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[bookmark: _Hlk152355390]Supplementary Note 1. Materials: 
Cuprous oxide (Cu2O, 99.9%) and 4-Mercaptophenol (99%) were purchased from Shanghai TCI Ltd., China. The bisphenol-A epoxy resin (B-A EP) E-51, N, N-dimethylformamide (DMF, 99.9%) and ethanol (99.5 %) were supplied by from Shanghai Macklin Biochemical Technology Co., Ltd., China. The curing agent diethyltoluene diamine (DETDA, ≥98%) and the accelerator 2,4,6-tris((dimethylamino)methyl)phenol (DMP-30, ≥99.8%) were purchased from Shanghai Baika Chemical Co. Ltd., China. The defoamer organosilicone oil (OSO, 99%) and platinum-catalyzed liquid silicone rubber (LSR) were purchased from Longcheng Organic Silicone Chemical Co. Ltd., China. The spherical carbonyl iron (CI) particles were supplied by Shanghai Aladdin Reagent Co., Ltd., China. Multi-walled carbon nanotubes (MWCNTs) are provided by Kaisa New Materials Co., Ltd, Spherical copper powder (100 mesh) purchased from Beijing Innochem Technology Co., Ltd. All other chemical reagents (acetone (99.9%)) used in this study were provided by Sinopharm Group Chemical Reagents Co., LTD. All the reagents were used directly as received.

Supplementary Note 2. Materials Characterizations:
[bookmark: _Hlk153201542]Field emission scanning electron microscope (FE-SEM, Zeiss SUPRA 55, Germany) and transmission electron microscope (TEM, JEM-2100F, 200 kV, Japan) were used to observe the morphology of all samples. The local microstructural details of the samples were further investigated using atomic force microscopy (AFM, MFP-3D-infinity, Asylum Research, USA). The structural information and elemental analysis of the samples were determined by X-ray diffraction (XRD, AXS D8, Bruker, Germany), Fourier transform infrared spectra (FT-IR, DSOR 27, Bruck, Germany), and X-ray photoelectron spectroscopy (XPS, PHI 500 VersaProbeTM, ULVAC-PHI, Japan). Magnetic hysteresis loop was measured by a vibrating sample magnetometer (VSM, VSM 7307, Lake Shore, USA). Thermogravimetric analysis (TGA, TGA 8000, PerkinElmer, USA) was performed in an argon atmosphere at a test range of 40 °C to 1000 °C to evaluate the thermal stability. The conductivity of the materials was obtained by analysis of a four-point probe surface resistance tester (MCP-T370, Loresta, Japan). Evaluation of nitrogen adsorption-desorption curves, porosity, and specific surface area by the Brunauer-Emmett-Teller method (BET, BeiShiDe3H-2000PS2, Beijing, China). The bulk density (ρ0) of the composite CuHT-FCIP-EP composites were measured by Archimedes’ method, while the apparent density of the metamaterial was calculated using the following equation:  (i.e., relative density, RD), where  denotes the solid volume fraction of the metamaterial unit relative to the intact cell.

Supplementary Note 3. Bandgap calculation:
The Sc-MOF CuHT powder sample was tested by a solid-state UV-Vis diffuse reflectance spectrometer (PerkinElmer Lambda 950). The bandgap is calculated based on the Kubelka-Munk function1: 


where  and  are obtained by a linear fit (b) to the UV- Vis spectrum; in addition, it should be noted that  has a unit of eV,  refers to the reflectance, and  is proportional to the extinction coefficient ().


[bookmark: _Hlk166162179]Supplementary Note 4. Mechanical measurements:
Compression measurements were carried out to evaluate the mechanical stability of the metamaterial absorber by means of an electronic universal testing machine (CMT5105, MTS, USA), and to ensure a quasi-static compression process, the loading speed of the testing machine was assigned to 0.5 mm/min. Three-point bending experiments of the composite materials were carried out by means of a SANS CMT4304 apparatus (Sans Materials Testing Co., Ltd., Shenzhen, China), in order to obtain the bending strength () of the material, and the support distance between the two ends of the specimen as well as the loading speed were set to 30 mm and 0.5 mm·min-1, respectively, during the test.

