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Abstract Diethylene glycol (DEG)-stabilized Cu-substituted
Fe304 nanoparticles (Cu,Fe;_,Fe,04, 0.0 < x < 1.0)
were prepared via polyol method. DEG was used as a stabi-
lizer and dispersant. The X-ray powder diffraction analysis
confirmed the formation of cubic spinel structure for all
products. The scanning electron microscopy (SEM) micro-
graphs confirmed that all products were roughly spherical
in shape with a narrow size distribution and a homoge-
nous shape. The dielectric properties of DEG-stabilized
Cu,Fe;_,Fe,04 nanoparticles were studied as a function
of composition, frequency, and temperature. The dielectric
constant (¢’), dielectric loss (¢”), and dielectric loss tan-
gent (tand) indicate different trends with temperature as
well as with the composition. The ac and dc conductivities
are temperature and frequency dependent. The maximum dc
conductivity was found to be about 1.85 x 10~7 S cm™!
for x = 0.0 at 120 °C. The conduction mechanism is due
to electron hopping and temperature-assisted reorganization
process.
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1 Introduction

Magnetite (Fe304), a fundamental part of spinel ferrite, has
been widely used as a recording material, pigment, gas sen-
sor for biomedical treatment, catalyst, electrophotographic
developer, and fluxtronic device [1-4]. From few years,
Fe304 composites or transition metals or other noble met-
als have been studied extensively due their doping with
different materials synergetic effect and many potential
applications [5-10].

Spinel ferrites MFe,O4 (M = divalent metal ion, e.g.
Ni, Co, Cu), normally indicated by this formula have been
broadly studied by the researchers and scientists since last
few decades because of their wide technological appli-
cations and promising electromagnetic properties which
depend on high electrical resistivity, low eddy current
losses, chemical stability and high Curie temperature. The
evolution of nanotechnology plays an important role and
made the study of these ferrites at nanolevel quite an inter-
esting subject for both fundamental and the application
point of view. They have many potential applications in
diverse areas due to their strange physical and electrical
properties, such as color imaging, information storage, fer-
rofluids and multi-layer chip inductors, and filters [11-15].
The advantages of the ferrite material are that they yield
higher efficiency and have appropriate dielectric loss and
low cost hence find larger applications in memory cores and
microwave devices [16, 17]. Spinel ferrites’ functional prop-
erties depend mostly on their real structure’s valence state
of ions and composition. Generally, ferrites are known by
a common formula that is AB>O4, where “A” pointed to
any cation having 2+ charges such as Cu®*, Ni%t, Zn2*,
and Fe?* and “B” represents cation having 3+ charges as
for example AI*T, Mn3*, Cr3*, and Fe3*. These two A2+
and B3t cations placed either at the octahedral sites or
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at the tetrahedral sites depending on their affinity of spe-
cific environment. Cation distribution normally depends on
the preparation method and their chemical composition
[18].

Many research groups have worked on the effect of dop-
ing with different cations to see the changes of physical and
chemical properties of spinel ferrites such as electrical prop-
erties and cationic distribution [19, 20]. Cu®t doped with
Fe3O4 has attracted much attention towards research due to
its wide applications in catalysts, sensors, and electronics
and need to develop in each era by using different chemical
method or chemical compositions [21]. After knowing the
importance of copper ferrite, we report the Cu,Fe|_,Fe;O4
(where x = 0, 0.2, 0.4, 0.6, 0.8 and 1) nanoparticles, syn-
thesized by polyol method and their electrical, chemical and
structural properties were discussed in this paper.

2 Experimental
2.1 Chemicals and Instrumentations

FeCl3-6H,0, FeCl, -4H,0, CuCl, -4H, 0, diethylene glycol
(DEG), and NaOH were taken from Merck and used without
further purification.

The crystalline structure of resultant nanoparticles was
determined with X-ray diffraction (XRD) measurements
using Rigaku D/Max—IIIC with Cu-K,, radiation in the 26
range of 20-70°.

