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Graphical Abstract

The temperature-induce phase transition of VO, (A) nanorods was

observed from the Raman spectrum
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Single crystalline metastable phase VO, (A) nanorods were
successfully synthesized by using a hydrothermal method,
and the evolution of vibrational modes of VO, (A) nanorods
have been observed in the vicinity of the structural phase
transition. Fourier transform infrared (FT-IR) spectroscopy
was employed to study the structural phase transition, and
the abrupt changes of vibratory absorption bands at different
temperatures showed a reversible phase transition. Raman
spectrum measurement was performed to observe firstly the
temperature-induced phase transition of VO, (A) nanorods.
The Raman modes near the phase transition temperature
display the phonon soften behaviour.

Introduction

In recent years many low-dimensional nanomaterials, such as
nanowires, nanorods, nanobelts and nanotubes, have become the
focus of great interest due to their fundamental research
importance and wide range of unique application in fabrication of
nanoscale devices,'™ which exhibit novel physical and chemical
properties comparing with those of bulk materials. Vanadium
dioxide (VO,) nanostructures have attracted increasing attention
because of many promising properties for various potential
applications in the nanometer regime.*”’ Vanadium dioxide is a
representative binary compound having different polymorphs,
including VO, (M), VO, (R), VO, (B) and VO, (A) and recently
reported VO, (C).** Among these polymorphs, the rutile phase
VO, (R) is the most thermodynamic stable phase and has been
attracting much attention for the reason that it has been observed
a reversible metal-insulator phase transition, from a low
temperature monoclinic phase VO, (M) to a high temperature
rutile phase VO, (R), at around 68 °C.'"® Accompanied with this
phase transition, VO, (R) shows a reversible abrupt changes in
the electrical, magnetic and optical properties, especially for
optical properties in the infrared region.'’ Such properties make
VO, (R) potential applications in many fields, such as the gas
sensor, optical switching devices, Mott field-effect transistors and
the optical data storage media.'”'* Meanwhile, the structures,
properties and potential applications of metastable VO, (B) as a
high potential candidate for the cathode materials in lithium-ion
batteries have been widely studied. In addition, VO, (B) as a
precursor for preparing VO, (R) has also been widely studied.
We have investigated previously the monoclinic VO,
nanoparticles; the phase transition temperature was effectively
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controlled by the different W-doped concentrations.'> However,
another metastable phase VO, (A), which also exhibits a similar
temperature-induced structural phase transition, has been paid
less attention for the reason that this metastable phase is usually
absent during the preparation of VO, polymorph.

The presence of metastable phase VO, (A) was firstly
reported by Théobald via a hydrothermal reaction of the V,0s-
V,05-H,O system.16 Several decades later, Oka et al have
prepared VO, (A) by a hydrothermal method and studied the
crystal structures of the low temperature and high temperature
phases of VO, (A).!7 Subsequently, based on the crystal structure
of VO, (A), thermal stability, optical properties and electrical
properties of VO, (A) have been investigated.'®'? The study on
the physical properties of VO, (A) shows that VO, (A) undergoes
a reversible structural phase transition from its low temperature
tetragonal phase to the high temperature body-center tetragonal
phase (Ay) at around 162 °C. The high temperature X-ray
analysis showed that the phase transition of VO, (A) is originated
in the dissociation of the V*-V*' pairs along the c-axis.”’
Meanwhile, a simple crystallographic slip mechanism was
proposed to explain the phase transition process from VO, (B) to
VO, (A).?' The Raman signal of VO, (A) is very weak and
thermal heating sensitive; even several mW of fine focused laser
radiation is enough to induce the phase transition in VO, (A).
There were no reports on studying structural phase transition of
VO, (A) nanostructures by using vibrational spectroscopy,
including Raman and FT-IR spectroscopy. In this work, we have
greatly reduced the incident light intensity to avoid phase
transition due to thermal heating of fine focused laser beam. The
vibrational spectra of VO, (A) were successfully observed during
the phase transition.

To the best of our knowledge, vibrational spectroscopy had
been used to study the structural phase transition of VO,
(M/R).>*** In contrast to VO, (M/R), metastable phase VO, (A)
has been comparatively attracted less attention, and there are no
reports on the study of phase transition of VO, (A) nanostructures
by using Raman and FT-IR spectroscopies. In the present study,
we have developed a facile way to prepare single crystalline VO,
(A) nanorods by a hydrothermal method; we report the
investigation of the phase transition of VO, (A) nanorods by
using Raman scattering and FT-IR spectroscopy spectra. The
evolution of vibrational modes of VO, (A) nanorods is discussed
for the temperatures near the phase transition.

