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ABSTRACT

With the rapid development of the electronic industry and wireless communication technology, electromagnetic interference
(EMI) or pollution has been increasingly serious. This not only severely endangers the normal operation of electronic equipment
but also threatens human health. Therefore, it is urgent to develop high-performance EMI shielding materials. The advent of
hydrogel-based materials has given EMI shields a novel option. Hydrogels combined with conductive functional materials have
good mechanical flexibility, fatigue durability, and even high stretchability, which are beneficial for a wide range of applications,
especially in EMI shielding and some flexible functional devices. Herein, the current progress of hydrogel-based EMI shields was
reviewed, in the meanwhile, some novel studies about pore structure design that we believe will help advance the development
of hydrogel-based EMI shielding materials were also included. In the outlook, we suggested some promising development
directions for the hydrogel-based EMI shields, by which we hope to provide a reference for designing hydrogels with excellent

EMI shielding performance and multifunctionalities.
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1 Introduction

With the rapid progress in electronic equipment and wireless
technology, the booming issues of electromagnetic interference
(EMI) or pollution have brought about harm to electric devices
and human health [1-5]. Therefore, employing EMI shielding
materials to protect the normal operation of electronic devices and
human beings from electromagnetic radiation is essential [6, 7].
Although bulk materials like traditional metal-based EMI shields
are utilized widely, the easy corrosion, high density, poor
processability, and mechanical flexibility hinder their further
application, especially in the burgeoning fields such as flexible
bioelectronic devices and the Internet of Things (IoT) [8-11].
Exploring the advanced EMI shielding materials with high
mechanical flexibility, easy processability, as well as high and
controllable EMI shielding effectiveness (SE) is necessary for
promoting the development of novel and multifunctional devices.
Recently, thanks to the high conductivity, low mass density, and
decent flexibility, great efforts have been invested in the polymeric
shielding composites embedded with functional nanomaterials
such as carbon nanotubes (CNTs) [12,13], reduced graphene
oxide (rGO) [14,15], transition metal carbides and/or nitrides
(MXenes) [16-20], and silver nanowires (AgNWs) [21,22].
Particularly, the introduction of the porous structure to generate
abundant interior surfaces/interfaces in the shielding composites is

an efficient strategy to improve the multiple reflections of incident
electromagnetic waves (EMWs), further enhancing the EMI
shielding performance [23-28]. As a class of porous engineering
materials, hydrogels, composed of a network of cross-linked
hydrophilic building blocks surrounded by water, not only
maintain the porous structure but also possess a water-enriched
interior environment [29,30]. On the one hand, most of the
functional nanomaterials can be easily and uniformly dispersed in
the hydrogels to form the conductive paths, contributing to the
high conductive loss of incident EMWs [31,32]. On the other
hand, the water can generate potent polarization loss to consume
the EMWs energy due to the change of hydrogen-bond networks
as well as the polarization of water molecules in gigahertz (GHz)
and terahertz (THz) band [33-35]. Combined with the efficient
multiple reflection capability derived from the existed porous
structure, the hydrogels show great potential for novel and high-
performance EMI shielding materials. In addition, the mechanical
ultra-flexibility and stretchability of hydrogels are the unique
superiority that traditional porous materials like foams and
aerogels hardly possess. However, to the best of our knowledge,
the review work about the hydrogel-based EMI shielding materials
has been rarely reported.

Here, we summarized the recent research on the hydrogel-
based materials for EMI shielding applications, focusing on the
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Figure1 Schematic illustration of hydrogel-based EMI shields beyond the
porous architectures.

preparation, current status, and ongoing challenges as well as
outlook (Fig.1). Considering the composition and structural
characteristics of hydrogels, the hydrogel-based composite EMI
shields were categorized as hydrogels embedded with various
inorganic conductive nanomaterials, hydrogels integrated with
conductive  polymers, and the hydrogels showing
multifunctionalities. Furthermore, we noticed that the design of
the porous structure is vital for achieving high-performance and
controllable EMI shields. Compared with the randomly porous
structures, biomimetic ordered pores like honeycomb and lamellar
aligned pores can improve the multiple reflections of incident
EMWs, enhancing the interactions between EMWs and cell walls
and thus the EMI shielding performance [36-40]. Although this
has been reported in the porous foam/aerogel-based EMI shields,
the EMI shielding hydrogels with biomimetic ordered pores have
not been developed yet. Therefore, to promote the development of
the hydrogel-based EMI shields, we have also concluded some
typical porous foam/aerogel-based EMI shields with biomimetic
ordered porous structures. We hope this review can advance the
investigation of the relationships between the controllable interior
pore structure and EMI shielding performance for preparing more
high-performance porous shields including but not limited to the
hydrogel-based EMI shields.

2 Hydrogel-based  materials  for
performance EMI shielding

high-

Profiting from the water-rich nature and the soft polymer-based
building blocks, the broad application of hydrogels includes, but is
not limited to, tissue engineering, soft electronics, and EMI
shielding. As the water is made of polar molecules, the
polarization of H,O molecules and variations of hydrogen-bond
networks can be evoked under the applied electromagnetic field
[41-43]. This guarantees the capability of water on attenuating
penetrated EMWs [35,44]. Thus, the hydrogels with aqueous
environments as EMI shields are promising. Moreover, due to the
soft cross-linked polymer-based building blocks, the excellent
mechanical properties of hydrogels, including ultra-flexibility,
elasticity, fatigue resistance, and especially stretchability, are
expected to overcome the poor mechanical toughness of three-
dimensional (3D) foam/aerogel. In short, the potent absorption
loss capability and remarkable mechanical toughness promise the
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hydrogels as high-performance EMI shields.

2.1 Preparation of hydrogel-based EMI shields

The network of crosslinked polymer chains is essential for
constructing the hydrogels with a stable 3D structure. By forming
the dynamic ionic/hydrogen bonds between polymers or creating
covalently crosslinked networks, the polymer chains dispersed in
aqueous solution are assembled to construct the hydrogels with
outstanding elasticity and flexibility [45-47]. Despite the
interactions between inorganic nanoparticles are weak, the
crosslinked polymer networks can guarantee that the conductive
fillers can be embedded into the polymer matrix to prepare the
freestanding and conductive hydrogels [48-50]. The preparation
methods of hydrogel-based EMI shields mainly include the
physical crosslinking methods like crystallization crosslinking and
coordination interactions, and chemical crosslinking.

