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Enhanced low-frequency microwave absorption performance of FeNi alloy coated carbon foam assisted by SiO 2 layer
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The hierarchical structures of carbonized melamine foam modified by FeNi alloy and silicon layer (CMF/FeNi-SiO 2 ) have been fabricated by a magnetron sputtering method. The as-prepared CMF/FeNi-SiO 2 composites exhibited a three-dimensional porous structure, with the framework uniformly covered by a 150~400 nm FeNi layer and an ultrathin SiO 2 layer, which demonstrated soft magnetic properties at room temperature. Moreover, the microwave absorption performance of the foam was investigated in the frequency range from 2 to 18 GHz. The results showed that the microwave absorption performance of CMF/FeNi-SiO 2 composite was significantly enhanced in the low-frequency range compared with CMF/FeNi. The minimum reflection loss of CMF/FeNi-SiO 2 with an absorption thickness of 4.1 mm was about -53 dB at 3.38 GHz and reached an effective absorption bandwidth of 0.93 GHz (from 2.93 GHz to 3.86 GHz). The frequency bandwidth of 4 GHz (2.35~6.35 GHz) with absorption loss ≤ -10 dB and the frequency bandwidth of 2.05 GHz (2.62~4.67 GHz) with absorption loss ≤ -20 dB demonstrated the CMF/FeNi-SiO 2 a high-efficient absorber in the low-frequency band (2-6 GHz), which stemmed from improved impedance matching and attenuation capacities.

Introduction

With the great progress in science and technology, electronic instruments and communication technologies have brought great convenience to human life [START_REF] Wu | Review on the electromagnetic interference shielding properties of carbon based materials and their novel composites: Recent progress, challenges and prospects[END_REF].

However, various electromagnetic pollution has emerged simultaneously due to the wave's radiation that not only potentially threatens human health but also leads to the interference of communications [START_REF] Liu | Hydrophobic, Flexible, and Lightweight MXene Foams for High-Performance Electromagnetic-Interference Shielding[END_REF][START_REF] Zhang | Broadband and Tunable High-Performance Microwave Absorption of an Ultralight and Highly Compressible Graphene Foam[END_REF]. Therefore, the development of effective electromagnetic microwave (EMW) absorbing materials is an urgent requirement to solve these problems.

