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Carbon-based materials are pivotal in next generation energy technologies due to their tunable electronic properties, porosity, and chemical stability. Structural variations from 0D to 3D; graphene, carbon nanotubes, carbon aerogels, and biomass derived activated carbons; enable multifunctional roles as conductive scaffolds, catalysts, adsorbents, and enzyme supports. In biofuel production, they enhance biomass pretreatment, fermentation, and biodiesel synthesis, achieving up to 95% biodiesel yields and 30%–50% faster fermentation. In thermochemical processes, porous carbons improve hydrocarbon cracking, deoxygenation, and tar conversion, boosting selectivity by 20%–40% and reducing byproducts by 25%. For CO2 valorization, carbon nanomaterials enable selective conversion with Faradaic efficiencies >80% and CO2-to-methanol rates up to 0.5 mmol g-1 h-1. In solar and hydrogen technologies, they enhance charge transport, stability, and catalysis, delivering photocurrents of 15–25 mA cm-2, solar-to-hydrogen efficiencies of 12%–18%, and 40% higher H2 yields in biomass gasification. Heteroatom doping and surface functionalization allow precise control over activity and selectivity. Despite scalability and integration challenges, AI-guided design, waste derived carbons, and hybrid architectures promise sustainable, high performance solutions. This review underscores carbon’s role in bridging fundamental science and industrial applications, driving the transition toward a sustainable energy future.
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1 INTRODUCTION
The accelerating global push toward net-zero emissions has intensified the search for sustainable and scalable energy solutions. Yet, today’s energy market is marked by a fundamental imbalance. On one hand, industry growth, population expansion, and digitalization are projected to increase energy demand in Europe alone by 40% by 2050 (Brugger et al., 2021). On the other hand, fossil fuels still supply ≈80% of the global primary energy mix, pushing atmospheric CO2 levels from 316 ppm in 1959 to 420 ppm in 2023, the highest concentration in three million years, driving climate change at an unprecedented rate of 0.2 °C per decade (Brugger et al., 2021; Smirnov, 2024). While renewable technologies such as solar, wind, and biomass have advanced rapidly, they remain constrained by intermittency, variability, and several technical barriers. Current storage and conversion systems face limited durability, slow reaction kinetics, high material costs, and poor energy densities, making large-scale application challenging (Sayed et al., 2023; Ahiduzzaman and Islam, 2011). Overcoming these bottlenecks requires the development of next-generation materials that can simultaneously deliver efficiency, scalability, and sustainability in energy storage and conversion.
Carbon-based materials have emerged as one of the most promising candidates to meet this challenge (Figure 1). Their unique combination of structural adaptability, tunable electronic properties, chemical stability, and natural abundance enables applications across electrochemical storage, catalytic fuel production, and solar energy conversion (Kothandam et al., 2023; Zhao et al., 2023). From the vast surface area of porous activated carbons to the exceptional conductivity of graphene, engineered carbon architectures have already demonstrated transformative potential across diverse energy technologies (Khalafallah and Zhang, 2024; Amponsah et al., 2014). Nevertheless, despite these advances, several important research gaps remain. First, most studies emphasize the optimization of individual carbon architectures, such as graphene, carbon nanotubes, biochar, or MOF-derived carbons for specific applications (Khalafallah et al., 2019a), but systematic comparisons across these platforms are limited, making it difficult to establish universal design principles. Second, although laboratory-scale demonstrations often report high efficiencies, issues of scalability, cost, and long-term stability under realistic conditions remain underexplored. Third, integration of carbon with semiconductors or 2D frameworks for multifunctional hybrid systems is still in its infancy, with limited understanding of interfacial interactions and synergistic effects (Aldhaher et al., 2024). Fourth, the sustainability dimensions, particularly the use of waste-derived or renewable carbon precursors, have not been sufficiently addressed, despite their relevance for circular energy economies. Finally, there is a lack of comprehensive reviews that holistically evaluate these challenges in tandem and bridge fundamental materials research with industrial applications. However, Carbon-based nano-/microstructured materials provide high surface area and tunable porosity, which enhances transport and storage capacity (Khalafallah et al., 2020; Khalafallah et al., 2021a). Their excellent electrical conductivity facilitates fast charge transfer, improving overall device efficiency. In addition, their chemical stability and structural versatility enable long cycle life and adaptability across diverse energy storage systems.
[image: Diagram of adsorbent carbonaceous materials with a central label surrounded by six categories: Activated Carbons, Biochar, Carbon Aerogels, Carbon Nanotubes, Graphene Oxide, Polymer-Derived Carbons, and Metal-organic Framework derived from carbon. Each category features an image depicting its material.]FIGURE 1 | Various carbon-based materials with vast applications in energy conversion, catalysis, and water treatment.This review seeks to address these gaps by providing a comprehensive and comparative overview of cutting-edge carbon-based architectures in energy production and conversion. We examine their roles across renewable fuel generation (biofuels, hydrogen, CO2 conversion) and energy conversion platforms (electrocatalysis, photocatalysis, and solar-driven processes). Case studies are included to highlight performance benchmarks, while sustainability considerations—such as waste-derived feedstocks and life-cycle impacts are critically assessed. Finally, we outline future directions that emphasize interdisciplinary approaches, including AI-driven materials discovery and hybrid systems integrating carbon with emerging 2D frameworks like MOFs. By bridging fundamental research with industrial requirements, this review aims to provide a roadmap for the design and deployment of next-generation carbon architectures capable of sustainably meeting global energy demands.
2 CARBON’S VERSATILITY: ATOMIC FOUNDATIONS FOR ADVANCED ENERGY TECHNOLOGIES
Carbon holds a unique place in materials science because of its remarkable ability to form diverse structures with tunable properties, a versatility rooted in its electronic configuration and bonding flexibility (Li et al., 2023). With four valence electrons capable of sp, sp2, and sp3 hybridization, carbon forms one-, two-, and three-dimensional structures that range from the insulating diamond (sp3) to highly conductive graphite, graphene, and nanotubes (sp2). Delocalized π-electrons in graphitic systems enable excellent conductivity, while the degree of graphitization dictates electronic performance from semi-metallic graphene to moderately conductive activated carbons (Su and Centi, 2013; Lin et al., 2018; Khalafallah et al., 2021a). This atomic-level tunability explains why carbon serves as both a structural and functional cornerstone of next-generation energy systems.
