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Abstract 
 

Microbial Fuel Cells (MFCs) are a sustainable technology that addresses two critical global challenges: energy 

production and wastewater treatment, by utilizing microorganisms to convert organic matter into energy. The 

efficiency of this conversion heavily relies on the cathode, which is at the heart of MFC construction. This 

review critically assesses advances in cathode materials and catalysts during recent years for the purpose of 

defining configurations towards stable and high-performance functioning of MFCs. Recent research on cathode 

materials and research on catalysts has focused on finding cost-efficient and sustainable substitutes for the 

traditional platinum-based catalysts. Non-precious metal-based catalysts, such as MnO2, Fe-based composites, or 

biochar-derived carbons, have shown satisfactory performance similar to platinum but at a comparatively lower 

cost. In addition, Air-cathode designs have been optimized to maximize surface area and electron transfer 

pathways, which are the key factors for enhancing power density and stability. There is a noticeable shift 

towards the implementation of bio-cathodes, which offer a greener alternative with a reduced carbon footprint 

and enhanced sustainability. Despite progress, large-scale MFC use is still hindered by issues like catalyst 

durability, cost, and biofouling. This study explores optimized cathode designs and improved oxygen reduction 

reaction (ORR) kinetics for various substrates. 
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1. Introduction 

 

Modern scientific research has placed heightened focus on the quest for alternative renewable energy sources in 

an attempt to tackle global issues like climate change and depletion of fossil fuels. In terms of water scarcity and 

resource shortage, conserving freshwater resources is also crucial in meeting the increasing demands of 

populations. Waste from homes and businesses contains a hidden source of energy and water. Microbial Fuel 

Cells have emerged as a promising technology to harness the metabolic abilities of microorganisms and utilize 

them to treat wastewater and generate electricity simultaneously. The 21st century has seen a remarkable and 

rapidly growing interest in the development of MFCs as we are moving towards a sustainable society. The 

cathode chamber, which is one of the core components, has been the center of research in recent years as its cost 

significantly impacts the whole design. Some of this research is still in its infancy and would require further 

investigations into commercial integration. Traditionally, Air cathodes used carbon-supported metal oxides or 

costly platinum-based catalysts to promote oxygen reduction processes (ORR). These catalysts provided 

respectable performance, but their use was constrained by issues with long-term stability, catalyst poisoning, 

and expense(Pei et al., 2016; Rozendal et al., 2008). A trend towards biocathodes, in which microbes catalyze 

the ORR or other redox reactions at the cathode, has been seen as an area of development(Croese et al., 2011). 

Mesoporous structures and atomic-dispersion strategies are recognized to "remarkably contribute to enhancing 

mass transportation" at the materials design level, generating enhanced catalytic activity from carbon active sites 

that are deficient(Zhao et al., 2021). With emphasis on the development of materials, performance criteria, and 

mechanistic understanding, the article offers detailed insights into the most recent developments in cathode and 

catalyst design for MFCs. For their widespread adoption, the study also mentions major concerns and suggests 

possible avenues for future research. 

 

2. Fundamentals of Microbial Fuel Cells (MFCs) 
A traditional MFC contains an Anode Chamber and a Cathode Chamber which are divided by a Proton 

Exchange Membrane (PEM). Microbes break down the organic materials in the anodic chamber, producing 

carbon dioxide (CO2), protons (H+), and electrons. The generated H+ and electrons are then delivered to the 
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cathodic chamber via an external circuit and PEM, respectively, where they react with oxygen (O2) to create 

water(Milner et al., 2016). By isolating microorganisms from oxygen or another electron acceptor other than the 

anode, continuous electric current generation is made possible. This condition is ensured by making the anodic 

chamber anaerobic(“Electrical effects accompanying the decomposition of organic compounds,” 1911). The 

complete reaction can be shown as(Rahimnejad et al., 2015), 

C2H4O2+2H2O→ 2CO2+9e-+8H+                                                                                                                   

2O2+8H++8e-→4H2O          

Under neutral pH conditions, this cathodic reaction is kinetically slow; hence, catalysts are required to increase 

reaction rates(Santoro et al., 2017a). For ORR, common MFC cathodes typically employ platinum-based 

catalysts; however, because of cost considerations, durability, and fouling, research has shifted towards using 

non-precious metal catalysts and biocathodes. The properties of the cathode system, such as the catalytic activity 

and material composition, significantly influence important performance parameters like coulombic efficiency, 

power density, and internal resistance. 

