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A Lightweight, Elastic, and Thermally Insulating Stealth
Foam With High Infrared-Radar Compatibility

Weihua Gu, Samuel Jun Hoong Ong, Yuhong Shen, Wenyi Guo, Yiting Fang,

Guangbin Ji,* and Zhichuan J. Xu*

The development of infrared-radar compatible materials/devices is
challenging because the requirements of material properties between infrared
and radar stealth are contradictory. Herein, a composite of poly(3,
4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) coated
melamine foam is designed to integrate the advantages of the dual materials
and the created heterogeneous interface between them. The as-designed
PEDOT:PSS@melamine composite shows excellent mechanical properties,
outstanding thermal insulation, and improved thermal infrared stealth
performance. The relevant superb radar stealth performance including the
minimum reflection loss value of —57.57 dB, the optimum ultra-wide
bandwidth of 10.52 GHz, and the simulation of radar cross section reduction
value of 17.68 dB m?, can be achieved. The optimal specific electromagnetic
wave absorption performance can reach up as high as 3263.02 dB-cm® g~ .
The average electromagnetic interference shielding effectiveness value can be
30.80 dB. This study provides an approach for the design of high-performance

electromagnetic energies into heat.>*l If
electromagnetic energies are transformed
into heat, the target can be easily detected
by infrared detectors.’] Therefore, it is de-
sired to develop materials having both mi-
crowave absorption and infrared stealth
abilities. However, the requirements of the
electromagnetic properties of materials for
radar stealth and infrared stealth are mu-
tually restrictive. On the one hand, radar
stealth requires materials that strongly ab-
sorb electromagnetic waves within a cer-
tain frequency range (2-18 GHz), that is,
with low reflection and high absorption
characteristics.®! On the other hand, in-
frared stealth requires materials that exhibit
high reflection and low absorption char-
acteristics in the infrared band (3-5 um

stealth materials with infrared-radar compatibility.

1. Introduction

The use of radio frequency (RF) and microwave technology in
the form of wireless network and communication systems, radar
systems, environmental remote sensing, and medical systems,
has resulted in electromagnetic wave pollution.!?] Radar stealth
materials are promising solutions to solve the attendant elec-
tromagnetic wave pollution due to their ability to transform
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and 8-14 pm)."! According to Kirchhoff’s
law,®l infrared emissivity is equal to the ab-
sorptivity; and so, infrared stealth requires
high reflectivity and low emissivity. These
contradictory requirements have created
difficulties, especially in the development of broadband mi-
crowave absorbing materials that have infrared stealth.

Recently, engineering heterointerfaces have proven to be an ef-
fective strategy to design high-performance infrared-radar com-
patible stealth materials.[*1% For instance, Shi et al. have sprayed
polyurethane and aluminum powders with low infrared emissiv-
ity on a metamaterial substrate with low electromagnetic reflec-
tivity to form an infrared-radar suppressing coating.l''l Huang
et al. have fabricated a kind of bionic moth-eye structural mate-
rial with multibands adaptability through coating of as-prepared
suspension and follow-up embossing by honeycomb mold. Its
lowest infrared emissivity attains 0.77 and optimal microwave
absorption bandwidth ranges from 8.04 to 17.88 GHz (9.84
GHz).['2l Zhu et al. have designed a multilayer structural multi-
spectral camouflage device with heterogeneous interfaces, which
consists of ZnS/Ge wavelength-selective emitter and a microwave
metasurface.['®] Feng et al. proved the feasibility of using multi-
scale hierarchical metasurfaces to cope with multispectral com-
plementary detection technology by combining theoretical anal-
ysis, simulation, and experiment.['*] The effectiveness in gener-
ating enhanced infrared stealth and appropriate electromagnetic
responses can be regulated by tuning the chemical composition
and structures. Several mechanisms led by heterointerfaces, such
as space charge distribution, electron transport, and lattice de-
fects have been found to have a profound impact on polarization
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relaxation and conduction loss.[">1®] With these advantages, cre-

ating hetreointerfaces is a promising approach to improve the
infrared-radar compatible stealth performance. In developing a
heterogenous interface of two materials, one used in this work is
melamine foam. The porous structure makes the foam intrinsi-
cally lightweight and provides a large specific surface area with
ample room to load other functional materials.['’] The previous
work conducted by Jia et al. shows that melamine foams can pos-
sess a rough surface that allows for the coating of conductive ma-
terials after an alkaline treatment.'8] The coating allows a long
electromagnetic wave transmission path and enough winding
space and generates polarization sites which are instrumental in
inducing multiple scattering of microwaves inside the material.
In addition, melamine foams are mechanically strong enough as
a support material, and they are simple in composition and low
in cost.””]

The other selected material is an ether substituted conducting
polymer poly(3,4-ethylenedioxythiophene): polystyrene sulfonate
(PEDOT:PSS). In general, conducting polymers such as polyani-
line, polypyrrole, and polythiophene have pseudo-metallic be-
haviors, which are beneficial to low infrared emissivity.[?] This
can be attributed to Hagen-Rubens law, E(w) = 2(2e,0/05)'/?,
where E(w) is infrared emissivity, e, signifies permittivity of vac-
uum, @ represents angular frequency, and o stands for electri-
cal conductivity.[?!l The above conductive polymers are unstable,
especially in humid air.?l Among these conductive polymers,
ether substituents of PEDOT can reduce the oxidation poten-
tial of monomers and polymers, making them easier to poly-
merize and more stable during redox reactions.[¥) PEDOT:PSS
not only improves the solubility of PEDOT via PSS,?*l but also
offers a way for tuning the radar stealth and electromagnetic
interference (EMI) shielding properties through the optimiza-
tion of heterogeneous interface. For example, Wang et al. found
that PEDOT:PSS-Fe;0,-rGO nanocomposites showed a mini-
mum reflection loss value of -61.4 dB and a maximum band-
width of 6.4 GHz.I%] The radar stealth performance of these com-
posites was attributed to the reconstruction of conductive net-
works for aggregation-induced charge transport by decorating
PEDOT:PSS, and the introduction of heterogeneous interfaces
for multiple relaxations. In a similar manner, our team intro-
duced nano-sulfur particles into graphene-PEDOT:PSS compos-
ites to create a material with multiple interfaces, and obtained
a minimum reflection loss value of —21.9 dB.[?] In addition, Yu
etal. manufactured a series of freestanding PVA/PEDOT:PSS/Ag
nanowire films via an evaporation process.[?”] Due to the high
conductivity of both PEDOT:PSS and Ag nanowires, the opti-
mal electromagnetic interference shielding effectiveness (EMI
SE) value can reach up to 33 dB. Besides that, Yang et al. fabri-
cated ultralight Ti,C,T,/PEDOT:PSS hybrid aerogels with multi-
ple interfaces for high performance EMI shielding, in which EMI
shielding was primarily provided by the electromagnetic absorp-
tion mechanism.[?®] These results suggest that PEDOT:PSS is a
good option for use in radar stealth and EMI shielding applica-
tions.

