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ABSTRACT

The focus of microbial fuel cell research in recent years has been on the development of materials, microbes, and
transfer of charges in the system, resulting in a substantial improvement in current density and improved power
generation. The cathode is generally recognized as the limiting factor due to its high-distance proton transfer, slow
oxygen reduction reaction (ORR), and expensive materials. The heterogeneous reaction determines power gen-
eration in MFC. This comprehensive review describes-recent advancements in the development of cathode mate-
rials and catalysts associated with ORR. The recent studies indicated the utilization of different metal oxides, the
ferrite-based catalyst to overcome this bottleneck. These studies conclude that some cathode materials, in parti-
cular, graphene-based conductive polymer composites with non-precious metal catalysts provide substantial ben-
efits for sustainable development in the field of MFCs. Furthermore, it also highlights the potentiality to replace
the conventional platinum air cathode for the large-scale production of the next generation of MFCs. It was evi-
dent from the experiments that cathode catalyst needs to be blended with conductive carbon materials to make
cathode conductive and efficient for ORR. This review discusses various antifouling strategies for cathode biofoul-
ing and its effect on the MFC performance. Moreover, it also depicts cost estimations of various catalysts essential
for further scale-up of MFC technology.
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1 Introduction

Ever since the industrial revolution, the food, water, and energy resources have been getting polluted and
depleted with rising population and urbanization [1]. Due to the never-ending and increasing energy demands
of the world coupled with resource crisis, research for finding a sustainable source of energy is being carried
out worldwide. Fossil fuels have been the sole source to produce energy all across the globe for 100 years, the
combustion of these fuels results in excessive CO2 emissions resulting in global climate change [2]. On a
global scale carbon-neutral, sustainable energy sources have to be developed to replace these fossil fuels.
A steady increase in the concentration of atmospheric CO2 was observed from 315 ppm in 1957 to
413.22 ppm in 2020. Industrial emissions and fossil fuel usage have led to an increase of about 40% in
the total atmospheric CO2 and about a 78% rise in the greenhouse gases concentration from 1970 to
2010. Hence, the accumulation of carbon dioxide led to the absorption and re-emission of heat which in
turn attributes to an additional warming of the planet. Alternative energy resources for fuel supply are
being used in an increasing trend [3]. This includes a solution that produces energy from organic waste
and processes it concurrently by microbial fuel cells (MFCs) [4–7].

MFCs are bioelectrochemical systems that are capable of transforming chemical energy into electricity
[8,9]. A standard MFC is composed of an anode, and a cathode, may or may not be separated by an ion-
exchange membrane [10–15]. The anode is a site where, through metabolic pathways, electroactive
bacteria produce electrons and protons under anaerobic conditions [10–15]. Electrons produced by
electroactive bacteria are transported from the anode, via an external circuit to the cathode to reduce. In
the presence of oxygen, the oxygen serves as a terminal electron acceptor and eventually reduces on the
cathode and becomes a water molecule [10–15]. The working principle and the schematic of a typical
MFC are shown in Figs. 1A–1B.

In the performance of the cell, electrodes play a critical role; hence, the choice of electrode material is a
crucial component of the system’s construction [16,17]. Without compromising the properties of the ideal
electrode material, researchers are actively designing high-performance, low-cost electrode materials. An
electrode material with strong electrical conductivity [18,19], biocompatibility [20,21], high bacterial
adhesion [22,23], surface area, corrosion-resistant [24,25], and capable of manufacturing in any desired
form is considered to be the perfect anode material for MFC construction, while an efficient cathode
should have high conductivity and surface area to volume (SA/V) ratio, it should be non-corrosive and
most fouling resistant. In the cathode, oxygen, as gas reacts and is combined with protons (H+) present in
the electrolyte and electrons (e−), are transported via metallic wire from the anode. This ORR reaction on
the cathode surface needs high energy. Indigenous cathodes consume energy, consequently, power
generation reduces. Therefore, the cathode catalyst plays a key role in the efficiency of the MFCs
alongside the anode and cathode holding a large share in the construction cost of the MFCs [26–29]. For
a successful ORR, the activity of cathode catalysts is highly vital [30,31]. The best cathode catalyst in an
MFC provides efficient ORR kinetics, durability, lower over-potential activation, and is cost-effective
[32,33]. Therefore, to reduce the cathodic overpotential [34], a highly effective catalyst is required.
During the early phase of testing, a premium noble metal dust platinum was used; however, various types
of non-metal materials were used as an illustration catalyst based on metal and carbon. Carbon-
combination of carbon-metal along with medium metal-nitrogen-carbon catalysts were found very
effective for efficient ORR [35]. Power output was evaluated between MFCs with various ORR catalysts.
The present review overall discusses the usage of various types of cathode catalysts in the MFCs.

1.1 Cathodic Factors Affecting MFC Performance
Several methods of reduction are known as cathode reactions in MFCs. Fundamentally, a cathode is a

site where the final electron acceptor reduces on the cathode surface by collecting the anode-generated
electron and the proton is percolated from the anode through the separator. To prevent electrical short
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circuits, separators separate both electrodes. However, for retaining electroneutrality, same number of
protons are moved to the cathode by a separator such as an ion-exchange separator. Oxygen as an
electron acceptor under aerobic cathodes is largely attributed to its intense normal capacity with infinite
supply, which also reduces on the cathode surface (Fig. 2). Oxygen reduction involves two alternative
mechanisms depend on the oxygen at the interface of a cathode and the catholyte pH. The appropriate
reaction is for the water to be produced by the four-electron pathway, whereas in an incomplete oxygen
reduction the two-electron mechanism leads to the creation of hydrogen peroxide.

O2 þ 4e� þ 4Hþ ! 2H2O; Eo ¼ 1:23 V ðvs: SHEÞ (1)

2O2 þ 4e� þ 4Hþ ! 2H2O2; Eo ¼ 0:295 V ðvs: SHEÞ (2)

The current generation in the MFC system is highly dependent on the cathode’s reduction kinetics and
an important part of the voltage generated is used to balance the absence of current. The reaction kinetics is
limited by an activation energy barrier that prevents the oxidant from being transformed into a reduced form.

Figure 1: (A) Schematic representation of a single chambered microbial fuel cell (MFC); (B) Schematic
representation of a dual chambered MFC
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In an MFC, a portion of the cathode potential is then lost until the current is generated to overcome this
activation barrier. The lack of potential due to activation is referred to as the loss of cathodic activation
(ηcat). Such cathodic limits, including ohmic losses and losses in mass transport. The operation of an
MFC is also regulated by ohmic overpotential, which means the voltage that is lost to the transport of
electrons and protons, and this loss often follows the law of ohm:

hOhmic ¼ iROhmic (3)

The cathodic ohmic resistance is a combination of ionic (Rion) and electrical (Relec) resistances, and also
includes an electrode, electrolyte, and interconnection resistance:

ROhmic ¼ Rion þ Relec (4)

Mass transport is distinguished by the method of supplying oxidants and removing products at an MFC’s
cathode. Reactant degradation happens due to inefficient mass transfer which impacts both the voltage of the
Nernstian cell and the reaction speeds, resulting in a lack of function. At high current density and increasing
in magnitude, mass transfer losses occur with increasing current density. As compared to the anode, due to
oxidant transport, the impact of mass transport loss is much greater in the cathode compartment. There are
very important factors affecting cathode performance such as cathode materials, cathode surface area,
cathode catalyst, cathodic electron acceptor, and cathodic operating conditions.

Figure 2: Different microbial catalysis mechanisms of oxygen reduction biofilms (1) Direct catalysis by
extracellular adsorbed proteins. (2) Direct catalysis by metal-exopolymer complexes or adsorbed
prosthetic groups (porphyrins). (3) Indirect catalysis of hydrogen peroxide and organic acid by enzymes
that reduce oxygen. (4) Indirect catalysis mediated by Ferro/manganese bacteria formed by manganese or
iron oxides. Oxygen is dissolved by bacteria and iron, or manganese ions are oxidized into
oxyhydroxides or oxides which are reduced down to electrode surface ions. (5) The biofilm-producing
hydrogen peroxide increases the oxygen-reducing catalytic properties of the stainless-steel oxide layers.
(6) Direct electron transport from the electrode to the bacterial cell
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1.1.1 Cathode Materials
In MFCs, cathode efficiency is very important in the production of electricity. The most common

cathode reaction is oxygen reduction. The gradual reduction of oxygen on the surface of carbon or
graphite electrodes causes a strong overpotential reduction, which is one of the most limiting factors
responsible for MFC working. All types of cathode materials, such as air cathodes, underwater aqueous
cathodes, and biocathodes, usually use carbon paper, graphite chips, felt, and fabric. Consequently,
industrial use of such types of non-catalyzed materials is restricted due to their sluggish cathode reduction
kinetics.

