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ABSTRACT: Taking  the  increasing  issue  of  electromagnetic
waves  (EMW)  pollution  and  the  necessity  for  applications  in
extreme  environments,  there  is  a  pressing  requirement  to  create
multifunctional  microwave  absorption  materials  (MAMs)  to  meet
the  current  challenges.  In  this  work,  we  achieved  the  successful
combination  of  MXene  sheets  and  metal  organic  framework
(MOFs)  derived  CoNi@C  magnetic  alloys  onto  the  three-
dimensional  (3D)  melamine  foam  (MF)  skeleton  using  vacuum
impregnation  and  electrostatic  self-assembly  techniques.  The
obtained  MF@MXene/CoNi@C  composite  foams  achieved
outstanding MA performance, with an optimal  reflection loss (RL)
value of –24.1 dB and a maximum effective absorption bandwidth
(EAB) of 6.88 GHz at a thickness of 1.68 mm, effectively covering
the  whole  Ku band.  The superior  MA performance is  ascribed to
the composite foams’ multi-component architecture, distinctive 3D porous structure, and the synergistic impact of multiple
loss  mechanisms.  Moreover,  the  MF@MXene/CoNi@C  composite  foams  demonstrate  exceptional  photothermal
conversion,  thermal  insulation,  and  infrared  stealth  capabilities,  effectively  coping  with  the  demands  of  applications  in
extreme environments. This work serves as a valuable resource and source of inspiration for the development of lightweight-
broadband, multifunctional efficient MAMs.
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1    Introduction
In  this  intelligent  era  of  electronic  information  explosion,
electromagnetic  waves  (EMW)  are  ubiquitous,  and  like  invisible
messengers,  they  carry  rich  information  and play  a  pivotal  role  in

wireless  communication,  radar  detection,  medical  equipment,  and
other fields [1−3]. Nevertheless, with the wide application of various
electronic  devices,  the  EMW  radiation  has  become  increasingly
prominent,  which  has  a  far-reaching  impact  on  human  life  and
military  security  [4−6].  The  EMW  interference  not  only  reduces
communication  quality,  but  also  poses  possible  harm  to  human
health,  electronic  equipment,  and  the  environment  [7−9].
Therefore,  the  development  of  high-efficiency  and  broad-band
microwave  absorption  (MA)  materials  (MAMs)  has  become  a
common  concern  of  the  current  scientific  and  technological
community [10, 11].

In general, the MA performance of the material is closely related
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to  its  composition  and  microstructures  [12−15].  Therefore,
composites  with  multicomponent  and  unique  structural  designs
will  be  the  focus  of  future  research on efficient  MAMs.  Currently,
among  the  various  kinds  of  MAMs,  two-dimensional  materials
such as  MXene [16, 17],  graphene [18, 19],  and MoS2 [20, 21] are
considered  as  the  most  promising  candidates.  Among  them,
MXene,  as  an  emerging  two-dimensional  (2D)  transition  metal
carbide  material,  has  demonstrated  significant  benefits  in  fields  of
EM protection due to its abundant surface functional groups, stable
spatial  structure,  large  specific  surface  area,  and  good  electrical
conductivity  [3, 22−24].  Nevertheless,  pure  MXene  material  will
lead  to  problems  such  as  impedance  mismatch  and  single  loss
mechanism,  limiting  its  effect  in  practical  applications  [25, 26].
Researchers  typically  compound it  with  magnetic  loss  materials  to
achieve  dielectric/magnetic  loss  synergy  and  in  turn  improve  the
impedance matching of materials. For instance, Pan et al. reported
the  synthesis  of  multilayer  sandwiched  MXene  heterostructure
modified  with  one-dimensional  Co  nano-chains  and  achieved  an
optimal  reflection  loss  (RL)  of –46.48  dB  at  16.75  GHz  [27].  Li’s
team  [28]  prepared  MXene/Ni  composites  by  combining  Ni
particles  with  MXene  via  electrostatic  self-assembly,  with  a
maximum RL of –50.5  dB  and  an  effective  absorption  bandwidth
(EAB) of 5.28 GHz at a thickness of 3.5 mm.

Nevertheless,  the  composite  of  MXene  and  magnetic  materials
also faces nonnegligible challenges, such as the large density and the
self-stacking  of  MXene  sheet  layers  [29].  To  overcome  these
problems, melamine foam (MF) can be used as an ideal matrix for
carrying  MXene  and  magnetic  nanoparticles  due  to  its  high  open
porosity, lightweight, and three-dimensional (3D) skeletal structure.
Jia and co-workers [30] made 3D composite foams by applying one-
dimensional  Co3O4 and  two-dimensional  MXene  onto  the  MF
skeleton  through  vacuum  impregnation  and  an  electrostatic  self-
assembly  process.  Due  to  the  synergistic  effect  of  the  multi-
reflections  from  porous  structure  and  dielectric/magnetic  loss,  the
composite  foams have  exceptional  MA performance  with  the  best
RL value of –51.31 dB and EAB of 6.96 GHz at 2.3 mm. Cheng et
al.  [26]  successfully  assembled  Ni  magnetic  particle-anchored
reduced graphene oxide (RGO)/MXene on MF via an electrostatic
self-assembly  and  hydrazine  vapor  reduction  process,  which
showed a  minimum RL value  of –61.3  dB and EAB of  7.04  GHz.
Apart  from  possessing  high-performance  MA,  the  advanced
MAMs  should  take  into  various  functions,  such  as  excellent
compressibility,  thermal  insulation,  and  photothermal  conversion,
to fulfill  the requirements  of  complex and changing environments
[31−33]. The high porosity and low thermal conductivity of MF are
beneficial  to reduce heat transfer,  and protect electronic devices or
the  human  body  from  high  temperatures  [34, 35].  Moreover,  the
superior  thermal  insulation  performance  also  exhibits  potential
infrared  stealth  capability  to  protect  devices  from  radar  detection
[36, 37].  In  addition,  MXene’s  local  surface  plasmon  resonance
(LSPR) effect renders it an exceptional candidate for photothermal
applications.  Therefore,  assembling  MXene  and  magnetic
nanoparticles  on  3D  MF  is  an  effective  strategy  to  achieve  high-
performance MAMs with multifunction.

