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Abstract

This work reports a new procedure for low-cost Microbial Fuel Cells (MFCs) manufacture,
based on the optimization of the most expensive MFC components: separator and cathode.
For the first time, tubular MFC clay separators were fabricated by slip-casting, which
allowed to reach the lowest thickness reported to date (1.55 mm), with a minimum cost (0.43
€-m2). On the other hand, a novel cathode was fabricated by using commercial CuO based
catalyst and Carbon Mesh (CM). The new cathode showed a power density of 110 mW-m,
more than 40 % higher than other Cu based cathodes for Ceramic-MFCs (C-MFCs) studied
in the literature. The proposed cell was operated for more than 6 months, with a power
reduction of 29.4%, contrasting with Pt-cathodes (deactivation of almost 50% during the
first month). A deep economic analysis showed a cost of 0.49€/cell when energetic
optimization and a semi-industrial production were considered, one of the lowest for C-

MFCs ever reported.

Keywords: Low-cost Microbial fuel cell; Ceramic separator, Slip-Casting, Pt-free cathode;

Copper oxide catalyst

1. Introduction



Nowadays, it is beyond all doubt that Microbial Fuel Cells (MFCs) will be a future
technology to address the climate change mitigation challenge [1]. Their greatest potential
lies in their ability to transform the energy stored in wastewater into electricity, thanks to the
action of exoelectrogens [2], able to perform simultaneously wastewater treatment and clean
energy production. Furthermore, using waste as a raw material is one of the fundamentals of

the Circular Economy empowering MFC concept potential even further.

However, the development of MFCs is limited by their high production costs, which
represents a key aspect for their effective industrial application [3]. The mayor cost
contribution corresponds to membrane and cathode which may be estimated to account to
47% and 38%, respectively [4]. Membrane cost can reach over 60% of the material cost
when large scale applications are considered [5]. Therefore, to promote the development and
implementation of this technology, both economic and technical optimization of these
components become essential, as well as improve their service life, since a material with a

stable long-term behavior is more convenient from an economic point of view.

When the specific electrode reactions are concerned, oxygen reduction reaction (ORR), with
its slow kinetics and high overpotentials, often represents the limiting step of the whole
process, so that the synthesis of suitable cathodes has a crucial role [6][7][8]. Cathodes are
usually composed of two components: the support (working as current collector) and the
catalyst. Carbonaceous materials have been extensively used for both cathode and anode
supports in MFC applications [9] [10]. In the case of the cathode, several materials have
been used: carbon felt (CF) [11], veil [3], cloth (CC) [8], mesh (CM) [12], etc. However,
very few studies compare the different materials, to identify the most cost-effective one. One
of the most remarkable is the work of Santoro et al. [9] in which carbon cloth, veil and mesh
materials were tested as cathode support and electrode, on a C-MFC. They found a linear
relationship between morphological parameters at nanoscale and current produced, probably
due to an improvement of the cathode-separator contact. CM proved to be the most cost-

effective material when microporous layer and Pt-free catalyst were added.

One of the reason why traditional MFCs struggle for wide range deployment is that platinum
is used as the ORR catalyst [8]. However, as discussed in the literature [10] [13], Pt rapidly
decreases in catalytic activity when working in MFC (deactivation rates of more than 50%
after 4.5 months have been reported [14]), mainly due to its propensity for surface poisoning

and biofouling. This fast deactivation, coupled with its high cost, makes Pt suitable only for



laboratory studies under ideal or clean conditions [13]. Therefore, it is of high importance to

find a non-expensive electrocatalyst with high ORR activity in the given temperature range.

Biological and inorganic catalysts have been investigated as alternative to Pt. Enzymes and
bacteria have reported interesting results [15][16], but they have also shown rapid
denaturalization and deactivation [16]. Among other inorganic catalysts (such as Pt group
metals or metal-free carbon-based materials), transition metal oxides like FeO [17], CoOx
[18], etc., have been often proposed as catalysts for ORR, because of their low-cost,
environmental friendliness, high ORR catalytic activity and, especially, abundant
availability [19][20]. A recent study [18] investigated the effect of CozO4 and Fe3zO4 catalysts
on conductive ink printed cathode, with carbon felt support: the cathodes exhibited a
comparable performance (6.62 W-m™3), even significantly superior to Pt, confirming that

transition metal oxides are real cost-effective substitutes to Pt.

Recently, copper oxide has drawn extensive attention because, in addition to the common
characteristics of transition metal oxides, it possesses also anti-fouling properties
[21][22][23], a crucial parameter for MFCs long-term performance. However, in spite these
optimal properties, only few studies have examined the use of copper oxides as catalyst in
MFCs. Zhang et al. [24] prepared N-type Cu20 doped activated carbon by electrodeposition
and analyzed its performance as cathode catalyst. The obtained power density (1390 £ 76
mW-m2) was almost 60% higher than control cathode (AC bare). This group also evaluated
the impact of morphology and micro-structure of copper oxides by adding different kinds of
surfactants in the electrodeposition process [22]. They found that CuO deposits with high
amount of holes or iso-oriented mosaic structures enhanced the ORR catalytic activity. Yang
et al. prepared hydrangea-like Cu2O@N-doped activated carbon cathodes [25], with a great
catalytic activity of ORR (1610 * 30 mW-m2) due to hydrangea-like structure and
simultaneous carbon N-doping. The influence of electrodeposition time was also studied
[26], and a maximum power density of 308.69 mW-m was obtained for a moderate value
of 100s; longer deposition times resulted in a decrease of the specific surface area, thus
reducing the electrocatalytic activity of the cathode. In addition, copper oxides have been
also tested as photocathode in MFC due to their excellent photoconductive and

photochemical properties [27].

It is worth mentioning that most of the studies dealing with CuxO-based catalyst refer to

MFC separator-less configuration. This option is characterized by a low complexity of



design, reduction of material costs [28], as well as high power outputs due to low internal
resistance [29]. However, by removing the separator, diffusion of oxygen from cathode to
anode side occurs, resulting in loss of substrate and drop of coulombic efficiency [10].
Furthermore, in the absence of a physical barrier, cathode tends to foul rapidly, by formation
of aerobic bacterial biofilm (biofouling) on the catalyst surface, which increases the internal
resistance, thus affecting the system performance [30]. Therefore, this configuration is not

recommended for long-term operation, and thus for industrial applications.

As far as separator is concerned, Nafion is the most widespread option for proton exchange
membranes in low temperature (=200 °C) fuel cells [31] [32]. It is characterized not only by
a high ionic conductivity, but also by its high cost and low lifetime in high organic load
media [33]. Therefore, Nafion membrane is considered as unsuitable for scaling up purposes
[28] [34]. More than 20 different alternatives have been proposed in literature [35][32], such

as AMI 7001, cloth separators, agar membranes, etc.

Among all of them, ceramic materials have emerged strongly in recent years [36] due to their
great natural availability and low-cost: when used as MFC separators, they present good
chemical and thermal stabilities, relatively high mechanical robustness, simple washing, not-
ion selectivity, etc. [37]. Several studies revealed the crucial effect of physical and chemical
parameters, strictly connected to the manufacturing procedure [38][39], such as composition,
thickness, porosity, pore size distribution, that can affect the flux of ions through the
separator, and in turn the MFC performance. As an example, the sintering temperature of
ceramic membranes was of paramount importance in determining its final porosity and pore
size distribution [34]: high sintering temperatures dramatically reduces the fine porosity
fraction of the membrane and favors the formation of large but closed voids (pore coarsening
effect). On the contrary, lowering the sintering temperature from 1410 °C to 1030 °C, leads
to an improvement of the MFC power output by almost 60 %, thanks to the higher volumetric

proportion of fine pore in the microstructure, which entails a lower membrane resistance.

