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The design of lightweight and efficient electromagnetic interference (EMI) shielding materials is of great
importance in both civil and military fields. Recently, graphene aerogels with three-dimensional structure have
been proven to be efficient EMI shielding materials with superior advantages of low density, strong absorption of
microwaves, and multi-band applicability. More importantly, most graphene aerogels and their composites
exhibit the absorption-dominated shielding performance, which is exactly the future developing trend for EMI
shielding materials. In this review, we summarized the recent progresses of graphene aerogel-based EMI
shielding materials. Firstly, the key concepts, mechanisms of EMI shielding, and the advantages of graphene
aerogels as EMI shielding materials are discusses in detail. Then, the fabrication strategies of graphene aerogels
are summarized, and their advantages and disadvantages are both narrated. Thirdly, various kinds of graphene
aerogels and their composites are reviewed, with their overall structure-function relationship and absorption-
dominated shielding mechanism illustrated. Fourthly, smart and multi-functional graphene aerogels as EMI
shielding materials are also discussed. Finally, the challenges and technical problems are proposed, and devel-
opment trends are prospected.

1. Introduction

The rapid development of electromagnetic (EM) wave technology
has greatly promoted the development of the society. Numerous tech-
nologies based on the EM waves, such as the fifth-generation (5G)
communication and radar detection have significantly changed people’s
lives [1,2]. Nevertheless, problems are also arising during the applica-
tion of EM wave technology. In the civil fields, electromagnetic inter-
ference and leakage always exist, and these have caused bad influences
on the instant messaging and networking. Moreover, it has been re-
ported that strong electromagnetic radiation will produce deleterious
effects on human body, particularly the nervous system. Some symp-
toms caused by the EM wave pollution, including anxiety, headaches,
depression have been reported [3,4]. While in the military fields,
high-energy electromagnetic weapons are being developed by several
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countries, which poses a huge threat to the high-value equipment, such
as satellites, computer network and electrical power systems. Therefore,
electromagnetic interference (EMI) shielding materials are becoming
more and more important in recent years, which could prevent elec-
tromagnetic leakage to ensure the safety of electronic communication,
and protect important military installations and people’ s health [5-8].

EMI shielding materials are functional materials that can shield EM
waves by blocking or attenuating them. For practical applications, EMI
shielding materials are generally placed on the surface of equipment,
serving as a barrier for incident or leaked EM waves. Electromagnetic
interference shielding effectiveness (EMI SE) is usually used to quanti-
tatively evaluate the shielding effects of EMI shielding materials in
decibel (dB). The EMI SE value is relevant to several aspects, including
electromagnetic properties and thickness of the materials, the EM wave
frequency, and the distance between the interference source and the
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shield, etc. Normally, it is described as the following equation:

P,
SE =10 10g(}7>

In equation (1), P; is the power of the incident wave, and P, is the
power of the transmitted wave. The transmission line theory proposed
by Schelkunoff is the mostly used theory to explain the EMI shielding
mechanism [9,10]. As shown in Fig. 1, when an EM wave is incident on
the surface of the shield, there could be four different states for the EM
wave. Firstly, due to the discontinuity of the wave impedance between
free space and the shield, the surface of the shield will generate a great
deal of reflection, which results in the reflection loss of EMI shielding.
Secondly, some EM waves are not reflected by the surface of the shield,
but enter the body and are then absorbed by the shield during the
transmission. The energy could be converted into microcurrent or heat,
which is called absorption loss. Thirdly, when the incident EM wave
meets another surface of the shield or a heterogeneous interface inside
the shield, it will also generate multiple internal reflections and scat-
terings, and this part of the attenuated energy is called multiple reflec-
tion/scattering loss. Lastly, some EM waves could still transmit through
the EMI shielding materials, and spread further in its direction. There-
fore, the total energy loss of electromagnetic wave can be regarded as
the sum of three parts: reflection loss, absorption loss and multiple
reflection/scattering loss [11,12]. According to the transmission line
theory, EMI SE can also be expressed as equation (2):

(€8]

SE = SEg + SE4 + SEy (2)
Where SEg is the single reflection loss on the material surface, SEj, is the
absorption loss of the material, SEy; is the multiple reflection/scattering
loss inside the material.

Recently, with the development of lightweight electronic commu-
nication equipment, the demand for EMI shielding materials has
continued to increase worldwide [13-15]. It is estimated that the global
EMI shielding material market will reach $9.25 billion in 2025, with an
increase of $2.4 billion over 2020 [16]. Owing to this, various EMI
shielding materials, such as metal-based materials, conductive
polymer-based materials, carbon-based materials, and magnetic mate-
rials have been fabricated to satisfy the practical application [17-28].
These materials normally have high electrical conductivity or perme-
ability, along with advantages such as cheap and accessible. However,
they also suffer from problems like high density, poor mechanical
property, and durability. Most importantly, those traditional EMI
shielding materials mainly rely on reflection for the shielding of EM
waves, rather than absorption of the incident waves, which would result
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Fig. 1. Schematic diagram of EMI shielding mechanism.
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in non-negligible secondary pollution in actual applications [29-32]. In
contrast, absorption-dominated EMI shielding materials can powerfully
enhance the shielding effectiveness via initiative consumption, and can
effectively avoid secondary pollution. Therefore, absorption-dominated
EMI shielding materials are the focus of future research.

Different from traditional reflection-dominated EMI shielding ma-
terials, absorption-dominated EMI shielding materials avoid EM wave
pollution made by the reflecting and scattering of the incident waves.
Absorption-dominated EMI shielding materials usually owns high ab-
sorption coefficient (A), which is larger than the reflectivity coefficient
(R). Therefore, the secondary pollution of EM waves could be largely
reduced. In additions, those absorption-dominated EMI shielding ma-
terials could be also regarded as EM wave absorption materials, which
has been widely used in military stealth fields.

Graphene aerogel is a newly-developing absorption-dominated EMI
shielding material, which has ignited researchers’ great interest since
2014 [12,33-40]. Graphene aerogels can be regarded as
three-dimensional (3D) graphene assemblies made of graphene sheets or
graphene-derivatives. Compared with traditional EMI shielding mate-
rials, graphene aerogels possess abundant advantages, such as an
ultra-low density, a wide bandwidth from gigahertz (GHz) band to ter-
ahertz (THz) band, and a high compressibility helpful for various com-
plex applications [34,41-46]. The excellent absorption-dominated EMI
shielding performance is commonly attributed to the following three
aspects. Firstly, graphene aerogel has high porosity up to 99%, and most
EM waves prefer to incident inside the aerogel with low reflection.
Secondly, the long-range interconnection network made of graphene
sheets has mild electrical conductivity. The incident EM waves will
induce microcurrent resulting in its attenuation, and finally converted
into heat energy. Thirdly, the stacking and folding of graphene sheets
inside the aerogel can significantly increase the reflection area for
incident waves, extending the propagation path of incident waves, and
finally enhance the multiple reflection/scattering loss and enhance the
absorption-dominated shielding process. Owing to its superior perfor-
mance, the reports of graphene aerogels as EMI shielding materials are
increasing year by year, and the published articles related to graphene
aerogels as EMI shielding materials have surpassed 600, as shown in
Fig. 2a. In additions, the increasing granted Chinese invention patents
also reflect its strong application value (Fig. 2b).

This review introduces the recent advances of graphene aerogels as
absorption-dominated EMI shielding materials. Firstly, the fabrication
strategies for graphene aerogel are summarized, and their advantages
and disadvantages are both narrated. Then, EMI shielding materials
based on graphene aerogels and their composites are classified, with
their overall structure-performance relationship and absorption-
dominated EMI shielding mechanisms discussed. Thirdly, smart and
multifunctional graphene aerogel-based EMI shielding materials are
highlighted as the future trend for EM functional applications. Lastly,
the challenges and perspectives for graphene aerogels-based EMI
shielding materials are summarized.

2. Fabrication of 3D graphene aerogels

Nowadays, graphene sheets have been assembled into various bulk
materials, including one-dimensional graphene fibers [47,48],
two-dimensional graphene films [49,50], and three-dimensional gra-
phene aerogels [51,52]. Compared with graphene fibers and graphene
films, the key for the fabrication of graphene aerogels is to construct a
porous yet continuous network structure. Up to now, several methods
have been developed for the fabrication of graphene aerogels. They
could be easily divided into the following three categories, i.e., assembly
through physical/chemical interactions, assembly through templates,
and chemical foaming method. These graphene aerogels prepared by
different methods have different micro/nano structures, which also
bring about different advantages and disadvantages to their properties.
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Fig. 2. (a) Number of articles published related to graphene aerogels as EMI shielding materials in the past few years; (b) number of granted Chinese invention

patents related to graphene as EMI shielding materials in the past few years.
2.1. Assembly through physical/chemical interactions

2.1.1. Chemical crosslinking induced self-assembly

As is known, graphene derivatives, such as graphene oxides (GO), are
usually decorated with plenty of functional groups, which can be used as
the active sites for the chemical crosslinking of graphene sheets to
construct 3D porous network. The generated chemical bonds between
graphene sheets are relatively strong, making the network structure
more stable with higher mechanical properties than those fabricated by
other methods. Huang et al. reported a novel method to fabricate
crosslinked graphene aerogels with edge-to-edge assembly [53]. La>" or
polyethylene imine were used as the crosslinking agents for the reaction
with GO sheets. Owing to the special edge-to-edge crosslinking strategy,
the obtained aerogels possess ultrahigh surface area (up to 850 m?) and
excellent mechanical properties (20 MPa for Young’s modulus and 1
MPa for yield strength), make the resulting graphene aerogel a prom-
ising candidate in the field of environmental or mechanical engineering.
Yao et al. prepared cellulose/reduced graphene oxide (RGO) composite
aerogels via cation-induced gelation, during which celluloses and GO
sheets were crosslinked by metal salt solution, followed by freeze-drying
and chemical reduction to obtain the hybrid aerogels (Fig. 3a) [54].
Scanning electron microscope (SEM) images (Fig. 3b-d) show the
randomly oriented interconnected 3D structures of hybrid aerogels,
which exhibited excellent recoverability, superior absorption capacity
for both organic solvents and water, and electrical conductivity sensitive
to compressive strain.

