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Abstract

Core-shell structure and magnetic-dielectric coupling in functional composites are important factors for obtaining
excellent electromagnetic (EM) wave absorption performance, but they also face challenges. In this study,
magnetic FeCoNi and dielectric ZnIn,S, were combined to form unique core-shell structured microspheres. The
morphology characteristics, EM parameters, and absorption performance of FeCoNi@ZnlIn,S, composites with
different annealing temperatures were investigated to reveal impedance matching and synergistic absorption
mechanisms. Those results show that FeCoNi@ZnlIn,S,-600 (FCNZ-600) has excellent EM wave absorption
properties, with the minimum reflection loss (RL,,,) of -52.4 dB at 1.9 mm and the efficient absorption bandwidth of
6.08 GHz at 1.53 mm, which achieves broadband absorption. Core-shell magnetic-dielectric design provides a new
perspective in efficient EM wave absorption systems.
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INTRODUCTION

Recently, the progress of modern electronic and wireless communication technologies is generating
excellent electromagnetic (EM) radiation, resulting in significant pollution that disrupts the functionality of
electronic systems and poses substantial risks to human health and ecological stability". As a result, EM
wave absorption materials have become a research hotspot with particular emphasis on achieving efficient

7-10]

broadband absorption, which remains a critical challenge in the field” .

Among those diverse EM wave absorption materials, magnetic-dielectric synergistic composites integrate
the benefits of both magnetic and dielectric components to achieve superior absorption performance"'.
The magnetic component induces magnetic loss, while the dielectric component contributes to dielectric
loss"*"*.. The synergistic magnetic-dielectric effect has enabled multiple loss mechanisms, thereby
significantly enhancing the material’s EM wave attenuation capacity and achieving a more effective
absorption outcome*'”,

Core-shell EM wave absorption materials with specialized heterojunction interfaces offer distinct
advantages, providing a synergistic loss effect to dissipate the incident energy"*". This interface features
unique electronic structures and physicochemical properties that generate various specific response
behavior, thereby broadening the effective absorption bandwidth**". Core-shell structured materials
present novel strategies in advanced EM wave absorption. Numerous studies have documented that the
core-shell magnetic-dielectric composites with enhanced absorption performance, integrating magnetic
materials (alloys, Fe,O,, ferrites, and MOFs-derivatives) with dielectric components of choice, including
transition metal sulfides, carbides, and polymers, such as CoFe@C@C", CNC/Fe,0,@C"", ZnFe,O,
@PPy", and CoFe,0,@Fe,C@NiO™'.

In this study, magnetic FeCoNi and dielectric ZnIn,S, were combined to construct core-shell structured
microspheres with magnetic-dielectric synergy, utilizing chemical reduction, oil bath, and in-situ annealing
techniques to achieve tunable EM properties. The selection of magnetic components focused on FeCoNi
alloys, which are well-known magnetic materials with high saturation magnetization and permeability,
leading to significant magnetic loss and a strong magnetic response to EM wave®.. In contrast, the choice of
dielectric shell components has predominantly centered on binary transition metal sulfides, such as MoS,””,
CuS", and NiS,”, while research on ternary metal sulfide EM wave absorption materials remains limited.
As a result, there are considerable challenges and opportunities for advancement in this domain. ZnIn,S,, a
representative ternary metal sulfide, has been extensively investigated in the field of photocatalysis due to its
unique photoelectric properties, low toxicity, good chemical stability, and semiconductor characteristics,
making it an appealing candidate for further exploration in EM wave absorption””. ZnIn,S, has the
advantage of being able to enhance the polarization intensity through phase regulation and the introduction
of crystal defects. Meanwhile, the band gap of ZnIn,S, (2.4-2.6 eV"") lies between that of CdIn,S, (2.0-
2.37 V™)) and ZnGa,S$, (3.18 eV™), possessing moderate conductivity and dielectric loss capability. Despite
Znln,S, having relatively low conductivity”, its combination with FeCoNi in a core-shell structure allows
the conductive channels of FeCoNi to penetrate ZnIn,S,, thereby enhancing internal charge transfer.
Moreover, the interface formed between these components plays a crucial role in enhancing conductivity,
ultimately optimizing EM wave absorption performance. Thus, this work presents FeCoNi@ZnIn,S,
composites, leveraging synergistic core-shell composites to overcome challenges in achieving efficient and
tunable absorption.
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EXPERIMENTAL