Herein,  we  successfully  assembled  the  composite  foams  with
MXene  sheets  and  CoNi  magnetic  particles  on  surface  of  MF
skeleton  (MF@MXene/CoNi@C)  via  vacuum  impregnation  and
electrostatic  self-assembly  processes.  The  distinctive  3D  porous
architecture  of  the  composite  foams reduced the agglomeration of
MXene  sheets  and  possessed  lightweight  features.  The  multi-
component  design and the multiple  loss  mechanisms result  in  the

optimal RL value of MF@MXene/CoNi@C being –24.1dB and the
EAB reaching 6.88 GHz at 1.68 mm, covering the entire Ku band.
Benefiting  from  the  perfect  impedance  matching  and  strong
attenuation  capabilities,  the  composite  foams  exhibit  exceptional
MA  performance.  In  addition,  MF@MXene/CoNi@C  achieves
multi-functionalization  in  terms  of  photothermal  conversion,
thermal  insulation,  and  infrared  stealth,  which  is  promising  for  a
wide  range  of  applications  in  aerospace,  military  stealth,  and
electronic  devices.  This  work  provides  an  effective  strategy  for  the
development of multi-functional MAMs. 

2    Experimental
 

2.1    Preparation of Ti3C2Tx MXene and CoNi@C
The few-layered  Ti3C2Tx MXene  was  obtained  by  adopting in-situ
etching  method  in  the  HCl/LiF  mixture.  Typically,  3.2  g  LiF  was
dissolved into HCl solution (9 M). Then 2 g Ti3AlC2 was added into
the  above  solution  and  stirred  for  24  h  at  35  °C.  After  repeated
centrifugation  until  the  pH  value  reached  6,  the  precipitate  was
collected  and  then  redispersed  in  deionized  water.  The  Ti3C2TX
MXene  solution  was  obtained  after  sonication  and  centrifugation
for another 1 h. The CoNi@C was prepared by using metal-organic
frameworks  as  the  template.  In  a  typical  synthesis  procedure,
0.873 g of nickel nitrate hexahydrate (Ni(NO3)2·6H2O) and 0.873 g
of  cobalt  nitrate  hexahydrate  (Co(NO3)2·6H2O)  were  dissolved  in
30 mL of methanol to create solution A. Solution B was formed by
dissolving 1.97 g of di-methyl imidazole (2-MI) in another 20 mL of
methanol.  Solution  B  was  added  dropwise  to  solution  A,  stirred
continuously  for  10  h  at  room  temperature,  and  then  allowed  to
stand  for  2  h.  The  mauve-colored  CoNi-MOFs  precursors  were
collected  by  centrifugal  washing  with  methanol  several  times.
Finally, the CoNi-MOFs precursor was calcined at 700 °C under an
Ar  atmosphere  for  4  h  to  obtain  the  CoNi@C  composite,  named
CNC. 

2.2    Preparation of MF@MXene/CoNi@C
The MF@MXene/CoNi@C was prepared via vacuum impregnation
and  electrostatic  self-assembly  procedures.  During  the  synthesis
process,  the  MF  was  first  ultrasonically  treated  with  ethanol  and
deionized water for 30 min each, followed by multiple washes with
deionized  water  and  drying.  The  treated  MF  was  thoroughly
impregnated in a monolayer of MXene solution (5 mg/mL) for 2 h
and dried to obtain the MF@MXene composite. Subsequently, 0.3 g
of  CoNi@C  was  ultrasonically  dissolved  in  hexadecyl  trimethyl
ammonium  bromide  (CTAB)  solution  (2  mg/mL)  for  30  min
before  being  dried  and  stored.  Finally,  MF@MXene  was
impregnated in  CoNi@C (CTAB) solution (20 mg/mL) for  2  h  to
allow  complete  electrostatic  adsorption  and  dried  to  obtain
MF@MXene/CoNi@C.  The  obtained  MF@MXene  and
MF@MXene/CoNi@C  composites  were  defined  as  MM  and
MMCNC, respectively. 