2.1.2. Solvothermal reaction induced self-assembly

Besides the crosslinking by chemical reagents, solvothermal reaction
is another commonly used method for the preparation of 3D graphene
aerogels. Typically, GO solutions are placed inside a closed environ-
ment. As temperature increases, esterification reaction could sponta-
neously occur between the terminal groups of GO sheets (COOH, OH,
and epoxy groups), and those GO sheets could be randomly crosslinked.
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Additionally, the high temperature environment also facilitates the
reduction of GO sheets, endowing aerogels with higher electrical
conductivity.

Hydrothermal process of graphene aerogel in a 180 °C Teflon-lined
autoclave has been widely used by researchers since 2012 [55]. Wan
et al. found that the hydrothermal reaction time strongly affects the final
morphology of graphene aerogel [56]. A short time (4h) is unable to
form a firm interaction between graphene sheets. With extending time of
12h, a tightly connected graphene skeleton could be generated, and the
corresponding mechanical performance and electrical conductivity will
be also improved. Owing to the convenience of solvothermal reaction,
various graphene-based composite aerogels have been fabricated,
including graphene/polymer aerogels, graphene/metal oxide aerogels,
and graphene/MXene aerogels. For example, Yin et al. has prepared
novel iron nitride/graphene aerogel by a facile two-step hydrothermal
process [57]. As shown in Fig. 4, iron phthalocyanine (FePc) nano-
particles were firstly adhering to GO sheet, then they went through the
hydrothermal process. As a result, and iron phthalocyanine is uniformly
dispersed and anchored on graphene surface with the assist of n—x
stacking, and finally endows it with excellent oxygen reduction reaction
performance. Besides, a series of heteroatom-doping graphene aerogels
(N-doped, S-doped aerogel et al.) were prepared in those hydrothermal
reactions, by introducing co-reaction reagents and further thermal
annealing treatment [58-60]. These composite aerogels have demon-
strated great performance in various fields, such as strain sensing, en-
ergy storage and conversion, electromagnetic wave shielding and
absorption, and electrochemical catalysis [61-64].

2.1.3. Chemical reduction induced self-assembly

Although hydrothermal reaction can bring about ordered three-
dimensional graphene skeletons, the high temperature and long reac-
tion time limit its practical applications. For comparison, chemical
reduction of GO solution is commonly implemented under a relatively
low temperature environment (60-100 °C), and the three-dimensional
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Fig. 3. (a) Fabrication process of cellulose/RGO aerogel via cation-induced crosslinking; (b, ¢, d) SEM images of composite aerogels with different magnifications.

Reprinted with permission from Ref. [54].

network could be also constructed via the reduction-induced n-n in-
teractions. Chemical reagents, such as ammonia, hydrogen iodide (HI),
hydrazine hydrate (NoHjy), ethylenediamine (EDA), and Vitamin C, are
widely used as reducers. Under a mild environment, the GO solutions
could get slowly reduced, and many O-containing groups are eliminated,
resulting in the formation of RGO sheets. Thus, the -t interactions be-
tween RGO sheets would be greatly enhanced, and the adjacent sheets
started to aggregate, finally leading to the fabrication of 3D graphene
hydrogels. Commonly, the reducing degree could be regarded as the
most important parameter during the reaction, and it is usually affected
by the reaction time, the content of reducing agent, and the temperature.
Compared with hydrothermal reaction, the fast preparation process
enlightened the method with more potential applications in the future.
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For example, Li et al. prepared the 3D graphene hydrogel by the
reduction of Vitamin C for only 1 h, much lower than that of hydro-
thermal reaction (8-15 h) [65]. Besides, various kinds of reducing
agents have been studied for the synthesis of graphene hydrogels by
Chen et al. [66]. It is found that the required time for hydrogel formation
is different. It takes 30 min for NaHSO3 while it requires only 10 min for
Vitamin C and NayS. In additions, some composite aerogels have been
prepared using this method, such as polymer/graphene aerogel, met-
al/graphene aerogel. For example, Wang et al. fabricates the
RGO/Al/Bi;O3 composite aerogels by chemical reduction and gelling
(Fig. 5), using EDA as reducers [67]. The initial gelling process only
takes 10 min, and it was then freeze-dried to remove solvent, and porous
composite material was finally obtained.



Z. Cheng et al.

1. Lyophilization

Carbon 205 (2023) 112-137

¢ FeN FeiN/NGA
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2.2. Assembly through templates

2.2.1. Ice template method

Ice template is the most popular method for the preparation of gra-
phene aerogels. Any laboratory equipped with a freeze-drying device
(such as refrigerator and freeze dryer) can fabricate the aerogels, so that
the preparation process is easy and cost-effective. Commonly, those GO
solutions are placed in a freezing equipment, such as liquid nitrogen-
freezing device or refrigerator. The water slowly turns into ice, with
GO sheets expelled into the ice crystal edge, or between ice crystals.
Further, the frozen GO solution goes through the freezing-drying pro-
cess, and the graphene aerogel is fabricated. A noteworthy advantage of
the ice-template method is its designability, and the micro/nano archi-
tecture of aerogel could be effectively tailored during the ice-formation
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process. Specifically, the final architectures of graphene aerogel such as
its porosity, and orientation, can be tuned by the designing of ice
nucleation and growth process. The most famous example is the aligned
graphene aerogel. For example, Yang et al. fabricate a biomimetic long-
range ordered 3D graphene structure by using a polydimethylsiloxane
(PDMS) wedge with a slope angle of around 15°, generating temperature
gradient in both horizontal and vertical direction [68]. Liu et al.
demonstrated a calcium ion-assisted unidirectional-freezing approach
for fabricating highly anisotropic graphene aerogels by unidirectionally
freezing aqueous suspensions of GO with a trace amount of calcium ions
(Fig. 6a), followed by freeze-drying and thermal reduction [69]. The
aerogel exhibits a highly oriented and regulated architecture, in which
the graphene sheet walls are nearly parallel to its transverse direction
(Fig. 6b—e). Yang et al. simulated the microstructure of graphene aerogel
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Fig. 6. (a) Schematic illustrating the fabrication of anisotropic graphene aerogel; high-magnification SEM images of GO5-2.5 along (b, c) transversal and (d, e)
longitudinal direction. Reprinted with permission from Ref. [69].

formation during the water freezing process [70]. The results show that of crack-free graphene foam. Such synthesis collaboration enables a
the morphology and size of graphene wall structure in aerogel are hierarchically constructed 3D graphene foam with a large surface area,
derived from the comprehensive effects of ice nucleation, poly- excellent conductivity, and good mechanical properties (Fig. 7). Besides
crystalline growth and graphene diffusion. Nevertheless, due to the the pure graphene aerogel, many doped 3D graphene structures have
relatively insufficient direct contacts of graphene sheets, the chem- been reported through the CVD method, and various foreign atoms (such
ical/physical interactions between individual graphene sheets are weak as N, B, S, and P) have been incorporated into 3D graphene framework
for ice-template aerogels, which results in much lower mechanical by the high temperature treatment procedures [73-76].

performance and electrical conductivity, compared with that of the
chemical crosslinking/reduction strategies.
2.3. Chemical foaming method

