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Abstract

:

Flexible paper-based materials play a crucial role in the field of flexible electromagnetic shielding due to their thinness and controllable shape. In this study, we employed the wet paper forming technique to prepare carbon fiber paper with a thickness gradient. The electromagnetic shielding performance of the carbon fiber paper varies with the ladder-like thickness distribution. Specifically, an increase in thickness gradient leads to higher reflectance of the carbon fiber paper. Within the X-band frequency range (8.2–12.4 GHz), reflectivity decreases as electromagnetic wave frequency increases, indicating enhanced penetration of electromagnetic waves into the interior of the carbon fiber paper. This enhancement is attributed to an increased fiber content per unit area resulting from a greater thickness gradient, which further enhances reflection loss and promotes internal multiple reflections and scattering effects, leading to increased absorption loss. Notably, at a 5 mm thickness, our carbon fiber paper exhibits an impressive average overall shielding performance, reaching 63.46 dB. Moreover, it exhibits notable air permeability and mechanical properties, thereby assuming a pivotal role in the realm of flexible wearable devices in the foreseeable future.
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1. Introduction


With the rapid development of 5G communication, wireless power transmission, the Internet of Things, and artificial intelligence, the problem of electromagnetic pollution has followed while promoting people’s lives [1,2,3,4,5]. Electromagnetic interference (EMI) not only affects the normal operation of equipment but also potentially threatens human life and health [6,7,8]. Electromagnetic shielding materials have become a research hotspot in the fields of electronic wearable devices, national defense, aviation, aerospace, and so on.



Metal materials are limited in practical applications due to their high bulk density, poor flexibility, and easy corrosion [9,10,11,12]. Lumnitzer et al. [13] proposed measures to mitigate indoor electromagnetic fields by investigating the impact of metal materials on electromagnetic shielding efficiency. However, the utilization of metal materials in lightweight products is challenging due to their weight and applicability issues. Yim et al. [14] successfully enhanced the electromagnetic shielding performance of carbon fiber by applying a chemical metal layer on its surface; nevertheless, ensuring the environmental stability of this coating remains an unresolved concern. Flexible paper-based materials exhibit significant advantages in the future trend towards lightweight and thin structures, owing to their ability to be shaped controllably and their low bulk density. Carbon fiber (CF) is widely used in electromagnetic shielding materials [15,16,17] due to its excellent conductivity and its unique scattering effect. Hong et al. [18] employed the free space measurement method to assess the anisotropy of electromagnetic interference shielding in CFRP. Liang conducted tests on corrugated carbon fiber surface felt to achieve enhanced electromagnetic shielding performance, thereby showcasing the promising application potential of carbon-based materials in the realm of electromagnetic shielding. The paper-based carbon fiber flexible material [17,19,20], prepared through the process of paper-making using chopped carbon fibers, exhibits distinctive advantages in terms of lightweight, thinness, and wearability as electromagnetic shielding materials. In previous studies [21], we employed wet paper-making technology to fabricate cost-effective and high-performance electromagnetic shielding paper. To achieve a synergistic magnetodielectric effect for attenuating electromagnetic waves, we incorporated the dielectric loss absorbing agent MOS2 and magnetic loss absorbing agent Fe into the encapsulated resin. However, the introduction of metal resulted in an increased density of carbon fiber paper and susceptibility to oxidation, leading to a reduction in electromagnetic shielding efficiency.



The thickness of paper-based materials significantly influences the electromagnetic shielding properties of said material [22,23]. For instance, Huang et al. [24] prepared polydimethylsiloxane/carbon nanotube (PDMS/CNT) sandwich composites and explored the thickness-dependent microwave interference effect through the sandwich materials with different intermediate thicknesses. Gaoui et al. [25] designed a new multi-layer structural shielding layer through simulation tests, and the thickness of each layer stack gradually increased. In the frequency range of 0.8 to 1.8 GHz, simulation results show that the proposed five-layer material has very good electromagnetic interference shielding efficiency compared to the previously developed PANI 8.8/PU single-layer and three-layer materials and is a potential candidate for EMI shielding applications. With an increase in the thickness of carbon fiber paper, there is a corresponding increase in the number of carbon fibers per unit area, resulting in the construction of more conductive paths within the material and ultimately enhancing its conductivity. The electromagnetic shielding performance of the material is determined by its three-dimensional conductive network [26,27,28].



Therefore, in this study, carbon fiber paper with step-thickness variation was prepared using wet paper forming technology. The thickness of the paper plays a crucial role in its ability to respond to electromagnetic waves. This study investigates the impact of step thickness variation on the electromagnetic shielding properties of carbon fiber paper materials. Additionally, the electric heating property of carbon fiber paper enables it to possess joule heating capabilities, offering the potential for future applications in flexible heating devices. To enhance the practical performance of carbon fiber-based materials, maintaining a certain degree of air permeability while being lightweight and possessing mechanical properties is essential for carbon fiber papers with varying step thicknesses.




