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ABSTRACT: Improving microbial fuel cell (MFC) perform-
ance continues to be the subject of research, yet the role of
operating conditions, specifically duty cycling, on MFC
performance has been modestly addressed. We present a
series of studies in which we use a 15-anode environmental
MFC to explore how duty cycling (variations in the time an
anode is connected) influences cumulative charge, current, and
microbial composition. The data reveal particular switching
intervals that result in the greatest time-normalized current.
When disconnection times are sufficiently short, there is a striking decrease in current due to an increase in the overall electrode
reaction resistance. This was observed over a number of whole cell potentials. Based on these results, we posit that replenishment
of depleted electron donors within the biofilm and surrounding diffusion layer is necessary for maximum charge transfer, and that
proton flux may be not limiting in the highly buffered aqueous phases that are common among environmental MFCs.
Surprisingly, microbial diversity analyses found no discernible difference in gross community composition among duty cycling
treatments, suggesting that duty cycling itself has little or no effect. Such duty cycling experiments are valuable in determining
which factors govern performance of bioelectrochemical systems and might also be used to optimize field-deployed systems.

■ INTRODUCTION
Microbial fuel cells (MFCs) harness the catabolic activity of
microorganisms to convert chemical energy into electrical
energy.1,2 Electroactive microorganisms facilitate the exchange
of electrons to and from solid-phase electron acceptors or
donors through diverse physiological mechanisms that we will
broadly refer to as extracellular electron transfer (EET).2−9

MFCs operated in nature, or in comparable, industrial
conditions such as sewage treatment plants, are referred to
herein as environmental microbial fuel cells (eMFCs), and
typically host a diversity of microbes on the anode that may be
directly or indirectly involved in EET.2,10,11

MFCs have been the subject of much research in the past
decade,12−14 largely driven by the possibility to produce
substantial amounts of carbon-neutral energy from organic
matter, including wastewater, as well as the promise of
catalyzing the efficiency of industrial processes that rely on
microbial catabolism.15−19 There have been a number of
suitable implementations of eMFCs for small-scale power
generation, such as unattended power supplies for distributed
sensors,20,21 though power from eMFCs is often below the
amount required for most conventional external devices. For
example, numerous eMFC studies report power densities
ranging from 20 to 1500 mW·m−2 normalized to anode
area,22−27 with systems using defined media producing more
power in general.10 Moreover, additional losses are often

incurred when scaling up MFCs, which result from design and
technological constraints.28−30 To increase the efficacy of
MFCs, in particular eMFCs, in power production, recent
studies have endeavored to increase power through the use of
particular microbial phylotypes,31−34 varying electron do-
nors,35−37 electrode materials,38,39 the addition of electro-
chemically active compounds6,8,40,41 to facilitate electron
transfer between the microbes and the electrode, and
optimizing system function and architecture, through various
buffers27,42 and use of selective membranes.43

Whereas the influence of design factors on MFC perform-
ance has been extensively studied, the extent to which duty
cycling affects MFC performance has been of interest only
recently and is further addressed in this study. Recent duty
cycling experiments performed by connecting and disconnect-
ing to an external resistor in an MFC concluded that shorter
cycles lead to optimal power production.44 Previously, a
capacitor has been used in the external circuit to accumulate
charge and release bursts of current discharged either through
an external resistor45 or channeled back to the anode as in a
microbial electrolysis cell.46 In these studies, the circuit design
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resulted in a variable anode potential that can influence
microbial colonization and activity and, potentially, power
production.47,48

Fundamental to all MFCs are the limitations imposed by the
diffusion of substrates and products into and out of microbial
cells and, in some cases, into and out of the microbial biofilm.
Recent laboratory studies using pure or defined cultures reveal
that substrate diffusion in the biofilm49 and proton diffusion
away from the anode42 limit current generation. These studies
highlight important factors that influence the electrode reaction
kinetics associated with MFC performance: donor-substrate
availability and utilization, electron transfer to the anode, and
proton diffusion away from the anode.
It is equally important to consider how these and other

