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a b s t r a c t

In this work, a platinum group metal-free (PGM-free) catalyst based on iron as transitional metal and
Nicarbazin (NCB) as low cost organic precursor was synthesized using Sacrificial Support Method (SSM).
The catalyst was then incorporated into a large area air-breathing cathode fabricated by pressing with a
large diameter pellet die. The electrochemical tests in abiotic conditions revealed that after a couple of
weeks of successful operation, the electrode experienced drop in performances in reason of electrolyte
leakage, which was not an issue with the smaller electrodes. A decrease in the hydrophobic properties
over time and a consequent cathode flooding was suspected to be the cause. On the other side, in the
present work, for the first time, it was demonstrated the proof of principle and provided initial guidance
for manufacturing MFC electrodes with large geometric areas. The tests in MFCs showed a maximum
power density of 1.85Wm�2. The MFCs performances due to the addition of Fe-NCB were much higher
compared to the iron-free material. A numerical model using Nernst-Monod and Butler-Volmer equa-
tions were used to predict the effect of electrolyte solution conductivity and distance anode-cathode on
the overall MFC power output. Considering the existing conditions, the higher overall power predicted
was 3.6mWat 22.2 Sm�1 and at inter-electrode distance of 1 cm.
© 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

Bioelectrochemical systems (BES) are relatively new technolo-
gies able to use biotic anodic reaction for degrading organics and
cathodic biotic/abiotic reactions, naturally occurring or supported
by an external power device, for generating electricity or producing
value added products (VAPs) [1e6].

BESs are cathodic-limited and consequently part of the ongoing
research is focused on the reduction side of the overall red-ox re-
action [7e12]. Limitations are mainly due to the low kinetics of
oxygen reduction (ORR) caused by room temperature operations
and circumneutral pH electrolyte and high activation over-
potentials [10,11]. Consequently, a catalyst is needed for increasing
. Erable), santoro@unm.edu,

r Ltd. This is an open access article
the ORR kinetics at the cathode.
By far, platinum has been the most utilized as catalysts for ox-

ygen reduction reaction in operating microbial fuel cells (MFC)
[13e15]. Lately, Pt or platinum group metal (PGM) catalysts are just
used for comparison with novel and low cost cathodic materials
[15]. This option has been abandoned due to platinum high cost
(and low power generated) as well as low durability in presence of
anions [16e19], especially sulfur [20].

In order to mitigate those disadvantages there are two options
were explored. The first is based on utilization of high surface area
and high conductivity carbonaceous materials as ORR catalysts
[21e27]. The second one proposes the usage of platinum group
metals free (PGM-free) catalysts based on M-N-C active centers in
which M is a transition metal such as Fe, Co, Ni, Mn and Cu
[14,28,29]. Activated carbon (AC) as catalyst on a metallic current
collector for MFC was firstly reported in 2009 by Zhang et al. [30].
Since then, it is by far the most adopted carbonaceous-based
catalyst used for ORR in MFCs [14]. The concurrent low cost,
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Image of the air-breathing cathode.
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commercial availability in large quantity, relatively high perfor-
mances due to the high surface area and high chemical and me-
chanical stability in long time operation makes it a suitable
candidate for MFCs applications [31e34]. Also other conductive and
high surface area carbonaceous materials named carbon nanotubes
(CNTs) [35], carbon nanofibers (CNFs) [36], modified carbon black
(CB) [37,38], graphene [39e42] and others have been successfully
utilized as cathode in operating MFCs.

Still performances can be further increased since the activation
overpotentials remained still high and quantified in roughly
400mV [7e9]. In order to overcome those tedious initial thermo-
dynamic losses, PGM-free catalysts have to be used. In fact, the
open circuit potential (OCP) translates towards more positive
values. Unfortunately, the activation overpotentials remained still
high and measured in roughly 300mV but lower compared to
carbonaceous catalysts [43e46]. Several examples have been
showed in literature concerning the utilization of earth abundant
transition metal such as Fe [46e56], Mn [57e59], Co [60e62], Cu
[63,64] and Ni [65,66] as catalysts incorporated into cathode
adopted in single chamber MFC. So far, Fe-N-C class of materials
seems to be the most promising and performing catalysts among
the above mentioned [17,18,47,50,55,56]. Moreover, Fe is also the
most abundant, cheap and probably the more environmentally
friendly among the earth abundant metals and consequently the
most suitable for large scale applications in MFC. Among the pre-
sented literature, the catalyst is incorporated into air breathing
cathode with relatively low dimension (area 3e7 cm2)
[17,18,43,44,47e56]. Scalability of those cathodes for larger reactors
are needed and, to the best of our knowledge, not yet presented in
literature.

