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ARTICLE INFO ABSTRACT

Keywords: Microbial fuel cells (MFCs) are promising for generating renewable energy from organic matter
Microbial fuel cell and efficient wastewater treatment. Ensuring their practical viability requires meticulous opti-
Microorganism

mization and precise design. Among the critical components of MFCs, the membrane separator
plays a pivotal role in segregating the anode and cathode chambers. Recent investigations have
shed light on the potential benefits of membrane-less MFCs in enhancing power generation.
However, it is crucial to recognize that such configurations can adversely impact the electro-
catalytic activity of anode microorganisms due to increased substrate and oxygen penetration,
leading to decreased coulombic efficiency. Therefore, when selecting a membrane for MFCs, it is
essential to consider key factors such as internal resistance, substrate loss, biofouling, and oxygen
diffusion. Addressing these considerations carefully allows researchers to advance the perfor-
mance and efficiency of MFCs, facilitating their practical application in sustainable energy pro-
duction and wastewater treatment. Accelerated substrate penetration could also lead to cathode
clogging and bacterial inactivation, reducing the MFC’s efficiency. Overall, the design and
optimization of MFCs, including the selection and use of membranes, are vital for their practical
application in renewable energy generation and wastewater treatment. Further research is
necessary to overcome the challenges of MFCs without a membrane and to develop improved
membrane materials for MFCs. This review article aims to compile comprehensive information
about all constituents of the microbial fuel cell, providing practical insights for researchers
examining various variables in microbial fuel cell research.

Electrogenesis
Electrochemical process
Electricity production

1. Introduction

Microbial fuel cells (MFCs) are devices harnessing the catabolic activity of microorganisms to generate electricity from organic
materials. Safeguarding freshwater resources is essential to meet the growing needs of communities, especially amid the water crisis
and resource scarcity. Both industrial and domestic wastes harbor a concealed reservoir of water and energy. Domestic wastewater and
wastewater from food processing industries in the United States alone are estimated to contain approximately 17 GW of energy [1].
The increasing global population and industrialization have resulted in challenges concerning worldwide access to water and energy
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Table 1
Some investigated microbial fuel cells of different sizes.
Anode Structure of MFC type of Andes type Cathode Cathode Type of Input rate COD Removal power per unitarea  Power per unit Reference
volume action type catalyst incoming (kg/m"3(day)) percentage of the cathode) volume)mW.
L material effluent COD(%) mW. m 2 ( m 2 (
2.9 Cylindrical multi- Closed and Carbon cloth * Carbon Pt Domestic 4.55 75 +%21 28/87 55/2 [10]
anode-cathode continuous and Carbon cloth wastewater
cloth
1.5 Cylindrical single closed Graphite rod Carbon Pt Domestic - 80 + 8% 229 2/1 [11]
chamber, multi- and carbon cloth wastewater
anode-cathode cloth
20 Cylindrical single Continuous Graphite rod Carbon Pt,Cu-MnO, Domestic 0.66+ 0.19 80 + 8% 1200 0.9 [12]
chamber, multi- and Carbon cloth orCo-MnO, wastewater
anode-cathode cloth
5.7 Single-chamber, Continuous Graphite felt Carbon Pt Domestic 0.43.0.32 %(65-80) 149 0/53 [13]
multi-anode- cloth wastewater
cathode
1.47 Cylindrical single Continuous Graphite felt Carbon MnO, Swine 1.2.49 %83.3 3.226 14/38 [14]
chamber air cathode cloth wastewater ©
10 Cylindrical single Continuous Graphite felt Carbon MnO, Malt 1.06 %87.1 0.097 6 [15]
chamber air cathode cloth wastewater
2 Air cathode single Continuous carbon brush ¢ Carbon Pt and Domestic 0.55+0.36 %68.3 4.71 +3.94 0.37 +:0.31 [16]
chamber stack cloth activated wastewater
carbon
4 Cylindrical single Continuous carbon brush Carbon Activated Domestic 0.6 +0.31 %(65-70) 14.61 £11.69 1.14+0.92 [17]
chamber air cathode cloth carbon with wastewater
and without Pt
1000 Special mode stack Continuous carbon brush Carbon Pt Domestic 0.014 79 + %7 14.5 0.116 [18]
cloth wastewater
90 Single chamber Continuous carbon brush Do not rust Activated Malt 0. 27and 0.55 %87.6 159+ 7.4 1+ +0.05 [19]
multi-anode- steel mesh carbon wastewater
cathode stack
96 Air cathode Continuous carbon brush Carbon Activated Domestic 0.31 +£0.08 %78.8 17.25 1.35 [20]
cylindrical stack cloth carbon wastewater
1.4 Air cathode single Closed and carbon brush Do not rust Activated Domestic 14.40 £ 0.75 57 + %5 1100+ 10 32+0.3 [21]
chamber continuous steel mesh carbon wastewater
192 Air cathode Continuous carbon brush Carbon Activated Domestic 0.31 %37.6 10.74 0.84 [22]
cylindrical stack cloth carbon wastewater
18.8 Cylindrical stack Continuous carbon brush Carbon - Malt 0.39.0.18 %94.5 1.61 0.44 [23]
with air cathode cloth wastewater
1.6 Air cathode single closed Graphite fiber Carbon Pt Domestic - - - 6.8 [23]
chamber with titanium cloth wastewater
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Table 1 (continued)

Anode Structure of MFC type of Andes type Cathode Cathode Type of Input rate COD Removal power per unitarea  Power per unit Reference
volume action type catalyst incoming (kg/m"3(day)) percentage of the cathode) volume)mW.
(L) material effluent COD(%) mW. m2 ( m2(
7.5 Two compartment Continuous carbon brush Carbon Pt and Domestic 0.31 83 + 14% - 2-10 [24]
stack cloth activated wastewater
carbon
20 Two compartment Continuous Carbon cloth Carbon Pt Domestic - - - 11 [25]
stack cloth wastewater
1 Cylindrical stack Continuous Carbon cloth Carbon Pt Domestic 0.34 43% - 6/5 [26]
with air cathode cloth wastewater
50 Two compartment closed Carbon brush Carbon Pt and Domestic 0.79 95% — 43.7_38.2 [27]
stack cloth activated wastewater
carbon
72 Special mode stack - Closed and Granular Carbon - Domestic 1.35.2 87 +%10 44-59 25.6-42.1 [28]
multi-anode and continuous carbon with a cloth wastewater
cathode titanium core
1 Multi anode stack Continuous Carbon brush Carbon Pt and Domestic - - 96_318 3.2-10.6 [29]
with a single cloth activated wastewater
chamber air cathode carbon
1000 Multiple anodes and stack Activated Activated - Municipal - %(70-90) 0.42.3.64 7-60 [30]
cathodes carbon carbon sewage
1000 Multiple anodes and  stack Activated Activated - Municipal - %(80-90) 7.58 125 [301
cathodes carbon carbon wastewater
0.5 two compartment closed carbon cloth carbon - Vegetable oil - %380-90 6119 - [31]
MFC cloth industry
wastewater

& Carbon cloth.
b Graphite rod.

¢ Swine wastewater.

d carbon brush.
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resources. [2], Kober et al. (2019) highlighted that the increasing population and industrialization are causing challenges in ensuring
global access to water and energy resources [3]. The increasing demand for energy and decreased fossil fuel supply could result in a
global energy crisis with significant environmental and human health impacts [4,5]. Fossil fuels, nuclear energy, and renewable energy
are the main energy sources [6]. Lee et al. (2014) noted a recent upswing in interest regarding renewable energy systems. They
underscored the urgency of addressing environmental pollution, focusing on water pollution and the associated challenges and pol-
lutants in discharged wastewater [7]. Gupta et al. (2021) highlighted that freshwater availability could decrease by up to 40% in the
next decade [8]. Nie et al. (2020) emphasized that the advancement and integration of new technologies for environmentally friendly
bioenergy production face substantial challenges, including rising levels of greenhouse gases, societal and economic instability, and
various other obstacles [9]. In summary, MFCs present a promising solution for generating electricity from organic materials. They
should be considered part of a larger effort to address the water and energy crisis while reducing environmental pollution (see
Tables 3-5).

2. Methodology

Examining microbial fuel cells encompasses an analysis of the anode, cathode, and membrane. Table 1 provides an overview of
various batteries constructed using these materials. Subsequently, a brief exploration of energy storage in microbial fuel cells, spe-
cifically focusing on Vespa’s microorganism, a pivotal component in these cells. The discussion delves into electrogenesis and elec-
trotrophic microorganisms, spanning bacteria, archaea, eukaryotes, and electrotrophs, particularly within the context of
electrogenesis. The study also extends to the coexistence and utilization of multiple microorganisms within the cell (see Table 6) (see
Table 2).

