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In this paper, the structural and electrical properties of cobalt ferrite synthesized by combustion route
with hexamine as a fuel are reported for the first time. Thermogravemetric analysis (TGA) confirm the sta-
ble phase formation of the phase above 700 °C. Structural characterizations of all the samples were carried
out by X-ray diffraction (XRD) technique. It reveals an increase in the particle size with the calcination
temperature (i.e. 700, 800 and 900 °C). Infrared (IR) spectroscopy confirms the presence of tetrahedral and
octahedral group complexes within the spinel lattice. DC resistivity as function of temperature indicates
that all the samples obey the semiconducting behavior and it decreases with calcination temperature.
The variation of dielectric constant (&) and ac conductivity (o), for all the samples have been studied
as a function of applied frequency in the range from 20Hz to 1 MHz. The dielectric constant increases
with the calcination temperature and all the samples exhibit usual dielectric dispersion which is due to
the Maxwell-Wagner-type interfacial polarization. The ac conductivity measurement suggests that the
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conduction is due to small polaron hopping.
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1. Introduction

Ferrites have diverse practical applications such as magnetic
materials [1,2], refractory materials [3], in medical diagnostics
[4,5], and as catalysts [6]. CoFe;O4 has been a topic of inten-
sive research in recent years. It is one of the good candidate for
high-density magneto-optic recording applications due to its high
coercivity, high magnetocrystalline anisotropy and moderate satu-
ration magnetization [7,8]. It has been reported that, the properties
of ferrite nano particles are strongly influenced by its composi-
tion and microstructure which are very much sensitive to the
method of preparation. Various methods have been developed to
synthesize nanocrystalline CoFe, 04, namely: co-precipitation [9],
mechano-chemical [10], combustion [11], micro-emulsion [12],
redox process [13], hydrothermal [14], sol-gel [15], forced hydrol-
ysis [16]. Among these, combustion method seems to be one of
the facile and one step methods, since it allows the preparation of
nanocrystalline CoFe,04 with an equiaxial shape and narrow size
distribution. The fuels so far employed in the combustion synthesis
are urea, glycine, oxalyldihydrazide (ODH), carbohydrazide (CH),
tetraformaltrisazine (TFTA), N,N-diformylhydrazine (DFH), etc. By
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employing these fuels, a large number of oxides have been syn-
thesized [17]. Except for urea and glycine, most of the other fuels
used in the combustion synthesis are hydrazine derivatives pre-
pared using hydrazine hydrate, which is carcinogenic. Therefore, it
is considered worthwhile to search for alternative fuels that are
inexpensive, readily available, and can be used for the prepara-
tion of a large variety of oxides. Hexamethylenetetramine (HMT),
(CH3)6Ny, also known as hexamine, is a versatile reagent in organic
synthesis [18].

However, ferrites are commonly produced by a ceramic process
involving high-temperature solid-state reactions between the con-
stituent oxides or carbonates. The size of the particles obtained by
this process is rather large and non-uniform. These non-uniform
particles, on compacting, result in the formation of voids or low
density. In order to overcome these difficulties arising out of
the ceramic route, wet chemical methods like co-precipitation,
hydrothermal processing, combustion, etc. have been considered
for production of homogeneous, fine and reproducible ferrites [19].
Koops [20] subjected a series of Ni-Zn ferrites all of the same
composition but to various sintering conditions and explained
the variation in resistivity and dielectric constant to the pres-
ence of Fe2* concentration developed during the sintering. In the
present paper, we report the synthesis of CoFe;04 using combus-
tion route at a lower processing temperature and also report the
effect of calcination temperature on its structural and electrical
properties.
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Fig. 1. Typical TGA curve for as synthesized powder of CoFe, 0y ferrite.

2. Experimental details
2.1. Synthesis

Cobalt ferrite was synthesized by the chemical autocombustion route, in which
the stoichiometric amount of the corresponding metal nitrates acts as an oxidizing
agent and the fuel hexamine as a reducing agent for the combustion reaction. The
stoichiometry of the redox mixture for combustion is calculated based on the total
oxidizing and reducing valencies of oxidizer (O) and fuel (F) [21], which serves as a
numerical coefficient so that the equivalence ratio, i.e. the (O/F), becomes unity and
the heat released is at its maximum [22,23]. Hence, in order to release the maximum
energy for the combustion reaction, the stoichiometric composition of the redox
mixture requires —40+36n=0 or n=1.11mol of hexamine. Therefore, the molar
ratio, i.e. ge (O/F), of the oxidizing metal nitrate to the reducing fuel (hexamine) is
40/36=1.11 (i.e. the proportion of M2*:Fe3*:fuel should be 1:2:1.11).

