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ABSTRACT: Reduced graphene oxide
(RGO) has been widely applied in the field >

of electromagnetic wave (EMW) absorption.
However, its excessively high conductivity
results in poor impedance matching, &= e

@

causing the incident waves to undergo
intense reflection and weak absorption. In
this work, nitrogen-doped reduced grap-
hene oxide/magnesium ferrite@nitrogen-
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doped carbon (NRGO/MgFe,0,@NC) composite aerogels were prepared by solvothermal synthesis, in-situ polymerization,
annealing treatment, and hydrothermal self-assembly processes. Significantly, the ternary composite aerogels exhibited the
ultralow bulk density and a unique three-dimensional (3D) porous network structure. Furthermore, the MgFe,O,
microspheres were uniformly coated with the NC layer, and a special chain-like core—shell structure was observed, which
could form abundant heterogeneous interfaces. It was notable that when the addition amount of MgFe,O,@NC was 30 mg
and the filling ratio was 6 wt.%, the minimum reflection loss was -59.79 dB at a matching thickness of 3.3 mm, and the
maximum effective absorption bandwidth reached 7.2 GHz at a thickness of 2.83 mm. The synergistic effect of multiple
reflections, conduction loss, polarization loss, and eddy current loss, as well as the optimized impedance matching,
significantly enhanced the EMW absorption performance. The research results of radar cross section (RCS) simulation
demonstrated that the NRGO/MgFe,O,@NC composite aerogel had excellent radar stealth performance. Additionally, the
prepared ternary composite aerogels exhibited good thermal insulation property. Therefore, the prepared ternary composite
aerogels could be used as lightweight and multifunctional EMW absorbers.

KEYWORDS: electromagnetic wave absorption, defect engineering, core—shell structure, nitrogen-doped graphene,

aerogel

1 Introduction

In the present era, electromagnetic waves (EMWs) have been
widely applied in military, communication, and satellite navigation
fields, bringing great convenience to humanity [1, 2]. However, this
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phenomenon also brings many problems, such as electromagnetic
interference and electromagnetic pollution, which may have certain
adverse effects on the normal operation of instruments and human
health [1, 2]. Therefore, the development of new EMW absorbing
materials has become an extremely important research hotspot. The
current research mainly focuses on developing EMW absorbers
with lightweight, strong absorption intensity, and wide effective
absorption bandwidth (EAB) [3]. However, in the face of the
increasingly complex electromagnetic environment and the urgent
need for weapon system stealth, the development of multifunctional
EMW absorbers with integrated excellent wave absorption, radar
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stealth, and thermal insulation properties holds significant
importance [4, 5]. Especially, the excellent thermal insulation
properties  safeguard electronic  devices against extreme
temperatures.

Spinel magnesium ferrite (MgFe,O,) is widely used as a magnetic
EMW absorbing material due to its low synthesis cost, high
permeability, and strong chemical stability [6, 7]. However, the high
density, narrow absorption bandwidth, and large matching
thickness limit its practical application. As a typical carbon
nanomaterial, graphene has attracted much attention in the field of
EMW absorption due to its special two-dimensional (2D) structure,
excellent electrical conductivity, low density, and large specific
surface area [8, 9]. However, its excessive electrical conductivity
may lead to imbalance in electromagnetic parameters, thereby
causing impedance mismatch between the absorber and free space.
As a result, the incident waves will be reflected at the material
interface. To solve this problem, a common strategy is to adjust the
electromagnetic parameters of the absorber through magnetic
compositing or structural engineering, thereby improving the wave
absorption performance of graphene-based composites [8, 9].

Reduced graphene oxide (RGO) is usually obtained through the
oxidation and reduction of graphene. It contains abundant
structural defects and residual oxygen-containing functional groups
[9, 10]. These inherent characteristics enable RGO to more
effectively absorb and dissipate electromagnetic energy, and thus it
has received extensive attention [9, 10]. In recent years, RGO
aerogels with a three-dimensional (3D) porous network structure,
extremely low density, and superior thermal insulation properties
have shown great potential as lightweight and multifunctional
EMW absorbing materials [9, 11, 12]. However, a single dielectric
loss mechanism results in the poor wave attenuation capability of
pure RGO aerogels.