Table 2
List of several important electrogenesis bacteria.
Protobacteria Firmicutes other groups
1. Shewanella oneidensis MR-1 [32] 1. Lactococcus lactis 200702 [33] 1. Spirulina platensis [34]
2. Shewanella sp. HN-41 [32] 2. Enterococcus faecalis JCM 5803 [33] 2. Ardenticatena maritima 110S [34]
3. Shewanella putrefaciens Hammer 95 [35] 3. Listeriamonocytogenes NCTC 10357 [33] 3. Corynebacterium sp. JCB [34]
4. Shewanellafrigidimarina ICP1 [36] 4. Bacillussubtilis IAM12118 [33] 4. Calditerrivibrio nitroreducens Yul-37-1 [34]
5. Shewanellaelectrodiphila MAR441 [36] 5. Thermoanaerobacter pseudethanolicus [34]
6. Shewanella japonica KMM3299 [36] 6. Thermincola ferriacetica Z-0001 [34]
7. Shewanella sp. ANA-3 [36] 7. Thermincola potens JR [34]
8. Shewanella decolorationis S12 [36]
9. Shewanellaamazonensis SB2B [36]

. Shewanella loihica PV-4 [36]

. Shewanellamarisflavi SW-117 [36]

. Aeromonas hydrophila CCM7232 [33]

. Tolumonas osonensis OCF7 [33]

. Proteus vulgaris [33]

. Klebsiella pneumoniae DSM30104 [33]

. Citrobacter sp. SX-1 [33]

. Citrobacter freundii ATCC8090 [33]

. Raoultella electrica 1 GB [33]

. Pseudomonasaeruginosa DSM50071 [33]
. Pseudomonas alcaliphila AL21-15 [33]

. Arcobacter butzleri ATCC49616 [33]

. Rhodoferax ferrireducens T118 [33]

. Comamonas denitrificans123 [33]

. Comamonas testosteroni KS 0043 16S [33]
. Ochrobactrumanthropi ATCC49188 [33]
. Acetobacter aceti NCIB8621 [33]

. Acidiphilum cryptum Lhet2 [33]

. Desulfuromonasacetoxidans DSM684 [37]
. Desulfuromonas acetexigens 2873 [37]

. Geoalkalibactersubterraneus Red1 [33]

. Geoalkalibacter ferrihydriticus Z-0531 [33]
. Geopsychrobacterelectrodiphilus Al [37]
. Geobacteranodireducens SD-1 [33]

. Geobacter soli GSS01 [33]

. Geobactersulfurreducens PCA [32]

. Geobacter hydrogenophilus [32]

. Geobacter metallireducens [32]

. Geobacter chapelleil72 [38]

. Geobacter lovleyi ATCC 8090 [38]

. Geobacteruraniireducens ATCC8090 [38]
. Geobacter humireducens [38]

. Geobacter bemidjiensis Bem [39]

. Geobacter bremensis [39]
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Table 3

Some Exoelectrogenic archaea.

Euryarchaeota [33]

1 Ferroglobus placidus AEDII12DO

2 Geoglobus ahangari 234

3 Pyrococcus furiosus DSM3638
4 Methanosarcina acetivorans C2A

Table 4

Some exoelectrogenesis eukaryotes.

Ascomycota [33]

A wN =

. Blastobotrys adeninivorans

. Candida melibiosica JCM9558

. Saccharomyces cerevisiae OKF12
. Wickerhamomyces anomalus

Heliyon 10 (2024) e25439

Table 5
Electrotrophic bacteria.
Protobacterium Firmicutes Actinobacteria other things
1 Comamonas testosteroni KS 0043 [33] 1. Sporomusa ovata DSM 2662 1. Micrococcus luteus DSM 1. Ardenticatena maritima 110S [40]
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16.

17.
18.
19.

20.
21.
22.
23.

[

Burkholderia cepacia 717 [33]

Alcaligenes faecalis subsp. parafaecalis G
[33]
Kingella denitrificans ATCC 33394 [33]

Kingella kingae [33]

Acidithiobacillusferrooxidans ATCC
23270 [33]

Acinetobactercalcoaceticus NCCB 22016
[42]

Acinetobacterjohnsonii Mannheim
386560 [42]

Moraxella catarrhalis Ne 11 [42]

Enterobacter cloacae ATCC 13047 [42]

Escherichia coli U 5/41 [42]

Shigella flexneri FBD003 [36]
Candidatus Tenderia electrophaga
NRL1 [40]

Mariprofundus ferrooxydans PV-1 [40]
Rhodopseudomonas palustris ATCC
17001 [36]

Brevundimonas diminuta ATCC 11568
[36]

Desulfovibrio paquesii SB1 [43]
Desulfovibriodesulfuricans SRB16 [43]
Desulfobulbus propionicus DSM 2032
[43]

Geobacter lovleyi SZ [44]

Geobacter metallireducens [44]
Geobacter sulfurreducens PCA [35]
Geobacter soli GSS01 [35]

2.

8.

9.

[33]
Sporomusa silvacetica DG-1

[331

. Sporomusa sphaeroides DSM

2875 [33]

. Staphylococcus carnosus 361

[40]

. Moorella thermoacetica DSM

521 [40]

. Clostridium aceticumDSM

1496 [39]

. Clostridium ljungdahlii DSM

13528 [39]

Clostridium pasteurianum DSM
525 [39]

Clostridium acetobutylicum
ATCC 824 [39]

10. Clostridium butyricum

VP13266 [39]

20030 [32]
2. Propionibacterium ATCC
8090 [32]

2. Winogradskyella poriferorum
UST030701-295 [41]

Table 6

Electrotrophic eukaryotes.

Eukaryotes

1 Methanobacterium palustre F [41]
2. Methanococcus maripaludis [33]
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Table 7
Several types of microorganisms and their power.
power density (mW.m~2) microorganism Reference
2096.5 + 11.8 Pseudomonas aeruginosa MTCC 2474 [45]
20 Acetobacter aceti [46]
610 Citrobacter sp. LAR-1 [47]
204.5 Citrobacter freundii Z7 [48]
10.5 Bacillus subtilis [48]
1606 E.coli (DH5a) [49]
2142 bacterias [50]
19 Clostridium butyricum [46]
1270 + 30 Escherichia coli [51]
1460 Shewanella oneidensis MR-1 [52]
42 Enterobacter cloacae [46]
3118.9 Escherichia coli [53]
1421 E.coli (ATCC 11,775) [54]
2420 Escherichia coli [55]
188 Escherichia coli BL21 [46]
3800 Escherichia coli DH5a [46]
530 Geobacter sulfurreducens PCA [46]
3900 Geobacter sulfurreducens KN400 [46]
1850 + 20 E.coli(K12) [56]
2143 Mixed culture of bacteria [57]1
1624 Escherichia coli (ATCC 11,775) [58]
310 Klebsiella aerogenes [46]
410 Klebsiella pneumoniae [46]
92 Lysinibacillus sphaericus D-8 [46]
85 Lysinibacillus sphaericus VA5 [46]
1296 Geobacter sp. [59]
1008 Escherichia coli [60]
2668 E.coli ATCC 25,922 [61]
89 Ochrobactrum anthropi [46]
269 Proteus vulgaris [46]
3000 Shewanella putrefaciens [46]
2720 + 60 Rhodopseudomonas palustris DX-1 [62]
1926 + 21.4 Chlorella vulgaris AG30007 UTEX 0000265 [63]
39 Pseudomonas aeruginosa KRP1 [46]
53 Pseudomonas aeruginosa [46]
33 Rhodoferax ferrireducens [46]
4400 Shewanella putrefaciens [46]
760 Candida melibiosica [46]
509 Tolumonas osonensis [46]
20 Haloferax volcanii [46]
119 Natrialba magadii [46]
46 Pyrococcus furiosus [46]
3220 Anaeromusa spp [64]

Different types of microbial fuel cell architectures are elucidated in the final segment. Information on the types of microorganisms
and their corresponding power densities, drawing from previous studies, is gathered in Table 7.

3. Applications of MFC technology
3.1. Electricity production

The progress made in microbial fuel cell (MFC) technology has brought forth a pioneering method for efficiently generating bio-
electricity utilizing microorganisms and biomass as renewable sources. Comparable to conventional fuel cells, MFCs consist of an
anode and a cathode, often separated by a selectively permeable membrane. Sometimes, a membrane and salt bridge are employed to
ensure adequate segregation. These membranes facilitate the passage of ions, while MFCs incorporate enzymatic catalysts derived
from microorganisms or isolated proteins. By harnessing the metabolic capabilities of microorganisms, MFCs facilitate the direct
conversion of the chemical energy stored within biomass into electrical energy. This transformative process represents a significant
advancement in energy conversion technology, offering substantial potential for sustainable electricity production [1].

Research findings on electron recovery efficiency (Coulombic efficiency) have been reported with varying results. Bond and Lovely
Lovely [65] Chaudhuri et al. (2003) reported an electron recovery efficiency of 95%, aligning with findings by Chaudhuri and Lovely
[66]. reported 80%, and Robi et al.(2004) [67] reported 89% for the electron recovery efficiency from the substrate. Although power
generation in microbial fuel cells is still deficient, very high coulombic efficiency (90%) during oxidation with platinum catalysts has
also been reported. These values represent the decomposed substrate’s conversion rate into electrons [67]. Potter’s seminal work in
1911 is often acknowledged as the earliest successful endeavor in harnessing electric current through bacterial activity [1]. Calignano
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Fig. 1. A technique of microbial fuel cell operation.

et al. (2015) articulated a fundamental concept: microorganisms dwelling within a microbial cell break down organic compounds
(oxides), generating electrons. These electrons navigate through a series of respiratory enzymes within the cell, ultimately producing
adenosine triphosphate (ATP) energy [68]. Subsequently, these electrons are transferred to electron acceptors, such as oxygen,
facilitating the conversion of these acceptors into water through the interaction of electrons and protons. Notably, electron acceptors,
including oxygen, nitrate, and sulfate, effortlessly diffuse into the microbial cell, acting as recipients for the transferred electrons [1].

In Fig. 1, a simplified schematic of microbial fuel cells illustrates the process: microorganisms are transferred to the anode elec-
trode, facilitating electron transfer to the external circuit. Simultaneously, H' is released, traversing the intermediary layer to reach the
cathode. Here, it combines oxygen from the existing molecule and an electron derived from the external circuit, generating water. In
essence, the microbial fuel cell operates according to this mechanism.

3.2. Sewage treatment

Microbial Fuel Cells (MFCs) have surfaced as a promising wastewater and waste treatment technology. This is owing to their unique
capability to generate electricity concurrently with treating effluents and residues containing organic compounds. Lu et al. (2004)
highlighted that Microbial Fuel Cells (MFCs) were initially introduced for wastewater treatment back in 1991. Since then, they have
demonstrated the capability to generate up to 50% of the energy needed in conventional wastewater treatment methods. The sig-
nificant energy savings primarily stem from eliminating aeration and solid sludge burial, which collectively constitute half of the
operational expenses in aerobic treatment procedures. Additionally, MFCs contribute to a substantial reduction of 50-90% in the
production of solids for disposal, thereby positioning them as an eco-friendly alternative [67].

