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ABSTRACT: Regulating  interfacial  charge  behavior  in
multiphase  heterostructures  is  crucial  for  achieving  high-
performance  electromagnetic  wave  (EMW)  absorption,  yet
the synergistic optimization of dielectric loss and impedance
matching remains a major challenge. Herein, a phosphorus
(P)  atom  doping  strategy  is  proposed  to  modulate  the
interfacial  properties  of  a  multiphase  Co2N/Co3S4/VN/VS
heterostructure. P-doping reconstructs the heterointerfaces,
promotes  charge  redistribution,  and  generates  abundant
polarization  centers,  thereby  simultaneously  optimizing
charge  transport  and  polarization  relaxation.  Density
functional  theory  (DFT)  calculations  further  reveal  the  vital
role  of  interfacial  charge  redistribution  in  boosting
polarization behavior.  Consequently,  the optimized P-CVNS heterostructure  achieves a  reflection loss (RL)  of −36.93 dB
and an effective absorption bandwidth (EAB) of 4.0 GHz at a matching thickness of 2.4 mm. This work reveals the pivotal
role  of  heteroatom-doped  interface  engineering  in  optimizing  EMW  absorption  and  presents  a  scalable  strategy  for
designing high-performance absorbers.
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 1    Introduction
The  rapid  proliferation  of  electronic  devices  and  wireless
communication technologies  has  led to increasing electromagnetic
pollution,  posing  a  serious  threat  to  the  operational  stability  of
electronic  systems  [1−3].  In  recent  years,  researchers  have
developed EMW absorbing materials through the rational design of
dielectric/magnetic  components,  construction  of  hierarchical
structures,  and  fabrication  of  heterogeneous  interfaces  [4, 5].
However, these strategies, when employed individually or in simple
combinations,  often  result  in  impedance  mismatch,  making  it
difficult  to  achieve  efficient  EMW  dissipation.  Therefore,
developing  composite  strategies  capable  of  precisely  regulating
charge  behavior  and  polarization  characteristics  is  crucial  for

overcoming  the  performance  bottlenecks  of  high-performance
EMW absorbing materials.

Previous  studies  have  shown  that  the  rational  design  of
heterostructures can effectively enhance EMW attenuation [6]. The
underlying  mechanism  relies  on  constructing  abundant
heterogeneous  interfaces,  which  facilitate  interfacial  charge
accumulation  and  polarization  relaxation,  thereby  boosting  EMW
dissipation  capacity.  To  further  intensify  these  interfacial  effects,
researchers  have  employed  strategies  such  as  phase  modulation,
interface  engineering,  and multiphase  structural  design to  increase
interface  density  and  optimize  interfacial  electronic  interactions.
Although these strategies effectively improve dielectric loss and EM
attenuation,  active  control  over  interfacial  electronic  behavior
remains  insufficient.  Through  tailored  interface  design,  electronic
interactions  between  adjacent  phases  can  be  tuned  to  regulate
dielectric  loss  while  maintaining good impedance  matching [7, 8].
However,  excessive  interfacial  electron  migration  often  leads  to
increased  conduction  loss,  leading  to  impedance  mismatch.
Therefore,  rationally  regulating  interfacial  electronic  behavior  to
achieve  a  synergistic  balance  between  conduction  loss  and
polarization  relaxation  in  complex  multiphase  systems  remains  a
key challenge.
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Heteroatom doping serves as an effective approach to modulate
the  electronic  structure  of  materials  and  induce  charge
redistribution.  By  incorporating  atoms  with  distinct
electronegativities  and  bonding  characteristics,  researchers  can
efficiently  regulate  the  local  electron  density  and  chemical
environment,  leading  to  the  formation  of  asymmetric  charge
distributions  and  polar  structures.  Among  various  dopants,  P  is
particularly  attractive  due  to  its  moderate  electronegativity  and  its
ability  to  interact  strongly  with  both  metallic  and  non-metallic
elements.  The  incorporation  of  P  atoms not  only  modulates  band
alignment and facilitates  charge transfer  but  also introduces  defect
states  and  localized  polarization,  thereby  enhancing  polarization
loss  processes.  Studies  have  demonstrated  that  heteroatom
engineering  can  effectively  regulate  defect  states,  charge
distribution,  and  electron  transport,  thereby  enhancing  EMW
absorption performance.  Researchers  have  achieved enhanced EM
attenuation  through  P  doping,  anion-mediated  interaction
engineering, and transition metal substitution [9−11]. Nevertheless,
the role of heteroatom doping in controlling the interfacial charge-
polarization coupling within multiphase heterostructures has yet to
be  systematically  elucidated.  Previous  studies  have  established
heteroatom doping and hierarchical  microstructure engineering as
effective  strategies  for  enhancing  EMW  absorption  performance
[12−14].  Heteroatoms  facilitate  charge  redistribution,  generating
localized  polarization  centers  and  promoting  synergistic
polarization  relaxation,  thereby  enhancing  dielectric  loss.
Concurrently,  the  synergistic  tailoring  of  hierarchical  hollow
microstructures  and  multiphase  heterointerfaces  further  diversifies
the EMW dissipation mechanisms [15].

