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ABSTRACT: Novel high-performance polyetherimide (PEI)/
graphene@Fe;0, (G@Fe;0,) composite foams with flexible
character and low density of about 0.28—0.4 g/cm® have been
developed by using a phase separation method. The obtained
PEI/G@Fe;0, foam with G@Fe;O, loading of 10 wt %
exhibited excellent specific EMI shielding effectiveness (EMI
SE) of ~41.5 dB/(g/cm?) at 8—12 GHz. Moreover, most the
applied microwave was verified to be absorbed rather than
being reflected back, resulting from the improved impedance
matching, electromagnetic wave attenuation, as well as
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multiple reflections. Meanwhile, the resulting foams also possessed a superparamagnetic behavior and low thermal conductiviy
of 0.042—0.071 W/(m K). This technique is fast, highly reproducible, and scalable, which may facilitate the commercialization of
such composite foams and generalize the use of them as EMI shielding materials in the fields of spacecraft and aircraft.
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1. INTRODUCTION

In recent years, the increasing usage of electromagnetic wave
devices, such as wireless networks, communication equipment,
and personal digital devices, results in serious electromagnetic
interference (EMI) problems in both military and civil
applications.' ™ Therefore, the rapid development of novel
and high-performance EMI shielding materials has received
considerable attention.>® Polymer composites, which contains
electrically conductive nanofillers, are becoming more attractive
relative to the traditional metal-based EMI shielding materials
because of their light weight, good processability, and resistance
to corrosion. To further decrease the density of these
conductive polymer composites on the basis of material and
energy savings, researchers prefer the introduction of foam
structures.”

Graphene, a newly discovered 2D carbon nanomaterial, not
only possesses a stable structure but also exhibits high specific
surface area and excellent electronic conductivity."'™"* These
properties make graphene very promising to provide
remarkable EMI shielding in polymer composite foams.'>'®
Moreover, researchers have grown different inorganic nano-
crystals on the surface of graphene,'” ' yielding nanocrystal-
functionalized graphene possessing not only the individual
property of graphene and nanocrystals, but also additional
function derived from the synergy between them.”?™2 As such,
they have been widely used in the areas of supercapacitors,
electrochemical analysis, catalysts, lithium batteries, and many
others. Inspired by this understanding, we propose that the
introduction of such nanocrystal-functionalized graphene into
polymer foams would endow the composite foams with
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excellent EMI shielding property, as well as some additional
properties due to the presence of nanocrystals.

Magnetic nanoparticles (NPs), which have many applications
in environmental, electronic, and biological process,27_7'9 are
one of such nanocrystals because of their excellent magnetic
properties. Among them, Fe;O, NPs have been focused on
greatly because of their good biocompatibility and low toxicity.
The functionalization of graphene with Fe;O, NPs could
contribute the high complex permeability values to graphene
because of their large saturation magnetization,30 and thus
improve the electromagnetic wave absorption property.>' ~>> In
addition, magnetic Fe;O, NPs could avoid the skin effect that
easily happens in the case of high conductive nanofiller and
make the electromagnetic waves enter effectively due to their
high resistivity.>> As a result, the introduction of Fe;O,-
functionalized graphene (graphene@Fe;0,) into polymer
composite foams would result in strong electromagnetic wave
absorption. Meanwhile, an attractive functionality that can be
readily induced to polymer composite foams by the
introduction of graphene@Fe;0, (G@Fe;0,), is superpar-
amagnetism. The resulting foams should have the polymer
flexibility and could be actuated by using an magnetic field.
Furthermore, the existence of Fe;O, NPs on graphene could
prevent the aggregation of graphene sheets, and the presence of
graphene sheets can also inhibit the intrinsical aggregation of
magnetic particles.””** Therefore, G@Fe;0, is an ideal
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candidate to prepare multifunctional polymer composite foams
for excellent EMI shielding.

