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Abstract

Additive manufacturing (3D-printing) and microbial fuel cells (MFCs) age twosapidly growing
technologies which have been previously combined to advance the dévelopment of the latter.
In the same line of work, this paper reports on the fabrication of;novel membrane electrode
assemblies (MEAS) using materials that can be 3D printed or extruded from the EvoBot
platform. Materials such as air dry terracotta, air dry Fimo™"and standard terracotta were
tested against conventional cation exchange membrane (€EEM)ymaterial. The MEA was
fabricated by painting the materials with custom made graphite“coating. The results showed
that the MFCs with the printable materials outpérfermed those using conventional CEM.
Economic analysis showed that the utilization of /ceramics-based separator can reduce
significantly the overall costs. These findings'suggeststhat monolithically printed MFCs may
be feasible, as printable MEAs can improve “MFCs performance, and help realise mass
manufacturing at lower cost.

Keywords — MFC, EvoBot, Membrane electrode assembly, MEA, 3D-printing
1. Introduction

Renewable energy production®ffom waste using microbial fuel cell (MFC) technology is
attracting growing attentien as the ever-increasing worldwide energy demand is projected to
increase 28% by 204011]. “MFCs are bio-electrochemical devices that use microorganisms
as biocatalysts to convert chemical energy stored in organic matter into electrical energy, and
date back 01921 [233]. MFCs consist of two electrodes, a positive cathode and a negative
anode, which are separated by a semi-permeable membrane or salt bridge [4].
Microorganismsrare inoculated in the anodic compartment and anaerobically are capable of
oxidizing the Substrate. Frequently in MFC studies, anaerobic sludge effluents are used to
inoculatetthe cells due to their very diverse microbial community presence [5], however
microorganisms that can transfer electrons via metabolism to an external electrode can be
also found in pond water and soil samples [6]. The electrons are released, via a process called
extracellular electron transfer (EET), to the anode electrode either directly or indirectly (using
mediators). The two electrodes are connected by an external circuit, which allows the flow of
electrons from the anode side to the cathode side where the reduction of oxygen occurs.
However, MFCs are not only considered as infinite-life biological batteries [7] but also as
promising wastewater (WW) treatment solutions [8] which can complement or substitute the
existing WW treatment technologies. The latter is due to the bacterial decomposition of the
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organic matter or waste (eg. urine) in the MFC anodes which lowers the chemical oxygen
demand (COD) in the effluent even by 95% in real life field applications [9].

Electricity production, COD removal, cost and durability of MFC systems is largely affected by
and dependent on the materials used to build those units (or stacks) [10]. Anode materials
have to satisfy different requisites in order to be suitable for MFCs applications. The material
has to be electrically conductive, chemically and mechanically durable, low-cost and have high
surface area to enhance the bacteria-electrode interface. Carbonaceous materials certainly
are the suitable materials to fulfil these characteristics due to their cost efficiency and inertness
towards bacteria [11-13]. Hence materials such as carbon fibre veil [11], carbon cloth [14,15],
graphite felt [16,17] and carbon paper [18] have been extensively used in the ME@research.
Similarly, the cathode materials must possess specific characteristics [19,20] and ideally must
have high redox potential and the ability to readily capture protons in order to facilitate the
oxygen reduction reaction (ORR). Materials that fulfii those requirements
are carbonaceous materials and non-corrosive metals, same as those mentioned above
which are used as anode electrodes. Moreover, due to the sluggish ORR"reaction occurring
at the cathode, a catalyst needs to be integrated within the cathode structure [21]. Due to that,
platinum group metals (PGM), platinum group metals-free (RGM=free) and metal-free high
surface area carbonaceous materials have been investigated in thé past as catalyst [22].
However, PGM are expensive and have limited™lifetime, “as they are prone to
deactivation/poisoning reducing their activity and efficiency [23], therefore are not suitable for
MFC applications. PGM-free catalysts based on transitionymetals instead, are more reliable
and low cost compared to PGM. However,gimprovements are needed if they are to be
employed for large scale applications [22]7Metal-free high surface area carbonaceous
materials such as activated carbon‘have been reeently heavily utilized with high durability, low
cost and commercial availability at_large scale [9,24]. Another similar material which has
recently attracted an increasing interest due to its biocompatibility and economical nature, is
the bamboo charcoal granules @anditubes [25-27]. Lastly a material that plays a crucial role in
high power performances‘isftheicurrent collector which is usually of the same nature as the
electrode or can be adifferent ‘material such as stainless steel mesh which provides
mechanical strength and is cerrosion proof [28].