B.E. Logan et al. noted a significant concern in Microbial Fuel Cell (MFC) systems. The issue of substantial power degradation
emerges prominently, with a noticeable decline in electricity production as the scale of these systems increases [69]. B.E. Logan et al.
(2007) highlighted two strategies to address the challenge of large-scale power degradation in Microbial Fuel Cell (MFC) systems. One
approach involves enlarging the reactor, but this comes with the drawback of increasing the distance between the anode and cathode.
This, in turn, raises internal resistance and diminishes electricity production. Alternatively, connecting multiple MFC reactors appears
to be a more viable method for constructing large-scale systems. However, it has drawbacks, including voltage return and challenging
operational aspects [69]. Another constraint facing Microbial Fuel Cells (MFCs) is their limited electricity production. Despite
exhibiting high power density in smaller dimensions (less than 50 ml), larger cells (exceeding 2 L) demonstrate a lower power density,
typically below 30 (W/m"3) [69]. Nonetheless, MFCs are a promising technology for generating electricity and treating wastewater
and waste simultaneously. Their potential to substantially cut costs in comparison to aerobic treatment processes makes MFCs an
attractive prospect for the future of sustainable wastewater treatment.

3.3. Biosensors

Another application of microbial fuel cells is to use them as a sensor to analyze pollutants and control and monitor processes. The
proper correlation between the coulombic efficiency of microbial fuel cells and the amount of wastewater pollution makes these cells
suitable sensors for online measurement of biological oxygen concentration and demand. To accurately measure the COD value of
liquid flow, it is necessary to calculate its coulombic efficiency. Recently, a microbial fuel cell with an electrical energy density of 3-kW
hours per cubic meter per day has been reported. This amount of energy is suitable for feeding low-power sensors [68].
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3.4. Biological recycling

The functionality of the battery in the recycling process hinges on two crucial elements: the anode and the cathode. Typically, the
cathode is the primary location for recycling nitrate and uranium. The anode, composed of conductive and non-corrosive carbon
material surrounding an insoluble substrate such as chitin, undergoes a gradual breakdown facilitated by bacteria. This complexity
arises as bacteria employ nitrate and uranium as electron acceptors, yielding U(IV) and NO; from gaseous NO. The gradual degradation
in the anode results in a current flow toward the cathode. Consequently, nitrate and U(IV) can undergo reduction by acquiring
electrons from the cathode. Additionally, the potential for chemical oxidation in the anode exists, especially concerning pollution
induced by oil and gasoline [1].

3.5. Biological hydrogen

Morris, J.M. et al. (2007) conveyed that researchers have discovered the potential of utilizing microbial cells for electrolysis and
hydrogen production [70]. In the typical operation of a microbial cell under standard conditions, the H" derived from the
anodic-to-cathodic reaction combines with oxygen to generate water. However, we can shift the output to produce hydrogen rather
than electricity through slight modifications in the microbial cell. This generated hydrogen can find application in various ways,
including as a fuel source for hydrogen fuel cells.Reimers, C.E. et al. (2001) articulated that generating hydrogen from protons and
electrons produced by microbial metabolism in a microbial fuel cell faces thermodynamic challenges. Researchers have successfully
introduced an external potential within the microbial fuel cell (MFC) circuit to overcome this hurdle. This strategic intervention allows
the electrons and protons generated during the anodic reaction to combine within the cathode, forming hydrogen. Notably, the
theoretical potential for MFC operation stands at 110 mV, significantly lower than the 1210 mV required for direct water electrolysis at
a neutral pH. This shift towards hydrogen production eliminates the need for oxygen in the cathode, thereby enhancing the efficiency
and practicality of MFCs. These findings underscore the potential of MFCs as a promising alternative for hydrogen generation, with
reduced energy requirements compared to conventional electrolysis methods [71].

4. Types of materials used in MFC

Microbial fuel cells (MFCs) comprise three key elements: the anode, cathode, and, in certain instances, a membrane. Advances in
anode technology, notably the introduction of brush electrodes and graphite fibers, mark significant progress. However, the wide-
spread adoption of MFCs faces a notable challenge due to the elevated cost of membranes and their adverse impact on increasing
internal resistance. The cathode is pivotal in MFCs, necessitating a catalyst for oxygen reduction. Recent research has uncovered
promising alternatives to precious metals, exploring transition metals and other cost-effective metal compounds as viable cathode
catalysts [1]. These advancements are crucial for enhancing the efficiency and lowering the cost of Microbial Fuel Cells (MFCs), ul-
timately facilitating their practical utilization in diverse fields, such as wastewater treatment and energy production.

4.1. Anodes

Concerning the characteristics of the anode material, key attributes include high conductivity, non-corrosiveness, a high surface-to-
volume ratio (indicative of a high specific area value), high porosity, absence of deposition, cost-effectiveness, ease of manufacturing,
and scalability. Notably, the paramount feature among these considerations is electrical conductivity, a distinguishing factor from
other biofilm reactants. Moreover, for effective electrical connections, bacteria must adhere to the materials. Adding coatings to these
materials also influences the bacteria’s ability to transfer electrons to the surface through nanowires, mediators, or direct contact.
Consequently, the utilization of numerous metals appears improbable.

As depicted in Fig. 2, microbial fuel cells comprise three primary groups of ingredients, specifically electrodes, that are responsible
for facilitating the transfer of electrons released from microorganisms to the external circuit of the cell. Carbon-based compounds have

Conductive Graphite rods
Graphite foams
Materials in the "
anode of microbial OGO Graphitee felts
cathodes

Polymers and nano
structures

fuel cells

Graphite plates and sheets
Graphite grains
coting Graphite fibers and brushes

Fig. 2. Materials used in the anode.

Metals and metal
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Tubular cathode With carbon coating
Flat carbon cathodes

Carbon cathodes with catalzsts pt

Carbon based
cathodes

Carbon cathodes with non-platinum catalzsts

Cathode

Platinum and metals coasted with
platinum

ingredients

Metals other than platinum

Soluble catholytes

Other types of
cathodes

Fig. 3. Materials used in the cathode.

Biological cathodes

emerged as highly favored among these materials due to their exceptional efficiency. Various studies have explored the effectiveness of
different structures of these graphite-based materials concerning their interaction with microorganisms in electron transfer processes.

Kaewkannetra. et al. (2011) highlighted the growing significance of Microbial Fuel Cells (MFCs) as an alternative energy source.
This is attributed to their capacity to directly convert organic matter into electrical energy through the action of microorganisms. The
anode, a critical component of MFCs, has witnessed substantial development in recent years. Notably, using graphite sheets as elec-
trodes in MFCs has demonstrated promising outcomes, achieving a maximum power density of 1771 (mW m~2) when applied to
treating cassava factory wastewater [72]. Ishii, Y. et al. (2017) highlighted the enhanced wastewater treatment achieved through the
utilization of felt graphite macrostructures as vaned anodes in continuous-flow cassette electrode Microbial Fuel Cells (MFCs). This
improvement is attributed to the interaction between microbes and the organic components of wastewater, facilitated by the vertical
placement of blades (vanes) in the anode [73].Metal-based materials, specifically three-dimensional porous structures comprising
titanium oxide nanosheets, hold promise as anode materials. This is attributed to their corrosion resistance and cost-effectiveness [59,
74,75].

Zhou J. et al. (2018) noted that nitrogen-doped porous carbons have shown remarkable results, achieving an impressive maximum
power density of 2777.7 (mW m~?) [76]. Hybrid composite materials like RGO/SnO»-CC have been designed to enhance the
biocompatibility of the anode, yielding a power density of 1624 (mW m™~2). This represents a substantial increase 4.8 times higher than
that achieved with the pristine electrode [58,77,78]. Singh S. et al. (2016) conveyed that in Direct Carbon Microbial Fuel Cells
(DCMECs), electrodes crafted from nickel nanoparticles dispersed on carbon micro-nanofibers (ACFs/CNFs) exhibit significant po-
tential, demonstrating a reported power density of 1145 (mW m™2) [51]. Zhang C. et al. (2016) highlighted the utilization of carbon
felts coated with reduced graphene oxides and manganese (RGO-MnO»-CF) to enhance the efficiency of extracellular electron transfer
and the adhesion of electrogenic bacteria. This approach yielded a notable power density of 2065 (mW m~2) [79].

Hou et al. (2015) noted that an anode comprised of a stainless steel composite felt and fiber (SSFF) coating on a graphite thin film
has been documented to yield a power density of 2143 (mW m~2). This surpasses the performance of CC-MFC modified with graphene.

Zheng S. et al. (2015) communicated that utilizing cost-effective materials, such as the uncoated 3D stainless steel mesh with
carbon black (SSM/CB), has enhanced electrical properties and microbial adhesion. This improvement translates to a higher power
density of 80 + 3215 (mW m™2) [80].

Lai, M.-F et al. (2018) reported a recent development involving a 3D laminated FZ (zinc/carbon-coated metal wire composite),
demonstrating effectiveness and efficiency as an anode in Microbial Fuel Cells (MFCs). This innovative anode is associated with an
electrical voltage of 291 (mV) and achieves an impressive 81% removal of Chemical Oxygen Demand (COD) [81].

In the realm of Microbial Fuel Cells (MFCs) aimed at electricity generation and wastewater treatment, Filtration composite anodes
have proven to be successful. These anodes combine carbon fiber and carbon tissue, providing a distinctive filtration capability. This
attribute improves mass transfer and fosters the proliferation of microbial populations, resulting in increased electricity production
and enhanced removal of chemical oxygen demand (COD). Using Filtrason composite anodes in MFCs showcases their potential for
efficient and effective electricity generation and wastewater treatment, offering promising avenues for future research and practical
implementation [82,83].