Supplementary Note 5. DFT calculations：
We performed all density functional theory (DFT) calculations under the generalized gradient approximation (GGA) condition using the first principles tool, Vienna Ab initio Simulation Package (VASP)2, utilizing the Perdew-Burke-Ernzerhof (PBE)3 formulation. We have chosen the projected augmented wave (PAW) potentials4, 5 to characterize the ionic core and to take valence electrons into account using a plane-wave basis set with a kinetic energy cutoff of 450 eV. Using Gaussian smearing method and a width of 0.05 eV allows for partial occupancy of the Kohn-Sham orbitals. In order to optimize the geometry and lattice size, the Brillouin zone integration was performed with 4×3×1 Γ-centered k-point sampling6. The convergence energy threshold for the self-consistent calculations is 10-5 eV. The equilibrium geometries and lattice constants were optimized for a maximum stress of up to 0.02 eV·Å-1 per atom. A 15 Å vacuum layer is usually added to the surface to eliminate artificial interactions between periodic images. Weak interactions are described by the DFT+D3 method using empirical correction in the Grimme’s scheme7, 8. The spin polarization method was used to describe the magnetic system. In addition, input files and output data for charge difference and density of states (DOS) were generated by the Vaspkit9 tool. Considering the strong structural correlation effects of the transition metal, the structure optimization and electronic structure calculations were performed by using the spin-dependent GGA plus Hubbard correction  method, with an effective  parameter of 3.4 eV for Fe atoms and 4.0 eV for Cu atoms.

Supplementary Note 6. Electromagnetic simulation technology: 
CST STUDIO SUITE 2022 software is used to simulate the bistatic radar cross section (RCS) results of CuHT-FCIP-EP composites at specific frequencies. First, in the time-domain solver, according to the metal-back model, open boundary conditions are used in x, y, and z directions during the simulation, and then the perfect electric conductor (PEC) and absorber are modeled as squares, which are specifically represented as an ultrathin PEC layer (200 × 200 mm) and an absorber layer (200 × 200 × 2.25 mm). Linearly polarized plane EMWs incident from the positive direction of Z axis to the negative direction of Z axis, and the direction of electric polarization propagation is along the X-axis (the model plates are placed on the X-O-Y plane). Furthermore, the reflectivity, electric field distribution, magnetic field distribution and power loss density of the CuHT-FCI-EP composite metamaterial absorber are calculated by inputting the electromagnetic parameters of the composite material with dispersive properties into this simulation software package. The relevant simulation methods of the other structure-type absorbers are the same as mentioned above. In order to reduce the computational cost, the individual cells of the these structures are set as periodic boundaries, which are computed using a frequency domain solver and simultaneously endowed with a simulated electromagnetic source.

Supplementary Note 7. Synthesis and characterization of CuHT:
CuHT was obtained through the solvothermal reaction of 4-hydroxybenzenethiol with cuprous oxide. Scanning electron microscopy (SEM) images show that, unlike the previously reported CuHT crystals10, the CuHT synthesized in the present work has a graphene-like morphology. The average length (L) to width (B) ratio is about 1.70 (Supplementary Fig. 1a). Energy-dispersive spectroscopy (EDS) spectra reveal a uniform distribution of the Cu, C, S, and O elements (Supplementary Fig. 1c), which confirms the uniformity of the composition of the CuHT MOF crystal structure. The selected area electron diffraction (SAED) pattern shows that CuHT exhibits a typical polycrystalline state (Supplementary Fig. 1d). This is also evidenced by the corresponding X-ray diffraction (XRD) pattern (Supplementary Fig. 1e). X-ray photoelectron spectroscopy (XPS) results confirm the coexistence of the four elements (Supplementary Fig. 1g) and the corresponding valence states. In the C1s spectrum of CuHT, the two main peaks with binding energies of 286.2 and 284.7 eV correspond to the C–O and C–H bonds of the aromatic ring, respectively (Supplementary Fig. 1h), while the weak peak at 291.5 eV is attributed to the O=C–O, suggesting that the ligands may have been partially oxidized during synthesis. The S 2p fine spectrum shows a peak at 161.5 eV (S–Cu) (Supplementary Fig. 1i), which demonstrates the successful coordination of the S atoms to the Cu sites and the possibility of constructing an effective CuS network. 



