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h i g h l i g h t s
� Uncultured Gammaproteobacteria dominate in high-performing aerobic biocathodes.
� Microbial fuel cell biocathode performance comparable to a platinized cathode.
� Oxygen reduction catalysis linked to a bacterial electron transport chain.
� Additional electron transport pathways may be present at different poised-potential.
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a b s t r a c t

Microbial fuel cells (MFCs), which convert organic waste to electricity, could be used to make the
wastewater infrastructure more energy efficient and sustainable. However, platinum and other non-
platinum chemical catalysts used for the oxygen reduction reaction (ORR) at the cathode of MFCs are
unsustainable due to their high cost and long-term degradation. Aerobic biocathodes, which use mi-
croorganisms as the biocatalysts for cathode ORR, are a good alternative to chemical catalysts. In the
current work, high-performing aerobic biocathodes with an onset potential for the ORR of þ0.4 V vs. Ag/
AgCl were enriched from activated sludge in electrochemical half-cells poised at �0.1 and þ 0.2 V vs. Ag/
AgCl. Gammaproteobacteria, distantly related to any known cultivated gammaproteobacterial lineage,
were identified as dominant in these working electrode biofilms (23.3e44.3% of reads in 16S rRNA gene
Ion Torrent libraries), and were in very low abundance in non-polarised control working electrode
biofilms (0.5e0.7%). These Gammaproteobacteria were therefore most likely responsible for the high
activity of biologically catalysed ORR. In MFC tests, a high-performing aerobic biocathode increased peak
power 9-fold from 7 to 62 mW cm�2 in comparison to an unmodified carbon cathode, which was similar
to peak power with a platinum-doped cathode at 70 mW cm�2.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

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

Microbial Fuel Cells (MFCs) are a sustainable energy technology
in which biodegradable organic chemicals are converted into
electricity using bacteria, and provide a route for the efficient
conversion of organic substrates present inwastewater directly into
electricity. Given that wastewater treatment is the fourth largest
user of energy in the UK, accounting for 1% of total energy con-
sumption in England andWales [1], renewable energy technologies
which produce energy fromwastewater, such as MFCs, may help to
r B.V. This is an open access article
make the wastewater treatment infrastructure more energy effi-
cient and sustainable.

MFCs work by coupling the anaerobic oxidation of organic
matter by bacteria at the anode with the reduction of oxygen (most
commonly) at the cathode, with electrons flowing through the
external circuit and protons moving through solution or across a
membrane separator, generating electrical power [2,3]. If MFC
technology is to be adopted, then capital and operational costs
must be lowered. Many of the biggest capital costs in the MFC
system arise from the membrane and cathode. At the cathode, the
oxygen reduction reaction (ORR) occurs;

O2 þ 4Hþ þ 4e� / 2H2O
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This reaction can be catalysed by chemically treated and un-
treated carbon materials [4e6], noble catalysts such as Pt, non-
noble transition metal macrocycle catalysts such as cobalt tetra-
methoxyphenylporphyrin (CoTMPP) and iron phthalocyanine
(FePc) [4,7,8], and by metal oxide catalysts, such as MnO2 [4], as
well as composite catalysts [9]. However, these chemical catalysts
have associated costs, stability and sustainability issues. Activated
carbons have been reported with comparable performance to Pt-
doped carbon cathodes [10]. However, a major disadvantage of
using carbon as an ORR catalyst is that the ORR occurs via a 2-
electron mechanism producing hydrogen peroxide, which is un-
desirable for biological systems, and degrades fuel cell components
including carbon corrosion [11]. Additionally, it has been found that
clogging of the activated carbonmicroporous structure can lead to a
reduction in MFC performance by 22e40% after one year of oper-
ation [12].

Mixed-community aerobic biocathode biofilms catalysing the
ORR are a good substitute for chemical catalysts at the cathode,
being free of cost, robust and sustainable. Several studies have re-
ported using aerobic biocathodes, and a wide range of bacterial
species belonging to the Alphaproteobacteria [13e16], Betaproteo-
bacteria [14,16e21], Gammproteobacteria [13,14,16,18,19,22e28],
Bacteroidetes [15,17,18,20,28,29] and other less well-known groups
[14,15,30,31], have been identified as dominant in mixed-
community aerobic biocathodes with onset potentials (Eonset) for
ORR ranging fromþ0.40 to �0.15 V vs Ag/AgCl. Table 1 summarises
various microorganisms reported as dominant in mixed-
community aerobic biocathodes.

Variations in aerobic biocathode performance indicate that the
biological mechanisms of ORR catalysis are different. Little is un-
derstood about these mechanisms of ORR catalysis, and what their
biological function is [32,33].

