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Two-dimensional (2D) materials generally have unusual physical and chemical properties owing to the
confined electro-strong interaction in a plane and can exhibit obvious anisotropy and a significant
quantum-confinement effect, thus showing great promise in many fields. Some 2D materials, such
as graphene and MXenes, have recently exhibited extraordinary electromagnetic-wave shielding and
absorbing performance, which is attributed to their special electrical behavior, large specific surface
area, and low mass density. Compared with traditional microwave attenuating materials, 2D materials
have several obvious inherent advantages. First, similar to other nanomaterials, 2D materials have
a very large specific surface area and can provide numerous interfaces for the enhanced interfacial
polarization as well as the reflection and scattering of electromagnetic waves. Second, 2D materials have
a particular 2D morphology with ultrasmall thickness, which is not only beneficial for the penetration
and dissipation of electromagnetic waves through the 2D nanosheets, giving rise to multiple reflections
and the dissipation of electromagnetic energy, but is also conducive to the design and fabrication
of various well-defined structures, such as layer-by-layer assemblies, core–shell particles, and porous
foam, for broadband attenuation of electromagnetic waves. Third, owing to their good processability,
2D materials can be integrated into various multifunctional composites for multimode attenuation of
electromagnetic energy. In addition to behaving as microwave reflectors and absorbers, 2D materials
can act as impedance regulators and provide structural support for good impedance matching and setup
of the optimal structure. Numerous studies indicate that 2D materials are among the most promising
microwave attenuation materials. In view of the rapid development and enormous advancement of
2D materials in shielding and absorbing electromagnetic wave, there is a strong need to summarize
the recent research results in this field for presenting a comprehensive view and providing helpful
suggestions for future development.
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1 Introduction

Since the discovery of graphene in 2004, research inter-
est in two-dimensional (2D) materials has drastically in-
creased across various scientific and technical fields ow-
ing to their exceptional properties, which can resolve
the shortcomings of many traditional materials. Novel
physicochemical properties of 2D materials are continu-
ously discovered [1–8], suggesting that 2D materials will
play a significant role in future functional-material sys-
tems for the establishment of new smart platforms. Com-
pared with their bulk counterparts, the main advantages
of exfoliated 2D materials are their remarkable physi-
cal properties due to quantum confinement effects re-
sulting from the extreme thinning in one dimension and
their distinctive chemical features due to their ultralarge
specific surface area and unique atom-thick sheet-like
morphology, which provide great flexibility for compo-
sition control, structural design, and function integra-
tion. Currently, studies on 2D materials focus on several
topics, such as optoelectronics, catalysis, energy storage
and conversion, and pollutant absorption, owing to their
unique semiconductor features, enormous surface areas,
specific electrical behavior, and good chemical stability
[9–12]. The most studied 2D materials in these fields
are graphene, transitional-metal chalcogenides, and MX-
enes.

Recently, with the explosive increase of electronic de-
vices and the fast development of telecommunication
technology towards a high frequency, high density, and
high power, electromagnetic pollution is becoming a seri-
ous global problem. Undesirable electromagnetic radia-
tion disturbs the transmission of normal electromagnetic
signals, causes the leakage of confidential information

and targets, leads to the malfunction of normal electronic
devices, and probably impairs human health. Thus, the
inhibition of the harm done by electromagnetic waves
is necessary. It is imperative to develop accessible and
all-purpose electromagnetic-wave shields or eliminators.
However, conventional electromagnetic-wave shielding
and absorbing materials, such as metals, ceramics, and
concretes, are usually heavy and unfoldable, making
them unfavorable with regard to wearability and porta-
bility, which significantly limits their application. Thus,
materials with a high electromagnetic interference (EMI)
attenuation ability, light weight, good flexibility, high
strength, excellent thermal resistance, and corrosion re-
sistance are highly desirable. Owing to their unique 2D
morphology, atomic-scale thickness, specific mechani-
cal properties, low mass density, and controllable elec-
tromagnetic performance, 2D materials satisfy the in-
creasing requirements and are among the best candidate
materials for constructing ultrathin lightweight high-
strength high-efficiency microwave shields and absorbers
[13, 14]. Thus far, several typical 2D nanomaterials—
including graphene, graphene oxides (GOs), MoS2, MX-
enes, layered oxides or hydroxides, boron nitrides, and
black phosphorus (BP)—have been employed for EMI
shielding and microwave absorption, and their electro-
magnetic performances have been intensively investi-
gated. In this review, we comprehensively introduce the
utilization of 2D materials for electromagnetic-pollution
prevention over the past decade and consider next steps
in development.

According to electromagnetic-wave theory, when a
wave encounters a barrier during propagation, owing to
the mismatching impedance between the different media,
part of the electromagnetic wave is reflected at the inter-
face. The reflection coefficient depends on the impedance
discrepancy and can be expressed as Γ = (Zin − Z0)/
(Zin + Z0), where Z0 and Zin are the impedances of the
propagation medium and the barrier, respectively. The
remainder of the electromagnetic wave penetrates the
barrier. The transmission of the electromagnetic wave
in the barrier can be expressed by the transmission co-
efficient T = e−γt, where t is the propagation distance
of the electromagnetic wave in the barrier, and γ is the
propagation constant. γ is a complex number whose real
and imaginary parts are related to the energy loss and
energy storage, respectively. Because the barrier has a
certain thickness, the electromagnetic wave dissipates in
the propagation path and is converted into thermal en-
ergy via two principal mechanisms: dielectric loss and
magnetic loss. This is defined as microwave absorption.
Dielectric loss is mainly ascribed to the hysteresis effect
of the dielectric conduction and dielectric polarization,
generally involving Joule loss as a result of eddy current
and polarization loss derived from interfacial polariza-
tion, dipolar polarization, electronic polarization, ionic
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polarization, etc. Magnetic loss arises from the magnetic
hysteresis effect of magnetic materials under an electro-
magnetic field and mainly comprises magnetic hysteresis
loss, eddy current loss, magnetic aftereffect loss, mag-
netic resonance loss, etc.

To achieve a high EMI attenuation ability, the mate-
rials should follow several basic principles, in accordance
with electromagnetic theory.

1) The materials must have suitable electromagnetic
parameters, i.e., the complex magnetic permeability µ

and complex permittivity ε. These can be described by
the typical formulas µ = µ′ − jµ′′ = µ′(1− j tan δm) and
ε = ε′ − jε′′ = ε′(1 − j tan δe), where δm and δe repre-
sent the magnetic loss angle and electric loss angle of the
medium, respectively. The terms µ′ and ε′ are related
to the electromagnetic energy storage, and µ′′ and ε′′

are associated with the energy loss. The reflection coef-
ficient can be expressed as Γ = (Zin −Z0)/(Zin +Z0) =

(
√

µr

εr
−1)/(

√

µr

εr
+1). This coefficient is directly related

to the magnetic permeability µ and permittivity ε and
represents the magnitude of the reflected electromagnetic
wave normalized to the incident electromagnetic wave.
The transmission coefficient is described by T = e−γt,
where the propagation constant γ is given as γ = jω√µε,
and is also related to µ and ε. Thus, the electromagnetic
parameters of materials directly determine the propaga-
tion behavior of the electromagnetic wave at the inter-
face and in the interior of media. By tuning the electro-
magnetic parameters of materials, the attenuation be-
havior of the electromagnetic wave can be regulated. For
the shielding materials, the transmissivity of the electro-
magnetic wave is usually required to be as small as pos-
sible, indicating that the materials should have strong
reflection or absorption ability to electromagnetic waves.
Thus, in this case, a large µ and ε are highly desirable
for the improvement of the shielding performance. For
the absorbing materials, the reflection should be avoided
to the greatest extent possible while increasing the ab-
sorption, which means that the materials should have
good impedance matching to avoid the reflection as well
as a strong dissipation ability to incident electromag-
netic waves. This requires that the materials have suit-
able electromagnetic parameters rather than unilateral
excellent properties. According to the aforementioned de-
scription, several types of materials are preferred for the
shielding or absorption of electromagnetic waves. These
generally include conductive materials with a high con-
ductivity σ, dielectric materials with a suitable permit-
tivity ε, and ferromagnetic and ferrimagnetic materials
with an appropriate permeability µ, which can play dif-
ferent roles in microwave shielding and absorption for the
inhibition of electromagnetic pollution.

2) In addition to suitable electromagnetic parameters,
electromagnetic-wave shields and absorbers should have

optimal structures. In general, the popular structures
employed for EMI shielding include conductive slabs,
metal mesh structures, and various conductive compos-
ites, and the structures used for microwave absorption
chiefly include multilayer boards, sandwich structures,
frequency-selective surfaces, lattice structures, perpen-
dicular pyramidal structures, and resonant cavity-like
structures. The primary purpose of the structural de-
sign is to realize the full potential of microwave ab-
sorbers for dissipating electromagnetic energy by elon-
gating the propagation path of electromagnetic waves in
the medium and preventing the escape of electromag-
netic pollution via surface reflection. The specific imple-
mentation measures chiefly involve increasing the occur-
rences of reflection and scattering by increasing the in-
terfacial area and improving the impedance matching by
introducing void space or high-impedance materials.

3) To satisfy special requirements, electromagnetic-
wave shields and absorbers should also have certain spe-
cific physical and chemical properties. For instance, in
some cases, the materials must be lightweight, ultrathin,
strong, flexible, wearable, thermal resistant, corrosion
resistant, optically transparent, etc. The integration of
multiple functions can broaden the applications of shield-
ing and wave-absorbing materials.

In each of the aforementioned three aspects, 2D nano-
materials exhibit unrivalled advantages. They constitute
a large family of materials and involve a wide range of
material types, such as conductors, semiconductors, di-
electric isolators, and ferromagnets. Thus, they can be
used to construct a variety of multifunctional hybrid sys-
tems for the multimode attenuation of electromagnetic
waves. Additionally, 2D materials are ultrathin and have
a large aspect ratio, which is favorable for building a
variety of optimal structures, such as highly oriented
layer-by-layer assemblies, core–shell particles, hierarchi-
cal constitutions, and porous foams, in a flexible man-
ner, for high-efficiency microwave shielding or absorbing.
Moreover, 2D materials are generally highly dispersible
via suitable processing and have a low mass density and
good mechanical strength; thus, they can act as the fillers
of various polymers or other matrices for the fabrica-
tion of a variety of lightweight high-strength composite
shields and absorbers. Consequently, 2D materials are
among the most promising microwave shielding and ab-
sorbing materials and will play an increasingly important
role in this field.

2 Electromagnetic theory for microwave
shielding and absorption

To study the electromagnetic shielding effectiveness (SE)
and microwave-absorbing ability (WAA) of the materi-

Mingjun Hu, et al., Front. Phys. 13(4), 138113 (2018)
138113-3



Review article

als accurately and qualitatively, it is necessary to estab-
lish a direct connection between the SE/WAA and the
electromagnetic parameters of materials. According to
the electromagnetic shielding theory of S. A. Schelkunoff
[15], we use a monolayer slab as a typical example to de-
scribe the effects of various electromagnetic parameters
on the SE and WAA of materials.

In Fig. 1(a), an electromagnetic wave enters medium
II perpendicularly from medium I. It then penetrates
through medium II and reenters medium I. At the in-
cident interface, part of the electromagnetic wave is re-
flected, and the other part continues to propagate in
medium II towards the output interface and is partially
reflected again, experiencing a similar process to that
at the incident interface. This process is repeated until
the energy is dissipated completely, after multiple oc-
currences of reflection and transmission. According to
the electromagnetic theory, we set the magnitude of the
incident wave as 1; thus, T11 = 1 + Γ01. The first-,
second-, third-, and n-pass transmissivity is given as
T ′
11 = (1 + Γ01)(1 + Γ11)e−γct, T ′

12 = (1 + Γ01)(1 +
Γ11)Γ11Γ12e−3γct, T ′

13 = (1 + Γ01)(1 + Γ11)Γ
2
11Γ

2
12e−5γct,

and T ′
1n = (1 + Γ01)(1 + Γ11)Γ

n
11Γ

n
12e−(2n−1)γct, respec-

tively. Thus, the total transmissivity of the monolayer
composite slab can be expressed as follows:

T ′
1t = (1 + Γ01)(1 + Γ11)e−γct

+(1 + Γ01)(1 + Γ11)Γ11Γ12e−3γct

+(1 + Γ01)(1 + Γ11)Γ
2
11Γ

2
12e−5γct + · · ·

+(1 + Γ01)(1 + Γ11)Γ
n
11Γ

n
12e−(2n−1)γct + · · ·

= (1 + Γ01)(1 + Γ11)e−γct[1 + Γ11Γ12e−2γct

+Γ 2
11Γ

2
12e−4γct + · · ·+ (Γ11Γ12e−2γct)n−1 + · · · ]

= (1 + Γ01)(1 + Γ11)e−γct
1

1− Γ11Γ12e−2γct
, (1)

where γc is the propagation constant of the absorber,

and t is the thickness of the absorber. The SE can be
expressed in logarithmic form, as follows:

SE(dB) = 20 log 1

|T ′
1t|

= −20 log  |(1 + Γ01)(1 + Γ11)|+ 20 log  |eγt|
+20 log  |1− Γ11Γ12e−2γt|

= SER + SEA + SEM , (2)

where the first item is only related to the surface re-
flection coefficient, representing the reflection part of
the electromagnetic power; the second item is only re-
lated to the propagation path, representing the absorp-
tion of the electromagnetic wave in the propagation
process; and the third item is related to both the re-
flection at the inside interfaces and inside propagation
paths, representing the part arising from multiple reflec-
tions. The propagation constant γ can be expressed as
γ = α + jβ = jω√µε

√

1− j σ
ωε

. When the medium is
highly conductive, σ ≫ ωε, the propagation constant
is γ = jω√µε

√

σ
jωε

= (1 + j)
√

ωµσ
2 , the skin depth is

δ = 1
α
=

√

2
ωµσ

, the impedance of the composite slab is

Z =
√

µ
εc

=
√

µ
ε+ σ

jω
=

√

jωµ
jωε+σ

= (1 + j)
√

ωµ
2σ , and the

reflection coefficient is Γ = Z−Z0

Z+Z0

.
Because

SER = −20 log  |(1 + Γ01)(1 + Γ11)|

= 20 log
∣

∣

∣

∣

(Z + Z0)
2

4Z0Z

∣

∣

∣

∣

(3)

and for metals, Z0 ≫ Z,

SER = 20 log |Z0|
4|Z| = 10 log |Z0|2

16|Z|2 = 10 log σ

16ωµrε0
.

(4)

Fig. 1 (a) The propagation of electromagnetic wave in monolayer slab; (b) electromagnetic wave travels through multilayer
structure, in which, I stands for the matrix, II stands for the wave absorber, T means transmission coefficient, Γ means
reflection coefficient, t is the thickness of absorber, and d is the space distance between the absorbers.
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Similarly, we obtain

SEA = 8.69t

√

ωµrσ

2
= A, (5)

SEM ≈ 20 log  |1− e−2γt|
≈ 20 log  |1− 10−0.1Ae−j0.23A|, (6)

where σ = ωε0ε
′′ = 2πfε0ε

′′, with εr = ε′ − jε′′. The
aforementioned expressions clearly indicate that for a
monolayer conductive slab, the conductivity σ, the per-
meability µ, and the permittivity ε all play the impor-
tant roles in attenuating electromagnetic waves, and with
higher conductivity, the reflection and absorption are
both enhanced.

In Fig. 1(b), the multilayer sandwiched structured
composites with the same matrix are described, and the
corresponding formula can be expressed as follows:

SEm = 20 log 1

|T ′
mt|

= −20 log |(1 + Γ01)(1 + Γ11)(1 + Γ ′
11)(1 + Γ21)

(1 + Γ ′
21)(1 + Γ31)(1 + Γ ′

31) · · · (1 + Γm1)|
+20 log |eγc(t1+t2+t3+···+tm)+γd(d1+d2+···+dm−1)|
+20 log |(1− Γ11Γ12e−2γct1)(1− Γ ′

11Γ
′
12e−2γdd1)

(1− Γ21Γ22e−2γct2)(1− Γ ′
21Γ

′
22e−2γdd2)

(1− Γ31Γ32e−2γct3)(1− Γ ′
31Γ

′
32e−2γdd3) · · ·

(1− Γm1Γm2e−2γctm)|, (7)

where γc is the propagation constant of the absorber, γd
is the propagation constant of the matrix, t is the thick-
ness of the absorber, and d is the separation distance
between two adjacent absorbers. Notably, according to
the formula, the deduction of the reflection coefficient
should consider the overall effect of the multilayer struc-
ture, and the impedance of the composite medium is not
the characteristic impedance of the first layer but rather
the whole impedance, including all the succeeding layers
in the microwave propagation path. Additional details
about the reflection coefficient are presented in a previ-
ous work [15]. The expression of SEm indicates that the
electromagnetic SE in the multilayer structure is mainly
determined by the number of interfaces, the wave prop-
agation path, and the real part of the propagation con-
stant. Generally, a larger amount of heterogeneous parti-
cles filling the matrix yields a larger number of interfaces
reflecting the electromagnetic wave and a longer propa-
gation path, resulting in a larger dissipation probability
of electromagnetic energy in the matrix. This is very im-
portant for the study of the electromagnetic energy loss
in a composite medium.