Fourier transform infrared (FT-IR) spectra were recorded
in transmission mode 4000400 cm™! with a PerkinElmer
BX FT-IR infrared spectrometer. The powder samples were
ground with KBr and compressed into a pellet.

The surface morphology of the composites was analyzed
by scanning electron microscopy (SEM) with JEOL JSM
7001F.

The real (¢/) and imaginary (¢”) parts of complex
dielectric permittivity &* [= &’ (») + i&” (w)] were mea-
sured with a Novocontrol dielectric-impedance analyzer.
The dielectric data (¢/, &”) were collected during heating
as a function of frequency. The films were sandwiched
between gold blocking electrodes and the conductivities
were measured in the frequency range 0.1 Hz to 1 MHz
at 10 °C intervals. The temperature was controlled with a
Novocontrol cryosystem which is applicable between —100
and 250 °C.

2.2 Procedure
DEG-stabilized Cu,Fe;_,Fe>O4 nanoparticles (NPs) (x =
0.0, 0.2, 0.4, 0.6, 0.8, and 1.0) nanoparticles were synthe-

sized by polyol method. Stoichiometric amount of metal
salts (FeCl, - 4H, 0, FeCl;3 - 6H, 0, and CuCl; - 4H,0) were
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Fig. 1 XRD spectra with Rietveld analysis patterns for DEG-
stabilized Cuy,Fe;_,Fe;O4 NPs (0 < x < 1.0)

dissolved in 20 ml of diethylene glycol in three-neck bottom
flask using magnetic stirring then 2 M NaOH solution was
added drop by drop under constant stirring so that the pH of
the solution reached to 11 at which the precipitation of fer-
rites normally takes place. Then the flask was transferred to
the heating mantle apparatus where it was refluxed under the
argon condition at the temperature of 180 °C for 3 h. Then
NPs were separated by a magnet and washed with distilled
water three times. Finally, a dark brown powder product was
dried at 80 °C for 4 h.

3 Results and Discussion

3.1 XRD Analysis

XRD data and refinement analyses for DEG-stabilized
Cu,Fe|_yFe;O4 NPs are shown in Fig. 1. The results of the

refinement demonstrated that the main phase in all samples
was consistent with the standard pattern for cubic Fe3Oy4

Table 1 Average crystallite sizes of DEG-stabilized Cu,Fe|_,Fe,O4
nanoparticles estimated by the Debye—Scherrer approximation

X Crystallite size (nm)
0.0 9.9

0.2 7.8

0.4 8.5

0.6 6.7

0.8 74

1.0 10.3
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Fig. 2 SEM micrographs of
DEG-stabilized
Cu,Fe|_,Fe;04 NPs for

x =0.4and 0.6

(ICDD card no. 19-629) and CuFe;O4 (77-0010) respec-
tively with no discernable impurities. The patterns and
corresponding Bragg reflections in green bars are depicted
and calculated in FullProf program with the space group Fd-
3m. The peaks having the following hkl values (220), (311),
(400), (331), (511) and (440) confirm the formation of good
crystallization with single phase of spinel structure of mag-
netite and CuFe;O4 (for x = 1.0). The Debye—Scherrer
equation was used for the calculation of the crystallite sizes
based on 3 1 1 XRD peak for all products and presented in
Table 1.

3.2 SEM and EDX Analysis

The SEM micrographs and EDX spectra of the DEG-
stabilized Cug4Fe;| ¢FeoO4 and CuggFe;| 4FeoO4 NPs are
presented in Fig. 2. Figure 2 reveals that both compositions
have approximately spherical-shaped nanoparticles. The
average particle size can be estimated as 10 nm which is less
bigger than the crystallite size obtained from XRD powder
pattern due to the effect of the relatively stronger interaction
between the magnetic particles [22]. EDX spectra (Fig. 2)

% Transmission
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Wavenumber (cm™)

Fig. 3 FI'IR spectra of a DEG and b DEG-stabilized
Cu,Fe|_,Fe;O4 NPs (for x = 0.2)

X=0.6
Element | weight%.
w

revealed that the obtained products were composed of the
target materials.

