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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 bioelectro-
chemical 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 pow-
er 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 elec-
trode materials; the necessity of prolonged maintenance
of the bacteria cells in active state; the necessity of pro-
tecting the electrodes from severe fouling, which reduces
the efficiency of electron transport to the anode. To solve
these difficult problems requiring an interdisciplinary ap-
proach, 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-
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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 mate-
rials of solid oxide fuel cells (SOFCs) 3-6.

MEFC:s 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 grow-
ing7>8. In the paper?, ceramics are shown as an excel-
lent material for advancing MFCs. Ceramic-based separa-
tors are comparable with conventional ion exchange mem-
branes and also considerably less expensive. Meanwhile
the opportunities of ceramics for electrode material fab-
rication have not been highlighted enough.

In the present review, the ceramic materials with best
prospects for use as anodes, cathodes or membrane-sep-
arators are shown within a broad scope. Moreover, the in-
teracting processes of the ceramic materials and bacteria as
well as the validity and feasibility of the choice of the ce-
ramics for the fabrication of MFC are discussed.

To begin the review, the fundamentals of power genera-

tion by microorganisms is briefly discussed and the struc-
ture 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 vectori-
al electron transfer. That means that basically all of them
are electroactive and have the capacity to generate an in-
tercellular current, and under special circumstances may
generate the current in the extracellular environment. The
electrogenic property is used in the development and op-
eration of microbial fuel cells (MFCs). Thus, an MFC is
an electrochemical device that converts the chemical ener-
gy of organic compounds via metabolic action of the mi-
croorganisms to electrical energy. Microorganisms deliv-
er electrons released during oxidation of organic matter to
ananode. These electrons are utilized for reductive chemi-
cal or biochemical processes onacathode 1911, Anode and
cathode compartments of a MFC are typically separated
by a proton exchange membrane although that causes sev-
eral operational problems 12-15. The usage of other types
of ion exchange membranes may also sustain or even im-
prove 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 start-
ed 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 20th centu-
ry. At that time, the biology of electrical current genera-
tion was confined to studies of enzymes and extracellular
electron transfer via mediators — redox-active compounds
able to transfer electrons to theanode 21 -24 The reason for
this was that normally intact cells of microorganisms were
electrochemically inactive since the cell surface was cov-
ered by non-conductive structures and the release of inter-
nal 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 or-
ganic compounds oxidation coupled to the electron trans-
fer to external electrons acceptors, including water-in-
soluble ones 27. It has been found that such microorgan-
isms are able to transfer electrons onto extracellular sol-
id compounds: iron(III) oxides, electron-conducting an-
odes 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 tradi-
tionally used 32.Ithasbeenassumed thatonly in some cases
the complete degradation of the organic substrates occurs
via reactions of the citric acid cycle. Indeed, complete ox-

Vol. 8, No. 4

idation of organic substrates by Geobacter spp. proceeds
viathecitricacid cycle and net ATP synthesis occurs exclu-
sively 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 path-
way of acetate oxidationviaCO dehydrogenase hasamuch
lower average redox potential (- 339 mV; all values are giv-
en 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 alower redox
potential than NAD(P)*+ (Nicotinamide Adenine Dinu-
cleotide (Phosphate)) 35. Under anoxic conditions, species
of the genus Shewanella normally degrade lactate to ac-
etate 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 37538,39.

Despite intensive investigations, mechanisms of elec-
tron 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 an-
ode surface 49,41, 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 be-
tween 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 re-
ducing) respiratory complex that perform the delivery of
electrons from cytoplasm to the external side of the out-
er membrane 394,49 The problem of electron delivery
via nanowires has not been completely elucidated to date
either. In the last years, many studies with pro- and con-
tra-arguments have been published on the subject 30,51,
However, positive results are accumulating proving the
pili hypothesis 52 for the case of Geobacter spp. and ex-
tended periplasm covered with outer membrane enriched
with cytochromes for the Shewanella spp. case 5153,54,
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 n-n orbitals of key aro-
matic amino acids >33, 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 microorgan-
isms 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 2526, 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 /.

