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ABSTRACT

Iron aminoantipyrine (Fe-AAPyr), graphene nanosheets (GNSs) derived catalysts and their physical
mixture Fe-AAPyr-GNS were synthesized and investigated as cathode catalysts for oxygen reduction
reaction (ORR) with the activated carbon (AC) as a baseline. Fe-AAPyr catalyst was prepared by Sacrificial
Support Method (SSM) with silica as a template and aminoantipyrine (AAPyr) as the organic precursor.
3D-GNS was prepared using modified Hummers method technique. The Oxygen Reduction Reaction
(ORR) activity of these catalysts at different loadings was investigated by using rotating ring disk (RRDE)
electrode setup in the neutral electrolyte. The performance of the catalysts integrated into air-breathing
cathode was also investigated. The co-presence of GNS (2 mg cm2) and Fe-AAPyr (2 mg cm™2) catalyst
within the air-breathing cathode resulted in the higher power generation recorded in MFC of
235+ 1 pW cm 2. Fe-AAPyr catalyst itself showed high performance (217 + 1 pW cm™2), higher compared
to GNS (150 + 5 yW cm2) while AC generated power of roughly 104 pW cm~2.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Energy plays a vital role in the everyday life. With the increasing
energy demands, the effort has focused on developing low cost and
efficient, energy harvesting technologies utilizing renewable en-
ergy sources. Microbial fuel cell (MFC) has been extensively studied
in the past decade due to the co-generative characteristics of
removing organic contaminants and producing valuable electricity
output [1—4]. In fact, MFCs belong to the bioelectrochemical sys-
tems (BES) technology [1—4], a larger family that comprises of
electrochemical technologies having a biotic anode in which the
oxidation reaction occurs [1—4]. MFCs work by converting the
chemical energy stored in the organics into electrical energy by the
aid of electroactive microorganisms that act as the biological cat-
alysts at the anode. At the anode electrode, the organic material,
which is the anodic fuel, is oxidized and therefore degraded
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generating the electrons that are released to the anode electrode
[5]. These electrons get carried through an external load to the
cathode where an oxidant (i.e. oxygen in air breathing MFCs) is
reduced, and the overall redox reaction is then completed [1-5].
Despite several oxidant options investigated in MFCs [6], oxygen is
the preferred solution due to its natural availability in the atmo-
sphere at no additional cost and its high electrochemical potential
[6].

The overall MFC performance is affected by various factors such
as operating conditions (e.g. temperature [7,8], pH [9,10], solution
conductivity [11,12], etc.), electrode materials [13—15] and their
structure [16,17], cell design [18,19], microbial inoculation [20—22]
etc. Despite the low electricity production, several demonstrations
of harvesting towards applicability have been showed in existing
literature [23—27]. Few examples of application comprehend ro-
bots prototypes [28,29], sensors [30—36], watch [37] and LEDs
lights [38].

Although MFCs have been studied in detail in the past decade,
one of the major limitations that are still impeding its large-scale
applications can be attributed to the poor cathode kinetics oper-
ating in neutral media [39—45]. In this solution conditions, in fact,
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H* and OH™, both necessary reagents for the ORR, are present in a
concentration of 10~7 M which is the lowest possible in the avail-
able pH range. In general, ORR can occur by a direct 2e™ or 4e™
transfer mechanism, or an indirect 2x2e™ transfer mechanism and
this depends from the catalysts material utilized during the
reduction reaction [42—45]. The nature of the electrolyte solution,
especially the pH, employed during the ORR also drives the reaction
pathways towards different intermediate and final products
[42—45]. Mainly, in acidic conditions, O, can be reduced to H,O
(direct 4e™), to H,0 (direct 2e™) or H,0 towards a 2x2e™ transfer
mechanism with H,O, as intermediate. In alkaline electrolyte, O,
can be reduced to OH™ (direct 4e~), HO3 and OH™ (direct 2e™) or
OH™ towards a 2x2e~ transfer mechanism with HO3 and OH™ as
intermediate. In the case of intermediate generation, the latter can
be chemically or electrochemically transformed into H,O or OH™ in
case of acidic or alkaline media electrolyte respectively [42—45].

Due to the low kinetics, additional catalysts are used to accel-
erate the overall reaction. The catalysts might be of the biotic or
abiotic type. The first one considers enzymatic [46] and microbial
[41] catalysts. Several enzymes have been exploited as catalysts for
ORR in neutral media with the superb performance, but both high
cost and low durability make those materials unsuitable for MFCs
applications [47]. Microbial catalysts (aerobic [48] and anaerobic
[49—51]) are also studied, and it was found that they enhance the
ORR of graphite-based cathodes. Still, the mechanism is quite
complex and not completely understood. Two main families of
materials instead belong to the category of abiotic catalysts. Those
families are named: i) platinum-group metal (PGM) [52,53]; ii)
platinum-group metal-free (PGM-free) [54—57]. The main differ-
ence is the presence or absence of platinum group metals such as
ruthenium (Ru), rhodium (Rh), palladium (Pd), osmium (Os),
iridium (Ir), and platinum (Pt). PGM-free catalysts can also be
subdivided into two categories comprehending carbonaceous-
based materials [54—57] or earth abundant transition metals-
based materials [54—57].

More predominantly, PGM catalysts were used in the initial
stages of developing the cathode materials for MFCs [52,57]. The
reason for this can be attributed to the utilization of already
advanced electrodes from a more mature fuel cell technology such
as acidic (e.g., PEMFC, DMFC, etc.) or alkaline (e.g., AFC, etc.) fuel
cells [54,57,58]. Due to their high cost, their utilization should be
minimized or avoided in low performing MFCs. Besides this, the
possibilities of PGM catalysts of getting poisoned in MFC are very
high since the catalysts are directly exposed to wastewater, acti-
vated sludge (AS) and other organics/pollutants which contains
large amounts of cations and anions that interact directly with the
catalyst active centers, reducing dramatically the electrocatalytic
activity [59—61].

Those limitations resulted in the development of platinum
group metal free (PGM-free) catalysts as cathode materials for
MECs applications. Compared to PGM catalysts, PGM-free catalysts
are more resistant towards poisoning [59—61] and much lower cost
to be used in MFC [62,63]. Carbonaceous-based materials such as
activated carbon (AC) [64—69], carbon nanotubes (CNT) [70], car-
bon nanofibers (CNF) [71], 2D or 3D-graphene nanosheets [72], etc.
[73] were also used as cathode materials due to their low-cost, high
surface area, relatively high conductivity and durability in “harsh”
and polluted environments. The performance of carbonaceous-
based materials is very limited compared to PGM-free catalysts
containing earth abundant transition metals such as Fe [74—84],
Mn [85—87], Co [87—89] and Ni [87,90,91]. Therefore, carbonaceous
materials are often used as support for the catalyst rather than be
the catalyst itself. PGM-free containing metals are generally: i)
oxides; ii) macro-cycles (e.g. phthalocyanine or porphyrins) in
which a metal center is incorporated; iii) product of pyrolysis of a

metal salt and an organic precursor. Pyrolyzed PGM-free catalysts
are generally the most used for MFCs [84]. It was shown previously
that Fe-based catalysts were most active among Co-, Mn- and Ni-
based materials in both rotating ring disk electrode (RRDE) [87]
and in working MFCs [82].

The objective of this work is to examine the performance of
activated carbon (AC), graphene nanosheet (GNS), and iron-
aminoantipyrine (Fe-AAPyr) catalyst materials separately and in-
tegrated as an alternative cathode catalyst material to improve
MEFECs performance. The electrocatalytic activity of AC, GNS and Fe-
AAPyr in neutral media using RRDE as well as incorporated into air-
breathing cathodes was investigated. Polarization and power
curves of operating MFCs having air-breathing cathodes with the
catalysts integrated were also studied and discussed. The effect of
the addition of GNS and Fe-AAPyr separately and simultaneously
was shown and discussed.

