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Abstract: Microbial fuel cells (MFCs) are devices that can use bacterial metabolism to 

produce an electrical current from a wide range organic substrates. Due to the promise of 

sustainable energy production from organic wastes, research has intensified in this field in 

the last few years. While holding great promise only a few marine sediment MFCs have 

been used practically, providing current for low power devices. To further improve MFC 

technology an understanding of the limitations and microbiology of these systems is 

required. Some researchers are uncovering that the greatest value of MFC technology  

may not be the production of electricity but the ability of electrode associated microbes  

to degrade wastes and toxic chemicals. We conclude that for further development of  

MFC applications, a greater focus on understanding the microbial processes in MFC 

systems is required. 
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1. Introduction 

 

It is well recognized that alternative sources of energy are urgently required. Current reliance on 

fossil fuels is unsustainable due to pollution and finite supplies. While much research is being 

conducted into a wide range of energy solutions, it does not appear that any one solution alone will be 

able to replace fossil fuels in its entirety. As such it is likely that a number of different alternatives will 

be required, providing energy for a specific task in specialized ways in various situations. The 
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discovery that bacteria can be used to produce electricity from waste and renewable biomass [1-3] has 

gained much attention. Recently the increased interest in microbial fuel cell (MFC) technology was 

highlighted by the naming of Geobacter sulfurreducens KN400, a bacterial strain capable of high 

current production, as one of the top 50 most important inventions for 2009 by Time Magazine [4]. 

This list was also populated with other energy related devices such as solar shingles, smart thermostats 

and energy reducing light bulbs, further stressing the importance currently placed on energy.  

The discovery that microbial metabolism could provide energy in the form of an electrical  

current [5,6] has lead to an increasing interest and a dramatic raise in the number of publications in the 

field of MFC research. These systems are very adaptable and hold much promise to provide energy in 

a sustainable fashion but major improvements are required if widespread applications will be feasible. 

This review is unable to examine the entire field of MFC research in detail but hopes to highlight some 

important points regarding research in the field and recent important advances. Due to the shear 

number of papers currently published regarding MFCs we hope that omission of many articles will not 

cause offence to their authors. This review article will examine MFC’s currently in use, potential 

future applications and the limitations to implementing those applications. We suggest methods for 

improving the current output of a MFC. We also examine MFC applications in which microbes accept 

electrons from an electrode instead of donating them. This review will hopefully highlight some of the 

potential of and limitations to MFC technology implementation.  

 

2. Current Applications for Microbial Fuel Cells 

 

The first practical devices to be powered by MFC technology were reported in 2008 [7]. 

Meteorological buoys capable of measuring air temperature, pressure, relative humidity, water 

temperature, and transferring data via real-time line of sight radio frequency telemetry were 

exclusively powered by benthic MFCs. Benthic MFCs generate power through the microbial oxidation 

of organic substrates in anoxic marine sediments coupled to reduction of oxygen in the overlying water 

column. Electrons are generated from the metabolism of the naturally occurring microorganism in the 

marine sediments. As such, benthic MFCs do not require the addition of any exogenous 

microorganisms or electron shuttles [1,8,9]. Two separate benthic MFCs have been used to varying 

effect, the first, a prototype had a mass of 230 kg and a volume of 1.3 m
−2

, and could sustain 24 mW or 

the equivalent of 16 alkaline D-cell batteries per year [7]. This initial design consisted of 7 sub units 

and required extensive manipulation of the marine sediment for deployment. A second design was 

developed that had a mass reduced to 16 kg, a volume of 0.03 m
−2

 and sustained 36 mW or the 

equivalent of 26 alkaline D-cell batteries per year [7] (Figure 1). This design required little 

manipulation of the sediment and is deployable by a single person. The meteorological buoys obtained 

their entire power from the benthic MFC allowing them to operate continuously and independently 

from the need to replace batteries. Benthic MFCs have been operated for several years with no 

decrease in power output. The authors estimated that a benthic MFC could provide power indefinitely 

at the same power levels and the same cost as a deep sea power and light enclosed lead acid battery 

could deliver for one year [7].  
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Figure 1. Leonard (Lenny) Tender standing next to a benthic MFC before deployment. 

