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An Investigation on Structure, AC Conductivity, and
Dielectric Characteristics of Nij (Cu,,Zn, ,Pd;, Fe,, O,
(x < 0.1) Nanospinel Ferrites

M.A. Almessiere,* A. Baykal, Sagar E. Shirsath, A.V. Trukhanov, A. Demir Korkmaz,
and A. Mihmanli

1. Introduction
Partially palladium (Pd) substituted Ni, ¢Cu,,Zn,,Pd;,Fe, , O, (x < 0.1)

nano-spinel ferrites (NCZPd, (x < 0.1) NSFs) have been manufactured via
sol-gel combustion route. The phase of all samples has been endorsed by

As an important member of the spinel
ferrite (SFs) family, NiCuZn NSFs have
superior magnetic and electromagnetic

XRD diffraction analysis. Their crystallite size (Dygp) Were estimated within
36-72 nm range. Morphology and the chemical composition have been
confirmed by EDX (Energy Dispersive X-ray) and SEM-TEM
(Scanning-Transmission Emission Microscopy) respectively. Complex
impedance spectroscopy (CIS) was utilized to explore the dielectric
characteristics within 20 to 120 °C temperature and from 1 to 106 Hz
frequency ranges. The two-dimentional frequency and temperature
dependencies of the real and imaginary components of permittivity (¢/ and
€’l), the dielectric loss tangent (tan(5)), the real and imaginary parts of
dielectric modulus (M/ real and M//), o ac-conductivity (s), the real and
imaginary components of impedance (Z/ and Z//), along with the
experimental Nyquist diagrams Z//(Z/), were constructed and illustrated for
all samples. The main feature of the frequencybehavior of the tan(5) dielectric
loss tangent is the presence of pronounced maxima depending on both
frequency and temperature. The maximum value of the tan(5) observed for
the significantly doped x = 0.06-0.10 samples. The Pd substitution changes
the electron relaxation and microwave absorption resonance.

characteristics at lower sintering temper-
atures and high-frequencies compared
to other SFs, high electrical resistivity,
low dielectric losses, appreciable per-
meability at intermediate to high fre-
quencies, exceptional chemical stabil-
ity, etc. Hence, they are currently used
in storage applications, cancer treat-
ment, transformers, data storage sys-
tems, photo-catalysts, medical applica-
tions, magnetic nano-fluids, as sensors,
as microwave absorbers, computer cir-
cuitry, as multi-layer chip inductors and
capacitors (MLCI and MLCC), etc.[*®]

To improve various performances
of NiCuZn NSFs, foreign metal ions
(transition metals or rare earth elements)
are substituted to the position of Fe*
ion. Almessiere et al.’! adopted the
sonochemical route to enhance the
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Cu-Ni-Zn NSFs by La** and Y** ions substitution. Unal
et al.l'% studied the electric-dielectric traits of Gd**-Ga** ions
co-substituted NiZnCu NSFs. Suresh et al.l!l explored the struc-
tural, magnetic characteristics and DC electrical resistivity of
Sm** substituted CuNiZn NSFs. Munir et al.'] examined the
dielectric and magnetic traits of NiCuZn SFs. The magnetic-
dielectric characteristics of Mn?* and Nb>*-codoped NiZnCu fer-
rites were investigated by Cheng et al.l'?! In another study, the
magnetic and structural traits of Se-substituted CuNiZn NSFs
were explored by Baykal et al.[3] Yang et al.'*l explored the elec-
trical and magnetic traits of Cd** substituted CuNiZn ferrites.
The structural and electrical/dielectric properties of Sn** ion-
doped ZnNiCu NSFs were explored by Unal et al.2l Roy and
Bera study demonstrated an enhancement of the electromagnetic
properties of CuNiZn NSFs due to Mg?* doping. Korkmaz!'!
searched for the effect of Dy** substituted NiZnCu on various
cancer cell lines. Roy et al.[*®l investigated the effect of Mg substi-
tution on electromagnetic properties of (Ni, ,sCu,,,Zn, ss)Fe,0,
ferrite.