Previous studies have shown that the wave absorption capability
of RGO aerogels can be enhanced by combining with dielectric or
magnetic components [13-23], or by doping with heteroatoms
[24-27]. For instance, Hou et al. prepared RGO/MoS, composite
aerogels by a two-step hydrothermal method. It was noteworthy
that when the filling ratio (p,) was 40 wt.%, the minimum
reflection loss (RL,,;,,) reached —45.79 dB, and EAB was 6.56 GHz
[17]. Wang et al. developed CoNi/RGO composite aerogels through
solvothermal synthesis and subsequent carbonization process.
Significantly, with only a low ¢, of 7 wt.%, the RL_;, reached
—-53.3 dB, and EAB was 4.8 GHz [19]. Ren et al. constructed
ZnFe,0,/RGO composite aerogels through hydrothermal reduction
treatment. Specifically, the RL,, of the obtained composite aerogel
was —29.12 dB, and EAB reached 3.57 GHz [21]. Unfortunately, the
preparation of 3D RGO-based magnetic/dielectric composites with
comprehensively excellent EMW absorption properties remains a
major challenge. To the best of our knowledge, there are relatively
few studies currently focusing on the construction of 3D ternary
composite aerogels by integrating the advantages of lightweight
RGO aerogels, magnetic MgFe,O, microspheres, and conductive
nitrogen-doped carbon (NC).

In this study, nitrogen-doped reduced  graphene
oxide/magnesium  ferrite@nitrogen-doped ~ carbon = (NRGO/
MgFe,0,@NC) composite aerogels were prepared by the

solvothermal synthesis, in-situ polymerization, annealing treatment,
and hydrothermal self-assembly processes. The crystal structure,
degree of graphitization, composition, morphology, static magnetic

MgFe,0,@NC composite aerogels were characterized by various
analytical techniques. The influence of addition amount of
MgFe,0,@NC on the electromagnetic parameters and EMW
absorption properties of the ternary composite aerogels was
investigated. It was worth noting that the unique 3D porous
network structure and chain-like core-shell structure of the
composite aerogels not only generated rich heterogeneous
interfaces to promote interfacial polarization, but also optimized
impedance matching, thereby improving the dissipation capability
of electromagnetic energy. The potential EMW absorption
mechanism of NRGO/MgFe,0,@NC composite aerogels was also
elucidated. Additionally, the obtained NRGO/MgFe,0,@NC
composite aerogels exhibited excellent radar stealth and thermal
insulation properties.

2 Experimental section

2.1 Synthesis of MgFe,0,@NC microspheres

The synthesis method of MgFe,O, microspheres was the same as
the method wused in our previous studies [7, 28].
MgFe,O,@polydopamine (PDA) microspheres were synthesized by
an in-situ polymerization reaction. Firstly, 012 g of
trihydroxymethyl aminomethane (Tris) was dissolved in 100 mL of
deionized water, and 0.1 g of MgFe,O, was dispersed in the above
Tris buffer solution through ultrasonic treatment for 0.5 h. Then,
0.12 g of hydroxy-1,2-diaminopropane (DA) was added. After 24 h
of mechanical stirring, the obtained product was washed several
times with deionized water and subsequently freeze-dried for 48 h
to produce MgFe,O,@PDA microspheres. Finally, MgFe,O,@PDA
microspheres were annealed at 500 °C for 2 h in an Ar atmosphere
and transformed into MgFe,O,@NC microspheres.

2.2 Preparation of NRGO/MgFe,0,@NC composite

aerogels

NRGO/MgFe,0,@NC composite aerogels were prepared by the
hydrothermal self-assembly method. Firstly, 90 mg of graphene
oxide (GO) was added to 30 mL of deionized water. After
ultrasonic treatment for 1 h, a uniform GO suspension (3 mg-mL™)
was obtained. Then, a certain amount of MgFe,0,@NC
microspheres were added to the above GO suspension. The
mixture was ultrasonicated for 0.5 h, then mechanically stirred for
0.5 h. Afterwards, 180 pL of ethylenediamine (EDA) was added
dropwise, stirred for another 2 h, and then transferred to a Teflon-
lined stainless-steel autoclave, where it was reacted at 120 °C for
12 h. Finally, the obtained hydrogels were dialyzed in 10% (v/v)
C,H;OH/H,0 solution for 36 h and then freeze-dried at —50 °C for
48 h, thereby forming the NRGO/MgFe,0,@NC composite
aerogels. For convenience, the NRGO/MgFe,0,@NC composite
aerogels prepared with different addition amounts of
MgFe,0,@NC were labeled as S1 (15 mg), S2 (30 mg), and S3
(45 mg), respectively.

