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Lignin-Derived Lightweight Carbon Aerogels for Tunable
Epsilon-Negative Response

Yunpeng Qu, Yunlei Zhou, Qiuyun Yang, Jun Cao, Yao Liu,* Xiaosi Qi,* and Shan Jiang*

Electromagnetic (EM) metamaterials have garnered considerable attention
due to their capacity to achieve negative parameters, significantly influencing
the integration of natural materials with artificially structural media. The
emergence of carbon aerogels (CAs) offers an opportunity to create
lightweight EM metamaterials, notable for their promising EM shielding or
absorption effects. This paper introduces an efficient, low-cost method for
fabricating CAs without requiring stringent drying conditions. By finely tuning
the ZnCl2/lignin ratio, the porosity is controlled in CAs. This control leads to
an epsilon-negative response in the radio-frequency region, driven by the
intrinsic plasmonic state of the 3D carbon network, as opposed to traditional
periodic building blocks. This approach yields a tunable and weakly
epsilon-negative response, reaching an order of magnitude of −103 under
MHz frequencies. Equivalent circuit analysis highlights the inductive
characteristics of CAs, correlating their significant dielectric loss at low
frequencies. Additionally, EM simulations are performed to evaluate the
distribution of the electric field vector in epsilon-negative CAs, showcasing
their potential for effective EM shielding. The lignin-derived, lightweight CAs
with their tunable epsilon-negative response hold promise for pioneering new
directions in EM metamaterials and broadening their application in diverse
extreme conditions.
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1. Introduction

Metamaterials have been rapidly evolv-
ing in recent years, revolutionizing var-
ious fields with their unique properties
and functionalities.[1–3] Intrinsic electro-
magnetic (EM) metamaterials are defined
by the use of inherent material properties to
create percolative composite structures.[4–6]

This approach enables the achievement of
negative permittivity (𝜖′ < 0), negative per-
meability (μ′ < 0), or 𝜖′-near-zero (ENZ)
behaviors.[7–9] These new types of EM me-
dia, characterized by extraordinary EM pa-
rameters, are poised to revolutionize mate-
rial construction paradigms and transcend
traditional EM response architectures.[7–9]

This is achieved through the meticulous
design of microstructure units to tailor
macroscopic physical field responses. In-
trinsic EM metamaterials, a critical subset
of metamaterials, exhibit remarkable EM
response characteristics by engineering dis-
ordered structures at the sub-wavelength
physical scales.[9–11] This design facilitates
the regulation of interactions between radio

frequency (RF) EM waves/fields and media, utilizing network-
structured composites.
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Recent advancements in this field have been spearheaded
by Fan et al., who pioneered the academic concept of using
metal/ceramic percolative composite structures to attain nega-
tive parameters in the RF region.[12–14] This method involves con-
structing a metal network within a porous ceramic matrix, ef-
fectively reducing the free electron concentration in metal-based
composites. Unlike the polarization response observed in tradi-
tional dielectric materials with positive permittivity, the epsilon-
negative response is a collective oscillation behavior of a large
number of free charge carriers. This leads to a significant de-
crease in negative permittivity within the RF range, ≈4–6 or-
ders of magnitude lower than that of bulk metals.[12–14] Follow-
ing this, Tsutaoka’s team employed a similar technique, achiev-
ing negative parameters using both metal and ferrite for EM
functions.[15] The design of intrinsic EM metamaterials gener-
ally adheres to the academic principle of creating functional
phase/matrix percolative composite structures, with a focus on
elucidating percolation theory and exploring mechanisms be-
hind 𝜖′-negative responses.[16–18] Depending on the functional
phases and matrix material categories, intrinsic EM metamateri-
als can be broadly classified into four groups: metal/ceramic, car-
bon nanomaterials/ceramics, carbon nanomaterials/polymers,
and metal/polymers.[19] Metals, known for their abundance of
free electrons, high conductivity, intrinsic 𝜖′-negative response
in optical frequencies, and sensitivity to EM wave/field varia-
tions, are commonly used in these metamaterials.[20] Carbon
materials, including graphene (GR), carbon nanotubes (CNT),
carbon black (CB), and amorphous carbon, offer advantages
such as moderate carrier concentration, high mobility, control-
lable geometric parameters, and chemical stability.[21] These ma-
terials have increasingly been incorporated into metamaterial
designs, as evidenced by CNT/polyvinylidene fluoride, amor-
phous carbon/Si3N4, and GR-CB/CaCu3Ti4O12, all featuring ad-
justable negative parameters.[22–24] However, the unstable inter-
face matching between carbon materials and ceramic matri-
ces leads to unsatisfactory frequency dispersion of the epsilon-
negative response.[22–24] The approach of randomly constructing
a 3D network with carbon functional phases limits the applica-
bility of EM metamaterials under extreme working conditions.