[image: ] Supplementary Fig. 1 Characterization of CuHT. a-b TEM images. c Elemental mapping of copper (Cu), carbon (C), sulfur (S), and oxygen (O) atoms. d The electron diffraction pattern of polycrystalline region. e X-ray diffraction (XRD) pattern. f The bandgap calculated based on the Kubelka-Munk function (Equation. (1)). g-j X-ray photoelectron spectroscopy (XPS) patterns.

In addition, Supplementary Fig. 1j shows two strong peaks with binding energies of 931.15 and 950.9 eV, which correspond to Cu 2p3/2 and Cu 2p1/2 in the sample, respectively, and the Cu LMM spectra (Supplementary Fig. 1j, inset) reveal the coexistence of Cu(II) and Cu(I) in CuHT. The band at about 3383 cm−1 observed in the Fourier-transform infrared spectroscopy (FT-IR) spectra corresponds to the O–H stretching vibration, which indicates that the hydroxyl groups have been retained during the synthesis of CuHT (Supplementary Fig. 2a). However, the O–H stretching vibration in phenol generally occurs at wave numbers higher than 3500 cm−1. It can be considered that the CuHT unit generates hydrogen bonds during the self-assembly process, causing the absorption peak to shift significantly. Therefore, CuHT is formed through the connection of three μ3-S atoms of the HT molecule with the Cu ions, their self-assembly into a honeycomb-shaped CuS layer, and their subsequent expansion in the corresponding plane. At the same time, the O–H∙∙∙O hydrogen bonding between the −OH groups of the HT molecule enable the layer-by-layer stacking of these CuS layers. Since the interactions between these weak hydrogen bonds can be considered electrostatic, we speculate that this may be the direct cause of the relatively uniform layered shape of CuHT.

We adopted the Brunner–Emmett–Teller (BET) theory to measure the specific surface areas (SSAs) and pore parameters of the CuHT powder samples. The N2 adsorption–desorption curves of the CuHT samples are typical IV-type curves (Supplementary Fig. 2b), and the SSA of CuHT is 14.113 m2·g−1 with a pore size of ~8 nm, which confirms that CuHT has a mesoporous structure (Supplementary Fig. 2c). The presence of a mesoporous structure is believed to enhance the impedance matching and contribute to EMW loss11. The thermogravimetry (TG) results reveal that the CuHT skeleton has a good thermal stability and can remain stable at 232 °C (Supplementary Fig. 2d), which ensures the stability of CuHT as an EMW-absorbing material in practical applications. 

[image: ]
Supplementary Fig. 2 Other physical or chemical properties of CuHT. a Fourier transform infrared spectroscopy (FTIR) of CuHT powder. b N2 adsorption-desorption isotherms and c pore size distribution. d The thermogravimetric analysis (TGA). e Conductivity curve.

In addition, the electrical conductivity is a key parameter that affects the performance of EMW-absorbing materials as it significantly influences the resistive loss capability of the material as well as its polarization relaxation. In this work, CuHT is characterized by an infinite layered Cu–S 2D network in its interior, which combined with the high interlayer contact area provided by the 2D material, endows CuHT with attractive electrical conductivity properties. To confirm this, we measured the resistivity of the CuHT powder using the four-probe method and found that its conductivity could reach 4.23×10−3 S·cm−1 (Supplementary Fig. 2e), which falls within the threshold range of EMW-absorbing materials (10−6–100 S·cm−1)12. This unique charge transport mechanism may be related to the graphene-like honeycomb structure inside CuHT. Solid-state UV–Vis diffuse reflection results show that CuHT has a large optical band gap of 2.87 eV (Supplementary Fig. 1f) and thus exhibits typical semiconducting properties. In addition, CuHT has an ultra-low density, with a natural packing density of only 0.0856 g·cm−3, which is 64.18% of that of carbon nanotubes and only 2.96% of that of metallic Cu powder. The unique semiconducting properties and 2D layered structure of CuHT, in combination with its low weight, make this class of materials highly promising EMW-absorbing materials. 

[image: ]
Supplementary Fig. 3 The XPS survey spectra of CuHT-FCIP composites. a elemental survey map. high-resolution XPS spectra of C 1s b, S 2p c, Fe 2p d, Cu 2p e and Cu LMM e inset of CuHT-FCIP composites.

