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Graphene Aerogel Composites with Self‑Organized 
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Efficient Electromagnetic Wave Absorption
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HIGHLIGHTS

• A new strategy for elaborate regulation of microstructure was successfully introduced by the ice template-assisted 3D printing and 
chemical vapor deposition strategy, including graphene nanoplate/silicon carbide nanowires hierarchical porous structure and gra-
phene nanoplate/boron nitride composite heterogeneous interface.

• The composite exhibits excellent electromagnetic wave absorption performance with an RLmin of -37.8 dB and an  EABmax of 9.2 GHz 
(from 8.8 to 18.0 GHz) at 2.5 mm. And the high-temperature absorption stability makes it a promising absorber candidate under high 
temperature and oxidizing atmosphere.

ABSTRACT With vigorous developments in nanotechnology, the elabo-
rate regulation of microstructure shows attractive potential in the design 
of electromagnetic wave absorbers. Herein, a hierarchical porous structure 
and composite heterogeneous interface are constructed successfully to 
optimize the electromagnetic loss capacity. The macro–micro-synergistic 
graphene aerogel formed by the ice template-assisted 3D printing strategy 
is cut by silicon carbide nanowires  (SiCnws) grown in situ, while boron 
nitride (BN) interfacial structure is introduced on graphene nanoplates. 
The unique composite structure forces multiple scattering of incident 
EMWs, ensuring the combined effects of interfacial polarization, conduc-
tion networks, and magnetic-dielectric synergy. Therefore, the as-prepared composites present a minimum reflection loss value of − 37.8 dB and 
a wide effective absorption bandwidth (EAB) of 9.2 GHz (from 8.8 to 18.0 GHz) at 2.5 mm. Besides, relying on the intrinsic high-temperature 
resistance of  SiCnws and BN, the EAB also remains above 5.0 GHz after annealing in air environment at 600 °C for 10 h.
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1 Introduction

With the remarkable improvement of the cooperative 
strike capability of space detection and strategic defense 
systems in recent years, the multi-temperature and wide-
band wave absorption technology of aerospace and weapon 
equipment shows great application potential in the field of 
“radar stealth” technology [1–3]. Inspired by honeycomb 
structure and spider structure in nature, the construction of 
porous structures is the main direction in structural regula-
tion of electromagnetic absorbing material [4]. The porous 
structure can improve the impedance matching degree, and 
the connected pores formed are conducive to the entry of 
incident electromagnetic waves (EMWs) into the absorb-
ers [5–7]. Meanwhile, the multiple scattering of EMWs in 
the pore structure can also significantly increase the loss 
capacity in the transmission process [8–10]. On this basis, 
more innovative hierarchical porous structures are also 
applied to optimize absorption performance [11, 12]. The 
introduction of micro-scale pores intensifies the scattering 
intensity of incident EMWs, while the high specific sur-
face area of nanoscale pores enhances the dissipation of 
EMWs by improving the polarization relaxation ability [13, 
14]. Therefore, it is predictable that the elaborate design of 
the interior morphology of absorbers will continue to be 
practiced toward advanced performance, and further stud-
ies related to hierarchical porous structures deserve more 
attention.

Low-dimensional nanomaterials are the reasonable 
choice for constructing hierarchical porous structures [15, 
16]. Considering the high specific surface area, abundant 
stacking faults, and twinning interfaces, the adjustable 
dielectric properties are the key points to realize the cou-
pling optimization of impedance matching degree and loss 
capacity [17, 18]. For one-dimensional materials, such as 
silicon carbide nanowires  (SiCnws) and carbon nanotubes 
(CNTs) with high aspect ratio, the carrier path excited 
by the electric field can be larger [19–22]. Moreover, the 
overlapped through network structure further enlarges the 
transmission path of incident EMWs and enhances the 
conductive loss [23, 24]. For two-dimensional materials 
with a high aspect ratio, the most representative graphene 
nanoplates (GNPs) and MXene materials are easy to form 
connected pore structures, so that the incident EMWs can 
be scattered and reflected inside the micropore and between 

the nanoplates [25–29]. Wang et. al fabricated an ultralight 
 SiCnw@SiC foam with highly efficient microwave absorp-
tion, which could be attributed to the interface polarization 
and dielectric loss by the construction of SiC skeleton [30]. 
Yin et. al prepared absorbing composites with effective 
absorption in the entire X-band by means of incorporat-
ing SiC nanowires into rGO foams, which revealed the 
dielectric loss of  SiCnws and conductive loss of intercon-
nected graphene networks [31]. The hierarchical porous 
structure mentioned above inspires us to construct multi-
dimensional materials to increase scattering efficiency and 
introduce composite electromagnetic loss mechanisms. 
More importantly, considering the potential harsh appli-
cation environments of structural absorption composites, 
the binding states and distribution rules of multi-phase are 
also worth further exploration.

Herein, a new strategy for elaborate regulating of micro-
structure was introduced successfully by the ice tem-
plate-assisted 3D printing and chemical vapor deposition 
(CVD) strategy, including GNP/SiCnws hierarchical porous 
structure and GNP/boron nitride (BN) composite hetero-
geneous interface. The porous “cage structure” can induce 
multiple scattering of incident EMWs, and the composite 
loss mechanism originating from the formed interfacial 
structure ensures excellent absorption performance with a 
wide effective absorption bandwidth (EAB) of 9.2 GHz. On 
this basis, the BN interface effectively delays the oxidation 
rate of GNP and endows as-prepared composites with struc-
ture and wave absorption stability at high temperatures. This 
work may serve as one of the design guidelines for the col-
laborative optimization design of the structure and function 
of low-dimension materials.

2  Experimental Section

2.1  Preparation of Printable Inks

Graphene oxide (GO, 10–50 μm, Tanfeng Tech. Inc), fer-
roferric oxide  (Fe3O4, 10–30 nm, XFNANO Tech. Inc), 
and nickel nitrate (Ni(NO3)2·6H2O, Sinopharm Chemical 
Reagent Co. Ltd.) were mixed in deionized water, followed 
the sonication process (200 W, Scientz-IID, Ningbo Scientz 
Biotechnology Co. Ltd.) was applied to realize uniform dis-
persion of each component. The self-supporting printable 
inks were prepared by removing excess solvent in a water 
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bath. Their viscosity and rheological properties could be 
monitored by adjusting the amount of residual solvent. Addi-
tionally, pasty graphene oxide inks with a graphene oxide 
concentration of 200 mg  mL−1 were prepared.

2.2  RCS Simulation

A commercial high-frequency simulator was used for simula-
tion. In the simulation process, the bottom layer of the model 
is a metal plate, set as the material of PEC (perfect elec-
tric conductor), and the size is 300 mm × 300 mm × 1 mm. 
Above the metal plate is a microwave absorber, the size of 
which is 300 mm × 300 mm × 3 mm. The complex dielectric 
constant and permeability frequency measured by sample 
 GBS2 are used as the electromagnetic parameters of the 
microwave absorber. The variation of the radar cross sec-
tion (RCS) of the metal plate with the incidence angle and 
frequency before and after the microwave absorber is simu-
lated. The incidence angle varies from  − 90° to 90°, and the 
step is 1°. The frequency range is 2–18 GHz, and the step 
frequency is 0.1 GHz.

