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Enhanced electromagnetic wave absorption and
mechanical performances of graphite nanosheet/
PVDF foams via ice dissolution and normal
pressure drying†

Xiaogang Su, * Yu Zhang, Jun Wang and Yaqing Liu*

Developing lightweight polymer-based composite materials with electromagnetic (EM) wave absorption

and mechanical load-bearing properties is urgent for application in complex environments. Herein, low-

cost two-dimensional graphite nanosheets (GNS) were utilized as the functional filler phase, and GNS/

polyvinylidene fluoride (PVDF) composite foams were fabricated using the ice dissolution and normal

pressure drying method. The foam exhibits a directionally aligned structure induced by the temperature

field. Ice dissolution of strong polarity DMSO is achieved through solvent exchange between it and

water. Furthermore, the EM wave absorption and compression properties can be adjusted by varying the

ratio of GNS to PVDF. The maximum reflection loss reaches �57.68 dB at a frequency of 10.64 GHz and

a thickness of 2.7 mm, with an impressive effective absorption bandwidth of 6.86 GHz, outperforming

most reported absorptive materials. It demonstrates a maximum compression strength of 300.9 kPa at a

deformation of 15%. Therefore, the foam not only has excellent EM wave absorption capabilities but also

possesses strong compression load-bearing capacity, providing a new perspective for the design of

structurally functionalized composite materials.

1 Introduction

Compared to traditional metal materials, polymers offer several
advantages, including lightweight properties, resistance to corro-
sion and fatigue, as well as ease of molding.1,2 Consequently, they
are widely employed in various fields such as radar systems,
structural components, and packaging. However, standalone
polymer materials frequently face challenges in meeting the
rigorous performance demands of the technological industry,
especially in addressing electromagnetic (EM) interference in
electronic devices and fulfilling radar stealth requirements.3–6

These issues can be effectively tackled by integrating functional
elements with EM wave absorption capabilities into the polymer
matrix.

Carbon materials are excellent candidates for EM wave
absorption materials (EWAMs) due to their superior environ-
mental adaptability, electrical conductivity, and lightweight
properties.7–11 Various forms of carbon materials have been
developed, such as zero-dimensional (0D) carbon spheres, one-

dimensional (1D) carbon nanotubes (CNTs), carbon nanofibers
(CNFs), two-dimensional (2D) reduced graphene oxide (RGO),
and graphite nanosheets (GNS). Employing a multi-framework
that combines multiple loss mechanisms is seen as an effective
strategy for broadening the loss mechanism.12–14 For example, Su
et al. proposed a method for creating binary absorption materials
with both electrical and magnetic loss by combining GNS with
iron–cobalt alloys.15 Additionally, Zhang et al. introduced con-
ductive polymers of polypyrrole and strong magnetic Fe3O4 on
carbon nanotubes, adjusting the component ratio to optimize
impedance matching and attenuation capabilities, resulting in a
maximum reflection loss of �51.8 dB.16 Furthermore, not only
does the type and morphology of the EM absorbing filler influ-
ence the properties, but its distribution pattern within the matrix
holds significant importance as well.17–25 Precisely speaking,
randomly filling the absorption functional units of multiple
carbon materials into the polymer matrix using mechanical
methods often fails to form an effective conductive network,
requiring high filler ratios to achieve good absorption effects and
potentially sacrificing their lightweight properties.

Establishing a conductive network structure within the
polymer can enable the inherent function of absorption func-
tional units at low filler ratios. Current methods include pre-
fabricated structures filled with polymers, supercritical CO2

foaming, and one-step freeze-drying methods.26–29 For instance,

Key Laboratory of Functional Nanocomposites of Shanxi Province, School of

Materials Science and Engineering, North University of China, Taiyuan 030051,

China. E-mail: sxgwhut@163.com, 20200173@nuc.edu.cn

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4tc00929k

Received 7th March 2024,
Accepted 9th May 2024

DOI: 10.1039/d4tc00929k

rsc.li/materials-c

Journal of
Materials Chemistry C

PAPER

Pu
bl

is
he

d 
on

 1
0 

M
ud

ya
xi

hi
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

02
5-

04
-2

9 
14

:0
6:

49
. 

