Vanadium oxide nanowires for Li-ion batteries
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Vanadium oxide nanowires have gained increasing interest as the electrode materials for Li-ion
batteries. This article presents the recent developments of vanadium oxide nanowire materials and
devices in Li-ion batteries. First, we will describe synthesis and construction of vanadium oxide
nanowires. Then, we mainly focus on the electrochemical performances of vanadium oxide
nanowires, such as VO2, V2O5, hydrated vanadium oxides, LiV3O8, silver vanadium oxides, etc.
Moreover, design and in situ characterization of the single nanowire electrochemical device are also
discussed. The challenges and opportunities of vanadium oxide nanowire electrode materials will be
discussed as a conclusion to push the fundamental and practical limitations of this kind of nanowire
materials for Li-ion batteries.

I. INTRODUCTION

Li-ion batteries for portable electronic devices and
hybrid electric vehicles have gained great importance for
energy storage today.1–3 However, how to prepare cathode materials with higher energy density, higher potential,
and longer cycle life is still a challenge. Vanadium oxides
have interesting open-layered structures, which permit
a wide variety of other molecules or cations to intercalate
into the layers. In Li-ion batteries, these open-layered
structures can host more Li ions to lead to higher speciﬁc
capacity than commercial LiCoO2 with an anion close
packed lattice. Taking V2O5, for example, the apices of
these pyramids alternate in an up-up-down-down sequence
with every third row being vacant, forming a layered
character for the V2O5 structure,4 providing the accommodating interlayer space for the intercalation reactions that are
the conventional mechanism in all consumer rechargeable
batteries. The intercalation of Li ion into the V2O5 interlayer
space causes the formation of LixV2O5 phase, which would
not change the original structural frameworks, and the
intercalation process is still fully reversible, leading to the
advantage of the Li-ion batteries with a high output
voltage.5 Vanadium sources are known to be abundant in
the crustal rock of earth, causing the low cost, which is
another advantage of vanadium oxides compared with
LiCoO2 with high price because of the relatively limited
source of Co.6 These advantages make vanadium oxides
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such as V2O5, VO2, hydrated vanadium oxides, silver
vanadium oxides (SVO), LiV3O8, etc. receive much attention for application in Li-ion battery. However, vanadium
oxides are limited by fast capacity fading because of a
decrease of the Li diffusion coefﬁcient DLi and low
electrical conductivity at the state of discharge.
Since oxide nanorods were produced by Yang and
Lieber7 in 1996, oxide nanorods and nanowires have
received great interest. Recently, oxide nanowire electrodes are found to present excellent cycling performance
because of their high surface area, short Li-ion diffusion
distances, and facile strain relaxation on electrochemical
cycling.8–10 Vanadium oxides as cathode materials have
been investigated since 1976,11 and to date, several review
articles summarizing the application of vanadium oxide
nanomaterials in Li-ion batteries have already been
reported by Whittingham and coworkers12, Wang and
Cao13, and Wu and Xie14. But there is no review that
systematically summarizes the synthesis, construction,
battery property, and device assembly of vanadium oxide
nanowires. Here, we mainly review some typical vanadium oxides nanowires, such as VO2, V2O5, hydrated
vanadium oxides, etc. from synthesis and construction to
battery property and device assembly based on the recent
advance and our group’s studies.
II. SYNTHESIS AND CONSTRUCTION OF
VANADIUM OXIDE NANOWIRES

Several conventional methods are usually applied to
synthesize vanadium oxide nanowires and other nanostructures, such as hydrothermal, chemical vapor deposition
Ó Materials Research Society 2011
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(CVD), template assisted, etc. Figures 1(a)–1(c) are the
typical scanning electron microscopic images of vanadium
oxide nanowires synthesized by hydrothermal,15 CVD,16
and template-assisted method,17 respectively. In this article,
we will just review some novel synthesis methods of
vanadium oxide nanowires in recent years. Cheng et al.18
have described interesting growth behaviors of VO2 singlecrystalline nanowires on silica substrate surfaces without
using any metal catalysts. The VO2 nanowires produced by
self-catalytic growth showed that vanadium oxide materials
at the tips and nanowire bodies have different melting
temperatures, and the growth of VO2 nanowires is oxide
assisted. Velazquez et al.19 prepared V2O5 nanowires arrays
on silicon substrates by thermal evaporation method. The
nanowires obtained are single crystalline and highly oriented
with their lengths and substrate coverage controlled by the
duration of the reaction, reaction temperature, and ﬂow
velocity. The growth of these nanowire arrays has great
value in the fabrication of novel battery architectures based
on the individual nanowire. Vertically aligned V2O5 nanowires on an indium tin oxide surface were prepared by vapor

