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Organic and inorganic contents in wastewater can be seen as potential energy sources. MFCs are
the only systems that can convert the chemical energy in the organic and inorganic content of
wastewater into electricity. In this study, cathode materials used in MFCs examined, and alternative
materials were discussed. / Ank sulardaki organik ve inorganik igerikler potansiyel enerji
kaynaklar: olarak goriilebilir. MFC'ler atiksuyun organik ve inorganik igerigindeki kimyasal
enerjiyi elektrige doniistiirebilen yegane sistemlerdir. Bu ¢alismada MFC'lerde kullanilan katot
malzemeleri incelenmis ve alternatif malzemeler tartisilmigtir.
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Figure A: Schematic Diagram of Microbial Fuel Cell / Sekil A: Mikrobiyal Yakit Hiicresinin
Sematik Diyagrami

Highlights (Onemli noktalar)

» MFCs are unique systems in which microorganisms -instead of catalysts- and organic
and inorganic molecules -instead of enzymes- at the anode are used to convert chemical
energy to electrical energy. / MFC'ler, kimyasal enerjiyi elektrik enerjisine doniistiirmek
icin -katalizorler yerine- mikroorganizmalarin ve anotta -enzimler yerine- organik ve
inorganik molekiillerin kullanildigr benzersiz sistemlerdir.

»  MFC system is the most efficient method because of the bio-electrochemical design of this
system which allows the purification of wastewater during the production of electricity. /
MFC sistemi, elektrik tiretimi sirasinda atik suyun aritilmasina olanak saglayan biyo-
elektrokimyasal tasarimi nedeniyle en verimli yontemdir.

» The majority of the costs of MFCs are the catalyst materials used in the cathode. /
MFC'lerin maliyetlerinin biiyiik boltimii katotta kullanilan katalizor malzemeleridir.

Aim (Amag): In this study, the cathode materials used in MFCs were examined and alternative
materials were discussed in terms of performance and cost. / Bu ¢alismada MFC'lerde kullanilan
katot malzemeleri incelenmis, performans ve maliyet agisindan alternatif malzemeler tartigilmistir.

Originality (Ozgiinliik): By reviewing the literature, the effects of cathode materials used in MFCs
on electrochemical performance are summarized. / Literatiir incelenerek MFC'lerde kullanilan
katot malzemelerinin elektrokimyasal performansa etkileri 6zetlenmistir.

Results (Bulgular): Pt is a high-performance cathode material in terms of power density but it is
an expensive material. For this reason, relatively cheaper materials such as graphite, carbon, Fe,
Ni have been tested instead of Pt, and high power densities have been achieved. / Pt, gii¢ yogunlugu
agisindan yiiksek performansh bir katot malzemesidir ancak pahali bir malzemedir. Bu nedenle Pt
yerine grafit, karbon, Fe, Ni gibi nispeten daha ucuz malzemeler test edilmis ve yiiksek gii¢
yogunluklar: elde edilmigtir.

