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Abstract
The increasing demands of efficient and sustainable energy generation methods from waste products have taken a giant leap in
the last century, and especially in the previous two decades. Wastewater treatment has also been a much-researched topic in
recent years owing to the exponential increase in effluent-laden wastewater from industries, the agricultural sector and food
sector, and its effects on the environment. There have been plenty of wastewater treatment techniques over the years, but most of
them lack in terms of cost-effectiveness, durability, and energy recovery rates. Microbial fuel cells can prove to be of great use to
tackle both of these issues in one go, as they perform bioelectrochemical processes on organic biodegradable compounds to
oxidize them to generate power which can be harnessed by various means. This article explains the aim, construction, mecha-
nism, and application ofmicrobial fuel cells; the economic and scientific challenges that they face in the future; and microbial fuel
cell (MFC) hybrid systems which make use of MFCs combined with other useful technologies for greater aims and better
efficiencies. It overall discusses the various ways in which MFCs outperform other wastewater treatment technologies by
significantly decreasing sludge production and being environment-friendly, and also some limitations and drawbacks that
MFCs face owing to the fact that they are relatively newer technologies and still require decades of modifications until they
reach excellent output rates. MFCs are known not only for wastewater treatment but also for contaminant removal, heavy metal
removal, biohydrogen production, applications in biosensors, etc., as also discussed in this article.
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1 Introduction

Energy crises and environmental degradation have adverse
impacts on ecosystems and human health. With the growing
world population, energy and water resources are becoming
limited. Other challenges associated with the increasing pop-
ulation are the rise in wastewater generation and environmen-
tal contamination [1]. Thus, wastewater/sludge management
should be aimed not only at reducing environmental and
health risks but also at improving sustainability by recovering
resources [2]. As a green energy option, owing to the lack of
fossil fuels and the effects of global warming, readily available
biomass has gained a lot of attention. A widely used process
for the treatment of organic waste is anaerobic bacterial

digestion. In the last few decades, due to their mild operating
conditions, where biodegradable substrates can be used as a
fuel, great attention has been paid to microbial fuel cells
(MFCs). More recently, researchers have shown that this is a
technology framework, which basically means that MFCs can
have many applications [3]. MFCs can be used to break down
organic matter to produce energy in wastewater treatment
plants, and they have also been analyzed for various applica-
tions, such as biosensors and biohydrogen processing. MFCs
have been recognized as an exciting and demanding tool in
parallel wastewater treatment to save energy and address en-
vironmental issues [4]. MFCs have been shown to be a feasi-
ble approach to the elimination of chemical oxygen demand
with simultaneous energy production [5].

MFCs are a significant and continually evolving field of
science and technology that combines biological redox behav-
ior with classic abiotic electrochemical reactions and physics
[6]. The inclusion of microorganisms responsible for catalyz-
ing electrochemical reactions gives these cells a degree of
complexity that can exceed that of complex electrochemical
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systems that are already in operation (e.g., batteries, fuel cells,
and supercapacitors). Two chambers, the anodic chamber and
the cathodic chamber, each of which holds an electrode, di-
vided by a cation permeable membrane, form a standardMFC
(shown in Fig. 1) [7]. Respiratory bacteria oxidize the organic
substrates provided for generating protons and electrons in
anode chamber [8]. Using an external circuit, the electrons
are transferred to the cathodic chamber and the protons travel
directly to the cathodic chamber via the proton exchange
membrane (PEM), where they react with oxygen to create
water [9].MFC technology exhibits the possibility of reaching
conversion efficiencies of up to 50% in theory [10], and can
oxidize simple carbonates to carbon dioxide (CO2), and also
allow biochemical reduction to transport electrons. A study
[11] explained that, when applied to wastewater treatment,
there are several reasons whyMFCs are more sustainable than
other technologies. Their ability to directly transform substrate
energy into electricity is the first benefit. Secondly, relative to
anaerobic digestion, the use of MFCs helps wastewater pro-
cesses to decrease activated sludge. Its insensitivity to the
operating environment is the third gain. The fourth is that,
due to recycling and conversion, MFCs do not need any gas
treatment, so energy can conserve much more energy without
any energy input required for aeration. Fifth and last, in areas
where there is inadequate electrical infrastructure, MFCs can
be used widely. Despite such benefits, numerous challenges
for effective deployment in real environments remain unan-
swered in the MFC sector. Real-world applications face many
challenges, such as pH imbalances, anodic chamber electron
transfer mechanism issues, effects of temperature changes,
terminal electron acceptors, substrate, membrane, and elec-
trode materials, all of which can affect the output of MFCs
individually and collectively [12, 13]. The scaling up ofMFCs
is correlated with many limitations. Firstly, as the volume of a

MFCs increases, volumetric power production decreases pro-
portionally. A higher volume of bioreactors is needed for the
scaling up of anMFC. Due to multiple electrochemical losses,
the voltage actually produced is often lower than its ideal
value: loss of the activation barrier, ohmic loss, and loss of
mass transfer. Secondly, when multiple MFCs are connected
electrically to increase voltage, electrochemical degradation
occurs. This phenomenon is known as voltage reversal phe-
nomenon [12, 14].

The goal of this review is to illustrate the current under-
standing of MFCs while offering a detailed overview of the
technology. The fundamentals of MFC technologies, elec-
trode materials, electron transport mechanisms, and field stan-
dardization are given specific importance. In addition, this
analysis focuses primarily on improving the efficiency of
MFCs by optimizing particular parameters in order to high-
light the key limiting factors and bring them to the forefront of
future research. Emphasis on innovations and advancements
of electrode andmembranematerials, to enhanceMFC output,
has been made. Various sorts of electrodes have been ad-
dressed and reviewed, i.e., anode and cathode, materials with
different structural compositions and implementations of oth-
er technologies with MFCs. In addition, biocompatible, cost-
effective, and highly stable electrode materials with improved
microbial fuel cell performances are also included. In addition,
the opportunities and challenges faced are also addressed for
scaling up and future applications.

2 Aim of microbial fuel cells

Owing to the increasing global demand for the finite oil and
gas supplies, and the need to simultaneously reduce

Fig. 1 A schematic of a typical
two-chamber MFC
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greenhouse gas emissions, the race of the search for alterna-
tives to fossil fuels has accelerated [15, 16].

Although wastewater is considered to be a profitable
source of energy, pure water and fertilizers, its treatment tech-
nologies have many output-related constraints [13]. Carbon
neutral and renewable energy technologies are the present
needs of our times.

Microbial fuel cells (MFCs), which convert biochemical
energy (through microbes-assisted bio-oxidation) to electrical
energy, could potentially be a big part of the picture as they
provide various ways for the sustainable production of energy
from biodegradable compounds. The complexities of the un-
derlying biochemical processes were the reason for an inevi-
table setback for MFCs, when compared to the advancement
of their alternative competitive technologies, such as solar
photovoltaic systems. MFCs came under the limelight when
the National Aeronautics and Space Administration (NASA)
became interested in exploiting opportunities to recycle organ-
ic wastes into electricity during long space flights [17]. Three
unique features, which are less sludge production, energy and
cost-saving approach, and less energy consumption, make
MFCs stand out from other existing technologies [13].

3 Structure and mechanism of a typical MFC

A typical MFC (as shown in Fig. 1) comprises of three major
components: an anaerobic anodic chamber, an aerobic cathod-
ic chamber, and a separator connecting the two chambers,
which is responsible for exchanging protons [18]. In the an-
odic chamber, electroactive microorganisms oxidize the
added substrates and generate electrons and free H+ ions in
the process. The electrons produced are transported to the
anode and flow to the cathode through an external circuit
operated under a load, i.e., resistor [11]. Although the separa-
tor plays an increasingly important role in MFCs relative to
catalytic and electrode materials, it increases the internal
strength and reduces the efficiency of the MFCs, thus signif-
icantly restricting the practical applications of MFCs.
Therefore, a conventionalMFC is usually half biological since
only the anode side contains electrochemically active micro-
organisms while the cathode is abiotic [13].

