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Lightweight, high-performance electromagnetic shielding materials rely on
the precise design of electromagnetic response structures. Conventional

M Check for updates

shielding materials often involve complex fabrication of conjugated compo-
sites or graphitization of organic materials, facing challenges in balancing their
performance and processability. As such, seeking and designing intrinsically
conjugated materials with superior processability is crucial. In this work, we
have innovatively engineered those bioinspired polymers with highly ordered
microstructures, using a 5, 6-dihydroxyindole ring tetramer framework to
construct highly ordered melanin-like nanofibers by tuning - stacking. The

resulting melanin-like aerogels represent surprising microwave absorption
performance, a maximum reflection loss of —68.87 dB, and an effective
absorption bandwidth of 5.25 GHz. In the X-band, the aerogel reached the
specific EMI shielding efficiency of 47909.9 dB cm?/g. This work represents the
first successful extension of melanin-like polymers into the microwave spec-
trum, demonstrating great potential in the electromagnetic field.

With the increasingly stringent requirements of aerospace and military
equipment for combat speed and concealment in complex environ-
ments, electromagnetic shielding materials are undergoing iterative
upgrades, aiming for higher performance and lighter weight'%. Con-
ventional metal materials and their composites usually suffer from
unsatisfactory density, leading to the increasing attentions on highly
conjugated inorganic materials such as carbon nanotubes and gra-
phene, graphene, etc., which could be compounded with polymers or
directly processed into material forms via customized methods.
However, due to their poor compatibility, there is an inevitable
dilemma that conjugate structures make it difficult to construct
effective adaptive networks™*. An Alternative strategy is to graphitize
natural or organic materials to obtain a high degree of conjugated
structures. However, the inherent defects would be present in the
graphitized products, which are difficult to regulate accurately. The
resulting electromagnetic shielding materials often exhibited limited

performance’. Therefore, the key to breaking through the lightweight
and high-performance electromagnetic shielding materials is to
develop a class of intrinsic conjugated organic materials with well-
regulated structures and functions®.

Melanin has been regarded as a class of emerging, promising
energy-dissipating biomacromolecules in nature, which could effi-
ciently absorb and transform a broad spectrum of energy due to its
characteristic and chaotic assembled structures®®. Melanin and
melanin-like polymers offer abundant chemical versatility and sig-
nificant potential for structural regulation, making them easily com-
binable with various materials. Considerable research has been
focused on the structural and interaction regulation of melanin-like
polymers, which have shown good responses to a wide range of elec-
tromagnetic waves, from ionizing radiation to near-infrared (NIR) light,
offering radiation protection, visible light absorption, and photo-
thermal conversion'. However, reports on melanin-like materials
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exhibiting effective absorption in the microwave band are quite lack-
ing, since their disordered structures cannot support long-range
electron transfer paths to respond to long-wavelength energy®. Thus, if
we could construct melanin-like materials with highly ordered micro-
structure through appropriate supramolecular engineering strategies,
it is expected to extend the energy dissipation range of melanin-
inspired polymers and break the performance limitations in light-
weight, high-performance materials for electromagnetic shielding.

Theoretically, the formation process of melanin and melanin-like
polymers involves both chemical processes(oxidation, isomerization,
rearrangement into 5,6-dihydroxyindole (DHI) tetramers, and cou-
pling reactions between intermediates) and physical assembly through
intermolecular interactions, including -t stacking and hydrogen
bonding. Traditional methods typically result in disordered melanin-
like materials due to complicated macromolecular structures and
cross-linked hydrogen bond networks formed by phenolic hydroxyl
groups, which severely inhibit the establishment of long-range
ordered structures. Therefore, we speculated that highly ordered
melanin structures can be achieved by enhancing the -t interactions
between DHI tetramers and minimizing random chemical reactions
and hydrogen bond crosslinking within the macromolecular networks.
The resulting highly ordered melanin-like polymers might enable long-
range electron conduction and improve electromagnetic response
capabilities.