To further evaluate the electromagnetic wave absorb-
ing performance of composite materials, more profes-
sional parameters have been introduced by researchers,
such as the reflection loss (RL) and the attenuation

constant α (the real part of the propagation constant).
These can be expressed as follows:

RL=20 log |Γ |=20 log
∣

∣

∣

∣

Zin − Z0

Zin + Z0

∣

∣

∣

∣

=20 log
∣

∣

∣

∣

∣

Zin

Z0

− 1
Zin

Z0

+ 1

∣

∣

∣

∣

∣

,

(8)

where Zin is the overall impedance of the composite ma-
terial that the electromagnetic wave enters, and Z0 is the
impedance of free space or the medium through which
the wave travels before entering the composite material.
In the case of a monolayer slab with a perfect electric
conductor as the substrate for completely reflecting the
electromagnetic wave, according to the transmission-line
theory, the RL can be expressed as follows [16]:

RL = 20 log

∣

∣

∣

∣

∣

∣

√

µr

εr
tanh

(

j 2πfd
c

√
µrεr

)

− 1
√

µr

εr
tanh

(

j 2πfd
c

√
µrεr

)

+ 1

∣

∣

∣

∣

∣

∣

. (9)

The attenuation constant is given as

α = Re(γ) = Re(jω√µε) = Re
( jω√µrεr

c

)

=
ω√
2c

√

µ′′ε′′ − µ′ε′+
√

(µ′2+µ′′2)(ε′2 + ε′′2), (10)

where c is the speed of light, and µ′, ε′ and µ′′, ε′′ are
the real and imaginary parts of the relative complex
permeability and permittivity, respectively. For reduc-
ing the RL to the greatest extent possible, the abso-
lute value of the RL should be maximized. Generally,
Zin

Z0

< 1 owing to the larger impedance of free space
than common media; thus,

√

µr

εr
tanh

(

j 2πfd
c

√
µrεr

)

<

1. Therefore, to achieve good impedance matching,
√

µr

εr
tanh

(

j 2πfd
c

√
µrεr

)

must be maximized to keep
∣

∣

∣

∣

∣

∣

√

µr

εr
tanh

(

j 2πfd
c

√
µrεr

)

− 1
√

µr

εr
tanh

(

j 2πfd
c

√
µrεr

)

+ 1

∣

∣

∣

∣

∣

∣

as small as possible. For

a nonmagnetic sample, µr = 1 + 0j = 1; thus,
√

1
εr

tanh
(

j 2πfd
c

√
εr

)

should be as large as possible. In

the general case,
∣

∣

∣
j 2πfd

c

√
εr

∣

∣

∣
< 1, and the Taylor expan-

sion yields the following expression.
√

1

εr
tanh

(

j2πfd
c

√
εr

)

= j2πfd
c

+j
(

2πfd

c

)3
εr

3
+j

(

2πfd

c

)5
2ε2r
15

+ · · · (11)

When
∣

∣

∣
j 2πfd

c

√
εr

∣

∣

∣
≪ 1, we can neglect the higher-order
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terms, and
√

1

εr
tanh

(

j2πfd
c

√
εr

)

≈ j2πfd
c

+j
(

2πfd

c

)3
εr

3
, (12)

∣

∣

∣

∣

√

1

εr
tanh  

(

j2πfd
c

√
εr

)

− 1

∣

∣

∣

∣

=

∣

∣

∣

∣

∣

j2πfd
c

+ j
(

2πfd

c

)3
εr

3
− 1

∣

∣

∣

∣

∣

=

∣

∣

∣

∣

(

m3

3
ε′′ − 1

)

+ j
(

m3

3
ε′ +m

)
∣

∣

∣

∣

, (13)

where m = 2πfd
c

> 0. To minimize the RL,
∣

∣

∣

m3

3 ε′′ − 1
∣

∣

∣

and
∣

∣

∣

m3

3 ε′ +m
∣

∣

∣
should be as small as possible. Thus, ε′

should be as small as possible, and ε′′ should be as close
to 3

m3 as possible under the condition that
∣

∣

∣
j 2πfd

c

√
εr

∣

∣

∣
≪

1. Additionally, because σ = ωε0ε
′′ = 2πfε0ε

′′, the fol-
lowing relationship can be obtained:

σ =
3λ3fε0

4π2d3
. (14)

For magnetic materials, µr ̸= 1, and the equation for
achieving perfect impedance matching is as follows:

√

µr

εr
tanh

(

j2πfd
c

√
µrεr

)

=

√

µr

εr
tanh

(

j2πd
λ

√
µrεr

)

=1.

(15)

When the frequency of the electromagnetic wave ranges
from 1 to 20 GHz, the wavelength is > 15 mm in free
space, which is generally greater than the thickness of
thin-film materials. Additionally, µr and εr are relatively
small at a high frequency and under a weak magnetic
field. Thus, usually,

∣

∣j 2πd
λ

√
µrεr

∣

∣ < 1.
When

∣

∣j 2πd
λ

√
µrεr

∣

∣ ≪ 1, tanh  
(

j 2πfd
c

√
µrεr

)

≈
j 2πfd

c

√
µrεr; thus,

√

µr

εr
tanh  

(

j2πd
λ

√
µrεr

)

≈ j2πfd
c

(µ′
r − jµ′′

r ) = 1.

(16)

This reduces to

µ′
r = 0, µ′′

r =
c

2πfd
=

λ

2πd
. (17)

When
∣

∣j 2πd
λ

√
µrεr

∣

∣ ≪ 1 is not satisfied and
∣

∣

∣

∣

j2πd
λ

√
µrεr

∣

∣

∣

∣

< 1, we can apply the Taylor expansion,

yielding the following formula:
√

µr

εr
tanh  

(

j2πfd
c

√
µrεr

)

= j2πfdµr

c
+j

(

2πfd

c

)3
µ2
rεr

3
+j

(

2πfd

c

)5
2µ3

rε
2
r

15
+ · · · .

(18)

Because
∣

∣j 2πd
λ

√
µrεr

∣

∣ < 1, we neglect the higher-order
items, and the following formula is used to optimize the
impedance matching:
√

µr

εr
tanh

(

j2πfd
c

√
µrεr

)

= j2fdµr

c
+ j

(

2πfd

c

)3
µ2
rεr

3
= 1. (19)

Thus,

εr = − c2

(2πfd)2µr

− j 3c3

(2πfd)3µ2
r

. (20)

For the condition of
∣

∣j 2πd
λ

√
µrεr

∣

∣ ≥ 1, a detailed descrip-
tion of the relationship between the electromagnetic pa-
rameters is presented in a previous work [17].

Furthermore, for composites filled with magnetic
nanoparticles, under a weak magnetic field and a high
frequency, the magnetic loss from magnetic domain-wall
displacement and magnetic hysteresis is small because
there are few domain walls in nanoscale materials and
there is little irreversible magnetization under a weak
external magnetic field; thus, the natural resonance loss
and eddy current loss play the dominant roles in the total
magnetic loss [18].

Generally, for eddy current loss, the following relation-
ship holds:

µ′′
r

µ′
r

∝ µ′
rfD

2

ρ
, (21)

where D is the diameter of the nanoparticles, and ρ is
the electrical resistivity of magnetic nanoparticles. We
observe that tan δm = µ′′

r/µ
′
r, which is related to µ′

r, f ,
D, and ρ. In addition, for specific magnetic nanoparti-
cles, the value of µ′′

rµ
′−2
r f−1 is only associated with D

and ρ and thus can principally remain constant at a high
frequency.

In the meantime, for natural resonance loss, the fol-
lowing equations hold [16]:

fr =
γ

2π
Ha, (22)

where γ
2π = 2.8 MHz/Oe is the gyromagnetic ratio, and

Ha is the anisotropy field, which can be expressed as

Ha =
2|K|
µ0Ms

. (23)
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Here, K is the anisotropy constant, and Ms is the sat-
uration magnetization. A larger Ha yields higher natural
resonance frequency and thus larger high-frequency loss,
and the growth of Ms generally results in the redshift
of fr and an increase in low-frequency loss. In addition,
according to Snoek’s law [19],
∫ ∞

0

µ′′(f)fdf = kA
π

2
(γ̄4πMs)

2, (24)

where kA is a dimensionless factor associated with the
distribution of the orientation of the magnetization in
the sample, and γ̄ = γ

2π is the gyromagnetic ratio. The
equation indicates that the right-hand side is constant for
a specific material with a definite shape; thus, there is
a trade-off between the resonance frequency and the fre-
quency bandwidth. With the redshift of the resonance
frequency fr, the absorption frequency bandwidth in-
creases. Therefore, generally, the addition of magnetic
materials with a high Ms can broaden the microwave
absorbing bandwidth while enhancing the absorbing in-
tensity by introducing magnetic loss.

In addition to the electromagnetic parameters of ma-
terials, the film thickness has a large influence on the
microwave absorption performance. According to the
1/4-wavelength equations [14],

d =
(2n+ 1)λr

4
=

(2n+ 1)c

4fm
√
µrεr

, n = 0, 1, 2, . . . , (25)

where d is the optimal film thickness, λr is the electro-
magnetic wavelength in the composite film, c represents
the light velocity in free space, fm is the peak absorption
frequency, µr is the relative magnetic permeability of the
composite film, and εr is the relative permittivity. Thus,
for the same fm, a larger µr and εr result in a smaller d,
meaning that the film thickness can be thinned greatly.

On account of aforementioned electromagnetic theory,
several basic principles should be followed in order to
obtain high-efficiency microwave shields and absorbers.
First, the composites should contain as many interfaces
as possible for multiple reflections and interfacial po-
larization loss; second, the composites should have a
suitable conductivity for both good impedance match-
ing and electromagnetic energy dissipation; third, the
propagation path of electromagnetic waves should be as
long as possible to maximize the energy consumption in
the propagation process; fourth, the magnetic absorber
should have a high Ms and low resistivity, to generate
a large magnetic loss for microwave attenuation; fifth,
optimal film-thickness design is an effective approach for
enhancing the microwave absorption. Thus, the fabrica-
tion of multicomponent microwave shields and absorbers
with a reasonable structure and composition is an abso-
lute necessity for the further enhancement of the EMI
SE and WAA, and 2D materials provide a perfect toolkit

for the construction of a variety of microwave shields and
absorbers to enable high-efficiency prevention of electro-
magnetic pollution.

3 Characterization of EMI SE and
microwave-absorbing ability (WAA)

In modern instrumentation, S-parameters at two ports
measured by a scalar or vector network analyzer based
on a coaxial or waveguide setup are typically used for
the analysis of the reflected, absorbed, and transmitted
power in a given frequency range. Here, |S11|2 and |S21|2
correspond to the electromagnetic power reflected at port
1 Pref and the power transmitted from port 1 to port 2
Pout, normalized to the incident power Pin, respectively,
and satisfy the following relationships [20]:

|S11|2 =
Pref

Pin

, (26)

|S21|2 =
Pout

Pin

, (27)

Pin = Pref + Pout + Pabs. (28)
For a monolayer composite slab, in a two-port network,

a single-chain matrix Tc can be expressed as follows:

Tc =

[

A0 B0

C0 D0

]

=

[

cosh γct Zcsinh γct

Ycsinh γct cosh γct

]

, (29)

where Zc =
√

µ
ε

is the wave impedance of the compos-
ite slab, Yc = 1⁄Zc is the wave admittance, and γc =
jω

√
µrεr/c0 is the propagation constant in the medium.

According to the reciprocity formulation and the trans-
formation relationship between the S-matrix components
and the single-chain matrix Tc components, in combina-
tion with the definition Γc = (Zc − Z0)/(Zc + Z0) and
Tl = e−γt, we obtain

S11 = S22 =
A0 +B0/Z0 − C0Z0 −D0

A0 +B0/Z0 + C0Z0 +D0
=

Γc(1− T 2
l )

1− Γ 2
c T

2
l

,

(30)

S21 = S12 =
2(A0D0 −B0C0)

A0 +B0/Z0 + C0Z0 +D0
=

Tl(1− Γ 2
c )

1− Γ 2
c T

2
l

.

(31)
As the definition indicates,

SE =
Pin

Pout

=
1

|S21|2
=

∣

∣

∣

∣

1− Γ 2
c T

2
l

Tl(1− Γ 2
c )

∣

∣

∣

∣

2

, (32)

R =
Pref

Pin

= |S11|2 =

∣

∣

∣

∣

Γc(1− T 2
l )

1− Γ 2
c T

2
l

∣

∣

∣

∣

2

, (33)

A =
Pabs

Pin

= 1− |S11|2 − |S21|2

=
(1− Γ 2

c )(1− T 2
l )(1 + Γ 2

c T
2
l )

(1− Γ 2
c T

2
l )

2
, (34)
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and the electromagnetic SE can be written logarithmi-
cally in decibels as follows:

SE = 10 log Pin

Pout

= 10 log 1

|S21|2
. (35)

Regarding the relationship between S11, S21 and Γc,
Tl, the following equations can be obtained [21]:

S2
11 − S2

21 + 1

2S11
=

1 + Γ 2
c

2Γc

. (36)

Suppose that

S2
11 − S2

21 + 1

2S11
= K. (37)

Thus,

Γc = K ±
√

K2 − 1 (|Γc| ≤ 1) (38)

Tl =
S21

1− S11Γc

= e−γct = e−
jω√

µrεr
c0

t
, (39)

and

Γc =
Zc − Z0

Zc + Z0
=

Zc/(Z0 − 1)

Zc/(Z0 + 1)
=

√

µr

εr
− 1

√

µr

εr
+ 1

. (40)

Accordingly,

µr

εr
=

(

1 + Γc

1− Γc

)2

= b1, (41)

µrεr = −
(

c0 lnTl

ωt

)2

= b2, (42)

and we obtain the following expressions:

µ2
r = b1b2, (43)

ε2r =
b2

b1
. (44)

After obtaining the values of µr and εr, using Eq. (9)
we can obtain the RL–frequency curves and evaluate the
frequency dependence of RL and the wave-absorbing per-
formance of materials.

Using the coaxial-line testing method, we can obtain
the S parameters and determine the electromagnetic-
wave SE of materials; determine the reflection coeffi-
cient Γ and transmission coefficient T ; obtain the elec-
tromagnetic parameters of composite materials, such as
the complex permeability µr and complex permittivity
εr; and calculate the RL and attenuation constant α

for evaluating the microwave absorbing ability (WAA) of
materials. Obviously, the coaxial-line method is an indi-
rect measurement method for testing the electromagnetic
performance of materials and can yield electromagnetic

parameter information for materials in a wide frequency
range. It has been widely adopted for the evaluation of
electromagnetic shielding and absorbing properties. In
addition to the coaxial-line method, other methods—the
such as NRL-arch method and waveguide method, etc.—
have also been employed to evaluate the EMI SE and
WAA of materials [22, 23].

4 Graphene and graphene-based composites
as microwave shield and absorber

4.1 Graphene and graphene-filled polymer
composites for microwave attenuation

Graphene was first exfoliated mechanically from graphite
by Novoselov et al. in 2004 [24] and was found to show an
extremely high mechanical strength and electron mobil-
ity. The study indicated that graphene is a single-atom-
thick carbon layer with a honeycomb-like structure and
has a superhigh aspect ratio. As a microwave shield and
absorber, graphene was usually deposited on the surface
of various substrates or dispersed in different matrices
for the fabrication of freestanding films or composites.
These composites contain numerous interfaces for reflect-
ing and scattering electromagnetic waves. Additionally,
owing to the large specific surface area, graphene-based
composites usually possess a very low percolation thresh-
old (∼0.1 vol.%) [25], and even with a very small amount
of graphene loading, a continuous conductive network
can be formed in the matrix, increasing the dielectric loss
of electromagnetic energy. Additionally, when graphene
is oxidized into GOs, numerous functional groups con-
taining oxygen are introduced, giving rise to strong dipo-
lar polarization and interfacial polarization for the fur-
ther enhancement of the microwave attenuation ability.

Generally, graphene-based materials used for shield-
ing and absorbing electromagnetic waves can be divided
into three categories: graphene, GOs, and their com-
posites. The EMI SE of monolayer chemical vapor de-
position (CVD)-grown graphene was studied by Hong et
al., and it was found that there was an average EMI
SE value of 2.27 dB for a single-carbon atom layer,
amounting to shielding of 40% of the incident electro-
magnetic waves, where the absorption played a domi-
nant role. This absorbance gradually decreased with an
increasing number of layers owing to the enhancement
of the conduction. Further modeling indicated that per-
fect monolayer graphene can shield approximately 97.8%
of EMI; thus, an ultrathin high-efficiency monolayer or
few-layer transparent graphene film with high EMI SE
can be achieved [26]. Shen et al. reported the produc-
tion of ultrathin graphited graphene films by anneal-
ing evaporation-induced deposited GO films at 2000 ◦C.
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These films not only possess good EMI SE of approxi-
mately 20 dB even for an 8.4-µm-thick film, but also have
excellent mechanical flexibility and structural integrity
during bending [27]. Furthermore, the electromagnetic
properties of chemically reduced GOs were investigated.
It was found that compared with pure graphene and
carbon nanotubes (CNTs), GOs have better impedance
matching with free space, more prompt energy-level tran-
sitions from contiguous states to the Fermi level, and
more defect polarization relaxation and electron dipole
relaxation of functional groups owing to the existence
of residual defects and functional groups on the surface,
resulting in easier penetration and absorption of electro-
magnetic waves during propagation and a stronger WAA
[28]. Reduced large-area GO (rLGO) with a super-large
surface area was also prepared, through a cost-effective
chemical reduction method. The results indicated that
the as-prepared rLGO films had electrical conductivity
of 243±12 S·cm−1 and thermal conductivity of 1390±65
W·m−1·K−1, which are significantly better than those of
common small-area GOs. Additionally, the films exhib-
ited remarkable EMI SE of ∼20 dB even with a thickness
of 15 µm, which is superior to that of small-area graphene
[29].

