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In this work, VO2 nanorods have been initially generated as reactive nanoscale precursors to their

subsequent conversion to large quantities of highly crystalline V2O3 with no detectable impurities.

Structural changes in VO2, associated with the metallic-to-insulating transition from the

monoclinic form to the rutile form, have been investigated and confirmed using X-ray diffraction

and synchrotron data, showing that the structural transition is reversible and occurs at around

63 1C. When this VO2 one-dimensional sample was subsequently heated to 800 1C in a reducing

atmosphere, it was successfully transformed into V2O3 with effective retention of its nanorod

morphology. We have also collected magnetic and transport data on these systems that are

comparable to bulk behavior and consistent with trends observed in previous experiments.

Introduction

Metal oxides, in particular, represent one of the most diverse

classes of materials, with important structure-related

properties, including superconductivity, ferroelectricity,

magnetism, colossal magnetoresistivity, conductivity and

gas-sensing capabilities. It is evident that the synthesis of

metal oxide nanostructures will lead to key developments in

the construction of devices. For instance, metal oxides are a

key component in metal oxide semiconductor field effect

transistors (MOSFET), which are the basis for CMOS logic

used in many computational devices.1 In addition, metal

oxides are increasingly being utilized in the development of

novel energy sources and devices, including as photovoltaics.

For example, both titanium dioxide (TiO2) and zinc oxide

(ZnO) have been incorporated into dye-sensitized solar cells.2,3

Finally, metal oxides have also been considered as important

catalysts in key commercially relevant reactions such as the

photo-splitting of water,4,5 the water gas shift reaction,6,7 and

the production of chlorine from HCl.8

Of the family of metal oxides, vanadium oxides have been of

particular focus in recent years for their diverse electronic,

optoelectronic, electrochromic, and magnetic properties9 with

potential applications as sensors, catalysts, high-energy

lithium batteries, as well as electrochemical and optical

devices.10 For example, vanadium oxides have been cited for

their ability to initiate the gas-phase oxidation of propane to

propylene,11,12 due to their interesting metal-to-insulator

(M–I) transitions.13 Vanadium maintains several stable

oxidation states, namely V3+, V4+ and V5+, which allow

for the formation of many stable oxides,14,15 and what makes

these materials exciting are their structural transformations

and accompanying electronic phase transitions. The structures

of most of these phases of binary VO2+x are built up of

distorted VO6 octahedra which share both corners and edges16

with the degree of edge sharing increasing with decreasing

values of ‘x’. Specifically, in this manuscript, we are interested

in VO2 and V2O3, each of which exhibits a metal-to-insulator

transition; in the case of V2O3, this involves an evolution

from a low-temperature antiferromagnetic insulator to a high-

temperature paramagnetic phase,17 accompanied by a seven

orders-of-magnitude jump in conductivity.18 These M–I

transitions can occur at different temperatures, ranging from

�100 1C for V2O3
3,19 to 68 1C for VO2.

20,21 Moreover, one can

lower the M–I transition temperature by doping with

tungsten20 for VO2 or with molybdenum for V2O3.
22,23

Conversely, the M–I transition temperature could be raised

by doping with chromium, as was observed with V2O3.
24

Vanadium dioxide (VO2) is of particular interest due to the

fact that its Mott M–I transition temperature, occurring at

68 1C, is the closest to room temperature of any of the

undoped vanadium oxides currently known and is associated

with an abrupt change in resistivity (a factor of 104 to 105).

That is, at room temperature, bulk vanadium dioxide adopts a

distorted P21/c monoclinic structure with insulating proper-

ties. However, when heated above the transition temperature,

it is converted into a tetragonal rutile P42/mnm structure,

possessing metallic properties.25,26 This observation renders

this material as a useful candidate in possible applications

ranging from robust, near-IR optical switches (reported to

switch as fast as 500 fs between the two states when excited

with 50-fs laser pulses at a wavelength of 800 nm),27 smart
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window coatings, heat sensors, optical modulators, field effect

