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did produce any current (29). There are other reports
demonstrating that pure cultures of Shewanella oneidensis
and Geobacter sulfurreducens do not produce as much power
in MFCs as the mixed cultures in air-cathode MFCs (30-32).
Isolates have so far not been obtained for biocathodes
demonstrating oxygen and nitrate reduction or hydrogen
evolution (16, 33, 34). We are in the process of isolating
microorganisms from this methanogenic biocathode.

Further evidence to support methane production without
the need for hydrogen evolution was obtained by chemically
removing hydrogen gas and examining current generation
using LSV. When the cathode was coated with a hydrogen
scavenger (1,4-diphenyl-butadiyne) (35), current densities
were not increased compared to those obtained with an
uncoated electrode. More detailed information on the
hydrogen scavenging results and additional control experi-
ments that were conducted to eliminate the possibility that
hydrogen evolution supported methane generation can be
found in the Supporting Information.

If direct current transfer is indeed occurring to metha-
nogens, the mechanism(s) by which this occurs will need to
be discovered. Electron transfer mechanisms to dissimilatory
iron respiring bacteria (DIRB) are still being debated, with
most strains having been found to be capable of growth using
an electrode (1, 19, 20). However, some DIRB cannot grow
using an electrode, while others capable of growth with an
electrode cannot use iron (21-23). Moreover, some iron
reducing bacteria such as Shewanella oneidensis may have
multiple mechanisms of electron transfer that include self-
produced flavins and nanowires (36, 37). Electron transfer

also appears to be possible in both directions (i.e. to and
from the cell). The iron reducing bacterium Geobacter
sulfurreducens can transfer electrons to an anode, for
example, but it can also accept electrons from the cathode
for cell respiration with nitrate (38). Whether the same
pathway is used for the cell to donate and accept electrons
is not known. Gram positive bacteria capable of glucose
fermentation to hydrogen have been found to respire in an
MFC using the anode (39), and recently it was found that a
cathodic biofilm accepted electrons and released hydrogen
gas (16). Bacterial biofilms on MFC cathodes have also been

FIGURE 3. The cathode biofilm examined by (A) SEM of cells on the carbon cloth and (B) fluorescence microscopy of extracted cells
using the Methanobacterium-specific probe MB1174-Alexa Fluor 488 (green).

FIGURE 4. Linear sweep voltammograms of cathodes in the
presence and absence of a biofilm (1.0 mV/s using CO2
saturated medium, 100 mM PBS).

FIGURE 5. (A) Methane gas production from the mixed culture
biofilm (CH4-mixed) is very large compared to hydrogen gas
production in the absence of a biofilm (H2-abiotic). No hydrogen
gas was detected in mixed biofilm tests. Inset: Methane gas
production is lower using a biocathode with a pure culture of
M. palustre (CH4-Mp), but this gas production is still larger
than that of an abiotic cathode (H2-abiotic). A trace level of
hydrogen gas (<0.01%) was detected in tests with M. palustre.
(B) Current densities measured using the mixed culture biofilm,
M. palustre, or in the absence of microorganisms (applied
potential of -1.0 V).
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New sustainable methods are needed to produce renewable
energy carriers that can be stored and used for transportation,
heating, or chemical production. Here we demonstrate that
methane can directly be produced using a biocathode containing
methanogens in electrochemical systems (abiotic anode) or
microbial electrolysis cells (MECs; biotic anode) by a process
called electromethanogenesis. At a set potential of less
than -0.7 V (vs Ag/AgCl), carbon dioxide was reduced to
methaneusingatwo-chamberelectrochemical reactorcontaining
an abiotic anode, a biocathode, and no precious metal
catalysts. At -1.0 V, the current capture efficiency was 96%.
Electrochemical measurements made using linear sweep
voltammetry showed that the biocathode substantially increased
current densities compared to a plain carbon cathode where
only small amounts of hydrogen gas could be produced. Both
increased current densities and very small hydrogen production
rates by a plain cathode therefore support a mechanism of
methane production directly from current and not from hydrogen
gas. The biocathode was dominated by a single Archaeon,
Methanobacterium palustre. When a current was generated
by an exoelectrogenic biofilm on the anode growing on
acetate in a single-chamber MEC, methane was produced at
anoverallenergyefficiencyof80%(electricalenergyandsubstrate
heat of combustion). These results show that electrometha-
nogenesis can be used to convert electrical current produced
from renewable energy sources (such as wind, solar, or
biomass) into a biofuel (methane) as well as serving as a method
for the capture of carbon dioxide.

