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Compatible Protection

Shan Zhang1,2, Chen‑Ming Liang1,2, Lu Zhou1,2, Juntao Wu1,2 *, Martin C. Koo1,2, 
Zongxin Wu2, Yun‑Tian Chen1,2, Guang‑Sheng Wang1,2 *

HIGHLIGHTS

•	 A carbonized MXene/polyimide (C-MXene/PI) aerogel with hierarchically anisotropic and gradient electrical conductivity structures 
was constructed via a stepwise freezing strategy.

•	 The C-MXene/PI aerogel shows a high EMI shielding effectiveness of 91.0 dB with a low reflection coefficient of 0.40 in the X-band, 
alongside a high shielding of 66.2 dB with an excellent low reflection of 0.33 in the THz band.

•	 The C-MXene/PI aerogel exhibits low thermal conductivity and reduced infrared emissivity, enabling exceptional infrared stealth 
capability across the 2–16 μm wavelength spectrum.

ABSTRACT  The advancement of next-generation high-frequency 
communication systems and stealth detection technologies necessi-
tate the development of efficient, multi-spectrum compatible shielding 
materials. However, the achievement of simultaneous high efficiency 
and low reflectivity across microwave, terahertz, and infrared spectra 
remains a formidable challenge. Herein, a carbonized MXene/polyimide 
(C-MXene/PI) aerogel material integrating a spatially coupled hierarchi-
cally anisotropic structure with stepwise conductivity gradients was con-
structed. Electromagnetic waves propagate through the top-down vertical 
disordered horizontal architecture and progressive conductivity gradient of C-MXene/PI aerogel, undergoing stepwise absorption–dissipa-
tion–re-dissipation processes. The C-MXene/PI aerogel exhibits an average electromagnetic interference (EMI) shielding effectiveness of 
91.0 dB in X-band and a reflection coefficient of 0.40. In the terahertz frequency band, the average EMI shielding performance reaches 
66.2 dB with a reflection coefficient of 0.33. Furthermore, the heterolayered porous architecture of C-MXene/PI aerogels exhibits low 
thermal conductivity and reduced infrared emissivity, enabling exceptional infrared stealth capability across the 2–16 μm wavelength 
spectrum. This study provides an feasible strategy for constructing low-reflectivity multi-spectrum compatible shielding materials.
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1  Introduction

In applications such as radar stealth, aerospace platform 
protection, and the protection of critical facilities/equip-
ment from electronic warfare, there exists an urgent need 
to develop electromagnetic protective materials applica-
ble across the microwave, terahertz, and infrared bands 
[1–4]. Materials with high electrical conductivity, such as 
metal-based materials (silver/copper foil), emerging two-
dimensional materials (MXene films), or carbon-based 
macrostructures (graphene foam), typically exhibit high 
electromagnetic interference shielding effectiveness in the 
microwave and terahertz frequency bands, coupled with 
low infrared emissivity, thereby offering excellent stealth 
performance. However, their significant impedance mis-
match often leads to strong electromagnetic wave reflec-
tion [5–8]. This not only increases the risk of secondary 
pollution but also renders it vulnerable to radar detection 
systems. Therefore, the development of protective materi-
als with multi-spectral compatibility, high shielding effi-
ciency, and low reflection represents a pivotal goal for the 
future advancement of stealth materials.

Porous materials demonstrate significant potential as 
high-performance multi-spectrum compatible protection 
materials due to their unique characteristics of low density, 
high specific surface area, and tunable impedance match-
ing [9–11]. In particular, high porosity facilitates multiple 
scattering and attenuation of electromagnetic waves, offer-
ing a pathway to achieving low reflection characteristics. 
However, traditional homogeneous porous materials typi-
cally require a high content of conductive fillers or denser 
structures to attain sufficient electromagnetic interference 
shielding effectiveness (SE) [12]. This approach inevitably 
exacerbates electromagnetic wave reflection (resulting in 
a high reflection coefficient, R) [13, 14]. Conversely, pur-
suing low reflection often compromises shielding effec-
tiveness [15, 16]. This inherent contradictory relationship 
between high SE and low R complicates the attainment 
of effective multi-band shielding in homogeneous porous 
materials.

The design of multilayered structures is recognized as 
an effective strategy for developing low reflection EMI 
shielding materials. For instance, asymmetric or layered 
configurations have been engineered to guide electromag-
netic waves through an absorption–reflection–reabsorption 

process, significantly reducing reflection while maintaining 
high SE [17]. Moreover, constructing gradient conductive 
pathways within multilayered architectures enables superior 
impedance matching, effectively minimizing reflection loss 
[18]. Additionally, the combination of structural design and 
low-emissivity materials can achieve efficient thermal insu-
lation and infrared thermal camouflage [19–22]. However, 
current research primarily focuses on single-band applica-
tions such as microwave or infrared spectra, lacking com-
prehensive exploration of materials capable of simultane-
ous electromagnetic dissipation across microwave, terahertz, 
and infrared bands. Therefore, overcoming the limitations of 
conventional homogeneous structures and designing novel 
aerogel materials with multi-spectral compatibility across 
microwave, terahertz, and infrared bands based on electro-
magnetic loss mechanisms in different porous frameworks, 
while maintaining high electromagnetic interference shield-
ing effectiveness and low reflection coefficients, remains a 
significant challenge in current research.