Herein,  we  propose  a  heteroatom  engineering  strategy  to
modulate the interfacial charge transfer and polarization relaxation
in  phase-engineered  multiphase  heterostructures.  Through  a
controlled  phase  evolution  process,  a  multiphase  architecture
consisting  of  Co2N/Co3S4/VN/VS  (CVNS)  was  rationally
constructed.  Subsequently,  P  dopants  were  introduced  to  regulate
the  electronic  structure  of  the  heterointerfaces.  The  coexistence  of
metallic, nitride, and sulfide phases generates abundant multi-scale
interfaces,  while P doping induces significant charge redistribution
and  built-in  electric  fields  at  these  boundaries.  Consequently,
interfacial and dipole polarization are significantly enhanced. More
importantly,  the  optimized  electronic  structure  effectively  balances
conduction loss and impedance matching.

Ultimately,  the  resulting  P-CVNS  heterostructures  deliver
exceptional EMW attenuation capabilities. This study provides new
insights  into  the  coupling  between  interfacial  charge  transfer  and
polarization in heterogeneous structures.

 2    Experimental section

 2.1    Materials
Ammonium  metavanadate  (NH4VO3),  cobalt(II)  chloride
hexahydrate  (CoCl2·6H2O),  lithium  hydroxide  (LiOH),  and
thioacetamide  (C2H5NS,  TAA)  were  purchased  from  Shanghai
Macklin  Biochemical  Technology  Co.,  Ltd.  Deionized  water  was
used throughout the experiments.

 2.2    Preparation of Co3V2O8

Typically,  0.37  g  of  NH4VO3 and  64  mL  of  deionized  water  were
mixed  and  stirred  at  80  °C  for  30  min.  0.0718  g  of  LiOH  and

0.152  g  of  CoCl2·6H2O  were  mixed  and  stirred  for  10  min,  then
combined  with  the  NH4VO3 solution.  The  mixture  was  heated  at
100 °C for 8 h to obtain Co3V2O8.

 2.3    Preparation of CVO, P-CVO, CVN, and P-CVN
To synthesize Co3O4/V3O4 (CVO), the obtained Co3V2O8 precursor
was  heated  to  600  °C  in  a  tube  furnace  under  a  flowing  Ar
atmosphere at a heating rate of 5 °C/min and held for 2 h. For the
synthesis  of  P-Co3O4/V3O4 (P-CVO),  NaH2PO2 and  Co3V2O8 were
placed  in  two  separate  crucibles  with  a  mass  ratio  of  10:1  (with
NaH2PO2 situated  upstream),  and  then  calcined  under  identical
conditions  in  Ar.  Similarly,  CoN/VN  (CVN)  and  P-CoN/VN  (P-
CVN) were prepared by replacing the Ar atmosphere with flowing
NH3, while keeping all other parameters constant.

 2.4    Preparation of CoS2/VS2
In  a  typical  procedure,  0.06  g  of  Co3V2O8,  0.2  g  of  thioacetamide
(TAA),  and  0.2  g  of  LiOH  were  dispersed  in  60  mL  of  deionized
(DI) water under vigorous stirring. The homogeneous mixture was
transferred  into  a  Teflon-lined  stainless-steel  autoclave  and
hydrothermally treated at 120 °C for 16 h. After naturally cooling to
room  temperature,  the  precipitates  were  collected  by  filtration,
washed  thoroughly  with  DI  water  and  anhydrous  ethanol,  and
dried overnight to obtain the CoS2/VS2 precursor.

 2.5    Preparation of CVS, P-CVS, CoVNS, and P-CVNS
To obtain CoS2/VS2 (CVS) and CVNS, the CoS2/VS2 precursor was
calcined at  600 °C for  2  h  at  a  heating rate  of  5  °C/min under  Ar
and NH3 atmospheres,  respectively.  For the P-doped counterparts,
NaH2PO2 was  introduced  as  the  P  source  and  placed  upstream
relative  to  the  CoS2/VS2 precursor  at  a  mass  ratio  of  10:1.  The
subsequent  phosphorization  processes  were  conducted  under  Ar
and NH3 atmospheres to yield P-CVS and P-CVNS, respectively.

