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Abstract
This review covers the contemporary state of a problem concerning the selection and usage of ceramic materials for
fabricating the basic functional components (anode, cathode and membrane-separator) of microbiological fuel cells
(MFCs). Electrogenesis on the surface of electrodes prepared from ceramic materials is analysed. The electrochemical
and catalytic processes taking place on the surface of ceramic and composite electrode materials, functions and
peculiarities of the membrane-separator structure and conductivity are evaluated in detail for the first time. The
advantages and drawbacks of using ceramic materials for the fabrication of functional components of MFCs and the
methods of their synthesis are analysed.
Keywords: Microbiological fuel cells, bioelectrogenesis, ceramic and composite anode materials, ceramic and composite cathode materials,
ceramic and composite separating membrane

I. Introduction
Microbiological fuel cells are prospective bioelectrochemical devices able to facilitate and improve the quality
of human life as they can utilize wastes, waste water, and
different organic substrates by converting them into power and pure drinking water without significant expense.
At present, commercially available microbiological fuel
cells (MFCs) are not produced on a large scale because
a number of problems obstructing their introduction in
manufacture have not been resolved 1 – 3.
These problems include limited power generation, which
is directly caused by low-efficiency electron transport
from exogenous bacteria to the anode surface as well as
by bacteria energy expenditure for maintaining their own
metabolism; high cost of separators and catalytic electrode materials; the necessity of prolonged maintenance
of the bacteria cells in active state; the necessity of protecting the electrodes from severe fouling, which reduces
the efficiency of electron transport to the anode. To solve
these difficult problems requiring an interdisciplinary approach, intensive R&D work has been conducted in the
world scientific arena.
Diverse substances and materials are generally used as the
functional elements for MFCs: carbon materials (carbon
black, nanotubes, graphene, etc.), electroconductive poly*