Herein, we report an effective strategy for constructing 
aerogels with hierarchical anisotropy and graded electrical 
conductivity structures via stepwise freezing. The C-MXene/
PI aerogel features a tri-layered anisotropic structure: radial 
electromagnetic wave (EMW) incidence layer, disordered 
EMW dissipation layer, and horizontal lamellar reflection 
layer. An electrical conductivity gradient is formed by grad-
ually increasing the MXene content from the radial layer 
to the horizontal layer. Electromagnetic waves undergo 
an “absorption–dissipation–re-dissipation” process in the 
multi-level anisotropic and conductive gradient structure of 
the aerogel. As a result, C-MXene/PI aerogel demonstrates 
a high EMI SE of 91.0 dB and a low reflection coefficient 
(R = 0.40) in the X-band, while also maintaining excellent 
low-reflection (R = 0.33) and high EMI shielding perfor-
mance (66.2 dB) in the terahertz band. Furthermore, the 
porous structure C-MXene/PI aerogel exhibits a low infrared 
emissivity and low thermal conductivity, while demonstrat-
ing excellent infrared stealth performance in the 2–16 μm 
wavelength range. This work provides a novel strategy for 
designing multi-spectrum compatible protective materials 
with low reflectivity and high performance, demonstrating 
its potential for widespread application in military and aero-
space sectors.
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2 � Methods

2.1 � Main Materials

4,4′-oxydianiline (ODA; 99%), Pyromellitic dianhydride 
(PMDA, 99%) was purchased from Shanghai Research 
Institute of Synthetic Resins and sublimated prior to use. 
Ti3AlC2 powders (99%, 400 mesh) were purchased from 
Jilin 11 technology Co., Ltd. Lithium fluoride (LiF, 99%). 
Hydrochloric acid (HCl, 37 wt%), N, N-dimethyl-formamide 
(DMF, analytically pure, ≥ 99.5%) and triethylamine (TEA, 
99.0%) were supplied by Beijing Chemical Works.

2.2 � Synthesis of Ti3C2Tx MXene Flakes

Few-layer Ti3C2Tx flakes were synthesized by selective etch-
ing of Ti3AlC2 powder using LiF/HCl solvent. Firstly, 7.5 
mL of deionized water was added to 22.5 mL of analytically 
HCl (37.0 wt%) and diluted to obtain a hydrochloric acid 
solution with a concentration of 9 M. Then the prepared 
hydrochloric acid solution was added to a 100 mL of polyte-
trafluoroethylene reactor, followed by the addition of 1.6 g 
of LiF, and stirred for 30 min. Then 1 g Ti3AlC2 was slowly 
added to the above solution and stirred continuously at 35 
°C for 24 h. The product was washed with deionized water 
and centrifuged at 3500 rpm. Finally, the few-layer Ti3C2Tx 
MXene dispersion solution was obtained by ultrasonication 
under the protection of argon gas stream for 1 h, followed 
by centrifugation at 3500 rpm for 20 min. The obtained low-
layer MXene solution was centrifuged at 11,000 rpm for 30 
min at high speed to obtain concentrated Ti3C2Tx conden-
sation, and then the MXene condensation was diluted with 
water into 40 mg mL−1 MXene solution. The characteriza-
tions of MXene nanosheets are shown in Fig. S1.

2.3 � Preparation of the C‑MXene/PI Aerogel 
with Different Structures

A measured amount of ODA was added to a three-necked 
flask and dissolved in an appropriate amount of DMF. 
After complete dissolution of the ODA monomer, PMDA 
was added in three portions. The mixture was stirred and 
reacted for 6 h. The resulting solution was then poured 
into deionized water for precipitation. The precipitate was 

vacuum-dried and ground into polyamic acid (PAA) pow-
der. 0.3 g of the above powder was dissolved in a mixture 
of 0.096 g TEA and 29.304 g deionized water, yielding an 
aqueous solution of the water-soluble polyimide (PI) pre-
cursor, termed the poly(amic acid) salt (PAS) solution. The 
synthesis process of PAS is illustrated in Fig. S2.

2.7 mL of MXene solution (10 mg mL−1) was added to 
the 30 mL PAS solution (1 wt%) and mixed uniformly, yield-
ing the MXene/PAS solution. Vertically Structured Aerogel: 
The PAS solution was placed in a unidirectional freezing 
mold with a copper plate at the bottom. It was frozen in 
liquid nitrogen and subsequently freeze-dried. Disordered 
Structured Aerogel: The PAS solution was placed in a pol-
ytetrafluoroethylene (PTFE) mold without a copper plate. 
It was frozen in a refrigerator (-20 °C) and subsequently 
freeze-dried. Horizontal Structured Aerogel: The PAS solu-
tion was placed in a unidirectional freezing mold with cop-
per plates on the sides. It was frozen in liquid nitrogen and 
subsequently freeze-dried.

Heterolayered structure MXene/PAS aerogel: The 30 mL 
of PAS solution (1 wt%) was equally divided into three por-
tions. 0.9 mL of MXene solution (10 mg mL−1) was added 
to the 10 mL PAS solution (1 wt%) and mixed uniformly, 
yielding the MXene/PAS solution. The first portion was 
transferred into a custom mold and frozen in liquid nitrogen 
for 30 min. After complete solidification of the first layer, the 
mold containing the frozen layer was placed in a refrigerator 
to stabilize the sample temperature uniformly. The second 
portion was then added onto the frozen first layer and frozen 
in the refrigerator for 3 h (Fig. S3). Finally, after the second 
layer was fully solidified, the third portion was added onto 
the second layer, placed in the custom-made mold, and fro-
zen in liquid nitrogen for 30 min. After freeze-drying, a mul-
tilayer structure MXene/PAS aerogel was obtained. Multiple 
repeated experiments confirmed that the prepared samples 
exhibited consistent structural integrity and performance.