2.1.1 Hydrogel fabrication by physical crosslinking

The increased crystallinity of polymer can act as physically
crosslinking sites in the network, resulting in the formation of
hydrogels [51, 52]. In the freeze-thawing treatment, when the bulk
solvents or low molecular solutes crystallize upon freezing, the
reduced polymer chain space and increased polymer
concentration force the polymer chain to align and associate with
the joining network structure of a hydrogel via hydrogen bonds
and crystallinity. According to the work reported by Hao et al.
[53], after embedding the Fe;O, clusters into poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS)
and polyvinyl alcohol (PVA) aqueous solutions, the hydrogels
were constructed for EMI shielding through the freeze-thawing
method as schematically illustrated in Figs. 2(a)-2(c). In the
preparation process, the exposure of solutions to low temperature
causes water molecules to freeze, expelling polymer chains and
forming regions of high polymers concentration. Here, the
polymer chains of PVA and PEDOT:PSS come into close contact
with each other and facilitate hydrogen bonding as well as
crystallization, forming the hydrogels. This endowed the hydrogels
with decent mechanical properties with the stretchability of 900%
strain that aerogels/foams hardly matched (Fig.2(d)). The
conductive PEDOT:PSS formed a continuous and uniform
conductive path, and had high electrical conductivity to improve
the reflection efficiency of incident EMWs. In addition,
introducing the Fe,O, also lifted the complex permeability and
permittivity, further increasing the EMI SE (Fig. 2(e)). To this end,
the Fe;O,/PEDOT:PSS/PVA hydrogels exhibited more than 46 dB
in the X band (8.2-12.4 GHz). Although the freeze-thawing
crosslinking is easy to operate, the cycle should be carried out
several times (3 to 9 times) to ensure the crystallinity of polymers
for creating strong and stable hydrogels, taking up to several days.
The shrinkage and water loss inevitably impair the porous
structure and water-rich environment in the process, limiting the
absorption capability of hydrogel-based EMI shields.

In comparison, the ionic/electrostatic crosslinking of metal ions
with simple and mild procedures possesses an immediate gelation
process [54]. Utilizing the interactions between metal ions and
functional groups, Lai et al. assembled a hydrogel of reduced
graphene oxide (rGO)/poly(acrylic acid) (PAA)/chitosan (CS)
chains/amorphous calcium carbonate (ACC) for EMI shielding
[55]. Firstly, the PAA polymer chains were initially cross-linked by
the chelation interactions between COOH™ of PAA and Ca*. With
the addition of CO5>, ACC nanoparticles were further formed to
physically cross-link the PAA chains. Meanwhile, the hydrogen
bonds were also formed between polar groups of PAA, CS, and
rGO nanosheets (Figs. 2(f) and 2(g)). Benefiting from the strong
polarity of freely movable H,O molecules, ionic conduction of Ca*
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Figure2 (a) Schematic of the fabrication of Fe;O,/PEDOT:PSS/PVA hydrogels through freeze-thawing, (b) and (c) scanning electron microscopy (SEM) images, (d)
mechanical properties, and (e) EMI SE of Fe;0,/PEDOT:PSS/PVA hydrogels. Reproduced with permission from Ref. [53], © The Royal Society of Chemistry 2021. (f)
Schematic of the fabrication for rGO/PAA/CS/ACC hydrogels by metal ions coordination, (g) SEM image, and (h) EMI SE of rGO/PAA/CS/ACC hydrogels.
Reproduced with permission from Ref. [55], © Elsevier Ltd. 2021. (i) Schematic of the fabrication for MXene/PAA/ACC hydrogels, (j) stretchability, flexibility, and (k)
SEM images of hydrogel, and () and (m) EMI SE and shielding mechanism of rGO-based hydrogels. Reproduced with permission from Ref. [57], © American

Chemical Society 2021.

and PAA, and highly conductive rGO nanosheets, the rGO
(4.76 wt.%)/PAA/CS/ACC hydrogels obtained the EMI SE of 20
to 90 dB at a thickness of 0.04 to 9.46 mm, respectively (Fig. 2(h)).
Notably, the authors also tried to fabricate the hydrogels without
CS but only obtained the liquid-like PAA/ACC gel. This was
because the plentiful hydroxyl and amino groups of CS
contributed to the abundant hydrogen bonds connecting between
PAA, rGO, and CS, and the correspondingly increased
crosslinking density promoted the synthesis of the hydrogels.
Nevertheless, a high fraction of polymers is unfavorable for fully
utilizing the conductive fillers and limiting the conductivity of
hydrogels. Fortunately, besides the crosslinking between polymers,
some conductive nanomaterials with a negative charge, such as
MXene nanosheets [56], could interact with metal ions to
strengthen the mechanical property of hydrogels via increasing
crosslinking density. To this end, Zhu et al. prepared the hydrogel-
based EMI shields incorporated with MXene and PAA/ACC (Fig.
2(i)) [57]. The addition of ACC not only promoted the chelation
between PAA chains but also contributed to the ionic bonds
between MXene sheets and Ca*. From this, without extra addition
of polymers, the MXene-based PAA/ACC hydrogels with porous
structure possessed decent mechanical properties involving ultra-
flexibility and stretchability (Figs. 2(j) and 2(k)). Simultaneously,
the crosslinked MXene nanosheets contributed to the formation
of conductive networks and brought moderate conductivity to
hydrogels. Correspondingly, in Fig.2(1), the MXene/PAA/ACC
hydrogels showed the EMI SE of 45.3 dB at a low thickness of
0.13 mm in the THz band (0.2-2.0 THz).

To sum up, the physical crosslinking is mainly derived from the
dynamic hydrogen bond and Coulomb interactions between polar
groups and metal ions, while these can be destabilized by
variations in pH, ionic strength, or temperature.

2.1.2 Hydrogel fabrication by chemical crosslinking

Compared with physical methods, the chemical crosslinking is
better at stabilizing a hydrogel matrix because the covalent bonds
are created by the chemical reactions of functionalized polymers
or monomers with crosslinking agents, ensuring the hardly soluble
character of the hydrogels [41].

