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Сажетак: Растућа забринутост због електромагнетног (ЕМ) загађења разлог је за брз напредак у области заштите од електромагнетне интерференције (ЕМИ) и апсорпције ЕМ таласа у последњих неколико година, при чему су истраживани угљенични материјали са великом специфичном површином и високом порозношћу. У поређењу са другим угљеничним материјалима, угљеник добијен из биомасе (БЦ) сматра се ефикасним и еколошки прихватљивим материјалом за ову сврху. У овом раду сумирамо недавна достигнућа у вези са БЦ материјалима за ЕМИ заштиту и апсорпцију ЕМ таласа. Посебан акценат је стављен на могућности њихове примене у изради заштитних кућишта за савремене електронске уређаје којима корисници приступају дигиталним платформама. Ови иновативни материјали нуде решења која не само да минимизирају нежељено зрачење, већ и значајно доприносе безбедности људског здравља у технолошком окружењу. Након кратког прегледа стратегија синтезе БЦ материјала и прецизног описа интерференције ЕМ таласа, разматрају се стратегије за побољшање њихове ЕМИ заштите и апсорпције ЕМ таласа. На крају су укратко сумирани постојећи изазови и будуће перспективе за овакве материјале.
Abstract: The growing concern over electromagnetic (EM) pollution has driven rapid advancements in the field of electromagnetic interference (EMI) shielding and EM wave absorption in recent years, with research focusing on carbon materials characterized by a large specific surface area and high porosity. Compared to other carbonaceous materials, biomass-derived carbon (BC) is considered an efficient and environmentally friendly material for this purpose. In this paper, we summarize recent achievements regarding BC materials for EMI shielding and EM wave absorption. Special emphasis is placed on the possibilities of their application in the manufacturing of protective housings for modern electronic devices used to access digital platforms. These innovative materials offer solutions that not only minimize unwanted radiation but also significantly contribute to the safety of human health in a technological environment. Following a brief overview of synthesis strategies for BC materials and a precise description of EM wave interference, strategies for enhancing their EMI shielding and EM wave absorption performance are discussed. Finally, existing challenges and future perspectives for such materials are briefly summarized. 
Кључне речи: Електромагнетно загађење, заштита од електромагнетне интерференције (ЕМИ), апсорпција електромагнетних (ЕМ) таласа, угљеник добијен из биомасе, порозни угљенични материјали, еколошки прихватљиви материјали. 
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1. INTRODUCTION
Rapid advancements in science and technology have driven researchers to expand microwave (MW) and magnetic techniques. However, along with this technological expansion, electromagnetic (EM) pollution or electromagnetic interference (EMI) has also increased. This specific type of EM pollution exerts significant adverse effects on human health. To overcome these challenges, numerous EMI shielding materials and microwave-absorbing materials have been synthesized in recent years. Generally, EMI shielding materials protect various objects, primarily electronic devices, by reflecting or absorbing EM radiation. The shielding capability of such materials is measured through electromagnetic interference shielding efficiency (EMI SE). An ideal EMI shielding material should possess distinct characteristics, such as high electrical conductivity, low density, enhanced thermal stability, high porosity, and good absorption capability, among others. In recent years, metals, polymers, alloys, ceramics, carbon materials, nitride bioceramic MXene materials, and composites have been primarily investigated for applications in EMI shielding and EM wave absorption. 
Among them, carbon materials have attracted significant research interest from scientists working on EMI shielding due to their enhanced conductivity, low density, high porosity, layered structure, ease of solution processing, and high specific surface area. Carbon materials with various dimensionalities, such as 0D (carbon quantum dots, graphene quantum dots, etc.), 1D (carbon nanotubes, carbon nanofibers, etc.), and 2D (graphene and related derivatives), have been adequately investigated as superior materials for EMI shielding and EM wave absorption. Additionally, a recently discovered special class of materials, MXenes, has also demonstrated significant EMI SE (shielding efficiency) (Wu et al., 2021), (Iqbal A., et al., 2020), (Liang C., et al., 2021). 
1.1.  Synthesis, structural properties, and electromechanical potential of MXenes
MXenes are a class of two-dimensional (2D) inorganic nanomaterials, primarily composed of transition metal carbides, nitrides, or carbonitrides that are a few atoms thick. Over 30 stoichiometric types have been synthesized, characterized by unique electrical, optical, and mechanical properties. Due to their high conductivity and surface chemistry, they are used in batteries, sensors, medicine, and membranes.