Conductivity-Gradient Aerogel: The 30 mL PAS solu-
tion (1 wt%) was divided equally into three portions. To 
these portions, 0.5, 0.8, and 1.5 mL of MXene solution 
(10 mg mL−1) were added, respectively, yielding mixed 
MXene/PAS solutions with PAS:MXene ratios of 20:1, 
12.5:1, and 6.7:1. Then, the MXene/PAS solutions mixed in 
a ratio of 20:1, 12.5:1, and 6.7:1 were successively frozen 
into the first, second and third layers of multilayer aerogels 
using the aforementioned method. After freeze-drying, the 
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heterolayered MXene/PAS aerogels with a conductivity gra-
dient structure (MXene/PAS-BG) were obtained.

MXene/PAS aerogels were heat-treated in N2 atmosphere 
(gradient temperature rise: 80 °C, 30 min; 120 °C, 30 min; 
180 °C, 30 min; 250 °C, 30 min; 300 °C, 30 min; 350 °C, 
30 min), yielding MXene/PI (MP) aerogels. The MXene/PI 
aerogels were then carbonized in a furnace under an inert 
gas atmosphere at 1100 °C for 2 h, yielding C-MXene/PI 
aerogels (CMP). The C-MXene/PI aerogel monolith with 
dimensions of 1 cm × 2 cm × 1 cm (volume: 2 cm3) was pre-
pared, exhibiting a mass of 24 mg.

2.4 � Statistics and Reproducibility

The reproducibility of the synthesis process for the heter-
olayered C-MXene/PI aerogel was rigorously evaluated 
through five independent experimental replicates conducted 
under identical conditions. The resulting structural morphol-
ogy and key functional properties including EMI shielding 
effectiveness in the X-band and 0.2–1.6 THz range reflec-
tion coefficient and thermal conductivity were confirmed 
to be highly consistent and reproducible across all repeated 
experiments. The data from these five comparative batches 
are presented in Table S5.

2.5 � Characterizations

The morphology was observed by a scanning electron micro-
scope (SEM, Quanta 250 FEG and JEOL, JSM-7500F). The 
transmission electron microscopy (TEM) images of MXene 
flakes were recorded by field-emission transmission electron 
microscopy (FETEM, JEM-2100F). The crystal structure 
was investigated by powder X-ray diffraction (XRD, Rigaku 
Ultima IV). The surface element and element valence states 
were investigated by X-Ray Photoelectron Spectroscopy 
(XPS, Thermo Scientific K-Alpha). The chemical bonds 
of the composite films were analyzed via a Fourier trans-
form infrared spectroscopy (FTIR, Nicolet iS50, Thermo 
Fisher Scientific, Waltham, MA). The height morphology of 
MXene flakes was characterized by the atomic force micro-
scope (AFM, dimension icon, Bruker). The density of the 
C-MXene/PI aerogel were measured by weighing films with 
precise dimensions. Five parallel measurements of density 

were performed on each series of samples. The electrical 
conductivity of the aerogel was measured using a four-probe 
conductivity meter (KDB-3, dual-combination). The con-
ductivity can be calculated based on the resistance meas-
ured by the four-probe conductivity meter and the thickness 
measured by the ruler. The formula is as follows:

where R is the resistance, and t is the thickness of the sam-
ple. The R and t values of the C-MXene/PI aerogel are pre-
sented in Table S6.

The EMI shielding performance of the composite films 
was tested using an Agilent PAN-N5244A vector network 
analyzer via the waveguide method (X band). The measured 
scattering parameters (S11 and S21) were used to calculate 
the absorption, reflection, and total shielding value of the 
samples. EMI SE (SET) was divided into three parts: reflec-
tion loss (SER), absorption loss (SEA), and multiple reflec-
tion loss (SEMR). EMI SE, R, and A were calculated from the 
S parameters according to the following equations:

We calculated the Specific Shielding Effectiveness (SSE), 
which is defined as SSE = Total Shielding Effectiveness 
(SET) / (material density × thickness).

The reflective and transmissive properties were investi-
gated by a terahertz time-domain spectrometer system (TPF 
15 K, Terahertz Photonics, China). The infrared reflectivity, 
transmissivity, and emissivity were revealed by a dual-band 
emissivity meter (IR-2, Shanghai Chengbo Optoelectronic 
Technology, China) in the wavelength range of 1–22 μm. 
The thermal stability was investigated by a thermal ana-
lyzer (Netzsch, STA449F3). Thermal imaging camera was 
used to record the temperature of composite films in the 

(1)� =

1

R × t

(2)R =
||S11||

2

(3)A = 1 − ||S11||
2
−
||S21||

2

(4)SER = −10 lg
(
1 − ||S11||

2
)

(5)SEA = −10 lg

(
||S21||

2

1 − ||S11||
2

)

(6)EMI SE = SER + SEA
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photothermal experiment (ST9450). The thermal conductiv-
ity of heterolayered aerogels was characterized based on the 
transient plane heat source method (Hot Disk TPS2500S). 
The infrared emissivity of MP and CMP was revealed by a 
dual-band emissivity meter (IR-2, Shanghai Chengbo Opto-
electronic Technology, China) in the wavelength range of 
2–16 µm.

