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ARTICLE INFO ABSTRACT

Keywords: High current densities have been obtained by bioanodes in electrochemical cells, but this performance has not
Microbial fuel cell previously been translated into higher power densities in microbial fuel cells (MFCs). The most critical factor for
Bioanode

boosting power generation in MFCs was proven here to be OH™ ion transfer from the cathode to the bioanode by
comparing performance of an MFC with an anion exchange membrane (AEM), in a near zero-gap configuration
and no bulk catholyte, to that obtained using a cation exchange membrane (CEM) or non-ion selective ultra-
filtration membrane (UFM). In the AEM-MFC hydroxide ion transport primarily balanced charge transfer be-
tween the electrodes, enabling 8.8 + 0.5 W m™2 (at 42 + 1 A m™2) which is highest power density ever achieved
using this anolyte (acetate in a 50 mM phosphate buffer medium). The power density with the AEM was 3 x
higher than that obtained using a CEM (3.1 + 0.1 W m’z) or UFM (2.4 £ 0.1 W m’z) as these other two
membranes allowed cations (sodium and magnesium) to be transported to the cathode for balancing charge. The
lack of cation transport into the cathode using the AEM without a bulk catholyte also avoided salt precipitation in
the cathode, and thus enabling more stable power production over time. The large differences in power obtained
using the AEM, compared to the CEM or UFM conclusively demonstrate the critical role of OH ion transport in

pH imbalance

Anode acidification
Hydroxide ion transport
Power density

MEFCs.

1. Introduction

Producing a high power density is a desired key feature of microbial
fuel cells (MFCs), and accomplishing that requires electrodes capable of
delivering high current densities with minimal internal resistance.[1-4]
Bioanodes exploit the metabolism of exoelectrogenic microorganisms to
generate electricity from the oxidation of organic substrate, and various
materials and configurations have been used to increase current den-
sities in different types of bioelectrochemical systems.[2,5-8] The
highest current density produced was 390 A m~2 in a study by Chen et al.
using six stacked layers of carbonized cardboard (70 A m~2 with one
layer).[7] Other studies have reported up to 68 + 3 A m 2 with a
nanostructured reticulated vitreous carbon electrode,[6] and 129 A m 2
with an ice-templated titanium-based ceramic (ITTC) support.[5] Un-
fortunately, such high current densities have never been obtained in
actual MFCs.[9] Assuming a cell operating voltage of 0.3 V and a current
density of 70 A m~2 obtained by Chen at al.,[7] the maximum power
would have been 21 W m~2. However, when a single layer of the
carbonized corrugated cardboard was tested in an actual MFC (treating

* Corresponding author.
E-mail address: blogan@psu.edu (B.E. Logan).

https://doi.org/10.1016/j.cej.2021.130150

human waste), the maximum current density was only 0.15 + 0.05 A
m 2 (with a power density on the order of 0.004 W m~2) compared to 70
A m~2 obtained in the electrochemical reactor.[10] Bioanode perfor-
mance in three electrode electrochemical reactors with stirring and
cathode potentials adjusted to accommodate high current production by
anodes avoid cathode mass transfer or kinetic limitations that will
impact high current generation in an actual MFC.[11] Vigorous stirring
with a highly buffered solution also minimizes mass-transfer limitations
by providing better control of the local anode pH.

Maximizing power production of MFCs requires optimization of not
only the anode performance, but also cathode performance, reactor ar-
chitecture (sizes and distances between electrodes), and solution
chemistry (buffer capacity and conductivity).[12,13] Although several
strategies have been found to be effective in improving the MFC per-
formance, many of these potential solutions are not practical, for
example using chemical catholytes such as ferricyanide to boost the
overall cell potential,[14] or adding salts or buffers to solutions media to
increase the conductivity and reduce the solution resistance.[15]
Another method is to use electrodes with different areas and then
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normalize current and power by the smaller electrode. However, a more
reasonable approach is to normalize to the cross-sectional area between
the electrodes as that more accurately reflects overall system perfor-
mance, or in H-cell MFC configurations to normalize based on electrode
and tube areas and resistances.[16,17] Among these approaches
increasing the buffer capacity of the media within limits that can be
tolerated by the microorganisms is very effective for increasing the MFC
performance.[18] When current generation in MFCs is limited by the
development of differential pH between anode and cathode, increasing
the buffer concentration will better enable pH near the electrodes to
remain neutral.[11,15,19] Acetate oxidation at the anode can acidify
the biofilm while the oxygen reduction reaction (ORR) at the cathode
releases hydroxide ions, increasing the pH near the electrode, as shown
by the two half-cell equations:[20]