1.1.2 Cathode Surface Area
The electricity output of the MFCs is limited to the surface area for the cathode. More oxidant-reduction

reaction sites are generated, and the cathodic reaction efficiency is improved by the greater cathode surface
region. After a certain degree, with an increase in the surface area, the improvement in power output becomes
negligible. So, it is appropriate that there will be a more efficient oxidant-reduction site for a huge surface.
Inadequate surface area for either carbon paper or graphite layer is a significant restriction encountered by
researchers in traditional cathodes. There were several variables in improving the cathode’s active surface
area. Separate materials have been added to improve the surface area per volume ratio, including woven
graphite felt and board, carbon fibre and felt, granular graphite, RVC (Reticulated vitreous carbon), and
stainless steel.

1.1.3 Cathodic Electron Acceptor
In general, the electron acceptors are oxidants with high redox potential. The application of replacing

electron acceptors is one way to decrease the excess potential of the cathodic stimulus. Different types of
electron acceptors such as ferricyanide, persulfate, dichromate, permanganate, bleaching paste, and
hydrogen peroxide were also more frequently utilized by scientists. Besides that, because of their inability
to recover by oxidation with oxygen, the use of such electron acceptors is minimal. Hence, constant
renewal is necessary.

1.1.4 Cathode Catalyst
The cathode catalysts significantly minimize the energy barrier of activation and improve the kinetics of

oxygen elimination at the electrode surface. Extremely active catalysts used to boost the functioning of the
MFC system are metal-based catalysts such as platinum (Pt). Platinum has a reasonable low over-potential
for oxygen reduction and reaction rate rise. While platinum has outstanding catalytic efficiency, its use is
limited by its comparatively high cost and efficiency reduction due to sulfide poisoning. Efforts have
been made to fix this problem.

1.1.5 Cathodic Operational Conditions
There are very significant considerations in cathodic operating conditions, such as cathode oxidant

concentration and catholyte pH. The development of MFCs by both the Nernst equation and reduced
reaction kinetics is driven by an increase in the concentration of oxidants in the cathode. Cathode half-
cell ability depends on catholyte pH, cathode chamber electron acceptors concentration, the capability of
catholyte buffering, temperature, etc. It was confirmed that by increasing the oxidant rate in double-
chambered MFCs, improving the decrease in cathode kinetics was verified. Reducing the pH of the
catholyte by adding acid to aerated tap water enhanced the performance of the cathode. Operating
temperature also limits cathode efficiency by controlling the kinetics of oxidant reduction, mass
reduction, and proton transfer. The application of single-chamber MFC without a membrane has been
reported to increase electricity production by 9% as ambient temperatures rise from 20 to 32°C [36].
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1.2 Oxygen Reduction Reactions (ORR) in Fuel Cell
Oxygen reduction reaction (ORR) is the most fundamental mechanism in electrochemistry and

electrodialysis due to its limiting reaction to the broad commercialization of fuel cells [37]. Several
experiments have been suggested to explain the ORR mechanism, the most common of which is the
research proposed by Wroblowa et al. [38], which indicates that oxygen can be reduced by two pathways
via adsorption to the electrode; the direct pathway for water formation using four electrons and four
protons, as explained by the following reaction:

O2 þ 4e� þ 4Hþ ! 2H2O; Eo ¼ 1:23 V ðvs: SHEÞ (5)

Another option is the indirect route, which involves the formation of water via the use of hydrogen
peroxide as an intermediate, which is subsequently reduced to produce water. The oxygen route is
another name for this mechanism.

Partially reducing the generation of hydrogen peroxide

O2 þ 2H2Oþ 2 e� ! HO�
2 þ OH� (6)

HO�
2 þ H2Oþ 2e� ! 3OH� (7)

When both reactions (4) and (5) are added together, the result is reaction (1), indicating that the net
reaction of both the above-mentioned pathways is similar. It is often noticed that more than the
equilibrium potential described above (E0=1.23 V) is always needed by the ORR. The additional
capacity available for the ORR to be implemented is known as overpotential [39]. To minimize the
excess potential of ORR, electrocatalysts are used. Overpotential is also an important consideration in
evaluating an ORR catalyst’s efficacy. The multi-electronic mechanism of ORR is made up of multiple
isolated electrons that are connected or uncoupled with elementary proton transfer reactions. Diffusion of
the dissolved oxygen present in the solution causes molecular oxygen to be depleted at the electrode
surface. In addition, the physicochemical properties of the surface of the catalyst, as well as the ambient
environment, decide the pathway of reduction that must be pursued to reduce O2. By producing a
corrosive peroxide (H2O2) intermediate, it is often necessary to remove the third pathway for sustainable
catalysis. The formation of H2O2 hinders the process but also deteriorates polymer membrane by
generating reactive radicals [38]. Thermodynamic factors, including the variation in free energy
throughout the reduction reaction, also affect an electrocatalyst’s ORR catalytic performance. The
evaluation of free energy changes on the catalyst surface during ORR is critical to the development of a
better-performing electrocatalyst in the future [40].

Specifically, the adsorption of intermediates at an electrode surface is responsible for all of the ORR
dynamics. On the catalyst surface, it is the adsorption of intermediates such as oxygen (O*, OH*,
OOH*). Consequently, it is necessary to empirically evaluate the other intermediates in order to regulate
the precise reaction process [41]. In this instance, to measure the surface interaction energies with
adequate precision, a computational study may be carried out. A density functional theory (DFT) analysis
is carried out to determined that oxygen adsorption to the electrode is necessary for the generation of
overpotential. When the electrode surface is exposed to a high potential, it is noticed that O2 is
substantially adsorbed to it. As a result of the strong adsorption, the transition of protons and electrons to
the adsorbed O2 molecule is restricted (Fig. 3). In addition, the binding affinity for different oxygenated
species formed during the catalytic action of the catalyst during ORR controls. For effective ORR
catalysis, an ideal binding force to the intermediates is, therefore, a necessary criterion. The heavy
binding of O* and OH*, however, restricts the end product’s desorption (H2O) and renders the active
sites unavailable for more adsorption of O2. A different catalyst has a distinct intermediate binding
energy. For the most part, a catalyst’s intrinsic binding characteristic relies on its electronic structure [42].
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High energy metal d-states interact more with intermediates than Fermi energy, indicating that they have a
higher interaction with the electrode surface than Fermi energy [43].

1.3 Non-Oxygen Terminal Electron Acceptors
Several studies have been carried out to identify an effective e-acceptor for MFC. The power production

utilizing potassium ferricyanide is 426 mV, 181 mW/m3 which is very high in comparison to dissolved
oxygen (DO) (150 mV, 22.5 mW/m3). While it is a low cost and strong electron acceptor, it can undergo
secondary reactions at low pH, which can result in the production of toxic and hazardous HCN, which is
not desirable, see Tab. 1 [44]. According to the findings of Savla et al. [44], the output of power-
dependent potassium persulphate is marginally lower than the output of potassium permanganate,
depending on the stability of the potassium persulphate. In a separate comparative analysis of the
efficiency of persulphate and ferricyanide, it was discovered that after several cycles of operation,
persulphate would produce a significant amount of power; As a result, it is possible to argued that
persulphate is more likely to be evaluated in the near future. Furthermore, research indicates that
improving the efficiency of the terminal electron transfer may enhance the electron intake of both oxygen
and non-oxygen terminal electrons [45].

