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Chapter

Microbial Fuel Cell Formulation 
from Nano-Composites
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Naheed Akhter, Muhammad Shahid and Fatma Hussain

Abstract

Petroleum and oil industry is a rich source of nonrenewable energy that ulti-
mately results in threatening of ecosystem due to emission of greenhouse gases 
into the environment. In the current panorama of the energy demand, industries 
focus on alternate and renewable energy resources to meet energy gaps. Thus, an 
expedient fuel cell based on microbes can be valued as an economical and eco-
friendly substitute of energy generator. These microbial fuel cells have commer-
cialized platinum electrodes to generate cost-effective energy after oxidation of 
organic wastes catalyzed by biocatalyst. Nowadays, conventional carbon electrode 
as an anode is taking popularity in microbial fuel cell but displays poor perfor-
mance. So, to improve the chemistry of electrodes, nano-composites fabricated 
from polar polymeric material as well as cost-effective oxides of metals are the raw 
material. In this chapter, green synthesis of nano-composites from conducting 
polymers and oxides of transition metals has been discussed. Anode modification 
by composite to treat wastewater as well as its role to generate electricity has been 
discussed briefly.

Keywords: microbes, fuel cell, organic wastes, biocatalyst, transition metal oxides

1. Introduction

At present, the world is facing the crisis of energy as a result of overpopulation 
in the world. With the passage of time, enormous numbers of industries are increas-
ing that result in the dire need of energy. In the past, scientists introduced number 
of alternative energy dynamics such as energy generation or conversion by using 
gravitational force, water, water waves, heat, wind, and solar rays, but these resources 
could not fulfill the energy requirements [1]. So it is the time to stimulate the research 
objectives to generate or explore the green, eco-friendly, and renewable energy alter-
natives that not only meet the energy demands but also encourage the environmental 
factors such as organic waste utilization that ultimately reduce the burden on the land. 
These environmental concerns have invigorated the scientists to look into sustainable, 
ecofriendly, and renewable energy or power-generating categories such as microbial 
fuel cells [2–4].
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2. Microbial fuel cells

Microbial fuel cells are tools that play with microbial activities as biocatalyst for 
the inter-conversion of electrical and chemical energy involving electron transfer 
between two electrodes in the presence of proton exchange membrane under opti-
mized conditions comparable with natural environment [2–4]. Microbial fuel cells 
are catalyzed by microbes for conversion of energy into power generation more 
efficiently. These microbes such as bacteria, fungi, and algae can utilize any organic 
matter as substrate and oxidize them to generate energy without involving any inter-
mediate step for domestic, industrial power generation and wastewater treatment [5]. 
By utilizing microbial redox reaction of substrate in conjunction with chemical and 
electrical energy, microbial fuel cells, a promising innovation, can be revolutionized 
to recycle heat energy of natural as well as man-made resources into electrical energy 
without emission of any greenhouse gases [6, 7].

2.1 Microorganisms used for MFCs

A number of microbes such as members of Proteobacteria, Cytophagales, 
Firmicutes, Acidobacteria, strains of yeast strains such as Saccharomyces cerevisiae 
[8], Candida melibiosica [9, 10], Hansenula anomala [11], Pseudopalaina polymorpha 
[12]), and Blastobotrys adeninivorans [13] have potential to transfer electrons pro-
duced from metabolism to generate electricity [14]. These microbes can be isolated, 
purified, and identified from naval sedimentation, loam, running water sediments, 
wastewater, and activated sludge [15–17]. These microbes, particularly some strains of 
bacteria, show efficient behavior toward electron transfer through cytochromic path-
ways and proteins [18]. Some microbes transfer electrons without making any contact 
physically with the surface of electrode, whereas other microbes require synthetic or 
naturally produced mediators for electron transfer [19]. Microbes can work solely or in 
consortia colonies. In consortia, microbes show synergistic effects for bio-decomposi-
tion of complex organic matter [20]. Table 1 displays the data of microorganisms that 
were exploited by a number of scientists for energy generation in microbial fuel.

2.2 Microbes-electrode material interaction

Microbes form active sites on the surface of anode and are responsible for the 
oxidation of organic matter provided in the fuel cell. Oxidation reaction of organic 
matter results in the generation of electrons as well as protons as a result of microbial 
attachment and colonization [43, 44] In microbial fuel cell, material of anode plays 
a key role to accelerate not only the flow of electron following conduction but also 
biofilm formation. In microbial fuel cell, anodes in the form of plates, rods, or brushes 
are made conventionally from different materials such as graphite, paper, cloth, or 
felts of carbon [45]. Generally, carbon is a suitable material for electrode formation as 
it is resistant to oxidation.

