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This paper reports a facile and low-cost routine for the selec-
tive synthesis of vanadium oxides by hydrothermal treatment
of V2O5 sol. Our experiments found a defined phase evol-
ution sequence [V2O5 � V3O7·H2O � VO2 (B) � VO2 (A)
� VO2 (M)] that is strongly dependent on the hydrothermal
temperature, pressure, and reaction time. A mechanism for
the formation of the vanadium oxides based on the oriented
attachment (OA) growth model is proposed and discussed.

Introduction
One of the longstanding challenges of crystallization in

solid-state chemistry is the capability to predict and to con-
trol the occurrence of polymorphism.[1] This matter seems
to be far more prominent in the case of vanadium oxides
because of the multiple valence states of vanadium. Vana-
dium oxides have attracted a tremendous attention over re-
cent decades, due to their versatile structures and wide ap-
plications in the fields of energy storage and energy conser-
vation.[2]

The phase structures of vanadium oxides have a great
influence on their physical and chemical properties. Vana-
dium dioxide (VO2) shows an ultrafast first-order reversible
metal–semiconductor transition [VO2 (R)↔VO2 (M)] at
about 68 °C, accompanied by a dramatic change in electri-
cal and optical properties; this reversible structural transi-
tion makes VO2 (M) a very attractive candidate for a variety
of technological applications ranging from intelligent
thermochromic windows coatings,[3] electrical and infrared
light switching devices,[4] and storage media[5] to tempera-
ture-sensing devices.[6] Meanwhile, other vanadium oxide
phases, such as V2O5, V2O3, and V3O7·H2O, are also being
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The VO2 (A + M) phase and the pure VO2 (M) phase each
show an abrupt change in infrared transmittance with tem-
perature, which demonstrates their potential for applications
in the field of energy conservation, and the modulation in the
infrared properties of the VO2 (M) phase, thanks to its high
purity, is far more prominent than that of the mixture phase
VO2 (A + M).

extensively explored for applications in the fields of gas sen-
sors,[7] supercapacitor electrodes,[8] and high-energy lithium
batteries.[9] In this context, mastery over the phase struc-
tures and morphologies of vanadium oxides could optimize
their suitabilities for distinctive applications.

Many methods for fabricating vanadium oxide nano-
structures have been developed. They include electrospin-
ning,[9b,10] solvothermal[11] and capping-agent-assisted pre-
cipitation techniques[12] for V2O5, the hydrothermal method
for V2O5·xH2O,[13] V2O4·0.25H2O,[14] and V3O7·H2O,[15]

vapor-phase transport,[16] pulsed laser deposition,[17] con-
fined-space combustion,[18] and magnetron-sputter[19] for
VO2 (M), and thermal decomposition[20] and plasma hydro-
gen reduction[21] for V2O3. However, a general strategy for
producing vanadium oxides with controlled phases and
morphologies remains a great challenge, and sometimes
special equipment or expensive raw materials are required,
which makes the processes far from practical application.
Consequently, facile, economical, and selectable syntheses
of vanadium oxides are essential for their applications in
the energy-saving field.

In this paper we report the synthesis and phase evolution
of vanadium oxides by a sol–gel process coupled with a
hydrothermal approach. It was found that a definite phase
evolution [V2O5 � V3O7·H2O � VO2 (B) � VO2 (A) �
VO2 (M)] takes place with progressive prolongation of hy-
drothermal time or increasing of reaction temperature, with
the morphologies of the vanadium oxides changing from
long nanobelt to short nanobelts/nanobeam, and finally to
short microrod and snowflake. The formation of vanadium
oxides is believed to proceed according to the oriented at-
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tachment (OA) model. An abrupt change in the infrared
transmittance of the VO2 (M) phase with temperature was
also demonstrated.