Polyetherimide (PEI), one kind of high-performance
polymer, possesses a high glass transition temperature (Tg) of
215 °C, low smoke generation, desirable flame retardancy, and
excellent mechanical properties. Thus, the selection of PEI as
the polymer matrix to prepare high-performance graphene-
based polymer composite foams for EMI shielding is very
valuable. However, it is a challenge to fabricate the satisfied PEI
foams using the physical blowing agent, especially at high filler
loading, possibly because of its extremely long saturation time
(280—520 h) and low expansion ratio (<2 times).>*~>" To
solve this technical problem, our group has explored a facile but
effective approach for massively fabricating lightweight PEI
composite foam with high nanofiller loading based on a water-
vapor induced phase separation (WVIPS) process.*®

Here, in the present work, novel high-performance PEI/G@
Fe;0, composite foams with excellent EMI shielding effciency
and low density of 0.28—0.40 g/cm” have been developed using
a WVIPS method (Figure 1). The presence of Fe;O, improved
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Figure 1. Schematic of the preparation of G@Fe;O, hybrid and PEI/
G@Fe;0, composite foams by a WVIPS process.

the electromagnetic wave absorption of PEI foams and
endowed the material with the superparamagnetism. Mean-
while, the thermal conductivity of these foams was not
significantly increased though the presence of graphene with
superior thermal conductivity, indicating an excellent thermal
insulation performance. This technique is fast, highly
reproducible, and scalable, which may facilitate the commerci-
alization of such composite foams and generalize the use of
them as EMI shielding materials in the fields of spacecraft and
aircraft.

2. EXPERIMENTAL SECTION

Materials. Graphite oxide (GO) was synthesized by the
Staudenmaier’s method from pristine graphite flakes (35 um) as
reported in our previous work.** *' Ferrous chloride tetrahydrate
(FeClL,4H,0) and ferric chloride hexahydrate (FeCl;6H,0) were
obtained from Aladdin Reagent Co. Ltd. PEI resins (Ultem1000)
having a density of 1.28 g/cm® and T, of 215 °C were purchased from
GE Company. All other reagents were used as received from
Sinopharm Chemical Reagent (China).

Synthesis of G@Fe;0, Hybrid. The brown GO suspension (1
mg/ mL) was obtained by exfoliating 100 mg of GO flakes in 100 mL

of distilled water with the assistance of sonication (300 W, 20 Hz). To
prepare the G@Fe;O, hybrid, we dropwise added the solutions of
FeCl,-4H,0 (0.1 g in S mL water) and FeCl;:6H,0 (0.25 g in 10 mL
water) into the as-prepared GO suspension under continuous stirring
in nitrogen atmosphere. After 10 min, ammonium hydroxide (NH;:
H,0) solution (16 mL) was dropwise added into the mixture for 10
min. The mixture was then further reduced by hydrazine (a reducing
agent) at 90 °C for 6 h. After being cooled to room temperature, the
black precipitate in the solution was collected by removing the
supernatant and washing with distilled water several times. Finally, the
wet precipitate was freeze-dried for 24 h to obtain G@Fe;O, hybrid.

Preparation of PElI/G@Fe;O, Foams. The PEI/G@Fe;0,
composite foams was prepared by a WVIPS process as described in
our previous work>® First, the DMF/G@Fe;O, suspension was
obtained by sonicating a certain amount of G@Fe;O, powder in
dimethylformamide (DMF) for 10 min. Then, the PEI pellets were
completely dissolved in G@Fe;0, suspension with vigorous stirring at
70 °C for 12 h. After that, the final suspension was kept still to remove
air bubble and then poured onto a substrate (clean glass plate was used
here) and exposed in ambient atmosphere with temperature of ~22 °C
and humidity of ~75% for 4 h. Finally, the solidified composite foam
sheets were immersed into 30 °C fresh water to remove the residual
DMEF, followed by drying at 150 °C for 24 h. For comparison, the
PEI/Fe;0, foam with 10.0 wt % loading was also prepared using the
same procedure.