Oxygen, ferricyanide, and hydrogen peroxide are used
mainly as terminal electron acceptors in the cathode. Among
them, especially for the air cathodeMFCs (which consists of a
sheet of catalysts, an electrode, and a separator), oxygen is
considered the most suitable terminal electron acceptor mostly
due to its sustainability and amount. Compared to the cathode,
a high concentration of H+ ions near the anode results in an
electrochemical gradient that pushes protons to the cathode
through the semi-permeable membrane. With the electrons
and the dissolved oxygen at the cathode, the migrated protons

unite to form pure water [13]. Electrode reactions are shown
below using acetate as a model substrate:

Anodic reaction:

CH3COO
− þ 2H2O→2CO2 þ 7Hþ þ 8e− ð1Þ

Cathodic reaction:

2O2 þ 8Hþ þ 8e−→4H2O ð2Þ

The ultimate reaction thus describes the bio-oxidative
breakdown of acetate to CO2 with the simultaneous genera-
tion of electricity. Centered on the movement of the emitted
electrons from the media to the anode by active microorgan-
isms, MFCs can be classified into two categories: mediator
MFCs and mediator-less MFCs [3]. A component-wise anal-
ysis of MFCs is given below.

3.1 Anode and the anodic chamber

Electrons from anodic exo-electrogenic microbes are used by
cathodic electron acceptors followed by charge neutralization
by protons crossing the proton exchange membrane (PEM)
[19, 20]. A substrate, a mediator (although, optional), a mi-
croorganism microbial culture, and the anode as the electron
acceptor are packed in the compartment to provide an efficient
oxidative atmosphere [16]. One of the factors responsible for
anode performance is the electrode material. Anodic materials
must tick all the five boxes—good electrical conductivity and
low resistance, strong biocompatibility, large surface area,
chemical stability and anti-corrosion nature, and sufficient
mechanical strength and toughness [21]. Metal anodes made
up of non-corrosive stainless steel mesh can also be used [22].
Graphite rods are the most common materials used for anode
electrodes because they are simple to treat, have a consider-
able surface area, and are affordable. The surface area is a
major factor to account for while scaling up the MFC because
of an increase in current with an overall increase in total sur-
face area. Carbon, containing graphite fiber brush, is the most
widely used material for an MFC anode [23]. Table 1 de-
scribes the advantages and disadvantages of the commonly
used materials for anodes and their effects on MFC
performance.

The microbial electron transfer rate can be improved by
adding artificial electron carriers (or mediators) and changing
the composition of the cell. By anaerobic oxidation of organic
matter, bacteria produce electrons and transfer them to
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respiratory enzymes that are generally attached to the inner
cell membrane [32]. These artificial electron carriers may be
used to move electrons from inside the cell to an external
electrode. Mn (IV), Fe (III), covalently bonded neutral red,
anthraquinone-2,6-disulfonate (AQDS), or high humic acid
concentrations [33], for example, can be used as mediators.
They are known to mediate the transition of electrons between
the microbial film and the anode [34]. Researchers have also
shown that directing water flow through the electrode can
effectively increase the power output [35]. Another efficient
way to enhance the MFC power output is to use modified
carbon and metal-based anodes with conductive polymers
[36].

3.2 Cathode and the cathodic chamber

Via the PEM, H+ ions from the anodic chamber migrated to
the cathodic chamber to complete the circuit. The produced
electrons are taken to the anode and flow through an external
circuit controlled by a resistor to the cathode. The migrated
protons combine with the electrons and dissolved oxygen at
the cathode to form pure water [13] that spreads along with the
aid of catalysts through the ion-permeable membrane on the
cathode as the protons which migrated through the PEM com-
bine with the electrons [11] (from the external circuit along the
resistor) and dissolved oxygen to form pure water, as shown
below [37]:

H2 þ 2Hþ→2e− ð3Þ
O2 þ 4Hþ þ 4e−→2H2O ð4Þ

The electron acceptor’s concentration, chemical identity,
proton availability, catalytic performance, catalytic ability,
and electrode structure affect the cathode’s reaction yield.
Ferricyanide ion, [Fe(CN)6]

−3, is a very common electron ac-
ceptor used in MFC because of its excellent efficiency [38].
The most significant advantage of ferricyanide is the low
overpotential using a plain carbon cathode, which results in
a cathode working potential close to its open circuit potential.
However, a major drawback is the absence of oxygen re-ox-
idation, which allows the catholyte to be replaced periodically
[39]. In addition, the diffusion of ferricyanide through the
cation exchange membrane (CEM) and into the anode cham-
ber will impair the efficiency of the long-term device [17].

The choice of cathode material has a paramount influence
onMFC performance. Materials with high proton absorptivity
and high redox potential, which include graphite, carbon fab-
ric, and carbon paper, can be used as cathodic materials [40,
41].

When platinum was used with graphite felt as a cathode, a
maximum power density of 150 mW/m2 was derived. The
power density observed was three times greater than that of
a pure graphite cathode [42]. Granulated and porous cathodesTa
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are known to greatly impact MFC performances; however,
power output remains more or less unaffected [43, 44]. A
close microbe-cathode interaction has been established and
demonstrated which relates the oxidation of soluble electron
donors with the reduction of cathode oxygen diffusion [45]. A
study [46] reveals that the ratio of oxidized to reduced medi-
ator species in a microorganism affects the ability for electrons
to be transported in or out of the cell by microorganisms.
Table 2 shows some of the commonly used cathodes in
MFCs with their respective maximum generated power.

Platinum is a widely used abiotic catalyst, as it lowers the
energy of activation and increases the rate of reaction [51, 52],
but due to its poisoning nature against the components in the
substrate and its high cost, it is avoided [39]. Oxygen is the
most effective electron acceptor for an MFC because of its
elevated oxidizing performance, accessibility, low cost, lon-
gevity, and zero chemical waste production, as H2O is pro-
duced as the only end product.

3.3 Proton exchange membrane

A PEM primarily separates the anode and the cathode to pre-
vent back diffusion of oxygen to the anode by maintaining the
concentration of substrate in the anode and to complete the
electrical circuit. It also helps in increasing coulombic effi-
ciency, and also to ensure sustainable operation over time.
pH splitting (increasing pH in the cathode chamber and reduc-
ing pH in anode chamber) [53], increasing overall internal
resistance, and the overall cost of MFCs are some of the chal-
lenges of utilizing a separator [54]. Nafion is a more frequent-
ly used membrane and is the best choice despite being expen-
sive. Experiments to substitute Nafion separators with other
membranes such as sulfonated polyether ether ketone mem-
branes [55, 56], anion and cation exchange membranes
(AEMs and CEMs) [57], ultrafiltration and microfiltration
membranes, bipolar membranes, and forward osmosis mem-
branes have recently been demonstrated by a group of re-
searchers. It should be remembered when using PEM that it
can be permeable to chemicals such as ferricyanide, oxygen,
and a variety of other ions, or to the organic matter used as the
substrate. Ion exchange membranes have grabbed the

researchers’ attention, and it is in popular demand recently.
More systematic studies are necessary to evaluate the mem-
brane’s effect on performance and long-term stability [41].

4 Effects of different parameters
on the performance of MFCs

The laboratory-scale version of an MFC has been still lower
than what is shown in an ideal case. The efficiency of anMFC
is affected by several parameters which are mentioned below,
including the range of microbes, variety and concentration of
fuel biomass, and ionic strength and configuration of the re-
actor [58].

4.1 Effect of pH buffer

Since the anodic chamber generates protons that flow to the
cathodic chamber to produce water, continuous operation of
MFCs can make the anodic chamber acidic due to the accu-
mulation of protons. Likewise, owing to the constant absorp-
tion of protons by the oxygen reduction reaction, the cathodic
side suffers alkalinization due to the insufficient supply of
protons from the anodic chamber. This pH gap raises the driv-
ing force of the diffusion of protons from the anode to the
cathode chamber, and a complex equilibrium is formed that
essentially places an electrochemical or thermodynamic limit
on the power production of the MFC [59]. According to the
Nernst equation, the declining capacity of oxygen should be
increased with a decline in the pH value. Increasing pH values
will thus reduce the current performance values drastically
[60]. For their optimal development, bacteria typically need
a pH close to 6.9–7 (neutral) and respond to changes in inter-
nal and external pH by controlling their activity [61]. A study
[62] shows that, at a neutral pH, anodic bacterial behavior is
most desirable, and the rate of cathodic reaction improved at a
higher pH. At acidophilic conditions, the highest power pro-
duction was located around the pH of 6.3 [63]. One of the key
reasons for sinking voltage efficiencies is the pH gradient
between anode and cathode; to tackle which, phosphate/
bicarbonate buffer is added [12]. A study [64] studied the

Table 2 Cathode materials used
in MFCs and their respective
maximum power outputs

Cathode Max. power density References

Plain carbon 67 mW/m2 [47]

Pt-coated carbon paper 300 mW/m2 [47]

Graphite felt 539 mW/m2 [48]

Air cathode of carbon fiber 49 W/m3 [49]

Parallel sheets of carbon paper,
secured by Pt-coated carbon fiber

7290 mW/m2 [45]

Activated carbon fiber felt 315 mW/m2 [47]

Bio-cathode 19530 mW/m2 [50]
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effects of different widely used buffers (phosphate, MES,
HEPES, and PIPES) on single-chamber MFC power genera-
tion and compared it to non-buffered control, and their internal
resistance and set neutral pH analysis revealed that phosphate
and PIPES are the most effective buffers since pH was held
close to the buffer pKa, thus optimizing the energy of the
buffer and buffering potential [65, 66]. Growing phosphate
concentration across particular ranges has been shown to in-
crease power production [67].

