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ABSTRACT: This  study  utilizes  FeCoCrNiAl  itself  as  the  Ni
source  to  grow  the  Shandite  phase  Ni3Sn2S2  in  situ  on  its
surface.  By  constructing  Ni3Sn2S2@FeCoCrNiAl  with
heterogeneous  interfaces  and  continuous  nanocoating,
further  modulated  interfacial  charge  transfer  and  d-p
hybridization  while  integrating  the  thermal  conduction
network. This approach simultaneously enhanced microwave
absorption  and  thermal  conductivity,  balancing  the  opposing
effects of interfacial phenomena on phonon heat transfer and
microwave  absorption.  Multi-scale  characterization
techniques confirm the formation of crystalline phases and the
achievement  of  dense,  uniform  coating,  with  increasing  content  leading  to  more  uniform  and  dense  coatings.  The
synergistic  effect  between  dielectric  loss  based  on  Ni3Sn2S2  and  magnetic  loss  from  high-entropy  alloys  achieves  a
minimum  reflection  loss  (RLmin)  of  −44.26  dB.  After  introducing  a  frequency-selective  surface  (FSS),  the  thickness  is
optimized  to  1.4  mm,  further  reducing  RLmin  to  −60.47  dB.  Regarding  thermal  conductivity,  the  30  wt.%  silicone  rubber
composite sample achieved a ΔT = 104.3 °C temperature rise within 8 s. Density functional theory (DFT) calculations reveal
that  transition  metal  d  orbitals  (Fe/Co/Ni,  including  Ni  at  the  Ni3Sn2S2  side)  overlap  with  S-3p  orbitals  at  the  interface,
forming d-p hybridization and creating a more continuous conductive state. The plane-averaged differential charge density
reveals an interfacial dipole layer of approximately 1.2 Å (peaking at 6.53 and 7.71 Å), indicating electron migration from a
high-entropy  alloy  (HEA)  to  Ni3Sn2S2.  This  leads  to  interfacial  polarization  and  enhanced  dielectric  loss.  The  afore
mentioned electronic structural evidence aligns with macroscopic testing, providing new ideas for developing multifunctional
microwave absorption and thermal conductivity materials.

KEYWORDS: Ni3Sn2S2@FeCoCrNiAl  heterostructure,  microwave-absorbing  silicone  rubber,  density  functional  theory
(DFT), frequency-selective surface (FSS) 

 

 1    Introduction
With the rapid development of wireless communication and radar
technology,  electromagnetic  interference  issues  have  become
increasingly  severe,  thus  placing  higher  demands  on  microwave

absorption  materials  in  terms  of  electromagnetic  shielding,  radar
cross-section  (RCS)  control  [1−5],  and  heat  dissipation  for
electronic  devices.  Ideal  microwave  absorption  materials  must
possess  efficient  absorption  capabilities  and  maintain  excellent
thermal  conductivity  [6−9].  To  meet  the  application  requirements
for  stable  operation  under  high-frequency,  high-power,  and
complex  multi-scenario  environments,  research  on  microwave
absorption materials is increasingly focusing on the development of
"lightweight,  thin,  high-performance,  and  wide-bandwidth"
materials,  making  it  a  hot  topic  in  the  field  of  functional
materials [10−14].

In  current  domestic  and  international  research,  common
microwave  absorption  materials  primarily  include  ferromagnetic
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materials (such as Fe3O4, FeSiAl), conductive carbon materials (such
as  graphene,  carbon  nanotubes)  [15−18],  and  semiconductor-type
sulfides such as SnS2 and MoS2 [19−22]. Combining these materials
with  polymer  matrices  such  as  silicone  rubber  and  polyimide
establishes a synergistic mechanism between dielectric and magnetic
loss  to  enhance  absorption  performance  [23−28].  Some  studies
have also employed surface modification techniques such as doping
and heterostructure construction to regulate their dielectric constant
and  complex  magnetic  permeability  [29−31],  thereby  optimizing
impedance  matching  [32−34].  However,  such  systems  are  often
single-component or simple composite structures, making it difficult
to  form  stable  multi-scale  synergistic  networks.  Additionally,
traditional  microwave  absorption  materials  generally  have  poor
thermal  conductivity,  leading  to  heat  accumulation  under  intense
microwave exposure and degraded performance [35]. High-entropy
alloys  (HEAs)  exhibit  excellent  thermal  stability,  mechanical
properties [36, 37], and magnetic loss capabilities due to their multi-
component synergistic effects and solid solution structures, making
them  suitable  as  magnetic  loss  carriers  [38].  However,  their
dielectric  loss  capabilities  are  insufficient,  limiting  their
comprehensive  performance  as  standalone  absorbers.  Therefore,
introducing  high-conductivity  materials  with  strong  dielectric
responses  to  construct  interface  polarization  and  conductive  loss
pathways  has  become  necessary.  Ni3Sn2S2 is  a  ternary  transition
metal chalcogenide with an  space group Shandite structure. In
its  crystal  structure  [39],  Ni  atoms  arrange  in  a  two-dimensional
(2D) Kagome metallic lattice [40], exhibiting good conductivity and
multiple polarization centers, demonstrating excellent dielectric loss
properties.  Currently,  domestic  and  international  research  on
Ni3Sn2S2 and  Shandite-structured  materials  primarily  focuses  on
their  physicochemical  properties  and  energy  applications  [41, 42],
with  widespread  use  in  electrode  materials  and  catalytic  systems.
Studies  indicate  that  their  interaction  with  carbon  networks  and
other heterogeneous interfaces can promote electron migration and
interfacial  polarization,  which  is  expected  to  expand  their
application potential in the field of microwave absorption materials.

Combining  Ni3Sn2S2 with  a  high-entropy  alloy  of  FeCoCrNiAl
forms  a  dielectric–magnetic  two-component  system.  The
heterointerface  between  the  two  enhances  polarization  relaxation
and  multiple  scattering,  while  introducing  a  magnetoelectric
synergy  loss  mechanism,  significantly  improving  impedance
matching  and  reducing  reflection  loss  [43, 44].  Additionally,  the
continuous Ni3Sn2S2 nanocoating can establish an efficient thermal
conduction network  on the  alloy  surface,  effectively  compensating
for  interfacial  thermal  resistance,  thereby  achieving  the  dual-
function  integration  of  microwave  absorption  and  thermal
diffusion.  This  composite  system  provides  a  new  approach  for
developing  high-performance,  multifunctional  microwave
absorption and thermally conductive materials.

This  study  proposes  a  novel  system  that  utilizes  FeCoCrNiAl
high-entropy  alloy  as  the  Ni  source  and  introduces  a  reducing
sulfur  source  to  construct  Ni3Sn2S2 on  the  alloy  surface  via in  situ
hydrothermal  synthesis,  thereby  obtaining  Ni3Sn2S2@FeCoCrNiAl
alloy powder. This structure combines the layered high conductivity
of  Ni3Sn2S2 with  the  multi-element  synergistic  effects  of  high-
entropy alloys. The performance of the composite powder in terms
of  microwave  absorption,  thermal  conductivity,  and  RCS  is
systematically investigated.