Generally, an ideal absorption material is usually expected to have low density, thin thickness, and strong EMW absorption ability within a wide frequency bandwidth [START_REF] Song | Graphene and MXene Nanomaterials: Toward High-Performance Electromagnetic Wave Absorption in Gigahertz Band Range[END_REF]. Generally speaking, microwave absorption materials can be classified as carbon materials [START_REF] Gupta | Carbon materials and their composites for electromagnetic interference shielding effectiveness in X-band[END_REF][START_REF] Kumar | Recent progress on carbon-based composite materials for microwave electromagnetic interference shielding[END_REF], ferrite materials [START_REF] Qu | Coupling Hollow Fe3O4-Fe Nanoparticles with Graphene Sheets for High-Performance Electromagnetic Wave Absorbing Material[END_REF][START_REF] Ren | Quaternary Nanocomposites Consisting of Graphene, Fe3O4@Fe Core@Shell, and ZnO Nanoparticles: Synthesis and Excellent Electromagnetic Absorption Properties[END_REF][START_REF] Sun | Controlled synthesis of porous Fe3O4-decorated graphene with extraordinary electromagnetic wave absorption properties[END_REF], magnetic alloy [START_REF] Zhao | Alternate nonmagnetic and magnetic multilayer nanofilms deposited on carbon nanocoils by atomic layer deposition to tune microwave absorption property[END_REF][START_REF] Yan | The 3D CoNi alloy particles embedded in N-doped porous carbon foams for high-performance microwave absorbers[END_REF][START_REF] Lyu | CuNi alloy/ carbon foam nanohybrids as high-performance electromagnetic wave absorbers[END_REF][START_REF] Liu | CoNi@SiO2@TiO2 and CoNi@Air@TiO2 Microspheres with Strong Wideband Microwave Absorption[END_REF], ceramic materials [START_REF] Chen | Polymer-Derived Lightweight SiBCN Ceramic Nanofibers with High Microwave Absorption Performance[END_REF][START_REF] Mao | Synthesis and microwave absorption properties of multilayer SiC/C foam with alternating distribution of C and SiC[END_REF][START_REF] Jiang | Lightweight spongy bone-like graphene@SiC aerogel composites for high-performance microwave absorption[END_REF][START_REF] Ye | Direct Growth of Edge-Rich Graphene with Tunable Dielectric Properties in Porous Si3N4 Ceramic for Broadband High-Performance Microwave Absorption[END_REF], and other kinds of materials [START_REF] Song | Graphene and MXene Nanomaterials: Toward High-Performance Electromagnetic Wave Absorption in Gigahertz Band Range[END_REF][START_REF] Kruzelak | Progress in polymers and polymer composites used as efficient materials for EMI shielding[END_REF][START_REF] Bradford | Tuning the compressive mechanical properties of carbon nanotube foam[END_REF][START_REF] Hu | Ultralight Ti3C2Tx MXene foam with superior microwave absorption performance[END_REF][START_REF] Shahzad | Electromagnetic interference shielding with 2D transition metal carbides (MXenes)[END_REF]. Among them, carbon-based materials are favored by more and more researchers thanks to their outstanding properties, such as stable physicochemical properties, lightweight, easy accessibility, low price, high processibility, etc. [START_REF] Kumar | Recent progress on carbon-based composite materials for microwave electromagnetic interference shielding[END_REF][START_REF] Inagaki | Carbon foam: Preparation and application[END_REF][START_REF] Moglie | Electromagnetic shielding performance of carbon foams[END_REF].

Carbon foam, carbonized from melamine foam (CMF), is a typical lightweight material, which integrates conventional dielectric absorbing carbon materials and porous structures. Due to its excellent electromagnetic properties such as interface polarization, porous scattering and diffraction, and good thermal stability, carbon foam has attracted much attention [START_REF] Kumar | Recent progress on carbon-based composite materials for microwave electromagnetic interference shielding[END_REF][START_REF] Chen | Highly Sensitive, Flexible, Stable, and Hydrophobic Biofoam Based on Wheat Flour for Multifunctional Sensor and Adjustable EMI Shielding Applications[END_REF][START_REF] Liu | Synthesis of lightweight N-doped graphene foams with open reticular structure for high-efficiency electromagnetic wave absorption[END_REF][START_REF] Gupta | Carbon materials as oil sorbents: a review on the synthesis and performance[END_REF][START_REF] Feng | Toward highly thermally conductive all-carbon composites: Structure control[END_REF]. Many works have been reported around the application of CMF in EMW shielding and absorption. For instance, Ye et al.

prepared a SiC coating/porous carbon foam composite by using carbonization and chemical vapor deposition route. The obtained sample could achieve a minimal RL of -25.93 dB at 17.2 GHz with a thin thickness of 1.05 mm [START_REF] Ye | Synthesis and microwave absorption properties of novel reticulation SiC/Porous melamine-derived carbon foam[END_REF].

Although the structural advantages of CMF make it a candidate for microwave absorbers, there are still some unavoidable drawbacks limiting its further applications.

