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The increasing demand for sustainable and intelligent electronics
calls for microwave absorption (MA) materials that are simultaneously
renewable, mechanically compliant, and electrically reconfigura-
ble—capabilities rarely achieved in current systems dominated by rigid
and static absorbers. Here, we introduced a new design strategy that
leveraged an ionic coacervate-engineered cellulose liquid crystal film
(CLCF) to realize fully reversible, low-voltage, and structurally gov-
erned modulation of MA performance. The CLCF integrated a choles-
teric cellulose nanocrystal (CNC) scaffold with a poly(ionic liquid) (PIL)/
ionic liquid (IL) coacervate network, in which mobile ions, electrostatic
interactions, and chiral helical ordering operated cooperatively. This
hierarchical architecture preserved long-range cholesteric ordering
while introducing ion-transport pathways and heterogeneous inter-
faces, enabling pronounced field-induced helical reorganization and
synergistic conductive, dipolar, and interfacial polarization losses. As a
result, the film exhibited voltage-dependent tuning in minimum reflec-
tion loss (RLy,), peak-frequency position, and effective absorption
bandwidth (EAB). At 0 V, the CLCF displayed an RL,;, of —41.74 dB at
115 GHz and an EAB of 2.96 GHz; increasing the voltage to 16 V
triggered a low-frequency absorption peak and enhanced the perfor-
mance to an RL,;, of —49.02 dB at 8.4 GHz with an EAB of 4.0 GHz,
fully covering the X-band. Meanwhile, the incorporation of PIL effec-
tively mitigated the inherent brittleness of CNC assemblies, yielding a
flexible, biodegradable, and processable film platform. This work
establishes a sustainable and mechanistically distinct route for con-
structing electrically reconfigurable electromagnetic materials, offer-
ing a transferable strategy for next-generation adaptive and eco-
friendly electronic systems.
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New concepts

This work introduces a conceptually new strategy for constructing elec-
trically reconfigurable microwave-absorbing materials by integrating
cholesteric ordering with ionic coacervate nanoarchitectures on a fully
bio-derived and flexible platform. We demonstrate that unlike conven-
tional absorbers whose electromagnetic properties are fixed after fabrica-
tion, cellulose liquid crystals can serve as an electrically addressable
helical scaffold capable of dynamically modulating dielectric anisotropy.
The central conceptual advance lies in the ionic coacervate-engineered
CNC/PIL/IL framework, wherein mobile ions, electrostatically coordi-
nated polymer chains, and chiral CNC helices engage in multilevel
cooperative interactions. This integrated architecture establishes a pre-
viously unexplored mechanism in which field-induced helical reorganiza-
tion synchronizes with voltage-driven ion transport, thereby actively
reconfiguring conductive, interfacial, and dipolar polarization losses.
Such synergistic reconfiguration generates a highly responsive dielectric
system capable of reversible, low-voltage tailoring of absorption intensity,
resonance frequency, and effective bandwidth. By uniting sustainability,
structural hierarchy, and real-time electromagnetic tunability, this work
defines a new design paradigm for intelligent, green, and adaptive
microwave absorbers, overcoming long-standing limitations of brittle-
ness, non-renewability, and static performance in existing systems.

1. Introduction

The rapid expansion of communication technologies and the
widespread adoption of intelligent and flexible electronic
devices have intensified concerns regarding electromagnetic
interference and environmental electromagnetic pollution."?
Considerable efforts have therefore been devoted to developing
microwave absorption (MA) materials with strong attenuation
capability and broad effective bandwidths.** In parallel, rising
global attention to sustainability has stimulated an urgent
demand for bio-derived, environmentally benign, and degrad-
able electromagnetic protection materials.” However, most
high-performance absorbers rely on non-renewable precursors
and exhibit structurally fixed absorption characteristics once
fabricated, preventing them from adapting to the dynamically
evolving electromagnetic environments encountered in modern
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electronics. Smart and flexible devices require real-time, multi-
band, and reversible MA modulation, yet conventional absorber-
s—typically rigid and structurally fixed after fabrication—lack the
ability to dynamically tune their dielectric properties and accom-
modate mechanical deformation.” Developing intelligent and
sustainable MA materials that unify dynamically tunable absorp-
tion properties with mechanical flexibility therefore remains a
critical unresolved challenge.

