
E

M
D

a

A
R
R
2
A
A

K
C
S
C

1

a
t
[
h
p
e
c
p
i
r
a
b
m
a
r
a
s
p
s
c
m
t
i

0
d

Journal of Alloys and Compounds 509 (2011) 1744–1748

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

lectrical characteristics of Li(Ni7/10Fe3/10)VO4 ceramics

oti Ram ∗

epartment of Physics and Meteorology, Indian Institute of Technology, Kharagpur, West Bengal 721302, India

r t i c l e i n f o

rticle history:
eceived 5 June 2010
eceived in revised form

a b s t r a c t

The compound [Li(Ni7/10Fe3/10)VO4] was produced by a solution-based chemical route whose electrical
properties were investigated using complex impedance spectroscopy technique. X-ray diffraction study
reveals an orthorhombic unit cell structure of the compound. Complex electrical impedance analysis
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exhibits: (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 material.
Electrical conductivity study indicates that electrical conduction in the material is a thermally activated
process.

© 2010 Elsevier B.V. All rights reserved.
omplex impedance spectroscopy

. Introduction

Recently, lithiated transition metal oxides have attracted large
cademic and technological attention [1–9]. It is due to the poten-
ial applications in several industrial fields such as superconductors
1,2,10,11], cathodes for rechargeable lithium battery [3–5,12,13],
umidity sensors [14,15] and so on. These oxides exhibit unique
hysical (electrical, magnetic, etc.) and chemical properties. The
lectronic nature of these oxides gives information about electri-
al behavior and it may be related to structural/microstructural
roperties [16–18]. Complex impedance spectroscopy technique

s used to study the electrical properties of such type of mate-
ials [18,19]. Material’s response is interesting for its capacitive
nd resistive behaviors, which attribute to the bulk grains, grain
oundaries or defects present at material–electrode interface and
odeled by R–C parallel circuit, series combination of two R–C par-

llel circuits or series combination of three R–C parallel circuits,
espectively [18–23]. Electrical properties of such type of oxides
re studied by various researchers using complex impedance
pectroscopy technique [24–34]. This has motivated me to pre-
are a lithiated transition metal oxide [Li(Ni7/10Fe3/10)VO4] and
tudy its electrical (complex electrical impedance and electrical

onductivity) properties. The compound [Li(Ni7/10Fe3/10)VO4] is
echanically strong and may be useful as electrode material. In

he current paper, I present a study of electrical (complex electrical
mpedance and electrical conductivity) properties of the compound

∗ Tel.: +91 3222 281902.
E-mail address: motiram05@yahoo.co.in

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.09.212
[Li(Ni7/10Fe3/10)VO4] using an a.c. technique of complex impedance
spectroscopy.

2. Experimental procedures

2.1. Material preparation

A solution-based chemical route was used to prepare a Li(Ni7/10Fe3/10)VO4

ceramics. The stoichiometric amounts of highly pure LiNO3, Ni(NO3)2·6H2O, FeCO3

and NH4VO3 were dissolved in distilled water and mixed together. FeCO3 was
dissolved in warm distilled water in the presence of oxalic acid. Thereafter tri-
ethanolamine was added maintaining a ratio of 3:1 with metal ions. HNO3 and oxalic
acid were added to dissolve the precipitate and then the clear solution was evapo-
rated at temperature (∼200 ◦C) with continuous stirring. A fluffy, mesoporous and
carbon-rich precursor mass was formed by complete evaporation of the solution.
After grinding, the voluminous, fluffy and black carbonaceous mass was calcined
at 525 ◦C for 4 h to produce a desired phase, which is confirmed by X-ray diffrac-
tion analysis. The calcined powder was cold pressed into circular disc shaped pellet
of diameter 12–13 mm and various thicknesses with polyvinyl alcohol as a 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. Subsequently, the pellets were pol-
ished 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.

2.2. Material characterization

X-ray diffraction of the calcined powder was studied at room temperature
using a diffractometer (PANalytical PW 3040/60 X’Pert PRO) in the angle range
20◦ ≤ 2� ≤ 80◦ on being irradiated by Cu K� radiation of wavelength equal to

1.5419 Å. The surface morphology of the gold-sputtered sample is recorded with
different magnifications at room temperature using a ZEISS (Model: SUPRATM 40)
field emission scanning electron microscope. Electrical impedance, phase angle, tan-
gent loss and capacitance were measured by applying a voltage of ∼0.701 V using
a computer-controlled frequency response analyzer (HIOKI LCR Hi TESTER, Model:
3532-50) with varying temperature over the frequency range 102–106 Hz.

dx.doi.org/10.1016/j.jallcom.2010.09.212
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:motiram05@yahoo.co.in
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ig. 1. X-ray diffraction pattern and field emission scanning electron micrograph
inset) of Li(Ni7/10Fe3/10)VO4 at room temperature.