Given the excellent characteristics of these two materials, it
can be deduced that the combination of PEDOT:PSS and 3D
structural melamine foam is likely to yield a promising com-
posite material for high-efficiency infrared-radar spectrum com-
patible devices. Herein, effective electrical conductivity intro-
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duced by PEDOT:PSS and thermal insulation ability introduced
by porous network play dominant roles in infrared stealth mech-
anisms. The microwave absorption is through sufficient dielec-
tric loss and appropriate impedance matching. Conduction fea-
tures of the polymers are realized by the linear or planar con-
figuration with conjugated 7z electrons and the role of charge
transfer; thereby, adequate dielectric loss can be guaranteed.2%3]
With the regulation of loading mass of PEDOT:PSS on melamine
foam and the filling of paraffin, the composite shows suitable
impedance matching performance.

2. Results and Discussion

Figure 1 depicts a schematic illustration of the preparation pro-
cess of the 3D PPM foams. First, the solution used for dip-coating
was made by mixing a pristine PEDOT:PSS suspension, dimethyl
sulfoxide (DM SO), and dodecylbenzene sulfonic acid (DBSA). In
the final material, PEDOT:PSS plays the role of conductive com-
ponent, ensuring electrical conductivity for EMI shielding perfor-
mance and improving dielectric loss for microwave absorption.
As PEDOT has hydrophobic features while PSS has hydrophilic
features, PEDOT:PSS is not very soluble in most commonly-used
solvents.’! To overcome this issue, DMSO, which is a highly
aprotic polar solvent soluble in both water and organic solvents
was selected.l’?] DMSO is known to improve electrical conduc-
tivity of this material when used as a cosolvent before being re-
moved by a drying process.*}] Besides, DBSA acted as a dis-
persing agent in this work, which is removed using a washing
process.[>* At the same time, one whole piece of raw melamine
foam (MF) was cut to fit the desired dimensions and cleaned with
deionized water and ethanol. After that, the melamine foam was
subjected to a hydrophilic treatment using a NaOH solution at 65
°C using an oil bath. The surface of the dried melamine sponges
was found to become rougher after treatment, which can be seen
from Figure S1, Supporting Information. The final PPM speci-
mens were obtained by dip coating the treated melamine sponges
in the PEDOT:PSS solution with the desired dip times, washing
process, and drying conditions.

Pure PEDOT:PSS samples without melamine foam were also
synthesized for comparison. As shown in Figure 2a, the PE-
DOT:PSS sample exhibits a 2D lamellar structure. With the aid of
dispersing agent DBSA and cosolvent DMSO, PEDOT:PSS speci-
mens with enhanced electrical conductivity could be successfully
obtained. As illustrated in Figure 2b-e, melamine foams are 3D
interconnected networks with nodes formed at the meeting of
three/four slender branches. The amount of PEDOT:PSS in the
composite increases with dipping time, which can be seen from
the SEM images. As depicted in Figure S2, Supporting Informa-
tion, the surfaces of all PPM samples appear to be fully coated
with PEDOT:PSS despite the presence of some aggregation. This
can be ascribed to the following reasons: 1) the strong wetting of
the hydrophilic MF surface by the as-prepared PEDOT:PSS so-
lution and 2) the strong intermolecular interactions (r—z stack-
ing) between MF foam and PEDOT:PSS caused by their aro-
matic heterocyclic structures.**! In order to fulfill the many de-
sign requirements of multifunctional EM absorption and shield-
ing materials, it is necessary to consider physical properties of
the material, such as density. In this respect, the synthesized
PPM foams perform well, with extremely low densities due to
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Figure 1. Schematic description of preparing PPM foams.

their highly porous nature. Figure 2a demonstrates this by show-
ing the PPM foam supported on top of an orange flower with-
out deforming its petals. As depicted in the column diagram of
Figure 2f, the masses of PPM40/60/80/100 specimens are 0.67,
0.81, 0.87, and 0.99 g, respectively. The resulting density values
are 0.12, 0.14, 0.15, and 0.17 g cm~ for PPM40, PPM60, PPMS80,
and PPM100, respectively. The details behind these calculations
are presented in Table S1, Supporting Information. The mass
loading of PEDOT:PSS on the melamine foams clearly exhibits
a gradual increasing trend with increased immersion time, re-
sulting in increased gravimetric loading ratio (Q, g g™') (10.80,
13.34,13.81, and 16.12 g g~! for PPM40/60/80/100).3¢! The cal-
culations for Q are also presented in Table S1, Supporting Infor-
mation. As previously mentioned, the lightweight nature of the
material may be due to its high porosity. As shown in the mercury
intrusion and extrusion curves (Figure S3, Supporting Informa-
tion) and numerical summary in Table S2, Supporting Informa-
tion, the void fractions of the PPM foams can reach up to 98.98%
(MF), 96.98% (PPM40), 95.84% (PPM60), 95.67% (PPM80), and
92.67% (PPM100), respectively. Figure S3, Supporting Informa-
tion, also shows that the pore sizes for all samples are mainly
distributed within a range of 100 to 200 pm. Pristine melamine
foam is found to have an average pore size of 198.003 um. Mean-
while, the average pore sizes of the PPM40/60/80/100 samples
are 137.447, 130.127, 129.840, and 124.443 pm, respectively, in-
dicating decreasing pore size with increasing dipping time. This
is likely due to the increased amount of PEDOT:PSS loaded in
the composite. That is to say, more filling can create more con-
tact between PEDOT:PSS and the melamine skeleton and air,
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resulting in decreased porosity and reduced pore size. The FT-
IR transmission spectra of PPM80 and PPM100 porous hybrid
foams can be found in Figure 2g. The characteristic peaks at
3342 and 1321 cm™' may be assigned to the stretching vibra-
tion of N-H and C-N bonds of pristine melamine foams.[*’!
The peak at around 2926 cm™! corresponds to the C-H chemi-
cal bond, which is expected from saturated carbon. Both samples
show peaks at 1544, 1470, and 816 cm ™!, which can be attributed
to the C=C, C-C, and C-S chemical bonds of PEDOT. In addi-
tion, two peaks centered at 1155 and 990 cm™' may be assigned
to the asymmetric and symmetric vibration of S=O functional
group, respectively.®¥] Compared to the peaks of N-H and S=0O
(Vas) bonds in PPM80, those of PPM100 show a slight shift to-
ward shorter wavelengths (higher wave number). It is well under-
stood that a shift toward higher wave numbers indicates a greater
energy required for that bond to vibrate; therefore, suggesting
the presence of a more stable functional group. Hence, it can
be deduced that PEDOT:PSS can be more firmly loaded on the
melamine framework with increased dipping time. XPS was also
carried out to provide more information on the chemical states of
the synthesized material. The overall XPS spectrum of MF shows
C 1s, N 1s, and O 1s photoelectron peaks, and O KLL and C KLL
auger peaks, as shown in Figure 2h. Compared with MF, the XPS
survey spectrum of PPM80 in Figure 2h presents an additional
S 2p peak, which is the result of the presence of PEDOT:PSS.
High-resolution XPS of the C 1s and S 2p peaks from the as-
prepared PPM80 sample are displayed in Figure 2i. Three fitted
peaks at 284.6, 286.1, and 287.5 eV are present for C 1s peaks,
which may be assigned to C-C/C=C, C-0-C/C-OH, and C-S
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Figure 2. a) SEM image of the pure PEDOT:PSS sample with digital photograph of PPM sample placed on top of an orange flower. b—e) SEM images of
PPM40, PPM60, PPM80, and PPM 100 foams, respectively. f) Mass and density diagram of the 3D hybrid foams. g) FT-IR spectra of PPM samples. h)
XPS survey scan of pristine melamine sponge and PPM80 specimen. i) High-resolution of C 1s and S 2p of the as-prepared PPM80 sample.