In response to these limitations, researchers have recently in-
troduced a new type of carbon-based EM metamaterials: carbon
aerogels (CAs).[25] Unlike previous designs that relied on percola-
tive structures composed of composite functional and insulating
phases, CAs achieve negative permittivity through their intrin-
sic plasmonic state. They further regulate effective electron con-
centration via their porous structure, thereby enabling tunable
epsilon-negative responses. In contrast to metal-based metacom-
posites, CAs not only exhibit excellent lightweight and chemi-
cal stability properties but also provide a novel method to modu-
late epsilon-negative response in the RF region.[26] Although CAs
have demonstrated promising applications in areas such as su-
percapacitors, extreme heat insulation, and pollution treatment,
the epsilon-negative response mechanism of CAs remains un-
derexplored since our team initially proposed them as structural
units for EM metamaterials.[25,26] There is an urgent need for a
universal design paradigm that focuses on the special structure
and unique properties of CAs.

In this work, we introduce the first lignin-derived CAs with
a tunable epsilon-negative response in the RF range. Lignin,

a renewable and aromatic biopolymer, is an attractive alter-
native to fossil resources with toxicity and non-degradability
such as phenol-formaldehyde resins.[27] We present an effi-
cient, low-cost method to fabricate CAs without requiring rig-
orous drying conditions. This technique enables a tunable and
weakly epsilon-negative response through adjustable porosity of
CAs. Additionally, we have conducted EM simulations to eval-
uate the theoretical EM shielding performance. This research
opens up new avenues in the field of EM metamaterials and
offers environmentally friendly, cost-effective applications for
CAs.

2. Results and Discussion

2.1. Composition and Microstructure of Porous Carbon Aerogels

Annually, the pulping process generates ≈50 million tons of
technical lignin, a by-product typically burned as a low-value
fuel, with only ≈2% utilized in specialty products.[28] This un-
derutilization is mainly attributed to lignin’s low reactivity and
its random, branched structure, making it challenging to poly-
merize into lignin formaldehyde resins without activation or the
addition of phenols. Here, we brought up a simple and effective
method to convert lignin into lightweight CAs with adjustable
density and porosity, as illustrated in Figure 1. The conductive
carbon functional phase can provide good carrier transport char-
acteristics, which is conducive to realizing the plasma oscillation
effect, and then designing metacomposites with an epsilon-
negative response. Therefore, whether it is CAs or GR, CNTs,
or other amorphous carbon, it can be a good candidate to build
metamaterials. This method is also a universal and effective
approach.

Through hydrothermal polymerization and carbonization,
we successfully produced lignin-derived CAs. Precise control
over the ZnCl2/lignin ratio allowed for the tuning of poros-
ity, resulting in the formation of 3D carbon networks with
adjustable effective electron concentration. The microstruc-
tures of the CAs are depicted in Figure 2 (more details can be
found in Figure S1; Supporting Information), showing samples
CA1 to CA4 all carbonized at 900 °C and exhibiting a similar
degree of graphitization (Figure 2a″–d″). Since all CAs share
a similar framework and porous structures, their dielectric
responses are uniformly influenced by their interfaces and
geometric factors, with porosity/density being the primary
variable.

