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Abstract: Graphene  is  a  promising  electromagnetic  wave  absorption  (EMWA)  material  because  of  its  structural
designability, controllable electromagnetic properties, and excellent stability. However, the impedance mismatch caused by
high  conductivity  and  dielectric  properties  has  seriously  hindered  the  application  of  graphene  in  the  EMWA  field.  In  this
work,  based  on  the  dielectric  dispersion  behavior  of  ideal  broadband  absorption  as  a  guide,  a  Fe  microsheet/reduced
graphene oxide (Fe/RGO) composite was prepared by simple hydrothermal and thermal reduction methods. The permittivity
of RGO is optimized by adjusting the content of anisotropic Fe microsheets, and a balance between attenuation ability and
impedance matching is achieved. Theoretical calculations and off-axis electron holography results reveal that the abundant
polar  sites  and  heterogeneous  interfaces  of  Fe  and  RGO  enhance  the  dipole  and  interface  polarizations.  The  three-
dimensional  (3D)  conductive  network  structure  contributes  to  multiple  reflections  of  incident  electromagnetic  waves  and
conduction loss. The natural and exchange resonances and eddy current loss caused by anisotropic Fe microsheets further
increase  magnetic  loss.  Based  on  the  dielectric-magnetic  loss  mechanism  and  good  impedance  matching,  Fe/RGO
achieves  a  minimum  reflection  loss  (RLmin)  of −67.95  dB  at  8.48  GHz  and  a  maximum  effective  absorption  bandwidth
(EABmax) of 6.91 GHz (11.09–18 GHz) with a low filling content of 10 wt%. In addition, Fe/RGO has excellent radar stealth
performance,  with  a  radar  cross  section  (RCS)  of −31.21  dBm2 at  0°.  Therefore,  the  proposed  strategy  and  theoretical
analysis provide a reference for the microstructure design, composition, and mechanism analysis of EMWA materials.
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1    Introduction
With  the  development  of  communication  technology,
electromagnetic  pollution  is  increasingly  aggravated  due  to  the
wide  application  of  electronic  equipment  in  military  and  civil
fields [1−4]. Electromagnetic radiation not only interferes with the
normal  operation  of  equipment  but  also  endangers  the
environment and human health [5−7]. Therefore, the design and
preparation  of  electromagnetic  wave  absorption  (EMWA)
materials is of great significance in civil and military fields [8−12].
The  current  absorbing  materials  include  ferrites  [13],  magnetic
metals  [14],  ceramics  [15],  and  polymers  [16],  but  they  have
several  shortcomings,  such  as  impedance  mismatching,  narrow
effective  absorption  bands  and  high  filling  contents,  which  limit
their development in the EMWA field.  Carbon materials  such as

carbon nanotubes [17],  graphene [18],  carbon fibers [19],  carbon
black  [20],  carbon-based  aerogels  [21],  and  biomass-derived
carbon [22−24] have low densities, high specific surface areas and
excellent  conductivity  characteristics,  which  can  meet  the
requirements  of  low  thickness,  light  weight  and  excellent
absorption;  thus,  these  materials  have great  application prospects
in the electromagnetic protection field.

Graphene  is  a  new  two-dimensional  carbon  material  with  a
hexagonal  structure  composed  of  carbon  atoms  in  sp2 hybrid
orbitals,  which  was  first  obtained  by  the  mechanical  stripping
method  in  2004  [25].  Graphene  has  unique  two-dimensional
material  properties,  such  as  high  thermal  conductivity,  high
carrier  mobility,  low  resistivity,  large  specific  surface  area,  and
excellent  chemical  stability  [26−29].  However,  pure  graphene  is
not  an  ideal  microwave  absorber  because  its  high  electron
mobility  results  in  high  reflectivity  (poor  impedance  matching
characteristics)  based  on  Maxwell  theory  [30].  In  addition,  the
van der Waals force effect between graphene sheets makes it easy
to  agglomerate  and  stack,  which  also  severely  deteriorates  the
overall  EMWA  performance  [31].  More  importantly,  the  single
conduction  loss  or  dielectric  loss  makes  it  difficult  to  realize  the
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broadband  and  strong  absorption.  To  improve  the  EMWA
performance  of  graphene,  researchers  usually  compound
graphene  with  other  or  magnetic  loss  materials  to  enhance  the
electromagnetic  attenuation  ability.  For  example,  Yan et  al.  [32]
successfully  fabricated  the  Fe3O4/MoS2/reduced  graphene  oxide
(RGO)/Ti3C2Tx MXene  composite  by  directional  freezing  and
heat  treatment  methods,  in  which  the  incorporation  of
dielectric/magnetic components improved the synergistic effect of
electromagnetic  loss.  Thus,  a  minimum reflection  loss  (RLmin)  of
−66.92  dB  (3.61  mm)  and  a  maximum  effective  absorption
bandwidth  (EABmax)  of  6.08  GHz  were  achieved.  Cao et  al.  [33]
reported that a nanocrystalline line-assembled porous hierarchical
NiO@NiFe2O4/RGO  heterostructure  exhibited  good  impedance
matching  and  microwave  attenuation  due  to  its  structural  and
component advantages. The composite of graphene and magnetic
materials  can  reduce  its  overall  permittivity  (εr),  and  its  own
magnetic  properties  can  increase  the  permeability  (μr),  which
causes it to approach the impedance matching condition to ensure
that  the  incident  electromagnetic  wave  (EMW)  enters  the
absorber  to  maximize  attenuation.  Cui et  al.  [34]  coated  Fe3O4
nanoparticles  with  Nb2CTx and  RGO  sheets,  forming  a  unique
hierarchical  architecture  (RGO/Nb2CTx/Fe3O4)  via  hydrothermal
and  electrostatic  self-assembly  processes.  The  introduction  of
magnetic Fe3O4 regulates the dielectric properties of the composite
and contributes to its own magnetic loss,  which greatly results in
electromagnetic  synergistic  loss  and  impedance  matching.  RLmin
reaches −59.17  dB,  and  EABmax can  reach  6.8  GHz.  From  the
above  references,  the  combination  of  graphene  and  magnetic
components  can  improve  impedance  matching  under  the
synergistic  dielectric–magnetic  loss  effect  to  increase  the  EMWA
efficiency and broaden the effective absorption bandwidth.

