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ABSTRACT

	The development of cost-efficient and high-performance oxygen reduction reaction (ORR) catalysts is crucial for the commercialization of fuel cells. Fe–N–C catalysts are one of the most promising PGM-free options due to tunable active site chemistry, good ORR activity, 2and economically viable. The review focuses on the role of carbon-based supports in controlling the performance of Fe-N-C catalysts in various different fuel cell technologies. We discuss underlying structure–property–performance relationships driving the dispersion, stabilization, and electronic environment of Fe–Nₓ moieties, and the importance of carbon support properties (including porosity, conductivity, and surface chemistry) in shaping activity, stability in the ORR. Recent developments on one-pot pyrolysis, two-step pyrolysis, and sacrificial support approaches for the synthesis of Fe–N–C catalysts have also been introduced, which have helped to progress the development of Fe–N–C catalysts. Particular attention is paid to the new carbon materials including carbon nanotubes, graphene, hierarchical porous carbons, and so on, and the advantages and drawbacks of applying these carbon materials for catalyst supports are discussed. In this context, biochar is featured as a sustainable and tailor-made support alternative showing great prospect for sustainable catalyst preparation in a large-scale and environmentally friendly way. Finally, current limitations are summarized, including carbon corrosion and site loss, and future research directions opening up the application prospect of carbon-supported Fe–N–C systems in the applications of real fuel cell are further prospected. 
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1. INTRODUCTION

Fuel cells are a key technology enabling the move to sustainable and low-carbon energy systems. In addition, their efficiency and low emissions when converting chemical energy directly to electricity allows the fuel cells to be used in a variety of applications including portable devices, transportation, and stationary power generation [1]. The sluggishness of the oxygen reduction reaction (ORR) at the cathode of many fuel cells, including proton exchange membrane fuel cells (PEMFCs), alkaline fuel cells (AFCs) and solid oxide fuel cells (SOFCs), is a limiting factor on the performance of the most fuel cells. Traditionally, the platinum group metal (PGM) catalysts have been employed to catalyze ORR, but expensive, rare, and susceptibility to degradation prevent its widespread commercialization (universally commercially used) in the fuel cell applications [2,3].
Recently, Fe–N–C catalysts have been considered as one of the most promising PGM-free catalysts for ORR due to their reasonably good activity, adjustable structure and possible low-cost synthesis [4]. These catalysts usually consist of atomically dispersed Fe sites coordinated with nitrogen atoms embedded in a carbon matrix (Fe–Nₓ species). The activity of Fe–N–C catalyst is not only defined by the intrinsic active sites themselves, but is also key affected by the character and structure of the carbon support. The carbon support plays multiple crucial roles that include immobilizing Fe–Nₓ sites, comforting electron transfer, encouraging mass transportation, and maintaining structural robustness in electrochemical environments [5,6].
Numerous carbon-based supports, including amorphous carbon, graphene, carbon nanotubes, mesoporous carbons, and biomass-derived carbons have been explored for Fe–N–C catalysts [7]. Catalyst surface area, porosity, defect density, electrical conductivity, and corrosion stability, all of which influence ORR performance, are critically dependent on the nature of carbon support. Nano structuring and doping of the carbon support with heteroatoms (e.g., nitrogen, sulfur, and phosphorus) have also been reported to further tune the physicochemical properties of the carbon supports and thereby improve the catalytic activity of Fe–N–C systems for diverse fuel cell applications [8,9].
This review aims to give a full vision of the work that carbon supports do in the construction of the structure, activity, and durability of Fe–N–C catalysts for the ORR in different fuel cell systems. Special attention is paid to recent progress in the design of carbon materials, synthesis approaches, structure–property–performance relationships, and distinguishing requirements of various fuel cell systems. This review also puts forward the recent challenges to be addressed and future research directions for creating superior-performing and durable carbon-supported Fe–N–C catalysts with performance surpassing the requirement of commercial fuel cell technologies.
 
