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Leaf-inspired, flexible TRM membranes engineered with precise lateral dimensions function as discrete “microwave-absorbing
leaves,” where electromagnetic wave propagation is modulated via two-dimensional mesoscale structural features to enable accurate
and programmable wave control.
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ABSTRACT: Metacomposites offer a transformative approach to simultaneously optimize impedance matching and dielectric
loss in microwave absorption materials (MAMs), especially under thermal fluctuations. Inspired by broadleaf foliage, we design
sub-wavelength regime flexible TiN/reduced graphene oxide (RGO) membranes (TRMs) as “microwave-absorbing leaves”. A
critical geometric threshold emerges from the ratio of membrane lateral size (L) to incident wavelength (Am). When L/Am < 0.1,
minimal interfacial reflection enables efficient wave transmission. At L/Am = 0.1, TRMs trigger multi-scattering and cascaded
attenuation, which boosting dielectric loss while maintaining near-unity impedance matching. In contrast, when L/An>0.1,
electromagnetic waves are reflected at the macroscopic interface, resulting in severe impedance mismatch, poor wave
penetration, and markedly reduced absorption. Leveraging this sub-wavelength scale control, optimized TRMs-2 achieves an
outstanding minimum reflection loss (RLmin) of =57 dB at only 1.1 wt.% filler loading and a broad effective bandwidth of 3.8 GHz.
It also exhibits robust thermal stability from 298 to 573 K. This work establishes a clear link between two-dimensional (2D)
mesoscale geometry and electromagnetic dissipation, providing a biomimetic paradigm for lightweight, thermally stable MAMs
that break the traditional trade-off between impedance matching and attenuation.

KEYWORDS: titanium nitride; metacomposite; biomimetic; electromagnetic dissipation mechanism; microwave absorption
material

1 Introduction

The proliferation of high-throughput wireless technologies and advanced electronics has intensified electromagnetic
interference and radiation pollution, necessitating high-performance microwave absorption materials capable of operating in
complex, thermally dynamic environments [1-3]. The efficacy of such materials hinges on the delicate synergy between
impedance matching and dielectric loss [4, 5]. However, conventional composites often suffer from “temperature drift,”
wherein thermally activated charge carrier migration disrupts this synergy, leading to unstable absorption performance at
elevated temperatures [6, 7]. This thermally induced decoupling of impedance and attenuation characteristics remains a
fundamental bottleneck hindering practical applications [8, 9].

Titanium nitride (TiN), a refractory ceramic with metallic conductivity, has emerged as a prime candidate for thermally
stable absorbers owing to its exceptional thermal stability and corrosion resistance [10]. While current strategies
predominantly focus on morphological engineering and heterostructure design to boost intrinsic loss, they largely neglect the
critical role of sub-wavelength scale architecture in governing the electromagnetic response [11, 12]. Addressing this gap
requires a paradigm shift from merely tuning intrinsic properties to architecting structural geometries that actively regulate
wave-matter interactions [13, 14].

Metacomposites represent an emerging class of materials that synergistically integrate materials science with
periodic/aperiodic structural design. By engineering dielectric materials into sub-wavelength functional units, their discrete
arrangement enhances anti-reflection effects and provides substantial intrinsic loss capabilities, thereby achieving the
decoupling of strong attenuation from impedance matching. Furthermore, metacomposites facilitate controlled reflection and
scattering of EMWs by meticulously engineering the conductivity, size, and spatial configuration of the functional units, offering
a pioneering approach to further enhance microwave absorption efficiency [15]. Pioneering research has shown that discretely
distributing mesoscopic functional units suppresses macroscopic conductive networks, alleviating temperature-related
fluctuations while amplifying the electromagnetic responsiveness of microwave absorbing units. This approach not only boosts
the overall attenuation capacity but also provides a feasible structural paradigm for maintaining dielectric stability in MAMs
across a broad temperature spectrum [16]. Nevertheless, the realization of precise electromagnetic wave modulation and
maximum attenuation still poses a major challenge [17, 18].
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Bioinspiration offers a compelling route for advancing functional material design [19-21]. As illustrated in Fig. 1(a), after
thousands of years of natural selection, broad-leaved plants have evolved complex planar structures in their leaves, which
exhibit remarkable optical properties that are different from those of coniferous trees. These multilayer leaf systems optimize
light penetration while maximizing photosynthetic surface area and light-harvesting efficiency through reflection and
scattering [22]. This natural design provides a promising strategy for maximizing energy conversion efficiency by enhancing
the electromagnetic response of absorbing units and optimizing wave-matter interactions [23] The discrete layers enhance
incident EMW transmission across the surface. Upon entry, waves undergo multiple scattering, reflection, and repeated in-
plane and interlayer re-transmission, creating a dense propagation pathway that maximizes electromagnetic energy
dissipation [24, 25]. Furthermore, the intrinsic planarity of 2D units enables precise control over their orientation and spatial
distribution, thereby enabling effective control over wave dynamics within a lightweight architectur [26].