factor(s) might govern power production in eMFCs. For
example, the extent to which the surrounding geochemical
environment or microbial community composition influences
bulk transport, alleviates diffusion limitation, and, ultimately,
affects power production is unknown. To this end, we
conducted a series of experiments in which we operated a
multiple anode eMFC (specifically a chambered MFC placed
atop marine sediments) to interrogate how three key factors
substrate and endproduct diffusion into and out of the biofilm,
microbial community composition, and geochemical condi-
tionsinfluence power production. Through cycling continuity
between anode and cathode at varying frequencies, geochemical
analyses, and molecular microbial phylogenetic analyses, we
characterized the relationship between current production and
cycling frequency, seawater geochemical composition and pH,
biofilm thickness, and microbial community composition. We
held the potential constant with a programmable load during
these experiments to eliminate variable potential as a
confounding factor. These data suggest that replenishment of
depleted chemical species within the biofilm and surrounding
diffusion layer is likely what governs maximum charge transfer
in these eMFCs. It is also worth noting that duty cycling had no
discernible effect on microbial community composition,
suggesting that gross community composition is unaltered by
duty cycling in these experiments. In brief, these data
collectively underscore the importance of considering a variety
of operational, geochemical, and microbial factors when
characterizing or optimizing MFC performance.

■ EXPERIMENTAL METHODS
System Design and Operation. We built a multianode

chambered benthic MFC (Figure S1) in an aquarium (40 cm
deep × 60 cm long × 30 cm high) filled with saltmarsh
sediment recovered from Winthrop Harbor, MA to a height of
approximately 24 cm. The remainder of the tank was filled with
natural aerated seawater. The multianode MFC consisted of 15
graphite anodes, housed in sets of three, in five independent
semi-enclosed acrylic chambers. Anodes were fabricated from
cylindrical graphite rods (1.25 cm diameter × 1.25 cm high).
Each chamber was 7 cm in diameter and 15 cm high, and were
pushed approximately 10 cm into the sediment. The top of
each chamber was fitted with a gastight septum to enable fluid
sampling. All the anodes were connected to a programmable
relay board (model 34903A; Agilent Inc.) that enabled the
independent connection of each anode to a custom-built
programmable load (North-West Metasystems, Inc.).26 The
circuit effectively adjusts the external resistance to maintain a
user-defined whole-cell potential (in our case 0.5 V), so long as
actual whole-cell potential is not below the user-defined set

point. To eliminate variations in cathode performance, a single
1-m long graphite brush was used as the cathode for all
experiments. The cathode was placed in the overlying, air-
sparged seawater (S = 30 ppt, T = 10 °C) overlying the
sediment in the aquarium. Our measurements of constant
cathode potential during all duty-cycling treatments indicate
that our system was not cathode-limiting. An Ag/AgCl
electrode (MI-402; Microelectrodes, Inc.) was used as a
reference electrode in the overlying water. Electrode potentials
and current were measured using a digital multimeter (34970A;
Agilent Inc.) with 6 1/2 digits of resolution, 0.004% direct
current (DC) voltage, and isolated from the earth-referenced
circuitry and computer interface. A 20-channel multiplexer and
2 current channels module (34901A; Agilent Inc.) with a 60
channel·s−1 scan speed and 120 channel·s−1 open/close speed
was used to input electrode potential and current for
measurement.
The multimeter and relay bank were controlled through a

custom-designed LabVIEW interface with the capability to
execute a number of different experiments: (1) cycling among
all 15 anodes with a set switching interval (1.5 s data
acquisition), (2) cycling a single anode through variable ON
and OFF times (600 ms data acquisition), and (3) maintenance
of the anodes at a constant state (i.e., always ON or always
OFF). Cycling among all 15 anodes sequentially allowed
current to be drawn from one anode at a time, and single
experiments were conducted at different anode switching
intervals (3 s, 7.5 s, 15 s, 30 s, 60 s). The “ON” time was the
switching interval, i, and the “OFF” time was the total amount
of time it took to cycle back to the same anode, (n − 1) × i for
the general case of n anodes and 14 × i for our case of 15
anodes. Later, a single electrode was used for select duty cycling
experiments (where each condition was performed once),
wherein each set of cycling conditions was followed by a period
at open circuit until anode potential was within 1.5% of the
original open circuit value (to remove any experimental
carryover effects). Using a single anode in this manner enabled
the ON and OFF times to be investigated independently to
measure total cumulative current passed by the anode.
Selection of the cycling conditions, the ON and OFF times,
between consecutive experiments was varied to reduce any bias
in the system. In these experiments, the total sum of ON times
was normalized to one hour in order to compare how the OFF
time interval influenced total cumulative charge. Maintaining
constant continuity with a steady whole cell potential was used
to study pH changes within the pore water inside the core tube.

