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Abstract The LiV3O8 nanowires are fabricated by

using sol–gel process with porous anodic aluminum

oxide (AAO) as the template. Transmission electron

microscopy (TEM) and scanning electron microscopy

(SEM) characterizations show that the synthesized

LiV3O8 nanowires are monodispersed and paralleled

to one another. Selected area electron diffraction

(SAED) pattern, X-ray diffraction (XRD), and X-ray

photoelectron spectroscopy (XPS) investigations

jointly demonstrate that the synthesized nanowires

are most consisted of monoclinic phase LiV3O8. Since

the LiV3O8 nanowires can be mass-produced by using

this method, it is expected to find promising application

as a new cathode material in lithium ion battery.

Introduction

The discovery of carbon nanotube in 1991 [1] stimu-

lated the research on one-dimension nanostructure

materials, due to their special electronic, magnetic,

optical, and mechanical properties in comparison to

their bulk counterparts [2–5]. Various methods have

been developed to fabricate one-dimension nanostruc-

ture materials such as arc discharge, laser ablation,

catalytic CVD growth, and template synthesis, etc [6].

Of those, template method is a convenient and

inexpensive technique [7–12], especially, anodic alumi-

num oxide (AAO) templates possess very regular and

highly anisotropic porous structures which offers a

promising route to synthesize high surface area and

ordered nanostructure materials. The ways used to

synthesize the nano-materials in the pores of the

template membranes include electroless metal deposi-

tion, electrochemical process, in situ polymerization,

and sol–gel method [13–16]. Specially, the sol–gel

process is a relatively easy and economical way to

make uniform size and high quality stoichiometric

targeted products. It has been demonstrated that sol–

gel synthesis can be processed in the pores of the

nanoporous template membranes to obtain nanowires,

tubules, and fibrils of a variety of inorganic materials

[16].

One-dimension nanostructure materials for using in

the lithium ion battery have been extensively studied,

in which cathode materials attract much attention [17–

19]. As a candidate of cathode materials, LiV3O8 was

particularly focused on in the past 20 years due to its

high capacity, facile preparation, and excellent stability

in air. Various ways of preparing the LiV3O8 material

have been developed to enhance the electrochemical

behavior, since Nassau and Murphy [20] realized

that its electrochemical properties, such as discharge

capacity, rate capacity, and cycle performances, could

be strongly influenced by the preparation method.

Hydrothermal, sol-gel, lower temperature synthesis,

X. Liu � J. Wang � J. Zhang � S. Yang (&)
State Key Laboratory of Solid Lubrication, Lanzhou
Institute of Chemical Physics, Chinese Academy of
Sciences, Lanzhou 730000, China
e-mail: sryang@lsl.ac.cn

J. Zhang
e-mail: junyanzh@yahoo.com

X. Liu
Graduate School, Chinese Academy of Science,
Beijing 100039, China

J Mater Sci (2007) 42:867–871

DOI 10.1007/s10853-006-0022-y

123



and microwave synthesis, etc. have been widely used to

prepare the LiV3O8 cathode materials [21–28], while

few study was reported on sol-gel synthesis of one-

dimension LiV3O8 nanostructures by using AAO as

the template. In this work, high-ordered LiV3O8

nanowire arrays are synthesized by using sol–gel–

AAO template method for the first time. The structure

and composition of the synthesized LiV3O8 nanowire

materials are characterized as well, which are expected

to be used potentially as a new cathode material in

lithium ion battery.

Experimental

The precursor sol of LiV3O8 was first synthesized. In

detail, stoichiometric amounts of lithium nitrate and

ammonium vanadate (the molar ratio of Li:V = 1:3)

were added slowly to deionic water with continuous

stirring, then the solution was heated to 80 �C follow-

ing dropwise added with saturated citric acid, which

was employed as a chelating agent, until the color of

mixture changed from buff to brown, and finally

became to dark blue. After stirring continually at

80 �C for 4 h, a transparent sol was obtained. The

prepared sol was very stable at room temperature and

no precipitate was observed even for a long time.

