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Lightweight porous aerogels have demonstrated efficient electromagnetic wave absorption performance.
Nevertheless, the inherent trade-off between favorable impedance matching at the atmosphere-aerogel interface
and strong electromagnetic loss within the aerogel matrix has limited the further improvement of the aerogel's
electromagnetic wave absorption performance. In this study, a waxberry-inspired gradient-porous aerogel
metamaterial (WGAM) was successfully fabricated via an innovative dot-matrix cooling source ice templating
technique. The influences of diverse pore structures and repeating unit sizes on the performance of aerogels were
systematically investigated and analyzed. The results reveal that the gradient pore structure in WGAM effectively
balances the conflict between interface impedance matching and intrinsic electromagnetic loss, enabling WGAM
to achieve an ultrabroad effective absorption bandwidth of 12.3 GHz within the range of 2-18 GHz. Meanwhile,
owing to the 3D radial distribution of internal pores, WGAM retains robust electromagnetic wave absorption
capacity even when the incident angle of electromagnetic waves is increased from 5° to 30°. Furthermore,
WGAM exhibits favorable mechanical, thermal-insulating, and flame-retardant properties, rendering it a
promising candidate for electromagnetic protection applications under complex and harsh environmental

conditions.

1. Introduction

While radio communication technologies have brought tremendous
convenience to human life, they have concomitantly caused severe
electromagnetic radiation pollution, which poses non-negligible threats
to information transmission security, military operational concealment,
and human physiological health [1-4]. To mitigate these predicaments,
electromagnetic wave absorption (EMWA) materials have been identi-
fied to possess the capability to efficiently dissipate and absorb elec-
tromagnetic waves (EMWs), thereby demonstrating superior advantages
in alleviating electromagnetic radiation pollution [5]. In particular,
aerogels simultaneously possess ultra-low density and excellent EMWA
performance, which facilitates the lightweight of EMWA devices and
thus holds significant research value [6,7].

Currently, the optimization of EMWA performance in aerogels can be
achieved through rational structure design and construction [8-10]. For
instance, drawing inspiration from the dual-channel transport mecha-
nism of vascular bundles within plant phloem-xylem networks, Su et al.
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have engineered an Absorption-Transport Multifunctional Structure
(ATMS), which exhibits frequency-selective characteristics, character-
ized by high transmittance in the low-frequency band (2.0-2.56 GHz)
and remarkable absorption efficiency in the high-frequency band
(9.16-11.93 GHz) [11]. Moreover, the pore orientation of aerogels ex-
erts a pivotal influence on their EMWA performance [12,13]. For
example, Xu et al. [14] fabricated CNT/C@Si3N4 aerogels with an ori-
ented architecture via the unidirectional freezing ice templating
method. The results demonstrated that when EMWs are incident along
the direction perpendicular to the oriented pores, the minimum reflec-
tion loss (RLpy;n) of the aerogels reaches —28 dB at 11.0 GHz, and the
effective absorption bandwidth (EAB) can cover the entire X-band
(8.2-12.4 GHz). In contrast, when EMWs are incident along the direc-
tion parallel to the oriented pores, the RLy,;, of the aerogels decreases to
—12 dB at 12.4 GHz, accompanied by a narrowed EAB of 2.3 GHz
(10.1-12.4 GHz). The underlying mechanism accounting for this
discrepancy is that EMWs incident along the direction perpendicular to
the oriented pores encounter more pore cavities and heterogeneous pore

Received 24 November 2025; Received in revised form 30 December 2025; Accepted 8 January 2026

Available online 13 January 2026

1359-8368/© 2026 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0001-8269-1594
https://orcid.org/0000-0001-8269-1594
mailto:zczhang@hit.edu.cn
mailto:yj_liu@hit.edu.cn
www.sciencedirect.com/science/journal/13598368
https://www.elsevier.com/locate/compositesb
https://doi.org/10.1016/j.compositesb.2026.113399
https://doi.org/10.1016/j.compositesb.2026.113399
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2026.113399&domain=pdf

A. Wang et al.

wall interfaces, inducing multiple reflections and scattering losses that
extend the EMW transmission path. Consequently, regulating the pore
orientation within aerogels constitutes an effective approach to opti-
mizing their EMWA performance [15,16].

A rationally engineered gradient structure can alleviate the inherent
contradiction between excellent interface impedance matching and
strong internal dielectric loss [17-21]. For instance, Yu et al. [22]
constructed a concentration gradient of EMW absorbent along the
thickness direction of the aerogel: the low-concentration EMW absor-
bent in the upper layer facilitates the atmosphere-aerogel interfacial
impedance matching, reduces the reflection of incident EMWs at the
interface, and allows more EMWSs to penetrate the aerogel interior;
conversely, the high-concentration EMW absorbent in the lower layer
enables efficient dissipation and absorption of EMWSs. Furthermore, Sun
et al. [23] designed aerogel metamaterials with a frustum pyramid
shape, which realize an impedance gradient structure along the thick-
ness direction and induce multiple resonances between structural units,
significantly broadening the EAB. It follows that regulating the con-
centration gradient of absorbents or engineering geometric gradients of
aerogels along the thickness direction can notably balance the trade-off
between impedance matching and dielectric loss. However, achieving a
concentration gradient of EMW absorbents typically requires the prep-
aration of EMW absorbents with multiple concentrations, which renders
the fabrication process time-consuming and labor-intensive [24].
Additionally, conventional EMW absorbers feature irregular geometries
such as wedges, frustums, or step-like structures, posing considerable
challenges for the assembly and integration of final EMW absorber de-
vices. Therefore, there is an urgent imperative to design an aerogel
structure that simultaneously meets the following two criteria: (I) A
gradient variation in characteristic impedance and EMW loss capability
can be achieved along the thickness direction of the aerogel using a
single absorbent formulation. (II) The EMW absorber device exhibits a
regular shape.