2.6 � CST Simulation of C‑MXene/PI Aerogel

The electromagnetic simulations were conducted using 
CST Studio Suite 2014. The current density distribution, 
electric field distribution, and power loss distribution of the 
C-MXene/PI aerogel were simulated by importing material 
models and incorporating electrical conductivity parameters, 
with specific conductivity values provided in Table S7. To 
optimize computational efficiency, periodic boundary condi-
tions were applied to a single unit cell. The electromagnetic 
source was conFig.d with periodic boundary conditions par-
allel to the material surface and open boundary conditions 
with additional space perpendicular to the material surface. 
Mesh convergence was achieved through adaptive mesh 
refinement using hexahedral mesh elements.

3 � Results and Discussion

3.1 � C‑MXene/PI aerogel Preparation and Structure 
Characterization

Figure 1 illustrates the fabrication process of the CMP. 
The tri-heterolayered MXene/poly(amide acid) ammonium 
salt (PAS) aerogels were fabricated via layered freezing of 
MXene/poly(amide acid) PAA/ triethylamine (TEA) solu-
tion followed by freeze-drying. The layered freezing process 
was implemented in a self-made freezing mold (Fig. S3). 
In detail, by freezing MXene/PAS dispersions under verti-
cal temperature gradients (− 196 °C), uniform temperature 
gradients (− 20 °C), and horizontal temperature gradients 
(− 196 °C), respectively, the first layer with a vertical pore 
structure, the middle layer with a disordered pore structure, 
and the third layer with a layered horizontal structure were 
sequentially constructed. Additionally, the amount of MXene 
added gradually increased from the first layer (vertical) to 

the middle layer (disordered) and then to the third layer (hor-
izontal) in sequence (Figs. S4 and S5). Subsequently, the 
frozen heterolayered MXene/PAS aerogel was freeze-dried 
to remove the ice crystal templates and thermally annealed 
to achieve the polymerization of the polyimide (PI) macro-
molecules. After drying, the MXene/PI aerogel (MP) was 
subjected to high-temperature treatment in a tube furnace, 
where co-carbonization was carried out at 1100 °C, resulting 
in the formation of the 3D heterogeneous structural network. 
The synthesized heterolayered carbonized MXene/PI aero-
gel (CMP) possesses an ultralow density of approximately 
12 mg cm⁻3, being sufficiently lightweight to rest on a leaf 
while demonstrating exceptional mechanical strength by 
supporting a 500 g weight (Figs. 1b and S6).

The cross-section morphology in the axial direction of 
CMP is presented in Fig. 1c, where distinct orientation dif-
ferences were observed among the tri-layer structures. From 
the radial cross-sectional morphology of CMP layers, the 
first layer demonstrates vertically oriented vertical growth 
structures (Fig. 1c1), the intermediate transitional zone 
manifests as a disordered porous architecture (Fig. 1c2), 
and terminal stratum features horizontally aligned develop-
ment configurations (Fig. 1c3). As shown in Figs. S7 and 
S8, the SEM images demonstrate that the three layers are 
closely attached at the interface and will not separate even 
when twisted. To elucidate the interfacial interaction mecha-
nisms between MXene and PI during high-temperature co-
carbonization, systematic chemical-structural characteriza-
tion was performed with multiscale analytical protocols. 
FTIR analysis revealed that MP exhibited distinct charac-
teristic peaks at 1713, 1363, and 1016 cm−1. After undergo-
ing high-temperature carbonization, the absorption peaks 
of CMP disappeared or weakened, indicating that MP was 
partially transformed into amorphous carbon (Fig. 1d). The 
high-throughput XRD pattern clearly shows a distinct broad 
peak at 23.8° for CMP, corresponding to the amorphous car-
bon formed after carbonization of PI. Clear titanium carbide 
(TiC) peaks are observed near 36.1°, 42.1°, 61.2°, and 72.3°, 
which are assigned to the (111), (200), (220), and (311) 
crystal planes of TiC (Fig. 1e). HRTEM images reveal lat-
tice fringes with spacings of d = 0.25 nm and d = 0.215 nm, 
matching the (111) and (200) planes of TiC (Figs. 1f and 
S9). The SAED pattern displays distinct polycrystalline dif-
fraction rings corresponding to the (111), (200), and (220) 
planes of TiC (Fig. 1f). TEM-EDS and XPS spectra clearly 
detect elements such as C and Ti in CMP (Fig. 1g and S10). 
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The Ti 2p spectrum exhibits five main peaks at 455.3, 456.0, 
457.8, 459.3, 461.2, and 463.2 eV, corresponding to Ti-C 
2p3/2, Ti2⁺ 2p3/2, Ti–O 2p3/2, Ti-C 2p1/2, Ti2⁺ 2p1/2, and Ti–O 
2p1/2 bonds, respectively (Fig. 1h). These results indicate 
that the high-temperature co-carbonization of PI and MXene 
leads to a more pronounced transformation of MXene into 

TiC, accompanied by a significant enhancement in Ti-C 
bonding strength.

