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Abstract
Developing highly efficient, low-density, and mechanically flexible electromagnetic interference
(EMI) shielding materials based on conducting polymers has gained significant momentum for
suppressing electromagnetic pollution. In our work, we investigated the EMI shielding behavior of
uniaxially compressible sponges using the conducting polymer poly(3,4-ethylenedixoythiophene)
polystyrene sulfonate (PEDOT:PSS) in the X-band frequency range of 8–12.4 GHz. Two types of
PEDOT:PSS sponges, type-I with glycerol and (3-glycidyloxypropyl) trimethoxy silane and type-II
containing glycerol and polyethylene glycol, were prepared by freeze-drying method. Both sponges
exhibited a rapid decrease in resistance for the initial compressive strain of less than 20%, which
stabilized at higher compressive strains. This behavior was likely due to the complex 3D porous
structures of the sponges and was linked to the creation of new electrical contacts due to pore
collapse under compressive strain. The enhanced electrical conductivity, porous structure, large
surface area, and many internal surfaces resulted in exceptional EMI shielding for PEDOT:PSS
sponges, achieving shielding values as high as 44 dB and 72 dB, respectively. The EMI shielding in
these materials was primarily dominated by the reflection process. This work contributes to
developing flexible and high-efficiency EMI shielding materials for flexible electronic applications
in the future.

1. Introduction

The escalating use of wireless telecommunication
technology has resulted in a rise in electromagnetic
pollution, which has detrimental impacts on its sur-
rounding electronic components and human health
[1–9]. In particular, for X-band frequency range
(8–12.4 GHz), which is often used in telecommu-
nication and military applications, electromagnetic
interference (EMI) shielding is essential. Metals are
widely used for EMI shielding due to their high
electrical conductivity, but concurrently, they offer
several disadvantages, including complex processing
from minerals, susceptibility to corrosion, high mass
density, hardness, and relatively high cost [10]. The
EMI shielding in a material occurs via reflection,
absorption, and multiple reflections [11–13]. The

mathematical relationship between total shielding
efficiency (SET), electrical conductivity, and thickness
of thematerial can be expressed by the Simon formula
as follows:

SET = 50+ 10 log

(
σ

f

)
+ 1.7t

√
σf (1)

where σ (S cm−1), t (m), and f (MHz) are the elec-
trical conductivity, material thickness, and frequency,
respectively [14]. Additionally, the SE for the absorp-
tion (SEA) and reflection (SER) can be calculated
with:

SER = 50+ 10 log

(
σ

f

)
(2)

SEA = 1.7t
√
σf. (3)
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Along with excellent EMI SE, other attributes
such as ease-of-processing, lightweight, and mechan-
ical flexibility are particularly important for applic-
ations in emerging areas such as aerospace, mil-
itary, and wearable electronics [15]. Interestingly,
conducting polymers meet these criteria in addi-
tion to their tunable electrical conductivity, resist-
ance against corrosion, biodegradability, and cost-
effectiveness [16]. A low-density (0.28 g cm−3)
polypyrrole-based composite loaded with polydo-
pamine and silver nanowire (0–50%) showed tunable
SE between 6.5 dB and 48.4 dB due to a reflection-
absorption process, together with excellent mechan-
ical properties [17]. Low density (0.57 g cm−3) poly-
mer poly(3,4-ethylenedixoythiophene) polystyrene
sulfonate (PEDOT:PSS) films cross-linked with
divinyl sulfone exhibited a SE value of 40 dB, which
mostly resulted from the absorption process [18].
Recently, porous materials have gained considerable
popularity for lightweight EMI shielding applications
[19–23]. For instance, ultralow density (5 mg cm−3)
3D hollow skeleton structured composite foam
comprising 3 wt% MXene and carbon revealed an
EMI SE value larger than 25 dB in the X-band
frequency [24].