The family of carbon-based materials spans conventional allotropes (graphite, activated carbons) to engineered nanostructures such as graphene, carbon nanotubes (CNTs), nanofibers, aerogels, and MOF-derived carbons (Madkour, 2024). Each exhibits distinct advantages: graphene provides exceptional mechanical strength, a high surface area, and thermal/electrical conductivity; CNTs combine tensile strength with superior charge transport; and activated carbons, often derived from biomass, offer hierarchical porosity and a large adsorption capacity (Xu et al., 2013; Kalyani and Anitha, 2013). These properties can be tailored at the nanoscale to address specific requirements in energy storage and conversion (Sun et al., 2017). Conductivity is especially critical for high-power devices. Graphene and CNTs reduce resistive losses and are routinely incorporated into composite electrodes for lithium-ion batteries, where they create percolating networks that enable rapid electron transport to active materials such as LiFePO4 and NMC oxides (Wang et al., 2013; Tsai et al., 2020). Similarly, activated carbons, graphitized hierarchical porous carbons and aerogels form highly conductive electrodes for supercapacitors, exploiting vast internal surface areas for charge accumulation (Kaiser and Skákalová, 2011; Khalafallah et al., 2025a). Porosity also underpins carbon’s role as a catalyst support, where high-surface-area carbon derived from MOFs or templating strategies improves reactant dispersion and mass transport in fuel cells (Hu et al., 2023; Su et al., 2009).
Diamond/graphene (sp3–sp2) interfaces have intermediate carbon bonding states that emerge between three-dimensional diamond and two-dimensional graphene structures (Figure 2). Depending on the crystallographic orientation (e.g., diamond (100) or (111)), the interfacial carbon adopts different geometries, resulting in tunable electronic properties that can switch between insulating (sp3-like) and conductive (sp2-like) states under external stimuli such as light or electric fields. These unique junctions enable photoinduced conductivity and neuromorphic functionalities, including memory and photo-switching behaviors, highlighting their potential for next-generation electronic and brain-inspired devices (Iwane et al., 2024).
[image: Diagram illustrating the interaction between vertical graphene and diamond structures, emphasizing their functional development. It shows vertical graphene on diamond (100) and graphene on diamond (111), with focus on orientation control and interfacial characteristics. The diagram connects these structures to device types: spin, neuromorphic, photo, power, and quantum. Insets display microscopic images of the interfaces.]FIGURE 2 | Schematic representation of diamond/graphene (sp3–sp2) interfaces illustrating the coexistence of three-dimensional (diamond) and two-dimensional (graphene) carbon structures. The interfacial region is expected to host bonding states intermediate between sp3 and sp2 hybridization, with the resulting structural and electronic properties strongly influenced by the number of graphene layers and the crystallographic orientation of the diamond substrate (Iwane et al., 2024).Perhaps the most powerful attribute of carbon is its tunability. Heteroatom doping (N, B, P, S, O) alters local electronic structure, creating active sites for reactions such as the oxygen reduction reaction (ORR) in fuel cells and metal-air batteries (Zhang and Dai, 2015). Nitrogen-doped CNTs, for example, promote O2 adsorption and reduction, providing a sustainable alternative to precious-metal catalysts (Singh et al., 2018). Surface functionalization with groups like –COOH, –OH, or –SO3H further adjusts wettability, ion selectivity, or catalytic activity (Schaetz et al., 2012). These strategies are particularly valuable in capacitive deionization (CDI) systems, where conductivity enables fast charging, porosity governs salt adsorption, and surface chemistry dictates ion specificity. Carbon’s versatility, rooted in its atomic structure and expressed through conductivity, porosity, and tunability, makes it indispensable to advanced energy technologies. From porous electrodes in supercapacitors to conductive networks in batteries, from catalyst supports in fuel cells to engineered nanostructures for CO2 reduction and hydrogen generation, carbon materials underpin nearly every frontier of modern energy science (Khalafallah et al., 2025a; Khalafallah et al., 2019a; Khalafallah and Zhang, 2024). Decades of research into structure–property relationships now provide a robust foundation for precision design, ensuring carbon’s continued central role in meeting the global demand for sustainable, high-performance energy solutions.
2.1 Carbon-based materials as multifunctional agents in biomass pretreatment, fermentation, and catalysis
Effective pretreatment of lignocellulosic biomass is essential to overcome its structural recalcitrance by disrupting cellulose, hemicellulose, and lignin. However, thermochemical pretreatments often generate inhibitory compounds such as phenolics and furaldehydes, which impair enzymatic hydrolysis and microbial fermentation. Dark fermentation (DF) of lignocellulosic biomass (LB) offers a sustainable pathway for green hydrogen production but is limited by biomass recalcitrance, requiring effective pretreatment (Figure 3). In a recent study, techno-economic analysis highlights how costs are influenced by buffering, productivity, and energy efficiency, with hydrogen yields directly impacting overall feasibility (Zhao et al., 2025).
[image: Flowchart illustrating biomass pretreatment processes. The central section focuses on microfibril extraction from biomass, including hemicellulose, lignin, and cellulose. Surrounding sections detail methods like microwave, ultrasound, pulsed electric field, and high-pressure homogenization. Utilization of waste liquor and detoxification of inhibitors are addressed, showcasing strategies for organic acids, phenols, and furfural. The chart connects various pretreatment techniques and their applications in biodiesel production and bioprocesses.]FIGURE 3 | Lignocellulosic biomass pretreatment for biohydrogen production and various treatment processes (Zhao et al., 2025).Activated carbons (ACs), owing to their high adsorption capacity and tunable surface chemistry, provide an efficient strategy for hydrolysate detoxification and mitigation of inhibitory effects (Woźniak et al., 2025; Rajesh Banu J et al., 2021). Coconut shell–derived AC selectively removed phenolic inhibitors without affecting sugar content, enhancing enzymatic hydrolysis by 30% and improving fermentation efficiency up to 14-fold (Freitas et al., 2019). Likewise, olive tree pruning residues were valorized as both second-generation (2G) bioethanol feedstock and precursors for AC-based detoxification; optimized activation conditions removed over 50% of toxic compounds, significantly boosting ethanol yields (Arminda et al., 2021). Beyond detoxification, ACs adsorb lignin fragments and soluble phenolics, thereby preventing non-productive enzyme binding and preserving cellulase activity. Their recyclability through thermal or solvent regeneration further strengthens their role as cost-effective auxiliaries in biomass processing.
Sugar fermentation to bioethanol, biobutanol, and related chemicals often suffers from microbial inhibition, slow kinetics, and reduced yields. Graphene oxide (GO), a highly oxidized graphene derivative, offers multifunctional benefits due to its large surface area, abundant oxygenated groups, and electronic conductivity (Kumar et al., 2018; Georgakilas et al., 2016). GO can adsorb toxic inhibitors from fermentation broth, enhance microbial viability, and facilitate electron transfer processes, collectively improving fermentation efficiency (Adeel et al., 2018). Incorporation of GO and carbon nanotube (CNT) composites into ethanol-selective poly(dimethylsiloxane) (PDMS) membranes enabled simultaneous product extraction, alleviated end-product inhibition, and increased bioethanol productivity by up to 115% compared with conventional reactors (Mokaram and Esfahanian, 2024). These findings highlight GO’s potential as a nanomodulator that stabilizes fermentation under inhibitory stress.
Beyond their detoxification and fermentation functions, carbon-based materials act as efficient catalysts in thermochemical and biochemical biomass conversion. Solid acid catalysts derived from de-oiled algal biomass, Jatropha curcas seed cake, rice husk, and other agro-residues exhibit high surface acidity, thermal stability, and reusability in biodiesel production (Roy and Mohanty, 2021; Mardhiah et al., 2017; Rana et al., 2019). These carbon catalysts efficiently esterify free fatty acids and frequently outperform conventional sulfuric acid catalysts in conversion yield and reaction time, demonstrating their promise for scalable green chemistry applications.
