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ABSTRACT Ultralong hierarchical vanadium oxide nanowires with diameter of 100-200 nm and length up to several millimeters
were synthesized using the low-cost starting materials by electrospinning combined with annealing. The hierarchical nanowires were
constructed from attached vanadium oxide nanorods of diameter around 50 nm and length of 100 nm. The initial and 50th discharge
capacities of the ultralong hierarchical vanadium oxide nanowire cathodes are up to 390 and 201 mAh/g when the lithium ion battery
cycled between 1.75 and 4.0 V. When the battery was cycled between 2.0 and 4.0 V, the initial and 50th discharge capacities of the
nanowire cathodes are 275 and 187 mAh/g. Compared with self-aggregated short nanorods synthesized by hydrothermal method,
the ultralong hierarchical vanadium oxide nanowires exhibit much higher capacity. This is due to the fact that self-aggregation of the
unique nanorod-in-nanowire structures have been greatly reduced because of the attachment of nanorods in the ultralong nanowires,
which can keep the effective contact areas of active materials, conductive additives, and electrolyte large and fully realize the advantage
of nanomaterial-based cathodes. This demonstrates that ultralong hierarchical vanadium oxide nanowire is one of the most favorable
nanostructures as cathodes for improving cycling performance of lithium ion batteries.
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F

unctional nanostructured architectures assembled
from nanowires, nanobelts, nanotubes, or other nanocrystals as the building blocks will offer tremendous
impact in many areas, such as nanoscale solar cells, nanogenerators, molecular electronics, and biological materials.1-8
To serve as cathodes or anodes for lithium ion batteries,
nanostructured active materials have a short Li-ion insertion/
extraction distance, facile strain relaxation upon electrochemical cycling, and very large surface to volume ratio to
contact with the electrolyte, which can improve the capacity
and cycle life of lithium ion batteries.9-16 However, in the
ordinary batteries, owing to the high surface energy, nanomaterials are often self-aggregated, which reduces the effective contact areas of active materials, conductive additives, and electrolyte. How to keep the effective contact areas
large and fully realize the advantage of active materials at
nanometer scale is still a challenge and of great importance.
Hierarchical nanostructured materials such as hollow nanospheres, porous nanostructures, nanotubes, nanowire-onnanowire structures, and kinked nanowires, etc., can ensure
the surface remains uncovered to keep the effective contact
areas large even if a small amount of inevitable self-aggregation occurs.17-21 Moreover, if one dimension of the nanocrystallites is up to a few hundred micrometers or even at