2.3  Construction of 3D Customized GO Aerogel

The high-modulus GO inks were loaded into a syringe barrel 
that was mounted onto a three-axis positioning stage (3D 
bioprinter V2.0, Regenovo Biotechnology Co., China), and 
customized GO lattice was reproduced according the input 
3D model with a size of 15 mm × 15 mm × 2.5 mm. The GO 
lattice was composed of 5 densely stacked printed layers and 
the thickness of the adjacent layers are set to 0.5 mm. After 
printing, the 3D GO lattice was immersed in liquid nitrogen 
(− 196 °C) for 10 min to implement frozen self-assembly of 
GO nanoplates and then transferred into a freezer (− 60 °C) 
for 48 h to further ice crystallization. Subsequently, 3D GO 
aerogel was obtained with a drying process (− 60 °C) for 
48 h to construct a macro-regular and micro-porous network 
structure.

2.4  Synthesis of 3D Graphene/BN/SiCnws Composites

BN and  SSiCnws were introduced by a typical CVD pro-
cess. The self-supporting GA was prepared by thermal 
annealing of GO aerogel at 800 °C for 1 h under the argon 

atmosphere, and BN was deposited on graphene nanoplates 
by the reaction of boron trichloride  (BCl3) and ammonia 
 (NH3). Then, the temperature rose to 1100 °C and continu-
ous  SiCnws was introduced by cracking methyltrichlorosilane 
(MTS,  CH3SiCl3) with the presence of Ni ions. In this work, 
the deposition time of BN interface was set to 1 h, and the 
thickness was ~ 100 nm. By adjusting the volume fraction of 
 SiCnws, including 2 and 4 h deposition time, the as-prepared 
samples were labeled  GS2,  GBS2, and  GBS4 composites.

2.5  Characterization

The morphology, structure, and composition of as-prepared 
composites were characterized by a field-emission scanning 
electron microscopy (FESEM, Hitachi SU8220, Japan), a 
transmission electron microscopy (TEM, JEM-2100F, 
Japan), an X-ray diffractometer (XRD, Rigaku Corporation, 
Kyoto, Japan), a laser micro-Raman spectroscopy (Thermo 
Nicolet, USA), and an X-ray photoelectron spectroscopy 
(XPS, Thermofisher scientific 250Xi). The electromagnetic 
parameters (εr and μr) in 2–18 GHz of as-prepared compos-
ites were measured by coaxial transmission line method on a 
vector network analyzer (VNA, ZVB 20, Rohde & Schwarz, 
Germany). The test samples were laser cut into an annulus 
with an inner diameter of 3 mm, an external diameter of 
7 mm, and a thickness of 2 mm. All the measurements on 
the vector network analyzer were calibrated by the standard 
SOMT method.

3  Results and Discussion

3.1  Design Principle and Preparation of 3D Graphene/
BN/SiCnws Composites

The special bio-structures in nature generally provide crea-
tive ideas for the macro-assembly of low-dimensional nano-
materials, such as the lamellar aerogel structure inspired by 
the honeycomb structure and the emitting nanowire structure 
inspired by the dandelion structure. The biomimetic struc-
tures are endowed with novel functions, including electro-
magnetic absorption, thermal insulation, and noise reduc-
tion. For wave absorption applications, both the lamellar 
honeycomb structure and the emitting nanowire structure 
mentioned above can endow multiple scattering and loss 
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of incident electromagnetic waves. Innovatively, the mecha-
nism inspired us to pack the pores of the lamellar honey-
comb structure with an emitting nanowire structure, which 
will inevitably increase the scattering capacity for micro-
waves, thereby optimizing the wave absorption performance.

In this work, in view of the easy oxidization of graphene 
nanoplates at high temperatures, the fine-tuning of the 
microstructure has been applied to optimize the high-tem-
perature absorbing performance of composites. To assem-
ble GO nanoplates into a regular 3D porous architecture, a 
creative construction routine is developed by integrating 3D 
printing ice and freeze casting. Due to the hydrophilicity and 
strong gelation capability of GO nanoplates, stable aque-
ous printable inks with high viscosity and shear thinning 
behavior can be easily obtained. Considering the structural 
designability of 3D printing, the macro-configuration of the 
3D GO lattice can be monitored by on-demand stacking. 
The process guarantees the consistent and reliable forma-
tion of the GO skeleton, thereby enabling the subsequent 
construction of hierarchical porous structures that are con-
ducive to the absorption of electromagnetic waves. Subse-
quently, the freeze casting process is applied to build an 
interconnected GO network with a porous structure, which 
originates from the self-assembly of GO nanoplates induced 
by frozen ice crystals. Meanwhile,  Fe3O4 nanoparticles are 
uniformly adsorbed on the GO nanoplates due to the huge 
specific surface area, as shown in Fig. 1a. After followed 
thermal annealing at 800 °C to prepare reduced GO aerogel, 
while BN interface and  SiCnws are introduced in situ by CVD 
method. The wave-transmitting phase BN will significantly 
increase the transmission path of EMWs, thereby increasing 
the loss. Due to the low dielectric constant of BN, the com-
bination with graphene can realize complementary dielec-
tric properties and optimize the impedance matching degree. 
Notably, the high-temperature resistance of BN and  SiCnws 
can effectively inhibit the oxidation behavior of graphene in 
a high-temperature environment, and endow the composites 
with stable high-temperature absorption performance.

3.2  Structure, Microscopic Morphology, 
and Composition

The microstructure of 3D GO aerogel and 3D GBS compos-
ites are illustrated in Fig. 1b–g. The freeze casting process 
in liquid nitrogen facilitates the growth of ice crystal, and 

the GO nanoplates at the edge of the ice crystal is squeezed 
to realize self-assembly. Due to the π–π interactions, the 
nanoplates are interconnected in a honeycomb porous struc-
ture. The size of the pores is approximately a few microm-
eters (≈ 48.9 μm). Meanwhile, the inset in Fig. 1b shows 
the regular 3D lattice structure constructed by 3D printing. 
The backscattered view of GO nanoplate in Fig. 1c presents 
the uniform distribution of  Fe3O4 nanoparticles, which can 
be attributed to the electrostatic adsorption and electro-
static coordination of positive and negative charges. With 
the in situ introduction of BN interface, the GO nanoplates 
are reduced and fully encapsulated. Considering the oxida-
tion resistance of BN over 800 °C, the oxidation behavior of 
graphene nanoplates at high temperatures can be effectively 
suppressed. Figure 1d–g shows the fracture surface of 3D 
GBS composites after the growth of  SiCnws. It can be obvi-
ously seen that lots of nanowires with high aspect ratios are 
introduced in a random distribution, which about 36.9 nm 
in diameter (average of 3 different nanowires) and several 
hundred micrometers in length. The smooth surface struc-
ture also demonstrates the high crystallinity of the nanow-
ires. The EDS element mapping of an individual nanowire 
shows the presence of Si, C, and a small amount of O ele-
ments, indicating the main phase of the nanowires is SiC 
(Fig. S1). As shown in Fig. 1h–k, the  SiCnws are found to 
be grown in situ on the graphene and BN layers, which is 
in accordance with the SEM results presented in Fig. 1f, g. 
The HRTEM results indicate that the graphene and BN are 
well crystallized. The lattice spacing of the graphene and 
BN is 0.26 and 0.34 nm, respectively, which corresponds 
to the (002) plane of graphene and the (002) plane of BN. 
Furthermore, a substantial number of discontinuous and dis-
torted lattice stripes are observed, indicating that the in situ 
growth of BN introduced a multitude of defects and dipoles, 
which subsequently augmented the polarization relaxation 
loss process of the electromagnetic waves [32].

