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Cathodic oxygen reduction catalyzed
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Microbial fuel cells (MFCs) have the potential to combine wastewater treatment efficiency with
energetic efficiency. One of the major impediments to MFC implementation is the operation of the
cathode compartment, as it employs environmentally unfriendly catalysts such as platinum. As
recently shown, bacteria can facilitate sustainable and cost-effective cathode catalysis for nitrate
and also oxygen. Here we describe a carbon cathode open to the air, on which attached bacteria
catalyzed oxygen reduction. The bacteria present were able to reduce oxygen as the ultimate
electron acceptor using electrons provided by the solid-phase cathode. Current densities of up to
2.2Am~2 cathode projected surface were obtained (0.303+0.017Wm~2, 15Wm~ total reactor
volume). The cathodic microbial community was dominated by Sphingobacterium, Acinetobacter
and Acidovorax sp., according to 16S rRNA gene clone library analysis. Isolates of Sphingobacter-
ium sp. and Acinetobacter sp. were obtained using H,/O, mixtures. Some of the pure culture isolates
obtained from the cathode showed an increase in the power output of up to three-fold compared to a
non-inoculated control, that is, from 0.015 + 0.001 to 0.049 + 0.025 W m~2 cathode projected surface.
The strong decrease in activation losses indicates that bacteria function as true catalysts for oxygen
reduction. Owing to the high overpotential for non-catalyzed reduction, oxygen is only to a limited
extent competitive toward the electron donor, that is, the cathode. Further research to refine the
operational parameters and increase the current density by modifying the electrode surface and
elucidating the bacterial metabolism is warranted.
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Introduction

Applications of microbial fuel cells (MFCs) promise
energy-efficient conversion of dissolved organics
and electron donors and even the generation of
useful carbon neutral power (Rabaey and Verstraete,
2005). Certainly in the context of energy efficient
wastewater treatment, they have received consider-
able attention (Liu et al., 2004; Rabaey et al., 2005c).
The process that drives them, extracellular electron
transfer, has in recent years shown high versatility
in the type of conversions that can be achieved
(Rabaey et al., 2007). Therefore, a broader array of
applications is emerging, ranging from cathode-
driven denitrification (Clauwaert et al., 2007a) to
anode driven sulfide removal (Rabaey et al., 2006).
To underline their versatility beyond energy
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generation, MFCs should rather be designated ‘Bio-
Electrochemical Systems’ (Rabaey et al., 2007). In
Bio-Electrochemical Systems, bacteria have been
found to deploy several strategies to use electrodes
as electron acceptors. A direct contact is established
either through membrane-bound complexes (Bond
and Lovley, 2003) or through conductive nanowires
(Reguera et al., 2005; Gorby et al., 2006), or bacteria
produce or use soluble components as electron
carriers (Rabaey et al., 2005a). Those processes have
been extensively studied for electrons flowing away
from bacteria. But how bacteria take in electrons
from insoluble donors has not been established yet,
despite a rapidly increasing number of studies on
biocatalyzed cathodes (Bergel et al., 2005; He and
Angenent, 2006). In two studies on cathode-driven
bacterial reduction, low cathodic potentials were
applied at which hydrogen gas could evolve at the
cathode (Gregory et al., 2004; Thrash et al., 2007).
However, the capacity by a hydrogen uptake
deficient Geobacter strain to receive electrons
indicates that direct transfer may be possible
(Gregory et al., 2004). Recent studies demonstrate
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that cathode-driven growth is possible at high
cathodic potentials (around and above 0mV)
(Clauwaert et al., 2007a,b). This potential range is
important as it indicates that the process is unlikely
to occur through cathodic hydrogen generation and
subsequent bacterial hydrogen consumption. The
understudied cathodic process may play a crucial
role in the sustained operation of MFCs, in addition
to delivering needed insight into the oxidation of
insoluble electron donors in circumneutral condi-
tions and mesophilic conditions. Currently, the
cathode is the main impediment to the application
of MFC-based generation of electricity.

This study therefore aimed to (i) develop a loop-
based biocathode, capable of directly reducing
oxygen, (ii) characterize the community responsible
for the cathode catalysis and (iii) obtain pure
cultures and study the biocathode properties of
those isolated bacteria.