Natural microbial communities and pure cultures
of microorganisms can generate electrical current as
well 32,58,59 The electrogenic property has been discov-
ered 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. Unfor-
tunately, up until now only representatives of Deltapro-
teobacteria 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 Geobac-
ter spp. are equally efficient in current generation 1. 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 3%,59,62,63,

The microbiological fate of electrons delivered to the
cathode from the anode has also been attracting consid-
erable attention since the graphite electrodes were discov-
ered to serve as electron donors for bacteria 4. Chemical
reduction of molecular oxygen was for a long time the op-
tion for the cathode department of MFC. In recent years,
the concept of microbially mediated reduction of various
electron acceptors (including molecular oxygen reduc-
tion) 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 en-
visioned that phylogenetic diversity of electrotrophic mi-
croorganisms and mechanisms in microbioelectrochemi-
cal systems could be even broader than in the case of elec-
trogenesis 2659, The microorganisms capable of using sol-
id compounds as electron donors enlarge the group of elec-
troactive microorganisms. However, not all of these mi-
croorganisms might be very efficient in the MFC since the
prerequisite for MFC operationisasufficiently high redox
potential of the electron acceptors used by these microor-
ganisms to allow current generation ¢7.

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 metabol-
ic health of the microorganisms ¢8. On the other hand,
higher salinity of electrolyte is considered beneficial for
current generation owing to the higher conductivity 9.
Considering both trends, it is clear that certain species
of electroactive microorganisms would optimally operate
only atarestricted range of salts concentration in the elec-
trolyte. Thus, low NaCl content in the anode compart-
ment of a MFC operated with acetate would be benefi-
cial for current generation by Geobacter-like freshwater
species 8. Increase of NaCl content to the marine level
would benefit the growth of the marine acetate-oxidiz-
ing species of Desulfuromonas spp. 0. The latter microor-
ganisms are metabolically similar to Geobacter and are
adapted to live in brackish and marine sediments, subsur-
face brines 71-74. A Geobacter strain tolerant to the high-
er NaCl content is also known 73. Other compounds of
electrolyte may also influence the performance of MFCs.
Thus, phosphate and carbonate ions stimulate power pro-
duction 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 1% 77.

The theoretical and constructive sides of the MFC con-
cept 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 candi-
dates. 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 support-
ing 7879 or filtering 80 materials. Furthermore, application
of ceramics in the design of MFC electrodes is beneficial
for MFC operation 81.

ITI. 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 inter-
action 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 influ-
ences the electron transport from the bacterial cell to the
anode is low 2.

Thus, at present, an active search for the anode materi-
al corresponding to the listed criteria is being conducted.
The analysis of numerous publications shows that the sig-
nificant research interest is focused on the synthesis and
research of ceramic powders, films, coatings and compos-
ites based on them as parts of a MFC °.

In general, the tested ceramic anode material may be di-
vided 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 Q. Then a Chlorella vul-
garis biofilm was grown on the fabricated anode of the ex-
perimental MFC. Finally, the power density of the exper-
imental 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 exper-
imental MFC is probably caused by the effective biofilm
growth on the ceramic anode surface 91.

The authors 2 described the anode made of the
porous conductive ceramics M, {AX,, where n=1-3,
M-transition metal, A-a 34 or 4th subgroup element of
Mendeleev periodic table, X—carbon or nitrogen. Thus,
the anode material Ti,AlC synthesized with a template
method possesses a total porosity of 60—70 %, high con-
ductivity up to ~3-104 S/cm and is peculiar owing to its
strength and resistance to corrosion. These are the main
characteristics of the material demonstrating the advan-
tages 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 mate-
rials based on transition metal carbides and nitrides, which
have the reputation of the materials with chemical stabili-
ty, rigidity and high conductivity (Table 1). Moreover, the
carbides possess high catalytic activity.

Table 1: The electrical conductivity of some metal car-
bides 93 and metal nitrides %4.

Carbides | Bulk resis- Nitrides Bulk resis-
tivity, pQ-cm tivity, pQ-cm

TiC 52,5 TiN 27
ZrC 50 ZrN 24
HfC 45 HIN 27
VC 76 VN 65
TaC 24 NbN 60

CrsC, 75 CtN 640

Mo,C 71

W, C 755
WC 19.2

Intheresearch paper 95 %, 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
aMFC anode material to catalyse the decomposition of the
microbial waste.

The anode material Mo,C obtained with a chemical
method at the temperature of 900 °C; in argon medium was
shown to demonstrate high catalytic activity %7. The max-
imum power density of the MFC with Klebsiella pneumo-
niae as a biocatalyst reached 2.39 W-m-3, which was sig-
nificantly 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,C 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 ox-
idation peaks. Therefore, it is molybdenum(II) carbide
that catalyses the oxidation process of microbial fermen-
tation waste. Besides, it had been previously revealed 98
that Mo,C encouraged the direct electron transfer from
the biofilm to the electrode. Thus, the Mo,C anode coat-
ed with Klebsiella pnenmoniae 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 pow-
der Ni3Mo3C was studied in the other paper by the same
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authors. The ceramic powder was obtained by means of
chemical synthesis with the use of the biocatalyst Kleb-
stella pnewmoniae (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.
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Fig. 1: Polarization (a) and volumetric power output (b) curves of
the cube MFC with Ni3Mo;C (catalyst load 3.0 mg-cm-2) (after 99).