Figure 1 shows the schematic diagram of the preparation process
of NRGO/MgFe,0,@NC composite aerogels. Firstly, MgFe,O,
microspheres were synthesized through a simple solvothermal
reaction. Then, by adding DA to the weakly alkaline MgFe,O,
suspension, the in-situ polymerization reaction of DA on the
surface of MgFe,O, was completed. As a result, a layer of PDA shell
was uniformly covered on the surface of MgFe,0,. Afterwards, the

properties, and electromagnetic parameters of NRGO/ MgFe,0,@PDA microspheres were annealed in an Ar atmosphere
Nano Research, 2026, 19, 94908344 94908344 (2 of 13) B) 72w | Sci@pen
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Figure1 Schematic diagram of the preparation process of NRGO/MgFe,0,@NC composite aerogels.

to form  MgFe,0,@NC  microspheres.  Finally, the
NRGO/MgFe,0,@NC ternary composite aerogels were prepared
through a hydrothermal reaction, during which nitrogen atoms
were simultaneously doped into the crystal lattice of RGO.

3 Results and discussion

3.1 Structure and composition analysis

The crystal structure of NRGO/MgFe,0,@NC composite aerogels
was characterized by X-ray diffraction (XRD). As shown in
Fig. 2(a), the diffraction peaks at 26 = 18.3°, 30.2°, 35.6°, 43.3°, 53.7°,
57.2°, and 62.8° correspond to the (111), (220), (311), (400), (422),
(511), and (440) crystal planes of MgFe,O, (JCPDS No. 73-1960),
respectively [7, 28]. The hump peak at 24.1° can be assigned to the
(002) crystal plane of RGO [28]. It is worth noting that as the
addition amount of MgFe,O,@NC increases, the diffraction peak of
RGO gradually weakens.

Thermal gravimetric analysis (TGA) test was conducted for
determining the contents of MgFe,O, in the obtained ternary
composite aerogels. From Fig. 2(b), it can be seen that within the
temperature range below 220 °C, the weight loss of S1-S3 is
extremely small. This may be because only the chemical groups on
NRGO are removed. Within the temperature range of 220 to
530 °C, the weight of S1-S3 decreases significantly, mainly due to
the decomposition of NRGO and NC [29]. When the temperature
exceeds 530 °C, a stable weight plateau is reached. Therefore, the
residual product should be MgFe,O,. The weight percentages of
MgFe,O, in S1-S3 are approximately 11.9 wt.%, 31.4 wt.%, and
48.8 wt.%, respectively.

Raman spectroscopy was widely used to analyze the degree of
graphitization of carbonaceous materials. As shown in Fig. 2(c), two
Raman scattering peaks are observed at 1596 and 1342 cm?,
representing the G band and D band, respectively [30, 31]. The
intensity ratio of D band to G band (Ip/I;;) values of S1-S3 are 1.05,
1.02, and 1.01, respectively. Therefore, with the increase in the
addition amount of MgFe,0,@NC, the degree of graphitization of
the composite aerogels shows an upward trend.

The surface chemical composition and elemental valence states
of S2 were analyzed by X-ray photoelectron spectroscopy (XPS).
The total spectrum (Fig. 2(d)) reveals that S2 contains Mg, Fe, O, N,
and C elements. As illustrated in Fig. 2(e), the C 1s spectrum is
divided into three peaks, located at 288.6, 285.7, and 284.8 €V,
corresponding to C-O, C-N, and C=C/C-C bonds, respectively

8 7w | Sci@pen
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[24, 28]. The N 1s spectrum is shown in Fig. 2(f), where the binding
energies of 398.7, 400, and 401.7 eV correspond to pyridinic-type
N, pyrrolic-type N and graphitic-type N, respectively [24, 28].
Figure 2(g) shows the O 1s spectrum. The binding energies at 530.3,
531.8, and 533.4 eV correspond to C-O/C=0, O-H, and metal-O
bonds, respectively [28]. Figure 2(h) displays Fe 2p spectrum. The
peaks are divided into two types: Fe 2p,/, (726.4 and 732.0 eV) and
Fe 2ps;, (710.7 and 719.3 eV) [7, 28]. The Mg 1s spectrum is shown
in Fig. 2(i), where the characteristic peak of Mg* is observed at
1304.4 eV [7,28].

