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Abstract

In this chapter, we focus on microbial fuel cells (MFCs) that convert the energy
from organic matters into electrical energy using microorganisms. MFCs are greatly
expected to be used as a relatively low-cost and safe device for generating renew-
able energy using waste biomass as a raw material. At present, however, it has not
reached the desired practical application because of the low-power generation;
hence, improvements on fuel cell efficiency, such as electrode materials, are still
being examined. Here, we focus on the microorganisms that can be used as catalysts
and play a central role in improving the efficiency of the fuel cells. Several kinds of
microbial catalysts are used in MFCs. For example, Shewanella oneidensis has been
well studied, and as known, since S. oneidensis transports the electrons generated
within the cell to the surface layer, it does not require a mediator to pass the elec-
trons from the cells to the electrode. Furthermore, Escherichia coli and Saccharomyces
cerevisiae, a model organism for MFCs, are also used. The improvements of such
microbial catalysts have also been proceeding actively. Here, we elaborated on the
principle of MFCs as well as the current situation and latest research on the catalyst
development.
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1. Introduction

The fossil fuel depletion and inevitable global warming have become worldwide
problems; thus, significant efforts have been made to generate and utilize renew-
able energy to alleviate these crises. Methods for obtaining energy compounds
from biomass, such as ethanol, methane, and hydrogen, have been developed using
environment-friendly technology, and some of these technologies have been put
to practical use. It is important to establish the technologies that are able to obtain
energy in various forms according to the environments and circumstances of each
region. Apart from the above technologies, biofuel cells utilizing microorganisms
and enzymes, which can generate renewable electrical energy from organic matters
contained in biomass, begin to attract attention as a means to obtain sustainable
energy. It has not been put into practical use yet, but without the problem of by-
products, electricity can be directly obtained from the devices, whereby multiple
operations, such as product distillation (e.g., ethanol), are not necessary. Moreover,
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if biomass waste is used as the fuel, no food competition will occur. Therefore,
using this method, energy can be obtained sustainably (Figure1).

There are various types of biomass, e.g., sustainably harvested wood, waste paper,
food waste, sewage sludge, and various wastewaters. Taking wood-based biomass
as a fuel example, when everything is burnt using available technology for thermal
power generation, there will be nothing left, and we will lose some other useful
compounds contained in it. On the other hand, in biofuel cells, although electricity is
generated from the sugar obtained from the biomass, other components in the wood,
such as lignin, can be used for purposes other than power generation. Generally, the
energy density of the biomass used as a fuel for MFCs is high. For example, glucose
and xylose, found in various plant biomass, can produce up to 20 or 24 electrons per
molecule, provided that they are completely oxidized to carbon dioxide. It is possible
to generate 4430 Wh power per kg of glucose according to the calculation described
later. For reference, a typical lithium-ion battery has a weight energy density of about
200 Wh per kg. This comparison means that glucose and xylose are two biofuel
sources of interest, especially as electron donors. Therefore, MFCs using glucose and/
or xylose as their fuel have great potential as a means of obtaining high energy.

In biofuel cells, biological reactions are used for the oxidation reaction of
biomass, and they are divided into two based on the type of catalyst used: (1)
enzymes and (2) microorganisms. When enzymes are used, the most widely stud-
ied mechanism is the two-electron oxidation system by glucose oxidase (GOx) or
glucose dehydrogenase (GDH) [1]. Since purified enzymes are generally used, the
reaction rate is faster than using microorganisms. However, the number of electrons
obtained by one enzymatic reaction is smaller than that of a microorganism. For
example, when GDH is used as the catalyst, glucose is oxidized to gluconic acid, and
at most, only two electrons are obtained from one glucose molecule. Therefore, if
only one enzyme is used, high-energy production per glucose consumed cannot be
much expected. Further, the addition of cofactors, such as nicotinamide adenine
dinucleotide and pyrroloquinoline quinone (PQQ ), is necessary for the enzymatic
reaction to enhance the energy production. Furthermore, the cost of enzyme
purification is also high; hence, enzymes are better utilized in sensor applications
than energy production. By contrast, as mentioned above, one completely oxidized
glucose molecule gives 24 electrons when using microorganisms as the catalyst. It

Depletion of fossil fuels and global warming

N

Earth environment-friendly technology

=Solar power
*Hydroelectric power
*Wind power

*Tidal power
*Geothermal power
*Wave power

_I_
Biomass utilization

Figure 1.
Environmentally friendly energy.

