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The oxygen reduction reaction (ORR) at the cathode is usually the limiting step in microbial fuel cells and improvements have
to be done to increase the performances and reduce the cost. For the first time, iron-based catalysts were synthesized utilizing the
polymerization-pyrolysis method and tested successfully in neutral media and in working microbial fuel cells (MFCs). The catalysts
were synthesized using polymerization, salt formation, mixed with iron salt and pyrolyzed at 850◦C (PABA-850) and 950◦C (PABA-
950) respectively. To study the kinetics, electro-activity of the catalysts was investigated using rotating ring disk electrode (RRDE).
Results showed that PABA-850 had higher catalytic activity compared to that of PABA-950. Both Fe-catalysts had much better
activity compared to activated carbon (AC) used as a baseline. Catalysts were then integrated into air breathing cathodes (loading
1 mg cm−2) and tested in single chamber MFC. The power peak obtained was 178 ± 3 μWcm−2 for PABA-850. Comparable power
was produced from PABA-950 (173 ± 3 μWcm−2). AC power output was 131 ± 4 μWcm−2 that was roughly 40% lower compared
to Fe-based catalysts. Those results demonstrated that the addition of platinum group metal free (PGM-free) catalysts increased the
output of the MFCs substantially. Fe-based catalysts seem to be suitable for large-scale MFC applications.
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Biological Fuel Cell is an interesting technology that utilizes both
electrochemical and microbiological/enzymatic aspects for degrading
organics and simultaneously producing electricity or transforming
organics or gaseous products into viable compounds/substances.1,2

One of the most studied biological fuel cell till now is the Microbial
Fuel Cells (MFCs) due to their potential of substituting the existing
cost-extensive wastewater treatment plants. In fact, in an MFC, elec-
troactive bacteria on the anode electrode oxidize organics generating
electricity. The red-ox process is then terminated with the reduction
of an oxidant at the cathode. Oxygen is the most used oxidant mainly
due to its high reduction potential and its large availability in gaseous
form. Several limitations hinder the commercialization of MFCs in
large scale.3,4 The problems are related to the high materials costs,
the poor red-ox electrochemical performances and the relatively low
durability of the electrodes. For the large part of the scientific com-
munity, the main problem is related to the oxygen reduction reaction
(ORR) at the cathode.5,6 This reaction is severely limited by high
overpotentials5,6 and not optimized working conditions.5,6 The the-
oretical value for ORR at pH 7.5 is 0.606 V (vs Ag/AgCl). Except
for selective enzymes (laccase and bilirubine oxidase) performing
ORR, in which the overpotentials are limited to 50–100 mV,7–9 higher
overpotentials are measured using abiotic and inorganic catalysts.5,6

Unfortunately, enzymes are not stable in polluted environments as
previously demonstrated.10

By far, Pt has been the most utilized catalysts for ORR in
MFCs.11,12 Despite Pt is high electrocatalytic activity toward ORR
in acidic media,13 its performance lowers down significantly in neu-
tral and alkaline media.14 This is mainly due to the fact that anions
bind strongly to Pt decreasing its activity substantially.15,16 Conse-
quently, both high cost (with low power production) and problematic
deactivation due to the natural presence of anions promoted the efforts
in different alternative directions.

The most investigated path in the past few years is the utilization of
carbonaceous catalysts in which, undoubtedly, high surface area and
high conductivity present main successful characteristics.17,18 Partic-
ularly, activated carbon was used as cathode catalysts for MFCs.19–24
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Since 2009, in which AC was first proposed,24 several advancements
have been achieved in AC-based cathode catalysts for MFCs. In
fact, it has been shown that i) surface chemistry,22 ii) temperature
treatment,19,25 iii) pressure applied,19 iv) AC loading,22 v) content of
binder (e.g. PTFE),22 vi) addition of carbon black,26 affect the cathode
performances and the MFC output significantly. AC seems to be the
cheapest and efficient solution to adopt for scaling up MFCs. Long-
term performance of MFCs using AC cathode showed very slight
degradation over 16 months of operation, indicating that the material
is very robust and reliable.27 However, the overpotentials of AC are
high and the kinetics of ORR is poor.