The best performing aerobic biocathodes have the highest onset
potential (Eonset) for ORR of around þ0.4 V vs. Ag/AgCl, and have
been developed in half-cells [22,34,35] and sediment MFCs [24,25].
In terms of community analysis, 49% of the clones recovered from
the biocathode of a sediment MFC from an ocean cold seep were
identified as Pseudomonas fluourescens [24], whilst DGGE of the
Table 1
Dominant bacteria recovered from aerobic biocathodes ranked according to the onset
phylum (p), class (c), order (o), family (f) and genus (g). The method of community analy
electrophoresis (DGGE) and illumina dye sequencing (IDS). Biocathode support materials
(GP), graphite granules (GG) and carbon brush (CB). The type of BES using in each study is
cell (MSC) and half-cell (HC).

Type of BES Support material EORR(V) Dominant bacteria in mix

HC GP 0.40 Gammaproteobacteria (c)
MFC CC 0.40 Xanthomonadaceae (f), Xa
SMFC GP 0.40 Pseudomonas (g)
SMFC CF 0.40 Gammaproteobacteria (c)
MFC CF 0.25 Pseudomonas (g), Rhodob
MSC GP 0.25 Marinobacter (g)
HC GP 0.25 Chromatiaceae (f)
HC CP 0.25 Bacteroidetes (p)
MFC CB 0.20 Nitrospira (g), Nitrosomon
MFC CC 0.20 Rhizobiales (o), Phycispha
MFC GG 0.15a Azovibrio (g), Bacteroidete
MFC GG 0.15a Xanthomonas (g), Bactero
HC CC 0.00 Deinococcus-Thermus (p),
MFC CF �0.10 Acinetobacter (g), Sphingo
MFC CC �0.15 Chloroflexus (g)
MFC CF e Betaproteobacteria (c), Ga
MFC Various e Comamonas (g), Sphingom
MFC CB e Achromobacter (g)
MFC CB/GG e Gammaproteobacteria (c)

a Redox peak mid-point potential.
carbon felt biocathode of a fresh water sediment MFC revealed a
strong band classified as an uncultured Proteobacteria (97% cer-
tainty, 86% certainty for Gammaproteobacteria), which was not
present in an equivalent closed circuit sediment MFC [25]. The
sequences recovered from the fresh water sediment MFC were
found to be 100% identical to Gammaproteobacteria clones recov-
ered from steel plant waste [36]. Recently, Rothballer et al. identi-
fied similar uncultured Gammaproteobacteria as dominant (60.7% of
16S rRNA gene sequences in 454 pyrosequencer libraries) in a
biocathode biofilmwith an Eonset of þ0.4 V cultivated on a graphite
plate electrode [22].

Aerobic biocathode performances vary considerably in the
literature, and a wide variety of different bacteria have been
detected in these aerobic biocathodes. The objectives of this work
were therefore to develop aerobic biocathode biofilms with high
ORR activity, to identify the bacteria likely responsible for this ORR
activity, and finally to assess the effect of these aerobic biocathodes
on MFC performance in comparison to a typical MFC platinum
cathode. This work is essential for designing better-performing
aerobic biocathode biofilms for MFCs. Aerobic biocathode bio-
films were first cultivated in electrochemical half-cells poised at
�0.1 and þ0.2 V to obtain high-performing aerobic biocathodes.
These biocathodes were then assessed using a combination of
turnover/non-turnover CV and CV in the presence of azide in order
to link electrochemical features to physiological and mechanistic
processes occurring at the electrode surface. The bacterial com-
munities on these electrodes and on non-polarised controls were
then analysed by Ion Torrent 16S rRNA gene sequencing in order to
identify likely electroactive bacteria. MFC polarisations were con-
ducted with dual chamber cells, with acetate fed bioanodes and an
aerobic biocathode, Pt/C cathode and a plain carbon cathode.
2. Materials and methods

2.1. Setup of aerobic biocathode half-cells

A 3-electrode half-cell with a working electrode (WE), counter
electrode (CE) and reference electrode (RE) was used to grow
potential for ORR. The bacteria have been identified to different taxonomic levels;
sis is given for each study; pyrosequencing (PS), clone libraries (CL), denaturing gel
used in each of these studies are carbon felt (CF), carbon cloth (CC), graphite plate
given; microbial fuel cell (MFC), sediment microbial fuel cell (SMFC), microbial solar

ed community aerobic biocathodes Method Ref.

