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Abstract: Energy scarcity and environmental degradation have developed into major worldwide
challenges. Electro-microbiology has the potential to turn trash into environmentally friendly and
sustainable resources. Low power density MFCs remain a viable option for disposing of organic
waste, as they are more cost-effective than previous methods. Coordination between researchers
with diverse backgrounds is required to issues look at the new gates in waste to energy issues.
Biocathodes are necessary for electrosynthesis because they require microorganisms to function as an
electron source and then catalyze chemical synthesis. Organic compounds may be synthesized using
discarded CO2 as a carbon source, reducing the requirement for considerable quantities of arable
land. Additionally, the proposed approach can be sustainable and carbon neutral when a renewable
energy source is explored. An additional benefit of microbial-assisted chemical synthesis with MECs
is that it enables the production of valuable chemicals from wastewater while producing electricity.
This study examines the sustainable approaches for green energy by discussing bioelectrochemical
and electrochemical resources and technologies.

Keywords: biogreen energy; organic resources energy; electrochemical energy; bioelectrochemical
energy; carbon neutrality; electrochemistry; microbial electrochemical technology (MXCs); microbial
fuel cells (MFCs)

1. Introduction

Electromicrobiology is concerned with the interplay of microbes with electronic equip-
ment and the electrical characteristics of microorganisms. Without the need for artificial
electron shuttles, various microorganisms may contribute electrons to or absorb electrons
from electrodes. However, the electron transfer processes between microbes and electrodes
have been extensively explored in just a few microbes. Shewanella oneidensis communicates
primarily with electrodes via flavins, which operate as soluble electron shuttles. Geobacter
sulfurreducens establish direct electrical connection with electrodes via c-type cytochromes
on the outer surface. Additionally, G. sulfurreducens can conduct long-distance electron
transport through pili, termed microbial nanowires, that show metallic-like conductivity
comparable to that previously discovered in synthetic conducting polymers. Conductivity
is conferred to G. sulfurreducens biofilms via pili networks, which act as a conducting
polymer with supercapacitor and transistor functions. Conductive microbes and/or their
nanowires offer a lot of possible practical uses, but further introductory study is necessary
to optimize them rationally.
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The microbial world is incredibly diverse in terms of morphology, biochemistry, and
metabolism. Microbes do remarkable accomplishments, whether they are living in harsh
habitats, adapting to stressful situations, or transforming the geography of our world.
Microbes’ metabolic diversity enables them to utilize various substances as energy sources.
Certain bacteria are even capable of generating energy. Electricigens, exoelectrogens,
electroactive bacteria, and anode-respiring bacteria are all terms used to describe these
microorganisms. The principles underlying this extraordinary capacity are anchored in
electrochemistry, which comprises the passage of electrons between molecules and is
required for all living species to breathe. Electrogenic bacteria have a unique redox circuitry
that extends outside the cell and can transport electrons to solid, conducting surfaces, like
electrodes, and produce current.

The recent literature on the subject covered electro-microbiology from different per-
spectives, using various approaches. Authors in [1] discussed the impact of microbial
electrochemical technologies, focusing on their applications in wastewater treatment plants
to enhance environmental sustainability. This study opened a narrow window toward
environmental sustainability within the concept of electro-microbiology applications and
its distinguished technologies. Authors in [2] elaborated microbial fuel cells and microbial
electrolysis in terms of oxidation of organic and inorganic materials for electric power
production. This study used the biocathode method using electricity and wastewater as the
primary resources in electrochemistry technologies applications. This study deals with a
comprehensive analysis and review of electrochemistry topics in the field with an in-depth
focus on comparing different techniques within environmentally friendly applications and
greenhouse gas mitigation. In view of the previous studies, it seemed essential to discuss
electro-microbiology as a focused and separate topic with its potential application with a
high yield of environmental advantages, which is not addressed in the previous studies.
Therefore, this study covers electro-microbiology with an exhaustive review of the concept,
importance, and future outlook that can be a good source for researchers and practitioners
in the field.

2. Purpose and Objective of Research

The discipline of electro-microbiology is making significant advances in the generation
of biofuels and renewable resources to answer the 21st century’s challenges, which are
being explored by experts seeking green energy resources. Fossil fuels are a nonrenewable
energy source with significant environmental repercussions due to their limited supply. As
a result, it is vital to create new technologies for producing alternative and renewable energy.
It is critical to develop breakthrough technologies capable of simultaneously increasing
energy output and transferring it to biochemical pathways for synthesizing important
substances. Electro-microbiological systems, such as biological energy systems (BESs),
can help immensely overcome these obstacles by developing a diverse range of fuels and
chemicals with a variety of applications within a wide range of scope as shown in Figure 1.
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Figure 1. Diagrammatic depiction demonstrates the scope of electromicrobiology’s applicability.

3. Bioelectrochemical Systems

Bioelectrochemical systems are those in which an organism provides electrons [3].
Bioelectrochemical systems are pretty similar to electrochemical systems in their funda-
mentals. Electrochemical systems generally use electricity to begin a chemical reaction or
create power via a chemical reaction [4]. Fuel cells are considered a subcategory of the
latter category of electrochemical devices. The first fuel cell of its kind was designed in the
nineteenth century by Sir William Grove to conserve electrical energy [5]. Before that, the
Bagdad battery is claimed to be one of the earliest known fuel cell systems [6]. A fuel cell
is an enclosed device that converts energy generated by chemical processes to electrical
energy. An anode, a cathode, a fuel supply, and an energy acceptor make up a fuel cell.
The anode and cathode are coupled to facilitate electron passage. The anode chemically
degrades the fuel by contributing an electron, which travels to the cathode and is absorbed
by an acceptor undergoing a chemical process. For instance, hydrogen gas might be utilized
as a fuel in which the anode chemically breaks down hydrogen gas to H+ ions, which
are then coupled with oxygen that has been chemically split after the cathode accepts the
hydrogen ions. Fuel cells are typically classified according to the electrolytes utilized, the
temperature at which the reaction occurs, and the kind of fuel employed. Alkaline cells,
for example, are placed beneath low-temperature cells, whereas molten carbonate cells are
placed beneath high-temperature cells.

On the other hand, Electrochemical cells are more adaptable than fuel cells since they
may generate or consume electricity. The potential governs the mechanism of action and
whether it is generated externally or by the cell’s own reaction. The difference in cell
potential between the two electrodes determines the direction of the response within the
cell. This point is defined in contrast to a standard hydrogen electrode and equals 0 volts.
A salt bridge measures the link between two half cells, tanks with electrolytes, and an
electrode so that ions can enter and exit each half cell separately without mingling, as
well as linking the electrodes with each other and evaluating the cell potential between
the electrodes.

