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This study investigated the influence of different metal cation substitutions in nickel-zinc ferrite compo-
sites on their magnetic and microwave absorption properties. Nig 4Zng 4Meg 2Fe1.94Crg.0104/CNT compo-
sites (Me = Mg, Co, Ni, Cu, and Zn) were synthesized via solid-phase reaction and ultrasonication,
followed by comprehensive characterization of their microstructure, magnetic behavior, and microwave
absorption performance. X-ray diffraction (XRD) analysis revealed cation-dependent variations in crystal-
lite size. Scanning electron microscopy (SEM) demonstrated uniform dispersion of carbon nanotubes
(CNTSs) within the ferrite matrix, accompanied by robust interfacial bonding. Vibrating sample magneto-

Received 6th May 2025, meter (VSM) measurements indicated that Zn>*-doped samples exhibited the lowest saturation magnetization

Accepted 24th June 2025 (61.53 emu g3, whereas their Co?"-doped counterparts achieved the highest value (75.97 emu g~3. Vector
network analyzer (VNA) results showed that Cu®"-doped composites attained a minimum reflection loss of
—46.32 dB at 1.4 mm thickness, while Co®*-doped samples displayed the broadest effective absorption band-

width (4.3 GHz) at 1.9 mm thickness.
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1. Introduction

Electromagnetic pollution is becoming more serious due to the
rapid development of electronic technology and the use of
electromagnetic weapons in modern warfare. To mitigate this
issue, designing a new wave-absorbing material that is easy to
prepare and suitable for mass production has become increas-
ingly important.’?

Microwave-absorbing materials (MAMs) are specifically
designed to attenuate propagating electromagnetic radiation
by converting incident energy into thermal dissipation via
intrinsic loss mechanisms. MAMs are systematically categor-
ized into two dominant classes: magnetically lossy materials
and dielectric loss-dominated carbon-based systems, as exten-
sively documented in seminal studies.®* Ferrites have ascended
as preeminent magnetic absorbers due to their exceptional
magnetic permeability, economic viability, and sustainable
resource availability, with spinel-type architectures particularly
prevalent in contemporary research.” Spinel ferrite is a typical
magnetic material. Spinel ferrites are typically represented by
the general formula AB,0O,, where the A-site is occupied by
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divalent cations and the B-site is predominantly occupied by
Fe®* ions. A distinctive feature of these materials lies in the
tunability of their magnetic properties (saturation magnetiza-
tion and coercivity) through compositional adjustments (A/B-
site ion types and ratios), synthesis methods, and sintering
conditions (time, atmosphere, and temperature). This tunabil-
ity is intrinsically linked to their unique crystal structure.>® Ma
et al.” doped nano Ni-Zn ferrite powders with varying concen-
trations of Co>*, Mn**, and Cu®* using a hydrothermal process
and found that adding an appropriate amount of Cu®*
enhances the material’s absorption capabilities. Somayeh
et al.® tailored the morphology of the CaFe,O, spinel phase
using dendrimer templates, achieving a remarkable absorption
bandwidth and a reflection loss of —70.11 dB. Separately, Reza
et al® incorporated lanthanum doping into CuFe,O, with
varying molar ratios, attaining a maximum reflection loss of
—73.95 dB and an effective bandwidth of 7.30 GHz. Huang
et al.*® produced nanoscale Ni-Zn ferrite by electrostatic spin-
ning, and at a Ni*" content of 0.5, they obtained a minimum
absorption peak of —14.1 dB. Carbon materials are now the
focus of microwave absorption applications because of their
exceptional qualities, low density, thin-matched thickness, and
a high dielectric constant.'

