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ABSTRACT: Designing and fabricating high-performance micro-

wave absorption materials with efficient electromagnetic absorp- —
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coated iron (Fe@C) magnetic composite foam is fabricated via
self-assembly of iron phthalocyanine/Fe;O, (FePc hybrid) on the
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of a hierarchical impedance gradient between graphene skeletons

and Fe@C particles can facilitate the optimization in impedance matching and attenuation characteristic of the foam, realizing the
efficient dissipation for incident electromagnetic waves. Additionally, the performance of electromagnetic absorption can be
controllably regulated by optimizing annealing temperature and/or time. More importantly, the formation of a carbon-coated iron
structure substantially improves the corrosion resistance of magnetic particles, endowing the composite foam with excellent stability
and durability in microwave absorption performance.
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H INTRODUCTION Fe,O,-intercalated reduced graphene oxide (Fe;0,rGO)
nanocomposites by an in situ reduction process.8 Also, the
reflection loss revealed that the minimum loss was —49.53 dB
at 6.32 GHz for a thickness of 3.4 mm, while the maximum of

With the widespread applications of electronic communication
technology, undesirable electromagnetic radiation becomes a
more serious pollution source to interfere the adjacent

electronic devices and/or damage human health. Therefore, EAB (EAB,,,,) was 2.96 GHz. In past decades, many significant
designing and fabricating high-performance microwave ab- progresses were made to construct macroscopic three-dimen-
sorption (MA) materials with excellent absorption capacity sional (3D) porous architectures from 2D graphene nano-
and bandwidth becomes a significant and urgent concern in sheets.'9™"* Owing to the formation of a porous conductive
contemporary society. Over the past decades, various materials, network, electromagnetic reflection/scattering repeatedly
including ferrites, carbonyl iron, and ceramics, were success- occurs at the internal interfaces of 3D architectures, leading
fully prepared as high-performance microwave absorbers. to more electromagnetic waves to be dissipated in the form of
However, many limitations such as high density, high cost, multiple reflection/scattering loss. For example, Chen et al.
and low corrosive resistance in a harsh environment heavily prepared a kind of porous graphene microflowers (Gmf's). The
hindered their popularization in the domain of MA.'™* RL,, of Gmfs reached to —42.9 dB at 7.1 GHz and the

As a candidate, carbon-based nanomaterials, especially
graphene-based materials, attracted increasing interest and
became more efficient MA materials owing to the stable two-
dimensional (2D) carbon nanostructure, high specific surface
area, low density, and outstanding electrical conductivity.” ™’
As reported by Liu et al, CoS, nanoparticles and CoS,/
reduced graphene oxide (CoS,/rGO) nanohybrids were
fabricated by a unique single-mode microwave-assisted hydro- Received:  December 3, 2021
thermal method.” The minimum reflection loss (RL,;) of Accepted: January 20, 2022
—56.9 dB was achieved at 10.9 GHz for a thickness of 2.2 mm. Published: February 8, 2022
Meanwhile, the corresponding effective absorption bandwidth
(EAB, reflection loss < —10 dB) of 4.1 GHz was obtained in
the frequency range of 9.1—13.2 GHz. Yuan et al. synthesized

corresponding EAB was 5.59 GHz, revealing substantial
increase contrasted with stacked graphene.'” Zhou et al.
prepared recoverable aramid nanofiber/reduce graphene
oxide/polyimide (ANF/rGO/PI) composite aerogels by
freeze-drying and annealing. The RL,;, of the sample was up
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to —41.0 dB at 10.8 GHz and a broad EAB covered the entire
X-band."*

In order to further enhance the attenuation ability of
electromagnetic waves entering the porous conductive net-
works, many efforts were also devoted to incorporate porous
graphene-based materials with magnetic particles in recent
years."> ™! For instance, Xu et al. fabricated three-dimensional
magnetic graphene foam decorated with ultrafine Ni nano-
crystals (GA@Ni). The magnetic aerogels revealed an
excellent RL_; value of —52.3 dB at 11.9 GHz."° Zhang et
al. synthesized the Fe;0,/MWCNT/GF composites via the in
situ solvothermal reaction.”” The RL,,, value of —35.30 dB
and 9.01 GHz bandwidth with RL below —10 dB can be easily
achieved. Zhao et al. developed an innovative CoNi/reduced
graphene oxide (rGO) aerogel via a facile solvothermal and
carbonization process.”’ The CoNi/rGO aerogel obtained a
high RL,;, value of —53.3 dB at 16.2 GHz and a narrow EAB
value of ~3.5 GHz. However, it is worthy to note that many
magnetic particles were loaded on the external surface of
porous skeletons. The magnetic particles were directly exposed
to the air owing to the absence of external protecting shells
such as carbon, ceramics, or polymer matrix. As a result, those
magnetic particles were easily oxidized and/or corroded in the
harsh environment, seriously degrading the stability and
durability of MA performance. Therefore, the construction of
an external protecting shell for magnetic particles becomes
necessary to isolate the undesired corrosion.”””* As reported
by Du et al, core—shell Fe;O0,@C microspheres were
successfully fabricated through in situ polymerization of
phenolic resin on the Fe;O, surface and subsequent high-
temperature carbonization.”> When the absorber thickness of
the composite was controlled at 2 mm, the optimal RL, ;, value
was up to —20.06 dB and the EAB reached to 2.7 GHz (10.9—
13.6 GHz). Xiang et al. also synthesized a kind of metal—
organic framework-derived Fe;O,@carbon (Fe;0,@NPC)
composites with a strong RL;, of —65.5 dB and a wide
EAB of 4.5 GHz.>® However, to date, how to realize the
rational construction of the external protecting shell of
magnetic particles on porous skeletons is still a huge challenge.

