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ABSTRACT: Carbon-based materials are extensively utilized for electromagnetic wave (EMW) absorption due to their low density and high
stability. However, their absorption capacity is often hindered by impedance mismatch originating from high intrinsic conductivity. Here, we
synthesize high-entropy carbide nanoparticles with in-situ growth on hollow carbon spheres (HECs@HCSs) to form core-shell composites via
entropy engineering. The results show that the high configurational entropy in the carbides leads to an expansion of the HEC lattice constant
from 4.309 Å to 4.401 Å, yielding a great lattice strain from 3.55% to 13.45%. The atomic-scale strain field promotes defect formation and
suppresses the long-range ordering of the carbon matrix, leading to the disruption of the conductive carbon network. Together with enhanced
carrier scattering and interfacial transport barriers, the electrical conductivity decreases from 20.46 S/m to 0.27 S/m. As a result, the
HECs@HCSs composites exhibit outstanding microwave absorption with an effective absorption bandwidth of 7.24 GHz at 1.81 mm and a
minimum reflection loss of -45.28 dB at 1.89 mm. Furthermore, radar cross-section simulations demonstrate that the HEC5 coating reduces
the monostatic RCS by 18.85 dB·m2 relative to the bare PEC plate at normal incidence, confirming its excellent radar stealth capability. The
superior EMW absorption properties are attributed to the enhanced impedance matching and the mechanistic transition from conduction loss
to polarization relaxation. This work provides novel design insights and theoretical criteria for developing lightweight, wideband, and high-
efficiency EMW absorbing protection materials.

KEYWORDS: high-entropy carbides; hollow spheres; lattice distortion; electromagnetic wave absorption; impedance matching

1 Introduction
Electromagnetic wave (EMW) absorbing materials are

essential for mitigating electromagnetic pollution to protect
human health and equipment operation [1-3]. Among various
candidates, carbon-based absorbers have been extensively
utilized due to their low density and structural diversity.
However, the high conductivity of traditional carbon materials
induces severe impedance mismatch, which aggravates surface
reflection rather than internal dissipation of the incident waves
[4-7]. To circumvent this limitation, researchers have employed
methods to reduce the real part of the dielectric constant for
carbon materials, such as heterostructure construction, defect
engineering, and heteroatom doping [8-10]. In particular, the
suppression of long-range ordering in the carbon matrix via
amorphous domains or structural defects has emerged as a
critical approach [11-14]. This method leverages interfacial and
dipole polarizations to increase energy loss while
simultaneously optimizing impedance matching, which is key to
achieving high-performance EMW absorption.

The geometric curvature of hollow carbon spheres (HCSs)
could effectively inhibit graphitization by inducing local strain,
leading to a defect-rich amorphous structure. These microscopic
defects, accompanied by the heterogeneous interfaces, serve as
active polarization sites to dissipate energy through polarization
relaxation under an alternating electromagnetic field [15-18].

For example, Wang et al. [19] found that the curvature-induced
lattice mismatch and interfacial stress could generate high-
density defects while suppressing graphitization in hollow
FeCo@C heterostructures, which yields a minimum reflection
loss (RLmin) of -50.57 dB and a 5.35 GHz effective absorption
bandwidth (EAB) at 1.8 mm. Similarly, Sun et al. [20]
fabricated Pb/N-doped graphene hollow spheres, where
curvature-induced lattice distortions and carbon vacancies were
used to enhance dielectric and conduction losses. At 10 wt%
loading, this defect-driven polarization enabled a -47.2 dB RLmin

and a 4.64 GHz EAB at 1.53 mm. Zhang et al. [21] revealed that
the synergy between curvature and P-doping promoted sp3
hybridization and structural defects in P-doped hollow porous
carbon spheres, resulting in an RLmin of -34.05 dB at 1.8 mm.
These studies demonstrate that hollow curved designs could
regulate the defect states of the carbon matrix to optimize
dielectric polarization and impedance matching. Furthermore,
the incorporation of magnetic, dielectric, or atomic-scale
components has also proven essential to enhance interfacial
polarization and broaden the absorption bandwidth [22,23].
However, conventional doping methods often fail to induce
substantial lattice strain across a large scale, limiting their ability
to control the crystallinity and conductivity of the carbon matrix
[24-26]. Therefore, it is imperative to explore a novel way to
generate a synergistic strain effect with the hollow architecture,
achieving precise structural modulation and superior microwave
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absorption.
High-entropy materials (HEMs) could produce severe

lattice distortions to drive the structural evolution and dielectric
modulation of the carbon matrix [27,28]. For instance, Gang et
al. [29] revealed that lattice distortions and nanotwins induced
by HE Ni-Mn-Co-Cu-Al alloys drive abundant vacancies and
defects within the carbon shell. This multiscale defect boosts
polarization loss, enabling a strong reflection loss of -52.36 dB
and a broad bandwidth of 5.01 GHz at a thickness of 1.9 mm.
Similarly, Hassan et al. [30] illustrated that lattice distortion
suppressed the long-range ordering of the carbon shell and
promoted sp3 defect formation in carbon-coated FeCoNiCuMnx
particles, which enhanced dipole polarization while reducing
conductivity, thereby optimizing impedance matching and
yielding an EAB of 5.52 GHz at 2.0 mm. Liu et al. [31] reported
that the lattice distortion and chemical disorder in
FeCoNi/carbon heterostructures could generate high-density
hetero-interfaces and defects, leading to an RLmin of -57.5 dB
and an EAB of 5.67 GHz at 2.2 mm. These studies reveal that
the lattice distortion and chemical disorder in HEMs disrupt the
periodic arrangement of carbon atoms. Thus, it induces multiple
polarization relaxations and enables macroscopic control over
complex permittivity and impedance matching. Furthermore, the
high-entropy structural disorder intensifies carrier scattering to
reduce the intrinsic conductivity [32,33]. As a result, the synergy
effect between high-entropy features and hollow architectures
could yield outstanding EMW absorption performance in the
composites.

