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ABSTRACT 

Lithium iron oxide (LiFeO2) cathode material was prepared by using hydrothermal synthesis. The XRD spectrum exhibited 

predominant (200) orientation peak at 2 43.63
o
 corresponding to cubic rock-salt structure with Fm3m space group and the 

estimated  lattice parameter of  the sample is 4.176 Å. Electric and dielectric properties were studied over a frequency range of 
1 Hz – 1 MHz and in the temperature range from 300 K to 573 K. The ionic conductivity of the sample was found to be 1.9 x 
10

-6
 S/m at 373 K. The temperature dependent conductivity was conformed from the Arrhenius relation and the activation 

energy was found to be 0.39 eV.  A mixed, ionic and electronic conduction was observed from the analysis. The electrical 
conductivity was found to be decreased with increasing temperature. The dielectric properties were analyzed in the framework 
of complex dielectric permittivity and complex electric modulus formalisms. The evolution of the complex permittivity as a 
function of frequency and temperature was investigated. Several important parameters such as activation energy, ionic hopping 
frequency, carrier concentration, ionic mobility and diffusion coefficient etc, were determined. Copyright © 2013 VBRI press.  
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Introduction  

Lithium ion batteries have become the dominant power 
sources for portable electronic devices because of their 
high energy density. Many researchers have investigated 
different cathode materials for the lithium secondary 
batteries such as layered oxides, LiMO2 (M: Co, Ni, Mn, 

Fe) [1-4]. Layered lithium metal oxide materials have rock-
salt structure where lithium and transition metal ion 
occupying alternate layer of octahedral sites in a distorted 
close-packed oxygen ion lattice.  LiCoO2 has been most 
widely used cathode material in commercial lithium ion 
batteries. But, It has many problems such as high toxic, 

high cost, low practical capacity etc [5-6]. Therefore 
alternate cathode materials with low cost and non toxicity 
have been studied in recent years. Among lithium transition 
metal oxides, LiFeO2 with similar rock-salt structure to 
LiCoO2, has been paid more attention due to most 
abundance and non-toxicity of iron. In recent years, great 
progress has been made recently on its preparation, 
structure and modification due to extensive use of new 

synthesis methods [7].  
LiFeO2 has various crystalline structures such as α-

LiFeO2, β-LiFeO2, γ-LiFeO2, Layered LiFeO2, Corrugated 

LiFeO2, Goethite type LiFeO2 etc [8-9]. The crystalline 
structure of LiFeO2 depends mainly on the preparation 
methods. Many researches prepared LiFeO2 with different 
structures. V.R. Galakhov et al. prepared α-LiFeO2 with 
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Fm-3m space group by using solid state reaction and M. 
Tabuchi et al. prepared α-LiFeO2 with Fm3m space group 

by hydrothermal synthesis [10].  Similarly, β-LiFeO2, γ-
LiFeO2 and layered LiFeO2 are prepared by hydrothermal 

synthesis and other methods [11-12]. Corrugated LiFeO2 

and Goethite type LiFeO2 are prepared by ion exchange 

method [13]. In comparison with the conventional solid-

phase synthesis methods [14], hydrothermal method is one 
of the simplest and best methods to prepare lithium based 
cathode materials. The hydrothermal process is a relatively 
low temperature process and has many advantages such as 
fast reaction kinetics, short processing times, high 
crystallinity, high yield, cost effective and environmentally 
benign. Also, complex oxide materials with phase purity 
along with controlled and homogeneous particle sizes can 
be achieved by properly controlling the process parameters.  
Hence, in the present investigation α-LiFeO2 was prepared 
by using hydrothermal synthesis. 