2. Experimental
2.1. Catalyst synthesis

2.1.1. Fe-AAPyr synthesis

Fe-AAPyr catalyst was synthesized using Sacrificial Support
Method (SSM) as reported previously [59,62,63]. Iron nitrate and
Aminoantipyrine were ball-milled with Silica template till
achieving a fine powder. The obtained mixture was then pyrolyzed
at a temperature of 950 °C for 30 min under Ultrapure Nitrogen gas
at a flow rate of 100 mL min~L. The temperature was ramped up to
950 °C using a rate of 25 °C min. After pyrolysis, the mixture was
cooled down to room temperature under atmospheric conditions in
the furnace. Silicate was removed from the catalyst (etching) by the
utilization of hydrofluoric acid (HF) of 20 wt%, and the catalyst was
thoroughly washed with DI water to attain the neutral pH. Thus,
remained silica free catalyst was dried at a temperature of 85°C
facilitating the water evaporation.

2.1.2. Fabrication of three dimensional GNS

To synthesize the graphene nanosheets, first its precursor, gra-
phene oxide (GOx) was synthesized using the Modified Hummers
method [92]. The GOy solution was then exfoliated using high en-
ergy ultrasonic solution and impregnated with monodispersed
amorphous fumed silica (Cab-O-Sil® L90, surface area =90 m?g~1)
was dispersed into the solution that was further ultrasonicated for
1 h. The GO-silica mixture was then dried overnight, followed by
ball milling and thermal pyrolysis in 7% Hy (flow
rate = 100 mL min ') at a controlled temperature of 800 °C for the
duration of 1 h. The obtained GNS-Silica material was ball milled
again at 400 rpm for 15 min. The GNS-silica reduced powder (gra-
phene nanosheets containing silica nanoparticles) was subjected to
HF etching in order to remove the silica particles used as template,
hence giving it a porous three-dimensional morphology The pow-
der was leached in 40 wt% HF overnight and then washed until
neutral pH was achieved, followed by air drying (T =85 °C), and
additional pyrolysis in inert UHP nitrogen atmosphere at a tem-
perature of T =850 °C for 2 h. The fabrication and comprehensive
characterization of these three-dimensional graphene nanosheets
was established in previous publications [93—95].

2.2. Rotating ring disk electrode experiments (RRDE)

Catalytic ORR performance of AC, GNS, Fe-AAPyr, and Fe-AAPyr-
GNS was studied by RRDE. The RRDE was composed by a disk of
glassy carbon with an area of 0.2475 cm? that was surrounded by a
platinum ring with an area of 0.1866 cm?. Ring and disk were
connected to a different channel of a bi-potentiostat (Pine
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Technology). Precisely 5 mg of the catalysts were weighted into
2 mL individual Eppendorf tubes (Table 1). In case of Fe-AAPyr-GNS
catalyst mixture, 2.5 mg of each catalyst was added to the tube
(Table 1). Into these tubes, 150 pL of 0.5 wt% Nafion solution and
850 uL of 4:1-DI water and Isopropanol were added and sonicated
for about 15 min in the ultrasonic bath to disperse the catalyst inks
homogeneously. Before the tests, the catalyst inks were re-
sonicated again for about 3 min in pulse mode with 30s' intervals
in the middle by using micro-tip ultrasonic probe. Three different
loadings of all the catalysts (0.2, 0.4, and 0.6 mg cm~2) were tested
in 0.1 M neutral potassium phosphate buffer (K-PB) solution of 7.5
pH with AC as the control. Only one test was performed for each
type of catalyst presented in Table 1. Before carrying out the RRDE
experiment, the buffer solution was purged thoroughly with pure
oxygen gas for at least 20 min to saturate the electrolyte with
dissolved oxygen (DO). The catalyst ink was drop cast on to the
glassy carbon disk (WE) and dried completely before attaching it to
the shaft. Linear Sweep Voltammograms (LSVs) was performed by
using the general three-electrode cell assembly with the glassy
carbon electrode (with the dry catalyst on top) as the working
electrode, graphite rod as the counter electrode and Ag/AgCl 3 M
KCI as the reference electrode. LSVs were run between +0.5 V
and —0.7 V at a scan rate of 5 mVs~! at a rotation rate of 1600 rpm.
While running the LSVs, the disk current (Igisk) and the ring current
(Iiing) were recorded to find the electrochemical parameters of in-
terest such as onset potential, half-wave potential and the limiting
current of all the catalysts. The amount of peroxide generated (eq.
(1)) and the number of electrons transferred (eq. (2)) during the
reduction reaction were also calculated from the Igjsk and Ijjhg using
the formulas below:

200 Iring
%Hy0, = =N (1)
Idisk + —g*
. 4x1dzsk' 2)
I disk + 'rine

where N = 0.43, which represents the platinum ring collection ef-
ficiency that was given by the instrument company.

2.3. Electrodes preparation

Anode electrodes utilized in this work were two carbon brushes
(3 cm in diameter and 3 cm in height) that were already in use for
more than one year resulting in fully-grown and operating elec-
troactive biofilm on the electrodes. Cathodes were fabricated in the
form of a circular pellet by using a metallic pellet dye under the
pressure of 3 mT applied for 5 min using a hydraulic press (Carver,
USA). A ratio of 7:1:2 of activated carbon (AC), carbon black (CB),
and polytetrafluoroethylene (PTFE) were taken and blended to
form a uniform mixture using a blender. Then the AC/CB/PTFE
mixture was blended with 20 mg of the catalysts (AC, GNS, Fe-
AAPyr, and Fe-AAPyr-GNS mixture) and made into air-breathing
cathodes respectively. The compositions of the cathodes

Table 1
Loadings of AC, GNS, Fe-AAPyr and Fe-AAPyr-GNS catalysts on working electrode
(WE) for RRDE experiments.

Catalysts mg in the ink Loadings (mg cm™2)

AC 5 0.2 04 0.6
GNS 5 0.2 0.4 0.6
Fe-AAPyr 5 02 04 06
Fe-AAPyr-GNS 254125 0.2 04 0.6

investigated are also presented in Table 2.

2.4. Cathodes polarization curves and microbial fuel cell
polarization curves

The prepared cathodes were screwed to a lateral hole of the
glassy MFC and filled with 0.1 M of potassium phosphate buffer
solution (K-PB) of 7.5 pH to carry out the linear sweep voltammetry
(LSV) measurements. This type of single chamber membraneless
microbial fuel cells was previously presented and fully described
[96,97]. The cathode was left in direct contact with the electrolyte
overnight. LSV was carried out at a scan rate of 0.2mVs~! from
open circuit potential (OCP) to —0.4V (vs. Ag/AgCl) with the cath-
ode as working electrode, titanium wire (>2 m in length) as the
counter electrode and Ag/AgCl (3 M KCl) as the reference electrode.
Triplicates of different air-breathing cathodes were run for each
catalyst investigated.

The solution was switched with 50:50 - K-PB and activated
sludge (AS) along with 3 mL of sodium acetate (NaOAc) solution
(stock of 100gL~1) as bacterial feed. The AS was taken from the
Southside Wastewater Reclamation Plant, Albuquerque, NM, USA.
As the solution was switched, the anodes were moved into the
“new” MFCs, and the overall system was left in open circuit voltage
(OCV) for at least 3 h before running the overall polarization curve.

