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Polymer composites with 3D graphene
architectures as high-performance EMI shielding
materials: a review
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Suman Chhetri (=) *@ and Tapas Kuila
Secondary electromagnetic pollution generated due to the inevitable reflection in solid/thin film conduct-
ing polymer composites has been a major barrier in realizing high-performance absorption-dominated
electromagnetic interference (EMI) shielding. In the past, prodigious efforts were made to minimize the
reflection by tailoring the impedance characteristics between the air and the substrate. For instance,
incorporation of a microcellular scaffold (3D structure) such as foam and aerogel in a polymer matrix have
been extensively investigated to tailor the surface impedance matching and achieve enhanced absorption.
To date, application of the 3D graphene microcellular scaffold alone or its hybrid with other magnetic,
conductive, and dielectric materials has been continuously pursued to diminish reflectivity and increase
absorption via the dielectric and interfacial relaxation loss mechanism. An aerogel and foam structure contains
multiscale pores (micro and nano scale pores). Through the large number of solid/air interfaces created by
such pores, it can efficiently tune the impedance matching. The solid/air interface renders surplus EM wave
attenuation capabilities by increasing the EM wave trajectory path via internal scattering within the pores. The
3D graphene architectures-based polymer composites show hitherto EMI shielding efficiency improvement at
significantly low mass density and percolation threshold. However, most of the existing studies on 3D gra-
phene-based composites rely on trial-and-error methods without comprehensively investigating the effect of
the geometrical and microstructures aspects on the EMI shielding performance. Furthermore, the state-of-art
literature does not (re)present an analytical/theoretical model that can be employed to optimize parameters
appropriate for designing the absorption-dominated shielding material with diminished reflection. This review
is intended to cover the latest progress and innovation around 3D graphene nanostructure-based polymer
composites as EMI shielding materials. The EMI shielding properties of the composites, including graphene
aerogels, foam and hybrid aerogel/foam, with other dielectric and magnetic materials are discussed along with
the underlying mechanism. In addition, this review represents an input impedance model that can be utilized
in conjunction with experimental design to optimize geometrical and microstructural parameters to realize an
absorption-dominated shielding material. Based on the available status on 3D graphene scaffold-based com-
posites, we summarize the current achievements and offer a route toward future developments.

ances is emerging as a global challenge. EM radiation emitted
in the range of frequencies that meddles with the input

Electronic pollution such as electromagnetic (EM) radiation
emanating from various sources such as communication
devices, integrated circuits, and high-power operating appli-
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signals of electronic devices creates interference known as
electromagnetic interference (EMI), which is detrimental to
the operation of sensitive equipment."” EMI is a disturbance
where the electromagnetic field generated by one component
interferes with another, leading to degradation and malfunc-
tioning of sensitive electronic devices.*® This is why people
are asked to switch off their mobile phones while boarding air-
craft, fearing that it may cause failure of sensitive components
or disruption of the communication signal with the air traffic
control. EMI is not only fatal to sensitive electronic com-
ponents but also has severe implications on human health
and environment.’®" The EM energy could proliferate into
body cells, leading to body temperature elevation and dis-
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abling protein function. Beside the hazards to the human
health and environment, the EM pollution is equally dama-
ging to agricultural fields, ruining the growth of crops and
turning fertile growing fields into barren land. Thus, to con-
front the rapidly increasing electromagnetic pollution and to
minimize EMI, the need to develop high-performance shield-
ing materials has become inevitable, mainly for sensitive
equipment. The shielding material basically acts as an enclo-
sure to cut off the interaction of the sensitive components with
the external environment, so that the penetrating radiation is
abated before reaching the interior circuit. This is achieved by
reflecting or absorbing the EM wave. Metal and metal-based
composites are generally preferred as shielding materials on
account of their superior conductivity, magnetic permeability,
and wide bandwidth.'> However, the electrical conductivity-
dependent shielding effectiveness in metals-based thin films
inevitably usher the generation of secondary pollution due to
the strong surface reflection. Furthermore, the high propensity
of metal toward corrosion, difficulties in processing and
mounting on a complex structure, and density issues have also
made metal-based materials incompatible with the evolving
technology.®'* All of these imperfections have paved the way
for polymer composites-based shielding materials in this
realm. Although a few attributes make the polymer system a
suitable EMI shield against the metal-based shielding
material, the majority of the polymers are insulating to the EM
wave, which precludes its direct application. Thus, conducting
fillers such as carbon black, carbon nanofibers, carbon nano-
tubes, and graphene have evoked wide attraction as potential
reinforcing components.'>>°

Among the conductive fillers mentioned above, the lowest
electrical percolation threshold has been achieved with gra-
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phene, which is attributed to its high specific surface area,
tunable electrical properties, and potentially connecting
sheets.>** Achieving the targeted EMI shielding value at a
lower percolation threshold is a significant advantage, as it
reduces costs and the density of the composite material. In
this regard, graphene, on account of its outstanding structure
and characteristics, has been widely pursued in developing
EMI shielding polymer composites.”*** Reduced graphene
oxide (rGO), a derivative of graphene that is mainly employed
in developing composites, is considered a promising candidate
due to its controllable dielectric loss that stems from residual
functional groups and defects, which promote dielectric loss
through defect polarization and dipole relaxation.>
Furthermore, the functional groups on its surface are condu-
cive to anchoring other dielectric and magnetic materials,
efficiently increasing the EM loss ability of the material and
enabling the tailoring of impedance matching as well.
Integrating the graphene/derivative of graphene with the
polymer renders the seminal EMI shielding effectiveness (EMI
SE) through electric and conduction loss.>® The EMI shielding
performance of composites incorporating conductive fillers,
whether in film or solid material form, mostly relies on con-
ductivity. The high electrical conductivity of the filler network
can cause an impedance mismatch between the shield and the
air, enhancing the reflection and giving rise to secondary
pollution.>*”*® To circumvent secondary pollution, absorption-
dominated materials are gaining attention as an EMI shield,
where the EM wave absorption/reflection (A/R) ratio is expected
to be greater than 1.2°2° A larger A/R ratio corresponds to less
reflection, where the majority of incident waves are attenuated
by the material through dielectric or magnetic loss. The inte-
gration of a microcellular 3D scaffold (foam, aerogel, sponge)
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with the polymer matrix has been considered a promising way
to tailor the impedance matching and diminish the EM wave
reflectivity.”>*! In this regard, the 3D graphene microcellular
scaffold alone or its hybrid with magnetic, conductive, and
other dielectric materials has been continuously pursued to
enhance absorption through the interfacial and dipole polaris-
ation loss mechanism.?*** The 3D graphene-based architec-
tures represent a highly interconnected micro/macroporous
structure possessing ultra-low-density characteristics, and a
high surface area with advantages of efficient flow of charge
and ion.** The 3D network in aerogels and foams reduces the
buildup of conductive particles in the cell wall and yields an
appropriate pore structure. Within this structure, trapped air
optimizes impedance matching, thereby reducing reflection
and enhancing absorption.>*?® Moreover, the structure of
aerogels and foams contains multiscale pores (micro and
nano-scale pores). Through the large number of solid/air inter-
faces created by these pores, they efficiently tune impedance
matching. This interface provides surplus EM wave attenuation
capabilities by increasing the EM wave path through internal
scattering within the pores.® Furthermore, the design of a 3D
scaffold can assist with the uniform dispersion of filler,
enabling the formation of a connected electrical network for
efficient electron flow, thereby achieving superior shielding
performance at lower filler loading. When it comes to nanofil-
lers, regardless of their types, preventing their inevitable
agglomeration within the polymer matrix is crucial to realizing
their true potential.

To date, numerous studies on 3D graphene-based polymer
composites have been reported, showing encouraging shield-
ing effectiveness based on absorption-dominated mecha-
nisms. However, there is a lack of studies focused on decipher-
ing the significance of structural and geometrical factors in
developing absorption-dominated shielding materials.**”>*
For example, the scaffold thickness (geometry) and mor-
phology (microstructure) can be a crucial variable affecting the
surface impedance matching and reflectivity, the optimization
of which can lead to high performance absorption-dominated
shielding materials.’®*® However, most of the current studies
have been executed on trial-and-error methods, hardly explor-
ing the actual shielding mechanism governing the structure-
EMI shielding performance of these class of materials.
Studying the relationship between the thickness of the 3D
scaffold, pore structure and corresponding shielding perform-
ance is crucial to obtaining an optimized reflectivity and A/R
ratio critical for the absorption-dominant shielding material.
In addition, there is a lack of analytical formulation-based
approaches to provide direction and guidelines for modulating
the structural design of absorption-dominated EMI shielding
in 3D graphene architecture-based polymer composites,
aiming to reduce reflection and achieve a high A/R ratio.
Comprehensive review articles emphasizing analytical
approaches that could save researchers’ resources and time in
designing high-performance shielding materials are not
readily available. Also, analytical formulation is crucial to
understanding the underlying mechanism central to the struc-
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ture-shielding properties. The effect of structural and geo-
metrical factors on the optimal reflectivity and A/R ratio must
be quantitatively studied to design an EMI shielding material
with optimized absorption-dominant performance. This
review article intends to cover the recent development of 3D
graphene-based microstructure (GA and GF, along with hybrid
multi-phase heterostructure) polymer composites in the realm
of EMI shielding application, and represents an analytical
approach that could be useful to optimize the geometrical and
structural factors that are decisive toward achieving absorp-
tion-dominated 3D graphene-based polymer composites with
reduced reflectivity. The represented input impedance model
can be used to quantitatively assess the thickness dependence
of the EM wave reflectivity, and provide guidelines for design-
ing monolayer and gradient-layered structures consisting of 3D
graphene and polymer with tailored impedance suitable for
realizing an absorption-dominant mechanism. Fig. 1 schema-
tically represents the EM radiation propagation and scattering
across 3D graphene scaffold-based polymer composites. The
current state-of-the-art, accomplished milestones, challenges,
and future directions in this area have been discussed
thoroughly.

2. EMI shielding model based on
transmission line theory and wave
equations

EMI shielding is a barrier employed between the wave emitter
and the receptor to diminish the coupling of unwanted radiation.

Let us consider a uniform plane wave encompassing electric field
E and magnetic field H. Based on the transmission line theory,

Maxwell’s equation can be expressed as;*'™*
dE . .
d = JouH =JE (1)
dH . .
it —(o +jwe)E =ZH (2)

In the above equation, § and Z denote the admittivity and
impedivity of the medium, respectively. y is the permeability
of the material, which can be written as u = pop;. fo is the
absolute permeability of air (1.268 x 107® H m™"), and y, is the
relative complex permeability (material to air, y, =y’ — ju"). o is

Absorption

/\’\/L‘ 1, f‘f 0
/\,‘,\ 2 1 &=
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<

Fig. 1 Schematic showing a propagation of the EM radiation, scattering
and absorption in a 3D graphene-scaffold.
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the conductivity of the material. ¢ is the permittivity of the
material, and can be represented as ¢ = g¢;. & is the absolute
permittivity of the air (8.85 x 107" F m™"), and ¢, is the relative
complex permittivity (e; = ¢* — je"). w is angular frequency and
can be written as @ = 2nf. Based on the wave eqn (1) and (2),
the variations of the electric field along the thickness direction
of the medium can be depicted by the propagation constant

(r = V32) 0%
E=Eje™ (3)

where E is the electric field at a distance “¢”.

v =V¥2 =7 = jou(o +au) = a+jp (4)

Here, a is the attenuation constant and S is the phase con-
stant. The attenuation constant, a, can be written as function
of w, p, o and ¢ of the shield based on eqn (5).

ue c\2
a=wy/— 1—0—(—) -1 5
2 ( we ) (5)
All homogenous materials are described by the intrinsic
impedance, which is the ratio of E to H as represented in eqn
(6), and transmission line theory requires the continuity of the

input and output intrinsic impedance of the two media, or a
reflection of the EM will occur.*?

