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The goal of this study was to quantify the relation between
the surface area of the current-limiting electrode of a microbial
fuel cell (MFC) and the power density generated by the

MFC. Shewanella oneidensis (MR-1) was grown anaerobically
in the anodic compartment of an MFC utilizing lactate as the
electron donor. Graphite plate electrodes of various sizes were
used as anodes. Commercially available air electrodes,
composed of manganese-based catalyzed carbon bonded to
a current-collecting screen made of platinum mesh, were used
as cathodes, and dissolved oxygen was used as the cathodic
reactant. The surface area of the cathode was always
significantly larger than that of the anode, to ensure that the
anode was the current-limiting electrode. The power density
generated by the MFC decreased as the surface area of

the anode increased, which fits well with the trend we detected
comparing various published results. Thus, our findings bring
into question the assertion thatthe overall power density generated
by an MFC with large electrodes can be estimated by
extrapolating from an electrode with a small surface area.
Our results indicate that the maximum power density generated
by an MFC is not directly proportional to the surface area of
the anode, but is instead proportional to the logarithm of the
surface area of the anode.

Introduction

Several authors have demonstrated that microbial fuel cells
(MFCs) can generate energy (I—8), and it is expected that
these devices can be scaled up to produce considerable
amounts of energy in the future. However, the utility of MFCs
is often judged based on the results of laboratory-bench-
scale studies, and the question needs to be asked whether
the amount of energy generated by MFCs is a linear function
of their size. It appears, initially, that this should be the case:
when the potential of an MFC remains constant, the current
passing through the current-limiting electrode is directly
proportional to the surface area of the electrode. Thus, when
the surface area of the electrode increases, the power should
increase proportionally. A necessary condition for this
assertion to be true is that the power density of an MFC does
not depend on the surface area of the current-limiting
electrode. However, when we plotted the published results
reporting power densities in various MFCs against the surface
areas of their current-limiting electrodes (Figure 1), the results
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showed that power density decreases rapidly when the surface
area of the current-limiting electrode is increased.

Figure 1 shows that the surface areas of the anodes
used by various researchers (2, 9—25) dramatically affected
the power density generated by the MFCs. For example,
inlaboratory scale-MFCs, when the projected surface area
of the electrode was 2 cm?, the reported power density
amounted to an impressive 3000 mW/m (2) (12, 13), but
in another work, in which the projected surface area of the
anode was much larger, 232 cm?, the reported maximum
power density reached only a modest 26 mW/m? (15). The
sediment microbial fuel cells which are deployed in the
field also fit with the trend of decreasing power density
with increasing surface area (Figure 1). For example, when
the projected surface area of a sediment microbial fuel
cell was 1830 cm?, the maximum power density was 28
mW/m? (2). A similar trend is easy to detect in other
published works and, as Figure 1 shows, when the surface
area of the current-limiting electrode is increased dra-
matically, the reported power density reaches very low
values. The trend shows that when the surface area is
smaller than 10 cm?, there is a steep climb in the reported
power density. The decrease in power density is not
profound when the surface area exceeds 50 cm?.

Even though the trend exhibited by the data in Figure 1
is convincing, it can not be used to compute the relation
between the power density and the surface area of the
electrodes with confidence. The data points shown in Figure
1 were generated using different experimental systems,
different electrode materials, different types of microorgan-
isms, and different medium compositions; some of the MFCs
were laboratory-scale devices operated under well-controlled
conditions and some were larger-scale devices operated
under field conditions—sediment MFCs oxidizing sub-
stances in benthic deposits. The results in Figure 1 raise an
important question: how is power density related to the
surface areas of electrodes in MFCs, specifically when defined,
well-controlled experimental conditions and a single mi-
croorganism are used? The answer to this question may be
the key to scaling up microbial fuel cells, and this study was
designed to address this question.