pH Measurements. pH was monitored inside one chamber
for nine consecutive days, during which the three electrodes in
the chamber were kept in the ON state. Fluid samples (2 mL)
were collected from within the chamber through the septa in
the lid at regular intervals, decanted into a 2-mL centrifuge tube
immersed in a 10 °C cold bath, and measured with a needle pH
electrode (MI-407; Microelectrodes, Inc.) with an Ag/AgCl
electrode (MI-402; Microelectrodes, Inc.) as reference using a
pH meter (AR20 Accumet; Fisher Scientific). All pH samples
and measurements were conducted in duplicate.

Dissolved Sulfide Measurements. Anode chamber fluid
was collected through the septa, and dissolved sulfide was
measured with a spectrophotometer sulfide kit scaled down to
handle sample volumes of 1 mL (LaMotte, Inc.). Absorbance
was measured with spectrophotometer (DU-650; Beckman-
Coulter) and was compared to a standard curve of known
concentration sodium sulfide samples prepared anaerobically.
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Both chamber fluid and a 10x dilution with Milli-Q water were
measured for an accurate reading on the standardization curve.
Assessing Changes in Anode Biofilm Diversity Across

Treatments.Microbial diversity was assessed by examining the
community diversity of the electrogenic biofilm growing on
four representative anodes maintained at four different duty
cycles: (a) always ON, (b) 1.8 s ON and 0.6 s OFF, (c) 1.8 s
ON and 41.4 s OFF, and (d) always OFF. After operating at
these conditions for four months, electrodes were removed
from the system and scraped with a sterile razor blade. Shavings
were scraped into sterile cryovials. In addition, sediments
underlying the electrodes were sampled using syringes with the
tips removed, and biofilm from inside each chamber were
sampled using sterile wipes (Kimberley Clark, Inc.). All samples
were flash frozen in liquid nitrogen and then kept at −80 °C
until further processing.
DNA was extracted using a PowerSoil DNA Isolation Kit

(Mo-Bio, Inc.) following the manufacturer’s protocol, with an
additional cell lysis protocol consisting of heating to 85 °C and
bead beating (FastPrep-24, MP Bio, Inc.) for 60 s at 6.5 m/s
after the initial extraction. DNA extractions were quantified
using a fluorometric assay (Qubit; Invitrogen, Inc.), and ranged
from 25 to 300 ng of DNA·cm−2 of electrode, with the anode in
the always OFF state having the least concentration.
16S rRNA genes were amplified by PCR with 28F (5′-

GAGTTTGATYMTGGCTC) and 519R (5 ′-GTAT-
TACCGCGGCTGGCTG) primers as previously described,50

and amplicons were sequenced via 454 Titanium pyrosequenc-
ing.51 Sequence sff files were analyzed with Qiime version
1.3.0,52 OTUs were picked with the optimal flag passed in
UCLUST with a 0.97 similarity threshold and a representative
set was selected based on the most abundant sequence and
aligned with PyNAST using the UCLUST pairwise alignment
method with a 0.75 minimum percent sequence identity to
closest BLAST hit to include sequence in alignment.
ChimeraSlayer was used to identify chimeric sequences before
the OTUs were assigned taxonomy with the RDP database at a
minimum confidence level of 80%.
Sequence sff files are available through the National Center

for Biotechnology Information Sequence Read Archive (NCBI
SRA) database under submission identification SRA049469.
Scanning Electron Microscopy (SEM) Sample Prep-

aration and Imaging. Anode subsamples for SEM imaging
were collected at the same time as those for DNA extraction. A
section of the anode was removed using a sterile cutter and
immediately placed in 2 mL of sterile 5% glutaraldehyde in
phosphate buffered saline (PBS), in a sterile 2-mL centrifuge
tube and held at 4 °C for 24 h. The samples were subject to
ethanol dehydration by placing the sample in 10%, 25%, 50%,
75%, and 100% ethanol (200 proof) PBS solutions for 5 min
each. The 100% ethanol solution was changed three times and
the sample was left in ethanol for critical point drying
(Autosamdri 815 A; Tousimis, Inc.) with a 15-min purge
time. The samples were adhered to SEM posts with carbon tape
and coated with platinum/palladium (208HR Sputter Coater)
at 40 mA current for 100 s and then imaged with a SEM at 10
kV (JEOL, Inc.).
Confocal Microscopy Sample Preparation, Imaging,