Characterizations. Transmission electron microscopy (TEM)
images were obtained by using a TECNAI 20 with a operating voltage
of 200 kV. To prepare G@Fe;0, sample, the DMF/G@Fe;0,
dispersion, which was prepared by dispersing S mg of G@Fe;0, in
25 mL of DMF under ultrasonication for 30 min, was dropped on an
amorphous carbon-coated copper grid and then dried in air. To
prepare the foam sample, a foam sheet embedded in epoxy resin was
cryogenically cut into ultrathin sections by diamond knife using a
microtome and collected on copper grids. X-ray diffraction (XRD)
data were collected on a Bruker AXS X-ray diffractometer with CuKa
radiation at a generator current of 40 mA and voltage of 40 kV. Raman
spectra were recorded with Labram spectrometer (Super LabRam II
system) with a laser of 633 nm. X-ray photoelectron spectroscopy
(XPS) was performed with a Kratos AXIS ULTRA system using Al
(mono) Ka radiation. The magnetization performance was measured
by using a model-9 PPSM (Quantum Design). Scanning electron
microscopy (SEM) images was obtained by using a Hitachi S-4800
field emission SEM at 4 kV. The EMI shielding performance was
performed with a WILTRON $54169A scalar measurement system at
room temperature in X-band (8—12 GHz). To fit the sample holders
for the measurement, the foam samples with a thickness of 2.5 mm
were cut to small pieces with the size of 22.5 X 10.0 mm® The thermal
conductivity of the samples was determined by NETZSCH LFA 457
MicroFlash analysis system. In cases, at least five samples were tested
from which the average value was calculated.

3. RESULTS AND DISCUSSION

Characterizations of G@Fe;0, Hybrid. As we know, the
solubility of pristine graphene in solvents is poor due to the
absence of oxygen-contained functional groups. Therefore, GO
is always used as a direct starting material to fabricate graphene-
based hybrids, because it possesses abundant oxygen groups
and can steadily suspended in water and organic solvents. Here,
the G@Fe;O, hybrid was prepared by chemical deposition of
iron ions onto GO sheets and then chemical reduction of GO
with hydrazine. The weight ratio between the GO and Fe;O,
was about 1:1. From the representative TEM image of G@
Fe;O, hybrid (Figure 2a), we can see that the surface of
graphene has been homogenously covered by narrowly
distributed Fe;O, NPs with an average diameter of 11 nm
(Figure 2b). It may be because that the oxygen groups on GO
surface can act as the nucleation center, interacting with iron
ions during the chemical deposition. The lattice fringe spacing
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Figure 2. (a, b) TEM image of G@Fe;O, with corresponding size distributions of Fe;O, nanoparticles; (c, d) high-resolution TEM image of G@

Fe;O, shows the interplane of Fe;0,.

(0.25 nm) showed in the TEM image (Figure 2c, d) was well-
consistent with the lattice spacing of cubic magnetite in (311)
planes.

The crystalline structure of Fe;O, NPs on graphene was
characterized by XRD diffraction. As shown in Figure 3a, the
characteristic diffraction peaks of Fe;O,NPs are present in the
obtained G@Fe;0, hybrid, which can be assigned to the (111),
(220), (311), (400), (422), (511), (440), and (533) planes
according to JCPDS 19—629 (JCPDS = Joint Committee on
Powder Diffraction Standards). Raman spectroscopy was used
to investigate the structural change during the reduction
process of G@Fe;0,, and the results are shown in Figure 3b.
Compared with pristine GO, the G-band of graphene in G@
Fe,;0, red-shifted from 1596 to 1588 cm ™", which was closed to
that of pristine graphite (1579 cm™),>” implying the successful
reduction of GO or the attachment of Fe;O, NPs on the
reduced GO surface.*”* The intensity ratio of D-band and G-
band (I(D/G)) is always related to the ratio of disordered sp*
and ordered sp* carbon domains.** Here, the calculated I(D/G)
of G@Fe;0, increased from 1.08 to 1.45, suggesting the
decrease in the average size of sp? carbon domains, which could
be explained by the creation of more numerous but smaller sp”
carbon domains after the reduction, as well as the presence of
some unrepaired defects.*>*