In this paper, we report a simple and effective method to
fabricate corrosion-resistant graphene-based carbon-coated
iron (Fe@C) magnetic composite foams via self-assembly of
iron phthalocyanine/Fe;O, (FePc hybrid) on graphene
skeletons under solvothermal conditions and then annealing
at high temperature. As a unique aromatic heterocyclic
macromolecule with a metal ligand, the in situ pyrolysis of
rigid FePc molecules combined with Fe;O, nanoparticles in
hybrids can effectively facilitate the formation of core—shell
carbon-coated iron (Fe@C) particles in the high annealing
temperature. As a result, the successful construction of a
hierarchical impedance gradient between graphene skeletons
and Fe@C particles can further facilitate the optimization in
impedance matching of graphene foams, promoting more
incident electromagnetic waves to enter the absorber.
Furthermore, the formation of Fe@C magnetic particles
further enhances the attenuation characteristic for electro-
magnetic waves entering the foam due to the generation of
more interface polarization, dipole polarization, and magnetic
loss, realizing the efficient dissipation for incident electro-
magnetic energy. More importantly, the formation of a core—
shell carbon-coated iron structure substantially improves the
oxidation and/or corrosion resistance of iron magnetic

particles, thereby endowing the composite foam with excellent
stability and durability in MA performance.

B EXPERIMENTAL SECTION

Materials. The GO powder was prepared via an improved
Hummers' method as reported previously.'"® Bis-phthalonitrile
(BPH) was prepared in our laboratory,”” which was described in
Figure S1 in detail. Ethanediamine (EDA), ethylene glycol (EG),
polyethylene glycol (PEG-2000), sodium acetate (NaAc), and iron
(1II) chloride hexahydrate (FeCly-6H,0, >99.0%) were purchased
from Sinopharm Chemical Reagent Co., Ltd. All reagents used in our
experiments were purchased and used as received without further
purification.

Preparation of Graphene Foam. GO powder (40 mg) was
homogeneously dispersed into 10 mL of deionized water by vigorous
stirring and sonication for 30 min, which was then blended with 0.1 g
of EDA as a cross-linking agent. After forcefully stirring, the
homogeneous suspension was sealed in a glass vial and heated at 80
°C 24 h without stirring. Then, the as-prepared rGO hydrogel was
dialyzed with deionized water to remove residual EDA. The rGO
foam can be first acquired by freeze-drying to remove the remaining
water of rGO hydrogel and then annealed at high temperature of 800
°C for 6 h. The final obtained foam was labeled GN.

Preparation of Graphene-Based Magnetic Composite
Foam. The graphene-based magnetic composite foam was prepared
via a solvent-thermal and annealing route in Figure S2. BPH powder
(0.2 g) was homogeneously dispersed into 20 mL of EG by vigorous
stirring at 150 °C, followed by the addition of 3.6 g of NaAc as an
alkaline modifier, 1 g of PEG-2000 as a thickening agent, and 1.35 g of
FeCl;-6H,0 at a lower temperature. The abovementioned GN foam
was vacuum-impregnated into the mixed solution. The mixture was
transferred into a Teflon-lined stainless-steel autoclave. The autoclave
was seated and maintained at 200 °C for 15 h. The obtained sample
was washed with distilled water for removing residual monomers or
other ions and then freeze-dried to remove the residual water inside,
which was denoted as the GN/FePc hybrid. The resultant foams were
annealed at 600, 800, and 1000 °C for 6 h, which were marked as
GN/Fe@C-600, GN/Fe@C-800 (GN/Fe@C as a reference without
special emphasis), and GN/Fe@C-1000, respectively. As a control,
the foams were annealed at 800 °C with different times of 3 h, 6 h,
and 9 h, which were named GN/Fe@C-800-3h, GN/Fe@C-800-6h,
and GN/Fe@C-800-9h, respectively. The preparation of GN/Fe@C
composite foam was illustrated, as shown in Scheme 1.

