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ABSTRACT

We report the scaling effect on a pl-scale miniaturized
microbial fuel cell (MFC), gearing toward a carbon-neutral
miniaturized power source. MFCs have been studied for many years,
yet the scaling effect on MFCs has not been addressed effectively in
the past. This work studies the scaling effect on mass transfer to
improve the power density of a pL-scale MFC. As scaling down the
characteristic length, Reynolds number decreases and mass transfer
coefficient rapidly increases, resulting in a higher power density.
Areal and volumetric power densities of 83 pW/cm® and 3.32
mW/cm® are obtained, respectively; both of which the highest ever
reported among all pulL-scale MFCs to date. Columbic efficiency
(CE) of 79.4 % is marked, more than 2.5 folds of the previously
reported maximum CE in pL-scale MFCs.

INTRODUCTION

In the era of energy crisis, renewable power sources, including
solar/hydro power, geothermal energy, etc., become very attractive.
One of such renewable power sources is a microbial fuel cell (MFC)
harvesting electricity from biomass. A MFC is an electrochemical
fuel cell harvesting electrons from specific bacteria species,
exoelectrogen, via their extracellular electron transfer (EET).
Unlike other approaches to convert biomass to electricity, including
methanogenic anaerobic digestion, bioethanol, incineration and
gasification efc., MFC is unique to have direct electricity generation
with high conversion efficiency, to operate at low organic
concentration and environmentally unfriendly conditions and to
generate reduced amount of sludge. MFCs have been proposed to be
used in scaled-up wastewater treatment and renewable energy
production [1-3], bioremediation of recalcitrant component [4-6]
and power supply for remote sensors in hazard or environmentally
unfriendly conditions [7-8]. Miniaturizing MFCs is an interesting
approach as scaling effects on the characteristic length largely
impact several performance parameters of MFCs. Our prior work
[9] presents one of highest areal power density, up to 33 pW/cm?, in
a plL-scale MFC, yet it is still far lower than that of
macro-/meso-scale counterparts (up to 680 pW/cm?).

We report scaling down its characteristic length of a plL-scale
MFC, resulting in increasing the mass transfer coefficient,
consequently enhancing power density and efficiency of MFC. The
maximum areal and volumetric power density of a MFC can be
written as:
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where Pmax, areab Pmax, volumetrics Pmax: Eocv’ Ri: A, V and SAV are the
maximum areal power density, maximum volumetric power density,
maximum power, open circuit voltage, internal resistance, area,
chamber volume and surface area to volume ratio, respectively. For
a given type of MFC, as open circuit voltage (OCV) and the product
of R; and A are constant, the areal power density is independent of
the scaling effect whereas SAV increases as scaling down the
characteristic length, resulting in the enhancement of volumetric
power density.

In addition to these parameters, miniaturized MFCs benefit
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from higher mass transfer [11]. Reynolds number, R,, and mass
transfer coefficient, k., can be written as:
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where p, v, L, i, and D are the specific density of the fluid, the linear
velocity of the fluid, the characteristic length, the viscosity of the
fluid, and the diffusivity of the fluid. As shown in figure 1, by
scaling down the characteristic length while making other
parameters remain unchanged, the Reynolds number decreases and
the mass transfer coefficient increases.
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Figure 1: Scaling effect on Reynolds number and mass transfer
coefficient; moving from 1 mm to 1 um in the characteristic length
lowers Reynolds number from 0.18 to 1.8x107 and enhances the

mass transfer coefficient from 1.7 x 10° to 5.2 x 10° m/s.
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MATERIALS AND METHODS
(a) Screw hole Nanoport (b)

Figure 2: (a) Schematic of a uL-scale microbial fuel cell (MFC);
anode and cathode sandwich an ion exchange membrane and
gaskets define the height of anode/cathode chambers. (b)
photograph of a fabricated ulL-scale MFC, and (c) SEM of
Geobacter on the anode (scale bar: 1 um).