CH;COO™ +4H,0=HCO; + H,CO; + 8¢~ + 8H" (€D)]

O, +4e” +2H,0=40H" 2)

By using higher buffer concentrations the local pH can be maintained
closer to neutral, which coupled with a lower solution resistance (higher
salt content), allows higher current generation and larger cathode po-
tentials.[18] However, increasing the buffer concentration is not prac-
tical for wastewater treatment due to cost concerns (and if phosphate is
used, release of that nutrient into the environment) and increase in the
solution salinity that can damage the bacteria on the anode.[18]
Furthermore, all these methods have not resulted in large improvement
of power output of MFCs, at least not enough to justify the additional
efforts and material costs. For example, increasing the buffer capacity by
4 times in one study (from 50 mM to 200 mM) increased the maximum
power by 80% (to 4.7 + 0.2 W m~2)[21] but the current densities (<18 A
m~2) were still well below those achieved under more optimal condi-
tions by others.[6,7] High performance can be obtained in MFCs with
close electrode spacing as was recently reported by Rossi et al. using a
zero-gap MFC with an AEM separating a flow-through bioanode and an
air cathode.[22] The zero-gap configuration minimized the solution
resistance, by diminishing the electrode spacing while ensuring elec-
trical insulation. In that study it was assumed that the AEM was critical
for improving performance by enabling OH™ ion transport, but that
assumption was not directly tested, and thus it was not clear if the high
maximum current (42 + 1 A m~2) and power density generated (5.7 +
0.4 W m~2) were due to the small electrode spacing, the use of the AEM,
or the high flow rate in the anode chamber.

In this study, we demonstrate that efficient migration of hydroxide
ions away from the cathode is the key factor for substantially increasing
current and power production in MFC based on comparing performance
of the AEM with two other types of separators, all in the zero-gap MFC
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configuration. While OH™ ion transport was assumed in previous studies
to be the critical factor for improving power,[20,23] it is possible that
the zero-gap design alone enabled high power production due to cation
transport to balance charge, or by lowering internal resistance by using a
more porous separator than an ion exchange membrane. Here, we prove
that OH™ migration is an essential mechanism for achieving high power
densities by showing that power densities are substantially reduced if
the AEM is replaced by a cation exchange (CEM) or a porous ultrafil-
tration membrane (UFM) (Fig. 1). We hypothesized that using an AEM
as a solid electrolyte pressed against a cathode, in the absence of bulk
catholyte, would allow transport of primarily only OH™ ions generated
by the ORR from cathode to the anolyte and anode (there would be
minimal ion transfer of other ions due to concentration gradients). We
reasoned that the only way to effectively test this hypothesis was by
comparing performance using a CEM that would facilitate primarily
cation transport, and a UFM that does not selectively transport ions
based on charge. The lack of a bulk catholyte in this zero-gap design
prevented transport of cations or anions other than OH™ ions that could
lead to acidification of the local anode pH due to insufficient OH™
transfer to the anolyte. Such anolyte acidification has been routinely
observed in many other studies using MFCs with catholytes and CEMs or
AEMs.[24,25] Water needed for the ORR was provided here by a com-
bination of water diffusion through the membrane anolyte and use of a
humidified gas, thus eliminating the need for a bulk liquid catholyte.
The selective transport of the OH™ directly next the anode further helps
to minimize localized biofilm acidification due to shorter ion transport
distances while back diffusion of anions in the cathode chamber was
minimized by charge repulsion and the electrons flowing from the anode
to the cathode. In contrast to the AEM, the CEM and UFM allow for
sodium and potassium ion transport from the anolyte through the
membrane and into the cathode.[15,24,26] This ion transport will not
help to balance pH and can lead to salt precipitation in the cathode.[27]
In addition to demonstrating the importance of the AEM as a critical
factor in high power the cathode performance was further improved by
using an iron-phthalocyanine (Fe-Pc) catalyst to increase the cell po-
tential.[28-30]

