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Abstract Oleylamine (OAm) functionalized NiFe;Oq4
nanoparticles were synthesized by reflux method. Oley-
lamine as a multufunctional ligand provides the essential
basic condition for the formation of NiFe,O4 nanoparticles,
and it has also surfactant and reducing agent roles. The
product was characterized by X-ray diffraction analysis
(XRD), transmission electron microscopy (TEM), vibrating
sample magnetometry, and thermal gravimetric analyzer
(TG). The detailed electrical conductivity and dielectric
property of measurements have been performed by dielec-
tric impedance analyzer. The conductivity results show that
ac conductivity (o,c) is temperature dependent particularly
at low frequencies whereas dc conductivity (oqc) exhibits
only temperature dependency. The highest dc conductivity
is 4.37 x 10712 S.cm™! at 120 °C. The dielectric constant
(&), dielectric loss (¢”), and dielectric loss tangent (tan §)
show different behaviors with frequency and temperature.
The variation of dielectric properties with temperature
is mainly due to temperature-assisted electron exchange
between Ni’* and Fe3* ions.
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1 Introduction

Monodisperse spinel ferrites with a narrow size distribu-
tion have been intensively investigated because of their good
electrical characteristics in recent years [1, 2]. Since the
dielectric properties of these kinds of substances with dif-
ferent temperatures, compositions, and frequencies, it is
gaining so much interest to obtain a high-quality spinel type
of material. In addition, dielectric behavior allows having
sufficient information about the mechanism of dielectric
polarization in spinel-type ferrites [3-5].

NiFe,0y4, which is one of the mostly studied ferrites, has
been proposed by the researchers in many fields of elec-
tronic devices, magnetic resonance imaging, hyperthermia,
magnetoelectric (ME) applications, data storage informa-
tion, and Li-ion batteries as anode materials and among
others [6-9].

Up to date, a variety of methods to prepare NiFe;O4 NPs
have been already explored in the literature such as ther-
mal treatment, microwave synthesis, combustion method,
and ethylene glycol route [10-14]. However, the problems
with these common routes are that the synthesized nanopar-
ticles have generally a tendency of agglomeration with
uncontrollable shape and size, which mostly make some
applications impossible [14]. Among these synthesis meth-
ods, the thermal decomposition of inorganic precursors in a
high-boiling-point organic solvent like benzyl ether is one
of the most effective ways to synthesize monodisperse mag-
netic nanoparticle (MNPs). Also, OAm was used in the
production of nanomaterials containing at least one mag-
netic element in the literature [15, 16], because its high
boiling point (~350 °C) allows the chance to study with
strong heating reaction conditions and it can also become
a surfactant and even a mild reducing agent. From this
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viewpoint, it can be considered as a “multifunctional role”
(reducing agent, surfactant, and stabilizing agent) in the syn-
thesis of monodisperse NiFe;O4 NPs. To the best of our
knowledge, this is the first study in which conductivity and
dielectric properties of OAm functionalized NiFe,O4 NPs
have been investigated.

2 Experimental
2.1 Chemicals and Instrumentation

Ni(acac),, Fe(acac)s, oleylamine (OAm), and benzyl ether
were acquired from Merck and used as received without
further purification.

The samples were characterized by X-ray diffraction
(XRD) to investigate the crystalline structure and aver-
age particle size. X-ray diffraction patterns were obtained
with a Rigaku D/Max—IIIC X-ray diffractometer using Cu-
Ko radiation over Bragg angles from 20° to 70° with the
scanning speed of 4°/min.

Fourier transform infrared (FT-IR) spectra were recorded
in transmission mode with a Perkin Elmer BX FT-IR
infrared spectrometer in the range 4000—400 cm™! to inves-
tigate the nature of the chemical bonds formed.

Transmission electron microscopy (TEM) analysis was
performed using FEI Tecnai G2 Sphera microscope. A drop
of diluted sample in alcohol was dripped on a TEM grid and
dried prior to insertion to the TEM column.

The electrical conductivity of the NiFe,O4 NPs was stud-
ied in the temperature range of 20—120 C with a heating
rate of 10 °C/s. The sample was used in the form of cir-
cular pellets of 13 mm diameter and 3 mm thickness. The
pellets (both nanocomposite and pristine) were sandwiched
between gold electrodes and the conductivities were mea-
sured using Novocontrol dielectric impedance analyzer in
the frequency range of 1 Hz—3 MHz, respectively. The tem-
perature (between 100 and 250 °C) was controlled with a
Novocool Cryosystem.