In this study, iron based catalysts (Fe-NCB) have been integrated
into MFCs working cathode operated in neutral media. This catalyst
was synthesized using sacrificial support method (SSM). SSM is a
technique that uses silica as support during the pyrolysis and then
silica is washed out through etching. SSM is used to create the
necessary morphology facilitating the accessibility of the active
sites to the oxygen molecules and the reaction products removal.
SSM was also used to synthesize other catalysts previously pre-
sented and studied in neutral media but in diverse operating con-
ditions [67,68]. For the first time, the catalyst was incorporated into
air-breathing cathode with diameter of 7 cm (area 39 cm2) and
adapted to the used reactor with a real 15.9 cm2 exposed to the
electrolyte. Innovatively, an air-breathing cathode of this dimen-
sion is proposed for larger scale applications. Electrochemical per-
formances over 22 days are here presented. A numerical method
was also used to describe the MFC performances.

2. Experimental section

2.1. Catalysts preparation

PGM-free materials were synthesized by UNM developed
Sacrificial Support Method (SSM) [69e71]. A dispersion of
Nicarbazin (NCB) as organic precursors rich in nitrogen dispersed
in water was deposited on the surface of two silica: OX-50
(surface area ~50 m2g-1) and in-house synthesized mono-
dispersed silica (surface area ~10 m2g-1, particle size ~50 nm).
The suspension of silica and organic precursor was mixed
together under ultrasonication followed by addition
Fe(NO3)3*9H2O. The mass ratio between of iron nitrate and
organic precursor was selected as 1:8. Water was evaporated on
air at T¼ 85 �C. The dry composite mixture was ground with
mortar and pestle till a fine powder was achieved. The fine
powder was subject to heat treatment in inert atmosphere (ultra
high purity (UHP) N2 flow rate of 100 ccm) at T¼ 975 �C for
45min. The final temperature of 975 �C was reached with a ramp
rate of 10�Cmin-1. After 45min, the fine powder was cooled down
at room temperature. Silica was removed by means of 25wt% of
HF and duration of leaching was 24 h. The catalyst was washed
using DI water until neutral pH and dried at T¼ 85 �C for ~12 h.
Obtained powder was subject to an additional heat treatment in
NH3 atmosphere (flow rate of 100ccm) at T¼ 975 �C for 30min.
The second heat treatment was shown to be beneficial for the
catalyst performances as previously reported [67].

2.2. Air breathing cathode preparation

The air-breathing cathode used in this investigation was a
pellet-type cathode with a mixture of powder and binder pressed
over a carbon paper used as current collector. Particularly, a blender
was used for mixing 70wt% activated carbon (AC, SX Ultra, Sigma
Aldrich),10% carbon black (CB, Alfa Aesar, 50% acetylene), and 20wt
% PTFE (60% emulsion, Sigma Aldrich) for 5min continuously. The
mix was inserted into a metallic pellet die (diameter 7 cm) and
pressed at 2mT for 5min using a Carver hydraulic press. The AC
cathode was used as control. In the case of Fe-based cathode, Fe-
based catalyst was mixed within the AC/CB/PTFE mixture and
then pressed over the current collector. Carbon paper (Spec-
tracarb™, 2050A-2050, Engineered Fiber Technology LLC) was used
as current collector. The cathode image was here reported (Fig. 1).
AC/CB/PTFE loading was 30mg cm�2 and the catalyst loading was
1mg cm�2. AC/CB/PTFE based cathode (30mg cm�2 loading)
without the addition of Fe-NCB catalyst was also tested as control.
The cathode surface area was z39 cm2 but it was adapted to the
reactor used during the experiments and the area exposed to the
electrolyte was 15.9 cm�2.

2.3. Surface morphology

Scanning Electron Microscopy (SEM) Hitachi S-800 instrument
was used to image the catalyst surface to determine morphological
characteristics.

