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The complex electromagnetic environment in national defense
requires tailored microwave-absorbing materials for different sce-
narios. In aerospace, lightweight and multifunctional materials are
especially important. While aerogels offer low density, they must be
further modified to become effective microwave absorbers. Tradi-
tional fillers like carbon nanotubes often cause problems such as
impedance mismatch, particle aggregation, and poor chemical
reactivity, limiting their performance in aerogel systems. To over-
come these issues, we used an electrostatic self-assembly strategy
to deposit a FeCo-based metal-organic framework (MOF) onto
black phosphorus nanosheets (BPNSs). The resulting BPNS@MOF
was then integrated into a chitosan-derived aerogel through Schiff
base reactions between the amino groups of the MOF and the
aldehyde groups of glutaraldehyde. After freeze-drying and high-
temperature pyrolysis, we obtained a lightweight, multifunctional
carbon/BPNS@MOF aerogel (CS-2). CS-2 exhibits excellent electro-
magnetic properties, with a minimum reflection loss of —72.13 dB
and an effective absorption bandwidth of 5.88 GHz. Radar cross-
section simulations confirm its stealth potential. In addition, CS-2
shows ultralow thermal conductivity (0.05 W (m K)™%), superior fire
resistance, and outstanding sound absorption performance (a
5.0 mm-thick sample achieves a sound absorption coefficient of
above 0.95). These features demonstrate its strong potential for
multifunctional aerospace and defense applications.
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New concepts

In this study, we pioneered the use of magnetic metal-organic frame-
works to modify black phosphorus nanosheets, successfully fabricating a
chitosan-derived carbon aerogel multifunctional material that integrates
excellent microwave absorption, sound absorption, thermal insulation,
and fire resistance. Remarkably, at a thickness of approximately 3.0 mm,
the material achieves a reflection loss (RL) value below —72 dB, position-
ing it among the most promising candidates for practical multifunctional
microwave absorbing materials. While microwave absorbers have been
extensively studied, the application of black phosphorus nanosheets in
this field remains largely unexplored, particularly in the context of
hybridizing MOFs with BPNSs to fabricate lightweight, multifunctional
materials. This work demonstrates the effectiveness of MOF-modified
BPNSs in enhancing the microwave absorption properties of carbonized
aerogels and, more importantly, highlights the versatility of the resulting
material. Given its unique combination of lightweight structure and
integrated functionalities, this aerogel exhibits great potential for appli-
cation in aerospace platforms, such as aircraft and spacecraft, where
multifunctionality and weight reduction are crucial.

1. Introduction

With the rapid advancement of modern technology, microwave
technology has found widespread applications in both military
and civilian sectors."> However, the diverse operational envir-
onments impose distinct and stringent requirements on
microwave-absorbing materials.>* For instance, in marine
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environments, corrosion-induced coating degradation often
leads to the failure of microwave-absorbing performance in
naval vessels and submarines, highlighting the critical need for
developing corrosion-resistant microwave absorbers.®> In con-
trast, for portable electronic devices, aircraft, and spacecraft,
lightweight and multifunctional microwave-absorbing materials
are of paramount importance to meet the stringent demands of
weight reduction and performance integration.® In recent years,
aerogels have attracted considerable attention as promising
candidates for advanced functional materials due to their
unique nanoscale architecture, characterized by ultrahigh por-
osity and extremely low density.” Their highly open three-
dimensional network structure enables effective regulation of
various physical fields, including thermal, acoustic, and electro-
magnetic waves, thereby offering significant potential for the
development of lightweight and multifunctional materials tai-
lored for specific application scenarios.®™°

Among the various aerogel systems, chitosan (CS) aerogels stand
out as a class of three-dimensional porous materials derived from
the sol-gel transition and drying processes of natural polysacchar-
ide chitosan."'™ Notably, chitosan possesses a high theoretical
carbon content (approximately 44.7-47%) and abundant nitrogen
functionalities, making it an excellent precursor for the preparation
of nitrogen-doped porous carbon materials with inherent electrical
conductivity after pyrolysis. Furthermore, the unique three-
dimensional porous architecture of aerogels facilitates multiple
reflection and scattering pathways for incident electromagnetic
waves, thereby extending the wave propagation time within the
material and enhancing energy dissipation."* However, carbon
materials obtained solely through the carbonization of chitosan
often suffer from inherent limitations, including insufficient dielec-
tric loss, a single loss mechanism, and poor impedance matching,
which hinder their practical applications in high-performance
microwave absorption."> Consequently, a key research focus has
been the development of strategies to preserve the porous frame-
work of chitosan aerogels during high-temperature carbonization
while simultaneously enhancing dielectric loss and introducing
multiple synergistic loss mechanisms."*"”

Unfortunately, although traditional carbon-based materials
such as carbon nanotubes (CNTs) and graphene exhibit excel-
lent electrical conductivity, their excessively high conductivity
often leads to severe impedance mismatch, thereby limiting the
effective coupling and absorption of microwave energy.'®"’
Moreover, their strong hydrophobicity and chemical inertness
tend to cause aggregation in composite systems. Conventional
strategies to improve their dispersion, such as strong acid
etching or plasma treatments, can damage their intrinsic sp*
hybridized structures, ultimately degrading their functional
performance.”® In contrast, black phosphorus nanosheets
(BPNSs), as an emerging two-dimensional (2D) material, offer
a more balanced set of properties, including moderate electri-
cal conductivity and high surface chemical reactivity.>'* Its
tunable bandgap and high carrier mobility enables precise
control over carrier concentration and dielectric response,
thereby achieving an optimized balance between dielectric loss
and impedance matching. This dual advantage facilitates the

Mater. Horiz.

View Article Online

Materials Horizons

reduction of electromagnetic wave reflection while enhancing
internal energy dissipation. Additionally, the layered structure
of BPNSs, with its abundant interfaces, defects, and edge states,
contributes to significant interfacial polarization effects under
an alternating electromagnetic field, thereby promoting effi-
cient energy dissipation and further enhancing microwave
absorption performance.”® For example, Wang et al. reported
that by tuning the ratio of tellurium-doped black phosphorus
(Te-BP) to carbonyl iron, they successfully modulated the
dielectric dispersion and impedance characteristics of light-
weight and porous Te-BP/aramid nanofiber/carbonyl iron
powder aerogels (TBAC). As a result, the optimized aerogel
demonstrated exceptional microwave absorption performance,
with a broad effective absorption bandwidth (8.46 GHz at
—35 dB for a 1.9 mm-thick sample) and an ultralow density
(0.02-0.043 g cm *).>*