Thus, the regulation of carbon matrix defects via hollow
core-shell structures and HE-induced lattice distortion provides
an effective strategy for tailoring the microwave absorption
performance of composites. This study synthesizes a series of
composition‑ tunable high‑ entropy carbide nanoparticles
(HECs), which grow in situ on hollow carbon spheres (HCSs),
forming composite powders with a core‑ shell heterostructure
(HECs@HCSs). The results show that a high configurational
entropy in the carbides leads to an expansion of the HEC lattice
constant and great lattice strain. This atomic-scale strain field
disturbs the symmetry of atomic arrangements in the hollow
carbon shell, introducing a high density of vacancy defects and
restraining the development of graphitized ordered structures.
Consequently, the electrical conductivity drastically drops from
20.46 S/m to 0.27 S/m, creating a transition of the dissipation
mechanism from conduction loss to polarization relaxation. The
synergy between entropy-induced polarization enhancement and
impedance optimization of the hollow architecture enables
HECs@HCSs composite to achieve an EAB of 7.24 GHz at 1.81
mm and an RLmin of -45.28 dB at 1.89 mm. Radar cross-section
(RCS) simulation results further confirm the superior stealth
potential of HECs@HCSs composites across the Ku-band. This
work provides a valuable reference for the design and
fabrication of lightweight, wideband, and high-efficiency high-
entropy EMW absorbing materials.

2 Experimental
2.1 Cell fabrication

Fabrication of Polystyrene (PS) microspheres: styrene (St,
inhibitor-removed) and polyvinylpyrrolidone (PVP) (5:1 w/w)
were dissolved in 300 mL of anhydrous ethanol within a three-
neck round-bottom flask under mechanical stirring (500 rpm).

The solution was deoxygenated by purging with Ar for 30 min
and subsequently maintained under an N2 atmosphere. The
mixture was then heated to 70°C in an oil bath, followed by the
addition of azobisisobutyronitrile (AIBN, 0.8 g) to initiate the
polymerization. After reacting at 70°C for 24 h, monodisperse
polystyrene (PS) microspheres were successfully obtained.

Fabrication of Me(OH)x@PS microsphere: Polystyrene (PS)
microspheres (0.4 g) were dispersed in 150 mL of anhydrous
ethanol within a three-neck flask via 10 min of ultrasonication,
followed by mechanical stirring at 500 rpm. Subsequently, 1.5
mL of NH4OH (28%) was injected into the suspension.
Separately, stoichiometric amounts of TBOT, MoCl5, NbCl5,
TaCl5, and HfCl5 (molar ratios detailed in Table S1) were
dissolved in 6 mL of anhydrous acetonitrile to form a precursor
solution. This solution was then introduced dropwise into the PS
suspension at a controlled rate of 0.5 mL/min under continuous
stirring. After reacting at room temperature for 4 h, the resulting
product was collected by centrifugation (2000 rpm, 3 min),
washed three times with ethanol, and vacuum-dried at 60°C for
12 h to obtain a free-flowing powder.

Fabrication of PR@Me(OH)x@PS microsphere: 1 g of
dried Me(OH)x@PS powder was dispersed in a mixture of
anhydrous ethanol and deionized water (300 mL) via
ultrasonication. Under continuous mechanical stirring, 0.6 mL of
formaldehyde solution was added and stirred for 10 min,
followed by the introduction of 0.35 g of resorcinol. After
another 20 min of stirring, 0.85 mL of ammonium hydroxide
was added to catalyze the polymerization. The reaction lasted
for 24 h to form the PR@Me(OH)x@PS precursor. The product
was collected via centrifugation, washed alternately with
deionized water and ethanol for four cycles, and vacuum-dried.
Finally, the obtained powders were carbonized at 1500°C for 2 h
under an Ar atmosphere, yielding the HECs@HCSs composites.

2.2 Materials characterizations

The phase constitutions of the HECs@HCSs composites
were identified by X-ray diffraction (XRD, XPert PRO MPD,
Netherlands) and further analyzed via Rietveld refinement using
GSAS II software. The microstructure was characterized using
field emission scanning electron microscopy (FESEM, Nano
SEM 400, America) and transmission electron microscopy
(TEM, JROL JEM-F200, Japan). X-ray photoelectron
spectroscopy (XPS, AXIS SUPRA+, Japan) was employed to
investigate the chemical states of the constituent elements, while
the vibrational modes of chemical bonds were captured by
Raman spectroscopy (Horiba LabRAM HR Evolution, Japan).
For electromagnetic characterization, the composites were
uniformly mixed with paraffin wax in a mass ratio of 15:85. The
mixture was then pressed into a toroidal ring (inner diameter: 3
mm, outer diameter: 7 mm, thickness: 3 mm) for testing with a
vector network analyzer (VNA, Keysight E5071c).