and Analysis. Anode sections were sampled as above, and
placed into a sterile 4% paraformaldehyde in PBS solution in a
2-mL centrifuge tube and refrigerated at 4 °C for 12 h. Samples
were placed in 100% PBS and kept at 4 °C. Prior to imaging,
each sample was placed with sterile tweezers in 500 μL of PBS

and 0.15 μL of SYBR Green I (Invitrogen), wrapped in foil, and
kept at room temperature for at least 15 min. Samples were
then placed in a PBS-filled glass-bottom dish (MatTek Corp.),
with the side to be imaged against the coverslip, and imaged
with a Zeiss 700 inverted confocal microscope using the 488-
nm laser and Zeiss filter set 38. For calculating biofilm thickness
measurements, confocal stacks were imaged at 20×, 40×, and
63× magnifications with typical z distances between each slice
being 1.7, 0.4, and 0.3 μm, respectively. Different magnifica-
tions were used to reduce any bias due to slice thicknesses. In
total, eight confocal stacks were acquired for always ON, short
OFF, and long OFF samples. Due to the inherent
heterogeneity of both the graphite surface and the biofilm
thickness, each image was analyzed with an ImageJ program
that subdivided each stack into a 10 × 10 grid and calculated
the local biofilm thickness based on signal intensity for each sub
region. The average biofilm thickness is from the values for sub
regions among all images for a given sample.

■ RESULTS AND DISCUSSION
Defining Mass Transfer Limitation in MFCs. In a MFC,

the magnitude of the steady-state current is usually limited by
one reaction, typically called the rate-determining step. The
more facile reactions are held back from their maximum rates
by the slowness with which the rate-determining step disposes
of their products or creates their reactants. The electron
exchange reaction at the electrodes can be represented by a
resistance term (R) composed of a series of resistances: mass
transfer between the bulk solution and near the electrode
surface, chemical reactions that occur within this region close to
the electrode, and surface reactions including adsorption, or
desorption, and electron transfer at the electrode (eq 1). A fast
reaction step is characterized by a small resistance, while a slow
step is represented by a high resistance.

= + + +‐ ‐R R R R Rmass tansfer chemical
reactions

surface
reactions

electron transfer

(1)

Generally, eMFC systems that are operated continuously
become mass-transfer limited. Previous studies have shown that
the power density of an eMFC is increased 4-fold by mixing the
fluids in the anode chamber.22 Similarly, the mass-transfer
resistance can be reduced by disconnecting the anode to enable
substrate depletion to dissipate through diffusion. Cycling a
series of anodes then is expected to lower the overall electrode
reaction resistance and increase the current produced, when
compared to a single anode under constant load.

Effect of Anode Switching on Cumulative Charge. In
our experiments we tested seven different anode cycling
intervals, in which the “ON” period is defined as the length
of time that a single anode was connected to a cathode. Using a
metric of cumulative charge per day, we observed an optimal
cycling interval of 15 s ON per anode (Figure 1a), which
yielded 17 coulombs per day. This optimal cycling interval is, to
a degree, a function of the number of anodes in our system,
which in this case determined the extent of OFF time. Notably,
the shorter time intervals of 3 and 7.5 s yielded less charge than
the optimal 15 s, most likely due to a shortened OFF time,
implying that there is a benefit to allowing the anodes to reside
at open circuit. In addition to the OFF time interval
dependence, the number of ON/OFF cycles varies with
switching interval. Single anode experiments were conducted
to remove the interdependence of the ON and OFF times in
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the 15 anode experiments. With a single anode, different
combinations of ON and OFF times were selected and duty
cycling continued until the total amount of ON time equaled 1
h. These single-anode experiments demonstrate that select
ratios of ON/OFF times yielded greater total charge
normalized to 1 h of total ON time (Figure 2).