transistors, to optical storage media.20,28–35

There are a number of existing methods for synthesizing

VO2 nanostructures. In terms of solution approaches, nano-

crystalline VO2 can be synthesized by a reduction of aqueous

potassium vanadate solution with potassium borohydride

around pH 4.16 In addition, VO2 nanorod arrays can be

produced using an ethylene glycol reduction approach under

hydrothermal conditions.36 Using an analogous approach,10

vanadium oxide nanorods measuring 40–60 nm in diameter

and 1 to 2 microns in length have been successfully fabricated

using a surfactant-assisted hydrothermal method at 180 1C for

48 h. Moreover, with a similar methodology, precursor oxides

have been mixed with either hexadecylamine or dodecylamine

along with cetyltrimethyl ammonium bromide for 48 h in air

followed by hydrothermal treatment at 180 1C for 1 week to

generate vanadium oxide nanotubes.37–44

In terms of gas-phase protocols, VO2 nanorods have been

fabricated by sputtering of a vanadium-metal thin film.45 In

addition, VO2 nanostructures have been generated by

chemical vapor deposition of a vanadium oxo-tri-isopropoxide

precursor.46 In a related technique, o30 nm VO2 powders

have even been obtained47 through the pyrolysis of precursors

such as [NH4]5[(VO)6(CO3)4(OH)9]�10 H2O. Similarly, high-

temperature annealing (1000 1C) in an argon atmosphere of

VO2 seed particles can induce the corresponding nucleation

and growth of VO2 nanorods.
26 By analogy, vapor deposition

utilizing finely meshed VO2 powder in the presence of He gas

at a temperature range of 550 to 650 1C was recently used to

synthesize high yields of single-crystalline VO2 nanorods with

a narrow width distribution.18 Lastly, vapor transport

methods have been used to generate crystalline, well-faceted

VO2 nanorods on a silicon nitride substrate at 900–1000 1C

in the presence of bulk VO2 and argon at a pressure of

12–13 Torr.48

Interestingly, vanadium sesquioxide (V2O3) also exhibits an

interesting magnetic transition that accompanies the M–I

transition. That is, at room temperature, vanadium sesqui-

oxide acts as a paramagnetic metal. However, when it is cooled

below its transition temperature, it converts into an anti-

ferromagnetic insulator. Coincident with this transition,

vanadium sesquioxide exhibits a structural transformation

from rhombohedral symmetry at room temperature to a

monoclinic structure below the transition temperature.49 The

interesting property changes associated with the M–I

transition in vanadium sesquioxide render it a promising

candidate for applications as diverse as temperature sensors,

current regulators, and components of conductive polymer

composites.50–53

Previous reports regarding the synthesis of nanoscale

formulations of V2O3 have involved a number of parallel

tracks as well. For example, V2O3 nanoparticles can be

produced by means of laser-induced vapor-phase reaction.

