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A B S T R A C T

The oxygen reduction reaction (ORR) is one of the major factors that is limiting the overall performance
output of microbial fuel cells (MFC). In this study, Platinum Group Metal-free (PGM-free) ORR catalysts
based on Fe, Co, Ni, Mn and the same precursor (Aminoantipyrine, AAPyr) were synthesized using
identical sacrificial support method (SSM). The catalysts were investigated for their electrochemical
performance, and then integrated into an air-breathing cathode to be tested in “clean” environment and
in a working microbial fuel cell (MFC). Their performances were also compared to activated carbon (AC)
based cathode under similar conditions. Results showed that the addition of Mn, Fe, Co and Ni to AAPyr
increased the performances compared to AC. Fe-AAPyr showed the highest open circuit potential (OCP)
that was 0.307 � 0.001 V (vs. Ag/AgCl) and the highest electrocatalytic activity at pH 7.5. On the contrary,
AC had an OCP of 0.203 � 0.002 V (vs. Ag/AgCl) and had the lowest electrochemical activity. In MFC, Fe-
AAPyr also had the highest output of 251 � 2.3 mWcm�2, followed by Co-AAPyr with 196 � 1.5 mWcm�2,
Ni-AAPyr with 171 �3.6 mWcm�2, Mn-AAPyr with 160 � 2.8 mWcm�2 and AC 129 � 4.2 mWcm�2. The
best performing catalyst (Fe-AAPyr) was then tested in MFC with increasing solution conductivity from
12.4 mScm�1 to 63.1 mScm�1. A maximum power density of 482 � 5 mWcm�2 was obtained with
increasing solution conductivity, which is one of the highest values reported in the field.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

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

Microbial fuel cells (MFCs) are bio-electrochemical systems
that can treat wastewater while simultaneously generating
electricity. This co-generative configuration can theoretically
replace the existing energy-intensive treatments plants [1,2].
Unfortunately, the performances of MFCs are limited by serveral
factors that hinder its large-scale application [3–5]. It has been
established that one of the main factors limiting the power output
of MFCs is the reduction reaction in the cathode [6]. The most used
oxidant at the cathode is oxygen, and this is due to the fact that
oxygen has a high reduction potential, and is naturally abundant in
* Corresponding author.
E-mail addresses: plamen.b.atanassov@gmail.com, plamen@unm.edu
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the atmosphere. Several issues concerning the oxygen reduction
reaction (ORR) are as follows: i) high overpotentials; ii) low
kinetics and iii) high ohmic resistances of the existing cathodes
[6]. It has been shown that enzymes have low activation
overpotentials within 100 mV, [7–9] but their utilization in a
polluted environment is prohibitive due to their rapid degradation
and deactivation [10]. From the theoretical open circuit potential
(OCP) which � at pH 7 � is 606 mV vs. Ag/AgCl (3 M KCl), the
activation overpotentials reported using metal based catalysts are
roughly 300 mV [11] that can be further increased up to 400 mV
when activated carbon (metal-free) is used [12] and even to 500–
600 mV when different carbonaceous or steel materials are used
[13,14]. The activation overpotentials enormously contribute to
initial losses concerning the electroreduction of oxygen in neutral
media.

While ORR pathways have been widely studied in both
acidic [15–18] and alkaline [19–22] media, the kinetic
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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mechanisms taking place in neutral media � in which MFCs
usually operate � are not fully understood. Using the rotating ring
disk electrode (RRDE) technique, it was recently shown that
oxygen is reduced via a 2e� mechanism on carbon black and
activated carbon [23,24], where as a 4e� pathway is dominant for
Pt [24] and Fe-based catalyst [25,26]. In order to enhance the ORR
kinetics, usually three different pathways can be selected for
integration of catalysts into the cathode layer. The first one is the
utilization of high surface area carbons like activated carbon (AC)
[27,28], graphene-based materials [29], carbon nanotubes (CNTs)
[30], carbon nanofibers (CNFs) [31] or nitrogen doped carbon
[32]. Activated carbon seems to be the best compromise between
cost and performances and lately it has been largely utilized as a
cathode in MFCs [32]. The second approach is based on usage of Pt
or Pt-based materials named as platinum group metals (PGMs) as
cathode catalysts. These catalysts were extensively used in the
past, but both the high costs and low durability have significantly
lowered their utilization in MFCs [33]. Particularly, Pt is poisoned
severely with anions (mainly S2� and SO4

2�) which are naturally
presented in the wastewater as recently demonstrated [34].

The third and more emerging category is the utilization of PGM-
free catalysts [33,35,36] based on M-N-C materials in which M is a
transition metal, N is nitrogen and C is carbon. PGM-free catalysts
have been heavily studied, and several catalysts containing Fe [37–
41], Mn [42–44], Co [45–47] and Ni [48,49] have been used in
MFCs. Despite slightly higher cost in cathode manufacturing, the
utilization of PGM-free catalysts guarantees higher performances
compare to AC, and it assures higher durability in long-terms
operations [50,51]. In previous studies, we showed that sprayed Fe-
Aminoantipyrine (Fe-AAPyr) cathode outperformed AC and Pt
during both linear scan voltammetry in clean media and in a
working MFC [50]. More recently, we showed that high perform-
ances were achieved by Fe-N-C cathode synthesized from different
organic precursors (namely, Ricobendazole and Niclosamide), and
high stability output was demonstrated during 32 days of
durability test [51].

In the current literature, to the best of our knowledge, there
are no a clear and direct comparisons that have been made among
the PGM-free ORR catalysts fabricated with different transition
metals (Mn, Fe, Co and Ni). Comparison of existing literature on
PGM-free catalysts in MFCs is quite complicated, and this is
because the catalysts are often synthesized using different
fabrication methods and precursors and the performances are
only compared to AC or Pt. Moreover, diverse working conditions
lead to further differences in the output and the comparison
becomes even harder to determine. Last but not least, it has not
been well established which transition metal (M) among the M-
N-C PGM-free catalysts � Fe, Co, Mn and Ni � has the superior
electrochemical performances towards the electroreduction of
oxygen in neutral media.