3.2 Morphological analysis

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used to characterize the microscopic
morphology of NRGO/MgFe,0,@NC composite aerogels. As
depicted in Figs. 3(a) and 3(c)-3(e), all samples display a special 3D
porous network structure (indicated by the green dashed circles),
which is formed through the self-assembly of adjacent NRGO
flakes. It is worth noting that the MgFe,O,@NC microspheres are
uniformly dispersed on the surface of NRGO, and the content of
MgFe,0,@NC microspheres on the surface of NRGO increases
with the increase of the addition amount of MgFe,0,@NC
(Figs. 3(b), 3(d), and 3(f)). Furthermore, according to the particle
size analysis (Figs. S2-S4 in the Electronic Supplementary Material
(ESM)), the average particle sizes of MgFe,O,, MgFe,O,@PDA, and
MgFe,0,@NC are 557.3, 675.7, and 655.3 nm, respectively. As
shown in Fig. 3(g), it can be confirmed by TEM that MgFe,0, is
encapsulated by the NC layer, and the thickness of the NC shell is
85 nm. Additionally, the MgFe,0,@NC microspheres with a
unique short chain-like structure are almost uniformly distributed
on the wrinkled surface of the NRGO flakes. The high-resolution
TEM (HRTEM) image shows that the interplanar spacings of 0.340
and 0.245 nm correspond exactly to the (002) crystal plane of
graphite carbon and the (311) crystal plane of MgFe,O,,
respectively [7, 28] (Fig. 3(h)). It can be clearly seen from Fig. 3(i)
that the NC shell layer presents a darker color, while the MgFe,O,
microspheres are brighter in color. Figures 3(j)-3(n) show the
energy dispersive X-ray spectroscopy (EDS) mapping images of S2.
Significantly, the distribution of C and N elements is uniform,
indicating that nitrogen atoms have been doped into RGO. In
addition, the O, Fe, and Mg elements are mainly concentrated in
the MgFe,O, microspheres. Based on the results of structural and
morphological ~analysis, it can be concluded that the

Nano Research, 2026, 19, 94908344
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Figure2 (a) XRD patterns, (b) TGA curves, and (c) Raman spectra of S1-S3. XPS spectra of S2: (d) total spectrum, (e) C 1s, (f) N 1s, (g) O 1s, (h) Fe 2p, and (i) Mg 1s.

NRGO/MgFe,0,@NC composite aerogels have been successfully
prepared.

3.3 EMW absorption properties

RL,;, and EAB are often used to evaluate the EMW absorption
capacity of absorbers. Recent studies have shown that the ¢,, has a
significant impact on the EMW absorption properties of absorbers
[25, 28, 32]. Therefore, the EMW absorption properties of S2 under
different filling ratios were studied, as shown in Fig. S5 in the ESM.
Specifically, the RL,;, values of S2 are —4.64, —10.95, —13.18, —17.29,
—36.86, —59.79, —42.52, —27.16, and —23.49 dB for 1 wt.%, 2 wt.%,
3 wt.%, 4 wt.%, 5 wt.%, 6 wt.%, 7 wt%, 8 wt%, and 9 wt.%,
respectively. Meanwhile, the EAB values of S2 are 0, 0, 3.12, 5.36,
6.8,7.2,6.56, 8.16, and 7.68 GHz for 1 wt.%, 2 wt.%, 3 wt.%, 4 wt.%,
5 wt.%, 6 wt.%, 7 wt.%, 8 wt.%, and 9 wt.%, separately. Taking into
account both the RL_;, and EAB indicators, the optimal ¢, of
6 wt.% is determined.