Corresponding author: olgashilova@bk.ru

mers and composite materials on the basis of polymers and
metal oxides. In the present review, ceramic materials are
considered in detail as the basic functional elements for
MFCs. Ceramic materials are known to be conventionally
used for the fabrication of electrode and electrolyte materials of solid oxide fuel cells (SOFCs) 3 – 6.
MFCs on the basis of carbon materials have so far been
advanced furthest. At the same time, interest in ceramic
materials as functional elements for the MFCs is growing 7, 8. In the paper 9, ceramics are shown as an excellent material for advancing MFCs. Ceramic-based separators are comparable with conventional ion exchange membranes and also considerably less expensive. Meanwhile
the opportunities of ceramics for electrode material fabrication have not been highlighted enough.
In the present review, the ceramic materials with best
prospects for use as anodes, cathodes or membrane-separators are shown within a broad scope. Moreover, the interacting processes of the ceramic materials and bacteria as
well as the validity and feasibility of the choice of the ceramics for the fabrication of MFC are discussed.
To begin the review, the fundamentals of power generation by microorganisms is briefly discussed and the structure of a MFC described.
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II. Bacterial Electrogenesis, Microbial Fuel Cells and
Compatibility with Ceramic Materials
The fundamental feature of microorganisms capable of
performing the respiratory type of metabolism is vectorial electron transfer. That means that basically all of them
are electroactive and have the capacity to generate an intercellular current, and under special circumstances may
generate the current in the extracellular environment. The
electrogenic property is used in the development and operation of microbial fuel cells (MFCs). Thus, an MFC is
an electrochemical device that converts the chemical energy of organic compounds via metabolic action of the microorganisms to electrical energy. Microorganisms deliver electrons released during oxidation of organic matter to
an anode. These electrons are utilized for reductive chemical or biochemical processes on a cathode 10, 11. Anode and
cathode compartments of a MFC are typically separated
by a proton exchange membrane although that causes several operational problems 12 – 15. The usage of other types
of ion exchange membranes may also sustain or even improve the electrochemical performance and operation of
bioelectrochemical systems of different types 16 – 18.
Microbiological electricity generation is a relatively new
area of bioenergy production that has been developing
rapidly within the last couple of decades 19, although the
history of the electrical activity of microorganisms started more than 100 years ago 20. The discovery of electrical
properties of plants and animals led to understanding that
the disintegration of organic compounds as the necessary
source of energy by microorganisms was accompanied by
the release of electrical energy 20. Not much attention was
paid to this field until the second half of the 20 th century. At that time, the biology of electrical current generation was confined to studies of enzymes and extracellular
electron transfer via mediators – redox-active compounds
able to transfer electrons to the anode 21 – 24. The reason for
this was that normally intact cells of microorganisms were
electrochemically inactive since the cell surface was covered by non-conductive structures and the release of internal electrons into the environment was occurring mostly
by means of mediators that might penetrate into periplasm
or cytoplasm and in reduced state transfer electrons on an
anode into the extracellular environment 25, 26.
The interest in MFCs has sharply increased within the
last 15 – 20 years owing to the discovery of new species
of microorganisms capable of growing by intercellular organic compounds oxidation coupled to the electron transfer to external electrons acceptors, including water-insoluble ones 27. It has been found that such microorganisms are able to transfer electrons onto extracellular solid compounds: iron(III) oxides, electron-conducting anodes 28 – 30. The addition of electron shuttles mediating the
electron transfer has not been required 12, 28 – 31. Power
density of the MFCs based on the latest discoveries has
been increased by several orders of magnitude 11.
At present, it is considered that biological electricity
could be generated by any biodegradable matter 11, 32. In
laboratory studies, glucose, acetate and lactate are traditionally used 32. It has been assumed that only in some cases
the complete degradation of the organic substrates occurs
via reactions of the citric acid cycle. Indeed, complete ox-
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idation of organic substrates by Geobacter spp. proceeds
via the citric acid cycle and net ATP synthesis occurs exclusively through electron transport phosphorylation 12, 33.
The average redox potential of the oxidation steps in the
citric acid cycle is around – 247 mV. Another known pathway of acetate oxidation via CO dehydrogenase has a much
lower average redox potential (– 339 mV; all values are given for pH 7.0 34). This pathway might also be potentially
beneficial for an MFC if electrons released from acetate
oxidation were transferred to the anode via mediators or
components of electron transport chain with a lower redox
potential than NAD(P) + (Nicotinamide Adenine Dinucleotide (Phosphate)) 35. Under anoxic conditions, species
of the genus Shewanella normally degrade lactate to acetate incompletely 36. Recently, it has been reported that
the complete citric acid cycle could be switched on in the
electrode potential-dependent mode in the cells of several
strains of Shewanella spp. under MFC conditions 37, 38, 39.
Despite intensive investigations, mechanisms of electron transfer onto the anode are not fully understood. At
present, two possibilities are considered for direct and
indirect electron transfer onto the anode. Direct electron
transfer (DIET) assumes direct contact of the terminal
components of the electron – transport chain with the anode surface 40, 41. That might occur via physical contact
of the cell and anode surfaces. Another DIET hypothesis
does not require surface contact but the electron transfer
occurs via so-called nanowires – the type IV pili that are
connected to the cell surface. In this case the distance between cells and the anode surface might be in the range
from several “micrometers” up to few millimeters 42 – 48.
Both DIET cases require the presence of Mtr (metal reducing) respiratory complex that perform the delivery of
electrons from cytoplasm to the external side of the outer membrane 39, 41, 49. The problem of electron delivery
via nanowires has not been completely elucidated to date
either. In the last years, many studies with pro- and contra-arguments have been published on the subject 50, 51.
However, positive results are accumulating proving the
pili hypothesis 52 for the case of Geobacter spp. and extended periplasm covered with outer membrane enriched
with cytochromes for the Shewanella spp. case 51, 53, 54.
For example, it was shown that only pili consisting of
short-chain monomers had the capacity to mediate the
transfer of electrons via metallic-like conductivity that
might be attributed to overlapping p-p orbitals of key aromatic amino acids 54, 55. Electron transfer via conjugated
double bonds was considered to facilitate the progress in
the development of enzymatic fuel cells 56.
Indirect electrons transfer (iDIET) from microorganisms to the electrodes is performed by means of electron
shuttling mediators. The mediators are reversibly redox
active compounds that are added from outside or excreted
by microorganisms themselves 25, 26. These mediators are
needed to make electron transfer to the anode possible in
the case of non-exoelectrogenic microorganisms but also
in the case of DIET microorganisms 57.
Natural microbial communities and pure cultures
of microorganisms can generate electrical current as
well 32, 58, 59. The electrogenic property has been discovered within representatives of several classes of Proteobac-
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teria, Firmicutes, Acidobacteria and others 11, 32, 60. At
present 69 species of microorganisms have been reported
to be able to transfer electrons to the anode 59. Unfortunately, up until now only representatives of Deltaproteobacteria and Gammaproteobacteria, namely species
of genera Geobacter and Shewanella, respectively, have
been investigated in detail for their capacity to generate
electricity in MFCs. Surprisingly, not all known Geobacter spp. are equally efficient in current generation 61. It is
still unclear how microorganisms of various phylogenetic
groups may generate electrical energy, for example, how
Firmicutes can deliver electrons to anodes since they lack
outer membranes 35, 59, 62, 63.
The microbiological fate of electrons delivered to the
cathode from the anode has also been attracting considerable attention since the graphite electrodes were discovered to serve as electron donors for bacteria 64. Chemical
reduction of molecular oxygen was for a long time the option for the cathode department of MFC. In recent years,
the concept of microbially mediated reduction of various
electron acceptors (including molecular oxygen reduction) via MFC cathodes has been developing 14, 26, 65 – 67.
In general, the same principles of the DIET and iDIET
mechanisms of the electron transfer to the anode may be
applied in the case of MFC cathodes 26, 67. However, this
question is still under investigation and it is generally envisioned that phylogenetic diversity of electrotrophic microorganisms and mechanisms in microbioelectrochemical systems could be even broader than in the case of electrogenesis 26, 59. The microorganisms capable of using solid compounds as electron donors enlarge the group of electroactive microorganisms. However, not all of these microorganisms might be very efficient in the MFC since the
prerequisite for MFC operation is a sufficiently high redox
potential of the electron acceptors used by these microorganisms to allow current generation 67.
Since MFC operation strictly depends on the activity of
living cells, the composition of electrolytes in the MFC
compartments should be suitable to maintain the metabolic health of the microorganisms 68. On the other hand,
higher salinity of electrolyte is considered beneficial for
current generation owing to the higher conductivity 69.
Considering both trends, it is clear that certain species
of electroactive microorganisms would optimally operate
only at a restricted range of salts concentration in the electrolyte. Thus, low NaCl content in the anode compartment of a MFC operated with acetate would be beneficial for current generation by Geobacter-like freshwater
species 68. Increase of NaCl content to the marine level
would benefit the growth of the marine acetate-oxidizing species of Desulfuromonas spp. 70. The latter microorganisms are metabolically similar to Geobacter and are
adapted to live in brackish and marine sediments, subsurface brines 71 – 74. A Geobacter strain tolerant to the higher NaCl content is also known 75. Other compounds of
electrolyte may also influence the performance of MFCs.
Thus, phosphate and carbonate ions stimulate power production 76.
At present, short- and long-term application of MFCs
may be preferred for industrial areas that do not require
large currents and intensive reactors 19, 77.
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The theoretical and constructive sides of the MFC concept are currently developing. One of the directions in
the creation of more effective MFCs is the application of
new materials in the construction of MFC elements. Such
prospective materials include ceramic-containing candidates. The benefit of using ceramic materials is that they
are not toxic for aerobic and anaerobic microorganisms
and are used in wastewater treatment reactors as supporting 78, 79 or filtering 80 materials. Furthermore, application
of ceramics in the design of MFC electrodes is beneficial
for MFC operation 81.
III. Electrochemistry of Interaction between Bacteria
and Ceramic (Composite) Anode Materials
The anode material is known to contribute significantly
to the high efficiency of an MFC as it provides the interaction between the bacterial layer and the anode surface,
which in turn determines the amount of power produced.
As a rule, diverse carbon allotropic modifications
(graphite, graphene, carbon black, nanotubes, etc.) are
used as anode materials 82 – 90. The popularity of carbon
materials can be attributed to the low cost, large surface
area and high conductivity, biological inertness, chemical
stability and catalytic activity. Nevertheless, the carbon
material is not universal as its electrical activity that influences the electron transport from the bacterial cell to the
anode is low 2.
Thus, at present, an active search for the anode material corresponding to the listed criteria is being conducted.
The analysis of numerous publications shows that the significant research interest is focused on the synthesis and
research of ceramic powders, films, coatings and composites based on them as parts of a MFC 9.
In general, the tested ceramic anode material may be divided into three main groups, which are discussed in the
following subsections.
(1) Ceramic catalytic conductive material for the MFC
anode
The authors 91 obtained porous ceramics on the basis of
titanium oxide based on a template synthesis. Then they
covered the ceramics with the conductive ceramic film
consisting of fluorine-doped tin oxide (FTO) by means
of chemical vapour deposition. The resistance range of the
ceramic material reached 10 – 15 X. Then a Chlorella vulgaris biofilm was grown on the fabricated anode of the experimental MFC. Finally, the power density of the experimental MFC with the ceramic anode was 16 times higher
than that of the standard MFC with a carbon anode. The
substantial enhancement of the performance of the experimental MFC is probably caused by the effective biofilm
growth on the ceramic anode surface 91.
The authors 92 described the anode made of the
porous conductive ceramics M n+1AX n, where n=1-3,
M–transition metal, A-a 3 d or 4 th subgroup element of
Mendeleev periodic table, X–carbon or nitrogen. Thus,
the anode material Ti 2AlC synthesized with a template
method possesses a total porosity of 60 – 70 %, high conductivity up to ∼ 3⋅10 4 S/cm and is peculiar owing to its
strength and resistance to corrosion. These are the main
characteristics of the material demonstrating the advantages of such a MFC anode. The authors had the intention
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to test the ceramic anode in the presence of electroactive
bacteria and expected positive results in the future. Lately,
considerable attention has been paid to the ceramic materials based on transition metal carbides and nitrides, which
have the reputation of the materials with chemical stability, rigidity and high conductivity (Table 1). Moreover, the
carbides possess high catalytic activity.
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authors. The ceramic powder was obtained by means of
chemical synthesis with the use of the biocatalyst Klebsiella pneumoniae (Fig. 1) 99. It can be seen from Fig. 1 that
the MFC maximum power is 2.230 W⋅m -3 (0.250 W⋅m -2),
which is significantly higher than the MFC power with
the carbon felt anode – 0.070 W⋅m -2.

Table 1: The electrical conductivity of some metal carbides 93 and metal nitrides 94.
Carbides

Bulk resistivity, lX⋅cm

Nitrides

Bulk resistivity, lX⋅cm

TiC

52,5

TiN

27

ZrC

50

ZrN

24

HfC

45

HfN

27

VC

76

VN

65

TaC

24

NbN

60

Cr 3C 2

75

CrN

640

Mo 2C

71

W2 C

75.5

WC

19.2

In the research paper 95, 96, tungsten carbide was reported
to demonstrate high catalytic activity towards a number
of organic compounds such as formic acid, formaldehyde,
acetic aldehyde, propylaldehyde, acetylene and ethylene.
This indiciates the possibility of using tungsten carbide as
a MFC anode material to catalyse the decomposition of the
microbial waste.
The anode material Mo 2C obtained with a chemical
method at the temperature of 900 °C; in argon medium was
shown to demonstrate high catalytic activity 97. The maximum power density of the MFC with Klebsiella pneumoniae as a biocatalyst reached 2.39 W⋅m -3, which was significantly higher than the specific power of the MFC with
the anode material of carbon felt – 0.61 W⋅m -3. Moreover,
the analysis of cyclic voltammograms (CVAs) of the test
electrochemical system fabricated from the Mo 2C coated
electrode, electrolyte with the substrate (glucose) and the
biocatalyst – Klebsiella pneumoniae revealed two anodic
peaks. These peaks may indicate oxidation of microbial
fermentation products like formiates and lactates. At the
same time, the CVAs of a similar electrochemical system
but with an unmodified electrode did not have these oxidation peaks. Therefore, it is molybdenum(II) carbide
that catalyses the oxidation process of microbial fermentation waste. Besides, it had been previously revealed 98
that Mo 2C encouraged the direct electron transfer from
the biofilm to the electrode. Thus, the Mo 2C anode coated with Klebsiella pneumoniae catalyses two processes of
the direct oxidation of microbial fermentation products
and the direct electron transfer from the bacteria to the
electrode.
The electrochemical performance of an experimental
MFC with the anode fabricated from the ceramic powder Ni 3Mo 3C was studied in the other paper by the same

Fig. 1: Polarization (a) and volumetric power output (b) curves of
the cube MFC with Ni 3Mo 3C (catalyst load 3.0 mg⋅cm -2) (after 99).