The cell potentials and currents generated by MFCs are
notoriously low, and the obvious approaches to scaling up
these devices are analogous to manipulating a set of batteries:
(1) connecting multiple MFCs in series to increase the overall
potential or in parallel to increase the overall current (26, 27)
and (2) increasing the surface area of the electrodes (24, 28).

The first approach—connecting several cells in series—
failed with MFCs operated in open systems, i.e., in a lake,
sea, or river. Increasing the potential of MFCs by connecting
several cells in series works only when the devices are
physically separated from each other and have their elec-
trodes separated by cation exchange membranes. When
several MFCs are placed in an open system, as in a river or
an ocean, they act as membraneless devices, and connecting
them in series does not increase the overall potential, as
experimentally tested by our research group. Connecting
MFCs without membranes in series does not work because
all the electrodes are immersed in the same electrolyte and
it is impossible to generate the electron cascade that is
required to increase the electrical potential. In principal,
increasing the cell potential of MFCs in open systems can be
accomplished using external electronic circuitry, which is a
complex endeavor because the commercially available
electronic circuits used to increase potential require input
potentials higher than those generated by MFCs.
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FIGURE 1. Power density vs electrode surface area. The data
are from the literature (Supporting Information Table S1). The
inset shows the data for smaller anode surface areas, those
clumped together in the bottom left corner of the larger image.

The second approach—increasing the surface area of the
electrodes—is more promising. If the MFC potential remains
constant, the current—and thus the power—is directly
proportional to the surface area of the electrode. This is true
only if the size of the electrode surface does not affect the
power density, which is not the case, as shown in Figure 1.
This deviation from expectations can be related to factors
that are well-known but that may not be easy to quantify in
specific situations. For example, it is known that the relation
between the surface area of the electrode and the power
density of the MFC is affected by the mechanism (direct or
mediated) of mass transport to the electrode, and it is
expected thatitis also affected by the mechanism of electron
transport across the biofilm layer deposited on the electrode
surface. The goal of this study was to quantify the relation
between the surface area of an anode and the power density
of the MFC. We used a two-compartment microbial fuel cell
and equipped the anodic compartment with electrodes of
various surface areas. Thus, we could vary the surface area
of the anode and monitor the resulting changes in power
density. Shewanella oneidensis (MR-1) were grown in the
anodic compartment, using lactate as the electron donor.
Under anaerobic conditions Shewanella oneidensis (MR-1)
oxidize lactate to acetate by using the anode as electron
acceptor (29). In our experimental system, all electrodes were
immersed in the same solution, and all biofilms were exposed
to the same lactate concentration and subjected to the same
hydrodynamic conditions, to satisfy the conditions that were
critical to our experimental design. In the cathodic compart-
ment, dissolved oxygen was reduced on an air electrode.
Voltammetric and amperometric tests were used to char-
acterize the power output of the MFC, whereas anodes with
various surface areas were used. To quantify the effect of
biofilm on the relation between the surface area of the anode
and the power density generated by the MFC, we evaluated
the same relation in an abiotic system—without the
biofilm—using the same configuration as that in the fuel cell
except for the reactants: ferricyanide was used as the cathodic
reactant and 2-hydroxy-1,4-naphthoquinone as the anodic
reactant. Comparing the results obtained in cells with and
without microorganisms elucidated the role of the biofilm
on the relation between the surface area of the anode and
the power density.

Materials and Methods
Microbial Fuel Cell. We used the microbial fuel cell shown
in Supporting Information Figure S1. It consisted of two
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compartments made of polycarbonate, 800 mLliquid volume
each, separated by a cation exchange membrane ESC-7000
(Electrolytica Corporation, 770-410-9166) which was sealed
with rubber gaskets on both sides to prevent liquid from
leaking from one compartment to the other. The electrodes
were placed against the cation exchange membrane, parallel
to the cathode (Supporting Information Figure S1), so that
the distance between the anode and the cathode was about
1 mm. The compartments were covered with polycarbonate
plates furnished with openings to make electrical connections
with the electrodes. The cover plates and the compartments
were sealed using gaskets to prevent leakage, and long screws
with wing nuts were used to hold the reactor together. We
used silicone rubber tubes to deliver liquids and gases and
to remove them from the respective compartments. To
prevent contamination, all outlets were equipped with flow
breakers.