3.1. Mechanism of Bioelectrochemical System of Microbial Fuel Cell

Bioelectrochemical systems utilize microorganisms’ electroactive characteristics to
create power from organic materials. These devices operate similarly to batteries but are
powered by bacteria. Initially, this technique was primarily employed to construct microbial
fuel cells as wastewater treatment reactors, as bacteria can utilize organic substances found
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in wastewater to produce electricity. However, as the diversity of electroactive bacteria
became clear, fundamental study into the nature of electroactivity accelerated. Various
microbial electrochemical cells are already in use, including microbial fuel cells, microbial
three-electrode cells, microbial electrolysis cells, microbial electrosynthesis cells, and even
microbial solar cells. These devices, mainly presented as microbial electrochemical technolo-
gies (MXCs), where X specifies the reactor’s functionality, have advanced rapidly in several
environmental, technical, and medicinal applications. Microbial fuel cells (MFCs) based
on mediators are critical for instructional reasons and the examination of the processes
underlying the electron transfer activities of microorganisms. However, the diminished
outcome of the fuel cell (current density is typically 50 mA cm−2) and the high cost and
environmental concerns associated with using artificial mediators render mediator-based
MFCs technologically impracticable and economically impracticable unviable, which is
why this strategy was later discarded. The last several years have seen the discovery and
application of a variety of electron transport approaches that do not rely on artificial redox
mediators to power MFCs. The term “mediatorless” is frequently used to describe these
fuel cells, even though inlying electron commuting molecules are frequently engaged in the
current generation process. These latest proposals propose to leverage anaerobic microbes’
naturally developed pathways and mechanisms for disposing of electrons generated during
their metabolic operations.

To characterize electron transfer processes, it is crucial to distinguish between those in
which soluble entities assist in electron transfer from the cell membrane to the electrode
and those that do not. Electron transfer processes are classified into direct electron transfer
(DET) and mediated electron transfer (MET).

3.1.1. Direct Electron Transfer (DET)

A DET is an electron transfer from the biocatalyst to the fuel cell anode that takes place
in the absence of any intermediary entity other than the bacteria. It has relied on physical
interaction between the membrane of a bacterial cell or a membrane organelle and the an-
ode of a fuel cell. Authors in [7] define an indirect biofuel cell as one in which the biological
reaction generates a secondary fuel for the electrode. In contrast, direct biofuel cells involve
either electron-shuttling reversible mediators or direct electron transfer between the biolog-
ical component and the electrode. Because the great majority of microbes are electrically
non-conducting, such transmission processes were deemed impossible for a long time. The
existence of membrane-bound electron transport proteins like cytochromes, which allow
electrons to travel from the inside of the cell to its outside, is required for direct electron
transport from microbial cells to the anode of a fuel cell. These membrane characteristics
have been particularly adapted by sediment-dwelling metal reducing bacteria such as
Shewanella, Rhodoferax, and Geobacter, which employ solid iron (III) oxides as final electron
acceptors. In this circumstance, the fuel cell’s anode may immediately reinstate its job as an
electron acceptor. Fuel cell anode-to-bacterial-cell contact (adherence) is required for direct
electron transfer; as a result, only bacteria within the first monolayer exhibit electrochemical
activity. Thus, the MFC’s productivity is constrained by the maximal cell density in the
bacterial monolayer. For example, an MFC powered by Rhodoferax ferrireducens can generate
an optimum current density of 3 mA cm−2.

Because of recent evolution, certain Shewanella and Geobacter strains now possess
molecular pili (nanowires) that conduct electricity, enabling them to access and utilize
remote solid electron acceptors. As an additional benefit, these pili allow the microbes
to accept electrons from an electrode that is not directly in touch with the cell. The pili
are associated with membrane-bound cytochromes, which are vital for electron transport
outside the cell. The fabrication of such nanowires permits the development of denser
electrochemically active biofilms, increasing anode performance. To date, a growing
number of microorganisms have been discovered that are capable of effectively transporting
electrons to an electrode. However, many of these species cannot generate energy from
complicated substrates. Thus, Geobacter species, for example, are limited to low molecular
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weight substrates, e.g., acetate or butyrate, and must rely on the availability of fermenting
species to disintegrate complex organic materials.

3.1.2. Mediated Electron Transfer (MET)

Another successful method of connecting microbial metabolism to an electrode is by
mediated electron transfer. Three main transmission pathways are well recognized–all
dependent on microbial production of reduced metabolic intermediates, which are then
released by microbial cells. These compounds are classified as primary and secondary
metabolites based on their function in microbial metabolism. Primary metabolites are sub-
stances fundamentally involved in the metabolic processes of microorganisms (substrate
decomposition) and are frequently significant metabolic byproducts. Secondary metabo-
lites are generally unrelated to basic metabolic activities. Microorganisms, on the other
hand, can produce them to aid in the disposal of electrons, e.g., to a remote solid electron ac-
ceptor. Pseudomonas aeruginosa and Shewanella oenidensis produce bacterial phenazines and
quinine, respectively, in the presence of a positively polarized electrode or a solid electron
acceptor such as iron (III) oxide and the absence of competing soluble electron acceptors.
These electron shuttle chemicals may be oxidized at solid electron acceptors like electrodes,
allowing many redox cycles between cells and acceptors. Compared to secondary metabo-
lite biosynthesis, diminished primary metabolite exudation is strictly related to substrate
oxidation. Evidently, the total number of reduction counterparts produced must equal the
total amount of oxidized metabolites. A metabolite must fulfill specified conditions to be
advantageous as a reductant in anodic oxidation. Its redox potential should be as minimal
as possible and must be oxidizable electrochemically under MFC parameters. Fermentation
and anaerobic respiration are the two basic anaerobic metabolic pathways from which vital
reduced metabolites can be generated. The utilization of fermentation for MFC function-
ing has attracted more attention than anaerobic respiration. Numerous fermentative and
photoheterotrophic activities generate energy-dense reduced metabolites, such as ethanol,
hydrogen, and formate. These substances can be oxidized in the microbiological medium if
electrocatalytic anodes are utilized to help the oxidation reaction.

The catalyst must meet several parameters that drastically restrict the spectrum of elec-
trocatalytic materials accessible. It must be (1) biocompatible (non-toxic to microorganisms),
(2) be extremely active in electrocatalytic oxidation of a variety of metabolites, (3) have
strong electrocatalytic activity in the pH range of 5–7 and at relatively low temperature
(10–40 ◦C), (4) stable in terms of both chemical and electrochemical stability and biofouling
resistance, and (5) invulnerable to biological product poisoning. This classification imposes
severe constraints on the selection of acceptable catalyst systems. Thus, nickel, copper,
and cobalt-based metal oxide and transition metal catalysts must be ruled out due to their
low consistency at the appropriate pH and antibacterial properties (nickel, cobalt, copper,
silver, and others). Authors in [8] published the first investigation on the direct creation
of power through the use of these metabolites, using immobilized hydrogen-producing
cultures as biocatalysts and platinum as an electrocatalyst for hydrogen oxidation. Due to
the platinum electrodes’ susceptibility to poisoning and deactivation, the claimed power
densities were somewhat low.

Authors in [9] made significant progress by developing platinum sandwich electrodes
shielded from poisoning reactions by applying conductive polymers such as polyaniline
or its fluorinated derivatives. These electrodes significantly enhanced the efficiency of
MFCs with current densities as high as 1.5 mA cm−2. Additionally, they enabled the
use of an extensive range of microorganisms that are heterotrophic, photoheterotrophic,
or even photosynthetic, as well as the availability of complex polysaccharides such as
cellulose and starch for production process in MFCs. The costly noble metal electrocatalyst
was also switched with tungsten carbide (WC). A very affordable but highly effective
and resilient electrocatalyst. However, tungsten carbide looks to be a potential anodic
electrocatalyst for MFCs. It has a high level of electrocatalytic oxidation performance
at a low cost. Additionally, unlike platinum, the poisonous platinum poisons hydrogen
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sulphide and carbon monoxide did not affect tungsten carbide. In terms of current MFC
technology, the greatest 3 mA cm−2 current density and 586 mW cm−2 optimum power
density is the greatest ever achieved.