Chemicals and reagents

Ferrous sulfate (FeSO,-7H,0), zinc chloride (ZnCl,), thioacetamide (C,H,NS), sodium hydroxide (NaOH),
glycerol (C,H,0,) and hydrazine hydrate (N,H,-H,O) were purchased from Sinopharm Chemical Reagent
Co., Ltd., cobalt (II) chloride hexahydrate (CoCl,-6H,0), nickel (II) chloride hexahydrate (NiCl,-6H,O),
were got from Shanghai Aladdin Biochemical Technology Co., Ltd., Indium (III) chloride tetrahydrate
(InCl,-4H,0) was got from Shanghai Macklin Biochemical Technology Co., Ltd.

Preparation of FeCoNi microspheres

The FeCoNi microspheres were synthesized at room temperature. Firstly, 1.668 g FeSO,-7H,0, 1.142 g
CoCl,-6H,0, and 0.285 g NiCL-6H,O were all dissolved in 100 mL H,O with stirring 3 min (solution A).
After that, 5 g NaOH and 18 mL N,H,-H,O were dissolved in 10 mL H,O (solution B). Then, solution B was
slowly added drop by drop to solution A. After reacting 24 h, the final FeCoNi microspheres were
magnetically separated and further washed with H,O and EtOH several times, and dried under vacuum in
an oven at 60 °C overnight.

Preparation of FeCoNi@ZnIn,S, microspheres

The original FeCoNi@ZnIn,S, microspheres were synthesized by oil bath method. Firstly, 0.027 g ZnCl,,
0.117 g InCl,-4H,0 and 0.060 g C,H.NS were dissolved in 80 mL H,O and 20 mL glycerol with vigorous
stirring for 30 min, after which 0.2 g FeCoNi microspheres powders were poured into the above mixture to
be ultrasonicated for 10 min. Then, the mixture was heated at 80 °C for 2 h, cooled down to room
temperature and then washed with H,O and EtoH for several times. Finally, the original FeCoNi@ZnIn,S,
microspheres were dried at 60 °C overnight. The original FeCoNi@ZnIn,S, microspheres were denoted as
FCNZ. ZnlIn,S, can also be prepared by using the above procedures without the addition of FeCoNi.

To obtain the final FeCoNi@ZnIn,S,-500, FeCoNi@ZnIn,S,-600 and FeCoNi@ZnlIn,S,-700 microspheres,
the FeCoNi@ZnlIn,S, powders were annealed in H,/Ar at 500, 600, and 700 °C for 5 h. The FeCoNi@ZnIn,S,
-500, FeCoNi@ZnIn,S,-600 and FeCoNi@ZnIn,S,-700 microspheres were denoted as FCNZ-500, FCNZ-600
and FCNZ-700. ZnlIn,S, was annealed under the identical conditions to obtain the ZnlIn,S,-500, ZnIn,S,-600,
and Znln,S,-700.

Characterization and measurement

The crystal structure of the samples was analyzed by X-ray diffraction (XRD, Brucker, D8 ADVANCED).
The morphology of the samples was observed using field emission scanning electron microscope (FESEM,
HITACH]I, S4800). The JEOL JEM-2100F transmission electron microscope (TEM) was used to analyze the
material morphology. The XPS spectra in this study were obtained using a Thermo Scientific ESCALAB
250Xi. The hysteresis loops were analyzed using a superconducting quantum interference device
magnetometer [MPMS(SQUID) VSM]. The mixtures of ZnIn,S,, FeCoNi, ZnIn,S,-500, ZnIn,S,-600, ZnIn,S,
-700, FCNZ, FCNZ-500, FCNZ-600, and FCNZ-700 composites with 60 wt% paraffin were measured by
using the Agilent N5230C vector network analyzer over the range of 2-18 GHz. Detailed information can be
found in the Supplementary Materials.

