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Abstract: Electromagnetic (EM) pollution has raised significant concerns to human health with the
rapid development of electronic devices and wireless information technologies, and created adverse
effects on the normal operation of the sensitive electronic apparatus. Notably, the EM absorbers
with either dielectric loss or magnetic loss can hardly perform efficient absorption, which thereby
limits their applications in the coming 5G era. In such a context, the hotspot materials reported
recently, such as graphene, MXenes, and metal-organic frameworks (MOF)-derived materials, etc.,
have been explored and applied as EM absorbing and shielding materials owing to their tunable
heterostructures, as well as the facile incorporation of both dielectric and magnetic components. In
this review, we deliver a comprehensive literature survey according to the types of EM absorbing
and shielding materials, and interpret the connectivity and regularity among them on the basis of
absorbing mechanisms and microstructures. Finally, the challenges and the future prospects of the
EM dissipating materials are also discussed accordingly.

Keywords: dielectric loss; magnetic loss; electromagnetic pollution; absorption mechanisms; het-
erostructures

1. Introduction

In recent years, owing to the rapid development of communication technology and the
extensive utilization of electronic devices, such as telecommunication, local area network
and radar systems, electromagnetic (EM) waves have been generated in various frequency
bands in our modern society. Serious EM radiation has aroused intensive concerns as these
EM interferences (EMI) not only threaten the physiological functions of human beings but
also disturb the normal operation of sensitive electronic apparatuses. It is of significant
importance to dissipate the EM waves to ensure the safety of the operators and the normal
function of the sensitive systems. High radiofrequency interference (RFI) is ubiquitous
in some areas, where industrial microwave ovens or mobile communication devices with
high transceivers are widely used [1,2]. Moreover, EM radiation is frequently generated
by radio/TV and radar. Currently, the EM pollution has generated from popular portable
electronic devices with high power, leading to the disorder of neighboring electronic
equipment [3]. Therefore, it is imperative to develop high performance EM shielding
and absorbing materials that are envisioned and can be employed in areas of commer-
cial/personal communication, space explorations, or electronic medical devices [4–6].

In the past decade, much attention has been paid to the research related to EM wave
absorbing and shielding. As shown in Figure 1, various types of conductive materials
(including carbon nanotube, carbon fiber, graphene, and MXene, etc.) and magnetic
materials (Fe, Co, Ni, ferrite, and alloys, etc.) have been successfully utilized in the
dissipation of EM wave through dielectric loss or magnetic loss [7–19].
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Generally, conductive and magnetic materials are applicable in the field of the EMI
shielding due to their outstanding dielectric and magnetic properties. Dielectric loss
materials, such as carbon material, MXene, SiC, and conductive polymers possess decent
electronic conductivity, but suffer from impedance mismatching and narrow effective
absorption bandwidth. In contrast, magnetic responding materials perform good EM
wave absorbing capacity with wide frequency bandwidth [20]. However, high gravimetric
density and poor corrosion resistance limits their utilization. It is widely accepted that
the judicious design of the microstructures, the configurations, and the heteroatomic
dopants of the nanomaterials are believed to effectively block the propagation of the EM
waves. In this review, we start with summarizing the shielding mechanism and then
systematically highlight the recent developments of the EM wave absorbing materials.
Effects of the properties and configuration of these materials on EM wave shielding and
absorption are also comprehensively presented along with objective interpretation from
scientific perspectives. Finally, the remaining challenges are commented, and the provident
prospects for further development in this blossoming field are addressed.

2. Basic Principles of EMI Shielding
2.1. Shielding Mechanism

EMI shielding is the process used to block the propagation of EM wave by means of
dissipation from conductive or magnetic mediums [21]. The attenuation capability of an
EMI shielding material is defined as electromagnetic shielding effectiveness (SE), which is
the ratio in decibels (dB) of the incident and transmitted energies or fields of the EM wave,
and is given in Equations (1)–(3) [22]:

SEP = 10 log(Pin/Pout), (1)

SEE = 20 log(Ein/Eout), (2)

SEH = 20 log(Hin/Hout), (3)



Materials 2021, 14, 4148 3 of 23

where P, E, and H are the strength of plane wave (W), electric field (N C−1), and magnetic
field (A m−1) of the EM wave, respectively. The subscripts “in” and “out” mean the
strength of the incident and transmitted wave through the EM material.

When the EM wave strikes the shielding material, there will exist reflection loss (SER),
absorption loss (SEA), multiple reflection loss (SEM), and transmission loss at the same
time [23], as shown in Figure 2. The concept of the reflection loss in the EMI shielding is
the difference between the initial incident waves and the waves penetrating the shield. The
total SE of an EMI shielding material (SET) is the total of the three SE derived from SER,
SEA, and SEM as depicted in Equation (4):

SET = SER + SEA + SEM, (4)

in which if SEA is less than 10 dB, SEM can be neglected [24].
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An electric field of the plane wave decreasing exponentially as it travels inside a
conductive material. The distance at which the field strength drops to 1/e is defined as
skin depth (δ), which is given by Equation (5):

δ =
(√

πfµσ
)−1

, (5)

where f is wave frequency, µ and σ are the relative permeability and electrical conductivity
of the shielding material, respectively. If the skin depth is lower than the thickness of the
shield or any conductive particle inside, the influence of SEM should also be ignored.

When an EM wave transmits onto the shield, there exists the possibilities of absorption,
reflection, and transmission of the EM wave, whose coefficients are denoted by A, R, and
T, respectively, indicating the responses of the shielding to the incident EM wave [25].
The reflective part of the EM wave is comprised of reflection from the shielding material
surface and the secondary reflection in the internal of materials, which tends to happen
on the high conductivity surface with a large number of charge carriers [26]. Inside of
the material, a fraction of EM energy is converted to thermal energy [27,28]. From the
scattering parameters (Smn) measured by a vector network analyzer (VNA) system, the
absorption factor (A), transmission factor (T), and reflection factor (R) can be calculated
from Equations (6)–(8) [29];

R = |S11|2 = |S22|2, (6)

T = |S21|2 = |S12|2, (7)

A = 1− R− T, (8)

where “1” and “2” represent the network analyzer port receiving the EMI radiation and
the port transmitting the incident EM wave.
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The corresponding SER, SEA, and SET can be expressed as Equations (9)–(11):

SER = − log10(1− R), (9)

SEA = − log10 (
T

1− R
), (10)

SET = SEA + SER (SEM is negligible). (11)

2.2. EM Wave Absorption

Since the reflected wave will cause the secondary EM pollution, EMI shielding mate-
rials with outstanding absorption have been urgently pursued by researchers. As is well
known, the EM wave materials can attenuate 90 and 99% electromagnetic waves if the re-
flection loss (RL) value is lower than −10 dB and −20 dB, respectively. The RL refers to the
difference between the initial incident waves and the final reflected waves [30]. According
to the transmission line theory, RL at the shield surface as a function of impedance is given
by Equation (12) [31,32]:

RL(dB) = 20 log
[

Zin − Z0

Zin + Z0

]
. (12)

The Zin and Z0 can be defined as Equations (13) and (14):

Zin =

√
µr

εr
tan h

[
j
2π f d

c
√

µrεr

]
, (13)

Z0 =

√
µ0

ε0
. (14)

where Zin is the input impedance of the microwave absorption layer at the surface; Z0
refers to the intrinsic impedance of the free space (about 377 Ω); µr and εr are the relative
complex permeability and permittivity, respectively; c is the velocity of the light and d is
the thickness of the absorber.

Generally, the electrical conductivity of the materials is dominated by the hopping
electrons [33]. Electrons can migrate in a continuous carbon framework (migrating elec-
trons), or leap across between the intra-layer defects and the inter-layer interface (hopping
electrons). In addition, the increased temperature can activate the hopping electrons to
jump the barriers, which enhances the conduction loss.

Typically, the dielectric properties of wave absorbers are also correlated with the elec-
tron, ion, dipolar. and interfacial polarization. Naturally, the electron and ion polarizations
are omitted as they occur in THz and PHz frequency range. Thus, the polarization loss in
GHz frequency range is mainly ascribed to dipolar and interfacial polarization. Dipole
polarization is mainly due to the polarization relaxation of defects and functional groups
under high-frequency alternating electric field. Consequently, ε′ and ε” will decrease
and produce a typical frequency dispersion behavior [34]. Interfacial polarization and
the correlated relaxation are formed in the heterogeneous systems. The difference of the
conductivity between the layers leads to the accumulation and uneven distribution of space
charge, which results in the macro dipole moment to dissipate incident electromagnetic
wave [8].

Magnetic loss mainly derives from magnetic hysteresis, eddy current losses, natural
resonances, domain wall resonances, and exchange resonances [35]. However, the energy
conversion in the microwave frequency range comes from the eddy current, natural reso-
nances, and exchange resonances. Generally, natural resonances occur at a lower frequency
(2–10 GHz) and exchange resonances appear at high frequency region (>10 GHz). When
the values of µ”(µ′) f−1 remain constant as frequency changes, the eddy current will be the
only contributor to the magnetic loss [36].

The attenuation constant (α), the EM absorption ability of an EMI shielding material,
can be confirmed by Equation (15):
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α =

√
2πf
c
×
√
(ε′′µ′′ − ε′µ′) +

√
(ε′′µ′′ − ε′µ′)2 + (ε′′µ′′ + ε′µ′)2. (15)

The ε′ and µ′ refer to the real part of the permittivity and permeability, respectively,
which represents the storage capacity of the electrical and magnetic energy. The ε” and
µ”, the imaginary part of permittivity and permeability, respectively, are related to the
loss of electrical and magnetic energy. Furthermore, the dielectric dissipation factor
(tan δε = ε”/ε′) and magnetic dissipation factor (tan δµ = µ”/µ′) provide a measure of how
much power is lost in material versus how much is stored. To be an ideal EMI shielding
material according to those above equations, the material needs to meet the requirements
on perfect impedance matching (|Zin/Z0| ≈ 1) and appropriated balance between dielec-
tric dissipation and magnetic dissipation. When the value of |Zin/Z0| is close to 1, there
are less electromagnetic waves reflecting on the surface of the absorber, while the majority
is the incident inside the absorbing body. The thickness of the absorber also affects the
intensity and the position of the minimum RL. According to the 1/4 wavelength theory,
the relationship of the matching thickness tm and the matching frequency fm is expressed
by the following Equation (16) [37]:

tm = nλ/4 = nc/
(

4fm(|µr||εr|)1/2
)

, (16)

where n = 1, 3, 5, . . . , λ is the incident wavelength of the electromagnetic wave. The
reflected waves at the interface of the air and the absorber will offset what generates
the interface of the absorber and the conductive backplane when tm and fm meet the
above equation.