The anodes were made of graphite plates (Graphite-
Store.com, Inc.) We used a total of seven anodic electrodes,
with projected surface areas of 1.92, 4.26, 12.8, 38.8, 63.4, 92,
and 155 cm?, respectively.

The cathode was an air electrode (two pieces, each 23 cm
x 9 cm) composed of manganese-based catalyzed carbon
bonded to a current-collecting screen made of platinum mesh
(Electric Fuel Limited). Even though this is an air electrode,
we used it as a submersed electrode because the catalytic
properties of the surface enhanced dissolved oxygen reduc-
tion. It had a projected surface area of 828 cm?, which
exceeded the surface area of each of the anodes specified
above; to ensure that the anode was the current-limiting
electrode, the surface area of the cathode was always at least
5 times larger than the surface area of the anode. The cathode
potential remained constant in all experiments, demonstrat-
ing that this electrode was not limiting the current. Insulated
copper wires were used to connect the electrodes to the
external circuit. The copper wires were tied with the platinum
wire of the mesh and then the connections were covered
with silicon rubber so that electrolyte could not reach the
copper wire; the electrical resistances of the connections
were less than 1 Q.

To prevent swelling, cation exchange membranes were
preconditioned before the MFC was assembled by being
rinsed with water and kept in a 1 M NaCl solution for 24 h.
Since we reused the membranes, after each run the mem-
brane was removed from the cell, rinsed gently with tap water
to remove the deposit from the surface, kept in 80 °C water
for 1 h, rinsed again and inspected visually to make sure
there was no deposit on the surface. Cleaned membranes
were kept in a solution of 1 M NaCl.

Microorganism, Growth Medium, Buffer and Electrolyte
Solution. In the anodic compartment, Shewanella oneidensis
(MR-1) was grown anaerobically. We used different growth
mediums for inoculation and electricity production. The
growth medium used for inoculation was Luria—Bertani (LB)
broth, a solution of 10 g/L tryptone, 5 g/L NaCl, and 5 g/L
yeast extract. During inoculation using LB medium, air was
pumped to the anodic compartment for 24 h. Then we
replaced the air with nitrogen and fed the reactor with the
growth medium for electricity generation. The composition
of the medium used for electricity generation in the MFC
(30) was 0.1 g/L PIPES buffer, 0.78 g/L KH,PO,, 0.47 g/L
Na,HPO,, 1.5 g/L NH,4C], 0.1 g/L KCI, 1.75 g/L NaCl, 11.23
g/L Na-Lactate, 10 mL/Lmineral solution (100x), 1 g/Lyeast
extract, 0.05 g/L ferric NTA solution, and 10 mL/L amino
acid solution (100x). The composition of the mineral solution
was 1.5 g/L CgHgNO; (nitrilo triacetic acid), 3 g/L MgSO,+
7H,0, 0.5 g/L MnSO4-H0, 1 g/L NaCl, 0.1 g/L FeSO4-7H,0,
0.1 g/LCaCl,-2H,0, 0.1 g/L CoCl,+6H,0, 0.13 g/L ZnCl,, 0.01
g/L.CuSO,4-5H,0, 0.01 g/L AIK(SO4),+12H,0, 0.01 g/LH3BOs3,
0.025 g/L Na,Mo0O,+2H,0, 0.025 g/L NiCl,-6H,0 and 0.025



g/L Na,WO,4:2H>0. The composition of the amino acid
solution was 2 g/L L-glutamic acid, 2 g/L L-arginine and 2 g/L
pL-serine. The ferric NTA stock was made 0f 16.4 g/L.NaHCO3
and 27 g/L FeCl3-6H,0. The mineral, amino acid, and ferric
NTA solution was filtered and stored in a fridge. The pH of
the growth medium was adjusted to 7 using NaOH or HCI
solution.

