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ABSTRACT: Rapid  advancements  in  modern  electronic
devices  necessitate  the  development  of  materials  that  can
simultaneously  provide  efficient  energy  storage  and
effective  microwave  absorption.  Herein,  a  novel  composite
material  was  prepared  via  the  self-assembly  of  Fe3O4

nanoparticles  on  the  surface  of  V2C  MXene.  This  composite
exhibited  characteristics  suitable  for  supercapacitor  and
electromagnetic  absorption  applications,  highlighting  the
synergistic  relationship  between  energy  storage  and
electromagnetic  wave  absorption  capability.  The
electrochemical  tests  revealed  that  the  specific  capacity  of
the  V2C  MXene/Fe3O4 composite  (42.67  mAh·g−1)
considerably  improved  compared  with  those  of  the  raw
materials.  The  prepared  V2C  MXene/Fe3O4//V2C  MXene/
Fe3O4 symmetric supercapacitor (SSC) demonstrated an energy density of 44.8 Wh·L−1, a power density of 959.4 W·L−1, and a capacity
retention of 80.14% after 8000 cycles. Moreover, the V2C MXene/Fe3O4 composite exhibited an optimal reflection loss (RL) of −42.4 dB
in the Ku band, with an effective absorption bandwidth of 1.9 GHz (14.6–16.5 GHz). This composite material has broad application
potential  in modern electronic devices owing to its high energy storage capacity and effective electromagnetic wave absorption.
This  dual  functionality  improves  device  performance  and  offers  a  compact  solution  for  energy  storage  and  effective  microwave
absorption.
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1    Introduction
The increasing demand for high-performance supercapacitors and
microwave absorption materials has driven extensive research into
advanced composite materials. Supercapacitors exhibit high power
densities,  rapid  charge–discharge  cycles,  and  long  lifecycles,
making  them  among  the  most  promising  energy  storage
solutions.  However,  improving  their  energy  density  and  stability
remains  a  critical  challenge.  Furthermore,  efficient  microwave
absorption  is  necessary  to  prevent  interference  and  ensure  the
proper functioning of electronic devices.

Since  graphene,  a  two-dimensional  (2D)  material,  was
discovered  by  Novoselov et  al. [1]  in  2004,  researchers  have
focused on its  properties  and applications  [2−4].  Moreover,  after
this  discovery,  researchers  have  increasingly  focused  on

investigating 2D materials such as MoS2, WS2, MoSe2, WSe2, black
phosphorus,  hexagonal  boron nitride,  and MXenes [5−11].  Since
their  discovery  in  2011,  MXenes  have  gradually  become  among
the  most  important  2D  materials  because  of  their  highly  porous
surface  area,  strong  electrical  conductivity,  high  hydrophilicity,
numerous  functional  groups,  and  good  thermal  and  chemical
stability, which can be attributed to their unique layered structure.
MXenes  can  optimize  several  functions  when  combined  with
other  materials,  making  them  useful  in  numerous  applications,
such  as  in  supercapacitors  [12−14],  microwave  absorption
materials [15−17], biosensors [18,19], and catalysts [20,21].

The  general  structure  of  MXenes  is  Mn+1XnTx,  where  M
represents  a  transition  metal  element  (such  as  Ti,  V,  or  Mo),  X
represents  C,  N,  or  CN,  Tx represents  surface  functional  groups
(such as –O and –F), and n is 1–4 [22]. MXenes are obtained via 
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selective  etching  of  layer  A  (A  is  Group  III  or  IV  A  element,
typically  Al)  of  the  MAX  primary  phase.  Various  etching
methods, such as in situ etching using LiF + HCl and NaF + HCl,
alkaline etching using NaOH, Lewis acid molten salt etching, and
electrochemical  etching  and polyol  etching,  have  been developed
as  improved  alternatives  to  the  etching  process  [23,24].  The
etching  agents  used  in  these  methods  are  milder  and  less  toxic
than  HF  and  do  not  cause  substantial  damage  to  the  MXene
structure.  Therefore,  NaF  +  HCl  was  used  for  V2AlC  MAX
etching in this study. The fluoride ions in the NaF + HCl etching
solution  react  with  the  aluminum  layer  to  form  AlF3,  effectively
removing the aluminum layer to obtain highly pure V2C MXenes.
Compared with KF and LiF, NaF is less chemically reactive during
etching, which reduces damage to the MXene structure, allowing
the materials to better maintain their layered structure.

The etching process of MXenes exposes their functional groups,
such  as –F, –O,  and –OH,  which  can  increase  the  interlayer
spacing  in  the  materials,  endowing  them  with  additional  active
sites  and  improved  electrochemical  properties.  The  excellent
mechanical  properties  of  MXenes  (primarily  attributed  to  their
metal  atoms),  combined  with  their  adjustable  layer  spacing,
excellent  electrical  conductivity,  and  high  volumetric  specific
capacitance  [25],  make  them  excellent  potential  electrode
materials  for  energy  storage  devices.  Sha et  al. [26]  prepared  a
TMSe@MXene  nanohybrid  with  a  specific  capacity  of  up  to
182.8  mAh·g−1 via in  situ surface  selenization.  Zheng et  al. [27]
used  chemical  oxidation  and  etching  to  fabricate  Ti3C2 MXene
nanonets  with  a  specific  capacitance  of  235  F·g−1 in  a  KOH
electrolyte  (6  M).  The  functional  groups  introduced  during  the
etching  process  create  numerous  defects,  increasing  defect
polarization, reducing conductivity, and optimizing dielectric loss
and  impedance  matching  [28,29].  Moreover,  MXenes  have  large
specific  surface  areas,  providing  abundant  pathways  for
electromagnetic  wave  transmission,  including  multiple  scattering
and  reflection  [30,31].  Zhang et  al. [32]  developed  Ni@Ti3C2Tx/
polyvinyl alcohol films with a novel single-layer gradient structure,
which can achieve a minimum reflection loss (RLmin) of −57.7 dB
in  the  X  band  (with  an  effective  absorption  bandwidth  of
3.2  GHz).  Zhang et  al. [33]  synthesized  a  Ti3C2Tx@
polydopamine@polyimide foam (Ti3C2Tx@PDA@PIF)  composite
with  an  RLmin of −32.6  dB  in  the  X  band  and  an  absorption
capacity  of  >  90%  for  the  entire  X  band.  Therefore,  MXenes
are  suitable  for  supercapacitor  and  microwave  absorption
applications [34].

In electrochemistry, transition metal oxides, such as manganese
dioxide,  ferroferric  oxide,  and  titanium  dioxide  [35,36],  and
conductive polymers,  such as  polyaniline,  polypyrrole  (PPy),  and
polythiophene [37,38], are typically utilized as electrode materials.
Reversible oxidation–reduction (redox) reactions can occur on the
surfaces of transition metal oxides, enabling their use as electrode
materials  [39].  Among  these  oxides,  Fe3O4 has  been  used  in
supercapacitors and microwave absorption applications because of
its  eco-friendliness,  cost-effectiveness,  and  easy  availability  [40].
However, Fe3O4 nanostructures are prone to aggregation, limiting
their  development.  To  overcome  this  challenge,  Li et  al. [41]
prepared a Fe3O4/FexSy heterostructure via chemical deposition to
improve  the  performance  of  lithium-sulfur  batteries.  Zhu et  al.
[42]  prepared  a  nitrogen-doped  carbon-supported  Fe3O4
nanocomposite with satisfactory capacitance via a simple synthesis
method. This nanocomposite exhibited improved electrochemical
performance  and  no  aggregation  because  Fe3O4 was  combined
with  other  materials  with  high  conductivity.  Fe3O4 nanoparticles
exhibit  high  saturation  magnetization,  a  high  Curie  temperature,
and  a  considerably  low  dielectric  constant.  Their  ferromagnetic

properties lead to hysteresis loss and eddy current loss, effectively
converting electromagnetic waves into heat energy for absorption.
Furthermore,  the  dispersion  of  Fe3O4 particles  induces  multiple
scattering of electromagnetic waves, considerably enhancing their
absorption  performance.  Shi et  al. [43]  combined  Fe3O4 with
graphene  to  form  a  three-dimensional  porous  composite  via  the
hydrothermal  method.  The  formed  Fe3O4/graphene  composite
foam  exhibited  a  maximum  absorption  intensity  of −47.087  dB
and  an  absorption  bandwidth  of  6.7  GHz.  Zhang et  al. [44]
prepared a reduced graphene oxide (RGO)/Fe3O4/SiO2 terpolymer
with  an  optimal  RL  of −34.36  dB  and  an  effective  absorption
bandwidth of 7.76 GHz at a thickness of 2.9 mm.