It is well known that microwave absorbers must meet two
specifications: strong electromagnetic attenuation and good
impedance matching. Excellent microwave absorption perfor-
mance is mainly due to the effective complementarity of
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complex permittivity and permeability so that a single magnetic
or dielectric loss in the absorber can produce only a weak
impedance match.'” Ferrite composites are created for this
reason. The novel g-C;N, nanorods/Cu;BiS; composite fabri-
cated by Paria et al.™® via hydrothermal synthesis significantly
enhances visible-light absorption while improving wastewater
contaminant remediation. Mustaffa et al.** fabricated multi-
walled CNT/Niy 5Zn, sFe,O, composites by mechanical alloy-
ing, which exhibited a maximum reflection loss of —19.34 dB
at 8.46 GHz and 1.5 GHz frequencies and bandwidths, with an
absorber thickness of 3 mm. Chahar et al™ used co-
precipitation and physical mixing techniques to create the
MWCNTSs/Nij 5Zn, sFe,O, nanocomposites, which had a
reflection loss value of —51.2 dB in the X-band at about
11.2 GHz. Wang et al.'® developed carbonized cellulose
paper/HEAs-Mn, ;5 composites that achieve efficient electro-
magnetic wave absorption of —51.35 dB at an ultra-thin
thickness of 1.03 mm. By extending carbon sources to biomass
categories, core-shell heterointerfaces between HEAs and
carbon matrices were constructed through a modified car-
bothermal shock method. Seyed et al.’” achieved a reflection
loss of —71.32 dB at 23.06 GHz through morphology-
controlled MgFe,0, composited with PET. Separately, Reza
et al'® synthesized ZnAl,0, nanomaterials with varied
morphologies via sol-gel and solvothermal methods, demon-
strating exceptional absorption performance with PVDF com-
posites reaching a —95.63 dB reflection loss. In another study,
Reza et al."® obtained a —79.08 dB reflection loss using
MWCNTs composited with Zng ,5C0g 75Fe,0,.

This study employs nickel-zinc ferrite as the matrix, utiliz-
ing Zn®>" and Ni*" as benchmark dopants for performance
comparison while incorporating Mg*>*, Co**, and Cu** for
synergistic functionalization: Mg>" occupies the tetrahedral
A-sites as a non-magnetic species to significantly enhance
resistivity and suppress eddy current losses; Co>" stabilizes
high-frequency magnetic responses through magnetocrystal-
line anisotropy modulation; whereas Cu”®" optimizes charge
transport characteristics via its superior electrical conductiv-
ity. Based on this complementary mechanism, these five ions
were selected for ferrite doping, followed by integration with
carbon nanotubes to fabricate high-performance electromag-
netic wave-absorbing composites. This study synthesized
nickel-zinc ferrite doped with five divalent metal cations
using solid-state synthesis. Subsequently, composites of
ferrite and carbon nanotubes (CNTs) were fabricated
through ultrasonic processing. The morphology, magnetiza-
tion strength, and microwave absorption properties were
systematically analyzed. The results indicate that Cu®*- and
Co**-doped ferrite/CNT composites effectively balance mag-
netic-dielectric loss synergies, enhancing impedance match-
ing and optimizing microwave absorption performance. The
primary objective of this work is to elucidate the influence of
divalent metal cation doping in ferrite/CNT composites on
their microwave absorption behavior, intending to guide the
development of high-performance microwave-absorbing
materials.
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2. Experimental procedure
2.1. Preparation

This study synthesizes a composite material via a two-step
procedure, beginning with the synthesis of ferrite. The
Nig 4Zno sMeg yFeq 94Cr9.0104(Me = Mg, Co, Ni, Cu, and Zn)
ferrite was synthesized via a solid-phase sintering protocol.
Initially, stoichiometric quantities of high-purity Fe,O;
(99.9%), NiO (99%), ZnO (99%), MgO (98%), C030,4(99.9%),
CuO (99%), and Cr,03 (99%) were precisely weighed, with all
reagents purchased from Aladdin Industrial Corporation
(China). The mixture was subjected to planetary ball milling
for 3 h at 230 rpm using deionized water and stainless-steel
grinding media, followed by calcination at 860 °C for 6 h in an
electric arc furnace. Subsequently, a 10 wt% polyvinyl alcohol
(PVA) binder and 0.05 wt% zinc stearate (as a release agent)
were incorporated into the pre-sintered powders, which were
then compacted into toroidal shapes and sintered at 1170 °C
for 8 h. In the second step, 10 g of ferrite powder and 0.65 g of
carbon nanotubes (CNTs) were dispersed in 100 mL of anhy-
drous ethanol, followed by ball-milling at 100 rpm for 1 h with
mechanical crushing to ensure homogeneity. The mixture was
then subjected to ultrasonic oscillation until complete ethanol
evaporation, yielding the ferrite/CNT composite. This compo-
site was uniformly blended with paraffin at a 40 wt% ratio for
electromagnetic characterization.