It is worth mentioning that the anode ceramic mate-
rial based on Ni/B-Mo,C catalyses three processes in a
test MFC: 1) oxidation of fermentation products; 2) elec-
tron transfer from the biofilm to the electrode; 3) elec-
tron transfer from the electron carrier (2,6-di-rubs-butyl-
p-quinone produced by Klebsiella pnenmoniae) to the an-
ode (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 %4.

Therefore, the ceramic materials possessing catalytic ac-
tivity 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
yetin experimental MFCs with diverse species of bacteria.

(2) Ceramic catalytic material being a part of a compos-
ite

A great number of research papers are devoted to com-

posite anode materials for MFCs 81, 101107,

The composite materials may be divided in relative
groups as follows:

a) the composites of transition or non-transition met-
al oxides with carbon (carbon black, nanotubes,
graphene, graphene oxide, doped carbon, etc.);

b) the composites of transition or non-transition met-
al oxides with conducting polymers (polypyrrole,
polyaniline, polythiophene);

c) the composites of transition or non-transition met-
al oxides with conducting polymers, carbon and its
derivatives, and transition metal nanoparticles;

d) the composites of conducting polymers with carbon.
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Fig. 2: Schematic mechanism for electricity generation by K. pneu-
moniae on anode of MFC (after 100),

As seen from the list, the composite should contain a ma-
terial with intrinsic conductivity. As a rule, this function is
carried out by carbon materials.

The anode material with a three-dimensional nanostruc-
ture is known to have been fabricated from the carbon
nanotubes/Au/TiO, 197, This composite anode demon-
strated high conductivity, high porosity and specific sur-
face 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 contribut-
ed 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,/carbon fibre where tin(IV) oxide
had been obtained by a microwave synthesis significantly
influenced the Escherichia coli bacterial film formation
rate 198, The power of the test MFC with the modified an-
ode reached 1.624 W-m-2 (Fig. 4). This value was 4.8 times
higher than that of the unmodified anode. The perfor-
mance improvement of the MFC with the nanocomposite
anode was explained based on the large surface area of

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.
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Fig.3: Current obtained from bare carbon paper electrode with
E. coli, CNT/Au/TiO, -1, nanocomposites modified carbon paper
electrode with E. coli -2 and without E. coli -3 (after 197).
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Fig. 4: Polarization curves for RGO-SnO,/CC (a), RGO/CC (b)

and bare CC (c); power density curves for RGO-SnO,/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, nanotubes/glass car-
bon increased the maximum power density of an MFC up
to 1.421 W-m2 in the presence of Escherichia coli 103.

Another nanocomposite material of Fe;O,/carbon
nanotubes obtained by means of precipitation of
monodisperse Fe;O, particles onto nanotubes with the
solvothermal method may contain different mass per-
centages of Fe;O4 varying from 10 to 80 %. Finally, the
composite anode fabricated from 30 % Fe;O4 nanotubes/
carbon paper demonstrated the highest power density of
an MFC in the presence of Escherichia coli. It demonstrat-
ed 0.830 W-m2 101 which was approximately 40 times
higher than the power density of the anode made of un-
modified 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 tung-
sten(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 re-
ceived dataare very close to the anode material characteris-
tics of the anode material of WO3-Pt/C: 1.3 W-m™2 versus
1.5 W-m-2109, The actual mechanism of the interaction be-
tween bacterial cells and the anode surface modified with
tungsten(VI) oxide is not clear. Nevertheless, there are da-
ta confirming that WO3 encourages regular fixation of the
bacteria to the electrode surface owing to the large surface
area. Besides, WO3 is a more biocompatible material than
the carbon material 11, 111, Moreover, tungsten(VI) oxide
interacts with the proteins produced by Shewanella putre-
faciens or situated on the membrane surface of the bacterial
cell. This contributes to the intensity of the electron trans-
port from the biofilm to the MFC anode 193.

The MFC with the composite anode containing a con-
ducting polymer also shows high electrical performance.
The polyaniline-mWO;/C felt-based anode tested with
E.coli as a biocatalyst demonstrated power density of
0.98 W-m-2112,

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 elec-
trode 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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Fig.5: Cyclic voltammograms for carbon felt (a) and nano-CeO,
modified carbon felt (b) in PBS (phosphate buffer solution) and
activated exoelectrogenes suspension lacking substrate (after 113).
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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, butis sup-
posed 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 Ta-
ble 2.

