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RC microcircuits enable broadband absorption under ultrathin conditions.

An RC microcircuit array is constructed within CF@HP@RGO composites via a

heterogeneous conductive-dielectric-conductive interface. The evolution of sp²

domains regulates defect density and interfacial polarization, while the nanoscale

dielectric layer induces strong localized electric fields. These synergistic effects

enable optimized impedance matching and enhanced dielectric relaxation, resulting in

superior microwave absorption under ultrathin thickness and low filler loading.
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Abstract

Developing lightweight electromagnetic wave absorbers with low filler loading

remains challenging. However, carbon materials rarely achieve strong attenuation

capability, wide absorption bandwidth, lightweight and thin thickness simultaneously.

Herein, a carbon fiber-hyperbranched polyamide-reduced graphene oxide

(CF-HP-RGO) interfacial micro-capacitor architecture was rationally constructed

through thermal reduction. The incorporation of HP and RGO introduces dual

heterogeneous interfaces between carbon fibers and RGO layers, while forming

CF-HP-RGO micro-capacitor units that act as dominant polarization centers. Under

alternating electromagnetic fields, these micro-capacitor interfaces generate

pronounced charge accumulation and interfacial polarization, thereby strengthening

dielectric relaxation and polarization loss. Meanwhile, the interconnected RGO

network establishes efficient electron-transport pathways, producing additional

conductive loss. In addition, the multilayer hierarchical interface enhances multiple

scattering, effectively extending electromagnetic propagation paths and improving

attenuation efficiency. As a result, the optimized composite delivers a maximum

effective absorption bandwidth of 5.24 GHz in the Ku band at an ultrathin thickness

of 1.6 mm with a filler loading of only 5 wt.%. This work highlights

micro-capacitor-dominated interfacial engineering as a promising route toward

lightweight and high-performance electromagnetic wave absorption in carbon

materials.

Keywords: interfacial engineering, micro-capacitor, electromagnetic wave absorber,
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1. Introduction

With the rapid development of radar detection and satellite communication

technologies, electromagnetic radiation has become an increasingly serious issue

affecting precision electronics, human health, and information security [1]. Therefore,

the development of lightweight electromagnetic wave absorbing materials (EAMs)

featuring low filler loading, broad effective absorption bandwidth (EAB), and high

attenuation efficiency has attracted extensive research interest. Carbon-based

materials are regarded as promising candidates for EAMs due to their low density,

high chemical stability, excellent electrical conductivity, and favorable dielectric loss

properties [2]. Representative materials such as carbon fibers, graphene, porous

carbon foams, hollow carbon spheres, and carbon nanotubes demonstrate significant

potential in lightweight electromagnetic protection applications. The electromagnetic

attenuation capability of carbon materials mainly originates from conductive loss,

dipolar polarization, and multiple scattering mechanisms [3]. Importantly, their

complex permittivity and attenuation behavior can be effectively tuned through

rational structural engineering [4, 5]. To this end, numerous studies have explored

strategies such as morphology regulation (e.g., flower-like, rod-like, and spherical

structures), heteroatom doping (e.g., Fe and N doping), and hierarchical architecture

design, including interfacial engineering and gradient porous structures, to enhance

microwave absorption performance [6].

Carbon fibers are considered promising candidates for EAMs due to their high

mechanical strength, large aspect ratio, and excellent electrical loss characteristics.

Compared with carbon spheres or porous carbon frameworks, carbon fibers can more

efficiently establish conductive networks within polymer matrices such as paraffin,

thereby enhancing dielectric loss behavior [7]. Nevertheless, the inherently high

permittivity of carbon fibers often leads to severe impedance mismatch, resulting in

strong reflection of incident electromagnetic waves at the material surface rather than

effective absorption within the interior [8]. Consequently, the microwave attenuation
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capability of pristine carbon fibers remains limited [9]. To overcome this drawback,

extensive efforts have focused on constructing heterogeneous architectures by

integrating carbon fibers with dielectric materials, magnetic metals, or metal oxides to

optimize impedance matching [10]. For instance, decorating carbon fibers with

magnetic nanoparticles can introduce magnetic loss mechanisms and achieve

synergistic dielectric-magnetic attenuation [11]. Alternatively, coating dielectric layers

such as SiO₂, TiO₂, or ZnO on carbon fiber surfaces can improve impedance

matching through polarization losses generated at abundant heterogeneous interfaces

[12, 13]. Among these strategies, graphene coatings have attracted particular interest

owing to their ultrahigh specific surface area and excellent electrical conductivity [14].

The efficient electron-transport pathways provided by graphene can significantly

enhance dielectric loss, while its two-dimensional structure facilitates the construction

of complex interfacial architectures.

Nevertheless, the development of high-performance carbon-fiber-based EAMs

still faces several intrinsic challenges [15]. First, most reported carbon fiber systems

primarily rely on conductive loss for electromagnetic attenuation, whereas the role of

interfacial polarization in dielectric loss has received comparatively limited attention

[16, 17]. Second, the extremely high conductivity of carbon fibers often results in

severe impedance mismatch, making it difficult to simultaneously optimize dielectric

loss and impedance matching [18]. Third, many high-performance absorber systems

depend on complex multi-component architectures or high filler loading, which

inevitably increase density and fabrication cost [19]. For lightweight dielectric

absorbers, pure carbon-based systems remain particularly attractive. In this regard,

engineering heterogeneous interfaces has been recognized as an effective approach to

enhance polarization loss and electromagnetic attenuation [20]. Interfaces with

distinct dielectric properties can induce charge accumulation and polarization under

alternating electromagnetic fields, thereby facilitating dielectric relaxation. Notably,

interfaces between conductive carbon frameworks and dielectric materials can behave
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as localized charge-storage units, enabling repeated polarization under alternating

electromagnetic waves [21]. Such heterogeneous interfaces operate in a manner

analogous to micro capacitors, where opposite charges accumulate across the interface

under electromagnetic excitation [22, 24]. These interfacial micro capacitors

cooperate with micro-resistors formed by conductive carbon networks, repeatedly

undergoing charge storage, release, and dissipation, thereby generating strong

interfacial polarization and dielectric loss. However, constructing stable and

uniformly distributed micro capacitor interfaces on lightweight carbon fiber surfaces

remains largely unexplored, and requires the rational integration of conductive

networks, dielectric components, and hierarchical interface structures.

