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Abstract
Carbon-based microwave-absorbing (MA) aerogel materials have emerged as a prominent
research  focus  in  recent  years  due  to  their  three-dimensional  (3D)  interconnected
conductive  networks  and  diverse  porous  microstructures,  which  optimize  impedance
matching and dissipate microwaves through multiple loss effects. Guided by the research
rationale  of  constructing  carbon-based  aerogels  with  diverse  microstructures  and
corresponding  unique  electromagnetic  response  behaviors,  this  review  systematically
summarizes recent advances in carbon-based microwave-absorbing aerogels over the past
five years, with particular emphasis on the rational design of carbon-based aerogels using
different  templating  strategies.  These  include  hard-template  methods  based  on  natural
biomass and polymer foams, soft-template approaches such as isotropic and directional
freeze-drying, and non-template techniques such as electrospinning and 3D printing. By
discussing  the  mechanisms  and  advantages  of  these  synthesis  strategies  in  depth,  the
relationship between porous architecture and microwave response properties is elucidated,
while  also  providing  insights  and  perspectives  on  future  carbon-based
microwave-absorbing aerogels with synergistic performance and potential for large-scale
production.
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INTRODUCTION
The rapid advancement of fifth-generation (5G) communication technology has remarkably accelerated the

proliferation and adoption of advanced electronic devices, bringing unprecedented convenience to modern

society, while raising serious concerns over electromagnetic (EM) radiation
[1-5]

. EM pollution not only

interferes with the precise operation of electronic equipment and signal transmission but also poses potential

risks to human health, including chronic diseases and long-term physiological damage. Furthermore, in the

military domain, radar stealth technology plays a critical role in defending against enemy detection systems

and ensuring reliable satellite communication, which enhances the survivability on the battlefield. In this

context, microwave-absorbing materials (MAMs) have emerged as a feasible solution to mitigate external

EM radiation, demonstrating significant research value and broad application potential in both military

defense and civilian fields.

Ideal MAMs should exhibit strong reflection loss (RL) intensity and a wide effective absorption bandwidth

(EAB), which requires a combination of excellent impedance matching and sufficient EM attenuation

capability. This combination allows microwaves to effectively penetrate the MAMs and be efficiently

attenuated through energy conversion and dissipation mechanisms
[6-10]

. Conventional MAMs, such as

ferrites, metal powders, and conductive polymers, often suffer from high density, limited RL intensity,

narrow EAB, and unstable performance under complex conditions. Carbon-based materials, recognized as

promising dielectric loss absorbers, provide advantages including high and tunable electrical conductivity,

diverse microstructures, low density, and high environmental stability
[11-13]

. Incorporating magnetic

components into carbon-based materials can introduce a dielectric-magnetic coupling effect, which helps

optimize impedance matching behaviors and enhance attenuation capacity to some extent, providing a

feasible strategy for designing high-performance carbon-based MAMs
[14-16]

. However, achieving such

performance typically requires a high filler loading to establish interconnected EM response networks within

a wave-transparent matrix, which often leads to processing challenges and increased costs in practical

applications. Introducing porous microstructures has been proposed as an effective way to alleviate

nanomaterial agglomeration and improve impedance matching.

Carbon-based aerogels with three-dimensional (3D) interconnected conductive networks and highly porous

architectures can effectively address the limitations mentioned above. They achieve this by exerting

dielectric-magnetic coupling derived from the carbon framework and the incorporated magnetic

components. In addition, they prolong the propagation pathway of incident EM waves and promote multiple

reflections and scattering due to the high specific surface area and porous microstructure
[17-19]

. More

importantly, the microstructure of aerogels can be precisely tailored through various synthesis methods,

facilitating the development of high-performance MAMs with tunable absorbing frequency bands and

multifunctional integration, presenting carbon-based aerogels as significantly promising candidates for

next-generation microwave absorption applications
[20-24]

.

Carbon-based microwave-absorbing aerogel materials have emerged as a prominent research focus in recent

years. Analysis of the Web of Science database reveals a consistent upward trend in carbon-based MAM

research, growing from 23.98% to 30.50% over the past five years, reaching 1,766 publications in 2025. In

contrast, the carbon-based aerogels account for approximately 60% of publications in the microwave

absorption aerogel field [Figure 1]. The research hotspot on carbon-based microwave-absorbing aerogels has

gradually evolved from the straightforward incorporation of heterogeneous components toward the rational

construction of specific microstructure with different defective, interfacial, and pore properties across micro-

to macro- scales, along with facilitating the synergistic effects of multiple energy absorption and dissipation

mechanisms. Recent review articles have systematically introduced the role of heterogeneous components

integration on carbon-based MAMs in promoting the magnet-dielectric coupling effects. Besides, the
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Figure 1. Schematic representation of the rapidly growing area of (A) carbon-based MAM and (B) carbon-based MA aerogel. MAM:
Microwave-absorbing material; MA: microwave-absorbing.

heteroatom doping and nanoparticle confinement strategies have also been discussed to demonstrate the

relationship between the defective and interfacial structures and the corresponding dielectric loss

behaviors
[25,26]

. Compared to the reviews as mentioned above, this review systematically summarizes the

advancement in carbon-based microwave-absorbing aerogels over the past five years, primarily emphasizing

on the construction of 3D carbon-based aerogels with interconnected conductive networks and porous

microstructure, along with revealing the significant relationship between the structure and the dielectric loss

mechanisms, thereby providing research guidance for designing and constructing carbon-based aerogels to

enhance the overall microwave absorption performance. At first, the EM parameters and microwave

absorption mechanisms of aerogel materials are introduced, accompanied by the commonly employed

testing methodologies. Subsequently, the effects of composition and microstructure on the EM response

behaviors and microwave-absorbing properties of carbon-based aerogels are comprehensively analyzed,

along with an in-depth discussion of recent developments categorized by synthesis methods, including

hard-template, self-assembly, and other novel approaches. Finally, key challenges and future research

directions for carbon-based microwave-absorbing aerogels are outlined. This review aims to provide

significant references and valuable insights for the future development and potential applications of

carbon-based microwave-absorbing aerogel materials with enhanced overall performance.

MICROWAVE ABSORPTION MECHANISMS
The environmental microwaves interact with MAMs in three primary ways: reflection at the material surface,

absorption within the MAM, and transmission through the MAM
[27-29]

. The incident power can also be

divided into three parts: reflection power (P
r
), absorption power (P

a
), and transmission power (P

t
), as shown

in Figure 2A. According to the energy conservation law, the propagation behavior of microwaves involves

the conversion and dissipation of EM energy
[30]

. Therefore, an ideal MAM should allow microwaves to enter

the aerogel with minimal reflection and ensure their dissipation within the internal structure rather than

transmission out of the aerogel, which requires key characteristics of impedance matching behavior and

attenuation capacity. Besides, dielectric and magnetic losses are the main mechanisms for absorbing

microwaves in the GHz frequency band
[31-33]

.

Dielectric loss

Dielectric loss refers to the energy loss generated by the conversion and dissipation of electric field energy in

the medium during the propagation of microwave
[34-36]

, mainly including conduction loss, dipolar
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Figure 2. Schematic diagram of (A) the interaction between microwaves and MAMs; (B) Dielectric loss and magnetic loss
mechanisms[38-40]. Reproduced with permission[38]. Copyright 2022, ELSEVIER. Reproduced with permission[40]. Copyright 2022, ELSEVIER.
Reproduced with permission[39]. Copyright 2024, ELSEVIER. MAMs: Microwave-absorbing materials.

polarization loss, and interface polarization loss. It can be quantitatively estimated using the dielectric loss

tangent (tanδe), where ε′ and ε′′ represent the real part and the imaginary part of the complex permittivity ε
r
.