One possible way to realize this goal is to increase the proportion
of cyclized indole and reduce the disordered crosslinking caused by
hydrogen bonding. To accomplish this, we strived to use indole ana-
logs as active species to induce the polymerization process, resulting
in improved -1t stacking of the DHI tetramers. This approach could
achieve the successful formation of highly ordered melanin-like
nanofibers. These nanofibers were then processed into ultra-light,
high-performance carbon aerogels through typical freeze-drying and
pyrolysis treatments. Surprisingly, the resulting melanin-inspired
aerogels exhibited exceptional electromagnetic interference (EMI)
shielding and microwave absorption (MA) properties, with a maximum
reflection loss (RL) of —68.87 dB and an effective absorption band-
width (EAB) of 5.25 GHz in the 2-18 GHz range. In the X-band, with a
density of 3.11 mg/cm? and a thickness of 2 mm, the aerogel achieved
an impressive absolute EMI shielding effectiveness (SSE/t), defined as
the shielding effectiveness (SE) value divided by the surface density,
reaching 47,909.9 dB-cm?/g. Additionally, radar cross-section (RCS)
simulations were performed, confirming the potential application of
these aerogels as intelligent electromagnetic shielding materials for
stealth technology. This work demonstrates the successful construc-
tion of melanin-like polymers with highly ordered microstructures
through the rational regulation of interaction forces, offering a dif-
ferent way for optimizing the properties of a broad range of bioin-
spired materials.

Results

Fabrication and characterization of melanin-like nanofibers
Conventional melanin-like polymers, such as polydopamine (PDA),
typically form isotropic nanoparticles due to their disordered struc-
tures. In this work, we introduced indole units with different hydroxyl
groups into the conventional melanin polymerization process, aiming
to reduce the influence of hydrogen bonding. A one-pot copolymer-
ization of different indole analogs and dopamine monomer in a mix-
ture solution of water and alcohol at room temperature in the presence
of ammonium hydroxide was facilely performed, as the typical
experimental condition for PDA nanoparticles preparation (Fig. 1A,
Note S1, and Figs. S1-S3). We discovered that the PDAs formed with
indole or 5,6-dihydroxy indole maintained traditional black nano-
particles, while those synthesized with 5-hydroxyindole exhibited
distinct yellow nanofibers prepared under similar conditions (Figs. 1B,
C and S4). Ultraviolet-visible spectra further confirmed the presence of

characteristic absorption between 300 nm and 450 nm (Fig. S5), while
there is almost no absorption in the rest of the visible region, sug-
gesting that the optical properties of PDA nanofibers are quite differ-
ent from conventional PDA nanoparticles. Furthermore, we confirmed
the existence of the highly ordered structures by transmission electron
microscopy (TEM), which revealed a layered structure with an inter-
layer spacing of approximately 3.4 A, consistent with classical -1t
stacking (Fig. 1D).

We then carefully investigated their chemical structures in detail.
Firstly, we used X-ray photoelectron spectroscopy (XPS) to determine
the element proportions, which revealed that the molar ratio of
hydroxyl indole was 17.8%, consistent with the results from elemental
analysis (EA) (Figs. 1E and S6). Next, we performed the disassembly
experiments in various solvents (Fig. S7). It was found that the nano-
fibers were completely disassembled in methanol and acetonitrile,
indicating that their assembly was driven by supramolecular forces.
The dissolution likely occurred due to the disruption of hydrogen
bonds, caused by solvent interactions and competition. Electrospray
ionization mass spectrometry (ESI-MS) analysis of the disassembled
PDA nanofibers in methanol solution revealed prominent peaks that
closely matched the coupled molecules of DHI and 5-hydroxyindole
(M1), the dimer of 5-hydroxyindole (M2), and the ring tetramer of DHI
(M3) (Figs. S8 and S9). Additionally, the ring tetramer of DHI was
successfully isolated using ultraperformance liquid chromatography-
tandem mass spectrometry (UPLC-MS) (Fig. 1H). Based on the ele-
mental analysis, we calculated the M1 to M3 ratio as 11:10, consistent
with the N and O element ratios. To better understand the self-
assembly process, we used GROMACS'®" simulations to model the
interactions between these two molecular species at the same ratio,
under identical solvent and temperature conditions (Fig. 1G). The
whole system is arranged and stacked autonomously, driven by its
interaction force. Over a simulation time of 100 ns, the molecules
exhibited a general tendency to form fibrous assemblies. Through the
analysis of the still frames at different times, a series of frequent
structures are found by performing a dynamic simulation of the entire
system, which were preserved in the final stable structure. Key struc-
tural analysis revealed that the tetramer (M3) favored axial packing,
likely contributing to the formation of nanofibers (structure 1). Addi-
tionally, the interplay of hydrogen bonding, cation-1t interactions, and
hydrophilic-hydrophobic forces, combined with the planar deflection
angles of M1 and M3, led to a deflected, side-by-side arrangement of
the fibers. M1 co-stacked via hydrogen bonding and mt-m interactions,
producing a variety of typical arrangements and corresponding
interlayer spacings (structures 2-4)'®, Based on these results, we pro-
posed that the formation of PDA nanofibers follows a specific pathway:
in a base-catalyzed environment, dopamine undergoes oxidation,
cyclization, and rearrangement to generate DHI. During this process,
quinone free radicals are formed, which initiate both self-
polymerization and copolymerization with indole. Since
5-hydroxyindole has only a single hydroxyl group, it cannot support
multidirectional hydrogen bond cross-linking. This limitation facil-
itates the formation of M3 with outward-facing hydrogen bonds'".
Additionally, M3 exhibits a strong -1t conjugation tendency, with the
delocalized m-electron cloud over the indole ring promoting direc-
tional axial packing. This axial packing provides a potential mechanism
for m-electron transport within the material. As the degree of cross-
linking varies due to hydrogen bonding between the tetramer and
other conjugated structures, nanofibers with different length-to-
diameter ratios are formed.