2



Catalyst Development of Microbial Fuel Cells for Renewable-Energy Production
DOI: http://dx.doi.ovg/10.5772/intechopen.81442

shows a possibility of obtaining more electrons per glucose consumed. Moreover,
the addition of cofactors is not necessary, unlike when enzymes are used. These
are some substantial advantages of MFCs. However, the production of low power
in MFCs is still a problem because of typical processes in living organisms, such as
the uptake of glucose into cells, metabolism repression, and extraction of electrons
from the inside of cells (Figure 2). Many researchers are working to solve such
problems, and those results are summarized in recent review articles [2, 3].
Looking back at the historical background, research on the MFCs has been
conducted for a long time, whereby the first idea of using microorganisms to
produce electricity was conceived and reported by Potter in 1911 [4]. Escherichia
coli and Saccharomyces cerevisiae were used as the catalyst, and platinum was used
as the electrode. Further, in 1931, Cohen showed that a number of small fuel cells
connected in series produced 2 mA of electricity at over 35 V [5]. Early MFCs used
an artificial mediator, e.g., thionine, methyl viologen, and humic acid, to carry
electrons from the microbial cells to the electrodes [6, 7]. The oxidized media-
tors came into contact with the microbial cells, and were reduced by accepting
electrons, and they were then separated from the microbial cells. They diffused
and came into contact with the surface of the electrode to release the electrons and
were reoxidized thereafter. Overall, the addition of artificial mediators promotes
the flow of electrons. Next, in the 1990s, several bacteria were found capable of
acquiring electrons from the electrode via a self-mediator without the addition of
an artificial mediator. Moreover, they used electrons for their growth; for example,
a ferric-iron-reducing bacterium Shewanella putrefaciens grew on lactate by obtain-
ing electrons from the electrode [8], and similar reports were found on Shewanella
oneidensis and Geobacter sulfurreducens [9, 10]. Although the flow direction of
electrons between cells and electrodes is opposite from the MFC explanation just
before, these findings led to the development of mediator-free MFCs [11-13]. In
the 2000s, the mechanism at the cell surface whereby bacteria directly came into
contact with the electrodes and carried the electrons was reported [14, 15]. Since
then, MFC research, including the analysis of the electron transport mechanism at
the cell surface, has been actively conducted. In fact, the number of publications
related to the MFCs grew significantly since 2010 and reached nearly 1000 in 2016
and 2017 according to ISI WEB OF SCIENCE [2]. In particular, with the discovery
of new fuel cell components other than the microbial catalysts, the performance of
MEFCs could be increased further.
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Figure 2.
Electron generation and extraction in the microbial fuel cell system. Med: mediator.
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The performance of MFCs is evaluated based on some indicators. The electri-
cal energy (Wh) used to express the capacity of dry batteries is also an important
indicator, but only a few papers have reported it so far. In most cases, the perfor-
mance is expressed as the maximum power per anode electrode area (power density
per area) or the maximum power per cell volume (power density per volume). The
latter is a straightforward index and important for practical use. For example, a
relatively high-performance small-scale fuel cell (2.5 mL) using a complex (mixed)
microorganism system was reported in 2007 with a power density of 1550 W/m’
[16]. Other fuel cells performing beyond 500 W/m? were also reported [17-22], but
many of them are still at a microliter or milliliter scale. Owing to the low proton
diffusion speed and high internal resistance, the maximum power per volume tends
to be small for a large-scale fuel cell. MFCs with a volume more than 1 L were also
being studied in the laboratory, but the maximum power per volume was still low at
the level of several W/m® to tens of W/m? [23, 24]. Scaling-up is also another issue of
MFCs, and further improvements are still being conducted.