The chemical composition of the GO aerogel, GS com-
posites and GBS composites is characterized. In Fig. S2a, 
the diffraction peaks at 10.9° and 26.5° are assigned to GO 
aerogel and reduced GO nanoplates, and the conversion 
of (001) plane of GO to (002) plane of GNP represents a 
decrease in the interplanar spacing. The major diffraction 
peaks of  GBS2 and  GBS4 composites are assigned to the 
(111), (200), (220), (311), and (222) planes of 3C-SiC, and 
the sharp peaks reveal high crystallinity of SiC nanow-
ires. Notably, the BN characteristic peak cannot be found 
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Fig. 1  a Schematic illustration of as-prepared GBS composites. b, c Microstructure of as-prepared GA composites and the inset is a backscat-
tered view that shows the uniform distribution of  Fe3O4. FESEM images of d, e the exterior surface view and f, g the fracture surface view of 
as-prepared  GBS2 composites. h, i TEM images and j, k HRTEM images of as-prepared  GBS2 composites
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in all samples. Figure S2b illustrates typical Raman spec-
tra of the composites. Three peaks at around 1343, 1593, 
and 2660  cm−1 can be assigned to the D-band, G-band, and 
2D-band of graphene, and the ID/IG value shifts from 0.70 of 
GO to 2.3 of reduced GO. The increase in ID/IG value cor-
responds to the introduction of defects in nanoplates during 
the deposition process, which is beneficial to introduce the 
loss mechanism of defect polarization. Moreover, the two 
characteristic peaks located at 775 and 950  cm−1 represent 
the absorption bands from transversal optic and longitudinal 
optic mode 3C-SiC [33].

The chemical composition and the group distribution 
are further characterized by XPS. The survey spectrum in 
Fig. S2c, d shows the presence of Fe, O, C, and Si elements 
of the  GS2 composite, and the N element can be found in the 
 GBS2 composite. Therefore, the N element proves the effec-
tive introduction of BN interphase. However, BN interphase 
cannot be detected in XRD pattern, which can be attributed 
to the in situ growth of amorphous BN by the CVD process.

3.3  Microwave Absorption Performance 
and Mechanism at Room Temperature

The regulation of electromagnetic parameters of the pre-
pared composites by BN interface and  SiCnws can directly 
affect the microwave absorption properties. Therefore, the 
relative complex permittivity and permeability (εr and μr) 
and corresponding tangent loss (tan δε and tan δμ) of 3D 
GS composites and 3D GBS composites are measured by 
coaxial transmission line method. According to the Debye 
theory [34]:

in which ε∞, εs, f, τ and � represent the relative dielectric 
constant at infinite frequency, static dielectric constant, fre-
quency of microwaves, polarization relaxation time and elec-
trical conductivity, respectively. The ε″ represents the ability 
of the composites to loss electromagnetic energy, which is 
affected by dipolar relaxation process.

(1)�r = �
� − j��� = �∞ +

�s − �∞

1 + j2f �

(2)�
� = �∞ +

�s − �∞

1 + (2f )2�2

(3)�
�� = �

��

p
+ �

��

c
=

2f �
(
�s − �∞

)

1 + (2f )2�2
+

�

2�f �0

The real and the imaginary parts of the electromagnetic 
parameters indicate the polarization ability and electro-
magnetic wave loss ability under electromagnetic field 
conditions, respectively. These parameters are related to 
several factors, including the structure and the composition 
of the composites. The tan δε and tan δμ denote the dielec-
tric loss and magnetic loss of the absorber, respectively.

As shown in Fig. 2a, b, the dielectric constant of GO 
aerogel is comparable to that of air, which is attributed 
to its highly porous structure. The dielectric constant of 
each composite increases with the in situ growth of BN 
and  SiCnws. The porosity of the GA,  GBS2, and  GBS4 
composites is measured in Fig. S3. The GA composite 
exhibits a porosity of 89.9%, with most of the pore sizes 
distributed at 48.9 µm. This pore size is attributed to the 
honeycomb structure constructed by the 3D printing and 
freeze casting process, which is conducive to optimizing 
the degree of impedance matching. Meanwhile, the expan-
sion of in situ-grown  SiCnws has led to a decrease in both 
the porosity (67.7% and 63.1%) and the pore size of the 
 GBS2 and  GBS4. This further results in a slight increase 
in the dielectric constant. However, the large number of 
 SiCnws provides an extremely high specific surface area, 
which enhances polarization loss and conductivity loss. 
Moreover, the dielectric constants of  GBS2 were found to 
be lower than those of  GS2, indicating that the introduc-
tion of BN effectively reduces the migration path of free 
electrons and prevents the formation of excessive continu-
ous microwave reflection networks. This can reduce the 
dielectric constant of the composites and optimize the 
impedance matching performance of the composites.

The dielectric loss process of the composite includes 
conduction loss and polarization loss [35, 36]. As shown 
in Fig. S4, the dielectric loss processes of composites are 
all dominated by the conduction loss, which accounts for 
more than 90% of the total. This is attributed to the for-
mation of a conductive network by graphene nanoplates 
interconnections and the higher conductivity of the com-
posites. The fluctuations in the ε″ curves are related to the 
multiple polarization relaxation process induced by inter-
facial polarization. The fluctuations in ε″ curves become 
more pronounced with increasing time of in situ growth 
of BN and  SiCnws. This indicates that in addition to the 
conductive loss associated with the carbon skeleton, the 
polarization loss also plays a significant role in microwave 
absorption. Furthermore, the tan δε of each composite in 
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Fig. 2c is higher than that of GA, which indicates that the 
introduction of the interfaces and  SiCnws can enhance the 
interfacial polarization and dipole polarization behaviors, 
which in turn effectively improves the dielectric loss capa-
bility of the composites.

As illustrated in Fig. 2d, e, the relative complex perme-
ability of GA and  GS2 is nearly equal to 1-0j, which suggests 
a weak magnetic loss. However, the uniform distribution 
of  Fe3O4 on graphene sheets resulted in the highest mag-
netism of the GA, whereas the magnetic properties of the 
composites were significantly reduced following the in situ 
growth of  SiCnws (Fig. S5). This is due to the fact that dur-
ing the CVI process,  Fe3O4 is reduced to Fe monomers by 
 H2, while free Si atoms from MTS cleavage react with Fe 
to produce the weakly ferromagnetic FeSi phase (consist-
ent with the results in Fig. S2a). Consequently, the magnet-
ism of the composites is weakened with the introduction 
of  SiCnws. Furthermore, the magnetism of  GBS2 and  GBS4 
with in situ-grown BN are superior to those of  GS2. This 
is due to the fact that the introduction of BN encapsulates 
the  Fe3O4 particles, thereby reducing their transition to the 
FeSi process [37]. Additionally, BN produces an induced 
magnetic moment in a magnetic field and exhibits weaker 

para magnetism [38]. Therefore, the composites display 
soft magnetic characteristics, which align with the results 
of higher magnetic permeability for  GBS2 and  GBS4. Since 
BN improves the magnetization of the composite, the tan δμ 
of the composites increases with the introduction of BN (as 
shown in Fig. 2f), and the magnetic loss is enhanced.

Furthermore, the tan δε and tan δμ of the  GBS2 and  GBS4 
composites are more closely aligned than those of the  GS2 
samples, where dielectric loss is the dominant phenom-
enon (Fig. S6). This suggests that the introduction of BN 
can effectively regulate the balance between dielectric loss 
capability and magnetic loss capability, ultimately leading 
to optimized impedance matching.

