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Abstract: Sediment microbial fuel cells (SMFCs) are energy harvesting devices where the anode is
buried inside marine sediment, while the cathode stays in an aerobic environment on the surface
of the water. To apply this SCMFC as a power source, it is crucial to have an efficient power
management system, leading to development of an effective energy harvesting technique suitable
for such biological devices. In this work, we demonstrate an effective method to improve power
extraction with SMFCs based on anodes alternation. We have altered the setup of a traditional
SMEC to include two anodes working with the same cathode. This setup is compared with a
traditional setup (control) and a setup that undergoes intermittent energy harvesting, establishing the
improvement of energy collection using the anodes alternation technique. Control SMFC produced
an average power density of 6.3 mW/m? and SMFC operating intermittently produced 8.1 mW/m?.
On the other hand, SMFC operating using the anodes alternation technique produced an average
power density of 23.5 mW/m?. These results indicate the utility of the proposed anodes alternation
method over both the control and intermittent energy harvesting techniques. The Anode Alternation
can also be viewed as an advancement of the intermittent energy harvesting method.

Keywords: sediment microbial fuel cells; energy harvesting; Anode Alternation; intermittent en-
ergy harvesting

1. Introduction

Microbial fuel cells (MFCs) are bio-electrochemical systems that have been shown to
produce electrical energy [1-5]. These devices are based on a special class of microorgan-
isms known as the electro-active bacteria. Metabolic processes of electro-active bacteria
enable them to convert chemical energy, stored in organic compounds, directly into elec-
trical energy. Apart from energy harvesting, these devices also have a potential in the
development of biological sensors and the treatment of waste water [6-11]. Different
MEFC types have been optimized over years, with specific architectural features that allow
their optimal use in different applications [1-3]. Specifically introduced for use in natural
sediments, sediment microbial fuel cells (SMFCs) have demonstrated in recent years to
have great potential for wastewater treatment as well [12]. SMFCs are a type of MFCs
in which the anode is suspended inside the sediment, creating anaerobic conditions and
providing the fuel needed for the growth of bacteria, while the cathode floats on the surface
in aerobic conditions [13].

Recently, a considerable amount of research has been performed on MFCs to under-
stand them and improve the performance of MFCs in terms of anode materials [14-16],
cathode catalysts [17,18], biofilm colonization [19-21], and with more specific works focus-
ing on SMFCs [22-24].
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The performance of MFCs, including SMFCs, depends upon several factors and
one of them is the efficient electrical energy extraction. Traditionally, energy harvesting
systems (acting as load for MFCs) have been used to extract energy from the MFCs in
a continuous manner. This extracted energy is then stored in a battery [25,26] or across
a super-capacitor [27,28]. Furthermore, in some works, external resistances, acting as
loads, are connected between the cathode and the anode of an MFC to demonstrate power
production [29-33]. For the extraction of electrical energy, numerous electrical circuits
have been proposed. Donovan et al. developed a custom power management system
(PMS) for MECs, based on capacitors and charge pumps, to intermittently power remote
sensor [34]. On the other hand, Yang and co-workers used a transformer, instead of a
charge pump, coupled with super capacitors to power a wireless sensor using MFCs [35].
Moreover, the concept of stack MFC has been exploited by Ledezma et al. to demonstrate a
self-sustainable sensing and reporting system [36]. Furthermore, Kim et al. used an array
of MFCs connected in parallel to charge an array of capacitors (connected in parallel as
well). With the help of switches, these capacitors were then disconnected from the MFC
and were connected in series with each other to provide a voltage of up to 2.5V to the load,
avoiding voltage reversal [37].