2.3    Characterizations
X-ray  diffractometer  (XRD,  Japan  SmartLab  SE),  Raman
spectroscopy (DXR2), scanning electron microscopyy (SEM, Czech
TESCAN  MIRA  LMS),  transmission  electron  microscopy  (TEM,
Japan  JEOL-JEM-2100F),  and  X-ray  photoelectron  spectroscopy
(XPS,  America  Thermo  Scientific  K-Alpha)  were  used  to  analyze
the  composition,  microscopic  morphology,  and  chemical  valence
states of the materials. The functional groups and vacancy defects of
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the  samples  were  evaluated  by  Fourier  Transform  Infrared
Spectroscopy  (FTIR,  IRTracer  100)  and  electron  paramagnetic
resonance (EPR,  Bruker  EMXplus-6/1),  respectively.  The vibrating
sample  magnetometer  (VSM,  America  LakeShore  7404)  was
measured  for  the  magnetic  capabilities  of  the  materials.  808  nm
Near Infrared Laser (NIL, LWIRPD-5F), Infrared Thermal Imager
(ITI, FOTRIC 220S), and Thermostatic Heating Platform (THP, JF-
956S) to evaluate the photothermal conversion and infrared stealth
capabilities  of  materials.  EM  parameters  were  determined  using  a
vector network analyzer (VNA, N5244A Agilent). The foams were
mixed into and 70 wt.% paraffin homogeneously and then cut into
a  coaxial  ring  (φin =  3.04  mm, φout =  7.00  mm).  During  the
measurement  process,  the  analyzer  was  warmed  up  and  then
calibrated  using  standard  tools.  Finally,  the  EM  parameters  were
calculated by the analyzer software. 

3    Results and discussion
 

3.1    Microstructures and compositions
The detailed synthesis route for MF@MXene/CoNi@C composites
is shown in Scheme 1. Firstly, magnetic spherical CoNi@C particles
were prepared by in-situ deposition and high-temperature sintering.
The  obtained  CoNi@C  was  treated  with  CTAB  to  make  them
positively charged. After that, the pre-treated MF was immersed in
a  monolayer  MXene  solution,  and  the  MXene  sheets  adhered
firmly to the MF surface, which could be proved by the Video S1 in
the  Electronic  Supplementary  Material  (ESM).  Finally,  CoNi@C
(CTAB) is adsorbed on the surface of MF@MXene by electrostatic
self-assembly to obtain MF@MXene/CoNi@C.

The XRD patterns revealed all samples’ phase compositions and
crystal  structures,  as  illustrated  in Fig.  1(a) and  Fig.  S1(a)  in  the
ESM. In the pattern of Fig. 1(a), the broad and weak peak at 23.68°
was  observed  as  MF.  In  Fig.  S1(a)  in  the  ESM,  the  peaks
representing  (104)  crystal  planes  of  Ti3AlC2 disappeared  and  the
peak of (002) crystal  plane has shifted from 9.5° to 6.2°,  indicating
the  successful  exfoliation  of  Ti3C2Tx MXene.  The  SEM  and  TEM

images  of  delaminated  MXene  sheets  are  presented  in  Figs.  S1(b)
and S1(c)  in the ESM, which showed the MXene sheets  possessed
monolayer  structure  with  lateral  dimension  of  0.5–1.0  μm.  When
immersing  MF  into  MXene  solution,  the  appearance  of  (002)
diffraction  peak  for  MM  indicates  the  existence  of  the  MXene
sheets  (Fig.  1(a)).  The  connection  between  MF  foam  and  MXene
sheets  should  be  mainly  attributed  to  the  presence  of  hydrogen
bonds,  which  could  be  revealed  through  variations  of  stretching
vibration frequency or intensity in FTIR [38]. The FTIR test in Fig.
S2(a) in the ESM showed the N–H absorption peak at 3308 cm–1 of
MF  was  significantly  decreased,  which  was  attributed  to  the
formation  of  hydrogen  bonding  between  the  amide  group  of  MF
and  oxygen-containing  groups  (Ti–O,  etc.)  of  MXene  [38−40].
Meanwhile, the presence of Ti–O bond for MM proved the MXene
was  successfully  incorporated  into  MF  skeleton.  After  further
electrostatic  assembling  with  CoNi  particles,  the  three  diffraction
peaks  of  MMCNC  at  44.48°,  51.69°,  and  76.17°  corresponded
exactly  to  the  (111),  (200),  and (220)  crystal  planes  of  Co (JCPDS
NO. 15-0806) and Ni (JCPDS NO. 04-0850) for MMCNC [25, 41].
In  order  to  further  investigate  the  illustration  of  the  electrostatic
effect between MXene sheets and positively charged CoNi particles,
the surface charges of MM, CNC, and MMCNC were characterized
by  zeta  potential  analyzer.  The  results  of  Fig.  S1(d)  in  the  ESM
showed  that  the  zeta  potentials  of  MM,  CNC,  and  MMCNC  are
–24.3,  13.3,  and –0.286  mV,  respectively.  Thus  the  positively
charged  CNC  could  be  adsorbed  to  surface  of  MM  with  negative
charges,  which  further  confirms  the  successful  preparation  of
MF@MXene/CoNi@C composite. Figure  1(b) displays  the  Raman
spectra of the samples,  where D and G bands near 1370 and 1560
cm–1 could be observed for  sample CNC, indicating the formation
of carbon derived from the decomposition of  MOFs precursor.  In
addition,  the  Raman  spectra  of  MM  and  MMCNC  exhibit
prominent  peaks at  151.2,  372.9,  and 630.4 cm–1,  which align with
the  distinctive  peaks  of  monolayer  Ti3C2Tx MXene  [42].  The
introduction  of  monolayer  MXene  can  significantly  affect  the
conductive properties and provide abundant sites for deposition of
magnetic particles.