The XPS spectrum was used to further analysis the chemical
composition of G@Fe;O,. As shown in Figure 3¢, the C 1s XPS
spectrum of graphene in G@Fe;O, can be deconvoluted into
four carbon components with different binding energy: C—C/
C=C (~284.6 eV), localized alternant hydrocarbon (~285.3

eV),"* C—0-C/C—OH (~286.5 eV), and carboxyl C=0/
O—C=0 (~288.3 eV). Obviously, the intensity of oxygen
groups in G@Fe;0, has a noticeable decrease relative to that of
GO (see Figure S1 in the Supporting Information), indicating
the successful removal of oxygen groups during the chemical
reduction. Furthermore, the percentage of each carbon
component was calculated according to the ratios of peak
areas. As displayed in Table S1 in the Supporting Information,
the C—O—C/C—OH component of the hybrid decreased to
8.5 atom % as compared with that of GO (38.1 atom %),
confirming the successful removal of oxygen groups and the
formation of graphene structure in the hybrid after chemical
reduction. Moreover, in the Fe2p XPS spectrum of G@Fe;0,,
the binding energy peaks at 710.9 and 724.9 eV agreed well
with that of Fe2p;,, and Fe2p, ,, respectively.

Magnetic properties of G@Fe;O, were investigated using a
Model-9 PPSM (Quantum Design), as shown in Figure 3d.
The magnetization curves were recorded at room temperature
in the magnetic field range from —20 to 20 kOe. Compared
with pure bulk Fe;O,, the magnetic saturation value (M) of
G@Fe;0, decreased from 75.9 to 14.0 emu/g. The reduced
value might be ascribed to the nanoscale size of Fe;O, NPs and
the presence of graphene sheets.”**”*° The magnetization
curves show reversible, nonlinear characteristic with no
significant coercivity (~45 Oe as shown in Figure S2 in the
Supporting Information) after removing the applied magnetic
field, implying that the G@Fe;O, was superparamagnetic.
Furthermore, our G@Fe;0, hybrid could be easily separated
under a magnet (insert in Figure 3d).
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Figure 3. (a) XRD pattern of G@Fe;0,; (b) Raman spectra of GO and G@Fe;O, with a laser of 633 nm; (c) XPS spectra of G@Fe;O, and the
inset shows Fe 2p spectra of G@Fe;0,; (d) magnetization hysteresis loops of G@Fe;0, at room temperature. The bottom right inset shows the
photographs of G@Fe;0, in water and their response to an external magnetic field.
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Figure 4. (a) Density of the PEI/G@Fe;0, foams asthe function of G@Fe;0,loading; (b) optical photographs of the foam sheets under bending;
(c) SEM images of the PEI/G@Fe;0, foams with different G@Fe;0, loading; (d) TEM image to show the dispersion of G@Fe;0, sheets in cell
wall of the foam with 5 wt % G@Fe;0,.

Microcellular PEI/G@Fe;0, Foams. The microcellular synthesized according to the WVIPS technique. The densities
PEI/G@Fe;0, foams with different G@Fe;O0, loadings were of these foams were measured via the water displacement
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method according to ASTM D792. As shown in Figure 4a, the
density of PEI/G@Fe;0,, foam was about 0.28—0.40 g/cm” at
1.0—10.0 wt % loading, which is much lower than the density of
PC/silica foam blown with the compressed CO, and with the
similar nanofillers loading.®” Figure 4b shows the typical optical
photographs of the foams with G@Fe;0, loading of 5.0 and
10.0 wt %. It was obvious that the obtained foam sheets were
quite flexible under bending. The typical SEM images of the
fracture surface of the foams were also shown in Figure 4c. It is
clear that the uniform microcellular cell structures were formed
in foams at lower G@Fe;0, loading of 1—5 wt %. This unique
structure is ascribed to the occurrence of phase separation due
to the diffusion of water vapor into the composite solution.
However, the increased G@Fe;0, loading (7.0 and 10.0 wt %)
induced the formation of the bimodal distributon of cell
structures (small cells existed around the big cell), possibly
because of the enhanced viscosity of suspension and the
aggregration of G@Fe;0, at higher contents.>’ To determine
the dispersion of G@Fe;0, sheets, we conducted further TEM
observation on the ultrathin sections of the foam. The result is
shown in Figure 4d. Obviously, the G@Fe;0, sheets are well-
dispersed and relatively aligned in the cell wall of the foam, and
a large number of Fe;O, NPs are located on both sides of
graphene sheets.

