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Crucial role of structural design on performance
of cryogel-based EMI shields: an experimental
review†
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In the field of electromagnetic interference (EMI) shielding with materials based on highly porous

constructs, such as foams, cryogels, aerogels and xerogels, a significant challenge lies in designing

structures that primarily absorb rather than reflect incident electromagnetic waves (EMWs). This goal

necessitates a dual focus on the electrical conductivity and the internal porosity of the given porous

material. To explore these issues, we fabricated various graphene oxide (GO)-based cryogels

by molding, emulsion templating, chemically-induced gelation, freeze-casting, and liquid-in-liquid

streaming. Following thermal annealing to enhance electrical conductivity for effective EMI shielding, we

assessed the physicochemical, mechanical and structural characteristics of these cryogels. Notably, the

cryogels exhibited distinct EMI shielding behaviors, varying significantly in terms of primary shielding

mechanisms and overall shielding effectiveness (SET). For example, chemically-crosslinked cryogels,

which showed the highest electrical conductivity, predominantly reflected EMWs, achieving a reflectance

of approximately 70% and a SET of 43.2 dB. In contrast, worm-like cryogels, despite having a similar SET

of 42.9 dB, displayed a unique absorption-dominant shielding mechanism. This was attributed to their

multi-scale porosities and numerous internal interfaces, which significantly enhanced their ability to

absorb EMWs, reflected in an absorbance of 54.7%. Through these experiments, our aim is to provide

key heuristic rules for the structural design of EMI shields.

1. Introduction

The widespread use of wireless platforms and high-frequency
devices has introduced a new generation of environmental
pollution known as electromagnetic interference (EMI).1,2

EMI is known to degrade the performance of sensitive electro-
nics and jeopardize human health and the environment.2–4 As
our dependence on digital technologies deepens, the quest for

effective EMI shielding solutions becomes a focal point in the
realm of advanced materials.2,5–9

Metals have long been favored for EMI shielding due to their
high electrical conductivity, which allows them to block the
propagation of electromagnetic waves (EMWs) through the
reflection.6 However, the high reflectance of metallic shields can
lead to secondary electromagnetic pollution that is as detrimental
as the original waves. Furthermore, metals are heavy and suscep-
tible to corrosion, making them unsuitable for the new generation
of flexible and miniaturized electronics.10 Given these limitations,
much attention has shifted towards developing synthetic EMI
shields made of carbonaceous nanomaterials,5,6,10–12 intrinsically
conductive polymers,11,13–17 and metallic nanowires.18,19 However,
challenges such as adjusting the electrical conductivity of these
materials, minimizing reflection, and mitigating secondary
unwanted emissions have yet to be thoroughly addressed.10,20,21

To confront the limitations of traditional shields effectively,
we must consider two key factors simultaneously.22 Firstly, the
electrical conductivity of designed shields should be low
enough to permit a significant portion of EMWs to enter with
minimal reflectance.23,24 This point is best illustrated by thin
films of highly conductive materials like MXenes and graphene.
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While these materials have been hailed as revolutionary in EMI
shielding due to their high conductivity, thin films of these
materials exhibit a reflectance comparable to metal-based
shields. Consequently, these thin films are not optimal for
absorption-dominant shields as they hinder the penetration of
incident waves, limiting absorption capacity significantly.24,25

Secondly, developed shields should effectively attenuate the
energy of waves that penetrate the structure. In this regard, in
addition to material selection, the structural design of EMI
shields is crucial.21,26,27 For instance, developing porous con-
structs of conductive materials such as graphene and MXene
offers a potential solution for achieving absorption-dominant
characteristics. Within highly porous structures, i.e., foams,
cryogels, aerogels, and xerogels, the concept of multiple internal
reflections or internal scattering plays a crucial role by prolong-
ing the interaction of EMWs with the material. This extended
interaction significantly enhances the porous constructs’ ability
to absorb EMWs, thereby improving their overall shielding
effectiveness.28–31 All in all, for designing absorption-dominant
EMI shields, also known as electromagnetic traps or green
shields, maintaining moderate electrical conductivity through-
out the structure is essential. While this concept is theoretically
straightforward, implementing such a structural design remains
an underexplored area in the field of EMI shielding, indicating a
need for more attention and research focus.

So far, the focus on the structural design of EMI shielding
materials based on porous structures has predominantly centered
on conductive cryogels and cryogels based on 2D nanomaterials like
MXenes, graphene, and reduced graphene oxide (rGO).32 Among
these, graphene-based systems derived from graphene oxide (GO)
and subjected to thermal or chemical reduction for enhanced
electrical conductivity stand out due to their chemical stability, ease
of aqueous fabrication, and acceptable mechanical properties.33,34

Various fabrication methods such as freeze-casting,35–37 emulsion
templating,38,39 chemically-induced gelation,33,40,41 and liquid
streaming assembly7,10,42 have been employed to produce GO-
based porous, each yielding distinct internal characteristics, poros-
ities, mechanical performance, and chemical properties.34 For
instance, freeze-cast cryogels are notable for their aligned pores
with temperature gradients,35 while liquid-templated worm-like
cryogels are favored for their macro-to-micro-scale porosity.34

Despite numerous studies designing these cryogels using different
methods for EMI shielding applications, the impact of internal
structure on the EMI shielding properties of cryogels produced via
diverse methods remains to be fully understood.

Herein, we explore how cryogel fabrication impacts the
structural characteristics, mechanical properties, and EMI
shielding performance of GO-based cryogels. Using GO as the
primary building material, we created cryogels through various
techniques, including molding, emulsion templating, unidirec-
tional freeze-casting, chemically-induced gelation, and liquid
streaming. After subjecting them to thermal annealing to achieve
the desired electrical conductivity, we assessed their internal
porosity, mechanical properties, and chemical attributes. This
analysis highlights the potential of fabrication methods, particu-
larly the liquid streaming that yields worm-like cryogels, to develop

next-generation absorption-dominant EMI shields. It showcases
pronounced absorption-dominant characteristics and substantial
shielding effectiveness, suggesting a promising direction for
advancing EMI shielding technology. On the other hand, cryogels
produced through methods like chemically-induced gelation
might not significantly outperform traditional EMI shields. These
cryogels typically exhibit reflection-dominant characteristics and
lower shielding effectiveness. These findings provide crucial guide-
lines for advancing green EMI shielding technologies, underscor-
ing the essential interplay between electrical conductivity and
internal structure. This interplay is vital for designing effective
absorption-dominant EMI shields.

