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Abstract

Large-scale VO2 nanowires have been synthesized by two-step method. First, we have been obtained

(NH4)0.5V2O5 nanowire precursors by hydrothermal treatment of ammonium metavanadate solution at 170 8C.

Secondly, the precursors have been sealed in quartz tube in vacuum and annealed to form VO2 nanowires at 570 8C.

Scanning electron microscope and transmission electron microscope analysis show that the nanowires have self-

assembling nanostructure with the diameter of about 80–200 nm, length up to125 mm. Electrical transport

measurements show that it is semiconductor with conduction activate energy of 0.128 eV. A metal–semiconductor

transition can be observed around 341 K.
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1. Introduction

One-dimensional (1D) nanostructures, such as nanowires and nanotubes, have considerable interest

due to both their fundamental research importance and the wide range of their potential applications in

nanodevices [1–6]. For example, some optical nanowires may have found applications in the field of

localization of light lower dimensional waveguide, and scanning near-field optical microscopy. Some
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conducting nanowires may be used as cables between nanodevices. Therefore, synthesizing novel

nanowires and probing their intrinsic properties are critical to assess their possible role in new types of

nano-scale device.

Vanadium oxide and derivated [7] compounds have been applied in catalytic and electrochemical

fields due to their outstanding structural flexibility combined with chemical and physical properties [8,9].

Vanadium oxide phase crystallized in 3D network structures can be regarded as a layered structure

compound in which VO5 square pyramids are connected by sharing corners and edges [10]. The structure

permits the formation of MxV2O5 phase with various metal cations embedded between the layers without

a far-reaching restructuring [11]. A fundamentally new type of vanadium oxide nanotubes was obtained

by a soft-chemistry synthesis involving an amine with long alkyl chains as a molecular, structure-

directing template [12]. In the following, V2O5 nanorods were synthesized via the reverse micelle

technique [13,14]. Vanadium dioxide (VO2) is known to undergo a reversible metal-insulator transition

around 68 8C. Below the temperature, the material is an insulator (or semiconductor) with monoclinic

structure; above the temperature, it becomes metallic transforming to a higher symmetry rutile-type

tetragonal structure, accompanied by large changes in electrical resistivity (electrical conductivity

increases abruptly) and optical properties from infrared (IR) transmission to IR reflecting. Dramatic

change in physical properties for VO2 material can be fascinating functions for application such as

switching device and advanced windows for getting an automatic control of the solar transmission [15].

However, investigation into VO2 has mainly been concentrated on its thin film so far [16,17]; neither

electrical transportation data nor preparation of VO2 nanowires has been reported. Here we synthesized

VO2 nanowires via two-step method and measured their electrical transport characteristic.

2. Experimental

Analytical grade ammonium metavanadate (NH4VO3: 0.65 g) and the distilled water (40 ml) were put

into Teflon-lined stainless steel autoclave, sealed and maintained at 170 8C for 2 days. After the reaction

was completed, the resulting dark green products was filtered and washed with the distilled water to

remove possible ions, and finally dried at 70 8C in air. TEM and SEM showed that it is a self-assembling

nanowires. The chemical composition was confirmed as (NH4)0.5V2O5 via elemental analysis and the

structure via XRD [18]. The precursors (0.3 g) were sealed in quartz tube (F0.8 � 12 cm) in vacuum

(6 � 10�2 Pa), and annealed at 570 8C for 2 h and cooled slowly to room temperature. The final black

products were self-assembling VO2 nanowires. The products were characterized on a Shimadzu XD-3A

X-ray diffractometer (XRD) with graphite monochromatized Cu Ka-radiation (l = 0.15418 nm) and

nickel filter. Transmission electron microscope (TEM) images and selected area electron diffraction

(SAED) pictures were recorded on a JEOL-JEM 200CX transmission electron microscope, using an

accelerating voltage of 200 kV. Scanning electron microscope (SEM) pictures were respectively taken by

LEO-1530VP scanning electron microscope. The micro-Raman spectrum of the sample was recorded on

T64000 Laser Raman spectrometer. The electrical transport properties were measured through the

standard four-probe method. The currents were applied via Keithley 220 current source, and the voltages

were recorded on Keithley 2010 voltmeter. Temperatures were measured with carbon-glass resistance

(Oxford Company). Differential scanning calorimetric analysis (DSC) and thermogravimetric analysis

(TG) were carried out with LabsysTM TG-DTA/DSC apparatus (SETARAM) with a heating rate of 10 8C/

min in flowing air.
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3. Results and discussion

The X-ray diffraction (XRD) pattern of the as-synthesized VO2 nanowires is shown in Fig. 1. All

diffraction peaks can be perfectly indexed according to the monoclinic phase, which is compatible with

the standard value a = 5.7529 Å, b = 4.5263 Å, c = 5.3825 Å, b = 122.68 (JCPDS No. 44-252). No peaks

of any phases are detected, indicating the high purity of the products.

SEM images of the nanowires are shown in Fig. 2A–D. It can be seen that a typical nanowire bundle is

of the diameter of about 1 mm and length up to 125 mm, as shown in Fig. 2A. Fig. 2B shows the magnified

images of the nanowires with the diameter up to 200 nm. Fig. 2C shows self-assembly nanostructure

which nanowires consist of nanoparticles with the diameter of about 47nm. Fig. 2D indicates still bundle

structure, and single nanowire has the diameter of about 88 nm. As shown Fig. 2E, TEM image reveals

that the bundle consists of 6–7 self-assembling nanowires with the diameter of 80 nm. Fig. 2F shows

single nanowire morphology and its diameter is about 96 nm. Its electronic diffraction (ED) pattern

(inset) could be indexed and supported XRD results, and the electronic beam perpendicular to nanowire

is along to [201] direction.