Introduction
Increasing competition for fossil fuels, and the need to avoid
the release of carbon dioxide from combustion of these fuels,
has increased the search for new and sustainable approaches
for energy production. Two new methods of bioenergy
production from biomass include electricity production using
microbial fuel cells (MFCs) and hydrogen production by
electrohydrogenesis using microbial electrolysis cells (MECs)
(1, 2). Electricity generation in an MFC is spontaneous with
oxidation of organic matter such as acetate by electrogenic
bacteria on the anode (EAn = -0.2 V vs standard hydrogen
electrode) and oxygen reduction at the cathode (ECat = 0.2
V), with a working cell potential of approximately 0.4 V and

a theoretical potential as high as 1.1 V under neutral pH
conditions (1). The MEC is a type of modified MFC that has
been used to efficiently store electrical energy as a biofuel
(hydrogen gas) (2). Hydrogen gas evolution from the cathode,
however, is not spontaneous (3-5). The voltage produced
by electrogenic bacteria on the anode using a substrate such
as acetate (EAn = -0.2 V) is insufficient to evolve hydrogen
gas at the cathode (Ecell ) -0.414 V, pH)7). By adding a
small voltage, hydrogen gas can be produced using MECs at
very high energy efficiencies evaluated in terms of just
electrical energy alone (200-400%) or both electrical energy
and substrate heat of combustion energy (82%) (3). One
disadvantage of electrically assisted method of hydrogen
production (electrohydrogenesis) is that a precious metal
catalyst such as platinum is usually used on the cathode.
Hydrogen compression is also an energy-intensive process,
and hydrogen storage can be problematic (6).

Renewable biomethane is typically produced by metha-
nogens from a few substrates such as acetate, formate, and
biohydrogen gas in anaerobic digesters (7). Based on
thermodynamic calculations, methane could also be pro-
duced electrochemically through carbon dioxide reduction
at a voltage of 0.169 V under standard conditions, or -0.244
V under more biologically relevant conditions at a pH)7, by
the reaction

This suggests that methane could be produced without an
organic fuel, at about the same potential needed for hydrogen
production with an organic fuel (such as acetate). Methane
production by eq 1 has the added advantage of CO2 capture
into a fuel (but not sequestration). A purely electrochemical
route of methane production in practice is energy intensive
due to high electrode potentials and the lack of suitable
catalysts able to efficiently reduce this overpotential (8). The
required voltage could theoretically be eliminated when using
an organic substrate due to a positive electrochemical cell
potential for methane production (Ecell)0.071 V with acetate),
compared to a negative potential for hydrogen production.
This thermodynamically favorable reaction of acetate con-
version to methane is the reason why acetoclastic metha-
nogenesis occurs in nature and in engineered anaerobic
digesters.

Substantial methane production has been reported in
recent MEC studies (5, 9-13), but the source of this methane
appears to be acetate via acetoclastic methanogenesis and
hydrogenotrophic methanogensis using hydrogen gas pro-
duced in the process. Methane generation in anaerobic
digesters originates mostly from acetate (70%) with a smaller
portion from hydrogen gas (14). In contrast, methane
generation in MECs may be more likely from hydrogen gas
than acetate. Clauwaert et al. (10) measured a methane
production rate of 0.28-0.75 L/L-d in several MEC experi-
ments at an applied voltage of ∼-0.8 V but found only 0.17
L/L-d with no applied potential, suggesting that 23-61% of
the methane was derived from acetate. Liu et al. (15) found
no methane generation in a reactor consistently operated in
an open-circuit mode compared to otherwise identical MECs
operated at -0.7 V, suggesting hydrogen was needed for
methane production. Eliminating bicarbonate from the
medium has helped to reduce methanogenesis is some
studies (16) but not in others (10). Organic loading is clearly
a factor in methane production, with long reaction times
and increased substrate concentrations increasing methane
production (2, 5). Most evidence suggests that in these
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V), with a working cell potential of approximately 0.4 V and
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the methane was derived from acetate. Liu et al. (15) found
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biofilm development, we were able to quantify apparent
growth rates, yield, and electron transfer rates by this model
metal-reducing bacterium at different growth stages and
across a range of thermodynamic conditions. In general,
these experiments reveal an early phase where this pathway
must be established, and a subsequent network of redox
proteins connecting cells to surfaces that is remarkably
consistent, and able to communicate electrons across
relatively long distances, with little change in the overall
mechanism.