RESULT AND DISCUSSION

Structural and morphology analysis

The synthesis process and morphological evolution of FCNZ-500, FCNZ-600 and FCNZ-700 microspheres
are depicted in Figure 1A. Firstly, metal salt ions (Fe*', Co*, and Ni**) were combined with OH;, and
subsequently ferromagnetic FeCoNi powders were synthesized in the presence of hydrazine hydrate
(N,H,-H,O). Next, it was ultrasonically dispersed in a mixed solution of glycerol and water containing Zn*,


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202507/ss5021-SupplementaryMaterials.pdf

Page 4 of 16 Sun et al. Soft Sci. 2025, 5, 35 | https://dx.doi.org/10.20517/ss.2025.21

Ripening Dispersion b Annealing

24h H,/Ar

FeCoNi FeCoNi@ZnlIn,S, FeCoNi@ZnlIn,S -600

O Fe* @Co” ON* ONaw @ Zn* @I OS> @ OH p¢® NHHO 1—1 CHO,

1 pm
I
I e J 3
0310 um
404 0308 pm
04 30
0574 um
30 o] 25 —
z 4 <204
z Z z
g £30 H
£204 H Z1s4
= 2 H]
= = =
20 4
104
10
R |_| I_I ]
0 T T T T 0 l:l. T T .:I 0 T T T T T T T
02 03 0.4 05 02 03 04 0.5 00 02 04 06 08 10 12 14 L6
Particle size(pm) Particle size(um) Particle size(pm)

Figure 1. (A) Schematic synthesis of annealed FeCoNi@ZnIn,S, microspheres with core-shell structure; SEM images of (B) ZnIn,S ,, (C)
FeCoNi, (D) FeCoNi@ZnlIn,S ,, (E) FCNZ-500, (F) FCNZ-600 and (G) FCNZ-700 microspheres; the particle size distribution of (H)
FCNZ-500, (1) FCNZ-600 and (J) FCNZ-700 microspheres. SEM: Scanning electron microscope.

In*, and $* and then heated by an oil bath for 2 h. The ZnIn,S, nanosheets as a dielectric shell were grown
on FeCoNi microspheres and subsequently annealed at different temperatures.

The resulting SEM images are displayed in Figure 1B-G. Pure ZnIn,S, is a flower-like microsphere
assembled from numerous irregular nanosheets. Different diameters and sizes of flower-like microspheres
can be seen inside the cluster™. Subsequently, ZnIn,S, nanosheets were grown on the rough FeCoNi
microspheres, which indicates the core-shell FCNZ structure. At the same time, as the annealing

temperature increased, the microspheres gradually became smoother, and the average particle size gradually
increased [Figure 1H-J].
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Subsequently, the microstructure and internal composition of the FCNZ-500, FCNZ-600, and FCNZ-700
were further analyzed. Figure 2A-C respectively represents the TEM images of FCNZ-500, FCNZ-600, and
FCNZ-700. As the annealing temperature ascends from 500 to 600 °C, the interfacial bonding degree in the
ZnlIn,S,-FeCoNi region in FCNZ-600 was enhanced. However, when the temperature further rose to 700 °C,
the crystal structure of ZnIn,S, in FCNZ-700 might be optimized to some extent, but the nanosheets tend to
agglomerate and the structural uniformity decreases. This phenomenon is also in accordance with the
corresponding permittivity results. High resolution transmission electron microscopy (HRTEM) and the
corresponding fast Fourier transform (FFT) patterns [Figure 2D-G] further validate that the FCNZ-600
composite material is composed of FeCoNi and ZnIn,S,. By measuring the lattice spacing, 0.223 nm
corresponded to the (110) FeCoNi [Figure 2G and G(i)]", while 0.337 and 0.196 nm corresponded to the
(101) and (110) Znln,S, [Figure 2E, E(i), and E(ii)]"”. Simultaneously, two lattice spacings, 0.342 and
0.218 nm, were identified at the core-shell interface, corresponding to the (101) plane of ZnIn,S, and the
(110) plane of FeCoNi [Figure 2F, F(i), and F(ii)], respectively. These results further confirm that the
structure of FCNZ-600 constitutes a hybrid system featuring a tight interface contact. The high-angle
annular dark-field (HAADF) image [Figure 2H] and energy-dispersive X-ray spectroscopy (EDS) spectra
[Supplementary Figure 1] show that Fe, Co, and Ni elements focus in spherical center, while Zn, In, and S
elements are displayed in the shell region. During high-temperature annealing, the thermal motion of atoms
intensifies, providing sufficient energy to drive diffusion across phase boundaries. As a result, Fe, Co, and
Ni elements diffuse from the FeCoNi core to the ZnIn,S, shell. This diffusion leads to the formation of a
gradient interface, thereby optimizing electronic transport and polarization behavior at the interface.

