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Abstract: This study proposes a redesign of asymmetric single-chamber microbial fuel cells (a-
SCMEFC) with the goal of optimizing energy production. The new approach is based on the
introduction of an Intermediate Microfluidic Septum (IMS) as a relatively simple and inexpensive
method to optimize both electrolyte flow and species transfer inside the devices. SCMFCs with the
novel IMS, operated with sodium acetate as the carbon source, demonstrate to enhance the energy
recovery (Erwc) factor, defined as the ratio between the energy yield and the inner volume of
electrolyte. In standard operative conditions, cells with IMS exhibit Er. value of (37+1) J/m?3, with
respect to (3.0£0.3) J/m3 of control cells. Furthermore, changing sodium acetate concentration the Erec
values change accordingly. By monitoring the activity of a-SCMFCs for over one-year, beneficial
impact of the IMS on both the initial inoculation phase and the long-term stability of electrical
performance were observed. These improvements suggest the effectiveness of IMS to allow the
development of efficient biofilms, likely due to the reduction in oxygen diffusion towards the anode.
Electrochemical characterizations confirm that the presence of the IMS impacts the diffusion
processes inside the electrolytic chamber, supporting the hypothesis of a beneficial effect on oxygen
diffusion.

Keywords: microbial fuel cell; microfluidics; fluidic separator; single chamber microbial fuel cell;
energy recovery optimization

1. Introduction

Concerns over climate change and energy security are pushing the demand for sustainable and
reliable alternatives to fossil fuels. In this context, Bio-Electrochemical systems (BES) represent a
family of promising technologies for a wide range of applications, which include energy conversion
into hydrogen by the so-called Microbial Electrolysis Cells [1-3], Microbial Fuel Cells for electrical
power generation [4-6] and Microbial Electrosynthesis Cells for the valorization of CO2 into new
added value products [7-9]. As added benefit, BES operation can valorize the chemical energy
entrapped in organic molecules present in wastewaters, facilitating its remediation [5,10]. Among
BES, Microbial Fuel Cells (MFCs) have drawn particular attention for their ability to convert organic
matter into electrical energy, leveraging the catalytic activity of the electroactive biofilm present at
the anode electrode [4,6,11,12].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202309.0361.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 September 2023 do0i:10.20944/preprints202309.0361.v1

Notably, numerous studies are trying to address the issues currently associated to MFCs, among
which are conversion efficiency, scalability and cost-effectiveness [4,13-15]. The minimal design of
such devices is represented by single chamber MFCs (SCMFCs), which have shown significant
potential in reducing the internal resistance of devices, simplifying fabrication and reducing costs
[16,17]. As discussed in the literature [18], the absence of an ion exchange membrane between the
anodic and cathodic chambers ensures several advantages: it reduces mass transport limitation for
species that are crucial for the metabolic activity of the anodic biofilm and entails a lower fabrication
and maintenance complexity with respect to cells featuring membranes. At the same time, this may
also represent a drawback as oxygen can more easily diffuse from the open-air cathode towards the
bio-anode, negatively affecting its operation due to the proliferation of competing, non-electroactive
microbes [4,18,19].