Characterizations. The morphology of the foams was analyzed
by field emission scanning electron microscopy (FE-SEM) at an
accelerating voltage of 30 kV. High-resolution transmission electron

Scheme 1. Schematic Illustration of the Preparation of GN/
Fe@C Foam
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Figure 1. Cross-sectional SEM images of (a,e) GN, (b,f) GN/FePc hybrid, and (c,g) GN/Fe@C; (d) photograph of a water droplet on the surface

of GN/Fe@C; and (h) TEM image of GN/Fe@C.
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Figure 2. (a) FTIR and (b) UV—vis spectra of the FePc hybrid and (c) XRD and (d) hysteresis loops of GN, FePc hybrid, GN/FePc hybrid, and

GN/Fe@C.

microscopy (HR-TEM) was carried out to further identify the
microstructure of the samples. Fourier transform infrared spectros-
copy (FTIR) was performed using a Nicolet 6700 USA spectropho-
tometer. Ultraviolet—visible spectrophotometry (UV—vis) spectra
were recorded on a UV2501-PC spectrophotometer. X-ray diffraction
(XRD) patterns were characterized on a Bruker D8 X-ray
diffractometer. The magnetic properties were tested using a magnetic
property measurement system (SQUID-VSM) at 300 K. Thermal
gravimetric analysis (TGA) was carried out using a TGA/DSC1/
1100SF system under a N, atmosphere at a heating rate of 10 °C/
min. Corrosion tests were performed for assessing the durability of the
obtained GN/Fe@C foams in a neutral salt spray chamber. According
to GB/TS5170.2-96, the specimens were exposed to a S wt % NaCl
solution for 100 and 200 h at a temperature of 35 °C. The
electromagnetic parameters in the 0.5—18.0 GHz were measured
using a vector network analyzer (VNA, Agilent 8720ET) to further
calculate the MA properties. The testing foams were fabricated by
vacuum impregnation with melting paraffin and cut into standard

8299

coaxial rings with an outer diameter of 7.0 mm and an inner diameter
of 3.0 mm. The percentage of paraffin in the samples was ~85 wt %.

B RESULTS AND DISCUSSION

Structure and Morphology of Composite Foams. The
fabrication procedure of GN/Fe@C foam is illustrated in
Scheme 1. First, GO can be stably dispersed in aqueous
solutions or solvents through static electricity and hydrogen-
bonding interactions. After EDA is added in the hydrothermal
process, the oxygen functional groups of GO nanosheets are
partly removed, and the corresponding conjugated structure of
graphene sheets is restored. More importantly, due to the
reaction between the epoxy groups of GO and amino groups in
EDA on driving force, the addition of ethylenediamine as a
cross-linking agent significantly accelerates the formation of an
isotropous 3D cross-linked network structure between
graphene sheets at 80 °C, endowing graphene with excellent
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morphology and mechanical properties. Based on the above-
mentioned discussion, GN foam can be obtained by a mild
hydrothermal reaction between GO nanosheets and EDA,*”
undirectional freeze-drying, and subsequent thermal treatment.
As shown in Figure lae, a cross-linked isotropous micro-
cellular network with cell size beyond several ten microns is
successfully constructed in GN foam.

Second, in order to achieve the effective loading of FePc
hybrids on the GN skeletons (as shown in Scheme 1), the
residual oxygen functional groups on the GN foam after being
annealed at 800 °C play a vital role in driving the generation of
in situ deposition of the FePc hybrid on GN skeletons through
electrostatic interaction with Fe®*. During the solvothermal
reaction, BPH as the reactive materials with Fe>* are added
into the system (EG) for realizing the in situ synthesis of FePc
macromolecules on GN skeletons. Moreover, sodium acetate
(NaAc) is added into the system as an alkaline modifier to
promote the reduction of Fe®*, resulting in the formation of
magnetic Fe;O, nanoparticles in FePc hybrids. Meanwhile,
polyethylene glycol (PEG-2000) as a thickening agent is added
into the system to restrain the agglomeration and sedimenta-
tion of high-density FePc hybrid particles, thereby accelerating
the uniform deposition of the FePc hybrid on GN skeletons.
As shown in Figure 1b,f, the spherical particles with a diameter
of ~150 nm are effectively prepared and tightly deposited on
the smooth surface of GN foam. As a control, the spherical
particles are also prepared without GN foam under the same
conditions (labeled FePc hybrid) and characterized by FTIR,
UV—vis, XRD, VSM, and TGA. As displayed in Figure 2a, a
series of FTIR absorption peaks arise at 1596, 1488, 1400,
1163, 1088, and 769 cm™!, which agree well with the
characteristic peaks of metal—phthalocyanine skeletal vibra-
tions.”” The FTIR absorption band located at 588 cm™ may
be identified to the characteristic absorption peak of Fe;0,.*"
Moreover, the appearance of those X-ray diffraction (XRD)
peaks at 30.1, 35.4, 43.1, 56.9, and 62.5° (Figure 2c) confirms
the formation of Fe;O, in hybrids, corresponding to (220),
(311), (400), (511), and (440) indexed planes of Fe O,
(JCPDS no.75-1609), respectively. Furthermore, it is worth-
while to notice that the UV—vis characteristic absorption B-
band (200—300 nm) and Q-band (600—800 nm) of metal
phthalocyanine in hybrids are covered up unless Fe;O, is fully
etched in 5% HCI (Figure 2b).>" Meanwhile, it can be clearly
seen from Figure S3 that the GN foam is very stable with a
little weight loss, while the thermal stability of the sample after
solvothermal treatment exhibits an obvious degradation in
TGA curves. It can be due to the introduction of unstable
organic macromolecules (FePc) in FePc hybrids. Therefore, it
can be concluded that the spherical particle is consisted of iron
phthalocyanine (FePc) and Fe;O,. Also, a strong interaction
exists between FePc and Fe;O, in hybrids. As a result, the FePc
hybrid particles are successfully loaded on the surface of GN
foam, which can be used as an effective carbon and iron source
in this system.