2.2 Synthesis of NiFe;O4 NPs

The synthesis of the product was reported in our previous
study [17]. Shortly, the salts of Ni(acac), and Fe(acac); was
used as 1:2 ratio (1:2 mmol) and dissolved in 15 ml ben-
zyl ether and 15 ml of oleylamine mixture by stirring to get
a homogeneous solution. After drying the above solution at
110 °C for 1 h under N atmosphere in the heating man-
tle, temperature was rapidly increased to 300 °C and was
hold at that temperature for 1 h (Fig. 1). Then final solution
was cooled down to room temperature; solid product was
extracted ethylacetate-ethanol mixture by centrifugation and
was washed ethanol again and centrifuged once more. The
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Fig. 1 Schematic representation of synthesis of OAm functionalized
NiFe,04 NPs

final sample was further hold at 150 °C until it completely
becomes a dry powder (Fig. 1).

3 Results and Discussion
3.1 Characterizations

X-ray diffraction powder pattern of the OAm functionalized
NiFe;O4 NPs sample is presented in Fig. 2a. All the diffrac-
tion peaks given in Fig. 2a matched with the standard ICDD
card (10-0325) of NiFe;O4. Due to the broadening diffrac-
tion peaks given in Fig. 2a, small-sized nanoparticles were
formed. The crystallite size calculated by Debby Scherer
formula was 6.1 nm [18]. In order to confirm the presence
of OAm on the surface of NiFe;O4 NPs, FI-IR analysis
was conducted. The FT-IR spectrum of OAm functional-
ized NiFe,O4 NPs is given in Fig. 2b in which the bands at
2933 and 2870 cm~! were ascribed to the asymmetric and
symmetric stretching vibration of the CH, groups, respec-
tively, and the bands at 1234-1532 cm™' were assigned
to the long hydrocarbon chain of oleylamine. The bands
1060 and 980 cm ™! are attributed to the =C—H out-of-plane
and in-plane bending, respectively. The peak at 758 cm™!
is corresponded to the C—C and NH, bending mode [19].
Also, it should be noticed that the spectrum has also low-
frequency bands of the spinel structured nickel ferrite, that
is, the band at 670 and 506 cm™! refer to metal-oxygen
stretching vibrations [14, 20, 21]. Thus, the FT-IR spectrum
demonstrates that the nanoparticles are capped by OAm
successfully, which can ensure repulsive forces to equal-
ize the attractive forces such as dipole—dipole interaction
or van der Waals forces between the nanoparticles [22].
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Fig. 2 a Representative X-ray diffraction pattern, b FT-IR spectra, ¢ TEM image, and d the corresponding particle size distributions

The transmission electron microscopy (TEM) images of
OAm functionalized NiFe,O4 NPs are shown in Fig. 2c.
It can be observed in these figures that a low aggregation
and high narrow size have been obtained. Also, it can be
seen from the corresponding size distribution histogram in
Fig. 2d that the size distribution of the NiFe,O4 NPs is very
narrow and nearly monodisperse structure. The size of the
nanocrystals obtained from the XRD diffraction patterns is
in close agreement with the TEM studies which show sizes
of 6.4.

3.2 Electrical Properties
3.2.1 ac Conductivity
Figure 3 displays the variations in ac conductivity of OAm

functionalized NiFe;O4 NPs, 0y (w), with frequency in the
range of 1 Hz—1 MHz at temperatures from 20 to 120 °C.

The frequency-dependent ac conductivity is examined by
using the following standard equation (1):

o' (®) = opc(@) = " (w)weo ey

where o’ () is the real part of conductivity, w = 27 f is
the angular frequency of the applied field, £? is the dielectric
loss, and €9 (8.852 x 10~'* Fcm™!) is permittivity of free
space.

The frequency-dependent ac conductivity plots exhibit
closely trend at all temperatures in the log—log graph. In
the low-frequency regime, linear increase is assigned to the
blocking electrode polarizations at low temperatures. The
substantial temperature-dependent behavior was observed
at low and medium frequencies while it indicates tempera-
ture independency at higher frequencies (>103 Hz). The ac
conductivity rises regularly with temperature up to 10° Hz,
and subsequently, it turns out to be frequency dependent.

@ Springer



1926

J Supercond Nov Magn (2016) 29:1923-1930

10'6-:

10'7-:

10'5-:

10'9-:

c_(S.cm™)

ac

107 3

10" 3

10" 4

10" 5

107 -
T T T T T T T
10° 10" 10° 10° 10 10° 10°

Freq. (Hz)

Fig. 3 The variation of ac conductivity of OAm functionalized
NiFe;O4 NPs as a function of frequency and temperature

At low-frequency regions, ac conductivity curves include
nearly frequency-independent conductivity plateaus while
it shifts and broadens towards higher frequencies with
increasing temperature. Displaying a frequency-dependent
behavior at moderately higher frequencies and temperature
dependency at relatively low frequencies may suggest ionic
conductivity [23, 24].