The strides in developing anode materials collectively offer a positive trajectory for improving Microbial Fuel Cells (MFCs) effi-
ciency and cost-effectiveness in sustainable energy generation and wastewater treatment applications. These advancements lay the
foundation for notable enhancements in MFC performance, facilitating a more effective conversion of organic matter into electrical
energy alongside wastewater treatment. Consequently, these developments carry significant potential for propelling the field of MFCs
forward and contributing to the transition toward sustainable energy production and eco-friendly wastewater treatment systems.
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Fig. 4. Materials used in the membrane.

4.2. Cathode

Presently, the efficiency of microbial fuel cells faces a significant obstacle rooted in the performance of the cathode, posing a
formidable challenge for the widespread adoption of this technology. As a result, the design and materials utilized in the cathode have
emerged as a crucial focus in microbial fuel cell research. The cathode serves as the site of the electrochemical reaction involving
electrons, protons, and oxygen within a three-phase interface (solid catalyst, air, and water) [1]. Wei J. et al. (2011) emphasized that,
unlike the anode, the cathode necessitates a catalyst to facilitate the chemical reaction. The commonly employed cathodes in labo-
ratory microbial fuel cells include air-cathodes and dissolved oxygen-aqueous air-cathodes. Air-cathodes comprise a permeable layer
exposed to the air, a conductive material, and, if required, a catalytic layer. Blue air cathodes are fashioned with conductive materials
and, when necessary, coated with a catalytic layer [83]. Various forms of carbon, including sheets, cloth, brushes, felts, granular
activated carbon, and graphite in plate and granular forms, as well as stainless steel mesh, have been employed as cathode electrodes.

Power Management System
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e
S Hi

Bioelectrochemical System

Fig. 5. storage system.
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Stainless steel mesh is a more cost-effective alternative than carbon cloth or paper. Researchers have recently incorporated carbon
nanotubes as cathodes in air-cathode microbial fuel cells to construct a three-dimensional electrode network, enhancing the specific
area and catalytic reaction efficiency. This cathode type has exhibited a higher maximum power density compared to fabric carbon.

While platinum-coated cathodes remain widely used for their superior efficiency, recent studies have demonstrated that more
economical catalysts, such as potassium permanganate, can offer even greater efficiency at a significantly lower cost [83]. The ma-
terials used in the cathode are illustrated in Fig. 3.

In this investigation, we delved into the impact of different cathode materials on both the anode and wastewater treatment in
microbial fuel cells (MFCs). Our findings underscored the significance of the oxygen reduction reaction (ORR) process in influencing
the overall performance of MFCs. Oxidants such as ferricyanide and permanganate were employed to enhance the ORR process [84,
85].

Furthermore, using oxygen as an oxidant in the cathode chamber has been suggested as a viable approach to enhance MFC per-
formance during the oxygen reduction reaction (ORR) process [86,87]. Cathode is an essential factor in MFCs. While platinum-based
electrodes have been used as ORR catalysts, they are associated with disadvantages such as high cost, biofouling, and surface poisoning
of microorganisms [88,89]. An, J. et al. (2011) emphasized pursuing low-cost materials with elevated catalytic activity and resistance
to biofouling formation, including carbon structures, metal complexes, metal oxides, and conductive polymers. These materials have
been proposed as means to enhance the power output of Microbial Fuel Cells (MFCs). Additionally, the chemical activation of electrode
materials, such as chemically treated graphite, has demonstrated improvements in the oxygen reduction reaction (ORR) process,
leading to increased power densities [90].

Feng et al. (2012) conveyed that carbon structures have exhibited superior performance among electrode materials. For instance,
heteroatom-doped carbon derived from alfalfa leaves has showcased enhanced cathodic catalytic activity and performance in com-
parison to conventional Pt/C cathodic catalysts [91].

Li et al. (2015) indicated that an efficient cathode, composed of polyvinylidene fluoride, carbon fiber fabric, and catalytic elements
C, Mn, Fe, and O, was prepared and employed for wastewater treatment. The outcomes demonstrated high efficacy in removing COD,
ammonium, and total phosphate [92]. Li et al. (2017) discussed the development of a coupled, cost-effective membrane-microbial Fuel
Cell (MFC) bioreactor system featuring a poly(vinylidene fluoride) (PVDF)-coated carbon fiber fabric cathode membrane for waste-
water treatment. The system demonstrated high COD and ammonium removal efficiency, effectively eliminating tetracycline hy-
drochloride by generating active oxidant species such as OH [93]. Chen et al. (2015) conveyed that various alternatives for anode and
cathode materials have been put forth to enhance the performance and long-term operational stability of Microbial Fuel Cells (MFCs).
An example includes using Ni nanoparticles dispersed on ACFs/CNFs as electrode materials for both the anode and cathode [94].
Divyapriya et al. (2017) indicated that a GO/MnO hybrid nanocomposite on carbon cloth has been employed in the cathode to activate
the oxygen reduction reaction (ORR) process during wastewater treatment in Microbial Fuel Cells (MFCs). This application has led to
high power densities and efficient removal of chemical oxygen demand (COD [95]. Appropriately choosing appropriate cathode
materials is crucial for microbial fuel cells’ performance and long-term stability (MFCs). Cost-effective and efficient alternatives have
been suggested to boost power output and optimize the efficiency of wastewater treatment.

Peera et al. (2021) emphasized the crucial role of cathode catalysts as a significant component in Microbial Fuel Cells (MFCs), vital
in enhancing MFC power density. The effectiveness of a cathode electrocatalyst is contingent upon its capacity to efficiently and
durably facilitate the Oxygen Reduction Reaction (ORR). ORR at the cathode can occur through a direct four-electron transfer, leading
to the reduction of O to H20 or a two-electron pathway, resulting in the formation of HyO5 as a product. The electrocatalyst’s nature
profoundly influences the cathode’s reduction process [96].

Ter Heijne et al. (2010) added that electrocatalysts synthesized from noble metals typically exhibit a predominant four-electron
process. In contrast, those derived from non-noble metals can follow either a direct four-electron route or a combined two and
four-electron mechanism. An ideal ORR catalyst should possess several characteristics: i) high catalytic activity, ii) strong stability, iii)
notable selectivity, iv) resilience against poisoning (particularly relevant in single-chamber MFCs), and v) cost-effectiveness. The
catalytic activity of an ORR catalyst is dependent on factors such as morphology [97]. Logan et al. (2006) highlighted that the
electrochemical surface area, electronic conductivity, and porosity are crucial factors influencing the stability of catalysts. The stability
of a catalyst is closely linked to graphitization and interactions between metal nanoparticles and the catalyst support. An optimal
catalyst should facilitate a direct four-electron reduction process. In the specific context of single-chamber Microbial Fuel Cells (MFCs),
the cathode catalyst must withstand pollutants present in wastewater, such as sulfides, chlorides, alcohols, and gaseous CO5. Addi-
tionally, biofilm formation presents a challenge in single-chamber MFCs, obstructing the cathode catalyst and reducing catalytic
activity by increasing the overpotential for the Oxygen Reduction Reaction (ORR). This issue is less pronounced in dual-chambered
MEFCs due to the direct exposure of the cathode catalyst to atmospheric air, resulting in higher efficiencies [98].

Encompassing catalyst synthesis strategies, (ORR) performance, catalyst stability, and economic considerations, various materials
have been explored as efficient ORR catalysts. These include carbon-based electrocatalysts, heteroatom-doped carbon catalysts (metal-
free), and transition metal-based catalysts. Additionally, we delineate the technical obstacles and future challenges in commercializing
Microbial Fuel Cells (MFCs) [99-104].

Carbon-based materials, independently or in conjunction with transition metals such as Fe, Co, Ni, Mn, and heteroatom-doped
variants, emerge as economical electrocatalysts. They boast advantageous physical properties such as high surface area, porosity,
and electronic conductivity, making them well-suited for electrochemical ORR [105-109]. Several carbon nanomaterials, including.

e carbon black,
e activated carbon
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graphite, graphene
carbon nanotubes
carbon nanofibers
biomass-derived carbons

they have been investigated as potential cathode catalysts.
4.3. Membrane

Li et al. (2011) noted that in microbial fuel cells, anodes and cathodes are physically separated by separators. However, it’s worth
noting that a membrane is not an absolute necessity, as water can conduct protons within the system. Research has indicated that a
microbial fuel cell without a membrane can generate more power than one with a membrane (Nafion) connected to the cathode. This
suggests that, in certain cases, the membrane may have the opposite effect on power generation [110]. Despite this, selecting an
appropriate membrane is crucial and should consider factors such as internal resistance, substrate loss, biofouling, and oxygen
diffusion [111-113]. The absence of separators between the anodic and cathodic chambers enhances substrate and oxygen penetra-
tion, resulting in lower Coulombic efficiency and reduced bioelectrocatalytic activity by anode microorganisms. Nevertheless, the use
of separators comes with its own limitations, such as the slow transfer of protons from the anode to the cathode, creating a pH gap that
diminishes the stability and biochemical efficiency of the system. Additionally, it contributes to increased internal resistance and cost
[110]. Peera et al. (2021)emphasized that in an ideal scenario, a membrane should effectively restrict the transfer of oxygen and
substrate at a low cost while facilitating proton passage. However, the intricacies of microbial fuel cell systems and the limitations
associated with various materials pose challenges in identifying the perfect membrane that fulfills all these criteria [96].

Significant efforts have been devoted to improving the efficiency of microbial fuel cells (MFCs), placing particular emphasis on
optimizing membranes in recent research. Despite notable progress in membrane development, challenges persist, specifically con-
cerning proton transfer limitations and the risk of oxygen leakage and penetration. These factors contribute to elevated internal
resistance and reduced MFC performance, limiting their practical applicability [110]. For large-scale wastewater treatment with
suspended solids, the high initial cost of the membrane, membrane clogging, and the need for replacement limit the use of microbial
fuel cells. Removing the membrane and using a substitute increases microbial fuel cells’ acceptability and economic feasibility [83].