Magnetic loss mechanisms include natural resonance, exchange
resonance, and eddy current losses in the GHz band [35,36]. The
magnetic  loss-type  materials  mainly  include  magnetic  metals,
metal  oxides  and  alloys,  which  have  the  advantages  of  high
permeability,  low preparation cost,  and strong loss  [37−39].  Iron
(Fe)  is  the  most  abundant  magnetic  metal  on Earth and exhibits
unique  physical  and  chemical  properties  and  excellent  magnetic
properties.  In  addition,  Fe  has  the  advantages  of  simple
preparation  process  and  diversity,  controllable  morphology,  low
cost,  and  high  yield,  making  it  an  excellent  choice  for  EMWA
materials  [40,41].  Researchers  have  found  that  anisotropic
magnetic  materials  can  break  through  the  Snoek’s  limit,  thus
effectively  enhancing  the  broadband  EMWA  performance.
Magnetic  loss  absorbers  such  as  Fe  chains,  FeCo  nanochains,
Fe@Fe3C@C chains,  FeCo@C nanoflakes,  and FeSiAl  flakes  have
high-efficiency  EMW loss  ability  due  to  their  unique  anisotropic
structure  [42−46].  Cai et  al.  [47]  designed  a  unique
magnetoelectric bias interface by constructing a bilayer core‒shell
structure  of  NiFe2O4@BiFeO3@olypyrrole  (PPy).  The
heterogeneous  interface  can  induce  distinct  magnetic  pinning  of
the  magnetic  moment  in  ferromagnetic  NiFe2O4 and  dielectric
pinning of the dipole rotation in PPy, which effectively improves
the  magnetocrystal-line  anisotropy.  Moreover,  the  permittivity
and  permeability  of  absorbers  can  be  modulated  by  the
length/diameter  ratio,  morphology,  composition,  defects,  and
crystal  phase  [48−51].  Although  anisotropic  magnetic  materials
greatly improve EMWA properties, their large thickness and high
filling content limit their further practical applications. Therefore,
the  composite  of  anisotropic  magnetic  materials  and  dielectric
materials  can  give  full  play  to  electromagnetic  loss  mechanisms,
which  improve  impedance  matching,  and  the  attenuation  ability
becomes critical to solve the above problems.

In  this  work,  the  ideal  complex  permittivity  ranges  of  the

absorbing  materials  are  obtained  under  broadband  effective
absorption  conditions  according  to  the  transmission  line  theory.
Under this guidance, a series of Fe microsheets/reduced graphene
oxide  (Fe/RGO)  composites  were  successfully  prepared  by
hydrothermal  and  thermal  reduction  strategies.  The  complex
permittivity and permeability of Fe/RGO composites are regulated
by controlling the mass ratio of Fe and RGO. Fe microsheets are
anchored on RGO sheets and connected to each other to form a
network  structure,  which  contributes  to  forming  a  conductive
network and multiple interfaces between Fe and RGO to promote
conduction  loss  and  interface  polarization.  In  addition,  the
abundant  defects  and  polar  functional  groups  in  Fe/RGO
composite  can  serve  as  centers  of  polarization  to  induce  dipole
polarization.  The  natural  and  exchange  resonances  and  eddy
current loss caused by anisotropic Fe microsheets further enhance
the  magnetic  loss.  Based  on  the  dielectric–magnetic  loss
mechanism and good impedance matching, the obtained Fe/RGO
4 : 1 RLmin can reach −67.95 dB with a thickness of 3.47 mm, and
EABmax is 6.91 GHz (2.40 mm). Moreover, the optimal radar cross
section (RCS) of Fe/RGO 4 : 1 is −31.21 dBm2 (detection angle 0°).
This study not only provides a novel idea for the structural design
of  graphene-based  EMWA  materials  but  also  clarifies  the
dielectric–magnetic loss mechanism of materials.

2    Experimental

2.1    Materials
Graphite  powder  (325  mesh,  ≥  99.9%  purity),  ferric  nitrate
nonahydrate  (Fe(NO3)3·9H2O,  99.8%),  potassium  hydroxide
(KOH,  99%),  and  hexadecyl  trimethyl  ammonium  bromide
(CTAB, 99%) were obtained from Aladdin Co.,  Ltd.  (China).  All
the  chemicals  were  of  analytical  grade  (AR)  without  any  further
purification.