One big disadvantage is that the rich amount of nitrogen from melamine in carbon foam can alter the distribution of valent electron clouds in carbon chains resulting in the relatively high conductivity [START_REF] Liu | Carbon foams: 3D porous carbon materials holding immense potential[END_REF]. Thus, when the incident waves arrive on the surface of C foam, most of them will be reflected directly, which means much more shielding than absorption [START_REF] Li | 3D hierarchical Co3O4/Reduced graphene oxide/melamine derived carbon foam as a comprehensive microwave absorbing material[END_REF]. Even though a small amount of EMW enteres C foam, as a diamagnetic material, the impedance mismatch caused by the low magnetic permeability and high conductivity would also reduce the absorption performance. In this case, based on the absorption mechanism, the combination of carbon foam with magnetic materials can effectively improve the magnetic loss of carbon foam to help the absorption of EMW [START_REF] Qiu | MOFs derived flower-like nickel and carbon composites with controllable structure toward efficient microwave absorption[END_REF]. Qiu et al. fabricated porous cobalt iron alloys and carbon (CoFe@C) composites, the optimal reflection loss of CoFe@C submicrocubes with mesoporous structure was -73.63 dB at 2.6 mm, and the effective absorption bandwidth (EAB, reflection loss (RL) ≤ -10 dB) reached 5.0 GHz [START_REF] Qiu | Structure design of Prussian blue analogue derived CoFe@C composite with tunable microwave absorption performance[END_REF]. Yin et al. obtained a composite of unique biconical carbon framework decorated with CoFe 2 O 4 and (Fe,Ni) nanoparticles, which owned minimal RL of -34.3 dB at 12.92 GHz for 2.0 mm with its broadest EAB of 6.55 GHz at only 1.87 mm, showing excellent dielectric loss capacity for microwave absorption [START_REF] Yin | Structure regulation in N-doping biconical carbon frame decorated with CoFe2O4 and (Fe,Ni) for broadband microwave absorption[END_REF].

However, the dielectric constant of magnetic film is much larger than its magnetic permeability, leading to a strongly reflective performance. On the other hand, metal magnetic films tend to have a large electrical conductivity, and the influence of the skin effect on microwave penetration and absorption causes strong reflection. Therefore, it is necessary to reduce the dielectric constant of the film to match the dielectric constant and permeability, and the resonance penetration will be beneficial to the absorption of low-frequency microwaves.

To solve this problem, coating a certain insulating layer on the magnetic metal can not only reduce the electrical conductivity of the systems for preferable impedance matching but also help reduce the energy loss caused by the eddy current effect [START_REF] Ding | Excellent electromagnetic wave absorption property of quaternary composites consisting of reduced graphene oxide, polyaniline and FeNi3@SiO2 nanoparticles[END_REF][START_REF] Mazur | Functional photocatalytically active and scratch resistant antireflective coating based on TiO 2 and SiO 2[END_REF][START_REF] Fleaca | Novel Fe@C-TiO2 and Fe@C-SiO2 water-dispersible magnetic nanocomposites[END_REF]. A potential insulating material for this application is SiO 2 . As an excellent dielectric material, it has high resistivity (~10 16 Ω•cm) and helps to improve the impedance matching of carbon material, thus reducing electromagnetic waves reflection. [START_REF] Shen | Ni/NiO/SiO2/C nanofibers with strong wideband microwave absorption and robust hydrophobicity[END_REF][START_REF] Wei | Enhanced magnetic and microwave absorption properties of FeCo-SiO2 nanogranular film functionalized carbon fibers fabricated with the radio frequency magnetron method[END_REF][START_REF] Pan | Inorganic/organic bilayer of silica/acrylic polyurethane decorating FeSiAl for enhanced anti-corrosive microwave absorption[END_REF] In addition, coating SiO 2 on the magnetic metal surface will not inhibit the permeability. Michael Green et al. reported one doped SiO 2 nanoparticle with an RL min of -55.09 dB because of the electrical relaxation [START_REF] Green | Doped, conductive SiO2 nanoparticles for large microwave absorption[END_REF]. Therefore, the combination of magnetic metal and SiO 2 in the carbon foam system can be a possible solution to improve EMW absorption.