According to Debye theory, the relatively complex permittivity imaginary part (ε′′) could be divided into

conduction loss (ε
c
′′) and polarization loss (ε

p
′′), as given in:

where ω is angular frequency, ε
s
 is static dielectric constant, τ is polarization relaxation time, ε∞ is relative

permittivity at high frequency, and σ is electrical conductivity. The conduction loss originates from the

electron hopping and migration properties of the carbon-based aerogel
[37]

, which is positively associated with

the electrical conductivity, as exhibited in Figure 2B
[38-40]

. As for polarization loss, it can be mainly separated

into dipolar and interfacial polarization in the GHz region, while electronic and ionic polarization contribute

to dielectric loss in a higher frequency range
[41]

. The defective sites, heteroatoms, and functional groups are

usually regarded as active centers, which induce bound charge pairs, undergoing orientation and alignment

under an alternating EM field. Since the direction change of the dipole pairs lags behind that of the external

EM field, the repeated hysteretic rotation behaviors of the dipoles lead to the Debye relaxation effect, thereby

consuming the EM energy and converting it into heat
[42]

. Besides, the interface polarization occurs at the

interface between the hetero-components with different EM properties. The uneven distribution of space

charges would accumulate on both sides of the interface under an applied electric field, fail to migrate across

the interface, forming a space charge layer as a micro-capacitor microstructure, thereby converting and

dissipating the EM energy effectively
[43-45]

.

Magnetic loss

Magnetic loss refers to the magnetic interaction and the energy conversion between the MAM and the

incident microwave. It is highly dependent on the magnetic components in MAMs, evaluated by the

magnetic loss tangent (tanδμ), including the real part (μ′) and the imaginary part (μ′′) of the complex

                                                                                        

𝜀𝑟 = 𝜀′ − 𝑗𝜀′′ (1)

tan𝛿e = 𝜀′′/𝜀′ (2)

𝜀′′ =
𝜔𝜏(𝜀𝑠 − 𝜀∞)

1 + 𝜔2𝜏2 + 𝜎

𝜔𝜀0
= 𝜀′′𝑝 + 𝜀′′𝑐 (3)

𝜀′′𝑐 =
𝜎

𝜔𝜀0
(4)
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permeability μ
r

[46]
. The magnetic loss mechanisms mainly include resonance behaviors (natural, exchange,

and domain), magnetic hysteresis, and eddy current effect
[47]

. The domain wall resonance commonly

generates at MHz frequency region and magnetic hysteresis represents irreversible magnetization behaviors

at higher magnetic field, which could be neglected at the GHz frequency range. The natural resonance

behavior is influenced by the anisotropy and magnetic moment of the magnetic component within a single

domain
[48]

, whereas exchange resonance, occurring in exchange-coupled spin systems, is negatively

correlated with the size of the magnetic particles and appears at higher frequency regions. Therefore, the

magnetic loss behavior can be tailored by controlling the magnetic anisotropy of particles with different

morphologies and crystalline structures
[49]

. Besides, eddy currents also play a crucial role in converting the

microwave energy into thermal energy due to the Joule heat effect, by generating an induced micro-current

under alternating EM fields
[50-52]

, which could be evaluated as follows:

where μ0, f, σ, and d represent the vacuum permeability, frequency, conductivity, and thickness of the MAM,

respectively. If the value of C0 remains constant, the eddy current effect reflects the primary mechanism

influencing magnetic loss. However, under the extremely high frequency of the external magnetic field with

low resistivity of the MAM, the induced magnetic field on the surface of the material would decrease the

magnetic flux density in a limited depth, leading to impedance mismatch behavior from the so-called skin

effect
[53-55]

. Therefore, the conductivity and thickness of the material are usually adjusted to weaken the

negative effect of eddy currents.

Impedance matching

The impedance matching factor Z of the material can be calculated by
[56-58]

:

where Z
in
 represents the normalized input impedance of the MAM, and Z0 is the free-space impedance with a

magnitude of 377 Ω. In addition, c refers to the velocity of microwaves. If the impedance value of the external

free space is equal to the impedance of the MAM, the microwave can enter the material rather than being

reflected.

Attenuation capacity

As mentioned earlier, good impedance matching behavior ensures the penetration of the external microwave

into the aerogel, which is the prerequisite for absorbing microwaves
[59]

. After that, the incident microwave is

required to be attenuated efficiently. The attenuation constant α can be adopted to quantify the dissipation

capacity of the MAM
[60-62]

, as given in:

𝜇𝑟 = 𝜇′ − 𝑗 𝜇′′ (5)

tan𝛿𝜇 = 𝜇′′/𝜇′ (6)

𝐶0 = 𝜇′′𝜇′−2 𝑓 −1 =
2
3
𝜋𝜇0𝜎𝑑

2 (7)

𝑍 = |𝑍𝑖𝑛/𝑍0 | (8)

𝑍𝑖𝑛 = 𝑍0

√
𝜇𝑟
𝜀𝑟

𝑡𝑎𝑛ℎ[ 𝑗 ( 2𝜋 𝑓 𝑑
𝑐

)√𝜇𝑟𝜀𝑟 ] (9)

𝛼 =
√

2𝜋 𝑓
𝑐 ×

√
(𝜇′′𝜀′′ − 𝜇′𝜀′) +

√
(𝜇′′𝜀′′ − 𝜇′𝜀′)2 + (𝜇′𝜀′′ + 𝜇′′𝜀′)2

=
√

2𝜇′ 𝜀′ 𝜋 𝑓
𝑐 ×

√(
tan 𝛿𝜇 tan 𝛿𝜀 − 1

)
+
√

tan2 𝛿𝜇 tan2 𝛿𝜀 + tan2 𝛿𝜀 + tan2 𝛿𝜇 + 1
(10)
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A larger α value indicates a stronger attenuation capability for incident microwaves, thereby dissipating EM

energy and minimizing the transmission of residual waves out of the MAM.

RL

Both the optimal impedance matching and attenuation capability determine the microwave absorption

performance of the aerogel, which is quantified by the RL calculated as follows
[63-65]

:

If the value of the RL is less than -10 dB, more than 90% of the incident microwave can be effectively

absorbed, basically meeting the requirements in practical application
[66]

. Besides, the EAB is defined as the

frequency region where the RL value is less than -10 dB. The RL and EAB are the most critical indicators to

evaluate the microwave absorption performance. Additionally, beyond the dissipation mechanisms

previously discussed, the interconnected conductive networks and porous microstructures of carbon-based

aerogels enhance energy consumption through multi-reflection and scattering
[67,68]

.

Role of the aerogel in microwave absorption performance

Apart from reducing density and enabling lightweight properties, the 3D microstructure of carbon-based

aerogels plays a significant role in enhancing microwave absorption performance, distinguishing them from

low-dimensional carbon-based counterparts
[69]

.

For example, Qiao et al. prepared porous carbon aerogels with the decoration of the highly dispersed

magnetic nanoparticles
[70]

. The introduction of CoFe alloy nano-capsules would reduce the complex

permittivity, while the complex permeability increased with the content of CoFe alloy nanoparticle within

the carbon-based aerogel. More importantly, the construction of the anisotropic cellular structure plays a

crucial role in influencing the EM response behaviors compared to the irregular microstructures prepared by

the common mechanical mixing strategy, obtaining the optimal RL intensity of -70.8 dB and EAB of 6.0 GHz

with a low filler ratio of 2.2 wt%. The contribution of aerogel toward the microwave response behaviors

could be mainly described as follows
[36]

:

(a) The porous structure allows more air to be accommodated within the interior of the aerogel, effectively

reducing the impedance mismatch between the MA aerogel and free space, thereby improving impedance

matching and ensuring microwave penetration. Accordingly, the effective permittivity of the aerogel can be

expressed using the Maxwell-Garnett (MG) equation, as given below:

where ε
eff

 is the theoretical effective dielectric constant, ε
1
 and ε

2
 are the dielectric constants of the solid and

air (ε
2
 ≈ 1), respectively, and f

r
 represents the volume proportion of pores in the materials. The carbon-based

aerogel can be regarded as a composite consisting of a solid component (carbon framework) and an air

component (pore), which can reduce the effective dielectric constant and alleviate the impedance

mismatching behaviors. Moreover, based on this equation, it is implied that the dielectric loss could be

regulated by controlling the porosity of the aerogel.

(b) The porous structure extends propagation paths and alters propagation direction of the incident

microwave, which greatly increases the contact between the microwave and the pore walls within the aerogel,

promoting the energy dissipation and transforming it into heat by the multi-reflection/scattering effect.