2. Results and discussion
2.1. From graphene oxide aqueous suspension to porous
cryogels

The characterization of the synthesized GO flakes used in the
developed cryogels is summarized in Section 1 and Fig. S1, S2
(ESI†). However, when these flakes are used for cryogel fabrica-
tion, the alignment, pore distribution, internal surface area, and
overall structural stability of the resulting cryogels are highly
dependent on the chosen fabrication strategies, such as direct
molding, emulsion templating, chemically-induced gelation, uni-
directional freeze-casting, and liquid streaming.43,44 Among these
methods, the direct molding approach involves pouring GO
suspensions into a mold without any pre-processing, followed
by a freezing/lyophilization process.45 In this approach, pore
distribution is influenced by random ice crystals formation during
freezing, which is then preserved through sublimation (Fig. 1(a)).
As shown in Fig. 1(b)-I–III and Fig. S3a–e (ESI†), the as-fabricated
cryogels exhibit micro-scale pores with an average size of 76.8 �
34.4 mm with random arrangements, with no evident alignment
in any specific direction was observed for the generated pores
(Fig. S3f, g, ESI†).

To modify the physio-mechanical characteristics of porous
structures, emulsion templating was introduced into the cryogel
fabrication process. This approach minimizes the density of the
cryogels, enhancing their functional properties for various
applications.46 In our approach, we used an oil-in-water Pickering
emulsion containing an aqueous phase of GO as the major phase
and hexane/PSS-[3-(2-aminoethyl)amino]propyl-heptaisobutyl sub-
stituted POSS (POSS–NH2) as a dispersed phase, serving as a
template for fabricating lightweight cryogels. The formation of
these cryogels relies on both the chemical characteristic of the GO
flakes and the presence of an interfacial active ligand, i.e., POSS–
NH2.7,10

GO exhibits dual hydrophobic/hydrophilic characteristics,
with a hydrophobic basal plane and hydrophilic functional
groups such as hydroxyl, carboxyl, and epoxide groups. Conse-
quently, GO nanosheets tend to migrate toward the hexane/
water interface, reducing interfacial tension by acting as a
surfactant. At the hexane/water interface, the interaction
between deprotonated carboxylic functional groups of GO and
protonated amine groups of POSS–NH2 generates nanoparticle
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surfactants at the liquid–liquid interface that upon jamming
form structured Pickering emulsions (Fig. 1(c)). Upon freeze-
drying, two distinct types of porosities are observed within
the resulting cryogels (Fig. 1(d)-I, II and Fig. S4, ESI†). Similar
to direct-molded cryogels, micro-scale pores appear inside
the cryogels due to ice crystal formation in the aqueous
phase, with an average size of 48.2 � 13.6 mm. Additionally,
confined hexane droplets leave numerous voids inside the
structure after drying, creating what we refer to as porosity

type II, with an average size of 142.8 � 32 mm (Fig. 1(d)-III and
Fig. S5, ESI†).

Chemically-induced gelation of GO is among the methods
routinely employed as a pre-processing step for cryogel fabrica-
tion scenarios.34,47 In this approach, ethylenediamine (EDA)
was added to GO suspension to assemble nanosheets into a 3D
monolithic graphene hydrogel (Fig. 2(a)). In this chemical
reaction, the carboxyl, hydroxyl, and, in some cases, the epoxide
functional groups present on GO react with the amine groups of

Fig. 1 (a) Schematic illustration of direct molding fabrication approach, in which cryogels were formed through molding, freezing, and lyophilization. (b)
Top view and (b-I) side view of the molded cryogel: (b-II–III) FESEM images showcase chaotic pore size and distribution with no apparent alignment in
any direction. (c) Schematic illustration of emulsion templating method. Structured Pickering emulsions were prepared using a 60 : 40 vol% ratio of
B10 mg ml�1 GO suspension and a mixture of 1 mg ml�1 hexane/POSS–NH2. The emulsion-templated cryogels with secondary porosity were created
after subsequent freezing and freeze-drying of the structured Pickering emulsion. (d) Top view and (d-I–II) FESEM images of emulsion-templated
cryogels. (d-III) Confocal images of oil-in-water Pickering emulsion leading to the confinement of the non-polar droplets in GO aqueous suspension.
The colored phase showcases the presence of aqueous GO, while black circles represent the oil droplets containing ligands. Scale bars in (b), (d), (b-I–III
and d-I–II), and (d-III) correspond to 2 mm, 200 mm, and 25 mm, respectively.
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EDA (Fig. S6, ESI†).33 This interaction reduces and cross-links
GO nanosheets and, subsequently, forms graphene hydrogels.
These functionalized graphene hydrogels are then subjected to
successive freezing/lyophilization to form chemically-crosslinked
graphene cryogels.33 FESEM images of these cryogels exhibit
foam-like structures with crumpled skin (Fig. S7a–c, ESI†),
enveloping a 3D interconnected core (Fig. 2(b)-I–III) with
micro-scale porosity, having an average size of 75.5 � 19.8 mm
(Fig. S7d–h, ESI†). The cell walls are formed through EDA-

mediated assembly of GO sheets, in which individual flakes
are pressed together and subsequently densified during the
freezing process.

