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Electromagnetic Wave Loss Measurement
The relaxation time τ
According to Debye relaxation theory, the relaxation time can be derived from the following equation11:
		(1)
Where  is the frequency at which the dielectric loss peak occurs.
0.05MHz-100 MHz range
The capacitance (Cp) and loss angle tangent (D) values were measured in the 0.05 MHz-100 MHz range with contact electrode method by Impedance Analyzer (Agilent 4294A, America).
[bookmark: _Hlk203252872]The complex permittivity and dissipation factor: The complex permittivity can be calculated by the following formula11:
		(2)
[bookmark: _Hlk199092587]		(3)
The dissipation factor can be calculated by the following formula:
		(4)
Where  is the real part of the complex permittivity,  is the imaginary part of the complex permittivity,  refers to the thickness of the simples, S presents the area of electrodes,  is the vacuum permittivity (8.85×10-12 F·m-1),  is the dissipation factor.
2-18 GHz range
The complex permittivity and permeability values were measured in the 2-18 GHz range with the coaxial wire method by Vector Network Analyzer (VNA, ZNA43, ROHDE&SCHWARZ, Germany).
Reflection Loss calculations: Reflection Loss is an important index to evaluate the EMWA properties. According to the transmission line theory, the RL value can be calculated by the following formula54:
[bookmark: _Hlk199090159]		(5)
		(6)
Where εr is the complex permittivity, μr is the complex permeability, d refers to the thickness of the coating, f presents the frequency of the electromagnetic wave, c is the velocity of light in free space (3×108 m·s-1), Zin is the normalized input impedance, respectively.
Polarization loss and conduction loss: The Polarization loss and conduction loss value can be calculated by the following formula55:
		(7)
		(8)
		(9)
Where the , , ,  are the static permittivity, the relative permittivity at high frequency limit, the electric conductivity, the relaxation time, respectively.
[bookmark: _Hlk204549062][bookmark: _Hlk204544545]dielectric loss tangent: tanδ is a core parameter for quantifying the dielectric loss capability of materials, whose definition and physical significance are as follows: 
		(10)
Where  is the real part of the complex permittivity,  is the imaginary part of the complex permittivity.

Impedance matching calculations:  is used to study the impedance matching characteristics, which can be calculated by the following formula56:
		(11)


Where  represents the real normalized input impedance, when , the ideal impedance matching will be realized, indicating that, under the given conditions, the electromagnetic wave can entrance into the material to the greatest extent possible, which is more conducive to the material's absorption and loss of the electromagnetic wave.
The attenuation constant (α) calculations: The attenuation constant estimates the combined loss capacity of incident electromagnetic waves and represents the EWMA attenuation characteristics of the material, which is determined by the following formula57:
		(12)
0.2-2.0 THz range
Transmission properties were investigated by a terahertz time-domain spectrometer system (TPF 15K, Terahertz Photonics, China). In order to exclude the effects of mechanical vibration and air humidity, we performed the terahertz tests on a smooth optical platform in vacuum. All test specimens were precision cut with a cut size of 2 × 2 cm and placed on a specimen holder with a hollow circular hole with a diameter of 12 mm. The effective frequency range is 0.2-2.0 terahertz.
The total THz shielding effectiveness (SET), the THz transmission (T) coefficients and shielding efficiency (): The THz transmission (T) coefficients and SET are obtained through fast Fourier transform (FFT) calculation by following equations58:
		(13)
		(14)
Where the ,  are the signal electric intensity of transmission and corresponding reference, respectively.
The correlation between shielding efficiency () and shielding effectiveness is quantified through as follows:
		(15)
The extinction Coefficient (κ), Absorption Coefficient (αT) and the complex permittivity: The extinction Coefficient and Absorption Coefficient are obtained through fast Fourier transform (FFT) calculation by the following equations36:
		(16)
		(17)
		(18)
		(19)
Where  is the film thickness,  is the vacuum speed of light, is the angular frequency,  is the phase difference between the sample signal and reference signal.
The complex dielectric constant of the sample is determined jointly by its refractive index and extinction coefficient:
		(20)
		(21)
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Figure S1. Schematic structure of A, α-phase PVDF, B, β-phase PVDF 
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Figure S2. A, Three-dimensional and B-D, three-view diagrams of the cell structure of α-PVDF.
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Figure S3. A, Three-dimensional and B-D, three-view diagrams of the cell structure of β-PVDF.
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Figure S4. Schematic structure of A, α-phase PVDF and B, β-phase PVDF with electron localization function and dipole moment.
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Figure S5. A, Comparison of adsorption energy on NiS2{100} for different PVDF phases. B, Comparison of adsorption energy on NiS2{111} for different PVDF phases.
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Figure S6. Schematic structure of NiS2{100} and NiS2{111}.
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Figure S7. Schematic and optimized structure of A1-A3, NiS2{100}/α-PVDF, B1-B3, NiS2{100}/β- PVDF, C1-C3, NiS2{111}/α-PVDF and D1-D3, NiS2{111}/β-PVDF.
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Figure S8. The Energy dispersive x-ray spectrograms (EDS) elemental mapping images of A, NiS2{100} B, and NiS2{111}. Scale bars are as follows: 50 nm (A), 100 nm (B).
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Figure S9. X-ray diffraction spectra of NiS2.
The XRD spectra shows that distinctive characteristic peaks can be observed on both crystal facets. Comparison with a reference standard spectrum (JCPDS#11-0099) confirms that the phase purity of the sample is good. In particular, NiS2 (I(111)/ I(200)=0.32) for the {111} facet exhibits a higher diffraction intensity ratio of the (111) to (200) facets compared to NiS2 (I(111)/ I(200)=0.28) for the {100} facet, suggesting a stronger {111} facet orientation.
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Figure S10. The XPS spectra of elemental A, Ni and B, S.
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Figure S11. The X-ray diffraction spectra of A, P/N{100} and B, P/N{111}.
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Figure S12. The FTIR absorption of A, P/N{100} and B, P/N{111}.