Phosphate is, however, inefficient for wastewater treatment
because of its expense and the eutrophication caused by it
[60]. Instead, if one takes care of its concentration levels,
bicarbonate buffer is inexpensive and can be a great alterna-
tive to phosphate [68].

In spite of such advantages, buffers are known to create
varying conductivities (which affect ohmic resistances and
output power) [66]. To reduce that and to guarantee a contin-
uous feed of a cheaper buffer, researchers have performed
experiments to add an acidic buffer carbon dioxide to the
cathode compartment which mixes bicarbonate and carbonate
with hydroxide ion in the cathode to create carbon dioxide/
carbonate or bicarbonate buffered catholyte structures [69].
The final results showed that, by feeding air with carbon di-
oxide in the cathodic chamber, power density and cell voltage
increased with a decreased pH imbalance.

4.2 Effect of temperature

Temperature fluctuations influence the kinetics of devices,
mass transfer (activation energy, mass transfer coefficient,
and conductivity of solution) [70], thermodynamics (free
Gibbs energy and electrode potential), and the presence and
distribution of microbial communities [70, 71]. Temperature
has proven to be an important parameter for the removal of
COD and electricity generation, showing a change in the re-
moval of COD and an increase in power density with an in-
crease in temperature [3, 72]. The reasons given for the rise in
power production with an increase in temperature are mainly
due to increased microbial metabolic rates [3], increased per-
meability of the membrane [70], and decrease in ohmic resis-
tances due to the higher conductivity of the liquid solution
[73]. Temperature linearly increases with decreasing internal
resistance due to increasing conductivity [70, 73].
Temperature exponentially increases power generation of
MFCs due to the anodic biofilm formation which affects bio-
catalytic activity and hence greater efficiency [74–76].
Biofilms are observed to exhibit their most excellent electro-
catalytic activity at 30–45 °C [3]. Since multiple exo-
electrogenic bacteria have different acceptable temperature
ranges and have evolved at different temperatures, the tem-
perature has importance during the initial growth process as it
determines the concentration and distribution of the other mi-
crobial species within the biofilm matrix [27, 77]. Following

this period, the MFCs can operate over a broad range of tem-
peratures without a significant decrease in performance [78].
These observations are essential for the wastewater treatment
application of MFCs. As it is obvious that the initial steps of
the process will describe the MFC’s final performance, we
initially use higher temperatures and then run the MFC at
lower temperatures, minimizing heating costs without any ap-
parent reduction in performance [79].

4.3 Effect of organic loading rate

Organic loading rate (OLR) and sludge loading rate (SLR) are
two other parameters responsible for determining the reactor’s
capacity to convert organic substrates per unit volume and per
unit mass of microorganisms [3]. Thus, suitable values for
SLR or OLR are important for a good coulombic effectiveness
and power density [80, 81].

For the application of wastewater treatment, a study [60]
demonstrates that COD removal efficiencies increased with an
increase in SLR. When MFCs were operated at an SLR of
0.25 kg COD kg VSS−1day−1, the maximum efficiency of
COD removal was 47.8% when the feed pH was 6.0, and
40.4% at pH 8.0. When SLR was kept at 0.75 kg COD kg
VSS−1day−1, these efficiencies further improved to 61.9% and
58.8%, respectively. A further increase in SLR resulted, how-
ever in a decline in the elimination of organic matter. Complex
reactions including hydrolysis, acidogenesis, and electrogen-
esis tend to occur in the environment during the handling of
wastewater containing fermentable organic matter.
Subsequent reactions have greatly impacted the aggregation
of high concentrations of intermediate products. The
suspended sludge content in the anode chamber decreased
with an increase in SLR from 0.75 to 1.25 kg COD kg
VSS−1day−1, and the high concentration of volatile fatty acids
produced a toxic impact on the bacteria, which further degrad-
ed the efficiency of MFCs in terms of organic matter elimina-
tion [60].

High OLR, equivalent to highly saturated anode surface
area conditions, can aid in competition between exo-
electrogenic microorganisms and other types of bacteria, lead-
ing to greater removal of organic matter, which is not associ-
ated with current generation. This reduces coulombic efficien-
cy, but improves substratum degradation. The coulombic ef-
ficiency is better at low OLR since a reduced volume of sub-
strate is required for the processing of methane [82, 83]. Thus,
enhanced electron recovery does not guarantee a better MFC
performance.

4.4 Effects of feed rate and shear stress

Flow intensity and the resultant hydraulic retention time
(HRT) and shear stresses are essential factors that really need
to be solved before MFCs can be efficiently used in
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wastewater treatment plants because the continuous operation
of MFCs entails hydrodynamic issues that can drastically af-
fect the performance of MFCs [84, 85]. Optimally increased
flow rates are known to produce good power densities; how-
ever, even higher flow rates have a negative impact [86].
Therefore, optimum efficiency is said to be achieved only
after the microbial population propagates and nutrient capture
and the amount of substrate hydrolysis are most favorable
[87]. Coulombic efficiency and COD removal are inversely
proportional to the flow rate [82]. The hydraulic retention time
decreases as the flow rate rises, thus reducing the time taken
by microbes to degrade the organic matter. The average effi-
ciency of elimination of COD thus decreases.

Higher shear rates (although, lower than tensile strength)
lead to thicker and denser biofilms that can pass electrons
more quickly, thereby increasing the power density. A de-
crease in the current output and thickness of the biofilm is
observed if the shear rate is very strong (above the tensile
strength), indicating cell detachment [88, 89]. Increased shear
concentrations have also been found to limit microbial diver-
sity causing biofilm homogeneity [90, 91].

5 Applications of MFCs

MFCs have emerged as the best choice for maximum energy
recovery and in situ energy conversion. Some of the recent
breakthrough applications of MFC are described below.

5.1 Bioelectricity production in MFCs

As previously discussed, an MFC produces electricity with
the help of the applied potential difference combined with
the electrons released by anaerobic microbial oxidation of
carbohydrate substrates which come from rural and urban
wastes [92].

Even though these systems have deficient energy levels,
research from the last two decades has proven that MFC can
still be a terrific technology since fuel is transformed directly
to electricity without heat generation [93]; as a consequence of
which, the Carnot loop, which restricts thermal energy con-
version, is eliminated, allowing higher conversion efficiency
(> 70%) to be obtained [94]. Studies show that using different
compounds as substrates in MFC yields different power den-
sities. Table 3 shows the power densities, as obtained by some
of the compounds when used as substrates in MFCs.

5.2 Biohydrogen production in MFCs

Hydrogen is recognized as an impermanent renewable energy
carrier. Much focus is paid to the worldwide use of H2 as a
source of energy fuel. Its advantages are numerous: it is clean,
efficient, and renewable, and generates no toxic by-product.
Electrolysis has been used as an efficient way for high-purity
hydrogen generation [98]. MFCs can be easily adjusted to the
harvest of biohydrogen, instead of producing electricity, by
combining electrolysis with MFC. This setup is known as
microbial electrolysis cell or MEC (discussed with details lat-
er) [3].