Conclusion (Sonug): Studies on MFC have focused on reducing the use of expensive catalysts such
as Pt, thus reducing system cost. It is possible to achieve high power densities in MFCs by using
lower-cost cathode catalysts such as carbon and graphite-based materials or Fe and Mn. Further
development of metal-carbon hybrid catalysts will provide high-performance and low-cost MFCs.
| MFC ile ilgili ¢alyymalar, Pt gibi pahali katalizorlerin kullaniminin azaltilmasina ve dolayisiyla
sistem maliyetinin diisiirtilmesine odaklanmistir. Karbon ve grafit bazli malzemeler veya Fe ve Mn
gibi daha diisiik maliyetli katot katalizérleri kullanarak MFC'lerde yiiksek giic yogunluklart elde
etmek miimkiindiir. Metal-karbon hibrit katalizérlerinin daha da gelistirilmesi, yiiksek performansi
ve diisiik maliyetli MFC'ler saglayacaktir.
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Titanium alloys are one of the materials that are difficult to process due to their high strength,
The most important problems of today are meeting the increasing energy needs and avoiding
environmental pollution caused by fossil resources usage for energy production. In addition, the
decrease in usable water in the world has become a threat to human health and the population.
Microbial fuel cells (MFC) have become more interesting in recent years because of their
potential to solve these three important problems. Organic and inorganic contents in wastewater
can be seen as potential energy sources. MFCs are the only systems that can convert the chemical
energy in the organic and inorganic content of wastewater into electricity. While this
transformation is realized, the process of cleaning the wastewater can be done. Reducing the costs
of these systems is the most important parameter to accelerate the use of the system. In particular,
studies on reducing the cost and increasing the efficiency of the catalysts used in the cathode
compartment where the oxygen reduction reaction takes place are predominant. In this study,
cathode materials used in MFCs examined, and alternative materials were discussed.
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Giinlimiiziin en énemli sorunlart arasinda artan enerji ihtiyacini karsilamak ve fosil kaynaklarin
enerji tretimi icin kullanimindan kaynaklanan g¢evre kirliliginin dnlenmesi yer almaktadir.
Ayrica, diinyadaki kullanilabilir sudaki azalma insan sagligi ve niifusu i¢in bir tehdit haline
gelmigtir. Mikrobiyolojik yakit hiicreleri (MYH) bu {i¢ 6nemli sorunu ¢dzme potansiyeli
sebebiyle son yillarda daha ilgi ¢ekici bir konu haline gelmistir. Atik sulardaki organik ve
inorganik icerikler potansiyel bir enerji kaynagi olarak goriilebilir. MYH'ler, atik suyun organik
ve inorganik icerigindeki kimyasal enerjiyi elektrige doniistlirebilen tek sistemdir. Bu doniisim
gerceklestirilirken, attk suyun temizlenmesi islemi yapilabilir. Bu sistemlerin maliyetlerini
azaltmak, sistemin kullanimini hizlandirmak igin en 6nemli parametredir. Son zamanlarda
ozellikle, oksijen indirgeme reaksiyonunun gerceklestigi katot bolmesinde kullanilan
katalizorlerin maliyetinin diigiiriilmesi ve verimliliginin arttirilmasi {izerine yapilan aragtirmalar
hiz kazanmigtir. Bu ¢aligmada, MYH 'lerde kullanilan katot malzemeleri incelenecek ve alternatif
malzemeler tartisilacaktir.

1. INTRODUCTION (GiRris)

Fossil fuels used as energy sources are the main
causes of global warming as well as important
environmental problems. The increase in energy
demand encourages fossil fuels to gradually
disappear, the development of environmental
consciousness, and researchers to find renewable
and sustainable energy sources. Recently microbial
fuel cell (MFC) systems have emerged that can use
organic substances as fuel. MFC transforms
biochemical energy, which is formed by the
breakdown of organic substances, into electricity by
the catalytic reactions of microorganisms. In

particular, the high organic content of sludges from
domestic wastewater treatment plants has led to the
use of MFC for sludge treatment and energy
production.

MFCs can be described briefly; as systems to
convert biochemical energy to electrical energy.
MFCs are unigue systems in which microorganisms
-instead of catalysts- and organic and inorganic
molecules -instead of enzymes- at the anode are
used to convert chemical energy to electrical
energy. MFC system is the most efficient method
because of the bio-electrochemical design of this
system which allows the purification of wastewater
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during the production of electricity. MFCs generally
consist of two chambers, an anode, and a cathode.
Figure 1 shows a schematic diagram of a microbial
fuel cell. These chambers are generally separated
from each other by a membrane. The anode

CO;

chamber contains microorganisms that oxidize the
existing nutrients. The cathode chamber is generally
designed as an open ambient air chamber.
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Figure 1. Schematic Diagram of Microbial Fuel Cell (Mikrobiyal Yakit Hiicresinin Sematik Diyagramr)

By utilizing microbial metabolism, MFCs generate
electrons and protons in the anodic chamber from
the oxidation of organic matter present in the
wastewater, which is then donated to the
extracellular acceptor i.e. anode [1]. The protons,
thus generated, migrate to the cathode chamber via
the proton exchange membrane and help O, to get
reduced to H,0O, thus producing electricity [2-3].

Although MFCs have many advantages, it is not
preferred as an alternative energy production
system due to their high costs and low energy
production efficiency. The majority of the costs of
MFCs are the catalyst materials used in the cathode.

The investment cost of MFC systems can be seen as
the biggest obstacle to its common usage and
increase in the percentage of usage among
renewable energy sources. The average cost of MFC
is 30 times higher than the cost of conventional
wastewater treatment systems [4]. The cost of
MFC's cathode material is 70.42% of the total cost
[5-6].