In this article, A1 refers to Mg”*-doped, A2 to Co**-doped,
A3 to Ni**-doped, A4 to Cu”*-doped, and A5 to Zn**-doped.

2.2. Characterization

Samples are analyzed using an X-ray diffractometer (XRD,
Smart Lab, Japan Design). The morphology is characterized
using transmission electron microscopy (TEM, TE02-DT) and
scanning electron microscopy (SEM, Sigma-500, Carl Zeiss,
Germany). Analysis of the sample elements is performed with
an energy spectrometer (EDS, Sigma-500, Carl Zeiss, Germany).
Hysteresis lines of the samples are measured using a vibrating
sample magnetometer (VSMS-7404, Lakeshore Region, USA).
The microwave absorption performance is tested using a vector
network analyzer (VNA, MS4647B).

3. Results and discussion
3.1. Phase and structure analysis

The phase composition of carbon nanotubes (CNTs) and ferrite
composites as analysed using an X-ray diffractometer (XRD) is
displayed in Fig. 1. CNTs at 20 = 25.8° show a strong diffraction
peak matching the (003) crystal face of C (ICDD# 01-073-5918).
The XRD curves of the five composite samples share the same
trend and all show strong diffraction peaks at 20 = 35.4° and
match all the crystal faces in Fe;0, (ICDD#01-088-0866), prov-
ing that the prepared composites possess a spinel structure.
Furthermore, the shifting trend of the main diffraction peak is
found to be consistent with the trend of the dopant ion radius
size, as shown in the figure on the right, which shows the main
peak (311) of the composite at XRD magnification. According to
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Fig.1 XRD patterns and partially enlarged patterns of CNTs and
Ni0_4Zn0_4Meo_2Fel_94Cr0_01O4/CNT Samples.

ionic radius data, the radius gradient among Mg** (0.72 A),
Co*" (0.745 A), Ni** (0.69 A), Cu®" (0.73 A), and Zn>" (0.74 A)
induces lattice strain, resulting in the displacement of the (311)
crystallographic plane observed by XRD. Specifically, the largest
ionic radius (Zn") causes lattice expansion, while the smallest
(Ni**) leads to lattice contraction. The peaks of carbon nano-
tubes in ferrite composites are not obvious, and it is hypothe-
sized that this may be because the intensity of the diffraction
peaks of carbon nanotubes is much lower than that of ferrite; it
could also be caused by a low carbon nanotube content.?°

3.2. Morphological analysis

Fig. 2(a) (1 and 2) and (3 and 4) show the transmission electron
microscopy (TEM) images of the carbon nanotubes (CNTs) at
50 nm and 20 nm, respectively. Panels (b)-(f) display the
scanning electron microscopy (SEM) images of Ni, 4Zn, 4sMe »-
Feq.94Crg.0104/CNTs (Me = Mg, Co, Ni, Cu, and Zn). Under van
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der Waals forces, the CNTs in Fig. 2(a) form rope-like bundles,
measuring 10-20 nm in diameter and 5-10 pm in length. SEM
analysis of the composites reveals that the ferrite sample
particles remain larger than the CNTs even after ball milling.
Consequently, the magnetic particles are embedded within the
three-dimensional lattice formed by the CNTs, with good mix-
ing observed between the CNTs and ferrite. Notably, Zn>" ions
retain a relatively large size under identical ball milling condi-
tions. A common feature across all SEM micrographs is the
formation of a CNT network structure, which contributes to
electrical conductivity loss.

To prove the successful preparation of the composites, EDS
analysis was performed, and the results are shown in Fig. 3. All
elements are shown as densely and evenly distributed. Carbon
nanotubes are not examined due to the low detection efficiency
of the energy spectrometer for carbon, which would interfere
with the accurate detection of carbon. Fig. 4 shows the ele-
mental mapping and data summary of the sample obtained
using an energy dispersive spectrometer (EDS), and the results
verify that the sample was successfully prepared within the
error range.

3.3. Magnetic performance analysis

The samples are tested using a vibrating sample magnetometer
(VSM). The hysteresis loops of different composites are shown
in Fig. 5. The hysteresis loops of all samples showed an S-
shape, exhibiting soft magnetic properties. CNTs do not pos-
sess soft magnetic properties, so only ferrite is analyzed for
magnetic properties.