2.2.2. CVD method . ) o o )

Chemical vapor deposition (CVD) is another widely used method for Direct foaming from solids is the most efficient method to fabricate
the preparation of graphene aerogels. Commonly, CVD involves a one- porous materials, and this is widely applied for the fabrication of poly-
step synthesis based on the breaking of precursor molecules (gas, mer foam. ) Howeyer, the direct foamlln'g of pure na.no-r.naterlials 1s
liquid, and solid) in the gaseous state and their reforming over a sub- commonly impossible, because the plasticity of their solids is denied by
strate/catalyst. For the fabrication of graphene aerogels/foams, the the overwh(?lmmg 1nterface. Interactions. Recently,.Gao’s group has
carbon atoms are directed deposited on the templates, such as metallic successfully invented a chemical foaming method to directly convert GO
frameworks (Ni/Cu foam), oxides (MgO powders), biomorphic tem- solids into aerogel bulks [77-80]. The GO films were firstly prepared by
plates (seashells), minerals (zeolites), as well as dielectric substrates cas.t-drylng. Ther.1, the GO .ﬁlms were 1rr'11T1ers.ed 1nt'o the NoHy/H30 so-
(Al,03), with the aid of catalysts in high temperature environment. lution for water intercalation and plasticization (Fig. 8a). Water mole-
Compared with the chemical/physical interaction assembling method, cules penetrated the GO interlayer gallery and the intercalation was

the fabricated graphene aerogel by CVD method possesses high crys- ~ completed in a few seconds. The interlayer spacing increased from 0.90
tallinity and lower defects. Cao et al. prepared a novel 3D graphene nm in d.rled G.O to 2.32 nm in plastic C.;O solid, f"’hICh was confirmed by
network using Ni foam as a sacrificial template in a facile CVD process, X-ray diffraction spectra. In the following chemical foaming process, the
with ethanol as the carbon source [71]. The whole CVD process is car- reaction of NoH, with oxygen-containing groups of GO sheets exhausted

ried out in a 1000 °C chamber for only 10 min. The production can be gas (such as COz and H20) and produced bubbles in the interlayer space,

easily scaled up by using a larger CVD chamber, which is more essential thus generating pores inside graphene sheets (Fig. 8b/c). In the final
for practical applications. Xu et al. further employed a combination of drying process, water was directly evaporated by heating to avoid un-
conventional CVD with additive manufacturing for graphene aerogel necessary freeze drying and solvent replacement process, and the
growing [72]. A sacrificial silica template with complex-designed hydroplastic graphene aerogel (HGA) was fabricated. The morphology

structures prepared by 3D-printing techniques enables the fabrication of graphene aerogel fabricated by chemical foaming is very different
from that of direct freezing. The face-to-face configuration of graphene
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walls dominates to form a hyperboloid structure by bubble clustering,

instead of random configurations in freezing-dried aerogels, and this

renders graphene aerogels with ultra-robust mechanical stability against

extreme deformations.

Carbon 205 (2023) 112-137

3. Graphene-based aerogels for EMI shielding

3.1. Pure graphene aerogel for EMI shielding

Graphene aerogels are widely used as electromagnetic protection
materials since 2014. Chen et al. firstly reported the fabrication of
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graphene/PDMS foam as strong EMI shielding materials [81].In their
experiments, Graphene with high quality was grown on a Ni foam by
CVD method. Then, a thin layer of PDMS was coated on the surface of
graphene, followed by the etching of Ni foam. The lightweight foam
with a density of 0.06 g/cm® owns a shielding efficiency of 30 dB in the
30 MHz-1.5 GHz band and 20 dB in the X band. As can be seen, the
graphene foams fabricated by the CVD method display strong EMI
shielding performance. However, such a CVD-fabricated low-defect
graphene foam possesses “perfect” lattice structure, which endows it
with high conductivity, and the high shielding efficiency is mostly
attributed to the reflection of microwaves, rather than absorption. In
contrast, Zhang et al. fabricated a RGO foam via the solvothermal
method with the effective microwave absorption performance [82]. The
effective absorption bandwidth (EAB, definition of the bandwidth where
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reflection loss (RL) is under —10 dB) of 50.5 GHz, was vastly superior to
many reports. Moreover, via 90% physical compress strain, the EAB of
aerogel experienced an increase to 60.5 GHz, showing the potential of
graphene aerogel for adjustable electromagnetic protection applications
(Fig. 9a—d). In 2018, Huang et al. further discovered the high absorption
efficiency of RGO aerogel to THz waves [83]. An ultra-wide EAB that
covers 95% of the entire measured bandwidth from 0.1 to 1.2 THz was
achieved, which demonstrated that graphene aerogel is a multi-band
compatible EM wave absorbing material, suitable for both GHz and
THz waves. Compared with CVD-fabricated graphene foam, the sol-
vothermal reaction of GO solution could only partially eliminate the
defects of GO sheets, and the electrical conductivity of obtained network
was only in the range of 107!-107° S/m, far lower than that of
CVD-fabricated one. Combined with its porous structure, the delicate

——GF —>—NGF,,-0.6
——NGF,,-06 —e—NGF, 0.9
——NGFy,;-0.3 —e—NGF,,-1.2

2 4 6 8 10 12 14 16 18
Frequency (GHz)

(¢

A
o O

¥
=)

o b
<)

Reflection Loss (dB)
& &
o O S

H

N W
L

. g

2 4 6 8 10 12 14
Frequency (GHz)

Thickness(mm)

16 18

Fig. 10. (a) Schematic illustration for the formation of N-doped graphene foams via the induction of urea in the hydrothermal reaction; (b) three kinds of N bonding
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construction of the 3D network brought about excellent impedance
matching between the RGO aerogel and air, and the EM wave could
easily incident inside the aerogel, rather than been reflected. Then, the
long-range mild conductive network consisting of entangled conductive
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graphene sheets could intensely respond to the broadband incident
microwave as tremendous resistance-inductance—capacitance coupled
circuits, which could effectively dissipate the microwave energy. Be-
sides, the incident microwave could be further scattered and reflected
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Fig. 11. (a) Schematic illustration of the fabrication process of the Ni/RGO composite foam; microstructural images of (b) Ni foam, (c) Ni/RGO foam, and (d) RGO
foam; (e) schematic diagrams of possible EM wave attenuation mechanism in Ni/RGO foam. Reprinted with permission from Ref. [89].
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inside the porous structure (Fig. 9¢), when it encounters the pore wall
made of graphene sheets, and this finally promoted the absorption of EM
waves.

3.2. Heteroatom doped graphene aerogel for EMI shielding

Doping heteroatoms for carbon materials has attracted extensive
attention in recent years. Nitrogen atoms are considered excellent can-
didates for chemical doping of carbon materials, because of their com-
parable atomic size and their 5 valence electrons which can form strong
covalent bonds with carbon atom. Furthermore, N-doping can reduce
the intrinsic resistance of graphene, which facilitates the transfer of
electrons through the active material. Liu’s group has long been inves-
tigating doped carbon materials as microwave absorbers/shields
[84-86]. In 2018, Zhou et al. prepared N-doped graphene (NG) com-
posite aerogels as EM wave absorption materials [87]. The authors
claimed that N atoms can break the sp? domains of graphene hexagonal
lattice, thereby forming disordered sites, resulting in defect polarization
relaxation and electron dipole polarization relaxation, both of which are
beneficial to improve the dielectric loss for microwaves. The NG com-
posite aerogel has good EM absorption performance in the Ku-band,
with the minimum value of RL of - 53.25 dB and the EAB value of
8.15 GHz. In 2019, Liu et al. reported N-doped graphene foams with
high porosity and open reticular structures [88], which were also pre-
pared via self-assembled hydrothermal reaction, freeze-drying, and
800 °C treatment (Fig. 10a). The X-ray Photoelectron spectroscopy re-
sults demonstrated that three different kinds of N bonding configura-
tions, pyrrolic/pyridinic/graphitic, all exist inside the graphene skeleton
(Fig. 10b). Since N atoms can act as electron donors and donate free
electrons to the conjugated system properties, it induces a great
improvement in their electrical conductivity. The investigation of N
bonding configurations illustrates that the presence of pyrrolic/pyr-
idinic N is essential for the dipolar relaxation loss whereas graphitic N is
beneficial to the conduction loss (Fig. 10c) for microwave dissipation,
thus leading to strong EM wave absorption capacity and broad absorp-
tion bandwidth simultaneously (Fig. 10d—e).

3.3. Graphene-based composite aerogel for EMI shielding

3.3.1. Metal/graphene composite aerogel

Metals are natural excellent EMI shielding materials, which usually
have high electrical conductivity. Several kinds of metals are used for
the preparation of metal/graphene composite aerogels. Among all those
metal materials, nickel has been conspicuous in the past few years, on
account of its excellent conductivity and magnetic susceptibility. So, it is
considered as the preferred option to composite with graphene aerogels,
in order to compensate for monotonous dielectric loss of graphene for
EMI shielding/microwave absorption. Numerous methods have been
explored to integrate nickel and graphene as aerogel materials. Liu et al.
fabricated an ultra-light nickel/graphene composite foam by a combi-
nation of solution combustion, freeze-drying, and high temperature
annealing (Fig. 11a) [89]. The resulting Ni/RGO foam displayed an
interpenetrating network consisting of the 3D Ni skeleton and contin-
uous RGO sheets, as shown in Fig. 11b/c/d. The 3D interpenetrating
conductive network enriched and refined the pore size for Ni foam, also
created numerous Ni/graphene interfaces, and thus assisted to achieve
eminent impedance matching for broadband microwave absorption and
EMI shielding. Due to multiple loss mechanisms created by the inter-
penetrating network of Ni and RGO sheets, the Ni/RGO composite foam
projected a high absorption-dominated shielding efficiency (Fig. 11e). It
achieved a minimum RL of —53.11 dB at 6.08 GHz and an EAB of 4.91
GHz for EM absorption.

Gao et al. prepared a Ni-chains/RGO microcellular foam with an
asymmetrical conductive structure [90]. An RGO-rich layer and a
Ni-chains-rich layer were placed on both sides of the aerogel via hot
pressing and supercritical carbon dioxide foaming process. Benefiting
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from the construction of an asymmetrical conductive structure, the
microcellular foam with 5 vol% RGO and 5 vol% Ni-chains exhibits good
electrical conductivity (~10"' S/m) and high EMI SE value (40.82 dB)
in X-band. Besides, the maximum difference of reflection coefficient (R)
is up to 0.5 by actively regulating the EM wave incidence direction (Ni
chain-rich side or RGO-rich side), demonstrating its tunable absorp-
tion/reflection performance for EM waves.