This journal is © The Royal Society of Chemistry [year]
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Experimental

The single crystalline metastable phase VO, (A) nanorods were
synthesized by a hydrothermal method using VOSO, as the raw
material. In a typical procedure, a given amount of VOSO,
powder was dispersed into 80 ml of deionized water to form a
clear blue solution after stirring for 30 minutes, and then the blue
solution was transferred into a 100 ml Teflon-lined autoclave
with a stainless steel shell at 220 °C for 24 h. When the reaction
was finished, the autoclave was cooled naturally down to room
temperature. Then the resulting brown slurry was collected by
centrifugation, washed with distilled water and ethanol for
several times, and finally dried in vacuum at 60 °C for 8 h.

The crystal structure of obtained samples was recorded on a
Shimadzu X-ray diffraction-7000 with Cu-Ko radiation.
Morphology of the sample was observed with a field emission
scanning electron microscope (SEM, Hitachi S-4800). The
transmission electron microscopy (TEM) images, high resolution
transmission electron microscopy (HRTEM) images and selected
area electron diffraction (SAED) patterns were acquired on a
JEOL-2010 transmission electron microscope at an acceleration
voltage of 200 kV. X-ray photoelectron spectroscopy (XPS)
measurements were performed on a VGESCALAB MKII X-ray
photoelectron spectrometer with an excitation source of Mg-Ka,
1253.6 eV. Differential scanning calorimetery (DSC) was
measured by a NETZSCH DSC 200 from 20 to 200 °C with the
heating rate of 10 °C min'. The FT-IR spectra of the samples,
using pressed KBr tablets, were detected on a TENSOR-37 with
an adapted heating controlled cell. The Raman spectra were
recorded by wusing an integrated laser Raman system
(LABRAMHR, Jobin Yvon) with a confocal microscope and a
thermoelectrically cooled multichannel charge-coupled device
(CCD) detection system; the spectral resolution was better than 1
cm’™’. The line 514.5 nm of an argon laser was used as excitation
source with a power less than 10 mW. All Raman spectra were
measured in the backscattering geometry at the different
temperatures.

Results and Discussion

Fig. 1(b) presents a typical XRD pattern of the as-obtained
product; all the diffraction peaks can be perfectly indexed to the
metastable tetragonal crystalline phase of VO, (A) (space group:
P42/ncm, a=8.434 A, c=7.681 A), in agreement with the literature
values (JCPDS No. 80-0690, a=8.434 A, c=7.678 A), whose plots
are shown in Fig. 1(a). No characteristic peaks of any other
phases and impurities are detected, indicating the as-obtained
product with high purity. It is noteworthy that the stronger peaks
belongs to the (7k0) family, suggesting that the VO, (A) nanorods
have a preferential growth direction along the [110], which is in
agreement with HRTEM and SAED analysis (Fig. 3(d)).

The surface composition of as-obtained sample was analyzed
with XPS spectrum shown in Fig. 2. No peaks of elements other
than C, O and V are observed on the survey spectrum. The peaks
for O can be attributed to the VO,, O,, CO, or H,O; the Cls peak
is due to CO, absorbed on the sample surface. According to the
literature, two peaks at 516.2 and 523.8 eV in the high resolution
spectrum (inset of Fig. 2) are attributed to the spin-orbit splitting
of V32 and Va1, and the intensity ratio is near 2:1, which is the
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characteristic of vanadium in the +4 oxidation state.>*
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Fig. 1 X-ray diffraction patterns for (a) standard JPCDS; (b) as-
synthesized VO, (A)

The other peaks at 631.0, 69.0 and 40.0 eV are attributed to V2s,
Vi, and V3, excitations, respectively. Consequently, the as-
obtained sample can be determined as high pure tetragonal VO,
(A) on basis of the results of XRD and XPS measurements.
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Fig. 2 The survey XPS spectrum of the VO, (A) (the inset is V2p peaks of
VO, (A) nanorods)

The detailed morphology and microstructure of samples were
investigated by SEM and TEM analysis; the typical SEM images
of VO, (A) at different magnifications are shown in Fig. 3. VO,
(A) nanorods with the rod-like morphology and in length of
several tens of micrometers are clearly displayed. The average
diameter of nanorods is about 200 nm in Fig. 3(b). The diameter
statistics of VO, (A) nanorods have been given (Fig. S1, ESIN). A
HRTEM image of a single nanorod and a SAED pattern (the

2|Journal Name, [year], [vol], 00—00
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lower inset in Fig. 3(d)) obtained from the same single nanorod
are shown in Figs. 3(c) and 3(d), respectively. The lattice fringes
are clearly exhibited and the 0.536 nm of neighboring fringe
spacing matches well the separation between (110) lattice planes.

s The corresponding SAED pattern further demonstrates that the
nanorod is single crystalline and growth direction is along the
[110] direction.