1.4 Electrochemical Technique for Determining the Figure of Merit of an ORR Catalyst
The catalytic activity of ORRs is typically measured through the application of a cathode catalyst and

compared under comparable conditions with the present condition ORR catalyst Pt [46]. Furthermore, the
ORR mechanism is investigated in a typical electrochemical cell using the half-cell reaction. It is
necessary to use a thin film catalyst placed on a rotating disc electrode (RDE) or a rotating ring disc
electrode (RRDE) in order to conduct the standard half-cell investigation of an ORR catalyst. Using a
linear sweep voltammetry process, the cathodic polarization plot is taken in a steady-state or with a
known RDE or RRDE rotation Fig. 3 [47]. Three characteristic regions form a standard ORR polarization
plot of a catalyst. The first region (Zone I) is known to be the kinetic control area, in which the ORR rate
is significantly sluggish, while the cathodic current density increases steadily. It is noticed that the current
density increases significantly while at the same time decreasing in the second (Zone II) region, which is
a combination of kinetic and diffusion regulated regions. The third (Zone III) region is a diffusion-

Figure 3: Different characteristics region of ORR polarization plot of a catalyst
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controlled region in which the current density of an electrode is determined via the rate of diffusion of the
reagents reaching the moving electrode’s surface. Following all the three characteristic regions, the two most
significant additional criteria commonly employed for the estimation of catalytic efficiency are onset
potential (Eonset) and half-wave potential (E1/2), respectively. The additional optimistic significance of
Eonset and E1/2 indicates the greater catalytic activity of the catalyst. Though, the concept of Eonset varies
from paper to paper. Some papers say that Eonset can reach 5% of the diffusion-limited current density
(JL) [48]. Another description implies that Eonset is potential when the actual density approaches the
threshold value of 0.1 mA/cm2 [37]. As a result, it is critical to understand the concept of Eonset as it is
employed in the ORR catalytic converter analysis and to compare it to the conventional Platinum catalyst
under similar conditions [49–53].

2 Various Cathode Catalysts for ORR Improvement

The oxygen reduction reaction is considered as an electrochemical effect resulting in a substantial energy
loss. Furthermore, for most catalysts, the high standard reduction potential, i.e., 1.23 V vs. SHE, is the most
significant restraint on the ORR reaction, which is the primary limiting factor. With the exception of a few
noble metals, the majority of materials are reactive at high potential, which limits their application. Pt leads a
4e-ORR route with less H2O2 production than other noble metals, according to the electrocatalytic analysis
carried out with several noble metals like Au, Cu, Pt, Hg, Ag, Pd, and so on [45].

Composite catalysts made of non-precious metals, carbon-based, conductive polymers and biocathodes
have drawn tremendous interest from the scientific community due to their low synthesis costs and simple
availability. As a result, several studies focusing on the production of these ORR catalysts for MFCs as
illustrated in Fig. 4, Tab. 2 and also various generations of ORR catalysts have been described in Fig. 5.

Table 1: List of various terminal electron acceptors and their half-cell reactions [44]

Electron
acceptor

E E0 Cathodic reduction reaction Reaction conditions

ClO4− 0.87 1.29 ClO4� þ 8e� þ 8Hþ ! Cl� þ 4H2O [ClO4−] = [Cl−], pH = 7

Fe(CN)6
3− 0.36 0.36 FeðCNÞ3�6 þ e� ! FeðCNÞ4�6 [Fe(CN) 6

3−] = [Fe (CN) 6
4−]

O2 0.8 1.23 O2 þ 4e� þ 4Hþ ! 2H2O pO2=0.2, pH = 7

0.33 0.69 O2 + 2e− + 2H+→ 2H2O2 pO2=0.2, [H2O2] = 5 mM, pH
= 7

MnO4− 1.1 1.7 MnO4− + 3e− + 2H+→MnO2 + 2H2O [MnO4] = 5 mM, pH = 7

S2O8
2− 1.96 1.96 S2O2�

8 þ 2e� ! 2SO2�
4 [S2O8

2−] = [SO4
2−] = 5 mM

NO3− 0.73 1.25 2NO3� þ 10e� þ 12Hþ ! N2 þ 6H2O [NO3−] = 5 mM, pN2=0.2, pH
= 0.7

0.42 0.83 2NO3� þ 2e� þ 2Hþ ! NO2� þ H2O [NO3−] = [NO2−], pH = 0.7

Cr2O7
2− 0.42 1.36 Cr2O2�

7 þ 6e� þ 14Hþ ! 2Cr3þ þ 7H2O [Cr2O7
2−] = [Cr3+] = 5 mM, pH

= 7

Cu2+ 0.27 0.34 Cu2+ + 2e−→Cu(s) [Cu2+] = 5 mM

VO2
2+ 0.17 1.00 VO2þ

2 þ 2e� þ 2Hþ ! VO2þ þ H2O [VO2
2+] = [VO2+], pH = 7
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2.1 Metal-Based Catalysts
Transition metals are well known to have ORR catalytic activity. Several studies have indicated that the

metal oxides on carbon support have wide applications for low-temperature fuel cells as Pt free cathode
catalysts due to their low cost, plentiful design, and excellent ORR activity. Different metal-based
catalysts have been clarified below.

2.1.1 Iron
Iron was studied in the form of composites and tested for power generation in various MFCs. The

maximum power density of 68–80 mW/cm2 at pH 11 was obtained by the cathodes in double chamber
MFCs based on Fe-AAPyr (aminoantipyrine) and Fe-MBZ (mebendazole) [54]. The Fe-AApyr, a
catalyst-free ORR from any Platinum Group Metal (PGM), has been shown to have the highest power
and can greatly improve the MFC’s efficiency. The Iron and Amino Precursor Antipyrin (Fe-AAPyr) was
prepared by the Sacrificial Support System (SSM) [55], based on iron, cobalt, nickel, and manganese. In
addition, with low charge transfer, low activation barrier, and higher exchange current density [56], this

Figure 4: Schematic representation illustrating several oxygen reduction catalysts

Figure 5: Various generations of ORR catalysts

JRM, 2022, vol.10, no.3 673



modified AC showed excellent ORR activity. In an associated study, the Fe-Mn-AAPyr (Iron, manganese
and amino precursor antipyrin) catalyst possessed the maximum output power among other bimetallic
catalysts comprising PGM-free metal that were prepared by the SSM [57]. Catalysts formed from a
physical mixture of graphene nanosheets and a Fe-AAPyr catalyst in the cathode, which breaths air,
resulted in power generation of 235 ± 1 mW/cm2 [58]. In comparison, the Fe-AAPyr catalyst provided
an apex power to surface area ratio of up to 1.3 W/m2 in sewage slugged microbial cells [59]. The
power density (PD) of Fe-AAPyr achieved in RRDE swung was in the centre of 90 ± 9 μW/cm2 and
262 ± 4 μW/cm2 with 0.1 mg cm−2 (lowest) and 10 mg cm−2 (highest) catalyst loaded individually [60].
An iron catalyst chelated with some ligands constructed by thermolysis of EDTA [pyrolyzing carbon
mixed iron-chelated ethylenediaminetetraacetic acid] (PFeEDTA/C) provided a PD of 1122 mW/m2 and
remained stable for 31 days [61]. It has been observed when porous carbon obtained from asphalted
petroleum was doped with Fe-N, an excellent ORR output due to rich carbon porosity, massive precise
surface area, and Fe-N doped carbon [62]. Fe-Ricobendazole demonstrated a power density of
195 μWcm−2 and a 55-fold reduction in cost compared to Pt [63]. Another research stated that an iron-
based cathode, deposited FePc (Iron II phthalocyanine) on two dissimilar carbon compounds
(carbonaceous) by an iron-based cathode synthesized using a classical non-pyrolysis technique. The
resulting materials were positioned in a cathode air-producing arrangement by ORR in an impartial
environment [64]. In a related study, FePc-MnOx combined air-cathode catalyst produced more power
than the Pt/C.