In view of that, we have �for the first time- made a direct
comparison of Fe-, Co-, Mn- and Ni- based PGM-free cathode
catalysts that were synthesized using the same method and
organic precursor (Aminoantipyrine, AAPyr) under the same
working conditions. Particularly, in this study, we studied the
electrochemical performance of the above mentioned catalysts
using linear sweep voltammetry (LSV) in neutral media, where AC
was used as the benchmark. Then the performance of these
catalysts incorporated into an air-breathing cathode was evaluated
in running MFCs with exactly the same operating conditions. Once
the best performing catalyst was identified, solution conductivity
of the working MFC was increased, and effect of solution
conductivity on power curves and anode/cathode polarization
curves was carried out to determine the one of the highest
performing M-N-C catalysts in MFCs
2. Experimental

2.1. Catalysts preparation

The PGM-free catalysts were made using the sacrificial support
method (SSM) previously described [52,53]. Particularly, the
metal’s salt (Fe(NO3)3�9H2O, Co(NO3)2�6H2O, Mn(NO3)2�4H2O, Ni
(NO3)2�6H2O) was separately wet impregnated with aminoanti-
pyrine (AAPyr) on the surface of fumed silica (Cab-O-Sil M5;
surface area: � 250 m2g�1). AAPyr � a rich source of carbon and
nitrogen – was used as an organic precursor. The mixture was then
ultrasonicated and dried overnight at roughly 85 �C. The obtained
materials were then ground to fine powder using ball milling. The
powder was then subjected to heat treatment under Ultra High
Purity nitrogen (flow rate 100 mL min�1) atmosphere. The
temperature was increased from room temperature to 950 �C
with a rate of 25 �C min�1. Once the desired temperature was
reached, pyrolysis took place for 30 minutes. The silica was then
etched and removed from the obtained pyrolyzed M-N-C materials
using hydrofluoric acid (20 wt%). The catalysts were then
extensively washed with de-ionized water and dried overnight
at 85 �C. The catalysts obtained were named as a function of the
metal used: Mn-AAPyr, Fe-AAPyr, Co-AAPyr, Ni-AAPyr.

2.2. Catalysts Surface Chemistry

The synthesized materials � Mn-AAPyr, Fe-AAPyr, Co-AAPyr,
Ni-AAPyr were characterized catalysts using X-ray fluorescence
(XRF). XRF was conducted to identify the metals in the catalysts
using an EDAX Orbis with a Rh tube source and a titanium
adsorption edge filter. Samples were measured in a vacuum with a
filament voltage of 15 kV and a current of 200 mA. Data are
reported on the Supporting Information.

High-resolution XPS was performed using Kratos Ultra DLD
spectrometer. Al Ka monochromatic source at 225 W was utilized.
No charge compensation was necessary. High-resolution C 1s, O 1s,
N 1 s and corresponding metal spectra (Fe2p/Co2p/Ni2p/Mn2p)
were acquired from three areas per sample at a pass energy of
20 eV. CASAxps was used to process spectra. The Linear back-
ground was used for quantifying C 1s, O 1 s and N1 s spectra and
Shirley background for metal spectra. Three areas per sample were
analyzed and the average is presented. The morphologies of the
synthesized materials were determined by scanning electron
microscopy (SEM, Hitachi S-5200) with an accelerating voltage of
20 keV).

2.3. Electrochemical measurements

The electrochemical activity of the synthesized Mn-AAPyr, Fe-
AAPyr, Co-AAPyr, Ni-AAPyr catalysts as well as activated carbon
(AC) was investigated using a three-electrode cell configuration
comprising of a catalyst coated rotating disc electrode (glassy
carbon disk) as the working electrode, a graphite rod as the counter
electrode and Ag/AgCl (3 M KCl) as the reference electrode. The
working electrodes were prepared by depositing sonicated inks
formulated using a mixture of a binder (150 mL of 0.5 wt% Nafion
solution), 850 mL of water: isopropanol mixture (4:1 volumetric
ratio)) and 5 mg of the catalyst of interest. Inks were then
deposited on to the 0.2475 cm2 glassy carbon disk through drop
casting technique with a catalyst loading of 200 mg cm�2. The disk
was then immerged into the oxygen saturated electrolyte with a
pH of 7.5 prepared using 0.1 M potassium phosphate (K-PB) and
0.1 M KCl. Linear sweep voltammograms were then obtained
between +0.5 V (vs.Ag/AgCl) to �0.7 V (vs. Ag/AgCl) with at a scan
rate of 5 mV s�1 and the disc rotation speed set at 1600 RPM.



Table 1
Mixture utilized as electrolyte and corresponding solution conductivity measured
and power density produced.

K-PB KCl AS SC Power density
[M] [M] % in volume mS cm�1 mW cm�2

0.05 0.1 50 12.4 151 � 2
0.1 0.1 50 16.4 251 � 2
0.2 0.1 50 22.6 262 � 4
0.3 0.1 50 29.3 286 � 6
0.5 0.1 50 40.8 336 � 20
0.6 0.1 50 45.1 370 � 9
0.8 0.1 50 57 444 � 8
1 0.1 50 63.1 482 � 5
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2.4. Cathode preparation

The cathodes were prepared by pressing a mixture activated
carbon (AC, Norit SX Ultra, Sigma Aldrich), PTFE (60 wt% solution,
Sigma Aldrich) and Carbon black (CB, Alfa Aesar) in the ratio of
70:20:10 respectively with M-N-C catalysts. CB was added in order
to enhance the conductivity of the formed pellet [54]. 40 � 1
mgcm�2 of above mentioned base materials (AC:CB:PTFE) and
2 � 0.1 mgcm�2 of catalysts (Fe-AAPyr, Ni-AAPyr, Mn-AAPyr, Co-
AAPyr) were subjected to mechanical press with a pressure of
2.5mT (metric tons) for span of 5 minutes on a stainless steel mesh
(SS, McMaster), which acted as a current collector [51]. Cathodes
with a geometric area of 2.85 cm2 were exposed to the solution by
mounting on the later hole of the glass tube MFC.

2.5. Cathode polarization curve in “clean” media

A modified Pyrex glass bottle with an empty volume of 125 mL
was used as an electrochemical cell. A lateral hole was built in
order to accommodate the cathode that was screwed on it leaving
the current collector (SS) exposed to the atmosphere and the
catalytic layer exposed to the liquid electrolyte. In order to attain
stable electrode potential, remove adsorbed oxygen and increase
materials wettability for enhancing the three-phase interface (TPI),
the cathodes were exposed to the potassium phosphate buffer (K-
PB) solution (0.1 M) with 0.1 M KCl overnight (at least 15 hours).
The electrocatalytic activity of these cathodes in clean conditions
was done using linear sweep voltammetry (LSV) technique. Three
electrode setup was used in which cathode acts as the working
electrode, platinum mesh as the counter electrode and Ag/AgCl 3 M
KCl (+210 mV vs. SHE) as a reference electrode. LSVs were run in a
range between open circuit potential and �0.4 V vs. Ag/AgCl (3 M
KCl) at a scan rate of 0.2 mVs�1.

2.6. Microbial fuel cell construction

After the electrochemical measurement, the cathode was
inserted in a working microbial fuel cell and left in open circuit
voltage (OCV) for at least 3 hours till the output was stabilized. The
MFC was a similarly modified Pyrex glass bottle (volume of 125 mL)
single chamber with a lateral hole to accommodate the cathode.
The cathode was in air breathing configuration with the metallic
mesh exposed to air and the catalytic side facing directly the
solution with no membrane separator utilized. Passive air was
used. Carbon brush (3 cm as diameter and 3 cm as height, Millirose,
USA) was used as the anode of the MFC. The anodes used were
already fully working from running experiments [55]. The MFC
solution was based on a mixture of 50:50 ratio K-PB (0.1 M and
0.1 M KCl) and activated sludge (Albuquerque Southeast Water
Reclamation Facility, New Mexico, USA), along with 3 g L�1 of
sodium acetate (NaOAc) as an organic substrate. All the measure-
ments were done at room temperature (22 � 1 �C) in Albuquerque
(NM, USA) at roughly 1600 AMSL. It is well known that at this
altitude, atmospheric pressure is 20% less than at sea level, and this
certainly affects the presence negatively and partial pressure of
oxygen, therefore, the ORR is adversely penalized.