FIG. 1. Scanning electron microscope (SEM) images of vanadium
oxide nanowires or nanorods synthesized by different methods.
(a) Hydrothermal.15 (b) CVD.16 (c) Template assisted.17 (d) Vapor transport.20 (e) Thermal decomposition.21 (f) Electrospinning combined with
hydrothermal.25
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transport,20 and this method combines gaseous transport and
pyrolytic deposition of vanadium polyoxometalate anions
and yields vertically aligned vanadium oxide nanowires
[Fig. 1(d)]. Liu and coworkers21 introduced a facile thermal
decomposition method in the fabrication of V2O5 nanorods
[Fig. 1(e)], and the electrochemical performance of V2O5
nanorods is much better than commercial V2O5. The transformation from V2O5 powders to nanorods has been realized
via a two-step approach by Glushenkov et al.22 The V2O5
powders were obtained by a ball milling treatment, and
the nanorods were formed through a controlled nanoscale
growth from the V2O5 powders. The results show that the
crystal orientation of nanorods provides an improved
cycling stability for Li intercalation. A V2O5 nanobelt array
was designed and prepared on a conductive substrate via
a wet-chemistry approach by Wang et al.23 The synthesis
strategy is based on the action of hydrogen bonding between
the functionalized surface of a Ti substrate and the earlierformed V2O5.xH2O nanoseeds, and then the nanobelts are
motivated and evolved from the nanoseeds mentioned
above. The as-prepared V2O5 nanobelt array exhibits a
greatly enhanced performance in Li-ion batteries as the
cathode and anode with respect to the rate capability,
stability, and cyclability.
Electrospinning has been widely used as a convenient
and versatile method for preparing ultralong nanowires
with controllable lengths, diameters, compositions, and
complex architectures. There has been much interest in
electrospinning of vanadium oxide nanowires because
nanostructured vanadium oxides with a typical layered
structure have the potential to offer high capacities for
Li-ion batteries. Whittingham and coworkers24,25 synthesized vanadium oxide nanoﬁbers by electrospinning
technique combined with the hydrothermal method. The
organic vanadium precursor was dissolved into a polymethylmethacrylate (PMMA) chloroform solution. The
composite ﬁbers were formed on the aluminum foil
collector surface after the solvent evaporated and then
heated with water in a Teﬂon-lined autoclave. The product
was ﬁltered, washed, and then dried. All residual organics
were removed by Soxhlet extraction to obtain single crystal
HxV4O10nH2O nanoﬁbers [Fig. 1(f)]. The crystallinity and
morphology were maintained on heating to 500 °C when
V2O5 was formed. Viswanathamurthi et al.26 have synthesized vanadium oxide nanoﬁbers by electrospinning. Sol–
gel method was used to prepare the electrospinning solution
with organic vanadium precursor. On applying a high
voltage, the solvent evaporated, and a charged ﬁber was
deposited on the collector in the form of a nonwoven fabric.
The ﬁbers were collected and then calcined at different
temperatures from 400 to 700 °C to obtain V2O5 naonﬁbers.
Cao and coworkers 27 applied a simple and environmentally
benign method combining sol–gel processing with electrospinning followed by annealing in air for the fabrication of
mesoporous V2O5 nanoﬁbers. The resultant nanoﬁbers are
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350 nm in diameter and consist of porous polycrystalline
vanadium oxide with a speciﬁc surface area of about
97 m2/g. Such mesoporous V2O5 nanoﬁbers allow easy
mass and charge transfer with sufﬁcient freedom for volume
change accompanying the Li ion intercalation and deintercalation.
Recently, our group has designed and synthesized
ultralong hierarchical vanadium oxide nanowires using
the low-cost starting materials by electrospinning combined with annealing.28 NH4VO3 was added to the 10 wt%
aqueous poly(vinyl alcohol) (PVA) solution ﬁrst. 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 computer controlled 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 length of the nanowires can reach the millimeter or
centimeter grade. Each individual nanowire is uniform in
cross-section, with an average diameter of 200–250 nm.
Interestingly, short nanorods of diameter of about 50 nm
and length of 100 nm are grown on the surface of the
nanowires [Fig. 2(a)], which is quite different from that in
the literature on electrospinning of vanadium oxide nanowires from vanadium oxide isopropoxide.26 The electrospun composite nanowires were then annealed at 480 °C