The lattice strain was evaluated using the Williamson–Hall
(W–H) method based on the broadening of X-ray diffraction
peaks. The full width at half maximum (FWHM) of the
diffraction peaks was fitted according to the Williamson–Hall
equation [34,35]:

� cos � = ��
�

+ 4� sin � (1)
Where β is the full width at half maximum (FWHM), θ is

the Bragg diffraction angle, k is the Scherrer constant, λ is the
X-ray wavelength, D is the crystallite size, and ε is the lattice
strain. The lattice strain was determined from the slope of the
linear fitting of βcosθ versus 4sinθ.

The far-field simulations were performed using the CST
Studio Suite. The simulation model consisted of a square Perfect
Electric Conductor (PEC) plate (100×100×1 mm3) serving as the
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reflective substrate. A coating layer with a thickness of 1.81 mm
was modeled on the PEC surface, where the material properties
were defined by the experimentally measured complex
permittivity and permeability of the HECs@HCSs composites.

3 Results and discussion
The schematic fabrication process of the HECs@HCSs
composites is illustrated in Figure 1a. Initially, the polystyrene
(PS) microspheres are coated with a layer of metal hydroxides
(Me(OH)x) derived from the hydrolysis of metal ions (Mex+: Ti4+,
Mo5+, Nb5+, Ta5+, Hf4+) (Figures 1b, 1c, and S1). Subsequently,
the Me(OH)x@PS microspheres are encapsulated by a layer of
phenolic resin (PR) through the condensation reaction of
formaldehyde and resorcinol (Figure 1d), which serves as the
carbon precursor. Finally, the PR@Me(OH)x@PS microspheres
are ultimately converted into hollow carbide structures via

thermal treatment, during which the PS templates are eliminated
by pyrolysis as the PR and Me(OH)x undergo a carbothermal
reduction (Figure 1e). Furthermore, an entropy-increasing
method is applied to the carbides by modulating the variety of
metal ions. Based on the number of principal metallic elements,
the samples are designated as HEC2, HEC3, HEC4, and HEC5,
corresponding to (Ti0.5Mo0.5)C, (Ti1/3Mo1/3Nb1/3)C,
(Ti0.25Mo0.25Nb0.25Ta0.25)C, and (Ti0.2Mo0.2Nb0.2Ta0.2Hf0.2)C,
respectively. Comparative experiments (Figure S2) show that
the Me(OH)x@PS microspheres without the PR coating collapse
into irregular micrometer-sized particles under identical thermal
conditions, failing to retain a spherical morphology. This
observation indicates that the PR plays a dual role by
functioning as both the carbon source for the carbothermal
reduction reaction and a structural scaffold that maintains the
hollow architecture of the microspheres

Figure 1 Design and preparation of HECs@HCSs composites. (a) Process flowchart and entropy increase design diagram; (b) SEM image of PS microspheres;
(c) SEM image of Me(OH)x@PS microspheres; (d) SEM image of PR@Me(OH)x@PS microspheres; (e) SEM image of HECs@HCSs composites
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X-ray diffraction (XRD) is employed to characterize the
phase and crystalline structure of HECs@HCSs composites in
Figure 2a. All Bragg diffraction peaks align with the standard
pattern of face-centered cubic (FCC) TiC (ICDD No. 96-153-
9506), indicating that the metallic atoms are solubilized into the
TiC lattice, forming a stable, single-phase solid solution. From
HEC2 to HEC5, all diffraction peaks shift toward low angles,
which signifies an expansion of the lattice constant with
increasing entropy. The diffraction peaks of the (111) lattice
plane reveal that the full width at half maximum (FWHM) also
increases alongside the peak shift, suggesting obvious lattice
distortion in the crystal. Rietveld refinement results (Figure 2b,
2c, and S3) further confirm that the lattice constant increases
sequentially with entropy. In detail, the values of the lattice
constant rise from 4.309±0.00012 Å (HEC2), 4.356±0.00015 Å

(HEC3), 4.401±0.00011 Å (HEC4) to 4.461±0.00016 Å for
HEC5. The low reliability factors compiled in Table S2
demonstrate the high quality and reliability of the refinement
fitting. Driven by this lattice dilation, the derived lattice strain (ε)
exhibits a synchronized upward trend from 3.55%±0.021% in
HEC2 to 13.45%±0.016% in HEC5 (Figure 2d). The increment
of lattice constants and lattice strain (Figure 2e) demonstrates
that the carbide structure undergoes pronounced lattice
distortion as metallic atoms incorporate into the solid solution
[36,37]. This result arises from the lattice stress induced by
disparities in atomic radii among Ti, Mo, Nb, Ta, and Hf. The
occupation of FCC lattice sites by these diverse metallic atoms
produces fluctuations in the crystal planes and results in the shift
and broadening of the diffraction peaks.