2.1.2 Cobalt
The Cobalt-macrocyclic complex has been observed to increase catalyst dispersion and ORR kinetics

consequently generated the maximum electrical power density of 64.6 mW/m2 [65]. The cobalt
oxide/nano-carbon hybrid material coated air-cathode resulted in a maximum power density (Pmax) of
17 mW/m2, which was reported approximately 5.3 times higher than the value of nitrogen-doped carbon
nanotubes (NCNT) based cathode containing MFC. These compounds acted as stellar ORR catalysts at
pH 7 owing to their versatile form, strength, conductivity, and surface area contributed to efficiency [66].
On the other hand, the performance of a Co3O4/NCNT cathode decayed very little in 16 cycles,
indicating the outstanding stability of these MFCs [66]. An air cathode catalyst was synthesized using in-
situ electro-deposition of NiCo2O4 nanoplatelets on carbon cloth. Owing to its low internal resistance, its
maximum power density was observed 12.96% higher than the Pt/C catalyst [67]. CoTTP ([meso-tetrakis
(2-thienyl) porphyrinate] Co(II)) cathodes of MFCs successfully treated wastewater containing up to
0.04 M methanol in a single chamber and demonstrated higher methanol resistance (>0.02 M) than Pt
cathodes [68]. In this study, the incorporation of cobalt oxide increased iron phthalocyanine’s ORR
activity. The highest power density of 654 ± 32 mW/m2 was obtained by the C-CoOx-FePc cathode, and
even after 50 cycles, the voltage output of the MFC was almost constant, indicating strong potential for
long-term robustness [33]. In a separate experimental study, Co-FePc/CDC (carbide-derived carbon) was
synthesized from waste rods after heating a high-temperature furnace, further, It was applied to the
cathode, and as a result, a maximum production power of 1.57 W/m2 was attained at its peak [69].
Geobacter sulfurreducens fed anode with RuCoSe (ruthenium-cobalt-selenide) air cathode was used to
convert acetate to electricity-a peak PD was reached which was comparable to Pt [70]. Wastewater
treatment by MFCs with NaCo2O4 cathode generated PD and current density of 0.6 Wm−2, 3 Am−2,
respectively [71].

2.1.3 Copper-Based Catalysts
Copper composites have been studied recently as an ORR catalyst for MFCs. In single-chamber MFC,

Cu and graphene oxide were tested as (Cu2O/rGO) a cathode catalyst which demonstrated the results in terms
of OCV 0.223 V, 92.5% Coulombic efficiency compared to 0.206 V and 90.0% Pt/C cathode, respectively.
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Strong ORR kinetics was observed due to improved diffusion of O2 to the surface of the cathode [72]. In
another study, bacterial cellulose was doped with phosphorus and copper through freeze-drying and high-
temperature pyrolysis to prepare a cathode catalyst. Due to copper and phosphorous doping, more active
sits were induced in bacterial cellulose pores, and catalytic activity was consequently increased. The
increase in catalytic sites results in a high power density and current density of 1177.31 mW/m2 and
6.73 A/m2, respectively, higher than those of Pt (1044.93 mW/m2 and 6.02 A/m2) [73]. Polyaniline and
copper have been shown to function synergistically for the oxygen reduction reaction [74]. Carbon paper/
copper polyaniline (CP/PANI-Cu) was prepared and utilized as the cathode in one previous experiment.
The heavy adhesion of PANI to carbon paper and Cu to the top of the PANI layer enables higher ORR
operation. CP/PANI-Cu cathode showed a maximum current density of 0.50 mA/cm2 compared to 0.35
mA/cm2 of the Pt/C cathode. The use of copper-barium (Cu-B) catalysts in MFCs investigated for the
treatment of wastewater. The system was capable of high COD removal with 4.1 mW of power
generation, although the magnitude of power output was low, nevertheless, it is sufficient to make the
process sustainable as output energy could be utilized for reactor aeration [75].

The previous experiment also demonstrated that the Nafion membrane attached to the CP/PANI-Cu was
much less biofouled than the Pt/C cathode [74]. It has been found that the MFC cathode biofilm formation in
presence of Cu2O was significantly lower than that with Pt/C due to the antibacterial properties of copper
oxide, which could free up more ORR catalytic side of the cathode, effectively improving the overall
efficiency of the MFCs [72]. Similar study was conducted by preparing a cathode catalyst utilizing
nitrogenous mesoporous carbon coated with Co and Cu nanoparticles achieving the maximum power
density of 2033 mW/m2. The elevated performance was due to Co, Cu, and pyridinic-N, which
culminated in the exposure of more active sites, eventually resulting in enhanced ORR performance. A
facile one-step hydrothermal process was employed to develop low-cost cathode catalysts, a hybrid of
CNTs with Cu-Se nanoparticles (CuSe-CNTs). The catalyst with equivalent parts of CuSe and CNTs
(ratio 1:1 of the different mass ratios tested of CuSe-CNTs displayed a higher power density of 425.9 ±
5 mW/m2 [76].

The addition of polyvinylpyrrolidone (PVP) as a surfactant in a single-step electrodeposition process
contributed to the development of a strongly ordered porous hydrangea-like Cu2O structure on activated
carbon. The optimized catalyst recorded a maximum power density of 1610 ± 30 mW/m2. The PVP-
assisted method led to the formation of active C-N sites, surface functional groups and O2 vacancies,
resulting in lower activation barriers, low transfer resistance and high current exchange density [77].

2.1.4 N-Doped Catalysts
Nitrogen-doped partially graphitized carbon (NPGC) catalysts achieved a maximum power density of

1122 mW/m2 and displayed a decrease in efficiency only after 80 days, giving it a promising candidate
for use in MFCs [78]. Iron-activated nitrogen-doped catalytic converter led to a well-decorated wide
plane area, interlinked, nanopore catalyst, as well as superbly dispersed Fe-N, live material. Increased
ORR operation relative to conventional Pt/C, yielded more optimistic half-wave potential, excellent
methane resistance, high reliability, a much higher maximum power density, and a much longer stable
operating period [79]. N-doped Ag/Fe/C catalyst was observed to show better ORR efficiency, a high PD
of 1502 mW/m2 and improved constancy than the conventional Pt/C [80]. In another research, N/Fe-C,
where noble N-Fe is doped in conductive carbon, was used as an ORR catalyst which enhanced the
electrochemically active region, resulting in the highest power density and output voltage by 11% and
0.72% respectively, in comparison to the conventional Pt/C catalyst [81]. Fe-PPA has also been studied as
a cathode catalyst in MFCs where the overall electron transfer number was found to be 3.55, suggesting
that Fe-PAA can be a highly effective low-cost cathode catalyst [82]. When a nitrogen molecule was
doped with MoS2C, the resulting catalyst (N-MoS2/C) was highly defective but had many energetic sites
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and was highly permeable to oxygen. This, combined with the honeycomb structure, had a maximum PD of
0.815 mW/m2, far higher than the conventional Pt/C. Specifically, the synergy between abundant defects and
a highly advantageous network leads to the propensity for ORR reactivity [83]. Doping of active sites in Iron/
Cobalt-Nitrogen combined with nano-sized, porous graphene content resulted in a maximum power density
of 35 mW/cm2 compared to 60 mW/cm2 demonstrated by the conventional Pt/C. The system showed an
over-potential of 30 mV comparison to Pt/C [84]. The pyrolysis of an organic polymer comprising iron
(II) porphyrins has resulted in the creation of porous nitrogen-doped carbon material with encapsulated
Fe-Nx/C nanoparticles. It demonstrated greater performance than Pt/C at about 20% higher cell voltage,
maximal power density, and Coulombic efficiency [85]. Melamine, an excellent source of nitrogen, was
used to synthesize Activated Carbon (AC) doped with nitrogen. The roll-pressed method developed a
very dense air cathode using AC catalysts. However, MFCs with AC-N10-900 catalyst generated
65.4% more electrical output compared to AC, and 11.2% higher than Pt/C with the highest PD of
1042 mW/m2. To achieve this PD, the activated N/C to melamine ratio was regulated to 10 and 900°C
pyrolysis temperature [86]. Watermelon rind (WRC-700), which is also an excellent source of nitrogen
and a stable precursor, was used to develop a porous carbon nitrogen doped cathode catalyst via pyrolysis
at 700○C. As a result, the developed WRC-700 cathode catalyst achieved a current intensity of 0.19 mA
per unit surface area, which was a peak conversion point attributable to lower resistance of 20.63 Ω
relative to Pt/C cathode (37.56 Ω) [87].

