the V2O3–V2O5–H2O system, and it
was found that VO2(B), VO2(A), and VO2(M) could be
formed at 180, 220 and 350 1C, respectively. Oka et al. [76]
reported only VO2(A) could be achieved via the hydrothermal
method. On the basis of the experiments of Théobald and Oka,
Galy [77] proposed that the phase transition VO2(B)-VO2(A)
is simply a crystallographic slip Cs¼1/3[−100](001), occur-
ring in the median plane of the double layers assembled by
VO6 octahedra of the VO2(B) [37]. The mechanochemical
activation broke the weakest bonds of the structure and
promoted a simple cooperative displacement to give the VO2

(A). Meanwhile, Leroux studied the phase transformation
VO2(B)-VO2(M) in situ by electron microscopy [78]. The
long range order of the VO6 octahedra was mostly destroyed
with increasing temperature, leading to a breakage of the
interconnections between different octahedras, which were
either corner sharing or edge sharing in the VO2(B) structure.
Upon continuing heating, the platelets assembled by VO6

octahedra abruptly broke up into nano-crystallites and half
of the VO6 octahedra re-oriented to form the rutile structure.
Such breaking up is clearly necessary due to the completely
different arrangement of the VO6 octahedra in both structures.
Although VO2(M) is more energetically stable than VO2(A),
the breaking of the interconnections between different octahe-
dra needs more energy than the crystallographic slip. Conse-
quently, VO2(B) transforms into VO2(A) and then VO2(M)
under hydrothermal conditions. In the doped VO2(M), the
substitution of a part of V atoms with Ti, Cr, Fe, Mo, Sn, Sb or
W atoms can induce the distortion of the VO6 octahedra,
making the breaking of the interconnections between different
octahedras easier than the crystallographic slip. Besides, the
substitution of a part of O atoms with F atoms can also obtain
the same results. F-doped VO2(M), which has not been
synthesized by the hydrothermal route in the reports, shows
a new idea to synthesize doped VO2(M) by the substitution of
O2− with anions. Whereas, the VO6 octahedra can be stabilized
in the presence of Mg, Al, Co or Ni atoms, resulting in the
formation of VO2(B). However, Na, Ca, Mn or Zn atoms have
no influence on the synthesis of VO2(A). There may be two
reasons: (1) these atoms have little effect on the distortion of
the VO6 octahedra; and (2) Na+ dissolved in the solution can
seldom take part in the reaction, while M2C2O4 (M¼Ca, Mn
or Zn) as the insoluble salts are very stable under this hydro-
thermal route (Supplementary data), so they cannot participate
in the reaction, either. Therefore, the synthesis of VO2(M),
VO2(A) or VO2(B) by the hydrothermal reaction can be eas-
ily controlled by adjusting the additives, which can guide
the large-scale preparation of VO2(M) for the industrial pro-
duction.
Fig. 12 depicts the morphologies of doped VO2(M) with

different additives. In all cases, we note the formation of
highly faceted micro- and nano-rods structures wherein the
lengths exceed the diameters, in agreement with the SEM
observations of W-doped VO2(M) discussed above. The micro
and nano-rods are expected to result from the intercalation of
reducing agents between the layers of V2O5, followed by
lattice expansion, cleavage, and exfoliation of stacks of V2O5

sheets [36,73].
As suggested by the XRD patterns in Fig. 2 and SEM

images in Fig. S4, we know that VO2(B) is the intermediate
product to synthesize doped VO2(M). After 1 or 3 h, VO2(B)



Table 1
The influence of different additives on the phase of the products.