Raman spectroscopy reveals prominent D and G bands 
in carbonized CMP. Compared to MXene-free carbonized 
PI, CMP exhibits a higher ID/IG ratio (1.484), indicating 
that the decomposition of functional groups on MXene 
during co-carbonization introduces additional defects 

Fig. 1   The fabrication process of the heterolayered CMP aerogel with electrically conductive gradient structure and morphology characteriza-
tion. a Diagram of the device used for stratified stepwise freezing-drying. b Optical image demonstrating the lightweight of CMP aerogel. c The 
cross-sectional-SEM images of heterolayered CMP aerogel. (c1) The first layer-vertical structure. (c2) The second layer-disordered structure. 
(c3) The third layer-horizontal structure. d FT-IR spectrum of MXene, MP and CMP. e High-throughput XRD spectra of MP, CP and CMP. f 
HRTEM image of the TiC-C interface. The top-left inset shows the SAED pattern of TiC, and the magnified view reveals the lattice fringes of 
the TiC (200) plane. g TEM-EDS elemental mapping of CPM. h High-resolution XPS spectra of Ti 2p for CMP. i Raman spectra of MP, CP and 
CMP. j UPS spectra of CP and CMP
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within the 3D heterogeneous network (Fig. 1i). The ultra-
violet photoelectron spectroscopy (UPS) results show that 
compared with CP, the Fermi level of CMP increased by 
0.47 eV, from − 5.22 to − 4.75 eV, after doping with car-
bonized MXene (Fig. 1j). This clearly demonstrates charge 
transfer during the MXene doping process, which elevates 
the Fermi level of CMP and substantially enhances its 
electrical conductivity. The above results confirm that the 
high-temperature co-carbonization of PI and MXene forms 
amorphous carbon and TiC crystalline phases. The intro-
duction of MXene improves the electrical conductivity of 
the co-carbonized material, which positively influences the 
electromagnetic interference shielding performance of the 
composite.

3.2 � Electromagnetic Shielding Performance 
of C‑MXene/PI aerogel and the Low Reflection 
Mechanism

The EMI shielding performance of MXene/PI aerogels with 
identical thickness but different structures (vertical, disor-
dered, and horizontal) was systematically investigated, and 
the thicknesses of the different structures are presented in 
Table S1 and Fig. S11. The results indicate that the hori-
zontally structured MP exhibits the highest total EMI SE, 
albeit with a relatively high reflection coefficient (R). In 
contrast, the vertically structured MP demonstrates the low-
est reflection but shows a diminished SET. The disordered 
MP displays intermediate values for both SET and R, situ-
ating its performance between the horizontal and vertical 
configurations (Fig. S12). Carbonized vertical, disordered, 
and horizontal C-MXene/PI aerogels exhibit consistent 
structural-property correlations, rigorously adhering to the 
aforementioned EMI shielding mechanism (Fig. S13). A pre-
vious study developed an asymmetric dual-layer MXene/
graphene oxide aerogel, achieving a synergistic mechanism 
of absorption–reflection-reabsorption, thereby achieving 
broadband, absorption-dominated electromagnetic inter-
ference shielding effect [23]. This study constructed and 
precisely controlled a three-layer (vertical-disordered-hor-
izontal) heterogeneous structure. The results showed that 
the total EMI shielding performance of the heterolayered 
aerogel was far superior to that of the vertical structure and 
disordered structure aerogels, and was comparable to that 
of the horizontal structure aerogel (Figs. 2a and S14). This 

similarity may be attributed to the high-loss horizontal lay-
ered structure, which eliminates the need for an excessively 
thick shielding layer. The EMI shielding performance of 
CMP with hierarchical anisotropic structure is investigated 
with differing electromagnetic wave incidence angles. The 
average SET and SER in X-band were 91.4 and 6.0 dB for the 
aerogel with vertical-disordered-horizontal (CMP-T) pore 
orientation, while that were 91.3 and 2.4 dB for the aerogel 
with horizontal-disordered-vertical (CMP-B) pore orienta-
tion (Fig. 2b, d, e and Table S2). This finding indicates that 
while the total shielding effectiveness remains comparable 
for electromagnetic waves incident from different direc-
tions, waves penetrating through the vertically structured 
surface (aligned with the electromagnetic wave propagation 
direction) exhibit enhanced penetration depth, facilitating 
more effective internal dissipation within the aerogel. To 
further enhance the absorption coefficient of C-MXene/PI 
aerogel, a gradient conductive structure layer ranging from 
vertically aligned to disordered to horizontally aligned was 
constructed. This architecture maintains constant PAS con-
tent while increasing the MXene concentration along the 
structural gradient. The electrical conductivity progressively 
increases from the vertical layer to the disordered layer and 
then to the horizontal layer (Fig. S15). Figure 2c shows 
the gradient conductive-structured CMP-BG achieves low 
reflection coefficient of 0.40, surpassing that of its non-gra-
dient counterpart CMP-B (R = 0.42). Furthermore, CMP-BG 
maintains exceptional EMI shielding effectiveness (91.0 dB) 
within the X-band frequency range (Fig. 2f). Furthermore, 
we investigated the performance stability of the C-MXene/
PI aerogel under damp-heat conditions. The results indi-
cate that after exposure to an environment of 90 °C and 
80%-90% relative humidity for ten days, the EMI shielding 
performance remained largely unchanged. XRD analysis 
confirmed that the phase composition of the C-MXene/PI 
aerogel was essentially preserved after damp-heat exposure, 
consisting primarily of amorphous carbon and TiC (Fig. 
S16). Therefore, the C-MXene/PI aerogel demonstrates both 
high EMI shielding effectiveness and a low reflection coef-
ficient, showcasing promising potential for applications in 
harsh damp-heat environments.