During the last years, new techniques and approaches of electrical energy extraction
from MFCs have been proposed, especially exploiting the unique features of these de-
vices. MFCs anode and cathode possess well-demonstrated capacitive features, which
are responsible for the observed ability of MFCs to improve their power production if
operated in pulsed mode instead of continuous operation [38—42]. Generally, MFCs are
indeed subject to a constant load such as a resistance. This results in a constant extraction
of power from the MFCs. One technique that has been explored extensively in the literature
is known as the intermittent energy harvesting (IEH) [43-45]. IEH technique suggests the
use of an external load intermittently. Indeed, in IEH technique, the MFC is connected and
disconnected from an external load at different frequencies and at particular duty cycles
(duty cycle is the ratio of time for which a particular anode is used to harvest energy to the
time it rests to accumulate charge, within that cycle). The duration in which the MFC is
disconnected from the load allows accumulation of charges on the electrodes of an MFC.
Afterwards, when the MFC is connected to the load, at the start of next cycle, a burst of
charge is available for the load to consume. It is undoubtedly demonstrated in the literature
that the use of IEH technique with an intermittent load application can significantly im-
prove the overall performance of MFCs [46-48]. Two main factors have been proposed in
the literature to work concurrently to cause the energy harvesting improvement for MFCs
operated intermittently [49,50]. The first one is based on the capacitive behavior of biofilms,
in which c-type cytochromes can accumulate charges during intermittent mode [51]. The
second concurrent factor is an improvement in mass transport. Intermittent strategies
help delivering more electron donors to the bottom of biofilms, thus improving bacterial
activity. Based on these observations, intermittent polarization methods have been pro-
posed to promote the formation of highly active biofilms [52], providing final evidence that
electroactive biofilms significantly benefit from working in intermittent mode.

In this work, we explore a novel electrical technique to extract energy from SMFCs
that we called Anode Alternation. We propose to reform the setup of a SMFC to include
two anodes, rather than one, working alternatively with the same cathode. Consequently,
such a setup would enable us to alternate the use of the anodes, resulting in a more efficient
SMEFC, as opposed to a classic single anode SMFC. The starting point of Anode Alternation
technique is the “intermittence” concept of IEH, but it improves power extraction with
respect to IEH by enabling a single MFC to be in an “always-on mode,” thanks to the
presence of two anodes. This is opposed to what occurs with IEH in which an MFC is
alternatively in “on mode” or “off-mode,” the latter corresponding to charge accumulation
on the electrodes. Furthermore, using the Anode Alternation technique, only a single MFC
needs to be setup, theoretically, to do the same amount of work as two MFCs based on IEH.
This reduces the overall cost of the device related to the setup and the number of cathodes
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limiting the catalyst required. Additionally, it is more convenient and space effective to
setup a single MFC with two anodes rather than two separate MFCs.

2. Materials and Methods
2.1. Biofilm Development

For the colonization and development of biofilm, pieces of carbon felt (Soft felt
SIGRATHERM GFAS5, SGL Carbon, Bonn, Germany) were placed underwater in a sea
in the north of Italy. Carbon felt was buried approximately 3 m below sea water in the
sediment and was left there for 1 month [53]. In order to improve biofilm formation, the
felt was initially soaked in PBS containing 2.5 g/L of sodium acetate. After the colonization
phase, these pieces of carbon felt, on which the biofilm had formed, were used to setup
the SMFCs.

2.2. Experimental Setup

The SMFCs were setup in plastic containers (with a volume of 5 L). Colonized carbon
felt from the biofilm development phase was used as anode material. In each container,
two 3 x 3 cm? large pieces of the colonized carbon felt were placed on opposite corners.
For different experiments, the two anodes were either electrically shorted via an external
switch (to act as a single anode) or were used as two different anodes working with the
same cathode. The distance between both the carbon felt pieces, acting as anode(s), inside
the plastic container, was close to 15 cm. Previous setups of this experiment showed that
the anodes were affected by electrical interference from each other if the distance between
the anodes was too short. Therefore, to avoid any sizeable cross-talk between the anodes,
this distance was chosen.