1.1 Carbon Supports as Key Factors in Fe–N–C Functionality 

The electrocatalytic activity of Fe–N–C catalysts towards fuel cell reactions is inherently associated with the properties of the carbon support. In addition to being structural matrix, the effect of carbon support is significant on the dispersion of Fe sites, capability of nitrogen doping, its electrical conductivity, and RDE durability under fuel cell. Therefore, it is quite imperative to improve the physicochemical properties of the carbon substrate to make Fe–N–C catalyst better in performance. The formation and stabilization of the primary Fe–Nₓ active sites in Fe–N–C catalysts, which has been perceived as the function of carbon supports are directly influenced by the carbon support. High specific surface and defective carbons serve as bonding sites with iron and nitrogen to increase the number and exposure of active sites [10,11].
One of the critical functions of the carbon support in the Fe–N–C catalyst is to promote facile electron transfer across the catalyst layer. Highly graphitized carbon materials, such as carbon nanotubes (CNTs) and graphene, have much higher electrical conductivity than amorphous carbon materials. This improved conductivity benefits not only the charge transfer kinetics in the ORR, but also contributes to the overall durability of the catalyst by providing robust mechanical and chemical stability under the harsh acidic conditions of PEM fuel cells [7,12].

1.2 Technological Relevance of Fe–N–C Catalysts

The adoption of Fe–N–C catalysts addresses multiple strategic goals in the advancement of PEM fuel cells:
•	Low Cost: Iron and nitrogen are low cost and accessible, and they can reduce the economic obstacles generated from the use of platinum [13,14]. 
•	Scalability: Fe–N–C materials are scalable with mass-implementation processes such as ultrasonic spraying, screen printing and roll-to-roll processing for direct associations to membrane electrode assemblies (MEAs) [15,16]. 
•	Electrochemical Competitiveness: Fe–N–C catalysts, when optimized for high Fe–N₄ site density and pore architecture quality, have demonstrated competitive metrics, including half-wave potentials in excess of 0.9 V vs. RHE and high kinetic current densities [17,18].
•	Environmental Compatibility: Waste recuperation of precious metals goes in line with overall goals of sustainability and reduces the ecological burden of fuel cell systems [19,20].
However, the large-scale application of Fe-N-C catalysts has still been confronted with a series of issues, including poor durability against operating condition, active site destruction and high hydrogen peroxide generation and the carbon corrosion [21,22].

1.3 Research Drivers and Emerging Strategies

To overcome current limitations and unlock the full potential of Fe–N–C catalysts, ongoing research is guided by several critical goals:
•	Atomic-Level Characterization: Advanced characterization techniques (e.g., X-ray absorption fine structure (XAFS), Mössbauer spectroscopy, and density functional theory (DFT) simulation) are now being used to unravel the structure–activity relationship of Fe–N–C and other catalysts [23].
•	Integration into Real Devices: Significant focus is placed on optimizing the electrode architecture, ionomer–catalyst interactions, and catalyst layer morphology for effective translation into MEAs [3,24].
•	Degradation Mitigation: Development of robust catalyst systems requires knowledge on failure mechanisms under actual operating environments such as: humidity fluctuation, start–stop cycle, and contamination [25].
The successful deployment of Carbon-based Fe–N–C catalysts could be a starting point for the fuel cells of the future, which can provide cost effective, scalable and sustainable energy by adhering to global decarbonization strategies and clean hydrogen approaches [7,11].

2. Synthesis Strategies of Fe–N–C Catalysts

The catalytic performance of Fe–N–C materials were predominately dominated by the composition, number and exposed degree of Fe–Nₓ moieties in conductive carbon. It is, therefore, the synthesis method which defines the structural, electronic and catalytic properties of the Fe–N–C catalysts. A number of synthetic methods have been developed for tuning such parameters of porous structures [26].
The synthesis of Fe–N–C catalysts typically involves three primary components:
•	A metal precursor (e.g., FeCl₃, Fe acetate, Fe porphyrins),
•	A nitrogen source (e.g., melamine, urea, polyaniline), and
•	A carbon source (e.g., ZIF-8, carbon black, graphene oxide).
The materials are then thermally treated (pyrolyzed) at high temperature (typically 800– 900 °C to provide a conductive carbon matrix, and then the prior formed and simultaneously active sites give the Fe–Nₓ [27].