The polarization curves were run from OCV to 0V at a scan rate
of 0.2 mVs~ L. Triplicates of different MFCs were run for each cata-
lyst investigated. While doing the polarization curves, individual
potentials of cathode and anode were measured separately using
another potentiostat channel. The cathode surface area exposed to
the solution was 2.85 cm?. All the calculations were referred to the
geometric cathode area exposed to the electrolyte.

3. Results and discussion
3.1. Surface morphology

Fig. 1 shows the SEM images of a) Fe-AApyr and b) three
dimensional GNS materials of the materials utilized in this study.
The porous morphology was generated via thermal pyrolysis and
etching of the silica template, and also verified using BET and BJH
N,-isotherms. The Fe-AApyr catalyst was shown to have a BET
surface area of 650 m? g~ !, whereas the three-dimensional GNS had

a BET surface area of 300 m? g~ .

3.2. RRDE data

The disk current for the AC, GNS, Fe-AAPyr and Fe-AAPyr-GNS
catalysts at different loadings is shown in Fig. 2 a. The onset po-
tential varies for different catalysts and is approximately = +0.23 V
(vs. Ag/AgCl) for Fe-AAPyr and Fe-GNS catalysts, while for AC it is
roughly = —0.075 V (vs. Ag/AgCl) and for GNS is = +0.05 V (vs. Ag/
AgCl). As expected, the onset potential remained similar for all
catalysts independently of their loading. This agrees with the

Table 2
Electrode configuration with loading of AC/CB/PTFE, GNS and Fe-AAPyr.

Catalysts Loadings (mg cm2)

AC/CB/PTFE GNS Fe-AAPyr Total
AC-0 380 - - 380
AC-2 420 420
GNS-2 400 20 - 420
Fe-AAPyr-2 400 - 20 420
Fe-AAPyr-2-GNS-2 380 20 20 420
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Fig. 1. SEM images of Fe-AAPyr (a) and 3D-GNS (b).
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Fig. 2. Disk current (a), ring current (b), peroxide yield (c) and electron transfer number (d) at rotating speed of 1600 rpm for AC, GNS, Fe-AAPyr and Fe-GNS (Fe-AAPyr + GNS)

catalysts at loadings of 0.2, 0.4 and 0.6 mg cm 2.

previously reported data [62,72,82,84]. The half-wave potential is
highest for Fe-AAPyr of about +0.075 to +0.01 V (vs. Ag/AgCl) and
the lowest is for AC of about —0.25 to —0.32 V (vs. Ag/AgCl). For GNS
and Fe-GNS, the half-wave potential ranges between -0.17
and —0.21 V (vs. Ag/AgCl) and +0.025 to +0.06 V (vs. Ag/AgCl)
respectively. The limiting current also follows the same pattern
followed by the half-wave potential. From the disk current, Fe-
AAPyr-GNS performance was quite comparable with the Fe-
AAPyr even though the quantity of Fe-AAPyr within the Fe-
AAPyr-GNS catalyst is half the quantity compared to the Fe-AAPyr
catalyst by itself. By increasing the catalysts loading the limiting
current was increased for all the catalysts, this might be due to
entrapping and quick conversion of generated peroxide in the
catalyst layer itself before it gets released in the electrolyte. But
irrespective of loading the onset potential remained the same while

the half-wave potential increased slightly as shown in Table 3.

The ring current was also measured, and it increased gradually
in case of AC and GNS as the potential goes down from 0 to —0.7 V
(vs. Ag/AgCl) indicating the presence/formation of H;0, in the
electrolyte as ORR intermediate shown in Fig. 2 b. Ring current
density (I;ing) measured had a minor values for Fe-AAPyr-GNS and
Fe-AAPyr comparatively among all the catalysts indicating a com-
plete reduction of oxygen to the final product during the ORR and
lower production of peroxide as intermediate.

Peroxide yield calculated according to eq. (1) was also shown in
Fig. 2 c. Low peroxide yield quantified in roughly =10-20%
at +0.1 V (vs Ag/AgCl) and =5—10% at —0.7 V (vs. Ag/AgCl) was
measured for Fe-AAPyr-GNS and Fe-AAPyr (Fig. 2¢). Instead, GNS
produced much higher peroxide yield of about 60—100% at +0.1 V
that decreased to 10—22% at lower potential investigated (—0.7 V
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Table 3
Half-wave potentials of all the catalysts at different loadings.
Catalyst Fe-AAPyr-GNS  Fe-AAPyr GNS AC
Loading (V vs Ag/AgCl) (V vs Ag/AgCl) (V vs Ag/AgCl) (V vs Ag/AgCl)
(mg cm—2)
0.2 0.025 0.075 —0.204 —-0.32
04 0.04 0.09 -0.195 -0.275
0.6 0.055 0.1 -0.175 -0.275

vs. Ag/AgCl). Even higher peroxide was measured in the case of AC
that was =85-100% at +0.1 V (vs. Ag/AgCl) and =20—-35%
at —0.7 V (vs. Ag/AgCl). For both AC and GNS, the peroxide pro-
duction increased with the decrease in the potential, and this can
be interpreted by the fact that initially (at high potential) peroxide
is produced and then is consumed once the potential moves to-
wards lower values. Interestingly, peroxide yield was also
decreased with the increasing loading for all the catalysts tested in
this study. With the utilization of higher loading, the catalyst layer
thickness on the glassy carbon electrode increased resulting in less
amount peroxide reaching the ring of the electrode. This means
that all the catalysts do not have a direct 4e-transfer mechanism
but all of them produce intermediate products that are then
consumed by the thicker layer before reaching the ring.

The number of electrons transferred during the reaction was
shown in Fig. 2 d. Fe-AAPyr-GNS is having the highest number of e-
transferred of about 3.75—4 in number. For Fe-AAPyr, the number
of e” transferred was 3.7—3.9, 3.5—3.7 for GNS, and 3.35—3.5 for AC
with different loadings. Fe-AAPyr-GNS and Fe-AAPyr had always
high e™ transferred while for AC and GNS, the e-transfer number
increased at lower operating potentials. As for every catalyst
investigated, a not negligible peroxide production was measured, it
can be speculated that a direct 4 e~ transfer mechanism was not
present within the catalysts investigated. Fe-AAPyr-GNS and Fe-
AAPyr follow a 2 x 2 e~ mechanism while AC and GNS follow
more probably a direct 2 e” transfer mechanism mainly due to the
high peroxide produced at higher potential.

3.3. LSVs in electrolyte
Fig. 3 shows the LSV studies done on the air-breathing cathodes

with different catalysts combination to understand their electro-
catalytic activity under clean conditions using 0.1 M K-PB as the
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Fig. 3. LSVs of AC, GNS, Fe-AAPyr and Fe-GNS catalysts incorporated into air breathing
cathode.

electrolyte solution. After leaving the cells filled with K-PB solution
overnight, these experiments were conducted; this initial condi-
tioning resulted in obtaining a stable open circuit potential (OCP)
for all the cathodes investigated. The OCPs of Fe-AAPyr-2 and Fe-
AAPyr-2-GNS-2 catalysts were around 0.32V (vs Ag/AgCl) while
AC-0, AC-2 and GNS-2 was around 0.2—0.25V (vs Ag/AgCl) (Fig. 3).
This indicates that the presence of atomically dispersed iron moi-
eties within the catalyst shifted up the cathode OCP. At low current
densities, AC underwent much higher activation losses compared
to GNS and Fe-AAPyr based catalysts. GNS-based cathodes always
had higher current output compared to AC despite at lower po-
tentials their current outputs became comparable. The addition of
Fe-AAPyr produced more current compared to the Fe-free cathodes
(Fig. 3). The addition of GNS within the Fe-AAPyr (Fe-AAPyr-2-GNS-
2) helped to enhance the catalytic activity of the cathode within
over 2000 pA cm~2 of current generated performing then like Fe-
AAPyr-2 air-breathing cathode. None of the catalyst containing
cathodes underwent concentration losses during the experiment at
higher current densities indicating that ohmic losses were pre-
dominant at those currents level. Fe-AAPyr-2-GNS-2 and Fe-AAPyr-
2 cathode reached a maximum current density of 3700 pAcm ™2
(at —0.4V vs Ag/AgCl), in parallel, AC (AC-0 and AC-2) and GNS-2
have attained a maximum current density of 2000—2500 yA cm 2
and 2700 pA cm 2 (at —0.4V vs Ag/AgCl).