Besides Ni metals, some high conductive metal materials (Ag and Cu)
are also investigated for the preparation of graphene composite aerogel
as EMI shielding materials. Liang et al. prepared 3D silver plates/RGO
foams (AgPs/rGF) with numerous regular spherical hollow structures
[91]. Ag plates achieved uniform dispersion along the 3D RGO network
via a sol-gel template method. The composite showed a maximum EMI
SE value of 58 dB and an electrical conductivity of 45.3 S/m, demon-
strating huge enhancement made by two-dimensional metal nano-
particles. Gao et al. combined one-dimensional Ag nanowire (NW) and
3D graphene foam to prepare a 3D AgNW/graphene bicontinuous
conductive skeleton through a hydrothermal reduction method and
thermal annealing process [92]. The AgNWs are uniformly dispersed on
the surface of graphene sheets, with a high aspect ratio. Besides, the
AgNW interconnected with each other tightly, generating a bicontin-
uous conductive network along with the graphene foam. The electrical
conductivity increased from 26.5 S/m to 498 S/m when the mass ratio of
AgNW to GO increased from 0 to 50, demonstrating the essential effect
of AgNW. Benefiting from the construction of the efficient bicontinuous
conductive network, the composite aerogels achieved the highest EMI
SE value of 84.01 in the X band, which shows the great application value
as high-performance EMI shielding materials. Yang et al. synthesized
copper nanowires/thermally annealed graphene aerogel with high
electrical conductivity [93]. The composite has shown dual functions of
thermal conductivity and EMI shielding, with an EMI SE of 47 dB and
electrical conductivity of 120.8 S/m, which is ascribed to perfect 3D Cu
nanowires-graphene conductive network structures.

3.3.2. Magnetic material/graphene aerogel

Although metal/graphene composite aerogel exhibited excellent
electricity conductivity and high EMI SE value, most of them provide a
reflection-dominated shielding mechanism and weakened impedance
mismatch, which is obviously not the optimal composite material for
EMI shielding. Therefore, magnetic materials have caught researchers’
eyes to enhance the impedance matching for the composite aerogels.
Besides, magnetic materials provide magnetic loss mechanism differing
from the dielectric route of graphene aerogel, which would significantly
enhance its absorption and shielding performance. Within all distin-
guished magnetic materials, ferromagnetic materials possess the ca-
pacity of strong magnetism, which makes them an ideal component for
absorption-dominated graphene aerogel. Researchers have developed
several novel methods to fabricate the graphene/ferrites composite
aerogel. Fang et al. has prepared Fe3O4/graphene composites aerogels
[94]. The Fe304 spheres were in-situ grown on graphene foam networks
via the assistance of polydopamine (PDA) layers. The signally hierar-
chical architecture gave rise to multiple interfaces between the nano-
particles and graphene sheets. The intricate porous architecture inside
the Fe3O4 spheres formed a microcosmic district that coordinated with
the porous structure of the macroscopic graphene aerogel, permitting
the transferring/dissipation of multiple electromagnetic waves with
different frequencies, according to the 1/4 wavelength theory. In addi-
tions, natural resonance and exchange resonance were enhanced. As a
result, the magnetic loss was increased and thus improved the overall
EMI shielding values. The graphene/FesO4/PDMS composite aerogels
have achieved a high average EMI SE value of 70.37 dB in the X band,
which made a 22 dB enhancement compared with graphene aerogel
without the loading of Fe3O4.

Zhu et al. fabricated a Fe304/graphene foam (GF) composite using a
CVD method. Conductive graphene foam was firstly prepared by CVD
[95], and cetyltrimethylammonium bromide (CTAB)-modified magnetic
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Fe30O4 nanoparticles were assembled on the conductive graphene by
mutual electrostatic attraction, then it was encapsulated by PDMS. The
lightweight Fe304/GF/PDMS composite reaches a high EMI SE of 32.4
dB in the X band, showing obvious advantage comparing with single
GF/PDMS or Fe304/PDMS composites. Huangfu et al. functionalized
Fe304 with EDA, using a template-casting method to fabricate Fe304/-
thermally annealed graphene aerogel nanocomposites [96]. The ob-
tained composite presented an EMI SE of 35 dB in the X band. Luo et al.
prepared a sandwich-like buckypaper/yttrium iron garnet (YIG) -gra-
phene aerogel/buckypaper metacomposite [97]. The composite
exhibited a double negative electromagnetic behavior and excellent EMI
shielding performance due to the high magnetic permeability of YIG and
the novel construction of the composite, and an EMI SE value of 70 dB
was achieved with the thickness of 4 mm. Besides Fe304, other magnetic
oxides have also been adapted for compositing with graphene aerogels.
Cobalt-zinc ferrite exhibits outstanding electromagnetic properties such
as strong anisotropy, excellent mechanical hardness, high saturation
magnetization and first-class chemical stability. Shu et al. fabricated
cobalt-zinc ferrite/graphene composite aerogel with a minimum RL of
—66.8 dB for EM absorption in the X band, with a thickness of 2.6 mm
[98]. A broadband EAB of 5.0 GHz could be achieved at a thickness of
only 1.6 mm. It is important that the magnetic cobalt-zinc ferrite endows
the composite aerogel with ferromagnetic behaviors which brought
about enhancement in magnetic loss routes, including natural reso-
nance, exchange resonance, and eddy current loss. Wang et al. prepared
unique CoFe204/N-RGO aerogel by embedding CoFe;04 nanoparticles
into N-doped RGO via facile solvothermal methods [99]. The electro-
magnetic parameters of composite aerogels can be immensely improved
by tuning the additive amount of CoFe;O4 nanoparticle. An optimal
microwave absorption performance is achieved when the mass ratio of
GO to CoFey0y4 is 1:2, with highest EAB up to 6.48 GHz (11.44-17.92
GHz) and best RL value of —60.4 dB.

3.3.3. MXene/graphene composite aerogel

In the past few years, two-dimensional transition-metal carbides
(MXene) with versatile surface chemistry, high aspect ratios, and su-
perior electrical properties have been intensively exploited for different
kinds of potential applications, such as energy storage, catalysis,
sensing, and EMI shielding [100-102]. The two-dimensional sheet-like
structures of MXenes are ideal for compositing with graphene as aerogel
materials for EMI shielding and microwave absorption, which has
ignited researchers’ interests.

In 2018, Zhao et al. developed a GO-assisted hydrothermal assembly
method for the preparation of graphene/MXene composite aerogel
(Fig. 12a) [103]. The resultant hybrid aerogels exhibit aligned cellular
microstructure, in which the graphene sheets serve as the inner skeleton,
while the compactly attached Ti3CyTx sheets present as shells of the cell
walls. The composite foam exhibited great electrical properties, high-
lighting the crucial contribution of Ti3CyTx to the composite aerogel,
and this further endow its epoxy nanocomposite with an outstanding
EMI SE value of more than 50 dB in the X band at a low Ti3C,Ty content
of only 0.74 vol % (Fig. 12b). As is shown in Fig. 12¢/d, the fracture
surface of MXene/graphene aerogel (MGA) and its epoxy nano-
composite showed highly aligned cell walls, indicating the aligned
Ti3CoTx network is well retained in the nanocomposite. The inter-
connected conductive network and the highly aligned architecture
provided multiple and unobstructed paths for incident electromagnetic
waves, thus resulting in the superior electrical and EMI shielding
properties.

In 2019, Ma et al. investigated the THz absorption performance of
MXene/GO composite foam fabricated by the solvothermal method
[104]. The results demonstrated that the thickness and MXene content
play a crucial role in its THz stealth performance. After the addition of
MXene, the adsorption performance of composite foam is greatly
improved compared to pure GO foam, with an optimal average THz RL
value of 30.6 dB. In 2022, Jin et al. fabricated a multifunctional
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MXene/graphene/polymer composite with a three-dimensional
conductive network via a facile dispersion dip-coating approach
[105]. After the dip-coating procedure, the MXene and graphene
nanosheets can be uniformly deposited on the PU network, and the open
micropores of the PU sponge are filled with MXene and graphene
nanosheets. The composite aerogel exhibited a highest EMI SE of 43.3
dB in the X band with a thickness of 2.4 mm.

Although MXene facilitates the graphene aerogel with high con-
ductivity, it also weakens the absorption performance of aerogel due to
the impendence mismatch with air, and the dominated EMI shielding
mechanism for most MXene/graphene aerogel is reflection rather than
absorption. To solve the problem, many researchers have prepared
graphene/MXene/magnetic particles ternary composite to enhance the
impedance matching. For example, Liang et al. fabricated a 3D com-
posite aerogel of TizCyTx/RGO anchored by magnetic nickel nanochains
for microwave absorption [106]. The directional cell structure and the
heterogeneous dielectric/magnetic interface induced perfect impedance
matching, multiple polarizations, and electric/magnetic coupling ef-
fects, which are favorable for its EM wave absorption performance. The
as-prepared ultralight Ni/MXene/RGO aerogel exhibits excellent MA
performance with a minimum RL value of —75.2 dB, and the EAB could
achieve 7.3 GHz. Further in 2022, Li et al. developed an effective
approach to fabricating FeS/MXene/graphene composite aerogels
[107]. After the electrostatic self-assembly of MXene on the surface of
rGO skeletons, flower-shaped FeS clusters were anchored on the struc-
ture through hydrothermal method. The minimum RL value reaches
—47.17 dB at a thickness of 4.78 mm, and the maximum EAB can be
extended to an unprecedented value of 11.20 GHz.

