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a b s t r a c t

The LiFe2/5Ni3/10Co3/10VO4 ceramics has been produced by solution-based chemical route. Orthorhombic
unit cell structure of the compound is selected by X-ray diffraction study. Complex impedance spec-
troscopy (CIS) technique has been used to study the electrical properties. Complex impedance analysis
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shows: (i) grain interior, grain boundary and electrode–material interface contributions to electrical
response and (ii) the presence of temperature dependent electrical relaxation phenomena in the mate-
rial. Temperature dependence of dc and ac conductivity indicates that electrical conduction in the material
is a thermally activated process. Frequency dependence of �ac at different temperatures obeys Jonscher’s
universal power law governed by the relation: �ac = �dc + Aωn.
omplex electrical impedance
lectrical conductivity

. Introduction

In recent years, spinel structure materials have been inves-
igated extensively due to their useful physical and chemical
roperties and applications in preparing magnetic cores, informa-
ion storage systems, magnetic fluids, microwave absorbers and

edical diagnostics, etc. [1–3]. Different types of spinels can be
ormed on the basis of oxidation state of the cations, namely: (4,
) type such as TiMg2O4 (2, 3) type such as MgAl2O4 (1, 3, 4) type
uch as LiAlTiO4 (1, 6) type such as Na2WO4 (1, 2, 5) type such
s LiNiVO4, and (1, 3) type such as Li0.5Al2.5O4. The distribution of
ations in tetrahedral and octahedral sites leads to two extreme sit-
ations. One of them is normal spinel in which the divalent cations
re situated in the tetrahedral sites (e.g. MgAl2O4) and the other
ne is inverse spinel in which the divalent cations occupy half of the
ctahedral sites and the tetrahedral sites are occupied by the triva-
ent cations (e.g. MgFe2O4) [4,5]. This distribution of cations can be

odified by means of adequate changes in chemical composition
hich shows the changes in physical and chemical properties of

he resulting materials [6]. The mechanism of electrical properties
n spinels depends on the arrangement of ions in different sites.
lectrical properties of spinel compounds such as LiFe1/2Co1/2VO4,
ixMVO4 (M = Ni, Co; x = 0.8, 1.0, 1.2), LiFeTiO4, etc. are studied

y different researchers [7–10]. This has motivated me for the
ormation of a spinel compound (LiFe2/5Ni3/10Co3/10VO4) and to
tudy its electrical properties. The LiFe2/5Ni3/10Co3/10VO4 com-
ound is mechanically strong and environment friendly. Complex

∗ Tel.: +91 3222281902.
E-mail address: motiram05@yahoo.co.in.

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.08.111
© 2009 Elsevier B.V. All rights reserved.

impedance spectroscopy (CIS) is a nondestructive method to study
the electrical properties of such materials [11]. It correlates the
microstructural and electrical properties of polycrystalline oxide
materials. According to this method, when an ac input signal is
applied across sample, the output response appears as semicircles
in the complex plane plots that represents electrical phenomena
due to the bulk material, grain boundary effect and interfacial polar-
ization [11,12]. In the present paper, structural, microstructural
and electrical properties of LiFe2/5Ni3/10Co3/10VO4 compound are
discussed. Electrical properties are studied by ac technique of CIS.
Crystal structure is examined by X-ray diffraction method.

2. Experimental details

Solution-based chemical method was used to prepare LiFe2/5Ni3/10Co3/10VO4

fine powder. The stoichiometric amount of highly pure LiNO3, Ni(NO3)2·6H2O,
Co(NO3)2·6H2O, FeCO3 and NH4VO3 was dissolved in distilled water and mixed
together. FeCO3 was dissolved in warm distilled water in the presence of oxalic
acid. After sometime triethanolamine (TEA) was added maintaining a ratio of 3:1
with metal ions. HNO3 and oxalic acid were added to dissolve the precipitation and
then the clear solution was evaporated at ∼200 ◦C temperature with continuous
stirring. A fluffy, mesoporous and carbon-rich precursor mass was formed by com-
plete evaporation of the solution. After grinding, the voluminous, fluffy and black
carbonaceous mass was calcined at 550 ◦C for 3 h to produce the desired phase. That
is confirmed by X-ray diffraction analysis using a diffractometer (PANalytical PW
3040/60 X′Pert PRO) in the angle range (20◦ ≤ 2� ≤ 80◦) on being irradiated by CuK�
(1.5419 Å). The calcined powder was cold pressed into circular disc shaped pellet of
diameter (12–13 mm) of various thicknesses with polyvinyl alcohol as the binder
using hydraulic press at a load of ∼3–4 tonnes. These pellets were then sintered at
575 ◦C for 2 h followed by slow cooling process. The surface morphology of the gold-