In this study, a facile magnetron sputtering method was employed to deposit a double-layer film on the carbon foam for the preparation of hybrid CMF/FeNi-SiO 2 foam, where the inner layer was magnetic FeNi alloy, and the outer layer was SiO 2 insulating layer. By analyzing the microstructural properties including layer's morphology, foam's three-dimensional structure, and the magnetic properties of the samples, the synthetical effects of the microstructures, magnetic properties, and impedance matching on the EMW absorption were systematically discussed and studied in the following parts. Magnetron sputtering method was applied to coat FeNi alloy on the CMF. The base pressure was about 6.0 × 10 -4 Pa, and the argon pressure was maintained at 0.3 Pa. Firstly, a layer of FeNi alloy film was sedimented on the CMF by direct current (DC) magnetron sputtering with a fixed current of 4 A for 10 min and 15 min for each side, named as CMF/FeNi10 and CMF/FeNi15, respectively. Then, SiO 2 films were coated on the CMF/FeNi by radio frequency (RF) magnetron sputtering under power at 800 W for 2 h on each side. The prepared samples were named as CMF/FeNi10-SiO 2 and CMF/FeNi15-SiO 2 , individually. The fabrication process of CMF/FeNi-SiO 2 hybrids is illustrated in Figure 1.

As a comparison, CMF/FeNi10 was modified with more SiO 2 by a liquid phase method [START_REF] Guo | Core-rim structured carbide MXene/SiO2 nanoplates as an ultrathin microwave absorber[END_REF]. Firstly, CMF/FeNi10 was put into a 1 L beaker with distilled water (100 mL) and ethanol (400 mL). After magnetic stirring for 1 h, 7 ml ammonium hydroxide was added to adjust the pH to 9.0. Secondly, a thick layer of SiO 2 was loaded on the surface of the CMF/FeNi10 by the hydrolysis of 3 ml TEOS in a basic solution. After magnetic stirring overnight at room temperature, the foam was removed from the solution and dried in a vacuum oven at 60 o C for 4 h. The obtained sample was named as CMF/FeNi10-SiO 2 (L). 

Characterization

A scanning electron microscope (SEM, TESCAN MIRA3 LMU), equipped with energy dispersive spectroscopy (EDS), was used to investigate the microstructure of these samples. To study the crystal structures of the CMF materials, an X-ray diffractometer (XRD, PANalytical Empyrean) were applied to obtain X-ray diffraction patterns. The chemical structure of the material surface was analyzed by X-ray photoelectron spectroscopy (XPS) with an AXIS SUPRA+ system. Vibrating sample magnetometers (VSM, Lake Shore7404) were used to detect the hysteresis loops of samples. The carbon contents were evaluated by thermogravimetric analysis (TGA, Netzsch TG 209F1 Libra) in the air at a temperature range of 25 to 800 °C with a heating rate of 10 °C/min. Lastly, analysis of the electromagnetic parameters of the foams in the frequency range from 2 to 18 GHz was performed using a vector network analyzer (8720ET, Agilent) by a coaxial method. The foams were impregnated in resin and then cut into coaxial rings with an outer diameter of 7.0 mm, an inner diameter of 3.04 mm, and a thickness of 2 mm. The reflection loss (RL) was calculated by the following formulas [START_REF] Wang | Hierarchical Carbon Fiber@MXene@MoS2 Core-sheath Synergistic Microstructure for Tunable and Efficient Microwave Absorption[END_REF]:

(1) 𝑅𝐿 = 20𝑙𝑜𝑔 10 | 𝑍 𝑖𝑛 -𝑍 0 𝑍 𝑖𝑛 +𝑍 0 | (2) 𝑍 𝑖𝑛 = 𝑍 0 µ 𝑟 ɛ 𝑟 𝑡𝑎𝑛ℎ 𝑗 2π𝑓𝑑 𝑐 ( ) µ 𝑟 ɛ 𝑟 ⎡ ⎢ ⎣ ⎤ ⎥ ⎦ (3) 𝑍 0 = µ 0 ε 0
Where Z 0 , Z in , d, f and c are the impedance value of the air, the input impedance of the absorber, the thickness of the absorber, the given microwave frequency and the speed of light in free space. ε r and μ r are the relative permittivity and permeability, respectively. The magnetic properties of CMF/FeNi foam and CMF/FeNi-SiO 2 foam had a great impact on their microwave absorption performance, so the VSM was used to test the magnetic properties of the samples with the magnetic field range of 30000 Oe.