2.7. Microbial Fuel Cell Electrochemical Measurements

After the cathode was inserted in a working MFC and left to
stabilize for few hours, overall polarization curves were run from
open circuit voltage to 0 mV with a scan rate of 0.2 mV s�1.
Particularly, the anode was used as a counter electrode, the
cathode as working electrode and the reference channel was short-
circuited with the counter. Simultaneously, anode potential and
cathode potential were recorded on another potentiostat (Biologic
SP-50, France) channel. Power was calculated by multiplying
current and voltage (P = V x I) from the polarization curve. Power
density and the current density was calculated with respect to the
cathode geometric area (2.85 cm2). Every electrochemical experi-
ment was run in triplicates.

2.8. Long term stability tests

Durability tests were conducted over a period of one month in
which voltage over an external resistance of 100 ohm was recorded
using a data log system (Personal DAQ/56). Duplicate and separate
MFCs were run. The solution used was the same as described
before with 50% in volume of 0.1 M K-PB and 0.1 M KCl and 50% in
volume of activated sludge. In order to have longer cycles, 4 g L�1

was added in each cycle. At day 15, the solution was completely
refreshed. Power curves were run also at the end of the
experiments to estimate the degradation of the MFCs in terms
of performances.

2.9. Solution conductivity analysis

Once the catalyst with the highest performance was identified,
the solution conductivity of the working MFC was varied between
12.4 mS cm�1 and 63.1 mS cm�1. Particularly, K-PB was prepared
using K2HPO4 and KH2PO4 in concentration of 0.05 M, 0.1 M, 0.2 M,
0.3 M, 0.5 M, 0.6 M, 0.8 M and 1 M. The pH was 7.5 and it was
adjusted using KCl or KOH. Each different K-PB concentration also
contained 0.1 M KCl, and it was blended in 50% volume with
activated sludge (AS). The solution conductivity had the values are
reported in Table 1. Also, in this case, polarization curves were run
from open circuit voltage to 0 mV (0.2 mV s�1 scan rate) with the
anode as a counter electrode, the cathode as working electrode
(reference short-circuited with the counter). Anode potential and
cathode potential during the polarization were recorded separate-
ly.

3. Results and Discussion

3.1. Surface Chemistry and Morphology of the catalysts investigated

Scanning Electron Microscopy was used to analyze the
morphology of the synthesized materials. Fig. 1 a-b shows the
SEM micrographs of the Fe-AAPyr catalyst synthesized using the
sacrificial support method (SSM). As it can be seen from this figure,
the porous morphology of the Fe-AApyr catalyst is clearly visible-
as it is with all catalysts that have been previously fabricated using
the sacrificial support method (SSM) [50–53]. These pores were
formed during the etching of the amorphous fumed silica template
which was fused into the metal precursor-carbon-nitrogen matrix
during wet impregnation (see catalyst preparation, section 2.1).
EDS analysis of these materials also indicated that the active sites
containing metal were atomically dispersed in the catalyst matrix,



Fig. 1. Scanning electron micrographs of Fe-AAPyr synthesized using SSM.
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as the % of the dispersed metal actives was <1 wt% in all the
samples (data not shown). Only Fe-AAPyr is here presented but
also Ni-AAPyr, Co-AAPyr and Mn-AAPyr had very similar
morphology.

X-Ray Fluorescence was used to determine the presence of the
anticipated transition metal in the M-N-C catalysts being
investigated. It can be noticed (Fig. S1) that in each catalyst, the
only metal used during the synthesis was identified by the specific
peak in the graph for each catalyst. No other metals were identified
in the graphs indicating the absence of metallic contamination
during the synthesis process. XRF technique is very selective and
was used in the present study as an only qualitative method in
order to determine the presence of metals within ppb concentra-
tion.

The chemical composition of 4 electrocatalysts was studied in
detail by XPS. Table 2 shows elemental composition and chemical
speciation for carbon, nitrogen, and metal. Fig. 2 shows high-
resolution N 1 s spectra for materials with four different metals for
comparison along with atomic percentage of each type of metal
present obtained from corresponding high resolution spectra of
metal, i.e. Fe 2p, Co 2p, Ni 2p and Mn 2p (Fig. S2). It was shown
previously that N moieties have a positive effect on oxygen
reduction reaction [56,57].

Overall chemical composition varies a lot from sample to
sample. It is important to mention that the same loadings of
nitrogen precursor and metal precursor were utilized in synthesis
of electrocatalysts. The resulted elemental and chemical composi-
tion detected is different due to the way metal and nitrogen get
incorporated within the carbon matrix during pyrolysis and
leaching. Fe-AAPyr has the highest amount of N and metal. Mn-
AAPyr has the largest amount of oxygen and nitrogen. The smaller
relative amount of metal is detected for this sample, however. Both
Co-AAPyr and Ni-AAPyr samples have very similar elemental
composition. Carbon chemistry can be separated into three major
constituents � graphitic and aliphatic network, carbon-nitrogen
defects and surface oxides CxOy. Co-AAPyr has the highest amount
of graphitic carbon and the smallest amount of surface oxides due
Table 2
Elemental composition and chemical speciation of catalysts.

C 1 s % O 1 s % N 1 s % Metal % C gr C-N CxOy

Fe-AAPyr 84.8 7.2 7.9 0.25 32.7 13.5 51.3
Co-AAPyr 89.5 8.1 2.3 0.10 50.6 6.4 40.5
Ni-AAPyr 86.3 11.6 2.0 0.19 29.7 17.7 43.3
Mn-AAPyr 82.3 12.5 5.1 0.13 25.0 16.1 51.6

N pyridinic Nx-M N pyrrolic N gr Metal M-Nx MOx

Fe-AAPyr 35.9 19.6 25.3 9.5 0.0 28.0 72.0
Co-AAPyr 27.3 12.9 30.3 14.7 11.4 58.4 30.2
Ni-AAPyr 34.7 13.2 28.3 9.7 0.0 16.8 83.2
Mn-AAPyr 35.8 31.5 17.1 6.4 17.8 34.4 47.8
to a smaller amount of defects in the graphene-like matrix.
Smallest amount of C-N defects is correlated with the small
amount of nitrogen detected for this sample.