Methods

Microbial fuel cell construction

The MFCs had the same anode design as described
previously (Aelterman et al., 2006) and were filled
with granular graphite (El Carb 100, Graphite Sales
Inc., Chagrin Falls, OH, USA). The anode had a total
volume of 336 ml, and after filling with granules the
liquid volume was 151ml. A cation exchange
membrane (Ultrex, Membranes International Inc.,
Glen Rock, NJ, USA) was used to separate the anode
and the cathode. To construct the cathode, a frame
was bolted against the membrane, which allows
the cathode to be clamped tightly to the membrane.
The cathodic electrodes used in these experiments
were graphite felt (Morgan Industrial Carbon,
Caboolture, Queensland, Australia) and woven
carbon fibers (Fiberglast, Brookville, OH, USA).
The cathodes had a total thickness of 2mm and
the carbon fiber cathode was tightly fixed and
pushed against the membrane with 3 mm mesh size
stainless steel mesh (Locker, Dandenong, Victoria,
Australia), which functioned as current collector.
The cathode size was 12 x 14 cm, creating a cathode
projected surface of 168 cm?. The graphite felt did
not require a current collector because of its higher
conductivity. An Ag/AgCl reference electrode (Bio-
Analytical, West Lafayette, IN, USA) was inserted in
the anode compartments, its potential was assumed
to be 198 mV versus standard hydrogen electrode
(SHE) (this value may differ slightly relative to
temperature and ionic strength fluctuations).

Reactor operation

Two MFCs were operated in parallel, either with a
carbon fiber cathode (R1) or a graphite felt cathode
(R2), at start-up. Both cathode surfaces were mois-
tened with modified M9 medium at 41h~" (Rabaey
et al., 2005c) devoid of electron donor. The anode
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was fed continuously with modified M9 medium at
a rate of 0.551d ™" and had a 41h™" recirculation.
1gl " sodium acetate was added to the anode feed.
The cathodes were inoculated with a mixture of
environmental samples obtained from rusted metal
poles in the Brisbane River at a freshwater section,
sediment from a pond at the University of Queens-
land and mixed liquor from a domestic activated
sludge plant (Luggage Point WWTP). The external
resistance was adapted over time to allow the
generation of more current, as a maximum of 100 Q
was used. The pH was measured in the cathode
liquid wusing a GPH Electroder pH electrode
branched to an EZIDO PL-500 acquisition unit
(Extech, Melrose, MA, USA). After 48 days of
operation, the effluent of the anode was used as
influent and recirculation liquid for the cathodes
(the loop based system), rather than the prepared
medium. The excess catholyte was removed daily.
This operation was continued for another 35 days
until day 83, after which reactor samples were
taken. The electrode of R1 was split in three, of
which one-third was sacrificed for sampling, the
other two-thirds were split over the two reactors and
new carbon fiber was used to complete the electro-
des. This created two reactors with carbon fiber
cathodes. The reactor with the new electrodes was
operated for another 129 days in the same loop
type mode, bringing the total experiment time to
212 days.

Electrochemical monitoring and data representation
Measurements were performed according to pre-
vious reports (Rabaey et al., 2005b) (Logan et al.,
2006). At every 60s, the voltage over the MFC was
recorded using an Agilent HP34970 data acquisition
unit. Potentiostatic measurements and controls
were performed using a PAR VMP-3 Potentiostat
(Princeton Applied Research, Oak Ridge, TN, USA).
The polarization curves were recorded by operating
the MFCs in open circuit for 2 h, after which the cell
voltage was decreased to 0mV at a rate of 0.2mVs™
for the mixed population and increased again to the
open circuit voltage (OCV). For the pure cultures,
the scan rate was 1mVs™" and the OCV period
30min to avoid too long measurement periods
(Aelterman et al., 2006).

Clone library analysis

DNA was extracted from the MFC samples, scraped
from the cathode of R1 on day 83, using the bead-
beating method in conjunction with the BIO 101
FastDNA spin kit for soil (QBiogene, Seven
Hills, New South Wales, Australia) as per the
manufacturer’s instructions. The DNA concentration
was assessed by a low molecular mass DNA
ladder (Fermentas, Quantum Scientific, Murarrie,
Queensland, Australia) on a 1% agarose gel. Ampli-
fication of bacterial 16S rRNA genes was achieved