To further understand the transmission behavior of inci-
dent EMW within CMP aerogels, the power loss density 
(PLD) distribution, electric field (EF) distribution and elec-
trical energy density (EED) distribution of CMP-T, CMP-B, 
and CMP-BG aerogels at 10 GHz were simulated through 
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finite element simulations (Figs. 2g–i and S18–S19). The 
simulated PLD distribution patterns demonstrate that elec-
tromagnetic dissipation in CMP-T primarily localizes within 
the basal horizontal structural layer, with limited penetration 
depth of electromagnetic waves into the aerogel interior, thus 

resulting in a relatively elevated reflection coefficient. Sig-
nificantly, when electromagnetic waves are incident from 
the vertically structured surface, the PLD profiles indicate 
global energy dissipation throughout the aerogel matrix. 
Notably, the progressively graded conductive architecture 

Fig. 2   The EMI shielding performances and simulated results of CMP. a EMI shielding performances of different structural CMP aerogels, b 
SET, SEA and SER average value and c absorption coefficient of CMP-T, CMP-B and CMP-BG. SET, SEA and SER of d CMP-T, e CMP-B and f 
CMP-BG in X band. PLD distribution maps of structures with g CMP-T, h CMP-B and i CMP-BG. j Comparison of EMI SE and R with those 
of previously reported EMI shielding materials. k EMI shielding mechanism of CMP



Nano-Micro Lett.          (2026) 18:204 	 Page 9 of 15    204 

of CMP-BG induces enhanced localized energy dissipation, 
particularly within the intermediate disordered phase and 
the underlying horizontal lamellar structure, as evidenced 
by intensified PLD concentrations. The EF and EED distri-
bution maps corroborate these observations, revealing syn-
ergistic electromagnetic attenuation mechanisms involving 
collective contributions of impedance matching optimization 
and multi-scale polarization effects. The research progress of 
various EMI shielding materials in other reported literature 
was summarized, and the results are shown in Figs. 2j, S20, 
and S21 [24–32]; Tables S3 and S4. The heterolayered CMP 
aerogel with electrically conductive gradient structure exhib-
ited high normalized EMI SE and ultra-low reflection coef-
ficient of 0.40, which is better than previously reported. In 
addition, benefiting from the low density (12 mg cm−3) and 
high EMI shielding effectiveness (91.0 dB) of CMP-BG, the 
SSE (SET/density × thickness) is up to 7583.3 dB cm2 g−1.

Based on the aforementioned results, a schematic of the 
absorption mechanism of the multilayer aerogels is shown 
in Fig. 2k. On the macroscale, the hierarchical anisotropic 
structure of the aerogel synergistically optimizes the overall 
impedance matching and enhances internal energy dissipa-
tion. Specifically, the vertically aligned channels, whose 
elongation direction parallels the wave propagation direc-
tion, generate numerous air-material interfaces, thereby 
improving impedance matching and promoting wave pen-
etration over surface reflection. The disordered structure, 
with its random and isotropic porous network, induces 
internal reflections and multiple scattering of electromag-
netic waves. The horizontal architecture creates extensive 
continuous conductive interfaces perpendicular to the wave 
propagation direction, through which electromagnetic waves 
are significantly attenuated via multi-layer reflections and 
conductive loss between adjacent conductive sheets. This 
layered anisotropic structure enables electromagnetic waves 
to undergo a stepwise absorption-dissipation-re-dissipation 
process. The dielectric parameter gradients arising from 
filler concentration variations between adjacent layers in 
the progressively graded conductive structure induce sig-
nificant interfacial impedance mismatches, which further 
amplify interlayer multiple reflections. Concurrently, the 
MXene/PI-derived interfacial heterojunctions and defect-
induced dipolar polarization synergistically contribute to 
electromagnetic energy absorption. Collectively, the excel-
lent EMI shielding effectiveness and low reflection coeffi-
cient of this layered anisotropic CMP aerogel are attributed 

to its multiscale anisotropic structural design. In particular, 
the gradual impedance changes achieved through the com-
bination of hierarchical conductive heterostructures, and the 
synergistic effects generated by enhanced energy dissipation 
(through interfaces and dipole polarization) facilitated by 
heterointerfaces and defect states play an important role in 
its excellent shielding properties.