_E_ | Jou
"~ \/y \ (o +jwe) (6)

For a dielectric material, ¢ < we; hence, the impedance
from eqn (6) can be written as:

_\/ﬁ
n= =
&€

For a conducting material, 6 > we; thus, the impedance
from eqn (6) can be written as:

(6a)

@
n=\"% (6b)

o

The impedance of an EM wave is defined by the tangential
component of the electric field, E, and magnetic field, H,

|E|

Z= = For a homogenous layer of thickness ¢, the impedance

can be expressed as below:******

Z(t) cosh yt + nsinh yt

zZ = 7
nncosh yt + Z(t) sinh yt @)

In the above equation, Z(¢) is the impedance at interface ¢.
Notably, a reflection will occur if Z(¢) # n.
The total shielding effectiveness (SE) is defined by:

SE = —20 logso|T| (8)

The total shielding effectiveness comprises the absorption
an = 20 loge|e |, the reflection ay = 20 logy,|p|, and the suc-
cessive internal reflection ay = 201log;e|1 — ge >"'|, where p
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and q are the transmission and reflection coefficients, respect-
ively, and the value of T is written as;

T =p(1—ge ¥) e

45747 the interaction

Based on transmission line theory,
between a propagating EM wave and EMI shielding material
can be thought of as a circuit in the transmission line. Thus,
layered materials with i numbers of layers can be modelled as
multiple impedance components connected in series. A multi-
layer EMI shielding material with i layers can be considered to
have i + 1 impedance sections in series in the circuit. Here, air
serves as a substrate and hence considered as one impedance
section in the circuit. In this situation, the perforating EM
wave will undergo a reflection at each interface between all
bordering impedance components. Therefore, the total reflec-
tance (R) corresponding to the layered shielding material can
be represented by a function of the output impedance (Zoyt)

and input impedance (z;,):*****°

R— (Zin — Zout)2 (9)
Zin + Zout

where z,, is the intrinsic impedance of air (zou = 70 = 377 Q).
As it is discussed, the reflection not only happens at the
surface of the shield, but it also will occur between all adjoin-
ing sections with different impedances in the circuit. Thus,
the surface input impedance for an EMI shield can be
expressed as a function of the intrinsic impedance of the layer
in consideration (r;), propagation constant, y;, thickness (¢;) of
the layer in consideration (i layer, surface layer), and the
input impedance of subsequent sections (z;_;, surface impe-

dance of the i - 1% layer), which can be represented as:******

E| _  zi cosh(yit;) +n; sinh(yt;)
H| =y, cosh(y;t;) +zi—1 sinh(y,d;)
Zi1 +1; tanh(y;t;)
"n; + zi_4 tanh(y;t)

Zin = ‘

(10)

Then, the absorption of the 7 layers is written as:
ap = 20 loglo\ey“t" + 71t + ~~~}’iti|

(11)

The total reflection can be depicted as the sum of the reflec-
tion at each boundary (interface),

1 z
(1Mo (M) (1422
2i Z,) \no ;

and the consecutive internal re-flection is expressed as:

ar = 20log,, (12)

ap = 20 log1o|(1 — goe ™ 2°%)(1 — gy 211)...(1 — gie”2%)| (13)

where Z, is the impedance of the incident wave.

As can be seen in eqn (11), the absorption is related to the
propagation constant y; to ou; as eqn (4), and to the film thick-
ness, ¢;. According to eqn (12), the reflection does not depend
on the thickness. However, it is characterized by the impe-
dance ratio of the bordering layers. The internal re-reflection,
akin to absorption, is also a function of the layer thickness.
The impact of the reflection to the shielding effectiveness

© 2024 The Author(s). Published by the Royal Society of Chemistry
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becomes more significant as the number of layers increases.
The reflection mechanism at the interface between the two
layers becomes critical and governs the shielding effectiveness.
As absorption-dominated materials are becoming crucial to
circumvent the effect of secondary pollution, theoretical
models to guide the design and fabrication of optimal EM
wave reflection shielding materials are paramount to address
this issue. An input impedance model can be employed to
reveal the effect of the microstructure (e.g., void fraction, pore
size, cellular morphology) and structural (thickness) factor of
each layer on the impedance matching and reflectivity of the
layered foam/aerogel composites. This analytical model can
guide the optimization of the structural and microstructural
parameters of each layer to realize suitable input impedance
matching and achieve an absorption-dominated shielding
mechanism with reduced reflection.
The intrinsic impedance of the i™ layer can be written as

Jou; _ Hri
+ jwe; (éri + 6 /jweo)

(14)

and the propagation constant of the 7"
as

layer can be expressed

; ; L@ o;
= VJjou(oi + joe:) =J [ (Erz +jw£0) (15)
where c is the speed of light, and u;, ¢; and o; represent the per-
meability, permittivity, and conductivity of the ™ layer,
respectively.

It should be noted that, in most studies associated with
semi-conductive materials, the ¢ term is neglected from the
impedance equation as ¢ < we. However, such practice in the
case of conductive polymer composites with an electrical con-
ductivity of more than 1 S m™" may lead to an error that
cannot be ignored. For 3D graphene (aerogel, hydrogel)
polymer composites, two impedance components (composites
and air substrate) must be considered in a circuit. Using eqn
(7, 10, 14) and (15), the input impedance for a monolayer
polymer composite shielding material can be represented as:

M / o
1+ (& + 0 /jweo) tanh (jw/c Hr <€r +J 0> )
Zin =
\/ (&r +(7/J(u£0 T
tanh | jo/c y, o U/ng())

(16)

As mentioned above, in EMI shielding materials, air serves
as a substrate; hence, Z, = Z, = 1. The R value of the material
can then be defined as

()
R=

Zin +1
As per eqn (14) and (16), if the relative complex per-

meability, thickness, conductivity, and relative complex per-
mittivity are known, the dependence of the reflectivity R on the

(17)
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thickness of each layer can be calculated, and this method is
termed as the input impedance based on transmission line
theory. This method can be employed to design multilayered
shielding materials based on 3D graphene-based polymer com-
posites with diminished reflectivity. The equations indicate
that the scaffold thickness plays a crucial role in tuning the
surface impedance matching conditions, and in realizing the
diminished reflection for absorption-dominated EMI shield-
ing. Furthermore, eqn (14)-(16) can be utilized to calculate the
reflectivity of composites containing a 3D scaffold with varying
cell sizes (pore sizes), volume fractions, and other parameters.
The electrical properties and impedance characteristics of the
3D scaffold can be essentially adjusted by changing the pore
sizes and volume fractions, which, in turn, can either increase
or decrease the secondary reflection. The effective EM wave
absorption ability of the 3D scaffold generally depends on
their conductive network optimization and bulk density adjust-
ment.>® The density of the scaffold can be altered by changing
the pore size, while keeping the volume fraction constant. A
scaffold with small pore sizes forms discontinuous cell walls,
leading to fewer electrically conductive pathways. Conversely, a
scaffold with large pore sizes forms an interconnected
network, resulting in numerous conductive paths.
Furthermore, the number of contact junctions in large pore
size scaffolds is comparatively small, resulting in a diminished
contact resistance due to the effective overlapping region. Wan
et al. prepared graphene aerogels with different pore sizes, and
observed that the scaffold with larger pore sizes exhibited
higher electrical conductivity.”® This was attributed to a seam-
less interconnected network that enabled effective and rapid
channels for electron transport, in contrast to the scaffold with
smaller pore sizes. The decrease in electrical conductivity is
beneficial for surface impedance matching, which in turn
results in a reduced reflection of the EM waves. The EMI
shielding performance of epoxy composites developed with
the large pore size graphene aerogel was found to be higher
than that of composites containing a small pore size scaffold.
It should be noted that a decrease in the electrical conductivity
often leads to a reduction in the EMI shielding efficiency, as
the attenuation constant (eqn (5)) and permittivity are directly
linked to the electrical conductivity. However, a recent study
has shown that the absorption capability via dielectric loss in
small pore size scaffolds compensates for the reduction in the
electrical conductivity.>® Therefore, the model presented above
can also be used to design scaffolds with optimum density
and microstructure that attenuate maximum EM waves and
reflect minimally.

3. Preparation of 3D graphene
architectures

Widely explored 3D graphene-based architectures can be cate-
gorized into gels and foams; the gels include aerogels and

hydrogels. Generally, the production technique of 3D graphene
architectures includes assembly via physical/chemical inter-
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actions, template methods, electrochemical reduction, con-
trolled filtration, sol-gel synthesis and chemical foaming
method.>®*®® The micro/nano structure (pore size, density,
pore volume) of the 3D graphene scaffold depends upon the
method followed to prepare these structures, and it endows
both advantages and disadvantages to its properties.
Moreover, the micro-structure can be tuned by varying the con-
centration of the precursor, the temperature, and by regulating
the compression strain. The 3D graphene scaffold offers a
huge prospect to enhance the EM wave absorption perform-
ance by tailoring the porous structure and microstructure for
better impedance matching. Fig. 2 shows the 3D graphene
architecture fabricated by different methods. Fig. 2a shows the
CVD growth of GF and latterly compressed GF (cGF), where the
laterally compressed Ni foam was employed to grow cGF.
Fig. 2b depicts the graphene aerogel that was prepared follow-
ing the self-assembly reduction process. A graphene aerogel
with a different microstructure could be seen in the schematic
resulting from a different-sized GO precursor. Fig. 2c & d rep-
resents the 3D rGO-GNF scaffold prepared by bubble template,
and the Ag/GO foam achieved from assembling followed by
freeze-drying.

3.1 Self-assembly through chemical cross-linking

GO, having pool of oxygen functional groups, can be con-
veniently used as a basic starting material to construct a 3D
framework via chemical cross-linking. As this process involves

View Article Online
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the creation of a chemical bond between the GO sheets, the
so-formed 3D scaffold is relatively stable and more robust than
those achieved by other methods. La®* or polyethylene imine
have been employed as a cross-linking agent to fabricate gra-
phene aerogels.®* The unique strategy to promote edge-to-edge
crosslinked GO sheets resulted in a mechanically robust
aerogel with an ultrahigh surface area (up to 850 m?).
Although this strategy produces stable and strong aerogels, the
extra step of reduction and freeze-drying process makes it
lengthy and tedious.