The present study advances the field of spinel ferrites of Ni,
Cu, and Zn by introducing palladium (Pd), a noble metal that is
corrosion-resistant. At room temperature, the metal has the un-
usual property of absorbing up to 900 times its own volume of
hydrogen, a fact that makes it an extremely popular catalyst for a
wide variety of chemical reactions.['”8] The combination of tran-
sition metal oxide with noble metal is an effective method to im-
prove the performance of H,-SCR (selective catalytic reduction)
catalysts.['%] Palladium is widely employed as a catalytic agent in
countless chemical reactions due to its exceptional capability of
absorbing 900 times its volume of H,(g). Xu et al. synthesized
the spinel ferrites substituted with Pd to reduce NO with H, cat-
alytically at low temperatures as a prominent catalyst.l'”] Vlazan
et al. examined the magnetic characteristics of Pd-substituted
CoFe,0,.18]

Therefore, in this study, we report the synthesis of Pd sub-
stituted Ni,,Cu,,Zn,,Pd; Fe,, O, (x < 0.1) nano-spinel fer-
rites by sol-gel composition route. The crystallographic features
of nanoparticles were explored by X-ray crystallography. The
Pd?* ion substitution on the structure and electric/dielectric
Ni, (Cu,,Zn,,Pd; Fe,, O, (x < 0.1) nano-spinel ferrites have
been investigated in detail.

2. Results and Discussion

2.1. Structure and Morphology

The X-ray powder diffraction pattern of the nanocomposites con-
sisting of NCZPd, (x < 0.1) NSFs is depicted in Figure 1. The
entirety of the samples exclusively exhibits singular peaks of cu-
bic spinel ferrite; none of the samples include any other phases
either. Through this observation, it became apparent that the Pd
ions had successfully integrated themselves into the crystallo-
graphic sites of the Ni, ,Cu,,Zn,,Fe,O, NSFs, resulting in the
formation of a clearly defined cubic spinel. The Rietveld refine-
ment of the XRD pattern was applied via Match 4! and full-proof
software for calculating the structural parameters as listed in
Table 1. Due to the distortion that occurred in the cubic crystal,
the lattice parameter “a,” was obtained, and it displayed a varia-
tion with substitution by Pd. Scherrer’s formula was applied to
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Figure 1. X-ray powder pattern of NCZPd, (x < 0.1) NSFs.

the (311) peak in order to determine the average crystallite size,
which was found to be between 36 and 72 nm.*?l The influence
of Pd substitution was also observed in the crystallite size (Dygp),
which was computed. In Figure 2, the morphology of NCZPd, (x
< 0.1) NSFs is exhibited. Images revealed a significant cubic par-
ticle that was clumped together.

The EDX spectrum characterization of NCZPd, (x = 0.04 and
0.10) NSFs is depicted in Figure 3. The values of x are 0.04 and
0.10. The EDX peaks are a representation of the elemental con-
tent that is expected to be present in the NPs that are created. The
product that was created was discovered to contain elements such
as Ni, Cu, Zn, Pd, Fe, and O. The TEM and HR-TEM images of
NCZPd, (x=0.04) NSFs were displayed in Figure 4. The TEM im-
ages revealed the spherical shape. The particle size distribution
was estimated by image] software and found in a range of 50 nm.
The HR-TEM analysis was employed to identify a pure spinel fer-
rite structure. The distance between lattice fringes was measured
using Gatan software, and the results were consistent with the
XRD findings. The distances were 0.14, 0.16, and 0.24 nm, which
correspond to the (440), (333), and (222) planes of the cubic spinel
structure of ferrites.

L(A)=a- \/ﬁ) (1)
L(B)=a- v/2/4) @
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Table 1. Refined structural parameters of NCZPd, (x < 0.1) NSFs (structural parameters (a,), crystal size (D,,q), cell volume (V), X-ray density (d,),
Chi-square (y?), Bragg R factor (Rragg), hopping lengths L(A) and L(B), specific surface area (S,), and Polaron radius (r,).