The linear increase in oy, which becomes more clearly
above a phase transition zone (50-60 °C), develops an
almost equivalent slope for all temperatures. With regard
to ac conductivity at 100 Hz before and after the transi-
tion zone, it improved from 4.07 x 107!2 to 4.36 x 107!2
as temperature increased from 40 to 50 °C, while the con-
ductivity raised from 4.67 x 107'2 to 5.11 x 107'2 as
temperature varied from 60 to 70 °C. The ionic conductivity
over phase transition region also contributes considerably
to conductivity which leads to such an improvement in
ac conductivity [24, 25]. The diffusion of charge carriers
increases with temperatures because of the effect of the
local dynamics and enhancement of connectivity among
the sites in nanocomposites. Initially, the oleylamine-coated
NiFe;O4 NPs build up a randomly distributed network at
low temperatures whereas a more organized structure is
established as the temperature increases. The OAm func-
tionalized NiFe;O4 NPs begin to exhibit a weak frequency
response and more capacitive behavior on hopping conduc-
tion which leads to an increase in conductivity. Furthermore,
a percolation between NiFe;O4 NPs may be improved due
to the increase in interaction of nanoparticles with the
applied temperature. The percolation leads to flow of elec-
trical current through both semiconducting NiFe;O4 NPs
and oleylamine as reported in literature [26-28].

The random distribution of NiFe,O4 NPs decides the
low- and high-frequency responses. The conductivity of the
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nanocomposite increases persistently with frequency as per-
colation exists through the nanocomposite which gives rise
to improvement of plateaus over a certain temperature. The
reorganization of the OAm functionalized NiFe,O4 NPs
takes place in the phase transition region of 50-60 °C.
Consequently, the ac conductivity rises steadily with tem-
perature in Arrhenius plot until 50 °C. After whole reor-
ganization of the OAm functionalized NiFe;O4 NPs in the
transition zone (50-60 °C), the conductivity continued to
increase with a considerable increase in slope with recipro-
cal temperature above 60 °C. This variation is essentially
due to the influence of the thermal energy applied on OAm
functionalized NiFe,O4 NPs. It was observed that the con-
ductivity of uncoated NiFe;O4 NPs is higher as compared
with OAm functionalized NiFe,O4 NPs [29]. The decline
in conductivity may be due to the reduction of free surface
resulting from surface bonding between NiFe;O4 NPs and
OAm [26, 27].

Figure 4 shows the variations in ac  conductivity of
OAm functionalized NiFe,O4 NPs with frequency at dif-
ferent temperatures in log oa,c—log F plot. The ac conduc-
tivity grows nearly linearly with an increase in the studied
frequency ranges at all temperatures. The electrical con-
duction, which is frequency dependent, is basically due to
the migration of ions in ionic solids; as a consequence,
ac conductivity exhibits a direct correlation with angular
frequency [30]. In general, the conduction mechanism of
ferrites is described by the jumping of electrons between
Fe?* and Fe?t at octahedral (B) sites [31]. Thus, ac con-
ductivity improves with increasing frequency of the applied
field as hopping frequency of the charge carriers between
Fe?t and Fe’* develops. In the literature, it has been shown
that a rather small quantity of Fe>* and Ni** is produced
during the synthesis of this kind of nanoparticles and the
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Fig. 4 Log o,-log freq. plot of OAm functionalized NiFe;O4 NPs
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electron exchange is supposed to be between the iron and
nickel ions as follows [29-32].

Ni2t + Fe’™ < NioT + Fe?t

The increase in conductivity with enhancement in tem-
perature is described by improvement in drift mobility of
the charge carriers. At higher temperatures, however, the
conduction in ferrites is mainly due to electron transfer
from Fe3* to Fe?T [31-33]. In the present study, the grad-
ual increase in ac conductivity with frequency is explained
by the influence of the applied frequency that supports
movement of charge carriers between the different local-
ized states in addition to releasing the trapped charges from
the various trapping centers. The hopping of holes between
Ni?* and Ni*t on B site similarly contributes to overall
conductivity.