Superparamagnetic Behavior and Magnetic Actua-
tion. The magnetic performance of the PEI/G@Fe;0, foams
was investigated by monitoring their magnetization with an
applied magnetic field ranging from —20 to 20 kOe at room
temperature. For the sake of comparison, the magnetization
was normalized based on the total weight of the composite
foam (PEI + G@Fe;0,). As shown in Figure Sa, the M; of the
foams was in the range of 0.38—3.09 emu/g, and tended to
linearly increase with the G@Fe;O, content (inset at the lower
right). Compared to the G@Fe;O, hybrids, the magnetization
of foams significantly decreased because of the reduced G@
Fe;0, concentration. Moreover, it is interesting to find that the
obtained PEI/G@Fe;0, foams were superparamagnetic since
there was no significant hysteresis in the M (Figure Sa, inset at
the top left). The coercivity of all these foams was in the range
of 35 + 5 Oe, which was close to the coercivity value of G@
Fe;O, hybrid. This phenomenon demonstrated that the G@
Fe;O, had retained their superparamagnetism after being
compounding with polymer matrix. Therefore, our PEI/G@
Fe;O, microcellular foams could be actuated by a magnetic
field. The magnetic response of PEI/G@Fe;0, foam with 10
wt % loading in the absence (B = 0) and presence (B > 0) of a
magnetic field is shown in Figure Sb (left) Clearly, Once a
permanent magnet was approached, this microcellular foam
cantilever was actuated with a fast response time. Similarly, this
foam sheet also exhibited a strong attraction to a static
magnetic field as shown in Figure Sb (right).

Electromagnetic Interference (EMI) Shielding. The
EMI shielding effectiveness (EMI SE) is defined as the
logarithmic ratio of incoming (P,) to outgoing power (P,) of
radiation. In general, decibels (dB) is used to express the
efficiency of the shielding material. In this study, the EMI SE of
PEI/G@Fe;0, foams with a thickness of 2.5 mm was measured
in X-band (8—12 GHz). As shown in Figure 6a, the EMI SE of
all the foams exhibited weak frequency dependency in the
measured bands. The EMI SE of the foam with 1.0 wt % G@
Fe;0, is measured to be 3.5—5.8 dB over the frequency range
of 8—12 GHz. However, when the G@Fe;O, content increased
to 5.0 wt %, the EMI SE value was found to vary from 6.5 to 9.2
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Figure S. Superparamagnetic microcellular PEI/G@Fe;O, foam
sheets: (a) Magnetization of the composite foams with different G@
Fe;0, loading; (b) this free-standingcomposite foam sheet can be
actuated by an external magnetic field.

dB. The EMI SE value increased up to 11.2—14.3 dB for the
foam with 7.0 wt % G@Fe;O,4 and to a much higher value
(14.3—18.2 dB) for the foam with 10.0 wt % G@Fe;0,, which
denotes that EM shielding properties of these foams are
enhanced with the increase of G@Fe;0, loading. As the EMI
performance usually increases with increasing the material
thickness,>>>® we have reason to believe that the EMI SE value
for our PEI foam can be improved to reach the target value
(~20 dB) required for practical application by slightly
increasing the thickness of specimen.

Generally, phenomena such as transmission, reflection, and
absorption can be observed, when the microwave radiation is
incident on a shielding material.>* To further clarify the EMI
shielding mechanism in PEI/G@Fe;0, foams, the total EMI
shielding effectiveness (SE,,), we calculated microwave
reflection (SEg) and microwave absorption (SE,) at 9.6 GHz
from the measured scattering parameters (S;; and S,;); the
results are shown in Figure 6b. Clearly, the increase in G@
Fe;0, loading led to the enhancement of both SE,, and SE,
and the contribution of SE; could be negligible for all of the
microcellular foams with different G@Fe;0, loadings. For
example, the SE, ., SE,, and SEp were 13.1, 12.7, and 0.4 dB
for the foam with 7.0 wt % G@Fe;O, whereas the
corresponding values were 17.8, 17.3, and 0.5 dB for the
foam with 10.0 wt % G@Fe;0,, respectively. The results
indicated that most of microwave power was dissipated as heat
through the microcellular foams rather than being reflected
back from the foams’ surface, which confirmed that absorption
was the main EMI shielding mechanism in the X-band
frequency region for such microcellular foams.
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ACS Applied Materials & Interfaces

Research Article

-
]

-
o

-
LM

EMI SE (dB)
0

n
o

- ==
N @

EMI SE (dB)
[--]

0

——0— |)—7B

H—
2

4 6 8
G@Fe O, content (wt%)

Figure 6. (a) EMI shielding effectiveness as a function of frequency
measured in the 8—12 GHz range of the PEI/G@Fe;0, foams with
various G@Fe;0, concentrations; (b) SE., SE and SE, of
microcellular foams at 9.6 GHz;.