 2    Experimental
The preparation process and mechanism of Ni3Sn2S2@FeCoCrNiAl

composite  powder  are  shown  in Fig.  1(a).  The  main  processes
include  alkali  washing  pretreatment  and in  situ hydrothermal
treatment.  Samples  S1−S4  correspond  to  contents  of  10%–40%.
The specific preparation process is as follows:

 2.1    Preparation  of  Ni3Sn2S2@FeCoCrNiAl  composite
powder
The 4N-purity FeCoCrNiAl high-entropy alloy powder was placed
in a 1.5 mol/L NaOH solution, sonicated for 30 min, and allowed to
stand  for  1  h.  Subsequently,  sequential  washing  with  deionized
water and neutral alcohol, and HF-NaF roughening treatment were
performed  to  enhance  the  surface  activity  of  the  powder.  The
pretreated powder was dispersed in deionized water containing 3.5
g/L  poly(vinylpyrrolidone)  (PVP),  and  0.20  mol/L  SnCl4·5H2O,
0.002  mol/L  citric  acid,  and  an  equimolar  amount  of  L-cysteine
were added. The mixture was subjected to hydrothermal reaction at
150  °C  for  12  h.  After  cooling,  the  product  was  washed  multiple
times  with  water  and  ethanol  and  vacuum-dried  to  obtain
FeCoCrNiAl composite powder uniformly coated with Ni3Sn2S2.

 2.2    Preparation of Ni3Sn2S2@FeCoCrNiAl silicone rubber
The  prepared  Ni3Sn2S2@FeCoCrNiAl  composite  powder  was
uniformly  dispersed  in  0.6875  g  of  room-temperature  vulcanizing
silicone rubber, with 0.0688 g of fumed silica added as a reinforcing
filler,  and stirred until  uniform and transparent.  Then, 0.0138 g of
methyl silicone oil  was added for dilution, followed by 0.0138 g of
hydroxy  silicone  oil  and  0.0275  g  of  ethyl  silicate  as  crosslinking
agents.  Finally,  0.0750  g  of  dibutyl  tin  dilaurate  was  added  to
catalyze  the  curing  reaction.  After  thorough  mixing  at  room
temperature, the mixture was left to cure. After demolding, samples
were  obtained  to  test  subsequent  electromagnetic  and  thermal
conductivity properties.

 2.3    Density functional theory (DFT) calculation
In the first-principles calculations, to represent the disordered solid
solution  of  the  FeCoCrNiAl  high-entropy  alloy,  a  40-atom  SQS
supercell was generated with ATAT’s mcsqs. After verification and
format  conversion  via  VASPKIT,  the  data  was  imported  into
Materials  Studio  (CASTEP).  The  computational  task  was  set  as
geometric  optimization,  with  exchange-correlation  interactions
modeled  using  PBEsol  within  the  GGA  framework.  The
pseudopotential employed the OTFG ultra-soft library, with a plane-
wave cutoff  energy of  400 eV.  Spins were treated as  collinear with
“use  formal  spin  as  initial” enabled;  DFT+U  and  spin-orbit
coupling  were  not  employed.  The  system  was  modeled  as  metal-
occupied (metal option) with zero net charge. The k-point grid was
automatically  generated  by  VASPKIT  with  reciprocal  space
resolution,  and  the  mesh  and  convergence  threshold  were
determined  via  convergence  tests.  For  constructing  the
Ni3Sn2S2@FeCoCrNiAl heterostructure, in-plane collinear matching
was  employed  with  sufficient  vacuum  and  dipole  corrections
introduced  along  the  normal  direction.  After  full  relaxation  of  the
structure,  calculations  for  band  structure/density  of  states  (DOS)
and differential charge density were performed on a denser k-space
grid within the same exchange-correlation framework.

 2.4    Characterization
The  powder's  crystal  structure  and  phase  composition  were
determined  using  X-ray  diffraction  (XRD),  and  the  formation  of
Ni3Sn2S2 was confirmed using PDF cards. SEM was used to observe
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the  surface  morphology  and coating  distribution of  the  composite
powder,  while  high-resolution  TEM  further  revealed  the  coating's
nanostructure  and  crystal  plane  information.  X-ray  photoelectron
spectroscopy  (XPS)  analysis  was  used  to  analyze  the  valence  state
and chemical bonding state of the elements, verifying the existence
forms of Ni,  Sn, and S in Ni3Sn2S2.  A vector network analyzer was
used to test the material's complex dielectric constant and magnetic
permeability,  evaluating  its  electromagnetic  parameters.  Infrared
thermal  imaging  was  employed  to  assess  its  thermal  conductivity,

and  simulation  software  was  used  to  model  and  calculate  RCS,
comprehensively  evaluating  the  material's  microwave  absorption,
thermal conductivity, and stealth performance.

 3    Results and discussion

R3m

XRD  analysis  was  performed  on  composite  powders  of
Ni3Sn2S2@FeCoCrNiAl  with  different  Ni3Sn2S2 contents  (S1–S4).
Ni3Sn2S2 belongs to the typical  space group Shandite structure

 

Figure 1    (a) Schematic diagram of the preparation of Ni3Sn2S2@FeCoCrNiAl composite powder. (b) Schematic of the crystalline structure of the Kagome-lattice Ni3Sn2S2.
(c) S1−S4 XRD patterns of Ni3Sn2S2@FeCoCrNiAl. (d)–(g) XPS spectra of Ni3Sn2S2@FeCoCrNiAl.
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(Fig.  1(b)),  where  the  square  markers  indicate  the  characteristic
peaks  of  Ni3Sn2S2,  and  the  dot  markers  indicate  the  high-entropy
alloy  peaks  of  FeCoCrNiAl.  These  correspond  to  the  (003),  (012),
(110),  (021),  (202),  (024),  and  (214)  crystal  planes  of  Ni3Sn2S2

(Fig. 1(c)). XRD results show that as the Ni3Sn2S2 content increases,
the  intensity  of  the  diffraction  peaks  gradually  increases  in  the
S1–S4.  In  the  S4,  the  Ni3Sn2S2 diffraction  peaks  are  sharper  and
significantly  stronger,  indicating complete  crystal  growth and high
crystallinity.  The Ni3Sn2S2 diffraction peaks observed in all  samples
correspond  to  the  standard  PDF  card  (JCPDS  No.  86-1828),  with
no  prominent  impurity  peaks,  indicating  that  Ni3Sn2S2 has  high
purity and has been successfully in situ generated on the surface of
the FeCoCrNiAl alloy.

Further  analysis  of  the  chemical  valence  states  and  bonding
environments  of  each  element  in  the  Ni3Sn2S2@FeCoCrNiAl
composite powder was conducted using XPS. The spectrum of the
Sn element (Fig. 1(e)) exhibits two distinct split peaks at 486.40 (Sn
3d5/2) and 494.81 eV (Sn 3d3/2),  with a binding energy difference of
8.41 eV,  consistent  with the characteristic  features  of  Sn2+ in  metal
sulfides [45−48]. The peak shapes are symmetrical, and no shoulder
peaks or additional peak positions on the high-binding-energy side
are  observed.  The  results  indicate  that  Sn  exists  stably  in  the  +2
oxidation state  in  the  sample,  and no significant  surface  oxidation
or  formation  of  Sn–O  secondary  phases  is  observed.  In  the
corresponding  S  2p  spectrum,  two  peaks  are  observed  at
161.10 (S 2p3/2) and 163.20 eV (S 2p1/2), with the area ratio of the two
peaks being approximately 2:1, consistent with the ratio of the split
characteristic  peaks  of  the  S  2p  orbitals.  This  indicates  that  in
Ni3Sn2S2,  as  shown  in Fig.  1(f),  S  atoms  primarily  exist  in  the  S2−

