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ABSTRACT: Low-reflection  electromagnetic interference

(EMI) shielding materials can effectively avoid secondary

pollution of electromagnetic waves through high absorption

rates. However, a single structural design of EMI shielding

materials is difficult to simultaneously achieve low reflectivity

and high shielding efficiency. Here, a synthetic Ni@C/carbon

nanotube (CNT)/polyimide (Pl) porous aerogel is built

and utilized as the electromagnetic wave absorption layer and

a highly conductive carbon fiber (CF) fabric serves

as the bottom reflective layer. Through a clever two-layer

coupling design, the NiI@C/CNT/PIA//CF composite

achieves the  efficient  shielding  mechanism  of

“absorption—-reflection—reabsorption”. In the X-band, the

electromagnetic wave absorption coefficient is 0.89, and the total shielding efficiency (SE;) reaches 50.5 dB, the excellent
EMI shielding performance is attributed to the coupling structure optimizing impedance matching, extending
electromagnetic wave propagation paths, and enhancing multiple scattering and interface polarization. Moreover, based on
the compressive elastic recovery property of the Pl matrix, the dielectric property of Ni@C/CNT, the photothermal storage
property of CF, combined with the special structure design and thermal stability of the overall composite,
Ni@C/CNT/PIA//ICF also exhibits ideal force-resistance sensing, photothermal conversion, and flame-retardant properties.
This work offers a promising strategy for next-gen EMI shielding materials with balanced high absorption, low reflection, and
integrated functions.

KEYWORDS: electromagnetic interference (EMI), shielding materials, two-layer  coupling structure,
absorption—reflection—reabsorption, low reflectivity, integrated functions

1 Introduction aerospace, human society has entered an intelligent era highly
dependent on electromagnetic signals [1, 2]. However, from daily
civilian use to extreme deep space applications, external
electromagnetic interference (EMI) not only leads to performance
degradation of electronic devices and distortion of data
transmission, but also poses security threats in key fields such as

With the rapid development of science and technologies such as 5G
communication, intelligent wearable electronic devices, and

Received: April 12, 2026; Revised: May 23, 2026

Accepted: May 27, 2026 aerospace, biomedice [3-5]. Therefore, efficient shielding materials
have become a research focus for resisting electromagnetic wave
BIAddress correspondence to panduonerc@zzu.edu.cn interference [6].
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Traditional conductive materials such as metal foils exhibit
effective EMI shielding performance due to their high electrical
conductivity and reflectivity [7]. However, their electromagnetic
wave reflection coefficient typically exceeds 0.5, resulting in severe
secondary electromagnetic pollution [8]. Moreover, their rigidity
and high weight make them unsuitable for the flexibility
requirements of modern electronic devices and the lightweight
demands of extreme aerospace applications [9, 10]. Therefore, the
ideal EMI shielding material needs to choose flexible fibers or
lightweight aerogel materials to achieve a balance between high
absorption and low reflection [11, 12]. On one hand, optimizing the
interface impedance matching makes more electromagnetic waves
enter the material interior [13, 14]. On the other hand, by designing
the structure and adjusting the filler ratio to achieve multiple
reflections and absorption of electromagnetic waves inside the
material [15, 16]. Its goal is to achieve simultaneous high total
shielding effectiveness with low surface reflection coefficient.
However, this goal is hindered by an inherent technical challenge,
which is the mutually restrictive between the excellent impedance
matching for low reflection and strong electromagnetic dissipation
for high shielding [17, 18].

Aerogels have emerged as ideal carriers for constructing high-
efficiency EMI shielding due to their lightweight, three-dimensional
(3D) porous structure, and tunable electromagnetic parameters
[19, 20]. However, the insulation characteristics of common
aerogels such as cellulose and polyimide, severely restrict their
electromagnetic wave absorption ability, exhibiting an EMI
shielding effectiveness of less than 1 dB even at millimeter
thickness. In recent years, researchers have attempted to composite
conductive and magnetic fillers into polymer aerogels to obtain low
reflection and high absorption electromagnetic wave composites,
but there are still some limitations [21-23]. For instance, Mai et al.
[24] fabricated a zeolitic imidazolate frameworks (ZIF)-derived
magnetic nanocage/MXene/nanocellulose bilayer aerogel for
studying low-reflection EMI shielding performance, although the
obtained aerogel achieved an EMI shielding effect of 35.1 dB (R =
0.28), the synergistic loss effect of the dielectric MXene and the ZIF-
derived magnetic particles was not systematically explored by
adjusting their proportion. Luo et al. [25] prepared carbon
nanotubes (CNTs)@CoFe,O,/polyimide aerogel with anisotropic
structure by a directional freezing process. By adjusting the addition
ratio of CNTs and CoFe,0,, the optimum reflection loss of the
composite aerogel can reach —54.4 dB. However, there are still a
certain number of electromagnetic waves radiating into the
environment transmit the sample. According to the current
research status, there are three defects in the construction of low
reflection EMI shielding based on aerogel materials: First, there is
no thorough in-depth optimization of the proportion of
conductive/magnetic fillers to achieve the triple balance of dielectric
loss/magnetic ~ loss/impedance  matching by  optimizing
conductive/magnetic filler proportion [26]; Second, most research
works mainly relies on a single attenuation mechanism of
“reflection” or “absorption”, lacking a closed-loop path to
maximize the internal dissipation of incident electromagnetic waves
[27]; Third, there is a lack of flexible integration and adaptability
between EMI shielding performance and other multifunctional
applications [28].