Hyperbranched polyamide (HP) has attracted considerable attention as a

dielectric component due to its abundant polar functional groups and highly branched

molecular architecture. The numerous terminal groups can serve as polarization

centers under electromagnetic excitation, while the carbonyl groups in HP can form

hydrogen bonds with both carbon fibers and graphene sheets, enabling the

construction of stable hierarchical interfaces. Reduced graphene oxide (RGO), a

two-dimensional conductive carbon material, provides efficient electron transport

pathways and facilitates the formation of conductive networks. Meanwhile, its layered

structure introduces abundant interfacial sites and structural defects, which further

enhance polarization effects. Herein, a hierarchical carbon fiber-HP-reduced graphene

oxide (CF-HP-RGO) architecture was rationally constructed via a controlled thermal

reduction strategy. The reduction degree of graphene oxide (GO) was tuned by

adjusting the reduction temperature. Within this structure, carbon fibers act as the

main conductive framework and serve as resistive elements in the equivalent

microcircuit, while HP functions as the dielectric layer of the micro capacitor. The

outer RGO sheets form a continuous conductive layer, which constructs interfacial

micro capacitor units with the carbon fiber surface and dielectric layer, thereby

inducing pronounced charge accumulation and interfacial polarization. As a result, the
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synergistic effects of micro capacitor polarization, conductive loss, and structural

multiple scattering enable the optimized composite to achieve excellent microwave

absorption performance in the Ku band. These findings provide a new strategy for

constructing micro capacitor-dominated dielectric attenuation architectures in pure

carbon systems and offer guidance for designing lightweight and high-efficiency

EAMs.

2. Experimental

2.1. Materials

carbon fiber T700 (Toray Industries, Inc. in Japan), Acetone,

N-Aminoethylpiperazine (AEP), N, N'-Bis(acrylonitrile-2,4-diyl) amine (MBA),

Flattened Sulfuric Acid (H2SO4), phosphoric acid (H3PO4), Graphite, Potassium

permanganate (KMnO4), Hydrogen peroxide (H2O2) (Aladdin Reagents Co., Ltd. and

are of analytical grade).

2.2. Preparation of GO

GO was prepared following a modified Hummers’ method. Concentrated sulfuric

acid (180 mL) was added slowly to phosphoric acid (20 mL) and mixed thoroughly.

Graphite powder (1.5 g) was then added, and the mixture was stirred for 10 min.

While maintaining the temperature at 50 °C, potassium permanganate (9 g) was added

slowly over several minutes, ensuring the reaction temperature remained within

49-51 °C. After addition, the mixture was kept at 50 °C for 6 h. Subsequently,

hydrogen peroxide (130 mL) was added dropwise, changing the solution color from

black to bright yellow. The mixture was then maintained at 50 °C for 3 h, cooled to

room temperature, and washed by centrifugation at 9000 rpm for 5 min per cycle. The

solid product was dialyzed in deionized water for 7 days, yielding a 5 mg mL⁻ ¹ GO

solution.

2.3. Preparation of HP
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AEP (20.16 g, 0.156 mol) was dissolved in 300 mL deionized water, followed by

the addition of MBA (18.5 g, 0.12 mol). The solution was stirred at 60 °C for 24 h,

then concentrated by rotary evaporation at 90 °C to obtain a viscous orange-yellow

colloid. The product was washed by triple precipitation with acetone and water, and

vacuum-dried at 60 °C for 12 h to yield HP.

2.4. Preparation of CF-300

Carbon fibers were boiled in acetone at 80 °C for 48 h to remove the surface

protective layer, followed by drying at 80 °C for 4 h. A 10 mg mL⁻ ¹ solution of HP

was prepared and used to modify the fibers. The degummed carbon fibers were

immersed in the HP-2 solution at 30 °C for 12 h, then dried at 100 °C for 2 h to obtain

HP-coated carbon fibers. For electroplating, the HP-coated carbon fiber was

connected to the cathode, while a graphite plate served as the anode, with a 3 cm

electrode spacing. The GO solution used had a concentration of 0.3 mg mL⁻ ¹ and a

pH of 10. Electrodeposition was performed at 20 V for 5 min, followed by drying at

80 °C for 6 h to yield CF@HP@GO. CF@HP@GO composites were thermally

reduced under an argon atmosphere at 200 °C, 300 °C, and 400 °C. The resulting

carbon fiber samples were denoted as CF-200, CF-300, and CF-400, respectively. To

further investigate the chemical states of the HP coating and GO layers under different

thermal reduction conditions, pure HP and GO samples were simultaneously

subjected to thermal reduction in the same chamber. The resulting products were

designated as HP-200, HP-300, and HP-400, as well as RGO-200, RGO-300, and

RGO-400, respectively.

2.5. Characterization and measurements

This section was described in the Supporting Information.

3. Results and discussion

3.1 Structural design and microstructure characterization of CF/HP/RGO interface

To construct the designed interfacial micro capacitor architecture, carbon fibers were
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first impregnated in a HP solution to form a uniform dielectric coating. Subsequently,

GO layers were deposited onto the carbon fiber surface via electrodeposition, forming

a hierarchical CF-HP-GO structure. After electrodeposition, carbon fibers were

thermally reduced under a protective atmosphere at 200 °C, 300 °C, and 400 °C,

resulting in reduced graphene oxide (RGO) coatings with different reduction degrees

and corresponding interfacial micro capacitor layers with distinct matching

characteristics (Fig. 1a). The carbon fibers coated with HP-GO coating and the

reduced samples are designated as CF-0, CF-200, CF-300 and CF-400, respectively.

Inspired by classical capacitor configurations, a micro capacitor-dominated interfacial

structure was constructed on the conductive carbon fiber surface. Transmission

electron microscopy (TEM) images of the interface, together with schematic

illustrations of the micro capacitor architecture, reveal the equivalent microcircuit

configuration of the system (Fig. 1b). By dividing the carbon fiber cross-section into

infinitesimal sector elements, the structure can be equivalently modeled as a

distributed resistor-parallel-plate capacitor (RC) circuit. In this equivalent circuit, the

conductive carbon fiber acts as a micro-resistor, while the HP dielectric layer and

outer RGO sheet function as the capacitor components. This RC equivalent model is

consistent with the interfacial structure observed in TEM images [25]. When

electromagnetic waves are incident on the carbon fiber surface, the resulting electric

field distribution can be described by Equation (1):

� � � ������ (1)

where �R�m is the instantaneous electric field intensity, �� is the electric field

amplitude, � is the imaginary unit, and � is the angular frequency. When subjected to

an alternating electric field, charge carriers accumulate at the heterogeneous interfaces

constructed by conductive carbon fibers, dielectric HP layers, and outer reduced

graphene oxide sheets. These interfaces behave analogously to micro capacitor units,

in which the conductive carbon fiber acts as a micro-resistor and the CF-HP-RGO

interfacial layer functions as the capacitor component. Accordingly, the dynamic
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charging and discharging processes of these interfacial micro capacitors can be

described using the classical RC circuit as shown by Equation (2):

��
��
� �

��
� � �

�
(2)

where � is the accumulated interfacial charge, �is the equivalent resistance associated

with the conductive carbon fiber network, � is the equivalent capacitance of the

interfacial dielectric layer, and �R�m is the applied potential induced by the incident

electromagnetic field. The characteristic response time of the micro capacitor

interface is governed by the RC time constant:

� � �� (3)

where � represents the relaxation time associated with the charge accumulation and

dissipation processes at the heterogeneous interface. When the frequency of the

incident electromagnetic field approaches the reciprocal of the relaxation time (�� o