Stimuli-responsive MA materials offer a promising route to
address this limitation, enabling dynamic modulation of elec-
tromagnetic parameters under mechanical, thermal, moisture,
or electrical stimuli.®*® Among these strategies, electric-field
regulation is particularly attractive due to its rapid response,
facile operation, and excellent reversibility."* However, electri-
cally tunable absorbers that are simultaneously flexible, envir-
onmentally sustainable, and highly responsive under low
voltages are exceedingly rare, reflecting a fundamental gap in
materials design.

Bio-derived liquid crystal materials represent an emerging oppor-
tunity for next-generation adaptive electromagnetic platforms.™
Their intrinsic anisotropy confers strong electric-field responsive-
ness, allowing reversible reorientation of ordered domains and
tunable dielectric permittivity.'>'* Cellulose nanocrystals (CNCs),
in particular, form well-defined chiral nematic (cholesteric) archi-
tectures through spontaneous self-assembly, offering a sustain-
able route to ordered, anisotropic, and biodegradable functional
materials.">"'® Electric fields can modulate CNC helical orienta-
tion and pitch, directly influencing interfacial and dipolar
polarization processes and establishing a structure-property
basis for tunable MA."” However, pristine CNC films are intrin-
sically brittle, and the incorporation of functional components
often disrupts cholesteric ordering—highlighting a key material
paradox: enhancing tunability typically compromises structural
integrity or self-assembly fidelity."® To reconcile these compet-
ing demands, we introduce poly(ionic liquid) (PIL) and ionic
liquid (IL) as cooperative components capable of simulta-
neously enhancing flexibility and electrical responsiveness.
PIL chains electrostatically associate with CNCs to form an
interconnected network that mitigates brittleness while preser-
ving the cholesteric framework." Meanwhile, IL introduces
mobile ions that enable field-driven charge transport and inter-
facial polarization, amplifying dielectric reconfigurability. These
synergistic effects establish a multi-level coupling between ionic
mobility, polymer coordination, and cholesteric organization—
an opportunity that remains largely unexplored in the context of
intelligent MA systems. Distinct from conventional electrically
tunable microwave absorbers that rely on conductivity switch-
ing, rigid metasurface resonances, or semiconductor carrier
injection, this work realizes electrical tunability through
dynamic reconfiguration of polarization processes within a soft,
self-assembled cellulose liquid crystal matrix.

Guided by these principles, we report a bio-derived ionic
coacervate-engineered cellulose liquid crystal film (CLCF) that
integrates sustainability, mechanical flexibility, and electrically
tailored MA performance. In this system, negatively charged
CNC helices electrostatically crosslink with cationic PIL chains
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to form a robust cholesteric scaffold infiltrated with IL. This
design preserves the cholesteric order of CNCs while incorpor-
ating electrically responsive and flexible components. Under
applied voltage, the CNC helices reorient, modulating dielectric
anisotropy and widening ion-transport channels to facilitate
ion migration and conductive losses. Moreover, the formation
of heterogeneous interfaces between mobile ions and the CNC-
PIL framework generates strong interfacial polarization, while
field-induced dipole alignment enhances dipolar polarization.
These cooperative effects result in pronounced enhancement of
absorption intensity and a tunable effective absorption band-
width (EAB) that can be expanded to fully cover the X-band,
exhibiting reversible and voltage-controlled behavior. Simulta-
neously, the PIL network dramatically improves the flexibility
and structural integrity of the film. Overall, this work estab-
lishes a mechanistically distinct and fully sustainable design
paradigm for electrically reconfigurable microwave absorbers,
advancing the development of intelligent, flexible, and eco-
friendly electromagnetic protection systems for next-generation
electronics.