Figure 2 Physical phases and crystal structure of HECs@HCSs composites. (a) XRD; (b) XRD refined pattern of HEC5; (c) Lattice constants obtained from
XRD refinement; (d) ε; (e) The variation of lattice constant with ε

The X-ray photoelectron spectroscopy (XPS) survey
spectra (Figures 3a-d and S4) reveal characteristic signals for all
constituent metallic elements (Ti, Mo, Nb, Ta, and Hf)
consistent with their compositions in HEC samples. These
findings verify the formation of a homogeneous solid solution at
the atomic scale in conjunction with the XRD results. In the Ti
2p, Ta 4f, and Hf 4f spectra, the peaks correspond to
metal‑ carbon (Me-C) bonds, along with a minor contribution
of metal-oxygen (Me-O) bonds. The Mo 3d spectra not only
display the characteristic Mo-C peaks at 232.48 eV and 229.28
eV, but also reveal additional peaks attributed to Mo ions in
valence states, located at 226.88/224.58 eV, 235.98/233.08 eV,
and 229.98/227.18 eV. Meanwhile, as the entropy increases, the
Nb 3d spectra evolve from a single characteristic peak to
multiple peaks, and three groups of characteristic peaks appear
in the HEC5 sample. The XPS spectra evolution of HEC can be
attributed to the severe atomic size mismatch and
inhomogeneous charge distribution within the high-entropy
lattice [38,39]. Specifically, electronegativity disparities among

the diverse metallic atoms, coupled with lattice distortion, result
in a rearrangement of the electron cloud, which leads to the
coexistence of multiple valence states for Mo and Nb.

Figures 3e-h display the high-resolution C 1s XPS spectra
of HECs@HCSs composites. The C 1s spectra are resolved into
C=O, C-O, sp3, sp2-hybridized carbon, and the Me-C bond
located between 283.68 and 283.98 eV. Simultaneously, Raman
spectra (Figures 3i-l) are fitted into I, D, A, and G peaks located
at approximately 1230, 1350, 1500, and 1590 cm-1, respectively.
Specifically, the G peaks arise from the in-plane stretching
vibration of the E2g in graphite, indicating long-range order
within the carbon lattice. The D peaks result from phonon
scattering at Brillouin zone boundaries due to structural defects
or disorder. Furthermore, the I peaks are attributed to the
stretching vibrations of C-C and C=C in sp2-sp3 mixed bonds,
while the A peaks stem from amorphous carbon, graphene
fragments, and residual functional groups [40,41]. Quantitative
results in Figure 3m and S5 indicate that the sp3/sp2 integrated
area ratio rises significantly from 0.593±0.021 for HEC2 to
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1.597±0.021 for HEC5, as systematically summarized in Table
S3.. The ratios of I/D, I/G, and I/A in the Raman spectra also
exhibit a monotonic upward trend with increasing entropy.
These variations indicate that the entropy increment enhances
the degree of disorder and the proportion of sp3 bonding within
the carbon matrix, which provides a high density of defects as

polarization centers to attenuate the EMW [42]. Furthermore,
the interfaces between the disordered carbon matrix and the
high-entropy ceramic phase are expected to broaden the
effective absorption bandwidth through the enhancement of both
interfacial and dipole polarization.

Figure 3 Chemical bond characterization of HECs@HCSs composites. (a) XPS fine spectra of Ti 2p; (b) XPS fine spectra of Mo 3d; (c) XPS fine spectra of Nb
3d; (d) XPS fine spectra of Ta 4f and Hf 4f; (e-h) XPS fine spectra of C 1s; (i-l) Raman spectra; (m) sp3/sp2, IA/IG, ID/IG, and II/IG

The high-resolution transmission electron microscopy
(HRTEM) exhibits a monodispersed hollow spherical structure
with an average diameter of 1.8 μm, as illustrated in Figure S6
and Figure 4a. Energy-dispersive X-ray spectroscopy (EDS)
elemental mapping of a single sphere (Figures 4b and S7)
demonstrates that all constituent elements are uniformly
distributed throughout the hollow shell. HRTEM images
(Figures 4c-f) reveal that the hollow shell consists of an
amorphous carbon matrix embedded with carbide nanoparticles
(10~100 nm), and the particle size decreases gradually as the
entropy rises. The corresponding selected area electron
diffraction (SAED) patterns display clearly polycrystalline
diffraction rings, and the lattice space values are consistent with
the XRD results. Interestingly, the diffraction ring (002) of
graphitic carbon is visible in the SAED patterns of HEC2 and
HEC3, suggesting a high crystalline degree of the carbon matrix
in the low-entropy components. The spacing of the (111) planes
widens from 0.254 nm in HEC2 to 0.261 nm in HEC5 as
metallic atoms are introduced (Figures 4g-i), confirming the
lattice distortion during the formation of the high-entropy solid
solution, which is consistent with the Rietveld refinement results.

