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Introduction

The rapid development of alternative energy sources and
electric transportation has led to significant research efforts
being focused towards high-energy- and high-power-density
lithium-ion batteries (LIBs).[1] However, even after decades
of intensive research, the low capacity of the currently used
electrode materials, especially on the cathode side, still seri-
ously hamper its development.[2] There is a general consen-
sus that further enhancements in capacity will require a tran-
sition from the currently used Li-insertion/deinsertion com-
pounds, which are limited to 1e�/formula-unit, to new com-
pounds that are based on multi-electron-reaction materi-
als.[3–7]

Vanadium pentoxide (V2O5), as one of the most-attractive
multifunctional materials, has potential applications in the
fields of actuators,[8] catalysis,[9] and sensors,[10] as well as in

multi-electron battery materials. Since the reversible multi-
electron electrochemical lithium-ion intercalation in V2O5

was first reported in 1976 by Whittingham,[11–13] intense in-
terest has been focus on applying V2O5 as a cathode materi-
al for rechargeable LIBs because of its high theoretical ca-
pacity, low cost, abundance, ease of synthesis, and better
safety.[14–19] Unfortunately, until now, its practical application
in rechargeable LIBs have been seriously hindered by its
poor cycle stability, low electronic- and ionic conductivity,
and sluggish electrochemical kinetics.[14] Therefore, it is
highly desirable to simultaneously achieve the high-energy-
and high-power density of V2O5 in cathode materials, but it
remains a great challenge.

1D nanostructures, such as nanofibers, nanorods, and
nanoribbons, have received increasing interest in energy-har-
vesting devices.[20] Furthermore, when electroactive materi-
als possess porous and hollow 1D nanostructures, substantial
improvements in power- and energy-density over bulk elec-
trodes could be expected owing to the following advantages:
1) the 1D geometry could allow for efficient 1D electron
transport along the longitudinal direction; 2) the hollow,
porous structure would increase Li+-ion flux at the interface
between the active material and the electrode owing to the
large surface-to-volume ratio with the electrolyte,[21–25] de-
crease the lithium-ion-diffusion length, and thus promote
fast Li+-ion transfer; 3) the 1D, porous nanostructure would
also improve the structural stability against volume expan-
sion, which would intrinsically improve the cycling stability.
Although various methods to generate well-defined 1D
nanostructures have been developed,[20–25] there are few re-
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ports of active materials that have porous and hollow 1D
nanostructures,[26,27] to say nothing of controllable morpholo-
gy as high-performance LIBs cathode materials that were
prepared by a simple, versatile, and cost-effective technique.

As a remarkably simple and cost-effective technique, elec-
trospinning has been used for many years to generate 1D in-
organic/semiconductor nanomaterials with controllable mor-
phology, various lengths, diameters, compositions, and com-
plex architectures.[26–33] More importantly, besides the rela-
tively high production rate and simplicity of the setup, the
electrospun nanofibers possessed extremely high surface-to-
volume ratios because of their superlong lengths and the
porous substructure that was formed during the annealing
process.[33] In view of these attractive features, many excel-
lent efforts have been devoted to the design of high-perfor-
mance metal-oxide-electrode materials by using the electro-
spinning technique. For example, Mai et al. have reported
that ultralong hierarchical vanadium-oxide nanowires that
were prepared by electrospinning could reduce the self-ag-
gregation of the nanomaterials, thereby exhibiting improved
performance for LIBs.[34] Recently, Srinivasan and co-work-
ers prepared single-phase electrospun V2O5 nanofibers for
LIBs.[35] However, these materials still suffered from serious
disadvantages, such as low capacity and poor cycling stabili-
ty, even at very low current densities. Therefore, it remains
highly desirable and urgent to prepare high-performance
electrode materials for LIBs with controlled morphology by
using electrospinning techniques.