3.2 Self-assembly through hydrothermal/solvothermal
reaction

The self-assembly of GO through the hydrothermal/solvo-
thermal reaction is the most followed approach to prepare gra-
phene aerogels (GA)/graphene foam (GF), on account of the
simplicity, prospect to control the reaction parameters, and
the products formed with high purity and porosity.®* The
process is carried out by preparing the suspension of GO and
sealed in a reactor, which is kept at high temperature for
several hours, followed by freeze-drying and annealing to
achieve GF. It is possible to control the macroscopic and
microscopic attributes of a structure by controlling the hydro-
thermal duration, concentration of the GO suspension, and
the pH of the precursor. By tailoring the above-mentioned
parameters, the conductive network and dielectric attributes
can be precisely controlled to balance the impedance match-

[ (b) CA=103°
a

( ) Yy HI/80°C, 10 h

Self-assembly
p 4 Large pore
S Freestanding GF Large size graphene oxide (LGO)

Ni etching CA=116°
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ing and attenuation capability. For instance, Wan et al. studied
the effect of hydrothermal duration on the morphology of the
graphene aerogel, and found that a short hydrothermal dur-
ation (4 h) failed to form strong interactions between the
sheets. Conversely, a long hydrothermal duration (12 h) was
able to produce a well-connected graphene skeleton with
improved electrical conductivity and mechanical properties.*!
As the reaction is carried out at high temperatures and the GO
sheets possess -COOH and -OH groups, an esterification reac-
tion between the groups could crosslink the GO sheets,
leading to 3D scaffold formation. However, the conventional
hydrothermal approach suffers from a significant volume
shrinkage of the precursor. Furthermore, the harsh environ-
ment employed during the preparation of GA through hydro-
thermal treatment restricts its acceptance to some degree.
However, it is still a widely followed method. The engineering
of the graphene surface prior to the hydrothermal treatment
could be a possible way to overcome the issue associated with
volume shrinkage. It should be noted that the structure
formed might be loose and fragile as the self-assembly process
involves a drying and dehydrating process, which is likely to
weaken the interaction. To strengthen the interactions and
confer mechanical stability to the fragile 3D graphene struc-
ture, a chemical cross-linker can be employed.

3.3 Self-assembly via chemical reduction

Although the hydrothermal self-assembly method has the
potential to create a well-connected 3D graphene scaffold, the
high temperature and long reaction duration limit its wide
applications. Chemical reduction is another benign strategy to
prepare GA under lower temperature, wherein a reducing
agent is employed to self-assemble graphene sheets. It is
worth noting that the self-assembly of reduced graphene
sheets can be controlled by varying the mass ratios of the redu-
cing agent and the precursor. Reducing agents, such as
ammonia, hydrogen iodide (HI), hydrazine hydrate (N,H,),
ethylenediamine (EDA), and Vitamin C, are the common
chemicals used to reduce and assemble GO sheets. The GO
solution under moderate temperature undergoes reduction,
where oxygen-containing functional groups are diminished
and the  conjugation in the carbon rings gets restored, result-
ing in reduced GO (rGO). As the n bonds are restored, the rGO
sheets start restacking, forming aggregates and eventually
turning to the 3D scaffold. This method can be used to design
scaffolds with different pore sizes using different sized GO pre-
cursors. Wan et al. fabricated a graphene aerogel with tunable
morphology and structure employing GO sheets with different
sizes.”! The extent of reduction is considered as a crucial para-
meter during the self-assembly, which depends on the dur-
ation of the reaction, the temperature, and the concentration
of the reducing agent. The 3D graphene hydrogel has been fab-
ricated using vitamin C as a reducing agent in 1 h only, which
is much lower than the usual hydrothermal duration.®®
Although solution-based reduction offers the advantages of
functionalization of the graphene surface and scaling up the
process, the complex synthesis route and the complicated set-
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up limit its wide acceptance. Furthermore, the inevitable
defects introduced during the breaking and making of bonds
is detrimental to the charge flow.

3.4 Ice template method

The ice template method is one of the widely followed
approaches to fabricate graphene aerogels, particularly the
bidirectional freezing technique. This technique has been
exploited to fabricate a long-range aligned lamellar 3D struc-
ture.”” In the bidirectional freezing approach, the ice crystals
act as templates for the ensuing 3D scaffold. The method
includes the filling of the GO solution into a mould on a cold
copper plate with an appropriate wedger as a spacer. While
cooling down the plate, the wedger assists in generating both
vertical and horizontal temperature gradients.>® The ice crys-
tals grow into a biaxially lamellar pattern, and the GO sheets
assemble to duplicate the ice morphology. The basic idea is as
follows: first, the GO suspension is frozen; second, the ice in
the GO hydrogel is sublimated by freeze-drying to fabricate the
3D aerogel.®®® It is worth noting that the final structure of the
scaffold (microstructure, porosity, orientation) and the ice
nucleation and growth process can be tailored by parameters,
such as the GO concentration, slope angle of the wedge, and
the cooling rate. For instance, highly anisotropic graphene
aerogels have been reported by the calcium ion-assisted uni-
directional freezing of aqueous suspensions of GO, followed
by freeze-drying and thermal reduction.®® The so-formed gra-
phene aerogel showed a highly oriented structure with gra-
phene sheets arranged in a configuration parallel to the trans-
verse direction. A nacre-mimetic 3D graphene architecture
with a biaxial lamellar structure (fabricated through bidirec-
tional freezing technique, followed by thermal reduction) has
been infiltrated by a PDMS polymer to develop high-perform-
ance EMI shield composites.?” Fig. 3a-d shows the schematic
depicting the fabrication of the graphene aerogel with a lamel-
lar structure and its composites with PDMS. Although the ice
template method allows for the tuning of the 3D graphene
architecture, the weak interactions between the graphene
sheets due to sparse connections lead to weak mechanical
strength and lower electrical conductivity.

3.5 CVD method

Alternatively, 3D structures with controlled morphologies and
properties can be achieved by the direct growth of graphene on
3D templates using CVD methods, which is referred to as tem-
plate synthesis. By using commercially available Ni foam, the
3D graphene structure has been directly grown, where the Ni
foam acts as a template and catalyst.”> The 3D template route
is more viable than the conventional CVD process. In those
respects, it could produce the prospective 3D structure in
larger quantity, which benefits the applications where a huge
amount of scaffold is required. In this process, Ni or Cu foam
is used as a pattern for graphene foam growth. The merits of
this method are a controllable number of graphene layers,
size, and the quality of the scaffold, along with the adjustment
prospect by changing the carbon source and template. The so-
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Fig. 3 Schematic depiction of the fabrication process of the anisotropic graphene/PDMS composite. (a) GO aerogels fabricated by bidirectional
freeze casting technique. (b) GO aerogels with a lamellar structure formed after low temperature freezing dry at 10 Pa. (c) Graphene aerogels
achieved by further thermal reduction of the GO aerogel. (d) Graphene/PDMS composites obtained by infiltrating PDMS into the graphene aerogel,
and (e&f) GO aerogel before and after PDMS infiltration, reproduced with permission from ref. 37, copyright reserved Elsevier 2019.

formed interconnected network with high specific area and
conductivity exhibits high porosity, and facilitates the smooth
dispersion in the polymer composites. The porosity of GF
achieved by this technique has been found to be as high as
99.7% and density as ~5 mg cm™>.*” GF obtained by CVD
growth has been found to have lower boundary resistance
against the GF prepared from the self-assembly process, which
enables the electrons to move in the sheets with minimum
hinderance. In addition, the CVD process does not introduce
oxygen functionalities on the graphene surface, which leads to
fewer defects and higher electrical conductivity. Although this
technique produced the highest purity 3D graphene, the high
temperature and the requirement of extra substrate as the tem-
plate are obvious drawbacks. Fabrication of the 3D rGO-GNF
scaffold was achieved following the bubble template method
and the corresponding PDMS composite. The preparation of
the fabrication of the 3D AgPs/rGF was achieved by freeze-
drying treatment of GO and Ag.

4. Preparation of 3D graphene-
based/polymer composites
4.1 Dip coating approach

The dip coating processing technique involves the immersion of
the 3D graphene scaffold in the liquid polymer, and the para-
meters are varied to achieve the high-quality coating and compo-
sites. The parameters that influence the formation of high-quality
composites are immersion or dipping time and the GF or GAs
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content. Coatings of various thicknesses can be achieved by
varying the dipping time. After the formation of the coating, the
system (composite) is allowed to cure at a certain temperature for
a specific time. Fig. 4a depicts the fabrication of the GF/epoxy
composites by the dip coating approach, where the 3D architec-
ture is dipped into the liquid polymer to allow the coating
process to take place on the porous scaffold.

4.2 Vacuum-assisted infiltration technique

The vacuum-assisted infiltration method has been a preferred
technique to fabricate the 3D graphene-based epoxy or PDMS
composite. To facilitate the infiltration, a polymer solution is
first prepared in an appropriate solvent. Afterward, the 3D
structure is immersed in the solution under vacuum to ensure
smooth penetration into the scaffold pores and to remove
trapped air bubbles. After completion of the infusion process,
the wetted structure is removed from the solution and placed
under vacuum at a certain temperature for solidification and
to remove the solvent. Fig. 4b shows the fabrication of GA/
epoxy composites using a vacuum-assisted infiltration tech-
nique, where the polymer solution infiltrates through the
micro-pores of GA.°® The polymer solution was heated to
ensure the smooth penetration into the GA scaffold. The gra-
phene content can be quantified by physically weighing the 3D
structure before and after the infiltration process.

4.3 Template method

Here, the prepared 3D structure acts as a template framework
wherein the polymer is backfilled. This fabrication technique

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Different fabrication processes of 3D graphene/polymer composites. (a) Schematic representation of the dip coating technique: (a;) gra-
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mission from ref. 34, copyright reserved Elsevier 2018. (b) Schematic illustration of the fabrication process of GA/epoxy composites following the
vacuum-assisted infiltration technique, reproduced with permission from ref. 68, copyright reserved American Chemical Society 2015. (c) Depiction
of the fabrication of GNPs/rGO foam/epoxy composites by template method, reproduced with permission from ref. 83, copyright reserved Royal

Society of Chemistry 2019.

involves the pouring of polymer solution into a casting mold
containing the 3D scaffold. Typically, the 3D scaffold is cut
into pieces, and then a thick layer of polymer solution is dis-
pensed into the bottom of the mold. The scaffold pieces are
then placed over the polymer solution. Another layer of
polymer solution is uniformly dispensed over the scaffold, and
the assembly is left to cure at a specified temperature. This
approach facilitates the complete impregnation of the 3D
scaffold with the polymer solution. The polymer impregnates
through the pore and coats the branches of the scaffold.
Fig. 4c depicts the fabrication of the GNPs/rGO foam/epoxy
composites by template method, where the prepared GNFs/
rGO scaffold acts as a template over which the liquid polymer
is filled.