In order to investigate the internal elements and the corresponding chemical states of the CuHT-FCIP composites, they were characterized by XPS. As shown in the XPS measurement spectra (Supplementary Fig. 3a), the elements Cu, Fe, C, S, and O coexist in the sample. In addition, partial oxidation of the ligand of CuHT resulted in a peak with a binding energy of 291.3 eV (Supplementary Fig. 3b). Most importantly, the S 2p fine spectra of CuHT shows the presence of S-Fe at a binding energy of 126.6 eV (Supplementary Fig. 3c), representing the strong interaction between CuHT and FCIP during sonication. Supplementary Fig. 3d demonstrates that the high-resolution Fe 2p spectra of the composites are divided into six main peaks, with two peaks at 709.8 eV and 712.3 eV attributed to Fe 2p3/2, and the peaks fitted at 723.06 eV and 725.9 eV indexed as Fe 2p1/2. The two peaks at 718.3 and 731.48 eV are usually characteristic of satellite peaks of Fe. Supplementary Fig. 3e demonstrates that the interaction or interface effect between FCIP and CuHT has no significant influence on the electron energy level of Cu element in MOF structure.
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Supplementary Fig. 4 Photos of as-prepared CuHT-FCIP composite by sonication (left) and the dispersion of CuHT and FCIP mixture by vortex mixing (right) after settling for 1 min.

Compared to simply mixing CuHT and FCIP, the CuHT-FCIP composite exhibits better dispersibility in ethanol solution after sonication. The main reasons are: first, the stronger power provided by ultrasonication causes the separation of the agglomerated FCIP and CuHT layers, thereby enhancing their inherent dispersibility; second, the ultrasonic power causes the dissolution of Cu ions on the surface of CuHT, resulting in the generation of uncoordinated thiol groups (-SH), which readily bond with partially oxidized Fe(II) or Fe(III) on the surface of FCIP, thus forming a sandwich-like CuHT-FCIP-CuHT assembly. Therefore, significant stratification is not observed in the CuHT-FCIP solution. 

[image: ]
Supplementary Fig. 5 EMW absorption performance of different samples. 2D contour of RL values versus frequency at different thicknesses of a EP, b CuHT-EP, c FCIP-EP, d FCIP-EP-H.

Supplementary Table 1 Composites consisting of different ratios of Sc-MOF CuHT, FCIP and EP.
	Number
	Weight Ratio

	EP
	CuHT:FCIP:EP=0:0:10

	CuHT-FCIP-EP-S1
	CuHT:FCIP:EP=4:2:4

	CuHT-FCIP-EP-S2
	CuHT:FCIP:EP=3:3:4

	CuHT-FCIP-EP-S3
	CuHT:FCIP:EP=3:4:3

	CuHT-EP
	CuHT:FCIP:EP=3:0:7

	FCIP-EP
	CuHT:FCIP:EP=0:3:7

	FCIP-EP-H
	CuHT:FCIP:EP=0:7:3
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Supplementary Fig. 6 Cole–Cole plots of a CuHT-EP, b CuHT-FCIP-EP-S1, c CuHT-FCIP-EP-S2 and d CuHT-FCIP-EP-S3. A curved line (indicated by red dashed circles) means polarization happens at the corresponding frequency and a straight line refers to the conduction behavior.

In the high-frequency region, the CuHT-EP samples with only dielectric assembly exhibit a linear relationship between ε' and ε'' suggesting a significant conductive loss process. However, in the remaining three CuHT-FCIP-EP composites where magnetic assembly is introduced, multiple relaxation processes occur under an alternating electromagnetic field, leading to a relative weakening of conductivity loss within the material. This indicates a notable enhancement of interfacial polarization and dipole polarization attributed to defects, oxygen-containing functional groups, and heterogeneous structures.

[image: ]
Supplementary Fig. 7 Electromagnetic properties of CuHT-FCIP-EP composite. Frequency dependence of a Real permittivity, b Imaginary permittivity, c  d Real permeability, e Imaginary permeability and f  of S1, S2, S3, CuHT-EP, FCIP-EP, FCIP-EP-H and EP. g Attenuation constant of S1, S2, S3, CuHT-EP, FCIP-EP and FCIP-EP-H. h Magnetic hysteresis loops of S1, S2, S3 at room temperature. i Frequency dependence of  for S1, S2, S3.