Consequently, it overcomes the long-standing limitations of conventional absorbers in balancing structural complexity and
effective loss mechanisms [27]. The key point is that, according to the theory of EMW propagation in dielectric media, the
relative relationship between the unit size (L) and the wavelength of EMWs within the composites (1) fundamentally
determines the propagation mode of EMWs [28]. When L/A,<0.1, the unit lies in the electrically small regime, where EMWs
penetrate the entire structure almost unimpeded. Energy dissipation in this regime relies primarily on intrinsic dielectric loss,
manifesting as a deep-penetration volumetric dissipation mode. When L/A,=0.1, the absorbing unit begins to be recognized by
the EMW and starts to exhibit sub-wavelength resonant behavior. Consequently, the loss mode shifts from “volumetric
dissipation governed by intrinsic material properties” to “localized dissipation via resonant coupling of discrete structural
units.” In this regime, the unit no longer merely polarizes passively under the external electromagnetic field; instead, it begins
to interact strongly with the EMW as an independent resonant dipole. This strong interaction causes EMWs to undergo
multiple reflections and scattering between layers, further amplifying the electromagnetic response [29]. When L/A,>0.1,
strong surface waves and resonance effects confine the incident waves to the material surface, forming a surface-confined
mode, where most of the energy is reflected rather than absorbed[30]. This electrical-size-driven mode evolution enables
programmable modulation of wave-matter interactions through lateral size engineering, offering significant potential for on-
demand customization of absorption performance.

Herein, we present a bioinspired metacomposite featuring sub-wavelength scale flexible TiN/RGO membranes as
“microwave-absorbing leaves.” By integrating high intrinsic loss with precise lateral size engineering, we establish a clear
structure-property relationship where sub-wavelength scale geometry dictates electromagnetic dissipation. Systematic
investigations demonstrate that, at the same filler content (1.1 wt.%), the absorption peak gradually shifts toward lower
frequencies as the TRMs unit size increases. When L/A»=0.1, TRMs-2 exhibits a distinct absorption peak at 10 GHz, delivering a
minimum reflection loss (RLmin) of =57 dB with an effective absorption bandwidth (EAB) of 3.8 GHz. Furthermore, the discrete
distribution of TRMs units ensures stable impedance matching across the temperature range of 298 to 573 K, exhibiting
exceptional thermal stability. This study not only elucidates the dimensional threshold governing wave-matter interactions in
metacomposites but also provides a biomimetic paradigm for breaking the traditional trade-off between impedance matching
and attenuation in lightweight, temperature-invariant microwave absorption materials.

2 Experimental

2.1 Materials

Graphene oxide (GO) was synthesized via the Hummers’ method. Tetrabutyl titanate (Ti(OC4+Hs)4, TBT), polyvinylpyrrolidone
(PVP), and zirconium acetate (Zr(OAc)s) were obtained from Aladdin Reagent (Shanghai) Co. Ltd. Acetic acid and
polydimethylsiloxane (PDMS) were purchased from Luoyang Haohua Chemical Reagent Co., Ltd. and Dow Corning, respectively.

2.2 Preparation of TiN/RGO membranes (TRMs)

First, 8 g of anhydrous ethanol, 4 g of glacial acetic acid, and 1 g of polyvinylpyrrolidone (PVP) were added into a 25 mL
conical flask and stirred until completely dissolved. Subsequently, a certain amount of tetrabutyl titanate (TBT) and zirconium
acetate (Zr(OAc)s) (with a Ti-to-Zr molar ratio of 4:1) were introduced, and the mixture was continuously stirred until a
homogeneous spinning solution with appropriate viscosity was obtained. The spinning solution was then drawn into a syringe
equipped with a custom designed needle and subjected to electrospinning, with aluminum foil used as the collector. The as-
spun fibrous membrane was dried and subsequently calcined at 500°C for 2 h at a heating rate of 2 ‘C /min to obtain Ti0,/ZrO,
composite fiber membranes. Thereafter, the membrane was immersed in a cetyltrimethylammonium bromide (CTAB) solution
at a concentration of 0.1 g/mL, and the CTAB-modified fiber membrane was obtained after drying. Through vacuum-assisted
filtration, a graphene oxide dispersion (1 mg/mL) was uniformly deposited onto the membrane. Finally, the membrane was
calcined at 900 ‘C under an NH3 atmosphere to obtain the TiN/RGO membranes (TRMs). The resulting TRMs had a thickness
of 0.38 mm, and the RGO content accounted for 4.8 wt.% of the total mass of the fibrous membrane.

2.3 Preparation of TRMs/PDMS metacomposites

TRMs were impregnated with a PDMS/KH550 mixture and cured at 80°C for 3 h. The resulting material was cut into slices of
varying dimensions (1 mm x 1 mm, 2 mm x 2 mm, and 3 mm x 3 mm). These sheets were then placed in a PTFE mold (22.86
mm x 10.16 mm x 2.5 mm) within a PDMS matrix and arranged in parallel layers (6 layers in total), where the TRMs
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weighed 0.0074 g and the PDMS weighed 0.673 g. After curing at 80 °C for 3 h, TRMs/PDMS metacomposites with a filler
content of 1.1 wt.% were obtained. The samples were labeled as TRMs- 1, TRMs- 2, and TRMs- 3 according to the sheet size.
Furthermore, in order to highlight the advantage of the 2D unit design, an equivalent mass of TRMs fiber membrane was
ground into powder and uniformly mixed with silicone rubber to prepare a control sample, designated as TRMs- 0.