The EMW absorption properties of NRGO/MgFe,0,@NC
composite aerogels under a ¢,, of 6 wt.% were investigated. The 3D
plots of RL and corresponding contour maps for S1-S3 are
presented in Figs. 4(a)-4(f). As shown in Figs. 4(a) and 4(d), S1 has
the RL,;, of —21.58 dB at a matching thickness (d) of 2.5 mm and

Nano Research, 2026, 19, 94908344
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the maximum EAB of 7.12 GHz at d of 3 mm. From Figs. 4(b) and
4(e), it can be seen that S2 shows the optimal RL,;, of =59.79 dB at
d of 3.3 mm, and its widest EAB is 7.2 GHz, corresponding to d of
2.83 mm. As shown in Figs. 4(c) and 4(f), the RL,;, of S3 reaches
—15.56 dB at a thickness d of 5.5 mm, and its EAB is only 4.88 GHz
at d of 3.5 mm. It can be clearly seen from Fig. 4(g) that S2 exhibits
the best EMW absorption performance with the lowest RL,;, and
the widest EAB. The EAB values of S2 at different matching
thicknesses are described in Fig. 4(h). Significantly, the maximum
EAB value of S2 reaches up to 7.2 GHz at d of 2.83 mm. To better
understand the EMW absorption performance in this study and
compare it with recent similar graphene-based composite aerogels
reported in Refs. [13, 17, 19, 20, 22, 23, 28, 29], the radar maps of
EMW absorption performance of S2 were plotted based on five
parameters (RL;,, EAB, ., dri> dgap, and ¢,,). Generally, advanced
EMW absorbers should meet the following requirements: small ¢,,,
thin d, low RL,;,, and broad EAB,,.. The smaller the area enclosed
by the boundary line in the radar maps, the better the
comprehensive EMW absorption capacity. The result shows that
the area of S2 is the smallest, indicating that S2 has comprehensive
excellent EMW absorption performance.

(8) 27 wa | Sci@pen
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Figure3 SEM images at different magnifications: (a) and (b) S1, (c) and (d) S2, and (e) and (f) S3. (g) TEM image and (h) HRTEM image. (i) Dark field image and EDS

mapping images of (j) C, (k) N, (I) O, (m) Fe, and (n) Mg of S2.

In general, the EMW absorption performance of an absorber
depends mainly on its electromagnetic parameters, ie., relative
complex permittivity and complex permeability [33]. The real parts
of complex permittivity (¢) and complex permeability (1) represent
the storage capacity of electric field and magnetic field energy,
respectively, while the imaginary parts of complex permittivity (")
and complex permeability (4") denote the dissipation capacity of
electric field and magnetic field energy, respectively [34, 35].
Figures 5(a) and 5(b) show the frequency dependence of the
complex permittivity of S1-S3. It can be seen that both ¢’ and &”
decrease as the frequency increases. This phenomenon is
commonly referred to as the frequency dispersion effect, which is
helpful for attenuating the electromagnetic energy [36]. In addition,
both ¢"and ¢" decrease with the increase of the addition amounts of
MgFe,0,@NC. In order to evaluate the dielectric loss capacity, the
ratios of £ to ¢’ (tand,) versus f curves are plotted (Fig. 5(c)). The
tand, values of S1 are larger than those of S2 and S3, indicating that
S1 has the strongest dielectric loss capacity.

The attenuation constant («) is widely used to assess the
electromagnetic dissipation capacity of the absorber, which can be
calculated by the following equation [28, 36]

V2m
o= Tf X (‘u//e// —[4/8/) + \/([4”8” —[/1/8/)2 + (8’#”4—8”[4/)2
(1)
The a—f curves of S1-S3 are illustrated in Fig. 5(d). The larger the
a value is, the stronger the attenuation loss capacity of the absorber
will be. Obviously, the « values decrease in the order of SI > S2 >

S3, manifesting the strongest attenuation loss capacity of SI.
However, S1 does not show the best EMW absorption
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performance. Therefore, when designing high-performance EMW
absorbers, the impedance matching characteristic must be taken
into account.