Figure 3A displays the diffraction patterns of ZnIn,S, annealed at 500, 600, and 700 °C. With increasing
annealing temperature, the crystallinity of the material becomes progressively more defined and
pronounced. The ZnIn,S, sample annealed at 700 °C corresponds to two standard reference patterns,
PDF#72-1445 and PDF#65-2023. As shown in Figure 3B, FCNZ-500, FCNZ-600, and FCNZ-700 exhibit
three prominent diffraction peaks at (110), (200), and (211), which are attributed to the face-centered cubic
(FCQC) structure™. However, due to the weak intensity of the ZnIn,S, diffraction peak [Supplementary
Figure 2], the corresponding diffraction peak was not observed in the FCNZ diffraction pattern. Figure 3C
shows the hysteresis loops of FCNZ composites annealed at different temperatures. The saturation
magnetization (M,) values of FCNZ-500, FCNZ-600, and FCNZ-700 are 124.8, 138.2, and 164.2 emu/g. The
higher M, value is beneficial in enhancing the magnetization intensity and improving the permeability.
Meanwhile, the coercive force (H_) of FCNZ-500, FCNZ-600, and FCNZ-700 is 2.82, 85.7, and 27.7 Oe,
respectively. The difference in H, may result from the anisotropy of FeCoNi and the defect distribution.
Interface-induced magnetic anisotropy is one of the key mechanisms to promote magnetic-dielectric
coupling. The presence of ZnIn,S, shell layer and its interfacial interactions with FeCoNi core significantly
change the magnetic domain structure. The FCNZ-600 samples have a high coercive force (H, = 85.7 Oe).
The enhanced magnetic anisotropy of the FCNZ-600 helps to stimulate and strengthen the magnetic loss
mechanism, which is a key process for achieving efficient coupling and dissipation of magnetic energy"®.

To further reveal the composition, XPS analysis was applied on FCNZ-500, FCNZ-600, and FCNZ-700
[Figure 3D-J]. The survey X-ray photoelectron spectra of FCNZ-500, FCNZ-600, and FCNZ-70 indicate
that the samples are composed of Fe, Ni, Co, Zn, In, and S elements [Figure 3D]. In the Fe 2p spectrum
[Figure 3E], the characteristic peaks of Fe 2p,, and Fe 2p,, and the corresponding satellite peaks can be
observed in all samples, indicating different valence states of Fe. The characteristic peak corresponding to
703.8 eV is attributed to Fe’™. Additionally, the peaks observed at 709.9 and 722.9 eV indicate 2p,, and 2p,),
of Fe*, respectively, while satellite signatures at 713.4 and 726.7 eV are associated with Fe** satellite peaks.
Similarly, signals at 711.6 and 723.1 eV correspond to 2p,,, and 2p,,, of Fe*', and additional satellite peaks at
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Figure 2. TEM images of (A) FCNZ-500, (B) FCNZ-600 and (C) FCNZ-700; (D) HRTEM image of FCNZ-600; (E-G) FFT patterns
corresponding to the red solid frames 1-3; [E(i), ECii), F(i), F(ii), G(i)] The enlarged image of the region (red solid frame 1-3) in panels
(E-G); (H) Element mapping distribution of FCNZ-600. TEM: Transmission electron microscope; HRTEM: high resolution transmission
electron microscopy; FFT: fast Fourier transform.
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718.4 and 732.2 eV are associated with Fe’. In the Co 2p spectrum [Figure 3F], the peaks at 778.7 and
793.4 eV represent 2p,, and 2p,,, of Co’, while the signals at 780.9 and 796.7 eV correspond to Co* 2p,,, and
2p,,» accompanied by satellite peaks at 785.6 and 802.3 eV'*. For Ni [Figure 3G], the 2p peaks at 853.1 and
870.2 eV represent 2p,,, and 2p,,, of Ni°, while the peaks at 855.9 and 874.3 eV indicate Ni** 2p,, and 2p,,,,
and the satellite peaks at 861.6 and 878.7 eV are related to Ni*". Figure 3H shows the Zn 2p spectrum, the
peaks at 1,022.0 and 1,044.9 eV are attributed to Zn** 2p,, and 2p,,"*"). In the 3d spectrum [Figure 31], the
signals at 444.7 and 452.3 eV are designated as In’* 3d,,, and 3d,,,. Finally, the S 2p spectrum [Figure 3]]
shows S* 2p,,, and 2p,, at the 161.8 and 163.1 eV peak!*. XPS analysis indicates significant charge transfer
and interactions in the interface region.
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Figure 3. The XRD pattern of synthesized (A) ZnIn,S,-500, ZnIn,S,-600 and ZnIn,S,-700; (B) FCNZ-500, FCNZ-600 and FCNZ-700;
the hysteresis loops (C) of FCNZ-500, FCNZ-600 and FCNZ-700; the survey X-ray photoelectron spectra (D) of FCNZ-500, FCNZ-
600, and FCNZ-700; high revolution (E) Fe 2p, (F) Co 2p, (G) Ni 2p, (H) Zn 2p, (1) In 3d, (J) S 2p spectra for FCNZ-500, FCNZ-600
and FCNZ-700. XRD: X-ray diffraction.