The α phase of PVDF is most easily detected by FTIR absorption as it presents a large number of characteristic bands, such as the absorption bands at 766, 855 and 976 cm-1. The IR absorption at the range of 840 cm-1 versus 1280 cm-1 applies only to the β-phase. The FTIR results are also commonly used to quantify the β-phase content of PVDF, the β-phase content can be calculated by the Beer-Lambert law23:
		(22)
where  and  are absorbance at wavenumber 766 and 841 cm-1;  and  represent the absorption coefficients at corresponding wave numbers of each crystal phase, which are 6.1×104 and 7.7×104 cm2∙mol-1, respectively. The results reveal that the β-phase content in P/N{100} composites increases with higher NiS2 loading, reaching 49.62% at 15 wt.%, 60.67% at 20 wt.%, and 63.66% at 25 wt.%. In comparison, the P/N{111} composites exhibit slightly lower β-phase levels, with values of 47.16% at 15 wt.%, 54.06% at 20 wt.%, and 60.28% at 25 wt.%. These findings underscore the influence of crystal facets on the phase transition behavior of PVDF, with the {100} facet demonstrating a more pronounced enhancement of the β-phase compared to the {111} facet. This trend highlights the importance of facet engineering in optimizing the electroactive properties of PVDF-based composites.
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Figure S13. Schematic of dipole changes in the ferroelectric domain switching in PVDF ferroelectric phase.
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[bookmark: OLE_LINK6]Figure S14. Real part of permittivity of A, P/N{111} and B, P/N{100} composites at EMWs from 50 kHz to 100 MHz. Imaginary part of permittivity of C, P/N{111} and D, P/N{100} composites at EMWs from 0.05 MHz to 100 MHz.
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Figure S15. Dissipation factor of P/N-40% composites.
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Figure S16. Real part of permittivity of A, P/N{111} and B, P/N{100} composites at EMWs from 2 GHz to 18 GHz. Imaginary part of permittivity of C, P/N{111} and D, P/N{100} composites at EMWs from 2 GHz to 18 GHz.
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Figure S17. Current-voltage curve of A, P/N{111}-15%, B, P/N{111}-20%, C, P/N{111}-25%, D, P/N{100}-15%, E, P/N{100}-20% and F, P/N{100}-25%.


The conductivity can be calculated using the resistance of the material and the length and area of the test specimen, using the following equation56:
		(23)
Where the ,  and  are the length, resistance and area, respectively.


