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ABSTRACT: The looming energy crisis due to both prevailing and prospective exhaustion of non-
renewable energy resources such as coal, oil and gas has gripped the whole world. As a result, renewable 
sources of energy such as wind, solar, Hydrogen, biomass, etc are being harnessed and developed for their 
utilization as the alternate energy sources to cover for the depleting energy sources. This research review 
paper is based on the comparison of studies that involve the designing and fabrication of microbial fuel cell 
(MFC) as a means of producing sustainable production of electric power. The main aspects of MFC 
research are to reduce the cost of treatment as well as simplifying operational or functional conditions. 
MFCs can be the next generation of fuel cell technology and thus might play an important role in energy 
conservation, electricity generation, bio-hydrogen production, biosensors and wastewater treatment as 
well as in alternate fuel utilization using microorganisms to generate electricity.  
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INTRODUCTION  
Renewable energy in the near future will probably consist of 
a large portion of global energy production and usage [1-7]. 
Current predictions for the global energy have led to the 
search for alternate energy resources [8-16]. The non-
renewable resources of energy are depleting at a faster rate 
in the present scenario [17-29], implying that there is a need 
for high efficient energy transformation technologies and 
ways to utilize alternate renewable energy sources. 
Microbial fuel cell (MFC) technology represents a new way 
of renewable energy production by generating electricity 
from what would otherwise be considered as a waste 
material [30-35]. This technology uses mostly anaerobic 
bacteria which may already be present in wastewater and 
that they work as catalysts to generate electricity while 
simultaneously treating wastewater [36-39]. Microorganisms 
have potential to generate electricity from a wide variety of 
organic wastes while oxidizing the wastes to less harmful 
forms [40-42]. Although MFCs generate lower amount of 
power than hydrogen fuel cells, combination of both 
electricity production and wastewater treatment could reduce 
the cost of treating primary effluent wastewater [43-44]. 
Currently, most of the research performed on MFCs is 
concerned with increasing the power density of the system 
with respect to the peripheral anode surface area, while little 
research has been done on determining the effects of voltage 
output in comparison to varying fuel cell components. The 
main aspect of fuel cell research is to reduce the treatment 
cost and simplifying process implementation conditions 
[45]. Much of the current relevant research is focused on the 
development of ways and means to convert chemical energy 
stored in biomass to electricity [46-47]. The energy 
transformation from burning of biomass (chemical energy to 
heat) and subsequent utilization of heat for different 
purposes is very less energy-efficient [25-31]. Since most of 
the rural population has to depend on subsidized yet scarce 
electricity supply, a technology such as MFCs can convert 
the energy stored in chemical bonds in organic compounds 
to electrical energy via enzymatic reactions associated with 
the activity of microorganisms has generated considerable 

interest in the last decade [12,3]. Two different types of 
MFCs can be utilized viz. Single chambered or Double 
chambered MFCs having both the anodic as well as cathodic 
compartments. Microorganisms in the anodic compartment 
utilize the biomass for growth forming electrons and protons 
[48-49]. These electrons can be transported out of cells using 
electron mediators [4, 14] or some microorganisms have the 
tendency to expel electron for reducing the substrates which 
can be absorbed by electrodes [12, 50]. The protons or H+ 
ion can be oxidized to water in cathode chamber, with no 
other byproducts being formed as the fuel cells are reported 
to have efficiency higher than that of conventional electricity 
generation devices [10-18]. MFCs systems are very 
adaptable and hold much promise to provide energy in a 
sustainable fashion. Mostly mixed cultures are preferred 
over single medium as they would probably have a wide 
range of substrates. Sulphates and sulphides mediated 
systems have a major role to play in power generation, as 
most of the time sludge is rich in these compounds [7]. Thus 
large scale reactors can be synthesized to use sludge and 
sewage sources as substrates for electricity generation [8-
11]. 
In this review paper, designing and functional aspects of 
double chambered MFC are discussed including 
microorganisms and electron transfer mechanism, use of 
mediators and effect of operational conditions. 
 