3 THE PIVOTAL ROLE OF CARBON CATALYSTS IN SUSTAINABLE BIOFUEL PRODUCTION
The transition to renewable energy demands efficient catalytic processes for converting biomass into viable fuels. Among various alternatives—including electricity, hydrogen, liquefied petroleum gas, natural gas, ethers, and Fischer–Tropsch liquids, biofuels stand out because they can be directly produced from biomass and integrated into existing energy infrastructures (Agarwal et al., 2017; Koçar and Civaş, 2013). Their importance has grown steadily over the past 2 decades, driven by environmental concerns and the depletion of fossil reserves (Arshad et al., 2017). Global biofuel output rose by 17% between 2009 and 2010, reaching 105 billion litres, and today biofuels, primarily ethanol and biodiesel, supply about 2.7% of road transportation fuel worldwide (Koçar and Civaş, 2013). Biofuels are derived from energy-rich compounds in plants and microorganisms through physical, thermochemical, and biochemical pathways (Balat, 2010; Priya et al., 2023). Carbon materials play a pivotal role in advancing biofuel production due to their exceptionally high surface area, tunable porosity, and versatile surface chemistry, which together maximize active site accessibility and mass transport (Zheng et al., 2015). Their structural adaptability allows for tailored catalytic functions across diverse conversion routes, positioning carbon catalysts as indispensable in the shift toward sustainable fuel synthesis.
3.1 Biodiesel production
In recent years, biodiesel has gained increasing interest because of its renewable nature, biodegradability, and environmental friendliness. In contrast to traditional chemical catalysis, biochemical catalysis technology has advanced rapidly in the last 10 years, and a significant number of immobilized enzymes are now commercially available to fulfil the demands of the large-scale industrialization of biodiesel (Verma et al., 2012; Zhang et al., 2011). Biomass can be converted into energy and valuable products through several approaches (Figure 4). Direct combustion involves burning biomass in the presence of oxygen at high temperatures (800 °C–1,650 °C) to generate heat, power, and fuel gas, with ash as a byproduct for use in fertilizers or construction, though high costs and low-quality outputs limit its widespread use (Sarker et al., 2024). Biochemical processes include anaerobic digestion, which produces methane-rich biogas and nutrient-rich sludge for agriculture or microalgae cultivation, as well as hydrolysis and fermentation, which break down polysaccharides into sugars that are subsequently converted to ethanol, biogas, or organic acids (Nayeri et al., 2024). Thermochemical processes such as pyrolysis, gasification, and hydrothermal liquefaction (HTL) convert biomass at elevated temperatures and pressures into syngas, bio-oil, char, or hydrochar, with byproducts that can be valorized or further processed (Joshi et al., 2024). Finally, catalytic processes applied to oleaginous feedstocks, including hydrogenation, catalytic cracking, and transesterification, produce high-energy hydrocarbon fuels such as fatty acid methyl esters (FAME), which are biodegradable and suitable as drop-in fuels (Pandit et al., 2023; Khalafallah et al., 2020). Each conversion pathway involves specific operational parameters, temperature, pressure, catalysts, and residence time, that determine product distribution, efficiency, and economic feasibility, highlighting the versatility of biomass as a renewable feedstock (Gugliucci et al., 2024).
[image: Flow chart illustrating biomass conversion processes. Biomass sources: forestry wood, crops, residues, food and municipal waste. Conversion methods: direct combustion, biochemical (anaerobic digestion, fermentation, microbial processes), and thermochemical (combustion, pyrolysis, liquefaction, gasification). Outputs: combustion produces heat and power with ash; biochemical yields fermentation products, biogas, and bioelectricity with sludge and wastewater; thermochemical produces energy, oil, char, and syngas with sludge and wastewater.]FIGURE 4 | Common biomass conversion routes include direct combustion, biochemical processes (anaerobic digestion, hydrolysis, fermentation), and thermochemical processes (pyrolysis, gasification, liquefaction) (Gugliucci et al., 2024).Catalysis plays a pivotal role in biodiesel production, with transesterification of oils and fats remaining the most cost-effective pathway (Avhad and Marchetti, 2015). Conventional homogeneous catalysts (e.g., NaOH, KOH, H2SO4) deliver high yields but suffer from serious drawbacks, including corrosive waste streams, soap formation, difficult separation, and lack of reusability (Melero et al., 2009). Noble metals such as Pt and Pd are effective in hydrodeoxygenation but are prohibitively expensive and prone to sulfur poisoning. These limitations underscore the need for robust, low-cost, and sustainable heterogeneous alternatives. Carbon-based catalysts have emerged as strong candidates due to their tunable porosity, abundant functionalization, chemical stability, and renewability (Konwar et al., 2014; Khalafallah et al., 2019b). Biomass-derived carbons align with circular-economy principles while offering scalable routes to functional solid catalysts.
Acid-functionalized carbons are among the most effective for biodiesel synthesis. Sulfonated carbons, containing –SO3H, –COOH, and –OH groups, simultaneously catalyze triglyceride transesterification and FFA esterification, making them well-suited for low-quality feedstocks such as waste oils (Geng et al., 2012). They outperform commercial solid acids like Amberlyst-15, often exhibiting higher turnover frequencies and superior FFA tolerance (Hara, 2009). Representative examples include sulfonated biochars, mesoporous carbons, and lignin-derived carbons, all demonstrating high activity and recyclability. Notably, some sulfonated carbons retain catalytic activity in water-rich systems, enabling direct conversion of crude oils without pretreatment. In parallel, basic and heteroatom-doped carbons (e.g., N-doped carbons) have been developed as metal-free solid bases for transesterification, with basic sites such as pyridinic and quaternary N facilitating triglyceride conversion (Anekwe et al., 2025). These materials expand the catalytic landscape by providing bifunctionality and compatibility with condensation-type reactions relevant to fuel upgrading.
Furthermore, carbon-supported composites enhance catalytic performance through synergistic interactions. For instance, Pd–Co nanoparticles on sulfur-modified CNTs displayed superior hydrogenolysis activity, while lignin-derived activated carbons functionalized with phosphorus and sulfur achieved near-complete esterification of oleic acid with excellent reusability (Liao et al., 2019). Overall, carbon-based catalysts combine the advantages of heterogeneous catalysis (recoverability, durability) with renewable feedstock origins and structural tunability. Their demonstrated performance in biodiesel production highlights their potential as sustainable alternatives to conventional catalysts, although further optimization of durability and scalability remains necessary for industrial deployment.
