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Carbonated melamine foam (CMF) with a three-dimensional (3D) inner connected network is considered as one of the promising candidates to fabricate electromagnetic interference (EMI) shielding materials. To further improve EMI shielding performance, CMF based hybrids with three-dimensional structure by the combination of SiO 2 and in-situ growth carbon nanotubes (CNT) have been synthesized for preparing polydimethylsiloxane (PDMS) composite: CMF@SiO 2 -CNT/PDMS. Owing to the structural match between the length of CNT and the diameter of holes in the CMF@SiO 2 , the relatively high electrical conductivity of 50.43 S/m has been achieved in the composite with the thickness of 2 mm, which assures an excellent EMI shielding effectiveness (SE T =61.34 dB) in the frequency range from 8.2 to 12.4 GHz.

Meanwhile, a high absorption effectiveness (SE A =53.65 dB) of the composite infers an absorption dominant performance of the composite because of the unique porous structure and inter-connected conductive network, which helps to avoid secondary EMI pollution. We hope this work can provide a new route for fabricating EMI shielding materials with high 2 performance.

Introduction

With the rapid development of the information technology, rapid expansion in the use of general-purpose electronic communications operating in the gigahertz range. Especially, Xband with frequencies ranging from 8.2 to 12.4 GHz is widely used in radar, satellite communication, military application, and wireless computer networks for its extremely low rates of atmospheric attenuation, high throughput, and low cost [START_REF] Gupta | Carbon materials and their composites for electromagnetic interference shielding effectiveness in X-band[END_REF][START_REF] Singh | Phenolic resin-based com osite sheets fi ed with mi tures of reduced gra hene o ide γ-Fe 2 O 3 and carbon fibers for excellent electromagnetic interference shielding in the X-band[END_REF]. Thus, electromagnetic interference (EMI) shielding materials with the characteristics of flexible, lightweight, and high efficiency are highly demanded to reduce the pollution of electromagnetic radiation [START_REF] Aamir Iqbal | Anomalous absorption of electromagnetic waves by 2D transition metal carbonitride Ti3CNTx (MXene)[END_REF][START_REF] Abbasi | Recent advances in carbon-based polymer nanocomposites for electromagnetic interference shielding[END_REF][START_REF] Song | MXenes for polymer matrix electromagnetic interference shielding composites: A review[END_REF][START_REF] Wang | Lightweight and robust rGO/sugarcane derived hybrid carbon foams with outstanding EMI shielding performance[END_REF].

As traditional EMI shielding materials, metals can no longer fully meet the requirements due to high cost, poor anti-corrosion, and potential secondly EMI pollution by reflection mechanism [START_REF] Liu | Hydrophobic, Flexible, and Lightweight MXene Foams for High-Performance Electromagnetic-Interference Shielding[END_REF][START_REF] Liu | Flexible and Multifunctional Silk Textiles with Biomimetic Leaf-Like MXene/Silver Nanowire Nanostructures for Electromagnetic Interference Shielding, Humidity Monitoring, and Self-Derived Hydrophobicity[END_REF]. In contrast, carbon materials, such as graphene and carbon nanotubes (CNT), show great advantages in the EMI shielding materials thanks to their high electrical conductivity, large specific surface, and compatibility with polymer matrix, which benefits to prepare absorption dominant polymer-based composites with lightweight [START_REF] Shi | Multifunctional Flame-Retardant Melamine-Based Hybrid Foam for Infrared Stealth, Thermal Insulation, and Electromagnetic Interference Shielding[END_REF][START_REF] Gupta | Carbon materials and their composites for electromagnetic interference shielding effectiveness in X-band[END_REF][START_REF] Wei | Superhigh Electromagnetic Interference Shielding of Ultrathin Aligned Pristine Graphene Nanosheets Film[END_REF][START_REF] Yin | Lightweight and flexible 3D graphene microtubes membrane for high-efficiency electromagnetic-interference shielding[END_REF][START_REF] Li | Toward the Application of High Frequency Electromagnetic Wave Absorption by Carbon Nanostructures[END_REF].