In  this  study,  Fe3O4 nanoparticles  were  combined  with  the
layered  accordion  structure  of  V2C  MXene  via  a  self-assembly
method. In the V2C MXene/Fe3O4 composite, V2C MXene served
as  a  structural  support  for  the  Fe3O4 nanoparticles.  Combining
these  two  materials  prevented  the  agglomeration  of  the  Fe3O4
nanoparticles  and  ensured  their  full  utilization  in  the  redox
reaction.  Moreover,  V2C MXene  provided  an  electron  migration
channel to improve the magnifying capacity and power density at
high  charge–discharge  currents,  compensating  for  the  low
conductivity  of  Fe3O4.  The  specific  capacity  of  the  V2C
MXene/Fe3O4 composite  reached  42.67  mAh·g−1,  which  is  a
considerable  improvement  in  the  electrochemical  performance
compared with those of V2C MXene and Fe3O4 nanoparticles. In
addition,  the  V2C  MXene/Fe3O4 composite  exhibited  excellent
microwave  absorption  and  an  acceptable  bandwidth.  This  study
provides new insights into the development of high-performance
multifunctional materials through comprehensive electrochemical
and electromagnetic characterization. The results of this study are
expected  to  advance  the  understanding  of  integrated  energy
storage  and  electromagnetic  absorption  characteristics,  offering
practical solutions for modern electronic devices.

2    Materials and methods

2.1    Materials
Vanadium  powders  (300  mesh)  and  aluminum  powders  (200
mesh) were sourced from Beijing Xingrongyuan Technology Co.,
Ltd.,  China,  whereas  carbon  powders  (200  mesh)  were  obtained
from Shanghai Pure Biochemical Co., Ltd., China. Ethylene glycol
was  obtained  from  Luoyang  Chemical  Reagent  Factory,  China,
and  polyethylene  glycol  was  obtained  from  Aladdin,  China.
Hydrochloric  acid,  sodium  fluoride,  and  ferric  chloride
hexahydrate  were  obtained  from  Tianjin  Kemiou  Chemical
Reagent Co.,  Ltd.,  China.  Sodium hydroxide was supplied by the
Tianjin  Hedong  District  Hongyan  Reagent  Factory,  Tianjin,
China, whereas potassium hydroxide was supplied by the Tianjin
Continental Chemical Reagent Factory, Tianjin, China.

2.2    Preparation of V2C MXenes
Briefly,  V,  Al,  and  C  powders  were  weighed  at  a  ratio  of  2:1.1:1
and  subsequently  packed  into  a  polytetrafluoroethylene  (PTFE)
bottle. The powders were then uniformly mixed using a mixer for
8  h,  followed  by  loading  them  into  a  crucible.  The  crucible
contents were annealed at 1500 °C for 5 h in an argon atmosphere
in  a  tube  furnace  (SK-B06123K,  Tianjin  Zhonghuan  Electric
Furnace  Co.,  Ltd.,  China).  Next,  the  resulting  bulk  structure  was
ground into fine powders, which were further sifted through a 500
mesh  screen  to  obtain  V2AlC  MAX  powders.  Next,  the  V2AlC
MAX powders (1 g) were slowly added to the etching solution (NaF
(1  g),  H2O  (10  mL),  and  HCl  (10  mL)),  followed  by  ultrasonic
treatment  of  the  resulting  mixture  for  30  min.  Thereafter,  the
ultrasonically  treated  mixture  was  heated  to  90  °C  for  7  d.
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Subsequently,  the  obtained  suspension  was  centrifuged,  washed,
and vacuum-dried at 60 °C for 10 h to obtain V2C MXene.

2.3    Preparation of Fe3O4 nanoparticles
FeCl3·6H2O (1.5  g)  and NaOH (0.478  g)  were  added to  ethylene
glycol (44.45 mL), followed by the addition of polyethylene glycol
(10  mL).  The  mixture  was  stirred  for  60  min  and  transferred  to
the inner lining of a high-pressure reactor (100 mL) at 200 °C. The
reaction  was  conducted  for  8,  12,  and  16  h.  Fe3O4 nanoparticles
were  subjected  to  (i)  centrifugation  in  deionized  water  and  (ii)
drying  at  60  °C  for  12  h  to  obtain  three  types  of  Fe3O4
nanoparticles,  Fe3O4-8,  Fe3O4-12,  and  Fe3O4-16  (8,  12,  and  16
denote the reaction times in hours). These different reaction times
were  used  to  study  the  effects  of  the  reaction  time  on  the  size,
morphology, and properties of the Fe3O4 nanoparticles.

2.4    Synthesis of V2C MXene/Fe3O4

Fe3O4 (0.1  g)  and  V2C  MXene  (0.1  g)  were  dissolved  in  ethanol
(50  mL)  via  magnetic  stirring  for  60  min.  Subsequently,  the
obtained suspension was subjected to ultrasonic treatment for 2 h.
Next,  the  ultrasonically  treated  suspension  was  centrifuged  at
8500  r·min−1 for  30  min  and  vacuum-dried  at  60  °C  for  12  h  to
obtain V2C MXene/Fe3O4.

2.5    Electrode manufacturing
Nickel  foam,  measuring  2  cm  by  4  cm,  was  sonicated  in  a  6-M
hydrochloric  acid  solution  for  5  min.  Next,  it  was  sonicated  in
deionized water for ~10 min to remove any residual hydrochloric
acid from the surface. The nickel foam was subsequently subjected
to ultrasonic cleaning with ethanol and then dried,  after which it
was  prepared  for  use  as  a  substrate  in  a  three-electrode  system.
The  active  materials  were  prepared  by  thoroughly  mixing  V2C
MXene/Fe3O4 (80 wt%) with carbon black (10 wt%) and a PTFE
binder (10 wt%) at a mass ratio of 8:1:1. This active material was
then coated onto the pretreated nickel foam substrate via a slurry
coating  process.  The  coating  was  applied  to  two-thirds  of  the
nickel foam, covering an area of 1 cm2. The nickel foam was then
folded  to  ensure  that  it  completely  encapsulated  the  active
materials,  preventing  any  leakage  during  testing.  Finally,  the
encapsulated  materials  were  vacuum-dried  for  10  h  at  60  °C  to
obtain the working electrodes.

