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Mesoporous vanadium pentoxide nanofibers with significantly enhanced
Li-ion storage properties by electrospinning†
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Mesoporous V2O5 nanofibers were fabricated by a method

combining sol–gel processing with electrospinning followed by

annealing in air. The resultant nanofibers were 350 nm in diameter

and consisted of porous polycrystalline vanadium oxide with

a specific surface area of �97 m2 g�1. The mesoporous V2O5

nanofibers demonstrated a significantly enhanced Li ion storage

capacity of above 370 mA h g�1 and a high charge/discharge rate of

up to 800 mA g�1 with little cyclic degradation.
Vanadium pentoxide, V2O5, which is a typical intercalation

compound with a layered crystal structure and a large variety of

atomic and molecular species that can be reversibly intercalated and

de-intercalated between the layers has been intensively investigated as

a cathode material for rechargeable lithium-ion batteries because of

its low cost, abundance, easy synthesis, and high energy density since

the reversible electrochemical lithium ion intercalation in V2O5 was

first reported in 1976 by Whittingham.1 However, the development of

rechargeable lithium ion batteries with vanadium pentoxide as

a cathode has been limited due to its poor structural stability, low

electronic conductivity and ionic conductivity, and slow electro-

chemical kinetics.2,3 In recent years, a lot of research has been focused

on the synthesis and fabrication of nanostructured vanadium oxides

to mitigate the slow electrochemical kinetics with high specific surface

area and short diffusion distance.4 It has been demonstrated that

single-crystal V2O5 nanorod arrays, nanotubes, nanorolls and

nanocables possess much improved electrochemical Li-ion interca-
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Broader context

In our work, we applied a simple and environmentally benign m

nanofibers, combining sol–gel processing with electrospinning, and d

capacity, high charge/discharge rate, and excellent cyclic stability.

electrode materials for lithium ion intercalations. And our approa

vanadium oxide may be applied to a wide rang of materials, which

batteries, and electrochemical capacitors.
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lation properties.5–9 Such an improvement has been attributed to

nanostructured materials providing shorter and simpler diffusion

paths for lithium ions and allowing the most freedom for dimension

change accompanying the lithium ion intercalation and de-interca-

lation.

There are many methods for fabricating nanomaterials, such as

hydrothermal treatment, template-based method, electrodeposition

method and so on, but electrospinning is perhaps the most simple and

versatile process for generating nanofibers.10 A variety of simple oxide

nanofibers can be readily prepared by electrospinning a polymer

solution containing the sol–gel precursors, followed by annealing at

a certain temperature.11 Nanofibers with core/sheath, hollow, or

porous structures have also been produced by using specially

designed spinnerets or adjusting the spinning parameters.12–14

Furthermore, single-crystal, polycrystalline, and amorphous V2O5

nanofibers have been grown by electrospinning with a poly-

(vinylpyrrolidone) additive.15,16 In this communication, we demon-

strated a modified method of fabricating mesoporous vanadium

pentoxide nanofibers combining sol–gel processing with electro-

spinning. It is simple and environmentally benign due to the

precursors being prepared directly from V2O5 powder and poly-

(vinylpyrrodidone) (PVP) without using the expensive toxic

vanadium oxytriisopropoxide (VO(OiPr)3). The electrochemical

characteristics of these nanofibers as cathodes for lithium ion

batteries were studied, and the relationship between the microstruc-

ture and electrochemical properties were discussed.

Vanadium pentoxide-based fibers with smooth surfaces were

prepared by electrospinning from a clear dark red solution containing

1 : 2.5 V2O5 sol–gel precursors and PVP (Fig. 1(a)). After annealing

at 500 �C in air for 1 h, yellowish fibers tens of microns in length were

formed (Fig. 1(b)) with an obvious reduction of fiber diameter from

�750 nm to �350 nm. Fig. 1(c) demonstrated many pores in the

fibers. It was also found that these nanofibers consist of inter-

connected nano-sized platelet particles of V2O5, as can be seen from

Fig. 1(d).

Fig. 2(a) displayed the XRD patterns of V2O5 nanofibers before

and after annealing at 500 �C in air for 1 h, indicating a structural
ethod for the fabrication of mesoporous vanadium pentoxide

emonstrated significantly enhanced Li ion intercalation storage

The paper offers new insights for the further development of

ch of using electrospinning for the formation of mesoporous

may be useful in applications such as catalysis, electrochromics,
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Fig. 1 SEM images of V2O5 nanofiber (a) prior to annealing; (b), (c) and

(d) after annealing at 500 �C in air for 1 h.
change from hydrous vanadium pentoxide to orthorhombic V2O5.