Deriving protons and electrons from water hydrolysis gen-
erally requires a high external voltage. Therefore, by using a
form of hybridized MFC system that does not require oxygen,
we can directly produce hydrogen at low voltages by deriving
protons and electrons from organic matter instead of water.
However, there is a thermodynamic infeasibility associated
with hydrogen production from electron and proton combina-
tion. This, however, can be overcome by application of an
external electrical potential to augment the MFC’s cathode
potential [3]. Cathodic oxygen has the potential to permeate
through the PEM and inhibit anaerobic respiration. The anodic
potential must be raised to an additional voltage of around
0.23 V or more [16] in order to produce hydrogen gas in a
typical MEC. In contrast to the standard 4 mol H2 mol−1

Table 3 Power outputs as
generated by different substrates
in microbial fuel cells

Substrate Power output
(mW/m2)

Reference

Glucose 250–500 [95]

Domestic wastewater 10–50 [95]

A mixture of glucose and a mixed consortium of microbial community 3600 [94]

Cysteine 18–38 [31]

Ethanol 12–43 [24]

Acetate 328–505 [25]

Butyrate 194–305 [25]

Swine wastewater 45 [96]

Peptone 248–285 [97]

BSA 339–364 [97]
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glucose obtained in conventional fermentation, MFCs can
contain 8–9 mol H2 mol−1 glucose [3].

5.3 Wastewater treatment

Wastewater has immense potential as an energy source.
Energy conservation, sludge volume control, and bioenergy
generation are the key benefits of MFC for wastewater treat-
ment [99]. Various forms of wastewater, such as wastewater
from food production, swine wastewater, and sanitary waste,
contain various biodegradable organic substances that can be
used to power MFCs [16]. MFCs were first used to treat
wastewater in 1991 [100]. Reasons for their usage are enlisted
as follows:

& It enables direct recovery of electric energy and value-
added products [101]

& Strong effluent efficiency and low environmental impact
can be accomplished by successfully integrating biologi-
cal and electrochemical processes [102]

& Real-time monitoring and control of MFC is possible,
which benefits good operating stability [102]

& In the wastewater treatment phase, the amount of power
produced by MFCs can theoretically halve the energy
used in a traditional treatment course that consumes a lot
of electricity during activated sludge aeration [60]

& Generates 50–90% less solid wastes [3]
& Organic molecules, such as acetate and butyrate, can be

broken down into CO2 and H2O [103]

In recent years, scientists have demonstrated that biological
treatment has proven to be a safe and an extremely cost-
effective process for the removal of nitrogenous and organic
matter from the leachate [104]. Some microbes used in MFC
have a special capacity to eliminate sulfides, which is an es-
sential step in wastewater treatment [58]. The development of
electrochemically active microbes during the wastewater
treatment process can be increased by MFCs [105]. A study
[32] reported up to 80% of COD removal and a coulombic
efficiency as high as 80%.

MFC could be an efficient method of electricity gener-
ation and odor removal, and a study [16] demonstrated
that the rate of odor elimination is accelerated by MFC-
based technologies when electricity production exceeds a
limit of 228 mW/m2. The scaling up of MFCs for waste-
water treatment (containing suspended solids) is limited
due to the biofouling of membrane and high initial costs.
Thus, if we eliminate the use of a membrane, scaling up
of MFC will become easier. A study [106] demonstrated a
mediator-less and membrane-less MFC (MLMFC) to treat
synthetic wastewater in which 88% of COD and 87% of
BOD (biological oxygen demand) and 45–50% of
Kjeldahl nitrogen removal efficiencies were reported. In

bioelectricity generation from chemical wastewater treat-
ment [92], a dual-chambered microbial fuel cell (MFC)
was demonstrated without the use of an anode chamber
mediator. When a cathode made of potassium ferricyanide
was used, current densities in the range of 747.96 to
862.85 mA/m2 were observed.

5.4 Application of MFCs in biosensors

MFCs can also act as quantitative sensors for microbial respi-
ration [107]. The current produced in an MFC, which is a
result of anaerobic respiration by electron transfer to the an-
ode, can be used to calculate metabolic rates of the microbes
[108] and substrate concentrations over time [10]. In the past
few decades, many different types of MFC-based biosensors
have been proposed and tested, like immune-sensors [109],
enzymatic biosensors [110], DNA biosensors [111], and
cell-based biosensors [112]. One type of enzymatic biosensors
measures the amount of lack of oxygen and the amount of
produced hydrogen peroxide in a cell [113]. A study [114]
demonstrates the development and activity of a microliter-
sized biosensor based on MFC for the monitoring of radioac-
tive substances in water. It uses formaldehyde as a harmful
ingredient and records the detection of swift and sensitive
current responses in the biosensor with 0.2V added to the
anode as a way to maintain the baseline signal over a concen-
tration range of 0.001–0.1%.

6 MFC hybrid systems

MFCs can also be integrated with other advantageous
concepts/devices, in order to produce hydrogen fuel and
several other valuable products, which provides an excit-
ing solution to improve MFC feasibility and broaden the
domains of MFC applications. The limitations that typical
MFCs are endowed with can be overcome by using such
hybrid technologies, which are still very recent advance-
ments in fuel and bioenergy generation [58]. Much re-
search has been conducted on the effects of the addition
of algae in the cathode, the effects of modification of
electrode and membrane materials, the impact of variable
bacterial electrogenicity, the addition of electro-catalysts
and photocatalysts, etc. This research has directly given
importance to the study of multitudes of MFC hybrid
systems and technologies associated with/derived from
MFCs, like MFC-Fenton hybrid systems [115], MFC-
PEC (photoelectrochemical) hybrid systems [116],
MDCs (microbial desalination cells) [117], and MFC-
MEC (microbial electrolysis cell) hybrid system [118].
The techniques mentioned above are descriptively
reviewed in the following part of the article.
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6.1 MFC-Fenton hybrid systems

The power generated in the MFCs drives the electrochemical
reactions that take place in this hybrid system. In this system,
oxygen from the cathodic chamber accepts electrons to either
produce H2O2 or drive a Fenton process [119, 120]. In the
Fenton process, the following reaction takes place, leading
to the production of hydroxyl radicals along with hydroxyl
anions and ferric ions [121]:

Fe2þ þ H2O2→Fe3þ þ HO•þ HO− ð5Þ

The electrons from the cathode are absorbed by Fe3+ ions
to give back Fe2+ ions, which react back with H2O2 to give
more hydroxyl radicals and anions. These hydroxyl radicals
are excellent oxidants and are capable of potentially degrading
many organic molecules [122]. If an air cathode is used, oxy-
gen can be reduced to form H2O2 as

O2 þ 2Hþ þ 2e−→H2O2 ð6Þ

The high efficiency of the H2O2 used in Fenton reagent
makes this process highly advantageous to use with MFCs
[3]. MFC-Fenton systems are known to degrade several bio-
refractory pollutants, including phenol and p-nitrophenol
[123]. Based on the location where the Fenton reactions take
place in the hybrid system, we can have in situ and ex situ
processes.

6.1.1 In situ Fenton process integrated with MFCs

Here, bio-oxidation of the organic source takes place in the
anodic chamber, which is separated from the cathodic cham-
ber by a PEM [124]. The bio-oxidation process releases elec-
trons at the anode, which follow the external circuit path to
reach the cathode to help in the Fenton reactions. In the ca-
thodic chamber, H2O2 is produced using O2 and protons,
which migrated through the PEM [58, 122].

If the concentration of dissolved oxygen is too low for
H2O2 production, cathodes with larger surface areas or
grooves or layers can be used. External energy can also be
supplied to the system for boosting H2O2 production [125].
Adding Fe2+ to the system is both advantageous (due to the
number of different reactive species formed) and disadvanta-
geous (due to its loss as a result of sludge production) [58]. To
avoid sludge production, one may use heterogeneous catalysts
like α-Fe2O3 and Fe3O4 [126]. Power densities as great as
0.823 W cm−2 were obtained when γ-FeOOH was used as
the iron source in the cathodic chamber, along with electrodes
coated with conductive films, whereas using FeVO4/carbon
felt (CF), the power density rose to 850 mW cm−3, with an
output voltage of 327 mV [105]. H2O2 production can also be
increased to 136 μmol L−1 using Fe/Fe2O3/graphite felt with
triphenyltin chloride as the degradation material. When

Fenton process was combined with photocatalytic fuel cells
(PFCs), there was a 39–62% increase in the effluent removal
process and a 1.21–2.04 times greater electricity production as
compared to single PFCs [127].

H2O2 is known to have a corrosive behavior on the CEM,
as a result of whichMFC-Fenton systems need improvements.
Also, the salts required to generate ferrous ions for the reaction
in the cathodic chamber lead to high running costs [223].