To improve EMI shielding performances of polymer-based composites, relatively high electrical conductivity is necessary to prevent the transmission of EM radiation in a material [START_REF] Cheng | Multiscale collaborative coupling of wood-derived porous carbon modified by three-dimensional conductive magnetic networks for electromagnetic interference shielding[END_REF][START_REF] Sun | Highly Conductive Transition Metal Carbide/Carbonitride(MXene)@polystyrene Nanocomposites Fabricated by Electrostatic Assembly for Highly Efficient Electromagnetic Interference Shielding[END_REF]. In this scenario, on one hand, a widely used strategy is to increase the weight fraction of fillers in the polymer matrix for establishing effective conductive networks [START_REF] Duan | Constructing 3D carbon-metal hybrid conductive network in polymer for ultra-efficient electromagnetic interference shielding[END_REF][START_REF] Zhang | Flexible MXene-Decorated Fabric with Interwoven Conductive Networks for Integrated Joule Heating, Electromagnetic Interference Shielding, and Strain Sensing Performances[END_REF]: 20 wt.% CNT has been required to add into the polymer matrix for achieving the shielding effectiveness (SE) of 20 dB as a commercial application criterion [START_REF] Chen | High-Performance Epoxy Nanocomposites Reinforced with Three-Dimensional Carbon Nanotube Sponge for Electromagnetic Interference Shielding[END_REF]. However, the high loading of fillers often decreases the processability of the composite due to the unavoidable aggregations, consequently, the composites usually need to consume longer duration and more energy for ameliorating the dispersion. For example, Pei et al. took 8 hours to disperse 60 wt% CNT in the chitosan (CS) by ball milling to prepare CNT/CS composites with porous network structures. The CNT/CS composites showed an EMI SE of 25.07 dB [START_REF] Pei | Porous network carbon nanotubes/chitosan 3D printed composites based on ball milling for electromagnetic shielding[END_REF]. Although ameliorating the dispersion can help to prepare a composite with high loading fillers, the EMI shielding effectiveness of the composite is hard to further improve by such a simple mixing method.

On the other hand, using the hybrids with controllable spatial structures can be an alternative to improve the conductivity of the composites without high loading. CNT sponge is a good example of EMI shielding materials [START_REF] Gui | Carbon nanotube sponges[END_REF]. Chen et al. prepared the CNT sponge reinforced epoxy composite of 2 mm (of thickness) that presented an EMI SE of 40 dB [START_REF] Chen | High-Performance Epoxy Nanocomposites Reinforced with Three-Dimensional Carbon Nanotube Sponge for Electromagnetic Interference Shielding[END_REF]. Similarly, Lu et al. reported the CNT sponge and polydimethylsiloxane (PDMS) composites of 2.15 mm with the EMI SE of 56 dB [START_REF] Lu | Flexible, lightweight carbon nanotube sponges and composites for high-performance electromagnetic interference shielding[END_REF]. However, despite the high EMI SE, one of the disadvantages is that the preparation of a CNT sponge by chemical vapor deposition (CVD) is timeconsuming, i.e., 4 hours reaction for a sponge of 8-10 mm. Hence, using foam substrates to grow CNT hybrids with three-dimensional (3D) structures is a more efficient method.

Carbonized melamine foam (CMF) is a widely-used foam substrate for preparing h brids because of its unique orous structure a wide range of sources ow rice e treme ow densit and eas re aration 22 . an inds of h brids with different structures based on ha e been e ored. e.g. it nen et a . used CMF hybrids with CNT and carbon nanofibers (CNF) to prepare a PDMS composite of 5 mm that had an EMI SE of 20-30 dB from 18 to 26.5 GHz [START_REF] Pitkanen | Lightweight Hierarchical Carbon Nanocomposites with Highly Efficient and Tunable Electromagnetic Interference Shielding Properties[END_REF]. Moreover, the morphology of CNT in the hybrids, such as diameter, length, and growth density largely influence the EMI SE value of the composites. Therefore, for the further improvement of shielding performances, it is necessary to optimize the morphology of CNT in the CMF by controlling the parameters of CVD reactions.