Utilizing the epichlorohydrin (EPI) as the crosslinker, Bai et al.
fabricated the stretchable and compressible cellulose/MXene
hydrogels for EMI shielding (Figs. 3(a)-3(e)) [58]. In the alkaline
condition, the alcoholate anion derived from hydroxyl groups of
cellulose attacked the epoxy groups of EPI to form a monoester of
chloropropanediol. Then, the new epoxy groups yielded by
chloride displacement rearranged the chloropropanediol
monoester and then reacted with the hydroxyl groups of another
cellulose, crosslinking the EPI and cellulose to form the hydrogels
(Fig. 3(b)) [58]. In addition, the cellulose contributed to the
uniform dispersion of MXene to build an efficient conductive
network in alkaline conditions. Integrating the high conductivity
of MXene, porous structure in hydrogels, and polarization loss
from water and polar groups, this hydrogel exhibited the
absorption-dominant EMI SE of 30 dB in the X-band (Figs. 3(f)
and 3(g)). Nevertheless, during the crosslinking process, the cross-
link agents might have some side reactions, for example, some EPI
molecules might only react with one hydroxyl group of cellulose
and some unreacted EPI hydrolyzes to glycerol. This caused loose
crosslinking networks, and the mechanical property of
cellulose/MXene hydrogel was less than fantastic, exhibiting the
modulus of merely 9.46 kPa (Fig.3(h)). Thus, the stability of
interaction bonds and the amount of crosslinking density are both
vital for hydrogel-based EMI shields in practical applications. Wu
et al. utilized glutaraldehyde as the chemical crosslinking agent to
prepare the MXene/chitosan hydrogels. The aldehyde group on
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Figure3 (a) Schematic of fabrication MXene/cellulose hydrogel and (b) the mechanism of chemical crosslinking between cellulose and EPI. (c) and (d) flexibility of
hydrogels, (¢) SEM images of hydrogel, (f) and (g) EMI SE, and (h) the stress—strain curves. Reproduced with permission from Ref. [58], © Taylor & Francis Group,

LLC 2022.

glutaraldehyde molecules could react with the primary amino
groups of chitosan chains to form the imine bonds between
polymer chains, constructing the macrostructure with adequate
strength. And the MXene/chitosan hydrogels derived aerogels
exhibited the excellent EMI SE of ~ 61.4 dB in the X band [60].
Zhao et al. fabricated the Co(II) doped sodium alginate/melamine
hydrogels, and the acylation reaction, where a portion of nitrogen
was probably acylated by a few carboxyls, further enhanced the
crosslinking degree. These hydrogel-derived carbonaceous
materials also revealed a decent EMI protection performance [61].

From the above discussions, we can conclude that the single
crosslinking treatment for constructing hydrogels-based EMI
shields usually has inevitable defects, limiting the practical
applications. In the context of effective EMI shielding capability,
controlling the wide range of mechanical properties can expand
the application scenario of hydrogels. Recently, various
sophisticated ~strategies have been introduced in synthetic
hydrogels such as double network hydrogels, sliding-ring
hydrogels, and dual crosslinked hydrogels [62]. These hydrogels
with multiple intertwined crosslinked networks balance the
mechanical performance by combining high strength and
toughness, which makes them become the research hotspots.
Thus, this can be the following development direction of
constructing hydrogel-based EMI shields.

2.2 Research progress of hydrogel-based EMI shields

Generally, the high conductivity of the material is an essential role
in achieving high-performance EMI shields. Nevertheless, the

polymer-based building blocks of hydrogels, such as PVA [63],
polyacrylamide (PAAM or PAM) [64], and cellulose [65], are
typically non-conductive, leading to insufficient EMI shielding
capability. The factors affecting the shielding performance of
hydrogels contain conductivity, multiple reflections of incident
EMWs, and conductive and polarization loss capabilities.
Therefore, filling conductive nanomaterials to achieve
considerable conductivity is the key point for developing hydrogel-
based EMI shielding materials. Meanwhile, retaining the internal
water-rich environment is also forward to the potent polarization
loss capability derived from the changed hydrogen-bond networks
and molecules polarization under the EM fields. Probing the
effects of the components in hydrogels on EMI shielding
performance is warranted. Thus, this discussion can be divided
into three main categories according to the components and
functionalities, including the hydrogel-based EMI shields
embedded with the inorganic conductive fillers, the hydrogel-
based EMI shields integrated with the conductive polymers, as
well as hydrogel-based EMI shields showing multifunctionalities.