The microwave absorption performance of absorbers can 
be visually expressed by the reflection loss (RL) value and 
the EAB. According to the electromagnetic parameters, the 
RL value is described as follows [39, 40]:

(4)RL(dB) = 20 lg
|||
|

Zin − 1

Zin + 1

|||
|

(5)Zin =

�
�r

�r
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�

j
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√
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�

Fig. 2  a Real part ε′, b imaginary part ε″, and c tangent loss tan δε as a function of frequency of as-prepared samples. d Real part μ′, e imagi-
nary part μ″, and f tangent loss tan δμ as a function of the frequency of as-prepared samples
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where Zin represents the normalized input impedance of the 
absorbers, d and c refer to the thickness of the absorbers 
and the velocity of the microwave in free space. When the 
RL value is less than  − 10 dB, it means that more than 90% 
incident EMWs can be absorbed by the absorbers, and only 
less than 10% is reflected.

As shown in Fig. 3a–f,  GS2 exhibits an EAB of 7.6 GHz 
at 2.4 mm.  GBS2 exhibits optimal electromagnetic wave 
absorption performance with an EAB of 9.2 GHz (from 
8.8 to 18.0 GHz) at 2.5 mm. The introduction of hetero-
interfacial BN not only reinforces the relaxation process of 
interfacial polarization and dipole polarization, enhancing 
the dielectric loss, but also enhances the magnetic loss of the 
absorber due to the para magnetism of BN. As the increase 
in  SiCnws with a high dielectric constant, the  GBS4 sample 
exhibits an EAB of 3.8 GHz at 2.5 mm. This is attributed to 
the reduction in impedance matching properties, which leads 
to a reflection of electromagnetic waves at the surface of the 
composite, resulting in a degradation of the wave absorption 
performance.

While the absorbers possess strong attenuation capa-
bilities, they also require excellent impedance matching 
conditions to allow as many electromagnetic waves as pos-
sible to enter the interior of the absorbers. As shown in 
Fig. 4a–c, the optimal electromagnetic wave absorption 
characteristics can be achieved when the input impedance 
points fall within the orange circle. The higher dielectric 
constant and weaker magnetic loss of  GS2 composites 
result in input impedance curves that deviate significantly 
from the orange circle. With the introduction of BN, the 
permittivity of  GBS2 material decreases, leading to an 
enhancement of the impedance matching properties. Con-
sequently, both dielectric loss and magnetic loss are inten-
sified, resulting in the input impedance points falling more 
inside the orange circle. This leads to a wider absorption 
bandwidth. As the  SiCnws increases, the dielectric constant 
of the  GBS4 material rises, resulting in elevated conduc-
tive loss. This results in a greater reflection of electromag-
netic waves at the surface, which further deviates the input 
impedance curve from the orange circle. Consequently, the 
wave absorption performance is diminished.

In order to further analyze the EMWs absorption mecha-
nism of the composites, the Cole–Cole curves and the  C0-f 
plots are constructed in Figs. 4d, e and S7. The presence 
of multiple twisted semicircles in the Cole–Cole curves 
indicates the existence of multiple relaxation processes 

[41]. The introduction of BN enriches the interfacial 
polarization process, and the growth of  SiCnws further 
enriches the network structure, while introducing a large 
number of heterogeneous interfaces and defects. These 
interfaces facilitate the movement of free charges under 
the action of an external electric field, resulting in the 
formation of localized accumulations and the generation 
of macroscopic dipole moments. Additionally, impurities 
and defects existing within graphene, BN,  SiCnws, as well 
as the crystal region, amorphous region interface, may 
also contribute to interfacial polarization. These not only 
increase the scattering path of electromagnetic waves, but 
also provide a large amount of polarization loss. Further-
more, the nearly straight line of semicircular distortion is 
partially attributed to the localized conductive network 
constituted by  SiCnws, which generates local currents and 
notable conductive loss in response to changes in elec-
tromagnetic wave frequency. In addition, magnetic loss 
represents another significant pathway for electromagnetic 
wave loss. This loss is primarily attributable to natural 
resonance, exchange resonance, and eddy current loss in 
the microwave frequency band. As shown in Fig. 4e, the 
charge distribution in the absorber resonates with the elec-
tric field distribution at low electromagnetic field frequen-
cies (2–6 GHz), and the natural resonance is the primary 
loss mechanism. As the frequency of electromagnetic 
waves increases, the  C0 value of each sample gradually 
stabilizes to a constant, indicating that eddy current loss 
has become the dominant mechanism [42].

To prove the loss capacity of the as-prepared  GBS2 absorb-
ers, Fig. 4f shows the variation of radar scattering cross section 
(RCS) with the incidence angle at 10 GHz of the metal plate 
with and without the applied microwave absorber. When the 
electromagnetic wave is normally incident at a 0°, the RCS 
of the metal plate is the largest, about 20 dBsm. When the 
as-fabricated microwave absorber is implemented, the RCS 
is only about 5 dBsm, which is reduced by about 15 dB. Fur-
ther combined with Fig. 4f, g, it can be seen that with the 
increase of incidence angle, the reduction effect of the micro-
wave absorber on the RCS of the metal plate first increases 
and then decreases. When the incidence angle is less than 20°, 
the RCS reduction in the absorbing coating on the metal plate 
can reach about 20 dB. When the incidence angle increases 
further, the attenuation effect of coating on RCS decreases 
gradually. Figure 4h shows the variation of the RCS of the 
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metal plate with and without the as-prepared  GBS2 absorber 
with frequency under the condition of normal incidence. It 
can be seen that the RCS of the pure metal plate is gradually 
increasing with the frequency. After the implementation of the 
 GBS2 absorber, the RCS of the metal plate decreases rapidly 
with the frequency in the 8–12 GHz band, and then gradually 
increases. This shows that under the standard test conditions, 
the RCS reduction effect of the metal plate in the 8–18 GHz 
band is significant after the implementation of the microwave 
absorber, and the reflection reduction is basically consistent 
with the reflection loss feature of the microwave absorber cal-
culated above.

Furthermore, Fig. 4i studies the loss inside the as-pre-
pared  GBS2 absorber at different frequencies. At 2 GHz, 
the loss of electromagnetic waves inside the microwave 
absorber is generally lower than 1.15 ×  105 W  m−3, and the 
electromagnetic waves cannot be effectively dissipated, so 
the reduction in RCS on the metal plate is poor. At 10 GHz, 
the loss of the microwave absorber to the electromagnetic 
wave is gradually increased to more than 1 ×  106 W  m−3, 
and the loss behavior is gradually enhanced. In particu-
lar, the surface loss of the microwave absorber is the most 

significant, close to 1 ×  107 W  m−3. This shows that in 
addition to the intrinsic loss of the microwave absorber, 
the resonant effect of 1/4 wavelength plays an important 
contribution to the electromagnetic wave loss. At 18 GHz, 
the surface loss of the microwave absorber is gradually 
enhanced, reaching 2.8 ×  107 W  m−3, while the bottom loss 
is gradually weakened, which indicates that the resonant 
absorption at high frequency is the most important form 
of electromagnetic wave loss of the as-prepared  GBS2 
absorbers.