MFC DESIGNING 
The standard design of most MFCs consists of an anaerobic 
anode chamber containing a feed source that is inoculated 
with a mixed microbial culture, and an anode chamber 
which contains an oxidizing agent such as dissolved oxygen 
[7-9, 51]. Among the basic components of MFCs which are 
essential in their construction include electrodes, wirings, 
glass cell and salt bridge that play an important role in their 
designing. Induction of proton exchange membrane (PEM) 
in the fuel cells though enhances the designing cost but gives 
an increased efficiency of the system [52-59]. Though many 
different configurations are possible for MFCs, but a widely 
used and inexpensive design is a two-chamber MFC built in 
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a traditional “H” shape, consisting usually of two bottles 
connected by a tube containing a separator such as Nafion 
(12, 13) or Ultrex (18), or a plain salt bridge (17-23), which 

is usually a cation exchange membrane (CEM), also known 
as PEM. The key to this design is to choose

a membrane that allows protons to pass between the 
chambers. In the H-configuration, the membrane is clamped 
in the middle of the tubes connecting the bottle. As long as 
the two chambers are kept separated, they can be pressed up 
onto either side of the membrane and clamped together to 
form a large surface. The bottles can be joined by means of a 
glass tube that is inserted through the lid of each bottle filled 
with agar and salt to serve the same purpose as does CEM. 
Single chambered MFC 
Single chambered microbial fuel cells (Fig.1) are comprised 
of a simple anode compartment with no definitive cathode 
compartment and may not contain proton exchange 
membranes as well [2-9, 17]. Porous cathodes form one side 
of the wall of the cathode chamber utilizing oxygen from air 
atmosphere and letting protons diffuse through them. They 
are quite simple to scale up than the double chambered 
MFCs and thus have been extensively used for the relevant 
research studies. The anodes are normal carbon electrodes 
whereas the cathodes are either porous carbon electrodes or 
PEM bonded with flexible carbon cloth electrodes. Cathodes 
are often covered with graphite in which electrolytes are 
poured in steady fashion, which behave as catholytes and 
prevent the membrane and cathode from drying. Thus water 
management or better fluid management is an important 
issue in single chambered MFCs [11-15]. 

 
Fig.1: Schematic design of single chambered MFC. 

 
Double chambered MFC 
A double chamber microbial fuel cell (DCMFC) consists of 
two chambers cathode and anode that are housed in separate 
compartments or chambers, connected via PEM or salt 
bridge [14]. PEM or salt bridge mainly function as a medium 
for transfer of protons to make the circuit complete as shown 
in Fig.1A. This not only completes the reaction process but 
also prevents anode to come in direct contact with oxygen or 
any other oxidizers. DCMFCs are mostly run in batches and 
can be used for the production of higher power output [53-
57]. DCMFCs can be suitably designed for scale up to treat 
large volumes of wastewater and other sources of carbon 
[60-65]. Such type of DCMFC is particularly referred to as 
up-flow mode of MFC as shown Fig.1B. The operation of 

such type of DCMFCs is without the use of mediators and 
sometimes even without using membranes but they can be 
used for large scale roduction of electricity from the wastes 
[15,16].  

 
Fig.2: Schematic designs of, (A) Double chambered 

MFC, and (B) Cylindrical membrane-less MFC. 
 