2.21 Hydrogel-based EMI shields embedded with various
inorganic conductive nanomaterials

Recently, thanks to the large aspect ratio and high conductivity,
the one-dimensional (1D) nanomaterials such as silver nanowires
(AgNWs) [21,66] and CNTs [12,37] are most popularly
employed for constructing 3D conductive networks and
improving the conductivity and EMI shielding performance of
hydrogels. Through vacuum-assisted filtration, the AgNWs were
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attached to the PV A/aramid nanofibers (ANFs) mats fabricated by
electrospinning. Furthermore, Zhou et al. fabricated the sandwich-
structured hydrogels combined with the ANF-reinforced PVA
hydrogels layer and AgNWs/PVA layer (Figs. 4(a)-4(c)) [67]. The
crystalline structure of PVA formed during electrospinning acts as
physical crosslinking sites to form a 3D network with ANFs, and
then the hydrogels were constructed by swelling in the water. In
addition, the ANFs further reinforced the mechanical properties of
hybrid hydrogels, exhibiting the modulus of 10.7-15.4 MPa,
which were superior to those of pure PVA hydrogel (Fig. 4(d)).
With the addition of AgNWs increasing from 0.02 vol.% to 0.23
vol.%, the conductivity of hybrid hydrogels reached 16,000 Sm™,
and the EMI SE in X-band enhanced from 32 to 52 dB at the
thickness of approximately 0.3 mm (Figs. 4(e) and 4(f)). To clarify
the contribution mechanism of AgNWs to the overall SE of the
conductive hydrogels, the SE, and SEy were exhibited in Fig. 4(f).
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It was noticed that the enhancement of more than 20 dB mainly
originated from SE, as the SEj increased slightly. The addition of
highly conductive AgNWs mainly contributed to the formation of
the AgNWs layer with potent conductive loss capability,
lengthening the propagation path of incident EMWs and thus
dissipating the EMWs more. This mainly promoted the
absorption loss dominated EMI SE. Considering the high density,
the metal-based fillers were expected to be replaced by lightweight,
highly conductive, and chemically stable carbon-based 1D
conductive nanomaterials, such as CNTs [32,40]. More
importantly, the CNTs with huge aspect ratios are much more
able to form the conductive networks, increasing the conductivity
of hydrogels. Yang et al. fabricated the hydrogels by incorporating
multiwalled CNTs (MWCNTs) into hydrophobically associated
PAM hydrogels by using cellulose nanofiber (CNF) as the
dispersant (Fig. 4(g)) [68]. The admirable dispersion of MWCNT's
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Figure4 (a) Schematic of fabrication AgNWs/PVA hydrogel, (b) the morphology and (c) SEM image of hydrogel, (d) stress—strain curves, and (e) and (f) EMI SE of
AgNWSs/PVA hydrogels. Reproduced with permission from Ref. [67], © Wiley-VCH GmbH 2021. () The photograph of flexible MWCNTSs/PAM/CNF hydrogel. (h)
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Society 2018. (k) EMI SE of CNTs-based hydrogels, (I) comparison of CNTs- and rGO-based hydrogel on EMI SE, (m) schematic illustrations of EMWs transfer
across water and ice, and (n) EMI SE of frozen and wet rGO-based hydrogels. Reproduced with permission from Ref. [55], © Elsevier Ltd. 2021.
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also facilitates the close interconnection between MWCNTs to
form a strong and well-established conductive network
throughout the hydrogels. As the result, with the increased
MWCNT content from 0.1 wt% to 1 wt%, the electrical
conductivities of these as-prepared hydrogels gradually enhanced
to 0.85 Sm™, and the EMI SE increased from 15 to 28.5 dB at a
thickness of 2 mm (Figs. 4(h) and 4(i)). The enhancement of EMI
SE was mainly ascribed to the SE, derived from the increased
charge carriers with greater dissipation capacity with increased
MWCNT contents. Notably, benefiting from the reversible
crosslink bonds such as dynamic hydrogen bonding and ionic
interactions, this conductive hydrogel also possessed the
autonomously self-healing capability. After self-healed from two
sections of hydrogel contacting for a week, the mechanical,
electrical, and EMI shielding properties remained invariable,
which cannot be achieved by bulk and foam/aerogel-based EMI
shields (Fig.4(j)). Lai et al. also reported the self-healing
PAA/CS/ACC hydrogel embedded with CNTs [55]. As the weight
mass of CNTs was 4.76 wt.%, the EMI SE in X-band was 11 to
60 dB at a thickness of 0.07 to 9.46 mm, respectively (Fig. 4(k)).
Nevertheless, in Fig. 4(1), the EMI SE of CNT-based hydrogels was
still below that of rGO-based hydrogels (20-90 dB, 0.04-9.46 mm)
with the same weight mass of functional nanomaterials. On the
one hand, due to the two-dimensional (2D) structure, compared
with 1D CNTs, the connected rGO nanosheets provided more
interfacial areas in the cell walls to facilitate the multiple reflections
of incident EMWs. This could be proven by the higher SE, of
rGO-based hydrogels (84.22 dB) than that of CNT-based
hydrogels (61.95 dB). On the other hand, the lower contact
resistance between rGO nanosheets contributed to 3D networks
with higher conductivity, contributing to the higher capability of
rGO-based hydrogels to attenuate EMWs. Therefore, both the
construction of conductive networks and the multiple reflections
of EMWs caused by layer structure are vital for the EMI shielding
performance of the hydrogels. As the rGO-based hydrogel was
frozen at —25 °C, the SE values decreased from ~ 90 to 11.15 dB
(Figs. 4(m) and 4(n)). The potent polarization loss capability of
water was due to the change of hydrogen bond networks derived
from the free movement of polar H,O. Once the movement of
H,0O molecules was limited (such as freezing), the hydrogen bond
networks were hard to change under the EM fields, weakening the
EMW dissipation loss ability. In addition, without the
contribution of water, the corresponding freeze-dried rGO-based
aerogels exhibited the EMI SE of only 1724 dB. Thus, the
synergistic effect of the conductive network, polarization loss
capability of a water-rich environment, and porous structure led
to the efficient EMI shielding performance.

The MXenes with a 2D structure have a high conductivity
which is comparable to that of the metals and have been one
research topic in EMI shielding [69]. The polar groups and defects
on MXene nanosheets could also facilitate the polarization loss of
incident EMWs. In addition, the quantities of functional groups
on the surface of MXene nanosheets can increase the crosslinking
density, contributing to the mechanical properties of hydrogels.
Wei et al. fabricated the bioinspired cellulose-integrated MXene-
based hydrogels for EMI shielding. With the addition of 10 wt.%
MXene, the hydrogels exhibited more than 30 dB with a thickness
of 2 mm in the X band [70]. Yu et al. reported the MXene-based
PVA/PAAM hydrogel via polymerizing acrylamide (AAm) and
connecting the polymers by hydrogen bonds (Figs. 5(a) and 5(b))
[71]. With the increased solvent displacement time, the pore size
and thickness of the cell wall of MXene hydrogels decreased
(Figs. 5(c) and 5(d)), and the EMI SE firstly increased from 12 to
~ 35 dB with an addition of 1.1 wt.% MXene, and then decreased
to ~ 30 dB at a MXene content of 2.2 wt.% (Fig. 5(e)). The non-
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monotonic change of SE was attributed to the competition
between increased electron conduction from MXene and
decreased ion conduction. In addition, the decreased cell walls
derived from high MXene content were also against the electrical
conductivity of networks and multiple reflections of incident
EMWs, decreasing the EMI SE. In the practical application, the
low-temperature tolerance and anti-drying performance are vital
for the hydrogel-based EMI shields. To achieve the long-term
stability of hydrogel-based EMI shields, the solvent displacement
of MXene-based hydrogel was carried out, and the MXene organic
hydrogel containing binary solvent of glycerol (Gly) and water was
obtained. After freezing at —25 °C, the SE of MXene organic
hydrogel was maintained at more than 30 dB, while the SE of
MXene hydrogel declined to 14 dB (Fig. 5(f)). More importantly,
during 7-day storage at room temperature, the SE of MXene
hydrogel decreased from 30.8 to 1.54 dB, while the SE of MXene
organic hydrogel only decreased to 25.3 dB (Figs. 5(g) and 5(h)).
However, after the solvent displacement of 60 min, the content of
Gly in organic hydrogels further increased, and the EMI SE
gradually declined to below 20 dB due to the weak polarization
loss of Gly molecules in the GHz band (Fig. 5(1)).