Results and Discussion

XRD patterns and SEM (scanning electron microscopy)
images of the as-prepared samples obtained at 220 °C after
different hydrothermal treatment times are shown in Fig-
ures 1 and 2, respectively. One can see that the diffraction
peaks of curve (1) in Figure 1 can be indexed to an ortho-
rhombic phase of V2O5 (JCPDS card, No. 89-0612) for in-
organic V2O5 sol without addition of polyethylene glycol
(PEG-6000) after hydrothermal treatment for 6 d. The V2O5

nanostructures have belt-like shapes with lengths of up to
1 mm, thicknesses less than 40 nm, and widths in the 30–
200 nm range (see Figure 2a and b).

Figure 1. XRD patterns of vanadium oxides hydrothermally
treated at 220 °C for (1) 6 d without PEG, and for (2) 1 d, (3) 3 d,
and (4) 6 d with PEG.

Figure 2. SEM images of the vanadium oxides: (a) and (b) V2O5 nanobelts, (c) and (d) V3O7·H2O nanobelts, (e) and (f) VO2 (B) nanobelts,
and (g) and (h) VO2 (A) nanobelts.
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PEG, as a polymer surfactant, can reduce the valence
state of vanadium at a very slow rate.[22] To achieve the
synthesis of vanadium oxides with different phase struc-
tures, experiments were carried out with progressive in-
creases in hydrothermal times in the presence of PEG.
Curve (2) in Figure 1 demonstrates that the V3O7·H2O (or
H2V3O8) phase with an orthorhombic structure (JCPDS
85-2401) was formed after hydrothermal treatment for only
1 d. It is worth noting that there is an amorphous halo at
2θ = 20–30° in curve (2), which is considered to originate
from the remnant precursor not having reacted completely
after 1 d of hydrothermal treatment, due to the very slow
reduction rate of V5+ by PEG. The elongated V3O7·H2O
belt-like structures have diameters of 80–500 nm and thick-
nesses of 10–60 nm, as shown in Figure 2c and d.

VO2 (B), one of the metastable phases in the vanadium
dioxide family, was formed when the reaction time was pro-
longed to 3 d. The XRD analysis [curve (3) in Figure 1]
showed the monoclinic lattice structure of the obtained
VO2 (B) (JCPDS: 81-2392). In comparison with the ul-
tralong nanobelts of V3O7·H2O, the rectangle-like VO2 (B)
nanobelts (Figure 2e and f) have become wider (180–
560 nm) and thicker (50–100 nm).

When the reaction time was further increased to � 4 d,
VO2 (B) was completely transformed into VO2 (A) nano-
belts [see curve (4) in Figure 1, JCPDS 80-0690]. The widths
and thicknesses of the VO2 (A) nanobelts had increased to
0.5–2.5 μm and 200–450 nm, respectively (see Figure 2g and
h).

With further increases either in hydrothermal tempera-
ture or in reaction time, a substantial morphologic change
takes place. Figures S1a and b in the Supporting Infor-
mation show two different morphologies of the VO2 phase
after hydrothermal treatment at 240 °C for 10 d: one is
microrod, and the other is semi-finished snowflake. Total
snowflake VO2 was formed on hydrothermal treatment at
260 °C for 6 d, as shown in Figure S1c in the Supporting
Information. Detailed examination revealed that these
snowflakes each consist of six microrods from one center,
and have diameters ranging from 0.75 to 3.5 μm, as shown
in Figure S1d in the Supporting Information. The layer-by-
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layer growth mode can clearly be seen in this figure and is in
accordance with the previous report.[23] The corresponding
XRD analysis shows that the microrods and snowflakes are
a phase mixture of VO2 (A) and VO2 (M) [VO2 (A + M),
see Figure S2 in the Supporting Information].