2.3. Relationship of the EMI Shielding and EM Absorption

Cao et al. [38] deeply investigated the dielectric relaxation and EM response of the
MXene-based materials. The surface of the conductive MXene is filled with free electrons,
leading to the incident EM wave to be reflected at the surface. As the electrical conductivity
increases, the reflectivity elevates and the absorption rate decreases. Thus, MXene with the
conductivity above the percolation threshold are more propitious to EMI shielding than EM
absorption. Lv et al. [39] proposed a phase diagram of the relationship between the conduc-
tor/magnet components ratio and the EM shielding and absorption properties. As shown
in Figure 3 the MXene/Ni composites with a moderate MXene content possess superior
dielectric loss, magnetic loss, and impedance matching, which are suitable for using as an
EM wave absorber. With the increment of the MXene contents, the enhanced conductivity
favors to EMI shielding. Arjmand et al. [40] compared the EMI shielding properties of
multi-walled carbon nanotube/polystyrene (MWCNT/PS) prepared by injection molded
method and compression molded technique. It has been observed that the compression
molded samples performed a better absorption capability and the same reflection capability
compared with the injection molded samples. This is ascribed to the enhanced connectivity
between the fillers in MWCNT/PS fabricated by compression molding. The enhanced
connectivity increased the polarization of PS polymer layer between MWCNTs, which led
to the lowering of the real permittivity and imaginary permittivity. From the above results,
it can be seen that the absorption of the EM wave depends on the gap/connectivity of the
filler, while EMI shielding materials are influenced by the ratio of conductive fillers.
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3. Electromagnetic Functional Materials
3.1. Carbon Materials

Carbon materials such as carbon nanotube [41], graphene [42], and carbon nanofiber [43]
are excellent materials for EMI shielding due to their lightweight, low-density, anti-corrosion,
high electrical conductivity, and thermal stability [44,45], as shown in Table 1. The large
specific surface area of these nanomaterials lowered their concentration in the paraffin
matrix for the construction of an overall conductive network. In addition, the polarization
centers derived from the defects and the groups on surface usually induce the dipolar relax-
ation loss. Moreover, carbon-based nanomaterials possess a high degree of graphitization
with enhanced electrical conductivity, which will increase the imaginary part of the relative
complex permittivity, and thereby contribute to superior conduction loss [46].

3.1.1. 1D Nanomaterials

Among the various morphologies, one-dimensional (1D) nanostructures have at-
tracted wide interests for their considerable advantages, such as low density and large
aspect ratio [60], which performed excellent EMI shielding with absorption-dominated
behavior [61]. Typically, materials with nanofibrous structure belong to 1D nanomateri-
als, including carbon nanotubes (CNTs) [62] and carbon nanofibers [63]. Apart from the
nanostructure of carbon materials, the assembling configurations of these materials is also
pivotal in case of the layered, cellular, or porous structure.

CNTs have unique electrical, mechanical, and thermal properties and therefore have re-
cently been attracting much attention [8,48]. According to the layers of graphitic nanosheets,
CNTs can be divided into CNT-single-walled (SWCNTs) and CNT-multi-walled (MWC-
NTs) [64]. The high aspect ratio, high electrical conductivity, and excellent mechanical
properties of CNTs make them the perfect choice for fabricating conductive composites for
EMI shielding [65]. In addition, the few defects of SWCNTs lead to higher conductivity
compared to MWCNTs [47]. The large aspect ratio of CNTs facilitates them to form a
conductive network in a polymer matrix. That is the reason why CNT has been consid-
ered as an excellent candidate for EMI shielding material [66]. Li et al. [67] and Huang
et al. [68] proved that the EMI SE of long-SWCNTs composites was much higher than
that of short-SWCNTs composites in the same loading ratio, benefiting from the lower
percolation threshold (0.062%) with a high electrical conductivity (~0.14 S·m−1). The signif-
icant increase in EMI SE of annealed short-SWCNTs composites was attributed to partial
removal of the defects and the formation of amorphous carbon during annealing in inert
atmosphere, hence ameliorating the wall integrity of the annealed SWCNTs. It is worth
noting that although EMI SE increased significantly after annealing, the long-SWCNTs
composites without annealing performed much better, which verified that the EMI SE is
more closely related to the aspect ratio other than wall integrity.
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Table 1. The EM loss mechanisms of different dimensional carbon nanomaterials.

Dimension Carbon Materials Microstructure Electromagnetic Loss Mechanism Ref.

1D carbonaceous materials

CNT/cellulose Film Dielectric loss, multiple reflection [47]

Cds-CNT Core-shell nanowire Dielectric loss, interfacial polarization [48]

ZnO@MWCNT Hybrid
Capacitor-like structure, interfacial
polarization, impedance matching,
dielectric loss

[8]

Ag nanowire/Carbon fiber Fabric Conduction loss, multiple reflection
and scattering [49]

Carbon fiber/SiC Hybrid Conduction loss, reflection at various
surface or interface [9]

Carbon fiber/Si3N4 Hybrid Electronic relax polarization, conductive
loss, impedance [50]

Carbon fiber Hollow
Hollow structure accelerates the
increasing rate part while lowering that
of the imaginary part

[51]

2D carbonaceous materials

rGO/cellulose Film Multiple reflection loss, dielectric loss [52]

rGO Film Dipole polarization originate from few
defects, better alignment of the large area [53]

rGO Nanosheet Dielectric loss, impedance matching [54]

3D carbonaceous materials

Polyetherimide/rGO Sponge Multiple interface reflection,
dielectric loss [55]

MWCNT/WPU Foam
Multiple reflection loss at various surface
and interface, conduction loss,
dielectric loss

[56]

Epoxy/carbon nanotube Sponge Conduction loss, abundant interfaces
that multiply the reflection [57]

MWCNT/Graphene Foam High loss multilevel
network architecture [58]

PANI/GO Aerogel Impedance matching, multiple reflection,
electron polarization [59]

Various strategies have been exploited to modify CNTs to enhance the impedance
matching and microwave dissipation. Yu et al. [69] assembled 0D Fe2O3 nanoparticles, 1D
CNTs, and 2D N-doped carbon layers, obtaining Fe2O3/CNTCM@CN-2 magnetic-dielectric
composite microspheres. The capacitor-like structure provides additional interfacial polar-
ization (Figure 4b). Although the poor magnetic dissipation behavior of this hybrid still
exists after adding magnetic particles, the over-encapsulation of N-doped carbon layers
plays a dominant role in adjusting microwave absorption performance. The decreased
dielectric loss and increased magnetic loss lead to better impedance matching (Figure 4c).
In addition, semiconductors, such as ZnO and CdS, are desired for widening the absorption
frequency bandwidth [8,48]. The capacitor-like structures strengthen the polarization loss
by the interface between the CdS/ZnO and CNTs (Figure 4a). It is also crucial in judiciously
engineering the nanostructures of the CNTs-based composites. Zhang et al. [70] demon-
strated a morphological control of the MWCNT conductive network with poly(L-lactide)
(PLLA) and poly(ε-caprolactone) (PCL) blends during the formation of stereo complex
crystallites (SCs) under melt processing. The co-continuous 1D morphology, as well as
the sufficient contents of the MWCNTs, constructs the conductive network, leading to the
enhancement of the dielectric loss (Figure 4d). However, the mechanical strength of the
composites is inferior because of the low compatibility between the aforementioned poly-
mers. Later, Zhang and co-workers [71] solved the mechanical problems by constructing
a segregated structure in two polymers with a similar molecular structure but different
viscosities (Figure 4e). They built segregated PLLA/MWCNT (S-PLLA/MWCNT) using
two PLLAs with different viscosities and compared their EMI SE with a random distributed
MWCNTs (R-PLLA/MWCNTs). The results showed that S-PLLA/MWCNT composites
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had higher conductivity at ultralow percolation threshold than that of R-PLLA/MWCNT,
which was ascribed to the continuous and dense MWCNT in S-PLLA/MWCNT. According
to the relevant reports, it can be verified that the modification of N elements, magnetic par-
ticle, and semiconductors is favorable for the impedance matching, as well as the increment
of the effective absorption bandwidth. Moreover, the well-dispersion of the CNTs and the
design of the structure of the absorber can enhance the dielectric loss and the mechanical
strength, prolonging the service life.
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Carbon fiber, another fascinating 1D dielectric-loss material with a carbon content
of more than 95%, provides advantages such as being lightweight, flexible, and having
high electrical conductivity, as well as good absorbency of EM wave [72,73]. In comparison
with CNTs, carbon nanofiber features a fibrous structure, which has high strength and
modulus along the fiber axis, due to the orientation of the fiber axis along the growth of
graphite crystallite. Moreover, it is a well-accepted method used to entangle long carbon
fibers together to form a certain structure, facilitating the construction of an applicable
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non-woven textile [49]. Furthermore, the irregular crossed section of carbon nanofibers
can promote the absorption of the microwave through the multiple reflection inside the
absorbing body. However, high resistivity and brittleness in the nature of carbon fiber
limits its application in the EMI shielding composites [74]. Lei et al. [75] enhanced the
electrical conductivity and EMI shielding performance of CNT through coating the nano-
scale Au particles. Meanwhile, polydimethylsiloxane (PDMS) polymer was infiltrated into
Au@CNT/sodium alginate sponge skeleton to boost its flexible property. After 10 elastic
tensile strain, the conductivity of Au@CNT/sodium alginate/PDMS flexible composites
remained unchanged. Chen and co-workers [9] simulated the anisotropy of the carbon
fiber by depicting carbon parallel to the X- and Y-axis, demonstrating that the resistance
is mainly dominated by SiC contents. With the increment of SiC, pores on the surface of
Cf/SiC were gradually blocked by the SiC matrix, which declined the EM wave impedance
matching between the air and the sample. The mechanical strength was improved with
the enhanced contents of SiC from 21.5 to 42.2 vol%, owing to the loading transfer to
carbon fiber. Unexpectedly, the EMI SE decreased from 42.7 to 31.4 dB over the frequency
range 8.2–12.4 GHz due to the decrease in electrical conductivity. Moreover, the reflection
loss remained almost unchanged and was kept at around 10 dB with the variation of SiC
contents, suggesting that the mechanical properties and EMI SE can be facilely modulated
to meet the requirements [75]. Thus, the EM wave absorber and shield with multiple
components can achieve decent absorption capability due to the synergistic effects of
multiple loss mechanism. Moreover, the 2D carbon fiber composites possess ultra-thin and
superlight property, which is suitable for the further applications for wearable devices and
portable electronics.

3.1.2. 2D Nanomaterials

Graphene, a typical two-dimensional (2D) carbon material, has been demonstrated
as an emerging and promising material in the area of EMI shielding because of its re-
markable properties, such as excellent mechanical strength, large surface area, efficient
charge mobility [76], and decent thermal conductivity [77–79]. Apart from graphene film
and sheets [80], various graphene-based composites, such as graphene/polymer com-
posites [52] and graphene/metal oxide composites [81], have been widely reported as
EMI shielding materials because of their low density, flexibility, and absorption dominant
shielding. Kumar et al. [82] demonstrated that the large-area graphene film possesses
higher electrical conductivity and thermal conductivity, and thus exhibits superior EMI
shielding performance. Wan et al. conducted a further investigation on the size of GO
to EMI shielding effectiveness [53]. The large-sized reduced graphene oxide (LG) paper
(8.4 µm) has the better EMI shielding capability (44.7 dB) compared with middle-sized
reduced graphene oxide (MG) paper and small-sized reduced graphene oxide (SG) paper.
The high SE is ascribed to fewer defects, more conjugated carbon domains, and better
alignment of the LG, which resulted in higher carrier mobility and a continuous conductive
network. As a result, LG has been proved to be the optimum graphene sheets for further
study. In addition, the increased electrical conductivity and decreased skin depth are the
reasons why the iodine-doped LG significantly improves the EMI SE. The works mentioned
above provide a guideline of hybridizing graphene-derived material in the field of EM
functional materials.

Taking the environmental irradiation into account, the conductive materials are antici-
pated to absorb as much of the incident wave as possible. Ideally, the EM wave absorption
materials should perform outstanding absorption capability and less reflection and trans-
mission to avoid the secondary pollution. Hen et al. [83] introduced the porous structure
into graphene film via the hydrazine-foaming method. Although graphene film has higher
electrical conductivity, the foam structure weakens the back reflection and scattering be-
tween the air and graphene layers, thereby promoting the absorption of the radiation
energy. The work demonstrated that the enhancement of about 30% in EMI shielding could
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be achieved by graphene foam with lower electrical conductivity (~ 3.1 ± 0.8 S·cm−1) due
to the presence of microcellular structure.