However, for pure graphene-based materials, i.e.,
graphene or GOs, as the thickness increases, the conduc-
tion increases rapidly, resulting in large surface reflec-
tion, which is not beneficial for the absorption of elec-
tromagnetic energy. Thus, when graphene-based mate-
rials are used as a microwave absorber, to reduce the
surface reflection, the conduction should be limited in
order to achieve good impedance matching with free
space. Thus, dielectric or magnetic materials with rel-
atively low conductivity are usually added to graphene
for reducing the surface reflection and allowing the multi-
mode dissipation of electromagnetic energy. Compared
with pure-graphene materials, graphene-based compos-
ites have lower cost, better processability, and a supe-
rior macroscale mechanical property and are thus used
more frequently in electromagnetic-wave shielding and
absorbing fields.

Graphene- and GO-filled polymer composites are the
most widely studied composite materials for microwave
attenuation. Liang et al. described the utilization of
solution-processable functionalized graphene epoxy com-
posites in shielding EMI. They found that the percola-
tion threshold of functionalized graphene epoxy compos-
ites was approximately 0.52 vol.% owing to the good
dispersion of modified graphene in the epoxy matrix,
and the EMI SE of the composites could reach 21 dB
when the graphene content was 15 wt.%, indicating the
great potential of the graphene-based epoxy composites
as lightweight and high-efficiency EMI shielding materi-
als [31]. Bai et al. investigated the microwave absorption

properties of graphene-based poly(ethylene oxide) (PEO)
composites. They considered that uniformly dispersed
chemically reduced graphene sheets in the polymer ma-
trix can form abundant electrical pathways to dissipate
electromagnetic energy into heat energy, while dielectric
relaxation and interface scattering also frequently oc-
curred owing to the numerous graphene/PEO interfaces.
The multiple roles of graphene in the PEO matrix yield
a strong microwave absorption ability [32]. Batrakov et
al. investigated the microwave attenuation performance
of graphene/PMMA multilayer films, paying great at-
tention to the study of the absorption of electromag-
netic radiation. They determined the ideal number of
graphene/PMMA layers for optimizing the absorption.
Typically, when the number of graphene/PMMA double
layers is six, the portion of microwave absorptionis the
maximum, approaching ∼55%. At less than six layers,
with an increasing number of graphene layers, the ab-
sorption percentage increased rapidly, and once the num-
ber of layers surpassed six, the absorption portion grad-
ually declined with a continuously increasing thickness.
This indicates that graphene has excellent microwave ab-
sorption performance with a suitable structural design.
In this case, an effective graphene layer with a total
thickness of only approximately 2 nm generated ∼50%
wave absorption while maintaining high light transmis-
sion, indicating the great potential of graphene films as
transparent microwave shielding and absorbing materi-
als [33]. The electromagnetic shielding performance of a
graphene/polyethylene terephthalate (PET) multilayer
structure was reported by Lu et al. This structure was
prepared via the membrane transfer method. Monolayer
graphene was first deposited on copper foil using CVD.
Then, the copper foil was etched by FeCl3, and the
graphene layer was transferred onto a PET film. Sub-
sequently, the graphene/PET films were stacked layer-
by-layer to obtain a multilayer structure. A diagram of
the multilayer structure and its electromagnetic shield-
ing performance is presented in Fig. 2. With the in-
crease of the number of graphene layers, the EMI SE
was continuously enhanced, and with the increase of the
thickness of the PET layer, the portion of microwave ab-
sorption in the total EMI SE in the K-band increased.
When the total thickness of the graphene layers reached
4 nm, the graphene/PET multilayer film had an aver-
age SE of 19.14 dB in the frequency range of 18–26.5
GHz, with a maximum microwave absorption ratio of
∼95.82% at 25.7 GHz, while maintaining light transmis-
sion of 80.5%. In this graphene/PET multilayer struc-
ture, the microwave absorption played a dominant role
in the total EMI SE, and the absorption ratio exceeded
96% [30]. In this study, the microwave absorption por-
tion in the total EMI SE increased monotonically with
the number of layers once the separation between the
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Fig. 2 (a) Diagram of the multi-layer graphene/PET structure; (b) description of the wave dispersion in the multi-layer
graphene/PET structure; the calculated microwave (c) SE, (d) transmittance, (e) reflectance, and (f) absorbance for the
mono- to the twenty-layer graphene/PET structures with various PET thicknesses: d = 0, 0.25, 0.50, 0.75, 1.00, 1.25, and
1.50 mm; the frequency of the incident microwaves is 25 GHz [30]. Reproduced from Ref. [30]. Copyright © 2016, with
permission from the Royal Society of Chemistry.

graphene layers exceeded 0.25 mm. This differs from Ba-
trakov’s study, where the absorption percentage first in-
creased and then decreased, possibly owing to different
separation distances between the graphene layers. In the
graphene/PET multilayer film of Batrakov’s study, the
PET thickness was far larger than the thickness of the
PMMA layer. However, the discrepancy does not affect
the general conclusion that the insertion of lowly conduc-
tive substances between the graphene layers increases the
microwave absorption percentage in the total EMI SE.
The microwave absorbing performance of a thermally re-
duced GO (RGO)/nitrile butadiene rubber (NBR) poly-
mer composite was also investigated, revealing that even
at a very low concentration of RGO, the composites ex-
hibited high values of the dielectric loss tangent. The
calculated RL for the composite with 10 wt.% RGO fill-
ing reached −57 dB at 9.6 GHz, and the bandwidth with
RL less than −10 dB ranged from 7.5 to 12 GHz at
a thickness of 3 mm, indicating that RGO-NBR com-
posites have a very strong microwave absorbing abil-
ity [34]. Graphene nanosheets with grafted aminoethyl
methacrylate were prepared via free-radical polymeriza-
tion, and the modified graphene nanosheets showed good
dispersion and high compatibility with a waterborne
polyurethane (PU) matrix grafted by sulfonated func-
tional groups as a result of electrostatic attraction. The

results indicate that the modified graphene-filled com-
posites had better conductivity, which is attributed to
the superior graphene dispersion. When the graphene
loading amount was 5 vol.%, the electrical conductivity
of the composites reached ∼43.64 S/m, and the EMI SE
in the frequency range of 8.2–12.4 GHz reached 38 dB
[35].

4.2 Graphene-based multifunctional composites for
microwave attenuation

Increasingly, studies indicate that graphene is a fasci-
nating material for the attenuation of electromagnetic
waves. Therefore, a current pivotal research topic is the
thorough exploration of the potential of graphene-based
materials for inhibiting electromagnetic waves. It is well-
known that the electromagnetic shielding and microwave
absorption performance of a material usually depends
on two main factors—the composition and structure—
which directly determine the dissipation mode and prop-
agation path of electromagnetic waves, thus influenc-
ing the EMI SE and microwave absorption properties
of the material. Accordingly, in the following chapters,
we focus on the composition and structure of graphene-
based materials for optimizing the electromagnetic per-
formance.
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4.2.1 Component-oriented graphene-based composites

Graphene is a good conductor and has a large dielec-
tric constant, large specific surface area, good mechanical
strength, and low mass density; thus, it offers exceptional
advantages for shielding and absorbing electromagnetic
waves. However, it is inadequate as a microwave absorber
because of its high conductivity, which gives rise to great
interfacial reflection due to the impedance mismatch
with free space. This reflection is undesirable in many
situations, such as anechoic chambers, stealth coating,
and signal receivers, because it results in interference,
leakage of information, signal loss, etc. In addition to
the reflection, the effective absorption bandwidth is an
important index. For microwave absorbing materials, a
large effective absorption bandwidth is commonly prefer-
able. Consequently, to optimize the microwave absorbing
performance of graphene-based materials, e.g., decreas-
ing the RL and broadening the absorption bandwidth,
a variety of dielectric or magnetic materials are usually
introduced into the graphene-based composite system.
Typically, these materials include conductive polymers,
dielectric organic matter, dielectric inorganic particles,
and magnetic materials. They are either directly mixed
with graphene to produce multifunctional composites or
anchored on graphene nanosheets to generate a stable
coupling system for multimode microwave attenuation.

4.2.1.1 Graphene-based dielectric composites

As mentioned previously, the dielectric constant of ma-
terials can be expressed as εr = ε′− jε′′. The real part ε′
represents the polarization capability of materials under
an alternating electromagnetic field, which is only related
to the energy storage, and is a function of the frequency,
generally decreasing with the increase of the frequency.
The imaginary part ε′′ represents the dielectric loss,
which is derived from the combined effect of conduction
loss and polarization relaxation [36]. For dielectric mate-
rials, the dissipation of an electromagnetic wave is prin-
cipally determined by ε′′. According to the Debye theory,
ε′′ can be described as ε′′ = ε′′p + ε′′c = (εs−ε∞)ωτ

1+ω2τ2 + σ(T )
ε0ω

,
where ε′′p and ε′′c are associated with the polarization re-
laxation and conduction loss, respectively; εs and ε∞
represent the static permittivity and the dielectric con-
stant at a limiting frequency, respectively; ω is the an-
gular frequency; τ is the temperature-dependent relax-
ation time; and σ(T ) is the temperature-dependent elec-
trical conductivity. Obviously, according to this relation-
ship, ε′′ is related to the conductivity, relaxation time,
(εs−ε∞), angular frequency, and temperature. Thus, the
conductivity, relaxation time, and (εs − ε∞) are directly
related to the material, and it can be concluded that di-
electric materials with a higher conductivity, larger static
dielectric constant, and moderate relaxation time are fa-

vorable for the attenuation of electromagnetic waves.
In addition, we consider the Havriliak–Negami (HN)

equation [37]:

εr = ε∞ +
∆ε

[1 + (iωτHN )αHN ]γHN
− i σ0

ωsε0
, (45)

where ∆ε = εs−ε∞ is the dielectric relaxation strength,
τHN is the relaxation time, αHN and γHN (0 <

αHN , γHN ≤ 1) are the shape parameters of the relax-
ation spectra, and −i σ0

ωsε0
is related to the electrical con-

ductivity. When αHN = γHN = s = 1, the HN equation
well matches the Debye theory, with ε′ = ε∞ + εs−ε∞

1+ω2τ2

and ε′′ = (εs−ε∞)ωτ

1+ω2τ2 + σ(T )
ε0ω

.
The polarization part of the HN equation corresponds

to the Debye polarization relaxation process, which can
be expressed by the Debye equation, as follows:

εr = ε′ − jε′′ = ε∞ +
εs − ε∞

1 + jωτ

= ε∞ +
εs − ε∞

1 + ω2τ2
− j (εs − ε∞)ωτ

1 + ω2τ2
. (46)

Thus,

ε′ = ε∞ +
εs − ε∞

1 + ω2τ2
, (47)

ε′′ =
(εs − ε∞)ωτ

1 + ω2τ2
. (48)

The relationship between ε′ and ε′′ can also be written
as follows:
(

ε′ − εs + ε∞

2

)2

+ (ε′′)2 =

(

εs − ε∞

2

)2

. (49)

Clearly, the plot of ε′ versus ε′′ is a single semicircle—
typically called the Cole–Cole semicircle—and each semi-
circle corresponds to one Debye relaxation process. For
each semicircle, there exists a maximum value of the loss
tangent ε′′

ε′
, corresponding to the maximum dielectric po-

larization loss. Additional Debye relaxation processes
result in a larger dielectric polarization loss. Normally,
Debye polarization relaxation occurs at the interface be-
tween different phases owing to the difference in their
dielectric properties. Obviously, increasing the number
of phase interfaces induces more interfacial polarization,
resulting in a larger dielectric polarization loss. This is
the theoretical basis for designing a multicomponent di-
electric microwave absorber.

Currently, the widely used dielectric materials for mi-
crowave attenuation contain dielectric ceramics, dielec-
tric polymers, conductive polymers, carbon, semicon-
ductors, and even metals. Wu et al. prepared a three-
dimensional (3D) nanocomposite of GO and zinc oxide
(ZnO) nanoparticles via a hydrothermal process. The
influence of ultraviolet (UV) irradiation on the dielec-
tric properties of the composite was studied. Before UV
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irradiation, the Cole–Cole semicircle could hardly be
found in the plot of ε′ versus ε′′, whereas after UV
irradiation, semicircles could be clearly observed, and
the attenuation constant was enhanced greatly in the
whole frequency band; thus, the RL of the composite
was improved with a minimum value of approximately
−25 dB. The effective absorption bandwidth reached 6.4
GHz when the filler loading was 10 wt.% and the ab-
sorber thickness was 2.5 mm. It was considered that
the UV irradiation removed the oxygen-containing func-
tional groups of the RGOs and enhanced the interfacial
polarization relaxation process, thus improving the mi-
crowave absorbing properties of the composite [38]. Ad-
ditionally, TiO2-loaded RGO (TRGO) nanocomposites
were prepared via a facile one-step hydrothermal treat-
ment. The contact area between TiO2 and RGO could
be well controlled by changing the amount of TiO2 pre-
cursors. Increasing the TiO2 content strengthened the
interfacial polarization owing to the increase of polariza-
tion points, as indicated by the plot of ε′ versus ε′′, where
more Cole–Cole semicircles could be observed with the
increase of the TiO2 content in the composites. How-
ever, stronger interfacial polarization did not always re-
sult in better microwave absorbing performance, prob-
ably because of the mismatched impedance or poor di-
electric loss ability. A good balance between the dissi-
pation ability and impedance matching was important.
The study also indicated that interfacial polarization is
only one factor giving rise to microwave attenuation;
conduction loss might play a more important role in at-
tenuating microwaves. With an optimized composition,
the minimum RL of the TRGO nanocomposites at 2.1
mm was −27.2 dB, and an effective frequency band-
width of 5.2 GHz was achieved [39]. ZnO/nanoporous
carbon (NPC)/RGO nanocomposites derived from a hy-
brid of zinc metalorganic frameworks (MOFs)/RGO were
prepared via a simple hydrothermal method. The per-
mittivity of the ZnO/NPC/RGO nanocomposites was
regulated by adjusting the addition amount of GOs,
and it was found that a good balance between the en-
ergy dissipation and the impedance matching could be
achieved via the addition of 4 mL of GO. After the com-
position was optimized, the composites with 40 wt.%
ZnO/NPC/RGO in the wax matrix exhibited a mini-
mum RL of −50.5 dB at 14 GHz for a film thickness
of 2.4 mm. For a film thickness of 2.6 mm, the effec-
tive microwave absorption bandwidth reached 7.4 GHz,
indicating that the ZnO/NPC/RGO composites derived
from zinc MOFs can behave as a perfect absorber with a
broad frequency bandwidth and strong absorption [40].
Graphene/polyaniline (PANI) hybrids were prepared via
in situ intercalation polymerization in a one-step process
by Chen et al., and their electromagnetic properties were
studied. The results showed that in the formation of the