 2.6    Characterization
The crystal  structure of the samples was characterized using X-ray
diffraction  (XRD,  wavelength λ =  0.15418  nm).  Raman
spectroscopy was conducted at 532 nm with a Renishaw InviaPlus
Raman system equipped with a 50 mW DPSS laser. Surface chemical
analysis  of  elemental  composition  and  chemical  environment  was
performed via X-ray photoelectron spectroscopy (XPS) on a 250Xi
spectrometer with an aluminum Kα-ray source. The microstructure,
morphology, elemental distribution, and interplanar spacing of the
samples  were  examined  using  field  emission  scanning  electron
microscopy  (SEM,  JEOL  JSM-7800F)  and  transmission  electron
microscopy  (TEM,  JEOL  JEM-2100).  Electrochemical
measurements were performed in a standard three-electrode setup
with  a  platinum  sheet  as  the  counter  electrode,  an  Ag/AgCl
reference electrode, and a glassy carbon working electrode.

Using a vector network analyzer (N5222A; Agilent Technologies,
USA),  the  electromagnetic  parameters  of  each  sample  were
measured  across  frequencies  from  2  to  18  GHz  using  coaxial
transmission  lines.  The  samples’ EMW  absorption  characteristics
were also calculated.  Each sample was mixed with molten paraffin
wax  at  a  20%  loading  ratio  to  reach  a  total  mass  of  70  mg.  The
mixture was then pressed into a ring-shaped mold to form a ring-
shaped sample (outer diameter: 7.0 mm, inner diameter: 3.04 mm,
thickness:  2  mm).  The  reflection  loss  was  calculated  from  the
measured electromagnetic parameters using the following equation
(Eqs. (1) and (2)) [16]
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RL(dB) = 20lg
∣∣∣∣Zin −Z0

Zin +Z0

∣∣∣∣ (1)

Zin = Z0

√
μr

εr

tanh
(

j
2πfd
c

√μrεr

)
(2)

where Zin and Z0 represent  the  input  impedances  of  the  absorber
and  free  space,  respectively. ɛr and μr denote  the  complex
permittivity  and  complex  permeability  of  the  absorber; d is  the
sample  thickness; f is  the  frequency; c is  the  speed  of  light  in
free space.

 3    Result and discussion
Figure 1(a) illustrates the preparation process for cobalt-vanadium-
based  multiphase  heterostructures  regulated  by  a  heteroatom
engineering  strategy.  First,  CoCl2·6H2O  prism  precursors  were
synthesized through a one-step hydrothermal reaction using cobalt
chloride  hexahydrate  and  NH4VO3,  with  LiOH  as  the  structure-
directing  agent.  Subsequently,  TAA-assisted  sulfidation  and
ammonia  annealing  were  sequentially  performed  to  regulate  the
phase  composition  and  defect  structures.  Finally,  NaH2PO2 was
employed  as  the  P  source  for  phosphorization.  During  the
annealing process, NaH2PO2 thermally decomposed to generate P-
containing gaseous species, which diffused to the precursor surface

and  gradually  penetrated  into  the  lattice  through  thermally
activated  diffusion.  The  incorporated  P  atoms  partially  substitute
lattice sites and form Co–P and V–P bonds, leading to local lattice
distortion,  defect  generation,  and  interfacial  reconstruction.  As  a
result,  a  P-doped  cobalt-vanadium  multiphase  heterostructure  (P-
CVNS)  with  abundant  heterogeneous  interfaces  was  successfully
obtained.  XRD  results  confirm  the  transformation  of  the
cobalt–vanadium  precursor  into  a  multiphase  heterostructure
(Figs.  1(b) and 1(c)).  After  phosphidation,  the  main  diffraction
peaks  of  each  sample  remain  unchanged,  with  only  slight  peak
shifts  and broadening,  indicating the successful  incorporation of  P
atoms  into  the  lattice  and  the  induced  local  lattice  distortion
[17,18]. Figure  1(d) displays  the  crystal  structure  model  of  the
CVNS components. The differences in electrical conductivity, band
structure,  and  electronegativity  among  the  constituent  phases  are
expected to facilitate interfacial  charge transfer and induce built-in
electric fields, thereby contributing to EMW attenuation.