groups respectively.*?] As for the S 2p spectrum, Figure 2i also
depicts one peak at ~164 eV which corresponds to sulfur bonded
to carbon (C—-S—C) in poly(3, 4-ethylenedioxythiophen) (PEDOT),
while another peak at ~#168 eV corresponds to the sulfur in the
SO,~ group in polystyrene sulphonate (PSS).[**l These results
show that the as-prepared lightweight PPM foams not only main-
tain the 3D porous structure of the MF substrate but also have
successfully loaded the PEDOT:PSS conductive polymers.
Traditional microwave absorbing coating materials usually
show poor durability in harsh environments. In this, due to the
3D cross-linked network architecture, our lightweight hybrid
foam possesses excellent mechanical properties that allows it
to withstand repeated uses and effectively recover after defor-
mation. As illustrated in Figure S4, Supporting Information,
the PPM80 foam can bear the weight of loads with mass up to
200 g, which is ~380 times its own (0.5260 g), while only being
compressed to 10 mm from the initial 13 mm thickness. The
compression resistance of the material was also examined, and
the stress—strain (c—¢) curves of PPM hybrid foams are shown
in Figure 3a. With a maximum strain e of 90% and an automatic
strain rate of 1 mm min™', the maximal ¢ values of MF and
PPM40/60/80/100 samples are 28.4, 34.5, 37.3, 57.7, and 82.0
kPa, respectively. Figure S5, Supporting Information; Figure 3b

Adv. Sci. 2022, 9, 2204165

show the compressive mechanical behavior of MF and PPM80
for 200 fatigue cycles with a maximum strain of 60%. After
unloading both MF and PPMS80, the strain is restored to 0%,
that is, the original sample volume is completely restored with-
out plastic deformation. As the number of loading-unloading
cycles increases, the energy loss coefficient (dissipated energy
of each loop area relative to work done in the loading curve)
decreases, which can be seen from the insets of Figure 3b;
Figure S5, Supporting Information. The energy loss coefficient
values of MF (from 20.4% to 17.15%) are slightly larger than
those of PPM80 (from 19.25% to 16.17%), indicating that the
addition of PEDOT:PSS positively contributes to the resilience
of the composite foam. To further investigate the mechanical
properties of the as-prepared PPM80 specimen, it was subjected
to compression, torsion, and bending behaviors by hand, which
can be observed in Videos S1-S3, Supporting Information.
In addition, Figure 3c contains a series of still frames from
the aforementioned videos, revealing the satisfactory ability of
the material to recover from compression, and its remarkable
ability to undergo torsion and bending. In addition, Figure S6,
Supporting Information, depicts the results of a humidity test of
three sets of the samples with constant temperature (23 °C) and
variable humidity. Upon visual inspection, the three groups of
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Figure 3. a) Compressive stress—strain (c—¢) curves of PPM foams at 90% strain. b) Fatigue test of PPM80 at 60% strain for 200 cycles. Inset: energy
loss coefficients over 200 cycles. c) A series of digital images showing compress—recover process and remarkable deformation feature of torsion and
bend of the 3D hybrid foams. d—n) Thermal infrared images of PPM80 sample captured at intervals of 1 min from 0 to 10 minutes. o) Variation tendency
of the temperature detected on the upper surface of samples versus different heating time at a fixed set temperature of heating platform.

the samples show almost no discoloration, spotting, dissolution
or shedding, indicating that the samples are fairly stable under
such conditions. There is no doubt that the excellent mechanical
properties and respectable humidity resistance of the 3D porous
PPM composites will contribute to an excellent service life and
expand their fields of application. Besides excellent mechanical
performance, the material shows excellent thermal insulation
properties, which renders it highly suited for practical applica-
tions in high-temperature conditions. To compare their thermal
insulation performance, pristine MF and all hetero-structural
PPM samples were placed on a bulb type heating platform with
a set temperature of 80 °C and thermal infrared images were
captured from above. The corresponding images after durations
of 0 to 10 min are presented in Figure S7, Supporting Informa-
tion (MF), Figure S8, Supporting Information (PPM40), Figure
S9, Supporting Information (PPM60), Figure 3d—n (PPM80),
and Figure S10, Supporting Information (PPM100), separately.
Among all samples, the pristine MF shows both the greatest
surface temperature and the greatest heat transfer rate, which
can be seen from the fact that the color of the sample surface

Adv. Sci. 2022, 9, 2204165

quickly turns green, corresponding to increased temperature.
As for the PPM hybrid foams, there is a clear progression of
decreasing surface temperature as coating time increases, which
is evident from Figure 3o. In addition, Figure S11, Supporting
Information, shows a thermal infrared image of the side of a
PPM80 sample with a thickness of 10 mm. On initially placing
this sample on the heating platform, it appeared red on the
bottom and blue on the surface. Heating was continued until the
surface temperature of the sample was stable. Despite this long
heating process, the thickness of the red part at the bottom of the
sample remained less than 3 mm, indicating that the sample has
good thermal insulation properties. Given the similar external
temperature and pressure conditions under which all samples
were tested, it is clear that the excellent results of the composites
are due to the low thermal conductivity of the PEDOT:PSS
component and the open cellular architecture of the MF. The
thermal transmission mechanisms of the as-prepared foams
are depicted in Figure S12a, Supporting Information, including
thermal conduction in solid phase, thermal conduction between
solid phase and gas phase, thermal convection through gas

2204165 (5 of 14)  © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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phase, and thermal radiation.!'”] Figure S12b, Supporting Infor-
mation, shows that the thermal conductivities of pristine MF,
PPM40/60/80/100, and PP are 0.053, 0.036, 0.034, 0.029, 0.025,
and 0.020 W m~1-K~!, respectively, ensuring the possibility
of enhanced thermal insulation performance with increasing
PEDOT:PSS content. A low density (Table S1, Supporting Infor-
mation) and high porosity (Table S2, Supporting Information)
caused by the 3D network are conducive to the reduction of
thermal conduction.[*!l Furthermore, the abundance of air in
randomly distributed pores, which possesses low thermal con-
ductivity, is beneficial to improve thermal insulation by limiting
heat transfer to convection and radiation. Videos S4 and S5,
Supporting Information, were recorded to further demonstrate
the thermal insulation performance of the material. Video S4,
Supporting Information, clearly shows that a fresh leaf placed on
asbestos wire gauze and heated using an alcohol lamp quickly
withered and burned within merely 1 min. However, Video S5,
Supporting Information, shows that with the added protection
of 3D porous lightweight PPM80 foam, the leaf did not burn
even after 10 min but only began to wither after ~86 s and
then turned yellow after 6 min and 19 s. The PPM foams were
quite clearly effective thermal insulators. In addition, Table
S3, Supporting Information, summarizes the limiting oxygen
index (LOI) of all samples and Videos S6-S10, Supporting
Information were recorded to show combustion experiments
in which all samples were in contact with an open flame. As
shown in Table S3, Supporting Information, the LOI values
of MF and PPM40/60/80/100 are 33.59%, 31.25%, 30.90%,
26.30%, and 25.19%, respectively. This is consistent with the
observations shown in Videos S6-S10, Supporting Information,
where MF/PPM40/PPM60 were highly resistant to the flame
and PPM80/PPM100 could be ignited but was extinguished
immediately after being removed from the fire. This is likely
due to the fact that pristine melamine foam is rich in nitrogen
atoms, which results in the production of inert gases (N,) which
serve the purpose of flame retardants when the foam is exposed
to open flame. However, PEDOT:PSS also contains some oxy-
gen and sulfur atoms, which may reduce the flame retardant
effect. Therefore, it is very important to choose an appropriate
proportion of the two components through the dipping time de-
pending on the application’s requirements. The infrared stealth
properties of these hetero-structural composites were also stud-
ied using thermal infrared images and an infrared emissivity
test. On account of the development of middle infrared region
(3-5 pum) and thermal infrared band (8-14 um) detectors, the
development of infrared stealth materials capable of overcoming
such detectors is of great interest. In order to protect a target
from detection, such stealth materials must effectively shield the
target’s infrared radiation from the detector. In essence, infrared
stealth materials must reduce the radiancy difference between
the target and the background, AE, which is simply calculated
according to the equation AE = E—E,,[*”] where E, represents
the infrared radiant energy of the target and E, signifies the in-
frared radiant energy of the background. These infrared radiant
energies are calculated based on the Stefan-Boltzmann law:[*!