�), the interfacial polarization reaches its maximum intensity. From the perspective of

dielectric relaxation theory, the complex permittivity of the system can be expressed

according to the Debye relaxation model:

�� � � �� � ���� � �� �
�����
�����

(4)

where ��R�m is the complex permittivity, �� and ��� represent the real and imaginary

parts of permittivity, respectively, �� is the static permittivity, �� is the

high-frequency permittivity limit, and � is the dielectric relaxation time. Therefore,

the interfacial micro capacitor architecture constructed in the CF-HP-RGO system

forms a distributed RC microcircuit network. Under alternating electromagnetic

excitation, these micro capacitors repeatedly undergo charge accumulation, storage,

and release processes, generating strong interfacial polarization and dielectric

relaxation. This mechanism significantly enhances dielectric loss and contributes to

efficient electromagnetic wave attenuation.
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To further verify the electromagnetic attenuation mechanism governed by the

interfacial micro capacitor architecture, finite-element simulations were conducted

using COMSOLMultiphysics to investigate the spatial distribution of electromagnetic

loss within the composite. The simulation results reveal that the attenuation capability

of the micro capacitor interface is strongly dependent on the reduction degree of RGO.

For the CF-200 interface, the loss field is predominantly confined to the carbon fiber

interior, suggesting insufficient activation of the interfacial micro capacitor structure.

In contrast, the CF-300 interface exhibits pronounced loss regions simultaneously

within the RGO sheets and the carbon fiber core, accompanied by significantly

intensified energy dissipation at the micro capacitor interface. When the reduction

temperature increases to 400 °C, strong attenuation becomes localized near the RGO

layers, while the internal loss within the carbon fiber decreases, indicating an

imbalance in the conductive-capacitive coupling of the interfacial structure. These

results suggest that at 300 °C the carbon fiber surface and RGO sheets achieve

optimal electrical matching and function as effective capacitive electrodes within the

interfacial RC microcircuit network. Therefore, CF-300 is expected to exhibit a

markedly enhanced the imagine part of complex permittivity (ε″), reflecting superior

electromagnetic energy dissipation capability. The multi-interface polarization

processes arising from this distributed RC microcircuit network are typically

manifested as semicircular arcs in Cole-Cole plots, indicating enhanced dielectric

relaxation behavior and improved microwave attenuation performance.
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Figure. 1 Design and Fabrication of RC Microcircuit Structure. (a) Schematic diagram

of the preparation process of CF@HP@RGO. (b) Analysis of RC Microcircuit

Structure. RC Microcircuit Structural Loss Field Simulation of (c) CF-200, (d)

CF-300 and (e) CF-400.

The phase evolution of GO during thermal reduction was investigated by XRD (Fig.

2a). GO exhibits a sharp diffraction peak at approximately 2θ ≈ 12°, corresponding to

the (002) plane of GO. After thermal treatment, this peak disappears for all reduced

samples, indicating the successful transformation of GO into reduced graphene oxide

(RGO) at reduction temperatures between 200 and 400 °C. Additionally, a broad

diffraction peak centered near 2θ ≈ 23° emerges in all reduced samples, which is a

characteristic feature of RGO structures. With increasing reduction temperature, the

peak at 23° becomes progressively narrower, suggesting a higher reduction degree

and improved structural ordering of the graphene layers. Raman spectroscopy was
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further conducted to evaluate structural defects in GO and RGO (Fig. 2b). Both GO

and RGO display two characteristic bands located at approximately 1350 cm⁻ ¹ (D

band) and 1580 cm⁻ ¹ (G band). The D band originates from structural disorder,

while the G band corresponds to the in-plane vibration of sp² carbon networks. The

ID/IG ratio is commonly used to evaluate defect density, where larger values indicate

increased structural disorder. The ID/IG ratios of GO, RGO-200, RGO-300, and

RGO-400 are 0.848, 0.876, 0.885, and 0.878, respectively, suggesting a slight increase

in defect density after thermal reduction. FTIR spectroscopy was employed to analyze

the evolution of oxygen-containing functional groups (Fig. 2c). GO shows

characteristic absorption peaks corresponding to C-O-C (1264 cm⁻ ¹), adsorbed water

(1634 cm⁻ ¹), C=O (1720 cm⁻ ¹), and -OH stretching (3430 cm⁻ ¹). As the reduction

temperature increases, the -OH peak gradually weakens and the intensity of

oxygen-containing functional groups decreases significantly, indicating the

progressive removal of oxygen functional groups during the reduction process.

The chemical states of surface elements and the phase composition of the micro

capacitor interface on the carbon fibers were investigated by X-ray photoelectron

spectroscopy (XPS). As shown in Fig. 2d, the survey spectrum clearly reveals the

presence of C, O, and N elements. The relatively weak N signal originates from the

structural configuration of the interface, where the carbon fiber surface is coated with

an approximately 80 nm thick HP layer that is further covered by GO or RGO sheets,

thereby attenuating the nitrogen signal detected from the outer surface. The

high-resolution C1s spectrum (Fig. 2e) was used to analyze the chemical bonding

states of carbon. Three characteristic peaks located at 284.8 eV, 285.9 eV, and 289.6

eV can be assigned to C-C, C-O, and C=O bonds, respectively. With increasing

reduction temperature, the reduction degree of GO gradually increases, accompanied

by a noticeable decrease in both the intensity and width of oxygen-containing

functional group peaks. In CF-400, the C=O-related peak becomes nearly

undetectable, indicating extensive removal of oxygen functional groups during
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thermal reduction. This may reduce the number of defect-related polarization sites

within the graphene layer. The high-resolution N1s spectrum provides further insight

into the chemical bonding configuration of HP on the carbon fiber surface. Peaks

located at 400.39 eV, 400.5 eV, and 401.37 eV are attributed to N-H, N-C, and N-O

bonding environments, respectively. As the reduction temperature increases, the N-O

component gradually decreases, suggesting partial modification of nitrogen-related

functional groups during thermal treatment. However, due to the relatively weak

nitrogen signal detected from the surface, FTIR spectroscopy and additional XPS

elemental analysis were performed on pure HP samples to further verify its chemical

stability under different reduction temperatures.