using primers 63f and 1387r (Marchesi et al., 1998).
PCRs contained 200ngul™" of each primer (Sigma,
Castle Hill, New South Wales, Australia), 1ul of
DNA template, x 10 reaction buffer (Abgene, Wil-
loughby, New South Wales, Australia), 25mMm
MgCl,, 200pM of each ANTP and 1U Red Hot
Polymerase (Abgene) in a 50ul reaction. Thermo-
cycling parameters were: —94 °C denaturation for
10 min followed by 35 cycles of 94 °C for 1 min, 55 °C
annealing for 1 min and a 74 °C extension for 1 min,
with a final extension step at 74 °C for 10 min. PCR
products were visualized by ethidium bromide
agarose (Analytical Grade, Promega Co., Annandale,
New South Wales, Australia) gel electrophoresis. A
1Kb DNA ladder (Invitrogen, Mulgrave, Victoria,
Australia) was used to determine the PCR product
lengths. PCR products were ligated into pGEM-T
Vector System (Promega) according to the manufac-
turer’s instructions. Transformation was carried out
using Top 10 Competent Cells (Invitrogen) as per the
manufacturer’s instructions and grown on LB with
ampicillin for blue-white colony screening. Clones
containing inserts were subjected to PCR amplifica-
tion using SP6 and T7 vector primers and the
generated amplicons were subjected to restriction
fragment length polymorphism analysis to deter-
mine operational taxonomic units. Individual PCR
products were digested using restriction enzymes
Mspl and Hin P1 (New England Biolabs Inc.,
Arundel, Queensland, Australia). The digestion
mixture contained 0.05ul of Mspl (20000Uml "),
0.1ul HinP1 (10000Uml™"), 2l of 1 x NE Buffer 2
(New England Biolabs) and 17.85 ul of PCR product.
The restriction-digested fragments were visualized
on 3% Tris-acetate-EDTA high resolution (Promega)
agarose gels following 40V and 200mA for 2.5h.
Primers used for sequencing specific clone inserts
were 917r (Schafer and Muyzer, 2001), 63f and
1387r.

The BLAST (http://www.ncbi.nlm.nih.gov) soft-
ware tool was utilized to determine closest sequence
matches. Sequences were further analyzed by using
ARB (http://www.arb-home.de/conf.html) to gener-
ate similarity matrices.

Isolation of hydrogen-oxidizing bacteria

Biofilm samples of the open air cathodes at day 83
were taken and cultivated on plates containing
per litre 3g Na,HPO,, 1.5g. KH,PO,, 0.05g NH,CI,
14.7mg CaCl,, 0.5g NaCl, 0.247g MgS0O,.7H,0,
1ml of a trace element solution (Rabaey et al,
2005c), 15g agar and 1ml of a vitamin solution
(Sigma MEM vitamin solution +20mg B12). The
plates were placed in an anaerobic jar wrapped in
aluminum foil. The electron donor and acceptor
were provided by branching an electrolysis cell to
the anaerobic jar and leading the produced gas
(containing approximately 66% H, and 34% O,) first
through a humidifier (containing carbonate buffer)
to preclude desiccation and to provide carbon
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dioxide. Controls were inoculated plates incubated
outside the anaerobic jars and uninoculated plates
incubated inside the anaerobic jars. The electrolysis
cell was operated under a constant current of
2 A, with ruthenium oxide and titanium electrodes
(Magneto Anodes, Schiedam, The Netherlands) and
1N sulfuric acid as electrolyte. This creates a
headspace containing only hydrogen and oxygen
gas. Colonies were picked from the plates after
four days of incubation. After several subcultures,
morphologically uniform colonies were obtained
through streak plating. The isolates were designated
KROX1 to 8. DNA extraction, PCR and restriction
fragment length polymorphism for the isolates were
carried out as outlined for the clone library. The
primers used for PCR and sequencing were 27f and
1492r. All sequencing was done at the Australian
Genome Research Facility.

Growth of isolates in MFC

Six MFCs were constructed by creating six closed
chamber cathodes around a common anode
(Figure 1b). The anode was the same as in the
mixed culture system, receiving modified M9
medium containing 0.3 g sodium acetate per liter.
Each cathode compartment had a volume of 96 ml
and contained a carbon fiber cathode (Fiberglast)
clamped against the membrane with a stainless
steel mesh current collector (Locker). The projected
surface area was 48 cm?® in this case. The current
collector also provided the contact with the external
electrical circuitry. A volume of 30ml of medium
(the same as used for the isolation but without agar
and carbonate) was dispensed to the bottom of the
chamber. Aeration was achieved by pumping air
through an autoclaved glass syringe filled with
cotton wool, connected at the bottom of the cathode
compartments. All cathodes were individually con-
nected to the anode over a 50Q resistor. The MFCs
were operated in duplicate for 7 days, during which
time the power production capacity was regularly
evaluated using polarization curves (1mVs~" scan
rate). The isolate repetitions were always run in
different experiment groups (with other anodes) to
exclude the variability between the experiments
caused by, for example, differences in anode
potential. Sub-samples were taken daily to assess
the pH in the cathode compartments, and pH
corrections to 6.5 were applied by injecting an
appropriate amount of 1N HCL