Nickel-zinc ferrite has a typical spinel structure in which
0”" is cubically densely packed and metal cations are distrib-
uted in the tetrahedral (A) and octahedral (B) vacancies
composed of oxygen ions.>' The magnetic properties of spinel
ferrite are due to the magnetic moments of the magnetic ions at
the tetrahedral and octahedral positions that are arranged in
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Fig. 2 (a) TEM images of CNTs. SEM images of Nig 4Zng 4Meg 2Fe194Cro.0104/CNT samples with (b) AL, (c) A2, (d) A3, (e) A4 and (f) A5.
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Fig. 3 Elemental mappings of Nig 4Zng 4Meg 2Fe194Cro 0104/CNT samples
with (a) AL, (b) A2, (c) A3, (d) A4 and (e) A5.

reverse parallel and do not completely cancel each other out.
Therefore, the distribution of metal cations in the sublattice is
closely related to the magnetic properties of the material.>>

The hysteresis lines show that A2 has the highest saturation
magnetization intensity of 75.97 emu g~ " and A5 has the lowest
saturation magnetization intensity of 61.53 emu g '. M, is
mainly related to the ionic magnetic moments and occupancy.
Cu**, Ni**, and Co®" occupy the octahedral (B) site, and Co*"
(3ub) is larger than Ni** (2ub) and Cu** (1.7ub), so A2 has the
highest M,.>* Mg*>* and Zn** occupy the tetrahedral (A) site, and
Mg>* and Zn** are nonmagnetic elements with ionic magnetic
moments of 0, so they have low M,; whereas Zn** has a larger
radius than Mg®" and has a larger effect on the tetrahedral (A)
site, which has the lowest M,.>* H.. is a parameter of the internal
stress, defects, grain size, and magnetic anisotropy.>”> Co>" has
a high magnetic anisotropy constant and therefore has the
highest coercivity of 105.15 Oe; Zn** and Mg>* are nonmagnetic
ions and therefore have a lower coercivity of 35.29 Oe and 54.08
Oe, respectively.>*>*

3.4. Electromagnetic properties

To test the microwave absorption effect of the composites, the
samples are analyzed with a vector network analyzer. The
complex permittivity (¢, = ¢’ — j¢’) and complex permeability
(pr = @' —ju") can respond to the properties of the sample, with
the real part representing the ability to store energy and the
imaginary part representing the ability to consume energy.”
Thus, the attenuation of microwave energy can be expressed by
the tangent of the dielectric loss angle (tan d,) and the tangent
of the magnetic loss angle (tanJ,). The electromagnetic para-
meter variation patterns of five ferrites and five composites
within the 2-18 GHz frequency range are shown in Fig. 6.
Fig. 6(a)-(f) displays the electromagnetic parameters of the five
ion-doped ferrites, while panels (g)-(1) show the corresponding
parameters for their composite counterparts. As illustrated in
Fig. 6(a) and (g), the complex permittivity of the pristine ferrite
remains nearly constant across the entire measured frequency
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Fig. 4 Element mapping visualization of Nig4ZNng4Meg2Fe194Cro.0104/
CNT samples with (a) AL, (b) A2, (c) A3, (d) A4 and (e) A5.

range. In contrast, the composite exhibits significant permit-
tivity reduction with increasing frequency. This behavior pri-
marily stems from the composite’s characteristic relaxation
frequency being lower than the measurement range. Seconda-
rily, interfacial charge accumulation saturation may contribute
to the sharp dielectric constant. Additionally, the dielectric loss
peak observed at 14 GHz is attributed to strong interfacial
polarization loss between the ferrite and carbon nanotubes.””
In Fig. 6(g), the real part of the dielectric constant decreases
with increasing frequency for all samples; A4 has the highest
real part of the dielectric constant, and the variation of the
actual dielectric constant in terms of the composition is caused
by the porosity and grain size.?® On the one hand, it is shown
that copper lowers the sintering temperature and reduces the
porosity.”® On the other hand, copper doping may provide
carriers and thus increase the material’s polarization. In