Complex synthesis methods are often employed
to enhance EMI efficiency in PEDOT:PSS-based
shieldingmaterials. For instance, carbon dots and tel-
lurium rods are processed withmicrowave and chem-
ical reduction, and are mixed with PEDOT:PSS as
nanofillers ranging from 0–10 wt%, they exhibit an
EMI SE value of about 63 dB at an optimum con-
centration of 8 wt%, primarily due to an absorp-
tion process [25]. These PEDOT:PSS films are repor-
ted to have prospective applications in microwave
shielding, biological fields, and wearable electron-
ics. A PEDOT:PSS-InCl3/10.9 mol% hydrogel was
developed through a complex synthesis process, res-
ulting in a high specific shielding effectiveness (SE) of
1425 dB mm−1 [26]. These hydrogel films effectively
mitigate EMwaves generated by a Tesla coil operating
at a frequency of 50 Hz. Thick stretchable compos-
ite films made from (Li-TFSI)-doped (PEDOT:PSS),
combined with ethylene glycol and carboxylated
styrene-butadiene rubber (XSB) latex demonstrated
amaximumEMI SE of 50 dB, indicating the potential
for stretchable electronics application [27]. However,
the EMI SE value of these composite films decreased
significantly when stretched. Recently, an ultra-
broadband EMI shielding material was developed
using a cross-linked bi-hierarchical porous structure
influenced by the dimethyl sulfoxide ratio (DMSO)
ratio and tunable hydrogen bonds, utilizing an arti-
ficially re-structured PEDOT:PSS/konjac glucoman-
nan, which exhibited a high EMI SE of about 58 dB in
the range of 0.2–4 THz [28].

While there are reports on various conduct-
ing polymer-based EMI shielding, but the sponges
have not been widely investigated. Conventional
experimental methods such as drop-casting, spin-
coating, and solution-casting formaking PEDOT:PSS
films pose limitations in EMI shielding applications
primarily due to the dense structures of the resulting
films, which exhibit minimal porosity and are incap-
able of effectively scattering and absorbing incom-
ing EM waves [29–31]. In contrast, the novel and
straightforward freeze-drying method enables the
formation of a hierarchical porous structure, ampli-
fying interfacial attenuation by increasing surface area
and significantly improving EMI shielding proper-
ties. This process also substantially reduces the weight
of the polymer and improves its mechanical flex-
ibility. Therefore, the freeze-drying method could
be an effective approach for developing PEDOT:PSS
sponges suitable for EMI shielding and pressure sens-
ing applications. Our previous work demonstrated
PEDOT:PSS sponges without additives achieved a
maximum EMI SE of about 15 dB, coupled with a
very high porosity of 96% [32]. Even after compress-
ing these sponges and consequently reducing their
porosity, the EMI SE improved by about 60% of the
original value. However, these results are still insuffi-
cient for high-end EMI shielding applications, which
generally require EMI SE values between 40–120 dB.
To address these challenges, we explored the EMI
shielding properties of PEDOT:PSS sponges bymodi-
fying their porosity through various additives. In this
study, we successfully enhanced the EMI SE values of
PEDOT:PSS sponges to about 44 and 72 dB, with the
incorporation of certain additives.

This work investigated the EMI shielding proper-
ties of low-density and flexible PEDOT:PSS sponges
in the X-band frequency range between 8–12.4 GHz.
Two types of PEDOT:PSS sponges, revealing 3D com-
plex porous structure, demonstrated excellent elec-
tromechanical response due to enhanced electrical
conductivity by pore collapse. On the contrary, excel-
lent SE values of ∼44 dB and 72 dB for the two
sponges can be attributed to their high electrical con-
ductivities, porous structures, large surface areas, and
many internal surfaces.

2. Experimental section

2.1. Materials
PEDOT:PSS (Clevios PH1000) was purchased from
Heraeus Electronic Materials GmbH (Leverkusen,
Germany). A centrifugal mixer (THINKY ARM-
310) was used to prepare a uniform dispersion of
PEDOT:PSS by vigorously stirring at 2000 rpm for
3 min. Glycerol, polyethylene glycol 400 (PEG-400),
and (3-glycidyloxypropyl) trimethoxy silane (GOPS)
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were purchased fromSigmaAldrich and subsequently
used as-received without further purification.