���
𝑅𝐿 = 20log10

𝑍𝑖𝑛 − 𝑍0
𝑍𝑖𝑛 + 𝑍0

���� (11)�

𝜀𝑀𝐺
𝑒 𝑓 𝑓 =

[
(𝜀2 + 2𝜀1) + 2 𝑓𝑟 (𝜀2 − 𝜀1)
(𝜀2 + 2𝜀1) − 𝑓𝑟 (𝜀2 − 𝜀1)

]
𝜀1 (12)
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(c) The dielectric loss effects could be improved by the unique microstructure of the aerogel. The porous

structure possesses abundant carbon-air interface areas, where a significant amount of charge accumulates

on both sides of the heterointerface, promoting interfacial polarization loss behaviors. Besides, the 3D

interconnected conductive network skeleton of the aerogel could effectively support the transport of the

electrical carriers, thereby enhancing the conduction loss.

MICROWAVE ABSORPTION PERFORMANCE OF CARBON-BASED AEROGEL BY DIFFERENT
SYNTHESIS STRATEGIES
Hard-templates methods

Natural porous template

Research on natural materials has attracted widespread attention for bio-derived carbon-based microwave

absorption aerogels, owing to their inherent biological tissue and porous structures, as well as eco-friendly

properties such as abundant resources, diverse forms, and low cost. Many natural biomasses possess unique

biological tissue structures, which can be well preserved during high-temperature pyrolysis, thus providing a

facile and convenient method to construct 3D porous carbon aerogels
[71]

. Typically, natural woods with

cellular parenchyma tissues and porous bundles are well-recognized precursors for carbon-based

microwave-absorbing aerogels, but they exhibit unsatisfactory microwave-absorbing performance due to

relying solely on the dielectric loss mechanism. Incorporating magnetic components is widely adopted to

tailor the EM response characteristics and the corresponding MA performance effectively
[72]

.

Zhao et al. prepared magnetic nickel-decorated carbon aerogel composites via a direct impregnation

approach, using NiCl
2
 and poplar wood as raw materials

[73]
. The wood matrix was immersed in a hydrated

nickel chloride solution and subjected to vacuum impregnation. Following complete drying,

high-temperature carbonization was performed at different temperatures to prepare target composites,

which directly influenced the microwave absorption characteristics. When the carbonization temperature

was set to 700 °C, the minimum RL value reached -60.4 dB at a thickness of 2.93 mm. Furthermore, the EAB

was greatly extended to 7.3 GHz at a thickness of 2.63 mm. To address weak interfacial bonding and uneven

component distribution from the direct immersion method, Gou et al. in situ grew bimetallic organic

frameworks on balsa wood via co-precipitation, followed by high-temperature annealing under a protective

atmosphere to obtain CoNi-modified wood-derived carbon composites
[74]

. When the pyrolysis temperature

was 700 °C, the optimal RL value reached -25.96 dB at 17.98 GHz with a thickness of 1.8 mm.

In addition to the co-precipitation method, hydrothermal and solvothermal methods are also considered

feasible approaches for constructing bio-derived porous MAM. Cui et al. successfully prepared

high-performance magnetic component-loaded porous carbon composites using wood as raw material

through hydrothermal and carbonization processes
[ 7 5 ]

. The uniform distribution of magnetic

nanocomposites maintained the porous microstructure of the carbon framework and contributed to multiple

EM dissipation mechanisms, thereby achieving outstanding microwave absorption performance with the RL

of -62.235 dB at a thickness of just 2.42 mm. Cui et al. employed a porous structure engineering strategy to

fabricate a high-performance Co/niobium carbide (Nb
2
CT

x
)/carbon aerogel composite material

[76]
.

Compared with bamboo cellulose carbon aerogels, the introduction of conductive Nb
2
CT

x
 and the magnetic

Co component could effectively improve the impedance matching behaviors of the corresponding

Co/Nb
2
CT

x
/carbon aerogel. Besides, the 3D interconnected network heterostructure not only promoted

conduction loss but also facilitated the multi-reflection and multi-scattering effects, thereby exhibiting a

remarkable RL value of -60.25 dB at a thickness of 1.67 mm and a low density of 54.03 mg·cm
-3
. Furthermore,

the Radar Cross Section (RCS) simulation results indicate the aerogel’s effectiveness in reducing its

detectability.
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Besides, Shen et al. synthesized balsa wood-derived carbon aerogels loaded with magnetic metals via a

solvothermal method, followed by high-temperature carbonization
[77]

. The pore structure of the wood-based

substrate exerted a regulatory effect on the reflection and scattering of EM waves, while the incorporation of

magnetic fillers optimized impedance matching. This synergistic design enhanced both dielectric and

magnetic loss mechanisms, thereby obtaining improved microwave-absorbing performance.

In addition to introducing magnetic components into carbon-based aerogels to enhance performance by

supplying magnetic loss, doping heteroatoms into the carbon-based framework is another commonly used

method to effectively tailor dielectric loss and thereby improve microwave absorption performance. Xiao et

al. used fir wood as a raw material to in situ grow nitrogen-doped carbon nanotubes (CNTs) within

wood-derived porous carbon, while simultaneously loading magnetic cobalt nanoparticles
[78]

. The composites

exhibited a 3D conductive network structure with excellent impedance matching behavior, in which both

polarization loss and conduction loss could be tailored during the doping process, thereby demonstrating

controllable microwave absorption performance. Besides, cotton
[79]

, bamboo
[80]

, and loofah sponge
[81]

 can

serve as substrate materials to prepare lightweight biomass-derived carbon aerogels. Their natural

hierarchical porous microstructures provide abundant adsorption sites for metallic ions, which can be in situ

converted and reduced to various magnetic components during calcination, resulting in higher RL values

and broader EAB.

Polymer foams template

In addition to natural biomass with unique 3D structures, polymers with 3D porous structures are also

regarded as ideal templates for preparing corresponding carbon-based aerogels with different components,

while maintaining the pore structure effectively.

Li et al. prepared nitrogen-doped CNTs and CoO/Co nanoparticle-modified carbon aerogels by pyrolyzing a

zeolitic imidazolate framework (ZIF)-decorated melamine foam template
[82]

. The magnetic particles

contributed to magnetic losses and effectively optimized impedance matching, while heteroatom doping

enhanced dipolar polarization. In addition, the unique porous nanotube structure promoted multi-reflection

and multi-scattering of incident microwaves, achieving a minimum RL value of -52.3 dB. Yu et al.

synthesized magnetic nitrogen-doped porous carbon-based MAM using melamine foam as a template
[83]

. By

adjusting the heat treatment temperature, both the microstructure and EM response could be controlled. The

ultralight aerogel could be supported on Setaria viridis, achieving a minimum RL value of -44.15 dB at

11.18 GHz with a thickness of 2.5 mm, attributed to the synergistic effect of hetero-components and the

porous microstructure. In addition to individually loading particles and CNTs on 3D porous melamine foam

templates, Yu et al. successfully prepared zero-dimensional (0D) magnetic particles, one-dimensional (1D)

CNTs, and two-dimensional (2D) MXene-loaded 3D porous carbon-based composites via surface treatment,

self-assembly, and in situ growth strategies
[84]

. The results demonstrated that the melamine-derived

composites possessed an effective microwave absorption bandwidth of 4.72 GHz, providing new insights for

the development of carbon-based porous MAMs with coexisting multidimensional components. Similarly,

Jia et al. synthesized the carbon-based porous microstructure with the decoration of the magnetic

nanoparticles and the CNTs through chemical vapor deposition methods
[85]

. By altering the deposition time

to regulate the composition, both the EM parameters and the corresponding microwave absorption

performance of the sample could be controlled. When the pyrolysis time of C
2
H

2
 was 60 min, the microwave

absorber exhibited a strong absorption capacity of -44.48 dB, a wide effective absorption frequency range of

5.0 GHz, a thin matching thickness of 1 .68 mm, and a low density . Furthermore, magnetic

nanoparticles-encapsulated CNTs can be in situ grown on carbonized melamine foam via a facile

carbonization method
[86]

, as shown in Figure 3. The magnetic-dielectric coupling effect could be enhanced by

tailoring the concentration of the precursor, thereby optimizing the RL value to -75.4 dB at 5.2 GHz.
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Figure 3. (A) Schematic of the preparation process, (B) microstructure, (C) RL properties, and (D) microwave absorption mechanism of
CNTs-CF[86]. Reproduced with permission[86]. Copyright 2023, ELSEVIER. RL: Reflection loss; CNTs-CF: carbon nanotubes-carbon foam;
MF: melamine foam.