While single-compartment microbial fuel cells without membranes exhibit higher power density, they encounter two significant
challenges. Firstly, the permeation of substrates from the cathode reduces coulombic efficiency compared to systems using a mem-
brane. Secondly, the absence of a membrane increases the distance between the anode and cathode, negatively impacting anaerobic
microbe activities on the anode, reducing coulombic efficiency, and increasing internal resistance. Additionally, accelerated substrate
penetration results in bacterial clogging and inactivation, further diminishing the efficiency of microbial fuel cells. Despite these
challenges, a membrane is essential to ensure stable and effective performance in microbial fuel cells. However, it introduces its own
set of problems. Developing cost-effective, novel membranes that minimize oxygen penetration without significantly impacting in-
ternal resistance or power density is crucial for sustainable membrane advancement. The efficiency of a membrane can undergo
significant changes based on factors such as type, thickness, surface conditions, membrane shape, and operational conditions,
including electrolyte solution composition and current density.
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In recent years, extensive research has been conducted on different types of membranes for microbial fuel cells (MFCs). These
include cation exchange membranes, anion exchange membranes, bipolar membranes, microfiltration membranes, ultrafiltration
membranes, salt bridges, glass fibers, and porous fabrics. These membranes have been thoroughly studied to determine their suitability
for MFC applications. Based on their purification properties, these membranes can be categorized into three primary groups: cation
exchange membranes, size-selective separators, and salt bridges. Fig. 4 provides an illustrative representation of the various membrane
types utilized in microbial fuel cells.

Tiwari et al. (2018) discussed a recent study that explored the utilization of a cost-effective proton exchange membrane (PEM) in
microbial fuel cells (MFCs) for energy generation. The membrane in question was composed of poly(vinyl alcohol) (PVA), Nafion, and
Brusilicate [114]. Vickers, N.J. et al. (2017) reported on a membrane that demonstrated enhanced organic matter decomposition in
wastewater, improving the rate from 54.4% to 64.25%. Another method involved synthesizing a membrane for microbial fuel cells
(MFCs) using a semi-fluorinated sulfonated polytriazole with cross-linked polyvinyl alcohol. This synthesis resulted in improved
control over water absorption, alterations in membrane dimensions, and enhanced oxidative stability [115].

Alternative materials like sulfonated polymers have been suggested as membrane separators in Microbial Fuel Cells (MFCs) to
improve Nafion membrane performance. Furthermore, ceramics and fibers can serve as ion exchangers in MFCs. For instance, a
membrane composed of natural flax fibers coated with polyvinyl acetate grafted onto polyvinylidene fluoride (PVAc-g-PVDF) has been
devised for wastewater treatment [116].

Sulfonated polyether ether ketone (SPEEK) membranes have been used in MFCs to remove phenol and acetone from wastewater
while generating electricity [117]. Zhao and colleagues reported that composite membranes comprising sulfonated poly(ether ether
ketone) (SPEEK) and nanofillers exhibited superior performance to Nafion series membranes. Separators made from SPEEK and
graphene oxide-modified SPEEK (GO-SPEEK) achieved efficiencies of 82.65% and 83.01%, respectively, for removing chemical oxygen
demand (COD) [118]. In a recent study, PEM in MFCs for domestic and dairy wastewater treatment produced 55.2% more power
density than Nafion 117 [119]. Polyether sulfone (PES) has also been used as a desirable PEM in MFCs due to its improved chemical
and thermal properties and mechanical stability. A mixed SPES-PES membrane was prepared through solvent-free phase separation
techniques, which significantly increased the antifouling performance of PEM and reduced its hardness [120]. Additionally, Fe304
was added to PES to create an advanced organic-mineral hybrid nanocomposite membrane [121]. Vickers et al. (2017) and colleagues
highlighted using sulfonated polystyrene (SPS) and sulfonated polyvinylidene fluoride (PVDF) to enhance power density and achieve a
COD removal percentage of up to 94%. Porous sulfonated PVDF membranes exhibit comparable performance to Nafion membranes,
attributed to heightened sulfonation within the porous structure. This results in increased ion exchange capacity, selectivity, reduced
electrical resistance, and oxygen permeability [115]. Furthermore, environmentally friendly biopolymer such as chitosan and cellulose
has been successfully used as a substitute for PEM in MFCs [122]. Table 1summarizes some tested fuel cells’ production power,
building type, and anode and cathode.

4.4. Catalysts in microbial

In general, the buildings used in the micro fuel cell can be divided into SIX categories, which are shown in Fig. 5.

In Table 1, each fuel cell is used to compare the power density. It is important to emphasize that the Coulombic efficiency (CE) and
polarization curve provide a more accurate insight into battery performance than power density alone. Columbian efficiency quantifies
the effectiveness of charge transfer in facilitating electrochemical reactions in a system using an organic substrate.

Assessing MFC performance commonly involves employing various techniques, with Polarization Studies being a key method.
These studies thoroughly examine fuel cell performance, specifically regarding power generation. The current cut-off method is
primarily utilized to assess the overall internal resistance of microbial fuel cells. Electrochemical Impedance Spectroscopy (EIS)
analysis is instrumental in identifying different components of internal resistance in electrochemical systems, including solution,
charge transfer, and diffusion. Cyclic voltage (CV) measurements are applied to investigate the oxidation or reduction mechanisms
occurring at the electrode surface. Collectively, these techniques form a robust framework for evaluating fuel cells’ and electro-
chemical systems’ performance and efficiency. Additional details can be found in Appendix (A).

5. Using a storage system in MFC

With the advancement of technology related to extracting energy from biological materials, the question arises of how to use the
obtained energy optimally. The main reason for this question is the output voltage fluctuations from microbial fuel cells, which ne-
cessitates a control system to convert the fluctuating voltages into a uniform output, Figure)2-10(. Dong Y. et al. (2015) highlighted
that in numerous studies, the focus has primarily been examining the efficiency of Microbial Fuel Cells (MFCs) in electricity generation.
In alternative studies, the harnessed energy has been directed towards powering minimal electronic devices with low energy con-
sumption, including wireless sensors, or utilized for charging batteries and capacitors [19].

Wang H. et al. (2015) discussed a primary challenge associated with utilizing energy from MFCs, namely the issue of low output
power and voltage. This limitation hampers the efficiency and effectiveness of employing MFC-generated energy in electronic devices
through standard power conversion circuits. In addressing this concern, various studies have explored strategies to boost voltage,
consequently enhancing output power efficiency. These approaches include the utilization of a capacitor, pump, and step-up converter
[123]. Two notable instances showcasing the effective utilization of the output energy from microbial fuel cells have been documented
in Refs. [19,20]. For example, Santoro et al. (2018) [29] reported that a 90-L stack fueled with beer effluent initiated a DC pump with a
3-6 V voltage range. In one of the recent studies, a supercapacitor was employed as an energy storage source for a 28-cell stack with a
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volume of 1 L [29]. It can be seen in the schematic of storage in a microbial fuel cell in Fig. 5.
6. Design MFC

The design of various Microbial Fuel Cells (MFCs) has garnered significant attention due to the growing demand for environ-
mentally friendly bioenergy production from degradable waste resources. However, the high construction cost and relatively slow
microbial activity, compared to other technologies, have hindered the large-scale commercialization of this technology. MFCs
employing a trielectrode arrangement are commonly employed in electrochemical analysis [124]. This arrangement comprises three
electrodes: the cathode, functioning as the working electrode, typically made of glassy carbon or occasionally platinum, to accom-
modate the microbial consortium. The counter electrode conducts electricity, and the reference electrode, usually composed of silver
or silver in potassium chloride, is employed to monitor the delivered current, often with a cyclic voltammeter [125].

6.1. Singel chamber memberane MFC

Two-chambered Microbial Fuel Cells (MFCs) are known for their intricate design, which makes scaling up difficult. Despite this
complexity, they can be operated in either batch or continuous mode. On the other hand, single-compartment MFCs offer a more
straightforward and economical design. These MFCs comprise only one chamber, housing the cathode and anode components. They
are called anodic chambered microbial fuel cells with an air cathode compartment. The cathode is porous and positioned on the
adjacent wall of the cathodic chamber, allowing protons to move through it. Notably, in this setup, there is no proton exchange
membrane.

In contrast, single-chambered membrane MFCs possess a proton exchange membrane between the anode chamber and the air
cathode. This membrane-less design is similar to the single-chambered MFC but lacks the proton exchange membrane, making it
simpler and potentially more cost-effective [1]. Intensive research is underway to enhance bioenergy production using innovative
Microbial Fuel Cells (MFCs) approaches. Achieving commercial viability necessitates careful consideration of factors such as archi-
tectural design, cost-effectiveness, scalability, improved performance, and seamless integration with wastewater treatment technol-
ogies [125].

Focusing on system architecture, rather than microbial composition, is crucial for efficient bioenergy generation in MFC technology
[98]. Mixed microbial communities have shown promising results in pollutant removal and power density compared to single-culture
inoculation [126]. However, single-chambered MFC designs suffer from disadvantages like straightforward acidification due to mi-
crobial activity, which can be mitigated using buffer solutions or short-period alkaline mediation [127,128]. Researchers have
explored different MFC configurations, such as single-chamber and dual-chamber systems, with varying substrate types [129].
Additionally, integrating photosynthetic microbes in one-chambered MFCs holds promise for bioenergy production with the assistance
of sunlight [130].

Nishio K. et al. (2013) discussed a study that emphasized the advantages of employing co-cultures of Chlamydomonas reinhardtii
and G. sulfurreducens in photosynthetic Microbial Fuel Cells (MFCs), demonstrating an integrated approach to bioenergy generation
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Fig. 7. Electron transfer by microorganisms.
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[131].
6.2. Double chamber MFC

Prathiba S. et al. (2022) discussed the operation of two-chambered Microbial Fuel Cells (MFCs) in batch mode, utilizing syn-
thetically defined substrates like acetate or glucose for bioenergy generation. Currently, these MFCs are predominantly employed in
laboratory settings. A typical two-chambered MFC, as illustrated in Fig. 6 comprises a cathodic compartment and an anodic
compartment separated by a Proton Exchange Membrane (PEM) or, in some designs, a salt bridge. Bacterial communities, often
containing carbon-based substances, inhabit the anodic compartment, facilitating oxidation as the primary energy source. The PEM’s
function is to enable proton transfer from the anodic chamber to the cathodic compartment while regulating the entry of oxygen from
the cathode to the anode side. Recent advancements in MFC design have introduced various shapes, including cylindrical, rectangular,
and miniature, addressing the practical needs of MFC applications [132].

