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Abstract Since electromagnetic pollution is detrimental to human health and the environment, numerous efforts have been successively made
to achieve excellent electromagnetic interference shielding effectiveness (EMI SE) via designing the hierarchical structures for electromagnetic
interference (EMI) shielding polymer composites. Among the plentiful structures, the asymmetric structures are currently a hot spot, principally
categorizing into multi-layered, porous, fibrous, and segregated asymmetric structures, which endows the high EMI shielding performance for
polymer composites incorporated with magnetic, conductive, and/or dielectric micro/nano-fillers, due to the “absorption-reflection-reabsorp-
tion” shielding mechanism. Therefore, this review provides the retrospection and summary of the efforts with respect to abundant asymmetric
structures and multifunctional micro/nano-fillers for enhancing EMI shielding properties, which is conducive to the booming development of
polymeric EMI shielding materials for the promising prospect in modern electronics and 5-generation (5G) technology.
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1INTRODUCTION

With the rapid growth of modern electronic equipment and cir-
cuit technology, electromagnetic waves (EMWSs) as the trans-
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mission medium inevitably cause severe electromagnetic pollu-
tion which will not only hazard human health but also interfere
with precision instruments."! In order to reduce electromagne-
tic radiation pollution, numerous efforts have been successively
put into the design strategy and shielding mechanism for ex-
ploiting high-efficiency electromagnetic interference (EMI)
shielding composites. Preparing high-performance EMI shield-
ing composites requires meticulous consideration of interface
interactions, rational structural design, and material selection.
Metals, such as copper,”? aluminum,® silver, and stainless
steel,! have frequently been utilized as EMI shielding materials
due to their high dielectric constants and electrical conductivity.
However, the inherent disadvantages of metal-based materials
(e.g., processing difficulty and high density) restrict their practi-
cal application in advanced electronic devices.””!

In recent years, conductive polymer composites (CPCs)[7:8l
have assumed an important role in the development of EMI
shielding composites due to their corrosion resistance, flexi-
bility, lightweight, and processability.®! A series of functional
micro/nanofillers including two dimensional (2D) transition
metal carbides/nitrides (Ti;C,T, MXene),['® reduced graphene
oxide (rGO),[""12 carbon nanotubes (CNTs),'3' boron ni-
tride nanosheets (BNNS),!'5! and carborundum (SiC),["® black
phosphorus (BP),['/1 and liquid metal (LM),'8 have been intro-
duced into the polymer matrix to endow the excellent EMI
shielding performance.l’”! BP and LM acted as new conduc-
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tive fillers and have become a research hotspot to fabricate
EMI shielding composite due to their high conductivity. An ul-
tra-thin MXene-based composite film (20 pm) containing BP
and nickel (Ni) chains (M-B-M(Ni)) with integrated highly effi-
cient EMW shielding. The assembled BP converted EMW's en-
ergy into heat in the visible band. MXene-Galinstan liquid
metal hybrid yields superior electrical conductivity and ex-
hibits a shielding effectiveness of 66.3 dB. Due to the incorpo-
ration of Galinstan particles in between the conductive layers
of the MXene, these MXene composite films exhibited excel-
lent EMI shielding performance because the liquid metal
formed an efficient conduction path between the MXene in-
terlayers and significantly reduced the interlayer resistance.
Besides, the fluidity of the liquid metal enhanced the adhe-
sion between the MXene layers through a bridging effect
which assured high electrical conductivity over a long range
of fabricated composite films. To improve EMI SE by enhanc-
ing multi-layered reflective interfaces, most studies have fo-
cused on sandwich structures and symmetric alternating mul-
tilayer structures.29 In addition, the reflective interfaces of
EMI shielding materials can also be significantly improved by
micropore structures, which lengthens the propagation path
and leads to the enhancement of re-reflection and scattering
of EMWs in the porous materials. Unfortunately, a large num-
ber of conductive fillers are demanded to reach the satisfacto-
ry electromagnetic interference shielding effectiveness (EMI
SE) of CPCs due to the commonly nonconductive and non-
magnetic polymer matrix, leading to the deteriorative me-
chanical properties and serious secondary electromagnetic
radiation pollution.

Interestingly, the incorporation of carbon nanomaterials
and magnetic nanofillers increases the dielectric loss and thus
improves the absorption of microwaves.[222] |n the case of
micro/nanostructures,23.24 the main shielding mechanism for
EMI shielding based on CPC[2526] may change from the con-
ventional reflection mechanism to a multiple reflection or ab-
sorption-dominate mechanism.=2”! When the incident surface
is designed as an impedance-matching absorbing plane,
EMWs can easily enter the internal EMI shields with little re-
flection. A part of the incoming EMWs is absorbed and/or
consumed into heat in the EMI shields. If the other surface is
assembled as an impedance-mismatching reflecting plane, a
majority of the remaining EMWs can be reflected back inside
and further reabsorbed and/or dissipated in the form of heat.
Hence, the asymmetric structures consisting of impedance-
matching absorbing and impedance-mismatching reflecting
layers are beneficial for the attenuation of EMWs and the re-
ducing reflection, which can greatly relieve the secondary
electromagnetic radiation contamination. In the asymmetric
structures, magnetic nanoparticles, such as iron, cobalt, nick-
el, ferrous metal oxides, and their carbon hybrids, are com-
monly filled in the impedance-matching (low electrical con-
ductivity) layer, which leads to the descended reflection and
increased absorption of EMWs due to dielectric and magnetic
losses. Most of the conductive fillers, such as silver nanowires
(AgNWs), copper nanowires (CuNWSs), MXene, CNTs, rGO, Ag
nanoparticles (AgNP),1281 nanogold (AuNPs),2) and so on, are
usually introduced into the impedance-mismatching (high
electrical conductivity) layer, which can greatly reflect EMWs
into the inside of the shielding materials owing to the large

impedance mismatch. AgNWs, CuNWs, Ag nanoparticles and
nanogold could decrease the energy of EMWSs through ohmic
loss. At the same time, the microstructure of the nano-con-
ductive filler can prolong the reflection path and significant
effect on the multiple-directional internal reflection of the
EMWs. The conductive networks constructed by the nano-
conductive filler made the interface contact, which can pro-
duce more and more free charge spontaneous accumulation
to enhance the polarization relaxation loss.

In the related research reports, the asymmetric structure
that is divided into four main categories (multilayered, fi-
brous, porous, and segregated asymmetric structures) is re-
ceiving much attention in the development of EMI shielding
materials (Fig. 1). Herein, the shielding mechanism and the
latest research progress of polymer-based EMI shielding com-
posites with asymmetric structures were summarized. More-
over, the micro/nano-fillers compounded in the EMI shield-
ing composites with asymmetric structures are also de-
scribed. Depending on the reasonable layout of the
impedance-matching layer and reflecting layer, the polymer-
ic composites with asymmetric structures exhibit excellent
EMI shielding efficiency by reason of the "absorption-reflec-
tion-reabsorption" shielding mechanism. Finally, the research
trends and challenges of EMI shielding materials with asym-
metric structures are prospected. This review helps to con-
struct the structure-performance relationship of EMI shield-
ing composites with asymmetric structures and guides EMI
shielding material selection and design.

Fig. 1  The category of different fillers and structures of EMI
shielding composites with asymmetric structures.

2 SHIELDING MECHANISM OF EMI SHIELDING
COMPOSITES WITH ASYMMETRIC STRUCTURES

Electromagnetic radiation from outside can damage electronic
systems by inducing false voltages and currents.>” Therefore, to
protect electronic systems, a shield must be created to block
electromagnetic radiation emitted by computer circuits, electric
motors, cell phones, and other devices. EMWs through the
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Fig. 2 Schematic diagram of the interaction between EMWs and
shield.

shield mainly include four types: transmission, absorption, mul-
tiple reflection and reflection, on the basis of the plane-wave
electromagnetic transmission line theory of Schelkunoff (Fig. 2).

The total EMI SE (SEy) is defined as the logarithmic ratio of
the incident EMW power (P,), electric field (E,), and magnetic
field (H,) to the transmitted EMW power (P,), electric field (E,),
and magnetic field (H,), respectively.31]

_ Po _ E _ Ho
SE; (dB) = 10log P = 20log E - 20log i, )

Attenuation through reflection (SEg), absorption (SE,), and
multiple reflections (SEy) together constitute SE;. The equa-
tion is expressed as follows:

SEr (dB) = SEg + SEp + SEy )

SE, arises from the difference in surface impedance of two-
propagating media. Thus, SEg is directly correlated to the
electrical conductivity of materials, according to Eq. (3):
Or
uf

r

SEg (dB) = 168 + 10log B

where g, represents the electrical conductivity of the shield, y, is
the magnetic permeability of the shield, and f denotes the fre-
quency of the signal source.