3.4. Polarization and power curves in operating microbial fuel cells

Overall polarization curves were performed on the MFCs after
the cells attained the stable OCV. The OCVs of the MFCs were
measured before running the overall polarization curves with
values of about 0.73—0.75 V for Fe-AAPyr-2 and Fe-AAPyr-2-GNS-2.
Instead, the OCV for GNS-2, AC-0, and AC-2 was lower and quan-
tified in around 0.65V and 0.67 V (Table 4).

Fig. 4 a shows the overall polarization curves of the MFCs with
the different catalysts incorporated into an air-breathing cathode.
Fe-AAPyr-2-GNS-2 obtained the maximum short-circuit current
density of about 1500 + 3.5 pA cm~2 while Fe-AAPyr-2 and GNS-2
achieved a lower short-circuit current density of about
1355+ 10 pAcm 2 and 1172 + 23 pAcm ™2 respectively. AC-based
cathodes MFCs had instead the lower short circuit current den-
sities of about 932 + 34, 992 + 43 pA cm 2 for 2 (AC-2) and 0 (AC-0)
mg cm~? additional loadings. The power densities (Fig. 4b) were
obtained from the polarization curves by multiplying the voltage
and current density (P=V x I). Fe-AAPyr-2-GNS-2 achieved the
maximum power density of this investigation of about
235+ 1 pW cm 2 while Fe-AAPyr-2 achieved a slightly lower power
density of about 218 +5uW cm~2. GNS-2 based cathode MFCs
achieved maximum power densities of about 150 + 5 tW cm 2. AC-
0 and AC-2 had similar power density peak of 103 + 4 pW cm~2 and
105 + 1 pW cm 2 respectively. To elucidate the behavior of the
single electrodes during the polarization curves, cathode and anode
performance were recorded separately (Fig. 4c and 4 d). Anode
polarization curves showed very similar electrochemical

Table 4
Open circuit voltage, maximum power density and short circuit current density for
the MFCs during overall polarization curves.

Catalyst Open circuit Max. power Short circuit current
voltage (V)  density (uWcm™2)  density (pAcm™2)

AC-0 0.64 +0.01 103 +4 992 +43

AC-2 0.67 +0.01 105+1 932+34

GNS-2 0.67 +0.01 150 +5 1172 £23

Fe-AAPyr-2 0.74 +0.02 218+5 1355+ 10

Fe-AAPyr-2-GNS-2  0.74 +0.01 235+1 1500 +4
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Fig. 4. Overall polarization curves (a), power curves (b), anode polarization (c) and cathode polarization curves (d) of the MFCs having AC-0, AC-2, GNS-2, Fe-AAPyr-2 and Fe-AAPyr-

2-GNS-2 catalysts.

characteristics for all the electrodes utilized (Fig. 4c). This anode
trend confirms therefore that the differences detected during the
polarization curves are imputable to the diverse cathodes used
during the experimentation. Cathode polarization curves for Fe-
AAPyr-2-GNS-2 were slightly better than Fe-AAPyr-2. As they
started from the same OCP, Fe-AAPyr-2-GNS-2 cathodic curves had
slightly lower slopes indicating the lower ohmic resistance of the
material that can be attributed to the presence of the highly
conductive GNS. GNS-2 cathode MFC had higher cathode perfor-
mance compared to AC that had similar behavior despite different
loading. Cathode and anode polarization curves, as well as the
overall polarization curves, did not suffer from any transportation
or diffusion loss even at higher current densities investigated
indicating the major losses occurring in the cells are corresponding
to ohmic losses.

4. Outlook

In this work, different cathode catalysts were investigated in air-
breathing cathode MFC. The catalysts used such as AC, GNS, Fe-
AAPyr, and GNS mixed with Fe-AAPyr were initially screened us-
ing RRDE technique for identifying the kinetics parameters of the
catalyst towards ORR. RRDE allows identifying the catalyst having
the best performance within its working regime of saturated oxy-
gen in the liquid electrolyte. Fe-AAPyr showed highest performance
followed by GNS and AC. While a clear 2e™ transfer mechanism was
identified for GNS and AC, supported by their high peroxide pro-
duction, a more complicated 2 x 2 electron transfer mechanism can
be considered for Fe-AAPyr. This speculation was supported by the
small but detectable hydrogen peroxide produced by Fe-AAPyr. An
increase of loading leads to a lower peroxide production indicating

that the intermediate formed by the reaction is disproportionated
within the thicker catalyst layer. A mixture of AC, CB and PTFE was
used as the base for every cathode investigated. At that base, AC,
GNS, Fe-AAPyr, and GNS mixed with Fe-AAPyr were added as
catalyst, and the electrochemical performance were studied in
clean media and in operating MFC.

Fe-AAPyr-2-GNS-2 measured the highest power reached in this
investigation that was 235+ 1 pW cm 2. Fe-AAPyr-2 had a com-
parable but slightly lower power density of about 218 + 5 W cm™2.
The addition of GNS within the cathode increased the overall per-
formance by 8%. GNS-2, AC-0, and AC-2 had a lower power density.
Particularly, the addition of extra AC did not affect the performance
output while the addition of GNS boosted up the performance by
50%. The addition of Fe-AAPyr and Fe-AAPyr and GNS simulta-
neously lead to advancement in performance that was 2-fold
compared to the AC. Once again, it can be concluded that the
addition of catalyst based on iron on or graphene nanosheets can
increase the performance significantly compared to simple AC.

In literature, PGM-free catalysts incorporated into cathodes and
tested in membrane less MFCs using a buffer solution as overall or
part of the electrolyte (maximum considered of 0.1 M PBS buffer
concentration) showed performance between 150 and
280 uW cm 2 [74—92]. This big variation among the results in
literature is mainly due to the different operating conditions uti-
lized during the experimentations such as temperature, electrolyte
adopted, cell design, anode/cathode ratio, altitude on sea level, etc
[11,82]. Other parameters such as catalyst loadings, for example,
have been showed to affect the power output [62]. At last, it was
previously shown that Fe-based catalysts performed better
compared to another PGM-free catalyst in which Co-, Mn- and Ni-
was adopted as the metal center [82,87]. Comparing these
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performance with previously presented catalysts tested in the
exactly same operating conditions and with the same loading
applied, the higher performance here presented in this current
work (235 + 1 pW cm~2) represent one of the highest reported in
neutral media. Fe-Mn-AAPyr showed a peak of power curves of
222 +7 pW cm~2 [98], Fe-Nicarbazin [84] instead had a maximum
power of 214+ 5 pW cm 2. Slightly lower power generation that
was still above 200 pW cm~2 was reached by Fe-Ricobendazole and
Fe-Niclosamide [60]. In parallel, higher performance
(243 +7 pW cm~2) were achieved when iron (II) phthalocyanine
was deposited into black pearl carbon black and incorporated into
an air-breathing cathode [75]. The latter catalyst was not done
using sacrificial support method. This work underlined the
importance of designing new cathode catalyst materials that can
enhance the overall performance of the MFC system significantly.