Practical applications of MFCs are still problematic because of the high cost
and low-power generation. Despite this situation, research on the implementation
of MFCs has been carried out. For example, an artificial stomach called Gastrobot
(aka Chew-Chew train) using E. coli and sugar as the catalyst and fuel, respectively,
EcoBot-III (a self-sustainable robot with its own circulatory system, such as inges-
tion, digestion, and excretion), and several environmental sensors using the MFCs
for powering [2]. Such implementation studies are also important to understand
the desired performance level for MFCs. Meanwhile, in order to bring MFCs closer
to practical use, a combination of power generation and other effects is one of the
promising methods. For example, MFCs that are installed at a wastewater treat-
ment facility are expected not only to reduce the generated sludge amount from the
treatment but also to cover a part of the electricity load used by the plant. Recently,
the minimum performance of MFCs required for reaching energy neutrality in a
wastewater treatment facility has been calculated [25], and the realization has been
highly expected. Such research on MFCs installed for wastewater treatment has
been actively carried out so far, and the experiments were examined at a pilot-scale
plant of more than 10 L [26-28]. Accordingly, the practical use of MFCs is expected
soon. Besides this, although it deviates from energy production, the use of MFCs
as a sensor has also been extensively studied. In order to perform on-site real-time
monitoring, it is important to recognize the toxic compounds rapidly. Several ana-
lytical techniques based on electrochemistry have been developed for this purpose,
but in many cases, they lack practicality for environmental measurements. The
MFC-based biosensor is one promising candidate, and it has already been shown
that not only toxic heavy metals but also toxic organic compounds can be detected
[29]. The sensitivity adjustment suitable for the detection of specific contaminants
is left as a challenge, but there is still a great expectation for its application.

Here, we will explain the mechanism of electron generation in microorganisms,
introduce the principle of MFCs, describe the microbial catalysts used for various
MFCs mentioned above, and discuss the recent topics on microbial catalysts.

2. General principles of MFCs and various microbial catalysts

2.1 Mechanism of electron generation in microbial cells

MEFCs utilize the decomposition energy of organic matters by the organisms to
produce ATP, known as the energy currency, based on the energy obtained from
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Figure 3.
Glucose metabolism (Saccharomyces cerevisiae).

this process. Taking glucose decomposition in Saccharomyces cerevisiae as an exam-
ple (Figure 3), glucose taken into the microbial cells by cell membrane enzymes is
oxidized and decomposed to pyruvic acid by various enzymes via an intracellular
glycolysis system. Next, pyruvic acid becomes carbon dioxide and water when it is
completely oxidized via the TCA cycle. The electrons generated are then collected
in the mitochondrial inner membrane in eukaryotes, and in prokaryotes, they were
accumulated in the cell membrane via NADH and FADH2 (both of which provide
two electrons to the membrane electron flow; Figure 3). In addition, the flow of
electrons in these membranes is maintained through multiple protein complexes
localized in the membrane. Quinone compounds and cytochrome proteins are
also included in the complex. ATP is synthesized by the membrane enzyme, ATP
synthase, using the proton concentration gradient, which is generated inside and
outside the membrane because of the flow of electrons. In MFCs, it is thought that
it takes the electrons directly from NADH or the flow of electrons generated in the
membrane by the decomposition of organic substances. A part of the electrons
generated within the microbial cell is carried to an electrode outside the cell via

an electron carrier called a mediator. When one molecule of glucose is completely
oxidized into carbon dioxide and water in the cell, 10 molecules of NADH and 2
molecules of FADH2 are also generated. In total, 24 electrons are obtained from

1 glucose molecule. If this principle were to apply to fuel cells, the Coulomb effi-
ciency, which is an index of energy efficiency, would become 100%. Therefore, in
order to obtain electrons more efficiently from the cells via such metabolism, it is
important to adjust the redox balance within the microbial cells in the MFCs.

2.2 Calculation of the energy obtained from glucose
In the case of using glucose as the fuel source, the reaction occurring in the

anode tank is represented by Eq. (1), and the reduction reaction occurring in the
cathode tank is represented by Eq. (2).

C6H1206 + 6H20 - 6C02 +24H" + 24¢” (1)
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60,+24H" + 24e” —» 12H,0. )

The oxidation-reduction potential of Eq. (1) is —0.42 V, whereas the
oxidation-reduction potential of Eq. (2) is 0.82 V. Therefore, the total potential
difference of the MFC reaction (Eq. (1) + Eq. (2)) as represented by Eq. (3) is
1.24 V. Theoretically, the voltage exceeds 1 V, but in most cases, it has never reached
that value.