As shown in Eq. (4), SE, is enhanced with the increasing
electrical conductivity and magnetic permeability of the

shield.
SE (dB) = 8.68t(\/#) - 3,68(55 @

where t is the thickness, w is the angular frequency which is
equal to 211f, and 6 is the skin depth which is defined as the dis-
tance at which the electric field intensity drops to 1/e of the
original incident wave value. The skin depth () can be calculat-
ed by Eq. (5):

1

VTiforu,

The multiple reflections between the front and back of the
shield promote SE;, which can be expressed as:

6=

5)

2t
SEm (dB) = 20log(1 — e 3) (6)
When SE; exceeds 15 dB or t approaches/exceeds the skin
depth, SEy, becomes negligible. When SE, exceeds 10 dB, SEy
can also be disregarded.32
CPCs with an asymmetric structure are composed of an ab-

sorptive layer and a reflective layer, contributing to the EMI
shielding mechanism of “absorption-reflection-reabsorption”.
The loss of EMWs in the absorptive layer (impedance match-
ing layer) mainly originates from absorption loss, which is di-
vided into dielectric loss and magnetic loss. Dielectric loss (84)
depends on the complex permittivity, which is constituted of
real (¢') and imaginary (€") permittivity (tanéy=¢"/€), where &'
stands for the energy storage capacity, but €" represents the
energy dissipation power.133 Dielectric loss mainly includes
conduction loss which is the energy loss caused by the cur-
rent flows across the medium in the course of conductance,
and polarization loss which is categorized as ionic polariza-
tion, electric dipole polarization and interfacial polariza-
tion.34 In addition, magnetic loss such as eddy current loss,
dimensional resonance loss, etc. is largely influenced by the
magnetic permeability (u = y' - ju"), where y' and u" are also
real and imaginary permeability, respectively.B3!

After EMWs are absorbed in the impedance-matching layer,
the residual EMWs reach the reflective layer (impedance-
mismatching layer). Due to the large impedance mismatch
between reflective and absorptive layers, a majority of the re-
maining EMWs are reflected back to the absorptive layer. The
interaction between EMWs and the free-charge carriers deter-
mines the reflection of EMWSs. Multiple reflections in the
shielding materials with asymmetric structures can prolong
the propagation path and enhance the dissipation of EMWs.
Moreover, the reflected EMWs are reabsorbed in the
impedance matching layer via dielectric loss and magnetic
loss, which finally causes the high EMI shielding perfor-
mances.

3 CHARACTERIZATION METHODS

The study of the electromagnetic properties of materials is usu-
ally carried out in a wide frequency band, so sweep frequency
measurement is required. Sweep frequency measurement tech-
nology is generally developed based on a vector network ana-
lyzer (VNA). VNA can measure EMI SE by recording the variation
of power or intensity of EMWs after passing across the shielding
materials. Transmission lines, shielded boxes, and shielded
rooms are composed of VNA to investigate complex signals, re-
sponse amplitude, and phase of different signals. The transmis-
sion line method, for example, the coaxial transmission line ap-
proach and the waveguide method, has been developed into
the most popular technique.?® EMI SE is calculated by the ac-
quired complex scattering parameters (S parameters), S;; (or
Sy), and S, (or S,y). Total EMI SE (SET), absorption (SE,), reflec-
tion (SEg), power coefficient of transmission (T), absorption (A),
and reflection (R) could be calculated detailedly by the follow-
ing equations:

T= |512|2 = |521|2 (7)
R=Isnl”=155I° (®)
A=1-R-T )

1 1 1
SET=10@( ):10@( ):10@(—) (10
IS5,/ 1S5 T
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1 1 1
SER:1OIg(—):1OIg( ):1OIg( ) (11
1-1SyI? 1- 15[ 1-R

1 —15h)? 1-155/
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4 RESEARCH PROGRESS OF EMI SHIELDING
COMPOSITES WITH ASYMMETRIC STRUCTURES

Generally, the structures of the EMI shielding materials have a
great effect on the shielding properties. It is worth noticing that
a variety of polymer-based EMI shielding composites with
asymmetric structures have been widely investigated and ex-
ploited. This section introduces polymer-based EMI shielding
composites with asymmetric structures, comprising multi-lay-
ered structures, fibrous structures, porous structures and segre-
gated structures. And the functional fillers incorporated into
these composites are also discussed.

4.1 Asymmetric Films

At present, the multi-layered film structures have drawn
widespread concern by virtue of easily integrating the superior-
ity of individual constituents and achieving super-universal
properties. The multi-layered structures are facilely constructed
by vacuum filtration, volatile forming, hot-pressing and sub-
strate-assisted methods. In comparison with the common sym-
metric  multi-layered  structures  (including  sandwich
structure),3738 asymmetric multi-layered structures feature the
difference in structure, filler, and/or conductivity between the
front and back sides, offering feasible advantages in EMI shield-
ing. The asymmetric multi-layered structures exhibit the tai-
lorable electrical conductivity of the incident surface and reflec-
tive surface, which provides the “weak reflection-absorption-
strong reflection-reabsorption” shielding mechanism and thus
greatly improves EMI SEB% The EMI shielding properties of
asymmetric multi-layered composite films filled with functional
CNTs, rGO, MXene, and metal-organic frameworks (MOFs) are
summarized in Table 1.

4.1.1 Carbon nanotubes (CNTSs)

CNTs have been widely applied to fabricate EMI shielding com-
posites due to their high conductivity and large aspect ratio.>"
However, the disadvantage of adding CNTs into the polymer is

that CNTs are easy to agglomerate in a polymer matrix, result-
ing in a decrease in the electrical conductivity and mechanical
properties of the composite.*2>3! Therefore, some scholars are
committed to promoting the dispersion of CNTs in polymer ma-
trix by compounding with magnetic nanoparticles or other con-
ductive materials, which is beneficial for constructing three-di-
mensional (3D) asymmetric conductive networks and obtaining
prominent EMI shielding properties.>

He et al. prepared an asymmetric membrane by suction-
filtrating polyaniline-coated carbon nanotubes (CNTs@PAN:i)
and poly(vinyl pyrrolidone)-coated Fe;O, nanorods
(Fe30,@PVP) under a magnetic field.3¥ The CNTs@PANi/
Fe;0, membrane is composed of a vertically aligned top re-
gion and a weakly aligned bottom region, illustrating the typ-
ical asymmetric structures of benefit for the EMI shielding
(Figs. 3a—3c). The asymmetric CNTs@PANi/Fe;0, membrane
exhibits SE; of 49.3 dB and pretty heat dissipation at a thick-
ness of 270 um and density of 0.74 kg/dm3. A value is in-
creased to 0.81 at the EMW incident from the top surface,
while it is only 0.45 at the incident direction from the bottom
surface. The vertically aligned CNTs in the top region reduce
the electrical conductivity and impedance mismatching, thus
the top region has a strong absorption capacity for EMWs.
However, the plane CNTs in the bottom region construct con-
ductive networks and play a role as an efficient reflective
band.

The recent publication of He and coworkers showed that
multilayered antimony trioxide-nickel-carbon nanotubes/
polydimethylsiloxane (Sb,0;-Ni-MWCNTs/PDMS) composites
with asymmetric or symmetric structures were fabricated by
using PDMS as matrix and Sb,05-Ni-MWCNTs as multiple
fillers via layer-by-layer curing method.l>s! Predictably, the
electric-magnetic-dielectric synergism largely enhanced the
EMI shielding performance of multilayered Sb,03-Ni-MWC-
NTs/PDMS composites (Figs. 3d—3f). The asymmetric MWC-
NTs-Sb,05-Ni/M composites constituted of 1.6MWCNTs-
1.2Sb,03-1.2Ni/PDMS and 4.0MWCNTs/PDMS layers exhibit a
high EMI SE; of 55.7 dB and pretty A of 0.80. The outstanding
EMI shielding performance of Sb,0;-Ni-MWCNTs/PDMS com-
posite is attributable to the Salisbury screen effect which oc-
curs in layered-structure composites and the synergistic ef-
fect of electric-magnetic-dielectric losses.

Table1 Asymmetric composite films with multi-layered structures for EMI shielding applications.