5. Conclusions

The electrocatalytic activity towards oxygen reduction reaction
of activated carbon (AC), graphene nanosheets (GNS) and iron-
aminoantipyrine (Fe-AAPyr) were tested using rotating ring disk
electrode (RRDE) technique. Fe-AAPyr had higher electrochemical
output compared to GNS that was also superior to AC. Higher
peroxide was detected for AC and GNS indicating a probable 2e™
transfer mechanism. Fe-AAPyr had lower but not negligible H,0,
production indicating a probable 2x2e~ transfer mechanism. The
performance of the air-breathing cathode was enhanced adding
GNS or Fe-AAPyr separately and simultaneously. The addition of
GNS and Fe-AAPyr concurrently led to the higher output of the
investigation that was 235+ 1 uW cm 2. The presence of only Fe-
AAPyr had 8% lower power density (218 +5 pW cm~2). The addi-
tion of GNS within the cathode containing Fe-AAPyr increased the
overall performance by 8%. AC was the baseline with a power
density of 103—105 pW cm 2. The addition of the sole GNS led to
the performance by 50% to a power density of 150 + 5 pW cm 2.

Acknowledgements

The authors would like to thank the Bill & Melinda Gates
Foundation grant: “Efficient Microbial Bio-electrochemical Sys-
tems” (OPP1139954).

References

[1] P. Pandey, V.N. Shinde, R.L. Deopurkar, S.P. Kale, S.A. Patil, D. Pant, Recent
advances in the use of different substrates in microbial fuel cells toward
wastewater treatment and simultaneous energy recovery, Appl. Energy 168
(2016) 706.

S. Bajracharya, S. Srikanth, G. Mohanakrishna, R. Zacharia, D.P. Strik, D. Pant,
Biotransformation of carbon dioxide in bioelectrochemical systems: state of
the art and future prospects, ]J. Power Sources 356 (2017) 256.

A. Rinaldi, B. Mecheri, V. Garavaglia, S. Licoccia, P. Di Nardo, E. Traversa, En-
gineering materials and biology to boost performance of microbial fuel cells: a
critical review, Energy Environ. Sci. 1 (2008) 417.

C. Santoro, C. Arbizzani, B. Erable, 1. leropoulos, Microbial fuel cells: from
fundamentals to applications. A review, J. Power Sources 356 (2017) 225.

A. Kumar, LH.H. Hsu, P. Kavanagh, F. Barriere, P.N.L. Lens, L. Lapinsonniere,
JH. Lienhard, V.U. Schroder, X. Jiang, D. Leech, The ins and outs of
microorganism—electrode electron transfer reactions, Nat. Rev. Chem. 1
(2017) 24.

D. Ucar, Y. Zhang, 1. Angelidaki, An overview of electron acceptors in microbial
fuel cells, Front. Microbiol. 8 (2017) 643.

A. Larrosa-Guerrero, K. Scott, .M. Head, F. Mateo, A. Ginesta, C. Godinez, Effect
of temperature on the performance of microbial fuel cells, Fuel 89 (2010)
3985.

[8] M. Behera, S.S. Murthy, M.M. Ghangrekar, Effect of operating temperature on
performance of microbial fuel cell, Water Sci. Technol. 64 (2011) 917.

C.L Torres, A.K. Marcus, B.E. Rittman, Proton transport inside the biofilm limits
electrical current generation by anode-respiring bacteria, Biotechnol. Bioeng.
100 (2008) 872.

[10] B.H.Kim, LS. Chang, G.M. Gadd, Challenges in microbial fuel cell development

[2

[E]

[4

[5

(6

[7

[9

and operation, Appl. Microbiol. Biotechnol. 76 (2007) 485.

[11] W. Yang, B.E. Logan, Immobilization of a metal-nitrogen-carbon catalyst on
activated carbon with enhanced cathode performance in microbial fuel cells,
ChemSusChem 9 (2016) 2226.

[12] R. Rossi, W. Yang, L. Setti, B.E. Logan, Assessment of a metal-organic frame-
work catalyst in air cathode microbial fuel cells over time with different
buffers and solutions, Bioresour. Technol. 233 (2017) 399.

[13] Mustakeem, Electrode materials for microbial fuel cells: nanomaterial
approach, Mater. Renew. Sustain. Energy 4 (2015) 22.

[14] K. Guo, A. Prevoteau, S.A. Patil, K. Rabaey, Engineering electrodes for microbial
electrocatalysis, Curr. Opin. Biotechnol. 33 (2015) 149.

[15] J. Wei, P. Liang, X. Huang, Recent progress in electrodes for microbial fuel cells,
Bioresour. Technol. 102 (2011) 9335.

[16] Z.Wang, G.D. Mahadevan, Y. Wu, F. Zhao, Progress of air-breathing cathode in
microbial fuel cells, J. Power Sources 356 (2017) 245.

[17] K.B. Liew, W.R.W. Daud, M. Ghasemi, ].X. Leong, S.S. Lim, M. Ismail, Non-Pt
catalyst as oxygen reduction reaction in microbial fuel cells: a review, Int. J.
Hydrogen Energy 39 (2014) 4870.

[18] A.Janicek, Y. Fan, H. Liu, Design of microbial fuel cells for practical application:
a review and analysis of scale-up studies, Biofuels 5 (2014) 79.

[19] M. Rahimnejad, A. Adhami, S. Darvari, A. Zirepour, S.-E. Oh, Microbial fuel cell
as new technology for bioelectricity generation: a review, Alexandria Eng. J.
54 (2015) 745.

[20] D. Pocaznoi, B. Erable, L. Etcheverry, M.-L. Delia, A. Bergel, Towards an
engineering-oriented strategy for building microbial anodes for microbial fuel
cells, Phys. Chem. Chem. Phys. 14 (2012) 13332.

[21] T. Ewing, P. Thi Ha, J.T. Babauta, N. Trong Tang, D. Heo, H. Beyenal, Scale-up of
sediment microbial fuel cells, ]. Power Sources 272 (2014) 311.

[22] D.R. Bond, D.E. Holmes, L.M. Tender, D.R. Lovley, Electrode-reducing micro-
organisms that harvest energy from marine sediments, Science 295 (2002)
483.

[23] B.E. Logan, Scaling up microbial fuel cells and other bioelectrochemical sys-
tems, Appl. Microbiol. Biotechnol. 85 (2010) 1665.

[24] Z. Ge, L. Wu, F. Zhang, Z. He, Energy extraction from a large-scale microbial
fuel cell system treating municipal wastewater, J. Power Sources 297 (2015)
260.

[25] LM. Tender, S.A. Gray, E. Groveman, D.A. Lowy, P. Kauffman, ]J. Melhado,
R.C. Tyce, D. Flynn, R. Petrecca, ]J. Dobarro, The first demonstration of a mi-
crobial fuel cell as a viable power supply: powering a meteorological buoy,
J. Power Sources 179 (2008) 571.

[26] C. Donovan, A. Dewan, H. Peng, D. Heo, H. Beyenal, Power management sys-
tem for a 2.5 W remote sensor powered by a sediment microbial fuel cell,
J. Power Sources 196 (2011) 1171.

[27] A. Dewan, S.U. Ay, M.N. Karim, H. Beyenal, Alternative power sources for
remote sensors: a review, J. Power Sources 245 (2014) 129.

[28] LA. leropoulos, C. Melhuish, ]. Greenman, I. Horsfield, EcoBot-II: an artificial
agent with a natural metabolism, Int. J. Adv. Rob. Syst. 2 (2005) 295.

[29] LA. leropoulos, J. Greenman, C. Melhuish, I. Horsfield, Microbial fuel cells for
robotics: energy autonomy through artificial symbiosis, ChemSusChem 5
(2012) 1020.