The influence of ceramic membrane thickness on the performance of MFC have been
explored by different works [40][41][42]. In all of them, being the ceramic material the same,
thinner ceramic membranes outperformed the thicker ones, 2 mm being the lowest thickness
value studied up to the date. However, in a recent study, the authors estimated an optimal
theoretical thickness of 1.55 mm for planar same composition (terracotta) membranes [43].
In addition, the effect of the membrane thickness can vary when different ceramic (solid



oxide) based materials are considered [40]. Among the different kinds, suitable for MFC
membrane application, terracotta, earthenware, mullite, alumina, pyrophyllite, etc. [38,40],
have been considered as well as mixtures and composites [44][45]. In all cases a great

influence of the ceramic composition over the MFC performance was observed.

It may be also considered that, with a suitable design, ceramic separators or membranes can
play a dual role: medium for ion exchange and MFC chassis. Compared to planar design,
tubular or cylindrical configuration has become the most popular choice because of: their
efficient use of space, potential scaling up, commercial availability in stores, versatility to
work with mix and continuous liquid flow, real-world applications demonstrated, better

membrane-electrode assembly, added-value catholyte synthesis and storage, etc. [46].

Therefore, the development of ceramic membranes strongly depends on finding the optimal
combination of physical-chemical properties and architectural design. However, this
contrasts with the fact that most of the authors working on C-MFC use commercial products
like pots [47][48] or acquire their ceramic membranes from different providers [49], whose
properties cannot be, usually, custom-modified (in terms of porosity, diameter, thickness,
composition, etc) at lab scale [50]. In order to achieve the above goal, different researchers
claimed the need of a rigorous ceramic processing procedure which allows modification and
evaluation of ceramic membranes in a precise, simple and economical way [37,51]. A good
candidate for such technology is a simple slip-casting technique. Slip-casting is a mature,
cost-effective, and simple almost near-net shape methodology which has been traditionally
used in ceramic processing for centuries [52]. Besides its simplicity, this technique enables
accurate control of the microstructure, this allowing the preparation of good quality, thin
wall products with a possibility for certain complexity in shapes [53]. The slip-casting has
been increasingly used for advanced technical ceramic applications (especially in tubular
shape) where rigorous control of properties is a must, such as: tubular and microtubular solid
oxide fuel cells [54] [53], drinking and wastewater treatment [55], gas separation [56], etc.
To the best of our knowledge, this technique has never been used to manufacture customized
ceramic membrane separators for MFC; it can meet the requirements of repeatability,
accuracy and simplicity demanded by the scientific community working on C-MFCs. In
addition, slip-casting is a well-stablished technique widely employed in the ceramic industry,

which would greatly facilitate the industrial production of ceramic membranes.



The low-cost systems reported in literature are usually focused on the optimization of one
component of the MFC, and the cost analysis, when presented, is limited to this single
modification. However, considering all the above, in order to reduce the cost of MFCs not
only cheap materials should be introduced, but also low-cost processing and manufacturing
techniques should be deployed. For these reasons, the present work was aimed to combine
inexpensive materials with economic, simple and efficient manufacturing technique as a
strategy to optimize the most critical components of MFC: separator and cathode. A new
cost-effective Ceramic-MFC cell has been designed, built, and completely characterized;
slip-casting has been successfully validated for the first time as a methodology for
manufacturing tubular ceramic membranes for MFC. The accuracy of this technique has
been tested by fabricating tubular ceramic separators with a thickness of 1.5 mm, the lowest,
to date for this type of separators, according to the theoretical optimal value indicated in
literature [43]. Regarding the cathode, different carbonaceous materials have been studied,
identifying the one with the best performance/cost ratio. Carbon Mesh (CM) has been used
to deposit a low-cost commercial CuO-based catalyst, by means of a simple, widely used
and economical spraying technique. As far as our knowledge goes, this is the first time this
methodology is used with CuO based catalyst for ceramic membranes. In addition, a rough
economic analysis of the manufacturing cost of the presented cell has been made, including

aspects such as energy consumption.

2. Experimental
2.1  The Experimental set-up

Single chamber air-cathode Microbial Fuel Cells with a tubular ceramic membrane were
used in this study. The C-MFCs had a two-compartments cylindrical configuration, divided
by the ceramic membrane: the external cylinder constituted the anode, where biofilm was
grown, while the internal cylinder was the cathode, which was in direct contact with air.
Thin titanium wires were used to sew the planar electrodes in the cylindrical shape, as well
as to guarantee the electrical contacts. Typical polypropylene lab jars were used as holder
for the electrodes-membrane assembly. The total volume of the anodic solution was 150 mL.
Suitable openings were provided on top of the chambers, to fill and drain the anodic
compartment. Figure S1 (Supplementary Documentation) shows a representation of the C-

FMC configuration used in the present study.

2.2 Membrane fabrication by Slip-Casting



One of the novelties of this work involves the fabrication of the end-closed cylindrical
ceramic membranes by a simple and inexpensive slip-casting technique based on the
following procedure: firstly, suspension of clay (Pastart, Argiles Bisbal SL) was prepared by
adding the as-received clay to distilled water (300 g-L™?). Then the suspension was
homogenized with high torque stirrer for 2 h at room temperature. The obtained stable clay
suspension was poured into the plaster molds and kept for a defined period of time, to allow
the formation of thin clay coating due to capillary action of plaster mold. The remaining
suspension (excess) was then poured out, and the deposited clay was left for drying during
24 hours within plaster mold. De-molded membranes were sintered by performing a thermal
treatment step at 950°C with a dwell time of 2 h.

Microstructural and morphological characterization of obtained ceramic membranes and
electrodes was done by performing Scanning Electron Microscopy (SEM) analysis with Jeol
JSM 6010 Microscope (JEOL, Ltd, Tokyo, Japan) with integrated Electron Diffraction
Scattering (EDS) probe.

The water saturation method was used to measure the porosity of ceramic membranes [57]
(as reported in Standard UNI EN 1936:2007). The thickness of the ceramic membrane
samples was measured by a Digital Caliper (Mitutoyo 500-196-30 Absolute), taking an
average thickness value of 5 measurements. Thickness dimensions were also confirmed by

measuring the cross-sectional SEM images.

To the best of our knowledge, there is no optimal or preferred porosity or thickness values
for ceramic membranes in MFCs applications, as they are related properties which also
depend on multiple factors: composition, pore size distribution, tortuosity, etc. Regarding
porosity, membranes with porosities ranging from 2% to more than 30 % can be found in C-
MFC studies [58]. In our case, a value of 20-30% was estimated when clay suspension was
prepared. This is a medium-high range of usually reported values, but quite common in

works where ceramic separator contribution was evaluated [50] [50] [81].

Regarding the thickness, as discussed in section 1, several studies have shown that thickness
reduction leads to improved performance of C-MFCs [42]. However, to the best of our
knowledge no study has reported tubular or cylindrical ceramic membranes with thickness
lower than 2 mm, ranging normally from 2 to 18 mm [37,58]. In order to demonstrate the
capacity of slip-casting to manufacture ceramic membranes with defined geometries and

properties, a value of thickness of 1.5 mm was selected.