Moreover, spherical nanoparticles measuring 30 nm in

diameter can be fabricated by reductive pyrolysis (to as high

as 730 1C) of ammonium oxovanadium(IV) carbonato

hydroxide in a H2 flow.
54 In addition, stable and homogeneous

V2O3 nanocrystals can be grown9 directly from the thermal

reduction of V2O3 thin films in vacuum at 600 1C as well as

through the thermal decomposition of oxalate.55 V2O3 and

VN nanocrystals have been synthesized56 by the decomposi-

tion of NH4VO3 followed by nitridation in an autoclave with

metallic Na flux at 450 to 600 1C. The reaction between

transition metal alkoxides and benzyl alcohol57 at tempera-

tures of 200 to 220 1C has also provided a route towards the

preparation of crystalline V2O3 nanoparticles, measuring 20 to

50 nm. Furthermore, V2O3 nanopowder can be successfully

prepared through thermal decomposition of its corresponding

oxalate.55 Recently, hollow rutile VO2 and corundum V2O3

nanotubes have been generated through a H2-mediated reduc-

tion of V2O5�d nanoscroll precursors,
58 which themselves had

been hydrothermally prepared from aged suspensions of V2O5

and dodecylamine.58

In this paper, our approach to generating filled V2O3

nanorods is inspired by this nanoscroll methodology, but with

a VO2-based intermediate precursor template. Specifically, as

a first step, we initially synthesized nanorods of hydrated VO2

and dehydrated these samples by heating in an inert atmo-

sphere at high temperature to yield VO2 in a parallel fashion to

what has already been reported for micron-scale powders.59 It

is worth reiterating that VO2 possesses a high-temperature

metallic state (VO2(R)) above 68 1C with a tetragonal rutile

structure with parameters of a = b = 4.55 Å and c = 2.88 Å,

in which each vanadium ion is located at the center of an

oxygen octahedron.60–62 The semiconducting low-temperature

form, i.e. ambient room-temperature motif of VO2(M), is a

monoclinic distortion of the rutile structure with a = 5.75 Å,

b = 4.52 Å, and c = 5.38 Å, involving a pairing and off-axis

displacement of alternate vanadium ions along the rutile

c axis.60,63,64 Our second step was to essentially reduce VO2

to V2O3 in high yields at a high annealing temperature

(i.e. over 550 1C) in a manner analogous to what has been

accomplished with thin films.14 Our methodology is also

similar to the synthesis65 of V2O3 by the thermal decomposi-

tion of V2O5 in high vacuum at 600 1C. While it may have been

logical to have used a different variation of VO2 intermediate

in our syntheses, i.e. VO2(B), the metastable nature of this

latter polymorph of VO2 made it difficult to proceed with that

particular route.10,66

Hence, the real novelty of this work lies in three key areas.

First, we believe we are unique in achieving the production of

filled, crystalline V2O3 nanorods in reasonable quantities (i.e.

as much as grams at a time in a given run). Second, our V2O3

nanorods are relatively free of impurities as well as the

presence of other phases of vanadium oxide, thereby removing

the need for additional sample purification. In other words, we

are not creating mixed valent VOx nanostructures, wherein

species such as VO2, V2O5, and V6O13 can potentially

co-exist.38,41,67 Third, we were able to generate these V2O3

nanorods by building upon nanorod motifs of VO2 itself as an

intermediate stepping stone, a necessary precursor, to this

product. We have previously demonstrated68 the feasibility

of this latter idea in our laboratory in our conversion of

titanate nanorods and nanotubes into anatase TiO2 nanorods

and nanoparticles, respectively, at essentially 100% yield. In

that case, we showed that the size and shape of the precursor

titanate structural motif strongly dictated and controlled the

eventual morphology of the resulting titania products.
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Experimental

Synthesis

All chemicals were used as purchased, without further

purification. The synthesis of hydrated VO2 nanorods was

conducted using a minor modification of a hydrothermal

method previously presented by Gui et al.69 We chose this

particular protocol, because it avoided the high temperatures

and specialized equipment associated with gas-phase techni-

ques. Moreover, this procedure69 could lead to the production

of high-quality, single-crystalline nanorods in large quantities

with reliable control over morphology without the need for

sintering. Specifically, in a typical reaction, 0.2546 g of V2O5

(Acros Organics, 99.6+%) and 0.2412 g of KOH (Fisher

Scientific) were added to a 23 mL Teflon lined autoclave.

Subsequently, 14.38 mL of H2O was added to the autoclave

and the solution was mixed thoroughly, achieving final molar

concentrations of 0.10 and 0.29 M for V2O5 and KOH,

respectively. Following this process, 50.7 mL of hydrazine

(Acros Organics, 99%), selected not only for its reducing

ability but also for its potential in coordinating central

vanadium ions into a one-dimensional morphology,69 was

added to the tune of 0.068 M, followed by further mixing of

the solution. Finally, the pH of the solution was adjusted to

B3 using HCl (EMD, ACS reagent grade). The autoclave was

subsequently sealed and heated at 150 1C for 48 h. After

heating, a blue-black product was isolated and purified by

centrifugation and washing with absolute ethanol (Acros

Organics, 200 proof) followed by storage in an inert

atmosphere to prevent additional oxidation.

To prepare the dehydrated form of VO2, the product of the

hydrothermal reaction was heated under N2 at 350 1C for 24 h

which, at elevated temperatures, likely directly generated the

thermodynamically most stable VO2(R) form, which

subsequently reversibly converted to VO2(M) at room tem-

perature under ambient conditions. To synthesize V2O3, the

blue–black VO2 product in either its hydrated or dehydrated

formulation was heated at 800 1C at a ramp rate of 10 1Cmin�1.

The black sample was subsequently removed from the

oven and allowed to cool to room temperature under a

reducing atmosphere so as to prevent oxidation of the

product.

Characterization

The diameters and lengths of as-prepared nanorods were

initially characterized using a field emission scanning electron

microscopy instrument (FE-SEM Leo 1550), operating at an

accelerating voltage of 15 kV and equipped with energy-

dispersive X-ray spectroscopy (EDS) capabilities, as well as

with a Hitachi S-4800 at an accelerating voltage of 1.0 kV.