It is worth mentioning that the anode ceramic material based on Ni/b-Mo 2C catalyses three processes in a
test MFC: 1) oxidation of fermentation products; 2) electron transfer from the biofilm to the electrode; 3) electron transfer from the electron carrier (2,6-di-rubs-butylp-quinone produced by Klebsiella pneumoniae) to the anode (Fig. 2) 100.
The search for the literature referring to metal nitrides
as a MFC anode material has not returned any results.
Nevertheless, this catalytic material is effectively applied
for electrode modification in a low-temperature polymer
electrolyte membrane fuel cell (PEMFC) and performs
high catalytic activity. The evidence points out its potential
application as a MFC anode modifier 94.
Therefore, the ceramic materials possessing catalytic activity and intrinsic conductivity are a suitable prospect for
application as anodes in MFCs. And the more so as the
overwhelming part of these materials has not been tested
yet in experimental MFCs with diverse species of bacteria.
(2) Ceramic catalytic material being a part of a composite
A great number of research papers are devoted to composite anode materials for MFCs 81, 101 – 107.
The composite materials may be divided in relative
groups as follows:
a) the composites of transition or non-transition metal oxides with carbon (carbon black, nanotubes,
graphene, graphene oxide, doped carbon, etc.);
b) the composites of transition or non-transition metal oxides with conducting polymers (polypyrrole,
polyaniline, polythiophene);
c) the composites of transition or non-transition metal oxides with conducting polymers, carbon and its
derivatives, and transition metal nanoparticles;
d) the composites of conducting polymers with carbon.
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the electrode, biocompatibility and the synergetic effect
because of the interaction between graphene and tin(IV)
oxide 108. All listed above encouraged fast formation of a
stable bacterial film.

Fig. 3: Current obtained from bare carbon paper electrode with
E. coli, CNT/Au/TiO 2 -1, nanocomposites modified carbon paper
electrode with E. coli -2 and without E. coli -3 (after 107).

Fig. 2: Schematic mechanism for electricity generation by K. pneumoniae on anode of MFC (after 100).

As seen from the list, the composite should contain a material with intrinsic conductivity. As a rule, this function is
carried out by carbon materials.
The anode material with a three-dimensional nanostructure is known to have been fabricated from the carbon
nanotubes/Au/TiO 2 107. This composite anode demonstrated high conductivity, high porosity and specific surface area, which guaranteed easy absorption of Escherichia
coli. Moreover, the modified anode had a more hydrophilic
surface in contrast to the unmodified carbon paper (the
edge angle of wetting is 90° versus 110°), which contributed to the effective adhesion of the bacterial film. Finally,
the estimated power density of the testing MFC reached
2.4 mW⋅m -2, which was three times higher than that of the
MFC with the carbon paper anode. The nanocomposite
anode performed higher catalytic activity in the reaction
of glucose oxidation both in the presence as well as in the
absence of bacteria than the carbon paper (Fig. 3) 107.
The composite anode material based on the reduced
graphene oxide-SnO 2/carbon fibre where tin(IV) oxide
had been obtained by a microwave synthesis significantly
influenced the Escherichia coli bacterial film formation
rate 108. The power of the test MFC with the modified anode reached 1.624 W⋅m -2 (Fig. 4). This value was 4.8 times
higher than that of the unmodified anode. The performance improvement of the MFC with the nanocomposite
anode was explained based on the large surface area of

Fig. 4: Polarization curves for RGO-SnO 2/CC (a), RGO/CC (b)
and bare CC (c); power density curves for RGO-SnO 2/CC (d),
RGO/CC (e) and bare CC (f). Linear sweep voltammetry was
applied for polarization tests at a scan rate of 0.1 mV⋅s -1 (after 108).

The composite anode made of SnO 2 nanotubes/glass carbon increased the maximum power density of an MFC up
to 1.421 W⋅m -2 in the presence of Escherichia coli 103.
Another nanocomposite material of Fe 3O 4/carbon
nanotubes obtained by means of precipitation of
monodisperse Fe 3O 4 particles onto nanotubes with the
solvothermal method may contain different mass percentages of Fe 3O 4 varying from 10 to 80 %. Finally, the
composite anode fabricated from 30 % Fe 3O 4 nanotubes/
carbon paper demonstrated the highest power density of
an MFC in the presence of Escherichia coli. It demonstrated 0.830 W⋅m -2 101, which was approximately 40 times
higher than the power density of the anode made of unmodified carbon paper. The authors considered the high
performance of the test MFC to be caused by the improved
bacteria adhesion to the electrode surface as well as by the
increase in electron transfer efficiency from the biolayer
to the anode.
The composite anode material WO 3/C felt, where tungsten(VI) oxide was obtained by means of hydrothermal
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synthesis, demonstrated high power density values for the
test MFC with Shewanella putrefaciens. Moreover, the received data are very close to the anode material characteristics of the anode material of WO 3-Pt/C: 1.3 W⋅m -2 versus
1.5 W⋅m -2 109. The actual mechanism of the interaction between bacterial cells and the anode surface modified with
tungsten(VI) oxide is not clear. Nevertheless, there are data confirming that WO 3 encourages regular fixation of the
bacteria to the electrode surface owing to the large surface
area. Besides, WO 3 is a more biocompatible material than
the carbon material 110, 111. Moreover, tungsten(VI) oxide
interacts with the proteins produced by Shewanella putrefaciens or situated on the membrane surface of the bacterial
cell. This contributes to the intensity of the electron transport from the biofilm to the MFC anode 103.
The MFC with the composite anode containing a conducting polymer also shows high electrical performance.
The polyaniline-mWO 3/C felt-based anode tested with
E.coli as a biocatalyst demonstrated power density of
0.98 W⋅m -2 112.
A composite anode also fabricated on the basis of felt
carbon was discussed in the paper 113. Cerium(IV) oxide
was used as the ceramic part of the composite. To obtain a
homogeneous mixture, the oxide was mixed with carbon
ultrasonically. Finally, the MFC with the composite electrode demonstrated higher power density performance of
2.94 W⋅m -2 in contrast to 1.70 W⋅m -2 for the unmodified
carbon material (Fig. 5). The exogeneous populations of
bacteria were used as a biocatalyst.
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Thus, it is necessary that a ceramic powder should be a
part of a composite in the anode of a MFC. This powder
may not possess intrinsic electron conductivity, but is supposed to have high catalytic activity, biocompatibility and
large surface area.
(3) The ceramic material deposited on the surface of a
conducting support as a film
It should be noted that the ceramic material possessing
intrinsic conductivity as well as ceramic-based composite
material can be fabricated in the form of a bulk electrode
or a film deposited onto a conductive support. That is
why the classification of the ceramic materials discussed
in subsections (1) and (2) of Section III is facultative.
The conventional conductive supports are listed in Table 2.
For instance, the anode material may consist of ruthenium(IV) oxide deposited electrochemically onto a carbon support 104. The experimental MFC with Shewanella decolorationis S12 reached the maximum power density
of 0.308 W⋅m -2 while RuO 2-covered anode had the specific capacitance of 50 C⋅cm -2. Meanwhile, the unmodified carbon support had the specific capacitance of about
0.1 C⋅cm -2. Hence, the power density of the test MFC
with the unmodified carbon anode is 16.7 times less than
that of the modified one (Fig. 6). The authors of the paper consider the high performance of the testing MFC to
be the consequence of the large surface area of the anode
material as well as the capability of the ruthenium(IV) to
be oxidized and reduced quickly, which contributes to the
effective electron transfer from the biolayer to the anode
and vice versa if necessary.
Table 2: Electrode materials for MFCs 114.
Anode material