The overall SCMFCs' performances are affected by several parameters, among which the fluid
dynamics play a pivotal role, directly influencing the interaction between the electrolyte and the
biofilm, as demonstrated in several works of the literature [20,21]. Massaglia et al. showed that
asymmetric Single Chamber Microbial Fuel Cells (a-SCMFCs), characterized by misaligned inlet and
outlet, ensure a higher drift-area, with an electrolyte flow characterized by a drop-like shape. The
microfluidic-based design of a-SMFCs demonstrates an increase in the electrode surface area reached
by the new electrolyte with each replacement. In line with these findings, in the present work, we
propose an alternative design of MFC devices which aims at optimizing energy conversion from the
electrolyte medium [20,21]. With the main purpose of optimize the electrolyte distribution in
asymmetric SCMFCs, achieving an optimal drop-like shape, in the present work we modified the
SCMEC configuration by incorporating an intermediate microfluidic septum (IMS), which occupies
a significant portion of the internal cell’s volume and features a pass-through opening. The primary
intention behind the design of IMS is to shape the reactor to exactly mimic the electrolyte flow
patterns naturally occurring within the MFC during refills, so to guarantee optimal electrolyte
replenishment [20,21]. Moreover, compared to the usual square SCMFC design, the addition of the
IMS in the cell's chamber reduces the amount of electrolyte required for this filling but leaving
unchanged the surface area of the electrodes. In addition, thanks to its shape, the IMS limits oxygen
diffusion from the open-air cathode towards the bio-anode, setting up the condition for an optimal
anaerobic microbial proliferation. Implementing the IMS configuration, this work demonstrates the
tremendous impact of controlled fluid dynamics on the overall performance of SCMFCs. To give
evidence of the crucial role of IMS configuration to improve the overall devices” performance, the
Energy Recovery (Erc) factor, defined as the ratio between the output energy yield and the available
electrolyte volume [6,22,23], has been analyzed. In particular, we compared standard a-SCMEFC to a-
SCMECs with IMS (named IMS cells), both running using sodium acetate as the carbon source. As a
matter of fact, Erc can be improved by both increasing energy output and by decreasing the
electrolyte volume required for the MFC operation. The IMS design simultaneously addresses both
aspects, improving energy output by optimizing biofilm electrical activity while also reducing the
volume of the electrolyte single-chamber. In standard conditions, using 12 mM of sodium acetate,
IMS cells featured an average Erec of (37+1) J/m3, which is one order of magnitude higher with respect
to the value of (3.0+0.3) J/m? obtained for control cells. This study contributes to the advancement in
MEFC technology, providing an alternative solution that partly overcomes the disadvantages related
to the absence of an ionic exchange membrane.

2. Materials and Methods

2.1. Design and fabrication of a-SCMFCs

We realized asymmetric squared single chamber MFCs in open-air cathode configuration,
whose components were fabricated by 3D printing technology (Stratasys OBJET 30 with VeroWhite
material). To ensure complete solvent removal, 3D printed components were kept overnight in an
oven at 110°C. The SCMFCs were constituted by three separate compartments kept together by
screws and rubber sealing: an anodic compartment (air-tight), an intermediate spacing (with a
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window and inlet/outlet holes) and a (open air) cathode compartment (Figure 1A,B). The available
geometric area occupied by the electrodes in both the anode and cathode compartments was equal
to 5.76 cm?, and the inner volume occupied by the electrolyte was 12.5 mL.

The intermediate spacing component allowed to perform cells refill through its top and bottom
apertures. Moreover, the window present in such spacing component permitted the insertion the
Intermediate Microfluidic Septum (Figure 1A,C). We based the design of the IMS on previous studies
[20,21], which modeled and studied the microfluidic flow field arising inside the cells under normal
operative conditions (Figure 1C). For the MFCs in this study, the IMS occupied the entire window
present in the intermediate spacing, except for a narrow pass-through opening of geometric area 0.36
cm?. With the IMS, the inner volume available for the electrolyte was reduced to 6.6 mL. The opening
was oriented so to connect with a straight line both the inlet and outlet, following the trajectory
around which the flow field normally develops during electrolyte replenishment [20,21], as
highlighted in Figure 1C. To assess the contribution provided by the IMS, our experiment consisted
of a triplet of cells featuring the IMS (here named IMS 1, IMS 2, and IMS 3) and a triplet of standard
a-SCMFCs without IMS as control (referred to as Control 1, Control 2, and Control 3). During the
experiment, we simultaneously refilled IMS and Control cells and used the same electrolyte solution
for both.

(A) )

Cathode
side [ ]
IMS
Outlet (C)
1 em Inlet
]

Figure 1. (A) Cross-section view of the SCMFC featuring the intermediate microfluidic septum (IMS).
The anode and open-air cathode are not represented. (B) Picture of an IMS cell connected to the
experimental apparatus. (C) Intermediate spacing including and IMS and comparison with the flow
field. The image was modified and re-printed with the permission of John Wiley and Sons from the
article: Fluid Dynamic Modeling for Microbial Fuel Cell Based Biosensor Optimization, Fuel Cells,
2017 : 17 (5). DOI: 10.1002/fuce.201700026.

2.2. Materials for electrodes and electrolyte solutions
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As anode, as-received carbon felt (purchased from FuelCell Store) was used and cut in 30x30
mm? squares. The anodes were held in place and electrically contacted by a 3D printed frame
threaded with titanium wire (Goodfellow Cambridge Limited). As cathode electrode, we employed
commercial AvCarb Gas Diffusion Systems (purchased from FuelCell Store), composed of carbon
paper, a poly-tetra-fluoro-ethylene (PTFE) treatment on the air-facing side, and micro-porous layer
surface coating facing the electrolyte side. In accordance with several previous works of the literature
[24-26], to promote oxygen reduction reaction, we spread on the micro-porous layer a catalyst paste
based on Platinum (10 wt% Pt on Carbon, from Sigma Aldrich, final Pt loading 0.5 mg/cm?) and
Nafion (5 wt% Nafion, from Sigma Aldrich, final concentration 3 mg/cm?) acting as a binder.