. Results and discussion

.1. Structure/microstructure

Fig. 1 shows the X-ray diffraction pattern of the powder sample
t room temperature, which reveals the formation of a single-
hase compound. All reflection peaks of the X-ray profile are

ndexed and lattice parameters are determined using least-squares
efinement method with the help of standard computer soft-
are (POWD MULT) [35]. An orthorhombic unit cell structure is

elected on the basis of good agreement between observed and cal-
ulated interplaner spacing (d-values). The least-squares refined
attice parameters are a = 8.2272 Å, b = 7.0230 Å and c = 5.8281 Å.
he values of the indexed peaks are given in Table 1. Clearly,
i(Ni7/10Fe3/10)VO4 prepared by solution-based chemical method
esults in modification of lattice parameters and its unit cell struc-
ure remains same for LiFeVO4 and LiFe1/2Ni1/2VO4 that were
repared by conventional solid state route [28,29]. But, the unit
ell structure is changed to cubic for LiNiVO4 that was prepared by
olution-based chemical method [30].

The field emission scanning electron micrograph of the mate-
ial’s sintered pellet is shown in Fig. 1(inset). It indicates a
olycrystalline texture of the compound with grains of unequal
izes (∼0.1–1.6 �m). These grains present an average grain size
ith polydisperse distribution on the surface of the sample. The

rain size (∼0.1–1.6 �m) of Li(Ni7/10Fe3/10)VO4 is smaller than
hat of the grain size (∼1–3 �m) of LiFeVO4 and LiFe1/2Ni1/2VO4
28,29], and (∼0.2–2.0 �m) of LiNiVO4 [30], which indicates a clear

odification in the microstructure of LiFeVO4, LiFe1/2Ni1/2VO4 and
iNiVO4.

.2. Complex electrical impedance

The variation of Z′ (real part of electrical impedance) with Z′′

imaginary part of electrical impedance) at some selected temper-
tures is shown in Fig. 2. These are called the Nyquist plots and
resent semicircular arcs. The presence of single semicircular arc
t 24 and 50 ◦C in the pattern indicates that electrical conduction
n the material is due to the bulk effect, and it is modeled by a
arallel R–C circuit. Double semicircular arcs at 75, 100, 200 and

◦
25 C show that electrical conduction in the material is due to
he bulk and grain boundary effects, and modeled by a series com-
ination of two parallel R–C circuits. Triple semicircular arcs are
bserved in the pattern at 250 and 275 ◦C, which indicate electri-
al conduction in the material is due to the bulk, grain boundary

Fig. 2. Nyquist plots at some selected temperatures with electrical equivalent circuit
(inset).
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Table 1
X-ray diffraction data of Li(Ni7/10Fe3/10)VO4.

Diffraction angle 2� (degree) d-spacing (Å) Miller indices Rel. intensity (%)

dobs. dcal. h k l I/Io

25.37 3.5108 3.5115 0 2 0 4.47
29.46 3.0316 3.0315 2 1 1 2.67
30.72 2.9107 2.9141 0 0 2 49.80
32.42 2.7614 2.7468 1 0 2 2.86
33.16 2.7018 2.6916 0 1 2 2.21
36.20 2.4815 2.4814 3 0 1 100.00
37.85 2.3768 2.3779 2 0 2 2.20
44.00 2.0578 2.0568 4 0 0 15.48
54.63 1.6799 1.6804 4 0 2 13.00
58.24 1.5841 1.5835 5 0 1 20.43
63.19 1.4715 1.4709 1 3 3 3.33

a
e
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t
b
s
i
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i
m
b

63.99 1.4550 1.4570
72.66 1.3012 1.3016
75.79 1.2551 1.2556

nd polarization (polarization at the electrode–material interface)
ffects, and it is modeled by a series combination of three par-
llel R–C circuits [19]. But, electrical conduction in the material
s due to the bulk effect at T ≤ 100 ◦C for LiFeVO4, T ≤ 175 ◦C for
iFe1/2Ni1/2VO4 and T ≤ 375 ◦C for LiNiVO4, and due to the bulk
nd grain boundary effects at 125 ◦C ≤ T ≤ 250 ◦C for LiFeVO4 and
00 ◦C ≤ T ≤ 350 ◦C for LiFe1/2Ni1/2VO4 (i.e., electrical conduction in
he material is due to the bulk effect in LiNiVO4, and due to the
ulk and grain boundary effects in LiFeVO4 and LiFe1/2Ni1/2VO4 at
tudied temperatures) [28–30]. That indicates a clear modification
n the electrical behavior of LiFeVO4, LiFe1/2Ni1/2VO4 and LiNiVO4.

urthermore, a decrease of arc’s intercept on real axis with rise
n temperature indicates a reduction in resistive behavior of the

aterial (i.e., negative temperature coefficient of resistance (NTCR)
ehavior of the material).