Graphene, with abundant groups and defects, can be facilely modified. Some dielec-
tric and magnetic particles can be loaded on the graphene. Wang and co-workers [84]
implanted magnetic Fe2O3 clusters on the N-doped graphene (GN), improving the mi-
crowave absorption up to −53.6 dB. Zhang et al. [85] grew the dielectric medium, polyani-
line (PANI) and SiO2, and the magnetic medium on the surface of graphene oxide. The
polarization (i.e., interfacial polarization and the Debye dipolar relaxation) contributes to
the impedance matching by introducing dielectric-magnetic medium, thus enhancing the
electromagnetic wave absorption performance (Figure 5). The dielectric-magnetic synergy
can definitely modulate EM response of the materials. Furthermore, the construction of
nanomaterials with a controllable electro-magnetic gradient also induces more striking
results since it can lead to interfacial polarization and relaxation polarization owing to its
novel structure. Liu et al. [86] adjusted the arrangement and content of the Fe3O4@rGO
and the MWCNT nanofiller in waterborne polyurethane (WPU). The composites present a
positive electrical conductivity gradient and negative magnetic gradient. Therefore, the
incident wave undergoes a particular “absorption-reflection-reabsorption” process and
polarization loss between impedance matching layer and high conductive layer, leading
to low RL value and high electromagnetic shielding. As for the graphene-based absorber,
large-surface graphene endows a higher carrier mobility and a continuous conductive
network. The impedance matching can be optimized via magnetic particle dopant and
structure designing. The induced polarization relaxation process plays a dominate role in
the dissipation of the electromagnetic waves.
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3.1.3. 3D Nanomaterials

3D continuous porous structures provide merits such as large specific surface area
and low gravimetric density; and play a dominate role in various fields, such as energy
conversion [87], energy storage [88], microwave absorption [89] etc. Due to the giant 3D
cross-linked network and hierarchical architectures, the 3D nanostructure exhibits tunable
complex permittivity and conductivity, which contributes to remarkable conduction loss
and polarization loss [89]. Moreover, porous materials usually exhibit better impedance
compatibility than non-porous material.
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Conductive graphene/polymer foam with lower density (0.3 g·cm−3) was reported
by Ling et al. [55]. The foaming process significantly elevated the specific EMI SE from
17 to 44 dB·g−1·cm−3 owing to the accumulation and orientation of graphene on the cell
wall during the cell growth. About 90.6 to 98.9% of electromagnetic energy was absorbed
by the microcellular. Nevertheless, high loading of carbon nanofillers is usually required
to improve the EMI SE, which unavoidably leads to a complicated manipulation process
and obtains a fragile composite. Zeng et al. [56] prepared a lightweight and anisotropic
MWCNT/WPU composite. They studied the structure-property relationship between the
different porous orientation and shielding capability. The results implied that the high
conductive filler is beneficial for the EMI shielding performance. To solve the problem,
Chen et al. [57] built a 3D carbon nanotube sponge as the 3D reinforcement and conductive
network, which achieved a remarkable conductivity of 148 S·m−1 and a prominent EMI
SE of around 33 dB with only 0.66 wt% loading of CNT sponge at an ultrathin thickness
(2 mm). Li et al. [90] fabricated a core-shell graphene-bridge hollow MXenes spheres
(RGO/Ti3C2Tx) 3D foam with high EM absorption capability. The unique heterostructure
is formed by grafting RGO on the surface of Ti3C2Tx. The defects, such as the boundaries,
stacking faults, and surface functional groups can enhance the polarization loss. Foams,
aerogels, and sponges with numerous internal pores, enhance the multiple reflection loss,
decline the fillers contents, and widen the frequency bandwidth. The 3D porous structure
can prevent the EM waves from reflecting or penetrating before being absorbed.

In summary, the decent conductive and dielectric properties of the carbon-based
composites contribute to good conductive loss and dielectric loss owing to their high degree
of graphitization. Moreover, the design of the carbon-based absorbers with hierarchical
architectures, high surface area, and heterogenous structures can facilitate the interfacial
polarization loss. In addition, the development of carbon/magnetic hybrids is one of
the most effective strategies to boost the impedance match due to the synergetic effect of
magnetic loss and dielectric loss.

3.2. Other Conductive Materials
3.2.1. MXenes-Based Materials

MXenes, a novel family of 2D early transition carbides/nitrides/carbonitrides, are
firstly prepared in 2011 by selectively etching certain components from their layered MAX
phase [91]. Due to the large surface area, outstanding electrochemical properties, decent
mechanical strength and metallic conductivity [92–94] MXenes has been regarded as an
alternative for superior EMI shielding and absorption materials.

It has been proved that the EMI shielding effectiveness and microwave absorption of
the Ti3C2Tx is higher than those of precursor TiAlC2 [95,96]. The enhanced reflection loss
value is predominantly ascribed to the presence of the surface functional groups, defects,
and multiple interfaces in-between the layers, which gives rise to polarization loss, and
thus significantly contributes to dielectric loss [97,98]. In addition, a different layer number
has caused considerable influence on the conductive and dielectric capability. It has been
demonstrated that the conductivity of the single-layered Ti3C2Tx is comparable to graphene
and is two orders of magnitude higher than MoS2 [99]. Furthermore, Lipatov et al. [100]
confirmed that the conductivity of single flake is one order of magnitude higher than that
of the bulk Ti3C2Tx. Consequently, the imaginary part of the relative permittivity of the
single-layered and few-layered Ti3C2Tx is higher than that of the multi-layered Ti3C2Tx,
and different conduction loss capability can be anticipated.

Most MXenes-based absorbers use the single-layered and few-layered Ti3C2Tx with
soft polymer matrices (cellulose [101,102] and elastomer [93,94]). Cao et al. [101] fabricated
ultrathin and highly flexible MXenes/cellulose nanofiber (CNF) paper with nacre-like
lamellar structure (Figure 6a). The paper not only ensured an excellent EMI shielding
efficiency (up to 25.8 dB) and high electrical conductivity (up to 739.4 S·m−1) at a thickness
of only 47 µm but also presented excellent tensile strength (up to 135.4 MPa) and fracture
strain (up to 16.7%) (Figure 6b). It is noteworthy that CNF with a 1D structure acts as the
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binding agent to connect delaminated Ti3C2Tx (d- Ti3C2Tx) with a 2D structure to form the
anisotropic interconnection networks with less insulating contacts leading to the enhanced
mechanical strength. The nacre-like lamellar structure provides more interface contact for
the incident wave, which facilitates the multiple internal reflection. In pursuit of further
enhancing the EMI shielding performance with decent mechanical strength, Cao’s group
prepared an ultrathin and flexible carbon nanotubes/MXenes/cellulose composite paper
with gradient and sandwich structure [102]. To analyze the influence of the sandwich
structure and gradient structure on EMI SE enhancement, the paper was prepared with a
symmetric layered structure and two-layered CM composite with various Ti3C2 contents.
The results demonstrated that the sandwich structure is more favorable for the improve-
ment in EMI SE. The gradient structure showed a distinct effect on the value of SEA and SER.
As a result, the sandwich structure is a good candidate for preparing layered composites.
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higher than that of the MXene film (53 dB) (Figure 6d). Recently, ultralight MXene aero-
gel/wood-derived porous carbon composites with “mortar/brick” structures (Figure 6e) 
was reported [103]. The EMI SE reached up to 71.3 dB (Figure 6f). The unique structure of 
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Figure 6. (a) SEM images of d-Ti3C2Tx/CNF composite paper with different content of Ti3C2Tx, (b) Ef-
fect of d-Ti3C2Tx content on the EMI SE of the d-Ti3C2Tx/CNF composite paper sheets with different
d-Ti3C2Tx contents and different thicknesses in the X-band region. Reproduced with permission
from Cao et al. [102], Binary strengthening and toughening of MXene/cellulose nanofiber composite
paper with nacre-inspired structure and superior electromagnetic interference shielding properties;
published by American Chemical Society, 2018. (c) SEMs image of MXene foam, (d) EMI SE of
the MXene foams with different thicknesses. Reproduced with permission from Liu et al. [11], Hy-
drophobic, flexible, and lightweight MXene foams for high-performance electromagnetic-interference
shielding; published by John Wiley & Sons, 2017. (e) SEMs image of MXene aerogel/WPC composites,
(f) EMI SE of MXene aerogel/WPC composites. Reproduced with permission from Liang et al. [103],
Ultra-light MXene aerogel/wood-derived porous carbon composites with wall-like “mortar/brick”
structures for electromagnetic interference shielding; published by Elsevier, 2020.

Porous foams and aerogels are highly suitable because of their low density and
enormous interfaces. Liu et al. [11] employed LiF/HCl-etching treatment of Ti3C2Tx to
prepare a hydrophobic MXene foam (Figure 6c). Due to the high electrical conductiv-
ity and the increased thickness, the ultimate EMI SE was enhanced and reached up to
~70 dB, much higher than that of the MXene film (53 dB) (Figure 6d). Recently, ultralight
MXene aerogel/wood-derived porous carbon composites with “mortar/brick” structures
(Figure 6e) was reported [103]. The EMI SE reached up to 71.3 dB (Figure 6f). The unique
structure of the hybrid composite greatly stabilizes the MXene aerogel networks, as well
as prolonging the transmission paths of the electromagnetic waves and dissipating the
incident waves into heat energy. 1D continuous carbon nanostructure speeds up the elec-
tron transport and enhances the impedance matching between the composites and air.
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Moreover, MXene aerogel network inside of the cell of the wood-derived porous carbon
provides more interfaces, which induces the interfacial polarization. The multi-scattering
mechanism in the composites boosts the absorption performance. Moreover, the heat
treatment of MXene decreases the hydroxyl groups, meanwhile forming the amorphous
carbon without destruction of the 2D structure, which has a positive effect on conductive
loss due to the increased electronic conductivity [104]. Furthermore, the anatase and rutile
TiO2 nanocrystals and amorphous carbon optimizes the impedance match with free space
and generated dielectric dipole interaction at multi-interfaces [105].

Those works provide the guideline for the MXene-derived absorber with green and
sustainable lignocellulose. The film and the aerogel in range of the micro-nano scale can
further assemble with other dielectric or magnetic layers to obtain hierarchical structure to
elevate the EM absorption capability.

3.2.2. Conductive Polymer

Conductive polymer, a type of organic material with highly π-conjugated polymeric
chains, such as polyaniline (PANI), polypyrrole (PPy), polyacetylene (Pan), etc., has at-
tracted much attention for EMI shielding application, as it provides the ability to efficiently
switch between the redox states, excellent ion-exchange property, and controllable electrical
conductivity [106]. In addition, the organic conductive polymer also undergoes a swelling,
contraction, and cracking process so that it can influence their mechanical and electrical
properties in turn. The inferior position can be improved by hybridizing other materials
with merits of high mechanical strength, conductive, and magnetic property, such as cellu-
lose, carbon nanotube, graphene, and magnetic medium [107,108]. A cellulose skeleton
with 3D structure was fabricated with PANI conducting polymer cladding on its surface
with high EM absorption characteristic and thermal insulation property [109]. Due to the
large surface area, the large contact area will be exposed between material and air, leading
to a space charge polarization, boosting the microwave to be dissipated. While PANI has a
higher infrared reflectance and a lower microwave reflectance, the hybrid aerogel exhibits
strong microwave loss and is compatible with thermal insulation.

Wu et al. [12] developed graphene foam (GF)/poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT: PSS) composites through drop coating on cellular-structured
GFs. The results indicated that the electrical conductivity of the composites was raised
after introducing the GFs to the PEDOT: PSS. The EMI SE of GF/ (PEDOT: PSS) could be
over 90 dB. In regard to the conductive polymer, the heterogeneity not only enhances the
dielectric permittivity but also leads to an unordered motion of charge carrier along the
chain of the conductive polymer, which improves microwave absorption.