The solution in the cathodic compartment was a phos-
phate buffer (pH 7): 1.825 g/L Na,HPOy,, 0.35 g/L KH,POy,,
adjusted to pH 7.0 using 0.1 M HCL

MEFC Startup and Operation. The startup operation
involved several steps, which can be summarized as follows:
1. clean the MFC parts and prepare the membrane, 2.
assemble the MFC, 3. connect the silicon tubing and flow
breakers, fill the compartments with deionized water and
close the ports using stoppers; 4. autoclave the fuel cell at
121 °C for 30 min, 5. replace the deionized water with buffer
in the cathodic compartment and with growth medium in
the anodic compartment, 6. insert the Ag/AgCl reference
electrode into the cathodic compartment, 7. inoculate the
MEC with Shewanella oneidensis (MR-1), 8. replace 100 mL
of buffer from the cathodic compartment daily, 9. pump air
continuously to the cathodic compartment and 10. pump N,
continuously to the anodic compartment.

Initially, the reactor was operated in batch mode for one
day, after which the growth medium was pumped continu-
ously to the anodic compartment at 8.33 mL/h using a
peristaltic pump. Air was pumped to the cathodic compart-
ment continuously and at a constant rate.

For the first few days, the MFC was operated without an
electrical load. After the open circuit potential reached 0.76
V, the electrodes were connected through a resistor, 1000<2,
as shown in Supporting Information Figure S1. The MFC
was operated for 5 months continuously, and the measure-
ments described in the following sections were performed
with the electrodes connected through the resistor or
disconnected when individual electrodes were polarized
using a potentiostat. When the electrodes were polarized
using the potentiostat, we disconnected the resistor from
the MFC and waited until the electrodes reached the open
circuit potential before applying polarization potential.

Measurements and Calculations. Potentiodynamic Po-
larization. We used a potentiostat (Reference 600, Gamry
Instruments, Inc.) and a three-electrode system with the
anode as the working electrode, the cathode as the auxiliary
electrode and Ag/AgCl as the reference electrode. The anode
potentials were scanned from a potential 0.1 V lower than
the open circuit potential of the anode to 0.05 V higher than
the open circuit potential of the cathode—both measured
against the Ag/AgCl reference electrode—using a step size of
0.01 Vand a sampling time of 0.1 s (scan rate 0.1 V/sec). The
potential of the anode and the current between the anode
and the cathode were monitored using the potentiostat, while
the cathode potential was monitored using a HP data logger
(HP model no. 34970A) to verify that the cathode was not the
current-limiting electrode. Potentiodynamic polarization in
absence of biofilms using abiotic system of ferricyanide as
the cathodic reactant and 2-hydroxy-1,4-naphthoquinone
as the anodic reactant are described in the Supporting
Information.

The cell potential was calculated as the difference between
the potentials of the anode and the cathode. The power is
calculated as the product of the cell potential and the current
flowing between the electrodes (power = cell potential x
current). Power density is evaluated by dividing the overall
power generated by the surface area of the current-limiting
electrode.

Impedance Spectroscopy. It is known that the internal
resistance of an MFC affects the power generated by the cell
(21, 31). We consider the internal resistance of an MFC to be