2.4. Anodic biofilm formation under chronoamperometry

The formation of biofilm on anode was carried out directly in a
removable air-cathode MFC reactor design first introduced by Oliot
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et al. [72]. The reactor had a volume of 1.8 L. The anodic biofilmwas
formed from compost leachate with 20mM acetate as the substrate
using a 3-electrode electrochemical set-up. A 40 cm2 carbon cloth
electrode (PaxiTech, France) was used as working electrode for
supporting biofilm. A platinum grid was used as the auxiliary
electrode and a saturated calomel electrode (SCE) as the reference
(þ0.242 V/SHE). The working electrode was constantly polarized
at �0.2 V/SCE using a MPG2 potentiostat (Bio-Logic SA, France)
during the biofilm formation. All experiments were carried out at
40 �C in a thermo regulated oven. Once mature biofilm were pro-
ducing beyond 10 A m�2, the compost leachate was changed by a
fresh synthetic electrolyte (50mM bicarbonate buffer supple-
mented by a macronutrients solution 10mL L�1, a micronutrients
solution 1mL L�1, vitamins 1mL L�1, KCl 4.5 g L�1 and NaH2-
PO4$H2O 2.4 g L�1; pH adjusted to 7.0) and the microbial anode
were polarized for 10 additional days in order to achieve a steady
current generation regime (under a constant concentration of
20mM acetate).
2.5. MFC operation

The Fe-NCB air-breathing cathode was assembled to the
removable air-cathode MFC with a stainless steel current collector
maintained by a PVC screw cap designed with a central hole of
4.5 cm diameter (all the details are given in Oliot et al. [72]). The
surface area of the air-breathing cathode exposed to the electrolyte
was 15.9 cm2. During MFC operation, acetate concentration was
maintained at 20mM by daily measurements and adjustments.
Power/current curves were recorded periodically using a variable
external resistance ranging from 1U to 33 kU. A high-impedance
voltmeter (Keithley, 2000 multimeter, USA) measured the cell
voltage and a second voltmeter measured the anode and cathode
potentials versus the SCE reference. MFCs produced power
continuously through a 33U electrical resistance. Power and cur-
rent densities were calculated relative to the 15.9 cm2 air-cathode
surface area.
Table 1
Values of the liquid phase conductivity considered in this study.

Electrolyte Ionic conductivity, S.m�1

Synthetic medium (40 �C) 1.25 (experimentally measured)
Compost leachate (40 �C) 0.88 (experimentally measured)
Seawater (20 �C) 5.30 [75]
25% (w/w) NaCl solutiona (20 �C) 22.20 [76]
2.6. Numerical modelling of MFC performance

The numerical model was based on the secondary distribution
of the electrostatic potential inside the fuel cell, described by the
Laplace equation. The theoretical basis and the numerical proced-
ure have been detailed previously for the case of a microbial elec-
trolysis cell [73] and of a MFC [74,75]. Secondary current
distribution was considered, using the electrochemistry module of
the COMSOL Multiphysics® software. The definition of the geom-
etry of the reactor was carefully based on the MFC design experi-
mentally used. The Laplace equation solved in the electrolyte
domain:

D4s ¼ 0 (1)

leads to the field of electrostatic potential and then to the local
current by using Ohm's law:

is ¼ �ssV4s (2)

with sS: liquid phase conductivity (S m�1), 4S: electrolyte potential
(V) and iS: electrolyte current density (A m�2).

A Nernst-Monod equation was used as input for the kinetic of
the anodic reaction at the electrode/electrolyte interface:
J ¼ Jmax

1þ exp
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with Jmax: maximum current density (A m�2), n: number of elec-
trons involved in the reaction (dimensionless); F¼ 96 500Cmol�1;
R: 8.314 Jmol-1 K-1; E: electrode potential (V) and E1/2: electrode
potential value corresponding to the half the Jmax (V).

A Butler-Volmer equationwas used as input for the kinetic of the
cathodic reaction at the electrode/electrolyte interface:

J ¼ J0
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with J0: exchange current density (A m�2), aa: anodic charge
transfer coefficient (dimensionless), n: number of electrons
involved in the reaction (dimensionless), F: 96 500Cmol�1, h:
overpotential (V); R: 8.314 Jmol-1 K-1, ac: cathodic charge transfer
coefficient (dimensionless).