Author(s) Composites EMI SE (dB) Ref.
Wenjun He et al. (2022) CNT@polyaniline (PANi)/Fe;0,4 50.00 [39]
Qingwei Tao et al. (2022) Fe;04-polydimethylsiloxane (PDMS)/CNT/Cu 75.10 [40]
Guirong Hu et al. (2022) Cellulose nanofiber (CNF)/rGO@Fe;0,&CNF/AgNWs 112.90 [41]
Yadong Xu et al. (2018) rGO@Fe;0,/tetra needle-like zinc oxide whisker 87.20 [42]
(T-ZnO)/silver (Ag)/waterborne polyurethane (WPU)
An Sheng et al. (2020) Fe;0,@rGO/multi-walled carbon nanotubes 35.90 [43]
(MWCNT)/WPU
Bing Zhou et al. (2022) CNF/MXene/AgNW 55.90 [44]
Fudong Zhang et al. (2022) MXene-AgNWs/cellulose 61.90 [45]
Zhengzheng Guo et al. (2022) Cobalt ferrite (CoFe,0,) @MXene-AgNWs/cellulose 73.30 [46]
Wentao Cao et al. (2019) CNTs/MXene/cellulose 38.40 [47]
Zhigiang Lai et al. (2023) Polyurethane (PU)/AgNW/Cu/Ni 90.00 [48]
Mushan Yuan et al. (2022) Carbonized zeolitic imidazolate frameworks 50.50 [49]
(C-ZIF67)/graphene nanoplates (GNP)/cellulose
Tian Mai et al. (2023) Carbonized zeolitic imidazolate frameworks 62.40 [50]

(CZIF)/MXene/nanocellulose
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Fig.3 (a) EMI shielding mechanism, (b) SEM image, and (c) EMI SE of asymmetric CNTs@PANi/Fe;0, composite films. (Reproduced with
permission from Ref. [39]; Copyright (2022), Elsevier); (d) Digital photo, (e) SEM image, and (f) EMI SE of Sb,05-Ni-MWCNTs/PDMS
composites. (Reproduced with permission from Ref. [55]; Copyright (2022), Elsevier.)

Tao and coworkers successfully fabricated the Fe;0,-
PDMS/CNT/Cu membranes with step-wised asymmetric struc-
tures.“l Fe;0,-PDMS was coated on the CNT paper, and Cu
was deposited on the other side via electron beam evapora-
tion. The asymmetric Fe;0,-PDMS/CNT/Cu membrane ex-
hibits a high EMI SE; of 75.1 dB with a thickness of about 0.3
mm. The top Fe;0,-PDMS layer and middle compact CNT lay-
er result in magnetic loss, electrical loss and multiple reflec-
tions, respectively. Finally, Cu as a highly reflective layer locat-
ed at the bottom of the membrane reflects more EMWSs back
to CNT and Fe;0,-PDMS layers. Thus, the Fe;0,-PDMS, CNT
and Cu synergistically contribute to obtaining the amazing
EMI shielding ability.

4.1.2 Reduced graphene oxide (rGO)
The rGO possesses extraordinary properties, such as tensile
strength,? electrical conductivity,””! high surface area, and as-
pect ratio,® which are conducive to the construction of a con-
ductive network in composites and the enhancement of EMI
shielding properties. Furthermore, the comprehensive proper-
ties of rGO-filled composites are largely affected by the disper-
sion, size, and inter-sheet connections in the matrix.>”! Similar to
CNTs, rGO has been modified to improve its dispersion ability
and electrical property for building a highly conductive net-
work in the matrix, and further improving the EMI shielding per-
formance /606

Recently, Hu and coworkers prepared a cellulose nanofiber/
reduced graphene oxide@Fe;0,&cellulose nanofiber/silver
nanowires (CNF/rGO@Fe;0,&CNF/AgNWs) composite film
with an asymmetric structure that shows an EMI SE; of 112.9
dB and satisfactory mechanical properties at a thickness of
0.067 mm.#" In this work, the CNF/rGO@Fe;0, layers were
designed as the negative gradient absorbing layers, and the
CNF/AgNWs layers form the positive gradient reflective layers
(Figs. 4a—4c). Reasonable arrangement of the absorbing layer

and reflecting layer leads EMWs to experience a decreasing
absorption and increasing reflection process in the asymmet-
ric composite film. Moreover, the prominent EMI shielding
property can be achieved by the magneto-electric synergy of
AgNWs and rGO@Fe;0, and the reasonable structure layout.

Xu and coworkers prepared the asymmetric gradient mem-
branes which were composed of solution-mixing WPU, T-
ZnO/Ag and rGO@Fe;0,.2 Because of different densities of
fillers leading to different deposition rates, T-ZnO/Ag is de-
posited on the bottom but rGO@Fe;0, is located at the top of
the membrane. The composite membrane reveals an EMI SE;
of 87.2 dB and a low A-value of 0.61 at a thickness of 500 um,
which illustrates the strong absorption ability. rGO@Fe;0, lo-
cated at the top of the membrane reduces the impedance
mismatching, presenting low reflection characteristics. More-
over, T-ZnO/Ag with a dense network deposited at the bot-
tom of the membrane plays a role as an efficient reflective
layer, which greatly improves the EMI shielding perfor-
mances.

An et al. exploited electromagnetic gradient membranes
with an EMI SE; of 35.9 dB and R-value of 0.27, which present-
ed low reflection characteristics.l*3 Fe;0,@rGO/MWCNT/WPU
membranes are constituted of one MWCNT/WPU layer at the
bottom and three Fe;0,@rGO/WPU layers with gradient rGO
content in Fe;0,@rGO at the upper part (Figs. 4d—4f). The A
value constantly increases with an enhancement of MWCNT
concentration, meanwhile, tandy significantly enhances with
an increase of gradient. This phenomenon can be explained
by the fact that the enhanced MWCNT concentration leads to
a more compact conductive network in the reflection layer
which improves conduction loss and causes more EMWs to
reflect back to the absorption layer. Moreover, more free
charges accumulating at the layer interface with the increas-
ing gradient trigger more microscopic dipole moments and
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Ref. [41]; Copyright (2022), Elsevier); (d) Digital photo, (e) SEM image, and (f) EMI SE of Fe;0,@rGO/MWCNT/WPU composites.

(Reproduced with permission from Ref. [43]; Copyright (2020), Elsevier.)

thus improve the interfacial polarization. Therefore,
Fe;0,@rGO/MWCNT/WPU composites with larger gradients
present satisfactory EMI SE and extremely low reflection char-
acteristics.

4.1.3 MXene

MXene as an emerging material possesses high electrical con-
ductivity, which has been widely applied in EMI shielding com-
posites.'®? A lot of charge carriers on the MXene surface result in
EMW reflection due to the impedance mismatch between
MXene and air.3! The interaction between the free charge carri-
ers and EMWs evokes current and dipole, causing ohmic and
polarization losses, respectively.®¥ MXene nanosheets can form
stable dispersions in water and some polar organic solvents,!
so solution processing techniques have become the most com-
monly employed methodologies.’®! Thus, a variety of process-
ing strategies, such as vacuum filtration,*”! dip coating,%® spray
coating,!®’ spin coating,”? and interfacial assembly,”" can be
utilized to prepare MXene/polymer composites with multi-layer
structures.’?

Cao et al. fabricated the flexible CNTs/MXene/CNF (CMC)
membranes with gradient sandwich structures via an alter-
nately filtrating method.#”! The gradient and sandwich CMC
composite film is composed of CM-5 (5 mg of MXene and 1
mg of CNT), CNF (4 mg), CM-10 (10 mg of MXene and 1 mg of
CNT), CNF (4 mg), and CM-15 (15 mg of MXene and 1 mg of
CNT) layers, which displays a superb EMI SE of 38.4 dB with a
mere thickness of 38 um. It is concluded that the gradient
structure is crucial to the proportion of SE, and SEg, instead of
SE;. Nonetheless, the sandwich structure can largely enhance
the EMI shielding performances in comparison with the ho-
mogeneous structure, due to the increased interlayered mul-
tiple reflection and interfacial polarization. Moreover, the
CMC film with gradient and sandwich structure holds fasci-
nating mechanical performances with respect to tensile

strength of 97.9 MPa and toughness of 2.1 MJ/m3.