As illustrated in Fig. 1, in this work, a 3D porous polyimide
aerogel (PIA) uniformly dispersed with CNT and magnetic Ni@C
nanoparticles served as the main electromagnetic wave absorbing
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layer, while a highly conductive carbon fiber (CF) fabric acted as the
backside reflection layer for residual transmitted waves. This two-
layer  coupling  structure  constructs a  closed-loop
“absorption-reflection-reabsorption” EMI shielding mechanism:
the aerogel absorbs most incident waves with low surface reflection,
and the CF fabric reflects all penetrating residual waves back for
reabsorption. Thanks to this coupling structure, when the ratio of
Ni@C to CNT is adjusted to 1:1, the Ni@C/CNT/PIA//CF
(NCCPA/CF) composite achieves an EMI shielding effectiveness of
50.5 dB in the X-band and an absorption coefficient of 0.89. The
excellent electromagnetic wave absorption performance endows it
with potential applications in daily electronic communication and
military radar stealth. Moreover, attributed to the excellent
mechanical toughness of PIA, the synergistic effect of
electromagnetic fillers, and the thermal stability of CF, NCCPA/CF
exhibits multifunctional integration of pressure sensing,
photothermal conversion, and flame retardancy. Therefore, this
work holds significant guiding significance for electromagnetic
wave protection in fields such as wearable electronic products and
aerospace-military equipment.

2 Experimental methods

2.1 Materials

Nickel nitrate (Ni(NO,),,6H,0, AR) was purchased from Tianjin
Kemiou Chemical Reagent Co., Ltd. Carboxylated multi-walled
carbon nanotubes (MWCNT, purity > 90%) were obtained from
Suzhou Institute of Nano-Tech and Nano-Bionics (SINANO).
Dopamine hydrochloride (C;H,,NO,HCI, 98%) was provided by
Hebei Chuancheng Metal Materials Co., Ltd. N,N-
Dimethylacetamide (DMAc, > 99.8%), 4,4’ -diaminodiphenyl ether
(ODA, 98%), 3,3’ 4,4' -biphenyltetracarboxylic dianhydride (BPDA,
97%), triethylamine (TEA, 99%), and tris(hydroxymethyl)
aminomethane (Tris) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Anhydrous ethanol (AR) was
provided by Tianjin Fuyu Fine Chemicals Co., Ltd. Carbon fiber
fabric was purchased from Yixing Huifeng Carbon Fiber
Technology Co., Ltd. Deionized water (DI water, H,O) was
supplied in unlimited quantities by the laboratory.

2.2 Preparation of nickel-carbon (Ni@C) powder

First, nickel hydroxide (Ni(OH),) was prepared by a hydrothermal
reaction using anhydrous ethanol, deionized water, Ni(NO,),-6H,O
and urea as raw materials. Then, nickel oxide (NiO) powder was
obtained through high-temperature calcination. Subsequently, a
mixture solution of Tris, deionized water, anhydrous ethanol, NiO
powder and polydopamine hydrochloride (C;H;NO,HCI) was
subjected high-temperature calcination and thermal reduction to
obtain the nickel-carbon (Ni@C) powder. The detailed preparation
process is provided in the Electronic Supplementary Material
(ESM).

2.3 Preparation of NCCPA/CF

Ni@C and CNT were added to 20 mL deionized water in a
predetermined ratio and treated with an ice water bath ultrasonic
for 30 min to form a uniform mixed solution. The dispersion was
transferred to a 250 mL three-necked flask, polyamic acid (PAA,
the synthesis process is detailed in the ESM) and triethylamine were
added sequentially and mechanically stirred at a speed of 300 rpm
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Figure1 The preparation process and potential application concept diagram of the Ni@C/CNT/PIA//CF composite with a two-layer coupling structure.