2.2. PEDOT:PSS sponges preparation
Two different processing mixtures were used for
sponges preparation: (i) PEDOT:PSS/5% glycer-
ol/0.5% GOPS (type-I), and (ii) PEDOT:PSS/4%
glycerol/5% PEG-400 (type-II). The varying con-
centrations of additives were measured relative to
PEDOT:PSS dispersion. The uniform mixtures of
PEDOT:PSS (10ml) were prepared by vigorously stir-
ring at 2000 rpm for 3 min. Next, the mixtures were
transferred in centrifugal tubes and Petri dish and
stored in a freezer (Sanyo, model no: MDF-U74V)
at −20 ◦C for 27 h. Then, the frozen samples were
moved to a freeze-dryer (Labconco, model: Freezone
2.5 Plus) at−80 ◦C again for 27 h to finalize the pre-
paration of PEDOT:PSS sponges. Small amount of
GOPS (0.5 wt%) may increase the mechanical integ-
rity in type-I sponges [33]. For the type-II sponges,
adding 5 wt% PEG-400 could increase its elastic
properties, thereby impacting its overall mechanical
compressibility.

3. Characterization

3.1. Density measurement
The weight of two PEDOT:PSS sponges was meas-
ured using an analytical balance having a resolution of
0.1 mg (AL 104, Mettler Toledo). The average thick-
ness of the freeze-dried PEDOT:PSS sponges were
measured to be ∼0.4 mm, which were then cut into
a square shape of a length 4.07 mm and a breadth
5.16 mm. The volume of the sponges was calcu-
lated using the formula: length × breadth × height
(in cm3). Finally, the weight was divided by the
volume of the sponges to estimate the density
(see table 1).

3.2. Scanning electronmicroscopy (SEM)
The surface images of PEDOT:PSS type-I sponges and
type-II sponges were obtained using a SEM (Hitachi
TM3030) in a mixed mode (secondary and back
scattered secondary electron) at ambient conditions.

3.3. Mechanical properties
The mechanical properties of the samples were tested
using a multi-axial mechanical tester (Mach-1 model
v500csst, Biomomentum, Canada) equipped with a
load cell.

3.3.1. Compressive stress-strain measurement:
Cylindrical PEDOT:PSS sponges were placed on the
stage of the multi-axial tester and compressed at a
speed of 0.2 mm s−1 until squeezed completely under
the movable load cell. A vertical force was applied
on the sponges. The compressive Young’s modulus of

Table 1. Density of PEDOT:PSS based sponges. The errors for
thickness and density were calculated from measurements on at
least three similar samples.

Materials Thickness (mm) Density (g cm−3)

Type-I sponges 0.4± 0.02 0.63± 0.24
Type-II sponges 0.4± 0.04 0.92± 0.14

PEDOT:PSS sponges was calculated using the follow-
ing equation:

E = slope× (thickness/area) . (4)

The slope was calculated from the linear elastic
region of the stress-strain curve.

3.4. Electro-mechanical measurement
Electrical response under uniaxial compression was
measured using an electrical source meter (Agilent
B2902A) together with a linear tensile/compression
setup. The sponges were sandwiched between the
electrodes attached with two ends of the linear
tensile/compression setup during compression. The
normalized resistance (expressed in percentage) was
denoted as:

∆R

R
=

R0 −R

R0
(5)

where R0 and R represent the resistance at zero and
non-zero compression, respectively.

3.5. Electromagnetic shielding interference
measurement
The complex scattering (S) parameters were obtained
using a vector network analyzer (Keysight PNA-X
N5247B), introducing WR 90 waveguide of dimen-
sion 22.86 mm × 10.16 mm, in the X-band fre-
quency range between 8–12.4 GHz at room temper-
ature. Two port calibration (Thru-Reflect-Line) was
performed before starting the actual measurements.
The SE, expressed in decibels (dB), can be defined
as the logarithmic ratio of incident and transmitted
power as follows:

SET = 10 log

(
Pi
Pt

)
(6)

where Pi and Pt are the incident and transmitted
power. The total SE (SET) can be denoted as the algeb-
raic sum of reflection (SER), absorption (SEA), and
multiple reflection (SEMR) [8, 34–36],

SET = SER + SEA + SEMR SER + SEA. (7)

Based on the literature, SEMR can be neglected
when the magnitude of SET exceeds 15 dB [36–38].
The equations representing the correlation between
SE, reflection coefficient, and absorption coefficient
can be written as:

SER =−10 log(1−R) (8)

3
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SEA =−10 log

(
T

1−R

)
(9)

SET =−10 logT. (10)

Finally, the shielding efficiency, expressed in
percentage, can be referred to in the following
equation [18]:

EMI shielding efficiency (%)

= 100−
(

1

10
SET
10

)
× 100. (11)

4. Results and Discussion

Firstly, we prepared two PEDOT:PSS sponges, type-
I and type-II, using a freeze-drying technique, with
varying additives combinations. The freeze-drying
facilitated the formation of the porous structure of the
materials through two successive steps: (i) freezing the
polymer dispersion at −20 ◦C and (ii) freeze-drying
at−80 ◦C via sublimation.