2.3 Shortcoming for microbial fuel cell

In spite of all these merits of microbial fuel cells, some drawbacks make it unfit 
for power generation at industrial scale. Microbial fuel cells face the challenges of 
low-voltage production due to weak biofilm formation, low-efficiency electrodes, and 
proton exchange membrane. As microbial oxidation of substrate generates electrons 
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that are not fully attracted toward the cathode surface and ultimately resulted in 
the less output energy and short-term stability limit its utility. This attraction of 
electrons toward the electrode can be enhanced by increasing the exposed surface 
area of electrode by using nanoparticles or any nano-composite material to increase 
bio-catalytic activity of microbes [45]. A number of scientists reported the microbial 
fuel cell in which anode was impregnated with chemical catalyst [46–48]. This anode 
impregnation increased the active sites of anode to value power density, but bacterial 
cells entrapped into these pores to clog them thus, ultimately the cell death resulted in 
decline in the electrochemical reaction on the cell surface.

3. Nano-structured microbial fuel cells

Nano-composite materials are used for coating surface of electrodes to enhance 
their efficiency. These composite materials are multiphase and each phase having 

Microbes Organic matter as substrate References

Streptococcus lactis C6H12O6 [21]

Erwinia dissolvens C6H12O6 [21]

Lactobacillus plantarum C6H12O6 [21]

Aeromonas hydrophila CH3COOH [22]

Proteus mirabilis C6H12O6 [23]

Geobacter metallireducens CH3COOH [24]

Pseudomonas aeruginosa C6H12O6 [19]

Klebsiella pneumoniae C6H12O6 [25]

Blastobotrys adeninivorans C6H12O6 [26]

Candida melibiosica C6H12O6 [27]

Saccharomyces cerevisiae C6H12O6 [28]

Desulfovibrio desulfuricans C12H22O11 [29]

P. anomala C6H12O6 [30]

Clostridium beijerinckii C6H10O5, C6H12O6 [31]

Candida sp. C6H12O6 [32]

S. cerevisiae C3H6O3 [33]

Shewanella oneidensis C3H6O3 [34]

C. melibiosica C6H12O6 [35]

Methylomusa anaerophila CH3OH [36]

Escherichia coli C6H12O6, C12H22O11 [37]

Gluconobacter oxydans C6H12O6, C2H5OH [38, 39]

Shewanella putrefaciens C3H6O3 [40]

S. cerevisiae C6H12O6 [41]

Geobacter sulfurreducens CH3COOH [42]

Table 1. 
Microbes used in microbial fuel cell.
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multiple dimensions of nano-meters. These nano-materials are of different types 
such as carbon nano-tubes coated with poly pyrrole, carbon nano-tube composites 
coated with poly aniline, and nano-fibers of activated carbon [48–50]. During the 
process of energy generation by microbial fuel cells, oxidation of substrate takes 
place at the anode with the emission of electrons leaving behind the protons. These 
electrons are attracted toward the nano-material-coated electrodes ultimately for 
energy generation, whereas protons react with oxygen to produce water after passing 
through proton exchange membrane, and carbon dioxide is the side product in this 
process (Figure 1). Reactivity of oxygen can be catalyzed by using nano-carbons or 
metals [52].

Nanotechnology has played an impact on the performance of microbial fuel cells 
and its constituents. Best of the knowledge about microbial fuel cell presentation, its 
constituents, and applications are presented in Table 2 as reported in a literature sur-
vey comprehensively by Mashkour et al. [53]. They reported not only microbes-nano-
composite interaction but also potential exploitation of nano-materials for electron 
transfer to generate electricity as well as green water reclamation.

3.1 Microbes, cell compartments, and mechanism

In microbial fuel cell, microbes such as bacteria, fungi, or algae that reside on 
anode/bio-anode are called exoelectrogens, which donate electrons, and microbes 
that reside on cathode/bio cathodes are called electrotrophs, which attract electrons 
coming from the anode (Figure 2a) [67, 68]. At anode surface, microbes form biofilm 

Figure 1. 
Microbial Fuel cell [51].