FIG. 2. (a) Field-emission scanning electron microscopic (FESEM)
images of electrospun composite nanowires before annealing. (b) FESEM
images of the ultralong hierarchical V2O5 nanowires after annealing.
(c) Transmission electron microscopic (TEM) image of the ultralong
hierarchical V2O5 nanowires after annealing. (d) High-resolution transmission electron microscope image and (e) fast Fourier transformation
pattern of a single nanorod on the hierarchical V2O5 nanowires.28

in air for 3 h to obtain vanadium oxide nanowires. After
annealing, the nanowires can remain long as the continuous
structures, while the diameter decreases to 100–200 nm.
Notably, it is found that the ultralong vanadium oxide
nanowires are constructed from attached nanorods of
diameter of approximately 50 nm and length of 100 nm
[Fig. 2(b)]. From the transmission electron microscopic
image [Fig. 2(c)], we can see that the nanorods are tightly
attached with each other to construct the nanowires. Figure
2(d) 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 wellresolved fringes conﬁrm the local single crystallinity of the
V2O5 nanorods, which is in accordance with the corresponding fast Fourier transformation patterns shown in
Fig. 2(e).
Although nanowires have the potentials for various
novel applications, organizing these nanoscale building
blocks into assemblies and useful systems ultimately is
still a challenge. To this end, Langmuir-Blodgett (LB)
technique is an attractive methodology, because it can
readily help to assemble one-dimensional nanostructures
into large-area ordered monolayer arrays at the air–water
interface.29,30 Recently, our group reported the stable
surface functionalization and LB assembly of VO2 nanowires.31 Brieﬂy, the VO2 nanowires with 30–60 nm in
diameter and 1–5 lm in length were ﬁrst prepared via
a hydrothermal method as described previously.32 To
facilitate assembly, VO2 nanowires were functionalized
with steric acid (SA) in toluene, followed by cetyltrimethylammonium bromide (CTAB), centrifuged, and then
resuspended in chloroform. The chloroform VO2 nanowire suspension was spread dropwise on the aqueous
phase of a LB trough. VO2 nanowires were transferred
using hydrophilic glass by a vertical dipping method to
obtain ﬁnal LB ﬁlm. The x-ray diffraction (XRD) pattern
of VO2 nanowire LB ﬁlms (Fig. 3) only exhibits (00l)
peaks, while diffraction peak characteristic of other
crystalline planes are absent, showing that the VO2 nanowires in LBﬁlm have a well-deﬁned (00l) crystal plane
orientation. To investigate the cause of orientation,
we deposited LB ﬁlm under low surface pressure, and
the same phenomenon occurred, suggesting that the
observed orientation was not caused by pressure. Meanwhile, we also observed the well-deﬁned (00l) plane
orientation of the transferred ﬁlms of VO2 nanowires
functionalized only by SA. We speculate that the VO2
nanowires on water subphase reorient, such that their (00l)
crystal planes are parallel to the water–air interface, which
results in the formation of oriented VO2 nanowire LB ﬁlm.
During the transfer process, this ordered structure remains.
Although the mechanism for (00l) plane orientation of
VO2 nanowire LB ﬁlms is still open, we believe that
monodispersed functionalization and resulting uniform
distribution provide the possibility for the orientation of
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FIG. 3. XRD patterns of VO2 nanowires before and after LangmuirBlodgett (LB) assembly. Insert is the SEM image of VO2 nanowire
LB ﬁlm.31

VO2 nanowire LB ﬁlm. Because the VO2 nanowire
surface has a large number of O-H bond and V-O bond
groups, and the most closely packed (00l) crystal planes
have the higher energy and more atoms, SA molecular and
CTAB-SA complexes preferentially coordinate to the
(001) surface, thereby driving the orientation.
III. VANADIUM OXIDE NANOWIRES FOR Li-ION
BATTERY APPLICATION
A. VO2 nanowires