Figures 4k-n illustrate atomic-scale structures of the
HECs@HCSs composites. In HEC2, the carbide particles are
surrounded by highly ordered, ribbon-like graphite layers, and
HEC3 maintains a partially graphitized structure. In contrast, the
carbon matrix in HEC4 and HEC5 transforms into a turbostratic
graphite with a highly distorted, vortex-like distribution. This
structural evolution can be understood from the perspective of
interfacial misfit strain relaxation. During high-temperature
carbonization and subsequent cooling, the thermal expansion
mismatch between carbide nanoparticles and the carbon matrix,
together with the intrinsic lattice strain induced by the high-
entropy effect, generates significant residual interfacial stresses
at the carbide/carbon boundaries [43,44]. The accumulated
interfacial stress can be transferred into the adjacent carbon
layers, inducing distortion, bending, and partial fragmentation of
the graphitic frameworks [45,46]. To partially release the
localized strain energy, the distorted carbon networks may
undergo local bonding reconstruction, resulting in an increased
fraction of tetrahedral sp3 configurations. This strain-induced
carbon structural evolution is consistent with the XPS results,
where the sp3/sp2 ratio increases from 0.593 ± 0.021 to 1.597 ±
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0.021 with increasing configurational entropy. [47]. The
hierarchical heterostructure, comprising high-entropy
nanocrystals, turbostratic graphite, and amorphous carbon
matrix, introduces a wealth of phase interfaces and structural

defects. Such a configuration not only induces strong interfacial
polarization via the Maxwell-Wagner effect but also extends the
propagation path of EMWs within the hollow shells through
scattering and multiple reflections.

Figure 4Microstructure of HECs@HCSs composites. (a) TEM image of HEC5; (b) TEM image and EDS area scan of a single HEC5 hollow sphere; (c-f) TEM
images of carbide particle distribution; (g-j) High-resolution TEM images of carbide particles; (k-n) High-resolution TEM images of the carbon matrix

The real (ε') and imaginary (ε'') parts of the complex
permittivity for HECs@HCSs composites are measured and
illustrated in Figures 5a and 5b. The real permittivity (ε') of each
sample declines as frequency rises, showing characteristic
frequency dispersion. Meanwhile, the ε'' curves display
fluctuating characteristics, which signify the presence of
multiple polarization relaxation processes in the composites.
Specifically, HEC2 exhibits high ε' and ε'' values of
approximately 46.1 and 186.7 in the low-frequency region,

respectively. With increasing entropy, the permittivity of the
composites decreases significantly, with the ε' and ε'' of HEC5
dropping to approximately 14.1 and 4.7, respectively. Figure 5c
illustrates the frequency dependence of the dielectric loss
tangent (tanδ) for the HEC2 to HEC5 within the 2-18 GHz range.
HEC2 exhibits the most robust dielectric dissipation,
maintaining an average tanδ value of approximately 2.31. As the
entropy increases, the average tanδ values for HEC3 and HEC4
decrease to 0.61 and 0.58, respectively, while HEC5 further
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declines to 0.39.
The attenuation constant (α) is calculated to evaluate the

absorbing capacity of the HECs@HCSs composites. As shown
in Figure 5d, the α values increase with frequency across the 2-
18 GHz. Specifically, HEC2 exhibits the highest attenuation
constant, rising from 358.18 to 1017.05, which demonstrates a
powerful EMW loss capability. For HEC3, the α stays between
250 and 305 across the Ku-band. HEC4 reaches 382.43 at 18
GHz. In contrast, HEC5 exhibits the lowest α values in the
composites.

To investigate the dielectric loss mechanisms of the
HECs@HCSs composites, the Cole-Cole plots are analyzed in
Figures 4e-h. The plot for HEC2 exhibits a nearly linear upward
trajectory within an exceptionally high dielectric range, with ε'
values significantly surpassing those of ε'', indicating that
conduction loss dominates the HEC2; the long-range migration
of charge carriers effectively masks localized polarization
relaxation [48,49]. With increasing entropy, the plots shift
toward low dielectric values. Specifically, HEC3 displays
multiple overlapping and distorted semicircles alongside a
residual tail of conduction loss. In contrast, the curves of HEC4
and HEC5 maintain arc-like features without a linear rise at the
higher frequency end. The Cole-Cole plots confirm that the
relative contribution of polarization loss to the total dissipation
increases with the entropy rising.

The conductivity of HECs@HCSs composites is measured
to reveal the regulatory mechanisms of the microstructure on
charge transport, as shown in Figure 5i. The conductivity
decreases continuously by nearly two orders of magnitude with
increasing configurational entropy, dropping from 20.46 S/m for
HEC2 to only 0.27 S/m for HEC5. The relatively high
conductivity of HEC2 originates from its well-developed
graphitic carbon framework, which provides continuous sp2-
conjugated pathways for electron transport. As the
configurational entropy increases, however, HRTEM
observations reveal that the graphitic layers gradually evolve
into fragmented turbostratic carbon, while Raman and XPS
analyses indicate a continuous increase in the sp3/sp2 ratio,
indicating suppressed graphitization and the progressive
disruption of the conductive carbon network [50,51]. Thus,
electron transport through the conductive carbon framework
becomes increasingly hindered, resulting in higher contact
resistance and deteriorated long-range charge transport [52,53].
Importantly, the conductivity suppression cannot be solely
attributed to the disordering of the carbon matrix. The severe
lattice distortion associated with the high-entropy carbide
nanoparticles generates local strain fields and chemical disorder,
which enhance carrier scattering and reduce carrier mobility. At

the same time, the increasing number of carbide and carbon
heterointerfaces introduces additional potential barriers for
interfacial charge transfer, further impeding electron migration
throughout the conductive network. Therefore, the significant
reduction in electrical conductivity results from the synergistic
effects of conductive-network disruption, lattice-distortion-
induced carrier scattering, and interfacial transport barriers.

