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Vibrational analysis of lithium nickel vanadate
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Abstract

The compound LiX NiVO4 (X = 0.8, 1.0, 1.2) is prepared by a solid-state reaction method. The vibrational analysis of the compound is
studied using Fourier transform infra red (FTIR) and Raman spectroscopic techniques. A new peak at 1039 cm−1 is observed for Li1.2NiVO4

in the FTIR analysis and indicates the presence of Li+ O V bond interactions. The FTIR and Raman characteristic bands for cubic inverse
s compound
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pinel structure are observed for all samples. Using the diatomic approximation method, the bond length and the bond order of the
ith various Li compositions are calculated. The valence state of the compounds is calculated using the Pauling valence sum rule

o be nearly 5.2 for all compositions of LiX NiVO4 (X = 0.8, 1.0, 1.2).
2004 Elsevier B.V. All rights reserved.
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. Introduction

The development of new electrode materials for recharge-
ble lithium cells has received a considerable attention be-
ause of the demand for portable power sources with high
pecific energy[1,2]. Among them, lithium nickel vana-
ate has attracted particular attention because of its high
pecific energy and its ability to be used both as a cath-
de and as an anode material[3,4]. This latter attribute is
ue to the unusual inverse spinel structure, which is dif-

erent from the crystal structures of other lithium incorpo-
ated materials[5,6]. To date, numerous preparation meth-
ds have been reported but they offer no great improve-
ents in the cell performance of LiNiVO4 or related ma-

erials such as LiCoVO4 [7]. It has also been suggested[7,8]
hat further research on the structure and valence of these
aterials would be promising due to their potential cathode
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and anode applications. In the present study, therefore
structure and valence state of LiX NiVO4 (X = 0.8, 1.0, 1.2
have been studied by means of Fourier transform infra
(FTIR) and Raman spectroscopy vibrational techniques
investigation uses Raman spectroscopy to analyze the
strength, bond order and valence state of LiX NiVO4 (X =
0.8, 1.0, 1.2). The Raman vibration spectrum directly pro
the structure and bonding of a transition–metal oxide c
plex, and consequently can be used to discriminate bet
alternate molecular structures proposed for a given c
ical species[9]. Hardcastle and Wachs[10] demonstrate
that the diatomic approach is a versatile tool for interp
ing Raman spectra because it assumes that vibration
teractions between neighboring chemical bonds in com
transition oxides may be neglected. This assumption
gests that a direct relation exists between a metal–ox
bond length and its Raman stretching frequency and, t
fore, metal oxygen bond lengths may be directly determ
from the measurement of Raman stretching frequen
Hence, in the present study, this diatomic approach has
used to calculate the bond order, bond length and va
378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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state of lithium nickel vanadate compounds with various
Li compositions.

2. Experimental

Lithium nickel vanadate, LiX NiVO4 (X = 0.8, 1.0, 1.2)
was prepared by a solid-state reaction method. The stoichio-
metric amounts of the raw materials Li2CO3, NiO and V2O5
according to the compositions of LiX NiVO4 (X = 0.8, 1.0,
1.2) were ground into fine powder using a mortar and pestle.
The resultant powder was heated at a temperature of 1073 K
in a porcelain crucible. Fourier transform (FTIR) measure-
ments were performed with a Bruker IFS – 66 V instrument.
Raman spectra of the samples were obtained with a micro-
scopic Raman spectrometer using the Ar ion laser line of
4880Å. Lorentzian line shapes were fitted to the Raman spec-
tra, both for the samples and for all compositions for which
the peak position of the Raman peak were obtained.

3. Diatomic approximation theory

Hardcastle and Wachs[11] reported that the diatomic ap-
proach could be used to interpret Raman spectra of a vana-
dium oxide compound in terms of VO bond lengths[11].
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metal oxide is a superposition of the stretching frequen-
cies from an assembly of metal–oxygen diatomic oscillators
[11]. Each oscillator has a unique inter-atomic distance and
a unique stretching force constant, and also exhibits a unique
vibrational band. If the metal–oxygen bond is assumed to act
like harmonic oscillator, then the stretching force constant
may be found from its square-root dependence on vibrational
frequency[11]. Hence, according to the diatomic approach,
as given by Hardcastle et al., the correlation between bond
length (R) and stretching frequency (ν) is:

ν = 21349 exp(−1.9176R) (1)

whereν is in cm−1 andR is in Å. The bond length or inter-
atomic distance and the bond order or bond valence (s) are
calculated using the relationship developed by Brown and
Wu [12]. This equation relates the cation–oxygen bond order
to the bond length. The empirical expression relating a VO
bond length to its bond valence for pentavalent V is given by:

s(V O) ≈
(

R

1.791

)−5.1

(2)

where 1.791̊A is the estimated bond length for a VO bond
of unit valency for V5+ cations. The empirical parameters
1.791 and 5.1 are determined based on data from a larger
number of V5+ environments[12].
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his approach differs from other models. In the site symm
pproach, for example, each metal polyhedron is sepa

rom the crystalline lattice and therefore does not dire
ield structural details. According to the diatomic appro
s a first approximation, the Raman spectrum of crysta

Fig. 1. Raman s
 for Li0.8Ni4VO4.

The valance state of vanadium is calculated from the P
ng valence sum rule. The Pauling bond strength, also ref
o as bond order or bond valence, reflects the relative str
f a chemical bond and shows the distribution of available

ence electrons in the chemical bonding of molecular sp
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Fig. 2. Raman spectrum for Li1.0NiVO4.

Fig. 3. Raman spectrum for Li1.2NiVO4.
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[13]. Furthermore, it has been reported that according to the
Pauling rule there is a conservation of valency associated with
the metal cation. The valence sum rule is extremely useful
in estimating the valence states of vanadium cations in vana-
date structures. Hence, the calculated valence state has been
compared with the formal oxidation state of vanadium cation
[14]. The valence state of vanadium is calculated by adding
the contributions from each VO bond order as determined
by Eq. (2).

4. Results and discussion

4.1. FTIR analysis

The FTIR spectra for all the three samples in the wave
number range of 400–1200 cm−1 are presented inFig. 4 .
The complex patterns of the bands observed at 630, 700 and
at 810 cm−1 have been assigned to stretching vibrations of
VO4 tetrahedrons, and are found to be the characteristic vibra-
tional bands of an inverse spinel structure[6]. Normally, the
FTIR pattern observed in the 400–750 cm−1 region has been
largely associated with the vibrations of NiO6 and LiO6 oc-
tahedral units or the bending vibrations of VO4 tetrahedron.
The bonding of Li and Ni with each oxygen atom in VO4
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3F2g) [16]. For lithium nickel vanadate, a strong broad band
in the 700–850 cm−1 region is observed and is ascribed to
the stretching frequencies of the VO4 tetrahedron[7]. This
may be due to the vibration between the oxygen and the
highest valency cation (V5+). This high-frequency peak has
been observed at 823 cm−1 and is attributed to the stretching
mode of the VO4 tetrahedron with A1g symmetry, while the
band located at 332 cm−1 is attributed to the bending mode
of the VO4 tetrahedron with E symmetry[9]. The broadness
of the high frequency band may be associated with asymmet-
ric bonding of the VO4 tetrahedron. It has been reported that
the Raman spectra for an ideal VO4 tetrahedron should have
a stretching frequency at around 796 cm−1 [17]. For lithium
nickel vanadate, this band has been observed at 795 cm−1

for all Li compositions, which suggests an ideal VO4 tetra-
hedron. The broadness of the high-frequency peak observed
at 823 cm−1 for LiX NiVO4 increases with increase in Li
composition. This may be due to the fact that two types of
cations, Li and Ni, may be bonded to each oxygen atom of a
VO4 tetrahedron, as indicated by the FTIR analysis[7]. This
asymmetry increases with increase in Li composition.