The electrolyte solution contained sodium acetate (C2HsNaO:, 82.03 g/mol molecular weight)
serving as the carbon source. During the experiment, the standard sodium acetate concentration was
12 mM (1 g/L), whereas we also employed 8 mM (0.67 g/L), 4mM (0.33 g/L) and 2 mM (0.17 g/L)
solutions. To ensure the optimal operation conditions for a-SCMFCs, ammonium chloride (NH4Cl,
0.31 g each 1 g of sodium acetate) provided a nitrogen source to aid microbial growth, potassium
chloride (KCI, 0.13 g/L) as minerals source and sodium dihydrogen phosphate (NaH2POs, 2.450 g/L)
to maintain a stable neutral pH. All reagents were purchased from Sigma Aldrich, and the obtained
electrolyte solutions were autoclaved prior to use.

During the starting inoculation phase, we monitored the biofilm formation onto the anode
surface, by implementing an external load of 470 O, which results to be suitable to induce the
formation of biofilm [20,24,27,28]. After this period time, we connected an external load of 1 kQ2 to
directly evaluate the overall devices performances [23]. The presence of IMS leads to achieve the best
performance with respect to the one achieved without the IMS. To demonstrate and confirm this
consideration, we introduced a parameter called energy recovery defined by the following Equation

(D)

t
cf P(t)dt

Erec = ’ 1)

Vint
where Erec (J/m3) is the Energy Recovery, Vint (m?) is the internal volume of the MFCs and |, :12 P(t)dt

(J) is the integral of the recovered energy between the initial (t1) and final (t2) moments associated to
each refill [6,22,23].

The a-SCMFCs were operated in fed-batch mode, with the electrolyte replaced every 48 h to 72
h, in correspondence to which a voltage drop was observed. The fresh electrolyte was replaced when
the voltage drop achieved a value close to 0 V.

The experimental activity was subdivided into three phases.

1. The first phase consisted of an inoculation period, that allowed the initial formation of the
biofilm at the anode electrode. We inoculated the a-SCMFCs with a mixed microbial
consortium, obtained from marine sediment collected in La Spezia (Italy) [29-32]. We prepared
the initial inoculum adding marine sediment to the previously described electrolytic solution
with a standard 12 mM sodium acetate concentration. We kept the inoculum at uncontrolled
ambient temperature and prepared the succeeding refills by mixing the last used inoculum
with standard electrolyte solution (1:10 volume ratio).

2. The second phase corresponded with a standard working period spanning over several
months. This phase began with a start-up period during which we transitioned to a standard
12 mM sodium acetate electrolyte medium. Throughout this working phase, we observed the
stabilization of the electrical output performance and assessed how the performances of the a-
SCMFCs varied over time.

3. The third phase consisted in a perturbation phase during which we systematically reduced the
concentration of sodium acetate dissolved in the electrolyte medium. To this purpose, we
compared the electrical output performances of IMS and Control cells while performing
multiple refills at decreasing fixed concentrations of sodium acetate (12 mM, 8 mM, 4 mM, 2
mM), and then provided once again the standard concentration (12 mM) to verify consistency
of results.

do0i:10.20944/preprints202309.0361.v1
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2.3. Electrical and electrochemical characterizations

During all the experiment we monitored the output potential of the a-SCMFCs, connecting each
anode-cathode pair to a multichannel data acquisition unit (Keysight 34972A) controlled by a
computer. We conducted all the experiments in triplicate, with cells kept at uncontrolled ambient
temperature ranging (20+5) °C.

Throughout the experiment lifetime, we also performed Linear Sweep Voltammetry (LSV) and
Electrochemical Impedance Spectroscopy (EIS) characterizations to assess electrical output
performances and investigate the interfaces arising inside the cells.at the anode electrode. We
conducted all electrochemical characterizations using a PalmSens 4 (PalmSens BV, Netherlands)
potentiostat. For both LSV and EIS, we employed a two-electrodes configuration, where the anode
acted as working electrode and the cathode as counter and reference electrode. We conducted EIS
characterizations in open circuit condition by imposing an AC sinusoidal signal with 10 mV
amplitude and frequency ranging from 200 mHz to 150 kHz. Afterwards we performed LSV
measurements by sweeping, at 0.1 V/s scan rate, the applied potential from its open circuit value to
short circuit (0 V).

