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Nano-structured vanadium oxide (V2O5) is fabricated via a facile thermal-decomposition of vanadium

precursor, vanadyl oxalate, which is produced by reacting micro-sized V2O5 with oxalic acid. The V2O5

nanoparticles produced by this method exhibit much better electrochemical performance than

commercial micro-sized V2O5. The optimized-nanorod electrodes give the best specific discharge

capacities of 270 mAh g�1 at C/2 (147 mA g�1) coupled with good cycle stability with only 0.32% fading

per cycle. Even at a high rate of 4C (1176 mA g�1), the nanorod electrode still delivers 198 mAh g�1.

These results suggest that the well-separated V2O5 nanorod is a good cathode material for high-rate

lithium battery applications.
1. Introduction

Lithium ion batteries have been widely used as power sources for

portable electronics in the last three decades because of their high

energy density, long cycle life, and environmentally benign

features.1–3 The state-of-the-art LiCoO2 cathode used in many

portable electronic devices has a specific capacity of �140 mAh

g�1. Other new materials, such as LiFePO4, have a capacity of up

to 170 mAh g�1 and a high discharge rate. With increasing

demands for rechargeable lithium ion batteries, especially for

large-scale and high-power applications, such as plug-in hybrid

electrical vehicles, alternative cost-effective cathode materials with

high energy density have been extensively investigated. Vanadium

pentoxide, due to its high energy density (the theoretical capacity

of which reaches 440 mAh g�1 when three lithium ions are inter-

calated) and low cost, is considered to be a good candidate as

a cathode for Li batteries.4–6 However, the intrinsic low-diffusion

coefficient of lithium ions (D�10�12 cm2 s�1)7 and poor electronic

conductivity (10�2 to 10�3 S cm�1)8 in crystalline vanadium oxide

(V2O5) hinder the practical application of this material. To

improve the electrochemical performance, the utilization rate of

the active material needs to be improved so that high discharge

capacity and energy density can be delivered. Nanostructured

materials provide a new opportunity to solve the problem by

shortening the lithium ions’ diffusion distance as a result of the

reduced dimension of the particles. Electron transportation can be

improved by making vanadium pentoxide-conductive compos-

ites.9 This strategy allows a low conductivity material to have good

rate performance for large-scale applications. Various nano-

structures of vanadium pentoxide, such as nanotubes, nanowires,

nanofibers, nanobelts, nanorods, nanoflowers, and mesoporous
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structures6,9–15 have been synthesized by different methods,

including reverse-micelle synthesis, sol–gel and hydrothermal

methods, and electrochemical deposition. Takahashi et al.16

synthesized single-crystal V2O5 nanorod arrays using template-

based electrodeposition and the electrochemical results demon-

strate that nanorod array electrodes have significantly higher

current density and energy storage density than sol–gel-derived

V2O5 films. However, it is difficult for large scale production and

the removal of the template is still a challenge. Mohan et al.17

fabricated V2O5 nanotubes as cathode material for lithium battery

by hydrothermal method using 1-hexadecylamine (HDA) and

PEO as a template, the process is really time consuming (more

than one week). These studies confirmed that nanostructured

V2O5 delivered better electrochemical capabilities than bulk

materials. However, most studies from the literature only obtained

a high initial discharge capacity at a low discharge rate (usually

less than 50 mA g�1). Although vanadium pentoxide aerogels

fabricated with the supercritical drying method possess good

lithium ion intercalation at a high discharge rate, capacity reten-

tion still remains a question.18,19 In addition, reports for V2O5

electrode possessing high power performance as well as good cycle

stability are rear. Therefore, fabricating electrodes with high

discharge/charge capacity and good stability at a high rate is of

great interest to the scientific community. Furthermore, low-cost

and simple fabrication is important for practical applications.

In this paper, we report a cost-effective and template free

method to synthesize nano-sized particles by thermal decompo-

sition of vanadium precursors which are fabricated by using

different molar ratios of micro-sized V2O5/H2C2O4 (1 : 3 and

1 : 5). Thus-fabricated electrode exhibits high-rate discharge

capacity and good cycle stability, which is among the best

performance of V2O5 electrode ever reported. The correlation

between the electrode performance and the electrode micro-

structures/morphologies will also be discussed.