for 2 h at room temperature to ensure sufficient cross-linkin. Next,
the reaction solution was poured into a custom mold and quickly
frozen in liquid nitrogen at —196 °C for 30 min to solidify the
system and form the Ni@C/CNT/PAA hydrogel precursor. Then,
the precursor was transferred to a freeze dryer and dried under
vacuum at —48 °C and 15 Pa for 72 h to remove the solvent and
retain the 3D porous structure, resulting in a lightweight
Ni@C/CNT/PAA aerogel. Next, the obtained composite aerogel
was placed in a tube furnace and thermally annealed at
300 °C for 2 h under argon atmosphere to complete the imidization
process, ultimately obtaining a polyimide (PI) based aerogel
Ni@C/CNT/PIA (simplified as NCCPA). NCCPA is named NCC,,.
LA (m-n is 2-1, 1-1, and 1-2) according to the difference in the
addition ratio of Ni@C and CNT. Polyvinyl alcohol (PVA) was
used as the interfacial crosslinker to achieve organic bonding
between NCCPA and CF. Specifically, a 10 wt.% PVA aqueous
solution was uniformly coated on one side of the CF fabric. The
NCCPA aerogel was immediately flatly attached to the coated
surface, and the assembly was placed in a vacuum pressing device
and pressed at room temperature under 0.08 MPa for 2 h, allowing
PVA to fully penetrate into the surface pores of the aerogel and
form hydrogen bond crosslinking with oxygen-containing
functional groups on the CF surface. Subsequently, the sample was
dried in an oven at 60 °C for 12 h to complete curing, ultimately
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obtaining the NCCPA/CF two-layer coupling composite with
robust interfacial bonding. According to the simple test results in
Fig. S2 in the ESM, NCCPA/CF can easily withstand a pulling force
of 100 g weights without any delamination.

24 Characterization

The morphology and microstructure were observed using a field
emission scanning electron microscope (FESEM thermoscientifc
Apreo C, USA). The chemical structure of the samples was
characterized by a Fourier transform infrared spectrometer (FTIR,
Nicolet 6700, USA) and an X-ray photoelectron spectrometer (XPS,
Thermo Fisher Scientific K-Alpha’, USA). Thermogravimetric
analysis (TGA) of PI and NCC,,,PA was performed in a nitrogen
atmosphere using a thermogravimetric analyzer (TG209F3,
Germany) at a heating rate of 10 °C/min. The spectral absorption in
the ultraviolet (UV), visible (Vis), and near-infrared (NIR)
wavelength ranges (0.25-2.5 um) was measured using a
UV-Vis-NIR spectrophotometer (PerkinElmer, Lambda 1050+,
Britain). The temperature-time variation of the sample surface
during the photothermal conversion process was recorded by an
infrared thermal imager (E60, FLIR, USA). The pressure-sensing
performances were assessed using an electrochemical workstation
(RST5000F) in conjunction with a universal testing machine
(UTM2203). The electromagnetic parameters of Ni@C/CNT in the
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X-band (8.2-12.4 GHz) were measured via the coaxial method 3 Results and discussion
using circular test samples with an inner diameter of 3.04 mm and
an outer diameter of 7 mm. In this work, when determining the
optimal ratio of Ni@C:CNT, Ni@C/CNT with all proportional
ratios were dispersed in paraffin at a mass fraction of 10 wt.%. The Figures 2(a) and 2(b) respectively show the SEM images of NiO and
EMI shielding performance of NCCPA/CF in the X-band was Ni@C microspheres. From Figs. 2(a) and 2(a,), the NiO obtained
determined via the waveguide method. through uniform hydrothermal reaction exhibits a microspherical

3.1 Characterization analysis

Figure2 SEM images of ((a) and (a,)) NiO, ((b) and (b,)) Ni@C microspheres, and ((c)-(c,)) the 3D porous network of the NCCPA. (d)—(f) Elemental mapping
distributions of C, O, and Ni in the NCCPA. (g) FTIR spectra of PI, Ni@C, CNT, and NCC,,PA. (h) Full X-ray photoelectron spectrum of NCC,,PA. Fine X-ray
photoelectron spectra of (i) C 1s, (g) N 1s, and (k) Ni 2p of NCC, ,PA. (I) TGA curves of PI aerogel and NCCPA in nitrogen atmosphere.
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morphology composed of nano-flower structures, with a
microsphere diameter of around 5 um. The nano-flower structure
is conducive to the uniform coating of PDA modifiers [29].
Therefore, the Ni@C particles obtained through carbon thermal
reduction still maintain the microspherical morphology of NiO,
and more Ni-C heterojunction interfaces have been formed. From
the morphology characterization in Fig. 2(c), it can be clearly seen
that the obtained PI based aerogel composite presents a honeycomb
like 3D cavity structure. The smooth honeycomb walls (Fig. 2(c,))
indicate the uniform dispersion of the magnetic phase Ni@C and
the conductive phase CNT. In addition, the high-resolution SEM
images (Fig. 2(c,)) also confirm that the Ni@C microspheres are
uniformly embedded in the PI matrix. This conclusion is further
validated by the uniform distribution of C, O, and Ni elements in
the element mapping distribution diagram (Figs. 2(d)-2(f)).