Results and discussion

The MFC cathodes enabled improved power generation
over time

After start-up and inoculation, the initial voltage
generated over both R1 (carbon fiber) and R2
(graphite felt) was below 20mV, despite a rapid
decrease of the anode potential to below —200mV
versus SHE. This demonstrates the large overpotential
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Figure 1 Schematic drawings of the reactor types used. (a) Set-
up during the period when anode effluent was used to replenish
the cathode liquid. Influent enters the anodic recirculation loop,
and acetate is oxidized in the anode. A part of the protons migrate
through the cation exchange membrane (CEM) to the cathode,
where oxygen is reduced by bacteria growing on the cathode
surface. A part of the recirculatory fluid is brought to the cathode,
as indicated by the arrow on top. The dotted arrow at the bottom
indicates that cathode effluent could also be used to recirculate
the anode (Freguia et al., 2007a,b). (b) Top view of the reactor
used to test isolates as catalysts for the cathode. Six cathode
compartments were connected to a common anode as electron
supply. Each cathode was connected to the anode over a separate
resistor but no liquid transfer was employed between the anode
and the cathode in this case. (1) Cation exchange membranes; (2)
cathodic electrodes and (3) air inlet for cathode. In a full loop
concept, the cathode and anode liquids can be combined for the
recirculation, as indicated by the dotted line.

existing for oxygen reduction at non-catalyzed
materials (Figure 2), supporting previous observa-
tions (Zhao et al., 2006). Reducing this potential loss
can be achieved by either supplying catalysts or by
drastically increasing the surface area of the cathode
(Freguia et al., 2007a,b). Over a period of 48 days,
the power output increased, reaching maximal
currents of 0.4+0.2 and 0.5+0.2Am > for the
R1 and R2, respectively (all current densities are
normalized per projected cathode surface)
(1.3£0.3 and 2.1+0.3 Wm™? reactor, respectively).
A constant increase of the pH in the cathodic
compartment occurred owing to proton consump-
tion as oxygen was reduced. The accumulation of
breakdown products plus this increase in pH was
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Figure 2 Polarization curves (0.2mVs™', 120min OCV before
run, forward sweeps) for the reactors using a mixed population
(R2) to biocatalyze the MFC cathode. (a) Power output (mW m 2
cathode projected surface) in function of current (A m~2 cathode
projected surface). (b) MFG voltage in function of the current
(Am~? cathode projected surface). The three curves represent the
performance at the end of period 2 (a) (day 83), at the end of
period 3 (b) (day 212) and at startup (c). MFC, microbial fuel cells;
OCYV, open circuit voltage.

possibly one of the factors limiting the attainable
current and regular decreases of performance ob-
served. This corroborated earlier findings with
Nafion (Rozendal et al., 2006) that protons migrate
insufficiently through cation exchange membranes
at pH values above 3—4. An accidental failure of the
recirculation caused an apparent inactivation of
attached bacteria, leading to a gradual failure of
both reactors, with potentials dropping from above
175 to below 5mV. Most notably, after replenish-
ment with water, the biocathodes resumed their
original potential only after about 5 h, which is quite
fast for a biological reaction (very likely indicating
only inhibition rather than toxic effects) but con-
siderably slower than would be expected if the
cathodes were only chemically catalyzed. The
effluent originating from the anode was from day
48 onward used as influent for the cathode. This
partially alleviates the need for protons to migrate
through the proton exchange membrane, as it has
been shown that other cations are capable of
fulfilling the role of positive charge transporters
(Rozendal et al., 2006). This caused a substantial
increase of the current to 1.2+0.6 and



1.120.5 Am™? for the carbon fiber and the graphite
felt cathode, respectively, with maximum values
(hour averaged) of 2.8 and 2.6 Am™?, respectively
(66 and 57 Wm™* reactor, respectively). This is on
the same level as the currents previously reported
(Clauwaert et al., 2007b), being 0.9-2.7 Am™? for a
tubular MFC (calculated values). The current
averages and maximal values are also comparable
to those achieved with platinum catalyzed cathodes
(Cheng et al., 2006) or pyrolyzed iron(II) phthalo-
cyanine catalyzed electrodes (Zhao et al., 2006) used
in conjunction with MFCs. Bearing in mind the
longevity (over two months in this study) and self-
regenerating capacity of the bacterial process, this
offers an attractive alternative to the chemically
catalyzed cathodes.

