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ABSTRACT

Four powder samples of Nickel ferrite (NiFe,0,) with different morphology and nanoparticle
size have been synthesized by various methods: electrospinning, hydrothermal, green, and
sol-gel. Through the use of XRD, FT-IR, SEM, TEM, and BET techniques, the prepared powders
were characterized. The produced ferrite displayed a cubic spinel phase with various
nanofiber, nanotube, nanorod, and nanosphere morphological structures. The electrical
conductivity values for each sample increased with increasing temperature indicating the
semiconducting behavior of all samples. The conductivity values were found to be depen-
dent on each nanoparticle's size and morphology. The variation of dielectric constant (¢),
dielectric loss (¢”), and ac conductivity for the investigated samples at different temperatures
and frequencies has been studied. Both dielectric constant (¢/) and dielectric loss (¢”') were
decreased with the increase of frequency while A.C. conductivity increased. Knop's
phenomenological theory explains the frequency variation of (¢ and ¢”). The hopping of
electrons and holes is suggested to be the electrical conduction mechanism.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

It is recognized that the synthesis method is important, espe-
cially for the goal of material application. Moreover, a detailed
description of particle size, shape, morphology, and crystal-
linity degree of material conduct to distinctive physical and
chemical properties [1—4]. For nanostructured materials, the
surface area to volume ratio is vast. The presence of available
grain boundaries that dictate an unlimited density of defects
has distinguished influences on the physical properties such as
mechanical, electrical, electrochemical, and magnetic [5—12].
The nanoparticles possess a variety of shapes, and their
names are characterized by their different shapes. For example,
nanowires, nanorods, nanotubes, nanorings, nanospheres,
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nanoflakes, nanoflowers, nanobelts, etc. Controlling nano-
particles' morphology is crucial for exploiting their properties in
several emerging technologies. Also, morphology variation is an
effective way of controlling the functionality of nanomaterials
because the variation of a large number of surface atoms with
respect to their surface morphology determines their physical
and chemical properties [13].

Compared with bulk counterparts, one-dimensional struc-
tures (nanotubes, nanorods, nanowires, etc.) that have surface
effects, size effects, and macroscopic quantum tunneling effects
offer prospects for enhancing the electrical, thermal, and me-
chanical properties of a broad range of functional materials
[14—18] and play a meaningful role in the next generation of
electron devices. Particularly, one-dimensional semiconductor
nanowires have been envisioned as a candidate for efficientand

2238-7854/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mohkhairy@fsc.bu.edu.eg
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2023.04.266&domain=pdf
www.sciencedirect.com/science/journal/22387854
http://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2023.04.266
https://doi.org/10.1016/j.jmrt.2023.04.266
https://doi.org/10.1016/j.jmrt.2023.04.266
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

7382

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:7381—-7393

small devices [19]. These devices may have a high packing
density and be more efficient than microelectronic devices. The
transport properties of these nanoscale device contacts are
influenced by the charge carriers and the geometry of the
semiconductor/metal interface [20]. Therefore, before incorpo-
rating nanoscale contacts into nanoscale electrical devices, the
transport properties of these structures must be explored [21].

Spinel ferrites have gained much importance recently because
of their interesting electrical and magnetic properties [22]. Usu-
ally, ferrite materials have low conductivity, and the order of
magnitude of the conductivity greatly influences their dielectric
and magnetic behavior [23]. Spinel ferrites are used in electronics
and the telecommunication industry because of their navel
electric properties, which make them useful in the radio-
frequency circuit, high-quality factor, rod antennas, transformer
cores, and read/write heads for high density, digital rapes [24,25].
The diversity of their applications originates from their consid-
erable problems with crystal structure and electronic arrange-
ments compared to other materials. Surface and quantum
confinement phenomena are attributable to the enormous
volume-to-surface ratio, and the scale-dependent characteristics
of nano ferrites have received considerable attention. By varying
such values, the desired changes in the physicochemical prop-
erties of the ferrites can be obtained [26—29].