Advantages

Stainless steel

High conductivity, cheaper, easy
accessibility

Graphite rod

High conductiv- Difficult to inity and chemical crease surface area
stability, cheaper,
easy accessibility

Graphite
fibre brush

Low surface area,
biocompatibility
issues, corrosion

High specific area Clogging
and easy construction

Carbon cloth

Large relative
porosity

Carbon paper

Easy wire connec- Fragile
tion

Carbon felt

Relatively expensive

Large surface area High resistance

RVC (reticulated High electrical
vitreous carbon) conductivity
Fig. 5: Cyclic voltammograms for carbon felt (a) and nano-CeO 2
modified carbon felt (b) in PBS (phosphate buffer solution) and
activated exoelectrogenes suspension lacking substrate (after 113).

Disadvantages

Fragile, large resistance

Peng et al. 105 developed the anode coating on the basis of
Fe 3O 4 (its intrinsic conductivity is up to 2⋅10 2 S/cm) and
activated carbon. This mixture was applied to the stain-
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less steel with the roll printing method. The MFC with the
modified electrode AcFeM where Ac – activated carbon,
M – steel mesh, in the presence of dissimilatory metal-reducing bacteria showed good specific capacitance, reaching the maximum of 574.6 C⋅m -2 in contrast to the MFC
with the unmodified anode (AcM) (Fig. 7). The authors
associate the MFC high capacitive performance with the
facilitated electron transfer from the bacterial layer to the
anode owing to the oxidation-reduction pair Fe 3O 4/Fe 2+
working as an electron shuttle.

Fig. 8: Cyclic voltammetry plots of different electrodes: 1 – unmodified, 2 – polypyrrole, 3 – MnO 2/polypyrrole (after 115).

Fig. 6: Cell polarization (1, 2, 3, 4) and power density (5, 6, 7, 8)
curves of four MFCs inoculated with S. decolorationis S12 varying
in anodes modified with different RuO 2 surface concentration.
The applied charge density for the formation of RuO 2 contained
in four anodes was 0, 10, 30 and 50 C⋅cm -2, respectively. The
data point shown represents the average of triplicate measurements
obtained from three independent experiments ± standard deviations
(after 104).

A possible mechanism of electron transfer from the bacteria to the anode surface is suggested in Fig. 9. Manganese(IV) oxide is an electron carrier. The conducting
polymer facilitates the electron transport owing to the oxidation-reduction activity. All this causes a high power
density performance of the test MFC.

Fig. 9: Electron transfer mechanism of modified anode – polypyrrole/MnO 2 (after 115).

Thus, ceramic anode materials significantly improve the
electric performance of MFCs owing to their high catalytic
activity, biological inertness, electrochemical stability and
high energy capacitance.
Fig. 7: The amount of net storage capacity (AcM – black, AcFeM –
red) at each disruption time based on the charge-discharge experiment. Error bars ± SD were based on averages measured (after 105).

In the research paper 115, a paste of manganese(IV) oxide
and polypyrrole (a conducting polymer) composite obtained with a chemical method was applied to titanium
wire covered with adsorbed felt carbon. Finally, the maximum power density of the MFC with the modified anode
in the presence of sea bottom bacteria reached the value of
0.562 ± 5 W⋅m -2, which was 2.2 times higher than the MFC
power density with the unmodified anode. As seen from
Fig. 8, the specific capacitance of the modified electrode is
3.1 times higher than that of the unmodified one.