In the third phase (after 83 days), the graphite felt
of R2 was removed and two identical reactors were
created by dividing the R1 carbon fiber (minus one
third of the electrode) over two reactors and
completing the cathodes by adding new carbon
fiber. The other third of the R1 carbon fiber mat was
used for further microbial analysis. This interven-
tion quite rapidly caused a decrease in the perfor-
mance versus the previous period, with currents
averaging 0.6 £ 0.4 Am ?and 0.7 £ 0.5 Am ? for both
reactors (3.0+1.3 and 4.1+2.1Wm® reactor, re-
spectively). The reason for the decrease of both
reactors is very likely the carryover of residual
acetate from the anode compartment to the cathode
compartment during startup in this third phase, as
the anode was still supplied with 198 mg acetate per
day, whereas the observed current levels only
allowed for 68—-79 mg acetate removal per day. This
caused increased oxygen usage for acetate consump-
tion and decreased oxygen availability for the
electrode-dependent community. Once the cathode
decreases in electron acceptance capacity, the anode
becomes unable to discharge the electrons and
activity decreases also in that compartment. The
result for our reactors was a decline in performance,
as evidenced by the polarization curve recorded
during that period (Figure 2, curves b).

Clone library

The microbial community of the cathode of R1 was
sampled and analyzed using a 16S rRNA gene-based
clone library approach (Table 1). Restriction frag-
ment length polymorphism analysis of 76 clones
placed these into six operational taxonomic units.
Following sequence analysis of representatives of
the operational taxonomic units, most sequences
were affiliated with either the Bacteroidetes or the
Proteobacteria. Such microbial diversity over sev-
eral phyla has previously been described for anode
reducing communities (Logan and Regan, 2006). In a
related study that examined the microbial commu-
nity composition of a nitrate reducing biocathode, a
similar breadth of phylogenetic diversity was de-
tected (B and y Proteobacteria, Bacteroidetes) (Virdis
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and co-workers, unpublished results). The capacity
to use a cathode appears widespread among bacter-
ia, and the similarities between anode and cathode
reducing/oxdizing populations may indicate the
capability of many organisms to perform electron
transfer both to and from electrodes, as has been
shown for G. metallireducens (Gregory et al., 2004).

The dominant sequence (30% of the clones) in the
clone library was most closely related to a Sphingo-
bacterium multivorum strain (also sequenced as
AB100738). Other significant sequences were clo-
sely related to Bacteroides uncultured clones LYH
(EF188284) and PHOS-HE28 (AF314421) (12% and
10% of clones, respectively) to Acinetobacter bau-
mannii (5% of clones), A. calcoaceticus (5% of
clones), Acidovorax sp. (3% of clones) and Sphin-
gomonas sp. (3% of clones).

Cathode utilizing organisms can switch to hydrogen as
electron donor

After 5 days of growth on plate and with a hydrogen/
oxygen atmosphere, several colonies were selected
and purified through repetitive transfer. On control
plates that were incubated in ambient air, no growth
was detected, indicating the need for hydrogen gas as
electron donor. Eight isolates, designated KROX1 to
KROX8, were further analyzed. After analysis of the
16S rRNA genes, KROX2 to 7 were closely related to
the S. multivorum strain previously found to be
highly identical to the clone sequences (see above,
Table 1). Morphological variations were noted be-
tween these strains when grown on solid media and
some of the isolates demonstrated swarming behavior,
whereas others formed clear, pinpoint colonies.
However, morphology is known to be a poor
characteristic when attempting to demonstrate strain
variation. Isolate KROX1 was highly identical to A.
calcoaceticus, whereas KROX8 was identified as a
B-Proteobacteria uncultured clone.