For instance, the anode material may consist of ruthe-
nium(IV) oxide deposited electrochemically onto a car-
bon support 104, The experimental MFC with Shewanel-
la decolorationis $12 reached the maximum power density
of 0.308 W-m~2 while RuO,-covered anode had the spe-
cific capacitance of 50 C-cm2. Meanwhile, the unmodi-
fied carbon support had the specific capacitance of about
0.1 C-em2. 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 pa-
per 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 Disadvantages
Stainless steel High conductiv- Low surface area,
ity, cheaper, easy biocompatibility

accessibility issues, corrosion

Graphite rod  High conductiv-  Difficult to in-
ity and chemical crease surface area
stability, cheaper,
easy accessibility

Graphite
fibre brush

High specific area Clogging

and easy con-

struction

Carbon cloth  Large relative Relatively expen-
porosity sive

Carbon paper Easy wire connec- Fragile
tion

Carbon felt  Large surface area High resistance

RVC (reticulated High electrical
vitreous carbon) conductivity

Fragile, large re-
sistance

Pengetal. 195 developed the anode coating on the basis of
Fe;Oy (its intrinsic conductivity is up to 2:102 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-re-
ducing bacteria showed good specific capacitance, reach-
ing the maximum of 574.6 C-m2 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;O 4/Fe2+
working as an electron shuttle.
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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, surface concentration.
The applied charge density for the formation of RuO, 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),

600 -

500
100 |- i ‘
5 10 20 30 60

Disconnection time (min)
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In the research paper 115, a paste of manganese(IV) oxide
and polypyrrole (a conducting polymer) composite ob-
tained with a chemical method was applied to titanium
wire covered with adsorbed felt carbon. Finally, the maxi-
mum power density of the MFC with the modified anode
in the presence of sea bottom bacteria reached the value of
0.562+5W-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.
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Fig. 8: Cyclic voltammetry plots of different electrodes: 1 —unmod-
ified, 2 - polypyrrole, 3 - MnO,/polypyrrole (after 115).

A possible mechanism of electron transfer from the bac-
teria to the anode surface is suggested in Fig.9. Man-
ganese(IV) oxide is an electron carrier. The conducting
polymer facilitates the electron transport owing to the ox-
idation-reduction activity. All this causes a high power
density performance of the test MFC.
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Fig. 9: Electron transfer mechanism of modified anode — polypyr-
role/MnO), (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.

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 sta-
bility of calcined materials, biological compatibility with
bacteriaand high porosity. A number of publications is de-
voted to the use of natural ceramic materials such as terra-
cotta, earthenware, Trojan clay, etc. in open-to-air cath-
odes 9-120, Such cathodes play a double role, being simul-
taneously 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 con-
sidered below in Section V devoted to membranes.

Nevertheless, it is worth mentioning that some ceramic
powders like TiO; can be used instead of carbon as sup-
ports for cathode catalysts (Pt). The search for alterna-
tives to carbon is necessitated by a number of its disad-
vantages 121,122, One of them is significant hydrophilici-
ty, 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 cat-
alyticactivity will be worsened and MFC performance im-
paired.

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 conse-
quently become more mobile and form larger aggregates
or migrate out of the layer. In contrast to carbon, although
TiO, possesses lower conductivity with a band gap of
3.2 eV for anatase and 3.0 eV for rutile, it shows more uni-
form dispersion of metal particles (Pt), improved corro-
sion resistance, higher catalytic stability and activity ow-
ing to its alloy formation with Pt 121,123,

Venkatesan et al. (2016) 121 obtained TiO,-supported
metal nanocatalysts (Pt/TiO,) with the liquid phase pho-
to deposition method followed by calcination at 450 °C
for 3 h. The cathode materials — Pt/TiO,, Pt-Fe/TiO; and
Pt/C — were tested in a single-chamber MFC to show the
power densities of 110.5, 136.8 and 77 mW/m? respective-
ly, thus, demonstrating a better performance of Pt-com-
posites with titanium (IV) oxide support compared to that
with carbon support. Besides, cyclic voltammetry experi-
ments revealed a higher electrochemical stability of TiO,
after 200 cycles than carbon.

The alternative materials including semi-conductive ox-
ides (TiOx, WOx and SnO,) 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 molec-
ular oxygen binding. Protons are transferred from the an-
ode 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 me-
diator 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 in-
termediate 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 ma-
terials capable of replacing the more expensive platinum.
Numerous publications are devoted to the catalytic activ-
ity of thermally processed metal oxides and their compos-
ites along with metal compounds enriched with carbon
and nitrogen, in oxygen reduction reactions (ORR) tak-
ing place at cathodes 125-183,
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The spectrum of cathode catalytic materials is enormous-
ly wide. Hereafter, primarily heat-treated materials pos-
sessing crystalline structure and therefore qualifying as ce-
ramics 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 hy-
drothermal methods and annealing steps. Crystal struc-
tures like perovskites and spinels were observed. It was
presumed that the charge transfer process proceeded pri-
marily via a four -electron route.