MICROORGANISMS AND ELECTRON TRANSFER 
MECHANISM IN AN MFC 
Microorganisms are the backbone of MFC technology, as 
their activity inside an MFC is a direct source of energy 
generation. Microbes used in an MFC catalyze the 
conversion of organic matter into electricity [51]. When 
bacteria oxidize organic matter present in wastewater, 
electrons are shuttled to the electrode and protons produced 
are diffused through water to the counter electrode or 
cathode giving the electrode positive characteristics [3, 25]. 
Normal microbial catabolism entails substrate initially being 
oxidized anaerobically, when its electrons are released by 
enzymatic reactions [61]. They oxidize the substrate and 
produce electrons and protons in the anode chamber, which 
are then transported to the cathode chamber by an external 
circuit, while the protons diffuse through PEM internally. 
Electrons are stored as intermediates such as Nicotinamide 
adenine dinucleotide and quinones which become reduced 
and are then used to provide the living cell with energy. In 
addition, electrons and protons are consumed in the cathode 
chamber by reducing oxygen, usually forming water [52, 
61]. There are three categories of microbes that can be used 
in MFCs; one, that can directly transfer electrons to anode 
using anode as terminal electron acceptor [47-50]; marine 
sediments, wastewater, fresh water sediments, mining dumps 
are the main sources of such microorganisms. Two, that 
can’t directly induce the electron transfer, but use mediators 
to carry out this function with comparatively higher 
efficiency [3-5]. And third, that can accept electrons from 
cathode chamber itself. Electron transfer happens due to 
shuttling of electrons already present in the soluble form in 
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bulk solution of extracellular matrix [40-50]. Terminal 
electron acceptors are the oxides in which electrons are 
transported by direct contact with microorganisms. Figure 3 
[53] illustrates the phenomenon of the transfer of electrons 
via the function of a microbe in the anode compartment 
obtained from an electron donor or any organic compound to 
the anode electrode. The mechanism involved in this 
electron transfer process may consist of either via direct 
contact, nano-wires, or mobile electron shuttles, which are 
small size spheres that represent as the final membrane 
associated shuttle. During the process of electron production 
protons are also produced in excess, which migrate through 
PEM into the cathode chamber [54].  
 

Fig. 3: Flow of electrons in a working MFC. 
The outer layers of the majority of microbial species are 
composed of non-conductive lipid membrane, 
peptididoglycans and lipopolysaccharides, which stop the 
facilitation of electron transfer to the anode [4]. When these 
microbes metabolize food to provide them with energy, they 
are tapping the energy of oxidation of energy-rich or 
electron-rich substances, liberated from carbohydrates [52]. 
The chemiosmotic hypothesis states that electron transfer 
chains of bacteria are coupled to the translocation of protons 
across the membranes which are in turn linked to the 
synthesis of adenosine triphosphate (ATP) by the proton 
electrochemical potential across the energy transducing 
membrane. The bacterial cell membrane functions as an 
energy transducing membrane operating according to the 
chemiosmotic principle. The translocation of protons 
towards the outside of the membrane results in the 
establishment of a proton electrochemical gradient. The pH 
gradient adds up to this membrane potential and results in 
the proton motive force. The re-entry of these protons across 
the ATP-synthase enzyme is accompanied by ATP 
synthesis. The ATP thus synthesized is used by the bacteria 
for their survival [53]. 
USE OF MEDIATORS FOR ELECTRON TRANSFER 