4. Applications of Electromicrobiology

Electromicrobiology investigation has accelerated significantly throughout the preced-
ing decade. This has been sparked by a variety of factors, including a rise in research into
alternative energy sources, as well as advances in waste management, reclaimed water,
and sensors. Recently, new efforts have been made to understand how extraneous electron
transfer happens in microorganisms and how it might facilitate bacteria’ behaviors in the
surrounding environment, even at relatively long distances. While these techniques will
undoubtedly impact the advancement of the technologies mentioned above, an additional
field of electromicrobiology may rely on extrinsic electron transfer: microbial electron syn-
thesis of valuable fuels and chemicals. Biocathodes are crucial to electrosynthesis because
they need bacteria to act as an electron source and catalyze chemical production. Using
carbon dioxide waste as a carbon source in organic molecule synthesis reduces the demand
for arable land. If a sustainable energy source is employed, it is carbon neutral.

4.1. Bioelectronics

Electrically active microbes might make significant enhancements in the expanding
field of bioelectronics. For instance, microbes’ capacity to monitor various substances
and environmental circumstances indicates several opportunities to create biosensors and
biocomputers [10]. Biological oxygen demand (BOD) and toxicity may be detected in water
using biosensors. These metrics can be coupled to bacterial metabolic activity measurement.
Using living materials to grow or build electronics has potential advantages, as they can
be obtained from less expensive feedstocks, resulting in less waste and avoiding using
harmful substances. Self-repair and replication are possible if the electronic application
incorporates microbes and their subassemblies. There are several varieties of bioelectrical
gadgets, but one of the most common is the so-called mud battery, which comprises an
electrode embedded in organic-rich silt and linked to a cathode submerged in aerobic water.
When bacteria capable of respiration in the presence of EET instantly start respiring when
the electrode is introduced, this decomposes the organic matter in the sediment, creating
current. This is an eye-opening experiment for research scientists, and it marks the start of
our knowledge of sediment batteries, equipment capable of generating very low currents,
which can power sensor devices or other limited power gadgets on the darker sea bottom
or in other regions where sunshine or wind are scarce [11,12].

4.2. Bioremediation

Bioelectrochemical processes represent a new technology platform for the treatment
of wastewater contamination. The application of microbes as a catalyst in fuel cells for
power generation was discovered 40 years ago [13]. During aerobic conditions, bacteria
create carbon dioxide and water; in anaerobic conditions, they release carbon dioxide,
protons, and electrons. Since organic matter is utilized to “fuel” the Microbial Fuel Cell
(MFC), MFCs are recommended for wastewater treatment plants [14]. Sludge from the
water would be consumed by bacteria and provide extra electricity for the plant while
utilizing inorganic intermediates to access the cellular electron transport chain and obtain
the electrons generated. This procedure must be indulged in fuel cells, which are comprised
of organisms with the ability to generate electrical current. These organisms are referred to
as Exoelectrogens. The bioremediation technique utilizes Geobacter’s capacity to oxidize
organic materials to remove hydrocarbon pollutants from soil and water. Metals are easily
oxidized or reduced, which is one of their distinctive features: Mn4+ oxides are solids that
undergo reduction to form soluble Mn2+ salts (e.g., MnCl2). At the same time, oxidized
versions of U or Cr are harmful partly because they are very soluble and reduce to insoluble
metal hydroxides. As a result, if an S-BED unit is built with this in account and contains



Sustainability 2022, 14, 10676 7 of 15

the proper microorganisms, such devices might convert soluble uranium or chromium to
insoluble forms, collecting them in a cathode chamber and collecting them erasing them
effectively [15].

4.3. Generation of Electricity from Solar Energy

A new approach for converting solar power into electricity has emerged with micro-
bial fuel cell technology advancement. Photosynthetic MFCs are a new kind of energy
harvesting device that uses the sun’s irradiation to generate electricity 24 h a day, seven
days a week. Under day-night cycles, photosynthetic MFCs may produce power constantly
from the respiratory and photosynthetic activities of microorganisms. When it comes to
small-scale biological fuel cells, they have a lot more energy per unit size than bigger ones
do [16]. Shrinkage of photosynthetic MFCs automatically creates ideal circumstances for
increased power density through reduced internal resistance and improved mass transfer.
Additionally, small-scale photosynthetic MFCs enable the scaling up of MFCs by using
numerous units in a stack arrangement.

In MFCs, organic materials are delivered into the anode chamber. The electrode is
tuned to an appropriate voltage for bacteria to use as an electron acceptor. The aerobic
cathode compartment receives electrons via a conductive cable, in which they produce
water by combining with distributing protons and molecules of oxygen. Well-established
methods for producing energy from organic materials, such as sewage or agricultural
or industrial runoff, have been employed in the past. Because they are used to digest
organic material and create little waste and no methane, they are considered sustainable
and environmentally benign energy sources. While this is correct, power densities and
current efficiencies are poor, and the total energy expenditure per unit of energy produced
is high. Unless you reside in a place where very little or no light is available, and wind
energy cannot be generated due to a lack of sufficient air movement, the notion of these
gadgets affecting the energy aspect of sustainability is entirely speculative in this era of
wind and solar power dominance. There are such areas, and notwithstanding what has
been said so far, if applications for bio-electrochemical devices can be developed, they
might be both ecologically friendly and self-sufficient. These devices may have considerable
environmental and/or human health advantages, particularly in locations where electricity
infrastructures are lacking or insecure.

4.4. Wastewater Reclamation

The utilization of bio-electrochemical systems for wastewater treatment has advanced
significantly since the initial demonstration of MFCs [17]. These advancements entail a shift
away from moving from pure cultures to mixed ones of microorganisms that are more resis-
tant to variations in the substrate supply [18] and hence provide greater power outputs than
pure cultures. When an aerial cathode is used despite a submerged cathode, the increased
oxygen level enables a quicker reaction and a larger energy output. If, on the other hand, a
water cathode is employed, the clean water generated in the cathode compartment is stored
for possible reuse. There have been no large-scale demonstrations of these systems using
industrial or municipal waste streams. The latter example demonstrated excellent BOD and
COD removal with minimal or no sludge buildup in the sewage system [19]. Expanding the
lab-scale technologies to the municipal scale remains a ‘work in progress.’ These systems
are significant for human health because they might enable water reclamation in areas
where electricity networks do not exist, displacing harmful sewage disposal methods. In
this case, a low power yield might result in a significant sustainability dividend in terms
of energy, water, and waste (i.e., environmental quality). Enhancing inorganic nitrogen
removal is critical for the sustainable growth of the mariculture business due to the low
carbon to nitrogen (C/N) ratio of effluent and rigorous discharge standards. Authors in [20]
demonstrated the effective treatment of simulated mariculture wastewater (high salinity,
low COD/N ratio of 0.5–1.0) using an integrated self-biased bio-electrochemical system
with a catalyst (TiO2/Co-WO3/SiC) on the cathode and naturally growing algae in the
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cathode chamber. The synergy of bacteria, algae, and cathode enhanced pollutant removal
and increased the system’s sustainability and efficiency in treating mariculture effluent.