E = EtO'T: (1)

E, =€,0T; (2)
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Herein, €, and ¢, stand for the infrared emissivity of the target
and the background, o is the Stefan-Boltzmann constant, and
T, and T, are absolute temperatures of the target and the back-
ground. Clearly, radiation energy is in direct proportion to not
only infrared emissivity values but also the absolute temperature
raised to the fourth power. The performance of our material can
be analyzed through its effects on infrared emissivity. It is gener-
ally accepted that infrared emissivity is affected by surface rough-
ness, test angle, test temperature, and electrical conductivity.[*/—
461 Due to the uniform dipping process, the surface roughness for
all PPM samples is likely to be almost the same, while test angle
and test temperature are experimentally controlled. Thus, elec-
trical conductivity of the material is likely the key factor inform-
ing differences in infrared emissivity. Generally, greater electrical
conductivity is associated with reduced infrared emissivity. Table
S4, Supporting Information, shows that the resistance values (R)
of MF and PPM40/60/80/100 specimens are oo, 428, 233, 189,
and 116 Q, respectively. Thus, the electrical conductivity values
(c) of PPM40/60/80/100 are 0.58,1.07, 1.32, and 2.16 S cm™, re-
spectively, exhibiting an obvious increasing trend with increased
dip-coating time (Figure S13, Supporting Information). This ex-
plains the decreasing trend in infrared emissivity shown in Fig-
ure Sl4a,b, Supporting Information, where the infrared emis-
sivity of pristine MF and PPM40/60/80/100 hybrid foams are
0.872, 0.803, 0.799, 0.793, and 0.788 in the 3-5 pm band and
0.994, 0.823, 0.784, 0.764, and 0.757 in the 8-14 uym band, re-
spectively. Therefore, increased dip-coating time yields a material
with improved infrared camouflage performance. The decreased
radiative energy in the above infrared band may lead to accumus-
lated energy inside the material and thermal instability.l*’] This
may cause an increase in the surface temperature of the device,
which may render it easily detected by infrared detectors. There-
fore, in order to realize infrared stealth, reducing surface tem-
perature of the protected equipment to suppress infrared radi-
ation is another effective method. Thermal imaging was there-
fore used to demonstrate the PPM foams’ ability to suppress in-
frared radiation emitted. The thermal infrared images taken of
the PPM foams in Figure 3d-n; Figures S7-S10, Supporting In-
formation, show that the surface of the as-prepared PPM foams
has similar color to that of the ambient environment, which is in
sharp contrast to the brightness of the heating platform. Clearly,
the gas-filled 3D frameworks of the hybrid foams effectively sup-
press the visible surface temperature, making them excellent
thermal insulators that are well-suited to infrared camouflage.
As a result, it is clear that the 3D lightweight hetero-structural
PEDOT:PSS@melamine composite offers a combination of ex-
cellent mechanical properties and good thermal insulation that
makes them suited for a wide variety of applications.

The electromagnetic absorption and shielding properties of
the PPM foams were also tested. To do this, intact PPM foams
were combined with paraffin to form PPM foam/paraffin com-
posites as described in the Experimental Section. According to
the transmission line theory, the input impedance (Z,,) repre-
sents the impedance value at the air-material interface, which
can be calculated by the following formula using the frequency-

dependent complex permeability i, and permittivity e,:[*¢]

2

Zo = Zy/Zo = (n/€,) " tanhj (22fd/c) (ue,)""") (3)
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Figure 4. a—d) 3D RL plots of PPM40, PPM60, PPM80, and PPM100/paraffin composites, respectively. e-h) The calculated delta values versus frequency
maps (1-5 mm) of a set of PPM/paraffin samples. i) Reflection loss intuitive comparison curves of the 3D hybrid foams. j) Average delta values and k)
effective bandwidth comparison column charts of the 3D hybrid foams at the thickness of 3.9, 4.25, and 5 mm. |) Attenuation constant evaluation plots

in the frequency range 2-18 GHz.

Above, Z,, is the characteristic impedance of the microwave
absorbing materials, Z, is a fixed constant 120 z (%377) Q stand-
ing for the intrinsic impedance of free space, d means thickness
of the microwave absorber, and c¢ signifies the speed of light.
Based on the metal back plane model, the microwave-absorption
performance of the bulk PPM/paraffin composites could be eval-
uated via reflection loss (RL) values:[**30]

RL = 20log|(Z,, — 1)/(Z;, +1)| 4)

Composites typically require effective absorption of at least
90% to be described as effective microwave absorbers. In short,
the reflection loss values of the composite should be more neg-
ative than —10 dB.°Y As Z,, approaches 1, RL values approach
—oo, which signifies zero reflection and is ideal for the purpose
of microwave absorption. As depicted in the 3D RL plots (Fig-
ure 4a—d), the PPM40, PPM60, PPM80, and PPM100/paraffin
composites all possess satisfactory reflection loss values below
—10 dB, which are marked by black bold lines. The minimum
RL (RL,;,) values for all PPM/paraffin composites are shown in
Figure 4i. In the case of PPM40/paraffin composites, the mini-
mum reflection loss value is only —19.24 dB at 13.4 GHz (in Ku
band) for a foam thickness of 5 mm. However, the RL,;, value
of the PPM60/paraffin composites can reach up to —57.57 dB at
11.28 GHz (in X band) for the thickness of 5 mm, which is the
minimum RL value among all specimens. As for PPM80/paraffin

Adv. Sci. 2022, 9, 2204165

composites, a RL,_;,, value of —56.76 dB can be achieved and the
optimal thickness is a comparatively lower at 4.25 mm. In ad-
dition, the PPM100/paraffin specimens possess an RL . value
of —51.77 dB at 17.36 GHz with an even smaller optimal thick-
ness of 3.9 mm. Although the foam thicknesses are not very
thin, this weakness is ameliorated by the fact that the density
values of the PPM/paraffin composites are extremely low due
to their highly porous 3D interconnected structure as discussed
previously. Using Equation (S2), Supporting Information, the
specific EM wave absorption performance (SMAP) of the as-
prepared PPM40/60/80/100/paraffin composites could be calcu-
lated using the RL values at certain thicknesses within the fre-
quency range 2-18 GHz, and the density of the foam/paraffin
composites.[>?] The density values of the foam/paraffin compos-
ites increase with dip coat time as expected from densities of the
foam alone, with density values of PPM40/60/80/100/paraffin
composites being 0.1220, 0.1377, 0.1471, and 0.1694 g cm™>,
respectively. As revealed in Table S5, Supporting Information,
all samples deliver excellent SMAP values of greater than 2000
dB-cm?® g~!. In particular, the SMAP value of PPM80/paraffin
sample is a very high 3262.02 dB-cm?® g~! for a thickness of 3.9
mm revealing its admirable microwave absorption performance.
Another metric used in evaluating microwave absorption perfor-
mance is the degree of impedance matching. It can be calcu-
lated using a delta-function A = |sinh?(Kfd)—M|.3] The deriva-
tion of this delta-function is provided through Equations $3-S12,