Examining the current profile of an ON/OFF cycle in a
single-anode experiment (Figure S2) demonstrates how a
shorter switching interval leads to more cumulated charge due
to less time spent in the current profile’s plateau, where current
is modest. All current profiles (both single and multianode
experiments) exhibited ∼t1/2 decay rate that is typical when a
voltage step is applied to an electrode.53 This most likely results
from the expanding diffusion layer, ∂O(t), surrounding the
electrode where the oxidizing species are depleted. The
thickness of the diffusion layer depends on the time after the
voltage step (t) and the diffusion coefficient of the oxidizing
species (DO), grows with ∼t1/2 (eq 2) and reaches a maximum
when the concentration gradient through the diffusion layer
reaches a steady-state.53

∂ =t D t( ) 2O O (2)

The time shortly after connection when the diffusion layer is
thin, produces maximal current because the electrode is
surrounded by a high concentration of electron donors, be
they reduced chemical species that are abiotically oxidized by
the anode or microbial cells replete with charge from their
metabolic substrates.26,49

These experiments demonstrate the value of allowing the
system to spend time in open circuit if maximal current is a key
characteristic being optimized. At switching intervals shorter
than 15 s, the multianode experiments yielded less charge,
decreasing the overall benefit of a shorter ON time. Indeed,
previous experiments using pure cultures of S. oneidensis MR-
154 and Geobacter sulferreducens55 observe similar current
profiles (a transient peak with ∼t1/2 decay) following circuit
connection with peaks that increase in magnitude with longer
time spent in open circuit. The authors attribute the increased
current to the biofilm’s ability to store charge that accumulated
during the disconnection time. The transient current peaks
observed in our experiments are consistent with the discharging
of charge stored in the biofilm, but our data do not provide the
resolution needed to definitively attribute our results to this
phenomenon.

Recovery of Anode Potential during Cycling. To
further elucidate the effect of the OFF time to the overall
system performance, we examined the anode potential profiles
of the different switching intervals in the 15 anode experiments,
and observed that anode potential prior to the next ON time
which we refer to as recovered potentialis closer to the
original open circuit potential at longer time intervals (Figure
1b). During these experiments, 15 s is the shortest switching
interval where the anode potential nearly fully recovers to open
circuit potential, suggesting that for any given system a specific
combination of ON time and OFF time maximizes anode
potential recovery while increasing total cumulative charge. We
parameterized this anode recovery by calculating the anode
recovery percentage, which is defined as the ratio of the
difference between the anode recovered potential, VR, (Figure
S2a) and the anode closed circuit potential, VON, and the
difference between original open circuit potential, VOCP, and
anode closed circuit potential, VON (eq 3).

=
| − |

| − |
×

V V
V V

AR% 100R ON

OCP ON (3)

If the anode fully recovers during the OFF time, then this
anode recovery percentage is 100%. For each of the single
anode experiments, the average anode recovery percentage is
compared to the average height of the current peaks that occur
immediately after connection of the anode to the cathode. The
OFF time influences the anode potential and, when sufficient in
length, allows the anode to recover to open circuit potential,
which increases current when the anode is in continuity. The
data reveal, not surprisingly, that the longest OFF time yields
the greatest recovery (Figure 3). However, at OFF times less
than 10 s, anode recovery is never better than 20% and the
average height of the current peaks drastically decreases by half.
Thus, if optimizing for current, aggressive duty cycling may not
be any more beneficial than leaving the electrode in continuous
continuity.
To better understand the basis of these findings, we used a

resistor−capacitor in series as an equivalent circuit, although
typical equivalent circuits used to represent microbial fuel cells
contain more components when more analysis is desired.56,57

Figure 1. (a) Total charge cumulated over a 24-h period from
sequentially switching among 15 anodes at a specified interval (a single
anode is always connected to the cathode). The inset presents the
same data plotted on a linear x-axis to resolve the shorter switching
intervals. (b) Recovered potential of a single anode measured at the
end of each OFF time interval as a function of time for different
switching intervals. Recovered potential is the minimum potential
reached by the anode during one duty cycle. The open circuit potential
(OCP) prior to the experiment is plotted in red to demonstrate the
deviation of the recovered potential. OFF intervals of less than 15 s
demonstrate an inability of the anode to recover during repeated duty
cycles.