One factor that contributes to microwave absorption is
impedance matching. As displayed in Figure S3 in the
Supporting Information, the DC electrical conductivity of the

PEI/G@Fe;0, foams was lower than that of the PEI/graphene
foams reported in our previous study.*® This phenomenon
suggested that the introduction of Fe;O, NPs tended to
decrease the electrical conductivity of the composite foams,
which would improve the equality of the electromagnetic
parameters, and thus improve the level of impedance matching
and decrease the surface reflection. Another important factor
that contributes to microwave absorption is electromagnetic
wave attenuation, determined by dielectric loss and magnetic
loss.>'**%5 As we know, electronic, ionic, orientational, and
space charge polarization determines the total dielectric
property of the material. In a heterogeneous system, the
accumulation of virtual charges at the interface of two medium
with different conductivities and dielectric constants would lead
to interfacial polarization and is known as Maxwell-Wagner
polarization. Pristine graphene is nonmagnetic and contributes
to microwave absorption mostly due to its dielectric loss. The
introduction of Fe;O, NPs on graphene sheets would not only
enhance the magnetic losses but also enhance the dielectric
losses in a wide frequency range, resulting from the interfacial
polarizations between the Fe;O, NPs and graphene because of
the formation of a heterogeneous system and more interfaces,
as well as the stronger coupling at the gaps between the
neighboring Fe;0, NPs.>" Furthermore, the presence of oxygen
groups and defects on the reduced graphene could help to
improve the microwave absorption of the composite foams.>

In addition, multiple reflections could be another adsorbing
mechanism, which mainly results from the reﬂectlon at various
interfaces or surfaces in the shielding material.*® As indicated in
Figure 7a, the microcells in the PEI/G@Fe;0, foams provided
a large cell-matrix interface area. The incident electromagnetic
waves entering the composite foam could be repeatedly
reflected and scattered between these interfaces, and they
were hard to escape from the composite foam until being
dissipated as heat.'®**® Moreover, the layered structure and
large aspect ratio of G@Fe;0, hybrid may also cause the

Indicent Wave

Transmitted Wave

" Graphene :
Sheets

4 /;’
i FegO4 NPs

Figure 7. (a) Schematic description of electromagnetic wave transfer across the PEI/G@Fe;0, foams; (b) schematic diagram representing the
multireflection route of electromagnetic wave between the G@Fe;0, sheets; (c) TEM image showing two parallelG@Fe;0, sheets in the matrix as

well as the possible reflection path of electromagnetic wave.
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multiple reflection. As demonstrated in Figure 7b and Figure
7¢, the two parallel G@Fe;0, sheets may reflect and scatter the
incident electromagnetic waves many times between the sheets
inside, increasing their propagation paths in the composite
foam, which could further enhance the absorbing ability. This
phenomenon is much like the case in ordered mesoporous
carbon/fused silica cornposites.57 In brief, the multireflections
of microwaves could lead to the additional losses of
electromagnetic energy based on the microcells and G@
Fe;0, sheets.

As proposed by previous study,”**** the specific EMI SE
(EMI SE divided by density) would be more suitable for
comparing the shielding performance between typical metals
and lightweight polymer composite foams for aircraft and
spacecraft applications. As shown in Figure 8, the PEI/G@

PS + 30wt% Graphene (0.45 gicm’)

PS + 30wt% Graphene (0.27 g/cm’)

Reference number
PEI + G@Fe,O,

PMMA + 5wt% Graphene

| L 1 L 1 L 1 L | s |
10 20 30 40 50 60

Specific EMI SE (dB/(g/cm®)

70

Figure 8. Comparison of specific EMI shielding effciency of our PEI/
G@Fe;0, foams with other reported results.