Studies on the conductivity of lithiated cathode 
materials are important in order to gain a better imminent 
on the ionic conduction mechanism especially in its usage 
for lithium-ion batteries. Dielectric and impedance 
spectroscopy is widely used for investigating the electrical 

and electrochemical properties [15]. The application of ac 
technique of complex impedance analysis is important and 
eliminates pseudo effects if any in the material. Complex 
impedance analysis makes it possible to separate the 
contribution due to grain, grain boundary and interfacial 
effects. Generally, these properties depend on the resistive 
and capacitive components in the material. So that, the 
result obtained from these analyses provide true 
representation of electrical behavior of the sample.  In case 
of the electrical properties of the oxides, grain boundaries 
play an important role. The measurement of conductivity 
and permittivity shows dispersion behavior which offers an 
opportunity to gain some information of ionic migration 
process. Considering the significance, the electrical 
conductivity studies on various lithium-based oxides such 
as LiCoO2, LiCeO2, LiSmO2, Li2SnO3, Li2MnO3, LiMn2O4, 
and Li2V2O5, and others have been reported in the literature 

[16-19]. However, to the best of our knowledge, there are 
meager reports on electrical and dielectric properties of 
LiFeO2. A detailed study on the temperature and frequency 
depended electrical properties is necessary to understand 
the conduction mechanism   in LiFeO2 for effective 
utilization as cathode material in the fabrication of lithium 

ion batteries.   Hence, in the present study, -LiFeO2 
nanocrystalline powder is synthesized from hydrothermal 
process and systematically characterized. The main 
emphasis has been focused on the study of electrical 
conduction mechanism and dielectric behavior.  From the 
conductivity studies, various important parameters such as 
activation energy, ionic hopping frequency, carrier 
concentration, ionic mobility, diffusion coefficient etc. are 
estimated and the results are discussed.  

 

Experimental 

α-LiFeO2 with Fm3m space group was prepared by using 
hydrothermal synthesis. For that, α-FOOH, Kanto 
Chemical Co., (High purity) and LiOH.H2O, Aldrich (98% 
purity) were used as initial materials. To prepare α-LiFeO2, 

α-FOOH was mixed with LiOH.H2O in distilled water 
(Li/Fe molar ratio = 30) using a Teflon beaker to avoid 
reaction with the vessel. The mixture was treated 
hydrothermally at 250

 o
C and 25 Kgf/cm

2
 for 6 h. The 

product washed repeatedly with distilled water to eliminate 
residual LiOH.H2O and dried at 100

o
C for long time. The 

prepared powder was pressed into 12 mm diameter pellet 
with the thickness of 1 mm and then annealed at 500 

o
C for 

5 h to eliminate impurity phases, if any and to enhance the 
crystallinity of the sample. 

The structure of the prepared sample is studied by the 
X-ray diffraction technique (Siefert computerized X-ray 

diffractometer, model 3003 TT) using CuK1 radiation 
(λ=0.15406 nm) source filtered by Ni thin film at a scan 

speed of 0.05 degree per second in the 2 – 50 
o
 

and operated at a voltage of 40 KV and a current 30 mA. 
The peak positions are determined precisely using 
RAYFLEX-Analyze software. The particle size and shape 
was observed by Scanning electron microscope (SEM, 
HITACHI, Model: S-3400N) operated in High Vacuum 
mode. The Composition of the sample is analyzed by 
EDAX system (Oxford Instruments, UK). The impedance 
measurements were performed using a Phase Sensitive 
Multimeter (Model: PSM 1700, UK) in the range of 1 Hz 
to 1 MHz at different temperatures ranging from room 
temperature to 573 K. The measurements were made on a 
pressed sintered LiFeO2 pellets coated on both sides with 
gold paste in a controlled environment.  The data was 
corrected for sample geometry (area/thickness) prior to 
analysis, the parallel capacitance of the jig and series 
resistance of the leads and electrodes. The experimental 
data in real and imaginary part of the formulism Z, M and є 
versus frequency at different temperatures are recorded. 

 
Electrical and dielectric calculations 

The electrical parameters such as impedance Z, real part of 

the dielectric permittivity ’, imaginary part of dielectric 

permittivity or dielectric loss ’’ ac conductivity ac were 
measured by using Phase Sensitive LCR meter. The 

dielectric constant ’, and dielectric loss ’’ of LiFeO2 
sample were calculated by using following relationship. 
 