For the cathodes, carbon paper (by Fuel cell earth, Woburn, USA) coated with a
catalyst layer was used. This catalyst layer is based on platinum (0.5 mg cm~2 of Pt/C
obtained by Sigma Aldrich) and 5 wt% of Nafion (Sigma Aldrich, St. Louis, Missouri,
USA) [11]. One cathode, with an area of 6 x 3 cm?, was used for each SMFC, ensuring
an optimal 1 to 1 ratio between the area of the cathode and the maximum anodic areas,
corresponding to the sum of the two anodes’ areas [54]. Cathodes were placed near the
water’s surface for efficient aeration, leading thus to provide an optimized direct oxygen
reduction reaction (ORR).

In the case of anode, external electrical connections were made using a titanium wire
sown onto the carbon felt. On the other hand, for the cathodes, titanium wire was attached
to the carbon paper using a carbon-based conductive cement. The anodes were then cov-
ered with sea sediment, containing pebbles to favor diffusion of species in the sediment
layer. Seawater was used to fill the plastic container to recreate a marine environment.
No additional seawater and/or nutrients were added throughout the length of the experi-
ments (~4 months). The container was covered with a drilled lid in order to avoid rapid
evaporation of the seawater while ensuring water aeration. A sketch of the experimental
setup is depicted in Figure 1a). The experiment was setup as duplicate using identical
plastic containers.
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Figure 1. In (a), a sketch of the experimental setup is presented: A1 and A2 represent the anodes; in
(b), the electrical connection of the sediment microbial fuel cells (SMFCs) in two different configu-
rations is shown: in -i, SMFC operated with two different anodes and in configuration -ii, SCMFC
operated with the two anodes electrically shorted together.

Once the setup was complete, the SMFCs were left to stabilize at room temperature,
i.e., (21 £ 2) °C, under an external load of 6.8 k() for a period of 2 months.

2.3. Characterization

During all the experiments, voltage of the SMFCs was recorded using the Agilent
34972A data acquisition system. VSP potentiostat (BioLogic, Seyssinet-Pariset, France) was
used to perform chronoamperometry on the cells to obtain the power produced by the
system at a specific voltage during a fixed period of time. This voltage was chosen as the
half of open circuit potential (OCP) to optimize the power extracted [55].

In this work, a novel approach for power extraction was tested using our SMFC setup.
Power was extracted from the two nominally identical SMFCs working in different anode
configurations as reported in Figure 1b). Different operation modes were possible by prop-
erly selecting the position of switches S1 and S2. SMFCs with configuration —i. operated
with two separate anodes for testing Anode Alternation and IEH techniques (Figure 1b(-i)),
while SMFCs with configuration —ii. operated with the two anodes electrically shorted
together to act as a single anode continuously working for the whole period of the exper-
iment (Figure 1b(-ii)). The power extracted was measured using the method previously
mentioned (i.e., chronoamperometry). Chronoamperometry was performed for 10 h. For
the application of Anode Alternation technique, the two anodes were kept isolated from
each other by opening the switch S2 (Figure 1b(-i)). For the purpose of explanation, let us
consider the two anodes as anodel and anode2.

Anode2 was used to extract energy for 30 min, while anodel was kept in an open
circuit condition with respect to the cathode (and hence was resting). This configuration
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was switched using the switch S1 at the end of each 30 min cycle. Therefore, in the second
cycle, anode2, which was used to extract energy in the first cycle rested, while anodel,
which rested in the first cycle, was used to extract energy. This alternating behavior went
on for 10 h (for each experimental run), and hence, there were a total of 20 cycles. For the
implementation of the IEH technique, the anodes were again kept isolated from each other
by keeping switch 52 open (Figure 1b(-i)).

Chronoamperometry was performed intermittently with a cycle length of 1 h and a
duty cycle of 50%. These parameters were chosen in order to match the operational time of
a particular anode in between the two techniques Anode Alternation and IEH.

Energy was extracted for a total period of 10 h. Lastly, to test the continuous energy
harvesting technique, anodes of the cells were shorted together by closing switch S2
(Figure 1b(-ii)) hence, the two anodes acted as a single anode. Consequently, in the case of
continuous energy harvesting technique, position of the switch S1 is irrelevant. Using all
three techniques, we were able to gather data for a true comparison of the three in terms of
average power density.