Unidirectional freeze-casting is another method commonly
used in the fabrication of graphene cryogels. In this technique,
the alignment and distribution of 2D nanoflakes are controlled
through bottom-up nucleation and growth of ice crystals
(Fig. 2(c)).47 To achieve this, we used a polymeric mold featur-
ing a copper bottom. When an aqueous suspension of GO is

Fig. 2 (a) Schematic illustration of chemically-crosslinked cryogels. During gelation, the gel’s network entraps solvent molecules and forms a cohesive
structure-intact hydrogel, where the initial volume shrinkage is visualized. As the hydrogel undergoes drying, the structure shrinks for the second time
due to capillary forces and surface tension. These shrinkages can lead to the formation of wrinkles, folds, or crumples on the surface of the gel. (b) Top
view and (b-I–III) FESEM images of chemically-crosslinked cryogels, demonstrating (b-I and b-II) the foam-like interconnected core wrapped with (b-III)
folded and crumpled skin. (c) Schematic illustration of unidirectional freeze-casting mechanism and the resulting cryogel. (d) The top view and (d-I–III)
longitudinal section of the freeze-cast cryogel reveal that ice crystal nucleation from bottom to top leads to elongated pore alignment. Scale bars in
(b and d), (b-I, b-III, d-I–III) and (b-II) correspond to 2 mm, 200 mm and 50 mm, respectively.
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poured into a mold and exposed to liquid nitrogen, ice crystals
begin to form from the bottom and propagate upwards in the
out-of-plane direction.36,37 The formed vertically aligned ice
crystals push the suspended flakes to the sides, leading to the
3D alignment of GO sheets. After lyophilization, the ice crystals
are removed, leaving behind longitudinal micro-scale pores with
an average size of 174.6 � 56.5 mm (Fig. S8a–e, ESI†) and
transverse micro-scale pores with an average size of 68.8 �

19.5 mm (Fig. S8f–j, ESI†), which replicate the extended ice
crystals/templates formed during freezing (Fig. 2(d)-I–III).

On the other hand, liquid-in-liquid streaming of GO aqu-
eous suspension into a non-polar domain containing a ligand
has been reported to produce worm-like liquid templates
(Fig. S9a, ESI†). This method is promising for developing ultra-
lightweight graphene cryogels with multi-scale porosity.10,34,42

Similar to the emulsion templating approach, liquid streaming

Fig. 3 (a) Schematic illustration of liquid filaments formation upon injecting GO aqueous suspension in hexane/POSS–NH2 medium and the resulting
worm-like cryogel. (b) A comparison of IFT values of water and 1 mg ml�1 GO droplet in the hexane domain with/without POSS–NH2 and (c) their average
values over 50 seconds. (d) Expansion/contraction analysis of 1 mg ml�1 GO aqueous ink within the hexane/POSS–NH2 domain. Wrinkles on the droplets
prove the nanoparticle surfactant assembly and jamming on the interface. (e) Digital image of ultra-flyweight worm-like cryogels after thermal reduction
on a few human hairs. (f) The corresponding FESEM images showcase dual (f-I) macro-scale voids between the filaments and (f-II–IV) micro-scale
porosity within the as-fabricated robust skin. Scale bars in (e), (f, f-I), (f-II), and (f-III–IV) correspond to 10 mm, 2 mm, 200 mm, and 20 mm, respectively.
All error bars in (c) represent the standard deviation.
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relies on interfacial assembly and jamming of nanoparticle
surfactants, i.e., GO/POSS–NH2 (Fig. 3(a)).48 Upon introducing a
falling stream of GO aqueous suspension into the hexane/POSS–
NH2 domain, the ligand molecules promptly migrate to the
interface, effectively reversing the previous negative charge of
the water/hexane interface into a positive one. The GO flakes then
migrate to the interface, where their carboxylic functional groups
get deprotonated and form electrostatic bonds with the positively
charged protonated groups of POSS (–NH3

+). This electrostatic
interaction forms GO/POSS–NH2 nanoparticle surfactants that,
upon jamming, stabilize a falling stream of aqueous GO suspen-
sion and suppress Plateau–Rayleigh instabilities.48

To further investigate the assembly and jamming of nano-
particles at the liquid–liquid interface, the dynamic interfacial
tension (IFT) measurements were conducted using a pendant
drop tensiometer (Fig. 3(b) and (c)). Upon introducing an aqu-
eous suspension containing 1 mg ml�1 GO into the non-polar
hexane domain, there was a drop in IFT from E45 mN m�1

(typical of neat water and hexane) to 34.66 mN m�1. This
reduction of IFT can be explained by the surfactant-like behavior
of GO, even at low concentrations, arising from its dual hydro-
phobic/hydrophilic nature. It is worth noting that despite its
pronounced interfacial activity, pure GO aqueous suspensions
fail to form stable filaments within the non-polar domain in the
absence of ligands.10,42,49 However, introducing GO suspension
with the same concentration into the hexane/POSS–NH2 med-
ium enables the swift formation of GO/POSS–NH2 nanoparticle
surfactants. The interfacial jamming of these particles signifi-
cantly reduces the IFT to 1.96 mN m�1. This significantly lower
IFT can be explained by the formation of a solid-like skin at the
liquid–liquid interface, which stabilizes highly non-equilibrium
structured liquids (Fig. S9b, ESI†).

The pulsating tests conducted by a pendant drop setup
further prove the nanoparticle surfactants jamming phenom-
enon at the interface (Fig. 3(d)). In this test, a 1 mg ml�1 GO
droplet is suspended within hexane/POSS–NH2. As the droplet
undergoes contraction, its volume shrinks, applying compres-
sion forces and wrinkling the interface. As reported previously,
the formation of these permanent wrinkles is a sign of the
strong bonding of nanoparticle surfactants at the liquid–liquid
interface, which can be explained by the formation of a solid-
like skin that structures a pendant drop.48,50–54

After subsequent freezing and freeze-drying, the filamentous
liquid templates transform into worm-like cryogels (Fig. S9c,
ESI†). After undergoing a post-processing thermal reduction at
800 1C under argon for 1 h, these constructs transform into
electrically conductive cryogels that are lighter than their non-
reduced counterparts. The ultra-lightweight nature of these
cryogels is showcased in Fig. 3(e), where a reduced worm-like
cryogel with an approximate volume of 15 cm3 can stand at the
top of a few human hairs. The morphological assessment of
GO-based worm-like cryogels with abundant macro-to-micro-
scale porosities (from 0.586 � 0.3 mm to 18.6 � 6.6 mm) is
presented in the FESEM images of the corresponding cryogels
(Fig. 3(f) and Fig. S10, ESI†). The macro-scale porosities arise
from the liquid streaming process, creating numerous voids

between the interlaced filaments (Fig. 3(f)-I and Fig. S11a, b,
ESI†). Furthermore, the interfacially driven skin, identified as a
key parameter for stabilizing the liquid streams, was clearly
preserved after lyophilization as a laminated layer that envelops
and covers the microporous core of the developed filaments
(Fig. 3(f)-II, III and Fig. S11c–g, ESI†). These internal micro-
scale porosities, akin to those found in other freeze-dried
cryogels, were initiated by ice crystal formation within the
filaments during freezing and subsequently locked in place
upon sublimation (Fig. 3(f)-IV and Fig. S11h, i, ESI†).