This hypothesis was further supported by X-ray diffraction
(XRD) analysis (Fig. 1H), which revealed a highly ordered stacking
structure that differs significantly from the amorphous peaks
typically observed in conventional PDA nanoparticles. The peaks
between 20° and 25° correspond to the m-m stacking region,
while the smaller angle peaks likely result from multistage
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diffraction or other assembled structures'®?°. These findings clo-
sely align with the structural predictions obtained from GRO-
MACS simulations. An integral analysis of the XRD data indicated
that the amorphous envelope peak region accounts for only 2.1%,
further confirming the high degree of ordered microstructures
within the PDA nanofibers. Raman spectroscopy (Fig. 1I) provided
additional evidence for the ordered structure. The PDA nanofi-
bers were found to exhibit a sharp and narrow G-peak at
1580 cm™, in stark contrast to the broader, multiple peaks char-
acteristic of conventional PDA nanoparticles. This sharp G-peak
suggested that the molecules within the nanofibers primarily
undergo in-plane stretching vibrations, with boundary vibrations
suppressed due to their fixed, lattice-like arrangement. This result
strongly correlated with the vibration characteristics of the DHI
ring tetramer. The narrow peak width further indicates a high
degree of uniformity among the molecular units participating in
in-plane vibrations within the PDA nanofibers?. Upon magnifying
the Raman spectrum, a very small signal in the D-peak region was
detected. Although this peak was visually masked, its area
accounts for only 1.61% of the G-peak area. Further, we compare it
with the computed Raman spectra obtained by Gaussian opti-
mized Structure 1, and obtain a high consistency
(Figs. S10 and S11). This result was consistent with the XRD find-
ings, reaffirming the highly ordered structures within the PDA
nanofibers.

Fabrication and characterization of PDA carbon aerogels

The as-synthesized PDA nanofiber aerogels were carbonized in a tub-
ular furnace under a flowing nitrogen atmosphere at various tem-
peratures (600 °C, 700 °C, 800 °C, and 900 °C) for 2 h, with a heating
rate of 5°C/min (Fig. 2A). The resulting carbon aerogel samples were
designated as NFAG-i (i=NFAG-600, NFAG-700, NFAG-800, and
NFAG-900), respectively. SEM imaging in Fig. 2B-D (NFAG-700, 800,
900) confirmed that the carbonized aerogels still retained their long
fibrous morphologies, indicating structural stability during carboni-
zation. XPS survey scans shown in Fig. 2C revealed the removal of N
and O elements, leading to the formation of oxygen vacancies and
electron-hole pairs within the NFAG samples. These defects act as
polarization centers, significantly enhancing the dielectric properties
of the material (Fig. 2E). Figure 2F shows the Raman spectra of NFAGs,
where the D band (centered at 1350 cm™) and G band (centered at
~1590 cm™) intensities were analyzed. The D/G ratio (Ip/lg), indicative
of the relative proportions of disordered and graphitic carbon, showed
a gradual increase in the graphite phase with rising temperatures,
reaching an Ip/Ig value of 0.8221 for NFAG-900, which is favorable for
electron transport. FTIR spectra (Fig. 2G) further corroborated these
findings, showing a significant reduction or complete disappearance of
organic C=0 and C-N peaks, consistent with the XPS results. Notably,
-t stacking in NFAG not only facilitated m-conjugated electron
transportation but also contributed to the formation of micropores
during heat treatment, since its higher bond length made it more
susceptible to such structural changes compared to typical covalent
bonds. N, adsorption-desorption characterization was used to evalu-
ate the specific surface area (SSA) and pore size distribution of the
NFAG samples. The high air-phase volume fraction provided a poten-
tial impedance-matching advantage for NFAG in dielectric applica-
tions. All samples (Fig. 2H) exhibited typical type IV isotherms with H1
hysteresis loops, indicative of capillary condensation of N,. NFAG-900
demonstrated a good surface area of 885.65 m%*/g, ~ four times higher
than that of carbonized PDA nanoparticles reported previously”. The
predominant micropores (<2 nm) play a crucial role in facilitating ion
transport, improving electrical applications, optimizing impedance
matching, and enabling the construction of abundant gas-solid
heterostructures.