Nickel ferrite (NiFe,0,) is one of the important spinel fer-
rites used for different technological applications due to its
soft magnetic property, low eddy current loss, low conduc-
tivity, catalytic behavior, high electrochemical stability,
abundance in nature, etc., [30,31]. NiFe,O,4 exhibits an inverse
spinel structure in which Fe*" ions are equally distributed
between octahedral B-sites and tetrahedral A-sites, whereas
Ni?* ions occupy only octahedral B-sites [32]. and exhibit the
general formula [Fe*' |z[Ni*'Fe®']z0%, [33]. On the other
hand; the nano-nickel-ferrite is a mixed spinel ferrite with a
cation distribution of [Ni?*Fe3*],[ Ni** Fe**]g 0%, [34].

We previously reported the impact of synthetic methods
and the morphological structure of nano NiFe,0, on its elec-
trical capacitance [35]. In the present work and based on the
above discussion, we designed this work to explore the in-
fluence of particle size and morphology on the structural,
dielectric dispersion, and electrical conductivity properties of
the synthesized nanocrystalline NiFe,0, ferrites prepared by
different synthetic.

2. Experimental
2.1. Materials

All chemicals used were analytical-grade reagents and were
used without any further purification. Deionized water was
used through manifests in all the experiments. Tamarindus
indica seeds were provided from the local market.

2.2. Synthetic methods

2.2.1. Preparation of NiFe,O4 nanofibers

Firstly, an electrospun precursor was organized by mixing a
mixture of 30 mL of methanol, 1.5 g of PVP, 3.0 g of
Fe(NOs)3.9H,0, 3 mL of acetic acid, and 0.3 g of

Ni(CH5C00),.4H,0, and magnetically stirred for 24 h at room
temperature. Next, 6 mL of the gotten precursor was intro-
duced into a 20 mL syringe with a 22 G stainless steel needle,
joined to a high-voltage supply with a 20 kV applied voltage.
The space between the needle end and the aluminum foil
collector was 15 cm. The supply rate is adjusted to be
1.2 mL h™! by a syringe pump. Lastly, the obtained spun
fibrous were calcined at 825 K for 2 h (at a heating rate of
4 X min~') in a Muffle furnace under an air atmosphere. The
sample obtained is denoted as NiF¢ [35].

2.2.2. Preparation of NiFe,O4 nanotubes

Two grams of the as-synthesized sample NiFf were placed in a
200 mL beaker filled with deionized water. After 4 h of high-
speed magnetic stirring, the products were filtered and dried
at 350 K for 24 h in a vacuum [35]. The sample is denoted as
NiF;.

2.2.3. Hydrothermal method (preparation of NiFe,0O4
nanorods (NiFyg))

Starting materials of 0.02 M FeCl; and 0.01 M NiCl,.6H,0 were
dissolved in 200 mL of deionized water. Then 2.5 M NaOH
solution was added dropwise until a pH of 1.5. After that, the
suspended solution was transferred to a Pyrex flask (500 mL),
which was sited inside an autoclave and heated at 435K for4 h
under the stirring process. The suspended solution was
washed thoroughly to release the formed salts and unreacted
materials. The product was then filtered with filter papers and
dried at 350 K in an oven for 4 h [35]. The sample was denoted
as NiF,q.

2.2.4. Green method

A green method was also used to prepare the NiFe,04 sample
by mixing Tamarindus indica seed powder and Fe(NO3)3.9H,0
and Ni(NOs),.6H,0 with a molar ratio of 2:1 (Fe: Ni) in 60 mL
deionized water. The ratio of metal nitrates to the seed pow-
der is 1:1. The reaction mixture was heated with agitationin a
microwave oven (frequency of 2.54 GHz at 900 W output
power) for 30 min. The obtained product was annealed at
870 °C for 4 h [35]. The sample was denoted as NiFs.