20044
- =110

—
Fig. 3 Typical field emission SEM (a), high magnified SEM (b), low-
10 resolution TEM (c) of VO, (A) nanorods, TEM image of a single nanorod
(d) (insets are its corresponding SAED pattern and HRTEM image)

In order to further investigate the structure of VO, (A) nanorods
in situ variable temperature X-ray diffraction measurements were
performed on a Pt substrate in the temperature range from 25 to

15 220 °C. The evolution of the XRD patterns of VO, (A) nanorods
as a function of temperature is exhibited in Fig. 4.

Intensity (a.u.)

35 40 45 50

20 (deg.)
Fig. 4 Variable temperature XRD patterns of VO, (A) nanorods

The XRD pattern at lower temperature of 160 °C can be readily
20 indexed into low-temperature VO, (A) phase, while that above

170 °C is assigned to a high-temperature phase VO, (Ay). The
shape of the XRD pattern has almost no obvious change with
temperature increasing except the disappearance of the (211),
(310), (311), (420) and (114) diffraction peaks above phase
25 transition temperature, indicating that the crystal structure does
not change drastically. The disappearance of the diffraction peaks
above the phase transition temperature, indicating that there are
two different crystal structures of VO, (A) between 160 and 170
°C. The XRD pattern at 25 °C is reproduced upon cooling down
30 from 220 °C, the reversible change of the diffraction peaks
confirms a reversible phase transition between initial phase and
high temperature phase during heating and cooling processes.
The evolution of the lattice parameters associated with the
temperature has been calculated and a slight increase of lattice
35 parameter, a- and b-values, is observed from 8.434 A to 8.472 A
(heat-treated at 220 °C) and an obvious change of the lattice
parameter c-value is observed from 7.684 A to 3.821 A (heat-
treated 220 °C). The results of lattice parameters are consistent
with previously reported.”' The a/c ratio in the tetragonal phase is
40 increased from 1.098 to 2.216 with increasing temperature.
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Fig. 5 DSC curve of VO, (A) nanorods under nitrogen at a heating rate of
10 °C min™'

Phase transition in VO, system using DSC analysis has been

45 studied widely especially for monoclinic phase VO, (M/R), for
which the first order metal-insulator phase transition occurs at 68
°C. %% In order to investigate the phase transition properties of
VOsnanorods, the DSC analysis was performed. There is an
endothermic peak at 169 °C and an exothermic peak at 133 °C, as

so show in Fig. 5, in DCS curve. The DSC data show that the
structure phase transition temperature of VO, (A) nanorods exist
the obviously thermal hysteresis phenomenon. The endothermic
peak at 169 °C can be assigned to conversion of the initial
tetragonal into a high-temperature phase during heating process.
ss Meanwhile, an exothermic peak at 133 °C can be attributed to the
crystallization of the VO, (Ay) into the VO, (A) form upon
cooling. The wide hysteresis loop of VO, (A) nanorods is
considered to be due to the scaling to nanoscale domain, as
observed in VO, (M/R) nanostructures.”” The endothermic peak
o was slightly higher than162 °C reported in the literatures due to
the size effect and morphology of the nanostructure. Meanwhile,

This journal is © The Royal Society of Chemistry [year]
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effects of size and morphology of monoclinic VO, metal-
insulator phase transition has been extensively studied.?®

FT-IR spectroscopy is an excellent analytical method, which
has been widely utilized to study the metal-insulator transition of

o

VO, (M/R) nanostructures.'*?’ In order to observe the evolution

behavior of vibrational modes of VO, (A) nanorods in the phase
transition, an in situ variable-temperature IR spectroscopy was
performed to further study the vibration bands. A series of FT-IR
spectra of the as-obtained VO, (A) nanorods under varied
10 temperatures are presented in Fig. 6. At 25 °C, the IR spectra of
single domain VO, (A) nanorods clearly display the existence of
various V-O vibrations. According to the reported IR spectra of
vanadium dioxide, the vibration band at 932 cm is assigned to
the stretching of V=0 bonds, while the bands at 548 and 426 cm’!