Figure 3 shows the differential scanning calorimetry
(DSC) curves of the pure VO2 (A) phase and the
VO2 (A + M) phase mixture upon warming. An endother-
mic peak at 161.47 °C can be seen for pure VO2 (A) phase
[curve (1) in Figure 3], corresponding to a reversible phase
transition from the low-temperature phase (tetragonal sys-
tem: P42/ncc) to the high-temperature phase (body-centered
tetragonal system: I4/m).[24] For the VO2 (A + M) phase
mixture, the DSC curve shows two endothermic peaks cen-
tered at 65.72 °C and 173.43 °C [curve (2) in Figure 3] upon
warming; the former can be ascribed to the phase transition
of monoclinic VO2 (M) to rutile VO2 (R), whereas the latter
comes from the phase transition of VO2 (A). The DSC
analyses further confirmed that the phase mixture indeed
consists of VO2 (A) and VO2 (M).

Figure 3. DSC curves of (1) VO2 (A) phase, and (2) phase mixture
of VO2 (A + M) upon warming.

From the above results we can conclude that vanadium
oxides can be selectively synthesized with controllable phase
structures under controlled hydrothermal conditions. There
is a definite phase progression [V2O5 � V3O7·H2O �
VO2 (B) � VO2(A) � VO2 (M)] with increasing hydrother-
mal time or temperature. Notably, this kind of progression
is accompanied by the co-existence of intermediate phase
mixtures both between V3O7·H2O and VO2 (B) and be-
tween VO2 (B) and VO2 (A) (see detail in Figure S3 in the
Supporting Information). The corresponding morphologies
show regular changes from long nanobelt to short nanobelt,
microrods, and finally to snowflakes, and the average sizes
of these nanostructures increase accordingly. In fact, the
shapes of vanadium oxides can be controlled by changing
the relative ratio between PEG and V2O5 sol, as demon-
strated in our previous study for the VO2 (B) phase.[25]

With regard to the growth mechanism, the hydrating–
exfoliating–splitting model has commonly been used to elu-
cidate the formation of vanadium oxide nanostructures
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during hydrothermal synthesis.[13,14] By this model, the di-
mensions of the final product will clearly be smaller than
those of the parent structure.[26] This growth mechanism is
less evident in this study, because the diameters of vana-
dium oxides increase with hydrothermal time or tempera-
ture. In the case of V2O5, our previous study gave strong
evidence that the OA model, first reported by Penn and
Banfield,[27] is responsible for the self-assembled growth of
ultralong nanobelts of V2O5.[28] Upon addition of the re-
ductive organic PEG molecules, V3O7·H2O was readily
formed as a result of the partial reduction of V5+ and the
formation of V3O8 layers in which one oxygen atom from
molecular H2O is held by van der Waals interactions to-
gether with hydrogen bonding.[29] With increasing hydro-
thermal time, the phase transformation between VO2 poly-
morphs was triggered after all of the V5+ cations had been
reduced to V4+, in which the metastable phase VO2 (B) was
preferentially precipitated by recrystallization of the solid
in the suspension during hydrothermal treatment. The
VO2 (B) phase then transformed into the relatively stable
metastable phase VO2 (A) by a simple crystallographic
slip,[30] which is kinetically more favored than the formation
of the most thermodynamic stable rutile structure
VO2 (R).[23] VO2 (R) eventually formed with further in-
creases either in reaction temperature or in time [the rutile
phase VO2 (R) forms first and is then transformed into the
monoclinic polymorph VO2 (M) upon cooling]. It was
found both in our experiments and in previous reports that
the autogenous pressure in the sealed autoclave also affects
the progression of the phase transformation of VO2 poly-
morphs, and that only the VO2 (B) phase was formed at a
low filling ratio.[31] From these results it can be concluded
that the hydrothermal temperature, reaction time, and pres-
sure have a synergistic influence on the phase transitions of
vanadium oxides.