C6 H1206 + 602 + 6H20 — 6C02 +12 Hzo (3)

Assuming that 24 electrons are obtained from 1 glucose molecule and that
they can be recovered in 1 h, the quantity of electricity (Ah) obtained from the
glucose (1 kg) can be calculated using the Faraday constant (96,485 C/mol) as
shown in Eq. 4. As aresult, the electrical energy of 4430 Wh can be achieved if the
potential is 1.24 V; accordingly, this value is the same as the value mentioned in the
Introduction section.

(24 x 96,485 x 1000)/(3600 x 180) = 3574 Ah. 4)

2.3 Basic components of dual-chambered MFCs using a mediator

A dual-chambered fuel cell consisting of an anode tank and a cathode tank is
the simplest and has been used for a long time for MFCs. In many cases, they are
separated by a cation exchange membrane (CEM) to create a potential difference
between the two tanks (Figure 4). CEM prevents mixing of each content and
allows the protons generated in the anode to migrate to the cathode. In addition,
CEM selection, especially based on its proton transfer efficiency, is important

NV
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Figure 4.
General dual-type MFC. Med: mediator, CEM: cation exchange membrane.
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because it significantly regulates the movement of the protons responsible for the
pH reduction at the anode affecting the activity of microorganisms and the delivery
of electrons to the oxygen at the cathode. Also, some factors to consider, such as
durability and cost, are important for selecting CEM. At present, Nafion is popular
for many MFCs [30, 31].

Numerous research studies are being conducted to evaluate the influence of the
electrode materials on the performance and cost of the MFCs. Carbon materials,
which are noncorrosive, have been widely used because of their high electrical
conductivity and chemical stability, e.g., carbon rod, carbon fiber, carbon felt, and
carbon cloth [3]. Biocompatibility, specific surface area, electrical conductivity, and
cost are important factors for its selection. Since its discovery in 2004, graphene has
been attracting much attention for its use as an electrode because of its high specific
surface area, electrical conductivity, and biocompatibility [32]. In fact, graphene
has been already used in lithium-ion batteries, and the development of graphene-
modified materials to increase the power density has progressed actively [33, 34].
Moreover, since biofilm formation by microorganisms on the electrodes affects the
performance of MFCs, the preference of electrode materials tends to shift from
two-dimensional to three-dimensional surfaces, where a larger surface area is
obtained; thus, the contact with microorganisms increases. Furthermore, metals
are also used as the electrodes. The conductivities are higher than those of carbon
materials, but they are prone to corrosion in the anode solution. Therefore, metals
are problematic to use, except for stainless and titanium. To improve such problem,
materials in which metal is incorporated into graphite have been made [3].

A phosphate buffer or bicarbonate buffer solution is often used for the anode
electrode solution to achieve high performance [16, 35]. The pH of the solution
affects not only the activity of microorganisms but also the transfer of hydrogen
ions used from the anode to the cathode when the electrons are transferred to
oxygen at the cathode. The solutions contain microorganisms as the catalyst,
organic matter as the fuel, and mediator as the electron carrier. In addition, there
are reports that the performance of MFCs was improved by adding NaCl to increase
the ionic strength [36].

Regarding the fuel, many substrates have already been studied [37]. For
example, acetic acid, lactic acid, glycerol, glucose, xylose, sucrose, starch, yeast
extract, malt extract, various real wastewaters, and synthetic wastewater were used
depending on the purpose of each research. Generally, the fermentable substrate
of microorganisms is used to generate electricity more efficiently. There is a trend
where glucose is used when using S. cerevisiae, lactic acid when using S. oneidensis,
and acetate when using G. sulfurreducens in the experiments. On the basis of a cal-
culation, when lactic acid, acetic acid, and glycerol are completely oxidized, there
are 14, 8, and 14 electrons obtained, respectively. The number of electrons obtained
from each substrate depends on the metabolic pathway.