In our previous work, we have reported the CVD growth of CNT on the surface of graphene pre-deposited by a SiO 2 layer [START_REF] Liu | GO-CNTs hybrids reinforced epoxy composites with porous structure as microwave absorbers[END_REF]. Thanks to the existence of SiO 2 , the obtained hybrid showed a regular morphology and an enhanced connection between CNT and substrate. Thus, in this study, we continue to use SiO 2 to modify the CMF scaffold in order to grow CNT with tunable morphology. One of the main interests in this study is to evaluate the morphology influences of hybrids on EMI shielding performances. In order to achieve this objective, we prepare the hybrids with different morphology by controlling reaction parameters, CMF@SiO 2 series with different thicknesses of SiO 2 and CMF@SiO 2 /CNT series with different growth densities and length of CNT. By studying the EMI SE values of polydimethylsiloxane (PDMS) based hybrid com osites the inf uences of the h brid's morphology on EMI shielding performances will be systematically evaluated for finding out the hybrid with the best structure (i.e. high absorption effectiveness). We hope this work can provide a method to design and optimize the polymer-based composites to improve absorption dominant EMI shield performance.

Experiment

Materials

Melamine foam (MF) was bought from Beijing Kelinmei High-Tech Materials co., LTD.

Tetraethyl orthosilicate (TEOS), ferrocene and ammonia solution were supplied by Sinopharm Chemical Reagent Co., LTD. Sylgard 184 silicone elastomer was purchased from Dow Corning. All agents were of analytical grade and used without other treatment.

Sample preparation

CMF was prepared by the pyrolysis of MF at 850 °C for 4 h under the protection of argon.

After the carbonization at 850 °C, the white MF is turned to grey CMF with the shrinkage of volume.

Different amounts of SiO 2 were deposited on the CMF surface by a typical method [START_REF] Liu | GO-CNTs hybrids reinforced epoxy composites with porous structure as microwave absorbers[END_REF]: First, CMF was put into a 1L flask with distilled water (100 mL) and ethanol (400 mL). After stirring for 1h, the ammonium hydroxide was added into the dispersion for adjusting the pH to 9.0. Secondly, the SiO 2 layer was deposited on the CMF surface by the hydrolysis of TEOS in a basic solution. The process was as follows: the prepared CMF system was divided into three and TEOS of 1 mL, 3 mL, and 5 mL were added dropwise, respectively into the three samples with the stirring of 16 h at room temperature. Finally, the products were washed three times with 96% ethanol solution and dried in a vacuum oven for 6 h at room temperature. The fina roducts were named as @αSiO 2 where α inferred the added EOS amount (mL).

The final products showed different colors: CMF@1SiO 2 was of dark gray, CMF@3SiO 2 of brown, and CMF@5SiO 2 of gray with some white points.

CNT was grown on the CMF@SiO 2 by the floating-catalyst CVD method. The carbon source was acetylene and the catalyst was the ferrocene. The synthesis temperature was 750 °C. To evaluate the influence of SiO 2 thickness on the morphology of CNT, a CVD process of 10min was conducted. he roducts in this series were named as @αSiO 2 -10CNTs. To evaluate the influence of CVD duration on the morphology of CNT, CMF@5SiO 2 was selected as a substrate and three durations were selected, i.e., 5 min, 10 min, and 30 min, respectively. The products in this series were named as CMF@5SiO 2 -β s where β inferred the de osition duration (minute).

Composites were fabricated by infiltrating PDMS into the hybrids by a vacuum-assisted impregnation method, which took 30 min under negative pressure to assure the full impregnation. Meanwhile, for comparison, a reference composite of CMF/PDMS was also prepared. All composites were cured at 100 o C for 2 h. The process including the synthesis of hybrids and the fabrication of composites is illustrated in Figure 1. and Raman spectrometer (MAX20, Oxford) were employed to characterize the morphology and microstructure of the samples. To prepare the cross-section of the composites, the samples were broken in liquid nitrogen. The electrical conductivity of the samples was measured by I-V method (Keithley 2400). To test the conductivity of the samples, both sides of the rectangular body were encapsulated with tin foils. Two tin wires with the same length were soldered to the tin foil for connecting with the instrument. The electromagnetic interference shielding performance in X-band was measured by an Agilent N5234A vector network analyzer with the waveguide method. The samples were cut into a rectangular shape with the size of 22.89 mm×10.16 mm. The EMI SE (SE T ), reflection effectiveness (SE R ), and absorption effectiveness (SE A ) were calculated based on the method reposted in the literature [START_REF] Lu | Micro-porous MXene/Aramid nanofibers hybrid aerogel with reversible compression and efficient EMI shielding performance[END_REF][START_REF] Tan | Comparative study on solid and hollow glass microspheres for enhanced electromagnetic interference shielding in polydimethylsiloxane/multi-walled carbon nanotube composites[END_REF][START_REF] He | Self-assembling flexible 2D carbide MXene film with tunable integrated electron migration and group relaxation toward energy storage and green EMI shielding[END_REF]. The EMI SE of PDMS composites is used to evaluate their ability to block electromagnetic waves. It is defined as the logarithmic ratio of input power to transmission power and expressed in dB as indicated in the part of characterization. The larger EMI SE value, the lower electromagnetic waves transmitted. For example, a 20 dB EMI SE corresponds to 99% shielding and only 1% transmitted electromagnetic waves.