6.1.2 Ex situ Fenton process integrated with MFCs

When the abovementioned two parts of the MFC-Fenton sys-
tem are located separately in two different chambers, an ex
situ MFC-Fenton system is formed, as shown in Fig. 2. Here,
the anodic chamber of the MFC releases electrons which are
sent to the anodic Fenton treatment (AFT) chamber and then
back to the cathodic chamber of theMFC. The H2O2 produced
in the AFT chamber is reacted with the ferrous ions to give
hydroxyl radicals [128]. High dissolved oxygen levels in-
crease H2O2 production. Iron zeolites showed better results
than Fe2+ in energy production, achieving dye decolorization
of up to 95%, with an operational duration of 6 h [129]. Dyes
like methylene blue showed 97% decolorization during an
operational duration of 8 h, alongside the production of
H2O2 using an MFC-MEC-Fenton hybrid system [130, 131].

A large electrode surface area increases H2O2 produc-
tion. Increasing Fe2+ and Fe3+ also dramatically affects the
effluent degradation rates. For medicinal effluent compo-
nents like paracetamol, graphite-felt electrodes were re-
quired in an MFC-Fenton process, and a pH of 2 was
obtained as the optimal pH for the subsequent reactions
[132], whereas with FeVO4 as a catalyst, a pH of 3 was
found out to be optimum [133]. The ex situ design, where
a single-chambered MFC powers the AFT system, reduces
our need for an external electrical supply and hence re-
duces costs. Table 4 reviews data collected from various
studies regarding H2O2 production, power generation, and
pollutants targeted by the respective MFC-Fenton systems.
An anode of a dual-chamber MFC, modified with polypyr-
role/AQDS, has been studied to give an exceptionally high
power density of 1.303 W m−2, a value which is almost
thirteen times more than that generated by a typical MFC
[134]. Natural organic pollutants like amaranth have been
degraded in MFCs using an anode made of graphite and a
pure spectrographic graphitic cathode, to generate 28.3 W
m−3 power and 73–80 mg L−1 H2O2 [129, 234]. Using a
graphite electrode and an anthraquinone-based catalyst,
pollutants like congo red can be degraded to generate
0.808 W m−3 of power, using MFC-Fenton systems with
iron phthalocyanine as a source of iron [137]. A large
electrode surface area increases H2O2 production.
Increasing Fe2+ and Fe3+ also dramatically affects the ef-
fluent degradation rates.
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6.2 MFC-PEC hybrid systems

Hydrogen and methane have long been known as the drivers
for non-polluting vehicles and are generally produced from
fossil fuels and biomass. They can be used as substitutes for
fossil fuels in ICEs [224]. Turning wastewater into hydrogen
gas calls for a photoelectrochemical cell (PEC) [138]. MFCs
are known to have exhibited problems such as their non-
dynamic electron transfer process, costly CEMs, and subse-
quent biofouling around it, causing a reduction in their perfor-
mance due to the hindrance in charge permeability and the
decrease in the potential of the cathode, the long activation/
stimulation, and operational durations, etc. [102]. Compared
to MFCs, PECs involve a more dynamic and unhindered

electron transfer process, lesser heat intolerance, and the dele-
tion of the problems associated with the use of biotic materials
[139, 140]. Based on converting light energy into electricity, a
PEC consists of two electrodes, out of which at least one is
made up of a semiconducting material and is exposed to light.
Hence, we can either have the anode as an n- or a p-type
semiconductor paired with a metallic cathode and vice versa
or have a p-type anode and an n-type cathode and vice versa.

Electronic charge carriers (electrons and holes) are formed
as a result of light-induced intrinsic ionization of the semicon-
ducting material (due to transfer of electrons from the VB to
the CB). At the photo-anode, water gets oxidized by these
holes to form protons, which move to the cathode to get re-
duced to hydrogen gas [141].

Fig. 2 A highly simplified ex situ
MFC-Fenton system, showing
biodegradation in the AFT cham-
ber, and simultaneous electricity
generation

Table 4 A tabulated collection of data for MFC-Fenton hybrid system showing the anode and cathode materials, the H2O2 produced, and the targeted
pollutant, arranged in decreasing energy outputs. Modified and adapted from [58]

Anode Cathode H2O2 produced Power
density
(mW cm−2)

Targeted pollutant Study
referred

PPy/AQDSmodified carbon felt PPy/AQDSmodified carbon felt 2.79 mg L−1 823 Orange II (0.20 mM) [134]

Carbon felt Fe2O3/carbon felt 0.02 mM 341 Rhodamine B (15 mg L−1) [115]

Carbon felt Carbon nanotube/PTFE/
γ-FeOOH

3.24 mg L−1 230 Orange II (0.10 mM) [135]

Carbon felt Carbon felt 0.11 mM (4 d) −1 143 p-Nitrophenol (1 mM) [123]

Carbon cloth Fe2O3/graphite felt 136 μmol L−1 57.3 Triphenyltin chloride [136]

TiO2 nanotube array Pt-black/Pt - 0.57 Methylene blue, methyl orange,
congo red, and tetracycline

[127]
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Upon combining the above systemwith anMFC, we get an
MPEC (microbial photoelectrochemical cell) as shown in Fig.
3, where the bacteria present in the anodic chamber digest the
organic compounds from effluents to produce electrons [142].

When the PEC is illuminated with light, these electrons are
accelerated towards the PEC along an external circuit where
they form hydrogen gas by reducing protons. The total system
requires only light as an energy input. The generated current
further helps in preventing recombination of electrons with
holes, thus boosting hydrogen production [58]. There are
two ways in which the pollutants can get degraded—directly
(by the already oxidative holes) and indirectly (by the help of
the products of the reaction between holes or electrons and the
oxygenated molecules which are highly oxidative species)
[140]. Hence, an MFC can generate electricity to power the
PEC process without the help of an external power supply and
also get an increase in its cathode potential.

Recombination of holes and electrons still remains a most
significant problem in employing semiconductor devices with
MFCs. They can be efficiently reduced by using a fuel cell
composed of a bioanode coupled with a photocathode. In this
cell, the cathodic photo-generated holes combine with the an-
odic electrons, and not with the cathodic photo-generated elec-
trons. This action not only prevents recombination but also
provides us with plenty of photo-generated electrons to help
in reduction reactions at the cathode [143]. Photocatalysts like
TiO2 [225], ZnO [226], Cu2O [227], and CdS are the promi-
nently used semiconducting materials in previously conducted
studies involving MFC-PEC systems [116]. However, TiO2 is
known to absorb only UV light due to its broad bandgap [142].

To decrease this bandgap, a hybrid nano-structure of TiO2

and Ag [144], or addition of another semiconductor like gra-
phitic carbon nitride (g-C3N4) [145] or tungsten trioxide
(WO3) [146], could be used. Instead of using commercial
rutile, the use of narrow bandgap TiO2 can also enhance its
action and energy recovery, owing to the reduced electron
transfer resistance [147, 140]. Using a TiO2 nanowire arrayed
photoanode, coupled with a platinum-based cathode and
0.1 W cm−2 of photo-illumination, a current per unit area of
0.012 A cm−2 and 0.7 V voltage has been generated [148].
One study reported the use of a Nb2O5-xNPs anode, a
platinum-based cathode, and 0.1 W cm−2 of light illumination
to generate a current density of 0.90 mA cm−2 [149].

6.3 MFC-MEC hybrid systems

While MFCs generate electricity from the organic decompo-
sition of effluents, MECs (shown in Fig. 4) generate hydrogen
(by a process called electro-hydrogenesis [233]) or methane or
H2O2 from the decomposition of organic compounds on the
application of electrical energy depending upon the substrates/
reactions involved. Exo-electrogenic bacteria in the anodic
biofilm generate an electrical potential of 0.3 V by consuming
energy and releasing positive and negative charges. Then,
upon addition of an external supplementary potential gradient
to the cell, protons are reduced to produce hydrogen gas. This
supplied voltage requirement for MECs is generally greater
than 0.2 V, which is much lower than the 1.8 V required for
electrolysis of water [150].

Fig. 3 An MFC-PEC hybrid sys-
tem with photon illumination on
the anode and TiO2 nanowire as
photocatalyst
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The electrons in organic effluents released during bio-
oxidation are delivered to the cathode externally along the
circuit, where they either release hydrogen gas by proton re-
duction or produce H2O2 by O2 reduction. The absence of
need for any expensive anodic catalyst or any substrates
[118] makes MECs a highly capable and efficient option for
hydrogen production [151].