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-9323-3916
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tc00929k&domain=pdf&date_stamp=2024-05-14
https://doi.org/10.1039/d4tc00929k
https://doi.org/10.1039/d4tc00929k
https://rsc.li/materials-c
https://doi.org/10.1039/d4tc00929k
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC012021


7776 |  J. Mater. Chem. C, 2024, 12, 7775–7783 This journal is © The Royal Society of Chemistry 2024

Zou et al. fabricated polystyrene (PS)/poly methyl methacrylate
(PMMA)/multi-wall carbon nanotube (MWCNT) composite foams
with a porous double percolated structure via supercritical CO2

foaming.26 Chen et al. prepared 3D networks of RGO/2-
mercaptobenzimidazole (MB) filler and natural rubber (NR)
matrix using a one-step ice-templated method to improve ther-
mal performance.30 Wang et al. took inspiration from natural
nacre to conduct a strong BNNS/CMC/epoxy resin through bidir-
ectional freeze-casting and vacuum-assisted resin infiltration.31

Su et al. prefabricated a CoS2/N, S co-doped carbon aerogel by
freeze drying and subsequently investigated EM wave absorption
properties by vacuum-assisted infusion of epoxy resin.32 Among
these methods, the one-step freeze-drying process efficiently
bridges functional elements through an oriented arrangement.
Nonetheless, the negative pressure drying process often encoun-
ters time-consuming and challenging environmental issues, lim-
iting its industrial application.

Regarding EWAMs, the matrix (such as polyurethane, poly-
ethylene terephthalate, epoxy resin, etc.) plays a pivotal role as a
carrier for the EM absorbing filler.33–36 Seyedian et al. successfully
synthesized MgFe2O4 nanoparticles exhibiting diverse phases and
morphologies, and subsequently integrated them with a polyethy-
lene terephthalate matrix to significantly bolster the absorbing
capabilities.37 Among them, polyvinylidene fluoride (PVDF), as a
thermoplastic polymer, is known for its corrosion resistance and
high dielectric constant, along with recyclability. Herein, by utiliz-
ing low-cost GNS as the absorption functional element, an inte-
grated process including ice dissolution and normal pressure
drying is employed to create PVDF/GNS (PG) composite foams
with oriented structures. Significantly, leveraging the characteris-
tics of PVDF and the solvent DMSO, replacement between water
and DMSO solvent occurs at only 5–10 1C and normal pressure,
achieving the goal of ice dissolution while preserving the micro-
structure. Through adjusting the ratio of GNS and PVDF, the
electrical properties, absorption properties, and compression prop-
erties of the composite foams are examined.

2 Experiment
2.1 Materials

GNS was obtained from expandable graphite sourced from
Qingdao Rising Graphite Limited Company. PVDF (FR906) with
a molecular weight of 500 000 was purchased from Shanghai
Sanai Polymer Company. DMSO solvent was provided by Tian-
jin Damao Reagent Limited Company. Purified water was
obtained from a water purifier for the experimental process.

2.2 The preparation of PG

GNS were prepared by high-temperature expansion, ultrasonic
peeling, and negative pressure drying of expandable graphite.
The specific preparation process can be found in the ESI.† PVDF/
GNS composite foams were obtained through unidirectional
freezing, solvent exchange, and normal drying. Specifically, a
certain ratio of PVDF and GNS was added to 15 mL of DMSO
solvent, with a total solute content of 10 wt.%, and ultrasonicated