Zhou et al. fabricated asymmetric sandwich CNF/MXene/
AgNWs membranes with a favorable EMI SE; of 55.9 dB via
step-by-step vacuum-assisted filtration.*4! CNF is designed as
the external layers to protect the internal conductive layers,
and the MXene and AgNWs layers are situated in the middle
of the CNF/MXene/AgNWs membranes. Notably, the R-value
of CNF/MXene/AgNWs membranes is higher than 0.9, indicat-
ing the reflection-dominated shielding mechanism. In addi-
tion, the conductive networks formed by the synergistic MX-
ene and AgNWs largely accelerate the electron conduction
and impart outstanding EMI SE shielding ability for the
CNF/MXene/AgNWs composite membranes.

Coincidentally, another asymmetric CNF/MXene/AgNWs
membrane with low AgNWs and MXene content was also pre-
pared by Zhang et al. via a vacuum filtration method.!
CNF/MXene and CNF/AgNWs are architected as the top and
bottom layers, and CNF is formed as the middle layer. The
asymmetric CNF/MXene/AgNWs membrane displays a superi-
or EMI SE of 61.9 dB (Figs. 5a—5c), due to "zigzag" reflection
mechanisms and multiple reflection effects. The structural
variation can give rise to the magnifying SE, and SEg by in-
creasing the dielectric loss and impedance mismatch, respec-
tively. In contrast with uniform membrane, the resultant
asymmetric multilayered membrane also reveals superior me-
chanical properties, such as tensile strength of 137 MPa and
fractured strain of 5.7%.

Guo et al. fabricated an asymmetric CoFe,0,@MXene-
AgNWs/CNF membrane with a double-layered structure by a
two-step vacuum-assisted filtration. The asymmetric mem-
brane comprising CoFe,0,@MXene/CNF layer with low con-
ductivity and AgNWSs/CNF layer with high conductivity ex-
hibits an excellent EMI shielding effectiveness of 73.3 dB at a
thickness of 100 um (Figs. 5d—5f).[4¢! The CoFe,0,@MXene/
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Fig.5 (a) Digital photo, (b) SEM image, and (c) EMI SE of CNF-MXene/AgNWs membranes. (Reproduced with permission from Ref. [45];
Copyright (2022), Elsevier); (d) Digital photo, (e) SEM image, and (f) EMI SE of CoFe,0,@MXene/CNF films. (Reproduced with permission

from Ref. [46]; Copyright (2022), American Chemical Society.)

CNF layer as the impedance matching layer reduces surface
reflections and enhances magnetic and dielectric losses.
Meanwhile, the highly conductive AQNWs/CNF layer acts as
the impedance mismatching layer to increase the reflection.
Arising from the synergistic effect of CoFe,0,, MXene and
AgNWs, and the reasonable arrangement of absorptive and
reflective layers, the asymmetric membrane can achieve effi-
cient EMI SE at a low thickness. In addition, the heteroge-
neous interface leads to space charge distribution at the het-
erogeneous interface, which can further attenuate EMWs by
dipole polarization.

Carbonyl irons (Cl) is a widely utilized functional filler due
to its high magnetic permeability, high saturation magnetiza-
tion strength, excellent wave absorption properties, and wide
absorption band. Liu et al. fabricated the asymmetric
CI/TisC,T,/polyvinylidene fluoride (PVDF) membranes via
magnetic-field-induced and subsequent hot pressing meth-
ods.[731 Adding 20 wt% Cl and 10 wt% Ti;C,T,, the asymmetric
membrane illustrates a maximum EMI SE; value of 42.8 dB at
a thickness of 400 ym. The multilayered Cl-rich layers pro-
mote the transformation of the shielding mechanism from re-
flection to absorption, due to the largely enhanced multiple
reflections and magneto-electric synergistic effect of Cl-
Ti3C,T,. Furthermore, the asymmetric multilayered compos-
ites exhibit the superior EMI SE to the homogeneous and tra-
ditionally alternate/sandwich layered composites.

4.1.4 Metal-organic frameworks (MOFs)

MOFs are new porous materials with the great virtues of large
surface area, high porosity, regular topology, and interconnect-
ed channels. They are constructed by the inorganic metal cen-
ters and bridge-linked organic ligands through self-assembly.
Meanwhile, the metal frame enhances the impedance match-
ing between material and air and offers a mass of active sites for
scattering and attenuating EMWs, which increases EMW ab-
sorption.”473! After pyrolysis, carbon-MOF materials can pre-

serve pretty porous structures and highly specific surfaces,
which has sparked wide research attention in the area of allevi-
ating electromagnetic pollution.

Yuan et al. fabricated the porous carbonized zeolitic imida-
zolate frameworks (C-ZIF67)/graphene nanoplates (GNP)/cel-
lulose membranes via vacuum-assisted filtration and hot-
pressing methods, which comprises asymmetric bilayer struc-
tures (low conductive C-ZIF67 layer and highly conductive
GNP layer) (Figs. 6a—6c¢).*9! The asymmetric membrane corre-
sponds to a high A value of 0.87 with an outstanding EMI SE
of 50.5 dB. In particular, the porous structure of C-ZIF67 facili-
tates the suppression of eddy current effects and the promo-
tion of multi-interface polarization, leading to the effective
dissipation and absorption of EMWs. Thus, the asymmetric
structure composed of porous C-ZIF67 and dense GNP ex-
hibits an “absorption-reflection-reabsorption” multiple losses
shielding principle, which ensures the dominant role of ab-
sorption.

Mai et al. fabricated absorption-dominated EMI shielding
carbonized zeolitic imidazolate frameworks (CZIF)/MXene/
CNF (CZMN) films via vacuum-assisted filtration.5% In the
CZMN films with an asymmetric bilayer structure, magnetic
CZIF/CNF with low conductivity works as an adsorption layer
and highly conductive MXene plays a role as a reflective layer.
When EMWs are incident from the CZIF/CNF layer, the ab-
sorption rate SE,/SE; of CZMN films all remains higher than
70%, owing to the synergy between magnetic loss of CZIF
and scattering loss of TOCNF, meanwhile, an optimal EMI SE
of 62.4 dB is achieved for CZMN-3 film. Besides, the EMI SE; of
bilayers CZMN films is greatly raised with the increasing
MXene content, while SE,/SE; can retain little fluctuation.
Thus, the absorption-dominated EMI shielding CZNN films
can efficiently reduce secondary electromagnetic pollution,
overcoming the excessive reflection drawback of common
MXene composites.
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Fig. 6 (a) Fabrication schematic, (b) SEM images, and (c) EMI SE of C-ZIF67/GNP/cellulose films. (Reproduced with permission from Ref.
[49]; Copyright (2022), Elsevier); (d) Schematic diagram of electrostatic spinning, (¢) SEM image, and (f) EMI SE of
TPU/Fe30,@MWCNTs/AgNWs films. (Reproduced with permission from Ref. [76]; Copyright (2023), Elsevier.)

In summary, the requirements of thin thickness and high
EMI SE can be achieved by the design of asymmetric compos-
ites with multi-layered structures. The multilayered structures
integrating different functional compositions can easily ob-
tain the synergistic effect of electro-dielectric-magnetic loss-
es, which is greatly conducive to the EMI SE. In addition, the
rational arrangement of various layers can lead to excellent
multiple reflections and adjustable EMW absorption/reflec-
tion, which is of great significance for the practical applica-
tion of asymmetric multilayered EMI shields. Currently and in
the future, asymmetric multilayered structures are designed
and constructed for the preparation of prominent EMI shield-
ing materials to create a high-performance EMI shielding
strategy.

4.2 Asymmetric Fabrics
Flexible conductive fabrics have attracted a lot of attention due
to their significant potential in weaponry, wearable electronics
and biomedicine.””! The current methods for preparing fabrics
include the weave method, hydrothermal method, electrostatic
spinning method, etc. Generally, fabrics are beneficial for the
regulation of the distribution of nanofillers to build stable 3D
conductive networks.l’® Various conductive nanofillers, such as
MXene,"” MWCNTs,B% Ag nanoparticles®"! Ag nanowires®?
and graphene,®¥ are added into fabrics using vacuum filtration,
in situ growth, spraying, dip-coating, or other methods to pre-
pare the excellent EMI shielding fabrics.®¥ However, conductive
fabrics have defects of insufficient EMI shielding, poor durability
and high reflectivity. Hence, it is of significance to construct
nano-micro structures in conductive fabrics to achieve desirable
and adjustable EMI shielding properties.®> Particularly, asym-
metric EMI shielding fabrics are introduced in the following sec-
tion.