In this work, inspired by the radial flesh and dense core structure of
natural waxberries, we developed a dot cooling source ice templating
method to regulate ice crystal growth direction, thereby constructing a
waxberry-like radial gradient pore and central core structure inside the
aerogel. Specifically, the radial gradient pores optimize the atmosphere-
aerogel interface impedance matching, while the dense core enhances
the dielectric loss capability. Furthermore, through the periodic matrix
arrangement of dot cooling sources, we successfully fabricated a
waxberry-inspired gradient-porous aerogel metamaterial (WGAM).
WGAM can achieve a gradient variation of impedance along the thick-
ness direction with only a single absorbent filler formulation, effectively
resolving the contradiction between impedance matching and dielectric
loss. Combined with the coupling effect between the periodic structural
units of the metamaterial, WGAM exhibits an ultrabroad EAB of 12.3
GHz. More importantly, WGAM demonstrates insensitivity to the inci-
dent angle of EMWs ranging from 5° to 30°. In addition, WGAM features
a regular macroscopic shape, which significantly improves the assembly
and integration efficiency of EMWA devices. Moreover, benefiting from
the intrinsic properties of aramid nanofiber (ANF) as well as the bio-
inspired waxberry-like porous structure, WGAM demonstrates excellent
thermal-insulating, flame-retardant, and mechanical properties. Owing
to its facile molding process, regular device morphology, and
outstanding comprehensive performance, WGAM holds substantial po-
tential for deployment in complex environments such as aerospace,
anechoic chambers, and marine vessels.

2. Experimental section
2.1. Materials
Chopped PPTA thread (Kevlar 49) was purchased from DuPont,

China. Carboxylated multi-walled carbon nanotube (c-MWCNT, diam-
eter: 10-30 nm, length: 10-30 pm, purity: 98 %) was obtained from
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Chengdu Organic Chemicals Co., Ltd., Chinese Academy of Sciences.
Dimethyl sulfoxide (DMSO), methanol (MeOH), potassium tert-butoxide
(t-BuOK), and acetic acid (HAc) were supplied by Aladdin Scientific
Chemicals, Shanghai.

2.2. Preparation of cc-MWCNT/ANF composite dispersions

To tailor the filler ratio of c-MWCNT/ANF composite dispersions, the
mass ratio of c-MWCNT to ANF was adjusted, and the resulting samples
were denoted as CxAy. Specifically, C corresponds to c-MWCNT, A to
ANF, where x and y denote the mass ratios of c-MWCNT and ANF,
respectively. Accordingly, four sets of composite dispersions (C2Al,
C3A1, C4A1, and C5A1) were fabricated, corresponding to filler ratios of
2:1, 3:1, 4:1, and 5:1. Notably, the total mass fraction of c-MWCNT and
ANF was fixed at 5 wt% across all composite dispersions, thereby
ensuring that only the filler ratio was varied as the sole experimental
variable.

Taking the preparation process of the C4Al dispersion as an
example. First, short-cut Kevlar 49 fibers (2 g), DMSO (94 g), MeOH (2
g), and t-BuOK (2 g) were sequentially added to a 500 mL conical flask,
which was then tightly sealed. The mixture was magnetically stirred at
room temperature for 48 h to obtain a wine-red translucent 2 wt% ANF
solution [25]. Subsequently, c-MWCNT powder (8 g) and DMSO (92 g)
were sequentially added to a 500 mL beaker. The mixture was treated
with 300 W probe sonication for 10 min followed by high-speed stirring
at 8000 rpm for 10 min, affording an 8 wt% c-MWCNT slurry. Finally,
equal masses of the as-prepared ANF solution and c-MWCNT slurry were
mixed and magnetically stirred for 4 h to form a homogeneous
c-MWCNT/ANF composite dispersion.

2.3. Preparation of waxberry gradient-porous aerogel metamaterials
(WGAM)

Herein, the fabrication process of a waxberry gradient-porous C4A1
aerogel metamaterial with a repeating unit of 10 mm (WC4A1-10 mm) is
presented as an example to illustrate the preparation methodology. First,
a dot-matrix cooling source mold (Fig. 1b) was designed to control the
periodic 3D radial growth of ice crystals. The mold base and frame were
constructed from polytetrafluoroethylene (PTFE), with internal di-
mensions of 50 x 50 x 20 mm and a wall thickness of 5 mm. Through-
holes with a diameter of 3 mm were drilled at 10 mm intervals on the
mold base, into which high-thermal-conductivity copper rods (55 mm in
length, 3 mm in diameter) were inserted. Subsequently, the prepared
C4A1 composite dispersion was poured into the mold, with the liquid
level height in the mold reaching 10 mm. The mold was then slowly
immersed in a 1 wt% acetic acid solution for a 24-h gelation reaction.
After complete gelation, the mold was soaked in deionized water to
remove residual acetic acid. Finally, the lower ends of the copper rods
were immersed in liquid nitrogen, and heat was transferred through the
dot-matrix cooling source to induce the 3D radial growth of ice crystals.
After the sample was completely frozen, it was transferred to a freeze
dryer and subjected to sublimation drying at 0.5 Pa for 48 h to remove
the ice crystals while retaining the hierarchical porous structure, thus
obtaining WC4A1-10 mm. To investigate the influence of c-MWCNT
contents on the EMWA performance, WC2A1-10 mm, WC3A1-10 mm,
and WC5A1-10 mm were fabricated by the same preparation process. In
addition, we investigated the effect of the unit size on the EMWA per-
formance of WGAM by keeping the ratio of the total area of cooling
sources to the base area constant. As shown in Fig. S8c, the diameter of
the copper rods was increased to 6 mm with a spacing of 20 mm, and a
waxberry pore-structured C4A1 aerogel metamaterial with a repeating
unit of 20 mm (WC4A1-20 mm) was prepared. Similarly, the diameter of
the copper rods was adjusted to 9 mm with a spacing of 30 mm
(Fig. S8d), thus preparing a waxberry pore-structured C4A1l aerogel
metamaterial with a repeating unit of 30 mm (WC4A1-30 mm).

The preparation processes of balsa-wood pore-structured aerogels
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Fig. 1. Schematic diagram and photographs. (a) The preparation process and mechanism of WGAM. (b) dot-matrix cooling source mold for preparing WGAM. (c)

bottom photograph and (d) schematic diagram of WGAM matrix structure.