In short, from the above discussion for hydrogel-based EMI
shields, the excellent EMI shielding performance of hydrogel-
based shields is performed by high conductivity and potent
polarization loss derived from conductive nanomaterials and
water molecules, respectively, illustrating the equally essential roles
of conductive fillers and water-dominated environment.

2.2.2 Hpydrogel-based EMI shields integrated with conductive
polymers

Although the conductive fillers lift the shielding performance of
hydrogels, due to the weak interactions and biocompatibility of
inorganic nanomaterials, the compliance, deformability, and
biodegradability of hydrogels are compromised [72]. To solve this,
employing conductive polymers seems to be an effective strategy
to balance the contradiction between conductivity and the
mechanical property of hydrogels. Thus, the conducting polymer-
based hydrogels have been explored for high-performance EMI
shielding.

The PEDOT:PSS, one of the most promising conductive
polymers, holds great potential for enabling new EMI-shielding
applications due to the intrinsic electrical conductivity [73, 74]. In
PEDOT:PSS molecules, the PEDOT contributes to the high
electrical conductivity and PSS holds the structure of the polymer
as well as improves solubility. Although reducing the content of
PSS increases the degree of crystallinity PEDOT and enhances the
conductivity, the stability of the PEDOT:PSS polymer chains is
impaired. To further lift the conductivity of PEDOT:PSS, Wang et
al. utilized the ionic liquid (IL) to modify the PEDOT:PSS
polymers for constructing the conductive hydrogels (Fig. 6(a))
[75]. Through the dry-annealing film formation followed by the
rehydration method, the conductive polymer hydrogels without
conductive inorganic fillers were fabricated. After the modification
and rehydration in Gly/water solution, the 50 wt.% ethyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide (EMIM-
TESI) doped PEDOT:PSS hydrogels (PEDOT:PSS;, o0/ EMIM-
TFSI) exhibited the conductivity of 30,600 S'm™, which was far
higher than that of PEDOT:PSS hydrogels (Fig.6(b)). This
brought about the EMI SE of 53 dB at a thickness of merely
0.045 mm and a thicknesses-normalized SE of 1,182.9 dB-mm™ in
the X band (Fig.6(c)). To achieve accurate customizability,
additive manufacturing was employed to prepare the hydrogel-
based EMI shields. Liu et al. developed the Ti;C,-MXene-modified
PEDOT:PSS ink for 3D printing, and a freeze-thawing method
was designed to transform the printed objects directly into
conductive and robust hydrogels with high shape fidelity (Fig.
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Figure5 (a) Schematic of preparing MXene-based organic hydrogels, (b) photography of hydrogel and organic hydrogel, (c) and (d) SEM images of porous
structures with different displacing time, (¢) EMI SE of MXene-based hydrogels, (f) average SE of hydrogel and organic hydrogel before and after freezing, (g) and (h)
the stability of hydrogels with storage time, and (i) EMI SE of MXene-based organic hydrogel with water-Gly displacement time. Reproduced with permission from

Ref. [71],© Yu, Y. H. et al. 2022.

6(d)) [76]. Dispersing the freeze-dried PEDOT:PSS into MXene
dispersion, the inks with optimal printability were simply achieved
via adjusting the solid concentration of PEDOT:PSS and MXene
to 4 wt.% and 1 wt.%, respectively. The as-printed objects were
firstly frozen so that the ice crystals extruded the MXene and
PEDOT:PSS to form a framework (Fig. 6(e)). Subsequently, the
frozen as-printed objects were thawed in the H,SO, solution
immediately. During this process, the partial PSS was dissolved
and the crystallinity of PEDOT was increased, increasing the
conductivity of hydrogel. After this treatment, the Ti;C,-MXene-
modified PEDOT:PSS hydrogel with flexibility, stretchability,
fatigue resistance, and high fidelity was fabricated (Fig. 6(f)),
exhibiting high conductivities of 1,525.8 Sm™ with the water
content of 96.6 wt.% to 5,517.2 Sm™ with the water content of
88.86 wt.%. Combined with the high conductivity and water
content, the PEDOT:PSS-based hydrogel showed an EMI SE of
51.7 dB at a thickness of 0.295 mm (Figs. 6(g)-6(1)).

2.2.3 Hydrogel-based EMI shields showing multifunctionalities

Besides the EMI shielding, emerging multifunctional systems with
IoT capabilities such as wearable sensors and thermoelectric

TSINGHUA

UNIVERSITY PRESS

conversion are highly desired. Due to the conductivity, flexibility,
and biocompatibility, the hydrogels have innate ascendancy in the
above functions [77, 78]. By in situ polymerizations of acrylamide
and N-acryloyl-11-aminoundecanoic acid in AgNWs aerogel
(APAA), Huang et al. synthetized conductive APAA hydrogels for
EMI shielding and wearable sensor (Figs. 7(a) and 7(b)) [79]. In
addition to a 66 dB EMI SE, the hydrogels could be employed to
detect the human joint bending sensitively and stably (Figs.
7(c)-7(e)). Besides, the IL-modified PEDOT:PSS hydrogels
(PEDOT:PSS,, 4100/ EMIM-TESI) obtained by Wang et al. could
not only monitor the activity of joint bending [75] but also be
acted as thermoelectric generators to output power for hydrogel-
based thermoelectric devices, showing application potentials in
bioelectric devices as well as wearable organic devices (Figs.
7(H)-7(h)).

In order to highlight the advantages of hydrogel-based EMI
shields, Table 1 summarizes the filler content, conductivity, EMI
SE, and thickness of the hydrogels. These materials far exceed the
basic commercial application requirements (20 dB), and some
have also met the needs of multifunctionalities, laying a solid
foundation for the EMI shielding application in the future.
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www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



9622

e Nano Res' %22’ 15(10): 9614-9630

Table1 The shielding performance of hydrogel-based EMI shields

Samples Filler content Conductivity (S-m™) EMI SE (dB) Thickness (mm) References
Fe;0,/PEDOT:PSS/PVA hydrogel 5 wt.%" 0.31 15-46 0.1-1 [53]
ANF-PVA/AgNWs hydrogels 0.02 vol.%-0.23 vol.% 470-16,600 32-52 0.3 [66]
AAm/A-11/AgNWs hydrogel — 3,700-8,300 66 — [79]
PAAM/CNF/MWCNT hydrogel 0-1 wt. %" 0.12-0.85 16-28.5 2 [68]
4.76 wt.%" — 11-66.5 0.07-9.46
CNTs-PAA/CS/ACC hydrogels [55]
0-9.09 wt.%* — 43.14-84.7 9.46
4.76 wt.%" ~27 20-90 0.04-9.46
rGO-PAA/CS/ACC hydrogels [55]
0-9.09 wt.%* 10%-127.9 49-125 9.46