3.3 FT-IR Analysis

Figure 3 shows the FT-IR spectra of DEG-stabilized
Cu,Fe;_,Fe,O4 NPs (0.0 < x < 1.0) and pure DEG,
respectively. From Fig. 3a, it is seen that the spectrum of
pure DEG shows many characteristic peaks like the peaks
1000-1045 and 3400-3465 cm™! which indicate the pres-
ence of —-C—O and —OH group vibration modes respectively.
In Fig. 3, 1465 cm™! band refers to the stretching vibra-
tion of C—C of PEG [23-26]. Bands between 2880-1600
and 1195-600 cm™! correspond to the straight deformation
of C-H group bending and stretching vibrations, respec-
tively. Figure 3b shows that two characteristic absorption
bands from Cu,Fe;_,Fe,O4 nanoparticles appear at 572
and 628 cm™! due to M-O stretching [27, 28].

3.4 TG Analysis

The presence and proportion of organic compounds (DEG)
onto the CuyFe;_;Fe,O4 nanoparticle’s surfaces were

100
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Fig. 4 TGA graph of DEG-stabilized Cu,Fe;_,Fe,O4 NPs

@ Springer



392

J Supercond Nov Magn (2016) 29:389-400

characterized by using TGA operating between the temper-
ature range of 25 and 750 °C. As it is shown in Fig. 4, about
19 % of the weight of DEG-stabilized Cu,Fe|_,Fe;O4
NPs was lost in this temperature range. Weight loss slowly
started at 50 °C and continued up to 150 °C due to the
evaporation of adsorbed water content. Then evaporation
of organic content began till 650 °C. This suggests that
around 19 % (wt) of the DEG-stabilized Cu,Fe;_,Fe;O4
NPs was composed of organic compounds (adsorbed water
and DEG) and 81 % of it consists of inorganic phase
(CuyFe;_xFeyOy)
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3.5 Electrical Properties
3.5.1 AC Conductivity

The ac conductivities, o, (w), of DEG-stabilized
Cu,Fe;_,Fe,O4 NPs with variation of temperature and
frequency for different x values are shown in Fig. 5a—f.
The frequency-dependent o, (w) were derived using the
relation (1)

o' () = ouc(w) = &’ (w)weo ey
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Fig. 5 The variation of ac conductivity of DEG-stabilized Cu,Fe3_, 04 NPs as a function of frequency and temperature forax = 0, b x = 0.2,

cx=04,dx=06ex=08,andfx =1
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where o’ (w) is the real part of conductivity, w (= 2m)
is the angular frequency, ¢” is the imaginary part of
complex dielectric permittivity (¢%7), and go(= 8.852 x
10~ Fem™!) is the vacuum permittivity.

The frequency dependency of o, and the curves exhibits
a similar behavior for all samples of Cu,Fe;_,Fe;O4 NPs
and at all specific temperatures in the log—log plot. The
samples exhibited frequency dependency particularly at
lower frequency regions and at low temperatures while
it shows a significant temperature-dependent behavior at
higher temperatures and at medium frequencies. The o,
generally increases with frequency until certain frequen-
cies and then keeps on rising with changing increment. At
high temperatures, the linear increase at low-frequency zone
declines or even disappears for x = 0, 0.4, and 0.8. The
electrode polarization leads to this linear increase in low
frequencies and particularly at low temperatures. As temper-
ature increases, the well-distinguished conductivity plateau
regions are observed and shift and broaden towards higher
frequencies.