From the FTIR spectra presented in Fig. 2(g), CNT shows two
characteristic peaks at 1608 and 1150 cm™, corresponding to the
stretching vibrations of the C=0 bond and C-O bond in carboxyl
groups, respectively [30, 31]. For Ni@C, a broad peak in the range
of 800-1600 cm™ originates from the combined contribution of
high-temperature pyrolysis carbon structures (C-C and C=C bond)
and the coordination interaction between Ni-C bond [32].
Furthermore, a distinct characteristic peak at 3400 cm™ appears in
the FTIR spectra of CNT and Ni@C, which corresponds to the
stretching vibration of O-H in the surface hydroxyl groups [33].
This also provides a theoretical basis for the uniform dispersion of
CNT and Ni@C in NCCPA. Two characteristic peaks appear at
1774 and 1720 cm™ for both PI aerogel and NCCPA, which are
attributed to the symmetric stretching vibration and asymmetric
stretching vibration of the C=0 bond in the imide ring, respectively
[34, 35]. The characteristic peak observed at 1496 cm™ originates
from the stretching vibration of C=C in the benzene ring, while the
peak at 1372 cm™ is derived from the stretching vibration of the
C-N bond. The peak at 723 cm™ corresponds to the bending
vibration of C=0 in the imide ring. The appearance of the same
characteristic peaks in PI aerogel and NCCPA provides strong
evidence for the successful thermal imidization of PAA [36].

XPS was used to further analyze the chemical structure of
NCCPA, in Fig. 2(h), the NCCPA shows an XPS peak of C 1s, O 1s,
N 1s, and Ni 2p, which indicates that CNT, Ni@C, and PI have
been successfully incorporated into the NCCPA. The high-
resolution XPS of C 1Is, N 1s, and Ni 2p for the NCCPA were
analyzed in detail. Among them, the C 1s spectrum exhibits the
following characteristic peaks: 284.8 eV corresponding to
C=C/C-C, 2856 eV corresponding to C-N, 2863 eV
corresponding to C-O, and 288.5 eV corresponding to C=0. The
characteristic peak at 399.5 eV in the N 1s spectrum corresponds to
the C-N [37]. These characteristic peaks collectively confirm the
existence of the PI molecular structure (Figs. 2(i) and Figs. 2(j)). In
addition, the characteristic peak at 852 eV indicates the presence of
metallic Ni in the NCCPA (Fig. 2(k)). The presence of Ni* is
discovered because during the synthesis of Ni@C, a thin oxide layer
forms on the Ni surface, which can protect the core region of Ni
from further oxidation. Trace amounts of Ni** are detected because
the detection depth of XPS is only about 10 nm [38].

From the TGA characterization of PI and NCCPA (Fig. 2(1)), the
slight weight loss before 550 °C indicates the completion of the
desolvation and imidization process. This indicates that the PI
aerogels possess excellent thermal stability, benefiting from the
aromatic ring structure and the high bond energy of imide rings
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[39]. In addition, the residue content at 800 °C of NCC,,PA is
significantly higher than that of other samples, which may be due to
the incorporation of more CNT with excellent thermal stability
[40]. On the contrary, the residue content of NCC, ,PA composite
aerogels is significantly lower than that of other samples, which may
be attributed to the insufficient incorporation of CNT and the
excessive Ni@C in this system, and these Ni@C particles exert a
catalytic effect at high temperatures to accelerate the decomposition
of the PI matrix [41].