for 20 min at 50 1C. The mixture was mechanically stirred for 1 h
at 75 1C until the PVDF was completely dissolved in the DMSO.
The solution was then poured into a dedicated freezing mold in a
liquid nitrogen condition, obtaining a solidified block. Subse-
quently, it was immersed in 2 L of purified water for solvent
replacement, maintaining the replacement temperature at 5–
10 1C and replacing the water every 4 h until no obvious DMSO
odor was detected. Typically, water replacing frequency is 6 times.
Finally, the sample was transferred to a forced draft drying oven
and dried at 30 1C for 48 h. The mass ratios of PVDF and GNS
were 95 : 5, 90 : 10, 85 : 15, and 80 : 20, and these were designated
as PG-1, PG-2, PG-3, and PG-4, respectively.

2.3 Characterization

To characterize the phase transformation and crystallinity,
various techniques were utilized, including X-ray diffraction
(XRD, Haoyuan DX-2700B), Fourier Transform Infrared Spectro-
scopy (FTIR, Nicolet 6700, Thermo Fisher), and Differential
Scanning Calorimetry (DSC, TA-Q20). Field Emission Scanning
Electron Microscopy (FESEM, Hitachi SU-8010) was employed to
observe the microstructure of PG. Nitrogen isothermal adsorp-
tion and desorption was collected by Microporous Physical
Adsorbent Analyzer (ASAP2020). Additionally, a resistance tester
was utilized to measure the resistance value R of PG, and the
volume conductivity r was theoretically calculated using the
formula r = R � A/d, where A is the contact area and d is the
thickness. To investigate the EM wave absorption and shielding,
a vector network analyzer (VNA, Agilent N5232) was employed to
collect EM parameters (complex permittivity, er = e0 � je00; complex
permeability, mr = m0 � jm00). The EM wave absorption performance
was then calculated using specific formulas (1)–(3). The para-
meters Z0 and Zin represent the air impedance and input impe-
dance, respectively. f, d, and c denote the frequency, thickness,
and ideal speed of light. Furthermore, based on the standard of
GB/T 1041-92, the compression performance of PG was tested
using a universal testing machine.

Z0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
m0=e0

p
(1)

Zin ¼ Z0

ffiffiffiffiffiffiffiffiffiffiffi
mr=er

p
tanh j2pfd

ffiffiffiffiffiffiffiffi
mrer
p �

c
� �

(2)

RL = 20 lg|Zin � Z0/Zin + Z0| (3)

3 Results and discussion

The process for preparing PG is depicted in Fig. 1(a). In a high-
temperature environment, the nitrogen–sulfur organic matter
within the expandable graphite instantaneously transforms into
gas, generating strong forces perpendicular to the graphite layers
and resulting in worm-like expanded graphite.15 Through ultra-
sonic cavitation, adjacent graphite layers are peeled off, obtaining
multi-layered GNS. Subsequently, the GNS are dispersed in the
strongly polar solvent DMSO along with PVDF. Upon induction of
a temperature field, the PVDF/GNS solution and the solvent DMSO
undergo phase separation, producing a PVDF/GNS/DMSO block
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with a directional structure. Due to the low melting point of DMSO
at 10 1C and its high solubility with water, water slowly erodes the
DMSO ice block during the immersion process, achieving the
purpose of ice dissolution through solvent displacement. At the
same time, the inertia of PVDF in water allows the thawed PVDF to
retain its original microstructure. Ultimately, through the process
of water evaporation under room temperature and atmospheric
pressure, a PG composite foam with a low density of 0.21 g cm�3 is
obtained, corresponding digital image shown in Fig. S1 (ESI†).