3.3 � THz EMI Shielding Performances of the C‑MXene/
PI Aerogel

Terahertz (THz) technology, as a core component of 6G 
communications and military detection systems, demands 
the development of high-efficiency EMI shielding materials 
due to its high-frequency and high-energy characteristics, 
which are vital for ensuring communication security and 
fulfilling multi-scenario protection needs [33, 34] The EMI 
shielding performance (transmission and reflection) of CMP 
in the THz band was measured using terahertz time-domain 
spectroscopy (THz-TDS), with the schematic diagram of the 
testing principle illustrated in Fig. S22. Compared with the 
air reference, the terahertz signal showed significant attenua-
tion during its transmission through the C-MXene/PI aerogel 
(Figs. 3a and S23). The lower the transmittance, the better 
the shielding performance of the material against terahertz 
waves. Experimental results show that heterolayered and 
horizontal-structured CMP aerogels exhibit the lowest trans-
mittance in the 0.2–1.6 THz band (Fig. 3b), and calculated 
EMI SET values follow the order: horizontal CMP aero-
gel > heterolayered CMP aerogel > disordered CMP aero-
gel > vertical CMP aerogel (Fig. S24). However, compared 
with the horizontal and disordered structure, the reflectivity 
of the vertical and heterolayered aerogels is significantly 
lower (Figs. 3c and S25). The results indicate that, similar 
to the trends observed in the microwave band, heterolay-
ered C-MXene/PI aerogels in the terahertz band combine the 
advantages of the three structures, achieving excellent EMI 
shielding performance and ultra-low reflectivity.

The variations in terahertz EMI shielding performance 
were also tested under electromagnetic wave incidence from 
different directions (CMP-T and CMP-B) and with the intro-
duction of a progressive conductivity gradient (CMP-BG). 
The average transmittance of CMP-T, CMP-B, and CMP-
BG in the 0.2–1.6 THz range was 4.4 × 10–7–1.4 × 10–7 
(Fig. 3d), and their average EMI SET values ranged from 
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Fig. 3   THz wave EMI shielding performance of the C-MXene/PI aerogels. a THz time-domain spectroscopy, b transmittance and c reflection 
of different structural CMP aerogels in a frequency range of 0.2–1.6 THz. d Transmittance, e SET, f reflection and g SER of CMP-T, CMP-B 
and CMP-BG in THz. h SET, SEA and SER average value of CMP-T, CMP-B and CMP-BG. i Omnidirectional SET of CMP-BG aerogels with 
incident angle changing from 0° to 60°. j Schematic illustration of the omnidirectional terahertz response mechanism for heterolayered CMP 
aerogels
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63.6 to 68.5 dB (Fig. 3e). The results indicate that the inci-
dent direction of electromagnetic waves and the progressive 
allocation of conductivity gradients have minimal impact on 
the overall EMI shielding performance. However, as clearly 
shown in Fig. 3f, g, CMP-BG with a progressive concentra-
tion gradient and vertical structural incidence exhibits the 
lowest reflection coefficient (R = 0.33) and reflection value 
(SER = 1.7). Furthermore, the SET values of CMP-T, CMP-B 
and CMP-BG aerogels are 68.5, 63.6, and 66.2 dB respec-
tively, where it is observed that the SEA values have sig-
nificantly increased while the SER values have significantly 
decreased (Fig. 3h). This result reveals that the introduction 
of structural design and the gradual increase in gradient 
degree have a positive effect on enhancing terahertz absorp-
tion. The impact of varying incident angles from 15° to 60° 
on the EMI shielding performance of CMP-BG was tested. 
The results demonstrate that the CMP-BG aerogel is insensi-
tive to the incident angle of terahertz waves, which can be 
attributed to the wave-buffering effect of its heterolayered 
structure. The gradient porous structure of the outer layer 
serves as an impedance-matching zone, enabling efficient 
wave penetration rather than surface reflection across the 
entire angular spectrum. Once electromagnetic waves enter 
the aerogel, the intermediate disordered layer with randomly 
distributed interfaces and conductive networks induces 
intensive multiple scattering and internal reflections. The 
structurally isotropic nature of this layer makes its dissipa-
tion mechanism largely independent of the wave incidence 
direction. Finally, the remaining wave energy is further dissi-
pated by the inner horizontal layer. Through this coordinated 
multi-stage dissipation mechanism, the heterostructured 
CMP-BG aerogel achieves stable and highly efficient shield-
ing performance over a wide angular range, as conclusively 
demonstrated in Fig. 3i. Figure 3j demonstrates the multi-
directional shielding of terahertz electromagnetic waves 
by CMP and the EMI shielding mechanism. The abundant 
pores in the aerogel generate additional secondary reflec-
tions at large incidence angles by distorting the electromag-
netic fields on its surface, thereby inducing multiple oscil-
lations and diffraction effects. The highly conductive pore 
walls act as a guiding system for electromagnetic waves, 
dissipating them through conduction loss. Furthermore, the 
tri-heterolayered structure reduces the dependence on inci-
dence angles and local modes relative to tubular configura-
tions along the radial direction and periodic pore-structured 
tubular configurations. The progressive conductive gradient 

architecture minimizes impedance step differences between 
each layer to ensure terahertz waves penetrate the aerogel 
interior without significant reflection. In summary, the het-
erolayered CMP aerogel with electrically conductive gradi-
ent structured achieves highly efficient EMI shielding across 
both microwave and terahertz bands, while maintaining 
lightweight characteristics and low-reflection properties.