As a substrate, acetic acid is used to yield H2 gas with great
efficiencies at an applied voltage of 0.2–0.8 V. On subjecting
0.6 V to the system, the efficiency reaches 288% (i.e., when
we neglect the additional energy provided to the system from
the enthalpy of combustion of acetic acid, and 82% other-
wise), with a H2 gas emission rate of 1.1 m3 per m3 of reactor
fed per day [152]. Increase in the concentration and conduc-
tivity of the acetate is known to support H2 gas production
[118]. Increase in the buffer concentration of phosphate im-
proved the conductivity of the feed solution, resulting in a

significant increase in hydrogen gas production rate from 2.9
to 7.9 mL per liter feed per day [153].

Excellent yields of hydrogen gas were obtained from sev-
eral other acids like acetic acid at a range of overall energy
efficiencies, ranging between 64 and 82% enlisted in Table 5
[154]. A good hydrogen production from cellulose, with an
overall efficiency of 63%, at 0.11 m3 per cubic meter of feed
per day has been observed. The slow production rate is justi-
fied by the slow rate of hydrolysis of cellulose particles [155].
Four to five times greater recovery rates were achieved using
glucose instead of cellulose for hydrogen production [156].
The production rate was observed to be 1.23 m3 per cubic
meter of feed per day. Although the overall recovery rate is
lower than that of acetate at 71%, the production rates are
approximately comparable. Hence, we have a process that
provides a useful method for hydrogen production from
environment-friendly biomass resources. If need be, one

Fig. 4 A typical MEC with an
external voltage supply used to
produce biohydrogen in the
cathodic chamber

Table 5 Tabulated results of
electro-hydrogenic process in
MFC-MEC hybrid systems, with
five volatile acids as substrates,
under an applied voltage of 0.6 V.
Modified and adapted from [154]

Substrate Moles of H2/mole of
substrate

Hydrogen
recovery (%)

Hydrogen production rate (m3

day−1 m−3)
Overall
efficiency (%)

Acetic
acid

3.65 91 1.10 82

Lactic acid 5.45 91 1.04 82

Propionic
acid

6.25 89 0.72 79

Butyric
acid

8.01 80 0.45 77

Valeric
acid

8.77 67 0.14 66
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might have to reduce the excess overpotential that must be
overcome to initiate hydrogen production. To do so, platinum
may be used as a catalyst, but due to its high cost, a much
cheaper stainless steel plate is used as the preferred electrode
material [157].

Since the additional voltage (of at least 2 V) is essential in
hydrogen production in an MEC, we can combine an MEC
with an MFC (which generates power) and hence escape the
requirement of external power input [25]. Using a two-
chamber MFC-MEC system, 1.5 mL of hydrogen per liter
feed per day is observed, with a yield of 1.6 moles of hydrogen
per mole of acetate, in the presence of 0.1 M buffer [158].
Using a low external resistance, a greater hydrogen gas pro-
duction rate was obtained in the MEC [159].

Alternatively, one can use multiple MFCs to charge paral-
lel capacitors to construct theMFC-MEC hybrid, such that the
capacitors can supply continuous power to the MECs when
they discharge. The hydrogen production observed without
such capacitors was 0.31 m3 per cubic meter feed per day
which increased to 0.72 m3 per cubic meter feed per day in
the presence of capacitors [159].

MFC-MEC hybrid systems have also been investigated in
the areas of heavy metal removal where metal ions like cobalt
[160], lead [161], and Cu+2 and Ni+2 [162] were removed
from wastewater alongside contaminant degradation [163].

Carbon dioxide reduction in MFC-MEC systems has also
been observed [164].When powered by anMFCwith a power
density of 18.5 W m−2, it was shown that the MFC-MEC
hybrid system reduced carbon dioxide to carbon monoxide
at a rate of 0.06 mmol m−2 h−1 [162].

Removal of nutrients like nitrogen and phosphorous from
wastewater using MFC-MEC hybrid systems has also been
studied extensively [165]. Phosphorous, in the form of mag-
nesium and ammonium containing struvite, is removed from
wastewater. In a study conducted [166], struvite formation
alongside hydrogen gas production was observed in the
MEC unit. The struvite coagulated at the rate of 0.3–0.9
g/m2/h in a single-chamber unit, leading to up to 40% phos-
phate removal at an efficiency of around 73% and a hydrogen
gas production rate of 0.7 to 2.3 m3 per cubic meter feed per
day. The experimental data obtained from this study suggests
that the energy required of struvite production in an MEC can
be considerably controlled and brought down in the form of
energy recovered as hydrogen, thus significantly lowering the
operational costs involved in struvite recovery [167].

The combination of MFC-MEC systems also promotes
ANAMMOX (anaerobic ammonium oxidation) in the ab-
sence of any external organic source [58, 168].

6.4 Microbial desalination cells

The function of a microbial desalination cells (MDC) is pri-
marily ion removal from water to reduce its salinity. There are

other widely accepted methods as well, which can give fresh
drinking water by desalination of seawater, like reverse osmo-
sis (RO). The problem with RO is that it requires high pres-
sure, or, in other words, high energy input (about 3–4 kWh/m3

of seawater). Other distillation techniques require even more
energy input—multi-stage flash distillation (MSF), multi-
effect distillation (MED), membrane distillation [228], etc.
[169]. To do so, the MDC has to generate power by effluent
treatment.

A typical MDC (represented in Fig. 5) consists of a desa-
lination chamber placed in between two ion exchange mem-
branes, one between the desalination chamber and the anodic
chamber and one between the desalination chamber and the
cathodic chamber. The two membranes are termed as AEM
and CEMs, respectively. In the desalination process, the exo-
electrogenic anodic microbial biofilm conducts bio-oxidation
of organic compounds present in the substrate of the anodic
chamber and releases the electrons which migrate across bac-
terial cell walls to the anode and subsequently to the cathode
by following the external circuit path [229]. This creates a
potential difference which causes anions and cations present
in the desalination chamber to move towards the anode and
the cathode, respectively, by crossing their respective ion ex-
change membranes.

Naturally, the kinetics and other aspects of this process
much depend on the current generated by the bacteria.
Hence, any method of increasing the current density works
well for the desalination process. One such way is to decrease
solution resistance by using high salt concentration [170].
When the concentration of the salt in the desalination chamber
is kept at 20 g L−1, the resistance of the solution is 39Ω. When
the concentration is decreased to 6 g L−1, the resistance in-
creases to 256 Ω [171].

In the presence of a harsh anode potential, power and cur-
rent densities can sometimes shoot to lower values which can
significantly affect current generation in MDCs, despite low
resistance. This is due to a phenomenon known as type D
power overshoot [172] which can be overcome if we set the
reactors to optimally low values of resistances [173]. Anolytes
like acetate and xylose which are more readily biodegradable
than other organic compounds show COD removal values
greater than 70%which are higher than when domestic waste-
water is used as an anolyte, whose COD removal stands at
about 54% [174]. Instead of the typical reactions responsible
for oxygen reduction at the cathode, one could employ ferri-
cyanide reduction reaction in cathodes of MDCs, which can
generate power up to 65 Wm−3; however, due to the non-
sustainability and uneconomical nature of this reaction, it is
not preferred to use in MDCs [175].