Samples for SEM were prepared by dispersing as-prepared

nanorods in ethanol, sonicating for about 2 min and then

depositing the sample onto a silicon wafer, attached to a SEM

aluminum stub.

Low magnification TEM images were taken at an accelerating

voltage of 80 kV on a FEI Tecnai12 BioTwinG2 instrument,

equipped with an AMT XR-60 CCD Digital Camera System.

High-resolution TEM (HRTEM) images were obtained on a

JEOL 2010F instrument at accelerating voltages of 200 kV.

Specimens for all of these TEM experiments were prepared by

dispersing the as-prepared product in ethanol, sonicating for

2 min to ensure adequate dispersion of the nanorods, and

depositing one drop of the solution onto a 300 mesh Cu grid,

coated with a lacey carbon film.

To prepare powder X-ray diffraction (XRD) samples, the

resulting nanorods were rendered into slurries in ethanol,

sonicated for about 1 min, and then air-dried upon deposition

onto glass slides. Diffraction patterns were collected using a

Scintag diffractometer, operating in the Bragg–Bretano

geometry and using Cu Ka radiation (l = 1.54 Å) from

10 r 2y r 801 at a scanning rate of 21 in 2y per minute.

Temperature-resolved synchrotron XRD data were collected

at the X7B beamline at the National Synchrotron Light

Source. Sample powders were loaded in a polyimide capillary

with a 0.5 mm inner diameter. The X-ray beam size was

adjusted using slits to match the capillary size. Temperature

was controlled by an air-blow type heater with the thermo-

couple placed in contact with the outside of the capillary in the

middle of the air stream from the heater. A 2 1C/step

temperature scan started from 55 1C for the heating cycle,

with at least 30 min stay at each step. The subsequent cooling

started from 69 1C with the same temperature step size. 2-D

XRD data were collected using a MAR345 imaging plate area

detector with continuous 120 s exposure times. The readout

time for the detector was 45 s between exposures. 2-D data

were processed by the program Fit2D to obtain traditional

1-D ‘‘2y scan’’ data for analysis. The wavelength used was

0.31840(2) Å.

Measurements

Magnetic measurements were performed on a 11.46 mg

powder sample of V2O3 nanowires in a Quantum Design

Magnetic Property Measurement System (MPMS) with fields

up to 7 T and temperatures between 1.8 and 300 K.

Nanorod devices were fabricated by a combination of

electron beam (e-beam) lithography and e-beam induced direct

metal deposition (EBID) using a scanning electron microscope

(SEM) (Helios, FEI) equipped with a Nano Pattern Generating

System (NPGS) and an organometallic gas injection system

(GIS). First, contact pads measuring 100 � 100 mm2 in area

and electrodes with 1 mm in width and spacing were fabricated

using e-beam lithography on a Si substrate with 400-nm thick

thermally grown SiO2. In a typical run, a layer of the

commercial e-beam resist, ZEP-1, was applied via spin-coating

onto the substrate at 3000 rpm followed by 3 min of baking at

180 1C. The substrate was subsequently loaded into the SEM.

Contact pads and electrode patterns were then exposed by

e-beam irradiation (at 30 kV accelerating voltage and 1.4 nA

current), followed by development in xylenes for 2 min and

rinsing in isopropyl alcohol. Finally, 40-nm thick platinum

was deposited onto the substrate surface by sputter coating in

a vacuum atmosphere of B10�5 Torr.

V2O3 nanorods were then randomly transferred onto the

substrate containing the fabricated contact pads by spin-coating

a suspension of these nanomaterials dispersed in aqueous

solution at 1000 rpm. Upon location of these V2O3 nanorods
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on the substrate using the SEM, platinum electrical contacts,

maintaining a thickness of B100 nm and a width of B80 nm,

were applied to the nanorods by direct deposition of Pt itself,

derived from decomposition of a trimethyl [(1,2,3,4,5-ETA)-1-

methyl-2,4-cyclopentadien-1-yl] platinum source, that had

been introduced into the vacuum chamber by a GIS, in the

presence of a 30 kV e-beam with a 1.4 nA current.

Current–voltage (I–V) measurements were obtained using a

HFTTP4 cryogenic probe station (Lakeshore) spanning a

temperature (T) range from 80 K to 300 K.