2.2    Synthesis of Fe microsheet/RGO composites
Graphene  oxide  (GO)  was  obtained  from  graphite  by  the
modified  Hummers’ method  [52].  0.83  g  CTAB  and  15  g  KOH
were dispersed in 10 mL deionized (DI) water and slowly mixed
for  1  h  to  form  mixed  solution  A.  2.02  g  Fe(NO3)3·9H2O  was
dissolved in 10 mL deionized (DI) water to form mixed solution
B. Then, the solution A was poured into the solution B and stirred
for 2 h. A 10 mg/mL GO solution was slowly added to the above
mixed  solution  and  stirred  for  3  h.  The  mixed  solution  was
transferred to an autoclave for hydrothermal reaction (2 h, 240 °C).
The  product  (Fe2O3/RGO)  was  washed  with  ethanol  and  DI
water.  The  mixture  was  frozen  for  24  h  in  a  refrigerator  and
subjected  to  the  freeze-drying  process  (−50  °C,  0.2  Pa)  for  36  h.
The  resulting  Fe2O3/RGO  was  put  into  a  tube  furnace  and
reduced for  2  h at  350 °C (5 °C/min) under a  H2 atmosphere to
obtain  the  final  product.  The  black  powder  was  referred  to  as
Fe/RGO. For comparison, experiments were also carried out with
different mass ratios of precursor Fe2O3 and GO (1 : 8, 1 : 4, 1 : 2,
1  :  1,  2  :  1,  4  :  1,  and  8  :  1),  and  the  corresponding  preparation
process was consistent with that described above (Table S1 in the
Electronic Supplementary Material (ESM)).

2.3    Characterizations
The morphology and microstructure of the samples were obtained
by a scanning electron microscope (SEM, ZEISS Merlin Compact)
and  a  high-resolution  transmission  electron  microscope  (TEM,
Talos  F200X).  The  phase  structure  was  tested  by  an  X-ray
diffractometer (XRD, DX-2700).  An inductively coupled plasma-
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mass  spectrometer  (ICP-MS,  NexION  350X)  was  used  to
determine the Fe content in samples. The Raman spectra of RGO
were  recorded  via  an  inVia-Reflex  Raman  spectroscopy  system
with a 532 nm laser. The composition and chemical valence state
were  obtained  via  an  X-ray  photoelectron  spectrometer  (XPS,
ESCALAB  250Xi).  The  specific  surface  area  and  pore  size
distribution  of  the  samples  were  measured  via  a  Brunner–
Emmett–Teller  (BET,  BSD-PS)  instrument  and  the  Barret–
Joyner–Halenda  (BJH)  model.  The  magnetic  properties  were
measured  by  a  physical  property  measurement  system  (PPMS,
Dynacool-14T).  The  toroidal  samples  with  inner  and  outer
diameters of 3.04 mm and 7.00 mm were made according to the
sample-to-paraffin  mass  ratio  of  1  :  9.  The  complex  permittivity
and  permeability  of  the  composites  were  tested  by  a  vector
network analyzer  (VNA; Agilent  N5230A) at  2.0–18.0 GHz.  The
reflection  loss  (RL)  values  can  be  calculated  according  to  the
transmission line theory (Eqs. (1) and (2)) [53−55]:

RL (dB) = 20log
∣∣∣∣Zin − Z0

Zin + Z0

∣∣∣∣ (1)

Zin = Z0

√
μr

εr
tanh

(
j2πfdc

√
μrεr

)
(2)

Zin Z0where  and  are  the  input  impedance  of  the  absorber  and
free space, respectively; d and c are the thickness of the sample and
the  speed  of  light  in  vacuum,  respectively; f is  the  frequency  of
EMW.

2.4    Calculation details
The  density  of  states  (DOS)  and  charge  density  difference  of
Fe/RGO  were  determined  via  the  Cambridge  serial  total  energy
package  (CASTEP)  module  in  the  Material  Studio  software.  The
generalized  gradient  approximation  (GGA)  Perdew–Burke–
Ernzerhof  (PBE)  function  was  used  as  the  exchange  correlation
function.  The  cutoff  energy  and  k-point  were  set  as  800  eV  and
4 × 4 × 1, respectively. The convergence threshold was 10−5 eV in
energy and 0.03 eV/Å in force.  The thick vacuum region was set
to be approximately 15 Å to prevent any fake interaction along the
Z-axis.

phi

The RCS simulation was performed with the CST Studio Suite
software  to  evaluate  the  electromagnetic  energy  attenuation
capability. Based on the metal back model, the constructed model
with a 200 mm × 200 mm square consists of an upper absorbing
layer  (3.47  mm)  and  a  bottom  perfect  electric  conductor  layer
(PEC, 1.0 mm). The model was placed on the XOZ plane, and the
incident direction of the EMW was along the negative direction of
the Y-axis. The frequency was 8.48 GHz. The scattering directions
of  RCS value  (σ)  were  determined  by theta and  in  spherical
coordinates in the model as Eq. (3) [56]:

σ
(
dBm2) = 10log

(
4πS
λ2

∣∣∣∣Es

Ei

∣∣∣∣2) (3)

where S is  the area of  the simulated plate; λ is  the wavelength of
the EMW; Es and Ei are the electric field intensities of the scattered
wave and incident wave, respectively.