Nevertheless, intrinsic black phosphorus
(BPNSs) are a non-magnetic material that lacks magnetic loss
mechanisms. As a result, it cannot effectively induce natural
resonance or eddy current loss, which are critical for magnetic
energy dissipation in microwave frequency ranges. This
limitation significantly hampers the realization of synergistic
electromagnetic absorption and restricts the development of
broadband, high-efficiency microwave absorption materials.
Moreover, BPNSs exhibit extreme sensitivity to environmental
conditions and are prone to rapid oxidation and degradation
when exposed to air, leading to irreversible structural collapse
and performance deterioration.”*>® Surface passivation of
BPNSs using magnetic materials through coordination strate-
gies has emerged as an effective approach to address these
challenges.”® Notably, BPNSs possess a puckered honeycomb
lattice in which each phosphorus atom forms covalent bonds
with three neighboring phosphorus atoms, leaving one lone
pair of electrons exposed. By coordinating these lone pair
electrons with other elements, it is possible to prevent undesir-
able P-O interactions, thereby mitigating BPNS oxidation.* For
instance, Zhao et al. successfully employed titanium (Ti) to
coordinate with phosphorus, forming stable metal-phosphorus
complexes with remarkable air stability. Furthermore, studies
have demonstrated that transition metals such as Cu, Fe, and
Ti can coordinate with the lone pair electrons of phosphorus
through the vacant orbitals of metal atoms, facilitating the
formation of stable metal-phosphorus complexes.**

Metal-organic frameworks (MOFs) are crystalline hybrid
materials composed of metal ions or clusters coordinated with
organic ligands.*** They feature well-defined periodic struc-
tures, ultrahigh-specific surface areas, and abundant nanopor-
ous architectures.***® The presence of transition metal ions in
MOFs allows for coordination with the lone pair electrons on
phosphorus atoms, effectively passivating BPNS surfaces and
enhancing their environmental stability.’” In addition, MOFs
exhibit highly tunable structures. When MOFs with iron as the
central metal node undergo pyrolysis in an inert atmosphere,
they can spontaneously transform into magnetic carbon-based
derivatives.®® These MOF-derived carbonaceous materials
inherit a low density, hierarchical porous architecture, excellent
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tunability, strong magnetic properties, and superior dielectric
loss capabilities, which are key features that contribute to
enhanced magnetic loss mechanisms.*® Furthermore, studies
have shown that the introduction of cobalt (Co) promotes the
valence state transition of metal species from higher to lower
oxidation states, facilitating the formation of magnetic alloy
nanoparticles with stronger magnetic responses.*’ This syner-
gistic effect further enhances the microwave absorption perfor-
mance of the resulting materials.

Inspired by the natural architecture of loofah sponges,
we designed and fabricated a multifunctional carbon aerogel
(Cs-derived carbon/MOF@BPNS aerogel) that integrates micro-
wave absorption, acoustic absorption, and infrared stealth
functionalities. The loofah’s structure consists of a lightweight,
porous fibrous network that not only protects its seeds but also
absorbs moisture while minimizing the overall weight of the
fruit to reduce the burden on the plant. Analogously, in our
material system, chitosan acts as the structural scaffold, akin to
the loofah’s fibrous flesh. It serves as both a protective matrix
and a carrier for the MOF@BPNS composite, ensuring thermal
insulation and sound absorption. Upon heating, chitosan can
form a stable carbonaceous barrier, further enhancing the
material’s fire resistance. In this biomimetic model, black
phosphorus nanosheets function as the functional seed, ana-
logous to the loofah seed, providing the core electromagnetic
absorption capability. Meanwhile, the FeCo-MOF serves as the
protective shell for the BPNSs, forming uniform coatings on the
BPNS surface through metal-phosphorus coordination interac-
tions. This not only enhances the environmental stability of
BPNSs but also introduces synergistic magnetic loss mecha-
nisms, thereby improving the overall microwave absorption
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performance of the material. To prevent the aggregation of
BPNS@MOF particles within the chitosan aerogel matrix, we
drew inspiration from the loofah placenta, which is a structure
that organizes seeds within the sponge. By introducing amino
groups onto the MOF surface and employing glutaraldehyde as
a cross-linker, we facilitated the formation of stable imine
bonds (Schiff base linkages) between BPNS@MOF and the
chitosan matrix. This strategy enabled the homogeneous dis-
persion of BPNS@MOF within the aerogel network. After mild
carbonization, the resulting lightweight aerogel exhibited excel-
lent multifunctional properties, including efficient microwave
absorption, sound absorption, and infrared stealth capabilities.

2. Results and discussion
2.1. Synthesis and characterization

Scheme 1 illustrates the fabrication process of both the
chitosan-derived carbon aerogel (CS-1) and the chitosan-
derived carbon/BPNS@MOF aerogel (CS-2). Specifically, for
the synthesis of CS-2, the FeCo-based metal-organic framework
(FeCo-MOF) was first assembled onto the surface of black
phosphorus nanosheets (BPNSs) via coordination between the
exposed lone pair electrons on phosphorus atoms and the
vacant orbitals of Fe and Co metal centers within the MOF
structure. This strategy effectively forms BPNS@FeCo-MOF
hybrids. Subsequently, the BPNS@FeCo-MOF hybrids were
uniformly dispersed into a chitosan solution under vigorous
stirring, followed by the addition of glutaraldehyde as a cross-
linking agent. The resulting homogeneous mixture was cast
into molds, rapidly frozen at —50 °C, and then subjected to
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Scheme 1 Schematic illustration of the preparation process for the CS-derived carbon aerogel and CS-derived carbon/BPNS@MOF aerogel.
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Fig. 1 (a) Digital photograph of CS-2; (b) and (c) mechanical performance demonstration of CS-2; (d) TEM image and EDS spectrum of FeCo-MOF;
(e)—(g) TOF-SIMS mapping images of the CS-2 sample under UB mode (scale bar is 400 um); (h) SEM image of BPNS@MOF; (i) SEM image of BPNS@MOF

aerogel; (j)—(m) EDS mapping of BPNS@MOF.

freeze-drying to obtain the corresponding aerogel. The alde-
hyde groups in glutaraldehyde undergo nucleophilic addition
reactions with the amino groups present on both chitosan and
the MOF, forming imine bonds (Schiff bases) that create a
robust three-dimensional network structure within the aerogel.
This structural framework not only improves the dispersion of
BPNS@MOF within the chitosan matrix but also enhances the
mechanical strength, thermal stability, and water resistance of
the aerogel. Finally, the as-prepared aerogel was carbonized at
800 °C under a nitrogen atmosphere, yielding the chitosan-
derived carbon/BPNS@MOF aerogel (CS-2). As shown in
Fig. 1(a), the obtained CS-2 aerogel exhibits a lightweight,
cylindrical morphology. Remarkably, its mechanical robustness
is demonstrated by its ability to be supported by a delicate
dandelion seed without collapse while simultaneously bearing
a 100 g weight without structural failure (Fig. 1(b) and (c)),
underscoring its potential for practical applications in light-
weight, multifunctional materials.