G. sulfurreducens shows rapid self-assembly on electro-
des, and even cells grown with soluble fumarate as an
electron acceptor are apparently immediately capable of
some degree of extracellular electron transfer. For an
organism selected in the environment (and the laboratory)
for interactions with charged Fe(III) and Mn(IV) surfaces,
the increase in anodic (oxidation) current reflects a fortu-
itous affinity between cells and polycrystalline graphitic
electrodes, as well as favorable orientation of at least one
redox protein close enough to the surface to allow direct
electron transfer. However, the low electron transfer rates
per unit of initially attached protein (Fig. 2) also shows that
these first colonizers may not possess a full complement of

redox proteins, or their redox proteins are not yet in optimal
contact with electrodes, analogous to how many bacteria
require retraction of type IV pili or flagellar motility to
overcome local electrostatic interactions and firmly adhere
to surfaces.

The fact that rates of growth following this initial attach-
ment phase rivaled those of planktonic cells utilizing soluble
Fe(III) showed that electron transfer across this cell-
electrode connection was not limiting, in terms of its ability
to carry electrons from cells to the electrode surface. This
rate could be sustained for days when the lowest levels of
inoculum were used, (Fig 1B), and was never affected by
removal of planktonic bacteria. Individual G. sulfurredu-
cens cells can clearly respire, generate ATP, and double as
fast using an insoluble acceptor (in this case an electrode) as
with a soluble acceptor, when the surface area and attach-
ment is not a limiting factor.

While the first layers of cells experience near-optimal
conditions, the slowing rate of anodic current increase as
colonization progressed revealed a developing limitation to
electron transfer as multiple cell layers were added. A
simple hypothesis for this could be the transition from
daughter cells being able to expand in two (sideways or
upwards), to only one (upwards) dimension, limiting the
area available for new colonization. The final plateau in
current density suggests the existence of a barrier to
accumulation of a biofilm beyond this thickness. Multiple
researchers have proposed !proton escape" from the thick-
ening biofilm as a key factor in this limit [44 – 46]. This
calculation explains forces that oppose charge transfer, and
agrees well with many experimental observations. It does
not explain why these high rates of respiration (e.g., the high
current/unit protein) are not resulting in progressively
thicker biofilms. To explain this phenomenon, cells may be
responding to the lack of available expansion (within the
biofilm) or attachment (on top of the biofilm) sites, or may
be expending significant metabolic energy to compensate
for local pH differences.

We observed no evidence for a dramatic change in the
redox interface, or model for electron transfer between cells
and electrodes at any phase of growth. At all time points, the
rate-controlling electron transfer process was centered at a
similar potential, and resistive behavior or new electron
transfer reactions were not detected. No unusual waveforms
appeared at later stages of growth, which would have
suggested developing heterogeneity in protein orientation
or binding. This has significant implications for simplifying
the model of electron transfer from cells to electrodes, as
was described by [26].

3.8. Insights from Lower Potential Experiments

Another surprising finding was that, even when grown at
þ0.24 V, G. sulfurreducens reached its maximum rate of
electron transfer at a driving force of about "0.05 V,
essentially ignoring over 50% of the energy in the available
electron acceptor. Even when grown at lower potential

Fig. 7. (A) Representative cyclic voltammetry (1 mV/s) of
biofilm starved of electron donors for 24 h, showing baseline-
subtracted data. (B) Comparison of baseline-subtracted peak
heights for two independent films subjected to increasing scan
rates, showing linear dependence on the square root of scan rate.
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Time	line	
	

Sept	2015	
Mon	started	

A.	ordered	potenGostats	
June	2015	

Nov	2015	
A.	started	

End	of	dec	2015	
PotenGostats	arrived	

Feb	2016	
Mon	tests	the	
PalmSense	mulGstat	
with	Geobacter	
	

Jan	2016	
ordered	a	8-
channel	mulGstat	

Feb	2016	
The	8-channel	
mulGstat	arrived	

Oct-Nov	2015	
Mon	tests	
Methanosarcina	and	
sludge	in	MES	using	a	
powersource	
	

Feb	2016	
A.	tests	Clostridium	in	MES	using	
the	AMEL	potenGostats	
	

Jan	2015	
Mon	tests	AMEL	
potenGostats	with	
Geobacter	
	

Special	
glassware	
ordered	

NEXT	



What	next?	



	
H2	sensor	test	

ComparaGve	
Methanosarcina	
Methanosaeta	
Transcript-/prote-ome	
	
	

NEXT	

Methanosarcina	
Methanosaeta	
	on	cathodes	
	

Digester	community	
on	cathodes	
	

OpGmize	consorGa	
on	cathodes	
	

Gene-deleGon	studies	
Methanosarcina	
	
	

PEOPLE:	Mon,	Karen,	Amelia,	Bo,	Lars,	Lars-Peter,	Niels-Peter,	Cornelia	
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