3    Results and discussion

3.1    Characterizations of Fe/RGO composites
ε′

ε′′
According to transmission line theory, the real ( ) and imaginary
( )  parts  of  the  ideal εr of  the  EMWA material  (RL  ≤ −10  dB)

ε′ ε′′
μ′ μ′′ μ′ μ′′

μ′′ μ′′ ε′ ε′′

were obtained at  a  specific  thickness in this  work.  If εr meets  the
range of this region, electromagnetic energy absorption over a wide
frequency  range  (2–18  GHz)  can  be  realized. Figures  1(a)–1(c)
shows  the  relationship  between  permittivity  (  and )  and
frequency at a given permeability (  = 1,  = 0;  = 1.1,  =
0.1;  =  1.2, =  0.2).  Notably,  and  gradually  decrease
with  increasing  frequency,  which  has  a  significant  dielectric
dispersion  effect.  Moreover,  with  increasing  permeability,  the
variation  ranges  of  the  permittivity  are  gradually  reduced  due  to
the  dielectric–magnetic  loss  mechanism,  which  provides
theoretical  guidance for us to quickly realize broadband EMWA.
However,  the  shortcomings  of  pure  graphene  absorbers,  such  as
their  large  permittivity  and  lack  of  magnetic  loss,  limit  their
EMWA performance. Therefore, how to control the introduction
of  magnetic  materials  to  achieve  the  optimal  regulation  of
graphene  electromagnetic  parameters  is  an  important  challenge.
The  Fe/RGO composites  were  prepared  by  simple  hydrothermal
and  thermal  reduction  methods,  as  shown  in Fig.  1(d).  The
microstructures  of  Fe/RGO  composites  were  investigated  by
controlling  the  content  of  Fe  particles.  As  shown in Fig.  1(e),  Fe
presents  a  regular  and  anisotropic  hexagonal  micron-sized  sheet
structure  (~2  μm).  With  increasing  Fe  content,  the  irregular
nanoparticles  gradually  form  stable  microsheets  in  Fe/RGO,  and
the  Fe  microsheets  are  uniformly  dispersed  on  the  RGO  lamella
(Fig.  1(f)  and  Fig.  S1  in  the  Electronic  Supplementary  Material
(ESM)).  The  microstructure  of  Fe/RGO  4  :  1  composite  was
further  analyzed  by  TEM. Figures  1(g)  and 1(h)  show  that  the
lattice fringe distance is 0.2 nm, corresponding to the (110) face of
Fe.  In  addition,  ordered  diffraction  spots  can  be  observed  in  the
selected  area  electron  diffraction  (SAED)  pattern,  indicating  that
Fe  has  a  single-crystal  structure.  The  element  mapping  images
clearly show the uniform distribution of C, Fe, and O elements in
the prepared Fe/RGO composite (Fig. 1(i)).

The phase and crystal structure were studied by XRD, as shown
in Fig.  2(a).  The  Fe/RGO  composites  show  a  wide  peak  at
approximately 25.8°, corresponding to the (002) plane, indicating
that  GO  was  successfully  reduced  to  RGO  [57].  The  diffraction
peaks at 44.73°, 65.04° and 82.38° correspond to the (110), (200),
and  (221)  crystal  faces  of  body-centered  cubic  (bcc)  iron
(PDF#06-0696)  [58].  Obviously,  with  increasing  Fe  content,  the
diffraction  peak  intensity  of  Fe  gradually  increases.  Furthermore,
the  Fe  content  in  Fe/RGO  was  confirmed  by  ICP-MS,  and  the
percentages  are  8.75,  10.48,  24.16,  32.96,  57.62,  68.23,  and
75.5 wt% in Fe/RGO (1 : 8, 1 : 4, 1 : 2, 1 : 1, 2 : 1, 4 : 1, and 8 : 1,
respectively)  (Fig.  2(b)).  The  degree  of  graphitization  of  Fe/RGO
composites was assessed by Raman spectroscopy, where the D and
G  bands  represent  defects  and  graphitized  carbon,  respectively
[59].  As  shown  in Fig.  2(c),  the ID/IG value  increases  with
increasing  Fe  content  (from  0.89  to  1.12),  indicating  that  the
introduction of Fe leads to more defects in RGO, which can act as
dipoles  to  increase  dipole  polarization.  The  valence  state  and
elemental  composition  of  Fe/RGO  composites  were  determined
by  XPS.  The  full  spectrum  shows  that  there  are  C,  O  and  Fe
elements in the Fe/RGO composite (Fig. 2(d)), which is consistent
with  the  XRD  results  above.  The  high-resolution  C  1s  spectrum
shows  that  the  three  peaks  at  284.8,  285.5,  and  288.4  eV
correspond  to  the  C=C,  C–O,  and  O–C=O  bonds,  respectively
(Fig. 2(e)). These functional groups can induce dipole polarization
to optimize EMWA performance. The Fe 2p spectrum of Fe/RGO
composite  was  further  analyzed  (Fig.  2(f)).  The  two  peaks  are
Fe  2p3/2 and  Fe  2p1/2 at  711.3  and  724.9  eV,  which  can  be
decomposed  into  Fe2+ 2p3/2 (711.2  eV),  Fe3+ 2p3/2 (713.4  eV),
Fe2+ 2p1/2 (724.8  eV),  and  Fe3+2p1/2 (727.0  eV).  The  results  reveal
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the presence of Fe2+ and Fe3+ in the sample, which is attributed to
the  oxidation  of  the  Fe  surface  during  the  test.  The  peak
assignment  to  metal  Fe0 at  708.0  eV  indicates  that  the  Fe/RGO
composites  were  successfully  prepared.  The  specific  surface  area
and  pore  size  structure  of  Fe/RGO  (1  :  1,  2  :  1,  and  4  :  1)
composites  were  studied  by  BET.  As  shown  in Fig.  2(g),  the
adsorption and desorption curves of the three samples all present
type IV isotherms, indicating that the samples exhibit mesoporous
characteristics. The specific surface areas of Fe/RGO 1 : 1, Fe/RGO
1  :  2,  and  Fe/RGO  1  :  4  are  87.16,  72.85,  and  60.76  m2∙g−1,
respectively, and the average pore sizes are 19.11, 19.45, and 22.14
nm, respectively.  The above results  show that the Fe content can
affect the graphene conductive network structure and thus play a
role in regulating its conductivity. Moreover, a large pore structure
increases  the  propagation path  of  the  EMW, which  is  conducive
to  impedance  matching  and  multiple  scattering,  thus  enhancing
the  attenuation  ability.  The  magnetic  properties  of  Fe/RGO
composites were tested by PPMS, as shown in Figs. 2(h) and 2(i).
The  magnetic  hysteresis  loops  of  the  samples  have  a  typical  S
shape,  showing  an  obvious  ferromagnetic  behavior.  The