Regarding the mediator, although some microorganisms can carry electrons
directly to the electrode as described later, in many cases, the electrons cannot be
carried, or the performance is low even if carried, so an artificial mediator that
can pass through the cell membrane is added to the anode solution. The typical
compounds for artificial mediators are methylene blue, neutral red, 2-hydroxy-
1,4-naphthoquinone (HNQ), thionine, benzyl viologen, 2,6-dichlorophenolindo-
phenol, and various phenazines [38]. It was reported that the hydrogenase donates
electrons to the neutral red [39], but the process was not yet clearly proven as to
how these mediators deprive electrons of the cell. It is thought that, depending on
the type of mediator, the electrons may be taken directly from NADH or obtained
from the electron transfer system of the cell membrane. On the other hand, there is
also a difficult aspect of using a mediator. In order to increase the electron transfer
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efficiency by the mediator, it requires a high concentration, but because of its high
toxicity, it has a strong influence on the cells; therefore, the level of use is necessary
to be controlled.

Finally, the cathode solution is explained as follows. The electrons generated
at the anode are carried to the cathode, where the reduction reaction takes place.
When oxygen, the most common electron acceptor, is used as an oxidizing agent,
aeration is necessary because oxygen has low solubility (about 8 mg/L DO). There
are cases where oxygen generation by the photosynthesis of algae is used for oxygen
supply [40, 41]. In the reaction at the cathode, H,O is produced by oxygen, whereby
the electrons were carried from the anode via an external circuit and protons were
carried from the anode solution via CEM. There is also a report that the addition
of hydrogen peroxide leads to an improvement in power generation [42]. Besides
oxygen, there are various electron acceptors [43]; for example, an oxidizing agent
such as iron ferricyanide is also used for the cathode. In many cases, the ferricya-
nide has a high mass transfer efficiency and a high cathode potential so that a high
output can be obtained. The combination of carbon electrodes and ferricyanides to
achieve power 50-80% higher than the combination of Pt/carbon electrodes and
oxygen was reported [44]. In the case of using ferricyanide, once the trivalent iron
ion receives the electrons, it becomes divalent, and when it delivers the electrons
to oxygen, it reverts to the trivalent state. However, the latter reaction is less likely
to occur owing to the low solubility of oxygen. Ferricyanide is an excellent electron
acceptor, but owing to its toxicity, its use is generally limited to the laboratory.
Other than oxygen and ferricyanide, there are also many candidates, for example,
nitrate, persulfate, permanganate, and manganese dioxide. It is also possible to use
the nitrate contained in the wastewater because its redox potential is close to that of
oxygen, and then, the nitrate is reduced to nitrogen gas at the cathode [43].

2.4 Other types of MFCs

MFCs are typically divided into a dual-chambered cell described above and a
single-chambered cell (Figure 5). In the latter, a membrane-type positive electrode
with oxygen permeability called an air cathode is used [45]. The electrode is coated
with the platinum catalyst, and H,O is produced from the oxygen permeated from
the atmosphere, the proton in solution, and the electron from the anode. However,

Dual-chambered MFC
Mediator ( @) Mediator-free

Single-chambered MFC

Anode Air cathode
(Carbon.Pt)

Anode Cathode

@ : microbial cell

CEM CEM

Figures.
Other types of MFCs. Med: mediator, CEM: cation exchange membrane.
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if the permeated excess oxygen diffuses and is delivered to the microorganisms at
the anode, the electrons generated in the microorganisms are then transferred to the
oxygen, and the energy recovery rate decreases. Therefore, a CEM is used between
the anode solution and the cathode in order to prevent a decrease in energy recov-
ery. This single-chambered type has already been widely used currently.

Moreover, there is a mediator-free type that does not require an artificial
electron compound [46]. The microbial strains used here can synthesize mediators
themselves and/or have an electron transfer function on the cell surface. In the
former, the self-synthesized mediators are flavin compounds, hydroquinone, and
phenazine that are able to transfer the electrons to the electrode. In the latter, mem-
brane-bound proteins such as pili, c-type cytochromes, and filaments are known as
cell surface structures that can directly transmit electrons. The biofilm formation
on the electrodes, namely, biocompatibility of the electrodes, is also important for
power generation via such direct electron transfer. Therefore, research on electrodes
promoting the formation of the biofilm is actively being conducted.

In addition, with the use of MFCs in wastewater treatment, contamination on
the CEM results in reduced power generation; hence, membrane-free MFCs have
also been studied [46].