When the PVDF crystal is immersed in water, the polar –OH
group of the water molecule interacts with the dipole of PVDF.
Although it is a relatively weak physical force, it is enough to
cause a rearrangement of the molecular structure within the
PVDF crystal over time, leading to the transformation of PVDF
from a non-polar a-phase to an electroactive b-phase crystal
structure. This phenomenon can be confirmed by XRD, DSC,
and FTIR analysis. As depicted in Fig. 1(b), untreated PVDF
powder displays distinct diffraction peaks at 2y = 18.31, 201,
and 26.561, corresponding to the (101), (110), and (112) crystal
planes of a phase.28 After immersion in water, the original a-
phase characteristic peaks essentially vanish, and a new diffrac-
tion peak emerges at 2y = 211, indicating a change in the crystal
structure phase. More importantly, the peak intensity gradually
boosts with the increase of GNS relative ratio, indicating that the
presence of GNS is beneficial for PVDF nucleation. This is
attributed to the dipole realignment caused by the molecular
interactions between the functional groups on the surface of GNS
and PVDF. Simultaneously, with the increase of GNS content in
the composite foam, the (002) crystal plane diffraction peak at
approximately 27.21 also gradually increases. Fig. 1(c) displays the
DSC curves of PG and PVDF block. As the proportion of GNS
increases, the melting temperature elevates from 168.3 1C to
173.9 1C, accompanied by a broader melting peak. The melting

enthalpies are determined to be 24.5 J g�1, 24.9 J g�1, 30.0 J g�1,
30.9 J g�1, and 43.3 J g�1, respectively (Fig. S2, ESI†). Using the
melting enthalpy (105 J g�1) of 100% crystalline PVDF and the
mass fraction, the corresponding crystallinity which increases
from 23.7% initially to 51.5% is calculated. This suggests that
introducing two-dimensional GNS enhances the crystallinity of
PVDF. The improvement in crystallinity and melting point vali-
dates the crystal phase transition. Furthermore, in the FTIR
spectrum (Fig. 1(d)), it is observed that the characteristic signals
of the a phase at 763 cm�1, 795 cm�1, and 975 cm�1 gradually
diminish, while the absorption peak of the b phase at 1290 cm�1

progressively intensifies.38 In theory, the transition from non-
polar to polar reinforces the dipole moment effect of the mole-
cular structure, which serves to enhance polarization loss and EM
wave attenuation.

Fig. 2(a)–(h) displays the scanning electron microscopy
(SEM) images of PG at different magnifications. It is evident that
PG exhibits a directional honeycomb structure, which is primarily
attributed to the squeezing effect of DMSO ice crystals under the
influence of an external gradient temperature field. During phase
separation, PVDF/GNS collaboratively constitute the channel
walls of the honeycomb structure, while DMSO is removed after
solvent displacement, resulting in channels that run from top to
bottom. Additionally, energy-dispersive spectroscopy (EDS) was
utilized to investigate the distribution of F and C elements,
revealing that their distribution is consistent, further confirming
the composition of the channel walls (Fig. S3, ESI†). Compared to
structures produced via freeze-vacuum drying, foams created by
ice dissolution-normal drying still maintain intact skeleton struc-
tures. At the microscopic level, due to the thickness of GNS
ranging from 10 mm to 50 mm and being composed of multiple
layers of graphite, it possesses a certain level of rigidity. GNS are
staggered and arranged in a calabashes-like configuration within

Fig. 1 (a) Preparation process of PG foam; (b) XRD patterns of PG, PVDF block, and PVDF powder; (c) DSC curves of PG and PVDF block; (d) FTIR curves
of PG.
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the matrix. This structure differs from flexible graphene or
MXene, which typically spreads out completely within the
PVDF matrix. It is worth noting that as the GNS content in the
matrix increases, the pore and specific surface areas have
some change (Fig. S4, ESI†). The average pore width of PG-1,
PG-2, PG-3, and PG-4 are 22.07 nm, 21.00 nm, 15.54 nm,
and 13.50 nm. The specific surface areas are 6.16 m2 g�1,
6.34 m2 g�1, 9.16 m2 g�1 and 4.32 m2 g�1. Simultaneously, the
surface of the channel walls becomes increasingly rough
and discontinuous, and the calabashes-like structure also
becomes denser. This unique structure effectively boosts wave
propagation resistance and multiple scattering when utilized
for EM wave absorption, thereby improving wave absorption
performance.

