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Text S1: Carbon-based materials used in EMWA application 

Various carbon nanomaterials exhibit excellent characteristics for electromagnetic wave absorption (EMWA) 

due to their high surface area, low density, and high stability. Fabricating unique nanocarbon materials usually requires 

pyrolysis of carbon precursors like aromatic polyimide film and poly(acrylonitrile), but current methods are expensive 

and challenging to scale up due to harsh conditions and complex equipment [1-3]. Recently, microwave irradiation 

methods have been proposed as an alternative to conventional heating approaches for fabricating carbon 

nanostructures. Domestic microwave oven calcination offers several advantages, such as rapid and volumetric heating, 

economical and eco-friendly reactions, and the promotion of advanced material fabrication. The synthesis of carbon 

materials via microwave irradiation has recently become a promising alternative due to its green feature enabled by 

high-efficiency heating, fast carbonization, low energy consumption, low processing cost, quick start-up and stopping, 

etc. Microwave-assisted carbonization is based on the microwave-radiation-induced displacement of the charged 

particles in the material, which enables electromagnetic energy to convert into heat within the material in a contactless 

volumetric way. Microwave irradiation that can induce a temperature increase up to 1000°C within even just one 

minute largely shortens the treatment time, which allows for time and energy conservation processes and can inhibit 

undesired side reactions even under heat convection. Therefore, microwave irradiation, as a fascinating and promising 

tool, has enabled a new reaction pathway for green and safe carbonization [4,5]. However, PPy's moderate 

conductivity plays a crucial role in the rapid and efficient microwave-assisted conversion to nanocarbons, acting as a 
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bridge between the incident microwave energy and the carbon precursor. Ppy's conjugated π-electron system allows 

for efficient energy absorption, enabling it to readily interact with the electric field of the microwave radiation and 

convert the electromagnetic energy into heat through dipole polarization within its structure. This moderate 

conductivity prevents excessive reflection of the microwaves, ensuring deeper penetration and more efficient 

utilization of the energy within the precursor material. 

In addition, despite their low cost and strong magnetic properties, magnetic materials like Fe3O4 have drawbacks 

that limit their practical applications. Incorporating magnetic nanoparticles into nanocarbon materials is expected not 

only to overcome these limitations but also to improve the overall properties of the nanocomposites, making them 

attractive candidates for efficient electromagnetic wave absorption [6]. 

Text S2:  Characterization and Measurements 

Surface morphologies and structures of the as-prepared core–shell-like composites were investigated with a 

scanning electron microscope (Hitachi S-4800, Japan) and a high-resolution transmission electron microscope (JEOL 

JEM-2100, Japan), respectively. The crystal structure analysis of the composites was characterized using X-ray 

diffraction (XRD) (Dandong Tongda D-3500, China). Fourier transform infrared (FT-IR) spectroscopy (JASCO, FT-

IR 4200, USA) was performed to characterize the chemical structure. Raman spectroscopy (Renishaw Via-Reflex, 

UK) was performed. The thermal decomposition was investigated by the thermogravimetric analysis (TGA) (DSC 

SDT Q600, USA) with a heating rate of 10 °C/min from 25 °C to 800 °C under air atmosphere. A vector network 

analyzer (Agilent PNA-N5244A, USA) was applied to determine the relative permittivity and permeability in the 

frequency range of 2-18 GHz for the calculation of the reflection loss (RL). To ensure good quarter-wavelength 

matching, the measured samples were prepared by pressing homogeneous mixtures of 90 wt% paraffin and 10 wt% 

sample powders into cylindrical specimens with precise dimensions (3.04 mm inner diameter, 7 mm outer diameter, 

and 2 mm thickness). 

XRD analysis 

Scherrer's formula is an important tool in X-ray crystallography for determining the average size of 

nanocrystalline particles or crystallites. It analyzes the broadening of X-ray diffraction peaks to calculate particle size. 

In the specific case of Fe3O4 nanoparticles (NPs), Scherrer's formula was used to estimate their size, resulting in a 

calculated size of approximately 8 nm. Scherrer's formula is as follows: 𝐿 = 𝑘𝜆 (𝛽 cos 𝜃)⁄                                                               (S1) 

where L represents the average crystallite size or particle size, and k is the Scherrer constant, typically ranging from 

0.9 to 1.0. It takes into account various factors, such as the shape of the crystallites and instrumental broadening. λ is 

the wavelength of the X-ray radiation used for the analysis. β is the full-width at half-maximum (FWHM) of the 

diffraction peak, which is a measure of the peak broadening, and θ is the Bragg angle, defined as the angle between 

the incident X-ray beam and the reflecting planes in the crystal [7]. 