In parallel, membrane/materials are an important element within the microbial fuel cell system.
Polymeric separatorhased on’Nafion or Nafion-derived fluorinated polymers are considered
the bottleneck ‘of the MFC research and the main contributor to high cost and internal
resistance [29]. Additionally, those types of membranes are prone to biofouling after long term
operationy(more than 60 days) [30,31] which is a result of microorganisms, microbial
extracelltlar polymers and salts depositing on the membrane. This, along with possibly contact
resistance, impacts negatively the MFC power performance (up to 37% decrease) due to the
deterioration of the cation transfer which limits the charge transfer and increases the systems’
internal resistance (up to 20%) [32]. Moreover, in the open-to-air configuration, the cathode is
often not well integrated within the membrane, therefore the contact resistance is even higher,
and output is limited. To overcome these issues, alternative MFC architectures and materials,
such as ceramic based [33,34], need to be identified (or examined further) as well as ways to
manufacture and integrate them. One possible design that can benefit the system is the
integrated membrane electrode assembly (MEA) in which the cathode is built on the
membrane itself. It was previously shown that the power output is improved by reducing the
internal resistance [35].
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MEA is the assembled system comprised of a membrane and an electrode/s attached together
as one through pressing with or without heat treatment in order to minimise the distance
between them. This arrangement has been inherited from traditional chemical abiotic fuel cell
and showed higher power densities compared to the conventional separated membrane and
electrode configurations [35]. However, only a few studies have focused on MEA influence on
MFC systems and even fewer on 3D-fabrication techniques to manufacture these MEAs.

The present study looks at 3D printing MFCs using novel extrude-able materials that can be
produced from the EvoBot platform; a Rep-Rap 3D printer turned to robot which can inoculate,
maintain and print parts for MFCs [36]. The focus is on the development of cost-effective MEAS
using extrude-able air-dry membranes coated with conductive paint. Different“egramic and
polymeric based membranes were investigated and compared in terms, of‘%chemical
composition and properties. The electrical conductivity, surface morphology @nd chemistry of
the materials were also analysed. At last, the electrochemical performaneetin terms of power
generation was measured and reported.

2. Materials and Methods

2.1 Membrane Materials

For the scope of this experiment, three types of potentially extrude-able membranes were
tested and compared against a conventional cationgexchange membrane (CEM) (Membranes
International, USA). The materials tested were“Fimol “air-dry clay (Staedtler, German),
terracotta air-dry clay (Hobbycraft, UK) and _redterracetta modelling clay (Tiranti, UK). The
latter was kilned at a temperature of 1070°C prier to'use, to allow the structural bonding of the
clay and ensure durability, whereas‘the othegtwo'were dried overnight at room temperature.
All three membranes were prepared@sing the same process as previously described [37] and
the thickness of the tested membranes was consistent for all the custom made membranes
(2.5mm). The total surface area of the membranes was 25 cm?. The control (CEM) membrane
required activation in 5% NaCl at:40°C for 12 hours prior to use. The images of the different
membranes utilised in thisSsstudy are shown in Figure 1.

2.2 Membrane electredelassembly

A conductive graphite eoating was applied to each membrane and formed the cathode
electrode. ffhe ceating was fabricated using polyurethane rubber coating (PlastiDip), white
spirithand graphite powder as previously described [38]. The membranes were coated
uniformly“with*“the conductive cathode mixture using a brush followed by the Dr. Blade
technique using a spatula. The surface resistance was measured during each coating (Section
2.3.4). After the membrane electrode assembly had dried, a cable was attached to the cathode
using conductive wire glue, to form the cathodic current collector.

2.3 Characterization of membrane and electrode

2.3.1 Chemical composition of the membranes
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A qualitative chemical analysis of the membranes was determined using the Oxford
Instruments Aztec energy dispersive X-ray (EDX) system and the main elemental content of
each membrane sample was identified.

2.3.2 Morphology of the electrode

Surface morphology of the electrode side of the MEA was acquired through images using FEI
Quanta 650 field emission scanning electron microscopy (SEM) at difference magnifications.

2.3.3 Hardness test

The hardness of the membranes materials was tested using the Vickers HardneSs Testing
equipment [39] (Buehler, UK). Particularly; the entire 25 cm? of the membrane,wasyused for
the hardness testing. Average values were obtained from five readihgsatakenyfrom five
different locations on the membrane and located 5 cm apart.

2.3.4 Electrical conductivity of the cathode multiple layers

The in-plane conductivity of the cathode was measured through'a handheld digital multimeter
(TENMA, 72-7750). Particularly, crocodile clips were attachedyon the opposite sides of the
membrane electrode assembly and the resistance was “measured. This operation was
repeated for each layer of graphite applied on the membrane. This method was only used to
give an early indication of the in-plane resistance efieachyconductive coating addition.