2.4 Characterization

Crystal structure and phase composition were analyzed using X-ray diffraction (XRD, Bruker D8 Advance, Cu-Ka radiation, A
= 1.5406 A) and confocal Raman spectroscopy (Renishaw RM-1000, 532 nm laser excitation). Surface morphology and
elemental distribution were examined by scanning electron microscopy (SEM, Gemini 500) coupled with energy-dispersive
spectroscopy (EDS). The electrical conductivity of the composite fiber membranes was measured using a four-point probe
resistivity meter (RTS-8). Electromagnetic parameters were measured using a vector network analyzer (Ceyear 3672B-S, China
Electronics Technology Group Corporation) in a sealed heating chamber over a frequency range of 8.2-12.4 GHz and a
temperature range of 298-573 K under an argon atmosphere. The measurements were conducted with a heating rate of
4°C /min, and the temperature was held for 5 min at every 20°C interval, and the data were recorded at each stabilized
temperature.

3 Results and discussion

3.1 Custom-tailored design and electromagnetic simulation of TRMs

The inherent brittleness of ceramic fibers presents a major obstacle to the controllable design of advanced composites. To
overcome this limitation, we first fabricated precursor nanofibers via electrospinning (Fig. 1(b)) and then removed
polyvinylpyrrolidone (PVP) through high-temperature treatment to obtain a TiO2/ZrO; nanofibrous membrane [10].
Leveraging the electrostatic interaction between -cetyltrimethylammonium bromide (CTAB) and graphene oxide, GO
nanosheets were uniformly dispersed throughout the TiO2/ZrO; fiber matrix. Subsequent in-situ thermal nitridation
transformed the network into a TRMs. The RGO component not only fills the inter-fiber voids but also establishes enhanced
electrical connectivity across the network [31]. Crucially, the distinct electrical properties of the constituent phases induce
abundant heterointerfaces [32]. These interfaces facilitate pronounced interfacial polarization, serving as a pivotal mechanism
for boosting microwave absorption.

Fig. 1(c) displays the microstructure and morphology of the synthesized TRMs. The TiN/ZrO: fibers (blue regions)
interconnect to form vein-like structures reminiscent of plant leaves, providing mechanical support and charge transport
pathways that ensure efficient carrier migration during the electromagnetic response. Reduced graphene oxide (RGO)
nanosheets (purple regions) are uniformly distributed on the TiN fiber membranes, further strengthening the TiN/ZrO; fiber
network structure. They mimic the leaf mesophyll, acting as the EMWs-harvesting units and capture incident EMWs by
leveraging their intrinsic dielectric loss capabilities [33]. Furthermore, the multi-layer arrangement of 2D absorbing units in
the metacomposite facilitates the transmission of EMWs between unit layers, accompanied by multiple scattering and
reflection, thereby maximizing the dissipation efficiency of electromagnetic energy [34]. The crystal structure and phase
composition of the TRMs was systematically characterized by XRD and Raman spectroscopy. As shown in Fig. 1(d), the XRD
pattern displays distinct diffraction peaks at 36.8°, 42.8°, 62.1°, 74.4°, and 78.3°, corresponding to the (111), (200), (220),
(311), and (222) planes of the face-centered cubic TiN phase (PDF#38-1420). Peaks at 30.5°, 34.6°, 35.6° 50.5°, 59.3°, and
60.5° match the (101), (002), (110), (112), (103), and (211) planes of the tetragonal ZrO; phase (PDF#88-1007), confirming
the coexistence of TiN and ZrO: in the composite. Additionally, a broad diffraction peak at 24°-28° is attributed to RGO, further
verifying the successful synthesis of the multiphase material. Raman spectroscopy (Fig. 1(e)) provides insight into the chemical
bonding states. Peaks at 151 cm™, 249 cm™, 413 cm™!, and 610 cm! are characteristic of TiN, while the absence of distinct ZrO.
peaks is likely attributed to its weak Raman scattering sensitivity. Notably, two clear peaks near 1350 cm™ (D band,
defect-induced) and 1580 cm™ (G band, graphitic carbon) confirm the successful incorporation of RGO into the TRMs.
Elemental mapping (Fig. 1(f)) further confirms the uniform distribution of Ti, N, Zr, O, and C across the TRMs, verifying the
successful integration of both TiN and ZrO; phases. The abundant heterogeneous interfaces formed within the TRMs play a
critical role in enhancing polarization dissipation, a key requirement for microwave-absorption applications [35, 36]. These
combined results unambiguously demonstrate the successful synthesis of the TRMs with a well-defined multiphase structure.

3/15



Nano Research | Vol. XX, No. XX Yi Zhang et al.

’flp"f

Broad leaved plant

(b)
Zr(0OAc)y
Ti(OC,Hy)4 |

eaved plant

CTAB

Stirring

s, RGO/TiN/ZrO,
é§ e, () f ‘
T 4‘_’ !I ~ \
A

RGOTIN/ZrO,

TiN/ZrO,

i s . RGO
| TiN: PDFE8T-0602 “__"/\\J \

Intensity (a.u.)
Intensity (a.u.)

ZrOy: PDEESS-100

L 1 L

10 30 50 70 90 100 700 1300 1900
2 Theta (degree) Raman SI}({T (em™)

Ti L

Fig. 1 (a) Schematic illustration of the light-harvesting mechanism in nature, comparing broad-leaved and needle-leaved plants.
(b) Schematic diagram illustrating the fabrication process of the TRMs/PDMS metacomposite; (c) SEM image of the TRMs; (d)
XRD pattern and (e) Raman spectrum of the TRMs, along with (f) their corresponding elemental mapping images.