The X-ray diffractometry (XRD) patterns shown in Figure 3a
reveal two broad peaks ≈26° and 43°, corresponding to the (002)
and (100) planes of graphite, indicating a high degree of graphi-
tization. The Raman spectra in Figure 3b exhibit characteristic D
and G band peaks at 1330 and 1590 cm−1, respectively, indicating
structural disorder and sp2-bonded crystalline carbon. The inten-
sity ratio of the D to G band (ID/IG), calculated using the Tuinstra-
Koenig equation, slightly increases from 1.14 to 1.17 with the
increasing density of the CAs, indicating a consistent degree of
graphitization.[29] This consistency is further supported by the
thermal weight loss profiles (Figure 3c–f). The TG-DSC analy-
sis, performed at a heating rate of 10 °C per minute under N2
protection, reveals that all CAs experience a rapid weight loss be-
low 200 °C, attributed to the decomposition of impurities such as
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Figure 1. Stepwise preparation of lignin CAs.

ZnCl2 and moisture content. The CAs demonstrate thermal sta-
bility up to the onset of an exothermic reaction occurring between
≈400 and 500 °C, suggesting that the porous network structure
of CAs remains stable and operational below ≈400 oC. Carbon
begins to decompose ≈400 oC in the air, undergoing oxidation
reactions to produce carbon monoxide and carbon dioxide, thus
exhibiting rapid weight loss reactions.

The N2 adsorption/desorption measurements provide in-
sight into the pore-size distributions of the CAs, as shown
in Figure 3g,h. The adsorption/desorption isotherms exhibit
characteristics of both type I and type IV isotherms, according
to the IUPAC classification, indicating a continuous increase in
adsorption capacity with increasing P/P0 value.[26] Theoretically,
the experimentally obtained isotherm represents the cumulative
adsorption capacity, which should either remain constant or
increase as pressure increases during the adsorption process.
Conversely, during the desorption process, as pressure decreases,
the adsorbed gas molecules gradually detach from the sample’s
surface. In the absence of surface tension effects, the adsorption
and desorption curves would overlap. However, due to surface
tension, molecules adsorbed at a certain pressure do not desorb
at that same pressure. As pressure decreases further, adsorbed
molecules continue to desorb, resulting in non-overlapping ad-
sorption and desorption lines and forming a hysteresis loop, as
illustrated in Figure 3g. This hysteresis loop, observed between
0.4 and 0.95, is typically indicative of mesoporous materials. The
pore sizes of CAs, primarily ranging from 3 to 5 nm as shown
in Figure 3h, span the entire mesoporous range of 2–50 nm.
It is also noteworthy that the CAs are relatively lightweight,
attributed to the presence of extensive micrometer-scale
pores.

2.2. Tunable Epsilon-Negative Response of Carbon Aerogels

The variable porosity of CAs naturally forms 3D conductive
carbon networks, resulting in metal-like conduction behavior
(Figure 4a). This behavior is characterized by a decreasing trend
in alternating current (AC) conductivity (𝜎ac) with frequency, akin
to the skin effect observed in metallic conductors. The skin depth
(𝛿) can be expressed as:[30,31]

𝛿 =
√

2
𝜔𝜇𝜎dc

(1)

where 𝜎dc represents direct current (DC) conductivity, 𝜔 is the
angular frequency, and μ denotes the static permeability, which
remains constant for CAs. Thus, 𝛿 is inversely proportional to
𝜔1/2, leading to a decrease in 𝜎ac at higher frequency regions. This
trend becomes more pronounced with an increase in the den-
sity of CAs due to the enhanced 3D carbon network. The Drude
model explains this phenomenon:[32,33]

𝜎ac =
𝜎dc𝜔

2
𝜏

𝜔2 + 𝜔2
𝜏

(2)