Dielectric constant (’) = ct/   

Dielectric loss’’) = ac/  


where ‘t’ is thickness of the pellet, ‘A’ is the cross sectional 

area of the sample, is the permittivity of the free space 

and ac is the ac conductivity of the sample.  
  

The ac conductivity is calculated by using conductance 
(G) as follows: 
 

ac conductivity (ac) = tG/A                  (3) 
 

The values of ’ and ’’ were used to determine the 

loss tangent (tanusing following expression: 
 

’’ = ’ tan     
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where is the phase angle between the electric field and 
the polarization of the dielectric. 

The calculated values of the ’ and ’’ were used to 
calculate the real part (M’) and imaginary part (M”) of the 
electric modulus as follows: 

 

M’ = ’/(’
2
+’’

2
)                        (5) 

M’’ = ’’/(’
2
+’’

2
)                              (6) 

 

(a)

(b)

 

Fig. 1. (a) X-ray diffraction and (b) EDAX spectra of LiFeO2. Inset figure 
shows the SEM image. 

 

Results and discussion 

Structural analysis 

Fig. 1 (a) shows the XRD pattern of LiFeO2 sample. All 
the diffraction peaks were indexed with α-LiFeO2. The 
XRD spectrum exhibited predominant peak (200) 

orientation at 2= 43.63
o
 along with other characteristic 

orientations (110), (220), (311), (222) at 37.56
o
, 63.34

o
, 

75.95
o
 and 80.00

o
 respectively corresponding to cubic 

rock-salt structure with Fm3m space group. The estimated 

lattice parameter of the sample is 4.176 Å [20]. The 
crystallite size of the prepared sample was estimated using 
Debye-Scherrer formula: 
 

L = K x  /  x cos  
 

where  is the full width half maximum (FWHM) in 

radians,  is the wavelength of the X-ray,  is the 

corresponding Bragg angle and K is the constant (k=0.9). 
The estimated crystallite size is about 60 nm. The EDAX 
experiments were used for the chemical analysis of the 
sample.  
 

(c) 

 
 
Fig. 2. (a) and (b) Variation of the real part of impedance with respect to 
frequency at various temperatures; (c) and (d) variation of the imaginary 
part of impedance with respect to frequency at various temperatures; and 
(e) frequency dependence of Z’ and Z” at 373 K.  
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The EDAX spectrum of the LiFeO2 sample is shown in 

Fig. 1(b) and the SEM image is shown as an inset of Fig. 

1(b). The EDAX spectrum displays the characteristic peaks 
corresponding to the binding energy state of iron and 

oxygen. The peak positions identified are Fe K, Fe L and 

O K1.  No other impurity peaks are detected in the 
spectrum, which is an indication of the chemical purity of 
the sample. Lithium binding energy state can not be 
possible to detect from EDAX data for the obvious reason 
that the X-ray fluorescence yield is extremely low for Li.  
The estimation Fe to O ratio (Fe/O) value is obtained the 
0.52. The SEM analysis revealed that the sample consists 
of homogeneously distributed cubical shaped micro-
crystals with an average grain size of about 500 nm. 
 
Electrical analysis 

The response of the real components of impedance (Z’) 
with frequency for the LiFeO2 sample at different 

temperatures is shown in Fig. 2(a) and (b). Figure shows 
three regions for all temperatures: At higher frequency > 
10

3
 and at low frequencies < 10 Hz. At higher frequencies 

> 10
3
 Hz, Z’ is almost independent of frequency, which is 

attributed to the resistance effect. In the frequency range 
between these limits, Z’ considerably decreases as the 
frequency increases. This indicates that the components of 
capacity and resistance of the equivalent circuit are active 
in this range of frequencies. However, for the frequencies < 
10

3
 Hz, Z’ decreases as temperature increases, implying a 

decrease in the total resistance of the LiFeO2 sample.  The 
real component of impedance (Z’) is gradually decreased as 
the temperature increases. The normalized Z’ is observed 
to shift slightly towards higher temperature region as 
frequency increases. 