PS [22]
nthomonas (g) CL [23]

CL [24]
DGGE [25]

acteraceae (f), Sphingomonadaceae (f) CL [13]
CL [26]
IDS [27]
CL [29]

as (g), Nitrobacter (g), Alkalilimncola (g) CL [14]
erales (o), Planctomycetales (o), Sphingobacteriales (o) PS [15]
s (p) CL [17]
idetes (p) CL [28]
Gemmatimonadetes (p) PS [30]
bacterium (g), Acidovorax (g) CL [18]

PS [31]
mmaproteobacteria (c) PS [19]
onas (g), Acidovorax (g) CL [20]

PS [21]
, Agrobacterium (g), Achromobacter (g) DGGE [16]



Table 2
Table giving the inoculum and poised-potential used for the half-cells in the
study. All half-cells were operated in duplicate, giving a total of 8 half-cells.

Inoculum Poised-potential (V vs Ag/AgCl)

Activated sludge �0.1
Half-cell effluent �0.1
Half-cell effluent þ0.2
Half-cell effluent Non-polarised
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individual aerobic biocathode biofilms. The WE was a rectangular
piece of carbon felt with an area of 12.2 cm2 (19 � 64 mm) and a
thickness of 5 mm (VWR, Cat. No. 43200.RR, Alfa Aesar). The carbon
felt was acetone-washed beforehand and held between a poly-
tetrafluoroethylene (PTFE) window and backing plate using PTFE
bolts, exposing only one side of the carbon felt to the electrolyte. A
graphite plate was used to make contact between the carbon felt
and the external circuit. The CE was a rectangular 35 cm2 piece of Pt
mesh attached to a titanium wire, and the RE was an Ag/AgCl
electrode (BASi, RE-5B) housed within a polypropylene luggin
capillary containing a 3 M NaCl agar salt bridge (0.208 V vs SHE).
The tip of the luggin capillary was less than 5mm from theworking
electrode to ensure a small ohmic resistance. The half-cell setup is
provided as a diagram in Supplementary material. The potentials in
this paper are against the Ag/AgCl reference electrode, unless
otherwise stated.

2.2. Inoculation and operation of aerobic biocathode half-cells

All aerobic biocathodes discussed in this work were grown in
poised-potential half-cells and were operated in under the same
conditions. Each half-cell contained 1 L of minimal medium con-
taining phosphate buffer (50 mM, pH 5.8) and trace nutrients for
the bacteria. A pH of 5.8 was chosen to increase the reduction po-
tential for O2 to þ0.67 (pO2 ¼ 0.2 atm) and therefore the bacterial
energy gain from the electrode, whilst also maintaining the buffer
capacity of the medium. The trace nutrients were 10 ml L�1 of a
macro nutrient solution, 1 ml L�1 of a micro nutrient solution, and
1 ml L�1 of a vitamin solution, as described by Heijne et al. [37,38],
with a fewminor changes. Details of these solutions can be found in
the Supplementary material.

Aerobic biocathode half-cells were inoculated with one of two
different inocula and operated at one of two different poised-
potentials. The inoculum used was either 10% (v/v) of activated
sludge, or 100% (v/v) of the effluent from an operating half-cell with
an aerobic biocathode. The activated sludge was obtained from
Tudhoe wastewater treatment plant in the North East of England.
Activated sludge was chosen as the primary inoculum for the half-
cells as it has been previously used successfully to generate aerobic
biocathodes with Eonset(ORR) values of þ0.4 V [34,35], and it is
known to be a source of a diverse range of bacteria [39]. The poised-
potentials used were either �0.1 and þ 0.2 V, or without poised-
potential for the control cells. The most negative poised-potential
chosen for biocathode formation on carbon felt was �0.1 V, to
avoid abiotic formation of peroxide through 2-electron ORR on
carbon, and to maximise the potential energy gain for the
bacteria. þ0.2 V was selected as a poised-potential as it is half-way
between �0.1 V and the Eonset(ORR) for high-performing aerobic
biocathodes of þ0.4 V. Combinations of inoculum and poised-
potential gave 4 different treatments; activated sludge-inoculated
half-cells poised at �0.1 V, half-cell effluent-inoculated half-cells
poised at �0.1 V, half-cell effluent-inoculated half-cells poised
at þ0.2 V, and half-cell effluent-inoculated half-cells which were
not polarised. Duplicate half-cells were operated for each treat-
ment, giving a total of eight half-cells. The half-cells operated in this
study are summarised in Table 2.

The half-cells were operated in batch mode. The working elec-
trode potential was applied using a potentiostat (Sycopel, UK), and I
(A) measured continuously with one day intervals. In all of the half-
cells, air was sparged into the half-cell chamber using an air pump
and air sparger to maintain the dissolved oxygen at levels above
7.0 mg L�1. The temperature for all half-cells was maintained at
30 �C throughout. All polarised half-cells were operated for at least
1 month after initial enrichment, whilst the two unpolarised half-
cells were operated for 1 month. Additional details regarding
half-cell operation can be found in Supplementary material.