 

Scheme 1    Diagram for the preparation of MF@MXene/CoNi@C composite.
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To determine the chemical valence states of the composites,  the
XPS  spectra  of  MMCNC  are  shown  in Figs.  1(c)−1(g) and  Fig.
S2(b) in the ESM. The XPS survey spectrum displays characteristic
peaks  for  the  elements  C,  O,  F,  Ti,  Co,  and  Ni  (Fig.  S2(b)  in  the
ESM). In the C 1s spectrum (Fig.  1(c)),  the peaks at 281.72, 284.8,
287.12,  and  288.76  eV  represent  C–Ti–Tx,  C–C/C=C,  C–O,  and
O=C–O  groups,  respectively  [26, 43].  As  shown  in Fig.  1(d),  the
peaks  at  529.82,  530.67,  532.06,  and 533.79  eV in  the  O 1s  curves
belong  to  Ti–O,  C–Ti–Ox,  C–Ti–(OH)x and  C–Ti–H2O  bonds,
respectively [29]. The Ti 2p curves were fitted to the three pairs of
peaks,  C–Ti–C  (455.26  and  461.66  eV),  C–Ti–(O,F)  (456.88  and
462.88 eV), and C–Ti–F (458.64 and 464.64 eV), corresponding to
the Ti 2p3/2 and Ti 2p1/2 orbitals (Fig. 1(e)) [44, 45]. For the Co 2p
spectrum  (Fig.  1(f)),  the  peaks  at  781.42  and  791.07  eV  correlate
with Co0 2p3/2 and Co0 2p1/2, which illustrates the reduction of Co2+

to  produce  metallic  Co  particles.  The  two  peaks  at  783.94  and
799.73 eV correspond to Co2+,  indicating that Co nanoparticles are
partially oxidized [46, 47]. In Fig. 1(g), the primary peaks at 874.77
and  857.62  eV  are  assigned  to  Ni  2p1/2 and  Ni  2p3/2 orbitals,
demonstrating the successful introduction of magnetic particles Ni
[48].  These  abundant  functional  groups  can  effectively  promote
dipole  and defect  polarization,  improving the  MA performance of
EMW [22].  The XPS analytical  results are consistent with those of
the  XRD  demonstrating  that  the  MMCNC  composites  were
successfully  prepared.  The  magnetic  properties  of  the  CNC  and
MMCNC  were  analyzed  by  VSM,  as  shown  in Fig.  1(h).  The
saturation  magnetization  strengths  of  CNC  and  MMCNC  were
36.11  and  11.05  emu/g,  and  the  coercivities  reached  224.17  and
293.22  Oe,  respectively.  MMCNC  foam  has  weaker  magnetic
properties  than  CNC,  which  is  owing  to  the  presence  of  non-
magnetic  components  (MF,  MXene)  [49, 50].  In  addition,  the

MMCNC  foam  is  firmly  held  without  falling  under  the
gravitational pull of the magnet (Fig. 1(i)).

The micromorphology of all samples was characterized by SEM
images. The MF has a distinctive 3D porous network structure with
extraordinarily  high  porosity,  which  facilitates  MXene  adsorption
and  deposition  (Fig.  S3(a)  in  the  ESM).  After  immersing  the  MF
into MXene solution, the MXene sheets can be firmly deposited on
the  backbones  and  pores  of  the  MF  (Figs.  2(a) and 2(b)).  The
adsorption of MXene sheets provided abundant sites for growth of
Co and Ni ions. As shown in Figs. 2(c) and 2(d), the CNC particles
with dimensions of ca. 500 nm were firmly adsorbed on the surface
of  the  MM  by  electrostatic  adsorption,  which  endowed  the  MM
composites  with  strong  magnetism.  The  microstructure  of
MMCNC  was  further  shown  in  TEM  and  HRTEM  images  (Figs.
2(e)−2(h)). Figures  2(e) and 2(f) visually  show  the  morphological
characteristics  of  MMCNC,  where  CNC  particles  are  uniformly
deposited  on  MXene  (Ti3C2)  sheets.  The  HRTEM  images
demonstrate  that  the  lattice  spacings  of  0.206  and  0.34  nm
correspond to  CoNi(111)  crystal  face  and graphitized  carbon(002)
crystal  face,  respectively.  The  graphitized  carbon  layer  tightly
envelopes  CoNi  particles  to  form  core–shell  structure  (Figs.  2(g)
and 2(h)). The elemental mapping images in Figs. 2(i)−2(m) show
that  elements  C,  Ti,  Co,  and  Ni  are  equally  distributed,  further
proving  the  successful  preparation  of  MF/MXene/CoNi@C
composites. 