First, as shown in Supplementary Fig. 7a, b, benefiting from the rational design of the sandwich-type composites, the real and imaginary parts of the dielectric constants of S1-S3 reach a nearly ideal equilibrium. This is something that the rest of the control components could not have, although the CuHT-FCIP-H with high filling amount of FCIP. The trend of  value is positively correlated with the concentration of the dielectric components, indicating an increase in the dielectric loss (Supplementary Fig. 7c). However, the mismatch between the dielectric response and the ultimate EMW loss capability then means that the role of magnetic losses cannot be ignored. It is noteworthy that S3 has a relatively high magnetic response but poor wave absorption performance (Supplementary Fig. 7d-f), which simultaneously proves that unilateral enhancement of the magnetic property contribution is ineffective. This is further evidenced by FCIP-EP-H, which has the highest real and imaginary parts of the magnetic permeability, especially the attenuation constant (Supplementary Fig. 7g), but similarly has far less EMW absorption performance than S2. Thus, our success in constructing the magnetoelectric balance mechanism within the composites again proved to be particularly necessary and critical.

The composites with sandwich-type structures all exhibit a pronounced ferromagnetic response (Supplementary Fig. 7h). The resolved saturation magnetization () values of the samples are 27.9, 40.3, and 63.7 emu/g for the CuHT/FCIP relative mass ratios of 4:2, 3:3, and 3:4, respectively. The corresponding coercivities () are almost the same, which implies that these materials are able to maintain a more stable magnetization state in the presence of an applied magnetic field. The  curve ()13 further reveals that the magnetic loss effect mainly originates from the natural resonance and exchange resonance (Supplementary Fig. 7i).
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Supplementary Fig. 8 Dielectric and magnetic loss curves of a FCIP-EP, b FCIP-EP-H.

The coupling state of pure FCIP resin is illustrated in Supplementary Fig. 8. The electromagnetic loss curve of FCIP-EP (with a FCIP to EP mass ratio of 3:7) exhibits a noticeable mismatch. This mismatch arises from the FCIP's low filling level, which prevents the formation of an effective conducting path within the material. Consequently, the dielectric loss is limited and unable to synergize adequately with the relatively strong magnetic loss. This shortfall is addressed by increasing the FCIP filling (FCIP-EP-H, with a FCIP to EP mass ratio of 7:3). However, despite this adjustment, the magnetic effect continues to dominate due to the absence of further reinforcement from the dielectric assemblies. As a result, the FCIP-EP-H only achieves partial coupling in the mid-to-low frequency region (<11 GHz). 
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[bookmark: _Hlk161920727]Supplementary Fig. 9 Reflection loss of 2D CuHT-FCIP-EP at different thicknesses for a CuHT-FCIP-EP-S1, b CuHT-FCIP-EP-S2 and c CuHT-FCIP-EP-S3.
[bookmark: _Hlk161520008]
The CuHT/FCIP ratio significantly impacts both the position of the minimum absorption peak and the effective absorption bandwidth (EAB) of the composite materials. For dielectric-type electromagnetic absorption materials, the thickness of the absorber and its strongest absorption frequency satisfy the following equation: 

where  is the thickness of the absorber,  is the complex permittivity,  is the complex permeability,  is the frequency, and  is the speed of electromagnetic waves in vacuum. At lower thicknesses, sample S1-S3 exhibit significant absorption only in the high-frequency range (Ku band). As the thickness increases, the EAB gradually shifts towards lower frequency ranges. Meanwhile, at the same thickness, the strongest absorption peak frequencies of S1-S3 decrease sequentially. For example, when the thickness is 4 mm, the minimum absorption peak position for S1 is 5.82 GHz, for S2 it is 5.03 GHz, and for S3 it is 3.96 GHz. The optimal EAB of S1-S3 is 5.44 GHz, 6.16 GHz, and 5.30 GHz at thicknesses of 1.90 mm, 1.78 mm, and 1.43 mm, respectively. This is mainly because, firstly, compared to S1, both S2 and S3 contain a larger amount of magnetic components (FCIP), resulting in a higher overall refractive index (); secondly, sample S2 exhibits a magneto-dielectric coupling loss exactly in the 6-18 GHz range, thus enhancing its absorption capability within this range. Hence, the ratio of CuHT to FCIP significantly influences the absorption performance of the composite materials, providing a material foundation for the design of multilayer metamaterials.