Results and discussion

1 Structural characterization and mechanism

As can be seen from the XRD patterns shown in Fig. 1, the

samples synthesized are pure with no peaks attributable to

crystallographic impurities within the detection limits of the

instrument. Specifically, as expected, the dehydrated VO2

XRD pattern can be indexed to a monoclinic structure

(JCPDS #82-0661) with space group P21/c. Lattice

parameters of a = 5.750 � 0.008 Å, b = 4.523 � 0.007 Å,

and c= 5.376 � 0.018 Å were calculated based on the powder

XRD pattern, and are in excellent agreement with those

reported in the JCPDS database, namely a = 5.752 Å,

b = 4.526 Å, and c = 5.383 Å. We actually collected an

XRD pattern of a dried powder sample of hydrated VO2 itself

in Fig. S1 for the sake of completeness.w The quality of that

data, however, may be partially attributable to the

incompatibility between the ‘hydrated’ nature of the sample

and the ‘dry’ sample acquisition process itself, as well as to the

presence of impurities that were subsequently transformed

during later high-temperature annealing treatments.

The XRD pattern for V2O3 can be indexed on the basis of a

rhombohedral unit cell (JCPDS #85-1411) space group,

R�3c. Lattice parameters determined in the hexagonal setting

from the experimental powder XRD pattern indicate that

a = 4.954 � 0.010 Å and c = 13.939 � 0.045 Å, in

good agreement with the corresponding literature values of

a = 4.952 Å and c = 14.003 Å.

Electron microscopy on the as-prepared sample, Fig. 2a and b,

showed that the VO2�H2O nanorods possess widths of

74� 21 nm and lengths of up to several microns. The HRTEM

image in Fig. 2b, in particular, shows lattice spacings,

measuring 0.485 nm and 0.515 nm, respectively, which are in

good agreement with the expected (JCPDS #13-0346)

literature values of 0.434 nm and 0.512 nm, respectively.

The sharpness of the spots in the selected area electron

diffraction, SAED, pattern shown in Fig. 2c, strongly suggests

that the nanorods are highly crystalline. However, measured

Fig. 1 (A). XRD patterns corresponding to as-obtained, dehydrated

samples and the associated JCPDS #82-0661 for VO2(M). (B) XRD

pattern of V2O3 obtained by heating of a VO2 precursor in a hydrogen

atmosphere to 800 1C, along with the corresponding database

standard, JCPDS #85-1411.

Fig. 2 (A) SEM image of as-prepared VO2�H2O nanorods. (B) HRTEM

image of a typical, individual hydrated nanorod. (C) SAED of the nanorod

probed in (B). Measured d-spacings in Angstroms are indicated directly to

the left of indexed diffraction spots.
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d-spacings from the SAED pattern and its XRD pattern (Fig. S1w)
did not match well with one another, an observation which

can be reasonably attributed to sample dehydration

(and corresponding lattice alteration) under electron beam

irradiation, characteristic of TEM sampling conditions.

Hence, we were unable to properly index the diffraction

pattern.

To probe the expected structural alteration associated with

the M–I transition of VO2(M) to VO2(R), our as-prepared

nanostructures were heated in an inert atmosphere to 350 1C

for 4 h in order to facilitate dehydration.69 The SEM image in

Fig. 3a shows that the resulting morphology of the wires

remained mostly one-dimensional, with some shrinkage due

to the loss of water. That is, the dehydration process did not

appear to damage the regular arrangement of V and O

atoms.69 We measured an average width of 68 � 12 nm with

lengths of up to several microns for our structures. HRTEM

and SAED data presented in Fig. 3b and c on our VO2

nanorods further confirm that they remain single crystalline

after dehydration. In particular, the HRTEM data clearly

show lattice planes with a d-spacing of 0.323 nm, corres-

ponding to the (110) plane (d = 0.331 nm) of monoclinic

VO2, while the SAED pattern shows the presence of intense

spots, corresponding to the (110), (212), and (102) planes, in

good agreement not only with our HRTEM data but also with

our diffraction data.