3.2 Electromagnetic parameters and impedance matching
of Ni@C/CNT

The dielectric loss and magnetic loss ability of composites are the
key factors determining their electromagnetic wave absorption
performance. The higher electrical conductivity of the material, the
greater the probability of electromagnetic waves colliding with free
electrons, which leads to more dielectric and polarization losses of
the electromagnetic waves [42]. Magnetic loss achieves the
attenuation of electromagnetic waves through the generation of
heat or magnetic-induced eddy current resonance during the
magnetization/demagnetization process of magnetic materials,
thereby effectively reducing the penetration ability of
electromagnetic waves and improving the absorption efficiency
[43]. However, excessive conductive media can cause severe
impedance mismatch between the surface of the composite and the
air, resulting in strong interface reflection of incident
electromagnetic waves and affecting the high absorption
performance; While excessive magnetic media can reduce the
polarization relaxation magnetic coupling ability of the composite,
decrease magnetic loss, and deteriorate the electromagnetic wave
attenuation performance [44]. Therefore, it is crucial to adjust the
ratio of conductive/magnetic fillers to achieve a triple balance mode
of “dielectric magnetic loss impedance matching” mainly based on
electromagnetic wave absorption. The appropriate proportion can
not only maximize the dielectric and magnetic loss capabilities, but
also optimize the interface polarization of heterogeneous interfaces,
achieving the goal of optimal absorption of electromagnetic waves.
Based on this, the appropriate addition ratio of Ni@C:CNT is of
vital importance to the electromagnetic wave absorption
performance of the composite. Figures 3(a)-3(c) show the real part
(¢), imaginary part (¢") of complex permittivity, and dielectric loss
tangent (tand,) under different Ni@C:CNT mass ratios. Compared
with pure Ni@C (Fig. S3 in the ESM), the introduction of one-
dimensional CNTs significantly enhanced the ¢’ and ¢” values of the
Ni@C:CNT (2:1, 1:1, 1:2) composites. This is attributed to the weak
conductivity of the zero-dimensional Ni@C microspheres, which
fails to form a continuous conductive network. In addition, as the
mass ratio of CNT increases, both ¢"and €” show an upward trend,
this is because the continuous 3D conductive network constructed
by CNT enhances charge migration (electronic conduction loss),
and the Maxwell-Wagner space charge polarization effect at the
interface strengthens dielectric polarization loss [45]. Notably, the
excessive aggregation of CNT in Ni@C:CNT (1:2) hinders
polarization relaxation, resulting in a sharp drop of tand, in the high-
frequency region. For Ni@C:CNT (1:1), the values of ¢, ¢”, and
tand, throughout the entire frequency range are more stable
compared to Ni@C:.CNT (1:2), and are higher than that of
Ni@C:CNT (2:1), indicating that the dielectric loss of the composite
is more stable and durable at this content [46]. Figures 3(d)-3(f)
presents the magnetic response characteristic parameter (real part

Nano Research, 2026, 19, 94908888
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Figure3 (a) Dielectric constant real part, (b) dielectric constant imaginary part, (c) dielectric loss angle tand,, (d) complex permeability real part, (e) complex permeability
imaginary part, (f) magnetic loss angle tand, () eddy-current loss, (h) attenuation coefficient, and (i) perfect impedance matching of Ni@C:CNT.

@’ imaginary part 4", and magnetic loss tangent tand,) curves of
Ni@C/CNT hybrid fillers. When the mass ratio of Ni@C to CNT is
1:1, the ' value of Ni@C:CNT (1:1) is significantly higher than that
of Ni@C:CNT (2:1) and Ni@C:CNT (1:2) throughout the X-band,
indicating its excellent magnetic energy storage capacity (Fig. 3(d)).
Moreover, the y" value of Ni@C:CNT(1:1) shows a steadily
increasing trend (Fig. 3(e)), and the tand, is significantly higher than
the other two samples in the high-frequency region (Fig. 3(f)), this
is mainly attributed to the synergistic effect between the magnetic
loss in Ni@C and the magnetic coupling effect caused by CNT.
whereas for Ni@C:CNT(2:1), excessive Ni@C causes particle
agglomeration, which hinders magnetic domain rotation and affects
magnetic loss performance. The eddy current loss (Cy)-frequency
(C—f) curves calculated via Eq. (S1) in the ESM are shown in
Fig. 3(g). Similar to the test results of 4" and tand,, the C, value of
Ni@C:CNT (1:1) shows an upward trend and is higher than
Ni@C:CNT (2:1) and Ni@C:CNT (1:2) in the high-frequency
region, this phenomenon is mainly attributed to the enhanced
natural resonance of the nickel cores in Ni@C powder.

In general, a relatively high attenuation constant (&) and
excellent impedance matching coefficient (|Z,/Z,|) are prerequisites

performance [47]. The a—f curves calculated via Eq. (S2) in the ESM
are presented in Fig. 3(h), the a value of Ni@C:CNT (2:1) is
relatively low, which is due to the low content of CNT, resulting in
a smaller dielectric loss. For Ni@C:CNT (1:2), although it has a
relatively high o value, the impedance mismatch limits its
electromagnetic wave absorption performance [48]. Impedance
matching coefficient (Z = |Z,/Z,|) is used to evaluate the degree of
impedance matching between the material and free space. When
the Z value is close to 1, it indicates that the electromagnetic waves
in the air can easily enter the sample and achieve the purpose of
absorption [49]. Combining Eq. (S3) in the ESM and the test results
from Fig. 3(i), it can be seen that within the frequency range of
82-124 GHz, the |Z,/Z| curve of Ni@C:CNT (1:2) deviates
significantly from the ideal value. In contrast, the |Z,/Z)| curve of
Ni@C:CNT (1:1) remains within the ideal impedance matching
range across the entire X-band. Therefore, Ni@C:CNT (1:1)
achieves an appropriate balance between the attenuation constant
and impedance matching,