millimeter scale, such as ultralong nanowires or nanobelts, selfaggregation of the nanomaterials can be effectively prevented.
Therefore, to some extent, an ultralong hierarchical nanowire
is one of the most favorable structures as cathode/anode
materials for high-performance lithium ion batteries.
As a kind of promising cathode material, long vanadium
oxide nanowires/nanobelts can be synthesized by hydrothermal reaction,22,23 vapor transport,24 and electrospinning.25-28 It is particularly worth noting that electrospinning
has been widely used as a convenient and versatile method
for preparing ultralong hierarchical nanowires with controllable lengths, diameters, compositions, and complex architectures. There has been much interest in electrospinning
and/or electrochemistry of vanadium oxide nanowires/
nanorods because nanostructured vanadium/molybdenum
oxides with a typical layed structure have the potential to
offer high capacities for lithium ion batteries.29-40 For
example, V2O5 nanorods on TiO2 nanowires, spiral-like V2O5
nanowires have been fabricated by electrospinning and
annealing.25,26 V2O5 nanocrystallites synthesized by electrospinning combined with hydrothermal treatment followed by annealing exhibit a high capacity of 350 mAh/g
and high Columbic efficiency.27
In the previous work, we found that hierarchical FeSe2
nanoflowers composed of uniform nanoplates exhibited
high discharge capacity of ca. 431 mAh/g even if inevitable
self-aggregation occurred.41 Here, we report a novel hierar-
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chical nanostructure, which is ultralong vanadium oxide
nanowires constructed from attached single-crystalline vanadium oxide nanorods. Compared with previous studies on
electrospinning of vanadium oxide nanowires by using
expensive organic vanadium oxide isopropoxide as the raw
materials, we successfully synthesized vanadium oxide
nanowires via electrospinning by using inorganic ammonium metavanadate as precursor, which is cost-saving and
more suitable for industrial production of lithium batteries.
Moreover, the as-prepared ultralong hierarchical vanadium
oxide nanowires were found to offer high charge/discharge
capacities and improved cycling stability.
Poly(vinyl alcohol) (PVA) (Mw ) 80000) and ammonium
metavanadate (NH4VO3) were commercially available and
used as received. Twenty milliliters of aqueous PVA solution
with a concentration of 10 wt % was first prepared by
dissolving PVA powder in deionized water and heating at
80 °C with vigorous stirring for 5 h, and 0.5 g of NH4VO3
was then added to the above PVA solution. After the mixture
was stirred at 70 °C for 3 h, a viscous light-yellow clear
solution of ammonium metavanadate/PVA was obtained.
The precursor solution was then delivered into a metallic
needle at a constant flow rate of 1.0 mL/h by a computercontrolled syringe pump. The metallic needle was connected
to a high-voltage power supply, and a piece of grounded
aluminum foil was placed 20 cm below the tip of the needle.
As a high voltage of 20 kV was applied, the precursor solution
jet accelerated toward the aluminum foil, leading to the
formation of NH4VO3/PVA composite nanowires accompanied by rapid evaporation of solvent. The composite nanowires were then annealed at 480 °C in air for 3 h to obtain
ultralong hierarchical vanadium oxide nanowires.
An X-ray diffraction (XRD) measurement was performed
using a D/MAX-III X-ray diffractometer with graphite-monochromatized Cu KR radiation. For XRD measurement, the
nanowire mats were separated from Al substrate and then
slightly pressed on a glass slide to form a dense film. Fouriertransformed infrared (FTIR) absorption spectra were recorded using the 60-SXB IR spectrometer. Field emission
scanning electron microscopy (FESEM) images were collected with a Hitachi S-4800 at an acceleration voltage of 20
kV. Transmission electron microscopy (TEM) and highresolution transmission electron microscopy (HRTEM) were
recorded by using a JEOL JEM-2010 FEF microscope. Thermogravimetry/differential scanning calorimetry (TG/DSC)
was performed using a Netzsch STA 449C simultaneous
thermal analyzer at a heating rate of 10 °C/min in air. The
electrochemical properties were studied with a multichannel
battery testing system (Neware BTS-5 V/5 mA). Batteries
were fabricated using a lithium pellet as the anode, 1 M
solution of LiPF6 in ethylene carbon (EC)/dimethyl carbonate
(DMC) as electrolyte, and a pellet made of the nanowires,
acetylene black, and PTFE (polytetrafluoroethylene) in a 70:
25:5 weight ratio as the cathode. Galvanostatic charge/
discharge tests were performed over the potential region of
© 2010 American Chemical Society

FIGURE 1. (a, b) FESEM images of electrospun NH4VO3/PVA composite nanowires. (c-f) FESEM images of the ultralong hierarchical
vanadium oxide nanowires after annealing.

2.0-4.0 and 1.75-4.0 V, respectively, at a current density
of 30 mA/g and temperature of 25 °C.
Panels a and b of Figure 1 show the low and high magnification FESEM images of the as-electrospun ultralong
NH4VO3/PVA composite nanowires at the 1:4 weight ratio
of NH4VO3 and PVA for the starting materials. As observed,
the length of the nanowires can even reach the millimeter
or centimeter grade. The collected nanowires aligned in
random orientation because of the bending instability associated with the spinning jet. Each individual nanowire was
uniform in cross section, with an average diameter of
200-250 nm. Interestingly, short nanorods of diameter
about 50 nm and length of 100 nm were grown on the
surface of the nanowires, which was quite different from that
in the literature on electrospinning of vanadium oxide
nanowires from vanadium oxide isopropoxide.26 The nanorod-in-nanowire structures could be accounted for the limited solubility of NH4VO3 in water at room temperature. The
electrospun composite nanowires were then annealed at
480 °C in air for 3 h to obtain vanadium oxide nanowires.
After annealing, the nanowires could remain long as the
continuous structures, while the diameter decreased to
100-200 nm (Figure 1c-f). Notably, it was found that the
ultralong vanadium oxide nanowires were constructed from
attached nanorods of diameter around 50 nm and length of
100 nm. The size reduction of the nanowires was probably
caused by the loss of PVA from the nanowires and thermal
decomposition of NH4VO3. When the weight ratio of NH4VO3
and PVA decreased to 1:7 for the starting materials, the
ultralong and continuous vanadium oxide nanowires could
still be formed (Figure S1 in the Supporting Information).
This indicates that the low-cost NH4VO3 which we used in
this work can be considered as a kind of excellent precursor
for electrospinning of vanadium oxide nanowires.
XRD patterns show that the as-electrospun composite
nanowires were composed of NH4VO3 and PVA (Figure 2a).
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FIGURE 3. (a) TEM image of the ultralong hierarchical vanadium
oxide nanowires after annealing. (b) HRTEM image and (c) FFT
patterns of a single nanorod on the hierarchical vanadium oxide
nanowires.