2204165 (7 of 14)  © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Supporting Information. As A values of the microwave absorb-
ing materials approach zero, satisfactory impedance matching
performance is obtained. The 2D color fill contour A—f curves
of intact PPM/paraffin specimens for a thickness range of 1-
5 mm are shown in Figure 4e-h, with A values of 0.5 demar-
cated by white lines. Apart from PPM40/paraffin composites, all
other samples possess at least some portion of low A values,
showing the composites’ high degree of impedance matching
at specific thicknesses and frequency ranges. The poor perfor-
mance of PPM40 can be attributed to an excessively low permit-
tivity caused by the low conductivity of PPM40/paraffin, which
prevents electromagnetic waves from traveling inside the ma-
terial and negatively affects the attenuation and dissipation of
electromagnetic waves.[** As shown in Figure 4i, the minimum
reflection loss values of each composite can be captured at ei-
ther 3.9, 4.25 and 5 mm. Therefore, these thicknesses are se-
lected when comparing A values and effective bandwidth. Col-
umn diagrams in Figure 4j further support the conclusion that
PPM40/paraffin has poor impedance matching. For these thick-
nesses, the average values of A plotted against dipping time form
a valley shape. The average A value of PPM60/paraffin is lower
than that of PPM80/paraffin at 5 mm, which may be due to the
increased thickness causing reduced electrical resistance and in-
creased microwave reflection from PPM80/paraffin. It can be de-
duced from this that appropriate thickness contributes to good
impedance matching. As previously discussed, electrical conduc-
tivity of the composites is also likely to increase with dip time
of the PPM foams. Compared with PPM80/paraffin, the higher
conductivity of PPM100/paraffin is not in favor of the impedance
matching and results in more reflection at the surface of the
absorber.[>®l Due to the role of electrical conductivity in regulat-
ing impedance matching (too high or too low are not conducive
to impedance matching), it becomes clear that the calculated
A values are consistent with this property, showing an optimal
point for PPM80/paraffin at an average A value of 0.53. Besides
that, the engineered interfaces between PEDOT:PSS, 3D porous
melamine foam and paraffin may provide long electromagnetic
wave transmission paths and sufficient internal reflection space,
which facilitates good input impedance. Hence, PPM80/paraffin
with its uniformly distributed and moderate amount of conduc-
tive component and low paraffin filling shows the appropriate
electrical conductivity for the impedance matching at a relatively
thin thickness. Effective bandwidth (f;), which is the range of fre-
quencies for which RL is more negative than —10 dB, is another
key metric used to describe microwave absorption performance.
In testing this, thickness of samples was restricted to 5 mm in
order to avoid excessive mass as would be considered for real-life
applications. As illustrated in Figure 4k, all samples show incre-
mentally increasing bandwidth with increasing thickness. When
the thickness is 3.9 mm, all composites possess effective band-
widths larger than 4.2 GHz. If thickness is increased to 5 mm,
the specimens display bandwidths greater than 8.44 GHz. Once
again, the PPM80/paraffin sample possesses the greatest perfor-
mance, showing an eye-catching bandwidth of 10.52 GHz (from
7.48 GHz to 18 GHz), covering the whole X band and Ku band. In
this manner, these 3D lightweight PPM/paraffin composites are
shown to be excellent candidates for absorbing undesired elec-
tromagnetic radiation. The attenuation constant « is another key
metric for evaluating microwave absorption performance. It can

Adv. Sci. 2022, 9, 2204165
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o« = \/—n'f x \/(/4”&” _ ,M’E’) + \/(/4”5” _ ;4’6')2 + (ﬂ’g” + “//81)2
[
)

As seen from Figure 41, the average « values for the PPM40,
PPM60, PPM80, and PPM100/paraffin composites are 90.17,
106.41, 116.22, and 121.92, respectively. Clearly, the « values of
the composites are proportional to their electrical conductivity.
The excellent impedance matching and attenuation constant val-
ues of the PPM/paraffin composites reveal their excellent poten-
tial to act as microwave absorbers. Therefore, PPM60/paraffin
specimen is equipped with the optimal RL value of —57.57 dB
and PPM80/paraffin sample is provided with the maximum f;
of 10.52 GHz. Based on these results, each of these composites
exhibits great potential for high-performance radar stealth appli-
cations, with their absorption properties tunable for various ap-
plications depending on the dip coating time

With the understanding that the samples prepared are com-
posed of non-magnetic components, measuring EM parameters
should be sufficient to explain the relationship between dielec-
tric loss and microwave absorption performance of these com-
posites. As shown in Figure 5a,b, both real permittivity (¢') and
imaginary permittivity (¢”) exhibit descending trends with in-
creasing frequency, which can be explained by the frequency
dispersion.’”] Compared with other samples, PPM100/paraffin
possesses the highest proportion of PEDOT:PSS. According to
percolation theory, if the concentration of conductive filler is too
high, the dielectric constant will decrease rapidly with increases
in frequency.*®! Therefore, the real part of the dielectric con-
stant of PPM100/paraffin may decrease very quickly at high fre-
quency. Looking at the imaginary part of the dielectric constant,
PPM40/60/80/paraffin samples show clear evidence of dielectric
relaxation behaviors (broad raised peak). This imaginary permit-
tivity anomaly is predicted by the Debye relaxation theory as ex-
pressed in the following Equations:[>!

el=5m+(ss—ew)/(1+a)212) (6)

e = (e, —€,) ot/ (1 + ’t?) + 0 /we, (7)
where 0, 7, ¢, €, 0, and ¢, represent the angular frequency, the
polarization relaxation time, the static permittivity, the relative
dielectric permittivity at the high frequency limit, the alternative
conductivity, and the dielectric constant in vacuum, respectively.
From these equations, ¢” is regarded as the joint contributions
from polarization relaxation and electrical conductivity. The ob-
served dielectric relaxation behaviour in PPM40/60/100/paraffin
composites probably originates from the relative inhomogeneity
or aggregation of conductive components, resulting in inhomo-
geneous space charge distribution and forming interfacial polar-
ization between PEDOT:PSS and melamine foam. Besides that,
the dielectric loss tangent tan 6, = ¢” /¢’ was also calculated and
plotted against frequency in Figure 5¢.[®) The resulting tan 4,
curves of the PPM40/60/100/paraffin composites each show a
wide peak, which is consistent with the above phenomenon. In-
terestingly, the PPM80/paraffin sample peak is particularly gen-
tle, with tan §, remaining within a comparatively small range.