Most two-chambered MFCs are operated in fed-batch and batch modes and can help run autonomous sensors for long-term op-
erations in small spaces. However, a major drawback of this system is that the energy required to pump the fluid is considerably higher
than the power output, making it more suitable for wastewater processing rather than its primary function as power generation. The
most commonly employed and economically designed two-chambered MFCs follow an "H" form, with dual containers linked through a
conduit containing a separator, usually a cation exchange membrane like Ultrex or Nafion, and sometimes a basic salt bridge [125,
126].

The key advantage of the double-chambered structure over the single-chambered system lies in the ability to control cathodic
compartment action through prompt oxygen supply, increased flow rate, and the addition of suitable mediators, ultimately improving
MFCs’ efficacy for power generation [127]. However, H-type MFCs face limitations in terms of lower bioenergy production due to high
internal resistance. As a result, such MFC designs are primarily chosen for fundamental research, evaluating microbial activity, and
investigating new electrode or separator materials [133]. An intriguing approach involves the implementation of photosynthetic
microbes, such as blue-green algae and cyanobacteria, as biocatalysts in double-chambered MFCs, which has garnered significant
attention. These photosynthetic microbes can be utilized on both the cathodic and anodic sides, offering unique possibilities for
bioenergy production [134].

6.3. Upflow MFC

A study was conducted to investigate bioenergy generation using specially designed wastewater in an up-flow Microbial Fuel Cell
(MFC). The system utilized flat graphite electrodes and an anion exchange membrane, operated in fed-batch and continuous modes.
Fed-batch operation and various recirculation modes were explored to enhance MFC performance and mass transfer rates. It was
observed that reducing hydraulic retention time led to increased bioenergy production in continuous mode [135].

Marotta M. et al. (2002) conducted a study utilizing an up-flow MFC design devoid of a membrane. The configuration featured a
plexiglass cylinder with two compartments, cathode and anode chambers, each equipped with corresponding electrodes, glass wool,
and beads. The feed was introduced at the base of the anode chamber, and the effluent stream continuously traversed through the
cathodic chamber, as illustrated in Fig. 6. Oon Y et al. (2015) addressed the COD removal rate in their study, yet encountered a
drawback of oxygen penetration from the cathode to the anodic chamber due to unfavorable reactions at the cathode side. To
overcome this limitation, a hybrid structure combining an up-flow MFC model within a wetland system was devised. This integrated
system aimed to fulfill both wastewater treatment and bioenergy generation objectives, ultimately achieving a notable maximum
power density of 6.12 (mW m™~2) [136]. Integrating MFC and constructed wetlands offers economic feasibility for wastewater treat-
ment and bioenergy production. Up-flow MFCs possess high cell density and improved mass transfer efficiency, making them a
practical option for treating discharges and organic wastes [137].

6.4. Stacked MFC

Asensio et al.(2017) conducted a study exploring the improvement of Microbial Fuel Cells (MFCs) through stacking. The findings
revealed that parallel connections Fig. 6 resulted in elevated current densities and power outputs. The research affirmed the direct
correlation between the removal of Chemical Oxygen Demand (COD) and bioenergy generation with the surface area of the stacked
electrodes. However, a significant challenge persists in adapting MFC systems for large-scale bioenergy production with a continuous
supply of wastewater [138].

Stacked MFCs can be configured with MFCs connected in series or parallel circuits. This arrangement does not affect Coulombic
efficiency but enhances the battery’s energy. The high current was obtained in parallel connections Fig. 6. In series connections, higher
voltage was achieved in the stacked MFCs. Designing an effective microbial fuel cell is a crucial development, considering various
factors such as the direction of the stack (horizontal or vertical), electrode type, reactor shape, assembly method, and modulation
[127].

Gajda J. et al. (2020) explored the utilization of human urine as a substrate for microbial fuel cells, devising stacked modules,
cascade modules (with a three-module configuration), and individual units employing cost-effective materials like ceramics. The
outcomes showcased maximum power outputs of 21.4 mW, 75 mW, and 1.56 mW from the respective units or modules over one year
and seven months. Specific units demonstrated distinct advantages, such as higher Chemical Oxygen Demand (COD) removal in the
three-module system and lower power loss compared to membrane modules (conventional modules), emphasizing the suitability of
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stacked modules with ceramic membranes as separators [139].

Proposed methods to suppress and control voltage reversal in stacked MFC models by balancing system kinetics using developed
electroactive microbes or altering the circuit mode [140].

Junyeong An et al. (2015) researched stacked Microbial Fuel Cells (MFCs) and identified that voltage reversal is effectively
regulated by implementing a threshold resistance. Ensuring that the current density remains below the critical value [141].

6.5. Lager bz lager 3D miniature MFC

Wang et al. (2013) highlighted a recent shift in research focus toward micro-designed Microbial Fuel Cells (MFCs) owing to their
significant potential for bioenergy generation. Micro-designed MFCs present several advantages, such as enhanced surface area,
reduced electrode distance, and faster reaction times [142]. Di Lorenzo et al. (2016) illustrated this with a study utilizing small-scale,
single-chambered air cathode Microbial Fuel Cells (MFCs) created through rapid prototyping and 3D printing [143]. Chouler et al.
(2016) [144] developed an effective small-scale MFC with an innovative air cathode design, layer-by-layer arrangement, and inlet and
outlet holes, utilizing urine as a substrate for power generation. They found that increasing the electrode length in these miniature
MECs resulted in higher power density. Developing miniature MFCs with volumes of a few milliliters necessitates crafting micro-scale
counterparts of MFC components. The chambers of micro-scale MFCs are crafted using diverse carbon materials such as graphite felt,
microsized reticulated vitreous carbon, and plastic tubes or sheets as electrodes. These micro-designed MFCs hold significance for
powering self-sustained sensor devices in restricted spaces and can be customized to various commercial shapes [145,146]. Yang et al.
(2016) highlighted that compact MFCs equipped with 3D electrodes demonstrate a heightened reaction rate attributed to the
augmented surface area-to-volume ratio and improved mass transfer rate [147]. However, smaller MFCs present challenges, such as
higher resistance and limited proton transfer through commercial Proton Exchange Membranes. To overcome these obstacles, re-
searchers are exploring improved electrode designs that provide more contact surfaces, particularly suitable for more viscous media or
substrates, and facilitate biofilm formation. Additionally, spacer arrangements are being considered to optimize performance [148,
149].

7. Microorganisms for MFC performance

Microorganisms constitute a diverse group of living organisms, with some possessing the unique capability to produce and transfer
electrons. Exoelectrogens, exemplified by iron-reducing bacteria like Geobacter sulfurreducens, can generate significant electricity at
moderate temperatures. Additionally, various microorganisms, ranging from common yeasts to extreme thermophiles, can produce
high current concentrations, albeit at a lower frequency than exoelectrogens. Electrotrophic microorganisms also serve as electron
acceptors for innovative cathode-based reactions, although their current concentrations are generally lower than those of exoelec-
trogens. The wide range of microorganisms that can generate active electrons across diverse environments holds promising potential
for advancing electrochemical technologies. These technologies include microbial fuel cells for electricity generation and microbial
electrolysis cells for producing hydrogen or methane.

Michael Potter is widely recognized for his pioneering work in exploring electricity production by microorganisms, particularly
with a focus on Escherichia coli and Saccharomyces cerevisiae. However, subsequent research has shown that these microorganisms
have limited capabilities in transferring electrons to carbon electrodes over extended periods. As a result, they are not widely
acknowledged as exoelectrogenic organisms. Environmental chemicals, such as those present in yeast extract containing specific B
vitamins and flavins, may offer adequate electron shuttles to generate current in Potter’s experiments [150]. Researchers have recently
reported relatively high electricity concentrations associated with Saccharomyces cerevisiae yeast extract, but pure E. coli cultures
typically generate very low currents [151,152]. The second era in microbial fuel cell (MFC) development relied on exogenous in-
termediates, but their toxic nature and high cost hindered practical application. The direct generation of current characterizes the third
modern era of MFCs without exogenous intermediates [152-154].

In 1999, Kim and colleagues demonstrated the direct flow production of biosensors from pure cultures of the microorganism
Shewanella. Microorganisms that can directly transfer electrons without using additional intermediaries or electronic nanowires have
been of scientific interest for over a century. Modern biochemical systems focus on these microorganisms as they provide efficient
energy conversion pathways for various applications [155]. These systems are currently undergoing diverse stages of advancement,
employing various technologies. Among them are microbial fuel cells (MFCs) utilized for electricity generation, wastewater treatment,
and detection of toxic chemicals. Furthermore, microbial electrolysis cells (MECs) electrochemically produce hydrogen or methane
gas. Another technology known as microbial electrosynthesis cells (METSs) can be applied for desalination or producing chemicals like
hydrogen peroxide [156,157].METs employ microorganisms capable of either transferring electrons to a solid electrode (known as
exoelectrogens) or extracting electrons from the electrode, like electrotrophs that receive electrons. Microorganisms employ diverse
mechanisms for electron transfer, such as direct contact of cytochromes on the cell surface or the utilization of self-produced mediators
like flavins. These mediators facilitate the shuttle of electrons between the cell and the anode, enabling effective electron transfer
[158-160]. Additionally, conducting pili can transport long-range electron electrons, transferring electrons to the anode. These
mechanisms have been thoroughly reviewed in recent studies [160,161], so we will not detail them here.