3.4  Evolution and Mechanism of Microstructure 
and Microwave Absorption Performance 
with Different Annealing Time

The thermal stability and the high-temperature wave-
absorbing potential of absorbers have received extensive 
attention from researchers. Herein, the thermal stability 
of the composites is examined after annealing in a high-
temperature air environment. Figure S8 shows the thermo-
gravimetric analysis (TG) image of GA and  GBS2. As the 
temperature increased, GA showed three weight losses at 

Fig. 3  Contour maps of the calculated RL values of as-prepared a  GS2, b  GBS2, and c  GBS4 composites with different thicknesses in the fre-
quency range of 2–18 GHz. d–f Corresponding 2D curves
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Fig. 4  Input impedance of as-prepared a  GS2, b  GBS2, and c  GBS4 composites is shown by the Smith chart (frequency range is 2–18 GHz 
and thickness is 2.5 mm). d Cole–Cole semicircles and e  C0-f curves of as-prepared  GS2,  GBS2, and  GBS4 composites in the frequency range 
of 2–18 GHz. f RCS of the metal plate with and without the applied microwave absorber changes with the incidence angle. g RCS reduction 
changes with the incidence angle. h RCS of the metal plate with and without the applied GBS absorbers changes with the frequency. i Loss den-
sity of electromagnetic waves in applied GBS absorbers at different frequencies
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about 100, 260, and 486 °C, corresponding to the evapora-
tion of water from GA, the cleavage of oxygen-containing 
functional groups in graphene oxide, and the oxidation of 
graphene, respectively. In contrast, the  GBS2 composite 
showed only 9.1% weight loss at 787 °C, and the mass 
retention after annealing at 600 °C for 5 and 10 h was in 
the range of 89% and 87.8%, respectively. This is attributed 
to the in situ growth of BN interface, which wraps the GA 
skeleton, effectively insulating the external air and retard-
ing the GA oxidation process. The mass of the composite 
gradually increases with a further increase in temperature, 
which is attributed to the oxidation of the  SiCnws to  SiO2 
and the oxidation of BN to  B2O3.

The wave absorption performance of the  GBS2 compos-
ite after annealing in air environment at 600 °C is shown 
in Fig. 5a–e. After annealing for 5 h, the  GBS2 compos-
ite exhibits an EAB of 9.7 GHz (from 8.3 to 18.0 GHz) at 
3.4 mm, and the RLmin decreases to -52.4 dB. The dielectric 
constant of the composites exhibits minimal variation after 
annealing, which indicates that that the BN interface effec-
tively impedes the oxidation behavior of graphene. However, 

both μ′ and μ″ of the composites exhibited a decline, which 
can be attributed to the Curie transition phenomenon of the 
magnetic components in the composite at high tempera-
tures (Fig. S9). As the annealing time is extended, the EAB 
decreases to 6.9 GHz (from 11.1 to 18.0 GHz) at 2.8 mm, 
while the RLmin becomes -22.8 dB. This is attributed to the 
partial oxidation of graphene at high temperatures over 
extended periods of time, which introduces holes and defects 
that result in slight damage to the microstructure of the com-
posite. Meanwhile, the C0 of the material decreases with 
the increase in annealing time. The magnetic particle FeSi 
undergoes a Curie transition, which results in a dramatic 
decrease in tan δμ of the material, leading to a significant 
decline in its electromagnetic wave absorption performance. 
(Figs. S10 and S11).

Moreover, the electromagnetic wave absorption of the 
 GBS2 composites, as shown in Fig. 5f and Table S1, is 
considerably superior to that of the materials that have 
been previously reported in the literature [20, 24, 31, 
43–46]. This indicates that the layered porous structure 
design and the composites prepared in this work provide 

Fig. 5  Contour maps of the calculated RL values of as-prepared  GBS2 composites annealing at 600 °C for a 5 h and b 10 h in the air with dif-
ferent thicknesses in the frequency range of 2–18 GHz. c Comparison of absorption performance of as-prepared  GBS2 composites annealing at 
600 °C for 0, 5, and 10 h d, e Corresponding 2D curves. f Comparison of absorption performance between as-prepared  GBS2 composites and 
other typical absorbing materials
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a novel approach to the design and preparation of subse-
quent electromagnetic wave absorption materials.

Besides, the attenuation constant α is also considered 
to be a key factor affecting the absorbing performance and 
can be described as follows [47]:

As illustrated in Fig. 6a, b, the attenuation constant α 
of each sample increases with frequency, demonstrating 
a positive correlation with the microstructure and elec-
tromagnetic properties of the material. As the annealing 
time increases, α of the  GBS2 decreases. This is mainly 
attributed to the significant reduction in the magnetic loss 
after annealing.

(6)
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The electromagnetic wave absorption mechanism of 
 GBS2 composites can be summarized in several forms, 
as illustrated in Fig. 6c. Firstly, the design of the porous 
honeycomb structure not only optimizes impedance 
matching capability, but also extends the scattering path 
of electromagnetic waves and enhances the absorption of 
electromagnetic waves [48]. Secondly, the intrinsic high 
conductivity of the graphene nanoplates enables the for-
mation of an efficiently connected conductive network. 
The interconnect  SiCnws form a multitude of localized 
conductive networks. The free movement of electrons is 
favored to convert electromagnetic waves into Joule heat-
ing, which strengthens the conductive loss [49]. Third, the 
uniform and continuous BN interface and the dispersed 
FeSi facilitate the construction of a magnetic coupling 
network, which enhances the space charge polarization 

Fig. 6  Attenuation constant α of a as-prepared  GS2,  GBS2, and  GBS4 composites and b as-prepared  GBS2 composites annealing at 600 °C for 
0, 5 and 10 h in the air in the frequency range of 2–18 GHz. c Composite microwave absorbing mechanisms of as-prepared  GBS2 composites
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and magnetic loss [50]. Fourth, the growth of BN inter-
faces and  SiCnws introduces abundant heterostructure inter-
faces, while a multitude of vacancies and heteroatoms can 
become polarization centers and generate dipole polariza-
tion, collectively reinforcing the dielectric loss. Based on 
the combined effect of these mechanisms,  GBS2 compos-
ites exhibit excellent EMW absorption properties and are 
highly potential wave absorbers.

4  Conclusions

In summary, a honeycomb-structured graphene aerogel 
was constructed by ice template-assisted 3D printing 
strategy. In situ-grown BN and  SiCnws were subsequently 
incorporated into the aerogel to construct GBS composites 
with heterogeneous interfaces and a hierarchical porous 
structure. The multilevel structure and heterogeneous 
phases of the composites prolong the scattering path of 
incident EMWs, effectively achieving synergistic optimi-
zation of impedance matching and multiple losses. Conse-
quently, the prepared  GBS2 composite exhibit an  EABmax 
of 9.2 GHz (from 8.8 to 18.0 GHz) at 2.5 mm and a RLmin 
of  − 37.8 dB. Furthermore, based on the intrinsic high-
temperature resistance of BN and  SiCnws, the composites 
exhibit excellent thermal stability. After annealing in air 
environment at 600 °C for 5 h, the microstructural evolu-
tion of the composites resulted in a rising EAB of 9.7 GHz 
(from 8.3 to 18.0 GHz) at 3.4 mm, indicating a promising 
potential for high-temperature applications. The micro-
structure design and preparation in this work offer novel 
insights into the synergistic optimization of structure and 
function in low-dimensional materials.

Acknowledgements This project was sponsored by National Natu-
ral Science Foundation of China (No.52302121, No. 52203386), 
Shanghai Sailing Program (No. 23YF1454700), Shanghai Natural 
Science Foundation (No. 23ZR1472700), Shanghai Post-doctoral 
Excellent Program (No. 2022664).

Author Contributions Xiao You and Huiying Ouyang involved 
in original draft writing, data curation, investigation, and formal 
analysis. Ruixiang Deng involved in review, software, visualiza-
tion, and supervision. Qiuqi Zhang and Zhenzhong Xing involved 
in supervision, software, and review. Xiaowu Chen, Qingliang 
Shan, and Jinshan Yang involved in methodology, supervision, 
and review. Shaoming Dong involved in conceptualization, review, 
supervision, methodology, and funding acquisition.

Declarations 

Conflict of interest The authors declare no interest conflict. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 024- 01541-y.