A  similar  procedure  was  followed  to  prepare  the  positive  and
negative  electrodes  for  assembling  a  supercapacitor  device.  The
nickel foam was cut into circular pieces with a diameter of 1.6 cm,
and  after  undergoing  the  same  treatments,  the  active  materials
were  directly  coated  on  the  center  of  each  circular  nickel  foam
piece.  The  circular  nickel  foam  pieces  were  then  placed  in  a
vacuum  drying  oven  (DZF-6020AB,  Beijing  Zhongxing  Weiye
Reagent  Instrument  Co.,  Ltd.,  China)  to  produce  positive  and
negative electrodes for the supercapacitor device. The weight ratio
of  the  active  materials  to  the  nickel  foam  (surface  density  =
350 g·m−2)  was found to be 1:8.  Finally,  the positive and negative
electrodes  were  arranged  and  packaged  to  assemble  the
supercapacitor device.

2.6    Material characterization
An X-ray diffractometer (XRD; Rigaku, SmartLab, Tokyo, Japan)
was  used  to  analyze  the  crystal  structure  of  the  sample.  The
surface  morphology  and  microstructure  of  the  MXenes  loaded
with  Fe3O4 nanoparticles  were  characterized  via  a  field-emission
scanning electron microscope (ZEISS Gemini 300, Carl Zeiss NTS
GmbH, Germany). The microstructure of the V2C MXene/Fe3O4
was  further  analyzed  via  a  transmission  electron  microscope
(TEM;  JEM  2100F,  JEOL,  Japan).  An  X-ray  photoelectron

spectroscope  (XPS;  ESCALAB  250Xi,  Thermo  Fisher  Scientific,
USA)  was  employed  to  determine  the  surface  chemical
composition  of  the  composite.  Avantage  software  was  used  to
analyze the chemical composition, with the C 1s peak at 284.8 eV
employed as a reference.

2.6.1    Electrochemical testing

Electrochemical  impedance  spectroscopy,  cyclic  voltammetry
(CV),  galvanostatic  charge–discharge  (GCD),  and  cycle  life
performance  tests  were  performed  on  the  materials  via  an
electrochemical  workstation  (Ivium,  Vertical.C.  IS,  the
Netherlands).  KOH  (1  M)  was  used  as  the  electrolyte,  and
Hg/HgO and platinum foil were used as the reference and counter
electrodes, respectively. The CV and GCD curves were obtained at
different  sweep  rates  and  current  rates,  respectively,  within  a
voltage window of 0–0.6 V. The cycle stability was measured at a
current  density  of  3  A·g–1.  Equation (1)  was used to calculate  the
specific capacity of the electrodes (Cs) [45,46]:

Cs =
IΔt
m (1)

where Cs (mAh·g−1)  represents  the  specific  capacity  of  the
electrode, I (mA) is the discharge current applied during the test,
m(g) is the mass of the active materials, and Δt (h) is the discharge
time.

Symmetric  supercapacitors  (SSCs)  with  V2C  MXene/Fe3O4//
V2C  MXene/Fe3O4 structures  were  prepared,  and  their  specific
capacity  (cd)  was  calculated  on  the  basis  of  their  electrochemical
test results via Eq. (2) [47,48]:

cd =
IΔt
M (2)

where M (g) represent the total mass of the positive and negative
active materials.

The  V2C  MXene/Fe3O4 composite  was  pressed  into  a  sheet
(area  =  1  cm2)  under  a  pressure  of  20  MPa,  and  its  density  was
calculated on the basis of its measured mass to be 2.16 g·cm−3. The
volumetric  energy  density  (E;  Wh·L−1)  and  the  volumetric  power
density (P; W·L−1) of the SSC device were calculated on the basis of
the GCD curve via Eqs. (3) and (4) [49]:

E =
ρ

r
IVdt

3.6M (3)

P =
E
Δt (4)

where ρ (g·cm−3) represents the density of the active materials, and
V (V) denotes the voltage window.

2.6.2    Wave absorption test

ε′ ε′′
μ′

μ′′

The  permittivity  (of  which  is  the  real  part  and  is  the
imaginary part) and magnetic permeability (of which  is the real
part  and  is  the  imaginary  part)  of  the  V2C  MXene/Fe3O4
composites  were  tested  via  the  coaxial  method  via  a  vector
network  distributor  (E5071C,  Agilent,  USA).  The  V2C
MXene/Fe3O4 composites  were  uniformly  mixed  with  paraffin
wax at a 1:1 ratio. The resulting mixture was then molded into a
coaxial ring (thickness ≈ 2.0 mm, inner diameter = 3.04 mm, and
outer diameter = 7.0 mm). The microwave absorption properties
of the V2C MXene/Fe3O4 composites were tested in the frequency
range  of  2–18  GHz.  The  instrument  was  evaluated  in  magnetic
mode,  utilizing a calibration standard with a precision of  ±0.005.
The RL of the composite at different thicknesses was calculated via
transmission line theory [50−52] via Eqs. (5) and (6) as
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Zin = Z0
(
μr/εr

) 1
2 tanh

(
j2πdfc (μr/εr)

1
2

)
(5)

RL = 20log
∣∣∣∣Zin − Z0

Zin + Z0

∣∣∣∣ (6)

where Zin denotes  the  normalized  input  impedance  of  the
materials, Z0 represents the free-space characteristic impedance, μr
is defined as relative complex permeability, εr signifies the relative
complex  permittivity, d is  given  by  the  thickness  of  the  wave-
absorbing materials, f relates to the frequency, j symbolizes phase
shift in wave propagation, and c corresponds to the speed of light.

Mη

α
The absorbing attenuation constant ( ) and wave impedance

matching ( ) were calculated via Eqs. (7) and (8), respectively:

Mη =
2η′

|η|2 + 1
(7)

α =

√
2πf
c {(μ′′ε′′ − μ′ε′) + [(μ′′ε′′ − μ′ε′)2

+ (μ′′ε′′ + μ′ε′)2] 1
2 }

1
2 (8)

η = (μr/εr)
1
2 (9)

where η represents the relative wave impedance, and η' is  its  real
part.

3    Results and discussion
Figure  1 shows  the  preparation  of  the  self-assembled  V2C
MXene/Fe3O4 composite.  The  V2C  MXene  materials  were
obtained  by  etching  V2AlC  via  a  NaF  +  HCl  etching  solution,
while  the  Fe3O4 nanoparticles  were  synthesized  via  a  simple
hydrothermal  method.  The  V2C  MXene  materials  and  Fe3O4
nanoparticles were subsequently composited via the self-assembly
method to obtain a V2C MXene/Fe3O4 composite.

The  micromorphological  analysis  and  crystal  structure
characterization of the Fe3O4 nanoparticles synthesized at different
reaction times  are  shown in Fig.  2. Figure  2(a)  displays  the  SEM
image of Fe3O4 nanoparticles synthesized for 8 h. The micrograph
reveals  co-existence  of  larger  particles  with  smaller  ones,  which
can be attributed to incomplete growth due to the short reaction
time.  This  phenomenon  suggests  that  Fe3O4 was  still  in  the
nucleation  stage  at  this  reaction  duration. Figure  2(b)  shows  the

Fe3O4 nanoparticles  synthesized  for  12  h.  Compared  with  the
Fe3O4-8  nanoparticles,  the  nanoparticles  exhibit  a  more  regular
structure and a considerably larger particle size. Figure 2(c) shows
the  Fe3O4 nanoparticles  synthesized  for 16  h.  Owing  to  the
prolonged  reaction  time,  the  particle  surface  is  covered  with  a
layer  of  smaller  nanoparticles,  which  could  compromise  the
surface integrity. The particle size analysis results indicate that the
average  particle  sizes  of  the  Fe3O4-8,  Fe3O4-12,  and  Fe3O4-16
nanoparticles  are  111,  202,  and  155  nm,  respectively.  The  XRD
patterns of Fe3O4 synthesized at different reaction times are shown
in Fig. 2(d). The peaks of the three samples match the JCPDS#19-
0629  standard  peaks  (purple  pattern),  indicating  that  Fe3O4
nanoparticles  synthesized  for  12  h  had  an  optimized
microstructure.  Thus,  Fe3O4 synthesized  for  12  h  was  used  in  all
V₂C MXene/Fe3O4 composites.