FIGURE 2. (a) XRD patterns of electrospun PVA nanowires, NH4VO3/
PVA nanowires, and the ultralong hierarchical vanadium oxide
nanowires after annealing. (b) FTIR spectra of electrospun NH4VO3/
PVA composite nanowires and the ultralong hierarchical vanadium
oxide nanowires after annealing.

Surprisingly, the intensity of (020) peak of NH4VO3 nanorods
on the nanowires was extremely strong compared with
other diffraction peaks, showing a well-defined (020) crystal
plane orientation. XRD patterns of the nanowires after
annealing can be indexed to orthorhombic V2O5, including
a small amount of VxO2. FTIR spectroscopy was applied to
further investigate the structural change in bonding related
to the electrospun nanowires before and after annealing
(Figure 2b). For NH4VO3/PVA composite nanowires, the
strong bands observed between 500 and 2000 cm-1 can be
assigned to bending and stretching frequencies of PVA. The
band at 3209 cm-1 is assigned to vibrations of NH4+, and
the band at 2923 cm-1 is assigned to vibrations of -CH2-.
The bands at 3421 and 1650 cm-1 are assigned to stretching
and bending frequencies of adsorbed water. After annealing,
the bands assigned to PVA disappeared; instead, welldefined features are observed due to vanadium oxide. The
evidence for the structural determination of orthorhombic
V2O5 crystals is the peak position of the vanadyl (VdO) mode
located at 1018 cm-1. The other bands at 837 and 622 cm-1
are assigned to the vibrations of VsOsV and Os(V)3,
respectively. TG/DSC analysis can also confirm that the
complete formation of pure inorganic oxide occurred above
480 °C (Figure S2 in the Supporting Information).
TEM and HRTEM investigations were conducted to further analyze the secondary structures of the ultralong hierarchical vanadium oxide nanowires, as shown in Figure 3.
Notably, the nanorods were tightly attached with each other
© 2010 American Chemical Society

FIGURE 4. (a, b) Schematic illustration of formation of the ultralong
hierarchical vanadium oxide nanowires during annealing. (c) Side
view of two ultralong hierarchical vanadium oxide nanowires near
each other. (d) Self-aggregation of short vanadium oxide nanorods.