EM parameters analysis and EM wave absorption performance

The EM parameters predominantly determined the absorption properties. The real parts of permittivity (¢)
and permeability («) indicate the storage ability of electric and magnetic energy and the imaginary parts of
permittivity (¢") and permeability (¢") indicate dissipation capability***!. Additionally, tand, = ¢"/¢"and tand,
= u"/u" can be utilized to further analyze the EM wave absorption properties'.

The values of ¢"and ¢" exhibit complex changes and a certain degree of fluctuation. The EM parameters of
Znln,S,-500, Znln,S,-600, and ZnIn,S,-700 [Supplementary Figure 3A-C], ¢"and ¢" gradually decrease as the
frequency increases. Compared to the low-temperature samples (ZnIn,S,-500, ZnIn,S,-600), ZnIn,S,-700
was annealed at 700 °C in H,/Ar. This thermodynamically driven process promotes more complete crystal
growth, leading to a reduction in defect structures. The lower defect structures enhance electrical
conductivity, consequently increasing the complex permittivity of ZnIn,S,-700 [Supplementary Figure 3A
and C]. Interestingly, the incorporation of the magnetic component FeCoNi modifies the internal charge
distribution and polarization characteristics, thereby causing a variation in the permittivity. In 2-18 GHz,
the ¢'values of FCNZ-500, FCNZ-600, and FCNZ-700 decrease from 10.56 to 11.27, 11.41 to 11.99, and 7.88
to 7.80, respectively [Figure 4A]. Compared with the other two samples, FCNZ-600 has higher real
permittivity, indicating better energy storage capacity and conductivity. As observed from Figure 4B, the ¢”
values vary in the range of 0.30 to 1.96, 0.71 to 1.86, and 0.51 to 0.55 for FCNZ-500, FCNZ-600, and FCNZ-
700, respectively. The FCNZ-600 sample exhibits a higher ¢" value, indicating the strongest dielectric loss
capability*’. Compared to FCNZ-500 and FCNZ-700, the FCNZ-600 exhibits an optimized interface
structure between the FeCoNi magnetic component and the ZnIn S, dielectric shell, promoting interface
polarization. The decrease in the ¢” curve at 11.5-12.5 GHz reflects the natural decay of the dominant
interface polarization relaxation process. The ¢” peak in the 10-14 GHz range may be related to the interface
between FeCoNi and ZnlIn,S,, the presence of interface can generate interface polarization. In addition, the
intrinsic electric dipole moment of ZnIn,S, is shifted by the electric field, which triggers the dipole
polarization, and the ¢" enhancement of FCNZ-600 is further supported by the optimization of the
crystallinity of ZnIn,S,. FCNZ-600 shows a significant ¢ peak in the 10-14 GHz band [Figure 4B], where the
space charge accumulated at the core-shell interface relaxes under the alternating electric field, resulting in
the interfacial polarization, and the introduction of FeCoNi significantly alters the interfacial charge
distribution and strengthens the polarization strength, thus increasing the ¢ value*'. Both interface
polarization and dipole polarization contribute to enhanced dielectric loss. The tand, is used to characterize
loss capability [Figure 4C]. Apparently, in the range of 7.5-9.5 GHz and 13.5-17.5 GHz, FCNZ-600 has
relatively higher values of tand, compared to other two samples, which confirms that FCNZ-600 has a
stronger dielectric loss capability.