form,  and  no  high-binding-energy  peaks  were  observed  in  the
168–170 eV range, further ruling out the presence of surface sulfur
oxides.  In the Ni spectrum (Fig.  1(g)),  the XPS spectrum of Ni 2p
shows a characteristic peak for metallic Ni at 852.3 eV, along with
distinct  Ni  2p3/2 and  Ni  2p1/2 peaks  at  856.0  and  873.8  eV,
respectively,  along  with  their  corresponding  satellite  peaks  (861.0
and  881.8  eV)  [49−52],  indicating  that  Ni  exists  in  Ni3Sn2S2 in  a
partially reduced state close to zero valence and contains Ni2+. Based
on  literature  and  precursor  reaction  mechanism  analysis,  Ni2+ is
reduced  to  zero-valent  Ni0 under  hydrothermal  conditions  by  the
reducing  component  L-cysteine,  then  diffuses  into  the  SnS  lattice,
reacting  with  Sn  and  S  to  form  Ni3Sn2S2.  This  process  aligns  with
the  bonding  characteristics  of  Ni  atoms  in  the  layered  Kagome
metal network within the Shandite structure. In summary, the XPS
analysis results reveal the bonding state of Ni3Sn2S2 in the material,
confirming  it  as  a  typical  ternary  tin-sulfur  compound  with  a
Shandite structure, with no other peaks observed. This is consistent
with  the  XRD  and  morphological  characterization  structures,
further  indicating  that  the  prepared  Ni3Sn2S2 exhibits  excellent
purity and chemical homogeneity.

R3m

Based on the results from XPS, TEM, and other characterization
techniques mentioned earlier, the formation mechanism of Ni3Sn2S2

was  further  analyzed.  Ni3Sn2S2 belongs  to  the  Shandite  type
structure of the  space group, with Ni atoms arranged in a 2D
Kagome  hexagonal  metallic  lattice  within  the  crystal.  Under
hydrothermal  conditions,  SnCl4·5H2O  releases  Sn4+ through
hydrolysis  during  the  initial  reaction  stage.  L-cysteine  acts  as  a
reducing  ligand,  and  during  heating,  its  sulfhydryl  group  (–SH)
undergoes  cleavage,  releasing  electrons  and  S2−,  thereby  reducing
Sn4+ to  Sn2+ and further  forming SnS precursor crystal  nuclei.  This
process  effectively  regulates  the  valence  state  and  release  rate  of

tin ions.
Meanwhile,  the  FeCoCrNiAl  high-entropy  alloy  treated  with

alkali  washing  undergoes  ionic  corrosion  of  Ni  on  its  surface,
resulting  in  the  dissolution  of  Ni2+ in  the  acidic  environment
provided  by  HCl  generated  from  the  hydrolysis  of  SnCl4.
Subsequently, the released –SH reduces Ni2+ in situ to highly active
Ni0.  This in  situ-generated  Ni0 diffuses  and  incorporates  into  the
SnS lattice, reacting with Sn2+ and S2- to form Ni3Sn2S2 crystals with a
Shandite-type structure. Notably, PVP acts as a structural regulator
by  adsorbing  its  long-chain  molecules  onto  the  crystal  surface,
controlling  the  nucleation  orientation  and  growth  rate  of  the
crystals,  providing  effective  steric  hindrance,  inhibiting  Ni0

aggregation,  and  maintaining  high  reactivity,  thereby  achieving
continuous  nucleation  and uniform coating  of  Ni3Sn2S2.  The  ionic
reaction is as follows (Eqs. (1)–(4))

C3H7NO2S → cystine+2H+ +2e− +S2− (1)

Sn4+ +L-cysteine ⇌ [Sn(Cys)]2+ (2)

Ni2+ +2e− → Ni0 (3)

3Ni0 +2SnS → Ni3Sn2S2 (4)

To  further  analyze  the in-situ growth  extent  and  coating
morphology  characteristics  of  Ni3Sn2S2 on  the  surface  of
FeCoCrNiAl  high-entropy  alloys  as  the  content  increases,
Ni3Sn2S2@FeCoCrNiAl  composite  powders  were  characterized
using  scanning  electron  microscopy  (SEM)  and  transmission
electron microscopy (TEM) (Fig. 2).  From the SEM images, it  can
be  observed  that  as  the  Ni3Sn2S2 content  increases,  the  spherical
FeCoCrNiAl  particles  gradually  form  a  more  compact  granular
structure  on  the  surface,  resulting  in  significant  changes  in  the
surface  structure  of  the  composite  particles.  In  the  low-content  S1
(Fig.  2(a)),  the  surface  of  the  FeCoCrNiAl  particles  remains
relatively  smooth,  with  only  a  few  scattered  overlying  particles
visible,  indicating  that  Ni3Sn2S2 has  not  yet  achieved  continuous
coating.  In  S2  to  S4  (Figs.  2(b)−2(d)),  the  surface  of  the
FeCoCrNiAl  spherical  particles  is  gradually  covered  by  a  dense
granular outer layer structure, indicating that the coating of Ni3Sn2S2

is  approaching  completeness.  Particularly  in  the  S4  shown  in
Fig. 2(d), the particle surfaces exhibit a rough outer layer composed
of  fine  particles,  whose  morphology  is  characterized  by  many
aggregated  nanoparticle  clusters  in  the  local  magnification  image
(Fig. 2(d1)). To verify the elemental composition of this rough layer,
an  EDS  surface  scan  was  performed  on  the  S3 (Fig.  2(e)).  The
results show that the surface region exhibits significant enrichment
of  Ni,  Sn,  and  S  signals.  At  the  same  time,  Fe,  Co,  Cr,  and  Al
elements  of  the  FeCoCrNiAl  alloy  are  weakly  distributed  in  the
surface  layer,  suggesting  they  are  primarily  retained  within  the
particles. This elemental distribution characteristic indicates that Ni
elements  in  the  alloy  selectively  leach  out  during  the  reaction
process and participate in forming the outer layer products. Under
the combined action of Sn and S sources, Ni3Sn2S2 is formed in situ
on  the  surface,  verifying  that  the  outer  layer  structure  originates
from the active components of the alloy itself, consistent with the in-
situ growth and construction scenario mentioned earlier.

The  TEM  images  of  Ni3Sn2S2@FeCoCrNiAl  are  shown  in
Figs.  2(f)−2(h).  As  shown  in Fig.  2(f),  the  surface  of  the  high-
entropy  alloy  particles  is  covered  by  a  uniform  and  dense
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nanostructured  coating  layer  with  a  thickness  of  approximately
several  dozen nanometers. Figure  2(g) shows a  clear  interface  and
smooth  transition  between  the  coating  layer  and  the  FeCoCrNiAl
substrate,  with  no  pores,  delamination,  or  other  structural  defects,
indicating  good  interface  adhesion.  Further  high-resolution  TEM
images  (Fig.  2(h))  reveal  clear  lattice  fringes.  The  interplanar
spacing was measured to be 0.274 nm by Fourier transform analysis
(Fig. 2(h1)–(h2)), consistent with the (110) crystal plane of Ni3Sn2S2

in  JCPDS  card  No.  86-1828,  further  confirming  that  the  coating
layer  is  a  Ni3Sn2S2 crystal  with  a  Shandite-type  structure.  This
demonstrates  the  successful in  situ synthesis  of  Ni3Sn2S2 on  the
surface of the high entropy alloy FeCoCrNiAl.