3.3.4. Polymer/graphene composite aerogel

Conductive polymers are organic polymers that can conduct elec-
tricity. Common conductive polymers such as polyacetylene (PA), pol-
ypyrrole (PPY), polythiophene (PTh), and polyaniline (PANI) have
shown decent electrical conductivity and are used in many fields
including electrode materials, photocatalysis, and EMI shielding
[108-110]. The combination of conductive polymer with graphene
aerogel also induces researchers’ interest in recent years for EMI
shielding and microwave absorption.

Wu et al. prepared a sponge-like PPY/RGO composite aerogel with
an effective absorption band of 6.76 GHz and a minimum RL of —54.4 dB
at 12.76 GHz [111]. The SEM images proved that PPy was coated on
RGO sheets, resulting in capacitive-like PPy/RGO structures. Under the
action of the EM field, a large number of charges will be concentrated in
the capacitive structure, which further induces the interfacial polariza-
tion and consequently contributes to the attenuation of EM waves.
Huangfu et al. fabricated PANI/MWCNT/graphene composite foam via
thermal annealing and template-casting method [112]. After the intro-
duction of PANI, the EMI SE value of composite aerogel increased to 43
dB, showing an increase of 16.7% compared with the MWCNT/graphene
foam. The authors claimed that the introduction of PANI brought in
abundant interfaces, and constructed a more self-contained conductive
network, thus enhancing the multiple reflection and the EMI shielding
properties immensely. In 2021, Wang et al. proposed an innovative
approach to prepare graphene foam/PANI/epoxy (GF/PANI/EP) com-
posites with superior EMI shielding performance as well as thermal/-
mechanical properties [113]. The graphene foam was first modified by
p-phenylenediamine (PPD) to produce the reactive sites for further
in-situ polymerization of PANI, and then the epoxy resin is filled in the
pores of graphene/PANI composite foam. The SEM images demonstrate
a uniform distribution of PANI covered on the graphene sheets, which
generates a continuous network. The EMI SE value reached up to 38.32
dB, which are 11 times larger than that of the pristine epoxy matrix.
Additionally, the mechanical property and thermal conductivity of
composites are also enhanced due to covalent interaction between PANI
and graphene.

Besides those conductive polymers, many other insulated polymers
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have also been composited with graphene as aerogel materials, which
endow the aerogel with various functions. For example, Li et al. devel-
oped a facile foaming route to construct a bubble-template 3D conduc-
tive network with graphene and PDMS [114], which exhibited an
excellent EMI shielding effectiveness of ~86 dB at a thickness of 2 mm.
The superior EMI shielding property is ascribed to the abundant close
pore structures to reflect and absorb electromagnetic waves, and high
electrical conductivity from interconnected 3D graphene networks. Be-
sides, PDMS also facilitates the composite aerogel with flexibility and
stretchability. Cheng et al. prepared graphene/polyaramid composite
aerogel via solvothermal reaction [115]. The experimental and molec-
ular simulation results demonstrated that aromatic polyaramid could
in-situ adhere to the RGO sheets surface during the solvothermal reac-
tion, which is derived from the high density interfacial n-r interactions
between RGO and benzene rings of polyaramid. More interestingly, this
adhered thermal-resistant polyaramid could also act as the
anti-oxidation barrier layer for RGO aerogel, endowing it with stable
microwave absorption performance at high temperature. The aerogel’s
EM wave absorption performance could be completely preserved after
300 °C treatment in air atmosphere. Furthermore, the composite aerogel
also exhibits multi-functions, including good compressive performance,
thermal-insulating and flame-retardance.

3.3.5. Metal-organic frameworks (MOF)/graphene composite aerogel

Recently, MOFs have attracted tremendous attention owing to their
tunable chemical structures, diverse properties, large specific surface
area, and porous morphology, which have been adapted as EM func-
tional materials by many researchers [116-118]. MOF could be trans-
formed to porous carbon with the decoration of metal oxides at high
temperatures, thus endowing it with simultaneous dielectric and mag-
netic loss for microwave dissipations. Besides, the compositing of MOFs
with other nanomaterial is also hugely studied, and graphene aerogel is
one of the most important with excellent performance [119,120]. In
2020, Liu et al. prepared y-Fe;O3/C/RGO composite material by the
facile hydrothermal method of MIL-53 MOF, combined with the calci-
nation process [121]. Through appropriate doping ratio and calcination
temperature, the minimum RL value can achieve —43.13 dB, with an
excellent EAB of 11.68 GHz. In 2021, Zhang et al. fabricated a CoTey
MOF/GO composite aerogel via the solvothermal method [122]. The
resultant MOF-derivative CoTey exhibit nano porous structures, with
pore diameters ranging from 1 to 10 pm, which is also uniformly
distributed on the RGO sheet inside the skeleton. The unique micro-
structure and dielectric/magnetic component provide the aerogel with
excellent microwave absorption performance in both GHz and THz
band. Specifically, the optimal RL was up to —62.2 dB at 13.04 GHz, and
the EAB is 8.2 GHz in GHz band. The excellent EM wave absorption
performance should be derived from the following three aspects. First,
the porous RGO forms a continues conductive network, which could
attenuate the microwave by multiple reflection and scattering, and
dissipate the energy into microcurrent and heat. Secondly, the CoTe;
can enhance multi-interfacial polarization with numerous interfaces
between CoTey and RGO sheets, and the CoTe; also provide dielectric
loss due to its electrically conductive properties. Thirdly, the natural
resonance and eddy current losses are generated by ferromagnetic Co
nanoparticles.

Apart from the solvothermal reaction, the MOF/graphene aerogel
could be also generated by the coordination/electrostatic interaction of
metal ions and GO. In 2022, Huang et al. prepared MOF/RGO aerogels
based on the gelation of GO, which is directly initiated using MOF
crystals [123]. The metal ions from MOF act as the crosslinkers for GO
sheets to form a stable 3D porous nanonetwork via metal-oxygen elec-
trostatic interactions. The further thermal treatment has transformed the
MOF/GO structure to Fe304@C/RGO magnetic/dielectric hybrid aero-
gels (Fig. 13a/b). Typically, it presents a highly porous 3D structure of
RGO crosslinking (Fig. 13c/d). The synergistic effects of magnetic/di-
electric performance and porous structure provide the aerogel with
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notable microwave absorption performance with strong absorption
(—58.1 dB) and broad bandwidth (6.48 GHz) at low thickness (2.5 mm)
(Fig. 13e).

3.3.6. Carbon material/graphene composite aerogel

Similar to metal/graphene composite aerogel, the application of
carbon/graphene composite aerogel is beneficial to EMI shielding and
microwave absorption because of the high conductivity of carbon-based
materials, such as carbon nanotubes, carbon fibers, and fullerene, etc
[51,124-126]. Zhao et al. reported PDMS/RGO/single-wall carbon
nanotube (SWCNT) nanocomposite as EMI shielding materials [127].
The RGO/SWCNT conducting network was firstly constructed and then
backfilled with flexible PDMS matrix. The incorporation of SWCNT
obviously improved the intrinsically high conductivity of composites.
The interconnected RGO/SWCNT interconnected 3D network could
serve as fast channel for electron transport, and induced an outstanding
EMI SE value of 31 dB in the X band. Chen et al. prepared a multiwalled
carbon nanotube (MWCNT)/RGO foam via a self-assembly solvothermal
method and thermal reduction [128]. Compared with RGO foam, the
composite aerogel possesses a larger pore size and a more regular and
complete pore wall structure, and this should be owing to the rein-
forcement effect of MWCNT. With the increase of MWCNT content and
annealing temperature, the electrical conductivity of composite aerogel
gradually increases, which presents an efficient method for the regula-
tion of aerogel’s electromagnetic properties. Due to the interlaced
network of MWCNT, the optimized EM absorption performance could
achieve the entire qualified bandwidth of 16 GHz (2-18 GHz) and a
minimum RL value of —39.5 dB, which is superior to most literatures.
Recently, Cao et al. also provided carbon fiber/RGO aerogel fabricated
by a similar solvothermal reaction [129]. Compared with RGO sheets,
carbon fiber displayed an obviously lager size, with a length of 1-2 mm.
Therefore, T1000 carbon fibers are interspersed inside the pore of aer-
ogel, rather than adhering to the graphene sheets as pore walls.
Compared with that of pure RGO aerogel, the complex permittivity
values were nearly doubled in the 2-18 GHz band with the addition of
100 wt% carbon fiber, and this is obviously attributed to the high con-
ductivity of carbon fibers. By regulating the annealing temperatures of
composite aerogel, an optimal EAB value of 8.72 GHz was obtained in
2-18 GHz. Besides, the compressible composite aerogel also demon-
strates superior and stable EMI shielding performance under in-situ
compression. The EMI shielding effectiveness exceeds 35 dB in the X
band with a compression ratio of 78.9% at the thickness of 4 mm.
Graphyne is a kind of new carbon material composed of sp and
sp-hybridized carbon atoms, and it has displayed various application
aspects in the field of energy storage, photocatalytic reactions
[130-132]. Zhang et al. firstly fabricated the y-Graphyne(y-GY)/RGO
composite aerogel by the solvothermal self-assembly [133]. The y-GY
was firstly synthesized using a mechanochemical ball-milling method.
Then it went through the facile solvothermal reaction with GO solution.
The minimum RL value of composite aerogel is —71.73 dB at 10.48 GHz,
and the EAB value could reach 7.36 GHz. Additionally, excellent THz
absorption property is also obtained at 0.2-1.6 THz.