IV. Ceramics as Cathode Functional Material
In terms of functioning, ceramics used for cathodes can
be assigned two main purposes: supporting and catalytic
functions.
(1) Ceramics as supporting material
The supporting function is based on the mechanical stability of calcined materials, biological compatibility with
bacteria and high porosity. A number of publications is devoted to the use of natural ceramic materials such as terracotta, earthenware, Trojan clay, etc. in open-to-air cathodes 9 – 120. Such cathodes play a double role, being simultaneously membranes in single-chamber MFCs. In this
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section, the natural ceramic cathode materials operating
primarily as supports are not discussed as they will be considered below in Section V devoted to membranes.
Nevertheless, it is worth mentioning that some ceramic
powders like TiO 2 can be used instead of carbon as supports for cathode catalysts (Pt). The search for alternatives to carbon is necessitated by a number of its disadvantages 121, 122. One of them is significant hydrophilicity, which results in deteriorated mass transport properties
of a gas diffusion layer in open-to-air cathodes. This is of
importance as the air contacting with the catalyst should
remain humidified, otherwise ionic conductivity and catalytic activity will be worsened and MFC performance impaired.
Another drawback of carbon is a tendency to corrode,
which leads to the worsening of the contact between the
support and the catalyst particles. The particles consequently become more mobile and form larger aggregates
or migrate out of the layer. In contrast to carbon, although
TiO 2 possesses lower conductivity with a band gap of
3.2 eV for anatase and 3.0 eV for rutile, it shows more uniform dispersion of metal particles (Pt), improved corrosion resistance, higher catalytic stability and activity owing to its alloy formation with Pt 121, 123.
Venkatesan et al. (2016) 121 obtained TiO 2-supported
metal nanocatalysts (Pt/TiO 2) with the liquid phase photo deposition method followed by calcination at 450 °C
for 3 h. The cathode materials – Pt/TiO 2, Pt-Fe/TiO 2 and
Pt/C – were tested in a single-chamber MFC to show the
power densities of 110.5, 136.8 and 77 mW/m 2 respectively, thus, demonstrating a better performance of Pt-composites with titanium (IV) oxide support compared to that
with carbon support. Besides, cyclic voltammetry experiments revealed a higher electrochemical stability of TiO 2
after 200 cycles than carbon.
The alternative materials including semi-conductive oxides (TiOx, WOx and SnO 2) or carbides 124 instead of
carbon as support are in practice for polymer electrolyte
membrane fuel cells (PEMFCs).
(2) Ceramics as catalytic material
Catalytic function is undoubtedly the major property of
cathode materials as it determines the efficiency of molecular oxygen binding. Protons are transferred from the anode to the cathode through the membrane and electrons
reach the cathode through the external circuit to reduce
the molecular oxygen. Therefore, the need arises for a mediator hastening the reduction reaction. This role is played
by catalysts owing to the presence of atoms/ions capable
of changing their oxidation state and, hence, leading to intermediate bond formation.
Precious platinum has been considered the most effective
catalyst so far. Thus, research has been directed towards
finding new commercially available, effective catalytic materials capable of replacing the more expensive platinum.
Numerous publications are devoted to the catalytic activity of thermally processed metal oxides and their composites along with metal compounds enriched with carbon
and nitrogen, in oxygen reduction reactions (ORR) taking place at cathodes 125 – 183.
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The spectrum of cathode catalytic materials is enormously wide. Hereafter, primarily heat-treated materials possessing crystalline structure and therefore qualifying as ceramics are highlighted.
(a) Metal oxides and composite materials based on them
as catalysts
Manganese oxides are the most popular ORR catalysts
among other oxide compounds owing to their low cost,
abundance, non-toxicity, environmental safety and high
catalytic activity 126. The popularity is caused by the fact
that manganese in oxides can adopt a variety of crystal
structures and may exist in different valence states of 2+,
3+ and 4+. In the review 126, Stoerzinger, et al. (2015)
considered the ORR kinetics for manganese(IV) oxide
obtained by means of different techniques including hydrothermal methods and annealing steps. Crystal structures like perovskites and spinels were observed. It was
presumed that the charge transfer process proceeded primarily via a four -electron route.
Li et al. (2010) 127 reported on a hydrothermally obtained
(180 °C, 48 h) cryptomelane-type octahedral molecular sieve (OMS-2) structured from MnO 2 in a paperlike shape which was a better conductor than a bulk
OMS-2 powder cathode because of its microporous network. Besides, catalytic performance of the composites
Co-OMS-2, Cu-OMS-2 and Ce-OMS-2 was also determined and examined. The research revealed that among
undoped and doped cathode catalysts, Co and Cu composites exhibited the best power generation with voltages
of 217 mV and 214 mV respectively (in comparison with
Pt catalyst producing 202 mV), although the maximum
power densities attained by the materials were still below
Pt catalyst performance.
In later research 128, Li et al. conducted 600-h continuous flow tests demonstrating that the fast reaction rate of OMS-2 cathodes enhanced power generation and chemical oxygen demand (COD) removal
efficiency. Co-OMS-2 cathodes had the better performance than Cu-OMS-2 at high COD concentrations of 2000 – 4000 mg/L, with the power density of
897 mW/m 2 and COD removal efficiency of 46 %. Meanwhile, Cu-OMS-2 cathode was more suitable at low COD
concentrations (1000 mg/L) exhibiting the highest power
density of 201 mW/m 2.
Zhang et al. (2009) reported about three modifications
of MnO 2 – a, b and c-structures 129. b-structure was synthesized hydrothermally at 125 °C for 24 h followed by
sintering at 300 °C for 5 h. The other a-and c-structures
were also obtained with the solution-based hydrothermal
method, but without subsequent calcination. The results
showed that a-MnO 2 tended to be of low crystallization
extent and amorphous structure, and c-MnO 2 was microspherical and tended to be agglomerated. Meanwhile,
b-MnO 2 appeared in loose and claviform form, which
contributed to it having the largest BET surface of the
three samples. Hence, it was the b-MnO 2 that caused the
highest MFC voltage, close to that for the MFC using Pt
as catalyst (627 ± 18 mV). The maximum achieved output
power was 3773 ± 347 mW/m 3, and the maximum current
density was 20 400 mA/m 3 when a tube-type MFC con-
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struction was used. The data on the high catalytic activity of b-MnO 2 in ORR are in accordance with Lu et al.
(2011) 130.
Liu et al. (2010) 131 reported about nanostructured
MnOx with the controllable size and morphology which
could be readily obtained with the electrochemical deposition method. The MFC on the basis of such a cathode
catalyst can generate electricity with the maximum power of 772.8 mW/m 3. Zhang P. et al. (2014) 132 obtained
c-MnO 2 carnation-like crystals with the potentiostatic
method. The maximum power density (MPD) of the MFC
equipped with the electrodeposited MnO 2/AC (activated
carbon) air cathode reached 1554 mW⋅m -2.
Cheng et al. (2011) 133 described a rapid chemical synthesis of nanocrystalline spinel-like MnO 2 at room temperature, although its operation in MFCs was just proposed
but not tested.
Liew et al. 134 (2015) and Y. Zhang et al. 135 (2011) studied
hydrothermal synthesis of MnO 2 on carbon nanotubes
(CNT) and functionalized nanotubes (f-CNT). According to Liew, the microbial fuel cell test showed that the
composite MnO 2/f-CNT displayed higher power density (520 mW⋅m -2) compared to CNT (275 mW⋅m -2) and
f-CNT (440 mW⋅m -2). According to Y. Zhang, the power
density of 210 mW⋅m -2 produced by the MFC with in
situ MnO 2/CNT cathode was 2.3 times that produced
by the MFC using mechanically mixed MnO 2/CNTs
(93 mW⋅m –2), and comparable to that of the MFC with
a conventional Pt/C cathode (229 mW⋅m –2). One possible
reason for the moderate performance is likely to be the
amorphous structure.
Chen et al. (2012) 136 reported about the composite
MnO 2/CNT on a steel mesh with the MPD of the corresponding MFC of 2676 mW⋅m –2 (normalized to the
cathode surface area) or maximum power of 86 W⋅m -3
(normalized to the anode chamber volume). This advantage over the MFCs equipped with MnO 2/CNT observed
above is likely to depend on the properties of PMPS (polymethylphenyl siloxane) used in a gas diffusion layer, and
steel mesh. The need for the siloxane derivative was primarily caused by its water-repellent properties. And the
steel mesh is a more conductive and adjustable support
than the carbon cloth/paper applied in 134, 135.
In research papers 137, 138, the graphene and graphene
oxide were also found to be effective substrates for
manganese oxide. The MPD for a MFC operating with
MnO 2/GNS (graphene nanosheets) achieved by Wen et
al. (2012) was 2083 mW⋅m –2 compared to the one obtained
by Gnana Kumar et al. (2014) for nanotubular a-MnO 2/
graphene oxide, which was 3359 mW⋅m –2.
The intensive studies of catalytic materials based on
MnO 2 have led to attempts of a more complex composite fabrication involving redox active organic conducting polymers. Yuan et al. (2015) 139 came up with
the hydrothermal synthesis of multiwalled nanotubes
MnO 2/polypyrrole/MnO 2. The corresponding MFC including this modified cathode catalyst exhibited an MPD
of 721 ± 20 mW⋅m –2.
Cobalt oxides are the next frequently used cathode catalysts after manganese oxides 102, 140 – 147.
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In the research papers 102, 140, 141, Gong et al. (2014),
Ge et al. (2015) and Song et al. (2015) considered the
use of cobalt oxide impregnated into a stainless steel
mesh (SSM) 140, activated carbon (AC) 141 and nitrogen-doped carbon nanotubes (CNT) 102 respectively. In
all cases the Co 3O 4 underwent high-temperature calcination (300 – 500 °C for 2 – 3 h). The first composite
cathode SSM/Co 3O 4 was designated to operate in a dual-chamber MFC while the others equipped air singlechamber MFCs to produce the MPD of 1500 mW⋅m –2 141
and 469 ± 17 mW⋅m –2 102 correspondingly. The authors
pointed out high or competitive catalytic performance of
cobalt-oxide-based electrodes in ORR and emphasized
their importance and economic efficiency in replacing
platinum.
Ahmed et al. (2014) 142, 147 embedded CoO x nanoparticles on carbon in order to enhance the catalytic activity
of cobalt or iron phthalocyanine. The composite CoO x-C
was calcined at 400 °C for 1 h in ambient conditions for
graphitic structural rearrangement of carbon and for the
formation of cobalt oxide. The MPD of the MFC with
cobalt phthalocyanine cathode catalyst doped with CoO x
nanoparticles was 50 % higher than without cobalt oxide and approximately equalled 780 mW⋅m –2 compared to
654 mW⋅m –2 for the cathode covered with iron phthalocyanine.
Iron oxides. Studies of ORR catalysts based on iron oxide
are represented in the works 148, 149, 150. The MPD performance of single-chambered MFCs is certainly higher for
the high-temperature-treated iron oxides (1000 °C) 149, 150
than for the oxides just obtained based on decomposition of Fe(CO) 5 (165 – 175 °C) 148. Moreover, Ma et al.
(2015) 150 investigated silver composite on the basis of
Fe 3O 4/GC (graphitic carbon) which increased the MPD
from 1500 to 1700 mW⋅m –2.
Nickel oxide. The heat-treated NiO (400 °C, 2 h) was
examined in the composite with CNTs by Huang et
al. (2015) 151 although the MPD was quite moderate
(670 mW⋅m –2).
Copper oxides. Crystalline-structured copper oxides
were successfully synthesized on activated carbon by
means of electrochemical deposition without calcination 152, 153. The corresponding MPD of single-chamber
MFCs was about 1400 – 1500 mW⋅m –2, which can be considered quite remarkable and comparable with the MPD
performance of many other calcined oxides.
Vanadium oxides are also prospective low-cost catalytic
materials used for ORR in MFCs. Noori et al. (2016) 154
showed the advantage of the heat-treated (350 °C) flowerlike V 2O 5 over a-MnO 2 nanotubes. which was revealed
in a higher MPD, Coulombic efficiency and wastewater
treatment efficiency. Ghoreishi et al. (2014) 155 compared
performances of the MFCs with the composite material
V 2O 5/PANI (polyaniline) (not calcined) and V 2O 5 (calcined), demonstrating the superiority of the composite.
Zirconium oxide is thoroughly examined in 156. The
achieved MPD was 600 mW⋅m –2.
Apart from transition metal oxides, the non-transition
metal oxides also exhibit catalytic activity.
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Lead oxide 157 and tin oxide 158 could also be employed
as an alternative to platinum catalyst and co-catalyst respectively.
Hybrid metal oxides. Notably, the highest MPDs were
demonstrated by combined dual inorganic oxides enhanced with AC. The urchin-like NiCo 2O 4/AC 143 exhibited 1730 mW⋅m –2 versus MnO 2/AC/CeO 2 with
2403 mW⋅m –2 159. The complex multi component perovskite- and spinel-like oxides are discussed in 145, 146.
(b) Metal oxide-based organic-inorganic composites as
catalysts
The electroactive conducting organic polymers are frequently employed as components to metal oxides in organic-inorganic composites 139, 144, 155, 160. To a large extent the demand for the former is caused by the combination of good conductivity with electrocapacitive behavior.
The electrochemical activity of metal oxides is, however,
limited by their semiconducting nature. Thus, the incorporation of metal oxides on a redox active polymer like
polyaniline (PANI) or polypyrrole (PPy) can improve the
catalytic performance of a ceramic material.
(c) Carbides, nitrides and borides as catalysts
Despite ubiquitous studies of ceramic oxides and their
application as cathode catalytic materials in MFCs, nitrides, carbides and borides have not been researched
sufficiently. Nevertheless, Wen et al. (2012) 161 reported
about nitrogen-enriched core-shell structured Fe/Fe 3C-C
nanorods derived from thermal decomposition of a nitrogen-containing polymer. Based on thermal gravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy (EDS), transmission electron microscopy (TEM), the authors suggested that the
heating was accompanied by simultaneous release of a
large amount of carbon nitride gases (e.g. C 2N 2 +, C 3N 2 +,
C 3N 3 +) which finally evolved into the core-shell composite N-Fe/Fe 3C@C. Multiple cyclic voltammetry experiments give the foundation to convince that the doped N
and core-Fe 3C in the N-Fe/Fe 3C@C play a key role in
improving the catalytic performance for ORR.
(d) Heat-treated M-N-C complexes as catalysts
Macrocyclic coordination compounds such as metal porphyrins and phthalocyanines are known to be effective
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catalysts of biological importance. Although their application in MFCs without preliminary processing is considered in a number of research articles 147, 162 – 164, a new
approach based on pyrolysis of the compounds without
substantial degrading has been gaining in popularity. Various research groups have reported that the heat treatment
(up to 1000 °C) of transition metal macrocycles significantly improved their stability as electrocatalysts for oxygen reduction and in some instances, enhanced their overall catalytic activity 165 while maintaining the open framework structure with sufficient porosity and large surface
area 166. This class of materials is termed metal-nitrogencarbon (M-N-C) catalysts or metal-organic-framework
(MOF)-derived catalysts.
The most widely used precursors of these metal-organic
framework catalysts are macrocyclic complexes of inexpensive transition metals (Fe, Co) with nitrogen-rich organic molecules like porphyrins 14, 167 – 170, phthalocyanines 14, 167 – 169, 171, 172, and naphthalocyanines 173, metal
complexes of ethylenediamine (EDA) 174 and ethylenediaminetetraacetic acid 175 as well as metal-doped polymeric molecules evolved from imidazole 176, 2-methylimidazole 177, aniline 178, 179, pyrrole 180, melamine 181,
aminoantipyrene 182, mebendazole 182, cyanamide 161,
dicyandiamide 183, etc.
Fig. 10 depicts a possible route of the Co-MOF structure transformation upon thermal activation. X-ray photoelectron spectroscopy (XPS) data show that imidazolate groups are gradually converted to carbonaceous forms
whereas a fraction of the nitrogen is retained as pyridinic
or pyrrolic-like moieties with the former being the dominant component. The loss of hydrogen and some carbon
and nitrogen as well as the segregation of the excess Co 2+
ions and their conversion into Co 0 alter the structure of the
framework with the formation of mesopores while maintaining a certain fraction of the micropores. Further increase of temperature to 900 °C graphitizes carbon, causing further loss of N for active sites and, therefore, reducing the activity of the catalyst 176. Of the above-mentioned
MOF-catalysts, the highest MPD of 2437 ± 55 mW⋅m -2
has been registered for a single-chamber MFC with the
Fe-N-C cathode derived from the Fe-EDA derivative 174.
Such a high performance shows the advantage of the substances with the developed framework and, hence, multiple active sites for anchoring oxygen molecules.