2. MATERIALS AND METHODS (MATERYAL
VE METOD)

In this study, the tested cathode materials used in
MFCs in the literature and the obtained power
values were compared and the materials with the
highest power values were determined. In the

selection of cathode materials, which is the most
decisive parameter in the costs of MFCs, the
selection of materials that are both cheaper and with
the highest power value is very important. For this
reason, researches are mostly in the direction of
cathode material development. Metal-based,
carbon-based, hybrid, and biocathode materials
using these two materials together are the most
widely researched today. While providing optimum
conditions in MFC systems, expanding usage areas,
and ensuring waste disposal, these studies are of
great importance in order to produce electricity at
the same time.

3. CATHODE CATALYSTS USED IN MFC
(MFC'DE KULLANILAN KATOT KATALiZORLERI)

Due to the decrease of oxygen in the environment,
the poor kinetics of the Oxygen Reduction Reaction
(ORR) at the cathode is one of the important factors
limiting the performance of MFC. Therefore, need
for a catalyst at the cathode to avoid reduced
performance in a low oxygen environment for the
MFC system. Pt is generally used as a catalyst at the
cathode [7]. However, Pt has disadvantages that
include high cost, propensity for biofouling, and
low surface poisoning tolerance in wastewater [8].
Even though oxygen has been considered the most
suitable oxidant in the cathode compartment to
enhance MFC performance during ORR, oxidants
used as electron acceptors such as ferricyanide and
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permanganate have been used to influence the ORR
process [6-9-10-11-12].

Because of the high cost of Pt, it has been
necessitated the search for alternative catalysts.
Non-precious metal catalysts are extensively
investigated as Pt alternatives in fuel cells. It has
been reported that catalysts without Pt group metals
prepared by supporting transition metals such as Fe,
Co, Zr, and N-doped carbon are used as cathode
catalysts in  MFCs to obtain equivalent
electrochemical performance [13].

Various inexpensive, high catalytic activity and
biofouling-resistant cathode electrode materials
have been explored to enhance the power output
from MFCs. These materials include carbon
structures, metal complexes, metal oxides,
conducting polymers, N-doped carbon, and others.
Among the various electrode materials tested as
cathode electrodes, carbon-based materials
provided promising performance. For example, the
bio-derived, heteroatom-doped carbon obtained
from Alfalfa plant leaves provided higher cathodic
catalyst activity and high power output of 1328.9
mW.m2 which was equivalent to the typical Pt/C
cathodic catalyst provided 1337.7 mW.m2 power
output [6-14]. Graphite materials used as cathode
catalysts, chemically treated with HsPO4 and HNO;
exhibited improved ORR properties in MFC and
generated higher power densities of 7.9 Wm= and
6.5 Wm-3, respectively [6-15].

The kinetic rate of the ORR is low because of the
high activation energy required to break the O=0
bond (498 kimol?) [16]. The ORR catalysts can
follow two different pathways. One of them reduces
oxygen through one step four-electron pathway
which has a higher reduction potential. The second
pathway is which less efficient two-electron
pathway that generates highly reactive hydrogen
peroxide and leads to damaged membranes and
electrodes [17-18].

1. pathway: O, + 4H" + 4e- > 2H.,0 (E° =

1.229 V vs. NHE) (1)
2. pathway: O + H,O + 2e- > HO, + OH  (E°
=-0.065 V vs. NHE) )

The second pathway followed by the reduction of
HO,

HO,; + H,0 + 2 > 3 OH" (E°=0.867 V vs.
NHE) (3)
or r by the more rapid disproportionation of HO,

2HO,y > 20H + 0, (4)

According to the Nernst equation, the ORR
potential at pH 7 can be calculated by using
Equation (5):

E'e=Eo—RTNFIN1[O2][H*]* (5)

in which R (8.314 JK*mol?) is the universal gas
constant, T is the thermodynamic temperature, n is
the number of electrons transferred, and F
(9.648x104 Cmol?) is the Faraday constant.
Therefore, if T=298.15 K, pH 7.0, and [02]=0.2 mol
L?, E’o is determined to be 0.805 V for the four-
electron pathway [16].