Graphite plates (in the yellow casing) are deployed in the marine sediment with a graphite 

brush cathode in the overlaying water column.  

 

 

Researchers have proposed methods to increase the power output from benthic MFCs, and thus 

broaden the devices the benthic MFCs are capable of powering. Since power is derived from the 

metabolism of the microorganisms in the sediment, the available organic substrate may be one  

of the limiting factors to higher levels of power production. The addition of insoluble slowly  

degrading organic substrates, such as chitin or cellulose, to the sediments has resulted in power 

increases [10–12]. These substrates are an appealing source as they are readily available and 

inexpensive. The increase in power density and longevity of the power out put is affected by the 

particle size of the insoluble organic substrate [13]. Higher power densities could be reached, but for a 

shorter period of time, by using smaller sized chitin particles. Power increases from the addition of 

organic substrate implies the potential to electively increase power levels of benthic MFCs for a 

certain period of time, but not being sustainable in the long term unless organic substrate is continually 

introduced. This also could lead to sediment MFCs being situated in areas of high organic flux, such as 

underneath fish farms or sites of agricultural run off, which could provide an increase in organics for 

oxidation of the MFCs. To power devices requiring higher power levels than the MFCs are currently 

capable of producing, MFCs have been linked to charge capacitors to provide brief bursts of increased 

power which is slowly recharged by the MFC [14,15]. These have the advantage that charge can be 

stored and supplied intermittently at a level higher than that of the MFC. These studies are still lab 
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based and have not been incorporated into field-based trials but offer the potential to power a wider 

range of devices with a benthic MFC. 

A limiting factor to general MFC use is the high cost of materials, such as the nafion membrane 

commonly used in laboratories as a proton permeable membrane. Attempts are currently underway to 

produce low cost MFCs constructed from earthen pots for use in India [16]. By removing the proton 

permeable membrane, utilizing locally produced 400 ml earthen pots, stainless steel mesh cathodes 

and a graphite plate anode, each MFC unit could be produced for US $1. The earthen pot MFCs used 

sewerage sludge as an initial inoculum and experiments were conducted using acetate as a carbon 

source. While producing low levels of power, these devices could potentially be incorporated in large 

numbers into oxidation ponds for the treatment of concentrated wastewater while generating power. In 

areas where off grid applications are required, even low power MFC devices may prove useful. The 

World Bank has provided funding to a company named Lebone (http://www.lebone.org/) to start trials 

with MFC technology to provide energy to isolated communities. Initial trials will be based in 

Tanzania and attempt to provide power for high efficiency LEDs and battery powered devices.  

Current applications are all limited to low power level devices. If power can be increased, or cells 

engineered for specific applications, then a large range of potential applications have been speculated 

to be possible. 

 

3. Potential Applications for Microbial Fuel Cells 

 

The use of an anode as a final electron acceptor by bacteria has lead to the possibility of a wide 

range of applications. It should be noted that many of these envisaged applications are not currently 

feasible and require significant improvements if they are to become viable technologies [17-19]. One 

of the most active areas of MFC research is the production of power from wastewaters combined with 

the oxidation of organic or inorganic compounds. Studies are demonstrating that any compound 

degradable by bacteria can be converted into electricity [20]. The range of compounds include, but by 

no means limited to, acetate [21,22], glucose [23], starch [24], cellulose [25], wheat straw [26], 

pyridine [27], phenol [28], p-nitrophenol [29] and complex solutions such as domestic waste  

water [30,31], brewery waste [32], land file leachate [33], chocolate industry waste [34], mixed fatty 

acids [35] and petroleum contaminates [36]. Within these systems less biomass is also generally 

produced then their equivalent aerobic processes and without the need for an energy intensive aeration 

process less energy is required [7]. MFCs for the large scale treatment of wastewaters still face 

problems of scale up from laboratory experiments and slow rates of substrate degradation. 

The ability of the MFC microbial communities to degrade a wide range of environmental pollutants 

may be more valuable than production of electricity itself in certain settings, especially when the MFC 

technology can be used for environmental clean up in situ. Geobacter species have been shown to be 

important in the anaerobic degradation of petroleum components and landfill leachate contaminants in 

ground water [37–41]. The oxidation of the contaminant is linked to the reduction of Fe (III). The 

oxidation and reduction process can be increased through the addition of Fe(III) chelators or electron 

shuttles [42–44] to promote increased transfer of electrons between cells and insoluble Fe(III) oxides. 