2.2. Structural characteristics of GO-based cryogels

In order to achieve electrically conductive cryogels, all con-
structs described in previous sections underwent thermal
reduction at 800 1C under argon for 1 h. X-ray diffractograms
of these cryogels before and after thermal treatment are dis-
played in Fig. S12 and S13 (ESI†), respectively. Owing to the
cryogel’s uneven surface and numerous porosities, the parallel
beam technique based on a polycapillary optic was employed to
collect the X-ray diffraction (XRD) for cryogels.42 Before thermal
treatment, for all fabricated constructs except the chemically-
crosslinked cryogel, the main fingerprint peak of GO is evident
at around 2y of 11.511–11.761, related to d-spacing values of
7.68–7.52 Å.55–57 In the case of chemically-crosslinked cryogels,
a slight peak appears in the XRD pattern at 2y B 22.781 with a
d-spacing of 3.90 Å, indicating a smaller interplanar spacing
compared to the other cryogels due to primary chemical reduction.
Nevertheless, the d-spacing formed in the chemically-crosslinked
cryogel before thermal treatment is still slightly larger than that of
the same sample after thermal treatment. Therefore, it can be
concluded that while chemically-crosslinked cryogels undergo initial
or partial reduction, thermal treatment can further decrease the
density of oxygen-containing functional groups in these cryogels.

Likewise, after thermal annealing of direct-molded, emulsion-
templated, freeze-cast, and worm-like cryogels, 2y value of
B26.211–26.511, corresponding to a d-spacing of B3.40–3.36 Å,
was observed for these constructs, showcasing their chemical
reduction and removal of oxygen-based functional groups
(Fig. S13, ESI†). The achieved d-spacing in reduced cryogels
matches the interlayer spacing of graphite flakes, further signify-
ing the graphitization of the stacked GO sheets by eliminating
oxygen-based functional groups.57,58

All fabricated cryogels were analyzed via micro-Raman
spectroscopy before and after thermal treatment to explore
the rise in structural defects. Micro Raman spectroscopy
identifies the defects of graphene derivatives or their cryogels
due to sensitivity to phonon modes, providing valuable infor-
mation regarding structural/chemical defects. Accordingly, two
well-defined peaks are observed in the Raman spectra of GO-
based cryogels, namely the D-band and the G-band. The D-band
is attributed to the formed disorders within the graphene.
Meanwhile, the G-band arises from the vibration of well-
ordered sp2-bonded carbon atoms within the graphene lattice,
reflecting the graphitic nature of graphene flakes.

The ID/IG ratio scales with the rise in the level of the defects
(level of defective sites versus well-ordered sp2 carbon atoms).59

Focus Nanoscale Horizons

Pu
bl

is
he

d 
on

 1
0 

H
yd

re
f 

20
24

. D
ow

nl
oa

de
d 

on
 0

1/
06

/2
02

5 
18

:3
0:

20
. 

View Article Online

https://doi.org/10.1039/d4nh00210e


2240 |  Nanoscale Horiz., 2024, 9, 2234–2247 This journal is © The Royal Society of Chemistry 2024

As illustrated in Fig. S14 and S15 (ESI†), all samples showcased two
nominal peaks within the range of 1324.5–1357 cm�1 and 1583–
1597 cm�1, corresponding to the D- and G-bands of the GO or
their reduced forms, respectively. In this case, the cryogel proces-
sing significantly affected the ID/IG ratio, which serves as an
indicator of defect levels. The lowest defect level before thermal
annealing was observed in the emulsion-templated cryogels, while
the highest was recorded in the chemically-crosslinked cryogels.
After thermal treatment, the ID/IG ratio increased to values at or
above unity across all samples. This increase signals successful
thermal reduction and the removal of oxygen-containing func-
tional groups, consistent with findings from previous studies.59,60

2.3. Physical and mechanical properties of the cryogels

The physical and mechanical properties of the fabricated
cryogels are crucial to justify their use in environments where
these constructs are routinely subjected to various external

forces. In Fig. 4(a) and (b), the density and volume shrinkage
of the produced cryogels due to thermal annealing is presented.
Before thermal treatment, these cryogels exhibit a density
range of 4.80–10.63 mg cm�3. However, after thermal anneal-
ing, this range declines to 2.47–4.54 mg cm�3 with an average
volume shrinkage of 13.6–63.5%. Before thermal treatment,
cryogels experience initial volume shrinkage due to capillary
forces during the lyophilization stage.61,62 Thermal annealing
induces further structural rearrangement, where at elevated
temperatures, the particles or alignments within the cryogel
constructs can shift and reorganize into a more stable
configuration. This often results in pore volume reduction
and causes additional shrinkage, featuring a denser packing.
Furthermore, during annealing, expansion followed by contrac-
tion can cause permanent structural changes in cryogels,
i.e., reduction in pore volume and alterations in pore size
distribution.63,64