intercalated structure, vigorous movement of the aniline
cations towards the electron-enriched zone of expanded
graphite and the exothermic effect in the in situ polymer-
ization of aniline played important roles. The composites
exhibited extraordinary electromagnetic absorption per-
formance, which was attributed to the combined effect of
expanded graphite and PANI. When the film thickness
was 3.5 mm, the RL reached −36.9 dB at 10.3 GHz, and
the absorption bandwidth reached 5.3 GHz, which are far
better than those for pure graphite and pure PANI [41].
Liu et al. fabricated novel ternary composites consisting
of RGO, a conducting polymer, and Co3O4 nanoparticles
and investigated their microwave absorption properties.
The as-employed conducting polymers included PANI,
polypyrrole, and poly(3, 4-ethylenedioxythiophene), and
the as-synthesized Co3O4 nanoparticles had a diame-
ter of 5–10 nm. They considered that the excellent mi-
crowave absorbing properties of the ternary composites
stemmed from the dipole polarization, electronic spin,
and charge polarization of Co3O4 nanoparticles, as well
as the synergistic effects of several components. In this
system, the maximum RLs differed for different conduct-
ing polymers, with PANI, polypyrrole, and poly (3, 4-
ethylenedioxythiophene) yielding values of −44.5, −43.5,
and −46.5 dB, respectively. Additionally, the absorption
bandwidths (RL <−10 dB) were 4.3, 6.4, and 2.1 GHz
for film thicknesses of 3.3, 3.2, and 3.1 mm, respectively,
indicating that the composite system is highly efficient
in attenuating electromagnetic waves [42]. Song et al.
reported the application of all-carbon composites com-
posed of carbon nanofiber–graphene–carbon nanofiber
heterojunctions as flexible lightweight EMI materials.
Owing to the replacement of the insulting polymer
frames and interfaces with CNF-GN-CNF heterojunc-
tions, the electrical properties of the all-carbon networks
were significantly improved, resulting in an enhanced
EMI SE. The study showed that the as-fabricated thin
all-carbon networks with a low mass density (ρ < 0.1
g/cm3) and small thickness less than 0.3 mm have a
comparable EMI shielding performance to carbon-based
polymer composites with a significantly larger thickness
(> 1 mm) [43]. Gupta et al. described the EMI shielding
properties of multi-walled CNT–graphene–PANI multi-
phase nanocomposites, finding that graphene multilayers
derived from ball milling in situ functioned as a bridge
between the CNTs and PANI. When the content of multi-
walled CNTs was 10%, the maximum value of the EMI
SE was 98 dB, and the absorption was dominant owing
to the increase of the charge polarization and the de-
crease of the carrier mobility [44]. Furthermore, they syn-
thesized dielectric MnO2-decorated graphene nanorib-
bons for electromagnetic-wave shielding. The presence
of MnO2 on the graphene enhanced the interfacial po-
larization, multiple scattering, natural resonance, and
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effective anisotropy energy, resulting in high-efficiency
EMI SEand microwave absorption performance. For a 3-
mm-thick sample, the SE value reached 57 dB, mostly
owing to the absorption loss caused by the superior per-
mittivity of the composites [45]. Zhang et al. prepared
RGO/CuS/polyvinylidene fluoride (PVDF) composites
via wet chemistry and a hot-press process, where CuS
complex microspheres with a relatively uniform size were
embedded in the RGO layers to form unique core–shell
nanostructures and then hot-pressed into the PVDF ma-
trix. Composites with a filler loading of 15 wt.% showed
a dielectric constant of 36 at 2 GHz, which is 10 times
higher than that of pure PVDF, and composites with
a filler loading of 5 wt.% exhibited a minimum RL of
−32.7 dB at 10.7 GHz when the thickness was 2.5 mm.
The improved RL is explained by the Debye dipolar re-
laxation of the composites [46]. Zhang et al. reported
the fabrication of multifunctional PVDF/RGO compos-
ites via a simple thermal reduction method and investi-
gated their dielectric and electromagnetic-wave absorp-
tion properties. Owing to the specific interaction be-
tween the oxygen-containing functional groups in the
GO and the fluorine groups in the PVDF, GO was well-
dispersed in the PVDF and thermally reduced into RGO,
enhancing the dielectric and microwave absorption prop-
erties. The results indicate that for the composites with 3
wt.% GO loading, the minimum RL reached −25.6 dB at
10.8 GHz, the frequency bandwidth (RL <−10 dB) was
4.32 GHz, and the dielectric constant reached 3, 801 at a
frequency of 1 kHz [47]. Han et al. reported the synthesis
of graphene-wrapped ZnO hollow spheres via a two-step
process including a hydrothermal reaction and surface
modification. The hybrids in a wax matrix exhibited
enhanced dielectric properties and microwave absorbing
performance in the X-band region. The complex permit-
tivity was significantly improved because of the enhanced
polarization derived from the graphene/ZnO interfaces,
residual functional groups of RGO, and defects of ZnO
nanoparticles. The minimum RL was −45.05 dB at 9.7
GHz, and the effective absorption bandwidth reached 2.5
GHz for composites with 50 wt.% ZnO spheres/GO hy-
brids (mass ratio = 88:12) loading in the wax matrix at
a thickness of 2.2 mm [48].

4.2.1.2 Graphene-based magnetic composites

As described previously, according to electromagnetic
theory, the reflection coefficient of an electromagnetic
wave at a two-phase interface can be expressed as

Γ =
Z − Z0

Z + Z0
=

√

µr

εr
− 1

√

µr

εr
+ 1

. (50)

In general, µr < εr for nonmagnetic materials; thus,
to reduce the interfacial reflection, we must increase

µr. Clearly, the addition of magnetic materials can re-
solve this problem. In addition, the introduction of mag-
netic materials can increase the magnetic loss, further
attenuating the electromagnetic energy. The mechanism
whereby magnetic materials attenuate electromagnetic
waves is described in the previous chapter and generally
involves magnetic hysteresis loss, eddy current loss, mag-
netic aftereffect loss, domain-wall resonance loss, natu-
ral resonance loss, etc. For nanoscale magnetic particle-
based composites, owing to the lack of domain walls at
the nanoscale size and the low-degree magnetization un-
der a weak electromagnetic field, the domain-wall reso-
nance loss and magnetic hysteresis loss can be neglected;
thus, the eddy current loss and natural resonance loss
play dominant roles in the magnetic loss.

For spherical ferromagnetic nanoparticles, including
ferrites and metals, because the skin depth is far larger
than the size of the nanoparticles even at 10 GHz, the
power of the eddy current loss and the magnetic loss
tangent can be written as follows [50, 51]:

Pe =
π2R2f2B2

m

5ρ
, (51)

tan δm =
µ′′

µ′
=

4πµ′R2f

5ρ
, (52)

where Pe is the power of the eddy current loss, Bm is the
amplitude of the magnetic flux density, δm is the mag-
netic loss angle, ρ is the resistivity of spherical nanopar-
ticles, and R is the radius of spherical nanoparticles. We
observe that the eddy current loss is related to the re-
sistivity, the real part of the magnetic permeability, and
the nanoparticle size. Generally, metal magnetic par-
ticles have a larger eddy current loss than ferrites ow-
ing to their low resistivity. According to the equation
fr = γ

2πHa, a stronger magnetocrystalline anisotropic
field Ha results in natural resonance at a higher fre-
quency. In ferrites, Ha can be well tuned by adjust-
ing the composition, and through the addition of various
ferrites with different compositions, multiple resonance
peaks can appear in µ′′–f curves, resulting in the broad-
ening of the absorption bandwidth and the enhancement
of the microwave absorption.

The typical magnetic materials employed for mi-
crowave attenuation in graphene-based composites in-
clude ferrites and magnetic metals. Zhang et al. syn-
thesized MnFe2O4 nanoparticles using a simple hy-
drothermal process and then mixed them with RGO
to prepare RGO/MnFe2O4 nanocomposites via ultra-
sonication. The microwave absorption properties of
MnFe2O4/wax, RGO/MnFe2O4/wax, and the RGO/
MnFe2O4/PVDF composites were compared, revealing
that the RGO/MnFe2O4/PVDF composites had the best
microwave absorption properties, with a minimum RL of
−29.0 dB at 9.2 GHz and a frequency bandwidth of 4.88
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GHz (RL <−10 dB) at a filler content of 5 wt.%. The
microwave absorption was attributed to the dielectric
loss, the magnetic loss, and the synergetic effect of mul-
tiple components, indicating that the addition of mag-
netic particles can greatly improve the microwave ab-
sorbing performance of composite materials [52]. Zhu et
al. prepared RGO-spherical carbonyl iron (SCI) cross-
linked composites via a simple wet chemical method,
where RGO behaved as an electron-transfer medium be-
tween SCI particles. The transport of electrons resulted
in strong electron polarization and space-charge polar-
ization, increasing the permittivity and dielectric loss.
In the whole frequency range of 7.79–11.98 GHz, the RL
of the RGO-SCI composites was less than −10 dB, and
a minimum RL of −52.46 dB was achieved [53]. Qing et
al. reported that graphene nanosheets and flake-like car-
bonyl iron particle-filled epoxy-silicone composites had
excellent microwave absorption performance at a small
thickness and wide bandwidth owing to the large mag-
netic loss and dielectric loss; thus, they can serve as a
good microwave absorber. An RL less than −10 dB (>
90% absorption) was obtained in the frequency range of
10.5–18 GHz at a thickness of 1.0 mm [54]. Chen et al.
described the growth of hexagonal close-packed nickel
nanocrystals with an average diameter of 3 nm and face-
centered cubic nickel nanoflowers composed of 15 nm of
nanoparticles on graphene nanosheets. The composites
showed better microwave absorbing performance than
pure nickel nanoparticles, indicating that the addition
of graphene can enhance the microwave absorption of
magnetic materials [55]. Li et al. reported the one-pot
synthesis of CoFe2O4/GO hybrids and in situ conver-
sion into FeCo/graphene hybrids in an H2/NH3 atmo-
sphere. The magnetic nanoparticles were uniformly dis-
tributed on the graphene nanosheets without obvious ag-
gregation. After chemical reduction, the FeCo/graphene
hybrids showed significantly improved permeability and
permittivity owing to the high conductivity and mag-
netocrystalline anisotropy of the metallic FeCo, result-
ing in improved microwave absorption performance. The
FeCo/graphene hybrids showed a minimum RL of −40.2
dB at 8.9 GHz when the film thickness was 2.5 mm
and an absorption bandwidth of 14.6 GHz (RL <−10
dB) when the absorber thickness was 1.5–5 mm. The
results suggest that the FeCo/graphene hybrid is an
ideal lightweight and high-efficiency microwave absorber
[56]. Wang et al. described a simple procedure for fab-
ricating a flexible freestanding magnetic film consisting
of GO and CNT–Fe3O4 via a one-pot co-precipitation
in situ growth route. Fe3O4 nanoparticles with rela-
tively uniform size were used to decorate the surface
of GO nanosheets and intercalated between the GO
nanosheets with interspersed CNTs. The incorporation of
the Fe3O4 nanoparticles greatly enhanced the microwave

absorption peak value and absorption bandwidth. The
minimum RL reached −37.3 dB when the film thick-
ness was 5 mm. Additionally, they considered that in
the presence of microwaves, the carbon-based compos-
ites generated microplasma to interact with the elec-
tromagnetic waves for the further dissipation of electro-
magnetic energy [57]. Mesoporous Fe3O4@ZnO sphere-
decorated graphene composites for microwave absorption
were reported by Sun et al. The as-prepared Fe3O4@ZnO
spheres with porous and core–shell structures were an-
chored on both sides of the graphene nanosheets without
significant aggregation. The microwave absorption per-
formance of epoxy composites with 30 wt.% graphene-
Fe3O4@ZnO loading was investigated; a minimum RL
of approximately −40 dB was achieved, and the ab-
sorption bandwidth (RL <−10 dB) reached 11.4 GHz.
The synergy of Fe3O4 and ZnO—especially the multi-
interfacial effect—was considered as the main cause of
the enhanced EM absorption properties [58]. Lv et al.
demonstrated the preparation of a rod-like MnO2@Fe-
loaded graphene composite. The rod-like MnO2 with a
diameter of 30 nm was synthesized via a simple liquid-
phase process. Next, Fe(CO)5 was decomposed, and the
generated iron was deposited on the surface of MnO2.
Then, the MnO2@Fe was anchored on graphene us-
ing a liquid deposition technique. The resulting ternary
nanocomposites exhibited excellent microwave absorp-
tion properties. An optimal RL up to −17.5 dB was
obtained at a film thickness of 1.5 mm, and the effec-
tive frequency bandwidth was significantly broader than
those of pure MnO2 and MnO2@Fe, owing to the bet-
ter synergetic effect of the impedance matching and at-
tenuation capability [59]. Figure 3 shows the synthesis
of a quaternary nanocomposite consisting of graphene,
Fe3O4@Fe core–shell, and ZnO nanoparticles with a con-
siderably wide absorption bandwidth. In a frequency
range of > 7.3 GHz, the RL is less than −20 dB, in-
dicating that > 99% of the electromagnetic energy is at-
tenuated even if the content of quaternary composites in
the matrix is only 20 wt.%. Such excellent microwave
absorption performance suggests that the quaternary
nanocomposites are fantastic microwave absorbing ma-
terials [49]. A graphene@Fe3O4@SiO2@NiO nanosheet
quaternary composite was also synthesized. A hierarchi-
cal structure with NiO nanosheets grown perpendicularly
on the surface of graphene@Fe3O4@SiO2 was obtained
via a sol–gel process and a hydrothermal reaction. Exper-
iments indicated that the graphene@Fe3O4@SiO2@NiO
nanosheets had significantly greater microwave absorp-
tion than graphene@Fe3O4, which is attributed to their
higher porosity and larger surface area arising from the
hierarchical structure [60]. Singh et al. prepared phenolic
resin-based composite sheets that were filled with RGO,
γ-Fe2O3, and carbon fiber and exhibited a conductivity
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Fig. 3 (a) Low-resolution TEM image, (b, c) magnified TEM images, and (d) HRTEM image of the G/Fe3O4@Fe
ternary nanocomposites; (e) SAED pattern, (f) HRTEM image for the triple junctions of the G/Fe3O4@Fe/ZnO quaternary
nanocomposites; reflection losses of the (g) G/Fe3O4@Fe ternary nanocomposites and (h) G/Fe3O4@Fe/ZnO quaternary
nanocomposites with thickness 2–5 mm [49]. Reproduced from Ref. [49]. Copyright © 2012, with permission from American
Chemical Society.

of 0.48–171.21 S/cm. The insertion of γ-Fe2O3 between
RGO layers enhanced the interfacial polarization and the
effective anisotropy energy, increasing the interface scat-
tering and polarization relaxation, which resulted in high
SE (∼45.26 dB) and microwave absorbing performance
(SEA ≈ 35.42 dB). Microwave absorption is dominant
in the EMI SE rather than the reflection attributed to
the strong magnetic loss of γ-Fe2O3 and dielectric loss
of RGO. This study indicates that the structure with
a conducting shell encapsulating the magnetic core is
conducive to microwave absorption [61]. Bowl-like Fe3O4

hollow spheres anchored RGO composites were prepared
via a facile solvothermal method. In contrast to pris-
tine r-GO, pure Fe3O4 nanoparticles, and solid nano-
Fe3O4/r-GO composites, hollow Fe3O4 sphere-anchored
r-GO composites have a wider and stronger absorption
behavior in the frequency range of 2–18 GHz. When
30 wt.% of hollow Fe3O4 spheres/r-GO composites was
loaded into the wax matrix, the 2-mm-thick sample had
maximum absorption of 24 dB at 12.9 GHz, as well as
an effective bandwidth of 4.9 GHz. The enhanced mi-
crowave absorption properties are mainly ascribed to the
improved dielectric loss and magnetic loss arising from
the synergy of the hollow Fe3O4 spheres and r-GO [62].
Singh et al. built a 3D nanostructure consisting of chemi-
cally modified graphene, Fe3O4, and PANI, and spectro-
scopic analysis indicated that the graphene/Fe3O4 hy-

brid structure facilitated the polarization of the compos-
ites owing to the solid-state charge transfer between the
graphene and PANI. A relatively large imaginary part
of the permittivity and permeability (ε′′ = 30, µ′′ = 0.2)
was obtained, leading to stronger microwave absorption
(∼26 dB), which is closely correlated to the concentra-
tion of graphene/Fe3O4 in the PANI matrix [63]. Chen
et al. reported a similar composite consisting of metallic
nanoparticles, graphene, and PANI for EMI shielding.
Ni@graphene-filled PANI composites and Ag@graphene-
filled PANI composites were prepared, and their elec-
trical conductivity and EMI SE were investigated and
compared. The Ag@graphene-filled composites exhibited
better EMI shielding effects. PANI composites contain-
ing 5.0 wt.% Ag@graphene showed an electrical conduc-
tivity of 20.32 S/cm and EMI SE of 29.33 dB. The pres-
ence of metal nanoparticles on the graphene surface in-
creased the electrical conductivity and EMI SE, which
is mainly attributed to the increased permittivity of the
composites [64]. Additionally, many other magnetic ma-
terials, such as iron [65, 66], nickel [67], the CoNi al-
loy [68], Fe3O4 [69–72], hematite [73], maghemite [74],
CoFe2O4 [75–77], NiFe2O4 [78, 79], Co0.5Ni0.5Fe2O4 [80],
Co3O4 [81], BaFe12O19 [82], Fe3O4-Fe [83], and ferroflu-
ids [84] have been used to prepare graphene-based mag-
netic composites and showed excellent microwave atten-
uation performance.
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4.2.2 Structure-oriented graphene-based composites

As is well-known, electromagnetic waves have remark-
able time–space features and are accordingly affected by
time and space. Supposing that the influence of the com-
position of materials on the dissipation of electromag-
netic waves has an obvious time feature, e.g., relaxations,
the structure of the materials should be designed with
regard to the space attribute of electromagnetic waves,
e.g., resonances. Obviously, the structure has the same
importance as the composition in modulating electro-
magnetic waves. As mentioned previously, the composi-
tion has proven to play an important role in attenuat-
ing electromagnetic waves; naturally, the structure also
has a significant influence on the propagation of electro-
magnetic waves. Thus, the structural design of the ma-
terials is a crucial aspect for building a high-efficiency
microwave shield and absorber. Owing to their ultra-
thin thickness and specific 2D features, graphene-based
materials have significant structural advantages and are
easily fabricated into various well-defined assemblies for
the improvement of the microwave attenuation perfor-
mance. Currently, the frequently used structures in 2D
material-based composites include multilayer structures,
core–shell structures, hierarchical structures, 3D porous

foam structures, and combinations of these.