5. Biosynthesis Prospects of Electro-Microbiology

To confront the mysteries of the 21st century, and in response to researchers’ hunt for
renewable resources, electro-microbiology is making a big difference in biofuel production
and renewable resources. It is critical to generate new technologies capable of simultane-
ously increasing power output and transferring them to biosynthetic pathways for creating
valuable molecules. By creating a variety of fuels and chemicals, electro-microbiological
systems such as BESs may significantly address these difficulties. Additionally, microbial
aided chemical synthesis using MECs is a fascinating and new method for manufacturing
valuable compounds from wastewater and generating power.

5.1. Biomethane

BESs can generate methane gas from nonrenewable resources like diesel and petrol.
Methane is a critical inherent in manufacturing liquid methane rocket fuel and liquefied
natural gas. The capacity of electroactive bacteria to perform under normal circumstances,
without aeration, with reduced sludge generation, and a high methane yield makes MECs-
based bio-methane production from organic wastes more sustainable and cost-effective
than other traditional procedures [21]. Numerous investigations have demonstrated that
beer effluent, glucose, paddy soil, acetate, and pre-treated sludge in alkaline medium may
generate power and methane. Initially, it was assumed that methane generation would
affect the EABc in the anode portion; however, authors in [22] described that glucose
could be used to produce hydrogen and methane concurrently in an immobilized mixed-
culture reactor. As a result, the high efficiency with which BESs synthesize biomethane is
demonstrated.

Environmental issues are addressed, and the new area of carbon acquisition and utility
for greenhouse gas emission reductions is promoted via methane creation from CO2 and
hydrogen. Efforts to maximize biomethane synthesis from CO2 and to reap all of its benefits
must be prioritized above chemical techniques. This process might be more financially
viable with the proper supply of CO2 and effective power use in BESs. Additional research
examined the combined BESs-AD system for higher methane generation than AD at 0.90 V
(vs. Ag/AgCl) poised cathode potential [23]. Under the specific poised potential, bio-
electrochemical devices may convert CO2 to methane. Numerous in-situ approaches are
used to increase the quality of biomethane produced during anaerobic digestion, including
elution of CO2, the inclusion of H2, pressurized reactors, and electro-methanogenesis. As a
result, biocathode-based electro-methanogenesis is a potential method for converting dark
fermentation effluents to methane [24]. By combining BESs with anaerobic digesters, the
expenditure of biogas cleansing and revamping is significantly reduced.

In comparison, A new study stated the utilization of methane as a means of direct
energy conversion by retrogressing methanogenesis in MFCs using synthetic consortia [25].
The authors assert that this technique will reduce leakage (distribution, transportation,
and storage) and capital costs. To summarize, selecting optimal EAB strains from MECs
can be critical for developing a methane generation system that is both efficient and
sustainable. Additionally, adjusting other aspects, such as the kind of reactor, the layout of
the electrodes, material composition, and microbial community composition, will affect
methane generation. However, because most of the outcomes gained up to now are
built on laboratory-size investigations, further steps are necessary to extrapolate existing
understanding regarding biomethane synthesis at vast scales. In the future, cost-effective
and sustainable methane production solutions will be accomplished without transportation
and significant leakage.
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5.2. Biohydrogen

Hydrogen gas is a frequently used launching fuel in various industrial processes.
Hydrogen may potentially be used as a renewable source of power. Hydrogen generation
is in great demand due to its numerous industrial applications and natural scarcity. Aside
from occasionally employing electrical techniques, the initial generation of substantial
hydrogen was derived via exhaustible resources such as natural gas, coal, and naphthalene
distillates [23]. As a result, alternative and environmentally benign sources of hydrogen
are required. In this context, authors in [26] pioneered using an MFC in conjunction with
water electrolysis. Bacteria break down organic molecules into carbon dioxide, electrons,
and protons. An anode receives the electrons; with the help of these electrons, the external
voltage is generated, and electrons react with protons at the cathode, resulting in further
hydrogen production. Hydrogen (H2) generation and wastewater treatment (WWT) in
MECs may open up new avenues for recuperation of resources. Electro-hydrogenesis [27]
is a process that generates hydrogen from organic wastes using MFCs. It is a beneficial, eco-
friendly, and cost-effective source of hydrogen. However, low yields and thermodynamic
restrictions due to microbial metabolism act as bottlenecks in fermentation-based systems.
Pretreatment, metabolic engineering, reducing hydrogen partial pressure, and parameter
manipulation are only some methods used to increase dark fermentation’s hydrogen output.
To boost hydrogen production, researchers have recently combined dark fermentation
with bioelectrochemical technologies (BESs, MECs) [28]. The MESs is an exciting and
novel technique for increasing hydrogen generation by reusing dark fermentation liquid
and avoiding the use of high-energy inputs. Additionally, MESs has higher conversion
efficiency [29,30] and a broader substrate range than traditional water electrolysis.

The combination of MECs and dark fermenters, as well as the subsequent usage of
DF-effluents (VFA) in the anode, may cause a pH range to be disturbed, indicating the
pH-dependent nature of anode respiring biofilms. pH window adjustment through buffer-
ing solutions will be difficult in large-scale applications. Consequently, acid-resistant EAB
must be developed for uninterrupted and expanded one-step hydrogen production. More
research is needed to determine the impact of several abiotic and biotic variables, like
influent composition, bacterial community category, reactor layout, and electrode material,
on the final hydrogen generating capability. At the cathode, hydrogen production must the-
oretically overcome an endothermic impediment of −0.414 V vs. SHE by supplying energy
to the MEC from an external entity (0.14 V) and the residual voltage (0.279 V) handled by
EAB via oxidation of waste by anodic means. Carbon cathodes, on the other hand, create
hydrogen at a slow pace which can be accelerated with the use of metal-based catalysts,
such as titanium (Ti), platinum (Pt), or nickel (Ni). Nowadays, biocathodes have emerged as
a viable alternative to abiotic cathodes since they are an eco-sustainable and justifiable cata-
lyst that is both regenerative and long-lasting for productive electro-hydrogenises in MECs.
Authors in [29] have published correlative research on biocathode buildup for hydrogen
generation in MECs. Researchers offer an efficient strategy for developing biocathodes
from sulfate-reducing microorganisms to boost the pace of hydrogen production. However,
further research is needed to examine the effects of mixed and pure consortia on hydrogen
production and methane biosynthesis in MECs. While bio-hydrogen generation using
BESs-associated technology is still nascent, it is often regarded as the most environmentally
benign and imperishable means of producing biofuels. Scientists should concentrate on
researching and developing materials of exceptional performance and Catalysts adept
in ramping up and optimizing H2 synthesis in MECs to solve upcoming energy issues
responsibly. Electro-microbiological processes have benefited from converting CO2 to
multicarbon molecules such as acetate and other hydrocarbon-based liquid fuels.

Conversely, energy from wastewater treatment is collected and stashed via C–C bonds.
Additionally, acetate can be employed as a precursor compound in producing various other
biochemicals. Although the rate of acetate generation was initially low, it was increased in
subsequent tests. A laboratory setup produced roughly 89.9% acetic acid, far higher than is
typically attained with aerated fermentation (75.8%). Microbial electrosynthesis of acetate
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and ox butyrate has been proposed for the first time using the acetogen Sporomusa ovum,
which uses electrons generated by graphite cathodes to reduce CO2 [30]. Since then, MECs
have utilized a varied assortment of microbes to convert CO2 to acetate.