Text S3: Electromagnetic analysis 
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Equation for Calculating Electric Conductivity (σ): 𝜎 = 2𝜋𝑓𝜀௥ᇱᇱ𝜀଴                                                                    (S2) 

where 𝜎 is the electric conductivity of the material, ƒ referes to the frequency of the microwave radiation, and 𝜀௥ᇱᇱ
 and 𝜀଴ represent the imaginary part of the complex relative permittivity and the vacuum permittivity, respectively. This 

equation relates the conductivity to the imaginary part of the complex relative permittivity and the frequency of the 

microwave radiation. It is commonly used to estimate the conductivity of materials based on their dielectric properties 

and the operating frequency of the microwave [8,9]. 

Equations for Analyzing and Validating Electromagnetic Wave Absorption Performance: 

The relative complex permittivity (ɛr) is as follows:  𝜀௥ = 𝜀ᇱ − 𝑗𝜀ᇱᇱ                                                                     (S3) 

The relative complex permeability (µr) is as follows: 𝜇௥ = 𝜇ᇱ − 𝑗𝜇ᇱᇱ                                                                    (S4) 

The dielectric loss tangent (tan𝛿ɛ) and magnetic loss tangent (tan𝛿µ) are used to characterize the EM loss. 

The dielectric loss tangent is as follows: 𝑡𝑎𝑛 𝛿ɛ = ɛʺ/ɛʹ                                                                    (S5) 

The magnetic loss tangent is as follows: 𝑡𝑎𝑛( 𝛿µ) = µʺ/µʹ                                                                 (S6) 

Debye relaxation theory is as follows: ቀ𝜀ᇱ − ఌೞାఌಮଶ ቁଶ + 𝜀ᇱᇱଶ = ቀఌೞିఌಮଶ ቁଶ
                                                    (S7) 

 

 

The absorption ability of electromagnetic waves (EMWs) is often quantified using the reflection loss (RL) factor. 𝑅𝐿(𝑑) = 20𝑙𝑔 ቚ௓೔೙ି௓బ௓೔೙ା௓బቚ                                                          (S8) 

The input impedance is as follows: 

𝑍௜௡ = 𝑍଴ටఓೝఌೝ 𝑡𝑎𝑛ℎ ቀ𝑗 ଶగ௙ௗ௖ ඥ𝜇௥ఌೝቁ                                                (S9) 

The equation for the attenuation constant (α) can be expressed as follows: 

𝛼 = √ଶ௖ 𝜋𝑓ට(𝜀ᇱᇱ𝜇ᇱᇱ − 𝜀ᇱ𝜇ᇱ) + ඥ(𝜀ᇱᇱ𝜇ᇱᇱ − 𝜀ᇱ𝜇ᇱ)ଶ + (𝜀ᇱᇱ𝜇ᇱᇱ + 𝜀ᇱ𝜇ᇱ)ଶ                                                          (S10) 
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wherein 𝜀ᇱ and 𝜀ᇳ represent the real part of the permittivity and the imaginary part of the permittivity, respectively, 𝜇ᇱ 
and 𝜇ᇳ  are the real part of permeability and the imaginary part of permeability, respectively, 𝜎  is conductivity, d 

represents the thickness of the absorber, 𝛧଴ is the impedance of air (free space) or the output impedance of the absorber, 𝑐 is the velocity of light, α represents the attenuation constant, and 𝜀௦ and 𝜀ஶ refer to the static dielectric constant and 

the dielectric constant at infinite frequency, respectively. 

The -10 dB and -20 dB reflection loss represent the 90 and 99% electromagnetic waves absorbed by the materials, 

respectively [10,11]. 

 

 

Figures and Captions 

 

Figure S1. Magnetic attraction of (a) CN, (b) FC, and (c) CFC. 

 

 

Figure S2. Fe3O4 NPs diameter. 
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Figure S3. The Cole–Cole curve of (a) CN and (b) FC samples. 

 

 

Figure S4. RL curves of (a) FC and (b) CFC samples. 
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