2.1. One-Pot Pyrolysis Method 

It is an efficient synthetic process in this all the precursors (iron source, nitrogen-based ligands or polymers, and carbon sources) get to be combined and directly pyrolyzed in a single step under a protective atmosphere (like N₂ or Ar). This concept not only makes the preparation process easier, but also can improve uniformity of the Fe–Nₓ active sites, thus further improving the performance and scalability of the catalysts [28].  
A one-pot pyrolysis synthesis was performed, in which an iron source, a nitrogen-rich organic species, and carbon source are mixed together in a solvent, and a homogeneous slurry was obtained. The resultant blend is dried and pyrolyzed at 900 °C for 1 h in an inert nitrogen atmosphere to both carbonize the precursor and in situ form atomically dispersed Fe–Nₓ active sites in the porous carbon framework. It is further followed by an acid leach to eliminate unsteady iron particles and impurities, and 2 rounds of heat treatments to stabilize those active sites. The as-obtained Fe–N–C catalyst possesses a relatively large surface area, and could offer highly accessible hierarchical porous structure for mass transport. The half-wave potential (E 1/2) for the ORR measured, indicates high catalytic activity with respect to that of commercial Pt/C catalyst (0.85–0.89 v vs. RHE) in acid media by the electrochemical method [29].

2.2. Two-Step Pyrolysis Method

The Two-Step Pyrolysis method involves sequential thermal treatments to optimize the formation and stability of Fe–Nₓ active sites [30,31]:
•	First pyrolysis: The precursor mixture containing Fe, N, and C sources is heated (typically 700–900 °C) under inert atmosphere. This step promotes carbonization and initial formation of Fe–Nₓ moieties.
•	Acid leaching: The resulting material is treated with acid (e.g., HCl or H₂SO₄) to remove unstable iron species and metallic particles that could lower catalyst performance.
•	Second pyrolysis: The acid-leached catalyst is reheated at similar or slightly higher temperatures (e.g., 900–1000 °C) to restore conductivity, increase graphitization, and stabilize Fe–Nₓ active sites.
This two-step process improves catalyst durability and enhances the density of active sites, resulting in superior ORR activity and fuel cell performance compared to single-step pyrolysis [32]. 
For instance, Ling Zheng Gu et al A uniform mixture of iron precursor (FeCl₃), nitrogen-rich organic compound (melamine), and carbon support (Ketjenblack) was first evenly mixed and then pyrolyzed at 900 °C for 1 h in an argon environment (first pyrolysis). The product was further acid-leached in 0.5 M H₂SO₄ for 12 h to eliminate labile iron species and impurities. After leaching and drying, the catalyst was further pyrolyzed at 950 °C for 1 h under argon (denoted as the second pyrolysis) to improve graphitization and stabilize Fe–Nₓ active sites and the results are listed below [32]: 
•	Surface Area: BET surface area of ~850 m²/g with hierarchical micro- and mesopores beneficial for mass transport.
•	ORR Activity: Half-wave potential (E₁/₂) in acidic electrolyte (0.1 M HClO₄) of approximately 0.88 V vs. RHE, close to commercial Pt/C catalysts (~0.90 V).
•	Durability: Less than 10% loss in current density after 30,000 potential cycles, demonstrating improved stability over one-step pyrolysis catalysts.
•	Fuel Cell Performance: When integrated into a membrane electrode assembly (MEA), the catalyst delivered a peak power density of ~650 mW/cm² at 80 °C and 100% RH.

2.3. Sacrificial Support Method (SSM)

SSM is a fabrication approach that involves the addition of a removable “sacrificial” template (typically silica nanoparticles) to Fe, N, and C precursors. The template is removed (usually with HF or NaOH) once the pyrolysis is performed, thus obtaining a porous carbon structure with a uniform distribution of Fe–Nₓ active sites which are suitable to the ORR and this is the General Procedure [33,34]:
•	Mixing: Fe precursor (e.g., FeCl₃), nitrogen-rich precursors (e.g., melamine or polyaniline), and a sacrificial support (typically silica nanoparticles or colloidal silica) are combined with a carbon source.
•	Pyrolysis: The mixture is pyrolyzed under an inert atmosphere (N₂ or Ar) at high temperature (~900–1000 °C). This converts precursors into a carbon matrix with embedded Fe–Nₓ sites around the sacrificial template.
•	Template Removal: The sacrificial support (silica) is removed by chemical etching, often using hydrofluoric acid (HF) or sodium hydroxide (NaOH), to create pores and expose active sites.
[bookmark: _Hlk203387101]•	Post-Treatment: Optional acid leaching to remove residual metal particles and improve catalyst purity.
the SSM Method has become of interest in Fe–N–C synthesis because it offers a range of attractive features [33–35]:
•	Controlled Porosity and Surface Area: The use of a removable template (like silica nanoparticles) allows precise engineering of hierarchical pore structures (micro-, meso-, and macropores). This improves mass transport of reactants (O₂) and products (H₂O) within the catalyst layer, boosting overall fuel cell performance.
•	Enhanced Active Site Exposure: By creating porous architectures, the SSM ensures better accessibility of Fe–Nₓ active sites to reactants, increasing the effective utilization of catalytic sites compared to dense or poorly porous catalysts.
•	Improved Catalyst Stability: The porous carbon matrix formed through SSM helps stabilize Fe sites by preventing agglomeration and mitigating demetallation during operation, leading to longer catalyst lifetimes.
•	Scalability and Versatility: SSM uses widely available sacrificial materials (silica, polymers) and straightforward removal processes (acid/base etching), making it compatible with large-scale manufacturing.
•	Tailored Catalyst Morphology: Different templates can be used to tune pore size and distribution, enabling optimization of catalyst layers for specific applications (e.g., transport layers in PEM fuel cells).