Lietal. (2010) 127 reported on a hydrothermally obtained
(180 °C, 48 h) cryptomelane-type octahedral molecu-
lar sieve (OMS-2) structured from MnO, in a paper-
like shape which was a better conductor than a bulk
OMS-2 powder cathode because of its microporous net-
work. Besides, catalytic performance of the composites
Co-OMS-2, Cu-OMS-2 and Ce-OMS-2 was also deter-
mined and examined. The research revealed that among
undoped and doped cathode catalysts, Co and Cu com-
posites 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 con-
tinuous flow tests demonstrating that the fast reac-
tion rate of OMS-2 cathodes enhanced power gener-
ation and chemical oxygen demand (COD) removal
efficiency. Co-OMS-2 cathodes had the better per-
formance than Cu-OMS-2 at high COD concentra-
tions of 2000-4000 mg/L, with the power density of
897 mW/m?2 and COD removal efficiency of 46 %. Mean-
while, 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; — «, B and y-structures 129, B-structure was syn-
thesized hydrothermally at 125 °C for 24 h followed by
sintering at 300 °C for 5 h. The other «-and y-structures
were also obtained with the solution-based hydrothermal
method, but without subsequent calcination. The results
showed that «-MnO),, tended to be of low crystallization
extent and amorphous structure, and y-MnO, was mi-
crospherical and tended to be agglomerated. Meanwhile,
B-MnO, appeared in loose and claviform form, which
contributed to it having the largest BET surface of the
three samples. Hence, it was the 3-MnO, 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/m3, and the maximum current
density was 20400 mA/m3 when a tube-type MFC con-
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struction was used. The data on the high catalytic activ-
ity of B-MnO, 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 depo-
sition method. The MFC on the basis of such a cathode
catalyst can generate electricity with the maximum pow-
er of 772.8 mW/m3. Zhang P. er al. (2014) 132 obtained
y-MnO, carnation-like crystals with the potentiostatic
method. The maximum power density (MPD) of the MFC
equipped with the electrodeposited MnO,/AC (activated
carbon) air cathode reached 1554 mW-m-2.

Chengetal. (2011) 133 described a rapid chemical synthe-
sis of nanocrystalline spinel-like MnO, at room tempera-
ture, 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, on carbon nanotubes
(CNT) and functionalized nanotubes (f-CNT). Accord-
ing to Liew, the microbial fuel cell test showed that the
composite MnO,/f-CNT displayed higher power densi-
ty (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 i
situ MnO,/CNT cathode was 2.3 times that produced
by the MFC using mechanically mixed MnO,/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,/CNT on a steel mesh with the MPD of the cor-
responding 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 advan-
tage over the MFCs equipped with MnO,/CNT observed
above s likely to depend on the properties of PMPS (poly-
methylphenyl siloxane) used in a gas diffusion layer, and
steel mesh. The need for the siloxane derivative was pri-
marily 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,/GNS (graphene nanosheets) achieved by Wen et
al. (2012) was 2083 mW-m~2 compared to the one obtained
by Gnana Kumar ez al. (2014) for nanotubular «-MnO,/
graphene oxide, which was 3359 mW-m—2.

The intensive studies of catalytic materials based on
MnO, have led to attempts of a more complex com-
posite fabrication involving redox active organic con-
ducting polymers. Yuan et al (2015) 139 came up with
the hydrothermal synthesis of multiwalled nanotubes
MnO,/polypyrrole/MnO,. The corresponding MFC in-
cluding this modified cathode catalyst exhibited an MPD
of 721 £20 mW-m—2.

Cobalt oxides are the next frequently used cathode cata-
lysts after manganese oxides 102,140-147.

In the research papers 102,140,141 Gong er 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) !4l and nitro-
gen-doped carbon nanotubes (CNT) 102 respectively. In
all cases the Co;0, underwent high-temperature cal-
cination (300-500 °C for 2-3 h). The first composite
cathode SSM/Co30, was designated to operate in a du-
al-chamber MFC while the others equipped air single-
chamber MFCs to produce the MPD of 1500 mW-m—2 141
and 469 £17 mW-m—2102 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 ez al. (2014) 142,147 embedded CoO, nanoparti-
cles on carbon in order to enhance the catalytic activity
of cobalt or iron phthalocyanine. The composite CoO,-C
was calcined at 400 °C for 1h 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,
nanoparticles was 50 % higher than without cobalt ox-
ide and approximately equalled 780 mW-m~2 compared to
654 mW-m~2 for the cathode covered with iron phthalo-
cyanine.