3.3. Magnetic Materials

Magnetic materials are good candidates for magnetic attenuative sources in EMI
shielding materials due to the high magnetic saturation and low coercivity [110,111]. High
magnetic permeability endows the magnetic components with high additional magnetic
loss besides the improvement of the impedance match, leading to an extended absorption
bandwidth [112]. At this point, various magnetic absorbents such as magnetic metals and
alloys, ferrites, as well as their composites have been studied to enhance the magnetic per-
meability and adjust dielectric permittivity for absorption enhancement [113], as displayed
in Table 2.

Liu et al. [116] fabricated 1D nickel nanochains with large saturation magnetization
and wide resonance. The optimum RL reached −50 dB, even at elevated temperatures
(Figure 7a,b). There is a synergistic effect of natural resonance, micro eddy current, and
interfacial polarization (Figure 7c). Interestingly, 2D Fe microplates have large shape
anisotropy, which can break Snoek’s limit [117]. The maximum RL of the single-component
Fe microplates is −43.4 dB, equaling to those of the multiple-components absorbers. For
magnetic alloy materials, the electron transfer and spin polarization between different
metal atoms in the magnetic alloy materials are helpful for the further enhancement of
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the absorbing capacity [127]. Cheng et al. [128] fabricated the FeCo alloys in which the
magnetic loss of the alloys is mainly arisen from natural resonance and exchange resonance.

Table 2. The EM loss mechanism of magnetic nanomaterials.

Classify Magnetic Materials Microstructure Electromagnetic Loss Mechanism Ref.

Ferrite

Fe3O4 Nanocrystal Natural resonance [114]

Fe3O4 Nanoring
Orientation/interface polarization,
dielectric loss, oscillation
resonance absorption

[13]

BaFe12O19/CoFe2O4 Hollow microrod High saturation magnetization of the soft
phase and high coercivity of the hard phase [115]

Magnetic metal

Ni Chain Natural resonance, micro eddy current,
interfacial polarization [116]

Fe Microplates Magnetic loss, conduction loss [117]

Ni Nanoparticle More interfacial polarization [118]

Magnetic alloy

Fe7Co3 Layer-like Magnetic loss is domain,
impedance matching [119]

CoNi Flower like Interfacial magnetic dipole interaction,
multiple scattering in the space woven [120]

Co20Ni80 Urchin-like Eddy-current loss, magnetic hysteresis loss [16]

MOF-derived material

Co/C Porous
Synthesized effects between the multiple
components and highly porous structure,
dielectric loss, magnetic loss

[19]

Fe-Co/graphene Dodecahedrons Dielectric loss, magnetic loss [121]

Ni/C Hollow
Electronic dipole polarization, multiple
refection, interfacial polarization,
conduction loss

[122]

Co-C/MWCNT Hollow Orientation-enhanced dielectric and
magnetic loss, impedance matching [123]

Ni@C@ZnO Yolk-shell
Schottky contact barrier intensifies the
interfacial polarization, magnetic-dielectric
synergistic effect

[124]

CoFe@carbon Fiber Abundant interfacial polarization,
multi-scattering, magnetic loss [125]

Co@NC@rGO Nanosheets Magnetic loss, interfacial polarization [126]

Ferrite can also exhibit excellent EM absorption properties, and present higher resis-
tivity (108–1012 Ω cm) than other magnetic metals or alloys. In this regard, it can avoid
the skin effect at high frequency [114]. Tong et al. [13] investigated the structure-property
relationship between the microwave absorption and the size of elliptical Fe3O4 nanorings
(NRs). Because the exciting electron generated by induced electromotive force and current
significantly enhanced the orientation/interface polarization in the ring cavity, the dielec-
tric loss of elliptical Fe3O4 nanorings depended on the long axis (Figure 7d–g), instead of
the defects, aspect ratio, and specific surface area [129]. Furthermore, the unique ring-like
configuration of the Fe3O4 NRs dramatically enhanced the multi-scattering, oscillation
resonance absorption, microantenna radiation, and interference loss, which contributes
to attenuate the energy of the EM wave (Figure 7h). It is difficult for single phase ferrite
to satisfy the demands of the EM absorber in the frequency range of 2–18 GHz. To cope
with the problem, Huang et al. [115] prepared hollow BaFe12O19/CoFe2O4 microrods with
excellent input impedance matching and efficient microwave absorption bandwidth. The
superior microwave absorption property is attributed to the high saturation magnetization
of the soft phase and high coercivity of the hard phase.
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In summary, the excellent magnetic properties based on the magnetic materials origi-
nates from the eddy current loss, natural resonances, and magnetic losses. Moreover, the
construction of the structures (i.e., core-shell structure, chain, elliptical nanoring) can also
inherit a certain of reflection loss. However, the higher density of the aforementioned
magnetic materials restricts them the possibility of EM absorption application.

3.4. Metal-Organic Framework (MOF)-Derived Materials

The shielding efficiency and EM absorption capacity of the materials depend on
the synergistic effects of electrical conductivity and the magnetism strength. Thus, it is
feasible to combine the dielectric matrix and magnetic materials to attenuate the EM
wave with a moderate permittivity and permeability [130–132]. Some conventional
composites have been fabricated and have served as absorption-dominated shielding
materials, such as RGO/PANI/Cu2O [133], NiFe2O4/rGO [134], Co-C-MWCNTs [135],
CoFe2O4/C/PANI [136], and so on. Nevertheless, there is still difficulty in achieving excel-
lent EM absorption capacity. The bottleneck is how to prepare the outstanding EM wave
absorption material by optimizing the composition and configuration in a simple way.

Metal-organic framework (MOF) materials, which are constructed from metal ion/clusters
(joint) and organic ligands (linker), stand for a new class of crystalline porous material with
periodic network structure [137–139]. Since the concept of MOF was first proposed by Yaghi’s
group in 1995 [140], MOF materials have attracted enormous research interests and have
been playing an important role in the development of new materials in gas absorption and
separation [141], catalysis [142,143], energy storage [144,145], and drug delivery [146], due
to their high porosity and large surface area with well-dispersed features. Recently, MOF-
derived composites have been demonstrated to be promising candidates for wave absorbers
owing to its rich magnetic metal nodes and highly conductive carbon after thermal anneal-
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ing [19,121,122,147], as displayed in Table 2. A porous structure with large surface areas and
sufficient porosity leads to the lowering of the permittivity [123,148]. On the one hand, the
massive continuous hollows serve as polarization centers, further enhancing the dielectric loss
ability [149,150]. On the other hand, graphite-like crystal can be prepared with metal catalysis
during the pyrolysis, thereby enhancing the dielectric loss ability of the material. Meanwhile,
the magnetic ions (Fe, Co, Ni) can be converted into the magnetic metals, enhancing the
magnetic loss. Furthermore, the structural and compositional tunability endows MOF as an
excellent choice in EMI shielding field.

Xiang et al. [17] prepared the nanoporous Fe3O4@NPC composites from Fe-MOF (Fig-
ure 8a). After annealing treatment, its structure remained the same as before (Figure 8b,c).
The RL value and the attenuation constant of the composite increased with the increased
calcination temperature (Figure 8e,f), which was attributed to the synergistic effect of the
dielectric loss and the magnetic loss. Furthermore, the heterointerfaces between Fe3O4 and
the carbon medium boost the interfacial polarization and associated relaxation, thereby
enhancing the interior multi-refection. (Figure 8d). It is also favorable to a construct
yolk-shell structure with a distinct layered configuration for EM wave absorption. Wang
et al. [124] designed a hierarchical multi-interfacial Ni@C@ZnO microsphere after an-
nealing the bimetallic Ni-Zn-MOF, which possessed the “Schottky contact barrier” in the
MOF-derived Ni@C@ZnO ternary composites (Figure 8g). The core-shell Ni@C micro-units
and ZnO flakes were assembled to form a unique yolk-shell microsphere. The Schottky
contact barrier at the Ni@C-ZnO interface intensified the interfacial polarization. By taking
advantage of the magnetic-dielectric synergistic effect, the optimal bimetallic Ni@C@ZnO
composites exhibited outstanding EM wave absorption and showed the maximum of RL
at 2.5 mm (Figure 8h). The effective wave absorption bandwidth (RL ≤ 10 dB) covered
4.1 GHz with a low mass ratio of 25%.
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Figure 8. (a) The schematic illustration of the Fe3O4@NPC composites formation process. (b) SEM images, (c) low mag-
nification TEM image of Fe3O4@NPC composites. (d) Schematic of the electromagnetic wave absorption mechanism.
Frequency-dependent (e) attenuation constant and (f) RL. Reproduced with permission from Xiang et al. [17], Enhanced
electromagnetic wave absorption of nanoporous Fe3O4@carbon composites derived from metal-organic frameworks; pub-
lished by Elsevier, 2019. (g) SEM image and the illustration of the yolk-shell Ni@C@ZnO microspheres. (h) The microwave
absorption mechanism. Reproduced with permission from Wang et al. [122], MOF-derived yolk-shell Ni@C@ZnO Schottky
contact structure for enhanced microwave absorption; published by Elsevier, 2020.

Generally speaking, similar to conventional magnetic carbon hybrid materials, the
absorption capability of MOF is arisen from the impedance matching and the dual-loss
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mechanism. Both the conductive medium with superior dielectric properties and the
magnetic medium with the good magnetic properties possess excellent dielectric loss and
magnetic loss, thus enhancing the impedance matching and the EM absorption. More-
over, the heterogeneous interfaces between conductive materials and magnetic materials
promote the interfacial polarization, increase the scattering of waves, and enhance the
microwave attenuation.

4. Conclusions and Outlook

In summary, several kinds of nanomaterials with superior EM wave absorption ca-
pabilities have been systematically reviewed herein along with the critical comments on
the EM wave absorbing behaviors of various composites from the loss mechanism and
assembling configuration perspectives. Besides, the conduction loss from the conductive
materials and magnetic loss from the magnetic components, the highly porous structures
with boosted surface area promote the surface scattering and multiple reflection, while the
core-shell configurations enhance the interfacial polarizations. Additionally, the abundant
heteroatomic dopants introduce dipolar polarization from a view of atoms and surrounding
electronic clouds. A synergistic optimization of the aforementioned materials can signifi-
cantly widen the effective bandwidth, facilitate the absorbing/shielding capability, lower
the matching thickness, and minimize the filling ratio in the paraffin matrix. However,
there is limited research on the fabrication of multicomponent hybrid EM wave absorber.
It is imperative to develop the wave absorbers with tailored and well-defined structures
such as uniform pore size and hierarchical architecture at multiple levels through the
structure-property relationship from a fundamental point of view. It is highly desirable
that the absorbers can offer a myriad of merits such as being light-weight, flexible, tough,
environmentally friendly, and low-cost, which is greatly important for future practical
applications especially in portable electronic devices.
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29. Kalkan Erdoğan, M.; Karakışla, M.; Saçak, M. Polypyrrole and silver particles coated poly(ethylene terephthalate) nonwoven
composite for electromagnetic interference shielding. J. Compos. Mater. 2018, 52, 1353–1362. [CrossRef]

http://doi.org/10.1039/C7TC01502J
http://doi.org/10.1016/j.compositesb.2017.05.037
http://doi.org/10.1039/C5TC02185E
http://doi.org/10.1039/c4ta01715c
http://doi.org/10.1016/j.carbon.2015.08.011
http://doi.org/10.1021/acsami.7b00951
http://www.ncbi.nlm.nih.gov/pubmed/28317374
http://doi.org/10.1002/adma.201702367
http://doi.org/10.1021/acsami.7b01017
http://doi.org/10.1063/1.4942095
http://doi.org/10.1016/j.jallcom.2017.12.086
http://doi.org/10.1002/adfm.201807398
http://doi.org/10.1039/C4NR05547K
http://www.ncbi.nlm.nih.gov/pubmed/25515025
http://doi.org/10.1016/j.carbon.2018.10.014
http://doi.org/10.1016/j.cej.2017.09.139
http://doi.org/10.1021/acsami.5b03177
http://doi.org/10.1039/C6TC03430F
http://doi.org/10.1016/j.compositesa.2017.05.009
http://doi.org/10.1021/am900893d
http://doi.org/10.1016/j.carbon.2016.10.026
http://doi.org/10.1007/s12043-015-1005-9
http://doi.org/10.1007/s10853-020-05518-1
http://doi.org/10.1002/adma.201400108
http://www.ncbi.nlm.nih.gov/pubmed/24648151
http://doi.org/10.1007/s12034-008-0150-x
http://doi.org/10.1039/C7SE00254H
http://doi.org/10.1177/0021998317724859