Solid phase potential were considered homogeneous within the
electrodes due to the non-limited electrical conductivity of carbon
materials. A similar approach was already considered in previous
works published [73e75]. Theoretical MFC performance modelling
was performed varying (i) inter-electrodes distances (distance be-
tween the centers of each electrode) ranging from 10 to 3.5 cmwith
steps of 0.5 cm; and (ii) the conductivity of the electrolyte. Four
increasing values of electrolyte ionic conductivity, corresponding to
more and more saline environments, were considered (Table 1).

3. Results and discussion

3.1. Catalyst surface characteristics

Catalyst morphology was imaged by SEM and presented on
Fig. 2. It can be clearly seen that material consist of two different
sets of pores: i) large pores formed after leaching of ~50 nm mon-
odispersed silica and ii) smaller pores which were created during
pyrolysis of organic precursor material. The overall BET surface area
of catalyst was z560m2 g�1. Such morphology of M-N-C electro-
catalysts synthesized by Sacrificial Support Method (SSM) was
previously reported the details were explained in published liter-
ature [77e79].

3.2. Cathodic ORR performance in MFC

The electro-catalytic activity of Fe-NCB was previously discusses
through rotating ring disk electrode (RRDE) experiments in oxygen
saturated neutral media [68]. In fact, Fe-NCB had higher catalytic
activity compared to platinum and AC [68]. Particularly, Fe-NCB had
higher half-wave potential and lower peroxide production indi-
cating a more efficient ORR [68]. The peroxide yield produced by
Fe-NCB was lower than 10% while the one from AC was between
a Minimum salinity of salt lakes.



Fig. 2. SEM image of Fe-NCB catalyst prepared by Sacrificial Support Method.
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30% and 60% [68]. It is well known that AC and carbonaceous
catalyst follow a 2e-transfer mechanism during ORR with produc-
tion of the only reaction intermediate. In parallel, it was shown that
Fe-NCB and Fe-based catalyst follow a 2x2e-transfer mechanism
with the intermediate formed that is further reduced on another
active center [47,50,55,67,68].

After the air-breathing cathodes containing or not Fe-NCB
catalyst were installed for a 24 h period on the MFC single-
chamber reactor, polarization curves were run for characterizing
the electro-catalytic behavior of the cathodes with respect to the
oxygen reduction reaction (Fig. 3, day 1). The open-circuit potential
(OCP) of the air-breathing cathodes loaded with Fe-NCB catalyst
(Fe-NCB 1, Fe-NCB 2, Fe-NCB 3) was close toþ0.25 V/SCE. The same
electrode without catalyst had a free potential of þ0.18 V/SCE after
1 day of exposure to the synthetic electrolyte. The addition of Fe-
NCB produced an advantage of roughly þ0.07 V on the OCP.
Those results are in good agreement with previously reported data
on PGM-free catalysts for MFCs [17,18]. The theoretical potential
value for ORR in neutral media (pH 7) is þ0.57 V/SCE and therefore
the value obtained in this experimentation indicated activation
overpotentials of 0.32 V. Such high losses values are in agreement
with previously reported literature [17,18].

The catalytic effect associated with the presence of Fe-NCB was
remarkable since the cathode kinetics of the electro-reduction
-14

-12

-10

-8

-6

-4

-2

0

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3

C
ur

re
nt

 d
en

si
ty

 (A
.m

-2
)

Cathode potential (V/SCE)

without catalyst
Fe-NCB 1 (day 1)
Fe-NCB 2 (day 1)
Fe-NCB 3 (day 1)
Fe-NCB 1 (day 22)

Fig. 3. Comparison of cathode kinetics (I-E curves) measured during MFC polarization
with three different Fe-NCB air-breathing cathodes and with an air-breathing cathode
without catalyst.
reaction of oxygenwas greatly improved between a cathode loaded
and not loaded with Fe-NCB (Fig. 3). Specifically, at a cathode po-
tential of�0.2 V/SCE, the steady state cathodic current density is on
average 8.0 Am�2 on an electrode containing the Fe-NCB catalyst,
while the current density was less than 2.0 Am�2 on an iron-free
electrode, at this same cathode potential. In addition, the electro-
catalytic behavior with respect to the oxygen reduction reaction of
the three cathodes loaded with Fe-NCB catalyst was relatively
similar since the I-E curves, obtained experimentally with the three
different cathodes, are almost superimposable as shown in Fig. 3.
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In sum, both the catalytic activity and the experimental pro-
cedures for the manufacturing of the air-breathing cathodes and
the deposition of the Fe-NCB catalyst seem all reproducible. AC is
lately the most used cathode catalyst for its specific characteristics
such as low cost, high performance and high durability in polluted
environments [23,80]. The electrochemical performance here
shown in neutral media underlined the advantage that is reached
while using Fe-contained catalyst compared to simple AC. As the
cost of Fe-NCB is generally considered low since both precursor
(Nicarbazin) and iron salts are cheap and readily available, PGM-
free utilization can be certainly considered as integration and up-
grade to the most used AC based cathodes.