X a[Al d, [gem™’] VAP Dxgp [nm] +0.03 7 Rerage L(A) L(B) S [gm™?] P

0.00 8.3786 5.209 588.1856 43.6 5.2 15.0 3.628 2.962 26.419 0.737
0.02 8.3752 5.441 587.4741 72.5 13 19.8 3.627 2.961 15.210 0.737
0.04 8.3737 5.454 587.1459 362 1.0 262 3.626 2.961 30.390 0.737
0.06 8.3791 5.444 588.2993 435 1.0 26.0 3.628 2.962 25.336 0.737
0.08 8.3665 5.495 585.6431 513 12 10.5 3.623 2.958 21.285 0.736
0.10 8.3700 5.225 586.3700 54.4 0.8 17.1 3.624 2.959 21.109 0.737

The tetrahedral and octahedral hopping lengths (L(A) and L(B), consequently), can be determined by:

¥, is known as the Polaron radius

1 ;[ xad
=1 3
T zx( 576 )

Hopping lengths L(A) and L(B) denote the distance for hop-
ping in magnetic ions in sublattice sites A and B, respectively
(Figure 5). In addition, they are indicators of charge carriers
shifting from a cationic site to the other cationic site.[**! An in-
creasing hopping length means more potential is necessary to
move a charge carrier. A decrease in Polaron radius means less

energy is required to transfer charge carriers and vice versa.l>]

Except for x = 0.08, there is a general decreasing trend as the
concentration of Pd?* rises in NCZPd, (x < 0.1) NSFs for both
hopping length and Polaron radius.[??%! This might be related
to the drop in the lattice parameter.!?’”] In addition, L(A) being
larger than L(B) shows that the possibility of an electron hopping
from A to B is less than its possibility of moving between B and
B sites.[®]

The specific surface area (S,,) of the nanoparticles in g m=2
can be expressed by the following equation:

Sar = 6000/ (dx ’ DXRD) “4)

Figure 2. SEM micrographs of NCZPd, (x < 0.1) NSFs.
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Figure 3. EDX spectrum of NCZPd, (x = 0.04 and 0.10) NSFs.

In which 6000 is known as the form factor for spherical struc-
tures. The sol-gel autocombustion technique is notorious for the
synthesis of high-surface area materials.[?’! The specific surface
area of products ranges between 15.210 and 30.390 g m~2. A large
surface area is needed for supercapacitor and gas sensing ap-
plications. Therefore, x = 0.04 can be a good candidate to apply
NCZPd, (x < 0.1) NSFs for such uses.[2>3]

2.2. Dielectric Properties

To investigate the effect of the substitution of Fe’™ ions by
Pd** ions on the dielectric properties of Ni, ,Cu,,Zn,,Fe,0, (x
< 0.1) NSFs, the CIS (complex impedance spectroscopy) was
used in the frequency of 1-10° Hz and temperature of between
20-120 °C.

Figure 6 shows the frequency dependence of the e’ permittivity
real part at different temperatures from 20 up to 120 °C for all the
samples studied. It is clearly seen that the ¢’ permittivity real part
gradually decreases slowly with increasing frequency as it is usu-
ally observed for magnetically hard ferrite spinels.®!) The curves
at different temperatures actually merge above 1 kHz, while the
low-frequency part increases significantly with increasing tem-
perature. It is clearly seen that these presented curves are mono-
tonically increasing depending on the temperature. This feature
is clearly fixed in the region of small and medium frequencies.
It can be concluded that the ¢’ permittivity real part follows an
exponential law depending on the frequency.!*?!
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This behavior of the ¢’ permittivity real part is explained by the
phenomenon of electron relaxation, which is typical for deep di-
electrics with a high degree of charge localization.**! Localized
charges create stable dipoles, while the overall polarization of the
system diminishes as frequency increases. A strong correlation is
observed between the e’ permittivity real part and the total polar-
ization of the system.?*l At low frequencies, the dipoles exhibit
sensitivity to alterations in the orientation of the applied field;
conversely, as frequency increases, the dipoles of the examined
medium exhibit a lag in their response to changes in the external
field’s direction.!*] Tt should be noted that weak doping doses of
0.02-0.04 lead to an explosive growth of the ¢’ permittivity real
part. This behavior is explained by the introduction of chemical
defectsPl in the crystal lattice and a high degree of disorder in
their spatial arrangement.*”]

In addition, it is necessary to consider that the samples are ce-
ramic, and to explain the dielectric properties it is necessary to
consider the so-called core-shell model,*! according to which
the crystallites consist of a highly conductive core and a low-
conductive shell. The bound charges, the mass fraction of which
is higher in the shell, which is the surface layer of the crystallite,
determine the polarization of the sample. Since the dimensions
of the shell are smaller than the dimensions of the core, the con-
tribution of the surface layer of the crystallite is dominant at low
frequencies.