2.5 Various microbial catalysts

Various microorganisms have been studied for a long time since the first experi-
ments on S. cerevisiae and E. coli [4]. The classification of these catalysts is largely
based on the purity and complexity of the cultured microbial systems. Many
different microorganisms are used in the pure system [37, 38, 47, 48]. S. cerevisiae
is a safe microorganism used in foods and can grow even in the presence of a high
concentration of sugar, sulfate, and ammonium nitrogen. MFCs show high per-
formance when using S. cerevisiae and glucose as a catalyst and a fuel, respectively
[43]. E. coli can also ferment sugar well and is used for the study of MFCs using
glucose as a fuel. Although it can generate electricity without a mediator, in the
present situation, the power generated is low, so an artificial mediator is added
in order to achieve better performance. Besides the two examples, there are also
Pseudomonas aeruginosa, Enterococcus faecalis, Rhodoferax ferriveducens, Geothrix
fermentans, Shewanella species, Geobacter species, Clostridium species, and sulfate-
reducing bacteria. The possibility of utilizing extremophilic microorganisms is also
being studied [49], and to add a new perspective to power generation by MFCs, the
utilization of photosynthetic bacteria at the anode is also examined [40]. One of
the advantages of these MFCs is the elimination of carbon dioxide released into the
atmosphere. Meanwhile, in complex systems, the use of various wastewater and
waste sludge has been reported [25, 37, 46, 50]. Many studies on bacterial commu-
nities under the control of MFCs have been conducted using those aforementioned
resources. It is thought that the bacteria belonging to the phylum Proteobacteria
were involved in power generation [51, 52]. However, owing to the complexity of
bacterial interactions, their contribution to power generation within these commu-
nities is not well understood yet.

In such a research situation, there are relatively many examples of research on S.
oneidensis and G. sulfurreducens, and the details of their power generation mecha-
nisms are being clarified. S. oneidensis can produce self-synthesized mediators, like
flavin compounds. The strain has not only such a mediator but also an extracellular
electron transport system involved in power generation. This system, present from
the inner membrane to the outer membrane, plays a role in carrying the electrons
to the extracellular receptors (i.e., the electrodes in this case) by contacting them
directly. In particular, cell-surface-localized cytochromes (MtrC and OmcA) are
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important components for the electron transfer [53]. On the other hand, G. sul-
furreducens has electrically conductive pili, called nanowires, which can transfer
electrons to extracellular electron acceptors on the cell surface [54]. S. oneidensis
also has an electrically conductive structure similar to the pili, but its structure is
different, whereby the membrane structure containing the cytochrome protein
described above was raised [54]. In any case, it has been confirmed that electrons
can be delivered via such protrusions. It is expected that new developments will be
made in the future, such as introducing the genes related to these mechanisms into
other species, especially model organisms, such as E. coli and S. cerevisiae.

3. Recent topics of microbial catalyst and future directions
3.1 Modification of microorganisms

The utilization of chemical and biotechnological techniques is important to
modify the microbial cells as biocatalysts in the MFC system. Molecular biology
approaches are effective tools to improve the performance of the biocatalysts for
the desired system. In this section, recent topics about the approaches for microbial
catalyst development are discussed.

3.1.1 Chemical treatment

Mediators and macromolecular catabolic enzymes, which are used for elec-
tron transfer and other metabolic activities, are abundant in the cytoplasm of the
microbial cells used in the MFCs. However, it is not easy to transport the mediator
molecules to the bacterial outer membrane so as to reach the electrode. The lipo-
polysaccharide (LPS) layer on the Gram-negative outer membrane is compact and
nonconductive; thus, most microbial cells are nonconductive [55]. It was found that
chemically perforated pores and channels on the cell membranes accelerated electron
transfer, leading to an improved power output for an MFC using P. aeruginosa [56].
In their study, polyethyleneimine (PEI)-treated biofilm achieved a doubled power
density (41 mW/m”) compared to the control biofilms. The large pores and chan-
nels on the cell membrane created by PEI treatment promoted the diffusion of the
self-produced mediators (pyocyanin and pyorubin) of P, aeruginosa. The modified cell
membrane surface also promoted the adherence of microbial cells to the electrode,
which further improved the electron transfer. This method was also applied to E. coli
[57]. Recently, it has been reported that lysozyme treatment increased 1.75-fold of the
MEFC performance with K. vhizophila P2-A-5 [58]. Thus, chemical treatment is one of
the important approaches to modify the microbial cells for the improvement of the
MEFC performance.