2204165 (8 0f14) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Frequency-dependent electromagnetic parameters of PPM40, PPM60, PPM80, and PPM100/paraffin composites: a) real part of permittivity
€', b) imaginary part of permittivity ¢”, and c) dielectric loss tangent tan §,. d) Cole-Cole plots of PPM40/60/80/100 samples. e-h) Schematic illus-
tration of probable microwave absorption mechanisms for the as-prepared PPM foams. Schematic illustration of i) microwave absorbing model and j)

electromagnetic shielding model of the 3D porous foams.

This may be ascribed to the fact that there is an optimum load-
ing amount and distribution of PEDOT:PSS for electromagnetic
wave transmission to occur. If the loading mass of PEDOT:PSS
is too high, aggregation will result, while too low a loading mass
will lead to poor conductivity, both of which will suppress electro-
magnetic wave transmission and attenuation. In order to further
investigate the interplay between polarization loss and conduc-
tion loss, Cole—Cole plots (¢” versus ¢’ plots) have been provided
in Figure 5d. The relationship between the dissipation (¢”) and
storage (¢') capacity can be established with the help of the static
permittivity, €., and permittivity at infinite high frequency, € :(¢!]

(6"~ (et ea) /2) + (") = (e ~ ) /2)]

Thus, the Debye semicircles in Cole-Cole curves signify the
relaxation process. For ease of observation, the amplified Cole—
Cole plots are provided in Figure S15, Supporting Information.
In the case of PPM40/60/100 paraffin samples, both polarization
relaxation and conduction loss contribute to dielectric loss. The
largely linear Cole—Cole curve of the PPM80/paraffin sample
suggests that it possesses an appropriate mix of electrically
conductive components which allows for efficient conduction
loss and a uniform distribution of said components that bestows
the material with a negligible level of relaxation loss (Figure 5d).
Based on the above results, schematic illustrations of the proba-
ble EM attenuation mechanisms in play within the PPM/paraffin

@)
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composites are shown in Figure 5e-h. Apart from the mentioned
interfacial polarization, the conductive network in the composite
may allow the presence of active hopping electrons and migrat-
ing electrons, contributing to conduction loss. Micro-current
loss results from the highly conductive PEDOT:PSS content. An-
other attenuation mechanism is multi-scattering behavior, which
comes about due to the 3D porous structure of the composite. To
further understand the relevant mechanisms, electric field vector
distribution on the upper surface of the 3D network structure
and electric field distribution at 10 GHz were simulated using
CST Studio Suite 2019 (PPM80 as an example). Figure S16a,
Supporting Information, shows that surface current (little blue
arrows) is concentrated on the wall of the 3D PPM80 porous
network and is distributed along the direction of propagation (y
direction) under TE (transverse electric wave) mode. From this,
the overall physical length of the network directly affects the
effective length of power transmission lines. Compared to a flat
plate, the physical length of the network can be extended from a
short straight route (the brown arrow) to a long zigzagging path
(the red arrow). The effective electric length may be further in-
creased by the abundant cross-links in the 3D network structure,
which reduces the effective wavelength along the Y transmission
line, enhancing microwave absorption.l®?] Figure S16b, Sup-
porting Information, shows the electric field distribution of the
PPM80 sample at 10 GHz. The cavity inside the porous foam
structure allows microwaves to travel into the material, effectively

2204165 (9 of 14)  © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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with PPM40, PPM60, PPM80, and PPM100/paraffin composites, respectively. i) RCS simulated values of PEC and a sequence of PPM/paraffin/PEC

composites within the scanning angle range from —60° to 60°.

reducing reflection. It is quite clear that the electric field of the
foam structure tends to decrease along the positive and negative
Z directions, indicating that microwaves can be effectively atten-
uated by the material during their multi-scattering propagation.
Based on the metal back plane model (Figure 5i), improving
input impedance matching at the air-material interface and
the EM wave dissipation property of the component materials
is necessary to develop better microwave absorbers.[®3] With
all these mechanisms combined, the synthesized composites
are undoubtedly excellent microwave absorbers that are highly
suited for alleviating microwave pollution. When considering
electromagnetic absorption, it is also advisable to consider the
electromagnetic shielding capabilities of the composite (see in
Figure 5j). This analysis will be carried out in a later part of this
manuscript.

When examining materials for stealth applications, it has be-
come clear that practical aspects such as radar target profiling
and environmental conditions must be considered. Fortunately,
computer simulation technology has shown great potential to al-
low research scholars to examine such aspects.[* In this work,
the RCS of the as-prepared conductive foam prototype/paraffin
matrix composites in the far-field response range have been sim-

Adv. Sci. 2022, 9, 2204165

ulated using CST software, providing information on the perfor-
mance of absorbing materials under more realistic conditions.
In this case, a model with size 20 X 20 x 5 cm® was established
using CST Studio Suite 2019 and the test frequency was set to
10 GHz. According to Equation (S16), Supporting Information,
the ka value is larger than 10; thus, the target observed by radar
system is in the optical region. It is desirable to minimize the
RCS of objects to reduce the possibility of detection. Key equa-
tions describing radar and the calculation of RCS are provided in
the Equations (S13)—(S16), Supporting Information. These equa-
tions are applicable for both monostatic and bistatic radar sys-
tems (Figure 6a,b), which cover most available radar systems.
Radar cross section (RCS, o) can therefore be described using
the equation below:

S

E\* .. L (| H.
=lim 4zR*( |—
E R—o0 H

g S
= > = lim4zR*=
i i R—eo S;

o (mz) = }laim47rR2<

)

Here, E, and E; are the intensities of the scattered electric field
and incident electric field, respectively. H, and H; stand for the
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Figure 7. a) Circuit designation of an LED connected with the conductive PPM hybrid foam without conductive copper tape. b) Digital images of Tesla

wireless transmission experiments for the 3D conductive PPM network. c) EMI shielding performances of a series of bulk PPM foams with the same
thickness. d) Total shielding effectiveness (SEt) and shielding effectiveness by reflection (SEg) and by absorption (SE,) and e) power coefficients of the

as-prepared 3D PPM hybrid foams at the frequency of 10 GHz.

intensities of the scattered magnetic field and incident magnetic
field, and S, and S; represent the power density of the scattered
field and incident field. In addition, as explained in the Support-
ing Information, the decibel square meter unit (dB m?) is typi-
cally used to measure radar cross section, where ¢ (dB m?) = 10
log o(m?). The RCS values of the composites were therefore sim-
ulated, and the relevant 3D and 2D RCS simulation results are
illustrated in Figure 6¢-h. As can be observed from the 3D RCS
simulation results in Figure 6c, a single PEC plate presents the
largest RCS values out of those tested, which is clearly detrimen-
tal for stealth applications. Among the PPM/paraffin compos-
ites (Figure 6d—g), PPMP80/paraffin composites exhibit the low-
est RCS values, showing the best stealth performance out of the
group. To examine their performance further, the simulated RCS
values within a scanning angle, 6 range of —60° to 60° at 10 GHz
(X band) of PEC and PPM/paraffincomposite-covered PEC are
shown in Figure 6h. Obviously, the RCS peak values decrease
when 0 is changed from 0° to + 60°, proving scanning angles
affect the displayed RCS. In the case of all samples, the obtained
RCS value is highest at a scanning angle of 0°. The maximum
RCS values for the PEC model and PPM40/60/80/100/paraffin-
covered PEC composites are 14.08, 3.64, —0.24, —3.6, and 0.15 dB
m?, respectively. These results are consistent with the microwave
absorption performance of each material illustrated in Figure 4.
Based on these results, it can be seen that PPM80/paraffin/PEC
reduces the RCS by 17.68 dB m? compared to plain PEC, further
demonstrating the excellent microwave attenuation ability of the
PPM foam.[%5] As a rule, the factors influencing RCS values are:
1) structural and intrinsic properties of the target object, 2) fre-
quency, 3) polarization of incident field and receiving antenna,

Adv. Sci. 2022, 9, 2204165

and 4) the scanning angle.[®] Given that factors apart from (1)

are held constant (2,3) or controlled experimentally (4), it is quite
clear that the highly porous and conductive structure of the PPM
foam composites is responsible for the excellent stealth perfor-
mance of the material. These lightweight functional materials
demonstrate an excellent strategy to effectively modulate radar
cross section in complex environments.