SEM  further  confirms  excellent  compatibility  between
Ni3Sn2S2@FeCoCrNiAl  and  the  silicone  rubber,  with  no  obvious

interfacial  voids  (Figs.  2(i)−2(k)).  The  Ni3Sn2S2@FeCoCrNiAl
particles are uniformly dispersed in the silicone rubber, with almost
no  agglomeration  or  sedimentation  (Fig.  2(i)).  This  dense
encapsulation  functions  as  an  impermeable  physical  barrier,
effectively  isolating  the  sensitive  sulfide  phase  from  oxygen  and
thereby  preventing  oxidation  during  high-temperature  operation.
At  higher  magnification,  the  particles  adhering  to  the  silicone
rubber surface with no discernible  gaps at  the interface,  indicating
strong interfacial adhesion and no signs of delamination (Fig. 2(j)).
This  reduces  reflections  caused  by  air  voids,  improves  impedance
matching,  leading  to  stronger  reflection  loss.  Meanwhile,  the
continuous  and  seamless  interfaces  help  form  continuous  thermal
pathways,  lower  the  interfacial  thermal  resistance,  effectively
enhancing  thermal  conductivity.  During  mixing  and  curing,  the

 

Figure 2    Characterization  of  the  Ni3Sn2S2@FeCoCrNiAl  composite.  (a)–(d)  SEM  images  of  Ni3Sn2S2@FeCoCrNiAl  composite  powder.  (e)  EDS  mapping  of
Ni3Sn2S2@FeCoCrNiAl  composite  powder.  (f)–(h)  TEM  images  of  Ni3Sn2S2@FeCoCrNiAl  composite  powder.  (i)–(k)  Cross-sectional  SEM  images  of
Ni3Sn2S2@FeCoCrNiAl–silicone rubber. (l1)–(l4) Flexible Ni3Sn2S2@FeCoCrNiAl silicone rubber optical photograph.
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core–shell  structure remains intact;  the Ni3Sn2S2 coating uniformly
encapsulates  the  FeCoCrNiAl  core,  with  no  shell  delamination  or
cracking  observed  (Fig.  2(k)). Figure  2(l1)–2(l4) show  optical
photographs  of  Ni3Sn2S2@FeCoCrNiAl  silicone  rubber.  It  can  be
observed that the material can be repeatedly bent to a small radius
of  curvature  at  room  temperature  without  visible  cracking  or
interfacial  delamination,  demonstrating  excellent  flexibility  and
processability.

Figure  3 shows  the  variation  trends  of  the  complex  dielectric

constant εr =  (ε′ − ϳε″)and  complex  magnetic  permeability μr =
(μ′ −ϳμ″)  of  the  Ni3Sn2S2@FeCoCrNiAl  composite  material  under
different  Ni3Sn2S2 content  conditions  [53]. ε′  reflects  the  material's
energy  storage  capacity  and  is  related  to  its  ability  to  generate
polarization  under  the  influence  of  an  electromagnetic  field. ε″
determines  the  material′ s  ability  to  dissipate  energy  from
electromagnetic  waves.  In Fig.  3(a),  the  real  part  of  the  dielectric
constant ε′  shows  a  slight  decrease  overall  as  the  Ni3Sn2S2 content
increases.  When  a  periodic  electromagnetic  field  is  applied  to  the

 

Figure 3    Electromagnetic parameters and RCS simulation results of the Ni3Sn2S2@FeCoCrNiAl composite. (a)–(c) Dielectric constant of Ni3Sn2S2@FeCoCrNiAl. (d)–(f)
Magnetic  permeability  of  Ni3Sn2S2@FeCoCrNiAl.  (g)–(j)  Cole–Cole  diagram  of  Ni3Sn2S2@FeCoCrNiAl.  (k)–(n)  3D  radar  scattering  signals  of  Ni3Sn2S2@FeCoCrNiAl;
(k1)–(n1) RCS simulation curves of Ni3Sn2S2@FeCoCrNiAl in the scattering angle range of −90° to 90°.
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absorber,  randomly  oriented  dipoles  rearrange  themselves  under
the  influence  of  the  electromagnetic  field.  In  S1,  the ε′  value  is
relatively high at 6.69 and remains stable within the frequency band
due  to  enhanced  internal  polarization  caused  by  multi-phase
coupling between metal  elements  in the high-entropy alloy matrix
[54].  As  the  Ni3Sn2S2 content  increases,  a  continuous  and  dense
coating  gradually  forms  on  the  surface  of  the  high-entropy  alloy.
Although  the  number  of  interfaces  increases,  the  charge
accumulation  effect  tends  toward  saturation,  and  the  dielectric
energy storage capacity stabilizes and slightly decreases. The ε′ value
of S3 is 6.42, and the ε′ value of S4 decreases to 5.88. In Fig. 3(b), ε″
exhibits  two  local  peaks  (0.36–0.37)  at  10.01  and  11.17  GHz,
indicating  the  presence  of  local  dipole  responses  and  interface
polarization  in  this  frequency  band.  In  S2,  as  Ni3Sn2S2 gradually
covers  the  surface  completely,  the  interface  polarization  and
conductive  network  enhance ε″,  reaching  0.50  at  10.76  GHz.  This
demonstrates  a  significantly  enhanced  electromagnetic  wave
dissipation capability.

The 2D Kagome structure of Ni3Sn2S2 provides stable conductive
pathways, and its excellent electronic mobility enhances conductive
loss,  compensating  for  the  insufficient  dielectric  polarization
capability  of  FeCoCrNiAl  itself.  Correspondingly,  in Fig.  3(c),  the
tanσ value reaches its maximum in S3, indicating that dielectric loss
dominates  the  composite  system  at  this  point.  In  S4,  despite  the
further  increase  in  Ni3Sn2S2 content,  which  restricts  surface  charge
relaxation, the ε″ value decreases, weakening the energy conversion
capability.  As  the  Ni3Sn2S2 content  increases,  the ε″ curve  of  S3
shows an overall improvement in the 8.2–12.4 GHz frequency band
[55],  indicating  that  the  dielectric  loss  capability  of
Ni3Sn2S2@FeCoCrNiAl is  significantly enhanced. At lower Ni3Sn2S2

contents,  Ni3Sn2S2@FeCoCrNiAl  primarily  relies  on  the  magnetic
loss contribution from the high-entropy alloy matrix, with relatively
insufficient dielectric loss (Fig. 3(c)), resulting in lower tanσ values.
As Ni3Sn2S2 gradually increases and becomes uniformly distributed,
polarization  synergy  within  the  material  enhances,  and  the
dominant  role  of  dielectric  loss  gradually  strengthens.  The
heterointerface  between  Ni3Sn2S2 and  the  high-entropy  alloy
induces  a  large  amount  of  interface  polarization  and  dipole
orientation,  which  helps  improve  the  efficiency  of  electromagnetic
wave energy dissipation.

The  Ni-Kagome  2D  metallic  lattice  structure  in  Ni3Sn2S2

enhances electron mobility, endowing the composite material with
robust  conductive  loss  pathways  and  compensating  for  the
relatively  weak  electrostatic  polarization  capability  of  the  high-
entropy alloy. In S3, the dense and uniform Ni3Sn2S2 coating enables
the  construction  of  a  multi-scale  loss  network,  reinforcing  the
synergistic  mechanism  between  electron  transport  and  interfacial
polarization.  In  contrast,  although  further  increasing  the  Ni3Sn2S2

content  can continue to  enhance conductivity,  the  introduction of
excessive  Ni3Sn2S2 in  S4  can  easily  cause  impedance  mismatch  or
even  shielding  effects,  leading  to  impedance  imbalance  and
preventing energy from being effectively absorbed into the material.
Moreover,  distinct  from  common  semiconducting  sulfides
constrained  by  intrinsic  bandgaps,  the  Ni3Sn2S2 phase  possesses  a
unique  Ni-based  Kagome lattice  with  metallic  characteristics.  This
electronic  structure  ensures  a  high  carrier  density  near  the  Fermi
level, significantly facilitating electron migration and hopping under
the  alternating  electromagnetic  field.  Consequently,  the  material
exhibits  stronger  conductive  loss  capabilities  compared  to
conventional  semiconductors.  Furthermore,  the  Kagome  lattice

ensures  interfacial  polarization  and  relaxation  behaviors,  further
enhancing the dielectric dissipation capacity.

