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Abstract The lithiated transition metal oxide

LiVMoO6 has been synthesized by a novel melt

quenching method that presents some advantages as

compared to the classical solid-state reaction and soft-

combustion synthesis. These are: the short preparation

time and the possibility to control the grain size of

LiVMoO6 powders. The local structure of LiVMoO6

samples prepared in different ways was characterized

by IR spectral analysis. The oxidation state of Li, V,

and Mo was determined by X-ray photoelectron

spectroscopy.

Introduction

A new 4V-class lithiated transitional metal oxide,

LiVMoO6, recently attracted special attention as an

electrode—active material in rechargeable lithium ion

batteries. Since the electrochemical features of this

material depend on their crystal nature, size and shape,

five different variations of a conventional solid state

reaction [1–3] and wet chemistry technique (sol–gel,

soft-combustion synthesis and rheological phase reac-

tion) [2, 4, 5] have been developed to improve its

characteristics. Our experience in the synthesis of

vanadate and molybdate phases has provoked exten-

sion of the experimental manners for LiVMoO6 prep-

aration by two new methods—melt quenching and

crystallization of a glass. It was aimed at comparing

different preparative ways for obtaining LiVMoO6 and

their peculiarities.

Experimental

Figure 1 schematically illustrates the methods and

preparation steps adopted for the synthesis of LiV-

MoO6. As is seen from the figure, five manners were

used to produce the phase. Solid-state reaction

(method A) and soft-combustion synthesis (method B)

were applied following the procedure described in [1–

4]. LiVMoO6 was obtained also by melt quenching at

different rates (method C—cooling rate 103 K/s and

D—cooling rate 104–105 K/s), and crystallization of a

glass (method E). Glasses were prepared using reagent

grade Li2CO3, V2O5 and MoO3 as starting compounds.

The homogenized batches were melted for 10 min. in

air in alumina crucibles at 600–800 �C depending on

the melting temperatures of the compositions. Owing

to the high crystallization tendency of the melts, high

cooling rates (104–105 K/s) were applied using the

roller-quenching method in order to define the glass

formation region. Only fragmented 1–3 cm flat pieces,

about 50–100 lm thick, were produced. By visual

observation it was assumed that those compositions, in

which vitreous pieces are above 2/3 of the samples,

were identified as glasses.
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Powder XRD patterns of the sample obtained by all

synthesis techniques described were registered at room

temperature with a Philips APT-15 diffractometer,

using Cu Ka radiation in the 10 < 2h < 60 range. The

average crystallite size of the LiVMoO6 phase was

calculated from the broadening of the diffraction lines

of (200) profile using Scherrer’s equation. Infrared

spectra of the products were registered in the range

1400–400 cm–1 using the KBr pellet technique on a

Nicolet-320 FTIR spectrometer. The XPS measure-

ments were carried out on an ESCALAB Mk II (VG

Scientific) electron spectrometer with base vacuum in

the analysis chamber of 10–8 Pa. The X-ray photo-

electron spectra were recorded with Al Ka excitation

source with photon energy of 1486.6 eV. The pass en-

ergy and slit widths of the electron analyzer were

20 eV and 6 mm, respectively, which gives a total

instrumental resolution of 1.06 eV (as measured with

the FWHM of Ag3d5/2 photoelectron line). Energy

calibration was performed, taking the C1s line at

285 eV as a reference phase. The experimental error of

peak positions was in the range 0.1‚0.3 eV depending

on the line intensity.

Results and discussion

Figure 2 present the X-ray diffraction patterns of a

LiVMoO6 phase obtained by different techniques (see

Fig. 1). The diffraction patterns were indexed using

‘‘Index’’ software, assuming a C2/m symmetry that

corresponds to the monoclinic citing of the brannerite

structure [6]. The XRD data obtained were also com-

pared with those existing in the literature [2, 5]. The

diffraction patterns of the samples prepared by meth-

ods A, B contain mainly peaks characteristic for

LiVMoO6. There are also a few weak peaks that we

could not index. According to the references [2, 5] the

same peaks also appear in the diffraction patterns of

the LiVMoO6 phase. We suggest that the not indexed

peaks probably belong to the unknown impurity phase.

These results confirmed the optimal synthetic condi-

tions for solid state and soft-combustion derived

material. LiVMoO6 as a main phase was also obtained

employing melt quenching at different cooling rates

(method C and D) (Fig. 2). The XRD patterns (curves

A–D Fig. 2) show changes in intensity of diffraction

line, which may be a result of a different preferential

growth plane of the crystallites form by various syn-

thesis ways. The calculated crystallite size of LiVMoO6

ranges from 52 to 46 ± 2 nm depending on preparative

manners.