saturation  magnetization  (Ms)  of  Fe  is  125.12  emu∙g−1.  The
decrease  in Ms value  of  Fe/RGO composites  can be attributed to
the  addition  of  non-magnetic  RGO.  With  increasing  Fe  content,
the Ms values  gradually  increases,  indicating  that  the  magnetic
properties  are  improved.  The Ms values  of  Fe/RGO  1  :  8,  1  :  4,
1 : 2, 1 : 1, 2 : 1, 4 : 1, and 8 : 1 are 13.89, 22.54, 30.69, 44.81, 56.17,
77.39, and 91.50 emu∙g−1, respectively, and the coercivities are 0.37,
0.39, 0.35, 0.31, 0.36, 0.28, and 0.29 kOe, respectively. High Ms and
low  coercivity  (Hc)  can  be  conducive  to  magnetic  loss,  thereby
improving the EMWA performance.

3.2    Analysis  of  electromagnetic  parameters  and  EMWA
performance

ε′
ε′′ μ′ μ′′

ε′ ε′′
ε′

To  understand  the  influence  of  the  ratio  of  RGO  and  Fe  on
EMWA  performance,  the  electromagnetic  parameters  (ɛr =  −
j ,  and μr = − j )  of  Fe/RGO  composites  were  analyzed  at
2–18  GHz,  as  shown  in Figs.  3(a)–3(d).  The  ideal  permittivity
values  obtained  in Figs.  1(a)–1(c)  were  statistically  compared.
With  increasing  magnetic  properties,  the  and  gradually
decrease. Figures 3(a) and 3(b) show that the variation trends of 

 

Fig. 1    (a–c) Ideal  distribution region of real  and imaginary parts of the permittivity at  2.40 mm for EMA materials.  (d) Schematic diagram of synthesis process of
Fe/RGO composite. (e, f) SEM images of Fe and Fe/RGO 4 : 1. (g, h) TEM and HRTEM images of Fe/RGO 4 : 1 (inset: SAED image). (i) SEM image and corresponding
element mapping images of Fe/RGO 4 : 1.
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and  of the real measurement are very similar to the ideal εr. εr
of samples slowly decreases with increasing frequency, which can
be  attributed  to  the  dielectric  dispersion  behavior  due  to  the
hysteresis effect of polarization changing with the electric field. In
addition,  with increasing Fe content,  is  distributed only in the
ideal region in the middle- and high-frequency ranges, whereas 
can be widely dispersed in the ideal region. Pure RGO has high 
(10.78–28.10)  and  (10.14–39.90)  values  due  to  its  conductive
network and rich interface structure, but the EMWA performance
is weak due to impedance mismatch (Fig. S2(a) in the ESM). The
Fe  microsheets  have  low  values  (3.90–4.33)  and  values
(0–0.32)  and  poor  EMWA  properties  due  to  their  high  density
(Fig.  S2(d)  in  the  ESM).  Notably,  the  and  values  of  the
samples decrease with increasing Fe content, indicating that the Fe
microsheets  have  an  important  effect  on  the  regulation  of  the
dielectric  properties  of  graphene.  This  is  because  the  Fe
microsheets anchored to the RGO lamella hinder the formation of
the graphene conductive network structure, resulting in decreased
dielectric properties. In detail, the  and  values of Fe/RGO 1 : 8
decrease  from 19.02  to  9.71  and from 15.78  to  6.07,  respectively.
For Fe/RGO 1 : 4, the  value decreases from 18.23 to 7.79, and
the  value decreases from 10.14 to 4.45. The ɛ' and  values of
Fe/RGO 1 :  2 decrease from 14.03 to 7.61 and from 5.90 to 3.45,

ε′
ε′′ ε′

ε′′
ε′ ε′′

ε′

μ′ μ′′

μ′ μ′′

respectively. For Fe/RGO 1 : 1, the  value decreases from 12.21
to 7.04, and the  value decreases from 4.17 to 2.61. The  and

 values of Fe/RGO 2 :  1 decrease from 10.54 to 5.91 and from
3.61  to  2.44,  respectively.  The  and  values  of  Fe/RGO 4  :  1
decrease from 9.15 to 5.15 and from 3.17 to 2.12, respectively. The

 and ɛ"  values of  Fe/RGO 8 :  1  decrease from 6.83 to 4.37 and
from  1.56  to  1.37,  respectively.  In  addition,  the  samples  show
resonant peaks at 10–14 and 14–18 GHz, which are attributed to
multi-polarization relaxation. As shown in Figs. 3(c) and 3(d), the