2.3. Electrochemical analysis

The WE of the half-cells was characterised periodically by CV
using an Autolab PGSTAT302 potentiostat (Metrohm, Switzerland).
CVs were recorded over a scan range fromþ0.5 V to�0.2 V, using a
scan rate of 5 mV s�1, and the last scan of 4 was taken as the sta-
bilised CV response. CVs were recorded in the absence of O2 for
some of the half-cells. O2 was removed from the half-cells by
sparging the with N2 and polarising the electrode at the same po-
tential as used for enrichment for one hour and until the reduction
current was > �100 mA, then a N2 blanket was maintained on the
solution surface throughout the electrochemical characterization.
CV in the presence of azide were carried out at the end of the
operational period for some of the half-cells by adding 1 ml L�1 of a
2% (v/v) NaN3 stock solution (0.3 mM final concentration) followed
by stirring of the electrolyte for 1 min using a magnetic stirrer
before taking the CV.

2.4. Microbial community analysis

Microbial community analysis was carried out on electrode
samples. PCR amplified 16S rRNA gene fragments from the micro-
bial community on the electrode were sequenced using ion semi-
conductor sequencing technology targeting the V4eV5
hypervariable region of the 16S rRNA gene of bacteria and archaea
(481 base pairs). A small piece of electrode weighing ca. 0.25 g was
cut from the carbon felt electrode and the DNA extracted using a
DNA isolation kit (MO BIO, USA). PCR was carried out on the
extracted DNA using a barcoded V4f primer and a non-barcoded
V5r primer, with the PCR reagents provided from a kit following
the manufacturer’s instructions (MegaMix-Blue, Cambio, UK).
Following initial denaturation at 94 �C for 4 min, 30 cycles of PCR
were carried out using a thermal cycler (Techne TC-512 Thermal
Cycler, Bibby Scientific, Staffordshire, UK) with the following pro-
gram; 94 �C for 30s, 56 �C for 30s, 72 �C for 45s. At the end of the 30
cycles, the temperature was held at 72 �C for 7 min. The resulting
PCR products were purified by two rounds of purification using
AMPure XP magnetic bead purification, following the manufac-
turer’s protocol (Beckman Coulter, USA). Purified PCR products
were quantified using a Qubit fluorometer (Life Technologies, USA).
The purified PCR products were then pooled and diluted to 26 pM.
Template preparation was then carried out on the pooled sample
using the Ion OneTouch (Life Technologies, USA) procedure before
sequencing using an Ion Torrent Personal Genome Machine (Life
technologies, USA).

The resulting community 16S rRNA gene sequence data were
processed using QIIME [40]. The sequences were clustered into
OTUs at 97% sequence identity, corresponding to species-level
discrimination using the UCLUST clustering method. Representa-
tive sequences from each OTU were determined based on the most
abundant sequences in each OTU and their taxonomic affiliation
was assigned using the Greengenes database. An OTU table was
built based on the assigned taxonomy and number of times an OTU
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Fig. 1. Biofilm growth; (A) chronoamperometry for duplicate half-cells poised at �0.1 V and inoculated from activated sludge (error bars are the range), (B) CV in the presence of
oxygen at 0 and 61 days for the first duplicate half-cell, and (C) CV in the presence of oxygen and azide recorded at the end of the operational period for the first duplicate half-cell.
Equivalent CV to B and C for the second duplicate half-cell can be found in Supplementary material as Fig. S3.
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appeared in each sample. The sequences were then aligned using
the PyNast algorithm to a pre-aligned database of template se-
quences from the Greengenes database, the alignment was filtered,
and chimeric sequences were identified using the ChimeraSlayer
algorithm and removed. The OTUs were plotted graphically ac-
cording to taxonomic assignment, and a beta diversity distance
matrix was calculated using weighted UniFrac for all samples in the
study. This was analysed using principal coordinates analysis. A
phylogenetic tree containing only Gammaproteobacteria was
calculated using FastTree [41], and using 16S rRNA sequence data
obtained from the present study and fromGenBank. Representative
sequences for the four most abundant uncultured Gammaproteo-
bacteria OTUs from this study (denovo3034, denovo4677, denovo5
and denovo6950) were deposited in GenBank. They are accessible
in GenBank under accession numbers KX230045, KX230046,
KX230047 and KX230048.