As was previously described in Fig. 1, we obtained evidence

for the formation of monoclinic VO2 upon dehydration of

VO2�H2O. To further investigate the quality of our sample, we

sought to investigate the transition from the VO2(M) to the

VO2(R) phase, using temperature-dependent in situ synchro-

tron radiation measurements. What we found, as shown in

Fig. 4, was that the transition temperature spanned 63–65 1C

during the heating cycle and 61–59 1C during the subsequent

cooling cycle. This rather small hysteresis is consistent with an

expected rapid and reversible transformation,70 as the posi-

tions and intensities of the peaks returned to their original

profiles upon cooling.

The Mott transition is brought on by a change in crystalline

structure presumably due to changes in the dimensions of

the unit cell.18 Observed peak shifts likely represent the

shrinkage of the unit cell, as expected with the conversion

from the monoclinic to the rutile form. Upon confirmation of

the validity of this transition at the nanoscale, we then set

about converting our 1D nanorod sample from the starting

formulation of VO2 to the final V2O3 chemical structure. As

previously mentioned, there have been a number of reports in

the literature pertaining to the conversion of VO2 to V2O3.
14,65

Herein, we heated our sample, consisting of either VO2�H2O or

VO2 in H2 at temperatures ranging from 500–900 1C and using

reaction times up of to 5 h so as to obtain V2O3 nanorods.

Experimentally, we found that heating of the sample to 800 1C

using a ramp rate of 10 1C min�1 followed by subsequent

cooling to room temperature yielded the best results, as

defined by the resulting sample purity and crystallinity as well

as the prevailing nanorod morphology.

SEM and TEM data on this optimized sample are shown

in Fig. 5. Though nanorods predominate, samples are not

necessarily monodisperse, with the presence of nanorods to

nanoparticles in the ratio of 3 : 1. Nonetheless, the widths and

lengths of the as-prepared V2O3 nanorods are slightly smaller

than those of the precursor VO2 nanorods, measuring 64� 18 nm

in diameter and up to a couple of microns in length,

respectively. The morphology of the as-prepared wires also

changed slightly as well, transforming from relatively smooth

wires to wires with a roughened surface texture, perhaps due

to the presence of V2O3 particulates. HRTEM images, shown

in Fig. 5a and b, show that the wires remain highly crystalline,

with clearly visible lattice planes possessing measured

d-spacings of 0.248 nm and 0.268 nm, that correlate with the

(110) (d = 0.247 nm) and (104) (d = 0.271 nm) planes of

V2O3, respectively, as supported by literature data (JCPDS

#85-1411). These experimental values are also in good agree-

ment with data taken from powder XRD measurements,

Fig. 1a, where the calculated d-spacings of 0.248 nm and

0.271 nm can be assigned to the (110) and (104) peaks,

respectively.

Previous reports have also shown that conversion of films

and nanocrystals of VO2 to V2O3 can be explained via a

combination of diffusion, coalescence, and stabilization

processes,9,65 which is consistent with what we have observed

here. Of relevance here, it was noted that the thermal reduc-

tion process involved in one of those experiments9 involved

rearrangement of oxygen polyhedra surrounding the V atoms;

the reduced oxide phases essentially diffused and coalesced,

leading to the formation of differently-shaped geometries.

Hence, the thermally-induced (a) nucleation and growth of

Fig. 3 (A) SEM image of dehydrated VO2 nanorod aggregates with

individual widths of 68 � 12 nm and lengths of up to a couple of

microns. (B) HRTEM image of a single VO2 nanorod. (C) SAED of

the VO2 nanorod probed in (B).
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the V2O3 phase, governed to a large extent by atomic diffusion,

and (b) the formation of lattice defects during the in situ phase

transformation along microstructural defects of the parent

precursor VO2 likely yielded a highly strained intermediate

defective state.65 Diffusion is expected to occur isotropically,

so that the transformed phase could initially have formed

spherical particles. These particles then presumably coalesced

to generate roughened, high-surface-energy nanorod-like

motifs. Yet, these as-prepared V2O3 nanomaterials could also

exist stably as spheres, since defect density was minimized and

the presence of high surface energy surfaces was reduced in

this particular geometric configuration.

We indeed noted that as the reaction time and temperature

were increased, fewer nanorods were produced but a pre-

ponderance of nanoparticles was clearly noted in the sample.