Fig. 4 (a) A comparison of the density of GO-based cryogels employing various fabrication methods before and after thermal reduction. (b) The volume
shrinkage percentage of cryogels after thermal reduction. (c)–(j) Mechanical performance of cryogels: fatigue hysteresis test of (c) direct-molded (d) emulsion-
templated (e) chemically-crosslinked (f) unidirectional freeze-cast (g) worm-like cryogels. The samples were compressed up to 50% strain for 100 cycles. The
corresponding (h) energy loss coefficient and (i) maximum stress over repeated cycles for 50% strain. (j) Digital images of non-reduced worm-like cryogels under
loading/unloading compression test. The scale bar in (j) corresponds to 10 mm. All error bars in (a) and (b) represent the standard deviation. The abbreviations DM,
ET, CC, FC, and WL correspond to direct-molded, emulsion-templated, chemically-crosslinked, unidirectional freeze-cast, and worm-like cryogels, respectively.
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Thermal treatment also leads to sintering, causing changes
in surface chemistry—such as the reduction of oxygen-
containing functional groups in GO—and resulting in the
fusion of cryogels particles at junction points. Amongst all,
worm-like cryogels emerge as the frontrunner in lightweight
structures with an ultra-low density of 2.47 mg cm�3, even by
utilizing a 10 mg ml�1 GO suspension.34,42 This low density is
attributed to the unique morphology of worm-like cryo-
gels—macro-scale porosity between the entangled filaments
and micro-scale porosity within the tubular structures.

To assess their mechanical characteristics, all fabricated
cryogels were subjected to a cyclic compression test at 20, 40,
60, 70, and 80% of compressive strains (Fig. S16, ESI†). In
addition, 100 compressive cycles with a maximum strain of
50% were performed for all cryogel types. The corresponding
stress–strain curves are illustrated in Fig. 4(c)–(g) and Fig. S17a
(ESI†). Analysis of the unloading curves indicates that each
compression results in some degree of permanent residual
deformation in cryogels.65 For all cryogel types, the initial
compression cycle differs from subsequent ones. In fact, the
first cycle showcases the highest Young’s modulus, maximum
stress, and energy loss coefficient, which clearly declined for
the rest of the cycles (Fig. S17b, ESI† and Fig. 4(h) and (i)).

The fatigue hysteresis test combined with the calculated
energy loss coefficient offers further insights into the mechan-
ical stability of the samples. In brief, the energy loss coefficient
shows how much energy is lost during each compression/
decompression cycle. In this scenario, a lower energy loss
coefficient suggests that cryogels retain more energy during
cyclic loading, indicating better mechanical stability and
potential for repeated use without significant performance
decline. It is noteworthy that all cryogels experienced a rapid
decline in energy loss coefficient within their 20 initial cycles.
This decline is followed by a plateau trend, primarily due to the
collapse of vulnerable pores or reconfiguration of cell walls. As
a result, we have the highest energy loss coefficient factor for
the first few cycles, which means there are still mechanically
vulnerable pores inside the structures. However, upon reaching
the plateau region, all cryogels reached their stable condition,
where the remaining pores can retain more energy during
compression and release it upon unloading without any further
significant structural degradation.

Among all the prepared samples, worm-like cryogels repre-
sent the highest reduction in energy loss coefficient and the
lowest energy loss coefficient in the plateau region. This can be
explained by the unique morphology of these cryogels, where
external compression forces displace the loosely attached
worm-like filaments, leading to a more ordered state where
filaments cannot slide atop each other.7,10,42

Aside from the energy loss coefficient, analyzing the highest
stress value (at 50% strain) in each loading/unloading step
provides us with crucial insights into the mechanical integrity
of each sample. Of note, the maximum stress represents the
peak amount of stress required to compress a sample to a
specific strain value. Fig. 4(i) illustrates the maximum stress for
the fabricated cryogels subjected to 100 compressive cycles at a

maximum strain of 50%. For all cryogel types, the maximum
stress has the highest value in the first cycle. However, as some
pores collapse during subsequent compression cycles, the
maximum stress gradually diminishes until we reach a pla-
teau—a trend also observed in the energy loss coefficient. Such
a reduction in maximum stress value is particularly evident in
the chemically-crosslinked and emulsion-templated cryogels.
On the other hand, the decrease in maximum stress for worm-
like, direct-molded, and unidirectional freeze-cast cryogels is
relatively lower compared to the samples mentioned above,
indicating that the collapse of vulnerable pores has minimal
impact on the maximum stress for these cryogels.

The maximum stress value not only indicates the collapse of
vulnerable pores but also demonstrates each sample’s ability to
withstand external forces. In other words, it shows which
sample requires more compressive force to achieve a specific
strain. This indirectly offers significant insights into the inter-
nal structure of various cryogels. In this context, chemically-
crosslinked cryogels exhibited the highest maximum stress
value among the various types, even after a steep decline over
B20 cycles. This structural integrity stems from the presence of
cross-linkers and the formation of crumpled skin during gela-
tion and lyophilization in chemically-crosslinked cryogels.33,66

2.4. EMI shielding of GO-based cryogels

As mentioned before, to prepare conductive cryogel-based EMI
shields, the fabricated structures were subjected to thermal
treatment at 800 1C. The electrical conductivity of thermally
reduced samples is demonstrated in Fig. 5(a). Chemically-
crosslinked cryogels exhibit the highest electrical conductivity
of B137.3 S m�1 among all cryogel types. This superior
electrical conductivity arises from the densely packed GO flakes
formed during EDA-mediated assembly, the creation of a
wrinkled skin during chemically-induced gelation, and signifi-
cant volume shrinkage after thermal annealing (Fig. S18,
ESI†).65 This high electrical conductivity and the ability to
withstand successive compressive cycles are desirable for the
long-term use of these cryogels in sensors, wearable electronics,
and flexible conductive materials.

Freeze-cast cryogels secured second place in terms of elec-
trical conductivity owing to their prolonged porous morphol-
ogy, engineered cell wall alignment, and improved electron
mobility.35 On the other hand, worm-like, emulsion-templated,
and molded cryogels showcased a lower electrical conductivity
range of 8.6–11.3 S m�1. It is important to note that the
variation in electrical conductivity among different samples is
one of the factors influencing the electromagnetic interference
(EMI) shielding properties of these cryogels, as will be dis-
cussed in the subsequent sections.