the sum of the following electrical resistances: the electrical
resistance of the electrolyte, the equivalent electrical resis-
tance reflecting the mass transport limitation (diffusion
resistance) and the equivalent electrical resistance reflecting
the activation energy barrier of the redox reaction occurring
atthe electrode surface (charge transfer resistance). To ensure
that the electrical resistance of the electrolyte remained
constant, the electrolyte always had the same composition
and the distances between the electrodes were always the
same. To quantify the equivalent electrical resistances
reflecting the mass transport limitation and the activation
energy barrier, we used electrochemical impedance spec-
troscopy (EIS) on two electrodes. EIS measurements were
performed in MFCs with anodes covered with biofilm. For
control experiments using soluble electron shuttles, there
was no biofilm on the electrodes. In all measurements, the
anodes were used as the working electrodes and the cathodes
as the counter electrodes. The impedance spectra were
measured with a Gamry potentiostat (Reference 600, Gamry
Instruments, Inc.) using the frequency range between 10°
and 1 Hz and a sinusoidal perturbation with a 10 mV
amplitude. From the impedance data, Nyquist plots were
drawn showing the real part of the impedance on the x-axis
and the imaginary part on the y-axis. The Nyquist plot consists
of a semicircle and a linear portion. The semicircle portion
represents the charge transfer resistance and the linear
portion represents the diffusion resistance (R). Ro, represents
the resistance of the electrolyte. The internal resistance (Ro
+ Rt) was calculated from the Nyquist plot as described by
He et al. (32). The distance between the zero and the first
intersection of the semicircle with the x-axis of the Nyquist
plot, where the imaginary part of the impedance is zero, is
the electrolyte resistance. The distance between the first
intersection and the second intersection is the sum of the
charge transfer and the diffusion resistances (Ry).

Results and Discussion

The polarization experiments were run repeatedly during
the 5 months of operation of the MFC and we consistently
observed similar results. In repeated experiments we had
identical behaviors. Here we report only results that are
representative of several measurements taken under the same
conditions.

Figure 2A plots cell potential vs power density for
electrodes (anodes) with various surface areas. From these
data, we estimated the maximum power density for each
setup, and maximum power density is plotted against anode
surface area in Figure 2B. The potentiodynamic polarization
experimental results show the maximum power density was
delivered by the electrode with the smallest surface area (1.92
cm?, Figure 2B) and that the power density decreased when
the surface area of the electrode was increased (Figure 2B).
The maximum power density was 0.329 mW/cm?, for the
smallest electrode (1.92 cm?). Increasing the surface area 80
times (to 155 cm?) lowered the power density to less than
half of that measured for the electrode with the smallest
surface area (0.141 mW/cm?).

The data in Figure 2B resemble those plotted in Figure
1. The power density is not linearly correlated with electrode
surface area: it decreases with increasing electrode surface
area. The decrease in measured power may be explained, to
some extent at least, by the edge effect of the smaller
electrodes and the fact that the mass transport of electroactive
species to microelectrodes is spherical rather than linear: it
is well-known that very small electrodes, such as micro-
electrodes, deliver higher current densities than large elec-
trodes (33). However, all our electrodes were significantly
larger than those typically considered to be microelectrodes,
which demonstrates that there must have been another
factor, besides the edge effect and mass transport, involved
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FIGURE 2. (A) Characterization of MFC electrodes using
voltammetry. All anodes were scanned from —0.8Vagngci to 0. Two
Vagage using a potential step size of 0.01 V, and the sampling time
for each step was 0.1 s (scan rate 0.1 V/sec). (B) The maximum
power densities, calculated from the results in Figure A, are
plotted against the surface areas of the electrodes.

in the observed relations. It is worth noting that the literature
data quantifying the edge effect and current densities in
microelectrodes were all acquired using electrodes without
surface deposits. Therefore, we hypothesize that the effect
of surface biofilm deposits on the electron transfer rate may
have been the reason for the observed difference between
the power densities delivered by small and large electrodes.
However, this effect has not been quantified adequately, and
this explanation remains hypothetical.

Figure 1 compiles results that were published by many
authors using a variety of experimental systems and experi-
mental conditions. Our results, shown in Figure 2A, quali-
tatively fit those shown in Figure 1.

Polarization Curves in the Presence and Absence of
Biofilm. As explained in the Materials and Methods, po-
tentiodynamic polarization tests were conducted using two
systems: one with the anodes covered with biofilm and one
without biofilm.