A composite catalyst made of carbon black co-doped with N2 and F2 was integrated into a single-
chambered MFC air cathode in the study. BP-2000 and poly-tetra-fluoroethylene (PTFE) underwent direct
pyrolysis in presence of ammonia for the preparation of BP-N, BP-F catalysts. As BP-NF was used as a
cathode catalyst, Pmax was 672 mW/cm2, relative to 572 mA/cm2 with Pt/C [88]. Three forms of manganese
dioxide were tested for MFCs, of which β-MnO2 recorded the highest activity due to improved association
with CNTs [89]. Increased Mn content of manganese-cobalt (Mn-Co) oxide-based catalysts resulted in
increased Brunauer–Emmett–Teller (BET) surface region, resulting in enhanced power generation [90]. A
cost-effective solution was suggested by producing electrodes from carbon nanoparticles (CNPs). The CNPs
are formed by the deposition on the nano-sized stainless steel (SS) wire disc of the soot collected from
incomplete burning fuel on the candle. Research involving physio-chemical and physio-electrical
characterization showed that electrode materials should have a graphite structure, rapid water absorption
potential, and mechanical and electrochemical stability [91]. A study recorded that a microporous layer
prepared with synthetic as well as conductive ink by the amalgamation of Co3O4 or Fe3O4 driven the
efficiency of oxygen removal to greater than 90%. The resulting MFC worked much better than the Pt
catalyst having a volumetric power density (PD) of 6.13 W/m3 and 21.1% CE [92]. Another comparative
analysis comparing the activities of MnCo2O4 (MCON) and Co3O4 nanorods (CON) showed that MCON
generated power at the highest rate of 587 mW/m2, 29% higher than power generation by CON [93].

2.2 Carbon Based Nanocomposite Catalyst
2.2.1 Graphene

Graphene has gained tremendous interest in diverse fields due to the extreme stability in its applications,
this section covers a few catalysts based on graphene and compares their efficiency to the conventional Pt/C
catalyst. Studies have shown that catalysts of nitrogen-doped graphene (NG) are capable of achieving Pmax

equivalent to that of catalyst Pt, suggesting that they could be used as a good substitute in the long term Fig. 6
[94]. Due to numerous active sites and higher surface area, nanotubular alpha-MnO2/GO nanocomposites
showed fast start-up and strong longevity [95]. A Pmax of 1149.8 mW/m2 was obtained with iron and
nitrogen functionalized graphene (Fe-N-G) [96]. The Pmax of 1159.34 mW/m2 was achieved by porous N-
doped carbon nanosheet (PNCN) on graphene. Its excellent electrocatalytic activity in ORR was
attributed to the high N2 concentration and high specific surface area [97]. Graphene oxide looks like a
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microscopic flower, and it was observed that hybridization with MgO (GO/MgO) had a slightly lower cost–
2.2 $/g-than the catalyst for Pt/C (33 $/g). moreover, its electrochemical activity was greater than that of only
an MGO or pure GO cathode [98]. Graphene-like N-doped carbon has demonstrated enhanced catalytic
activity since Co-Nx-C, and PtCo nano-alloys have the ability to working no two different materials
simultaneously to activate them, creating a chemical reaction between these materials [99]. The highest
PD was 32% higher than that of conventional Pt/C for binder-free nitrogen-doped graphene (NG) sheets.
Additionally, its internal resistance was found to be just 20% of Pt/C air-cathode [100]. Boron and a
nitrogen-dual-doped graphene sheet (BNG) were produced using a novel technique and used as ORR
support for Pt. BNG/Pt interaction has been improved due to remarkable electron-donation by BNG to Pt.
In contrast to the conventional Pt/C, it displayed increased electrocatalytic activity [101]. Composites of
nitrogen-doped porous graphene/carbon (NPGC) demonstrated a wide surface area and have high onset
potential along with a four-electron ORR pathway, resulting in a more powerful resistance to menthol
than Pt/C [102]. An rGO, known as reduced graphene oxide was initially developed by removing the
oxidized functional group from graphene oxide. The rGO together with nanoparticles of poly (3,4ethylene
dioxythiophene) (PEDOT) and iron oxide (Fe3O4) were developed in a tertiary composite catalyst
generating the highest PD with a durability of more than 600 h [103]. Nitrogen and fluorine as co-
dopants for rGO showed enhanced resistance to methanol, long-term stability and highly selective
pathways allowing the transition of four electrons [104]. These sheets contain CoMn2O4 nano-sized-
catalyst dispersed evenly on their surface by applying hydrothermal synthesis on the rGO nanosheets.
This synthesis provides a massive BETS (Brunauer-Emmet-Teller Surface) region of 78.4 m2/g to the
dispersed electro-catalyst and doped with some active sites, such as cobalt (ii) cobalt (iii), manganese (ii),
manganese (iii) ions, which are active sites. Consequently, ORR activity and electron transfer rate
increased significantly [105]. The highest maximum PD of up to 1956.45 mW/m2 was achieved by
utilizing activated carbon-supported multi-doped graphene [106]. Due to the rotating cathode, the site
accessibility of the catalysts was increased and the dissemination of oxygen and OH− ion transfer across
the air-cathode was also improved [26]. An innovative method of wastewater treatment to produce H2O2

is a biomass-based electrochemical system that utilizes the 2e− of the ORR process. As a result, despite
the over-oxidation effect, H2O2 generation efficiency has dramatically increased owing to the improved
catalytic action of oxidized graphene containing C-O-C as an oxygen-functional group [107].

Figure 6: Schematic representation of N-doped graphene in exhibiting ORR activity
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2.2.2 Carbon Nanotubes (CNTs)
Poor ORR kinematics in a two-dimensional air-cathode of MFCs limit the efficiency of the system. To

improve the electrochemical efficiency as well as maximum power density (Pmax) in MFCs, nano-sized
carbon tubes used to build a 3D structure were found [108]. Composites made of CNTs improved the
transition of charge between electrolytes and electrodes, resulting in a Pmax of 24 mW/m2 [109], whereas
manganese dioxide-coated CNTs has been shown to achieve a Pmax of 210 mW/m2 [110]. CNT generated
electrical power using palm oil mill effluent sludge as a source of mixed culture as an MFC electrode. In
comparison to Pt/C (Platinum-Carbon) catalyst, the improved catalytic properties of the CNT electrode
enhanced the ORR mechanism [111]. The electrode-acting bamboo fashioned NCNT (CNT doped with
N2) demonstrated weaker in-house resistance, better ORR characteristics, and greater power density than
the Pt catalyst [112]. Compared to the CC-Pt cathode, a novel CNT derived from the deposition of Pt
nanocomposite on the CNT substratum demonstrated higher efficiency of use of the surface area [113].

Application to a stainless-steel mesh electrode with a coating of graphene or CNTs resulted in increased
the power density of the MFC, due to lowering of the MFC’s internal resistance. The anode and cathode
modifications showed an increase in power output of 3–7 and 1.5–4.5 times, respectively, with an
enhancement in Pmax by the modified anodes [114]. In the positive half-wave, FePc/CNTs and FePc/PID
(polyindole)/CNTs showed higher electricity generation and more potential. Notably, Iron-polyindole-
carbon nanotubes (FePc/PID/CNT) displayed a performance equal to that of conventional Pt/C [115]. The
nitrogen-doped bamboo-like carbon nanotube (BCNT) has been found to enhance catalytic activity due to
high electron transfer numbers. In comparison, it cost 200 times less than Pt/C and was competitive
[116]. A bifunctional catalyst, ZnCO2O4/N-doped-CNT, demonstrated excellent operation, comparable to
the efficiency of transition metal catalysts. In several different areas, this novel bi-functional catalyst has
the potential for large-scale applications [117]. N2 was found to have a stronger ORR activity when it
was doped in CNT. This was transparent and distinct from conventional ORR-activity, as a dopant with a
hollow-tube-shaped carbon catalyst. The CNT/MoS2 carbon nano-sized catalyst derived from MoS2
(molybdenum disulfide nanocomposites) hybridization gave rise to an interlaced structure with abundant
O2 chemisorption sites, indicating that electrocatalytic activity was promoted [118]. Co/NCNT
nanocomposites are produced by regulated pyrolysis of graphitic carbon nitride and cobalt acetate [119].

Multi-Walled Carbon Nanotubes (MWCNTs)
Cathodes made of graphite felt (GF) modified multiwalled carbon nanotube (MWCNT), prepared using

electrophoretic deposition, were used by microbial sediment fuel cells. The Pmax was detected to be 1.6 times
higher that of unmodified graphite felt [120]. Polyaniline (PANI)/MWCNT composites reached a Pmax of
476 mW/m2 [121]. The composite Co-Se/MWCNT demonstrated better electrochemical efficiency and
durability, with the Pmax being much greater than the conventional MWCNT cathode [122].