𝜎dc =
Ne2𝜏

m
=

𝜔2
p𝜏

4𝜋
(3)

where𝜔𝜏 (𝜔𝜏 = 1/𝜏) is the relaxation rate and𝜔p is the plasma fre-
quency. The fitting results align well with the experimental data
for CAs of lower density, while the fitting for CA4 deviates due
to its heterogeneous composition and structure, which shows a
more significant downward trend of 𝜎ac than predicted by the
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Figure 2. a–d) SEM images, a’–d’) TEM, and a”–d”) HRTEM maps of CAs with varying densities.

Drude model. The skin effect refers to a phenomenon where
the current distribution inside a conductor becomes uneven in
alternating current or alternating electromagnetic fields. When
there is alternating current or alternating electromagnetic field in
a conductor, the current inside the conductor primarily concen-
trates on the surface layer of the conductor, that is, the current
is concentrated on the thin layer on the surface of the conduc-
tor. The closer it is to the surface of the conductor, the higher the
current density, while the actual current inside the conductor is
smaller. This phenomenon leads to increased resistance of the
conductor and higher power loss.

The engineered CAs exhibit an epsilon-negative (𝜖′ < 0)
response across the 20MHz –1 GHz region, as depicted in
Figure 4b (an enlarged version can be found in Figure S2, Sup-
porting Information). The absolute value of 𝜖′ increases with the
density of CAs from CA1 to CA4, due to the incremental low-
frequency plasmonic state. The dielectric constant (𝜖 = 𝜖′−j𝜖″),
indicative of a material’s ability to store electric field energy,
demonstrates that its negative value (𝜖′ < 0) does not contravene
the law of energy conservation. The epsilon-negative response de-

scribes the motion state of free electrons, wherein the induced
electric field within the material aligns with the external electric
field, resulting in a negative dielectric constant. This harmonic
motion of free electrons, termed plasma oscillation, is accurately
described by the Drude model:[34,35]

𝜀′=𝜀∞ −
𝜔2

p

𝜔2 + Γ2
D

(4)

𝜔p =

√
neff e2

meff 𝜀0
(5)

where 𝜖
∞

is the optical limited permittivity (𝜔 → ∞) that is typ-
ically assumed to be 1 at low frequencies, ΓD is the damping
factor, 𝜔 is the external electric field, neff is the effective elec-
tron density, and meff is the electron mass. When 𝜔 is lower than
𝜔p, the negative 𝜖′ can be obtained. The CAs could also present
metallic conductivity. As 3D carbon network formed in CAs, low-
frequency plasmonic oscillation occurred in composites, leading
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Figure 3. a) XRD patterns, b) Raman spectra, c–g) TG-DSC curves, h) Nitrogen adsorption-desorption isotherm, and i) Pore-size distribution for CAs
of different densities.

to well agreement of epsilon-negative spectra with Drude model.
The solid lines in Figure 4b represent fitting data by the Drude
model, exhibiting high reliability.

The frequency dispersion of the epsilon-negative response
becomes more pronounced at higher CA densities due to an
increasing trend of negative permittivity with frequency un-
til reaching the so-called cutoff frequency (𝜔p). Adjusting the
porosity/density of CAs allows for tuning the concentration of
free carriers, 𝜔p, and oscillation strength, ultimately achieving a
low-dispersion epsilon-negative response. The frequency depen-
dences of 𝜖′ for the CA1 sample vary between ≈−1500 and −200,
indicating a weakly and low-dispersion epsilon-negative response
(0 < |𝜖′| <1000). For the CA2 sample, 𝜖′ values range between
≈−3000 and −500, with an incremental frequency dispersion.
For the CA3 and CA4 samples, 𝜖′ values range between ≈−20000
and −400, marking a significant increase in magnitude.