Contaminants often persist in the environment due to a lack of suitable electrons acceptors [45–49] and 

the addition of chelators, electron shuttles or other electron acceptors in the subsurface environment is 
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not feasible. Pure cultures of Geobacter metallireducens are able to oxidize benzoate [1],  

and toluene [50] using an electrode as the final electron acceptor. Providing an electrode to  

hydrocarbon-contaminated soils accelerated the rates of toluene, benzene and naphthalene  

degradation [50]. The use of an electrode as an electron acceptor in the soil is attractive, as the 

microbes responsible for degradation will co-localize with the contaminant at the graphite anode. Once 

in position the electrode can provide a continuous long-term electron sink for the degradation of the 

harmful environmental contaminants. In this setting the electrons produced by the microbes in the 

form of current is irrelevant when compared to the increased rates of bioremediation. Likewise 

experiments have shown that MFCs may potential be able to remove fermentation inhibitors which 

accumulate in process water after the pretreatment of cellulosic biomass [51]. The removal of the 

inhibitors allows for increased fermentation product yields while providing small amounts of energy. 

An unusual application for MFC technology is to power implanted medical devices using glucose 

and oxygen from blood. An implanted MFC could provide power indefinitely and negate the need for 

surgery to replace batteries. Abiotic fuel cells based on noble metal catalysts and activated carbon have 

been demonstrated to produce energy from blood glucose in vitro and in vivo [52,53]. Fuel cells based 

on enzymatic catalysts have also been shown to operate under physiological conditions but still require 

much improvement to become viable [54,55]. Interest has also been expressed in using human white 

blood cells as a source of electrons for an anode [56]. Experiments using white blood cells in 

phosphate-buffered saline solution with a ferric-cyanide cathode produced a low current level  

of 1–3 µAcm
−2

 but it could not determine if electron transport to the anode was through a direct or 

indirect process [57].  

 

4. Microorganisms in A Microbial Fuel Cell  

 

In its most basic form, a MFC is a device that uses microorganisms to generate an electrical current 

through the oxidation of organic material (Figure 2). Microorganisms in the MFC metabolize organic 

substrates and extracellularly transfer electrons to an electrode surface. The oxidation of the organic 

material liberates both electrons and protons from the oxidized substrate. Electrons are transferred to 

the anode and then to the cathode through an electrical network. The protons migrate to the cathode 

and combine with the electron and a catholyte, a chemical such as oxygen, which is reduced at the 

cathode surface. As such, an electrical current is generated in a fashion similar to a chemical fuel cell, 

but with microbes acting as a catalyst on the anode surface. Catalysts generally increase the rate of a 

reaction without being changed by or receiving energy from the reaction they catalyze. The microbes 

in a MFC are not true catalysts since they obtain energy from the oxidation of the substrate to support 

their own growth and create an energy loss. Microbes in a MFC may gain all the energy and carbon 

required for cellular growth from the oxidation of the complex organic material and as such MFC 

technology has been considered self-sustaining [58]. As long as conditions remain favorable  

for current production by the anode-associated microbes, a MFC has the potential to produce 

electricity indefinitely.  

A diverse range of microorganisms are found in association with electrodes in MFC systems, 

especially when an environmental inoculum is used to seed the MFC [1,59–62]. A general term for 

bacteria associated with a surface is a biofilm. It is likely that not all of the organisms associated anode 
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biofilm interact directly with the anode but may interact indirectly through other members of the 

electrode community. For example, Brevibacillus sp. PTH1 was found to be an abundant member of a 

MFC community. Power production by Brevibacillus sp. PTH1 is low unless it is cocultured with a 

Pseudomonas sp. or supernatant from a MFC run with the Pseudomonas sp. is added [63]. Pure 

cultures capable of producing current in a MFC include representatives of the Firmicutes [64] and 

Acidobacteria [65], four of the five classes of Proteobacteria [59,66–72] as well as the yeast strains 

Saccharomyces cerevisiae [73] and Hansenula anomala [74]. These organisms interact with an anode 

through a variety of direct and indirect processes producing current to varying degrees.  