2. Materials and methods
2.1. Construction and operation of the MFCs

The MFCs were constructed with two chambers each with HDPE
endplates and silicon gaskets (7 cm? exposed electrode area) (Fig. 2).
The chambers were separated only by an AEM (106 pm thick with an ion
exchange capacity of 1.85 mmol g’l, Selemion AMV-N, Asahi Glass, Co.,
Tokyo, Japan) to promote hydroxide ion transport away from the
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Fig. 1. Schematic of the transport of chemicals in the zero-gap MFC with an (A) AEM and (B) CEM or UFM. Note that no catholyte is present, and only the hydroxide
ions from the ORR can balance charge transport in the AEM-MFC configuration while the positive ions in the anode chamber are preferentially transported in the
CEM/UFM configuration, leading to larger pH differences between anode and cathode.
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Fig. 2. Exploded view of the MFC configuration used in this study.

cathode. Two other membranes were used as controls. A CEM (183 pm
thick, Nafion 117, Chemours) was used to selectively transport cations,
or a UF membrane (DIAFLO PM-10 polysulfone membrane, molecular
weight cutoff 10,000 Daltons) that was not ion-selective.

The anode chamber was completely occupied by the carbon felt
anode (7 cm? projected area, 3.18 mm thick, Alfa Aesar) that was heat
treated at 450°C for 30 min before being used to increase the electro-
active surface area.[31] The anode was inoculated with MFC effluent
from other operating reactors and acclimated in a 4 cm cubic MFC at a
constant potential of + 200 mV for more than two weeks prior to be
transferred in the flow cell. Acclimation at + 200 mV have previously
showed to improve current production and increase the biofilm mass
and concentrations of exoelectrogens such as Geobacter spp.[32]

The cathode catalyst was iron-phtalocyanine Fe-Pc (Alfa-Aesar)
dispersed in carbon black (Vulcan XC 72) sprayed on hydrophilic carbon
cloth (Fuel Cell Store) with four additional layers of PTFE as previously
described[33] (final loading of 7.5 mg cm~2). The ionomer used in the
cathode was quaternary 1,4-diazabicyclo-[2.2.2]-octane (DABCO) pol-
ysulphone (QDPSU) dispersed in dimethylacetamide and sonicated with
the catalyst in an optimized 1:10 ratio for one hour in ice before spraying
it on the carbon cloth. The Fe-Pc cathode was compared with a Pt/C
cathode prepared as previously described.[22] Nafion (5% in low
aliphatic alcohol, Sigma Aldrich) was used as ionomer in the CEM
configuration with a catalyst to ionomer ratio of 1:10. Cathodes and
AEMs or UFM were cold-pressed together at 4500 psi for 10 min, while
cathodes and CEMs were hot-pressed at 1000 psi and 130°C for 1 min to
produce the membrane electrode assembly (MEA) used in the MFC. The
cathode catalyst layer morphology and atomic composition was char-
acterized using scanning electron microscopy in conjunction with en-
ergy dispersive X-ray spectroscopy (SEM-EDX). The anode felt and the
cathode catalyst layer were analyzed after disassembling the MFCs with
the SEM-EDX and the ESEM. Prior to MFC assembly three layers of
plastic mesh spacers (S1.5, 30PTFE-625P, Dexmet Corp.) were inserted
between the cathode and the endplate in the cathode chamber to
maintain a zero-gap spacing between the electrodes while allowing air
to flow past the cathode. Titanium foils (Strem Chemicals Inc.) were
used as anode and cathode current collectors.