Materials 2021, 14, 4148 19 of 23

30. Wang, Y.; Du, Y.C.; Xu, P.; Qiang, R.; Han, X.J. Recent advances in conjugated polymer-based microwave absorbing materials.
Polymers 2017, 9, 29. [CrossRef]

31. Kim, S.S.; Jo, S.B.; Gueon, K.I.; Choi, K.K.; Kim, J.M.; Churm, K.S. Complex permeability and permittivity and microwave
absorption of ferrite-rubber composite at X-band frequencies. IEEE Trans. Magn. 1991, 27, 5462–5464. [CrossRef]

32. Wei, Y.; Liu, H.J.; Liu, S.C.; Zhang, M.M.; Shi, Y.P.; Zhang, J.W.; Zhang, L.; Gong, C.H. Waste cotton-derived magnetic porous
carbon for high-efficiency microwave absorption. Compos. Commun. 2018, 9, 70–75. [CrossRef]

33. Wen, B.; Cao, M.S.; Hou, Z.L.; Song, W.L.; Zhang, L.; Lu, M.M.; Jin, H.B.; Fang, X.Y.; Wang, W.Z.; Yuan, J. Temperature dependent
microwave attenuation behavior for carbon-nanotube/silica composites. Carbon 2013, 65, 124–139. [CrossRef]

34. Phang, S.W.; Hino, T.; Abdullah, M.H.; Kuramoto, N. Applications of polyaniline doubly doped with p-toluene sulphonic acid
and dichloroacetic acid as microwave absorbing and shielding materials. Mater. Chem. Phys. 2007, 104, 327–335. [CrossRef]

35. Zhao, H.Q.; Cheng, Y.; Ma, J.N.; Zhang, Y.N.; Ji, G.B.; Du, Y.W. A sustainable route from biomass cotton to construct lightweight
and high-performance microwave absorber. Chem. Eng. J. 2018, 339, 432–441. [CrossRef]

36. Zhao, Y.T.; Liu, L.; Jiang, K.D.; Fan, M.T.; Jin, C.; Han, J.; Wu, W.H.; Tong, G.X. Distinctly enhanced permeability and excellent
microwave absorption of expanded graphite/Fe 3 O4 nanoring composites. RSC Adv. 2017, 7, 11561–11567. [CrossRef]

37. Du, Y.C.; Liu, W.W.; Qiang, R.; Wang, Y.; Han, X.J.; Ma, J.; Xu, P. Shell thickness-dependent microwave absorption of core–shell
Fe3O4@C composites. ACS Appl. Mater. Interfaces 2014, 6, 12997–13006. [CrossRef]

38. Cao, M.S.; Cai, Y.Z.; He, P.; Shu, J.C.; Cao, W.Q.; Yuan, J. 2D MXenes: Electromagnetic property for microwave absorption and
electromagnetic interference shielding. Chem. Eng. J. 2018, 359, 1265–1302. [CrossRef]

39. Liang, L.Y.; Han, G.J.; Li, Y.; Zhao, B.; Zhou, B.; Feng, Y.Z.; Ma, J.M.; Wang, Y.M.; Zhang, R.; Liu, C.T. Promising Ti3C2Tx
MXene/Ni chain hybrid with excellent electromagnetic wave absorption and shielding capacity. ACS Appl. Mater. Interfaces 2019,
11, 25399–25409. [CrossRef]

40. Arjmand, M.; Apperley, T.; Okoniewski, M.; Sundararaj, U. Comparative study of electromagnetic interference shielding
properties of injection molded versus compression molded multi-walled carbon nanotube/polystyrene composites. Carbon 2012,
50, 5126–5134. [CrossRef]

41. Wu, H.Y.; Jia, L.C.; Yan, D.X.; Gao, J.F.; Zhang, X.P.; Ren, P.G.; Li, Z.M. Simultaneously improved electromagnetic interference
shielding and mechanical performance of segregated carbon nanotube/polypropylene composite via solid phase molding.
Compos. Sci. Technol. 2017, 156, 87–94. [CrossRef]

42. Xi, J.B.; Li, Y.L.; Zhou, E.Z.; Liu, Y.J.; Gao, W.W.; Guo, Y.; Ying, J.; Chen, Z.C.; Chen, G.G.; Gao, C. Graphene aerogel films with
expansion enhancement effect of high-performance electromagnetic interference shielding. Carbon 2018, 135, 44–51. [CrossRef]

43. Yilmaz, A.C.; Ozen, M.S.; Sancak, E.; Erdem, R.; Erdem, O.; Soin, N. Analyses of the mechanical, electrical and electromagnetic
shielding properties of thermoplastic composites doped with conductive nanofillers. J. Compos. Mater. 2018, 52, 1423–1432.
[CrossRef]

44. Zang, Y.J.; Xia, S.X.; Li, L.W.; Ren, G.Z.; Chen, Q.P.; Quan, H.Y.; Wu, Q.L. Microwave absorption enhancement of rectangular
activated carbon fibers screen composites. Compos. Part B Eng. 2015, 77, 371–378. [CrossRef]

45. Jiao, Y.; Wan, C.C.; Wu, Y.Q.; Han, J.Q.; Bao, W.H.; Gao, H.; Wang, Y.X.; Li, J. Ultra-high rate capability of nanoporous carbon
network@V2O5 sub-micron brick composite as a novel cathode material for asymmetric supercapacitors. Nanoscale 2020, 12,
23213–23224. [CrossRef]

46. Zeng, X.; Cheng, X.Y.; Yu, R.H.; Stucky, G.D. Electromagnetic microwave absorption theory and recent achievements in microwave
absorbers. Carbon 2020, 168, 606–623. [CrossRef]

47. Feng, X.; Qin, X.; Liu, D.; Huang, Z.; Zhou, Y.; Lan, W.; Lu, F.H.; Qi, H. High electromagnetic interference shielding effectiveness
of carbon nanotube–cellulose composite films with layered structures. Macromol. Mater. Eng. 2018, 303, 1800377. [CrossRef]

48. Lu, M.M.; Wang, X.X.; Cao, W.Q.; Yuan, J.; Cao, M.S. Carbon nanotube-CdS core–shell nanowires with tunable and high-efficiency
microwave absorption at elevated temperature. Nanotechnology 2016, 27, 065702. [CrossRef] [PubMed]

49. Jia, L.C.; Xu, L.; Ren, F.; Ren, P.G.; Yan, D.X.; Li, Z.M. Stretchable and durable conductive fabric for ultrahigh performance
electromagnetic interference shielding. Carbon 2019, 144, 101–108. [CrossRef]

50. Zhou, W.; Long, L.; Li, Y. Mechanical and electromagnetic wave absorption properties of Cf-Si3N4 ceramics with PyC/SiC
interphases. J. Mater. Sci. Technol. 2019, 35, 2809–2813. [CrossRef]

51. Chu, Z.; Cheng, H.; Xie, W.; Sun, L. Effects of diameter and hollow structure on the microwave absorption properties of short
carbon fibers. Ceram. Int. 2012, 38, 4867–4873. [CrossRef]

52. Yang, W.; Zhao, Z.; Wu, K.; Huang, R.; Liu, T.; Jiang, H.; Chen, F.; Fu, Q. Ultrathin flexible reduced graphene oxide/cellulose
nanofiber composite films with strongly anisotropic thermal conductivity and efficient electromagnetic interference shielding. J.
Mater. Chem. C 2017, 5, 3748–3756. [CrossRef]

53. Wan, Y.J.; Zhu, P.L.; Yu, S.H.; Sun, R.; Wong, C.P.; Liao, W.H. Graphene paper for exceptional EMI shielding performance using
large-sized graphene oxide sheets and doping strategy. Carbon 2017, 122, 74–81. [CrossRef]

54. Chen, C.Y.; Pu, N.W.; Liu, Y.M.; Huang, S.Y.; Wu, C.H.; Ger, M.D.; Gong, Y.J.; Chou, Y.C. Remarkable microwave absorption
performance of graphene at a very low loading ratio. Compos. Part B Eng. 2017, 114, 395–403. [CrossRef]

55. Ling, J.; Zhai, W.; Feng, W.; Shen, B.; Zhang, J.; Zheng, W. Facile preparation of lightweight microcellular polyetherimide/graphene
composite foams for electromagnetic interference shielding. ACS Appl. Mater. Interfaces 2013, 5, 2677–2684. [CrossRef] [PubMed]

http://doi.org/10.3390/polym9010029
http://doi.org/10.1109/20.278872
http://doi.org/10.1016/j.coco.2018.06.007
http://doi.org/10.1016/j.carbon.2013.07.110
http://doi.org/10.1016/j.matchemphys.2007.03.031
http://doi.org/10.1016/j.cej.2018.01.151
http://doi.org/10.1039/C7RA00334J
http://doi.org/10.1021/am502910d
http://doi.org/10.1016/j.cej.2018.11.051
http://doi.org/10.1021/acsami.9b07294
http://doi.org/10.1016/j.carbon.2012.06.053
http://doi.org/10.1016/j.compscitech.2017.12.027
http://doi.org/10.1016/j.carbon.2018.04.041
http://doi.org/10.1177/0021998317752503
http://doi.org/10.1016/j.compositesb.2015.03.059
http://doi.org/10.1039/D0NR04000B
http://doi.org/10.1016/j.carbon.2020.07.028
http://doi.org/10.1002/mame.201800377
http://doi.org/10.1088/0957-4484/27/6/065702
http://www.ncbi.nlm.nih.gov/pubmed/26685017
http://doi.org/10.1016/j.carbon.2018.12.034
http://doi.org/10.1016/j.jmst.2019.07.002
http://doi.org/10.1016/j.ceramint.2012.02.077
http://doi.org/10.1039/C7TC00400A
http://doi.org/10.1016/j.carbon.2017.06.042
http://doi.org/10.1016/j.compositesb.2017.02.016
http://doi.org/10.1021/am303289m
http://www.ncbi.nlm.nih.gov/pubmed/23465462


Materials 2021, 14, 4148 20 of 23

56. Zeng, Z.; Jin, H.; Chen, M.; Li, W.; Zhou, L.; Zhang, Z. Lightweight and anisotropic porous MWCNT/WPU composites for
ultrahigh performance electromagnetic interference shielding. Adv. Funct. Mater. 2016, 26, 303–310. [CrossRef]

57. Chen, Y.; Zhang, H.B.; Yang, Y.; Wang, M.; Cao, A.; Yu, Z.Z. High-performance epoxy nanocomposites reinforced with three-
dimensional carbon nanotube sponge for electromagnetic interference shielding. Adv. Funct. Mater. 2016, 26, 447–455. [CrossRef]

58. Chen, H.; Huang, Z.; Huang, Y.; Zhang, Y.; Ge, Z.; Qin, B.; Liu, Z.; Shi, Q.; Xiao, P.; Yang, Y.; et al. Synergistically assembled
MWCNT/graphene foam with highly efficient microwave absorption in both C and X bands. Carbon 2017, 124, 506–514.
[CrossRef]

59. Wang, Y.; Gao, X.; Fu, Y.; Wu, X.; Wang, Q.; Zhang, W.; Luo, C. Enhanced microwave absorption performances of polyani-
line/graphene aerogel by covalent bonding. Compos. Part B Eng. 2019, 169, 221–228. [CrossRef]

