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ABSTRACT: VO, nanostructures derived from solution-phase
methods are often plagued by broadened and relatively diminished
metal—insulator transitions and adventitious doping due to
imperfect control of stoichiometry. Here, we demonstrate a stepwise
scalable hydrothermal and annealing route for obtaining VO,
nanowires exhibiting almost 4 orders of magnitude abrupt (within
1 °C) metal—insulator transitions. The prepared nanowires have
been characterized across their structural and electronic phase
transitions using single-nanowire Raman microprobe analysis,
ensemble differential scanning calorimetry, and single-nanowire
electrical transport measurements. The electrical band gap is

VO,(M)

VOZ(‘B) “VO,(R)

determined to be 600 meV and is consistent with the optical band gap of VO,, and the narrowness of differential scanning
calorimetry profiles indicates homogeneity of stoichiometry. The preparation of high-quality free-standing nanowires exhibiting
pronounced metal—insulator transitions by a solution-phase process allows for scalability, further solution-phase processing,

incorporation within nanocomposites, and integration onto arbitrary substrates.
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B INTRODUCTION

Vanadium(IV) dioxide, VO,, has attracted significant research
interest owing to its orders-of-magnitude first-order phase
transition between insulating and metallic states that occurs at
ca. 67 °C in the bulk."™ The transition temperature, Tyyr, is
uncommonly close to room temperature, and this fortunate
circumstance has inspired considerable interest in device
architectures that can take advantage of the abrupt switching
of electrical and optical properties accompanying this phase
transition."” A partial list of proposed device architectures that
have been experimentally realized (to varying extents) includes
Mott field transistors,”* spectrally selective thermochromic
glazings for “smart window” applications,” frequency-agile
metamaterials for electromagnetic cloaking,” periodic oscilla-
tors,” memory devices based on two-terminal device config-
urations (mimicking neuromorphic circuits),*” and strain
sensors.'’~'* In addition, VO, has long served as an accessible
system for fundamental explorations of strongly correlated
behavior in materials.'~>"* The occurrence of a structural phase
transformation between monoclinic and tetragonal phases in
close proximity to the electronic transition temperature has led
to contrasting views regarding the relative importance of
electron—electron and electron—phonon interactions in
VO,.""* However, it must be noted that the electronic and
structural phase transitions can be separated for both thermally
induced and photoactivated processes'>~"” in this system.
Scaling VO, to finite sizes allows for more robust
accommodation of the strain generated during the structural
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phase transformation (in other words, it enables protracted
thermal cycling without cracking) and additionally allows for
modification of the phase diagram to suppress the transition
temperature and stabilize metastable phases.'>"'®~°

From a synthetic perspective, VO, is a challenging target
since it is only stable within a narrow sliver of the V—O binary
phase diagram®' where it resides in immediate proximity to
oxygen-deficient Magneli and Wadsley type phases wherein
extended defects such as crystallographic shear planes facilitate
accommodation of periodic arrays of oxygen vacancies.”> The
magnitude of the metal—insulator transition (for both optical
and electrical properties) and Tyqr thus vary sensitively as a
function of oxygen stoichiometry in VO,*"**7** Optimal
control of the stoichiometry of VO, and thereby materials
exhibiting the most pronounced (above 3 orders of magnitude)
phase transitions have been realized thus far primarily by
physical vapor deposition methods such as high-temperature
vapor—solid deposition,”**">® molecular beam epitaxy,>”*°
pulsed laser deposition,'” and sputtering.>** In these methods,
the structure can be dictated on the basis of epitaxial homology
with an underlying lattice-matched substrate, whereas the
stoichiometry can be precisely defined by tuning the back-
ground pressure, precursor concentrations, and annealing
conditions. Such variables tend to be more difficult to control
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Figure 1. XRD patterns acquired for (a) as-synthesized V30,-H,O nanowires, (b) the initial mixture of VO, (A) and VO, (B) metastable phases
obtained by reduction of V;0,-H,0 nanowires with a 1:1 (v/v) mixture of deionized water and 2-propanol, and (c) VO, nanowires after annealing
at 475 °C for 1 h in an Ar ambient. (d) DSC plot of M1 VO, nanowires showing an exothermic transition upon heating centered at 67.5 °C and an

endothermic transition upon cooling centered at 63.1 °C.

in solution-phase syntheses, and indeed, homogeneous
nucleation tends to favor stabilization of a metastable VO,(B)
structure with the exception of reactions performed under high
pressures.”'