The anolyte (500 mL) was recirculated in the anode chamber at a
flow rate of 10 mL min " (theoretical hydraulic retention time of HRT =
13.4 s) while only humidified air was pumped past the cathode at 2.5
mL min~! (HRT = 53 s). The high flow rate in our system was used to
minimize concentration boundary layers due to substrate consumption.
The anolyte was a 50 mM phosphate buffer (PBS, 4.58 g Lt NayHPOy,
2.45 g L' NaH,PO4 H,0, 0.31 g L™! NH4CI, 0.13 g L™} KCl) at pH 7.0
with a solution conductivity of 6.93 mS cm ™. Sodium acetate was added
as the substrate (2 g L’l), and the medium was amended with trace
vitamin and mineral solutions before feeding to the reactor.[34] We
used 50 mM PBS and sodium acetate to allow a comparison of our results
with the existing MFC literature, where sodium acetate in PBS 50 mM
has been extensively used.[35] Lower performance would have been

obtained with real waste streams such as domestic wastewater; how-
ever, the variable composition of wastewater would not have allowed a
fair comparison with the literature, and the reproducibility of our results
by others. Duplicate MFCs were fed daily and operated in a temperature-
controlled room at 30°C. Unfortunately, the compact MFC configuration
did not allow to measure the individual anode and cathode potentials
against a reference, which is desired to better monitor the individual
contributions of the electrodes to the overall internal resistance.[36]
Thus, due to the configuration used here only the whole cell voltage was
monitored.

2.2. Electrochemical measurements

The MFC voltage was recorded with an automatic data acquisition
system (Keithley 2700). The MFCs were connected to a 10 Q external
resistance and the current (i) and power (P) were calculated using
Ohm’s law as I = V/R and P = I/V. Current density (I) and power density
(PD) were obtained by normalizing the current and the power by the
cross-sectional area of the electroactive region (7 cm?). Prior to assem-
bly the cell the anode and cathode electrochemical performance were
investigated with linear sweep voltammetry (LSV) in three electrode
configuration using and Ag/AgCl reference electrode (single junction
silver chloride (Ag/AgCl) reference electrode; model RREF0021, Pine
Research Instrumentation, NC; + 199 mV versus a standard hydrogen
electrode, SHE) and IR corrected for the ohmic drop. The solution
resistance (Rp) was calculated with electrochemical impedance spec-
troscopy (EIS) by conducting a fast EIS (from 100 kHz to 500 Hz, 5 mV
amplitude, 10 points s}, ~25 s scan"1).[37] The whole cell and the
individual electrode performance were analyzed with the electrode
potential slope (EPS) method.[17]

Single cycle polarization tests were conducted on the flow-MFCs by
applying a variable external resistance (1000, 500, 200, 100, 75, 50, 30,
20, 10, 5, 3 Q) at 20 min intervals after feeding the reactors with fresh
solution and leaving the cell in open circuit for 2 h. The voltage drop (U)
across the external resistor was recorded by a computer-based data
acquisition system (VMP3, Bio-logic, France). All potentials are reported
here versus SHE.

3. Results and discussion

3.1. Impact of charge transfer through the membrane on MFC
performance

Based on polarization tests the MFC with the AEM produced a
maximum power density of 8.8 = 0.5 W m~2 (Fig. 3). This power density
was around three times larger than that produced using the CEM (3.1 +
0.1 W m’z), or a non-ion selective UFM (2.4 + 0.1 W m™2). The AEM-
MEFC internal resistance was 5.0 + 0.1 mQ mz, which was more than
50% lower than that of the two other configurations which had internal
resistances of Ripe = 12 + 1 mQ m? (CEM-MFC) and Rip; = 14.8 + 0.8 mQ
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Fig. 3. Performance of the MFCs with an AEM, CEM or UFM membranes in
polarization tests. The dashed lines represent the linearization of the data in the
maximum power region (faded).