MFC concept was demonstrated as early as 1910 when 
Escherichia coli and Saccharomyces sp. were used to 
generate electricity using platinum electrodes [21, 51]. This 
idea remained in its infancy till early 1980s when the 
concept of MFC was boosted with the advent of the use of 
electron mediators to enhance electricity generation [52, 6]. 
Mediators play an important role that of a shuttle between 
anode and electron carriers inside the cell. Since most 
microbial cells are electrochemically inactive, electron 
transfer from microbial cells to the electrode is facilitated by 
the help of mediators such as thionine, methyl viologen, 
humic acid, and so on [66]. Mediators then transfer across 
the membrane and release the electrons to the electrode and 
become oxidized again in anodic chamber and thus are 
reutilized. Mediators can divert electrons from the 
respiratory chain by entering the outer cell membrane, 
becoming reduced, and then leaving in a reduced state to 
shuttle the electrons to the electrode [61]. Microorganisms 
transfer electrons to the anode electrode in three ways: one 
via exogenous mediators, which are external to the cell, such 
as potassium ferricyanide, thionine, or neutral red; two, 
using endogenous mediators that are produced by the 
bacteria; and third, via direct transfer of electrons from the 
respiratory enzymes e.g. cytochromes, to the electrode [6, 
62].  
Good and efficient mediators should be permeable in a cell 
membrane and have higher electron affinity than the electron 
carriers of the electron transport chains. They should also 
possess a high electrode reaction rate, be soluble as well as 
completely non-biodegradable and non-toxic to microbes 
[54]. In contrast, lower redox potential mediators are 
theoretically better than higher redox potential mediators in 
terms of high affinity for electrons [55, 6]. In addition, 
microbes are also known to use naturally occurring 
compounds including microbial metabolites or endogenous 
mediators such as humic acids, anthraquinone, and 
oxyanions of sulphur, sulphate and thiosulphate [56-60]. 
Mediators are best prepared as a concentration solution of 5-
10 mM in water and then added to the anolyte suspension of 
microorganisms from a syringe to give the required final 
concentration [54].  
Direct electron transfer requires a physical contact between 
the bacterial cell membrane and the cathode electrode 
surface, and electrons from the electrode are directly 
received by the outer membrane redox macromolecules such 
as cytochromes (Fig. 4A). While some bacteria perform 
direct electron transfer, some microorganisms can excrete 
redox-active compounds to carry out indirect electron 
transfer with electrodes. This mechanism does not need a 
physical contact between the bacterial cell membrane and 
the cathode electrode surface (Fig. 4B). 
It has been suggested that in MFCs with naturally occurring 
microbial communities, extracellular substances are always 
involved in the electron transfer between microbes and 
electrodes [61]. While the addition of exogenous mediators 
may be beneficial for the electron transfer between cathode 
electrode and microorganisms, in view of operation, it 
contributes additional cost and many of these mediators are 
toxic, short-lived, and unsustainable [62]. 
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OPERATIONAL CHARACTERISTICS AND 
PERFORMANCE EVALUATION OF MFC  
MFC parameters such as electrode materials, PEMs or salt 
bridge along with operational conditions of anode and 
cathode chambers have vital effect on MFC operation [5-7]. 
The electrode material determines the diffusivity of oxygen 
in MFCs in case when electrodes are relatively more porous 
allowing oxygen diffusion to anode chamber as well as the 
loss of power incurred in MFCs due to internal resistance 
[19, 66]. PEMs, though costly, but are very important in 
terms of performance enhancement of MFCs but might need 
to be best fitted in order to limit the dangers of clogging and 
drying [12-15]. Their presence makes the MFC assembly 
very robust and thus is usable in practical conditions [20]. 
The ratio of membrane 

 
) mediators  

Fig. 4. Schematics for electron transfer mechanism 
(ETM) via membrane bound cytochromes: 

(A) indirect ETM via added (exogenous) mediators, 
and 

(B) direct ETM via secreted (endogenous [55]. 
 
surface area to system volume is critical to the system 
performance [16-18]. Dissolved Oxygen (DO) profile is an 
important parameter for the operation of MFCs with lower 
DO being used by the anode component as compared to 
higher DO used by the cathode compartment [13, 15]. In 
addition, higher DO facilitates diffusion of more oxygen into 
anode compartment through the porous membrane. Fuel or 
substrate concentration is another important factor in the 
successful operation of MFCs with maximum yield of power 
generation can be accrued usually with higher than normal 
concentration of the substrate [5-10]. Thus optimum current 
generation during the course of MFC operation depends on 
several factors such as pH, resistance, electrolyte used, and 
dissolved oxygen concentration in the cathode compartment. 
Table 1 shows the updated results obtained using MFCs in 