MXenes represent an extensive family of two-dimensional (2D) transition metal carbides, nitrides, and carbonitrides, obtained by the selective etching of the A-layer from the precursor MAX phase, where the general formula Mₙ₊₁AXₙ transforms into the more stable Mₙ₊₁XₙTₓ configuration. In this structure, M denotes a transition metal (e.g., Ti, V, Cr), X represents carbon or nitrogen, while T signifies surface functional groups such as hydroxyl (-OH), oxygen (-O), or fluorine (-F) terminations. Unlike most 2D semiconductors, MXenes are characterized by a high density of electronic states at the Fermi level, resulting in metallic electrical conductivity. Experimentally measured conductivity levels in single layers of titanium carbide (Ti₃C₂Tₓ) exceed 10,000 S/cm, placing them at the very top of synthetic 2D materials. These properties are a direct consequence of the transition metal core, which enables uninterrupted charge carrier transport.

A unique characteristic of MXenes is their pronounced hydrophilicity, which stems from the presence of polar surface terminations. This property enables stable dispersion in aqueous solutions without the use of surfactants, facilitating material processing via techniques such as spin-coating, spray pyrolysis, or 3D printing. Concurrently, the functional groups allow for further chemical modification and intercalation of various cations, thereby directly influencing the interlayer spacing and electrochemical capacity.
Due to their high specific surface area and rapid redox reactions at the metal surface, MXenes exhibit an exceptional pseudocapacitive response. In aqueous electrolytes, Ti₃C₂Tₓ displays a volumetric capacity that significantly exceeds that of conventional carbon electrodes. Beyond energy storage, their high conductivity and laminar structure make these materials the most efficient known agents for electromagnetic interference (EMI) shielding, where electromagnetic wave attenuation is achieved through multiple internal reflections within a minimal material thickness. Although susceptible to oxidation in aqueous environments at elevated temperatures, MXenes exhibit high thermal stability in an inert atmosphere. Mechanically, the Young's modulus of a single Ti₃C₂Tₓ layer is approximately 0.33 TPa, which is comparable to high-quality metal oxides, enabling the development of flexible yet robust nanocomposites (Kumar R., et al., 2021), (Kumar R., et al., 2022).
2. BIOMASS-DERIVED CARBON MATERIALS
To be suitable materials for EMI shielding, carbon materials must exhibit key physical characteristics, such as high crystallinity and high dispersibility in various matrices, particularly different polymer matrices. Furthermore, combining these carbon materials with other promising candidates, such as metal oxides/sulfides and conductive polymers, further enhances their shielding performance. Alongside pioneering carbon materials, biomass-derived carbon materials (BCs) have also been extensively investigated for various applications, including supercapacitors, batteries, and environmental remedies. Moreover, increased porosity, the presence of oxygen functional groups, and the existence of multiple interfaces are also critical properties of these carbon materials that make them highly suitable for EMI shielding and EM wave absorption applications.

It is worth noting that such biomass-derived BC materials exhibit controllable microwave absorption characteristics. Additionally, several strategies have been deployed to optimize the shielding performance of these materials. In this regard, Figure 1 presents the annual publication trend according to the Web of Science database for the 2015–2024 period (up to August 2024), searched using the keywords "electromagnetic shielding and carbon and biomass". Considering the significant research progress on this topic, a timely update on ongoing research regarding these materials in the field of EMI shielding is highly necessary.
[image: image1.png]Number of publications