3. Role of Carbon in Fe–N–C Catalysts

3.1. Structural Support and Dispersion of Active Sites

In Fe–N–C ORR catalysts, carbon material serves as a crucial supporting matrix that controls the spatial distribution, stabilization, and exposure of the catalytic active sites, that is, Fe–Nₓ active sites. The intrinsic properties of carbon support, such as surface area, porosity, and surface functionalization, can affect highly the dispersion of these active species and hence the catalytic behavior [36].

3.1.1. Surface Area and Porosity

The High specific surface area of carbon support, provides enough anchoring sites for iron and nitrogen sources, so that Fe–Nₓ sites could spread on the carbon materials effectively. Micropores (<2 nm) and mesopores (2–50 nm) have different yet cooperative functions: micropores stabilize single Fe atoms via the confinement effect, while mesopores facilitate mass transport of O₂ and protons towards active sites. Porous carbon materials templated by hard or soft templates or derived from MOFs have strong potential for this purpose owing to the controllable pore structure and large specific surface area [8,36].

3.1.2. Prevention of Iron Agglomeration

During pyrolysis, without proper dispersion and confinement, iron species tend to agglomerate into metallic nanoparticles, which are inactive for ORR and detrimental to long-term catalyst stability. Carbon supports with suitable pore structure and defect sites can anchor iron atoms and promote coordination with nitrogen to generate atomically dispersed Fe–Nₓ [37]. It has been demonstrated in existing reports that nitrogen containing groups and microporous domains in carbon scaffold can stabilize single Fe atoms thermodynamically [38]. 

3.1.3. Anchoring and Stabilization of Active Sites

Surface chemistry of the carbon matrix especially presence of defects, edges, heteroatoms is the key factor for anchoring the Fe–Nₓ moieties. Nitrogen-doped carbons (pyridinic and graphitic N) can heavily coordinate with iron precursors, and thus, they can be used to facilitate the generation of ORR-active sites. The carbon-local coordination environment also has an impact on the electronic structure of the Fe–Nₓ site to modulate its ORR activity and selectivity [39].

3.2. Electronic Conductivity Enhancement

The electronic conductivity of the carbon support is a critical factor in determining the efficiency of Fe–N–C catalysts for the oxygen reduction reaction (ORR) in fuel cells. As ORR is a multi-electron transfer process, efficient electron transfer between the electrode and the active sites is essential for the catalytic activity and overall performance of the catalyst. Carbon supports of high intrinsic electroconductivity contribute to the reduction ohmic losses and kinetics of the ORR [8].

3.2.1. Graphitic and Conductive Carbon Supports 

Highly graphitized carbon materials, such as carbon nanotubes (CNTs), graphene, and ordered mesoporous carbon, are widely used to improve the electrical conductivity of Fe–N–C catalysts. The sp² hybridized carbon structure of the Fe–N/C can result in effective π-electron delocalization, which can contribute to rapid charge transfer between the electrode and the Fe–Nx active sites. On the other hand, amorphous or poor graphitized carbon materials have local electrons, high resistance that could seriously impair the catalytic reactivity [40].
 