Besides those regular synthesized carbon materials, carbon-based
material could be also fabricated by thermal annealing of polymers,
such as the carbonization of polyimide and epoxy resin. Various poly-
mers have been compensated with graphene to prepare the foam/aer-
ogel materials, and the pyrolyzed sample was transformed to carbon/
graphene composite aerogel. Song et al. [134] prepared a cellulose
carbon aerogel (CCA)/RGO aerogel using vacuum impregnation, and
freeze-drying followed by thermal annealing methods. The cellulose
precursor forms carbon fiber after the thermal annealing, and two
different conductive networks (CCA and RGO) were simultaneously
generated inside the composites. These two conductive networks work
together to form a perfect 3D double-layer network for effective mi-
crowave dissipation, which significantly improves the EMI SE (51 dB) of
composite aerogel.
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3.3.7. Comparison of graphene aerogels and its composites as EMI shielding
materials

As have been mentioned, various graphene aerogels and their com-
posites have been developed as EMI shielding materials. Their EMI
shielding performance and corresponding materials type are summa-
rized as followed in Table 1. As can be seen, those doped graphene
aerogels, and metal/graphene composite aerogels own high EMI SE
values, and some of them are higher than 80 dB. This is mainly derived
from their highly improved electrical conductivities, compared with

Table 1
The EMI shielding performance of different kinds of graphene aerogel materials.
Type Materials EMI Frequency Thickness Refs.
SE band (GHz)  (mm)
(dB)
Pure Graphene 30.9 8.2-12.4 2.5 [11]
graphene aerogel
aerogel prepared by
Vitamin C
reduction
RGO aerogel 135 0.1-3 1.4 [12]
prepared by
CVD method
RGO aerogel 20 8.2-12.4 1 [81]
prepared by
high-
temperature
treatment
Metal/ Ni-chains/RGO 40.82 8.2-12.4 2 [90]
graphene microcellular
composite foam
aerogel silver plates/ 58 8.2-12.4 3 [91]
RGO foams
Ag NW/ 84.01 8.2-12.4 4 [92]
graphene foam
Magnetic graphene/ 70.37 8.2-12.4 2 [94]
material/ Fe30,4/PDMS
graphene composite
aerogel aerogels
Fe304/graphene 32.4 8.2-12.4 1 [95]
foam
YIG-graphene 70 8.2-12.4 4 [971
aerogel/
buckypaper
metacomposite
MXene/ Ti3CeTx/GO 50.7 8.2-12.4 1.5 [135]
graphene composite
composite aerogel
aerogel MXene/ 43.3 8.2-12.4 2.4 [105]
graphene/
polymer
composite
Conductive PANI/MWCNT/ 43 8.2-12.4 3 [112]
polymer/ graphene
graphene composite foam
composite graphene foam/ 38.32 8.2-12.4 4 [113]
aerogel PANI/epoxy
Carbon RGO/SWCNT 31 8.2-12.4 2 [127]
material/ composites
graphene Carbon fiber/ 51.6 8.2-12.4 19 [129]
composite RGO aerogel
aerogel cellulose carbon 51 8.2-12.4 10 [134]
aerogel/RGO
aerogel
composites
Heteroatom N doped carbon 82 8.2-12.4 13 [136]
doped aerogel by
graphene biomass
aerogel pyrolysis
N, S-co-doped 80 8.2-12.4 2 [137]
TiC/carbon
hybrid aerogel
MOEFE/ ZIF-8 derived 48 8.2-12.4 1 [138]
graphene material/
composite graphene
aerogel aerogel
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pure graphene aerogel. However, their corresponding EMI shielding
mechanisms are mostly reflection-dominated rather than absorption-
dominated, which would generate secondary pollution. Instead, a
large proportion of the composite aerogels, such as the polymer/gra-
phene aerogel, ferrites/graphene aerogel, MOF-graphene aerogels,
display a moderate EMI SE values, which are mostly in the range of
20-50 dB. Nevertheless, their EMI shielding mechanisms are mainly
absorption-dominated, since those materials possess low electrical
conductivity or even are insulators. In this case, the overall electrical
conductivities are similar with the RGO aerogel, and the EM waves tends
to incident insides the aerogel and further been attenuated.

To further illustrate the unique absorption-dominated EMI shielding
properties of graphene aerogels, we also summarized the absorption
coefficient (A), reflectivity coefficient (R) of those graphene composite
aerogels, and the special A/R values are also calculated to verify their
main shielding mechanisms. As shown in Table 2, the A/R values of
those graphene composite aerogels are all higher than 1, and this
demonstrated that the absorption ratio for EM waves are higher than the
reflection, which once again proved their absorption-dominated EMI
shielding performance. For comparison, the A, R and A/R values of some
heavily-researched EMI shielding materials, such as MXene aerogel/
films, graphene films and metal foams, are also presented. Although
they may possess high EMI SE values, their A/R value are all below 1,
and some of them are even lower than 0.1, which proves them as
reflection-dominated EMI shielding materials. The huge differences of
graphene composite aerogels with them are mainly derived from the
following two parts. Firstly, those reflection-dominated EMI shielding
materials, such as MXene aerogels/films and graphene films, usually
possess high electrical conductivity (most of them are higher than 106 5/
m), and their impedance matching properties are obviously weak, so
that EM waves tends to reflect once they incident with these materials.
While for those graphene composite aerogels, their electrical conduc-
tivities are lower, and the incorporation of those conductive polymers or
ferrites also benefits the impedance matching degree, so the reflectivity
coefficient of EM waves are significantly reduced. Secondly, these
graphene-based composite aerogels usually have multiple loss mecha-
nism, such as interfacial polarization, eddy current loss, which would
greatly enhance the attenuation of microwaves. Besides, the porous
structure of aerogels also promotes multiple reflection and scattering of
EM waves inside the aerogel, and this further contributed to EM waves’
dissipation and improves the absorption coefficient. Therefore, those
graphene-based composite aerogels are promising EMI shielding mate-
rials with absorption-dominated shielding effects, which could be

Table 2

The comparison of EMI shielding performance and their detail R, A values of
graphen composite aerogel with other heavily-researched EMI shielding
materials.

Type A R A/R EMI 6 (S/m) Refs.
value SE
(dB)

Graphene 0.66 0.33 2 20 5 [139]
composite 0.55 0.44 1.24 27.6 50 [140]
aerogels 0.72 0.26 2.76 12 26.5 [92]

0.8 0.10 8 10 8.2 [141]
0.69 0.3 2.3 97.3 749.2 [142]
0.6 0.39 1.54 32 18.39 [143]
0.82 0.14 5.85 13 <0.5 [42]

MXene 0-0.1 0.9-1 <0.11 70 >50 [144]
aerogels 0.1-0.2 0.8-0.9 <0.25 80 >1400 [145]

MXene films 0.15-0.2  0.8-0.85 <025 20 437 [146]

0.044 0.955 0.046 46.1 1150000 [147]
Graphene films  0-0.05 0.95-1 < 75 181900 [148]
0.053

0-0.1 0.9-1 <0.11 70 1633.6 [149]

Metal aerogels 0-0.061 0.939 < 93.8 1582 [150]
0.065

0.1-0.15  0.85-0.9 <0.67 70.1 363.1 [151]
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applied in various fields including consumer electronics, automotive
electronics, etc.

4. Smart and multi-functional EMI shielding materials based on
graphene aerogel

Making equipment smart and multifunctions-integrated is irrevers-
ible trend for EM functional materials. The EMI shielding/microwave
absorption performances of graphene aerogels intrinsically originate
from their electrical/polarization behavior, which could be tuned by
various external stimulus, such as mechanical compression, and ther-
mal/electrical excitations (Fig. 14a-b). Therefore, graphene aerogels
could be regarded as smart EM functional materials to some extent.
What is more, the aerogel structure and graphene’s intrinsic properties
also provide graphene aerogel with various functions, including strain
sensing, thermal insulation (Fig. 14c-f). The detail mechanisms and
examples are presented as follows.

4.1. Smart graphene-based aerogel for EMI shielding

4.1.1. Compressive-stimuli for its EMI shielding property

Graphene aerogels are well known for their large-scale, repeatable
compressive performance, and this presents great influences on their
EMI shielding properties, thus making them smart EMI shielding mate-
rials. Zhang et al. firstly discovered the compression effects for graphene
aerogels’ microwave absorption performance in 2015 [82]. Compared
with the pristine aerogel, the compressed aerogel shows an enhanced
dielectric loss in 2-18 GHz, which is closely associated with the 3D
structure transforming during compression. The void space shrinking
leads to more physical contacts between conductive graphene sheets,

1 Multiple Stimulations
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therefore increasing the resonance circuit density. In 2020, Li et al.
systematically studied the changes of microwave reflection, absorption,
and shielding when graphene aerogels are compressed with different
strains [11]. It is found that there is no significant difference in its EMI
shielding performance with low compression strains (0-40%). With
strain increasing to 60%, the EMI shielding performance improves from
15 dB to 31 dB. The improvement of its shielding effectiveness is mainly
attributed to its improved electrical conductivity. Generally, the
compression induces closer contact of graphene sheets inside the aero-
gels, thus providing more electron transport channels and higher dissi-
pation ability towards microwaves.