Vanadium dioxides (VO2) have more than 10 known
phases with different structural characteristics.33 Among
these phases, metastable VO2 (B) has layered structure to
accommodate the guest ion intercalation for Li-ion battery
applications.34 Recently, VO2 (B) nanorods with high
crystallinity and a rectangular cross-section were successfully synthesized using a simple hydrothermal route.35
VO2 (B) nanorods as the positive electrode exhibit a high
initial discharge capacity of 605 mAh/g, and it is found
that the good electrochemical performance is attributed to
the intrinsic properties of crystalline VO2 (B) nanostructures. Zhou et al.36 synthesized VO2 (B) nanorods with
diameters of 80–250 nm via a poly ethylene glycolassisted hydrothermal approach. The VO2 (B) nanorods
show an initial discharge capacity of 310 and 250 mAh/g
in the 30th cycle in the potential range of 1–3.5 V. Bruce
and coworkers37 synthesized ultrathin (,10-nm diameter)
VO2 (B) nanowires by a simple hydrothermal reaction.
The ultrathin wires are arranged in bundles within which
the wires lie in the same direction. In contrast, the standard
wires are not so arranged but exist as isolated wires. The
standard nanowires exhibit lengths of several microns,
whereas the ultrathin wires are several hundred nanometers in length. As shown in Fig. 4(a), the ultrathin wires
exhibit a higher discharge capacity compared with the
standard wires with either LiPF6 or lithium bis(oxalate)
2178

borate (LiBOB) as electrolyte. The initial, 30th, and 50th
discharge capacities are about 250, 180, and 170 mAh/g in
LiPF6, respectively. It is likely that this increased capacity
corresponds to faster kinetics for the ultrathin wires,
resulting from their smaller diameter, which leads to shorter
diffusion pathways for Li+ on intercalation. Our group has
synthesized VO2 (B) nanowires38 via the rheological selfassembling method from V2O5 and CTAB. The cycling
efﬁciency for the ﬁrst 30 times exceeds 95.0% [Fig. 4(b)].
The initial and 30th discharge capacities are about 250 and
180 mAh/g, respectively, which are in the same level as
the result of Bruce and coworkers.37 In contrast to normal
VO2 (B) crystal material whose reversible capacity is
approximately 160 mAh/g, VO2 (B) nanowires possess
better electrochemical property because of stable structure
and high surface activity.
Electrochemistry of the VO2 nanowires LB ﬁlm has
been investigated in our group. The 10th cycle efﬁciency
Q10 of VO2 nanowires ﬁlm before and after LB assembly
is 98 and 99%, respectively, which shows huge enhancement in cyclability compared with V2O5 xerogel ﬁlm
reported previously.39 Before LB assembly, the current
density after enlarging 400 times has the same orders of
magnitude to that after LB assembly, which shows that the
current density and speciﬁc capacity of VO2 nanowires LB
ﬁlms are approximately two orders higher than those of the
VO2 nanowire ﬁlm before LB assembly, which is attributed
to the formation of VO2 nanowire monolayers. Moreover,
in the cyclic voltammogram curves before and after LB
assembly, only one oxidation peak was recorded corresponding to a two electron-transfer process, which is
different with non-Nernstian redox couples and slow rate
for the charge-transfer reaction of V2O5 ﬁlms conﬁrmed by
the observation of two oxidation peaks. These differences
can be explained by taking into account orientated and
locally ordered structure of VO2 LB ﬁlm, which is helpful to
insertion or extraction and transfer of Li+ ions and makes
the process quicker and more reversible.
B. V2O5 nanowires

Recently, V2O5 nanowires have been extensively studied to improve their electrochemical properties because of
the short diffusion distances for the Li ions, a high contact
surface area among the active materials, conductive
additives and electrolyte, and good ﬂexibility for volume
changes during the electrochemical cycling. During the
discharge process, the structural transitions of crystalline
V2O5 can be reﬂected in the discharge curve as three
plateaus at 3.4, 3.2, and 2.3 V for the a/e, e/d, and d /c
two-phase regions, respectively. The irreversible x-Li3V2O5
will form at a deeper discharge state.13 Whittingham and
coworkers12 presented the evolution of the cycling ability
of V2O5 with morphology changing from microcrystalline
to nanocrystalline based on their own group’s results. The
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best capacity and cycling stability were demonstrated by
the V2O5 nanorods synthesized by the annealing of
HxV4O10nH2O nanorods in oxygen. Recently, Whittingham and coworkers25 found that the electrospun V2O5
nanoﬁbers have a remarkably high discharge capacity,
approaching 360 mAh/g in the ﬁrst cycle and above
240 mAh/g after 25 cycles, as shown in Fig. 5(a). But