The frequency dependence of the €// permittivity imaginary
part is shown in Figure 7. The main trends in its behavior largely
correlate with the change in its real part. The €/ permittivity
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Figure 4. TEM, HR-TEM images, and particle size distribution histogram of NCZPd, (x = 0.04) NSFs.

imaginary part characterizes the absorption processes of the sys-
tem, in which the maxima of this function are observed in the
vicinity of certain resonance frequencies.

Microwave losses in condensed matter are determined mainly
by the scattering of both itinerant and localized light electron
charges.®! The scattering of itinerant charges in ferrites is al-
most absent, while the electrical conductivity of partially local-
ized charges is due to hopping conductivity.[* The scattering of
completely localized charges is described by spatial and surface
polarization, as well as dipole relaxation.[*! The scattering inten-
sity of partially localized charges is determined by such unit cell
parameters as the average covalent bond length and average co-
valent bond angle,/*?] as well as the average valence of cations in
tetrahedral and octahedral positions.[*}] The scattering intensity
of completely localized charges is also determined by the struc-
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tural parameters and the average valence of cations. In addition,
the scattering intensity depends on the homogeneity of the con-
densed medium and the distortions of the near-surface layer.
The substitution of Fe3* ions by Pd?* ions affects these mecha-
nisms and changes the dielectric losses of the considered ferrite-
spinels. Namely, such a substitution changes the average valence
and concentration of iron cations and, consequently, changes the
hopping conductivity of partially localized charges between Fe?*
and Fe3* cations. The introduction of Pd?* cations into the crystal
lattice of ferrite-spinels changes the hopping frequency, thereby
changing the dielectric losses. In addition, Pd** cations change
the average crystallite size, which affects the ratio of the polariza-
tions of the bulk and surface fully localized charge in the near-
surface layer of crystallites and also changes the dielectric losses.
In addition, low substitution levels tend to reduce the dielectric

© 2025 Wiley-VCH GmbH
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Figure 5. Hopping length (LA and LB) and Polaron radius versus concen-
tration x in NCZPd, (x < 0.1) NSFs.

losses due to the improved connectivity of the near-surface layers
of crystallites within the grains.

It should be noted that a pronounced maximum is observed
only for the undoped x = 0.00 sample at low frequencies. This
maximum shifts to the high-frequency region with increasing
temperature. For this sample, a tendency toward a maximum
in the high-frequency region is also observed, which is inde-
pendent of temperature. For some doped samples x = 0.2-
0.10, a weakly expressed maximum is observed at moderate
frequencies.

Figure 8 shows the frequency dependence of the tan(s) dielec-
tric loss tangent. The curves presented mainly correlate with the
behavior of €//. A characteristic feature of the frequency behavior
of the tan(6) dielectric loss tangent is the presence of pronounced
maxima depending on both frequency and temperature.

Increasing temperature leads to an increase in the mobility
of partially localized charges. This behavior increases losses due
to the intensification of processes of volume and surface polar-
ization and dipole relaxation. Phase and structural transitions
can change the scattering intensity with increasing temperature.
However, such facts were not recorded when substituting Pd**
cations. The substitution concentration has a significant effect
on the change in scattering intensity. At low substitution concen-
trations, the scattering intensity shows increased efficiency due
to an increase in polarization and a decrease in partial localized
charge. This results in more efficient energy storage and lower
losses. As the substitution concentration increases, the scatter-
ing intensity changes depending on the distribution of the sub-
stituent cations between the lattice sites. Substitution increases
polarization and also introduces lattice defects and/or distortions
that affect energy scattering. The scattering intensity increases
due to large lattice distortions and defects that contribute to en-
ergy losses. The scattering intensity generally decreases with in-
creasing frequency. It is an important parameter indicating the
energy loss in a material due to dielectric relaxation and conduc-
tivity losses.

It should also be noted that the maximum value of the tan(s)
(dielectric loss tangent) observed for samples significantly doped
x = 0.06-0.10. This behavior of the tan(s) dielectric loss tan-
gent is explained by the Maxwell-Wagner model, which assumes
that the dielectric medium is formed by grains consisting of a
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conducting core and an insulating near-surface layer.**l At low
frequencies, the charge concentration in the near-surface layer
is high. This leads to high absorption values and an increase in
tan(d). At high frequencies, charges accumulate mainly inside the
core, leading to a decrease in tan(s).