terms of its varying operational characteristics. The 
performance of the reactors is highlighted in terms of power 
generation in Watts per m3 of anode compartment volume 
used. The data in Table 1 shows that the relationship 
between MFC current and power is not always unequivocal. 
The overall MFC performance can be expressed by plotting 
the polarization curve, which shows the effect of operational 
parameters such as fuel concentration, fuel-feeding rate and 
temperature [78]. Korneel and Verstraete (2005) have 
referred to the fact that power density until now was used as 
a representative performance index for MFCs; however, it 
cannot clearly indicate the performance as it can be 
substantially varied subject to the determination method of 
electrode area. In MFCs, only a part of the electrode surface 
area is involved in the electrode reaction rather than total 
surface area including internal surface area as in typical 
chemical fuel cells such as PEM fuel cells. Thus, for 
electrode material with internal structure, the total area of 
electrodes including the internal surface or apparent area is 
considered for computing of power density in MFCs. 
Whereas, volumetric power can also be used as an 
alternative performance index to power density in a large 
volume process such as wastewater treatment. 
 APPLICATIONS OF MFCs 
The most obvious use of MFCs is the generation of 
electricity via their operation. The latest research done in 
this regard suggests that MFCs have been found as efficient 
devices when run on the large scale with a conversion 
efficiency of fuel to electricity in the range of 70-92% [13, 
43]. The electric power thus produced can also best be 
preserved by storing the same in rechargeable batteries. In 
addition, low-power wireless systems can be adequately 
powered as such with MFCs [25]. MFC technology is highly 
suitable for wastewater treatment as during the course of the 
treatment, electricity can be harnessed from the 
decomposition of wastewater contents in addition to 
wastewater depollution [33-41]. The process of MFC 
operation generates minimum of solid waste from the 
process, whereas the electricity produced can be used for 
aerating the sludge [43-48]. MFCs can also be used for the 
production of bio-hydrogen from the cathode section of 
MFCs, though the process may not be thermodynamically 
feasible, still hydrogen can be produced at the cathode if a 
potential is applied to overcome the energy barrier [42-52]. 
A potential of 110 mV can be applied to produce hydrogen, 
which is far less than 1210 mV required to break water into 
hydrogen and oxygen via electrolysis [33]. MFCs can also 
be used to produce sensors to detect the level of pollutants 
by measuring the voltage as well as oxygen demand of the 
waste material [26]. However, their overall applicability and 
potential to operate them at ambient temperatures is still 
largely unexplored. Efficient designing and operation of 
MFCs can make them a platform technology, which could 
be applicable in diverse fields without substantial 
modification. MFCs can prove to be a sustainable core 
technology adaptable to a wide variety of applications 
converting a wide array of electron donors with effective 
energy generation at low and moderate temperatures, even 
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when the electron donor is provided at low concentrations 
[79].  
CONCLUSIONS 
There is a wide scope for the development of microbial fuel 
cells due to their evolution of being a simple yet robust 
treatment technology. This can particularly be feasible in the 
field of wastewater treatment, where middle term application 
can be expected at the market value prices. Induction of 
suitable microorganisms is the main player in the production 
of higher number of electrons at the anode section. Materials 
of construction for MFCs need to be studied in depth to 
bring down the internal resistance of the system as well as to 

minimize the corrosion problems. MFCs can also be applied 
to power up medical implants and hand-held appliances in 
addition to supply power to remote surveillance and 
communication gears that are used in unmanned stations. 
The implementation and operational cost of MFCs can also 
be lowered with better designs in case of single chamber fuel 
cells. 
 
 
 
 
 

Table 1: Performance of MFCs based on both axenic (single culture) and mixed culture 
systems in terms of current generation [78]. 

 

    Substrate   Electrode type  I, mA            P, W/m3 
Axenic Cultures         
Proteus vulgaris   Glucose   Glassy carbon   0.8   18 
Erwinia dissolvens   Glucose   Woven graphite   0.7   n.a. 
Shewanella putrefaciens   Lactate   Woven graphite   0.04  0.08 
Geobacter sulfurreducens  Acetate   Plain graphite   0.4  0.35 
Rhodoferax ferrireducens  Glucose   Plain graphite   0.2  0.25 
      Woven graphite   0.57  1.7 
      Graphite foam   0.45  0.96 
Pseudomonas aeruginosa  Glucose   Plain graphite   0.1  8.8 
Escherichia coli   Lactate   Woven graphite   3.3  7.6 
      Plain graphite  2.6  3.6 
Mixed cultures          
Mixed,  saltwater   Acetate   Plain graphite   0.23  n.a. 
    S2-/acetate Plain  graphite   60  n.a. 
Mixed consortium, batch  Glucose   Plain graphite   30  216 
Activated sludge   Wastewater  Woven graphite   4.85  1.6 
    Lactate   Woven graphite   11  34 
      Plain graphite   2.6  32 
    Glucose   Woven graphite   0.9  13 
Mixed consortium,  Sucrose   Granular graphite  6.2  47 
Continuous    Glucose   Granular graphite  5.4  37 
    Acetate   Carbon paper  1.27  13 
    Butyrate  Carbon paper   0.46  7.6 

n.a. = data not available  
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