2. Materials and Methods


2.1. Materials


Short carbon fiber (T300) purchased from Toray Co., Ltd. (Tokyo, Japan). Polyethylene oxide solution (PEO, 0.5 wt% concentration, molecular weight 6 million) was purchased from Japan Shoyu Seika Co., Ltd. (CAS: 25322-68-3) (Tokyo, Japan). Adhesive acrylic (BR-116) resin purchased from Usolf, Ltd. (Mitsubishi Corporation, (Tokyo, Japan) CAS: 9003-01-4).




2.2. Experimental Scheme of Carbon Fiber Paper with Thickness Gradient


Initially, a 0.5 wt% PEO dispersion was prepared by dissolving 5 g of PEO in 1000 g of deionized water. The mixture was mechanically stirred for 30 min until significant accumulation of PEO particles ceased, followed by filtration to eliminate any impurities.



Subsequently, weighed amounts (0.3 g, 0.6 g, 0.95 g, and 1.5 g) of chopped carbon fiber were added to the aforementioned PEO dispersion and subjected to ultrasonic vibration and mechanical agitation for an additional duration of 30 min until complete dispersion of the chopped fibers within the solution was achieved. Finally, the resulting dispersion underwent mold filtration, and the primary carbon fiber paper was dried using a paper dryer. The primary carbon fiber paper is impregnated with polyacrylic resin (binder) after pressing and then dried at 80 °C to prepare carbon fiber paper. The influence of paper thickness on electromagnetic shielding performance was investigated experimentally. The experimental scheme of carbon fiber paper with thickness gradient is illustrated in Figure 1a.



Carbon fiber paper with different thickness gradients in 0.1 mm, 0.2 mm, 0.3 mm, and 0.5 mm are named CPT-1, CPT-2, CPT-3, and CPT-5, respectively. Additionally, Figure 1b presents the model depicting the increase in thickness for carbon fiber paper with a gradient. The visual image of the variation in step thickness of carbon fiber paper is depicted in Figure 1c.




2.3. Characterization


The morphology was characterized by Hitachi su-70 scanning electron microscope (SEM, Tokyo, Japan). A thickness tester (Yuhengtong Technology Co., Ltd., (Shenzhen, China) YHT 128718) was used to test the thickness of carbon fiber paper with stepped thickness. Dc resistance tester (Hopetech Technology Co., Ltd., (Barnoldswick, UK) HK3540-3) was used to test the surface resistance of carbon fiber paper. The sample cleaning test used an ultrasonic cleaning agent (SY-180, Skymen Cleaning Equipment Shenzhen Co., Ltd. (Shenzhen, China)). According to the fabric breathability standard (ISO 9237-1995), a non-woven breathability tester (Model TQD-G1, PARAM Boper Co., Ltd. (Wales, UK)) was used to measure the breathability of the sample.



The scattering parameters (S11 and S12 or S21 and S22), the relative complex permittivity (    ε   r   =   ε   ′   − j   ε   ″    ) and the complex permeability (    μ   r   =   μ   ′   − j   μ   ″    ) were obtained by Agilent PNA-N5244A vector network analyzer (Agilent Technologies, Inc., Palo Alto, CA, USA) frequency range 8.2–12.4 GHz (X-band) was measured using waveguide method. All custom paper samples (22.86 mm × 10.16 mm) with copper sample clamp and the connection between the waveguide flanges. The reflection coefficient (R) and transmission coefficient (T) were determined by the S parameters (S11, S12, S21, S22). There was an equilibrium between R, T, and the absorption coefficient (A), which could be calculated using the following formula [29,30,31]:


  R = |   S   11     |   2   = |   S   22     |   2    



(1)






  T = |   S   12     |   2   = |   S   21     |   2    



(2)






R + T + A = 1



(3)







According to Schelkunoff’s theory, the total EMI SE (SET) was the sum of surface reflection loss (SER), multiple reflection loss (SEM), and absorption loss (SEA) inside the material, and could be expressed in the following equation [27,32,33,34]:


  S   E   T     d B   = − 10   log  ⁡        P   T       P   I         = S   E   R   + S   E   M   + S   E   A    



(4)






  S   E   R     d B   = − 10   log  ⁡    1 −   S   11   2       = − 10   log  ⁡    1 −   S   22   2        



(5)






  S   E   A     d B   = − 10   log  ⁡        S   12   2     1 −   S   11   2         = − 10   log  ⁡        S   21   2     1 −   S   11   2          