60. Yang, X.; Biswas, S.K.; Han, J.; Tanpichai, S.; Li, M.; Chen, C.; Zhu, S.; Das, A.K.; Yano, H. Surface and interface engineering for
nanocellulosic advanced materials. Adv. Mater. 2020. [CrossRef]

61. Li, M.; Fan, X.; Xu, H.; Ye, F.; Xue, J.; Li, X.; Cheng, L. Controllable synthesis of mesoporous carbon hollow microsphere twined by
CNT for enhanced microwave absorption performance. J. Mater. Sci. Technol. 2020, 59, 164–172. [CrossRef]

62. Xu, Y.; Zhang, D.; Cai, J.; Yuan, L.; Zhang, W. Effects of multi-walled carbon nanotubes on the electromagnetic absorbing
characteristics of composites filled with carbonyl iron particles. J. Mater. Sci. Technol. 2012, 28, 34–40. [CrossRef]

63. Shen, Q.; Li, H.; Lin, H.; Li, L.; Li, W.; Song, Q. Simultaneously improving the mechanical strength and electromagnetic
interference shielding of carbon/carbon composites by electrophoretic deposition of SiC nanowires. J. Mater. Chem. C 2018, 6,
5888–5899. [CrossRef]

64. Yao, Y.; Shiu, K.K. Electron-transfer properties of different carbon nanotube materials, and their use in glucose biosensors. Anal.
Bioanal. Chem. 2006, 387, 303–309. [CrossRef]

65. Chung, D.D.L. Electromagnetic interference shielding effectiveness of carbon materials. Carbon 2001, 39, 279–285. [CrossRef]
66. Ameli, A.; Nofar, M.; Park, C.B.; Pötschke, P.; Rizvi, G. Polypropylene/carbon nanotube nano/microcellular structures with high

dielectric permittivity, low dielectric loss, and low percolation threshold. Carbon 2014, 71, 206–217. [CrossRef]
67. Li, N.; Huang, Y.; Du, F.; He, X.; Lin, X.; Gao, H.; Ma, Y.; Li, F.; Chen, Y.; Eklund, P.C. Electromagnetic interference (EMI) shielding

of single-walled carbon nanotube epoxy composites. Nano Lett. 2006, 6, 1141–1145. [CrossRef]
68. Huang, Y.; Li, N.; Ma, Y.; Du, F.; Li, F.; He, X.; Lin, X.; Gao, H.; Chen, Y. The influence of single-walled carbon nanotube structure

on the electromagnetic interference shielding efficiency of its epoxy composites. Carbon 2007, 45, 1614–1621. [CrossRef]
69. Yu, X.; Zhang, Y.; Wang, L.; Xing, L.; You, W.; Liu, J.; Chen, G.; Ding, G.; Ding, J.; Liu, X.; et al. Improved microwave absorption

performance of a multi-dimensional Fe2O3/CNTCM@CN assembly achieved by enhanced dielectric relaxation. J. Mater. Chem. C
2020, 8, 5715–5726. [CrossRef]

70. Zhang, K.; Yu, H.O.; Shi, Y.D.; Chen, Y.F.; Zeng, J.B.; Guo, J.; Wang, B.; Guo, Z.; Wang, M. Morphological regulation improved
electrical conductivity and electromagnetic interference shielding in poly(L-lactide)/poly(ε-caprolactone)/carbon nanotube
nanocomposites via constructing stereocomplex crystallites. J. Mater. Chem. C 2017, 5, 2807–2817. [CrossRef]

71. Zhang, K.; Li, G.H.; Feng, L.M.; Wang, N.; Guo, J.; Sun, K.; Yu, K.X.; Zeng, J.B.; Li, T.; Guo, Z.; et al. Ultralow percolation threshold
and enhanced electromagnetic interference shielding in poly(L-lactide)/multi-walled carbon nanotube nanocomposites with
electrically conductive segregated networks. J. Mater. Chem. C 2017, 5, 9359–9369. [CrossRef]

72. Gholampoor, M.; Movassagh-Alanagh, F.; Salimkhani, H. Fabrication of nano-Fe3O4 3D structure on carbon fibers as a microwave
absorber and EMI shielding composite by modified EPD method. Solid State Sci. 2017, 64, 51–61. [CrossRef]

73. Chukov, D.I.; Stepashkin, A.A.; Maksimkin, A.V.; Tcherdyntsev, V.V.; Kaloshkin, S.D.; Kuskov, K.V.; Bugakov, V.I. Investigation of
structure, mechanical and tribological properties of short carbon fiber reinforced UHMWPE-matrix composites. Compos. Part B
Eng. 2015, 76, 79–88. [CrossRef]

74. Kotsilkova, R.; Ivanov, E.; Bychanok, D.; Paddubskaya, A.; Demidenko, M.; Macutkevic, J.; Maksimenko, S.; Kuzhir, P. Effects
of sonochemical modification of carbon nanotubes on electrical and electromagnetic shielding properties of epoxy composites.
Compos. Sci. Technol. 2015, 106, 85–92. [CrossRef]

75. Lei, X.; Zhang, X.; Song, A.; Gong, S.; Wang, Y.; Luo, L.; Li, T.; Zhu, Z.; Li, Z. Investigation of electrical conductivity and
electromagnetic interference shielding performance of Au@CNT/sodium alginate/polydimethylsiloxane flexible composite.
Compos. Part A Appl. Sci. Manuf. 2020, 130, 105762. [CrossRef]

76. Tang, J.; Bi, S.; Wang, X.; Hou, G.L.; Su, X.J.; Liu, C.H.; Lin, Y.Y.; Li, H. Excellent microwave absorption of carbon black/reduced
graphene oxide composite with low loading. J. Mater. Sci. 2019, 54, 13990–14001. [CrossRef]

77. Saleem, H.; Edathil, A.; Ncube, T.; Pokhrel, J.; Khoori, S.; Abraham, A.; Mittal, V. Mechanical and thermal properties of
thermoset-graphene nanocomposites. Macromol. Mater. Eng. 2016, 301, 231–259. [CrossRef]

78. Ghosh, S.; Calizo, I.; Teweldebrhan, D.; Pokatilov, E.P.; Nika, D.L.; Balandin, A.A.; Bao, W.; Miao, F.; Lau, C.N. Extremely high
thermal conductivity of graphene: Prospects for thermal management applications in nanoelectronic circuits. Appl. Phys. Lett.
2008, 92, 151911. [CrossRef]

79. Yang, Q. Thermal conductivity of Graphene-polymer composites: Implications for thermal management. Heat Mass Transf. 2020,
56, 1931–1945. [CrossRef]

80. Sim, H.J.; Lee, D.W.; Kim, H.; Jang, Y.; Spinks, G.M.; Gambhir, S.; Officer, D.L.; Wallace, G.G.; Kim, S.J. Self-healing graphene
oxide-based composite for electromagnetic interference shielding. Carbon 2019, 155, 499–505. [CrossRef]

http://doi.org/10.1002/adfm.201503579
http://doi.org/10.1002/adfm.201503782
http://doi.org/10.1016/j.carbon.2017.09.007
http://doi.org/10.1016/j.compositesb.2019.04.008
http://doi.org/10.1002/adma.202002264
http://doi.org/10.1016/j.jmst.2020.04.048
http://doi.org/10.1016/S1005-0302(12)60020-6
http://doi.org/10.1039/C8TC01313F
http://doi.org/10.1007/s00216-006-0924-1
http://doi.org/10.1016/S0008-6223(00)00184-6
http://doi.org/10.1016/j.carbon.2014.01.031
http://doi.org/10.1021/nl0602589
http://doi.org/10.1016/j.carbon.2007.04.016
http://doi.org/10.1039/D0TC00941E
http://doi.org/10.1039/C7TC00389G
http://doi.org/10.1039/C7TC02948A
http://doi.org/10.1016/j.solidstatesciences.2016.12.005
http://doi.org/10.1016/j.compositesb.2015.02.019
http://doi.org/10.1016/j.compscitech.2014.11.004
http://doi.org/10.1016/j.compositesa.2019.105762
http://doi.org/10.1007/s10853-019-03902-0
http://doi.org/10.1002/mame.201500335
http://doi.org/10.1063/1.2907977
http://doi.org/10.1007/s00231-020-02821-0
http://doi.org/10.1016/j.carbon.2019.08.073


Materials 2021, 14, 4148 21 of 23

81. Yu, K.; Zeng, Y.; Wang, G.; Luo, X.; Li, T.; Zhao, J.; Qian, K.; Park, C.B. rGO/Fe3O4 hybrid induced ultra-efficient EMI shielding
performance of phenolic-based carbon foam. RSC Adv. 2019, 9, 20643–20651. [CrossRef]

82. Kumar, P.; Shahzad, F.; Yu, S.; Hong, S.M.; Kim, Y.H.; Koo, C.M. Large-area reduced graphene oxide thin film with excellent
thermal conductivity and electromagnetic interference shielding effectiveness. Carbon 2015, 94, 494–500. [CrossRef]

83. Shen, B.; Li, Y.; Yi, D.; Zhai, W.; Wei, X.; Zheng, W. Microcellular graphene foam for improved broadband electromagnetic
interference shielding. Carbon 2016, 102, 154–160. [CrossRef]

84. Wang, X.X.; Ma, T.; Shu, J.C.; Cao, M.S. Confinedly tailoring Fe3O4 clusters-NG to tune electromagnetic parameters and
microwave absorption with broadened bandwidth. Chem. Eng. J. 2018, 332, 321–330. [CrossRef]

85. Zhang, N.; Huang, Y.; Wang, M. Synthesis of graphene/thorns-like polyaniline/α-Fe2O3@SiO2 nanocomposites for lightweight
and highly efficient electromagnetic wave absorber. J. Colloid Interface Sci. 2018, 530, 212–222. [CrossRef] [PubMed]

86. Sheng, A.; Ren, W.; Yang, Y.; Yan, D.; Duan, H.; Zhao, G.; Liu, Y.; Li, Z.M. Multilayer WPU conductive composites with controllable
electro-magnetic gradient for absorption-dominated electromagnetic interference shielding. Compos. Part A Appl. Sci. Manuf.
2020, 129, 105692. [CrossRef]

87. Zhang, T.; Chen, X.; Yang, M.; Xu, X.; Sun, Y.; Li, Y.; Wang, J.; Wang, G. Three-dimensional rGO@sponge framework/paraffin wax
composite shape-stabilized phase change materials for solar-thermal energy conversion and storage. Sol. Energy Mater. Sol. Cells
2020, 215, 110600.