2. Results and discussion

2.1. Structural design and characterization of the CLCF

The CLCF was synthesized via a one-pot, two-step ionic coa-
cervation strategy, as illustrated in Fig. 1a. In this process, high-
aspect-ratio, negatively charged CNCs (Fig. S1) were sequen-
tially mixed with PIL and IL, inducing spontaneous ionic
coacervation through strong electrostatic attraction between
the cationic PIL and anionic CNC surfaces. The PIL, bearing
imidazolium cations, was synthesized via epoxide ring-opening
polymerization of epichlorohydrin (ECH) followed by quaterni-
zation (Fig. S2). The resulting PIL compound was characterized
by proton nuclear magnetic resonance (‘H NMR) spectra,
carbon nuclear magnetic resonance (13C NMR) spectra and
X-ray photoelectron spectroscopy (XPS) (Fig. $3-58).%?" Nota-
bly, both PIL and IL share the same chloride anion and
imidazolium cation, which minimizes ionic incompatibility
during coacervation. The abundant positive charges on PIL
chains promote dense electrostatic association with CNCs,
triggering dynamic self-assembly of nanofibers into intercon-
nected bundles via a synergistic mechanism of noncovalent
bonding and chain entanglement. These bundles constitute the
skeleton of the cholesteric liquid crystal film, while the inter-
bundle voids form nanoconfined ion-transport channels.??
Meanwhile, the flexible PIL chains mitigate the intrinsic brit-
tleness of rigid CNCs, improving the mechanical flexibility and
toughness of the coacervate network without compromising its
structural order.>® Subsequent infiltration of IL into the CNC/
PIL coacervate framework further enhances ion mobility and
facilitates long-range ionic conduction through percolative ion-
transport pathways. Overall, this coacervate-driven assembly
locks CNCs into an ordered cholesteric arrangement while
integrating ionic functionality and mechanical complian-
ce—both essential for voltage-tunable MA.

This journal is © The Royal Society of Chemistry 2026
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(a) CNC liquid crystal film
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Fig. 1 Synthesis and characterization of the CLCF. (a) Schematic illustration of the synthesis process. SEM images of the CLCF (b) surface and (c) cross-
section. AFM images of the CLCF (d) surface and (e) cross-section. (f) Schematic illustration of the interactions between the CNC and PIL. (g) The
calculated ESP maps of the CNC and PIL. (h) The binding energy and molecular distance between the CNC and PIL. (i) Tensile stress—strain curves and (j)
strength and toughness of the CNC and CNC-PIL films. (k) Tensile stress—strain curves of the CLCF with varying IL fractions.

Fourier transform infrared (FT-IR) spectroscopy confirmed
the incorporation of PIL and IL into the CNC framework (Fig. S9).
The characteristic aromatic C-H stretching vibration appeared in
the CLCF, verifying the presence of imidazolium cations. After
adding PIL, the shape of the O-H stretching band is broadened
and the center of the peak is red shifted (from 3287 cm™ " to
3331 cm™ ). The red shift and pronounced broadening of the O-H
stretching band originate from strengthened and diversified
hydrogen-bonding interactions, which weaken the O-H bond
and generate a distribution of vibrational environments due to
the coexistence of hydrogen bonds with varying strengths and
configurations. X-ray diffraction (XRD) analysis (Fig. S10) further
corroborated the structural evolution during fabrication. The CNC

This journal is © The Royal Society of Chemistry 2026

exhibited a typical cellulose I crystalline phase, and addition of PIL
does not alter this crystalline structure, suggesting minimal
disruption of CNC domains. Upon IL incorporation, partial
disruption of CNC hydrogen bonding interactions facilitates IL
penetration into the crystalline regions, leading to an increased
interlayer spacing as reflected by a slight (200) peak shift.**

The morphology and microstructure of the dried CLCF were
characterized using scanning electron microscopy (SEM) and
atomic force microscopy (AFM). As shown in Fig. 1b and c, the
surface of the CLCF exhibited a smooth and uniform morphol-
ogy, while the cross-section revealed a well-defined Bouligand
structure, characteristic of helicoidal CNC arrangements. Ele-
mental mapping (Fig. S11) showed higher concentrations of CI
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and N within the cross-section, suggesting that IL preferentially
infiltrates the interior of the cholesteric framework during
assembly. AFM analysis further revealed nanoscale wavy tex-
tures on the surface and helical arrangements in the cross-
section (Fig. 1d and e), confirming the preservation of choles-
teric ordering. The successful construction of the CLCF skele-
ton is ensured by strong electrostatic interactions and hydrogen
bonding between the negatively charged hydroxyl groups of the
CNC and the positively charged imidazolium moieties of PIL, as
validated by density functional theory (DFT) calculations
(Fig. 1f-h and Fig. S12-S15).>> Electrostatic potential (ESP) maps
were obtained to visualize the spatial distribution of electron
density in the CNC and PIL (Fig. 1g and Fig. $12-S15).”° The
blue regions, representing electron-rich oxygen atoms on the
CNC, are poised to interact with the red regions corresponding
to the electron-deficient imidazole rings on PIL. These comple-
mentary regions facilitate noncovalent complexation during the
evaporation-induced self-assembly process. The optimized
complex exhibited a binding distance of 2.447 A between the
oxygen atom of the CNC and the centroid of the imidazole ring,
with a binding energy of —6.035 kcal mol™! and an electron
transfer of 0.1034e (Fig. 1h), confirming strong noncovalent
interactions that drive coacervate self-assembly. Experimental
results from zeta potential and water contact angle measure-
ments (Fig. S16 and S17) further supported these findings,
demonstrating progressive surface charge neutralization and
enhanced hydrophobicity upon PIL incorporation—indicative
of robust electrostatic and hydrogen-bonding interactions
within the coacervate network.