The EMI shielding properties of the cryogels were evaluated
using a vector network analyzer (VNA). As described in ESI,† the
scattering parameters (Sij) were analyzed and then converted into
power coefficients: transmittance (T = |S12|2 = |S21|2), reflectance
(R = |S22|2 = |S11|2), and absorbance (A = 1 � R � T).67 These
coefficients provide crucial insights into the proportion of
incident waves reflected, absorbed, and transmitted through
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the material, offering a comprehensive understanding of the
shielding mechanisms.9,68

Furthermore, the total EMI shielding effectiveness (SET) is
determined by the logarithmic ratio of incident power to the
transmitted power of the plane waves. As per Schelkunoff’s
theory, SET is calculated by taking three factors into considera-
tion: EMI reflection effectiveness (SER), EMI absorption effec-
tiveness (SEA), and the shielding effectiveness resulting from
multiple reflections (SEM).69,70 As a result, the higher SET value
signifies the better ability of a material to block EMWs whether
through reflection and absorption. It is imperative to empha-
size that assessing the predominant shielding mechanisms
should rely merely on power coefficients or their interrelations,

i.e., R, A, or R/A. Regrettably, some previous studies have
incorrectly evaluated the basic EMI shielding properties of
materials by comparing the ratio of SEA and SER. This compar-
ison of logarithmic ratios is a fundamentally flawed practice and
results in misinterpretation of the shielding mechanisms.22

The EMI shielding characteristics of all cryogels with dis-
tinct morphologies are depicted in Fig. 5(b), (c) and the ESI†
for the thickness range of 6.74–8.05 mm (Fig. S19–S23 and
Table S1, ESI†). In general, higher electrical conductivity results
in a reflection-dominant EMI shielding mechanism. This can
be explained by the high impedance mismatch between the
highly conductive structure and free space. It should be noted
that impedance is the ratio of the transverse components of the

Fig. 5 (a) Electrical conductivity of the prepared cryogels through various fabrication methods after thermal annealing. (b) and (c) EMI shielding
characteristics of the corresponding cryogels. (d) and (e) Schematic illustration of multiple internal reflections: (d) along the vertically aligned pores in
freeze-cast cryogels, (e-I–III) macro-to-micro-scale scattering: (e-I) between the filaments, (e-II) between the interfacial skin and core, and (e-III) within
the porous core. (f) A comparison of the SSE/t vs. density of fabricated GO-based cryogels. All error bars in (a)–(c) represent the standard deviation. The
abbreviations DM, ET, CC, FC, and WL correspond to direct-molded, emulsion-templated, chemically-crosslinked, freeze-cast, and worm-like cryogels,
respectively.
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electric and magnetic fields of EMWs propagating through a
medium, where lower impedance compared to free space
signifies the ability of the structure to reflect EMWs.71 In such
scenarios, EMWs transfer their energy to the electrons and
other charged particles within the shield, causing them to
oscillate and generate a scattered electromagnetic field, which
manifests as reflected waves. In this regard, the chemically-
crosslinked cryogels with the highest electrical conductivity
among all prepared samples reflected B70% of the incident
waves. However, this high reflectance is not ideal, as it creates
secondary electromagnetic pollution, which is as detrimental as
the original incident wave.

Apart from reflection, a portion of the EMWs penetrates the
shield’s body and is absorbed within its structure, dissipating
EMWs’ energy in the form of heat. This absorption mechanism
occurs due to active electric/magnetic dipoles and materials
with finite electrical conductivity in shields.72 Absorption in
cryogel-based EMI shields is directly influenced by multiple
internal reflections or internal scattering, another paramount
mechanism affecting their performance. In this scenario,
shields with a multitude of mismatched impedance interfaces
trap EMWs inside their body, prolonging the propagation path
by multiple back-and-forth reflections within the shield. This
elongated propagation path before transmission enhances the
interactions between the shield and transmitted waves, leading
to the dissipation of EMW energy.22

Elongated and complex pores can effectively extend the
propagation path and enhance absorption, as illustrated in
Fig. 5(d) and (e). Freeze-cast cryogels exemplify this principle,
achieving an absorbance of B55% through improved multiple
internal reflections that guide waves through longer, vertically
oriented pores. Similarly, worm-like cryogels, characterized by
dual macro-to-micro-scale porosities and multiple interfaces,
predominantly absorb the wave’s energy. The energy of EMWs
is attenuated due to internal scattering phenomena between
filaments with mismatched impedance, dissipating within the
enveloped porous core. This process of multiple internal reflec-
tion significantly enhances the absorption capacity, achieving a
rate of 54.7% for worm-like cryogels. Among various cryogel
types, worm-like and chemically-crosslinked cryogels exhibit
the highest SET, ranging from 42.9 to 43.2 dB. However, it is
crucial to distinguish between these cryogels’ performances, as
their shielding mechanisms differ significantly. Chemically-
crosslinked cryogels primarily reflect a major portion of EMWs,
while worm-like cryogels absorb most of EMWs through inter-
nal scattering across macro-to-micro-scale porosity. Despite
having a nearly similar electrical conductivity range to worm-
like cryogels, direct-molded cryogels achieve a lower SET of
27.5 dB due to their lower porosity. This underscores the
importance of considering both structural characteristics and
electrical conductivity in cryogels for EMI shielding. In this
scenario, enhancing electrical conductivity may not lead to
more efficient shields, as evidenced by the higher reflection
rate. Indeed, the integration of fine-tuned porosity and effec-
tively controlling electrical conductivity warrants the versatility
of cryogels in efficient EMI shields.

To assess the impact of density and thickness—critical
factors for EMI shields in advanced electronics—shielding
effectiveness values are often normalized by these parameters.
This normalization results in the specific EMI shielding effec-
tiveness (SSE/t), offering a clearer understanding of the shielding
capabilities. The SSE/t of the developed cryogels is compared
with each other Fig. 5(f). Moreover, a comparison of thickness,
electrical conductivity, density, SET, absorbance, and SSE/t of
these cryogels is also outlined in Table S1 of the ESI.† The results
demonstrate that worm-like cryogels, with lower density and
higher SET values, significantly outperform other fabricated
constructs in terms of SSE/t. This, along with the unique
absorption-dominant behavior of these cryogels, underscores
the liquid streaming approach as a method deserving further
emphasis in future research.