In order to produce amorphous samples as precur-

sors for preparation of LiVMoO6 by crystallization of a

glass (method E), we determined the glass formation

region in the ternary Li2O–V2O5–MoO3 system. Two

vitreous ranges were established in the system (Fig. 3):

one of the compositions rich in MoO3 (40–80 mol%)

and the other of compositions with a high V2O5 con-

tent (50–100 mol%). Glasses containing Li2O above

30 mol% were hygroscopic. The LiVMoO6 was outside

the glass formation regions obtained. A composition
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Fig. 1 Schematically
representation of the methods
and preparation steps
adopted to obtain of
crystalline LiVMoO6
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inside the glass formation region (Fig. 3) subjected of

heat treatment for 3 hours at 300�C is dominantly

amorphous containing small amounts of crystalline

LiVMoO6 and MoO3 (JSPDC-75-0912). The grain size

of this sample is smallest-32 ± 2 nm as compared with

calculated crystallites size of the phase obtained by

other manners (see Fig. 1). This result shows that glass

crystallization method is promising route for producing

of polycrystalline and glass-crystalline materials with

controlled particle size distribution. They will be

subject of a special study in future.

Additional information on phase formation and

structural features of LiVMoO6 phase could be

obtained by IR spectroscopy (Fig. 4). As one can see

from the figure, the vibrational specta of samples pre-

pared by methods A, B and C are very similar. They

are in good agreement with the spectral data in the

literature [2] and confirm the XRD result about for-

mation of a crystalline LiVMoO6. Amdouni et al. using

factor group analysis [2] predicted (4Au + 9Bu) infra-

red active modes, in the spectrum of LiVMoO6 but

detailed interpretation of the bands situated between

900 cm–1 and 400 cm–1 was not made. We shall try to

assign the observed bands having in mind the crystal

structure of LiVMoO6 and vibrational spectra of pha-

ses with similar building units [1, 7–9]. LiVMoO6

crystallizes with ThTi2O6 brannerite-type structure

composed of MeO6 (Me = V, Mo) octahedra and iso-

lated LiO6 polyhedra (Fig. 5) [1, 6]. MeO6 groups

sharing both common edges form Me2O8 units and

common corners rising Me–O–Me bridge. The bond

distances ranging from 1.6839 to 2.1833 Å [1]. Taking

into account the spectral data of Me2O8 units [7–9] the

high intensity bands at 620 and 570 cm–1 in our spectraFig. 2 X-ray diffraction patterns of LiVMoO6 prepared by: A,
solid state reaction; B, soft-combustion method; C, melt
quenching (cooling rates–103 K/s); D, melt quenching (cooling
rates 104–105 K/s); E, crystallization of a glass; F, glass sample
with composition 20Li2O � 50V2O5 � 30MoO3

Fig. 3 Glass formation regions in the Li2O–V2O5–MoO3 system

Fig. 4 IR spectra of LiVMoO6 samples as a function of the
synthesis methods
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can be attributed to the asymmetric stretching mode of

Me2O2 entity present in Me2O8 units. The shoulder at

720 cm–1 is due to symmetric vibration of the same

entity [8]. The bands at 890 and 820 cm–1 are con-

nected with vibrations of Me–O–Me bridges [8, 10–12].

High frequency bands at 960 and 940 cm–1 are associ-

ated to the terminal V = O and Mo = O bonds [2, 10–

12]. There is some differences in the spectra of the

samples prepared by melt quenching method at higher

cooling rates (104–105 K/s) (curve D) as compared to

LiVMoO6 derived by other ways (Fig. 4). The

absorption bands are broadened and low in intensity.

These differences may be regarded as a result of

change the size and/or morphology of crystallites,

which was established by XRD analysis. Analogy dis-

cussion was made for influence of the heat treatment

on IR spectra of MoO3 [13]. More precise experiments

are necessary to clarify this assumption.

Li1s, O1s, V2p and Mo3d spectra of all samples are

presented in Fig. 6. Weak intensities of Li1s peak

(curves A–D) at 56.0 ± 0.3 eV was observed due to the

low photoionization cross section [14]. Its position is

characteristic of the Li+ oxidation state. [15, 16]. The

V2p3/2 photoelectron line of all products possesses a

symmetric peak with a binding energy of

517.8 ± 0.1 eV typical of V5+ ions [15, 17]. The pho-

toelectron Mo3d spectrum of all samples is character-

ized by a well-shaped narrow Mo3d5/2 peak at

233.3 ± 0.1 eV which evidences presence of a molyb-

denum ions in a higher (Mo6+) oxidation state only

[18]. The O1s line of the LiVMoO6 phase obtained by

different methods exhibits a single highly symmetric

peak positioned at 530.9 ± 0.1 eV which can be

assigned to the V–O–V, V–O–Mo and Mo–O–Mo

bonds present in its crystal structure [19].

Conclusion

LiVMoO6 phase was successfully synthesized applying

two new methods: melt quenching and crystallization of

a glass. They present some advantages compared to the

known conventional solid-state reaction and soft-com-

bustion synthesis as: the short preparation time and the

smallest grain size (32 nm) of LiVMoO6 powder. It is

determined that glasses are stable up to 300 �C.
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Fig. 5 Polyhedral view of the brannerite structure of LiVMoO6

along the (101) plane

Fig. 6 Li1s, O1s, V2p and Mo3d photoelectron spectra of
LiVMoO6 samples as a function of the synthesis method
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