Herein, we used electrospinning techniques followed by
controlled annealing in air to fabricate porous V2O5 nano-
tubes, hierarchical V2O5 nanofibers, and single-crystalline
V2O5 nanobelts. To the best of our knowledge, this is the
first synthesis of porous V2O5 nanotubes and single-crystal-
line V2O5 nanobelts by electrospinning. A detailed mecha-
nism for the controlled formation of these morphologies by
the general approach was also considered. In coin-cell meas-
urements, these 1D V2O5 nanostructures exhibited high-per-
formance as cathode materials for LIBs. Most importantly,
the porous V2O5 nanotubes delivered a high power density
(40.2 kWkg�1), whilst the energy density remained high (up
to 201 Wh kg�1), which is one of the highest values on V2O5-
based cathode materials. Interestingly, the beneficial crystal
orientation of the single-crystalline V2O5 nanobelts provided
improved cycling stability for lithium intercalation.

Results and Discussion

Scheme 1 shows the fabrication of porous V2O5 nanotubes,
hierarchical V2O5 nanofibers, and single-crystalline V2O5

nanobelts based on a simple electrospinning method and
subsequent annealing. These 1D V2O5 nanostructures were
synthesized with high porosity, large surface areas, and short
diffusion paths. Typically, the precursor nanofibers were
electrospun from vanadium(IV)-acetylacetone/PVP/DMF at
an appropriately high voltage. The obtained non-woven film
was annealed at 400, 500, and 600 8C to afford porous V2O5

nanotubes, hierarchical V2O5 nanofibers, and single-crystal-
line V2O5 nanobelts, respectively.

Figure 1 shows SEM images of the precursor nanofibers,
porous V2O5 nanotubes, hierarchical V2O5 nanofibers, and
single-crystalline V2O5 nanobelts. The precursor nanofibers
had a relatively smooth surface with no pores or hierarchical
nanostructure (Figure 1 a). Close observation (Figure 1 a,
inset) revealed that the nanofibers had diameters of about
560 nm. After annealing, the continuous 1D nanostructures
were retained, but there was a notable change to the surface
and length of the nanofibers: There were many pores on the
surface of the nanotubes with smaller diameters of about
340 nm (Figure 1 b). On increasing the annealing tempera-
ture, the porous nanotubes were replaced by hierarchical
nanofibers that were made up of attached V2O5 nanobelts

Scheme 1. Preparation of porous V2O5 nanotubes, hierarchical V2O5

nanofibers, and single-crystalline V2O5 nanobelts.

Figure 1. Low- and high-resolution SEM images (insets, scale bars:
500 nm) of: a) the precursor nanofibers and V2O5 nanostructures (scale
bar: 2 mm) that were annealed at b) 400 8C (scale bar: 2 mm), c) 500 8C
(scale bar: 2 mm), and d) 600 8C (scale bar: 5 mm).
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(Figure 1 c). Interestingly, a gradual increase in the anneal-
ing temperature resulted in the formation of nanobelts with
a thickness of about 300 nm and a length of about 11 mm
(Figure 1 d). As a result, the morphology of the as-obtained
V2O5 nanostructures could be controlled by adjusting the
annealing treatment. The high porosity, large surface area,
and hierarchical nanoarchitecture are very important for
LIB materials.

Figure 2 shows the XRD patterns of the porous V2O5

nanotubes, hierarchical V2O5 nanofibers, and single-crystal-
line V2O5 nanobelts. All of the diffraction peaks were in-
dexed to the pure orthogonal symmetry of V2O5 (space

group: Pmmn (no. 59); a=1.1516, b= 0.3565, c= 0.4372 nm;
JCPDS card no.: 41-1426). No other diffraction peaks were
found, which indicated that the products were composed of
pure V2O5. On increasing the annealing temperature, the in-
tensities of the diffraction peaks increased, in particular the
intensity of the (001) peak, thus indicating that the crystalli-
zation was enhanced and the crystallite-size increased. Thus,
we concluded that the formation of single-crystalline V2O5

needed higher annealing temperatures.
To gain further insight into the morphology and structure

of the V2O5 nanotube and nanobelt, TEM analysis was per-
formed. The clear presence of nanotubes and nanobelts
(Figure 3 a–c) agreed with the SEM analysis. The high-reso-
lution TEM (HRTEM) image of the nanobelt showed lattice
fringes with a spacing of 0.58 nm, which was in good agree-
ment with the spacing of the (200) planes of V2O5 (JCPDS
card no. 41–1426; Figure 3 d). The HRTEM image and fast
Fourier transformation (FFT) pattern (Figure 3 b, inset) con-
firmed that the resulting V2O5 nanobelt after annealing at
600 8C had a single-crystalline structure that was elongated
along the [010] direction.