m? (UFM-MFC). The maximum power density in the polarization tests
using the AEM as solid electrolyte was the highest power density ever
reported for MFCs using 50 mM PBS and acetate. In addition, this power
density exceeded those produced using higher buffer concentrations of
up to 200 mM PBS or other solutions used to increase conductivities and
buffer capacities of the electrolytes. The power density reported in this
study was 50% larger than the highest power density reported to date of
5.9 &+ 0.5 W m™2, although with an higher buffer concentration (70 mM
phosphate/carbonate), with higher conductivity (12.5 mS cm™! vs 6.93
mS cm ! used here) and at an higher temperature (35°C compared to
30°C) than that used here.[21,38,39] The flow rates and the cathode
catalysts were the same for the AEM-, CEM- and UFM-MFCs, thus, the
large difference in maximum power density was not due to the flow rates
or different catalyst material, but instead to the control of hydroxide ion
transport.

The AEM-MFC internal resistance was 58% lower than the CEM-MFC
Rint due to the selective transport of hydroxide ions from the cathode to
the anode, limiting the acidification of the biofilm. The MFC internal
resistance is a combination of the solution/membrane (Rgp), cathode
(Rcat), and anode (Rap) resistances. Limiting the biofilm acidification by
transporting the hydroxide ions directly into the biofilm could decrease
the anode resistance, which is a combination of charge transfer and
proton diffusion resistances.[17] The solution resistance arises from the
low conductivity of the electrolyte separating the electrodes, and thus
limits current generation due to the resistance in the transport of ions
that is needed to balance the movement of the electrons from anode to
cathode. The solution resistance is only a function of the reactor
configuration and specific membrane, and it was 26% of the overall
internal resistance for the AEM-MFC (Rqg = 1.3 & 0.1 mQ m?) and only
8% for the CEM-MFC (R = 0.95 + 0.04 mQ m?) and 21% for the UFM-
MFC (Rg = 3.1 + 0.5 mQ mz), indicating that the membrane resistances
were all small and therefore that differences in membrane resistance
were not responsible for the very large differences in maximum power
densities obtained using the different membranes.

The cathode and the anode resistances are a combination of the
charge transfer (kinetic) and diffusion (mass-transport) processes
occurring at the correspondent electrode.[19] The ORR kinetic is the
only contributor to Rcy in the current density range typical for MFCs
(<100 A m~2), which is much lower than that of fuel cells (greater than 1
A cm’z), where diffusion limitations can occur.[19,40] Instead, the
diffusion resistance in the transport of protons from the anode plays a
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major role in Ray, by limiting the activity of the exoelectrogenic mi-
croorganisms through the acidification of the biofilm.[11,19,20] While
previous studies have shown slightly better performance using AEMs in
bioelectrochemical systems compared to CEM or unselective mem-
branes, these studies were all conducted using two chambers, each
containing liquid electrolytes.[41,42] The presence of negative ions in
the catholyte and their larger concentration compared to the hydroxide
ions at pH 7 (0.1 pM) favor the migration of ions other than OH™ under
the effect of the electric field, leading to large pH imbalances between
the two electrodes.[15] The maximum power density was previously
reported to increase by more than 40% when a CEM was replaced with
an AEM (AEM = 0.1 W m~2; CEM = 0.07 W m2)[43], however, such
power densities were only 1% of those reported here, suggesting that
using an AEM alone does not enable larger power production. The AEM
needs to be used in combination with a small electrode spacing and the
absence of a catholyte, in order to have only the hydroxide ions at the
cathode, and a small spacing between where the OH™ are generated and
where they are neutralized by the protons.