3 Results and discussion igure 2. SE images for and @αSiO 2 : (A), (B) and (C) for CMF; (D) for CMF@1SiO 2 , (E) for CMF@3SiO 2 , (F) for CMF@5SiO 2 , respectively he mor ho ogies of and @αSiO 2 have been characterized by SEM and the results are presented in Figure 2. Firstly, it can be found that CMF still maintains the porous structure with a thickness of 2 mm (Figure 2A) after the canonization. The carbon scaffold has been constructed by the nodes (a erage diameter of 5 μm) and the frames with high orous structure (an a erture of about 100 μm). he surface of the carbon s e eton is a bit rough due to the carbonization process as indicated in Figure 2B and 2C. However, after being treated by TEOS of 1 mL, the surface of the frames became smooth because of the uniform and compact SiO 2 deposited as inferred by Figure 2D. As the TEOS amount increases to 3 mL, the layer can be observed from the cross-section of the carbon scaffold with a thickness of about 300 nm, as shown in Figure 2E. When the amount of TEOS further increased to 5 mL, the regular small particles were adsorbed on the surface of the carbon scaffold. These small particles should be the granular SiO 2 after the excessive hydrolysis of TEOS. Figure 3. TGA curves of CMF, CMF@1SiO 2, and CMF@5SiO 2 TGA has been conducted from room temperature to 900 o C in an oxidation atmosphere to evaluate the mass ratio of SiO 2 deposited on CMF. TGA results of CMF, CMF@1SiO 2, and CMF@5SiO 2 have been presented in Figure 3. First, it can be found that for the sample of CMF, there is a weight loss of 10 wt% below 100℃, which may be attributed to evaporation of the absorbed moisture in the CMF. For the samples of CMF@1SiO 2 and CMF@5SiO 2 , this weight loss below 100℃ is reduced to 5 wt%. Then the carbon scaffold starts to decompose at about 400 o C and after 500 o C, there is almost no residue. Compared the decomposition temperature of CMF with those of CMF@1SiO 2 and CMF@5SiO 2 , the decomposition temperature of CMF@1SiO 2 and CMF@5SiO 2 shift to 430 o C and 500 o C, respectively. A possible reason is that the SiO 2 layer on the surface of the carbon scaffold hinders the carbon decomposition because of the stability of SiO 2 in the whole tested temperature range. Hence, the residue mass after the TG test can be considered as the amount of SiO 2 in the @αSiO 2 : 6.9 wt% for CMF@1SiO 2 and 12.3 wt% for CMF@5SiO 2 , respectively. igure 4. SE images of @αSiO 2 before and after 10 min CVD process: (A) and (D) for CMF@1SiO 2 ; (B) and (E) for CMF@3SiO 2 ; (C) and (F) for CMF@5SiO 2 . The SEM images of the cross-section for both @αSiO 2 and @αSiO 2 -10CNTs hybrids are shown in Figure 4. Figure 4A and 4D has shown that there are a few CNTs grown on the surface of CMF@1SiO 2 , and the open-pore structure of CMF can be clearly seen without being completely covered by CNTs. As the amount of SiO 2 increases, in CMF@3SiO 2 -10CNTs and CMF@5SiO 2 -10CNTs, it can be found that the length and the growth density of CNTs have been largely improved and the pores are filled by CNTs as shown in Figure 4B and 4C. In CMF@3SiO 2 -10CNTs as presented in Figure 4E, some parts of are with an a erage ength of 56 μm as indicated b the white arrow; whi e other parts are with short and sparse CNTs with a length of tens nanometers. As shown in Figure 4F, the distribution of CNTs in CMF@5SiO 2 -10CNTs is with more regular array morphology than that in CMF@3SiO 2 -10CNTs. The average length of CNTs further reaches 61 μm. hus SEM images indicated that the thickness of the SiO 2 layer has an obvious influence on the length and growth density of CNTs. A thick SiO 2 layer can promote the growth of CNTs and make the floating catalyst CVD process more efficient. Hence, the CMF@5SiO 2 is selected to study the influences of CVD durations in the following parts.