It is notable that only certain polymers (such as PDMS,
epoxy) have been used to formulate a composite with the 3D
graphene scaffold. This is likely due to the low viscosity of a
polymer like PDMS, which facilitates its easy infiltration into
the 3D scaffold. Also, the ease of processing and availability of
those polymers with different viscosities provides the freedom
to choose different fabrication techniques, such as coating,
vacuum infiltration, 3D printing, etc. On account of their struc-
tural capabilities and good adhesion properties, epoxy and
PDMS have been preferred polymers, which can be either
coated or impregnated to develop 3D graphene scaffold com-
posites. Furthermore, the presence of excellent surface chem-

© 2024 The Author(s). Published by the Royal Society of Chemistry

istry between those polymers and the graphene scaffold
enables the excellent wettability of the polymer onto the 3D
structure.®® The low viscosity and improved wettability facili-
tate robust interfacial interactions between the polymer and
3D scaffold, which promotes the formation of a network,
thereby increasing the electrical conductivity.

5. 3D graphene aerogel/foam-based
polymer composites for EMI shielding

Graphene aerogels and foams represent a novel class of highly
interconnected 3D cellular structures with a unique blend of
physical properties. They are lightweight yet offer desirable
electrical conductivity, providing multiple reflection loss and
internal scattering sites. The porous structure with air pockets
not only confronts permeating radiations through multiple
reflections and scattering within the cells, but also improves
impedance matching, thereby minimizing the secondary
reflection and enhancing the overall EM wave attenuation
ability via polarization relaxation loss. In graphene-based aero-
gels and foams, dielectric loss plays a key role in EMI attenu-
ation, which is governed by electrical conductivity, polarization
relaxation and multiple scattering.®® Optimum tailoring of the
electrical conductivity and dielectric properties is required to
realize a high-performance EMI shielding material,” as

RSC Appl. Polym., 2024, 2, 507-533 | 515


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lp00061g

Open Access Article. Published on 23 April 2024. Downloaded on 1/20/2026 9:40:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Schelkunoff’s transmission theory suggests that the electrical
conductivity of the shielding material should be modulated
and kept moderately high. GAs and foams form intricate con-
ductive networks that enlarge the electron conduction path
and dissipate the EM radiation. The so-formed conductive
scaffold induces a current in the EM field, thereby absorbing
the EM waves and converting them into thermal energy. In
addition, it can be exploited as a framework onto which other
magnetic or dielectric loss particles can be incorporated to
further improve the shielding performance via conduction and
polarization losses. The adjusted conductivity of GAs and
foams, along with the additional edge atom defection, contrib-
ute to the conduction and polarisation relaxation loss. It is
interesting to note that the macro-properties of GAs (radiation
absorption) can be tailored by varying the pore size, resulting
in a wide bandwidth absorption. Graphene aerogel-epoxy com-
posites (GA-EP) were prepared by an infiltration technique
using a porous GA scaffold.”" The sizes of GO were varied to
tune the cellular structure of GA with different pore sizes and
morphologies, and the pore size-dependent shielding perform-
ances were studied. Interestingly, the GA obtained from large-
sized GO (LGA) after compounding with epoxy exhibited

View Article Online
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superior shielding and mechanical properties compared to
that of the composites achieved from small-sized GA graphene
(SGA). The LGA-EP composites with 1.0 wt% filler and at a
thickness of 3 mm showed an EMI shielding effectiveness
(EMI SE) value of ~30 dB and compressive strength of 56.01 +
1.57 MPa. The significant improvement in EMI SE at such a
small loading of filler was ascribed to the unique intercon-
nected network structure formed by the large-sized GO, which
provided a wide channel for fast movement of the charge
carrier. Furthermore, the generation of numerous solid/air
interfaces tuned the surface impedance matching and pro-
longed the EM wave transmission path inside the composites
via internal scattering. It is interesting to observe that by con-
trolling the sizes of the precursor of the 3D scaffold, the elec-
trical properties and impedance (and hence, the structure-EMI
shield performance) can be tailored. Fig. 5(a-d) shows the
microstructures of LGA and SGA, which clearly depict the for-
mation of different pore size morphologies emerging from
different size precursor GO nanoparticles.

In general, a high weight percentage of conductive fillers is
required to construct a seamless electric network for compo-
sites with randomly oriented porous scaffolds. Therefore, to

Fig. 5 Scanning electron microscopy micrographs showing the different microstructures. (a & b) Aerogels achieved from large size GO, and (c & d)
obtained from small size GO; reproduced with permission from ref. 51, copyright reserved Royal Society of Chemistry 2016.
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further lower the percolation threshold in porous structures,
different strategies have been pursued to fabricate 3D conduc-
tive scaffolds with oriented structures.’” A 3D architecture with
a highly oriented structure shows higher electrical conductivity
at low filler content, thereby achieving high-performance
shielding efficiency. To exploit the orientation-dependent EMI
shielding properties, GAs with anisotropic microstructures
have been used to fabricate composites for EMI shielding.”
Anisotropic GAs (AGAs) with highly aligned graphene networks
were prepared by self-assembly of rGO, followed by directional
freeze-drying method. Remarkably, the prepared AGAs scaffold
showed different microstructures and performances along the
axial (freezing direction) and radial (perpendicular to the axial
direction) directions. Epoxy resin was impregnated within the
AGAs scaffold assisted by vacuum. The highly aligned gra-
phene/epoxy composite showed an EMI shielding effectiveness
of 32 dB along the radial direction with 0.8 wt% thermally
treated AGAs (TAGAs) coupled with the improved storage
modulus. The shielding contribution from SE, along the
radial direction was found to be higher than those along the
axial direction. This is likely due to the hierarchical alignment
of graphene sheets that increase the propagation path length
of the EM wave. Due to the presence of numerous multifaceted
surface areas rendered by GAs, the permeated wave suffers
multiple reflection and scattering, resulting in the decay of
radiation. The result reveals that confining the graphene
nanosheets in the preferred direction could be more effective
in designing a shielding material with absorption-dominated
characteristics. A nacre-mimetic graphene network prepared
by a unique bidirectional freezing technique incorporating
polymer composites (with 0.42 wt% graphene) has revealed an
EMI SE (~65 dB) that is comparable to that of copper foil.*” The
bidirectional freezing technique was adopted over uni-
directional freezing to create a long-range aligned lamellar
structure with tunable interlayer spacing and layer thickness.
The prepared composites displayed anisotropic conductivities
and mechanical properties, along with significant shielding per-
formance, which was found to be dependent on the architecture
of the 3D conductive network. The biaxially aligned lamellar
structure creates many efficient interfaces within the compo-
sites, promoting multiple interlayer reflections that consume
the electromagnetic radiation. The impact of the architecture of
the conductive channel on SE, such as high layer density (more
lamellar interfaces), was found to contribute more to absorp-
tion. The realization of such a high value of EMI SE at low filler
loading indicates that to harness the optimum loss ability of
the conductive filler, the meticulous design of a 3D scaffold is
crucial for the development of high-performance EMI shielding
polymer composites. Song et al. prepared rGO with a honey-
comb structure (rGH) following freeze-drying & thermal anneal-
ing using an aluminium oxide (Al,03) honeycomb as a tem-
plate, which was then immersed into epoxy resins to fabricate
rGH/epoxy composites that showed an EMI SE value of 38 dB.”
The improvement in SE was attributed to the multiple reflec-
tions within the honeycomb pores, and to the attenuation of
the EM waves as it induces current inside rGH.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Chen et al. prepared porous GAs enhanced with phenolic
resol resin by hydrothermal procedure, followed by annealing
and incorporation into the epoxy resin to study the EMI shield-
ing performance.”” It was believed that phenolic resol resin
assisted the graphene sheets in coalescing into a hierarchical
3D macrostructure, assumed to be preserved during com-
pounding with epoxy resin. The prepared AG induced high
electrical conductivity within the epoxy resin, and the compo-
sites showed excellent EMI shielding performance. With the
addition of only 0.33 wt% of the annealed aerogel, an electrical
conductivity value of 73 S m™ and an EMI shielding effective-
ness value of 35 dB were recorded. The report systematically
investigated the effects of thickness on the shielding perform-
ance, and it was found that as the sample thickness increased,
the EMI shielding performance also increased. In another
study, graphene-based aerogel film (AF)/PDMS composites
have been prepared to explore the EMI SE of AF in a polymer
matrix.”® The following infiltrating and curing single and mul-
tilayer rGO-AF/PDMS composites were prepared. The five-layer
rGO-AF/PDMS composite with a density of 0.122 g cm™ and a
thickness of 1.547 mm exhibited an SE value of 53 dB at the
X-band (8.2-12.4 GHz), and a specific SE of up to 434 dB cm?
g~'. The single-layer composite exhibited a reflection-domi-
nated mechanism at lower frequencies, while absorption
dominated at higher frequencies. Increasing the number of
composite layers does not significantly impact the reflection
efficiency. However, the absorption efficiency shows an
increasing trend. The model presented earlier in this review
article can be employed to understand how changing the
thickness of the layer influences the EM absorption ability.
The amount of secondary reflection can be minimized by
adjusting the layer thickness of the material. Achieving strong
loss ability and better impedance matching is crucial to realiz-
ing an absorption-dominated shielding mechanism.
Heterogeneous interfaces originating from more than one
component can elevate the loss abilities through synergistic
effects, enhancing impedance matching and interfacial polar-
ization loss, which are vital to achieving an absorption-domi-
nated EMI shielding mechanism. Towards this, ternary mix-
tures of thermally annealed GA (TAGA), MWCNT and PANI
have been designed to render epoxy composites with a syner-
gistically robust triple conductive network.”* The PANI/
MWCNT/TAGA/epoxy nanocomposites exhibited an EMI SE
value of 42 dB and electrical conductivity of 52.1 S cm™ at the
mass ratio of 3:1 (GO to f-MWCNT) and the loading of
4.61 wt%. The promising results obtained from this study
suggest that modulated and customized heterogenous inter-
faces can be generated by composition optimization, which
would enhance the electromagnetic attenuation in the 3D gra-
phene-based hybrid. There has been an upsurge in research
activities on multifunctional composites, as current techno-
logies expect a material to have more than one property and
perform more than one function. A single attribute of a
material is not enough if it is to be applied in a complex
environment. Taking that into consideration, recent research
studies are focused on designing composites with dual func-
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tionality or more. Recently, a 3D copper nanowires-thermally
annealed graphene aerogel (CuNWs-TAGA) framework that was
prepared by freeze-drying, followed by thermal annealing, was
reported.”> Epoxy resin was poured into the prepared frame-
work to achieve CuNWs-TAGA/epoxy composites for high
thermal conductivity and EMI shielding effectiveness. It is
worth noting that the composites revealed a thermal conduc-
tivity coefficient (1) value of 0.51 W m~" K~*, EMI SE value of
47 dB, and electrical conductivity (¢) of 120.8 S m™. It is likely
that the compounding of CuNWs and GA resulted in an abun-
dant heterogeneous interface that was conducive to enhancing
loss efficiency. It can be concluded that if the selection of the
material is made prudently, it is possible to induce abundant
heterogeneous interfaces, thereby enhancing the EM wave
attenuation.