3.2.2. Role in Active Site Utilization and Electron Transport 

The electrical conductivity of the carbon network is a key factor for realizing the atomically dispersed Fe–Nₓ moieties. Low‐conductivity supports may lead to such inactive or “isolated” Fe sites not electronically connected to the electrode surface. On the other hand, a tight conductive carbon skeleton can promote a good current distribution for the catalyst layer, and result in an increased turnover frequency for the active site. From electrochemical impedance spectroscopy (EIS) studies, it has been found that the charge-transfer resistance in Fe–N–C catalysts on highly conductive carbon support was much lower than that on low-conductivity support [41].

3.3. Modulation of Active Site Electronic Structure

The electronic structure of Fe–Nₓ active sites in Fe–N–C catalysts is critically modulated by the surrounding carbon matrix, which profoundly influences the catalytic activity and selectivity for the oxygen reduction reaction (ORR). Carbon not only serves as a framework but also an electronic mediator that can rationalize the charge distribution and adsorption of Fe centers [38].

3.3.1. Influence of Carbon Defects and Edge Sites

Intrinsic defects, vacancies, and edge sites within the carbon framework introduce localized electronic states that interact with Fe–Nₓ moieties. Such defect sites frequently act as the anchoring sites for iron atoms and nitrogen dopants to stabilize these single-atom active sites and to regulate their electronic density. Defect-rich carbons increase the density of states around the Fermi level to promote electron transfer to the adsorbed oxygen molecule and kinetics of ORR [42]. 

3.3.2. Heteroatom Doping Effects

Heteroatom doping (in particular, N as pyridinic, pyrrolic, and graphitic N, etc.) of the carbon matrix modifies the local electronic environment at the Fe active site. Pyridinic nitrogen, in particular, donates electron density to Fe, which changes its oxidation state and its interaction with oxygen intermediates. This tuning serves to fine-tune the adsorption of oxygen species, thereby ensuring a competitiveness of the adsorption of reaction intermediates to facilitate the favored four-electron reduction pathway over the two-electron reduction route, attenuating peroxide formation as much as possible [39].

3.4. Durability and Corrosion Resistance

he long-term stability of Fe–N–C catalysts in fuel cells, especially in the severe acidic and oxidative environment of the cathode, which is due to the occurrence of oxygen reduction reaction (ORR), is the main concern. The carbon substrate certainly has an impact on the catalyst lifetime as it does on the structural resistance to the atomic loss of the active sites as well as to carbon corrosion [43]. 
During fuel cell operation, carbon supports are vulnerable to electrochemical oxidation, commonly referred to as carbon corrosion, which leads to the loss of catalyst surface area and detachment of active Fe–Nₓ sites. This degradation is exacerbated at high potentials (>0.9 V vs. RHE) and in the presence of reactive oxygen species generated during ORR. Carbon corrosion results in decreased electrical conductivity and mechanical instability, accelerating catalyst degradation and loss of performance [37].

4. Types of Carbon Supports and Their Impact

Various carbon materials possess different physical, chemical, and electrical characteristics that influence the active site dispersion, the electron conductivity, porosity, and long-term stability. It is important to choose and engineer the carbon supports for the design of efficient Fe–N–C catalysts. 

4.1. Carbon Nanotubes (CNTs) 

As a result of their excellent electric conductivity, high specific surface area, and mechanical stability carbon nanotubes (CNTs) have been a very effective support of Fe–N–C catalysts for the ORR in fuel cells. The one-dimensional tubular structure is beneficial for a rapid electron transport and provides a stable structure for accommodating the active atomically dispersed Fe–Nₓ sites. Functionalization of CNTs - acid treated or doped with heteroatom (e.g., nitrogen, oxygen) creates surface defects and active binding sites to promote strong interactions between Fe, nitrogen, and the carbon matrix during pyrolysis, favoring catalyst dispersion and stability. Nitrogen doping, specifically, forms both pyridinic and graphitic N sites, that are directly active for ORR activity and help to construct stable Fe–Nₓ coordination environments. CNT-supported Fe–N–C catalysts have higher ORR activity, are more resistant to corrosion and have better long-term stability as compared to C supported by traditional carbon black [44].

