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We report for the first time the synthesis of niobium dioxide nanowires on a sapphire substrate by chemical
vapor transport method. We identified single crystalline nature of as-synthesized nanowires by scanning
electron microscopy and transmission electron microscopy. Niobium dioxide nanowires with their large
surface-to-volume ratio and high activities can be employed for electrochemical catalysts and immunosensors.
The Raman spectrum of niobium dioxide nanowires also confirmed their identity.

Key Words : NbO», Nanowires, Single crystal, Vapor transport, Raman spectrum

Introduction

Transition metal oxides show interesting properties such
as superconductivity, piezoelectricity, and magnetoresistance.'
These materials can be industrially employed in lithium-ion
battery, catalysis, sensors, and device interconnectors.”” The
synthesis of single crystalline transition metal oxide nanowires
(NWs) attracts particular interest because of their possible
applications as highly sensitive and selective catalysts, high
performance lithium ion batteries, and highly efficient solar
cells, since the contact between active material and electrolyte
becomes excellent due to a large surface-to-volume ratio of
the NWs.51” The good crystallinity and high aspect ratio of
the transition metal oxide NWs are favorable for electron
transport and could allow faster kinetics and higher sensitivity
than the bulk or thin films.’

Among transition metal oxides, niobium (Nb) oxides are
applied in resistors in superconducting circuits, electrochemical
catalysts, electrochromic films, and oxygen sensors.'""'* Elec-
trical properties of Nb oxides are strongly dependent on the
oxidation number of Nb.">!® NbO crystal with a defective
NaCl structure shows high room-temperature conductivity, a
metallic behavior, and shows superconducting transition at
1.6 K.''7 Nb,Os is the most stable Nb-oxide and has
excellent dielectric properties.'® NbO, with a distorted rutile
structure is an n-type semiconductor with a small band gap
of 0.5 eV at room temperature, showing semiconductor-
metal transition at 1081 K."

Recently, electrochemical electrodes based on Nb/NbO,
for electrochemical immunosensors, which can be applied in
biotechnology, pharmaceutical industry, and clinical diagnostics,
have been reported.’” Nb/Nb oxides may become a good
candidate for the biosensors that can directly monitor antigen-
antibody complex or biotin-avidin complex structures by
detecting impedance change. Exploiting their chemical stability
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in an acid solution, NbO, nanoparticles are used for high
activity P/NbO,/C electrocatalysts, which is employed in
proton exchange membrane fuel cell for oxygen-reduction
reaction, largely increasing mass activities of electrocataly-
sts such as Pt or Pb.?!#

Here, we report for the first time the synthesis of single
crystalline NbO, NWs with a very small diameter. While
synthesis of Nb,Os NWs have been reported,** there is no
report on the synthesis of single crystalline NbO, NWs so
far despite their excellent electrochemical and electrical pro-
perties. Our as-synthesized NWs show highly single crystalline
nature, as analyzed by transmission electron microscopy
(TEM) and selective area electron diffraction (SAED) patterns.
Raman spectrum indicates the vibrational mode peaks of
NbO, NWs ensemble. Raman investigation of nanomaterials
is effective for the in-situ nondestructive studies of both the
crystallinity and phase transitions of metal oxide nanostruc-
tures.® Single crystalline NbO, NWs with a very small
diameter are one of the promising candidates for impedimetric
immunosensors and expected to enhance the electrocatalytic
activity in fuel cells.

Experimental Section

Single crystalline NbO, NWs were synthesized on a c-cut
sapphire substrate in a horizontal two-zone furnace equipped
with a 1-inch diameter quartz tube as shown in Figure 1. The
temperatures of two zones were independently controlled for
the vaporization of precursors and the nanostructure growth.
Anhydrous NbCls powder (0.1 g, 99.95%, metal basis, Alfa
Aesar) in a small alumina boat was used as a precursor and
placed in the upstream (US) zone. A c-cut sapphire substrate
was located ~10 cm away from NbCls precursor at the
downstream (DS) zone. No catalyst was employed. The US
and DS zones were heated up to and maintained at 520 K
and 1170 K, respectively for 40 min. The quartz tube was
evacuated and then purged by argon (Ar) for 20 min to
eliminate oxygen. NbCls precursor was evaporated at 520 K
and transported onto the substrate by Ar carrier gas at a flow
rate of 100 standard cubic centimeters per minute (sccm). No
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Figure 1. Experimental setup for NbO> NW synthesis. The temper-
atures of two zones are independently controlled.