2.4 MFC architecture

Four triplicates of analytical size dMFCs were “assembled for this experiment. Each MFC
consisted of a single chamber with an‘empty velume of 25 mL in which the anode was inserted.
The MFCs were constructed using one side of a covered 15mm thick Polymethyl methacrylate
(Perspex) sheet. The anode ele€tredeywas a folded carbon veil fibre (20gm carbon loading)
with a projected area of 8.456m?2 and total surface area of 270 cm? (PMF Composites, Dorset,
U.K.). The cathode was integratedwith the four different membranes and directly glued to the
anode chamber with anlinertaquatic sealant (Aquabits, UK). In order to maintain the moisture
of the membrane electrode assemblies and maintain a liquid ‘bridge’ for proton transport, the
MFCs were wrapped with Pasafilm® which is a highly waterproof material but at the same time
is permeable tQ oxygeng(Figure 1.A).

2.5 Inoculation andfeedstock

The twelve MFCs were inoculated with a mixture of 50% fresh human urine collected
anonymausly from healthy individuals and 50% anolyte derived from already established
experiment operating on activated sludge (Wessex Water, UK) and urine. The mixture was
enriched with a background solution of TYE which was comprised of tryptone (1%) and yeast
extract (0.5%) as nutrient and amino acid supplier. The solution was left in a shaking incubator
(Orbital Incubator S150) for 24 hours at a shaking speed of 130 rpm and at a temperature of
36.6°C. The solution was transferred to 15 mL centrifuge tubes (Corning, UK) and placed into
the centrifuge (VWR Compact Star CS4) for 10 minutes at 5000rpm. Subsequently, the
supernatant was removed and the pellet re-suspended into 5 mL of neat urine. The re-
suspended medium was collected and formed the inoculum for the experiment. After
inoculation period when the biofilm formed, the MFCs were fed manually in batch mode with
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urine. The experiment was performed at room temperature (22 + 2 °C) within a temperature-
controlled environment.

2.6 External resistance and polarization experiment

The MFCs operated in a fixed load of 2.7 kQ prior to polarization experiment, which was
conducted on the MFCs by connecting them to 8-channel automated Resistorstat equipment,
developed as described in Degrenne et.al. [40]. The external resistance (Rex.) was ranging
decreasingly from 30 kQ to 3.74 Q with each resistance value held for 3 minutes. During
polarization, voltage output was recorded every 30 s (6 samples per resistance value) to make
it possible to monitor and capture the dynamic response of MFC to changes in Reg.. /he MFCs
were kept in open-circuit voltage for 2 hours prior to polarization testing. Following the first
polarization experiment the Rex was changed to 1 kQ, a value at which maximumypowenwas
generated. This load was kept constant until the end of the experiment.

2.7 Data recording and calculations

The MFCs were individually connected to an Agilent Keysight 34970AData Acquisition / Data
Logger Switch Unit (Keysight Technologies, UK) for data recerding of voltage (mV) against
time with readings taken every 3 minutes. The data were processedsand analysed using MS
Office Excel where current (l) in amperes (A) was cal¢ulatedtin_accordance with the Ohm’s
Law; | = VIR, where V is the measured voltage and 'R, is the known value of the external
resistive load in ohms (Q). Power (P) values injwatts (W) were calculated by multiplying
voltage with current: P =1 x V [41].

2.8 COD measurements

Chemical oxygen demand (COD) removal analysis was carried out on the forty-second day of
the experiment by analysing the,influent'sample and comparing it with the effluent sample
after 24 hour retention time in‘thesMFC¥The analysis were conducted using the potassium
dichromate oxidation method, (CamLab, UK) with high range (HR) COD vials in which 0.2 mL
of sample to be analyse@(inletiand outlet) was taken from the MFC and filtered before being
added into the vial. The'sample was then heated up at 150°C for 2 hours and cooled down for
another 2 hours. (At last,“the concentration was measured through a spectrophotometer
(Lovibond Watér testing).

2.9 Breakdown ofythe experimental procedure

The experimental plan that was followed in this study has been summarised and presented
at Table'1. The table notes in detail the feeding regime followed, the operational conditions,
urine replacements, timings and quantities of feedstock as well.
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Breakdown of the experimental scheme

Day 0 | Inoculation 100% inoculum Full exchange (25 mL)
Day 1-2 | Inoculation 50% inoculum — Full exchange (25 mL)
50% urine
Day 3-4 | - No feeding -
Day 5-9 | Daily Feeding 100% urine Full exchange (25 mL)
Day 10-14 | Daily feeding 100% urine 5 mL top-up

Day 15 onwards feeding regime: a complete exchange of anolyte early each week,
followed by a daily top-up of 5 mL until the end of the week.