To further explore the electromagnetic energy dissipation
mechanisms of the HECs@HCSs composites, the ε'' is
decomposed into conduction loss (εc'') and polarization
relaxation loss (εp''). Figure 5j illustrates that the εc'' values
decrease as frequency increases, which is consistent with the
physical law derived from Maxwell equations, and the
conduction loss is inversely proportional to frequency [54].
HEC2 exhibits the most significant conduction loss. In
accordance with the entropy increase, εc'' gradually declines, and
the HEC5 reaches a minimum of approximately 0.27 in the
high-frequency band, confirming that the continuous conductive
network in HEC2 facilitates efficient energy dissipation via free
charge migration. In contrast, the disruption of conductive
pathways in the high-entropy components leads to a substantial
attenuation of conduction loss.

The contribution of polarization relaxation to the overall
energy dissipation is reflected in the εp'' (Figure 5k). HEC2
exhibits a prominent relaxation peak at approximately 3.28 GHz,
indicating a robust dipole or interfacial polarization response in
the low-frequency region. As the entropy increases, the
relaxation loss for HEC3, HEC4, and HEC5 remains weak at
low frequencies, then gradually rises and stabilizes, with peaks
identified near 6.76, 5.68, and 4.27 GHz, respectively. A
comparison of the two loss ways shows that conduction loss
contributes less to overall attenuation as frequency rises [55]. In
particular, for HEC3 to HEC5, energy dissipation above 8 GHz
shifts toward a regime governed mainly by relaxation loss,
confirming that the polarization relaxation serves as the
dominant process for EMW attenuation in these high-entropy
materials.

The relaxation time (τ) is calculated to further investigate
the dipole orientation and interfacial polarization kinetics of the
HECs@HCSs composites. As shown in Figure 5l, HEC2 shows
the longest relaxation τ value of 4.53×10-10 s, while HEC3
shortens to 1.33×10-10 s. As the entropy continually increases,
the τ values for HEC4 and HEC5 rise again to 1.4×10-10 s and
1.89×10-10 s. This originates from the reduction in charge
transport resistance due to carbon matrix fragmentation and the
increased rotational barriers for dipoles induced by severe lattice
distortion.
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Figure 5 EM parameters of HECs@HCSs composites. (a) ε'; (b) ε''; (c) tanδ; (d) α; (e-h) Cole-Cole; (i) Electrical conductivity; (j)εc''; (k) εp''; (l) τ

The reflection loss (RL) of the HECs@HCSs composites is
calculated within the 2-18 GHz range based on transmission line
theory. As illustrated in Figures 6a-d, the HEC2 exhibits an
RLmin of -3.43 dB. The excessive conductivity leads to a severe
impedance mismatch, preventing EMWs from entering the
interior for dissipation. In contrast, HEC5 exhibits the most
intense absorption peak, reaching as low as -45.28 dB at a
thickness of 1.89 mm. The low conduction loss and moderate
relaxation time of HEC5 create optimal impedance matching,
allowing the maximum EMW into the composites and
subsequent conversion into thermal energy via polarization
relaxation mechanisms [56]. Meanwhile, HEC3 exhibits the
most superior EAB in the composites. As shown in Figures 6e-f,
the EAB of HEC3 reaches 7.24 GHz at a thickness of 1.81 mm.
This disparity is attributed to their different relaxation kinetics,
as HEC3 exhibits the shortest relaxation time to absorb EMWs
over a broader frequency spectrum.

Figures 6i and 6j compare the RL and the EAB for HEC3,
HEC4, and HEC5 across a thickness range of 0-5 mm. HEC5
exhibits super RL intensity at various thicknesses, highlighting
its outstanding performance in electromagnetic energy
dissipation. Simultaneously, the EAB coverage for three
samples is concentrated in the Ku-band. These results indicate
that through compositional regulation, the HECs@HCSs
composites achieve a significant transition in electromagnetic
characteristics, moving from strong reflection to high absorption
and broadband coverage [57]. Specifically, HEC5 prioritizes
breakthroughs in absorption intensity, while HEC3 achieves
effective absorption over a broader frequency range, owing to its
fast relaxation response and moderate conduction loss.
Compared with the relevant reports on high-entropy materials,
hollow structures, and carbon-based composites (Figures 6k, 6l,
and Table S4), the HECs@HCSs composites achieve a markedly

low filler loading without compromising the wide effective
absorption bandwidth. This advantage is attributed to the
effective density control provided by the hollow structure, as
well as the fine-tuning of the permittivity via the high-entropy
effect and atomic size mismatch.