As discussed in previous sections, PPM foams possess out-
standing electrical conductivity. In order to demonstrate this con-
ductivity, a circuit containing an LED and two batteries connected
with PPM80 hybrid foam without conductive copper tape has
been designed. Due to its extremely high conductivity caused
by its PEDOT content, there is no doubt that the PPM80 has
low resistance (seen in Table S4, Supporting Information). As
shown in Figure 7a, the LED light in the circuit is brightly il-
luminated. Compared with PPM80 foam, the PPM40 sample
possesses higher resistance; thus, a similar circuit containing a
green light-emitting diode and a power supply connected with
the PPM40 specimen with conductive copper tape adhered on
both ends was assembled. The brightness of the LED was found
to increase when the PPM40 was subjected to the press of a fin-
ger (Figure S17, Supporting Information), which indicates that
PPM40 has improved electrical conductivity under compression.
With their excellent flexibility and electrical conductivity, PPM
foams can be potentially utilized in piezoresistive sensors. As a
proof-of-concept, a piece of PPM80 with conductive copper tape
on both ends was connected to an electrochemical workstation to
record its current response under varying compressive pressures.
The real-time current signals resulting from pressing the foam
are shown in Figure S18, Supporting Information. When plotting
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AlI/I, against compressive stress on the PPM sponge, a linear re-
lationship with a R? value of 0.99332 is evident. As a result, the
sensitivity (S) of this piezoresistive sensor can be defined as: S =
(AI/L,)/AP.I5") Here, AI/I, = (I,—I;)/I,, where Al represents the
difference between the real-time current at a given strain (I,) and
the initial current (I)), and AP stands for the change in applied
pressure. Using this formula, one can find that the PPM sample
has a sensitivity of 0.11 kPa~!. In addition to acting as EM ab-
sorbers, the PPM foams may also act as EMI shielding materials.
Based on scattering parameters (S parameters, where S11 signi-
fies the input reflection coefficient and S12 is the reverse trans-
mission coefficient) tested using the waveguide method, the EMI
shielding performance of the integral PPM foam prototypes with
the dimension of 22.86 x 10.16 x 5 mm? in Figure 7c may be
calculated using the following equations:(®®]

SEg = 10log (1/ (1 —[S11]%)) (10)
SE, = 10log ((1 —[S11]%) /[S12]) (11)
SE; = 10log (1/[S12]) (12)

Herein, SE, SEg, and SE, represent total shielding effective-
ness and shielding effectiveness by reflection and by absorption,
respectively. As expected, the EMI shielding effectiveness (SE) in-
creases with increasing conductivity.[*”! The average EMI SE val-
ues in the X band of PPM foams with increasing dipping time
are 20.16, 23.84, 25.51, and 30.80 dB for PPM40, 60, 80, and
100 respectively, showing excellent shielding properties that al-
low them to block 99-99.9% of incident microwaves.’% As all
SE values are higher than 15 dB, the total EMI shielding effec-
tiveness (SE;) may be approximated by the SE reflection (SEy)
and SE absorption (SE,), ignoring the contribution from multi-
ple reflections (SE,,).l"*! The calculated values are shown in Fig-
ure 7d, which makes it clear that SE, is higher than SE; at 10
GHz. This suggests that the PPM foams shield against EM ra-
diation mainly through absorption. In addition, the EMI shield-
ing mechanisms at the frequency of 10 GHz may also be exam-
ined using the power coefficients of absorption (A), reflection (R),
and transmission (T). As arule, A+ R+ T =1, where T=|S,,|?
and R = |S,;|%.l”?I The corresponding power coefficients vary with
the dipping time of MF in the conductive PEDOT:PSS solution,
which can be clearly seen in Figure 7e. For PPM40/60/80 spec-
imens, T values tend to be 0 and A values are larger than R
values, so absorption likely plays a dominant role in their EMI
shielding mechanisms. In the case of PPM100, T value is 0 and
there seems to be little difference between A and R, so it ap-
pears that absorption and reflection contribute roughly equally.
The overall dominance of the absorption mechanism may be as-
cribed to the PPM foams’ extremely high electrical conductivity
and 3D network with plentiful heterogeneous interfaces, that al-
low for conduction loss and multiple scattering. As the electro-
magnetic shielding model shows (Figure 5j), if there exhibits al-
most no transmitted electromagnetic waves, the conductive PE-
DOT:PSS@melamine composite can be utilized for efficient EMI
shielding. To demonstrate the practical ability of the PPM foams
to act as an electromagnetic shielding material, a Tesla coil was
used to light a green bulb (Figure 7b) and blocked using a piece of
PPM foam (Figure 7f). The relevant mechanism is illustrated in
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Figure S19, Supporting Information. It can be seen that the PPM
foam is capable of blocking the wireless transmission of energy
from the Tesla coil to the green LED, preventing it from lighting
up. In addition, Videos S11 and S12, Supporting Information,
present a similar experiment using two custom-assembled Tesla
coils and neon bulbs, in which the neon bulbs show increased
brightness when the PPM foam is moved away. These demon-
strations clearly show that the PPM foams are effective for elec-
tromagnetic shielding.

3. Conclusion

In summary, lightweight (density ranges from 0.1220 to 0.1694
g cm~3), mechanically elastic (the maximum stress value of 34.5,
37.3,57.7, and 82.0 kPa) and thermally-insulating (low thermal
conductivity from 0.053 to 0.025 W m~!-K~!') PPM hybrid foams
for high-performance infrared-radar compatible stealth were syn-
thesized via a facile pretreatment of MF and a subsequent im-
pregnation process. With an increase in dipping time (from 40
to 100 min), electrical conductivity values increase from 0.58 to
2.16 S m™!, respectively. Accordingly, IR emissivity values de-
crease from 0.872 to 0.788 in the 3-5 um band and from 0.994
to 0.757 in the 8-14 ym band, which may help inspire further
progress in developing effective infrared stealth materials. Fur-
thermore, a minimum RL value of —57.57 dB could be achieved
by the PPM60/paraffin sample and a maximum effective band-
width of 10.52 GHz could be reached by the PPM80/paraffin
sample, which could be attributed to the sample’s excellent mi-
crowave attenuation ability and appropriate impedance match-
ing. In addition, the maximum RCS values for PPM80/paraffin
covered PEC composites can be reduced from 14.08 to —3.6 dB
m? compared to PEC alone, indicating that PPM/paraffin com-
posites in this work have great potential for protecting devices
from detection. Besides the outstanding microwave absorbing
performance, the hybrid foams are also excellent EMI shielding
materials with average EMI SE values ranging up to 30.80 dB for
the PPM100 foam. The PPM foams’ simple and efficient prepara-
tion method and highly versatile nature grants them great poten-
tial to satisfy applications in both infrared and microwave stealth
applications.

