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• The melamine sponge/RGO foam was
prepared by a fluid-assisted method
(F-MG foam).

• Stretched RGO nanosheets formed the
“obstacle walls” in the F-MG foam.

• The F-MG foam shows good electro-
magnetic interference shielding proper-
ties and flexibility.
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A sort of ultra-light and elastic melamine sponge/graphene composite foam decorated with stretched graphene
nanosheets was successfully prepared as electromagnetic interference (EMI) shielding device. For obtaining
stretched graphene nanosheets, graphene oxide nanosheets are covered on the pore ofmelamine sponge formed
the“obstacle walls” with the aid of a fluid-assisted method, followed by freeze-drying and reduction treatment.
This unique structure is crucial to dissipate electromagnetic waves, due to the formation of more “obstacle
walls” and more closed cells for the multireflection. Only a low graphene loading of 0.105 vol%, the composite
foam displayed extremely high EMI shielding performance with 37.2 dB, and a specific EMI shielding effective-
nesswas up to 3410 dB·cm3/g owing to the low density of 0.011 g/cm3. Thiswork provides a novelmethodology
to produce graphene/polymer composite porous foam for highly efficient EMI shielding applications.
Keywords:
Stretched graphene nanosheets
Melamine foam composites
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1. Introduction

Currently, electromagnetic interference (EMI) and radiation pollu-
tion from electronic devices have threatened the normal functioning
of electronics and the health of human beings. As a new shielding
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material, conductive fillers such as graphene and carbon nanotubes
have the advantages of high electrical conductivity and good chemical
stability, which are used to prepare various EMI shielding composite
materials. Meanwhile, the elastic EMI shielding foamwith low conduc-
tive filler loading is a hot research topic due to low cost. Compared to
the traditional solid EMI shielding devices, conductive polymer foams
with three-dimensional (3D) porous structure offer more space for
the internal multi-scattering and multi-reflection of electromagnetic
wave (EW), making it a great possibility to improve the absorption
loss dramatically [1–4]. Moreover, owing to the obvious advantages of
a lightweight, compressible and high specific area, 3D EMI shielding de-
vices have got increasing attention in recent years [5–8].

For the fabrication of foam-based EMI shielding devices, the tem-
plate method has been widely accepted because of its easy-to-
operation, controllable microstructure, foam size, and enough space
for the functional modification [9]. Xu et al. fabricated one type of com-
posite foam by introducing multiwalled carbon nanotubes (MWCNTs)
and 3D silver into melamine foam, obtaining exceptional conductivity
of 253.4 S/m, and remarkable EMI SE of 68 dB at 0.05–18 GHz [10]. By
comparison, graphene with typical 2D structure is superior to those
CNTs and carbon fibers with 1D structure owing to the larger reflection
and scattering area towards electromagnetic wave (EW) [11,12]. As re-
ported by Li et al., with the addition of only 4 wt% graphene, the EMI
shielding effectiveness (SE) of the obtained polyimide/graphene foam
can reach up to 24 dB with a thickness of 24 μm in the X-band, much
higher than that of the solid counterparts [13]. Moreover, Ling et al. re-
ported the prepared graphene filled foams exhibited an EMI SE of
~20 dB with 7 wt% loading of graphene [6]. Zhang et al. Graphene-
PMMA nanocomposite microcellular foams fabricated by subcritical
CO2 foaming technique, and the EMI SE is 13–19 dB with 1.8 vol%
graphene loading at X band [14].

Usually, the conductive filler content has significant influence over
the EMI shielding properties, most reports confirmed that the EMI SE
would be improved by higher graphene loading [15–17]. In addition,
the dispersion state of graphene nanosheets in the foam-based EMI
shielding devices is another important factor [18,19]. However, in
most of the recent reports, reduction graphene oxide (RGO) nanosheets
were indeed wrapped rather than stretched, on the skeletons of foams
to hinder the propagation of magnetic waves [20–29]. Nevertheless,
the wrapped state of graphene in the foam is not the optimized way
to enhance EMI shielding performances, because thewrapped skeletons
in the foams can only provide very finite active space for scattering and
reflection of EW. Especially, for the organic foam templates, the EW
leakage would easily occur once most of the skeletons are not wrapped,
leading to a weak EMI shielding performance. However, the EMI
shielding performance of stretched graphene nanosheets in the foam-
based devices has not yet been discussed.