Researchers have recently been interested in biocathode-driven MECs that produce
acetate. According to a previous study, biocathode-based CO2 reduction is a balanced and
sustainable method for producing liquid fuels [31]. The lengthy performance of biocathode
MECs in a semi-batch operation established the economic viability of microbial electrosyn-
thesis methods. MECs produce a large amount of acetate, which can be maintained by
physiologically produced hydrogen at the cathode. Acetate production requires sustained
microbial colonization and using the right electron acceptors to maximize metabolic ac-
tivity at the biocathode. To effectively reduce MEC, an imparted voltage of 280 mV vs.
SHE must be supplied to surpass the thermodynamic obstacle of a biological process [32].
However, a lower voltage is required to overcome this excess potential due to microbial
energy consumption and mass/charge transmission resistances in bio-electrochemical
systems [33]. While microbial electrosynthesis is a promising method for CO2 capture
and the production of multicarbon compounds that act as a source of intermittent energy
and are the forerunners of complex compounds, improved acetogenic communities are
still required in MECs to maximize acetate output while minimizing methanogenesis. We
employed judicious enrichment to develop a steady environment capable of constant CO2
to acetate transformation. This enables the instantaneous establishment of electrosynthesis
operations and minimizes thermodynamic losses. Besides the above-stated characteristics,
various other base elements, such as electron transfer intermediaries and electron transfer
mechanisms in cathode and electrode materials used in certain reactor blueprints, might
affect efficacy in all aspects. MEC technology is still in its formative stages; future research
should focus on developing innovative electro-microbiology techniques.

5.3. Hydrogen Peroxide

Hydrogen peroxide (H2O2) is a commonly used industrial reagent in the water and
wastewater sectors to perform advanced oxidation on developing pollutants and composite
organic molecules. Currently, anthraquinone oxidation is used to commercially create
95% of all H2O2, a dangerous and energy-intensive process. Electro-microbiology-based
approaches may yield a low-cost and straightforward way of generating hydrogen peroxide
at a cathode [34]. Numerous investigations have led to the sustained generation of H2O2
in BESs using a variety of substrates. Similarly, sulfate-reducing bacteria can break down
chlorinated pollutants in MECs while producing electricity and H2O2. This demonstrates
that MECs can be employed in waste treatment and H2O2 generation, which can subse-
quently be utilized in enhanced oxidation procedures for pharmaceutical effluent treatment.
Specifically, the two-electron route for oxygen reduction reaction (ORR) is intimately tied
to peroxide formation. The slow rate of oxygen reduction (ORR) at the cathode, along
with the excessively high cost of catalytic materials, is one of the fundamental limitations
of MFCs in large-scale applications. Additionally, inorganic ORR catalysts exhibit large
overpotentials, mostly due to the complicated structure of the ORR process [35].

When pH is neutral, the overpotentials of enzyme catalysts such as laccases and
bilirubin oxidases are drastically decreased. Unfortunately, their scalability is limited by
their significant expense, limited resilience, and incompetency in real-world wastewater.
As a result, various low-cost catalysts that are both environmentally benign and financially
effective must be created to improve the efficacy of MFCs and the generation of H2O2.

It is possible to insert key functional groups such as nitrogen by electrode modification
and pretreatment with an acidic solution, enhancing H2O2 generation and power densi-
ties [36]. Functional groups may also reduce starting time, improving the productivity of
MECs and MFCs. It was postulated that two-electron routes for oxygen reduction might be
modulated by applying a spectrographically pure graphite (SPG) electrode in wastewater
treatment [37]. Authors in [38] presented a comparable configuration for producing H2O2
and producing electricity in MFCs using a graphite cathode doped with nitrogen. Although
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carbon-based cathodes altered with various metal nanocomposites have been extensively
utilized as cathode materials due to their huge active surface area and inexpensive cost,
more advancement is needed to enhance their performance further. To further examine
the underlying biotic mechanisms behind H2O2 generation, it is necessary to investigate
the influence of various operational aspects on the effectiveness of microbial peroxide
producing cells in the future. In general, further study is required to optimize H2O2 pro-
duction and production of power using wastewater treatment techniques. The cathode’s
sluggish reaction kinetics act as a constraint on greater H2O2 production. As a result, it is
advised that effective cathodic catalysts be developed to enhance H2O2 generation via two
electron-based routes. To sustainably enhance peroxide production, bottlenecks associated
with sluggish reaction kinetics and other limiting variables should be spotted and resolved.
Additionally, MECs and photoelectrochemical systems coupled with in-situ electro Fenton
procedures might provide new opportunities for enhanced treatment in various scenarios.

5.4. Biomass

Microalgae are more efficient in removing nutrients than other microbes, owing
to the presence of multiple critical nutrients (ammonia, nitrate, phosphate, urea, and
trace elements) in diverse wastewaters [39]. Thus, the endless supply of CO2 might
be used to grow algae while simultaneously generating electricity [40,41]. Microalgae
have been proposed as a viable alternative to traditional fuels that might bring an eco-
friendlier renewable energy source. Scientists in renewable energy have moved their
emphasis to photosynthetic MFC technology in recent years, as evidenced by research
literature. However, plant-based MFCs have been used to generate both biomass and power
concurrently; their sluggish development and low biomass limit their implementation on a
broad scale. Authors in [42] have shown energy and biomass generation in the MFC based
on bacteria-Chlorella through wastewater treatment. Microalgae may generate infinite
oxygen at the cathode by exploiting ambient CO2 and biomass generated in photosynthetic
MFCs. In addition to acting as a sustainable electron acceptor, microalgae can interact with
biocathodic communities to improve catalytic processes. The literature has extensively
studied the many growth factors impacting algal biomass growth in photosynthetic-MFCs,
such as light duration and aeration time [43]. Using biochar to purify sewage wastewater
before it is used to irrigate agricultural areas can be improved by combining it with another
sorbent material, such as chitosan. As a result, environmental contamination will have
a long-term cure even though biomass augmentation is considered an untapped field of
study. At the cathode, photosynthetic MFCs use microalgae to produce oxygen, which is a
readily available electron acceptor.

6. Green Technology and Future Prospects

The bulk of bio-electrochemical fuel cells is still many years away from commercializa-
tion and technological use. Historically, considerable study has focused on the interactions
between the electrode, the biocatalyst, and the substrate. It is still a matter of time until
we see significant advancements in electron transfer rates and efficiency, as well as in fuel
cell architectures, and novel strategies associated with genetic or molecular engineering
must yet demonstrate their ability to improve the functionality of bio-electrochemical fuel
cell systems.

Both EFCs and MFCs have extremely young design methodologies. They take pretty
different pathways due to the fundamentally different features of their separate biocat-
alysts. Thus, although most efforts in EFC research are directed toward shrinking, the
development of MFCs significantly favors scaling up. Numerous MFC configurations have
been proposed, spanning from H-shaped cells for foundational research to standard flat
cells to 3-D (e.g., tubular or packed bed) cell configurations for wastewater treatment.