The  morphological  evolution  of  cobalt–vanadium-based
materials  treated  under  different  atmospheres  was  systematically
characterized  using  SEM.  The  Co3V2O8 precursor  obtained  via
hydrothermal  synthesis  was  annealed  in  an  argon  atmosphere,
resulting  in  the  formation  of  Co-V  oxides  that  appeared  as
irregularly  aggregated  micron-sized  particles  (CVO, Fig.  1(e)).
Upon nitridation in an ammonia (NH3) atmosphere, these particles
largely  retained  the  pseudo-hexagonal  prismatic  structure  of  the

 

Figure 1    (a) Preparation flowchart of P-CVNS. (b) and (c) XRD patterns of the samples. (d) Crystal structure diagrams of the P-CVNS components. (e)–(l) SEM images
of the samples.
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starting material,  while their surfaces were uniformly covered with
nanoscale grains (Fig. 1(f)). This suggests that nitridation promotes
surface  atomic  rearrangement  and  defect  generation  without
disrupting  the  original  framework.  Notably,  the  introduction  of  P
during  the  annealing  process  triggered  significant  morphological
reconfiguration  and  densification.  Both  P-CVO  and  P-CVN
exhibited  continuous  and  dense  coating  layers  on  the  particle
surfaces  (Figs.  1(g) and 1(h)).  Some  localized  regions  exhibited
smooth  and  compact  areas  induced  by  sintering,  accompanied  by
high-density nanoscale protrusions distributed across the substrate.
For  the  sulfidated  samples,  the  product  obtained  via  sulfidation
followed  by  Ar  annealing  maintained  the  pseudo-prismatic
framework,  with  surfaces  composed  of  loosely  assembled
nanoparticles,  resulting in  a  rough and porous  morphology (CVS,
Fig.  1(i)).  Upon  co-modification  with  P,  the  structure  evolved
toward  a  more  compact  state,  forming  aggregated  structures  with
micron-sized  secondary  particles  anchored  to  the  surface  (P-CVS,
Fig.  1(j)).  This  was  accompanied  by  a  general  increase  in  particle
size,  indicating  enhanced  sintering  effects  and  prominent
nucleation-aggregation phenomena. For the sulfur and nitrogen co-
treated sample,  the  particle  surfaces  exhibited  a  porous  and rough
structure  composed  of  nanoscale  grains  (CVNS, Fig.  1(k)).
Following  P  incorporation,  the  original  particle  framework
remained  intact,  while  a  more  uniform  nanoscale  coating  layer
formed  on  the  surface  (P-CVNS, Fig.  1(l)).  The  resulting
morphology exhibited a rough and porous architecture, providing a
larger  exposed  surface  area  that  facilitates  interfacial  polarization
and multiple scattering. EDS elemental mapping analysis of the P-
CVNS sample confirmed the uniform distribution of Co and V, as
well as heteroatoms including N, S, and P (Fig. S1 in the Electronic
Supplementary  Material  (ESM)).  All  elements  were  uniformly

distributed throughout the micron-sized particles, with no observed
segregation or aggregation.

The chemical states and bonding configurations of the P-CVNS
sample  were  investigated  via  XPS.  The  XPS  survey  spectrum
confirms the presence of Co, V, N, S,  P,  O, and C (Fig.  2(a)).  The
high-resolution  N  1s  spectrum  can  be  deconvoluted  into  peaks
corresponding  to  M–N,  N–V,  and  N–O–V  bonding
configurations,  indicating  that  nitrogen  atoms  were  effectively
incorporated  into  the  lattice  and  coordinated  with  metal  sites
during  the  NH3 annealing  process  (Fig.  2(b))  [19, 20].  The  S  2p
spectrum exhibits  typical  spin-orbit  doublets  of  S  2p3/2 and S  2p1/2,
along  with  a  S–O  bonding  signal,  confirming  the  successful
introduction  of  sulfur  species  and  the  formation  of  stable  sulfur-
containing  phases  (Fig.  2(c))  [21].  Meanwhile,  the  P  2p  spectrum
reveals the coexistence of P–O–V and V-P bonds, suggesting that P
was  successfully  incorporated  into  the  lattice  while  simultaneously
forming  stable  V–P  bonds  (Fig.  2(d))  [22, 23].  High-resolution  C
1s, O 1s, Co 2p, and V 2p spectra further confirm the existence of
diverse  bonding  interactions  between  metallic  and  non-metallic
elements,  collectively  demonstrating the formation of  a  chemically
integrated and synergistically coupled system (Fig. S2 in the ESM).
Raman spectroscopy  further  elucidates  structural  order  and  defect
characteristics  (Fig.  S3  in  the  ESM).  TEM  analysis  reveals
pronounced microstructural variations arising from different post-
treatment  strategies.  As  shown  in  Fig.  S4  in  the  ESM,  P-CVS
consists  of  closely  packed  nanoparticles  embedded  within  a
relatively  loose  porous  framework,  whereas  the  P-CVNS prepared
under  an  NH3 atmosphere  possesses  a  more  developed  porous
structure featuring abundant edge-like nanosheets. High-resolution
TEM  (HRTEM)  images  reveal  the  coexistence  of  crystalline  and
amorphous domains, generating abundant heterointerfaces. For P-