there is a slight overcharge on each cycle when battery is
cycled galvanostatically between 1.75 and 4.0 V, which is
associated with reaction with the electrolyte. This is solved
by the addition of a small amount of LiBOB to the
electrolyte LiPF6, leading to a more effective protective
layer to improve the columbic efﬁciency close to 100%,
but there is a loss in the capacity of the vanadium oxide.

FIG. 4. (a) Discharge capacity versus cycle number for VO2 (B) nanowires in LiPF6 and lithium bis(oxalate)borate (LiBOB).37 (b) Discharge speciﬁc
capacity and efﬁciency versus cycling number for VO2 (B) nanowires.38

FIG. 5. (a) Capacity and cycling efﬁciency versus cycle number of nano-V2O5 using a pure LiPF6 electrolyte solution and one containing 5%
LiBOB.25 (b) and (c) Capacity versus cycle number and coulombic efﬁciency versus cycle number of the ultralong hierarchical vanadium oxide
nanowires.28
J. Mater. Res., Vol. 26, No. 17, Sep 14, 2011

2179

L. Mai et al.: Vanadium oxide nanowires for Li-ion batteries

Chou et al.40 synthesized V2O5 nanoribbons by an
ultrasonic-assisted hydrothermal method combined with
a postannealing process. Interestingly, the nanoribbons
are composed of small nanoﬂakes. The nanoparticle has
a porous structure on the surface with diameters less than
5 nm, which accounts for the high surface area. They
reported that the possible reason for the formation of the
pores is that the surfactant (Brij 30) could etch the surface
of the raw V2O5 materials and show a surface porous
structure after annealing. Owing to high surface area,
porous V2O5 nanoribbons show the best capacity of
430 mAh/g for initial discharge, the best cyclability
(270 mAh/g for the 50th cycle), good high-rate capability
(119 mAh/g at 2 C current density). The room temperature ionic liquid electrolyte used in their work can prevent
the dissolution of V2O5 during charge and discharge.
Cui and coworkers41 synthesized V2O5 nanoribbons by
a chemical vapor transport method and studied Li-ion
insertion in single V2O5 nanoribbon via chemical lithiation with n-BuLi. They found that the transformation of
a-V2O5 into the d-Li3V2O5 phase depends not only on the
width but also on the thickness of the nanoribbons. The
transformation can take place within 10 s in thin nanoribbons, suggesting a Li+ diffusion constant three orders
of magnitude faster than in bulk materials, resulting in
a signiﬁcant increase in battery power density (360 C).
Meanwhile, efﬁcient electronic transport can be maintained to charge a Li3V2O5 nanoribbon within less than 5 s.
The V2O5 nanobelt array mentioned above exhibits greatly
improved rate capability and cyclability, presenting a superior candidate for Li-ion batteries cathodes.23 By regularly
changing the current densities from 4000 to 1000, 400, and
ﬁnally back to 4000 mA/g, they can observe the reversible
capacity delivered from 150 to 180, 230, and then back to
150 mAh/g subsequently. When the V2O5 nanobelt array is
tested as an anode in Li-ion batteries, the excellent electrochemical performance is achievable as well. The excellent
performance for V2O5 nanobelt arrays on Ti substrates
serving as cathodes and anodes is believed to be based on
their unique designed architecture, which can be applied to
other active materials in Li-ion batteries. Electrospun
mesoporous V2O5 nanoﬁbers fabricated by Cao and coworkers display an enhanced Li-ion storage capacity, excellent cyclic stability, and reversibility.27 The initial discharge
capacity is 377 mAh/g at a high charge/discharge rate of up
to 800 mA/g. The charge/discharge capacity of mesoporous
V2O5 nanoﬁbers decreases slowly before the 9th cycle, and
then the charge/discharge process becomes very stable with
a discharge capacity of 347 mAh/g in the 10th cycle and
a loss rate of 0.78% per cycle, which is attributed to the
unique structures allowing easy mass and charge transfer
with sufﬁcient freedom for volume change accompanying
the Li-ion intercalation and deintercalation.
Li-ion battery performance of the ultralong hierarchical
V2O5 nanowires prepared by electrospinning in our group
2180