Fig. 10: Proposed structural conversion from the MOF structure to the catalytic active site (after 176).
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(3) Biocathodes with ceramic materials (bacteria as catalysts)

V. Advantages of Porous Ceramics as Membrane Separators

Conventional MFCs consist of biological anodes and
abiotic cathodes. In contrast to bioanodic MFCs (with
bacteria being catalysts for hydrogen oxidation) that have
been studied thoroughly 25, 26, 32, 38, 39, biocathodic MFCs
(with bacteria being catalysts for oxygen reduction) have
not gained the same popularity owing to the lower power
generation 66 than those with chemically catalyzed cathodes 9, 116 – 121, 125 – 183. Another drawback of biocathodes
is that the MFC construction is more complicated, costly
and infeasible on a large scale. Nevertheless, the interest
in biocathode study and application is gradually increasing 184. One possible explanation is that bacteria in biological cathodes accelerate cathodic electron transition, causing a decrease in internal resistance, which in turn contributes to power output performance 185.
Unfortunately, no data specifically related to the use of
ceramic materials in biocathodes have been found. Though
it is worth mentioning that some redox active bacteria
placed in the cathodic compartment are able to interact
with transition metal ions like Mn 2+ and Fe 2+, facilitating
oxygen reduction 65, 185, 186 in aerobic cathodes of MFCs.
Rhoads et al. (2005) 186 reported on the use of Lepthothrix
discophora SP-6 in oxidizing manganese ions Mn 2+ into
manganese dioxide MnO 2 in an aerated solution of Mn 2+.
The microorganisms deposit MnO 2 on the cathode surface. Then the biomineralized manganese dioxide is subsequently reduced by two electrons from the anodic reaction. This results in the release of manganese ions. So the
redox couple composed of manganese ions and manganese
oxides can be considered a redox mediator in the cathodic reaction. In the study 185, Mao et al. (2010) investigated
the performance of a biocathode microbial fuel cell based
on the biocatalysis of ferro/manganese-oxidizing bacteria
and revealed that it took 150 h to start up such a MFC reactor versus 60 – 100 h for an MFC with an abiotic cathode. So, further research is needed to minimize this period by optimizing the doses of iron and manganese compounds. Ferro/manganese-oxidizing microorganisms are
omnipresent in natural waters, and using iron and manganese oxides as cathodic reactants in MFCs seems to be
reasonable and profitable.
In summary, it should be emphasized that ceramic materials, particularly metal oxides, are prospective components of MFC cathodes capable of functioning both as supports and catalysts. Nevertheless, despite their high catalytic activity, they are lacking in conductivity and specific
surface area, hence, limiting the number of active sites for
binding oxygen. The resolution may lie in fabrication of
composites combining redox activity of metal oxides with
good conductivity and large surface area of carbon-based
matrix (CNTs, f-CNTs, AC, graphene, GO, etc.) or conjugated polymers (polyaniline, polypyrrole, etc.). There
is also another approach to enlarge the specific surface
area while maintaining electrocapacitive efficiency. This
involves pyrolytic-treated metal-organic macromolecules
that owing to their developed framework structure can be
effective substrates for oxygen binding.