In Fig. 3(d), μ′ represents the material's response to an alternating
magnetic field, while μ″ (Fig. 3(e)) and tanδ reveal the magnetic loss
mechanism  [56].  For  S1, μ′  reaches  0.871  at  9.8  GHz  and  then
gradually  decreases  to  0.70  at  11.39  GHz,  indicating  an  initial
increase  in  magnetic  permeability  followed  by  a  rapid  decline.
Moreover,  the  tanδ of  S1  shows  a  significant  fluctuation  at
11.5 GHz, indicating an enhanced effect of magnetic hysteresis and
eddy current  loss  at  this  frequency,  corresponding to a  strong loss
peak in the reflection coefficient. S3 exhibits a μ′ of 0.96 at 8.2 GHz,
which  gradually  decreases  to  0.825  after  11.43  GHz,  maintaining
good  magnetic  response  stability;  its  tanδ curve  also  shows  a
broader effective magnetic loss frequency band, reflecting a stronger
synergistic dissipation mechanism between magnetic hysteresis and
eddy  currents[57, 58].  In  contrast,  the μ′  of  S4  reaches  0.930  at
9.2  GHz  and  then  stabilizes,  with  a  narrower  magnetic  response
amplitude  and  reduced  tanδ fluctuations  (Fig.  3(f)).  Its  magnetic
loss  capability  distribution  is  relatively  balanced  but  less  intense
than  that  of  S3.  FeCoCrNiAl  inherently  contains  strong  magnetic
elements such as Fe and Co, which provide fundamental magnetic
loss pathways through natural resonance, exchange resonance, and
magnetic  coupling  between  components.  The  introduction  of
Ni3Sn2S2 as a non-magnetic conductive phase does not significantly
weaken  the  magnetic  response.  Instead,  it  introduces  a  large
number  of  heterogeneous  interfaces  and  microstructural
discontinuities,  which  are  beneficial  for  enhancing  magnetic
polarization  and  eddy  current  loss  behavior  in  microwaves.  The
Ni3Sn2S2 content  in  S3  reached  the  ideal  coverage  ratio,  forming  a
complete  electromagnetic  synergy  network,  which  provided  the
basis for its excellent microwave absorption performance.

The  Cole−Cole  plot  reveals  the  polarization  relaxation
characteristics of the material by depicting the relationship between
ε″ and ε′  (Figs. 3(g)−3(j)). Ideally, regular arcs should be observed,
indicating the superposition and coordination of multiple dielectric
relaxation  processes.  The  Cole−Cole  curve  for  S1  in Fig.  3(g)
consists  of  two discontinuous arc  segments,  indicating a  dispersed
distribution  of  polarization  centers.  S2  exhibits  a  smoother  arc
shape  but  oscillates  within  the  low ε′  range,  revealing  a
discontinuous  polarization  process  (Fig.  3(h)).  S3  forms  a  more
complete and clearly defined semi-arc shape spanning a broader ε′
and ε″ range, indicating the presence of multiple mutually coupled
polarization  relaxation  processes  within  it,  including  interface
polarization, dipole orientation, and conductive relaxation, with the
most  potent  synergistic  effect  (Fig.  3(i)).  This  well-developed
polarization  network  corresponds  to  its  excellent  reflection  loss
performance.  S4  also  exhibits  a  semi-arc  shape  (Fig.  3(j)),  but  its
radius and divergence are smaller than those of S3,  indicating that
its  polarization  intensity  and  synergistic  effect  are  slightly  weaker
than  those  of  S3.  Thus,  S3  demonstrates  stronger  microwave
absorption capability compared to the other samples.

RCS  is  used  to  measure  the  scattering  intensity  of  materials
against  incident  radar  waves  and  is  an  essential  indicator  for
evaluating  their  electromagnetic  stealth  performance  [59−61].
Figure  3 shows the  three-dimensional  (3D) directional  diagram of
RCS (Figs. 3(k)−3(n)) and the main reflection direction RCS values
of  Ni3Sn2S2@FeCoCrNiAl  composite  materials  with  different
Ni3Sn2S2 contents.  As  the  Ni3Sn2S2 content  increases  from  10%  to
30%, the main lobe reflection intensity gradually weakens, the side
lobes increase, and the energy distribution becomes more uniform,
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indicating  that  the  material's  surface  scattering  interference
capability  against  incident  waves  has  improved.  The  RCS  value
decreases  from −13.25  to −16.93  dB  (Figs.  3(k1)–3(n1)),  achieving
optimal stealth performance. This phenomenon is attributed to the
formation of a dense, continuous conductive coating on the surface
by  an  appropriate  amount  of  Ni3Sn2S2,  which,  together  with  the
FeCoCrNiAl  interface,  constructs  a  multi-level  polarization
structure,  significantly  enhancing  the  dissipation  and  decoupling
capabilities  of  electromagnetic  waves  and  suppressing  reflected
echoes.  In  contrast,  although  the  40%  sample  contains  more
conductive phases, the main reflection lobe is re-enhanced, and the
RCS  value  increases  to −10.09  dB  (Fig.  3(n1)),  indicating  that
excessive  conductive  phases  cause  impedance  mismatch,  thereby
reducing  stealth  performance.  Therefore,  a  30%  Ni3Sn2S2 loading
effectively  optimizes  microwave  scattering  paths  and  energy
distribution, achieving excellent electromagnetic stealth capability.

To  elucidate  the  relationship  between  the  orbital  contributions
and atomic-scale effects of Ni3Sn2S2@FeCoCrNiAl and its microwave
absorption  mechanism,  DFT  calculations  were  performed  [62].
Figure  4 comprehensively  analyzes,  DOS,  and  differential  charge

density  of  the  composite  material  (Fig.  4(a)).  The  DOS  near  the
Fermi  level  is  primarily  contributed  by  the  Fe/Co/Ni  3d  orbitals
from the alloy side (Figs. 4(b)−4(i)). It shows distinct resonance and
orbital overlap between Fe/Co/Ni-3d states and the sulfide-side Ni-
3d/S-3p  states  in  the −3  to  +2  eV  range,  indicating  surface  d-p
hybridization and interfacial charge transfer [63]. The spin-up/spin-
down DOS difference  is  minimal,  exhibiting low spin polarization
consistent with paramagnetic characteristics. As shown in Fig. 4(g),
the  differential  charge  density  map  reveals  paired  charge  double
layers  at  the  heterointerface  (blue/yellow  representing  electron
gain/loss),  with  electron  accumulation  being  more  pronounced  at
the heterojunction [64]. The Δρ slice (Fig. 4(k)) shows pronounced
charge  rearrangement  at  the  heterointerface,  charge  depletion  on
the  FeCoCrNiAl  side  and  accumulation  on  the  Ni3Sn2S2 side,
indicating  electron  transfer  from  FeCoCrNiAl  to  Ni3Sn2S2.  The
atomic  neighbors  exhibit  a  d–p  lobe-like  distribution,  indicating
metal–sulfur bonding hybridization. This charge transfer builds an
interfacial dipole layer at equilibrium; under microwave excitation,
this dipole layer undergoes lagged reorientation and rearrangement,
producing  interfacial  polarization  loss.  This  mechanism  makes  a

 

Figure 4    DFT calculation results of the electronic structure. (a) DFT computational schematic: charge transfer and orbital hybridization processes. (b) Total density of
states. (c)–(i) Partial density of states. (j) Interfacial charge-density difference; (k) charge density difference Δρ slice; and (l) planar averaged charge density difference Δρ(z).
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key  contribution  to  the  microwave  absorption  of  the
Ni3Sn2S2@FeCoCrNiAl  composite  and  provides  electron-scale
evidence  for  the  enhancement  of  dielectric  loss  and  impedance
matching.