Evaluating the EMI shielding performance of cryogels after
being subjected to cyclic compressive loading is essential
to assess their long-term performance. This testing simulates
real-world conditions, where materials are exposed to repeated
mechanical stresses, ensuring that the cryogel maintains its
structure and functional properties over time. Post-compression,
the overall thickness of the samples decreases due to cell wall and
structural damage (Fig. S24a, ESI†). Likewise, the compressive
loading induces fractures within the conductive network of the
cryogel, thereby leading to a reduction in electrical condictivity
(Fig. S24b, ESI†). This change in thickness and electrical con-
ductivity directly impacts the shielding characteristics, as shown
in Fig. S24c, d and S25–S29 (ESI†). The results indicate that the
shielding mechanism of the chemically-crosslinked cryogels
altered from reflection-dominant to absorption-dominant, achiev-
ing an absorption rate of B59.9%. This shift can be attributed to
the cracks and bumps on the highly conductive skin and within
the cryogel’s bulk, all caused by the cyclic compression test. Of
note, despite showcasing absorption characteristics, the SET of
these cryogels significantly reduces to 23.9 dB.

In the case of direct-molded and emulsion-templated cryo-
gels, they retained their absorption behavior with high rates of
B71.1% and 62.1%, respectively. However, a noticeable
reduction in SET was observed in these cryogel types compared
to their original form before compression. This reduction
occurs due to a decrease in electrical conductivity and physical
changes in the cryogel’s structure, such as compression-
induced damage or alterations in porosity. These changes are
further compounded by the absence of cell wall alignments or
engineered structural designs, unlike the freeze-cast and worm-
like cryogels. In this context, the compressed freeze-cast cryo-
gels with directional aligned structure and worm-like cryogels
with macro-to-micro-scale porosity not only preserved their
absorption characteristics but also demonstrated a SET of
B37.9 and 33.4 dB, respectively. It is worth noting that the
slight increase in shielding effectiveness of the compressed
freeze-cast cryogels may be attributed to the densification of
the cryogel’s structure or better alignment of conductive path-
ways caused by cyclic compressive forces. This suggests that
cyclic loading may have positively influenced the material’s
structure, enhancing rather than compromising the shielding
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performance of freeze-cast cryogels. This makes them ideal for
applications where mechanical resilience is coupled with effec-
tive EMI protection.

3. Conclusion

In this study, we developed GO-based cryogels using various
fabrication methods, including molding, emulsion templating,
chemically-induced gelation, unidirectional freeze-casting, and
liquid-in-liquid streaming techniques. Upon thermal annealing,
these porous constructs, with electrical conductivity ranging from
8.6 to 137.3 S m�1, exhibited distinct shielding performance. For
instance, chemically-crosslinked cryogels with the highest
reported electrical conductivity among all prepared samples were
reflection-dominant, exhibiting a high reflectance of B70% and a
SET of 43.2 dB. In contrast, worm-like cryogels prepared through
liquid streaming method using the same GO and thermal treat-
ment conditions, showcased a similar SET of 42.9 dB but exhibited
unique absorption-dominant EMI shielding mechanisms with an
absorbance of 54.7%. Based on these findings, we recommend
that future research focus simultaneously on both the internal
structure and electrical conductivity of cryogel-based EMI shields,
rather than solely prioritizing the electrical conductivity of the
constructs, as is traditionally conducted in synthetic EMI shields.

4. Experimental section
4.1. Materials

For the synthesis of GO, highly concentrated sulfuric acid (H2SO4

95–98%), ortho-phosphoric acid (H3PO4, 85%), potassium per-
manganate (KMnO4), hydrogen peroxide (H2O2, 30%), hydrochlo-
ric acid (HCl, 37%), and anhydrous ethanol (C2H6O, water content
of r0.003%) were provided by Sigma-Aldrich. Graphite flakes
were supplied by Asbury Carbons. Hexane (C6H14, 97%) and
PSS-[3-(2-aminoethyl)amino]propyl-heptaisobutyl substituted
POSS (POSS–NH2), which were used for liquid-in-liquid streaming
and emulsion templating, were provided by Sigma-Aldrich. For
chemically-induced gelation, the gelation agent, ethylenediamine
(EDA), was also supplied by Sigma-Aldrich. Ultra-pure deionized
(DI) water with a resistivity of 18.2 MO (ELGA model MEDICA EDI
15/30) was used for all experiments.

4.2. Methods

4.2.1. Synthesis of graphene oxide. The synthesis of GO
involves exfoliating graphite flakes through four essential
phases: intercalation, oxidation, termination, and purification.
The GO was synthesized using a modified adaptation of the
Hummers’ approach, as previously studied by Marcano et al.73

Initially, a ratio of 9 : 1 (360 : 40 ml) mixture of H2SO4 : H3PO4

was stirred at 300 rpm for 10 min. Following this, 3 g of large
flake graphite was added to the acidic mixture and stirred for
30 min at ambient temperature. The solution’s temperature was
reduced to 0–5 1C using an ice bath, and then 18 g of KMnO4 was
gradually added over 1 h. In the next stage, the temperature of
the batch was raised to 50 1C and stirred continuously for 18 h.

The process was then terminated by adding a mixture of 5 ml of
H2O2 and 800 ml of deionized water.

The acquired solution underwent a step-wise purification
protocol using DI water, 30 vol% HCl, and ethyl alcohol. The
resulting purified mixture was carefully diluted to B2 mg ml�1

and exposed to low-power bath sonication for 30 min. Finally,
the resulting suspension was centrifuged at 3500 rpm for 1 h to
remove unreacted graphite and the few-layer graphite oxide
flakes from the primary product. The isolated supernatant was
centrifuged at 11 000 rpm for 1 h, forming a dense GO paste.
The concentration was then adjusted to 10 mg ml�1, and the
resulting paste was stored in a sealed container.

4.2.2. Molded cryogels. The molded cryogels were pro-
duced by pouring B10 mg ml�1 of GO aqueous suspension
into a polystyrene container. After a gentle bath sonication for
30 min on a low-power mode, the container was placed in an
ultra-freezer and maintained at �80 1C for 24 h. Subsequently,
the frozen samples were subjected to lyophilization for 48 h.
Random ice crystal formation within the aqueous suspension
followed by freeze-drying featured a disordered sponge-like 3D
structure. Following a post-processing thermal reduction at
800 1C under argon for 1 h, the cryogel was transformed to
reduced electrically conductive cryogels.