To further correlate molecular interactions with macroscopic
mechanical performance, tensile stress-strain measurements
were conducted on CNC-PIL composite films with varying CNC:
PIL mass ratios (Fig. 1i and j). The CNC acts as a rigid nanofi-
brillar scaffold, while PIL functions as a flexible, ductile polymer
binder. With increasing PIL content, both tensile strength and
toughness exhibited a nonmonotonic trend—rising to a maxi-
mum at a moderate PIL loading and subsequently decreasing.
The optimal mechanical performance was achieved at a CNC: PIL
mass ratio of 4:1, with the tensile strength and toughness
fracture strain of the material reaching 1.83 MPa and
80.15 MJ m~>, where a balanced interplay between rigidity and
flexibility enabled efficient stress transfer. This behavior arises
from coacervation-driven associative assembly at moderate PIL
levels, which promotes denser nanofiber packing and more
efficient stress transfer.”” In contrast, excessive PIL results in a
soft polymer-dominant phase with reduced structural integrity
and stiffness, resembling the mechanical response of ductile
polymeric networks. Polarized optical microscopy (POM) observa-
tions (Fig. S18 and S19) confirmed that the CNC-PIL composite
films maintained the characteristic cholesteric liquid crystalline
texture, indicating that PIL incorporation does not disrupt the
intrinsic helical order of the CNC. The effect of IL content on the
mechanical properties of the CLCF was further investigated
(Fig. 1k). The tensile strength of the CLCF decreased monotoni-
cally with increasing IL content, primarily due to IL infiltration
into CNC crystalline domains that disrupts intermolecular
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interactions within the coacervate network, thereby compromis-
ing mechanical integrity.>®?° Even at an IL loading of 50 wt%,
the CLCF retained its well-defined cholesteric ordering
(Fig. S20) and satisfactory mechanical robustness, exhibiting a
tensile strength of 0.76 MPa and a fracture strain of 100.8%. In
contrast to conventional polymer-based flexible MA composites
(Fig. S21), the bio-derived CLCF achieves superior elongation at
break, underscoring the potential of sustainable materials to
rival or even surpass synthetic systems in flexibility. The
observed mechanical robustness is design-driven, arising from
the synergistic combination of rigid CNC scaffolds, ductile PIL
binders, and a controlled IL content that plasticizes the network
while preserving the cholesteric framework. The mechanical
robustness and structural integrity of the CLCF ensure a reliable
framework for voltage-driven modulation of its electromagnetic
absorption behavior.

2.2. Correlation of ionic conduction-polarization coupling
with microwave absorption in the CLCF

Given that all constituents of the CLCF are intrinsically non-
magnetic, the MA performance is determined exclusively by the
complex permittivity (¢’ and ¢”). The ¢’ represents the dielectric
storage capability of the material, whereas ¢” reflects the dielec-
tric loss responsible for converting electromagnetic energy into
heat. As shown in Fig. 2a and b, both ¢ and ¢” values of the
CLCFs increased markedly with rising IL content, where ¢’ rose
from 2.01 to 7.51 and &¢” from 0.13 to 2.86. This enhancement
primarily stems from the improved ionic conductivity induced
by IL incorporation. Correspondingly, the dielectric loss tangent
(tand, = £’/¢'), indicative of the overall dielectric dissipation
capability, exhibited a monotonic increase with increasing IL
loading (Fig. 2c), confirming the strengthened dielectric loss
ability. To further elucidate the correlation between dielectric
behavior and ion transport dynamics, the electrochemical char-
acteristics of CLCFs with varying IL contents were systematically
examined. Both the open-circuit voltage (Voc) (Fig. 2d) and ionic
conductivity (Fig. S22) initially increased with increasing IL
fraction and then slightly declined at higher IL loadings,
reflecting the balance between the enhanced availability of
mobile ions and the disruption of ordered ion-transport path-
ways at high IL loadings.?° It should be noted that the Vi does
not directly quantify ionic conductivity; rather, it reflects ion
redistribution and interfacial charge accumulation under equi-
librium conditions. In contrast, ionic conductivity characterizes
bulk ion transport under an applied electric field, and the
combined analysis of V¢ and conductivity therefore provides
complementary insight into interfacial polarization and charge
transport within the gel. Electrochemical impedance spectro-
scopy (EIS) further revealed a progressive reduction in the
semicircular radius of the Nyquist plots with increasing IL
content (Fig. 2e), implying decreased charge-transfer resistance
(Ret) and enhanced carrier mobility, as corroborated by direct
resistance measurements (Fig. $23).>>3' These results collec-
tively confirm that IL incorporation effectively promotes ion
mobility and charge accumulation within the CNC-PIL coacer-
vate network, thereby establishing a robust ionic conduction