Koch et al. (2016) conveyed that in microbial fuel cells (MFCs), the cathode often utilizes the spontaneous reduction of oxygen to
generate current. This procedure usually involves catalysts like platinum or activated carbon, although alternative materials such as
cobalt, manganese, and others have also been employed [162]. Among mixed cultures, the highest current densities observed thus far
have been attributed to the predominance of Deltaproteobacteria, specifically Geobacter species. Nonetheless, numerous other
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microorganisms demonstrate the ability to transfer electrons to the anode.

Electrons originating from the cathode play a crucial role in facilitating non-living and microbial chemical reactions, particularly in
oxygen reduction. The occurrence of these reactions can vary depending on specific conditions and the nature of the chemicals
involved. While some reactions are spontaneous, others necessitate an additional energy source.

For instance, in microbial electrolysis cells (MECs) equipped with a bioanode, hydrogen production can occur spontaneously if the
catholyte exhibits a highly acidic pH. While any metal can function as an electron acceptor for spontaneous current generation,
producing hydrogen at neutral or alkaline catholyte pH values necessitates an additional voltage input. Moreover, diverse electron
acceptors, such as nitrate, sulfate, and various metals, can be cultivated at the cathode, expanding the range of potential reactions.
Significant findings indicate the occurrence of direct electron transfer (DIET) between exoelectrogenic and electrotrophic microor-
ganisms, both in controlled laboratory settings and bioreactors like anaerobic digesters. This review comprehensively encompasses the
astonishing range of electroactive microorganisms, including bacteria, archaea, and eukaryotes. Noteworthy examples include Geo-
bacter sulfurreducens, Shewanella oneidensis MR-1, and recently engineered microorganisms [163]. depicts an overview of how
microorganisms transfer electrons [164].

Fig. 7 illustrates the transfer of electrons from microorganisms to the electrode. As described in the text, microorganisms can
transfer electrons to the electrode surface through three mechanisms: 1) direct contact between their intracellular redox-active bio-
molecules and the electrode, 2) electron shuttling via two chemicals capable of redox cycling that are mobile in the electrolyte and able
to collide with the electrode, and 3) production of conductive nanowires that directly connect the cell to the electrode.

7.1. Exo-electrogenic microorganisms

Pure culture experiments have demonstrated that microorganisms from all three domains of life, including bacteria from the
Firmicutes, Actinobacteria, and Proteobacteria phyla, archaea such as the hyperthermophile Pyrococcus furiosus, and eukaryotes such
as Saccharomyces cerevisiae, are exoelectrogenic [165]. Despite the growing interest in microbial fuel cells (MFCs), there is still a lack
of standardized methodologies for measuring and comparing their performance, which makes it difficult to compare results across
different studies. The power densities generated by MFCs are typically lower than those of conventional chemical fuel cells, and the
amount of electricity generated by microorganisms can vary significantly depending on the growth conditions and experimental
parameters [166].

A wide range of experimental conditions and reactor setups are used in MFC research, from simple two-chamber systems with
aerated catholytes to more complex single-chamber air-cathode designs [167,168]. Using membranes and large electrode distances
can further reduce the current density in MFCs, as high internal resistance limits electron production in typical two-compartment
H-type cells with salt bridge-type membranes [166,167].

Exoelectrogenic bacteria, particularly Geobacter sulfurreducens, are the most commonly studied microorganisms in MFC research
[169]. Under neutral pH and moderate temperature conditions in a buffered environment with carbonate or phosphate-acetate buffer,
G. sulfurreducens is usually dominant when the inoculum is obtained from sediments or sewage [167,169]. However, recent studies
have shown an increase in the abundance of Proteiniphilum acetatigenes and a decrease in the abundance of Geobacter spp. as MFC
electricity production increases [170]. It should be noted that P. acetatigenes has not been shown to be exoelectrogenic.
G. sulfurreducens KN 400 has been shown to produce one of the highest power densities, 3900 (mW m™~2), in complex organic substrates
such as dairy, domestic, potato, and wine juices [171].

Another model of electrogenic bacteria is Shewanella oneidensis, which can transfer electrons through direct contact of outer
membrane cytochromes with a surface [172-174]. However, S. oneidensis is rarely abundant in MFCs due to its inability to metabolize
anaerobic acetate. Escherichia coli strains have also been shown to generate power concentrations comparable to those of Geobacter or
Shewanella strains (up to 3800 (mW m’z) under certain conditions [146,175]. However, the lack of purity of the tests performed on this

Two-chamber and single-chamber cubic
systems

Two-chamber and single-chamber cylidrical
systems

Flat panel systems

Types of Microbial

fuel cell architecture

Multi-anode and cathode fuel cells

Fuel cell with special geometry

Fig. 8. A view of the building types of microbial fuel cells.
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species is a major concern in their investigation.

In conclusion, despite the progress made in MFC research, much remains to be learned about the mechanisms underlying exoe-
lectrogenic microorganisms’ electricity generation and the optimization of MFC performance. Standardized methodologies for
measuring and comparing MFC performance, as well as a better understanding of the microbial ecology and diversity in MFCs, will be
crucial for realizing the full potential of this promising technology.

7.2. Exoelectrogenic archaea

Archaea, a group of single-celled microorganisms, exhibit the remarkable capability of producing electricity through exoelectro-
genic electron transfer. Notably, hyperthermophilic archaea can generate electrical current at elevated temperatures, while meth-
anotrophic archaea can do so under moderate temperature conditions. However, in comparison to bacteria, the power generation and
current density achieved by archaea have been less extensively documented. For instance, research has demonstrated that hyper-
thermophilic P. furiosus can produce 225 (mW m~2) in an H-structured fuel cell utilizing ferricyanide catholyte at a temperature of
90 °C. These findings shed light on the electrical potential of archaea and their role in electricity generation [176].

Additional hyperthermophilic microorganisms, including F. placidus and Geoglobus Ahangari [145]., have demonstrated their
capability to generate significant electrical currents in microbial electrolysis cells (MECs). Specifically, F. placidus exhibits a
remarkable current concentration of 680 (mA m2) at 85 °C, while Geoglobus Ahangari achieves a current concentration of 570 (mA
m~?) at 80 °C. These findings emphasize the substantial electrical potential of hyperthermophiles and their suitability for MEC ap-
plications [176].In contrast, G. sulfurreducens PCA generated 1900 (mA m’z) in the same reactors [177]. Despite these findings, the
mechanism underlying archaea’s exoelectrogenic electron transfer, particularly in Arci, remains largely unknown.

7.3. Exo-electrogenic eukaryotes

In addition to bacteria and archaea, some eukaryotes can produce electric currents. Fungi, especially those belonging to the
Saccharomycetaceae family, such as S. cerevisiae (brewer’s or baker’s yeast), have been shown to possess this ability. Studies have
reported power outputs ranging from 20 to 70 (mW. m_z) for S. cerevisiae in fuel cells [178]. Other species, such as Candida sp. and
IR11, have also been shown to produce power outputs of 26 (mW m~2) and 21 (mW.m’z), respectively [179,180]. Furthermore, an
impressive power output of 720 (mW m™2) was attained by employing Candida melibiosica in conjunction with a nickel nano-
structured carbon anode and a ferricyanide catholyte. This significant achievement highlights the potential of Candida melibiosica as an
efficient microorganism for electricity generation, particularly when paired with advanced electrode materials and appropriate
catholyte solutions [181]. Exploration of electron transport mechanisms involving the secretion of endogenous intermediates into the
solution has been conducted for specific species, including Blastobotrys adeninivorans. The investigation focuses on understanding the
unique pathways through which Blastobotrys adeninivorans facilitate electron transfer, shedding light on the intricate dynamics of
microbial electron transport systems [182].but there is also evidence for direct electron transport from the cell surface. In contrast to
bacteria and archaea, the complex structure and branched eukaryotic cells of yeasts may have contributed to the advances in using
yeast as biocatalysts in MFCs. Nevertheless, additional research is imperative to unravel the intricacies of electron transport and
elucidate the precise components of the yeast cell membrane implicated in exogenous electron transfer. Subsequent studies should
emphasize the production of these components in the absence of yeast extract, as it would provide a more comprehensive under-
standing of the underlying mechanisms and enhance the practical applications of exogenous electron transport in yeast.

Also, to end the discussion about electrogenesis microorganisms, it can be mentioned that ammonia-oxidizing exoelectrogens,
electroactive extremophiles, and cable bacteria are among the latest known electrogenesis microorganisms [183].

7.4. Electrotrophic microorganisms

Electrotrophs, microorganisms capable of receiving electrons from their food source, have been studied extensively for their potential
in microbial batteries. Bacterial bio-cathodes, well-known for reducing oxygen in metals, have shown increased electricity production
when placed in seawater beds with a carbon cathode and a magnesium alloy anode [182,184]. Cao et al. (2009) discussed electro-
trophic activity in biochemical cells, noting that Geobacter metallireducens was the first to demonstrate the conversion of nitrate to
nitrite in pure cultures [184]. Hongying Li et al. (2018) highlighted the emergence of the betaproteobacteria Alkaligenes faecalis as a
promising candidate for in-depth investigation. While several studies have showcased the ability of biocathodes to aid in nitrate
reduction, only a limited number have employed pure cultures for comprehensive analysis. Additionally, various strains of Desulfopila
have shown potential in this context, prompting further exploration to unravel their specific contributions and mechanisms in nitrate
reduction processes [185].and Desulfovibrio has been shown to reduce sulfate, with Desulfovibrio Pakosi capable of producing H gas
at very negative potentials (—900 mV) [185,186].

Doyle et al. (2018) conducted a pioneering study focusing on pure cultures, utilizing Lepsiella pneumoniae to illustrate electro-
trophic oxygen reduction. This groundbreaking research showcased the effective reduction of manganese oxides accumulated on the
cathode surface by Lepsiella pneumoniae. Furthermore, the microorganism could reduce oxygen using stainless steel electrodes. These
findings illuminate the unique electrochemical capabilities of Lepsiella pneumoniae, offering valuable insights for future in-
vestigations in this field [186].