The schematic representation of PEDOT:PSS
sponges preparation using freeze-drying, combined
with key experimental techniques involved in the
characterization processes, is shown in figure 1.
Mixing PEDOT:PSS with glycerol, GOPS, and PEG-
400 can lead to several effects. Glycerol, which con-
tains three hydroxyl (-OH) groups, engages in hydro-
gen bonding, dipole–dipole interactions, and dipole-
charge interactions with the sulfonic acid (-SO3H)
groups of PSS layers, resulting in a stronger affin-
ity toward PSS layers compared to PEDOT. During
this process, condensation reactions occur between
the -OH groups of glycerol and the -SO3H groups of
PSS, leading to the formation of sulfonic ester (S–O–
C) bonds via covalent linkage [39]. When GOPS is
added to PEDOT:PSS, two types of interactions take
place: the epoxy rings of GOPS interact with the -
SO3Hgroups of PSS layers, andGOPS-GOPS interac-
tions occur viamethoxy silane groups [40]. The inter-
actions between PEG and PEDOT:PSS are primar-
ily governed by the formation of hydrogen bonds
with PSS layers resulting in a transformation from
core–shell to quasi-linear structures [41]. The res-
ults are also illustrated in figure 1. Figures 2(a) and
(b) demonstrate the complex 3D porous structure
of both types of sponges, with irregular pore shapes
and sizes distributed randomly. The pore structure
in freeze-dried sponges is influenced by factors such
as freezing temperature, types of additives, freezing
direction, and additive concentration. When freezing
occurs at a higher temperature (e.g. −20 ◦C) than
freeze-drying (e.g. −80 ◦C), ice nucleation is slower,
leading to larger and randomly distributed pores
[42]. In contrast, directional freeze-drying, achieved
through a high-temperature gradient, allows con-
trolled ice crystal growth, resulting in unidirectional
pores. Since our freezing method does not involve

such directional control, we do not expect a well-
defined pore orientation or structure [42].

According to the literature, themathematical rela-
tionship between porosity and density in a porous
material is represented by equation (12) [43]. As
porosity increases, the density of the porous material
decreases.

φ = 1−
ρsponge
ρbulk

(12)

where ρsponge and ρbulk represent the sponges
density and bulk density (without pores), respect-
ively. The values of sponges densities are
0.63± 0.24 g cm−3 and 0.92± 0.14 g cm−3 for type-I
and type-II sponges, respectively, while the value of
ρbulk of PEDOT:PSS is approximately 1.03 g cm−3.
This equation estimates values φ of 38% for type-I
and 9% for type-II, indicating that type-I has higher
porosity than type-II sponges. We believe that gly-
cerol, GOPS, and PEG-400 impact pore formation in
PEDOT:PSS sponges by changing solution viscosity,
degree of crosslinking, and viscoelastic behavior [40,
41, 44]. Glycerol may disrupt the hydrogen bond-
ing arrangement in water, inhibiting ice formation,
which resulted in smaller pores due to slower ice crys-
tal growth [45]. GOPS may stabilize PEDOT:PSS by
enabling crosslinking network, adding mechanical
strength to the pores [40]. PEG-400 may reduce the
elastic modulus of porous structure due to its high
mobility and shorter polymer chains [44].

As noted, type-I contains GOPS and glycerol,
while type-II has glycerol and PEG-400. It may be
challenging to discuss the percolation threshold in the
sponges due to the complex hybrid nature of the pre-
cursor materials, which is influenced by distinct per-
colation thresholds, their concentrations, and their
interactions among different additives.