It is important to point out that in this study, we sought to validate the use of slip-casting to
manufacture ceramic membranes for C-MFCs. For this reason, the variation in the properties
of the manufactured membranes has not been studied in depth, and values similar to those
reported in the literature have been used. Of course, the porosity and thickness effects and
the identification of their optimal values could be the subject of a specific study, but this is
not the aim of the present work.

2.3 The Electrodes

During inoculation of the C-MFC (biofilm formation process), 2.5 mm thick carbon felt was
used for anode and cathode. However, once the cell was matured and the electrical response
was stable, the following carbon-based materials were tested as cathode: carbon cloth (CC),
carbon mesh (CM) and carbon felt (CF) with thickness of either 2.5 mm (CF2.5), or 5 mm
(CF5). Those materials were respectively supplied by Zoltek Corp. (Hungary), SGL Carbon
Group (Germany), and SCHUNK GmbH & Co. KG (Germany). Before testing, all materials
were pre-treated by immersion in acetone for 24 h to remove impurities. Then they were
washed with distilled water and dried in air atmosphere at 150 °C for 2h. To ensure all
samples had the same operation conditions and starting point, CF2.5 cathode used during

inoculation was replaced by a new sample for the evaluation of this material.

After carbonaceous materials were characterized, catalytic layers were coated on the best
cost-effective performing one, using a commercial low-cost CuO-based catalyst (kindly
supplied by Sotacarbo S.p.A) containing around 60 wt.% of CuO along with other different
metal oxides. Powder of catalyst was obtained from the original pellets, by 2 h ball milling
pre-treatment. The obtained powder was used to prepare an ink, following a procedure
indicated in the literature [59]: 120 mg of catalyst and 120 mg of carbon black were mixed
with 0.8 mL of Nafion (Thermo Fisher Scientific Inc.) and 20 mL isopropanol, and sonicated
for 2 h. The ink was sprayed on the support up to a load of 3.5 mg catalyst -cm2. This catalyst
loading is in the range of common reported values for nonprecious metal catalysts for MFC
cathodes [60]. The final cathode was thermally treated at 100 °C for 1 h, to remove the

solvent, and left at room temperature during night to consolidate.

Also, for comparison, a specific cathode with a load of 0.5 mg Pt-cm™ was prepared,
following the same procedure adopted for CuO-based cathodes. In this case, Pt/C powder
(60 wt.%, Alfa Aesar, Thermo Fisher Scientific Inc.) was used.



As for ceramic membranes, structural and morphological properties of different cathodes
were studied by Scanning Electron Microscopy (SEM).

2.4. Inoculation

The cell operated at 23-25 °C, at neutral pH. Sewage sludge from the anaerobic digester of
the Ciudad Real (Spain) wastewater treatment plant was used to inoculate the MFCs.
Inoculation was performed by filling the anodic chamber with 150 mL of solution, in which
50% of sedimented sludge was mixed with 49% of medium (80 g-L™* K;HPO4, 13 g-L*
KH2POs, 1.3 g-L NH4CI, 26 mg-L* FeClz; 5 ml of mineral media [61]) and 1% of sodium
acetate (200 g-L). Before inoculation, nitrogen was sparged continuously for 20 min to
maintain anaerobic conditions in the anodic chamber. During the biofilm growth, a 150 Q
external resistor was connected to the C-MFCs. The growing process of the biofilm was
checked by monitoring the trend of potential with a data acquisition system, consisting of a
32-bit data acquisition card (782604-01, NI, USA) and a custom-made software developed
with LabView 2015 (NI, USA).

Two inoculation steps, with a duration of 7 days, were performed to promote the biofilm
growth. After that, inoculum was removed, and only the medium with acetate was fed to the
cell. Three cycles substrate addition-depletion, with similar potential response, were
generally considered sufficient to stabilize the biofilm. Afterwards, the anolyte was replaced

when the potential dropped below 10 mV.

SEM analyses were also used to confirm the presence of the biofilm on the electrode surface.
Before SEM, biofilm samples were fixed, rinsed, dehydrated and gold coated following a

conventional procedure [62].

To investigate the diversity of bacterial community, biofilm was subjected to
pyrosequencing analysis. DNA was extracted with the Biofilm DNA Isolation kit ® (Norgen
Biotek Corp.), following the manufacturer’s instructions. The samples were sent to an

external laboratory for pyrosequencing.
2.4 Electrochemical characterization of the cells

Polarization curves (PCs), cyclic voltammetries (CVs) and linear sweep voltammetries
(LSVs) have been used to characterize the cells from an electrochemical point of view. In
particular, a variable resistor box (Rex: from 20 Q to 470 kQ) was placed between the power

supply and the cell, and the voltage drop (V) across the resistor was monitored. A stable



potential value was measured after 10-15 minutes approximately. The power generated by
the system was calculated as P=VI: the current (I) was obtained from the measured voltage,
based on Ohm's law as | = VV/Rext. The open circuit voltage (OCV) was also measured. The
polarization curves (I vs V) obtained for each MFC, allowed the internal ohmic resistance to

be determined, from the slope of the linear trend.

CVs and LSVs were performed with an electrochemical workstation (VMP-3 Bio-Logic
Science Instruments). LSVs were carried out in a specific three-electrode cell, in which a Pt
grid and the carbon material were used as counter and working electrode, respectively, being
AgQ/AgCI (Eo= 197 mV vs NHE) the reference electrode. During LSVs the cell potential was

scanned at 0.2 mV-s™, while electrolyte was constituted by the medium solution at pH 7.

In the case of CVs, bioanode and cathode served as working and counter electrodes,
respectively. CVs were carried out at scan rate of 1 mV-s within a potential range of —0.6
V to +0.3 V (Vs Ag/AgCl), at different biofilm growth stages, and under different electric
activity of the biofilm: the two conditions of turnover and non-turnover were also
investigated, in the presence and in absence of acetate, respectively. Analysing the results
obtained from these two different conditions, valuable information about the electron
transfer processes can be achieved, such as: redox species involved, the bioelectrocatalytic
activity of the bioanode, influence of the mass transfer, etc.[63][64][65]. Non-turnover
conditions were achieved starving the biofilm overnight in acetate-free medium, to deplete
acetate, possibly absorbed into biofilm surfaces or within bacterial cells. CV measurements

allowed deriving information on the extracellular electron transfer mechanism of the biofilm.

2.6 Coulombic efficiency - The bioelectrochemical performance of the C-MFCs, was
also monitored by evaluating the Coulombic efficiency (CE) (eq.1), based on the total charge
measured and the related change in chemical oxygen demand (COD), over one cycle [44]:

t
_ M [, Idt
nVF(CODy—CODy)

1)

Where:

M: molecular weight of Og;

I: generated current;

t: time duration of the cycle;

- n: number of electrons exchanged:;
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V: anodic compartment volume;

F: Faraday constant;

- CODg — COD¢. change in chemical oxygen demand (COD) over the time of

operation (t).

3. Results and discussion

3.1  Morphological characterization of Clay Ceramic Membranes fabricated by
Slip-casting

The capacity of the slip-casting was evaluated to manufacture membranes with different

properties: porosity, geometry, composition, thickness, etc. Figure S2 (Supplementary

Documentation) shows the SEM cross-section images of tubular membranes of different

thicknesses. In Figure S3, images of membranes manufactured by slip-casting with different

geometries and materials are also presented. In addition, Figure S3 g) shows the

characterization of two membranes with different geometry, but almost identical thickness

and porosity values.