In this work, a fluid-assisted method was used to prepare melamine
sponge (MF)/RGO composite foam (F-MG) with stretched RGO nano-
sheets for EMI shielding applications. Graphene oxide (GO) nanosheets
were dispersed in water and covered on the skeletons and most of the
pores in MF, forming a unique “obstacle walls” microstructure in MF.
The resultant F-MG foam demonstrates the EMI SE of 37.2 dB with
RGO content of 0.105 vol%, and the specific EMI SE up to
3410 dB·cm3/g with the density as low as 0.011 g/cm3. The composite
foam also exhibited robust mechanical property, and a small amount
EMI SE reduction was observed with 50 cyclic of compression.

2. Experimental

2.1. Materials

The following reagents, KMnO4 (≥99.0%), H2O2, NaNO3 (≥99.0%),
H2SO4 (95.0–98.0%), HCl (36.0–38.0%) and N2H4·H2O (≥85.0%), all of
the analytical grade,were purchased fromSinopharmChemical Reagent
Co., LTD and used as received. Melamine foam (MF) was supplied by
Beijing Kelinmei High-Tech Materials co., LTD. Graphite powders
(≥99.0%, 1000 mesh) were provided by Qingdao Tenshengda Carbon
Machinery co., LTD.

2.2. Fabrication of MG foam

The F-MG foams were prepared by a fluid-assisted method. To be
specific, GO was synthesized by using a modified Hummer method
from natural graphite [30]. 600 mg GO was added into 200 mL distilled
water, and theGO suspension obtained by exfoliating GOflakeswith the
assistance of sonication. Then, the commercial MFwas cut into a cuboid
which was immersed in ethanol and rinsed in an ultrasonic cleaner for
30 min. Afterward, MF was submerged in the as-prepared GO suspen-
sion with stirring for 12 h at room temperature. The obtained sponges
were freeze-dried to remove the residualwater. Finally, the above prod-
ucts were put into a Teflon reactor containing 4 mL of hydrazine
monohydrate and hydrothermally reduced at 90 °C for 2 h, then the F-
MG foam with GO was reduced. In addition, the F-MG foam was com-
pared with E-MG foam and C-MG foam, which prepared by the extru-
sion method and centrifugation method, separately. For the E-MG
foam, a melamine foam was dipped into GO suspension and extruded
repeatedly. After drying in a freeze dryer, the hydrazine hydrate vapor
was adopted to transfer GO into RGO. Finally, a black product E-MG
foam was obtained. While for the preparation of C-MG, the melamine
foam together with as-prepared GO suspension was put into a plastic
centrifuge tube followed by centrifugation at 5000 rpm for 30 min.
The following operations for the drying and reduction of GO were the
same as described in the preparation of E-MG foam.

2.3. Characterizations

Raman spectra are recorded on a ThermoNICOLET IS 50 Laser Raman
spectrometer with a laser of 532 nm in the range of 1000–3200 cm−1.
X-ray photoelectron spectroscopy (XPS) is measured by a Thermo
Fisher-VG Scientific ESCALAB 250Xi electron spectrometer using Al
monochromatic 150 W kα radiation. Scanning electron microscopy
(SEM) observation is carried out using a Hitachi Limited S-400 N at an
operating voltage of 3 KV. As shown in Fig. S1, the MG foam was
clamped using two copper sheets then examined with a two-probe
electrical resistivity sensor (Gwinstek GDM-8255A, Taiwan). Mean-
while, the same equipment was also used to evaluate the
piezoresistance performance of MG foams. The S parameters (S11 and
S21) were measured using an AV3629 vector network analyzer (VNA)
in the frequency range of 8–12 GHz (X-band) at room temperature.
The samples are cut into rectangle plates with a dimension of 22.78
× 10.2 mm2 to fit the waveguide sample holder. For comparison, the
thicknesses of samples were 5, 10, 20 and 40 mm.

The power coefficients of reflectivity (R), transmissivity (T), and ab-
sorptivity (A) are determined using S parameters (S11 and S21) with the
equations as follows:

R ¼ S11j j2;T ¼ S21j j2

A ¼ 1−R−T

SER ¼ −10 log 1−Rð Þ

SEA ¼ −10 log T= 1−Rð Þð Þ

SET ¼ 10 log
PI
PΤ

� �
¼ SEr þ SEa

The EMI SE (SET) refers to the logarithm of the ratio of incident
power (PI) to transmitted power (PT) of radiation, which is the sum of
the absorption (SEA) and the reflection (SER) [31,32].
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3. Results and discussion

The procedure for the fabrication process of F-MG foam is illustrated
in Fig. 1.