Figure  4(l) calculates  the  plane-averaged  differential  charge
density Δρ(z) (e/Å3) along the normal direction. Δρ(z) crosses zero
at z0 =  7.15  Å,  with  positive/negative  peaks  at  6.53  and  7.71  Å,
exhibiting  amplitudes  of  8.75  ×  10−3 and −4.96  ×  10−3 e/Å3,
respectively,  with  an  interpeak  distance  of  approximately  1.19  Å
and  full  width  at  half  maximum  of  0.99  and  0.59  Å,  respectively.
This  indicates  that  the  dipole  layer  is  extremely  thin,  once  again
demonstrating that electrons transfer from FeCoCrNiAl to Ni3Sn2S2,
consistent  with  short-range  interfacial  screening  and  metallic
system characteristics. At the same time, many “yellow/blue” small
lobes are also observed between atomic pairs.  This arises from the
multicomponent  electronegativity  differences  and  coordination
disorder within FeCoCrNiAl, and from electron shifts of countless
micro-dipole  polar  bonds.  These  micro-dipoles  relax  under
microwave irradiation,  enhancing conductive losses  and interfacial
polarization losses, thereby providing the composite material with a
broadband,  highly  efficient  electromagnetic  energy  dissipation
pathway.  The  above  DFT-calculated  structures  confirm  the
proposed  microwave  absorption  mechanism  at  the  electronic-
structure level.

Based on the above complex dielectric constant (εr) and complex
magnetic permeability constant (μr), and based on transmission line
theory,  the  electromagnetic  wave  reflection  loss  characteristics  of
the sample can be calculated using Eqs. (5) and (6)

Zin =

√
μr

εr
tanh

[
j
(
2π
c

)
fd√μrεr

]
(5)

RL (dB) = 20lg
∣∣∣∣Zin −Z0

Zin +Z0

∣∣∣∣ (6)

In  the  equations, Zin is  the  input  characteristic  impedance  of  the
material, Z0 is  the  free  space  impedance, f is  the  electromagnetic
wave frequency, d is the sample thickness, c is the speed of light, εr

and μr are  the  complex  dielectric  constant  and  magnetic
permeability of the sample, respectively.

Figure 5 shows the 3D RL spectrum plots of four sample groups
at  different  thicknesses.  At  a  thickness  of  9.0  mm,  although  S1  in
Fig.  5(a) reaches −25.63  dB  at  11.8  GHz  and  exhibits  a  sharp
absorption  peak  of −59.04  dB  at  11.51  GHz,  its  absorption
bandwidth  is  exceptionally  narrow,  failing  to  meet  the  practical
requirements  for  wideband  absorption.  In Fig.  5(b),  S2  shows  a
further  deposition  of  Ni3Sn2S2,  resulting  in  an  absorption  valley  of
−38.32  dB  at  11.05  GHz,  with  a  significantly  widened  absorption
bandwidth.  The  S3  exhibits  the  optimal  absorption  performance
(Fig.  5(c)),  with  the  RLmin value  of −44.26  dB  at  10.61  GHz.
Additionally,  its  adequate  absorption bandwidth (RL < −10 dB)  is
significantly  expanded,  covering  the  broadest  range  in  the  X-band
(8.2–12.4 GHz), demonstrating dual advantages in both depth and
bandwidth.  Additionally,  the  Ni3Sn2S2 coating  in  S3  exhibits  a
microstructure  characterized  by  complete  coverage  and  high-
density crystallization, effectively extending the propagation path of
electromagnetic  waves  within  the  material  and  inducing  multiple
scattering  and  loss  processes,  thereby  enhancing  electromagnetic
energy  dissipation  efficiency.  In  contrast,  in Fig.  5(d),  although S4

 

Figure 5    Microwave absorption performance of  the Ni3Sn2S2@FeCoCrNiAl  composite.  (a)–(l)  2D and 3D reflection loss  diagrams of  Ni3Sn2S2@FeCoCrNiAl.  (m)–(p)
Smith charts of Ni3Sn2S2@FeCoCrNiAl. (q)–(t) Attenuation coefficient plots of Ni3Sn2S2@FeCoCrNiAl.
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has  the  highest  Ni3Sn2S2 content,  its  RL  peak  reaches −26.9  dB  at
11.62  GHz,  resulting  in  degraded  performance.  This  is  due  to  the
excessive  thickness  of  the  Ni3Sn2S2 layer  on  the  surface,  causing
impedance  mismatch,  while  the  thick  coating  also  shields  the
underlying magnetic response, weakening magnetic loss.

Figures 5(m)−5(p) show the Smith charts clearly illustrating the
frequency-dependent  trajectories  of  the  normalized  input
impedance (Zin/Z0) of the four sample groups in the complex plane.
High-performance  microwave  absorption  materials  require  the
trajectories  to  converge  as  closely  as  possible  to  the  center  of  the
circle  to  achieve  optimal  energy  incidence  and minimal  reflection.
The  Smith  curves  of  the  four  groups  of  samples  in  the  figure  all
converge spirally from high frequency to low frequency. The Smith
curve of S1 deviates relatively from the center,  briefly approaching
the  center  in  a “3” shape  (Fig.  5(m)),  but  the  overall  trajectory  is
dispersed,  indicating  unstable  impedance  matching.  S2  and  S4
(Figs.  5(n) and 5(p))  approach  the  impedance  matching  circle  in
certain  frequency  bands,  but  only  meet  the  matching  conditions
within  narrow  frequency  bands.  In  contrast,  S3  closely  surrounds
the central  region compared to other  samples  (Fig.  5(o)),  with the
most  concentrated  trajectory  passing  through  the  matching  circle,
indicating optimal impedance matching for electromagnetic waves.
Its  reflection  coefficient  reaches −44.26  dB  at  10.61  GHz  while
maintaining good matching across a wide frequency band, thereby
achieving  stable  and  deep  absorption  performance.  For  S4,  the
reflection  loss  performance  degrades  compared  to  S3.  This
degradation is attributed to the “metal-like shielding effect” caused
by the overly dense shell. The dense Ni3Sn2S2 layer leads to a shallow
skin depth and a substantial drop in input impedance. As shown in
the Smith chart (Fig. 5(p)), the impedance trajectory of S4 deviates
significantly  from  the  matching  center.  Consequently,  the  severe
impedance  mismatch  causes  incident  electromagnetic  waves  to  be
reflected  directly  off  the  surface  rather  than  penetrating  into  the
absorber,  demonstrating  that  optimizing  impedance  matching  is
critical for achieving superior microwave absorption.

The “self-sacrificing” synthesis strategy induces redistribution of
surface  elements  in  high-entropy  alloys,  thereby  regulating
impedance matching. During the reaction, Ni atoms are selectively
consumed  from  the  surface  to  form  the  dielectric  Ni3Sn2S2 shell,
while  the  highly  magnetic  Fe  and  Co  atoms  are  preserved  within
the alloy core.  This  naturally  establishes  a  gradient  heterostructure
comprising  a  magnetic  loss  core  and  a  dielectric  loss  shell.  As
shown  in  the  Smith  chart  in Fig.  5(o),  the  optimized  sample  S3
exhibits a trajectory that spirals closely around the matching center
point,  confirming that  the in-situ formed shell  effectively  regulates
the input impedance and optimizes the impedance matching.