Fig. 2(c) and (d) show the variation of the imaginary 
component of the impedance (Z”) with the frequency for 
different temperature of LiFeO2. The Figure shows 
relaxation or Debye-type peaks in the low frequency region 
and the peak intensity and peak shift towards higher 
frequency region as temperature increases. The increase in 
the imaginary component of the impedance (Z”) indicates 
that the total resistance of the sample is decreases whereas 

the shift indicates increasing of relaxation time (), loss in 
the material. The Z”max values are proportional to grain 

resistance (Rg) given by the relation Z” = Rg[/(1 + 

(
2
)]. The value has been calculated from the peak of 

Z” and the asymmetric broadening of the peak suggest the 

spread of at a temperature. If ‘’increase, the relaxation 

process become slower and vice versa. From the Fig. 2(e), 
it is observed that the Z’ as well as Z” curves merges above 
100 kHz for all temperatures. This may be due to the 
reduction of the space charge effect. The contribution of 
the impedance from the grain predominates over the grain 

boundary at higher frequencies [21]. Fig. 3 shows the Cole-
Cole plots of LiFeO2 sample with different temperature. 
These plots allow the resistances related to grain interiors 
(bulk), grain boundaries and sample/electrode interfaces to 
be separated because each of them has different relaxation 
times, resulting in separate semicircles in the complex 
impedance plane. The relaxation frequency for the bulk is 
one or two orders of magnitude higher than the relaxation 
frequency for grain boundaries and the relaxation 

frequency resulting from the electrode process is much 

smaller than relaxation frequency of grain boundaries [22]. 
 

 
 

Fig. 3. (a), (b) and (c) Cole-Cole plots of LiFeO2 at various temperatures.  

 

In Fig. 3, the complex plane of LiFeO2 sample, there 
are two regions for all temperature, which indicates 
different polarization mechanisms within the sample. At 
higher frequencies, the figure shows the semicircular arc, 
which is attributed to the electrical properties of a parallel 
combination of bulk resistance and capacitance of the 
LiFeO2 sample. At intermediate and low frequencies, the 
complex impedance plots for all temperatures show two 
overlapped semicircular arcs, which are attributed to the 
distribution of the grain boundary and the sample/electrode 
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interfaces of the LiFeO2. However, the overlapping of the 
grain boundary and sample/electrode interfaces semicircles 
is more visible at higher temperatures. The radii of the 
bulk, grain boundary and sample/electrode interface semi 
circles decreases as temperature increases from room 
temperature to 573 K, which indicates decrease in the total 
resistance of the sample and this explains the decrease of  

Z’ and Z” as shown in Fig. 2(a) and Fig. 2(d) [23]. The 
decrement in the grain and grain boundary resistance is 
attributed to the conduction mechanism at the grain – grain 
boundary.   

The bulk conductivity (value has been calculated 

using the formula [24], 
 

L/RbA S m
-1

                           (7) 
 
where, Rb is bulk resistance of the sample, L is the 
thickness of the pellet, A is the effective area. 

The conductivity values are calculated from the above 
relation and it is observed that the ionic conductivity 
increases with respect to temperature and it has been found 
to be 1.9 x 10

-6
 S/m at 373 K. 

 

(a)

(b)

 
 

Fig. 4. (a) Graph between ‘’ versus log() at 373 K. (b). Log () versus 
1000/T of LiFeO2 sample. 