The stress-strain curves for type-I and type-
II sponges subjected to compression are shown in
figure 3(a). A representative schematic of the stress-
strain curve of sponges is presented in Figure S1. The
stress-strain curve for PEDOT:PSS sponges exhibited
four distinct deformation regions: (i) linear elastic,
(ii) elastic-to-plastic, (iii) plateau (plastic), and (iv)
densification. At small strains (<2% for type-I and
<5% for type-II), the sponges deformed elastic-
ally with a relatively a negligible deformation of the
internal pores. As the load increased, we speculated
that the pores in both types of samples began to col-
lapse during the elastic-to-plastic transition region,
which were 2%–10% for type-I sponges, and 5%–
25% for type-II sponges. Subsequently, the collapse
of the pores progressed at roughly constant load, lead-
ing to a stress plateau, whichwas approximately 10%–
37% for type-I sponges, and 25%–63% for type-II
sponges. At higher strains (37% for type-I sponges
and 63% for type-II sponges), the opposing walls
of the pores met and touched, resulting in a steep

4
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Figure 1. Schematic representation of (a) the process of obtaining cylindrical PEDOT:PSS sponges using a freeze-drying
technique (b) a digital photograph of type-I freestanding PEDOT:PSS sponges (c) a digital photograph of type-II freestanding
PEDOT:PSS sponges (d) experimental setup for the compressive stress-strain measurements coupled with an electrical source
meter (e) experimental setup for the EMI shielding effectiveness measurement using a vector network analyzer. The schematic
representation of chemical structure includes (f) PEDOT:PSS (g) glycerol (h) GOPS (i) PEG (j) crosslinking between PEDOT:PSS
and GOPS (k) PEDOT:PSS crosslinked with glycerol (l) transformation from core–shell to quasi-linear structure via PEG
treatment due to hydrogen bonding. The chemical reactions between glycerol and GOPS with PSS layers are also illustrated in the
figure.

Figure 2. SEM images of (a) type-I PEDOT:PSS sponges and (b) type-II PEDOT:PSS sponges,

5
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Figure 3. (a) Compressive stress-stain plot of type-I and type-II PEDOT:PSS sponges (b) normalized resistance ((∆R/R)× 100%)
versus compressive strain plot for type-I and type-II PEDOT:PSS sponges. Black and red solid lines in figures (a) and (b)
represented data points corresponding to type-I and type-II sponges.

rise in stress as the material densified. The densi-
fication region lasted up to nearly 80% and 100%
compression for type-I and type-II sponges, respect-
ively. These results indicated that type-I and type-
II sponges exhibit compressive Young’s moduli of
55.2 ± 8.4 kPa and 7.29 ± 1.12 kPa, respectively,
revealing that type-II sponges has a notably softer
structure compared to type-I sponges. The com-
bination of 5% glycerol and 0.5% GOPS in type-
I sponges facilitated the increase in Young’s modu-
lus primarily due to their strong crosslinking effects
on PEDOT:PSS (as shown in figure 1). Conversely,
in the type-II sponges, 4% glycerol solely acted as
a crosslinker to enhance Young’s modulus, whereas
5% PEG decreased it due to its viscoelastic properties
[44]. It is important to note that the specified val-
ues of additive concentrations were selected to optim-
ize their effect on the electrical and mechanical prop-
erties of PEDOT:PSS. Any deviation of these values
might adversely impact these properties. The addit-
ive concentrations exceeding 0.5% for GOPS, 5% for
glycerol, and 5% for PEG could lead to saturation in
their electrical properties [40, 41, 46], likely resulting
in a similar saturation in the mechanical properties.

Next, we assessed the evolution of resistance as
a function of compression for type-I and type-II
sponges, as shown in figure 3(b). The average bulk
resistances of type-I and type-II sponges were estim-
ated at 4.25 Ω and 61.53 Ω, respectively. We sug-
gest that when the magnitude of compressive strain
in PEDOT:PSS sponges is minimal, the deforma-
tion from compression shortens the conducting path
between the walls of the pores without allowing them
to touch. This causes a minimal decrease in electrical
resistance [43]. When PEDOT:PSS sponges are under
increasing compression, the pores begin to deform,
resulting in increased contact area and reduced elec-
trical resistance. When the compression reaches a
critical value (20% for type-I and 10% for type-II

sponges), the contact area increases further due to
the closing of the pores, which enhances conduct-
ive pathways and steadily decreases electrical resist-
ance. At 20% compression, the electrical resistances
of type-I and type-II sponges decrease by about 70%
and 95% of their initial values, respectively. Under
extremely large compression, the pores are mostly
collapsed in the sponges, leading to saturation in
the electrical resistance [32, 44]. Notably, due to its
lower Young’s modulus, the type-II sponges exhibited
a greater decrease in electrical resistance than that of
the type-I sponges.