2. Experimental section

Vanadium oxide (99.6%, Alfa Aesar), oxalic acid (99%, Aldrich), poly-

vinylidene fluoride (PVDF, Arkema Inc),1-Methyl-2-pyrrolidinone
J. Mater. Chem., 2010, 20, 9193–9199 | 9193
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Fig. 1 TG pattern of vanadyl oxalate (VOC2O4.nH2O) with molar ratio

V2O5/H2C2O4 ¼ 1 : 3 in air; the heating rate was 5 �C min�1, and heating

flow rate was 50 mL min�1.

Fig. 2 XRD patterns of commercial V2O5 and nanosized V2O5 particles

which were obtained from VOC2O4 precursor. The starting molar ratio of

micro-sized V2O5 to H2C2O4 is 1 : 3.
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(NMP, Alfa Aesar), LiPF6 (battery grade, Novolyte Technolo-

gies Inc.), ethylene carbonate (EC, battery grade, Novolyte

Technologies Inc.) and dimethyl carbonate (DMC, battery

grade, Novolyte Technologies Inc.) were used as-received

without further purification. As purchased, micro-size V2O5 (1.2

g, 0.22 M) and H2C2O4 (1.83 g, 0.67 M) in a stoichiometric ratio

of 1 : 3 were added to 30 mL distilled water under active stirring

(500 RMP) at room temperature until the color of the solution

changed from yellow to blue. The solution was dried at 80 �C to

produce the precursor and it was then calcined at 400 �C in air for

2 h. Another sample was prepared under similar conditions with

a molar ratio of micro-size V2O5/H2C2O4 ¼ 1 : 5.

The crystalline structures of materials were determined by

X-ray diffraction (XRD) using a Scintag XDS2000 q-q powder

diffractometer equipped with a Ge(Li) solid-state detector and

a Cu-Ka sealed tube (l ¼ 1.54178 �A). All samples were scanned

in a range between 10 and 70� (2q), with a step size of 0.02� and

an exposure time of 10 s. A scanning electron microscope (SEM)

(FEI Helios 600 Nanolab FIB-SEM, 3 KV) was used to inves-

tigate the particle morphology. High-resolution transmission

electron microscopy (TEM) analysis was carried out on a Jeol

JEM 2010 microscope fitted with a LaB6 filament and an accel-

eration voltage of 200 kV. A combined differential scanning

calorimetry/TGA instrument (Netzsch, STA 449C) was used to

study the decomposition and reaction of the precursors.

The electrochemical properties of the V2O5 nanoparticle and

commercial V2O5 cathodes were tested in coin-cells with metallic

lithium as the anode. For nanoparticles fabricated with a molar

ratio of 1 : 3 of the starting reagents, the electrodes were made

with the following different carbon content: a mixture containing

active material/super P/PVDF ¼ 8 : 1 : 1 and 7 : 2 : 1. For

nanoparticles fabricated with a molar ratio 1 : 5 of the starting

reagents, the mixture of the electrode was composed of active

material/super P/PVDF ¼ 7 : 2 : 1. The electrolyte was 1 M

LiPF6 in EC/DMC ¼1 : 1 (volume ratio). Cyclic voltammetry

(CV) measurements were performed using CHI 660C (CH

Instrument Electrochemical workstation), and the discharge/

charge measurements were performed on an Arbin BT-2000

battery tester at room temperature.

3. Results and discussion

3.1 Structural characterization

After commercial V2O5 powder was added to H2C2O4 solution in

a stoichiometric ratio of 1 : 3, the color of the liquid changed

from yellow to blue, which indicated that the valence changed

from V5+ to V4+, and the vanadium precursor, vanadyl oxalate

hydrate (VOC2O4.nH2O) was formed. The reaction can be

expressed by eqn (1):20

V2O5+3H2C2O2/VOC2O4+3H2O + 2CO2 (1)

Fig. 1 shows the thermal gravimetric analysis (TG) and

differential scanning calorimetry (DSC) results for the as-

synthesized vanadyl oxalate (VOC2O4.nH2O) precursor calcined

in air. Three distinct stages were observed. The gradual weight

loss from TG analysis and the endothermal peak in the first stage

before 267 �C were attributed to the evaporation of the physi-

cally absorbed and chemically bonded water to vanadyl oxalate
9194 | J. Mater. Chem., 2010, 20, 9193–9199
(VOC2O4). Then a steep slope indicating a large weight loss and

the exothermal peak of the DSC curve at 292 �C were observed,

which demonstrated the successful thermal-decomposition of

VOC2O4 to vanadium oxide. According to the mass loss, the

production metal oxides were of mixed-valence (20% V4+ and

80% V5+) at 353 �C, and the slight increase of mass weight in the

later stage after 353 �C was attributed to the further oxidation of

VO2 to V2O5.