Lately, PGM-free catalysts have been used to enhance ORR in
neutral working conditions.11,12,18 PGM-free catalysts showed slightly
worse performance compared to Pt in acidic media, similar or higher
compare to Pt in neutral media and superior compared to Pt in alkaline
media.14 PGM-free catalysts are mainly based on a carbon/nitrogen
matrix with atomically dispersed particles of a transitional metal.28–30

Fe, Co, Ni, Mn and Cu (earth abundant metals) are the most used
and studied metals in PGM-free cathode catalysts in MFC.11,12 Those
catalysts have the advantage of being made from earth abundant metals
and, consequently, the cost of production is relatively low and not a
subject to geo-political issues. The utilization of PGM-free catalysts
for ORR in MFCs has been raised exponentially in the past few
years.11 It has been shown that the addition of PGM-free catalysts
into the cathode positively affects the power output compared to the
utilization of plain AC.27,31 In fact, several studies have integrated
PGM-free catalysts into the cathodes with fruitful benefits. Here we
mention some of the successful and relevant investigation concerning
iron,31–35 manganese,36,37 cobalt,38–40 nickel41,42 and copper.43 Few
literature reviews on PGM-free catalysts utilization have also been
recently presented.11,12,18

In the past years, our group has developed several PGM-free
catalysts that have been successfully incorporated in the cathode
for MFC14,44,45 and in electrodes for supercapacitive MFC (SC-
MFC).46,47 The catalysts were all prepared using sacrificial support
method (SSM) technique in which highly porous open frame struc-
ture was formed.48–50 Particularly, iron-aminoantipyrine (Fe-AAPyr)
has been successfully used in double chamber MFC (DCMFC),14

ceramic based MFC44 and single chamber MFC.45 Further advance-
ments have been shown with the investigation of iron-based catalysts
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pyrolized with other low cost precursors named Niclosamide, Ri-
cobendazole, Guanosine, Succinylsulfathiazole, Sulfacetamide, Qui-
nine, Sulfadiazine and Pyrazinamide51 and among them, Ricobenda-
zole and Niclosamide have been tested over 32 days showing stable
performances.52

In this present work, catalyst formulation and preparation was
changed from previously reported studies, and no SSM was applied.
In the current report, pyrolysis of polymer salt with iron salt53 was
performed for the first time to synthesize novel catalysts utilized in
neutral media and applied in MFC studies. Catalysts kinetics was
studied utilizing rotating ring disk electrode technique (RRDE). The
catalysts were then incorporated into air-breathing cathodes and tested
in phosphate buffer. Cathodes were then assembled in working MFCs,
and polarization curves were carried out.

Materials and Methods

Synthesis process used for catalysts preparation.—4-amino ben-
zoic acid (5 g, 36.4 mM) was dissolved in 300 mL deionized water. An
equimolar amount of radical generator, Ammonium persulfate (8.3 g)
was added under stirring for the polymerization of the reactant to take
place. The reaction proceeded for 48 h. The reaction mixture turned
dark in color, and the polymerized product was separated by centrifu-
gation. An equimolar amount of NaOH pellets was added (1.5 g) in the
product dispersed in water, and the polymer became soluble due to the
formation of the corresponding salt. The water was then dried off in an
oven to obtain the polymer salt product.53 A calculated amount of iron
(III) nitrate was added to the polymer salt, and the mixture was ground
in a mortar, homogenously. The mixture was then pyrolyzed at 950◦C
for 1 h in N2 (7% H2). The pyrolyzed material obtained was ground
in a mortar and added to a large amount of dilute nitric acid (under
stirring for 12 h) to remove by-products (metal salts) and obtain pure
carbon catalyst. The carbon catalyst was isolated by centrifugation
and subjected to a second heat-treatment (950◦C, 1 h) in ammonia
gas. A similar process was used again to generate a variation of the
first catalyst. In this case, the only difference was the first pyrolysis
temperature, 850◦C.

Catalysts surface chemistry and morphology.—The catalyst sur-
face morphology was studied using Scanning Electron Microscopy
(SEM) Hitach S-800 instrument. Images were acquired at different
resolutions. Kratos Axis Ultra DLD spectrometer was used to obtain
high resolution X-ray Photoelectron Spectra (XPS) from materials. 3
points per sample were analyzed. Wide scan and high resolution O
1s, N 1s, C 1s and Fe 2p spectra were acquired without charge neu-
tralization at 225 W Al Kα monochromatic X-ray source. The spectra
were processed in CASAXps.