3.2    EM properties
The EM absorption capabilities of the materials mainly depend on
the  effects  of  complex  permittivity  (εr = ε′  – jε")  and  relative
complex permeability (μr = μ′  – jμ"), where the real (ε′  and μ′) and
imaginary  (ε" and μ")  parts  represent  the  storage  and  decay

 

Figure 1    (a) XRD pattern and (b) Raman spectrum of samples. (c)–(g) XPS spectra of MMCNC. (h) VSM curves of CNC and MMCNC. (i) Magnetism of MMCNC.
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capacities of the EMW, respectively [51−54]. The EM parameters of
all samples in the 2–18 GHz range are shown in Fig. 3 and Fig. S4
in  the  ESM.  The  pure  MF  is  inherently  nonconducting  and
nonmagnetic, with low EM parameters, indicating poor attenuating
ability (Figs.  S4(a) and S4(b) in the ESM). The dielectric constants
of  CNC,  MM,  and  MMCNC  follow  the  same  trend  of  dropping
with  increasing  frequency  over  the  whole  frequency  range.  The
values of ε′ and ε" for CNC decrease from 27.8 and 15.1 to 14.8 and
0.1. The values of ε′  for MM and MMCNC decrease from 9.4 and
15.0 to 5.1 and 8.8, and the values of ε" are in the range of between
3.6–1.3  and  7.0–2.1  (Figs.  3(a) and 3(b)).  Among  all  the  samples,
CNC presents the highest ε′ and ε′′ values, which may be attributed
to  the  presence  of  the  highly  conductive  graphitized  carbon  layer
after  high-temperature  calcination  [46].  According  to  the  free
electron  theory  (ε" =  1/2πε0σf),  the ε" values  rise  with  the
conductivity  [55, 56].  The ε′  and ε" values  of  both  MM  and
MMCNC  are  greater  than  those  of  MF,  suggesting  that  the

introduction of highly conductive MXene sheets and CoNi particles
increased  the  composites’ complex  permittivity  level  [57].  In
addition, the fluctuation of peaks in the ε" curves can be ascribed to
the  polarization  relaxation  processes,  which  come  from  the
interfacial  polarization,  dipole  polarization,  and defect  polarization
[22].  Based  on  the  Debye  relaxation  theory,  Cole–Cole  diagrams
were  drawn  to  further  analyze  the  dielectric  loss  and  relaxation
process based on Eqs. (1)–(3) [58, 59]

ε′ = ε∞ +
εs − ε∞

1+ω2τ2
(1)

ε′′ = εs − ε∞

1+ω2τ2
ωτ+ σ

ωε0
(2)

(
ε′ − εs + ε∞

2

)2

+(ε′′)2 =
(
εs − ε∞

2

)2

(3)

 

Figure 2    SEM images of (a) and (b) MM and (c) and (d) MMCNC. (e)–(h) TEM and HRTEM images of MMCNC. (i)–(m) Elemental mapping images of MMCNC.
 

Figure 3    EM parameters of samples: (a) ε', (b) ε'', (c) μ', and (d) μ''. (e) Dielectric loss tangent and (f) magnetic loss tangent of samples.
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where εs is  the  static  permittivity  at  the  high-frequency limit, ε∞ is
the relative permittivity, ω denotes the angular frequency, and τ and
σ are  the polarization relaxation and conductivity  of  the materials,
respectively [29, 30]. Straight lines and semicircles on the Cole–Cole
curves  represent  the  conductive  loss  and  polarization  relaxation
processes,  respectively  [60].  Figures  S3(b)–S3(d)  in  the  ESM show
that  all  samples  have  straight  lines  and  semicircles,  demonstrating
the  coexistence  of  conductive  and  polarization  relaxations.  The
incorporated MXene sheets perfectly combine with the 3D skeleton
of  the  MF  to  form  a  distinctive  3D  conductive  transport  network
structure, thus increasing the conductive loss [22, 61]. The dielectric
relaxation should mainly derive from dipole polarizations that was
induced by the polar molecules and defects of the samples. On one
hand,  XPS  results  in Fig.  1 proved  that  MXene  sheets  possess
abundant polar molecules and the rearrangement of intrinsic dipole
under  external  EM  field  will  induce  the  occurrence  of  orientation
polarization.  On the other  hand,  EPR results  (Fig.  S5 in the ESM)
indicated  that  the  MXene  and  CoNi@C  surface  possessed  oxygen
vacancies, which could trap charge carriers and break the balance of
charge  distribution,  thus  leading  to  polarization  process  under
alternating  EM  field  [62].  Besides,  CoNi  magnetic  particles  are
electrostatically  assembled  on  the  MM  surface,  forming  multiple
heterogeneous  interfaces  causing  interfacial  polarization  [63].  In
addition, the accumulation and rearrangement of substantial space
charges  inside  the  MMCNC  can  also  induce  the  interfacial
polarization process and further enhance the dielectric loss.