Results and discussion

Under external magnetic fields, their hysteresis loops were symmetrical closed curves that exhibited typical soft magnetic characteristics. The hysteresis loop was shown in To study the microwave absorption mechanism, the complex dielectric permittivity (ε r =ε′ -jε″) and magnetic permeability (μ r =μ′ -jμ″) of the CMF-based foams were measured and shown in Figure 7. In Figure 7(a), the ε′ of CMF was stable in the whole frequency with the value of 3. After the FeNi alloy was decorated on the CMF surface, the ε′ was greatly improved to 13 and 15.5 for CMF/FeNi10 and CMF/FeNi15 at 2 GHz, respectively, which decreased slightly to the value of 10 at 18

GHz. When coating SiO 2 layer onto the FeNi film, the ε′ showed a declined trend with the sequence of ε′(CMF/FeNi15) > ε′(CMF/FeNi10) > ε′(CMF/FeNi15-SiO 2 ) > ε′(CMF/FeNi10-SiO 2 ). Meanwhile, the ε″ showed an upward trend in the whole frequency for CMF/FeNi composites and the value of ε″ reached 10.5 at 18 GHz, while the ε″ of CMF was in the range of 0.5~3.8 GHz, indicating enhanced storage and dissipation capabilities. In addition, the ε″-f curves for the CMF/FeNi15-SiO 2 double-layer structure showed one resonance peak at 7 GHz, which was caused by the interfacial polarization associated with the presence of CMF, FeNi and SiO 2 . The tanδ ε value of CMF/FeNi10-SiO 2 was the highest among the five samples in the 2~18 GHz, as shown in Figure 7(c), proving that double-layers structure could improve the dielectric loss abilities significantly. and CMF/FeNi15-SiO 2 which was related to exchange resonance [START_REF] Cheng | A Flexible and Lightweight Biomass-Reinforced Microwave Absorber[END_REF]. Another possible reason may be from the coupling effect of the interface between SiO2 and FeNi. Coating diamagnetic layer on a magnetic material can cause such a coupling effect that had also reported by other paper [START_REF] Wang | Carbon supported MnO2-CoFe2O4 with enhanced electrocatalytic activity for oxygen reduction and oxygen evolution[END_REF]. Furthermore, such a coupling effect also affects the frequency response of others peaks in μ″. As indicated in the Figure 7(e), we can find the shifts of two peaks: before coating the position of them were at 14-18 GHz; while after coating, both of them shifted to lower frequency, 6-10 GHz.

Thus the appearance of the peak at 12 GHz would be related with the coupling effect. The attenuation constant (α) was introduced to evaluate the microwave absorption performance and can be calculated by the following expression. Usually, the higher the attenuation constant, the more waves can be attenuated in the absorber.

α = 2Π𝑓 𝑐 × µ ″ ε ″ -µ' ε' ( ) + µ ″ ε ″ -µ' ε' ( ) 2 + µ ″ ε ' + µ' ε″ ( ) 2 (4) 
Figure 8(f) showed the frequency-dependent attenuation constant of the samples.

Among the five samples, CMF had the smallest α value and remained stable with frequency. For FeNi coated CMF, the α was greatly improved to the value of 450 at 18 GHz. While for FeNi-SiO 2 double-layer coated CMF, the α was further enhanced over the whole frequency range, which implied that the magnetic-insulating dual-layer structure can enormously enhance the attenuation abilities. To further study the attenuation mechanism of microwave absorption performance, the dielectric loss and magnetic loss were also studied in detail. As a whole, the magnetic losses of samples may be affected by natural ferromagnetic resonance, exchange resonances and eddy current loss. Eddy current loss was evaluated by the value C 0 = μ″(μ′) -2 f -1 . If the values of C 0 kept constant over the frequency range, it meant that the magnetic loss entirely relied on eddy current loss [START_REF] Feng | Toward highly thermally conductive all-carbon composites: Structure control[END_REF]. As shown in Figure 9(a), the C 0 values of the CMF/FeNi were stable in 4~12

GHz, proving that the eddy current loss was the main mechanism of magnetic loss.