[30] C. Donovan, A. Dewan, D. Heo, Z. Lewandowski, H. Beyenal, Sediment mi-
crobial fuel cell powering a submersible ultrasonic receiver: new approach to
remote monitoring, J. Power Sources 233 (2013) 79.

[31] T. Ewing, J.T. Babauta, E. Atci, N. Tang, J. Orellana, D. Heo, H. Beyenal, Self-
powered wastewater treatment for the enhanced operation of a facultative
lagoon, J. Power Sources 269 (2014) 284.

[32] Y.R]. Thomas, M. Picot, A. Carer, O. Berder, O. Sentieys, F. Barriere, A single
sediment-microbial fuel cell powering a wireless telecommunication system,
J. Power Sources 241 (2013) 703.

[33] M. Grattieri, K. Hasan, S. Minteer, Bioelectrochemical systems as a multipur-
pose biosensing tool: present perspective and future outlook, Chem. Elect.
Chem. 4 (2017) 834.

[34] A. Schievano, A. Colombo, M. Grattieri, S.P. Trasatti, A. Liberale, P. Tremolada,
C. Pino, P. Cristiani, Floating microbial fuel cells as energy harvesters for signal
transmission from natural water bodies, ]. Power Sources 340 (2017) 80.

[35] F. Khaled, O. Ondel, B. Allard, Microbial fuel cells as power supply of a low-
power temperature sensor, . Power Sources 306 (2016) 354.

[36] M. Mitov, 1. Bardarov, P. Mandjukov, Y. Hubenova, Chemometrical assessment
of the electrical parameters obtained by long-term operating freshwater
sediment microbial fuel cells, Bioelectrochem 106 (2015) 105.

[37] G. Papaharalabos, J. Greenman, C. Melhuish, C. Santoro, P. Cristiani, B. Li,
I. Ieropoulos, Increased power output from micro porous layer (MPL) cathode
microbial fuel cells (MFC), Int. ]. Hydrogen Energy 38 (2013) 11552.

[38] LA. leropoulos, A. Stinchcombe, I. Gajda, S. Forbes, I. Merino-Jimenez,
G. Pasternak, D. Sanchez-Herranz, J. Greenman, Pee power urinal — microbial
fuel cell technology field trials in the context of sanitation, Environ. Sci. Water
Res. Technol 2 (2016) 336.

[39] H. Rismani-Yazdi, S.M. Carver, A.D. Christy, O.H. Tuovinen, Cathodic limita-
tions in microbial fuel cells: an overview, ]J. Power Sources 180 (2008) 683.

[40] ]J. Madjarov, S.C. Popat, J. Erben, A. Gctze, R. Zengerle, S. Kerzenmacher,
Revisiting methods to characterize bioelectrochemical systems: the influence
of uncompensated resistance (iRu-drop), double layer capacitance, and
junction potential, J. Power Sources 356 (2017) 408.

[41] B. Erable, D. Feron, A. Bergel, Microbial catalysis of the oxygen reduction re-
action for microbial fuel cells: a review, ChemSusChem 5 (2012) 975.


http://refhub.elsevier.com/S0013-4686(18)30165-8/sref1
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref1
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref1
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref1
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref2
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref2
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref2
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref3
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref3
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref3
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref4
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref4
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref5
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref5
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref5
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref5
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref5
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref5
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref5
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref5
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref6
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref6
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref7
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref7
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref7
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref8
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref8
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref9
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref9
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref9
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref10
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref10
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref11
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref11
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref11
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref12
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref12
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref12
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref13
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref13
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref14
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref14
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref15
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref15
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref16
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref16
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref17
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref17
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref17
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref18
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref18
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref19
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref19
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref19
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref20
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref20
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref20
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref21
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref21
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref22
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref22
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref22
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref23
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref23
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref24
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref24
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref24
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref25
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref25
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref25
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref25
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref26
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref26
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref26
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref27
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref27
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref28
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref28
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref29
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref29
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref29
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref30
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref30
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref30
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref31
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref31
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref31
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref32
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref32
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref32
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref33
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref33
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref33
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref34
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref34
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref34
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref35
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref35
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref36
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref36
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref36
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref37
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref37
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref37
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref38
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref38
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref38
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref38
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref38
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref39
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref39
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref40
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref40
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref40
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref40
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref41
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref41

[42]
[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

M. Kodali et al. / Electrochimica Acta 265 (2018) 56—64 63

K. Kinoshita, Carbon: Electrochemical and Physicochemical Properties, John
Wiley Sons, New York, NY, 1988.

K. Kinoshita, Electrochemical Oxygen Technology, John Wiley Sons, New York,
NY, 1992.

K. Artyushkova, A. Serov, S. Rojas-Carbonell, P. Atanassov, Chemistry of
multitudinous active sites for oxygen reduction reaction in transition metal-
—nitrogen—carbon electrocatalysts, ]J. Phys. Chem. C 119 (2015) 25917.

M. Shao, Q. Chang, ].-P. Dodelet, R. Chenitz, Recent advances in electro-
catalysts for oxygen reduction reaction, Chem. Rev. 116 (2016) 3594.

P. Atanassov, C. Apblett, S. Banta, S. Brozik, S.C. Barton, M. Cooney, B.Y. Liaw,
S. Mukerjee, S.D. Minteer, Enzymatic biofuel cells, Electrochem. Soc. Interface
16 (2007) 28.

C. Santoro, S. Babanova, B. Erable, A. Schuler, P. Atanassov, Bilirubin oxidase
based enzymatic air-breathing cathode: operation under pristine and
contaminated conditions, Bioelectrochem 108 (2016) 1.

L. Rago, P. Cristiani, F. Villa, S. Zecchin, A. Colombo, L. Cavalca, A. Schievano,
Influences of dissolved oxygen concentration on biocathodic microbial com-
munities in microbial fuel cells, Bioelectrochem 116 (2017) 39.

L. Rago, S. Zecchin, S. Marzorati, A. Goglio, L. Cavalca, P. Cristiani, A. Schievano,
A study of microbial communities on terracotta separator and on biocathode
of air breathing microbial fuel cells, Bioelectrochem 120 (2018) 18.

M. Santini, S. Marzorati, S. Fest-Santini, S. Trasatti, P. Cristiani, Carbonate scale
deactivating the biocathode in a microbial fuel cell, J. Power Sources 356
(2017) 400.

M. Daghio, I. Gandolfi, G. Bestetti, A. Franzetti, E. Guerrini, P. Cristiani, Anodic
and cathodic microbial communities in single chamber microbial fuel cells,
New Biotechnol 32 (2015) 79.

W. Yang, K.-Y. Kim, P.E. Saikaly, B.E. Logan, The impact of new cathode ma-
terials relative to baseline performance of microbial fuel cells all with the
same architecture and solution chemistry, Energy Environ. Sci. 10 (2017)
1025.

E. Antolini, Structural parameters of supported fuel cell catalysts: the effect of
particle size, inter-particle distance and metal loading on catalytic activity and
fuel cell performance, Appl. Catal. B 181 (2016) 298.

E. Antolini, Composite materials for polymer electrolyte membrane microbial
fuel cells, Biosens. Bioelectron. 69 (2015) 54.

H. Yuan, Y. Hou, LM. Abu-Reesh, ]. Chen, Z. He, Oxygen reduction reaction
catalysts used in microbial fuel cells for energy-efficient wastewater treat-
ment: a review, Mater. Horiz 3 (2016) 382.