The attenuation coefficient α quantifies the rate of attenuation of
electromagnetic  waves  in  a  material.  The  higher  the  value,  the
higher the absorption efficiency.  In Fig.  5(q),  the α of  S1 increases
from 68 Np/m at 8.2 GHz to 89.9 Np/m at 11.22 GHz, then rapidly
decreases  to  37  Np/m,  before  rising  again  to  39  Np/m  and
stabilizing,  indicating  strong  absorption  in  the  mid-to-high
frequency range but with a narrow bandwidth. In Fig. 5(r),  S2 has
an α of approximately 63 Np/m at 9.5 GHz, but rapidly decreases to
17.9 Np/m at 11.5 GHz. S4 has an α peak of roughly 54 Np/m, with
a stable curve, but its overall  attenuation capability is moderate. In
contrast,  S3's  attenuation  coefficient  remains  stable  at  52  Np/m
across  the  entire  X-band  (Fig.  5(s)),  gradually  increasing  to
54  Np/m  at  11.5  GHz  before  slowly  decreasing  to  24  Np/m,
demonstrating  the  widest  bandwidth  with  sustained  and  balanced

attenuation capability. This smooth and high-average-value α curve
is  consistent  with  S3's  excellent  impedance  matching  in  the  Smith
chart  and  well-defined  polarization  relaxation  in  the  Cole–Cole
plot, confirming that the Ni3Sn2S2@FeCoCrNiAl composite material
effectively  achieves  synergistic  effects  among  multiple
electromagnetic  loss  mechanisms,  significantly  enhancing  the
absorption and dissipation capabilities of electromagnetic waves.

To  further  enhance  the  absorption  performance  of  the
Ni3Sn2S2@FeCoCrNiAl  composite  absorber  material  in  the  low-
frequency  range  and  optimize  its  thickness,  as  shown in Fig.  6(a),
this  study  introduces  a  frequency-selective  surface  (FSS)  with  a
periodic  structure.  The  FSS  serves  as  a  structural  functional  layer
that can generate strong resonant responses at specific frequencies.
Combined  with  the  dielectric  loss,  magnetic  loss,  and  interface
polarization  mechanisms  within  the  material,  this  significantly
enhances  the  microwave  absorption  performance  of  the
Ni3Sn2S2@FeCoCrNiAl composite material. Figure 6(b) shows four
different shapes of FSS graphic units, all arranged with a period of c
= 10 mm and a thickness controlled between 1.0 and 2.0 mm. Each
structure  achieves  electromagnetic  wave  control  by  combining
different central and corner graphics. The unit structure in Fig. 6(c)
combines  a  central  cross-shaped  pattern  with  square  corner
patterns of d1 = 2 mm. When the thickness is 1.8 mm, the reflection
loss  reaches −60.47 dB at  10.06 GHz,  with an adequate  absorptive
bandwidth spanning 8.59–10.3 GHz, while significantly optimizing
the thickness of the silicone rubber. Further inspection of the EM-
field and surface-current distributions (Fig. 6) shows that, in P1, the
E-field  forms paired hotspots  along the  top and bottom edges，a
typical  gap-capacitance  effect  that  drives  interfacial  charge
accumulation and dipole relaxation, the H-field concentrates at the
unit  center,  consistent  with a  magnetic  dipole from closed current
loops,  and the surface  current  density  exhibits  both a  central  peak
and edge eddy currents,  reflecting the  synergistic  effects  of  Ohmic
and  eddy  current  losses.  This  structure  enables  localized  surface
current concentration, inducing dipole resonance and electric field
enhancement  effects,  while  the  central  cross  structure  generates
stable electric dipole responses. Figure 6(d) retains the central cross
structure while modifying the corner patterns to rectangles with c =
10 mm and d4 = 1  mm. At 9.90 GHz,  a  loss  peak of −32.04 dB is
observed with a  silicone rubber  thickness  of  2.0  mm, P2 exhibits  a
broader E-field hotspot zone with a more compact central H-field,
accompanied  by  a  synchronous  increase  in  equivalent  capacitance
and  inductance,  the  surface  current  density  becomes  more
continuous  with  more  ordered  vortices.  Indicating  that  edge
geometric  adjustments  can  significantly  influence  resonance
coupling efficiency.

Furthermore,  while  maintaining  the  edge  shape  of  the  FSS
unchanged, Fig.  6(e) optimizes  the  central  pattern  into  a  hollow
hexagon  with  an  outer  diameter  of d5 =  3  mm  and  an  inner
diameter  of d6 =  1  mm  to  systematically  investigate  its  regulatory
mechanism  on  impedance  matching.  It  can  be  observed  that  at  a
thickness  of  2  mm,  a  reflection  loss  peak  of −36.22  dB  appears  at
9.72  GHz.  This  centrally  symmetric  unit  structure  enables
electromagnetic  waves  to  form  multiple  resonant  cavities  on  the
structural  surface,  achieving  repeated  scattering  and  dissipation  of
energy.  The  E-field  transitions  into  top–bottom  banded  patterns
with  inter-unit  coupling,  activating  a  larger  volume  of  interfacial
dipoles,  the H-field’s  central  band broadens,  with the fundamental
and  higher-order  modes  coexisting,  the  surface  current  density
forms  a  mesh-like  multi-vortex  network  that  lengthens  current
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paths and strengthens both ohmic and eddy-current losses, thereby
widening  the  bandwidth. Figure  6(f) adopts  the  same  hollow
hexagonal central structure while restoring the corner designs of the
four squares corners from Fig. 6(b) (P1). At a thickness of 2.0 mm, it
demonstrates  broadband  absorption  capability,  with  an  effective
absorption bandwidth covering 8.2–10.0 GHz, spanning half of the
entire  X-band.  The  optimal  absorption  bandwidth  further  shifts
toward lower frequencies. In Figs. 6(f1)–6(f3),  the continuous strip-
like E-field establishes inter unit surface-wave channels, the H-field
shows  superposed  circulating  loops,  yielding  a  response  more
robust to incidence angle and polarization, and the surface current
density exhibits annular and multi-core vortices with enlarged loop
areas  and  tortuous  paths.  Under  the  joint  action  of  the  Ni3Sn2S2

Kagome  network  and  the  high-entropy  alloy  metallic  substrate,
these  features  further  amplify  the  effective  surface  resistance  and
eddy-current  dissipation.  Through  the  synergistic  design  of
multiple  rectangles  and  hollow  polygons,  also  exhibits  good
absorption  performance  at  smaller  thicknesses,  such  as  1.8  and
1.4 mm, fully demonstrating its significant advantages in enhancing
low-frequency response and reducing matching thickness.

Figure  7(a) shows  the  effect  of  Ni3Sn2S2 content  on  the  thermal
conductivity  of  Ni3Sn2S2@FeCoCrNiAl  silicone  rubber  composite
materials.  We  prepared  composite  silicone  rubber.  samples  with
Ni3Sn2S2 contents  of  10%, 20%, 30%, and 40%, and monitored the
heating  process  in  real  time  using  infrared  thermal  imaging
technology at equidistant time intervals of 2,  5,  and 8 s (Fig.  7(c)),

 

Figure 6    Design and simulation of the Ni3Sn2S2@FeCoCrNiAl frequency-selective surface (FSS). (a) Schematic diagram of the Ni3Sn2S2@FeCoCrNiAl frequency-selective
structure. (b) Schematic diagram of the FSS pattern P1–P4. (c)–(f) Reflection loss after adding the frequency-selective structure. (c1)–(f1) Electric field distribution. (c2)–(f2)
Magnetic field distribution. (c3)–(f3) Current density distribution.