The XRD pattern of as-spun V2O5 fibers has a broad <001> peak,

indexed to hydrous vanadium pentoxide as reported in the litera-

ture.17,18 The fibers treated at 500 �C in air for 1 h showed an XRD

pattern of pure orthorhombic V2O5.
17 The interlayer space and grain

size of the orthorhombic V2O5 were estimated using the Scherrer

equation,19,20 and was found to be �4.37 �A and �15.5 nm, respec-

tively. Fig. 2(b) depicted the thermogravimetric analysis (TGA) curve

of as-spun V2O5 fibers. The shape of the TGA curve was similar to

those of V2O5$nH2O xerogels as reported in the literature,17 sug-

gesting the presence of water and/or residual solvent. The weight

change profile for the fibers was characterized by a sharp loss between

350 �C and 470 �C, representing the pyrolysis and/or oxidation of

PVP. The weight loss of approximately 50 wt% of nanofibers in
Fig. 2 (a) XRD spectrum of mesoporous V2O5 nanofibers; A: after annealin

nanofibers; (c) A: Nitrogen absorption-desorption isotherm at 77 K of meso

nanofibers.
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flowing dry air during annealing at 500 �C for 1 h implied the removal

of most of the PVP initially added to the precursor colloidal disper-

sion through oxidization and pyrolysis. However, it is likely that

a small amount of carbon is retained in V2O5 nanofibers, owing to the

incomplete oxidation of PVP, The presence of residual carbon was

also suggested by the TGA result of the V2O5 fibers annealed at 500
�C in air for 1 h, which showed a further weight loss of 0.3 wt% (see

the supporting information, Figure 1S†), and EDS analyses (see the

supporting information, Figure 2S†). The presence of such a small

amount of carbon may be believed to improve the electrical

conductivity of vanadium pentoxide, which was supported by means

of electrochemical impedance spectroscopy (EIS) analyses (see the

supporting information, Figure 3S†), and consequently benefit the

lithium ion intercalation.

Fig. 2(c) showed the typical nitrogen adsorption-desorption

isotherm of porous V2O5 nanofibers after annealing at 500 �C in air

for 1 h, and the pore size distribution calculated from the nitrogen

sorption isotherm was also included. The isotherm of porous V2O5

nanofibers was a typical IV-type curve with a clear H3-type hysteretic

loop, which was characteristic of mesoporous materials,21,22 suggest-

ing that the V2O5 is in the form of non-rigid aggregates of platelet-like

particles or assemblages of slit-shaped pores in agreement with the

result of SEM.23 Also, from the nitrogen sorption isotherm, it is

calculated that the surface area of these annealed V2O5 nanofibers

was 97 m2 g�1 and pore volume was 0.2 cc g�1 (or 67% porosity). This

large surface area was comparable to the surface area of template

fabricated mesoporous manganese dioxide, around 91 m2 g�1, and

the cathodic-deposited manganese oxide nanowall arrays, 96

m2g�1.21,24 The pore size distribution of mesoporous V2O5 nanofibers

was centered at 4–5 nm.

Electrochemical properties of the mesoporous vanadium pent-

oxide nanofibers were investigated systematically as a cathode in

lithium ion batteries. Fig. 3(a) and (b) showed typical cyclic
g at 500 �C in air for 1 h and B: before annealing; (b) TGA curve of V2O5

porous V2O5 nanofibers; B: pore size distribution of mesoporous V2O5
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Fig. 3 (a) Cyclic voltammetry curves of mesoporous V2O5 nanofibers in the first cycle and (b) in the 40th cycle with a scan rate of 10 mV s�1 in a voltage

range between 0.1 V and�0.8 V vs. the Ag/AgCl reference electrode; (c) Chronopotentiometric discharge-charge curves of mesoporous V2O5 nanofibers

in the 1st cycle with a current density of 625 mA g�1; (d) The discharge/charge capacity of mesoporous V2O5 nanofibers as a function of cyclic numbers.

Fig. 4 Relationship between current density and Li+ intercalation

capacity of mesoporous V2O5 nanofibers from chronopotentiometric

measurements.
voltammogram curves of mesoporous V2O5 nanofibers using a scan

rate of 10 mV s�1. There were two anodic oxidation peaks located at

�0.25 V and�0.05 V in the first cycle, which corresponded to Li+ ion

de-intercalation, and cathodic peaks at �0.44 V and�0.23 V, which

was attributed to Li+ intercalation. It has been previously demon-

strated that nanorod arrays of V2O5 showed cathodic peaks at �0.3

V, �1.1 V and V2O5$nH2O film showed peaks at �0.71 V, 0.12 V

under the same condition and using the same reference electrode.5,21

This implied that the energy density of lithium ion batteries with the

mesoporous V2O5 nanofibers cathode should be increased due to the

increase of operation voltage, while its reversibility was noticeably

improved because there were two pairs of well-defined redox peaks in

the CV curves, suggesting no irreversible phase transition. After 41

charge-discharge cycles, the current peak did not decrease dramati-

cally while the voltage difference of redox peaks changed from 0.18 V

and 0.17 V in the first cycle to 0.19 V and 0.18 V, respectively,

indicating that the mesoporous V2O5 nanofibers have excellent cyclic

stability and reversibility. Fig. 3(c) depicted CP curves of mesoporous

V2O5 nanofibers in the 1st cycle in a voltage range between �0.5 V

and 0.1 V with a charge/discharge current density of 625 mA g�1.