Z.Wang, C. Cao, Y. Zheng, S. Chen, F. Zhao, Abiotic oxygen reduction reaction
catalysts used in microbial fuel cells, Chem. Elect. Chem. 1 (2014) 1813.

C. Arbizzani, S. Beninati, E. Manferrari, F. Soavi, M. Mastragostino, Electro-
deposited PtRu on cryogel carbon-Nafion supports for DMFC anodes, ]. Power
Sources 161 (2006) 826.

C. Arbizzani, S. Beninati, F. Soavi, A. Varzi, M. Mastragostino, Supported PtRu
on mesoporous carbons for direct methanol fuel cells, J. Power Sources 185
(2008) 615.

C. Santoro, A. Serov, C.W. Narvaez Villarrubia, S. Stariha, S. Babanova,
K. Artyushkova, AJ. Schuler, P. Atanassov, High catalytic activity and pollut-
ants resistivity using Fe-AAPyr cathode catalyst for microbial fuel cell appli-
cation, Sci. Rep. 5 (2015) 16596.

C. Santoro, A. Serov, L. Stariha, M. Kodali, J. Gordon, S. Babanova, O. Bretschger,
K. Artyushkova, P. Atanassov, Iron based catalysts from novel low-cost organic
precursors for enhanced oxygen reduction reaction in neutral media micro-
bial fuel cells, Energy Environ. Sci. 9 (2016) 2346.

Kh.M. Minachev, N.I. Shuikin, I.D. Rozhdestivenskaya, Poisoning of platinum
catalysts with a low content of active metal on a carrier, under conditions of
dehydrogenation catalysis, B. Acad. Sci. USSR CH (1952) 567. + 1.

C. Santoro, M. Kodali, S. Herrera, A. Serov, I. leropoulos, P. Atanassov, Power
generation in microbial fuel cells using platinum group metal-free cathode
catalyst: effect of the catalyst loading on performance and costs, . Power
Sources 378 (2018) 169.

C. Santoro, A. Serov, C.W. Narvaez Villarrubia, S. Stariha, S. Babanova,
Al. Schuler, K. Artyushkova, P. Atanassov, Double-chamber microbial fuel cell
with a non-platinum-group metal Fe—N—C cathode catalyst, ChemSusChem 8
(2015) 828.

M. Grattieri, M. Suvira, K. Hasan, S.D. Minteer, Halotolerant extremophile
bacteria from the Great Salt Lake for recycling pollutants in microbial fuel
cells, J. Power Sources 356 (2017) 310.

M. Grattieri, N.D. Shivel, L. Sifat, M. Bestetti, S.D. Minteer, Sustainable hyper-
saline microbial fuel cells: inexpensive recyclable polymer supports for car-
bon nanotube conductive paint anodes, ChemSusChem 10 (2017) 2053.

U. Karra, E. Muto, R. Umaz, M. Kolln, C. Santoro, L. Wang, B. Li, Performance
evaluation of activated carbon-based electrodes with novel power manage-
ment system for long-term benthic microbial fuel cells, Int. J. Hydrogen En-
ergy 39 (2014) 21847.

V.J. Watson, C.N. Delgado, B.E. Logan, Influence of chemical and physical
properties of activated carbon powders on oxygen reduction and microbial
fuel cell performance, Environ. Sci. Technol. 47 (2013) 6704.

VJ. Watson, C.N. Delgado, B.E. Logan, Improvement in oxygen reduction
catalysis in neutral solutions using ammonia treated activated carbons and
performance in microbial fuel cells, ]. Power Sources 242 (2013) 756—761.
E. Guerrini, M. Grattieri, A. Faggianelli, P. Cristiani, S. Trasatti, PTFE effect on
the electrocatalysis of the Oxygen Reduction Reaction in membraneless mi-
crobial fuel cells, Bioelectrochem 106 (2015) 240.

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

H. Wang, Z. Wu, A. Plaseied, P. Jenkins, L. Simpson, C. Engtrakul, Z. Ren, Carbon
nanotube modified air-cathodes for electricity production in microbial fuel
cells, J. Power Sources 196 (2011) 7465.

M. Ghasemi, S. Shahgaldi, M. Ismail, B.H. Kim, Z. Yaakob, W.R.W. Daud, Acti-
vated carbon nanofibers as an alternative cathode catalyst to platinum in a
two-chamber microbial fuel cell, Int. J. Hydrogen Energy 36 (2011), 13746.
C. Santoro, M. Kodali, S. Kabir, F. Soavi, A. Serov, P. Atanassov, Three-dimen-
sional graphene nanosheets as cathode catalysts in standard and super-
capacitive microbial fuel cell, ]. Power Sources 356 (2017) 371—380.

P. Roustazadeh Sheikhyousefi, M.N. Esfahany, A. Colombo, A. Franzetti,
S.P. Trasatti, P. Cristiani, Investigation of different configurations of microbial
fuel cells for the treatment of oilfield produced water, Appl. Energy 192
(2017) 457.

G. Ly, Y. Zhuy, L. Ly, K. Xu, H. Wang, Y. Jin, ZJ. Ren, Z. Liu, W. Zhang, Iron-rich
nanoparticle encapsulated, nitrogen doped porous carbon materials as effi-
cient cathode electrocatalyst for microbial fuel cells, J. Power Sources 315
(2016) 302.

C. Santoro, R. Gokhale, B. Mecheri, A. D'Epifanio, S. Licoccia, A. Serov,
K. Artyushkova, P. Atanassov, Design of iron(Il) phthalocyanine-derived oxy-
gen reduction electrocatalysts for high-power-density microbial fuel cells,
ChemSusChem 10 (2017) 3243.

C. Santoro, A. Serov, R. Gokhale, S. Rojas Carbonell, S. Stariha, J. Gordon,
K. Artyushkova, P. Atanassov, A family of Fe-NC oxygen reduction electro-
catalysts for microbial fuel cell (MFC) application: relationships between
surface chemistry and performances, Appl. Catal. B 205 (2017) 24.

L. Birry, P. Mehta, F. Jaouen, J.-P. Dodelet, S.R. Guiot, B. Tartakovsky, Appli-
cation of iron-based cathode catalysts in a microbial fuel cell, Electrochim.
Acta 56 (2011) 1505.

M.-T. Nguyen, B. Mecheri, A. lannaci, A. D'Epifanio, S. Licoccia, Iron/Polyindole-
based electrocatalysts to enhance oxygen reduction in microbial fuel cells,
Electrochim. Acta 190 (2016) 388.

A. lannaci, B. Mecheri, A. D'Epifanio, M.J. Lazaro Elorri, S. Licoccia, Iron-
—nitrogen-functionalized carbon as efficient oxygen reduction reaction elec-
trocatalyst in microbial fuel cells, Int. J. Hydrogen Energy 41 (2016) 19637.
M.A. Costa de Oliveira, B. Mecheri, A. D'Epifanio, E. Placidi, F. Arciprete,
F. Valentini, A. Perandini, V. Valentini, S. Licoccia, Graphene oxide nanoplat-
forms to enhance catalytic performance of iron phthalocyanine for oxygen
reduction reaction in bioelectrochemical systems, ]. Power Sources 356 (2017)
381.

M.-T. Nguyen, B. Mecheri, A. D'Epifanio, T. Pepo Sciarria, F. Adani, S. Licoccia,
Iron chelates as low-cost and effective electrocatalyst for oxygen reduction
reaction in microbial fuel cells, Int. ]. Hydrogen Energy 39 (2014) 6462.

M. Kodali, C. Santoro, A. Serov, S. Kabir, K. Artyushkova, 1. Matanovic,
P. Atanassov, Air breathing cathodes for microbial fuel cell using Mn-, Fe-, Co-
and Ni-containing platinum group metal-free catalysts, Electrochim. Acta 231
(2017) 115.