Figure 5. SEM images of CMF@5SiO 2 -β s with different V durations: (A) and ( ) for CMF@5SiO 2 -5CNTs; (B) and (E) for CMF@5SiO 2 -10CNTs; (C) and (F) for CMF@5SiO 2 -30CNTs.

The CVD duration is one of the important parameters to modulate the length and growth density of CNT in the floating catalyst CVD process. In this part, we choose three durations, 5min, 10min, and 30min, respectively to prepare the hybrids and the micro-structures of CMF@5SiO 2 -β s b SE are resented in igure 5. As indicated in igure 5A the carbon scaffolds of CMF@5SiO 2 have already been completely covered by the CNTs after a 5 min CVD reaction. However, the open pores have not been covered by CNTs and some voids can be figured out in the cross-section. In the magnified SEM image of CMF@5SiO 2 -5CNTs ( igure 5 ) the ength of arra s is about 2 μm. As mentioned before the a erage diameter of o en ores in is about 100 μm thus the arra s grown on the adjacent scaffold cannot contact each other which makes the voids visible in figure 5A. Figure 5B and 5C showed the overview of the cross-section of CMF@5SiO 2 -10CNTs and CMF@5SiO 2 -30CNTs, respectively. The CNTs have been filled in the open pores in these two samples. In the magnified SEM image of CMF@5SiO 2 -10 s ( igure 5E) the ength of s is 66 μm which makes the CNT arrays on the adjacent scaffold contact each other. In the sample of CMF@5SiO 2 -30CNTs (Figure 5F), it can be found that the ength of s is about 92 μm which assures a solid conductive network in the composite.

Figure 6 (A) Raman spectra of CMF, CMS@5SiO 2, and CMF@5SiO 2 -10CNTs; (B) TGA curves of CMF@5SiO 2 -β s/ S The Raman characterizations of CMF, CMF@1SiO 2, and CMF@5SiO 2 -10CNTs are presented in Figure 6A. For carbon-based materials, Raman spectrum is a useful method to characterize the structure or crystallinity: two typical peaks are associated for carbon-based materials, i.e., G band at around 1580 cm -1 and D band at 1350 cm -1 [START_REF] Joshi | Processing of graphene nanoribbon based hybrid composite for electromagnetic shielding[END_REF]. The intensity ratio of D to G bands (I D /I G ) is used to quantify the graphitization level. Generally, a lower value of I D /I G infers a higher graphitization and fewer defects. As indicated in Figure 6A, the Raman pattern of CMF@5SiO 2 -10CNTs is significantly different because of the growth of CNT arrays: the peaks of CMF@5SiO 2 -10CNTs are sharper than those of CMF and CMF@1SiO 2 . Meanwhile, when calculating the value of I D /I G , 0.48 is for CMF@5SiO 2 -10CNTs, while 0.99 and 0.97 for CMF and CMF@1SiO 2 , respectively. Thus, the lower value of I D /I G and the sharper peaks in the CMF@5SiO 2 -10CNTs indicate good quality of the as-grown CNT array in the hybrid.

