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Abstract Various vanadium oxide nanostructures are

currently drawn interest for the potential applications of Li

batteries, super capacitors, and electrochromic display

devices. In this article, the synthesis of V2O5 nanotubes by

hydrothermal method using 1-hexadecylamine (HDA) and

PEO as a template and surface reactant were reported,

respectively. The structural properties and electrochemical

performances of these nanostructures were investigated for

the application of Li batteries. Structure and morphology of

the samples were investigated by XRD, FTIR, SEM, and

TEM analysis. The battery with V2O5 nanotubes electrode

showed initial specific capacity of 185 mAhg-1, whereas

the PEO surfactant V2O5 nanotubes exhibited 142 mAhg-1.

It was found that PEO surfactant V2O5 nanotubes material

showed less specific capacity at initial stages but better

stability was exhibited at higher cycle numbers when

compared to that of V2O5 nanotubes. The cyclic perfor-

mance of the PEO surfactant material seems to be improved

with the role of polymeric component due to its surface

reaction with V2O5 nanotubes during the hydrothermal

process.

Keywords V2O5 nanotube � Poly(ethylene oxide) �
Cathode � Electrochemical performance � Li battery

1 Introduction

The synthesis of nanosized materials with specific geometry

and morphology is a key aspect in various fields such as

modern materials [1, 2], biotechnology [3, 4], catalysis [5,

6], electronics [7, 8], and power sources [9, 10]. Particu-

larly, the higher order nanostructures with well defined

geometries like nanotubes, nanowires, nanofibers, and

nanorods have attracted much attention now a days because

of their importance in both fundamental as well as engi-

neering science and potential applications in various nan-

odevices [11–14]. Vanadium oxides have been extensively

investigated as possible cathode materials for lithium

batteries.

Vanadium pentoxide (V2O5) belongs to the transition

metal oxides family and is often employed in secondary

lithium batteries to improve the specific capacity, voltage

(versus the anode material), reversibility, and stability.

Previous studies indicated that the diffusion coefficient

of Li? in crystalline V2O5 is inherently low, i.e.,

Di * 10-12 cm2 s-1 [15, 16]. Considering this fact, many

researchers concluded that the capacity of lithium inter-

calation at high discharge rates can be improved by con-

trolling the size and shape of the individual particles and

the morphology of the V2O5 electrode material. Various

nanostructures of V2O5 were already synthesized by a

variety of methods and galvanostatic discharge experi-

ments shows that nanostructure electrodes delivered higher

capacities than thin film electrodes [17–21].

However, there is another problem which can be solved

related to the structural changes. Crystalline V2O5 under-

goes structural modification during deep charge–discharge

cycles induced by mechanical stress leading to a decrease

in the specific V2O5 properties such as energy density or

charge capacity. These structural modifications generated
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from the variety of sources such as volumetric changes due

to the electrochemical insertion/extraction of Li? ion,

solvent transport into or out of the material during redox

cycling and changes in the coordination geometry at the

metal center by the result of redox transition. All these

processes lead to detrimental effect on the long-term

dimensional stability of the material. Structural changes are

accompanied by the loss of conductive pathways within the

material which degrade the charge storage capacity and the

rate of charge extraction. In order to overcome these

problems, the production of nanocomposites and nano-

structures materials has been used [22–24]. Nanotubular

materials are expected to have unusual characteristics

amplified by their marked shape-specific and quantum size

effects. The possibility of chemically modifying the outer,

inner surfaces and edges also has an advantage to enhance

the nanotube characteristics.

In the present article, we synthesized V2O5 nanotubes

and PEO surfactant V2O5 nanotubes by simple hydrother-

mal method and its structure is analyzed by XRD and FTIR

studies. The dimensions of the nanotubes were determined

by SEM and TEM analysis. The battery performance was

estimated by the cyclic voltagramms and discharge curves.

2 Experimental

2.1 Synthesis of vanadium oxide nanotubes

In the synthesis of vanadium oxide nanotubes, 10 mmol

V2O5 (99.5%) was added 10 mmol 1-hexadecylamine

(Acros Crganics Company) and 20 mL distilled water and

the resulting solution was stirred for 1 h. After 1 h,

another 20 mL distilled water was added. This solution

was allowed to hydrolyze under vigorous stirring for 48 h

at room temperature. Then this mixture solution was

poured into a Teflon-lined autoclave with a stainless steel

shell and treated hydrothermally at 180 �C for 7 days.

The precipitate was washed with absolute alcohol and

then with distilled water and allowed it at 80 �C for 5 h.

In order to prepare the polymer surface reactant V2O5

nanotubes the above procedure was repeated with the

addition of 0.5 mol% PEO to the vanadium oxide–amine

mixture.

2.2 Preparation of Li batteries

Electrochemical batteries were assembled in a dry glove

box filled with an argon gas using lithium pellets as neg-

ative electrode, 1 M solution of LiPF6 in ethylene carbon

(EC)/dimethyl carbonate (DMC) as electrolyte, and pellets

made of the obtained products, acetylene black, and PTFE

in a 6:4:1 ratio as the positive electrode.