MFCs are categorized into two categories according to their basic configuration: tradi-
tional two-chamber fuel cells, which are usually divided by a cation or proton-exchange
layer between the anode and cathode chambers– and single-chamber fuel cells, which com-
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bine an anode compartment with an open-air cathode. At the moment, predicting which
cell designs will triumph is challenging. An MFC’s basic layout is presumably similar to
an environmental or benthic fuel cell. An anode of graphite buried in anoxic sediments
and a cathode of oxygen-saturated seawater make up these fuel cells. The water–sediment
interface naturally separates the anodic and cathodic chambers. Current is generated at the
anode by microbial decomposition of organic compounds found in sediments.

For enzymatic fuel cells, there is no need to adhere to a standard fuel cell design
approach. Due to the probable omission of a dividing membrane, various cell designs
are available, depending on the intended use. Thus, a membrane-free fuel cell relying on
enzyme-coated micrometer-diameter carbon fibers has been postulated for use in animal
or human tissue transplantation. This gadget can only provide extremely low currents by
nature, sufficient for monitoring things like blood sugar levels. Using bigger tubular fuel
cells that can be implanted into larger vessels, such as blood vessels, is a real possibility in
the future. Dispensable devices relying on enzyme-modified, ink-printed microelectrodes
are also being designed for use as biosensors in conjunction with enzyme-based fuel cells.
These are only a few examples of the many designs and uses available. Biofuel cells are not
intended to be a substitute for chemical fuel cells due to their significantly lower power
densities. The advent of this novel automation will instead concentrate on specialized
functions that are now inaccessible by traditional fuel cell technology. MFCs have found a
variety of useful uses in recent years. The sole objective and usage are emphasized in the
treatment of wastewater. MFCs enable this application’s compelling combination of water
treatment and energy generation. For example, it is estimated that 0.5–1 kWh of electricity
is needed to treat 1 m3 of municipal sewage aerobically. In comparison, it is predicted that
approximately 1 kilowatt-hour (kWh) of electrical energy may be extracted utilizing MFC
technology, resulting in a significant reduction in the energy needed for the treatment of
polluted water and, thus, a decline in greenhouse gas emissions.

Benthic fuel cells, on the other hand, are relatively advanced. Even though the
power density provided by these fuel cells is relatively low, it is sufficient for power
devices, such as maritime sensors. A well-known example of this type of application is the
unattended benthic generator (BUG). MFCs are being considered for further applications,
including biosensors and robotics (independent self-powered machines). EFCs’ prospective
domains of application are substantially different from MFCs’. Because enzymes have a
relatively short shelf-life outside live creatures, and an enzyme’s optimal functionality is
generated in physiological conditions, EFCs are most intuitively used in healthcare and
implantable equipment. As a result, the first implantable glucose/oxygen fuel cell is now
commercially accessible, allowing them to be implanted into the bloodstream for use in
powering medicine delivery devices or a biomedical monitoring system. The enhancement
of the often-restricted lifespan of EFCs constitutes a significant research challenge that is
sometimes overlooked in favor of developing short-lived fuel cells, such as those used in
disposable biosensor devices.

7. Conclusions

Microorganisms’ unrivaled capacity to produce energy necessitates a complete un-
derstanding of their processes. Shewanella oneidensis and G. sulfurreducens are two of the
well-studied electricigens. Direct electron transfer, in which the microbe lowers a terminal
electron acceptor directly, or mediated electron transfer, in which soluble redox shuttles are
used, might increase extracellular electron transmission in these bacteria (and other electri-
cigens). Multiheme cytochromes on the outer membrane help direct electron transmission
by making contact with the terminal electron acceptor and assisting further electron trans-
fer. Soluble electron carriers such as flavins, phenazines, and quinones promote electron
transfer via mediation. These mediators are often redox compounds that bacteria create
and release to assist in extracellular electron transport. Once the microbe has given off
electrons, they move them to the electrode and restart the electron transfer process. Bacteria
such as Shewanella can transmit electrons by direct and mediated electron transfer. Electro-
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microbiology has a plethora of intriguing future research directions. We still have limited
knowledge of how microorganisms give electrons to electrodes and much less about how
electrons are transmitted from electrodes to cells. Electromicrobiology offers the potential
to address some of society’s core pressing issues. Although many early experiments in
electromicrobiology are driven by the objective of further refining microbial fuel cells for
energy harvesting, various other possible interactions between microbes and electrodes
have emerged recently, and more are likely to be envisioned. Electromicrobiology’s un-
derlying processes must be constantly studied to develop any of these technologies in a
meaningful manner.

Author Contributions: Conceptualization, M.P. and M.S.S.D.; methodology, M.P.; validation, M.P.,
T.S. and N.R.S.; formal analysis, M.A.; investigation, M.P.; resources, M.S.S.D.; data curation, M.P.;
writing—original draft preparation, M.P.; writing—review and editing, M.S.S.D.; visualization, M.P.;
supervision, T.S.; project administration, M.S.S.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Research and Education Promotion Association (REPA), grant
number P01EN2201JP01.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ghangrekar, M.M.; Nath, D. Chapter 11-Microbial Electrochemical Technologies for Wastewater Treatment: Insight into Theory

and Reality. In Clean Energy and Resource Recovery; An, A., Tyagi, V., Kumar, M., Cetecioglu, Z., Eds.; Elsevier: Amsterdam, The
Netherlands, 2022; pp. 179–200, ISBN 978-0-323-90178-9.

2. Quraishi, M.; Wani, K.; Pandit, S.; Gupta, P.K.; Rai, A.K.; Lahiri, D.; Jadhav, D.A.; Ray, R.R.; Jung, S.P.; Thakur, V.K.; et al.
Valorisation of CO2 into Value-Added Products via Microbial Electrosynthesis (MES) and Electro-Fermentation Technology.
Fermentation 2021, 7, 291. [CrossRef]

3. Rimboud, M.; Pocaznoi, D.; Erable, B.; Bergel, A. Electroanalysis of Microbial Anodes for Bioelectrochemical Systems: Basics,
Progress and Perspectives. Phys. Chem. Chem. Phys. 2014, 16, 16349–16366. [CrossRef]

4. Zheng, T.; Li, J.; Ji, Y.; Zhang, W.; Fang, Y.; Xin, F.; Dong, W.; Wei, P.; Ma, J.; Jiang, M. Progress and Prospects of Bioelectrochemical
Systems: Electron Transfer and Its Applications in the Microbial Metabolism. Front. Bioeng. Biotechnol. 2020, 8, 10. [CrossRef]

5. Appleby, A.J. From Sir William Grove to Today: Fuel Cells and the Future. J. Power Sources 1990, 29, 3–11. [CrossRef]
6. Carrette, L.; Friedrich, K.A.; Stimming, U. Fuel Cells–Fundamentals and Applications. Fuel Cells 2001, 1, 5–39. [CrossRef]
7. Aston, W.J.; Turner, A.P.F. Biosensors and Biofuel Cells. Biotechnol. Genet. Eng. Rev. 1984, 1, 89–120. [CrossRef]
8. Karube, I.; Matsunaga, T.; Tsuru, S.; Suzuki, S. Biochemical Fuel Cell Utilizing Immobilized Cells of Clostridium Butyricum.