We first employed scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) to intuitively charac-
terize the morphology and microstructure of the samples. As
observed from high-resolution TEM and SEM images, FeCo-
MOF exhibits a typical hexagonal rhombohedral structure, with
Fe*" and Co®* species uniformly distributed within the nano-
crystals, confirming the successful synthesis of FeCo-MOF
(Fig. 1(d) and Fig. $1).*" In the BPNS@MOF nanosheets, BPNSs
serve as a template at the bottom, while FeCo-MOF nano-
particles are uniformly anchored on the BPNS surface
(Fig. 1(h)). This structural configuration is further verified by
energy-dispersive X-ray spectroscopy (EDS) elemental mapping,
as shown in Fig. 1(j)-(m) and Fig. S2, the elements C, O, N, Co,

Mater. Horiz.

Fe, and P exhibit homogeneous distributions, which is consis-
tent with our design hypothesis. Subsequently, SEM was
used to examine the freeze-dried pure chitosan aerogel and
the chitosan aerogel incorporated with BPNS@MOF. Compared
with the pure chitosan aerogel, the BPNS@MOF-modified
aerogel displays a more regular three-dimensional porous net-
work structure, with BPNS@MOF uniformly coating the aerogel
framework, which can be attributed to the introduction of
amino groups on the MOF surface (Fig. 1(i) and Fig. S3a-c).
Finally, after carbonization, the aerogels maintain a well-
defined three-dimensional porous network structure, as shown
in Fig. S3d and e. Notably, the CS-2 aerogel exhibits a more
ordered and denser pore distribution, further corroborating the
aforementioned observations.

Subsequently, to further elucidate the microstructure
and elemental distribution of the CS-2 aerogel, we employed
time-of-flight secondary ion mass spectrometry (TOF-SIMS) for
detailed surface characterization. The two-dimensional ion
imaging results are presented in Fig. 1(e)-(g) and Fig. S4. The
color bar on the right indicates the relative intensity of the ion
signals, with colors transitioning from black to red corres-
ponding to increasing signal intensity; “Max” and “0” repre-
sent the maximum and minimum ion intensities, respectively.
The TOF-SIMS secondary ion images reveal that the carbonized
CS-2 sample exhibits a honeycomb-like wrinkled morphology
with irregularly distributed pores over a 400 um scale, corro-
borating the SEM observations. Furthermore, in combination
with SEM images, we observed that the pore sizes range from
several millimeters or tens of micrometers down to hundreds of
nanometers. This multiscale pore size distribution is advanta-
geous for enhancing electromagnetic wave attenuation by

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) FTIR spectra of FeCo-MOF, BPNS@MOF, CS-1, and CS-2; (b) Raman spectra of CS-1 and CS-2; (c) XRD patterns of FeCo-MOF, BPNS@MOF,
CS-1, and CS-2; (d) XPS survey spectra of FeCo-MOF and BPNS@MOF; (e) XPS survey spectra of CS-1 and CS-2; (f)—(i) high-resolution XPS spectra of
individual elements in BPNS@MOF; (j)—(m) high-resolution XPS spectra of individual elements in CS-2.

providing multiple scattering centers and facilitating energy
dissipation. The elemental distribution maps further reveal
that the CS-2 aerogel predominantly comprises carbon and
oxygen, outlining the basic morphology of the sample and
confirming the successful carbonization process. Notably, the
key elements Fe, Co, and P are also homogeneously distributed
throughout the aerogel, which aligns well with our previous
assumption regarding the uniform dispersion of fillers within
the material.

To further elucidate the structural characteristics of the
materials, Fourier transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS) analyses were conducted. The FTIR spectrum of FeCo-
MOF, as shown in Fig. 2(a), exhibits characteristic peaks at
1648 cm™ ' and 1200 cm ™', which are attributed to the stretching
vibrations of C=0 and C-O bonds, respectively. Additionally,
peaks at 1450 cm™ ' and 769 cm™ " arise from the vibrational
modes of the benzene ring, indicating the successful coordina-
tion of 2-amino terephthalic acid and thereby confirming the
formation of FeCo-MOF.***° The broad absorption band
observed around 3400 cm™ " corresponds to the N-H stretching
vibration, further verifying the incorporation of amino groups
into the framework.*” Compared with FeCo-MOF, the FTIR
spectrum of BPNS@MOF shows a weak characteristic peak at
approximately 500 cm ', which can be attributed to the P-P
vibrational mode, suggesting the successful integration of BPNSs
into the MOF structure. In the case of the CS-2 aerogel, distinct
absorption bands appear at around 1100 cm™ ' and 600 cm ™,
corresponding to the characteristic vibrations of P-O, P-P, and
M-O (M represents Fe or Co) bonds. These findings provide

This journal is © The Royal Society of Chemistry 2025

indirect evidence for the successful incorporation of BPNS@
MOF nanosheets into the aerogel matrix and the formation of
magnetic nanoparticles.** The Raman spectra of CS-1 and CS-2
aerogels are shown in Fig. 2(b), where the two prominent peaks
at approximately 1300 cm ™" and 1600 cm ™" correspond to the D
and G bands, respectively. The intensity ratio of these peaks
(In/lg) is commonly used as an indicator of the degree of
carbonization, where a lower Ip/Ig value implies higher graphi-
tization, fewer defects, and better carbon network ordering.**
Notably, the CS-2 sample exhibits a lower Ip/I; ratio compared
to CS-1, indicating a higher degree of carbonization. This
enhancement is primarily attributed to the catalytic graphitization
effect of the FeCo-MOF component during the carbonization
process.

The XRD results, which complement the FTIR findings,
provide further evidence of the successful synthesis of the
materials. As shown in Fig. 2(c), the characteristic diffraction
peaks at 20 ~ 9.1° and 11.4°, corresponding to the (100) and
(101) planes, are consistent with previously reported patterns
for FeCo-MOF, confirming its successful formation.*” In the
XRD pattern of BPNS@MOF, distinct peaks appear at 16.7°,
37.4° and 52.4°, which can be assigned to the (020), (040), and
(060) planes of black phosphorus, respectively. This result
validates the successful incorporation of BPNSs into the com-
posite structure.*® Furthermore, the XRD patterns of the CS-1
and CS-2 aerogels exhibit a broad diffraction peak centered
around 52.4°, which is characteristic of amorphous carbon,
indicating the successful carbonization of the aerogels. In the
case of the CS-2 aerogel, additional diffraction peaks corres-
ponding to the (110) and (200) planes of FeCo alloy, as well as
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the (311), (440), and (511) planes of magnetite (Fe;0,), are
clearly observed. These features confirm the formation of
magnetic nanoparticles within the aerogel matrix, which is
consistent with the results obtained from FTIR analysis and
further supports the successful integration of FeCo-based com-
ponents into the carbonized aerogel network.*”