Fe;0, foams exhibited the increased average specific EMI SE
from 15.6 dB/(g/cm?) to 41.5 dB/(g/cm’) in the frequency
range. It is worth noting that the shielding performance of our
PEI foam with 10.0 wt % G@Fe;O, were higher as compared
to that of PMMA foam with 5.0 wt % graphene,m and PEI foam
with 10.0 wt % graphene.38 However, a higher specific EMI SE
in porous polystyrene/graphene composites with poor cell
structure has also been reported because of the higher filler
loading of 30 wt %."* For comparison, the PEI/Fe;O, foam
(~0.40 g/cm*) with 10.0 wt % loading was also prepared, and
the specific EMI SE of this foam was calculated to be 15.2 dB/
(g/cm?), which was lower than that of PEI/G@Fe;0, foam,
possibly due to their high resistivity as well as their poor
dispersion in the foam, resulting from the intrinsical
aggregation of magnetic NPs. Furthermore, the contribution
of SE, to SE, of our PEI foam containing 10.0 wt % G@
Fe;0, was 97.2%, which is much higher than that of PEI foam
(90.6%) containing 10.0 wt % graphene.*® As discussed above,
this enhanced EMI shielding performance should be attributed
to the presence of Fe;O, NPs on graphene, as well as the
synergy between them. These results strongly suggest that such
microcellular PEI/G@Fe;0, foams are very promising for use
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as lightweight and high-performance EMI shielding materials
with strong microwave absorption.

Thermal Conduction Performance. The thermal insu-
lation of EMI shielding materials is critical for aircraft and
spacecraft to minimize the temperature impact on the working
performance of electronic devices and people in it. Thus, the
thermal conductivity of pristine PEI foam and the PEI/G@
Fe;0, foams was measured using a Laser Flash System. As
shown in Figure 9, pristine PEI foam has a thermal conductivity

0.10 T T T T
3 i
® —o— Microcellular PEI/G@Fe,O, Foams
E oo0s} 4
=3
2
= 0.06 - L
=
(4]
=]
T o004} .
o
3]
©
£ o002} .
g |
=
=
0‘00 1 1 1 1 1 1
0 2 4 6 8 10
G@Fe,0, content (wt%)

Figure 9. Thermal conductivity of microcellular PEI/G@Fe;0, foams
at room temperature.

of 0.042 W/(m K). The introduction of 10.0 wt % G@Fe,0,
only increased the thermal conductivity of the composite foam
to 0.071 W/(m K). Generally, the thermal conductivity of the
composite foam is affected by two factors: the change of cell
size and the addition of nanofillers.**"® It has been well
accepted that the decrease of average cell size would usually
decrease the thermal conductivity. Conversely, the introduction
of nanofillers with excellent thermal conductivity would
significantly increase the thermal conductivity. In this work,
the decreased cell size would reduce the thermal conductivity.
The improved thermal conductivity in the composite foams
should therefore be attributed to the excellent thermal
conductivity of graphene sheets. Nevertheless, the increase in
foam’s thermal conductivity is very limited, which suggested
that such loading of G@Fe;O, would not hinder the thermal
insulation performance of PEI/G@Fe;0, foams.

4. CONCLUSIONS

In summary, we have developed a fast, highly reproducible, and
scalable approach to prepare a new type of high-performance
polymer composite foams with strong electromagnetic wave
absorption by incorporating a hybrid structure of grahene@
Fe;0, into the PEI matrix and then foaming using a WVIPS
method. The as-prepared foams possessed microcellular cell
structure and their density was in the range of 0.28 to 0.40 g/
cm®. The EMI SE of these foams were enhanced with the
increase of G@Fe;0, content and the foam with 10.0 wt %
loading displayed a high EMI SE of ~14.3—18.2 dB over a
frequency range of 8—12 GHz. Because of the improved
impedance matching and electromagnetic wave attenuation
resulting from the introduction of Fe;O, as well as the
existence of multiple reflections, most of electromagnetic wave
was adsorbed rather than being reflected back from the foams.
Furthermore, the present foams are superparamagnetic and
could be magnetically actuated. Meanwhile, the thermal
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conductivity of these foams was measured to be 0.042—0.071
W/(m K), indicating an excellent thermal insulation perform-
ance.
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