After being annealed at 800 °C for 6 h, a similar surface
morphology can be observed in Figure lc,g. However, the
micrograph shows a lower density of spherical particles.
Meanwhile, the foam exhibits an increased saturation magnet-
ization (Ms) of 50.2 emu/g than that of the GN/FePc hybrid
(Figure 2d). The changes could be attributed to the in situ
pyrolysis of the FePc hybrid on GN skeletons. The
identification of microstructure changes can also be confirmed
by XRD and TGA. As shown in Figure S3, the sample annealed

8300

at 800 °C 6 h shows a significant improvement in the curves of
weight loss in comparison with that of GN/FePc hybrid foam,
which confirms the excellent thermal stability. As demon-
strated in Figure 2c, the characteristic diffraction peaks of the
foam transform from the single Fe;O, in the GN/FePc hybrid
to a superposition state, corresponding to the peaks at 44.6°
(110), 65.0° (200), and 82.3° (211) of Fe (JCPDS no. 06-
0696) and the peaks at 43.9° (111), 51.3° (200), and 75.4°
(220) of C (JCPDS no. 43-1104), respectively. For the
samples, HR-TEM was also used to further explore the
microstructure changes. As shown in Figure S4a,b, spherical
particles of the FePc hybrid (~150 nm) are evenly distributed
on the surface of graphene sheets, which is consistent with the
result of SEM in Figure 1f. The TEM image at higher
magnification (Figure S4b) further indicated that the obtained
FePc hybrid particle has a homogeneous and loose structure.
After being annealed at 800 °C for 6 h, the micromorphology
of the sample exhibits a dramatic evolution, as shown in
Figures 1h and S4c,d. It can be obviously seen that a desired
core—shell structure is successfully constructed in the particle.
Moreover, the d-spacing value (0.204 nm) of the well-defined
layered shell (as shown in Figure S5) agrees well with that
(0.206 nm) of the characteristic peak indexed to (111) of C
(PDF#43-1104) centered at 43.9°. Therefore, we can conclude
that the unique core—shell configuration consisted of a carbon-
coated iron structure (Fe@C). It can be ascribed to the in situ
pyrolysis of the FePc hybrid on GN skeletons. As a unique
aromatic heterocyclic macromolecule with a metal ligand, the
in situ pyrolysis of rigid FePc molecules combined with the
deoxygenation of Fe;O, could provide enough iron source and
stable carbon source. Based on this, the respective coalescence
of iron atoms and carbon atoms synergistically facilitates the
formation of core—shell carbon-coated iron particles in high
annealing temperature. As a consequence, the formation of the
carbon-coated iron structure plays a vital role in improving the
oxidation and/or corrosion resistance of magnetic particles.
Furthermore, the higher hydrophobicity with a contact angle of
134° (as displayed in Figure 1d) endows GN/Fe@C foam
with an excellent self-cleaning surface due to the formation of
an inactive carbon-coated iron structure on the GN skeletons.
The self-cleaning surface facilitates the slipping of deliquescent
salt particles attached to the surface of foam in a harsh oceanic
environment. As a result, it would restrain the corrosion of
strong electrolyte solution derived from deliquescent salt,*”
thereby endowing the composite foam with excellent stability
and durability in MA performance. More importantly, many
holes are also generated around magnetic Fe@C particles, as
shown in Figure 1h. It may be attributed to the corrosion of
iron particles with high catalytic activity on graphene skeletons
during thermal treatment. The intrinsic corrosion would
provide more carbon sources to facilitate the formation of
Fe@C particles. As a result, the formation of in situ holes on
the surface of GN skeletons may contribute to the improve-
ment in MA performance owing to the generation of more
dipole defects at the edge of the hole.**

Electromagnetic Parameters of Composite Foams. In
general, the MA performance was closely related to the surface
impedance matching and attenuation characteristic of the
materials, which were also decided by the permittivity (¢, = &’
— je”) and permeability (4, = u' — ju"). To further clarify the
effect of material composition and structure on the final MA
performance, the electromagnetic parameters of those foams
are measured in the frequency range of 0.5—18 GHz. Figures
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3a,b and S6a,b show the real part (¢') and imaginary part (¢”)
of complex permittivity for the foams, which represent the

storage and loss ability of

electric energy, respectively. Because

graphene is nonmagnetic, we only analyze the complex
permittivity of the graphene foam before (RGO) and after
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(GN) annealing. As shown in Figure S6a,b, the GN foam
shows a tendency to increase in the real and imaginary parts of
complex permittivity after annealing. It can be attributed to the
effective thermal reduction of graphene sheets during the
annealing treatment. However, in comparison with pure GN
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curves of the corresponding foams.

foam, a significant decline of complex permittivity can be
obviously seen in the GN/FePc hybrid. It may be due to the
introduction of the FePc hybrid with lower permittivity. After
being annealed at 800 °C for 6 h, ¢ and &¢” of GN/Fe@C
exhibit a conspicuous improvement and the dielectric loss
tangent (tan &, = £”/¢’), as shown in Figure 3c.