3. Results

The following subsections describe the experimental results obtained testing the devices, both
standard a-SCMFC and the new one containing the IMS separator, during the three phases of the
experiment.

3.1. Inoculation phase and start-up

During the inoculation period, the presence of the physical barrier constituted by the IMS did
not adversely impact the biofilm formation and even proved to shorten the start-up time compared
to control cells. The average behavior of each triplet is reported in Figure 2. Indeed, while the output
of the IMS cells is comparable across all the inoculation refills, the Control cells experienced higher
variability before reaching their maximum output potential during the last part of the inoculation
period. The results obtained suggested how the presence of the IMS favored biofilm proliferation,
thus showing that hindering the diffusion of oxygen towards the anode electrode plays a positive
role during inoculation. Moreover, these results are in line with the hypothesis that optimizing the
drop-shape electrolyte flow distribution by the IMS promote the biofilm formation by maximizing
the interaction between the biofilm and the electrolyte [20,21]. Later, after we raised the external load
from 470 Q to 1 kO, both IMS and Control cells reached a reproducible stable output within 3 refills
(Figure 2). In conclusion, the presence of the IMS speeds-up the formation of a stable biofilm on the
anode electrode, while also speeding up the acclimation process.
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Figure 2. Cell output potential measured during the inoculation phase (from day 1 to day 15) and the
beginning of the working phase (start-up period). Each arrow represents one electrolyte
replenishment with inoculum medium, while triangles on the horizontal axis correspond to refills
with 12 mM sodium acetate electrolyte.

3.2. Working phase on standard sodium acetate electrolyte

Following the initial inoculation phase and the start-up period, the cells operated for a period
lasting over one year running on standard electrolyte with 12 mM sodium acetate concentration.
During this working period, the IMS cells presented peaks broadened in time with respect to Control
cells (Figure 3A). As a way to quantify this difference, for each refill event we calculated how much
time such output potential remained above the threshold set by the baseline potential (observed
during starvation periods). From this analysis, we quantified the duration of peaks as (52+5) hours
for the IMS cells, and (36+3) hours for Control cells. As we will later discuss in more detail, this
prolonged electrical activity of IMS cells corresponded with a higher energy output compared to the
control cells. The evidence of a prolonged electrical activity further suggests that the addition of the
IMS is likely to favour an optimal biofilm formation, by influencing the diffusion of species inside
the electrolytic chamber. Indeed, the presence of the IMS may reduce oxygen diffusion towards the
anode, promoting the acclimation of desirable electroactive microbial species, favoured by anoxic
conditions.

As we monitored the output potential of SCMFCs for a prolonged period of time, we could
assess the long-term stability of their electrical output performances. Figure 3B compares the
performance of IMS and Control cells after two months and after one year of activity, highlighting
how Control cells experienced a higher decrease in electrical output performance compared to IMS
cells. Thus, over time, the presence of the IMS provided higher reproducibility of cell’s electrical
activity.
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Figure 3. (A) Cell output potential measured after two months of activity during the standard
working period. Each blue triangle represents one replenishment with electrolyte solution (12 mM
sodium acetate concentration). It is possible to observe how the IMS cells provided peaks broadened
in time compared to Control cells. (B) Comparison of cell output potential measured after two months
(left) and one year (right) of activity. Each blue triangle represents one replenishment with standard
electrolyte solution (12 mM sodium acetate concentration).