 

Figure 2    The XPS (a) total spectrum, (b) N 1s, (c) S 2p, and (d) P 2p spectra of P-CVNS. High-magnification TEM images of (e)–(f1) P-CVS and (g)–(h1) P-CVNS.
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CVS,  lattice  fringes  are  indexed  to  the  crystal  planes  of  the
corresponding  phases,  confirming  successful  phase  formation  and
high  crystallinity  (Figs.  2(e)−2(f1)).  In  contrast,  P-CVNS  exhibits
significant  lattice  distortions  and  defect  features,  including
dislocations  and  defect-rich  regions  (Figs.  2(g)−2(h1)).  These
structural  defects  serve  as  effective  polarization centers,  promoting
dipole  and  interfacial  polarization  under  alternating
electromagnetic  fields.  Importantly,  lattice  fringes  remain  clearly
visible  in  P-CVNS  despite  the  introduction  of  heteroatoms,
indicating  that  P  incorporation  does  not  disrupt  the  fundamental
crystal  framework  but  rather  induces  controllable  structural
deformation.  This  observation  is  further  corroborated  by  the
selected  area  electron  diffraction  (SAED)  patterns  (Fig.  S5  in
the ESM).

The  EMW  absorption  characteristics  of  the  samples  were
systematically  evaluated  using  a  vector  network  analyzer  [24−27].
As  illustrated  in Fig.  3(a),  CVO  exhibits  poor  EMW  absorption
performance,  which  may  be  attributed  to  its  limited  dielectric
response  and  weak  interfacial  polarization.  Following  sulfidation
and  nitridation  treatments,  the  EMW  absorption  performance  is
improved to some extent (Figs. 3(b)−3(g) and Fig. S6 in the ESM).
This enhancement the introduction of heterogeneous phases, which
strengthen interfacial polarization. However, the overall absorption
capacity remains unsatisfactory. Notably, upon the incorporation of
P,  the  EMW  absorption  performance  is  substantially  enhanced.
Among  all  samples,  the  P-doped  multiphase  heterostructure  (P-
CVNS)  achieves  the  optimal  performance,  featuring  an  RLmin of
approximately −36.93 dB and an EAB of 4.0 GHz (Fig. 3(h)). More
importantly,  this  superior  performance  is  maintained  even  at
reduced matching thicknesses (Figs. 3(i) and 3(j); and Fig. S7 in the
ESM).  This  remarkable  improvement  is  primarily  ascribed  to  the
regulatory  role  of  heteroatoms  in  interfacial  charge-polarization
coupling. P doping induces significant charge redistribution across

the Co–N, Co–S,  VN, and VS interfaces,  leading to the formation
of  localized  polarization  dipoles  and  built-in  electric  fields,  which
significantly  enhance  interfacial  polarization  [28−30].
Simultaneously, the multiple heterointerfaces constructed via phase
engineering  provide  abundant  polarization  centers  and  facilitate
multi-scale  relaxation  processes.  A  comprehensive  comparison
across all samples further demonstrates the superiority of P-CVNS,
demonstrating  that  heteroatom-regulated  interfacial  electronic
modulation  is  crucial  for  achieving  high-performance
electromagnetic absorbers (Figs. 3(k) and 3(l)). To further evaluate
the  competitiveness  of  this  material,  its  EMW  absorption
performance  is  compared  with  that  of  representative  transition-
metal-based absorbers reported in recent years (Fig. S8 in the ESM).
The  P-CVNS  heterostructure  demonstrated  competitive  EMW
absorption performance.

To  further  elucidate  the  underlying  mechanisms  governing  the
enhanced EMW absorption, the electromagnetic parameters of the
samples  were  systematically  investigated  [31−33].  As  shown  in
Figs. 4(a) and 4(b), the real part of the complex permittivity (ɛ′) for
all samples exhibits relatively stable characteristics [34]. However, ɛ′
increases significantly following the phase evolution and P doping,
particularly  for  the  P-CVNS  sample.  This  indicates  an
improvement in polarization and charge storage capacity, which is
closely correlated with the heteroatom-induced electronic structure
modulation. The imaginary part (ɛ″), representing the dielectric loss
capacity,  shows  a  substantial  increase  across  a  broad  frequency
range  for  the  P-CVNS  sample  (Figs.  4(c) and 4(d))  [35, 36].
Notably,  both ε′  and ε″ exhibit  several  frequency-dependent
fluctuations.  These  fluctuations  originate  from  multiple  dielectric
relaxation  processes  associated  with  the  abundant  heterogeneous
interfaces  and  P-induced  defects.  As  the  applied  frequency  varies,
polarization centers with different relaxation times are successively
activated,  resulting  in  the  characteristic  upward  and  downward