 

3. Cathode Configuration in MFCs 

 

The cathode configuration controls the voltage output and energy recovery efficiency; moreover, it determines 

the operational stability of the MFC. While the anode is aided by the metabolic flexibility of electroactive 

microorganisms, the cathode is narrowed to the material properties, structural design, catalysts, and other 

enhancements to reaction rate supporting conditions like mild temperatures. (Santoro et al., 2017a). As outlined 

in Wei et al. (2011), Cathodes are divided into two main categories: Chemical Electrodes (which include Air 

Cathodes and Aqueous Air Cathodes) and Bio-Cathodes(Wei et al., 2011). 

Air Cathodes: Air cathodes are common in single-chamber MFCs because they do not need to be aerated; they 

directly access atmospheric oxygen. Moreover, it incorporates a catalyst layer and auxiliary elements(Liu and 

Logan, 2004). Advantages include low operational costs and simple design; however, they are prone to limited 

oxygen transport, catalyst fouling, and diminished performance with time. 

Aqueous Air Cathodes: The Aqueous Air Cathode is a type of electrode where Oxygen is introduced into the 

solution by bubbling water with air (Liu and Logan, 2004). The use of liquid phase cathodes with ferricyanide 

or permanganate as electron acceptors greatly accelerates ORR kinetics and power output. A ferricyanide 

catholyte can achieve 2.46 W/m² as compared to air cathodes, 1.33 W/m². However, ferricyanide catholytes 

need chemical replenishment, and all of these systems pose environmental concerns (Lawson et al., 2020). 

Bio-Cathodes: In addition to these conventional designs, researchers are investigating designs that use living 

cells as cathodes, or bio-cathodes. It has been shown that electrochemically active bacteria are found both at 

cathodes, where they accept electrons from the electrodes and at anodes, where they donate electrons to 

microbial cells (Bergel et al., 2005). In biocathodes, the electroactive microorganisms take the place of the 

conventional synthetic catalysts, and the biocathodes fuel the ORR as well as other redox reactions. These 

biocatalysts are intriguing in that they replace platinum and other precious metal catalysts, are self-regenerating, 

and, aside from the biogenic methane production, CO₂ fixation, and nutrient recovery, are more useful than 

simply the removal of precious metal dependency(He and Angenent, 2006; Kim et al., 2015). 

 

                                         (A)                                                                                    (B)                                                

                     
 

Figure 1. A)  Typical two-chamber MFC(Roy et al., 2023) , B) Bio-Cathode Setup (Baskar et al., 2025) 

Methanogenic Bio-Cathode Systems: Such systems obtain electrons, either from the anode circuit or from the 

cathode itself, to catalyze the reduction of carbon dioxide to methane using methanogenic archaea 

(Methanobacterium spp. for example). It has been demonstrated that Methanobacterium can constitute more 

than 90% of the archaeal community present in biocathodes, thus confirming their prominence in methane-
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producing biofilm. Findings showed that a two-chamber MFC using wastewater from cattle barns could produce 

CH₄ in an energy-efficient manner while generating energy and removing COD(Nakayasu et al., 2025). 

Microalgal Bio-Cathodes: This type of bio-cathode allows aeration without carbon, i.e., elimination of nitrogen 

compounds. Nitrogen compounds in microalgae-bacteria biocathode systems are eliminated in a two-step, light-

dependent process. 1. During the light phase, oxygen produced oxidizes ammonium to nitrite and nitrate. 2. In 

darkness, denitrifying bacteria convert nitrogen compounds to nitrogen gas (Koltysheva et al., 2021). 