As stated above, 1.55 mm was considered as reference value for MFC separators fabricated
by slip casting. In fact, thickness of 1.5 + 0.32 mm was measured for these separators by the
digital caliper. The separator thickness was also measured by the cross-sectional SEM

images (Figure 1 A), confirming the obtained value.

An average porosity around 26% was calculated by water absorption method. Although it
can be considered a medium-high porosity, it is in good agreement with the results of recent
C-MFCs works [34,50,66]. For instance, You et al. [50], obtained porosities between 22-

27% for custom made separators using a cylindrical shape.

Regarding the microstructure, higher magnification cross-section SEM images (Figure 1b)
confirmed a microporous structure, with flake-shaped particles of irregular dimensions.
Pores were widely distributed in the sample; a non-homogenous size distribution was
observed with variable diameters (< 10 um), which well agrees with that described in

literature for clay separators [38][44].

EDS spectrum of membrane is reported in Fig. 1 c), along with the chemical composition
(inset), which was estimated from the stoichiometric ratio of each individual element.
Analogous soil-based materials were used in literature [38] [5], such as earthenware,

terracotta, etc., characterized by a predominant presence of SiO2, which, according with
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some of these authors, could improve ionic conductivity and hygroscopic properties, thus
favoring a better performance of the membranes. In fact, Pasternak et alt. [38] studied the
performance of different ceramic materials as MFC separators, and they found that best
performances corresponded to separators with higher amounts of SiO,: earthenware

(67.92%) and pyrophyllite (64.54%). These percentages are quite similar to that obtained for

our separators (64.66%).
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Fig.1.. SEM micrographs correspoding to fracture cross section of clay slip-casted
membrane: a) general view indicating 1,5 mm thickness, b) close up at the microstrutural

features and c) EDS spectra correspoding to the area of the micrograh b.

The obtained results confirmed the versatility offered by this fabrication process to get
membranes with customisable charactersitcs in a simple and economic way. In addition, the
potential scaling up of slip-casting was also verified by the fabrication of ceramic separators
with different shapes, but maintaining the same structural properties (porosity and

thickness).

3.2 Inoculation stage and electrochemical characterization of the Ceramic-
Microbial Fuel Cell
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During this stage, the enrichment of electrogenic bacteria in the anodic compartment is
sought, and more specifically the formation and maturation of a biofilm on the anode surface.

Figure 2 shows an example of the trend of the potential recorded for C-MFCs. After a lag
phase of approximately 2 days, it is observed a gradual increase in electrical response. This
initial response is due to first stage of biofilm growth, and then it reaches a stable phase
characterized by a higher potential. After the first week, the potential gradually decreased
with the carbon source concentration. However, when the second inoculation cycle started
the potential quickly regained a stable value, very similar to the previous one. The observed
trend is quite similar to that reported by Paternak et al [38]. They obtained lag periods of 2-
3 days and reached the maximum power performance after 5 days of operation, which is in
well agreement with our results. These authors also observed a potential decrease during the
first day, before reaching the stable high electrical response. This behavior is related to
inoculation methodology. Paternak et al [38], completely removed the inoculum from the
reactor during the activation stage. This entails the elimination of planktonic bacteria and
electron shuttles, widely present in activated sludge [67]. However, in the present work, the
sludge is always present during the maturation stage, and thus a relevant contribution of
these kind of bacteria and electron mediators can be expected.

After two weeks, it could be considered that the microbial biofilm was matured and formed
over the anode surface. This is confirmed by the SEM images (Figure 2 inlet), which provide
direct visual information about the biofilm grown on the anode surface fibres. As can be
seen, before the maturing process, a carbon felt fibre surface is smooth, with a regular
morphology. However, when the biofilm was formed, there is a significant presence of
bacteria attached to the surface of the fiber, constituting substantially a heterogeneous layer
which covered the fibre unequally. However, the microbial biofilm has not finished growing,
and it will continue over time. Although this trend can initially improve the electrical
response, some authors have pointed out [68] than long-term operation should result in
thicker biofilm which could cause mass transfer limitations within the biofilm and,

ultimately, a decrease in power production.
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Fig.2. Example of trend of potential with time, measured during the first 2 weeks. Inset:
SEM micrographs of the substrate support before and after the biofilm growth.

Information on charge transfer between biofilm and substrate were derived by cyclic
voltammetries in conditions of turnover and non-turnover. In order to monitor the activity

of biofilm at different stages of growth, CVs were carried out weekly.
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An example of CV is reported in Figure 3. In turnover conditions higher anodic currents are
measured, thanks to the enzyme kinetics. Actually, when the solution contains an excess of
acetate, which acts as electron donor, the current measured at the bioanode is the result of a
continuous reduction of the active sites by the microbial metabolism, which occurs in series
with the subsequent oxidation by the electrode. However, while the electrochemical reaction
depends on the potential, the biological reduction rate can be considered as independent of
potential and of the other electrode parameters: it only depends on the number of microbial
cells, and their activity in the biofilm as wells as the respective substrate concentrations.
Under ideal conditions, this rate can be described by Monod and Michaelis—Menten kinetics,
and an S-shape curve is obtained: no reduction peak is observed in the voltammogram and,
if the scan rate is slow enough, the maximum current is only dependent on the enzyme

Kinetics, or on the mass transfer [64].

In the present case, a quite irregular S-shape of CV is obtained (Fig. 3 a) from cell where
biofilm was newly formed: an additional oxidation peak is well visible also in the reverse
scan at a potential value of about -0.4 V, while no reduction peaks appear at relevant extent
in the reverse scan. Moreover, increase of the bioelectrochemical activity with time is well
visible: after 2 weeks the current in the CV, and then the bioelectrochemical activity of
bacteria, increases, possibly due to an increased biofilm coverage of the surface. The
increasing amount of electroactive bacteria attached to the anode surface improved the

kinetics of the bioelectrochemical reactions [68].

The effective proliferation of the biofilm electrochemically active was generally assessed by
SEM analyses (see Fig.2 inset), performed at a sample at the end of the service life of the

electrodes.

CVs obtained under non-turnover conditions are compared in Figure 3b): in this case the
electron source given by the substrate is missed, so that the exchange of charge is the result
of the electroactivity of the biofilm already present at the electrode surface. The height of
the related voltammetric peaks, may be an indication of the biofilm growth in time: the
higher bacterial density, the higher concentration of metabolites in solution, which in turn,
influences conductivity and capacity. The potential of the peaks is instead connected to the
redox species, i.e. to the specific class of bacteria present in the biofilm. The formal potential
(Ef), evaluated as average value between the two potentials of the redox couple, is generally

assumed to characterize the bacterial species. Thus, for example, three major systems (S1 to
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S3) are individuated with formal potential (Ef) and potential peak distance (AV) reported in
Table 1, which may represent the species mainly responsible for the charge transfer of the
biofilm newly formed. The presence of the Geobacter could be indicated as corresponding
to the formal potential of systems S1 and S2 which are in the range generally reported in
literature for this bacterial species (-0.2 V and -0.4 V vs Ag/AgClI [64]).

The presence of electrogenic bacteria was confirmed by pyrosequencing analysis. Phylum
and genus distributions are shown in Figure S4. From these results, firstly, the presence of
Geobacter bacteria is confirmed, albeit in a small proportion. Moreover, several genera with
electroactive members have also been identified, such as: Desulfuramonas [69],
Pseudomonas [70], Costridium [71], etc. Although the genus Desulfuramonas emerges as
the most abundant in the biofilm (12%), the bioelectroactive response is assumed to be the
result of a synergistic mixed-culture biofilm community, in which different species perform

specific functions [70].