MA of NFAGs

Figure 3A, B illustrates the primary loss mechanisms in NFAGs. The
extensive SSA and micropores contributed significantly to the
interfacial loss in NFAGs, while the multistage core-skin structure of
the fibers generated additional heterogeneous interfacial systems.
Debye relaxation polarization in NFAGs could be attributed to
numerous defects and residual groups, including oxygen vacancies
and electron-hole pairs induced by heat treatment, which facilitated
electron accumulation, transfer, and dipole formation. Furthermore,
the good electrical conductivity of the PDA nanofibers, owing to their
ordered structure, played a significant role in ohmic loss. This effect
was further amplified by the large aspect ratio and three-dimensional
interconnected conductive network formed during heat treatment
and sintering. Next, the MA capacity of NFAGs (NFAG-600, NFAG-
700, NFAG-800, and NFAG-900) was evaluated, respectively. Gen-
erally, an RL value below -10dB is considered the threshold for
effective absorption, indicating that more than 90% of incident
microwaves are absorbed". The corresponding microwave frequency
range is referred to as the EAB, a critical parameter for assessing the
broadband performance of microwave-absorbing (MA) materials.
The RL values of NFAGs were calculated using Egs. 4 and 5, with the
results presented in Figs. 3C, D and S15. The data revealed that the
absorption efficiency of NFAGs improved with increasing pyrolysis
temperature. Among the samples, NFAG-900 demonstrated satis-
factory performance, achieving a minimum reflection loss (RLy;,) of
-68.87 dB at 10.62 GHz and an EAB of 5.25GHz at a thickness of
2.5mm. These results surpassed most of the recently reported
microwave-absorbing materials (Fig. 3E). To further clarify the
absorbing mechanism, we discussed the electromagnetic parameters
of all samples. The real part (¢’) and imaginary part (¢”) of complex
permittivity represent the ability to store and dissipate electrical
energy, respectively. As shown in Fig. S16, the electromagnetic
parameters of NFAG-900 were characterized. Firstly, it was observed
that the ¢’ values of all samples tend to decrease with increasing
frequency. This behavior could be attributed to polarization hyster-
esis at higher frequencies and typical frequency dispersion. Addi-
tionally, both € and €“ increased with rising pyrolysis temperatures,
attributed to the higher graphite phase ratio, enhanced sintering
degree, and the formation of electron-hole pairs, interfaces, and
micropores. These factors collectively contributed to a denser elec-
tron transport network, enhancing the material’s dielectric loss”
Impedance matching (Z=17;,/Z,|) is employed to assess the align-
ment between the material and free space, with optimal matching
achieved when the Z;,/Z, ratio approaches 1. As shown in Fig. 3F,
NFAG-900 displayed befitting impedance matching over a wide fre-
quency range, where the position of the maximum absorption cor-
responded to the optimal impedance-matching position. This
facilitated the penetration of significant electromagnetic waves into
the material®>. Furthermore, when comparing the attenuation con-
stant, NFAG-900 exhibited high values, confirming its effective
ability to dissipate electromagnetic waves (Fig. S17). According to the
M4 theory, NFAGs with different thicknesses correspondingly
exhibited different adaptive frequency bands. As the thickness
increases, the adaptive frequency bands showed a trend of moving
towards low frequencies(Fig. 3G)*’. According to Debye’s theory, the
presence of Cole-Cole semicircles in the ’-¢” plots suggested Debye
relaxation processes. As shown in Fig. 3G, the curve displayed two
distinct sections with varying characteristics. In the low-frequency
region, the Cole-Cole plot exhibited an approximately linear rela-
tionship, primarily attributed to dielectric loss due to interface
polarization, while in the high-frequency region, the classical
Cole-Cole semicircle revealed significant Debye relaxation
polarization*. This phenomenon is understandable, as interface
polarization occurs at heterogeneous interfaces and requires charge

Nature Communications | (2025)16:7127


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62367-9

Thermal
—
Annealing

PDA aerogel

NAFG-900

PO e

NAFG-800

== NFAG-900

A e

NAFG-700

.