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 5 Hysteresis loops of Nig4Zng4MegFe;94Cro.0104/CNT samples
with (a) AL, (b) A2, (c) A3, (d) A4 and (e) A5 at room temperature.
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Fig. 6(h), the increase in the imaginary part of the dielectric
constant arises from relaxation and conduction losses.*’ In
Fig. 6, the addition of carbon nanotubes (CNTs) significantly
enhances both the real and imaginary parts of the dielectric
constant. Eddy current losses generate natural and exchange
resonances that underpin the magnetic permeability. Sample
A4 exhibits the highest imaginary dielectric constant, indicat-
ing that Cu®" doping effectively improves the material’s dielec-
tric loss capability. Furthermore, compared with other samples,
Cu*" doping introduces additional charge carriers. These car-
riers migrate to ferrite grain boundaries through hopping
mechanisms, where their accumulation induces interfacial
polarization. The resulting polarization loss arises from hyster-
esis in the electromagnetic dispersion behavior.**

Fig. 6(d), (e), (¢) and (k) displays the variations in the real
and imaginary parts of magnetic permeability. Both ferrites and
composites exhibit identical trends, with all samples showing a
decreasing permeability profile accompanied by fluctuations.
As the frequency increases, the domain wall displacement
within the material cannot keep pace with the changing mag-
netic field. Additionally, eddy currents generated at high fre-
quencies oppose magnetic field variations, thus reducing
permeability.** At high frequencies, the imaginary part of the
permeability is negative, which is the anti-magnetism caused
by eddy current losses. According to Maxwell’s equations, the
movement of charges in the conducting network generates a
new electric field, which produces a magnetic field that fails to
cancel out, resulting in negative magnetic losses. Microwave
absorption is affected by magnetic and dielectric losses.>***
Fig. 6(c) and (i) presents the frequency dependence of the
dielectric loss tangent for ferrites and their corresponding
composites. The incorporation of carbon nanotubes (CNTs)
enhances the dielectric loss in composites compared to pure
ferrites. All composite samples exhibit similar profiles, with
sample A4 demonstrating higher losses than other specimens
below 14 GHz, whereas sample A2 shows progressively increas-
ing losses above this frequency. Fig. 6(f) and (1) displays the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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magnetic loss tangent versus frequency. The addition of CNTs
reduces magnetic losses, with the observed trends aligning with
variations in the imaginary part of magnetic permeability (1),
consistent with eddy current dominance. In summary, at low
frequencies, the difference between the angular tangent of
magnetic loss and the tangent of dielectric loss is minimal,
suggesting a collaborative interaction between the magnetic
and dielectric losses. Conversely, at high frequencies, the
tangent of the magnetic loss angle is lower than that of
the dielectric loss angle, indicating that dielectric loss is the
dominant factor.*®

3.5. Microwave absorption properties

Within the frequency spectrum spanning 2 to 18 GHz and
thickness parameters ranging from 1 to 6 mm, the three-
dimensional representation of the ferrite sample’s microwave
absorption properties, accompanied by the corresponding
reflection loss (RL) contour plots, are illustrated in Fig. 7(a)-(k).
The reflection loss (RL) is used to evaluate the microwave absorp-
tion characteristics of the material, and the RL < —10 dB (90% of
the energy of the electromagnetic wave is absorbed) indicates
effective absorption. Based on the transmission line theory, the
following eqn (1) and impedance matching formulas (2) and (3)
are derived.>**°

RL = 20 1g‘7g: :L ;2; (1)
Zy = +/(1o/#0) (2)

Zin =27 \/?tanh [/ (2%]?) \/m} (3)

Zin is the material input impedance, Z, is the free-space
impedance, p, is the vacuum permeability, ¢, is the vacuum
permittivity, fis the frequency, ¢ is the material thickness, ¢ is
the speed of light, . is the complex permeability, and ¢, is the
complex permittivity. As illustrated in Fig. 7, the microwave
absorption performance of the five doped ferrites exhibits
significant variations. The Zn*"-doped sample demonstrates
optimal performance, achieving a peak reflection loss of
—48.11 dB at 4 mm thickness and 6.48 GHz. This represents
the strongest absorption among all specimens. The Ni**-doped
sample ranks second with —37.71 dB absorption, while
Cu®"-, Co*"-, and Mg*'-doped ferrites exhibit comparatively
weaker absorption. The exceptional performance of Zn>" and
Ni** samples at 4 mm thickness primarily stems from the
optimized synergy between dielectric and magnetic loss
mechanisms induced by these dopant ions. It can be seen in
Fig. 8 that the RL of all samples first increases and then
decreases with an increasing sample thickness. Sample A2
demonstrates superior bandwidth performance compared to
other samples, exhibiting a bandwidth of 4.3 GHz at a thickness
of 1.9 mm with a minimum reflection loss of —41.3 dB. In
contrast, sample A4 achieves a bandwidth of 3.5 GHz at a
reduced thickness of 1.4 mm, yet retains a lower minimum
reflection loss of —46.32 dB. The microwave absorption