In addition to melamine foam, polyurethane
[87]

 and phenolic resins
[88]

 have also been used as hard templates

for constructing carbon-based porous materials decorated with hetero-components via hydrothermal and

thermal treatments. A comparison of the microwave absorption performance of carbon-based aerogels

prepared by hard-template methods is presented in Table 1. In summary, hard-template methods can

successfully produce porous carbon-based MAM with inherent hierarchical structures and tailored

components, enabling convenient regulation of EM response characteristics.

Soft-template methods

Although research on carbon-based aerogels prepared from 3D templates has made significant progress in

microwave absorption, the fixed porous structure and the surface modification limit the wide-range

regulation of the EM response behaviors. Adopting the soft-template method is an effective strategy to

address the above issue.

Freeze-drying strategy

Freeze-drying is the most employed soft-template method. During the freezing process, as ice crystals grow,

the components in the suspension are concentrated and confined in the spaces between them, forming a

solid skeletal structure templated by the ice. Subsequently, under low-temperature and high-vacuum

conditions, the ice crystals sublimate directly into vapor, leaving a porous structure that replicates the spaces

previously occupied by the ice, resulting in an aerogel with high porosity.
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Table 1. Comparison of microwave absorption performance of carbon-based aerogels with the hard-template method

Sample Mass ratio (%) Optimal RL (dB)
f at optimal
RL (GHz)

d (mm) EAB (GHz) Ref.

WPC700-Ni 20 -60.40 ~15.00 2.93 7.30 [73]

WNC-700 30 -25.96 17.98 1.80 -4.10 [74]

NiFe2O4/Ni3Fe@MC 10 -62.26 ~6.00 2.42 6.72 [75]

Co/Nb2CTx/carbon 10 -60.25 ~16.00 1.67 4.00 [76]

Co@WCA - -70.40 ~10.00 2.40 3.30 [77]

Fir@Co@CNT 20 -52.00 10.72 2.30 4.20 [78]

CN-2.5 20 -53.00 ~4.00 1.65 5.08 [79]

MDBC-8 -47.06 7.76 2.75 2.80 [80]

carbon/Fe3O4 50 -52.54 ~7.00 4.50 5.28 [81]

CoO/Co/N-CNTs 20 -52.30 14.24 2.00 5.28 [82]

MFNC-700 25 -44.15 11.18 2.50 5.30 [83]

MFTC-900 - -24.83 ~16.00 1.30 4.72 [84]

CF/CNTs@Fe3C@Fe3O4 30 -44.48 16.00 1.68 5.00 [85]

CNTs-CF 10 -75.40 5.20 4.63 - [86]

PM-700 28 -54.70 17.28 1.40 6.40 [87]

MCF-2 15 -54.02 8.92 3.05 8.92 [88]

RL: Reflection loss; EAB: effective absorption bandwidth; CNT: carbon nanotube.

Isotropic freeze-drying strategy

The isotropic freeze-drying technology holds broad application prospects and significant potential due to its

operational simplicity and minimal raw material constraints. The preparation of 3D porous carbon-based

aerogels from abundant biomass extracts using freeze-drying technology carries substantial economic and

environmental significance. Natural biomass extracts are essentially high-molecular-weight polymers,

enabling the regulation of carbon-based aerogel composition and structure to enhance their microwave

absorption capability. Cellulose is the most abundant natural polymer and can be obtained from a variety of

plants, including wood, bamboo, cotton, reeds, nutshells, and fruit peels, making it a preferred precursor for

preparing carbon-based aerogels.

Shao et al. synthesized ultralight covalent organic framework/graphene (COFG) Schottky-heterojunction

aerogels via simple assembly and freeze-drying routes [Figure 4]
[89]

. By changing the thickness and coverage

of the covalent organic framework nanolayer, the polarization and conduction losses could be effectively

tailored. Furthermore, benefiting from the abundant heterogeneous interfaces, the aerogels exhibited

outstanding microwave absorption properties, with an optimal RL value of -79.8 dB at 6.12 GHz and a wide

EAB of 6.96 GHz at a thickness of 2.35 mm. Similarly, Guo et al. synthesized cellulose-based carbon aerogels

modified with magnetic FeCo alloy nanoparticles via hydrothermal synthesis, freeze-drying, and

high-temperature pyrolysis
[90]

. The hydrothermal method effectively ensured uniform dispersion of calcined

magnetic FeCo alloy nanoparticles, facilitating optimal impedance matching and enhanced magnetic and

dielectric losses. Furthermore, the porous structure of the aerogel induced multiple reflection/scattering

effects, further attenuating incident microwaves. It exhibited a minimum RL value of -49.5 dB at 9.84 GHz

and a maximum EAB of 10.88 GHz, covering the entire Ku-band and X-band frequency regions.

The heterojunctions offer significant advantages in tailoring EM response behaviors. Incorporation of

magnetic components can induce magnetic resonance and modulate interfacial polarization, effectively
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Figure 4. (A) Scheme of the synthetic procedure, (B) SEM image, and (C and D) RL behaviors of DCOFG3 hetero-structured aerogel[89].
Reproduced with permission[89]. Copyright 2025, WILEY-VCH. SEM: Scanning electron microscope; RL: reflection loss; PG: porous RGO;
CCOFG: continuous COF-confined RGO; DCOFG: discrete COF-confined RGO; EAB: effective absorption bandwidth; RLmin: minimal value
of Reflection loss.

facilitating magnetic-dielectric coupling. In addition, heteroatom doping is an effective strategy to adjust the

conductivity of the carbon-based framework, generating dipolar pairs due to the electronegativity difference

between the dopants and carbon atoms. These dipoles promote polarization under an external alternating

EM field with relaxation behavior, thereby enhancing the polarization loss of the carbon-based MA

aerogel
[91]

.

Zhu et al. focused on the multicomponent and heterogeneous structures of cellulose aerogels, preparing

nitrogen-doped cellulose-derived carbon-based aerogels (CCMC/ZnO@Ni)
[92]

. This multidimensional

structural configuration enabled tunable EM properties and excellent impedance matching behaviors when

compared to the carboxymethyl cellulose aerogel and ZnO@Ni aerogel counterparts. Notably, Schottky

contacts at heterogeneous interfaces induced strong interfacial polarization effects, improving the MA

performance. Density functional theory calculations further revealed that the unique Schottky barrier caused

band bending, promoting directional electronic migration at interfaces and generating internal electric fields.

This significantly accelerated multiple relaxation processes in the resulting carbon-based aerogel, yielding an

enhanced RL of -64.0 dB at 13.9 GHz and an EAB of 4.9 GHz with a thickness of 2.0 mm. Wang et al.

prepared nitrogen-doped magnetic carbon-based aerogels containing nanofibers and aligned Ni chains via

freeze-drying followed by annealing
[93]

. Notably, the composite exhibited outstanding MA performance,

achieving a minimum RL of -62.0 dB and a wide EAB covering the Ku band (12.4-18.0 GHz) completely. The

outstanding MA performance originates from a 1D/2D/3D-supported interpenetrating network structure,

which exhibited eye-catching impedance matching, dielectric loss, magnetic loss, interfacial polarization,

dipolar polarization, multiple reflection and scattering characteristics. Su et al. enhanced microwave

absorption by embedding multilayer hollow cobalt sulfide into heteroatom sulfur-doped carbon aerogels
[94]

.

The formation of the hollow structure and the point defects could be controlled from the migration of the

sulfur atoms via the Kirkendall effect, which significantly enhanced the RL value to -52.82 dB and a broader
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EAB of 8.82 GHz. Additionally, the first-principles calculations and far-field simulations comprehensively

validated the contribution of the hetero-atom doping to the microwave absorption performance.