Zhang and his colleagues prepared asymmetric thermo-

plastic polyurethane (TPU)/MWCNT@Fe;0,/AgNWs fibrous
films (TMA) by a series of electrospinning, dip-coating, filtra-
tion, and hot-pressing processes. The special asymmetric fi-
brous structures built in TMA possess TPU/MWCNT@Fe;0,
(TM) layers at the sublayer for EMW absorption and AgNWs
layer at the top for EMI shielding and thermal conduction. The
TMA film at 20 mg of AgNWs content shows excellent EMI
shielding up to 78.48 dB with R-value as low as 0.56 and the
preeminent thermal conductivity of 7.83 W/mK (Figs.
6d-6f).[761 Without respect to the incident direction from the
TM layer or AgNWs layer, EMI SE; has little difference but SE,
and SEg are drastically changed. When EMWs are incident
from the TM layer, lower reflection occurs due to the decreas-
ing impedance mismatching, and MWCNT@Fe;0, in TMs
prompts the EMW absorption through dielectric loss and
magnetic loss. Afterward, the entered EMWs are largely re-
flected and re-attenuated by the upper AgNWs layer before
transiting through the whole fibrous film.

Lv and coworkers prepared poly(vinyl alcohol) (PVA)/liquid
metal (LM)/boron nitride (BNNS)/silk fibroin (SF) membranes
with gradient structure through electrospinning and mold
pressing.8¢! Due to the gradient structure and increasing
PVA/LM content, the PVA/LM/BNNS/SF membranes reach the
highest EMI SE of 75 dB in the X-band and a large R-value of
0.951, which demonstrates a reflection-dominated shielding
mechanism of PVA/LM/BNNS/SF composite. Ohmic loss be-
tween LM particles and interfacial polarization loss at the in-
terface of LM with PVA can convert EMW energy into heat in
the top PVA/LM layer. Then a majority of EMWs are reflected
at the interface between the top and middle layers, due to
the high impedance mismatching accompanied by the LM
continuous conductive pathway. Moreover, multiple reflec-
tions between the top PVA/LM layer and the middle LM layer
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further dissipate or absorb EMWs.

Li and coworkers designed a flexible gradient composite
consisting of negative PVDF@GO gradient and positive
AgNWs gradient via the reverse dip-coating method, which
featured high shielding capability and low reflection proper-
ties.[”1 The EMI SE; of the Cotton/AgNWs/PVDF@GO compos-
ite reaches 50 dB with a rather low R of 0.39 due to the syner-
gistic effect of GO and AgNWs and the double gradient struc-
tures. Finally, the negative PVYDF@GO gradient and positive
AgNWs gradient endow the pretty hydrophobicity, wonder-
ful EMI shielding capacity, and low reflection of EMWs.

Xiao et al. prepared flexible double-layered polyurethane
(PU)/Ag/Fe30, (PANM) fabrics with an asymmetric structure
via an electrospinning process.[8 AgNPs/PU nanofibers (bot-
tom reflective layer) with shell-core structure were fabricated
by plating AgNPs on the prefabricated PU nanofibers via hy-
drazine hydrate reduction. Then Fe;0,/PU nanofibers were di-
rectly electro-spun onto the AgNPs/PU as the top absorption
layer. At last, the interface of the lower AgNPs/PU and upper
Fe;0,/PU layers was fused via the photothermal treatment.
The asymmetric PANM fabrics display satisfactory mechanical
properties and an outstanding EMI SE of 69.6 dB with an R-
value of 0.79. The strong interfacial interactions between the
two function layers ensure the tensile property and surface
stability. The absorption-reflection-reabsorption shielding
mechanism in asymmetric PANM fibrous films causes more
dissipation of the EMWs and wonderful EMI SE.

Zhang et al. fabricated double-layer fiber-based aramid
fibers (AF)@Ni/Cu/Fe;0,/WPU composite with metal micro-
tube conductive networks via casting methods.[89 WPU dis-
persions containing magnetic particles are casted on the
framework of metallized nonwoven fabrics which forms
asymmetric conductive and magnetic multilayer structure.
The asymmetric WPU-based composite fabrics exhibits a high
EMI SE value of 55.8 dB in the X-band. Additionally, the Fe;0,
particles settled due to gravity, aiding in the absorption of
EMWs. The composite film forms a magnetic multilayer and
an asymmetrical conductive structure, obtaining an EMI SE
value of 55.8 dB. The metallized AF@Ni/Cu nonwoven fabric
has magnetic particles laminated on the frame, and these
magnetic particles enhance the absorption of EMWs. The ex-
ceptional properties of strong absorption and low reflection
point to a shielding mechanism that is absorption-oriented.

llluminated by muscle-like nanostructure, Chen et al. devel-
oped the spandex fiber textiles/AgNPs/AgNWs/MXene/iron
cobalt-carbon (FeCo-C) (AgpMC) textiles via a sequence of
dip-coating methods.®® The flexible AgpMC textiles com-
prise the AgNPs layer, AQNWs layer, MXene layer, and FeCo-C
layer from interior to exterior, corresponding to the conduc-
tivity from high to low. Tightly packed functional nanoparti-
cles are similar to connective tissues, endowing AgpMC tex-
tiles with the outstanding EMI SE of 88 dB with a low R-value
of 0.168 as well as sensing and heat generating ability. AgN-
Ws are dip-coated on the AgNPs layer to construct the high
reflective layer, which works as “endomysium”. Moreover, Fe-
Co-C nanoparticles stemming from ZIF-67 are electrostatical-
ly adsorbed on the MXene layer to form the absorbing layer.
Furthermore, the AgpM;C, sample in the condition of defor-
mation at stretch 75% still remains 49.7 dB EMI SE;, which

demonstrates the excellent EMI shielding performances of
this AgpMC textiles even under high deformation. The pro-
gressive conductivity design strategy for the AgpMC textiles
and the synergic effect of magnetic-electric-dielectric losses
contribute to the high absorption and dissipation of EMW en-
ergy. In addition, AgpMC textiles correspond to the superb
stability and reliability of EMI shielding on complicated condi-
tions, and high sensitivity and rapid response for strain sen-
sors.

In summary, fabrics prepared using electrostatic spinning,
weave, etc., provide attachment points for the functionalized
fillers and form a continuous and complete conductive net-
work. 3D conductive networks in the conductive fabrics pro-
mote electronic conduction and EMWs attenuation. The fab-
rics with asymmetric conductive networks exhibit superior
flexibility, tensile strength, and adjustable EMI shielding prop-
erties, which has set the stage for making their mark in EMI
shielding fields.

4.3 Asymmetric Foams

The 3D porous EMI shielding composites possess the advan-
tages of lightweight, high mechanical strength and excellent
absorbing properties, making them suitable for the reduction of
secondary pollution. The preparation methods of porous com-
posites can be divided into phase separation, template method,
supercritical carbon dioxide foaming method, and so forth. The
distribution of fillers in the polymer matrix can affect the densi-
ty, diameter of the pore and electrical conductivity. The porous
structures can improve the impedance-matching characteristics
between the shield and air to some extent, due to the presence
of gas in the vesicles. Furthermore, multiple reflections of EMWs
in pores extend the propagation path, thus enhancing the dissi-
pation ability of the porous material. However, the exorbitant
size of the pore will generally cause leakage of EMWSs and re-
duce the EMI shielding performance. As can be seen from the
designing strategy of asymmetric foams, the back reflection lay-
er in asymmetric foams can efficiently reduce the escape of
EMWs. Table 2 summarizes the EMI shielding performance of
asymmetric porous composites.

4.3.1CNTs
Xue et al. prepared step-wise asymmetric Ni-coated melamine
foam (Ni@MF)/CNT/polybutylene adipate terephthalate (PBAT)
EMI shielding composites via electroless plating, vacuum-assist-
ed self-assembly and solution encapsulation processes.”! The
asymmetric composite is designed with a loose Ni@MF layer
and a compact CNT layer to successfully realize the directional
EMI shielding function. When the EMWs are incident from the
Ni@MF layer and CNT layer, EMI SE; values of the asymmetric
composites are 38.3 and 29.5 dB, respectively. The rational ar-
rangement of asymmetric structures triggers the “weak reflec-
tion-absorption-strong reflection-reabsorption” shielding prin-
ciple, at the incident direction from the Ni@MF layer. On the
contrary, asymmetric Ni@MF/CNT/PBAT composites exhibit a
“strong reflection-absorption” mechanism when EMWs are inci-
dent from the CNT layer. As a result, Ni@MF/CNT/PBAT compos-
ites with step-wise asymmetric structures achieve novel direc-
tional EMI shielding properties and may provide a new investi-
gation window for material science.