15 are attributed to the long-rang

stretching of V-O-V vibration

modes. The bands at 980 cm™ or 1020 cm™ are absent, which are

the characteristic peaks of V** or

consistent with our XRD results.
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20 Fig. 6 Temperature-dependent IR spectra of the VO, (A)nanorods (a), IR
spectra of VO, (A) nanorods at various temperatures (b), magnified
spectra of the rectangular area in (a) at various temperatures (c),(d)

The temperature-dependent FT-IR spectra of the VO, (A)
nanorods were investigated the phase transition. The IR spectra in

»s Fig.6 display various V-O vibrations, and the vibration bands at
935 and 547 cm™' gradually shifted to lower wavenumbers with
increasing temperature. The slight red shift of vibration bands
indicates a phonon mode soften behavior. Figs. 6(c) and 6(d)
show that the vibratory absorption bands at 670, 580 and 426 cm

% ! become gradually weaken and disappear with increasing

temperature, while these bands

reappear with lowering down

temperature in Fig. 6(b).This optical property has a potential
application in optical switching devices and the similar optical
property was observed in VO, (M/R).'>*** The FT-IR spectrum
35 s usually interpreted as that the observed bands are related to the
electromagnetic resonance between the incident photons and
variation of chemical bond polarization associated with a specific
vibration mode. The V*-V*" bonds in low temperature VO, (A)

phase with a distance of 2.769 A is dissociated in high
4 temperature VO, (A) phase with a distance of 3.079 A reported
by Oka.'” At low temperature the electrons involving in the V**-
V* bonds between VOg octahedraare localized, whereas these
electrons are delocalized at high temperature. This delocalization
involves a screening effect for the incident photons and leads to
45 the vibration bands disappeared during increasing temperature.
In order to study the temperature induced phase transition of
VO, (A) nanorods, an in situ Raman scattering measurement was
performed under different temperatures. We reduced the incident
laser intensity by about two orders to be roughly 0.1 mW to
so ensure that thermal heating due to focusing laser would not result
in a phase transition. The evolution of Raman modes for VO, (A)
nanorods under various temperatures is presented in Fig. 7 (a:
heating, b: cooling). Ten Raman active modes are observed in the
Raman spectrum for 30 °C at 159, 180, 212, 291, 413, 518, 666,
ss 887, 910 and 938 cm’', which are different with the known
Raman modes of VO, (M/R).*

(a)

30°C
50 °C
70 °C

Intensity (a.u.)

L L L L B

100 200 300 400 500 600 700 8001 900 100011001200
Wavenumber (cm )

Intensity (a.u.)

L L L B L L

100 200 300 400 500 600 700 800] 900 100011001200
Wavenumber (cm )

Fig. 7 Temperature-dependent Raman spectra of the VO, (A): (a) heating
60 (b) cooling

For temperatures up to 165 °C, all the Raman modes are assigned
to the low temperature phase. At 170 °C, some new Raman

4|Journal Name, [year], [vol], 00—00
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modes appear at 123, 184, 308 422 and 578 cm’', which are the
characteristic peaks of high temperature phase of VO, (A); the
intensity of these new Raman modes become stronger and shaper
with increasing temperature. Meanwhile, the Raman modes of the
low temperature phase with frequencies at 159, 180, 291, 416,
666, 910 and 938 cm™' abruptly disappear. The discontinuities of
Raman modes with temperature are clearly observed between 165
and 170 °C, indicating a temperature-induced phase transition
occurred between 165 and 170 °C. The Raman vibrational modes
of low temperature phase are fully restored during the
temperature cooling down to ambient condition. The cooling
process in the variable temperature Raman measurement show
the reversible structure transition between 130 and 135 °C in Fig.
7 (b). The results are well in agreement with the variable
temperature X-ray diffraction and DSC data.

The evolution of the Raman modes appears to be almost
linear until the temperature up to 165 °C. The relationship
between Raman peaks and temperature is fitted linearly with the
slope called red shift coefficient a. The red shift coefficients
determined from the fits are: 0=0.059, 0.044, 0.052, 0.067, 0.074
and 0.089 cm'/K for 160, 180, 413, 887, 910 and 938cm’’,
respectively. It can be seen that the Raman modes exhibit an
obvious red shift, indicating the electron interaction with the
lattice is enhanced during the increasing the crystal temperature.
An evidence of phonon softening behavior near the phase
transition of VO, (A) was observed. The phonon soften behavior
indicates that the driving mechanism of the phase transition of
VO, (A) involve electron-phonon interaction. The electron-
phonon interaction has been extensively studied using the Raman
spectrum in the metal-insulator transition of VO, (M/R); the
experimental and theoretical studies have confirmed that the
electron-phonon interaction plays a crucial role in the metal-
insulator transition of VO, (M/R).*3

Conclusions

In summary, VO, (A) nanorods were successfully fabricated
through a facile and environmental friendly hydrothermal method
without using any surfactants or templates. The as-obtained
nanorods have diameters of 100-300 nm and length of several
tens of micrometers. A reversible structural phase transition
around 160-170 °C has been observed through the variable-
temperature  X-ray diffraction and Raman spectroscopy
measurement. An evidence of phonon softening behavior near the
temperature of phase transition was observed through the
variable-temperature vibrational spectrum. The electron-phonon
interaction plays a role in the phase transition of VO, (A)
nanorods.
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