3.1.2 Biosurfactant production by gene modification

To increase the cell permeability of biocatalysts in the MFCs, Zheng et al. pro-
posed a new approach by inducing the biosurfactant production based on a genetic
modification [59]. It is true that the efficiency of membrane permeability can be
improved with a biosurfactant, which ultimately increases the transport across the
membrane. In addition, overexpression of the 74#lA gene, which is responsible for
rhamnolipid (a biosurfactant) production, was also conducted [60]. The biosur-
factant directly influenced the overproduction of rhamnolipids from the electrical
bacteria, such as P. aeruginosa. The electron transport across the membrane was
greatly increased as the membrane permeability increased. The power output of the
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MFC-catalyzed process by the biosurfactant-producing bacterium was enhanced up
to about 2.5 times compared with the wild type.

3.1.3 Introducing the extracellular electron transfer pathway

The sparse availability of genetic tools in manipulating electricity-generating
bacteria and the multiple overlapping pathways for extracellular electron transfer
make it challenging to modulate electron transfer and/or introduce other functions
of interest. In response to this challenge, several studies have taken the complemen-
tary approach of engineering portions of the extracellular electron transfer pathways
into the well-studied industrial microbe E. coli [61]. In these studies, MtrCAB
of S. oneidensis was successfully expressed in the E. coli cells, and the activity of
these proteins was confirmed by the metal reduction. Although the introduction
of MtrCAB permits extracellular electron transfer in E. coli, the low electron flux
and the absence of growth in these cells limit their practical application. Recently,
in addition to surface-localized cytochromes, it has been further confirmed that
CymA, the inner membrane component of S. oneidensis, significantly improved the
extracellular electron transfer rate or cell viability. This recombinant E. coli achieved
current generation in an MFC system without the addition of mediators [62, 63]. Our
research group is trying to develop an excellent E. coli biocatalyst for the anode in an
MEFC system based on the combination of engineering of central metabolism and
introduction of extracellular electron transfer in the presence of an HNQ mediator.

3.2 Extremophilic microorganisms

An extremophilic microorganism thrives in physically or geochemically extreme
conditions that are detrimental to most life on Earth. They thrive in extreme hot
niches, ice, and salt solutions, as well as acid and alkaline conditions; some may
grow in toxic waste, organic solvents, heavy metals, or several other habitats that
were previously considered inhospitable for life. Extremophiles can be used to oxi-
dize sulfur compounds in acidic pH to remediate wastewaters and generate electri-
cal energy from marine sediment microbial fuel cells at low temperatures. The MFC
performance of these extremophilic microorganisms has been well summarized in
several review papers [49, 64]. In this section, the recent advances of MFCs using
extremophilic microorganisms as catalysts are briefly introduced and discussed.

3.2.1 Acidophiles and alkaliphiles

An increase of cell voltage is seen at increasing anode pH because of the addi-
tional pH gradient representing a source of energy. The practical implication of
an elevated cell voltage is that more energy can be gained from MFC systems at
higher pH values. By contrast, operating the anode of MFCs at an acidic condi-
tion has an advantage that the protons will not cause diffusion limitations in the
cathode compartment for the reduction of oxygen, and therefore, it will not limit
the current production [65]. However, under a low-pH condition, the microbial
cells have to maintain a near-neutral cytoplasm [66] which consumes a portion of
the energy derived from the electron transport for other processes, such as proton
export, that increases the anode overpotential, leading to decreasing power genera-
tion. At pH 2.5, Acidiphilium sp. isolated from the environment mediates a direct
electron transfer from the glucose metabolism to the anode at a rate of 3 A/m” even
in the presence of air [67]. This interesting strain produces extracellular polymeric
substances and forms a biofilm between the carbon microfibers and in pores on the
graphite rod surface [68].
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Meanwhile, at high pH, the lower anode potential results in an increased cell
voltage. In general, the anode becomes acidified during the MFC operation, and
the cathode becomes more alkaline, followed by a reduced cell voltage and power
output. Pseudomonas alcaliphila is capable of electricity production at high pH,
excreting phenazine-1-carboxylic acid that acts as an electron shuttle during the
oxidation of citrate [69]. An MFC has also been developed to treat food wastes that
comprise 30-55% of all refuse in urban societies. The waste was first treated by
anaerobic digestion, the resulting food waste leachate was amended with 100 mM
NaCl, and then, electricity was generated in a pH 9 MFC that had a maximum of
63% Coulombic efficiency [70]. Recently, a tubular upflow MFC utilizing seafood
processing wastewater has achieved a maximum power density of 105 mW/m? at
pHO [71].