There were two well-defined plateaus in the cathodic and anodic

processes from�0.4 V to�0.3 V and�0.2 V to�0.1 V, respectively.

The discharge capacity of 377 mA h g�1 was delivered in the 1st cycle,

much higher than the initial discharge value (140 mA h g�1) of

V2O5$nH2O film reported in the literature,17,21 while the corre-

sponding charge capacity was found to be 372 mA h g�1 with an

irreversible capacity of 5.2 mA h g�1. The charge/discharge capacity

of mesoporous V2O5 nanofibers decreased slowly before the ninth

cycle and then the discharge/charge process became very stable

(Fig. 3(d)) with a discharge capacity of 347 mA h g�1 in the tenth cycle

and a loss rate of 0.78% per cycle thereafter until the 40th cycle where

the experiment stopped. Although the V2O5$nH2O nanotube arrays,

nanocable arrays and nanorod arrays demonstrated higher initial

capacity, the capacity of these nanostructured V2O5 decreased rapidly

during the cyclic test.25,26
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Fig. 4 summarizes the lithium ion intercalation capacity of meso-

porous V2O5 nanofibers at�0.5 V as a function of current density. It

can be found that the capacity of Li+ intercalation in mesoporous

vanadium pentoxide nanofibers decreased with the increase of

current density, but the change is much less pronounced than that of

V2O5 nanorods.5,8 In other words, the rate performance of meso-

porous nanofiber vanadium pentoxide as a cathode in lithium ions

batteries was improved greatly. The improved lithium ion intercala-

tion capacity, cyclic stability and reversibility of V2O5 nanofibers

could be attributed to high surface area, short transport distance, and

the presence of a small amount of carbon in the electrode material.

In summary, vanadium pentoxide nanofibers with a mesoporous

structure with a specific surface area of 97 m2 g�1 have been prepared

by means of electrospinning followed by annealing at 500 �C in air.

The mesoporous nanofibers consist of orthorhombic V2O5 with

a small amount of residual carbon, and demonstrated a significantly
This journal is ª The Royal Society of Chemistry 2011



enhanced Li-ion storage capacity of �370 mA h g�1, a high charge/

discharge rate of up to 800 mA g�1, and an excellent cyclic stability

and reversibility. Such mesoporous V2O5 nanofibers allow easy mass

and charge transfer with sufficient freedom for volume change

accompanying the lithium ion intercalation and de-intercalation.

Experimental section

Vanadium oxide sol was prepared by dissolving 0.146 g V2O5 powder

(Alfa Aesar) in 4.0 mL 30% H2O2 solution at room temperature and

stirring vigorously until the V2O5 dissolved completely, followed by

the addition of 0.359 g of poly(vinylpyrrodidone) (PVP, Mw z 1 300

000) with mixing; a clear dark red solution was obtained in 30 min.

This sol preparation method is similar to, but modified from, that

reported by Fontenot et al.27 In a typical electrospinning experiment,

the precursor solution was fed by a syringe pump with a disposable

needle of gauge 26 at a rate of 0.15 mL h�1. The metallic needle was

connected to a high-voltage power supply (Gamma high voltage

research, ES40p-5W) and a piece of Pt foil was placed 15 cm below

the tip of the needle to collect the nanofibers at a high-voltage of 15

kV in an electrospinning setup described in detail in the literature.10

The as-spun nanofiber samples were annealed at 500 �C in air for 1 h

with a heating rate of 10 �C min�1. The electrochemical properties of

porous V2O5 nanofibers were studied using a standard three-elec-

trode system, with 1 M LiClO4 in propylene carbonate as the elec-

trolyte, a Pt flake as the counter electrode, and Ag/AgCl as the

reference electrode. Cyclic voltammetric (CV) tests were carried out

between 0.1 and �0.8 V with a scan rate of 10 mV s�1, while the

charge-discharge properties of these porous nanofibers were investi-

gated by chronopotentiometric (CP) measurements in the voltages

from 0.0 V to �0.5 V with various current densities. Both the CVs

and CPs were performed by using an electrochemical analyzer (CH

Instruments, Model 605 B). The surface morphology and structure of

porous V2O5 nanofibers were characterized by means of scanning

electron microscopy (SEM, Philips, JEOL JSM7000), X-ray

diffraction (XRD, Philips 1820 X-ray diffractometer) and thermog-

ravimetric analysis (TGA7, PerkinElmer). The surface area of these

nanofibers were determined by nitrogen adsorption-desorption at 77

K (NOVA 4200e, Brunauer Emmett Teller).
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