4.2. Graphene and Reduced Graphene Oxide (RGO) 

Graphene and reduced graphene oxide (RGO) have been widely explored as an advanced carbon support media for Fe–N–C catalyst for oxygen reduction reaction (ORR) because of their excellent conductivity, ultrahigh surface area and modifiable surface chemistry. The 2D nature of these materials also provides a good support for uniform dispersion of Fe–Nx active sites, promoting fast charge transfer and facile mass transfer in the catalyst layer. Compared with typical carbon blacks, graphene and RGO could be functionalized by heteroatom doping (e.g., N, S, P, etc.) or defect engineering to increase their chemical interaction with the metal/ nitrogen precursors to facilitate the generation of catalytically active Fe–N sites during pyrolysis. However, problems such as restacking and small porosity, which will restrict access to the active sites, are presented to the hybrid catalyst, which are usually solved by designing hybrid structures with other porous materials or by a hierarchical strategy [45,46].
 
4.3. Hierarchical Porous Carbons (HPCs)

Hierarchical porous carbons (HPCs), with strongly coupled micro-, meso-, and macropores is an attractive support for Fe–N–C catalysts toward ORR because of its tailorability in structure and outstanding mass-transport characteristics. And the interconnected pore architecture effectively improves mass transport by accelerating the oxygen molecules and water to diffuse within the catalyst layer, and micropores can highly favour enough anchoring sites for the Fe–Nₓ active sites to enhance the active site density and utilization. Moreover, optimization of mesopores and macropores could enhance electrolyte penetration and ion transport with fuel cell testing conditions, so as to promote catalytic performance. The large specific surface area of HPC provides more active sites, while ensuring better dispersion of precursors and the promotion of well-defined and uniform Fe–N coordination environments during the pyrolysis process. In addition, the tunable porosity and surface chemistry can be tailored using templating processes or activation protocols to promote a more favorable preservation while diffusing the ORR function. It has been well documented that the performance of Fe–N–C catalysts with HPC is generally much higher than that of non-porous or single-pore carbon supports in terms of half-wave potential, limiting current density, and long-term stability in acid and base. This synergistic interaction of large surface area, improved mass/electron transport and strong binding of active sites together endows HPCs with a great potential to be a promising support for ORR in both PEMFCs and anion exchange membrane FCs (AEMFCs) [8,47].

4.4. Metal-Organic Framework (MOF)

Metal–organic framework (MOF)-derived carbons have been exploited as a remarkable and promising sort of support for Fe–N–C ORR catalysts, allowing straightforward control over pore structures, distribution of active sites, as well as device elements. MOFs, re metal ions/clusters linked with organic linkers, and such an MOF-templated pyrolysis can offer an approach for derivatization into porous carbon structures with a nanometric metal and nitrogen dispersion. This leads to atomically dispersed Fe–Nₓ sites with orderly coordinated environments, which are necessary for the high activity of ORR. The high surface area and adjustable porosity of the MOF-derived carbons not only facilitate mass diffusion for reaction kinetics, but also enhance catalyst utilization. Additionally, MOF precursors (e.g., ZIF-8 (zeolitic imidazolate framework-8) and ZIF-67) have been widely used because of the presence of nitrogen-abundant organic ligand and structural rigidity that benefit the generation of stable Fe–N–C networks after carbonization. These materials can also be synthesized by dual-metal doping, the introduction of heteroatom elements (e.g., N, S, P), or post-synthetic modifications to finely modulate the electronic states of active sites. MOF-derived Fe–N–C catalysts have shown remarkable ORR activities in both acidic and alkaline solutions, with the half-wave potential close to commercial Pt/C, and excellent stability [48].

5. Biochar-Derived Carbon as a Sustainable Alternative to Carbon Black for Enhancing Fe–N–C Catalysts in ORR

The development of cost-effective and sustainable carbon supports is crucial for advancing Fe–N–C catalysts in oxygen reduction reaction (ORR) applications, especially for fuel cells. Catalyst supports based on Carbon Blacks like Vulcan XC-72 became the workhorse through decades because of their large surface and good conductivity. However, in addition to having poor corrosion resistance, carbon blacks are also known to suffer environmental problems in their production and are non-renewable resources. In this regard, biochar (carbonaceous material derived from the pyrolysis of biomass with high carbon contents) has been recognized as a potential support material for Fe–N–C catalysts [7].