A scanning electron microscope (SEM) was used to analyze the
morphological  characteristics  of  the  V2C  MXene/Fe3O4
composite.  The  SEM  image  of  V2C  MXene  (Fig.  3(a))  shows  an
layer  structure,  indicating  that  the  Al  atomic  layer  in  the  MAX
original  phase  was  selectively  etched.  The  SEM  image  of  Fe3O4
(Fig. 3(b)) shows the formation of a Fe3O4 nanoparticle structure
with clear agglomeration due to its inherent magnetic properties.
The  SEM  image  of  the  V2C  MXene/Fe3O4 composite  (Fig.  3(c))
shows  the  successful  attachment  of  the  Fe3O4 particles  to  the
lamellar  structure  of  V2C  MXene,  increasing  the  surface
roughness of the V2C MXene structure. This SEM image confirms
that  few particles  enter  the  V2C MXene  layer,  further  expanding
its  interlayer  distance  and  facilitating  ion  transport  in  the
electrolyte.  The  energy-dispersive  X-ray  spectroscopy  (EDS)
patterns shown in Fig. 3(d) confirm the presence of C, V, O, and
Fe in the V2C MXene/Fe3O4 composite. These results indicate the
uniform  distribution  of  the  Fe3O4 nanoparticles  on  the  V2C
MXene.

The  micromorphology  of  the  V2C  MXene/Fe3O4 composite
was  analyzed  via  TEM (Fig.  3(e)).  The  lamellar  structure  of  V2C
can  be  clearly  observed  in  the  TEM  image  shown  in Fig.  3(e).
Moreover, this pattern shows that the Fe3O4 particles are attached
to  the  nanosheet  structure,  which  is  in  good agreement  with  the
SEM analysis results. The selected area electron diffraction pattern
shown in the inset in Fig. 3(e) demonstrates the crystalline nature
of  the  V2C  MXene/Fe3O4 composite.  The  high-resolution  TEM
(HRTEM)  image  of  Fe3O4 presented  in Fig.  3(f)  shows  crystal
plane spacings of 0.219, 0.269, and 0.200 nm, which correspond to
the  (222),  (311),  and  (400)  crystal  planes  of  Fe3O4 (JCPDS#19-
0629), respectively.

 

Fig. 1    Synthesis process of V2C MXene/Fe3O4 composite materials.
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The  XRD  patterns  of  Fe3O4,  V2C,  and  V2C  MXene/Fe3O4 are
shown in Fig. 3(g). These patterns provide information regarding
the purity and crystallinity of the synthesized Fe3O4 nanoparticles.
The  diffraction  peaks  observed  at  2θ =  30.09°,  35.42°,  43.05°,
56.94°, and 62.51° correspond to the (220), (311), (400), (511), and

(440)  crystal  planes,  respectively.  These  peaks  match  the  peaks
reported  in  the  standard  XRD  diffraction  card  of  Fe3O4
(JCPDS#19-0629), indicating that the synthesized Fe3O4 has a face-
centered  cubic  crystal  structure  [53].  The  XRD  pattern  (red
pattern)  of  the  V2C  MXene/Fe3O4 composite  indicates  the

 

2θ (°)

Fig. 2    SEM images of (a) Fe3O4-8, (b) Fe3O4-12, and (c) Fe3O4-16. (d) XRD patterns of Fe3O4-8, Fe3O4-12, and Fe3O4-16.

 

2θ (°)

Fig. 3    SEM images of (a) V2C, (b) Fe3O4, and (c) V2C MXene/Fe3O4 composite. (d) EDS patterns of V2C MXene/Fe3O4 composite. (e) TEM image and selected area
electron diffraction maps of V2C MXene/Fe3O4 composite. (f) HRTEM image of Fe3O4. (g) XRD patterns of Fe3O4, V2C, and V2C MXene/Fe3O4 electrodes.
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presence  of  diffraction  peaks  corresponding  to  the  (220),  (311),
(400),  and  (511)  crystal  planes,  confirming  that  the  V2C
MXene/Fe3O4 composite  contains  Fe3O4.  The XRD pattern (blue
pattern)  of  V2C  MXene  shows  a  prominent  diffraction  peak
at 2θ =  9.21°  (a  characteristic  peak  of  MXene  materials)  corre-
sponding to the (002) crystal plane. Several peaks with intensities
lower  than  that  of  this  prominent  peak  are  also  observed.  The
peaks observed at 2θ = 30.71° and 38.70° match the characteristic
peaks  of  Na5Al3F14 (PDF#30-1144)  and  correspond  to  the  (202)
and (213) crystal planes, respectively. Moreover, the peak observed
at  2θ =  41.26°  matches  the  characteristic  peak  of  V2AlC  MAX
(PDF#29-0101) and corresponds to the (103) crystal plane. These
results  suggest  that  a  small  amount  of  cone  cryolite  is  formed
during the reactions of Na+, F−, and Al in V2AlC MAX during the
etching  process  of  V2C  MXene  and  that  some  of  the  original
V2AlC  MAX  phase  remains  incompletely  etched.  These  findings
are  consistent  with  those  of  previous  studies  [54].  In  the  XRD
pattern  of  the  V2C  MXene/Fe3O4 composite  (red  spectra),  the
(002) characteristic peak shifts to 2θ = 9.01°, indicating an increase
in the interplanar spacing from 0.959 to 0.981 nm. In addition, all
the  characteristic  peaks  of  V2C  in  the  V2C  MXene/Fe3O4
composite  shift  to  a  smaller  angle,  indicating  that  the
incorporation  of  the  Fe3O4 nanoparticles  increases  the  interlayer
spacing of V2C MXene, which is in good agreement with the SEM
analysis  results.  The  increase  in  the  layer  spacing  of  the  V2C
MXene/Fe3O4 composite  facilitates  ion  transport,  resulting  in
improved electrochemical properties.

The  surface  chemical  composition  and  state  of  the  V2C
MXene/Fe3O4 composite  were  examined  via  XPS  (Fig.  4).  The
XPS  full-scan  spectrum  presented  in Fig.  4(a)  shows  five  peaks
corresponding  to  Fe,  F,  O,  V,  and  C.  The  high-resolution  V  2p
spectra  shown  in Fig.  4(b)  can  be  fitted  into  four  peaks:  V–O
(516.7  and  524.2  eV)  and  V–C  (514.0  and  521.7  eV).  The  C  1s
peaks  (Fig.  4(c))  [55]  observed  at  282.4,  284.8,  286.3,  and
288.5 eV correspond to the electronic states  of  C–V, C–C, C–O,
and O–C=O, respectively. The O 1s spectra presented in Fig. 4(d)
mainly show the Fe–O peak at 530.3 eV and the V–O–H peak at
531.6 eV, which proves the occurrence of –OH termination. The
F  1s  spectrum  presented  in Fig.  4(e)  shows  a  strong  signal  at

688.6  eV,  confirming  the  presence  of  fluoro-functional  groups,
which  form  C–V–Fx bonds,  on  the  V2C  surface.  The  two
asymmetric Fe 2p peaks (Fig. 4(f)) observed at 724.4 and 711.2 eV
are attributed to the Fe 2P1/2 and Fe 2P3/2 orbitals, respectively. The
Fe 2p3/2 peaks  are  deconvoluted into  Fe3+ and Fe2+ peaks  at  714.5
and  711.3  eV,  respectively.  Similarly,  the  Fe  2p1/2 peaks  are
deconvolved  into  Fe3+ and  Fe2+ peaks  at  727.5  and  724.1  eV,
respectively.  In addition, two satellite peaks are observed at 719.2
and 732.7 eV. These results confirm the abundance of active sites
in the V2C MXene/Fe3O4 composite. This abundance increases its
performance and cycling stability.