was investigated.28 As shown in Fig. 5(b), when the
battery is cycled between 1.75 and 4.0 V, the initial and
50th discharge capacities are up to 390 and 201 mAh/g,
respectively, but the coulombic efﬁciency is not stable
because of the irreversible-phase transition at 1.9 V
[Fig. 5(c)]. So while the battery is cycled between 2.0
and 4.0 V, the coulombic efﬁciency is close to 100% and
more stable. But the initial and 50th discharge capacities of
the vanadium oxide reduce to 275 and 187 mAh/g because
of the narrower cycling range. The ultralong hierarchical
nanowires exhibit high speciﬁc capacity and good cycling
capability because of the unique structure shown in Fig. 2,
which can effectively prevent self-aggregation of the
nanowires to keep the surface area large and fully realize
the advantage of nanostructured materials.
C. Hydrated vanadium oxides nanowires

V3O7H2O is one of the hydrated vanadium oxides
containing V5+ and V4+ in a ratio of 2:1, which is of
interest because of the layered structure and redox activity.
The layered structure of V3O7H2O contains VO6 octahedra and VO5 trigonal bipyramids with vanadium oxidation
states of +4 and +5, respectively. The water molecule is
bound to the vanadium ion by replacing one of the oxygen
atoms in the VO6 octahedron and forms hydrogen bonds
with the octahedral in the next layer. Qiao et al.42 have
synthesized V3O7H2O nanowires via hydrothermal treatment of commercial V2O5 powder at relatively low
temperatures. The synthetic process is free of any templates and reducing agents. The resulting V3O7H2O
nanowires are 100–500 nm in width, several tens to several hundreds micrometers in length, and about 20 nm
in average thickness. The typical width:thickness ratios
were about 5–20. They reported that the V3O7H2O
nanowires exhibited an initial high discharge speciﬁc
capacity of 253.0 mAh/g in the potential range of 3.8–
1.7 V, and the stabilized capacity still remained at
228.6 mAh/g after 50 cycles. Gao et al.43 have synthesized
single-crystal V3O7H2O nanobelts using a simple hydrothermal route. The synthesized nanobelts are highly
crystalline and have lengths up to several tens of micrometers. The thickness and width of the nanobelts are found
to be about 30 and 50 nm, respectively. The Li-ion battery
using V3O7H2O nanobelts as the positive electrode
exhibits a high initial discharge capacity of 409 mAh/g,
corresponding to an intercalation of 4.32 mol Li+ into
1 mol V3O7H2O, which is a really high ratio of Li+ to
vanadium oxide. This outstanding performance can be
attributed to the intrinsic characteristics of the singlecrystalline V3O7H2O nanobelts. Zhang et al.44 synthesized single-crystal V3O7H2O nanobelts in a large scale
by ethanol reducing of the commercial V2O5 powder
via a facile hydrothermal approach. The as-prepared
V3O7H2O nanobelts are up to several tens of micrometers

J. Mater. Res., Vol. 26, No. 17, Sep 14, 2011

L. Mai et al.: Vanadium oxide nanowires for Li-ion batteries

in length, about 100 nm in width, and about 20 nm in
thickness in average, respectively. The V3O7H2O nanobelts exhibit an initial discharge capacity of as high as
373 mAh/g in a voltage range of 4.0–1.5V and under
a constant current density of 0.2 mA/cm2. The high
discharge capacity might be attributed to the large surface
area and short diffusion distance resulting from the nanostructures. These results indicate that the V3O7H2O nanowires are promising cathode materials in Li-ion batteries.
In addition to V3O7H2O nanowires, the application in
Li-ion batteries of some other hydrated vanadium oxides
nanomaterials has also been investigated. Xie and coworkers 45 synthesized one-dimensional V2O50.6H2O and
V2O50.9H2O nanorolls on a large scale by a simple
hydrothermal growth route using NH4VO3 as the raw
material. The initial discharge capacity of V2O50.6H2O
and V2O50.9H2O nanorolls are 253.6 and 223.9 mAh/g,
respectively. Moreover, the capacities of the annealed
samples are higher than their hydrous precursors, which
was 307.5 mAh/g for the annealed V2O50.6H2O and
287.8 mAh/g for the annealed V2O50.9 H2O. This result
indicated that the interstitial water molecules in V2O5xH2O
samples occupy some interlayer space of the structure and
the spaces for the Li intercalation/deintercalation decrease,
leading to a low charge–discharge capacity. Interestingly,
this conclusion is different from a former one, which said
that the expansion of V2O5 layers by water molecules could
facilitate enhanced Li-ion intercalation performance of
V2O5xH2O.46 These demonstrate that vanadium oxide
nanomaterials with diverse morphologies will offer great
opportunities for exploring the morphology dependence of
the Li properties of a nanomaterial on its Li-ion intercalation
performance for Li-ion battery applications.14
D. Other vanadium oxides nanowires