Fig. 3(a) and (b) illustrates the real (e0) and imaginary (e00) parts
of the permittivity of PG composite foams within the range of 2–
18 GHz. For PG-1, PG-2, PG-3, and PG-4, e0 values range from 10.2
to 6.9, 9.5 to 5.3, 6.4 to 3.8, and 3 to 2.5, while e00 values range
from 8.5 to 2.4, 4.6 to 1.6, 3.7 to 0.8, and 0.4 to 0.2, respectively.
The specific frequency dispersion characteristics of material lead
to a decrease in the permittivity with increasing frequency,
particularly notable in the low-frequency range. It is worth noting
that as the amount of GNS increases, both the e0 and e00 of the
composite foams rise. Particularly, PG-4 demonstrates the

highest tan de, indicating its strongest capability for attenuating
EM wave (Fig. 3(c)). Moreover, the minimal change in permittivity
from PG-3 to PG-4 may be attributed to the fact that GNS has
already formed a complete conductive network in the matrix,
reaching the percolation threshold.

To delve deeper into the progression of dielectric behavior,
Debye relaxation theory and non-linear fitting techniques were
employed.39,40 Fig. 3(d)–(g) illustrates the Cole–Cole plots of PG
with e0 and e00. The presence of a circular segment within these
curves signifies the occurrence of polarization relaxation within
the system. Nevertheless, this circle remains incomplete owing
to conductive losses. Notably, the circle for PG-1 is more
prominent compared to the other three curves, highlighting a
more pronounced polarization relaxation phenomenon. As for
the remaining circles, they exhibit elongated straight lines with
progressively increasing proportions, indicating that augmenta-
tion of GNS in the matrix leads to a gradual surge in the
proportion of conductive loss amidst dielectric loss. This could
be attributed to the fact that in PG-1, the volume fraction of GNS
is minuscule and fails to establish a comprehensive inter-
connected network. It is difficult to develop prominent conduc-
tive losses simply by electron hopping between neighboring
GNSs. Both the interface polarization between GNS/PVDF and
the dipolar polarization inherent to the b-phase PVDF contri-
bute to polarization loss. When the volume fraction is substan-
tial, a complete conductive network of GNS gives rise to
heightened conductive loss.41 Additionally, as the complexity
of the calabashes-like structure escalates, EM wave propagation
path becomes increasingly convoluted, thereby accelerating the
attenuation of wave energy. Furthermore, Fig. 3(h) shows the
non-linear fitting analysis of the polarization loss proportion by
the least squares method. It is found that this trend aligns
seamlessly with variations in permittivity and electrical conduc-
tivity in Fig. 3(i).

Based on the RL two-dimensional color maps of PG-1, PG-2,
PG-3, and PG-4 in Fig. 4(a)–(d), the absorption performance of
each sample is clearly demonstrated. The key metrics for asses-
sing absorption performance include maximum reflection loss,
effective absorption bandwidth, and matching thickness. Notably,
PG-3 stands out with exceptional absorption performance among
these samples, boasting a maximum reflection loss of �57.68 dB
at a frequency of 10.64 GHz and a thickness of 2.7 mm, along with
an impressive effective absorption bandwidth of 6.86 GHz. The
color maps feature crescent-shaped regions, delimited by a RL of
�10 dB threshold, which are caused by the quarter-wave theory.
Fig. 4(e) further illustrates that as the thickness increases, the
frequency associated with the most pronounced absorption peak
shifts toward lower frequencies. This exceptional performance
surpasses that of numerous reported EMAW materials, position-
ing PG-3 as a promising contender for next-generation high-
performance absorption applications.42–57

The absorption performance of EMAWs is significantly influ-
enced by two key factors: impedance matching and attenuation
ability.58 PG-1, which exhibits no significant absorption perfor-
mance, is not further discussed. Impedance matching maps of
PG-2, PG-3, and PG-4 are displayed in Fig. 5(a)–(c). While the