Although the EMI shielding performance could be in-situ regulated
by compression for graphene aerogel, the change degree is rather
limited, and hinders its application as smart EM devices. Recently, Liu
et al. reported an off/on switchable EMI shielding material composed of
graphene aerogel filled with conductive carbon nanoparticles [152].
The original aerogel possesses low dielectric loss and microwaves are
mostly transmitted, with an EMI SE of only 1.4 dB. While after the
compression, the decorated carbon nanoparticles have established high
conductive pathways inside the aerogel, and significantly increase the
conductivity of the aerogel, thus activating its EMI shielding perfor-
mance to 27.6 dB (Fig. 15a—f). Such an off/on switchable EMI shielding
materials have great potential in advanced smart and multifunctional
EM response systems in the future.

4.1.2. Thermal-stimuli for its EMI shielding property

Besides the mechanical response, the thermal response for EMI
shielding properties of graphene aerogel, especially the RGO aerogel has
attracted researchers’ attention. Cao’s group has long been devoted to
studying the temperature responded EM performance of carbon-based

Compression enhanced EMI shielding Temperature-responsed EMI shielding

2 Multiple functions

(c)
THz wave
shielding

GHz wave

shielding

Multiple spectrum compatibility

(e)
="
*—

High elasticity

(d)

~

IR image

Thermal insulation

Fig. 14. (a/b) multiple-stimulus of graphene aerogel as smart EMI shielding materials; multiple function of graphene aerogel such as (c) multiple band compatibility,

(d) strain sensing, (e) high elasticity, and (f) thermal insulation.
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nano materials, such as graphene and carbon nanotubes [153-156]. The
temperature-dependent microwave absorption performance of RGO
composites was firstly reported in 2014 [157], and both dipole polari-
zation and hopping conductivity of RGO sheets have been evaluated,
and show strong impacts on their EMI shielding performance. In 2021,
his group further synthesized Fe304/RGO aerogel composites [158], and
the microwave absorption response to temperature is discussed in detail.
The results demonstrated that increasing temperature makes changes to
the electromagnetic parameters of composites. For composites with low
loadings (12 wt%), the polarization behavior dominates the dielectric
loss of this loosely connected structure, and the € of hybrid composites
drops when the temperature rises from 323 to 523 K, since the high
temperature restrains the relaxation process. With high loading of
composites(28 wt%) in which a conductive network is successfully
constructed, the ¢ is positive correlated with temperature, due to the
enhancement in electron transport by heat excitation. However, the
improvements for ¢ of these aerogel composites are not that conspic-
uous in this temperature range, leading to limited changes in its EMI
shielding/microwave absorption performance.
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Recently, Cheng et al. reported an intelligent temperature-responded
microwave absorption material based on RGO/VO, composite aerogel
[159]. The composite aerogel demonstrated off/on switchable MA per-
formance, which originated from the unique phase change behavior of
VO, (Fig. 16a). As temperature increases (>68 °C), the VO, inside the
aerogel displays the phase change behavior, which accompanies with
significant changes in aerogel permittivity, and consequently leads to
off/on switchable MA performance. The maximum changes for the
effective absorption bands (AEAB) and RL values (ARL) can be as high as
7.27 GHz and 49 dB (Fig. 16b/c), which exceeds most reports, and the
off/on switch behavior is demonstrated to have good cyclic stability.

Smart responsive polymer materials are polymers that are highly
responsive to external stimulus, and they have been hugely investigated
by researchers. The introduction of those smart responsive polymer
materials into graphene aerogel may endow the composites with smart
properties, which may realize the in-situ regulation of EM waves’
transmission/absorption/reflection. Inspired by this, poly(N-
isopropylacrylamide) (PNIPAAm), a temperature-responsive polymer,
was composited with graphene aerogel [160]. The macromolecular
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Reprinted with permission from Ref. [159].

conformation of PNIPAAm could be dynamically changed with a critical
temperature of 34.8 °C, due to the intramolecular hydrogen-bonding
interactions eliminating and reforming. This drives the RGO sheets in
composites aerogel to delaminate and restack as temperature changes,
further leading to the smart temperature responded microwave ab-
sorption performance. As temperature increases from 20 to 50 °C, the
absorption band range could be tuned from 8.5-17.5 GHz to 4.5-14.0
GHz.
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4.2. Multi-functional graphene aerogel-based EMI shielding materials

4.2.1. Graphene aerogel-based multiple-bands shielding materials
Nowadays, the research on the EMI shielding materials is mainly
concentrated in the microwave frequency, due to its wide application in
various fields, such as 5G and radar detection. Recently, THz wave has
become the new frontier for photonics owning to its potential applica-
tions in data transmission, high-resolution imaging, and radar detection.
As the intermediate band between microwave and infrared light, THz
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frequency range (wavelengths of 30 microns-1 mm) is distinct from the
conventional microwave range, which is centered around wavelengths
of a few centimeters. Several countries have devoted huge energies to
THz wave technology for the development of 6G wireless communica-
tion, since it could transmit more information with a higher internet
speed and lower latency, compared with the 5G technology. This has
fueled unprecedented growth in the development of THz devices, cir-
cuits, and THz-based communication systems. Correspondingly, EM
functional materials with THz shielding properties have received more
and more attention from researchers.

Graphene has been demonstrated as THz-response material, mainly
owning to its electro-conductive properties, which are responsible for
reflecting THz waves. Rodriguez et al. have measured the transmittance
of THz wave for single/multiple-layer graphene [161]. In the 0.57-0.63
THz range, single-layer graphene on SiC showed a transmittance of ~0.8
(SE ~ 0.97 dB). A two-layer graphene film gave a transmittance of
roughly 0.7 (SE of 1.54 dB), which both shows great shielding effects of
graphene to THz waves. As for these graphene derivatives, such as GO
and RGO, the researches are also in its swing. In 2013, Hong et al.
measured the THz conductivity and refractive indexes of RGO films
using the Drude free-electron model [162]. It demonstrated that the THz
conductivities can be manipulated by controlling the thermal reduction
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process, similar to that of EMI shielding performance in the microwave
range. In 2017, Huang et al. firstly reported ultra-broadband wide-angle
THz absorption properties of 3D RGO foam with a porosity of 99.9% and
density of 0.80 mg/cm?® [83]. The porous structure of RGO foam with a
low dielectric constant significantly facilitates the low surface reflection
of THz waves, which is rather different from the shielding mechanism of
pure graphene films. Besides, the effects of annealing temperature were
also carefully evaluated. The foam annealed at 1000 °C possesses a THz
absorption performance with a maximum RL value of 19 dB and quali-
fied frequency bandwidth of 1.045 THz. In addition, it is found that the
THz absorptivity was obviously increased with the incident angle
increasing, and this is derived from the longer optical distance and
larger surface scattering. In view of excellent THz and GHz absorption,
graphene aerogel could be considered as a compatible GHz/THz
absorption/shielding material suitable for future 6G communication
devices and terminal equipment. Following this, a series of graphene
based composite aerogels have been fabricated as THz absorption/-
shielding materials, including RGO/polyaramid aerogel [115],
RGO/Co-MOF aerogel [122], RGO/MXene aerogel [104], and RGO/-
Fe304 aerogel [163]. For example, the carbon fiber/RGO composite
aerogel demonstrated an average SE value of 34.0 dB in the THz band
with a density of only 3.75 mg/cm® [129]. The RGO@Co-MOF
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Fig. 17. (a) Experimental THz-TDS signals of tunable GF controlled by both optical and electrical field excitations, the voltages of the electrical field are increased
from O to 28 V, and meanwhile the laser excitations of a 3.7 W cm ™! are applied and (b) their corresponding EMI SE curves; (c) THz transmission imaging of RGO

foam with different voltages. Reprinted with permission from Ref. [164].

131



Z. Cheng et al.

composites show the maximum RL value of 54.07 dB, which covers the
entire bandwidth from 0.2 to 2 THz [122].

Moreover, the activation of THz absorption/shielding by outer
stimuli has also attracted people’s attention. Xu et al. modulated the THz
response of RGO foam via both bias electric field and laser pumping
[164]. The RGO foam can be tuned from off-shielding state to
on-shielding state when external field excitation is applied (Fig. 17a/b),
and this is mainly resulted from the absorption changes, which is also
verified by the THz transmission imaging (Fig. 17¢). The modulation
mechanism demonstrated that the nonequilibrium carriers can be
generated via bias electric field, so the Fermi level will be raised to a
higher conduction band, which finally enhanced its absorption in the
THz band.