3.1    Electrochemical performance
The  electrochemical  properties  of  the  Fe3O4 nanoparticles
synthesized  at  different  reaction  times  were  tested. Figures  5(a)–
5(c) show the CV curves of the Fe3O4 nanoparticles at scan rates
of  5–50  mV·s−1,  where  the  redox  peaks  of  the  electrode  material
are  observed. Figures  5(d)–5(f)  display  the  GCD  curves  of  the
Fe3O4 nanoparticles  at  current  densities  of  1–5  A·g−1.  The
charge‒discharge  times  for  Fe3O4-8,  Fe3O4-12,  and  Fe3O4-16  are
64.4, 107.6, and 72.8 s, respectively.

Figure 6 shows the CV, GCD, cycle life, and specific capacity of
the Fe3O4 nanoparticles synthesized at different reaction times. A
comparison  of  the  CV  curves  indicates  that  the  Fe3O4
nanoparticles  synthesized  for  12  h  have  the  largest  integral  area,
indicating  that  they  have  the  largest  charge  storage  capacity  and
enhanced reactivity. The GCD curve reveals that Fe3O4-12 has the
longest charge–discharge duration at a current density of 1 A·g−1,
suggesting remarkable energy density.  The cycle life  of  the Fe3O4
electrode  tested  at  a  current  density  of  3  A·g−1 is  presented  in
Fig. 6(c). After 5000 cycles, the capacity retention rates of Fe3O4-8,
Fe3O4-12, and Fe3O4-16 are 75.8%, 93.7%, and 70.6%, respectively.
The specific capacities of the Fe3O4 samples calculated via Eq. (1)
are  shown  in Fig.  6(d).  At  a  current  density  (j)  of  1  A·g−1,  the
specific  capacities  of  Fe3O4-8,  Fe3O4-12,  and  Fe3O4-16  are  8.44,
12.67, and 9.06 mAh·g−1, respectively. Thus, Fe3O4 synthesized for
12  h  demonstrates  exceptional  performance  in  electrochemical
applications.

The electrochemical performances of the V2C, Fe3O4, and V2C

 

Fig. 4    XPS of (a) survey spectrum, (b) V 2p, (c) C 1s, (d) O 1s, (e) F 1s, and (f) Fe 2p of V2C MXene/Fe3O4.
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MXene/Fe3O4 electrodes  were  tested. Figures  7(a)–7(c)  show  the
CV curves of Fe3O4, V2C, and V2C MXene/Fe3O4 at different scan
rates  (5–50  mV·s−1)  in  a  KOH  (1  M)  electrolyte.  The  alkaline
environment  created  with  KOH  promotes  ion  diffusion,  which
enhances  charge  transfer  in  electrochemical  reactions.  The
presence of OH− in the solution can increase the mobility of ions
and  accelerate  their  intercalation  rate  in  the  MXene  layered
structure. Moreover, OH− can interact with transition metals and
functional  groups  in  the  MXene  structure,  optimizing  the
chemical  properties  of  the  MXene.  The  redox  current  clearly
increases  with  increasing  scanning  rate,  indicating  the  good
electrochemical reversibility of the three samples. In addition, the
redox  peaks  of  the  prepared  electrode  gradually  disappear  with

systematic  shifts  to  the  right  and  left  sides  with  increasing
scanning  rates,  indicating  high  reversibility.  The  comparison  of
the  CV  profile  shown  in Fig.  7(d)  reveals  that  the  V2C
MXene/Fe3O4 electrode  has  the  largest  integral  CV  area,  which
can be attributed to the synergetic effect between V2C and Fe3O4.

Figures  8(a)–8(c)  show  the  GCD  curves  of  Fe3O4,  V2C,  and
V2C  MXene/Fe3O4 at  different  current  densities  in  a  voltage
window  of  0–0.6  V.  The  GCD  curves  of  the  three  samples  at
1 A·g−1 are compared in Fig. 8(d).  The charge–discharge times of
Fe3O4,  V2C, and V2C MXene/Fe3O4 are 107.8, 161.4, and 324.2 s,
respectively. The charge–discharge time of the V2C MXene/Fe3O4
composite  electrode  is  longer  than  those  of  the  Fe3O4 and  V2C
electrodes  at  1  A·g−1,  indicating  the  enhanced  electrochemical

 

Fig. 5    CV curves of (a) Fe3O4-8, (b) Fe3O4-12, and (c) Fe3O4-16 electrodes at different current densities. GCD curves of (d) Fe3O4-8, (e) Fe3O4-12, and (f) Fe3O4-16
electrodes at different current densities.

 

Fig. 6    (a) Comparative CV curves at a scan rate of 50 mV·s−1, (b) comparative GCD curves at a current density of 1 A·g−1, (c) cycling performance, and (d) specific
capacity vs. current density of Fe3O4 synthesized at different reaction times.
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performance  of  the  V2C  MXene/Fe3O4 composite  electrode.  The
synergetic  effects  between  V2C  MXene  and  Fe3O4 enhance  the
specific  capacity  of  the  composite  material.  Owing  to  their  high
electrical conductivity, large specific surface area, and excellent ion
storage  capability,  V2C  MXenes  provide  a  strong  framework  for
efficient  charge  transfer.  Furthermore,  the  high  specific
capacitance of the Fe3O4 nanoparticles and their ability to undergo
reversible Faradaic reactions improved the overall electrochemical
performance of the composite.  The interaction between V2C and
Fe3O4 creates  a  favorable  environment  for  both  capacitive  and
pseudocapacitive  charge  storage  mechanisms.  The  conductive
MXene  phase  improves  electron  transport,  whereas  the  Fe3O4
phase  facilitates  the  storage  of  charge  through  redox  reactions,

leading to an overall increase in the specific capacity of the device.
In  addition,  the  dispersion  of  Fe3O4 within  the  MXene  matrix
helps  reduce  the  agglomeration  of  the  Fe3O4 nanoparticles,
improving  the  stability  and  specific  capacity  of  the  composite
during charge–discharge cycles. The combined effect of these two
materials  results  in  improved  electrochemical  performance,  as
reflected in the CV and GCD results.

The GCD data of the three samples were calculated via Eq. (1)
to draw a comparison diagram of the specific capacity at different
current  densities  (Fig.  8(e)).  As  shown  in Fig.  8(e),  at  a  current
density  of  1  A·g−1,  the  specific  capacities  of  the  three  materials
are  in  the  following  order:  Fe3O4 (12.67  mAh·g−1)  <  V2C
(22.11  mAh·g−1)  <  V2C  MXene/Fe3O4 (42.67  mAh·g−1),  with  the

 

Fig. 7    CV curves of (a) Fe3O4, (b) V2C, and (c) V2C MXene/Fe3O4 electrodes at different scanning rates (5–50 mV·s−1). (d) Comparative CV curves of Fe3O4, V2C, and
V2C MXene/Fe3O4 electrodes at a scan rate of 50 mV·s−1.