The cleaned alumina membrane (Whatman anodisc,

diameter = 47 mm) with pores diameter of approxi-

mately 200 nm and porosity of about 43%, was dipped

into the prepared sol, and then the AAO template and

sol system were transferred to a vacuum drier. After a

desired time, the membrane was taken out from the

drier, and the excess sol on the membrane surface was

wiped off with a laboratory tissue. Finally, the

membrane was placed in an oven to dry at 80 �C in

air for 3 h followed by heat-treatment at 450 �C for

20 h in a Muffle furnace, which resulted in the

formation of LiV3O8 nanowires inside the pores of

the AAO template.

The morphology, composition, and crystallography

of the LiV3O8 nanowires were characterized. Trans-

mission electron microscopy (TEM) images were

obtained on a JEM-1200EX microscope to analyze

the morphology and agglomeration of the nanowires.

For TEM sample preparation, the alumina membrane

was removed via dissolving with 3 M NaOH, and then

diluted with deionic water. Droplets of suspension

containing LiV3O8 nanowires were placed onto the

copper grids for TEM observation. Scanning electron

microscopy (SEM) images were recorded with JSM-

5600LV microscope. For SEM sample preparation, the

alumina membrane with LiV3O8 nanowires inside the

pores was attached on a Cu cylinder. Then, a few

droplets of 3 M NaOH were dropped on the sample to

dissolve the membrane partially, and the samples were

sputter-coated with gold prior to observation. The

phase structure of as-synthesized nanowires with

alumina membrane was determined on a D/max-RB

X-ray diffractometer (Rigaku Corp., Tokyo, Japan)

with Cu-Ka radiation at a scanning step size of

2h = 0.017. The data were acquired in the 2h range of

10–80�. The chemical states of typical elements of the

nanowires with template membrane were analyzed on

a PHI-5702 multi-functional X-ray photoelectron spec-

troscope (Physical Electronics, USA) operating with

Al-Ka irradiation (hm = 1486.6 eV) at a pass energy of

29.35 eV. The binding energy of contaminated carbon

(C1s: 284.8 eV) was used as the reference and the

resolution is about ± 0.3 eV.

Fig. 1 (a) TEM image of
double LiV3O8 nanowires
after removing AAO
template; (b) The
corresponding selected area
electron diffraction pattern
for LiV3O8 nanowires
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Results and discussion

The TEM images of the synthesized LiV3O8 nanowires

are shown in Fig. 1. It can be seen that two paralleled

LiV3O8 nanowires have a uniform diameter of 200 nm

(Fig. 1a), which is in good agreement with the size of

template pore. And, it is obvious that the nanowires

are consisted of unnumbered nanoparticles, which is

attributed to the fact that the growth mechanism of

nanowires inside AAO template via sol–gel process is

the nanoparticles deposition process in the pores of the

AAO template [29]. Figure 1b gives the corresponding

selected area electron diffraction (SAED) pattern

taken from one above-mentioned nanowires. The

diffraction rings, from inner to outer, correspond to

the (–111), (112), (212), (312), and (122) diffraction

planes of LiV3O8, from which it can be concluded that

the synthesized nanowires display polycrystalline struc-

ture and have well-defined monoclinic phase LiV3O8.

This is identical with the results reported by Lin et al.

[30, 31]. They have demonstrated that the nanotubes or

nanowires prepared by the sol–gel method with AAO

templates are polycrystalline.

