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a  b  s  t  r  a  c  t

In  this  study,  the  effects  of  the  calcination  temperature  and  of  the  organic  bindings  in the  structural  and
dielectric  properties  of  lithium  ferrite  (LiFe5O8)  were  investigated.  The  organic  bindings  used  were  glyc-
erol,  PVA  (polyvinyl  alcohol)  and  Galactomannan  (Adenanthera  pavonina).  The  investigated  calcination
temperature  range  was  from  773  K to  1073  K. The  structural  properties  were  analyzed  using  differential
vailable online 30 July 2011
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scanning  calorimetry,  thermogravimetry,  X-ray  diffraction  and  infra-red  spectroscopy.  The electrical  and
magnetical  properties  were  investigated  using  impedance  dielectric  spectroscopy  and  Mössbauer  spec-
troscopy.  The  study  of  the  structural  and  electrical  properties  of the  lithium  ferrites  is an  important  issue
in  view  to  their  attractive  technological  properties  and  low  cost  of  fabrication.  This  work  shows  that  the
binding  type,  affects  significantly  the  dielectric  constant  and  loss  of  the  LiFe5O8 ceramics.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

In solid state materials, mixed spinel ferrites have gained a
rime importance because of their various potential applications.
ne example of this mixed spinel is the lithium and substituted

ithium ferrites, which present actually high scientific and tech-
ological interest due to their attractive physical properties like
he high Curie temperature, the presence of a hysteresis loop, high
aturation magnetization and good thermal stability. Due to these
roperties, potential technological applications as, for example,
athode materials in lithium ion batteries [1–3] and microwave
pplications [4,5] are being investigated. Moreover, those prop-
rties have allowed the use of lithium and lithium-based ferrites
n applications like memory cores and electromagnetic devices
n radio frequency region, since they have high electrical resis-
ivity and frequency-dependent permeability [6–8]. One of the
ain advantages of these materials is the possibility to control
heir properties by carefully adjusting their chemical composition
nd structures [9]. Nowadays, worldwide researchers, are mak-
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ing efforts to analyze different preparation methods and their
relation to the macro and microstructure [10–13].  For example,
Ramaraghvulu et al. [14] have discussed the analysis of structural,
thermal and dielectric studies of Li2TiO3. Silva et al. [15] showed the
results of the preparation, structural and dielectric property stud-
ies of xLiFe5O8–(100 − x)LiNbO3 composite. Chen et al. [16] have
reported the results of the thermal measurements, ionic conduc-
tivity and dielectric relaxation studies of LiNaSO4. Y.P. Fu and S.H.
Hu [17] reported the relationship between the lithium ferrite lattice
constant in function of the Mg  addition, as a dopant element. In this,
the variation of lattice parameters were related with the substitu-
tion sites of Mg2+, the relationship between the initial permeability
with frequency, determination of Curie temperature via the Arrhe-
nius plots of the electrical conductivity and the microstructure
dependence in function of the Mg  content. Hankare et al. [18]
showed the synthesis of nanoparticles of Li0.5Fe2.5−xCrxO4 ferrite
system by sol–gel autocombustion method and their structural,
magnetic and electrical properties. Abdullah Dar et al. [7] reported
the preparation and electrical properties of Li0.5AlxFe2.5−xO4 ferrite
as a function of frequency and composition at room temperature
using impedance spectroscopy. Singh et al. [19] showed the dielec-

tric behavior of the zinc substituted Ni–Mg ferrites as a cathode
material for Li-batteries. The dependence of dielectric proper-
ties of Li–Ti ferrites as a function of frequency, composition and
temperature has been studied by using impedance measurements

dx.doi.org/10.1016/j.jallcom.2011.07.038
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:maurocosta@pq.cnpq.br
dx.doi.org/10.1016/j.jallcom.2011.07.038
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Table  1
Calcination temperatures for sample preparation.

Sample label Calcination temperature

LFO-773 773 K
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LFO-873 873 K
LFO-973 973 K
LFO-1073 1073 K

n function of the frequency and temperature. The values of elec-
rical conductivity were measured at different temperatures and
elaxation time � was related to the jumping probability.