FTIR spectroscopy was further conducted to evaluate the chemical stability of the HP

polymer coating after thermal reduction (Fig. S3). As the reduction temperature

increases, the intensities of the characteristic absorption peaks of HP gradually

decrease, indicating partial modification of functional groups during thermal

treatment. Nevertheless, the main characteristic peaks remain clearly observable,

suggesting that the fundamental chemical structure of HP is largely retained. The

peaks located at 1232, 1537, 1640, and 3305 cm⁻ ¹ correspond to amide III, amide II,

amide I, and N-H stretching vibrations, respectively, which are characteristic

functional groups of HP. The FTIR spectra of samples treated at different

temperatures display consistent characteristic absorption peaks corresponding to

amide functional groups, suggesting that the chemical framework of the HP coating

remains largely preserved during the thermal reduction process. The thermal stability

of the HP polymer layer was further evaluated by XPS spectroscopy. Distinct C-N and

C=O bonding features are observed in the XPS spectra, and their binding energies

exhibit negligible changes with increasing treatment temperature (Fig. S4). Because

C-N and C=O bonds are the most representative chemical bonding structures of HP,

these results provide additional evidence for the stable retention of the HP layer on the

carbon fiber surface. HP-400 exhibits nearly identical macroscopic morphology to
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pristine HP (Fig. S5, 6). Although a small amount of adsorbed water may be released

during thermal reduction, the fundamental chemical structure remains essentially

unchanged, ensuring the structural stability of the dielectric layer within the

CF-HP-RGO micro capacitor interface. Comparative analysis reveals that the O/C

atomic ratio gradually decreases with increasing reduction temperature, indicating the

progressive removal of oxygen-containing functional groups and the partial

restoration of the sp² carbon framework in graphene (Fig. 2g). The sp² carbon refers

to graphitic or conjugated carbon regions with a planar bonding configuration, which

are primarily associated with C=C bonds in graphene-like structures. The content of

sp ² carbon is influenced by multiple factors, including interfacial interactions,

thermally induced defect formation, and the evolution of heteroatom incorporation

and bonding. Meanwhile, quantitative analysis based on Equation S1 shows that the

sp² content exhibits a non-monotonic trend, initially increasing and subsequently

decreasing with increasing reduction temperature. At relatively low reduction

temperatures, the elimination of epoxy functional groups leads to the formation of

numerous small sp² domains, which introduce abundant defects and domain

boundaries into the graphene lattice, thereby increasing the sp² content. As the

reduction temperature further increases, the graphene structure undergoes partial

graphitic reconstruction, promoting the growth and coalescence of sp² domains,

accompanied by the repair of structural defects, which results in a decrease in sp²

content. This optimized defect configuration at 300 °C provides the most favorable

condition for interfacial polarization and dielectric relaxation, thereby contributing to

the superior microwave absorption performance of CF-300.Ju
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Figure. 2 Characterization of RGO and CF structural components. (a) XRD pattern, (b)

Raman spectrum, and (c) infrared spectrum of GO~RGO-400 sample. (d) XPS

spectrum, (e) C spectrum, and (f) N spectrum of CF-0~CF-400. (g) Defect and

functional group comparison diagram of CF-0~CF-400.

The microstructure of the carbon fibers was investigated by scanning electron

microscopy (SEM) combined with energy dispersive spectroscopy (EDS). As shown

in Fig. S7 and S8, the pristine carbon fibers exhibit a smooth and clean surface with a

well-defined cylindrical morphology. After the introduction of the HP polymer

coating and subsequent deposition of GO, the surface morphology changes

significantly. The fiber surface becomes noticeably rough, and a continuous coating

layer uniformly covers the entire fiber surface (Fig. 3a1-a2), indicating successful

deposition of both HP and GO. Importantly, after thermal reduction at 200-400 °C, the
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HP-RGO coating remains intact without visible cracks or structural damage (Fig.

3b1-d1, b2-d2), demonstrating excellent structural stability of the interfacial coating

during the reduction process. To further evaluate the spatial uniformity of the coating,

EDS elemental mapping was performed. The elemental distribution maps reveal a

uniform distribution of oxygen and nitrogen elements across the fiber surface (Fig.

3a3-d3, a4-d4). The oxygen signal mainly originates from oxidized graphene and

oxygen-containing groups in HP, while nitrogen is primarily associated with the

amide groups of the HP polymer. The homogeneous nitrogen distribution provides

strong evidence for the successful and uniform incorporation of the polymer coating.

Moreover, the uniform elemental distribution suggests minimal graphene sheet

aggregation and negligible organic clustering during the GO deposition process. Such

a uniform HP-RGO coating provides a well-defined heterogeneous interface on the

carbon fiber surface, which is crucial for constructing the interfacial micro capacitor

structure and enhancing interfacial polarization during electromagnetic wave

attenuation. Transmission electron microscopy (TEM) images further reveal the

detailed interfacial structure of the CF-HP-RGO system. As shown in Fig. 3e, a

distinct intermediate layer with irregular contrast is clearly observed between the

carbon fiber surface and the outer GO nanosheets. This intermediate layer

corresponds to the HP polymer coating, forming a well-defined interfacial structure

with clear boundaries. The relatively uniform thickness of this intermediate layer

indicates that HP forms a continuous and homogeneous coating on the carbon fiber

surface. Such a CF-HP-RGO interfacial configuration can function as a micro

capacitive unit, which promotes interfacial polarization under alternating

electromagnetic fields and enhances electromagnetic wave attenuation. Furthermore,

with increasing reduction temperature and the thickness of the HP layer between the

carbon fiber surface and the reduced graphene oxide layer remain essentially

unchanged (Fig. 3f-h). This suggests that the reduction degree of RGO can be treated

as the primary variable within the CF-HP-RGO micro capacitor structure. Combined
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SEM, EDS, and TEM analyses confirm the successful formation of a stable interfacial

coating on the carbon fiber surface, demonstrating the construction of a heterogeneous

carbon fiber-polymer-carbon architecture. This unique hierarchical interface is

expected to introduce abundant polarization sites and promote the formation of micro

capacitor array structures, thereby significantly enhancing electromagnetic wave

attenuation capability. Such a micro capacitor-dominated interfacial architecture

enables repeated charge accumulation and release under alternating electromagnetic

fields, thereby significantly enhancing interfacial polarization and dielectric loss.
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Figure. 3 Interface morphology and elemental characterization. SEM images and

elemental energy dispersive spectroscopy (EDS) patterns of (a) CF-0, (b) CF-200, (c)

CF-300, and (d) CF-400. Micro capacitive interface TEM images of (e) CF-0, (f)

CF-200, (g) CF-300, and (h) CF-400.

3.2 Dielectric properties and microwave absorption performance

The electromagnetic parameters of CF@HP@RGO composites were measured in the

1-18 GHz frequency range to evaluate their microwave absorption behavior. As

shown in Fig. 4a, both the real (ε′) and imaginary (ε″) components of the complex

permittivity decrease with increasing frequency, exhibiting typical dielectric

dispersion behavior. With increasing reduction temperature, the degree of RGO

reduction increases, resulting in an initial increase followed by a decrease in both ε′

and ε″. Among the samples, CF-300 exhibits a significantly higher ε″ value,

indicating enhanced dielectric loss capability. This improvement originates from the

RC micro capacitor array formed by the conductive carbon fiber framework and the

dielectric HP layer, which enables repeated charge accumulation and release at

heterogeneous interfaces under alternating electromagnetic fields, thereby

significantly enhancing interfacial polarization and dielectric loss. The imaginary part

of the complex permittivity for EAMs can be obtained using Equation (5):

��� � ����� ��
�� �� � (5)

where �� denotes the static dielectric constant, �� represents the dielectric constant

at the high-frequency limit, ω is the angular frequency, and τ corresponds to the

relaxation time. Within the RC microcircuit network, the conductive carbon fiber

skeleton acts as the resistive pathway, while the carbon fiber surface and reduced

graphene oxide layers serve as capacitor electrodes separated by dielectric insulating

layers. Under an alternating electromagnetic field, interfacial charge accumulation

occurs at these heterogeneous interfaces, forming numerous micro capacitive units.