The dielectric loss characteristics of CAs, represented by imag-
inary permittivity (𝜖″) and dielectric loss tangent (tan𝛿 = |𝜖″/𝜖′|),
are shown in Figure 4c,d. The CAs exhibit conduction loss (𝜖c″)
and relaxation loss (𝜖r″) behavior across the entire tested fre-
quency range due to the 3D carbon networks. Conduction loss

dominates the dielectric loss, which can be described by the De-
bye theory:[36,37]

𝜀′′=𝜀′′c + 𝜀′′r (6)

𝜀′′c =
𝜎dc

𝜔𝜀0
(7)

𝜀′′r =
𝜀s − 𝜀∞

1 + 𝜔2𝜏2
𝜔𝜏 (8)

where 𝜖s and 𝜏 are static permittivity and relaxation time, re-
spectively. The dashed lines represent fits to Equation (7), align-
ing well with measured data at low frequencies but deviating
at higher frequencies. As we have explained in the AC conduc-
tivity spectrum, conductor materials will exhibit skin effect un-
der high-frequency electric field, leading to a deviation from the
ideal model. Unlike the consistent decreasing trend over the
20MHz –1 GHz range for CA1 and CA2, the tan𝛿 spectra for
CA3 and CA4 samples exhibit noticeable variations at high fre-
quencies (Figure 4d), attributed to the ENZ effect, accompanied
by a change in loss mechanism and energy fluctuations.
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Figure 4. Frequency dependencies of the a) AC conductivity, b,c) Complex permittivity, d) Loss tangent, e) Reactance, f) Phase angle (𝜃), g) Impedance
modulus (|Z|), and h) Circuit model for CAs.

2.3. Electrical Characteristics of Carbon Aerogels

CAs exhibiting an epsilon-negative response demonstrate dis-
tinct electrical characteristics from conventional dielectrics with
positive permittivity. The difference is detailed in Figure 4e–h.
The relationship between the reactance (Z″) and the real part
of the permittivity (𝜖′) for dielectrics can be described by the
equation:[38,39]

𝜀′ = − Z′′

𝜔C0

(
Z′2 + Z′′2

) (9)

where C0 is the vacuum capacitance, and Z′ represents resis-
tance. As shown in Figure 4e, all CA samples with negative per-
mittivity exhibit positive values of Z″, indicating an inductive
character. Typically, in conductor/insulator metacomposites, ap-
proaching but not exceeding the percolation threshold results in
the conductive phase forming an inductor (L), while the isolated
conductive phase acts as a capacitor (C), influencing the epsilon-
negative response through LC resonance. In porous CAs with 3D

carbon networks, air serves as the insulating phase, and the CA
itself as the conductive phase, allowing for simple tuning of the
epsilon-negative response strength by adjusting the CA’s poros-
ity/density.

Positive phase angle (𝜃) values indicate that the current phase
lags behind the voltage phase across the 20 MHz–1 GHz region
(Figure 4f). For CA1 and CA2 samples, which exhibit weakly
and low-dispersion epsilon-negative response, the 𝜃 value in-
creases across the entire tested frequency range, with peaks ob-
served ≈200 MHz for CA3 and 100 MHz for CA4. This indi-
cates more pronounced changes in the phase intensity of cur-
rent and voltage with decreasing absolute values of 𝜖′ with fre-
quency. Equivalent circuit analysis further clarifies the electri-
cal characteristics of CAs, with the circuit model displayed in
Figure 4h, and the dashed lines in Figure 4f representing fitting
results. The impedance modulus (|Z|) spectra (Figure 4g), mod-
eled by resistors (R1, R2, and Rp), a capacitor (Cp), and inductors
(L1 and L2), match the experimental data of CAs well. The in-
crease in |Z| values with frequency correlates with the skin effect
at high frequencies, as discussed in the AC conductivity spectra,
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Figure 5. Electric field vector distributions in CAs at 1 GHz for different thicknesses. a) CA1, @1 GHz, 1 mm, b) CA2, @1 GHz, 1 mm, c) CA3, @1 GHz,
1 mm, d) CA4, @1 GHz, 1 mm, e) CA4, @1 GHz, 0.05 mm, f) CA4, @1 GHz, 0.1 mm, g) CA4, @1 GHz, 0.5 mm, h) CA4, @1 GHz, 1.5 mm.