Zhang et al. fabricated the flexible asymmetric
Ni@CNTs/CNTs/PDMS composites via selective electroplating
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Author(s) Composition EMI SE (dB) Ref.

Bai Xue et al. (2022) Ni@MF/CNT/PBAT 38.30 [91]
Jiapeng Zhang et al. (2022) Ni@CNTS/CNTS/PDMS 70.00 [92]
Jianming Yang et al. (2020) SR/Ag@HGMs/Fe;0,@MWCNTs 59.39 [93]
Jianming Yang et al. (2021) VMQ/Ag@GF/MWCNT/Fe30,4 78.60 [94]
Zuomin Lei et al. (2021) AgFD/CNT/TPU 88.50 [95]
Hongji Duan et al. (2020) EBAg/FeCo@rGO/WPU 90.00 [96]
Qiang Gao et al. (2022) a-EP/f-RGO/Ni-chains 40.82 [97]
Mengyao Li et al. (2023) MF/Pani/Fe;0,@rGO/AgP/PDMS 70.00 [98]
Guangde Liu et al. (2022) TiO,-Ti3C,T,/rGO/PDMS 58.00 [99]
Tongcheng Zuo et al. (2023) MXene/CNT/Fe;0,/WPU 20.06 [100]

and encapsulation methods.®2 The adjustable conductivity
and permeability ensure the composites achieve an EMI SE;
of 70 dB and an average SEg as low as 3.1 dB. Through selec-
tive electroplating, the electromagnetic Ni@CNTs layer and
the electrically conductive CNTs layer form asymmetric struc-
tures. Moreover, Ni@CNTs/CNTs were encapsulated by PDMS
to obtain Ni@CNTs/CNTs/PDMS with satisfying mechanical
properties. When EMWs are incident from the Ni@CNTs side,
more EMWs will pass into the inside of Ni@CNTs/CNTs/PDMS
composites due to the superb impedance matching. Magnet-
ic hysteresis loss, eddy current loss, and multiple reflection
loss contribute to greatly dissipating EMWs inside the com-
posites. The remanent EMWs reaching the high conductive
CNT layer will be reflected back due to the impedance mis-
match between Ni@CNTs and CNTs. Regardless of the EMWs
incident from the CNTs side or the Ni/CNTs side, the EMI SE;
of Ni@CNTs/CNTs/PDMS remains almost unchanged, but SEg
shows considerable variation of as much as 5.3 dB.

Yang et al. obtained the asymmetric silicone rubber
(SR)/Ag@hollow glass microspheres (Ag@HGMs)/Fe;0,@
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MWCNTs composite (SAHFM) foams through solution mixing
and scCO, foaming (Figs. 7a—7c).93 The composite foam with
an asymmetric gradient structure exhibits an outstanding EMI
SE value of 59.39 dB with a thickness of 700 um. Due to a
large density difference between the Ag@HGMs and
Fe;0,@MWCNTs, Ag@HGM:s are floated on the upper surface
of composites, constructing a highly conductive layer, and
Fe;0,@MWCNTs nanoparticles are deposited at the bottom
of composites, forming a carbon-magnetic absorption layer.
In addition, smaller pores of HGMs are gathered at the top
and larger pores generated by scCO, foaming are distributed
in the middle of SAHFM foams, constructing the gradient cel-
lular structures. A large number of magnetic particles and
bubbles accumulate on one side of this gradient composite
foam, effectively reducing the impedance mismatch as well as
improving the magnetic loss and dielectric loss. The selective
distribution of functional fillers supplies a novel thought into
the design of asymmetric EMI shielding foams.

Yang and his colleagues prepared heterogeneous silicone
rubber (VMQ)/Ag@GF/MWCNT/Fe;0, composite foams with
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Fig. 7 (a) SAHFM foam, (b) SEM image, and (c) EMI SE of SAHFM foam. (Reproduced with permission from Ref. [93]; Copyright (2020),
Elsevier); (d) Electromagnetic shielding mechanism, (e) SEM image, and (f) EMI SE of AgFD/CNT/TPU composite foam. (Reproduced with

permission from Ref. [95]; Copyright (2021), Elsevier.)
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gradient porous structure via layer-by-layer combination and
supercritical carbon dioxide (scCO,) foaming.®¥ The hetero-
geneous foam displays a high average EMI SE of 78.6 dB and
A value of 0.82, which certificates the absorption-dominant
electromagnetic shielding mechanism. From bottom to top,
the positive gradient structure (AgM3M2M1F20) consists of
the Ag@GF layer, MWCNT (3.0 wt%) layer, MWCNT (2.0 wt%)
layer, MWCNT (1.0 wt%) layer, and Fe30, (20 wt%) layer. Anal-
ogously, the negative gradient structure (AgM1M2M3F20) ex-
hibits the increasing MWCNT content (M1M2M3) from bot-
tom to top. The largest pores are distributed in the MWCNT
(1.0 wt%) layer and the minimum pores are located in the
MWCNT (3.0 wt%) layer, due to the different viscosity restrict-
ing the growth of pores during the foaming process. It is
worth noting that the A-value of the positive gradient struc-
ture is remarkably higher than that of the negative gradient
structure, which shows that the positive gradient structure
possesses strong absorption properties of EMWs. The F20 lay-
er displays low conductivity and good impedance matching,
which makes more incident EMWs reach the internal of the
foam. Due to the increasing conductivity of the positive gradi-
ent structure, the interface polarization and dielectric loss are
increasing. Meanwhile, the multilayer porous structure leads
to the enhancement of the dissipation of EMWs because of
the multiple reflections at the cellular interface. Besides, the
plane Ag@GF in the bottom region constructs conductive
networks and plays a role as an efficient reflective band.

Silver fractal dendrites (AgFD) have superior electrical, opti-
cal and catalytic properties, compared to traditional silver
particles. Lei and coworkers prepared asymmetric
AgFD/CNT/TPU composite foams by layer-by-layer construc-
tion and freeze-drying methods (Figs. 7d—7f).51 The asym-
metric foam possesses an outstanding EMI SE; of 88.5 dB and
an A-value exceeding 0.9 at a thickness of 3.4 mm. The bot-
tom reflective AgFD layer and the upper gradient absorptive
CNT/TPU layer compose the asymmetric structures, which
provides a novel design insight for preparing absorption-
dominated EMI shielding composites. The gradient porous
structure of the CNT/TPU layer reduces the impedance mis-
matching and thus reflection as well as provides dielectric
loss and relaxation loss against EMWSs. AgFD/TPU layers own-
ing high conductivity can reflect the transmissive EMWSs back
to the CNT/TPU layer. Notably, the gradient porous structures
of the AgFD/CNT/TPU composites will raise multiple reflec-
tions and thus internal absorption of EMWs.

4.3.2rGO

Duan and coworkers fabricated the asymmetric Ag-coated ex-
panded polymer bead/graphene-supported iron-cobalt/water-
borne polyurethane (EBAg/FeCo@rGO/WPU) composite foams
via the directional freeze-drying and density-induced filler sepa-
rating methods [ The asymmetric structure is composed of the
deposited FeCo@rGO magnetic nanoparticles at the sedimenta-
ry as an impedance-matching layer and EBAg particles at the
upper surface as a conductive layer. FeCo@rGO layer with high
permeability supplies strong absorption due to dielectric and
hysteresis loss. On the other side, the EBAg layer with large con-
ductivity provides intensive reflection owing to the great
impedance mismatching. Moreover, the poriferous structure
causes multi-interface absorption, which enhances the absorp-

tion of the EMWs in composite foams. The directional pores pro-
vide a favorable channel parallel to the EMW direction, further
reducing the reflection of EMWs. Thus, these asymmetric com-
posite foams obtained a high EMI SE; of 84.8 dB and A of 0.92.