(BPA) and randomly porous aerogels (RPA) are provided in the Sup-
plementary Material. Specifically, the BPA with a filler ratio of C4A1 is
denoted as BC4A1. For the RPA samples, those with filler ratios of C2A1,
C3A1, C4A1, and C5A1 are abbreviated as RC2A1, RC3A1, RC4A1, and
RC5A1, respectively.

2.4. Characterization

The morphological characteristics of the aerogels were examined
using a scanning electron microscope (SEM, VEGA3, TESCAN, Czech
Republic) operated at an accelerating voltage of 20 kV and 3D Computed
Tomography (3D-CT, Xradia 520 Versa, Zeiss, USA). The diameter of c-
MWCNT was characterized using a transmission electron microscope
(TEM, JEM-F200, JEOL, Japan). The diameter of ANF was determined
using an atomic force microscope (AFM, Smart SPM, AIST-NT, USA).
Fourier transform infrared spectroscopy (FTIR, Spectrum Two, Perki-
nElmer, UK) was employed to characterize the functional groups and
hydrogen bonding interactions. An X-ray diffractometer (XRD, Empy-
rean, PANalytical, the Netherlands) was utilized to analyze the crystal
lattice structures, with a scanning rate of 5° min~' and a 20 range of
5°-90°. The chemical structures were analyzed via a Raman imaging
microscope spectrometer (inVia-Reflex, RENISHAW, UK) equipped with
a 532 nm laser source. The elemental compositions of the specimens
were determined by X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi, Thermo-Fisher, USA) with a monochromatic Al Ka radiation
source. Thermal conductivities were measured using a hot disk thermal
constant analyzer (Hot Disk, TPS 2500S, Sweden). Compression tests
were conducted with a universal testing machine (Instron, USA) at a
strain of 30 % and a compression rate of 1 mm min~!. The thermal
stability of the samples was evaluated using a thermogravimetric

analyzer (TGA 1, Mettler Toledo, Switzerland) under a nitrogen atmo-
sphere, with a heating rate of 10 °C-min~! over a temperature range
from 40 °C to 1000 °C. The relative complex permittivity and perme-
ability within the frequency range of 2-18 GHz were measured using a
vector network analyzer (E5071C, Agilent, USA) via the coaxial line
method. The molten paraffin was infiltrated into the RPA (RC2Al,
RC3A1, RC4A1, and RC5A1) under vacuum assistance at 100 °C, the
mass ratio of aerogel to paraffin was controlled at approximately 7 wt%
to 93 wt%. After cooling and solidification, the RPA/paraffin composites
were cut into coaxial rings with an outer diameter of 7 mm and an inner
diameter of 3.04 mm. The reflection loss values in the frequency range of
2-18 GHz were measured in situ using the arch method and a vector
network analyzer (Ceyear Technologies 3672C-S), as illustrated in
Fig. S13. The aerogels were periodically positioned on a 5 mm-thick
aluminum plate. To evaluate the angle-dependent properties of the
samples, the incident angles of EMWSs were adjusted to 5°, 15°, 30°, 45°,
and 60°. The simulation of electromagnetic power loss was performed
using CST Studio Suite. The simulation of heat transfer was conducted
via COMSOL Multiphysics. (Detailed modeling and simulation param-
eters are provided in the Supplementary Material).

3. Results and discussion
3.1. Fabrication strategy and mechanism

The selection of materials plays a crucial role in the preparation
process and comprehensive performance of aerogels. c-MWCNT exhibits
excellent EMWA properties and can meet the requirements of aircraft for
lightweight. However, c-MWCNT faces challenges such as easy
agglomeration and difficult molding during the aerogel processing. The
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introduction of ANF can address the aforementioned issues. ANF inherits
the advantages of Kevlar fibers, such as high-temperature resistance,
flame retardancy, and high mechanical strength [26]. Additionally, ANF
exhibits a branched structure (Fig. S9¢) and has an approximate diam-
eter of 7.7 nm (Fig. S9d), both of which can significantly enhance its
interfacial interaction with c-MWCNT [27,28]. Most importantly, the
deprotonation and protonation reactions of ANF in different solvent
systems enable the regulation of intermolecular interactions [29]. In the
strongly polar alkaline solvent system of DMSO/MeOH/t-BuOK, ANF
and c-MWCNT undergo deprotonation, causing their molecular chains
to carry negative charges and generate electrostatic repulsion forces
(Fig. 1a). Under the action of electrostatic repulsion forces, ANF and
¢-MWCNT achieve uniform dispersion and avoid agglomeration. Sub-
sequently, solvent replacement is carried out in an aqueous HAc solu-
tion. HAc provides abundant hydrogen protons, which facilitate
¢-MWCNT and ANF to form a 3D hydrogen-bond network, promoting
the gelation transformation of the composite dispersion (Fig. S7).

The impedance matching and EMW loss capabilities of aerogels are
closely related to their internal microscopic pore structures. To enable

(9)

Top view
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aerogels to simultaneously exhibit excellent impedance matching and
wave absorption loss, constructing a gradient structure within the aer-
ogel is an effective strategy. Inspired by the radial and gradient pore
structure of natural waxberries, we designed dot cooling sources to
control the 3D radial growth of ice crystals inside the hydrogel during
freezing. Furthermore, by arranging the dot cooling sources in a periodic
matrix at the bottom of the mold, periodic waxberry pore-structured
units are constructed inside the aerogel, thereby forming a waxberry
pore-structured aerogel metamaterial (Fig. 1b-d).

3.2. Microstructural and morphological analysis

As depicted in Fig. 2a, upon freezing within the dot-matrix cooling
source mold, water gives rise to regularly arranged repeating units, with
ice crystals inside each unit exhibiting a radial distribution pattern
around the center. By tracking the growth process of ice crystals induced
by two adjacent dot cooling sources, it is observed that nucleation ini-
tiates at the copper rods, followed by radial outward growth. Eventually,
the ice crystals collide and fuse at the interface of two repeating units

Fig. 2. Microstructural and morphological analysis. (a) Morphology and (b) growth process of ice crystals within the dot-matrix cooling source mold. Bottom view:
(c) schematic illustration of the bottom structure; SEM images of (d) waxberry-like matrix structure, (e) single waxberry structural unit, and (f) junction of two
repeating waxberry structural units. Side view: (g) schematic illustration of the side structure; CT slices of (h) pore structure at the junction of two units and (i)
waxberry-like radial pore structure and core structure; (j) SEM image of radial structure with gradient change in pore size. Top view: (k) schematic illustration of the
top structure; CT slices of (1) lower half section of the xy-plane along the z-axis direction and (m) upper half section of the xy-plane along the z-axis direction; (n) SEM

image of horn-shaped opening structure.