C. Santoro, K. Artyushkova, I. Gajda, S. Babanova, A. Serov, P. Atanassov,
J. Greenman, I. leropoulos, A. Colombo, S. Trasatti, P. Cristiani, Cathode ma-
terials for ceramic based microbial fuel cells, Int. . Hydrogen Energy 40 (2015)
14706.

C. Santoro, S. Rojas-Carbonell, R. Awais, R. Gokhale, M. Kodali, A. Serov,
K. Artyushkova, P. Atanassov, Influence of platinum group metal-free catalyst
synthesis on microbial fuel cell performance, ]. Power Sources 375 (2018) 11.
R. Burkitt, T.R. Whiffen, E.H. Yu, Iron phthalocyanine and MnOx composite
catalysts for microbial fuel cell applications, Appl. Catal. B 181 (2016) 279.
B. Jiang, T. Muddemann, U. Kunz, H. Bormann, M. Niedermeiser, D. Haupt,
0. Schlaefer, M. Sievers, Evaluation of microbial fuel cells with graphite plus
MnO; and MoS; paints as oxygen reduction cathode catalyst, J. Electrochem.
Soc. 164 (2017), H3083.

S. Rojas-Carbonell, C. Santoro, A. Serov, P. Atanassov, Transition metal-
nitrogen-carbon catalysts for oxygen reduction reaction in neutral electro-
lyte, Electrochem. Commun. 75 (2017) 38.

R. Kumar, L. Singh, AW. Zularisam, F.I. Hai, Potential of porous Co304 nano-
rods as cathode catalyst for oxygen reduction reaction in microbial fuel cells,
Bioresour. Technol. 220 (2016) 537.

Y. Hou, H. Yuan, Z. Wen, S. Cui, X. Guo, Z. He, ]. Chen, Nitrogen-doped gra-
phene/CoNi alloy encased within bamboo-like carbon nanotube hybrids as
cathode catalysts in microbial fuel cells, J. Power Sources 307 (2016) 561.

J. Huang, N. Zhu, T. Yang, T. Zhang, P. Wu, Z. Dang, Nickel oxide and carbon
nanotube composite (NiO/CNT) as a novel cathode non-precious metal cata-
lyst in microbial fuel cells, Biosens. Bioelectron. 72 (2015) 332.

A. Modi, S. Singh, N. Verma, In situ nitrogen-doping of nickel nanoparticle-
dispersed carbon nanofiber-based electrodes: its positive effects on the per-
formance of a microbial fuel cell, Electrochim. Acta 190 (2016) 620.

W.S. Hummers, R.E. Offeman, Preparation of graphitic oxide, J. Am. Chem. Soc.
80 (1958) 1339.

S. Kabir, A. Serov, K. Artyushkova, P. Atanassov, Design of novel graphene
materials as a support for palladium nanoparticles: highly active catalysts
towards Ethanol Electrooxidation, Electrochim. Acta 203 (2016) 144.

S. Kabir, Alexey Serov, Plamen Atanassov, 3D-Graphene supports for palla-
dium nanoparticles: effect of micro/macropores on oxygen electroreduction
in anion exchange membrane fuel cells, J. Power Sources 375 (2018) 255.

A. Serov, N.I. Andersen, S. Kabir, A. Roy, T. Asset, M. Chatenet, F. Maillard,
P. Atanassov, Palladium supported on 3D graphene as an active catalyst for
alcohols electrooxidation, J. Electrochem. Soc. 162 (2015), F1305.


http://refhub.elsevier.com/S0013-4686(18)30165-8/sref42
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref42
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref43
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref43
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref44
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref44
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref44
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref44
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref45
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref45
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref46
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref46
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref46
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref47
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref47
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref47
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref48
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref48
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref48
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref49
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref49
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref49
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref50
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref50
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref50
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref51
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref51
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref51
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref52
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref52
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref52
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref52
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref53
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref53
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref53
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref54
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref54
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref55
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref55
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref55
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref56
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref56
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref57
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref57
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref57
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref58
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref58
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref58
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref59
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref59
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref59
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref59
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref60
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref60
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref60
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref60
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref61
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref61
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref61
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref61
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref62
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref62
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref62
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref62
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref63
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref63
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref63
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref63
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref63
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref63
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref64
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref64
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref64
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref65
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref65
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref65
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref66
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref66
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref66
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref66
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref67
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref67
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref67
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref68
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref68
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref68
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref68
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref69
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref69
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref69
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref70
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref70
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref70
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref71
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref71
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref71
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref72
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref72
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref72
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref72
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref73
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref73
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref73
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref73
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref74
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref74
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref74
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref74
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref75
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref75
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref75
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref75
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref76
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref76
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref76
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref76
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref77
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref77
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref77
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref78
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref78
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref78
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref79
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref79
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref79
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref80
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref80
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref80
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref80
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref80
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref81
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref81
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref81
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref82
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref82
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref82
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref82
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref83
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref83
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref83
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref83
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref84
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref84
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref84
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref85
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref85
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref86
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref86
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref86
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref86
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref86
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref86
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref87
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref87
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref87
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref88
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref88
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref88
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref88
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref88
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref89
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref89
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref89
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref90
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref90
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref90
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref91
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref91
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref91
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref92
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref92
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref93
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref93
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref93
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref94
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref94
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref94
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref95
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref95
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref95

64 M. Kodali et al. / Electrochimica Acta 265 (2018) 56—64

[96] E. Guerrini, P. Cristiani, M. Grattieri, C. Santoro, B. Li, S. Trasatti, Electro-
chemical behavior of stainless steel anodes in membraneless microbial fuel
cells, J. Electrochem. Soc. 161 (2014) H62.

[97] C.Santoro, M. Cremins, U. Pasaogullari, M. Guilizzoni, A. Casalegno, A. Mackay,
B. Li, Evaluation of water transport and oxygen presence in single chamber

microbial fuel cells with carbon-based cathodes, J. Electrochem. Soc. 160
(2013) G128.

[98] M. Kodali, C. Santoro, S. Herrera, A. Serov, P. Atanassov, Bimetallic platinum
group metal-free catalysts for high power generating microbial fuel cells,
J. Power Sources 366 (2017) 18.


http://refhub.elsevier.com/S0013-4686(18)30165-8/sref96
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref96
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref96
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref97
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref97
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref97
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref97
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref98
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref98
http://refhub.elsevier.com/S0013-4686(18)30165-8/sref98

	Enhancement of microbial fuel cell performance by introducing a nano-composite cathode catalyst
	1. Introduction
	2. Experimental
	2.1. Catalyst synthesis
	2.1.1. Fe-AAPyr synthesis
	2.1.2. Fabrication of three dimensional GNS

	2.2. Rotating ring disk electrode experiments (RRDE)
	2.3. Electrodes preparation
	2.4. Cathodes polarization curves and microbial fuel cell polarization curves

	3. Results and discussion
	3.1. Surface morphology
	3.2. RRDE data
	3.3. LSVs in electrolyte
	3.4. Polarization and power curves in operating microbial fuel cells

	4. Outlook
	5. Conclusions
	Acknowledgements
	References