2.5. MFC polarisations using dual chamber MFCs

The Pt cathode of an existing dual chamber glass MFC was
replaced with an aerobic biocathode grown in a poised-potential
half-cell (secondary inoculum, �0.1 V poised-potential), with an
area of 12 cm2. The setup for this MFC is given in the
Supplementary material for this article. The biocathode was culti-
vated as described previously and connected to a gold plated tita-
niumwire. The bioanode used carbon felt support, with the area of
33 cm2, and was connected via a 316 stainless steel rod. Ag/AgCl
reference electrodes were inserted into both bioanode and bio-
cathode chambers to measure the anode and cathode potentials
respectively. The same minimal medium as in the half-cells was
used in the cathode chamber of the MFC, with the exception that
50 mM of pH 7.0 phosphate buffer was used instead of pH 5.8
phosphate buffer. The bioanode used the same minimal medium as
at the biocathode, but with the addition of 1.0 g L�1 of sodium
acetate. Polarisation curves were recorded by varying the external
resistance from high to low values in 20 min intervals (open circuit,
then 534,000 Ue52 U), whilst recording the cell voltage, cathode
potential and anode potential simultaneously. In order to assess the
improvement in MFC performance that an aerobic biocathode
biofilm makes, the same MFC was tested with a plain carbon felt
electrode with no biocathode biofilm. Additionally, a carbon paper
electrode of the same geometric area coated with Pt/C ink con-
taining Pt at 0.57 mg cm�2 loading was also tested. The Pt ink
contained Pt/C (20% Pt byweight, Alfa Aesar) and 10% Nafion binder
(Nafion resin solution with 5% by weight Nafion, Sigma Aldrich),
and was prepared and applied to the carbon paper electrode as
described elsewhere [42].

3. Results and discussion

3.1. Electrochemical analysis

3.1.1. Aerobic biofilm growth
The average chronoamperometric (CA) current with time for the

duplicate activated sludge inoculated aerobic biocathodes poised at
�0.1 V was determined (Fig. 1). From 0 to 50 days, the average CA
reduction current was less than 5 mA cm�2 (inset) and the open-
circuit potential (OCP) less than 0.1 V. At 50 days, the reduction
current increased to 204 ± 80 mA cm�2 and the OCP to 453 ± 14 mV
for the rest of the operational period (Fig. 1). CV on the two half-
cells at 61 days, after a considerable increase in CA reduction cur-
rent and OCP for both half-cells, were markedly different in com-
parison to CV spectra taken at 0 days (Fig. 1B. Equivalent CV for the
duplicate half-cell can be found in Supplementary material). This
resulted from the appearance of an ORR wave with an onset po-
tential value of þ0.4 V, which is considerably more positive than
the abiotic ORR wave at t ¼ 0 days with an onset potential of
approximately �0.1 V. The high onset potential of 0.4 V has been
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observed previously in the literature, and is believed to be due to
the activity of aerobic, electrotrophic bacteria [35], which are
thought to gain energy for metabolism and growth by using elec-
trons derived from the electrode to generate ATP and to fix CO2 into
biomass, simultaneously catalysing the ORR.

There were significant differences in enrichment times,
depending on how the half-cells were inoculated. The half-cells
inoculated from activated sludge took 47e56 days to enrich (CA
reduction current > 100 mA cm�2), which was significantly greater
than the half-cells inoculated with effluent from an operating
biocathode, which took between 3 and 9 days to enrich. This dif-
ference is due to inoculation from effluent enriched in electroactive
bacteria in the case of the secondary inoculum half-cells, whilst
enrichment from activated sludge takes a much longer period of
time, as the electroactive bacteria are likely in much lower abun-
dance from activated sludge. One theory for the long enrichment
time from activated sludge is that the presumed autotrophs which
are responsible for ORR catalysis in aerobic biocathodes are sup-
pressed due to competitive heterotrophic microbial growth fed on
the organic break down products from activated sludge
decomposition.
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Fig. 2. CV (m ¼ 5 mV s�1) recorded in the presence (solid lines) and absence (dashed
lines) of oxygen for half-cells using different poised-potential and inoculum; (A)
�0.1 V/activated sludge inoculum, (B) �0.1 V/half-cell effluent inoculum and
(C) þ0.2 V/half-cell effluent inoculum. Features 1: ORR wave, 2: oxidation peak, and 3:
reduction peak. Equivalent CV to A, B and C for the duplicate half-cells can be found in
Supplementary material as Fig. S4.
3.1.2. Determining bacterial ORR activity using azide inhibitor
To determine if the ORR current observed in the CV was related