Supplementary Table S1. The conductivity of P/N{111} and P/N{100} with different mass fraction (15 wt.%, 20 wt.%, 25 wt.%).
	
	P/N{111} (S/m)
	P/N{100} (S/m)

	15 wt.%
	5.92×10-7
	1.70×10-7

	20 wt.%
	1.53×10-7
	1.11×10-4

	25 wt.%
	1.14×10-7
	1.26×10-3
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Figure S18. A, B Permittivity of NiS2/Paraffinic. C, D Permeability of NiS2/Paraffinic.
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Figure S19. A, Dielectric loss tangent of PVDF and P/N-15% composites. B, Dielectric loss tangent of PVDF and P/N-25% composites.


[image: ]
Figure S20. Permeability of A, B P/N{111} and C, D P/N{100}.
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Figure S21. Impedance matching 2D color projection of A1, P/N{111}-15%, B1, P/N{111}-20%, C1, P/N{111}-25%. 
The reflection loss of P/N{111}-15%, A2, 3D color mapping surface diagram, A3, 2D color projection, A4, 2D curves. 
The reflection loss of P/N{111}-20%, B2, 3D color mapping surface diagram, B3, 2D color projection, B4, 2D curves. 
The reflection loss of P/N{111}-25%, C2, 3D color mapping surface diagram, C3, 2D color projection, C4, 2D curves. 
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Figure S22. Impedance matching 2D color projection of A1, P/N{100}-15%, B1, P/N{100}-20%, C1, P/N{100}-25%. 
The reflection loss of P/N{100}-15%, A2, 3D color mapping surface diagram, A3, 2D color projection, A4, 2D curves. 
The reflection loss of P/N{100}-20%, B2, 3D color mapping surface diagram, B3, 2D color projection, B4, 2D curves. 
The reflection loss of P/N{100}-25%, C2, 3D color mapping surface diagram, C3, 2D color projection, C4, 2D curves. 
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Figure S23. Minimum reflection loss of P/N composites.
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Figure S24. The attenuation constants of P/N composites.
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Figure S25. Cole-Cole curves of A, PVDF and P/N{100}, B, PVDF and P/N{100}.
 
The Cole-Cole plot (ε'-ε" curve) can be utilized to obtain the dielectric loss relationship of the samples. A semicircle on the curve represents a typical Debye relaxation process, called a Cole-Cole semicircle, which can be expressed as polarization loss. As shown in the following equation56:
		(24)
where εs and ε∞ are the static permittivity as the frequency approaches 0 and the permittivity in the limit as frequency approaches infinity, respectively.
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Figure S26. A, 3D RCS plot for the PEC substrate and covered with P/N{100}-20%. B, Analog RCS values in polar coordinates.
RCS is a fundamental concept in radar stealth technology, as it quantifies the effective area through which a target scatters radar waves back to the source, reflecting the object's capability to return radar signals. For a scattering source, its RCS value () can be expressed by the following equation56:
		(25)




where  is the area of the plate,  is the length of the incident electromagnetic wave, and  and  are the electric field strengths of the emitted and received waves, correspondingly. The simulation model was constructed with a Perfect Electric Conductor (PEC) layer positioned at the bottom, and an absorbing layer composed of P/N{100}-20% with a thickness of 2.22 mm placed on top. The dimensions of the model were standardized to 180 mm in both length and width. The model was oriented on the xOy plane, where a linearly polarized plane electromagnetic wave was introduced, propagating from the positive Z-axis toward the negative Z-axis. The electric field polarization was oriented along the φ direction. Furthermore, the far-field monitor was set to a frequency of 12.75 GHz to evaluate the absorption characteristics.
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[bookmark: _Hlk199429909]Figure S27. The THz time-domain spectroscopy of A, PVDF, B, P/N{111}-30%, C, P/N{111}-40%, D, P/N{111}-50% for transmission mode at 0.2-2.0 THz.
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Figure S28. The THz time-domain spectroscopy of A, PVDF, B, P/N{100}-30%, C, P/N{100}-40%, D, P/N{100}-50% for transmission mode at 0.2-2.0 THz.
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[bookmark: OLE_LINK2]Figure S29. Total shielding performance (SET) curves of A, P/N-30% B, P/N-40% and C, all P/N composites at 0.2-2.0 THz.
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Figure S30. The transmission curves of A, P/N-30% B, P/N-40% and C, all P/N composites at 0.2-2.0 THz.
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Figure S31. The extinction coefficients of PVDF and P/N-50% composites at 0.2-2.0 THz.
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Figure S32. Schematic illustration of loss mechanisms in P/N composites across frequency bands.
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Figure S33. A, B TEM image of semi-crystalline PVDF.
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Figure S34. A plot of ε" versus ln(2πf) for the PVDF and P/N composites in the A, MHz, B, GHz, C, THz frequency range.