The study of the electrical conductivity in these materials is
mportant since the associated physical properties like piezoelec-
ricity; pyroelectricity and thermoelectricity are dependent on the
ature and the magnitude of the conductivity [20]. It is known
hat the electric, magnetic and dielectric behaviors depend upon
tructural properties which are greatly influenced by the prepara-
ion method [21,22]. Different methods have been used to prepare
ithium ferrite (LiFe5O8), such as solid-state reaction [23] and con-
entional ceramic method [24]. Several researchers have studied
he frequency and temperature dependence of the dielectric prop-
rties of LiFe5O8 [25–29].  However, there are few studies dealing
ith the effect of the bindings on the structural and electrical prop-

rties of the lithium ferrite ceramic [30]. In this study, LiFe5O8
eramics were prepared using the conventional ceramic method.
he aim of this paper is to contribute to the understanding the
ffects of the use of low cost organic bindings, and of the calci-
ation temperature, in the lithium ferrite physical characteristics.
oreover, the effect of the preparation procedure adopted in

he structural and electrical properties were examined. The pre-
ared samples structure was characterized by differential scanning
alorimetry (DSC), thermogravimetry (TG), X-ray diffraction (XRD)
nd infra-red spectroscopy (IR). The electric and magnetic prop-
rties were investigated using impedance dielectric spectroscopy
IDS) and Mossbauer spectroscopy (MS) techniques, respectively.

. Experimental procedures

The raw materials used for the preparation of the ferrite samples were high-
urity (>99%) oxide (Fe2O3) and carbonate (Li2CO3), which are commercially
vailable. The bindings analyzed were: bidistilled glycerin (99.5% glycerol); Galac-
omannan (Adenanthera pavonina); PVA (polyvinyl alcohol). These are low cost

aterials, being one of the main reasons for their choice.
The lithium ferrite (LiFe5O8–LFO) was prepared by solid state reaction. The

recursors powders (Li2CO3 and Fe2O3) after weighed, in the stoichiometric pro-
ortions, were mixed and homogenized in a planetary ball mill system (Fritsch
ulverisette 6), for three hours. Steel balls and steel vessel were used.

The obtained powders were calcinated at temperatures between 773 and
073  K, for 3 h in air conditions. Table 1 summarizes all the calcinations conditions
sed.

The LFO powders, calcinated at 1073 K, were mixed with the various bindings.
 proportion of 5 and 10%, in weight, of each binder were added to the LFO powder

Table 2) in order to study the effect of the binding content. After a new homogeniza-
ion process, the composites were pressed in a uniaxial pressure of 1.5 tons using a
ydraulic press, at room temperature. The obtained pellets were then sintering in

ir  at 1323 K, for 5 h. After this treatment, all samples present a diameter of 17 mm,
pproximately, and thickness between 1.5 and 1.8 mm.  The heating rate used in the
intering and calcination steps was always of 278 K/min.

The thermal stability of the LFO-binding composites was  analyzed by differential
canning calorimetry (DSC) using a Shimadzu DSC-50, in the 303–873 K range. The

able 2
he samples for binding analysis.

Sample label Binding quantity

LFO-Gly5 Glycerol 5 wt%
LFO-Gly10 Glycerol 10 wt%
LFO-Gal5 Galactomannan 5 wt%
LFO-Gal10 Galactomannan 10 wt%
LFO-PVA5 PVA 5 wt%
LFO-PVA10 PVA 10 wt%
Fig. 1. TG thermograms showing the Li2CO3 decomposition.

thermal degradation of the LFO samples was determined by thermogravimetry (TG),
using a Shimadzu TGA-50H equipment. The TG thermograms were obtained in the
temperature range of 303–1273 K. In both DSC and TG measurements, the samples
were sealed in an aluminum cell and heated with a heating rate of 283 K/min, in
nitrogen atmosphere.

The formation and preliminary structural properties of the samples were studied
by  an X-ray diffractometer (Rigaku model D/MAX-B) using Cu K� radiation and 2�
from 20◦ to 60◦ with a scanning rate of 1◦/min. The output data extracted from
Rietveld refinement was  used to calculate the cristallite size [31].

Density measurements using the Archimedes’ principle were performed with
an ADP 110 balance having a sensitivity of 1 mg. Deionized water was used as liquid
for  the measurements. The measurements were performed at room temperature
(298 K).