Moreover, consistent with this growth mechanism, we

also discovered that temperature was the main parameter

governing this reaction. That is, our reaction medium needed

to be ‘hot’ enough, i.e. heated above 800 1C, in order for the

conversion from VO2 to V2O3 to occur. At temperatures below

800 1C, the morphology of the sample retained its nanorod

motif, but the product actually consisted of a mixture of

different phases (including V6O13 and V3O7) of vanadium

oxide. Hence, our observations could be explained by in situ

phase conversions, as evinced by diffraction analyses.

Fig. 5 (A) TEM image of V2O3 nanorods. Inset shows a different

region containing these metal oxide nanorods. (B) HRTEM image of a

representative, individual nanorod, showing lattice spacings consistent

with the (104) and (110) planes of V2O3. (C) SAED pattern of V2O3

nanorods, demonstrating their single crystallinity.

Fig. 4 (A) Variable-temperature synchrotron diffraction data re-plotted

over 241 r 2y r 801 to simulate the familiar scale for Cu Ka radiation

(l = 1.5418 Å) commonly used on laboratory sources. The original

data were collected using l = 0.3184 Å on a synchrotron source.

Indexing of peaks (monoclinic P21/c bottom and tetragonal P42/mnm

top) for individual sections of the diffraction pattern are shown in

(B) 241 r 2y r 301, (C) 301 r 2y r 401, (D) 401 r 2y r 501,

(E) 501 r 2y r 601, (F) 601 r 2y r 701, and (G) 701 r 2y r 801.

Disappearance of certain peaks are a diagnostic for the transition from

the monoclinic to the tetragonal phase in VO2: for example, the

disappearance of monoclinic peaks (11–1,110) in (B), 30–2 in (D),

(12–2, 31–1) in (E), and the 31–3 in (F).
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2 Measurements

A Magnetic data. The temperature variation of the

magnetic susceptibility M/H (H = 5.0 T) for V2O3 is plotted

in Fig. 6, for both ZFC (zero field cooled) as well as FC (field

cooled at 5.0 T) cases. The magnetic susceptibility (M/H) was

found to slowly increase from 300 K to about 200 K, with an

anomalous drop in magnetic susceptibility observed at about

166 K. The magnetic susceptibility subsequently increased

again at lower temperatures. We can fit the magnetic

susceptibility data above 200 K using the Curie–Weiss law in

eqn (1):

M/H = C/(T � yp) (1)

The Curie constant, C (C = Nmeff
2/3kB where N is the number

of V atoms per unit cell), yields an effective paramagnetic

moment per V atom, meff = 2.64 mB, which is close to the

Hund’s rule value for V3+, namely meff = 2.8 mB. The

calculated paramagnetic Curie temperature, yp, is about

�634 K. The negative value here also indicates that the V

moments are antiferromagnetically coupled. Both C and yp
are in good agreement with the reported behavior for bulk

V2O3.
71

Fig. 7 represents the measurement of the field dependence of

the magnetization from �5.0 T to 5.0 T at different tempera-

tures. At high temperatures, M is linear with the field.

Fig. 6 and 7 suggest that the V moments are spatially localized

and fluctuate independently above the 166 K anomaly. The

anomaly observed here agrees well with that of pure bulk

V2O3, where it corresponds to the simultaneous onset of

antiferromagnetic order and the delocalization of the V

d-electrons. Also since the oxygen stoichiometry can signifi-

cantly change the phase transition behavior,71 the anomaly at

166 K may indicate that our nanorod sample is very close to

the expected stoichiometric ratio of V2O3 without the presence

of impurities or extraneous vanadium oxide phases.

A second region of Curie–Weiss behavior has been observed

at the lowest temperatures. That is, Fig. 7 shows a weak

nonlinearity in M vs. H behavior at 10 K, as expected for

the paramagnetic Brillouin function. Here, the fitted

Curie–Weiss law results in a significantly smaller Curie

constant than the one found above 166 K (Table 1), implying

that only a subset of the V atoms remains paramagnetic at low

temperature. Yet, the moment concentration is sufficiently

high that this second Curie–Weiss contribution to the suscepti-

bility cannot originate with moment-bearing impurities

and hence, must be intrinsic. Previous researchers72,73 have

suggested that the surface spins in antiferromagnetic nano-

particles are uncompensated, and may produce a para-

magnetic susceptibility below the overall Néel temperature,

just as we have found with our V2O3 nanorods herein.