4. Experimental Section

Materials:  Melamine foam (MF) and PEDOT:PSS (PH1000) were
bought from Sichuan Chemical Co., Ltd and Heraeus Deutschland
GmbH Co KG, separately. Sodium hydroxide (NaOH), dimethyl sulfoxide
(DMSO), and dodecylbenzene sulfonic acid (DBSA) was purchased from
Nanjing Chemical Reagent Co., Ltd.

Preparation of PEDOT:PSS@ Melamine Hybrid Foams: The pretreat-
ment of melamine foams was divided into three steps. Step I: A series
of melamine sponges were cut into cylindrical pieces or rectangle pieces
with different dimensions for further characterization. Step II: The tai-
lored melamine foams were cleaned by ultrasonic washing using excessive
amount of deionized water and ethyl alcohol for 30 min each. Step IlI: In
order to endow the surface of all the 3D porous samples with hydrophilic-
ity, these specimens were totally immersed in sodium hydroxide (NaOH)
solution with the concentration of 5 mol L=', and the reaction was kept
at 65 °C for half an hour. The hydroxyl-terminated melamine foams were
dried at 60 °C in a vacuum drying chamber for several hours, which were
denoted as (pristine) MF. Subsequently, the impregnation process was car-
ried out. First, a specific PEDOT:PSS solution was fabricated by dissolv-
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ing 0.5 g DMSO and 0.1 g dodecylbenzene sulfonic acid (DBSA) in 9.5 g
PH1000 PEDOT:PSS dispersion for 20 min. Afterward, MF specimens were
completely dipped in the above solution for 40, 60, 80, and 100 min, re-
spectively. After that, excessive liquid was squeezed out of these 3D hybrid
foams. Finally, the corresponding conductive PEDOT:PSS@melamine
composite was washed by deionized water and placed in a vacuum oven at
60 °C for 6 h, which can be named as PPM40/60/80/100 (PPM samples).
The specific PEDOT:PSS solution had also been dried at 60 °C, which can
be named as PP for thermal conductivity test.

Morphology and Chemical Structure Characterization: The FE-SEM im-
ages were taken on a Hitachi S4800 type microscope to observe micro-
scopic morphology and structure of PEDOT:PSS, MF and PPM samples.
To carry out the mercury intrusion method, a MicroActive AutoPore V 9600
2.03.00 device was adopted to obtain pore size and porosity information
of lightweight MF specimen and PPM hybrid foams. Characteristic func-
tional groups of the as-obtained 3D PPM composites were recorded using
a Nicolet 5700 FT-IR (Fourier Transform Infrared) spectrometric analyzer.
The difference in elemental composition between MF and PPM samples
was analyzed using an X-ray photoelectron spectrometer (XPS, PHI 5000
VersaProbe) with an Al Ka X-ray source at 150 W.

Thermal Insulation and Infrared Stealth Test: Infrared thermal imaging
photos with the information of different foams’ (length: 30 mm; width:
28 mm,; thickness: 10 mm) surface temperature and infrared stealth prop-
erty were taken by a TVS-2000MK type infrared imaging device. For fur-
ther investigating the heat insulation performance, thermal conductivity
of all samples (2.5 x 2.0 x 1.1 cm?) was measured at 80 °C by a Hot Disk
TPS2500S based on the ISO 22007-2 standard. Specific infrared emissivity
values in 3—-5 um and 8-14 pm wavelengths were also recorded (by an IR-2
dual-band emissivity measuring instrument) as additional evidence to ver-
ify the infrared stealth capability of the final PPM samples (diameter: 5 cm,
thickness: 1 cm). According to GB/T2406.2-2009/1SO:4589-1/1SO:4589-
2/ASTM D2863 standards, the limiting oxygen index (LOI) of the sample
(8 X 1x 0.4 cm®) was tested in a FTT0077 oxygen index meter.

Electrical Resistance and Sensing Performance Test:  Electrical conductiv-
ity of the intact PPM hybrid foams was visually validated via design of elec-
tric circuit with a light-emitting diode (using PPM40) and self-assembly
Tesla wireless transmission device with a neon bulb (using PPM80). Be-
sides that, bulk resistance values test of PPM foams (2.5 x 1.0 x 1.0 cm?)
were performed via a ZC-90 resistance test apparatus. According to the re-
lationship between electrical resistivity and conductivity, there shows the
following calculation formulas p = RS/L and ¢ = 1/p, where p represents
resistivity (Q-m), R signifies resistance values (), S means cross section
area (1.0 X 1.0 cm?) of the test sample, L stands for the length (0.025
m) of the foam, and & is the electrical conductivity (S-m~'). With regard
to the mechanical performance, a universal testing machine (CMT5105)
was utilized to compare the compressive strength of the as-prepared 3D
PPM hybrid foams with the same dimension of 2.5 x 2.0 X 1.1 cm3. After
the connection of the PPM foam sensor (2.5 x 1x 1cm?) to a CHI 660E
type electrochemical workstation, its piezoresistive sensing properties un-
der various compressive pressures were analyzed using real-time current
response.

Electromagnetic Parameters Test:  Electromagnetic parameters includ-
ing scattering parameters (S11 and S21) and complex permeability and
permittivity were measured using an advanced vector network analyzer
(VNA, Agilent PNA N5244A) with internal setup of the formula calculation
procedure. Based on the waveguide method, integral foam prototypes with
the dimension of 22.86 X 10.16 x 5 mm3 were used to test S parameters
for further calculating EMI shielding effectiveness (EMI SE) and transmis-
sion (T), reflection (R), and absorption (A) coefficients in X band. Due
to excellent electrical conductivity of PPM, paraffin needed to be added to
optimize impedance matching performance, so complex permeability and
permittivity were tested using the PPM/paraffin composite form. Based on
the coaxial-line method, 80 wt% intact foam prototypes cut with the col-
umn of 7.00 X 3.04 x 2.00 mm? (outer diameter X inner diameter X thick-
ness) were mixed with 20 wt% paraffin to obtain typical toroidal rings.

Simulation: Commercial software of CST Studio Suite 2019 was used.
Electric field vector distribution on the upper surface of the 3D network
structure and electric field distribution at 10 GHz were simulated us-
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ing computer simulation technology (CST). Due to computational con-
straints, a simplified 3D porous foam model was established to reduce
the computational burden. It is well-known that CST can also be applied
for simulating radar cross section (RCS) of the as-prepared hybrid foams
under actual far-field response. In this work, CST was also accepted to
establish 20 x 20 x 5 cm® models and complete the RCS simulation re-
search.

Statistical Analysis: Sample surface temperature was determined by
taking the average of five distinct points. Infrared emissivity value of each
sample was the average of six tests. The limiting oxygen index value was
confirmed by taking measurements on 15 pieces of each sample. Two
different Tesla coils were assembled to shoot the wireless transmission
video presentation. Electrical resistance was measured using three differ-
ent pieces of each foam. Mechanical and sensing performance were tested
three times, and one of the three similar sets of data was chosen as the
final data to draw figures. Electromagnetic parameters were also tested
using three different samples and one of the three similar sets of data was
chosen.
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