Table 1. Values of the formal potential E¢ and potential distances of the redox peaks

individuated in the CV recorded during the first two weeks of biofilm ageing

1 week 2 weeks
Ef/ mV AV / mV Ef/ mV AV / mV
S1 -375 90 -380 100
S2 -265 150 -305 30
S3 -130 100 -195 90

It is expected that long-term operation should result in a thicker and more matured biofilm
as discussed before. In this case, the peaks should become more clearly distinguishable,
indicating an increment of the bioelectrochemical response and, probably a better bacteria
colonization. For comparison, in Figure 3b, CV of a long-term operation (6 months) C-MFC

is also shown.

In fact, comparing with the first two weeks response, an appreciable improvement in the
bioelectrochemical activity is observed for the long-term C-MFC, where current peaks
increase of more than one order of magnitude (red curve in Fig. 3 b is reported in different
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y-axis, for a better comparison). Moreover, as assessed by the potential of the peaks, in both
cases the most important bacterial activity is revealed in the range between -0.4 V and -0.1
V. As the biofilm stabilizes, peaks tend to shift towards more negative potentials, indicating
a better electrocatalytic activity, and the distance between oxidation and reduction potentials
related to S2 decreases, which indicates a more reversible process. However, the comparison
with the curves obtained in turnover conditions (Figure 3a) reveals that, as the age of the
biofilm increases, the redox processes S1 and S2 are mainly the responsible for the electron

transfer, whereas systems S3 appears less electrocatalytically active.

3.3 Performance with different cathodic materials

Morphology of different carbon-based cathodic materials was studied by SEM. In Figure 4,
dense texture of fibers is observed at CC, while the weaving of the fibers in the CM is wider
and tidier. Finally, the fibers in CF appear massively disordered and three-dimensionally
distributed. The average diameter of the fibers was 8, 7 and 15 £+ 2 pum, for CC, CM, and CF,

respectively.
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Fig.4. SEM micrographs of the different supports: CC (a, b), CM (c. d), CF (e, ). Left and

right columns correspond to X50 and X2000 magnification, respectively.

Regarding electrochemical characterization, LSV were firstly performed on each cathodic
material, being a Pt grid used as anode (see section 2), to avoid the anodic processes became

limiting: in this way, possible limits of the cathodic ORR could be instead evidenced.
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The results have been elaborated in terms of logarithm of the current density versus
overpotential, evaluated with respect to the oxygen redox potential in neutral solution, and
considering the Ag/AgCl reference electrode potential. Kinetic parameters reported in Table
2 were derived by the Tafel analysis. Values of b around 60 mV-dec™* are derived for all the
investigated materials. A wider variability of i, values was obtained, with values ranging in
the order from 10°° mA.cm to 10® mA-cm?, indicating an activity of the samples in the
order: CC<CF5<CM<CF2.5. Slope and current density values are quite consistent with that

obtained by other authors for non-catalyzed carbon cathodes [72] [73] [74].

Table 2. Tafel parameters calculated for the different cathodic materials.

Cathode b (mV-dec?!) io (MA-cm?)

CcC 55 2.54 x 1010

CM 60 8.04 x 10°°
CF2.5 71 1.22 x 108

CF5 63 3.09 x 10°

The carbon materials were then used as cathodes in C-MFCs (operated for two months)
where a stable biofilm was formed at the anode: the performance of the cells was monitored
in terms of potential values originated across an external load (150 Q), selected from the

resistor box.

Depending on the cathodic material, different maximum potential values were measured at
the cell. Data were confirmed by three repeated cycles. Table 3 resumes the average values
and standard deviation of maximum potential measured and the related current obtained in

the different conditions.

The best electrical response corresponded to CM, followed by the thicker CF. However,
given the small difference between both average potential values and the magnitude of the
standard deviation for each of these measurements, these values can be considered almost
equivalent. CF2.5 reported a current value very close to the previous cathodes. Finally, it is
remarkable the low electrochemical response when C-MFC worked with the CC cathode,

becoming almost half of the other three materials. This result was surprising and unexpected
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for two reasons. First, CC is usually the reference material for the construction of air-
cathodes in single-chamber MFCs and it had been widely used [8,14]. Second, this material
had previously shown the best performance when compared to other carbonaceous materials
for MFCs [9].

Table 3. Average values (3-fold repeated runs) and standard deviation of maximum potential

measured, and the related current obtained for each cathode.

Cathodic Material Vmax(MmV) SD Imax (MA) SD
CcC 30.9 +9.8 0.206 +0.065
CF2.5 54.4 +2.1 0.363 +0.01
CF5 57.4 +2.6 0.383 +0.02
CM 58.8 6.4 0.392 +0.04

The previously described procedure, repeated for the different Rext, for small periods of time,
allowed the polarization curves and the related power curves to be obtained. Figure 5 shows
the comparison from the polarization experiments carried out from the four carbonaceous

materials.
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Fig.5. Examples of polarization (a) and power curves (b) of the MFCs in which the different

materials were used as cathode.

The obtained polarization curves showed the shape typically reported in literature [15]: an

initial non-linear change in potential was always observed, due to activation losses at low
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current densities, followed by a linear range, over most of the useful range of current
densities, indicating that all the examined systems operate at current densities where ohmic
losses are dominant. Of note, since in all the cases the anode material was always the same,

differences in the trends could be attributed to the different performances of the cathodes.

Polarization data have been used to estimate the value of the internal resistance (Rint) Of the
cell by the electrode potential slope method [75]: values of Rint were obtained from the slope
of the linear portions of the polarization curves, while the activation losses were calculated
as the difference between the experimental open circuit potentials and the y intercepts of the
linear trend line. Table 4 resumes the main parameters derived from the analysis of
polarization data. Data of coulombic efficiency (CE %) are also reported to complete the

comparison.

Table 4. Analysis of the polarization data for the MFC equipped with different cathodic

materials.

CF2.5 CF5 CM CcC
I (MA-M2) measured at 50 mv 120 172 156 107
OCV (mV) 422 425 471 484
.‘g Rint (Ohm) 344 334 278 280
'% Activation overpotential (mV) 174 211 225 260
é Max Power density (mW-m-?) 8.1 11.2 9.5 6.2

o

CE% 13.29 16.55 11.47 10.69

If data are considered in terms of both the OCV and the Rint values, two different trends are
identified at CF electrodes, and CM and the CC ones. In the case of the OCV, when the cell
worked with CF electrodes, the OCV value was approximately 10-13% lower than that when
CM or CC were used. In the case of the Rint the difference is more significant, about 20%
higher for CF electrodes. As some authors have suggested [76], these differences could be
related to morphological parameters of the electrode microstructure, such as roughness. It
should be noted that CF electrodes (Figure 4 e and f), present fibres with larger diameters
and a disorderly and heterogeneous distribution, while CM and CC have smaller fibre
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diameters (approximately 50% lower), placed homogeneously. Smaller fibres, being
properly placed, can improve the contact between the electrode and the ceramic surface [9].

As far as the activation overpotential is concerned, the lowest values were for CF cathodes.
This suggests that ORR reaction is favored in carbon felt. In fact, the trend is in line with the
results of the kinetic analysis (Table 2). The CF2.5 shows the lowest activation overpotential,
and also the highest exchange current density for the oxygen reduction reaction. Although
further analysis would be required, the composition of the carbon materials can be the cause
of the different behavior between them, since Kkinetic parameters depend on the
electrochemical reaction, electrode material and electrolyte composition. [77]. The presence
of graphitic carbon and carbon surface oxides could be responsible, respectively, of
increasing the conductivity and the hydrophilic character of the material, as previously
reported for CM [9].