The phase and purity of thermally decomposed sample and

commercial V2O5 were determined by XRD, and the diffraction

patterns are shown in Fig. 2. The XRD pattern of the calcined

sample corresponds well to the commercial V2O5, and no other

peaks were detected, indicating the high purity of as-synthesized

V2O5. The peaks can be assigned to the orthogonal symmetry of

V2O5 (space group: Pmmn, a ¼ 1.1516, b ¼ 0.3566, c ¼ 0.4372

nm). However, the intensity of the peaks is much weaker and the

breadth is wider, which suggests poor crystallinity and small

crystallite particle size. According to the Scherrer method, crys-

tallite dimensions of about 48 nm can be deduced from the (110)

peak for the nanoparticles, which is much smaller than 60 nm for

commercial V2O5.
This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 SEM images of V2O5 particles: (a) nanoparticles synthesized by

thermal decomposition at 400 �C for 2 h; (b) commercial microsized

vanadium pentoxide.
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Fig. 3 shows the morphologies of the nanoparticles obtained

by calcinating the precursor from a molar ratio 1 : 3 of starting

reagents at 400 �C for 2 h (nominated as 13-V2O5, see Fig. 3a)

and commercial vanadium pentoxide (see Fig. 3b). As shown in

Fig. 3b, the particle size of commercial V2O5 is around 1 mm, and

its thickness is about 0.5 mm. For the thermally decomposed 13-

V2O5 nanoparticles (see Fig. 3a), the particle size is much smaller

than the starting V2O5 (Fig. 3b), and more voids are between

particles. This was likely produced by the release of CO and CO2

when the precursor decomposed during the calcination stage.

The improved lithium ion intercalation properties in sample 13-

V2O5 can be attributed to reduced particle dimensions as dis-

cussed later.

The surface morphologies of the products and structural

information are shown in Fig. 4. Fig. 4a shows the SEM image of

nanostructured V2O5 particles (13-V2O5), which were fabricated

under thermal decomposition at 400 �C for 2 h with the molar

ratio V2O5/H2C2O4 ¼ 1 : 3. The particles sizes range from 50 nm

to 300 nm. The bigger particles might grow at the expense of the

smaller ones to reduce the surface energy under a thermodynamic

driving force when two particles merge at high temperature. To

limit the aggregation of the final product, the oxalic acid content

in the reagents was increased (molar ratio V2O5/H2C2O4¼ 1 : 5),

which led to more uniform particles (nominated as 15-V2O5). The

particles are much better separated with a void space between

them (shown in Fig. 4b, 4c), and the particle size dispersion is
This journal is ª The Royal Society of Chemistry 2010
more uniform. Another finding is that the vanadium pentoxide

nanoparticles have a rodlike morphology, and some neighboring

particles are iso-oriented with each other. A close examination of

the particle surface reveals small bumps and a rough surface of

nanorod particles (Fig. 4c). The dimensions of the nanorods

range from 20 nm to 100 nm. In the high-resolution TEM image

of the nanorods (Fig. 4d, 4e), the surfaces of the crystals are

covered by a thin layer of amorphous material, which corres-

ponds to the bumps on the surface. The layer structures of

vanadium pentoxide are also clearly observed in the HRTEM

image. The typical layer distance is 0.43 nm. The V2O5 has

a Pmmn structure with a lattice constant of a ¼ 1.15 nm, b ¼
0.356 nm, and c¼ 0.437 nm.21 Along the c direction, the crystal is