This journal is © The Royal Society of Chemistry 2026
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the CLCF. (e) EIS of the CLCF. Inset: Equivalent circuit model. (f) Average ¢ and z;; ratios of the CLCF. (g) RLmin and (h) EAB values of the CLCF.

framework that underpins the enhanced dielectric response of
the CLCF. This is attributed to the high concentration of IL
infiltrating and disrupting the hydrogen-bonding network,
which facilitates the extension of conductive pathways. Mean-
while, the increased number of ions interacting with the CNC-
PIL coacervate network generates richer heterogeneous inter-
faces, thereby enhancing interfacial polarization. To gain deeper
insight into the respective roles of conduction and polarization
processes in dielectric loss, the conductive (&) and polarization
(sé’) loss components were quantitatively evaluated (see the SI
for computational details).** As shown in Fig. 2f, with increasing
IL content, ¢ progressively increased while ¢ correspondingly
decreased; however, sg remained the dominant contributor to

dielectric loss, indicating that polarization relaxation still played
a major role in microwave attenuation. This conclusion was
further supported by the Cole-Cole plots (Fig. S24), where each
sample exhibits a semicircular shape and each semicircle
represents a single relaxation process. This relaxation arises

This journal is © The Royal Society of Chemistry 2026

from interfacial polarization induced by charge inhomogeneity
at the interfaces between the CNC as the low-conductivity phase
and IL as the ion-enriched phase, which dominates the overall
polarization loss. Notably, as the IL content increased, a red
shift of the relaxation peak was observed. This shift can be
attributed to the fact that the increase in IL content induces
microphase separation, which sharpens the electrical contrast
between the two phases. Accumulated charges at the interfaces
then take longer to dissipate or neutralize along tortuous paths,
slowing down the overall relaxation process.*’

To further investigate the MA performance of the CLCFs, the
minimum reflection loss (RL,,) and EAB were calculated
based on the transmission line theory (see the SI for
details).**> As shown in Fig. 2g, h and Fig. $25, the statistical
results of RL,;; and EAB exhibited a non-monotonic depen-
dence on the IL content—first increasing and then decreasing
with rising IL fraction. This trend arises from the balance
between dielectric loss and impedance matching. Increasing
the IL content enhances both conductive and polarization loss,
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thereby augmenting the overall dielectric dissipation. However,
excessive IL disrupts impedance matching due to high ionic
conductivity, resulting in stronger reflection and weaker absorp-
tion of incident microwaves. Among all samples, the CLCF con-
taining 50 wt% IL exhibited the optimal MA performance, which
originates from a balanced synergy between impedance matching
and attenuation capability—two complementary and indispensa-
ble factors for efficient absorption. As shown in Fig. S26 and S27,
the attenuation coefficient (x) increased monotonically with IL
loading, whereas the normalized input impedance (Z;,/Z,) of the
50 wt% IL sample was closest to 1, indicating ideal impedance
matching.® Thus, the superior MA performance of the 50 wt% IL
film resulted from the optimal combination of energy dissipation
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and impedance matching, enabling efficient attenuation of inci-
dent electromagnetic waves.

