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Abstract A simple growth process is reported for the
synthesis of vanadium (II) oxide nanowires with an average
width of 65 nm and up to 5 pm in length for growth at
1000 °C for 3 h. The vanadium (II) oxide nanowires were
grown on a gold-coated silicon substrate at ambient pres-
sure using a single heat zone furnace with Ar as the carrier
gas. Gold was utilized as a catalyst for the growth of the
nanowires. The growth temperature and heating time were
varied to observe the nanowire morphology. An increase in
nanowire width was observed with an increase in the
heating temperature. A ninefold increase in the number
density of the nanowires was observed when the heating
time was changed from 30 min to 3 h. This is the first time
a simple growth process for producing VO nanowires at
ambient pressure has been demonstrated. Such a
scheme enables wider use of VO nanowires in critical
applications such as energy storage, gas sensors, and
optical devices.
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Introduction

Vanadium oxide has been applied in catalytic and elec-
trochemical fields due to their outstanding structural flex-
ibility combined with unique chemical and physical
properties (Mai et al. 2011; Liu et al. 2005; Zhou et al.
2012; Fu et al. 2012; Dhawan et al. 2014). As an interca-
lation compound, vanadium oxides have attracted a lot of
attention as an electrode material for electrochemical
pseudocapacitor applications. In particular, nanomaterials
of vanadium oxide (s) have been preferred due to high
surface area to volume ratio and intriguing physical and
electrical properties. Recent investigations point to the
growing popularity of the nanowire morphology of vana-
dium oxide(s) (Hong et al. 2011; Perera et al. 2013). A
variety of synthesis methods has been reported for the
growth of vanadium oxide nanowires (Wang and Cao
2006). The methods include sputtering, thermal evapora-
tion, physical vapor deposition, hydrothermal synthesis,
electrospinning, and oxide-assisted growth mechanism.

Li et al. (2013) has demonstrated reactive dc magnetron
sputtering as a viable technique for preparing deposits of
VO, nanorods and nanowires. According to the investiga-
tors, the nanowire formation was promoted by high sub-
strate temperature, sufficient film thickness, proper inlet of
the reactive gas, dispersed gold seeds, and pronounced
substrate roughness. A novel stepwise hydrothermal
methodology was developed by Horrocks et al. (2014) for
preparing phase-pure VO, nanowires based on the initial
oxalic acid reduction of V,05 powders to V3;05- Further,
Mai et al. (2010) reported ultra-long hierarchical vanadium
oxide nanowires with diameter of 100-200 nm and length
up to several millimeters. The nanowires were synthesized
using the low-cost starting materials by electrospinning
combined with annealing. Single crystalline VO,
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nanowires were grown on the surface of amorphous silica
by Cheng et al. (2009). Due to the strong affinity between
the vanadium oxide nanocrystals and silica surfaces, all
VO, nanowires grew along the substrate surface without
the aid of any catalysts. According to the authors, the
growth of VO, nanowires was interpreted by the oxide-
assisted growth mechanism based on the study of the
special nanowire tip structures. Cheng et al. (2012) syn-
thesized ultra-long, ultra-dense, and free-standing VO,
micro/nanowires using a simple vapor transport method.
These were achieved by enhancing the VO, nucleation and
growth rates using rough-surface quartz as the substrate
and V,0s powder as the evaporation source. Phase-selec-
tive growth of VO, and V,05 nanowires was realized via
catalyst-free physical vapor deposition from bulk VO,
powder by Chou et al. (2009).

The current methods to synthesize vanadium oxide
nanowires (NWs) are expensive, require complicated
infrastructure, involve harmful by-products and are not
conducive to mass manufacturing. There is an urgent need
to develop a simple methodology to synthesize vanadium
oxide nanowires which is cost-effective and conducive to
large-scale manufacturing. Here, we report for the first time
a simple and inexpensive process for growth of VO NWs
using a single zone quartz tube furnace without a vacuum
system.

Experimental
Synthesis

The nanowires were grown using the thermal evaporation
technique in a 2-inch quartz tube furnace. The donor
material, V,O3 nanoparticle powder, was placed upstream
of the silicon substrate, coated with a 100-nm-thick Au
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film, upon which the wire growth was desired. Figure la
shows the layout of the experimental apparatus. The donor
material was placed 60 mm from inlet, the substrate was
placed 310 mm from inlet for growth at 1100 and 1075 °C.
It was moved to 302 mm for growth at 1000 °C to maintain
substrate temperature. The furnace was taken through a
heating cycle involving a heating ramp at 10 °C per min-
ute, growth period ranging from 2 to 5 h and a cooling
procedure which takes up to 2 h, depending on the growth
temperature. The constant volumetric flow rate for the
carrier gas, argon, was 70 ml/min. The authors have con-
sidered the effect of Ar flow rate on the growth of nano-
wires. The nanowires ceased to grow for Argon flow rates
above 70 ml/min and below 40 ml/min. Between the 40
and 70 ml/min range, the nanowire growth rate was found
to increase with the growth rate. The optimal Argon flow
rate was found to be 70 ml/min and hence used in these
experiments.