 

4. Catalyst Development for Oxygen Reduction 

                                                 

Different catalysts can influence the power generation considerably in the same configuration. In this section, 

we will examine the different catalysts and their effects. For their high efficiency, Platinum and Titanium 

Catalysts have been used extensively. But the high cost and rarity of Pt are a big hindrance. Researchers have 

looked into other materials, such as Potassium Permanganate, as catalysts, which solved the problem at a lower 

cost(Wei et al., 2011). In a study in 2019, A Carbon cloth electrode MFC with MnO2 and Fe showed 44% 

efficiency, generating 213mWm-2 maximum power density, and, even with lower power output, offered a cost-

effective alternative to platinum catalysts (Valipour et al., 2019). In a Carbon cloth cathode single chamber 

MFC with ZrO2 as a catalyst supported on carbon, 600 mW m-2 maximum power density was produced at a cost 

15 times lower than Pt/C(Mecheri et al., 2016). Yang et al. (2020) demonstrated that Fe-N-C and SS Mesh 

cathode working with synthetic wastewater produced an extremely high value of 2400 mWm-2 maximum power 

density(Yang et al., 2020). This high-power density was attributed to a high density of Fe–Nₓ active sites 

enabling a four-electron ORR pathway. The synthetic wastewater treatment was done with Carbon paper 

cathode and CO/HNC as catalyst, achieving a maximum power density of 1324 mWm-2 and stable performance 

across varying pH levels(Ding et al., 2023). Co2PNC-NF can serve as a cost-effective and efficient 

electrocatalyst in MFCs, replacing noble metal catalysts. The SS Mesh cathode with Co2PNC-NF catalyst 

resulted in a maximum power density of 2001 mWm-2(Lin et al., 2021). A study observed the Fe1Ce1@N–C 

catalyst and found its remarkable electrocatalytic ORR stability in alkaline (0.87 V vs RHE) and neutral (0.76 V 

vs RHE) conditions, outperforming even commercial Pt/C catalysts(Kumar et al., 2025).  

 

Table 1. Combination of various Cathodes with Catalysts and their performance 

 

Cathode Material Catalyst Test Substrate Maximum Power 

Density 

Ref. 

SS Mesh 3D Graphene 

nanosheets 

Activated Sludge 2059 mW m−2 (Santoro et al., 2017a) 

SS Mesh FeMn2 Synthetic Wastewater 1940 mW m−2 (Guo et al., 2019) 

Algae Biocathode - - 24.4 mW m−2 (Wu et al., 2013) 

Carbon Cloth ZrO2 supported on 

carbon 

- 600 mW m-2 (Mecheri et al., 2016) 

SS Mesh Fe-N-C Synthetic Wastewater 2400 mWm-2 (Yang et al., 2020) 

Carbon Paper CO/HNC Synthetic wastewater 1324 mWm-2 (Ding et al., 2023) 

SS Mesh Co2PNC-NF - 2001 mW/m-2 (Lin et al., 2021) 

SS Mesh Co3O4/NiCo2O4 Domestic Wastewater 1,810mWm−2 (Zhang et al., 2018) 

Carbon felt P & Cu doped 

bacterial cellulose 

Activated Sludge 1,177.31mWm−2 (Li et al., 2019) 

Carbon Cloth CoN@C - 1202 mWm-2 (Li et al., 2020) 

Carbon cloth FeSA-MCN Tetracycline 494 mWm-2 (Feng et al., 2025) 

 

5. Key Challenges and Research Gaps 
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Further advancements could be made for the practical application of MFCs (Microbial Fuel Cells) in the real 

world. The long-term stability of Mn-based non-precious metal catalysts (e.g., MnO₂) remains a concern due to 

issues such as metal leaching and mechanical instability under practical wastewater conditions, whereas Fe–N–

C catalysts have demonstrated comparatively good stability during extended operation.(Qiu et al., 2021). The 

NPMC is not the only part of the system where issues arise. There is also the issue of cathode biofouling, which 

reduces the catalytic active sites and the oxygen transfer, meaning the system requires frequent flushing 

(Nakayasu et al., 2025). The slow kinetics of the oxygen reduction reaction (ORR) at neutral pH, as is typical of 

microbial fuel cell operation, lead to high overpotentials and thus reduced energy efficiency.(Santoro et al., 

2017b). 