In parallel, the anodic biofilm was first formed at �0.2 V/SCE on
a carbon cloth electrode and stabilized in a synthetic electrolyte at
1.25 Sm�1 of ionic conductivity, i.e. generating stable current at
more than 10 Am�2. The use of the Fe-NCB catalyst on the cathodes
greatly affected the overall performance of the single chamberMFC,
both in terms of maximum current density and power density
generated (Fig. 4). Thus, the maximum current density increased
from 1.73 to 13.10 Am�2 (7.5 fold) and themaximum power density
from 0.43 to 1.85Wm�2 (4.3 fold) over short measurement periods
of 30min when the cathode without catalyst is replaced by a
cathode charged with Fe-NCB catalyst. For 12 days, the MFC
measured a stable current density between 7.13 and 7.82 Am�2,
through a constant load of 33U (Fig. 5a). This resistance was spe-
cifically chosen because it corresponded to the resistance for which
the generated power density was the maximum.

The MFC was then left in open circuit voltage for 6 days and Fe-
NCB air-breathing cathode, which had been in contact with the
electrolyte for a total of 20 days, was then polarized at �0.2 V/SCE
for 2 days chronoamperometric test (Fig. 5a). The comparison of the
48 h chronoamperometry profiles obtained with the same Fe-NCB
air-breathing cathode between day 0 and day 2 and then be-
tween day 20 and day 22 clearly showed a loss of catalytic activity.
Indeed, the stationary current density at �0.2 V/SCE decreased
from close to 8.0 Am�2 on day 2 to less than 3.0 Am�2 on day 22
(i.e. more than 62% of activity loss) (Fig. 5b). The drop in the cathode
performance is even more apparent on the I-E curve of Fig. 3 (Fe-
NCB1, day 22) on which it can be seen that both the open circuit
potential of the cathode shifted to a 175mV more negative value
and the kinetics of oxygen electro-reduction has been slowed down
beyond a current density of 6.0 Am�2 (the slope of the I-E curve
was lower).

A change in the oxygen concentration ([O2] t¼22d< [O2] t¼2d)
and in the oxygen availability (oxygen transfer) in the vicinity of the
Fe-NCB catalytic layer could explain first the decrease of the free
potential of the cathode experimentally observed and then in
another measure the limitation of the transfer of cathodic charge
highlighted above a current density of 6.0 Am�2. This decrease in
the oxygen concentration can have its origin in: i) the formation of
an aerobic/anaerobic microbial biofilm on the cathode which can
consume a large part of the oxygen which is exchanged in the
cathode at the interface between the air and the electrolyte
[81e83]; ii) the progression of the liquid electrolyte front by
percolation inside the electrode which floods the electrocatalytic
layer of Fe-NCB [84]. The increase of the pH close to the cathode
[74,85,86], linked to the consumption of Hþ and/or the production
of OH� ions during the oxygen reduction reaction at neutral pH
following the alkaline pathway (O2 þ 4e� þ 2H2O / 4 OH�), can
also thermodynamically explain the shift of the cathode open cir-
cuit potential to more negative values.

This loss of cathode catalytic activity obviously had negative
repercussions on the performance of the MFC evaluated on day 22
(Fig. 4, Fe-NCB day 22), with respective reductions of 35% of the
maximum power densities (Pmax) and the maximum current
densities (Jmax) supplied by the MFC (Fig. 4).