 

Fig. 4 represents the graph  versus log  for 
LiFeO2 sample at 373 K. The figure clearly show two 
distinct regions; a low frequency plateau indicating the dc 

conductivity of the material and high frequency dispersion 
region which obeys the power law feature 

proportional to 
s
. The material obeys the Jonsher’s 

universal power law equation given by- 
  

acA
s
                                     (8) 

 

where is the conductivity at zero frequency, which is 
normally called the dc conductivity, A is a constant, and s 
is a characteristic parameter (0<s<1). 
  In the figure, it can be seen that there is a plateau the 
low-frequency region and extrapolating it on the Y-axis 

gives the value of d.c. conductivity. Almond and West [25] 

have proposed that the data can be used to estimate 

the ionic hopping rate, p. Extrapolating at twice the value 
of d.c conductivity from the vertical axis horizontally 
towards the graph and then extrapolating downwards 

vertically to the horizontal axis will give p as shown in 

Fig. 4(a). The hopping rate of ions, p can also be given by 
the following relation: 
 

p  = T/K        (9) 
 

where K = ne
2 

a
2 
k

-1
. Here, T is the temperature in Kelvin, 

K is charge carrier concentration term, e is electron charge, 

 is correlation factor which is set equal to 1, and a is the 
distance between two adjacent sites for the ions to hop. a is 

taken as 3 Å based on the literature [26]. The density of 

charge carriers, n, the ionic mobility, , and diffusion 
coefficient, D, were calculated using following equations 

and are given in Table 1. 
 

ne    

D = kTne     (11) 

 

Table 1. Varies physical properties of LiFeO2. 

T  

(oC)

 x 10-5

S/m
p (Hz)

K x 10 -7

(S m-1 K Hz-1)

n x 1026

(m-3)

x 10-13

m2 V-1 s-1)

D x 10-15

(m3 s-1)

RT 2.96 38467 2.10 12.58 1.47 3.46

40 3.10 47626 2.03 12.19 1.59 4.28

50 4.39 95705 1.48 8.87 3.09 8.6

60 5.53 126528 1.45 8.71 3.96 11.38

70 9.52 292344 1.11 6.68 8.89 26.31

80 1.21 336131 1.27 7.63 9.94 30.25

90 1.51 386484 1.41 8.49 10.10 34.78

100 1.90 444373 1.59 9.53 12.40 39.99
 

 
It is observed from the Table that there is no significant 

variation in K and n within the temperature range studied. 
So it can be concluded that the conduction mechanism in 
LiFeO2 is attributed to the hopping of charge carriers. The 

ionic mobility () is observed to be increased with increase 
in temperature and this suggest that the conductivity of the 
LiFeO2 sample can be attributed to enhance in ionic 
mobility since number density of the mobile ions is 
considered to be constant. The diffusion coefficient (D) is 
also observed to be increased from 3.46 x 10

-15
 m

3
/s to 3.99 

x 10
-14

 m
3
/s with increase in temperature. 
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Fig. 5. (a) and (b) Variation of the real part of dielectric constant with 
respect to frequency at various temperatures; (c) and (d) Variation of the 
imaginary part of dielectric constant with respect to frequency at various 
temperatures. 

Fig. 4(b) shows the temperature dependence of 

conductivity for LiFeO2 sample. From the plot of ln  

versus  for LiFeO2 sample, the temperature 
dependence of ionic conductivity obeys Arrhenius rule: 

 

exp(-Ea/kT)                                       (12) 
 

Where is a pre-exponential factor, Ea is the 
activation energy of conduction, T is temperature in Kelvin 
and k is Boltzmann constant. From the slope of the graph, 
activation energy can calculate. The estimated activation 

energy for LiFeO2 is 0.39 eV [27]. It is observed that the 
conductivity increases linearly with temperature gives that 
the conduction is thermally activated process. 

 

(b)

 

Fig. 6. (a) and (b) Variation of real and imaginary part of modulus of 
LiFeO2 at various temperatures. 