Fig. 2 SEM images of (a), (b) PG-1, (c), (d) PG-2, (e), (f) PG-3, and (g), (h)
PG-4 at different magnifications.
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channel structure facilitates the entry of EM wave, the varying GNS
ratios still affect impedance matching. Specifically, PG-4 shows the
least region with |D| less than 0.4, indicating lower impedance
matching primarily due to skin depth mismatches caused by
conductivity. Among them, PG-3 achieves a balance between
impedance matching and attenuation capability, as shown in
Fig. 5(d) and Fig. S5 (ESI†), enabling it to fully attenuate incident
EM wave. Generally speaking, the excellent absorption perfor-
mance can be attributed to several factors, as shown in Fig. 5(e).
Firstly, its unique calabashes-like structure prolongs the propaga-
tion path of EM wave, providing more opportunities for energy
dissipation during transmission and jumping processes. Secondly,
temperature field-induced channels and an appropriate PVDF/
GNS ratio allow more EM wave to enter the material, which is
beneficial for impedance matching. Thirdly, the oriented arrange-
ment of rigid GNSs facilitates multiple scattering. Finally, the
heterogeneous interfaces between PVDF/GNS and dipolar polariza-
tion of b-phase PVDF itself provide interfacial polarization and
dipole polarization, collectively enhancing the attenuation capabil-
ity against EM wave.

To assess the absorption effect of PG-3 in practical applica-
tions, finite element simulations were conducted. As shown
in Fig. 6(a), a tank model (1000 mm � 700 mm � 500 mm)

served as the target, with a coating thickness of 2.7 mm and a
monitoring frequency set at 10.64 GHz. The radar cross-section
(RCS) is used as the criterion for evaluation. For instance, in a
single-station radar simulation system, a lower RCS of the target
implies that the radar receives less echo energy. By calculating the
far-field radiation of the target, it is observed that the tank with the
PG-3 coating exhibits a significant reduction in far-field radiation
intensity, as illustrated in Fig. 6(b) and (c). The two-dimensional
curves of RCS and RCS reduction (Fig. 6(d) and Fig. S6, ESI†)
provide a more intuitive view, showing that the RCS values of the
PG-3 coating are lower than those of the perfect electrical con-
ductor (PEC) backplane in the incident angle of 0–1801. Notably, at
an incident angle of 701, the maximum RCS reduction reaches 34.1
dBsm, with an average RCS reduction of 15.7 dBsm. These
findings convincingly demonstrate the excellent attenuation ability
of PG-3, highlighting its potential for application in the field of
stealth technology.

Furthermore, we employed the waveguide method to collect
the S11 and S21 parameters of the samples within the X-band
(8.2–12.4 GHz), and subsequently calculated the values of
reflecting shielding effectiveness (SER), absorbing shielding
effectiveness (SEA), and total shielding effectiveness (SE) as
depicted in Fig. S7(a)–(c) (ESI†). Evidently, with the increasing

Fig. 3 (a) and (b) Real and imaginary parts of the permittivity of PG; (c) dielectric tangent value (tan de) of PG; Cole–Cole curves: (d) PG-1, (e) PG-2,
(f) PG-3, (g) PG-4; (h) and (i) proportion of polarization loss and conductivity of PG.
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content of GNS in the composite foam, the SE gradually rises,
favoring the electromagnetic shielding capabilities of the
material. Here, SER represents the shielding effectiveness of
reflection characteristics, while SEA signifies the shielding

effectiveness of absorption characteristics.59–61 As the filling
rate of GNS increases, both SER and SEA exhibit an overall
upward trend. It’s worth noting that SER is closely related to the
skin depth. When the content of GNS in the composite foam

Fig. 4 (a)–(d) RL plots of PG with frequency and thickness; (e) frequency versus thickness at the maximum RL; (f) comparison of wave absorption
properties with other reported EMAWs.