To further elucidate the chemical states and bonding con-
figurations of the elements in the synthesized materials, X-ray
photoelectron spectroscopy (XPS) and high-resolution spectra
were conducted. As shown in Fig. 2(d), the presence of phos-
phorus in the BPNS@MOF composite confirms the successful
incorporation of BPNSs. The detailed analysis of the C 1s
(Fig. 2(f)), Co 2p (Fig. 2(g)), Fe 2p (Fig. 2(h)), and P 2p
(Fig. 2(i)) spectra provides further evidence supporting the
structural integrity of the BPNS@MOF. Specifically, the C 1s
spectrum exhibits a characteristic peak at 288.5 eV, corres-
ponding to the C—0 bond from the carboxylate group, indica-
tive of successful ligand coordination. The Co 2p spectrum
displays peaks at 782.1, 785.6, 789.7, and 801.8 eV, which can
be attributed to the Co 2p*? and Co 2p/* spin-orbit compo-
nents of divalent Co>*. Similarly, the Fe 2p spectrum shows
peaks at 711.8, 716.0, 725.1, and 728.2 eV, corresponding to the
Fe 2p*? and Fe 2p'/? signals of trivalent Fe*".*® These results
collectively confirm the successful coordination between metal
ions and oxygen atoms, indicating the successful synthesis of
FeCo-MOF. In addition, the P 2p spectrum exhibits a peak at
131 eV, confirming the coordination of phosphorus with metal
species, which is consistent with our proposed design, while
the peak at 134 eV corresponds to the P-O bond, which may
arise from partial oxidation of phosphorus during synthesis.
The N 1s spectrum shows a peak at 399.2 eV, further confirming
the successful incorporation of amino groups, in agreement
with the FTIR results (Fig. $5).*° For the CS-2 aerogel (Fig. 2(e)),
the detection of Fe, Co, and P signals further supports the
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successful incorporation of BPNS@MOF nanosheets into the
carbon aerogel matrix. The observed changes in the C 1s peak
intensity also confirm the successful carbonization of the
aerogel, corroborating the findings from Raman and XRD
analyses. The high-resolution spectra of Fe and Co provide
further evidence for the formation of magnetic nanoparticles.
Specifically, the Co 2p spectrum exhibits distinct peaks at
778.9 eV and 798.9 eV, which can be attributed to metallic
cobalt (Co®), while the Fe 2p spectrum shows a characteristic
peak at 707.9 eV, corresponding to metallic iron (Fe®). These
findings unequivocally confirm the successful formation of
FeCo magnetic nanoparticles within the carbon aerogel matrix,
as illustrated in Fig. 2(j)-(m).

In addition, we conducted a comprehensive investigation
into the thermal properties, pore size distribution, and porosity
of the synthesized functional fillers and composite aerogels. To
determine the pore structure and porosity, nitrogen adsorp-
tion-desorption isotherms were recorded for FeCo-MOF and
BPNS@MOF. As shown in Fig. 3(a) and (b), both materials
exhibit characteristic adsorption-desorption curves and corres-
ponding pore size distribution profiles. The results indicate that
the synthesized fillers retained a well-defined nanoporous struc-
ture. Specifically, FeCo-MOF displayed a high specific surface
area exceeding 766 m> g~ ', with an average pore size of approxi-
mately 2.7 nm. Upon assembly with BPNS, although the surface
area slightly decreased to 372 m”> g~ ', the average pore size
remained around 2.4 nm. After incorporation into the chitosan
aerogel matrix followed by carbonization, the resulting aerogels
exhibited a more compact pore structure due to the carbon-rich
framework. The final aerogel possessed a high porosity of up to
96% with a low bulk density of 0.026 g cm ™3, providing a robust
structural basis for the enhancement of multifunctional proper-
ties. Subsequent thermogravimetric (TG) analysis demonstrated
that both FeCo-MOF and BPNS@MOF fillers exhibited excellent
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thermal stability, with characteristic two-step decomposition
behavior (Fig. 3(c) and (d)). Notably, the BPNS@MOF composite
exhibited improved thermal resistance compared to pristine
BPNS, retaining nearly 50% of its original weight after the
second decomposition stage. When incorporated into the aero-
gel framework, the composite aerogel showed a significant
increase in decomposition temperature relative to the pure
chitosan aerogel, confirming the enhancement in thermal sta-
bility imparted by the hybrid filler system (Fig. 3(e) and (f)).

2.2. Microwave absorption performance

The effective absorption bandwidth (EAB) and reflection loss
(RL) intensity are two critical metrics for evaluating the overall
microwave absorption performance of microwave-absorbing
materials (MAMs).>® The EAB represents the continuous fre-
quency range over which the RL value remains below a speci-
fied threshold at a given thickness, while the RL intensity
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quantifies the attenuation of incident electromagnetic waves
by the material. The RL value is calculated according to eqn (1):

)

L (dB) =20log|———
(d) 0 Zm+ZO

(1)

For practical applications, RL values lower than —10 dB are
considered effective.® To further elucidate the microwave
absorption mechanism of our hybrid nanofillers, we also pre-
pared a carbonized aerogel incorporating BPNSs under the same
conditions, denoted as CSgp. The three-dimensional RL plots of
the samples are presented in Fig. 4(a)-(c). In these plots, the
extent and continuity of the dark blue regions indicate the
breadth and effectiveness of microwave absorption. All aerogel
samples possess a certain degree of electromagnetic energy
dissipation capability, though their performance varies signifi-
cantly. For instance, CS-1 exhibits sparse and discontinuous
dark blue regions and only achieves a minimum RL (RLyy;,) of
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—53.87 dB at 3.94 GHz when the absorber thickness reaches
9.69 mm. In contrast, CSgp shows an improved absorption
performance, with an RL,;; of —55.8 dB at 5.24 GHz under a
reduced thickness of 4.12 mm. This improvement is visually
manifested in the form of increased and more continuous dark
blue regions in the RL maps. Notably, CS-2 demonstrates the
most outstanding performance, achieving an RL,,;, as low as
—72.13 dB at 6.5 GHz with a significantly thinner absorber
thickness of just 3.43 mm. Furthermore, CS-2 also exhibits
superior EAB performance. As shown in the two-dimensional
RL contour maps (Fig. 4(d)-(f)), CS-2 achieves a broader and
more continuous absorption bandwidth compared to CS-1
(1.94 GHz at 16.06-18 GHz, 5.19 mm) and CSgp (4.26 GHz at
13.02-17.28 GHz, 1.61 mm). Specifically, CS-2 reaches an
impressive EAB of 5.88 GHz (12-17.88 GHz) at a thickness of
merely 1.7 mm, highlighting its potential as an effective broad-
band microwave absorber. Additionally, Fig. 4(j)-(I) further
demonstrates that CS-2 maintains excellent absorption perfor-
mance across a wider range of thicknesses. Comparative analysis
with recently reported materials further underscores the out-
standing electromagnetic wave (EMW) absorption properties of
CS-2 (Fig. S6). Compared to other aerogel-based EMW absorbing
materials, CS-2 exhibits the lowest RL,;, values, outperforming
the majority of reported EMW absorbers and showcasing its
remarkable promise for practical applications in this field.
Efficient impedance matching is a fundamental prerequisite
for the effective entry of incident microwaves into an absorber,
while a high attenuation constant ensures the material’s ability
to dissipate the absorbed electromagnetic energy. These two
factors work synergistically and complement each other to
determine the overall microwave absorption performance.>
To further elucidate the microwave absorption mechanism of
the materials, we systematically analyze these two aspects. As
previously discussed, excellent impedance matching is a critical
parameter in evaluating a material’s absorption capability. For
optimal microwave entry into the absorber, the characteristic
impedance of the material Z;, must match that of free space Z,.
This relationship can be quantified by the following equation:

|4] = |sinh*(Kfd) — M| (2)
4m, /ier sin@
= 3)

¢ COS ¢ COS Oy

41 COS 0e ), COS O

PP ANE
(u’rcosée—.e;cosém)2+{tan(—m——e)} (,u;cosée+8;cosém)2

22
4

when the value of |4| approaches zero, the impedance matching
is considered ideal; typically, |4| < 0.2 is regarded as sufficient
for effective microwave absorption.>® As shown in Fig. 4(g)-(i),
the |4| values of the samples exhibit distinct differences. Nota-
bly, CSgp and CS-2 display extensive and continuous dark blue
regions at relatively thin absorber thicknesses, with CS-2 demon-
strating the most optimal impedance-matching behavior. This
indicates that, at reduced thicknesses, the incident microwaves
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can effectively penetrate the absorbing material, confirming the
excellent impedance-matching capability of these systems. In
contrast, the CS-1 sample exhibits narrow and discontinuous
blue regions, which only emerge at higher thicknesses. This
suggests that a significant portion of the incident electromag-
netic waves are reflected at the material’s surface, resulting in a
substantial decrease in absorption efficiency. The enhanced
impedance matching in CSgp and CS-2 can be attributed to
the synergistic contributions of BPNSs and their derivatives.
Additionally, the incorporation of magnetic nanoparticles
further optimizes the electromagnetic parameter ratio, thereby
achieving superior impedance matching capabilities. The
layered structure and moderate conductivity of BPNSs enable
fine-tuning of the dielectric properties and enhancement of
interfacial polarization, while the incorporation of magnetic
nanoparticles further optimizes the electromagnetic parameter
ratios, collectively leading to superior impedance matching
characteristics.

Once microwaves penetrate into the material, it is essential
that the material possesses sufficient capability to attenuate
and dissipate the electromagnetic energy. This intrinsic
attenuation capability is quantitatively evaluated by the
attenuation constant (¢), as shown in Fig. S7 and $8.>* All
samples exhibit an increasing trend in « with rising frequency,
indicating enhanced microwave attenuation performance at
higher frequencies. Notably, the o values of CS-2 are signifi-
cantly higher than those of CS-1 and CSgp across the entire
measurement frequency range, demonstrating the superior
inherent attenuation capability of CS-2, which is consistent
with the RL performance discussed previously. Electromagnetic
parameters play a crucial role in elucidating the inherent
attenuation mechanisms of the absorber.>® Fig. 5(a) and (b)
illustrates the frequency-dependent trends of the real part (¢')
and imaginary part (¢”) of the dielectric constant, where &’
represents the capacity for energy storage, and &” reflects the
capacity for energy dissipation. It can be observed that both &’
and ¢’ of CSgp and CS-2 decrease gradually with increasing
frequency, a trend that aligns with the typical behavior of
dielectric-dominated microwave absorbing materials. In con-
trast, the ¢’ and ¢” values of CS-1 exhibit minimal variation or
even a slight increase with increasing frequency. This behavior
is primarily due to the material’s structure being dominated by
a carbon skeleton, resulting in a relatively simple architecture
with limited polarization mechanisms, which are mainly
restricted to conductive polarization and a minor contribution
from interfacial polarization. Moreover, the ¢’ and ¢” values of
CS-2 and CSgp are considerably higher than those of CS-1,
indicating their superior capacities for dielectric energy storage
and loss. This enhancement is ascribed to the dipolar and
interfacial polarization effects introduced by the incorporation
of BPNSs and their derivatives. Additionally, the ¢’ and ¢” curves
of CS-2 display pronounced fluctuation peaks in the 6.0-
18.0 GHz range. Typically, the fluctuations observed between
6.0 and 10.0 GHz arise from dipolar relaxation processes, while
those in the 10.0-18.0 GHz range are primarily due to inter-
facial polarization relaxation.>® These observations suggest that
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(a) and (b) Real and imaginary parts of the complex permittivity; (c) dielectric loss tangent; (d) and (e) real and imaginary parts of the complex

permeability; (f) magnetic loss tangent; (g) Cole—Cole plots of CS-1; (h) Cole—Cole plots of CS-2; (i) Cole—-Cole plots of CSgp.

the asymmetric coordination structures within the MOF and its
derivatives enhance the dipolar response capability of the
material. Simultaneously, the increased interfacial area pro-
motes stronger interfacial polarization relaxation effects.

The relaxation processes of the samples are further analyzed
using the Debye theory, as illustrated by the Cole-Cole plots in
Fig. 5(g)-(i). Each semicircular arc corresponds to a distinct
relaxation process, while the linear tail at the end of the curves
indicates conductive loss contributions. Evidently, the Cole-
Cole plots of CS-2 display a greater number and more pro-
nounced semicircles compared to other samples, indicating the
presence of multiple relaxation processes. This observation
corroborates the numerous fluctuation peaks observed in the
¢ and ¢’ curves (Fig. 5(a) and (b)). Furthermore, the appearance
of linear tails in the CS-2 and CSgp samples suggests that
electrons can migrate and hop within the three-dimensional
conductive networks, contributing to significant conductive
loss behavior. Therefore, the exceptional dielectric loss proper-
ties of the CS-2 aerogel can be ascribed to the synergistic effects
of strong polarization loss and conductive loss.