3. Results and Discussion

In this experiment, we analyzed a switching anode configuration to extract energy
from the SMFCs. We compared this configuration with the already existing techniques
such as IEH and continuous energy harvesting. After the stabilization period, chronoam-
perometry was performed on all the cells in the three different configurations to obtain the
power density produced by each mode of operation. For power densities evaluation in
each operation mode, the area of the anode actually in use during that mode was consid-
ered, meaning that for SMFCs working in continuous or IEH modes, the anode area was
considered equal to the sum of the areas of the two anodes (i.e., 18 cm?), while during the
ADAM mode, the area of one anode was considered (i.e., 9 cm?). Figure 2 shows these
results. Over the course of 10 h, SMFC operating under the Anode Alternation technique
was able to produce an average power density of 23.5 mW /m?. This value is an average
of power density produced by each anode in its respective cycle. On the other hand,
SMEFC operating under the continuous energy harvesting approach was able to produce
an average power density of 6.3 mW/m?. As a first, we have demonstrated that SMFCs
working in the Anode Alternation configuration were able to produce an average power
density more than five times higher than that produced by SMFCs operating under the
continuous mode. Moreover, it can be seen from Figure 3 that each anode of the SMFC
(working in the Anode Alternation configuration) followed a unique pattern, during each
cycle, which shows repeatability in the specific anode’s behavior. Furthermore, this pattern
is different within the two anodes. This can be associated to the fact that the two anodes
have biofilms that function in a slightly different manner. One more result can therefore
be associated to the ability of the Anode Alternation technique to preserve the specific
behavior of the native anode, making possible to envisage future applications of energy
harvesting combined to other functions (sensing, remediation, etc.).
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Figure 2. Power densities obtained from SMFCs operating under Anode Alternation and continuous
energy harvesting configurations. The results from SMFC operating in Anode Alternation mode
have been color labeled for the two different anodes working alternatively.
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Figure 3. Power densities obtained from SMFCs operating under Anode Alternation and Intermittent
(i.e., intermittent energy harvesting (IEH)) configurations. The results from SMFC operating in Anode
Alternation configuration have been color labeled for the two different anodes working alternatively.
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After this initial comparison of the Anode Alternation technique with the more widely
used continuous energy harvesting technique, we also performed experiments using the
same SMFCs working in the IEH configuration. The results from these experiments are
shown in Figure 3, where SMFCs operating under the IEH mode are compared to SMFCs
operating under Anode Alternation mode. SMFCs operating intermittently were able to
produce an average power density of 8.1 mW/m?, which is higher than the power extracted
by devices operating continuously (see Figure 3) but lower than the power produced by
SMEFCs working in the Anode Alternation configuration

The results obtained from the experiments indicate that the SMFCs working using
the Anode Alternation technique were able to outperform SMFCs working in both the
continuous energy harvesting mode and IEH mode thus confirming the superiority of the
Anode Alternation technique in terms of power extraction.

Another important aspect of Anode Alternation configuration is the recovery time of
an anode just after it has been through an energy-extraction cycle. In Figure 4, the OCPs
of both anodes of the SMFC, using the Anode Alternation technique, are shown. In this
experimental run, anodel (blue dots) is used to extract energy for the first 30 min, while
anode2 (red dots) is kept as an open circuit.

0.7 + ® OCP Anode 2
® OCP Anode 1

Voltage (V)

0.3 . , . . ; .
0 2 4 6 8 10
Time (h)

Figure 4. Open circuit potential (OCP) of the respective anode, over the total period of one ex-
perimental run. This experimental run is the same for which the power densities are shown in
Figure 3.