A. Wang et al.

(Fig. 2b and Video S1).

Supplementary data related to this article can be found online at http
s://doi.org/10.1016/j.compositesb.2026.113399

To visually analyze the pore structure of WGAM, Scanning Electron
Microscopy (SEM) and 3D Computed Tomography (3D-CT) were
employed to characterize and analyze the microtopography of the aer-
ogels. Firstly, the microstructure of WGAM was observed from the bot-
tom. As shown in Fig. 2c¢ and d, WGAM fabricated by the dot-matrix
cooling source ice templating method exhibits a periodic waxberry-
like metamaterial array. Fig. 2e shows the morphological characteris-
tics of a structural unit at the bottom of WGAM. It can be observed that a
waxberry-like core structure is formed at the position in direct contact
with the copper rod, and with this core as the center, the pore structure
of WGAM distributes radially toward the surrounding area. Fig. 2f pre-
sents the morphological features at the junction of two structural units,
from which it can be observed that the two waxberry structures are
tightly connected.

Subsequently, CT slices were performed at the central part of the
WGAM structural unit along the xz plane (refer to the coordinates in
Fig. 1d) to observe the pore distribution and orientation of the WGAM's
side cross-section (Fig. 2g). Fig. 2h presents a CT slice of the WGAM's
side cross-section at the junction of two structural units, where the pores
exhibit a symmetrical distribution. As shown in Fig. 2i and Fig. S11, the
pores of WGAM distribute radially from the bottom center to the sur-
rounding area in a single structural unit, confirming that the dot cooling
source can successfully control the growth direction of ice crystals. The
locally enlarged view in Fig. 2j reveals that the pore size of WGAM
gradually increases from bottom to top along the z-axis direction. The
horn-shaped gradient pore structure is beneficial for improving the
impedance-matching ability of WGAM. Finally, CT slices were per-
formed along the xy plane in the lower half (Fig. 21) and upper half
(Fig. 2m) of WGAM to observe the variation of pores along its thickness
direction, respectively. In the lower half (Fig. 21), the central pores of
WGAM are relatively dense, corresponding to the core in the waxberry-
like structure; the edge pores distribute radially from the central core,
resembling the flesh in the waxberry-like structure. In the upper half
(Fig. 2m), the pores of WGAM are uniformly distributed with openings
facing upward, and the horn-shaped pore structure can be observed in
the locally enlarged view (Fig. 2n).
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3.3. Composition analysis

XRD is used to characterize and analyze the crystal structure of
materials. As shown in Fig. 3a, c-MWCNT exhibits a sharp diffraction
peak at approximately 26.0°, which corresponds to the typical (002)
crystal plane, reflecting the interlayer stacking of c-MWCNT. In addi-
tion, c-MWCNT has a weaker diffraction peak at around 42.7°, corre-
sponding to the planar arrangement of carbon six-membered rings on
the (100) crystal plane. ANF shows two diffraction peaks with similar
intensities at approximately 20.0° and 23.1°, corresponding to the (110)
and (200) crystal planes, respectively, which reflect the periodic
arrangement of ANF molecular chains along the fiber axis [30]. In the
c-MWCNT/ANF composites, due to the excessively high intensity of the
¢-MWCNT diffraction peaks, which mask the diffraction peaks of ANF,
only the obvious (002) and (100) crystal planes are observed in the
pattern.

Raman spectroscopy was employed to characterize and analyze the
molecular structure of materials (Fig. 3b). The Raman spectrum of c-
MWCNT exhibits three characteristic peaks: the D band (1333.5 em™h),
G band (1564.9 cm’l), and 2D band (2679.6 cm™1). Among them, the D
band is attributed to the resonance caused by defects in the disordered
carbon within the c-MWCNT lattice, while the G band corresponds to the
in-plane tangential vibration of ordered sp>-hybridized carbon atoms. In
the Raman spectrum of ANF, the characteristic peak at 1603.5 cm ™
represents the in-plane stretching vibration of C=C bonds in the ben-
zene ring skeleton, and the peak at 1645.9 emlis assigned to the C=0
stretching vibration. The three characteristic peaks in the range of
1150~1370 cm ™! result from the coupling of C-N stretching vibrations
and N-H bending vibrations. In the ¢c-MWCNT/ANF spectrum, the
excessively high intensity of the characteristic peaks of c-MWCNT
partially masks those of ANF. The defect degree of the carbon lattice in
carbon nanotubes can be evaluated by the intensity ratio of the D band
to the G band (Ip/Ig). For c-MWCNT, the Ip/Ig ratio is 0.86, while that of
c-MWCNT/ANF is 0.8. The decrease in the Ip/Ig ratio may be attributed
to the interaction forces between c-MWCNT and ANF, which affect the
vibration of disordered carbon in c-MWCNT.

Fourier transform infrared (FTIR) spectroscopy was utilized to detect
the organic functional groups in the materials and to provide evidence
for the existence of interaction forces between c-MWCNT and ANF. As
shown in Fig. 3c, for c-MWCNT, a stretching vibration peak of O-H

(a) 002 c-MWCNT (b) c-MWCNT (c). c-MWCNT
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Fig. 3. Material composition analysis. (a) XRD spectra; (b) Raman spectra; (c) FTIR spectra; (d) XPS spectra; (e) XPS Cls spectra of c-MWCNT/ANF; (f) XPS Ols

spectra of c-MWCNT/ANF.
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groups appears at 3340 cm™!, which confirms that the surface of c-
MWCNT is rich in oxygen-containing functional groups. For ANF, the
stretching vibration peaks at 3325 cm ™}, 1646 cm ™}, and 1314 cm™!
correspond to N-H, C=0, and C-N groups, respectively [31]. In the case
of c-MWCNT/ANF, the stretching vibration peaks at 3325 cm ™, 1650
cm’l, and 1316 cm ! are assigned to N-H, C=0, and C-N groups,
respectively. By comparing the infrared absorption peaks of ANF and
c-MWCNT/ANF, it is found that the absorption peaks of C=0 and C-N
have undergone a shift, which may be attributed to the formation of
hydrogen bonds between c-MWCNT and ANF.