to a putatively ATP-producing bacterial electron transport chain,
the half cells were treated with sodium azide [43]. Azide inhibits
cytochrome c oxidase, an enzyme which catalyses the reduction of
oxygen to water in the electron transport chain of many aerobic
bacteria. Aerobic bacteria which use the electrode as part of an
electron transport chain to generate ATP should be inhibited when
azide is added, and any associated ORR current should be signifi-
cantly reduced. The electrochemical response of the primary
inoculated half-cell polarised at �0.1 V to azide inhibition is shown
in Fig. 1 (Equivalent CV for the duplicate half-cell is given in
Supplementary material). The biologically catalysed ORR wave was
removed on addition of sodium azide (Fig. 1C, feature 1) while the
other redox peaks (Fig. 1C, oxidation peak e features 2, and
reduction peak e feature 3) were less affected. This demonstrates
that the ORR activity from the biocathode is linked with an oxygen-
reducing bacterial electron transport chain. This CV behaviour was
also apparent in the duplicate half-cell (see Supplementary
material). Additionally, sodium azide is also known to specifically
inhibit Gram negative bacteria [43e45], which indicates that the
bacteria responsible for the ORR activity are likely to be Gram
negative.
Table 3
Table showing the enrichment period and average CA current from all polarised half-
cells in the study. Standard deviations are given for the average currents.

Half-cell Chronoamperometry

Enrichment time
days

I (average)
mA cm�2

Activated sludge inoculum, �0.1 V 56 �195 ± 95
Activated sludge inoculum, �0.1 V 47 �212 ± 64

Half-cell effluent inoculum, �0.1 V 3 �208 ± 42
Half-cell effluent inoculum, �0.1 V 5 �155 ± 56

Half-cell effluent inoculum, þ0.2 V 9 �129 ± 37
Half-cell effluent inoculum, þ0.2 V 7 �130 ± 66
3.1.3. Effects of poised-potential on bacterial electron transfer
mechanisms

The average CA currents for the 6 polarised half-cells were
similar, with no statistically significant changes between the three
treatments (p ¼ 0.097, ANOVA), regardless of inoculation or
whether the poised-potential was �0.1 V or þ0.2 V (Table 3). It has
been reported previously that performance of aerobic biocathodes
is greatest when they are poised at þ0.15 V [35] and þ0.28 V [34],
however, no clear difference in performance was observed at the
two potentials used in this study.

To elucidate details of the mechanism of electron transfer
occurring at the electrode surface, CV were recorded in the pres-
ence and absence of O2 at the end of the experimental period for
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the polarised half-cells (Fig. 2. Equivalent CV for the duplicate half-
cells is given in Supplementary material as Fig. S4). Important
electrochemical features have been labelled (1e3) in Fig. 2. Feature
1 is an ORR wave present under aerobic but not anaerobic condi-
tions, whilst features 2 and 3 are an oxidation and reduction peak,
respectively, which are present under both aerobic and anaerobic
conditions.

In the spectra for all half-cells, the ORRwave (Fig. 2; feature 1) is
removed by sparging under N2. Further comparison of the CV under
N2 show how the half-cells polarised at �0.1 V still possess an
oxidation peak at þ0.2 V (Fig. 2; feature 2) and a reduction peak at
�0.05 V (Fig. 2; feature 3) in their spectra, which form a reversible
redox couple with a half wave potential (E1/2) of þ0.1 V. In the
absence of O2, this reversible redox peak must be associated with
an electrochemical reaction which is not coupled with O2 reduc-
tion. Therefore, the CV spectra show two distinct electrochemical
processes (EPs), one which is almost certainly an electron transfer
pathway coupled with oxygen reduction in a conventional ATP
generating electron transport chain, EP1 (Figs. 1 and 2; feature 1),
and a second reversible process, EP2 (Figs. 1 and 2; features 2 and
3), whichmay be a parallel electron transfer pathway or some other
unknown surface reaction occurring within the biofilm which
otherwise is not directly involved in oxygen reduction. Given that
no peaks are observed in the non-turnover CV (i.e. in the absence of
oxygen) near þ0.4 V, EP1 likely relates to oxygen reduction,
whereas if EP2 (Fig. 2, features 2 and 3) is an electron transfer
pathway to the bacteria, it could potentially be due to a bacterially
produced electron mediator or reversible oxidation of e.g. a cyto-
chrome interacting with the electrode surface, leading to a
reversible redox peak in the absence of O2.
An important observation is that the aerobic biocathodes poised
at �0.1 V possess both EP1 and EP2, whereas the aerobic bio-
cathode poised at þ0.2 V possesses only EP1. For EP2, the E1/2
of þ0.1 V for the redox couple means that it would be unable to
accept electrons from a cathode poised at þ0.2 V. This is consistent
with the observation that EP2 was not detected in systems where
the cathode was poised at this voltage. A cathode poised at þ0.2 V
could however donate electrons to a cell component with a more
negative potential than the þ0.4 V onset potential for the ORR
observed (Fig. 2), and is therefore theoretically able to donate
electrons to an ATP-generating electron transport chain between
the electrode and O2.