In ferrites, electrical conductivity essentially occurs by
hopping of electrons between ions of the similar element
having multiple valance states which are located randomly
onto crystallographically identical lattice sites. The ferrite
includes oxygens with cubic close packed lattice structure
where the cations reside at the tetrahedral (A) and at the
octahedral sites (B).

The hopping of electrons between A and B sites is rel-
atively low as compared to that of B-B hopping due to
the fact that the metal ions on A and B sites separated
from each other with longer distance [29]. The electron
hopping between A and A sites does not take place as
iron(III), Fe3T, ions exist only at A sites while any Fe>*
or Cu?t jons occupy B sites [30]. When frequency is
applied, the charges begin to hop between the acceptable
sites contributing to the electrical conductivity. Accord-
ingly, the conductivity enhances with increase in frequency
as conduction takes place owing to electron hopping. On
the contrary, the conductivity reduces with frequency when
the band conduction mainly contributes to the conductiv-
ity. In the present case, it is clear that the conductivity is
dominated prominently by electron hopping process and
the conductivity positively increases with enhancement in
frequency for all samples of Cu, Fe;_,Fe,O4 NPs. The con-
tribution of frequency-dependent conductivity by electron
hopping decreases at higher frequencies for x = 0.6 which
may be due to the charge stabilization between Cu’* and
Fet.

Figure 6 displays the changes of ac conductivity of DEG-
stabilized Cu,Fe|_,Fe;O4 NPs with temperature at 1 kHz.
The plot exhibits almost no increase or slight improvement
at low temperature while the conductivity declines markedly
over transition temperature of around 80 °C. This indicates
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Fig. 6 The variation of ac conductivity of DEG-stabilized
Cu, Fe3;_, 04 NPs with temperature at 1 kHz

the fact that the temperature dependence of newly synthe-
sized DEG-Cu,Fe;_,Fe;O4 NPs arises under the specific
range of phase transition in NP matrices. The ac con-
ductivity remains nearly constant and shows a maximum
near phase transition zone confirming the persistence of
reorganization. The reorganization is completed above the
transition temperature of 80 °C which is principally result-
ing from the thermal energy applied on DEG-stabilized
Cu,Fe{_,Fe,O4 NPs [31].

It should be also emphasized that the random distribu-
tion of ferrite in nanocomposite is essential for low- and
high-frequency response; as a result, a substantial variation
in nanocomposite’s distribution is observed. Consequently,
the conductivity increases regularly with frequency due to
the presence of a percolated path within the many nanocom-
posites, which gives rise to evolution of well-organized
plateaus at elevated temperatures. The highest ac conductiv-
ity of DEG-stabilized Cu,Fe;|_,Fe,O4 NPs was achieved as
2.4x107%S cm~! at 80 °C for x = 0 since there is no Cu’*
that can stabilize charges. The conductivity declines notice-
ably as temperature increases more (3.5 x 1077 S cm™!
at 120 °C). This fact may be described as the formation of
random network at low temperatures, which develops more
organized and capacitive behavior at higher temperatures
[31, 32].

The DEG-stabilized Cu,Fe;_,Fe,O4 NPs have lower
conductivities than those of pure DEG as compared with
previous study [33]. The substitution with Cu?t results
in the development of strong electric bonds between the
two ions of Cu?* and Fe?" localizing Fe?* charge carri-
ers and hence leading to reduction in electrical conductivity
[34]. The lower conductivity, therefore, may be due to the
reduction of the free surface charges resulting from surface
bonding between DEG and Cu,Fe;_,Fe,O4 NPs.
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3.5.2 DC Conductivity

The dc conductivity (og.) versus reciprocal temperature is
shown in Fig. 7 for DEG-stabilized Cu,Fe;_,Fe;O4 NPs.
The o4. was obtained by plotting the graphs of log o, ver-
sus log freq. by linear fittings. The midpoint was taken for
linear fitting to decrease the influence of dispersion and
electrode polarization in non-plateau regions.