2.3. Voltage-driven dielectric response and tunable
microwave absorption mechanism in the CLCF

To further explore the voltage-dependent tunability of electro-
magnetic properties in the CLCF, the modulation of complex
permittivity across the X-band was systematically investigated.
The activation voltage (V,, 6 V) corresponds to the onset of a
pronounced increase in permittivity, while the saturation vol-
tage (Vs, 16 V) marks the point where permittivity reaches its
maximum. As shown in Fig. 3a-c, once V, was reached, both &’
and ¢’ increased markedly across the entire X-band. Upon
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of the CLCF in (i) normal, (j) activated, and (k) saturated states.
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further increasing the voltage to Vg, ¢ continued to rise due to
intensified IL migration, leading to greater dielectric energy
dissipation. Consistently, the dielectric loss tangent (tan J, = &/
¢') corroborated the enhanced dielectric dissipation capability of
the CLCF under external electric fields. The voltage-induced
evolution of permittivity primarily arises from two cooperative
mechanisms: partial reorganization of the cholesteric helical
structure, which alters the anisotropic dielectric environment,”
and voltage-driven directional migration of IL molecules, which
amplifies conductive loss and polarization effects. To elucidate
their respective contributions, the conductive (¢/) and polariza-

tion (rﬁ) loss components were quantitatively analyzed. As

shown in Fig. 3g and Fig. S28, both ¢/ and ¢, exhibited an overall
increasing trend with rising voltage, consistent with the elevation
of ¢’. This behavior reveals that the applied electric field pro-
motes structural and interfacial evolution within the composite.
Specifically, the cholesteric CNC domains tend to reorient along
the field direction, and the helical structure partially unwinds
into a macroscopically nematic-like phase. Such structural reor-
ganization broadens ion-transport channels and facilitates IL
migration, thereby enhancing ionic conduction and conductive
loss. Meanwhile, the formation of heterogeneous interfaces
between IL cations and the CNC-PIL network induces strong
interfacial polarization, while field-induced dipole alignment
further enhances dipolar polarization. Notably, sg remains domi-
nant across all voltage states, reflecting the synergistic contribu-
tion of abundant surface functional groups and robust interfacial
polarization at the IL/CNC-PIL interfaces. Further insights into
these relaxation processes were obtained from the Cole-Cole
plots (Fig. 3d-f), which exhibited multiple depressed arcs and
an oblique tail under elevated voltages. Under saturated bias,
although no pronounced relaxation peaks are observed in the
frequency-dependent dielectric spectra, the distorted semicircles
in the Cole-Cole plots indicate distributed polarization relaxation
with non-Debye characteristics.*® The emergence of additional
arcs and the enhanced linear region signify intensified interfa-
cial/dipolar polarization and conductive loss, respectively.>® This
voltage-induced modulation of relaxation behavior confirms that
the tunable dielectric response of the CLCF originates from
dynamic structural rearrangements and enhanced charge carrier
dynamics. Collectively, these coupled effects endow the CLCF
with electrically tunable impedance and loss characteristics,
enabling dynamic control of both absorption intensity and
frequency position.

These variations in permittivity directly impact the MA perfor-
mance of the CLCF. As shown in the 3D and two-dimensional
(2D) RL maps (Fig. 3h-k and Fig. S29), with increasing voltage,
the RL;, value deepened from —41.74 dB at 11.5 GHz (0 V) to
—43.61 dB at 9.7 GHz (V,) and further to —49.02 dB at 8.4 GHz
(Vg), indicating enhanced attenuation capability and low-
frequency shift of the absorption peak (Fig. 3h-k). Simulta-
neously, the EAB exhibited an apparent expansion and frequency
shift. At zero bias, the CLCF achieved an EAB of 2.96 GHz
(from 9.44 to 12.4 GHz) at a thickness of 4.4 mm, covering
approximately 70.5% of the X-band. Upon applying increasing