To identify the optimal dimensional threshold for synchronizing impedance matching with attenuation, we calculated the
unit size of the 2D TiN/RGO units relative to the wavelength within the silicone rubber matrix (see Text S1 in the Electronic
Supplementary Material). Across the 8.2-12.4 GHz range, the intra-medium wavelength (A») decreases from 22.11 mm to 14.66
mm. Notably, a unit dimension of 2 mm approximates A»/10 at the target frequency (~10 GHz), a critical threshold
demarcating the transition from the electrically small regime to the sub-wavelength regime. At this scale (L/An%0.1), the
structure is poised to minimize interface reflection while maximizing the density of optical states for internal multi-scattering
[30]. Consequently, 2 mm was selected as the representative intermediate dimension to systematically probe the evolution
from sub-wavelength resonance to geometric scattering.

Table 1. The free-space wavelength and the wavelength within the composite material corresponding to the X-band.

Frequency (GHz) Ao (mm) & Am (mm) Am/10(mm)
8.20 36.60 2.73 2211 2.21
10.00 30.00 2.78 17.97 1.79
12.40 24.20 2.72 14.66 1.46

Aorepresents the free-space wavelength, and An represents the wavelength of electromagnetic waves within the composites.

Electromagnetic simulations enable the visualization of field distributions and dynamic electromagnetic responses in
composite materials, offering novel insights into structure-performance relationships. As illustrated in Fig. S2, three models
different scales were constructed in CST to analyze the electric field intensity (|E|) distribution and power loss density (P) at
10 GHz. This approach aims to elucidate the electromagnetic response mechanism of the TRMs absorber and thereby guides
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more efficient and optimized design of microwave absorbers. Here, the |E| distribution reflects microwave propagation within
the system, while the P distribution indicates the attenuation of incident waves. The results demonstrate a clear correlation
between functional-unit size and electromagnetic response (Fig. 2(a-c)). When the unit size is 1 mm (TRMs-1), the functional
units effectively suppress the conductivity of the TRMs. This leads to pronounced |E| and P distributions within the TRMs-1
structure, indicating that electromagnetic waves (EMWs) penetrate the material with minimal reflection. The uniform field
distribution confirms excellent impedance matching between TRMs-1 and the incident wave. As the unit size increases to 2 mm
(TRMs-2), the |E| distribution gradually weakens, and the P distribution becomes inhomogeneous, concentrating near the
edges of the functional units. This suggests that larger units enhance reflection at unit boundaries, creating multiple reflections
and scattering interfaces. These interfaces promote interlayer resonance and cancellation effects, thereby accelerating EMW
attenuation [37]. When the unit size is further increased to 3 mm (TRMs-3), both |E| and P are predominantly confined to the
material surface. This indicates that a larger proportion of the incident wave is reflected rather than dissipated within the
material. This behavior can be attributed to the larger unit size inside TRMs-3, which, under EMW excitation, induces longer-
range charge migration. The resulting periodic oscillations form localized micro-currents that reflect the EMWs, thereby
reducing effective microwave penetration and limiting energy transfer into the material [38]. In summary, the simulation
results not only validate the feasibility of geometry-driven impedance modulation for tuning absorption, but also establish a
quantitative relationship between unit size and electromagnetic performance, thereby defining the optimal size range for
TRMs to balance impedance matching and scattering loss. This provides valuable guidance for engineering high-performance
microwave absorbers with tailored functionalities.

Based on equivalent- circuit theory, the relationship between the absorbing performance of the composite material and its
unit size was further analyzed [39]. As shown in Fig. 2(d), the interaction between a functional unit and its neighbors is
equivalently represented as series or parallel inductive elements on a transmission line. Under perpendicular electromagnetic
incidence, the interval between functional units perpendicular to the electric-field excitation plane can be treated as a
capacitance (C), while the unit itself perpendicular to the magnetic- field excitation plane acts as an inductance (L)[40]. The

resonant frequency f of the parallel LC circuit is given by:
EA)
€= 4mtled M)
1
fo=0rmz (2)

Where S is the plate area, f, the resonant frequency, € the permittivity, d the plate spacing, and k the electrostatic force
constant. Equations (1) and (2) show that the capacitance C increases with unit size due to the enlargement of S, leading to a
decrease in f. As seen in Fig. 2(e), the frequency corresponding to the RLmin shifts toward lower frequencies as the TRMs unit
size grows, exhibiting a clear size effect.