Nano Research | Vol. 19, No. 5 Xiang et al.

94908494 (11 of 16) Nano Research, 2026, 19, 94908494

https://www.sciopen.com/article/10.26599/NR.2026.94908494
https://www.sciopen.com/article/10.26599/NR.2026.94908494
https://www.sciopen.com/article/10.26599/NR.2026.94908494
https://www.sciopen.com/article/10.26599/NR.2026.94908494
https://www.sciopen.com/article/10.26599/NR.2026.94908494
https://www.sciopen.com/article/10.26599/NR.2026.94908494
https://www.sciopen.com/article/10.26599/NR.2026.94908494
https://www.sciopen.com/article/10.26599/NR.2026.94908494


extracting  and  analyzing  the  central  temperature  change  data  for
comparison  [65, 66].  The  results  indicate  that  under  the  same
heating  time,  the  thermal  conductivity  of  the  composite  material
does not increase linearly with the increase in Ni3Sn2S2 content. As
shown  in Fig.  7(a),  the  30%  Ni3Sn2S2 sample  exhibits  the  best
thermal  conductivity,  with  the  largest  increase  in  central
temperature  during  the  heating  process,  reaching  a  final
temperature  increase  of  104.3  °C,  significantly  higher  than  other
groups (10%, 20%, and 40% samples  were 60.7,  68.0,  and 84.3 °C,
respectively).  This  performance  improvement  is  attributed  to  the
fact that at a 30% content, Ni3Sn2S2 can better coat the FeCoCrNiAl
surface,  forming  a  continuous  and  uniform  thermal  conductivity
network  within  the  FeCoCrNiAl  matrix,  thereby  enhancing  the
synergistic heat transfer effect of electrons and phonons. As a high-
entropy alloy, FeCoCrNiAl exhibits excellent thermal conductivity,
with its multi-component solid solution structure providing a high
density  of  metallic  bonds  that  facilitate  efficient  heat  carrier
transport.  Ni3Sn2S2 adopts  a  Shandite  type  structure,  and  the  2D
Kagome network formed by  Ni  atoms further  aids  electronic  heat

conduction.  At  a  30%  content,  the  synergistic  effect  between  the
two is optimized, with the filler uniformly dispersed in the silicone
rubber  matrix,  resulting  in  low  interfacial  thermal  resistance  and
continuous  thermal  conduction  pathways.  However,  when  the
content  is  further  increased  to  40%,  Ni3Sn2S2 particles  may
agglomerate, leading to localized increases in thermal resistance and
disrupting  the  continuity  of  the  original  thermal  conduction
network,  thereby  inhibiting  effective  heat  conduction  within  the
system.  This  phenomenon  can  be  interpreted  by  the  unique
phonon  transport  behavior  within  the  Kagome  network.  The
specific  triangular  geometric  structure  of  the  Kagome  lattice
introduces inherent lattice anharmonicity, effectively shortening the
phonon  mean  free  path.  Although  the  metallic  shell  facilitates
electron  thermal  transport,  in  the  thick  shell  of  S4,  this  intrinsic
phonon  scattering  effect  becomes  pronounced,  impeding  effective
heat  transfer  and  thereby  limiting  the  further  enhancement  of  the
overall  thermal  performance.  For  comparison,  the  heating
performance  of  the  pure  FeCoCrNiAl  HEA  was  evaluated  under
identical  conditions.  Its  surface  temperatures  reached  only  31.1,

 

Figure 7    Thermal  management  performance  of  the  Ni3Sn2S2@FeCoCrNiAl  composite.  (a)  Initial  temperature  and  temperature  rise  rate  of  Ni3Sn2S2@FeCoCrNiAl.
(b) Thermal conductivity mechanism of Ni3Sn2S2@FeCoCrNiAl composite powder. (c) Infrared thermal imaging of Ni3Sn2S2@FeCoCrNiAl.
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58.0,  and  91.0  °C  at  2,  5,  and  8  s,  respectively.  This  significant
performance gap underscores the contribution of the Ni3Sn2S2 shell.
The  inherent  metallic  nature  and  unique  Kagome  lattice  of  the
sulfide  coating  facilitate  efficient  electron  and  phonon  transport,
thereby  constructing  a  continuous  thermal  conduction  network
that  effectively  enhances  the  thermal  conductivity  of  the
heterostructure.

The  excellent  electromagnetic  loss  properties  of  the
Ni3Sn2S2@FeCoCrNiAl  composite  material  are  attributed  to  the
synergistic  effects  of  multiple  mechanisms.  The  dielectric  loss
primarily stems from the excellent conductivity of Ni3Sn2S2 and the
electric  dipole  response  and  interface  polarization  induced  by  its
Kagome  metallic  lattice  structure.  The  absorption  mechanism  is
illustrated  in Fig.  8.  At  the  nanoscale,  numerous  heterogeneous
interfaces form between Ni3Sn2S2 and the high-entropy alloy matrix,
effectively  enhancing spatial  charge  accumulation and polarization
relaxation.  Magnetic  loss  is  provided  by  FeCoCrNiAl.  The
interaction of multiple magnetic elements in the material results in
the  coexistence  of  natural  resonance  and  exchange  resonance,
while changes in the magnetic domain structure within the particles
cause  hysteresis  loss.  As  the  content  of  Ni3Sn2S2 increases,  the
interface  density  rises,  enabling  the  construction  of  a  multi-scale
synergistic  network  that  enhances  both  conductive  loss  and
magnetic  response  capability.  Additionally,  the in-situ generation
and  diffusion  behavior  of  Ni  form  dense,  continuous  conductive
pathways,  further  enhancing  energy  dissipation  and  significantly
improving  the  overall  microwave  absorption  performance  of  the
composite material.

 4    Conclusion
This study proposes an innovative method using FeCoCrNiAl high-
entropy  alloy  itself  as  a  Ni  source,  successfully  constructing  a
Ni3Sn2S2 nanocoating with a Shandite structure on its surface using
an in-situ hydrothermal  method.  The  Ni-Kagome  metallic  lattice
structure  of  Ni3Sn2S2 forms  a  continuous  conductive  and  thermal
network  on  the  surface  of  the  FeCoCrNiAl  high-entropy  alloy,
enhancing  its  microwave  absorption  and  thermal  conductivity

properties.  When  the  loading  of  Ni3Sn2S2 reaches  30  wt.%,  the
performance  is  optimal.  S3  exhibits  a  minimum  reflection  loss  of
−44.26  dB  at  10.61  GHz.  After  introducing  a  FSS  into  S2,  the
absorption thickness is optimized to 1.4 mm, and the reflection loss
is  further  reduced to −60.47 dB.  In terms of  thermal  conductivity,
S3 demonstrated the best thermal conductivity, with a temperature
rise of 104.3 °C within 8 s. RCS simulation results indicate that the
S3  sample  achieves  a  scattering  suppression  of −16.93  dB  at  a
frequency  of  15  GHz.  This  study  validates  that  the  Ni3Sn2S2

nanocoating,  as  a  functional  interface  phase,  can  significantly
synergistically enhance the electromagnetic absorption and thermal
conductivity  performance  of  high-entropy  alloy-based  composite
materials, providing a new approach for developing multifunctional
integrated  microwave  absorption  materials  with  a  multi-loss
synergistic mechanism.
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Figure 8    (a) RCS simulation schematic diagram. (b) Ni3Sn2S2@FeCoCrNiAl wave absorption mechanism diagram.
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