Fig. 3 shows the Raman spectrum of VO2 nanowires. According to the reported Raman spectra of

vanadium oxide, the band at 999 cm�1 are assigned to V=O stretching of distorted octahedral and

distorted square-pyramids, while the band at 707 cm�1 is due to coordination of vanadium atoms with

three oxygen atoms. The bands at 413 and 504 cm�1 are attributed to V–O–V stretching mode, while the

bands at 273 and 148 cm�1 can respectively assigned to V–O–V bending modes and external mode

(bending /wagging) [19–22].

The process of the VO2 nanowires growth is included as follows: First, (NH4)0.5V2O5 nanowires are

formed via hydrothermal reaction [18]. The structure should be similar to that of (NH4)0.5V2O5�mH2O

xerogel [23], namely, NH4
+ intercalates into the double layer consisting of edge and corner-sharing VO5

pyramids in V2O5 [24], and pristine V2O5 structure distorts to form monoclinic structure. Electric

attraction between the nanowires leads to their self-assembling nanowires. Secondly, (NH4)0.5V2O5

nanowires are pyrolysised and reduced to VO2 nanowires in vacuum, and VO2 nanowires keep

precursors’ morphologies. The dimension increase of VO2 nanowires, compared with (NH4)0.5V2O5

nanowires, can be attributed to that VO2 nanowires slightly sinter.
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Fig. 1. XRD pattern of VO2 nanowires.



In order to get an initial impression of the conductivity of the VO2 nanowires, the electrical transport

measurements were performed by the standard four-probe method. The nanowires were pressed to bulk

materials with 5 mm � 3 mm � 0.2 mm at 300 kgf/cm2. Four copper wires as electrodes with 0.4 mm

separation, adhered to sample with conducting silver gelatin. It can be accepted that electric conduction

from VO2 nanowires proceeds via hoppings between V5+ and V4+ impurity center. Temperature

X. Wu et al. / Materials Research Bulletin 40 (2005) 315–321318

Fig. 2. Morphologies of VO2 nanowires. (A) A low-magnification SEM image; (B) a high-magnification SEM image, showing

that the nanowire bundle is made of many parallel nanowires; (C and D) self-assembling nanostructure; (E) self-assembling

bending nanowires; (F) TEM images and ED pattern of single smoothing VO2 nanowire.



dependent measurements revealed a decline in conductivity with decreasing temperature, consistent with

thermally activated hopping transport. The resistance R versus T is plotted in Fig. 4C, and ln (T/R) versus

reciprocal temperature is shown as inset in the range of 93–300 K. The plot is performed to analyze the

data in the frame of the general formula proposed by Mott [25,26] for small polaron hopping in transition

metal oxides:

s ¼ n0e2cð1 � cÞ
krT

� �
expð�2arÞ exp � w

kT

� �

where s is conductivity, n0 a phonon frequency, c the concentration ratio V4+/(V4++V5+), r the average

hopping distance, w the activation energy, and a the rate of wave function decay. Approximating the plot

(inset in Fig. 4) by a straight in the high temperature range (T = 150–300 K) leads to an activated energy

of 0.128 eV, which it is lower than that (0.21 eV) of V2O5 nanowires [23]. It shows that VO2 nanowires

have better conduction than V2O5 nanowires. Greater resistance of the samples may come from contact

resistance between sample and electrode, but it cannot influence on the electrical transport properties via

four-probe method. As is shown Fig. 5, a metal–semiconductor transition can be observed around 341 K,

however the change in electrical resistivity is lower than the results of VO2 thin films [15,16]. That the
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Fig. 3. Raman spectrum of as-prepared sized VO2 nanowires.

Fig. 4. Temperature dependence of resistance R of VO2 nanowires (below 300 K). The inset shows a plot of ln (T/R) vs. 1000/T.



abrupt change in electrical resistivity is not obvious may be attributed to the oxygen content deviation of

VO2 nanowires.

Considering that the conductivity, metal-insulator transition temperature and activation energy in VO2

depend on the oxygen content, the oxygen content for the vanadium dioxide nanowires has been

measured. Fig. 6 shows TG and DSC curves of 4.94 mg VO2 nanowires in air. Weight of the nanowires

increased 0.513 mg (Fig. 6a) via two stages from A to D between 36 8C and 588 8C, which originates

from conversion of VO2 to V2O5, therefore the molecular formula of the nanowires could be confirmed as

VO1.97 by calculation. As shown in Fig. 6b, two stages absorbing oxygen correspond to endothermic peak

at 74.43 8C (E) and exothermic peak at 549.7 8C (F), and endothermic peak at 671.8 8C (G) shows melts

point of the V2O5 nanowires. When temperature is more than 671.8 8C, weight loss of the samples can be

attributed to vaporization of V2O5.

4. Conclusion

Long self-assembling VO2 nanowires have been prepared by pyrolysis of (NH4)0.5V2O5 nanowires in

vacuum quartz tubes at 500–570 8C. The electrical measurements show that it is semiconductor with

conduction activate energy of 0.128 eV. The conducting mechanism can be explained by small polaron

hopping in transition metal oxides. If the samples were hot treated in vacuum rather than sealed in quartz

tube, VO2 phase could not be obtained.
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Fig. 5. Temperature dependence of resistivity of VO2 nanowires (300–390 K).

Fig. 6. (a) TG and (b) DSC curves of VO2 nanowires in air.
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