2.2.3 Activated Carbon (AC)
Air cathodes made of activated carbon with a diffusion layer were found to have comparable efficiency

depending on their running period (usually 1.5 months). Diffusion layer (DL) AC cathodes with 70%
porosity had the highest power of 1214 ± 123 mW/m2, which is greater than the DL containing cathode
with 30% porosity. However, its power decreased by 40% within a year, suggesting that the porosity of
the diffusion layer of AC cathodes can significantly affect the output of power and the long-term stability
of AC cathodes [123]. The highest PD was registered by cathodes derived from coal, while peat-based
AC showed the top catalytic activities in MFCs. It has been shown that the potential at the beginning of
the reaction and the quantity of strong acid have an opposite relationship. The power generation of the
MFCs was affected by the presence of functional groups and the diffusion layer of microporous at
cathodes. Therefore, based on its highest surface area, the air cathode MFC must not be chosen; instead,
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it must be wisely selected to eliminate the diffusion downsides. This precision can help to generate sites of
active catalysts [124]. An experiment showed that a rolling process using rolling activated carbon (AC) could
create an inexpensive, binder-metal-free, and versatile air-cathode. To boost regeneration ability and bolster
operation, a catalytic layer of PTFE was found [125]. It is generally recognized that the activated carbon air
cathode of MFCs is more functional in lowering oxygen and is sustainable for the environment. It was
observed that the addition of carbon black to AC exhibited greater current density and low electron flow
resistance, and the Pmax of MFCs increased by 9–16% [124]. Since air cathodes contained activated
cobalt-decorated carbon (Co(OH)2/AC), the initial capacity for ORR became 2.6 times higher, while
CO3O4/AC with a large surface spot and pore volume was 1.6 times higher and a Pmax of 1420.8 mW/m2

was obtained [126]. Different Activated carbons (ACs) were treated at different H3PO4 concentrations.
AC-3 treated with 1 M H3PO4 obtained the peak energy density of 954 ± 36 mW/m2 X-ray photoelectron
spectroscopy and Boehm titration have shown that MFC efficiency is decreased by the functional groups on
the AC acidic surface, such as RCOOR, RCOOH, and ROH. Nanoparticles of Spinel CoFe2O4 (CFO) on
activated carbon with nitrogen as a dopant were created by a method based on an in-situ annealing
assembly, carried out in the water at both high temperature and pressure. This catalyst applied on the
cathode generated a maximum PD that was 2.39 times greater than that of the control [127]. The maximum
PD, stated to be greater than that of catalysts using Pt/C as a regular catalytic substance, was increased by
CoO nanosheets assisted by N-doped activated carbon [128].

An excellent, stable catalyst, cobalt, and nitrogen-doped carbon CoNC was prepared at 900°C and
showed a PD that was 13.3% greater than that of Pt/C. Its microporous structure and pyridinic nitrogen-
coordinated cobalt contributed to its better performance [129]. In aqueous air cathode MFCs, a flower-
like Co3O4 catalyst demonstrated improved electrocatalytic activity, increased electron transfer kinetics,
greater exchange current rate, and greater maximum power density than the bare cathode [32]. A Pmax of
356 mW/m2 was obtained by two novel nickel cobaltite-nanocarbon hybrids. In addition, they also
showed outstanding environmental stability [130]. Ni/Mn-promoted mesoporous cobalt oxides prepared
by an inverse micelle process by one-step wet chemical synthesis demonstrated promising activity for
both ORR and (oxygen evolution reaction) OER and better durability than other precious metals [131].
The metal-organic framework (MOF) is a recent and fascinating highly porous composite made from
organic connectors and metal ions. To strengthen the cathode output, MOF on activated carbon was
found. Although MOF catalysts are inversely affected by chelators, the performance is still better
compared to plain AC [132].

Twin metallic substances and a non-metallic substance (nitrogen) were synthesized as a co-dopant for
carbon using the pyrolysis method as a class of metal (cobalt)-organic structure based on the M/CoNC
catalyst, extremely porous and consistently dispersed with metal as well as nitrogen on a matrix derived
from graphite. By providing highly active dense sites, proper regulation of corridors for electronic
species, and, essentially, excellent ORR efficiency, the porous and uniformly dispersed M/Co/NC catalyst
features energies ORR [133]. The MFCs based on catalysts demonstrated greater durability (110 h
operating hours) than the MFCs based on Pt/C (around 40 h) [134]. Its low-cost and environmentally
friendly design is the plus side with the only drawback of having high resistance to charge transfer.

A nitrogen-based chitosan can be used as a carbon precursor during the synthesis of activated carbon.
Further activation to generate air cathodes is achieved by KOH with distinct concentrations. It was
discovered based on electro-kinematics that the ORR activity specifically depends on the kinetic activity,
and thus better kinetic activity induces better ORR activity. Since chitosan is derived from carbon-doped
nitrogen, it enhances the activity of ORR Fig. 7 [135].
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2.2.4 Carbon Nanofibers (CNFs)
Electrospun carbon nanofibers were activated Via the incorporation of some chemical properties and the

treatment of physical properties. Compared to only physically treated activated carbon nanofibers (ACNFs),
they displayed a 78% improvement in power production, and a 16% increase in power production compared
to only chemically treated ACNFs with 4 M KOH. Since the outer surface area of chemically treated CNFs
was greater, super catalytic activities were exhibited by these CNFs [136]. By introducing electrospinning at
high temperatures, air-cathodes based on graphitic-carbon with metals as dopants have been developed. BC-
HT, obtained from bamboo branches of Phyllostachys pubescens commonly known as Mazel was
synthesized by the pyrolysis process in presence of nitrogen displayed 65% better power generation in
comparison to the conventional electrode material [137]. The ACF (activated carbon fibre) substrate,
which was dispersed with Ni, was extracted from N-Ni-CNF/ACF, and Ni possessed N as an in-situ
dopant material. The preparation of N-Ni-CNF/ACF was chemically carried out using vapor deposition.
Its use as an electrode for electricity generation in an MFC demonstrated the highest efficiency by double
the PD of non-dopant N-Ni-CNF/ACF [138]. On the other hand, nitrogen-doped CNFs (N-CNFs)
demonstrated greater conductivity upon treatment at 900°C nitrogen as an in-situ dopant material nitrogen
defects and a wider outer surface were thus contained in the prepared catalyst [139]. In this study, the
manufacturing process of CNFs composite that carry dual catalytic activities and capacitance
characteristics is described. The association of fiber aggregates and the electrode thorn-like structure
made the CNFs the strongest high-conductivity catalyst and PD [140].

2.3 Metal Composites
2.3.1 Metal Oxides

Metal oxides (MO) are generating a lot of interest as a low-cost alternative to platinum/cadmium in
MFCs. The ease with which MO-based catalysts may be synthesized, their cost-effectiveness, their good
ORR performance, and their ecological tolerance are the primary aspects that urge the researchers to

Figure 7: Schematically describing the mechanism of activated carbon in improving ORR activity
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utilize Metal oxide - based ORR catalysts. As a cathode catalyst in MFCs, manganese oxides (MnOx) have
been extensively investigated because of its inexpensive cost, great abundance, and wide range of oxidation
states. When it comes to controlling the activity of MO-based electrocatalysts, morphology, crystal structure,
and exact surface area are all important factors to consider. Catalytic activity is also impacted by the chemical
structure of the catalyst. Among the different MnOx that perform ORR operations in the following order:
Mn5O8 < Mn3O4 < Mn2O3 < MnOOH, ~MnO2. The α-MnO2 nanotubes generated a Pmax of 2100 mW/m2

which is comparatively higher than α-MnO2 nanorods that generated 1850 mW/m2 indicating the
essentiality of morphology. High surface area and precise microporosity of the ORR were shown to be
responsible for the improved catalytic activity, which provided a large number of active sites for the reaction.

2.3.2 Metal Carbides
Metal carbides (MCs) are considered to be an important class of materials for fuel cell implementation

due to their great chemical and physical stability, as well as their resistance to corrosion throughout
electrochemical operations. There are numerous advantages of MCs over metals in terms of catalytic
activity, selectivity, and tolerance to contamination, among other things. MCs, on the other hand, can
produce a wide range of chemical compositions of MxCy through a variety of electrocatalytic reactions.
Consequently, it is necessary to choose the composition in order to maximize the activity of the ORR [45].