The Kramers-Kronig relations state that the real part and the imaginary part of the complex permittivity of a material are interrelated through the Hilbert transform:
		(26)
		(27)
This leads to a fundamental relationship that reveals an integral constraint between loss intensity and bandwidth.
		(28)
where P. V. denotes the Cauchy principal value integral,  is the dielectric constant at the high-frequency limit, and  represents the static dielectric constant59, 60.
This implies that for linear passive systems, there exists a theoretical upper limit on the integral of loss intensity over bandwidth. Ferroelectric polymer PVDF exhibits pronounced changes in spontaneous polarization under alternating electromagnetic field excitation, owing to its inherent spontaneous polarization, resulting in a substantial dielectric constant difference (). This property effectively enhances the average loss intensity of the material, maintaining strong dielectric response even at high frequencies. Furthermore, the P/N organic ferroelectric composite exhibits a broad distribution of relaxation times, which enables the activation of multiple polarization mechanisms across different frequency bands. As a result, multiple distinct peaks emerge in the frequency-dependent imaginary permittivity . This multi-relaxation behavior results in pronounced nonlinear dielectric characteristics, overcomes the classical Kramers–Kronig relations applicable to linear passive systems, and ultimately enables highly efficient electromagnetic energy dissipation simultaneously across multiple frequency bands.
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Figure S35. Comparative performance of P/N composites and other ferroelectric composites in EM loss across frequency bands.


Supplementary Table S2. Comparative performance of P/N composites and other ferroelectric composites in electromagnetic wave loss across frequency bands.
	MHz

	Composite
	Dissipation
Factor (1 MHz)
	Ref.

	1.5 v.% MWCNT/PVDF
	5
	40

	1.5 v.% CuNW/PVDF
	0.25
	40

	NiFe2O4-3LaFeO3
	1.9
	41

	PANI/CNF/PVA
	10
	42

	P(VDF-TrFE)
	0.13
	37

	P/N{111}-50%
	166.35
	This work

	P/N{111}-50%
	238.82
	This work

	GHz

	Composite
	EAB (GHz)
	Ref.

	Bi1-xLaxFeO3
	3.3
	43

	(Fe, Co, Ni, Cu, Zn)CrxOy
	4.2
	44

	(FeCoNiZn)xV2Oy
	2.77
	45

	(Ti1/3Nb1/3Ta1/3)2FeC
	2.48
	46

	Sr0.5(Na0.5Bi0.5)0.5TiO3@CoFe2O4
	4.56
	47

	La3Ni2O7/LaNiO3
	3.36
	48

	P/N{100}-20%
	4.35
	This work

	GHz

	Composite
	Reflection Loss (RL)
	Ref.

	Bi1-xLaxFeO3
	-43.40
	43

	(Fe, Co, Ni, Cu, Zn)CrxOy
	-34.60
	44

	(FeCoNiZn)xV2Oy
	-36.20
	45

	(Ti1/3Nb1/3Ta1/3)2FeC
	-44.40
	46

	Sr0.5(Na0.5Bi0.5)0.5TiO3@CoFe2O4
	-20.19
	47

	La3Ni2O7/LaNiO3
	-43.30
	48

	P/N{100}-20%
	-62.08
	This work

	THz

	Composite
	Shielding Effectiveness
SET/d (dB/mm)
	Ref.

	MWCNTs/PMMA
	66.67
	49

	SWCNTs/PVA
	81.60
	50

	Graphene/PDMS
	57.14
	51

	CoFe2O4/PMMA
	76.66
	52

	95 ppi-1%Fe3O4-CCF
	6.66
	53

	P/N{111}-50%
	83.32
	This work

	P/N{111}-50%
	87.63
	This work
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