The contents of CNTs in the PDMS composites have been measured by TGA from 30 to 900 ℃ in N 2 gas and the results are presented in Figure 6B. It can be found that the initial decomposition temperature of PDMS is about 380 ℃. Then the content of PDMS in CMF@5SiO 2 /PDMS, CMF@5SiO 2 -5CNTs/PDMS, CMF@5SiO 2 -10CNTs/PDMS, and CMF@5SiO 2 -30CNTs/PDMS can be thought of as 91.58, 77.93, 74.79, and 63.59 %, respectively. Meanwhile, if comparing the mass% at 900 °C, the residues for PDMS, CMF@5SiO 2 /PDMS, CMF@5SiO 2 -5CNTs/PDMS, CMF@5SiO 2 -10CNTs/PDMS, and CMF@5SiO 2 -30CNTs/PDMS foams in N 2 gas are 30.85, 31.39, 45.33, 46.79, and 54.12 wt.%, respectively. Thus, the content of CMF@5SiO 2 CMF@5SiO 2 -5CNTs, CMF@5SiO 2 -10CNTs, and CMF@5SiO 2 -30CNTs in PDMS composites can be derived as 8.42, 22.07, 25.2, and 36.41%, respectively. The changes of weight between CMF@5SiO 2 and CMF@5SiO 2 -β s should be caused by the different contents of CNTs. Therefore, the CNT contents of CMF@5SiO 2 -5CNTs/PDMS, CMF@5SiO 2 -10CNTs/PDMS, and CMF@5SiO 2 -30CNTs/PDMS composites can be calculated as 13.65, 16.78, and 27.99%, respectively.

Figure 7. SEM images of CMF@5SiO 2 -βCNTs/PDMS composites: (A) and (D) for CMF@5SiO 2 -5CNTs/PDMS; (B) and (E) for CMF@5SiO 2 -10CNTs/PDMS; (C) and (F) for CMF@5SiO 2 -30CNTs/PDMS. Cross-sectional SEM images of CMF@5SiO 2 -βCNTs/PDMS composites have been presented in Figure 7 to observe the distribution state of CNTs in the PDMS matrix. It can be found that PDMS is dense, without pores, and completely wrapped CNTs and CMF in three composites that infer a better interfacial interaction between PDMS and CNT. For CMF@5SiO 2 -5CNTs/PDMS, the CNTs appear near the frames of CMF and some PDMS regions are without CNTs. As CVD duration increases from 5 min to 30 min, the CNTs gradually occupy the whole PDMS matrix with a certain orientation as indicated in Figure 5(F). The SEM results infer that the 3D porous structure of CMF is fully filled by CNTs arrays and PDMS matrix. Thus a conductive network can be formed as the CNT length increases. This 3D porous structure of CMF@5SiO 2 -β s/ S foam can robab im ro e the mu ti e absorption, reflection, and scattering of electromagnetic waves, which causes the sufficient attenuation of electromagnetic waves in the materials.

Relatively high electrical conductivity is crucial to evaluate the absorption dominant EMI shielding materials. The electrical conductivity of the prepared composites has been presented in igure 8A. or the @αSiO 2 /PDMS composites, the electrical conductivity decreases with the amount of TEOS during the sol-gel process. This is because SiO 2 is with lower electrical conductivity than that of CMF. After being deposited by CNT, the electrical conductivity of CMF@5SiO 2 -β s/ S has been much increased. Such an increase is associated because the prolonging of CVD duration can increase CNTs content and ameliorate the interconnection of the CNT conductive network as mentioned before. Figure 8. The conductivity properties of the PDMS samples (A); the SE T of the @αSiO 2 /PDMS(B); the SE T of the CMF@5SiO 2 -β s/ S ( ). Figure 8B From the results in Figure 8B and Figure S2A, for the CMF/PDMS, the average SE T is 18.59 dB, which does not meet the general commercial EMI shielding requirements (above 20 dB). For the @αSiO 2 / com osites it can be found that the E I SE of @αSiO 2 /PDMS decreases with the increasing of the SiO 2 thickness in the composites: for CMF@5SiO 2 /PDM, it shows a poor EMI SE performance with the SE T of 6.08 dB. In contrast, the SE T of CMF@5SiO 2 -5CNTs/PDMS, CMF@5SiO 2 -10CNTs/PDMS, and CMF@5SiO 2 -30CNTs/PDMS are 16.27, 27.52, and 61.34 dB, respecti e which are much higher than those of @αSiO 2 /PDM composites.

The enhanced EMI shielding performance is mainly ascribed to the enhancement of electrical conductivity caused by the CNTs contents. Moreover, the super high EMI SE value (61.34 dB)

was achieved for CF@5SiO 2 -0 s/ S which can b oc ≈99.9999 % of incident radiation with on ≈0.0000007% transmission.