sputtered pellet was recorded with different magnifications at room temperature
using a ZEISS (Model: SUPRATM 40) field emission scanning electron microscope.
Subsequently, the pellets were polished by fine emery paper to make their faces
smooth and parallel. The pellets were finally coated with conductive silver paint
and dried at 150 ◦C for 3 h before carrying out electrical measurements. Electrical
measurements were made by applying a voltage of ∼0.701 V using a computer-

http://www.sciencedirect.com/science/journal/09258388
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ig. 1. X-ray diffraction pattern and field emission scanning electron micrograph
inset) of LiFe2/5Ni3/10Co3/10VO4 at room temperature.

ontrolled frequency response analyzer (HIOKI LCR Hi TESTER, Model: 3532-50)
ith varying temperature over the range of frequencies (102–106 Hz).

. Results and discussion
.1. Structure/microstructure

Fig. 1 displays X-ray diffraction (XRD) pattern of
iFe2/5Ni3/10Co3/10VO4 at room temperature. The XRD data
re analyzed using standard computer software (POWD MULT)

Fig. 3. Frequency dependence of Z
Fig. 2. Nyquist plots at different temperatures with electrical equivalent circuit
(inset).

[13] and they confirm an orthorhombic unit cell structure of the
compound with lattice parameters of a = 4.8180 Å, b = 10.0883 Å
and c = 9.1356 Å. The lattice parameters are refined by a least

squares refinement method.

The microstructure of the sintered pellet of the material is exam-
ined by the field emission scanning electron microscopy (FE-SEM).
Fig. 1 (inset) shows a field emission scanning electron micrograph

′ at different temperatures.
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temperatures is displayed in Fig. 7(a). The plots indicate a
08 M. Ram / Journal of Alloys an

t room temperature of the material’s sintered pellet, it clearly
ndicates a polycrystalline texture of the material. Micrograph also
eveals that grains of unequal sizes (∼0.1–2 �m) are homoge-
eously distributed on the surface of the sample. The grain size
∼0.1–2 �m) of LiFe2/5Ni3/10Co3/10VO4 prepared by solution-based
hemical method is smaller than that of the grain size (1–3 �m) of
iFe1/2Co1/2VO4 that is prepared by conventional solid state route
7].

.2. Complex electrical impedance

Complex impedance plots of LiFe2/5Ni3/10Co3/10VO4 at different
emperatures are given in Fig. 2. It shows semicircles at studied
emperatures. These semicircles are not perfect semicircles but
kewed (inclined) with their centers depressed below the real (Z′)
xis by an angle (n − 1)�/2, where n lies between 0 and 1 [14]. It
ndicates the presence of non-Debye type relaxation phenomena in
he material that conforms to a distribution of relaxation time. The
iameter of the semicircle decreases as temperature increases and

ndicates reduce in resistive behavior of the material. The presence
f double semicircular arcs up to 225 ◦C indicates that electrical
rocesses in the material are taking place due to bulk property
nd grain boundary effects and modeled by two parallel RC ele-
ents in series. The presence of third semicircular arc in the pattern

t T ≥ 250 ◦C is due to the polarization effects (polarization at the
lectrode–material interface) and modeled by three parallel RC ele-
ents in series [11].
Frequency dependence of Z′ at different temperatures is shown

n Fig. 3. The value of Z′ decreases with rise in both frequency
nd temperature, which indicates an increase in ac conductivity
ith increasing temperature and frequency [15]. Frequency depen-
ence of Z′′ at different temperatures is shown in Fig. 4. The pattern
hows dispersion at low frequencies. The Z′′ maxima are observed
n the pattern that appears to shift towards the high frequency side