TGA was performed to investigate thermal decomposition
as a function of the annealing temperature (Figure 4). The
as-obtained precursor nanofibers underwent significant
weight-loss owing to the decomposition of vanadium(IV)

acetylacetone and PVP during the heat treatment, thereby
leading to significant volume shrinkage and the formation of
V2O5 nanostructures. There was a mass-loss below 200 8C
that was attributed to the loss of adsorbed water and residu-
al solvent (DMF). At 243 8C, there was a dramatic mass-loss
that was accompanied by an exothermic DSC peak. These
features corresponded to the decomposition of vanadi-ACHTUNGTRENNUNGum(IV) acetylacetone and the degradation of PVP, which
had two degradation mechanisms that involved both intra-
and intermolecular-transfer reactions.[36] The following mass-
loss, which was accompanied by an exothermic peak at
408 8C, was due to the oxidation of carbon and carbon mon-
oxide that was released by the decomposition of polymeric
residues.[37]

To gain further insight into the evolution of the V2O5

nanostructures, a series of temperature-dependent experi-
ments were conducted and the intermediate solids at differ-
ent annealing temperature were examined. Based on the
temperature-dependent experiments, we proposed a possible
mechanism to explain the formation of these V2O5 nano-
structures; Figure 5 shows representative SEM images for

Figure 2. XRD patterns of V2O5 nanomaterials that were annealed at:
a) 400 8C, b) 500 8C, and c) 600 8C.

Figure 3. a) Low-, and b) high-resolution TEM images of porous V2O5

nanotubes (scale bar: 100 nm); c) TEM image of a single V2O5 nanobelt;
d) HRTEM image of the nanobelt lattice. Inset: the corresponding fast
Fourier-transfer transformation pattern.

Figure 4. Thermogravimetric analysis (TGA) of the as-prepared vanadi-ACHTUNGTRENNUNGum(IV)-acetylacetone/PVP precursor nanofibers.
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samples that were collected after stepwise annealing at 350,
400, 450, 500, 550, and 600 8C. These sequential images re-
vealed a morphological evolution from nanofibers into
porous nanotubes, then hierarchical nanofibers, and finally
into nanobelts. After annealing at 350 8C, the obtained V2O5

nanofibers had an average diameter of about 410 nm and
a relatively smooth surface without any pores or hierarchical
nanostructures (Figure 5 a). After slowly annealing to
400 8C, at which point significant weight-loss was observed
in the TGA profile, porous V2O5 nanotubes were obtained
(Figure 5 b). Again, these nanotubes were long and continu-
ous and the diameter had shrunk to about 50 nm, owing to
the decomposition of the PVP polymer template. Upon sin-
tering in air, the degradation of PVP and the growth of the
V2O5 nanoparticles occurred simultaneously. On increasing
the temperature, PVP would be oxidized into CO2 and rap-
idly volatilized, whilst vanadium(IV) acetylacetone was oxi-
dized into V2O5 nanoparticles on the surface of the fibers.
The outward diffusion of CO2 generated a force to compress
the V2O5 nanoparticles in the surface region into a shell.
The porous shell allowed CO2 effusion from the regions
below the shell. The vanadium(IV) precursor in the inner
part of the fibers would move towards the surface, presum-ACHTUNGTRENNUNGably accelerated by gaseous species that were produced by
the oxidation of PVP, and crystallize into V2O5. Finally,
these nanoparticles would become connected together to
generate porous V2O5 nanotubes.[26,33] When the annealing
temperature was raised to 450 8C, the porous V2O5 nano-
tubes were retained; however, the growth of individual
V2O5 nanograins was required by consuming nearby materi-
als, which simultaneously triggered the formation of nano-
grain spacing (Figure 5 c), thereby indicating that the contin-
uous grain growth at higher annealing temperature would
eventually create spacings between the nanograins. Howev-
er, by further increasing the annealing temperature to
500 8C, the continuous grain growth resulted in the disap-
pearance of the spacings between the nanograins.[31,33] As

a result, the porous nanotubes were replaced by hierarchical
nanofibers that were made up of attached V2O5 nanobelts
(Figure 5 d). Above 500 8C, the increase in annealing temper-
ature progressively encouraged the growth of V2O5 nano-
belts; as a result, the fiber scaffold was virtually destroyed
(Figure 5 e, f). During extended annealing, the transforma-
tion of smaller nanobelts into larger ones occurred. The
quantity of nanobelts per unit of area became fewer, which
indicated that some small nanobelts were consumed to pro-
mote the further growth of larger ones (Figure 4 e, f).