2.3. Characterizations

The samples were examined using a variety of methods, such
as XRD, FT-IR, SEM, TEM, and BET, and the results obtained
were discussed in detail in our previous work [35] and sum-
marized in Table 1.

The electrical conductivity measurements were performed
using a two—probe technique on pellets of 10 mm diameter and
thickness of ~1 mm, prepared by pressing powder under a
pressure of 2 x 10 ®> kg/cm?. The pellets were coated with silver
paste, showing the sample's ohmic contact. The pellet was
located in a sample holder inside a furnace and measured in the
temperature range of 300—800 K. The dc-conductivity mea-
surements were made using a Keithley 617 programmable
electrometer. The ac-electrical measurements were performed
at a constant voltage of 1V and a frequency ranging from 10° to
10° Hz at 30 °C, using a precision LCR meter bridge (model HP
4284 A). The complex dielectric constant ¢** as a function of
frequency is given by the well-known equation [36]:
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3 D/ypp is particle size calculated from XRD using Scherrer s equation & Drgy is Particle size using TEM.

b vy, and v, are the tetrahedral and octahedral vibrations of Fe—O bonds in the spinel structure.

e (w)=¢/(v) —je/’ () 1
where ¢ and ¢" are the real and imaginary parts of the
dielectric permittivity with j = 1/-1) and w = 2=f is the fre-
quency of the applied electric field. The values for ¢ and ¢’
were estimated using Egs. (2) and (3) [36]:

¢/ =Cd/ e°Aq 2

¢/ (w)=¢/(w) tan d (3)

where ¢° is the permittivity for free space (¢° = 8.86 x 107 F/
m), d is thickness, As is the cross-sectional area of the flat
surface of the specimen, tan 3 is a dissipative factor.

3. Results and discussion
3.1. Characterization

The XRD, SEM, TEM, and BET, previously published in our
work [35] illustrated that all the synthesized samples exhibit
spinel structure with a composition of NiFe,0, and particle
size and morphological structure (fibers, tubes, rods, and
spheres) depending on the preparation method. The samples
are denoted as NiFs, NiF,, NiF,4, and NiF; for fibers, tubes, rods,
and spherical morphological structures. The main character-
istic results are listed in Table 1 and supplementary Figs. (S1
and S2).

3.2 Electrical conductivity

3.2.1.  Dc conductivity

Dc electrical conductivity (cqc) measurement is a powerful
method to elucidate the electrical conductivity mechanism. At
temperatures between 300 and 800 K, the relationship be-
tween temperature and the direct current conductivity (dc) of
nickel ferrite samples is investigated. The produced data are
displayed as the plots of In 64 vs. 1/T, Fig. 1. It is noticed that
there is a linear link between two areas that ends at Tc. This is
the point at which the ferrimagnetic state transitions to the

—— NiF;

25 . . r
12 15 18 21 2427 3 33
1000/T (K™

Fig. 1 — Effect of temperature on dc electrical conductivity
of NiFe,0, samples.
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paramagnetic state. The change in Tc. With the variation in
morphological structure can be explained by the A-B ex-
change interaction, which is dependent on the cation distri-
bution between A and B-sites. The first region is ferrimagnetic
and conducted via hopping (hopping conduction mechanism).
The second region is a paramagnetic area that belongs to the
disordered state. Each one of the different straight-line seg-
ments obeys the Arrhenius equation

Odc = Oo,dc EXP( —E4c /kT) (4)

where o, is a constant, E4 is the activation energy, and k is
the Boltzmann constant.

The dc-conductivity data of each sample were determined
using the least-squares method and given in Table 2. The table
illustrates that the samples are characterized by different
electrical conductivity values depending on the morphological
structure. At all temperatures investigated, the electrical
conductivity value follows the order

NiF; > NiF,q > NiF, > NiF¢

The conductivity data also show activation energy (Eq4c)
values ranging between 0.29 and 1.16 eV (depending on the
measuring temperatures and the morphological structure).
E4c behaves similarly to conductivity. The sample with high
conductivity exhibits low activation energy. The activation
energy in the paramagnetic region is higher than the activa-
tion energy for the ferrimagnetic state), which indicates the
influence of magnetic order on the conduction behavior. The
conductivity and activation energies data point to a hopping
conduction mechanism.