4.2.2.1 Multilayer structure

A multilayer structure of 2D materials has several ad-
vantages for microwave attenuation. First, 2D materials
have ultrathin thickness far smaller than the skin depth,
and electromagnetic waves easily penetrate through the
2D nanosheets and into the interior of the multilayer
structure, yielding multiple reflections. Second, the mul-
tilayer parallel capacitor-type structure can store electro-
magnetic energy, increasing the polarization and conduc-
tion loss during charging and discharging. Third, multi-
layer 2D materials can be prepared via facile methods
on a large scale and have good mechanical properties al-
lowing practical application. Song et al. reported that
an aligned graphene-based wax composite prepared via
the split–press–merge approach had better microwave
shielding and absorption effectiveness than randomly dis-
persed graphene and graphite composites owing to their
higher electrical conductivity [85]. They also investigated
the microwave attenuating properties of graphene papers
(Fig. 4). Single-layer graphene paper was prepared via
vacuum filtration and then transferred and adhered onto
a wax substrate using glue. Then, several graphene pa-

Fig. 4 (a) Aqueous suspension of graphene nanosheets; (b) flexible graphene paper (GP); (c) typical SEM image of GP;
(d) TEM image of the multilayer graphene (MLG) sheet; (e, f) microtome images for cross-sectional views of the GP; (g,
h) preparation scheme of GP layered structures and the structures of wax/multilayer GP/wax composites; (i, j) preparation
scheme of symmetric double-layered attenuator and the structures of GP/wax/GP multilayer composites [76]. Reproduced
from Ref. [76]. Copyright © 2014, with permission from the Royal Society of Chemistry.
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pers were adhered together using glue to form a multi-
layer structure. The as-prepared graphene papers exhib-
ited high EMI SE, with SE values of ∼19.0 and ∼46.3
dB at the thicknesses of ∼0.1 and ∼0.3 mm, respec-
tively, and the shielding performance of double-layer
graphene paper with a 2-mm middle wax layer inserted
reached ∼47.7 dB at a total graphene thickness of ∼0.1
mm, which is far better than that of the wax/multilayer
GPs/wax structured composites. The authors attributed
the high shielding performance to the Fabry–Pérot res-
onance of the double-layer graphene papers [86]. Multi-
layer graphene/polymer composite films with good me-
chanical flexibility were also fabricated. Experimental re-
sults showed that the electrical properties of the multi-
layer films were significant factors influencing the EMI
SE. Both experimental and calculated results indicated
that the reflection had a dominant effect on the EMI
SE. By increasing the thickness of the shielding layer,
the absorption performance was improved. The opti-
mized SE reached 27 dB for a 350-µm-thick compos-
ite film µ87]. Yousefi et al. reported the preparation of
a highly self-aligned RGO/polymer nanocomposites via
an aqueous casting method. The as-prepared graphene-
based epoxy nanocomposites had a significantly low per-
colation threshold (∼0.12 vol.%) owing to the uniform
dispersion and ultrahigh aspect ratios (> 30 000) of the
graphene nanosheets. When the filler content was larger
than a critical value, the graphene nanosheets aligned
into a layered structure in the epoxy matrix, with obvi-
ous electrical and mechanical anisotropy. An extremely
large dielectric constant (> 14 000) at a frequency of 1
kHz was obtained as a result of the charge accumula-
tion between conductive layers when the graphene con-
tent was approximately 3 wt.%. An EMI SE test showed
that the composites had remarkable EMI SE of 38 dB,
where the wave absorption played a dominant role [88].
Singh et al. fabricated layered sandwiched composites
composed of vertically aligned CNT, iron oxides, and
RGOs, in which Fe3O4 nanoparticles were infiltrated into
a vertically arrayed CNT forest and then sandwiched by
RGO. The sandwiched composites exhibited SE exceed-
ing 37 dB in the Ku-band (12.4–18 GHz) at a thick-
ness of 2 mm [89]. Lv et al. described the fabrication of
a sandwich-structured flexible film with two conductive
carbon electrodes coated on a dielectric layer composed
of a SnS/SnO2 heterojunction and amorphous carbon.
The sandwiched film showed excellent microwave ab-
sorbing performance in the low-frequency range of 1.5–2
GHz under an applied voltage of 16 V, which was hardly
achieved with a conventional absorber. The study in-
dicated that an external voltage can well modulate the
dielectric parameters of the sandwiched film to satisfy
the ideal range for optimal microwave absorption, pro-
viding a new method for achieving strong low-frequency

absorption [90].

4.2.2.2 Structure consisting of core–shell particles

In addition to the multilayer structure, the core–shell
structure has been widely applied for electromagnetic-
wave attenuation. In this kind of structure, graphene
or GOs was usually coated on the surface of dielectric
or magnetic particles for obtaining multifunctional com-
posite particles, and then these core–shell particles were
adhered or compressed together for building heteroge-
neous bulk composites, where the graphene layer coating
formed a continuous conductive network for conduction
loss and the dielectric or magnetic core behaved as het-
erogeneous cavity giving rise to multiple scattering at
the interface between the graphene shell and dielectric
core for the high-efficiency dissipation of electromagnetic
waves.

Feng et al. reported the synthesis of hierarchical
ZnFe2O4@SiO2@RGO core–shell microspheres via a
“coating–coating” route (Fig. 5). Compared with bi-
nary composites of ZnFe2O4@SiO2, the hierarchical
ZnFe2O4@SiO2@RGO ternary composites exhibited bet-
ter electromagnetic wave absorption properties. More-
over, the absorption performance of as-prepared com-
posites could be tuned by changing the RGO content
and the thickness of the SiO2 layer. The minimum RL
of a 2.8-mm-thick reached −43.9 dB at 13.9 GHz, and
its effective bandwidth (RL <−10 dB) reached 6 GHz.
These results indicate that the hierarchical core–shell
particles composites are excellent microwave absorbers
[91]. Similarly, Fe3O4@SiO2@RGO core–shell nanocom-
posites were prepared by Pan et al. and exhibited ex-
cellent microwave absorption properties even at a low
filler content [92]. Furthermore, Li et al. synthesized
FeCo@SiO2@RGO composites via a liquid-phase reduc-
tion reaction and a subsequent hydrothermal reaction.
Core–shell FeCo@SiO2 composites with a diameter of ap-
proximately 150–200 nm were first formed via a solution-
based reduction reaction in an argon atmosphere and
then coated with RGO in a hydrothermal process. Com-
pared with FeCo@SiO2 and FeCo@RGO composites,
the as-prepared FeCo@SiO2@RGO composites exhibited
better electromagnetic wave absorption properties. The
minimum RL reached −52.9 dB at 9.12 GHz and a thick-
ness of 3.0 mm, and the absorption bandwidth (RL <−10
dB) reached 5.36 GHz (8.8–14.16 GHz) at a film thick-
ness of 2.5 mm, indicating outstanding microwave ab-
sorption performance [93]. Liu et al. fabricated yolk–shell
ZnO-Ni-C hybrid structures wrapped with RGO by an-
nealing an amorphous yolk–shell zinc–nickel microsphere
precursor. The core@void@shell structures exhibited ex-
cellent electromagnetic wave absorption properties owing
to the good impedance matching derived from the ad-
justable void space. The RGO-wrapped ZnO-Ni-C yolk–
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Fig. 5 (a) Schematic illustration of the preparation of ZnFe2O4(ZFO)@SiO2@RGO; SEM images of (b) ZFO, (c)
ZFO@SiO2, and (d) ZFO@SiO2@RGO composite; TEM images of ZFO@SiO2@RGO composites with different thicknesses
of silica layer: (e) S-1, (f) S-2, and (g) S-3; STEM of S-2 (h) and its corresponding mapping of Fe (i), Zn (j), Si (k), C (l),
and O (m); (n) reflection loss of S-2 with thickness of 1–5 mm; (o) reflection loss of the samples with a thickness of 2.8 mm
in the range of 2-18 GHz; (p) three-dimensional presentations of the reflection loss of S-2 on EMW [91]. Reproduced from
Ref. [91]. Copyright © 2017, with permission from American Chemical Society.

shell microspheres could also increase the content of de-
fects and led to more effective interfacial polarization
under microwave radiation. The minimum RL of the
ZnO-Ni-C/RGO composites reached −59.3 dB at 15.2
GHz and a film thickness of 2.05 mm, and the effec-
tive attenuation bandwidth was 5.6 GHz (12.4–18 GHz)
[94]. Yan et al. prepared RGO/polymer composites com-
posed of cell-like units with polystyrene (PS) particles
as cells and GOs as cell membranes via high-pressure
solid-phase compression molding. This special architec-
ture not only provided numerous interfaces for the re-
flection and dissipation of electromagnetic waves but
also significantly decreased the usage amount of RGO
by confining the RGO at the interfaces. Moreover, with
fabrication under a high pressure of 350 MPa, the me-
chanical strength of the composite was significantly im-

proved and was superior to that of a composite fab-
ricated under the conventional pressure of 5 MPa. A
remarkable EMI SE of 45.1 dB was achieved for com-
posites with only 3.47 vol% RGO loading, which was
the highest value among the reported RGO-based poly-
mer composite [95]. Jian et al. reported the facile syn-
thesis of nanoscale Fe3O4/graphene capsule composites
using catalytic CVD and a hydrothermal process and
then studied their electromagnetic properties via experi-
ments and simulation based on the transmission-line the-
ory. The results showed that the composites had a min-
imum RL of −32 dB at 8.76 GHz and that the absorp-
tion bandwidth (RL <−10 dB) ranged from 5.4 to 17
GHz. The good microwave absorption performance was
derived from the reasonable impedance, numerous inter-
faces, and polarization of free carriers, which are effec-
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tive for the preparation of high-performance microwave
attenuating materials [96]. Song et al. demonstrated all-
carbon CNTs-multilayer graphene edge plane (MLGEP)
core–shell hybrid foams for ultrahigh-performance EMI
shielding. The lightweight, flexible, and conductive core–
shell hybrid foam was fabricated using CVD. MLGEPs
were seamlessly grown on the CNTs, and the hybrid foam
exhibited excellent EMI SE that exceeded 38.4 and 47.5
dB in the X-band at a thickness of 1.6 mm with a density
of only 0.0058 and 0.0089 g·cm−3, respectively, which
are significantly higher than the best values of the re-
ported carbon-based composites. The grafted MLGEPs
on CNTs can obviously enhance the penetration losses of
microwaves during the propagation process, greatly im-
proving the EMI shielding performance. In addition, the
CNT-MLGEP hybrids can act as nano-reinforcements
for fabricating high-strength polymer-based composites
[97].

4.2.2.3 Hierarchical structure

The hierarchical structure is also effective for achieving
high-efficiency electromagnetic-wave attenuation. This
structure has numerous interfaces and voids with differ-
ent sizes, which can greatly increase the multiple reflec-
tions and scattering, as well as improve the impedance
matching, owing to perfectly matched impedance be-
tween the void space and free space. The voids with dif-
ferent sizes might also broaden the absorption bandwidth
because of the dimensional resonance of electromagnetic
waves.

Wang et al. described the fabrication of novel hi-
erarchical graphene@Fe3O4 nanocluster@carbon@MnO2

nanosheet array composites and investigated their mi-
crowave absorption performance (Fig. 6). In the syn-
thesis of the composites, Fe3O4 nanoclusters were de-
posited on the surface of graphene via a simple in situ
hydrothermal method, a carbon coating layer was intro-
duced on the surface of graphene@Fe3O4 nanoclusters by
the carbonization of glucose in a hydrothermal and heat-
treatment process, and the hierarchical graphene@Fe3O4

nanocluster@carbon@MnO2 structure was formed by the
reaction between potassium permanganate (KMnO4)
and surface carbon. The study indicated that the com-
posites had significantly enhanced microwave absorption
properties compared with graphene@Fe3O4 nanoclus-
ters, owing to their unique hierarchical structure and
large surface area. The maximum RL of the hierarchical
composites was −38.8 dB at 15 GHz, and the absorp-
tion bandwidth with the RL below −10 dB reached 5.4
GHz in the range of 12.3 to 17.7 GHz at a film thickness
of 1.8 mm. Thus, it was considered that such hierar-
chical structures can act as microwave absorbers over a
wide spectrum [98]. Bian et al. demonstrated the con-
struction of 3D flexible hierarchical magnetic composites

consisting of carbon fiber textiles, graphene, and nickel
nanoparticles for strong electromagnetic shielding, and
the results showed that the presence of 3D RGO in-
terfaces and bifunctional nickel nanoparticles substan-
tially influenced the magnetic and dielectric proper-
ties of the resulting hierarchical composite textiles. The
composite textiles had strong SE greater than 61 dB,
showing greater advantages than conventional polymer-
based and foamy shielding composites. As a polymer-free
lightweight structure, flexible CF-RGO-Ni composites
comprising all electromagnetic active components offered
multi-scale and multiple mechanisms for electromagnetic
energy consumption. This novel type of shielding struc-
ture in combination with convenient preparation tech-
nology highlighted a strategy for achieving high EMI SE
and lightweight EMI shielding composites [99]. Wang et
al. synthesized hierarchical core–shell NiFe2O4@MnO2

composite microsphere-decorated graphene nanosheets
via a simple hydrothermal method for enhanced mi-
crowave absorption, where the NiFe2O4 nanoparticles
were coated with hierarchically MnO2 shells and dis-
tributed on the surface of graphene. The results indi-
cated that the NiFe2O4@MnO2@graphene composites
had an optimal RL of −47.4 dB at 7.4 GHz when the
film thickness was 3 mm, and their maximum absorp-
tion bandwidth (RL <−10 dB) was 4.3 GHz (5.1–9.4
GHz). The enhanced microwave absorption performance
was attributed to the hierarchical structure of MnO2,
the void space between the MnO2 and graphene, and
the better impedance matching of ternary composites,
proving that the hierarchical NiFe2O4@MnO2@graphene
composite was a promising microwave absorber [100].
Zhang et al. synthesized hierarchical structures of
graphene@CoFe2O4@SiO2@TiO2 nanosheets by combin-
ing the versatile sol–gel process with a hydrothermal
reaction and studied their microwave absorption prop-
erties. In the hierarchical structures, TiO2 nanosheets
were grown on top of a graphene@CoFe2O4@SiO2 sup-
port with a random orientation. The microwave ab-
sorbing properties of the composites were investigated,
revealing that the minimum RL reached −62.8 dB at
6.24 GHz for a film thickness of 4.9 mm and that an
RL below −10 dB could be obtained over the whole fre-
quency range with the sample thickness varying from 2.0
to 6.0 mm. The excellent microwave absorption proper-
ties of the graphene@CoFe2O4@SiO2@TiO2 nanosheets
was attributed to the high interfacial polarization and
the existence of void space between CoFe2O4 and TiO2

nanosheets for multiple reflections and scattering, which
consumed electromagnetic energy [101].

Perpendicular array structures with the microwave ab-
sorbing materials perpendicularly growing on graphene
can also be classified as hierarchical structures. The clas-
sic case that employs such a structure for microwave at-
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Fig. 6 (a) Schematic illustration of the three-step preparation of hierarchical composites of graphene@Fe3O4

NC@carbon@MnO2 nanosheet arrays; (b) TEM images of graphene@Fe3O4 NC; (c) TEM images of graphene@Fe3O4

NC@carbon; (d) TEM images of graphene graphene@Fe3O4 NC@carbon@MnO2 composite; (e) SEM images and the corre-
sponding EDX element maps of C, O, Fe and Mn for graphene@Fe3O4 NC@carbon@MnO2 composite nanosheet arrays; (f,
g) calculated reflection losses for graphene@Fe3O4 NC and graphene@Fe3O4 NC@carbon@MnO2 nanosheet arrays paraffin
wax composites with different thicknesses in the frequency range of 2–18 GHz [98]. Reproduced from Ref. [98]. Copyright ©
2015, with permission from the Royal Society of Chemistry.

tenuation is that of pyramidal nickel foam arrays per-
pendicular to the substrate, which were utilized for the
absorption of electromagnetic and sound waves in an ane-
choic chamber. On the micro–nanoscale, the perpendicu-
lar micro–nanopillar arrays can be applied for microwave
attenuation owing to the numerous interfaces and free
voids or space between and inside the pillars, which can
not only improve the impedance matching but also in-
crease the interfacial reflection and scattering.

Yu et al. synthesized PANI nanorod arrays perpen-
dicularly grown on the surface of graphene via an in
situ polymerization process, and the composites showed

significantly enhanced electromagnetic wave absorption
properties. The minimum RL of −45.1 dB was reached
at a thickness of only 2.5 mm, and the absorption
bandwidth with a RL of <−20 dB reached 10.6 GHz.
The results indicate that the enhanced microwave ab-
sorption properties were derived from the enhanced di-
electric relaxation, the special structural characteris-
tics, and the charge transfer between the graphene and
PANI nanorods, suggesting that the deposition of other
dielectric nanostructures on the surface of graphene
nanosheets is an efficient way to fabricate excellent mi-
crowave absorbing materials [102]. Ren et al. synthesized
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a 3D SiO2@Fe3O4 core–shell nanorod array/graphene
architecture via a multi-step process. 3D β-FeOOH
nanorod arrays were grown on graphene via a hydrother-
mal method, and then SiO2 was coated on β-FeOOH
nanorods to form core–shell structures. After heat treat-
ment, the SiO2@Fe3O4 nanorods array/graphene archi-
tecture was obtained. The 3D architecture presented ex-
cellent microwave absorption properties and attenuated
> 99% of the microwave energy even with only 20 wt.%
loading of composites in the paraffin matrix [103].