Day 15-25 | Daily feeding Water diluted urine  Feeding regime described above

Day 26-30 | Daily feeding 100% urine Feeding regime described above
Day 30 | Polarization Change of Rext. from 2.7 kQ to 1 kQ

Day 31-58 | Daily feeding 100% urine Feeding regime described above

Day 59-62 | Starvation period  No feeding -

Day 63-73 | Daily feeding 100% urine Feeding regime described above

Table 1. Breakdown of the experimental scheme followed through the entire

duration of the experiment. Q

3. Results and Discussion

3.1 Material selection )
—p

Anode chamber

Membrane
Electrode
Assembly
(cathode)

Parafilm®

Figure 1. Photographs of a) the MFC set-up and b) the four cut-to-shape membrane
materials Air-dry Fimo™ (a), Air-dry Clay (b), Terracotta (c) and Cation exchange
membrane (d).

Four different membranes (Figure 1.B) were selected and investigated as separators in MFCs
fed with urine. Two of the membranes were based on air-dry techniques and were Fimo™ air-
dry clay and terracotta air-dry clay. These two materials were selected due to the advantage
of being extrude-able from an adapted 3D-printer nozzle, which can be incorporated in the
EvoBot platform. Furthermore, the air-drying technique allows fabricating ceramics just
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through normal atmospheric conditions without the utilization of heat treatment. Red terracotta
modelling clay was another membrane used for this experiment and acted as a control to the
investigation. However terracotta was subject to high temperature treatment in controlled
atmospheric conditions which allowed the internal binding of the clay within the structure as
needed [37]. The last membrane utilized was a commercial polymeric-based cation exchange
membrane.

3.2 Material analysis
3.2.1 Chemical composition of the membranes

Energy dispersive X-ray (EDX) system was used for the qualitative chemical analysis of the
elements composing each membrane tested during this investigation. C, O, Al, Sirand F were
the elements identified with percentages above 10% (Figure 2.A). Carbon and oxygendwere
detected in all four samples, however it is notable that aluminium and silieon‘were detected
only for the ceramic-based membranes. These elements are well kaownto be generally
integrated within ceramic materials especially in their oxide form [42]. As,expéected fluoride
was only detected in the polymeric membranes. Generally,gpolymeric ‘membranes are
composed by a backbone of fluorinated polymer that gives mechanical strength and resistance
to harsh and corrosive environments. Unfortunately, F is, notienvireanmentally friendly and
therefore the utilization of fluorinated materials in microbial fuel cells might negatively impact
the environment after long terms operations. In fact, ifithose, MFCs are to be used on-board
low-power robots that are programmed to perform@a particular task and then degrade naturally
in the environment [43] then the use of fluorinated mémbranes needs to be avoided.

Additionally, elements with percentage lower than 5% were also reported (Figure 2.B). Traces
of Na, Mg, K, Ca, Ti and Fe were detected within the ceramic-based samples. Only Na and N
were detected on the polymeric membrane. Interestingly, a percentage of ~3.5% of Ca was
measured in the air-dry clay and_higherieontent (roughly 4%) of iron was detected in the
terracotta sample.
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Figure 2. ED-X analysis results data of the chemic between the four
tested types of membranes. a) Major and minor components b) trace elements.

3.2.2 Morphology of the electrode

The morphology of the graphite-ba oatingwas observed using SEM images at different
magnifications (Figure 3). Increasi nifications allowed visualising the surface of the
electrode in more detail. The electrode in fact seems to be fully covered by a
ification, the graphite particles could be clearly detected
within the micrometric shape in agreement with the
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Figure 3. SEM images at three different
with the graphite ink (cathode si