Figure 2. Cumulative charge per 1 h of combined ON time as a
function of the OFF time interval in the duty cycle experiment. Each
point corresponds to a single experiment at the specified ON and OFF
times. The curves are exponential fits, Y = A + Be−Cx, for illustrative
purposes only.
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An ideal voltage step experiment, where faradaic reactions
occur fast and charge transfer resistance is negligible, can be
represented by a bulk capacitance (C) and a resistance (R). It is
the same as in an RC circuit (eq 4) where applying a potential
step (V) has a current (i) and a response over time (t). At t = 0,
the height of the current peak is equivalent to V/R. In these
experiments, the anode potential is the same while connected,
therefore any change in the current peak height indicates a
change in the overall resistance in the electrode reactions; a
lower current means the reaction rate is limited.

= −i
V
R

e t RC/
(4)

When the height of successive current peaks and anode
recovery percentage is followed throughout the course of the
experiments, those with OFF times of less than 7 s show a
sudden drop in current peak height around 15% anode recovery
(Figure S3). Recall that each experiment starts at 100%
recovery because the system rested in open circuit and
proceeds to lower percentage values as the experiment
progresses. For the experiments with the longest OFF time,
498 s, the recovery percentage never drops below 80%. These
findings indicate that there is a threshold anode recovery
percentage below which the current passed during ON time
decreases substantially due to an increased resistance of the
electrode reactions.
To determine whether the anode potential is important for

recovery (represented by current peak height), we conducted
an additional series of single anode experiments where the
switching conditions were the same (1.8 s ON and 0.6 s OFF)
but the whole cell potentials were 0.25 V, 0.5 V, 0.6 V, and 0.7
V (Figure S4). These data reveal that the whole cell potential
modestly influences the height of the current peaks and does
not alter the minimum percentage of anode potential recovery
obtained during the course of the experiment, implying that
OFF time is important for reaching anode recovery.
Biofilm Constraints on Transport. Because our data

suggest that time is the critical parameter, it is apparent that
diffusion of metabolites, including protons, substrates, or both,
within the biofilm, is the major factor that governs current
production. To that end, we used the 1-D diffusion equation
(eq 2) to calculate a length scale associated with this time using
typical diffusion coefficients of substrates through a biofilm.
With these values, we empirically estimated a length of ∼100−
200 μm for substrates larger than protons, which have a range
of ∼400−600 μm (Table S1). As mentioned, the relationship
between time and diffusion coefficient calculates the diffusion
layer boundary surrounding the anode and, in our case, this
layer is comprised of both biofilm and surrounding liquid.

Imaging with SEM (Figure 4a and b) and confocal microscopy
(Figure 4c) demonstrate highly comparable biomass on all

active (cycled) anodes, demonstrating that interruption time
does not influence overall microbial mass. Confocal microscopy
shows that all active anodes have a similar thickness of 30 ± 10
μm (Figure 4c). Our calculated length is larger than the
thickness of the biofilm and, therefore, includes a diffusion layer
beyond the biofilm surrounding the anode. If the maximum
diffusion layer is on the same order of magnitude as a previous
study, which calculated a maximum diffusion layer distance of
∼50 μm,49 then 5−10 s corresponds to the amount of time it
takes for species to sufficiently pass through both the maximum
diffusion layer and the biofilm surrounding the anode. The
correspondence between time and length scales in our
experiment implies that our observed increase in electrode
reaction resistance may be attributable to the diffusion layer,
namely when it is at its maximum.
Through this analysis we cannot infer which metabolite in

particular is the limiting factor. However, it is known that
protons have a very high diffusion coefficient and we sought to
determine if this was an important factor in our system by
monitoring pH in the anode chamber. Previous experiments
have found that diffusion of protons from the anode biofilm to
the cathode is the rate-limiting step in current production.42

Herein, by maintaining all three anodes under continuous load
(which would result in the greatest excursion in pH) resulted in
a modest change in chamber seawater pH from 7.1 to 6.9 over a
period of 9 days (Figure S6). We determined that seawater with
1500 μM sulfide (comparable to our conditions of 1300−1700
μM) typically has a total alkalinity of 3.1 meq·L−1,58 which in
combination with sediment alkalinity provides highly effective
buffering of protons in solution. As previously observed, an
increase in the buffering capacity of the medium in a laboratory
MFC increases current production.42 Conversely, a study of
Geobacter sulferreducens biofilms on MFC anodes found a
striking reduction in pH within the biofilm.59 Although we are
unable to determine the extent to which the biofilm

Figure 3. Average height of the current peaks plotted versus average
anode recovery percentage. Each point represents a single experiment.
The markers are color coded to the OFF time used in that experiment.