To better understand the EMI shielding performances of PDMS composites, the SE R and SE A will be analyzed in detail. The SE R , SE A , and SE T values of CMF@5SiO 2 -30CNTs/PDMS are 7.69 dB, 53.65 dB, and 61.34 dB, respectively as indicated in Figure S2(A-G). The percentage of SE A in SE T is up to 87.46%, which suggests that microwave absorption plays a leading role in the electromagnetic interference shielding process. This absorption-dominated shielding mechanism effectively avoids the secondary reflections of electromagnetic waves. In addition, for the CMF@5SiO 2 /PDMS, CMF@5SiO 2 -5CNTs/PDMS, CMF@5SiO 2 -10CNTs/PDMS, and CMF@5SiO 2 -30CNTs/PDMS, the ratio of SE A in SE T is 72.20, 77.57, 83.61, and 87.46%. This infers that the content of CNT in the hybrids controlled by CVD durations plays an important role in electromagnetic absorption. This role is well related to the unique structure of the hybrids with the combination of SiO 2 and CMF foam, which can be summarized as three aspects as illustrated in Figure 9: (1) The layer of SiO 2 can make the electrical conductivity of the composite in a reasonable level that allows the electromagnetic waves to enter the composite. (2) The porous foam structure with multi-interface can effectively confine the electromagnetic waves in the composite that results in the multiple reflection and the consummation of electromagnetic energy.

(3) The increase of CNT content and length can form an effective conductive network that accelerates the attenuation of the helimagnetic wave by ohmic losses in the pores. We also compare the shielding effectiveness of CMF@5SiO 2 -30CNT/PDMS with other reported composites by CMF-based materials in the X-band as listed in Figure 10 [23, [START_REF] Fu | Construction of three-dimensional interconnected graphene nanosheet network in thermoplastic polyurethane with highly efficient electromagnetic interference shielding[END_REF][START_REF] Guo | Stretched graphene nanosheets formed the "obstac e wa s" in me amine s onge towards effecti e e ectromagnetic interference shie ding applications[END_REF][START_REF] Hu | Ultralight and high-elastic carbon foam with hollow framework for dynamically tunable electromagnetic interference shielding at gigahertz frequency[END_REF][START_REF] Shen | Facile synthesis of ultralightweight silver/reduced graphene oxide (rGO) coated carbonized-melamine foams with high electromagnetic interference shielding effectiveness and high absorption coefficient[END_REF][START_REF] Sun | Engineering closed-cell structure in lightweight and flexible carbon foam composite for high-efficient electromagnetic interference shielding[END_REF][START_REF] Tang | Ultralight, highly flexible and conductive carbon foams for high performance electromagnetic shielding application[END_REF]. It can be found out the difficulty to achieve a high EMI SE performance with a thin thickness.

However, in this work, our CMF@5SiO 2 -30CNT/PDMS can have the highest SE T value of 61.34 dB with a small thickness of 2 mm. Although the CMF/rGO/Ag composite showed a comparable EMI SE, its thickness is 2.5 times larger than that of ours. Therefore, the CMF@5SiO 2 -30CNT/PDMS composite shows excellent EMI SE, especially when the material thickness is thin. In this work, PDMS-based composites reinforced by CMF@SiO 2 and CMF@SiO 2 -CNT hybrids have been prepared and their EMI shielding performances have been compared. First, we have found that the conductivity and EMI shielding properties of CMF@SiO 2 -CNT/PDMS are much higher than those of CMF@SiO 2 /PDMS. Experimental results infer that the improvement is related to the contents of both SiO 2 and CNT, as well as the morphology of hybrids by adjusting reaction processes. The highest EMI shielding effectiveness (61.34 dB) is obtained in CMF@5SiO 2 -30CNT/PDMS composite. Furthermore, the average SE A of 53.65 dB is achieved in CMF@5SiO 2 -30CNT/PDMS indicates its absorption-dominated shielding mechanism. This excellent EMI shielding performance is associated with the structure of hybrids with a special 3D conductive network formed by a thick SiO 2 layer and a dense growth of CNTs with a length abo e 90 μm.
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  Figure 8. The conductivity properties of the PDMS samples (A); the SE T of the @αSiO 2 /PDMS(B); the SE T of the CMF@5SiO 2 -β s/ S ( ). Figure 8B and 8C showed the EMI SE of PDMS composites with different thicknesses of SiO 2 and CVD durations in the X-band. And the details of EMI shielding properties of each PDMS composites were shown in Figure S2, the histogram was the average value of the SE T , SE A , and SE R .
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