= NFAG-800

NAFG-600

ey [ 15/15=0.8549

/ == NFAG-700

NAFG

S oenenat

po—

1,/1,=0.8654

0 200 400 600 800 1000 1200 1000 1200 1400 1600 1802 2000 3500 3000 1500 1000
_ HBinding Energy (eV) Raman shift (cm™) Wavenumber (cm™)
<120 180 0
o SSA=254.58 malg 0 160]  ggA=411.23 mea 00 | 4s0 = NFAG-900
= . m = . m = .
g 100 g9 140 g s | 400] SSA=885.65 m?/g
T 80 A 120 _ 350 -
§ & 100 s Zgg t
60 s 5. s,
§ £ 80 2. 200 L
© 40 g 60 5 150 g
2 3 40 g 100 5
£ 20 g0 20 o 50 g°
N g 0.6 0.8 1.0 12 14 16 1.8 0 5 0.6 0.8 1.0 1.2 14 16 1.8 g 0.6 0.8 1.0. 1.2 1.4 16 1.8
3 0 2 Pore diameter (nm 5 Pors diameter {nm) 0 E Pore diameter (nm)
00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 1.0

Relative pressure (P/P,)

Relative pressure (P/P)

Relative pressure (P/P)

Fig. 2 | Fabrication and characterization of PDA carbon aerogels. A Schematic illustration of the NFAGs. B-D SEM image of NFAG-i (i =700 (B), 800 (C), and 900 (D)).
E XPS survey, F Raman spectra, and G FTIR spectra of NFAGs. H Nitrogen adsorption-desorption isotherms and pore width distributions of NFAGs.

accumulation or complete dipole migration, which necessitates a
longer response time. In contrast, Debye relaxation polarization
involves directional dipole polarization of lower intensity. Upon
removal of the external field relaxation, the dipole loses its orienta-
tion under thermal motion, leading to a significantly shorter
response time compared to interface polarization. Applying a non-
linear least squares model allowed for the separate determination of
contributions from polarization losses and conduction losses. As

shown in Fig. S18, polarization loss made a major contribution to
dielectric loss®.

Electromagnetic shielding performances of NFAGs

Figure 4A illustrates the mechanism for the exceptionally high EMI
shielding performance of NFAGs, based on transmission line theory.
First, impedance matching occurred at the interface of the NFAGs. A
small portion of the electromagnetic wave was reflected, while a large
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amount penetrated into the material. Once inside, the electromagnetic
waves were trapped within the NFAG structure, where they were
attenuated by losses in conduction and polarization between the
cross-linked carbon nanofiber networks. This process converted elec-
tromagnetic energy into heat. Additionally, the dense skin structure of
the nanofibers allowed repeated reflections of the remaining electro-
magnetic waves, ensuring that the energy was completely absorbed,
contributing to shielding efficiency®. Notably, the core-shell structure
of the self-assembled nanofibers further created rich heterogeneous
interfaces, which were conducive to interface polarization and loss,
further enhancing the material’s shielding capability>*. To further
expand its application scenario of NFAGs, we investigated their
shielding performance in the common X-band. As shown in Fig. 4C,
NFAGs exhibited high electrical conductivity, which could be

attributed to the good electron transport capacity of the highly
ordered microstructures. Interestingly, the conductivity of NFAG-900
reached 103.47 S/m, several orders of magnitude higher than the gra-
phitized PDA nanoparticles, which typically exhibit conductivities in
the range of 10*-10°Sm™ . Correspondingly, the shielding effi-
ciency of NFAGs increased with the heat treatment temperature.
Electromagnetic shielding generally involves three primary mechan-
isms: reflection (R), absorption (A), and transmission (T)%. We further
calculated the contribution of each shielding through theoretical cal-
culations. The shielding performance of NFAGs with m-1t stacking
framework is primarily dominated by absorption, in contrast to tra-
ditional conjugated materials, which often suffer from poor impe-
dance matching. The essential difference with traditional materials lies
in the difference in conjugation structure. The traditional covalent
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illustration of the EMI mechanism of the skin-core structure. B Comparison of SSE/¢
of typical reported carbon aerogels as a function of density****°'. C Conductivity,
D EMI shielding efficiency, and E EMI shielding parameter of NFAGs at different