4.2.3. Emulsion-templated cryogels. Emulsion-templated
cryogels were generated upon successive templating, freezing,
and freeze-drying of GO–hexane/POSS–NH2 emulsions. The
structured emulsion was made by blending a 60 : 40 vol% ratio
of B10 mg ml�1 GO aqueous suspension with a non-polar
solution containing 1 mg ml�1 hexane/POSS–NH2. The GO–
hexane/POSS–NH2 mixture was vigorously stirred for 5 min,
ensuring effective emulsification and a homogeneous GO–
hexane/POSS–NH2 composition. The resulting structured emul-
sion was decanted into a transparent polystyrene container jar
and then subjected to lyophilization and thermal reduction,
similar to the process described in Section 4.2.2.

4.2.4. Chemically-crosslinked cryogels. To develop chemically-
crosslinked cryogels, B10 mg ml�1 GO aqueous suspension was
mixed with 50 ml of EDA. The resulting solution was stirred for
5 min, sealed in a glass vial, and heated at 95 1C for 6 h. During this
stage, gelation occurred due to chemical cross-linking of GO
nanosheets, forming reduced GO hydrogels with a hierarchical
structure.33 Subsequently, the resulting hydrogel was washed with
DI water three times and subjected to the lyophilization and post-
processing thermal reduction process as described in Section 4.2.2.

4.2.5. Freeze-cast directional cryogels. A cylindrical mold
made of polylactic acid (PLA), with an inner diameter of 20 mm
and a depth of 10 mm, was fabricated using a 3D printer (Pro2
Plus-Fused Deposition Modeling). The mold was lined with a
layer of copper foil at the bottom. To establish a unidirectional
freeze-casting setup, a copper table was immersed in a styr-
ofoam tub filled with liquid nitrogen. The prepared mold
containing 20 ml of B10 mg ml�1 GO aqueous suspension
was then placed on the top of the copper table to achieve
unidirectional freeze-cast samples. The controlled bottom-up
ice crystal growth along the established temperature gradient
played a templating role in aligning GO flakes and forming
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compacted walls around the vertically aligned ice crystals. The
oriented structures underwent lyophilization and thermal
reduction, as detailed in Section 4.2.2.

4.2.6. Worm-like cryogels. To achieve worm-like structured
liquids, we streamlined B10 mg ml�1 GO aqueous mixture into
a non-polar domain containing POSS–NH2 ligands using a 3D
bioprinter (Allevi 2). With a 200 mm injection needle, we set the
extrusion pressure at 15–30 psi to ensure stable worm-like
liquids. Upon injection, interfacial skin forms around the
filament due to the electrostatic interaction between GO in
the aqueous phase and the protonated ligand (POSS–NH3

+)
in the oil phase. This robust skin plays a crucial role in
preventing the collapse of the aqueous jet into distinct droplets
by suppressing Plateau-Rayleigh instabilities. Finally, the cus-
tomized filamentous liquid templates underwent lyophilization
and thermal reduction, as mentioned in Section 4.2.2., trans-
forming the structured liquids into reduced worm-like cryogels
with 3D morphologies and dual macro-to-micro porosity.

4.3. Characterization

The general characterizations of GO and cryogels made by
various fabrication methods were conducted via various tech-
niques. X-ray diffraction (XRD) (Brucker D8 Advance) was used
the scattered X-rays were collected by an Eiger2R 500 K detec-
tor. Micro-Raman spectroscopy (Brucker Senterra II) equipped
with an Olympus U-TV1X-2 microscope was employed to assess
the D-band, G-band, and structural defects, i.e., the ratio of
ID/IG. Likewise, the Fourier-transform infrared spectroscopy
(FTIR) (Nicolet-S20) within the range of 600–4000 cm�1 was
employed to assess the functionality of GO.

The morphological assessments of the developed cryogels
were conducted via a field emission scanning electron micro-
scope (FESEM) (Tescan Mira 3 XMU). An Oxford Instruments
X-Max energy dispersive spectrometer (EDS) detector was
assembled on the FESEM to evaluate the elemental distribution
of nanomaterials. The morphology and atomic structure of the
GO flakes were assessed via high-resolution transmission elec-
tron microscopy (HRTEM) (80–300 Titan LB) equipped with an
aberration-corrector (CEOS), operated at 300 kV; images were
also acquired using a First Light CCD, Gatan. The confocal
microscope imaging was conducted using the Leica DMi8
confocal microscope. For this purpose, the oil-in-water emul-
sion was stained with Calcofluor White Stain and then visua-
lized by the confocal microscope.

Dynamic interfacial tension (IFT) tests of water and aquatic
GO inks were carried out by holding a GO droplet within the
hexane domain with/without POSS, using the DSA KRÜSS
Scientific drop shape analyzer model DSA25E. The nanoparticle
jamming was examined through the expansion/contraction of
the pendant droplet by injecting a 1 mg ml�1 of GO aqueous
suspension into the hexane/POSS medium. A universal tensile
machine (Z010 Zwick/Roell) was used to evaluate the mechan-
ical characteristics of cryogels to apply the cyclic compression
tests at 20%, 40%, 60%, 70%, and 80% of compressive strains
with a loading/unloading speed of 8 mm min�1.

After thermal annealing at 800 1C under argon, the electrical
conductivity of the cryogels was measured by a Loresta GP
resistivity meter (Mitsubishi Chemical Co. model MCP-T700).
The skin of the chemically-crosslinked cryogels was removed
using a blade to facilitate a comparison of the electrical con-
ductivity between these cryogels with/without skin.

The EMI shielding capability of conductive GO-based cryogels
was evaluated within the X-band frequency range (8.2–12.4 GHz)
using a two-port vector network analyzer (VNA) (P9374A Key-
sight) equipped with a WR-90 rectangular waveguide. The
mechanism of VNA setup is discussed in Section S2.2, ESI.†
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