Appropriate impedance matching is the prerequisite for
materials to mainly generate absorption losses in electromagnetic
waves. Therefore, it is of great significance to further explore the

for achieving superior electromagnetic wave absorption close relationship between the absorption capacity of
(B ¥ 4% umit | SCi@
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electromagnetic waves and impedance matching [50]. Figures 4(a)—
4(c) show the corresponding |Z,/Z,| values for three Ni@C:CNT
mass ratios at different thicknesses. It can be clearly observed that
for Ni@C:CNT(1:1), it has Z value closer to 1 (0.8-1.0) in the
thickness range of 2 mm, and it achieves the best impedance
matching around 10 GHz, indicating that at this ratio, the sample
can achieve a low reflection and high absorption effect on
electromagnetic waves. In contrast, although Ni@C:CNT (2:1) and
Ni@C:CNT (1:2) respectively possess strong magnetic loss and
electrical loss capabilities, impedance mismatch limits their
electromagnetic wave absorption loss capacity. Radar cross section
(RCS) simulations of Ni@C:CNT were performed using CST
software to characterize the actual far-field absorption loss
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capability of the material [51]. The scattered signals in the figure are
represented as blue bars, representing the signal strength of the
electromagnetic wave emitted by the field source after it passes
through the material. When the area of the plot is smaller and the
color is bluer, the signal is weaker and the material’s absorption loss
capability is stronger. From Figs. 4(a,)-4(c,), compared with
Ni@C:CNT(2:1) and Ni@C:CNT(1:2), Ni@C:CNT(1:1) exhibits the
weakest scattering signals, which indicates that it has the best
absorption loss capability in the X-band. The RCS values of
Ni@C:CNT are shown in Figs. 4(a,)-4(c,), within the an-gular
range of —90° to 90°, the RCS value of Ni@C:CNT(1:1) is the lowest
and all values falling below —20 dB-m%. The modulation of the
electromagnetic wave loss mechanism by single fillers and different
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)-(f) Simulated RCS curves and RCS reduction values of the PEC plane and different samples.
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hybrid components is further demonstrated by the simulated RCS
values obtained from the two-dimensional (2D) curves in the
Y-O-Z plane (Figs. 4(d)—4(f)), where the RCS values of
Ni@C:CNT(1:1) are lower than those of Ni@C, CNT,
Ni@C:CNT(2:1) and Ni@C:CNT(1:2). In addition, the theoretical
RCS value obtained by subtracting the perfect electric conductor
(PEC) plate (Fig. 4(e)) further demonstrates that Ni@C:CNT(1:1)
could achieve ideal electromagnetic wave absorption capability.

3.3 Electromagnetic interference shielding performance of
NCCPA/CF

In order to verify that the PI-based composite still maintains the
absorption dominated EMI shielding performance under the
optimal filler ratio, impedance matching and RCS simulation
analyses were also conducted on NCC,,PA. From Fig. 5(a), NCC,.
\PA with the optimal ratio shows that |Z,/Z,| approaches 1 within a
thickness range of 2-4 mm, indicating good impedance matching.
By comparing the input impedance Z,, within this thickness range,
it is found that the NCC,,PA has the closest impedance matching
to the ideal area when the overall thickness is 3 mm. The far-field
electromagnetic wave absorption performance of NCC, ,PA was
evaluated via RCS simulation (Fig. 5(b)) [52]. By analyzing the 2D
RCS values through the Y-O-Z plane of the penetrated sample, it
was found that the sample remained below —20 dB-m’ within the
range of —90° to 90°, indicating an effective electromagnetic wave
absorption performance (Fig. 5(c)).

The waveguide method can accurately reflect the EMI protection
efficacy and actual coefficients of NCCPA and NCCPA/CF. As
shown in Fig. 5(d), it can be seen that the different PI-based
NCCPA composites have little difference in shielding parameters
(SE,, SE;, and SE,, Table S1 in the ESM) due to their high porosity.
Further conversion to shielding coefficient reveals that NCCPA
mainly adopts the EMI shielding mechanism of absorption, and
NCC,,PA has the highest absorption coefficient (Fig. 5(e)), which
verifies that when the Ni@C:CNT mass content is 1:1, a triple
balance of “dielectric loss—-magnetic loss-impedance matching” has
been achieved in the composite, thereby minimizing the
electromagnetic wave reflectivity and improving its absorption rate.

In order to maintain the absorption dominated EMI shielding
mechanism of NCCPA and enhance the overall shielding
performance, a CF reflective layer was ingeniously introduced at the
lower layer of NCCPA. The resulting NCCPA/CF composite
system with a two-layer coupling structure significantly improved
the EMI shielding performance to around 50 dB (Figs. 5(f) and
5(g)), outperforming the single-layer NCCPA and CF. It is worth
noting that based on the “absorption-reflection-reabsorption”
mechanism, the absorption shielding coefficient of NCC, ,PA/CF
was further enhanced to 0.89 (Fig. 5(h)). Figure 5(i) presents the
reflection coefficient and absorption coefficient spectra of different
NCCPA/CF systems as a function of frequency. Within the entire
frequency band, the peaks of the absorption coefficient correspond
to the valleys of the reflection coefficient, indicating that the
synergistic effect between impedance matching and loss
mechanisms of the composite has reached the optimal state.
Among them, due to effective energy dissipation cycle formed by
the NCCPA electromagnetic wave absorption layer and the CF
reflection layer, especially for NCC, ,PA/CF, it exhibits a stable and
high electromagnetic wave absorption performance.