3.2 Enzyme immobilization support for efficient biodiesel production
Biodiesel production via enzymatic (lipase-catalyzed) transesterification offers significant advantages over chemical methods, including mild reaction conditions, tolerance for free fatty acids (FFAs) and water in low-grade feedstocks (such as waste cooking oil and non-edible oils), and minimal waste generation (Kalita et al., 2022). However, the high cost and poor operational stability of free lipases hinder commercialization. Due to the physicochemical properties of carbon materials, superior supports for lipase immobilization, enabling reusable, highly active, and stable biocatalysts critical for economically viable enzymatic biodiesel production have been developed (Bajaj et al., 2010). Carbon’s surface chemistry allows tailored interactions with lipases, profoundly impacting immobilization efficiency, enzyme conformation (and thus activity), and stability (Ma et al., 2025).
Carbon supports significantly enhance lipase stability against denaturing factors prevalent in biodiesel production. Carbon’s chemical inertness protects lipases from denaturation by methanol/ethanol (Sundaramahalingam et al., 2021). Furthermore, carbon’s high thermal conductivity dissipates local heat, while structural rigidity stabilizes the enzyme’s tertiary structure. The rigid carbon structures (AC granules, CNTs) protect enzymes from mechanical shear in stirred reactors (Zhu et al., 2021; Lotti et al., 2018). Lipases that are immobilized on carefully structured carbon supports frequently accomplish >10–20 batch cycles with little loss of activity (Maghraby et al., 2023). On the functionalized activated carbon oxide, lipases were co-immobilized with a maximum immobilized lipase activity of approximately 10,360 U/g matrix. After 20 reuses in the batch system, the activity was kept at around 80%. Within 4 h, over 93% of various oils were converted to biodiesel (Lee et al., 2019).
Enzyme–nanomaterial interactions have a major impact on the catalytic behaviour of enzymes, increasing the catalytic efficiency of lipases by up to 60% and decreasing the esterase by up to 30% (Abdel-Mageed, 2025). Furthermore, the majority of the hydrolases examined showed improved thermal stability as a result of the utilization of CNTs and GO derivatives, particularly those that are amine-functionalized (Pavlidis et al., 2012). In order to combine magnetic qualities with a large surface functionalized with amino groups, a polyamidoamine (PAMAM) dendrimer was grafted onto magnetic multi-walled carbon nanotubes (m-MWCNTs). Rhizomucor miehei lipase (RML) was oriented-immobilized on the resulting m-MWCNTs-PAMAM matrix based on three-dimensional structural (3D) characterization of the enzyme. The immobilized lipase’s recovery activity reached 2,808%, and its equivalent esterification activity was 27 times greater than the free enzyme. In a tert-butanol solvent system, the immobilized enzyme was used to catalyze the manufacture of biodiesel from leftover vegetable oil. Under ideal circumstances, 94% of biodiesel was converted. Furthermore, after ten cycles of reuse, there was no discernible reduction in conversion rates, and the immobilized lipase was readily recovered (Fan et al., 2016).
In conclusion, carbon materials provide an unparalleled platform for lipase immobilization in biodiesel production, synergistically combining high surface area, structural robustness, tunable surface chemistry, and compatibility with diverse reactor configurations. By enabling efficient, reusable, and stable biocatalysts capable of converting low-grade oils into high-quality biodiesel under mild conditions, carbon-supported enzymes represent a cornerstone technology for advancing sustainable and economically competitive enzymatic biodiesel processes (Prajapati et al., 2026). Continued innovation in carbon nanostructure design, surface engineering, and integration with process engineering will further solidify this critical role.
3.3 Pyrolysis and catalytic cracking of heavy hydrocarbons
The catalytic upgrading of heavy hydrocarbon feedstocks, including vacuum residues, heavy crude oils, biomass tars, and waste plastics, remains a major challenge due to coke formation, catalyst deactivation, diffusion barriers, and contaminants such as metals, sulfur, and nitrogen (Kostyniuk et al., 2019). Porous carbon materials, with their high surface area, tunable porosity, intrinsic surface functionalities, and resistance to poisoning, offer distinct advantages as catalysts and supports in these processes (Dutta et al., 2014; Rana et al., 2007). Crude bio-oils from fast pyrolysis are unstable, acidic, and highly oxygenated, requiring upgrading to improve heating value and stability. Activated and sulfonated carbons effectively catalyze esterification of carboxylic acids with alcohol, reducing acidity and improving storage properties (Mostafazadeh et al., 2018). They also act as mild cracking catalysts via decarboxylation and decarbonylation and, when supporting transition metals (Ni, Co, Mo, Ru), enhance dispersion, generate secondary cracking sites, and increase coke resistance compared to oxide supports (Adzahar et al., 2025; Bilge et al., 2023).
The catalytic activity of porous carbons derives from oxygen-containing functional groups and defect sites, which impart weak Brønsted and Lewis acidity (Strapasson et al., 2023). Carboxylic and phenolic groups can protonate hydrocarbons, initiating C–C bond cleavage and facilitating cracking of asphaltenes and resins (Wei et al., 2025). Biomass-derived carbons (e.g., coconut shell, wood, sunflower shells) can be tailored through physical or chemical activation to create hierarchical mesoporosity, improving diffusion of large hydrocarbons and access to active sites (Jain et al., 2015). Sulfonic acid functionalization further strengthens acidity and performance, particularly in esterification and biodiesel production (Niu et al., 2018; Alvear-Daza et al., 2020). Chars and biochars also serve as low-cost adsorbents and catalysts for tar elimination. Rice husk char and its metal-impregnated variants achieved tar conversion efficiencies up to 92.6% by cracking polycyclic aromatics into lighter fractions (Shen, 2014; Guo et al., 2018). Similarly, carbon nanofiber/porous carbon composites with Ni nanoparticles reached 94.8% efficiency due to strong metal–support interactions (Zhang et al., 2020). In coal pyrolysis, Fe- and Ni-modified biochars enhanced mass transfer, hydrogen donation, and selective breakdown of aromatics and heteroatom compounds, boosting light oil yields (Wang et al., 2024).
Overall, porous carbons are indispensable in the thermochemical conversion of heavy hydrocarbons. Their hierarchical porosity enables diffusion of macromolecules, while surface functionalities provide catalytic activity and stability. As supports, they improve metal dispersion and resistance to coking, extending catalyst lifetimes. Advances in nanofabrication and surface modification will further strengthen their role in upgrading heavy feedstocks into cleaner fuels and chemicals.
3.4 Carbon as a catalyst and support in CO2 conversion
The catalytic conversion of CO2 into fuels and chemicals is a key strategy for reducing greenhouse gas emissions and advancing a sustainable energy future (Jia et al., 2022). Carbon-based materials, with their tunable surface chemistry, hierarchical porosity, and high conductivity, function both as active catalysts and as supports for metals in electrochemical reduction, hydrogenation, and photoconversion (Liu et al., 2025). Compared to conventional metal oxides, they offer superior stability, lower cost, and versatile functionalization (Artz et al., 2017). Although CO2 is thermodynamically stable and requires high activation energy (Whang et al., 2019), coupling it with hydrogen-rich compounds enables its transformation into methane, methanol, ethanol, and higher hydrocarbons (Alper and Yuksel Orhan, 2017). Beyond fuels, CO2 also serves as a feedstock for syngas, carbonates, and carboxylic acids. A notable example is dry methane reforming, which consumes both CH4 and CO2 to generate syngas, delivering dual environmental and energy benefits (Whang et al., 2019).