The colossal, interconnected network formed by the nodes
and branches of graphene foam within the polymer matrix
creates seamless channels for the rapid transfer of electrons.
However, care must be taken to develop high-quality GF as the
inter-sheet junction contact resistance lowers the electrical
conductivity of GF. In an endeavour to improve the quality of
the foam or decrease the inter-sheet junction contact resis-
tance, the template-directed CVD method has been reported
to design graphene/poly(dimethyl siloxane) (PDMS) foam
composites.” The amount of graphene and the electrical
conductivity of the composites were tuned by varying the
flow rate of methane during the CVD growth of graphene.
The prepared composites exhibited a density of ~0.06 g
em®, which is 20 times less than that of a solid polymer
composite. With the loading of <0.8 wt%, an EMI SE as
high as 30 dB was recorded with a specific EMI SE of up to
500 dB cm’g'. Furthermore, the foam composites showed
excellent flexibility, and their SE remained unaltered after
repeatedly bending to a radius of ~2.5 mm for 10000
times. The demand for lightweight electrical components
crucial in applications such as next-generation aircraft and
wearable devices has elevated the relevance of flexible
polymer composites more than ever before. In this regard,
continuous attempts have been made to develop flexible
composites with superior EMI shielding efficiency, along
with other attributes such as lower density and flexibility.
Towards this, PDMS was directly infiltrated into a 3D inter-
connected graphene network using the vacuum-assisted
technique.”®

The super flexible composites showed an excellent electrical
conductivity value of 103 S m™" and EMI SE of around 54 dB
with 3.07 wt% of graphene. A majority of the EM wave was
absorbed by the composite, which made a significant contri-
bution to the overall shielding mechanism. It was assumed
that the 3D interconnected scaffold formed numerous multi-
faceted cells, promoting multiple reflections, and scattering
that made the escape of the microwaves difficult. The presence
of residual polar functional groups, defects, and multiple
interfaces contributes to dipole polarization loss, thereby con-
tributing to the overall loss mechanism. The development of a
highly porous, bendable laterally compressed GF (cGF)/acrylo-
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nitrile butadiene styrene (ABS) composite with seminal shield-
ing and certain strength has been reported to confer structural
stability and superior shielding.** The composite was prepared
by dip coating ABS on a dense cellular anatomy of freestanding
cGFs, which was achieved by growing graphene on laterally
compressed Ni foam substrates. Isotropic cellular graphene
foams were achieved, with similar openings between the skel-
etons along both the compression direction and perpendicular
to it. The cellular foam retained its structure even after ABS
was drop coated. It is worth noting that the composites
showed a porosity of 89% and ultra-low density of 0.12 g cm ™.
The 75%-cGF/ABS composites exhibited a distinctive two-layer
structure comprising the cellular porous structure with ABS
evenly coated on the graphene networks. The cGF/ABS system
with a graphene content of 8 wt% delivered an electrical con-
ductivity value of 635 S em™" and SE of 42.4 dB (at 50% com-
pression), along with robust and bendable performances.
These cGF/ABS composites display superior mechanical pro-
perties over other flexible polymer systems, such as GF/PDMS
composites of comparable density.”® The absorption-dominant
EMI shielding was ascribed to the efficient dissipation of
surface currents by the high-quality meticulously designed gra-
phene skeleton and quick thermal losses. Moreover, the later-
ally compressed GFs rendered denser graphene structures,
leading to denser conductive networks per unit volume. The
shielding performance of the composites decreases with the
further rise in lateral compression degree (above 50%), which
is indicative of annihilation of the conductive network at a
higher degree of compression. This study reveals interesting
findings that the electromagnetic absorption performance of
the composites can be modulated by regulating the com-
pression strain during scaffold growth. Ba et al. created a 3D
network of graphene (TPU/G) by employing sodium chloride
(NaCl) as the template and thermoplastic polyurethane (TPU)
as the binder, which was subsequently carbonized to generate
the C/G network, and encapsulated in epoxy resin.”” At
1.59 wt% of graphene loading, the SE value reached ~38.78
dB. Meanwhile, at 7.60 wt% of graphene, the thermal conduc-
tivity value reached 1.19 W m~" K. It is interesting to note
that with the increase in the graphene content, the absorption
coefficient values diminished, which is likely due to enhanced
reflection with the accumulation of graphene sheets. In
another report, microporous ultrathin graphene nanosheet
foams have been reported by a salt-template-driven freeze-
drying-calcination route with PEG 20 000 and Nacl as a carbon
source and a template, respectively.”® The calcination tempera-
ture (T) and PEG 20 000/NaCl mass ratio (1) were unutilized to
modulate the texture, defects, graphitization, EMI SE, and
thermal conductivity of the graphene foams. The graphene
foams were created under T = 800 °C and 4 = 0.530, and sub-
sequently compounded with silicone rubber, exhibiting the
optimal EMI SE and thermal conductivity, viz., 3.95 W (m K)™*
and EMI SE > 20 dB, respectively. The enhancement in SE was
ascribed to the conductive loss (¢”.), polarization loss (&"p),
and multiple scattering that arose due to the strong shape an-
isotropy of the ultrathin graphene nanosheet foams, large

© 2024 The Author(s). Published by the Royal Society of Chemistry
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specific surface area, high defects, small thickness, and
porous 3D crosslinked frameworks. Conducting 3D networks
at lower mass concentration of filler have been prepared by
modifying GF using p-phenylenediamine (PPD), which
anchors the reactive sites on GF for further in situ polymeriz-
ation of PANI, leading to the formation of the network struc-
ture of GF/PANL”® It is speculated that PANI promoted the con-
nection of graphene sheets in GF, enabling the formation of
the connecting network. After being compounded with epoxy,
GF/PANI exhibited an EMI SE value of 38.32 dB. A novel leaf-
like structure foam composed of CNTs and rGO (abbreviated
as CGF) had been reported to reduce the density of the 3D
structure, which was subsequently compounded with PDMS
for EMI shielding applications.>® The presence of CNTs
enabled the expansion of the conductive network and
increased the electrical conductivity by 274.4%. The CNTs
were firmly embedded into the graphene hole via n-n inter-
actions. The leaf-like structure foam material exhibited a SE
value of 71.4 dB. When compounded with PDMS, the compo-
sites retained 71.6% (71.1 dB to 50.9 dB) of SE after pressing
100 times under a pressure of 500 kPa. In another study from
the same research group, a leaf-like 3D CNTs/GA film (CGAF)
was designed, where CNTs were impeccably embedded in gra-
phene, akin to the veins and mesophyll of a leaf.”® The pre-
pared 3D CGAF scaffold exhibited an EMI SE value of 26.6 dB,
which predominantly arose from the absorption of the EM
wave rather than reflection. On compounding the CGAF
scaffold with PDMS, an EMI SE value of 74.7 dB was reported,
which corroborated the efficient flow of charges in the con-
ducting network formed by seamlessly embedded CNTs and
consumption of EM waves due to the multiple reflections in
the 3D structure.

Drop coating of poly(3,4-ethylenedioxythiophene):poly
(styrene sulfonate) (PEDOT:PSS) on 3D freestanding GFs has
been performed to fabricate GF/PEDOT:PSS composites for
EMI shielding applications.®® The GF/PEDOT:PSS composites
exhibited an ultralow density of 18.2 x 10~* g em ™ and a poro-
sity of 98.8%, as well as an electrical conductivity value of 4320
S m™". The so-formed highly conducting network and porous
macro-structure assisted in the smooth transport of electric
charge, which resulted in an SE value of 91.9 dB. The
increased dielectric loss promoted the decay of the penetrating
radiation, which led to a high absorption of EM waves.
Dielectric loss of the composite is basically ruled by three elec-
tronic processes, viz., electronic displacement, space charge
and interfacial polarization.®™® It is likely that the network
channel generated by the 3D macrostructure rendered a
pathway for electromagnetic field-induced currents, resulting
in the rapid decay of radiation. Fig. 6a shows the preparation
of the free-standing graphene scaffold and composites, and
the morphologies of the foam before and after coating (Fig. 6¢
and d), where a uniform coating of PEDOT:PSS can be seen on
the 4-dodecylbenzene acid (DBSA)-functionalized graphene
foam (Fig. 6d). The decrease in contact angle (Fig. 6e) with the
increase in the concentration of DBSA indicates enhanced
interactions of PEDOT:PSS with the graphene foam (Table 1).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Schematic procedure of the preparation of the GF/PEDOT:

PSS composites; (b and c) SEM and TEM images of GFs before and (d)
after PEDOT:PSS coating and (e) contact angles of the compressed GF
plates as a function of the DBSA concentration. The inset in (c) is the
TEM image of pristine graphene. The insets in (e) show the SEM images
of the GF/PEDOT:PSS composites treated with different DBSA concen-
trations and the shapes of the corresponding PEDOT:PSS droplets (1, no
treatment; 2, treated with 0.1 wt% DBSA; and 3, treated with 0.75 wt%
DBSA), reproduced with permission from ref. 80, copyright reserved
American Chemical Society 2017.

6. 3D graphene/2D, 1D
heterostructure-based polymer
composites for shielding material

Recently, the fabrication of graphene-based 3D structures with
synergistic conductive networks has garnered wide attention.
Although hierarchical polymer composites exhibit significant
improvements in electrical conductivity compared to directly
introduced filler composites, there still exists a prospect to
further enhance the performance by tailoring the reduced gra-
phene oxide (rGO)-based 3D (dispersion and dielectric pro-
perties) structure through the embedding of additional par-
ticles (2D, 1D, 0D particles). Secondary conductive fillers (such
as graphene nanoplatelets (GNPs), CNTs, etc.) have been used
along with the 3D rGO to generate a synergistic giant conduct-
ing scaffold for the efficient transport of charge carriers, and
as dielectric loss components to enhance the absorption
mechanism. CNTs significantly enhance the polarisation relax-
ation, conduction, and dielectric loss. GNPs have been
embedded in the 3D rGO foam to fabricate 3D porous GNPs/
rGO foam/epoxy (GNPs/rGO/EP) nanocomposites via template
method.®> Embedded GNPs improve the electrical conductivity
and assist in the formation of a seamless conducting channel
for the fast and efficient transport of charge carriers. The
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Table 1 Examples of graphene aerogel/foam-based polymer composites with their EMI SE attributes

Materials Loading % Preparation method 6,Sm™" EMI SE (dB) Ref.
GA/epoxy 1.0 Infiltration technique — 30 51
Anisotropic GA/epoxy 0.8 Vacuum infiltration — 32 70
GA/phenolic resin 0.33 Vacuum infiltration 73 35 72
Aerogel film/PDMS Vacuum infiltration 53 73
GA/PDMS 0.42 Self-assembly 0.5 65 37
GA/MWCNT/PANI/epoxy 4.61 Template-casting method 52.1 42 74
CuNW/GA/epoxy — Back filling 120.8 47 75
rGO honeycomb/epoxy 1.2 Back filling 40.2 38 71
GF/PDMS 0.8 Dip coating 30 6
GF/PDMS 3.07 Vacuum infiltration 103 54 76
GF/ABS rubber 8 Dip coating 635 42.4 32
Porous graphene/epoxy 1.59 Vacuum infiltration 318.48 38.78 77
GF/Silicon rubber 7 — 51.84 >20 78
GF/PANI/epoxy — Dip coating — 38.32 79
CNTs/rGO foam/PDMS — Simple immersion — 71.1 35
GNPs/rGO foam/epoxy rGO:GNPs 0.1:20.4 Template method 179.2 51 83
CNT/graphene aerogel/PDMS — Simple immersion — 74.7 38
GF/PEDOT:PSS — Drop coating 4320 91.9 80