Based on the above analysis, the evolution of V2O5 nano-
structures was divided into three processes as follows (Fig-
ure 5 g): At annealing temperatures below 400 8C, the tem-
perature was not high enough to promote the complete de-
composition of the PVP polymer template. At this point,
the obtained nanofibers still possessed a relatively smooth
surface without any pores or hierarchical nanostructures.
Between 400 and 450 8C, the complete degradation of PVP
and the growth of V2O5 nanograins created internal pores
and spacings between the nanograins, thereby resulting in
the formation of porous V2O5 nanotubes. Above 450 8C,
continuous grain growth resulted in the disappearance of
the porous nanotubes and even the fiber scaffold became
damaged, thereby realizing the transformation from nano-
tubes into nanobelts. Clearly, the annealing temperature was
crucial to controlling the morphology of the V2O5 nano-
structures.

Next, we investigate the electrochemical performance of
these V2O5 nanostructures as cathode materials for LIBs.
Figure 6 a shows cyclic voltammetry (CV) curve of the
porous V2O5 nanotubes. Two pairs of redox peaks (at about
3.4 V and 3.2 V) were observed that are commonly ascribed
to phase transitions from a-V2O5 into e-Li0.5V2O5 and ACHTUNGTRENNUNGd-
LiV2O5, as shown in Equations (1) and (2), respec ACHTUNGTRENNUNGtively.[16,38]

V2O5þ0:5 Liþþ0:5e� Ð e-Li0:5V2O5 ð1Þ

e-Li0:5V2O5þ0:5 Liþþ0:5 e� Ð d-LiV2O5 ð2Þ

Figure 6 b shows the initial charge/discharge curves of the
porous V2O5 nanotubes at various current densities in the
range 2.5–4.0 V. Both the charge and discharge curves
showed two voltage plateaus, which was consistent with the
CV analysis (see above). The initial discharge and charge ca-
pacities were 139.8 and 145 mAh g�1 at 0.1 A g�1, respective-
ly, which was close to its theoretical capacity (148 mAh g�1)
with 1 Li-insertion/extraction per unit formula. When the
discharge-current density was increased to 2 Ag�1, the V2O5

nanotubes gave a capacity of about 131.2 mAh g�1. By fur-
ther increasing the current density to 6 Ag�1, a capacity of
114.1 mAh g�1 was still delivered. Apart from the high re-ACHTUNGTRENNUNGvers ACHTUNGTRENNUNGible capacity, the V2O5 nanotubes showed superior cy-
cling performance. As shown in Figure 6 c, the capacity re-
mained at about 80.5 % (75.4 %) after 250 cycles at a high
current density of 2 A g�1 (4 Ag�1). Most importantly, even
at high current densities (6 Ag�1), the V2O5 nanotubes still
exhibited good cyclic-capacity retention (71.9 %) after

Figure 5. SEM images of V2O5 nanostructures that were annealed at:
a) 350 8C, b) 400 8C, c) 450 8C, d) 500 8C, e) 550 8C, and f) 600 8C; g) for-
mation of V2O5 nanostructures.
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250 cycles. When the voltage range was extended to 2.0–
4.0 V, the capacity increased to 276.2 mAh g�1 at a current
density of 1 A g�1, which meant that the V2O5 nanotubes
could be discharged to a lithiated state of g-Li2V2O5 (see
the Supporting Information, Figure S1a). Although the V2O5

nanotubes had a large capacity (theoretical capacity of
297 mAh g�1 in the voltage range 2.0–4.0 V), the cycling sta-
bility was not satisfactory because the capacity decreased
very fast (see the Supporting Information, Figure S1b). In
addition, the charge/discharge profiles between 2.5 and
4.0 V showed narrow gaps, thereby indicating a low elec-
trode resistance, which was helpful for achieving high power
density.[39] Figure 6 d shows the outstanding high-power- and
high-energy performance of the V2O5 nanotubes electrode.
At a current density of 15 Ag�1, the V2O5-nanotubes elec-
trode delivered a discharge capacity of 65.2 mAh g�1, which
corresponded to a discharge energy density of 201 Whkg�1