To more accurately evaluate the relative contributions of
different dielectric loss mechanisms, the polarization loss (&)
and conduction loss (&?) were calculated based on Debye theory
using eqn (S9) and (510).>”7>° As shown in Fig. S11, CS-2
exhibits a moderate level of conduction loss compared to
CS-1, which can be attributed to the enhanced electronic con-
ductivity introduced by BPNS. Moreover, the presence of multi-
ple heterogeneous interfaces in the CS-2 system (particularly

This journal is © The Royal Society of Chemistry 2025

between the aerogel matrix and BPNS, as well as between BPNS
and MOF) leads to pronounced interfacial polarization. Under
an alternating electromagnetic field, charge accumulation at
these interfaces intensifies the polarization effect, resulting in a
polarization loss ratio exceeding 89% of the total dielectric loss,
indicating that polarization loss is the dominant mechanism
in these samples. Notably, the value of ¢ increases with

frequency, which helps suppress the dispersion effect.®® As a
result, the overall ¢’ remains at a moderate level across the
2-18 GHz frequency range, thereby endowing the CS-2 sample
with excellent broadband microwave absorption performance.
Fig. 5(c) depicts the frequency-dependent variation of the
dielectric loss tangent (tand, = ¢"/¢’). The tanJ, value of CS-2
surpasses that of CS-1, further confirming its stronger dielectric
attenuation capability. However, it remains lower than that of
CSgp, likely due to the abundance of in-plane and edge defects
as well as vacancies present in BPNSs and their derivatives,
which significantly enhance the dielectric loss of CSgp.®*

In addition to dielectric loss, magnetic loss is another key
factor influencing the attenuation capability. Fig. 5(d)-(f) pre-
sents the frequency-dependent real (y’) and imaginary (u”)
parts of the complex permeability and the magnetic loss
tangent (tand, = u”/u’) for all samples. It can be observed that
all samples exhibit similar p, 4”, and tan ¢, values. Notably, the
CS-2 sample displays pronounced fluctuation peaks in the 6.0-
14.0 GHz frequency range, indicating significant magnetic
resonance phenomena within the composite system. This
behavior is likely attributed to the highly dispersed FeCo
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Fig. 6 (a) Schematic illustration of the electromagnetic wave absorption mechanism of the CS-2 aerogel; (b) RCS simulation images of CS-1, CSgp, CS-2.

nanoparticles on the MOF-derived substrates and the synergis-
tic interfacial structure formed with BPNSs, which effectively
enhances the magnetic loss mechanism.®” This also explains
why the tan J, value of CS-2 is slightly lower than that of CSgp,
while still achieving superior overall absorption performance.
Furthermore, the tan J, value of CS-2 is evidently higher than its
tand,, demonstrating that dielectric loss predominantly con-
tributes to its excellent microwave attenuation properties. Over-
all, the mechanism can be attributed to several synergistic
factors (Fig. 6(a)). Firstly, the aerogel’s highly porous and
interconnected channel structure facilitates excellent impe-
dance matching, thereby allowing more incident electromag-
netic waves to penetrate into the absorber. As the waves
propagate further, they undergo multiple internal reflections
and scattering within the porous channels, effectively enhan-
cing wave attenuation. In addition, the migration of charge
carriers within the conductive black phosphorus layer contri-
butes significantly to conduction loss. Finally, the abundant
heterogeneous interfaces induce interfacial polarization, which
markedly enhances polarization loss.**

Finally, to further validate the practical application potential
of the CS-2 aerogel, we conducted electromagnetic simulations
using CST software. A flat plate model with dimensions of
40 mm x 40 mm was constructed, and the thickness was set
according to the previously determined optimal reflection loss
conditions. The electromagnetic parameters of each aerogel
sample were then incorporated into the simulation model, and
the resulting outcomes are presented in Fig. 6(b). S12 illustrates
the simulated radar cross-section (RCS) profiles of perfect
electric conductor (PEC) plates coated with CS-1, CSgp, and
CS-2 aerogels, respectively. The horizontal axis denotes the

Mater. Horiz.

angle of incidence, and the frequency was set at 9.44 GHz.
The simulation results reveal varying degrees of scattering
signals across the samples. Specifically, the CS-1 sample
exhibits the strongest scattering response, whereas the CS-2
sample demonstrates the lowest RCS values. For the CS-2-
coated plate, the RCS remains below —10 dB m” across a broad
angular range of —125° to —25° and 25° to 125°, while the CS-1-
coated plate only achieves RCS values below —10 dB m” within
narrower angular windows of —100° to —50° and 50° to 100°.
These findings are consistent with the earlier experimental
results, further confirming the superior microwave absorption
performance of the CS-2 sample. Fig. S13 presents a histogram
of the RCS values at selected incidence angles for each sample,
offering a more intuitive comparison. The results clearly illus-
trate that CS-2 maintains lower RCS values over a broader range
of incidence angles, underscoring its exceptional potential for
practical applications in microwave absorption and stealth
technologies.

2.3. Thermal insulation performance

For electromagnetic wave (EMW) absorbing materials to be
effectively employed in complex and variable environments,
they must exhibit additional functionalities beyond absorption
performance, such as thermal insulation and infrared stealth
capabilities.®* Among these, thermal conductivity (1) is a cri-
tical parameter, as it quantifies a material’s ability to conduct
heat under a unit temperature gradient and serves as a key
indicator of its thermal insulation performance.®® To evaluate
this property, we measured the thermal conductivities of the
CS-1 and CS-2 aerogels. As shown in Fig. 7(a), both samples
exhibited remarkably low thermal conductivities, with the CS-2
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Fig. 7 (a) Thermal conductivity curves of CS-1and CS-2; (b and c) infrared thermal images (IR) of CS-1 and CS-2 aerogel samples after 2 min on a 100 °C
heating plate; (d) temperature profiles of CS-1 and CS-2 at different time points on a 100 °C heating plate; (e) and (f) infrared thermal images (IR) of CS-1
and CS-2 aerogel samples after 2 min on a 100 °C heating plate; (g) temperature profiles along the radial and axial directions at different time points on a
100 °C heating plate; (h) schematic of the thermal transfer mechanism of the CS-2 composite aerogel in the radial and axial directions.

aerogel demonstrating an even lower value than CS-1, achieving
a thermal conductivity of less than 0.05 W (m K) '. This
superior thermal insulation can be understood by considering
the fundamental heat transfer mechanisms in porous materi-
als, where the overall thermal conductivity is the sum of four
contributions: solid-phase conduction (), gas-phase conduc-
tion (1), radiative conduction (/,), and convective conduction
(Ac), expressed as follows:

A=dst Agt det Ay (5)

For porous materials with pore sizes smaller than 1 mm, the
convective term (1.) is typically negligible and can thus be
excluded from the total thermal conductivity expression.®®
Consequently, the equation simplifies to

A=ds+dg+ (6)

The extremely low thermal conductivity of the aerogels in
this study can be primarily attributed to their highly porous
structures, which hinder gas flow and extend the heat transfer
pathways, thereby effectively reducing .. Additionally, in aero-
gels, phonon transport dominates solid-phase thermal conduc-
tion (4g). The presence of abundant nanoscale grains formed by
the carbonization of BPNS@MOF within the CS-2 aerogel
introduces a high density of grain boundaries that act as
scattering centers for phonons. This phonon scattering

This journal is © The Royal Society of Chemistry 2025

significantly limits the phonon mean free path, thereby sup-
pressing thermal conduction and further lowering As. The
combination of nanoscale grain-induced phonon scattering
and the aerogel’s intrinsic porous architecture synergistically
contributes to the remarkably low thermal conductivity
observed in the CS-2 aerogel.