On the other hand, the p' and p” values of complex
permeability for GN foam, respectively, fluctuate around 1.0
and 0.07 in the frequency range of 0.5—12 GHz, while those of
the GN/FePc hybrid exhibit a certain amount of increase in
the corresponding frequency, as shown in Figure 4ab. It
indicates the stronger storage and loss abilities of magnetic
energy in the GN/FePc hybrid, which once again confirms the
successful introduction of a magnetic FePc hybrid. However,
compared with traditional magnetic materials, the relative low
value of #’ and pu” for the GN/FePc hybrid may be due to the
low content, small size, and Snoek’s limitation of the isotropic
FePc hybrid in the ultralight foam (9.13 mg/cm?®). After being
annealed at 800 °C for 6 h, the 4" and u” values of GN/Fe@C
foam show an obvious tendency to decrease as compared with
those of the GN/FePc hybrid. It may be attributed to the
synergistic effect of further reduction of graphene skeletons
and in situ pyrolysis of the FePc hybrid. As a consequence, the
controllable evolution of complex permittivity and perme-
ability for the composite foams exhibits a promise to become
an efficient method for realizing the optimization of impedance
matching and attenuation characteristic.

Based on those electromagnetic parameters, the normalized
characteristic impedance (Z = 1Z,,/Z.l) can be calculated to
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evaluate the impedance matching of the samples according to
eql

2
Z, = Zogtanh[j[g) //@8,]

where Z; and Z; are the impedance of samples and vacuum,
respectively; p, and e, are the relative permeability and
permittivity of the samples, respectively; d is the thickness of
the samples; j is the imaginary unit; f is the frequency of
microwaves, and ¢ is the speed of light.” As a consequence,

(1)

the two-dimensional (2D) impedance matching contour maps
of these samples are shown in Figure 5. The area of sky-blue
color in map represents that Z equals 1. As is known, realizing
a good impedance matching requires that Z equals or is close
to 1. As shown in Figure Sa, the appearance of a large red area
in the map reveals the generation of impedance mismatching in
GN foam, which can be attributed to the existence of an
interconnected 3D conductive graphene network. Compared
with pure GN and GN/FePc hybrid foam, GN/Fe@C foam
with the largest sky-blue area exhibits a conspicuous
optimization in impedance matching (Figure Sb,c). The
excellent impedance matching can be ascribed to the rational
construction of a more suitable impedance gradient between
Fe@C particles and GN skeletons than that of the GN/FePc
hybrid, allowing more electromagnetic waves to enter the
materials.
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Scheme 2. Schematic Illustration of the Different Microwave Absorption Mechanisms in GN/Fe@C: (a) Multiple Reflection/
Scattering, (b) Conductive Loss, (c) Interface Polarization, (d) Dipole Polarization, and (e) Magnetic Loss
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Simultaneously, the attenuation constant was employed to
evaluate the electromagnetic energy attenuation ability of the
foams, as shown in eq 2

a = ﬁﬂf
)2

\/ (u
(2)

where ¢ and &” represent the real and imaginary part of
complex permittivity, respectively, and y’ and p” represent the
real and imaginary part of complex permeability, respectively.
As depicted in Figure 5d, GN/Fe@C foam exhibits the highest
attenuation constant than the pure GN and GN/FePc hybrid
foam, suggesting the strongest attenuation ability for incident
electromagnetic wave entering the foam.*> ™’

In order to further explore the factors contributing to the
attenuation constant, the plots of ¢” versus ¢’ (dielectric loss
and Cole—Cole semicircles) and u” versus ' (magnetic loss
tangent and C,) for the samples are shown in Figures 3¢c,d and
4¢,d, respectively. As for the dielectric loss, there are several
dielectric loss peaks and the corresponding Cole—Cole
semicircles for GN foam in Figure 3c¢,d, revealing different
Debye relaxation processes. These relaxation processes may be
caused by the dipole polarization of abundant defects in GN
foam under the altering electromagnetic field (as demonstrated
in Scheme 2d). Moreover, it is worth noting that other loss can
be confirmed by the presence of the line tail in the curve of GN
foam (Figure 3d). It can be identified as the conductive loss
originated from interconnected conductive graphene network
(Scheme 2b).**™* After being incorporated with the FePc
hybrid, the plot of GN/FePc hybrid foam exhibits multiple
Cole—Cole semicircles distinguished from GN foam. The
corresponding relaxation processes might be caused by the
interfacial polarization between the GN skeleton and FePc
hybrid and FePc and Fe;O, in hybrids, being beneficial to the
attenuation of microwave energy. After being annealed at 800
°C for 6 h, the plot of GN/Fe@C displays a more drastic
evolution in comparison with that of the GN/FePc hybrid,
which is similar to that of pure GN foam (Figure 3d). As to