New J. Chem., 2025, 49,13049-13060 | 13053
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characteristics can be effectively modulated through the stra-
tegic selection of doped ions: cobalt ion doping contributes to
bandwidth expansion, while copper ion doping facilitates
further reduction in minimum reflection loss. The enhanced
absorption performance can be attributed to the robust inter-
face interaction between ferrite and carbon nanotubes, coupled
with the increased material porosity induced by carbon nano-
tubes, which promotes electromagnetic wave reflection and
scattering frequency enhancement.

Simultaneously, the theoretical matching thickness (z,,) was
calculated using eqn (4)."!

nc

Iy = ————
YN )

Fig. 8(c), (g), (k), (o) and (s) display the matching thickness
versus frequency relationships for the five composites. The

13054 | New J. Chem., 2025, 49, 13049-13060

quarter-wavelength cancellation mechanism represents one
fundamental principle governing reflection loss (RL). When
electromagnetic waves return from the reflector coated with the
absorber film, they become attenuated and exhibit a 180° phase
difference relative to waves penetrating the absorber-air inter-
face. This phase cancellation occurs when the absorber thick-
ness equals odd multiples of A/4. The aforementioned
mechanism accounts for the maximum RL shift induced by
thickness variations. Additionally, multiple scattering and
reflection at heterogeneous interfaces may enhance wave can-
cellation and microwave attenuation.*>

Impedance matching is evaluated based on the Z value,
since the normalized impedance is an imaginary number that
is difficult to calculate directly, and the modulus is used to
study the reflection loss characteristics,*® where Z = 1 indicates
the optimal wave absorption performance. The closer Z is to 1,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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(i) and (j) Zn

the more incident waves can enter the absorbing material,
which indicates excellent absorption properties in this fre-
quency range,*"** while Z values ranging from 0.8 to 1.2 signify
satisfactory wave absorption performance. The calculation of
the Z value is presented in eqn (4), and the impedance-
matching contour plot is illustrated in Fig. 8.%¢%%%°

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

In the contour plot, the orange curve corresponds to Z = 1,
the green curve represents Z = 0.8, and the black curve denotes
Z = 1.2. The comparative analysis of the wave absorption
performance can be effectively conducted by examining the
area enclosed between the green and black curves. It is not
difficult to find that A2 has a larger regional area, resulting in
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good wave absorption properties of the sample.

| (2)om

Z is the material-normalized wave impedance. Microwave
absorption has two absorption processes. First, the electromag-
netic wave enters the composite material and is represented by
the impedance matching. If the Z value is close to 1, it means
that the electromagnetic waves can easily enter the material.
Next, the microwaves are converted into thermal energy by
dielectric and magnetic losses.*®

In the physically mixed composite system of divalent ion
(Mg>*, Co**, Ni**, cu®', and Zn”>")-doped ferrites and carbon
nanotubes (CNTs) prepared via the solid-state reaction,
microwave absorption properties are synergistically regulated
through three interconnected pathways:

Z= (5)

Z
Zy

13056 | New J. Chem., 2025, 49, 13049-13060

Crystallite size reduction after ball milling elevates the
interfacial density, which modulates the optimal absorption
frequency®” while promoting Schottky contact formation at
ferrite-CNT heterointerfaces. This interfacial configuration
induces a charge rearrangement to generate nanocapacitive
structures, thereby enhancing interfacial polarization loss.*®