 and  values  increase  with  increasing  Fe  content.  Among
them,  Fe  microheets  have  high  and  values  (1–1.18,
0.1–0.19). Notably, the samples exhibit multiple resonant peaks at
2–18 GHz, mainly due to resonance and eddy current effects. The
EMWA  performance  was  evaluated  according  to  transmission
line  theory  using  electromagnetic  parameters. Figures  3(e)–3(n)
and  Fig.  S2  in  the  ESM  show  the  RL  variation  curves  with
frequency  and  thickness.  For  Fe/RGO  1  :  2  (Figs.  3(e)  and 3(i)),
the  RLmin value  is −29.4  dB  at  2.37  mm,  and  the  EABmax is
5.97  GHz  (12.03–18  GHz)  at  1.89  mm.  As  the  Fe  content
increases,  Fe/RGO  1  :  1  shows  RLmin of −54.58  dB  at  5.76  GHz
(4.44 mm) and EABmax of 6.02 GHz (10.92–16.94 GHz) at 2.07 mm
(Figs.  3(f)  and 3(j)).  Fe/RGO 2 :  1 exhibits RLmin of −56.69 dB at
11.12 GHz (2.75 mm) and EABmax of 6.86 GHz (11.14–18 GHz) at

 

Fig. 2    (a) XRD patterns, (b) Fe content inICP measurement, (c) Raman spectra of materials. (d) XPS spectra and (e) C 1s and (f) Fe 2p spectra of Fe/RGO 4 : 1. (g) N2

adsorption/desorption isotherms and pore size distribution plots. (h, i) Magnetic hysteresis loops of materials.
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2.34  mm (Figs.  3(g)  and 3(k)).  With  a  further  increase  in  the  Fe
content,  Fe/RGO  4  :  1  achieves  the  best  EMWA  performance,
showing  better  performance  than  the  other  samples.  The  RLmin
value  is −67.95  dB  at  8.48  GHz  (3.47  mm),  and  the  EABmax is
6.91 GHz (11.09–18 GHz) at 2.40 mm. For Fe/RGO 1 : 8, Fe/RGO
1  :  4,  and  Fe/RGO  8  :  1,  the  EMWA  performance  is  relatively
weak.  The  high  conductivity  of  RGO  causes  strong  reflections
between  the  air  and  material  interfaces  due  to  impedance
mismatch, which limits the improvement in EMWA performance.
However,  when  the  amount  of  Fe  is  excessive,  the  conductive
network structure cannot be formed, resulting in a decrease in the
dielectric  loss  capacity.  These  results  indicate  that  the  excellent
EMWA  properties  of  Fe/RGO  composites  can  be  effectively
regulated  by  changing  the  contents  of  RGO  and  Fe.  RLmin and
EABmax of  the  samples  are  visually  summarized  to  evaluate
EMWA  performance  (Figs.  3(o)  and 3(p)).  The  Fe/RGO  4  :  1
composite exhibits high loss and wide-band EMWA performance,
which is  attributed to  the  dielectric–magnetic  loss  mechanism of
RGO and Fe.

3.3    Analysis of EMWA performance and mechanism
To  further  elucidate  the  mechanism  of  electromagnetic  loss,  the
attenuation  mechanisms  of  dielectric  loss  (conduction  and

ε′′p
ε′′c

polarization) and magnetic loss (resonance and eddy current) are
analyzed. Figure  4(a)  shows  that  tanδε increases  with  increasing
RGO  loading,  indicating  increased  dielectric  loss.  Notably,  the
sample  exhibits  a  resonant  peak  at  11.12–15.81  GHz,  which  is
attributed to the multi-polarization relaxation behavior. Based on
Debye  theory,  the  polarization  loss  ( )  and  conductance  loss
( ) can be expressed as Eqs. (4) and (5) [60−63]:

ε′ = ε∞ +
εs − ε∞
1+ ω2τ2 (4)

ε′′ = ε′′p + ε′′c =
εs − ε∞
1+ ω2τ2ωτ+

σ
ωε0

(5)

ε′′c ε′′p

ε′′p ε′′c

where ω represents  the  angular  frequency; τ is  the  polarization
relaxation  time, εs is  the  static  permittivity  and ε∞ is  the  relative
permittivity  at  high  frequency.  To  explore  the  relationship
between conductance and polarization losses, the contributions of

 and  are obtained by fitting the relaxation model, as shown
in Figs. 4(b)–4(d) and Fig. S3 in the ESM. The conduction loss is
dominant  at  low  frequencies,  while  the  polarization  loss  is
dominant at high frequencies. Moreover, Fig. 4(c) shows that the
average /  values  of  all  samples  are  higher  than  1,  which
indicates that  polarization loss  is  the dominant form of dielectric

 

Fig. 3    (a) ε', (b) ε", (c) μ', and (d) μ" of all samples. (e–n) 2D RL contour plots and RL values with different thicknesses and frequencies of Fe/RGO 1 : 2, 1 : 1, 2 : 1, 4 : 1,
and 8 : 1. (o, p) Summarization of RLmin and EABmax of samples.
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loss.  The dielectric  loss  mechanism of  the  absorber  was  analyzed
using Debye theory (Cole‒Cole model) [64−66]. The semicircular
curve  is  related  to  the  polarization  loss,  and  the  straight  line  is
related to the conduction loss. [67]. Figures 4(e) and 4(f) and Fig.
S5  in  the  ESM  show  the  Cole‒Cole  curves  for  all  the  samples.
Multiple  semicircles  can  clearly  be  observed,  which  indicates  the
existence of multiple polarization relaxation processes in Fe/RGO
composites, such as dipole polarization and interface polarization.
The smooth tail indicates that Fe and RGO are interconnected to
form  a  conductive  network  which  enhances  conductive  losses  at
low frequencies.  The  residual  functional  groups  of  RGO and the
defects  caused  by  the  introduction  of  metallic  Fe  form  the
polarization center, thus inducing dipole polarization. In addition,
the rich heterogeneous interface between metallic  Fe microsheets
and  RGO  leads  to  interfacial  polarization.  To  better  understand
the  interfacial  polarization  loss  mechanism,  a  Fe(110)/
graphene(001) two-dimensional heterogeneous interface structure
(Fig.  S6  in  the  ESM)  was  constructed.  The  charge  density
difference  and  DOS  were  calculated  using  DFT  to  analyze  the
electronic  interaction  between  Fe  and  graphene  interfaces,  as
shown in Figs. 4(g) and 4(h). Charge transfer occurs between the
Fe and graphene because the difference in the Fermi energy levels
results  in  an  uneven  distribution  of  electrons  between  the
heterogeneous  interfaces  (blue  and  red  areas  indicate  electron