The frequency dependence of the real M/ and imaginary M//
parts of the dielectric modulus are shown in Figures 9 and 10.
It is clearly seen that the M/ dielectric modulus real part mainly
increases with increasing frequency and temperature.

The complex modulus of dielectric compounds and compos-
ites is a suitable tool used to analyze relaxation phenomena
and viscoelastic processes.*’] This value gives a detailed idea of
the molecular dynamics, phase transitions, and other intrinsic
properties of the studied materials.l**! The complex modulus is
mainly used to study dielectric relaxation in materials in which
the charge motion is determined by the orientational polarizabil-
ity of permanent dipoles. In this case, the position of the fre-
quency peak in the imaginary part of the permittivity determines
the characteristic time boundary of the orientational ionic and/or
molecular mobility. In the case of ion-conducting glasses and/or
melts, the imaginary part of the permittivity incorrectly sets the
time boundary for ionic and/or molecular mobility. Therefore,
knowledge of the dielectric modulus M*(f) = 1/¢"(f) gives more
accurate information about the nature of relaxation, where the ef-
fects of simple DC conductivity appear as a pronounced peak sim-
ilar to the Debye peak in Ref. [47]. The frequency of the complex
modulus peak is well recognized as delineating the spectrum into
two distinct sections. To the left of the peak, partially localized
charges exhibit mobility over extensive distances, whereas, to the
right of the peak, partially localized charges are spatially restricted
within potential wells and can only traverse limited distances.[*?]
A shift in the peak frequency toward higher values with a change
in substitution concentration and temperature indicates a ther-
mally activated process.[*]

The resonance frequency of the absorption peaks for the M//
dielectric modulus imaginary part increases with increasing tem-
perature, which indicates a thermally activated process. The area
to the left of the maximum is understood to represent processes
within the grain core, characterized by highly mobile charges
over extensive distances, whereas the area to the right of the max-
imum pertains to processes in the grain near-surface layer, where
charge carriers are confined in potential wells and can only tra-
verse short distances. Assuming that the imaginary component
of the M” dielectric modulus demonstrates thermally activated
relaxation processes, one can compute the activation energy (Ea)
necessary for charge transfer and conductivity.[>"!

Knowledge of conductivity on alternating current () is nec-
essary for studying the characteristics of charge carriers and the
mechanism of conductivity of condensed matter. For ferrites, the
carriers are partially localized electrons and holes,>!! which par-
ticipate in hopping charge transfer with variable length known
as variable range hopping (VRH)*? described by the Mott!>] or
Efros—Shkovskii®* models with competitive interaction.>”!

Knowledge of the frequency behavior of ac-conductivity is
also important for understanding the dielectric properties of
the medium since this reveals the nature of the movement of
charge carriers, and many dielectric parameters depend on this.
Frequency dependence of the ¢ ac-conductivity is presented in
Figure 11 for all the samples studied.
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Figure 6. a—f). Frequency dependence of ¢/ permittivity real part at different Ts of NCZPd,, (x < 0.1) NSFs.
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Figure 11. a—f). Frequency dependence of ¢ ac-conductivity of NCZPd, (x < 0.1) NSFs at different temperatures.
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The substitution by Pd?* cations noticeably affects the ac-
conductivity, changing both the frequency and length of the hop-
ping and the dynamics of polarization. The ac-conductivity of pal-
ladium cations substituted also depends on the frequency of elec-
tromagnetic radiation and on temperature. At low frequencies,
the ac-conductivity tends to increase moderately with increasing
substitution concentration. This increase can be explained by an
increase in the mobility of charge carriers, while the scattering
charge carriers at defects and grain boundaries will also increase.
At high frequencies, the conductivity of alternating current tends
to increase significantly depending on external conditions.