membranes using a laye
left to air-dry befor,
the in-plane resi

first, second and thir r of conductive ink on their surfaces. Those two sets of data were
chosen to be dis d as they illustrate nicely the initial difference in resistance between the
made clays (air dry and kilned). Initially the terracotta MEA had almost 2.5 x
- compared to air-dry clay. The difference in resistance became larger after
applying he second layer of coating with terracotta being 5.0 x higher that air-dry clay even
though the overall resistance decreased for both by nearly 2.0 x and 4.0x respectively.
Despite the differences and high resistance values initially, by the time the third layer of
conductive coating was applied and cured, both MEAs showed similar in-plane resistance
(17045 Q). This suggested that by that time the conductive ink coating covered completely the
surface of the membrane and bonded with the underlined layers of coating in a quasi-uniform
manner, in agreement with the SEM micrographs. It is noteworthy that in an attempt to
decrease the in-plane resistance even more, a fourth layer of coating was applied on the
membranes however this had an adverse effect on the continuity of the electrode as it caused
cracking of the upper layer of coating (data not shown). Thus for the scope of this experiment
only three layers of coating were applied on each membrane and form the MEA, which was in
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accordance to what has been reported in the literature for similar conductive inks applied on
paper-based MFCs [45]. Following the application of three consecutive layers of conductive
ink on the MEAs the in-plane resistance values were measured and plotted on Figure 4.B
showing that all MEAs had an overall resistance of 150+15 Q. More specifically, Fimo™ had
an in-plane resistance of 135 Q followed by CEM with a resistance of 143 Q, air-dry clay and
terracotta as mentioned above had a similar resistance of 158 and 168 ohms, respectively.
These results have given an initial indication of the in-plane resistance after each layer of
graphite coating, which can provide information on the current connecting losses of the MEA.
In further investigation of MEA materials, through-plane resistance it is recommended to be
measured in order to provide more comprehensive results on the whole MEA resistance.
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Figure 4. Resistivity of the MEA and hardness of the membrane. a) average resistance
values after each coating on the membrane b) average surface resistance of the MEA
electrode c) hardness test based on Vickers value (Hv).

Vickers Value (Hv)

It is well known from the literature that ceramics possess many unique characteristics that
make them suitable for use within MFC systems; one of these advantageous characteristics
is their structural durability [33]. In order to test the durability of the materials under
investigation against terracotta, a Vickers hardness test was performed. Even though this
technique is well used for testing metal materials, it has been reported in the past that it can
be used for ceramic materials [39] to give an indication of durability between different samples.
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The unit of hardness given by this test is the Vickers Pyramid Number (HV), the five values
obtained from each ceramic testing were averaged and presented in Figure 4.C. The results
confirmed that terracotta was indeed the most durable/hardest (82.7 HV); however air-dry
Fimo™ and air-dry clay were only 13 and 17 HV units more fragile, respectively. To put the
results into perspective a diamond has a hardness value of 10000 HV. Those data are an
early indication that even though air-dry clays are not as structurally robust as kilned terracotta,
they can still be proven to be durable. The hardness of the materials was tested in order to
observe the properties of the material in question, in terms of deformation from a standard
source (the metal indenter), which would in turn provide an indication of the material’s ability
to resist wear, pressure, or damage, which is particularly relevant for shipping_systems like
these to other areas.

3.3 Power Output
3.3.1 |Initial power output profile of the first fifteen days

For this experiment, MFCs using different membrane materials wergtested with the*ultimate
aim to observe the feasibility of using air-dry clays that can be 3bD-printed, as separators for
MFCs. As previously mentioned (Section 2.5), the MFCs were alljineculated with a mixture of
activated sludge, tryptone yeast extract and effluent from%established urine fed MFC
experiments. After inoculation, the MFCs were left in @penicircuit for three hours until the
voltage plateaued. The observed potential difference between the anode and cathode from all
the MFCs was roughly 600+50 mV (data not shown). An external load of 2.7 kQ was connected
on all MFCs, closing the circuit and initiating the powergeneration process by encouraging
the formation of an electroactive biofilm on the anede‘electrode. The MFCs were maintained
in a batch fed mode. Each feeding can be simply identified on the graph as every time a
feeding occurred, an instant increasey-followed by gradual decrease- in power output can be
observed. This is reflected by the factthat the energy source availability within the anode
chamber increased, meaning g#hat ‘bacteria have fresh and available organic matter to
metabolise. The first two exchanges in anolyte consisted of replenishing fully the chamber with
the aforementioned inoculumyand usine in a 50%:50% ratio, which was sulfficient to supply the
bacteria with the much neededtearbon energy sources to continue their metabolic activities
during “periods of nesfeeding”; which were beyond the normal feeding cycle (Figure 5). During
this period, the MFCswith ait-dry clay membrane decreased in performance by 13.2%, which
was similar with the“air-dry Fimo™ (13.8% decrease). The MFCs with terracotta and CEM
were the most affectéd showing a decrease of 18.6% and 40.0% respectively.
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Figure 5 Power generation recorded in the first15 days«0f operations.