The time-lagged polarization response associated with capacitor charging and
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discharging induces strong interfacial polarization and dielectric relaxation.

Consequently, the coupled effects of conductive loss and polarization relaxation

endow CF-300 with the highest dielectric loss factor (ε''). In addition, when the

electrode interfaces of the micro capacitors are optimally matched, the RC network

produces multiple relaxation superpositions, which significantly enhances the

imaginary component of the complex permittivity. However, further increases in

reduction temperature led to partial graphitization, which reduces defect density and

weakens polarization processes, thereby diminishing the overall dielectric response.

As shown in Fig. 4b, the real part of the complex permeability (μ′) for all samples

remains close to 1, while the imaginary component (μ″) is nearly 0, indicating

negligible magnetic loss and confirming the dielectric-dominated nature of the

composites. Consequently, microwave attenuation primarily originates from dielectric

loss mechanisms. The dielectric loss tangent (tanδε = ε″/ε′) further evaluates the

electromagnetic energy dissipation capability. CF-300 exhibits the highest tanδε

values across a broad frequency range (Fig. 4c), consistent with its significantly

enhanced ε″ value and superior dielectric loss performance. This enhancement arises

from the optimal balance between electrical conductivity and interfacial polarization

within the hierarchical CF-HP-RGO structure. At moderate reduction temperatures,

partially restored sp² conductive domains in RGO facilitate efficient charge transport

along the conductive network, while abundant structural defects and heterogeneous

interfaces provide numerous polarization centers. Meanwhile, the RGO interlayer

achieves optimal interfacial matching with the carbon fiber surface, enabling the

strongest dielectric relaxation response and enhanced electromagnetic energy

dissipation.

The dielectric loss capability plays a crucial role in determining the ability of

microwave-absorbing materials to attenuate incident electromagnetic waves. In

particular, the attenuation constant (α), which quantitatively describes the decay of

electromagnetic waves during propagation within the material, is widely used to
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evaluate the intrinsic attenuation ability of absorbers [26]. The attenuation constant

can be calculated according to Equation (6):

� � ���
�

������ � ���� � ������ � ���� � � ����� � ����� � (6)

Here, f represents the electromagnetic wave frequency, c denotes the speed of light in

vacuum, and μ′ and μ″ correspond to the real and imaginary parts of the complex

permeability, respectively. As conduction loss, interfacial polarization, and dielectric

relaxation within the RC microcircuit network become more pronounced, the

attenuation constant correspondingly increases, indicating stronger dissipation of

electromagnetic energy during wave propagation within the absorber. A comparative

analysis of the attenuation constants for five samples was conducted to further

evaluate their electromagnetic energy dissipation capability (Fig. 4d). The attenuation

constants of all samples increase gradually with frequency, indicating enhanced

electromagnetic wave attenuation in the high-frequency region. Among them, CF-300

exhibits the highest attenuation constant over the entire frequency range, suggesting

its superior microwave absorption capability.

The structural heterogeneity of the composite material leads to a broad distribution of

relaxation times, which can be described by the Cole-Cole equation [27]:

�� � �� �
�����

�� ��� ��� (7)

To further clarify the relaxation mechanisms associated with the CF-HP-RGO

interfacial microstructures with different reduction levels, Cole-Cole plots were

analyzed for CF-200, CF-300, and CF-400 (Fig. 4e-g). According to Debye relaxation

theory, each semicircular arc in the Cole-Cole plot corresponds to an individual

dielectric relaxation process. Compared with CF-0 without thermal reduction, the

thermally reduced CF@HP@RGO samples exhibit significantly enhanced dielectric

relaxation behavior (Fig.S9). Upon thermal reduction, the removal of

oxygen-containing functional groups and the formation of sp² microdomains lead to
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increased conductivity and the generation of additional heterogeneous interfaces.

These structural evolutions give rise to multiple relaxation processes, which are

manifested as multiple semicircles in the Cole-Cole plots. This also contributes to

improved impedance matching by balancing conduction and polarization effects,

thereby enhancing electromagnetic wave absorption performance (Fig. S10). The

Cole-Cole curve of CF-200 displays only one complete semicircle, which corresponds

to interfacial polarization at the CF-HP interface. This result indicates that the low

reduction degree of RGO does not generate significant polarization effects at the

HP-RGO interface. In contrast, the Cole-Cole curve of CF-300 clearly exhibits two

prominent semicircles and one smaller semicircle, corresponding to interfacial

polarization at the CF-HP interface, polarization at the HP-RGO interface, and

relaxation processes associated with the sp² microdomains within RGO, respectively.

At a reduction temperature of 300 °C, the RGO layer and carbon fiber surface act as

matched electrodes of the interfacial micro capacitor, producing the most pronounced

relaxation response. For CF-400, the Cole-Cole plot shows two distinct semicircles,

corresponding to polarization processes at the CF-HP interface and the HP-RGO

interface. However, due to the higher reduction degree, sp² microdomains gradually

coalesce and form more continuous graphitic domains, thereby reducing

defect-induced polarization sites and weakening the relaxation behavior associated

with sp² microdomains. To further investigate the effects of RGO flakes with different

reduction degrees on the interfacial micro capacitor structure and the impedance

matching performance of carbon fibers [28], the matching characteristics were

evaluated using Equation (8-12):

� � ��䁥�� ��� �� (8)

� � �� ����
��㜱����㜱���

��䁥 �����
�

(9)

� � ����㜱������㜱���

���㜱�������㜱���
�
� �香䁥

�����
�

�
���㜱�������㜱���

�
(10)
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�� � 香���香䁥 ���
��

(11)

�� � 香���香䁥 ���
��

(12)

where f represents the electromagnetic wave frequency, c denotes the speed of light in

vacuum, and d corresponds to the absorber thickness. The calculated � reflects the

compatibility between the intrinsic impedance of the absorber and that of free space;

values approaching zero indicate better impedance matching and more efficient

microwave penetration into the material. To further evaluate the impedance matching

behavior of samples with different reduction degrees, two-dimensional distribution

maps of the � were constructed for CF-200, CF-300, and CF-400 (Fig. 4h-j). In these

maps, the deep red regions represent areas with optimal impedance matching. For

CF-200, the deep red regions mainly appear at relatively large thicknesses and high

frequencies, indicating that effective matching can only be achieved under limited

conditions. In contrast, CF-300 exhibits deep red regions at thinner matching

thicknesses, with well-distributed optimal matching zones across the 4-18 GHz

frequency range, suggesting significantly improved impedance matching performance.