The complex permeability of the materials is shown in Figs. 3(c)
and 3(d),  in  which  the  magnetic  CNC  and  MMCNC  displayed
larger levels than non-magnetic MM. The μ' and μ" curves of CNC
and MMCNC displayed multiple resonance peaks between 5–8 and
13–18  GHz,  which  can  be  attributed  to  the  effects  of  natural

resonance  and  exchange  resonance,  respectively,  according  to
Toneguzzo  et  al.’s  study  [64].  The  dielectric  loss  tangent  (tanδε =
ε"/ε')  and  magnetic  loss  tangent  (tanδμ = μ"/μ')  were  utilized  to
evaluate  the  dielectric  and  magnetic  losses  of  the  materials  (Figs.
3(e) and 3(f))  [65].  In Figs.  3(e) and 3(f),  the trend of  tanδε values
for  all  the  samples  is  comparable  to  the ε" curve,  confirming  the
effect  of  the  multiple  polarization  relaxation  process  on  the
dielectric loss.

The MA capability  of  the  samples  is  assessed by  calculating  the
RL and EAB values according to the transmission line theory, and
the equations are calculated as follows [66, 67]

Zin = Z0(μr/εr)
1/2tanh

{
j(2π fd/c)(μrεr)

1/2
}

(4)

RL(dB) = 20log |(Zin −Z0)/(Zin +Z0)| (5)

where Zin represents  the  input  impedance, Z0 is  the  free  space
impedance, f is the EMW frequency, d denotes the thickness, and c
is the speed of light [68]. It is generally considered that RL < –10 dB
represents  more  than  90% of  the  EMW energy  absorbed,  and  the
corresponding  frequency  band  is  called  the  EAB  [69].  The
calculated  RL,  EAB,  and  impedance  matching  distributions  for  all
samples  are  shown in Fig.  4 and  Fig.  S4  in  the  ESM.  It  is  evident
from Fig.  S4(c) in the ESM that the MA of pure MF is  very poor.
The  CNC  has  weak  MA  capability,  with  an  RL  of –17.76  dB
(15.04 GHz) and an EAB of 4.64 GHz (13.36–18 GHz) at 1.02 mm
(Figs. 4(a) and 4(d)). This is mostly due to the impedance mismatch
caused  by  the  high  dielectric  constant  level.  The  MA  capability  of
the  MM  samples  after  introducing  MXene  sheets  is  improved
compared with pure MF, and the RL reaches up to –24.96 dB, with

 

Figure 4    3D RL, 2D EAB, and impedance matching maps for (a), (d), and (g) CNC, (b), (e), and (h) MM, and (c), (f), and (i) MMCNC.
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an EAB of 4.24 GHz (11.68–15.92 GHz) at 2.23 mm (Figs. 4(b) and
4(e)).  In  order  to  study  the  effect  of  MXene  content  on  the  EM
properties,  the  EM parameters  and MA performances  of  the  MM
composites  under  MXene  concentrations  of  2.0  and  10.0  mg/mL
were  evaluated,  respectively.  Figure  S6  in  the  ESM  showed  that
when  the  MXene  concentration  was  equal  to  2.0  mg/mL,  the
permittivity  level  of  the  MF@MXene  composites  was  rather  low
due to the weak conductivity,  which also led to a rather poor MA
(Figs. S6(a) and S6(b) in the ESM). When the MXene concentration
was improved to  10.0  mg/mL,  the  real  and imaginary permittivity
was  largely  enhanced.  However,  due  to  the  overlarge  EM
parameters,  the  optimal  RL  was  only –14.3  dB  (Figs.  S6(c)  and
S6(d) in the ESM). On the contrary, the permittivity of the samples
with 5  mg/mL MXene was located at  a  proper level,  which is  also
beneficial  for  the  decoration  of  CoNi  articles.  Based  on  the
discussions,  the  optimal  MXene  concentration  of  5.0  mg/mL  was
selected for further modifications.

When  CoNi  magnetic  particles  were  assembled  with  MM,
MMCNC  exhibited  excellent  MA  capability.  The  optimal  RL  is
–24.1 dB, and the EAB is widest up to 6.88 GHz (11.12–18 GHz),
corresponding to a thickness of only 1.68 mm (Figs. 4(c) and 4(f)),
totally encompassing the Ku band. The assembly of CoNi particles
provides  magnetic  loss  that  modulates  the  EM  parameters  and
enhances the absorption of EMW. Compared with sample MF and
MM,  the  sample  MMCNC  displayed  largely  enhanced  MA
attributed to the synergistic effect of dielectric and magnetic losses,
which optimized the impedance matching. The availability of good
impedance matching and EMW attenuation properties determines
the MA performance of the materials [70]. The closer of the |Zin/Z0|
value  is  to  1,  the  more  perfect  of  the  impedance  matching  is,
suggesting  that  more  EMW  was  absorbed  than  reflected  [71].
Figure  4(g) showed that  the  area  distribution of  the  |Zin/Z0|  values
for  CNC  is  lower  than  1,  which  exhibits  inferior  impedance
matching characteristics  attributed to their  high dielectric  constant

levels. Whereas, the regions with |Zin/Z0| values close to 1 are larger
for  MM  and  MMCNC,  which  are  favorable  for  more  EMW  to
enter  the  materials  and  be  absorbed  (Figs.  4(h) and 4(i)).  The
incorporation  of  MXene  sheets  and subsequent  assembly  of  CoNi
magnetic  particles  produced  a  synergistic  effect  of
dielectric/magnetic  loss.  This  synergistic  action  can  effectively
regulate the dielectric constant level of the composites and optimize
the impedance matching, thus exhibiting excellent MA capability.

tm =
nλ
4

=
nc

4fm
√

|εr/μr|
(n= 1, 3, 5, . . .))