(6)







There are studies that show that the SEM could be neglected when the SET > 15 dB and it could be described as [5,35,36,37,38]:


  S   E   T   ≈ S   E   R   + S   E   A    



(7)









3. Results and Discussion


3.1. Microstructure and Light Transmittance Analysis


The SEM topography and light transmittance of carbon fiber paper CPT-1 to CPT-5 are presented in Figure 2. The scanning electron microscopy (SEM) analysis revealed that the short-cut carbon fibers were randomly interlaced to form a matrix in the carbon fiber paper. As the gradient thickness of the carbon fiber paper increased, there was an observed increase in the carbon fiber content per unit area within the paper substrate. In the context of wearable devices, carbon fiber paper exhibits commendable breathability. Figure S1a illustrates the breathability characteristics of carbon fiber paper materials. As the ladder thickness increases, there is a corresponding decrease in air permeability due to an augmented number of fibers per unit area, resulting in reduced material permeability. Under a pressure of 2.5 Pa, CPT-1 to CPT-5 exhibit air permeabilities of 25.47 L/min, 9.72 L/min, 5.99 L/min, and 2.95 L/min, respectively.



The compactness of the carbon fiber paper was assessed through its light transmittance, which varies with different thicknesses. As the thickness increases, there is an increase in fiber content per unit area and a decrease in light transmittance for the carbon fiber paper samples. Notably, when reaching a thickness of 0.5 mm, CPT-5 exhibits weak surface light transmission with minimal white light transmission area and relatively high density of surface fibers. In order to fulfill the lightweight performance requirements of paper-based materials, Figure S1b illustrates the calculated surface density of carbon fiber paper. The variation in step thickness of carbon fiber paper leads to a corresponding change in its surface density. Evidently, an increase in the thickness of carbon fiber paper results in a higher fiber content per unit area and subsequently raises the surface density. Specifically, CPT-1 exhibits a surface density of 7.77 g/m2, while CPT-5 reaches 49.13 g/m2. Similarly, CPT-2 and CPT-3 possess surface densities of 11.47 g/m2 and 30.47 g/m2, respectively.




3.2. Electrical Properties and Electromagnetic Shielding Properties


The electromagnetic shielding performance of the material is closely related to its surface conductivity, which in turn directly affects its reflectivity. The surface resistance of carbon fiber paper with stepped thickness variation within 100 mm was measured using a surface resistance tester, and the corresponding results are presented in Figure 3. The results demonstrate that the surface conductivity of carbon fiber paper increases proportionally with the increase in carbon fiber content per unit area. Consequently, there is a corresponding decrease in the surface resistance of carbon fiber paper. Specifically, the average surface resistance for CPT-1 measures at 26.75 Ω/100 mm, while due to enhanced electrical conductivity, this value drops significantly to 4.75 Ω/100 mm for CPT-5 carbon fiber paper. This phenomenon directly influences the reflection behavior of electromagnetic waves on the surface of carbon fiber paper.



The electromagnetic parameters of carbon fiber paper in the X-band were tested by the waveguide cavity, and the test results are shown in Figure 4. Figure 4a shows the reflection coefficient R curve of carbon fiber paper. The reflection coefficient of the whole carbon fiber paper is above 0.86, and the average R-value from CPT-1 to CPT-5 is 0.876, 0.925, 0.932, and 0.95, respectively. This shows that when the electromagnetic wave reaches the surface of the carbon fiber, nearly 90% of the electromagnetic wave is effectively reflected, and a large number of electromagnetic waves are shielded.



With the increase in thickness, the reflection coefficient is further enhanced. Through light transmission, it can also be analyzed that the fiber content per unit area increases with the increase in thickness, the surface conductive network is enhanced, and the reflection ability of carbon fiber paper is strengthened. In the X-band, with the increase in electromagnetic wave frequency, the R curve of carbon fiber paper shows a downward trend as a whole; because the electromagnetic wave frequency increases, more electromagnetic waves enter the carbon fiber paper, and then the reflection coefficient curve of the material shows an overall downward trend. The results of the absorption coefficient A curve of carbon fiber paper are shown in Figure 4b. In the X-band range, with the increase in thickness, the absorption coefficient of carbon fiber paper is opposite to the reflection coefficient, showing a downward trend. Similarly, with the increase in electromagnetic wave frequency, the absorption coefficient A is opposite to the reflection coefficient, and the overall trend is rising.