Biotechnol. Bioeng. 1977, 19, 1727–1733. [CrossRef]
9. Schröder, U.; Niessen, J.; Scholz, F. A Generation of Microbial Fuel Cells with Current Outputs Boosted by More than One Order

of Magnitude. Angew. Chem. Int. Ed. Engl. 2003, 42, 2880–2883. [CrossRef]
10. Strik, D.P.B.T.B.; Timmers, R.A.; Helder, M.; Steinbusch, K.J.J.; Hamelers, H.V.M.; Buisman, C.J.N. Microbial Solar Cells: Applying

Photosynthetic and Electrochemically Active Organisms. Trends Biotechnol. 2011, 29, 41–49. [CrossRef]
11. Reimers, C.E.; Girguis, P.; Stecher, H.A.; Tender, L.M.; Ryckelynck, N.; Whaling, P. Microbial Fuel Cell Energy from an Ocean

Cold Seep. Geobiology 2006, 4, 123–136. [CrossRef]
12. Nielsen, M.E.; Reimers, C.E.; White, H.K.; Sharma, S.; Girguis, P.R. Sustainable Energy from Deep Ocean Cold Seeps. Energy

Environ. Sci. 2008, 1, 584–593. [CrossRef]
13. Lovley, D.R.; Ueki, T.; Zhang, T.; Malvankar, N.S.; Shrestha, P.M.; Flanagan, K.A.; Aklujkar, M.; Butler, J.E.; Giloteaux, L.; Rotaru,

A.-E.; et al. Geobacter: The Microbe Electric’s Physiology, Ecology, and Practical Applications. In Advances in Microbial Physiology;
Poole, R.K., Ed.; Academic Press: Cambridge, MA, USA, 2011; Volume 59, pp. 1–100.

14. Lovley, D.R. Electromicrobiology. Annu. Rev. Microbiol. 2012, 66, 391–409. [CrossRef]
15. Hsu, L.; Masuda, S.A.; Nealson, K.H.; Pirbazari, M. Evaluation of Microbial Fuel Cell Shewanella Biocathodes for Treatment of

Chromate Contamination. RSC Adv. 2012, 2, 5844–5855. [CrossRef]
16. Reguera, G.; McCarthy, K.D.; Mehta, T.; Nicoll, J.S.; Tuominen, M.T.; Lovley, D.R. Extracellular Electron Transfer via Microbial

Nanowires. Nature 2005, 435, 1098–1101. [CrossRef]

http://doi.org/10.3390/fermentation7040291
http://doi.org/10.1039/C4CP01698J
http://doi.org/10.3389/fbioe.2020.00010
http://doi.org/10.1016/0378-7753(90)80002-U
http://doi.org/10.1002/1615-6854(200105)1:1&lt;5::AID-FUCE5&gt;3.0.CO;2-G
http://doi.org/10.1080/02648725.1984.10647782
http://doi.org/10.1002/bit.260191112
http://doi.org/10.1002/anie.200350918
http://doi.org/10.1016/j.tibtech.2010.10.001
http://doi.org/10.1111/j.1472-4669.2006.00071.x
http://doi.org/10.1039/b811899j
http://doi.org/10.1146/annurev-micro-092611-150104
http://doi.org/10.1039/c2ra20478a
http://doi.org/10.1038/nature03661


Sustainability 2022, 14, 10676 14 of 15

17. Shivani, M.; Varsha, K.M.; Vineela, M.; Sevda, S. Chapter 7-Bioelectroremediation of Wastes Using Bioelectrochemical System.
In Scaling Up of Microbial Electrochemical Systems; Advances in Green and Sustainable Chemistry; Jadhav, D.A., Pandit, S.,
Gajalakshmi, S., Shah, M.P., Eds.; Elsevier: Amsterdam, Netherlands, 2022; pp. 103–115. ISBN 978-0-323-90765-1.

18. Ishii, S.; Suzuki, S.; Norden-Krichmar, T.M.; Phan, T.; Wanger, G.; Nealson, K.H.; Sekiguchi, Y.; Gorby, Y.A.; Bretschger, O.
Microbial Population and Functional Dynamics Associated with Surface Potential and Carbon Metabolism. ISME J. 2014, 8,
963–978. [CrossRef]

19. Ishii, S.; Suzuki, S.; Norden-Krichmar, T.M.; Nealson, K.H.; Sekiguchi, Y.; Gorby, Y.A.; Bretschger, O. Functionally Stable and
Phylogenetically Diverse Microbial Enrichments from Microbial Fuel Cells during Wastewater Treatment. PLoS ONE 2012,
7, e30495. [CrossRef]

20. Jiaqi, S.; Lifen, L.; Fenglin, Y. Successful Bio-Electrochemical Treatment of Nitrogenous Mariculture Wastewater by Enhancing
Nitrogen Removal via Synergy of Algae and Cathodic Photo-Electro-Catalysis. Sci. Total Environ. 2020, 743, 140738. [CrossRef]

21. Van Eerten-Jansen, M.C.A.A.; Jansen, N.C.; Plugge, C.M.; de Wilde, V.; Buisman, C.J.N.; ter Heijne, A. Analysis of the Mechanisms
of Bioelectrochemical Methane Production by Mixed Cultures. J. Chem. Technol. Biotechnol. 2015, 90, 963–970. [CrossRef]

22. Satar, I.; Daud, W.R.W.; Kim, B.H.; Somalu, M.R.; Ghasemi, M. Immobilized Mixed-Culture Reactor (IMcR) for Hydrogen and
Methane Production from Glucose. Energy 2017, 139, 1188–1196. [CrossRef]

23. Kumar, G.; Bakonyi, P.; Zhen, G.; Sivagurunathan, P.; Koók, L.; Kim, S.-H.; Tóth, G.; Nemestóthy, N.; Bélafi-Bakó, K. Microbial
Electrochemical Systems for Sustainable Biohydrogen Production: Surveying the Experiences from a Start-up Viewpoint. Renew.
Sustain. Energy Rev. 2017, 70, 589–597. [CrossRef]

24. Rader, G.K.; Logan, B.E. Multi-Electrode Continuous Flow Microbial Electrolysis Cell for Biogas Production from Acetate. Int. J.
Hydrogen Energy 2010, 35, 8848–8854. [CrossRef]

25. McAnulty, M.J.; Poosarla, V.G.; Kim, K.-Y.; Jasso-Chávez, R.; Logan, B.E.; Wood, T.K. Electricity from Methane by Reversing
Methanogenesis. Nat. Commun. 2017, 8, 15419. [CrossRef]

26. Kreysa, G.; Håkansson, B. Electrocatalysis by Amorphous Metals of Hydrogen and Oxygen Evolution in Alkaline Solution. J.
Electroanal. Chem. Interfacial Electrochem. 1986, 201, 61–83. [CrossRef]

27. Logan, B.; Cheng, S.; Watson, V.; Estadt, G. Graphite Fiber Brush Anodes for Increased Power Production in Air-Cathode
Microbial Fuel Cells. Environ. Sci. Technol. 2007, 41, 3341–3346. [CrossRef]

28. Guwy, A.J.; Dinsdale, R.M.; Kim, J.R.; Massanet-Nicolau, J.; Premier, G. Fermentative Biohydrogen Production Systems Integration.
Bioresour. Technol. 2011, 102, 8534–8542. [CrossRef]