This journal is © The Royal Society of Chemistry 2026
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voltage, the EAB extended and migrated in frequency, reaching
4.2 GHz (8.2-12.4 GHz) at 2.5 mm and 4.0 GHz (8.2-12.2 GHz) at
3.8 mm, ultimately achieving the full X-band coverage (Fig. S29).
Notably, RL,;, shifted toward lower frequencies with increasing
voltage, indicating a voltage-responsive frequency-selective absorp-
tion behavior. This voltage-induced enhancement in MA perfor-
mance stems from synergistic improvements in impedance
matching and dielectric loss.”>"" The calculated impedance ratio
|Zin/Zo| (Fig. S30) progressively approached the ideal range of 0.8-
1.2 as the voltage increased, facilitating efficient coupling of
incident electromagnetic waves into the absorber. Meanwhile,
the attenuation constant o (Fig. S31) increased significantly under
voltage stimulation, particularly in the low-frequency region, sig-
nifying enhanced electromagnetic energy dissipation. These effects
can be attributed to the field-driven reorganization of the choles-
teric ordered structure and directional migration of IL molecules,
which together enhance conductive loss and strengthen interfacial
and dipolar polarization. The resultant reconfiguration of the
internal chiral architecture not only extends the conductive net-
work but also modulates charge storage and dynamic polarization
behavior across frequencies.*>™* Collectively, these coupled effects
endow the CLCF with electrically tunable impedance and loss
characteristics, enabling dynamic modulation of both absorption
intensity and frequency band—paving the way for intelligent,
adaptive microwave absorbers. In addition, cyclic switching
between 0 and 16 V (Fig. S32) demonstrated excellent reversibility
and stability of the voltage modulation, with negligible changes in
both RL,,;; and EAB, confirming the robustness of the dynamic
tuning process. This reversibility originates from the elastic restor-
ing force of the cholesteric CNC scaffold and the dynamically
cross-linked CNC-PIL-IL network, which enables field-induced
structural reorganization and ion redistribution without perma-
nent structural degradation.

The electromagnetic absorption mechanism of the CLCF is
schematically illustrated in Fig. 4, based on the above discus-
sions. The overall attenuation behavior arises from the syner-
gistic contributions of conductive and polarization losses, both
modulated by voltage-driven structural evolution and ion migra-
tion. For clarity, the absorption process was categorized into two
states: “No electric field” and ‘“Voltage-driven regulation”.

2.3.1. No electric field. In the absence of an external bias,
the CLCF maintains its cholesteric liquid crystalline phase, where
the CNC/PIL framework, interspersed with conductive IL, estab-
lishes interconnected ion-transport pathways that facilitate effec-
tive impedance matching. This favorable matching condition
enables efficient coupling of the incident electromagnetic wave
(EMW) into the absorber. Conductive loss primarily originates
from the motion of mobile ions under the alternating electromag-
netic field, leading to ohmic dissipation. In addition, the abundant
polar functional groups (e.g., C-O and C-N) induce dipolar polar-
ization, while interfacial polarization is reinforced by charge het-
erogeneity at the CNC/PIL/IL interfaces, leading to localized space-
charge accumulation. These synergistic effects collectively endow
the CLCF with strong intrinsic MA capability under zero bias.

2.3.2. Voltage-driven regulation. Upon application of an
external electric field, CNC nanorods—acting as dielectric
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Fig. 4 Schematic diagram of the tunable wave absorption mechanism for the CLCF.

anisotropic units—experience an electrostatic torque that par-
tially unwinds the cholesteric helix toward a nematic-like
alignment. Notably, this voltage-driven helical reorganization
establishes a direct structure-dielectric coupling, wherein par-
tial unwinding of the cholesteric architecture simultaneously
facilitates ion migration and intensifies interfacial and dipolar
polarization, thereby enhancing the dielectric response. POM
observations confirmed this transformation (Fig. S33), revealing
a pronounced reorientation of cholesteric domains along the
field direction and thereby inducing a transition from helical to
macroscopically nematic order. This structural evolution widens
the ion-transport channels and increases the available free
volume for ion motion,***® which facilitates directional migra-
tion of IL ions and thereby enhances ionic conduction and
conductive loss. As evidenced by the Nyquist plots (Fig. S34), the
semicircular radius progressively decreased with increasing

into the CNC-PIL framework generates

mechanism underlying the dynamically
mance of the CLCF under voltage stimuli.

2.4. RCS simulation of the CLCF

Mater. Horiz.

voltage, indicating reduced charge-transfer resistance and
enhanced carrier mobility. Meanwhile, increased IL penetration

additional heteroge-

neous interfaces, giving rise to pronounced interfacial polariza-
tion. In parallel, the field-induced alignment of molecular
dipoles further strengthens dipolar polarization. These coopera-
tive effects—synergistic enhancement of conductive, interfacial,
and dipolar polarization losses—constitute the fundamental

tunable MA perfor-

In order to assess the far-field EMW response of the CLCF during
voltage-driven transition, radar cross-section (RCS) was con-
ducted using the Computer Simulation Technology (CST) soft-
ware (Fig. 5).*” RCS quantifies the intensity of EMW scattered by a