Supplementary Table 2 Comparison of the absorption performance of different MOF-derived composite materials.
	Sample
	Rlmin (dB)
	EAB (GHz)
	Thickness (mm)
	Ref.

	[bookmark: _Hlk93312767]NPC/Co/CoO
	−48.97
	5.36
	2.00
	14

	HCSC/CNTs-30
	−41.60
	4.90
	2.00
	15

	Co@NCMs
	−50.40
	3.85
	2.70
	16

	Cu/NC@Co/NC-3.75
	−54.13
	5.19
	2.50
	17

	CoFe alloys@ZnO@C
	−40.63
	5.84
	2.20
	18

	CZC@M
	−41.75
	4.72
	2.40
	19

	Carbon/Co/Co3O4/CNTs/RGO
	−59.20
	5.70
	2.00
	20

	CoMn@CN
	−39.90
	5.24
	2.00
	21

	CoFe alloy@C
	−40.00
	5.62
	2.00
	22

	CuHT-FCIP-EP-S1
	−52.00
	5.44
	1.90
	This work

	CuHT-FCIP-EP-S2
	−61.00
	6.16
	1.78
	This work

	CuHT-FCIP-EP-S3
	−37.00
	5.68
	1.43
	This work
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[bookmark: _Hlk162003417]Supplementary Fig. 10 Effect of different material combinations on the bandwidth of metamaterials. The simulated reflectivity of metamaterial absorbers composed of different sequences R1 (a), R2 (b), R3 (c), R4 (d), R5 (e), R6 (f) in the frequency range of 2-40 GHz. (Detailed stacking sequence were listed in Supplementary Table 3)

Supplementary Table 3. CuHT-FCIP-EP metamaterials based on different material combinations.
	ID
	R1
	R2
	R3
	R4
	R5
	R6

	Top layer
	S1
	S2
	S1
	S3
	S3
	S2

	Middle layer
	S2
	S1
	S3
	S1
	S2
	S3

	Bottom layer
	S3
	S3
	S2
	S2
	S1
	S1



All possible three-layer combinations are detailed in Supplementary Table 3. Comparing the simulated reflectivity results between R1, R2, and other combinations, it is evident that when S3 is placed at the bottom layer, the metamaterial exhibits superior absorption performance in the low-frequency range (2-5 GHz). This can be attributed to the higher content of strong magnetic component in S3, which maximizes the absorption of low-frequency EMWs. Further comparison between R1 and R2 results shows that, despite similar -10 dB EAB, when S1 is the top layer, the resonance absorption peak intensities of the metamaterial are significantly higher compared to the scenario when S2 is at the top. This is because S1 material has relatively lower attenuation constant, resulting in a gradient distribution from top to bottom. Such a distribution has been widely acknowledged to enhance the efficiency of electromagnetic absorption. Consequently, the combination of S1-S2-S3 was chosen as the optimal configuration.


[image: ]
Supplementary Fig. 11 Influence of structural dimensions on reflection loss of metamaterial absorbers. By changing a T1, b T1, c T3, d T4, e T5 , f L2 , g L3 , h L4 , i L5 , j L6 and k L7 optimize the reflectivity in the frequency range from 2 to 40 GHz to determine the unit size of the absorber.

Supplementary Table 4 Optimized dimension for the proposed metamaterial absorber unit.
	[bookmark: _Hlk161601894]Parameter
	T1
	T2
	T3
	T4
	T5
	L1