Thus, a mixture of Co(NOs ),-6H,0and Fe(NOs);-9H,0 in an appropriate molar
proportion was taken in a 300 cm? capacity Pyrex dish and was melted by heat-
ing on a magnetic stirrer at 80°C for 15 min. Further, hexamine was added to the
melt and the slurry formed was further heated up to ~500°C on electric heater for
combustion. It is observed that after evaporation of the water content, the mixture
frothed and ignited to combust (Smouldering) with an evaporation of large amount
of gases, giving a voluminous and foamy CoFe, 04 as a product.

The formation of CoFe,04 by combustion reaction using hexamine is shown
below:

CO(NOB )2 . 6H20 + ZFG(NO3 )3 . 9H20 + 1.]]C6H12N4ACOFEZO4
—

+6.22N; 1 +6.66C0; 1 +30.66H,0 1

The resulting powder was further characterized by Thermogravemetric analysis
(TGA) by means of SDT 2960 simultaneous DSC-TGA TA instruments USA at a heating
rate of 10°Cmin~"! in an air stream. For the phase identification, the samples were
characterized by the powder x-ray diffraction (XRD) technique (Cu Ko radiation,
model Bruker D8 Advance). For all electrical measurements, the disk shaped pellets
(1-2 mm in thickness and 15 mm in diameter) were coated with silver paint on both
sides and heated in a furnace at 200 °C for 1-2 h to get good ohmic contacts with the
electrodes during measurements. The DC resistivity measurement as a function of
temperature (room temperature to 500°C) was carried out by two-probe method,
where Keithley electrometer (model 6514) was used to record the resistance of the
sample. The dielectric constant (¢’), dielectric loss (tan ) and ac conductivity (oqc)
were measured at room temperature as a function of applied frequency in the range
100Hz to 1 MHz using an LCR precision meter (HP 4284A).

3. Results and discussion
3.1. Thermogravemetric analysis (TGA)

Fig. 1 shows the typical TGA curve for as synthesized powder
of CoFe,04 sample. There is a total weight loss of 2% is observed
within the temperature range of 180-600 and 600-900 °C. Dur-
ing combustion process high ignition temperature is present which
forms the oxides at this instant only, therefore the sample show low
weight loss with respect to temperature. The first step of weight
loss is 1% of the total weight, corresponding to the volatilization of
the organic solvent and water of crystallization. In the second step
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Fig. 2. The room temperature X-ray diffractograms for CoFe, 0, ferrite.

of weight loss, the weight loss is 1% ascribed to the decomposition
of nitrate and complex ferrite precursors into oxides. For temper-
atures from 600 to 900 °C there is approximately 1% weight loss
process, which shows the stable phase formation of the cobalt fer-
rite particles above 600 °C. Thus, the sample of CoFe, 04 was further
calcined at 700°C (Co 7), 800°C (Co 8) and 900°C (Co 9) for 2 h at
a heating rate of 2°Cmin~! in an air stream and characterized by
various measurement techniques.

3.2. Phase analysis

Fig. 2 shows the X-ray diffraction (XRD) patterns for as syn-
thesized and for calcined samples of CoFe,04 system. The as
synthesized sample shows the presence of hematite phase in the
sample. As the calcination temperature increases the reflection cor-
responding to Hematite phases vanishes. All the samples show
characteristic reflections of ferrite material with the most intense
(311) reflection which confirms the formation of a cubic spinel
structure. The results obtained by X-ray diffraction patterns were
indexed using the standard JCPDS card no. 22-1086. The lattice
constant for as prepared samples is found to be ~8.38 A.

The particle size of the synthesized CoFe,04 samples were
estimated from X-ray peak broadening of the (311) peak using
Scherrer formula:

_ 0.9%
" Bcos b

where D is the particle size, A is the wavelength of Cu Ka, 8 is the
full width at half maxima (FWHM) of the (31 1) diffraction peaks
and 0 is the Bragg's angle. Fig. 3 shows the variation of particle size
with calcination temperature, which reveals that the particle size
of CoFe,Qy4 is sensitive to the calcination temperature.