To see whether EP2 in cells poised at �0.1 V, was surface
absorbed or diffusive, CV were recorded in the absence of O2 at
different scan rates (v ¼ 1�25 mV s�1) for the duplicate half-cell
effluent-inoculated half-cell poised at �0.1 V, and the oxidation
and reduction peak heights were plotted against v and √v (Fig. 3).
Linearity was observed in the plots of peak height versus √v, which
implies that the reversible peak is diffusive and suggests that the
process is not confined to the surface of the electrode, and may be
indicative that EP2 represents a mediated electron transfer (MET)
process. However, there are other models which may also explain
this behaviour. For example, it has been proposed that Geobacter
sulfurreducens is able to use a network/chain of c-type cytochromes
to shuttle electrons to the electrode surface [46]. Such a network
may also produce a diffusive-like peak response in CV. The other
model proposed for Geobacter sulfurreducens is electron shuttling
via metallic-like nanowires from outer membrane cytochromes to
the electrode surface [47]. MET was previously suggested as a po-
tential mechanism of electron transfer for aerobic biocathodes by
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Freguia et al. [48]. The authors found an unidentified redox peak at
�270 mV and a redox peak at þ60 mV from pyrroloquinoline
quinone (PQQ) in the non-turnover CV of a biofilm of Acinetobacter
calcoaceticus. Addition of PQQ enhanced the catalytic current
response, and it was suggested that Acinetobacter calcoaceticuswas
able to use this as an electron mediator to catalyse electron transfer
from the electrode to the bacteria [48].

The energy available to the bacteria using electrons from an
electrode can be calculated by considering the Gibbs free energy,
given the following equation [49];

DG00 ¼ �nFDE00

where DE00 ¼ E00 (electron acceptor)e E00 (electron donor), n¼ 4 and
F ¼ 96.48 kJ mol�1. Using the Eonset of þ0.4 V (EP1) as the potential
for the terminal oxidase cytochrome c oxidase, for biocathodes
poised at þ0.2 V, DE00 ¼ 0.40e0.20 ¼ þ0.20 V and
DG00 ¼ �77 kJ mol�1 of O2, assuming electrons are accepted at the
potential of the electrode. If EP2 also represents an electron transfer
pathway which the bacteria are able to use to derive energy from
the electrode, then DE00 ¼ 0.40e0.10 ¼ þ0.30 V (using the redox
peak E1/2 of þ0.10 V as the electron donor potential) and
DG00 ¼ �116 kJ mol�1 of O2. The energy used to form 1 mol of ATP
from ADP is þ30.5 kJ mol�1 of O2 [49], therefore 3 molecules of ATP
could potentially be generated by bacteria utilising 4 electrons from
the electrode through EP2, or a maximum of 2 molecules of ATP
when the electrode potential is þ0.2 V.

This analysis demonstrates how the bacteria may adapt their
electron transfer pathways to different cathode potentials in order
to increase ATP yield. It has been shown previously that for Geo-
bacter sulfurreducens bioanode biofilms fed acetate, the appearance
of different redox peaks in their non-turnover CV is dependent on
the potential at which they were cultivated, suggesting that the
bacteria may regulate their use of different electron transfer
pathways in response to different applied potential [50]. This may
also be the case for aerobic biocathodes, but further electro-
chemical investigations are required.
3.2. Microbial community analysis of aerobic biocathodes with high
ORR activity

The bacterial communities on the working electrodes of all six
polarised half-cells and two unpolarised control half-cells were
analysed (Fig. 4). The most striking difference between the polar-
ised and unpolarised electrodes is the domination of the polarised
electrodes by sequences recovered from Gammaproteobacteria
belonging to a group not represented by any known cultured or-
ganisms. These accounted for 23.3e44.3% of the total sequences
from the polarised electrodes, and only 0.5e0.7% for the unpo-
larised electrodes.

When comparing the communities explicitly through weighted
beta diversity, 95% of the total diversity could be explained by the
first four axes from the principal coordinates analysis, with 65%
explained by the first axis, 15% explained by the second, 8% by the
third and 7% by the fourth. For the first two axes, explaining 80% of
the observed variation, the polarised half-cells clustered away from
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the non-polarised controls, showing that the polarised and non-
polarised communities were distinct from one another. For the
next 15% of community variation, the poised-potential half-cells
remained clustered apart from the non-polarised communities.
Additionally to this, the half-cell effluent inoculated half-cells
poised at both �0.1 and þ0.2 V clustered tightly together, and
separately to the activated sludge inoculated half-cells poised
�0.1 V, indicating that inoculum type influenced community
composition more than poised-potential.