Solution-phase methods are desirable for improved scalability
(applications such as deployment in thermochromic glazings
and functional coatings will require much greater quantities of
material than can possibly be obtained by physical vapor
deposition) and cost-effectiveness and remain of paramount
importance for obtaining high-quality materials that are
decoupled from substrates. The last listed aspect is especially
important for obtaining materials that can be cast onto arbitrary
substrates as desired for a specific application, although
modulation of the metal—insulator transition of VO, via lattice
matching or substrate coupling also remains a rich area of
study.>* Obtaining free-standing nanowires further allows for
deployment of surface functionalization and colloidal chemistry
approaches, thereby enabling tuning of properties and
incorporation within different matrixes and permitting the
rational design of multicomponent nanocomposites. Sol—
gel*>* and hydrothermal®**”~ approaches have previously
been used to prepare VO, nanowires; the incorporation of W
and Mo dopants appears to facilitate stabilization of the rutile
(and, upon cooling to room temperature, the M1 monoclinic)
phase of VO,. However, examples of solution-based prepara-
tion of undoped VO, in nanoscale form are rare, and the
materials thus prepared tend to be inferior to thin films and
nanobeams obtained by vapor transport methods in terms of
the magnitude of the switching evinced for the electrical
conductivity and optical transmittance across the phase
transition, >~

In this work, we report a robust synthetic methodology that
provides access to stoichiometry-controlled solution-derived
VO, nanowires exhibiting massive metal—insulator transitions.
Almost 4 orders of magnitude switching of resistance has been
reproducibly realized for over 30 single-nanowire devices
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incorporating nanowires prepared by this method. For the
prepared nanowires, both the structural and electronic phase
transitions have been characterized. The availability of free-
standing VO, nanowires allows for examination of the intrinsic
phase diagram of the solution-derived nanostructures without
obscuration from substrate coupling and strain imposed by
mismatches in the coefficient of thermal expansion between the
lattice and the substrate. Raman spectroscopy has been used to
study the structural phase transformation given the drastically
different Raman signatures of the two phases. The electronic
phase transition in these nanowires has further been examined
by individual nanowire electronic transport measurements after
integration of the nanowires within device architectures.

B EXPERIMENTAL SECTION

VO, nanowires were prepared by a stepwise hydrothermal method.
First, nanowires of V;0,-H,0O were prepared via the hydrothermal
exfoliation and reduction of bulk V,Oj (Sigma-Aldrich, 98%) by oxalic
acid dihydrate (J.T. Baker). In a typical reaction, 300 mg of V,05 was
placed in a 23 mL PTEFE cup with 16 mL of deionized water (p = 182
MQ/cm, Barnstead International Nanopure Diamond) and 75 mg of
oxalic acid dihydrate. The cup was then placed in a sealed autoclave
and heated at a temperature of 210 °C for 72 h. This reaction can be
reproducibly scaled using a 125 mL autoclave. For the large-scale
reactions, 1.6304 g of V,0; powder and 451 mg of oxalic acid
dihydrate were reacted hydrothermally in 75 mL of deionized water.
The resulting nanowires were filtered and washed with copious
amounts of water and acetone.

The isolated V;0,-H,0 nanowires were then subsequently
hydrothermally reduced by a 1:1 (v/v) mixture of water and 2-
propanol (Fisher). In a typical reaction, 300 mg of the V;0,-H,0
nanowires were placed in a PTFE cup with 8 mL of deionized water
and 8 mL of 2-propanol. The PTFE cup was then placed within a
sealed autoclave and heated at a temperature of 210 °C for 72 h. The
obtained mixture of VO,(A) and VO,(B) nanowires was isolated by
filtration and washed with copious amounts of deionized water and
acetone. Both hydrothermal reactions are performed at pressures of
less than 12$ bar, enabling the use of low-pressure autoclaves. The
collected nanowires (mixture of VO,(A) and VO,(B)) were
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subsequently annealed at 475 °C under an Ar atmosphere in a tube
furnace while an Ar flow of 150 mL/min was maintained for 1 h; VO,
nanowires crystallized in the M1 phase were recovered after cooling to
room temperature.