We suggest that the magnetization data shown in Fig. 6 and

7 represent the sum of the contributions both from the surface

and the core spins. Above the 166 K transition temperature

where antiferromagnetic order sets in, all V moments are

paramagnetic, just as in the bulk material. By contrast, below

the transition temperature, the interior of the nanoparticle is

antiferromagnetic, while the spins on the surface are either free

or paramagnetic. When the temperature is low enough, these

surface spin contributions dominate, and this situation leads

to the observed increase in susceptibility at low temperatures.

B Electronic-transport characterization. A typical device

consisted of a B1 mm long V2O3 wire section (SEM image

in Fig. 8, labeled C) electrically contacted on opposite ends by

large-scale lithographically-defined pads (Fig. 8, labeled A)

and smaller scale EBID-defined platinum leads (Fig. 8, labeled

B). The device two-terminal current–voltage (I–V) character-

istic was symmetric with respect to the sign of voltage bias for

all measured temperatures (e.g. three representative tempera-

tures are shown in Fig. 9), indicating similar electrical contact

properties between the EBID-platinum wire and the V2O3

nanorod on both ends of the device.

The measured device current increased linearly with voltage

over the bias range of 0.3 V o |V| o 5 V for every measured

temperature (80–300 K) (Fig. 9). We calculated the two-probe

V2O3 nanorod resistivity (r) from the device’s ohmic resistance

(R� V/I) according to r�R*A/L, whereA is the cross-sectional

Fig. 6 Temperature dependence of the DCmagnetization atH=5.0 T.

Both ZFC and FC curves at 5.0 T were measured, although little

hysteresis was observed. Inset:H/Mvs. T, showing that the linear regions,

above 200 K and below 50 K, can be fit well with the Curie–Weiss law,

where the slope gives the inverse of the Curie constant (1/C).

Fig. 7 DC magnetization measured at three different temperatures

(i.e. 10 K, 150 K, and 300 K) with fields from�50 000 Oe to 50 000 Oe.

Table 1 Curie–Weiss fit parameters (M/H = C/(T � yp) with
(C = Nmeff

2/3kB) from M vs. T measurements

T/K C/emu K mol�1 yp/K meff/mB

4200 0.874 �633.9 2.64
o50 0.115 �82.5 0.96
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nanorod area and L is the length of the nanorod bounded by the

two Pt contacts. We assumed a circular nanorod cross-sectional

area, A= pr2, with r as the nanorod radius measured from SEM

images. At low applied voltage bias (�0.3o Vo 0.3 V), the I–V

curve was slightly nonlinear, likely indicating a small Schottky

barrier at the Pt–V2O3 contact (Fig. 9).

Nanorod device two-terminal resistivity (r) increased with

decreasing temperature (Fig. 10), with a total resistivity

change (Dr) of B103 upon changing the temperature from

300 K to 80 K. Despite the two-terminal nature of our

measurements, separate measurements of minimal changes in

the Pt lead resistance over the same temperature range (not

shown) allowed us to ascribe the observed behavior to the

V2O3 nanorod itself. Upon cooling the device, we observed an

increase in the rate of nanorod resistivity change in the

temperature range around 150–200 K (red open triangles),

similar to the point at which we observed large changes in

nanorod magnetization (Fig. 6), and consistent with previous

reports of a metal–insulator transition74 in V2O3 at tempera-

tures of around B150 K. The total magnitude of resistivity

change has previously been used to infer information about

material purity in terms of stoichiometry and crystallinity.14

The nanorod device resistivity decreased smoothly over the

entire temperature range upon warming from 80–300 K

(Fig. 10, black solid squares), such that the entire temperature

cycle is hysteretic, consistent with previously reported

measurements74 of corundum V2O3 nanotubes.58 Moreover,

previous observations of similar hysteresis in V2O3 film

resistivities have been discussed in terms of substrate-induced

volume confinement effects.75

Conclusions

VO2 nanorods have been initially generated as reactive

precursors. Structural changes, associated with the M–I

transition, from the monoclinic form to the rutile form have

been investigated and confirmed using XRD and synchrotron

data, showing that the structural transition is reversible and

occurs at around 63 1C. When this sample was subsequently

heated to 800 1C in a reducing atmosphere, it was successfully

converted to V2O3 with effective retention of its one-dimensional

morphology. Furthermore, we have collected both magnetic

and transport data on our samples, which are in general

agreement with either bulk behavior or prior results on

analogous nanoscale systems.
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