indicating the gradually weakening plasmonic state of CAs with
frequency and resulting in increased impedance. The porous
CAs we obtained has formed a 3D conductive network. This
conductive network exhibits a low-frequency plasma oscillation
behavior under the excitation of an external alternating electric
field, which is an inductive characteristic in terms of electri-
cal characteristics. Therefore, we introduced a parallelly induc-
tive components in the equivalent circuit. In addition, there is
through air in the porous CAs, which shows capacitance. At the
same time, we also introduced a resistance element to charac-
terize the resistance characteristics at the interface between the
electrode and the aerogel. The EM induction phenomenon be-
comes particularly noticeable with changes in the current passing
through a conductor. For instance, utilizing a conductor to form
a coil means that any alteration in the current flowing through
this coil generates a pronounced EM induction effect. This self-
induced counter-electromotive force within the coil acts to im-
pede changes in current, thereby stabilizing it. More specifically,
when an inductor is not carrying current, it will resist the onset
of current flow upon circuit activation; conversely, if the inductor
is conducting and the circuit is then opened, it seeks to keep the
current flow constant. Leveraging the epsilon-negative CAs de-
veloped in this study allows for the creation of inductors without
the need for traditional winding. This aids in the miniaturiza-
tion and integration of electronic components, presenting new
opportunities for the design and development of more compact
and efficient electronic devices.

2.4. Electromagnetic Simulation and Shielding Effectiveness of
Carbon Aerogels

When electromagnetic radiation propagates through a plasma
barrier, it interacts with the plasmonic state in CAs, which are ex-
cited by EM transverse waves. This interaction generates charge
density fluctuations, leading to density EM oscillations akin to
plasma.[40] The characteristic frequency of these plasma oscil-
lations is determined by the plasma structure and the effective
concentration of free electrons within the CAs. The effectiveness
of the plasma barrier in shielding against EM radiation is intri-
cately linked to the frequency of the incident radiation. Radiation
with frequencies below the plasma oscillation’s characteristic fre-
quency is gradually attenuated due to the excitation density of EM
oscillation, resulting in either reflection or absorption. This at-
tribute underlines the promising EM shielding capability of the
plasma barrier.[41]

However, when the frequency of the incident EM radiation
surpasses the characteristic frequency of stimulated EM oscil-
lation, the plasma cannot be excited due to limitations in fre-
quency response, rendering the plasma layer ineffective in shield-
ing against high-frequency.[42] As demonstrated in Figure 5a–h,
layers of CAs exhibiting an epsilon-negative response maintain
excellent shielding effectiveness at 1 GHz, regardless of varia-
tions in thickness from 0.05 to 1.5 mm. For comparison, elec-
tric field vector distributions in CAs at 20 MHz for thickness
of 1 mm are presented in Figure S3 (Supporting Information).
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Figure 6. Schematic illustration of the generation mechanism for epsilon-negative CAs and their promising EM shielding performance.

Moreover, the reflectivity spectra of CAs with different densi-
ties and thicknesses given by Computer Simulation Technology
(CST) software are shown in Figure S4 (Supporting Informa-
tion). This consistent effectiveness can be attributed to two pri-
mary mechanisms: the reflection of most incident EM waves by
the CAs, facilitated by their plasmonic oscillation state, and the
multiple reflection losses within the CA’s porous structure for
any penetrating EM waves. These mechanisms collectively en-
sure superior EM shielding effectiveness, as depicted schemat-
ically in Figure 6. The utilization of lightweight CAs, as devel-
oped by this study, for EM shielding materials offer significant
advantages.[40–43] These advantages include effective protection
for electronic devices and their surroundings, prevention of EM
information leakage, interruption of EM wave propagation paths,
and suppression of EM radiation and interference. This approach
is anticipated to lay a foundational basis for addressing chal-
lenges associated with EM radiation and interference, thereby
contributing to the advancement of research in EM shielding
solutions.[44–47]