5 M
icrob

ia
l F

u
el C

ell F
orm

u
la

tion
 from

 N
an

o-C
om

p
osites

D
O

I: h
ttp

://d
x.d

oi.org/10.5772/in
tech

op
en

.10874
4

Nanostructured microbial fuel cell constituents Applied fields of nanostructured microbial fuel cell

Microbial culture–

nanocomposite 

interaction

Anode/ 

PEM/ 

Cathode

Power 

generation

Microbs 

catalyzed 

Redox reaction

Microbial 

Hydrogen 

Emission

Clean water 

reclamation

Nano bio 

detector

References

Yes Yes/Yes/Yes Yes Yes Yes Yes Yes [53]

No No/No/Yes Yes No No No No [54]

Yes No/No/No No No No No No [55]

Yes/No/Yes Yes No No No No [56]

No/No/No Yes Yes No No No [57]

No Yes/No/Yes No Yes No No No [58]

No Yes/No//No Yes No No No No [59]

Yes Yes/Yes/Yes Yes No No No No [60]

No No/Yes/No Yes No No Yes No [61]

Yes Yes/No/Yes No No No No No [62]

Yes No/No/No No No No No No [63]

No Yes/No/No Yes No No No No [64]

No No/No/Yes Yes No No No No [65]

No Yes/No/Yes Yes No No No No [66]

Table 2. 
Nano structured microbial fuel cell and its exploitation.
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and decompose organic matter to generate electrons and protons. These electrons 
through nano-composite intermediates, bio-mediators, or direct contact are accepted 
by cathode having carbon dioxide as electron acceptor, thus, responsible for power 
generation (Figure 2b) [15]. At cathode surface, electrotrophic microbes reside, 
which require energy for their activities from electrons reached through electron 
transport mechanism generated as a result of organic matter decomposition. These 

microbes play a key part in the instrumentation to electro-synthesize the product.

3.2 Bacterial fuel cells

Bacterial fuel cells are novel innovation applicable in multidisciplinary fields of 
physical and biological and applied sciences. Bacterial fuel cell enclosed the compo-
nents such as bacteria, proton exchange membrane, anode, and cathode [69]. These 
fuel cells are prepared by using electrode modified by nano-composite material made 
from metal oxides loaded with bacterial biomass. These cells exhibit better perfor-
mance for electricity generation, treatment of polluted water, and as a biosensor for 
the detection of pullutants [1, 70].

3.3 Fungal fuel cell

In microbial fuel cell compartment, fugal mycelia can be interacted with nano-
material-modified electrodes and taken as anodic or cathodic biocatalyst to transfer 

Figure 2. 
Anode and cathode inhabiting microbes in microbial fuel cell (a), electron transmission from exoelectrogens 
electrode surface: direct contact (voilet), nanowire (textured blue), and mediators (green and orange) (b).
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electrons sometime using mediators such as methylene blue (MB) and neutral red 
(NR). These fungal fuel cells can be manipulated to treat polluted water in addition to 
generating electricity. This fungal-mediated anode works in an anaerobic environment 
in a sterilized system requiring no input energy or any chemical [71]. Potential exploita-
tion of fungal fuel cell is an economical, eco-friendly, and green alternative technology 
that plays with living microbes to oxidize organic matter leaving behind minimum side 
products, thus resulting in the electricity generation. As microbial fuel cell factories, 
fungal microbes can work at optimal temperature using wide range of organic matter 
as substrates with minimum requirement of energy [72, 73]. These fungal fuel cells 
can be a future candidate for the treatment of wastewater, bioremediation of organic 
wastes, thus valued the organic wastes for energy generation, biofuel and chemical 
production on commercial scale. In fungal fuel cell, redox reaction takes place via series 
of electrochemical and fungal metabolic pathways. At the anode, microbial oxidation 
of substrate takes place that results in the generation of electrons and protons. Electrons 
are attracted toward the cathode where these electrons are captured to be reduced [74].

3.4 Microbial fuel cell components

Microbial fuel cell is composed of two distinct anodic and cathodic chambers 
separated by separator such as proton exchange membrane. Electrochemical system 
of fuel cell is mediated by microbes due to their potential to catalyze electron transfer 
from anode to cathode called exoelectrogens. These exoelectrogens play a significant 
role in the oxidation of organic matter and subsequent release of electrons, which 
then migrate from anode to cathode through external circuit for power generation, 
whereas protons are delivered through proton exchange membrane to cathode and 
react with oxygen to form water (Figure 3). Microbial fuel cell alignment, optimal 

Figure 3. 
Fungal fuel cell.
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substrate, fungal culture load, texture of anode and cathode, and other environmen-
tal factors are the key factors that affect the working of fuel cell. These components 
involving nanotechnology are enhancing the different attributes of microbial fuel 
cells (Table 3).