The electromagnetic response and absorption performance of TRMs/PDMS metacomposites at different scales were further
examined through their electromagnetic parameters. Reflection loss is calculated as follows [16]:

Zin—Z
RL = 20log Z—+Z‘;| (3)
Zin = ZO\/ Hr / &r tanh [](and / C)V .urgr] (4)

Here, Z;, and Z, denote the input impedance of the absorber and the impedance of free space, respectively. The equivalent
wave impedance depends on the complex permittivity €, and permeability u,, while f, d, and c represent microwave frequency,
absorber thickness, and the speed of light. The RL value directly reflects absorption performance, with RL < -10 dB typically
defining the effective absorption bandwidth (EAB), indicating over 90% microwave attenuation.As shown in Fig. 2(f-h),
TRMs- 1 possesses small discrete internal units, resulting in insufficient loss capability to meet practical absorption
requirements. In contrast, TRMs-2, with optimized geometric dimensions, demonstrates excellent microwave absorption: it
achieves a strong absorption peak of -57 dB near 10 GHz and an EAB of 3.8 GHz at a matching thickness of 2.5 mm, making it
a promising candidate for high-performance absorption applications. However, when the unit size increases to 3 mm (TRMs-3),
a larger localized conductive network forms within the material. Under electromagnetic excitation, the sinusoidal alternating
electric field induces periodic oscillations of charges in the film, generating surface-alternating microcurrents that impede
efficient wave propagation rather than enhancing absorption [41]. This results in a marked deterioration of performance for
TRMs-3, where the RLmin drops to -14 dB and the EAB contracts to just 0.8 GHz, failing to meet the criteria for practical
deployment. As a control, an equivalent mass of TRMs fiber membrane was ground into powder and uniformly dispersed in
silicone rubber to fabricate reference sample TRMs-0. As shown in Fig. S3, although the powder is uniformly dispersed, TRMs-0
exhibits a lower imaginary permittivity &,, smaller attenuation constant (o), and its |Zi/Zo| is further away from 1. This direct
comparison quantitatively confirms the structural advantage of the bioinspired architecture and clearly shows that the
exceptional performance of TRMs-2 originates from its unique leaf-like morphology rather than merely the material
composition.
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Fig. 2 Electric field and power loss density of (a) TRMs-1, (b) TRMs-2, and (c) TRMs-3 at 10.0 GHz, respectively. (d) Equivalent
circuit model of the TRMs/PDMS metacomposites. (e) Microwave absorption performance at 2.5 mm thickness. Microwave
absorption properties of (f) TRMs-1, (g) TRMs-2, and (h) TRMs-3.

3.2 The Wide Temperature Range Absorption Performance and Attenuation Mechanism for
TRMs/PDMS metacomposites

Previous studies have demonstrated that subwavelength-scale units discretely distributed within microwave absorption
materials can effectively decouple impedance matching and attenuation capability across a broad temperature range [17]. Fig.
3(a-f) presents the frequency-dependent microwave absorption performance of the metacomposites at a fixed thickness of
2.3 mm over the temperature interval of 298 K to 573 K. The results reveal distinct temperature-dependent behaviors: while
the absorption of TRMs-1 gradually degrades with rising temperature, TRMs-2 maintains its reflection loss below -10 dB
throughout the entire range, demonstrating exceptional thermal stability. Notably, TRMs-3 exhibits relatively weak absorption
atroom temperature, yet its performance paradoxically strengthens as the temperature increases.
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Fig. 3 Calculated microwave absorption properties: (a-c) 3D RL plots and (d-f) corresponding 2D contour maps of TRMs-1,
TRMs-2, and TRMs-3 (2.3 mm thickness, 298-573 K). Temperature-dependent dielectric properties (&,, &, and, tan &z) of (g, j,
m) TRMs-1, (h, k, n) TRMs-2, and (i, ], o) TRMs-3.

To elucidate the electromagnetic response of TRMs absorbing units over a wide temperature span, the electromagnetic
parameters of TRMs/PDMS metacomposites were analyzed from 298-573 K. Dielectric absorbing materials primarily
dissipate microwave energy through conductive and polarization losses. Conductive loss arises from the excitation of charge
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carriers, which convert electrical energy into heat. Polarization loss originates from polarization and relaxation effects caused
by imbalanced electric field energy under high-frequency electromagnetic excitation [42]. As shown in Fig. 3(g-i), the real part
of permittivity (&,) of the TRMs/PDMS metacomposites displays pronounced dispersion, a phenomenon attributed to the
distinct frequency responses of various polarization mechanisms (electronic, ionic, and dipolar) within the material [43].
Notably, the dispersion intensity increases gradually with TRMs unit size, underscoring the crucial role of unit scale in
modulating dielectric dispersion. Correspondingly, as can be observed from Fig. 3(j-0), both the imaginary part of the complex
permittivity (&,) and the dielectric loss tangent (tandz) of the metacomposite gradually increase with the growing unit size.
This trend is primarily attributed to the enhanced charge energy excited by the electromagnetic field as the unit size increases,
which intensifies the interfacial polarization effect [44]. Specifically, the enlarged lateral dimensions extend the charge
migration distance within the conductive network, promoting the accumulation of space charges at abundant heterointerfaces
and significantly enhancing the interfacial polarization intensity [45]. Meanwhile, in the discretely distributed unit system,
long-range charge migration is suppressed; the accumulated charges cannot be instantaneously released during alternating
field reversal, but are instead dissipated through a relaxation process, manifesting as enhanced polarization relaxation [46].
Consequently, it exhibits enhanced EMW dissipation capabilities.