3. Conclusion

This study presents an efficient, low-cost method for fabricating
CAs without the need for rigorous drying conditions. By pre-
cisely adjusting the density/porosity of CAs, a tunable epsilon-
negative response is achieved in the RF region, stemming from
the intrinsic plasmonic state of the 3D carbon network. The 𝜖′ of
these CAs ranges from ≈−1500 to −200, showcasing a weakly
and low-dispersion epsilon-negative response. Throughout the
entire tested frequency spectrum, the epsilon-negative CAs ex-
hibit inductive characteristics, indicating their unique electric be-
havior. EM simulations conducted as part of this study highlight
the substantial EM shielding capabilities of the CAs, demonstrat-
ing their potential as effective EM shielding materials. This work
is expected to advance the development and application of EM
metamaterials, as well as the recycling of lignin waste. The pro-
cess outlined is economically viable, efficient, and environmen-
tally friendly, involving the conversion of lignin into lightweight
CAs that exhibit an epsilon-negative response.
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4. Experimental Section
Synthesis of Carbon Aerogels with Varied Porosity: Initially, ZnCl2 and

lignin experienced thoroughly mixing process with the CH2O solution un-
til a brown viscous slurry formed. It was worth noting that the soda lignin
powders were sourced from Shandong Longlive Co., Ltd. Analytical grade
ZnCl2 and CH2O solution (37–40%) were acquired from Beijing Chemi-
cal Works and utilized without modification. Here, ZnCl2 simultaneously
acted as ideal pore forming agents, activators, and hard templates to
achieve different porosity of CAs. The mixtures were then putted into the
Teflon-lined autoclave and heated at 160 °C for 2 h before being vacuum
dried. The carbonization process at 900 °C for 2 h under an N2 atmo-
sphere produced CAs with varying porosity and density. These CAs were
further polished and shaped into discs, each 2 mm thick, for dielectric test-
ing and characterization. The resulting CAs were designated CA1 (density:
0.456 g cm−3), CA2 (density: 0.517 g cm−3), CA3 (density: 0.609 g cm−3),
and CA4 (density: 0.775 g cm−3). Noteworthily, aerogels typically refer to
porous materials with relatively low density, ≈10 mg cm−3.[28,36] However,
the aerogel developed in this study has a density of 500 mg cm−3. This dis-
crepancy arises from this focus on lightweight structures compared to pre-
viously reported metamaterials utilizing functional phases such as metals,
GR, and CNTs.[29–31] Therefore, the term “aerogels” is continued to be
used until a more appropriate alternative is identified.

Measurement and Characterization: The structural morphology of the
CAs was examined using scanning electron microscopy (SEM, SU-70) and
high-resolution transmission electron microscopy (HRTEM, JEOL-1230).
The degree of graphitization was determined by X-ray diffractometry (XRD,
X’Pert Pro) and Raman spectroscopy (Jobin-Yvon HR800). Thermal stabil-
ity assessments were conducted using thermal gravimetric and differential
scanning calorimetry (TG-DSC, STA499F3, Netzsch). Porosity and pore
size were evaluated using N2 sorption measurements on an Autosorb-1
(Quantachome, USA), with data analyzed via Barrett-Emmett-Teller (BET)
calculations and the Barrett-Joyner-Halenda (BJH) model. Electrical prop-
erties such as complex permittivity (𝜖′, 𝜖″), AC conductivity (𝜎ac), and
impedance (|Z|, Z″) were measured with an Impedance Analyzer (Agilent
E4991A) using a 16453A fixture following standard procedures.[36] Finally,
simulations of the electric field vector distribution in CAs at 1 GHz with
varying thicknesses were conducted using CST software.
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