Iron oxides. Studies of ORR catalysts based oniron oxide
are represented in the works 148,149,150, The MPD perfor-
mance 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 decomposi-
tion of Fe(CO)s5 (165175 °C) 148, Moreover, Ma et al.
(2015) 150 investigated silver composite on the basis of
Fe;0,4/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 ez
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 calcina-
tion 152,153 The corresponding MPD of single-chamber
MFCs was about 1400 - 1500 mW-m—2, which can be con-
sidered quite remarkable and comparable with the MPD
performance of many other calcined oxides.

Vanadinm 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) flower-
like V,0O5 over «-MnQO, 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,05/PANI (polyaniline) (not calcined) and V,05 (cal-
cined), 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 re-
spectively.

Hybrid metal oxides. Notably, the highest MPDs were
demonstrated by combined dual inorganic oxides en-
hanced with AC. The urchin-like NiCo,0O4/AC 143 ex-
hibited 1730 mW-m=2 versus MnO,/AC/CeO, with
2403 mW-m=2159. The complex multi component per-
ovskite- and spinel-like oxides are discussed in 145, 146,

(b) Metal oxide-based organic-inorganic composites as
catalysts

The electroactive conducting organic polymers are fre-
quently employed as components to metal oxides in or-
ganic-inorganic composites 139, 144,155,160 To 3 large ex-
tent the demand for the former is caused by the combina-
tion of good conductivity with electrocapacitive behavior.
The electrochemical activity of metal oxides is, however,
limited by their semiconducting nature. Thus, the incor-
poration 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, ni-
trides, carbides and borides have not been researched
sufficiently. Nevertheless, Wen et al. (2012) 161 reported
aboutnitrogen-enriched core-shell structured Fe/Fe;C-C
nanorods derived from thermal decomposition of a ni-
trogen-containing polymer. Based on thermal gravimet-
ric analysis (TGA), Fourier transform infrared spec-
troscopy (FTIR), X-ray diffraction (XRD), energy-dis-
persive X-ray spectroscopy (EDS), transmission elec-
tron microscopy (TEM), the authors suggested that the
heating was accompanied by simultaneous release of a
large amount of carbon nitride gases (e.g. C,N,+, C3N,#,
C3N;+) which finally evolved into the core-shell compos-
ite N-Fe/Fe; C@C. Multiple cyclic voltammetry experi-
ments give the foundation to convince that the doped N
and core-Fe;C in the N-Fe/Fe;C@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 por-
phyrins and phthalocyanines are known to be effective
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catalysts of biological importance. Although their appli-
cation in MFCs without preliminary processing is con-
sidered in a number of research articles 147,162-164 4 new
approach based on pyrolysis of the compounds without
substantial degrading has been gaining in popularity. Var-
ious research groups have reported that the heat treatment
(up to 1000 °C) of transition metal macrocycles signifi-
cantly improved their stability as electrocatalysts for oxy-
gen reduction and in some instances, enhanced their over-
all catalytic activity 165 while maintaining the open frame-
work structure with sufficient porosity and large surface
area 166, This class of materials is termed metal-nitrogen-
carbon (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 inex-
pensive transition metals (Fe, Co) with nitrogen-rich or-
ganic molecules like porphyrins 14, 167-170 phthalocya-
nines 14,167-169,171,172 ‘and naphthalocyanines 173, metal
complexes of ethylenediamine (EDA) 174 and ethylenedi-
aminetetraacetic acid 175 as well as metal-doped polymer-
ic molecules evolved from imidazole 176, 2-methylim-
idazole 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 struc-
ture transformation upon thermal activation. X-ray pho-
toelectron spectroscopy (XPS) data show that imidazo-
late 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 dom-
inant component. The loss of hydrogen and some carbon
and nitrogen as well as the segregation of the excess Co2*
ionsand their conversioninto CoQalter the structure of the
framework with the formation of mesopores while main-
taining a certain fraction of the micropores. Further in-
crease of temperature to 900 °C graphitizes carbon, caus-
ing further loss of N for active sites and, therefore, reduc-
ing 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 sub-
stances with the developed framework and, hence, multi-
ple active sites for anchoring oxygen molecules.

carbonaceous Co-Nx framework

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 cat-
alysts)

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 % than those with chemically catalyzed cath-
odes 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 increas-
ing 184, One possible explanation is that bacteria in biolog-
ical cathodes accelerate cathodic electron transition, caus-
ing a decrease in internal resistance, which in turn con-
tributes to power output performance 185