 

Fig. 8    GCD curves of (a) Fe3O4,  (b) V2C, and (c) V2C MXene/Fe3O4 electrodes at different current densities (1–5 A·g−1). (d) Comparative GCD curves at a current
density of 1 A·g−1, (e) specific capacity vs. current density, and (f) electrochemical impedance spectroscopy of V2C, Fe3O4, and V2C MXene/Fe3O4 electrodes.
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V2C  MXene/Fe3O4 composite  material  exhibiting  the  highest
specific  capacity.  The  specific  capacity  of  the  material  decreases
with increasing current density. At a current density of 5 A·g−1, the
capacity  retentions  of  V2C  MXene/Fe3O4,  V2C,  and  Fe3O4 are
78.77%,  59.07%,  and  72.38%,  respectively.  Thus,  the  V2C
MXene/Fe3O4 composite  has  a  higher  capacity  and  better
magnification performance than the other two samples.

The ion transport  characteristics  of  the electrolytes  of  the V2C
MXene, Fe3O4, and V2C MXene/Fe3O4 electrodes were studied via
the  resistance  method,  and  the  results  were  fitted  via  Zview
software.  Electrochemical  impedance  spectroscopy  was  then
conducted  on  the  V2C  MXene,  Fe3O4,  and  V2C  MXene/Fe3O4
electrodes (Fig. 8(f)). The semicircles in the high-frequency region
reflect the charge transfer resistance (Rct), and the slope in the low-
frequency  region  signifies  the  Warburg  resistance  (Zw).  The Rct
values  of  the  V2C  MXene,  Fe3O4,  and  V2C  MXene/Fe3O4
electrodes are 2.4, 3.9, and 2.3 Ω, respectively. The addition of the
Fe3O4 nanoparticles reduces the electrochemical impedance of the
V2C  MXene  material  and  promotes  charge  transfer  among  the
layers of V2C MXene. Compared with the V2C MXene electrode,
the  V2C  MXene/Fe3O4 electrode  has  a  larger Zw,  suggesting  a
higher  diffusion  rate  of  the  electrolyte  in  the  V2C  MXene/Fe3O4
composite  electrode.  These  results  demonstrate  the  excellent
electrical conductivity of the V2C MXene/Fe3O4 electrode.

The  cycle  stability  performance  of  the  V2C  MXene/Fe3O4
composite electrode was further studied. The cycle life of the three
samples was tested at 3 A·g−1. The results are shown in Fig. 9(a). As
shown  in  this  figure,  V2C  MXenes  exhibit  satisfactory  cyclic
stability and a capacity retention rate of 74.2% at 5000 cycles. The
capacity  retention  rate  of  the  V2C  MXene/Fe3O4 composite

remains  at  ~100%,  with  marginal  fluctuations.  The  Coulombic
efficiencies were obtained from the GCD cycling tests (Fig. 9(b)),
with  the  V2C  MXene/Fe3O4 composite  consistently  maintaining
efficiencies  of  ~99%.  These  results  indicate  that  the  V2C
MXene/Fe3O4 composite  has  excellent  electrochemical  stability.
Moreover, the results show that the decoration of the V2C MXene
nanosheets  with  the  Fe3O4 nanoparticles  enhances  the
electrochemical  performance  of  the  composite.  Furthermore,  the
prepared  V2C  MXene/Fe3O4 electrodes  demonstrate  superior
specific  capacity  compared  with  other  MXene-based  and  Fe3O4-
based composites (Table 1).

To  further  investigate  the  electrochemical  properties  and
practical application of the V2C MXene/Fe3O4 composite, an SSC
device comprising the V2C MXene/Fe3O4 composite as the anode
and cathode material was constructed. Figure 9(c) exhibits the CV
curves  of  the  V2C  MXene/Fe3O4//V2C  MXene/Fe3O4 SSC  device
at  a  scan  rate  of 5–50  mV·s−1 and  a  voltage  window  of  0–1.6  V.
The  shape  of  the  CV  curves  of  the  SSC  device  remains
approximately  rectangular,  demonstrating  that  the  synthesized
V2C  MXene/Fe3O4 material  has  excellent  electrochemical
performance with good capacity and rate performance. The GCD
curves of the V2C MXene/Fe3O4 SSC device at current densities of
0.2–0.8 A·g−1 (Fig. 9(d)) show a nonlinear relationship, confirming
their  pseudocapacitive  behavior.  The  specific  capacitances  of  the
V2C MXene/Fe3O4 SSC device at current densities of 0.2, 0.3, 0.4,
0.5,  0.6,  0.7,  and 0.8 A·g−1 are measured on the basis of the GCD
curves  to  be  9.34,  6.63,  5,  3.81,  3.9,  2.26,  and  1.64  mAh·g−1,
respectively, corresponding to Cullen efficiencies of 78.9%, 87.9%,
90.7%, 91.3%, 89.7%, 92.1%, and 88.1%, respectively (Fig. 9(e)).

As  shown  in Fig.  9(f),  the  volumetric  power  density  and  the

 

Fig. 9    (a) Cycling performance and (b) Coulombic efficiency of V2C, Fe3O4, and V2C MXene/Fe3O4 composite. (c) CV curves, (d) GCD curves, (e) specific capacity and
Coulombic  efficiency,  (f)  Ragone  plot,  (g)  cycling  performance  and  Coulombic  efficiency,  and  (h)  specific  capacity  vs.  float  time  plot  of  V2C  MXene/Fe3O4//V2C
MXene/Fe3O4 SSC device. (i) Schematic of V2C MXene/Fe3O4//V2C MXene/Fe3O4 configuration.
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volumetric  energy  density  of  the  V2C  MXene/Fe3O4 SSC  device
are 959.4 and 44.8 Wh·L−1, respectively, confirming its feasibility as
a  portable  electronic  device.  The  volumetric  energy  density
decreases  to  7.0  Wh·L−1 when  the  volumetric  power  density  is
increased  to  3397.1  W·L−1.  The  cycling  performance  of  the  V2C
MXene/Fe3O4 SSC  device  is  shown  in Fig.  9(g).  At  a  current
density of 0.5 A·g−1,  the V2C MXene/Fe3O4 SSC device achieves a
capacitance  retention  of  80.14%  after  8000  cycles,  indicating  the
good  chemical  stability  of  the  fabricated  V2C  MXene/Fe3O4 SSC
device.  Similarly,  the  Coulombic  efficiency  of  the  V2C
MXene/Fe3O4 SSC  device  is  97%–99%  over  8000  cycles.  The
specific capacity retention of the SSC device reaches 98.74% after
8000  charge–discharge  cycles,  indicating  the  extremely  high
energy conversion efficiency of the considered material during the
electrochemical  processes.  The  observed  decay  in  the  cycling
performance  of  the  V2C  MXene/Fe3O4 SSC  device  could  be
attributed  to  several  factors.  One  possible  factor  is  the  structural
degradation  of  the  material  during  repeated  charge–discharge
cycles.  The  V2C  and  Fe3O4 components  may  undergo  changes,
such  as  particle  aggregation,  oxidation,  or  loss  of  active  sites,
reducing  the  overall  performance  of  the  device.  Moreover,  the
conductivity and stability at the interface between V2C and Fe3O4
may change during cycling, increasing the internal resistance and
decreasing the electrochemical performance. Another factor could
be  the  incomplete  recovery  of  the  electrodes  after  each  cycle,
which  can  result  in  a  reduction  in  the  capacitance  and  overall
cycling  stability.  Finally,  the  electrolyte  and other  components  of
the  device  might  also  contribute  to  the  observed  performance
decay.  Thus,  further  investigations  into  the  underlying
mechanisms of this decay are needed to fully understand the cause
of  this  behavior  and to  develop  strategies  to  improve  the  cycling
stability of the device. Furthermore, the cycling stability of the SSC
device within the voltage window was evaluated on the basis of a
floating voltage (holding voltage)  test  conducted at  a  potential  of
1.6  V  and  a  current  density  of  0.3  A·g−1.  After  five  charge–
discharge  cycles,  the  device  was  subjected  to  a  5  h  voltage  hold