Figures 6m-p present 2D maps of the normalized
impedance (|Zin/Z0|) as a function of thickness for the
HECs@HCSs composites, revealing the capacity for EMW
absorption. The |Zin/Z0| values for HEC2 are below 0.5,
signifying intense surface reflection that impedes the
transmission of EMWs into the interior. While the |Zin/Z0|
values for HEC3 are generally below 0.8, the impedance
matching characteristics improve significantly for the HEC4,
which exhibits regions approaching the ideal |Zin/Z0|=1 within
the 2-8 GHz range. The HEC5 manifests the most superior
impedance matching, characterized by a markedly expanded
area within the optimal |Zin/Z0| range of 0.8-1.2, which is a
prerequisite for high-performance microwave absorption [58].
By precisely tailoring the high-entropy phase, HEC5 achieves a
significantly optimized conduction loss of 0.27 at 18 GHz. This
dielectric loss ensures that a maximum volume of energy can
penetrate the material rather than being reflected at the surface
[59]. Consequently, HEC5 leverages the quarter-wavelength
interference effect to the fullest extent, yielding an intensive
reflection loss of -45.28 dB at 1.89 mm. This underscores the
efficacy of high-entropy integration in achieving near-perfect
impedance matching and high-intensity absorption in thin-
layered absorbers.

It should be emphasized that the microwave absorption
performance is not determined by impedance matching or
attenuation capability individually, but by their synergistic
balance. Although HEC2 exhibits relatively strong attenuation
capability due to its larger dielectric loss contribution, the severe
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impedance mismatch restricts the effective penetration of
incident electromagnetic waves into the absorber. In contrast,
HEC5 maintains sufficient attenuation capability while
exhibiting the impedance matching coefficient closest to unity
over the broadest frequency range. Consequently, a larger
proportion of the incident electromagnetic waves can enter the
absorber and be effectively dissipated through conduction and

polarization losses, resulting in the broadest effective absorption
bandwidth and the strongest reflection loss. Therefore, the
superior microwave absorption performance of HEC5 arises
from the optimized balance between attenuation capability and
impedance matching rather than the maximization of either
electromagnetic parameter individually.

Figure 6 EMW absorption performance of HECs@HCSs composites. (a-d) 3D RL diagram; (e-h) 2D RL diagram; (i) RL comparison chart for HEC3-HEC5 at
different thicknesses; (j) EAB comparison chart; (k, i) Comparison of EAB and filler ratios with previously reported materials of the same type; (m-p) 2D
|Zin/Z0| diagram

The practical application of the HECs@HCSs composites
is performed with CST Studio Suite to evaluate the radar
scattering signals in a far-field environment. A pure Perfect
Electric Conductor (PEC) plate exhibits intense scattering
signals at a specific frequency of 13.36 GHz in Figures 7a-f.
This frequency is selected because it corresponds to the
minimum reflection loss frequency of HEC5, where the
strongest electromagnetic wave absorption is achieved.
Therefore, the RCS simulation at this representative frequency
provides a direct evaluation of the radar scattering suppression
capability under the optimal absorption condition. The radar
cross-section (RCS) signals are attenuated to varying degrees
upon coating the PEC surface with the composite materials
[60,61]. Notably, HEC5 demonstrates the most pronounced
reduction in the RCS signal. Figure 7g-h presents the simulated
monostatic RCS distributions of the bare PEC plate and the
corresponding HEC2-HEC5 coated structures. Compared with
the bare PEC plate, all HECs@HCSs coatings effectively

suppress radar backscattering. At normal incidence (0°), the
RCS decreases from 13.98 dB·m2 for the bare PEC plate to
11.82, 3.61, 5.22, and -4.87 dB·m2 for HEC2, HEC3, HEC4, and
HEC5, respectively, corresponding to RCS reductions of 2.16,
10.37, 8.76, and 18.85 dB·m2. Although slight fluctuations are
observed between the intermediate compositions, the HEC5
coating exhibits the most pronounced reduction in radar
scattering. This trend agrees well with the microwave absorption
results discussed above, indicating that entropy engineering
effectively optimizes the balance between impedance matching
and electromagnetic attenuation, thereby enabling more incident
electromagnetic waves to enter the absorber and be dissipated
before being reflected.

The exceptional EMW absorption performance of the
HECs@HCSs composites originates from the synergy between
the microscopic electromagnetic evolution driven by high-
entropy components and the macroscopic wave-dynamic
response of the hollow structure. The underlying physical
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mechanisms are illustrated in Figure 7i. Initially, the hollow
core-shell architecture facilitates multiple reflections and
scattering of EMWs in the internal cavities, effectively
extending the propagation path and optimizing macroscopic
impedance matching [62]. At the atomic scale, the lattice
distortion of HECs establishes energy barriers for electron
hopping, which regulates long-range conduction while
preserving the intrinsic dissipative capability of crystalline
carbon domains, thereby addressing the impedance mismatch
challenge [63]. Crucially, the distorted HECs lattice acts as a

prolific source of dipole polarization, creating a high density of
dipoles that undergo ultra-fast relaxation under alternating
electric fields. Simultaneously, the significant disparities in
atomic radii and the presence of complex hetero-interfaces
create a high density of dipole polarization centers, leading to an
intense Maxwell-Wagner effect under alternating electric fields
[64]. As a result, HECs not only ensure high-performance
absorption under near-field conditions but also provide a robust
foundation for far-field