The shielding efficiency of carbon fiber paper is calculated according to formulas 4 to 6. The results are shown in the reflection loss SER (Figure 4c), absorption loss SEA (Figure 4d), and the overall shielding performance SET (Figure 4d) of carbon fiber paper material. The increase in step thickness leads to an augmented reflection loss and absorption loss of carbon fiber paper, thereby further enhancing the overall electromagnetic shielding performance. As the thickness gradient increases in the carbon fiber paper, resulting in an augmented content of carbon fibers per unit area and an enhanced three-dimensional conductive network effect, reflection loss occurs due to interactions between surface-free electrons and the incident electromagnetic wave. The interior-bound electromagnetic waves undergo multiple reflections and scattering effects, leading to their conversion into heat through electric dipole polarization. The increase in thickness enhances the multiple reflection and scattering effects of electromagnetic waves inside the carbon fiber paper, which leads to an upward trend in the reflection loss and absorption loss curves. Alterations in the thickness gradient modify the transmission path of electromagnetic waves within the carbon fiber paper, consequently influencing its absorption loss. Electromagnetic waves penetrating the interior of carbon fiber interact with its three-dimensional conductive network structure, causing surface electrons to convert electromagnetic energy into thermal energy. The variation in step thickness results in an increased multi-layer interface of carbon fiber paper, thereby enhancing the interface polarization effect. Simultaneously, the unique destructive interference effect of carbon fiber further contributes to electromagnetic wave attenuation. Consequently, the absorption loss of carbon fiber paper is significantly amplified, leading to an overall improvement in the material’s electromagnetic shielding performance.



The average electromagnetic loss performance parameters of carbon fiber paper in the X-band were further calculated, and the results are shown in Figure 4f. As shown in the figure, the absorption loss is greatly enhanced with the further increase in reaction thickness, from 14.95 dB of CPT-1 material to 50.39 dB of CPT-5 material. The electromagnetic shielding efficiency, which is mainly based on absorption loss, is also increased from 24.04 dB of CPT-1 to 63.46 dB of CPT-5.



In order to more accurately depict the relationship between electromagnetic parameters, thickness, and frequency in the X-band, a corresponding 3D diagram is presented in Figure 5. The figure intuitively illustrates that changes in carbon fiber paper thickness result in an increase in the reflection coefficient (Figure 5a) and a decrease in the absorption coefficient (Figure 5b) within the X-band. Additionally, an increase in carbon fiber content per unit area enhances conductive network effects, leading to improved electromagnetic performance reflected by increased reflection loss SER (Figure 5c) and absorption loss SEA (Figure 5d), ultimately improving overall electromagnetic shielding performance SET as shown in Figure 5e.




3.3. Joule Heating Properties


The joule heating properties of carbon fiber paper have significant applications in wearable heaters [39,40,41,42]. To investigate the Joule heat change, the voltage was controlled using a DC power supply while the temperature change was measured using an infrared imaging recorder. In Figure S2, infrared temperature maps were recorded to observe gradient changes in carbon fiber paper. The surface resistance of carbon fiber paper decreases with increasing thickness, enabling CPT-1 to achieve high-temperature Joule heat at low current levels. The heat-conducting network of carbon fiber makes the material respond quickly to temperature. The current–voltage curve (Figure 6a) further confirms the surface resistance of carbon fiber paper, with CPT-1 exhibiting relatively higher surface resistance and voltage values compared to other materials under the same current conditions. At a current of 0.5 V, CPT-1 reaches a voltage of 15 V, while CPT-2 to CPT-5 exhibit voltages of 8.1 V, 7.2 V, and 5.9 V, respectively. In Figure 6b, maximum saturation temperatures are shown for different currents applied to CPT-x. The maximum saturation temperature achieved by CPT-1 is higher than that of other materials at various currents due to its lower surface resistance. Joule heat is directly related to surface resistance. In just 30 s at a current of 0.5 A, CPT-1 reaches a maximum saturation temperature as high as 137 °C; CPT-2 achieves 110 °C; CPT-3 attains 100 °C, and finally, CPT-5 records 82 °C. Figure 6c demonstrates how controlling the current allows for precise control over the temperature change in CPT-1. These unique joule thermal properties make it an ideal choice for wearables and heating components.




3.4. Practical Application Performance of Carbon Fiber Paper


Carbon fiber paper, renowned for its lightweight and flexible properties, finds significant applications as an electromagnetic shielding material. As shown in Figure 7a, CPT-5 (20 mm × 70 mm) can be easily wound around a cylindrical paper tube. At the same time, it is shown in Figure S3 that other CPT-x materials are also flexible. In addition to the surface density in Figure S1b, Figure 7b illustrates the placement of CPT-5 (50 mm × 50 mm) on stamens without notable deformation, emphasizing its lightweight and flexible nature. Similarly, Figure S4 also reflects the lightweight characteristics of other CPT-x materials in practical application scenarios, as depicted in the picture placed on the flower core.