The primary use of separators in electrochemical energy sources is to eliminate the interaction between the electrochemical processes occurring at the two electrodes, i.e.
isolation of oxidation and reduction reactions in order to
minimize losses in the voltage generated by the fuel cells.
Fuel cell separators are generally divided into two types:
permeable and semipermeable separators. The permeable
ones do not impede the bulk flow of fluid through the
structure and, thus, do not provide for selection of ions
or neutral molecules. In electrochemical processes, they
are often called diaphragms. Through semipermeable separators selective transfer occurs depending on the molecular size or charge of the ions. In electrochemical processes,
these are called “membranes”.
An effective separator should possess a number of desirable properties such as chemical resistance, mechanical
strength, as well as the absence of electronic conductivity,
and good ionic conductivity. In addition to the general requirements for separators in a MFC, other factors have to
be taken into account 2:
a) Since the anode is anaerobic, it is necessary to prevent
or minimize the transmission of oxygen into the anode
chamber.
b) Further attention should be paid to the mechanism of
ion transport in proton exchange membranes (PEM)
under the presence of other cations (Na +, K +, NH 4 +,
Ca 2 +, Mg 2 +) in the anolyte. Typically, a relatively
low concentration of protons in solution and in the
membrane and a higher affinity of negatively charged
functional groups for most other kinds of cations leads
to functional groups being occupied by other cations
rather than protons. Consequently, the number of
transferred protons becomes negligible compared to
transport of other cation types. The proton transport
number is 10 4 times lower than the sum of the transport numbers of other cation types.
c) Low proton transfer rate from the anode chamber into
the cathode chamber (or the cathode) compared to the
proton consumption rate at the cathode results in pH
splitting, i.e. increase of the pH in the cathode chamber
and decrease of the pH in the anode chamber. This reduces the stability of system and its bioelectrochemical
performance.
d) A biofilm could potentially grow on the separator and
cause gradual deterioration in the MFC performance.
e) The membranes should not, ideally, allow the transmission of non-ionic species to the cathode as the oxidation process would interfere with the cathodic oxygen reduction reaction. Crossover of organic matter
leads to a loss of fuel and heterotrophic bacteria growth
on the cathode, reducing the cathode potential. Frequently, in such circumstances the cathode has a negative potential (vs. Ag/AgCl), although it is expected to
be a positive one 187 with the use of oxygen as an electron acceptor.
The most common MFC separators are proton exchange
membranes (PEMs) (e.g. Nafion) 188 – 190. Nevertheless,
the problems associated with the use of PEM (e.g., insuf-
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ficient proton conductivity, the presence of oxygen diffusion, biofouling, and high cost) impede the practical use
of MFC technology 188 – 192. Firstly, as noted above, diffusion capability of protons in the PEM degenerates highly
as a result of joining of the PEM negatively charged functional groups with other prevailing anolyte cations. This
induces a pH gradient between the anodic and cathodic
chambers, which in turn reduces output power 13, 192. Secondly, a relatively high oxygen permeability of PEM inhibits bacterial metabolism at the anode, resulting in the
loss of electrons. Finally, the PEM can be impaired by contamination and chemical attacks 192 – 195.
Xu et al. 194 found that the PEM fouling layer increased
the MFC internal resistance by 20 % and significantly reduced the output power (by 32.3 %). Nevertheless, the
formation of a fouling layer on the PEM is inevitable during continuous operation 188, 193. When the MFC works
at actual sites, as a rule, physical or chemical decontamination is required. However, cleaning the membrane can
cause its damage 194. As occasionally contaminated PEMs
have to be replaced with new ones, this increases the total
cost of PEMs by 40 % of the total cost of the entire MFC
(Nafion cost, the most common commercial PEM, costs
about 1400 US $/m 2 190) 195. Thus, there is an urgent need
to explore more effective alternatives for PEM with a view
to the successful commercialization of MFC technology.
Recently, diverse PEM materials have been evaluated,
such as ion-exchange membranes (IEMs), salt bridges and
porous materials depending on the output power density 187, 189, 191, 196 – 200. Among these alternative separators, the polymeric porous separators (e.g. J-cloth, ultrafiltration membranes, microfiltration membranes, and
forward osmosis membranes) usually demonstrate higher MFC efficiency compared with ion-exchange separators because of their excellent ability to transfer protons
despite the high level of oxygen and fuel penetration 190.
Furthermore, polymeric porous membranes are considered more cost-effective 189, 190, 192. However, these membranes originally designed for water treatment, inevitably
deteriorate owing to biodegradation and fouling 196, 201.
Thus, periodic cleaning and replacement of membranes
are required in long-term operation.
The application of porous ceramic materials characterized by high mechanical and chemical stability as the MFC
membranes solves the above-mentioned problems 189. Besides, interest in the development of ceramic membranes is
growing because of the wide variety of types and methods
of synthesis, which give a unique opportunity to use them.
Practical suitability of such membranes in MFC has been
confirmed in various experiments over the last decade.
Park and Zeikus made the first attempt 82. developing a
porcelain septum separator for a single-chamber MFC using 100 % kaolin, which showed the potential of ceramics. Some years later an analogous system with a three-layer cathode composed of a cellulose acetate film, porcelain
membrane and porous graphite plate was described 202.
This single-chamber MFC was linked with a solar cell to
enhance power generation.
Ceramic membranes on the basis of clay minerals cause
justified interest among researchers owing to their avail-
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ability and low cost of raw materials. It has been found
that ceramic material has certain conductivity and provides high rate of cation-exchange transfer 203, 204. On this
basis, it is expected that the clay membranes may play the
role not only of physical separators, but also of proton
exchange membranes. For efficient use of such ceramic
membranes, the clay minerals they are made of should
have a high cation exchange capacity. Besides cation exchange capacity, another essential characteristic of the
membranes is their hydraulic resistance. This depends
on the pore radius, which is typically small for clays. As
shown in the paper 205, porosity of the MFC clay separators plays a vital role in the infiltration of fuel from the
anode chamber into the cathode chamber.
Hereafter, the focus is on a number of works devoted to
developing MFCs with these separators and the study of
their properties over the past few years.
In 2010, the authors 187 used a commercially available
400-ml ceramic pot consisting of clay – 58 – 68 % kaolinite, 15 – 26 % illite and 5 – 9 % smectite to create an MFC.
Installation demonstrated an output power of 16.8 W/m 3.
Perhaps, this was the first study to show how low-cost
common material could change the direction of MFC developments and accelerate their progress.
In subsequent research, the same group of researchers applied the clay pots to create a ceramic MFC that showed
the production of energy comparable with a MFC based
on IEM when rice mill wastewater was used as a fuel 206.
This work was promising, although potassium permanganate was used as the catholyte to increase the cathode
potential. It is obvious that the system cannot really be
considered environmentally friendly if at least one of its
components (e.g. catholyte) is unstable.
In the studies discussed above, ceramic products available on the market were used, the design of which was
not subjected to optimization. The researchers 207 used a
different design and mode of operation, namely ceramic cylinders operating in a continuous stream. This design and operation mode confirmed the conclusions made
with off-the-shelf pots that ceramics-based MFCs could
be comparable with MFCs based on conventional ion exchange membranes. These communications show that the
ceramics can be used as a structural material and as the passage for proton movement.
The most important factors determining the design and
durability of MFC installations are thickness and porosity
of the ceramics. Behera and Ghangrekar 208 studied the
effect of different thickness of the ceramic membrane on
the performance of the dual-chambered MFC, and found
that the MFC with the membrane possessing the smallest
thickness and, therefore, less internal resistance had the
highest power output.
In 2012, the researchers stated that all the materials needed for the generation of electricity could be sourced locally
in developing countries and supported it by making a single-chamber MFC from a terracotta pot (Fig. 11) 209. This
device showed the Coulombic efficiency of 21 ± 5 % with
the power density of 33.13 mW/m 2.
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Fig. 11: Schematic diagram of the terracotta bio-battery and the bio-battery showing an open circuit voltage of 0.553 V after enrichment
(after 209).