nan

&

"nan

_H/SI) + \/(M e _”/81)2 + (/l”&', +ﬂ/8//
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GN/Fe@C, the curve length further extends to a higher
position than that of GN, implying the progressive enhance-
ment in dielectric loss and conductive loss. The significant
enhancement could be also ascribed to further reduction of
graphene skeletons and in situ pyrolysis of the FePc hybrid.
Meanwhile, more interfaces can be formed between the Fe
core and carbon shell in Fe@C particles and between the GN
skeleton and the carbon shell (Scheme 2c). The generation of
more interface polarization under an alternating electro-
magnetic field will further enhance the efficient attenuation
of incident electromagnetic waves. As a consequence, the
progress in electrical conductivity of the foam, the generation
of abundant defects in corroded hole edges (as shown in
Figure 1h), and the formation of multiple interfaces jointly
promote the efficient dissipation of incident electromagnetic
wave as conductive loss, Debye dipole polarization, interfacial
polarization, and multiple reflection/scattering between the
internal interfaces of the foam skeleton (as depicted in Scheme
2).

As for magnetic loss, the loss form mainly involves magnetic
hysteresis, domain wall resonance, eddy current loss, exchange
resonance, and natural resonance. In this case, the magnetic
hysteresis can be easily excluded because it only appears under
a strong applied field. The domain wall resonance occurs in
low frequency (<100 MHz); thus, it can also be ignored in the
0.5—18 GHz. Whether the eddy current loss exists can be
judged according to eq 3

Co=p'(W) ()" = 2np,d’c/3 3)

where i, and o are the permeability of vacuum and the electric
conductivity, respectively.’”~*' When there is an eddy current
effect, Cy is a constant as the frequency changed. Otherwise,
there are other magnetic losses in the system. As demonstrated
in Figure 4d, it is not difficult to find that the C, values
between the three samples remain constant at 6—14 GHz and
fluctuate at other frequency, indicating that the eddy current,
natural resonance, and exchange resonance all play a vital role
in the magnetic dissipation of electromagnetic energy in this
system (as demonstrated in Scheme 2e). Therefore, the
aforementioned two main facts, including the dielectric loss
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Figure 8. 2D reflection loss maps of GN/Fe@C annealed at (a) 600, (b) 800, and (c) 1000 °C; (d) the summary of MA performance for the

corresponding foams.

and magnetic loss, jointly endow the GN/Fe@C foam with
excellent attenuation characteristics. Under the synergistic
effect of optimized impedance matching and attenuation
characteristics for GN/Fe@C foam, more incident electro-
magnetic waves can be allowed to enter the material and thus
dissipated as much as possible after entering the foam.

Microwave Absorption Properties of Composite
Foams. In order to further investigate the MA performance
of the samples, the reflection loss of incident electromagnetic
waves can be calculated by transmission line theory according
to eq 4

- Z,
+ Z,

in

RL(dB) = 20 log

(4)

Figure 6 presents the 3D reflection loss and contour maps
and the corresponding 2D reflection loss maps of the samples,
which are also summarized in Table S1. It can be distinctly
observed that GN/Fe@C exhibits a higher MA capability than
that of GN and GN/FePc hybrid. As shown in Figures 6a,d,
and S6¢,d, pure GN shows an RL,;, of —31.40 dB and an EAB
of 4.62 GHz (13.38—18 GHz) as the thickness and frequency
are set to 3.15 mm and 15.64 GHz, respectively, which is
higher than that of RGO foam. It can be due to the formation
of a higher conductive porous network in GN foam after
annealing. Random electromagnetic reflection/scattering
would repeatedly occur at the interfaces of GN skeletons,
resulting in the transfer of electromagnetic energy to be
dissipated as heat in the form of microcurrent. After loading of
the FePc hybrid, the MA performance of composite foam
displays a few recessions, as depicted in Figure 6b,e. At 2.4
mm, the RL,;, value is —27.24 dB at 17.82 GHz and the EAB
is 2.7 GHz (15.30—18 GHz). It may be attributed to the lower
intrinsic attenuation characteristic of the FePc hybrid, as

in
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shown in Figure Sd. After being annealed at 800 °C for 6 h,
GN/Fe@C foam exhibits more excellent MA performance
than the others. As observed in Figure 6¢,f, an unprecedented
RL,_;, value of —72.46 dB reaches at 9.33 GHz when the
thickness is controlled at 3.85 mm. At the same time, the
corresponding EAB of GN/Fe@C foam can be improved to a
comparative value of 4.3 GHz (from 7.68 to 12.00 GHz) with
that of GN foam, covering the whole X-band. More
importantly, the maximum of EAB can be extended to the
wide value of 6.36 GHz (from 11.06 to 17.40 GHz). The
conspicuous enhancement in MA performance can be
attributed to the synergistic effect of optimized impedance
matching and attenuation characteristics for GN/Fe@C foam.
The result once again confirms the effectiveness of magnetic
particles on the improvement in MA performance. Therefore,
it can be concluded that the formation of carbon-coated iron
(Fe@C) particles loaded on graphene skeletons effectively
facilitate the dramatic improvement in MA performance.
Furthermore, under the same structure configuration, the
MA performance of the samples can be controllably adjusted
through optimizing the impedance distribution and attenu-
ation characteristic. As depicted in Figure 7d, the attenuation
constant of GN/Fe@C foams annealed at different temper-
atures from 600 to 1000 °C exhibits a tendency to increase. It
can be ascribed to the gradually increasing pyrolysis degree of
GN skeletons and FePc hybrids in foams at high temperatures.
Meanwhile, the difference in the impedance gradient between
GN skeletons and FePc hybrids annealed at different
temperatures also endows the final foam with a unique
impedance matching characteristic. As shown in Figure 7a—c,
GN/Fe@C-800 foam exhibits a conspicuous optimization in
impedance matching in comparison with GN/Fe@C-600
foam. The optimization may be attributed to the effective
construction of a more suitable impedance gradient between