To evaluate the infrared stealth capabilities of the composite
aerogels, we placed the samples on a heating plate maintained
at 100 °C and recorded both their temperature evolution curves
and infrared thermal images, as shown in Fig. 7(b)-(d). From
the time-temperature profiles, it is evident that, compared to
CS-1, the CS-2 aerogel exhibits a broader and more stable
plateau in radiation temperature, with a lower surface tempera-
ture that stabilizes around 40 °C. This performance can be
attributed to the nanoscale fibrous network within the CS-2
aerogel, as well as the interfaces between the nanofibers and
embedded nanoparticles. These interfaces act as phonon scat-
tering centers, enhancing interfacial thermal resistance and
further reducing solid-phase thermal conductivity, thus endow-
ing CS-2 with exceptional potential for infrared stealth
applications.®” To further demonstrate the practical infrared
stealth capability of the CS-2 aerogel, we applied a 20.0 +
0.2 mm thick CS-2 onto a model aircraft and assessed its thermal
camouflage performance, as depicted in Fig. 7(e) and (f). The
corresponding infrared thermal images reveal that the CS-2
effectively reduces the radiation temperature from 40 °C to
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32 °C, rendering it nearly indistinguishable from the ambient
temperature and maintaining this effect over an extended
period. This confirms the material’s capability for sustained
thermal camouflage.

Furthermore, Fig. 7(g) and Fig. S14 present the time-tem-
perature profiles and corresponding infrared thermal images of
CS-3 (oriented perpendicular to the ice crystal growth direction)
and CS-4 (oriented parallel to the ice crystal growth direction)
aerogels, each with a thickness of 2.0 + 0.2 mm, placed on a
100 °C heating plate. Interestingly, the anisotropic micro-
structures result in distinct thermal insulation behaviors
between the two samples. Specifically, at the same heating
duration, the surface temperature of CS-3 is higher than that
of CS-4. This can be attributed to the alignment of the
oriented channel structure with the heat transfer direction
in CS-4, facilitating more efficient heat conduction along the
cell walls. Conversely, when the heat transfer direction is
perpendicular to the alignment of tubular channels (as in
CS-3), the presence of numerous directional pores impedes
heat flow, thereby reducing thermal conductivity, as illu-
strated in Fig. 7(h).®®*7°

2.4. Sound absorption performance

In contemporary society, noise has emerged as a significant
pollutant that adversely affects human quality of life. In
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engineering and industrial sectors, such as automotive, rail
transit, and aerospace, noise control has become a critical
criterion for evaluating product performance and user
experience.”" However, the simultaneous achievement of excel-
lent thermal insulation and acoustic absorption remains a
formidable challenge. Beyond demonstrating the superior ther-
mal insulation performance of our CS aerogels, we also verified
their remarkable acoustic absorption capabilities. To evaluate
this property under realistic conditions, we constructed a
simulation model mimicking everyday scenarios, including
aircraft takeoff, landing, and in-flight cabin noise. This experi-
mental setup involved connecting a smartphone to a Bluetooth
speaker, placing the speaker within a custom-fabricated aerogel
enclosure installed in an aircraft model, and playing various
soundtracks corresponding to different noise environments.
For the simulation of in-cabin noise, we selected scenarios such
as noise during aircraft takeoff, landing, objects dropping, and
striking a tabletop. As shown in Fig. 8(a), all measured decibel
values were significantly reduced, approaching the baseline
levels of ambient noise within the laboratory. This outcome
underscores the excellent acoustic-damping performance of the
CS aerogels under realistic noise conditions.

To further validate the superior sound absorption perfor-
mance of the modified chitosan aerogels, a transfer function
sound absorption coefficient testing system was employed for
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Fig. 8 (a) Noise reduction test of the CS-2 aerogel under different scenarios: airplane take off, airplane landing, heavy object dropping, and table knocking;
(b) sound absorption coefficient curves in the high-frequency range; (c) sound absorption coefficient curves in the low-frequency range; (d) comparison of
the NRC between CS-2 and related absorbers; (e) experimental setup for high-humidity testing; (f) results of the high-humidity testing experiment.
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high-frequency measurements (Fig. 8(b)).”> The results indicate
that the modified aerogels exhibit remarkable sound absorp-
tion capabilities, particularly within the 2000 Hz and 4500~
6500 Hz frequency bands, where a 5.0 mm thick sample
achieved a sound absorption coefficient exceeding 0.95. This
performance significantly surpasses that of the pristine aerogel,
highlighting the enhanced acoustic properties imparted by the
modification. As shown in Fig. 8(c), the sound absorption
coefficients of the samples at lower frequencies reveal that
the CS-2 aerogel also slightly outperforms CS-1 in the low-
frequency regime. Moreover, the noise reduction coefficient
(NRC), which is a measure of the average sound absorption
coefficients at 250, 500, 1000, and 2000 Hz, can also be used
to assess the acoustic performance of porous materials.”® As
expected, the results further confirm the superior sound
absorption performance of the modified aerogel. Notably, a
2.0 mm-thick sample achieves an NRC value of 0.65, significantly
outperforming typical aerogel materials (Fig. 8(d)).

These results can be primarily attributed to the synergistic
effects of structural resonance, as well as enhanced viscous and
thermal dissipation mechanisms. First, the ultrahigh porosity
of the aerogel, combined with the presence of pyrolysis-derived
nanoparticles, facilitates multiple internal reflections of inci-
dent sound waves. This increases the propagation path length
and the frequency of interactions between sound waves and the
material interfaces, thereby promoting effective energy dissipa-
tion. Second, the aerogel’s skeletal framework itself can
undergo structural resonance with incident sound waves,
further amplifying its sound absorption capability. Finally,
the introduction of nanoscale fillers into the aerogel matrix
leads to an increased surface roughness, which intensifies the
frictional interaction between the material and the incident
sound waves. This frictional effect results in additional sound

HRR (W/g)

200 300 400 500 600 700
Temperature (°C)
99.6

99.4 V(b)

—CS-1

Flow Rate (cc/min)

98.2 1

98.0 L L L
200 300 400

Temperature (°C)

View Article Online

Communication

energy being dissipated during wave propagation, further enhancing
the acoustic attenuation performance of the aerogel.”