and a power density of about 40.2 kWkg�1; this value is one
of the highest power densities on V2O5-based cathode mate-
rials. The excellent electrochemical performance was as-
cribed to the unique porous-nanotube structure that provid-
ed efficient 1D electron transport along the longitudinal di-
rection, short distances for Li+-ion diffusion, and large elec-
trode–electrolyte contact area for high Li+-ion flux across

the interface, which allowed the material to effectively
buffer the stress that was induced during the charge/dis-
charge process.

We also investigated the lithium-storage properties of our
hierarchical V2O5 nanofibers. Figure 7 a shows the charge/
discharge curves of the hierarchical V2O5 nanofibers at vari-
ous current densities in the range 2.5–4.0 V. The initial dis-
charge and charge capacities were 116.3 and 117.6 mAh g�1

at 0.2 Ag�1, 91.4 and 92 mAh g�1 at 2 A g�1, and 80.3 and
82 mAh g�1 at 6 A g�1, respectively. Figure 7 b shows the cy-
cling performance of the hierarchical V2O5 nanofibers. Also,
the hierarchical V2O5 nanofibers showed stable capacities of
about 78.1 mAh g�1 (85.4 % of initial discharge capacity) and
73.4 mAh g�1 (81.6 % of initial discharge capacity) over up
to 250 cycles at 2 and 3 A g�1, respectively. When compared
to the porous V2O5 nanotubes, the hierarchical V2O5 nano-
fibers exhibited a slightly lower capacity but better cyclic
performance (see the Supporting Information, Figure S2).
These results may have been due to the shape transforma-
tion, as well as the beneficial crystal orientation that result-
ed from the high annealing temperature. To confirm this hy-
pothesis, it was necessary to investigate the cycling perfor-
mance of the single-crystalline V2O5 nanobelts that were an-
nealed at 600 8C.

Figure 6. a) Cyclic voltammetry (CV) of the porous V2O5 nanotubes at a scan rate of 0.1 mV s�1; b) initial galvanostatic charge/discharge curves;ACHTUNGTRENNUNGc) cycling performance; and d) rate performance of the porous V2O5 nanotubes at different current densities in the range 2.5–4.0 V; inset: Ragone plots.
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Comparison of the cycling performance of the different
nanostructures showed that the single-crystalline V2O5 nano-
belts exhibited superior cyclic-capacity retention over the
porous V2O5 nanotubes and hierarchical V2O5 nanofibers
(see the Supporting Information, Figure S3). Figure 8 a
shows the discharge/charge curves of the single-crystalline
V2O5 nanobelts at a current density of 2 Ag�1 in the range
2.0–4.0 V. Interestingly, the electrode exhibited increasing
capacity with cycling over the first 20 cycles, which may
have been due to some long-term activation during charge/
discharge cycling.[40, 41] After the first 20 cycles, the specific
capacity of the single-crystalline V2O5 nanobelts
(162.8 mAh g�1) began to decline and was 137.8 mAh g�1

after 250 cycles, which corresponded to a loss of 15 % (Fig-
ure 8 b). This superior cycling performance could be attrib-
uted to the beneficial crystal orientations, with suppressed
thickness along the [001] direction, which could withstand
significant stress without disintegration.[42] After the
100th cycle, the single-crystalline V2O5 nanobelts still main-
tained a thin belt-like structure (see the Supporting Infor-
mation, Figure S4). These results suggested that the single-
crystalline nanobelts could efficiently inhibit the volume-
change and aggregation of the V2O5 electrode materials,
thus retaining their stability to some extent during the lithia-
tion and delithiation processes. These results confirmed that

the single-crystalline V2O5 nanobelts along the [001] direc-
tion possessed greatly enhanced electrochemical properties.
The only “fly in the ointment” was the lower specific capaci-
ty (Figure 8; also see the Supporting Information, Fig-
ure S5). Our current work is focused on improving the spe-
cific capacity of the single-crystalline V2O5 nanobelts.