2.4 Carbon-Composites
MNC (Metal-Nitrogen-Carbon) was porous nitrogen (diameters between 2 and 50 nm abundant carbon)

commonly known as mesoporous nitrogen-rich carbon catalyst synthesized at various temperatures had been
explored for application in MFCs. After thirty days of action, the highest PD declined by 11% for Pt Catalyst
in MFCs, whereas a 7% decrement was observed for the MNC catalyst in MFCs. As a result, the MNC
catalyst was considered a low-cost catalyst in MFCs to generate electrical output power and treat
wastewater [141]. A fast, one-step microwave-assisted hydrothermal synthesis of reduced graphene oxide
produced (rGO)/SnO2 nanocomposites. The (rGO)/SnO2 can be used as ORR-catalyst as it shows
excellent electrochemical behavior [142]. The CuSe is a dual compound comprised of copper and
selenium, commonly known as klockmannite, which possessed a hexagonal nano-sized structure. This
black-coating deposited on the rGO-CNTs has been prepared by a low-cost, effective method. The MFCs
that were run with that cathode (CuSe-rGO-CNTs) showed a massive energy output compared to the
traditional Pt/C [143]. Through an innovative, one-step process, crossed CNTs adorned with
klockmannite NPs were formulated. Various mass ratios of (CuSe: CNTs) were examined. The (1:1) ratio
exhibited the best ORR activity and a higher power density [144]. Iron and nitrogen as dopant materials
for carbon xerogel (CX) were sufficient in producing a suitable catalyst for MFCs. A suitable catalyst
was produced by modifying CX-N-Fe with GO (graphene oxide). It was observed a biofilm on the
electrode surface when bacterial cells are colonized at the anode. The PD of the newly generated
electrode with biofilms is 26.8% higher than the plain graphite electrode [145]. Nevertheless, a hybrid of
10% GO and MnO2 utilizing as a catalyst at cathode generated the highest 148.8 mW per unit area
showing the greatest performance among other concentrations of GO [30].

2.5 Conductive Polymers Composite Catalyst
Conductive polymers (CPs) have recently been studied for several applications. These materials are

distinguished from many others by their high electrical conductivity as well as their environmental
stability. The stability and practical implementation of electrode processing with conductivity polymers
provide an enormous possibility to develop systems that are suitable for industrial application. Among the
several CPs tested, PANI, polypyrrole (PPy), poly(3-methyl)thiophene (PMeT), and poly(3,4-ethylene
dioxythiophene) (PEDOT) were shown to be highly effective ORR catalysts, as was PEDOT. The
cumulative electrochemical catalytic activity of these conductive polymer composite materials shift to a
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non-negative potential, leading to the maximum current density. A modified electrode was prepared from
prussian blue/polyaniline (PB/PANI) and its power production potential was explored after using this
newly produced electrode in the MFCs. The gradual increase in the concentration of PB/PANI on the
cathode demonstrated reasonable electrochemical catalytic activity and dramatically increased ORR
activity [146]. Despite the poor interactivity between b-type Manganese-di-oxide and granular PANI on
the surface, the greater surface area and higher PANI conductivity increased the ORR and PD activity
[147]. Using a non-aqueous solution and heat process, a revolutionary Manganese-polypyrrole-carbon
nanotube (Mn-PPY-CNT) formulation was developed, producing high dexterity and durability with the
maximum PD compared to MFCs using the standard platinum catalyst [148]. To promote biocathode,
especially in comparison to the expensive, precious metallic catalyst, microorganisms- for ORR were
allowed the MFC a low-cost and equivalent power production. Importantly, as a cathode, the highly
conductive and biocompatible polymer composite material will induce and increase biocatalytic activity
[149]. RVCs (Reticulated Vitreous Carbons) is a substitute doping material utilized for cost-effective
catalysts, such as PANI, PANI-FePc, and PANI-CUPc were used to obtain the highest PD and highest
potential [150]. The catalyst’s durability plays a crucial role in regulating the MFC’s efficiency. Cobalt-
chelated polyaniline is known as a source of nitrogen and carbon. N-doped with partially graphitized
carbon (PGC) CO/Co9S8 catalysts are formulated utilizing this source demonstrating a very low internal
resistance [151]. PANI-MnO2 nanocomposites were developed using a single-step, self-originated
polymerization method primarily based on a chemical oxidation reaction. Compared to carbon paper, an
improved maximal PD was obtained using this cathode at MFC [152]. Using the above process,
nanocomposite CNT/PPy was formulated and evaluated in MFCs as a revolutionary cathode catalyst. On
both processes, the COD elimination was greater than 80%, which indicating that the CNT/PPy shows
outstanding ability as a cathode catalyst [153]. Hierarchical multi-walled MnO2/polypyrrole/MnO2

nanotubes (NT-MPMs) were developed by a process that took place at some higher temperatures in water
and wreathed with the carbon-cloth anode to increase the ability of power generation of the MFCs.
Compared to the carbon-cloth free cathode, this cathode at MFCs displayed a higher efficiency and
produced 1.3 times greater potential for power output and had much greater longevity. For more effective
electrocatalysis, NT-MPM cathodes have provided special active centres for bacteria as a part of
biocathode [154].

Table 2: Types of cathode catalysts and their performance in MFC

Type of cathode

catalyst

Cathode catalyst Example Power density Reference

Carbon-based catalyst Graphene N-doped carbon nanosheet 1159.34 mW/m2 [97]

Fe- and N-functionalized graphene 1149.8 mW/m2 [96]

Carbon nanotube Manganese dioxide-coated CNTs 210 mW/m2 [110]

Multi-walled nanotubes

(MWNTs)

Polyaniline (PANI)/MWNT composites 476 mW/m2 [121]

Activated carbon (AC) Diffusion layer (DL) AC cathodes 1214 ± 123 mW/m2 [123]

Co3O4/AC 1420.8 mW/m2 [126]

Two novel nickel cobaltite-nanocarbon hybrids 356 mW/m2 [130]

Carbon-based composites 10% GO and MnO2 148.8 mW/unit

area

[30]

Metal-based catalyst Iron Fe-AAPyr 90 ± 9 μW/cm2 [60]

Fe-N/AC 1092 W/m2 [155]

(Continued)
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2.6 Biocathode
Biocathode has some excellent benefits in contrast to abiotic-cathode MFCs. Firstly, the abiotic cathode

has either an unsustainable cathode system, including such potassium ferricyanide or a comparatively costly
oxygen-reduction platinum cathode. The latter quickly suffer from poisoning agents (e.g., chloride) and
induces secondary contamination. However, as a biocatalyst, biocathode consist of microorganisms
having the ability to self-renew and avoid damage from harmful substances. The biocathode is both cost-
effective and environmentally friendly. Secondly, it offers the possibility of oxidation of different
contaminants, in particular nitrogen elimination, owing to the varied and complicated respiratory
pathways of microorganisms in the biocathode. Simultaneous nitrification, denitrification and energy
generation using biocathode in MFCs could be realized when involved in nitrogen removal [45].

3 Cathode Biofouling’s Effect on Microbial Fuel Cell Performance

In specific instances, biofilm formation on the cathode can be employed successfully to accelerate
cathode processes deprived of the necessity for external catalysts, hence reducing the need for external
catalysts. The conversion of nitrate to nitrogen (denitrification) may be enhanced in the cathode chamber
by the usage of electrons from the anode. As a result, the cathodic reduction can be done utilizing nitrate
as the terminal electron acceptor (TEA), hence enhancing the efficiency of the MFC. Utilizing a stainless-
steel cathode coated with seawater biofilm in comparison to a control, improved power density was
achieved. However, to facilitate such a complex biocatalytic process to a cathode, experimental
parameters need to be closely managed, as the enlargement of the biofilm may detrimentally impact the
entire chemistry over the days of service and may ultimately decrease the efficiency of the MFC Fig. 8.
The overpotential loss which arise during the reduction stage on the cathode have a significant impact on
the efficacy of MFC. The development of a biofilm on the catalyst is a critical factor affecting cathode

Table 2 (continued)

Type of cathode

catalyst

Cathode catalyst Example Power density Reference

Fe-Ricobendazole 195 μW/cm2 [63]

Cobalt Co-naphthalocyanine (CoNPc) 64.6 mW/m2 [65]

cobalt oxide/nano-carbon hybrid 17 mW/m2 [66]

Co (NO3)2 + carbon black (CB) 1540 mW/m2 [26]

Copper CuSe-CNTs 425.9 ± 5 mW/m2 [76]

CP/PANI-Cu 0.50 mA/cm2 [75]

N- Doped catalysts Nitrogen-doped partially graphitized carbon

(NPGC)

1122 mW/m2 [78]

N-Doped Ag/Fe/C 1502 mW/m2 [80]

N-MoS2/C 0.815 mW/m2 [83]

Conductive polymer composites catalyst V2O5/PANI 79.26 mW/m2 [45]

MnO2/PANI 37.6 mW/m2

MnFe2O4/PANI 6.49 W/m3

Biocathode Acinetobacter sp. 24 mW/m2

Sphingobacterium sp. 49 mW/m2
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kinetics, or processes involving ORR. Two of the most significant disadvantages of cathode biofouling are
that it (1) reduces the flow of oxygen to the catalyst substrate, which limits the reduction of oxygen
concentration and raises the flow of charge as well as diffusion resistance; and (2) prevents the transfer of
protons from the membrane to the sites of reduction. Tab. 3 lists a number of cathode biofouling
experiments, each of which illustrates the consequences [156].