followed by a rest period and then another charge–discharge cycle
test to assess the capacitance loss over 100 h. As shown in Fig. 9(h),
the  SSC  device  exhibits  approximately  20%  capacity  loss  within
this  voltage  window  after  100  h  of  voltage  hold.  This  level  of
capacity degradation highlights the challenges posed by extended
voltage  stress,  providing  valuable  insights  into  the  long-term
electrochemical  stability  of  the  device  and  its  working  voltage
window for further optimization.  Compared with the power and
energy  densities  obtained  from  the  current  research  on  the
performance  of  MXene-based  composites  and  Fe3O4 composites
in supercapacitors, those of the V2C MXene/Fe3O4 composite are
considerably  greater  (Table  2),  indicating  that  the  V2C
MXene/Fe3O4 composite  is  a  promising  material  for  SSCs.
Figure 9(i) shows a schematic of the V2C MXene/Fe3O4 electrode
assembled into an SSC device.

3.2    Microwave absorption properties
The  real  parts  (ε' and μ')  of  the  dielectric  constant  and
permeability  and  their  imaginary  parts  (ε'' and μ'')  represent  the
ability  of  the  material  to  store  and  lose  electromagnetic  waves
[69,70], respectively. Figure 10(a) shows the values of the dielectric
constant and permeability of the V2C MXene/Fe3O4 composite at
2–18  GHz.  The  values  of ε' and ε'' are  5.32–5.81  and  0.69–0.44,
respectively,  and they slightly decrease with increasing frequency,
indicating the good storage capacity and maintenance of the V2C
MXene/Fe3O4 composite.  The  decrease  in ε' may  be  due  to  the
frequency  dispersion  effect  caused  by  polarization  hysteresis  at
high-frequency  electromagnetic  fields.  The μ' values  decrease  in
the  frequency  range  of  2–6  GHz  and  flatten  at  6–18  GHz. μ''
exhibits  more  fluctuations  (decreasing  from  0.55  to  0.076)  at
2–18 GHz. The calculated dielectric loss tangent and the magnetic
loss tangent are shown in Fig. 10(b). The magnetic loss tangent is
greater  than  the  dielectric  loss  tangent  at  2–18  GHz,  indicating
that  magnetic  loss  plays  a  major  role  in  the  wave  absorption
mechanism of the V2C MXene/Fe3O4 composite.

The Cole–Cole plot [71] is constructed on the basis of the real
 

Table 1    Comparison of electrochemical performances of supercapacitors based on MXenes and Fe3O4

Material Electrolyte Specific capacitance Current density Ref.
MnS/V2C Tx 1 M KOH 34.78 mAh·g−1 1 A·g–1 [56]
VO2/V2C Tx 1 M KOH 10.84 mAh·g−1 1 A·g–1 [57]

Ti3C2 Tx-MXene foam 1 M KOH 203 F·g–1 5 A·g–1 [58]
Mn3O4–Fe3O4@C 1 M NaCl 178 F·g–1 1 A·g–1 [59]

Fe3O4–PC (porous carbon) 6 M KOH 21.47 F·g–1 20 mV·s–1 [60]

Fe/Fe3O4@CNT-CNF (carbon nanotubes-carbon nanofibers） 1 M KOH 195 F·g–1 0.5 A·g–1 [61]
Ti3C2 Tx MXene-PPy 0.5 M Na2SO4 52.75 F·g–1 2 mV·s–1 [62]

V2C MXene/Fe3O4 1 M KOH 256.02 F·g–1 (42.67 mAh·g−1) 1 A·g–1 This work

 

Table 2    Comparison of the power and energy densities of supercapacitors with different composite materials

Supercapacitor Energy density Power density Ref.
Ti3C2 Tx-MXene foam//MnO2 16.5 Wh·kg −1 160 W·kg−1 [58]

Ti3C2 Tx-Mn SSC 38.4 Wh·kg −1 55.3 W·cm–3 [63]
Mo2C/MoO3 SSC 25 Wh·kg −1 243 W·kg−1 [64]
MXene/PZS SSC 12.26 Wh·kg−1 125 W·kg−1 [65]

MXene/CNT//MXene ASC 7.34 Wh·kg−1 50 W·kg−1 [66]
Phenolic resin-Fe3O4@MnO2 SSC 25.7 Wh·kg−1 384.9 W·kg−1 [67]

CPY//C-G/carbon-GO/ammonium ferric citrate 18.3 Wh·kg −1 351 W·kg−1 [40]
Graphene oxide@Fe3O4@tungstate SSC 7.38 Wh·kg −1 40 W·kg−1 [68]

V2C MXene/Fe3O4 SSC 44.8 Wh·L−1 (20.8Wh·kg−1) 959.4 W·L−1 (444.2 W·kg−1) This work
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and  imaginary  components  of  the  dielectric  constant.  Several
irregular  ellipses  are  observed  in Fig.  10(c).  The  presence  of
multiple  ellipses  suggests  that  the  V2C  MXene/Fe3O4 composite
exhibits  multiple  Debye  relaxation  processes,  which  can  be
attributed  to  the  heterogeneous  interfaces  formed  between  V2C
and  Fe3O4.  The  dielectric  properties  of  Fe3O4 contribute  to  its
internal  polarization,  whereas  the  diverse  functional  groups
inherent to MXenes generate dipole polarization. The V2C MXene/
Fe3O4 composites  exhibit  multiple  polarization  mechanisms,
including interface polarization and dipole alignment, collectively
enhancing their dielectric loss characteristics.

Figure  10(d)  shows  the  attenuation  constant  and  impedance
matching coefficient determined via Eqs. (7) and (8). As shown in
Fig.  10(d),  with  increasing  frequency,  the  attenuation  constant
increases,  whereas  the  impedance matching coefficient  decreases.
These  parameters  are  key  indicators  of  the  material  absorption
properties. An impedance matching coefficient approaching unity
indicates  minimal  reflection  and  enhanced  wave  absorption,
whereas  a  high  attenuation  constant  signifies  substantial  energy
loss during wave propagation [72]. Within the Ku band, the V2C
MXene/Fe3O4 composite material has a relatively high attenuation
constant coupled with a wave impedance exceeding 0.7, indicating
superior absorption performance within this frequency range.