	Value
	0.6 mm
	3.1 mm
	3.6 mm
	2.0 mm
	4.4 mm
	15.0 mm

	Parameter
	L2
	L3
	L4
	L5
	L6
	L7

	Value
	13.0 mm
	11.0 mm
	9.0 mm
	7.0 mm
	6.0 mm
	2.2 mm



Based on the permittivity and permeability of CuHT-FCIP-EP-S1, CuHT-FCIP-EP-S2, and CuHT-FCIP-EP-S3 (Supplementary Fig. 6), we calculated the reflection loss curves of the multilayered composite metamaterials with different geometry parameters by CST STUDIO SUITE 2022 23. Floquet boundary conditions were used in this process, the frequency range was set to 2-40 GHz, and the structure was meshed in a hexahedral form. As shown above, the variation of the layer thicknesses T1-T4 has a significant effect on the position of the absorption peaks and the absorption depth of the absorber, with the increase in thickness enhancing the resonant electrical length of the absorber (Supplementary Fig. 11a-d) and the position of the absorption peaks gradually shifted towards the lower frequency range. Unfortunately, this also consequently caused a serious sacrifice of reflectivity in the 4-8 GHz frequency range, but T5 had less effect on the trend of reflectivity (Supplementary Fig. 11e). In addition, when L2-L6 are increased in steps of 0.5 mm, respectively (Supplementary Fig. 11f-j), the absorption peak position and appearance are seriously affected. However, for L7, the absorption peak depth of the absorber in the low-frequency band gradually decreases when increasing in steps of 0.4 mm (Supplementary Fig. 11k), especially when the size of L7 is less than 1.4 mm, the trend of the reflection loss in the ranges of 2-4 GHz and 20-40 GHz varies drastically, which suggests that the edge length of the top honeycomb-like structural plays an important role in the impedance matching of the absorber. Finally, a set of parameters were determined as summarized in Supplementary Table 4.

[image: ] Supplementary Fig. 12 Electromagnetic simulation of metamaterial absorbers. Distributions of the electric field, magnetic field, and power loss density of the metamaterial absorber at different absorption peak frequencies: 3.82 GHz, 22.0 GHz.
[image: ]
Supplementary Fig. 13 Simulated EMW absorption performance of the proposed metamaterial structure. a Bottom layer (S3), b Middle layer (S2), c Top layer (S1), d Multi-layer structure (top to bottom: S1-S2-S3) and e Multi-layer structure (top to bottom: S1-S2-S3) with a honeycomb perforation. f Basic rationale for the effectiveness of multilayer design.

It is evident that the single-layer metamaterials based on CuHT-FCIP-EP-S1~S3 exhibit certain electromagnetic responses within the low (2-6 GHz), middle (6-10 GHz), and high (10-20 GHz) frequency ranges, respectively. However, they are severely constrained by narrow bandwidth (Supplementary Fig. 13a-c). The combined structure of the three-layer slab significantly broadens the overall effective absorption bandwidth (EAB) of the metamaterial, achieving broadband absorption from 5.2 to 40 GHz. Additionally, two distinct resonance peaks appear on the absorption curve at 16.1 GHz and 32.2 GHz, mainly attributed to the thickness resonances at λ/2 and λ (with a thickness of 9.3 mm) of the metamaterial. (Supplementary Fig. 13d) Building upon this, a honeycomb perforation is incorporated on top of the metamaterial to expand the EAB further by introducing structural resonances, which effectively mitigates the skin effect 24 caused by the increase in dielectric constant and thickness of the material. As a result, another two distinct absorption peaks appear (3.82 GHz and 22.0 GHz) while the former two resonance peaks remain unchanged. (Supplementary Fig. 13e-f) This confirms the validity of our proposed novel metamaterial model.
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Supplementary Fig. 14 Simulation of reflection loss for metamaterials with different geometric perforation features. a Square, b Hexagon, c Octagon and d Cylinder. e-g Single-layer hexagonal honeycomb perforation for bottom layer, middle layer and top layer with the same geometry parameters as the CuHT-FCIP-EP metamaterials.

The hexagonal honeycomb structure is a geometric structure with well-documented electromagnetic resonance effects. It possesses good symmetry (C3 symmetry) and spatial utilization efficiency. The primary purpose of introducing perforations is to facilitate the incidence of low-frequency (with longer wavelength) EMWs and inducing edge resonance of high-frequency EMWs. Therefore, selecting a geometric structure with the maximum cross-sectional area and retaining as many characteristic straight edges as possible is desired. To achieve this, we simulated the reflection curves of perforated structures with different numbers of side lengths (as shown in Supplementary Fig. 14). The results show that as the number of edges of the perforation structure increases, the characteristic absorption peak in the low-frequency region gradually approaches 2 GHz. This indicates that increasing the cross-sectional area facilitates the entrance of low-frequency EMWs and further causes losses. However, as the number of edges increases, the length of the edge decreases (for a circle, the side length can be considered infinitely small), thereby weakening the edge resonance effect of high-frequency EMWs. Therefore, ultimately, we choose the hexagonal perforation structure.