The GOnanosheets were gradually introduced into theMF foamby a
fluid-assisted method in GO suspension, forming a unique microstruc-
ture with the GO nanosheets coated on the skeleton and the pore of
MF foam. By a so-called fumigation method, hydrazine vapor formed
in the sealed reactor successfully transfer GO to RGO, expecting to ob-
tain a higher conductivity. The reduction process of GO was subse-
quently confirmed by Raman spectra and XPS data in Fig. S2. As
shown in Fig. S2a, the peak corresponding to the G-band of RGO nano-
sheets shifts from 1589 to 1581 cm−1, due to the removal of some iso-
lated double bonds. And, the ratio of ID/IG with RGO increases to 1.54,
which is significantly higher than that with GO, suggesting more disor-
dered microstructure formed during the reduction [33–35]. Moreover,
as shown in Fig. S2b, although the C1s spectrum of both GO and RGO
can be fitted into three typical peaks including C\\C (~284.8 eV), C\\O
(~286.4 eV) and C_O (~288.7 eV), the peaks corresponding to C\\O
and C_O in RGO decreased dramatically. More direct evidence is that
the C/O ratio of RGO rises up to 6.89 as compared to 2.0 in GO. Above
all, we can conclude that the GO in the MF foam was successfully re-
duced by hydrazine vapor. In addition, the reduction degree and con-
ductivity can be improved by appropriate reduction methods, such as
microwave irradiation [36].

Owing to the decoration of RGO, the color of as-obtained MG foams
changed from white (Fig. 2a) to black (Fig. 2d). The microstructures of
the MF and MG were captured by SEM images shown in Fig. 2b and e.
The pristine MF exhibits a highly porous structure with pore diameter
dozens to a hundred micrometers (Fig. S3c). According to the AFM re-
sults, GO nanosheets were actually much smaller than the pores in the
MF foam (Fig. 2f), thus the pore providing enough space for the impreg-
nation of GO suspension and facilitating the deposition of GO nano-
sheets. Before impregnation, the skeletons of pristine MF were smooth
and free of any visible impurities (Fig. 2c). After processing, the pores
in the F-MG foam were covered by RGO nanosheets as the “obstacle
wall”, and the skeletons were wrapped around RGO, respectively. Fur-
thermore, in Figs. 2e and S3d show that the “obstacle wall” is made up
of layers of RGO nanosheets. The decorated RGO nanosheets connected
with each other transformed the insulated MF into an electrically con-
ductive network. In addition, the composite foam is so light that
allowing a 25 × 20 × 10 mm3 F-MG foam stand on a Setaria viridis
Fig. 1. Schematic illustration for the fabrication process of MG foams.
(Fig. 2g). As exhibited in Fig. 2h-i, the compressedMG foam can recover
its original shape rapidly, once the extra force was removed.

From the viewpoint of enhancing the electric loss, forming a superior
conductive network inside the foam would be a benefit for enhancing
EMI shielding performance [37–41]. Moreover, the curly or stretched
state of 2D nanofillers in the foamwas supposed to affect the construc-
tion of the conductive network directly. Therefore, we compared the
RGO loading and microstructure of three MG foams prepared by differ-
entmethods. The threemethods applied to prepareMG foams are obvi-
ously different. For the extrusion method, the GO solution was rapidly
absorbed into the foam during the repeated extrusion. But the mela-
mine foam only absorbs the GO nanosheets around it, leading to a low
GO content of 0.067 vol% in E-MG foam (Fig. 3a). Owing to the extru-
sion, the distribution of RGO nanosheets in E-MG foam is not uniform
(as show in Fig. S3a). For the centrifuge strategy, although the GO load-
ing can be improved due to the motion of the whole solution, the
stretched GO sheets are obviously less than the F-MG foam. Further-
more, many GO sheets in the F-MG foamwould transfer from stretched
form into wrapped form, because of the too large centrifuge force
(Fig. S3b and S4). By contrast, because of the fluid-assisted method
with a relatively mild stirring rate, the GO nanosheets can overlap
with each other to form GO films on the pores. In spite of the RGO load-
ing in the C-MG foam (0.095 vol%) is close to that in F-MG foam
(0.105 vol%), the SEM image provides direct evidence that more
stretched RGO films covered the pore in the F-MG foam (Fig. 3).