Gao et al. prepared asymmetric epoxy resin (a-EP)/function-
alized reduced graphene oxide (f-rGO)/Ni-chains foams via
thermal compressing and supercritical carbon dioxide (scCO,)
foaming.”l Prospectively, the asymmetric a-EP/f-rGO/Ni-
chains foams exhibit an EMI SE; of 40.82 dB in the X-band. In
the asymmetric composites, a-EP/Ni-chain at the positive sur-
face acts as the absorptive layer, and a-EP/f-rGO at the nega-
tive surface works as the reflective layer. Hence, the discrep-
ancy of the R-value achieves 0.5, when EMWs are incident
from positive and negative surfaces of the asymmetric foams.
EMWs transmitting inside a-EP/f-rGO/Ni-chains foams are dis-
sipated through polarization loss, ohmic loss, magnetic loss,
and multiple internal reflections derived from f-rGO, Ni-chains
and cell structures. Eventually, a-EP/f-rGO/Ni-chains foams
can convert the shielding mechanism from reflection to ab-
sorption (i.e., absorption-reflection-reabsorption) via the ra-
tional layout of asymmetric structures.

Li et al. produced asymmetric melamine foam/polyaniline/
Fe;0,@reduced graphene oxide/Ag-plated aramid
paper/polydimethylsiloxane  (MF/PANI/  Fe;0,@rGO/AgP/
PDMS) composites via in situ polymerization, dip-coating and
electroless plating.°8 Arising from the magnetoelectric syner-
gy of Fe;0,@rGO and conductive PANI, the asymmetric com-
posites exhibit a high EMI SE; of 70 dB and an outstanding A
value of 0.86. When the incident wave enters the upper
porous MF/PANI/Fe;0,@rGO layer, a relatively low reflection
is reached due to the excellent impedance matching be-
tween the lowly conductive MF/PANI/Fe;0,@rGO layer and
air. In addition, the porous structures cause the interior multi-
ple reflections, extending the transmitting path of EMWs and
attenuating EMW energy. The dense conductive AgP paper
adhered on the other side largely reflects EMWs back to the
MF/PANI/Fe;0,@rGO layer, which is resubjected to the ab-
sorption in the porous magnetic layer.

Liu and coworkers prepared asymmetric gradient porous ti-
tanium dioxide-Ti;C,T, (TiO,-TisC,T,)/rGO frameworks via 3D
printing, freeze-drying and annealing treatment.[? Then, gra-
dient porous TiO,-TisC,T,/rGO/PDMS composites were fabri-
cated via vacuum-impregnating PDMS into TiO,-Ti;C,T,/rGO
frameworks. The gradient structure is presented with the
gradually tapering aperture from the top larger aperture to
the bottom smaller aperture. The gradient composite with
square aperture features an EMI SE; of 58 dB at a thickness of
0.2 cm, owing to the synergistic effect of conductive loss,
dipole polarization and multiple-reflection derived from 3D
printed structures. It is worth noting that the EMI SE of TiO,-
TisC,T,/rGO/PDMS composite with a gradient pore structure
is much higher than that of the uniform porous composites,
due to the adjustable impedance matching and enhanced in-
ternal multiple reflections.

4.3.3 MXene

Zuo et al. fabricated CNT/Fe30,/WPU aerogel via vacuum freeze-
drying method."% Afterward, MXene nanosheets were infiltrat-
ed at the bottom of CNT/Fe;0,/WPU aerogel to obtain the
asymmetric MXene/CNT/Fe;0,/WPU aerogel. According to the
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progressive modular design principle, CNT/Fe;0,/WPU and MX-
ene/WPU are designed as the impedance matching layer and
the reflective layer, respectively. The asymmetric MXene/CNT/
Fe;0,/WPU aerogel shows a SE; of 20.06 dB and a low R of 0.396
as the amount of MXene was only 2.35 vol%, which certifies the
absorption-based shielding mechanism. These encouraging re-
sults are derived from the asymmetric porous structures of MX-
ene/CNT/Fe;0,/WPU aerogel, which improves the surficial
impedance matching and the internal multiple reflections. Be-
sides, multiple heterojunctions in MXene/CNT/Fe;0,/WPU aero-
gel will generate interface polarization and dissipation of EMWs.
Therefore, the construction of asymmetric structures combin-
ing CNTs with MXene is an effective approach to acquiring ab-
sorption-dominated EMI shielding.

Pei and coworkers manufactured directional EMI shielding
rGO@Fe;0, (rGF)/ rGO@MXene (rGM)/PDMS composites with
asymmetric structures using dual-needle 3D printing.['0" The
asymmetric structure consists of the conductive rGM layer
and the magnetic rGF layer. EMI SE; of the rGF/rGM/PDMS
composites reaches 30.79 and 38.75 dB, when EMWs are inci-
dent from the rGM layer and rGF layer, respectively, exhibit-
ing the SE difference (ASE) as much as 8 dB for different inci-
dent directions. R-value is reduced from 0.87 to 0.48, when
EMWs are incident from the rGF layer, demonstrating the ab-
sorption-dominated shielding mechanism converted from
the reflection-dominated one. The design strategy of the
combination of porous magnetic and dense conductive lay-
ers can produce a special “weak reflection-absorption-strong
reflection-reabsorption” course for the incident EMWs.

Yao et al. prepared a series of asymmetric MXene/aramid
nanofibers (ANF)/polyimides (PI) (AMAP) aerogels via vacu-
um-assisted filtration combined with freeze-casting.l'02 The
asymmetric aerogel gives an average EMI SE; of 47.8 dB with
a low R-value of 0.0138 and a satisfied IR stealth property. The
tight ANF/MXene layer as an enhanced reflective layer is deft-
ly combined with the porous MXene/ANF/PI aerogel through
a unidirectional freezing method, which achieves a surpris-
ingly low reflection characteristic. The discontinuous MXene
nanosheets existing in MXene/ANF/P| aerogels generate lo-
cal conduction loss and polarization loss, which leads to large
absorption of EMWs in AMAP. The residual EMWs will reach
the dense MXene layer and be reflected back immediately
due to the impedance mismatch. The EMWs reflected back to
the MXene/ANF/PI aerogel can be reabsorbed and additional-
ly attenuated by the destructive interference.

Zuo et al. fabricated asymmetric MXene/WPU/Melamine
(MF) foams and MXene/Ag@ZnO/WPU/Melamine (MAF)
foams using WPU and melamine foams as agglomerate and
skeleton, respectively, via unidirectional evaporation in com-
bination with a vacuum-drying method.['93] The asymmetric
MAF foam presents an outstanding EMI SE; of 39.9 dB and a
low R-value of 0.1423. The conductivity of the composite
foam gradually decreases from the sides to the middle, effec-
tively regulating the reflection characteristics. Meanwhile, the
electrical conductivity at the top of MAF foams is obviously
lower than that at the bottom, because both MXene and
Ag@ZnO are deposited at the bottom due to the larger densi-
ty. When EMWs are incident from the top, a majority of EMWs
enter the MAF foams with relatively low reflection, due to the

decreased impedance mismatching. Noticeably, the highly
conductive bottom of MAF foams can efficiently prevent the
escape of the EMWs. What's more, gravity-induced separa-
tion is an effective method for constructing asymmetric struc-
tures in preparing highly efficient EMI shielding materials.

In the future, researchers should pay more attention to
subtly adjusting and designing the asymmetric micro-nano
porous structures. The design strategy of the porous absorp-
tive layer combined with the compact reflective layer will be
utilized to develop more EMI shielding materials with absorp-
tion-dominated characteristics to make full use of their
unique advantages.

4.4 Asymmetric Segregated Composites

Polymer composites with segregated structures have received a
lot of attention due to their low filler content and high EMI per-
formance'™ The segregated structure of conductive
nanofillers concentrated around the polymer matrix particles
rather than randomly dispersed in the polymer matrix makes it
easier to form conductive pathways at the polymer particle in-
terfaces.'%1%! |n other words, constructing segregated struc-
tures in polymers with the same content of conductive fillers re-
sults in a higher conductivity of polymer composites than that
of randomly distributed structures.'%”.1%! Similar to the porous
structure, the segregated structures have a large number of
conductive interfaces formed by the conductive networks.
EMWs are reflected many times and attenuated by the dielec-
tric loss when they are transmitted to the conductive interface.
There are commonly three methods to prepare asymmetric EMI
shielding composites with segregated structures, including sol-
id mechanical mixing, freeze-drying of emulsion, and selective
dispersion of conductive fillers. This section mainly discusses
asymmetric EMI shielding composites with segregated struc-
tures based on specific design strategies.