The dc conductivity curves display the temperature
dependency and this behavior might be divided into three
specific regions over the temperature range of 20-120 °C.
The temperature dependence of conductivity follows the
Arrhenius equation

logogc =logog — Ea/kgT 2)

where oy is the dc conductivity, E, is the activation energy,
oy is the pre-exponential term, kp is the Boltzmann constant
(8.617 x 1072 eV K1), and T is the absolute temperature.

It has been shown that the Fe?t—Fe3* interaction and
substituted cation ions determine the electrical properties
of ferrites [35]. The Verwey de Boer mechanism explained
the conduction mechanism of ferrites, which comprises
electron exchanges between the ions of the equivalent ele-
ments found in several valence states and dispersed over
crystallographic lattice sites [36]. The electron exchange
might take place between the Fe (II) or Fe (III) ions and
Cu?* ions [37]. The increase in charge carrier’s drift mobil-
ity with temperature leads to improvement in conductivity.
The conduction in ferrites is also assigned to electron
hopping between Fe3t and Fe’* at higher temperatures
[38].

The conductivity plots indicate that conductivity changes
with the substitution of Cu?t ions. It is clear that as the
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Fig. 7 The variation of dc conductivity of DEG-stabilized
Cu,Fe3_, 04 NPs with reciprocal temperature
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ratios of Cu?t ions increase in Cu,Fe _,Fe>O4 the conduc-
tivity decreases and the lowest conductivity is obtained for
x = 0.2. The substituted Cu®>* ions reside on octahedral
sites and it locks up with the iron ions to sustain the charge
balance [39]. In octahedral sites, the hopping of electrons
between iron ions (Fe’* <« Fe’T) decreases by this pro-
cess and leads to a slight decline in conductivity for all the
compositions. As the concentration of Cu”* ions increases
(except for x = 2), the conductivity decreased considerably
which may support that Cu?* ions also normally exist at B
sites at higher compositions. The Cu?* ions occupying B
sites do not contribute to the conduction because it behaves
as scattering centers, and as a consequence, the amount of
Fe3* ions reduces [40].

The significant influence of temperature on dc conduc-
tivity is observed between the temperature ranges of 20
and 120 °C under the transition zone around 80 °C. The
plot reveals a negative slope at low temperatures and keeps
nearly constant at medium temperatures up to a transition
temperature of 80 °C. Beyond the transition temperature,
another transition occurs and the slope turned out to be pos-
itive. These properties exhibit temperature-dependent reor-
ganization of DEG-stabilized Cu,Fe;_,Fe,04 NPs under
a specific range of phase transition in this structure. The
linear increase up to phase transition temperature can be
simply explained referring to the number of ions existing in
the two sublattices and their corresponding interactions. The
Fe?t(A)-O% Fe?t (B)-type AB interaction decreases due to
the exchange of Fe’* ions with Cu®* ions at the octahe-
dral site. The reduction in Fe?*(A)-O%~Fe2t (B) interaction
leads to a change in transition temperature.

It was shown that the band gap of pure CuFe;Q4 is
higher than that of pure Fe3O4 [41, 42]. The doping of
Cu?* into DEG-stabilized Cu,Fe;_,Fe;O4 NPs increases
the band gap of the NPs and consequently leads to a
decrease in conductivity. But the conductivity of the DEG-
stabilized Cu,Fe;_,Fe;O4 NPs does not show the same
behavior. It may suggest that both change in amount of
defects and band gap resulting in structural deviation,
i.e., phase transition, contribute to the conductivity. The
structural deviation may be assigned to the stronger or
weaker interaction between the second nearest neighbor
Fe—O bonds due to the difference in Fe—O bond polarity
[43].