Isolates can catalyze oxygen reduction in pure culture
MFCs

A series of MFCs (Figure 1b) were operated in which
pure culture bacteria were cultivated in separate
aerated compartments. For a number of isolates, a
significant increase of the current versus the control
reactors was noted (Table 2). However, the current
could not be maintained for prolonged time periods.
The generation of current caused an increase of the
pH in the cathode compartment. This was very
likely a result of imperfect proton migration through
the membrane and the utilization of protons during
oxygen reduction. For the biocatalyzed cathodes,
this pH increase occurred more rapidly at values of
9.5 and higher. This caused a faster decay of the
current versus the non-inoculated control, which
had a low current during operation and therefore
slow pH increase. This problem was less noted
for the mixed population parent MFC, as it was

o |6
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Table 1 Results of the clone library performed on a sample of the open air cathode at day 83, and identification of the obtained isolates

Bacterial division Genus® Species® % (no.) of clones
Clone library results
Bacteroidetes Sphingobacterium S. multivorum 30 (22)
Bacteroidetes Bacteroides Uncultured clone LYH 12 (10)
Bacteroidetes Bacteroides Uncultured clone PHOS-HE28 10 (8)
v-Proteobacteria Acinetobacter A. baumannii 5 (4)
v-Proteobacteria Acinetobacter A. calcoaceticus 5 (4)
B-Proteobacteria Acidovorax Uncultured clone 3(2)
v-Proteobacteria Sphingomonas Sphingomonas sp. 3(2)
Bacterial isolates
KROX1 v-Proteobacteria Acinetobacter A. calcoaceticus
KROX2-KROX7 Bacteroidetes Sphingobacterium S. multivorum

KROX8 B-Proteobacteria

Uncultured clone C11r0

2>95% identity.
v>89% identity.

Table 2 Maximal power (mWm~2 CPS) and current generation
(mA m~* CPS) during polarization of the MFCs for both the pure
cultures and the loop operated mixed population

Isolate Maximum power during Maximal current
polarization (mWm? CPS) (mA m—? CPS)
Control (no 15+1 316+ 10
bacteria)
Isolate 1 49125 690+ 97
Isolate 2 24+10 486 + 152
Isolate 3 16+ 2 326 £52
Isolate 4 13+1 305+13
Isolate 5 47 £ 30 591%8
Isolate 6 38+4 646 *+ 35
Isolate 7 232 343?
Isolate 8 14+1 274 28
Mixed 30317 996 + 82
culture

Abbreviations: CPS, cathode projected surface; MFC, microbial fuel
cells.
aData could not be retrieved of second reactor due to signal noise.

operated in a loop concept that replenished the
cathode with protons originating from the anode,
aside from acetate at low concentrations and
possibly secondary metabolites produced by the
anode bacteria. Better control strategies will be
needed to fully elucidate the current generating
potential of the isolates.

Bacteria reduce the cathodic overpotential losses and
hence facilitate oxygen reduction

Owing to rapid consumption, the availability of
organic electron donors is often limited in aerobic
oligotrophic environments. Thermodynamically, the
cathode of an MFC is an attractive electron donor in
most cases and it provides a continual supply of
electrons. However, activation losses between the
cathode and the bacterial electron transport system
(possibly evidenced by the potential drop at low
current densities in curve b, Figure 2b) decrease the
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available potential difference for energy generation.
The necessity to develop structures or produce
soluble redox active metabolites that allow extra-
cellular electron transfer requires additional energy
investments. Despite these hurdles, both the mixed
population and the pure culture bacteria appear to
strongly decrease the overall overpotential for
oxygen reduction at the cathode. Scanning electron
micrographs of carbon fibers from the cathode
showed sparse coverage of bacteria (Figure 3). The
perpendicular positioning of bacteria on the fiber
surface suggested unfavorable attachment condi-
tions on the smooth and non-functionalized carbon
matrix, which could have resulted in limited
cathode reactivity. Aelterman et al., recently de-
scribed that anodophiles as having an activity of up
to 659 mA per gram biomass-carbon. If a comparable
bacterial activity can be expected at the cathode,
only about 66 mg biomass-carbon could be required
to explain the activity in our system. Surface
modifications such as carboxylation likewise to the
anode modifications (Liu et al., 2007) could increase
the reactivity and enable an improved colonization
on the cathode.