Figure 8: Several types of fouling and its effect on ORR activity

Table 3: Various cathode biofouling studies

Sr. no. Strategies Cathode composition Pmax (under biofouling) Pmax (after treatment) Reference

1. Lysis buffer (60°C)–

wash -deionized water

Lysis+an extra layer of

catalyst

Graphite–

polyurethane rubber

solution

135 μW 28.6 μW [157]

2. Scarping salt/biofilm

(from cathode)

Activated carbon air

cathodes wrapped

with Stainless steel

wire mesh

777 ± 19 mW/m2 834 ± 41 mW/m2 [158]

Scarping salt/biofilm,

wash- deionized water–

dried-repressed

membrane

777 ± 19 mW/m2 ~ 1200 mW/m2 [158]

Scarping salt/biofilm,

soak (0.1 M HCL) (24

h), wash-deionized

777 ± 19 mW/m2 1518 ± 38 mW/m2 [158]

(Continued)
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Table 3 (continued)

Sr. no. Strategies Cathode composition Pmax (under biofouling) Pmax (after treatment) Reference

water–dried-repressed

membrane

Scarping salt/biofilm,

soak (0.1 M NaOH) (24

h), wash-deionized

water–dried-repressed

membrane

777 ± 19 mW/m2 ~ 1015 mW/m2 [158]

3. Removal of SMP Activated carbon

catalyst-PTFE binder

965.1 ± 45.1 mW/m2 1063.1 ± 29.5 mW/m2 [159]

4. Rotating cathode

(500 RPM)

Carbon fiber brush

impregnated with

nitrogen and

phosphorus dopants

and PANI

Recovery up to 85% [160]

5. Replacement of

biofouled cathode

Replaceable air-

cathode

0.46 mW 1.99 mW [161]

Membrane electrode

assembly composed

of J cloth (10%), Pt-

C, and PTFE binder.

2.3 mW 3.8 mW [161]

Membrane electrode

assembly composed

of plastic Grid

(10%), Pt-C, and

PTFE binder.

2.6 mW 5.7 mW [161]

Membrane electrode

assembly composed

of carbon paper

(10%), Pt-C, and

PTFE binder.

2.4 mW 2.3Mw [161]

6. Cleaning of cathode

biofilm

Carbon fabric that is

impervious to

moisture and

contains 0.5 mg/cm2

Pt-C

556 ± 48 mW/m2 704 ± 30 mW/m2 [162]

7. 1.2 VAC current Activated carbon 1179 ± 65 mW/m2 1426 ± 91 mW/m2 [163]

8. UV irradiation Carbon cloth - PVDF

layer

84.6 mW/m2 97.7 mW/m2 [164]

84.8 mW/m2 119.6 mW/m2

9. HCl treatment Carbon cloth -

Nafion layer

116.2 mW/m2 198.6 mW/m2 [164]

116.2 mW/m2 338.1 mW/m2
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4 Cost Analysis of Cathode Catalysts

In developingMFC’s industry, the catalyst value is a critical problem. The high cost of platinummakes it
impractical for MFC upscaling and its commercialization. The above-mentioned low-cost cathode catalyst
for MFCs are investigated and discussed in Tab. 4.

5 Critical Issues in Utilizing Various Nanomaterials as ORR Catalysts

ORR catalysts must be exceptionally active/stable and cost-effective in order to promote the large-scale
deployment of MFCs. At this time, the reduction of valuable metal catalysts is a major challenge for the
usage of valuable metals thus, maintaining ORR operation. While valuable metal alloys and core-shell
structures show promise in providing more active sites with restricted valuable metal atoms, the
correlation between valuable metals and inexpensive supporting alloys or transition metals is not well
understood. Another issue for valuable metal catalysts is insufficient stability when metal loading is low
[170]. The critical issue is to enhance ORR activity and stability without adding any metal(s), however
some researchers have asserted that some “metal-free” catalysts may be formed by highly active trace
metal impurities [171,172].

6 Conclusion

In the microbial fuel cell economic expansion, ORR has a significant role to play. Pt demonstrates the
most enhanced electrochemical performance in comparison to the ORR electrochemical performance of
other single metals, but its practical implementations are constrained due to its high price and scarcity.
When a secondary metal is introduced to a metal electrocatalyst, the particle size reduces, resulting in an
enhanced lattice strain and, thus, electrocatalytic activity. It is been shown that multi-component catalysts

Table 4: Cost estimation of various cathode catalysts

Sr.
No.

Cathode catalyst Cost for
catalyst

Cost for catalyst +
MFCs

Reference

1. Platinum (Pt) $ 150 $ 780–1340 Alfa Aesar, Johnson Matthew
Company, United Kingdom.

2. Fe-AAPyr $ 3.20–3.40 $ 215–296 Alfa Aesar, Johnson Matthew
Company, United Kingdom.

3. Fe-Mebendazole $ 3.40–3.60 $ 262–329 Alfa Aesar, Johnson Matthew
Company, United Kingdom.

4. CoNPc $ 0.0114/cm2 [165]

5. MnO2 $ 3.84 [166]

6. MWCNTs (95%, < 7 nm) $ 1960 [167]

7. GO-MgO $ 2.2/g [98]

8. CuZn $ 90.42 [168]

9. Activated carbon $ 0.5/g Sigma Aldrich-Merck

10. V2O5-NR/rGO $4.8/g [169]

11. Copper $5528/ton [167]

12. Nickel $14,898/ton [167]

13. Industrial graphite nanoplatelet
CNTs composite
aqueous paste

<$ 50/kg [167]
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boost ORR activity, but it is not clear which multi-catalyst exhibits the highest enhanced ORR activity. more
research is required to optimize the combination of components on various multi-component catalysts.
However, it is quite clear that metal oxide catalyst which is responsible for improved ORR must be
blended with conductive carbon like activated carbon, CNT, graphene etc to enhance the conductivity of
the cathode and improved power generation. Biocathode had shown promising due to its renewable
nature, nevertheless, its slow kinetics for oxygen reduction limits its frequent use for practical
implementation. Another limiting factor of the cathode is biofouling and for which, from physical
washing to surface alteration, substantial efforts have been made to avoid and minimize biofouling on the
cathodes. While some of the suggested mitigation methods could postpone electrode biofouling, such as
hydrophilicity regulation of the binder and surface adjustment, a concentrated acid wash can be seen as a
quick and inexpensive method of cleaning to completely recover the efficiency of the cathode. In terms
of cathodic biofouling, intermittent treatment of cathode for a short period, with lysis buffer,
demineralized water, or nitric acid. Physical washing and re-manufacturing of biofouling contaminated
cathode layer was also implemented, but there were still losses in the energy recovery. The use of
cathode nanomaterial catalysts based on Cu briefly demonstrated encouraging impact in improving
biofouling in MFCs. More research is required for antifouling ORR based bifunctional catalysts for long
term use of MFC. Finally, it can be inferred that, concerning their considerable importance, the
investigation of microbial cathodes for ORR catalysis has so far been moderate. Combined methods,
including electrochemistry, chemistry, microbiology, genetics, ecology, material science and engineering,
need to be thoroughly explored to explore the various pioneering technologies mentioned and, ideally,
open up new avenue’s dependent on expertise.
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