The schematic of pL-scale MFC is illustrated in figure 2(a).
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The MFC has a proton exchange membrane (PEM) and two silicone
gaskets sandwiched between two glass slides pre-fabricated with
gold electrodes. The volume of each chamber is 100 pL and the size
of electrode is 4 cm®. Two nanoports (10-32 Coned assembly, IDEX
Health & Science) were used to provide microfluidic pathways for
the MFC. The fabrication process begins with preparing two glass
chips (76 x 38 x 0.12 cm’, VWR) and mechanically drilling six
through holes on each chip: one inlet, one outlet, and four for
assembly. Afterwards, Cr/Au (20 nm/200 nm) were deposited by
sputtering on the anode/cathode. Then, the nanoports and fluidic
tubings (PEEK polymer, IDEX Health & Science) were aligned and
glued to the inlets/outlets to supply anolyte and catholyte. Silicone
rubber gaskets were cut to define the chamber and electrode and
PEM (Nafion 117) was used as a membrane to permit only proton
transport and avoid electrical short-circuit and electrolyte cross mix.
Finally the MFC was assembled using four screw bolts and nuts to
minimize oxygen/electrolyte leakage (figure 2(b)). SEM
photograph shows Geobacter on the anode (figure 2(c)), allowing
high current density (>10 A/m?) [12].

The inoculum for the pL-scale MFC was obtained from an
acetate-fed microbial electrolysis cell (MEC) [14] that had
Geobacter-enriched mixed bacterial culture from anaerobic
digestion sludge. Clone libraries of the 16S-rRNA gene showed that
the inoculum was a mixed bacterial culture dominated by Geobacter
sulfurreducens [14]. The anolyte and catholyte are 25 mM sodium
acetate medium and 50 mM potassium ferricyanide in 100 mM
phosphate buffer solution (pH 7.4), respectively. The anolyte and
catholyte were supplied into the pL-scale MFC using a syringe
pump (Cole-Parmers Inc.).

Acetate in the anode chamber is oxidized by Geobacter to
carbon dioxide and release electrons and protons:

CH;COO + 2H,0 > 2CO, + 8 ¢+ 7TH" 4)

These electrons are transferred to the anode, pass through an
external circuit to arrive the cathode, and are reduced by
ferricyanide:

[Fe(CN)]” + & > [Fe(CN)g]* (6)

The current was monitored every minute by recording voltage
drop across an external resistor connected between the anode and
the cathode using a data acquisition system (DAQ/68, National
Instrument). 148-Q resistor was used during the start-up and a series
of resistors, ranging from 148 Q to 932 kQ, was used to obtain the
polarization curve of the pL-scale MFC, respectively. The current
through the resistor was calculated via Ohm’s law (/=F/R) and the
resulting output power was calculated via Joule’s law (P=IR).

RESULTS AND DISCUSSION

The pL-scale MFC operated in a semi-continuous mode at 1
pL/min using anolyte with inoculum (1:1 volume ratio) and
catholyte during the start-up process. Figure 3 shows the plL-scale
MFC reached >1.8 pA/cm?, 4 days after the operation. Then, the
current density increased quickly. When the current density reached
20 pA/em® on the sixth day it began to fluctuate due to
cathode-limited MFC condition, which diminished by supplying
more catholyte.

Mass transfer is a function of the concentration and linear
velocity of electrolyte (Eq. (4)). The concentration of anolyte and
catholyte increased from 25 mM to 37.5 mM and 50 mM. The
concentration increase did not result in enhanced areal power
density; contradictory to the prediction that higher concentration
induces higher mass transfer, which subsequently resulting in
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higher power density. A possible reason for this is that a high
concentration causes bacteria to dehydrate, which results in lower
power densities [15].
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Figure 3: Current density produced by the ulL-scale MFC during the
start-up process; the current density began to increase above 1.8
uA/em?, 4 days after adding inoculum, and increased quickly with
time, and began to fluctuate once it reached 20 pd/cm’. The
Sfluctuation is due to cathode-limited MFC condition, which
diminished by supplying more catholyte.
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Figure 4: Output voltage versus current density at different flow

rates from 5 to 15 uL/min. As the flow rate increases the maximum
current density increases, suggesting mass transfer improves as the

Sflow rate increases.