Conclusion

We have demonstrated a facile and effective “electrospin-
ning technique and subsequent annealing treatment” strat-
egy for the controllable synthesis of porous V2O5 nanotubes,
hierarchical V2O5 nanofibers, and single-crystalline V2O5

nanobelts. The uniqueness of this strategy was that the mor-
phology of the nanostructures could be tailored by adjusting
the annealing temperature. As potential cathode materials
for LIBs, the as-formed V2O5 nanostructures exhibited
highly reversible capacities and superior cycling perfor-
mance. This excellent electrochemical performance was as-
cribed to their unique 1D nanostructure, which improved
electrolyte infiltration and facilitated Li-ion diffusion in the
electrode. These results demonstrated that further improve-
ment or optimization of the electrochemical performance of
transition-metal-oxide-based electrode materials could be

Figure 7. a) Initial galvanostatic charge/discharge curves, and b) cycling
performance of hierarchical V2O5 nanofibers at different current densities
in the range 2.5–4.0 V.

Figure 8. a) Galvanostatic charge/discharge curves, and b) cycling perfor-
mance of single-crystalline V2O5 nanobelts in the range 2.0–4.0 V (cur-
rent density: 2 Ag�1).
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realized by the design of 1D nanostructures with unique
morphology. This facile strategy could be extended to the
synthesis of other materials with controlled morphology, as
well as applications in electrochemical capacitors, sensors,
and catalysts.

4. Experimental Section

Materials and synthesis : Vanadium(IV) acetylacetone was synthesized ac-
cording to a literature procedure.[43] In a typical synthesis, polyvinylpyr-ACHTUNGTRENNUNGrol ACHTUNGTRENNUNGidone (PVP, Mw =1 300 000, 0.5 g) and vanadium(IV) acetylacetone
(0.3978 g) were dissolved in DMF (2.5 g) under vigorous stirring. Next,
the viscous hybrid solution was loaded into a plastic syringe that was
equipped with a 9-gauge stainless steel nozzle. The solution was electro-
spun at a DC voltage of 15 kV and a flow rate of 1.0 mL h�1. The electro-
spun nanofibers were collected on aluminum foil that was placed 15 cm
between the nozzle and collector. Finally, the as-collected films were an-
nealed in a tube furnace at different temperatures (1 8C min�1).

Characterization : The morphology and crystalline structure of the as-ob-
tained samples were characterized by SEM (Hitachi S-4800) and TEM
on a Tecnai G2 that was operating at 200 kV. X-ray diffraction (XRD)
patterns were recorded on a Rigaku-Dmax 2500 diffractometer with
Cu Ka radiation. TGA and differential thermal analysis (DTA) were car-
ried out on a TA SDT 2960 simultaneous thermal analyzer in air with
a heating rate of 10 8C min�1.

Electrochemistry : The electrodes were prepared by mixing the active ma-
terials (70 wt. %), acetylene black (20 wt. %), and polyvinylidene fluoride
(PVDF, 10 wt. %) in N-methyl-2-pyrrolidone (NMP). After the slurries
had been uniformly spread over aluminum foil, the electrodes were dried
at 80 8C in a vacuum for 6 h. Next, the electrodes were pressed and cut
into disks before transferring into an argon-filled glove box. Coin cells
(CR2025) were laboratory-assembled by using lithium metal as the coun-
ter electrode, Celgard 2400 membrane as the separator, and LiPF6 (1 m in
ethylene-carbonate/dimethyl-carbonate, EC/DMC, 1:1 v/v) as the electro-
lyte. Galvanostatic charge/discharge tests were carried out on a Land
Battery Measurement System (Land, China). CV and impedance tests
were performed on a VMP3 Electrochemical Workstation (Bio-logic
Inc.).
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Electrospun V2O5 Nanostructures with
Controllable Morphology as High-Per-
formance Cathode Materials for
Lithium-Ion Batteries

Assault and batteries : Porous V2O5

nanotubes, hierarchical V2O5 nanofib-
ers, and single-crystalline V2O5 nano-
belts were controllably synthesized.
When tested as the cathode materials
in lithium-ion batteries, the as-formed
V2O5 nanostructures exhibited highly
reversible capacity, excellent cycling
performance, and good rate capacity.
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