Biocathodes have garnered significant attention in industrial food production and biofuel synthesis. By harnessing electricity, these
biocathodes facilitate the reduction of carbon dioxide into complex, multi-carbon organic molecules through a process known as
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microbial electrosynthesis. Initial investigations unveiled the capability of acetogenic bacteria, including Spermosa and Clostridium, to
accept electrons from cathodes and effectively convert carbon dioxide into acetate. These early findings highlight the potential ap-
plications of biocathodes in sustainable and efficient production processes, offering promising avenues for future research in this
domain [187,188]. Pham et al. (2008) highlighted that several strains have demonstrated the production of diacetate from electric
current, although the current density has generally remained relatively low (usually <10 (mA m~2). Archaea have also been explored
for their potential to generate hydrogen and methane through electrochemical processes, offering valuable insights for future in-
vestigations [188].

7.5. Electricity production by cultivating several microorganisms

Cooperative electricity production holds promise by harnessing the collective potential of microorganisms to amplify electricity
generation. Utilizing co-cultures of exoelectrogenic microorganisms alongside other bacterial species can synergistically enhance
current generation through chemical removal or producing substrates conducive to electricity generation. This approach demonstrates
the potential for enhanced and efficient electricity generation through microbial cooperation, opening avenues for further exploration
and application in this field.

For instance, Geobacter sulfurens can remove oxygen in co-cultures with Escherichia coli, maintaining anaerobic conditions. In
another example, co-cultures of Astobacter aesti and Gluconobacter rosaceus exhibited a distinct growth pattern. Both species, capable
of producing electricity separately, are attached to the membrane through a combination of substrate and periplasmic production
granules of cytochrome ¢ and ubiquinone. Interestingly, these diverse cultures working together produced electricity at the highest rate
of bed removal (140 mW m™~>) compared to individual cultures. Electrogens can also utilize the breakdown products of other cells to
generate currents, further enhancing cooperative electricity production. These findings suggest that microorganisms’ synergistic ef-
fects can be applied in various sustainable electricity generation scenarios [189].

8. The architecture of fuel cells of MFC

Developing microbial fuel cells presents numerous challenges, including identifying materials and architectures that optimize
coulombic power and efficiency while minimizing cost. Achieving scalability in design is also a major challenge. Various materials are
used in fuel cells, and determining how to connect and arrange them in the final design and selecting the appropriate reactor ar-
chitecture is crucial. Air cathodes have been the preferred choice for many researchers, as they are expected to be used in larger
systems. Optimization studies have explored chemical reduction with ferricyanide or permanganate to maximize power output.
However, the power produced may not be proportional to bacterial size. Two-chamber systems with high internal resistance have been
used to determine the effect of specific substrates or microbial populations on production power. Still, their effect on overall microbial
fuel cell performance is poorly understood. Laboratory studies have generated a variety of potential architectures based on research
objectives, but a practical, efficient, cost-effective design remains elusive. Research focuses on developing scalable and economical
systems, including brush electrodes, graphite fiber, and tubular cathodes. The ultimate goal is to create a microbial fuel cell design that
is both high-performing and economically feasible and uses readily available materials [1].

Several designs of microbial fuel cells (MFCs) have been proposed recently, ranging from single-chamber to two-chamber con-
figurations. Notably, single-chamber systems with an air cathode, where the electrode integrates all components into a single layer,
exhibit the most practical potential for wastewater treatment applications. The simplicity of this design, coupled with its cost-
effectiveness and high power production, positions it favorably. This model features a minimal distance between the cathode and
anode, resulting in significantly lower internal resistance than alternative models. In this study, the objective was to compile and
categorize the various components of microbial fuel cells. For this purpose, Fig. 8 delineates microbial fuel cells in terms of the
constituent parts that have been examined in previous studies.

9. Concluding remarks and future perspectives

2 Gl gldsh a3 s ez

This comprehensive review article thoroughly examines the latest developments in materials, methodologies, structural in-
novations, and microbial components pertinent to Microbial Fuel Cell (MFC) technology. Despite the significant promise of MFCs in
sustainable electricity generation and wastewater treatment, their practical application on a larger scale poses substantial challenges.
In this context, this review identifies key areas for future research and outlines specific recommendations to overcome these chal-
lenges. These areas encompass materials, methodologies, structural considerations, and the utilization of microorganisms in MFC
technology. By addressing these aspects, we aim to facilitate the progression of MFCs towards becoming viable and sustainable green
energy solutions.

e Material innovations: one critical avenue for improving MFC technology involves the development of innovative materials. This
review underscores the need to:
a. Engineer low-cost, high-performance anode materials, including metal oxides and conductive polymers, to replace expensive
metals and enhance MFC efficiency.
b. Investigate cathode materials, such as heteroatom-doped carbons and transition metal complexes, as alternatives to costly noble
metal catalysts.
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c. Design proton exchange membranes with high conductivity are cost-effective and exhibit antifouling properties.

e Methodological improvements and the refinement of methodologies are pivotal in furthering MFC technology. Our recommen-
dations include:

a. Optimization of reactor configurations to mitigate internal resistance and enhance mass transfer. Notably, stacked and cascaded
MEFCs exhibit potential for scalability. b. Integration of MFCs into existing wastewater treatment infrastructure for simultaneous
electricity generation and bioremediation. c. Development of standardized protocols to facilitate comparing results across
different research studies.

e Structural innovations enhance the practicality of MFCs for real-world applications; we emphasize the importance of structural
innovation. This entails:

a. The design of compact and portable single-chamber MFCs featuring air-cathodes.

b. Utilizing 3D printing techniques to fabricate miniature MFCs suitable for remote sensing and robotics deployment.

c. The engineering of modular and stackable MFC systems tailored for large-scale electricity generation.

e Harnessing Microorganisms and microbial components plays a crucial role in MFCs, and exploring their potential is vital. Rec-
ommendations in this domain include:

a. Exploration of cooperative microbial communities and metabolic engineering techniques to augment electricity generation.

b. Investigation into extremophiles and their robust bioelectrochemical systems, particularly in high-temperature MFCs.

c. Elucidating direct interspecies electron transfer mechanisms among electroactive microbes can significantly enhance MFC
efficiency.

In conclusion, overcoming the challenges associated with scaling up MFC technology while simultaneously improving performance
and reducing costs is paramount. The suggestions delineated in this review aim to provide clear guidance for future researchers, ul-
timately advancing MFCs toward becoming sustainable and practical green energy solutions.
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Appendix(A)

A polarization diagram, commonly referred to as a polarization curve within the field of electrochemistry, serves as a pivotal
graphical tool. Its primary purpose lies in the meticulous examination and comprehension of the electrochemical dynamics inherent to
electrodes or electrochemical cells. This critical representation affords researchers and engineers a profound understanding of how the
electrode’s potential, also known as voltage, responds to varying current densities during electrochemical reactions.

Experimental Setup: To fashion a polarization diagram, an electrode, typically designated as the working electrode, is submersed
within an electrolyte solution. Simultaneously, a reference electrode assumes the role of measuring the electrode potential, while a
counter electrode completes the electrochemical cell arrangement.

Voltage versus Current Density: The crux of this experimentation revolves around the acquisition of data. This involves meticu-
lously recording the electrode potential, quantified in volts, as a function of current density. Current density, often expressed in units
such as milliamperes per square centimeter (mA/cm?), represents the magnitude of electric current traversing the electrode’s surface
area.

Plotting: The amassed dataset is subsequently translated into a graphical representation, with current density usually aligned along
the x-axis and electrode potential (voltage) plotted on the y-axis. This graph captures the electrode potential’s nuanced variations as
the current density is systematically altered.

Characteristics of the Curve: The resultant curve on the graph, aptly termed the polarization curve, conventionally manifests in
three distinctive regions:

1. Cathodic Region: Manifesting at lower current densities, this region is characterized by a relatively stable electrode potential. It
delineates the electrode’s behavior during instances when reduction reactions, such as the reduction of oxygen or other chemical
species, predominate.

2. Transitional Region: As the current density escalates, a discernible departure from stability emerges. This transitional zone
frequently harbors crucial insights into mixed electrochemical reactions.
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3. Anodic Region: At elevated current densities, the polarization curve exhibits a precipitous change in potential. This region un-
derscores the electrode’s response when oxidation reactions, such as the oxidation of metal ions, exert their dominance.

Analytical Utility: Within the realm of scientific inquiry, polarization curves serve as invaluable tools. They empower scientists and
engineers to extract comprehensive insights into an array of electrochemical processes. Such analyses extend to the assessment of
material corrosion rates, the efficiency of electrochemical reactions, and the intricate kinetics governing reactions transpiring at the
electrode interface [190].

Polarization diagrams wield substantial significance across diverse scientific domains, including corrosion science, electroplating,
fuel cell advancement, and battery research. These diagrams furnish essential insights into the operational dynamics of electrodes and
electrochemical systems, furnishing the requisite knowledge to fine-tune and oversee these processes for multifarious applications.

The polarization curve serves as a fundamental tool for the assessment of microbial fuel cell (MFC) performance and efficiency in
scientific research. By systematically measuring voltage across a range of current levels, one can deduce critical parameters such as the
internal resistance, power output, and the overall electrochemical behavior of the MFC. This analytical approach empowers re-
searchers to fine-tune MFC designs, electrode materials, and operational parameters, leading to increased energy yield from microbial
processes. The meticulous examination of polarization curves is imperative for advancing the understanding and optimization of
MFCs, which hold substantial potential for sustainable bioenergy generation and wastewater treatment applications in the realm of
scientific exploration and innovation. Figure 9 shows an example of polarization diagram.
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Fig. 9. Power density, and polarization curves during the experiment for the OC (black lines), SMFC-1 (blue lines) and SMFC-2 (red lines). Power
and density are shown for day 0 (a), day 46 (b), and day 96 (c). Polarization curves are shown for day 0 (d), day 46 (e), and day 96 (f). The dashed
lines in (d-f) are the linear portion of the polarization curves used to determine the internal resistance [191].
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