In order to analyze the Debye relaxation process, the Cole-Cole
curves are plotted according to Eq. (2) [37, 38]

,oeteN  u (e-e\
(-555) wer=(%55) o

where ¢ represents the static permittivity and e, stands for the
permittivity at high-frequency limit. In general, one semicircle
denotes a Debye relaxation process, while the straight-line part at
the tail of the Cole-Cole curve signifies the contribution of
conduction loss [37, 38]. As shown in Fig. 5(e), it can be observed
that there is one and two semicircles in S2 and S3, respectively. As a
result, both Debye relaxation and conduction loss are responsible
for dielectric loss in both S2 and S3. However, no semi-circle can be
identified in S1, indicating that it only has a conduction loss
mechanism. The electrical conductivity () was measured by a four-
probe meter in this study. From Fig. 5(f), the o values decrease in
the order of S1 > S2 > S3. Therefore, as the addition amount of
MgFe,0,@NC increases, the electrical conductivity shows a
downward trend.

The dielectric loss of the absorber includes conduction loss
(¢.") and polarization loss (g,”), which can be simulated by
connecting resistors and capacitors in series and parallel
circuits [39, 40]. &.” and &,"” can be calculated by the following
equation [39, 40]

_ 2mfr(e,—¢e.) o
C1+2enf)’e  2fe,

n__ ot "

©)
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where 7 represents the polarization relaxation time and &, (8.85 x
10 F-m™) denotes the vacuum permittivity. As shown in Figs. 5(g)
and 5(h), within the range of 2-18 GHz, for both S2 and S3, the
values of ¢," are greater than &, thus the polarization loss is the
main cause of dielectric loss. However, the dielectric loss of S1 in
the high-frequency and low-frequency regions may be attributed to
polarization loss and conduction loss, respectively.

Figures 6(a) and 6(b) show the frequency dependance of y' and
u" for S1-S3. Specifically, the value of y' fluctuates around 1, while
the value of i varies within the range of 0 to 0.3. Figure 6(c) depicts
the magnetic loss tangent (tand,,) versus frequency curves. It is
worth noting that the variation trend of tand,, with frequency is the
same as that of y". The static magnetic properties of the samples
were measured by a vibrating sample magnetometer (VSM) at
room temperature. Figure 6(d) displays the hysteresis loops of
S1-S3. Notably, all the samples exhibit a typical ferromagnetic
behavior [32, 41]. The saturation magnetization (M) values of
S1-S3 are 7.45, 10.5, and 13.98 emu-g™, respectively. Meanwhile, the
coercive force (H,) values of S1-S3 are 70.6, 41.73, and 57.62 Oe,
separately. As shown in Fig. 6(e), the M, gradually increases, while
the H_ firstly decreases and then increases as the addition amount of
MgFe,0,@NC increases.
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The initial magnetic permeability (1) of an absorber is related to
a variety of parameters including magnetic anisotropy, M, and H..
The relationship between M, H,, and g, is shown in Eq. (4) [42]

M, @)

U= UKHM. + bAE

Herein a and b are the constants that rely on the material, while the
magnetostriction coefficient, proportionality constant, and internal
strain are denoted by A, k, and &, respectively. According to the
above equation, it can be inferred that a larger M, and a lower H,
are beneficial to increasing y;. Therefore, the magnetic loss capacity
of NRGO/MgFe,0,@NC composite aerogels can be improved by
regulating the addition amount of MgFe,0,@NC.

Generally, the exchange resonance, nature resonance, and eddy
current loss are often responsible for magnetic loss in the GHz
region. The eddy current coefficient (C;) can be calculated by
Egs. (5) and (6) [43, 44]

' 2mp () od’f/3 (5)

Co=u"(W)f" (6)
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Herein y, represents the vacuum permeability. As shown in
Fig. 6(f), in the low-frequency region, S1 exhibits a distinct reson-
ance peak, indicating the presence of natural resonance. Within the
high-frequency region, C, remains largely unchanged, which is a
characteristic suggesting the existence of eddy current loss [43, 44].

Usually, the impedance matching characteristic can be assessed
by the modulus of normalized input impedance (|Z,/Z|), which
can be calculated byEq (7) [45, 46]

2| (v

Figures 6(g)-6(i) show the contour maps of |Z,/Z| for S1-S3.
The area enclosed by the blue lines represents the values of |Z,/Z|
within the range of 0.8 to 1.2, while the red line denotes the
situation where |Z,/Z| equals 1. Impressively, S2 has the largest
enclosed area when |Z,/Z| = 1, which indicates that it has the
optimal impedance matching characteristic. Consequently, S2

(7)
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2 4 6 8 10 12 14
Frequency (GHz)

demonstrates the best impedance matching and moderate
attenuation loss, thus possessing the strongest EMW absorption
performance.