High-resolution spectra have been fitted with 6 peaks [58].
Pyridinic nitrogen at 398.3 eV is largest for Fe- and Mn-AAPyr
samples. A peak that corresponds to nitrogen coordinated with
metal has the highest intensity for the same two samples. The
fitting of this peak was done based on the density functional theory
calculated binding energies of N 1 s in Fe-N4, Co-N4, Ni-N4, and Mn-
N4 centers, which are shown in Fig. S3, by following the procedure
in [59,60]. N 1 s binding energies were calculated as 399.7 eV,
399.6, 399.9, and 400.0 eV for Fe-N4, Co-N4, Ni-N4, and Mn-N4

centers, respectively. Although the fitting of the Metal-N peak was
done using the same Metal-N4 coordination as an representative
(Fig. S3), please note that different coordinations of metal are
expected in the material [60,61]. As it was previously shown on the
example of iron and cobalt [60], sites with different coordination of
metal are expected to result in relatively narrow distribution of N
1 s binding energies contributing to the same XPS region between
pyridinic nitrogen peak at 398.3 eV and pyrrolic nitrogen peak at
401.2 eV.

Pyrrolic nitrogen at 401.2 eV and graphitic N at 402.1 eV are
largest for Co- and Ni-AAPyr. Two peaks at highest binding energy
are due to NOx species, and they are also largest for Co- and Ni-
AAPyr samples. Pyridinic nitrogen and metal coordinated to
nitrogen have been reported to be important chemical sites for
electrocatalytic reactions [58]. Surface oxides have been shown to
be an important measure of defects in carbon network which are
also very important for electrocatalytic activity [62]. From this
standpoint, Fe-AAPyr and Mn-AAPyr supposed to have very similar
highest activity among four samples. The chemical state of metal
has been evaluated from relevant high-resolution metallic spectra,
Fe 2p, Co 2p, Ni 2p and Mn 2p. Fe-AAPyr and Ni-AAPyr are free from
metallic particles which is critical observation (Fig. S2). High
amounts of metal oxides are detected for Co- and Fe-AAPyr
samples. Both Co- and Mn-AAPyr have a significant amount of
metallic particles detected which may be detrimental for electro-
catalytic activity.

The best performing sample has a unique balance of chemistry
as reported by XPS. Fe-AApyr has the highest amount of total
nitrogen, total metal, high amount of pyridinic and nitrogen
coordinated to the metal, high amount of defects in carbon and
absence of metallic particles. The next performing sample, Co-
AAPyr, has very much smaller amount of nitrogen and N-pyridinic
and Nx-me, a higher amount of graphitic carbon with fewer defect
sites and metallic Co detected. Ni-AAPyr is similar in structural
chemistry to Co-AAPyr with the exception of the absence of
metallic particles. The smaller absolute amount of Ni-Nx in
comparison to Co-Nx results in slightly worse activity than that of
Co-AAPyr. Finally, the worst performing sample Mn-AAPyr has
very similar type of nitrogen-carbon network that should have



Fig. 2. High-resolution N1 s spectra for 4 catalysts. Atomic percentage of different types of metals obtained from Fe 2p, Co 2o, Ni 2p and Mn 2p high resolution spectra is
shown for each material.
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resulted in performance close to Fe-AAPyr. The presence of metal
Mn particles, however, may be the reason for worse performance.

3.2. Electroreduction of Oxygen in Neutral Media

Fig. 3 shows the linear sweep voltammograms obtained using a
Rotating Disc Electrode (RDE) at 1600 RPM and 5 mV s�1 for the
synthesized Mn-AAPyr, Fe-AAPyr, Co-AAPyr, Ni-AAPyr catalysts as
well as AC in the pH = 7.5 electrolyte saturated with O2 at room
temperature. The current densities have been normalized to the
Table 3
Onset (Eon) and half wave potentials (E1/2) of the catalysts towards oxygen reduction
reaction in neutral media.

Eon E1/2
Catalyst (V vs Ag/AgCl)) (V vs Ag/AgCl))

Fe-AApyr 0.31 0.16
Co-AApyr 0.27 0
Mn-AApyr 0.21 �0.1
Ni-AApyr 0.11 �0.12
AC 0.06 �0.18
geometric area of the electrode and potentials in the manuscript
are referred to the Ag/AgCl (3 M KCl) electrode. It can be seen that
among all synthesized transmission metal catalysts, Fe-AApyr has
the highest onset potential of 0.31 V vs. Ag/AgCl. The half wave
potentials of the transition metal catalysts also positively shifts
from Ni-AApyr (-0.12 V vs. Ag/AgCl) to Fe-AApyr (+0.16 V vs. Ag/
AgCl) according to the following trend: Ni-AApyr < Mn-AApyr <

Co-AApyr <Fe-AApyr, summarized in Table 3. In contrast, activated
carbon not only has the lowest onset and half wave potentials in
comparison, but it also has the lowest limiting current densities,
indicating that the presence of transition metal active centers are
important for the efficient electroreduction of oxygen in neutral
media. Among all the synthesized catalysts, Fe-AApyr has the
highest electrochemical performance, which also corroborates the
polarization curves obtained using MFCs operating with Fe-AApyr
as a cathode catalyst.

3.3. Cathode Polarization curves

Three separate linear sweep voltammetries of the air breathing
cathodes containing M-AAPyr catalysts were run in K-PB (0.1 M)
and 0.1 M KCl (Fig. 4). This investigation was done in order to study
the electrocatalytic activity of Fe-AAPyr, Co-AAPyr, Mn-AAPyr and
Ni-AAPyr catalysts in neutral media and “clean” conditions. After
leaving the cathode exposed to the electrolyte for over 15 hours, it
can be determined the open circuit potential of the different
cathodes (Fig. 4.a). Particularly, Fe-AAPyr had the highest open
circuit potential (0.307 � 0.001 V vs Ag/AgCl) followed by Mn-
AAPyr (0.252 � 0.004 V vs Ag/AgCl), Co-AAPyr (0.233 � 0.004 V vs
Ag/AgCl), Ni-AAPyr (0.226 � 0.002 V vs Ag/AgCl) while AC had the
lowest open circuit potential that was 0.203 � 0.004 V (vs Ag/AgCl).
These results demonstrated that the utilization of PGM-free
catalysts lowers the activation losses compared to AC. Unfortu-
nately, the activation overpotential were still high in the range of
0.28-0.36 V compare to the theoretical value. Fe-AAPyr had the
highest electrocatalytic activity followed by Co-AAPyr, Ni-AAPyr,
and Mn-AAPyr. AC had the lowest electrocatalytic activity among
the material investigated (Fig. 4.b). The current density of



Fig. 4. Cathode potentials measured before LSVs (a) and LSV in potassium phosphate buffer (0.1 M) (b).
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1400 mAcm�2 was reached at a potential of �0.142 � 0.004 V for
Fe-AAPyr, �0.162 � 0.011 for Co-AAPyr, at �0.196 � 0.005 V for Ni-
AAPyr, at �0.216 � 0.009 V for Mn-AAPyr and at a potential of
�0.268 � 0.002 V for AC. From those results, it can be determined
that Fe-AAPyr had the highest open circuit voltage at null current
and the highest potential at a measured current. Standard
deviation detected was low indicating reproducibility in
manufacturing the materials. These results follows the RDE trend
(Fig. 3) except Ni-AAPyr and Mn-AAPyr in which the performances
are versed when integrated into the cathode.