0

2

2

15

10

o

201520162017 2015 2019 2020 202120222023 2024
Year




Figure 1. The annual publication list according to the Web of Science for

2015-2024 (up to August 2024) (searched with the keyword “electromagnetic shielding and carbon and biomass)
3. SYNTHESIS STRATEGIES FOR BIOMASS-DERIVED CARBON (BC) MATERIALS
The dried biomass precursor has a high impurity content and a carbon content ranging from 45% to 50%. To prepare biomass-derived carbon nanomaterials, several pretreatment procedures must be performed on the precursor to obtain purer reactants. These pretreatment operations often include washing, drying, grinding, and acid treatment. The synthesis process directly influences the structure, chemical composition, specific surface area, and production cost of biomass-derived carbon (BC). The dominant techniques used for BC material synthesis are hydrothermal carbonization, pyrolytic carbonization, and microwave-assisted carbonization. Furthermore, selecting the optimal synthesis route is crucial for tailoring the porosity and electrical conductivity required for advanced applications. Consequently, continuous advancements in these methods aim to reduce energy consumption while maximizing the yield of high-quality carbon structures.
3.1 Hydrothermal Carbonization
The hydrothermal process is a frequently used technique for the synthesis of carbon compounds, representing an environmentally friendly synthesis route that utilizes biomass as a primary feedstock. Detailed studies have shown that carbon produced from biomass via hydrothermal carbonization provides a higher carbon yield. The hydrothermal method is a highly efficient technique for BC production, renowned for its affordability, energy efficiency, and eco-friendliness.
In 1911, Friedrich Bergius utilized the hydrothermal technique to convert cellulose into coal, which can be considered the first report on the application of hydrothermal carbonization for carbon materials. Within a closed system containing water at relatively low temperatures (100–300 °C), biomass-based materials undergo thermochemical transformations during the hydrothermal process, ultimately yielding BC. The hydrothermal method is typically carried out in a closed system, using water or aqueous solutions as a solvent. The reaction system is heated and pressurized to allow the water or aqueous solution to reach a critical or supercritical state. This state enhances the reactivity of ions, molecules, and other species. Water acts as both a solvent and a catalyst that facilitates the hydrolysis and decomposition of lignocellulosic biomass. Water assists in breaking down organic molecules, a process that is further accelerated by the presence of bases or acids. By increasing the temperature during hydrothermal carbonization, the water vapor pressure rises significantly, leading to a reduction in surface tension and the formation of carbon compounds with distinctive morphologies. Owing to its simple operation and environmental benignity, this method transforms biomass into carbon materials featuring diverse oxygen-containing groups and a well-defined morphological structure, while simultaneously enhancing the carbonization process by accelerating stepwise reactions under standard pressure and temperature.
The porosity of porous carbon materials produced by hydrothermal processes is generally low, and the hydrothermal processing of biomass is less likely to release hydrothermal degradation products. This carbonization process can produce various morphologies and enhance the formation of macro- and mesores, resulting in the development of a hierarchical pore structure. These studies demonstrate the significant impact of the hydrothermal carbonization approach on BC synthesis (Kumar R., et al., 2016), (Zhang Y., et al., 2023), (Titirici M. et al., 2015). 

3.2 Pyrolytic Carbonization
Pyrolytic carbonization is the preferred approach for synthesizing BC materials due to its numerous advantages, including cost-effectiveness, simplicity, minimal environmental impact, and the capacity for large-scale production. This process typically involves the thermal decomposition of biomass at high temperatures ranging from 300 to 1200 °C in the absence of oxygen. Compared to other approaches, this synthesis route offers a straightforward pathway for BC material production. During the pyrolysis process, the long-chain molecules present within the biomass undergo fragmentation, resulting in the formation of smaller organic species. As the temperature rises, the natural polymers within the biomass begin to cleave under inert or vacuum conditions and undergo carbonization. The main products are biomass-derived carbon, liquid bio-oil, and volatile molecules (e.g., H₂, CO, CH₄, and other organic materials). Therefore, during the pyrolysis process, the resulting major products can exist in gaseous, liquid, or solid forms, depending on the specific thermal method applied.
The performance and yield of the resulting carbon products are strongly influenced by the pyrolysis temperature. Pyrolysis carried out at lower temperatures results in an increased carbon yield. However, the obtained carbon exhibits lower crystallinity compared to carbon derived from heating at higher temperatures. Variables such as heating rate, temperature, residence time, and the specifications of the inert gas used significantly affect the carbonization process of biomass materials during pyrolysis. Generally, the pyrolysis process can be categorized into three distinct types based on the heating rate: slow pyrolysis, fast pyrolysis, and flash pyrolysis. Within these categories, slow pyrolysis is predominantly used for the synthesis of BC materials. On the other hand, a reduced heating rate and extended pyrolysis duration are more favorable for the secondary reaction of biomass in an anaerobic environment, leading to the production of biochar. Therefore, identifying the most favorable pyrolysis conditions is of paramount importance for achieving the required characteristics of carbon materials.
Agricultural crops and forest plants offer valuable biomass-derived carbon materials and clean energy resources. Through the pyrolysis process, the chemical bonds present in lignin and cellulose are cleaved, resulting in the fragmentation and depolymerization of the original polymers within the biomass. Additionally, certain new bonds may be generated through rearrangement or simple addition processes. The integration of these new bonds serves to enhance the stability of adjacent carbon atoms, resulting in the construction of a carbon framework that is both non-volatile and stable. Therefore, during the pyrolysis process, certain fragments are transformed into volatile chemicals, while others are incorporated into the carbon framework through thermal reformation. Overall, pyrolytic carbonization processes have been adequately utilized for the synthesis of BC and related materials (Devi N., et al., 2019). 
3.3 Examples of Biomass-Derived Carbon Obtained by Pyrolytic Carbonization
Carbon foams, which are typically obtained through the pyrolysis of polymer foams or biomass, possess a three-dimensional interconnected network structure that enables multiple reflections of electromagnetic waves within the pores, thereby drastically increasing radiation absorption. Due to being extremely lightweight and highly resistant to elevated temperatures and corrosion, these materials find critical applications in aerospace, the defense industry, and the protection of electronic devices operating under extreme conditions. Similarly, pyrolytic graphites and films are produced via the pyrolysis of thin polymer films, such as polyimide, resulting in a highly oriented graphite structure with extremely high electrical conductivity. Because they are very thin, flexible, and excellent thermal conductors, they are ideally suited for shielding applications inside smartphones, laptops, and flexible electronics. Furthermore, pyrolysis is frequently utilized to stabilize composites in which carbon nanotubes (CNTs) or graphene are embedded into a polymer matrix that is subsequently carbonized. These advanced composites provide premium shielding performance even at very small material thicknesses, making them highly desirable for manufacturing specialized housings for sensitive medical and telecommunication equipment.
A subsequent study conducted by Isari et al. harnessed the technique of interfacial complexation to fabricate free-standing, ultra-lightweight (3–7 mg/cm³) hybrid filamentous graphene oxide (GO)/MXene cryogels, as depicted in Figure 2a. Impressively, these crafted cryogels exhibited a stellar specific shielding efficiency (SSE/t) ranging from 33,000 to 50,000 dB·cm²/g, without resorting to any chemical or thermal reduction processes. When these aerogel constructs were embedded into an epoxy resin matrix, they produced highly adept EMI shielding nanocomposites, achieving total shielding effectiveness values between 31.7 and 51.4 dB at extremely low filler loadings of 0.3–0.7 wt% across the X-band range.The intricate architecture of these cryogels showcases multiscale porosity, which encompasses macroscale pores between the filaments and aligned, hierarchical microscale pores within the filaments themselves. This sophisticated design drastically amplifies multiple internal reflections between the impedance-mismatching interfaces, leading to a robust dissipation of the incident electromagnetic waves (EMWs), as highlighted in Figure 2b. Furthermore, Figure 2c illustrates the liquid template formation driven by the electrostatic interactions between the GO/MXene flakes and the functional ligands (such as POSS), (Isari A., et al., 2024).
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Figure 2. Schematic illustration of freestanding hybrid filamentous GO–MXene aerogels and their EMI shielding mechanism
In this scenario, the interfacial coalescence of GO with MXene imparts sufficient structural rigidity, allowing the liquid constructs to perfectly retain their distinctive filamentous morphology during processing. 