To visually  compare  the  MA performance  of  different  samples,
the  optimal  RL  and  EAB  cylindrical  distribution  charts  of  the
samples at various thicknesses are presented in Figs. 5(a) and 5(b).
Compared  with  other  samples,  the  optimal  RL  of  MMCNC  at
different thicknesses is virtually always below –20 dB and shows the
widest  EAB  of  6.88  GHz,  which  entirely  covers  the  Ku  band.
Furthermore,  the EAB levels  at  different bands can be adjusted by
changing  the  thickness.  For  the  MMCNC  sample,  the  frequency
range  could  cover  94%  of  the  X  band  when  the  thickness  was
adjusted  to  2.22  mm  (Fig.  5(c)).  The  shift  of  the  frequency  range
under  different  thickness  can  be  explained  by  the  quarter

wavelength  model  ( ,

according  to  which  the  optimal  RL  moved  towards  the  lower
frequency  region  with  the  increasing  thickness.  Figure  S7  in  the
ESM  showed  that  the  as-obtained  MMCNC  foams  obeyed  the
quarter wavelength model  and the frequency range with RL lower
than –10  dB  could  be  changed  to  other  bands  by  adjusting  the
thickness  [72, 73]. Figure  5(d) compared  the  MA  performance  of
this  research  with  previously  reported  MXene-based  MAMs  and
found that the MMCNC composites have the advantages of wider
EAB  and  thinner  thickness,  which  can  meet  the  demand  of  the
development  for  the  lightweight  and  broadband  of  modern
electronic products [25, 51, 74−79].

The radar cross section (RCS) is used to characterize the stealth
 

Figure 5    (a)  RL cylindrical  distribution of  samples  at  different  thicknesses.  (b)  EAB of  samples.  (c)  RL and EAB of  MMCNC.  (d)  Comparison between the  recently
reported MA of MXene-based MAMs and this research.
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capability of a target under radar detection. It is generally assumed
that the lower RCS values mean the better the stealth capability and
the RCS values can be obtained by the following Eq. (6) [80−82]

σ
(
dBm2)= 10log

(
4πS
λ2

∣∣∣∣ES

Ei

∣∣∣∣)2

(6)

where S is  the  area  of  the  target  simulation  model,  λ  is  the
wavelength of  the  EMW, and Es and Ei represent  the  electric  field
strength  of  the  scattered  and  incident  waves,  respectively.  We
provide  the  simulation  model  of  the  sample  coated  on  a  perfect
electrical conductor (PEC) plate in Fig. 6. Compared to the original
PEC  plate,  the  RCS  signal  strength  of  the  PEC  plates  coated  with
MF,  CNC,  and  MM did  not  decrease  significantly,  while  the  RCS
signal strength of the PEC plate with MMCNC strongly attenuated
(Figs.  6(a)−6(e)).  In  addition, Fig.  6(f) reveals  that  only  the
MMCNC-coated  PEC  plates  remain  below –10  dBm2 across
practically  the  entire  angular  range,  demonstrating  that  MMCNC
has the best radar wave dissipation capabilities.

Based  on  the  above  analysis,  the  MA  mechanism  of  the

MMCNC  composite  is  shown  in Fig.  7.  Firstly,  the  porous
conductive  network  structure  constructed  inside  the  MMCNC
promotes  electron  transition  and  enhances  the  conduction  loss,
thus  attenuating  the  incident  EMW.  On  the  one  hand,  the
formation  of  multiple  heterogeneous  interfaces  between  MXene
sheets,  CoNi  magnetic  particles,  and  MF  backbone  causes  the
aggregation  of  space  charge  and  generates  abundant  interfacial
polarization.  On  the  other  hand,  the  abundant  functional  groups
and  intrinsic  defects  on  the  surface  of  MMCNC  can  operate  as
polarization  centers  to  induce  dipole  polarization.  Meanwhile,  the
“micro-capacitor” structure  formed  by  the  assembly  of  MXene
sheets  and  CoNi  magnetic  particles  provides  a  place  for  charge
accumulation and transmission,  further  enhancing the attenuation
of  EMW  energy.  Secondly,  the  distinctive  3D  skeleton  structure
facilitates multiple reflections and scattering of the incident EMW,
further  enhancing  the  MMCNC  attenuation  characteristics.  In
addition, the CoNi magnetic particles provide magnetic loss, which
attenuates  the  EMW  energy  via  exchange  and  natural  resonance.
Overall, the synergistic effect of multiple loss mechanisms results in

 

Figure 6    3D RCS radar reflection simulations diagrams of (a) PEC, (b) MF, (c) CNC, (d) MM, and (e) MMCNC. (f) RCS simulation curves of as-prepared samples.
 

Figure 7    MA mechanism diagram of MMCNC.
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the MMCNC composite with excellent MA capabilities. 