made of double layers of edge-sharing VO5 square pyramids. The

observed lattice planes are assigned to (001) planes since its layer

distance of 0.43 nm agrees with the (001) plane distance. The FT-

IR and Raman spectroscopy (shown in ESI†) of the nanorods are

in good agreement with the V2O5 phase ever reported and

demonstrate it is a single phase. The detailed discussion can be

found in the ESI† and also, in which the effect of annealing

temperature to the morphologies evolution of nanoparticles are

revealed.
3.2 Electrochemical performance of nano-sized and micro-sized

V2O5

Fig. 5 shows the CV curves of micro-sized V2O5 and nano-sized

13-V2O5 for lithiation-delithiation in the voltage range of 2 to 4 V

vs. Li/Li+. As clearly shown in Fig. 5b, during a cathodic scan,

three distinctive peaks were shown at 3.32, 3.12 and 2.17 V vs. Li/

Li+, which indicated a multi-step lithium ion lithiation, and the

corresponding phase was transformed from a-V2O5 to 3-

Li0.5V2O5 (3.31 V), d-LiV2O5 (3.12 V), and g-Li2V2O5 (2.17 V),

consecutively:22–24

V2O5 + 0.5Li+ + 0.5e 5 Li0.5V2O5 (2)

Li0.5V2O5 + 0.5Li+ + 0.5e 5 LiV2O5 (3)

LiV2O5 + 1Li+ + 1e 5 Li2V2O5 (4)

In the following anodic scan, three peaks were observed at

2.63, 3.35, and 3.49 V vs. Li/Li+. The first peak and the later two

peaks were ascribed to the deintercalation of the second and first

lithium ions.25–27 A CV experiment for commercially available

micro-sized V2O5 was also carried out to compare the lithiation

and delithiation process in the same voltage range. For its anodic

scan, only two broad peaks were observed around 2.84 and 3.75

V vs. Li/Li+, which corresponded to the delithiation process.

Comparing the two curves of different samples, it is apparent

that the nano-sized V2O5 has less polarization, which was

attributed to the reduced particle size. Another distinguishing

feature is that the peak current density of nano-sized vanadium

pentoxide electrode was almost twice as large as that of micro-

particles of V2O5. It has been reported that if the charge transfer

at the interface is fast enough and the rate-limiting step is the

lithium diffusion in electrode, then the peak current is propor-

tional to the contact area between the electrode and the
J. Mater. Chem., 2010, 20, 9193–9199 | 9195
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Fig. 5 CV curves of microsized (----) and nanosized (—) vanadium

pentoxide electrodes when cycled in a voltage range of 2 to 4 V vs. Li/Li+

at a scan rate of 0.1 mVs�1.

Fig. 4 Morphologies and structural information of 13-V2O5 and 15-V2O5; (a) SEM image of 13-V2O5 synthesized by thermal-decomposition of the

precursor fabricated from the molar ratio of starting reagents V2O5/H2C2O4 ¼ 1 : 3 at 400 �C; (b, c) SEM images; (d, e) high-resolution transmission

electron microscopy (HRTEM) images of 15-V2O5 nanoparticles from a precursor starting with molar ratio V2O5/H2C2O4 ¼ 1 : 5 at 400 �C.
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electrolyte.28 In our case, the nanostructured vanadium pent-

oxide will certainly increase the contact surface area between

electrode material and electrolyte, leading to a higher activity.

The discharge curves for the nano-sized vanadium pentoxide

particles and the variation of discharge capacity versus cycle

number plots are shown in Fig. 6. Three discharge plateaus, in

agreement with the CV test results (Fig. 5), are shown in the

discharge curves of 13-V2O5 nanoelectrode (Fig. 6a). A specific

discharge capacity of 274 mAhg�1 for the initial discharge was

obtained at a low discharge rate (C/20). The capacity is close to

the theoretic capacity (294 mAhg�1 for 2 Li+ intercalation).