It was reported that in ferrite materials, the activation
energy is frequently linked to the variant of the charge carrier
mobility instead of charge concentration [37]. Therefore, the
mobility of charge carriers is higher in the sample containing a
spherical structure than in the other samples. Many authors
[38—40] reported that the electrical conduction in ferrites ari-
ses from the electron hopping between cations of the same
element in various valence states on similar lattice sites. For
dc conductivity, the charge carriers select the easy-going track
between ions, but these records may involve many hops for
which the space between the ions is large. The conductivity of
NiFrd and NiFt samples with rod and tube structures is greater
than that of NiFf samples with fibre structures; this can be
attributed to conducting charge dispersions in rod-like parti-
cles [41].

3.2.2.  Ac conductivity

Opposite to the Dc technique, which supports a total con-
ductivity response of the material, ac technique differentiates
between different mechanisms participating in the whole
conductivity response of the material, such as the electrical
conduction of grains and grain boundary as well as electrode
response. The plots of In o, Vversus T71, at selected fre-
quencies, are represented in Fig. 2. All the samples showed
almost similar behavior with two slopes, in which the con-
ductivity increased with temperature. The slopes at lower
temperature ranges are higher than those at higher temper-
ature ranges and obey for each range the relation:

Gac = 0oac €XP( — Eqc / RT) (5)

where 0o, is specific conductivity, and E, is the ac-activation
energy.

The ac-conductivity data are summarized in Table 3. From
which, it is noted that the ac conductivity decreases as the
particle size decreases, which can be interpreted based on the
intensification in grain boundary volume and the accompa-
nying impedance to the flow of charge carriers [42,43]. On
decreasing the particle size, the resistivity of the sample in-
creases owing to increasing the number of grain boundaries
than grains. At grain boundaries, there is an incompatibility
between the energy states of neighboring grains and conse-
quently work as hindrances to flowing the electrons.

The crystal structure of NiF,0, is strongly influenced by the
size of its particles, whereas the bulk NiFe,0, exhibits an in-
verse spinel structure. Still, its small nanoscale nanometer
has a mixed spinel structure [44]. Thus, the investigated
samples are expected to have a mixed spinel structure with
Ni?* ions occupying both tetrahedral (A) and octahedral (B)
sites. Accordingly, if the hopping frequency of the holes be-
tween Ni*" < Ni*" in tetrahedral sites is lesser than in octa-
hedral sites, the conductivity is going to reduce with
decreasing the particle size. This is because the number of
Ni** filling tetrahedral sites will increase with the reduction in
grain size [45].

Since the space between the cations present on B sites is
smaller than the space between the cations occupied A sites;
therefore, the intensity of covalency for the cations that
occupy the A sites will be lower than that of the cations
existing in B sites. Owing to these reasons, the mobility of the
holes between Ni** and Ni** in the B sites is very high, with a
smaller activation energy value than that in A sites. The
conductivity at the B-sites owing to the holes is also

Table 2 — dc-electrical conductivity data of the studied samples.

Sample Particle size®(nm) Gac x 10 at 370 K Temp. range (K) Eq4c (eV)
NiF¢ 20 12.5 303460 0.32
460—800 0.87
NiF, 33 34 303420 0.41
420—-800 1.04
NiF4 41 298 303—-490 0.31
490—-800 1.16
NiFs 50 1800 303—-450 0.29
450—800 1.12

& Particle size calculated from XRD using Scherrer's equation.
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Fig. 2 — The effect of temperature on the Ac-electrical conductivity for the tested samples at some selected frequencies.

predictable only at lower temperatures than that of holes in

the A-sites [46].