X-ray photoelectron spectroscopy (XPS) can be used to detect and
analyze the elemental composition and chemical functional groups on
the surface of materials. As shown in Fig. 3d and Table S1, c-MWCNT
exhibits two peaks, namely C 1s (~285 eV) and O 1s (~533 eV), among
which O 1s accounts for 8.41 at.%, indicating that the surface of c-
MWCNT contains abundant oxygen-containing functional groups. These
functional groups can enhance the chemical and physical activity of c-
MWCNT. The c-MWCNT/ANF shows three peaks: C 1s (~285 eV), O 1s
(~532 eV), and N 1s (~400 eV). The presence of N 1s (4.23 at.%) is
mainly due to the introduction of ANF. The C 1s spectrum of c-MWCNT/
ANF was deconvoluted into six peaks (Fig. 3e), which correspond to
C-C/C=C (284.6 eV), C-N (285.6 eV), C-O (285.9 eV), C—=0 (287.8
eV), O-C=0 (289.2 eV), and n—n* (291.0 eV), respectively. Similarly,
the O 1s spectrum of c-MWCNT/ANF was deconvoluted into three peaks
(Fig. 3f), which are assigned to O-C=0 (531.1 eV), C=0 (532.1 eV),
and C-O (533.4 eV), respectively [32]. These polar functional groups
can generate dipole polarization under high-frequency EMWs to effec-
tively dissipate them, thereby improving the EMWA performance of the
aerogel.
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3.4. Electromagnetic wave absorption performance

The complex permittivity (real part of permittivity ¢ and imaginary
part of permittivity €") and complex permeability (real part of perme-
ability p’ and imaginary part of permeability p") are used to analyze the
electromagnetic properties of materials. Since the c-MWCNT/ANF aer-
ogel is a typical dielectric loss EMWA material without magnetic loss, '
and p" are close to 1 and 0, respectively. Therefore, only ¢ and ¢" are
considered in this paper. In the frequency range of 2-18 GHz, the
electromagnetic parameters of RPA with different c-MWCNT and ANF
filler ratios were tested by the coaxial method. As shown in Fig. 4a and b,
¢  and ¢" exhibits a decreasing trend with increasing frequency, which is
consistent with the dielectric relaxation phenomenon described by
Debye theory [33]. Additionally, the permittivity-frequency curves
exhibit noticeable fluctuations, which can be attributed to the coexis-
tence of macropores and micropores within the RPA. These pores display
distinct polarization relaxation behaviors as frequency increases,
thereby directly inducing the observed fluctuations. Furthermore, mul-
tiple interfaces (c-MWCNT-ANF, c-MWCNT-paraffin, and ANF-paraffin)
exist in the RPA, each of which exhibits distinct frequency-dependent
charge accumulation characteristics, thus amplifying the fluctuations
in the permittivity-frequency response profiles [34,35]. With the in-
crease in c-MWCNT content, the values of ¢, ¢", dielectric loss tangent
(tande = ¢"/¢), and attenuation constant (o) gradually increase
(Fig. 4a-d), indicating that the conductive network formed by
¢-MWCNT is gradually improved, and the dielectric loss capacity of the
material for EMWs is gradually enhanced. o is generally used to evaluate
the capability of EMWA materials to convert incident EMW energy into
other forms of energy. As the frequency of EMWs increases, the o value
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of the aerogel gradually increases. The Cole-Cole curve can be used to
analyze the loss mechanisms existing in EMWA materials. As shown in
Fig. 4e-h, for the Cole-Cole curve, the multiple semicircles represent
polarization losses (interface polarization and dipole polarization of
nanomaterials) under high-frequency electromagnetic fields, while the
long straight linear tail corresponds to conductive losses generated by
the c-MWCNT network. This confirms that the c-MWCNT/ANF aerogels
exhibit multiple loss mechanisms for EMWs.

In a microwave anechoic chamber, the reflection loss of WGAM with
different carbon nanotube contents was tested using the arch method
(Fig. S13). Additionally, the angle of the horn antenna was adjusted to
investigate the effect of EMW incident angles (IA = 5°,15°, 30°, 45°, and
60°) on the EMWA performance of WGAM. For WC2A1-10 mm (Fig. 4i
and m), when the IA is 5°, the RLpj, is greater than —10 dB in the 2-18
GHz band, and the EAB is 0 GHz. When the IA increases within the range
of 5°-45°, the EMWA performance of WC2A1-10 mm improves. For
instance, when the IA increases to 45°, the RLy;, of WC2A1-10 mm
reaches —30.9 dB at 16.8 GHz, with an EAB of 3.6 GHz. However, when
the IA further increases to 60°, the RL,;, decreases to —12.7 dB at 17.4
GHz, and the EAB reduces to 2.4 GHz. For WC3A1-10 mm (Fig. 4j and n),
when the IA is 45°, the RLy;, reaches —69.8 dB at 11.7 GHz, which is the
strongest reflection loss among all samples. For WC4A1-10 mm (Fig. 4k
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and o), when the IA is 5°, the RLy,in is —44.8 dB at 9.9 GHz, and the EAB
reaches 12.3 GHz, which is the widest effective absorption bandwidth
among all samples. Moreover, within the IA range of 5°-30°, the EAB of
WC4A1-10 mm is greater than 11.3 GHz, indicating that the electro-
magnetic parameters when the c-MWCNT content is C4A1 can effec-
tively balance impedance matching and loss absorption. For WC5A1-10
mm (Fig. 41 and p), when the IA is 5°, the RLy,;, is —31.3 dB at 3.3 GHz,
and the EAB is 8.7 GHz, exhibiting excellent EMWA performance in the
low-frequency band. It can be concluded from the test results that
regulating the EMWA performance of WGAM requires comprehensive
consideration of two aspects: the ratio of absorbents (electromagnetic
parameters) and the incident angle of EMWs (matching thickness).