4.2.2.4 3D porous foam structure

The 3D porous foam structure is highly desirable
for preparing lightweight high-efficiency microwave ab-
sorbers owing to its excellent impedance matching and
extremely high attenuation constant. In this structure,
the pores are usually filled with air that has perfect
impedance matching with free space, reducing the sur-
face reflection of electromagnetic waves, and the walls
are mainly composed of microwave absorbing materials
with suitable dielectric and magnetic performance and
are used for the dissipation of electromagnetic energy
during the propagation of electromagnetic waves. The
combined effects of the pores and walls yield efficient
absorption of electromagnetic waves.

Eswaraiah et al. reported the fabrication of novel
foam-like composites comprising functionalized graphene
and PVDF and investigated their electrical conductiv-
ity and EMI shielding properties. The electrical con-
ductivity of the composites increased with the con-
centration of graphene, and the conductivity changed
drastically at the graphene concentration of 0.5 wt.%.
The conductivity increased sharply from 10−16 S·m−1

for insulating PVDF to 10−4 S·m−1 for the 0.5 wt.%
graphene-reinforced PVDF composite, which was at-
tributed to the formation of a continuous conductive
network in the polymer as a result of the high aspect
ratio and high conductivity of the graphene nanofillers.
The 5 wt.% graphene-loaded foam composites exhib-
ited EMI SE of ∼20 dB in the X-band region (8–12
GHz) and 18 dB in the broadband region (1–8 GHz).
This study indicates that graphene/PVDF foamy com-
posites can be applied as lightweight EMI shielding ma-
terials for broadband EMI shielding [105]. Zhang et
al. demonstrated the preparation of functional poly-
methylmethacrylate (PMMA)/graphene nanocomposite
microcellular foams through the blending of PMMA
and graphene sheets, followed by foaming with subcrit-
ical CO2. The PMMA/graphene nanocomposite foams
showed high electrical conductivity and improved EMI
SE with a microwave absorption-dominant EMI shielding
mechanism. The graphene-PMMA foam with graphene
loading of 1.8 vol.% exhibited a conductivity of 3.11 S/m
and EMI SE of 13–19 dB in the frequency range of 8 to

12 GHz. In addition, owing to the numerous microcel-
lular cells, the graphene-PMMA foam exhibited far bet-
ter ductility and tensile toughness than its bulk coun-
terpart. This research indicated that the lightweight and
tough graphene-PMMA composite microcellular foams
with good electrical conductivity and EMI shielding
properties were promising EMI shielding materials [106].
Yan et al. described the synthesis of lightweight conduc-
tive polymer composites using high-pressure compression
molding and a salt-leaching method. As-prepared func-
tionalized graphene sheet/PS composites showed a low
density and high EMI SE with an average value of 29
dB, indicating that the porous composites had poten-
tial as a lightweight shielding material against electro-
magnetic radiation. This method for preparing porous
composites can be scaled [107]. Zhang et al. synthesized
a 3D RGO/α-Fe2O3 composite hydrogel via a two-step
process in a solution phase. The as-prepared compos-
ites exhibited an interconnected 3D porous network-like
structure with microsize pores, and α-Fe2O3 nanoparti-
cles 50–100 nm in size were uniformly dispersed on the
surface of graphene nanosheets. Compared with a pris-
tine RGO hydrogel, the RGO/α-Fe2O3 composite hy-
drogel exhibited excellent microwave absorbing perfor-
mance with a maximum absorption of −33.5 dB at 7.12
GHz and a bandwidth of 6.4 GHz (10.8–17.2 GHz) (RL
<−10 dB). The enhanced microwave absorption proper-
ties were attributed to the improved impedance matching
[108]. Song et al. demonstrated a simple and universal
method for the scalable fabrication of porous carbon-
based 3D hybrid structures. Here, graphene was infil-
trated into a modified carbon texture (CT) to obtain
graphene aerogel-CT hybrids with an ultra-light feature
(0.07 g·cm−3 in density) after freeze-drying. The com-
posites exhibited efficient EMI SEup to 27 and 37 dB
at thicknesses of 2 and 3 mm, respectively, in the X-
band region. The excellent shielding performance cou-
pled with the ultralow density endowed the 3D all-
carbon hybrids with enormous advantages for a wide
range of EMI shielding applications [109]. Wu et al.
prepared an RGO-modified spongelike polypyrrole (S-
PPy) aerogel. The dispersed GO was locked homoge-
neously in the chains formed by the gelation of PPy,
and then the GO was reduced into RGO via a hy-
drothermal process. The microwave absorption perfor-
mance of S-PPy/RGO aerogel-filled paraffin compos-
ites was investigated. The results indicated that even
with very low filler loading (10 wt.%), the composites
reached an effective microwave absorption bandwidth
(RL <−10 dB) of 6.76 GHz, as well as a maximum RL
of −54.4 dB at 12.76 GHz. This S-PPy/RGO aerogel
is undoubtedly a good candidate as a lightweight and
high-performance microwave absorbing material [110]. A
broadband and tunable high-performance microwave ab-
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sorber comprising an ultralight and highly compressible
graphene foam (GF) was reported by Zhang et al. The
GF showed substantially enhanced microwave absorbing
properties with a qualified frequency bandwidth of 50.5
GHz, which was 80.9% of the overall bandwidth. More-
over, the microwave absorbing performance was tuned
via physical compression. Compressive strain of 90% in-
creased the qualified bandwidth to 60.5 GHz, which is
approximately 70% wider than that for the best mi-
crowave absorbing material reported in the literature.
An extraordinary specific microwave absorbing perfor-
mance as high as 2.2 × 105 dB·cm−2·g−1, which is two
orders of magnitude higher than those previously re-
ported, was obtained owing to the ultralow mass density.
The 3D conductive network of the GF offers tremen-
dous opportunities for the application of graphene as an
ultralight and tunable high-performance broadband mi-
crowave absorbing material [111]. Shen et al. prepared
compressible graphene-coated polymer foams with ul-
tralow density via a simple solution-based dip-coating
technique for a tunable EMI shielding performance (Fig.
7). Commercial PU sponges with a highly porous net-
work structure were used for absorbing GOs. The resul-
tant PU/graphene (PUG) foams had a density as low as
∼0.027-0.030 g/cm3 and good absorption-dominant EMI
SE, because of the good conduction dissipation and the
microwave loss from the multiple reflections and scatter-
ing due to the inner 3D conductive graphene network.
Moreover, the shielding performance of the PUG foams
was simply tuned through mechanical compression, with
the SE ranging from the average value of 40 dB to 24 dB
when composites with 10 wt.% graphene loading were
compressed by 75%, exhibiting promise for adjustable
EMI shielding [104]. Shen et al. also described other types
of GFs—including a microcellular GF [112] and mul-
tifunctional polyetherimide/graphene@Fe3O4 composite
foams [113]—for electromagnetic-wave attenuation and
obtained good electromagnetic-wave suppression. Zhang
et al. studied the microwave absorbing performance of a
series of GFs with different chemical compositions and
physical structures by adjusting the GO concentration
of the initial solution and the thermal reduction tem-
perature. The results showed that the microwave ab-
sorbing properties of the GFs were strongly correlated
with the C/O ratio, the conjugated carbon content, and
the microstructure of the graphene skeleton. A mini-
mum absorption value of −34.0 dB and a qualified band-
width of 14.3 GHz (RL <−10 dB) were achieved for
GFs with a density of only 1.6 mg/cm3. The average
absorption intensity and the specific microwave absorb-
ing efficiency of the GFs were significantly higher than
those of other foamy materials reported previously. The
study indicated that GFs with the proper chemical com-
position and physical structure can achieve a good bal-

ance between impedance matching and electromagnetic
loss, delivering excellent microwave absorbing proper-
ties [114]. Chen et al. described the preparation of a
lightweight graphene/PDMS foamy composite with out-
standing SE and mechanical flexibility. The foam com-
posites were fabricated by using foam nickel as the sac-
rificed template. Here, graphene was first grown on the
nickel surface via CVD, and then PDMS was cured on
the surface of graphene. Finally, the graphene/PDMS
foamy composite was obtained by etching the nickel
frame with an HCl solution. The as-prepared compos-
ite had a density of 0.06 g/cm3 and exhibited EMI SE
as high as 30 dB in the frequency range of 30 MHz–1.5
GHz and 20 dB in the X-band. The specific EMI SE
reached 500 dB·cm3/g, far exceeding the performance
of metals and carbon-based composites. Additionally,
the composites showed excellent flexibility, and even un-
der repeated mechanical deformation, the EMI shielding
properties remained stable, indicating marvelous appli-
cation potential in various fields [115]. Ling et al. demon-
strated the facile preparation of lightweight microcellular
polyetherimide/graphene composite foams via a phase-
separation process and investigated their EMI shielding
performance. The as-prepared porous composites had a
low density of approximately 0.3 g/cm3 and a percola-
tion threshold of 0.18 vol.%. The specific EMI SE was
significantly increased from 17 to 44 dB/(g/cm3), which
was attributed to the foaming process [116].

5 MXenes and MXenes-based composites for
EMI shielding and microwave absorption

5.1 MXene and its polymer composites

Recently, with the rapid rise of 2D conductive materials
besides graphene, e.g., MXenes, 2D materials are playing
increasingly constructive roles in electromagnetic-wave
attenuation. Compared with graphene, MXenes are com-
posed of different kinds of elements and have thickness of
several atom-layers; thus, they can exhibit dipolar and
charge polarization in the through-thickness direction.
Additionally, because of the substitution of hydroxyl
groups and fluorine elements at A sites in the etching pro-
cess, metal–oxygen or metal–halogen bonds are formed,
and numerous defects are introduced, resulting in strong
dipolar polarization and defect polarization. Moreover,
along the in-plane direction, there exists large electron
mobility, causing significant conduction loss under an al-
ternating electromagnetic field. Thus, in contrast to the
single-atom layer structure of graphene, MXenes have
additional routes for dissipating electromagnetic energy.
Furthermore, with the continuous expansion of the MX-
enes family, types of MXenes with magnetic and dielec-
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Fig. 7 (a) Overall fabrication process of the PUG foams, including dip-coating GO sheets onto the PU frameworks
and then hydrothermally reducing by hydrazine vapor; (b, c) optical and SEM images of the original PU sponge and
corresponding PUG-5 foam (containing 5 wt.% r-GO); (d) compressing and releasing process of the PUG-5 foam, showing
excellent compressibility; (e) experiment setup for EMI shielding measurement: vector network analyzer with the waveguide.
(f–h) SE total, SE absorption, and SE reflection of the PUG-5 foams with different thicknesses of ∼ 2, ∼ 4, and ∼ 6 cm
at the original state and after the first three compression cycles. (i–k) SE total, SE absorption, and SE reflection of the
PUG-10 foams (containing 5 wt.% rGO) with different thicknesses of ∼ 2, ∼ 4, and ∼ 6 cm at the original state and after
the first three compression cycles [104]. Reproduced from Ref. [104]. Copyright © 2016, with permission from the American
Chemical Society.
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tric properties have been discovered [117], which will un-
doubtedly enrich the roles of MXenes in electromagnetic-
wave attenuation and provide additional options for the
manufacture of highly effective microwave absorbers.

In the past several years, the utilization of MXenes
in EMI shielding and microwave absorption was ex-
tremely attractive owing to their ultrahigh microwave
attenuation ability. Shahzad et al. reported a 45-µm-
thick Ti3C2Tx film that exhibited EMI SE of 92 dB
(>50 dB for a 2.5-µm film) (Fig. 8). This was the high-
est SE value among synthetic materials with compara-
ble thickness, by a large margin: significantly better
than the metals silver and copper. In consideration of
its lightweight and exfoliative features, this material has
great promise for developing flexible, ultrathin, and ul-
tralight microwave attenuating materials. The author as-

cribed the high EMI SE to the excellent electrical con-
ductivity and multiple internal reflection [118]. Han et
al. studied the EM absorption and shielding properties
of MXenes-based wax composites in the X-Band. A lo-
calized sandwich structure with a layered morphology
was established, and an exceptional EM absorbing capa-
bility in the X-band was observed. The results showed
that a composite with 50 wt.% annealed MXenes had a
minimum reflection coefficient of −48.4 dB at 11.6 GHz,
which was attributed to the formation of TiO2 nanocrys-
tals and amorphous carbon. Moreover, superior SE with
high absorption effectiveness was achieved. The total and
absorbing SE of 1-mm-thick Ti3C2 MXenes/wax com-
posites reached 76.1 and 67.3 dB, respectively, and the
annealed Ti3C2 MXenes/wax composites had total and
absorbing SE values of 32 and 24.2 dB, respectively, indi-

Fig. 8 (a) Schematic of Ti3C2Tx and Ti3C2Tx-SA composite films; (b) SEM image of a Ti3C2Tx flake on a filter. (c
and d) SEM images of (c) 50 wt % Ti3C2Tx-SA composite and (d) pure Ti3C2Tx; (e) XRD patterns of pristine Ti3C2Tx

and its composite with SA at different loadings; (f and g) TEM images of 80 and 30 wt % Ti3C2Tx-SA composite films,
respectively; (h) proposed EMI shielding mechanism; (i) electrical conductivity of Mo2TiC2Tx, Mo2Ti2C3Tx, and Ti3C2Tx;
(j) Electrical conductivity of Ti3C2Tx-SA composites with filler content varing from 10 to 90 wt % in SA matrix; (k) EMI
SE of Mo2TiC2Tx, Mo2Ti2C3Tx, Ti3C2Tx at a thickness of ∼ 2.5 µm; (l) EMI SE of Ti3C2Tx at different thicknesses; (m)
EMI SE of Ti3C2Tx-SA composites at a thickness of 8 to 9 µm; (F) total EMI SE (EMI SET) and its absorption (SEA) and
reflection (SER) mechanism in Ti3C2Tx and 60 wt % Ti3C2Tx-SA samples at 8.2 GHz [108]. Reproduced from Ref. [108].
Copyright © 2016, with permission from Science mag (AAAS).
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cating the strong microwave absorbing ability of MXenes
[119]. Qing et al. exfoliated Ti3AlC2 powders in HF to
prepare Ti3C2 nanosheets and investigated their electro-
magnetic properties in the frequency range of 12.4–18
GHz. The composites showed high relative complex per-
mittivity and microwave absorption compared with those
filled with the same content of Ti3AlC2 powder, and the
RL of the composites filled with the Ti3C2 nanosheets
exceeded −11 dB in the frequency range of 12.4–18 GHz
at a thickness of 1.4 mm [120]. Feng et al. demonstrated
the enhanced microwave attenuation capability of Ti3C2-
based microwave absorbing materials in the frequency
range of 2–18 GHz. Ti3C2 nanosheet/paraffin compos-
ites showed enhanced microwave absorbing performance
with an effective absorbing bandwidth of 6.8 GHz (11.2–
18 GHz) at 2 mm and an optimal RL of −40 dB at
7.8 GHz. The mechanisms of the dielectric responses of
the Ti3C2 MXene nanosheets were discussed, and three
typical electric polarizations of Ti3C2—interfacial elec-
tric polarization, electric polarization in the nanosheet
plane direction, and electric polarization in the through-
thickness direction—were illustrated by Cole–Cole dia-
grams. The enhanced microwave absorbing properties
were attributed to the high dielectric loss, which was
accompanied by the strong multiple reflections between
MXene layers [121]. Liu et al. reported hydrophobic,
flexible, and lightweight MXene foams for EMI shield-
ing. Hydrophobic MXene foams were prepared by as-
sembling MXene sheets into films through vacuum fil-
tration, followed by a hydrazine-induced foaming pro-
cess. Compared with the unfoamed film with SE of 53
dB, a greatly enhanced EMI SE of ∼70 dB was achieved
in the MXene foam owing to the highly efficient mi-
crowave attenuation in the favorable porous structure
[122]. Additionally, highly conductive transition-metal
carbide/carbonitride(MXene)@PS composites were pre-
pared via electrostatic assembly. Under electrostatic in-
teraction, negative MXene nanosheets were attached
onto the positive PS microspheres to form core/shell
structures, which were subsequently compressed into
bulk composites under a high pressure. The resultant
nanocomposites exhibited a very low percolation thresh-
old of 0.26 vol%, remarkable conductivity of 1081 S·m−1,
and outstanding EMI shielding performance of >54 dB in
the whole X-and with maximum SE of 62 dB at low MX-
ene loading of 1.90 vol%. These are among the best per-
formances for electrically conductive polymer nanocom-
posites [123].