3.2.2 Psychrophiles and thermophiles

Temperature also has a major impact on the output of MFCs. It influences the
activity of microorganisms, the electrochemical reactions, and the Gibbs free
energy change of the reactions. There exists an optimum temperature for enzymes
in the MFCs, and the electrochemical reaction rate increases with increased tem-
peratures. A lower operating temperature adversely influences the output, start-up
time, and substrate oxidation rate in the MFC system. This negatively impacts the
MFCs for processes such as wastewater treatment because the streams are generally
at low temperatures. However, the advantage of low temperature for the MFCs is
that they typically produce higher Coulombic efficiencies [72, 73]. The microbial
community was enriched from the anaerobic sludge at the anode of an acetate-fed
MFC operated at 15°C with psychrophiles Simplicispira sp. and Geobacter sp. [74].
Another study at 5-10°C enriched the low-temperature microorganisms from the
genera Arcobacter, Pseudomonas, and Geobacter [75]. One promising application of
the low-temperature MFCs is that for low-power-consuming devices like sensors
that are intended to last for an extended period of time.

On the other hand, the advantages of operating at high temperatures are higher
microbial activity, better substrate solubility, high mass transfer rate, and lower
contamination risk. An example of an improved current generation at a high
temperature (60°C) is a marine sediment MFC that generated 209-254 mA/m?
compared with 10-22 mA/m? at 22°C [76]. Recently, an MFC with a higher operat-
ing temperature (70°C) has generated 6800 mA/m? [77]. Furthermore, the hyper-
thermophilic MFCs were operated at above 80°C [78]. However, a negative point
of thermophilic MFCs is higher rates of evaporation than the MFC system itself.
Therefore, a continuous mode of MFCs was proposed to allow a replacement of the
anolyte and catholyte [79].

In this section, recent topics of microbial catalysts for MFCs were introduced.
There are two approaches in developing the microbial catalysts. One is the modifi-
cation of existing microorganisms using chemical treatments or biotechnological
techniques, including gene editing. The other is exploring new microorganisms
from the environment, including extreme conditions. Although new findings and
knowledge were obtained from both approaches, a drastic improvement on the
MEFC performance to achieve a paradigm shift has not appeared yet. In parallel with
the improvement of microbial catalysts, the development of the fuel cell system,
including the electrodes, was intensively studied to increase the output of MFCs. In
particular, the application of graphene-modified electrodes [33] and the investiga-
tion of electron acceptors [43] have shown remarkable progress in the past decade.
In order to actualize the practical use of MFCs, a synergistic impact from the
combination of microbial catalyst and fuel cell system is essential.
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4. Conclusion

This chapter focuses on the significance of MFC development, the historical
background and fundamental principles of MFCs, and their recent develop-
ments, especially on microbial catalysts. MFCs have not reached the desirable
level of power generation that supports daily life because of the problems such as
scaling-up. On the other hand, developments of technology combining wastewater
treatment and power generation, and application for environmental sensors are
progressing to a stage close to practical use. If these popularizations continue, it will
further develop its application in broader fields. Owing to their limitations, it may
be difficult to force MFCs to become the main power supply in our daily life in the
future, but it seems possible to use them as an auxiliary power supply. In addition,
MFCs may become useful as a power supply in areas where the infrastructure is not
well developed, for example, a portable power supply generating electricity if water
is added. Regarding microbial catalysts, it is also known that various microorgan-
isms can generate electricity, and if this superior power-generating function of
these microorganisms can be integrated into a microbial cell using the synthetic
biological method developed recently, the ability of the microbial catalyst will
dramatically increase. Soon, its power generation ability could be greatly improved
in combination with the progress of other constituents.
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