3.3    Multifunctions
Due  to  the  plasma  resonance  effect  of  MXene,  the  MMCNC
composites  have  efficient  photothermal  conversion  capabilities  in
addition  to  excellent  MA performance  [83].  Under  the  irradiation
of  a  near-infrared  laser  (808  nm  wavelength),  the  surface
temperature of MMCNC rapidly rises to the maximum equilibrium
temperature,  and  the  temperature  increases  with  the  increase  of
optical  power  density.  The  surface  equilibrium  temperature  rose
from  39.9  to  106.9  °C  as  the  power  density  increased  from  25  to
200 mW/cm2 (Fig. 8(a)). When the laser is switched off, the surface
temperature  rapidly  cools  to  ambient  temperature,  showing  fully
reversible photothermal conversion performance. In addition, real-
time control  of  the  composite  surface  temperature  can be  realized
by  adjusting  the  optical  power  density  (Fig.  8(b)).  This
photothermal  process  is  recorded  by  the  infrared  thermogram  of
Fig.  8(c),  and  the  surface  temperature  of  MMCNC  is  evenly
distributed, showing excellent photothermal stability and reliability.

As an excellent MA material, it should have outstanding infrared
stealth  performance,  preventing  electronic  equipment  or  military

weapons  from  being  attacked  by  infrared  detectors  [13, 84].  The
MMCNC  was  put  on  a  heating  platform  at  100  °C,  and  infrared
thermal imaging was acquired every 5 min (5 s–10 min) as shown
in Fig.  9(a).  The  detected  temperatures  of  the  samples  were  47.3,
52.8,  and  53.3  °C,  which  were  much  lower  than  the  heating
platform.  Moreover,  the  temperature  of  the  MMCNC  remained
almost  constant  during  the  heating  process,  showing  that  it  has
excellent  thermal  isolation  stability. Figure  9(b) demonstrates  the
smooth temperature change trend of MMCNC with time changes,
which  systematically  exhibits  that  MMCNC  has  outstanding
thermal  insulation  performance.  In  addition,  the  superior  thermal
insulation  performance  is  the  key  to  ensuring  that  MMCNC  has
infrared stealth performance. Figure 9(c) depicts the thermal image
of  MMCNC  placed  on  the  hand,  with  the  sample  temperature  of
only 29.2 °C, which is much lower than that of the temperature of
the human body (38 °C). It  demonstrates that the area covered by
the  sample  can  have  a  significant  stealth  effect  under  the  infrared
detection device.

The excellent infrared stealth performance of MMCNC is closely
related  to  its  material  and  distinctive  structure.  Firstly,  MXene  is
considered  an  excellent  candidate  for  thermal  insulation  and  IR

 

Figure 8    (a)  and (b) Photothermal profiles  of  MMCNC at different optical  power densities and progressively increasing optical  power densities.  (c)  Thermal infrared
images of MMCNC.
 

Figure 9    (a) and (b) Thermal infrared images and temperature change curves of MMCNC at different heating times on the heating platform. (c) Thermal infrared image
of MMCNC in hand. (d) Heat transfer mechanism diagram of MMCNC.
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stealth  owing  to  its  quite  low  infrared  emissivity,  which  could
significantly decrease the radiative heat and lower the possibility of
being captured by the infrared detecting device [85, 86].  Secondly,
the  heat  transfer  modes  are  classified  as  thermal  conduction,
thermal convection, and thermal radiation, which depend on solid-
phase  heat  transfer,  vapor-phase  heat  transfer,  and  radiative  heat
transfer, respectively (Fig. 9(d)) [35, 87]. MF has the advantages of a
3D porous skeleton structure with a low density and high porosity,
significantly reducing the intensity of solid-phase and radiative heat
transfer. Furthermore, the long skeleton of MF can extend the heat
transfer  path  and  thus  attenuate  the  heat  transfer  intensity.
Therefore,  MMCNC has  exceptional  infrared stealth  performance,
which  displayed  broad  potential  for  application  in  military
camouflage and stealth technologies. 

4    Conclusions
In summary, the multifunctional MMCNC foams composed of 3D
melamine  skeleton,  few-layer  MXene  sheets,  and  MOFs  derived
CoNi@C  nanoparticles  were  successfully  prepared  via  vacuum
impregnation  and  electrostatic  self-assembly  processes.  The  multi-
component design and distinctive 3D porous structure provide the
foam  with  perfect  impedance  matching  and  strong  attenuation
capability.  The  synergistic  effects  of  dipole/interfacial  polarization,
dielectric/magnetic  losses,  and  multiple  scattering  significantly
improve  the  MA  performance  of  the  samples.  The  ultimate
MMCNC  samples  have  an  RL  value  of –24.1  dB  and  an  EAB  as
high  as  6.88  GHz,  corresponding  to  a  thickness  of  only  1.68  mm
and  completely  covering  the  Ku  band.  In  addition,  the  MMCNC
composite  foams have excellent  photothermal  conversion,  thermal
insulation,  and  infrared  stealth  capabilities,  which  can  ensure  the
normal  operation  of  electronic  devices  in  extreme  environments.
Therefore,  this  study  opens  new  prospects  for  developing
multifunctional MAMs for practical applications. 

Electronic  Supplementary  Material: Supplementary  material
(XRD,  SEM,  TEM  images,  zeta  potential,  XPS,  Cole–Cole
semicircles, EPR and FITR spectrum, EM parameters, and video) is
available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907121. 
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