accumulation and electron depletion).  In addition,  the density  of
states  of  Fe/graphene  indicates  that  the  migration  of  electrons
from Fe atoms to C atoms results in a rearrangement of electrons
due  to  hybridization  of  3d–2p  orbitals  at  the  Fermi  level,  thus
enhancing  interfacial  polarization.  The  interfacial  polarization  of
Fe/RGO was verified by off-axis electron hologram technology, as
shown in Fig. 4(i). The charge density distribution diagram shows
that  the  positive  and  negative  charges  are  distributed  in  the
interfacial contact area between the Fe microsheets and the RGO
layer,  forming  a  built-in  electric  field.  Unbalanced  charge
accumulation can induce interfacial polarization at heterogeneous
interfaces.  Under  the  action  of  an  electromagnetic  field,  the
electric  dipole  turns repeatedly to promote interface polarization,
thereby  consuming  the  EMW  energy.  Moreover,  it  also  has  an
uneven  charge  distribution  phenomenon  inside  the  graphene
laminates, which indicates that defects in its interior induce dipole
polarization to increase dielectric loss. Furthermore, magnetic loss
(eddy current loss, natural resonance, and exchange resonance) is
also  an  important  part  of  EMW  energy  attenuation. Figure  4(j)
shows that tanδμ tends to increase with increasing Fe load, which
indicates  that  the  magnetic  loss  is  increased.  The contribution of
eddy  current  loss  to  magnetic  loss  is  generally  defined  as C0 =
µ"(µ')−2f−1 [68,69].  When  the  magnetic  loss  comes  only  from  the
eddy  current  loss,  the C0 value  is  a  constant.  When the C0 value

 

Fig. 4    (a) tanδε, (b) εc″, (c) εp″, (d) average εp″/εc″, (e) Cole–Cole curves, and (f) ε″ − ε′ semicircular number of samples. (g) Charge density difference of Fe/graphene and
(h) εr results. (i) TEM image and off-axis electron hologram, charge density distribution diagram, and white arrow charge density curve of Fe/RGO 4 : 1. (j) tanδμ, (k) C0,
and (l) attenuation constant of samples.
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significantly  fluctuates,  the  magnetic  loss  mainly  arises  from  the
natural  resonance  and  the  exchange  resonance.  As  shown  in
Fig.  4(k),  the  magnetic  loss  of  samples  is  derived  from  natural
resonance  (2.56–6.64  GHz),  exchange  resonance  (6.64–10.84
GHz)  and  eddy  current  effects  (10.84–18  GHz).  Therefore,  the
above-mentioned  dielectric–magnetic  loss  mechanism  jointly
attenuates  the  EMW  energy.  To  clearly  demonstrate  the
regulatory  effects  of  Fe  on  graphene,  the  dielectric  properties  of
the RGO composite were investigated based on the above ratio of
pure RGO in Fe/RGO 4 : 1 (Fig. 2(b) and Fig. S7 in the ESM). As
shown  in  Figs.  S7(a)  and  S7(b)  in  the  ESM,  compared  with
Fe/RGO 4 : 1, RGO' has lower εr, and εr is distributed outside the
ideal complex permittivity region (μ'  = 1, μ" = 0), which indicates

weak  EMWA  performance.  In  addition,  Fe  microsheets  greatly
improve the polarization loss of graphene (Figs. S7(c) and S7(d) in
the ESM). The above results show that the interaction between Fe
and RGO not only optimizes εr of graphene but also contributes to
the magnetic loss, thus resulting in excellent EMWA performance.
In general, the attenuation constant (α) is used to evaluate the energy
attenuation ability of the absorbing material (Eq. (6)) [70−72]:

α =

√
2πf
c

×
√

(μ′′ε′′ − μ′ε′) +
√

(μ′′ε′′ − μ′ε′)2 + (ε′μ′′ + ε′′μ′)2 (6)

Figure 4(l) shows that the α values decrease with increasing Fe
 

Fig. 5    (a)  RL values and simulated and experimental  values of  matching thicknesses under λ/4 condition,  and impedance matching values for Fe/RGO 4 :  1.  CST
simulation results of (b) PEC, (c) Fe/RGO 1 : 1, (d) Fe/RGO 2 : 1, and (e) Fe/RGO 4 : 1. (f) RCS simulation curves. (g) RCS reduction values. (h) Schematic diagram of
EMWA mechanism of Fe/RGO.
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content and increase with increasing frequency.  Obviously,  RGO
has  a  high α value,  but  the  EMWA  performance  is  poor  due  to
impedance mismatch (Fig. S4 in the ESM). The closer the Z value
of the absorbing material is to 1, the better the impedance match
is,  indicating that  more electromagnetic  waves  enter  the  material
and  thus  increase  the  energy  consumption  [73−75].  The  large
surface  area  and  network  structure  of  Fe/RGO produce  multiple
reflections  and  scattering,  resulting  in  more  EMWA.  Therefore,
only  appropriate  attenuation  characteristics  and  impedance
matching can achieve excellent EMWA performance.