In addition, we further investigated the effects of the orientation
structure of internal pores and the size of repeating units of the aerogels
on their EMWA performance. For the convenience of analysis, the c-
MWCNT ratio of C4A1 was selected to explore the influence. Herein, we
designed a uniform cooling source mold (Fig. S8a), a single-sided cool-
ing source mold (Fig. S8b), and dot-matrix cooling source molds with
different sizes (Fig. 1b, Fig. S8c and S8d) to control the growth direction
of ice crystals during solution freezing, thus preparing RC4A1, BC4A1,
WC4A1-10 mm, WC4A1-20 mm, and WC4A1-30 mm.

As shown in Fig. 5a and Fig. S14, the RL and EAB of aerogels with
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different oriented structures are compared. When the IA is 5°, the RLpy
of RC4A1 is —18.1 dB with an EAB of 5.0 GHz; the RLp,;, of BC4A1 is
—34.0 dB with an EAB of 7.6 GHz; and the RLy;, of WC4A1-10 mm is
—44.8 dB with an EAB of 12.3 GHz. It can be observed that the EMWA
performance of the WGAM is superior to that of the RPA and the BPA.
This is attributed to the fact that WGAM possesses horn-shaped pores,
which endow the aerogel with a gradient variation of impedance along
the z-axis. Along the z-axis upward, WGAM exhibits a gradual increase
in pore diameter and a progressive rise in porosity, making the imped-
ance of the upper surface close to atmospheric impedance. When EMWs
are incident on WGAM, the atmosphere-aerogel interface satisfies the
characteristic of impedance matching. This reduces reflections at the
atmosphere-aerogel interface, thereby significantly enhancing the
EMWA performance. In addition, compared with RPA and BPA, WGAM
exhibits insensitivity to the incident angle of EMWs. As illustrated in
Fig. S15a and S15b, when EMWs are incident upon RPA and BPA at an
oblique angle, their propagation is obstructed by the pore walls. How-
ever, WGAM features a radial distribution of pores (Fig. S15c). When
EMWs strike WGAM at oblique angles ranging from 5° to 30°, some
pores are aligned with the incident direction of EMWs, enabling the
EMWs to penetrate into the interior of WGAM. Further, EMWA is ach-
ieved through mechanisms such as multiple reflection loss, conductive
loss, and polarization loss. Therefore, WGAM demonstrates insensitivity
to the incident angle of EMWs.

Fig. 5b and Fig. S16 compare the EMWA properties of WC4A1 with
different repeating unit sizes. At an IA of 5°, WC4A1-20 mm exhibits an
RLpin of —22.7 dB with an EAB of 6.7 GHz, while WC4A1-30 mm shows
an RLy,j, of —19.6 dB and an EAB of 6.3 GHz. It can be observed that the
EMWA performance of WGAM tends to decrease as the size of the
repeating units increases, and the underlying reason will be explained
with subsequent simulation results. Fig. 5c and Table S5 present a per-
formance comparison of the RLy;;, and EAB between WGAM and pre-
viously reported non-graded structural aerogels [36-42]. Thanks to the
gradient variation of the waxberry-like pore structure, WGAM exhibits
significantly superior EMWA performance compared to traditional
non-graded structural aerogels.

Finite element simulation offers a robust approach to analyzing the
loss distribution of EMWs in aerogels with distinct pore structures. In
this work, aerogels with varied structural configurations were first
modeled using 3D modeling software packages, followed by electro-
magnetic field simulations conducted via the finite element software
CST Studio Suite 2025 (Detailed modeling and simulation parameters
are provided in the Supplementary Material). Fig. 5d illustrates the
power loss density of aerogels with different structures under identical
incident EMW conditions. By comparing the aerogels with three distinct
pore architectures (RC4A1, BC4A1, and WC4A1-10 mm), it is evident
that WC4A1-10 mm exhibits the highest power loss density. This supe-
rior performance stems from the waxberry-like gradient pore structure,
which endows the WC4A1-10 mm with an impedance gradient along the
z-axis. Such an impedance gradient enables incident EMWs to penetrate
deeply into the aerogel interior, while the radial pore structure extends
the propagation path of EMWs within the aerogel through multiple re-
flections and scatterings. Furthermore, a comparison of the power loss
density distribution profiles among WC4A1-10 mm, WC4A1-20 mm, and
WC4A1-30 mm reveals that WC4A1-10 mm achieves the maximum
power loss density. This phenomenon may be ascribed to the excessively
large inclination angle of the pores at the top edge of WGAM as the
repeating unit size increases (Fig. S11), which impedes the penetration
of EMWs into the aerogel interior and thereby results in a deterioration
of loss capacity. These simulation results are consistent with the
experimentally determined EMWA performance of the aerogels.

Fig. 5e illustrates the potential EMWA mechanisms of WGAM. (I)
Gradient impedance: WGAM features radial horn-shaped pores, which
induce a gradient impedance along the z-axis. The impedance near the
upper surface of WGAM is close to the atmospheric impedance, satis-
fying the characteristic of impedance matching and thus reducing the
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reflection of incident EMWs at the interface [43,44]. Conversely, along
the thickness direction of the WGAM from top to bottom, the pore size
decreases gradually, and the corresponding impedance drops corre-
spondingly, thereby achieving efficient dissipation of incident EMWs.
(II) Multiple reflection and scattering: The WGAM matrix contains an
abundance of pore walls, where incident EMWs undergo reflection and
scattering, thereby extending their propagation path [45,46]. (III)
Conductive loss: High-frequency EMWs induce internal electron
migration within ¢-MWCNT, and electron transitions at overlapping
junctions [47,48]. (IV) Dipole polarization: The oxygen-containing
functional groups and intrinsic defects on the surface of c-MWCNT are
capable of forming dipole pairs upon exposure to high-frequency EMWs.
The rotational dynamics of these dipole pairs exhibit a lag relative to the
oscillatory variation of high-frequency EMWs, thereby achieving the
dissipation of EMW energy [49,50]. (V) Interfacial polarization: The
hydrogen bonding interactions between c-MWCNT and ANF result in the
formation of numerous heterogeneous interfaces, where the accumula-
tion of space charge generates a capacitor-like structure that effectively
dissipates electromagnetic energy [51-53]. These processes facilitate
the conversion of EMW energy into thermal energy.