GNPs/rGO/EP nanocomposites containing 0.1 wt% rGO and
20.4 wt% GNPs reveal an EMI SE value of 51 dB, an almost
292% improvement as compared to the rGO/EP nano-
composites (~13 dB) and 240% enhancement relative to the
GNPs/EP nanocomposites (~15 dB). Furthermore, the nano-
composites exhibited an excellent thermal conductivity of 1.56
W m™' K™ and electrical conductivity of 179.2 S m™*. With the
increase in the GNP content, the shielding mechanism
becomes absorption-dominant, which is ascribed to the dissi-
pation of electromagnetic waves due to improved conduction
and dielectric loss. The construction of a scaffold to improve
the continuity of the conducting 3D framework is a potential
route to enhance the shielding performance of composites. A
unique 3D hybridized carbon nanostructure was prepared by
in situ growth of vertical edge-rich graphene (ERG) on the rGO
aerogel skeleton, which was then applied to modify epoxy
resin for EMI shielding and thermal management.?* The devel-
oped rGO-ERG/epoxy nanocomposites exhibited an enhanced
EMI shielding performance of 45.9 dB in the X-band, which
was ascribed to the structural defects and strong charge polar-
ization ability of ERG. In addition, theoretical models con-
firmed the construction of phonon-matching 3D rGO-ERG net-
works that resulted in efficient phonon transport, leading to a
thermal conductivity value of 1.96 W m™" K™ '. The study
revealed that covalent bond connections in 3D structures not
only reduce thermal resistance and phonon scatterings, but
also provide a continuous conductive channel for smooth
charge transport.

A facile bubble-template based strategy has been employed
to create a 3D graphene network, wherein GO was employed to
assist the assembly of GNP into a 3D porous framework struc-
ture.®® Vacuume-assisted infiltration of the liquid PDMS onto
the as-prepared 3D skeleton was followed to fabricate the com-
posites, which revealed a remarkable EMI SE of around 90 dB
and a high thermal conductivity of above 3 W (m K)™" with
only 18.1 wt% of graphene content. Fig. 7a shows the optical
microscope image of the foaming dispersion, wherein bubbles

520 | RSC Appl. Polym., 2024, 2, 507-533

are seen to be uniformly distributed and closely packed
together. Fig. 7b & c displays the digital images of the dried 3D
rGO-GNP foam, which was able to endure a load that far
heavier than its own. Fig. 7d-f depicts the microstructure of
the as-developed 3D rGO-GNP foams with varying graphene
contents. As discernible from the micrograph, the spherical
holes left by the air bubbles are uniformly located in the foam
scaffold. After careful observation, it is evident that as the gra-
phene content increases, the extent of closure of each pore
also increases. The 3D rGO-GNP-PDMS composites exhibited
different contributions to the overall shielding with and
without the annealing of 3D rGO-GNP. When using 3D
rGO-GNP without annealing, both absorption and reflection
contribute to the shielding, while annealing 3D rGO-GNP
results in a more prominent contribution from reflection. It is
assumed that annealing increases the electrical conductivity of
3D rGO-GNP by repairing damages on the graphene surface,
rendering it a defect-free seamless conducting channel, which
leads to the reflection of the EM wave. The 3D structures of the
graphene nanoplatelets (GnP) and graphene fluoride (GF) have
been fabricated in PDMS composites to study their EMI SE
and thermal conductivity properties.®’® The porous
GnP@PDMS/GF composites showed an EMI SE value of 50.13
dB against 51.26 dB for only GhP@PDMS, which was attribu-
ted to the high conductivity of GnP and porous interconnected
network responsible for the attenuation of the EM waves.

In another study, a synergistic interconnected conductive
network was generated by using pristine SWCNTSs as secondary
conductive fillers to prepare the rGO/SWCNTs aerogel.®” The
PDMS/rGO/SWCNTs nanocomposite was developed by a facile
backfilling approach to explore the EMI shielding properties.
The compatibility of GO enabled SWCNTs to disperse uni-
formly within the polymer matrix, preserving the high conduc-
tivity of SWCNTs in the developed scaffold. The composites
showed an electrical conductivity value of 120 S m™" and an
EMI SE of ~31 dB over the X-band frequency range with an
ultralow loading of 0.28 wt%. The unrivalled properties

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Optical microscopy image of the foaming emulsion, photographs of (b) the hydrogel and (c) the dried 3D rGO-GNP foam. Fracture

surface SEM images of the 3D rGO-GNP foam with (d) 9.7 wt%, (e) 14.0 wt%, and (f) 18.1 wt% graphene content; reproduced with permission from
ref. 85, copyright reserved Elsevier 2021. (g—i) Micrographs of the highly porous 3D TGCA3 aerogel and the fracture surface of the corresponding
PTGCA3 composite (j—1) at different magnifications, where the SWCNTSs nanostructures are firmly entangled with graphene; reproduced with per-

mission from ref. 87, copyright reserved American Chemical Society 2018.

improvement ascertained the excellent synergy between rGO
and SWCNTs in the aerogel system, contributing to significant
dielectric loss. Fig. 7(j-1) shows the SEM images of the highly
porous and interconnected 3D scaffold, where the entangled
SWCNTs are wrapped into graphene sheets or act as efficient
bridging to connect adjacent graphene layers. In another
endeavour of a synergistic conductive network strategy, a
highly porous GFs/CNTs/PDMS composite was fabricated.®®
GFs were synthesized on a Ni substrate by CVD approach, and
were mixed with the CNTs/PDMS suspension to fabricate the
composites. The incorporation of CNTs in PDMS was found to
significantly influence the charge transport property in the
GAs/CNTs hybrid. The unique 3D hybrid composites with a
porosity of 90.8% exhibited an EMI SE of 75 dB, an enhance-
ment of 200% against 25 dB of the GFs/PDMS composites with
the same graphene content and porosity. The significant
improvement in the SE of the hybrid composites was attribu-
ted to the synergistic effect of GA and CNTs. While graphene
aerogels absorb the EM wave by dissipating currents induced
by electromagnetic fields, carbon nanotubes enhance the
surface current dissipation by providing interconnected con-
ductive networks and numerous interfaces for multiple reflec-
tions and polarization loss. The contribution of SE, towards
the total SE was more prominent than that from SEg, which is
likely due to the extensive dissipation of surface currents.
Employing the simple filtration and calcinations method, a 3D
interconnected network was prepared using thermally treated
graphene (G) and reduced oxidized multi-wall carbon nano-
tubes (r-OCNTs).®° A highly conducting flexible PDMS compo-
site cake (TCGPC) was fabricated by coating PDMS onto the
thermally treated r-OCNTs/G composite. The composite cake
showed an electrical conductivity value of 15.15 S ecm™, which

© 2024 The Author(s). Published by the Royal Society of Chemistry

was attributed to the synergistic contribution of G and
r-OCNTs. The EMI SE value was found to increase from ~50.3
dB for G/PDMS to ~67.3 dB for the composite cake in the
X-band. It is important to note that the composite cake exhibi-
ted a stable EMI SE value with only 6.8% decrease after
bending for 10 000 times, which suggested that it was still able
to block 99.99995% of the radiation. The remarkable improve-
ment in the average SE was ascribed to the synergy in the con-
ductive network provided by CNTs, as well as the enhanced
electrical conductivity induced by calcinations. The composite
cakes showed an absorption-dominated mechanism, which
indicated that most of the EM decays into thermal energy via
dielectric loss and interfacial polarisation loss. The energy
consumption activity is accounted to the relaxation loss
through interfacial polarisation and surface charge. Using the
3D graphene/MWCNTs foam as an electrically conductive skel-
eton, PDMS composites were fabricated for EMI shielding
applications.® The structure and composition evolution of the
prepared foams were studied during the carbonization process
from 1200 to 1600 °C and the graphitization at ultra-high
temperature (2800 °C). It is considered that with the annihil-
ation of polar functional groups, the repair of defects aug-
ments the ohmic loss while the polarization loss is reduced.
An SE value of 54.43 dB at 1400 °C was reported. MWCNTSs
basically performed the three functions. First, it acts as a
bridge to connect the gap between the 2D graphene sheets,
rendering efficient electronic channels to the structure.
Second, it functions as an impediment to the agglomeration of
graphene sheets. Lastly, some MWCNTs extend to the outer
edge of the graphene sheets, and act as electron polarization
centres. The likely mechanism for such an improvement in SE
was attributed to ohmic loss and polarization loss (electronic,

RSC Appl. Polym., 2024, 2, 507-533 | 521
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dipole polarization), which is depicted in the interaction
model diagram (Fig. 8a and b). Through this loss mechanism,
the EM wave is mostly converted into heat and dissipated. In
this study, the heat dissipation (measured as increased in
temperature) was studied using infrared thermography, which
is depicted in Fig. 8d. As indicated by the higher temperature,
the thermal transfer rate in the composites seems superior to
that of neat PDMS. As depicted in Fig. 8c, the developed com-
posites show enhanced compressive strength, and the strength
increases with the annealing temperature.

The design of a secondary conductive network conducive
for EMI shielding using 3D graphene has emerged to assist in
the dispersion of the conductive filler.”* A 3D silver platelets/
rGO foam (AgPs/rGF) with numerous regular spherical hollow
structures has been reported, wherein AgPs are uniformly dis-
persed along the rGO network assisted by 3D graphene.’® The
interconnected 3D rGO channel resolved the agglomeration
propensity of AgPs, and was eventually assembled with the sec-
ondary conductive network. Epoxy nanocomposites were pre-
pared by backfilling the epoxy system on the 3D AgPs/rGF

View Article Online
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scaffold, which exhibited an electrical conductivity value of
45.3 Sm™" and SE 58 dB in the X-band with 0.44 vol% rGF and
0.94 vol% AgPs. The incorporation of AgPs shifted the shielding
mechanism from an equal contribution of reflection and adsorp-
tion to being reflection-dominant. The study also validates the
shielding ability of the 3D AgPs/rGF/EP nanocomposites to defy
EM radiation by employing a finite element model to simulate
the radiation process of the EM waves generated by the com-
munication antenna to the brain, which is depicted in Fig. 9. A
12 V antenna was used for radiating EM waves to exposed and
protected brain (protected by 3D AgPs/rGF/EP nanocomposites).
Fig. 9d-d” depicts the map of the electric field distribution in the
brain protected by 3D AgPs/rGF/EP, where the intensity of the
radiated electric field is considerably reduced in air and the brain
is seen to be almost unaffected. A study on Ag nanoparticle-deco-
rated 3D porous rGO/polybenzoxazine composites also revealed
enhancement in SE due to multi-reflections and current-induced
magnetic dipoles.”® The magnetic losses-enhanced absorption
mechanism led to an EMI SE value of 54 dB for the mentioned
composites.
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(a and b) Schematic diagram of the EM shielding mechanism of the GC/PDMS composites. (c) Compression stress—strain curves of GC1400/