Unfortunately, no data specifically related to the use of
ceramic materialsin 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 Mn2+ and Fe?+, facilitating
oxygen reduction 65,185,186 in aerobic cathodes of MFCs.
Rhoads ez al. (2005) 186 reported on the use of Lepthothrix
discophora SP-6 in oxidizing manganese ions Mn2+ into
manganese dioxide MnO, in an aerated solution of Mn2+.
The microorganisms deposit MnO, on the cathode sur-
face. Then the biomineralized manganese dioxide is sub-
sequently reduced by two electrons from the anodic reac-
tion. 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 cathod-
ic 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 re-
actor versus 60—100 h for an MFC with an abiotic cath-
ode. So, further research is needed to minimize this peri-
od by optimizing the doses of iron and manganese com-
pounds. Ferro/manganese-oxidizing microorganisms are
omnipresent in natural waters, and using iron and man-
ganese oxides as cathodic reactants in MFCs seems to be
reasonable and profitable.

In summary, it should be emphasized that ceramic ma-
terials, particularly metal oxides, are prospective compo-
nents of MFC cathodes capable of functioning both as sup-
ports and catalysts. Nevertheless, despite their high cat-
alytic 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 con-
jugated 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.

V. Advantages of Porous Ceramics as Membrane Sepa-
rators

The primary use of separators in electrochemical ener-
gy sources is to eliminate the interaction between the elec-
trochemical processes occurring at the two electrodes, 1.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 sep-
arators selective transfer occurs depending on the molecu-
lar size or charge of the ions. In electrochemical processes,
these are called “membranes”.

An effective separator should possess a number of de-
sirable properties such as chemical resistance, mechanical
strength, as well as the absence of electronic conductivity,
and good ionic conductivity. In addition to the general re-
quirements for separators in a MFC, other factors have to
be taken into account :

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 (Nat: K+, NH 4,
CaZ+, Mg2+) 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# times lower than the sum of the trans-
port numbers of other cation types.

¢) 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 re-
duces 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 trans-
mission of non-ionic species to the cathode as the oxi-
dation process would interfere with the cathodic oxy-
gen reduction reaction. Crossover of organic matter
leads to aloss of fuel and heterotrophic bacteria growth
on the cathode, reducing the cathode potential. Fre-
quently, in such circumstances the cathode has a nega-
tive potential (vs. Ag/AgCl), although it is expected to
be a positive one 187 with the use of oxygen as an elec-
tron 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 diffu-
sion, biofouling, and high cost) impede the practical use
of MFC technology 188-192 Firstly, as noted above, diffu-
sion capability of protons in the PEM degenerates highly
as a result of joining of the PEM negatively charged func-
tional groups with other prevailing anolyte cations. This
induces a pH gradient between the anodic and cathodic
chambers, which in turn reduces output power 13192, Sec-
ondly, a relatively high oxygen permeability of PEM in-
hibits bacterial metabolism at the anode, resulting in the
loss of electrons. Finally, the PEM can be impaired by con-
tamination and chemical attacks 192-195,

Xu et al. 194 found that the PEM fouling layer increased
the MFC internal resistance by 20 % and significantly re-
duced the output power (by 32.3 %). Nevertheless, the
formation of a fouling layer on the PEM is inevitable dur-
ing continuous operation 188,193, When the MFC works
at actual sites, as a rule, physical or chemical decontami-
nation 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?2190) 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 den-
sity 187,189,191,196-200 " Among these alternative separa-
tors, the polymeric porous separators (e.g. J-cloth, ul-
trafiltration membranes, microfiltration membranes, and
forward osmosis membranes) usually demonstrate high-
er MFC efficiency compared with ion-exchange separa-
tors because of their excellent ability to transfer protons
despite the high level of oxygen and fuel penetration 190.
Furthermore, polymeric porous membranes are consid-
ered more cost-effective 18% 190,192 However, these mem-
branes 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 character-
ized by high mechanical and chemical stability as the MFC
membranes solves the above-mentioned problems 189. Be-
sides, 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 us-
ing 100 % kaolin, which showed the potential of ceram-
ics. Some years later an analogous system with a three-lay-
er 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 pro-
vides 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 ex-
change 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 sepa-
rators 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 % kaolin-
ite, 15—26 % illite and 5—9 % smectite to create an MFC.
Installation demonstrated an output power of 16.8 W/m3.
Perhaps, this was the first study to show how low-cost
common material could change the direction of MFC de-
velopments and accelerate their progress.