3.2. Stability of MFC performance

Maintaining stable performance at a high power output is essential
for application of MFCs, and therefore the maximum power should be
maintained and not rapidly decrease over relatively short periods of
time as shown in some previous studies.[27,38,44] The AEM-MFC pro-
duced a stable output for over seven days of continuous operation, with
a peak power density of 8.36 + 0.02 W m~2 for day 2 (10 Q external
resistance), with only a minor decrease of <4% by day 7 (8.06 + 0.01 W
m~?) (Fig. 4). The power density produced over seven days of operation
with a 10 Q external resistance was similar to the power density ob-
tained in polarization test with the same resistance (8.6 + 0.4 W m’z),
showing that the performance obtained in the polarization test were
representative of the MFC performance under continuous operations. In
contrast, the CEM-MFC performance decreased by 9% and the UFM-MFC
by 12% over the same period likely due to the transport of positively
charged ions into the cathode. This transport of cations, coupled with
the high local pH due to the ORR, would be expected to result in pre-
cipitation of salts within the cathode structure. EDX analysis of the
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Fig. 4. Performance of the MFCs with an AEM, CEM or UFM membranes over
time during the first week of operation. At day 4 the external resistance of the
AEM-MFC was decreased to 5 Q for 6 h, then returned to 10 Q. The polarization
tests were conducted for all the configurations at day 5.
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membrane side of the MEA cathodes at the end of the experimental
phase confirmed the importance of cation transport into the cathode.
The mass of cations such as Na and Mg were increased in the CEM- and
UFM-MFCs but not in the AEM-MFCs. In addition, only a small amount
of P and Cl atoms were identified in the AEM-MFC. The different accu-
mulation of these ions indicated that the AEM-MFC was effective in
transport of hydroxide ions from the cathode to the anode, while CEM
and UFM primarily transferred positive ions other than protons to the
cathode. Previous studies have failed in showing high and stable per-
formance, for example, the maximum power density decreased by 19%
after only two days of operation in a previous study reporting a high
power density of 5.9 + 0.5 W m~2.[38] The authors suggested that the
fast decrease in the performance was due to the cathode fouling that
limited the MFC performance mainly by the precipitation of salts within
the catalyst layer structure.[27] The salts diminished the accessibility
and thus activity of the catalytic sites, and could have decreased the
conductivity of the carbonaceous matrix of the electrode.[27,44] The
use of an AEM here limited the transport of cations toward the cathode,
and the transport of negative ions in the same direction is hindered by
the electron flow, from anode to cathode, thus avoiding either salt
precipitation and allowing a better control of the local cathode pH.
Unlike in previous two-chamber MFC tests with either AEM or CEMs
where the anolyte pH decreased and the catholyte pH increased,[24] the
anolyte pH here was stable throughout the experiments within a narrow
range of 6.9-7.2.

Pumping air at a controlled flow rate coupled with a membrane
separating anode and cathode limited the intrusion of oxygen in the
anode chamber, increasing the Coulombic efficiency (CE) for all the
configuration tested. The AEM-MFC CE averaged 102 + 15% over three
different cycles while the CEM-MFC was 90 + 5% and the UFM-MFC was
81 + 20%. Pumping humidified air past the cathode can increase the
energy required to operate our MFC. However, previous studies have
suggested that the power consumed to pump air into a cathode chamber
is only 0.1 W m~2,[45] thus, it can be easily offset by the high power
density produced in the configuration used here. The COD removal of
the AEM-MFC was 22 + 3%, around two times that obtained in the CEM-
and UFM-MFC configurations (10 + 1%), likely due to the larger current
density of the AEM-MFC compared to CEM- and UFM-MFCs.

3.3. Comparison of the individual electrodes with the assembled AEM-
MFC

The selective transport of hydroxide ions across the AEM boosted the
individual anode and cathode performance, as can be seen by a com-
parison of the individual electrode LSVs in separate tests, with the
assembled AEM-MFC (Fig. 5). When the bioanode performance was
tested separately in a three-electrode configuration typical of MFCs (i.e.
with no stirring), the peak current density was 8.9 + 0.8 A m™~2. This
current density was 6 times smaller than the current density of the
assembled AEM-MFC in polarization tests (52 + 2 A m™2), using the
exact same electrode. This much improved performance of the anode in
the AEM-MFC suggests that the hydroxide ions, generated at the cathode
from the ORR, effectively migrated to the anode chamber through the
AEM in the assembled configuration, avoiding the biofilm acidification
and allowing production of larger current densities. In a typical cubic
configuration, however, other ions present in solution that were more
concentrated than H" and OH™ maintain charge balance developing
differential pH between anode and cathode.[15,20] The acidification of
the biofilm on the anode has previously been suggested to limit the
maximum current densities deliverable by bioanodes.[11,20] For
example, it was shown that the anode limiting current density and the
buffer concentration in solution follow a linear relationship, and that a
high buffer concentration allowed generation of larger current densities
by better controlling the localized pH near the anode.[11]