Subsequently, the EMI shieldingperformances of E-MG, C-MGand F-
MG were compared. As previously mentioned, F-MG foam had the
highest RGO loading and conductivity. Therefore, the F-MG foam exhib-
ited higher SET value than C-MG and E-MG in Fig. 4, under the same
thickness. Higher RGO loading results in higher conductivity and better
EMI shielding performance in the MG foam. Hence, the average values
of total SE (SET) for C-MG foam is 23.3 dB which is greater higher than
the SET of 8.18 dB in the E-MG foam with the same thickness
(40mm). Besides, more conductive paths also improve the conductivity
of MG foam. Although the RGO content in F-MG foam is a little higher
than that in C-MG foam, the electric conductivity increased obviously
as reflected in Fig. 3. Therefore, compared with C-MG foam and E-MG
foam, better EMI shielding performance in F-MG foam should be as-
cribed to more RGO films consist of stretched nanosheets, which is be-
lieved to consume more electromagnetic waves. Therefore, the
average value of SET for F-MG foam is 37.2 dB, with the thickness is
40 mm (Fig. 4). In addition, because a mild fluid-assisted method was
applied, the F-MG foam maintained its original elasticity, making it a
flexible and compressible EMI shielding device [10]. In the following in-
vestigation on the EMI shielding behaviors as a function of the compres-
sion strain, the average SET of the F-MG foamwith a thickness of 40mm
reduced from 37.2 to 25.6 dB, when the compressive strain increased
from 0% to 50%. The reduction of SET caused by compressive strain
was mainly ascribed to the decrease of SEA, according to the variation
reflected in Fig. 5b and c. The resistance of the F-MG foam decreases
when it is compressed, the relative resistance variation (ΔR/R0, where
ΔR = R-R0, R0 and R are the resistance of the F-MG foam before and
after deformation) was measured in Fig. 5a [42]. The SE reflection in
the shieldingmaterials is depending on the impedancematch in the in-
terface between air and the foam, which is also strongly influenced by
the conductivity. [43]. The SER of F-MG foam raised slightly from 0.37
to 0.46 dB by compression, because the improvement of resistance
caused by the compression is insignificant (Fig. 5b). Meanwhile, the ef-
ficient multi-reflection and multi-scattering area would be decreased
due to the decrease of thickness, leading to a reduction in SEA (Fig. 5c).

As typical compressible devices, cycling stability is another impor-
tant topic worth to be studied. The EMI shielding property of F-MG
foam via a 50-times compression cycle was evaluated in Fig. S5. The av-
erage values of total SE for F-MG reduced from 4.6, 11.3, 12.5 and
37.2 dB to 3.7, 4.8, 10.5 and 22.9 dB, with the thicknesses of 5, 10, 20
and 40 mm, respectively. This may have resulted from the severely



Fig. 2. As-received melamine sponge and compressible MG foam. Photographs (a, d) and microstructure images (b, c, e) of melamine sponge and MG foam. AFM images (f) and the
number-average width of GO nanosheets. The lightweight characteristic (g) and the compressible property (h–i) of MG foam.
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falling of coated RGO nanosheets during the compression, and the black
RGO powers seen in Fig. S6 confirmed this [44,45]. Even so, the average
total SE value of F-MG foam with a thickness of 40 mm still exceeded
20 dB, which is high enough to meet the performance requirement in
a commercial application.
Fig. 3. The MG foams were fabricated by (a) extrude method, (b) centrifugation method, (c)
fabricated by different fabrication methods.
In addition, thickness is another important factor affecting EMI
shielding effectiveness [8,46]. F-MG foams with thicknesses of 5, 10,
20 and 40 mm were selected for the EMI testing, the S parameters (S
11 and S 21) of F-MG foam were measured by VNA to calculated EMI
SE. As reflected in Fig. 6a-d, when the thickness increased from 5 to
fluid-assisted method. (d) The RGO content and electrical conductivity of the MG foams



Fig. 4. EMI shielding performances variedwith the thickness of F-MG foams. (a–d) SE total of the F-MG foam, C-MG foam and E-MG foamwith different thicknesses of 5, 10, 20 and 40mm.
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40 mm, the corresponding SE values raised greatly from 4.6 to 37.2 dB.
Moreover, we found the value of SEA was always higher than that of SER
and the latter remained constant regardless of the thickness of F-MG.

A schematic diagram for the proposed EMI shielding mechanism
was described in Fig. 7. Based on previous reports, the conductive
Fig. 5. Resistance variations and EMI shielding parameters of F-MG foams changedwith differen
d) SE reflection, SE absorption, SE total of the F-MG foam with a thickness of 40 mm under dif
surface of F-MG foam and the 3D porous network structure are believed
to have good impedance matching [7,47]. Therefore, the EW applied
over the MG foam should be rarely reflected. The incident EW (Pin) at-
tenuated during passing through the foam was mainly ascribed to two
aspects. When the EM waves strike the RGO filler on the skeleton and
t strains. (a) Resistance variations of F-MG foamswith the strain range from10% to 50%. (b–
ferent compressive strains.