The natural biomass materials, such as chitosan
[95]

, sodium alginate
[96,97]

, gelatin
[98,99]

, and carrageenan
[100]

, are

commonly used as carbon-based precursors for preparing 3D carbon aerogels due to their wide availability

from natural sources, including shrimp, crabs, insects, and mollusks. Chitosan’s molecular chains are rich in

amino groups, providing exceptional metal ion capture capabilities and enabling the formation of magnetic

carbon-based aerogels. Similarly, the remarkable biocompatibility of sodium alginate, an environmentally

friendly carbohydrate extracted from seaweed, allows the formation of a stable gel network upon

cross-linking with metal ions, making it an ideal precursor for synthesizing interconnected carbon

frameworks. In addition, the nitrogen present in these biomolecules facilitates effective heteroatom nitrogen

doping in the carbon framework, thereby enhancing dielectric loss.

Luo et al. grew 0D magnetic cobalt nanoparticles onto a chitosan-derived nitrogen-doped carbon framework

via a simple liquid reaction, freeze-drying, and calcination process
[101]

. The resulting Co/C aerogel exhibited a

dielectrically and magnetically coupled network under optimal cobalt content conditions, achieving a

minimum RL of -44.70 dB at a thin thickness of 1.35 mm and a maximum EAB of 5.45 GHz at a thickness of

only 1.5 mm. Peng et al. synthesized lightweight porous Fe
3
O

4
-Fe/carbon aerogels (FFCA) by depositing

magnetic metals onto a chitosan-reinforced carboxymethyl cellulose matrix with different carbonization

temperatures
[102]

. The 3D porous structure and non-homogeneous interconnected conductive framework

endowed the carbon-based aerogel with outstanding characteristics. Specifically, the incorporation of

magnetic materials and carbonization at gradient temperatures enabled tunable EM parameters and excellent

impedance matching. The resulting FFCA-900 aerogel exhibited outstanding RL intensity of -45.5 dB at

2.6 mm and an EAB of 3.7 GHz. Guo et al. successfully constructed carbon-based aerogels by in situ growth

of CNTs via chemical vapor deposition and freeze-drying, effectively enhancing polarization relaxation and

optimizing impedance matching, achieving a remarkable RL of -51.6 dB and a wide EAB of 5.9 GHz
[103]

.

Carbon materials with sp
2
 graphitized structure, such as graphene

[104]
 and CNTs

[105]
, are commonly used as

raw materials for constructing aerogels due to their intrinsic electrical conductivity and abundant functional

groups. Wang et al. prepared the reduced graphene oxide (RGO)-based composite aerogel modified by

nickel nanoparticles from different contents of graphene oxide (GO) nanosheets and nickel-based

metal-organic frameworks after freeze-drying and high-temperature pyrolysis, which exhibited high porosity

and low density
[106]

. When the content of GO nanosheets was rationally regulated, both the pore structure

and the dielectric loss properties could be tailored, which can effectively enhance the overall dissipating

capability of RGO-based aerogel, thereby broadening the EAB to 5.2 GHz with a promising thickness of 1.5

mm. Besides, Shu et al. prepared 3D porous Co and CoO-loaded RGO aerogels by freeze-drying and

high-temperature reduction techniques
[107]

. By controlling the pore structure, EM parameters could be

effectively adjusted, achieving the minimum RL value and EAB of -61.8 dB and 4.2 GHz, respectively.

Directional freeze-drying strategy

The conventional freeze-casting method typically involves the solidification of a carbon-containing solution

in a uniformly low-temperature environment. Owing to isotropic ice nucleation and an uncontrolled

crystallization process, both the orientation and the morphology of the resulting ice crystals are difficult to

control, leading to a disordered and unpredictable porous microstructure. In contrast, directional freezing

strategy enables the construction of highly ordered pore architectures through the templating effect of

unidirectionally growing ice crystals under a controllable thermal gradient, which facilitates the rational

design of aligned porous frameworks in carbon-based aerogels with tunable EM response characteristics

effectively
[108]

.
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Specifically, by placing the bottom of the carbon-based solution container on a cold source and maintaining

a relatively higher temperature at the top, a stable and directional thermal gradient is established across the

sample. The ice crystals would nucleate near the cold interface and grow directionally toward the warmer

region, excluding and confining the carbon-based components between the gaps of the adjacent lamellar ice

crystal array, obtaining carbon-based aerogel with a highly ordered, anisotropic, and layered porous

structure after removing the ice template by sublimation treatment. Moreover, by tuning the key processing

parameters
[109]

, such as the thermal gradient and freezing rate, the pore size, wall thickness, orientation and

direction of pores can be tailored, enabling the construction of a hierarchically aligned structure spanning

from the micro- to macro-scale. The resulting anisotropic porous architecture produced by directional

freezing methods significantly influences the microwave propagation behaviors. Incident microwaves

undergo multiple internal reflections and scattering at channel walls and heterogeneous interfaces, rather

than penetrating the aerogel directly. This significantly prolongs their propagation path within the aerogel,

increasing opportunities for EM energy dissipation.

Fei et al. prepared carbon-based aerogels by growing cobalt nanoparticles on CNTs within a conductive

framework via directional freeze-casting followed by carbonization
[110]

. Owing to the unique 3D porous

structure with a large surface area, abundant interfacial defects, and efficient electrical conductivity, the

resulting carbon aerogel exhibited a minimum RL of -27.5 dB and an excellent EAB of 7.4 GHz. Li et al.

prepared honeycomb-like anisotropic porous channels via unidirectional freeze-drying of a chitin

nanofiber/water suspension, while the carbon-based defective microstructure could be effectively tailored by

controlling the carbonization temperature
[111]

. The resulting aerogels exhibited outstanding microwave

absorption performance for microwaves applied both parallel and perpendicular to the anisotropic channels.

The chitin-derived carbon aerogels were then subjected to controlled compression from 0% to 80% to

investigate the corresponding EM response behaviors
[112]

, achieving a maximum RL of -40 dB while covering

the entire X-band region after 60,000 compression-recovery cycles. Furthermore, radial freezing strategies, a

special type of unidirectional freezing, can produce aerogels with unique pore structures containing

numerous interfaces
[113,114]

, enhancing interfacial polarization and dielectric loss, thereby improving RL

intensity and EAB.

Compared to unidirectional freezing, bidirectional freezing is more attractive for synthesizing aerogels with

ordered and layered microstructures. To achieve broadband absorption, lamellar RGO-based aerogels were

successfully synthesized via bidirectional freezing and subsequent thermal annealing
[115]

, exhibiting

exceptional microwave absorption with a minimum RL of -72.2 dB at a thickness of 2.1 mm and an EAB of

8.4 GHz within 9.6-18.0 GHz. Liang et al. constructed a Ni nanochain-anchored 3D MXene/RGO aerogel

(NiMR-H) using bidirectional freezing followed by chemical reduction with hydrazine vapor [Figure 5A],

forming dielectric/magnetic heterogeneous interfaces with an oriented pore structure
[116]

. This aerogel

exhibited an enhanced RL of -75.2 dB with a wide EAB of 7.3 GHz, attributed to improved impedance

matching and magnetic-electric coupling. Moreover, the RL response toward incident microwaves differed

between the parallel and perpendicular directions of the anisotropic aerogel. To explore the interaction

between incident microwaves and the directional macroporous structure, Du
[117]

 measured the EM

parameters at different incident angles [Figure 5B]. Both the complex permittivity and the α value decreased

as the incident wave direction changed from perpendicular (90°) to parallel (0°) to the channels, while

impedance matching increased, due to enhanced microwave propagation along the directional pore

channels. Therefore, the pore orientation affects the trade-off between impedance matching and attenuation,

leading to direction-dependent microwave absorption performance.

The gradient-structured aerogel simultaneously enhances impedance matching and microwave attenuation

by engineering a heterogeneous pore structure. This structure exhibits a continuous spatial gradient in EM
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Figure 5. The construction and microwave absorption properties of (A) Ni/MXene/RGO aerogel[116] and (B) WCC foams[117] with different
pore orientations. Reproduced with permission[116]. Copyright 2021, American Chemical Society. Reproduced with permission[117]. Copyright
2025, Springer Nature. WCC: Tungsten carbide carbon foam; GO: graphene oxide; RL: reflection loss; EAB: effective absorption bandwidth.

parameters from the surface to the interior, thereby enabling efficient dissipation of incident microwaves

across a broad frequency range at distinct depths.