3.5. Multifunctionality

WGAM demonstrates exceptional thermal insulation performance
owing to its ultrahigh porosity. At ambient temperature, the thermal
conductivity of the aerogels was characterized using the Hot Disk
technique. Initially, the thermal conductivities of WC2A1-10 mm,
WC3A1-10 mm, WC4A1-10 mm, and WC5A1-10 mm were determined
to be 42.2, 49.1, 58.3, and 67.4 mW m ™! K1, respectively (Fig. 6a). It is
evident that with an increasing proportion of c-MWCNT, the 3D thermal
conduction pathways constructed by c-MWCNT become more complete,
leading to a gradual increment in the thermal conductivity of the com-
posite aerogels.

Furthermore, to investigate the influence of pore structure on ther-
mal transport properties, the thermal conductivities of RC4A1, BC4A1,
and WC4A1-10 mm were measured under identical c-MWCNT content,
yielding values of 50.4, 62.3, and 58.3 mW m~! K\, respectively
(Fig. 6b). Notably, RC4A1 exhibits the lowest thermal conductivity,
whereas BC4A1 demonstrates the highest thermal conductivity. To
further gain insight into the heat transfer process, COMSOL Multiphysics
simulations were performed to investigate the heat transfer behaviors of
three pore structure models under identical heat source conditions and
heat transfer durations (relevant simulation parameters are provided in
the Supplementary Material). Consistent with the experimental results,
the simulation data reveal that RPA presents the slowest heat transfer
rate, followed by WGAM, while BPA achieves the fastest (Fig. 6d).
Moreover, temperature contour analysis at the same height section
shows that RPA and BPA display relatively uniform temperature distri-
butions, whereas WGAM exhibits a non-uniform temperature profile
(Fig. S17). This phenomenon is closely attributed to the unique
waxberry-like gradient pore structure of WGAM, which modulates the
heat conduction paths and induces temperature variations. To elucidate
the fundamental reasons underlying the aforementioned experimental
and simulation results, Fig. 6e illustrates the specific thermal conduction
mechanisms of aerogels with distinct pore structures, which are elabo-
rated as follows: (I) Thermal conduction through the pore wall skele-
tons: In RPA, the pore wall skeletons form disordered and tortuous
connections (Fig. S10a and S10b), resulting in the longest heat transfer
path. Within BPA, the pore wall skeletons are continuous along the di-
rection parallel to the orientation (Fig. S10c and S10d), thereby mini-
mizing heat transfer distances. For WGAM, the pore wall skeletons
feature radially oriented pores, and the inclined pore walls yield heat
transfer paths that are longer than those in BPA yet shorter than those in
RPA. (II) Thermal conduction through the gas convection: In RPA, the
irregular distribution of pore walls imposes substantial resistance to gas
convection, thereby impairing the thermal conduction efficiency.



A. Wang et al.

Composites Part B 313 (2026) 113399

9017 WC2A1-10mm 90 {7 Rc4A1 90 [ wWCaA1-10mm
_80 WC3A1-10mm __ 80 BC4A1 __ 80/ WC4A1-20mm
< 704777 WC4A1-10mm < 704777 WC4A1-10mm < 707" WC4A1-30mm
X 6o/™™ wcsA1-10mm * 601 X 60/
£50 E 50 E50
240 = 40/ l 240 H
Ea0 ' E 30/ E 30/

x 20 x 204 x 20]

10 10 101

0 0 0
(d) RPA BPA

)

|,
I
Heat source

Skeleton heat
transfer

N

Gas convection

-,

Radiative
conduction
*C a
|'|
gﬁﬂ-
‘;’55~ 1
80 - — \
2501 £ gg c-MWCNT |
5 45 .g‘ 40 - ANF -
o WC2A1
E 40, = gg' WC3A1
K ]
:z —— WC4A1-10mm| "D 3‘53321
50 60 200 400 600 800 1000
Tlme (s} Temperature (°C)

Fig. 6. Thermal properties of aerogels. Comparison of thermal conductivity of aerogels with (a) different cc-MWCNT contents, (b) different pore structures, and (c)
different repeating unit sizes. (d) Heat transfer simulation and (e) thermal conduction mechanisms for aerogels with different pore structures. (f, g) Infrared ther-
mographic images and temperature-time curve of WC4A1-10 mm aerogel with a thickness of 5 mm on a 100 °C hot stage. (h) TGA curves.

Conversely, in oriented pore configurations (BPA and WGAM), gas can
undergo high-velocity convection in the oriented through-pores with
relatively small resistance, leading to enhanced gas-mediated thermal
conduction. (III) Thermal radiative conduction: Within RPA, the disor-
dered pore walls cause extensive radiation scattering, reducing radiative
penetration and consequently diminishing thermal radiative conduc-
tion. In oriented pore structures (BPA and WGAM), the ordered
arrangement of pore walls facilitates radiation propagation along the
pore axis, with weakened scattering effects resulting in heightened
thermal radiative conduction. Overall, the RPA exhibits a lower thermal
conductivity compared to both BPA and WGAM, which can be ascribed
to the longer thermal conduction pathways, stronger impediment to gas
convection, and more significant scattering of thermal energy in RPA.
Likewise, the effect of repeating unit size on thermal conductivity
was examined. As depicted in Fig. 6¢, the thermal conductivities
determined for WC4A1-10 mm, WC4A1-20 mm, and WC4A1-30 mm are
58.3, 56.7, and 54.8 mW m ! K™}, respectively. It is apparent that the
thermal conductivity of WGAM decreases with increasing repeating unit
size. This behavior can be attributed to the fact that the enlargement of

the repeating unit leads to a greater inclination angle of the radial pores
within WGAM, thereby resulting in an extended heat transfer path along
the pore wall skeleton.