Besides, honeycomb structures are widely acknowledged in engineering for their exceptional mechanical load-bearing capabilities. This is attributed to their inherent ability to offer higher stiffness and strength with minimal weight. The design of honeycomb structures, inspired by nature, enables them to distribute loads uniformly in all directions while utilizing minimal material. As a result, honeycomb structures find extensive applications in aerospace, vehicle manufacturing, and various other fields that demand lightweight yet robust solutions. In this work, with the help of honeycomb perforation, the bulk density of the metamaterial is only 0.89 g/cm3 leading to an excellent specific compressive strength (201.01 MPa·m3·kg-1).
[image: ]
Supplementary Fig. 15 Far-field absorption verification of metamaterial absorbers. a Schematic of the far field test setup, b Device photo. c Comparison of far field performance between CuHT-FCIP based metamaterial absorber and some typical 3D metamaterials (EAB, RL<-15 dB), and the relevant data 25-33 are summarized in Supplementary Table 4.





Supplementary Table 5 Comparison of absorption performance with recently reported 3D metamaterials.
	Sample
	Compone-nt
	EAB (GHz)
<-10 dB
	EAB (GHz)
<-15 dB
	EAB (<-10 dB)
(S-C band)
	Thick-ness (mm)
	RLmin (dB)
	Compre-ss Strength (MPa)
	Den-sity Test
	Ref.

	Carbon coated corrugated structure
	Carbon paste
	2.31-18.00
	3.00-5.00, 9.00-12.50, 16.20-18.00
	5.69
	18.00
	-25.93
	No
	No
	25

	3D resistance film structure
	Resistive film
	3.90-26.20
	20.80-22.00
	4.10
	11.00
	-15.90
	No
	No
	26

	[bookmark: _Hlk161434263]Spherical CI/MWCNT epoxy resin
	CI/MWCNT
	2.00-2.36, 6.54-19.36, 19.89-21.57, 25.10-40.00
	9.78-18.00, 27.14-36.11
	1.82
	7.00
	-54.00
	No
	No
	27

	3D printed shell with CC-20/wax patterns
	CC-20/wax
	7.81-40.00
	9.02-40.00
	0.19
	11.00
	-34.50
	No
	No
	28

	PEEK/CIPs metastructure
	PEEK/CIPs
	5.10-16.80,18.25-40.00
	7.70-14.70, 22.60-36.30.
	2.90
	10.00
	-30.50
	8.46 
	No
	29

	[bookmark: _Hlk161434278]CNFs-SiBCN-based metamaterial
	CNFs-SiBCN
	7.60-40.00
	17.00-37.00
	0.40
	5.00 
	-46.00
	No
	No
	30

	Nested triple-helix
	Fe single-helix
	11.50-13.75,
15.00-15.50,
18.70-40.00
	11.67-13.30
15.00-15.05
20.50-40.00
	0.00
	15.00
	-42.50
	No
	No
	31

	Graphene foam
	Graphene Foam
	4.10-18.00, 26.50-29.80
	5.40-15.00
	0.90
	10.00
	-35.00
	No
	No
	32

	Fe/SiC-C fiber superstructure
	Fe/SiC-C fiber
	2.80-18.00
	4.80-11.20
	5.20
	8.45
	-24.00
	No
	No
	33

	[bookmark: _Hlk157988923]CuHT-FCIP-EP metamaterial
	CuHT-FCIP 2D/2D assembly
	2.00-40.00
	2.00-2.35
4.50-40.00
	6.00
	9.30
	-51.00 
	201.01
	0.89
	This work


[image: ]
Supplementary Fig. 16 Mechanical properties of CuHT-FCIP-EP composites. a Stress–strain curves of S1, S2, S3 under three-point bending test. b Stress–displacement curve of the metamaterial absorber (2×2 unit structures).
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