Compared with ZnIn,S, annealed at different temperatures without magnetic properties (u'= 1, u” = 0,
Supplementary Figure 3B), Figure 4D-F respectively shows the 4, 1", and tang, curves of the FCNZ-500,
FCNZ-600, and FCNZ-700 with FeCoNi magnetic components. The x’ curves of the FCNZ-500, FCNZ-600,
and FCNZ-700 show a slowly decreasing trend. The trend of the x" curves and the tang, curves is basically
similar magnetic loss capability of the FCNZ-500, FCNZ-600, and FCNZ-700. Furthermore, the average ¢’
and ¢" values of FCNZ-600, which are the largest compared to FCNZ-500 and FCNZ-700, indicate the good
dielectric storage and dissipation capacity [Figure 4G]. Further to this, it is clearly demonstrated that FCNZ-
600 exhibits magnetic-dielectric synergy effect.
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The dielectric loss includes the conduction loss and the polarization loss, the relationship between ¢"and ¢”
can be expressed as'">*

’ 8s+800 . N2 Es=Eo e
(-77) = (5)
One semicircle in the Cole-Cole plot of ¢' - ¢" stands for a Debye relaxation process®™. In Figure 4H-],
FCNZ-500, FCNZ-600, and FCNZ-700 show multiple Cole-Cole semicircles. Meanwhile, interfacial and
dipole polarization may exist due to the different electronegativity between atoms'™. Furthermore, the Cole-
Cole curve intuitively reflects that FCNZ-600 has multiple active and distinguishable relaxation processes in
wider frequency band.

Based on the complex permeability results, FCNZ-500, FCNZ-600, and FCNZ-700 present good magnetic
loss capability. Generally, the magnetic loss is mainly composed of natural, exchange resonance and eddy
current loss. By investigating C,-f - the relationship between the eddy current constant and the frequency -
which is further analyzed, the eddy current loss can be evaluated using"™*:
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If C, maintains a constant value implying that loss originates from eddy current loss, it is clearly observed
that the C,-f curve shows a flat spreading region attributed to eddy current loss within 6-8 GHz; however,
the C,-f curve fluctuates in 2-6 GHz indicating that natural resonance is the main contribution. Meanwhile,
the C,-f curve fluctuates considerably between 8-18 GHz, indicating an exchange resonance at high
frequencies [Supplementary Figure 4A].

Also, the attenuation constants a can be utilized for the EM wave absorption performance, as given below"™:

\/Enf "on ’or "o T G "o
XJ(A!E-#S)+\/(#8-#8)2+(#8# &)

Cc

The a values of FCNZ-500, FCNZ-600, and FCNZ-700 show a tendency to increase and then decrease with
increasing frequency [Supplementary Figure 4B]. In the low-frequency band, the o of the FCNZ-500,
FCNZ-600, and FCNZ-700 is weak. In 2-18 GHz, the a value of FCNZ-600 is larger than that of FCNZ-500
and FCNZ-700, indicating that FCNZ-600 has the strongest attenuation ability for EM wave,

To study the EM wave absorption performance, the obtained RL curves are given in'":

RL = 20log|(Zin-Z0)/(Zin+Zo)| (1)

7= Zo/20| = e anh [ () vz @)

Based on the corresponding EM parameters, the relevant RL intensity and efficient absorption bandwidth
(EAB) of the obtained FCNZ microspheres were evaluated. Figure 5A-F illustrates the RL value curves of
FCNZ microspheres, aiming to reveal the relationship between RL values and frequency. The RL,,,, values of
FCNZ-500, FCNZ-600, and FCNZ-700 are -43.4, -52.4, and -29.2 dB, respectively. Among FCNZ-500,
FCNZ-600, and FCNZ-700, FCNZ-600 potentially exhibits the best EM wave absorption performance. At a
thickness of 1.9 mm, the RL,,, value of FCNZ-600 reaches -52.4 dB; meanwhile, at 1.53 mm, the EAB of
FCNZ-600 can reach 6.08 GHz. Compared with the RL,,,, of ZnIn,S, [Supplementary Figure 3D-I], the
introduction of FeCoNi magnetic components significantly enhances absorption capability.