2.3 Characterization

The X-ray powder diffraction (XRD) measurement was

performed on a D/MAX-III X-ray diffractometer with

Cu-Ka (k = 1.5418 Å) radiation and graphite monochro-

mator. Fourier-transform infrared (FTIR) absorption spec-

tra were recorded using the 60-SXB IR spectrometer with a

resolution of 4 cm-1. SEM images were obtained using

JSM-5610LV scanning electron microscope at 20 kV.

TEM images were taken in a JEOL JEM- 2010 FEF

microscope operated at 200 kV. Electrochemical studies

were investigated by an Autolab Potentiostat 30 System

with the scan rate of 0.5 mV s-1 at 1.5–4.0 V versus Li/

Li? potential range and a Battery Testing System (BTS-

5V/5mA) with the constant current density of 20 mAg-1 at

2.0–4.0 V versus Li/Li? potential range.

3 Results and discussions

3.1 X-ray diffraction

The X-ray diffraction patterns of V2O5 nanotubes,

0.5 mol% PEO surfactant V2O5 nanotubes are shown in

Fig. 1. From the XRD patterns, it is clear that the nano-

tubes and PEO surfactant nanotubes exhibited similar and

strongest peaks at (001) (002) (110) (210), and (310),

where the structure is preserved. No peaks of any other

phases or impurities were observed, demonstrating that

V2O5 nanotubes with high purity could be obtained using

the present synthesis process whereas the PEO worked as a

surface reactant [25]. No peaks related to polymers were

observed in the XRD pattern of PEO surfactant V2O5

nanotubes.

Fig. 1 XRD patterns of a V2O5 nanotubes and b PEO surfactant

V2O5 nanotubes
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3.2 Fourier transforms infrared radiation (FTIR)

spectra analysis

The FT-IR spectra of V2O5 nanotubes and PEO surfactant

V2O5 nanotubes were shown in Fig. 2. The strong

absorption peaks at 2,956, 2,918, 2,850, and 1,468 cm-1,

which could be assigned to the stretching and bending

modes of the different C–H vibrations in the hexadecyl-

amine template, respectively [26]. These bands are also

appeared in the same wavelength region as in the PEO

surfactant V2O5 nanotubes. Two absorption bands

appeared at 3,414 and 1,646 cm-1, could be attributed to

the stretching and bending modes of O–H vibrations,

respectively. This is exhibited the intercalation of water

molecules into the V2O5 nanotubes layers [26]. Absorption

bands between 400 and 1,000 cm-1 could be indexed to

various (group) vibrations of V–O type [26]. There are

three major bands ms (V=O), ms (V–O–V), and mas (V–O–V)

appeared at 1,005, 574, and 487 cm-1 in V2O5 nanotubes

and are shifted to 999, 574, and 500 cm-1 that of PEO

surfactant V2O5 nanotubes. The vibration modes (ms and

mas) shifting exhibited oxidation and reduction states of the

vanadium oxide (V4? $ V5?), respectively [27].

3.3 Scanning electron microscopy (SEM) analysis

Figure 3 shows the scanning electron microscopic images

of V2O5 nanotube, PEO surfactant V2O5 nanotubes uni-

formly distributed and clearly visible. Vanadium oxide

nanotubes are frequently grown together and separately.

For the PEO surfactant nanotubes materials interestingly

found that the tubes are frequently grown together and are

formed as bundles. From the SEM images the length and
diameter of the nanotubes are found to be 0.6–1.7 lm and

100–200 nm, respectively.

Figure 4 shows TEM images of V2O5 and PEO surfac-

tant V2O5 nanotubes. From Fig. 4b inner, outer diameters,

and crystal lattice distances are found to be 11.64, 54, and

3.325 nm, respectively. According to TEM images there

are no significant changes on the diameters and lattice

distances due to PEO effect.

3.4 Electrochemical investigation

3.4.1 CV analysis

Figure 5 shows the cyclic voltagrams of V2O5 nanotubes

and PEO surfactant V2O5 nanotubes, in which the first to

tenth cycle curves were plotted. The area Ai (i is the cycle

number) is surrounded by each cycle curve represents the

amount of the Li? ions insertion. The cycle efficiency is

calculated by the following equation:

Qi ¼ Ai=A1

Fig. 2 FTIR spectra of a V2O5 nanotubes and b PEO surfactant V2O5

nanotubes

Fig. 3 SEM images of a V2O5 nanotubes and b PEO surfactant V2O5

nanotubes
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where Qi cycle efficiency, A1 the area of the first cycle

curve, and Ai the area of the i cycle curve. The cycle

efficiencies of different cycles for V2O5 and PEO surfac-

tant V2O5 nanotubes were listed in Table 1. The third cycle

efficiency (Q3) of the V2O5 nanotube and PEO surfactant

V2O5 nanotubes were found to be 94.6 and 96.8%,

respectively. Meantime, the tenth cycle (Q10) efficiency of

V2O5 nanotube and the PEO surfactant V2O5 nanotubes

were found to be 74.8% and 85.6%, respectively. These

results indicate that the cyclic stability of PEO surfactant

V2O5 nanotubes increased when compared to that of V2O5

nanotubes. Two cathodic current peaks appeared at the

potentials of 2.20, 3.15 V and one anodic peak appeared at

3.03 V in the first cycle curve of the PEO surfactant V2O5

nanotubes (Fig. 5b). These peaks were assigned to the

insertion/extraction of Li? ions between the layers of PEO

surfactant V2O5 nanotubes. In addition, the peaks were

shifted with increasing cyclic number suggesting some

irreversible Li? ion interaction between in the PEO sur-

factant V2O5 nanotubes [28]. However, there is peak

appeared at 3.03 V in the anodic polarization indicated the

lithium ions are simultaneously extracted from the V2O5

layers. It was found that the first and tenth cycles also

exhibits both cathodic and anodic peaks indicating that the

reversibility of insertion/extraction of Li? ions in the PEO

surfactant V2O5 nanotubes has been improved. The first

cycle of V2O5 nanotubes showed two peaks at 1.81 and

2.18 V in the cathodic polarization process (Fig. 5a), cor-

responding to the two different process of Li? ions. These

two peaks could be attributed to the insertion of lithium

ions into the V2O5 nanotubes. However, one obvious peak

observed at 2.95 V in the anodic polarization and is com-

pletely disappeared with increasing cyclic number indi-

cates that poor cyclic performance of battery made of V2O5

nanotubes cathode. The different cyclic efficiencies were

Fig. 4 TEM images of a V2O5

nanotubes and b PEO surfactant

V2O5 nanotubes

Fig. 5 Cyclic voltammograms of a V2O5 nanotubes and b PEO

surfactant V2O5 nanotubes at the first 10 cycles

Table 1 The cyclic efficiency of the materials at different cycles

Material Q3 Q6 Q10

V2O5 nanotubes 94.6 87.3 74.8

PEO surfactant V2O5 nanotubes 96.8 92.6 85.6
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shown in Table 1. Similar types of results were also

observed in PEO mixed MoO3 nanomaterial [29].

3.5 Battery discharge characteristics

Figure 6 shows the curves of discharge capacity versus the

cycle number for the electrodes made of V2O5 nanotubes

and PEO surfactant V2O5 nanotubes with charge–discharge

current density 21.86 mAg-1 at 25 �C. The initial specific

charge capacity 185 mAhg-1 of the V2O5 nanotubes was

already reported in our group [30]. The discharge curves

showed a multistep process due to its structural changes

upon the Li? ions insertion/extraction process [31]. The

specific capacity increasing in the second cycle of pure

V2O5 nanotubes compared to that of first cycle is likely due

to the film cracking caused by the first cycle. The cracking

or defects in the films after first cycle allows more freedom

for volumetric charge during Li-ion insertion/extraction,

and thus the capacity increases in the second cycle [28].

The discharge capacity of PEO surfactant V2O5 nanotubes

is found to be 142 mAhg-1 in the first cycle, which is

lower than that of V2O5 nanotubes. It was decreased slowly

and its capacity retains 95 mAhg-1 after fifteenth cycles

corresponding to 66.9% of its initial capacity. The

decreasing capacity in the PEO surfactant V2O5 nanotubes

battery might be due to decrease in average vanadium

oxidation state. The discharge capacity of PEO surfactant

V2O5 nanotubes showed less in the lower cyclic number

and it exhibits better after tenth cyclic number compared to

that of V2O5 nanotubes. In our present investigation, we

observed the battery discharge stability increases may be

due to the increasing of Li? ion insertion/extraction into

the PEO surfactant V2O5 nanotubes.

4 Conclusions

A simple hydrothermal method was introduced for the

preparation of V2O5 nanotubes and PEO surfactant V2O5

nanotubes. The XRD patterns and FTIR spectra reveals that

there is no large influence on the crystal structure of V2O5

by using of PEO. From the SEM image it was clear that the

PEO surfactant V2O5 nanotubes were grown in the form of

bundles. From the TEM images the inner, outer diameters,

and crystal lattice distances were found to be 11.64, 54, and

3.325 nm, respectively. The cyclic voltagrams indicate that

the PEO surfactant V2O5 nanotubes has better cyclic

stability than that of V2O5 nanotubes. The V2O5 nano-

tubes electrode battery showed initial specific capacity

185 mAhg-1, whereas the PEO surfactant V2O5 nanotubes

exhibited 142 mAhg-1 with constant current density of

20 mAg-1 at 2.0–4.0 V versus Li/Li? potential range. The

electrochemical tests of PEO surfactant V2O5 nanotubes

showed better stabilized capacity after tenth cycle number

compared to that of V2O5 nanotubes due to its surface

reaction.
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