The effect of frequency on ac conductivity for the investi-
gated specimens at some selected temperatures is shown in
Fig. 3. The figure demonstrates that the ac conductivity rises

with frequency, particularly at higher frequencies. The value
of ac conductivity is greatest at higher frequencies due to the
larger pumping force delivered to charge carriers by high
frequency [47]. The enhancement in conductivity does not
require that the number of charge carriers rises, but the

Table 3 — Electrical data of the NiFe,04 samples.

Parameter NiF; NiF.q NiF¢ NiF,
04c (ohm~t.cm™) at 300 K 5.61 x 10~ % 5.17 x 10°° 1.01 x 10 % 3.70 x 102
Ea ac(eV), at (300—450 K) 0.32 0.31 0.42 0.30

G4c (Ohm~.cm™?), at 800 K 2.24 x 1073 2.21 x 1072 3.04 x 107 3.5 x 1072
Eaac(€V), at (500—800 K) 0.99 1.16 0.87 1.0

Oac (Ohm~t.cm™?), at (300 K, 1 kHz) 3.17 x 10°° 8.44 x 10°° 7.12 x 1077 1.54 x 10>
E.c(eV), at (300—450 K, 1 kHz) 0.66 0.6 0.52 0.71

Gac (chm~t.cm™Y), at (300 K, 1 MHz) 2.25 x 107 498 x 1074 6.94 x 10> 7.13 x 10°*
E.c(eV), at (450—800 K, 1 kHz) 0.37 0.31 0.28 0.28

Gac (chm~t.cm™), at (800 K, 1 kHz) 2.44 x 1072 415 x 1072 1.41 x 1072 3.7 x 1072
Eac(eV), at (300—450 K, 1 MHz) 0.31 0.30 0.37 0.28

Gac (chm~t.cm™Y), at (800 K, 1 MHz) 1.51 x 107 ¢ 2.39 x 107 ¢ 8.38 x 107+ 2.97 x 10 ¢
E..(eV), at (450—800 K, 1 MHz) 0.27 0.25 0.23 0.23

7 (s) 23 x 1072 1.9 x 107 7.8 x 1073 164 x 107
E. (eV) 0.78 0.83 0.94 1.01

¢ at (300 K, 1 kHz) 3000 3570 2998 4517

¢ at (300 K, 1 MHz) 350 393 307 522

¢ at (800 K, 1 kHz) 2400 2900 2400 4414

¢/ at (800 K, 1 MHz) 312 462 360 612

¢ at (300 K, 1 kHz) 2100 2313 1829 3026

¢’ at (300 K, 1 MHz) 352 299 218 350

¢ at (800 K, 1 kHz) 1920 2204 1703 2957

¢’ at (800 K, 1 MHz) 412 351 255 410
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Fig. 3 — The effect of the frequency on Ac-electrical conductivity for the studied materials at selected temperatures.

hopping rate of charge between the charge carriers improves.
The ac-conductivity data are summarized in Table 3.

The Koops model, which predicts that ferrite samples
behave as a multilayer capacitor of grains and grain bound-
aries [48] might potentially explain the rise in ac conductivity
with frequency and temperature. At lower frequencies, the
resistive grain boundaries are more active, preventing elec-
tronic charge carriers from hopping between them, and a
nearly continuous plateau area is observed. However, the
conductive grains are more active at higher frequencies,
allowing charge carriers to hop between neighboring ions.

Semiconductor materials have the following frequency-
dependent relation

Gac (W) =Aw®

(6)
where A is a constant and s < 1. The phenomenon is attributed
to the relaxation produced by the flow of electrons, tunneling
or hopping, between the equilibrium sites [45]. The exponent s
is calculated from plotting In g, . (w) vs. In (v) and show values
lie in the range of 0.041-0.087 and reduce with rising tem-
perature, referring to that the correlated barrier hopping
(C.B.H.) is the considerable plausible mechanism in the
investigated samples [49].