4.3. Diatomic approximation of calculating the valence
state of vanadium

man
s achs
[ very

Fig. 4. FTIR spectrum for (a) Li0.8NiVO4, (b) Li1.0NiVO4, (c) Li1.2NiVO4.
etrahedra introduces some asymmetry without disturbin
verall cubic symmetry of the elementary unit cell. Hence
and at 810 cm−1 has also been assigned to the asymm
al stretching modes in distorted VO4 units. Two weak band
round 430 and at 420 cm−1 have been assigned to asymm
ic stretching of Li O in LiO6 environments. These two pea
re more prominent for Li1.0NiVO4, compared with those fo

he other two samples. In addition, there are two smal
orption peaks sited at around 1120 and at 1180 cm−1; these
eaks tentatively belong to an asymmetry stretching v

ional mode of NiO6 octahedra[8] and are similar for a
hree samples. For Li1.2NiVO4, a new small peak at abo
039 cm−1 is observed. This peak is absent for Li0.8NiVO4
nd for Li1.0NiVO4. This is due to the concurrent existen
f Li+ O V bond interactions[15] since for Li1.2NiVO4

he Li composition is found to be very high compared w
ther samples. Hence, the FTIR spectrum for all sample
icates the presence of characteristic vibrational band

he inverse spinel structure. Even though a new peak a
or Li1.2NiVO4, due to Li+ O V interactions this will no
roduce a dramatic change in the structure of the compo
hich has been inferred from the presence of characte
ibrations for the inverse spinel structure.

.2. Inverse spinel structure

The Raman spectra for lithium nickel vanadate with th
ifferent Li compositions are shown inFigs. 1–3. For com-
ounds of the cubic spinel type, structure possesses p

ype Fd3m (Oh7) symmetry and yields five Raman act
odes symmetrical with the inversion centre (A1g + Eg +
The procedure for making assignments of the Ra
tretching frequencies as suggested by Hardcastle and W
11] using diatomic approximation has been found to be
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Table 1
Vibrational modes observed in Raman spectrum for LiX NiVO4 (X = 0.8,
1.0, 1.2)

Samples Raman
(cm−1)

Bond length,
R (Å)

Bond order,
s (vu)

Assignment

Li0.8NiVO4 332 m 2.17 0.37 ν(VO4)
420 w 2.04 0.51 ν(Li O)
648 w 1.82 0.91 ν(Li O Ni)
795 vs 1.71 1.24 νass(VO4)
825 vs 1.69 1.31 νs(VO4)

Li1.0NiVO4 334 m 2.16 0.37 ν(VO4)
420 w 2.04 0.51 ν(Li O)
655 sh 1.81 0.92 ν(Li O Ni)
795 vs 1.71 1.24 νass(VO4)
825 vs 1.69 1.31 νs(VO4)

Li1.2NiVO4 337 m 2.16 0.38 ν(VO4)
420 w 2.04 0.51 ν(Li O)
657 sh 1.81 1.08 ν(Li O Ni)
795 vs 1.71 1.24 νass(VO4)
826 vs 1.69 1.32 νs(VO4)

w: – Weak; m – medium; sh – shoulder; vs – very strong; s – symmetric
stretching; ass – asymmetric stretching.

simple. The short VO bonds are assigned with terminal
V O bonds and vibrate at higher frequencies >800 cm−1.
Next, the V O bonds of intermediate length, typical of bridg-
ing V O bonds and having about unit valency, are assigned
to Raman stretching frequencies in the 600–800 cm−1 re-
gion. In the present study, the stretching frequencies of the
LiX NiVO4 (X= 0.8, 1.0, 1.2) samples are absorbed at around
790 and 823 cm−1; this feature is similar for all compositions
of lithium nickel vanadate.

UsingEqs. (1) and (2), the bond length (R) and the bond
valence has been calculated for both the samples and for dif-
ferent Li compositions. Using the Pauling valence sum rule,
the valence state of vanadium in lithium nickel vanadate for
three different Li compositions has been calculated usingEq.
(2) and has been found to be nearly 5.2. The calculated bond
valence and bond length for LiX NiVO4 (X= 0.8, 1.0, 1.2) are
listed inTable 1. The same valence state for all compositions
of Li suggests that there is no appreciable change in the struc-
ture with respect to Li composition within the composition
range 0.8–1.0.

5. Conclusions

The compounds LiX NiVO4 (X = 0.8, 1.0, 1.2) have been
prepared by a solid-state reaction method. FTIR and Raman
structural analyses indicate the presence of characteristic vi-
brational bands for the inverse spinel structure for all the three
samples. The bond order and bond valence have been calcu-
lated from the Raman stretching frequencies. The valence
state of the samples calculated from the Pauling valence sum
rule suggests that the oxidation state of vanadium in lithium
nickel vanadate samples is nearly 5.2.
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