Combining the structural morphology and EMI shielding
performance, Fig. 5(j) illustrates the shielding mechanism of

Nano Research, 2026, 19, 94908888
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NCCPA/CF with a two-layer coupling structure, which can be
summarized as a three-stage synergistic electromagnetic wave loss
mechanism of “absorption-reflection-reabsorption”. This is
achieved through the special functions and microstructure design of
the two-layer unit components, effectively capturing and dissipating
electromagnetic energy [53]. When incident electromagnetic wave
reaches the sample surface, the appropriate filler ratio and the low-
density structure of the PI aerogel optimize the equivalent
impedance, making NCCPA match the impedance of free space,
thereby reducing surface reflection and allowing more
electromagnetic waves to enter the material and complete the initial
absorption in the NCCPA layer. In terms of dielectric loss, the
continuous conductive network constructed by CNT drives
electron migration to generate Joule heat, resulting in conductive
loss; The interfaces polarization loss between Ni@C, CNT/Ni@C
and the PI matrix; And the dipole polarization loss caused by
defects within the Ni@C composite [54]. In terms of magnetic loss,
Ni@C composite undergos magnetic moment rearrangement and
magnetic domain rotation under the influence of an external
magnetic field; simultaneously, the frequency of magnetic moment
movement matches the frequency of electromagnetic waves,
triggering natural resonance. Besides dielectric loss and magnetic
loss, the 3D porous network of PI aerogel leads to multiple
scattering and refraction of electromagnetic waves, thus prolonging
its propagation loss path. In addition, the high aspect ratio of
dielectric CNT and the magnetic response of Ni@C jointly
construct a “dielectric-magnetic synergistic network”. In which,
magnetic loss broadens the low-frequency absorption window,
while dielectric loss enhances high-frequency attenuation, avoiding
the contradiction of “strong reflection-low absorption” of
electromagnetic waves, thus enabling efficient capture of
electromagnetic energy over a wide frequency band. The
electromagnetic waves that have not been absorbed through the
NCCPA layer reach the bottom CF layer, and the 3D continuous
conductive network of CF reflects most of the electromagnetic
waves back to the upper NCCPA absorption layer due to its high
conductivity. Meanwhile, the double-layer interface between CF
and the NCCPA would trigger multiple reflections and interface
polarization loss, thereby achieving the multi-mechanism
collaborative attenuation of the double-layer structure. In short, the
functional partition between the upper “dielectric-magnetic
absorption layer” and the lower “conductive reflection layer”
enables electromagnetic waves to complete a closed-loop process of
“absorption-reflection-reabsorption”. This solves the problems of
incomplete absorption in the single absorption layer, as well as the
secondary pollution caused by strong reflection caused by single
reflection layers, balances low reflectivity and high absorption
efficiency, and constructs an electromagnetic wave “capture-
dissipation” integrated trap [55].

34 Potential integrated applications of NCCPA/CF

Based on the compressive stress—strain curves, cyclic compression
durability, and deformation recovery rate of the upper NCCPI
aerogel (Fig. $4 in the ESM), the NCCPA/CF two-layer coupling
structure can adjust the connectivity of the internal conductive
channels through a certain compressive stress. In addition, the
continuous rigid network of the lower CF forms a deformation-
limited domain effect, which synergistically achieves a bilinear and
highly sensitive response of the current change rate (Al/l) to the
compressive stresses. Specifically, as shown in Fig. 6(a), the
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Figure5 (a) 2D color mapping of |Z,/Z,| and (b) 3D RCS plots of NCCPA. (c) Simulated RCS curves of the PEC plane as well as PEC planes covered with NCCPA at
different angles of incidence. (d) Electromagnetic interference shielding effectiveness (EMI SE) of NCCPA. (e) Transmission (T), absorption (A), and reflection (R)
coefficients of NCCPA. (f) Frequency characteristics of EMI SE of NCCPA/CF. (g) EMI SE of CF and NCCPA/CF. (h) T, A, and R coefficients of NCCPA/CF. (i)
Frequency characteristics of A and R of NCCPA/CF. (j) Schematic diagram of EMI shielding mechanism of NCCPA/CF.
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sensitivity is 0.011 kPa™ in the low stress region and 0.006 kPa™ in
the high stress region, with a goodness of fit R > 0.99. During the
strain/pressure cyclic loading, the elastic deformation of the sample
is mediated by the elastic recovery of the PI matrix and the self-
supporting effect of the rigid CNT network, thereby ensuring the
anti-fatigue property. The “compression-recovery” reversible
characteristic of the pore channels enables highly repeatable
responses to different strains and stresses (Figs. 6(b) and 6(c)), while
the pore reconstruction dominated deformation mechanism makes
the material rate-insensitive to the tensile rate of 1-20 mm/min
(Fig. 6(d)), which embodies the structural control logic of the force-
electrical response dynamics [56, 57]. It is worth noting that the
excellent compression-recovery performance ensures that
NCCPA/CF still maintains a good EMI effect after 50 compression
cycles (Fig. S5 in the ESM).