References

 1. F. Meng, H. Wang, F. Huang, Y. Guo, Z. Wang et al., Gra-
phene-based microwave absorbing composites: a review and 
prospective. Compos. Part B Eng. 137, 260 (2018). https:// doi. 
org/ 10. 1016/j. compo sitesb. 2017. 11. 023

 2. Q. Li, Z. Zhang, L. Qi, Q. Liao, Z. Kang et al., Toward the 
application of high frequency electromagnetic wave absorp-
tion by carbon nanostructures. Adv. Sci. 6, 1801057 (2019). 
https:// doi. org/ 10. 1002/ advs. 20180 1057

 3. M. Cao, X. Wang, M. Zhang, J. Shu, W. Cao et al., Electro-
magnetic response and energy conversion for functions and 
devices in low-dimensional materials. Adv. Funct. Mater. 29, 
1807398 (2019). https:// doi. org/ 10. 1002/ adfm. 20180 7398

 4. H. Zhao, Y. Cheng, W. Liu, L. Yang, B. Zhang et al., Biomass-
derived porous carbon-based nanostructures for microwave 
absorption. Nano-Micro Lett. 11, 24 (2019). https:// doi. org/ 
10. 1007/ s40820- 019- 0255-3

 5. J. Lin, J. Qiao, H. Tian, L. Li, W. Liu et al., Ultralight, 
hierarchical metal–organic framework derivative/graphene 
hybrid aerogel for electromagnetic wave absorption. Adv. 
Compos. Hybrid Mater. 6, 177 (2023). https:// doi. org/ 10. 
1007/ s42114- 023- 00762-w

 6. J. Qiao, Q. Song, L. Xuan, J. Liu, X. Zhang et al., Dual 
cross-linked magnetic mxene aerogel with high strength and 
durability enables multifunctionality. Adv. Funct. Mater. 34, 
2401687 (2024). https:// doi. org/ 10. 1002/ adfm. 20240 1687

 7. X. Zhang, X. Tian, N. Wu, S. Zhao, Y. Qin et al., Metal-
organic frameworks with fine-tuned interlayer spacing for 
microwave absorption. Sci. Adv. (2024). https:// doi. org/ 10. 
1126/ sciadv. adl64 98

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-024-01541-y
https://doi.org/10.1007/s40820-024-01541-y
https://doi.org/10.1016/j.compositesb.2017.11.023
https://doi.org/10.1016/j.compositesb.2017.11.023
https://doi.org/10.1002/advs.201801057
https://doi.org/10.1002/adfm.201807398
https://doi.org/10.1007/s40820-019-0255-3
https://doi.org/10.1007/s40820-019-0255-3
https://doi.org/10.1007/s42114-023-00762-w
https://doi.org/10.1007/s42114-023-00762-w
https://doi.org/10.1002/adfm.202401687
https://doi.org/10.1126/sciadv.adl6498
https://doi.org/10.1126/sciadv.adl6498


 Nano-Micro Lett.           (2025) 17:47    47  Page 14 of 15

https://doi.org/10.1007/s40820-024-01541-y© The authors

 8. X. Qiu, L. Wang, H. Zhu, Y. Guan, Q. Zhang, Lightweight 
and efficient microwave absorbing materials based on wal-
nut shell-derived nano-porous carbon. Nanoscale 9, 7408 
(2017). https:// doi. org/ 10. 1039/ C7NR0 2628E

 9. Y. Yin, X. Liu, X. Wei, R. Yu, J. Shui, Porous CNTs/Co 
composite derived from zeolitic imidazolate framework: 
a lightweight, ultrathin, and highly efficient electromag-
netic wave absorber. ACS Appl. Mater. Interfaces 8, 34686 
(2016). https:// doi. org/ 10. 1021/ acsami. 6b121 78

 10. F. Ye, Q. Song, Z. Zhang, W. Li, S. Zhang et al., Direct 
growth of edge-rich graphene with tunable dielectric prop-
erties in porous  Si3N4 ceramic for broadband high-per-
formance microwave absorption. Adv. Funct. Mater. 28, 
1707205 (2018). https:// doi. org/ 10. 1002/ adfm. 20170 7205

 11. N. Wu, C. Liu, D. Xu, J. Liu, W. Liu et al., Ultrathin high-per-
formance electromagnetic wave absorbers with facilely fab-
ricated hierarchical porous Co/C crabapples. J. Mater. Chem. 
C 7, 1659 (2019). https:// doi. org/ 10. 1039/ C8TC0 4984J

 12. F. Pan, Z. Liu, B. Deng, Y. Dong, X. Zhu et al., Lotus leaf-
derived gradient hierarchical porous C/MoS2 morphology 
genetic composites with wideband and tunable electromag-
netic absorption performance. Nano-Micro Lett. 13, 43 (2021). 
https:// doi. org/ 10. 1007/ s40820- 020- 00568-1

 13. C. Liang, Z. Wang, L. Wu, X. Zhang, H. Wang et al., Light and 
strong hierarchical porous SiC foam for efficient electromag-
netic interference shielding and thermal insulation at elevated 
temperatures. ACS Appl. Mater. Interfaces 9, 29950 (2017). 
https:// doi. org/ 10. 1021/ acsami. 7b077 35

 14. T. Hou, Z. Jia, A. Feng, Z. Zhou, X. Liu et al., Hierarchical 
composite of biomass derived magnetic carbon framework 
and phytic acid doped polyanilne with prominent electromag-
netic wave absorption capacity. J. Mater. Sci. Technol. 68, 61 
(2021). https:// doi. org/ 10. 1016/j. jmst. 2020. 06. 046

 15. Z. Wu, H. Cheng, C. Jin, B. Yang, C. Xu et al., Dimensional 
design and core–shell engineering of nanomaterials for elec-
tromagnetic wave absorption. Adv. Mater. 34, 2107538 (2022). 
https:// doi. org/ 10. 1002/ adma. 20210 7538

 16. M. Green, X. Chen, Recent progress of nanomaterials for 
microwave absorption. J. Materiomics 5, 503 (2019). https:// 
doi. org/ 10. 1016/j. jmat. 2019. 07. 003

 17. Q. Zhang, X. You, L. Tian, M. Wang, X. Zhang et al., Fab-
rication and efficient electromagnetic waves attenuation of 
three-dimensional porous reduced graphene oxide/boron 
nitride/silicon carbide hierarchical structures. J. Mater. Sci. 
Technol. 155, 192 (2023). https:// doi. org/ 10. 1016/j. jmst. 
2022. 12. 056

 18. B. Quan, X. Liang, G. Ji, Y. Cheng, W. Liu et al., Dielectric 
polarization in electromagnetic wave absorption: review and 
perspective. J. Alloys Compd. 728, 1065 (2017). https:// doi. 
org/ 10. 1016/j. jallc om. 2017. 09. 082

 19. X. You, J. Yang, K. Huang, M. Wang, X. Zhang et al., Mul-
tifunctional silicon carbide matrix composites optimized 
by three-dimensional graphene scaffolds. Carbon 155, 215 
(2019). https:// doi. org/ 10. 1016/j. carbon. 2019. 08. 080

 20. D. Pan, G. Yang, H.M. Abo-Dief, J. Dong, F. Su et  al., 
Vertically aligned silicon carbide nanowires/boron nitride 

cellulose aerogel networks enhanced thermal conductiv-
ity and electromagnetic absorbing of epoxy composites. 
Nano-Micro Lett. 14, 118 (2022). https:// doi. org/ 10. 1007/ 
s40820- 022- 00863-z