The coulombic efficiency varied between 10.7% and 16.5% depending on the cathode used.
These values are in line with other works for MFC with clay separators and carbonaceous
electrodes without catalyst: 18.5 % [44], 5.8-7.06% [41], 7.69-6.39% [73] and 5.10 % [78].
Despite its internal resistance, the CF5 has the best CE and maximum power values. An
increment of power when increasing the thickness of carbon felt electrodes was identified.
This behavior has been previously reported in literature for MFC with a Separator Electrode
Configuration [79]. The reason could be that the higher thickness probably allows a larger
active surface area, or a higher density of active centers where reaction takes place [80].

On the basis of the previous analysis, quite comparable performances of the different
materials are obtained: no one stands out against the others for all the parameters. The
differences between them may be related to the resistance associated with the way the
electrode surface couples to the membrane wall, morphology, composition of the
carbonaceous material, the presence of impurities, etc. Therefore, in order to choose the best
candidate, an economic analysis was necessary, especially if large-scale real applications of
MFCs are considered.

The cost-analysis was done following a procedure proposed in literature.[9]. The approach
was based on determining the most cost-effective material, i.e. the material with the lowest
cost per energy produced (€-mA™). Calculations were done considering the current produced
at 0.5 V. According to Table 5, CF5 showed the best electrochemical performance, 10%
higher than CM. However, it was also the most expensive material, concretely 160-200%
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higher than the others. Taking this into account, it was found that the most cost-effective
material is the CM with a ratio of 0.25 €-mA™, followed by the CC (0.35€-mA™). In the
work of Santoro et al.[9], CM also appears as the most cost-effective support when compared
to Carbon Veil and Carbon Cloth. There are two aspects that are worth noting in this work.
First, Carbon Felt is not included, but according to our results a worse ratio than CM is
expected, even comparing with the materials of the Santoro’s work. Secondly, the
cost/produced current ratios are considerably lower than those calculated in the present
study. This latter depends on the materials supplier. In any case, the observed trend is
equivalent to that obtained by Santoro and other authors [12], which confirms the suitability

of the use of CM as cathodic support from a performance-cost perspective.

Table 5. Cost Analysis of cathodic materials

Cost-Effectiveness

cC CM CF2.5 CF5
l05v (MA-m?) 107 156 120 172
€-m? 37€ 38.5 47 74
S (cm?) 37.25
I at 0.5V (MA) 0.398 0.581 0.447 0.641
€mA’l 0.35 0.25 0.39 0.43

Finally, these results bring to the selection of CM as most convenient support for the

subsequent deposition of the CuO-based catalyst.
3.4  Performance of the catalyst supported electrodes

The homogeneity of the catalyst coating can be seen in Figure 6: over the whole cathode
surface (a) and in a specific fibre (b). The uniform morphology is the result of a precise
spraying process. If the dimensions of the fibres before (7um) and after (19 um) the
deposition of the catalyst are compared, it is obtained that the thickness of the catalytic layer

should be approximately 6 um.
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CM-CuO cathodes were used in the previous described cell (section 2) where Tafel curves

for ORR were derived and compared with those obtained for a CM-Pt electrode (Figure 7).

As we expected, the CM-Pt cathode resulted the best performing (inset, Figure 7); however,
noticeably higher catalytic activity was obtained with CM-CuO, compared with that

measured with CM, as it is well visible.
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Fig. 7. Trend of current density vs overpotential measured in a three-electrode cell with CM
(blue curve) and CM-CuO (red curve) electrodes. Inset: the curve of Pt electrode (black) is

reported as a comparison.

Two different plateaus in the low and high overpotential regions can be observed with CM-
CuO, and attributed to ORR and hydrogen evolution which, in aqueous solution, becomes
prevailing at the highest cathodic potentials. On these bases, Tafel parameters were derived
from the first region (in the range of overpotentials between 0.6 V and 0.7 V), at which the
linear trend of n vs log(i) was observed. Values of i, and b derived from Tafel plots for CM,
CM-CuO, and CM-Pt are resumed in Table 6.

Table 6. Tafel parameters calculated for the different cathodic materials.

Cathode b (mV-dec?l) io (MA-cm?)

CM 60 8.0x 10°
CM-CuO 62 4,57 x 107
CM-Pt 63 2.21x10%

As the b values are concerned, the same mechanism seems to occur at the three kinds of
samples, which involves 2 electrons. Actually, two Tafel slopes may generally be observed
for ORR on a Pt electrode surface [81], at high and low overpotential, with Tafel slopes of
60 mV-dect and 120 mV-dec?, respectively. This difference was attributed to various
mechanisms which occur on a pure Pt or on Pt/PtO surface. At pure Pt, the first electron
transfer is the rate determining step, resulting in a Tafel slope of 120 mV-dec, while on
Pt/PtO surface, the rate determining step is a pseudo 2-electron transfer, which gives a Tafel

slope of 60 mV-dec™.

As expected, due to the different catalytic activity of the samples, a big difference is obtained
between the values of io, which are hardly comparable with data from literature: the values
may vary widely, depending primarily on the morphology of the catalyst, and on its amount,

as well as on temperature.
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The performances of the CM-CuO catalyst are better compared in Figure 8 a) where

polarization curves are reported related to the cell in which CM or CM-CuO were used as

cathode. Data of power density are compared with those obtained without catalyst in Figure

8 b where data are presented as a function of the external resistance.

600 *—~CM ——CM-CuO
500
400 |
300 §

200

Potential / mV

100

0 0,02 0,04 0,06 0,08
Current density / mA-cm2

1,2

0,8
0,6

0,4

Power / y4W-cm™2

0,2

Rext /Ohm

10 100 1000 10000 100000 10000

12

(o]
Power / y4W-cm™2

00

Fig. 8. Effect of the CuO catalyst on: a) polarization curves; (b) power curves as a function

of the different external loads (data for CM-CuO are reported in secondary axis).
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Also, in this case, the better performance of the catalyst is well visible from both the higher
value of maximum power, with an increase of an order of magnitude, but also from the

minimum value of Rex at which this maximum is obtained.

Unfortunately, the comparison with other Cu based electrodes tested in other works is not
trivial. As previously mentioned, the performance of MFC will depend on multiple factors
(geometry, type of separator, electrodes, etc.), and it is very difficult to compare data
generated under such different conditions. For these reasons, to contextualize our results
with the advances reported in the literature, in Table 7 we provide an overview of different
non-precious metals investigated in several MFC set-ups, mainly based on Cu. It is worth
noting that only few recent works consider the application of Cu based catalyst to Ceramic-
MFC. This shows that the application of these catalysts in ceramic cells has hardly been
studied.

Table 7. Bibliographic overview of works in which Cu-based catalysts are used in cathode
for ORR in MFC.