https://doi.org/10.1021/acsami.1c23439
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Figure 11. 3D reflection loss and contour maps of GN/Fe@C foams after the salt spray test in (a,d) 0, (b,e) 100, and (c,f) 200 h.

Fe@C and GN skeletons than that of the GN/FePc hybrid
annealed at 600 °C. However, as to GN/Fe@C-1000, the
corresponding impedance matching exhibits a reverse improve-
ment owing to the excessive pyrolysis of GN skeletons and
FePc hybrids in foam. It can be concluded that the pyrolysis
degree of the GN skeleton and FePc hybrid in foam can be
effectively adjusted by controlling annealing temperature,
endowing the foams with different impedance matching.
Only when the reduction degree of graphene skeleton and
the pyrolysis degree of FePc hybrids are at a relatively
moderate level, an excellent impedance matching performance
can be achieved.

Under the synergistic effect of impedance matching and
attenuation constant, the corresponding MA performances are
demonstrated in Figure 8a—c. As the annealing temperature
increases, the RL, ;. of foams first decreases from —46.05 to
—72.46 dB and then increases to —19.17 dB. However, the
corresponding EAB shows a monotonous evolution to
decrease from 5.60 to 4.30 GHz and then to 1.48 GHz, as
summarized in Figure 8d and Table S2. At the same time, the
corresponding frequency range gradually shifts from the high-
frequency Ku-band to the mid-frequency X-band and then to
low-frequency C and/or S-band. The results verify the
effectiveness of the annealing temperature on the optimization
of MA performance. More importantly, in comparison with the
final MA performances of GN/Fe@C-800 and GN/Fe@C-
1000, it can be concluded that a good impedance matching
plays a more crucial part than attenuation characteristic in
promoting more incident electromagnetic wave to enter into
the foams, thereby allowing the eflicient dissipation of
electromagnetic wave as much as possible.

Besides, the influence of annealing time on the MA
performance was further investigated and is recorded in Figure
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9. The impedance matching of those foams exhibits a tendency
to be gradually optimized with the prolonging annealing time,
whereas the corresponding attenuation constant of the foams
first increases and then decreases, as shown in Figure 9a—d. A
similar phenomenon can be observed in the complex
permittivity of the foams, as shown in Figure S7. As mentioned
above, many holes have been generated around magnetic Fe@
C particles during the annealing treatment (Figure 1h), which
are harmful to the formation of a 3D conductive network. In
this case, the abnormal recession in the complex permittivity
and attenuation constant of GN/Fe@C-800-9h foam may be
attributed to the fact that more holes are formed on the surface
of GN skeletons when the annealing time is prolonged to 9 h.
As a result, the MA performance of those foams exhibits
distinct diversity under the synergistic effect of impedance
matching and attenuation constant.

As displayed in Figure 10 and Table S3, the RL_;, of the
foams decreases from —25.51 to —72.46 dB and then increases
to —43.00 dB. Meanwhile, the EAB shows a monotonous
evolution to increase from 4.12 to 4.30 GHz and then to 4.35
GHz around the mid-frequency X-band. It verified again that
the controllable adjustment of MA performance can be
effectively realized by optimizing annealing time.****

Corrosion Resistant Property of Composite Foams.
More importantly, corrosion tests were performed for assessing
the durability of the obtained GN/Fe@C foams in a neutral
salt spray chamber. According to GB/TS5170.2-96, the
specimens were exposed to a S wt % NaCl solution for 100
and 200 h at a temperature of 35 °C, which were labeled GN/
Fe@C-S-100h and GN/Fe@C-S-200h, respectively. As shown
in Figures 11 and S8 and Table S4, the RL_;, value of the
obtained foam exhibits a conspicuous degradation from
—72.46 to —56.79 dB after being treated for 100 h. As the
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Table 1. MA Properties of the Magnetic Porous Materials Reported Recently

density (mg/cm3) RL,;, (dB)
7-Fe,0;/rGO 83 wt % wax —34.2
Fe,0,/ZIF-67@WA 150 —23.4
Ni/Carbon foam 100 —45.0
RGO/MWCNTSs/ZnFe,0, 14.4 —52.6
CoNi/rGO aerogel 7.0 —-53.3
Fe;0,/MWCNT/GF 5.0 —35.3
GN/Fe@C 11.36 —72.46