In addition, PEG has a chain-like structure and is an
important factor in the formation of the elongated belt-like
vanadium oxides, and the OA growth mechanism also plays
an essential role in controlling the aggregation manner of
nanobelts. TEM (Figure 4a) clearly shows the elongated
belt-like structures characteristic of the intermediate prod-
ucts. Figure 4b and c shows two parts of a single nanobelt,
from which one can see that the top part of the nanobelt is
composed of several interconnected nanobelts with much
smaller dimensions (Figure 4b), and the assembly of these
small nanobelts into a whole one can clearly be seen not
far from the top of the nanobelt (Figure 4c). This indicates
a crystallographic fusion process – a typical feature of the
OA growth mechanism. The clear interface between two
small nanobelts shown in the HRTEM image of Figure 4d
provides further evidence of the crystallographic fusion pro-
cess. The fact that the adjacent nanobelts have the same
crystallographic orientation is consistent with the OA
model. The dehydration and recrystallization of a solid in
the suspension is associated with the change in the shapes
of the vanadium oxides, as illustrated in Figure 2. Further-
more, if the dissolution of a metastable phase under hydro-
thermal conditions is considered, at a higher temperature
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Figure 4. (a), (b), and (c) TEM images of the intermediate vana-
dium oxide obtained at 220 °C. (d) HRTEM image of the circle
part of the nanobelt shown in Figure 4a, demonstrating the inter-
face of two adjacent nanobelts with the same crystallographic ori-
entation.

the rates of nucleation and growth for a thermodynamically
stable species on the surface of the preformed structure
should be enhanced substantially and thus lead to the de-
crease in aspect ratio and the formation of multiply-armed
microcrystals. The detailed formation process of the vana-
dium oxides is described in the schematic illustration shown
in Figure 5.

The pure VO2 (M) phase also can be obtained by
calcining VO2 (A) under nitrogen at 600 °C for 1 h, as
shown in Figure S4 in the Supporting Information. By com-
parison with Figure 2g and h, one can see that VO2 (M)
becomes a nanorod with a rounded shape in the lateral di-
rection and has nearly the same length as the VO2 (A) ul-
tralong nanobelts. The corresponding XRD analysis (Fig-

Figure 5. Schematic illustration of the growth of vanadium oxides by the OA mechanism. At the early stage of the hydrothermal reaction,
the V2O5 nanofibers in the sol are oriented suitably to become attached to one another, and the subsequent coalescence and oriented
assembly then leads to the formation of the thin, belt-like structure. Without the addition of PEG: (a) the final product is V2O5 ultralong
nanobelts. With the addition of PEG: (b) at 220 °C, firstly V3O7·H2O forms, due to partial reduction of V5+ to V4+. Then, as a result of
valence reduction and dehydration processes, VO2 (B) forms. Finally, the phase transformation from VO2 (B) to VO2 (A) takes place easily
under hydrothermal conditions with relatively high temperatures and pressures. (c) At 240 °C, the dissolution of the metastable phase
leads to a decrease in aspect ratio and the formation of multiple-armed microcrystals (the increased sizes should reduce the dissolution
rate). Meanwhile, the thermodynamically most stable phase – VO2 (M) – forms together with VO2 (A). Subsequently, high-purity VO2 (M)
is obtained by annealing treatment.
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ure 6a) showed that the VO2 (A) phase had been completely
transformed into the VO2 (M) phase. No other diffraction
peaks were detected, indicating that VO2 (M) is the only
phase present. The inset in Figure 6a is the crystal structure
of VO2 (M) viewed along the [001] direction. Figure 6b
shows the temperature-dependent resistance of VO2 (M)
pressed from VO2 (M) powders; an obvious change in the
resistivity due to a metal–semiconductor transition can

Figure 6. (a) XRD pattern of VO2 (M) powders; the inset shows the
crystal structure viewed along the [001] direction. (b) Temperature
dependence of resistivity of VO2 (M); the inset is the corresponding
DSC curve.
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Figure 7. Variable-temperature infrared spectra: (a) and (b) of the VO2 (A + M) phase mixture, and (c) and (d) of the VO2 (M) phase.

clearly be seen at about 68 °C. The corresponding DSC
analysis (inset in Figure 6b) shows that the endothermic
and exothermic peaks are sharp and symmetrical, indicting
a reversible phase transition feature of the VO2 (M).