3.4.1 Microbial fuel cell anode modified with nano-composite

Microbial growth and other activities such as electron movement are greatly 
influenced by the anodic performance, and anodic performance is directly dependent 
on the anodic texture. Anode under optimal conditions of microbial environment has 
good potential for electrical conduction [42, 75]. Anode in the form of carbon mate-
rial such as paper or fabric has been in practice might be due to their biocompatibility 
as well as economical but reduction in exposed surface area for microbial attachment 
[9, 10, 53], thus, limiting their use for microbial colonies formation and energy 
generation [11, 76].

Exposed surface area of anode can be increased by using economical and cheap 
nano-composite material that not only increases the microbial growth but also 
improves the microbial attachment to the surface of anode. This enhancement in 
microbial attachment or rich colonization of microbes or exoelectrogens acceler-
ates the rate of oxidation of organic matter that ultimately results in the release of 
electrons and protons, thus, increasing the rate of electron transfer in microbial 
fuel cell [75, 76]. Table 4 gives an overview of the extraordinary performance 
of anode modified with various nano-composite materials filmed with different 
microbial culture and subsequent progression in the power generation of micro-
bial fuel cell under investigation. For anode alteration, multiphase nano-tubes 
made from carbon sheets expose maximum active sites for microbial attachment 
followed by the maximum oxidation of organic matter to release electrons and 
protons. Electrons are attracted toward the cathode made from carbon sheet coated 
with platinum as reported by Nambiar et al. [77]. Power generated in this work 
optimally up to 256%. Out-performance of microbial fuel cells constructed by 
modified anode is reported by a number of scientists (Table 4). They reported best 
synergistic catalytic effects of microbial cells and nano-composite in microbial 
fuel cell formulation. In this cell, anode was made from nano-composite of oxide 
of titanium and poly aniline using culture of Escherichia Coli. In this microbial fuel 

Microbial fuel cell constituents Potential attributes of constituents

Microorganisms: Bacteria, fungi microbial growth rate, microbial attachment, 

extracellular electron transfer, the activity of biofilm in a 

redox reaction, biofilm resistance

Anode: Poly aniline/ TIO2 Polypyrrole/ carbon 

nano tube, Ni/ Carbon nano fibers, Polyaniline/ 

3D graphene

Conductivity, Increased exposed surface area, porous 

network, enhanced charge transfer, More compatible to 

microbes,

Cathode Conductive, More exposed surface area, porous network 

to enhance charge transfer, reducing environment at 

cathode, reduce oxygen,

Proton exchange membrane conductive, exchange of ions, oxygen transfer, water 

formation, separation, to make charge balance

Table 3. 
Potential effects of nanotechnology on enhancing the attributes of different constituents of MFC.
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cell, current and voltage measurements were made by using digital multimeter, and 
external resistance was set at 1.95 kΩ. During microbial fuel cell working, electrons 
and protons are released as a result of anaerobic oxidation of substrate. Through 
external circuit, these electrons move from anode to cathode where reaction 
takes place in the presence of oxygen and protons [84–86]. Another economical 
and cost-effective microbial fuel cell with 0.18 voltages was reported by Zoua et 
al. [48], who formulated fuel cell using anode made from composite of carbon 
nanotubes filmed around with polypyrrole using culture Escherichia coli. It was 
found that fuel cell voltage was dependent on composite material loaded. Similarly, 
Yong et al. [49] assembled the microbial fuel cell using three-dimensional gra-
phene hybridized with poly aniline that was filmed with culture of microbes on 
three dimensions to facilitate electron transfer through super-conductive passage. 
Another research finding reported the microbial fuel cell involving porous network 

Exoelectrogen Modified anode Cathode Power density 

(Milli Watt/ m2

Reference

Escherichia Coli Sheet of TiO2 modified with 

Polyanilin

Graphitic 

paper

Out perform [1]

Escherichia Coli Carbon nano tubes filmed with 

polypyrrole

— 228 [48]

Enterobacter 

cloacae

Carbon paper modified with 

nano tubes of carbon

Sheet of 

carbon

256% improvement [77]