. \k ) \t" ) ‘\“ !
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heat treatment temperatures. F Conductivity, G EMI shielding efficiency, H EMI
shielding parameter of NFAGs in different concentrations. ISEM and TEM images of
the multi-scale skin core structure.

conjugation has a high degree of free delocalization of mt electrons, and
the transmission process has almost no loss, while the -t electron
conduction between the aromatic ring layers needs to pass through a
complex polarization field and path, resulting in loss®. The higher

degree of graphitization and the increased number of polarization
centers, resulting from higher heat treatment temperatures, were
crucial factors contributing to the enhanced absorption. In addition,
NFAGs, due to their simple preparation method, offer the flexibility to

Nature Communications | (2025)16:7127


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62367-9

adjust the final material density by varying the concentration of the
lyophilized solution, as practically needed. Specifically, a 2 mm thick
NFAG-900 sample, with a density of 21.38 mg/cm?, achieved an elec-
tromagnetic shielding efficiency (SE) of 65dB. To evaluate the com-
prehensive EMI shielding properties, we calculated the specific SSE/t,
which accounts for the material’s absolute SE considering its thickness
(t) and density (p), as given by the following equation:

2 =SEp/(pt )

Excitingly, the specific shielding effectiveness (SSE/t) of NFAGs at
a density of 3.11mg/cm® and a thickness of 2mm reached an
impressive 47,909.9 dB-cm?/g (Fig. 4B). Analysis of the parameters
revealed that the reflection (R) increased with density, which can be
attributed to the formation of a higher-density fiber network and a
denser outer cortex. SEM and TEM images revealed the multiscale skin-
core structure of the NFAGs. Notably, NFAG-900 exhibited a dense
shell formed by the curling and sintering of the outermost fibers
during heat treatment, which led to fiber entanglement at the interface
and a tightly packed shell structure. Furthermore, high-resolution
observations of the graphitized nanofibers showed enhanced -1t
stacking near the surface, likely due to the extended period available
for surface refinement during the later stages of the reaction, after the
chemical process had terminated. The skin-core structure introduced
additional heterogeneous interfaces, which enhanced the ability of
NFAGs to dissipate electromagnetic waves. This phenomenon was
consistent with previous reports on the role of heterogeneous inter-
faces in improving wave dissipation®*%,

Through the pre-regulation of melanin-based organic structures,
we have successfully developed ultra-lightweight and highly efficient
electromagnetic shielding and microwave-absorbing materials. Note
that nature offers numerous examples where alterations in the
aggregation state and interaction forces of organic materials lead to
varied energy responses. For instance, non-covalently arranged por-
phyrin derivatives serve as the primary chromophores in the light-
harvesting systems of plants and algae, enabling them to capture light
of different wavelengths by modulating their aggregation state.
Inspired by this, our work highlights the potential of pre-regulating the
structure of organic materials or synthetic molecules to achieve
enhanced energy-responsive architectures while preserving strong
processability. At the same time, this work also showed that -1t
stacking might be an adaptive characteristic structure of electro-
magnetic energy dissipation, and it had better impedance-matching
and microstructure than the traditional conjugate structure, which was
expected to greatly expand the material candidate pool in the field of
energy dissipation applications.

RCS simulation

To verify the practical application potential, FEKO software was
employed to simulate the Radar Cross Section (RCS) of the composite
aerogel at different temperatures, using the classic stealth fighter F-35
as the model (Fig. 5A, B)***'. NFAG-900 was applied as a 2.5 mm-thick
coating on the F-35’s surface, and its performance was compared with
that of an ideal coating of the same thickness. The simulation was
conducted using monostatic RCS and plane wave propagation, with
incident angles of 10°, 0°, and -10° to cover different flight attitudes,
and a frequency of 10.46 GHz (the optimal absorption frequency)*° %
The results showed that NFAG-900 exhibited adequate radar stealth
capabilities, with ARCS values consistently below -20 dB. Specifically,
the average ARCS was -35.88 dB at 0°, —36.56 dB at 10°, and -35.45 dB
at-10°. At anincident angle of 10°, the F-35 demonstrated the best RCS
value of -50.47 dB at 153°, indicating that NFAG-900 provides satis-
factory radar stealth performance across a range of angles. These

findings suggested that NFAGs have promising potential as intelligent
microwave-absorbing materials, adaptable for real-time use in diverse
applications, particularly in the defense and aerospace sectors.