(1)

3.3. IR spectroscopy

Fig. 4 shows the FTIR absorption bands of CoFe,04 system
calcined at 700, 800 and 900 °C were recorded at room tempera-
ture in the wavenumber range 400-2000 cm~! wavenumber range.
According to Waldron [24], ferrites can be considered continu-
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Fig. 3. Variation of the particle sizes with calcination temperature.

ously bonded crystals, that is the atoms are bonded to all nearest
neighbours by equivalent forces (ionic, covalent or van der Waals).
In ferrites the metal ions are situated at two different sublattices
designated tetrahedral (A-site) and octahedral (B-site) according
to the geometrical configuration of the oxygen nearest neigh-
bours. According to Waldron [24] the band v; is attributed to the
stretching vibration of Fe3*-02- in tetrahedral complexes and v, is
assigned to that of bending vibrations in octahedral complexes. The
position and intensities of v; and v, vary slightly due to the differ-
ence in the Fe3*-02~ distances for the tetrahedral and octahedral
sites. In the present case the bands v; appears near at 773, 748 and
744 cm-! for Co 7, Co 8 and Co 9, respectively, which shows the
shifting of v; towards lower frequency with increase in calcination
temperature. The second absorption band v, appears near at 496,
470 and 469 cm~! for Co 7, Co 8 and Co 9, respectively, which also
shifts towards lower frequency with increase in calcination tem-
perature. The differences in frequencies between v and v, are due
to changes in band length (Fe3*-02-) at octahedral and tetrahe-
dral sites [24]. The broad spectra for all the samples are observed.
Such broadening is commonly observed for inverse spinel ferrites
(MFe;04). The broadening may be due to the statistical distribution
of Fe at A and B site.

3.4. Electrical properties
3.4.1. DCresistivity

Variation of DC resistivity for CoFe,04 as a function of tem-
perature is shown in Fig. 5. The resistivity is observed to decrease
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Fig. 4. FTIR absorption bands of CoFe,04 system.
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Fig. 5. Variation of DC resistivity for CoFe,04 as a function of temperature.

exponentially with increase in temperature, which corresponds to
the semiconducting behavior of the materials. The decrease in resis-
tivity with increase in temperature may be due to the increase
in drift mobility of the charge carriers [25]. Further the conduc-
tion in ferrites is attributed to the hopping of electrons from Fe3*
to Fe2* ions [26]. The number of such ion pairs depends upon
the calcination conditions and the amount of reduction of Fe3*
to FeZ* at elevated temperatures. The resistivity of ferrite is con-
trolled by the Fe2* concentration on the B-site. In the present case
the resistivity is found to be decrease with calcination temper-
ature. Such kind of variation in DC resistivity can be explained
on the basis of microstructural changes occurred in the samples
due to different calcination conditions. As per above discussion
the values of particle sizes are found to increase with increase
in calcination temperature and thus which causes the decrease
in resistivity. Verwey and De Boer [26,27] have established that
in oxides, containing ions of a given element present in more
than one valence state, conduction takes place through hopping
of electrons between trivalent and divalent iron ions within the
octahedral positions without causing a change in the energy state
of a crystal as a result of the transitions. Obviously, the more the
divalent iron content the higher the conduction and consequently
adecrease in the resistivity is observed. The decrease in DC resistiv-
ity with the increase of sintering temperature has been attributed
to the presence of increase in divalent iron content. The increas-
ing values of particle size with increasing calcination temperature
(Fig. 3) also contribute to lower the resistivity which may be due
to the decrease in the activation energies from 0.25eV to 0.20eV
[28].

The temperature dependence of resistivity is given by the Arrhe-
nius equation viz.

Eq
= po €xp | ——= 2
P = Po eXp ( kBT) (2)
where pg is the pre-exponential factor with the dimensions of
€2 cm, kg is the Boltzmann constant, E, is the activation energy and
T is the absolute temperature.