When analyzing the behavior of this quantity, two regions
should be distinguished: low-frequency and high-frequency. The
first region is located at low frequencies, where conductivity is de-
termined mainly by the contribution of direct current (DC) and is
virtually independent of frequency. The second region is located
at high frequencies, where the conductivity is determined pri-
marily by the frequency-dependent conductivity, which increases
rapidly with increasing frequency. This sharp increase in conduc-
tivity observed at high frequencies is attributed to the contribu-
tion of localized charge carriers, which can perform thermally ac-
tivated jumps and follow Jonscher’s power law!>®! for nanosized
crystallites. This law is expressed as:

o (@) = odc + Aw” 5)

where o(w) represents the total AC conductivity, 64,  is the
DC conductivity component, A is a temperature-dependent con-
stant, w is the angular frequency, and n (0 < n < 1) is the fre-
quency exponent that characterizes the nature of charge trans-
port, has been used to fit the experimental conductivity data.
The analysis revealed that at low frequencies, the conductivity
exhibits a frequency-independent plateau, indicating a dominant
DC conduction mechanism associated with grain boundary ef-
fects and Maxwell-Wagner interfacial polarization. The fitted o4
values increase with temperature, suggesting thermally activated
charge transport. At higher frequencies, the conductivity follows
a power-law dependence, demonstrating the transition to hop-
ping conduction mechanisms. The frequency exponent n was
found to vary with Pd concentration and temperature, indicating
modifications in the charge transport dynamics.

Doping (x = 0.02-0.08) the initial solid solution significantly
increases conductivity, which also increases with increasing tem-
perature.

The impedance real (Z') and imaginary (Z”) parts as a func-
tion of frequency and temperature were analyzed in detail for
all the substitution concentrations, and the results are given in
Figures 12 and 13. It is clearly seen that the value of Z’ is sig-
nificant at low frequencies. This behavior is explained by the fact
that partially localized charge carriers in the near-surface layer of
the crystallite, where high resistance is observed, make the main
contribution to the conductivity. As the frequency increases, par-
tially localized charge carriers from the depth of the crystallite,
where the resistance is lower than the surface resistance, which
lead to a decrease in the Z’ impedance real part. With increasing
temperature, the real part of the impedance Z’ tends to decrease.
This behavior is associated with an increase in the conductivity of
alternating current with increasing temperature. There is also a
tendency to convergence in the Z’ spectra at high frequencies and

Cryst. Res. Technol. 2025, 60, 2500008
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temperatures, which can occur both due to the release of space
charges and due to a decrease in the energy barrier for separating
types of charge carriers.

The Cole-Cole impedance plot or Nyquist diagrams can be em-
ployed to clearly distinguish the impedance contributions from
the crystallite core and the crystallite surface layer. Such data at
different frequency and temperature values for all the substitu-
tion concentrations studied are shown in Figure 14. The accu-
racy of the analysis result is contingent upon the selection of an
equivalent circuit that is appropriate for representing the dielec-
tric properties. From the microstructural point of view, each sam-
ple can be represented by a crystallite core and a crystallite surface
layer, which have different AC-conductivity and permittivity.>’]
Figure 14 illustrates that the influence of the surface layer on
surface charge polarization is pronounced at elevated tempera-
tures. The Cole—Cole plot, characterized by a quasi-semi-circle,
is employed to elucidate the relaxation mechanism of different
ferrite spinel samples. Considering this aspect enables a better
understanding of the sort of dielectric relaxation present in the
frequency-dependent response of a specific sample. As temper-
ature rises, the diameter of the quasi-semi-circles in the Cole—
Cole plots diminish, indicating a temperature-dependent relax-
ation mechanism. This type of curve shows that the system is
non-Debye. As was mentioned above, it is well known that this
type of curve is the result of ionic hopping conductivity between
di- and trivalent iron cations with a wide distribution of relax-
ation times. It may be deduced that at elevated temperatures, an
increased number of partially localized charges are thermally ex-
cited, thereby reducing the carrier relaxation time. Thermal en-
ergy facilitates the alignment of existing dipoles with the oscil-
lations of the external alternating electric field. This mechanism
elucidates the presence of temperature-dependent electrical re-
laxation phenomena in the examined samples.