Effective removal of hydroxide ions produced by the ORR at the
cathode increased the cell voltage (Fig. 5). The cathode, unlike the
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Fig. 5. Comparison of the individual anode and cathode performance with
LSVs and overall cell potential from polarization test. Anode and cathode po-
tentials were corrected for the ohmic drop.

anode, did not show any limiting current density in LSVs as the ORR can
occur over the whole range of pHs. However, the solution pH can still
reduce the electrode potential by up to 59 mV based on calculations
using the Nernst equation.[19] The cathode experimental potential
measured using LSVs in the same three-electrode configuration used for
the anode, was only 82 &+ 2 mV based on extrapolation using the current
density range near the maximum power (35-50 A m~2). This potential
was 342 mV lower than that obtained from the whole AEM-MFC (both
electrodes) in the same current density range. The anode open circuit
potential (OCP) was —251.1 + 0.1 mV which by itself could not account
for the large difference between the cathode potential and the whole cell
voltage as the difference between anode and cathode potentials repre-
sent the overall cell voltage. Thus, the AEM-MFC configuration facili-
tated more efficient hydroxide ion transport which decreased the pH
hear the cathode, and increased the cathode potential. The effective ion
transport was enabled by the use of a thin catalyst layer (40 pm, Fig. 6B)
tightly pressed against the AEM.

The cathode performance was improved here by using a Fe-Pc
catalyst compared to a Pt/C cathode (Fig. 6).[17] The cathode experi-
mental potential measured in a cubic MFC over a current density range
of 35-50 A m~2 was 88 mV larger than that of a cathode with Pt catalyst
(0.5 mg ecm™2) (Supporting Information). Such a potential gain may
appear not to be that important compared to the electrode OCP (551 + 6
mV), but the total voltage gained at the current density at maximum
power production (42 + 1 A m™2) represents an addition of 3.7 W m ™2 in
the whole cell. Moreover, Fe-N-C catalysts are less susceptible to
poisoning in the complex media typical for MFCs.[44,46] For example,
the maximum power density of MFCs with Fe-N-C based catalyst
decreased by 10% during the first ten days of operation (from 2.0 + 0.0
Wm2t01.84+0.0W m’z), compared to an overall decrease of 28% of a
Pt-based catalyst (from 1.7 + 0.0 W m2t01.2 £ 0.0Wm 2).[44] Thus,
the high stability of Fe-N-C catalyst allowed the negligible decrease
(<4%) in power production observed in this study.

3.4. Outlook
The maximum power density of 8.8 + 0.5 W m 2 in the AEM-MFC

obtained here represents a new milestone in MFC performance that
was made possible by the improved architecture that lowered internal
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Fig. 6. SEM images of the (A, B) Fe-Pc derived catalyst at different magnifications and (C) correspondent EDX mapping for the Fe, N and C distribution. (D) ESEM

image of the biofilm on the carbon felt anode.

resistance, and the use of the Fe-Pc cathode catalyst. This high power
density has not been obtained using previous methods to reduce internal
resistance, such as increasing the solution conductivity or buffer ca-
pacity, or only reduce the electrode spacing.[15,47] Here, by using the
AEM to separate anode and cathode, not having any catholyte, and using
closely spaced electrodes allowed the hydroxide ions generated by the
ORR at the cathode to be effectively transferred to the anode with the aid
of the electric field. This AEM configuration avoided development of
high pH differences between the electrodes, boosted the anode current
density and increased the cathode electrode potential. When a CEM or
UFM was used instead of the AEM, Na and Mg were preferentially
transported through the membrane compared to hydroxide ions, causing
the acidification of the anode biofilm and an increase in the pH next to
the cathode which in turn increased the electrode overpotentials and
decreased the maximum current. Unfortunately, the use of an AEM in-
creases the cost of the MFC materials. The cost of AEMs ranges from
$100-$1000 m 2 ($268 m~2 for the AEM used here). However, it may
be possible do develop less expensive membranes or cathode coatings.
The higher performance of the AEM-MFC, coupled with the longer sta-
bility of the reactor, could provide a trade-off for the higher capital costs
of this reactor configuration.