Specifically, the outermost layer of the aerogel typically exhibits a highly macroporous microstructure with

an effective impedance closely matched to that of free space, which minimizes surface reflection and

facilitates deeper penetration of incident microwaves into the aerogel. As the pore structure and conductive

network density progressively vary across successive layers, the gradual increase in effective permittivity and

permeability within the intermediate region promotes propagation and dissipation of incident microwaves

via dielectric and magnetic loss. Subsequently, the microwaves reflect from the bottom of the aerogel to the

middle layer, where they interfere with incoming waves of opposite phase, thereby consuming microwave

energy through repeated interactions with the carbon-based framework. By constructing an

“absorption-reflection-reabsorption” transmission path, the microwaves are dissipated and converted to

thermal energy over an exceptionally wide frequency range, resulting in a significant enhancement of EAB

compared to conventional homogeneous aerogels. In addition, computer simulation technology (CST)

simulations of the electric field, magnetic field, and power loss distribution were conducted to highlight the

role of the gradient structure in optimizing impedance matching and enhancing the multi-reflection effect

within the aerogel
[118-121]

.

The orientation and alignment of the porous structure also play a critical role in tailoring microwave

response
[122]

. Conventional isotropic freeze-drying or chemical foaming methods typically produce aerogels

with disordered, randomly oriented pores, which lead to limited control over microwave propagation

pathways and only modest improvement in attenuation. In contrast, aerogels with vertically aligned,

anisotropic pore channels offer advantages through directional templating strategies. Specifically, the aligned

channels allow microwaves to penetrate the aerogel along the pore axis with minimal interfacial reflection.

Moreover, the aligned pore walls promote directional reflection and scattering of microwaves within the

aerogel, facilitating repeated interactions with the conductive carbon framework and thereby enhancing

energy dissipation over an ultrabroad frequency range.

Other soft-templates

In addition to obtaining 3D porous structures through freeze-drying technology using ice templates,

templates such as silicon dioxide (SiO
2
) microspheres, polystyrene (PS) microspheres, polymethyl
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Figure 6. Schematic illustration of the synthesis process, microstructure, and the microwave absorption properties of EDCF samples with
different (A) amounts and (B) diameters of silica microspheres[124]. Reproduced with permission[124]. Copyright 2022, Springer Nature.
EDCF: Egg-derived porous carbon foam; HF: hydrogen fluoride.

methacrylate (PMMA) microspheres and salt crystals can also be introduced into the system to construct

porous carbon-based aerogels.

SiO
2
 microspheres have always been commonly used as a template to construct 3D porous structures due to

their wide-range adjustable size
[123]

. Zhang et al. constructed egg-derived porous carbon foam (EDCF) MAMs

using SiO
2
 as a template, followed by carbonization and hydrogen fluoride (HF) etching methods [Figure

6]
[124]

. By tailoring the amount of microspheres, both the porosity and the EM parameters of the ordered

porous EDCF could be controlled, revealing the contribution of either the number or the diameter of pores

in influencing the polarization loss of the incident microwave, achieving an optimal RL value of -58.08 dB

with the thickness of 1.27 mm. Besides, the ultra-wide EAB of 7.12 GHz was achieved in the aerogel with

smaller pore sizes.

The PMMA and PS microspheres can be directly decomposed during high-temperature treatment, which

could be adopted as a soft template to synthesize aerogel materials. Xiao et al. used PS microspheres as

templates for a two-step in-situ growth process, including the coating of these microspheres with Fe
3
O

4
, and

then in-situ growing Fe-Co Prussian blue analogs
[125]

. A unique porous hollow nanostructure was generated

by calcining the precursor at different temperatures. This nanostructure not only facilitated the occurrence of

various interface polarizations but also promoted the multi-reflection and multi-scattering of incident EM

waves, effectively. When the temperature was 600 °C, the synthesized carbon-based aerogel reached a

minimum RL value of -57.01 dB and the maximum EAB of 4.58 GHz, covering almost the entire X band.

Chen et al. used PMMA templates to prepare 3D ordered macroporous carbon-based materials with

different pore size distributions by changing the size of the spheres template, which could effectively adjust

the dielectric loss and the corresponding impedance matching behaviors, thereby optimizing the RL intensity

to -42.33 dB at 4.8 GHz
[126]

.

Due to their good solubility in water, salt crystals have recently been adopted as promising templates for

constructing aerogels
[127-129]

. Guo et al. reported a porous carbon-based material synthesized via a NaCl

template-assisted method combined with high-temperature calcination
[130]

. This material demonstrated

highly efficient EM wave absorption while maintaining lightweight and broadband characteristics, achieving
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an exceptional RL of -71.13 dB at 13.76 GHz with a thickness of only 2.46 mm, along with a broad EAB of

7.04 GHz. Wu et al. constructed rich heterogeneous interfaces within a hierarchical structure through a

synergistic strategy combining NaCl templates and freeze-drying, preparing carbon-based EM wave

absorbers loaded with Co/Co(OH)
2

[131]
. By controlling the carbonization temperature, remarkable EM

heterostructures and strong interfacial polarization effects were obtained. At a thickness of 2.2 mm, the

optimal RL and EAB reached -25.8 dB and 7.1 GHz, respectively.

The pore size distribution plays a critical role in determining the impedance matching behaviors and the

dielectric loss of carbon-based aerogels
[132]

. For example, Zhang et al. successfully fabricated RGO-wrapped

cellulose nanofibril (CNF)/GO aerogels with a tunable pore structure
[133]

. By increasing polyvinyl alcohol

(PVA) concentration from 0 to 15 mg·mL
-1
, the average pore size of the RGO@CNF/GO composite aerogels

decreased from 154 to 45 μm, while the dielectric loss tangent increased correspondingly, leading to the

enhancement of the microwave loss capacity. Moreover, the ε′ ′ values varied with pore size; the

RGO@CNF/GO-15 sample exhibited the highest conduction loss, which is attributed to the optimized pore

size distribution and PVA content, promoting suitable permittivity with interconnected conductive

networks, thereby exhibiting excellent microwave attenuation performance. Besides, Wang et al. reported

uniform vesicle-structured carbon spheres, which show remarkable microwave absorption performance due

to the existence of gradient pore size distributions
[39]

. First, the large pores with through-hole microstructure

in the vesicle carbon spheres allow the penetration of the microwave into the interior of the aerogel by

improving the impedance matching behavior. Second, the abundant mesopores with a pore size of 8 nm

promoted the Debye relaxation effect due to the high specific surface area, which enhanced the interfacial

polarization significantly.

Macropores with larger diameters can significantly reduce both the density of the conductive network and

the effective permittivity of the aerogel, which is essential for achieving favorable impedance matching with

free space, thereby minimizing surface reflection and facilitating deeper microwave penetration into the

aerogel
[134]

. Furthermore, macropores promote multiple internal reflections and scattering by extending the

propagation path of incident microwaves, enhancing energy absorption and dissipation. In addition,

dielectric loss can be tailored by controlling polarization behaviors arising from mesoporous and

microporous structures at the nanoscale. The high specific surface area of the mesoporous structure creates

numerous heterogeneous interfaces between the conductive carbon skeleton and air voids, where charge

carriers can accumulate to form micro-capacitor-like structures, facilitating relaxation behaviors and

enhancing interfacial polarization. Moreover, defects in the micropore walls can act as dipolar centers that

modulate local electron density without significantly altering electrical conductivity and conduction loss,

generating dipole polarization under an alternating EM field and resulting in EM energy attenuation. The

comparison of microwave absorption performance of carbon-based aerogels prepared via the soft-template

method is shown in Table 2.

Non-template strategies

Although the previously mentioned methods for preparing carbon-based aerogels have been widely adopted,

they also exhibit certain shortcomings that make them difficult to meet practical requirements in some cases.

Therefore, non-template strategies with broad applicability have gradually emerged.

For example, electrospinning has attracted widespread attention in constructing MA aerogel
[135,136]

. Wu et al.

prepared lightweight MXene/C aerogels via electrospinning. The combination of a 3D interconnected

conductive network and heterogeneous components effectively enhanced interfacial polarization and

impedance matching, endowing the aerogel with excellent microwave-absorbing properties: the minimum

RL reached -53.02 dB at a thickness of 3.8 mm
[137]

. Additionally, the composite aerogel exhibited good
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Table 2. Comparison of microwave absorption performance of carbon-based aerogels with the soft-template method

Sample Mass ratio (%) Optimal RL value (dB) f at optimal RL (GHz) d (mm) EAB (GHz) Ref.