Cathode Ratio
) Cathode/ MEC MDP MP-Pt
Catalyst Preparation Confi . Separator (MW-m?) Vs Ref.
onfiguration mwW-m-
Method Anode J (%0) Control
Cuo.30C00.70 )
- CcC/GC SC Nafion 567.58 87.6 - [82]
C0,04
Cuo.92C02.08 )
o Rolling method SS M/CF MF-SC - 1895 - 2.13 [83]
4
Rolling-press
Cu20 SS M/CF MF-SC - 1390 - 1.6 [24]
method
CuxO Brushed SS M/ICF SC - 118.2 98.5 3.1 [84]
Rolling-press
CuxO method + SS M/CF SC - 1550 - 1.8 [22]
Electrodeposition
CuxO Electrodeposition CCICF DC - 308.69 - 2.5 [26]
Cu Sn Manual deposition  SS M/CF SC Nafion 470 101 5.05 [85]
Montmorillonite -
Cu/Zn - CFICF TCMFC o 75.1 68.2 3.9 [86]
ay
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CuO

Spraying CM/CF TCMFC Clay 110 54.45 9.1

This
Study

MDP: Maximum Power Density; MP-Pt: Maximum Power versus Pt (%); CC: Carbon Cloth; SS-M: Stainless Steel Mesh;
CF: Carbon Felt; CM: Carbon Mesh; SC: Single Chamber; MF-SC: Membrane free Single Chamber; DC: Double Chamber;
TCMFC: Tubular Ceramic Microbial Fuel Cell;

From Table 7, it can be seen that, lately, attention has been gained by the spinel-type
catalysers for MFC [20]. However, because of the aim of reducing costs, recently alternative
low-cost Cu based catalysts are being tested [86]. Another important aspect is the great
difference in terms of power response between non-separator, Nafion and ceramic
membrane cells. The significant influence of the separator over the overall performance of
the cell is here evidenced, with values in the range of 2000-1000 mW-m-2for membrane-less
systems, 500 mW-m for Nafion cells and 120-80 mW-m- for Ceramic-MFCs. This trend
is not specific to copper catalysts. For example, Co spinel catalysts MFCs reported power
densities of 1770.8 mW-m [19] when used without membrane, and 176.9 mW-m2 [59]
with ceramic membrane. In the present study the Ceramic-MFC, within a CM-CuO cathode
reported a power density value of 110 mW-m2, which is much lower compared to
membrane-less cells. But if Ceramic-MFCs are considered, our C-MFC with the CM-CuO
cathode showed a power density 46% higher than that observed by Das et al. [86] for a
ceramic cell with a bimetallic low-cost Cuzn catalyst-Carbon Felt support cathode.
Furthermore, the CM-CuO cathode presented in this study, showed the highest ratio against
the control sample (i.e. the ratio between performances of cell with CM-CuO cathode and
cell without catalyst), more than 9 times higher, which contrasts to usually reported values,
in the range between 2-4. It is noteworthy to point out that, usually, the electric response
when working with carbon supported catalysts, should be due to the sum of catalyst action
and carbon particles (Carbon Black, Activated Carbon, etc)[13]. In our study the control
sample is just CM material, but the Cu-based catalyst contains also a 50% wt.% of carbon
black, which is well known to increase the cathode conductivity [9], and even to have a
considerable catalytic activity [87]. However, its influence is expected to be lower than in
the case of Activated Carbon (AC) catalyst supported cathodes, since carbon black catalytic
activity is lower than AC [88].

On the other hand, since power densities can vary greatly depending on different aspects
(cell geometry, electrode materials, etc.), a good alternative to compare the MFCs
performances is the percentage out of the maximum power reached by platinum-type

cathodes [82]. This concept represents the performance displayed by a certain catalyst
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respect to Pt, which is the standard catalyst for the ORR reaction in fuel cells. In this case
our cathode showed a 54.7% power response regarding those of Pt cathode (Table 7). This
behaviour could be related to the catalyst loading. In the present study we used a certain CuO
catalyst loading (3.5 mg-cm?), but probably it is not the optimal one for this material. It may
be taken in consideration, that non-Pt catalysts may compensate their lower activity with
higher loadings, which is convenient since their prize is considerably lower than Pt. In fact,
loadings can vary in the range 1-5< mg-cm for Cu catalysts in C-MFCs [85]. Thus, further
studies would be needed to identify the suitable loading of CuO catalyst.

Finally, a CE of 24.85% was obtained for the cell working with CM-CuO. This represent an
increment of more than 100% respect CM electrode. Only a few studies working on MFC
with Cu based catalysts report CE values. In these cases the coulombic efficiency varied
between 28-55% for MFCs without membrane or using CEM membranes [84][85][60].

3.5 Long-term operation

The response of a catalyst during long operating times without deterioration is one of the
most desired characteristics of the new materials. Especially in low-cost or Pt-free materials,
since longer life time has a positive implication on the profitability. Moreover, stability over
time can be an advantage over Pt, since it has been widely reported the significant decrement
of Pt catalyst activity and yield, after several weeks or months of operation [13][14].

In the present work, the fabricated cathode has been tested for more than 6 months. Figure
S5 depicts the E (V) Vs t (h) evolution for a Ceramic microbial fuel cell with Cu-CM cathode
connected to an external resistance of 150 Q. After 4 months working with CM as cathode,
the new CM-CuO cathode was assembled in the cell. During the first days a strong increment
on potential output was observed, which stabilized in the following 25-30 days, and then
progressively dropped from 150 mV up to an almost stable value of 130 mV, with some low
peaks of 120 mV approximately. This variability could be related to the worsening of

electrical contact between electrodes and current collectors.

During the studied period, the decay in the electrical response is estimated at around 21.5 %
in terms of E (mV). In Figure 9 polarization curves for day 130 and 370 are presented. It
worth noting that CM-CuO is assembled in the C-MFC after 120 day of operation, as shown
in Figure S5. The maximum power density values decreased from 110 mW-m to 77.7

mW-m between days 130 and 370, respectively (corresponding to days 10 and 250 of CM-
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CuO operation). This result corresponds to a degradation rate of 29.4% after more than 6

months.
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Fig. 9. Polarization and power density curves for a C-MFC with CM-CuO cathode during
long term operation. (Blue lines: day 130; Red lines: day 370)

On the other hand, comparison of long-term results with existent literature becomes limited.
Firstly, the majority of the studies correspond to initial cathode performances, in “clean”
operational conditions and not in long-term experiments [13]. Secondly, there are few
studies that analyse cathodic performance in long-term test of more than 30 days. And

besides, most of these works report membrane-less configuration.

If works with durability test of several months are considered, several authors reported the
degradation of different cathodes: after 4.5 months of operation, Zhang et al. [88], observed
a degradation of more than 60% in terms of power density for Pt/C cathodes, in contrast a
decay of almost 12% verified with FeEDTA/Activated Carbon cathodes. Gadghe and
Granghear [78] reported a decrease of power after 12 months within 41% on Ceramic-MFC
with MnO,/CB cathode. These authors demonstrated that the cause of the decline was
chemical fouling as a result of synthetic wastewater. Also, for C-MFCs with AC/Carbon
Veil air cathodes, a decay of 20% was confirmed after 350 days [3]. From these studies it is
evidenced that the main causes of power decay over time operation are: biofouling in

cathodes or separators, catalyst activity loss, catalytic coating detachment, etc.[89][78].
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In our case, after more than 250 days of operation with the CM-CuO cathode, some white
salt crystals were evident (Figure S6a), indicating the existence of fouling phenomena. The
presence of these salts was previously found by other authors working with C-MFC and it
was related to electro-osmotic drag phenomena [50,78]. This “chemical fouling” can saturate
the separator porous and reduce the cathode active area, resulting in the increment of internal
resistance of the cell and a decay of power. Figure S6 (b and c) presents SEM images of
different zones of sample surface. Two points are relevant: the presence of large and small
deposits covering the surface, and the loss of catalyst from the fibres (Figure S6 d). The latter
becomes more evident when the new CM-CuO sample is compared with the long-term one
(SEM images in Figures 6 and 6S, respectively). EDS analysis of the cathode surface (Figure

S6 e) confirmed the existence of Na, P, Mg, etc. mainly coming from the anolyte.
3.6 Cost Analysis

Accounting for the costs of clay (17 €-ton™, source: http://de.statista.com/), electrical energy
(0,16 €-kW-h, calculated as average of commercial energy tariffs in Italy and Spain),
catalyst (200 €-kg?, source: Sotacarbo SpA), Nafion (738 €-L) and electrode supports (85.5
€-m2, sum of anode and cathode prices, reported in Figure 5), and adapting the procedure
proposed by Chakraborty et al. [4], the fabrication costs of 0.37€ and 0.86 € have been
calculated for the membrane and the whole MFC, respectively, if they are produced
singularly, by the lab procedure indicated in section 2. However, costs strongly decrease if
large scale production is considered. Based on previous studies, the cost of such a system
was estimated at between >1€ [47] and 19.73€ [5] depending on the used materials.