Besides the typical vanadium oxides, some other
vanadium oxides nanowires have also drew much attention
for Li-ion battery application, such as LiV3O8, LixV2O5,
NaV6O15, and SVO. Liu et al.47 have prepared LiV3O8
nanorods with highly crystalline and a single phase; the
electrochemical performance of LiV3O8 nanorods was
investigated, which demonstrated that as-prepared LiV3O8
nanorods exhibited as high as 348 mAh/g discharge
capacity in ﬁrst cycle at 20 mA/g current density and still
remained at 303 mAh/g at 50 mA/g afterward; moreover,
until 50 cycles, they kept 315 mAh/g, recorded at 50 mA/g.
Sakunthala et al.48 synthesized the LiV3O8 rods by the
surfactant-assisted polymer precursor method, which delivered a discharge capacity of 230(65) mAh/g at the end
of the second cycle, with an excellent capacity retention
of 99.52% at the end of the 20th cycle, for a current density
of 30 mA/g. LiV3O8 nanorods delivered a discharge
capacity of 135(65) mAh/g at the end of 350 cycles, for
a current density of 240 mA/g, and reasonably high capacity

values were achieved at the different current rates. Semenenko et al.49 showed the synthesis of single-crystalline
LixV2O5 nanobelts, which drastically enhanced initial discharge speciﬁc capacity of 490 mAh/g and great cyclability.
The capacity was maintained above 400 mAh/g for
50 cycles. Liu et al.50 introduced a simple method to
prepare highly crystallined single-phase NaV6O15 nanorods. When used as the cathode material in rechargeable Li
batteries, the NaV6O15 nanorods exhibited stable Li-ion
insertion/deinsertion reversibility and delivered as high as
328 mAh/g Li cycled at the current density of 0.02 A/g. In
galvanostatic cycling test, a speciﬁc discharge capacity of
approximately 300 mAh/g could be demonstrated for
70 cycles under 0.05 A/g current density.
SVO have been found ideally suitable for battery
applications owing to their excellent electrochemical
properties resulting from the variety of oxidation state of
silver and vanadium. Among SVO, Ag2V4O11 has been
studied most, and it has demonstrated commercial success
as a solid-state cathode material in primary Li power
sources for implantable biomedical devices, such as the
implantable cardiac deﬁbrillator.51 Another important
stable-phase SVO is b-AgVO3, whose electrochemical
property highly depends on the composition, size, shape,
crystal structure, and surface properties of the product. Zhu
and coworkers52 synthesized b-AgVO3 nanowires with
diameter of 30–60 nm and length of 1.5–3 lm by a simple
and facile low-temperature sonochemical route. Cyclic
voltammetry and charge–discharge experiments were applied to characterize the electrochemical properties of the
nanowires as cathode materials for Li-ion batteries. The asprepared b-AgVO3 nanowires showed the initial charge
and discharge capacities of 69 and 102 mAh/g, respectively. Zhang et al.53 prepared b-AgVO3 nanowires with
diameter around 50 nm and length of several tens of micrometers via a simple and facile low-temperature hydrothermal approach. Electrochemical measurements of primary
Li-ion batteries showed that the electrodes with the asprepared b-AgVO3 nanowires exhibited high discharge
capacities of 302.1 mAh/g.
The battery property researches of SVO have mainly
focused on primary Li-ion batteries. Recently, our group
synthesized b-AgVO3 nanowires [Fig. 6(a)] by rheological self-assembling process and investigated their rechargeable Li-ion battery property. To improve its
electrochemical property, AgVO3-PPy nanocables were
then constructed using as-prepared AgVO3 by in situ
polymerization method.54 AgVO3-PPy nanocables can
keep one-dimensional structure well, while the surface
has become rough. The thickness of the PPy layer is about
6 nm [Figs. 6(c) and 6(d)].
It is found that the AgVO3-PPy hybrid nanocables
exhibit higher discharge capacity, capacity retention, and
better cycling stability compared with the pristine b-AgVO3
nanowires [Fig. 6(b)], resulting from the improvement of
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FIG. 6. (a) Typical FESEM image of the b-AgVO3 nanowires.
(b) Cyclability of the batteries assembled with the b-AgVO3 nanowires
(I) and the AgVO3-PPy nanocables(II). (c) and (d) Typical TEM images
of AgVO3 and AgVO3/PPy nanocable, respectively.54