Regarding the impedance matching characteristic, when the Z value of the material is equal to or extremely
close to 1, the EM wave projected onto the material surface can enter the material interior and is almost not
reflected™. In Figure 5G-1, the impedance matching condition of FCNZ-600 is closer to 1 than FCNZ-500
and FCNZ-700. Therefore, the EM wave projected onto the surface of the FCNZ-600 composite material
can enter its interior and be largely attenuated. In addition, the core-shell FCNZ microspheres outperform
most of the reported core-shell structured EM wave absorption materials in strong RL and wide EAB at thin
thickness, further confirming the superiority of FCNZ [Figure 5] and K, Supplementary Table 1].

Analysis of EM wave absorption mechanism

Based on the above discussion, excellent core-shell FCNZ-600 is attributed to good impedance matching
and multiple electromagnetic wave attenuation mechanisms. The corresponding EM wave absorption
mechanism is proposed in Figure 6A. Firstly, under the action of an alternating EM field, at the interface
between FeCoNi and ZnIn,S, in the FCNZ-600 composite material, due to the difference in EM properties,
the charge at the interface will be displaced, forming a polarization current, thereby generating interface
polarization loss. At the same time, dipole polarization mainly occurs in the ZnIn,S, shell layer*™*. The


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202507/ss5021-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202507/ss5021-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202507/ss5021-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202507/ss5021-SupplementaryMaterials.pdf

Sun et al. Soft Sci.

(P BoRIII

2025, 5, 35 | https://dx.doi.org/10.20517/ss.2025.21

Page 11 of 16

—
L

(pysson wow

D E
\ir\\‘ & P . ~ = -
-10 Yy \\}f X
= A - 3 -
: W s 1} s
3 3 3 N
H X g $ 1 84 H
S -204 1 s 3 1\;‘ 194 3
= e L0mm AN £-30] o 10mm 1 Y z-20{ ~ 1omm
2 —— 171 mm ! I 3s 3 ~o 153 mm i g ——1.5mm
< +—20mm 1l ¥ < ——19mm RL,, = 4.7 dE < ——20mm
%304 o 25mm 3T 404 —~ 25mm ‘ 608 GHY 153 mm = o242 mm
3.0 mm [ 3.0mm i 0 3.0 mm Y
35mm [ 1 35mm ! 3.5mm i
4.0mm | 1 -50 40mm i 4.0 mm !
40 4 45 mm RL},= -43.3 dB 4.5mm RL,y,=-52.4 dB | 4.5 mm i
5.0 mm 78GHz 1.71 mm 5.0 mm 491GHz 19 m 5.0 mm |
x x . — x 60 . . . . . : . -4 r - —— . -
2 4 6 8 02 j4 16 18 2 4 6 8 107 12 14 |16 18 2 4 6 8 0012 14 16 18

Frequency(GHZ)

Frequency(GHz)

00 r : r T v r — 00 : r v r r r r 004 r r : r r r r
2 4 6 8 10 12 14 16 18 2 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
Frequency(GHz) Frequency(GHz) Frequency(GHz)

J —40 - - - K 3

RL,,;, with thin thickness om oM 1 [10]
74 *]
This Work 9 51 181 Y This Work
45 4
9 6 * o Bl 6 @ 19l
¢ )
] ; S5
= —50 Qo
= ] [+ .
= * 547 Wide EAB o
_s]  This Work Gmoo M 17 10] 3 with thin thickness

9 2 12 151 [8] Y This Work Q

24

o Bl 6 @ 1 Qo
-60 T T T T

1 2 3 4 5 1 T T T T
1 2 3 4 5

Thickness (mm)

Thickness (mm)