The C 0 ~f curves of CMF/FeNi15-SiO 2 drastically fluctuated over the whole frequency. The peaks located at 9.5 GHz and 13 GHz were attributed to the exchange resonance, which usually happened in the high-frequency band. Compared with the μ″-f curves in Figure 7(e), the peaks at 6 GHz and 7 GHz may be caused by natural resonance. Thus, in addition to the eddy current losses, exchange resonance and natural resonance also contributed to the magnetic loss that affected the absorption performance.

Dielectric loss is another indispensable microwave absorption mechanism. It is evaluated by Debye's relaxation theory:

(

5) ε 𝑟 ' -ε 𝑟∞ ( ) 2 + ε 𝑟 '' ( ) 2 = ε 𝑟 ' -ε 𝑟∞ ( ) (ε 𝑟0 -ε ∞ )
This equation represents a Cole-Cole semicircle with the center on the ε r ′ axis, a semicircle indicating a Debye relaxation process has occurred in the material. Figure Additionally, to explain the EMW absorption characteristics, the quarter wavelength matching model was used in the discussion: where λ m is the wavelength, |μ r | and |ε r | are the modulus of complex permeability and permittivity, respectively. According to equation ( 6), when the thickness of the absorber is equal to λ/ 4, the phase difference between the two reflected waves reflected from the air-absorber and absorber-metal interface is 180 °, which offsets each other. Based on the results above, the electrowave absorption mechanism of FeNi-SiO 2 can be concluded in Figure 11. Firstly, the three-dimensional porous structure of carbon foam can reflect electrowave multiple times to attenuate the electrowave energy.

Secondly, the good conductivity of carbon foam and FeNi alloy can cause conductivity loss to transfer electrowave energy into energy. Then, due to the different electronegativity between carbon and FeNi alloy, FeNi alloy and SiO 2 , the electromagnetic field at their interface will cause interface scattering and polarization, which enhanced dielectric loss. Finally, the outermost layer of the SiO 2 insulating layer can adjust magnetic loss and dielectric loss that leading to higher attenuation capabilities and better impedance matching, especially at the low-frequency band, ultimately improving microwave absorption capability. In short, the as-prepared CMF/FeNi-SiO 2 is a promising electromagnetic absorbing material. 

Conclusion

The porous carbonated melamine foam (CMF) double-coated by the FeNi alloy and SiO 2 layer (CMF/FeNi-SiO 2 ) with excellent performant microwave absorption was prepared using magnetron sputtering method. By varying the sputtering time, the content of FeNi and SiO 2 layers could be modulated. The as-prepared CMF/FeNi15 had the RL min of -54.86 dB at 6.85 GHz and the EAB was 2.06 GHz (from 5.94 GHz to 8 GHz) with a thickness of 2.7 mm. The CMF/FeNi15-SiO 2 exhibited an RL min of
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 1 Figure 1 Diagram of the fabrication of the CMF/FeNi-SiO 2 hybrids

Figure 2

 2 Figure2showed the micromorphology when the CMF was deposited by FeNi
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 2 Figure 2 SEM images of (a) CMF, (b) CMF/FeNi10, (c) CMF/FeNi15 and (d) C, (e)
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 3 Figure 3 showed the SEM images of CMF/FeNi15-SiO 2 . It can be found that
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 3 Figure 3 (a) ~ (c) SEM images of CMF/FeNi15-SiO 2 , (b) ~ (h) corresponding element
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 4 Figure 4 (a) XRD patterns of the CMF-based foams, (b)~(e) XPS survey spectra of
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 5 Figure 5. As presented in the curve of CMF/FeNi10 foam, the coercivity (Hc) value
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 5 Figure 5 Hysteresis loops for the samples, (a) the magnetic field range was 30000Oe,
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 6 Figure 6 displayed the three-dimensional reflection loss of the samples at 2~18
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 6 Figure 6 The 3D RL maps of CMF-based absorbers of d at 1~5 mm in 2~18 GHz, (a)
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 7 Figure 7(d) showed that the μ′ of the CMF/FeNi10 and CMF/FeNi15 declined
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 77 Figure 7(f) showed magnetic loss tangents (tan δ m ) of the complex permeability for