Cathode preparation.—The cathode was prepared as previously
presented.52 Activated carbon (AC, Norit SX plus), carbon black (CB,
50% acetylene, Alfa Aesar) and polytetrafluoroethylene (PTFE, 60%
emulsion, Sigma Aldrich) were mixed in a blender for at least 5
minutes. The ratio of the three ingredients was 70%, 10%, and 20%
respectively. Since AC is not that conductive due to its intrinsic high
surface area, CB was added to increase the cathode conductivity. The
mixture was then weighted and added to a metallic pellet die with a
circular shape. The mixture was pressed at 5 mT for 5 minutes on a
stainless steel mesh (SS, MacMaster) till a uniform pellet was formed
in the top of the mesh. Three different cathodes have been investigated
each one in triplicate: the first having just activated carbon (AC) as
a catalyst, the second one was based on AC and PABA (850◦C) and
the last one was based on AC and PABA (950◦C). In all of them, the
AC/CB/PTFE mixture had a loading of 40 mg cm−2. In the case of
addition of Fe-PABA-850 or Fe-PABA-950, a catalyst loading of 1
mg cm−2 was added in the mixture before the pressure was applied.

Microbial fuel cell assembly and operating conditions.—After
the RRDE tests done in neutral media, the cathode was inserted in
a working MFC. MFC was a glass bottle with an empty volume of

125 mL modified with a lateral hole in which the cathode was accom-
modated and screwed. No membrane was used to separate anode and
cathode, with the first completely immerged in the solution and the
second having a face exposed to the solution and one open to air. The
bottle was filled with a mixture of 50% in volume of 0.1 M potassium
phosphate (K-PB) and 0.1 M potassium chloride (KCl) and 50% in
volume of activated sludge taken from the Albuquerque Southeast
Water Reclamation Facility (New Mexico, USA). Sodium acetate in a
concentration of 3 gL−1 was added in the solution as a food source for
electroactive bacteria. The solution conductivity of the electrolyte was
16 mScm−1. The anodes were two carbon brushes (Millirose, USA)
based on carbon fibers twisted on a titanium core and each brush had a
diameter of 3 cm and height of 3 cm. The anodes were well operating
from previously experiments and already colonized with electroactive
bacteria.52 The MFCs tests were done at room temperature quantified
in 22 ±1◦C.

Electrochemical measurements (RRDE, MFCS tests).—Rotating
Ring Disk Electrode (RRDE) measurements were performed for ob-
taining the oxygen reduction current at the glassy carbon disk and the
peroxide oxidation current at the platinum ring. The electrolyte used
was 0.1 M K-PB with 0.1 M KCl. The electrolyte was saturated with
pure O2 saturated. The rotation speed was kept at 1600 rpm during the
measurements, and the scan rate was 5 mVs−1. The catalyst ink was
prepared by adding 2.5 mg of the catalyst to 850 μL IPA:DI (2:1) and
150 μL 0.5 wt% Nafion. The ink was drop-casted after sonication on
to the RRDE disk at a loading of 100 μg cm−2.

Once the cathode was prepared, it was screwed on a working
MFC. The MFC was left in open circuit voltage (OCV) for at least
three hours. Three electrode configuration was used to characterize
the electrochemical performances on the MFC. Particularly, one chan-
nel of the potentiostat was used to measure the overall polarization
curve in which the anode was used as the working electrode and the
cathode as the counter electrode short-circuited with the reference
channel. An additional potentiostat channel was used to measure sep-
arately anode and cathode potentials during the polarization curve.
In this case, the anode was used as the working electrode and the
cathode as the counter electrode and Ag/AgCl 3 M KCl (+210 mV vs
SHE) as reference electrode inserted into the cell. Polarization curves
were done between OCV and 0 mV at a scan rate of 0.2 mVs−1.
Anode and cathode polarization curves were detected simultaneously
and represented separately. Power curves were constructed from the
overall polarizations curves multiplying the voltage for the current
obtained (P = V x I). The power and the current were represented in
function of the geometric cathode area exposed to the liquid solution
(2.85 cm−2).

Results and Discussion

Surface chemistry and morphology.—Surface composition of
both materials was studied by XPS. The sample obtained at a higher
temperature of pyrolysis has slightly more N – 1.2% vs 0.9% and at
the same time less Fe – 0.07 at% vs 0.12% for 850◦C sample. The ni-
trogen chemistry is also quite different depending on the temperature
of pyrolysis as shown in Figure 1. Sample pyrolyzed at lower temper-
ature has pyrrolic nitrogen as a major nitrogen type at 34.5% relative
with pyridinic at 23.1% and N coordinated to iron at 24.7%. Pyrrolic
nitrogen decreased to 24.7% for a sample at a higher temperature
of pyrolysis, while both pyridinic and Nx-Fe centers are present in
higher amounts, 31.0 and 31.6% respectively. The ratio of the amount
of Nx-Fe to atomic % of Fe is only ∼2 pointing that there is an excess
of Fe that is not atomically coordinated to nitrogen. For sample py-
rolyzed at 950◦C, the same ratio is ∼5 which means that all the iron
that present is coordinated to nitrogen as Fe-Nx centers.