Inspection of the conductivity data shows that the activa-
tion energy decreases as the frequency increases. As
mentioned above, the charge carriers select the shortest track

between the ions in the dc conductivity. These tracks will
contain some jumps for which R, the space between the cat-
ions, is large, which is not so essential in the ac conduction.
Consequently, small activation energy may be engaged in the
ac conduction. The variance between the activation energies
of o4c and o, may be recognized as the valuable reduction in
the electric field inner the bulk because of the presence of
space charge collections at the electrodes, which were
observed in dc-measurements [50,51].

3.3. Dielectric properties

3.3.1. Dielectric constant behavior

When a material is subjected to an external electric field,
charge polarization stores some energy. The real component
of the dielectric constant (¢/) represents this stored energy.
The determination of dielectric constant is important for un-
derstanding the behavior of microstructural species such as
grains and grain boundaries. The influence of frequency on
the dielectric constant (¢/) of the studied samples at particular
specified temperatures was drawn for this purpose, as shown
in Fig. 4. The graph shows that ¢’ decreases with increasing
frequency for all samples. This decrease was rapid at lower
frequencies and slower at higher frequencies. The concept of
polarization and the hopping process can be used to under-
stand the observed dielectric behavior [52]. The polarization in
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Fig. 4 — The effect of the frequency on the dielectric constant for the investigated samples at some selected temperatures.

our samples is attributed to electron hopping between Fe?" «
Fe*" ions and hole hopping between Ni** < Ni*" ions.
Because our samples are presumed to be arranged of
distinctive structures or regions (grain and grain boundaries)
and the grain's conductivity is higher than the grain boundary.
Therefore, it is appropriate to say that the higher ¢ values are
obtained from the charge accumulation at the grain bound-
aries [53]. Generally, According to the Koops, theory the
interfacial polarization of the Maxwell-Wagner type can be
used to analyze the dielectric dispersion curves [54,55]. These
models predict that the ferrite crystal consists of conductor-
rich grains separated by conductor-poor grain boundaries.
The grain boundaries are more effective at low frequencies,
whereas grains are more effective at higher frequencies.
Ferrite materials are dipolar because of the abundance of Fe3*
ions and the relative rarity of Fe?* ions. However, an ultrafine
system has large numbers of grain boundaries and grains
compared with the bulk case, which causes the phenomena to
be more complex. Due to the large surface area of individual
grains, nanomaterials also have an additional potential for
demonstrating a high dielectric constant as a result of well-

built surface polarization. Surface polarization plays a larger
impact in determining the dielectric characteristics of ferrite
materials in the low-frequency range than electronic or ionic
polarization [56].

Our findings reveal that the dielectric constant of the
examined materials rises with particle size: (at R.T. and 1 kHz,
¢ = 4517, 3570, 3500, and 2998 for (NiFs (50 nm), NiF,4 (41 nm),
NiF; (33 nm), and NiFf (20 nm), respectively. The dielectric
constant variation trend with particle size contradicts the
findings of Venkata et al. [57], which show that the dielectric
constant increases with decreasing particle size. This
disparity in data indicates that the dielectric constant is
altered by particle size and potentially by morphological
structural variation.

Fig. 5 illustrates the temperature dependence of ¢ at
several fixed frequencies. The results show an enhancement
in ¢’ with increasing temperature to reach a maximum value
before decreasing again. At lower temperatures, the change in
¢ with temperature is weak. In narrowband semiconductors,
the charge carriers are confined, producing polarization. Thus,
the thermal energy provided to the samples at the lower
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Fig. 5 — The effect of temperature on the dielectric constant for the investigated samples at some selected frequencies.

temperature range was insufficient to permit the localized
dipoles to focus on the field direction. The number of charge
carriers enlarges exponentially when higher temperatures are
above the range in which ¢ is slightly affected. Consequently,
it creates more space charge polarization causing a rise in ¢’ to
reach a maximum value and then reduces with increasing
temperature. This can be clarified using the Rezlescu Model
[58], which refers to the peaks in ¢ (w) curves produced from
the collective donation of two various charge carriers to the
polarization process. In our samples, the conduction process
can be attributed to the presence of two types of charge car-
riers, that is, n-type owing to the hopping of electrons be-
tween Fe?" and Fe**:

Fe*te o Fe?*

As well as p-type, due to hopping of positive holes between
the Ni ions:

NiZ*+h o Ni**

The obtained results also show that for all the samples, at
each fixed temperature and frequency, ¢ increases with
enlarging the particle size of the NiFe,O, sample. This is
explained by the fact that minor grains denote slighter grain to
grain surface contact area and then a lessened electron
movement [59,60], consequently increasing their dielectric

constant. As previously stated, we cannot rule out the po-
tential of the morphological structure influencing the dielec-
tric constant value. The observed ¢'-values for the current
nano-morphologies are as follows:

The ¢'-values observed for the present nano-morphologies
follow the order:

NiF; > NiF,q > NiF, > NiF¢

The higher dielectric constant of the spherical particles
than those of the other morphological structures look like the
order of surface-to-volume ratios of the other morphologies,
respectively. The same morphology-dependent behavior is
reported for optical, surface plasmons, and catalytic activity
[61—63].

3.3.2. Dielectric loss behaviour

Dielectric loss (¢) represents dielectric absorption in a mate-
rial. It is a parameter of a dielectric material that counts its
inherent dissipation of electromagnetic energy at different
frequencies. It measures the loss of electrical energy from the
applied electric field into the samples at different frequencies.
Figs. 6 and 7 depict the frequency and temperature depen-
dence of dielectric loss (¢) for all the samples. They demon-
strated behavior similar to the dielectric constant and showed
that, like the dielectric constant, dielectric loss correlates with
particle size and morphological structure. The increased
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Fig. 6 — Frequency dependence of the dielectric loss for the investigated samples at some selected temperatures.

mobility of charge carriers causes the large energy losses
observed in the low-frequency region. Charge carrier in-
teractions with resistive grain boundaries are more common
at low frequencies. Because dipoles realign themselves in
response to the applied ac-field, values of ¢" " are greater in the
low-frequency zone. This might possibly be because the di-
poles oppose each other during flipping, resulting in a loss of
energy. Because charges cannot follow the applied ac-field at
high frequencies, energy loss decreases due to the limited
mobility of charges and their interaction with grain
boundaries.

The results obtained, Fig. 7, show that dielectric loss ex-
hibits a peaking nature in ¢’- T plots for all the different
morphological structures, and slight shifts in these maxima
are detected. The situation for having a maximum in ¢’ of
dielectric material is presented by the relation [64].

wr=1

)
where w is the angular frequency and  is the relaxation time.
The maximum dielectric loss is obtained when the applied
frequency of the electric field turns out to be approximately
equal to the hopping frequency of electrons among both ionic
sites [65].

The increase in charge carrier hopping frequency with
temperature is what causes the maxima of ¢’ curves to move
with temperature to higher frequencies. The relaxation period
in this instance can be written as [45]:

=1, eE. /(kT) (8)

where E is the activation energy for dielectric relaxation, k is
the Boltzmann constant, and t, is the relaxation duration at
an infinitely high temperature. For the samples under inves-
tigation, the plots of In © vs 10%/T displayed straight lines, from
which E; was calculated and listed in Table 3, which showed E.
—values lie between 0.78 and 1.01 eV and follow the following
order:

NiF; > NiFf > NiF,q > NiF,

Generally, our data showed that the dielectric data
varies fundamentally with the variation in each of the
morphological structures and porosity of the samples. It
was reported that dielectric losses decrease with
increasing porosity, as shown in our results [66]. Intro-
ducing porosity into material changes its qualities, such as
heat conductivity and mechanical or electrical properties.
Porosity can behave in various ways based on the volume
fraction of porosity, pore size, pore size distribution, pore
shape, and interconnectivity. However, it is difficult to
explain in what percentage each morphological structure,
microstructure defects such as grain boundaries, insu-
lating inclusions, or fractures is responsible for the
observed effect [67].
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Fig. 7 — Temperature dependence of dielectric loss for the investigated samples at some selected frequencies.