PDMS and neat PDMS. The inset shows the optical images of GC1400/PDMS and the bent GC1400/PDMS. (d) Infrared thermography images of
GC1400/PDMS and neat PDMS in heating for 10 s and 20 s (the hot stage with a temperature of 150 °C); reproduced with permission from ref. 90,

copyright reserved Elsevier 2020.
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Aqueous GOs dispersants and one-dimensional (1D) silver
nanowires (AgNWSs) have been chosen to construct 3D rGOs/
AgNWs bi-continuous conductive skeletons (GACSs).”* To
minimize the high inter-sheet contact resistance and impede
the agglomeration of rGO nanosheets, AgNWs were selected as
a secondary building block to construct a 3D conductive
scaffold. A modified sol-gel technique was applied to develop
the GOs/AgNWs scaffold, which increased the pore sizes, pore-
wall thickness, and structural homogeneity of the resulting
composite scaffold. The scaffold was used to fabricate polydi-
methylsiloxane composites (PGACs) and the electrical, EMI
shielding, and other properties were investigated. A series of
PGACs were prepared, keeping constant the rGOs loading of
0.43% and varying the AgNWs loading, and they are rep-
resented as PG5A1C-0.53%, PG3A1C-0.6%, PG2A1C-0.66%,
and PG3A2C-0.76%, respectively. The EMI SE of PGACs in the
X-band was found to increase with the increase of the AgNWs
amount, and reached the highest EMI SE of 34.1 dB at
0.43 wt% rGOs and 0.33 wt% AgNWs loadings. A significant
enhancement in EMI SE was assigned to the synergy in con-
ductivity between rGOs and AgNWs. Fig. 10 shows the vari-
ations of electrical conductivity, SEr and the corresponding
contribution from SE, and SEg. According to Fig. 10b-d, the
significant contribution to the total shielding was from the
absorption-induced shielding. Conversely, the reflection is
minimal, attributed to effective attenuation of the EM wave
promoted by the 3D scaffold. With the higher electrical con-
ductivity and improved impedance matching, the rapid loca-

© 2024 The Author(s). Published by the Royal Society of Chemistry

lized current generations and faster thermal loss contribute to
the total shielding.

Mimicking natural porous materials, a bio-inspired
approach based on polydopamine interface buffer for the
preparation of a carbon nanowires/graphene (CNWs/G) sponge
composite has recently been reported.”> CNWs were uniformly
grown on the graphene structure through covalent C-C
bonding. A multi-scale structure was designed to maximize the
absorption mechanism, where porous graphene behaved as a
sponge skeleton and provided high electric conductivity. The
in situ grown CNWs served as flagella that rendered strong EM
absorption competency. The junction between the CNWs with
graphene and the defects present in CNWs led to strong polar-
ization loss, and hence the attenuation of the permeating radi-
ation. The CNWs/G/PDMS composite showed an EMI SE value
of 36 dB in the X-band and the composite density was found
to be 97.1 mg cm ™. The improvement in SE was attributed to
the unique sponge macrostructure of graphene and CNWs
with the covalent junction interface, which spawned a strong
polarization loss and promoted multiple reflections of EM
waves. A hybrid structure of the 3D scaffold has shown great
potential in EMI shielding applications. However, achieving a
mechanically robust 3D scaffold with a high SE value is still a
daunting challenge. Towards this, Fan et al. reported the fabri-
cation of a microcellular epoxy foam containing a hybrid
reduced graphene oxide (rGO)/short carbon-fiber (SCF) aerogel
following the “gelation-press drying-impregnation & micro-
foaming” method.’® The air-drying method was employed to
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Fig. 10 (a) Electrical conductivity and (b) SE+ of PDMS, PGC-0.43% and PGACs in the X-band, (c) SEg, (d) SE,, (e) the average SE+, SEg, SEA, and (f)
the average power coefficients (A, R, T) of PGC-0.43% and PGACs in the X-band; reproduced with permission from ref. 94, copyright reserved

Elsevier 2019.

control the network structure of rGO/SCF, which resulted in a
transformation of the isotropic honey-comb structure into an
anisotropic multilayer corrugated structure. The purpose of
SCF was to provide stability to the carbon network that would
keep the porous structure intact. The anisotropic microcellular
epoxy composites showed an EMI shielding value of 95.5 dB
(Table 2).

7. 3D graphene/magnetic

heterostructure polymer composites

for EMI shielding

Although the 3D graphene-based dielectric material has been
successful in significantly improving the EMI SE at higher fre-

Table 2 Examples of 3D graphene/2D, 1D heterostructure based polymer composites with their EMI SE attributes

Materials Loading % Preparation method 6,Sm™* EMI SE (dB) Ref.
Edge-rich graphene/rGO/epoxy 3.98 Vacuum infiltration 68.2 45.9 84
GO/GNP/PDMS 18.1 Vacuum infiltration — 90 85
GNP/graphene fluoride/PDMS 30 Molding 0.6 50.1 86
rGO/SWCNTSs/PDMS 0.28 Backfilling 120 31 87
GFs/CNTs/PDMS GF:CNT 2.7:2 Simple deposition 31.5 75 88
CNTs/graphene/PDMS — Vacuum infiltration 15.15 67.3 89
3D graphene/MWCNTSs/PDMS 0.98 Vacuum infiltration 100.99 56 90
rGOs/AgPs/PDMS rGOs : AgPs 0.33:0.43 Backfilling 45.3 58 92
Ag/rGO/polybenzoxazine Ag:rGO 15:25 — 0.005 54 93
rGOs/AgNWs/PDMS 0.76 Backfilling 0.108 34.1 94
CNWSs/G/PDMS Dip coating 0.34 36 95
rGO/short carbon-fiber/epoxy — Foaming 2365.0 95.5 96
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quency, the constantly evolving next-generation technology
seeks components with a broad bandwidth shielding
efficiency. Pristine single-phase graphene possesses insignifi-
cant magnetic permeability and does not support the magnetic
hysteresis losses mechanism. These attributes narrow down its
prospect of larger range radiation absorption. Typically, an
effective synergy in the magnetic loss and dielectric loss is
needed to ensure high-performance shielding. According to
the condition of perfect impedance matching:®”

Ao
e

7=

Based on the above equation, to achieve the desirable impe-
dance matching performance, it is crucial to make p relatively
close to e. In order to improve loss mechanism for better EMI
shielding, recently two phase heterostructures consisting of
magnetic nanoparticles and graphene have evoked wide
attention.”®'°> 3D graphene-based scaffolds have tunable
porosity, which offers points to anchor magnetic components.
Magnetic metals (such Fe, Co, Ni or their oxides) have been
used with graphene or with a combination of graphene and
CNTs to fabricate a 3D integrated architecture. The large
single architecture, created through strong synergy, enhances
EMI SE by improving the eddy current loss, natural resonance,
exchange resonance, and multiple scattering processes. In
addition to that, the combination of magnetic materials with
the dielectric foam/aerogel improves the permeability of the
scaffold, thus achieving an ideal impedance match that is con-
ducive to the absorption-dominated shielding mechanism.
The magnetic loss contributed by the magnetic medium to the
overall shielding mainly arises from the exchange resonance,
natural ferromagnetic resonance and eddy current loss."®

N N
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Towards improving the impedance matching and EM loss
through magnetic materials, numerous absorption-dominated
graphene aerogels or foams-based composites recently have
been developed. For example, the Fe;O4/thermally annealed
graphene aerogel (Fe;O,/TAGA)/epoxy nanocomposites were
fabricated to study the EMI SE.'®* At first, ethylene diamine
functionalized Fe;0, (NH,-Fe;0,4) nanoparticles and GO were
compounded, followed by the addition of r-ascorbic acid, to
obtain Fe;0,/TAGA by thermal annealing method. Fe;0,/TAGA
exhibited a pore structure, which is considered advantageous
for multiple-reflection and hence for the effective attenuation
of EM radiation. The Fe;0,/TAGA/epoxy nanocomposites
showed an electrical conductivity value of 27.5 S m™~" when the
mass ratio of GO to NH,-Fe;O, was 2:1 and the total mass
fraction of Fe;O,/TAGA in the composites was 2.7 wt% (1.5/
1.2 wt% Fe;04/TAGA). The corresponding Fe;0,/TAGA/epoxy
nanocomposites showed the highest EMI SE of 35 dB in the
X-band. The significant improvement in SE was ascribed to the
large conductive network formed, and the combination of
dielectric and magnetic loss, leading to a superior impedance
match. With the increase in the loading of NH,-Fe;0,, SE, was
found to increase, suggesting that the addition of NH,-Fe;0,
proved beneficial for shielding improvement contributed by
magnetic loss. Fig. 11 shows the schematic for the fabrication
of the Fe;0,/TAGA/epoxy nanocomposites.

Fe;0,@anisotropic reduced graphene oxide aerogel/epoxy
(Fe;0,@AGA/EP) nanocomposites have been reported, where
Fe;0,@AGA was prepared by hydrothermal reduction reaction,
followed by unidirectional freezing approach.'® Due to the
synergistic effect arising from the magnetic and dielectric loss
properties, the EMI SE of the Fe;0,@AGA/EP nanocomposites
attained 40.4 dB along the radial direction when the mass
ratio of Fe;04:GO was 2:1. In another study, to derive the

o
~$<$8
g @ 3 @ L
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Fig. 11 The schematic for the fabrication of the Fez0,4/TAGA/epoxy hanocomposites; reproduced with permission from ref. 104, copyright reserved

Elsevier 2019.
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synergistic response, a unique structure was proposed by
anchoring magnetic Fe;O, nanoparticles onto the conductive
3D GF, and flexible PDMS composites were subsequently pre-
pared.'® The unique structure was realised by assembling
CTAB-modified Fe;O, and GF through mutual electrostatic
interactions. The flexible composite has an advantage over the
rigid one as it can be easily mounted on an irregular and curve
structure. The EMI SE value of ~32.4 dB for the Fe;O,/GF/
PDMS composite (~1.0 mm) was recorded in the frequency
range of 8.2-12.4. The significant absorption contribution
resulted from the synergy between GA, and the improved SE
was attributed to the magnetic Fe;0,. Integration of 1D CNTs
with 2D graphene to design a 3D continuous network has
recently been performed to enrich the EMI SE.'”” The seminal
improvement in SE further encouraged researchers to anchor
magnetic particles on the 3D-CNTs skeletons, and to compre-
hend how this reasonably designed multiple structure played a
role in improving the SE. A single integrated multi-phase
hetero-nanostructure consisting of graphene, CNT and Fe,O3;
(3D G-CNT-Fe,0;) was synthesized to fabricate the PEDOT:
PSS/3D G-CNT-Fe,O; composites film for EMI shielding appli-
cation.'®® The 3D G-CNT-Fe,O; nano-architecture was syn-
thesized by a microwave irradiation method with ferrocene as
an iron catalyst and carbon source for CNT growth on gra-
phene. The flexible composite films were fabricated based on
PEDOT:PSS, and various graphene-based fillers (such as 2D
rGO, 2D G-Fe,03;, and 3D G-CNT-Fe,0;) were fabricated to
ascertain the strong synergistic effect of 3D G-CNT-Fe,O; on
the EMI shielding properties of the films. The three-phase 3D
G-CNT-Fe,0; hetero-architecture showed improved reflection,