Figure 7 shows the possible EMW absorption mechanism of
NRGO/MgFe,0,@NC composite aerogel (S2). Firstly, according
to Maxwell-Garnett theory, the effective dielectric constant
(ep) of porous materials can be expressed as the following
equations [25, 28]

wo | (&+28)+2v(e—8)

eff [ (81-1—282)—1/(81—82) j|82 (8)
v _ |y 3v(e,—1)
b = [ (1+2sq)+v(sq—1)}£2 ©)

where v represents the volume fraction of guest, and ¢ and e,
represent dielectric constants of guest and host, respectively.
Generally, the dielectric constant of gaseous state materials is
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considered as 1, while that of solid materials is larger than 1. Thus,
Eq. (8) is reduced to Eq. (9). From Egq. (9), it can be deduced that
the volume fraction of air has a modulating effect on the relative
permittivity of porous materials [25, 28]. Therefore, the unique
porous structure in the NRGO/MgFe,0,@NC composite aerogel
will optimize the impedance matching between the absorber and air
by regulating the dielectric constant [25, 28]. Meanwhile, the
stacking of neighboring NRGO flakes forms a 3D porous network,
which will effectively attenuate the electromagnetic energy through
multiple reflections inside the porous aerogel [25, 28]. Secondly,
according to Cao’s electron hopping model, the electrons can
absorb electromagnetic energy and then migrate on the surface of
NRGO, thereby generating conduction loss [47, 48]. Thirdly,
MgFe,0,@NC microspheres with the core-shell structure are
almost uniformly distributed on the surface of wrinkled NRGO

flakes, thus numerous heterogeneous interfaces can be produced

between MgFe,O, and NC, and NRGO and MgFe,0,@NC. As a
result, the space charges will gather at the heterogeneous interfaces,
forming a capacitor-like structure that generates interfacial
polarization [25, 28]. Fourthly, the results of Fourier transform
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infrared (FT-IR), Raman spectra, and XPS spectra show that there
are residual oxygen-containing functional groups and structural
defects on the surface of NRGO, which can act as the polarization
centers, thereby inducing dipole polarization and further
attenuating the electromagnetic energy [15, 25, 28]. In addition, the
successful doping of N atoms into RGO will disrupt the sp
hybridization distribution of C, which in turn leads to the
formation of disordered sites and sp’ defects. Due to the difference
in electronegativity between C and N atoms, the resulting C-N
dipole can rotate under the action of alternating electromagnetic
fields, leading to dipole polarization and thereby more effectively
attenuating the energy of the incident waves [28, 29]. Finally, the
presence of ferromagnetic MgFe,O, endows the magnetic loss of
the composite aerogel in the form of eddy current loss, thereby
helping to enhance the EMW attenuation capacity.

3.4 Radar cross section (RCS) simulation

To evaluate the radar stealth capacity of NRGO/MgFe,0,@NC
composite aerogels, the RCS results of the coated perfect electrical
conductor (PEC) substrate model and all the samples under actual
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Figure7 Schematic diagram of the EMW absorption mechanism of NRGO/MgFe,0,@NC composite aerogel.

far-field conditions (Fig. 8(a)) are simulated by computer
simulation technology (CST) software, with the Z-axis of the model
as the direction of incidence orientation of the waves, and the
detection angle is 8 [49-51]. The thicknesses of the PEC layer and
the absorber layer are 0.5 and 1.97 mm, respectively, and the
electromagnetic field frequency is 17.28 GHz. As shown in
Fig. 8(b), among the three samples, the RCS value of S2 decreases
the most, reaching 36.14 dB-m’. From Figs. 8(c)-8(f), it can be seen
that the PEC model has the strongest plane scattering signal, while
the PEC model covered with S2 shows the weakest plane scattering
signal, suggesting that S2 possesses the strongest radar wave
dissipation capacity [52, 53]. Figures 8(g)-8(j) show the RCS
simulation diagrams of the PEC model and the model covered with
S1-S3. The minimum RCS values of these models are —17.90,
-27.96, —44.93, and —27.42 dB-n’, respectively. Therefore, the RCS
simulation results indicate that S2 has excellent radar stealth