5.2 MXenes-based multifunctional composites

Multifunctional MXenes-based composites have also
been studied for the enhancement of the microwave
attenuation performance. Li et al. reported in situ-

grown CNT-modified Ti3C2 MXenes composites with
improved electromagnetic wave absorption properties.
One-dimensional (1D) CNTs were grown in situ on
Ti3C2Tx MXenes via a simple catalytic CVD process
and were uniformly distributed in the interlayers of the
2D Ti3C2Tx MXene flakes. Compared with the pristine
Ti3C2Tx MXenes, the hierarchical sandwich microstruc-
ture greatly improved the microwave absorption prop-
erties of the composites in the frequency range of 2–18
GHz. The minimum RL reached −52.9 dB, and the effec-
tive absorption bandwidth reached 4.46 GHz at a filler
content of 35 wt.% and a thickness of 1.55 mm. The ef-
fective absorption bandwidth reached 14.54 GHz (3.46–
18 GHz) with the adjustment of the film thickness from
1.55 to 5 mm. The microwave absorption was mainly de-
rived from polarization loss and conduction loss [124].
Li et al. reported the facile preparation of Ti3C2Tx-
coated Ni0.5Zn0.5Fe2O4 composites via a co-precipitation
method. An as-synthesized Ti3C2Tx/ferrite composite
with 5 wt.% Ti3C2Tx MXenes loading exhibited a large
RL (−42.5 dB) at 13.5 GHz, and the effective ab-
sorption bandwidth reached 3 GHz (12–15 GHz) in
the K-band. The possible electromagnetic wave ab-
sorption mechanisms include magnetic loss, dielectric
loss, conduction loss, multiple reflections, and scat-
tering [125]. Qian et al. fabricated urchin-like ZnO-
MXene nanocomposites via a facile coprecipitation pro-
cess. The nanocomposites (mass ratio of ZnO-MXene
to wax = 1:3) exhibited enhanced electromagnetic wave
absorbing performance with an optimum RL of −26.30
dB, which is significantly better than that of pristine
Ti3C2Tx (−6.70 dB), owing to their unique semicon-
ductive networks and larger interfacial area. The elec-
tromagnetic absorption performance was well controlled
in the range of 14.0–18.0 GHz by adjusting the growth
time of ZnO [126]. Qing et al. demonstrated epoxy com-
posites synergistically reinforced with nitrogen-doped
graphene and titanium carbide nanosheets as microwave
absorbers. The electromagnetic properties of these hy-
brid absorbers were adjusted by controlling the mi-
crostructure and dielectric characteristics of the N-
doped graphene and Ti3C2 nanosheets. The minimum
RL reached −52 dB, and the effective bandwidth (RL
< −10 dB) ranged from 10.9 to 18 GHz for a 1.4-mm-
thick sample. These results suggest that the N-doped
graphene and Ti3C2 nanosheets composites were highly
promising lightweight, thin, broadband-absorption mi-
crowave absorbers [127]. The microwave absorption per-
formance of layered PVB/Ba3Co2Fe24O41/Ti3C2 MXene
composites was also studied. Polyvinyl butyral (PVB)
was used as an isolated matrix for better impedance
matching, and layered structures comprising different
substances were employed for the attenuation of elec-
tromagnetic waves via different mechanisms. Experimen-
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tal results showed that the as-synthesized PVB/Z-type
Ba3Co2Fe24O41/Ti3C2 MXene composites had an opti-
mal RL as small as −46.3 dB at 5.8 GHz at an absorber
thickness of only 2.8 mm and an effective absorption
bandwidth (RL <−10 dB) of 1.6 GHz [128].

5.3 Annealed MXenes for microwave attenuation

Owing to their special few-atom-thick 2D configuration
and multi-element composition, single-layer or few-layer
MXenes can generate layered multiphase composites in
situ after oxidation. For example, Ti3C2Tx MXene can
be oxidized into 2D disordered carbon/TiO2 nanoparti-
cle composites with a laminated structure. The highly
disordered thin carbon layers play an important role
in electromagnetic wave absorption, and the in situ-
generated TiO2 nanoparticles on Ti3C2Tx sheets can not
only prevent carbon layers from restacking but also en-
hance the dielectric loss. Han et al. reported laminated
carbon/TiO2 hybrid microwave absorbers derived from
Ti3C2Tx MXenes and studied their electromagnetic ab-
sorbing capability. Disordered 2D carbon layers were ob-

tained by annealing multilayer Ti3C2 MXene in a CO2

atmosphere (Fig. 9). The minimum RL of laminated car-
bon/TiO2 composites reached −36 dB, and the effective
absorption bandwidth ranged from 3.6 to 18 GHz at a
tunable thickness from 1.7 to 5 mm. When the thick-
ness of the carbon/TiO2/paraffin composite (45 wt.%
C/TiO2 hybrids loaded in a wax matrix) was 1.7 mm,
the effective absorption bandwidth covered the whole
Ku-band (12.4–18 GHz) [129]. Li et al. reported the fab-
rication of Ti2CTx MXenes and its derivatives with var-
ious heterogeneous structures via etching and a facile
oxidation treatment. Ti2CTx/TiO2, C/TiO2, and TiO2

composites were obtained from Ti2CTx MXenes at dif-
ferent oxidation temperatures. Compared with pristine
Ti2CTx MXene, the enhanced electromagnetic wave ab-
sorption ability of the as-prepared Ti2CTx/TiO2 and
C/TiO2 nanocomposites was attributed to their im-
proved interfacial polarization loss caused by the gener-
ated heterogeneous interfaces and the strong conduction
loss due to the completely exfoliated carbon layers. The
C/TiO2 nanocomposites showed a minimum reflection
coefficient of −50.3 dB at 7.1 and 14.2 GHz and an ef-

Fig. 9 (a) Schematic of the structural evolution from Ti3C2Tx to C/TiO2 hybrids by heat treatment at 800 ◦C in CO2

atmosphere, where “T” represents the terminating groups consisting of O, OH, and F; (b, c, and d) SEM images of as-
synthesized C/TiO2 hybrids derived from multilayered Ti3C2Tx showing TiO2 particles sandwiched between electron-beam
transparent carbon layers; (e) TEM image of a single C/TiO2 hybrids, and the upper left inset is the corresponding SAED
pattern; (f) HRTEM images of the interface between carbon layer and rutile TiO2; (g) the edge showing a bilayer structure
of as-exfoliated carbon layer; (h, i) real (ε′) and (b) imaginary (ε′′) permittivity versus frequency (2–18 GHz) for the
composites with different loadings of C/TiO2 hybrids in the paraffin matrix; (j, k) 3D plot and reflection coefficient (RC)
curves versus frequency (2–18 GHz) and thickness (0–5 mm) of the sample with 45 wt % C/TiO2 hybrids (S-800, annealed
at 800 ◦C) in the paraffin matrix [129]. Reproduced from Ref. [129]. Copyright © 2017, with permission from American
Chemical Society.
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fective absorption bandwidth of 4.7 GHz at a thickness of
2.1 mm, indicating their excellent electromagnetic wave
absorption ability [130].

In general, MXenes and MXenes-based composites
have shown enormous potential in EMI shielding and
are undoubtedly among the most excellent candidates
for microwave attenuation in the future. The mechanism
for achieving extraordinary electromagnetic-wave SE and
microwave absorption ability is worthy of in-depth re-
search, and the electromagnetic properties of MXenes-
based multinary composites should be further investi-
gated for further enhancing their wave-absorbing per-
formance and broadening the effective absorption band-
width.

6 MoS2 nanosheets for electromagnetic-wave
attenuation

MoS2 is the representative 2D material in transitional-
metal chalcogenides and has exhibited great promise
for applications in photoelectronics owing to its unique
semiconductor properties. Owing to their good inter-

facial polarization and dielectric loss, exfoliated 2D
MoS2 nanosheets have a good attenuation ability
for electromagnetic waves. Compared with graphene,
transition-metal chalcogenides have lower conductiv-
ity and a smaller dielectric constant and thus provide
better impedance matching with free space. In com-
bination with other highly conductive 2D materials,
such as graphene or MXenes, transitional-metal chalco-
genide nanosheets can usually increase the impedance of
graphene or MXene-based composites and thus reduce
the surface reflection, improving the microwave absorb-
ing performance.

Liang et al. investigated the application of 2D MoS2

nanosheets for attenuating electromagnetic waves (Fig.
10), finding that the MoS2 nanosheets were good
electromagnetic-wave absorbers because of their large
interfacial polarization and dielectric loss. The optimal
microwave RL of the MoS2 nanosheets reached −47.8
dB at 12.8 GHz, which was attributed to their good
electrical conductivity and the polarization effect. Ad-
ditionally, MoS2 exhibited an effective electromagnetic
wave absorption bandwidth of 5.2 GHz (RL <−10 dB)
at thicknesses of 1.9 and 2.0 mm. All the results indi-

Fig. 10 (a–d) SEM images of the MoS2 nanosheets prepared at different hydrothermal temperatures, (a) S1, 160 ◦C;
(b) S2, 170 ◦C; (c) S3, 180 ◦C; (d) S4, 190 ◦C; (e) TEM image of S3; (f) HRTEM image of S3, in which, (f) is acquired
from red areas of (e), and the inset in (c) is the size distribution of S3; (g–j) 3D plots of RL values for MoS2 with different
hydrothermal temperatures of S1 (g), S2 (h), S3 (i), and S4 (j) in the frequency range of 2–18 GHz; (k) RL curves of MoS2
with a hydrothermal temperature of 180 1C at thicknesses ranging from 1.8 to 2.3 mm in the frequency range of 2–18 GHz;
(l) dielectric loss tangents of MoS2 with different hydrothermal temperatures; (m) attenuation loss a of the MoS2 samples
[121]. Reproduced from Ref. [121]. Copyright © 2016, with permission from the Royal Society of Chemistry.
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cated that the MoS2 nanosheets are a good candidate for
microwave absorbers, with a broad effective absorption
bandwidth at a small thickness [131]. Zhang et al. re-
ported the tunable high-performance microwave absorp-
tion performance of 3D MoS2 hierarchical nanospheres
in the broadband region. The 3D nanospheres were as-
sembled spontaneously using 2D MoS2 lamina on a large
scale via a simple hydrothermal process. The electromag-
netic wave absorption properties of hierarchical MoS2

nanospheres/PVDF composites were investigated in the
broad frequency range of 2–40 GHz. The results indi-
cated that the peculiar hierarchical structure of MoS2

was beneficial for microwave absorption, in contrast to
bulk and microsize MoS2, and the microwave absorption
performance of the composites was effectively tuned by
changing the absorber thickness and filler content. The
minimum RL of MoS2/PVDF composites with filler load-
ing of 25 wt.% was −26.11 dB at 11.36 GHz at a thickness
of 2.5 mm, and the frequency bandwidth (RL <−10 dB)
ranged from 9.92 to 13.36 GHz. In the range of 18–40
GHz, the minimum RL was −27.47 dB at 18.47 GHz and
−32.67 dB at 28.93 GHz for 30 wt.% and 20 wt.% MoS2-
loaded PVDF nanocomposites at thicknesses of 1.5 and
3.5 mm, respectively. The main microwave absorption
mechanism involves various polarizations, destructive in-
terference theory, and multiple reflections [132].

To further improve the electromagnetic performance,
MoS2-based multinary composites were studied. Quan
et al. introduced graphene into MoS2-based composites
to adjust the dielectric properties for a better balance
of impedance matching and energy conservation, be-
cause pure graphene or pure MoS2 is insufficient for at-
tenuating electromagnetic waves owing to either strong
surface reflection or weak dissipation. They fabricated
MoS2/RGO composites via a facile hydrothermal ap-
proach. The dielectric constant of the composites was
regulated by changing the mass ratio of the precursors,
and an optimal balance between the impedance matching
and energy conservation was obtained. The minimum
RL was −67.1 dB at 14.8 GHz, and the effective elec-
tromagnetic wave absorption bandwidth (RL <−10 dB)
was 5.92 GHz (12.08–18.00 GHz) at a small thickness of
1.95 mm. The study demonstrated that unilateral supe-
rior performance could not guarantee good microwave
absorbing performance, and the effective combination
of the impedance matching, attenuation ability, and
absorber thickness was essential for improving the mi-
crowave absorbing properties [133]. Recently, MoS2 and
graphene/GO composites have been intensively studied
for the enhancement of microwave absorption owing to
their complementary electromagnetic properties [134–
138]. In addition to the 2D–2D stacked structure, Sun
et al. described other MoS2-based mixed-dimensional
van der Waals heterostructures for microwave absorp-

tion. They investigated the microwave absorbing per-
formance of three types of stacked structures: the 2-0
type, comprising 2D MoS2 and zero-dimensional (0D)
nickel nanoparticles, exhibited a minimum RL of −19.7
dB and an effective absorption bandwidth of 2.92 GHz;
the 2-1 type, comprising 2D MoS2 and 1D CNTs, ex-
hibited a minimum RL of −47.9 dB and an effective
absorption bandwidth of 5.60 GHz; and the 2-3 type,
comprising 2D MoS2 and 3D carbon layers, exhibited
a minimum RL of −69.2 dB and an effective absorp-
tion bandwidth of 4.88 GHz. The relaxation behav-
ior originating from the interfacial polarization played
an important role in attenuating electromagnetic waves,
and the enhancement of the microwave absorbing per-
formance in the order of 2-0 < 2-1 < 2-3 was attributed
to the increasing conductivity and effective interfacial
area of the composites [139]. Zhang et al. described the
facile synthesis of NiS2@MoS2 core–shell nanospheres
for the enhancement of the microwave absorption. Be-
cause of the characteristic impedance matching, syner-
gistic effects, dipole and interface polarization, multiple
reflections, and quarter-wavelength matching, nanocom-
posites with a filler content of 20 wt.% exhibited en-
hanced microwave absorption properties. The minimum
RL reached −41.05 dB at 12.08 GHz, and the absorption
bandwidth (RL <−10 dB) reached 4.4 GHz at a thick-
ness of 2.2 mm [140]. Additionally, a conductive poly-
mer was also introduced into the MoS2 composite sys-
tem for improving the microwave absorbing performance.
Zhang et al. reported the growth of PANI nanoneedles
on MoS2 nanosheets. The length–diameter ratio of the
PANI nanoneedles on the MoS2 nanosheets was read-
ily tuned by controlling the polymerization time, result-
ing in the tunable electrical conductivity and dielectric
properties of the MoS2/PANI composites. The minimum
RL values of the MoS2 nanosheets reached −44.4 dB at
11.48 GHz and a thickness of 3.0 mm, and the RL of the
MoS2/PANI nanoneedle composites reached −44.8 dB
at 14.5 GHz for a film thickness of only 1.6 mm. The ef-
fective electromagnetic wave absorption bandwidth (RL
<−10 dB) for the MoS2/PANI nanoneedles composites
was 2.82 GHz owing to the synergistic effect of the PANI
nanoneedles and MoS2 nanosheets [141].

Ternary or multicomponent MoS2-based composites
were also studied. Ding et al. demonstrated the deco-
ration of an FeNi3 nanoalloy on 3D composites com-
posed of RGOs and molybdenum disulfide and found
that the ternary composites exhibited excellent electro-
magnetic wave absorption properties. The composites
were synthesized via a two-step hydrothermal reaction.
RGO/MoS2 composites were first synthesized in a hy-
drothermal process, and then the RGO/MoS2 nanosheets
were decorated with FeNi3 nanoalloys via a second hy-
drothermal process. The electromagnetic wave absorp-
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tion performance of FeNi3@RGO/MoS2 composites with
different filler contents in a paraffin matrix were inves-
tigated, and with the increase of the filler content, the
electromagnetic absorbing performance improved signif-
icantly. The maximum absorption bandwidth was 4.72
GHz at a film thickness of 2.0 mm, and the corre-
sponding minimum RL value was −30.39 dB at 14.72
GHz when the filler loading amount was 40%. The
strong microwave absorption property was ascribed to
both the dielectric loss and magnetic loss, and in the
low-frequency region, the magnetic loss played an im-
portant role, and the dielectric loss occupied the main
part of microwave absorption in the high-frequency area
[142]. Guo et al. described the microwave absorption and
EMI shielding performance of RGO@MoS2/PVDF com-
posites. When the filling ratio was 5.0 wt.%, the mini-
mum RL of the RGO@MoS2/PVDF composites reached
−43.1 dB at 14.48 GHz, and the effective frequency
bandwidth (RL <−10 dB) ranged from 3.6 to 17.8
GHz at a film thickness of 1–5 mm, indicating that
the composites possessed a broadband microwave ab-
sorption ability. RGO@MoS2/PVDF composites with
a filling ratio of 25 wt.% exhibited EMI SE up to
27.9 dB, where the absorption was dominant [143]. Li
et al. reported the synthesis and microwave absorption
performance of RGO/MoS2@Fe3O4 ternary composites.
In a two-step hydrothermal process, Fe3O4 nanopar-
ticles were successfully distributed on the surface of
RGO/MoS2 nanosheets. The saturation magnetization
of the RGO/MoS2@Fe3O4 composite was 15.64 emu/g.
The minimum RL value was −49.43 dB at 8.95 GHz
when the content of RGO/MoS2@Fe3O4 in the paraffin
matrix was 16.7 wt.%, and the corresponding maximum
absorption bandwidth was 4.33 GHz at a film thickness
of 3.0 mm [144].