Powder X-ray diffraction (XRD) characterization of the prepared
materials was performed using a Rigaku Ultima IV diffractometer (Cu
Ka radiation, voltage of 40 kV, current of 44 mA). JADE 8.5 was used
for pattern fitting and phase identification. Differential scanning
calorimetry (DSC; Q200 TA Instruments) was performed between
—50 and +150 °C under a flowing Ar atmosphere. The morphology
and purity of the obtained nanowires were examined by scanning
electron microscopy coupled with energy-dispersive X-ray spectoscopy
(SEM—EDX; Hitachi SU-70 operated at 1S kV) and transmission
electron microscopy (TEM; JEOL JEM-2010 operated at an
accelerating voltage of 200 kV). TEM samples were prepared by
dispersing nanowires in 2-propanol by ultrasonication, and casting
onto 400 mesh copper grids coated with a Formvar/carbon film.

Raman spectra were acquired using a Jobin-Yvon Horiba Labram
HR instrument coupled to an Olympus BX41 microscope. The 514.5
nm line from an Ar ion laser was used as the excitation source. The
Raman spectra were acquired using a 1800 lines/mm grating, yielding
a spectral resolution of better than 2 cm™'. The in situ heating
measurements were performed under a N, atmosphere using a sealed
THMS 600 thermal stage from Linkam Scientific Instruments. The
samples were left to equilibrate at each temperature for 300 s prior to
the Raman spectrum being acquired.

Electrical transport measurements of single nanowires were
performed using a variable-temperature cryostat insert. The nanowires
were first dispersed and cast onto Si/SiO, (300 nm) substrates.
Subsequently, Au electrodes (70 nm) were patterned after contacts to
the nanowires were defined using a combination of electron-beam
lithography and photolithography; Cr metal (S nm) was used as the
adhesion layer. Resistance versus temperature measurements were
acquired for both heating and cooling cycles between 27 and 107 °C.
Current versus voltage measurements were acquired using single-
nanowire devices fabricated by the same method. The current across
the devices was measured by sweeping the voltage between 0 and 2 V
while holding the temperature constant.

B RESULTS AND DISCUSSION

The prepared nanomaterials have been characterized across the
successive reductive steps as well as across the structural and
electronic phase transitions of VO,. Figure 1 illustrates the
characterization of the nanowires through each step of the
synthetic approach. The hydrothermal reduction of V,05 by
oxalic acid yields phase-pure V;0,-H,0O nanowires as per the
following reaction:

3\]205(5) + H,C,0,(aq)

hydrothermal
4 2V,0,-H,0(s) + 2CO,(g) 1)

Figure la indicates the XRD pattern acquired for these
nanowires, which can be indexed to PDF No. 84-2801. Parts
a and b of Figure 2 show SEM and TEM images of V;0,-H,0
nanowires. The nanowires are 183 + 34 nm wide and range up
to hundreds of micrometers in length. The subsequent
hydrothermal reduction of V;0, using a mixture of 2-propanol
and water as per

V,0,-H,0(s) + 2(CH,),CHOH

hydroth 1
T, 30, (s) + 2(CH,),CHO(aq) + 2H,0(1)

)
yields a mixture of the metastable VO,(A) (PDF No. 80-0690)

and VO,(B) (PDF No. 31-1428) phases as illustrated by the
XRD pattern shown in Figure 1b. Oxalic acid and citric acid can

Figure 2. (a) SEM and (b) TEM images of V;0,-H,0 nanowires. (c)
Lattice-resolved HRTEM image of V;0,-H,0O nanowires indicating an
interplanar separation of 0.466 nm corresponding to the spacing
between (020) lattice planes. (d) Indexed SAED pattern acquired for
an individual V;0,-H,0 nanowire. (e) SEM image of monoclinic VO,
nanowires with the inset indicating rectangular cross sections. (f) TEM
image of a monoclinic VO, nanowire. (g) HRTEM image of a
monoclinic M1 phase VO, nanowire indicating an interplanar
separation of 0.482 nm. (h) Indexed SAED pattern acquired for an
individual monoclinic VO, nanowire.