capacity.
3.5 Thermal insulation properties

Aerogels with a special 3D porous network structure have been
widely applied in the field of thermal management [50-52]. As
shown in Fig. 9, the center temperature of the sample is marked as
P1, the high-temperature area of the sample platform is labeled as
P2, and the room temperature is marked as P3. The infrared
thermal camera records the temperature change on the top surface
of sample from 1 to 10 min. The results show that the center
temperatures of S1 are measured as 33.8, 34.3, 35.7, 36.4, 37.0, 38.1,
38.5, 39.0, 40.1, and 40.1 °C (Fig. S6 in the ESM). Under the same
conditions, the center temperatures of S2 are measured as 34.6,
35.2, 35.6, 35.8, 36.1, 36.7, 37.1, 37.5, 38.3, and 38.3 °C (Fig. 9). For
S3, the center temperatures are recorded as 34.5, 35.1, 35.8, 36.7,
37.8, 38.1, 384, 38.9, 39.6, and 39.6 °C (Fig. S7 in the ESM). After
10 min, the temperatures of all the samples had stabilized without

(& 7% 7w | Sci®@pen
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any significant fluctuations. In the thermal imaging images, the
distinct color difference between the center of the sample and the
high-temperature area indicates that S2 has the best thermal
insulation performance.

The thermal conductivity of NRGO/MgFe,0,@NC composite
aerogels was measured using the transient plane source method to
evaluate their thermal insulation performance. As shown in
Fig. 9(k), the thermal conductivities of all three samples are
extremely low (S1: 51 mW-m"K"’, and S2: 34 mW-m"'K"),
confirming their excellent thermal insulation capability. Parti-
cularly, S3 has the lowest thermal conductivity of 31 mW-m™K",
which is even lower than that of common commercial insulation
materials such as phenolic resin (PF, 32 mW-m™K™) and expanded
polystyrene (EPS, 33 mW-m™K™) [54]. The superior thermal
insulation properties of these aerogels can be attributed to their
unique 3D hierarchical porous structure, which effectively traps
stationary air (an excellent thermal insulator) within the
interconnected pores. Additionally, the labyrinth-like network
formed by the stacking of NRGO flakes and the embedded
MgFe,0,@NC microspheres significantly prolongs the thermal
transfer path and enhances phonon scattering, thereby further
inhibiting thermal conduction [55]. This integrated design not only
ensures extremely low thermal conductivity but also synergistically
promotes the overall multifunctionality of the aerogels, making
them promising candidates for thermal management applications
in harsh environments.

4 Conclusions

In summary, NRGO/MgFe,0,@NC composite aerogels with low
bulk density (9.1-12.3 mg-cm™) were successfully prepared by
solvothermal synthesis, in-situ polymerization, annealing treatment,
and hydrothermal self-assembly processes. The results of
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morphological analysis revealed that the ternary composite aerogels
had a unique 3D porous network structure, and the MgFe,0,@NC
core-shell microspheres were almost uniformly distributed on the
surface of wrinkled NRGO sheets, forming abundant
heterogeneous interfaces, thereby significantly improving the EMW
absorption performance. Significantly, when the addition amount
of MgFe,0,@NC was 30 mg and ¢,, was only 6 wt.%, the optimal
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RL,;, of =59.79 dB and the maximum EAB of 7.2 GHz (10.88-
18 GHz) were reached. The possible EMW absorption mechanism
of NRGO/MgFe,0,@NC composite aerogels was also proposed,
which could be attributed to the optimized impedance matching,
synergistic effect of the conduction loss, polarization loss, and eddy
current loss, as well as multiple reflections. Additionally, the ternary
composite aerogels exhibited excellent radar stealth and thermal
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insulation properties. Therefore, this study provides new insights
into the construction of graphene-based porous composites as
multifunctional EMW absorbing materials.

Electronic Supplementary Material: Supplementary material (raw
materials, characterization methods, and RCS simulation; physical
parameters and FT-IR analysis of S1-S3; SEM images and
histograms of the particle size distribution of MgFe,O,,
MgFe,0,@PDA, and MgFe,0,@NC; RL-f curves with different
filling ratios of S2; and thermal imaging images of S2 and S3) is
available in the online version of this article at https://doi.org/
10.26599/NR.2026.94908344.
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