According to the aforementioned results, 2D MoS2

nanosheets are excellent microwave absorbers because of
not only their peculiar 2D structure but also their appro-
priate electromagnetic parameters, giving rise to large
interfacial polarization losses and a multimode attenua-
tion mechanism. In combination with other types of ab-
sorbers, MoS2 nanosheets can play multifarious roles, as
impedance modulators, microwave attenuators, or struc-
tural support.

7 Other 2D materials for electromagnetic-
wave attenuation

Compared with transitional-metal chalcogenides, oxides
and hydroxides have a lower conductivity, and when
mixed with highly conductive graphene or MXenes, they
can adjust the conductivity of composites more effec-
tively for better impedance matching. Additionally, ox-

ides and hydroxides are generally good dielectric ma-
terials, and some of them have a large dielectric con-
stant and can thus be used to dissipate electromag-
netic waves via dielectric loss. Numerous 2D oxides
and hydroxides with excellent dielectric properties have
been discovered and have played important roles in
electrical and electronic applications, such as dielectric
substrates, dielectric layers of capacitors, and gate di-
electrics. The typical dielectric oxide nanosheets include
titania-based nanosheets, such as Ti0.87O2, and per-
ovskite oxide nanosheets, such as Bi4Ti3O12, LaNb2O7,
(Ca,Sr)2Nb3O10, and CaLaNb2TiO10. These oxides ex-
hibit a large dielectric constant—generally >100 [145]
—which is favorable for microwave attenuation. The
widely used hydroxide nanosheets are clays, principally
comprising layered double hydroxides (LDHs), such as
hydrotalcite and montmorillonite (MMT). They can be
exfoliated into a well-defined 2D structure via osmotic
swelling [146]. LDHs and MMT are good isolators and
can behave as a good complement to 2D conductors and
semiconductors in the electrical and electronic fields for
the modulation of electromagnetic parameters.

Applications of 2D oxides and hydroxides for mi-
crowave absorption have been reported. Gashti et al. in-
vestigated the electromagnetic properties of aluminum–
clay nanocomposites and found that the composites had
good electromagnetic-wave shielding performance owing
to the dipole polarization and multiple reflections [147].
Salih et al. reported that the addition of Zn/Al-NO3

LDH to polyvinyl chloride (PVC) improved the dielec-
tric properties of the PVC. An increase of the LDH
concentration in the PVC matrix led to an increase
of the dielectric constant and the dielectric loss factor.
The results suggest that these composites can be used
as microwave absorbers at low microwave frequencies
[148]. Lv et al. reported magnetic organic modified zinc–
aluminum LDH/polyimide (PI) composites for electro-
magnetic shielding applications. During imidization, or-
ganic modified zinc–aluminum LDHs lose their hydroxyl
group, and the partial decomposition of a sodium dode-
cyl sulfate modifier resulted in loose contact between the
PI and the zinc–aluminum LDHs. The saturated magne-
tization of heated organic modified zinc–aluminum LDHs
was enhanced slightly owing to the structural improve-
ment in the Fe3O4 crystalline domain. The good soft
magnetic and dielectric properties endowed the com-
posites with good potential for electromagnetic shield-
ing [149]. Parvinzadeh et al. demonstrated the synthe-
sis of an iron-pillared bentonite clay-based nanoadsor-
bent via the thermal aging technique. X-ray diffraction
and Fourier transform infrared spectroscopy indicated
the intercalation of polyoxocation oligomers of iron be-
tween clay layers, and thermogravimetric analysis indi-
cated that the iron particles generated on the clay sur-
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face significantly improved the thermal stability of the
clay particles. The electromagnetic properties of the clay
particles were investigated, revealing that the electro-
magnetic transmission of the clay could be tailored by the
intercalation of iron polyoxocation oligomers, and strong
microwave attenuation was achieved. The results suggest
that iron-pillared clay particles can be used in various
polymer nanocomposites for enhancing the absorption
of electromagnetic waves [150]. Quan et al. reported the
microwave absorption performance of CoFeAl-LDH/GO
hybrids. The hybrids were prepared via metal-ion ab-
sorption and subsequent in situ growth of LDH on a GO
surface. Because of the extra dipolar polarization in-
duced by the donated electron from GO and the interfa-
cial polarization due to the Maxell–Wagner–Sillars effect,
the absorption properties of the LDH/GO hybrids were
greatly improved, and the minimum RL and the qualified
bandwidth reached −23.8267 dB and 7.36 GHz, respec-
tively, at a thickness of 2.5 mm, indicating that the struc-
tural design played an important role in the microwave
attenuation [151].

Thus far, the application of ultrathin 2D oxide
nanosheets for the attenuation of electromagnetic waves
has not been reported, possibly owing to the imma-
ture manufacture technology for realizing the large-scale
low-cost production of 2D oxide nanosheets. However,
considering their large dielectric constant and tremen-
dous specific surface area, in combination with other mi-
crowave absorbing materials, 2D oxide nanosheets will
undoubtedly play a positive role in microwave attenua-
tion.

In addition to oxides, 2D nitrides were studied for elec-
tromagnetic applications. The intensively studied 2D ni-
trides mainly include C3N4 nanosheets and hexagonal
boron nitride (BN) nanosheets. In the literature, nitrides
are not used alone for microwave attenuation. They are
commonly employed as an additive for the preparation
of multifunctional microwave absorbers, for the enhance-
ment of either the thermal conductivity or the impedance
matching. C3N4 is a lightweight semiconductor having
a moderate resistivity for the conduction loss of elec-
tromagnetic waves, and BN is an isolator having good
thermal conductivity, which can enhance the thermal
conduction ability of the composites and decrease the
surface reflection of electromagnetic waves by improving
the impedance matching.

Lv et al. prepared graphene/g-C3N4 composites for
microwave absorption by loading g-C3N4 nanosheets on
graphene through a simple liquid-phase approach. Be-
cause of the appropriate resistance, g-C3N4 on graphene
acted as a resistor and yielded large current attenua-
tion under an electromagnetic field, converting electro-
magnetic energy into heat energy via the Joule effect.
The optimal RL was −29.6 dB at 14.5 GHz for a thin

coating layer of 1.5 mm. The corresponding effective
absorption bandwidth reached 5.2 GHz (12.8–18 GHz)
at a filling ratio of only 10 wt.% [152]. Zivkovic et al.
studied the microwave absorption and thermal conduc-
tivity performance of BN powder-filled epoxy compos-
ites. The addition of BN did not significantly affect the
dielectric constant or microwave absorbing properties of
the composites but improved the thermal conductivity
of the composites remarkably [153]. Kang et al. prepared
sandwich-like hybrids of RGO and hexagonal BN (h-BN)
via heat treatment of a self-assembled structure of GO
and ammonia borane (AB). The ideal emperature for
transforming the hybrids into inorganic sandwiches was
900 ◦C. Additionally, h-BN was generated in situ un-
der heat treatment and embedded into the RGO frame-
works. The h-BN content was tuned by controlling the
mass ratio of AB to GO and the heat-treatment tem-
perature. The complex permittivity and the microwave
absorption were tuned by changing the h-BN content.
When the mass ratio of GO/AB was 1:1, the composites
showed a good microwave absorption capability in the
range of 6–18 GHz. A minimum RL of −40.5 dB was
obtained at 15.3 GHz for the wax composite filled with
25 wt.% GO/AB hybrids at a film thickness of 1.6 mm.
The qualified frequency bandwidth reached 5 GHz. The
layer-by-layer structure of the hybrids could give rise to
theincreasing approaches and probability of electron mi-
grating and hopping, yielding a strong dielectric loss and
good impedance matching for microwave consumption
[154]. Zhang et al. fabricated an ordered multilayer film
composed of a GO/polymer and a BN/polymer through
a layer-by-layer casting method. The special layer-by-
layer architecture of the film not only led to the superior
electrical and thermal conductive performance in the in-
plane direction but also effectively blocked the electri-
cal conductive path in the through-plane direction ow-
ing to the introduction of the isolated BN layer. More-
over, the ordered multilayer film exhibited good EMI
SE (37.92 dB), excellent electrical insulation with break-
down strength of 1.52 MV/m, and high thermal conduc-
tivity (12.62 W/mK) in the in-plane direction, indicat-
ing the potential of the ordered multilayer film as an
ideal EMI shielding material with excellent electrical in-
sulation and high thermal conductivity for application in
electronic devices [155].

Recently, with the family of 2D materials expanding
continuously, novel 2D materials have increasingly been
explored, and the electromagnetic properties of some of
these have been investigated. For example, Wu et al.
studied the electromagnetic absorption performance of
few-layer BP (FL-BP). The FL-BP was prepared via the
liquid-phase exfoliation method and exhibited high elec-
tromagnetic absorbing performance in multi-frequency
bands. A composite filled with 30 wt.% of FL-BP with a
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thickness of 2.5 mm showed an effective absorption band-
width of 6.20 GHz. The minimum RL in the Ku-band and
X-band reached −46.5 and −41.6 dB, respectively, when
the thickness of the composite films was tuned. The mi-
crowave absorbing bandwidth of the FL-BP was broader
than those of many other 2D material-based absorbers.
Furthermore, when the loading ratio was increased to
50 wt.%, the FL-BP-based absorber exhibited a broad
effective absorption bandwidth in the S-band [156]. In
addition to black phosphorene, other 2D materials—
such as silicene, stanene, and 2D oxyhalides—might also
present good or unique electromagnetic performance ow-
ing to their unusual conductive and dielectric properties,
and their applications for microwave attenuation are ex-
pected to be further developed.

8 Conclusion and outlook

This review provides a relatively comprehensive intro-
duction of the application of 2D materials for the atten-
uation of electromagnetic waves. Graphene and GOs are
currently the most widely studied and used 2D mate-
rials for microwave attenuation, because of their multi-
ple attenuation mechanisms. As a microwave shield or
an absorber, graphene has several obvious advantages.
First, it has an ultrathin thickness and ultralow mass
density, which are very beneficial for the preparation of
ultrathin and lightweight microwave absorbers. Second,
it has an extremely large specific surface area, which
can significantly increase the interfacial reflection and
interface polarization for the attenuation of electromag-
netic waves. Third, graphene has high conductivity and
a large dielectric constant, which can result in a large
dielectric loss of electromagnetic energy. Fourth, GOs
contain a large amount of functional groups and defects,
giving rise to dipole polarization loss and defect polar-
ization loss of electromagnetic waves. Fifth, graphene
is highly processable, making it compatible with various
matrices, and can behave as a universal additive in a
variety of matrices. Sixth, graphene has good mechan-
ical strength and can form a robust freestanding film
alone or by compounding with other materials for the
modulation of mechanical and electrical properties over
a wide range to satisfy different requirements in electro-
magnetic applications. However, graphene alone cannot
generate ideal microwave absorption properties, owing to
its severe impedance mismatch with free space; thus, it
is necessary to introduce other functional components to
the graphene-based system for not only better impedance
matching but also multimode attenuation, to decrease
the RL and broaden the absorption bandwidth. Gener-
ally, conductive polymers, metals, semiconductive inor-
ganic or organic matter, dielectric polymers and ceram-

ics, magnetic metals and ferrites, etc., can be added to
graphene for the enhancement of the dielectric and mag-
netic loss. In addition to the multicomponent system,
structural design is an effective approach for improving
the microwave absorption ability. The most widely used
structures for the enhancement of microwave absorption
include multilayer structures, core–shell structures, hier-
archical structures, porous foam structures, and combi-
nations of these. Such structures always have two basic
purposes: improving the impedance matching and in-
creasing the dissipation ability. They either facilitate the
entrance of electromagnetic waves into the absorber by
decreasing the surface reflection, increase the interfacial
area of composites for stronger interfacial polarization
and multiple reflections, or form numerous small hetero-
geneous cavities for the enhanced dissipation of electro-
magnetic waves.

MXene is another high-efficiency 2D microwave shield
and absorber. Similar to graphene, it has good conduc-
tivity and a large specific surface area. MXene has ex-
hibited the highest EMI SE among synthetic materials—
even higher than the metals copper and silver. More im-
portantly, the absorption loss is dominant in the atten-
uation of electromagnetic waves. Several factors lead to
the high EMI SE and microwave absorbing ability of MX-
enes. MXene has high electrical conductivity and a large
dielectric constant and can yield large surface reflection
and conduction loss. MXene is ultrathin, with a thickness
far smaller than the skin depth; thus, electromagnetic
waves can penetrate into the interior of MXene-based
composites to generate multiple reflections and trans-
mission for sufficient dissipation. The surface of MXene
contains numerous functional groups, such as –OH, –O–,
and –F, as well as defect sites, resulting in strong dipole
polarization and defect polarization, which further en-
hances the consumption of electromagnetic energy.

Graphene and MXene are both highly conductive.
Although a high conductivity is conducive to enhanc-
ing conduction loss, a mismatched impedance results in
large surface reflection, which is unfavorable for high-
performance microwave absorption. Therefore, improv-
ing the impedance matching while enhancing the mi-
crowave attenuation is a critical issue worthy of study.
The introduction of nonconductive 2D materials into
highly conductive 2D materials is an effective method for
the impedance adjustment of composites. For instance,
2D MoS2 nanosheets are semiconductive, and when
they are introduced into graphene-based or MXenes-
based composites, the conductivity and dielectric con-
stant of the composites decrease, and

√

µr

εr
increases,

approaching the impedance of free space. According to
the transmission-line theory, better impedance matching
results in smaller interfacial reflection. In addition, elec-
tromagnetic waves can better penetrate into the interior

Mingjun Hu, et al., Front. Phys. 13(4), 138113 (2018)
138113-31



Review article

of the absorber and are more fully dissipated. The addi-
tion of MoS2 to graphene or MXene can significantly de-
crease the RL and boost the absorption bandwidth of the
composite system. Other 2D materials, such as oxides,
hydroxides, nitrides, and BP, can also act as impedance
modulators and dielectric media for the improvement of
the impedance matching and the enhancement of the in-
terfacial polarization and multiple reflections. Thus, the
incorporation of multinary 2D materials is a versatile
method for the composition regulation and structural de-
sign of complex absorbers and is an effective approach
for optimizing the performance of microwave absorbers.

In addition to 2D materials, other materials can be
added to 2D material-based systems. These materials
typically include conductive polymers, metals, carbon,
dielectric ceramics, and magnetic metals and ferrites.
The introduction of such materials can greatly increase
the microwave absorption ability of the composite sys-
tem and broaden the absorption bandwidth, which is
attributed to the multimode reflection and absorption
mechanisms.

Although remarkable success has been achieved in 2D
material-based absorbers, the exploitation of lightweight,
ultrathin, strong, and flexible microwave absorbers faces
numerous challenges. These challenges generally arise
from the nature of microwaves or materials and are thus
are very difficult to overcome. First, the wavelength of
microwaves is long—generally on the order of millime-
ters or larger—much bigger than the thickness of ultra-
thin film, and thus makes dimensional interference ef-
fects, such as 1/4-wavelength equation, disabled in such
films. Second, the skin depth of nonmetallic materials
is large at microwave frequencies. For example, the skin
depth of graphite is close to 16 µm at 10 GHz, which
means that microwaves can directly penetrate the ul-
trathin film without obvious loss, making it difficult to
achieve high-efficiency loss in ultrathin films. Third, re-
garding the materials used, many performance parame-
ters are not frequency-dependent; thus, broadband ab-
sorption is difficult to achieve in single- and few-material
systems. Fourth, high absorption is always accompa-
nied with large reflection, and it is difficult to enhance
the absorption while keeping the reflection unchanged
or reducing it in ultrathin films. However, the develop-
ment of ultrathin microwave absorbers is not hopeless.
As described previously, MXene-based materials have
shown superior EMI SE exceeding that of silver and
copper—although with significantly lower bulk conduc-
tivity than silver and copper—which provides consider-
able inspiration and motivation for developing ultrathin
absorbers. It appears that the ordered-assembly struc-
ture of nanoscale materials is the most straightforward
way to achieve ultrathin high-efficiency absorbers. In the
known cases, the effects of 2D materials for microwave
attenuation are generally better than those of 1D and

0D materials and multicomponent composites, such as
composites comprising diverse nanoferrites with different
magnetocrystalline anisotropy fields Ha, are more ben-
eficial for broadband microwave absorption. Therefore,
to develop well-designed multicomponent 2D material-
based composites or 3D nanoporous materials such as
MOFs and nanoporous foams, are the most promising
approaches to achieve an ultrathin high-efficiency mi-
crowave shield and absorber.

In summary, owing to their low cost, good process-
ability, peculiar morphology, and large specific surface
area, 2D materials can act as the skeleton, filler, or coat-
ing in composites, for optimizing the composition and
structure. We believe that, depending on the reason-
able structure and composition design, the potential of
2D materials in microwave attenuation can be exploited
and that 2D materials will play increasingly important
roles in shielding and absorbing electromagnetic waves
and probably bring a revolutionary change towards the
elimination of electromagnetic pollution in the future.
This will allow the large-scale production and application
of ultrathin, ultralight, high-strength, and high-efficiency
microwave shields and absorbers.
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