3.1. Metal-Based Catalysts (Metal Bazl Katalizorler)

Studies on MFC catalysts have been concentrated
on Pt for a long time as it is an active catalyst.
However, because Pt is an expensive metal, many
studies have been performed to obtain high energy
output in different catalyst combinations. Among
them, Fe-based catalysts were the most prominent
in terms of their high activity. In a study using a Fe-
N-C catalyst 2437 £ 55 mW.m™ power output was
obtained [19-20]. In addition, Ni [21], Fe-Mn [22],
Co-Fe [23], and V-based catalysts [24] have come
to the forefront due to their high power output. One
of the biggest challenges in metal catalysts is their
low stability. Leaching problems have been
observed in alloy catalysts such as Pt-Co and Pt-Fe
[25].

In addition, carbon-supported non-precious metal-
based catalysts have been studied as alternative
cathode catalysts for MFC, because of their low
costs, high natural abundance, apparent catalytic
activity, and good mechanical strength. In a study,
MFC using Fe, N-codoped carbon as the cathode
catalyst has been found to deliver a maximum
power density (Pmax) of 3118.9 mWm-2, In another
study in which nitrogen-doped carbon nanotubes
(Co / NCNT) were used as a catalyst, a power
density of 1260 mW.m? was reached [8-26]. A
study focused on sodium cobalt oxide (NaC0204)
as a cathode catalyst reached 0.6 W.m2 [27]. Wu et
al. (2019) developed and employed reduced
graphene oxide (rGO) as a cathode catalyst in a
membrane-less microbial fuel cell (MFC) [28].
rGO-based cathode exhibited better
characterizations in structure and electron transfer
than graphene oxide (GO)-based cathode [28].
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Majidi et al. (2019), in their study, synthesized low-
cost 0-MnO; nanowires and a-MnO, nanowires
supported on carbon Vulcan [29]. They reached 180
mW.m~2 power density in their air cathode MFC (a-
MnO,/C as an ORR). However, Chiodoni et al.
(2019), by using the Mn,Oy as a cathode catalyst in
MFC, achieved competitiviable catalytic efficiency
results with Pt-based catalysts [30].

3.2. Carbon-Based Catalysts

Katalizorler)

(Karbon  Bazli

Carbon black is widely used as the support material
for metal catalysts due to its large specific surface
area and high stability. At the same time, simple
chemical modification and/or the introduction of
functional groups can create active sites that make
carbon black a metal-free ORR catalyst. Also
carbon black is a very economic material as the
catalyst, but its durability is still unknown for MFC
systems [25].

Among the commonly used electrode materials, the
majority are preferred activated carbon because of
its low cost and large surface area [31]. Due to its
electrochemical properties, activated carbon is a
good support material for catalysts. While the
current density of a Pt/C cathode dropped by 73%
after 7 h of the chronoamperometry test, a nitrogen-
doped AC cathode showed only 30% decrease.
However, biofouling on the AC cathode and
degenerated MFC performance were still observed
[25].

Carbon nanotubes are more resistant than Pt/C as
cathode catalysts. The reason for this is that
graphitic-N in the carbon plane is thought to be less
sensitive to protonation [25].

In addition, graphite and graphene-based catalysts
were also used in MFCs. Zheng et al. (2015) in their
study using graphite plates have been obtained 3215
+ 80 mW.m™ as a very high power density value
[30-32].

3.3. Metal-Carbon Hybrid Catalysts (Metal-Karbon
Hibrit Katalizorler)

Pt catalysts are generally used in fuel cells as
carbon-supported. This increases the durability and
surface area. High power densities were obtained in
several MFC systems using Pt/C as cathode
catalysts. In addition, non-precious metal catalysts
are used, while active carbon, graphene, and
graphite materials are also used as support. Metal

and carbon-based catalysts can be used as catalysts
in one-by-one MFCs and can be synthesized
together to form a suitable cathode catalyst material.

Although activated carbon has a low cost and wide
surface area, it has a low catalytic activity. Various
metals can be doped to enhance the electrocatalytic
properties of the activated carbon in the ORR
reaction. Lv et al. (2019) synthesized activated
carbon-supported Fe-Ag-N multi-doped graphene
as the air cathode catalyst in MFC [31]. They
obtained the highest maximum power density up to
1956.45 mW.m2 [31]. Santoro et al. (2019) in their
study using Fe-N-C cathode catalysts have reached
a maximum power density of 36.9 W.m=[33].

In addition, metal nitrogen carbon complex
catalysts have also been tested. Among them Ni/N—
CNFs [33], Fe-N-C [33-35], Co/Fe-N-C [36]
catalysts are prominent.