An OTU representing a group of uncultured Gammaproteobac-
teria dominated the communities of the polarised half-cells, and
were in low abundance on the electrodes of non-polarised half-
cells. Therefore, these bacteria are likely to play an important part
in the biologically catalysed ORR. This would be consistent with the
fall in ORR current on addition of azide, as azide selectively inhibits
Gram-negative bacteria, such as Gammaproteobacteria, and not
Gram-positive bacteria [43e45]. There was a lower percentage of
reads associated with uncultured gammaproteobacterial OTUs for
activated sludge inoculated half-cells poised at �0.1 V (23.3%,
30.6%) in comparison to the secondary inoculate half-cells (40.4%,
44.3%), which is consistent with these cells clustering away from
the others more strongly in the comparative analysis (Fig. 4C).

Comparison of the uncultured Gammaproteobacteria identified
in this study with named Gammaproteobacteria from various aer-
obic biocathode studies from the literature
[13,20,22,24,26,29,36,48,51e54] was carried out by constructing a
phylogenetic tree from 16S rRNA gene sequences from GenBank
and recovered in this study (see Supplementary material). Repre-
sentative sequences for the four most abundant uncultured Gam-
maproteobacteria OTUs from this study, denovo4677 (56%),
denovo3034 (9%), denovo6950 (6%) and denovo5 (3%), were
included in the phylogenetic analysis (abundances in brackets are
relative to the number of sequences assigned as uncultured Gam-
maproteobacteria). They form a monophyletic clade (highlighted
red in Fig. S5 of Supplementary material) with uncultured Gam-
maproteobacteria isolated from steel waste (EU447525.1,
EU447521.1 and EU447526.1) [36] and those dominant on a
graphite electrodes in the study by Rothballer et al. (KJ600342.1,
KJ600388.1 and KJ600599.1) [22].

The uncultured Gammaproteobacteria which were found to be
dominant on polarised electrodes in this study are likely respon-
sible for the ORR activity of high-performing aerobic biocathodes
with an ORR onset potential þ0.4 V. Additionally, according to the
phylogenetic analysis (Fig. S5 of Supplementary material), closely
related bacteria have also been found to be dominant on other
high-performing biocathodes from the literature.

3.3. MFC performance with an aerobic biocathode

Performance of an operational MFC with a plain carbon felt
electrode, one with a biocathode biofilm, and a carbon paper
electrode of the same geometric area with Pt loading of
0.57 mg cm�2 was compared with both the anolyte and catholyte
buffered to pH 7.0 (Fig. 5). The MFC had a peak power density of
62 mW cm�2 when operated with a biocathode, 7 mW cm�2 when
operated with a plain carbon felt electrode, and 70 mW cm�2 with a
carbon paper electrode loaded with Pt.

In this MFC, enrichment of carbon felt with aerobic biocathode
bacteria increased the peak power density of the MFC by almost an
order of magnitude in comparison to plain carbon felt, and the
biocathode gave 89% of the peak power density of theMFCwith a Pt
cathode. It can be observed from Fig. 5(b) that the potential of
anodes of the MFCs were the same, whereas the cathode potential
was different depending onwhich cathode was used. This indicates
that the differences in power output of the MFCs are due to the
different cathodes used. The use of an aerobic biocathode is a
promising alternative to Pt cathodes. The performance of this aer-
obic biocathode MFC compared favourably with other aerobic
biocathode MFCs from the recent aerobic biocathode MFC litera-
ture, with peak powers of 68 mW cm�2 [55], 110 mW cm�2 [14],
50 mW cm�2 [56] and 38 mW cm�2 [57].

4. Conclusions

Aerobic biocathode with an onset potential for the ORR
of þ0.4 V for ORR have been successfully developed. The poised-
potentials applied during biofilm enrichment may affect the elec-
tron transfer mechanism. Community analysis shows that an un-
cultured group of Gammaproteobacteria dominated in the aerobic
biocathode communities. These bacteria are likely responsible for
the oxygen reduction activity, given their low abundance in non-
polarised control communities, and should be a target for isola-
tion and further characterization as part of future work. Microbial
fuel cell polarisations have been conducted using both a bioanode
and aerobic biocathode. The results from MFCs show a 9-fold in-
crease in power output with an aerobic biocathode (62 mW cm�2),
compared to an unmodified carbon felt cathode (7 mW cm�2). This
peak power output was comparable to the peak power output
obtained from a Pt cathode (70 mW cm�2). This indicates that the
aerobic biocathode can provide a promising self-sustained, free to
use, stable alternative to chemical catalysts for ORR in MFCs.
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