 21. X. Zhang, X. Zhang, H. Yuan, K. Li, Q. Ouyang et al., CoNi 
nanoparticles encapsulated by nitrogen-doped carbon nano-
tube arrays on reduced graphene oxide sheets for electromag-
netic wave absorption. Chem. Eng. J. 383, 123208 (2020). 
https:// doi. org/ 10. 1016/j. cej. 2019. 123208

 22. J. Chen, H. Jia, Z. Liu, Q. Kong, Z. Hou et al., Construction of 
C-Si heterojunction interface in SiC whisker/reduced graphene 
oxide aerogels for improving microwave absorption. Carbon 
164, 59 (2020). https:// doi. org/ 10. 1016/j. carbon. 2020. 03. 049

 23. J. Xu, L. Xia, J. Luo, S. Lu, X. Huang et al., High-performance 
electromagnetic wave absorbing CNT/SiCf composites: syn-
thesis, tuning, and mechanism. ACS Appl. Mater. Interfaces 
12, 20775 (2020). https:// doi. org/ 10. 1021/ acsami. 9b192 81

 24. X. You, G. Dai, R. Deng, T. Zhang, L. Song et al., Fabrica-
tion of high-performance electromagnetic wave absorbing SiC 
composites reinforced by 3D printed carbon-based nanonet-
work with  Fe3O4 nanoparticles. Addit. Manuf. 55, 102855 
(2022). https:// doi. org/ 10. 1016/j. addma. 2022. 102855

 25. R. Shu, L. Nie, Z. Zhao, X. Yang, Synthesis of nitrogen-doped 
reduced graphene oxide/magnesium ferrite/polyaniline com-
posite aerogel as a lightweight, broadband and efficient micro-
wave absorber. J. Mater. Sci. Technol. 175, 115 (2024). https:// 
doi. org/ 10. 1016/j. jmst. 2023. 08. 015

 26. Q. Song, F. Ye, L. Kong, Q. Shen, L. Han et al., Graphene and 
MXene nanomaterials: toward high-performance electromag-
netic wave absorption in gigahertz band range. Adv. Funct. 
Mater. 30, 2000475 (2020). https:// doi. org/ 10. 1002/ adfm. 
20200 0475

 27. X. Lan, C. Liang, M. Wu, N. Wu, L. He et al., Facile synthesis 
of highly defected silicon carbide sheets for efficient absorp-
tion of electromagnetic waves. J. Phys. Chem. C 122, 18537 
(2018). https:// doi. org/ 10. 1021/ acs. jpcc. 8b053 39

 28. R. Shu, X. Yang, Z. Zhao, Fabrication of core-shell structure 
 NiFe2O4@SiO2 decorated nitrogen-doped graphene compos-
ite aerogels towards excellent electromagnetic absorption in 
the Ku band. Carbon 210, 118047 (2023). https:// doi. org/ 10. 
1016/j. carbon. 2023. 118047

 29. B. Liu, J. Xu, R. Shu, Synthesis of nitrogen-doped graphene 
aerogels modified by magnetic  Fe3O4/Fe/C frameworks as 
excellent dual-band electromagnetic absorbers. J. Mater. Chem. 
C 11, 12185 (2023). https:// doi. org/ 10. 1039/ D3TC0 2696E

 30. K. Su, Y. Wang, K. Hu, X. Fang, J. Yao et al., Ultralight and 
high-strength  SiCnw @SiC foam with highly efficient micro-
wave absorption and heat insulation properties. ACS Appl. 
Mater. Interfaces 13, 22017 (2021). https:// doi. org/ 10. 1021/ 
acsami. 1c035 43

 31. M. Han, X. Yin, Z. Hou, C. Song, X. Li et al., Flexible and 
thermostable graphene/SiC nanowire foam composites with 
tunable electromagnetic wave absorption properties. ACS 
Appl. Mater. Interfaces 9, 11803 (2017). https:// doi. org/ 10. 
1021/ acsami. 7b009 51

https://doi.org/10.1039/C7NR02628E
https://doi.org/10.1021/acsami.6b12178
https://doi.org/10.1002/adfm.201707205
https://doi.org/10.1039/C8TC04984J
https://doi.org/10.1007/s40820-020-00568-1
https://doi.org/10.1021/acsami.7b07735
https://doi.org/10.1016/j.jmst.2020.06.046
https://doi.org/10.1002/adma.202107538
https://doi.org/10.1016/j.jmat.2019.07.003
https://doi.org/10.1016/j.jmat.2019.07.003
https://doi.org/10.1016/j.jmst.2022.12.056
https://doi.org/10.1016/j.jmst.2022.12.056
https://doi.org/10.1016/j.jallcom.2017.09.082
https://doi.org/10.1016/j.jallcom.2017.09.082
https://doi.org/10.1016/j.carbon.2019.08.080
https://doi.org/10.1007/s40820-022-00863-z
https://doi.org/10.1007/s40820-022-00863-z
https://doi.org/10.1016/j.cej.2019.123208
https://doi.org/10.1016/j.carbon.2020.03.049
https://doi.org/10.1021/acsami.9b19281
https://doi.org/10.1016/j.addma.2022.102855
https://doi.org/10.1016/j.jmst.2023.08.015
https://doi.org/10.1016/j.jmst.2023.08.015
https://doi.org/10.1002/adfm.202000475
https://doi.org/10.1002/adfm.202000475
https://doi.org/10.1021/acs.jpcc.8b05339
https://doi.org/10.1016/j.carbon.2023.118047
https://doi.org/10.1016/j.carbon.2023.118047
https://doi.org/10.1039/D3TC02696E
https://doi.org/10.1021/acsami.1c03543
https://doi.org/10.1021/acsami.1c03543
https://doi.org/10.1021/acsami.7b00951
https://doi.org/10.1021/acsami.7b00951


Nano-Micro Lett.           (2025) 17:47  Page 15 of 15    47 

 32. H. Ouyang, X. You, Y. Yang, M. Ren, Q. Zhang et al., Hier-
archical porous  SiCnws/SiC composites with one-dimensional 
oriented assemblies for high-temperature broadband wave 
absorption. J. Mater. Sci. Technol. 214, 1 (2025). https:// doi. 
org/ 10. 1016/j. jmst. 2024. 05. 076

 33. W. Dai, J. Yu, Y. Wang, Y. Song, F.E. Alam et al., Enhanced 
thermal conductivity for polyimide composites with a three-
dimensional silicon carbide nanowire@graphene sheets filler. 
J. Mater. Chem. A 3, 4884 (2015). https:// doi. org/ 10. 1039/ 
C4TA0 6417H

 34. X. Li, X. Yin, C. Song, M. Han, H. Xu et al., Self-assembly 
core–shell graphene-bridged hollow MXenes spheres 3D foam 
with ultrahigh specific EM absorption performance. Adv. 
Funct. Mater. 28, 1803938 (2018). https:// doi. org/ 10. 1002/ 
adfm. 20180 3938

 35. R. Shu, L. Nie, X. Liu, K. Chen, Fabrication of nitrogen-doped 
reduced graphene oxide/tricobalt tetraoxide composite aero-
gels with high efficiency, broadband microwave absorption, 
and good compression recovery performance. J. Mater. Sci. 
Technol. 190, 106 (2024). https:// doi. org/ 10. 1016/j. jmst. 2024. 
01. 006

 36. R. Shu, J. Wu, X. Yang, Fabrication of Co/C composites 
derived from Co-based metal organic frameworks with broad-
band and efficient electromagnetic absorption. Compos. Part 
Appl. Sci. Manuf. 173, 107677 (2023). https:// doi. org/ 10. 
1016/j. compo sitesa. 2023. 107677