Upon application of an external electrical voltage to a
desalination cell, we get what is called a microbial elec-
trolysis desalination cell (MEDC) which happens to be a
hybrid between MDCs and MECs [176]. Hence, the H2 gas
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production is observed in the cathodic chamber of MEDCs.
The inter-membrane distance is 1–2.4 cm, which causes
excessive impedance in current and power generation due
to high internal resistance [174]. The approaches used to
decrease the inter-membrane distance optimally are in
current-day research. Even pH imbalances can significant-
ly affect MDC performances [230]. Since the anion ex-
change membrane (AEM) only permits anion migration
across the anodic chamber, it leads to anion accumulation
in that chamber. Protons released from bio-oxidation of
organic compounds also get accumulated in the anodic
chamber. This increase in the concentration of anions and
protons is harmful to the exo-electrogenic bacteria present
in the anodic biofilm [177]. One obvious solution is the
addition of buffers to control the pH. Still, it is not a prac-
tical solution since it can, in turn, add ions across the AEM
into the desalination chamber and hamper the process to
even further extents. A plausible solution would be to
reprocess/recapitulate the anodic and the cathodic solu-
tions uninterruptedly. Recirculation helps to stabilize the
pH by maintaining it at 6, despite lower buffer concentra-
tions [178]. However, due to the aerobes present in the
cathodic chamber, the percentage of the substrate which
is acted upon by the anodic microbes for current produc-
tion drastically decreases with recirculation since the aer-
obes consume oxygen present in the cathodic chamber and
degrade the local substrate inefficiently, making it a fun-
damentally defective fuel cell. Hence, there is the need for
optimal recirculation so that unnecessary substrate degra-
dation and wastage are prohibited [179]. Another problem
faced in applying MDCs and MEDCs in practical life is
membrane fouling due to ion accumulation. Even scale
formation on the CEM surfaces has been observed due to
cations found in saltwater [174]. These problems hamper
the prospects of extensive scale application of such useful
technology.

7 Challenges faced by MFCs in scaling
up to an efficient level

Over years, a large majority of technology has been developed
to focus on the particularly important task of evaluation of
biomass. This reduces the waste material by utilizing it to
generate harness able forms of energy. It has been theoretical-
ly proven that MFCs have huge potential and have many
advantages over conventional methods and devices of energy
production and waste management.

The capacity of a MFC to generate power has been signif-
icantly improved since its inception by the use of better archi-
tecture, cost-effective materials, and materials with better con-
ductivity [180].

The power generation capacity of MFCs has been signifi-
cantly improved since its inception by the use of better archi-
tecture, cost-effective materials, and materials with better con-
ductivity [10]. Several varying reactor configurations have
also been suggested to improve the power efficiency of
MFCs to large extents [181]. Even with the huge potential that
it has shown theoretically, MFCs still have a long way to go
before they actually step into the market [44]. They can not
only generate electrical energy for later use but also evaluate
waste and offer energy recovery from wastewater [182].

Even with all the advantages and theoretically proven po-
tential, MFCs still have a long way to go, and this is because
of the complex nature of the system [44]. There are a lot of
issues; to begin with, most of which have hindered the process
of scaling up of the MFCs to a stage where it can be widely
used with complete reliability for both energy generation and
wastewater treatment [183]. The challenges faced by MFCs
can be broadly categorized into the following sub-headings:

& Expenses - of anodes/cathodes, electrolytes, ion exchange
membranes, exo-electrogenic microbial community, other
essential components, labor- and expertise-related costs.

Fig. 5 An MDC denoting the
desalination chamber sandwiched
between the anodic and cathodic
chambers and the movement of
ions from the desalination
chamber to the respective
electrodes
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& Low efficiency - ohmic losses (due to resistances of ma-
terials), activation energy losses (energy consumed to
cross energy barrier), losses associated with mass transfer,
low harnessable power output, inconsistent and unstable
power output, etc.

& The differences in laboratory results and actual results due
to idealistic simulations in the laboratory.

& Competing waste management and energy generation
technologies

7.1 Costs

One of the reasons MFCs are difficult to use for commercial
purposes is the cost associated with setting them up and main-
taining them. Since MFCs need not be recharged like several
other batteries [184], it provides continuous energy supply,
and it is much easier if the materials used in the cell last longer
in order to reduce the maintenance costs for the cell which is
why the material used has to be of desirable quality and also
should be inexpensive and readily available [185]. Costs re-
lated to microbial fuel cells are generally divided into three
categories—material-related costs, component-related costs,
and labor costs [231].

7.1.1 Materials

Several studies like [186] have in the past estimated the costs
incurred due to different categories of materials used in the
cell. These not only take into account the current costs in-
curred but also project the future costs keeping in mind the
technological advancements. As a result, it was concluded that
61.1% of the total costs due to materials are incurred due to
conducting materials including the cathode (47%), the anode
(9.4%), and other conductingmaterials used in the cell (4.7%).
It was also noticed that 38% of total costs corresponded to the
separation membrane used in the cell

Electrodes and conducting materials Owing to the fact that
majority of the costs incurred in an MFC are corresponding to
the electrode material, there have been many recent studies
with the aim of coming up with a better alternative to the
conventionally used electrode materials by understanding
the importance of the electrodes and how results change with
changing materials and conditions in the cell to a deeper level
[187].

Older and recent studies like refs. [60, 188], and [189]
explored the use of conventionally used electrode materials
including carbon; materials that are derived from carbon such
as plain carbon paper, carbon rod, carbon fiber, carbon cloth,
carbon sheet, graphite rod, graphite sheet, graphite fibers,
graphite cloth, and graphite brushes; metal/metal oxides (gold
(Au), copper (Cu), aluminum (Al), silver (Ag)); and several

conducting polymers. However, all of these materials were
either not biocompatible or could not deliver the desired re-
sults in terms of conductivity [190]. While discussing what
electrodes can be used for, the price comes into the picture.
The following properties are suitable for a good electrode
material for an MFC:

In many studies, it has been observed that larger internal
resistances have generally led up to lower power output. This
is why the conventionally used materials, which are also not
very cost-effective, do not provide desirable results. However,
several materials that can be used as electrodes have been
suggested that reduce costs and at the same time improve
the power output. With that said, this does not affect the power
density [191].

The surface area of the electrode not only affects the resis-
tance of the electrode but also provides more active sites for
bacteria growth and reactions taking place on the anode [192].

Since the anode is constantly in contact with the bacterial
culture and their respiratory process, the material used for the
electrode should not be corrosive as that will hinder the
growth of the bacteria. This is why gold, copper, etc. are not
considered to be very successful electrode materials for
MFCs. The cost incurred and the general availability of the
material to be usedmatter a great deal. Gold, platinum, etc. are
therefore not very suitable for use as electrodes in MFCs
[193].

The electrode stays in the electrolyte solution in contact
with the highly active microorganism culture. If the electrode
is not stable, it swells and reduces the active sites for bacteria.
The swelling is caused by three significant reasons—corro-
sion, thermal instability, and low mechanical strength.

As mentioned, most of the conventionally used electrode
materials are not favorable to produce an adequate amount of
electric energy alongside evaluating wastewater efficiently
since they lack in one or more of the abovementioned “suit-
able” qualities for an electrode. For this reason, several recent
studies like refs. [38, 194, 195], and [196] have explored on
new materials and better methods of modification of the
existing electrodes to improve the quality of the results
achieved from microbial fuel cells. Several other studies like
refs. [197–199], and [200] have also explored new and inno-
vative methods to improve performances by experimenting
with different materials and observing their respective effects.

The reaction kinetics under normal conditions are not as
favorable. For this reason, a catalyst is needed to be used on
the cathode electrode. Platinum, which is used as a catalyst at
the cathode to help cross the cathodic barrier, is also an ex-
pensive material, to begin with, and hence adds significantly
to the total cost incurred. Recent studies have also focused on
developing the use of better catalyst materials which give
desirable results and are comparatively cheaper and widely
available. He et al. [201] explore the use of alternative cata-
lysts using Fe-N-C derived from 5H-dibenz [b,f] azepine-5-
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carboxamide (carbamazepine) which turns out to be much
cheaper. The maximum power density produced by cathode-
limiting MFCs with Fe-CBZ-Cats air cathodes was 431 ± 23
mW cm2 which was higher thanMFCs with Pt/C air cathodes.
Mixed transition metal-manganese oxides have also been test-
ed as catalysts and have achieved fair results. NiMn2O4,
which is a transition metal-manganese oxide, achieves 80%
(439 m W/m3) out of the power density obtained with plati-
num (549 m W/m3) [232]

Separation media In the earliest models of MFCs, ion ex-
change membranes were used [202]. These membranes not
only did not support enough power densities but also are ex-
pensive in their fabrication and are not as widely available as
needed to scale up microbial fuel cells commercially [203].

Many membrane-less structures of microbial fuel cells
have also been explored, but they fail to provide desirable
results because electron recovery in these cases is reduced
significantly.