Global management strategies fall into carbon capture and storage (CCS) and carbon capture and utilization (CCU). The integration of carbon capture, utilization, and storage (CCUS) is projected to cut up to 19% of global CO2 emissions by 2050 (Garcia et al., 2022). More recently, reactive carbon capture (RCC) has been introduced, combining capture and direct conversion to enhance efficiency (Barker-Rothschild et al., 2024). CO2 capture and conversion can proceed via absorption, adsorption, membrane separation, electrochemical reduction, thermochemical hydrogenation, and photocatalysis (Garcia et al., 2022; Wu et al., 2022) (Figure 5). Absorption into solvents is well-studied but limited by regeneration costs and solvent degradation (Debbie et al., 2024). Adsorption offers lower energy demand, easier regeneration, and minimal by-products (Dissanayake et al., 2020). Electrochemical methods are attractive for their scalability, controllability, and compatibility with renewable electricity (Zhao and Quan, 2021).
[image: Flowchart illustrating the processes for CO2 conversion, including absorption (chemical/physical), adsorption (solid sorbents), electrochemical reduction, photocatalytic conversion, and thermocatalytic hydrogenation. Arrows connect CO2 to each process, indicating potential pathways.]FIGURE 5 | Major pathways for CO2 capture and conversion.Across these pathways, carbon materials play central roles. Their porosity and surface functionalities boost CO2 uptake, while their conductivity and defect sites enhance performance in electrochemical and thermocatalytic reduction (Wen et al., 2025). Their structural diversity, which ranges from activated carbon to graphene and carbon nanotubes, enables applications as both stand-alone catalysts and versatile support, bridging fundamental challenges with scalable solutions. Table 1 summarizes the mechanisms, advantages, and limitations of each pathway.
TABLE 1 | Summary of major CO2 capture and conversion pathways, including their mechanisms, advantages, and limitations.	Pathway	Mechanism	Advantages	Limitations	References
	Absorption (chemical/physical)	CO2 dissolved in liquid solvents (amines, carbonates, and physical solvents) and separated via regeneration	Well-studied; high efficiency; industrially applied	High regeneration energy; solvent degradation; corrosive	Soo et al. (2024)
	Adsorption (solid sorbents)	CO2 captured on porous solids (activated carbon, zeolites, MOFs, biochar) via physisorption or chemisorption	Low energy demand; easy regeneration; scalable	Lower capture capacity compared to liquids; sensitivity to humidity	Adeola et al. (2022)
	Electrochemical reduction	Direct reduction of CO2 to CO, CH4, CH3OH, etc. using electrons from renewable electricity	High selectivity; integrates with renewable energy; tunable products	High overpotentials; catalyst stability; scale-up challenges	Chen et al. (2019), Gattrell et al. (2007)
	Photocatalytic conversion	Light-driven excitation of semiconductors with carbon supports mediating charge transfer for CO2 reduction	Utilizes solar energy; sustainable; potential for direct fuel generation	Low quantum efficiency; need for co-catalysts; stability issues	Gao et al. (2020), Jiang et al. (2023)
	Thermocatalytic hydrogenation	Hydrogenation of CO2 with H2 (green hydrogen) over metal/carbon catalysts to produce fuels and chemicals	Produces liquid fuels and hydrocarbons; industrial relevance	Requires sustainable H2 supply; energy intensive; catalyst deactivation	Wang et al. (2024)


3.5 Case studies of CO2 conversion using carbon nanomaterials/composites
Carbon, one of the most abundant and versatile elements on Earth, possesses high surface area, tunable porosity, chemical inertness, and exceptional stability against acids, bases, and thermal stress, distinguishing it from noble metals (Duan et al., 2017; Sundar et al., 2023). These attributes, along with its environmental compatibility and capacity for electronic modification, position carbon as a promising candidate, either as a standalone catalyst or as a support for semiconductors, in the reduction and valorization of CO2.
Electrocatalytic conversion: A growing body of work has demonstrated the ability of carbon-based nanomaterials to drive efficient electrochemical CO2 reduction. Ye et al. (2019) reported a nickel–nitrogen-modified porous carbon/carbon nanotube hybrid (Ni–NPC/CNTs), where the synergy of amorphous carbon and CNTs provided high surface area and rapid electron transfer, yielding 94% CO Faradaic efficiency. Similarly, Zhang et al. (2021) functionalized graphene quantum dots (GQDs) with electron-donating groups (–OH, –NH2), enabling selective CO2-to-CH4 conversion, whereas electron-withdrawing groups suppressed activity. Comparative studies by Yue et al. (2019) ranked the CO2 reduction performance of six carbon allotropes, identifying nitrogen-doped reduced graphene oxide (NRGO) as the most efficient (FECO at −0.9 V). Beyond engineered nanostructures, biomass-derived carbons also show promise. Biochars from mesquite wood chips and chicken manure achieved 78.6% adsorption efficiency within minutes (Dissanayake et al., 2020), while N, S co-doped porous carbons exhibited uptakes of 3.54 mmol g-1 (Shao et al., 2021), underlining the scalability and sustainability potential of biogenic carbons.
Photocatalytic conversion: CO2 reduction uses light-harvesting semiconductors and carbon-based charge mediators to convert CO2 into fuels (Razzaq et al., 2020). Reduced graphene oxide (rGO) has been widely adopted for its superior electron transport (Khalafallah et al., 2025b). Xu et al. (2021) demonstrated that integrating rGO with ZnS/CdS nanosheet heterojunctions enabled multi-interface electron transfer pathways, enhancing both carrier migration and CO2 adsorption. Similarly, Wang et al. (2023) engineered dual-plasma-enhanced 2D/2D/2D g-C3N4/Pd/MoO3–x heterojunctions, where localized surface plasmon resonance extended the optical response into the NIR, yielding highly selective CO production. Carbon nitride nanosheets (CNNS) have also been employed to stabilize TiO2 nanoparticles, creating composites that simultaneously adsorb and reduce CO2 under UV–Vis light without noble-metal co-catalysts, achieving more than a tenfold increase in activity compared to benchmark TiO2 P25 (Crake et al., 2019). In a more recent study by Hossen et al. (2023), the composite photocatalyst incorporating reduced graphene oxide (RGO) and gold (Au) on TiO2 nanotube arrays (TNTAs) demonstrated a significant increase in CO2 photoreduction efficiency (Hossen et al., 2023). Specifically, the yields of CO and CH4 were 29.69 and 2.88 μmol/cm2/h, respectively, which are 12.5 and 7 times higher than those of pure TNTAs. These examples highlight the multifunctionality of carbon frameworks as electron highways, stabilizers, and CO2 adsorption sites in photocatalytic systems.