The  relationship  between  the  thickness  and  absorption  peak
frequency  of  the  absorbers  can  be  explained  by  a  quarter-
wavelength (λ/4) model [76]. In this model, the RLmin peaks shift
to low frequencies with increasing thickness (Eq. (7)) [77−79]:

tm =
n
4 λ =

nc

4fm
√∣∣μrεr

∣∣ (n = 1, 3, 5, · · · ) (7)

tm fmwhere  and  represent  the  matching  thickness  and  the
frequency, respectively. As shown in Fig. 5(a), the RLmin, thickness,
and theoretical λ/4 curve of Fe/RGO 4 : 1 composite are consistent
with  the  impedance  matching  values.  The  strong  EMWA
performance  of  Fe/RGO  4  :  1  conforms  to  the  interference
cancellation  law  of  a  quarter  wavelength,  resulting  in  intense
attenuation  of  EMW  energy.  To  simulate  the  EMW  stealth
performance of Fe/RGO in a real environment, RCS simulation of
samples was carried out by CST software. Figures 5(b)–5(e) show
the RCS simulation results  of  PEC, Fe/RGO 1 :  1,  Fe/RGO 2 :  1,
and Fe/RGO 4 : 1. Obviously, all the samples clearly have similar
shapes  but  different  intensities  in  the  3D  radar  wave  scattering
signal. Figure  5(f)  shows  the  RCS  curves  from −60°  to  60°.  The
scattered  signal  is  the  strongest  when  the  detection  angle  is  0°.
Compared  with  the  high  RCS  value  of  PEC  (−3.87  dBm2),
Fe/RGO  composites  can  significantly  reduce  the  scattered  signal
of  radar  waves,  and  the  Fe/RGO  ratio  of  4  :  1  results  in  an
excellent RCS suppression signal (−31.21 dBm2).  To compare the
EMW  dissipation  ability  of  different  samples,  the  RCS  values  of
five  specific  detection  angles  (0°,  15°,  30°,  45°,  and  60°)  are
obtained by reducing the RCS values of the PEC layer. As shown
in Fig. 5(g), Fe/RGO samples can inhibit radar wave reflection to a
certain  extent.  Among  them,  Fe/RGO  4  :  1  shows  the  best  RCS
inhibition (from 4.93 to 27.34 dBm2). Therefore, the above results
show  that  Fe/RGO  4  :  1  has  excellent  EMWA  performance  and
broad  practical  application  prospects.  Based  on  the  above
experimental  and  simulation  results,  the  EMWA  mechanisms  of
Fe/RGO  composites  were  analyzed,  as  shown  in Fig.  5(h).  First,
the  unique  3D  structure  of  RGO  is  beneficial  to  extending  the
propagation  path  of  electromagnetic  waves,  leading  to  multiple
reflections and scattering, thus promoting the multiple attenuation
of  EMW  energy.  Second,  the  heterogeneous  interfaces  between
the  Fe  microsheets  and  RGO  sheets  can  cause  strong  interfacial
polarization  and  thus  increase  the  dielectric  loss.  Third,  the
continuous conductive  network structure  between RGO lamellae
is  conducive  to  electron  migration  and jumping,  thus  enhancing
conduction  loss.  Fourth,  the  abundant  defects  and  polar
functional  groups  in  the  Fe/RGO  composite  can  be  used  as
polarization  centers  to  induce  dipole  polarization.  Finally,  the
magnetic  loss  caused  by  natural  and  exchange  resonances  and
eddy  current  losses  of  Fe  further  consume  the  EMW  energy.
Therefore,  Fe/RGO  exhibits  significant  EMWA  performance
through the dielectric–magnetic loss mechanism.

4    Conclusions
In  summary,  a  series  of  Fe/RGO  composites  with  3D  structures

were  successfully  prepared  by  hydrothermal  and  thermal
reduction strategies. The complex permittivity and permeability of
Fe/RGO composites were regulated by controlling the mass ratio
of  Fe  to  RGO.  The  introduction  of  anisotropic  Fe  microsheets
reduces the conductivity and dielectric parameters of RGO, which
helps  to  improve  impedance  matching  and  reduce  the  matching
thickness of absorbers. RLmin of Fe/RGO 4 : 1 reaches −67.95 dB at
8.48  GHz  (3.47  mm),  and  EABmax reaches  6.91  GHz  (11.09–
18  GHz)  at  2.40  mm.  The  excellent  EMWA  performance  is
attributed  to  the  dielectric–magnetic  loss  mechanisms  of  RGO
and  Fe,  including  multiple  reflections  and  scattering,  interface
polarization,  dipole  polarization,  conduction  loss,  natural
resonance,  exchange  resonance,  and  eddy  current  loss.  In
addition,  Fe/RGO  demonstrates  excellent  radar  stealth
performance  through  CST  simulation  under  far-field  conditions,
and  the  RCS  value  reaches −31.21  dBm2 at  0°.  Therefore,  this
study  is  expected  to  provide  valuable  ideas  for  the  design  and
development of lightweight and efficient EMWA materials.
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