One common measure of MFC efficiency, coulombic efficiency, is a measure of the number of 

coulombs recovered as electrical current compared to the theoretical maximum number of coulombs 

recoverable from the organic substrate added to the system. The coulombic efficiency of the MFC is 

dependent, in part, on the microorganisms that are carrying out the oxidation and the organic carbon 

from which the electrons are derived [75–77]. This is due to the different metabolic pathways utilized 

by different microorganisms and the mechanisms by which the microorganisms transfer electrons to 

the anode. To gain the highest theoretical amount of energy from an organic substrate, the substrate 

needs to be completely oxidized to carbon dioxide with efficient transfer of electrons to the electrode. 

Without the complete oxidation of the organic substrate, energy is lost from the system in the form of 

unoxidized substrate. For example, studies found that Shewanella oneidensis that did not completely 

oxidize the organic substrate lactate in a MFC, leaving electrons unutilized as waste products such as 

acetate, had a columbic efficiency of about 56.2% [78]. When microorganisms in the MFC system are 

capable of completely oxidizing the organic substrate to CO2 higher columbic efficiencies have  

been reported. Bacteria reported to be capable of the complete oxidation of an organic substrate in  

a MFC system include: Geothrix fermentans (94% columbic efficiency oxidizing acetate) [65]; 

Geobacter species (approaching 100 % columbic efficiency oxidizing acetate or 84% oxidizing 

benzoate) [1,21,22]; and Rhodoferax ferrireducens (83% columbic efficiency oxidizing glucose) [72]. 

Reported columbic efficiencies can vary greatly when environmental inoculums are used, such as 

wastewater, with a maximum of 65–89 % being reported after microbial enrichment [79].  

A number of other metrics have been proposed to measure MFC efficiency and for the comparison 

of MFC technology with other organic-matter-to-energy converting technologies. These include 

energy-capture efficiency, voltage efficiency, mass-transfer efficiency and process energy efficiency. 

Detailed discussions of these metrics are outside the scope of this review. Readers interested in 

discussion of MFC efficiency, and comparisons of MFC efficiency with technologies for generating 

bioethanol and anaerobic digestion to methane are directed to Rittmann et al. 2008 [80].  

A major limitation to the MFC system is the reduction of molecular oxygen by the cathode. Various 

metals have typically been used to catalyzed the cathodic reaction [81,82] but reduction of oxygen at 

the cathode is currently an important limiting factor in a MFC. To reduce these cathodic limitations 

researchers have increase the cathode to anode ratio [83] and used biological catalysts [84], which will 

be discussed later.  
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Figure 2. A diagram of a MFC containing a graphite anode acting as an electron acceptor 

for anaerobic microbial oxidation of organic compounds separated by a proton diffusion 

layer from an aerobic graphite cathode. Oxygen is combined with electron and protons at 

the cathode forming water. The reduction of oxygen at the cathode can be either an abiotic 

or biotic process.  

 

 

Depending on the energy loss due to the cathode reaction and bacterial metabolism, a voltage of 

typically 0.3–0.5 V can be obtained from organic substrates such as glucose or acetic acid [19]. 

Anodes in these systems are usually small, generally in the range of cm
2
, but projected power densities 

are reported on the scale of mW per m
2
. Scaling in a MFC does not seem to be as easy as increasing 

the surface area of the anode and cathode. Problems associated with internal resistance, diffusion of 

substrate and protons are encountered. As recently highlighted [19], there has been initial success in 

increasing power output of MFC systems but the power outputs of MFCs are now plateauing. Another 

major draw back for many of the MFCs used by researchers is that the pumps, stirring bars and 

temperature control for the systems consume more power than the MFC itself generates. While these 

limitations need to be overcome to move from the laboratory to industrial large-scale MFC 

applications, some low power applications are being successfully deployed.  