View Article Online
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absorption and scattering of EM radiation, which was ascribed
to the strong synergy among 2D graphene, 1D CNT and 0D
Fe,0;. The electrical conductivity values of PEDOT:PSS,
2DrGO/PEDOT:PSS, 2D G-Fe,O3/PEDOT:PSS, and 3D G-
CNTFe,0,/PEDOT:PSS were found to be 15 400, 16 200, 17 400,
and 22800 S cm™, respectively. The EMI SE of the 2D rGO/
PEDOT:PSS, 2D G-Fe,O3/PEDOT:PSS, and 3D G-CNTFe,O3/
PEDOT:PSS composites films were found to be enhanced by
8%, 19%, and 25%, respectively. The remarkable improvement
in SE was attributed to the excellent electrical conductivity of
the multi-layered and interconnected nano-architecture, which
assisted the easy delocalization of electric charges within the
PEDOT:PSS network. Furthermore, iron particles induced a
higher hysteresis and larger energy dissipation within the film.
It is noteworthy that all the composite films exhibited an
absorption-dominant mechanism rather than reflection,
suggesting a synergistic contribution of the magnetic loss and
dielectric loss. Fe;O,-decorated CNTs/rGO foam/epoxy (3D
Fe;0,-CNTs/rGF/EP) nanocomposites with highly oriented 3D
structures were fabricated by a facile template method.'*® The
prepared composites with 0.24 wt% rGF and 2.76 wt% Fe;0,-
CNTs resulted in a remarkable electrical conductivity of 15.3 S
m~"' and EMI SE value of 36 dB within the X-band range. The
synergistic response from the magnetic loss and efficient 3D
framework structures was assumed as a reason behind such
enhancement. The prominent interfacial contacts between
CNTs, Fe;0, and rGF resulted in an improved interfacial polar-
isation relaxation, leading to EM attenuation. From the absorp-
tion-dominant mechanism of the composites, it can be con-
curred that the introduction of Fe;O, particles significantly

Table 3 Examples of 3D graphene/magnetic heterostructure polymer composites with their EMI SE attributes

Materials Loading % Preparation method 6,Sm™" EMI SE (dB) Ref.
Fe;0,/GA/epoxy Fe;0,:GA1.5:1.2 Template-casting 27.5 35 104
Fe;0,@GA/epoxy 2.1 Vacuum infiltration 32.1 40.4 105
Fe;0,/GF/PDMS — Dip coating 0.25 324 106
3D G-CNT-Fe,O3/PEDOT:PSS 0.28 Solution casting 228 130 108
Fe;0,-CNTs/rGF/epoxy rGF : Fe;0,~CNTs 0.24:2.76 Template 15.3 36 109
rGO@FeNi/epoxy 2.1 Vacuum infiltration 38.7 46 33
Table 4 Comparison of the shielding performance of different 3D graphene scaffold-based composites with 2D graphene-based composites
3D graphene-based/polymer composites 2D graphene-based/polymer composites

Loading EMI SE Loading EMI SE
Material (%) 6,Sm™"  (dB) Ref.  Material (%) 6,Sm™  (dB) Ref.
GA/EP 1 — 30 51 Graphene/EP 2.5 — 29 114
GA/PDMS 0.42 0.5 65 37 rGO/PU 2.5 — 53 115
3D graphene/MWCNTs/PDMS  0.98 100.99 56 90 Graphene-MWCNT/PU 10 — 47 116
Porous graphene/EP 1.59 318.48 38.78 77 rGO/PU 3.17 2.77 21.8 117
rGOs/AgNWs/PDMS 0.76 0.108 34.1 94 Graphene/SiCnW/PVDF 9.5 1.5 32.5 118
rGOs/AgPs/PDMS 0.76 45.3 58 92 GNP/Ni/PVDF 13 — 55.8 119
GF/PDMS 0.8 30 6 Graphene/WPU 5 43.6 38 120
GF/PDMS 3.07 103 54 76 GNS/TPU 0.12 (Vol) 35 14 121
GF/Silicon rubber 7 51.84 >20 78 rGO/PEI 2.5 — 22-26 122
GA/phenolic resin 0.33 73 35 72 GNP/PEK 5 (Vol) 2 33 123
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promoted magnetic and dielectric losses. Amino-functiona-
lized FeNi alloy particles (f-FeNi) have been loaded on the 3D
GO regular honeycomb structure (GH) skeleton. This was fol-
lowed by in situ reduction to prepare the rGH@FeNi aerogel,
which was then impregnated by an epoxy resin following
vacuum-assisted method to prepare the rGH@FeNi/epoxy com-
posites for EMI shielding application.*® The so-designed hon-
eycomb conductive/magnetic structure expands the trans-
mission path of the EM waves, leading to the increased attenu-
ation of the EM waves by multiple reflections and scattering.
Furthermore, the enhanced impedance matching between the
rGH 3D conductive skeleton and epoxy resin matrix leads to
increased hysteresis loss of the electromagnetic waves in the
composites, which resulted in an SE value of 46 dB (Tables 3).

8. Conclusions and future direction

This article provides an overview of recent advancements in
the design and fabrication of 3D graphene-based/polymer
composites specifically for EMI shielding applications. The
central focused has been on graphene foam and aerogels,
along with the aerogel/dielectric/multiple heterostructure. The
article also represents an analytical framework that could be
employed to optimize the geometrical and structural para-
meters of the shield, and thereby tailor the impedance charac-
teristics to achieve absorption-dominated shielding materials
with diminished reflection. Contrary to thin film-based EMI
shielding materials, a majority of the 3D graphene-based com-
posites demonstrate an absorption-dominated shielding
mechanism, which makes it more acceptable as the secondary
pollution through reflection is minimal. However, few studies
have been performed to decipher the influence of structural
and geometrical factors on the shielding mechanism. A
majority of the studies are based on trial-and-error methods
without delving into the structure-EMI shielding property
relationship. Structural and geometrical factors are crucial to
tailor a surface impedance condition that is appropriate to
achieve low reflection and high absorption. The design of a 3D
structure does address the dispersion, agglomeration issue
and impedance mismatch of graphene-based shielding to
some extent. However, the concerns associated with the prepa-
ration of a scaffold are not yet regulated. The fabrication strat-
egies currently in use lack overall competency to design a
scaffold with different cellular morphologies (void fraction,
density), and an ordered pore structure, and hence needs
more optimisation and innovation. Employing more conducive
processing techniques and strategies that could enable the
pore size regulation, and designing scaffolds with different cel-
lular morphologies are some of the areas of exploration that
need urgent attention. A comparision of the EMI shielding
performance between 2D graphene reinforced composites and
the polymer composites reinforced by 3D graphene scaffold
has been presented in Table 4.

Based on the available information, it can be conferred that
the 3D graphene architectures shall accelerate the prospect

© 2024 The Author(s). Published by the Royal Society of Chemistry
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towards the fabrication of high-performance absorption-domi-
nated shielding materials. Although it will be too early to
expect the engagement of these materials in industrial realm,
the recent research activities nonetheless point towards a
bright beginning. The crucial future directions that need to be
undertaken for EMI shielding materials are as follows.

1. The current methods for designing 3D graphene
scaffolds require innovative processing technologies that offer
flexibility in regulating the pore size, creating ordered struc-
tures with aligned cell walls, customizing the cellular mor-
phology to the desired scaffold properties, and controlling the
thickness to achieve absorption-dominated shielding
materials. Towards this, 3D printing technology holds the
potential not only in providing freedom on the nanofiller pro-
portion and size, but also renders the opportunity to design a
scaffold having hierarchical pores that are apt for EM absorp-
tion. There have been a few reports on 3D printed graphene-
based EMI shielding materials. For instance, Guo et al
reported on the shielding effectiveness value of 8.75 dB for a
3D printed lamellar graphene aerogel. Furthermore, a 3D
printed lamellar Ti;C,Tx MXene/graphene hybrid aerogel has
been reported by Hua et al."'® However, the poor interlayer
adhesion between the printed layers of the 3D printed
scaffolds is an issue that needs to be studied with rigour.
Furthermore, the development of polymer composites holding
these 3D printed scaffolds requires more investigations to
examine the feasibility of these structures.

2. An interesting strategy for fabricating 3D graphene-based
aerogels and foams using the electrospinning technique has
recently attracted much attention. These 3D structures, with
their innovative architecture, have the potential to serve as
EMI shields due to their creation of new interfaces and high
porosity, which expand the paths for reflecting and scattering
electromagnetic radiation. The known fabrication process
includes precision electrospinning, self-assembly, multi-layer
spinning, liquid/3D collectors, and processing into bulk aero-
gels and sponges.''' Especially, precision electrospinning
could be a potential technique to fabricate a highly porous 3D
structure as it combines the additive manufacturing technique
to exactly deposit the nanofiber in a predesigned pattern. A 3D
macrostructure with heterointerfaces and excellent porosity
has been prepared by assembling electrospun nanofibers. This
process can be extended to prepare a graphene-based 3D struc-
ture, as well as through advanced formulation and optimiz-
ation. Zheng et al. reported on an interfused core-shell hetero-
geneous reduced rGO/MXene aerogel (GMA) via coaxial wet
spinning and freeze-drying, which exhibited an SE value of
83.3 dB that is supposedly higher than most of the carbon-
based aerogels and foams.''> Construction of Ti;C,Tx
MXene@GO hybrid aerogel microspheres (M@GAMS) via
electrostatic-spinning technique assisted by rapid freezing and
freeze drying was also reported, and the study included the
microwave absorption performance.'*® The design of 3D gra-
phene aerogels and foams via electrospinning invoked exciting
prospects. However, the issues concerning the mechanical
stability is a big impediment. Studies covering the mechanical
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robustness of such materials that are desirable for use in
complex environments are scarce. Hence, it is premature to
comment on the suitableness of such materials for EMI shield-
ing applications. Furthermore, dispersing these 3D micro-
scopic structures in a polymer matrix is another big challenge.
As of now, not much progress has been made in this route.

3. The design of gradient-layered structures is a promising
strategy to achieve low reflection and absorption-dominated
EMI shielding. These structures consist of one or more absorp-
tion layers, which attenuates the EM radiation, and a reflection
(shielding) layer, which reflects and attenuates the remaining
EM radiation. The interface between the layers can produce
substantial interfacial polarization that enhances attenuation
via polarization loss. A few reports on a MXene-based layered
composite foams EMI shielding material with an absorption-
dominated mechanism are available. The strategy can be
extended to 3D graphene-based polymer composites as well.

4. Considerable intervention in theoretical understanding is
expected to build a consensus on the mechanism responsible for
shielding, and to understand the modus operandi of different
dimension particles, microstructural, and geometrical effects on
the shielding performance. Therefore, more efforts in compu-
tational studies and analytical modeling are solicited to optimize
the microstructural and geometrical aspects for achieving absorp-
tion-dominated shielding. Not only is a theoretical approach
required to understand how the microstructures and geometry of
the 3D skeleton enable the improvement in shielding effective-
ness at a rudimentary level, but comprehending the interaction
at the atomic level also could be relevant for devising suitable
microstructure materials.
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