Of note, in the present study, energy cost is one of the most influent term in determining the
membrane cost; however, multiple samples can be produced in a single cycle: up to 145
samples can be lodged in the oven, which allow to produce about 1 m? of membrane,
energetic consumption being the same. In this way cost of the membrane passes from 54,6
€:m2 to 0.43 €-m?, that accounts for 3% of the cost of the cell, as compared to CEM
membranes that generally represents about 40% [22]-60 % [5] of the total fabrication cost.
And costs could further decrease if higher amount of carbon material is bought for the

electrode supports.

A complete cost analysis requires a comparison with other MFC cases. However, direct
comparison with other MFC studies is not feasible due to their differing designs, constituent

materials, and operational conditions [90]. On the other hand, usually MFC works focus on
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the optimization of one component [59], and commonly the cost-analysis are limited to the
commercial prize of this component or the total costs of the lab scale cell. Furthermore, some
MFC fabrication costs (such as energy consumption, machining and drilling costs, etc.) are
usually not taken into consideration, yet they are relevant if the scaling up and
commercialization of MFC technology is to be addressed. For all these reasons, making a
comparison with other low-cost systems it is a complex task. Moreover, the scope of this
“low-cost” concept is not clear from the literature, since there is no uniformity or
standardization in the presentation of economic analyses. This makes difficult to know the
true cost of a system, and only a few studies present complete cost analyses [5]. In such a
multidisciplinary technology, it would be desirable to try to cover the entire manufacturing

process costs of a system, in order to make a more realistic estimation.

In this respect, a complete cost analysis was reported by Chakraborty et col. for a MFC
equipped with Nafion or with membranes produced by biochar [4]. This procedure is very
detailed and allows a wide performance-cost evaluation with an industrial production
perspective. We followed and adapted this approach to our cost-analysis. The obtained

results are reported in Table 8 and compared with these authors’ values [4].

Table 8. Comparison between cost and performances of the MFC in the present work and

those from literature.

Thi ‘ MFC-
IS WOr . MFC-
Item of comparison biochar [4] _
Nafion[4]
Cost of 1 m? membrane (€) 0.43 67.7 2560
Cost of 1 MFC, including membrane and
o 0.49 6.4 11

reactor fabrication (€)
Power density per unit of membrane utilized

60.92 41 -
(MW m?)
Power density (W-m) 2.74 1.14 1.62
Power density achieved per unit cost of MFC

5.183 0.198 0.133

fabrication (W-m3.€1)
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Power achieved per unit cost of membrane

. 0.14 0.3 0.012
utilized (W-€1)

Cost of Membrane per unit of electricity
0.007 2 54
generated (€-mW1)

Power density of the system presented in this study is not so high when compared with other
Ceramic-MFC which usually reports values between: 1.16-7.55 W-m=* [46][58].
Nevertheless, the optimization of manufacturing process makes able to obtain a very low-
cost membrane with a production cost of 0.43 €-m2. This contrast with the ceramic
membrane costs shown in literature, in the range of 1.7-402.6 €-m [90]. As consequence,
reduced fabrication costs result in one of the cheapest C-MFC reported, with a cell unit cost
of 0.49 €. This allows to strongly improve the power output, obtaining a value of 140 mW-€
1 (per unit cost of membrane), which is, to the best of our knowledge, one of the highest
value reported in literature for ceramic microbial fuel cell (regardless of geometry), which
ranges between 24.57-107.3 mW-€?, according with a recent work [90]. These cost-analysis
results confirm the convenience of the optimization strategy and the use of Slip-Casting as
separator fabrication method and validate the proposed C-MFC as one of the most cost-

effective designs developed at the moment.
4. Conclusions

In the present work, a novel cost-effective Ceramic Microbial Fuel cell has been presented
and extensively characterized. A suitable combination of consolidated low-cost
manufacturing techniques and inexpensive materials allowed the fabrication of a system able
to work for more than 6 months with a unitary cost of 0.49€/cell and a power output of 140
mW-€ (per unit cost of membrane).

The application of slip-casting for the manufacture of C-MFC tubular separators has been
successfully reported for the first time. It has been demonstrated that it is an accurate,
versatile and economical process, which allows the control of geometry, thickness and
porosity in a cost efficient and simple way. The potential of this methodology has been
shown by the manufacture of 1.5 mm tubular separators for MFCs. So far, the lowest
thickness in this type of separators, with the possibility of being reduced even further, may

be a subject for future work.
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In addition, a cathode composed of a carbonaceous support and a low-cost CuO-based
catalyst has been manufactured and used in C-MFC for the first time. Among the
carbonaceous supports tested, Carbon Mesh has proven to be the most cost-effective material
with a ratio of 0.25 €-mA™*. The new CM-CuO cathode showed a power 9 times higher than
the CM, and more than 40 % higher than other Cu based cathodes for C-MFCs studied in
the literature. Although being far from the performance of Pt-cathodes, the CM-CuO cathode
has shown acceptable performance in long-term tests. During the first 35 days the potential
barely decreased by 6.2%, and after 250 days the value was reduced by 21.5% (29.4% in
terms of power density). This is an advantageous aspect compared to Pt, which has shown
strong losses of activity during the first month (almost 50%[88]). Therefore, in the long-term
operation CM-CuO cathode can provide a technical and economic advantage. Although the
results are very encouraging, our group continues working to optimize the manufactured
cathode by analyzing aspects such as: catalyst loading, carbon black response, coating
method, etc.

Finally, an extensive cost analysis has shown that the proposed system, combining a Pt-Free
cathode and a ceramic cell represents a very competitive alternative from an economic point
of view. In the specific case of the ceramic membrane, the price of the separators built by
slip-casting, on a laboratory scale, is reduced by more than half compared to that reported in
the literature for ceramic cells. Moreover, the energy optimization during the manufacturing
of the ceramic membranes has reduced the cost of this component to 3% of the whole cell.
This has meant a drastic reduction in the cost of each unit C-MFC, reaching one of the lowest

values reported to date.

The obtained results confirm that the combination of ceramic separators and Pt-free catalysts
has great future potential, both from a long-term performance and cost perspective. The
proposed process of slip casting can be an effective method to synthesize membranes and,
at the same time, ensure that its specific chemical-physical characteristics (such as thickness
and porosity), are designed in a controlled manner, thus responding to the needs recently
exhibited by the scientific community in the field of C-MFC [50].
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