thickness (mm) range (GHz) EAB (GHz) refs
2.0 near 13.24 4.6 44
1.5 13.5—-18.0 4.5 45
2.0 11.4-16.0 4.6 46
1.7 12.4—16.5 4.1 47
0.8 14.5—18.0 3.5 21
2.5 9.0—18.0 9.0 20
3.8 7.7—-12.0 4.3 This work

testing time is prolonged to 200 h, the RL;, value
continuously increases to a value of —47.63 dB. However,
the value is still outstanding and much lower than that (—31.40
dB) of pure GN foam. Furthermore, the corresponding EAB
exhibits a tendency to increase from 4.30 GHz (7.68—12.00
GHz) to 5.20 GHz (12.80—18.00 GHz) at 100 h and then to a
wider value of 7.38 GHz (10.62—18.00 GHz) at 200 h. Also,
the corresponding frequency range shifts from the mid-
frequency X-band to the high-frequency Ku-band. After
being treated at the long-time salt spray test, the retainment
of such an excellent MA performance could be attributed to
the formation of the carbon-coated iron (Fe@C) structure and
self-cleaning surface with hydrophobicity (as demonstrated in
Figure 1d,h). The synergistic effect can effectively improve the
oxidation and/or corrosion resistance of magnetic particles in a
harsh environment, thereby enhancing the stability and
durability of GN/Fe@C foam as MA materials. Additionally,
the irresistible evolution in MA capacity, bandwidth, and
frequency band (as shown in Figures 11 and S8) may be
ascribed to the slow corrosion of magnetic particles. The slow
erosion of magnetic parts in a harsh environment makes it
possible for the foams to achieve a new balance state of
impedance matching and attenuation characteristic. Fortu-
nately, a goodish MA performance could be retained. More
importantly, the external surface of the GN/Fe@C foam will
be loaded by sodium chloride particles after the salt spray test.
As a high-dielectric material, the existence of sodium chloride
fabricates the formation of a new hierarchical impedance
gradient with Fe@C and the GN skeleton. As a consequence,
more incident electromagnetic waves could enter the foam and
be effectively dissipated, which broadens the effective
absorption bandwidth of the foams as shown in Figure S8.
For comparison, Table 1 displays the recently reported
magnetic porous materials and their MA performance in the
frequency of 2—18 GHz.**"**~*" As summarized in Table 1,
GN/Fe@C foam shows a remarkable advantage compared to
other materials. For instance, Shi et al. prepared a kind of
homogeneous y-Fe,O; nanotube/porous reduced graphene
oxide (rGO) composites using a controllable method.** Their
RL,;, reaches to the value of —34.20 dB with a thickness of 2.0
mm and EAB is up to 4.59 GHz. However, the magnetic y-
Fe,0; nanotubes are loaded on the external surface of porous
rGO skeletons. The magnetic particles were directly exposed to
the air, leading to be easily oxidized and/or corroded in the
harsh environment, which seriously degrades the stability and
durability of MA performance. Furthermore, Fe;O,/ZIF-67@
WA foam with a lumpish density of 150 mg/cm® presents an
RL,,;, of —23.4 dB and an EAB of 4.5 GHz.* In this work, the
RL,;, of GN/Fe@C foam can achieve a better value of —72.4
dB as the corresponding density value of the foam is only an
ultralow 11.36 mg/ cm’. As a result, thus excellent MA
performance incorporated with a low density and corrosion
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resistance successfully endows GN/Fe@C foam with a great
promise to be applied in marine fields.

B CONCLUSIONS

In summary, novel corrosion-resistant graphene-based carbon-
coated iron magnetic composite foam is successfully fabricated
via self-assembly of iron phthalocyanine/Fe;0, (FePc hybrid)
on graphene skeletons under solvothermal conditions and then
annealing at high temperature. The results of SEM, TEM,
FTIR, XRD, and VSM confirm that the in situ pyrolysis of the
FePc hybrid can effectively facilitate the formation of the
carbon-coated iron (Fe@C) structure on the surface of
graphene skeletons. Meanwhile, the successful construction
of a hierarchical impedance gradient between graphene
skeletons and Fe@C particles can promote the optimization
in impedance matching and attenuation characteristic of the
foam. Additionally, the controllable adjustment of MA
performance can be effectively realized by optimizing annealing
temperature and/or time. As a consequence, the optimal RL,;,
value (72.46 dB) of ultralow GN/Fe@C (11.36 mg/cm®) can
be obtained at 9.33 GHz, and the corresponding EAB is 4.30
GHz (7.68—12.00 GHz), covering the whole X-band. The
maximum of EAB can be extended to the wide value of 6.36
GHz (11.06—17.40 GHz). More importantly, the formation of
the carbon-coated iron structure substantially improves the
corrosion resistance of magnetic particles, endowing the foam
with excellent stability and durability in MA performance. After
the neutral salt spray test for 200 h, the foam still processes an
outstanding MA with an RL,;, value of —47.63 dB and a wider
EAB value of 7.38 GHz, which is the possibility of making
GN/Fe@C foam become an efficient MA material.
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