1.5 x 107°-8.3 x 10° (100 Hz) ~2-32.9 (X band)
0-3 wt.%" 1 [80]

IL/PPy/rGO PVA hydrogels
1.8x10°-3.7x 10° (1 THz) ~10-22.4 (0.2-2 THz)

MXene PAA/ACC hydrogel 6.5 Wt.%—12.2 wt.%" 0.1-0.8 38.6-52.8 (0.2-2 THz) 0.13 [53]
MXene/PVA organohydrogel 0.1 wt.%-2.2 wt.%" ~0.099-0.442 14.5-33.6 1 [71]
Cellulose/MXene hydrogel — 0.0115-0.0188 13.8-30 5 [59]
PEDOT:PSS hydrogel film — 7.9-20.5 42.7-98.83 0.015-0.228 [73]
MXene/PEDOT:PSS hydrogel 1 wt.%" 1,525.8 51.7 0.295 [76]
IL-PEDOT:PSS hydrogel — 30,600 ~53 0.045 [75]

‘Means the concentration of nanomaterials to polymer; “indicates the concentration of nanomaterials to hydrogel.

Although hydrogel-based EMI shielding materials have made
great strides, some important issues such as the pore structure of
the materials are rarely considered. The introduction of ordered
and aligned porous structures was beneficial for EMW shielding
and absorption in the aerogel-based EMI shields. This may be an
inspiration for the future development of high-performance
hydrogel-based EMI shields. Therefore, it is necessary to further
understand the unique structural design in porous aerogels,
especially the biomimetic aligned pore structures, to broaden our
research horizons.

3 Porous architectures with biomimetic ordered
pores for high-performance EMI shielding

Nowadays, hydrogels with aligned pore structures have emerged
in the fields of bioengineering and energy storage materials, but
they have not received much attention in the field of EMI
shielding. The reason may be that the researchers are unfamiliar
with the preparation process of the aligned pore structure and lack
of understanding of the EMI shielding mechanism of the aligned
pore structure. From this, we attempt to ignite academia’s
enthusiasm for pore structure design of hydrogel with the
introduction of aerogels with biomimetic ordered pore structures.

The design of porous structures plays a crucial role in
improving EMI SE [81-85]. Compared with the ordered pore
design of hydrogels, there has been a surge in research on aerogels
with aligned pore structures [36,86,87]. In contrast to the
disordered pore structures, ordered or aligned pore structures
make aerogels highly anisotropic, which results in unique EMI
shielding performance as well as mechanical properties. A huge
difference is shown in EMI SE when incident EMWs propagate
along the perpendicular direction or parallel direction of aligned
pore channels. Multiple reflections of the incident EMWs to the
channel walls will be enhanced if the EMWSs propagate
perpendicular to the aligned pore channels [25, 88]. Meanwhile,
the anisotropic pore structures afford [89-91] stronger
compressive properties in the specific direction [92-95].

To achieve an aligned pore structure, the template method
combined with freeze-drying is a common way [96-99], which is

general for ordered pore structure design in hydrogels and
aerogels. Song et al. synthesized honeycomb-like rGO/epoxy
composite by using ALO; honeycomb plates as templates. Firstly,
the ALO; template was immersed in graphene oxide (GO)
solution, after sonication and standing, the GO sheets would
adhere to the surface of ALO; template. Subsequently, the ALO,
template was completely etched with hydrochloric acid (HCI).
Eventually, the GO originally attached to the surface of the ALO,
template would maintain a honeycomb structure. As for EMI
shielding performance, honeycomb-like rGO/epoxy composite
exhibited an elevated EMI SE of 38 dB [7]. ALO; templates had
the advantages of regular morphology, controllable size and
distribution, and good stability. By comparison, the ice templates
become more attractive lately, because they are more
environmentally friendly and avoid the additional etching process
of the templates [26,100,101]. Specifically, the ice crystal
templates grown under directional freezing will exclude the
suspended substance in the aqueous dispersion from the tips of ice
crystals to build the cell walls, and then freeze-drying treatment
sublimates the ice crystals to form the pore channels [102]. It is
worth noting that this preparation technology demonstrates
desirable processing flexibility. In detail, the density of the material
can be controlled by the amount of water in the suspension. A
higher water fraction means greater porosity, which leads to lower
density. What’s more, various aligned porous structures can be
created by setting diverse freezing directions. When unidirectional
freezing is applied, the typical aligned cellular structure can be
obtained, while aligned lamellar structures are produced under
bidirectional freezing.

Previous studies have validated that the aligned pore structures
manufactured by ice template method are beneficial to EMI
shielding performance [103-105]. Zeng et al. successfully
employed MWCNT and water-borne polyurethane (WPU) to
prepare lightweight and anisotropic composite foams by the ice-
templating freeze-drying method. In addition to the reduced mass
density of the composites, the aligned pore structure allowed the
EMWs to undergo multiple reflections when the EMWs
propagated along the in-plane direction perpendicular to the
aligned pore channels. This led to that the in-plane-direction SE,
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Verlag GmbH & Co. KGaA, Weinheim 2015.

was far beyond the through-plane-direction SE, (Fig. 8). Owing to
the unique pore structure, high MWCNT mass ratio, and
conductivity of the cell walls, as well as the interfacial polarization
of MWCNTs and WPU, the MWCNT/WPU composites can
reach a low density of 20 mg-cm™ and a high SE of more than
20 dB. Consequently, a high surface specific SE (SSE/d or SSE/t),
defined as the SE divided by the thickness and density by Zeng
and his co-workers [37], of 5,410 dB-cm*g™ was presented, which
far outperformed that of other shielding materials in the same
period. Yu and the coworkers applied ice templates to develop
anisotropic graphene aerogels (AGA). After AGA was composited
with epoxy, the radially incident EMW: s along the aligned porous
structure obtained significantly enhanced attenuation and
reflection [106]. Finally, EMI SE can reach 32 dB along the radial
direction.