3.3. Understanding cathodic performance loss

Basically, the decrease in the performance of air-breathing
cathodes used in MFCs is generally related to (i) deactivation or
pollution of the abiotic catalyst [16e18], (ii) fouling of the cathode
by an organic deposit (often a microbial biofilm) or inorganic pre-
cipitates associated with a local pH increase [43,81,84,87], (iii) a pH
change thermodynamically unfavorable to the oxygen reduction
reaction [85,86], (iv) wetting/flooding of the cathode due to
percolation of the electrolyte through the cathode or poor man-
agement of the produced water or condensation of water [84].

Here, the intrinsic catalytic activity of the Fe-NCB catalyst does
not seem to have been really impacted since the electrochemical
kinetics for current densities less than 6.0 A m�2 have not been
significantly modified (Fig. 3). Consequently, the hypotheses con-
cerning the possible deactivation, as well as either biological or
inorganic pollution of the catalyst appear to be reasonably dis-
carded. It was recently showed a slight decrease in performance
using rotating ring disk electrode (RRDE) technique over 10 000
cycles on similar Fe-contained catalyst in neutral media [88]. At
last, it was shown that Fe-N-C catalysts are very stable in envi-
ronments containing anions such as S2�, SO4

2� and Cl� generally
responsible for Pt deactivation [16e19]. The hypothesis of a sig-
nificant change in pH near the cathode is also unlikely since the
experimental system of MFC used did not involve an ionic
membrane.

Only the formation of a microbial biofilm on the cathode,
strongly constraining the mobility of the OH� ions produced on the
cathode, could induce a strong alkalization of the microenviron-
ment close to the electrocatalytic surface leading to an important
decrease in the cathode OCP as measured (Fig. 3).

On the other hand, several hypotheses could wholly or partially
justify the significant decrease in the oxygen concentration close to
the catalytic sites where the oxygen reduction reaction takes place.
The first possible hypothesis could again concern the development
of an aerobic/anaerobic microbial biofilm on the face of the cathode
exposed to the electrolytic liquid medium. The layers of bacteria
closest to the catalytic surface of the cathode would then locally
consume oxygen as it was solubilized in the electrolyte [81e83].
Another possibility is dictated to the fact that the alkalization of the
cathode favors the precipitation of carbonates and other inorganic
salts that cover the catalytic active sites reducing the overall per-
formance [82,87]. This layer of inorganic fouling might also act as
barrier increasing the overall proton mass transfer resistance and
lower the cathode performance [43,80,82,87]. The other possibility
is that the cathode completely floods after a certain operating time
due to the gradual losses of the cathode hydrophobic properties
and the aqueous electrolyte gradually/suddenly pass through the
cathode structure filling the empty pores. In this case, only dis-
solved oxygen which concentration is quite low, can be used as
oxidant reagent.

A new test for the stability of Fe-NCB air-breathing cathode was
carried out in a completely aseptic “clean” system, i.e. in contact
with a clean electrolyte without any source of microorganisms
(neither inoculum, nor bioanode) in order to avoid the phenome-
non of biofouling of the cathode. The sterile aqueous electrolyte
was buffered (100mM carbonate, pH 7.8) and stirred to minimize
any phenomenon of local pH variation on the cathode surface.
Under these conditions, Fe-NCB air-breathing cathode, polarized
at �0.2 V/SCE, generated a cathodic current of 6.0e8.0 Am�2 for 11
days after a first short rise period in steady state of 24 h (Fig. 6).
Then suddenly, after 12 days, the reduction current suddenly
collapsed at 2 Am�2 in less than 12 h. The visual appearance of the
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Fig. 6. Current density measured on a Fe-NCB air-breathing cathode in contact with a
“clean” 100mM carbonate electrolyte at pH 7.8 with stirring.
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face of the cathode exposed to air showed signs of liquid water
present between the current collector and the surface of the elec-
trode. The cathode was then disassembled and then analyzed
rapidly under an optical microscope and no particular biological or
inorganic deposition was found on the surface of the cathode
exposed to the electrolyte. In fact, as no bacteria were introduced,
and no carbonate species were present into the buffer solution,
biofilm attachment and inorganic fouling was not expected. The
cathode was subjected to a drying treatment in an oven at 80 �C for
12 h and then re-positioned on the abiotic MFC reactor (used
without any microorganism). Immediately, the cathode again pro-
duced a stable cathodic current of 8.0 Am�2 on average for 48 h.
Then, on day 16, the electrolyte again succeeded in percolating
through the Fe-NCB air-breathing cathode, resulting in a drop of
more than 60% of the current density experimentally measured on
the polarized cathode.