RCS reduction and wide-angle electromagnetic protection applications.
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Figure 7 RCS simulation and mechanism diagram. (a) RCS calculation schematic diagram; (b-f) RCS of PEC plates and RCS after coating PEC surfaces with
HEC2-HEC5; (g) RCS between ±80o; (h) Compared to a 2D RCS between ±90o; (i) Schematic diagram of the physical mechanism for EMW absorption in
HECs@HCSs composite
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4 Conclusions
In summary, this study synthesizes HECs@HCMs core-shell
composite powders via the in-situ construction of composition-
tunable high-entropy carbide (HEC) nanoparticles on hollow
carbon spheres (HCSs). The results reveal that the high
configurational entropy of the carbides induces significant
lattice distortion, suppresses the graphitization of the carbon
matrix, and promotes defect formation. The resulting disruption
of the conductive carbon network, together with enhanced
carrier scattering and interfacial transport resistance, reduces the
intrinsic electrical conductivity of the nanocomposites from
20.46 S/m to 0.27 S/m. This decline promotes a shift in the
dominant loss mechanism from conduction loss to polarization
relaxation. The evolution of high-entropy components, the
structural remodeling of the carbon matrix, and the cavity effect
of the hollow architecture lower the complex permittivity and
construct abundant hetero-interfaces, thereby significantly
improving impedance matching. Benefiting from this synergy, at
a low filler loading of 15 wt%, the HECs@HCSs composites
achieve an effective absorption bandwidth of 7.24 GHz at 1.81
mm and a strong reflection loss of -45.28 dB. RCS simulations
further demonstrate that the optimized HEC5 coating effectively
suppresses radar scattering, achieving an RCS reduction of
18.85 dB·m2 relative to the bare PEC plate at normal incidence.
This research employs a dual-modulation strategy that combines
compositional high-entropy and hollow-structure optimization,
providing a novel paradigm for designing lightweight, wideband
EMW-absorbing materials.
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Equations

All calculation formulas used in this article are as follows:
ε'=ε∞+

εs-ε∞
1+ 2πf 2τ2

(1)

ε''= 2πfτ εs-ε∞
1+ 2πf 2τ2

(2)

ε'- εs-ε∞
2

+ ε'' 2= εs-ε∞ 2

2
(3)

ε''=εc''+εp'' (4)
εc''=

σ
ωε0

(5)

εp''=
εs-ε∞ ωτ
1+ω2τ2

(6)

Where f is frequency, �∞ is the optical dielectric constant, εs is the static dielectric constant, ��
'' is the contribution of conductive

loss, ��
'' is the contribution of dielectric loss, � is the leakage conductivity and τ is the relaxation time.

RL=20 ln
Zin-1
Zin+1

(7)

Zin=
μr

εr
tan h j

2πfd

c
εrμr (8)

Where Zin is the normalized input impedance of the material, �� is complex permittivity, �� is magnetic permeability, and c is
the propagation velocity of the EMW in vacuum.
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Figure S1 SEM image of Me(OH)x@PS microspheres, PR@Me(OH)x@PS microspheres, HEC2, HEC3 and HEC4
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Figure S2 SEM image of Me(OH)x@PS microspheres after heat treatment
Ju

st
 A

cc
ep

te
d



4

Figure S3 XRD refinement of HEC2, HEC3 and HEC4
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Figure S4 XPS spectra diagram
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Figure S5 High-resolution C 1s XPS spectra of HECs@HCSs composites
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Figure S6 TEM of HEC2, HEC3 and HEC4
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Figure S7 EDS of HEC2, HEC3 and HEC4
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Table S1. Synthesis conditions for carbides
carbides Molar radio
HEC2 Ti: Mo=1:1
HEC3 Ti: Mo: Nb=1:1:1
HEC4 Ti: Mo: Nb: Ta=1:1:1:1
HEC5 Ti: Mo: Nb: Ta: Hf=1:1:1:1:1
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Table S2 Crystallographic parameters, derived intrinsic lattice strains, and Rietveld refinement reliability factors for HECs@HCSs
composites

Samples Rwp (%) χ2 ε (%)
HEC2 8.87 1.22 3.551±0.000515
HEC3 8.16 1.13 7.090±0.000141
HEC4 7.68 1.44 9.684±0.000401
HEC5 9.02 1.36 13.451±0.000165
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Table S3 Deconvoluted peak positions, areas, and relative atomic percentages of carbon species in the high-resolution C 1s XPS
spectra for HECs@HCSs composites

Sample Trial 1 (sp3/sp2) Trial 2 (sp3/sp2) Trial 3
(sp3/sp2)

Statistical
Value

Original
Value

HEC2 0.60 0.57 0.61 0.593±0.021 0.59
HEC3 0.96 0.93 0.95 0.947±0.015 0.94
HEC4 1.36 1.39 1.39 1.380±0.017 1.39
HEC5 1.62 1.58 1.59 1.597±0.021 1.59
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Table S4. Comparison with similar jobs
Samples EAB (GHz) Filling ratio (%) Reference

S1 1.12 70 [1]
S2 7 30 [2]
S3 6.81 10 [3]
S4 6.85 20 [4]
S5 5.8 10 [5]
S6 5.12 15 [6]
S7 4.64 10 [7]
S8 5.26 30 [8]
S9 4.13 30 [9]
S10 4.64 60 [10]
S11 4.68 25 [11]

This work 7.24 15 /
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