3.4. Biocathodes (Biyokatotlar)

Biological cathodes, after the initial investment, can
be much lower cost than other cathodes. Compared
with platinum-catalyzed cathodes, they have higher
resistance to poisoning [37]. In addition to
catalyzing the ORR, some catalysts help to improve
the biological treatment of wastewater by
performing further processes such as the reduction
of nitrates, sulfates, and dyes [38-39-40].

Santoro et al. (2016) [41] in a study by using
bilirubin oxidase as a cathode catalyst, obtained a
power density of 2 W.m2[42]. Christwardana et al.
(2016), in their studies using laccase as enzymatic
biocatalysts, have reached a power density of 102 +
5.1 uW cm[43]. In another study by using laccase-
producing white-rot fungus on the cathode, the
maximum power density of 13.38 mW.m? was
reached [44].

4. RESULTS (BULGULAR)

When the studies on the development of MFC
cathode materials and increasing the power density
values obtained from these systems are
summarized, it is seen that the cathode material with
the highest power density value is graphite plate.
Zheng et al. (2015) obtained a power density of
3215 mw/m? in their study using a graphite plate
cathode [32]. This is followed by the study by Tang
et al. (2016) in which 3D porous Fe-N-C on carbon
paper cathode material was used and a high power
density value of 3118.9 mw/m? was obtained [34].
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Although Pt is a high-performance cathode material
in terms of power density, it is an expensive
material. For this reason, relatively cheaper
materials such as graphite, carbon, Fe, Ni have been
tested instead of Pt, and high power densities have
been achieved. In particular, carbon-based materials
are the optimum materials used as cathode materials
in MFCs in terms of both cost and power density.

When we examined the alternative biocathodes
used, the study by Breheny et al. (2019), in which
bilirubin oxidase is used as the cathode material,

stands out with the power density value obtained
[42]. Breheny et al. (2019) were able to reach a high
power density value of 2000 mW/m? in their study
[42]. This result showed that high power densities
can be achieved by using alternative biocathodes in
MFCs, giving hope for further studies.

Table 1. shows cathode catalysts used in MFCs in
recent years and their power density values.

Table 1. Cathode Catalysts in MFC and Power Density Values (MFC'de Katot Katalizorleri ve Giig Yogunlugu

Degerleri)
Power density

Cathode (mW.m?) Reference
Graphite plate 3215+ 80 [32]
3D porous Fe-N-C on carbon paper 3118.9 [26]
Carbon brush 2777.7 [45]
Fe-N-C 2437 + 55 [20]
Carbon cloth 2420 [46]
Pt and carbon cloth 2400 [47]
Carbon felt 2142 [48]
Carbon cloth 2110 + 68 [49]
Carbon paper with Pt catalyst 2066 [50]
NiCo,Ss/AC 2000 + 59 [21]
Activated carbon-supported multi-doped 1956.45 [31]
graphene
Fe-Mn 1940 + 31 [51]
Graphite plates 1771 [52]
CoFe;04s@N-AC 1770.8 £15.0 [23]
Carbon cloth with three PDMS/carbon layers 1635 + 62 [53]
and Pt catalysts
Pt rod 1624 [54]
N and P dual-doped carbon derived from 1603 [53]
chitosan catalyst
Cobalt oxide supported on N-doped CNT 1.260 [55]
V205 1.073 [24]
Pseudomas biofilm 1056 [56]
Co/N/C based catalyst 931.1 [57]
Fe-containing N-doped carbon 900 [19]
MnOx 48.4+10.16 [58]

5. CONCLUSIONS (SONUCLAR)

The increasing population of the world brings with
it an increase in the waste generated by
consumption. Utilizing these wastes and their bio-
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electrochemical energy content in MFC systems can
be reduced environmental pollution and increased
the amount of clean, renewable energy production.
Therefore, active use of MFCs is very important for
a future clean and sustainable world.

As seen in this study, in recent years, studies on
MFC have focused on reducing the use of expensive
catalysts such as Pt, thus reducing system cost. The
studies show that it is possible to achieve high
power densities in MFCs by using lower-cost
cathode catalysts such as carbon and graphite-based
materials or Fe and Mn. Again, further development
of metal-carbon hybrid catalysts will provide high-
performance and low-cost MFCs.
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