For CF-400, the deep red regions again shift toward larger thicknesses and higher

frequency regions, indicating relatively less favorable impedance matching. This

optimized matching behavior in CF-300 originates from the improved interfacial

compatibility between RGO and the carbon fiber surface, which enables the RC micro

capacitor network to produce the strongest dielectric relaxation response. As a result,

CF-300 simultaneously achieves enhanced dielectric loss, higher attenuation

capability, more abundant relaxation processes, and more favorable impedance

matching. Consequently, CF-300 demonstrates the most promising electromagnetic

wave absorption performance among the investigated samples.
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Figure 4. Electromagnetic parameter analysis of CF samples. (a) Complex

permittivity (ε′, ε″). (b) Complex permeability (μ′, μ″). (c) Dielectric loss tangent

(tanδε). (d) Attenuation constant. Cole-Cole plots of (e) CF-200, (f) CF-300, and (g)

CF-400. Two-dimensional � maps of (h) CF-200, (i) CF-300, and (j) CF-400.

The microwave absorption performance of the composites was evaluated based on

transmission line theory. By correlating reflection loss (RL) with frequency and

absorber thickness, the electromagnetic attenuation capability of the materials can be

systematically assessed. Generally, RL ≤ −10 dB, corresponding to over 90%

attenuation of incident electromagnetic waves, is considered the criterion for effective

microwave absorption. The three-dimensional RL distributions as a function of
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frequency and matching thickness provide an intuitive evaluation of the overall

absorption capability. As shown in Fig. 5a, CF-200 exhibits relatively high RL, and

strong absorption peaks mainly appear at larger matching thicknesses, indicating

limited overall absorption performance. In contrast, the 3D RL distribution of CF-300

(Fig. 5d) presents stronger absorption peaks and a broader effective absorption region

at relatively low thicknesses, demonstrating significantly improved microwave

attenuation capability. For CF-400 (Fig. 5h), although a relatively wide effective

absorption region can also be observed, the overall absorption intensity is weaker than

that of CF-300. To further distinguish the absorption characteristics of different

carbon fiber samples, two-dimensional RL contour maps were analyzed. The effective

absorption bandwidth (EAB), defined as the frequency range where RL ≤ −10 dB, is a

key parameter for evaluating microwave absorbers. As shown in Fig. S11a-d, strong

absorption regions for all samples mainly appear in the high-frequency range. Notably,

CF-300 exhibits the most outstanding absorption performance among all samples. At

a matching thickness of 4.6 mm, CF-300 achieves a minimum RL of -42.5 dB. At a

matching thickness of 1.6 mm, a maximum EAB of 5.24 GHz, covering almost the

entire Ku-band, indicating excellent microwave attenuation capability. This

remarkable enhancement demonstrates the effectiveness of the interfacial micro

capacitor structure in improving the absorption performance of carbon fibers. To

further investigate thickness-dependent absorption behavior, RL curves at matching

thicknesses ranging from 1.6 to 3.2 mm were analyzed (Fig. 5b, e, i and Fig. S11e-f).

With increasing absorber thickness, the frequency corresponding to the minimum RL

gradually shifts toward lower frequencies, while the absorption intensity decreases

slightly, which is consistent with the quarter-wavelength attenuation mechanism.

Compared with other samples, CF-300 enables efficient microwave absorption across

a wide frequency range (6.09-18 GHz) by simply adjusting the absorber thickness. In

contrast, CF-200 only achieves effective absorption at high frequencies under

relatively thin conditions, while CF-400 shows noticeably weakened RL peaks
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compared with CF-300. Further analysis of the maximum EAB values for all samples

reveals a distinct trend during the reduction process. At the initial reduction stage, the

EAB becomes narrower, which may be attributed to the absence of sp² microdomains

and the reduction of oxygen-containing functional groups, leading to insufficient

polarization centers. When the reduction temperature reaches 300 °C, the formation of

sp² microdomains significantly enhances dielectric relaxation and interfacial

polarization, thereby markedly expanding the effective absorption bandwidth.

However, after further reduction at 400 °C, the gradual coalescence of sp² domains

reduces defect-induced polarization sites, resulting in a decrease in EAB (Fig. 5c).

Similarly, comparison of the minimum RL values indicates that the microwave

absorption capability of the composites first increases and then decreases during the

reduction process, with CF-300 exhibiting the strongest absorption performance.

These results demonstrate that the optimized CF-HP-RGO interfacial micro capacitor

structure at 300 °C effectively regulates dielectric loss, relaxation processes, and

impedance matching, thereby enabling superior microwave absorption performance.

To further evaluate the absorption efficiency of carbon fibers under practical

conditions of limited thickness and filler loading, the specific reflection loss (SRL)

and specific effective absorption bandwidth (SEAB) were calculated. SRL

characterizes the normalized absorption intensity considering both absorber thickness

and filler ratio, whereas SEAB represents the effective bandwidth efficiency per unit

thickness. The corresponding values were determined using Equations (13) and (14):

��o � �o��䁥
���㜱香��䁥�

� ����

(13)

ܣ��� � ܣ��
���㜱香��䁥�

� ����

(14)

Here, t represents the absorber thickness, while loading denotes the mass fraction of
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the filler. The optimized CF@HP@RGO composite exhibits high SRL and SEAB

values, demonstrating that efficient microwave attenuation can be maintained even at

relatively small absorber thicknesses. In addition, compared with many previously

reported carbon-based microwave absorbers, this material displays superior

broadband absorption efficiency (Table S1). Therefore, CF@HP@RGO is

characterized by strong reflection loss and wide effective bandwidth under thin-layer

conditions, highlighting its promising potential for practical electromagnetic wave

absorption applications [29-42].

Figure 5. Microwave absorption performance of carbon fiber composites. (a)

Three-dimensional RL distribution and (b) RL curves as a function of thickness for

CF-200.

(c) Comparison of the maximum effective absorption bandwidth (EAB) of the four

samples. (d) Three-dimensional RL distribution and (e) RL curves at selected

thicknesses for CF-300. (f) Minimum RL values of the four samples. (g)
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Three-dimensional RL distribution and (h) RL curves at selected thicknesses for

CF-400. (i) Performance comparison with recently reported microwave absorbers.