3.2.2 dc Conductivity

The variations in dc conductivity (oqc) of NiFe;O4 NPs
versus reciprocal temperature is displayed in Fig. 5. The
dc conductivities were obtained by extrapolating almost
frequency-independent ac conductivity plateau regions to
the zero frequency. It is observed that dc conductivity
increased in direct proportion to the increase of tempera-
ture revealing two separate regions with linear increment
and including phase transition region. The temperature-
dependent conductivity of two regions follows an Arrhenius
law:

logogc = logog — Ea/ kT 2

where oy is the dc conductivity at temperature 7 in K, kg
is the Boltzmann’s constant (8.617 x 107> eV K1), E, is
the activation energy, and oy is called the pre-exponential
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Fig. 5 The variation of dc conductivity of OAm functionalized
NiFe; 04 NPs with reciprocal temperature

factor. The activation energy, E,, may be deduced eas-
ily from the slope of the log og4. versus T—! plot. The
increase of conductivity with temperature is possibly due to
the development in drift mobility of the charge carriers as
mentioned before, and this behavior displays the semicon-
ducting characteristics of the samples. The development of
two separate regions at low- and high-temperature regions
has been reported in literature [26, 28]. Two activation ener-
gies were calculated from two separated Arrhenius plots.
The low-activation energy for the first region may suggest
that the conduction is due to the free charge carriers. The
second region exists at higher temperatures, and it requires
higher activation energy since the conductivity in this region
essentially arises from the hopping of charge carriers. The
activation energies for two distinct regions (20-50 °C and
60-120 °C) were calculated as E,; = 0.0351 eV and
E,» = 0.299 eV which is consistent with the similar works
as reported [26, 27].

The holes formed due to the oxidation of Ni2* to Ni**
also contributes to conduction. Thus, the change of dc
conductivity with temperature depends significantly on the
quantity of iron ions at octahedral site as well as the amount
of holes.

3.2.3 Dielectric Properties

The change of dielectric constant (&) and dielectric loss (&)
with frequency at various temperatures from 20 to 120 °C is
depicted in Figs. 6 and 7, respectively.

The dielectric constants (¢”) exhibit almost a parabolic
decay with frequency up to about 10> Hz. The decline
is more considerable at the low-frequency region and at
high temperatures while it exhibits a slight reduction at low
temperatures. At higher frequencies (>10% Hz), dielectric
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Fig. 6 The dielectric constant of OAm functionalized NiFe,O4 NPs
as a function of frequency at various temperatures
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constants reach to nearly a constant value which indicates
the effect of frequency on the conduction mechanism is
insignificant in this interval. The sharp decline in dielectric
constant with increase in frequency is principally assigned
to the frequency-dependent polarization mechanisms. As
the polarizations in ferrites are determined by the exchange
of electrons between Fe?T and Fe’T at octahedral sites, the
maximum loss occurs when the jumping frequency between
Fe?t and Fe3* synchronizes with that of the applied elec-
tric field. As a result, the extent of orientational polarization
decreases with an increase in frequency as a longer time is
required than that for ionic and electronic polarizations [34].
The substantial reduction in dielectric constant as frequency
increases may also be due to the material electrode interface
polarization existing at lower frequencies [35] .

While concerning the change of dielectric constant with
temperature, it grows markedly with temperature particu-
larly at the lower frequency region up to 103 Hz. When
temperatures increases, a random network formed all over
OAm functionalized NiFe,O4 NPs which provides the sta-
bilization of surface charges and results in a significant
increase of dielectric constant. The comparable results of
dielectric constant have been already reported for similar
studies in literature [36, 37]. The conduction in this kind of
NPs is a thermally activated process, and it can be described
as the change in mobility of the charge carriers [38].

The dielectric loss constant (¢”) decreases exponentially
with frequency, and this decline is more substantial at higher
temperatures and at low frequencies. With increasing fre-
quency, it becomes nearly equal at all temperatures. The
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interaction of Fe?>*, Fe3*, Ni**, and Ni** ions with adja-
cent O%~ ions results in improvement of dipoles which reg-
ulates the electrical properties of ferrites. The dipole inter-
actions develop more at lower frequencies, and it decreases
with increasing frequency leading to a significant decline in
dielectric loss constant [39]. It is known that the polariza-
tion carriers in ferrites is principally a result of the electron
exchange between neighboring Fe3* and Fe?* ions at octa-
hedral sites which leads to local displacement of electric
charge [40].