3.3. Perturbation phase with variable sodium acetate concentration

As devices working in real scenarios rarely receive a controlled amount of carbon energy source,
we wanted to assess how cells featuring an IMS performed during periods of reduced nutrients
availability. Since the overall devices” performance is strictly correlated with the metabolic activity of
electroactive bacteria constituting the biofilm on the anode surface, it was possible to demonstrate
the correlation between the maximum output potential generated by MFCs and the concentration of
carbon energy source dissolved in the electrolyte [20,33]. To this end, over sets of consecutive refills,
we continued monitoring output potential of the cells while reduced the molarity of sodium acetate
in the electrolyte medium from 12 mM down to 2 mM. During this process, the composition of the
electrolyte medium remained unchanged, except for ammonium chloride concentration which was
reduced accordingly to preserve the same mass ratio with sodium acetate.
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From measured output potentials, we extracted the maximum values reached by the cells after
each refill. To reduce fluctuations associated to each cell, we then averaged the maxima measured
over each a-SCMEC triplet. Figure 4 represents these average peak maxima observed at different
concentrations of sodium acetate in the electrolyte refill. It is possible to observe how the IMS cells
systematically provided a higher output potential compared to Control cells. Indeed, at standard 12
mM sodium acetate concentration, IMS cells featured on average a maximum peak potential of
(2.840.2) mV, compared to control cells at (0.68+0.07) mV.

Finally, it is possible to observe cell’s behavior when the sodium acetate concentration returns
to 12 mM (empty-area symbols in Figure 4). Both cells confirmed the observed trend, by being able
to return to output potentials compatible with the initial values of (2.7+0.4) mV and (0.69+0.08) mV
for IMS and Control cells, respectively.
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Figure 4. Average peak maxima as function of sodium acetate concentration (expressed in mM). The
empty-area symbols correspond to peaks associated with 12 mM refills performed at the end of this
perturbation phase, with the aim of validating the initial recorded response.

To fully assess the a-SCMFCs’ performance, we also considered the Energy Recovery parameter
[6,22,23] as previously defined in Equation 1. Thus, instead of only considering the maximum output
potential by the MFC, the Er. parameter considers the power output from the a-SCMFCs. Figure 5
represents the average Energy Recovery calculated at different concentrations of sodium acetate in
the electrolyte refill. We obtained these average values by aggregating measurements from a-
SCMECs as previously carried out for peak maxima. Considering the standard 12 mM sodium acetate
concentration, IMS cells featured an average energy recovery of (37+1) J/m?, respect to (3.0+£0.3) J/m?
of Control cells. It is then possible to verify how IMS cells provided higher Er.. compared to Control
cells, thus providing an optimization of the a-SCFMC design.
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Figure 5. Average energy recovery as function of sodium acetate concentration (expressed in mM).
IMS cells provided better electrical performances compared to Control cells.

3.4. Electrochemical characterizations

To assess in more detail the electrical performance of the a-SCMFCs, Linear Sweep Voltammetry
(LSV) characterizations were performed. Figure 6 compares the polarization curves of one
representative a-SCMFC from each triplet obtained after 8, 10 and 12 months of activity. We
calculated all current densities by normalizing the measured current by 5.76 cm?, corresponding to
the geometric area of the anode electrodes. It is interesting to observe that IMS cells reached a higher
open circuit potential but lower short circuit currents. Moreover, the linear region of the polarization
curve allows to estimate an internal resistance of approximately 1 kQ for IMS cells and 500 Q for
Control cells. In addition, considering how electrical performances evolved over time, it can be
noticed that IMS cells provided a more stable response compared to Control cells. This result agrees
with what previously observed from output voltage monitoring (Figure 3B).
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Figure 6. LSV analysis performed on two representative cells, IMS 1 and Control 3, throughout the
experiment lifetime. Solid lines represent the polarization curves (left vertical axis) while dashed lines
correspond to the power curves (right vertical axis).

We also performed Electrochemical Impedance Spectroscopy (EIS) to gain a better
understanding of the impedances associated with interfaces arising inside the SCMFCs. Based on the
observed Nyquist plots, we modelled the impedance spectra considering models previously
described in the literature [34,35]. Figure 7 compares the Nyquist plots related to one representative
SCMEC from each triplet. In particular, at the highest frequencies we observed an ohmic (real)
resistance representing impedances arising from electrodes, electrical contacts, and the electrolyte
bulk. To focus on the features related to the electrochemical interfaces, we offset the plots so to hide
the contribution of this ohmic resistance. As frequency decreased, the appearance of a distorted arc
could be attributed to interfacial interactions at the electrode/microbial biofilm/electrolyte interface.
Namely, such impedance can be modelled as a parallel between its charge transfer resistance (Rct)
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and a double-layer capacitance induced by the accumulation of charges. The distortion in the arc
indicates a non-ideal capacitance behavior, corresponding to that of a constant-phase element, likely
due to the complex morphology and the porosity of electrodes [36,37]. Focusing on this region of the
Nyquist plot, both cells demonstrated an increase in charge transfer resistance over time.