vacuum pump was used and the pressure was maintained at
1 atm. The formation of NbO, NWs is ascribed to the
reaction of NbCls vapor with oxygen supplied by diffusion
from the atmosphere into the reaction chamber.

As-synthesized NbO> NWs were analyzed with a Philips
XL30S field emission scanning electron microscope (FE-
SEM). X-ray diffraction (XRD) patterns of as-grown NWs
were obtained by a Rigaku D/max-rc (12 kW) diffractometer
at 30 kV and 60 mA with a Cu Ko radiation source. Trans-
mission electron microscope (TEM) images, high-resolution
TEM (HRTEM) images, and selective area electron diffraction
(SAED) patterns were taken on a JEOL JEM-2100F at 200
kV. Elemental composition of NbO> NWs was studied by
energy-dispersive X-ray spectrometry (EDS) attached to the
TEM. Raman spectrum was measured with a home-built
micro-Raman system based on an Olympus BX41 microscope.
The 633 nm radiation of a He-Ne laser (Melles Griot) was
used as an excitation source and the laser light was focused
on a sample through a x100 objective (numerical aperture
NA = 0.7, Mitutoyo).

Results and Discussion

Figure 2(a) shows the FE-SEM image of NbO, NWs syn-
thesized on a c-cut sapphire with high density. Diameters of
the NWs ranging from 20 to 40 nm and lengths up to few
micrometers are observed. A magnified SEM image (Figure
2(b)) reveals that the NWs have straight morphology and a
clean surface. No secondary growth or extra structural feature
is observed. Figure 3 shows an XRD pattern of as-grown
NbO, NWs on a sapphire substrate. The entire diffraction
peaks are indexed to the tetragonal phase of NbO, with
lattice parameters of @ = » = 0.9693 nm and ¢ = 0.5985 nm
(space group /41/a, JCPDS card no. 44-1053).

To characterize the crystal structure and elemental com-
position of the NWs, we carried out the TEM, HRTEM, and
EDS analyses. A representative TEM image in Figure 4(a)
shows that NbO, NW has a diameter of ~20 nm. The SAED
pattern obtained from the NW (inset in Figure 4(a)) reveals
single crystalline nature of the NW and can be fully indexed
to the tetragonal NbO; structure down to the [010] zone axis.
NbO, NW grows along the [001] direction. Repeated TEM
and SAED measurements for several NWs exhibited identical
results. Figure 4(b) shows an HRTEM image of NbO, NW
with clear lattice fringes, again confirming single crystalline
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Figure 2. (a) Representative FE-SEM images of NbO> NWs grown
on a sapphire substrate. (b) A magnified FE-SEM image of NbO»
NWs.
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Figure 3. XRD pattern of as-synthesized NbO> NWs. All of the

peaks are indexed to tetragonal SNbO, (space group /41/a, JCPDS
card no. 44-1053).

nature of the NW. The lattice spacing of the planes is mea-
sured to be 0.2571 nm, agreeing well with the spacing of the
(202) planes of tetragonal NbO; structure. The two-dimensional
fast Fourier transform (FFT) pattern of the lattice-resolved
image (inset in Figure 4(b)) obtained from a white square
part in the HRTEM indicates that the reciprocal lattice
fringes are also matched with the tetragonal NbO, structure.
Figure 4(c) shows the TEM-EDS line profile spectrum taken
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Figure 4. (a) Representative TEM image and SAED pattern of an
individual NbO, NW. The black arrow indicates the [001] growth
direction. SAED pattern in inset is indexed for a tetragonal NbO»
NW down the [010] zone axis. (b) Representative high resolution
TEM (HRTEM) image. The labeled distance of 0.2571 nm corres-
ponds to the (202) plane. The inset shows the two-dimensional FFT
from the HRTEM. (c) compositional line profile image scanned
along the radial direction (red line) of a NbO, NW.
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from NbO, NW. The composition of Nb and O elements in
the NW is approximately 1:2. The line profile reveals that
the intensities of peaks due to Nb and O elements, respect-
ively, increase toward the center of the NW.