Escherichia Coli Three dimensional graphene 

hybridized with polyaniline

— Out perform [49]

Escherichia Coli Micro-nano fibers of carbon 

with dispersed web of nickel 

nano particles

— [50]

Geobacter 

sulfurreducens

Sheet of carbon modified with 

carbon nano tubes

Graphitic 

plate

200% 

improvement

[78]

Shewanella loihica Sheet of TiO2 modified with 

Polyanilin

Carbon 

cloth 

coated 

with 

platinum

63% improvement [79]

Shewanella 

putrefaciens

Felts of carbon modified with 

graphene oxide

Sheet of 

platinum

240 [80]

Escherichia coli Poly ethylene dioxy thiophene/

graphene/nickel-nanoparticles

Graphitic 

sheet

3200 [81]

Saccharomyces 

cerevisiae

Felts of carbon modified with 

nanoparticles of gold

Graphitic 

sheet

2271 [82]

Shewanella 

xiamenensis

Sheet of TiO2 modified with 

Polyanilin

Graphitic 

sheet

179 [83]

S. loihica Carbon felts modified with iron 

oxide

Paper of 

carbon 

with 

coating of 

platinum

797 [70]

Table 4. 
Performance of electrode modified with nano-composite/exoelectrogen in microbial fuel system.
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of micro- and nano-fibers of carbon with dispersed nickel by using biofilm of E. 
coli [50]. This prepared cell exhibited wonderful catalytic reduction of oxygen and 
facilitated excellent electron conduction to anode. Nambiar et al. [77] constructed 
microbial fuel cell using sheet of carbon as cathode, whereas anode was made 
from carbon paper modified with multidimensional carbon nanotubes loaded with 
Enterobacter cloacae culture. They found 256% improvement in cell working.

3.4.2 Microbial fuel cell cathode modified with nanocomposite

To improve the performance of electrotrophs, in microbial fuel cell cathode 
or electrotroph can be modified by using nano-composite to increase the exposed 
surface are for the adsorption of gas molecules. This modification of cathode by pho-
tocatalytic nano-composite may lead to enhanced chemical reactions on the surface 
of cathode. Table 5 displays the research findings of microbial fuel cell with different 
electrotrophs in which cathode was modified with nano-materials to produce acetate. 
Bian et al. [89] have increased the exposed surface area of cathode using nano-
rods of carbon along with porous nickel fibers loaded with Sporomusa ovate. These 
microbes captured CO2 from the surface of cathode due to porous nickel fibers. On 
cathode surface, carbon nanotubes have increased the adsorption capacity for CO2 
that resulted in the significant increase in current density of cathode up to 332 mA/
m2 due to enhanced charge transfer. Similarly, under the same conditions, Aryal et 
al. [88] used sheet of grapheme oxide for microbial culturing of electrotrophs, and 
increased acetate production was detected 7–8 times comparable with electrode made 
from carbon paper. Consistently, Han et al. [90] reported the optimal acetate pro-
duction and increased cathodic current density in comparison with cloth of carbon 
by using three-dimensional cathode biofilm of Clostridium ljungdahlii modified 
with incorporation of carbon nanotubes and graphene. Recently, modified cathode 
advanced the CO2 fixation by Methano bacterium to enhance the acetate production 
[59]. For generation of acetate from HCO3, cathode was modified with nanoparticles 
of oxides of molybdenum and tungsten, whereas Serratia marcescens was used as an 
electrotroph for microbial electro-synthesis system assisted by light. Generally, nano-
materials having excellent biocompatibility with microbes can play a crucial role 
for increasing the exposed surface area of cathode to absorb more CO2 in microbial 
electro-synthesis system using electrotrophs for chemical production. This chemical 
production in fuel cell is catalyzed by Pt as catalyst that is more expensive and toxic 
toward the microbes, so economic nano-materials with more exposed surface area 
can be an excellent substitute of Pt catalyst to accelerate the cathode reaction such 
as reaction of oxygen reduction [93, 94]. The performance of cathode modified with 
nano-materials in microbial fuel cell has been investigated by a number of scientists 
as reported in Table 5.