 

5. Electrical Interactions between Microbes and Electrodes  

 

Cyclic voltammetry has been regularly exploited to investigate the electrochemical interactions of 

mixed or pure cultures with an anode [59,85–88]. These techniques can differentiate direct and indirect 

electron transfer process that occur within the anode-associated biofilms. Cyclic voltammograms have 

been used to interpret the electron transfer process occurring within an anode associated biofilm, 

which can vary depending on the stage of biofilm development, the biofilm community and power 

generation by the anode associated biofilm [59,88–92]. The cyclic voltammograms can be quite 



Energies 2010, 3             

 

906 

complex, for example when G. sulfurreducens was examined using cyclic voltammetery the 

complexity of the voltammogram was increased at lower scan rates increasing the distinguishable 

redox systems from 2 to 4 or more [89]. As cyclic voltammetery has been shown to only probe the 

biofilm closet to the electrode, the usefulness of this technique in probing the bulk biofilm has been 

questioned due to significant potential gradient that maybe present in the biofilms [93]. Cyclic 

voltammetery cannot be used as a stand-alone method to determine the physiochemical nature of the 

mediator involved in the electron transfer process [94]. Many different bacterial species, including 

Shewenella species [95], Geothrix fermentans [96] and Pseudomonas species [85,97], have been 

identified to produce electron mediators but there use in high current producing MFCs has been 

questioned compared to bacteria that can directly transfer electrons to the electrode [58].  

Likely mechanisms of direct and indirect electron transfer processes have been identified from 

studies of dissimilatory metal reducing bacteria that use insoluble iron oxides as a terminal electron 

acceptor [85,98,99]. Three main pathways for electron transfer have been identified and include: the 

production of electron shuttles [85], direct contact of outer surface c-type cytochromes [21] and long 

range contact via electrical conductive pili or nanowires [98] (Figure 3). The advantages of direct 

electron transfer and the use of pili to form a conductive biofilm has over the production of shuttles has 

been extensively reviewed elsewhere [18,19,58,100–102]. 

One of the most extensively studied microorganisms capable of high current densities in a MFC is 

G. sulfurreducens. This organism has become a model for bacterial processes in a MFC since: it is 

representative of Geobacter species commonly enriched for from environmental samples using a  

MFC [8,21,103]; pure cultures of G. sulfurreducens have been found to produce near or greater than 

maximum power of mixed species biofilms [22,104]; the full genome sequence is available [105] and 

is amenable to genetic manipulation [106]; whole genome microarray analysis is available [107]; and a 

genome-based in silico metabolic model is available [107]. Furthermore, G sulfurreducens belongs to 

class of microbes referred to as electricigens, a term used to describe microbes that conserve energy to 

support growth by completely oxidizing organic compounds to carbon dioxide with direct electron 

transfer to the anode of the MFC [58]. Other proposed terms for microorganisms that can transfer 

electrons to an electrode include: anodophiles [108], exoelectrogens [109], electrogenic 

microorganisms [110], anode-respiring bacteria [76], and electrochemically active bacteria  

(EAB) [111]. Electricigens have many advantages in a MFC such as: high coulombic efficiency due to 

the complete oxidation of the organic substrate with transfer of electrons to the electrode; long term 

stability associated with the conservation of energy for maintenance and growth from the electron 

transfer to the anodes; and direct electron transfer to the anode by the bacteria negating the need for the 

addition of any exogenous or production of electron mediators [18]. 

Genome scale gene expression studies [112–114] and electrochemical analysis [115] indicate that 

cells in direct contact with the anode in a MFC interact through c-type cytochromes on the outer cell 

surfaces. Interestingly G. sulfurreducens biofilms can form biofilms greater than 50 µm thick. All the 

cells in the thick biofilm are metabolically active [116] and contribute to current production [22,117]. 

Gene expression studies have suggested that the production of microbial nanowires is important for 

long-range electron transfer through the G. sulfurreducens biofilms (Figure 3) [117]. Modeling studies 

have also predicted that high current production by a thick anode associated biofilm is only feasible if 

the bacterial biofilm is conductive [118,119]. The production of a conductive biofilm is highly unusual 
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as most biofilms act as insulators [120–122]. A major breakthrough in the field would be the 

measurement and determination of the conductivity, and the components responsible of conductivity, 

of a bacterial biofilm in a MFC. 