 

Figure 3    (a)–(h)  EMW  absorption  characteristics  of  the  samples.  (i)  and  (j)  The  reflection  loss  of  CVNS  and  P-CVNS  at  low  thicknesses.  (k)  and  (l)  Performance
comparison chart of the samples.
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fluctuations in the permittivity spectra. Analysis of the dielectric loss
tangent  (tanδɛ)  reveals  that  P-CVNS  possesses  higher  loss  values,
signifying  robust  polarization  relaxation  loss  (Figs.  4(e) and 4(f))
[37].  This can be attributed to the heteroatom-regulated interfacial
charge-polarization  coupling  effect.  The  introduction  of  P  atoms
induces charge redistribution at Co–N, Co–S, and vanadium-based
heterointerfaces, resulting in the formation of localized polarization
dipoles  and  internal  electric  fields.  These  features  act  as  effective
polarization  centers  under  alternating  electromagnetic  fields,
thereby  triggering  multiple  Debye  relaxation  processes.
Simultaneously,  multiple  heterointerfaces  constructed  via  phase
engineering  provide  abundant  pathways  for  charge  hopping  and
interfacial  polarization,  further  bolstering  the  dielectric  loss.  The
attenuation constant  (α)  was  calculated according to  the  following
Eq. (3) [38−40]

α =

√
2πf
c

×
√
(μ′′ε ′′ − μ′ε ′)+

√
(μ′′ε ′′ − μ′ε ′)

2
+(μ′ε ′′ + μ′′ε ′)

2

(3)

As shown in Figs. 4(g) and 4(h), the P-CVNS sample exhibits the
highest  attenuation  constant  over  the  measured  frequency  range,
indicating  its  superior  EMW  attenuation  capability.  This  behavior
can  be  attributed  to  the  synergistic  effect  of  P  doping  and
multiphase  heterostructures.  The  introduction  of  P  modulates  the
dielectric  response  by  optimizing  carrier  transport,  while
simultaneously  introducing  additional  defect  and  interfacial
polarization  centers  through  lattice  distortion  and  heterogeneous
interfaces.  Consequently,  conduction loss  and polarization loss  are
well balanced. This optimized dielectric response endows P-CVNS
with favorable impedance matching, effectively facilitating the entry
of  incident  EMWs  into  the  absorber  (Fig.  4(i) and  Fig.  S9  in  the
ESM).  To  further  elucidate  the  dielectric  polarization  relaxation
behavior and interfacial charge transport characteristics, Cole–Cole

plots  were  analyzed  [41].  The  dielectric  loss  behavior  was
investigated  using  the  Debye  theory  with  the  following  equations
(Eqs. (4) and (5)) [42, 43]

ε ′ = ε∞ +
εs − ε∞

1+(2πf)2τ2
(4)

ε ′′ = ε∞ +
2πfτ (εs − ε∞)

1+(2πf)2τ2
(5)

(ε ′ − ε∞)
2
+(ε ′′)

2
= (εs − ε∞)

2 (6)

As  shown  in Fig.  4(j) and  Fig.  S10  in  the  ESM,  the  P-CVNS
sample  displays  multiple  overlapping  semicircles,  indicating  the
presence  of  multiple  dielectric  relaxation  processes.  This  suggests
that  the  multiphase  heterointerfaces,  combined  with  P  doping,
collectively  activate  multi-scale  polarization  responses,  thereby
enhancing electromagnetic energy dissipation.

Electrochemical  characterization  was  employed  to  elucidate  the
heteroatom-regulated  interfacial  electronic  behavior  in  the
multiphase  heterostructure.  The  charge  transport  characteristics
were  further  elucidated  through  the  analysis  of  electrochemical
impedance spectroscopy (EIS, Z'–Z'') (Fig. 4(k) and Fig. S11 in the
ESM) [44−46]. Compared with other samples, the P-CVNS sample
displays a larger arc radius and a steeper slope in the low-frequency
region,  signifying  enhanced  interfacial  polarization  effects.  The
heteroatom-doped samples exhibit stable and elevated open-circuit
potential  (OCP)  values,  indicating  altered  interfacial  electronic
states  and  charge  distribution  (Fig.  S12  in  the  ESM)  [47−50].
Furthermore,  the  phosphidated  heterostructures  show  reduced
corrosion  current  densities,  reflecting  increased  charge  transfer
resistance  and  modulated  Faradaic  polarization  (Fig.  S13  in  the
ESM). These results confirm that heteroatom engineering can tailor