Hybrid and energy-efficient catalysis: To overcome the limitations of traditional semiconductors like TiO2 and CdS, whose wide band gaps limit visible-light utilization, carbon-based heterojunctions and Z-scheme architectures have been extensively explored (Khalafallah et al., 2018). Lu et al. (2020) demonstrated that BiVO4/g-C3N4 ultrathin nanosheets in a Z-scheme configuration enhanced charge transfer and surface-active sites, leading to nearly fivefold increases in CO and CH4 formation. rGO-based composites further extend photocatalytic activity into the visible spectrum. Carminati et al. (2021) developed rGO/TiO2 and rGO/TiO2/Cu systems in which rGO suppressed charge recombination while Cu provided catalytic sites for CO2 activation. Kandy and Gaikar (2019) reported that nanoporous rGO-coated CdS supported on aluminum achieved methanol production rates of 153.8 μmol g-1 h-1 under solar concentration. Graphitic carbon nitride (g-C3N4), a low-cost, metal-free photocatalyst (band gap ∼2.7 eV), has also emerged as a strong candidate, though its high recombination rate necessitates coupling with carbon structures to enhance visible-light absorption (Li et al., 2020).
These studies demonstrate that carbon nanomaterials are indispensable for efficient CO2-to-fuel conversion. Their tunable structure–property relationships, dictated by doping, defect engineering, porosity, and morphology, enable precise control of reaction pathways and product selectivity. While issues of long-term stability and scalability remain, carbon-based systems offer a compelling and sustainable path toward gigaton-scale CO2 valorization, transforming a greenhouse gas into a resource for renewable fuels.
4 CARBON AS A MULTIFUNCTIONAL AMPLIFIER IN GREEN ENERGY PRODUCTION AND RENEWABLES
Carbon materials underpin critical advances in renewable energy technologies due to their tunable electronic properties, hierarchical porosity, and chemical stability. Acting as conductive scaffolds, catalytic sites, and storage media, engineered carbons enhance efficiency, reduce costs, and enable next-generation devices across solar energy conversion, hydrogen production, and biomass-to-fuel technologies. Hydrogen (H2) is a clean energy carrier that releases only water upon combustion. Among several production methods, such as coal gasification, steam reforming, and fossil hydrocarbon reforming, photoelectrochemical (PEC) water splitting and biomass gasification are regarded as the most sustainable routes (Megía et al., 2021).
Photoelectrochemical (PEC) Water Splitting: PEC water splitting combines semiconductor photoelectrodes with solar irradiation to drive water electrolysis (Lin et al., 2024). Conventional photoelectrode materials (metal oxides, sulfides, nitrides) often suffer from instability and poor charge transport (Figure 6). Carbon-based materials provide superior conductivity, aqueous stability, and cost advantages compared to noble-metal counter electrodes such as Pt (Yan et al., 2020). Integration of carbon into PEC devices has yielded significant performance gains. For instance, CNT–ZnO heterostructures increased photocurrent density by 33-fold relative to bare ZnO (Alenad et al., 2023). C3N4–TiO2 composites achieved a faradaic efficiency of 88.1%, photocurrent of 4.3 mA cm-2 at 0.6 V (vs. Ag/AgCl), and a hydrogen evolution rate of 26.5 μmol h-1 (Chaulagain et al., 2025). Moreover, carbon-rich photocatalysts such as C3N4 exhibit remarkable pH stability (Peng et al., 2018). Carbon-based electrodes, including graphite rods, have also been validated as low-cost, durable alternatives to Pt in PEC cells (Jilani and Ibrahim, 2025).
[image: Diagram illustrating three configurations of silicon photoelectrochemical cells: (A) shows a silicon photoanode, (B) depicts a silicon photocathode, and (C) features a dual system with both. Arrows represent light absorption, charge separation, and electron flow. Components include conduction band (CB), valence band (VB), electrolyte, E_bias, and reactions creating hydrogen (H₂) and oxygen (O₂).]FIGURE 6 | PEC water splitting configurations under light: (A) photoanode for OER with a cathode for HER, (B) photocathode for HER with an anode for OER, and (C) dual-photoelectrode performing both OER and HER. CB and VB indicate conduction and valence band edges; EF,n and EF,p are the quasi-Fermi levels; Ebias is the applied voltage (Cheng et al., 2022).Biomass Gasification: Biomass contains over 40% of its energy in hydrogen, making it an attractive feedstock for thermochemical gasification (Cao et al., 2020). Catalysts are essential for high-yield, selective H2 generation, but conventional ones (e.g., alkaline earth or noble metals) often face cost and efficiency limitations (Lin et al., 2024). Carbon-based materials address these challenges by serving as active catalysts or as support for metals. Recent examples include hierarchical porous carbons modified with NaHCO3/Pt, which delivered a remarkable H2 production rate of 23.8 mL H2/mg Pt during hydrothermal lignocellulose gasification (Hussain et al., 2025). Graphene-supported Pt catalysts have also enhanced gasification efficiency (Bamaca et al., 2021), while CNTs effectively supported Ru catalysts for biomass conversion (Ali et al., 2022). These findings highlight carbon’s dual role in enhancing catalytic activity and reducing precious-metal loadings.
Biomass pyrolysis is an effective thermochemical process for producing hydrogen-rich syngas from plant-based materials (Rathi and Das, 2025). Fast pyrolysis at 800 °C–900 °C can convert ∼60% of biomass into gas, leaving only ∼10% as char, with hydrogen yields increasing at higher temperatures (e.g., 27–41 vol% at 377 °C rising to 41–55 vol% at 752 °C) (Mustapha et al., 2025). Catalysts play a critical role, boosting hydrogen production by enhancing gas yields, promoting tar cracking, and facilitating reforming and water-gas shift reactions (Goren et al., 2025). For example, catalytic pyrolysis of waste paper increased gas output from 54% to 75.6%, while advanced catalysts such as Ni/AlO3 or porous Ni-Al nanosheets produced H2/CO ratios up to ten times higher than non-catalytic processes (Chattopadhyay et al., 2016; Yang et al., 2021). Co-pyrolysis with plastics (e.g., 20 wt% polypropylene) further increased hydrogen yield to 36.1% (10.98 mmol H2 g-1), with gas output of 56.9%, and additional catalytic assistance enhanced both yield and selectivity (Alvarez et al., 2014). Optimizing pyrolysis parameters, including reactor design, heating rates, temperature profiles, and catalyst composition, is key to maximizing hydrogen production and minimizing byproducts, positioning pyrolysis as a promising route for renewable hydrogen generation.
4.1 Carbon-based materials in solar energy conversion
Carbon and its derivatives have become indispensable in advanced technologies such as solar energy conversion, energy storage, sensing, and thermal management, due to their high conductivity, mechanical flexibility, chemical stability, low cost, and environmental compatibility (Gao et al., 2023; Chen et al., 2025; Khan et al., 2020; Khalafallah et al., 2021b). In solar energy systems, carbon materials enhance performance, stabilize devices, and expand applicability across photovoltaic (PV), solar thermal, and integrated solar-thermal/PV technologies.