3.4. Performances in MFC

The cathodes have then been incorporated into running MFCs
and polarization curves (Fig. 5.a), power curves (Fig. 5.b), and
electrode polarizations have been determined (Fig. 5.c). Polariza-
tion curves (V–I) showed different trends that followed the results
previously presented for the cathode linear sweep voltammetries
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Fig. 5. Overall polarization curves (a), power curves (b) and anode and cathode polariz
AAPyr (light blue) and AC (black) as cathode catalyst.
(Fig. 4.b). The MFC polarization curves showed highest open circuit
voltage and overall performances for Fe-AAPyr. Fe-AAPyr had open
circuit voltage of 0.691 �0.011 V followed by Co-AAPyr
(0.637 � 0.002 V), Mn-AAPyr (0.628 � 0.008 V) and by Ni-AAPyr
(0.627 � 0.015 V) (Fig. 4.a). MFC with AC cathode had the lowest
open circuit voltage that was 0.616 � 0.003 V (Fig. 5.a). Power
curves showed that Fe-AAPyr had the highest power output that
was 251 � 2.3 mW cm�2. The other PGM-free had a maximum
power density of 196 � 1.5 mWcm�2 (Co-AAPyr), 171 �3.6 mW
cm�2 (Ni-AAPyr), 161 � 2.8 mW cm�2 (Mn-AAPyr) and 130 � 4.2
mW cm�2 (AC) that was actually the lowest power achieved (Fig. 5.
b). Fe-AAPyr had a power density that was 28% higher compared to
Co-AAPyr, 48% better than Ni-AAPyr, 54% better than Mn-AAPyr
and 102% better compared to AC. Single electrode polarizations
taken during the overall polarization curves showed that the
difference in performances was caused exclusively by the cathode
behavior (Fig. 5.c). The anode polarizations performed similarly as
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Fig. 6. Voltage recorded during the durability tests.

M. Kodali et al. / Electrochimica Acta 231 (2017) 115–124 121
expected (Fig. 5.c). Also, in this case, low standard deviation
indicated good reproducibility.

3.5. Durability Tests in Microbial Fuel Cells

Duplicate MFCs were run for over one month and the voltage
was recorded continuously. The average values of the recorded
voltage are here presented (Fig. 6) while the duplicate voltage for
MFC having different cathode catalyst is presented in the
Supporting Information (Fig. S4). It can be noticed that generally
Fe-AAPyr outperformed the other cathode catalysts along the
entire experimentation (Fig. 6). Similarly, after Fe-AAPyr, Co-AAPyr
had higher voltage compared to Ni-AAPyr and Mn-AAPyr. The
latter was the worst performing metal-based catalyst during the
durability test. All the M-AAPyr had higher performances
compared to AC cathodes MFCs (Fig. 6). Interestingly, the cycles
of M-AAPyr cathode catalysts MFCs were shorter than the cycles of
AC cathode MFC probably indicating a faster consumption of fuel
due to higher voltage/current generated (Fig. 6).

Power curves were also measured at the end of the durability
test and presented into the Supporting Information (Fig. S5). The
differences in power peaks between the beginning and the end of
the tests are here reported (Fig. 7). Generally, the power peak
decreases over time due to the biological growth on the cathode
[63], the precipitation of carbonates that enhance the proton mass
transfer resistance [64] and the negative effect of the interaction
between the catalyst and the pollutants contained into wastewater
[50,51]. In our case, clear biofilm/fouling was formed on the
cathode surface as showed by Fig. S6. The power peak decreased by
30% in the case of Fe-AAPyr (from 251 �2.3 mW cm�2 to 175 �12
mW cm�2), 26% for Co-AAPyr (from 196 � 1.5 mW cm�2 to 144 � 8.7
mW cm�2), 21% for Ni-AAPyr (from 171 �3.6 mW cm�2 to 135 � 0.6
mW cm�2), 22% for Mn-AAPyr (from 161 � 2.8 mW cm�2 to
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Fig. 7. Variation in power peaks during the 32 days investigation.
125 � 4.1 mW cm�2) and 19% for AC (from 130 � 4.2 mW cm�2 to
107 � 6.7 mW cm�2). Those data are in agreement with previously
reported data in which the decrease in M-N-C catalyst varied
between 10 and 30% during onemonth investigation [50,51,63].

3.6. Performances of Fe-AAPyr catalysts in working MFCs with
electrolyte having different solution conductivity

As it was discussed above, Fe-AAPyr was identified as the most
active electro-catalyst among the materials investigated for ORR
incorporated into an air-breathing cathode operating in MFC. In
this paragraph, the performances of SCMFCs using Fe-AAPyr as
cathode catalyst have been investigated varying the solution
conductivity of the electrolyte simulating real wastewaters.
Particularly, the solution conductivity varied between 12.38 mS
cm�1 and 63.1 mS cm�1. Results showed that the performances
increased significantly with the increase in solution conductivity
(Fig. 8). Polarization curves showed practically the same open
circuit voltage with starting point of 0.742 � 0.021 V (Fig. 8.a).
Different slopes in the polarization curves were identified with the
increase in solution conductivity (Fig. 8.a). Separate electrodes
polarization curves showed that both anode and cathode
polarization curves are positively affected by the electrolyte
conductivity (Fig. 8.b and 8.c). In fact, both anode and cathode
polarization curves changed their linear slopes positively with the
increase in solution conductivity indicating a decrease in ohmic
losses with electrolyte conductivity (Fig. 8.b and 8.c). Interestingly,
both anode and cathode do not reach diffusion limitation
indicating the ohmic losses due to the electrolyte as the main
cause of the overall losses. Power density output was then affected
positively by the increase in solution conductivity (Fig. 8.d). Results
about the power densities obtained are summarized in Table 1. The
maximum power recorded was 482 � 5 mW cm�2 for solution
conductivity of 63.1 mS cm�1 (Fig. 8.d). A quasi-linear increase of
the power peak with the solution conductivity in the range
investigated can be noticed (Fig. 9). These results underline the
important aspect that the performances of the MFCs are electrolyte
limited. In fact, the increase in solution conductivity of the
electrolyte led to an increase in output.