 

Figure 4    (a)–(d) Dielectric parameters of the samples. (e) and (f) Dielectric loss tangent image of the sample. (g) and (h) Attenuation constant image of the sample. (i)
Impedance matching image of the sample and (j) Cole–Cole diagram of P-CVNS. (k) Nyquist plot of the sample. (l) Mott–Schottky plot of P-CVNS.
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interfacial charge and polarization behavior, thereby contributing to
optimized  impedance  matching  and  dielectric  relaxation  for  high-
performance  EMW  absorption.  Mott–Schottky  (M–S)  plots  were
further analyzed, revealing that the P-CVNS sample exhibits both n-
type and p-type semiconducting behaviors (Fig. 4(l) and Fig. S14 in
the  ESM)  [51, 52].  The  synergistic  effect  of  the  multiphase
heterostructure  and  P-induced  electronic  modulation  provides
multiple  relaxation  pathways  and  promotes  optimized  charge
transport,  ultimately  leading  to  outstanding  EMW  absorption
performance.

To elucidate the mechanism by which P doping enhances EMW
attenuation,  DFT  calculations  were  performed  on  the  P-CVNS
heterostructure [53, 54]. The charge density difference maps reveal
distinct  regions  of  electron  accumulation  and  depletion  at  the
heterointerfaces,  demonstrating  a  pronounced  redistribution  of
interfacial electrons following heteroatom doping (Fig. 5(a) and Fig.
S15  in  the  ESM).  This  asymmetric  charge  transfer  behavior
confirms the establishment of strong electronic coupling among the
Co2N, Co3S4,  VN, and VS phases.  Notably,  the P doping enhances
the  interfacial  interfacial  polarization,  creating  a  multitude  of
localized dipole centers and built-in electric fields. Density of states
(DOS)  analysis  further  indicates  that,  compared  to  the  individual
components,  the  heterostructure  exhibits  a  higher  DOS  near  the
Fermi  level,  suggesting  improved  electronic  conductivity  and
facilitated interfacial  charge transfer  (Fig.  5(b)).  The coexistence of
metallic  and semiconducting characteristics  across different phases

establishes  multiple  electron  migration  pathways,  thereby
facilitating charge migration across the heterointerfaces. Analysis of
the  energy  band  structure  reveals  that  these  four  phases
exhibit  distinct  energy  band  distributions  near  the  Fermi  level
(Figs.  5(c)−5(f)).  Among  them,  Co2N  and  VN  possess  relatively
high  electronic  conductivity  due  to  their  continuous  electronic
bands  near  the  Fermi  level.  Conversely,  Co3S4 and  VS  exhibit
additional  semiconducting  features.  The  coexistence  of  multiple
phases  creates  an interfacial  energy  level  gradient,  which facilitates
electron migration and enhances  polarization relaxation processes.
Electron  localization  function  (ELF)  maps  reveal  heterogeneous
charge  distributions  and  localized  electron  localization  regions
(Figs.  5(g)−5(j))  [55−57].  Pronounced  electron  localization  is
observed  around  specific  atomic  sites,  indicating  the  formation  of
localized  electronic  states  induced  by  P  doping  and  multiphase
interactions  [58−60].  Consequently,  these  results  demonstrate  that
P  doping  plays  a  pivotal  role  in  reconstructing  the  interfacial
electronic structure of the Co2N/Co3S4/VN/VS heterostructure. The
heteroatom-induced  charge  redistribution  and  abundant
polarization  centers  synergistically  enhance  interfacial  polarization
and  dielectric  relaxation,  thereby  promoting  electromagnetic
energy dissipation.

The  three-dimensional  radar  cross-section  (RCS)  simulations
were conducted using a  perfect  electric  conductor (PEC) substrate
with  dimensions  of  150  mm  ×  150  mm  ×  1  mm  coated  with  an
absorbing  layer  of  3  mm  thickness.  The  simulation  results  show

 