Discussion

In summary, distinct from traditional strategies that focus on the
engineering of conjugated precursors or the pyrolysis of natural
materials, we have proposed the structural pre-regulation strategy to
construct melanin-like polymers with highly ordered microstructures
to achieve optimal electromagnetic matching. Indole analogs were
employed to regulate the interaction forces during the melanin poly-
merization process, successfully constructing ordered PDA nanofibers
with stacked DHI ring tetramers. Through typical freeze-drying and
heat treatment, we have successfully fabricated ultra-light, conductive,
and multi-scale core-skin structured NFAGs, which are well-suited for
MA and shielding applications. This multi-scale core-skin ordered
structure significantly enhanced the electromagnetic wave propaga-
tion path and created abundant heterojunctions, thereby improving
dielectric loss. As a result, NFAGs showed good MA performance, with
a maximum RL of -68.87 dB and EAB of 5.25 GHz. In the X-band, with a
density of 3.1 mg/cm? and a thickness of 2 mm, its SSE/t value reaches
47909.9 dB cm*/g. This strategy is expected to extend to the design
and application of a broader range of bio-inspired polymers in energy
response dissipation, thereby driving material innovation in the elec-
tromagnetic and stealth fields.

Methods

Materials

Dopamine hydrochloride (98%), 5-hydroxyindole (98%), and ammonia
aqueous solution (25-28 wt%) were all purchased from Titan Scientific
Co. Ltd (Shanghai, China). Ethanol (SafeDry), methyl alcohol (Safe
Dry), ethyl acetate (SafeDry), acetonitrile (SafeDry), NaOH (99%), HCI
(37%), THF (Safe Dry), DMSO (SafeDry), and DMF (SafeDry) were
acquired from Kelong Chemical Reagent Co., Ltd. (Chengdu, China).
All chemical reagents were freshly used without any further purifica-
tion in the research.

Synthesis of PDA nanofibers

A total of 450 mg dopamine (DA) and 50 mg 5-hydroxyindole were
dispersed in a mixed aqueous alcohol solution (90 mL H,O and 40 mL
ethanol) using ultrasonic treatment. Ammonia aqueous solution
(NH4OH, 3 mL, 28-30%) was then added to the above solution. The
color of the mixture immediately changed to light brown, gradually
transitioning to dark green. After 24 h of reaction, the yellow PDA
nanofibers were obtained by centrifugation and washed three times
with deionized water.

Fabrication of PDA carbon aerogels

The PDA aerogel was prepared by freeze-drying the dispersion, which
was evenly dispersed in water at a specific concentration. The as-
synthesized PDA nanofiber aerogel was carbonized at a specific tem-
perature (600 °C, 700 °C, 800 °C, 900 °C) for 2 h at a heating rate of
5°Cmin™ in a flow nitrogen atmosphere to prepare PDA nanofiber
carbon aerogel samples (NFAG-600, NFAG-700, NFAG-800, and
NFAG-900).

Characterization

The surface morphologies of the series of materials mentioned
were acquired on a scanning electron microscope (SEM) of FEI
Quanta 250. The transmission electron microscope (TEM) images
and the EELS mapping analysis were acquired on a Talos F200i
(Thermo Scientific, Czech). The ESI-MS spectrum of the dis-
assembly solution of PDA nanofibers was applied on Applied
Biosystems APl 2000 with positive anion mode electrospray
ionization with a 10uLmin™ flow rate. The UPLC-MS was
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performed by Agilent 1290 UPLC and Agilent QTOF 6550 with
positive anion mode electrospray ionization with 0.3 min™ flow
rate; (Chromatographic column: Waters BEH C™® 2.1x100 mm
1.7 pm; 20% mobile phase A: 0.1% aqueous formic acid; 80%
mobile phase B: methanol). Raman spectra were obtained with a
Raman spectrometer (HORIBA HR Evolution) using an Ar ion laser

(532nm) as the emission source to characterize the degree of
graphitization. UV-vis spectroscopy was performed by a Perki-
nElmer Lambda 650 UV-vis spectrophotometer. Fourier trans-
form infrared spectra (FTIR, Thermo Fisher Nicolet iS50), X-ray
photoelectron spectra (XPS, Thermo Fisher Thermo Scientific K-
Alpha+), and XRD (Rigaku Ultima 1V) were employed to analyze
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the chemical structure of samples. The pore characteristics and
SSAs of the samples were evaluated using Micromeritics ASAP
2020 at liquid Ar temperature. EIS measurements were conducted
on a CHI760E electrochemical workstation. Corresponding elec-
trical conductivity (o) was examined by an RTS-9 four-point
probe tester at a temperature of 25 °C according to the modified
ASTM F 390-98.