 37. Q. Zhang, X. You, H. Ouyang, Y. Yang, Z. Xing et al., Evalu-
ation analysis of electromagnetic wave absorption for self-
assembled 3D graphene skeleton-supported BN/SiC compos-
ites. J. Mater. Chem. C 12, 12794 (2024). https:// doi. org/ 10. 
1039/ D4TC0 2301C

 38. X. Zhong, M. He, C. Zhang, Y. Guo, J. Hu et al., Heterostruc-
tured BN@Co-C@C endowing polyester composites excellent 
thermal conductivity and microwave absorption at C band. 
Adv. Funct. Mater. 34, 2313544 (2024). https:// doi. org/ 10. 
1002/ adfm. 20231 3544

 39. P. Liu, Y. Zhang, J. Yan, Y. Huang, L. Xia et al., Synthesis 
of lightweight N-doped graphene foams with open reticular 
structure for high-efficiency electromagnetic wave absorption. 
Chem. Eng. J. 368, 285 (2019). https:// doi. org/ 10. 1016/j. cej. 
2019. 02. 193

 40. B. Qu, C. Zhu, C. Li, X. Zhang, Y. Chen, Coupling hollow 
 Fe3O4–Fe nanoparticles with graphene sheets for high-perfor-
mance electromagnetic wave absorbing material. ACS Appl. 
Mater. Interfaces 8, 3730 (2016). https:// doi. org/ 10. 1021/ 
acsami. 5b127 89

 41. T. Li, J. Li, Z. Xu, Y. Tian, J. Li et  al., Electromagnetic 
response of multistage-helical nano-micro conducting poly-
mer structures and their enhanced attenuation mechanism of 

multiscale-chiral synergistic effect. Small 19, 2300233 (2023). 
https:// doi. org/ 10. 1002/ smll. 20230 0233

 42. W. Shen, B. Ren, S. Wu, W. Wang, X. Zhou, Facile synthesis 
of rGO/SmFe5O12/CoFe2O4 ternary nanocomposites: compo-
sition control for superior broadband microwave absorption 
performance. Appl. Surf. Sci. 453, 464 (2018). https:// doi. org/ 
10. 1016/j. apsusc. 2018. 05. 150

 43. N. Zhang, Y. Huang, M. Wang, 3D ferromagnetic graphene 
nanocomposites with ZnO nanorods and  Fe3O4 nanoparticles 
Co-decorated for efficient electromagnetic wave absorption. 
Compos. Part B Eng. 136, 135 (2018). https:// doi. org/ 10. 
1016/j. compo sitesb. 2017. 10. 029

 44. Z. Cai, L. Su, H. Wang, M. Niu, L. Tao et al., Alternating 
multilayered  Si3N4/SiC aerogels for broadband and high-tem-
perature electromagnetic wave absorption up to 1000 °C. ACS 
Appl. Mater. Interfaces 13, 16704 (2021). https:// doi. org/ 10. 
1021/ acsami. 1c029 06

 45. L. Kong, X. Yin, X. Yuan, Y. Zhang, X. Liu et al., Electromag-
netic wave absorption properties of graphene modified with 
carbon nanotube/poly(dimethyl siloxane) composites. Carbon 
73, 185 (2014). https:// doi. org/ 10. 1016/j. carbon. 2014. 02. 054

 46. Y. Zhao, Y. Zhang, C. Yang, L. Cheng, Ultralight and flexible 
SiC nanoparticle-decorated carbon nanofiber mats for broad-
band microwave absorption. Carbon 171, 474 (2021). https:// 
doi. org/ 10. 1016/j. carbon. 2020. 09. 040

 47. H. Lv, X. Liang, G. Ji, H. Zhang, Y. Du, Porous three-dimen-
sional flower-like Co/CoO and its excellent electromagnetic 
absorption properties. ACS Appl. Mater. Interfaces 7, 9776 
(2015). https:// doi. org/ 10. 1021/ acsami. 5b016 54

 48. B. Zhan, Y. Qu, X. Qi, J. Ding, J. Shao et al., Mixed-dimen-
sional assembly strategy to construct reduced graphene oxide/
carbon foams heterostructures for microwave absorption, anti-
corrosion and thermal insulation. Nano-Micro Lett. 16, 221 
(2024). https:// doi. org/ 10. 1007/ s40820- 024- 01447-9

 49. H. Lv, J. Cui, B. Li, M. Yuan, J. Liu et al., Insights into civilian 
electromagnetic absorption materials: challenges and innova-
tive solutions. Adv. Funct. Mater. (2024). https:// doi. org/ 10. 
1002/ adfm. 20231 5722

 50. X. Liu, J. Zhou, Y. Xue, X. Lu, Structural engineering of 
hierarchical magnetic/carbon nanocomposites via in  situ 
growth for high-efficient electromagnetic wave absorption. 
Nano-Micro Lett. 16, 174 (2024). https:// doi. org/ 10. 1007/ 
s40820- 024- 01396-3

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.jmst.2024.05.076
https://doi.org/10.1016/j.jmst.2024.05.076
https://doi.org/10.1039/C4TA06417H
https://doi.org/10.1039/C4TA06417H
https://doi.org/10.1002/adfm.201803938
https://doi.org/10.1002/adfm.201803938
https://doi.org/10.1016/j.jmst.2024.01.006
https://doi.org/10.1016/j.jmst.2024.01.006
https://doi.org/10.1016/j.compositesa.2023.107677
https://doi.org/10.1016/j.compositesa.2023.107677
https://doi.org/10.1039/D4TC02301C
https://doi.org/10.1039/D4TC02301C
https://doi.org/10.1002/adfm.202313544
https://doi.org/10.1002/adfm.202313544
https://doi.org/10.1016/j.cej.2019.02.193
https://doi.org/10.1016/j.cej.2019.02.193
https://doi.org/10.1021/acsami.5b12789
https://doi.org/10.1021/acsami.5b12789
https://doi.org/10.1002/smll.202300233
https://doi.org/10.1016/j.apsusc.2018.05.150
https://doi.org/10.1016/j.apsusc.2018.05.150
https://doi.org/10.1016/j.compositesb.2017.10.029
https://doi.org/10.1016/j.compositesb.2017.10.029
https://doi.org/10.1021/acsami.1c02906
https://doi.org/10.1021/acsami.1c02906
https://doi.org/10.1016/j.carbon.2014.02.054
https://doi.org/10.1016/j.carbon.2020.09.040
https://doi.org/10.1016/j.carbon.2020.09.040
https://doi.org/10.1021/acsami.5b01654
https://doi.org/10.1007/s40820-024-01447-9
https://doi.org/10.1002/adfm.202315722
https://doi.org/10.1002/adfm.202315722
https://doi.org/10.1007/s40820-024-01396-3
https://doi.org/10.1007/s40820-024-01396-3

	Graphene Aerogel Composites with Self-Organized Nanowires-Packed Honeycomb Structure for Highly Efficient Electromagnetic Wave Absorption
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Preparation of Printable Inks
	2.2 RCS Simulation
	2.3 Construction of 3D Customized GO Aerogel
	2.4 Synthesis of 3D GrapheneBNSiCnws Composites
	2.5 Characterization

	3 Results and Discussion
	3.1 Design Principle and Preparation of 3D GrapheneBNSiCnws Composites
	3.2 Structure, Microscopic Morphology, and Composition
	3.3 Microwave Absorption Performance and Mechanism at Room Temperature
	3.4 Evolution and Mechanism of Microstructure and Microwave Absorption Performance with Different Annealing Time

	4 Conclusions
	Acknowledgements 
	References