3.3 RC Microcircuit-Induced Dielectric Loss and Microwave Attenuation Mechanism

Carbon fibers, HP, and reduced graphene oxide (RGO) collectively form a

heterogeneous conductive-dielectric-conductive interface architecture. From a

cross-sectional perspective, the interior of the carbon fiber acts as a resistive element,

while the carbon fiber surface and the RGO coating, separated by the HP dielectric

layer, function as the two electrodes of a micro capacitor. Consequently, the resulting

core-shell configuration can be conceptualized as an array of interconnected RC

microcircuits [43, 44]. This RC microcircuit network plays a crucial role in regulating

dielectric loss and electromagnetic wave attenuation. As discussed above, the

reduction degree of the RGO coating increases with increasing thermal reduction

temperature. With progressive reduction, sp² microdomains gradually form and

expand, accompanied by a decrease in the O/C atomic ratio and the gradual removal

of oxygen-containing functional groups (Fig. 6a). Meanwhile, the ~80 nm thick HP

dielectric layer provides an effective medium for electromagnetic wave scattering

within the coating, thereby prolonging the propagation path of incident waves and

enhancing energy dissipation. For a typical micro capacitor unit [45, 46], its

capacitance can be described by the classical parallel-plate capacitor equation

(Equation 15) (Fig. 6b):

� � � �
�

(15)

Here, C denotes the capacitance of the micro capacitor, A represents the effective

electrode area, and d is the thickness of the dielectric layer. The parameter � � ����

corresponds to the permittivity of the dielectric medium, where �� and �� represent

the relative permittivity and vacuum permittivity, respectively. Based on this

configuration, the resistance across the dielectric layer can be expressed as Equation
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(16):

� � � �
�

(16)

Here, R denotes the resistance, while � represents the electrical conductivity of the

dielectric layer. Based on the relationship between resistance and capacitance, the

relaxation time of the RC circuit can be expressed by Equation (17):

� � ��

(17)

By substituting Equations (15) and (16) into Equation (17):

� � ��

(18)

This result indicates that the relaxation time is primarily governed by the intrinsic

electrical properties of the material and is essentially independent of the geometric

dimensions of the capacitor. For typical carbon-based composites, the electrical

resistivity generally ranges from 10⁻ ³ to 10⁻ ¹ Ω·m, while the relative permittivity

of macromolecular polymer dielectrics is typically in the range of 5 to 15 [47]. Based

on these parameters, the relaxation time ( � ) is estimated to be on the order of

10⁻ ¹¹~10⁻ ¹⁰ s. Accordingly, the corresponding resonance response frequency can

be calculated using Equation (17):

� � �
���

(19)

By estimating the response frequency from the theoretical relaxation time range, it

can be found that the calculated frequency falls well within the microwave region,

particularly the X and Ku bands (8-18 GHz). This indicates that the RC microcircuit

arrays formed within the composite can effectively trigger dielectric relaxation under
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microwave irradiation, thereby enabling efficient attenuation of electromagnetic

waves within these frequency ranges. According to the Debye relaxation model, the

strongest polarization hysteresis occurs when the relaxation time is comparable to the

period of the incident electromagnetic wave. Under this condition, the RC

microcircuit arrays can effectively promote dielectric relaxation processes, leading to

an enhanced imaginary part of the complex permittivity (ε″) and consequently

improved microwave energy dissipation capability. Therefore, the presence of the RC

microcircuit array structure plays a critical role in enhancing dielectric loss and

microwave absorption performance in the CF@HP@RGO system (Fig. 6c).

At the same time, Maxwell-Wagner interfacial polarization forms at the CF-HP-RGO

interface (Fig. 6d). In heterogeneous composite materials containing conductive and

dielectric phases, the adjacent components exhibit differences in electrical

conductivity and permittivity [48]. This leads to significant charge accumulation at

the interface. The polarization intensity can be expressed by Equation (20):

� � ����

(20)

Here, P represents the polarization intensity, χ denotes the electric susceptibility, and

E is the electric field intensity. In the present composite system, numerous

heterogeneous interfaces are formed among the carbon fibers (CF), RGO nanosheets,

and the HP dielectric layer, which serve as effective polarization centers. Under

incident electromagnetic irradiation, electrons migrate along the conductive network

and accumulate at these heterogeneous interfaces, resulting in pronounced interfacial

polarization and dielectric relaxation processes. Moreover, the nanoscale dielectric

layer within the micro capacitor structure can generate significant local electric field

enhancement. Such localized electric field amplification further promotes charge

accumulation and polarization intensity at the interfaces, thereby strengthening

dielectric loss [49]. The electric field intensity within the micro capacitor can be
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expressed using Equation (21):

� � �
�

(21)

Here, V represents the potential difference across the dielectric layer, and d denotes

the thickness of the dielectric layer. When the dielectric layer thickness reaches the

nanoscale, the local electric field strength can be significantly amplified. In the

present system, the HP dielectric layer has a thickness of only ~80 nm, which

theoretically leads to a local electric field enhancement of approximately three to four

orders of magnitude within the micro capacitor structure. Such intense electric field

concentration greatly promotes charge accumulation and polarization at the

heterogeneous interfaces, thereby enhancing dielectric relaxation and increasing the

imaginary part of the complex permittivity (ε″). As a result, the dielectric loss

capability is significantly improved, facilitating efficient attenuation of incident

electromagnetic waves.

In addition to polarization relaxation, conduction loss also plays an important role in

electromagnetic wave attenuation. In the present composite system, a continuous

conductive network is formed both within the carbon fibers and along the RGO

coating, which facilitates efficient electron transport under an alternating

electromagnetic field. During this process, the migration and hopping of charge

carriers within the conductive pathways lead to energy dissipation in the form of

conductive loss. The relationship between electrical conductivity and dielectric loss

can be described by Equation (22)[50]:

��� � �
���

(22)

Here, σ represents the electrical conductivity of the material. A higher electrical

conductivity indicates that more charge carriers participate in transport processes
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during electromagnetic wave propagation, resulting in enhanced carrier migration and

collision, which ultimately converts electromagnetic energy into thermal energy

through Joule heating (Fig. 6e). This process contributes significantly to conduction

loss and promotes the attenuation of incident electromagnetic waves [51, 52].

Based on the above analysis, the mechanisms responsible for the enhanced microwave

absorption performance of CF@HP@RGO can be summarized as follows:

(1) Conductive loss: Interconnected conductive pathways are established within the

carbon fibers and the RGO nanosheets, forming an efficient conductive network.

Under an alternating electromagnetic field, electrons migrate and oscillate along these

conductive channels, dissipating electromagnetic energy through resistive loss and

Joule heating.

(2) RC microcircuit arrays: The CF-HP-RGO heterogeneous structure forms

numerous RC microcircuit arrays. When electromagnetic waves are incident, periodic

charge accumulation and release occur within these microcircuits, inducing dielectric

relaxation processes that significantly enhance electromagnetic wave attenuation.

(3) Polarization loss: Carbon fibers and RGO-300 act as conductive phases, while the

HP layer functions as a dielectric medium, forming heterogeneous

conductive–dielectric interfaces. The large contrast in dielectric properties induces

strong interfacial charge accumulation, resulting in Maxwell-Wagner interfacial

polarization. Meanwhile, the complex interface structure also promotes multiple

scattering of electromagnetic waves, thereby prolonging the propagation path and

further enhancing energy dissipation.