Electromagnetic parameter characterization

Electromagnetic parameters were obtained by an Agilent E5071C
vector network analyzer in the frequency range of 2-12 GHz based on a
coaxial method. The measured samples were prepared by adding the
absorbents (10-30 wt%) into molten paraffin, uniformly mixing them,
followed by molding into a coaxial ring with an outer diameter of
7.0 mm and an inner diameter of 3.0 mm. In order to further analyze
the shielding capability in the X band (8.2-12.4 GHz), the Electro-
magnetic parameters were obtained on the basis of a waveguide
method. The EMI performance is calculated according to the scatter-
ing parameters, including SE total (SET), SE reflection (SER), and SE
absorption (SEA), the coefficients of absorption (A), transmission (T),
and reflection (R).

Molecular simulation

The molecular ratio was calculated as DA tetramer (structure 1):
Bimolecular conjugate (structure 1) = 11:10 according to the proportion
of elements obtained by EA, which was used to simulate molecular
stacking in GROMACS. For random insertion of molecules, the GRO-
MACS insert-molecules tool was used. The amberl4sb force field
parameters were used for both molecules, and the system was solvated
using the TIP3P model. The system, containing a total of 1800 water
molecules, 800 molecules of ethanol, which is consistent with the
reaction environment, 11 molecules of structure 1, and 1 molecule of
structure 2, was used for the simulation. The steepest descent method
was used to minimize the energy of the system, and the NPT ensemble
was performed with 100 ps. The production of the simulation was run
for 100 ns using a 2-fs time step under standard atmospheric pressure.
The V-rescale method was used for temperature coupling, and the
Parrinello-Rahman method was used for pressure coupling. The Par-
ticle Mesh Ewald (PME) method was used for long-range electrostatic
interactions. A 14 A cut-off was employed for van der Waals force
(VdW) and short-range coulombic interaction. MD calculations were
performed with the GROMACS molecular dynamics simulation pack-
age. Pymol was used for all molecular visualizations. The Antechamber
program was used to generate complex force field parameters, and the
team (Amber 18.0 Module) was used to generate the molecular
topology. The HF/6-31 G* method and basis set were used to calculate
the electrostatic potential (ESP), and then the result was employed to
calculate the restricted ESP(RESP)2 charge. During the running time,
the molecules within the system would spontaneously move and
arrange based on their interaction forces. The applied molecules were
in a constantly dynamic changing state to achieve an energy-
stable state.

Simulation details and methodology of electromagnetic
parameters
The RL values were calculated based on the transmission line theory:

Zin= /1, /€, tanh|—j2nfo)| Vg, 2

RL(dB)= —201l0g|Z,, — zi +1 3)
in

where er and ur are the complex permittivity (er=¢’—je”) and per-
meability (ur=g’ —ju”’), respectively, f is the frequency of the

microwave, c is the velocity of light, d is the thickness, and Zin is the
normalized input impedance of the sample.

Additionally, the EMI SE of shielding materials can be defined as
the logarithmic ratio of the incident power (PI) to transmitted power
(PT) of an EM wave, and can be expressed in the following equation:

SE;=10log (%) =SEp+SE,+SEy )

Where SE;, SE,, and SE, represent the overall SE, reflection, and
absorption effectiveness (dB).

Where the SEt >15 dB, the SEy; is generally neglected, and the SET
is determined by the sum of SEg and SE,:

SE;=SEz+SE, ®
SEg= —10log(1 —R) (6)

SE,= —10log(T/|L—R)) @)
R=|Sy[>, T=|Sp, A=1-R-T ®)

Where A, R, and T are the reflection coefficient, absorption coefficient,
and transmission coefficient, respectively.

RCS simulations

The RCS value simulations were performed by FEKO 2017 software,
using F35 as models. The scanning simulations were performed using
the adaptive scanning technology AFS (Function Method of MoM
Green-SGF). The simulated model was made up of an upper absorbing
layer (NFAG-900, 2.5mm) and a bottom perfect electric conductor
layer (PEC, 2.5 mm). The measured permittivity and permeability of
NFAG-900 were used as EM parameters for input materials. The scat-
tering directions were set as =<0-360° for 6, and 0°, —-10°, and 10° for
aircraft attitude inclination ¢. The monitor frequency is set as
10.46 GHz, which shows the maximum ARL values for NFAG-900.

Data availability

The authors declare that all data supporting the results in this study are
present in the paper, and the Source data are provided with the paper.
All data are available from the corresponding author upon request.
Source data are provided with this paper.
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