3.5 Microbial fuel cell electrode modified with metallic nanoparticles

Nanoparticles made from transition and noble metals such as copper, zinc, nickel, 
cobalt, silver gold, platinum, and palladium have been exploited for electrode forma-
tion in energy generation owing to their excellent electrochemical, opto-magnetic, 
and mechanical properties [87, 91]. These nanoparticles have distinctive characters of 
displaying enlarged exposed surface area and dynamic shape. Metallic nanoparticles 
in the form of electrodes are being used in analytical equipment, optoelectronics, 
catalysis, biosensor fabrication, devices to monitor diseases such as cancerous cells, 
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drug discovery, toxic metal detector for environmental monitoring as well as thera-
peutics [45, 92, 95, 96].

3.5.1 Microbial fuel cell electrode modified with gold nanoparticles

Metallic gold is an inert substance, which is the best representative of the catalyst 
as well as an electrode in the form of nanoparticles [35, 97] that have potential utilities 
in lab equipment, optoelectronics, and biomedicines. Gold nanoparticles having 
different dimensions are produced by using microbes as reducing agent. In microbial 
fuel cell, electrode surface can be modified with more stable and biocompatible 
nanoparticles of gold in the form of colloids called electron detector [81, 82, 98–101]. 
Literature supported the exploitation of modified electrode with gold nanoparticles 
for immobilization of redox enzymes and proteins, carbon paper modified with Au 
nanoparticles generated high-intensity current as well as healthy microbial biofilm 
formation as reported by Sun et al. [96]. Electrode modified with Au nanoparticles 
can be prepared by different methods such as sputtering and layer-by-layer methods. 
Sputtering method involves the deposition of Au vapors on the surface of electrode to 
make a uniform film, whereas layer-by-layer method involves the assembly of differ-
ent layers of gold on the surface of electrode under the influence of electrostatic force 

Electrotrophs Modified cathode Anode Power density 

(Milli Watt/

m2 (Modified/

control)

Reference

Sporomusa ovate with 

alcohol tolererance

Carbon cloth modified 

with oxides of graphene, 

tetraethylenepentamine

Graphite 

rods

2358/420 [87]

S. ovata paper of reduced graphene 

oxide

Graphite 

rod

Up to 700% [88]

S. ovata Hollow rods of nickel 

modified with carbon nano 

tubes

Fabric of 

carbon

232/214 [89]

Clostridium ljungdahlii Carbon cloth modified 

with carbon nanotubes and 

graphene

Graphite 

rod

595/135 [90]

S. ovata Porous Copper modified 

with graphene oxide

Graphite 

rod

Up to 300% [91]

Autotrophs Carbon felts modified with 

oxides of manganese

Felts of 

carbon

Up to 200% [92]

Serratia marcescens Carbon felts modified with 

nano composite of oxides of 

tungsten and molybdenum

Carbon 

rod

2500/1500 [57]

Methanobacterium Graphene oxide-PEDOT 

modified carbon fabric

Fabric of 

carbon

2540/840 [59]

Mixed culture Carbon nano tubes 

modified with cobalt 

dopped with nitrogen

Felts of 

carbon

2479/714 [45]

Table 5. 
Performance of electrode modified with nano-composite/electrotroph in microbial fuel system.



Gold Nanoparticles and Their Applications in Engineering

12

to make multilayered thin film with uniform thickness. Guo et al. [101] assembled the 
Au nanoparticles and polyethylene imine under the electrostatic force of attraction 
to form multilayers of gold on the surface of electrode made of carbon paper. Gold 
nanoparticles-modified carbon paper electrode exhibited enhanced capabilities of 
electron transfer and power generation. Kalathil et al. [102] prepared gold nanopar-
ticles in situ that facilitated not only the electricity generation but also hydrogen 
emission under controlled conditions of discrete capacitors loading in a microbial 
fuel cell. Similarly, Kasem et al. [102] reported the significant increase in adhesion of 
microbes on the surface of anode modified by using nanoparticles of gold or cobalt 
that ultimately boost the performance of fuel cell as a result of electron transfer. Han 
et al. [97] generated electricity by degrading methylene blue by using microbial fuel 
cell having gold nanoparticles on the cathode surface. They concluded that microbial 
fuel cell did well for power generation just because of modified cathode with gold 
nanoparticles. Cheng et al. [103] modified the anode surface by following the method 
of layer-by-layer binding of nano-composites of reduced graphene oxide and gold 
in microbial fuel cell for power generation up to 33.7 Wm−3 as well as wastewater 
management. Intensity of current approached 69.4 Am−3, which might be due to 
more exposed active points of gold nanoparticles to attract electron on the surface of 
electrode. Similarly, a number of potential scientists reported the power generation 
by microbial fuel cells using electrode modified with nanoparticles of gold (Table 6).