To elucidate the electromagnetic attenuation mechanism of the TRMs absorbing units, we employed the Debye model to
describe their relaxation processes, as represented by Equation (5-7) [7]:

' E5—E
& = &ot 77 )
" (es—E00) T
&= et (8
' 2 "2
(6, — ) +& =& —én (7

Where w is the angular frequency, €, and &, the optical and static dielectric constants, respectively, T the relaxation time. Cole-
Cole plots are widely used to identify Debye-type relaxation processes in materials, where each distinct semicircle corresponds
to an individual Debye relaxation mechanism. As shown in Fig. 4(a), the Cole-Cole curves of TRMs-2 and TRMs-3 exhibit
smooth, well-defined semicircular arcs without trailing segments. This characteristic contrasts with the distorted arcs
observed in TRMs-1, indicating that increasing the unit dimensions of the TRMs enhances charge transport within the localized
conductive network. Such enhancement modifies the dielectric properties of the functional units and intensifies the
polarization relaxation behavior. Furthermore, the transmission, multiple reflections, and scattering of EMWs within the
TRMs/PDMS metacomposites create more complex propagation pathways. These effects strengthen the interactions between
the waves and the abundant heterogeneous interfaces in the TRMs, further promoting polarization loss capabilities [36].

To quantitatively evaluate the influence of TRMs unit size on conductive and polarization losses, we performed fitting
calculations using Equation (8) by rewriting the Debye relaxation model into a circular equation form.

(8)

Where o the electrical conductivity, €, the permittivity of free space, s;; the contribution from polarization relaxation, and &,
the conduction-related loss. The equivalent electrical conductivity (¢) of the TRMs/PDMS metacomposites, derived from fitting
calculations based on Equations (8), exhibits a gradual increase with expanding unit dimensions (Fig. 4(b)). To further
decouple the contributions of conductive loss &, and polarization loss s;; to the overall dielectric loss, we compared their
respective magnitudes across the X-band (Fig. 4(c-f)). The results demonstrate that polarization loss dominates over
conductive loss throughout the entire frequency range. This predominance arises from the 2D discrete distribution of TRMs
units, which effectively suppresses long-range charge migration by isolating conductive networks within individual units. This
configuration induces a “sub-percolation state”, where conductive pathways remain localized rather than interconnected across
the material. Consequently, conductive loss is significantly weakened, while polarization loss, enabled by abundant
heterogeneous interfaces becomes the primary dissipation mechanism.

wT a

er(a)) = £p+£c = (Es—ew)m‘l'go—w

The temperature-dependent dielectric behavior further corroborates this loss dominance. As shown in Fig. S4, the observed
decrease in complex permittivity (both €, and &) with increasing temperature can be attributed to two synergistic mechanisms
governing the dielectric behavior of the metacomposites. First, the TRMs units are individually encapsulated within the matrix,
preventing the formation of continuous conductive pathways. This design limits long-range electron transport, thereby
restraining conductive loss. With rising temperature, thermally induced electron scattering further inhibits carrier mobility
and lowers the overall conductivity. Second, elevated temperature intensifies the thermal agitation of dipoles, increasing the
degree of orientational disorder. Although thermal motion lowers the energy barrier for dipole reorientation, the enhanced
thermal disorder significantly impedes effective dipole alignment under the alternating electric field, thereby weakening the
polarization relaxation strength [47]. Consequently, the polarization loss capability gradually diminishes with increasing
temperature, manifested as a decrease in ¢,. Concurrently, elevated dipole disorder weakens the local electric field response of
the system, manifesting as a macroscopic reduction in &,.
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Fig. 4 (a) Cole-Cole plots and (b) equivalent electrical conductivity of the TRMs/PDMS metacomposites. Conduction and
polarization losses in TRMs/PDMS metacomposites: (c) fitted conduction loss and (d) fitted polarization loss as functions of
frequency. (e) Proportion of conduction loss and (f) proportion of polarization loss.

Attenuation capacity and impedance matching are two decisive factors governing the performance of microwave absorbing
materials (MAMs). As shown in Fig. 5(a-c), the attenuation constant («) of the TRMs/PDMS composites exhibits a pronounced
size-dependent enhancement, which is driven by two synergistic mechanisms: first, the abundant heterogeneous interfaces
coordinately promote strong interfacial polarization; second, multiple scattering events within the fibrous architecture trap
EMWs and prolong the wave-matter interaction duration [48]. Notably, the decrease in a with increasing temperature further
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confirms that polarization loss dominates over conduction loss in this system.

Fig. 5 (a-c) Attenuation constant ( @ ) and (d-f) normalized input impedance magnitude |Zin/Zs| of the TRMs/PDMS
metacomposites as a function of frequency at a fixed thickness of 2.3 mm, measured across temperatures from 298 -573 K.

Optimal absorption performance requires a delicate balance between |Z;,/Z,| and a. While a high a favors energy
dissipation, ensuring effective wave penetration and minimizing reflection hinges on bringing |Z;,/Z,| as close to unity as
possible. Specifically, smaller unit sizes facilitate deeper penetration of EMWs into the material, maximizing energy
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consumption through thorough interactions with internal interfaces. Conversely, excessively large units generate stronger
alternating microcurrents at the membrane interfaces, impeding wave propagation and deteriorating impedance matching, as
illustrated in Fig. 5(d-f) [49]. Among them, TRMs- 2 achieves a synergistic integration of multiple attenuation mechanisms
while maintaining superior impedance matching, confirming its superior attenuation potential at this optimized scale.
Moreover, the discrete conductive networks designed in this architecture endow unique anti-reflection characteristics.
Critically, these networks exhibit temperature-insensitive electromagnetic properties over a wide thermal range (298-573 K),
ensuring consistent absorption performance even under temperature fluctuations.