To validate the superior thermal insulation performance of WGAM, a
5-mm-thick WC4A1-10 mm was placed on a hot stage maintained at
100 °C, and an infrared thermal imager was employed to record the
temperature variation on the aerogel surface (Fig. 6f and Video S2). It
was observed that the surface temperature of WC4A1-10 mm increased
rapidly in the initial stage, followed by the heating rate gradually
decreasing, and eventually stabilized at approximately 58 °C (Fig. 6g).
The surface temperature of WC4A1-10 mm after reaching thermal
equilibrium was significantly lower than that of the hot stage, thereby
verifying its superior thermal insulation performance.

Supplementary data related to this article can be found online at http
s://doi.org/10.1016/j.compositesb.2026.113399

During the supersonic flight of an aircraft at Mach 3, high temper-
atures ranging from 200 to 400 °C are generated at the nose due to air
compression effects. To preclude the failure of aerogels under such
elevated temperature conditions, the matrix material must possess
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exceptional thermal stability. The thermal degradation temperatures
(defined as the temperature corresponding to a 10 % weight loss) of the
matrix materials and composite aerogels were evaluated via thermog-
ravimetric analysis (TGA). The test was conducted under a nitrogen
atmosphere with a temperature range spanning from ambient temper-
ature to 1000 °C and a heating rate of 10 °C-min~!. As illustrated in
Fig. 6h, the thermal degradation temperatures of - MWCNT and ANF are
approximately 705 °C and 495 °C, respectively, demonstrating excellent
thermal stability. The thermal degradation temperatures of c-MWCNT/
ANF composite aerogels with varying filler proportions are distributed
in the range of 490 °C-503 °C, which are close to that of ANF. This level
of thermal stability is adequate to resist the high temperatures generated
on the aircraft fuselage surface during supersonic flight at Mach 3.

For a more intuitive observation, a piece of cotton and WC4A1-10
mm were separately positioned above an asbestos mesh heated by an
alcohol lamp (Fig. 7a and Video S3). It was noted that the cotton un-
derwent rapid carbonization and shrinkage, accompanied by the emis-
sion of substantial smoke. In contrast, WC4A1-10 mm maintains
structural integrity without generating copious smoke, demonstrating
its excellent heat resistance. The outstanding thermal-insulating and
heat-resistant properties of the WC4A1-10 mm make it capable of
meeting the application requirements in extremely harsh environments.

Supplementary data related to this article can be found online at http
s://doi.org/10.1016/j.compositesb.2026.113399

Fig. 7b and Video S4 provide a visual illustration of the electro-
magnetic shielding and absorption capabilities of WC4A1-10 mm. In the
experiment, a Tesla coil excites a high-frequency alternating electro-
magnetic field in space, which induces an electric current within the LED

Composites Part B 313 (2026) 113399

bulb via electromagnetic induction, successfully lighting up the LED
bulb. However, when the WC4A1-10 mm is placed between the Tesla
coil and the LED bulb, the LED bulb is immediately extinguished. This
phenomenon confirms that the WC4A1-10 mm can block the EMWs
generated by the Tesla coil from reaching the LED bulb, thereby
exhibiting its functionality in shielding and absorbing EMWs.

Supplementary data related to this article can be found online at http
s://doi.org/10.1016/j.compositesb.2026.113399

Lightweight and high mechanical strength are of extraordinary sig-
nificance and value for the engineering applications of EMWA materials.
WGAM, which concurrently exhibits exceptional low density and high
compressive strength, holds substantial promise for application in
aircraft to reduce weight and extend range. As illustrated in Fig. 7c, the
ultra-low density WC4A1-10 mm (63.1 mg cm™>) can be directly placed
on a fresh flower. Moreover, a mere 1.6 g of WC4A1-10 mm is capable of
supporting a 1000 g weight. The mechanical strength of the aerogel was
accurately measured via 30 % strain compression tests using an elec-
tronic universal testing machine. As depicted in Fig. 7d, with the in-
crease in ¢-MWCNT content, the framework of WGAM becomes more
robust, leading to an increase in compressive strength from 38.7 kPa to
135.3 kPa. Fig. 7e compares the compressive strengths of aerogels with
different pore structures, namely RC4A1, BC4A1, and WC4A1-10 mm.
The BC4A1, by virtue of the highly parallel orientation of pore structure,
exhibits the highest compressive strength of 98.7 kPa. In contrast, the
RC4A1, with disorderly pores, has the lowest compressive strength of
only 62.6 kPa. The WC4A1, featuring radially distributed pores, has a
compressive strength of 81.0 kPa, which is intermediate between those
of BC4A1 and RC4Al. These results collectively indicate that the load-
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bearing capacity of the aerogels is positively correlated with the orien-
tation degree of their pores. Fig. 7f presents the mechanical strength
characteristics of WC4A1-10 mm, WC4A1-20 mm, and WC4A1-30 mm
with varying repeating unit dimensions. It is evident that as the
repeating unit dimension increases, the compressive strength of the
aerogels decreases from 81.0 kPa to 70.2 kPa. This is likely because the
pore inclination angle of WC4A1-10 mm is relatively small, and it con-
tains more repeating units per unit area, thus reducing the average force
borne by each unit and enhancing the overall load-bearing capacity.

4. Conclusion

In summary, by configuring the cooling sources in a dot-matrix
arrangement, we successfully fabricated WGAM via the innovative ice
templating method. Through the integration of experimental measure-
ments and finite element simulations, a systematic comparative analysis
was performed to investigate the influences of pore structures and
repeating unit sizes on the EMWA, thermal conductivity, and mechan-
ical properties of the aerogels, thereby validating the structure-
dependent behavior of the aerogels. Notably, leveraging the gradient
variation between the peripheral pore size and the central core struc-
ture, WGAM exhibits an ultra-wide EAB of 12.3 GHz in the 2-18 GHz
frequency band. Meanwhile, attributed to the radial distribution of pore
sizes, WGAM maintains favorable EMWA performance even when the
incident angle of EMWs increases from 5° to 30°. The waxberry-like pore
structure of WGAM effectively mitigates the contradiction between
impedance matching at the atmosphere-aerogel interface and electro-
magnetic loss within the aerogel matrix. Endowed with excellent ther-
mal stability, thermal insulation, and flame retardancy, WGAM holds
potential application prospects in the field of electromagnetic protection
under complex environments.
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