The donor material was heated in an argon environment
and the constituent atoms were carried downstream by the
carrier gas to the much cooler substrate material. The
substrate position was crucial since there was a temperature
gradient from the center of the heat zone to the end of the
quartz tube. The temperature profile, shown in Fig. 1b, was
simulated using ANSYS and was used to determine the
appropriate position for the substrates. It was found that the
most abundant growth occurred at 150 mm from the center
of the heat zone, in which the simulation correlates to
approximately 300 °C.

Nanowire characterization

The nanowire morphology was observed using a Zeiss
Sigma VP scanning electron microscope (SEM) with an
Oxford 50 mm SDD EDS at high vacuum. Since the sub-
strate was initially coated with a 100-nm-thick layer of
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Fig. 1 a Schematic of the growth apparatus using an MTI single heat zone furnace with a 2-inch quartz tube. b Fluent simulated temperature

profile within the quartz tube along the centerline
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gold there was no preparation required for the NWs prior to
imaging. The substrates were placed in sample containers
after each trial and checked for growth within 1 week of
the trial. The NWs were imaged at low electron accelera-
tion energy (2 and 5 keV) to reduce charging and to
compensate for electron transparency of the NWs. The
elemental composition of the NWs was obtained using the
energy dispersive X-ray spectroscopy (EDS) technique.
The energy data were then analyzed using Aztec 2.4 EDS
software to determine the nanowire elemental stoichiom-
etry. To obtain more accurate results, a lower than typical
excitation energy was used to increase the ratio of signal in
favor of the NWs rather than the substrate. The texture of
the nanowires was analyzed using a Rigaku SmartLab
X-ray Diffractometer equipped with a Cu K, source. The
sample was aligned in the instrument using the built-in
laser alignment system. Further, a Fourier Transform
Infrared spectrum was obtained using a Thermo Nicolet
NEXUS 470 FTIR spectrometer. The spectrum was
obtained for wavenumbers ranging from 600 to
4000 cm™'. A background spectrum was taken in air prior
to obtaining the spectrum from the nanowire sample.

Results and discussion

Figure 2 shows the SEM image of the synthesized nano-
wires. While Fig. 2a represents the growth at 1100 °C for
3 h, Fig. 2b indicates growth after heating at 1000 °C for
3 h. The nanowires appear to have a pillar like structure
giving it a 3-D form. A close inspection also reveals pointy
tips. The nanowire surface appears to be smooth. The
average width of the nanowires was found to be 113 and
65 nm for growth temperature of 1100 and 1000 °C,
respectively. The heating temperature was found to influ-
ence the nanowire width. The average length of the
nanowires was found to be 0.7 um for a 3 h growth at
1100 °C. The average length of the nanowires was not
influenced by the heating temperature.

Fig. 2 SEM micrograph of the
nucleated nanowires after
heating the substrate for 3 h.

a Growth at 1100 °C and

b growth at 1000 °C
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Fig. 3 EDS spectra of the nanowires grown at 1075 °C for 3 h using
5 keV acceleration. Inset SEM micrograph shows the analyzed area

The orientation of the nanowires seems to be determined
by the interaction between the catalyst and the nanowire in
which the lowest energy configuration is preferred. The tips
of the nanowires had an angular structure present on vir-
tually all nanowires independent of orientation, size, and
position on substrate, suggesting that this phenomenon is
related to the crystal structure rather than environmental
factors. In addition, the cross-sectional geometry is likely
due to a difference in growth rate along specific crystal
orientations.

The nanowire composition and stoichiometry was
determined from EDS and XRD measurements. The EDS
spectrum shown in Fig. 3 indicates the presence of V, O,
Si, and Au. The SEM micrograph shown as an inset rep-
resents the nanowire location from where the spectrum was
obtained. The energy spectra when analyzed using Aztec
2.4 EDS software gave an atomic percent composition of
40.45 % O, 42.01 % V, 12.30 Si, and 5.24 % Au. After
background correction, the stoichiometry of nanowires was
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Fig. 4 XRD crystallographic spectra of nanowires grown at 1075 °C
indicating polycrystalline texture of VO

found to be VO. Such an observation was confirmed by the
XRD results. Figure 4 shows a representative XRD pattern
of the nanowire sample which indicates the crystalline
nature of the nanowires. The slit size for incidence was
chosen so that the majority of the spectrum is from the
nanowires and not from the substrate. The XRD peaks can
be indexed to VO (JCPDS 44-0252). Though the nanowire
sample seems to be of polycrystalline nature, a dominance
of (111) planes is observed. Figure 5 shows the FTIR
spectrum in the transmittance mode. The peaks at 2361 and
2341 are attributed to the stretching and bending vibrations
of short V=0 bonds, respectively. These analytical mea-
surements indicate that the composition of the nanowires is
that of VO.