Figure 3. In current producing Geobacter sulfurreducens biofilms cells close to the 

electrode are proposed to transfer electrons via membrane bound cytochromes, where as 

cells furthest from the electrode are able to use a conductive nanowire network for long 

range electron transfer to the electrode. Oxidation of the organic substrate throughout the 

biofilm leads to an accumulation of protons within the biofilm. The proton concentration  

is closet at the anode surface and can be greater then ten fold when compared to  

the bulk fluid. 

 

 

An important point recently highlight is the general misconception that the bacteria on the electrode 

gain energy from the electron shuttle or the electrode directly itself [101]. The bacterial cells gain 

energy from the pumping of protons across the inner membrane to form a proton gradient, which 

drives the formation of ATP from ADP through ATPase. As such, extracellular electron transfer acts 

to move the electron to the anode surface but does not gain any further energy for bacterial growth. It 

is the creation of a proton gradient that drives the synthesis of ATP and provides metabolic energy for 

the bacterium.  

The production of high current densities by microorganisms in a MFC is highly artificial with no 

natural equivalent in the environment. Attempts to improve current production through genetic 

engineering have met with little success [123]. Over production of cytochromes or the microbial 

nanowires did not lead to an increase in power production, likewise the creation of an ATP drain, 

predictive by the metabolic model to increase in metabolism [124], did not increase current production. 

This observation highlights that current production by bacteria in a MFC is a complex process that is 



Energies 2010, 3             

 

908 

highly regulated and requires more then changes in a few genes or changes in bacterial respiration 

rates to increase current production. Adaptive selection within a MFC has meet with more success at 

producing a strain capable of increased current density [125]. Over a 5 month period a MFC was 

operated at a low potential and lead to the isolation of the variant of G. sulfurreducens named KN400 

capable of an 8 fold increase in power density. Of interest is that this strain produces a thinner biofilm 

with less outer surface cytochromes but an abundance of nanowires providing further insight into the 

complex process of electron transfer at high current densities [125]. 

 

6. Proton Inhibition in Microbial Fuel Cell Biofilms 

 

The oxidation of organic material produces both protons and electrons. The electrons are removed 

instantaneously via the conductive biofilm and the electrical circuit of the MFC. The larger protons 

have to migrate out of the biofilm to the cathode. This occurs at a much slower rate and may cause a 

bottleneck inhibiting power production. For every electron produced in the form of current, a proton is 

also produced within the biofilm (Figure 3). Using a modified MFC and a fluorometric pH sensitive 

dye, a proton gradient was observed across the biofilm between the anode surface and the bulk  

fluid [116]. The specific production of current by the microbes in the MFC caused a ten-fold increase 

in proton concentration, equivalent to 1 pH unit. A decrease in the pH of the bulk fluid of a MFC has 

been shown to decrease power production [83,126]. Modeling studies predicted that proton 

accumulation would lead to zones of metabolic inactivity within the biofilm [127], but metabolic 

staining indicated activity throughout the entire biofilm [128,129]. 

A novel technique that allowed spatial transcriptional profiling of the current producing biofilm 

indicted that there was no significant difference in metabolism between the cells closet to the anode 

and those furthest from the electrode surface [129]. Gene expression patterns suggest that the cells 

closet to the anode surface, while metabolic active, expressed a range of proteins commonly associated 

with environmental stress, expected to be a result of the proton accumulation. Interestingly the cell 

furthest from the anode did not express any genes commonly associated with electron acceptor 

limitation. Combined with the observation that these cells are metabolically active it seems that the 

biofilm thickness is limited due to unknown factors. Another interesting observation is that biofilms 

produced by G. sulfurreducens are heterogeneous with pillar structures [116] where as the high current 

density strain KN400 produces more power from a thinner, but more homogenous biofilm [125]. This 

also indicates that the way the cells are packed in a biofilm is more important than just producing 

thicker biofilms. 