also be used for the reduction of V;0,-H,0 and do yield a
similar mix of VO,(A) and VO,(B) phases; however, the
obtained materials are poorly defined in terms of their
morphologies. 2-Propanol appears to be the optimal reduc-
ing/structure-directing agent for obtaining well-defined nano-
wires. Reaction using just deionized water yields the metastable
VO,(B) phase but with a substantial amount of other mixed-
valence vanadium oxide phases resulting from incomplete
reduction. While reaction with other small aliphatic molecules
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yields similar mixtures of the two metastable phases after
reduction, the overall particle size remains significantly larger
than that achieved via the 2-propanol reduction. Upon
annealing the products of the 2-propanol reduction reaction,
the M1 phase of VO, is recovered as illustrated in Figure lc. At
temperatures of less than 450 °C, there is evidence for
substantial remnant VO,(B). The VO,(A) and VO,(B) phases
have less close packed frameworks with greater void space and
have been predicted to undergo an order—disorder transition
with eventual recrystallization into the rutile phase of VO,
which subsequently transforms to the M1 monoclinic phase
upon cooling.>" Fortuitously, for loosely packed powders of
VO, nanowires, the transformation is induced well before
initiation of sintering, allowing for retention of the morphology
originally defined by the hydrated V;0, nanowires. Conversely,
annealing under an air or oxygen ambient under the same
conditions yields phase-pure V,0O5 nanowires without appreci-
able sintering and with similar dimensions.*” Note that the
annealing step is performed on the powder samples and the
resulting nanowires synthesized on the multigram scale are
available for incorporation onto arbitrary substrates or within
host matrices including polymers.

The thermally and electrically induced M1 — R phase
transition is first order in nature and accompanied by a
substantial change in thermal conductivity as well as a
discontinuous jump in carrier concentration. Being a first-
order phase transition, the structural phase transformation is
associated with a substantial latent heat and alteration of the
specific heat capacity.*** The latent heat at the phase
transition arises from the structural distortion of the lattice
and the change in entropy of the conduction electrons (which
are no longer localized in the insulating state).*0* Figure 1d
shows pronounced endothermic and exothermic DSC profiles
for the VO, nanowires centered at 67.5 and 61.3 °C upon
heating and cooling, respectively. The fwhm values of the DSC
profiles are 3.8 and 3.0 °C, respectively. These fwhm values are
much narrower than the 10—15 °C fwhm values observed
previously for solution-derived undoped and W-doped VO,
nanowires.”” As an ensemble measurement across multiple
nanowires, the width of the observed transition reflects the
distribution of temperatures at which the nanowires are
undergoing the metal—insulator transition. The narrower
ensemble DSC profile implies greater homogeneity of the
transition temperature across the nanowire sample, indicating
much tighter stoichiometric control of the prepared nanowires.
The latent heat of the endothermic insulator — metal transition
is determined to be 7.88 J/g on the basis of integration of the
area of the transition.

Figure 2e depicts SEM images of the monoclinic VO,
nanowires after annealing and shows well-defined nanowires
with rectangular cross sections and lengths on the order of tens
of micrometers, while EDX analysis indicates no inadvertent
dopant inclusion during the synthetic procedure. TEM images
of the nanowires indicate an average width of 187 + 77 nm
(Figure 2f), essentially retaining the lateral dimensions of the
original V;0,-H,O precursor nanowires with some fragmenta-
tion resulting from the order—disorder transition discussed
above. Lattice-resolved HRTEM images (Figure 2g) and the
selected area electron diffraction (SAED) patterns acquired for
an individual nanowire (Figure 2h) corroborate the phase
assignment to the M1 monoclinic phase of VO,. The lattice-
resolved HRTEM image in Figure 2g indicates an interplanar

separation of 0.481 nm, which corresponds to the separation
between the (100) planes of monoclinic VO,.