Sun and coworkers fabricated asymmetrically segregated
TPU/CNT/Ag composites comprised of a segregated TPU/CNT
layer and a conductive Ag layer via thermal cladding, vacu-
um-assisted hot compression and blade-coating methods.['%9]
When CNTs are clustered together at the interface of TPU par-
ticles, a CNT conductive path in the TPU/CNT layer is con-
structed. Based on the above design strategy, the segregated
TPU/CNT/Ag composites showed a high EMI SE of 79.4 dB and
an R-value of 0.54 (Figs. 8d—8f). Through electrical loss, dielec-
tric loss, and multiple reflections, the penetrated EMWs are
dissipated and absorbed by the TPU/CNT composite layer.
The residual EMWs reaching the Ag layer will be largely re-
flected and attenuated by the high conductive layer. In addi-
tion, the reflected EMWs are reabsorbed by the segregated
TPU/CNT layer, which leads to the high-absorption EMI shield-
ing capacity.

Asymmetric silver nanowire/iron-nickel oxide/expanded
polymer microsphere (AgNWs/NiFe,0,/EPM) composites with
segregated structures were prepared by combining an
AgNWSs/EPM layer and a NiFe,O,/EPM layer via layer-by-layer
filtration and hot pressing.[''% The asymmetric composites
feature an outstanding EMI SE; of 72.5 dB and a low R-value
of 0.15. In the absorbing and reflecting layers, EPMs are re-
spectively surrounded by NiFe,0, and AgNWs to assemble
segregated networks. Interestingly, the EMI SE; of the asym-
metric segregated composite foam is much higher than that
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Fig. 8 (a) Electromagnetic shielding mechanism, (b) SEM image, and (c) EMI SE of MF/Pani/Fe;0,@rGO/AgP/PDMS foam. (Reproduced
with permission from Ref. [98]; Copyright (2023), Elsevier); (d) Electromagnetic shielding mechanism, (e) SEM image, and (f) EMI SE of
TPU/CNT/Ag composite foam. (Reproduced with permission from Ref. [109]; Copyright (2021), Elsevier.)

of a homogeneous foam, which shows that the asymmetric
structure with conductive segregated networks allows the lo-
calized gathering of the filler and thus better-shielding prop-
erties. NiFe,O,/EPM layer owns impedance matching be-
tween air and composites, which ensures more EMWs enter
into the interior of the composites. The incoming EMWs are
attenuated by the magnetic loss, dielectric loss, and interfa-
cial polarization loss in the NiFe,0,/EPM layer. Due to the
impedance mismatch, EMWs reaching the AgNWs/EPM layer
are reflected into the NiFe,0,/EPM layer and are then dissi-
pated again.

Wang et al. prepared asymmetric Ag@CNTs/polystyrene
(PS) microbeads (Ag@CPMs)/CNTs/WPU composite foams
with segregated structures via vacuum filtration and freeze-
drying.'" The asymmetric segregated composite foam
presents a high EMI SE; of 42.4 dB, a low R-value of 0.16, and
satisfactory mechanical properties. The porous CNTs/WPU
aerogel layer works as an upper absorbed layer with the regu-
latable impedance matching. Meanwhile, the Ag@CPMs layer
consisting of a 3D stacked Ag shell and CNTs/PS core with a
compact segregated structure acts as the bottom reflective
layer. The rational arrangement of asymmetric structure is vi-
tal to the outstanding EMI shielding performances of
Ag@CPMs/CNTs/WPU foams. The incident EMWs from porous
CNTs/WPU aerogel with appropriate impedance matching
will be dissipated by the multiple refractions, dielectric loss,
and eddy current loss. When the EMWs reach the Ag@CPMs
layer, a lot of EMWs will be reflected back to the CNTs/WPU
aerogel and reabsorbed by multiple reflections. Moreover,
the residual EMWs are dissipated by the conducive loss and
polarization loss between the CNTs/PS core and the Ag shell.

Wu and coworkers prepared nickel@silicon carbide

(Ni@SiCw)/graphene nanosheet (GNP)/PVDF EMI shielding
composites by solution mixing and hot pressing, which
shows an EMI SE of 36.83 dB.l''2 Silicon carbide has the ad-
vantages of high resistance and good performance in absorb-
ing electromagnetic waves. Dielectric properties of Ni@SiCw
are significantly enhanced compared with silicon carbide. A
rational design of Ni@SiCw in the absorber layer could pro-
vide impedance matching while offering effective EMW ab-
sorption efficiency. Distributing GNP in the reflector layer can
provide the composite with better EMI SE and reduce the es-
cape of EMWs. The asymmetric structure of the Ni@SiCw lay-
er and the GNP layer makes the microwave undergoes an ab-
sorption-reflection-reabsorption process. In addition, the
composite shows an absorption-dominated shielding mecha-
nism when the EMWs are incident from the Ni@SiCw surface
and a reflection-dominated shielding mechanism when inci-
dent from the GNP surface.

In conclusion, the segregated structure can better con-
strain the conductive filler to form a conductive framework,
which reduces the loading amount of filler.[''3! The segregat-
ed structure demonstrates distinctive SMI SE; and scalable
functionality that will not let you down.

5 CONCLUSIONS AND OUTLOOK

According to this review, the latest progress of asymmetric EMI
shielding composites with excellent comprehensive properties
focusing on multi-layered, fibrous, porous, and segregated
structures has been discussed in detail. Various research groups
have presented new research achievements on the design and
fabrication of EMI shielding composites with asymmetric struc-
tures. On the basis of these recent advances, we summarized

https://doi.org/10.1007/s10118-024-3112-x


https://doi.org/10.1007/s10118-024-3112-x
https://doi.org/10.1007/s10118-024-3112-x
https://doi.org/10.1007/s10118-024-3112-x
https://doi.org/10.1007/s10118-024-3112-x
https://doi.org/10.1007/s10118-024-3112-x
https://doi.org/10.1007/s10118-024-3112-x
https://doi.org/10.1007/s10118-024-3112-x

706 Zhovu, Y. et al./ Chinese J. Polym. Sci. 2024, 42, 693-710

certain conclusions and development tendencies of the asym-
metric EMI shielding materials as follows.

(1) Asymmetric EMI shielding composites with multi-
layered structures can meet the requirements of low thick-
ness and high EMI SE;, which is especially suitable for the ap-
plication of miniaturized electronics. The EMI shielding prop-
erties of asymmetric multilayered composites can be effec-
tively adjusted by the category, distribution, and content of
functional fillers.' To ensure the balance between absorp-
tion and reflection, conductive and magnetic fillers are added
in different layers, which leads to magnetoelectric synergy for
EMI shielding. Thus, the asymmetric multilayered composites
could realize a satisfactory EMI SE; and a significant reduction
of R-value. Frustratingly, the weak bonding force between
layers can easily lead to the delamination of multilayered EMI
shielding composites. Therefore, improving the interface
bonding ability will be the focus of research for asymmetric
multi-layered material.

(2) Asymmetric EMI shielding composites with fibrous
structures have a three-dimensional framework that pro-
motes electronic conduction and attenuation of EMWs. Asym-
metric fibrous structures commonly consisting of a fibrous
absorptive layer and a dense reflective layer contribute to the
“absorption-reflection-reabsorption” shielding mechanism.
Asymmetric EMI shielding fabrics hold the advantages of su-
perior flexibility, tensile strength, and adjustable EMI shield-
ing properties, which have set the stage for making their
mark in EMI shielding fields. However, the challenges such as
simplifying the preparation process and reducing cost need
to be worked out in the future.

(3) Asymmetric EMI shielding composites with porous
structures provide ultralightweight and durable peculiarity as
well as the absorption-dominated EMI shielding property,
which is favored in the military and aerospace fields.[''s! To
obtain satisfactory EMI SE;, a highly conductive reflection lay-
er at the transmitting surface is desirable to reflect EMWs
back into the porous absorption layer.l''® Thus, such a de-
signed structure extends the propagation path of the EMWs
and increases the absorption and dissipation into heat
against EMWs. However, asymmetric EMI foams sacrifice the
thinness to achieve fascinating EMI shielding properties.!'17]

(4) Asymmetric EMI shielding composites with segregated
structures have the advantages of small filler addition and
low cost.l''8] A segregated structural layer combined with the
compact reflective layer can remarkably reduce the escape of
the EMWs, which reveals the superiority of the asymmetric
segregated EMI shielding composites.[''9) However, the weak-
ened mechanical properties of asymmetric segregated com-
posites are the main defects to limit their development.

Asymmetric EMI shielding composites exhibit scalable val-
ues in terms of structures and performances as well as appli-
cations.'20] With the deepening and development of re-
search, it is expected that the design of asymmetric struc-
tures and novel nanofillers will breathe new life into out-
standing EMI shielding materials.
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