Fig. 6. EMI shielding performances variedwith the thickness of F-MG foams. (a–d) SE reflection (SER), SE absorption (SEA), SE total (SET) of the F-MG foamswith different thicknesses of 5,
10, 20 and 40 mm.
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pore of theMG foam, thewaves get reflected and scattermultiple times.
These multiple reflections induce relaxations resulting in additional EM
wave attenuation, giving rise to microwave absorption. Compared with
the common RGO conductive network formed only on the surface of
foam skeleton, the stretched conductive RGO nanosheets covered on
the pores of F-MG foams provided much larger reflection and dissipa-
tion area towards the propagation of EW. In particular, the stretched
RGO nanosheets could form an “obstacle walls” (as shown in Fig. 1),
where EW was multi-reflected and multi-scattered between two
walls. The other way is that the residue functional groups on RGO be-
cause of the incomplete reduction could bring about typical polarization
loss [48]. Since the SEA of the shieldingmaterial strongly depends on the
interaction of electromagnetic (EM) waves with both electric andmag-
netic dipoles in the material, the real and imaginary parts of complex
Fig. 7. Schematic illustration of the
permittivity (ε′ and ε″) and permeability (μ′ and μ′′) are measured for
better understanding their absorption properties [49,50]. Because both
melamine foam and RGO are nonmagnetic, the magnetic permeability
should be omitted. The F-MG foamattenuatesmicrowave by the electri-
cal loss. Fig. 8 shows the average ε′, ε″ and tangent loss (tan δε) are 2.0,
0.77 and 0.38, respectively. The ε' value represents the storage capability
of the electric energy inside thematerial while ε″ is related to the atten-
uation ability of the absorber. The tan δε can supplymeasurement of EM
energy lost against the energy stored. It can be seen that there are sev-
eral distinguishable semicircles in ε′-ε″ cures, indicating that these ma-
terials have multiple dielectric polarization relaxation processes. In
addition, the conductive loss produced by the conductive RGOnetworks
also contributes to enhancing the electric dipole relaxation. When the
EM waves strike the RGO filler on the skeleton and pore of the MG
EMI shielding across MG foam.



Fig. 8. (a) Real permittivity (ε′), (b) imaginary permittivity (ε″), (c) tangent loss (tan δ) and (d) ε′-ε″ cures versus frequency for F-MG foam.
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foam, thewaves get reflected and scattermultiple times. Thesemultiple
reflections induce relaxations resulting in additional EM wave attenua-
tion, giving rise to microwave absorption [51]. Hence, given that the
conductivity, dielectric loss and dielectric permittivity, the SEA of the
F-MG foam is mainly attributed to ohmic and polarization loss.

To evaluate the EMI shieldingmaterials from the viewpoint of light-
weight, Specific SE (SSE) defined as the value of SE divided by its density
was usually proposed. Therefore, the SSE values of the F-MG foamwere
calculated to be 3410 dB·cm3/g as result of the density is only
0.0110 g/cm3. Taking the thickness into account, the values of SSE/d
(SSE divided by the thickness [52]) as a function of RGO loading (vol
%) are plotted and compared (Fig. 9) [4,6,14,29,46,53–58]. Compared
with many previous works about the EMI shielding performance of
graphene/polymer composite, the SSE/d of F-MG foam is
Fig. 9. SSE/d values as a function of RGO content including the graphene/polymer
composite shielding materials and F-MG foam.
845.5 dB·cm2/g with a low RGO content of 0.105 vol%, which is rela-
tively prior to most of the listed works. This is because the “obstacle
wall” consist of RGO nanosheets was constructed in F-MG foam which
is effective to increase the area towards the consumption of electromag-
netic waves.
4. Conclusion

In summary, F-MG foamswith a density as low as ∼0.011 g/cm3were
fabricated by introducing GO nanosheets into melamine sponges
through a fluid-assistedmethod followed by the reduction in hydrazine
vapor. A uniquemicrostructurewith stretched RGOnanosheets covered
on the pores as the“obstacle walls” and attached on the skeletons was
formed. Due to the multi-reflection and multi-scatting of EW resulted
from the hierarchical structure, F-MG foams exhibited EMI shielding
performancewith average SE achieving 37.2 dBwith a graphene loading
of 0.105 vol% and the specific EMI SSE/d 845.5 dB·cm2/g. The shielding
performance of the F-MG foam is proved to be compression sensitive,
showing promise for adjustable EMI shielding. The high degree of atten-
uation of EM waves was remained after multiple compression cycles,
demonstrating the structural integrity of the 3D conductive graphene
network. This novel fluid-assisted methodology for fabrication
graphene/polymer foam materials with low graphene content, light-
weight and EMI shielding properties would widen the preparation
method of graphene shielding materials.
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