Furthermore, 3D printing technology with the manufacturing
capacity of complex macrostructures and biomass-derived
materials is also expected to be a promising option for EMI
shielding materials with aligned pore structures [107-109]. Dong
et al. reported a 3D freeze-printing (3DFP) method [107], by
which complicated 3D MXene aerogel can be yielded. Different
from conventional 3D printing, in this work, aqueous MXene
dispersion was used as ink and deposited on a —20 °C frozen
substrate. Ice as support material facilitates the fabrication of the
structures with overhang features. Plus, in terms of microscopic
morphology, the aligned channel structure can be observed. Li’s
team prepared anisotropic carbon monolith with honeycomb
structure using cork as a template [109]. This structure not only
contributes to good compressive strength (3.3 MPa) but also
provides excellent EMI shielding performance (60 dB in X band)
due to multiple reflections between cell walls of incident EMWs.
Nevertheless, the 3D printing technology requires specific

equipment. Simultaneously, the final microstructure of biomass-
derived materials depends on the morphology of raw materials,
which means that the microstructure of final products is difficult
to further tune and optimize. By contrast, the template method,
especially the ice-templating approach, is still the most convenient
and feasible scheme for the preparation of biomimetic aligned
porous architectures.

Recently, an increasing number of aligned pore structures have
been developed for EMI shielding. Zhao et al. reported a Ti;,C,T,
MZXene/rGO hybrid aerogels (MGA) with an ordered lattice-like
cellular structure [110]. Long-range aligned cell walls were
composed of highly conductive MXene and rGO, which was
conducive to efficient load transfer and electron transport. Thanks
to the conductive network formed by aligned cell walls, the
conductivity and EMI SE of the MGA/epoxy composite were
695.9 Sm™ and 56.4 dB with a low MXene content of 0.74 vol.%.
MXene was an outstanding EMI shielding material and used to
fabricate orderly porous aerogels through bidirectional freeze-
casting by Han et al. [20]. On the one hand, the aligned porous
structure optimized impedance matching and promoted the
multiple reflections of EMWs. On the other hand, MXene has
outstanding conductivity as well as plentiful surface terminations
and defects intrinsically [111], which leads to strong conduction
and polarization losses. Finally, the ultralow density (0.0055
g:em™) and high EMI SE (48.5 dB) of MXene aerogels together
with an extremely high SSE/d of 88,182 dB-cm®g" were showcased
at a thickness of 1 mm. Gao et al. achieved graphene/PDMS
composites with high EMI shielding performance at very low
graphene content [112]. The bidirectional freezing process
imparted a lamellar structure to graphene aerogel, thus achieving
anisotropic EMI shielding performance, electrical conductivity,
and mechanical properties. Generally, high SE required high
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content conductive filler, however, in this work, the ultralow
percolation threshold was realized in the long-range aligned
composite by structural control. Simultaneously, characteristic
aligned structures induced multiple interlayer reflections of
incident EMWs. Consequently, a SE of ~ 65 dB and an SSE/d of
~100 dB-cm*g' were obtained at a graphene content of
~ 0.42 wt.%. Gu and his coworkers reported the rGO@FeNi/epoxy
composites with regular honeycomb structure (rGH@FeNi/epoxy)
[113]. A highly oriented hexagonal honeycomb structure
facilitated the formation of continuous conductive networks and
enhanced the mechanical properties of the rGH@FeNi/epoxy.
Besides, FeNi and epoxy contributed to the impedance matching.
Eventually, rGH@FeNi/epoxy composites showcased the high
EMI SE of 46 dB at a low rtGH@FeNi mass fraction of 2.1 wt.%.
Apart from typical carbon materials [114-117], some emerging
biopolymers have also been applied to promote the construction
of aligned porous architectures. For instance, green and renewable
nanocellulose is widely recognized for its high strength-to-weight
ratio, large aspect ratio, and large specific surface area. Meanwhile,
abundant functional groups and numerous amphiphilic faces are
more noteworthy. These advantages make the nanocellulose have
excellent dispersibility and good interaction with various
nanomaterials, so that nanocellulose can load many kinds of
nanomaterials to construct stable porous hydrogel/aerogel
composites. Lu and his coworkers manufactured a kind of 3D
unidirectional porous aerogels based on lignin-derived carbon
(LDC) and rGO [118]. LDC could serve as the “binder” between
GO layers to facilitate the assembly of composite aerogels with
well-aligned pore structures. Interestingly, due to the aligned pore
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structure, the transversely incident EMWSs had more interactions
with the pore walls, resulting in a potent SE, and thus a high SE.
Finally, the SSE/d (53,250 dB-cm*>g™") surpassing that of other
reported carbon-based and even metal-based shielding materials
was obtained (Fig. 9).

Fei et al. combined zeolitic imidazolate framework (ZIF)-67 and
CNEF to prepare Co/C@CNF aerogels [119]. The carbonized CNF
could act as a continuous conductive network and form an
aligned honeycomb structure, which provided effective surfaces
for multiple reflections and scatterings of EMWSs. In the
meanwhile, the embedded Co/C nanoparticles optimized
impedance matching and induced multi-interface polarization.
Eventually, the Co/C@CNF aerogel reached an EMI SE of around
35.1 dB at a density of 1.74 mg-cm™, and the corresponding SSE
was 20,1724 dB-cm’g’. Wang et al. also reported the
enhancement in EMI SE of CNF/MXene aerogels (CTA) with
aligned porous structure [120]. After annealing, anisotropic
morphology could be well preserved (Fig. 10). With the
impregnating of epoxy resins, the CTA/epoxy composites could
achieve the electrical conductivity of 1,672 S'm™ and an EMI SE of
74 dB at a volume fraction of MXene of 1.38 vol.%.