We suggest two possible growth mechanisms of NbO,
NWs as following; first, Nb metal nanoparticles formed by
condensation of Nb atoms on a sapphire substrate originated
from the precursor molecules may act as a catalyst, inducing
vapor-liquid-solid (VLS) growth of NbO, NWs. SEM image
(Figure 2(b)) and TEM images, however, do not show the
presence of any metal catalyst on the NW tip. Hence, VLS
growth via Nb metal catalysts is unlikely. Second, NbO, NWs
may grow spontaneously on the preformed NbO, thin film
via self-seeded growth. Note that NbO, NWs are synthesized
on the thin film as shown in Figure 2(b). Considering XRD
data that exhibits only peaks for the tetragonal NbO; phase,
the thin film is probably composed of tetragonal NbO,
crystals. From the observation of NbO, thin film grown on a
sapphire substrate, we hypothesize on the growth mechanism
of NbO, NWs. After the formation of NbO, thin film at the
initial stage of reaction, NbO> NWs epitaxially grow on the
thin film surface by self-seeded growth. Generally, the degrees
of supersaturation in a conventional chemical vapor deposi-
tion (CVD) system become higher in the beginning of
precursor evaporation and get lower as the reaction proceeds.
Similar film formations in the growth of Nb,Os and ZnO
NWs have been reported.”2

The formation of NbO, NWs can be explained by two
plausible reaction pathways. NbCls powder is evaporated in
the US zone, in which NbCls vapor is formed at a tempera-
ture of about 520 K (reaction 1). NbCls vapor is transported
to the DS zone by Ar carrier gas and reacts with diffused
oxygen in the quartz tube, leading to NbO, NW growth
(reaction 2).

NbCls (s) > NbCls (g) )
2NDbCls (g) + 20 (g) = 2NbO: (s) + 5Cls (g) 2)

The precursor NbCls powder easily hydrolyzes in air due
to its high sensitivity for air/moisture, being often contaminated
with small amounts of NbOCl; (reaction 3).2” NbOCl; vapor
is formed above 470 K (reaction 4). Thus, we may also
consider additional reaction for NbO, NW growth as shown
in reaction 5. We suggest that the reaction (2) is a dominant
reaction pathway for NbO, NW growth although some
NbO>NWs can be synthesized via reaction (5). The secondary
reactions are as follows:

2NbCls (s) + O5 (g) = 2NbOCl; (s) + 2CL (g)  (3)
NbOCl; (s) = NbOCl; (g) 4)
2NbOCI; (g) + 02 (g) = 2NbO» (s) + 3CL (g) (%)

Raman spectrum of a thin film of NbO, has been reported.”
We measured Raman spectrum of as-synthesized NbO> NWs
with a home-built micro-Raman system using a 633 nm He-
Ne laser as an excitation source. Figure 5 shows a typical
Raman spectrum of NbO, NWs ensemble, which is quite
similar to that of an NbO, thin film except two peaks under
100 cm™" and above 1,000 cm™.
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Figure 5. A typical Raman spectrum of NbO> NWs ensemble at
room temperature excited with 633 nm light.

Conclusion

We have successfully synthesized single crystalline NbO,
NWs by chemical vapor transport method. Structural charac-
terization via TEM analyses confirms the single crystalline
nature and the elemental composition of NbO> NWs. We
suggest that NbO> NWs grow by self-seeded growth after
forming a thin film of NbO,. We also investigated the Raman
spectrum peaks of NbO, NWs ensemble. The thin NbO;
NWs synthesized in this work could be used for the elec-
trochemical sensors and fuel cells applications.
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