3.4 � Infrared Stealth Performance of C‑MXene/PI 
Aerogel

Modern military detection systems have rendered single-
band stealth materials insufficient for protecting military 
assets. A critical need exists for stealth materials capable 
of simultaneously suppressing thermal infrared radiation 
and microwave/terahertz reflection [35, 36]. To investigate 
the thermal transport properties of aerogels with different 
architectures, C-MXene/PI aerogel featuring vertical, disor-
dered, horizontal, and Heterolayered structures were placed 
on the heating stage, as depicted in Fig. S26. The results 
demonstrate that on the high-temperature stage, the verti-
cally oriented aerogel exhibited the highest surface radiation 
temperature, whereas the heterolayered aerogel exhibited the 
lowest (Fig. 4a, b). The thermal conductivity of four differ-
ent structured CMP were tested. The horizontal structure 
and heterolayered CMP exhibited lower thermal conductivi-
ties, which were 0.382 and 0.383 W m−1 K−1 respectively 
(Fig. 4c). This is attributed to the horizontal structure aero-
gel effectively blocks heat conduction, while the the heter-
olayered C-MXene/PI aerogel has an even more extreme 
distortion on solid heat conduction, effectively restricting 
the movement of gas molecules [37].

To further evaluate infrared stealth performance, heter-
olayered C-MXene/PI aerogel were placed on heating stages 
at 100, 200, and 300 °C to investigate changes in the aerogel 
surface radiation temperature (Fig. 4d). The surface radiation 
temperature gradually increased and stabilized after approxi-
mately 8 min. At the 10 min mark, the surface radiation tem-
peratures were 40.6, 70.8, and 101.8 °C, respectively. The 
underlying mechanism originates from two critical factors: 
Firstly, the high porosity and ultralow density of C-MXene/
PI aerogels governs surface temperature reduction through 
elongating phononn transport pathways, thereby enhancing 
the overall thermal resistance. Secondly, low infrared emis-
sivity is another key factor contributing to superior infrared 
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Fig. 4   Infrared Stealth Performance of C-MXene/PI aerogel. a Infrared thermal images, b surface temperature and c thermal conductivity of 
different structured CMP. The scale bar is 1.0 cm in infrared thermal images. d Infrared thermal images and e the surface temperature variations 
of heterolayered CMP during the heating process. The scale bar is 1.0 cm in infrared thermal images. f Infrared emissivity, g reflectivity and 
h transmission of MP and CMP in the 2–16 μm. i CMP aerogel placed on the arm for infrared thermal imaging. j Thermal infrared images of 
stealth fighter model covered with aerogel under 80 °C
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stealth performance. The infrared reflectance, absorbance, 
and transmittance of the MP and CMP aerogels across the 
2–16 μm wavelength range are shown in Fig. 4f–h. The 
increased graphitization degree resulting from carboniza-
tion endows the MXene/PI aerogel with an extremely low 
infrared emissivity [38]. The C-MXene/PI aerogel achieved 
minimum average emissivities of 52.1% and 47.9% in the 
3–5 and 8–12 μm bands, respectively. In the 2–15 μm wave-
length range, the emissivity values measure 53.1% for the 
vertically aligned structure, 48.4% for the disordered struc-
ture, and 46.8% for the horizontally aligned structure (Fig. 
S27), showing relatively minor differences compared to the 
hierarchical anisotropic C-MXene/PI aerogel. These results 
demonstrate that the excellent infrared stealth performance 
of the C-MXene/PI aerogel is achieved through the synergis-
tic combination of low thermal conductivity and moderate 
emissivity. While the low emissivity helps reduce radiative 
heat exchange, the ultra-low thermal conductivity of 0.383 W 
m−1 K−1 plays a dominant role by fundamentally minimizing 
heat transfer from the protected object to the aerogel sur-
face. This effectively lowers the surface temperature to nearly 
match the ambient environment, significantly reducing the 
thermal contrast detectable by infrared systems. When placed 
on a human arm, the CMP aerogel exhibits the same color as 
the background, demonstrating excellent thermal camouflage 
performance (Fig. 4i). As shown in Fig. 4i, the CMP aerogel 
was positioned on an aircraft fighter model heated to 80 °C, 
simulating an operational, heat-emitting fighter. The surface 
radiative temperature of the CMP aerogel reached 21.8 °C, 
approaching the ambient temperature of 20 °C (Fig. 4j), 
effectively achieving infrared stealth for the fighter model. 
These findings indicate that the heterolayered CMP aerogel 
can effectively prevent detection by external infrared surveil-
lance of both operational heat-emitting fighter aircraft and 
personnel. In summary, the C-MXene/PI aerogel exhibits 
exceptional infrared stealth characteristics, demonstrating 
promising application potential in high-tech fields such as 
aerospace, stealth weaponry, and electromagnetic protection.

4 � Conclusion

In summary, a heterolayered C-MXene/PI aerogel featur-
ing spatially programmed electrical conductivity gradients, 
fabricated via a stepwise freezing-driven assembly process 

followed by freeze-drying is presented. The C-MXene/PI 
aerogel exhibits excellent EMI shielding performance in the 
microwave and terahertz frequency bands. The average EMI 
SET values for the X-band and the 0.2–1.6 THz band are 
91.0 and 66.2 dB, respectively. Benefitting from the layered 
structure and the introduction of conductivity gradients, the 
C-MXene/PI aerogel demonstrates an extremely low reflec-
tion coefficient (R = 0.40 in the X-band and R = 0.33 in the 
THz band). Additionally, the C-MXene/PI aerogel possesses 
a low thermal conductivity of 0.383 W m−1 K−1 and exhibits 
an extremely low infrared emissivity, demonstrating poten-
tial applications in infrared stealth and thermal camouflage. 
This work presents an effective strategy for fabricating mate-
rials with low reflection and high effectiveness, achieving 
multi-spectrum compatibility across microwave, terahertz, 
and infrared regions.
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