Finally, at lower frequencies, diffusion limitations become the dominant impedance contribution
and the presence of the IMS is more evident. Indeed, by acting as a barrier for diffusion, the IMS
introduces concentration losses that increase the overall measured impedance.
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Figure 7. EIS characterizations performed on two representative cells, IMS 1 and Control 3,
throughout the experiment lifetime. Data acquired at days 70, 246 and 373 belong to the standard
working phase, while day 532 corresponds with the conclusion of the perturbation phase.

4. Discussion

With the main purpose of enhancing the overall performance of asymmetric SCMFCs, this work
proposes to optimize the electrolyte distribution by redesigning the inner volume of the reactors to
give them a shape able to follow at the best the spontaneous fluid flow field. As studied in our past
works [20,21] the flow field has a drop-like envelop, as shown in Figure 1C, and devices with that
shape demonstrated to optimize the electrolyte management during refills. Based on those results,
we decided to modify the standard a-SCMFC configuration by incorporating the Intermediate
Microfluidic Septum. The introduction of the IMS optimizes the fluid flow inside the reactor during
the refill operation by connecting the inlet and outlet following the trajectory around which the flow
field spontaneously develops. This behavior is combined with a significant reduction of the inner
volume available for the electrolyte, that is reduced from 12.5 mL to 6.6 mL. The improved
management of the electrolyte ensured by the microfluidic septum allows to optimize the energy
conversion as demonstrated during all the phases, as it can be observed by Figures 2 and 3. Not only
the output voltage is higher for IMS cells, but the peaks are more stable and reproducible than Control
cells. The improvement is further confirmed by the last phase of the experiment, during which the
carbon source concentration was changed over time. This result is particularly important since it
shows that the IMS is able to optimize the inner environment of the cells in such a way to optimize
the activity of the anodic biofilm. Indeed, the metabolic activity of electroactive bacteria is strictly
correlated to the maximum output potential generated by MFCs and the concentration of carbon
energy source dissolved in the electrolyte [20,33].

These results show that, acting as a physical barrier interposed between the anode and the
cathode, IMS plays a crucial role in allowing to optimize the flow and then the diffusion of chemical
species inside the reactor. Indeed, due to its aspect ratio shown in Figure 1A, the separator introduces
mass transport limitations, as well highlighted by Figure 7. One fundamental limitation is expected
to involve oxygen: the IMS actually limits oxygen diffusion towards the anode chamber, thus
promoting the anoxic environment ideal for microbial proliferation. At the same time, nutrients and
ions diffusion rate is also reduced, potentially leading to a delayed interaction of such species with
respect to a condition without IMS present. Nevertheless, the specific IMS design guarantees an
appropriate electrolyte flow during cells refills, and optimal replenishment with minimum
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perturbation of the internal environment. The experiments carried out in this study have clearly
demonstrated that the beneficial effect of the biofilm protection against oxygen contamination is
further the leading phenomena, overcoming the potential limitations to the diffusion process of the
other species, and ensuring a better behavior than Control cells especially for long term applications,
as shown in Figures 5 and 6.

5. Conclusions

In this study we presented a new design of asymmetric single-chamber MFC with the goal of
optimizing energy recovery. This goal is achieved by the insertion of an intermediate microfluidic
septum in the a-SCMFC, the IMS, to optimize fluid flow inside the reactors. In the present work, cells
featuring an IMS demonstrated to enhance energy recovery from an electrolyte solution containing
sodium acetate as carbon energy source. By reducing the concentration of sodium acetate in the
electrolyte medium, we also verified that such overperformance persisted even when we less carbon
energy source was available.

In this experiment we were able to monitor the output potential of SCMFCs for a period of time
lasting over one year. During the early stages of the experiment, we observed how the presence of
the IMS positively impacted biofilm formation, likely due to a reduction in oxygen diffusion towards
the anode electrode. In addition, over the long-term, cells containing the IMS provided a more stable
potential output compared to control cells, suggesting that the development of the anodic biofilm
might have been more efficient.

Electrochemical characterizations confirmed that the presence of the IMS had an impact on the
diffusion of ionic species inside the electrolytic chamber, supporting the hypothesis of an effect on
oxygen diffusion as well.

In conclusion, the results of this study might prove beneficial for the design and optimization of
future SCMEFCs, partly overcoming the disadvantages related to the absence of an ionic exchange
membrane.
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