The DEG-stabilized Cu,Fe;_,Fe;Os4 NPs reveals
change in activation energies with slope before and
after transition zone. Here, the conductive activation
energy applied at higher temperatures is correlated to the
long-distance diffusion of charge carriers; however, the
relaxation activation energy associated with the short-
distance jumps of charge carrier and it is measured at lower
temperatures [44]. With increasing temperature, a sudden
decline is observed in og. for x = 0.4, 0.6, and 0.8 which
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Fig. 8 i Real ¢’ (¢’ at high-frequency region inser) and ii imaginary ¢” parts of permittivity of DEG-stabilized Cu,Fe3_,O4 NPs as a function of
frequency at various temperatures forax = 0.0,bx =0.2,cx =0.4,dx =0.6,ex =0.8,and fx = 1.0

may show long-distance diffusion conduction mechanism  behavior was observed for x = 0.4, 0.6, and 0.8 which may
is more effective at elevated temperatures for this NPs. In  indicate the influence of another parameter on conductivity.
general, the concentration of cation vacancies increases  The grain size has a substantial effect on the electrical trans-
with introduction of additives, hence accelerates diffusion  port properties of NPs. The influence of this grain boundary
and enables the phase transition [45]. However, the opposite ~ and grain size on the electrical conductivity of NPs differs
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with crystals and temperature range studied [46—48]. In the
present study, we observed that grain size is more effective
at lower temperatures exhibiting improved conductivities.
On the contrary, the influence of grain boundaries increases
at higher temperatures leading to a sharp reduction in total
conductivity for x = 0.4, 0.6, and 0.8 NPs.
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3.5.3 Frequency and Temperature Dependence of
Dielectric Properties

The change of the dielectric constant (&) and dielectric loss
(¢”) with frequency is studied in the temperature range of
20-120 °C and related curves are displayed in Fig. 8a—f.
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Fig. 9 The tan§ (dissipation factor) variation of DEG-stabilized Cu,Fe3_,04 NPs as a function of frequency and temperature fora x = 0, b
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The ¢’ of the DEG-stabilized Cu,Fe;_,Fe;O4 NPs, in
general, displays a sharp exponential decline with fre-
quency up to about 1 kHz at low temperatures; how-
ever, there is a reduction in & which is relatively low
at higher temperatures. The rate of decrease in the &’ is
quite small over 1 kHz for all samples and shows a curva-
ture at low temperature (<60 °C) shifting slightly to higher

frequencies which assigns to the reorganization of NPs at
elevated temperatures and phase transition. The &’ remains
nearly constant for all x values when >10° Hz indicat-
ing that frequency does not have any effect on the electron
exchange between Fe>* and Cu* over a specific frequency
of applied ac field. In general, a considerable decrease is
observed in & with increasing frequency because dipole

@ Springer



398

J Supercond Nov Magn (2016) 29:389—-400

orientations require a longer time than ionic and electronic
polarizations, which were also observed for DEG-stabilized
Cu,Fe;_,FeasO4NPs [49, 50].

The frequency dependence of dielectric constant can be
described by the Maxwell-Wagner heterogeneous double-
layer structure [51, 52]. The two layers include rather
conducting grains separated by the second layer of grain
boundaries with poor conductivity [54, 55]. The contribu-
tion of grain boundaries is higher at low frequencies while
the ferrite grains are more effective at high frequencies [53].
The differences in the resistivity of grains and grain bound-
aries lead to accumulation of charge carriers in separated
boundaries and an improvement in dielectric constants.

The remarkable increase of &’ up to the temperature of
60-70 °C is due to the development of interfaces between
Cu,Fe|_,Fe,O4 NPs and DEG molecules, which is con-
siderably in good agreement with other spinel ferrite [54].
At higher temperatures, ¢’ either remains almost constant
or reduces due to the rubber-like behavior of chemically
bonded DEG-stabilized Cu, Fe_,Fe,O4 NPs as described
for DEG-stabilized Mn,Co;_,Fe;O4 NPs. The formation
of percolated path facilitates the conduction for this rubber-
like NPs [51, 52]. Thus, the ¢’ of NPs increases prominently
until the temperature of 60-70 °C, and subsequently, it
declines at higher temperatures. Additionally, the increase
in thermal energy results in a significant enhancement in
charge carrier’s mobility.