4. Conclusion

For the first time, this study showed a comparison among
several ORR PGM-free catalysts having a different metal center and
synthesized using consistent preparation method, identical initial
ingredients and organic precursors, same cathode structure and
tested in repeatable and equal operating conditions. Fe-AAPyr
catalysts showed the highest performance compared to Co-AAPyr,
Ni-AAPyr, and Mn-AAPyr. The results also indicated a straightfor-
ward hierarchy among the PGM-free metal based catalysts in
which the metals used during the synthesis affected the perform-
ances and obeyed to a certain order: Fe > Co > Ni > Mn. Therefore, Fe
should be the metal to utilize during the synthesis of PGM-free
catalysts for MFC application. These results indicated clearly also
that the metal-based PGM-free catalysts investigated outper-
formed AC-based (metal-free) cathode by 31-102%. Durability tests
results indicated a relatively good stability of Metal-AAPyr with a
losses in 32 days quantified in 21-30%. The addition of nonprecious
metals catalysts undoubtedly increased the capital cost of the
cathode, but this small cost rise (7 cents cm�2 [65]) would certainly
benefit in enhancing the very low power generated.

A fair and scientifically correct comparison of our current data
with existing literature cannot be done since working temperature,
configuration utilized, utilization of different electrolytes and
different atmospheric conditions (Albuquerque, New Mexico, is at
1500 AMSL with atmospheric pressure reduced by roughly 20%



Fig. 8. Overall polarization curves (a), cathode (b) and anode (c) polarization curves and power curves (a) of MFC with Fe-AAPyr as cathode catalyst at solution conductivity
varying between 12.38 mS cm�1 and 63.1 mS cm�1.

Fig. 9. Peak of power density function of the electrolyte solution conductivity.
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compared to the one on sea level) are quite different and can affect
significantly the performances. In other cases, the power was
referred to the anode area and not the cathode area with high
power output reported [66].

We showed that the increase of the electrolyte solution
conductivity increased the performance output considerably with
a maximum of 482 � 5 mW cm�2 achieved at the highest solution
conductivity investigated. Those results indicated that the MFCs
output is severely electrolyte solution limited and consequently
the utilization of conductivity waste (e.g. urine [27,28]) is
suggested to increase the output. It must be noticed that also at
the highest solution conductivity investigated the overall polari-
zation curves and the anode/cathode polarization curves have a
linear trend indicating that they are ohmic-dependent and no
diffusion limitation occurs in these conditions. Therefore, a further
increase in solution conductivity can be investigated with a
probable additional increase in power generated till the plateau is
reached. Further directions should certainly pursue the utilization
of PGM-free catalysts for MFCs with an additional decrease in
catalysts loading to lower the cathode costs.

Acknowledgements

The authors would like to thank the Bill & Melinda Gates
Foundation grant: “Efficient Microbial Bio-electrochemical Sys-
tems” (OPP1139954). Computational work was performed using
the computational resources of EMSL, a national scientific user
facility sponsored by the Department of Energy’s Office of
Biological and Environmental Research and located at Pacific
Northwest National Laboratory. This paper has been designated
LA-UR-16-26818.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.
electacta.2017.02.033.

References

[1] D. Pant, A. Singh, G. Van Bogaert, S. Irving Olsen, P. Singh Nigam, L. Diels, K.
Vanbroekhoven, Bioelectrochemical systems (BES) for sustainable energy
production and product recovery from organic wastes and industrial
wastewaters, RSC Adv. 2 (2012) 1248.

[2] T.H. Sleutels, A. Ter Heijne, C.J. Buisman, H.V. Hamelers, Bioelectrochemical
systems: an outlook for practical applications, ChemSusChem. 5 (6) (2012)
1012.

[3] F. Zhao, R.C.T. Slade, J.R. Varcoe, Techniques for the study and development of
microbial fuel cells: an electrochemical perspective, Chem. Soc. Rev. 38 (2009)
1926.

http://dx.doi.org/10.1016/j.electacta.2017.02.033
http://dx.doi.org/10.1016/j.electacta.2017.02.033
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0005
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0005
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0005
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0005
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0010
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0010
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0010
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0015
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0015
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0015


M. Kodali et al. / Electrochimica Acta 231 (2017) 115–124 123
[4] A. Rinaldi, B. Mecheri, V. Garavaglia, S. Licoccia, P. Di Nardo, E. Traversa,
Engineering materials and biology to boost performance of microbial fuel
cells: A critical review, Energy Environ. Sci. 1 (2009) 417.

[5] B.E. Logan, Scaling up microbial fuel cells and other bioelectrochemical
systems, Appl. Microbiol. Biotechnol. 85 (2012) 1665.

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

[7] N. Mano, H. Kim, Y. Zhang, A. Heller, An oxygen cathode operating in a
physiological solution, J. Am. Chem. Soc. 124 (2002) 6480.

[8] V. Soukharev, N. Mano, A. Heller, A four-electron O2-Electroreduction
biocatalyst superior to platinum and a biofuel cell operating at 0.88 V, J.
Am. Chem. Soc. 126 (2004) 8368.

[9] O. Schaetzle, F. Barriere, U. Schroder, An improved microbial fuel cell with
laccase as the oxygen reduction catalyst, Energy Environ. Sci. 2 (2009) 96.

[10] 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.

[11] X. Xia, F. Zhang, X. Zhang, P. Liang, X. Huang, B.E. Logan, Use of pyrolysed iron
ethylenediaminetetraacetic acid modified activated carbon as Air cathode
catalyst in microbial fuel cells, ACS Appl. Mat. Interfaces 5 (2013) 7862.

[12] F. Zhang, D. Pant, B.E. Logan, Long-term performance of activated carbon air
cathodes with different diffusion layer porosities in microbial fuel cells,
Biosen. Bioelec. 30 (2011) 49.

[13] E. Guerrini, M. Grattieri, A. Faggianelli, P. Cristiani, S. Trasatti, PTFE effect on the
electrocatalysis of the oxygen reduction reaction in membraneless microbial
fuel cells, Bioelectrochem 106 (2015) 240.

[14] I. Gajda, A. Stinchcombe, J. Greenman, C. Melhuish, I. Ieropoulos, Ceramic MFCs
with internal cathode producing sufficient power for practical applications,
Int. J. Hydrogen Energy 40 (2015) 14627.

[15] C.H. Choi, C. Baldizzone, G. Polymeros, E. Pizzutilo, O. Kasian, A.K. Schuppert, N.
R. Sahraie, M.-T. Sougrati, K.J.J. Mayrhofer, F. Jaouen, Minimizing Operando
Demetallation of Fe-N-C Electrocatalysts in Acidic Medium, ACS Catal 6 (2016)
3136.

[16] Q. Jia, N. Ramaswamy, U. Tylus, K. Strickland, J. Li, A. Serov, K. Artyushkova, P.
Atanassov, J. Anibal, C. Gumeci, S. Calabrese Barton, M.-T. Sougrati, F. Jaouen, B.
Halevi, S. Mukerjee, Nano Energy (2016), doi:http://dx.doi.org/10.1016/j.
nanoen.2016.03.025.

[17] C.H. Choi, C. Baldizzone, J.-P. Grote, A.K. Schuppert, F. Jaouen, K.J.J. Mayrhofer,
Stability of Fe-N-C Catalysts in Acidic Medium Studied by Operando
Spectroscopy, Angew Chem Int Ed Engl 54 (2015) 12753.