Compared to that of the micro-sized V2O5, the discharge
9196 | J. Mater. Chem., 2010, 20, 9193–9199
capacity of the nano-sized V2O5 is much higher (shown in

Fig. 6b). The high specific discharge capacity indicated a high

utilization rate of V2O5 nanoparticles, which was derived from

a high interfacial contact area between electrode and electrolyte

and a shortened lithium ion diffusion and electron trans-

portation distance. However, it should be mentioned that micro-

sized V2O5 shows better cycle stability. This result is not

surprising and is related to the limited lithium ion intercalation

for the second lithium ion at 2.29 V vs. Li/Li+ for micro-sized one

(Fig. 5). It was reported24 that the g-Li2V2O5 phase transition

related to the second lithium ion is not as reversible as the

3-Li0.5V2O5 and d-LiV2O5 phase transition for the first lithium

ion intercalation/deintercalation according to eqn (2) and 3. The

multi-step transformation may destroy the crystal structure of

V2O5 nanoparticles and increase cell resistance.
3.3 Rate performance improvement of V2O5 nanoparticle

electrodes

For high-rate cathode usage, the electrons produced at the

interface between electrode and electrolyte should be transferred

immediately so that the reactions can happen rapidly. Although

the nanoparticle electrode (13-V2O5) composed of 80% active

materials ((V2O5)/super P/binder (PVDF) ¼ 8 : 1 : 1) has a high

discharge capacity at a low discharge rate (C/20), the discharge

capacity at C/2 (147 mA g�1) was not quite satisfactory (shown in

Fig. 7). This phenomenon was explained by the poor conduc-

tivity of the electrode. The electron produced by the Faraday

reaction can be sufficiently transferred at a low discharge rate.

However, when operated under high current density, the intrinsic
This journal is ª The Royal Society of Chemistry 2010
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Fig. 6 (a) Discharge curves of the cell with V2O5 nanoparticles and (b)

variation of discharge capacity vs. number of cycle plots of 13-V2O5 and

micro-sized V2O5.

Fig. 7 Variation of discharge capacity vs. number of cycles for the

lithium-ion batteries with different electrode composition (V2O5: super P:

PVDF ¼ 8 : 1 : 1 and 7 : 2 : 1, respectively); the starting-materials have

a molar ratio of V2O5/H2C2O4 ¼ 1 : 3, and the discharge rate was 147

mAg�1.

Fig. 8 (a) Discharge curves of the fifth cycle and (b) variation of

discharge capacity versus numbers of the cell of as-synthesized nano-

particles 13-V2O5 and 15-V2O5. The electrode was composed of 70%

active material, 20% super P, and 10% PVDF.
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low conductivity of vanadium pentoxide8 is still not good

enough. To increase the electronic conductivity of the electrode,

the content of conductive carbon, super P, was increased from

10% to 20% in the electrode during the slurry preparation

process. Fig. 7 shows the electrochemical performances of the
This journal is ª The Royal Society of Chemistry 2010
electrodes with different carbon contents. A specific discharge

capacity of 239 mA h g�1 was observed for a higher carbon

content (20%), which is doubled compared to 120 mA h g�1 for

a low-carbon-content (10%) electrode. Furthermore, the elec-

trode with more carbon content exhibits better cycle stability.

This is consistent with results reported in the literature that by

increasing carbon in vanadium oxides and carbon composites,

better electrochemical performance can be achieved27,29–35

because carbon served as a good current collector and fast-

electron transportation medium.

As discussed earlier (see Fig. 3a and Fig. 4a), nano-sized V2O5

was successfully fabricated. However, some aggregation was

detected, which led to particles coarsening. To effectively control

aggregation, more oxalic acid was used to make the precursor

and produce more homogenous V2O5 nanoparticles (as shown in

Fig. 4b and 4c). Fig. 8 shows the discharge curve and the specific

discharge capacity versus cycle-number plots of nanoparticle

electrodes calcined from different molar ratios of starting

reagents (1 : 3 and 1 : 5) at 400 �C. The fifth cycle discharge

curves for 13-V2O5 and 15-V2O5 nanoparticle electrodes with the

same carbon content (20%) are shown in Fig. 8a. Three plateaus

corresponding to lithium ion intercalation to the host materials

were clearly observed for both electrodes, which demonstrated

the phase transition from a-V2O5 to 3-Li0.5V2O5, d-LiV2O5, and

g-Li2V2O5 at C/2. As shown in Fig. 8a, the 15-V2O5 electrode

with more oxalic acid gave a higher specific discharge capacity of
J. Mater. Chem., 2010, 20, 9193–9199 | 9197
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266 mAh g�1, more than the 239 mAh g�1 for the 13-V2O5 elec-

trode. After 30 cycles, the two samples still retained a specific

discharge capacity of 240 mAhg�1 and 198 mAhg�1, respectively.