There is also the issue of system scalability, mass transfer resistance, and activation losses at electrodes (Roy et 

al., 2023). Furthermore, lack of cross-laboratory reproducibility because of a lack of standardized testing, which 

makes comparability difficult. 

 

6. Strategic Roadmap and Future Directions 

 

Similar to any new technology, Microbial Fuel Cells (MFCs) require a concerted approach for transforming 

labs' innovations into industrialized and economically viable systems. Progress in the development of new 

cathode materials, such as biocathodes, has enhanced electron transfer and facilitated microbial adhesion and 

biofilm formation in bioelectrochemical systems(Mier et al., 2021). Findings from Xu et al. (2019) indicate that 

uncontrolled biofilm formation can impede catalytic performance and scalability in air-cathode MFCs. 

Consequently, improving biocatalytic cathode and membrane designs must prioritize reducing fouling and 

ensuring stable electrochemical interfaces(Xu et al., 2019). “Active” and “passive” approaches to controlling 

these biofilms offer interesting opportunities. Active means controlling biofilms through controlling 

environmental parameters in biofilm reactors, while passive approaches include cell surface engineering 

(Christwardana et al., 2025). 

In research involving microbial fuel cells, there is a need to standardize biological parameters like inoculum 

subsample volume, seeding of the reactor, and growth conditions for reproducible biofilm activity (Leicester et 

al., 2023). In summary, with some newer advancements in biofuel technologies, the concept of "biodegradable" 

and "sustainable" can now appear too, opening up the development of low environmental footprint systems for 

greenhouse gases such as carbon dioxide(Xu et al., 2019). 

 

Table 2. Strategic Framework for Future Cathode Development in MFCs 

 

No. Focus Area Research Direction Key Indicators Current 

Benchmark 

(Indicative*) 

Reference 

1 Materials 

Engineering 

Development of Fe–N–C and MnO₂ 

hybrid catalysts with improved 

oxygen reduction activity and long-

term stability in real wastewater 

conditions. 

ORR onset potential 

≥ 0.7 V vs. SHE; 

Durability > 60 days 

0.6–0.65 V; 

30–40 days 

(Qiu et al., 

2021) 

2 Bio-cathode 

Optimization 

Use of engineered consortia for 

ORR 

Stable biofilm ≥ 30 

days; current density 

> 500 mA/m² 

Biofilm ~15 

days; 200–400 

mA m⁻² 

(Nakayasu et 

al., 2025) 

3 Performance 

Benchmarking 

Standardize metrics (power density, 

CE, ORR decay) 

Reporting CE, PD, 

ohmic loss 

Inconsistent; 

high ohmic 

losses, ORR 

degradation 

(Santoro et al., 

2014) 

*Note: Quantitative values represent indicative ranges synthesized from recent MFC literature, including the 

cited works. 

 

7. Conclusion 

 

Cathode development continues to be of significance to enhance the functionality of microbial fuel cells (MFCs) 

as miniaturized devices for energy harvesting and wastewater treatment. Development of alternative catalyst 

materials like MnO₂, Fe–N–C, and biochar composites improved the oxygen reduction reaction (ORR) and 

minimized the cost of materials. Biocathodes are also emerging, which are aligned with eco-friendly, sustainable 

pathways. Other challenges, however, still remain, such as catalyst deactivation, biofouling, and slow ORR rates 
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at neutral pH. In addition, the lack of defined target values for the performance of systems and the lack of 

techniques for production at larger scales limit wider use. Looking ahead, the focus should be on the alternative 

catalysts and their long-term durability, integration of biocathodes at a larger scale, and development of uniform 

designs for the systems. Further, MFC development will require greater input from different fields to shift from 

lab setups to practical use. 
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