DCOFG3 7 -79.80 6.12 2.35 6.96 [89]

FeCo@CCA-100 20 -49.50 9.84 4.05 10.88 [90]

MTF-2 40 -46.30 4.64 4.35 2.24 [91]

CCMC/ZnO@Ni 40 -64.00 13.90 2.00 4.90 [92]

Ni/CNCA - -62.00 ~14.20 2.00 6.00 [93]

CSC-70 1.20 -52.82 11.56 3.10 8.82 [94]

CMCA 11 -59.80 ~13.80 2.68 6.37 [95]

SiCw@C-Fe - -49.20 10.90 2.00 3.60 [96]

P/SiC90@Co-C - -40.08 ~12.00 1.90 4.16 [97]

MNG-7 - -36.10 ~12.30 3.10 ~4.20 [98]

Fe3N@C - -77.60 ~17.50 2.20 7.76 [99]

Co/Ni-CAs 33 -48.30 ~10.00 2.30 6.76 [100]

CA-Co-1.0 25 -44.70 ~17.30 1.35 5.45 [101]

FFCA-900 - -45.50 9.40 2.60 3.70 [102]

GFC-2 6 -51.60 ~11.80 2.40 5.90 [103]

NCGCA-3 15 -22.70 18.00 1.30 5.20 [106]

Co/CoO/RGO - -61.80 ~11.90 3.80 4.20 [107]

FeOx@C/CNTs@RGO 3 -88.70 ~13.70 2.99 7.30 [108]

HPWA-2 - -66.60 11.70 5.25 4.20 [109]

CNS/Co@NCNT-900 5 -27.50 4.60 2.50 7.40 [110]

Chitin-derived carbon - -92.80 11.60 6.61 4.20 [111]

Chitin-derived carbon - -40.00 10.40 6.90 ~4.20 [112]

Carbon@RGO/Fe3O4 5 -61.00 13.84 2.50 6.88 [113]

FMCM 40 -51.20 11.10 2.90 4.70 [114]

ZFGA4 -72.20 ~16.00 2.10 8.40 [115]

NiMR-H 0.64 -75.20 ~15.80 2.15 7.30 [116]

WCC-2 - -72.00 ~12.00 2.60 6.30 [117]

FeSiB@C@NiBr2 70 -59.00 9.10 3.00 7.00 [118]

PPy@BNC - -53.00 9.40 4.00 4.20 [119]

MC/RGO 5 -62.40 ~15.00 2.20 5.70 [120]

CNF/FeCoNi/CNT10 - -43.60 16.59 2.50 7.43 [121]

CNW/Si3N4 1.84 -50.21 10.80 3.00 4.20 [122]

Co-OPC-2 20 -43.19 ~16.50 1.70 6.86 [123]

EDCF-7 5 -58.08 16.86 1.27 ~3.00 [124]

Fe3O4@PBA 20 -57.01 10.20 4.00 4.58 [125]

3DOM RF-300 17 -42.33 10.72 2.40 4.80 [126]

3D-CFO@CN-2 20 -52.29 ~15.50 2.00 5.36 [127]

CN-Ni-1.2 - -43.28 ~16.00 2.00 5.00 [128]

Fe3O4@NC-700 - -65.50 14.50 2.30 7.10 [129]

Ni@SiO2/NGN 15 -71.13 13.76 2.46 7.04 [130]

S-0.8-700 20 -25.80 ~14.00 2.20 7.10 [131]

FP-7 30 -71.30 ~14.80 1.87 4.64 [132]

RGO@CNF/GO-10 - -47.30 ~9.50 3.00 9.44 [133]

CSC-327 5.5 -36.10 17.52 1.60 6.32 [39]

RL: Reflection loss; EAB: effective absorption bandwidth; CNTs: carbon nanotubes; RGO: reduced graphene oxide; 3D: three-dimensional.
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Figure 7. (A) Schematic diagram of the fabrication process, (B) microwave absorption performance, and (C) mechanism of 3D-printed
graphene/NiCoO2/Se materials[139]. Reproduced with permission[139]. Copyright 2024, American Chemical Society. 3D: Three-dimensional;
GA: graphene aerogel; HMTA: hexamethylenetetramine; NCO: NiCoO2; RL: reflection loss; EAB: effective absorption bandwidth.

Table 3. Comparison of microwave absorption performance of carbon-based aerogels with the non-template method

Sample Mass ratio (%) Optimal RL value (dB) f at optimal RL (GHz) d (mm) EAB (GHz) Ref.

CSA-RGO AMs 4 -63.00 12.64 3.60 7.04 [135]

HCNTs@Ti3C2Tx - -35.50 10.60 2.20 2.20 [136]

MC-3 15 -53.02 9.28 3.80 4.44 [137]

CPDA@RCNFs 5 -63.31 ~17.50 1.80 5.60 [138]

graphene/NiCoO2/Se - -60.70 ~9.00 4.60 8.00 [139]

MG2-1.4 - -56.85 17.90 2.70 8.10 [140]

RL: Reflection loss; EAB: effective absorption bandwidth.

thermal insulation due to air trapped in the numerous pores, highlighting its broad application potential.

Zhang et al. constructed multidimensional hierarchical networks through a series of processes including

electrospinning, deacetylation, self-polymerization, and carbonization, achieving an ultra-high RL of -63.31

dB and a wide EAB of 5.60 GHz at a thickness of 1.8 mm
[138]

.

With recent technological advancements, 3D printing has attracted increasing attention for its unique ability

to create customized configurations that are difficult to achieve with traditional manufacturing techniques.

Liu et al. adopted a 3D printing strategy to construct a graphene-based conductive scaffold [Figure 7],

followed by in situ anchoring of NiCoO
2
 and Se nanosheets onto the skeleton

[139]
. This effectively enhanced

interfacial polarization and magnetic loss, resulting in a remarkable RL of -60.7 dB and a wide EAB of 8 GHz.

Liu et al. constructed a flexible MXene/RGO aerogel through a new 3D printing technology, which possessed

lightweight properties and could be placed on the head of a dandelion seed
[140]

. By adjusting the composition

content and the microstructure parameters, the microwave absorption performance could be effectively

enhanced, achieving an ultra-wide EAB of 8.10 GHz, covering most of the X-band and the entire Ku band,

and the minimum RL value was -56.85 dB. As shown in Table 3, these new techniques offer a new insight

into synthesizing carbon-based materials with controllable 3D porous structures and remarkable

performance, presenting great potential in the next-generation microwave-absorbing candidates.
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Table 4. Comparison of different synthesis methods of carbon-based aerogels across different parameters

Method Cost Process complexity Current industrialization Structural controllability Scalability

Hard-template 2-3 2 5 2 4

Soft-template 3-4 3-4 3 3-4 3

Non-template 5 5 1 5 5 (future)

Comparison of different templated methods

Constructing carbon-based aerogels with tailored porosity, size distribution, and orientation can effectively

regulate EM response behaviors by optimizing impedance matching, dielectric loss, and multiple internal

reflections. Both structural simulations and experimental analyses can reveal structure-property relationships

and guide the rational design of carbon-based aerogels with enhanced microwave absorption performance.

Different templating strategies present advantages in terms of process complexity, structural controllability,

cost, scalability, and practical application potential, as discussed below:

The synthesis of carbon-based aerogels via the hard-template strategy primarily involves template

pretreatment, assembly of the carbon precursor on the template, and optional carbonization or

template-removal steps. The hard-template approach offers advantages including facile procedures, ease of

scalability for batch production, low cost, and wide template availability, demonstrating feasibility for

industrial-scale applications. However, due to the inherent structural differences in natural templates, the

resulting aerogels often suffer from poor customizability and limited control over pore structure and

corresponding microwave absorption performance.