88. Wu, Y.; Zhu, J.; Huang, L. A review of three-dimensional graphene-based materials: Synthesis and applications to energy
conversion/storage and environment. Carbon 2019, 143, 610–640. [CrossRef]

89. Chen, C.; Zeng, S.; Han, X.; Tan, Y.; Feng, W.; Shen, H.; Peng, S.; Zhang, H. 3D carbon network supported porous SiOC ceramics
with enhanced microwave absorption properties. J. Mater. Sci. Technol. 2020, 54, 223–229. [CrossRef]

90. Li, X.; Yin, X.; Song, C.; Han, M.; Xu, H.; Duan, W.; Cheng, L.; Zhang, L. Self-assembly core-shell graphene-bridged hollow
MXenes spheres 3D foam with ultrahigh specific EM absorption performance. Adv. Funct. Mater. 2018, 28, 1803938. [CrossRef]

91. Naguib, M.; Kurtoglu, M.; Presser, V.; Lu, J.; Niu, J.; Heon, M.; Hultman, L.; Gogotsi, Y.; Barsoum, M.W. Two-dimensional
nanocrystals produced by exfoliation of Ti3AlC2. Adv. Mater. 2011, 23, 4248–4253. [CrossRef]

92. Xiong, D.; Li, X.; Bai, Z.; Lu, S. Recent advances in layered Ti3C2Tx MXene for electrochemical energy storage. Small 2018,
14, 1703419. [CrossRef] [PubMed]

93. Yan, J.; Ren, C.E.; Maleski, K.; Hatter, C.B.; Anasori, B.; Urbankowski, P.; Sarycheva, A.; Gogotsi, Y. Flexible MXene/graphene
films for ultrafast supercapacitors with outstanding volumetric capacitance. Adv. Funct. Mater. 2017, 27, 1701264. [CrossRef]

94. Liu, Y.; Zhang, S.; Su, X.; Xu, J.; Li, Y. Enhanced microwave absorption properties of Ti3C2 MXene powders decorated with Ni
particles. J. Mater. Sci. 2020, 55, 10339–10350. [CrossRef]

95. Qing, Y.; Zhou, W.; Luo, F.; Zhu, D. Titanium carbide (MXene) nanosheets as promising microwave absorbers. Ceram. Int. 2016,
42, 16412–16416. [CrossRef]

96. Li, X.; Yin, X.; Liang, S.; Li, M.; Cheng, L.; Zhang, L. 2D carbide MXene Ti2CTX as a novel high-performance electromagnetic
interference shielding material. Carbon 2019, 146, 210–217. [CrossRef]

97. Ye, F.; Song, Q.; Zhang, Z.; Li, W.; Zhang, S.; Yin, X.; Zhou, Y.; Tao, H.; Liu, Y.; Cheng, L.; et al. Direct growth of edge-rich graphene
with tunable dielectric properties in porous Si3N4 ceramic for broadband high-performance microwave absorption. Adv. Funct.
Mater. 2018, 28, 1707205. [CrossRef]

98. Naguib, M.; Mochalin, V.N.; Barsoum, M.W.; Gogotsi, Y. 25th anniversary article: MXenes: A new family of two-dimensional
materials. Adv. Mater. 2014, 26, 992–1005. [CrossRef]

99. Sang, X.; Xie, Y.; Lin, M.W.; Alhabeb, M.; Van, A.K.L.; Gogotsi, Y.; Kent, P.R.C.; Xiao, K.; Unocic, R.R. Atomic defects in monolayer
titanium carbide (Ti3C2Tx) MXene. ACS Nano 2016, 10, 9193–9200. [CrossRef]

100. Lipatov, A.; Alhabeb, M.; Lukatskaya, M.R.; Boson, A.; Gogotsi, Y.; Sinitskii, A. Effect of synthesis on quality, electronic properties
and environmental stability of individual monolayer Ti3C2 MXene flakes. Adv. Electron. Mater. 2016, 2, 1600255. [CrossRef]

101. Cao, W.T.; Chen, F.F.; Zhu, Y.J.; Zhang, Y.G.; Jiang, Y.Y.; Ma, M.G.; Chen, F. Binary strengthening and toughening of MX-
ene/Cellulose nanofiber composite paper with nacre-inspired structure and superior electromagnetic interference shielding
properties. ACS Nano 2018, 12, 4583–4593. [CrossRef]

102. Cao, W.T.; Ma, C.; Tan, S.; Ma, M.G.; Wan, P.B.; Chen, F. Ultrathin and flexible CNTs/MXene/cellulose nanofibrils composite
paper for electromagnetic interference shielding. Nano Micro Lett. 2019, 11, 72. [CrossRef]

103. Liang, C.; Qiu, H.; Song, P.; Shi, X.T.; Kong, J.; Gu, J.W. Ultra-light MXene aerogel/wood-derived porous carbon composites with
wall-like “mortar/brick” structures for electromagnetic interference shielding. Sci. Bull. 2020, 65, 616–622. [CrossRef]

104. Ji, B.; Fan, S.; Ma, X.; Hu, K.; Wang, L.; Luan, C.; Deng, J.; Cheng, L.; Zhang, L. Electromagnetic shielding behavior of heat-treated
Ti3C2Tx MXene accompanied by structural and phase changes. Carbon 2020, 165, 150–162. [CrossRef]

105. Han, M.K.; Yin, X.W.; Wu, H.; Hou, Z.X.; Song, C.Q.; Li, X.L.; Zhang, L.T.; Cheng, L.F. Ti3C2 MXenes with modified surface for
high-performance electromagnetic absorption and shielding in the X-band. ACS Appl. Mater. Interfaces 2016, 8, 21011–21019.
[CrossRef]

106. Gao, F.X.; Zhang, N.; Fang, X.D.; Ma, M.M. Bioinspired design of strong, tough, and highly conductive polyol-polypyrrole
composites for flexible electronics. ACS Appl. Mater. Interfaces 2017, 9, 5692–5698. [CrossRef] [PubMed]

107. Huang, J.N.; Cao, Y.H.; Shao, J.; Peng, X.F.; Guo, Z.H. Magnetic nanocarbon adsorbents with enhanced hexavalent chromium
removal: Morphology dependence of fibrillar vs particulate structures. Ind. Eng. Chem. Res. 2017, 56, 10689–10701. [CrossRef]

http://doi.org/10.1039/C9RA04244J
http://doi.org/10.1016/j.carbon.2015.07.032
http://doi.org/10.1016/j.carbon.2016.02.040
http://doi.org/10.1016/j.cej.2017.09.101
http://doi.org/10.1016/j.jcis.2018.06.088
http://www.ncbi.nlm.nih.gov/pubmed/29982013
http://doi.org/10.1016/j.compositesa.2019.105692
http://doi.org/10.1016/j.carbon.2018.11.053
http://doi.org/10.1016/j.jmst.2020.03.018
http://doi.org/10.1002/adfm.201803938
http://doi.org/10.1002/adma.201102306
http://doi.org/10.1002/smll.201703419
http://www.ncbi.nlm.nih.gov/pubmed/29399994
http://doi.org/10.1002/adfm.201701264
http://doi.org/10.1007/s10853-020-04739-8
http://doi.org/10.1016/j.ceramint.2016.07.150
http://doi.org/10.1016/j.carbon.2019.02.003
http://doi.org/10.1002/adfm.201707205
http://doi.org/10.1002/adma.201304138
http://doi.org/10.1021/acsnano.6b05240
http://doi.org/10.1002/aelm.201600255
http://doi.org/10.1021/acsnano.8b00997
http://doi.org/10.1007/s40820-019-0304-y
http://doi.org/10.1016/j.scib.2020.02.009
http://doi.org/10.1016/j.carbon.2020.04.041
http://doi.org/10.1021/acsami.6b06455
http://doi.org/10.1021/acsami.7b00717
http://www.ncbi.nlm.nih.gov/pubmed/28168873
http://doi.org/10.1021/acs.iecr.7b02835


Materials 2021, 14, 4148 22 of 23

108. Chen, J.H.; Xu, J.K.; Wang, K.; Qian, X.R.; Sun, R.C. Highly thermostable, flexible, and conductive films prepared from cellulose,
graphite, and polypyrrole nanoparticles. ACS Appl. Mater. Interfaces 2015, 7, 15641–15648. [CrossRef]

109. Zhang, Z.; Tan, J.W.; Gu, W.H.; Zhao, H.Q.; Zheng, J.; Zhang, B.S.; Ji, G.B. Cellulose-chitosan framework/polyailine hybrid
aerogel toward thermal insulation and microwave absorbing application. Chem. Eng. J. 2020, 395, 125190. [CrossRef]

110. Ghodake, J.S.; Kambale, R.C.; Shinde, T.J.; Maskar, P.K.; Suryavanshi, S.S. Magnetic and microwave absorbing properties of
Co2+ substituted nickel–zinc ferrites with the emphasis on initial permeability studies. J. Magn. Magn. Mater. 2016, 401, 938–942.
[CrossRef]

111. Zuo, Y.X.; Yao, Z.J.; Lin, H.Y.; Zhou, J.T.; Guo, X.L.; Gai, H.S. Synthesis and characterization of carbonyl iron@epoxy core–shell
microspheres for enhanced microwave absorption performance. J. Mater. Sci. 2019, 54, 11827–11840. [CrossRef]

112. Liu, L.; Zhang, H.; Li, J.C.; Shen, Y.H.; Wang, C.P.; Qiu, L.G.; Yuan, Y.P.; Xie, A.J. Porous Fe3O4/CuI/PANI nanosheets with
excellent microwave absorption and hydrophobic property. Mater. Res. Bull. 2014, 53, 58–64. [CrossRef]

113. Wang, H.B.; Zhang, H.D.; Xu, S.P.; Gan, T.; Huang, K.J.; Liu, Y.M. A sensitive and label-free electrochemical impedance biosensor
for protein detection based on terminal protection of small molecule-linked DNA. Sens. Actuators B Chem. 2014, 194, 478–483.
[CrossRef]

114. Ni, S.; Lin, S.; Pan, Q.; Yang, F.; Huang, K.; He, D. Hydrothermal synthesis and microwave absorption properties of Fe3O4
nanocrystals. J. Phys. D Appl. Phys. 2009, 42, 055004. [CrossRef]

115. Huang, X.; Zhang, J.; Liu, Z.; Sang, T.; Song, B.; Zhu, H.; Wong, C. Facile preparation and microwave absorption properties of
porous hollow BaFe12O19/CoFe2O4 composite microrods. J. Alloys Compd. 2015, 648, 1072–1075. [CrossRef]

116. Liu, J.; Cao, M.S.; Luo, Q.; Shi, H.L.; Wang, W.Z.; Yuan, J. Electromagnetic property and tunable microwave absorption of 3D nets
from nickel chains at elevated temperature. ACS Appl. Mater. Interfaces 2016, 8, 22615–22622. [CrossRef] [PubMed]

117. You, W.B.; She, W.; Liu, Z.W.; Bi, H.; Che, R.C. High-temperature annealing of an iron microplate with excellent microwave
absorption performance and its direct micromagnetic analysis by electron holography and Lorentz microscopy. J. Mater. Chem. C
2017, 5, 6047–6053. [CrossRef]

118. Zhao, B.; Zhao, W.Y.; Shao, G.; Fan, B.B.; Zhang, R. Corrosive synthesis and enhanced electromagnetic absorption properties of
hollow porous Ni/SnO2 hybrids. Dalton Trans. 2015, 44, 15984–15993. [CrossRef]

119. Wang, W.; Guo, J.X.; Long, C.; Li, W.; Guan, J.G. Flaky carbonyl iron particles with both small grain size and low internal strain
for broadband microwave absorption. J. Alloys Compd. 2015, 637, 106–111. [CrossRef]

120. Liu, Q.H.; Cao, Q.; Zhao, X.B.; Bi, H.; Wang, C.; Wu, D.S.; Che, R.C. Insights into size-dominant magnetic microwave absorption
properties of CoNi microflowers via off-axis electron holography. ACS Appl. Mater. Interfaces 2015, 7, 4233–4240. [CrossRef]

121. Wang, Y.; Gao, X.; Lin, C.H.; Shi, L.Y.; Li, X.H.; Wu, G.L. Metal organic frameworks-derived Fe-Co nanoporous carbon/graphene
composite as a high-performance electromagnetic wave absorber. J. Alloys Compd. 2019, 785, 765–773. [CrossRef]

122. Qiu, Y.; Lin, Y.; Yang, H.B.; Wang, L.; Wang, M.Q.; Wen, B. Hollow Ni/C microspheres derived from Ni-metal organic framework
for electromagnetic wave absorption. Chem. Eng. J. 2020, 383, 123207. [CrossRef]

123. Yin, Y.C.; Liu, X.F.; Wei, X.J.; Li, Y.; Nie, X.Y.; Yu, R.H.; Shui, J.L. Magnetically aligned Co–C/MWCNTs composite derived from
MWCNT-interconnected zeolitic imidazolate frameworks for a lightweight and highly efficient electromagnetic wave absorber.
ACS Appl. Mater. Interfaces 2017, 9, 30850–30861. [CrossRef]