On the fifth day, the anode chamber of each MFCrwas replenished completely (25 mL) with
fresh urine that resulted in increasing the power output,by”14.4% and 14.8% on the air-dry
clay based MFCs, 29.7% for the CEM based MFEs and nearly 50% in the terracotta based
MFCs (Figure 5). It is assumed that the tetracotta based MEA had the greatest improvement
in power following carbon-energy depletion, hecause of the higher porosity compared to the
other materials, which has a direct impact on the'cation rate of exchange. Higher porosity, and
non-selective materials will naturallypallows a higher rate of cations to diffuse through — a
process which is driven by, electrop-neutrality. This means that for selective or lower porosity
materials even if the rate of'electronsgenerated by the biofilm communities is at similar levels
for all tested conditions] the power output will be lower, as a result of the lower number of
cations, diffusing throughithe membrane and reacting with the incoming electrons. This is also
reflected by the fact that the'terracotta based MEAs reached maximum power output just after
5 days of operation[42] whereas the other materials needed more time to reach that. The next
five days centinued with daily anolyte exchanges of 25 mL fresh urine as indicated by the
spikes on the graph-"During this period, the MFCs showed consistent increase in power output
with a peak ate/5 uW for air-dry clay followed by terracotta and air-dry Fimo™, which were
almost'ona par at 58 pyW and 54 yW, respectively; the CEM was the least performing with 37
MW. Ninexdays after the start of the experiment and the daily complete emptying and refilling
of the anode chambers with fresh organic matter, the mode of feeding was switched to 5 mL
top-ups, after manually removing the same liquid volume from each anode. This had as an
impact the overall increase in power output of the MFCs by 11%-15%, however performance
would decrease much faster due to the lower amount of fresh carbon-energy available.
Bacteria were presumably still consuming other by-products available in the suspension -
within the 24 hour window between each feeding- however the power output at the end of
each feeding cycle was consistently at the same level of 40 yW each time. In order to
compensate for the impact of each feeding approach on the power performance, it was
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decided to have a complete exchange of anolyte early each week, followed by a daily top-up
of 5 mL until the end of the week. This strategy was followed until the end of the experiment.

3.3.2 Long term power output profile of the entire experiment duration
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Figure 6. Power generation,over 70hdays operations

As explained earlier, the experiment was maintainedbat a constant external load of 2.7 kQ for
the initial 30 days of operation, during,which'it,was clearly observed that the air-dry clay was
the best performing, while the air-dry Fimo™ and terracotta were on a par; in most cases CEM
was the least performing. Although a‘steady-state was achieved within the first fifteen days of
operation for all the MFCs;, this'was lost'due to urine shortage and having to use diluted urine
(50:50) between the fifteenth and twenty-fourth day of the experiment (Figure 6). It is
envisaged that the steady Sstate'was going to be continued at the same levels if neat urine had
been supplied to the bacterialThis hypothesis is confirmed by the data of the twenty-fifth day
where the output of the MFCS recovered to the previous levels once un-diluted neat urine was
supplied. Following“a, menth “of operation at a constant load, the MFCs were subjected to
polarizationsising anjautomated Resistorstat as explained previously (Section 2.6) in order to
identify the'gptimum-esistance value based on each system that can give the maximum power
output. Althoughithe polarization results are discussed in detail below (Section 3.2), the impact
of identifying and applying the optimum external load on the MFCs will be discussed here. The
results ofithe polarization experiment showed that those particular MFC systems can operate
at their best when they are subjected to an external loading of 1 kQ resistance. Once the
external resistance switched to 1 kQ, Fimo™ outperformed the rest and the overall power
output of all others also increased by 25%-50%. The performance of the MFCs was
maintained at the same levels for the following month until a complete starvation of four
consecutive days brought all the systems to nearly zero (from day 58 to day 62). During this
period, all the anode MFC chambers completely dried out from evaporation (Figure 6).
However, once the MFCs were fed again, the bacterial communities of the already established
anode biofilm switched from inactive mode (carbon limited) to active mode. Therefore, the
power performance recovered immediately back to similar levels as those from the last
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feeding. More specifically, Fimo™ separated MFCs reached 91.25% recovery, air-dry clay
and CEM reached full recovery (100%), while interestingly terracotta separated MFCs had an
increase of 13.4%. However compared to the highest levels of performance recorded during
days 30-45, the percentage of recovery was 63.5%, 64%, 40.5% and 91% for Fimo™, air-dry
clay, CEM and terracotta respectively. The recovery profile of the previously dried and inactive
MFCs adds an extra value to the feasibility of those systems. MFCs are biological entities that
not only have long-term power production capabilities -for as long as organic matter is
supplied- but more importantly, can survive elongated periods of starvation with demonstrable
fast response/recovery. In addition, inexpensive materials such as air-dry clays and terracotta
can be used to make these MFCs, which is an economic advantage over traditional
commercially available ion exchange membranes.