Figure 4. (a, b) SEM images of (a) an anode that was continuously
connected to a cathode, and (b) an anode that was disconnected. Each
pair of images is of the same sample at two different magnifications:
600× (left) with a corresponding 20 μm scale bar and 2000× (right)
with a 10 μm scale bar. (c) Confocal microscopy z-profile of an always
ON anode (30 μm scale bar). Confocal stacks of the two duty-cycled
anodes (with short and long OFF times) have similar thicknesses.
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accumulates protons in these experiments, we have determined
that the modest change in seawater pH decreased seawater
alkalinity by less than 20%,60 and the remaining buffering
capacity of both the seawater and the sediments make it highly
likely that proton diffusion out of the biofilm into the well-
buffered mediaand conversely the diffusion of buffering
constituents into the biofilmwas both rapid and effective at
mitigating proton accumulation.
Microbial Community Composition of Anode Bio-

films. Analyses of the 16S rRNA gene sequences revealed that
microbial community composition was, at a coarse level, highly
similar among all active anodes (Figure 5). These communities

were dominated by Proteobacteria with at least 98%
representation, regardless of duty cycle. In contrast, the control
(open circuit) anode hosted 70% Proteobacteria. In all three
active anodes, we observed a significant enrichment of δ-
proteobacteria, representing ∼98% of all the 16S rRNA gene
sequences recovered from active anodes (Figure 5); 66% of the
sequences on the control electrode (always OFF) and 21% of
the sequences in the sediment were assigned to the δ-
proteobacteria. Sequences recovered from a nonelectroactive
biofilm accumulated on the inside of the chamber were
enriched with 85% γ-proteobacteria and 4% α-proteobacteria.
For the three active anodes, ribotypes allied to the genus
Desulfobulbus were dominant making up 96−97% of all
recovered gene sequences, but only 35%, 1%, and 0.4% of
the sequences from the control anode, sediment, and inside
biofilm, respectively (Figure S5). Although these high-
throughput sequence representations are not quantitative, the
clear dominance of these ribotypes strongly suggest they are the
dominant members of the community andafter establish-
ment of the communityare likely the dominant contributors
to power production.
Implications and Applications. Collectively, these data

provide a comprehensive empirical assessment of power

production as a function of duty cycling frequency and further
our understanding about which factor(s) influence and govern
power density in electroactive biofilms. Previous models have
suggested that proton diffusion limits power production, but in
the highly buffered conditions of this experiment and resolution
of our measurements, this does not appear to apply. Rather,
replenishment of metabolic substrates via diffusion into the
biofilm appears to govern power density and varying the ON−
OFF state enables these substrates to diffuse into these
substantial biofilms. In general, the evaluation of power output
curves in microbial fuel cells should take into account that
current after disconnection events can be considerably higher
than current produced under steady-state conditions. We do
recognize that we are unable to comment on the specific rate of
diffusion or acquisition of metabolites into the cells, or the
metabolic rate of sulfide oxidation, or electron shuttling via
outer membrane cytochromes or redox active shuttles, and
future experiments might aim to constrain these factors and
their role in eMFC performance.
Although it is apparent that the OFF time does not produce

current, and as such when integrated over time that duty
cycling may yield less total power, there is operational value in
duty cycling. First, this is relevant to applications where voltage
is boosted to harness energy or operate instrumentation, as the
higher input voltage results in greater power conversion
efficiency. Additionally, this may be relevant to the field of
bioelectrosynthesis wherein electrodes provide electrons as
reducing equivalents for the production of organic molecules,
e.g., biofuels or high-value pharmaceuticals. The ability of a
microorganism to utilize charge from a solid-phase electron
donor is influenced by the potential of that electrode, and the
availability of substrates in the surrounding media. With the
recent focus on electrosynthesis,66 duty-cycling to optimize for
these factors might well yield higher net product. It is equally
possible that in these systems the organisms do not require a
constant electrode potential to produce the desired output, and
switching anode connection could significantly reduce the
operating costs of running the system. As in these experiments,
there might be minimum anode potential beyond which the
current significantly decreases. It is important to fully
investigate the deployed system to make sure it is operating
above this minimum.
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