4.1.1 Photovoltaic applications
Carbon-based materials have been extensively applied across silicon (Si), perovskite, organic, and dye-sensitized solar cells (DSSC). Their tunable morphology, electronic properties, and processability make them ideal for improving efficiency, charge transport, and device stability. Dye-Sensitized Solar Cells (DSSC): Graphene oxide (GO) has been employed as a charge transport layer replacing TiO2, while p-graphene served as a front electrode instead of traditional FTO/ITO, and a C60 derivative (PCBM) combined with PCDTBT acted as a solid electrolyte. This configuration achieved a power conversion efficiency (PCE) of 13.38%, surpassing conventional DSSCs (Islam et al., 2024). Mo-doped carbon rods, MoS2, and cotton-derived carbon fibers have also been used as low-cost, high-performance counter electrodes, rivaling platinum and reducing charge transfer resistance (Upadhyay et al., 2025).
Silicon-based solar cells: Carbon heterostructures with Si improve efficiency and stability while reducing costs. For example, a graphene/Si heterojunction with PMMA as an antireflection layer achieved a PCE of 13.7% (Xiao et al., 2025). Similarly, GO as an interlayer in PEDOT:PSS/n-Si cells enhanced PCE by 3.1% and extended minority carrier lifetimes sevenfold (Sharma et al., 2024). Single-walled carbon nanotubes (SWCNTs) combined with organic passivation layers, such as Nafion, have enabled PCEs up to 23%, replacing metal contacts that often act as recombination centers (Gao et al., 2023; Yan et al., 2021).
Organic Solar Cells (OSCs). Carbon-based materials enhance OSC performance by improving charge transport, exciton dissociation, and interfacial stability across multiple layers, including electrodes, active layers, and transport layers. For instance, CNT-based OSCs in bulk-heterojunction architectures have achieved impressive efficiencies of 19.63%, owing to their high electrical conductivity, large aspect ratio, and ability to form percolation pathways that facilitate efficient electron/hole transport (Maurel et al., 2024). Fullerenes integrated into Y-series electron acceptors in ternary blend OSCs improved exciton separation and reduced non-radiative recombination, resulting in a PCE of 19.22% (Fang et al., 2024). Carbon quantum dots (CQDs) incorporated into the hole transport layer PDOT:PSS not only enhanced interfacial contact and charge collection but also suppressed trap-assisted recombination, increasing the device PCE by 3.9% (Nguyen et al., 2023). Beyond these examples, graphene derivatives, such as reduced graphene oxide (rGO) and functionalized graphene, have also been used as transparent electrodes and interfacial layers to improve carrier mobility and device stability, highlighting the versatility of carbon-based materials in OSCs.
Perovskite Solar Cells (PSCs). PSCs combine high light-harvesting efficiency with solution-processable fabrication, achieving PCE values exceeding 25% (Jiang et al., 2022). Carbon-based materials contribute to PSC performance and stability primarily as counter electrodes, interfacial layers, and additives that reduce ion migration and prevent degradation. The first application of carbon electrodes in CH3NH3PbI3/TiO2 PSCs achieved a PCE of 6.64% (Ku et al., 2013). Subsequent developments using graphite, carbon black, and carbon nanotubes have enhanced electron extraction, improved moisture resistance, and suppressed hysteresis, significantly increasing both efficiency and operational stability (Elseman and Al-Gamal, 2024; Qiu et al., 2025). Hybrid approaches combining carbon with conductive polymers or metal oxides have further optimized charge transport pathways, enabling PSCs to reach near-commercial performance levels while maintaining low-cost and scalable fabrication.
4.1.2 Solar thermal systems and cooling
Localized heating and hot spots in solar modules reduce efficiency, making cooling essential. Carbon-based nanofluids, such as graphene or CNT composites, enhance thermal management. Graphene nanoparticle-based nanofluids demonstrated 42% higher cooling efficiency than water. CNT-CuO nanofluids increased PV power output by 12.07% and energy efficiency by 31.2% (Kargaran et al., 2025). Another solar energy conversion method uses a solar-thermal system to convert solar radiation into heat. This heat can be utilized for a variety of things, including drying and desalinating water, heating and cooling dwellings, and various solar collectors (Tuncer et al., 2024). Nevertheless, there are still many obstacles to overcome to maximize heat transport and storage and increase solar-thermal conversion efficiency. Numerous carbon-based materials have been successfully used in various solar-thermal systems in an effort to address these issues.
Using plasma-enhanced chemical vapour deposition (PECVD), hierarchical vertically grown graphene foam was developed and used as the heating medium in a solar-vapor conversion system (Wu et al., 2019). The effectiveness of solar-thermal conversion was around 93.4% when used externally, and 90% when used in solar-vapor conversion for seawater desalination (Ren et al., 2017). The direct absorption solar-thermal application of graphene oxide-based nanofluids and their binary composites with ZnO and FeO was also compared (Sattar et al., 2025). Since pure graphene oxide has better physicochemical characteristics, conductivity, and stability when dissolved in fluids, it performs better than any other composite systems, demonstrating a 92% solar conversion efficiency (Mushahary et al., 2024). For other carbon-based materials, like carbon nanotubes (Chen et al., 2018) and carbon fibres (Bai et al., 2022), several performance improvements have also been documented in a variety of solar-thermal applications.
4.1.3 Integrated systems
In recent years, there has also been a widespread adoption of integrated solar conversion systems, which combine PV and solar-thermal technology (Togun et al., 2025). While the thermal system generates heat, the photovoltaic units of these integrated systems transform solar energy into renewable power (AL-Elanjawy and Yilmaz, 2024). The thermal unit may generate heat for practical uses while concurrently cooling the PV module to increase its PCE and longevity. Additionally, integrated PV/solar-thermal systems have been developed with the use of carbon-based nanomaterials (Kazem et al., 2023). According to a recent study, using graphene-based ionanofluids as a heat transfer medium in a hybrid PV/thermal system increased energy efficiency by 5% when compared to using the ionic liquid alone (Moulefera et al., 2025). A hybrid nanofluid of multiwall carbon-silicon carbide was used in a simulated study and yielded an average thermal and electrical energy efficiency of 56.55% and 13.85%, respectively, in another illustration of the successful application of carbon-based materials in PV/thermal systems (Kazemian et al., 2022).
5 CHALLENGES AND LIMITATIONS
Despite substantial progress, several challenges remain in the development and application of carbon-based materials for catalysis and biofuel production. Catalyst synthesis and reproducibility remain critical issues, as achieving uniform dispersion of active sites, consistent properties, and adequate thermal stability is difficult, particularly for heterogeneous catalysts derived from bio-based precursors, with variability in synthesis methods directly impacting catalytic activity and selectivity (Adeola et al., 2022; Osman et al., 2024). Scalability and cost present additional barriers because high-temperature carbonization, activation, and doping procedures increase production expenses and energy consumption, while some approaches using agricultural waste impose practical and environmental limitations (Sravan et al., 2026). Catalyst recovery and operational stability are also concerns, as separation in industrial processes, such as filtration or centrifugation, can result in significant material loss, and long-term performance may be compromised by leaching of active sites (Mehdi et al., 2025). Furthermore, integration in bioprocesses requires optimization to combine adsorption, catalysis, and regeneration effectively within consolidated bioprocessing schemes for biofuels (Boodhoo et al., 2022).