The linear velocity of electrolyte was controlled by the flow
rate of external syringe pump. The flow rate increased from 1 to 15
pL/min to study the impact of mass transfer on power densities
(figure 4, 5 & 6). The increase in power density can be attributed
from higher mass transfer of anolyte and buffer into biofilms,
providing more acetate to the bacteria, resulting in a higher power
density. The curves of the areal power density as a function of
current density for different flow rates, figure 5, suggest that the
areal power densities are almost independent of flow rates at low
current densities, and increase as the flow rate increases. As the
current densities increase, the areal power density of lowest flow
rate firstly hit its maximum, which is due to the high concentration



loss, while the areal power densities of highest flow rate hits its
maximum lastly. This suggests the high flow rate keeps the pL-scale
MFC from suffering concentration loss at high current densities.
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Figure 5: Areal power density versus current density at different
flow rates; as the flow rate increased, both the maximum current
and power densities improved.
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Figure 6: Areal and volumetric power densities as a function of flow
rate (inset: calculated mass transfer coefficient versus flow rate)

The internal resistances are calculated by linearly fitting the
ohmic region of each output voltage versus areal current density
curve in figure 4, and the internal resistance of pl-scale MFCs
having flow rate of 5, 7, 10, 12, and 15 pL/min are 2.76, 2.52, 1.96,
1.73, and 1.39 kQ, respectively. This also supports higher flow rates
incur higher mass transfer, thereby lowering the internal resistance
and improving the areal power density. The highest areal and
volumetric power densities of pL-scale MFCs are to be measured as
83 uW/em’ and 3,320 pW/em®, the highest among all pL-scale
MFCs to date.

Columbic efficiency (CE) is a measure of how efficiently a
MEFC harvests electrons. Low CE is another challenge of plL-scale
MFCs. The maximum CE reported by pL-scale MFCs is 31 %,
significantly lower than that of macro- and meso-scale MFCs,
which often reach a CE of higher than 80 %. The low CE is believed
to be primarily due to high oxygen leakage into the anode chamber

[9].
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Figure 7: Columbic efficiency (CE) measurement, CE calculation is

embedded into the figure.
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Figure 8: A comparison of areal power density and CE of this work
with existing macro-/meso- and ulL-scale MFCs; the power density
and CE of this work is substantially higher than those of ulL-scale
MFCs and is comparable with those of macro-/meso-scale MFCs.

80

CE of the pl-scale MFC was measured by integrating current
profiles over the time, as shown in figure 7 [16]. The CE is
calculated to be 79.4 % (figure 7 inset), significantly higher than
that of reported pL-scale MFCs, which are generally between 0.03 —
31 %, and it is comparable to that of macro-/meso-scale MFCs
(figure 8). Specifications and performance matrix of prior art and
this work on pL-scale MFCs are summarized in table 1.

Table 1: Summary table of this work and prior art.

This
(o1 | [10] | [20] | [21] | 0

Anode volume [puL] 4.5 25 0.1 1.5 100

Anode area [cm’] | 2.25 1 012 12 4
Internal resistance 10 32 25 30 1.39
[kQ]

Pareal [WW/em?] 4.7 33 | 04 | 1.5 83
P olumetric [HW/Cm3] 2333 | 667 | 424 | 153 3320
CE [%] 31 N/A | 147 | 2.8 79.4

One of challenges in our pL-scale MFC is that ferricyanide
etches the Cr/Au cathode, resulting in a short lifetime. After 45 days,
a large portion of the cathode and electrical route were etched away,
and consequently lowered power and current densities. The etched
cathode was replaced and the pL-scale MFC was re-assembled to
operate. The current profile, figure 9, shows it took five days to
recover the maximum current density since the cathode



replacement.
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Figure 9: Current density versus time after cathode replacement
and re-assembly, it took five days to recover the maximum current
density, inset: photograph showing a large portion of cathode and
electrical route etched by ferricyanide after 45 days.

CONCLUSION

In summary, this study presents the scaling effect on the
characteristic length of a pL-scale MFC. The scaling effect predicts
the power density, especially volumetric power density, of a
puL-scale MFC increases, via improving mass transfer of
anolyte/catholyte. A pL-scale MFC was built to demonstrate areal
and volumetric power densities of 83 pW/cm? and 3,320 pW/cm®,
respectively and a CE of 79.4 %, which are the highest among all
previously reported plL-scale MFCs.
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