The Tesla coil operates by converting AC power supply through a transformer and utilizing a shunt capacitor to continuously raise the voltage and generate high-frequency electromagnetic waves. Figure 7c provides a schematic representation of its working principle. In Figure 7d, electromagnetic waves generated by the Tesla coil light the bulb in space. By positioning CPT-1 between the small light bulb and the Tesla coil, we observed that the electromagnetic shielding effect of CPT-1 effectively blocked the propagation of electromagnetic waves, resulting in the extinguishing of the light bulb. This validates the electromagnetic shielding capabilities of CPT-1. Figure S5 shows that other CPT-x also have the characteristics of blocking electromagnetic waves in practical applications.





4. Conclusions


In summary, carbon fiber paper with stepped thickness was fabricated using wet paper forming technology. The electromagnetic response effects of the carbon fiber paper with stepped thickness were found to vary. The 0.1 mm carbon fiber paper exhibits an electromagnetic loss performance of 24.04 dB. As the thickness of the carbon fiber paper increased, the 0.5 mm thick sample exhibited a shielding performance of 63.46 dB in the X-band frequency range. Furthermore, it was observed that carbon fiber paper possesses certain joule heating capabilities, achieving a rapid thermal response of 137 °C within just 30 s at a low current of 0.5 A. Additionally, carbon fiber paper exhibits air permeability and light surface density while maintaining satisfactory flexible properties, making it suitable for practical applications as wearable-based materials. The utilization of carbon fiber paper as a prospective electromagnetic shielding material in the future is anticipated, showcasing its inherent advantages within flexible substrate materials.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ma17112767/s1, Figure S1: Carbon fiber paper (a) permeability and (b) surface density; Figure S2: Infrared imaging of temperature changes of carbon fiber paper under different current currents; Figure S3: CPT-x is easily wound on the surface of a cylindrical cylinder, (a) CPT-1, (b) CPT-2, (c) CPT-3; Figure S4: CPT-x stands on the flower, (a) CRT-1, (b) CRT-2, (c) CRT-3; Figure S5: CPT-x blocks electromagnetic waves from the Tesla coil, (a) CRT-2, (b) CRT-3, (c) CRT-5.





Author Contributions


Methodology, Z.L.; Validation, M.S.; Investigation, W.L.; Data curation, M.S.; Writing—original draft, Z.L.; Writing—review & editing, X.G. and B.Z.; Reviewing and Editing, Supervision, Funding acquisition, X.G. and B.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the key research and development program of Shandong Province (Grant No. 2021ZLGX01).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The raw data supporting the conclusions of this article will be made available by the authors on request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chen, J.; Zhao, D.; Ge, H.Y.; Wang, J. Graphene oxide-deposited carbon fiber/cement composites for electromagnetic interference shielding application. Constr. Build. Mater. 2015, 84, 66–72. [Google Scholar] [CrossRef]

	



Abbasi, H.; Antunes, M.; Velasco, J.I. Recent advances in carbon-based polymer nanocomposites for electromagnetic interference shielding. Prog. Mater. Sci. 2019, 103, 319–373. [Google Scholar] [CrossRef]

	



Li, M.; Zhang, M.; Zhao, Y.; Jiang, S.; Xu, Q.; Han, F.; Zhu, J.; Liu, L.; Ge, A. Multilayer structured CNF/rGO aerogels and rGO film composites for efficient electromagnetic interference shielding. Carbohydr. Polym. 2022, 286, 119306. [Google Scholar] [CrossRef]

	



Li, Q.; Tan, J.; Wu, Z.; Wang, L.; You, W.; Wu, L.; Che, R. Hierarchical magnetic-dielectric synergistic Co/CoO/RGO microspheres with excellent microwave absorption performance covering the whole X band. Carbon 2023, 201, 150–160. [Google Scholar] [CrossRef]

	



Li, X.; Qu, Y.; Wang, X.; Bian, H.; Wu, W.; Dai, H. Flexible graphene/silver nanoparticles/aluminum film paper for high-performance electromagnetic interference shielding. Mater. Des. 2022, 213, 110296. [Google Scholar] [CrossRef]

	



Cao, W.T.; Chen, F.F.; Zhu, Y.J.; Zhang, Y.G.; Jiang, Y.Y.; Ma, M.G.; Chen, F. Binary Strengthening and Toughening of MXene/Cellulose Nanofiber Composite Paper with Nacre-Inspired Structure and Superior Electromagnetic Interference Shielding Properties. ACS Nano 2018, 12, 4583–4593. [Google Scholar] [CrossRef] [PubMed]

	