This breakthrough process opens the door to fabricating 3D structured, freestanding, ultralightweight filamentous materials with tailored compositions. The adaptability inherent to the liquid templating approach holds promise as a pivotal innovation, empowering the creation of custom aerogels with adjustable shielding attributes to meet the requirements of cutting-edge applications. 
3.4 Microwave carbonization
The microwave-based carbonization process has earned significant interest in recent times as it offers higher temperatures, faster pyrolysis, and greater yield. This approach involves the rapid transfer of biomass carbon sources to high temperatures with in relatively short intervals. The microwave-assisted pyrolysis has emerged as a highly promising synthes is technique for the production of carbon compounds derived from biomass precursors. Microwave heating, a type of non-contact energy transfer mechanism, uses materials that absorb microwave radiation at specific frequencies to transform it into thermal energy. The materials used for carbonization by microwave pyro lysis must possess microwave-absorbing properties, as the biomass undergoes carbonization in the presence of microwave radiation. Increased carbonization pro ductivity of the pyrolysis route can be achieved by ad dressing the lack of adequate moisture and incorporating carbonaceous and inorganic elements into biomass. Inclusively, such microwave-assisted carbonization processes are also employed effectively for the synthesis of BC materials. 

Although such carbonization processes have been fruitfully executed to synthesize BC materials, sometimes such approaches have the disadvantage of structural breakdown and inadequate control over the characteristics. Sophisticated instrumental techniques are required to prevent such structural damage to BC materials
4. CONCLUSIONS
In conclusion, BC materials are widely used for EM absorption and EMI shielding due to their enhanced porosity and the presence of oxygen functionalities. Simultaneously, the porous structure accelerates EM transmission and absorption characteristics by providing additional pathways, while the oxygen functionalities act as active sites for various polarizations. Furthermore, compared to other carbon materials such as graphene, CNTs, and graphitic carbon nitride, BC offers the advantage of low cost. Depending on the biomass source, the EM absorption and shielding characteristics are also altered. Moreover, the proper optimization of biomass resources, reaction conditions, and activation processes has a significant impact on the EM properties of BC. Among various biomass sources, wood and its components, such as cellulose and lignin, have been widely utilized as promising feedstocks for BC due to their cost-effectiveness and high abundance. Finally, wood-based BC further exhibits major advantages, such as enhanced conductivity, high structural stability, and lightweight properties. Consequently, integrating wood-derived BC with advanced 2D nanomaterials like MXenes opens up new avenues for developing high-performance, multifunctional shielding composites. Future research should therefore focus on precisely scaling these hybrid structures to meet the growing industrial demand for next-generation electromagnetic protection.
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