The CNT network functions as an antenna-like structure to
facilitate multiple polarization mechanisms interfacial/dipolar
polarization,** and scattering dissipation.”® Its moderate
conductivity dynamically balances defect-mediated effects—
excessive conductivity obscures relaxation peaks, causing impe-
dance mismatch, whereas optimized values cooperatively tune
complex permittivity to the matching regime with interfacial
polarization.®* Concurrently, CNT incorporation significantly
increases the porosity and surface area, providing augmented
relaxation loss mechanisms including interfacial/dipolar
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polarization and multi-path dissipation.*® Physical blending of
ferrites and CNTs induces phase separation that generates
additional defects,”®> while conductive networks between
MWCNTSs coupled with interfacial/defect-induced polarization
collectively contribute to dielectric loss.>

Ion doping manifests dual influences: (i) ion-specific varia-
tions intensify magnetic loss (#8), and (ii) ionic radius dispa-
rities induce lattice strain to optimize dipolar polarization
through charge symmetry disruption.*® Concurrently, the
diminished crystallite size (e.g., Co** sample) amplifies lattice
distortion, elevating the defect concentration to reinforce elec-
tron migration and conduction loss.>?

Conclusively, the Cu®"-doped composite achieves peak
absorption of —46.32 dB at 16.05 GHz by balancing the con-
duction loss and polarization intensity, validating the efficacy
of ion-screening strategies in regulating morphology-defect-
electromagnetic parameter interrelationships.>*>°

To understand the dielectric loss mechanism, according to
the Debye relaxation principle, the polarization relaxation
process can be described by the Cole-Cole relaxation equation,
which is as follows:*®

e Rt = B

where ¢; and ¢, are the static dielectric constant and the very
high-frequency dielectric constant, respectively. Each hyperbola
in the curve represents a Debye relaxation process, and the
number and size of hyperbolas reflect the dielectric loss
mechanism and capacity.”” As illustrated in Fig. 9, interfacial
defects arising from ferrite-carbon nanotube contacts induce
distortion in the dielectric spectra. In the complex plane plot,
the permittivity trajectory manifests as a characteristic arc with
its chord along the real axis and center positioned below this
axis.”® When the arc center resides between the real axis and
the curve, this feature signifies a single polarization mecha-
nism:*° the arc radius correlates with the polarization intensity,
while the number of semicircles corresponds to distinct polar-
ization types. The observed complete arc in the composite
spectrum conclusively verifies the dominance of relaxation loss
mechanisms.®® As shown in Fig. 9, all samples have the same

sr(a) Al 0 (b) A2 () A3
_ .3 "
w “w %
30 R
Q
10 1 1 4 8 3 10 1 I g 1 1 I 14
g ¢ g
SE (d) A4 (e) A5
4
6
% %

Fig. 9 Cole—Cole plots of Nig4Zng4MegoFer94Cro0104/CNT samples
with (a) AL, (b) A2, (c) A3, (d) A4 and (e) A5.
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kind of polarization relaxation with different degrees. The
trend shown in Fig. 9(b) is different from that in the other
samples, which is attributed to the increase in the imaginary
part of the dielectric constant of A2. The Cole-Cole curve
response to the polarization curve is not ideal. The curves are
distorted, suggesting that other loss mechanisms exist besides
the dielectric loss effect due to Debye relaxation.' The aggrega-
tion of charges at multiple heterogeneous interfaces in a
composite material under the action of electromagnetic fields
leads to the generation of interfacial polarization.*™*>°" Fig. 2
reveals a phase-separated structure with ferrite embedded in
carbon nanotubes, where heterogeneous interfaces serve as
physical carriers for charge accumulation. Comparative analy-
sis of the intrinsic permittivity of ferrite and the composite
demonstrates significant enhancement in the dielectric con-
stant, indicating superior electromagnetic wave storage cap-
ability and pronounced loss characteristics.®”> Although the
minor permittivity increase induced by interfacial charge accu-
mulation is not directly visible in the data, the slope variation
suggests a dielectric peak below 2 GHz. Beyond this frequency,
the monotonic decrease in permittivity implies saturated inter-
facial charge accumulation. Concurrently, the relaxation
features in tand confirm that carbon nanotube incorporation
induces multiple polarization mechanisms. Moreover, many
defects in carbon nanotubes can act as dipole polarization
centers and form dipole polarization.®® In addition, the &'-¢”
curves of the composites tail into a straight line, indicating the
presence of conduction losses.*>"”