Winfield et al. 200 reported that the ceramic MFC with an
earthenware clay separator exhibited power density comparable to conventional PEM-based MFCs during longterm operation. In another study, Winfield et al. 119 also
evaluated terracotta and earthenware for use as separators
in an MFC and found them the least iron-rich and most
porous materials compared to other ceramics. Besides, the
more porous earthenware was a better material than terracotta.
The authors 120 used clay pots for MFCs and pointed
out some of the problems of using ceramics including salt
deposition on the cathode and electrolyte evaporation.
Anolyte loss caused by evaporation is an important problem associated with the use of ceramic materials as separators 119, 120, 209. One way to avoid this is to use a gas diffusion hydrophobic layer, which at least restricts evaporative losses. Synthetic plastics can be used for sealing 209,
but other methods including selective glazing may also be
employed. The hydrophobic layers can be incorporated
into the structure and introduced into the kiln-firing process by patterning the ceramics with a glazing agent.
Ghadge et al. 210 made a number of ceramic separators
and investigated the effect of different soil properties like
pH, conductivity, porosity and cation exchange capacity
on the performance of a MFC. This study showed that
the power generation of the MFC with a separator made
of red soil was better than one made of black soil owing
to the high cation exchange capacity, low pH, and higher
electrical conductivity of red soil.
Components aiding performance can also be incorporated into the material prior to annealing. For example, in the
paper 211, the ceramics were modified with the addition of
cation exchangers such as montmorillonite and kaolinite
before the kiln-firing stage. Montmorillonite showed the
best characteristics in terms of power output and Coulombic efficiency. This was achieved owing to the presence of
an ion exchanger, which improved cation transport ability
and helped reduce crossover of the substrate and the diffusion of oxygen.
B. Midyurova et al. 118 reported on the development of
ceramic membranes used as separators and templates for

the next generation of electrodes. Two types of membranes
were synthesized and used as templates for an air cathode
in a single-chamber MFC. The first design of ceramic cathodes consisted of layers of Trojan clay, liquid Nafion® and
steel mesh, whereas the second contained the ceramic Trojan clay membrane containing MnO 2 as a catalyst, carbon
cloth and a layer of liquid Nafion®. The study confirmed
the higher efficiency of the MFC with the composite ceramic separator/MnO 2-containing carrier compared with
the ceramic membrane based on the clay without MnO 2.
Pasternak et al. 212 compared the performance and cost
of four different ceramic materials in MFCs (i.e. mullite,
earthenware, pyrophyllite, and alumina). Both short-term
and long-term operation of pyrophyllite with wall thickness of 3 mm and porosity of 2 % provided the highest
power density, 6.93 and 4.3 W/m 3 respectively.
To date, the cost of proton exchange membranes has
become an obstacle to the progress of MFCs. Ceramics offer a cheap solution so that commercially available
earthenware can be purchased for £ 4.14 per square metre,
compared with £ 79.17 per square metre for conventional
cation exchange membranes 212. This significantly reduces
the cost and some researchers believe that all the materials
needed to produce one MFC unit can be purchased for less
than £ 1 187, 213.
Recent studies of commercial filtration membranes are
also of interest owing to such properties as high mechanical strength, chemical stability and relatively low fouling propensities. E. Yang et al. 214 demonstrated the possibility of using the ceramic ultrafiltration membrane 15
KD (Sterlitech 15A) and the ceramic microfiltration membrane (Anodisc 13) as separators in MFCs. Despite higher rates of oxygen and fuel transfer through Anodisc 13
observed in the tests, the MFC having Anodisc 13 membrane generated more electricity compared to Nafion 117.
Smaller Anodisc 13 membrane thickness and cylindrical
pores of micron size resulted in a higher proton transfer
rate and, therefore, less resistance. In this case, it should
be noted that the cost of ceramic filtration membranes is
generally ten times higher than that of polymeric filtration
membranes 215. However, the authors concluded that de-
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spite their high initial introduction costs, commercial ceramic filtration membranes had great potential for use as
separators for practical implementation of MFC technology. Notably, the long life of ceramic filtration membranes
can reduce the total cost of a MFC by lengthening the replacement cycles for separators.
VI. Conclusions and Outlook
Microbiological fuel cells are the power sources of the future. These will be especially useful for operation in situations where the accessibility of installation is limited, for
example, in remote areas, for wastewater treatment or in
areas of emergency in the aftermath of disasters.
The most intense research in the field of bacteria selection
and their adaptation to the MFC materials has been undertaken in the last few years. The bacteria species Shewanella
and Geobacter, so-called metal-reducing bacteria capable
of power generation, are mostly well studied. These bacteria are peculiar in that they are able to grow on behalf of
intercellular oxidation of diverse organic substances combined with extracellular reduction of metal ions. Natural
communities of sea microorganisms as well as fine species
of bacteria are combined with ceramic materials of anodes
and separating membranes. The key considerations with
regard to using ceramics include the ability of these materials to work for a long time. Nevertheless, the delicate
interaction of electroactive microorganisms with the electrode surface has not been sufficiently explored.
Ceramics can be successfully used for the fabrication of
anode, cathode and membrane materials.
A ceramic anode in an MFC has a number of advantages
in comparison with a typical carbon anode. These are the
higher catalytic activity, electrochemical stability and redox activity. These properties contribute to the intensity
of electron transport from a bacterial cell to the anode,
thus increasing the efficiency of the MFC. Nevertheless,
there are problems to be solved as the electron transfer
from a bacterial cell to the anode surface should be intensified. It is necessary to study the mechanism of interaction between bacteria of different species and every particular ceramic material tested. Increasing electrical conductivity of the material as well as ensuring bacteria adhesion to the anode surface and biocompatibility are the current problems. Despite all listed benefits, composite materials (ceramics/carbon nanotubes/metal nanoparticles, ceramics/carbon materials, ceramics/conducting polymers)
are the most preferential for anode fabrication for MFCs.
By combining the advantages of their individual components, composite ceramic materials possess a synergetic effect that encourages electron transfer from a bacterium to
the anode surface.
The ceramic materials are by all means promising in terms
of their application in cathodes of MFCs owing to such
properties as mechanical and morphological stability, biological compatibility with bacteria, redox activity, and
electrochemical stability, low cost and environmental safety. These characteristics can play a crucial role in replacing platinum as the most widely used catalyst, and carbon
as supporting matrix. However, there are still some disadvantages that need to be eliminated in further studies.
These are the poor conductivity of ceramic materials and
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low surface area. The poor conducting nature of ceramic material may be compensated, for instance, by making
composites with substances possessing high conductivity
such as metal nanoparticles and organic conducting polymers. Concerning the second drawback, one of the approaches to increase porosity of ceramics and, therefore,
their surface area lies in an appropriate regime of thermal
processing and the use of pore-forming agents.
To date, it has been found that ceramics are more stable
than conventional membranes, for example Nafion®, but
further work should be done towards reducing biofouling, clogging of pores and contamination – factors hindering MFC performance. The data available at the moment are promising and confirm the long-term viability
of the ceramics. There are some problems to overcome,
but it can be assumed that the ceramics will definitely be
a more preferential material for the MFC membranes than
the IEMs, encouraging the production of MFCs on an industrial scale.
In a relatively short period of time, the use of ceramics in
MFCs has helped to reduce costs while improving performance, as supported by successful field tests. Nevertheless, questions still have to be answered based on a large
number of studies.
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