In summary, the CF@HP@RGO composite forms a dense array of RC microcircuits

through its heterogeneous conductive–dielectric–conductive interface structure. This

architecture synergistically enhances conductive dissipation, interfacial polarization,

dielectric relaxation, and local electric field amplification, resulting in substantially

increased complex permittivity and dielectric loss capability. Consequently, the
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composite exhibits efficient electromagnetic wave attenuation and broadband

absorption within the X and Ku band region. These results demonstrate that

constructing an RC microcircuit array via an interfacial micro capacitor architecture is

an effective strategy for achieving efficient broadband microwave absorption.

Figure 6. Schematic illustration of the electromagnetic wave absorption mechanism of

CF@HP@RGO. (a) Electromagnetic wave scattering. (b) Interfacial micro capacitor

structure. (c) RC circuit array. (d) Equivalent RC circuit model. (e) sp²

microdomain–accelerated electron transport.

4. Conclusions

This work presents the design of a CF@HP@RGO composite microwave absorber

based on the construction of an RC microcircuit array for efficient electromagnetic

wave attenuation. In this architecture, conductive carbon fibers and the RGO sheet

network provide continuous electron transport pathways, while the carbon fiber

surface, together with the HP dielectric layer and RGO nanosheets, forms a micro

capacitor structure. This configuration, combined with the conductive carbon fiber

core, constitutes an RC equivalent microcircuit network. Benefiting from this

microcircuit array architecture, the optimized composite exhibits outstanding

microwave attenuation capability. At a matching thickness of 1.6 mm and a filler

loading of only 5 wt.%, CF-300 achieves an effective absorption bandwidth (EAB) of

Ju
st

 A
cc

ep
te

d



33 / 40

up to 5.24 GHz. Compared with most previously reported carbon-based absorbers,

particularly carbon fiber absorbers, the CF-300 developed in this work achieves

near-complete coverage of the Ku band under thinner thickness and lower filler

loading conditions. This superior absorption performance originates from the

synergistic effects of conductive loss within carbon fibers, relaxation polarization

induced by the RC microcircuit arrays, and interfacial polarization at heterogeneous

interfaces. These mechanisms collectively enhance dielectric loss and electromagnetic

wave attenuation within the composite material. This work demonstrates that

engineering interfacial micro capacitor structures offers an effective strategy for

developing lightweight carbon-fiber-based microwave absorbers with thin thickness

and broadband attenuation capability.
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Experimental Section:

Finite Element Analysis of Loss Field at the CF@HP@RGO Interface:

Finite element analysis (FEA) was employed to simulate the loss field

distribution at the CF@HP@RGO interface. A two-dimensional axisymmetric model

was constructed to represent the interfacial structure. In this model, the interior region

was defined as carbon fiber, with the left boundary representing the carbon fiber

interface and the right boundary corresponding to the RGO interface within the

rectangular cross-section. Both interfaces were treated as open boundaries, while

periodic boundary conditions were applied along the upper and lower boundaries of

the model. The obtained two-dimensional axisymmetric solution was revolved around

the Z-axis to reconstruct the three-dimensional loss field distribution. The intrinsic

electrical parameters of the carbon fiber and HP dielectric layer were considered

constant, whereas the electrical conductivity of the RGO coating was varied (50, 400,

and 1000 S·m⁻ ¹) based on reported theoretical and experimental values[1-4]. This

model enables the quantitative evaluation of interfacial loss behavior as a function of

RGO conductivity, providing insight into the role of the micro capacitor structure in

electromagnetic wave attenuation. Fig. S1 shows a schematic diagram of the

simulated cross-section, and Fig. S2 presents the initial complex permittivity and

theoretical equivalent complex permittivity derived from previous exploratory studies.

Figure S1 Schematic diagram of a two-dimensional axisymmetric model.
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Figure S2 The complex permittivity of CF and (b) the intrinsic complex

permittivity of CF.

Characterization:

The morphology and element mapping of samples were obtained by Scanning

electron microscopy (SEM, ZEISS Merlin Compact, with an accelerated voltage of 20

kV). The lattice structure and electron diffraction pattern were observed on

Transmission electron microscopy (TEM, Talos F200X). Powder X-ray diffraction

(XRD, Empyrean with Cu-Ka radiation) was employed to determine the crystalline

structure of all the samples across the range of 5 to 90◦ at a scanning step of 10◦/min.

The stage information of elements and phase composition in all the samples was

chartered by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi). The

functional groups of HPAA were characterized with Fourier transform infrared

spectroscopy (FTIR, Nexus670, Nicolet) using a sample dispersed in KBr pellets in

the wavenumber range of 500-4000 cm-1. A Raman spectrometer (LabRam HR

Evolution) was used to investigate the graphitization degree of carbon fiber. The

contents of sp2 and sp3 carbon were calculated using the integral area based on the

dual-window method. The results are as follows[5]:
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Figures and Table

Figure S3. Fourier Transform Infrared Spectra of HP, HP-200, HP-300, and HP-400.
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Figure S4. XPS spectra of HP~HP-400. (a) Overall XPS spectrum. HP XPS (b) C1s
spectrum and (c) N1s spectrum. XPS of HP-200: (d) C1s spectrum and (e) N1s
spectrum. XPS of HP-300: (f) C1s spectrum and (g) N1s spectrum. XPS of HP-400:
(h) C1s spectrum and (i) N1s spectrum.
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Figure S5. Schematic diagram of HP polymer structure. (a) Molecular structure
schematic. (b, c) Schematic diagrams of different branched structures (showing that
most typical bonds involve N-H, C-N, and C=O interactions).
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Figure S6 HP optical images after thermal reduction.
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Figure S7 SEM of CF.
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Figure S8. The TEM of CF.
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Figure S9. The Cole-Cole of CF-0.
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Figure S10. The |△| of CF-0.
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Figure S11 (a) CF-0, (b) CF-200, (c) CF-300, and (d) CF-400 reflectance loss
distribution two-dimensional diagrams. (e) CF and (f) CF-0 reflectance loss curves.
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Table S1

Material SEAB SRL
Co3SnC0.7 nanoparticles 0.59 4.45 [29]
Ni/MnO-carbon aerogel 0.27 2.37 [30]
CNT/cellulose aerogel 0.27 2.04 [31]

Sugarcane carbon aerogel 0.23 1.79 [32]
PIC/rGO porous carbon 0.11 0.97 [33]
Kevlar/CNT aerogel fiber 0.27 2.73 [34]
α-FeOOH/carbon aerogel 0.2 1.27 [35]
CoNiO/rGO aerogel 0.75 4.21 [36]
FeCo@CCA aerogel 0.71 4.78 [37]

CoFe₂O₄/AC composite 0.12 1.98 [38]
CNT carbon fiber absorber 0.28 1.59 [39]
biomass porous carbon 0.19 1.48 [40]
MOF-derived carbon 0.19 1.54 [41]
graphene aerogel 0.11 0.95 [42]
CF@HP@RGO 0.64 5.15 This work
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