Supporting Information Figure S2 shows characteristic
potentiodynamic curves, acquired in the abiotic solution.
All curves show the peak at the same potential, —0.08
Vagiagal. The potentiodynamic curves collected in the presence
of biofilm on the electrode surface, Figure 3, are more
complex. For the two smallest electrodes we see a current
peak at potential —0.38 Vagagar which is not present in the
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polarization curves for the electrodes with larger surface areas.
Figure 3 also shows that the maximum current density
corresponding to the potential of a biofilm-covered electrode
varied with the size of the electrode: when a 1.92-cm? anode
was used, the maximum current density was at —0.38 Vag
agcl, but when a 155 cm? anode was used, the maximum
current density was at 0.2 Vagagcr. Since the peak current
density for soluble chemicals is at the same potential,
independently of the size of the electrode (like the data in
Supporting Information Figure S2), the presence of the
biofilm must affect the mechanism and the rate of electron
transfer to the electrode. This effect seems to be more
pronounced when the surface of the electrode is small. It is
also possible that the presence of the biofilm and the growth
medium introduced many redox-sensitive species that could
discharge at various potentials, an effect that was nonexistent
when the electrolyte was a solution of a well-defined
electroactive substance in the absence of biofilm. Itis possible
that the mechanism of electron transfer from the dissolved
substances in solution to the solid electrodes, via the biofilm,
plays a critical role in establishing the relation between the
surface area of the electrodes and the power density generated
by the MFC.

Internal Resistance of the MFC. It is possible that the
power density decreased because of the increased internal
resistance of the cell. This assertion, however, is not supported
by the results shown in Supporting Information Figure S3,
inwhich internal resistance decreased with increasing surface
area of the anode. We therefore conclude that the observed
decrease in power density was not caused by the increase
in the internal resistance of the cell. The internal resistance
ofthe electrodes used in the control experiments had a similar
trend. In the control experiment, for the electrodes with
surface areas of 4.26, 12.8, 23.6, and 39.6 cm?, the internal
resistances were 6.9, 3.8, 3.6, and 2.5 Q, respectively. The
power densities decreased despite the internal resistance
decreasing, because the electron transfer was limited not by
the internal resistance but by the rate of the electrode reaction
or by the rate of the microbial reaction.

Power Density at a Constant Cell Potential. To measure
the power density at a constant cell potential, the anodes of
the MFC were polarized to a constant potential using the
potentiostat, and the results are shown in Figure 4. As
expected, ata constant cell potential, the power density shows
the same trend: it decreases as the surface area of the electrode
increases (Figure 4). Keeping the anode potential constant
using a potentiostat ensured that the anode was not the
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current-limiting electrode. In repeated experiments we
consistently observed the same trend. We speculate that this
is because, in biofilms, various redox reactions are activated
at different potentials.

Practical Significance. The main conclusions of our study
are that in MFCs power density decreases with increasing
surface area of the current-limiting electrode and that when
scaling up microbial fuel cells, one cannot assume that power
density will remain constant with the increased electrode
surface area. The actual surface area required to generate
the desired power will have to be much higher than that
predicted from a linear relationship and the results of
measurements using small electrode surface areas. From our
measurements, the relation between the surface area and
the power density can be linearized on a logarithmic scale
as shown in Figure 5:

maximum power density =—0.0369 x In(surface area) +
0.3371 (1)

To produce the relation between the surface area of the
anode and the maximum power density we used all the
experimental data produced in this work. Equation 1 gives
a good regression coefficient (R?> = 0.95). It is important to
note that even though the trend exhibited by our data is the
same as that shown in Figure 1, the data in Figure 1 do not
fit this logarithmic relationship. This may be due to a variety
of causes but the different experimental conditions used to
generate the data points in Figure 1 discourage mechanistic

interpretations of the observed differences. Our data were
generated in a consistent way in a well-controlled system,
while Figure 1 is a compilation of many results obtained in
many systems. Our overall conclusion is consistent with that
seen in the data compiled in Figure 1: in MFCs, power density
is a nonlinear function of the surface area of the current-
limiting electrode.
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