No.a Additives Doped
atoms

Phasesb VO2(M)
(%)c

1 – – VO2(A) 0
2 HF F VO2(M), VO2(A) 64
3 NH4F F VO2(A), VO2(M) 34
4 NaOH Na VO2(A) 0
5 MgO Mg VO2(B) 0
6 Al2O3 Al VO2(A), VO2(B) 0
7 Al(OH)3 Al VO2(A), VO2(B) 0
8 Ca(OH)2 Ca VO2(A) 0
9 TiO2 Ti VO2(A), VO2(M) 47
10 Cr(OH)3 Cr VO2(A), VO2(M) 37
11 MnO2 Mn VO2(A) 0
12 Fe2O3 Fe VO2(A), VO2(M) 16
13 Fe(OH)3 Fe VO2(M), VO2(A) 71
14 Co3O4 Co Major VO2(A), minor

VO2(B)
0

15 Ni(OH)2 Ni VO2(B) 0
16 ZnO Zn VO2(A) 0
17 Molybdenic acid Mo VO2(M) 100
18 Ammonium

molybdate
Mo VO2(M) 100

19 Sodium molybdate Mo VO2(M) 100
20 SnO Sn VO2(A), VO2(M) 46
21 Sb2O3 Sb VO2(A), VO2(M) 27
22 tungstic acid W VO2(M) 100
23 Ammonium

tungstate
W VO2(M) 100

24 Sodium tungstate W VO2(M) 100

aReaction conditions: 0.91 g of V2O5 powder, 1.26 g of H2C2O4 � 2H2O,
40 mL of H2O, 1.0 at% of the additive atoms and the reaction temperature and
time are at 280 1C for 48 h.

bThe phases of the products were examined by XRD.
cPercentage of VO2(M) among the total product calculated by comparing the

intensity of the strongest XRD lines with that of VO2(A) and VO2(B).

Fig. 11. The variable-temperature IR of 1.0 at% W-doped VO2(M): (a) IR
curves with different temperatures; and (b) IR curves below and above Tc.
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nanorods are formed, and then VO2(B) nanorods are converted
to doped VO2(M) nanorods with prolonging the time, in the
case of the phase transformation VO2(B)-VO2(A) reported
previously [29,30]. The basic reaction we employed for the syn
thesis of VO2 in our hydrothermal synthesis can be formulated
in the following equation:

V2O5+2H2C2O4-2VO2+3CO2+CO+2H2O
Although the exact growth mechanism of VO2(M) micro- and
nano-rods is not clear at the current stage, a possible growth
mechanism is proposed as the “Reaction–Transformation–Dis-
solution–Recrystallization” (RTDR) mechanism, which mainly
contains four steps as follows: (1) VO2(B) nanorods are fast
formed by the hydrothermal reaction between V2O5 and H2C2

O4 in the presence of additives, as shown in Fig. 2a and Fig.
S4a. (2) VO2(B) is transformed to VO2(M), as depicted in
Fig. 2b, c and Fig. S4b. (3) The irregular and broken fragments
of VO2(M) is dissolved into the solution to help the growth of
VO2(M) nanorods, which can be observed from Fig. S4b–d. (4)
VO2(M) nanorods are continuing to grow and the fragments
become fewer and fewer. In a word, the formation of VO2(M)
micro- and nano-rods can be described as the process of
transformation, dissolution and recrystallization [29].
Table 2 summarizes the influence of different doped atoms

on the Tc of the doped VO2(M). The Tc of the samples is
decreased to 53, 56 and 53 1C with the doped W, Mo and F
atoms, respectively, which suggests that W, Mo and F atoms
can reduce the Tc, in agreement with the previous reports
[14,34–38]. However, the Ti, Cr, Fe, Sn and Sb atoms which
can promote the formation of VO2(M) have little effect on the
Tc. Up to now, the research about the exact mechanism how
the doped atoms can reduce the Tc of VO2(M) is still
processing [79]. Some scientists have tried to disclose the
reduction mechanism taking W atom as an example. Accord-
ing to the model of Tang et al. [71], W6+ penetrates into the
crystal lattice of VO2 and substitutes the V4+ ion. As a result of
charge compensation, V3+–V4+ and V3+–W6+ pairs along the



Fig. 12. SEM images of doped VO2(M) solid solution with different dopants: (a) F; (b) Ti; (c) Cr; (d) Fe; (e) Mo; and (f) Sb.

Table 2
The results of the DSC for samples doped with different elements.