3.6 Applications of nano-composite-based microbial fuel cell

3.6.1 Electricity generation

Microbial fuel cell is an excellent alternative for electricity generation due to flow 
of electron and proton between nano-material-modified exoelectrogen and electro-
trophs. This cell is more eco-friendly and economic to use as microbes require energy 
for their growth activities, so organic wastes are the good source of substrate, which 
is decomposed by microbes as a result of oxidation that results in the generation of 
electron as well as proton. From anode in the medium source, electron transfer to 
cathode through external source of electromotive force [84, 111, 112].

3.6.2 Wastewater treatment

Microbial fuel cells are used to bio-remediate the industrial and domestic 
wastewater leaving behind less waste comparable with other treatment technolo-
gies. During this bio-remediation, a number of elements of potential importance in 
different fields, chemicals, and dyes stuffs are removed from this wastewater using 
exoelectrogen [113], whereas nitrogen and phosphorous-containing compounds can 
be eliminated from wastewater by using electrotrophs.

3.6.3 Nano biodetector

Microbial fuel cell can be used as self-motivated and highly sensitive biosensor to 
evaluate the qualities of wastewater by sensing the value of dissolved oxygen, toxic 
compounds, volatile organic compounds, biological oxygen demand, and microbial 
load [3, 114–116]. Some of their features such as low detection limit, poor durability, 
and less reproducibility make it unfit for applicability on commercial scale [115, 116]. 
However, modification of anode and cathode by using nano-composite material can 
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enhance the working of fuel cell as a nano-biosensor. For the detection of contami-
nants in the wastewater, anode can be modified as exoelectrogen to sense the waste bin 
in the water. In the same way, cathode can be modified as an electrotroph to detect pol-
lutant, and system detection power can be enhanced by increasing the voltage current.

Exoelectrogen Modified anode 

with gold nano 

particles

Technique Power density (Milli 

Watt/m2)

Reference

bacteria gold nanoparticles 

(Au NPs) modified 

carbon paper

Layer-

by-layer 

assembly

346 mWm−2 [101]

Shewanella 

oneidensis

gold nanoparticles 

(Au NPs) modified 

carbon paper

Sputtering 47% higher than C 

electrode

[96]

Yeast Saccharomyces 

cerevisia

surfactant-

mediated gold 

nanoparticles on 

carbon felt anode

In situ 

deposition

2771 ± 569 mW⋅m−2 [82]

Geobacter 

sulfurreducens

Gold mediated 

graphite anode

Stripping 

pattern

688 ± 159 [104]

E. coli carbon nanotube-

gold-titania 

nanocomposite

Nano 

suspension 

coating

2.4 mW m−2 [95]

Bacteria gold nanoparticles 

(Au NPs) modified 

carbon paper

In situ 

deposition

— [102]

G. sulfurreducens Gold modified 

polystyrene

Sputtering — [105]

S. platensis Gold modified 

carbon felt

Sputtering 1.64 mW/m, [106]

S. platensis Gold modified 

carbon paper

Sputtering 10 mW/m2 [107]

S. oneidensis gold line microarray 

electrode PMMA

Sputtering 1400 mA m−2 [108]

S. oneidensis carbon nanotubes 

blended with BioAu

sputtering 178.34 ± 4.79 mW/m2 [40]

bacteria titanium and gold 

deposited plain 

silicium (one side)

sputtering 2.5 mW/m2 [109]

bacteria titanium and gold 

deposited plain 

silicium

sputtering 86.0 mW/m2 [109]

bacteria Gold modified 

carbon paper (one 

side)

sputtering 346.9 mW/m2 [109]

Saccharomyces 

cerevisiae

Gold modified 

carbon fiber

sputtering 12.9 mW/m2 [110]

Table 6. 
Exploitation of electrode modified with gold nanoparticles in microbial fuel cell.
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4. Upcoming prospects for research

Microbial fuel cells modified by nano-materials are used for the detection and 
bio-remediation of wastewater as well as biosensor for contaminants. A number of 
enormous materials are available for improving the reproducibility and vast applica-
bility of fuel cells. However, more utilization of fuel cells modified with nano-materi-
als may lead to emission of some toxic nano-metals into air, water, or soil, thus being 
environmental concerns. In future prospects, fuel cells modified with nano-materials 
should be formulated in such ways that minimize the risk factor to living organisms 
especially humans and ecosystem.
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