The IR spectra of the LFO samples were recorded with a Shimadzu IR spec-
trophotometer (Model 8300), at room temperature, dry air and between 400 and
800  cm−1. For these measurements, pellets were prepared from the mixture of the
samples powder with KBr in the proportion of 1:200 (wt).

The dielectric measurements, performed in the temperature range between 303
and  383 K, were performed using a Solartron 1260 impedance analyzer. The elec-
trodes were prepared by applying a thin layer of silver conductive paint on the
opposite surfaces of the disk shape samples. During the experience and at each tem-
perature of measurement, a period of 25 min was used before the data acquisition,
in  order to ensure stable thermal conditions and therefore improve the accuracy of
the  measurement.

The Mossbauer spectra were measured at room temperature in standard trans-
mission geometry, using a constant acceleration spectrometer with a radioactive
source of 57Co in an Rh matrix at 298 K. The spectra of the lithium ferrite ceramic
matrix (LFO) were evaluated using the fitting software Normos. Values of the isomer
shift (ı) quoted are relative to metallic iron (�-Fe). The 57Fe Mössbauer spectroscopy
was  performed with Fast Comtec spectrometer model MR-351.

3. Results and discussion

3.1. Differential scanning calorimetry (DSC) and
thermogravimetry (TG)

Figs. 1 and 2 present the TG and DSC thermograms, respectively.
The TG curve (Fig. 1) revealed a sharp mass loss between 673 and
773 K, related with the decomposition of Li2CO3 in Li2O and CO2
[26,27].

The DSC curve (Fig. 2) shows two  endothermic transitions, the
first at 474 K, which is associated with the organic weight losses and
the second at 831 K indicating the complete thermal decomposition
of Li2CO3.

3.2. XRD analysis

Fig. 3 shows the XRD patterns of the LFO samples calcinated
between 773 and 1073 K (LFO-773, LFO-873, LFO-973 and LFO-
1073). As one can see, the calcination at 773 K does not promote

the total formation of lithium ferrite. Moreover, the Rietveld refine-
ment results confirm that the spinel cubic structure of the samples
calcinated at 873 K is not yet complete, whereas for the samples cal-
cinated at higher temperatures, LFO-973 and LFO-1073, the spinel
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Fig. 2. DSC thermograms of the formation of the LiFe5O8.

Fig. 3. XRD patterns of the LiFe5O8 samples for various calcination temperatures.
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Fig. 4. XRD patterns of the LFO-973 sample. Circle symbol as experimental data,
line as calculated data and difference at bottom.

Fig. 5. Experimental densities.

The infrared spectroscopy was used to investigate the sample
structure. Fig. 6 shows the transmittance spectrum, which shows
bands centered at 470, 549, 597, 675 and 709 cm−1, which are

T
R

tructure is obtained. Table 3 summarizes these results. In this
able, the number in parentheses, after the average particle size,
efers to the experimental error. A graphical example of the Rietveld
efinement for sample LFO-973 is plotted in Fig. 4. The average
f the calculated density for the samples LFO-873/973/1073 was
.769 g/cm3. As expected for the average particle size of each family
f crystalline plans, it increases with the increase of the temper-
ture of calcination, in a range from 1 to 15 nm for every 373 K
ncrement.

The densities of the samples presented in Table 2 (LFO pow-
ers mixed with different bindings) were measured by Archimedes
ethod and the results are shown in Fig. 5. The last column rep-

esents the density evaluated from the Rietveld Refinement of
FO-973 sample (4.77 g/cm3). It can be observed that the lower and
igher densities values were found for LFO-PVA10 (4.51 g/cm3) and
FO-Gly10 (4.63 g/cm3), respectively. Due to the high value of the
btained density and the lower cost, the glycerol seems to be a good
ption as a binder.
able 3
ietveld refinement data.

Samples Average crystallite size (nm) Phase 

LFO-773 41.6 (3) Li2Fe2O4

LFO-873 27.9 (4) SPINEL LiFe5O8

LFO-973 37.9 (2) SPINEL LiFe5O8

LFO-1073 53.8 (4) SPINEL LiFe5O8
Fig. 6. Infrared spectrum of the LiFe5O8.