These values were much higher than the flame spray-pyrolyzed

nano-V2O5 electrode,24 which only possessed a discharge

capacity of 150 mAhg�1 after 30 cycles. The cycle stability of both

samples is shown in Fig. 8b, and the specific capacity fading rates

between fifth and thirtieth cycles for 13-V2O5 and 15-V2O5 were

0.53% and 0.32% per cycle, respectively. The superior discharge

capacity retention compared to the results of other nano-

structured vanadium pentoxide electrodes reported in the liter-

ature may be attributed to the combined effect of high purity and

as well as well-separated nanoparticles. It is believed that the

well-separated crystallites and extra space between them allows

the active material expand freely with lithium ions intercalation,

which lowers the energy barrier for lithium ion diffusion to

achieve high performances. This phenomenon was reported

recently by Dunn and co-workers for iso-oriented MoO3 crys-

tallites effectively leading to intercalation pseudocapacitance.35

The higher specific discharge capacity and better stability of 15-

V2O5 with respect to 13-V2O5 may be due to limited aggregation.

From the SEM of 15-V2O5 (Fig. 4b, 4c), the nanoparticles were

dispersed more homogeneously, and much more space was

observed between each particle. Another interesting feature is

that the shape of 15-V2O5 particles exhibited a nanorod-like

structure, which was around 20 nm to 100 nm wide and well

aligned to one direction at a local area. This alignment can

support an easier path for electrolyte penetration. Furthermore,

the amorphous surface of rodlike nanoparticles (Fig. 4e) related

to the bumps on the surface of the particles would increase the

interfacial contact area, which is associated with the high-

discharge capacity. Also, much well-separated nanoparticles can

accompany well with the phase transition and volume change.

All these features would help increase the specific discharge

capacity and the use of the active material at a high discharge

rate.

Fig. 9 plots the specific discharge capacity versus cycle

numbers of 15-V2O5 electrodes composed of 15-V2O5/super P/

PVDF¼ 7 : 2 : 1 at a different discharge/charge rate. The specific

discharge capacity at the C/2 (147 mA g�1) rate could reach 270

mAhg�1, close to the theoretical capacity (290 mAhg�1) for two
Fig. 9 The rate performance of a 15-V2O5 electrode from 2 to 4 V vs. Li/

Li+ at the same discharge/charge rate for each cycle. Here 1C ¼ 294 mA

g�1.

9198 | J. Mater. Chem., 2010, 20, 9193–9199
lithium ion intercalations. The value decreased to 256 mAhg�1 at

1C (294 mAg�1), 234 mAhg�1 at 2C (588 mAg�1), 198 mAhg�1 at

4C (1176 mAg�1), and 144 mAhg�1 at 8C (2352 mAg�1). This rate

capability is much better compared to the results reported in the

literature. For example, double-shelled nanocapsules of V2O5-

based composites36 gave a specific discharge capacity of 250

mAhg�1 at 50 mAg�1, 200 mAhg�1 at 250 mAg�1, and 160

mAhg�1 at 500 mAg�1. Our results are also better when

compared to carbon-coated V2O5
27,29 and possess a similar rate

performance to a V2O5/carbon tube-in-tube composite,37 but the

synthesis of the V2O5/carbon tube-in-tube structure is much

more complicated.
4. Conclusion

In summary, a facile synthesis method has been developed for

preparing nano-sized vanadium pentoxide (V2O5) by thermal

decomposition of vanadyl oxalate in air. These new materials

have a much better electrochemical performance as compared to

micro-sized V2O5. The rate performance of the nanoparticle

electrodes is improved by increasing the carbon content when

making the electrode. By increasing the molar ratio of oxalic acid

in the starting reagents, a novel V2O5 with well-aligned rodlike

nanoparticles was synthesized, and it exhibited excellent

discharge capacity and cycle stability at high-rate discharge/

charge processes. The good performance is attributed to the

following facts: (1) shortened Li+-ion diffusion distance and well

dispersion of the nanoparticles (2) a locally iso-oriented nanorod

structure and void space between particles for electrolyte easy

penetration, and (3) well-separated crystallites accompany well

with the phase transition and lower the energy barrier for lithium

ion diffusion. The nanostructured vanadium pentoxide prepared

by this method produces good cathode Li batteries for high-

power applications.
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