Figure 7 shows variable-temperature infrared transmit-
tance spectra of the VO2 (A + M) phase mixture and the
VO2 (M) pure phase over a thermal cycle, which gives
strong evidence that both of them are potential candidates
for application in the field of energy conservation through
light control. The infrared transmittance of VO2 (A + M)
gradually decreases with increasing temperature (from 30 to
60 °C in the heating process), then drops quickly from 60
to 75 °C, and finally falls to a nearly constant value [see
Figure 7a and b (infrared transmittance at 1030 cm–1)]. The
opposite infrared transmittance changes were also observed
in the cooling process. A similar change in IR transmittance
can be observed for the pure VO2 (M) phase, as shown in
Figure 7c and d, and the corresponding transition tempera-
tures are in accordance with the DSC result shown in Fig-
ure 6b. The modulation in the infrared properties of the
pure VO2 (M) phase, thanks to its high purity, is far more
prominent than in the case of the VO2 (A + M) phase mix-
ture.

Conclusions

A facile and low-cost strategy for the selective synthesis
of vanadium oxides by hydrothermal treatment of inorganic
V2O5 sol, either in the presence or in the absence of PEG,
has been proposed. A specific phase evolution process
[V2O5 � V3O7·H2O � VO2 (B) � VO2 (A) � VO2 (M)]
under the synergistic influence of hydrothermal tempera-
ture, pressure, and reaction time was found. The morpho-
logies of the vanadium oxides change from long nanobelts
to nanobelts/nanorods, and finally to short microrods and
snowflakes in a manner consistent with the oriented attach-
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ment growth model. Variable-temperature mid-infrared
transmittance analyses demonstrate potential applications
of VO2 (M) in the field of energy conservation. Our method
might be extendable to the preparation of other materials
through the self-assembly of nanoscale building blocks by
hydrothermal treatment.

Experimental Section
Preparation of Vanadium Oxides: V2O5 sol was obtained through a
melt quenching process. V2O5 powder (99.9%) was heated to
850 °C in a crucible until molten and was then quickly poured into
distilled water at room temperature. After vigorous stirring for 1 d,
a red V2O5 sol was obtained. In a typical reaction, a certain
amount of polyethylene glycol (PEG-6000, 0.3–2 g) was added to
the inorganic V2O5 sol (40 mL) to form a homogeneous precursor
after stirring for a few hours. The precursor was placed in a 50 mL
Teflon cup that was then heated at temperatures between 220 °C
and 260 °C for different times in a sealed autoclave with a stainless
steel shell. The precipitate obtained upon cooling to room tempera-
ture was washed several times with deionized water and ethanol
and then dried at 70 °C in air.

Sample Characterization: The morphologies of the as-prepared
samples were examined by SEM (Sirion 200) and TEM (JEM-
2010). The phase structures were investigated by XRD with use of
the Cu-Kα1 line (Philips X’Pert).

Determination of Properties: DSC analysis was performed with a
Dupont differential thermal analyzer under a flow of nitrogen with
a heating rate of 10 °Cmin–1. FTIR spectroscopy was performed
with a Bruker Vector-22 FTIR spectrometer. A physical properties
measurement system (PPMS) was used to evaluate the temperature
dependence of the resistance properties of the pressed powders with
dimensions of 5�2�2 mm in a four-probe model.

Supporting Information (see footnote on the first page of this arti-
cle): SEM images of VO2 on hydrothermal treatment at 240 °C for
10 d and at 260 °C for 6 d (Figure S1); XRD pattern of the
VO2 (A + M) phase mixture obtained under the hydrothermal con-
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ditions of curve (1) (240 °C, 10 d) and curve (2) (260 °C, 6 d) (Fig-
ure S2); XRD patterns of vanadium oxide intermediates of
V3O7·H2O and VO2 (B), and VO2 (B) and VO2 (A) (Figure S3);
SEM images of VO2 (M) obtained by annealing VO2 (A) at 600 °C
(Figure S4).
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