Fig. 5 FTIR spectrum of the
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Next, the time dependence on the nanowire growth
sample was studied. The Au-coated Si samples were heated
at 1075 °C for four different heating times: 3 h, 2 h, 1 h,
and %2 h. Figure 6 shows the SEM micrographs of the
nanowire growth under different heating times. For com-
parison purposes, the SEM images were taken at the same
magnification. A visual observation indicates a higher
nanowire density for samples heated to 3 h. In contrast, the
average width of the nanowires appears to be independent
of the growth time. However, for a quantitative compar-
ison, the number density of nanowires was estimated. The
density of the wires was estimated by counting the wires in
1 um x 1 pm regions in the SEM image and averaging
them. Table 1 summarizes the results on the number den-
sity estimation as a function of heating time. There seems
to be a fourfold increase in the number density of wires
when the heating time was increased from 30 min to an
hour. Upon increasing the heating time further up to 3 h,
the number density more than doubled. The drastic change
in the number density of nanowires can be attributed to the
nucleation of wires from newer gold catalyst islands.
Table 1 gives a glimpse of the growth kinetics of the VO
nanowires. The wires tend to evolve from the substrate
around the 30 min mark and tend to saturate around the 3-h
timescale.

After time dependence, the influence of heating tem-
perature on nanowire growth was studied. The SEM
micrographs in Fig. 7a—d show the nanowire growth for
3 h at 1100, 1075, 1000, and 900 °C, respectively. The
growth at 1100 °C produced nanowires with an average
width of 113 &+ 53 nm, growth at 1075 °C produced
nanowires of 75 + 40 nm width, and the sample at
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Fig. 6 SEM micrograph of VO
nanowire growth at 1075 °C
aftera3 h,b2h,c1h,

d 30 min

Table 1 Number density of the nanowires as a function of heating
time

Heating time (h) Number density of nanowires (wires/cm?)

3 9 x 108
7 x 10®
4 x 10®
0.5 1 x 10®

1000 °C produced nanowires with width of 65 £ 35 nm.
Absence of nanowire growth was observed at 900 °C. A
close inspection reveals Au nano-islands. It is noticed that
the nanowire does not nucleate under three conditions:
(a) there is no flow of Argon gas, (b) the heating temper-
ature is below or equal to 900 °C, and (c) the time at the
growth temperature is less than 20 min and (d) Ar flow is
less than 40 ml/min and greater than 70 ml/min.

The structure of the nanowires and the absence of cat-
alyst on the tip of the wires negate a complete dominance
of the Vapor-Liquid—Solid (VLS) mechanism. Further, in
our study, the nanowires were found to nucleate even on a
quartz sample without a catalyst (SEM not shown). Hence,
the requirement of a catalyst does not seem to be a
necessity for VO nanowire growth. However, the catalyst
seems to reduce the activation barrier for nanowire nucle-
ation and increase the number density of the wires. Based
on previous work by Kolasinski (2006) on catalytic growth
of nanowires, the nanowire growth in this study can be

explained by a root growth mechanism where the catalyst
can be found at the root of the nanowires. Only a TEM
inspection can reveal the exact growth mechanism of the
nanowires. The authors, based on the available data,
speculate dominant vapor—solid root growth mechanism.

Conclusion

A simple method to grow VO nanowires was reported. The
nanowires were grown using an open tube furnace with
argon as the carrier gas. Gold-coated silicon was used as
the substrate. The composition and stoichiometry of the
nanowires were confirmed through EDS, XRD, and FTIR
studies. The average width of the nanowires was found to
be 113 and 65 nm for growth temperature of 1100 and
1000 °C, respectively. The heating time influenced the
number density of the nanowires. There seems to be a
fourfold increase in the number density of wires when the
heating time was increased from 30 min to an hour. Fur-
ther, an increase in the heating temperature was found to
increase the width of the nanowires. The growth mecha-
nism is speculated to be a root growth mechanism. Future
work involves (a) TEM studies to identify the precise
growth mechanism, (b) use of other metal catalyst to lower
the growth temperature, and (c) study the electrical prop-
erties of the nanowires for possible applications in sensor,
battery, and thermoelectric devices.
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Fig. 7 SEM micrographs of
VO nanowire growth at 3 h for
different heating temperature.
a 1100 °C, b 1075 °C,

¢ 1000 °C, and d 900 °C
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