Fig. 5 (a)–(c) Impedance diagrams of PG as a function of thickness and frequency (its value is less than 0.4, indicating its effective absorption); (d) total
loss capacity diagram of PG; (e) wave absorption mechanism diagram.
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enhanced, the conductivity (s) rises accordingly, leading to a
decrease in skin depth (d) based on formula (4).

d ¼
ffiffiffiffiffiffiffiffiffiffiffi
1

pf sm

s
(4)

When d is higher than the material thickness, electromagnetic
waves are absorbed and transmitted through the material.
Conversely, they are reflected on the surface of material. Con-
sequently, compared to other samples, PG-4 exhibits the high-
est conductivity, resulting in the smallest skin depth and a
particularly prominent SER. Furthermore, as shown in Fig.
S7(d)–(f) (ESI†), the calculated values of T (transmission coeffi-
cient), R (reflection coefficient), and A (absorption coefficient)
indicate that PG-2 and PG-3 possess excellent electromagnetic
wave absorption capabilities.

To better satisfy real working conditions, the mechanical
properties of this foam have been significantly improved in
addition to enhancing its ability to absorb EM wave. Fig. 6(e)
depicts the strain-compression performance curve of the foam.
At a 15% strain, the maximum compression strengths are
68.3 kPa, 79.6 kPa, 110 kPa, 300.9 kPa, and 149.2 kPa
(Fig. S8(a), ESI†). It is evident that the compression stress is
not directly correlated with the GNS content. This is primarily
attributed to the formation of a sea-island structure by a small
amount of GNS in the PVDF matrix, allowing for full utilization
of the inherent properties of the filler phase to enhance the
stiffness of the channel walls and then improve compression
performance.62,63 However, excessive GNS disrupt the contin-
uous phase of PVDF and have limited dispersibility, thereby

undermining the sea-island effect and ultimately leading to a
reduced compression performance. Furthermore, it is apparent
that the foam is unable to completely revert to its original state
after significant deformation (Fig. S8(b), ESI†). This is mainly
due to the irreversible slippage and relative movement of PVDF
molecular chains and the PVDF/GNS interface phase under
external force. In conclusion, this foam not only possesses EM
wave absorption capabilities but also exhibits load-bearing
capabilities, making it suitable for use in various complex
working conditions.

4. Conclusion

In this paper, low-cost 2D GNS as the functional filler and
thermoplastic polymer PVDF as the matrix are utilized to manu-
facture GNS/PVDF composite foams through freeze-casting, ice
dissolution, and normal pressure drying methods. Benefiting from
the feature of the polar solvent DMSO with a melting point of
18.4 1C and miscibility to water, solvent exchange between water
and DMSO is carried out at temperatures in the range of 5–10 1C,
promoting the dissolution of DMSO ice block. Simultaneously, the
inertia of water on PVDF ensures the stability of the directional
structure induced by temperature fields. More significantly, the ice
dissolution and the introduction of GNS enhance the transforma-
tion and nucleation of a-phase to b-phase, which facilitates the
formation of dipole moments and promotes polarization loss.
Moreover, the EM wave absorption and compression properties
of the composite foams are optimized by regulating the ratio
of PVDF to GNS. Ultimately, when the ratio is set to 85 : 15,
the optimal microwave absorption with a RLmax of �57.68 dB

Fig. 6 (a) Far-field pattern of the tank model; (b) and (c) three-dimensional radiation patterns with and without the PG-3 coating; (d) RCS curves at
different incident angles; (e) compression performance curve of PVDF block and PG.
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( f = 10.64 GHz, d = 2.7 mm) and an EAB of 6.86 GHz, and
compression performance with a maximum compression
strength of 300.9 kPa at a compressive strain of 15% are
obtained. These findings offer technical guidance for designing
other PVDF-based EM absorption foams with mechanical load-
bearing properties.
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