Raman microprobe analysis provides an excellent spatially
localized probe of the structural progression of the phase
transition in V02.45_48 The M1 monoclinic, M2 monoclinic,
triclinic, and rutile phases of VO, have distinctive Raman
spectral signatures arising from their varying local symmetry.
The rutile and M1 phases crystallize in P4,/mnm (D,;,'*) and
P2,/c (C,>) space groups, respectively, with the latter
predicted to have 18 Raman-allowed modes, 9 each of
and B, symmetry.***’ Raman spectra have been acquired for
individual VO, nanowires (by dispersing the nanowires shown
in Figure 2e on a glass substrate) as a function of temperature
across the metal—insulator transition. The spectra for a
representative nanowire are depicted in Figure 3. The modes
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Figure 3. Raman spectra acquired for an individual VO, nanowire
upon heating and cooling across the metal—insulator transition. Upon
heating, all Raman-active modes of the insulating M1 monoclinic
phase are lost when the nanowire transitions to the high-symmetry
metallic rutile phase between 64 and 65 °C. The nanowire then
transitions back to the M1 phase upon cooling between 65 and 64 °C.

observed at low temperatures can be assigned to the Ml
monoclinic phase of VO,, with the symmetry assignments
denoted in the figure derived from group theory considerations
and previously published polarized Raman spectroscopy
studies.*°° In contrast, the rutile phase has a much lower
Raman cross section and does not exhibit distinct modes in
keeping with its metallic character (the laser skin depth is also
greatly diminished by the much greater concentration of
carriers in the metallic phase). Upon heating the VO, nanowire
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under a nitrogen ambient, the Raman spectrum does not show
much of a change until between 64 and 65 °C an abrupt and
sudden loss of all Raman-active modes is evidenced, indicating
complete conversion to the metallic rutile phase. Remarkably,
the transition is not preceded by any discernible attenuation of
intensity or shifts of the Raman modes, suggesting that the
entire nanowire is transformed as a single domain (within the
limits of experimental resolution). The Raman modes are
further recovered upon cooling back to 64 °C.

Unlike VO, nanobeams coupled to substrates grown by
vapor transport, there is no evidence in the Raman data for
stabilization of the M2 phase (which crystallizes in the C,,°
space group and is characterized by a splitting of the A, mode at
221 cm™" and a shift of the A, mode at 607 cm™ to 649 cm™).
Consistent with the narrow line shapes of the ensemble DSC
profiles, the sharp discontinuities noted here are surmised to
result from improved homogeneity in stoichiometry across the
nanowires.

The pronounced switching behavior thought to be character-
istic of stoichiometric VO, is most patently manifested in
electrical transport measurements of individual nanowires
across their metal—insulator transitions induced by temperature
or voltage, as depicted in Figure 4. Note that the nanowires
have been solution cast (from 2-propanol dispersions) onto Si/
SiO, (300 nm) substrates and no effort has been invested in
liberating the nanowires from the substrate as was previously
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Figure 4. (a) Resistance versus temperature measured for an
individual-nanowire device indicating a transition between the
insulating and metallic phases within 0.1 °C at 73.3 °C. The inset
depicts an optical micrograph of the device. (b) Current versus voltage
measurements for single-nanowire devices show abrupt voltage-driven
transitions between the insulating and metallic phases at temperatures
below the transition temperature. The threshold voltage required to
induce the insulator — metal transition is clearly decreased with
increasing temperature.