This sudden decrease in electrochemical performances might be
due to gradual loss of the three phase interphases (TPI) and the
consequent cathode flooding. While it seems that the air-breathing
cathode structure as it is built was able to work properly for 12
days, the structure loose its hydrophobic/hydrophilic properties
leading to flooding and actually complete “perforation” of the
cathode structure with the solution leaking from the structure
vigorously. The water dripping out from the cathode to the external
environment indicates that the cathode is fully flooded and, the
maximum oxygen concentration possible is only the maximum
solubility of the oxygen in aqueous solution (9.07mg L�1 or
0.28mMat 40 �C.). This could explain the sudden and step drop in
current density produced. It was also noticed that the cathode
exposed directly to the solution was slowly dissolving into the
electrolyte. Interestingly, the drying procedure can recover
completely the performance and actually produce similar output
but only for a short amount of time. This might be due to the fact
that the salts within the electrolyte that were flooding the electrode
could close temporarily the pores and stop the electrolyte from
percolating outside. After the exposure to the electrolyte for addi-
tional two days, those salt precipitations might be re-dissolved
leading to the creation of preferential pathways for the electro-
lyte to move externally.
Fig. 7. Calculation of the electrolyte potential distribution for a MFC power output of
2.12mW.
3.4. Evaluation of the theoretical maximum MFC power output by
electrochemical modelling

The measurement of the cathodic potential during the polari-
zation of the MFC (Fig. 3, Fe-NCB) as well as the linear sweep vol-
tammetries carried out on the bioanodesmade it possible to extract
the individual (bio) electrochemical kinetics of the Fe-NCB air-
breathing cathode and the bioanode respectively. From the ob-
tained kinetics, a theoretical calculation to extrapolate the optimal
achievable MFC performance was attempted by using increasingly
conductive electrolytes as well as by reducing the working distance
between the cathode and the bioanode. Fig. 7 presents the result of
potential distribution calculation for an ionic conductivity value of
1.25 Sm�1, a cell voltage of 0.3 V and a distance between the center
of the anode and the center of the cathode of 7 cm. This voltage
value is associated with the maximum power output (2.12mW) by
the specific design of MFC experimentally used in this study.

Relatively non-negligible potential gradient along the surface of
the anode (around 50mV), corresponding to ohmic drop in the
liquid phase was evaluated. The corresponding effect was a higher
current density at the anode/electrolyte interface in the areas
located closer to the cathode (1.54 Am�2 for a distance of 3 cm)
compared to the more distant area (0.77 Am�2 for a distance of
9 cm). Results are consistent with previous calculations already
demonstrated [73,75].

Fig. 8 details the result of the calculation of the maximum MFC
power output (expressed in mW) as a function of the inter-
electrode distance (between the center of the electrodes) for four
increasing values of ionic conductivity corresponding to the
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conductivities of synthetic electrolyte, compost leachate, seawater
and 25% NaCl solution (Table 1).

The influence of the geometry of the system (inter-electrode
distance) strongly depends on the electrolyte ionic conductivity.
When highly concentrated NaCl (25%) aqueous solution is used
(22.2 Sm�1), the MFC maximum power output can reach 3.6mW
and does not consequently depend on the inter-electrode distance.
For lower ionic conductivity values (<10 Sm�1), the power per-
formance of the MFC is basically improved by decreasing the inter-
electrode distance. The ratio of power output with minimum inter-
electrode distance (compared to the configurationwith an anode in
the center of the reactor) equals 1.34 (þ34%) for a conductivity of
0.88 S m�1; 1.29 (þ29%) for a conductivity of 1.25 S m�1 and 1.11
(þ11%) for a conductivity of 5.3 S m�1.
3.5. Outlook on future improvement of the catalyst layer stability