3.4. Impedance spectroscopy

Impedance spectroscopy (EIS) is a common and effective
practical approach that provides details about the electrical
processes occurring inside samples and their relationships to
the samples' microstructure, grains, and grain boundary ef-
fects [66].Generally, the Nyquist impedance plot shows two
separating semicircles, the left semicircle represents the grain
resistance, and the right one represents the grain boundary,
and they possess different relaxation times. When the relax-
ation time ratio of the two processes is less than a hundred,
the two semicircles will overlap. Fig. 8 demonstrates the
Nyquist plots of the investigated samples. Each sample ex-
hibits a single semicircle arc from lower frequency to higher
frequency, proposing enhanced grain-boundary effects within
the samples. Additionally, the Nyquist plots show partial
semicircles and not full semicircles. Moreover, it is found that
the centers of semicircles lie below the abscissa (Z') axis,
which suggests the dielectric relaxation is of non-Debye type
in all the samples [68]. The diameters of the semicircle are
3.74 x 10° 4.05 x 10° 4.24 x 10° and 4.57 x 10° Q, for NiFs,
NiF,q4, NiF;, and NiF,, respectively, which are distinctive for

different samples because of the difference in the resistance
of the ferrite samples [69,70].

g
— NiF,
6 1 — NiFu
—— NiFr
57 — NiFs
£
4]
= 3
X
N2
1
0 1 2 3 4 5 6 7

Z' % 10° (ohm)

Fig. 8 — Cole-Cole diagram for the investigated samples at
room temperature.
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4, Conclusion

Reported results have shed light on the effect of particle size
and the morphological structure on the electrical properties of
the NiFe,0, nanoparticles. The present work studied the elec-
trical properties of four nano-NiFe,O, samples with different
morphological structures of a tube, rod, fiber, and sphere were
studied. At various temperatures and frequencies, the dielectric
constant and ac-electrical conductivity were measured. The dc-
electrical conductivity of all samples increased with increasing
temperature referring to semiconducting behavior. The dc-
conductivity increased with increasing the particle size in the
order of NiFs > NiF, > NiF,4 > NiFf. Morphology variation causes
a variation in both the band gap and the electrical conductivity
values, especially at higher temperatures. Such properties
could find applications in recording, storage memory devices,
optical devices, and military applications. The a.c electrical
conductivity of all samples increased with increasing fre-
quency in a manner that is explained based on the hopping
mechanism. The conduction process was interpreted based on
the existence of two types of charge carriers, that is, n-type due
to the hopping of electrons between Fe*" and Fe*" ions and
hopping of positive holes between Ni** and Ni**. The influence
of frequency on each dielectric constant ¢, and the dielectric
loss €’ showed maximum value at a certain frequency for all the
morphological structures. Typical dielectric dispersion nature
is observed at lower frequencies, which was successfully
interpreted on the basis of the Maxwell-Wagner'sgner theory of
interfacial polarization in consonance with the Koops
phenomenological theory. This behavior is clarified qualita-
tively in terms of the assumption that the mechanism of the
polarization process is electronic polarization. The dielectric
constant for all samples is very high. They have values of 2998,
3000, 3570, and 4517 at room temperature for NiFy, NiF;, NiF,4,
and NiF, respectively, demonstrating the possibility of their
potential application in dielectric supercapacitors. The com-
plex impedance analysis verifies the predominant contribution
of grain boundary in the conduction mechanism at high fre-
quencies. The high ac conductivity and low dielectric loss
recorded for all examined samples at high frequencies indicate
that these samples are suitable for high-frequency power
transformer applications. Future research would continue to
study the impact of morphology on magnetic storage devices
and medical sensors and its applications in various medical
fields, such as antibacterial agents, immunoassays, hyper-
thermia therapy, and magnetic resonance imaging.
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