to construct the nanowires (Figure 3a and Figure S3 in the
Supporting Information). Figure 3b shows lattice fringes of
a nanorod with regular spacing of 4.38 and 3.48 Å, which
are consistent with the interplanar distance of (001) and
(201) planes of V2O5. The well-resolved fringes confirm the
local single crystallinity of the V2O5 nanorods, which is in
accordance with the corresponding fast Fourier transformation (FFT) patterns shown in Figure 3c.
The following possible formation mechanism for the
ultralong hierarchical vanadium oxide nanowires is suggested: In the process of preparing NH4VO3/PVA solution
before electrospinning, NH4VO3 and PVA were completely
dissolved in hot water to form a clear viscous sol. When the
precursor solution jet accelerated toward the grounded
aluminum foil, NH4VO3 crystals began to grow accompanied
by rapid evaporation of solvent. Meanwhile, the PVA nanowire played the role of a template for the oriented growth
of attached NH4VO3 nanorods, which resulted in the formation of ultralong hierarchical NH4VO3/PVA composite nanowires, as illustrated in Figure 4a. This is in accordance with
the FESEM images and XRD pattern of the electrospun
nanowires (Figure 1b and Figure 2a). During annealing,
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in V2O5 occurred at a voltage smaller than 1.9 V.42,43 After
50 cycles, the discharge capacities can reach 201 mAh/g at
1.75-4.0 V and 187 mAh/g at 2.0-4.0 V (Figure 5c),
exhibiting the greatly improved performance for lithium
batteries. We found that the cycling efficiency of the battery
cycled at 2.0-4.0 V was higher and more stable than that
at 1.75-4.0 V, which was attributed to irreversible phase
transition at 1.9 V.
The high performance of our batteries is attributed to
several reasons. We deduce that self-aggregation of the
ultralong hierarchical vanadium oxide nanowires can be
effectively prevented, which keeps the surface area large to
fully realize the advantage of nanostructured materials.
Furthermore, after annealing at 480 °C, the vanadium oxide
nanorods of high crystallinity in the nanowires make the
active materials stable during cycling. Similar results were
reported by Whittingham’s group that cycling stability of
V2O5 nanorods is improved by annealing.27,29 Compared
with other vanadium oxide nanorods by combining electrospinning with hydrothermal treatment or annealing,27,29 our
ultralong hierarchical vanadium oxide nanowires have higher
specific capacity and better cycling capability. Meanwhile,
we have prepared vanadium oxide nanorods with lengths
of about 1-2 µm by the hydrothermal method. It was found
that these short nanorods were easily self-aggregated together, which exhibited a low discharge capacity of 110-130
mAh/g (Figure S4 in the Supporting Information). Therefore,
ultralong hierarchical nanowire constructed from attached
nanorods/nanoparticles as the building blocks may be a
special structure that is superior to nanoparticles or short
nanorods in lithium ion battery applications.
In summary, using low-cost NH4VO3 as the starting
materials, we have developed a cost-saving method to

NH4VO3 and PVA decomposed, while the attached nanorods
could keep the morphologies when the phase transition
occurred. Finally, the ultralong hierarchical vanadium oxide
nanowires made up of attached nanorods were formed, as
illustrated in Figure 4b, which can be confirmed by FESEM
images of the annealed nanowires in Figure 1c,d. Figure 4c
is the schematic illustration of two ultralong hierarchical
vanadium oxide nanowires near each other. It was shown
that the self-aggregation of nanorods had been greatly
reduced because of the attachment of nanorods in the
nanowires. For comparison, self-aggregation of the common
short nanorods was illustrated in Figure 4d. The welldispersed hierarchical nanowires will have potential applications in electrochemistry due to available high surface areas.
Figure 5a shows the potential versus capacity curves of
the first and 10th cycles for the ultralong hierarchical
vanadium oxide nanowires cycled between 2.0 and 4.0 V.
The first discharge and chagre capacities are both 275 mAh/
g, showing no capacity loss in the first cycle. The typical
plateaus corresponding to the phase transitions of cryatalline
V2O5 were obviously observed. However, two additional
plateaus at 2.8 and 2.5 V are not like the characteristic of
V2O5 cathode, which is probably due to other electrochemically active vanadium oxides with low valence state of
vanadium,29 that is, VxO2, as indicated in Figure 2a. After
10 cycles, the multistep charge/discharge behavior still
occurred, which means irreversible ω-Li3V2O5 were not
formed.29 When the battery was cycled between 1.75 and
4.0 V, The first discharge and charge capacities are up to 390
and 361 mAh/g, respectively (Figure 5b). However, during
the 10th cycle, the multistep discharge behavior disappeared, which was due to the irreversible formation of
ω-Li3V2O5 when the electrochemical intercalation of lithium

FIGURE 5. (a, b) Charge/discharge curves of hierarchical vanadium oxide nanowires at voltages of 2-4 and 1.75-4 V, respectively. (c, d)
Capacity vs cycle number, and Coulombic efficiency vs cycle number of the ultralong hierarchical vanadium oxide nanowires.
© 2010 American Chemical Society
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prepare ultralong hierarchical vanadium oxide nanowires
constructed from attached vanadium oxide nanorods. The
growth of NH4VO3 nanorods on the surface of electrospun
NH4VO3/PVA composite nanowires before annealing is critical for the formation of hierarchical vanadium oxide nanowires. This novel nanostructure exhibits a high performance
for lithium ion batteries, providing a high discharge capacity
of 390 mAh/g and improved cycling stability, which results
from reduced self-aggregation of the nanomaterials. The
nanorod-in-nanowire described in this paper is a unique
structure that will probably have potential applications in
chemical power sources, sensors, and other nanodevices.
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