3.3.3 Polarization results
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Figure 7.\Polarization results a) voltage vs current curve and b) power curve.
Errar bars are shown for all conditions

After a whole month of operation under a constant load (2.7 kQ), all the MFCs were subjected
to polarization analysis by sweeping the external resistance value in a gradual manner starting
from infinite resistance (open circuit) and finishing at a very low resistance value (heavy load).
Throughout the polarization experiment, the voltage output of the cells was recorded as a
function of resistance, which made it possible for the automated system to calculate the
current and subsequently the power output. Using the aforementioned data a polarization
curve (Figure 7.A) was generated by plotting the voltage versus current. The recordings from
each ftriplicate of MFCs were averaged and plotted including the standard deviations. The
initial values at 1MQ resistance (no current) show the open circuit voltage (OCV) of all the
cells at around 60050 mV. The OCV of the tested MFCs was around 500 mV below the
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theoretical OCV value (1.1 V) for open-to-air cathode MFCs primarily due to activation
overpotentials, which is a characteristic of MFCs with air-breathing cathodes, which operate
on the oxygen reduction reaction (ORR); this is limiting when occurring in neutral media [22].
These OCV values are in agreement with other open-to-air MFC devices under similar
operating conditions [13,46]. Although in the literature there are also higher OCV values
reported (0.7-1.0 V), the cathode electrodes of those MFCs were either supplemented with
ferricyanide, during the polarization experiment, or were moistened continuously with tap
water [47-49].

The scope of the polarization experiment is to understand better the specific characteristics of
the systems under examination in order to measure their power outputs. Figure 7:Bfshows the
power curves generated, this graph gives us the possibility to assess the maximum power
transfer point (MPP), which is the maximum peak of each power curve afAd carrespondsito the
optimum resistance value that can give this output. Based on the results,itlis evident that air-
dry clay had the highest power output at 130 pW followed by air-dry ‘Fimo™ywith, 111 yW.
These results were in accordance with the real time data of the initial thirty'days shown above
(Section 3.3.2) proving that the air-dry membranes generated the highest amount of power
output. The two underperforming MFCs were the control ones with%terracotta (73 pW) and
CEM giving 50% less than the air-dry clay (66 uW).

Comparing the power density of the MFCs reported herein with other MEA-based MFCs in the
literature, the 3D-printable ones are showing promiSing, results. In particular a study on tubular
MFCs with air breathing cathodes based on CEM-MEA had a power density of 5W m= (based
on the anodic liquid volume of 200 mL) [50].skhis outputis 0.2 W m3 less than the air-dry clay-
MEA of this study, calculated based on a reactofyolume of 25 mL. Additionally apart from the
advantage over the power density, the MEA, used in the aforementioned study [49] was
fabricated using carbon cloth coated with a mixture of Pt powder and carbon black bonded
together with Nafion resin, whichsinherentlytincreases the cost.

Following polarization analysis, the optimal external resistance was identified (1 kQ). Once the
MFCs were connected to'this lower resistance value, the performance levels begun to diverge
and Fimo™ was produgcing the highest power output as can be seen in Figure 6. Although
after the change in externalsresistance, the results of the polarization differed from the real-
time data (day/30 onwards) and Fimo™ ended up outperforming the air-dry, in all cases the
soft materials.were operating better than the conventional cation exchange membrane.

3.4 "C@D Analysis

Following the increase in performance due to the external loading shift, a chemical oxygen
demand (€OD) analysis was conducted to observe the rate of COD decrease within a 24 hour
period. On the eleventh day following the switch in external resistance (forty-second day of
the entire experiment), prior to replenishing the anode chamber with the 25 mL of urine a
sample was taken for COD analysis. In parallel to that, a sample from that urine (25 mL) was
kept in a closed glass bottle on the bench to observe the decrease in COD without being
treated in MFC. The following day, a sample of the effluent of all the MFCs was taken and
analysed. The results of this analysis are presented in Figure 8.A. which shows that MFCs
with air-dry Fimo™ MEA had a decrease of almost 82+1% in COD which was 4% higher than
air-dry clay and terracotta. CEM based MFCs resulted in 63+1% COD decrease. The control
COD reduction occurring in the closed glass bottle after 24 hours was 4.7%; this value was
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deducted from the overall percentage decreases of all MFCs. This was in order to demonstrate
the decrease in COD, which was induced due to the bioelectrocatalytic activity of the
electroactive microorganisms presented in the anode and also by fermentative floating
microorganisms.
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Figure 8. COD reduction results, and, power output at the time of sampling. a)
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analysis were taken.