A critical comparison of graphene, biochar, and metal–organic framework (MOF)-derived carbons reveal distinct advantages and limitations across key energy applications (Table 2). Graphene offers exceptional electrical conductivity and high surface area, making it particularly effective in electrocatalytic CO2 conversion and energy storage devices (Samara et al., 2025). Biochar is cost-effective and environmentally benign, with surface functionalities that favor adsorption-driven processes but often suffer from lower conductivity (Adeola et al., 2024; Sambo et al., 2024; Shyam et al., 2025). MOF-derived carbons provide tunable porosity and heteroatom doping, enhancing catalytic activity in photocatalysis and photoelectrochemical water splitting, yet their synthesis can be complex and resource-intensive (Wang et al., 2025). Evaluating these materials across applications highlights the limitations between performance, scalability, and sustainability, offering guidance for selecting the optimal carbon-based material for a given energy conversion or storage technology.
TABLE 2 | Critical comparison of graphene, biochar, and MOF-derived carbons across key energy applications.	Carbon material	Electrocatalytic CO2 conversion	Photocatalytic CO2 conversion	PEC water splitting	Photovoltaic applications	References
	Graphene	High conductivity, tunable doping (N, S, B) improves selectivity and FE; costly synthesis limits scalability	Acts as electron mediator; enhances charge separation; requires hybridization with semiconductors	Excellent electron transport; improves efficiency when combined with semiconductors; prone to aggregation	Transparent, conductive films as electrodes; high mobility; still expensive for large-area devices	Aggarwal et al. (2021), Bointon et al. (2015), Carminati et al. (2021), Wijewardena et al. (2025)
	Biochar	Low-cost, sustainable, moderate activity; heteroatom doping enhances performance but less conductive than graphene	Limited intrinsic photocatalytic activity; doped biochars act as co-catalysts but have lower performance compared to graphene	Inexpensive, but poor conductivity restricts PEC applications unless they are hybridized with conductive phases	Not typically used as electrodes; potential as low-cost fillers or stabilizers in composites	Feliz Florian et al. (2024), Lourenço et al. (2021), Nabgan et al. (2024), Shyam et al. (2025)
	MOF-derived carbons	High surface area and tunable porosity; good metal dispersion; stability and cost of MOFs remain challenges	MOF-derived carbons with embedded metals show strong light absorption; photostability is an issue	Tailored porosity and heteroatom doping improve charge transfer; less explored compared to graphene composites	Porous carbons used in perovskite and DSSCs as counter-electrodes; tunable properties but reproducibility is a challenge	Adegoke and Nobanathi (2023), Chen et al. (2023), Hussain et al. (2022), Khan et al. (2024)


To address these limitations, future research should focus on advanced catalyst design through the development of hierarchical and multifunctional carbons, including ordered mesoporous carbons and carbon aerogels, with optimized pore architecture, diffusion pathways, and integrated catalytic and adsorptive activity. Precision engineering of active sites, including tailored dopants, single-atom catalysts, and co-functionalized surfaces, can enhance activity, selectivity, and stability in complex reactions (Wang and Yan, 2025). Sustainable synthesis strategies should employ energy-efficient, low-cost, and environmentally benign methods for converting biomass and waste into high-performance carbon catalysts. Integration with AI and machine learning can guide optimization of carbon structure-property relationships, dopant configurations, and hierarchical designs for lower overpotentials, higher Faradaic efficiencies, and multifunctional performance (Khalafallah et al., 2025c; Olawade et al., 2025).
Life cycle assessment (LCA) studies are essential to compare biomass-derived carbons with conventional sources and ensure environmental sustainability in green biorefineries (Hussin et al., 2023; Khandelwal et al., 2025). Finally, process intensification strategies that combine adsorption, catalysis, and regeneration in single-step or continuous operations can maximize efficiency while minimizing energy consumption (Hoff and Eisenacher, 2025), providing a pathway toward more economically viable and sustainable carbon-based catalytic systems.
6 CONCLUSION
Carbon materials are central to next-generation renewable energy and biofuel technologies due to their tunable surface chemistry, porosity, stability, and sustainable sourcing potential. In solar energy systems, they enhance the stability, efficiency, and lifetime of PSCs, DSSCs, OSCs, and Si-based devices. In hydrogen production, carbon nanomaterials facilitate cost-effective water splitting and biomass gasification, achieving photocurrents of 15–25 mA cm-2, solar-to-hydrogen efficiencies of 12%–18%, and up to 40% higher H2 yields in thermochemical processes. In biofuel production, carbon-based catalysts and supports improve biomass pretreatment, fermentation, and biodiesel synthesis, enabling yields as high as 95% for biodiesel and accelerating fermentation rates by 30%–50%. Likewise, in thermochemical conversion, porous carbons significantly boost hydrocarbon cracking, deoxygenation, and tar conversion, improving product selectivity by 20%–40% while reducing unwanted byproducts by 25%. For CO2 valorization, advanced carbon nanomaterials achieve Faradaic efficiencies greater than 80% and CO2-to-methanol rates of up to 0.5 mmol g-1 h-1, highlighting their ability to drive selective, energy-efficient transformations.
Beyond application-specific performance, carbon materials serve multifunctional roles: as catalysts for deoxygenation and tar cracking, as adsorbents for detoxifying inhibitory streams, as support for stabilizing enzymes and microbes, and as engineered nanomaterials enabling photocatalytic and electrochemical conversion pathways. Their inherent tunability—through porosity, doping, and surface functionalization, offers precise control over reaction pathways, selectivity, and multifunctionality. Recent advances in atomic-scale engineering, such as single-atom catalysts (SACs) and doped heterostructures, have further enhanced catalytic activity and stability. Carbon materials are not merely alternatives but often superior solutions for key transformations in renewable energy and biofuel production. From enabling biodiesel production from waste oils to upgrading complex bio-oils, detoxifying hydrolysates, and conditioning syngas, engineered carbon architectures leverage fundamental material properties to overcome critical bottlenecks.
Carbon-based materials hold strong potential for large-scale commercialization due to their abundance, versatility, and outstanding performance in energy storage applications. Large-scale commercialization of carbon-based materials can be achieved through the development of cost-effective synthesis routes, scalable fabrication techniques, and easy integration into existing energy infrastructures. However, challenges persist regarding performance consistency, long-term stability, environmental sustainability, and navigating complex regulatory frameworks, all of which must be carefully addressed to ensure successful industrial transition and widespread adoption. Looking forward, machine learning and AI-guided optimization of dopant configurations/synthesis, pore architectures, and surface chemistries promise unprecedented performance gains in renewable energy and bio-refinery applications within the next decade. Continued innovations in the design, synthesis, and integration of carbon materials will be essential to realize their full potential in advancing the global renewable energy transition and fostering a circular bioeconomy.
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