4.2.2. Graphene aerogel EMI shielding materials with strain-sensing
property

Due to the improved density and additional conductive paths, the
electrical resistance of 3D structured graphene decreases upon me-
chanical compression, making them promising materials as pressure
sensors. Recently, multi-functional graphene aerogel has been reported
with simultaneous EMI shielding and strain sensing performance
[165-167]. Nguyen et al. reported a graphene/Fe304/MXene foam
reinforced by PDMS [168]. The composite exhibits excellent EMI SE of
80 dB in the X band and 77 dB in the Ku band owing to the excellent
microwave absorption performance. What is more, it also presents good
pressure-sensing properties due to the large surface area, good elasticity,
and rapid recovery. The pressure value from 62.4 to 998.9 kPa was
monitored for its sensing performance, with long-term stability in 4000
cycles. These results indicate that the composite could be used as po-
tential artificial EMI shielding skin for human emotion recognition In
2021, Xu et al. prepared honeycomb porous graphene by laser scribing
technology, and the honeycomb structure provides the material with an
EMI SE up to 45 dB with a thickness of 48.3 ym [169]. Moreover, the
porous material also exhibits durability in cyclic stretching and bending,
and thus could be used to monitor weak physiological signals such as
pulse, respiration, and laryngeal movement of humans. In 2022, Xu et al.
further fabricated lightweight and stretchable graphene armor for EMI
shielding and strain sensing [165]. The graphene armor is composed of
laminated graphene film (LGF) and hierarchical porous graphene foam
(HGF) with film/foam/film sandwich architecture, which displays great
EMI shielding performance with low thickness. Due to the LGF being
firmly embedded in the rough surface of the HGF, the cracks of the LGF
will move along with the HGF without falling when the tensile strain of
sandwich graphene armor occurs. This provides an effective approach to
improving the sensitivity of strain sensors with the highest gauge factor
of 258. It is believed that such multifunctional materials with both EMI
shielding and human physiological signal monitoring would create more
potential for the next generation of wearable electronic devices.

4.2.3. High elastic graphene aerogel as EMI shielding materials

Although graphene aerogel has demonstrated various advantages,
including good electrical conductivity, high porosity, low density, and
large specific surface area, its application in practical environment is
still restrained by its weak mechanical performance, and it remains a
challenge to construct graphene-based aerogels with high strength and
elasticity. Considering its porous structure, the overall compressive
strength/modulus could not be compared with those densely-packed
materials, such as films, fibers, and metals. However, graphene aero-
gels could be constructed with high elasticity, which means that it could
withstand large-scale compression and maintain its original shape for
hundreds of times or even thousands of times, and this will greatly
enhance its practical application value as EMI shielding materials.
Generally, the mechanical performance of aerogels relies on their
cellular architecture, density, constituted components, and bonding
patterns. Since 2015, there have existed two main strategies to enhance
the compression properties of graphene aerogel. The first is the

132

Carbon 205 (2023) 112-137

compositing with other materials for mechanical enhancements, such as
polymers [170], carbon nanofibers [171], and MWCNTs [172]. For
example, a series of cellulose fiber/RGO aerogels were prepared by Wan
etal. [41]. The one-dimensional cellulose fiber serves as the skeleton for
the aerogel, and the compressive stress only shows a decrease of 5-20%
at 50% strain for 10 cycles. Zeng et al. reported the highly elastic
graphene/lignin-derived carbon aerogels with high EMI shielding per-
formance [173]. The aligned porous architectures of composite aerogel
were constructed by ice-templated method, using a bottom cold source,
and this finally endow it with anisotropic mechanical performance. It
shows complete recovery and excellent reversibility after the compres-
sive process with strains even up to 70% in transverse direction. The
second strategy is defects-repairing of graphene aerogels by gluing in-
dividual graphene sheets with stronger contacts for the aerogel. Wang
et al. found that crosslinks of graphene sheets are the key factors
responsible for its elasticity by molecular simulations [174], and this
further guided the researchers for the improvement of graphene aero-
gel’s elasticity. For example, an interfacial reinforcement approach is
proposed to reinforce graphene networks by incorporating graphitized
polyimide carbon [175]. The polyimide component is graphitized to
carbon to bridge the graphene sheets, resulting in an integrated gra-
phene aerogel with satisfactory mechanical and functional perfor-
mances. The composites achieved reliable resistance to fatigue, with a
negligible plastic volume deformation (~2%) and retains 90% of the
maximal stress after 1000 cycles of fast compression at 50% strain.

4.2.4. Thermal-insulated graphene aerogel as EMI shielding materials
Graphene aerogels are highly filled with air inside, with a porosity
over 99%, making them ideal candidates for thermal insulation appli-
cations. Therefore, various bi-functional graphene aerogels with both
EMI shielding and thermal insulation properties are synthesized [115,
129]. Jiang et al. prepared a series of anisotropic graphene/carbon
aerogels by the carbonization of graphene/PI aerogels [176]. The uni-
directional freezing method provides it with anisotropic characters. The
thermal conductivity in the axial direction (graphene sheet oriented)
was much higher than that of its radial direction, due to the
well-constructed graphene/carbon wall for heat transfer. The radial
thermal conductivity was as low as 0.038 W m~! K™}, while that of the
axial direction is 0.196 W m~! K~ Therefore, the radial direction owns
better thermal insulation performance. When placed on a hot plate, the
temperature rise in the radial direction are always lower than that in the
axial direction. Moreover, the fabricated composite aerogel also pos-
sesses good EMI shielding performance, with highest EMI SE value of
54.1 dB with a thickness of 2 mm. In 2022, Chen et al. [177] reported a
honeycomb-like graphene anisotropic aerogel by assembling the hollow
porous RGO in an macrotubes array structure, followed by the encap-
sulation of PDMS (Fig. 18a). When placed on a hot table (~150 °C), the
axial sample displayed an obviously higher temperature than that of the
radial sample (Fig. 18b), due to their different thermal conductivity in
different directions. Besides, the composites aerogel also exhibited good
EMI shielding performance in response to compression strains (Fig. 18c).

5. Conclusion and outlook

In general, graphene aerogels have been proven to have excellent
EMI shielding properties after years of development. Unlike reflection-
dominated shielding materials (such as metals), most graphene aero-
gels present the absorption-dominated EMI shielding mechanism, which
makes them more suitable to reduce secondary EM pollution. In terms of
their preparation, various methods have been proposed, and endow the
graphene aerogels with different structures and electromagnetic prop-
erties. However, the cost-effective, large-scale continuous preparation of
graphene aerogels remains a great challenge for researchers. As is
known, the traditional ice template or hydrogel-formation method re-
quires freeze-drying machines, which could only prepare aerogels of
centimeters. The CVD method may be able to achieve large-area
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Fig. 18. (a) Schematic of the fabrication of anisotropic Graphene/PDMS composites; (b) infrared thermal images of the top surface at different times, heat transfer in
the axial or radial direction; (¢) EMI shielding performance of composites with different compression strains. Reprinted with permission from Ref. [177].

fabrication, but the required ambient temperature is as high as thou-
sands of degrees Celsius, which makes it energy-intensive and complex.
Therefore, further research and exploration are needed to achieve the
large-scale, cost-effective preparation of graphene aerogel for practical
applications.

As for the EMI shielding properties, great progress has been made by
researchers, in which the best shielding performance reported has even
exceeded 100 dB. However, the theoretical understanding of its EMI
shielding mechanism, especially the quantitative understanding of
structure/property relationships, is still lack of depth, especially how
electromagnetic waves are dissipated at the molecular level of graphene
sheets. How to quantify the proportion of multiple reflection/scattering
contribution to EMI SE value? How is the electromagnetic energy
transformed? The detailed evidences for these EMI shielding mecha-
nisms are still lacking, and this further hinders the development of
graphene aerogel as EM functional devices/equipment.

For practical applications, there are three main research directions
for EMI shielding materials that should be highly noted. The first is the
development of multi-band compatible EMI shielding materials. Mate-
rials that could shield wide-band EM waves are highly required in both
civil and military fields. For example, the application of future 6G
communication technology would require EMI shielding materials with
simultaneously GHz and THz shielding performance, and the military
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satellite requires EMI shielding materials with both microwaves and
lasers shielding properties. Therefore, such multiband-compatible EMI
shielding materials should be encouraged for further research. Secondly,
the environment durability needs special attention for EMI shielding
materials, since EMI shielding materials may serve in various harsh
environment in the future. For instance, vessels and ships demand anti-
corrosion EMI shielding materials; spacecrafts require high/low
temperature-resistant EMI shielding materials. Such harsh environment
may destroy the chemical/physical structure of graphene aerogel (such
as oxidation in high temperature), and finally leads to weakened EMI
shielding performance. So, the harsh environment-durability should be
improved for future graphene aerogel-based EMI shielding materials.
Thirdly, the mechanical performance of graphene aerogel should be
improved for its actual application. In the past decades, many efforts
have been made to fabricate graphene aerogels with elasticity and
compressibility to meet various requirement. However, new strategies
are still required to design the high elastic graphene aerogels by the
rational design of its multiscale structure, including optimizing gra-
phene sheets properties, selecting suitable hybrid components and
designing rational nano-micro structures.

Smart EMI-shielding materials can adjust their EMI shielding per-
formance under outer stimuli, such as voltage, temperature, laser, me-
chanical deformation, and magnetic field, which is a future trend of EM
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functional materials and can meet the requirement of complex appli-
cation conditions. Till now, the developed regulation method for ma-
terials’ EMI shielding performance could be categorized into the
following two aspects, including the in-situ changes of materials struc-
ture at the molecular/atomic level (such as phase change), the in-situ
change of materials nano-micro structure/morphology (such as the
compression of graphene foam). Based on those technologies, a large
adjustable range has been achieved with AEMI SE value above 20 dB.
Nevertheless, the exploit of intelligent electromagnetic shielding mate-
rials is still in its fancy, and various smart performances such as off/on
switchable performance, and real-time frequency-adjustable perfor-
mance, are immature, and new technologies/solutions should be
invented. This would finally promote its application in smart wearable
products, smart radar domes and smart skinning for stealth aircraft/
satellites.
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