Ameli, A.; Jung, P.U.; Park, C.B. Electrical properties and electromagnetic interference shielding effectiveness of polypropylene/carbon fiber composite foams. Carbon 2013, 60, 379–391. [Google Scholar] [CrossRef]

	



Wu, F.; Qiang, S.; Zhu, X.D.; Jiao, W.; Liu, L.; Yu, J.; Liu, Y.T.; Ding, B. Fibrous MXene Aerogels with Tunable Pore Structures for High-Efficiency Desalination of Contaminated Seawater. Nanomicro Lett. 2023, 15, 71. [Google Scholar] [CrossRef]

	



Zhu, R.Y.; Cai, M.R.; Fu, T.T.; Yin, D.G.; Peng, H.L.Y.; Liao, S.L.; Du, Y.J.; Kong, J.H.; Ni, J.; Yin, X.B. Fe-Based Metal Organic Frameworks (Fe-MOFs) for Bio-Related Applications. Pharmaceutics 2023, 15, 1599. [Google Scholar] [CrossRef]

	



Singh, B.P.; Saket, D.K.; Singh, A.P.; Pati, S.; Gupta, T.K.; Singh, V.N.; Dhakate, S.R.; Dhawan, S.K.; Kotnala, R.K.; Mathur, R.B. Microwave shielding properties of Co/Ni attached to single walled carbon nanotubes. J. Mater. Chem. A 2015, 3, 13203–13209. [Google Scholar] [CrossRef]

	



Mondal, D.; Paul, B.K.; Bhattacharya, D.; Ghoshal, D.; Biswas, S.; Das, K.; Das, S. Copper-doped alpha-MnO2 nano-sphere: Metamaterial for enhanced supercapacitor and microwave shielding applications. J. Mater. Chem. C 2021, 9, 5132–5147. [Google Scholar] [CrossRef]

	



Wang, R.; Xu, H.; Zhang, K.; Wei, S.; Deyong, W. High-quality Al@Fe-MOF prepared using Fe-MOF as a micro-reactor to improve adsorption performance for selenite. J. Hazard. Mater. 2019, 364, 272–280. [Google Scholar] [CrossRef] [PubMed]

	



Lumnitzer, E.; Jurgovska, E.L.; Andrejiova, M.; Kralikova, R. Application of Metal Shielding Materials to Protect Buildings Occupants from Exposure to the Electromagnetic Fields. Materials 2023, 16, 5438. [Google Scholar] [CrossRef] [PubMed]

	



Yim, Y.J.; Lee, J.J.; Tugirumubano, A.; Go, S.H.; Kim, H.G.; Kwac, L.K. Electromagnetic Interference Shielding Behavior of Magnetic Carbon Fibers Prepared by Electroless FeCoNi-Plating. Materials 2021, 14, 3774. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.-J.; Kim, S.-H.; Park, S. Effects of the Carbon Fiber-Carbon Microcoil Hybrid Formation on the Effectiveness of Electromagnetic Wave Shielding on Carbon Fibers-Based Fabrics. Materials 2018, 11, 2344. [Google Scholar] [CrossRef] [PubMed]

	



Han, X.; Huang, Y.; Wang, J.; Du, X.; Hu, L.; Li, T.; Sun, X. The flexible carbon fibers@ZIF–67 decorated with MoS2 layers towards tunable and high–performance electromagnetic wave absorption. Compos. Part B Eng. 2022, 239, 109965. [Google Scholar] [CrossRef]

	



Wang, S.; Liu, Z.; Liu, Q.; Wang, B.; Wei, W.; Wu, H.; Xu, Z.; Li, S.; Huang, F.; Zhang, H. Promoting the microwave absorption performance of hierarchical CF@NiO/Ni composites via phase and morphology evolution. Int. J. Miner. Metall. Mater. 2023, 30, 494–503. [Google Scholar] [CrossRef]

	



Hong, J.; Xu, P. Electromagnetic Interference Shielding Anisotropy of Unidirectional CFRP Composites. Materials 2021, 14, 1907. [Google Scholar] [CrossRef]

	



Wang, X.; Lv, X.; Liu, Z.; Zhang, H.; Liu, M.; Xu, C.; Zhou, X.; Yuan, M.; Yang, L.; You, W.; et al. Multi-interfacial 1D magnetic ferrite@C fibers for broadband microwave absorption. Mater. Today Phys. 2023, 35, 101140. [Google Scholar] [CrossRef]

	



Yang, Y.; Wan, C.; Huang, Q.; Hua, J. Pore-Rich Cellulose-Derived Carbon Fiber@Graphene Core-Shell Composites for Electromagnetic Interference Shielding. Nanomaterials 2022, 13, 174. [Google Scholar] [CrossRef]