Finally, the EMI shielding properties type-I
sponges, and type-II sponges were evaluated in the
X-band frequency range. The coefficients of reflec-
tion (R), absorption (A), and transmission (T) for
all the samples were calculated from scattering (S)
parameters. R and A values were obtained as 0.96
and 0.04 for type-I sponges and 0.99 and 0.01 for
type-II sponges (figure S2). The frequency depend-
ence of SER, SEA, and SET was plotted and indicated a
nearly stable response for the studied samples across
the whole range of X-band frequency (figures 4(a)
and (b)). The SET values corresponding to type-I
sponges, and type-II sponges were∼ 44 dB and 72 dB,
respectively. We further estimated the EMI shielding
efficiency values of 99.996% and 99.999% for type-I
and type-II sponges, respectively. It was clear that
type-II sponges is the most effective in addressing
EM pollution as indicated by its high value of SET of
72 dB. It was understood from the literature that EMI
shielding materials can be divided into three categor-
ies based on their SE values: low with SE < 10 dB,
moderate with 10 dB < SE < 30 dB, and high with
SE > 30 dB [47]. Particularly for aerospace applic-
ations, the requirement of SE values lies between
40 dB and 120 dB [48]. The impact of pores on EMI
shielding depends on their size, distribution, and
irregularities. Irregular pores increase surface area
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Figure 4. Variation of SE (SER, SEA and SET) as a function of frequency for (a) type-I PEDOT:PSS sponges (b) type-II
PEDOT:PSS sponges.

Figure 5. Schematic illustration of EMI shielding mechanism in PEDOT:PSS sponges.

and create intricate pathways, enhancing EMI shield-
ing through internal scattering and multiple reflec-
tions. However, excessive irregularities can disrupt
the conductive network, lowering electrical conduct-
ivity and SE. While pores play a key role, they are
not the sole factor determining EMI shielding beha-
vior. The EMI shielding due to reflection is determ-
ined by the impedance mismatch between air and
PEDOT:PSS sponges [49, 50]. Given the high con-
ductivity of these sponges, the reflection-based EMI
shielding is anticipated to be considerable. EM waves
attenuate as they penetrate the pore walls, depending
on the wave impedance in the PEDOT:PSS sponges.
Multiple reflections also occur between the two inter-
faces of the pore walls. As the EM waves transmit
into the pores, they undergo both reflection and pen-
etration upon arriving at the second interface. The
reflected EM waves repeatedly bounce between the
two interfaces within the pores, leading to prolonged
wave propagation and increased energy dissipation
through absorption and scattering [51]. However,
excessive pore irregularities could negatively impact
the internal conducting network, thereby reducing
overall electrical conductivity, and resulting in a
lower EMI SE. Overall, the high electrical conduct-
ivity, complex porous structure, large surface area,

and the existence of many internal surfaces could res-
ult in attenuation of the EM waves in both sponges.
The most probable mechanism for the EMI shield-
ing in PEDOT:PSS sponges could be the combined
effect of reflection and multiple internal reflection as
they exhibited high R and high SEA [52]. The pres-
ence of folded layered structure in type-II sponges in
its cross-section (figure S3) contribute more to the
interfacial attenuation of the incident EM waves that
may result in higher value of EMI SE. The schematic
illustration explaining EMI shielding mechanism in
PEDOT:PSS sponges is shown in figure 5.

5. Conclusion

In the present study, we demonstrated the EMI
shielding in PEDOT:PSS-based sponges in the X-
band frequency range (8–12 GHz), together with
their morphological, mechanical, and electromech-
anical characteristics. The compression-induced
increase in the electrical response of 3D porous
PEDOT:PSS sponges was attributed to the forma-
tion of new electrical contacts due to pore collapse.
PEDOT:PSS sponges displayed excellent EMI SE val-
ues of 44 dB and 72 dB resulting from the com-
bined effect of high electrical conductivity, porous

7
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structure, large surface area, and interfacial attenu-
ation of the EM waves. Our current work sheds light
on designing lightweight and flexible EMI shielding
materials, showing a wide range of SE values offering
potential applications in portable electronic devices,
aerospace, and military.
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