Figure 5    (a) The differential charge density image of P-VS/VN and P-Co3S4/Co2N. (b) DOS plots, (c)–(f) band structure plots, and (g)–(j) ELF plots for Co2N, Co3S4, VN,
and VS.
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that,  compared  with  the  bare  PEC,  the  scattering  intensity  of  the
surface  covered  by  the  absorbing  coating  is  significantly  reduced
(Fig.  6(a) and  Fig.  S16  in  the  ESM),  demonstrating  the  excellent
EMW suppression capability of the P-CVNS coating [61−66]. This
indicates  that  EMW  reflection  is  effectively  suppressed,  and  the
incident energy can be more smoothly coupled into the interior of
the  material.  The  P-CVNS  consistently  exhibits  the  lowest  RCS
values across  the entire  observation angle  range,  demonstrating its
excellent  impedance  matching  and  EMW  attenuation  capabilities
(Figs.  6(b) and 6(c)). Figures  6(d)−6(g) further  elucidate  the
electromagnetic  energy  conversion  process.  Incident  EMWs  are
progressively converted into thermal energy within the multiphase
heterostructures  through  interfacial  charge  migration,  polarization
relaxation,  and  conduction  loss.  The  Co2N/Co3S4/VN/VS
heterointerface  network  enhances  electromagnetic  fields,  induces
charge  accumulation,  and  promotes  efficient  electromagnetic
energy  dissipation.  P  doping  reconstructs  the  electronic  structure,
promoting  interfacial  charge  transfer  and  built-in  electric  fields,
thereby enhancing polarization loss and EMW attenuation.

The outstanding EMW absorption performance of the P-doped
multiphase  heterostructure  (P-CVNS)  originates  from  the
synergistic regulation of interfacial charge transfer and polarization
behavior [67−70]. First, the incorporation of P atoms alters the local
electronic  environment.  Owing  to  the  moderate  electronegativity
and  flexible  bonding  characteristics  of  P,  its  introduction  into  the
Co2N/Co3S4/VN/VS  system  leads  to  significant  charge
redistribution  across  different  phases  (Fig.  6(h)).  This  process
generates  asymmetric  charge  regions  and  localized  dipoles  at  the
heterointerfaces,  thereby  creating  built-in  electric  fields  [71−75].
Under  alternating  electromagnetic  fields,  these  dipoles  undergo
polarization  relaxation,  generating  enhanced  dipole  polarization
loss.  Second,  the  phase-engineered  multicomponent  architecture

provides  abundant  heterointerfaces,  where  charge  carriers
accumulate  due  to  the  mismatch  in  conductivity  and  permittivity,
resulting  in  robust  interfacial  polarization  [76−80].  Furthermore,
the optimized electronic structure enables efficient and controllable
charge  transport,  thereby  enhancing  conduction  loss.
Simultaneously,  P  doping  regulates  electron  migration  and
suppresses  excessive  conductivity,  thus  maintaining  favorable
impedance  matching.  The  synergy  among  interfacial  polarization,
dipole  relaxation,  conduction  loss,  and  multiple  scattering
constructs  a  high-efficiency  network  for  electromagnetic  energy
attenuation (Fig. 6(i)). In summary, regulating interfacial electronic
structures  via  heteroatom  engineering  represents  an  effective
strategy for achieving high-performance EMW absorption.

 4    Conclusions
In  summary,  by  means  of  a  heteroatom  doping  strategy,  we  have
successfully  constructed  a  multiphase  heterostructure  of
Co2N/Co3S4/VN/VS  that  exhibits  high-performance  EMW
absorption. P doping effectively modulates the interfacial  dielectric
response,  promotes  charge  redistribution,  and  creates  abundant
polarization  centers.  Meanwhile,  the  optimized  carrier  transport
behavior  achieves  a  favorable  balance  between  dielectric  loss  and
impedance matching, thereby facilitating the efficient dissipation of
electromagnetic  energy.  The results  demonstrate  that  the  P-CVNS
heterostructure possesses outstanding EMW attenuation capability.
The heteroatom doping approach employed in this study provides
an  effective  pathway  for  tuning  interfacial  polarization  and  charge
transport  in  multiphase  heterostructures,  and  is  expected  to  be
broadly  applicable  to  other  EMW  absorbing  materials  featuring
complex heterointerfaces.

 

Figure 6    (a) 3D images of RCS attenuation for PEC and P-CVNS. (b) and (c) Images of RCS attenuation for the samples at different angles. (d) Schematic diagram of
EMW energy conversion. (e)–(g) E-field, H-field, and power flow diagram. (h) and (i) Diagram illustrating the EMW attenuation mechanism of the P-CVNS sample.
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 Electronic Supplementary Material: Supplementary material (XPS
spectra,  Raman  spectra,  TEM  images,  SAED  characterizations,
electromagnetic  wave  absorption  performance,  electrochemical
measurements,  differential  charge  density  simulation,  and  RCS
attenuation simulation results)  is  available in the online version of
this article at https://doi.org/10.26599/NR.2026.94909137.
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