The origin of the magnetic loss of samples could be eval-
uated through the eddy current factor (C,) parameter, which
could be calculated from the complex permeability using
eqn (7).%

Cy =

(7)

Based on the skin effect criterion, the C, value criterion was
employed to analyze the contribution of eddy current losses to
magnetic loss mechanisms in the composite material. A con-
stant C, value indicates predominantly eddy current losses.
Fig. 10(a) reveals that all C, curves transition from stability to a
significant decline within the 2-8 GHz range, confirming that
while eddy current losses dominate, they are effectively sup-
pressed. Above 8GHz, there are obvious oscillation character-
istics in the imaginary part of the magnetic permeability, which
are attributed to the magnetic loss mechanism involving
exchange and natural resonance.®> Given the substantial
volume disparity between ferrite and carbon nanotubes, nat-
ural resonance is identified as the dominant loss mechanism in
the high-frequency regime.***”

Impedance matching and attenuation constant are the keys
to microwave absorption.*® Fig. 10(b) illustrates the attenuation
constant versus frequency, and the attenuation constant o can
be calculated by the following eqn (8).*

2
o = \[Cﬂ;f\/(’u//g// _ u’s’)2+(£’u” + 8”,[1/)2 (8)
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Fig. 10(b) clearly shows that all these attenuation coeffi-
cients increase with increasing frequency, indicating that fer-
rite composites have excellent electromagnetic
attenuation capability. Among them, the attenuation constant
of A4 far exceeds that of the other samples, indicating the
strongest EMW attenuation capability among all the samples.
The attenuation constant of A2 is lower than that of the other
samples at low frequencies, but at high frequencies, there is a
substantial increase, verifying a good impedance match at high
frequencies.

Fig. 11 shows a comprehensive comparison of the five
modified specimens that systematically demonstrate that
microwave absorption characteristics, including both RLyip,
and EAB,,,x parameters, can be effectively engineered through
the strategic selection of dopant ion species. Through compara-
tive analysis of ferrites and their corresponding composites, it
is evident that specific ion doping significantly influences
microwave absorption before carbon nanotube (CNT) incor-
poration. However, the practical application of unmodified
ferrites is limited by their excessive thickness. Upon CNT

wave

0 -
o -
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=
-
%
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Fig. 11 Comparison of the EM wave absorption properties of Nig 4Zng 4-
Meo 2Fe194Cro 0104/CNT samples.
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composite formation, both Cu®**- and Co*'-doped ferrites
demonstrate enhanced compatibility with the carbon matrix.
Considering the critical parameters—including thickness
reduction, absorption peak intensity, and effective band-
width—the Cu®*-doped ferrite composite exhibits optimal over-
all performance, achieving superior impedance matching and
attenuation characteristics.

In summary, in ferrite composites, ferrite generates mag-
netic loss through natural resonance and eddy current loss;
ferrite and carbon nanotubes generate dielectric loss through
interfacial polarization and carbon nanotubes’ dipole polariza-
tion; and ferrite and carbon nanotubes form a three-
dimensional lattice, and electron migration causes conduction
loss.®® The synergistic effect between the losses can improve the
microwave absorption properties of the material.”® Taken
together, Cu®* doped has the best impedance matching and
absorption band, the best electromagnetic attenuation capabil-
ity, and exhibits the best electromagnetic wave absorption
performance among the five samples.

4. Conclusions

Nig 4 Zng 4 Meg 5 Feq 94 Crg 91 O4/CNT composites (Me = Mg, Co,
Ni, Cu, and Zn) were synthesized via solid-state/ultrasonic
methods. The transition metal cation species in spinel ferrites
serve as a critical determinant in modulating both magnetic
response and microwave dissipation characteristics: saturation
magnetization (M) scales with ionic magnetic moments, while
dopants concurrently tune CNTs’ permittivity and ferrite perme-
ability. This dual modulation enables balanced impedance match-
ing (Zin/Zo ~ 1) and high energy conversion (>90%) through
tunable dielectric/eddy current losses. Specifically, Cu®>" doping
achieves an Rl,, of —46.32 dB at 1.4 mm thickness. Strategic
ion-selection thus enables synergistic design of ultrathin absorbers
with dual-optimized attenuation and bandwidth.
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