The variation of the dielectric loss constant, ¢”, with fre-
quency at different temperatures is given in Fig. 8a—f. Gen-
erally, a sharp linear decrease is observed with frequency
particularly at elevated temperatures. This linearity relates
to the oy, defined by the equation 8gc = 04c(wo), Where ogc
is the dc conductance and C, is the vacuum capacitance of
empty cell [53]. This behavior may also confirm the depen-
dency of conduction mechanism on both nature of the reor-
ganization and temperature. It is observed that the capacitive
response of the DEG-stabilized Cu,Fe;_,Fe;O4 NPs is
rather temperature dependent. Furthermore, the relaxation
of conductivity is prominent over other dielectric relax-
ations under the given temperature and frequency; therefore,
Séonduct > gé/elax [52].

In the region of grain boundaries, polarization needs
more energy at lower frequencies which resulted in high-
energy loss since the influence of grain boundaries is greater
at lower frequencies; however, grains dominate at higher
frequencies. On the contrary, it requires less energy for the
polarization in the grain region which results in a small
energy loss at high frequencies [35, 53].  Electronic and
ionic belong to the polarization mechanisms which exist
at higher frequencies whereas the interface polarization is
significant at lower frequencies [54-56]. Accordingly, at
higher frequencies (>10 kHz), dielectric loss constant is
less sensitive to both temperature and frequency.

@ Springer

3.5.4 Dissipation Factor (tan §)

The dissipation factor (loss tangent, tand) of DEG-stabilized
Cu,Fe;_,Fe,04 NPs with variation of frequency at differ-
ent temperatures is shown in Fig. 9a—f. The loss tangent, in
general, does not exhibit a remarkable change until 100 °C
while a substantial increase was observed at higher temper-
atures. The temperature dependency of the dielectric loss
tangent is described by the polarization mechanism. The
electrical conductivity grows with temperature because of
the thermal energy and diffusion of the charge carriers.
Therefore, the dielectric constant and dielectric loss tangent
enhance with increase in dielectric polarization. For pure
DEQG, the peak maximums of loss tangent can be entirely
identified at lower frequencies (<100 Hz) [33]. The disap-
pearance of corresponding peak maximums of loss tangent
is possibly due to the development of DEG layer on the
surface of Cu,Fe_,Fe;O4 NPs which precludes relaxation
as a consequence; it may also describe having such low
conductivities as compared with a previously similar study
[52].

4 Conclusion

The glycol-thermal technique was employed to synthesize
DEG-stabilized Cu,Fe|_,Fe;_,0O4 NPs at the low reac-
tion temperature of 180 °C. The average crystallite diameter
of the products are in the range of 6.97 to 10.3 nm. The
0ac measurements essentially indicated a temperature- and
frequency-dependent behavior. The frequency-dependent
behavior of o,c in the low-frequency region mainly rises
from the electrode polarization while the temperature
dependency is basically due to the hopping process. The
o4c depends on both the concentration of Cu?* ions sub-
stituted and temperature. The highest o4, value was found
to be 1.85 x 1077 S cm™! for x = 0.0 at 120 °C. The
DEG-stabilized Cu,Fe;_,Fe;O4 NPs exhibited relatively
high dielectric permittivity (between 107 and 10%). The
dielectric constants, in general, increase with temperature
up to the transition region and thereafter they decrease
sharply at higher temperatures. The dielectric measurements
suggest that the conduction mechanism depends both on
temperature and on the nature of the reorganization of the
nanocomposite. Consequently, the observed properties of
DEG-stabilized Cu,Fe_,Fe,O4 NPs may indicate diverse
biomedical applications such as a very promising drug car-
rier and bioseparator and metal ion separation from waste
water.
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