3.3. Infrared spectra
Density (g/cm3) Lattice parameters

4.377 a = b = 4.0505 Å c = 8.7694 Å  ̨ =  ̌ = 90◦ ,  � = 120◦

4.769 a = b = c = 8.3251 Å  ̨ =  ̌ = � = 90◦

4.769 a = b = c = 8.3253 Å  ̨ =  ̌ = � = 90◦

4.768 a = b = c = 8.3257 Å  ̨ =  ̌ = � = 90◦
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Fig. 8. ε′′ vs. frequency at different temperature (a) LFO-Gal5 and (b) LFO-Gly5.
Fig. 7. ε′ vs. frequency at different temperature LFO-Gal5 and LFO-Gly5.

haracteristic of the �-LiFe5O8 (ordered) phase [25]. The bands
n the range 549–597 cm−1 are due to the scratching vibrations

etal–oxygen (Fe–O) bond on tetrahedral sites (�A) and the band
t 470 is assigned to metal–oxygen (Fe–O) vibrations in octahe-
ral sites (�B) [29,32]. The infrared spectrum was made only for
he lithium ferrite samples calcinated at 973 K and 1073 K. No
ignificant differences were observed in the spectra for different
emperatures.

.4. Dielectric spectroscopy

The dielectric response is one of the most important properties
f ferrites, which markedly depend on the preparation conditions,
.g. sintering time, temperature, type and quantity of additives.
he study of the dielectric properties produces valuable informa-
ion on the behavior of localized electric charge carriers [33–35]
eading to better understanding of the dielectric polarization mech-
nism in these prepared samples. Generally, the complex relative
ermittivity ε* of materials is defined by ε * (ω) = ε′ − jε′′. In this
ork, the dielectric measurements were performed in the samples
ith 5 wt% of Galactomannan (LFO-Gal5) and with 5 wt% of glycerol

LFO-Gly5).
The variation of the dielectric constant (ε′) with frequency for

FO-Gal5 and LFO-Gly5 at different temperatures is shown in Fig. 7.
t was found that in the range between 1 kHz and 1 MHz  the ε′

alue decreases considerably, for all samples, with the increase
f the frequency and that the samples containing Gal present a
alue of ε′ higher than the samples containing Gly. It is known
hat the polarization in ferrites is mainly through a mechanism
imilar to the conduction process, by electron exchange between
e2+ and Fe3+, one obtains local displacement of electrons in the
irection of the applied field and these electrons determine the
olarization. The polarization decreases with increase in frequency

s due to the fact that, beyond a certain frequency of external field,
he electronic exchange between Fe2+ and Fe3+ cannot follow the
lternating field decreasing their contribution to the system polar-
zability [21]. According to Fig. 7, ε′ increases with the rise of the

easuring temperature indicating a thermal activated process.
The variation of the imaginary part of the dielectric permittiv-

ty (ε′′) with frequency, at different temperatures are shown in
ig. 8. This figure reveals that ε′′ decreases with increasing fre-

uency and that the value for the sample LFO-GAL5 is higher than
he value for the sample with glycerol, in all the frequency range. It

ust be noticed that for measuring temperatures above 363 K the
ielectric behavior between both bindings becomes the opposite
(Figs. 7 and 8). The occurrence of this behavior modification can
be related with a phase transition, in this temperature range [36].
There are no appreciable relaxation peaks in the frequency range
used in this study. The dielectric loss rise sharply at low frequency
indicating that electrode polarization and space charge effects have
occurred confirming a non-Debye dependence [33,37,38].

According to Fig. 9, ε′ depends on temperature and frequency,
and increases with increasing temperature. The value of the dielec-
tric constant temperature at 303 K for the sample containing Gal,
is twice the value obtained for sample with Gly, which indicates a
strong effect of the Gal binding in the dielectric constant behavior.
The variation of dielectric constant with temperature for the sam-
ples with Gly is lower when compared with the sample containing
Gal, in the same temperature range.

Fig. 10 shows a strong dependence between ε′′ and temperature
in the frequency range of 100 Hz to 1 kHz. The values of ε′′ of the
samples with Gal are always the lowest. Therefore the dielectric
loss, which increases with increasing temperature and decreases
with increasing frequency, presents the lowest value for the sample
containing Gly [30].
Fig. 9. Temperature dependence of ε′ at different frequencies.
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Table  4
57Fe Mössbauer parameters recorded at 298 K temperature from mixture of Li2CO3 and Fe2O3 (LFO-298), calcinated LiFe5O8 (LFO-1073) and sinterized LiFe5O8 (LFO-1323).