A sharp decrease of ~100 mV in the OCP of anode2 can be seen in the very start of
the experiment. This decrease in the OCP of anodel with respect to the cathode can be
attributed to the (slight) electrical coupling of the two anodes within the cell through the
medium (sea water). Furthermore, the image shows how each anode has a unique settling
time and pattern when returning to the open circuit state. Moreover, this repeatability of
the open circuit behavior of SMFC’s anodes is in line with what was seen before in the
power density plots of Figures 3 and 4. In fact, considering the individual performances of
the two anodes, anodel produced an average power density of 22.8 mW/m?, while anode2
produced an average power density of 24.1 mW /m?. This better performance of anode2
can be associated with a higher recovery voltage reached in the open circuit condition
shown in Figure 4. The capability for each anode to reach the same open circuit voltage
value allows confirming that this proposed method do not affect the durability of anode
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electrode and consequently do not induce the degradation of electrode. This consideration
is also confirmed by analyzing power densities’ trends, obtained from SCMFCs operating
in Anode Alternation configuration, that followed a unique pattern during each cycle
reaching the same maximum power density value.

All obtained results clearly indicate the utility of this innovative approach to extract
energy from SMFCs. Dual anode SMFC system operating in an alternating anode manner
performs much better than the dual anode SMEC system in which both the anodes are
used continuously to extract energy. Furthermore, it also shows improvement over the
IEH technique using the same duty cycle. Indeed, the SCMFs, using the Anode Alternation
technique, were able to produce an average power density of 3.7 times higher than the ones
reached by SMFCs working in the continuous energy harvesting system. Similarly, Anode
Alternation-based SMFCs showed an improvement in average power density extracted of
about 580% when compared to SMFCs working in the IEH mode. Such behavior can be
attributed to the fact that (S)MFCs’” have a capacitive nature, which results in a spontaneous
ability of the devices to perform better exploiting their spontaneous ability to switch to a
“charge accumulation” phase just after an “energy extraction” one [56,57]. When comparing
with the IEH technique, Anode Alternation technique can be viewed as an advancement of
IEH technique by effectively doubling the energy extraction time within an operational
period. To achieve a similar energy extraction time using the IEH technique, two SMFCs
(with two cathodes) would be required. On the other hand, Anode Alternation technique
exploits the use of two anodes working with the same cathode alternatively, thus reducing
the overall cost and effort required in setting up a similar system using the IEH technique.
Furthermore, these “cycles” of alternation can vary in time and duty cycle for different
SMECs and MFCs, thus further improving their performance. Moreover, during recovery
phase, the anode can restore its potential difference with respect to the cathode, therefore,
giving a surge in current when it goes back to energy extraction phase. This can be seen as
the peaks in power density at the start of each cycle.

The voltage recovery pattern (in the open circuit condition i.e., the resting phase) of
each anode during the 10-h experiment is also quite interesting. The results confirmed
that all anodes follow a specific pattern each time they shift to the open circuit condition.
This pattern is almost identical for each anode. Therefore, it is possible to assume that an
alternating configuration is not perturbating the anode’s response to changes in external
load conditions. The response time/recovery pattern of an anode, which depends upon
its biofilm development and internal impedances, remains the same. Further works
will investigate the optimal “duty-cycle” of an anode in an Anode Alternation-based
system. Moreover, the use of several anodes in one cell will also be explored to further
optimize recovery period and consequently the energy extraction. Finally, it is important
to highlight that application of Anode Alternation technique is not limited to SMFCs but
can be extended to other types of MFCs.

4. Conclusions

A novel electrical approach to extract power more efficiently from SMFCs, Anode
Alternation, was analyzed in this work. Considerable differences in the amount of power
extracted from SMFC working in a traditional setup and the approach we propose of an
alternating anode system are reported. Furthermore, results obtained from the Anode
Alternation technique were also compared to the intermittent energy harvesting approach,
with the Anode Alternation technique having a considerable advantage over intermittent
energy harvesting approach. Moreover, the approach is applied to SMFCs without any
addition of nutrients throughout the course of our experiments except those that were
already present in the sea-water, which was initially added to the containers. Hence,
an improvement in the performance of a sustainable energy harvesting device has been
achieved by introducing a more dynamic method of energy extraction.
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