3.4.2. Dielectric constant and ac conductivity
The dielectric constant (&) of the sample was calculated using
the relation [29]:

. _
" oA

where Cis the measured value of capacitance of the sample, d is the
thickness, A is the surface area, and &g is the dielectric permittiv-
ity of air (8.854 x 10~14 F/cm). The ac conductivity was measured

(3)
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Fig. 6. Variation of dielectric constant (¢’) with frequency f for CoFe,04 system.

by measuring the ac resistance (R,.) of the sample with respect to
frequency (100 Hz to 1 MHz).

3.4.2.1. Dielectric constant. Fig. 6 shows the variation of relative
dielectric constant (¢’) with frequency f. It has been found that
the relative dielectric constant decreases steeply at lower frequen-
cies and remains constant at higher frequencies, indicating the
usual dielectric dispersion. This may be attributed to the polariza-
tion due to changes in valence states of cations and space charge
polarization. At higher frequencies the dielectric constant remains
independent of frequency due to the inability of electric dipoles to
follow the fast variation of the alternating applied electric field.
Thus the dispersion occurring in the lower frequency regime is
attributed to interfacial polarization since the electronic and atomic
polarizations remain, by and large, unchanged at these frequencies
[30]. Such kinds of similar results were observed for other systems
of ferrites [31-33]. The decrease in dielectric constant with fre-
quency can be explained on the basis of Koops’ phenomenological
theory [20], which considers the dielectric structure as an inho-
mogeneous medium of two layers of the Maxwell-Wagner type
[34].

Also, according to Rabinkin et al. [35], the polarization in fer-
rites is through a mechanism similar to the conduction process. The
presence of Fe3* and Fe%* ions render ferrite materials to be dipolar.
Rotational displacement of dipoles results in orientational polariza-
tion. In ferrites, rotation of Fe2* «» Fe3* dipoles may be visualized
as the exchange of electrons between the ions so that the dipoles
align themselves in response to the alternating field. The existence
of inertia to the charge movement would cause relaxation of the
polarization. The polarization at lower frequencies results from
electron hopping between Fe3* « Fe2* ions in the ferrite lattice.
The polarization decreases with increase in frequency and reaches
a constant value due to the fact that beyond a certain frequency of
external field the electron exchange Fe3* < Fe2* cannot follow the
alternating field [36]. In the present study, it was observed that the
dielectric constant increases with increasing calcination tempera-
ture. This may be due to the decrease in resistivity of cobalt ferrite
with calcination temperature, as the dielectric constant is directly
proportional to the square root of conductivity [37].

3.4.2.2. ac conductivity. In order to understand the conduction
mechanism and the type of polarons responsible for conduction,
the variation of ac conductivity as a function of frequency is repre-
sented in Fig. 7. It is also well known that, in large polaron hopping,
the ac conductivity decreases with frequency whereas in small
polaron hopping it increases with frequency [38,39]. The electri-
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Fig. 7. Variation of AC conductivity as a function of frequency for CoFe,04 system.

cal conduction mechanism in terms of the electron and polaron
hopping model has been discussed by Austin and Mott [40]. In the
present case, the plots for ac conductivity measurement are linear,
indicating that the conduction is due to small polarons. It has been
shown that, for ionic solids, the concept of small polaron is valid
[41]. As the frequency of the applied field increases, the conductive
grains become more active, thereby promoting electron hopping
between two adjacent octahedral sites (B-sites) in the spinel lattice
and a transition between Fe2* and Fe3* ions, thereby increasing the
hopping conduction. Therefore a gradual increase in conductivity
was observed with frequency. As reported by Alder and Fienleib
[42], the frequency-dependent conduction is mainly attributed to
a small polaron-type hopping mechanism.

4. Conclusion

The nanocrystalline cobalt ferrite was successfully synthesized
by employing combustion method using hexamethylenetetramine
(hexamine) as a fuel for the first time. The TGA measurements
show the stable phase formation takes place above 700 °C. The XRD
study reveals the formation of cubic spinel structure with all the
characteristic reflections having most intense (3 1 1) reflection. The
particle size of cobalt ferrite increases with increasing calcination
temperature. The resistivity of CoFe;0,4 decreases with increasing
calcination temperature. The dielectric constant increases with the
calcination temperature and all the samples exhibit usual dielectric
dispersion which is due to the Maxwell-Wagner-type interfacial
polarization. The ac conductivity measurement suggests that the
conduction is due to small polaron hopping.
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