electrical conductivity because of hybrid polymerization of
pyrrole accompanied by change of band structure and
carrier density. Furthermore, PPy can accommodate Li
ions. When the b-AgVO3 nanowires are enwrapped and
interconnected with PPy coatings, the coated PPy layer
could provide a ﬁne pathway for electron transfer in the Li+
ions insertion/extraction process. Thus, PPy facilitates the
interfacial charge transfer and improves the utilization of the
composite electrode, ﬁnally improving the electrochemical
performances of the nanocables.
IV. VANADIUM OXIDE NANOWIRE-BASED
NANODEVICES

As typical building blocks, vanadium oxide nanowires
have been constructed into nanodevices to facilitate various
applications in recent years, such as electrochromics, biological detections, photonic crystals, strain sensor, etc.55–63
Single nanostructure devices have been exploited to
demonstrate a powerful diagnostic tool, which allows for
the direct correlation of the electrochemical property with
the structure on the same nanoscale particle.64–69 Recently, our group has fabricated a single nanowire electrochemical device using V3O7H2O nanowire to investigate
the fundamental mechanisms of capacity fading and the
direct relationship between electrical transport, structure,
and electrochemistry of vanadium oxide.70 The device
was conﬁgured with one nanowire as cathode, one ﬂake of
highly ordered pyrolytic graphite (HOPG) as counter
electrode, and PEO, LiClO4, and propylene carbonate as
solid electrolytes [Fig. 7(a)].
This single nanowire battery design provides a unique
platform for in situ probing the direct correlation of nanowire’s electrical transport, structure, and electrochemistry
2182

FIG. 7. (a) Schematic diagram of a single nanowire electrode device
design. A single vanadium oxide nanowire is the work electrode, and
HOPG nanoﬁlm is the counter electrode. The electrolyte is the PEOLiClO4-PC-EC polymer. (b)–(f) Single vanadium oxide nanowire
transport properties at different charge/discharge states are shown:
(b) initial state; (c) after Li+ ion intercalation (shallow discharge with
100 pA for 200 s); (d) after Li+ ion deintercalation (shallow charge with
100 pA for 200 s); (e) after deep discharge with 100 pA for 400 s; and
(f) after deep charge with 100 pA for 400 s.70

without disturbing the battery components. Figures 7(b)–7(f)
show the transport properties of the same single nanowire at
different charge/discharge status. Initially, the vanadium
oxide nanowire is highly conductive [Fig. 7(b)], agreeing
with its original intact crystal structures. Along with Li-ion
intercalation by shallow discharge with 100 pA for 200 s,
the nanowire conductance is decreased over two orders
[Fig. 7(c)]. The conductance change can be restored to
previous scale upon Li+ ion deintercalation with shallow
charge with 100 pA for 200 s [Fig. 7(d)] indicating
reversible structure change. However, when the battery
device is deeply discharged with 100 pA for 400 s, the
nanowire conductance drops over ﬁve orders [Fig. 7(e)]. This
change is permanent and could not be recovered even after
deep charging with 100 pA for 400 s [Fig. 7(f)], indicating
that permanent structure change happens when too many
Li ions are intercalated into the vanadium oxide layered
structures. Here, the material electrical properties, crystal
structure change, and electrochemical charge/discharge status are clearly correlated on the single nanowire electrode
platform.
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V. CONCLUSIONS
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