By comparison, as a representative soft-template approach, the freeze-drying strategy typically involves

preparing a carbon-based solution, constructing ice crystals with specific structures, removing the template

by sublimation, and performing potential post-treatment steps. This method enables effective design and

regulation of the 3D conductive network and ordered pore structures, facilitating precise tuning of the EM

parameters of carbon-based aerogels. However, industrial adoption is constrained by the high cost of

freeze-drying equipment, substantial energy consumption during sublimation, and relatively low production

efficiency. Moreover, the growth behavior of ice crystals during freezing is difficult to precisely control at the

nanoscale through process parameter adjustment, leading to challenges in perfectly replicating the pore

structure. Future efforts should focus on improving structural controllability and template-removal

efficiency to enhance both manufacturing cost-effectiveness and property consistency of the aerogel-based

products.

Emerging non-template strategies, such as electrospinning and 3D printing, can precisely construct complex

3D structures (including gradient or periodic lattice structures) with the assistance of intelligent digital

modeling and automated equipment. These methods can effectively control EM response behaviors,

optimizing impedance matching and synergistic dissipation for customized microwave absorption

performance. The core challenge lies in regulating the coupling properties of the raw materials, including the

viscosity, electrical conductivity, and surface tension of spinning solutions, or the rheological behavior of

printing inks, which are crucial in determining both the structure and properties of the resulting

carbon-based materials. Although relatively high cost and operational complexity currently limit widespread

application, these methods represent the direction for advanced intelligent manufacturing, showing great

promise for next-generation high-value applications, including 5G communications, flexible electronics, and

wearable devices. The comparison of different synthesis strategies is summarized in Table 4, in which larger

numbers indicate higher superiority of the parameters.
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Multi-functional integration of carbon-based aerogel

By utilizing the synergistic effects of heterogeneous components and porous network structures,

carbon-based microwave-absorbing aerogels demonstrate remarkable potential for integrating multiple

functionalities.

Specifically, due to the low thermal conductivity of air, aerogels with nano- and micro-scale pores can

effectively restrict heat conduction of gas molecules by forming a thermal insulation structure
[141]

.

Furthermore, oriented pore channels can not only suppress thermal convection but also promote the

propagation and dissipation of microwaves along the interconnected conductive networks, thereby enabling

both microwave absorption and thermal insulation simultaneously
[142]

. For example, the anisotropic porous

structure of carbon-based aerogels with axial through-holes can be constructed via bidirectional freezing and

subsequent carbonization
[143]

. The interconnected conductive network with long-range ordered lamellar

layers and interlamellar bridges effectively promotes conduction loss along the parallel axis while impeding

heat flow in the vertical direction, achieving a high RL of -63.0 dB and broad EAB of 7.0 GHz with thermal

insulation properties. Additionally, incorporating non-conductive thermal insulating components such as

aramid nanofibers
[144]

 or polyimide
[145]

 to form an interpenetrating network with the conductive skeleton

enhances thermal management,  thereby integrat ing infrared steal th performance into the

microwave-absorbing aerogel. Moreover, introducing MXene
[146]

 components with both high electrical

conductivity and low infrared emissivity, combined with a multi-layered structure with gradient EM

response properties, results in an aerogel exhibiting an excellent RL of -60.1 dB at an ultrawide EAB of 14.1

GHz, along with compressibility. COMSOL Multiphysics® simulations were used to analyze the evolution of

power loss density in each layer, verifying the contribution of the gradient structures to the overall

performance.

Moreover, surface modifications can be regarded as effective strategies for multi-functionalization
[147]

. By

biomimicking the micro/nano roughness of lotus leaves, the hydrophobicity of carbon-based aerogels can be

enhanced through decoration with heterogeneous nanoparticles (Fe
3
O

4
/Fe/C

[148]
, rare-earth oxide Nd

2
O

3

[149]
),

which prevents water molecules from infiltrating the porous structure and affecting dielectric loss, thereby

endowing the aerogel with self-cleaning capabilities and stable microwave absorption performance under

humid conditions. Additionally, SiO
2
 and Al

2
O

3
 can be used as corrosion-resistant coatings

[150]
. For example,

Hou et al. prepared magnetic graphene-based aerogels through self-assembly, chemical reduction, and

freeze-drying, achieving a minimum RL of -51.3 dB and broad EAB of 6.64 GHz
[151]

. During chemical

reduction, the hydrophilic functional groups on the RGO surface were significantly reduced, resulting in

remarkable chemical inertness due to limited reactive groups, with enhanced corrosion resistance (low

corrosion potential of -0.45 V under a corrosion current density of 3.3 μA). This allowed the aerogel to

maintain stable microwave absorption performance after long-term immersion in NaCl solution,

demonstrating potential for critical marine applications. Zhang et al. doped highly electronegative fluorine

atoms onto graphene, synthesizing MXene/fluorinated graphene/cellulose nanofiber aerogels, which

significantly extended dipole relaxation times, achieving an ultrawide EAB of 9.08 GHz at a relatively low

thickness of 2.54 mm
[152]

. The hybrid aerogel exhibited multifunctionality: the parallel layered structure

decorated with MXene nanosheets enhanced the Joule heating effect and compressive strength, while the

aligned porous structure enabled infrared thermal camouflage.

Based on their high specific surface area and 3D interconnected pore structures, the multi-functionalization

of carbon-based aerogels can be achieved either by incorporating functional nanofillers or by tailoring

hetero-interfacial properties of the nanocomposites. This approach integrates microwave absorption with

thermal management, mechanical reinforcement, flame retardancy, and environmental stability, enabling

long-term practical applications under extreme conditions.
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CONCLUSION AND OUTLOOK
In summary, based on the comprehensive analysis and discussion, carbon-based microwave-absorbing

aerogels exhibit exceptional properties, including strong RL intensity, wide EAB, lightweight, and

multifunctionality. This outstanding performance is attributed to the rational design of dielectric-magnetic

coupling networks and hierarchical porous architectures, which enable superior impedance matching and

integration of multiple microwave dissipation mechanisms. As a result, carbon-based aerogels can meet

diverse application requirements, ranging from civilian electronics to military stealth technologies. Despite

significant progress, several challenges remain to be addressed in future research:

I) Imitating and constructing biomimetic structures

Adopting biomimetic approaches can help reveal the relationships between structural configurations and the

EM response of aerogel materials. Future research can draw inspiration from nature, including the

hierarchical pore structure of diatomite, the robust and interconnected network of spider webs, or the

photonic crystal structures of butterfly wings. By replicating such architectures and mimicking EM response

behaviors, bio-inspired aerogels could control the transmission paths of EM waves with different refraction

and scattering properties, while enabling effective conversion of EM energy via resonant absorption and

interference. This strategy holds promise for enhancing the overall microwave absorption performance of

carbon-based aerogels.

II) Performance controlling by artificial intelligence

The use of artificial intelligence (AI) tools can significantly improve the efficiency of MAM design.

Microwave absorption performance is strongly influenced by multiple parameters, including composition,

synthesis process, and microstructural features. Traditional trial-and-error methods are often inefficient and

imprecise, whereas AI-assisted machine learning models can construct comprehensive parameter databases

and uncover structure-property relationships. Microwave response behaviors can be accurately predicted

based on given aerogel parameters, supporting the inverse design of aerogel systems with targeted RL

intensity and absorption frequency bands.

III) Multifunctional integration and intelligent response

Integrating diverse functionalities into carbon-based microwave-absorbing aerogels - including thermal

management, hydrophobicity, corrosion resistance, and self-monitoring - is essential for practical

applications under extreme conditions, ensuring long-term stability and reliability. Moreover, developing

intelligent aerogels with active-responsive properties could allow reversible adjustment of EM parameters in

response to external EM fields, dynamically tuning the effective absorption frequency range. This adaptive

stealth functionality is critical for next-generation intelligent aerogel materials in advanced equipment.

IV) Large-scale production technology

The hard-template strategy offers advantages in cost-effectiveness and processing efficiency, making it

compatible with scale-up and batch production, and has achieved success in industrial applications. In

contrast, industrial adoption of soft-template strategies, such as freeze-drying, is limited by high equipment

costs, energy consumption, and low production efficiency. Template-free strategies, including 3D printing

and electrospinning, enable unprecedented spatial precision in controlling pore structures and geometry,

holding significant potential for scalable manufacturing. Therefore, developing eco-friendly, low-cost, and

scalable synthesis routes is essential to promote practical applications of carbon-based aerogels in both

military and civilian fields.
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