No. Doped atom (1.0 at%) Tc (heating curve)/1C Tc (heating curve)/1C

1 F 53 43
2 Ti 67 53
3 Cr 68 52
4 Fe 66 48
5 Mo 56 53
6 Sn 68 54
7 Sb 67 56
8 W 53 44

Fig. 13. XRD patterns of W- and F-doped VO2(M) prepared by the enlarged-
scale experiments.
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a-axis of the monoclinic VO2 cell are formed. With the
enhancement of the electron concentration from the presence
of W donors, the loss of V4+–V4+ pairs becomes more and
more obvious, resulting that the semiconductor phase becomes
destabilized and the band gap is reduced. Thus, the metal-to-
semiconductor transition temperature is decreased. Based on
the above results, the research about mechanism of reducing
the Tc of VO2(M) by doping still requires a lot of effort by
scientists.

3.3. The enlarged-scale experiments for preparing doped
VO2(M)

So far, many methods have been developed for the synthesis
of VO2(M) and doped VO2(M). However, there are few lite-
ratures reported the large-scale and facile synthesis of VO2(M)
and doped VO2(M). In this paper, we amplify the experiments
to 20 times, which is very meaningful before their enlarged-
scale experiments. Excitingly, the similar results were obtained
based on the observation of XRD (Fig. 13), SEM (Fig. 14) and
DSC (Fig. 15), the suggestive of its potentially industrial
production in future. As shown in Fig. 13, W- and F-doped
VO2(M) can be successfully synthesized by this pilot-scale
experiments. The SEM images (Fig. 14) reveal that the as-
obtained products consist of highly faceted micro- and nano-
belts structures with rectangular cross-sections. The Tc of
W-doped VO2(M) is about 53 1C in the heating cycle and
46 1C in the cooling cycle, while the Tc of F-doped VO2(M) is



Fig. 14. SEM images of W- and F-doped VO2(M) prepared by the enlarged-scale experiments: (a) W-doped; and (b) F-doped.

Fig. 15. DSC curves of W- and F-doped VO2(M) prepared by the enlarged-scale experiments.

Y. Zhang et al. / Ceramics International 39 (2013) 8363–8376 8373
about 56 1C in the heating cycle and 45 1C in the cooling
cycle, as depicted in Fig. 15.

4. Conclusion
(1)
 W-doped VO2(M) was successfully synthesized via a
hydrothermal reduction of V2O5 by H2C2O4 in the
presence of tungstic acid. Some parameters, such as the
reaction temperature, reaction time, initial V2O5/oxalic
acid molar ratio, tungstic acid concentration, were system-
atically investigated to reveal the formation of W-doped
VO2(M). The Tc of W-doped VO2(M) can be simply tuned
by changing the doping content of W atom when its
concentration is less than 2.0 at%.
(2)
 The influence of different additives on the formation of
VO2 polymorphs by this facile hydrothermal route was
studied. F, Ti, Cr, Fe, Mo, Sn, Sb and W atoms can
promote the formation of VO2(M), while Mg, Al, Co and
Ni atoms are favorable for the synthesis of VO2(B).
Whereas, Na, Ca, Mn and Zn atoms have no influence
on the formation of VO2(A). The successful synthesis of
VO2 polymorphs can be attributed to the assistant function
of the additives, which can affect the stabilization of the
VO6 octahedra in VO2. W, Mo and F atoms can reduce the
Tc of VO2(M), whereas Ti, Cr, Fe, Sn and Sb atoms have
little effect on the Tc.
(3)
 All of the as-obtained solid solutions of VO2(M) have rod-
like morphology in micro- and nano-scale.
(4)
 The variable-temperature infrared spectra show that the as-
obtained doped VO2(M) has outstanding thermochromic
characters and optical switching properties, which can
be used as the “smart window coating” and be beneficial
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for the development and application of thermochromic
materials.
(5)
 The enlarged-scale experiments for the preparation of
doped VO2(M) were carried out, and the similar results
were obtained, the suggestive of its large-scale and low-
cost synthesis, which can be used for potentially industrial
production in future.
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