 

7. Cathode Interactions 

 

The reduction of oxygen at the cathode of MFCs is recognized as one of the current bottlenecks in 

power production [19,130–132]. Oxygen is an ideal acceptor for use in a MFC due to its high 

oxidation potential, low cost and formation of water as its waste product. Plain graphite/carbon 

electrodes are a commonly used electrode material due to cost and performance. Oxygen reduction 

occurs at a very slow rate on the surface of carbon electrodes and leads to a high over potential, 

thought to be one of the most limiting factors in high current density MFCs [133]. To overcome this 
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electrode overpotential, laboratory based MFC systems commonly use potassium ferricyanide as an 

electron acceptor [22,87,108,125]. The use of potassium ferricyanide leads to a low overpotential of 

the carbon cathode, and allows the MFC to work close to open circuit potential. The use of 

ferricyanide outside the laboratory is not practical due to toxicity and insufficient reoxidation by 

oxygen requiring the catholyte to be regularly replaced [87,134]. Furthermore the use of catalysts, such 

as platinum or other non-precious metals [81,82], may also be cost inhibitory for large-scale 

applications and not suitable for long-term applications. In the search for a suitable catalyst for oxygen 

reduction in a MFC system research is investigating the use of a biocathode. 

Microorganisms can accept electrons from an electrode and reduce organic and inorganic 

compounds. Initial studies demonstrated that Geobacter species could utilize an electrode as a sole 

electron source [135]. A negatively poised electrode enriched for Geobacter species from sediment 

accompanied by a corresponding reduction of nitrate[135]. Quite interestingly pure culture studies 

with further Geobacter species showed biological reduction of nitrate and fumarate, as well as 

reduction of insoluble U(VI) to U(IV), with an electrode species acting as the sole electron  

donor [136]. Microbes capable of manganese oxidation have also been demonstrated to increase 

current by two orders of magnitude by cycling manganese on a cathode. Manganese used as a final 

electron acceptor is reduced and precipitated on the electrode as Mn(IV), the manganese oxidizing 

organisms oxidize the Mn(IV) to Mn(II) which in turn can be reduced once again by the  

electrode [137]. The use of a biocathode has recently gained interest in the treatment of wastewater. 

The use of a biocathode offers the simultaneous removal of organic compounds at the anode link to 

nitrogen removal at the cathode [138].  

Biocathodes using oxygen as a final electron acceptor have been used to improve the performance 

of marine MFCs with stainless steal electrodes. The performance of a wet air cathode inoculated with a 

consortium of sludge and sediment microbes was increased through the interactions of the 

microorganisms on the cathode surface [131,139]. The use of a biocathodes has also been reported to 

reduce charge transfer resistance of the cathode from 188 to 17 ohms [140] and 40.2 to 12 ohms [141]. 

Microbial community analysis of the biocathode has identified a wide range of organisms present in 

the anode community including representatives of the divisions: Betaproteobacteria, Bacteroidetes, 

Alphaproteobacteria, Chlorobi, Deltaproteobacteria, Actinobacteria, and Gammaproteobacteria [141]. 

Not surprisingly, since this MFC was set up to investigate nitrate removal at the cathode, bacteria with 

the ability to reduce nitrate dominated the microbial community. When oxygen was used as a final 

electron acceptor then Bacteriodetes isolates have been found to dominate the community [84]. Pure 

isolates have only just been isolated from these communities but show significant improvements when 

used individually on the electrodes. How these bacteria interact with the electrode surface and the 

mechanisms for accepting electrons from the electrode so far remain unknown. 

The ability of microbes to accept electrons from an electrode has potential in bioremediation and 

bioproduction. G. lovleyi and Anaeromyxobacter dehalogenans have been shown to reduce chlorinated 

compounds with as electrode as the sole source of electrons [142,143]. Field trials have also shown 

that electrons provide by an electrode can improve uranium removal in contaminated sites [127]. 

Bioremediation using electrodes as electron donors has several advantages over traditional methods 

including positive selection of bacterial strains and reduced competition for electron donor [135]. 

While these process described are all of interest due to applications associated with bioremediation, it 
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has yet to be seen if this process can be used for commercial applications, such as the modification or 

production of commodity chemicals [136]. 

 

8. Summary 

 

MFCs are a promising technology for the production of electricity from organic material and 

wastes. Currently limited applications are possible because of low MFC power output. An 

understanding of the microbiology of the current producing process is required before further advances 

in power output are possible. Two major problems that need to be addressed is proton accumulation 

within the biofilm and over potential at the cathode. Of interest are some current application of MFCs 

where current production is not the major advantage, but wastewater treatment or bioremediation using 

a cathode or anode maybe much more promising then the electrical production of the MFC itself. 
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