Figure  10(e)  shows  a  plot  of  the  calculated  RL  of  the  V2C
MXene/Fe3O4 composite at  different thicknesses vs.  frequency.  A
material can absorb 90% of the electromagnetic waves when its RL
<  10  dB,  making  it  an  effective  wave-absorbing  material.  The
microwave-absorbing  capacity  of  a  material  differs  in  different
frequency  band  ranges.  The  results  show  that  the  absorbing
capacity of the V2C MXene/Fe3O4 composite in the S and C bands
increases with its thickness. The best RL (−20.3 dB) is achieved at
3.92  GHz,  with  an  effective  absorption  bandwidth  of  1.8  GHz
(2.8–4.6 GHz). In the X band, almost no microwave absorption is
observed. This phenomenon may be attributed to the incomplete
manifestation of the ferromagnetic properties of Fe3O4 within this
frequency  range,  which  increases  the  degree  of  hysteresis  loss.
Furthermore,  the  interaction  at  the  interface  between  V2C  and
Fe3O4 does  not  successfully  establish  an  effective  absorption
mechanism in the X band. In the Ku band, the V2C MXene/Fe3O4

composite has strong absorption properties. The RLmin of the V2C
MXene/Fe3O4 composite  is  35.5  dB,  which  is  obtained  at  a
frequency  of  16.51  GHz  and  a  thickness  of  6.0  mm,  and  the
effective absorption bandwidth is  2.0  GHz (15.8–17.8 GHz).  The
optimum RL (−42.4 dB) is obtained at 15.37 GHz and a thickness
of  6.5  mm  when  the  effective  absorption  bandwidth  is  1.9  GHz
(14.6–16.5  GHz).  As  the  thickness  of  the  V2C  MXene/Fe3O4
absorber  increases  from  6.5  to  8.0  mm,  the  frequency  of  the
microwave  absorption  of  the  material  gradually  decreases  from
15.37  to  12.57  GHz.  The  impedance  matching  analysis,
attenuation constant curves [73],  and RL curves indicate that the
attenuation  constant  of  V2C  MXene/Fe3O4 composites  in  the  S
and C bands  is  comparable  to  that  in  the  X band.  However,  the
impedance  matching  observed  in  the  S  and  C  bands  is
considerably greater than that observed in the X band. Thus,  the
absorption performance in the X band is inferior to that in the S
and C bands. Moreover, the impedance matching and attenuation
constant of the composite materials in the Ku band exceeds those
in  the  X band,  resulting  in  better  absorption  performance  in  the
Ku  band  than  in  the  X  band.  Thus,  the  V2C  MXene/Fe3O4
composite at different thicknesses has an effective absorption level
over  the  entire  Ku  band  with  a  high  microwave  absorption
intensity.

Han et al.  [74] reported that V2C MXene thin films integrated
with a polyurethane matrix exhibited an RLmin of −32.9 dB in the
X  band.  This  was  accompanied  by  a  forbidden  bandwidth  of
4.2  GHz.  In  comparison,  the  paraffin-based  V2C  MXene/Fe3O4
composites  presented  a  considerably  lower  RLmin of −42.4  dB  in
the Ku band (with a forbidden bandwidth of 1.9 GHz) and an RL
of −15.2 dB in the S and C bands (with a forbidden bandwidth of
1.8 GHz).

This  study  highlights  the  distinct  effects  of  material
morphology  and  substrate  characteristics  on  wave  absorption
properties.  Thin-film  materials  typically  exhibit  larger  surface
areas,  which  increase  their  absorption  owing  to  their  improved
interfacial polarization [75]. In contrast, powder materials perform
through  complex  mechanisms,  which  are  affected  by  particle
spacing  and  structural  configuration  [76].  Moreover,  the
physicochemical  properties  of  a  substrate  strongly  affect  its

 

Fig. 10    Data for V2C MXene/Fe3O4 composite: (a) complex permittivity and complex permeability curves, (b) tanδε and tanδμ vs. frequency curves, (c) Cole–Cole plot,
(d) attenuation constant alongside impedance matching curve, and (e) RL plots. (f) Comparison of reflection losses of V2C MXene/Fe3O4, MXene-based, and Fe3O4-
based composites.
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material  absorption  ability,  whereas  its  elasticity  and  flexibility
impose  constraints  on  its  structural  integrity.  Compared  with
these  studies,  our  findings  demonstrate  the  superior  wave
absorption  performance  of  V2C MXene/Fe3O4 composites  in  the
Ku  band,  which  can  be  attributed  to  the  synergistic  effects  of
multiple  polarization  mechanisms  and  optimized  material
morphology. In summary, the V2C MXene/Fe3O4 composite has a
high microwave-absorbing ability and acceptable bandwidth, and

its  microwave-absorbing  properties  are  apparent  mainly  within
the S and C bands in the low-frequency region and the Ku band
in the high-frequency region. The current status of the microwave
absorption  studies  of  the  MXene-based  composites  [77−79]  and
Fe3O4-based  composites  [80−84]  is  shown  in Fig.  10(f),  and
Table  3 presents  the  microwave-absorbing  properties  of  the
relevant  materials,  with  the  V2C  MXene/Fe3O4 composite
exhibiting better microwave absorption properties.

 
 

Table 3    Comparison of microwave-absorbing properties of MXene and Fe3O4 composites

Material Thickness (mm) RLmin (dB) Effective absorption bandwidth (GHz) Ref.
MXene/BN 4.0 −20.94 9.71 [77]

MXene/ZnO 1.0 −34.31 3.47 [78]
Polyimide/MXene/carbon fibers 3.3 −61.96 3.97 [79]

Fe3O4/Ti3C2 MXene 4.2 −57.20 1.40 [85]
HNT/PPy/Fe3O4 3.0 −31.18 — [80]

Palygorskite/Fe3O4 5.9 −40.41 — [81]
Fe3O4/porous carbon 1.6 −35.70 5.00 [82]
Fe3O4/MWCNT/TiO2 20 −44.30 — [83]

rGO-Fe3O4 6.5 −37.50 1.90 [84]
V2C MXene/Fe3O4 6.5 −42.40 1.90 This work

 

The high conductivity of V2C considerably enhances the charge
transfer  efficiency  of  Fe3O4,  which  increases  the  overall  rate  of
electrochemical  reactions.  Effective  charge  transfer  facilitates
polarization  reactions  within  a  material,  optimizing  its
electrochemical  performance  and  improving  its  microwave
absorption capabilities. The interface established between V2C and
Fe3O4 provides the material with additional active sites, promoting
its  electrochemical  reactions  and  inducing  interface  polarization,
which  enhances  the  material’s  absorption  of  electromagnetic
waves.  V2C  MXene/Fe3O4 composites  demonstrate  excellent
electrochemical properties and microwave absorption capabilities,
allowing  them  to  exhibit  effective  performance  in  environments
with  electromagnetic  interference.  The  microwave  absorption
characteristics  of  the  V2C  MXene/Fe3O4 composite  material
protect it against overheating due to electromagnetic interference,
which  enhances  the  energy  density  and  cycling  stability  of  V2C
MXene/Fe3O4-based devices operating in such environments. This
research  offers  innovative  strategies  for  the  design  and
optimization  of  supercapacitors  and  paves  the  way  for  the
development of advanced devices, such as energy storage systems,
electric  vehicles,  and  portable  electronics,  that  require  efficient
electromagnetic  wave  absorption  and  stable  performance  in
electromagnetic interference-prone environments.

4    Conclusions
Herein, a V2C MXene/Fe3O4 composite was successfully prepared
via  a  self-assembly  method  using  V2C  MXene  and  Fe3O4
nanoparticles  as  raw  materials.  The  combination  of  the  V2C
MXene  lamellar  structure  with  Fe3O4 nanoparticles  results  in  a
high  specific  capacity  and  excellent  electrochemical  stability.  The
prepared  V2C  MXene/Fe3O4//V2C  MXene/Fe3O4 supercapacitors
exhibit  excellent  Coulombic  efficiencies  at  different  current
densities, achieving energy and power densities of 44.8 Wh·L−1 and
959.4  W·L−1,  respectively.  Furthermore,  the  V2C  MXene/Fe3O4
composite  exhibited  excellent  microwave  absorption  properties
with  a  high  overall  microwave  absorption  ability  and  acceptable
bandwidth. Therefore, the proposed V2C MXene/Fe3O4 composite
can  be  widely  employed  in  electrochemical  devices  and  as  a
microwave absorption material.
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