ith rise in temperature indicating temperature dependence of
he relaxation time. Further, the occurrence of maxima (peak) at
ifferent frequencies indicates multiple relaxations [12]. A merge
f these curves at the higher frequencies indicates the depletion
f release of space charges at those frequencies. The relaxation
ime (�) is evaluated using the equation: � = 1/2�fmax, where fmax
s the peak frequency (or relaxation frequency) corresponding to
′′ maxima (peak). The log (�) versus 103 T−1 plot is represented in
ig. 5. It follows the Arrhenius relation [� = �0 exp (−Ea/kT)], where
0 = pre-exponential factor, Ea = activation energy, k = Boltzmann
onstant and T is absolute temperature [16]. The activation energy

Fig. 4. Frequency dependence of Z′′ at different temperatures.
Fig. 5. Variation of relaxation time (�) as a function of temperature.

(Ea) is calculated from the slope of this plot as ∼(0.450 ± 0.012) eV
(23–225 ◦C).

3.3. Electrical conductivity

The variation of dc conductivity (�dc) as a function of temper-
ature is given in Fig. 6. Here �dc increases as temperature rises
and follows straight line (Arrhenius) nature. This behavior can
be explained by using the relation: � = �o exp [−Ea/kT], where
�0 = pre-exponential factor corresponding to 1/T = 0, Ea = activation
energy for charge transfer and k = Boltzmann constant [16]. These
features suggest that the electrical conduction in the material
is a thermally activated process. The activation energy (Ea) esti-
mated from this plot is ∼(0.426 ± 0.007) eV (50–300 ◦C). It is in
good agreement with Ea as estimated from Fig. 5. Furthermore,
Ea of LiFe2/5Ni3/10Co3/10VO4 is greater than that of Ea (∼0.38 eV)
of LiFe1/2Co1/2VO4 [7,8]. This indicates a difference in the energy
barrier for the charge carriers to overcome it [17].

Frequency dependence of ac conductivity (�ac) at different
frequency-independent plateau at low frequencies which is corre-
sponding to dc conductivity. It is extending towards high frequency
side with rise in temperature. The change in slope is observed
in the plots. The frequency at which change in slope (i.e. disper-

Fig. 6. Variation of �dc as a function of temperature.
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[16] A. Hassib, A. Razik, Solid State Commun. 147 (2008) 345.
ig. 7. Frequency dependence of �ac at different temperatures (Fig. a), and temper-
ture dependence of �ac at different frequencies (Fig. b).

ion) takes place is known as hopping frequency and it corresponds
o polaron hopping of charged species. This hopping frequency is
hifting towards higher frequencies with rise in temperature. These
eatures suggest hopping type mechanism for electrical conduction
n the material that is governed by the Jonscher’s power equation:
ac = �dc + A(ω)n [18], where n is the frequency exponent in the
ange of 0 ≤ n ≤ 1 and A is a constant that depends upon temper-
ture. Also, �ac increases with rise in temperature which signifies
hat the electrical conduction in the material is a thermally acti-

ated process.

Fig. 7(b) presents the temperature dependence of �ac at dif-
erent frequencies. The �ac increases with rise in temperature
hat indicates electrical conduction in the material as thermally
ctivated process. It obeys an empirical relation: �ac = �o exp

[

[
[
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[−Ea/kT], where �o = pre-exponential factor, Ea = activation energy
and k = Boltzmann constant [18]. Conduction may be due to elec-
trons in low temperature region and oxygen vacancies at higher
temperatures [18]. Further, the merger of all curves at high tem-
peratures is due the intrinsic conductivity of the materials in this
temperature range [19].

4. Conclusions

Solution-based chemical method has been used to pro-
duce LiFe2/5Ni3/10Co3/10VO4 ceramics whose XRD study shows
an orthorhombic unit cell structure with lattice parameters of
a = 4.8180 Å, b = 10.0883 Å and c = 9.1356 Å. FE-SEM image indicates
grains of unequal sizes (∼0.1–2 �m) are distributed homoge-
neously throughout the sample. Grain interior, grain boundary and
electrode–material interface contributions to electrical response is
identified by complex impedance plots. A detailed electrical con-
ductivity study indicates that electrical conduction in the material
is a thermally activated process.
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