Scanning electron microscopy (SEM) images (Figures 2a–2d) of
the catalyst display the unique morphology of the material. The cata-
lyst possesses a porous morphology with graphitic flakes containing
a large number of holes. The flaky assembly can be seen in Figure
2a and 2b in addition to a large number of holes clearly observed
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Figure 1. High resolution N 1s spectrum from a) PABA-850 and b) PABA-950 samples.

in Figure 2c and 2d. This ‘Swiss cheese’ like morphology is not
observed very frequently in graphitic carbon catalysts. This peculiar
structure, containing a network of large pores throughout the material,
can provide high surface area and easy access of the electrolyte for
electro-catalytic reactions, making it an efficient catalytic system.

RRDE analysis.—The oxygen reduction current (disk) for the Fe-
PABA catalysts is shown in Figure 3a. The reduction onset potential
for both the cases (PABA 950 and 850) is similar having an approxi-
mate value of +0.2 V (vs Ag/AgCl). The half wave potential, which is
an important aspect for a potential catalyst is observed to be more pos-
itive for the PABA-950 case (∼0.1 V). However, the limiting current
density is less as compared to the PABA-850 case. In the PABA-850
case, the half wave potential is ∼0.065 V along with a limiting current
density of ∼-3 mA cm−2. From the disk current, it is quite clear that
both Fe-PABA catalysts display a reasonable performance of oxygen
reduction in the neutral medium. Both the catalysts exhibit a very
low peroxide yield (Figure 3b). %H2O2 is calculated using Eq. 1.
Hydrogen peroxide is a catalytic poison and is generated by the 2-
electron mechanism. Any good ORR catalyst should have a minimum
peroxide production during the process. PABA-850 is seen to have a
varying peroxide production with different ranges, 4–7% in the range

Figure 2. (a-d) Scanning electron microscopy images of catalyst at different
resolutions.

of potentials −0.2 V to −0.5 V. The peroxide production further in-
creases toward more negative potentials. The PABA-950 case shows
a slightly lower peroxide production, 2–4% in the range of −0.2 V to
−0.5 V and also shows a gradual increase at more negative potentials.
In the entire range, PABA-950 generates less peroxide as compared
to PABA-850.

%H2 O2 = 100 ×
2IR

/
N

ID + IR
/

N
[1]

Depending on the nature of the catalysts, ORR can occur by
two different mechanisms, 4-electron and 2-electron mechanisms.
4-electron mechanism is usually the more efficient pathway which
generates less peroxide rather than the 2-electron case. The number of
electrons transferred in the mechanism of reduction for the Fe-PABA
catalysts is shown in Figure 3b. It is clearly observed that in both cases
PABA-850 and PABA-950, the pathways approach a direct 4-electron
route. The number of electrons is calculated following Eq. 2:

n = 4Idisc

Idisc + Iring

N

[2]

Polarization curves and power curves.—Overall polarization
curves were run after the MFCs were in stable conditions with steady
OCV. Starting point was measured similar for Fe-PABA-850 and Fe-
PABA-950 and it was 700 ± 12 mV (Figure 4a). Lower OCV (623 ±
3 mV) was measured for AC cathode MFC (Figure 4a). Polarization
curves followed a quasi-linear trend indicating that under the investi-
gated conditions the ohmic resistance is the main limitation (Figure
4a). Similar short circuit current was achieved by Fe-PABA-850 and
Fe-PABA-950 (1280 ± 50 μAcm−2). 20% lower short-circuit cur-
rent was achieved by AC-cathode (1091 ± 38 μAcm−2). From the
polarization curves, power curves were calculated (Figure 4b). Fe-
based catalysts had power curves higher than AC-cathodes indicating
that the utilization of PGM-free certainly has a positive effect on the
performances of an MFC. The highest power density during this in-
vestigation was achieved by Fe-PABA-850 with 178 ± 3 μWcm−2.
Slightly lower power density (173 ± 3 μWcm−2) was achieved by
Fe-PABA-950. Much lower power density (131 ± 4 μWcm−2) was
measured when AC-cathode was used as the cathode catalyst. Sepa-
rate anode and cathode polarization curves were also collected during
the polarization curves. The single electrode profiles are presented in
Figure 4c. It must be noted that anode profile trends can be overlapped
with no substantial difference. In parallel, the cathode profile is quite
different. Higher open circuit potential (OCP) was measured with
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Figure 3. RDE current (a), H2O2% production (b) and electron transfer (c) of PABA-850 and PABA-950.