124. Wang, L.; Yu, X.F.; Li, X.; Zhang, J.; Wang, M.; Che, R.C. MOF-derived yolk-shell Ni@C@ZnO Schottky contact structure for
enhanced microwave absorption. Chem. Eng. J. 2020, 383, 123099. [CrossRef]

125. Song, Z.M.; Liu, X.F.; Sun, X.; Li, Y.; Nie, X.Y.; Tang, W.K.; Yu, R.H.; Shui, J.L. Alginate-templated synthesis of CoFe/carbon
fiber composite and the effect of hierarchically porous structure on electromagnetic wave absorption performance. Carbon 2019,
151, 36–45. [CrossRef]

126. Liu, L.L.; Wang, L.; Li, Q.Q.; Yu, X.F.; Shi, X.F.; Ding, J.J.; You, W.B.; Yang, L.T.; Zhang, Y.H.; Che, R.C. High-performance
microwave absorption of MOF-derived core-shell Co@N-doped carbon anchored on reduced graphene oxide. ChemNanoMat
2019, 5, 558–565. [CrossRef]

127. Liu, D.W.; Qiang, R.; Du, Y.C.; Wang, Y.; Tian, C.H.; Han, X.J. Prussian blue analogues derived magnetic FeCo alloy/carbon
composites with tunable chemical composition and enhanced microwave absorption. J. Colloid Interface Sci. 2018, 514, 10–20.
[CrossRef]

128. Cheng, Y.; Ji, G.; Li, Z.; Lv, H.; Liu, W.; Zhao, Y.; Cao, J.; Du, Y. Facile synthesis of FeCo alloys with excellent microwave absorption
in the whole Ku-band: Effect of Fe/Co atomic ratio. J. Alloys Compd. 2017, 704, 289–295. [CrossRef]

129. Gu, Y.; Li, Q.; Wang, G.P. Dielectric supported ring-shaped metal disks on a metal film for ultrasensitive refractive index sensing.
Opt. Lett. 2011, 36, 3326. [CrossRef] [PubMed]

130. Huangfu, Y.M.; Liang, C.B.; Han, Y.X.; Qiu, H.; Song, P.; Wang, L.; Kong, J.; Gu, J.W. Fabrication and investigation on the
Fe3O4/thermally annealed graphene aerogel/epoxy electromagnetic interference shielding nanocomposites. Compos. Sci. Technol.
2019, 169, 70–75. [CrossRef]

131. Rao, B.V.B.; Yadav, P.; Aepuru, R.; Panda, H.S.; Ogale, S.; Kale, S.N. Single-layer graphene-assembled 3D porous carbon composites
with PVA and Fe3O4 nano-fillers: An interface-mediated superior dielectric and EMI shielding performance. Phys. Chem. Chem.
Phys. 2015, 17, 18353–18363. [PubMed]

http://doi.org/10.1021/acsami.5b04462
http://doi.org/10.1016/j.cej.2020.125190
http://doi.org/10.1016/j.jmmm.2015.11.009
http://doi.org/10.1007/s10853-019-03770-8
http://doi.org/10.1016/j.materresbull.2014.02.001
http://doi.org/10.1016/j.snb.2014.01.002
http://doi.org/10.1088/0022-3727/42/5/055004
http://doi.org/10.1016/j.jallcom.2015.07.073
http://doi.org/10.1021/acsami.6b05480
http://www.ncbi.nlm.nih.gov/pubmed/27509241
http://doi.org/10.1039/C7TC01544E
http://doi.org/10.1039/C5DT02715B
http://doi.org/10.1016/j.jallcom.2015.02.220
http://doi.org/10.1021/am508527s
http://doi.org/10.1016/j.jallcom.2019.01.271
http://doi.org/10.1016/j.cej.2019.123207
http://doi.org/10.1021/acsami.7b10067
http://doi.org/10.1016/j.cej.2019.123099
http://doi.org/10.1016/j.carbon.2019.05.025
http://doi.org/10.1002/cnma.201800637
http://doi.org/10.1016/j.jcis.2017.12.013
http://doi.org/10.1016/j.jallcom.2017.02.024
http://doi.org/10.1364/OL.36.003326
http://www.ncbi.nlm.nih.gov/pubmed/21886199
http://doi.org/10.1016/j.compscitech.2018.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26105548


Materials 2021, 14, 4148 23 of 23

132. Yang, W.; Jiang, B.; Liu, Z.H.; Li, R.; Hou, L.Q.; Li, Z.X.; Duan, Y.L.; Yan, X.R.; Yang, F.; Li, Y.F. Magnetic coupling engineered
porous dielectric carbon within ultralow filler loading toward tunable and high-performance microwave absorption. J. Mater. Sci.
Technol. 2021, 70, 214–223. [CrossRef]

133. Yan, P.; Miao, J.; Cao, J.; Zhang, H.; Wang, C.P.; Xie, A.J.; Shen, Y.H. Facile synthesis and excellent electromagnetic wave absorption
properties of flower-like porous RGO/PANI/Cu2O nanocomposites. J. Mater. Sci. 2017, 52, 13078–13090. [CrossRef]

134. Zhang, Y.L.; Wang, X.X.; Cao, M.S. Confinedly implanted NiFe2O4-rGO: Cluster tailoring and highly tunable electromagnetic
properties for selective-frequency microwave absorption. Nano Res. 2018, 11, 1426–1436. [CrossRef]

135. Fan, H.Y.; Yao, Z.Y.; Zhou, J.T.; Yi, P.S.; Wei, B.; Lei, L.; Mao, Y.M. Enhanced microwave absorption of epoxy composite by
constructing 3D Co–C–MWCNTs derived from metal organic frameworks. J. Mater. Sci. 2021, 56, 1426–1442. [CrossRef]

136. Hou, T.; Jia, Z.; Feng, A.; Zhou, Z.; Liu, X.; Lv, H.; Wu, G. Hierarchical composite of biomass derived magnetic carbon framework
and phytic acid doped polyanilne with prominent electromagnetic wave absorption capacity. J. Mater. Sci. Technol. 2021, 68, 61–69.
[CrossRef]

137. Chae, H.K.; Siberio-Pérez, D.Y.; Kim, J.; Go, Y.; Eddaoudi, M.; Matzger, A.J.; O’Keeffe, M.; Yaghi, M. A route to high surface area,
porosity and inclusion of large molecules in crystals. Nature 2004, 427, 523–527. [CrossRef] [PubMed]

138. Li, H.; Eddaoudi, M.; O’Keeffe, M.; Yaghi, O.M. Design and synthesis of an exceptionally stable and highly porous metal-organic
framework. Nature 1999, 402, 276–279. [CrossRef]

139. Liang, J.; Liang, Z.; Zou, R.; Zhao, Y. Heterogeneous catalysis in zeolites, mesoporous silica, and metal-organic frameworks. Adv.
Mater. 2017, 29, 1701139. [CrossRef]

140. Yaghi, O.M.; Li, G.; Li, H. Selective binding and removal of guests in a microporous metal–organic framework. Nature 1995,
378, 703–706. [CrossRef]

141. Hu, J.; Cai, H.; Ren, H.; Wei, Y.; Xu, Z.; Liu, H.; Hu, Y. Mixed-matrix membrane hollow fibers of Cu3(BTC)2 MOF and polyimide
for gas separation and adsorption. Ind. Eng. Chem. Res. 2010, 49, 12605–12612. [CrossRef]

142. McGuirk, C.M.; Katz, M.J.; Stern, C.L.; Sarjeant, A.A.; Hupp, J.T.; Farha, O.K.; Mirkin, C.A. Turning on catalysis: Incorporation
of a hydrogen-bond-donating squaramide moiety into a Zr metal–organic framework. J. Am. Chem. Soc. 2015, 137, 919–925.
[CrossRef] [PubMed]

143. Moon, S.Y.; Wagner, G.W.; Mondloch, J.E.; Peterson, G.W.; DeCoste, J.B.; Hupp, J.T.; Farha, O.K. Effective, facile, and selective
hydrolysis of the chemical warfare agent VX using Zr6-based metal–organic frameworks. Inorg. Chem. 2015, 54, 10829–10833.
[CrossRef]

144. Zhang, H.G.; Osgood, H.; Xie, X.H.; Shao, Y.Y.; Wu, G. Engineering nanostructures of PGM-free oxygen-reduction catalysts using
metal-organic frameworks. Nano Energy 2017, 31, 331–350. [CrossRef]

145. Murray, L.J.; Dincă, M.; Long, J.R. Hydrogen storage in metal–organic frameworks. Chem. Soc. Rev. 2009, 38, 1294. [CrossRef]
146. Keskin, S.; Kızılel, S. Biomedical applications of metal organic frameworks. Ind. Eng. Chem. Res. 2011, 50, 1799–1812. [CrossRef]
147. Wu, N.N.; Xu, D.M.; Wang, Z.; Wang, F.L.; Liu, J.R.; Liu, W.; Shao, Q.; Liu, H.; Gao, Q.; Guo, Z.H. Achieving superior

electromagnetic wave absorbers through the novel metal-organic frameworks derived magnetic porous carbon nanorods. Carbon
2019, 145, 433–444. [CrossRef]

148. Wang, L.; Fei, T.; Lou, Z.; Zhang, T. Three-dimensional hierarchical flowerlike α-Fe2O3 nanostructures: Synthesis and ethanol-
sensing properties. ACS Appl. Mater. Interfaces 2011, 3, 4689–4694. [CrossRef]

149. Ge, J.; Liu, S.; Liu, L.; Wang, F. Optimizing the electromagnetic wave absorption performance of designed hollow
CoFe2O4/CoFe@C microspheres. J. Mater. Sci. Technol. 2021. [CrossRef]

150. Sun, Y.J.; Wang, N.; Yu, H.Y.; Jiang, X.Z. Metal–organic framework-based Fe/C@Co3O4 core–shell nanocomposites with
outstanding microwave absorption properties in low frequencies. J. Mater. Sci. 2020, 55, 7304–7320. [CrossRef]

http://doi.org/10.1016/j.jmst.2020.08.059
http://doi.org/10.1007/s10853-017-1418-6
http://doi.org/10.1007/s12274-017-1758-1
http://doi.org/10.1007/s10853-020-05365-0
http://doi.org/10.1016/j.jmst.2020.06.046
http://doi.org/10.1038/nature02311
http://www.ncbi.nlm.nih.gov/pubmed/14765190
http://doi.org/10.1038/46248
http://doi.org/10.1002/adma.201701139
http://doi.org/10.1038/378703a0
http://doi.org/10.1021/ie1014958
http://doi.org/10.1021/ja511403t
http://www.ncbi.nlm.nih.gov/pubmed/25574688
http://doi.org/10.1021/acs.inorgchem.5b01813
http://doi.org/10.1016/j.nanoen.2016.11.033
http://doi.org/10.1039/b802256a
http://doi.org/10.1021/ie101312k
http://doi.org/10.1016/j.carbon.2019.01.028
http://doi.org/10.1021/am201112z
http://doi.org/10.1016/j.jmst.2020.10.082
http://doi.org/10.1007/s10853-020-04521-w

	Introduction 
	Basic Principles of EMI Shielding 
	Shielding Mechanism 
	EM Wave Absorption 
	Relationship of the EMI Shielding and EM Absorption 

	Electromagnetic Functional Materials 
	Carbon Materials 
	1D Nanomaterials 
	2D Nanomaterials 
	3D Nanomaterials 

	Other Conductive Materials 
	MXenes-Based Materials 
	Conductive Polymer 

	Magnetic Materials 
	Metal-Organic Framework (MOF)-Derived Materials 

	Conclusions and Outlook 
	References