[18] S. Diodati, E. Negro, K. Vezzù, V. Di Noto, S. Gross, Oxygen reduction reaction
and X-ray photoelectron spectroscopy characterisation of carbon nitride-
supported bimetallic electrocatalysts, Electrochim. Acta 215 (2016) 398.

[19] X. Ge, A. Sumboja, D. Wuu, T. An, B. Li, F.W.T. Goh, T.S.A. Hor, Y. Zong, Z. Liu,
Oxygen Reduction in Alkaline Media: From Mechanisms to Recent Advances of
Catalysts, ACS Catal. 5 (2015) 4643.

[20] M. Piana, S. Catanorchi, H.A. Gasteiger, Kinetics of Non-Platinum Group Metal
Catalysts for the Oxygen Reduction Reaction in Alkaline Medium, ECS Trans.16
(2008) 2045.

[21] R. Chen, H. Li, D. Chu, G. Wang, Unraveling Oxygen Reduction Reaction
Mechanisms on Carbon-Supported Fe-Phthalocyanine and Co-Phthalocyanine
Catalysts in Alkaline Solutions, J. Phys. Chem. C 113 (2009) 20689.

[22] S. Brocato, A. Serov, P. Atanassov, pH dependence of catalytic activity for ORR of
the non-PGM catalyst derived from heat-treated Fe–phenanthroline,
Electrochim. Acta 87 (2013) 361–365.

[23] I. Merino-Jimenez, C. Santoro, S. Rojas-Carbonell, J. Greenman, I. Ieropoulos, P.
Atanassov, Carbon-based Air-breathing Cathodes for Microbial Fuel Cells,
Catalysts 6 (2016) 127.

[24] 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.

[25] G. Lu, Y. Zhu, L. Lu, K. Xu, H. Wang, Y. Jin, Z.J. Ren, Z. Liu, W. Zhang, Iron-rich
nanoparticle encapsulated, nitrogen doped porous carbon materials as
efficient cathode electrocatalyst for microbial fuel cells, J. Power Sources 315
(2016) 302.

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

[27] I. Gajda, J. Greenman, C. Melhuish, I.A. Ieropoulos, Electricity and disinfectant
production from wastewater: Microbial Fuel Cell as a self-powered
electrolyser, Sci. Rep. 6 (2016) 25571.

[28] I.A. Ieropoulos, 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, Env. Sci. Water Res.
Technol. 2 (2016) 336–343.

[29] H. Yuan, Z. He, Graphene-modified electrodes for enhancing the performance
of microbial fuel cells, Nanoscale 7 (2015) 7022.

[30] Y.-R. He, F. Du, Y.-X. Huang, L.-M. Dai, W.-W. Li, H.-Q. Yu, Preparation of
microvillus-like nitrogen-doped carbon nanotubes as the cathode of a
microbial fuel cell, J. Mater. Chem. A. 4 (2016) 1632.

[31] C. Santoro, A. Stadlhofer, V. Hacker, G. Squadrito, U. Schröder, B. Li, Activated
carbon nanofibers (ACNF) as cathode for single chamber microbial fuel cells
(SCMFCs), J. Power Sources 243 (2013) 499.

[32] Mustakeem, Electrode materials for microbial fuel cells: nanomaterial
approach, Mater. Renew. Sustain. Energy 4 (2015) 22.
[33] Z. Wang, C. Cao, Y. Zheng, S. Chen, F. Zhao, Abiotic oxygen reduction reaction
catalysts used in microbial fuel cells, ChemElectroChem 1 (2014) 1813.

[34] 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+ 1 (1952) 567.

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

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

[37] F. Zhao, F. Harnisch, U. Schröder, F. Scholz, P. Bogdanoff, I. Herrmann,
Challenges and constraints of using oxygen cathodes in microbial fuel cells,
Environ. Sci. Technol. 40 (2006) 5191.

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

[39] E. Martin, B. Tartakovsky, O. Savadogo, Cathode materials evaluation in
microbial fuel cells: a comparison of carbon, Mn2O3, Fe2O3 and platinum
materials, Electrochim. Acta 58 (2011) 58.

[40] M.-T. Nguyen, B. Mecheri, A. D’Epifanio, T.P. Sciarria, F. Adani, S. Licoccia, Iron
chelates as low-cost and effective electrocatalyst for oxygen reduction
reaction in microbial fuel cells, Int. J. Hydrogen Energy 39 (2014) 6462–6469.

[41] M.-T. Nguyen, B. Mecheri, A. Iannaci, A. D’Epifanio, S. Licoccia, Iron/Polyindole-
based Electrocatalysts to Enhance Oxygen Reduction in Microbial Fuel Cells,
Electrochim. Acta 190 (2016) 388.

[42] X. Li, B. Hu, S. Suib, Y. Lei, B. Li, Managanese dioxide as a new cathode catalyst in
microbial fuel cells, J. Power Sources 195 (2010) 2586.

[43] P. Zhang, K. Li, X. Liu, Carnation-like MnO2 modified activated carbon air
cathode improve power generation in microbial fuel cells, J. Power Sources 264
(2014) 248.

[44] L. Zhang, C. Liu, L. Zhuang, W. Li, S. Zhou, J. Zhang, Manganese dioxide as an
alternative cathodic catalyst to platinum in microbial fuel cells, Biosens
Bioelectron. 24 (2009) 2825.

[45] B. Liu, C. Brückner, Y. Lei, Y. Cheng, C. Santoro, B. Li, Cobalt porphyrin-based
material as methanol tolerant cathode in single chamber microbial fuel cells
(SCMFCs), J. Power Sources 257 (2014) 246.

[46] B. Ge, K. Li, Z. Fu, L. Pu, X. Zhang, The addition of ortho-hexagon nano spinel
Co3O4 to improve the performance of activated carbon air cathode microbial
fuel cell, Bioresour. Technol. 195 (2015) 180–187.

[47] F. Zhao, F. Harnisch, U. Schröder, F. Scholz, P. Bogdanoff, I. Herrmann,
Application of pyrolysed iron (II) phthalocyanine and CoTMPP based oxygen
reduction catalysts as cathode materials in microbial fuel cells, Electrochem.
Commun. 7 (2005) 1405.

[48] L.Z. Zeng, S.F. Zhao, W.S. Li, Ni3Mo3C as anode catalyst for high-performance
microbial fuel cells, Appl Biochem Biotechnol. 175 (2015) 2637.

[49] 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
catalyst in microbial fuel cells, Biosens. Bioelectron. 72 (2015) 332.

[50] C. Santoro, A. Serov, C.W. Narvaez Villarrubia, S. Stariha, S. Babanova, K.
Artyushkova, A. Schuler, P. Atanassov, High catalytic activity and pollutants
resistivity using Fe-AAPyr cathode catalyst for microbial fuel cell application,
Sci. Rep. 5 (2015) 16596.

[51] 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 microbial
fuel cells, Energy Environ. Sci. 9 (2016) 2346.