As summarized in Table 2, recent studies on TiN-based composites report a range of EMW absorption performance [50-57].
In contrast, the 2D absorbing units (TRMs) developed in this work achieve exceptional attenuation efficiency at an ultralow
filler loading of 1.1 wt.%, as evidenced by systematic comparative analysis. This superior performance originates from a
rational structural design that strategically redirects EMW propagation paths while synergistically utilizing intrinsic loss
mechanisms, thereby substantially enhancing wave-material interactions. Notably, these TRMs-based absorbers also meet
lightweight requirements without sacrificing absorption efficiency, outperforming conventional high-loading ceramic-based
absorbers documented in earlier studies.

Table 2 Ceramic composites for electromagnetic wave absorption reported in recent literature.

Samples Filler content (wt. %) EAB (<-10dB) RLmin (298K) RLmin (573K) Ref.
TiN/paraffin 20 2.1 -46.7 - [50]
NbTiN/paraffin 20 0.8 -44.97 - [51]
SiCN(Fe)/ALOs - 4 -18 - [52]
GR-
_ 4 5 -29.08 - [53]
TiN/PLA/TPU
SiC/SiCN - 4.2 -18.56 -17.5 [54]
TiN/ALOs 10 2.18 -37.82 - [55]
CMO-PSAE 50 416 -53.01 - [56]
TiN/paraffin 20 1.5 -45.8 - [57]
TRMs/PDMS 1.1 3.8 -57 -18 This work

3.3 Radar cross-section simulation of TRMs/PDMS metacomposites

The radar cross-section (RCS), a key parameter in stealth technology, quantifies the intensity of radar echoes from a material
under illumination, reflecting the practical performance of electromagnetic wave-absorbing materials under far-field
conditions [58]. In this study, CST Studio software was used to simulate a Perfect Electric Conductor (PEC) plate measuring 180
mm x 180 mm x 0.5 mm. The RCS reduction was evaluated after coating the plate with TRMs/PDMS metacomposites
(thickness: 2.5 mm). The PEC plate was placed on the x-y plane, oriented along the positive z-axis, with Phi = 0° corresponding
to the positive x-axis and Theta = 0° aligned with the positive z-axis. Radar waves incident along the -z direction. The complex
permittivity of the TRMs/PDMS metacomposites was incorporated into the absorbing layer model. At 10 GHz, 3D simulations
were performed with the incident wave fixed at Phi = 0° and Theta = 0°, while scattered signals were collected over various
angles to comprehensively evaluate stealth performance. As shown in Fig. 6(a-d), the PEC plate coated with TRMs/PDMS
exhibited markedly suppressed scattering signals compared to the uncoated PEC substrate. Among the tested composites,
TRMs-2 demonstrated the most effective electromagnetic absorption and the best radar stealth performance, significantly
reducing both scattering and reflection.

To further assess the practical potential of TRMs/PDMS metacomposites for radar stealth applications, a 2.5 mm
TRMs/PDMS absorbing coating was applied to a military aircraft model, and its microwave absorption (MA) performance was
simulated (Fig. 6(e)). The aircraft model was positioned on the x-y plane with its tail directed along the negative y-axis, where
Phi = 90° corresponded to the positive x-axis and Theta = 0° aligned with the positive z-axis. Fig. 6(f-h) presents the forward
RCS variation of the aircraft model under vertical polarization at 10 GHz, with the receiving angle set at Phi = 0° and Theta
swept from -180° to 180°. Compared to the bare PEC aircraft model, the TRMs-2-coated model showed significantly reduced
RCS across all angles. In particular, the 2D RCS profile on the x-y plane revealed a decrease from 8.41 dB-m? to -30.92 dB-m? at
Theta = 0° and Phi = 0° (Fig. 6(i)). Relative to the PEC baseline, the TRMs-2 coating achieved RCS reductions of 39.33 dB-m?,
33.86 dB-m?,31.27 dB-m?, 23.11 dB-m?, 20.93 dB-m?, 12.47 dB-m?, and 13.87 dB-m? at Theta angles of 0°, 15°, 30°, 45°, 60°, 75°,
and 90°, respectively (Fig. 6(j)). These results confirm that the TRMs-2 absorbing coating substantially lowers the RCS of
metallic targets, offering excellent radar stealth performance and improved survivability in military applications.