Insubsequentresearch, the same group of researchers ap-
plied 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 fue] 206,
This work was promising, although potassium perman-
ganate 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 avail-
able 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 ceram-
ic cylinders operating in a continuous stream. This de-
sign 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 ex-
change membranes. These communications show that the
ceramics can be used as a structural material and as the pas-
sage 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 need-
ed for the generation of electricity could be sourced locally
in developing countries and supported it by making a sin-
gle-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. 290 reported that the ceramic MFC with an
earthenware clay separator exhibited power density com-
parable to conventional PEM-based MFCs during long-
term operation. In another study, Winfield er 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 terra-
cotta.

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.

Anolyteloss caused by evaporationisanimportant prob-
lem associated with the use of ceramic materials as separa-
tors 119,120,209 One way to avoid this is to use a gas dif-
fusion hydrophobic layer, which at least restricts evapo-
rative losses. Synthetic plastics can be used for sealing 299,
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 pro-
cess by patterning the ceramics with a glazing agent.

Ghadge ez 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 incorporat-
ed 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 Coulom-
bic 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 dif-
tusion 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
inasingle-chamber MFC. The first design of ceramic cath-
odes consisted of layers of Trojan clay, liquid Nafion® and
steel mesh, whereas the second contained the ceramic Tro-
jan clay membrane containing MnO), as a catalyst, carbon
cloth and a layer of liquid Nafion®. The study confirmed
the higher efficiency of the MFC with the composite ce-
ramic separator/MnO,-containing carrier compared with
the ceramic membrane based on the clay without MnO,.

Pasternak ez 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 thick-
ness of 3 mm and porosity of 2% provided the highest
power density, 6.93 and 4.3 W/m3 respectively.

To date, the cost of proton exchange membranes has
become an obstacle to the progress of MFCs. Ceram-
ics 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 mechan-
ical strength, chemical stability and relatively low foul-
ing propensities. E. Yang ez al. 214 demonstrated the pos-
sibility of using the ceramic ultrafiltration membrane 15
KD (Sterlitech 15A) and the ceramic microfiltration mem-
brane (Anodisc 13) as separators in MFCs. Despite high-
er rates of oxygen and fuel transfer through Anodisc 13
observed in the tests, the MFC having Anodisc 13 mem-
brane 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 ce-
ramic filtration membranes had great potential for use as
separators for practical implementation of MFC technol-
ogy. Notably, the longlife of ceramic filtration membranes
can reduce the total cost of a MFC by lengthening the re-
placement cycles for separators.

VI. Conclusions and Outlook

Microbiological fuel cells are the power sources of the fu-
ture. These will be especially useful for operation in situ-
ations where the accessibility of installation 1s limited, for
example, in remote areas, for wastewater treatment or in
areas of emergency in the aftermath of disasters.

The mostintense research in the field of bacteria selection
and their adaptation to the MFC materials has been under-
taken 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 bac-
teria are peculiar in that they are able to grow on behalf of
intercellular oxidation of diverse organic substances com-
bined 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 ma-
terials to work for a long time. Nevertheless, the delicate
interaction of electroactive microorganisms with the elec-
trode 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 re-
dox 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 inten-
sified. It is necessary to study the mechanism of interac-
tion between bacteria of different species and every par-
ticular ceramic material tested. Increasing electrical con-
ductivity of the material as well as ensuring bacteria adhe-
sion to the anode surface and biocompatibility are the cur-
rent problems. Despite all listed benefits, composite mate-
rials (ceramics/carbon nanotubes/metal nanoparticles, ce-
ramics/carbon materials, ceramics/conducting polymers)
are the most preferential for anode fabrication for MFCs.
By combining the advantages of their individual compo-
nents, composite ceramic materials possess a synergetic ef-
fect 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, bi-
ological compatibility with bacteria, redox activity, and
electrochemical stability, low cost and environmental safe-
ty. These characteristics can play a crucial role in replac-
ing platinum as the most widely used catalyst, and carbon
as supporting matrix. However, there are still some dis-
advantages 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 ceram-
ic material may be compensated, for instance, by making
composites with substances possessing high conductivity
such as metal nanoparticles and organic conducting poly-
mers. Concerning the second drawback, one of the ap-
proaches 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 biofoul-
ing, clogging of pores and contamination — factors hin-
dering MFC performance. The data available at the mo-
ment 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
amore preferential material for the MFC membranes than
the IEMs, encouraging the production of MFCs on an in-
dustrial scale.

In arelatively short period of time, the use of ceramics in
MFC:s has helped to reduce costs while improving perfor-
mance, as supported by successful field tests. Neverthe-
less, questions still have to be answered based on a large
number of studies.
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