5.1. Advantages of Biochar as Catalyst Support

Biochar offers multiple advantages: it is renewable, inexpensive and environmentally friendly, made from waste biomass like agricultural waste, forest residues and food waste. Its physical and chemical properties such as surface area, porous structure, and surface functional groups can be tailored by varying the conditions of pyrolysis (i.e., temperature, heating rate, and type of feedstock). Such tunability can make it possible to fabricate the porous carbon architectures that promote high dispersion and strong anchoring of Fe–Nₓ active sites that are critical for the efficient ORR catalysis. Furthermore, biochar intrinsically includes biomass-origin heteroatoms (e.g., oxygen, nitrogen, phosphorus) which might serve as dopants in the carbon matrix post pyrolysis, thereby leading to enhanced electronic properties and catalytic activity. For instance, nitrogen-doped biochar has higher electron conductivity and more active site density, which gave rise to increased ORR activity and selectivity [49].

5.2. Active Site Stabilization and Catalytic Performance

Atomically dispersed Fe–Nₓ active sites are stabilized in the porous carbon matrix of biochar, which possesses abundant defects and a high surface area, leading to a high density and utilization degree of the active site, as revealed by spectroscopic characterizations such as the X-ray absorption spectroscopy (XAS) and Mössbauer spectroscopy. These unique coordination peculiarities contribute to efficient oxygen adsorption and oxygen reduction without side byproducts of hydrogen peroxide generation. Apart from activity, biochar-based Fe–N–C catalysts display significant electrochemical durability. The bio-renewable carbohydrate-based carbon support exhibits an excellent robustness in both acidic and alkaline conditions, which ensures the integrity of the support and the stability of the active site during long-term cycling. Accelerated stability testing demonstrates low decreases in catalytic currents and no significant shift in onset or half-wave potentials after several thousand cycles, highlighting the robustness of biochar catalysts [7]. 

5.3. Tunability of Biochar Properties and Activation Techniques

The inherent adjustability of biochar’s physicochemical properties which is typically controlled through the choice of biomass feedstock and precise control over pyrolysis conditions (temperature, heating rate and residence time) allows for the systematic optimization of its fundamental properties such as surface area, pore size distribution and heteroatom doping levels. Thus, these aspects exert a strong impact on both the catalytic activity of biochar-supported Fe–N–C catalysts, in which the amount/density and accessibility of active sites has a critical role, and for the efficient mass transport of reactants and products during the electrocatalytic oxygen reduction reaction (ORR). Specifically, the biochar derived from nitrogen-rich precursors or post-synthesis heteroatom doping have been found to have higher nitrogen functionalities, which in turn serve as anchoring sites for Fe–Nₓ sites, leading to enhanced catalytic activity and durability [50,51]. 
Moreover, the use of activation methods, including physical activation by means of steam or CO2, chemical activation using reagents, e.g. KOH or H3PO4, or the combination of such methods, - significantly enhances the microporosity and mesoporosity of biochar supports. This improvement of the porous structure not only increases the active surface area for catalyst deposition, but also provides short diffusion pathway for oxygen molecules and electrolyte ions, reducing the mass transport limitations often encountered in ORR catalysis. These modifiable characterization and activation-driven modifications of biochar structure and surface chemistry are key to enable the creation of catalyst supports with improved utilization of active sites, stability and performance towards the electrochemical reaction, and thus helps the development of cost-effective and sustainable Fe–N–C catalysts for fuel cell applications [52].

6. Conclusion

The environmentally friendly and low-cost Fe–N–C catalysts for ORR The preparation of Fe–N–C catalysts supported by designed carbon materials has been employed widely to address the issues of price and shortage of platinum-based electrocatalysts in fuel cells. As shown throughout this review, the behavior of Fe–N–C catalysts is largely influenced by the physical, chemical, and electronic characteristics of the carbon support, which ultimately determines the active site formation, mass transport, and durability. Different Types of Carbon Besides carbon nanotubes and graphene, here are a few other types of carbon (especially biochar) that have unique benefits in promoting catalytic performances in terms of enhanced porosity, conductivity, and defect engineering.
In addition to that, carbon materials prepared from biochar are particularly attractive because of their renewable nature, adjustable surface chemistry, and environmental friendliness. They are a promising sustainable alternative that can be scaled up while maintaining high performance of Fe–N–C catalyst.
Despite significant advancement, the problems are still remaining about enhancing the active site stability, controlling iron agglomeration and reducing carbon corrosion during the actual operation. Proponents of the field would like to see the study move toward atomic-level design, advanced in situ diagnostics, and integration of catalysts into membrane electrode assemblies (MEAs) for practical applications. Through overcoming these challenges, carbon-supported Fe–N–C catalysts are expected to be one of the core enablers for a future with clean and efficient energy supply through the use of fuel cells.
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