Fe-based catalysts indicating a distinguishable advantage of PGM-
free catalysts. In fact, Fe-based catalysts had higher OCP identified
in 183 ± 6 mV (vs Ag/AgCl) that was roughly 60 mV higher than
AC-catalyst (Figure 4c). Fe-based catalysts also showed more elec-
trocatalytic activity compared to AC through the cathode polarization

curves (Figure 4c). The difference in the overall polarization curve
was driven by the cathode performance.

Outlook and comparison with existing literature.—Cathode be-
havior in neutral media has been identified as the main issue to be
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overcome to improve the overall MFC performance. For this reason,
before performing the tests in MFC, kinetics analysis using RRDE
technique was done on the plain catalyst. RRDE data showed similar
performances for Fe-PABA-850 and Fe-PABA-950. AC performances
were very poor compared to Fe-based catalyst. This trend was also
confirmed when the catalyst was incorporated in an air-breathing cath-
ode and tested in running MFC. Fe-based cathode outperformed AC-
cathode. Lately, several works in literature incorporated PGM-free
based catalysts into an air-breathing cathode often based on activated
carbon pellet.11,12,18 A reasonable comparison is not possible due to
the different operating conditions that certainly affect the output per-
formances. In fact, solution conductivity, cell design, and temperature
affect the performances output. In this manuscript, a comparison with
platinum was not done because platinum is very expensive and con-
sequently not suitable for application in bioelectrochemical systems,
and it was shown before that platinum work for less than 1 week be-
fore being poisoned and deactivated by anions naturally present into
the sludge.45,52 The maximum performances achieved in this investi-
gation were 178 ± 3 μWcm−2 that is slightly lower compared with
previously presented data with PGM-free catalyst.52 This might be
due to the reduced catalysts loading that in this study was 1 mg cm−2,
exactly half compared to previous works. Further investigation should
be addressing the effect of the loading on the performances output.
Neverthless, the value obtained is quite high for an MFC having a
not optimized configuration (distance between anode and cathode of
7 cm), a volume of 125 mL and room temperature operating condi-
tions. Fe,31–35 Mn,36,37 Cu,43 Ni41,42 and Co38–40 have been recently
presented as PGM-free catalysts. In similar electrolyte conductivity
conditions to the one here investigated, PGM-free catalysts incorpo-
rated into AC cathodes had performances varying between 150 and
200 μWcm−2. It must be noticed that generally, Fe-based catalysts
is the best performing among the PGM-free catalysts. Another im-
portant aspect to mention is related to the durability of the PGM-free
cathodes facing directly the electrolyte containing pollutants. While
the interaction of anions with Pt is well known, interestingly, previous
works showed good performances in durability tests done on Fe-based
cathodes working for 1 month45,52 and 12 months27 respectively.

At last, an important consideration regarding material cost has to
be done. PGM-free catalysts are made with earth abundant metals (Fe,
Co, Mn, Ni, Cu) and consequently are much more competitive and
cheaper compared with costly PGM catalysts. The catalysts investi-
gated demonstrated high power density, low cost production and they
might used for real world applications.

Conclusions

Novel iron based catalysts synthesized using polymer salt pyrolysis
technique were tested in RRDE and MFCs. Morphology of the novel
catalysts showed a porous structure with graphitic flakes containing
a large number of holes. Kinetics of Fe-based catalysts was superior
compared to AC. The best electro-catalytic activity was achieved
for PABA-850. The Fe-based catalyst was then integrated into air
breathing cathodes and tested in the working MFCs. Fe-catalysts had
the higher power density recorded that was 178 ± 3 μWcm−2 by
PABA-850 and 173 ± 3 μWcm−2 by PABA-950. At last, AC had a
power peak of 131 ± 4 μWcm−2. The advantage in performances of
the utilization of Fe-based catalysts justifies the application of PGM-
free catalysts in the air-breathing cathode. Fe-based catalysts are a
novel and cheap alternative to a platinum group based catalysts in
MFC.
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