29. Jafary, T.; Daud, W.R.W.; Ghasemi, M.; Kim, B.H.; Carmona-Martínez, A.A.; Bakar, M.H.A.; Jahim, J.M.; Ismail, M. A Comprehen-
sive Study on Development of a Biocathode for Cleaner Production of Hydrogen in a Microbial Electrolysis Cell. J. Clean. Prod.
2017, 164, 1135–1144. [CrossRef]

30. Xiao, Y.; Zhang, E.; Zhang, J.; Dai, Y.; Yang, Z.; Christensen, H.E.M.; Ulstrup, J.; Zhao, F. Extracellular Polymeric Substances Are
Transient Media for Microbial Extracellular Electron Transfer. Sci. Adv. 2017, 3, e1700623. [CrossRef]

31. Marshall, C.W.; Ross, D.E.; Fichot, E.B.; Norman, R.S.; May, H.D. Long-Term Operation of Microbial Electrosynthesis Systems
Improves Acetate Production by Autotrophic Microbiomes. Environ. Sci. Technol. 2013, 47, 6023–6029. [CrossRef]

32. Chandrasekhar, K.; Lee, Y.-J.; Lee, D.-W. Biohydrogen Production: Strategies to Improve Process Efficiency through Microbial
Routes. Int. J. Mol. Sci. 2015, 16, 8266–8293. [CrossRef]

33. Patil, S.A.; Arends, J.B.A.; Vanwonterghem, I.; van Meerbergen, J.; Guo, K.; Tyson, G.W.; Rabaey, K. Selective Enrichment
Establishes a Stable Performing Community for Microbial Electrosynthesis of Acetate from CO2. Environ. Sci. Technol. 2015, 49,
8833–8843. [CrossRef]

34. Escapa, A.; Mateos, R.; Martínez, E.J.; Blanes, J. Microbial Electrolysis Cells: An Emerging Technology for Wastewater Treatment
and Energy Recovery. From Laboratory to Pilot Plant and Beyond. Renew. Sustain. Energy Rev. 2016, 55, 942–956. [CrossRef]

35. Tang, H.; Zeng, Y.; Zeng, Y.; Wang, R.; Cai, S.; Liao, C.; Cai, H.; Lu, X.; Tsiakaras, P. Iron-Embedded Nitrogen Doped Carbon
Frameworks as Robust Catalyst for Oxygen Reduction Reaction in Microbial Fuel Cells. Appl. Catal. B Environ. 2017, 202, 550–556.
[CrossRef]

36. Thostenson, J.O.; Ngaboyamahina, E.; Sellgren, K.L.; Hawkins, B.T.; Piascik, J.R.; Klem, E.J.D.; Parker, C.B.; Deshusses, M.A.;
Stoner, B.R.; Glass, J.T. Enhanced H2O2 Production at Reductive Potentials from Oxidized Boron-Doped Ultrananocrystalline
Diamond Electrodes. ACS Appl. Mater. Interfaces 2017, 9, 16610–16619. [CrossRef] [PubMed]

37. Fu, L.; You, S.-J.; Yang, F.; Gao, M.; Fang, X.; Zhang, G. Synthesis of Hydrogen Peroxide in Microbial Fuel Cell. J. Chem. Technol.
Biotechnol. 2010, 85, 715–719. [CrossRef]

38. Asghar, A.; Abdul Raman, A.A.; Wan Daud, W.M.A. Advanced Oxidation Processes for In-Situ Production of Hydrogen
Peroxide/Hydroxyl Radical for Textile Wastewater Treatment: A Review. J. Clean. Prod. 2015, 87, 826–838. [CrossRef]

39. Chew, K.W.; Yap, J.Y.; Show, P.L.; Suan, N.H.; Juan, J.C.; Ling, T.C.; Lee, D.-J.; Chang, J.-S. Microalgae Biorefinery: High Value
Products Perspectives. Bioresour. Technol. 2017, 229, 53–62. [CrossRef]

40. Ali, J.; Ali, N.; Jamil, S.U.U.; Waseem, H.; Khan, K.; Pan, G. Insight into Eco-Friendly Fabrication of Silver Nanoparticles by
Pseudomonas Aeruginosa and Its Potential Impacts. J. Environ. Chem. Eng. 2017, 5, 3266–3272. [CrossRef]

41. Ali, J.; Hameed, A.; Ahmed, S.; Ali, M.I.; Zainab, S.; Ali, N. Role of Catalytic Protein and Stabilising Agents in the Transformation
of Ag Ions to Nanoparticles by Pseudomonas Aeruginosa. IET Nanobiotechnol. 2016, 10, 295–300. [CrossRef]

http://doi.org/10.1038/ismej.2013.217
http://doi.org/10.1371/journal.pone.0030495
http://doi.org/10.1016/j.scitotenv.2020.140738
http://doi.org/10.1002/jctb.4413
http://doi.org/10.1016/j.energy.2017.08.071
http://doi.org/10.1016/j.rser.2016.11.107
http://doi.org/10.1016/j.ijhydene.2010.06.033
http://doi.org/10.1038/ncomms15419
http://doi.org/10.1016/0022-0728(86)90088-4
http://doi.org/10.1021/es062644y
http://doi.org/10.1016/j.biortech.2011.04.051
http://doi.org/10.1016/j.jclepro.2017.07.033
http://doi.org/10.1126/sciadv.1700623
http://doi.org/10.1021/es400341b
http://doi.org/10.3390/ijms16048266
http://doi.org/10.1021/es506149d
http://doi.org/10.1016/j.rser.2015.11.029
http://doi.org/10.1016/j.apcatb.2016.09.062
http://doi.org/10.1021/acsami.7b01614
http://www.ncbi.nlm.nih.gov/pubmed/28471651
http://doi.org/10.1002/jctb.2367
http://doi.org/10.1016/j.jclepro.2014.09.010
http://doi.org/10.1016/j.biortech.2017.01.006
http://doi.org/10.1016/j.jece.2017.06.038
http://doi.org/10.1049/iet-nbt.2015.0093


Sustainability 2022, 14, 10676 15 of 15

42. Commault, A.S.; Laczka, O.; Siboni, N.; Tamburic, B.; Crosswell, J.R.; Seymour, J.R.; Ralph, P.J. Electricity and Biomass Production
in a Bacteria-Chlorella Based Microbial Fuel Cell Treating Wastewater. J. Power Sources 2017, 356, 299–309. [CrossRef]

43. Saba, B.; Christy, A.D.; Yu, Z.; Co, A.C. Sustainable Power Generation from Bacterio-Algal Microbial Fuel Cells (MFCs): An
Overview. Renew. Sustain. Energy Rev. 2017, 73, 75–84. [CrossRef]

http://doi.org/10.1016/j.jpowsour.2017.03.097
http://doi.org/10.1016/j.rser.2017.01.115

	Introduction 
	Purpose and Objective of Research 
	Bioelectrochemical Systems 
	Mechanism of Bioelectrochemical System of Microbial Fuel Cell 
	Direct Electron Transfer (DET) 
	Mediated Electron Transfer (MET) 


	Applications of Electromicrobiology 
	Bioelectronics 
	Bioremediation 
	Generation of Electricity from Solar Energy 
	Wastewater Reclamation 

	Biosynthesis Prospects of Electro-Microbiology 
	Biomethane 
	Biohydrogen 
	Hydrogen Peroxide 
	Biomass 

	Green Technology and Future Prospects 
	Conclusions 
	References