The typical SEM images of LiV3O8 nanowire arrays

are shown in Fig. 2. Figure 2a is the image of LiV3O8

nanowires isolated from AAO membrane. It can be

seen that these nanowires are interlaced, piled, and

possess uniform diameters, which indicates that this

method could be used to mass-produce ordered

LiV3O8 nanowires. Figure 2b displays a cluster of

LiV3O8 nanowires arranged in the same direction for

the residual AAO membrane, while Fig. 2c, d give the

cross-section surface images of the LiV3O8 nanowire

arrays at different magnification. It can be seen that the

LiV3O8 nanowire arrays are characterized by well

distributed, high-ordered, and paralleled to one an-

other, and few microscopic defects are found. This is

attributed to that the alumina template membrane is

only dissolved partially, which makes the nanowires

like a brush anchored to the residual alumina mem-

brane.

The X-ray diffraction (XRD) pattern of LiV3O8

nanowire arrays within the alumina template mem-

brane is shown in Fig. 3. Some diagnostic peaks are

attributed to the monoclinic phase LiV3O8 (JCPDS:

72-1193). They are assigned to (100), (–201), (200),

Fig. 2 SEM images of
LiV3O8 nanowires arrays
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Fig. 3 The XRD pattern of LiV3O8 nanowires array with AAO
template
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(–111), (012), (020), (312), and (122) planes of LiV3O8,

respectively, which are greatly consistent with the

result of SAED analysis. Meanwhile, there is a

diagnostic peak of Li0.3V2O5 appearing at 2h = 12.4�.

But the intensity of peak is relatively weak comparing

with that of the LiV3O8, indicating that the synthesized

nanowire arrays are most consisted of monoclinic

phase LiV3O8.

The chemical composition of the LiV3O8 nanowires

within the AAO template was also analyzed by XPS

measurements. The survey scan XPS spectrum of the

prepared sample is shown in Fig. 4. It is clear that the

signals of Li, V, and O are appeared on the spectrum.

Figure 5 shows the high resolution XPS spectra of Li1s,

V2p, Al2p, and O1s in the LiV3O8/AAO composite.

The peak of Li1s at 55.4 eV (Fig. 5a) indicates that Li

exists in the state of Li+. It is well known that the

binding energy of the V2p3/2 depends on the oxidation

state of the vanadium cation, therefore XPS measure-

ment can be used to detect the vanadium cation

oxidation states. On the other hand, the binding energy

of O1s is so close to that of V2p1/2 that the influence of

O1s on V2p should be taken into account. Mendialdua

et al. [32] reported that the oxidation degree of

vanadium in vanadium oxide could be determined by

using three parameters: the first is the energy difference

(D) between the binding energy of O1s and V2p3/2; the

second is the full width (k) at half maximum (FWHM);

and the third is their peak shapes. In Fig. 5b, the V2p3/2

signal appears at 517.6 eV, and the energy difference is

12.9 eV, which are consistent with what have been

reported by Silversmit et al. [33] where the V5+ binding

energy is 517.7 eV, and the energy difference is

12.8 eV. Therefore, we can conclude reasonably that

the V element in the synthesized LiV3O8 nanowires is

in a V5+ state. The O1s peak appeared at 530.5 eV

comes from both LiV3O8 and Al2O3. In Fig. 5c, we can

see that the peak of Al2p appears at 73.9 eV corre-

sponding to Al3+, next to which is V3s peak appeared
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Fig. 4 XPS survey spectrum of LiV3O8 nanowires within the
AAO template
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at 69.2 eV. Considering all above XPS information

along with the result of XRD, it is deduced that the

synthesized nanowires is well-defined in the form of

monoclinic LiV3O8.

Conclusions

In summary, a simple process was developed to

prepare well distributed and high-ordered LiV3O8

nanowires by using sol–gel method with porous AAO

as the template. TEM and SEM characterizations show

that the synthesized nanowires are monodispersed and

paralleled to one another, while XRD along with XPS

investigations demonstrate that the synthesized nano-

wires are most consisted of monoclinic phase LiV3O8.

This method offers the advantages of growing one-

dimension LiV3O8 nanowires in uniform size and

unidirectional alignment, which are expected to be

used as a potential cathode material in lithium ion

battery.
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