Based on the intrinsic localized surface plasmon resonance

(LSPR) effect of Ni@C and CNT [58], NCCPA has potential for
photothermal conversion. As shown in Fig. 6(e), the maximum
sunlight absorption rate of NCCPA is as high as 95%. When
NCCPA is coupled with CF fabric, the sunlight absorption rate of
the resulting NCCPA/CF composite fiber membrane in the entire
UV-Vis-NIR wavelength range is further increased to over 97%.
The above results are attributed to the excellent light-harvesting
capability of NCCPA, which promotes more incident sunlight to
enter the material interior, and the porous microstructure of the
aerogel effectively extends the scattering path of sunlight.
Additionally, a small amount of sunlight passing through NCCPA
is reabsorbed by the CF fabric, further increasing the absorption
and utilization efficiency of sunlight (Fig. 6(f)). Specifically, as
shown in Figs. 6(g)—6(i), under simulated irradiation conditions of
0.5, 1.0, 1.5, and 2.0 times the sunlight intensity, the surface
temperature of NCCPA/CF composite fiber membranes with

Figure 6 (a) Bilinear response characteristics of piezoresistive sensing, (b) strain cycle fatigue resistance, (c) pressure cycle stability validation, (d) tensile rate insensitivity,
(e) broad-spectrum light absorption, (f) photothermal conversion synergistic mechanism, (g) upper photothermal warming kinetics, (h) lower thermal management
efficacy, (i) photothermal steady-state temperature distribution, and (j) thermal safety response to direct flame test.
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coupled structures rapidly increased to 58.6, 75.5, 93.8, and
107.5 °C, significantly higher than that of NCCPA and pure CF
fabric.

Good flame retardancy is an important foundation for the
application of materials in extreme high-temperature thermal
environments [59]. Microscale combustion calorimetry (MCC) was
employed to systematically characterize the combustion heat release
behavior of NCCPA (Fig. S6 in the ESM). The results show that as
the processing temperature increases, the peak value of heat release
rate (HRR) is only ~ 54 W/g, and it decreases rapidly after reaching
the maximum value. This indicates that NCCPA releases heat
slowly and mildly during thermal decomposition without violent
combustion, and possesses favorable high-temperature self-
extinguishing property, demonstrating excellent inherent flame
retardancy [60]. For NCCPA/CF, the upper PI aerogel itself has
high-temperature thermal stability. The 3D porous network not
only inhibits the heat conduction of air in the pores, but also
effectively blocks the propagation of flame. Additionally, in high-
temperature environments, the Ni@C microspheres catalytically
drive the condensation and carbonization process of PI to form a
dense high-temperature-resistant carbon layer barrier, blocking the
entry of oxygen and thereby inhibiting the combustion reaction.
Furthermore, the high thermal conductivity of the lower CF can
quickly dissipate heat and avoid thermal runaway caused by heat
accumulation. Therefore, under the synergistic effect of the above
action mechanisms, even when the NCCPA/CF is placed on the
high-temperature flame of an alcohol lamp, there is no combustion
generated (Fig. 6(j)).

4 Conclusion

In summary, Ni@C/CNT/PIA//CF(NCCPA/CF) achieves the
“absorption-reflection-reabsorption” shielding mechanism for
electromagnetic waves through the two-layer coupling effect of the
absorption layer Ni@C/CNT/PIA and the reflection layer CF.
Specifically, in the Ni@C/CNT/PIA layer, by adjusting the ratio of
the dielectric filler CNT to the magnetic filler Ni@C, excellent
electromagnetic wave impedance matching performance is
achieved in the X-band. When the mass ratio of CNT to Ni@C
microspheres is 1:1, the best electromagnetic wave absorption loss
performance is achieved, and this result has been further verified
through RCS simulation. The high conductivity of CF ensures the
effective reflection of electromagnetic waves passed through
Ni@C/CNT/PIA to achieve the purpose of reabsorption. In
addition, due to its biological sensing detection, photo-thermal
conversion and flame-retardant properties, NCCPA/CF may play a
role in wearable electronic detection and protection devices, as well
as in military and aerospace industries with extreme special
requirements.

Electronic Supplementary Material: Supplementary material
(preparation methods, analysis of the eddy current loss and
attenuation constant formulas, supplementary figures (Figs. S1-S6),
and supporting table (Table S1)) is available in the online version of
this article at https://doi.org/10.26599/NR.2026.94908888.
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