Figure 8

 8 Figure 8 Calculated Z values versus frequency curves of (a) CMF, (b) CMF/FeNi10,

  9(b) showed three distinct Cole-Cole semicircles for CMF that indicated the Debye relaxation losses in the CMF. While after deposition of SiO 2 , as shown in Figure 9(e) and (f), there were more cole-cole semicircles than that of CMF, indicating that more relaxations existed in the CMF/FeNi-SiO 2 , such as interfacial polarization.
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 9 Figure 9 (a) curves of C 0 vs f, (b)~(f) Typical ε′′-ε′ curves of CMF and CMF/FeNi10,

Figure 10 (

 10 a) and (b) showed the relationship between f m and d m of CMF/FeNi15 and CMF/FeNi15-SiO 2 . Clearly, with the increase in thickness, the RL min matching frequency shifted to the low band. Figure 10 showed that the experimental d m was almost located in the λ / 4 curve, showing that the better microwave absorption performance of CMF/FeNi15 and CMF/FeNi15-SiO 2 than pure CMF could be explained by the quarter wavelength theory.
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 10 Figure 10 RL curves and dependence of the absorber matching thickness (d m ) versus

Figure 11

 11 Figure 11 Schematic illustration of microwave absorption mechanisms in CMF/FeNi-SiO 2 .

  

Table 1

 1 Microwave absorption properties of carbon materials and magnetic alloy, SiO 2 composites published in recent years.

	Materials	Matching	RL value	Frequency	Bindwidth(GHz)	Ref.
		thickness (mm)	(dB)	(GHz)	(RL < -10 dB)	
	CoNi@PRM-NC	1.7	-56	17.8	6.1 ~ 18	[11]
	CuNi/CF	1.7	-50.2	15.92	3 ~18	[12]
	CoFe@C	2.6	-73.63	11.6	9 ~ 18	[32]
	C /CoFe 2 O 4 /(Fe,Ni)	2.0	-34.3	12.92	3.8 ~ 18	[33]
	CoNi/NG hybrids	2	-22	10	3.6-18	[46]
	FeNi 3 @SiO 2 @rGO-P ANI	2.4	-40.18	14	10.08 ~ 10.8 12.08 ~ 18	[35]
	CF/FeCo-SiO 2	5	-43.78	4.64	4.08 ~ 18	[39]
	Fe@SiO 2 NCs	2.81	-61.6	9	6 ~ 18	[47]
	Fe 3 O 4 /SiO 2 /graphene	1.5	-27.1	12.2	3.3 ~ 13.6	[48]
	CMF/FeNi15	2.7	-54.86	6.85	3.3 ~ 15.3	This work
	CMF/FeNi15-SiO 2	4.1	-53	3.38	2.4 ~ 6.5 8.4 ~ 12.4	This work
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The frequency bandwidth of 4 GHz (2.35~6.35 GHz) with absorption loss ≤ -10 dB and the frequency bandwidth of 2.05 GHz (2.62~4.67 GHz) with absorption loss ≤ -20 dB demonstrated the CMF/FeNi15-SiO 2 a high-efficient absorber in the low-frequency band (2-6 GHz). The excellent electrowave absorption properties in the low-frequency band were due to the multiple reflections of the three-dimensional structure, the conductive loss caused by the carbon skeleton, the high attenuation ability of the FeNi alloy and the good impedance of SiO 2 . This high microwave absorption performance has provided a high potential for the porous carbon foam modified by magnetic metal and SiO 2 in the use of anti-electromagnetic pollution.
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