3. Conclusion

NCZPdx (x < 0.1) nanospinel ferrites (NSFs) were successfully
synthesized via the sol-gel combustion route, and their dielectric
and electrical properties were systematically investigated using
complex impedance spectroscopy (CIS) over a broad frequency
range (1 Hz-10° Hz) and temperature range (20-120 °C). The
study analyzed the frequency and temperature dependence of
key dielectric parameters, including the ¢’ real and e” imaginary
parts of permittivity, tan(6) dielectric loss tangent, M’ real and M”
imaginary parts of dielectric modulus, ¢ AC conductivity, Z’ real
and Z” imaginary parts of impedance, and Nyquist diagrams for
all compositions. The results showed that the real (¢’) and imag-
inary (¢”) parts of permittivity gradually decrease with increas-
ing frequency, while their low-frequency values increase signifi-
cantly with rising temperature, following an exponential law be-
havior. This dielectric response was attributed to electron relax-
ation mechanisms and the core-shell model of ceramics, where
charge localization and interfacial polarization significantly influ-
ence the system’s dielectric characteristics. The palladium (Pd?+)
substitution played a crucial role in altering electron relaxation
processes and microwave absorption resonance, impacting the
overall dielectric behavior. A pronounced maximum in ¢” was ob-
served in the undoped (x = 0.00) sample at low frequencies and
temperatures, while the highest dielectric loss tangent (tan §) was

© 2025 Wiley-VCH GmbH
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recorded for the highly Pd-doped samples (x = 0.06-0.10), indi-
cating stronger polarization and relaxation processes. The shift
in the peak frequency of the dielectric modulus (M’) with Pd
concentration and temperature confirmed the presence of ther-
mally activated conduction mechanisms. The AC conductivity (o)
was significantly affected by Pd substitution, altering both the
frequency-dependent conduction mechanism and charge carrier
dynamics. The conductivity analysis demonstrated a clear distinc-
tion between low-frequency and high-frequency conduction be-
haviors, with DC-dominated conduction at low frequencies and
hopping conduction at high frequencies, following Jonscher’s
universal power law. Pd incorporation modified the Fe?*/Fe3* re-
dox balance, disrupted the local lattice structure, and introduced
distortions that influenced charge carrier mobility and hopping
length.

This study presents one of the first systematic impedance fit-
ting and quantitative AC conductivity analyses for Pd-substituted
Ni—Cu—Zn nanospinel ferrites, providing new insights into
how noble metal doping influences charge transport, relaxation
dynamics, and impedance behavior. These findings highlight
the potential of Pd-substituted Ni—Cu—Zn ferrites for high-
frequency dielectric applications, capacitive energy storage, and
electromagnetic shielding technologies. The observed trends
suggest that optimizing Pd content and processing conditions
could further improve the functional properties of these mate-
rials for advanced electronic and magnetic applications.

4. Experimental Section

The precursors of CgHgO;, Fe(NO3)3-9H,0 (> 98%), Ni(NO;),-6H,0
(= 97%), PACl, (> 99.9%), Cu(NO3),-6H,0 (> 98%), Zn(NO;),-4H,0
(>98%) and NH; (25 %) solution were used as starting materials which
were received Merck. The six samples with the chemical formula NCZPd,
(x<0.7) NSFs were prepared by the sol-gel combustion route. While metal
nitrates act as an oxidizing agent, organic fuel which provides a platform
for redox reactions, citric acid (reducing agent). For specific synthesis, the
stoichiometric amounts of metal nitrates (Ni, Cu, Zn, Fe) were thawed in
30 mL of deionized water (DI H,O) until the clear solution was obtained
(beaker A). The stoichiometric quantities of PdCl, corresponding to the
“x" value were dissolved in beaker B containing 30 mL of cold DI H,O.
The metal solutions in beakers A and B were then combined, mixed with
an aqueous citric acid solution, and stirred for 45 min. Subsequently, the
ammonia solution was added in by drops to retain the pH to 7 while stir-
ring. The solution was further heated from 80 to 150 °C to transform the
solution (sol) into a gel, which was then automatically transformed into
a fluffy powder at 320 °C within 30 min. The solid product was manually
ground and calcined at 700 °C for 4 h.[2021.17]

2Fe(NO;), -9H,0 + 0.6Ni(NO;), - 6H,0 + 3PdCl,
+0.2Cu(NO;), - 6H,0 + 0.2Zn(NO,), - 4H,0
+3CgH50,— — NigsCug,Zng,Pd; Fe, 5,0, (s) +21.2H,0 (g)

+CO; (g) +8NO;, (g) +3Cl, (g) + 18CO, (g) (0)

The structural investigation of products was characterized by an X-ray
diffractometer from Rigaku D/MAX-2400. TEM, HR-TEM, and SEM, along
with EDX were used for morphology and composition analyses. A Novo-
control Alpha impedance analyzer was used for conductivity and dielectric
measurements.
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