Isolates are unable to reach the power densities
observed for a mixed population

Obtained isolates were unable to reach the power
and current levels demonstrated by the mixed
population (Figure 4). Aside from the common
observation that thus far microbial communities in
the anode have far outperformed pure culture MFCs
when the same reactor configuration was used, there
are several reasons related to the mode of operation
that may contribute to this. First, the pH could not
be controlled in the pure culture studies as well as
in the mixed population reactor, where the reuse of
anodic effluent helped to stabilize the pH. Second,
in these systems, the bacterial densities could not be
verified—which implies that the mixed population
could have evolved to higher densities—and hence
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Figure 3 Scanning electron micrographs of the carbon fibers
obtained from the cathode. (a) Several carbon fibers, showing
dispersed bacteria and small precipitates onto an overall smooth
surface. (b) Close-up of a single bacterium standing almost
perpendicularly on the fiber surface. Overall, the bacterial
densities on the fibers were exceptionally low, with most bacteria
standing perpendicularly on the surface. Confocal laser scanning
microscopy confirmed that this perpendicular positioning was
not an artefact of the SEM method (results not shown).

carry more potential for the current generation.
Third, the reuse of anodic effluent in the mixed
population reactor inevitably caused a small transfer
of organic carbon (acetate and metabolites) to the
cathode. Perhaps the organisms at the cathode are
lithoheterotrophic, as previously described for deni-
trifying iron oxidizing organisms (Benz et al., 1998).
If so, the organisms used the available organics as
carbon source for growth, whereas the cathode was
used as source of reducing power for the energy
metabolism. In a previous study, (Gregory et al.,
2004), Geobacter sulfurreducens needed to be
supplied with acetate at start-up; otherwise, the
reduction of fumarate could not be established.
Whether the bacteria stopped growing after deple-
tion of the acetate was not established. This type of
metabolism would give the organisms maximized
growth potential. Upon increasing acetate concen-
trations, this metabolism would fail owing to
increased oxygen consumption by conventional
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Figure 4 Polarization curves (1mVs™, 120min in OCV before
run) for a MFC using isolate 5 as the cathode biocatalyst. (a)
Power (mW m 2 CPS) as a function of the current flowing through
the MFC. (b) MFC voltage (V) and anode and cathode potential
versus SHE (V). Clearly, the main losses can be found at the
cathode side of the MFC, as the cathode potential diminishes far
more than the anode potential in function of the current (cathode
potential measurement can be slightly offset due to the fact that
the reference electrode was inserted in the anode). This observa-
tion was consistent for all isolates. CPS, cathode projected
surface; MFC, microbial fuel cells; OCV, open circuit voltage;
SHE, standard hydrogen electrode.

heterotrophy. Further research is warranted to
elucidate whether lithoheterotrophy is the active
metabolism and whether regular spiking of organics
as a carbon source can enable alternating hetero-
trophic/autotrophic growth.

Cathodes versus electron donors in the environment

There are several peculiarities relating to the
cathodic electron transfer described here. First,
oxygen generally competes for the oxidation of
inorganic electron donors such as ferrous iron or
sulfides. This makes the electron donor no longer
available to the microorganisms (Rentz et al., 2007).
This effect was occasionally present in the cathodic
electron transfer, as the overpotential for direct
reduction of oxygen at carbon electrodes is high
(Zhao et al., 2006). This was also demonstrated by
the low current generation by a non-colonized
cathode at the MFC start-up. Therefore, even in
fully saturated oxygen conditions, the electron
donor remained available for bacteria as there
appear to be hardly any chemical processes compet-
ing with the biological ones. Second, extracellular
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electron transfer is required for the uptake of
electrons. The analog in the natural environment
appears to be the oxidation of macromolecular or
colloidal humics, which cannot enter the cell, by
bacteria that use oxygen as an electron acceptor. The
fact that humics have been reported to retain
reducing capacity even in oxic conditions (van
Trump et al., 2006) would support this possibility.

Conclusions

The capacity to use cathodes from MFC as electron
donors appears widespread in the microbial world.
Here, we demonstrated that bacteria efficiently link
the oxidation of a cathode to the reduction of oxygen.
Although pure cultures of bacteria could already
achieve a significant improvement, we were unable
to reach the levels attained by a mixed population
comprising mainly Proteobacteria and Bacteroidetes
species. Technical hurdles, such as pH control and
surface modifications, need to be overcome to fully
exploit this bacterial catalytic capacity. If the energy
investment to maintain suitable biofilm growth
conditions at the cathode is kept low, bacteria may
well be the most sustainable long-term catalysts for
cathodic oxygen reduction.
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