Treating real waste streams with high content of dispersed solids can
be challenging in compact MFC structures like the one used in this study.
The porous carbon felt can act as a filter and accumulate the solids in the
wastewaters, clogging the MFC. However, solids can be removed from
the wastewater through filtration or centrifugation, or less-compact
structure can be developed for treating these waste streams. For
example, it was recently shown that a zero-gap MFC can treat streams
with solid contents up to 360 mg Lt using spacers placed between the
anode and the end plate, to increase the void volume of the MFC while
allowing a close contact between the anode and the AEM, to avoid
biofilm acidification.[48]

Further increases in the MFC performance could still be possible. The
AEM was effective in favoring transport of the hydroxide ions from the
cathode to the anode chamber, but not through the carbon felt anode
inner porosity. Researchers have tried to identify the optimal porosities
of the carbon structures used for bioanodes, showing that the

acidification of the biofilm in the pores is largely controlled by the buffer
capacity of the solution.[9,49] A large pH drop (0.4 unit of pH) was
observed along the biofilm when the phosphate buffer concentration
was lowered from 100 mM to 50 mM, causing damage to the bacteria in
the 40 pm inner layer of the bioanodes.[50] Thus, to mitigate local
acidification of the anode biofilm, hydroxide ions should be transported
not only into the anode chamber, but also more effectively into the
anode pores. The transport of chemical species is favored in electrodes
for fuel cells by dispersing an ion selective polymer in the catalyst ma-
trix. While doping a microbial biofilm with anion exchange ionomers
(AEI) would be challenging due to the low biocompatibility of the sol-
vents, higher current densities were obtained in the past by coating
electrode with an AEI before biofilm cultivation.[51] For example, a
graphite granule anode doped with DABCO, the same ionomer used here
in the cathode, produced a current density (116 A m~>) that was six
times higher than that of an unmodified electrode.[51]

Increasing the biofilm conductivity could further increase the MFC
performance. Doping an anodic biofilm with copper sulfide has recently
been shown to increase the conductivity of the bioanode and produce
larger current densities.[52] The electrode in that study was cultivated
in a three electrode configuration with copper sulfide in solution (in
complete absence of oxygen) and produced 237% more current than the
undoped anode (maximum of 16 + 2 A m ™2, compared to 42 + 1 A m 2
at maximum power point here).[52] Here, we demonstrated that
improving the hydroxide ion management and limiting the biofilm
acidification in the AEM-MFC allowed the maximum power density to
increase by 184% compared to the CEM-MFC (286% increase in current
density at maximum power point) and by 267% compared to the UFM-
MEFC (324% increase in current density at maximum power point). Thus,
through ion management, biofilm acidification and MFC configurations
played a more critical role in the determination of the MFC performance
than biofilm conductivity. Furthermore, methods such as increasing
solution conductivity and using higher buffer concentrations, could
improve the anode performance, and cathodes with higher reduction
potentials could further improve electrode and whole cell performance
using this AEM-MFC design.
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4. Conclusions

The zero-gap MFC with AEM produced the highest maximum power
density ever reported in the literature of 8.8 £ 0.5 Wm 2 (at 42 + 1 A
m~2). The selectivity of the hydroxide transport across the AEM with no
catholyte enabled the high MFC performance, limiting biofilm acidifi-
cation by neutralizing the protons produced at the anode and boosting
the maximum current and power densities. When the AEM was replaced
with a CEM or a UFM the maximum current and power densities dras-
tically decreased due to the enabling transport of cations such as sodium
and magnesium to the cathode for balancing charge. The SEM analysis
showed a lack of cation transport into the cathode using an AEM that
avoided salt precipitation in the cathode, and thus enabling more stable
power production over time.
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