Samples Subspectrum ı (mm  s−1) (±0.01) � (mm  s−1) (±0.01) Hhf (T) (±0.1) Area (%)

LFO-298 Sextet 0.37 −0.14 51.9 98
Doublet 0.36 0.47 – 2

LFO-1073 Sextet A 0.32 −0.020 52.3 50
Sextet B 0.30 0.000 50.3 50

0.00 51.8 59
0.592 44.09 41

3

a
fi
a
t
c
f
I
t
1
o
I
w
d

l
t
s

L
1
a

t
m
(
n
a
t
h
w
s

Fig. 11. 57Fe Mössbauer spectrum recorded from the noncalcinated mixture of
LFO-1323 Sextet A 0.32 

Sextet B 0.31 

.5. Mössbauer spectroscopy

The room temperature Mössbauer hyperfine parameters such
s quadrupole splitting (�), isomer shift (ı), magnetic hyperfine
eld (Hhf) and the relative area (%) have been determined from the
nalysis of the spectra and tabulated in Table 4. The analysis of
he Mössbauer spectra provides important information about their
hemical, structural and magnetic properties. Spinel type lithium
errites (LiFe5O8) are composed of two six-line hyperfine patterns.
t occurs in two crystalline forms: ordered and disordered struc-
ures. In the ordered form (�-phase) the Fe3+ ions are at octahedral
2d sites (B-site) and tetrahedral 8c sites (A-site), and Li1+ ion
ccupy only the octahedral 4b sites in the cubic primitive unit cell.
n the disordered form, �-LiFe5O8 has an inverse spinel structure,

ith Fe3+ at tetrahedral 8a positions and Li1+ and Fe3+ randomly
istributed over the 16d octahedral site [22,39–41].

A  simple fitting model to 57Fe Mössbauer spectrum of the
ithium ferrite ceramic matrix (LiFe5O8) (Fig. 11)  was  adopted with
wo overlapping sextets, A and B, for the octahedral and tetrahedral
ites.

The analyzed samples were labeled as LFO-298, LFO-1073 and
FO-1323. LFO-298 is made of a simple mixture of raw powder, LFO-
073 represents the calcinated powder at 1073 K and LFO-1323 is

 platelet sinterized at 1323 K.
The spectra of LFO-298 was adjusted by a magnetic sextet for

he site of hematite and the spectra LFO1073 was adjusted for two
agnetic sextet attributed to Fe3+ ions referring to sites tetrahedral

A) and octahedral (B) Li of the ferrite with low hyperfine mag-
etic fields (∼52.3 T and 50.3 T) for fields of characteristic of LiFe5O8
nd the spectra LFO-1323 were adjusted by two magnetic sextet in
he tetrahedral site (A) and octahedral (B) of the LiFe5O8 with low
yperfine magnetic fields (∼51.8 T and 44.9 T) [42]. In this paper
e did not measure the magnetic hysteresis characteristics of the

amples.
Fig. 10. Temperature dependence of ε′′ at different frequencies.
Li2CO3 and Fe2O3 (LFO-298), a calcinated mixture at 1073 K (LFO-1073) and a pellet
sinterized at 1323 K (LFO-1323).

4. Conclusions

In this paper, we  investigate the effects of the calcination tem-
perature and the organic bindings in the structural and dielectric
properties of lithium ferrite (LiFe5O8). The used bindings were glyc-
erol, PVA (Polyvinyl alcohol) and Galactomannan (A. pavonina). The
investigated calcination temperature was  varied from 773 up to
1073 K. The use of different bindings produced samples with almost
identical densities, but with different electrical characteristics as
showed by the permittivity and dielectric loss. These results show
that the organic bindings significantly alter the relative permittivity
and dielectric loss. The increase of ε′ with increasing temperature
is attributed to the decrease in polarization time. The enhanced
electrical conductivity makes a major contribution to the increase
of ε′′ with increasing temperature. The spinel structure was iden-
tified by Mössbauer and thermal analyzes. The complete thermal
decomposition of Li2CO3 was established by the DSC and TG tech-
niques pointing out the decomposition of Li CO between 773
2 3
and 831 K. The study of the structural and electrical properties of
lithium ferrites is important in view to their attractive technological
properties and low cost of fabrication.
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