Figure 5. EM wave absorption performance. 3D RL diagrams for (A) FCNZ-500, (B) FCNZ-600, (C) FCNZ-700; 2D RL diagrams for (D)
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(K) EAB comparison between previous reports and this work. EM: Excellent electromagnetic; EAB: efficient absorption bandwidth.

intrinsic electric dipole in the ZnIn,S, shell layer undergoes charge displacement and reorientation under
the effect of an alternating electric field. At the same time, the high conductivity of FeCoNi core causes an
electric field in the ZnIn,S, shell layer, which increases the resistance of the dipole to steering and prolongs
the relaxation response time, and the free electrons of FeCoNi are injected into the defective sites of the
Znln,S, to increase the interfacial charge density and enhance the polarization strength. The synergistic
effect of interfacial polarization and dipolar polarization results in strong dielectric loss capacity, which can
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Figure 6. (A) Schematic diagram of the EM wave absorption mechanism of FCNZ-600 composite; 3D RCS images for PEC substrate
with (B) FCNZ-500, (C) FCNZ-600, (D) FCNZ-700 coating and (E) no cover; (F) RCS curves at 10.72 GHz and (G) RCS reduction
values of FCNZ-500, FCNZ-600, and FCNZ-700. EM: Excellent electromagnetic; RCS: radar cross section; PEC: perfect electric
conductor.

more effectively attenuate EM wave energy. Secondly, magnetic loss also plays an important role. FeCoNi
gives strong magnetic loss capacity as a magnetic core. The magnetic loss in the FCNZ-600 composite
material takes the form of natural resonance, exchange resonance, and eddy current loss. Core-shell FCNZ-
600, due to its numerous gaps causing multiple reflections, increases the transmission path of EM wave,
which is beneficial to the improvement of attenuation capacity'*'..

The effectiveness of the prepared EM wave absorption materials in practical applications was further
evaluated using radar cross section (RCS) simulation. The RCS value can be expressed as®>*’):
. 47s [E, %

o(dbm*) = 101log F[E] ]
Based on the obtained EM parameters, the performance of FCNZ-500, FCNZ-600, and FCNZ-700 was
simulated on a perfect electric conductor (PEC) substrate. The PEC substrate, with dimensions of 180 mm x
180 mm x 10 mm, was coated with 1.9 mm layers of FCNZ-500, FCNZ-600, and FCNZ-700, and the
corresponding 3D RCS distributions at 10.72 GHz in Figure 6B-D. In the 3D RCS plot, the PEC substrates
coated with FCNZ-500, FCNZ-600, and FCNZ-700 exhibited significantly lower radar wave signals
compared to the pure PEC substrates [Figure 6E], indicating effective absorption properties. Among FCNZ-
500, FCNZ-600, and FCNZ-700, FCNZ-600 demonstrated the best performance, these simulation results are
consistent with the RL,,, characteristics. Figure 6F depicts the X-band’s angle-dependent RCS values at
10.72 GHz. In the range of -90 degrees < theta < 90 degrees, the radar scattering signals of FCNZ-600 are all
below -10 dBm?, which is consistent with its EM wave absorption performance. RCS reduction is compared
with PEC at theta = 0, 30, 60, and 90 degrees. Each group contributes differently to the RCS reduction
[Figure 6G]. At 0 = 0, the RCS reduction of the FCNZ-600 coating is greatest. Based on the simulation
results, FCNZ-500, FCNZ-600, and FCNZ-700 effectively reduce radar scattering intensity and confirm
their practical feasibility for EM wave absorption applications.
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CONCLUSION

In conclusion, the magnetic-dielectric FeCoNi@ZnlIn,S, system with special core-shell structure was
successfully synthesized, which was annealed at different temperatures. These research findings show that
when the dielectric shell layer ZnIn,S, is introduced and the annealing temperature reaches 600 °C, FCNZ-
600 exhibits the RL,,, of -52.4 dB at 1.9 mm and the EAB of 6.08 GHz at 1.53 mm. This is mainly attributed
to the synergistic effects among the interfacial polarization between the FeCoNi and ZnIn,S, core-shell

min

structures, the dielectric loss, and the magnetic loss. This work demonstrates that the core-shell structure
design of magnetic-dielectric synergistic composites is a practical approach for designing high-performance
EM wave absorption materials.
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