 
Dielectric studies 

The real part of the dielectric permittivity or dielectric 

constant, ’ and imaginary part of dielectric permittivity or 

dielectric loss, ’’, for LiFeO2 sample measured in the 
frequency range 1 Hz to 1 MHz various temperatures is 

shown in Fig. 5(a) and (b). It is observed that the dielectric 

constant, ’()  is decreased rapidly at lower frequencies 
and showed almost frequency independent behavior at 

higher frequency region[28]. The bulk polarization of the 
sample results from the presence of electrodes, which do 
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not allow transfer of the charge species into the external 

circuit. At higher temperatures, ’() is observed to be 
increased and it might be due to migration of the lithium 
ion. The behavior of the dielectric permittivity with 
frequency is related to the applied field, which assists 
electron hopping between two different sites of the sample. 
At higher frequency region, the charge carriers will no 
longer be able to rotate sufficiently rapidly, so their 
oscillation will begin to lay behind this field resulting in a 

decrease of dielectric permittivity, ’(). Generally, the 
relaxation phenomena in dielectric materials are associated 
with frequency dependent orientational polarization. At low 
frequency region, the permanent dipoles align themselves 
along the field and contribute fully to the total polarization 
of the dielectric. At higher frequency region, the variation 
in the field is very rapid for the dipoles to align themselves, 
so their contribution to the polarization and hence, to 
dielectric permittivity can become negligible. Therefore, 

the dielectric permittivity, ’()  decreases with increasing 

frequency. The decrease of the dielectric constant ’ can 
also explain from interfacial polarization. The interfacial 
polarization arises as a result of difference in conducting 
phase, but is interrupted at grain boundary due to lower 
conductivity. Generally in polycrystalline materials, the 
grains exhibits semi conducting behavior while the grain 
boundary are insulators. 

The frequency dependence of the dielectric loss, ’’() 

at different temperatures is shown in Fig. 5(c). The 

maximum in the ’’() peak is shifts towards higher 
frequency region as the temperature increase indicating a 
thermally activated behavior. Generally, the dielectric 
losses at high frequencies are much lower than those 
occurring at lower frequencies at specific temperature. This 

kind of dependence of ’’() on frequency is typically 
associated with losses by conduction.  

An alternate approach to analyze electrical relaxation is 
electric modulus. The electric modulus M* can be defined 
in terms of the reciprocal of the complex dielectric constant 

*() as, 
 

M*  = 1/*() = M’(M’’(  


where real part of complex modulus  M’ and imaginary 
part of complex modulus M” can be calculated by using 
equations (5) and (6). 

The frequency dependence of M’( and M’’( of 

LiFeO2 at different temperatures is shown in Fig. 6. These 
Figures explain the relaxation nature of dielectric 

properties of the sample. The M’(is increases with 

temperature and the maximum in the M’’(shifts towards 

higher frequency region with increasing temperature [29]. 

The frequency above peak maximum M’’(determines 
the range in which charge carriers are mobile on long 

distances. At frequency above peak maximum M’’( , the 
carriers are spatially confined to potential wells, being 
mobile on short distances making only localized  motion 

within the wells. The relaxation time, also calculated 

from the M’’( peak  by using the following relation, = 

1/peak and is observed to  decrease with increasing 

temperature as shown in Fig. 7.  
 

 
 

Fig. 7. Relaxation time () versus temperature. 

 

Conclusion 

LiFeO2 cathode material was synthesized by hydrothermal 
method. The X-ray diffraction pattern of the prepared 

powder was conformed the formation of -LiFeO2 with 
face centered cubic rock salt structure. The estimated 
particle size of the LiFeO2 from SEM studies is about 500 
nm. The plot of log conductivity against reciprocal 
temperature obeys Arrhenius rule. Transport parameters 
such as activation energy, ionic hopping frequency, carrier 
concentration, ionic mobility and diffusion coefficient have 
been calculated. The activation energy calculated from the 
Arrhenius plots was found to be 0.39 eV. The dielectric 
constant was observed to decrease with increase in 
frequency. The variation of M” as a function of frequency 
shows the shifting of the peaks towards the high frequency 
as temperature increases which implies that there is a 
distribution of ionic relaxation time. The ionic conductivity 
of the sample was found to be varied from 2.95 x 10

-7
 S/m  

to 1.74 x 10
-4

 S/m  by increase in temperature from room 
temperature to 573 K. 
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