Zeng et al. fabricated a series of CNF/AgNWs aerogels [21].
Notably, the difference in EMI shielding performance among the
nacre-like lamellar microstructures, honeycomb-like cellular
microstructures, and randomly porous structures was taken into
consideration. The different morphologies were realized by
regulating the direction of freezing. In terms of nacre-like lamellar
microstructures, freezing in both horizontal and vertical directions
is required to allow flake ice crystals to form and grow. As for
honeycomb-like and randomly porous structures, they just require
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Figure9 (a) Fabrication process of rGO/LDC aerogels: (i) GO aqueous dispersion, (ii) freezing process, (i) GO/lignin composite foam, and (iv) rGO/LDC aerogel (Z
was defined as the longitudinal direction, while X and Y were defined as transverse directions). (b) Digital photo of rGO/LDC aerogels after carbonization with various
shapes. (c)-(e) Transverse SEM images of rGO/LDC aerogels. (f) Proposed EMI shielding mechanism for the rGO/LDC aerogels with the incident wave in the
transverse direction. (g) SSE/d as a function of density compared with previous reported shielding materials. Reproduced with permission from Ref. [118], © American

Chemical Society 2018.
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Figure 10 Schematic diagram of manufacturing process of TCTA/epoxy nanocomposites. Reproduced with permission from Ref. [120], © Wang, L. et al. 2020.

to control the growth of ice crystals in single or random direction.
The experimental results showed that the maximum SE, can be
obtained when incident EMWs propagated along the direction
perpendicular to the nacre-like lamellar pore channels (Figs.
11(a)-11(f)), which could be explained by the maximum number
of multiple reflections of EMWs and more interactions of EMWs
with pore walls. Moreover, CNFs with high aspect ratio and large
specific surface area could interact with highly conductive AgNWSs
for the assembly of composite aerogels with high mechanical
strength, flexibility, and conductivity, as well as low density. The
optimized sample exhibited a very high EMI SE exceeding 40 dB
in the X-band, while the density of the CNFs/AgNWs aerogel was
as low as 1.7 mg-cm™. More impressively, the SSE/d could reach
178,235 dB-cm™g', which was far superior to that of other
shielding materials ever reported. Therefore, jointly with the high
EMW reflection and absorption capacity of the pore walls, the
aligned porous channel structures contributed to the outstanding
EMI shielding performance of the composite aerogels.
Subsequently, the relationship between the propagation direction
of EMWs and EMI shielding performance based on the aligned
pore structures was further studied [69]. Lamellar MXene/CNF
aerogels were developed through a bidirectional freeze-drying
method. The MXene/CNF aerogels presented large-scale parallel-
oriented cell walls. The angle (¢) between the lamellar cell walls
and the electric field direction of the incident EMWs was proven
to be closely related to the EMI shielding performance (Figs.
11(g)-11(k)). It followed that EMI SE increased from 36.5 to
63.1 dB as the ¢ increased from 0° to 90°, which means that the
loss of EMWSs becomes tunable by changing ¢. The reason was
that the interior of the cell walls with abundant heterointerfaces
and high conductivity would form an interior electric field
induced by the external electromagnetic field. At the ¢ of 0°, cell
walls were all parallel to the external electric field, thus causing a
high interior electric field accompanied by the highest SE; and
SE,. This result illustrated the significant dependency between
aligned pore structures and EMW shielding and absorption [121,
122]. At the same time, it is also worth noting that by combining
highly conductive cell walls with aligned pore structures, the
MXene/CNF aerogel realized an eye-catching SSE/d up to
189,400 dB-cm™g™.

From the above discussions, it is clear that the positive effect of
aligned porous structures on EMI shielding is widely recognized.
Notwithstanding the EMI shields presented in this section belong
to aerogels rather than hydrogels, the EMI shielding mechanism of
the ordered pore structure is universal. Some works provide key
insights into the EMI shielding mechanism of aligned porous
structure. In simple terms, on the one hand, the aligned porous
structure may provide more multiple reflections, and on the other
hand, the anisotropic porous structures may also form a strong
internal electric field induced by electric field of incident EMWs to
dissipate the energy of EMWs. This mechanism is also expected to
be used to guide the rational pore structure design of hydrogels.
Thus, the introduction of the biomimetic ordered pore structures
in this section aims to emphasize the importance of rational pore
structure and provide a new perspective for the further
development of hydrogel-based EMI shields.

4 Conclusions and outlook

In this review, the fabrication methods and the latest research
progress for hydrogel-based EMI shielding materials in recent
years were reviewed. Benefiting from the tough crosslinking
between polymers derived from widely used physical and
chemical cross-linking methods, the hydrogels possess mechanical
ultra-flexibility and stretchability beyond the traditional porous
materials. Hydrogel-based EMI shields with various inorganic
conductive fillers or conductive polymer networks demonstrated
excellent EMI shielding performance. In addition, due to the
conductivity,  flexibility, and  biocompatibility,  the
multifunctionalities of hydrogel materials also contributed to a
promising application prospect. To inspire the development of
porous hydrogels and illustrate the effect of pore microstructure
on shielding performance, the porous EMI shields with
biomimetic aligned pore structures were also mentioned in this
review. The further understanding of the relationships between
EMI shielding performance and aligned pore structure was
introduced, which may promote the subsequent design of
hydrogel-based high-performance EMI shielding materials.
Conceivably, hydrogels with pore structure design will be desirable
next-generation EMI shielding materials.
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Figure 11 SEM images of the CNF/AgNW aerogels: (a) and (d) nacre-like lamellar microstructures, (b) and (e) honeycomb-like cellular microstructures, and (c) and
(f) random porous structures. Reproduced with permission from Ref. [21], © American Chemical Society 2020. SEM images of the (g) longitudinal plane and (h)
transverse plane for the MXene/CNF hybrid aerogels with 17 wt.% CNF and density of 4 mg-cm”. (i) Cross-sectional TEM images of the corresponding MXene/CNF
hybrid cell walls. (j) The EMI shielding mechanism when the incident EM waves propagate in the transverse direction, showing the most multi-reflections of EM waves
in this direction. (k) Proposed cell walls’/pore channels’ orientation-induced EMI shielding mechanism. Reproduced with permission from Ref. [69], © Zeng, Z. H. et

al. 2020.

Although the researchers have made decent progress in
exploring the EMI shielding performance, there are still several
issues that are not involved. First, the controllable morphology of
micrometer-sized pores such as aligned channels and anisotropic
pore structure, which have been proven to efficiently improve the
EMI shielding performance of porous materials [40, 68, 70], is not
considered for the current hydrogel-based EMI shields. In
addition, apart from the EMI shielding, the attempts of hydrogels
in the multifunctional applications are barely carried out, which
does not fully utilize the superiorities in mechanical properties and
biocompatibility of the hydrogels. Thus, we suggest that
illuminating and further understanding the relationships between
controllable interior porous structures, components, and EMI
shielding performance should be the priority in hydrogel-based

EMI shields. It is believed that if hydrogel-based shielding
materials are combined with the design of controllable pore
structures, they will be more promising for high-performance EMI
shielding materials. In the meanwhile, the multifunctionalities
such as photothermal therapy, antisepsis coating, and adhesiveness
should be paid more attention to extend the application potential
of hydrogel-based EMI shields.
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