[52] A. Serov, M. Padilla, A.J. Roy, P. Atanassov, T. Sakamoto, K. Asazawa, H. Tanaka,
Anode catalysts for direct hydrazine fuel cells: from laboratory test to an
electric vehicle, Angew. Chem. Int. Ed. Engl. 126 (2014) 10504.

[53] A. Serov, K. Artyushkova, E. Niangar, C. Wang, N. Dale, F. Jaouen, M.-T. Sougrati,
Q. Jia, S. Mukerjee, P. Atanassov, Nano-structured non-platinum catalysts for
automotive fuel cell application, Nano Energy 16 (2015) 293.

[54] X. Zhang, X. Xia, I. Ivanov, X. Huang, B.E. Logan, Enhanced activated carbon
cathode performance for microbial fuel cell by blending carbon black, Environ.
Sci. Technol. 48 (2014) 2075.

[55] C. Santoro, F. Soavi, A. Serov, C. Arbizzani, P. Atanassov, Self-Powered
Supercapacitive Microbial Fuel Cell: The Ultimate Way of Boosting and
Harvesting Power, Biosens. Bioelectron. 78 (2016) 229.

[56] X. Zhang, W. He, R. Zhang, Q. Wang, P. Liang, X. Huang, B.E. Logan, T.-P. Fellinger,
High-performance carbon aerogel air-cathodes for microbial fuel cells,
ChemSusChem 9 (2016) 2788.

[57] Q. Wang, X. Zhang, R. Lv, X. Chen, B. Xue, P. Liang, X. Huang, Binder-free
nitrogen-doped graphene catalyst air-cathodes for microbial fuel cells, J.
Mater. Chem. A 4 (2016) 12387.

[58] 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.

[59] K. Artyushkova, B. Kiefer, B. Halevi, A. Knop-Gericke, R. Schloglc, P. Atanassov,
Density Functional Theory Calculations of Xps Binding Energy Shift for
Nitrogen-Containing Graphene-Like Structures, ChemComm 49 (2013) 2539.

[60] S. Kabir, K. Artyushkova, B. Kiefer, P. Atanassov, Computational and
experimental evidence for a new TM–N3/C moiety family in non-PGM
electrocatalysts, Phys. Chem. Chem. Phys. 17 (2015) 17785.

[61] I. Matanovic, S. Babanova, A. Perry III, A. Serov, K. Artyushkova, P. Atanassov,
Bio-design of electrocatalysts for oxalate oxidation: a combined experimental

http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0020
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0020
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0020
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0025
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0025
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0030
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0030
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0035
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0035
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0040
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0040
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0040
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0045
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0045
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0050
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0050
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0050
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0055
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0055
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0055
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0060
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0060
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0060
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0065
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0065
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0065
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0070
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0070
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0070
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0075
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0075
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0075
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0075
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0080
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0080
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0080
http://dx.doi.org/10.1016/j.nanoen.2016.03.025
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0085
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0085
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0085
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0090
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0090
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0090
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0095
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0095
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0095
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0100
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0100
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0100
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0105
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0105
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0105
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0110
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0110
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0110
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0115
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0115
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0115
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0120
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0120
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0120
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0125
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0125
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0125
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0125
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0130
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0130
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0130
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0135
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0135
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0135
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0140
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0140
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0140
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0140
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0145
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0145
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0150
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0150
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0150
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0155
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0155
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0155
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0160
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0160
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0165
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0165
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0170
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0170
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0170
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0175
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0175
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0180
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0180
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0180
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0185
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0185
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0185
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0190
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0190
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0190
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0195
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0195
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0195
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0200
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0200
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0200
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0205
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0205
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0205
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0210
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0210
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0215
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0215
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0215
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0220
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0220
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0220
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0225
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0225
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0225
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0230
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0230
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0230
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0235
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0235
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0235
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0235
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0240
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0240
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0245
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0245
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0245
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0250
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0250
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0250
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0250
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0255
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0255
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0255
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0255
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0260
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0260
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0260
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0265
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0265
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0265
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0270
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0270
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0270
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0275
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0275
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0275
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0280
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0280
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0280
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0285
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0285
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0285
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0290
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0290
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0290
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0295
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0295
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0295
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0300
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0300
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0300
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0305
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0305


124 M. Kodali et al. / Electrochimica Acta 231 (2017) 115–124
and computational study of Mn-N-C catalyst, Phys. Chem. Chem. Phys. 17
(2015) 13235.

[62] A. Serov, K. Artyushkova, N.I. Andersen, S. Stariha, P. Atanassov, Original
mechanochemical synthesis of non-platinum group metals oxygen reduction
reaction catalysts assisted by sacrificial support method, Electrochim. Acta 179
(2015) 154.

[63] X. Zhang, D. Pant, F. Zhang, J. Liu, B.E. Logan, Long-term performance of
chemically and physically modified activated carbons in air-cathodes of
microbial fuel cells, ChemElectroChem 1 (2014) 1859.
[64] M. Santini, M. Guilizzoni, M. Lorenzi, P. Atanassov, E. Marsili, S. Fest-Santini, P.
Cristiani, C. Santoro, Three-Dimensional X-ray Micro Computed Tomography
Of Carbonates And Biofilm On Operated Cathode In Single Chamber Microbial
Fuel Cell, Biointerphases 10 (2015) 031009.

[65] C. Santoro, A. Serov, C.W. Narvaez Villarrubia, S. Stariha, S. Babanova, A.J.
Schuler, K. Artyushkova, P. Atanassov, Double Chamber MFC with a non-
platinum-group metal Fe-N-C cathode catalyst, ChemSusChem 8 (2015) 828.

[66] 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.

http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0305
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0305
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0310
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0310
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0310
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0310
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0315
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0315
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0315
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0320
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0320
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0320
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0320
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0325
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0325
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0325
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0330
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0330
http://refhub.elsevier.com/S0013-4686(17)30294-3/sbref0330

	Air Breathing Cathodes for Microbial Fuel Cell using Mn-, Fe-, Co- and Ni-containing Platinum Group Metal-free Catalysts
	1 Introduction
	2 Experimental
	2.1 Catalysts preparation
	2.2 Catalysts Surface Chemistry
	2.3 Electrochemical measurements
	2.4 Cathode preparation
	2.5 Cathode polarization curve in “clean” media
	2.6 Microbial fuel cell construction
	2.7 Microbial Fuel Cell Electrochemical Measurements
	2.8 Long term stability tests
	2.9 Solution conductivity analysis

	3 Results and Discussion
	3.1 Surface Chemistry and Morphology of the catalysts investigated
	3.2 Electroreduction of Oxygen in Neutral Media
	3.3 Cathode Polarization curves
	3.4 Performances in MFC
	3.5 Durability Tests in Microbial Fuel Cells
	3.6 Performances of Fe-AAPyr catalysts in working MFCs with electrolyte having different solution conductivity

	4 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	References