The frequency-dependent properties  of
such inhomogeneous double-layer structure is basically
described by Koops phenomenological theory based on
the Maxwell-Wagner interfacial type of polarization [35—
37]. This inhomogeneous two layers comprise a rather
good conducting sizable ferrite grains. This discontinuous
structure is separated by relatively weak conducting grain
boundaries. The grain boundaries are known to dominate
at lower frequencies while grains determine the dielec-
tric properties of such inhomogeneous structure at higher
frequencies [38, 39]. The charge carriers are collected in
separated boundaries due to the conductivity differences
in grains and grain boundaries leading to interfacial polar-
ization and an improvement in dielectric constants. The
influence of interfacial polarization is higher at lower
frequencies while electronic and ionic types of mecha-
nisms become more effective with increasing frequency
[41, 42]. Grain boundary defects, oxygen vacancies, and
local valence deviations also contribute to overall interfa-
cial polarization which results in the increase of dielectric
constants at lower frequencies [43].

The frequency dependency of dielectric loss can be inves-
tigated by power law, ¢”’(w) = Aw™", where A is a
pre-exponential factor, w is the angular frequency, and # is
the frequency exponent (0 < n < 1) related to the dynamic
of hopping ions [44]. The change of n with temperature is
given as inset in Fig. 8. The exponent “n” displays a virtu-
ally linear growth with temperature until the transition zone
(50-60 °C), and subsequently, reorganization of nanocom-
posite takes place at a specified temperature interval. Over
the transition zone, it kept on increasing with a remarkable
increment in slope at higher temperatures which is a good
agreement with conductivity. This behavior can be inter-
preted as interactions between mobile ions increases, the
value of n regularly increases, i.e., the process is wholly
frequency independent when n = 0. The n values vary
between 0.02 and 0.77 in the present study. The variation
of n values with temperature suggests that the conduction
phenomena is a thermally activated polarization process.
The low n values are probably due to the strong electrode
polarization.

dielectric
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Fig. 8 The variation of tan § (dissipation factor) for OAm functional-
ized NiFe,O4 NPs as a function of frequency and temperature

The variation of the loss tangent (tan §) of OAm func-
tionalized NiFe,O4 NPs with temperature at different fre-
quencies is displayed in Fig. 8. The tan §, in general,
decreases with increasing frequency while keeping the tem-
perature constant. The conductivity of OAm functionalized
NiFe;O4 NPs is rather small in low frequencies due to
grain boundary which gives rise to a higher energy require-
ment for electron transfer between Fe?t and Fe3t ions. In
a high-frequency region, on the contrary, small energy is
necessary for the transfer of electrons as the conductivity
of nanoparticles is comparatively high because of grains.
The loss tangent grows slightly with an increase in tem-
perature whereas influence of temperature is maximum at
1 Hz. The polarization mechanism is used to describe the
temperature dependency of loss tangent. With increasing
temperature, mobility of the charge carrier increases which
in return cause an enhancement in electrical conductivity.
Subsequently, the dielectric constant and dielectric loss tan-
gent enhance since the dielectric polarization increases at
lower temperatures.

4 Conclusion

From all the above studies, nearly monodispersed nanopar-
ticles of NiFe,O4 have been prepared with very high size
selectivity under a thermal decomposition condition. In
addition, we discovered that only oleylamine as a reduc-
ing agent, surfactant, and stabilizing agent could be used as
“multifunctional role.” Also, the long chain alcohol is essen-
tial for the nucleation and growth process since it probably

helps ferric cations available to particularly enhance the syn-
thesis of ferrites. The synthesis method makes them possible
to be a general approach for the preparation of other pure
binary and ternary compounds. The ac conductivity exhib-
ited two different behaviors: a frequency dependency in the
low-frequency region and a temperature independency in
the high-frequency region. These variation is a clear sugges-
tion for ionic conductivity which is principally based on the
hopping process. With increasing temperature, a more orga-
nized structure is formed so that nanoparticles show more
capacitive behavior and fairly low-frequency response lead-
ing to an increase in the increment in conductivity. The dc
conductivity increases linearly with temperature including
the transition zone (50-60 °C) and maximum conductivity
of 4. 37 x 107!2 S.em™! at 120 C. The variation of fre-
quency exponent n values with temperature is described by
thermally activated polarization mechanism. The activation
energies (E,) for the two distinct regions were calculated
as 0.0351 and 0.299 eV which may explain to have such
low conductivities for this OAm functionalized NiFe,Oy4
NPs. The dielectric constants (¢’ and ¢”) indicate remark-
able frequency and temperature dependency. The reduction
in dielectric constants with increasing frequency is perhaps
due to the increase of electron exchange between Fe>* and
Fe3* ions. The dielectric measurements confirm that the
conduction is governed by both temperature and the diver-
sity of the reorganization of NPs. As a result, the observed
conductivity and dielectric properties of OAm functional-
ized NiFe;O4 NPs may suggest various promising applica-
tions such as drug carrier and bioseparator, chemical sensors
and biosensors, and metal ion separation from waste water.
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