Cathode electrochemical performance are mainly responsible
for the low power generation in bioelectrochemical system. In this
work, air-breathing cathode fabricated mixing AC, CB, PTFE and Fe-
NCB was tested in operating MFC. Differently than previously re-
ported work, in this case, a tentative of enlarging the cathode area
was pursued and the pellet die utilized was much larger with a
nominal diameter of 7 cm compared to the usual adopted ofz3 cm.
The cathode obtained was then adapted to the existing single
chamber MFC and only 15.9 cm2 was facing the electrolyte solution
but still more than double than the electrode area generally utilized
in this type of experiments. Scaling up of the cathode is also
another important issue to face for practical implementations.
Unfortunately, as larger the cathode area to fabricate becomes as
more difficult the uniformity of the cathode area becomes. In fact,
the electrolyte leakage was not uniform all over the external sur-
face, but it was localized in specific points. Moreover, it was noticed
that the cathode consistency tends to decrease over time, even in
abiotic conditions, with the partial dissolution of the black powder
into the electrolyte. A different hydraulic pressing strategy, an in-
crease in the PTFE binder or automated powder dispersion on the
current collector to guarantee uniform distribution might be a
possible solution to further study and investigate.

In order to avoid this situation, several alternative solutions
named: i) utilization of membrane, ii) utilization of external
diffusion layers, iii) change in the cathode preparation, might be
considered. Firstly, a membrane separator (e.g. ceramic [89,90],
polymeric [91,92], etc) could be assembled with the cathode in a
membrane-electrode assembly (MEA) configuration in order to
avoid powder dissolution. Membrane is generally negatively
identified as part of theMFC due to the high cost and the increase in
the ohmic losses with a decrease in the electrochemical output
[93]. Secondly, external diffusion layers such as PTFE [94], poly(-
dimethylsiloxane) (PDMS) [95], etc [96] could be applied to the
external face of the cathode in order to prevent leakage. This so-
lution was successfully adopted previously [31] but still, the addi-
tion of external layers is not beneficial for the oxygen diffusion from
the atmosphere to the catalytic sites and therefore the performance
might be penalized. Thirdly, it might be possible that the pellet of
AC, CB, PTFE and Fe-NCB did not stick properly to the carbon paper
substrate used as current collector. Future improvements should
take into account a utilization of metallic meshes (e.g. stainless
steel or nickel) as current collectors and different mesh size should
be tested till an optimum is found. An increase in the PTFE binder
percentage within the cathode mixture should be also pursued.

Considering the electrochemical performance of the cathodes
investigated with and without additional Fe-NCB catalyst, it was
found that the Fe-based catalyst gave a significant boost in the
performance compared to bare and untreated commercial AC. As
the cost of Fe-based catalyst is generally low, PGM-free catalyst
should substitute the utilization of simple and commercial AC and
be finally considered as the baseline for futureMFCs improvements.
Maximum power density achieved by the Fe-NCB cathode initially
was 1.85Wm�2 (day 1) and then decrease by roughly 30% at
1.25Wm�2 after 22 days operations. The maximum power density
here reported is comparable to the performance achieved by iron-
based catalysts synthesized using the polymerization-pyrolysis
method and a catalyst loading of 1mgcm�2 [97e99]. The perfor-
mance are instead slightly lower compared to other reported
literature in which the peak of current density was above 2 Wm-2

when Fe-based catalyst was incorporated into the air-breathing
cathode structure [17,18,43,44,47,50,56,67e69]. Nevertheless, in
this experimentation compared to literature, low electrolyte solu-
tion conductivity (1.25 Sm�1), low catalyst loading (1mg cm�2)
and larger cathode area (15.9 cm2) was tested. The performances
might increase if electrolyte solution conductivity is increased as
well as if also the distance between anode and cathode is reduced
as shown by the numerical model.
4. Conclusions

Iron-Nicarbazin (Fe-NCB) was prepared using SSM and tested as
PGM-free catalyst into MFCs systems. The catalyst was merged into
the cathode structure and tested in abiotic conditions and in
operating MFCs. After several days of tests, in both abiotic and bi-
otic operating conditions, the cathode lost its hydrophobic prop-
erties leaking through the external environment. This might be due
to the not uniformity in fabricating larger scale cathode. Further
improvements should be studied and pursued. Maximum power
density of 1.85Wm�2 was achieved initially and then decreased to
1.25Wm�2 after 22 days operations. Fe-NCB had much higher
performance compared to Fe-free catalyst with only AC acting as
catalyst. The numerical model aiming to predict the effect of elec-
trolyte solution conductivity and distance anode-cathode on the
overall MFC power output showed that the highest power pre-
dicted was 3.6mWat 22.2 Sm�1 and at inter-electrode distance of
1 cm.
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