	



Liu, Z.; Liu, C.H.; Wang, Y.; Mi, R.Z.; Gao, X.P. Preparation and simulation performance of light carbon fiber paper-based electromagnetic shielding materials. Carbon Lett. 2023. [Google Scholar] [CrossRef]

	



Kwon, H.J.; Park, J.H.; Suh, S.J. Multilayered Cu/NiFe thin films for electromagnetic interference shielding at high frequency. J. Alloys Compd. 2022, 914, 165330. [Google Scholar] [CrossRef]

	



Liu, Z.; Liu, C.; Wang, Y.; Song, M.; Guo, J.; Wang, W.; Gao, X. Multi-layer carbon fiber paper @reduced graphene oxide/Co/C composite with adjustable electromagnetic interference shielding properties. Carbon 2024, 217, 118655. [Google Scholar] [CrossRef]

	



Huang, M.L.; Luo, C.L.; Sun, C.; Zhao, K.Y.; Weng, Y.X.; Wang, M. Achieving absorption-type microwave shielding performance in polydimethylsiloxane/carbon nanotube sandwiched composites via regulating microwave interference effect. Compos. Part A Appl. Sci. Manuf. 2023, 169, 107532. [Google Scholar] [CrossRef]

	



Gaoui, B.; Hadjadj, A.; Kious, M. Enhancement of the shielding effectiveness of multilayer materials by gradient thickness in the stacked layers. J. Mater. Sci.-Mater. Electron. 2017, 28, 11292–11299. [Google Scholar] [CrossRef]

	



Sun, J.T.; Zhou, D. Advances in Graphene-Polymer Nanocomposite Foams for Electromagnetic Interference Shielding. Polymers 2023, 15, 3235. [Google Scholar] [CrossRef] [PubMed]

	



Tan, H.X.; Gou, J.R.; Zhang, X.; Ding, L.; Wang, H.H. Sandwich-structured Ti3C2Tx-MXene/reduced-graphene-oxide composite membranes for high-performance electromagnetic interference and infrared shielding. J. Membr. Sci. 2023, 675, 121560. [Google Scholar] [CrossRef]

	



Yazdi, S.J.M.; Lisitski, A.; Pack, S.; Hiziroglu, H.R.; Baqersad, J. Analysis of Shielding Effectiveness against Electromagnetic Interference (EMI) for Metal-Coated Polymeric Materials. Polymers 2023, 15, 1911. [Google Scholar] [CrossRef]

	



Chen, X.; Gu, Y.; Liang, J.; Bai, M.; Wang, S.; Li, M.; Zhang, Z. Enhanced microwave shielding effectiveness and suppressed reflection of chopped carbon fiber felt by electrostatic flocking of carbon fiber. Compos. Part A Appl. Sci. Manuf. 2020, 139, 106099. [Google Scholar] [CrossRef]

	



Koo, K.; Won, E.H.; Lee, S.H.; Park, Y.M.; Yu, J.Y. Electromagnetic Interference (EMI) Shielding Effectiveness (SE) of PET Fabrics Plated with Stainless Steel Thin Layer by Sputtering. Text. Sci. Eng. 2006, 43, 101–106. [Google Scholar]

	



Sharma, S.; Lee, J.; Dang, T.T.; Hur, S.H.; Choi, W.M.; Chung, J.S. Ultrathin freestanding PDA-Doped rGO/MWCNT composite paper for electromagnetic interference shielding applications. Chem. Eng. J. 2022, 430, 132808. [Google Scholar] [CrossRef]

	



Tao, B.R.; Li, J.; Miao, F.J.; Zang, Y. Carbon Cloth Loaded NiCo2O4 Nano-Arrays to Construct Co-MOF@GO Nanocubes: A High-Performance Electrochemical Sensor for Non-Enzymatic Glucose. IEEE Sens. J. 2022, 22, 13898–13907. [Google Scholar] [CrossRef]

	



Wang, K.F.; Chen, C.; Zheng, Q.T.; Xiong, J.; Liu, H.Z.; Yang, L.; Chen, Y.J.; Li, H. Multifunctional recycled carbon fiber-Ti3C2Tx MXene paper with superior electromagnetic interference shielding and photo/electro-thermal conversion performances. Carbon 2022, 197, 87–97. [Google Scholar] [CrossRef]

	