This journal is © The Royal Society of Chemistry 2026
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target under radar illumination and serves as a critical parameter
for evaluating electromagnetic detectability and stealth perfor-
mance. By simulating RCS profiles under different voltage states,
valuable insights into the dynamic electromagnetic wave-target
interactions and the tunable stealth capability of the CLCF were
obtained. The simulation model consists of a dual-layer square
structure (Fig. 5a), comprising a perfectly electrically conducting
(PEC) substrate and an upper CLCF layer. In this context, a
reduced RCS signifies lower electromagnetic wave reflection and
enhanced stealth capability. As shown in the 3D RCS simulations
(Fig. 5d), the PEC-only sample exhibits the strongest reflected
signal intensity, underscoring its poor performance in stealth

View Article Online
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applications. In contrast, substantial attenuation of the RCS signal
is observed upon the introduction of the CLCF, particularly under
applied voltages. As illustrated in Fig. 5b and c, the RCS values of
CLCF-coated structures remain consistently below 0 dB across a
broad angular range (—100° to 100°), in stark contrast to the PEC
baseline. Moreover, as the applied voltage increases, the RCS value
of the CLCF coating further decreases. This notable suppression of
scattered signals aligns well with the experimentally observed
enhancement in MA performance, validating the voltage-tunable
stealth functionality of the CLCF system.

To further elucidate the underlying dielectric loss mechan-
isms of the CLCF under external electric fields, simulations of

(@) (b) 2 (©) °]
PEC ——PEC -10 1
S/ 10 - Normal state 20 -
Absorber Activated state 304
A S 0 Saturated state
o - -40 4
E ’E -10 E 50
S 2 60 -
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0

Fig. 5 Simulation and theoretical calculations. (a) CST model. (b) RCS simulated values of a PEC substrate and the CLCF in different states within the
scanning angle range from —100° to 100°. (c) RCS signal values in all directions. (d) 3D plots of the RCS signal value, (e) the induced current field and (f) the

power loss density of the samples with different voltages.
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surface electric field distribution and power loss density were
conducted across different voltage states.® As shown in Fig. 5e,
the electric field intensity on the surface of a bare PEC substrate
is significantly higher than that of the CLCF-covered structures,
as indicated by the color gradient. Upon applying voltage, a
progressive attenuation in the electric field intensity within the
CLCF layer is observed, as shown by the reduced surface field
contrast. This attenuation reflects improved impedance match-
ing, which reduces the generation of reflected (counter-
radiating) electromagnetic fields at the interface. As a result, a
greater portion of the incident EMW is able to penetrate into the
absorber rather than being reflected. This inference is further
supported by the power loss distribution maps shown in Fig. 5f.
Under increasing voltage, the CLCF layer exhibited an increase
in power loss density, particularly within the bulk of the
material, indicating enhanced dielectric energy dissipation.
The voltage-driven evolution of the internal cholesteric structure
and intensified ion migration synergistically enhance polariza-
tion and conductive loss, thereby facilitating stronger dielectric
response and more efficient conversion of electromagnetic
energy into heat.>*® These findings underscore the tunable
and efficient EMW attenuation capability of the CLCF system.

3. Conclusions

In summary, an intelligent and sustainable ionic coacervate-
engineered CLCF was developed, featuring a cholesteric CNC/
PIL framework infiltrated with IL, which achieved reversible
and electrically tailored MA alongside outstanding mechanical
flexibility. The synergistic incorporation of PIL and IL enhanced
both intrinsic absorption capability and voltage responsive-
ness. Under applied voltage, field-induced helical reorganiza-
tion of CNCs and synergistic conductive and interfacial/dipolar
polarization losses generated a strong dielectric response,
enabling efficient and reversible modulation of MA perfor-
mance. With increasing voltage, the absorption intensity
strengthened, the absorption peak shifted toward lower fre-
quencies, and the EAB broadened. At 0 V, the CLCF showed an
RL,ijn, of —41.74 dB at 11.5 GHz and an EAB of 2.96 GHz
(~70.5% of the X-band); at 16 V, the RL,,;, improved to
—49.02 dB at 8.4 GHz with an EAB of 4.0 GHz, fully covering
the X-band. In addition, PIL effectively mitigated the inherent
brittleness of CNC films, endowing the CLCF with outstanding
flexibility and robustness, as evidenced by a tensile strength of
0.76 MPa and an elongation at break of 100.8%. This work
presents a renewable, environmentally benign strategy for
electrically reconfigurable microwave absorbers and establishes
a versatile platform for intelligent, flexible, and green electro-
magnetic protection technologies.

4. Experimental section

Comprehensive details of the experimental design are provided
in the SL
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