However, there still is scope for improvement; several stud-
ies have come up with cheap and commonly available mate-
rials that can be used to make separator membranes in micro-
bial fuel cells. Khalili et al. [204] explored the use of unglazed
wall ceramic (UGWC) and unglazed floor ceramic (UGFC) as
materials for separating media [205, 206]. It was observed that
UGFC-basedmicrobial fuel cells produced amaximum power
density of 106.89mW m−2 and UGWC-based microbial fuel
cells produced a maximum power density of 321mW m−2.
Both of these were lower than the conventionally used
Nafion-17, which produces a power density of 602mW m−2.
So even though the material used was cheaper, power density
was sacrificed. Use of novel zeolite-loaded sulfonated
polyethersulfone/polyvinylidene fluoride membrane was also
documented by a recent study [207]. This method enabled
higher proton conductivity and lower oxygen diffusion, there-
by increasing the power generated.

Components MFC units not only use materials but also have
larger components that act as a one-time investment in many
cases, provided they are tough and robust enough to be used
for a long time, which makes this a very important investment.
These usually include reactor materials and compartments.
Conventionally, the use of two-compartment cells has been
prevalent for the better part of a century. With that being said,
recent studies such as refs. [196, 194], and [38] have shown
the use of much more efficient and inexpensive alternatives to
these electrodes and electrolytes that have been conventional-
ly used for a long time.

7.1.2 Labor costs

As in any other industry, skilled labor is required to produce
the final product, which can be (however, dependent on

location) highly expensive. This cost can be reduced by
mass-producing the product. Use of readily available and
cheaply transported materials can reduce the fabrication costs
effectively [208].

7.2 Energy losses

One of the major threats for microbial fuel cells is the high
amounts of energy losses during production. Even though
MFCs have higher energy retention of 44% than conventional
biogas energy plants which have retention of about 30%, the
losses of energy in an MFC are a highly contributing factor in
reducing its total power generation to a value lower than the
theoretical value [3, 209]. The following contributing factors
to these losses are shown in Fig. 6.

7.2.1 Ohmic losses

Ohmic losses include the losses in energy due to the internal
resistances of the materials used. There are majorly two
sources of losses that exist due to internal resistances of the
materials used in the cell. There are losses in energy due to the
resistance in the flow of electrons through the electrodes and
the external circuit. This is the reason why the materials used
as conductors have to be good enough and inexpensive at the
same time (especially the cathode). These losses of the first
type can be avoided without compensating much on the qual-
ity of the material or the cost, by reducing the separation
between the two electrodes [186].

There are also losses due to the resistance offered by the
separation media and the electrolyte used in the cell. Various
studies (as stated above) have been made in the field to reduce
the costs of these materials while increasing the power gener-
ated, and the power density; more of these include refs. [210]
and [211] which focus on the effect of the membrane material
and fabrication techniques on the performance of a microbial
fuel cell.

7.2.2 Activation barrier

This corresponds to the energy lost to cross the cathodic bar-
rier and the activation energy of the redox reactions. The
losses occur in the transportation of electrons during the reac-
tion at the surface of the electrode. One way to reduce these
losses is to increase the surface area of the electrode, thereby
providing more surface area and more active sites for the
reaction to take place. Another one is to pre-process the waste
to some extent.

7.2.3 Mass transfer hindrance

Mass transfer losses are the losses that occur due to the hin-
drance in the flow of electrons through the conducting
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materials such as the electrode (i.e., current flowing through
the material) due to the mass transfer to or/and from the elec-
trodes [212]. Usually, this occurs in the presence of high cur-
rent densities due to incomplete and limited mass transfer of
chemical species by diffusion towards the electrode. As a
result of insufficient mass transfer, the reactant depletes or
causes the product to accumulate. To reduce these mass trans-
fer losses, maintaining high concentrations and even distribu-
tion of oxidants like O2 across the cathode compartment might
be useful. In addition, optimization of MFC operating condi-
tions, electrode material, and cathode compartment design can
reduce losses due to mass transfer.

7.3 Miscellaneous challenges

There are many other reasons that are not so significant and
not very simple to state but have a negative impact on the cell
output due to their presence. One of them is the substrate
crossover in the cathode compartment. As explained in [56],
the substrate crossover in the cathode compartment reduces
the total power generated by the cell because it contributes to
the restriction in flow, which increases the lost power from the
cell. This is also a difference in the theoretical and practical
observations of the cell. Theoretically, the membrane should
not allow the reactant molecules to pass through it and should
only let the ions to pass through. But as seen in various studies
[152, 210, 211, 213], membrane transport crossover of the
reactant molecules does take place in the real world.
Increasing the supplied power can initially help in reducing
the crossover. Other ways can be to dilute the reactant solu-
tions, and by improving the membrane materials that have
better efficiency at being selective to the molecules they let
through can help too, but these methods are not very
inexpensive.

Another way to reduce losses due to the ohmic voltages can
be to reduce the separation between the electrodes, which in
turn reduce the resistance and as a result decreases the ohmic
polarization in the cell. The selection of highly conductive
electrodes for electron transport is crucial, so if the electrodes
are electrolyte supported, both the electrodes and electrolyte
should exhibit high electronic and ionic conductivity, respec-
tively [190].

7.4 Differences in the theoretical and actual
performances of MFCs

This point has been studied over many times and is probably
the only challenge that has a definitive face. Many studies and
applications have been discussed over and over again, where
the uses of MFCs have been emphasized to evaluate waste-
water or waste material in general. But the main issue with
these studies is that most of them are lab scale and are done in
controlled environments [213]. This reduces the losses made
due to various industry-related reasons. Since the studies are
lab scale, the cost factor which makes the entire commercial
space is not given a high weightage.

Solutions to make a move for the commercialization of
MFCs is to take up all the challenges discussed above on a
small scale, preferably a lab-scale study, and try to eliminate
them with as high efficiency as possible. As discussed, stack-
ing is difficult for MFCs but is probably one of the most
practical ways to take the product to market [214]. As seen,
a single type of cell has not been able to produce larger power
results that the cells have potential for; this indicates that a
possible solution would be to stack these single MFCs to
create better results. But there are a few important points to
keep in mind while stacking is considered. Theoretically
stacking MFCs leads to increase in power, but in practical
applications, it is lower because of all the losses that have been

Fig. 6 Relative loss in total
energy in anMFC as opposed to a
biogas plant and depicting the
final total electrical energy that
can be harnessed
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extensively seen in this text [215]. However, there is not much
progress in the field of stacking of MFCs and would require
extensive research in the future considering mainly the losses.

7.5 Competing wastewater treatment technologies

Asmentioned at the beginning of this section, MFCs are more
or less related to biochemical processes involving technolo-
gies that are majorly focused on evaluating waste material.
These include technologies from worm pits to huge biogas
plants. On the one hand, these technologies have helped in
getting ideas in the development of MFCs because of their
similarity, but on the other hand, these technologies have also
proven to be the biggest competitors for MFCs [216–218].
Especially in developing countries, conventional modes of
production of energy and treatment of waste might not be as
efficient but are cheaper and widely accepted. This poses a
challenge to commercially accepting MFCs as an alternative.
A major reason is the non-availability of the materials locally
and the high costs associated with importing them and prepar-
ing an MFC unit.

8 Conclusion

Microbial fuel cells and their modified derivative systems
are breakthrough methods to treat biodegradable effluents
efficiently with simultaneous generation of electricity,
thus catering to the rapidly growing demands of energy
production and wastewater treatment. They have, on mul-
tiple occasions, proven to be of great use in small/
laboratory scales as a source of hydrogen, as a method
of desalination, etc. However, the use of MFCs and its
hybrid systems has been restricted on industrial scales
because of multiple reasons such as low output power
densities, high cost of reactor construction and operation,
long residence time, and contamination or clogging of the
ion exchange membranes. Although hybrid systems are
known to give greater outputs than standalone MFCs,
they still need improvement in multiple aspects like up-
scaling, system integration and maintenance, and elec-
trode characterization. The expensive and rare platinum/
gold-based electrodes and photocatalysts and membranes
need replacement with more easily available and sustain-
able electrodes. During up-scaling, with an increase in the
volume of an MFC, power output decreases due to an
increase in internal resistance. This needs to be handled
with optimization by negotiating both the influencing as-
pects. The wastewater which is used to conduct experi-
ments in the laboratories is made highly conductive and is
quite unlike the real world form of wastewater. Hence,
our focus needs to be shifted to actual wastewaters so as
to help the industries which need this technology.

Employing stacked MFCs in series and parallel can gen-
erate higher power densities if we take care of the
overpotential, which inhibits current density from increas-
ing in the series connection.
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