Fig. 3. Frequency dependence of Z′ a
0 0 4 35.73
4 4 1 4.26
5 0 3 5.46

Fig. 3 shows frequency dependence of Z′ at some selected
temperatures. The value of Z′ decreases with rise in both
the frequency and temperature, which indicates an increase
in conductivity. A merger of curves at high frequencies is
due to the possible release of space charge [19,36]. Similar
behavior was shown by LiFeVO4, LiFe1/2Ni1/2VO4 and LiNiVO4
[28–30]. The frequency dependence of Z′′ at some selected temper-
atures is shown in Fig. 4. It is observed that peaks with asymmetric
broadening are shifting towards the high frequency side with rise
in temperature. This suggests the presence of electrical relaxation
process in the material with temperature dependence of relax-

ation time [36]. Also, asymmetric broadening of the peak with
temperature-rise indicates non-unique (i.e., multiple) relaxation-
timescale. Similar features were shown by LiFeVO4, LiFe1/2Ni1/2VO4
and LiNiVO4 [28–30].

t some selected temperatures.
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g

Fig. 4. Frequency dependence of Z′′ at some selected temperatures.
.3. Electrical conductivity

The variation of d.c. conductivity (�dc) with temperature is
iven in Fig. 5. The value of �dc increases with rise in temperature,

Fig. 5. Variation of �dc as a function of temperature.
Fig. 6. Frequency dependence of �ac at some selected temperatures.

which follows a thermally activated Arrhenius relation [�dc = �o

exp(−Ea/kT)], where �o is the pre-exponential factor correspond-
ing to 1/T = 0, Ea is the activation energy for charge transfer, k is
the Boltzmann constant and T is the absolute temperature [37].
This feature suggests that the electrical conduction in the mate-
rial is a thermally activated process. Using the above Arrhenius
relation and slope of Fig. 5, the activation energy (Ea) is cal-
culated as (∼ 0.488 ± 0.003 eV at 50–250 ◦C). Furthermore, Ea of
Li(Ni7/10Fe3/10)VO4 is greater than that of Ea (∼0.24 eV at 50–325 ◦C)
of LiFeVO4 [28], Ea (∼0.42 eV at 23–350 ◦C) of LiFe1/2Ni1/2VO4 [29]
and Ea (∼0.06 eV at 25–225 ◦C) of LiNiVO4 [30]. This indicates a dif-
ference in the energy barrier for the charge carriers to overcome it
[38].

Fig. 6 shows frequency dependence of a.c. conductivity (�ac) at
some selected temperatures. It is observed that the value of �ac

decreases with decrease in frequency and becomes independent of
frequency after a certain value. Extrapolation of this part towards
lower frequency will give �dc. This type of conduction behavior

obeys the Jonscher’s power equation [�(ω) = �dc + A(ω)n], where n
is the frequency exponent in the range 0 ≤ n ≤ 1 and A is a constant
that depends upon temperature [39]. The increasing nature of �ac

with temperature suggests that electrical conduction in the mate-

Fig. 7. Temperature dependence of �ac at some selected frequencies.
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ial is a thermally activated process. Similar behavior was shown
y LiFeVO4, LiFe1/2Ni1/2VO4 and LiNiVO4 [28,29,40].

The temperature dependence of �ac at some selected frequen-
ies is shown in Fig. 7. It indicates a progressive rise in �ac on
ncreasing temperature, which signifies electrical conduction in
he material as a thermally activated process. This pattern of
ariation obeys a relation [�ac = �o exp(−Ea/kT)], where �o is the
re-exponential factor, Ea is the activation energy, k is the Boltz-
ann constant and T is the absolute temperature [41]. It is observed

hat the value of Ea decreases with rise in frequency, which is due
o the enhancement of electronic jumps between localized states.
imilar mechanism was shown by LiFeVO4, LiFe1/2Ni1/2VO4 and
iNiVO4 [28,29,40]. The curves at different frequencies are merging
t high temperatures, which may be due to the intrinsic conduc-
ivity that takes place in the material at these temperature regions
42].

. Conclusions

In summary, a Li(Ni7/10Fe3/10)VO4 ceramics was prepared by
olution-based chemical method. Its X-ray diffraction results
eveal an orthorhombic unit cell structure with lattice parameters
= 8.2272 Å, b = 7.0230 Å and c = 5.8281 Å. A field emission scan-
ing electron micrograph indicates a polycrystalline texture of the
ompound with grains of unequal sizes (∼0.1–1.6 �m). Electri-
al conduction in the material is due to the bulk, grain boundary
nd polarization effects. A detailed study of electrical conductivity
ndicates that electrical conduction in the material is a thermally
ctivated process.
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