The microwave absorption mechanism of TRMs-2 is schematically illustrated in Fig. 6(k). The high-aspect-ratio TRMs units
are horizontally aligned within the metacomposite, mimicking the lamellar arrangement of broadleaf plants to enable highly
efficient electromagnetic wave (EMW) capture and attenuation. Upon incidence, EMW energy is collectively dissipated through
a synergy of multiple pathways: the local defects in TiN/ZrO: fibers and oxygen-containing functional groups in RGO serve as
abundant dipolar relaxation centers for strong polarization loss, while randomly distributed TiN/ZrO2 nanoparticles and the
heterointerfaces between TiN/ZrO, membranes and RGO drive charge separation and redistribution to amplify interfacial
polarization [59]; concurrently, charge transfer under the alternating field induces micro-currents that convert EMW energy
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into Joule heat, providing an additional conduction-loss channel. Structurally, the electrically optimized lateral dimensions
permit partial wave transmission into the interior, where cascaded multi-reflection and re-transmission among 2D planes
create a “trapping effect” that prolongs interaction time and maximizes dissipation, while the discrete distribution of TRMs
“leaves” effectively suppresses macroscopic in-plane currents, minimizes reflection, and ensures superior impedance matching
across a broad temperature range (298-573 K). In summary, these hierarchically coupled mechanisms endow TRMs-2 with
exceptional performance, systematically elucidating the pivotal role of unit-scale engineering in balancing conduction,
polarization, and impedance matching, and providing a novel bioinspired strategy for next-generation high-performance
microwave absorber design.
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Fig. 6 Electromagnetic simulation and RCS analysis: (a-d) Far-field simulation results (CST) for PEC, TRMs-1, TRMs-2, and
TRMs-3. (e) Model aircraft coated with TRMs-2. (f-i) Angular-dependent RCS simulation curves for PEC and TRMs/PDMS
metacomposites. (j) RCS reduction values of TRMs-2 relative to PEC. (k) Proposed microwave absorption mechanism of TRMs-
2.

4 Conclusions

Drawing inspiration from the hierarchical laminations of broadleaf foliage, this study introduces a novel metacomposite
architecture utilizing 2D flexible TRMs as discrete “microwave-absorbing leaves.” This biomimetic design successfully
circumvents the inherent trade-off between impedance matching and dielectric loss across a broad temperature spectrum. By
engineering the sub-wavelength scale geometry, we demonstrate precise command over EMW propagation modes: the planar,
discrete configuration facilitates multi-scattering and cascaded attenuation, effectively switching the interaction mechanism
from superficial reflection to volumetric dissipation. Crucially, by tailoring the unit lateral size (L) to the sub-wavelength
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regime relative to the incident wavelength (A,), we promote multiple internal reflections, thereby drastically enhancing
electromagnetic energy conversion efficiency. Concurrently, the spatial discretization of TRMs suppresses the formation of
thermally unstable conductive networks, effectively mitigating temperature-driven dielectric drift. As a result, the optimized
TRMs-2 metacomposite achieves exceptional microwave absorption, featuring an RLmin of -57 dB (EAB of 3.8 GHz) at an
ultralow filler loading of 1.1 wt.%. More importantly, it retains robust performance (EAB > 2.2 GHz) over a wide thermal range
of 298-573 K. This work not only elucidates the pivotal role of 2D mesoscale geometry in governing electromagnetic
dissipation but also establishes a biomimetic paradigm for next-generation, lightweight, and temperature-invariant microwave
absorbers.

Electronic Supplementary Material: Supplementary material (please provide the brief detail of the ESM) is available in the online
version of this article at https://doi.org/10.26599/NR.2026.94909140.
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Text S1 Calculation of the electrical dimensions of square conductive films

The fundamental relationship between wavelength A, frequency f, and propagation speed v of an electromagnetic wave in
any medium is given by:
v=f A M

In free space, the propagation speed equals the speed of light ¢ (c*3x108m/s), and the corresponding wavelength is denoted
Ao- Hence:

Ao =7 (2)
When an electromagnetic wave propagates from vacuum into a material such as silicone rubber, its phase velocity decreases.

This deceleration is governed by the material’s relative permittivity €, and relative permeability .. The refractive index n of
the medium is defined as[1]:

n =&, (3)
For non- magnetic materials like silicone rubber, p,~1. The wave velocity inside the medium becomes:
C C
v= ; - Vérkr (4)

Substituting this expression for v into the general relation v = f ¢ A, yields the general formula for the wavelength inside
the medium:

v C
A =5 = T em )
For silicone rubber, which is non- magnetic (¢,%1), the formula simplifies to:
- _ 2
I ===t ©)

This result shows that the wavelength in silicone rubber is reduced by a factor of /€, compared to the free- space wavelength.
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The electromagnetic parameters of the silicone rubber are shown in Fig. S1.

Fig. S1 The real and imaginary parts of the PDMS

Guided by the principle that optimal microwave absorption arises when structural dimensions approach the sub-wavelength
regime, we adopt Am/10 as the benchmark unit size for square TiN/RGO films. Theoretical analysis indicates that at L = An/10,
the structure resides precisely at the critical threshold where spurious surface-wave resonances are effectively suppressed,
while simultaneously achieving near-unity impedance matching with free space—thereby enabling efficient electromagnetic
wave penetration, multi-scattering, and cascaded attenuation [2]. Crucially, this dimensional scale provides sufficient
volumetric capacity to fully exploit the intrinsic dielectric loss of the TiN/RGO composite. Consequently, a 2 mm square unit
emerges as the optimal design, striking an ideal balance between impedance matching and attenuation performance.



TRMs-1 TRMs-2 TRMs-3
Fig. S2 The TRMs/PDMS metacomposites material model in CST
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Fig. S3 (a) Real part (&,) and (b) imaginary part (&,) of the complex permittivity, (c) normalized characteristic impedance
(1Zin/Zol), and (d) attenuation constant (a) of TRMs-0.
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Fig. S4 The relationship between the complex dielectric constants of (a) TRMs-1, (b) TRMs-2, and (c) TRMs-3 and temperature
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