Cheng, J.Y.; Li, C.B.; Xiong, Y.F.; Zhang, H.B.; Raza, H.; Ullah, S.; Wu, J.Y.; Zheng, G.P.; Cao, Q.; Zhang, D.Q.; et al. Recent Advances in Design Strategies and Multifunctionality of Flexible Electromagnetic Interference Shielding Materials. Nano-Micro Lett. 2022, 14, 80. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Shen, G.; Lam, S.S.; Ansar, S.; Jung, S.-C.; Ge, S.; Hou, L.; Fan, Z.; Wang, F.; Fan, W. A waste textiles-based multilayer composite fabric with superior electromagnetic shielding, infrared stealth and flame retardance for military applications. Chem. Eng. J. 2023, 471, 144679. [Google Scholar] [CrossRef]

	



Wang, X.F.; Lei, Z.W.; Ma, X.D.; He, G.F.; Xu, T.; Tan, J.; Wang, L.L.; Zhang, X.S.; Qu, L.J.; Zhang, X.J. A lightweight MXene-Coated nonwoven fabric with excellent flame Retardancy, EMI Shielding, and Electrothermal/Photothermal conversion for wearable heater. Chem. Eng. J. 2022, 430, 132605. [Google Scholar] [CrossRef]

	



Zhang, H.; Liu, T.; Huang, Z.; Cheng, J.; Wang, H.; Zhang, D.; Ba, X.; Zheng, G.; Yan, M.; Cao, M. Engineering flexible and green electromagnetic interference shielding materials with high performance through modulating WS2 nanosheets on carbon fibers. J. Mater. 2022, 8, 327–334. [Google Scholar] [CrossRef]

	



Wang, Z.; Wang, L.; Chang, R.; Shi, M.; Sun, D. Construction of alternating multilayer MXene/WPU thin films with excellent EMI shielding performance and mechanical properties. J. Alloys Compd. 2023, 956, 170367. [Google Scholar] [CrossRef]

	



Wang, B.; Jia, P.; He, R.; Song, L.; Hu, Y. Multilayer joule heating and electromagnetic interference shielding composite fabric with high interfacial durability. J. Colloid Interface Sci. 2023, 633, 1069–1082. [Google Scholar] [CrossRef]

	



Wang, Q.-W.; Zhang, H.-B.; Liu, J.; Zhao, S.; Xie, X.; Liu, L.; Yang, R.; Koratkar, N.; Yu, Z.-Z. Multifunctional and Water-Resistant MXene-Decorated Polyester Textiles with Outstanding Electromagnetic Interference Shielding and Joule Heating Performances. Adv. Funct. Mater. 2019, 29, 1806819. [Google Scholar] [CrossRef]

	



Xiong, C.; Wang, T.; Zhang, Y.; Duan, C.; Zhang, Z.; Zhou, Q.; Xiong, Q.; Zhao, M.; Wang, B.; Ni, Y. Multifunctional Conductive Material Based on Intelligent Porous Paper Used in Conjunction with a Vitrimer for Electromagnetic Shielding, Sensing, Joule Heating, and Antibacterial Properties. ACS Appl. Mater. Interfaces 2023, 15, 33763–33773. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Wang, Y.; Liu, C.; Gao, X. Study on the influence of carbon fiber paper modification on electromagnetic shielding performance and simulation. Surf. Interfaces 2024, 44, 103825. [Google Scholar] [CrossRef]








[image: Materials 17 02767 g001] 





Figure 1. (a) Experimental flow chart of carbon fiber paper with thickness gradient, (b) carbon fiber paper with gradient thickness (The thickness showed a stepwise upward trend), and (c) visual picture of thickness tester testing CPT-1 to CPT-5. 
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Figure 2. SEM image and light transmission analysis of (a) CPT-1, (b) CPT-2, (c) CPT-3, and (d) CPT-5 step-thickness carbon fiber paper. 
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Figure 3. Surface resistance of carbon fiber paper. (To facilitate the distinction, the color of CPT-1 is black, the color of CPT-2 is red, the color of CPT-3 is blue, and the color of CPT-5 is green). 
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Figure 4. Carbon fiber paper in the X-band (a) reflection coefficient R, (b) absorption coefficient A, (c) reflection loss SER, (d) absorption loss SEA, (e) overall shielding performance SET, and (f) average EMI SE of the carbon fiber paper material (Arrows show an overall upward trend). 
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Figure 5. 3D plot of electromagnetic parameters (a) R, (b) A, (c) SER, (d) SEA, and (e) SET in relation to thickness at X-band. 
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Figure 6. (a) Voltage–current change curves, (b) saturation temperature of carbon fiber paper with different current thickness gradients, and (c) CPT-1 carbon fiber paper under different current temperature change curves. 
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Figure 7. CPT-5 is (a) wound on the surface of a cylindrical barrel and (b) placed on the stamen; (c) Schematic diagram of Tesla coil; (d) The Tesla coil is lit in space. (e) CPT-1 blocks electromagnetic wave propagation and the small bulb is extinguished. 
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