required to observe abrupt transitions for nanobeams deposited
by vapor transport where coupling to the substrate induces
inhomogeneous strain.””*' Figure 4a illustrates that the
transition from the insulating to the metallic phase is
characterized by a greater than 3 (almost 4) orders of
magnitude decrease in resistance across a span of just 0.1 °C;
the transition back to the insulating phase is similarly abrupt
with the hysteresis of 132 °C derived from the first-order
nature of the transition. The Arrhenius behavior in the
insulating phase of the nanowires is well fitted with R(T) =
R, exp(Eg/ZkT) (where k is Boltzmann’s constant and T is
temperature) and yields an electrical band gap (Eg) of 600
meV, which is consistent with the values observed for
suspended VO, nanobeams and indeed the optical band gap
of VO,>" The band gap for these nanowires is significantly
greater than the 80—200 meV values observed previously for
solution-grown W-doped VO, nanowires*' and confirms the
tight control of stoichiometry and the absence of inadvertent
doping. Dimensional confinement in high-crystalline-quality
nanostructures limits the number of possible nucleation sites
and thereby can kinetically inhibit initiation of a phase
transformation, yielding a greater hysteresis than observed in
the bulk>® Of the 30 devices tested (each comprising an
individual nanowire), the insulator — metal transition has been
observed at a temperature of 71 + 2 °C, with the transition
spanning no greater than 1 °C. The abruptness of these
transitions is in stark contrast to previous observations for
hydrothermally prepared and especially doped nanostructures
that typically show broader insulator — metal (or metal —
insulator) profiles spanning 3—S °C for undoped VO, and
ranging up to 10—20 °C for doped samples.'®**>"5>3% The
current versus voltage plots depicted in Figure 4b are
analogously characterized by sharp switching of the con-
ductivity above a threshold voltage, with the threshold voltage
required to trigger the transition being inversely correlated to
temperature. For temperatures below Ty, upon reaching the
specific threshold voltage, a discontinuous increase in current is
evidenced, indicating a transition to a metallic phase. In the
insulator — metal direction, the threshold voltage (V) for the
transition shows an approximately exponential Vy, o exp(—T/
T,) dependence that is characteristic of a charge delocalization
in a charge-ordered system.*>>>*® In other words, the
nonequilibrium application of an electric field injects carriers
into the nanowires. Beyond a critical carrier density, Thomas—
Fermi screening of bound excitonic states by the injected free
carriers leads to an abrupt increase of the carrier density,
resulting in transformation of the system to a metallic state
even at low temperatures. At low temperatures, a sharp singular,
almost step-function-like, jump is noted upon reaching the
threshold voltage; at temperatures approaching (but less than)
Typry @ number of discontinuous jumps are observed that are
attributed to progression of the phase transition through
avalanche-type events and the stabilization of a strongly
correlated metallic phase.>”*® Thermal effects are convoluted
with the electric-field-induced effects closer to the transition
temperature, whereas the electric-field-induced delocalization of
charge-orderin§ motifs is more clearly observed at low
temperatures.”> Above Tyyr, no voltage-induced metal—
insulator transition is evidenced, and instead, a linear current
versus voltage trace is observed, indicating that the VO,
nanowire is already in a metallic state. The abruptness of the
metal—insulator transition evidenced in both the thermal and
electric-field-induced transitions further corroborates the good

dx.doi.org/10.1021/am504372t | ACS Appl. Mater. Interfaces 2014, 6, 15726—15732



ACS Applied Materials & Interfaces

Research Article

crystalline quality and tight stoichiometric control of the VO,
nanowires.

B CONCLUSIONS

In conclusion, a novel stepwise hydrothermal methodology has
been developed for preparing phase-pure VO, nanowires based
on the initial oxalic acid reduction of V,04 powders to V;0,-
H,O nanowires that are subsequently reduced to a mixture of
VO,(A) and VO,(B) nanowires with the help of 2-propanol.
The latter metastable phases are converted to the rutile phase
of VO, upon annealing, allowing for recovery of monoclinic M1
VO, nanowires with controlled stoichiometry upon cooling.
The nanowires exhibit abruptly discontinuous phase transitions
exceeding 3 (and approaching 4) orders of magnitude in
electrical transport measurements, as well as sharp ensemble
DSC profiles and dramatic changes of Raman spectra at the
transition temperature, suggesting that this solution-phase
methodology yields VO, nanowires of comparable quality
and carefully controlled stoichiometry as derived from physical
vapor transport methods. The electrical band gap for the
synthesized nanowires is 600 meV, consistent with the optical
band gap of VO,, verifying the close control of stoichiometry.
The process devised here is scalable and yields free-standing
nanowires that can be dispersed on arbitrary substrates or
incorporated within composite materials.
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