Moisture resistance is a crucial factor for the practical
application of sound-absorbing materials.”> To evaluate the
moisture resistance and practical application potential of the
CS-2 aerogel, we placed the samples in a high-humidity
environment (maintained at ~60% relative humidity using a
humidifier) and measured their weight at different time inter-
vals to calculate the weight retention rate (Fig. 8(e)). As shown
in Fig. §(f), the sample weight remains stable over time, with no
detectable weight change, indicating that the aerogel exhibits
excellent moisture resistance and holds significant potential
for practical applications.

2.5. Fire resistance performance

To further evaluate the fire safety performance of our synthe-
sized aerogels, we first conducted microscale combustion
calorimetry (MCC) tests on both the pristine chitosan aerogel
and the BPNS@MOF-modified aerogel prior to carbonization.
The results demonstrate that both aerogels exhibit excellent
flame retardant properties. Specifically, the pristine chitosan
aerogel displayed a peak heat release rate (pHRR) of 61.4 W g%,
while the incorporation of BPNS@MOF further reduced the
PHRR to 46.6 W g~ !, accompanied by a significant decrease in
heat flow (Fig. 9(a) and (b)). This remarkable flame retardant
performance can be attributed to the inherent ability of chit-
osan to rapidly form a protective carbon layer at elevated
temperatures, which inhibits flame propagation.”®”® More-
over, the addition of BPNS@MOF enhances this effect through
the catalytic carbonization promoted by the MOF and the
barrier effect of black phosphorus, facilitating the formation
of a denser char layer and further mitigating combustion risks.

Fig. 9 (a) Heat release rate (HRR) curves and (b) flow rate curves of CS-1 and CS-2; (c) and (d) digital photographs of the ignition tests and the

appearance of petals before and after placing them on CS-2 aerogel.

This journal is © The Royal Society of Chemistry 2025
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These findings underscore the great potential of these materi-
als for flame retardant applications.”® "

To further verify the fire protection capabilities of the carbo-
nized aerogels, we placed fresh flower petals on top of the CS-2
aerogel and exposed the system to a direct flame. Remarkably,
after 60 seconds of continuous flame exposure, the CS-2 aerogel
showed no obvious degradation, and the petals exhibited only
slight shrinkage (Fig. 9(c)). Even when the exposure time was
extended to 120 seconds, the petals remained largely intact. In
contrast, flower petals without the protective CS-2 aerogel were
completely charred within 30 seconds under identical conditions
(Fig. 9(d)). These results further confirm the outstanding fire
safety potential of the CS-2 aerogel, highlighting its promise for
practical fire resistance applications.

3. Conclusions

In summary, we successfully synthesized FeCo-MOF with
amine functionalization via a hydrothermal method and sub-
sequently assembled it onto the surface of black phosphorus
nanosheets through an electrostatic self-assembly strategy.
Benefiting from the presence of amino groups on the MOF,
BPNS@MOF was effectively grafted onto the chitosan backbone
using glutaraldehyde as a crosslinking agent, resulting in the
fabrication of chitosan-derived carbon/BPNS@MOF aerogels.
The results demonstrate that the incorporation of BPNS@MOF
effectively enhances the electromagnetic properties of the
chitosan-derived carbon aerogels, achieving outstanding micro-
wave absorption performance. Specifically, the minimum
reflection loss (RLy,in) and the maximum effective absorption
bandwidth (EAB) reach —72.13 dB and 5.88 GHz, respectively,
over the frequency range of 2.0-18.0 GHz. Mechanistic investi-
gations reveal that excellent attenuation performance arises
from the synergistic contributions of conductive loss, magnetic
resonance loss, interfacial polarization, dipolar orientation
polarization, and multiscale porous architecture. Radar cross-
section (RCS) simulations further confirm the material’s
potential for practical stealth applications. Moreover, the
study highlights that the CS-2 aerogel exhibits excellent fire
resistance properties and an ultralow thermal conductivity of
0.05 W (m K) ", enabling superior infrared stealth capabilities.
Additionally, acoustic measurements reveal that even a 5.0 mm-
thick sample demonstrates exceptional sound absorption per-
formance, achieving sound absorption coefficients greater than
0.95 in the 2000 Hz and 4500-6500 Hz frequency ranges. These
results collectively underscore the remarkable multifunctional
potential of the chitosan-derived carbon/BPNS@MOF aerogel,
paving the way for its application in advanced electromagnetic
wave absorption, thermal insulation, infrared stealth, and noise
reduction technologies.

4. Experimental section

All raw materials and most characterization techniques are
detailed in the SI.
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4.1. Synthesis of FeCo-MOF

First, 2.7 g of ferric chloride hexahydrate and 1.81 g of 2-amino
terephthalic acid were accurately weighed and dissolved in an
appropriate amount of N,N-dimethylformamide (DMF) under
ultrasonication to enhance solubility. After that, the mixture
was put in a stainless steel autoclave lined with Teflon and
heated to 150 °C for a full day. Subsequently, 0.698 g of the as-
obtained product and 0.506 g of cobalt(n) nitrate hexahydrate
were accurately weighed and dispersed in an appropriate
amount of DMF. The mixture was stirred vigorously at room
temperature for 12 hours, followed by centrifugation, washing
with ethanol, and drying to obtain the FeCo-MOF.

4.2. Synthesis of BPNS@MOF

First, a certain amount of black phosphorus was weighed and
dispersed in N-methylpyrrolidone (NMP). The mixture was
subjected to high-energy shear using a cell disruptor for six
hours to obtain black phosphorus nanosheets. A total of 0.06 g
of black phosphorus nanosheets (BPNSs) were dispersed in an
appropriate amount of ethanol. Separately, 0.3 g of FeCo-MOF
was dispersed in an appropriate amount of DMF. The two
solutions were combined and stirred at room temperature for
24 hours. After centrifugation, washing with ethanol, and
drying, the BPNS@MOF composite was obtained.

4.3. Synthesis of CS and CS/BPNS@MOF aerogels

0.01 g of BPNS@MOF and 0.2 g of chitosan were separately
dispersed in 20 mL of a 2% (v/v) acetic acid solution under
vigorous stirring to form a homogeneous and viscous solution.
Subsequently, 1 mL of a 5% (v/v) glutaraldehyde solution was
added as a crosslinking agent and stirring was maintained for
2 hours. The resulting solution was poured into molds and freeze-
dried for 24 hours to obtain the BPNS@MOF/chitosan aerogel.

4.4. Preparation of carbon aerogels derived from CS and
CS/BPNS@MOF

The obtained CS and CS/BPNS@MOF aerogels were placed in a
tubular furnace and carbonized under a nitrogen atmosphere.
The temperature was increased to 800 °C at a rate of 2 °C per
minute, held at this temperature for 2 hours, and then cooled
naturally to room temperature. The resulting carbon aerogels
were denoted as CS-1 and CS-2, respectively.
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