The results of the @
42), which confirm and supp

is are in agreement with the real time data of that period (day
the literature which reports that the highest the power output

the highes D removal [51]. For clarity Figure 8.B shows the power output of the MFCs
at theytime that t mples were taken. Based on that in terms of power output Fimo™ was
atl clay and terracotta performed 29% and 45% lower than Fimo™ whereas
CEM h Y% less power output than the aforementioned (51 uW). Figure 8 demonstrates

correlation of power output to COD reduction and adds an extra value to the feasibly
of those MEAs as alternative conductive separators of MFCs.

The capability of MFCs in treating wastewater and pollutants [52-54] while generating
electricity is one of the attractive characteristics of the technology that make it a favourable
off-grid source of electricity and sanitation.

3.5 Cost Analysis

As microbial fuel cell is a technology producing low quantity of electricity, particular attention
needs to be given to the overall cost needed in maximizing the performance while minimizing



457
458
459
460
461
462
463
464
465
466
467
468
469
470
471

472
473
474
475
476
477

478
479
480
481
482

the costs. In this section, the cost of the membranes is illustrated and discussed (Figure 9).
The cost of the ceramic membranes was calculated considering 1 kilo of raw materials. More
specifically, at the moment of purchase air-dry Fimo™ cost 4.94 £ kg, air-dry clay cost 3.75
£ kg while terracotta was the least expensive of all as it was 33% cheaper than air-dry clay
and roughly 50% cheaper than air-dry Fimo™. The cost of the latter was in fact 2.52 £ kg™.
The CEM cost was considered to be 188 £ m?(250$ m?) according to the supplier. Each
membrane was weighed during fabrication and therefore the composition was known. In the
case of CEM, a total area of 25 cm was used. In order to fabricate the ceramic membranes,
6 g, 8 g and 10 g of air-dry Fimo™, air-dry clay and terracotta respectively were used.
Consequently, the overall cost for each membrane (with an area of 25 cm?) was similar for
air-dry Fimo™ and air-dry clay at £0.030 per membrane and terracotta being slightly lower at
£0.025 per membrane mainly due to the lower cost of the raw material. CEMmwas ‘the most
expensive costing £0.78 per membrane (Figure 9.A). This means that it iS'possible to,fabricate
26 air-dry Fimo™/air-dry clay membranes or 31 terracotta membranes for everyysingle CEM
membrane for the same cost.
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Figure 9.fCostianalysis of the membranes. a) Overall cost of the membranes, b) cost of
the.membrane fer unit of area c) and cost of the membrane for unit of power produced.

Anothenimportant aspect to consider is the cost of the membrane density meaning the cost of
the membrane per cm?. The results are shown in Figure 9.B. The trend reflects the cost of the
raw materials with terracotta having the lowest cost per surface area and CEM the highest.
Particularly, the cost for terracotta was roughly 0.1 pence per cm? (10£ cm) followed by air-
dry Fimo™ and air-dry clay with a cost of roughly 0.12 pence per cm? (12 £ m?) and CEM
thirty times higher than that (=300 £ m).

Finally, the cost of membrane for each Watt produced was also calculated (Figure 9.C). The
power from the peak of power curves (Figure 7.B) was considered in 130 yW, 111 yW, 73 pW
and 60 pW for air-dry clay, air-dry Fimo™, terracotta and CEM respectively. Due to the higher
performance, air-dry clay had the higher value of cost per power produced among the
materials investigated that was quantified in 230 £ W (Figure 9.C). Slightly higher value was
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achieved by air-dry Fimo™ with 267 £ W, Terracotta had a cost per W produced of 345 £ W-
1and CEM had an astonishing value of 11818 £ W. The cost per W produced of CEM was
34, 44, 51 times higher compared to terracotta, air-dry Fimo™ and air-dry clay respectively.
Among the three clay-based membranes, the most cost-effective material tested was air-dry
clay. The cost per W produced was 14% and 33% better compared to air-dry Fimo™ and
terracotta respectively. Air-dry Fimo™, air-dry clay and terracotta seems to be very promising
cost-effective  membranes materials that can replace the more expensive and not
environmentally-friendly polymeric membranes. It must be noted that the cost of kilning or
shipping from abroad were not taken into account for these economic calculations.

3.6 3D-printing MEASs using EvoBot.

EvoBot (Figure 10.A) is a RepRap open-source 3D-printer modified successfullyyto eperate
like a robot for culturing and maintaining Microbial Fuel Cells (MFCs) based,on‘an established
feedback loop between the MFC systems and the python controlled platfoerm [85].“EvoBot can
host a large number of MFCs (24) on its experimental arena wherefit'can,gather data about
the MFCs and react through a feedback loop to set thresholds (veltage output). This improves
the performance of the MFCs by providing nutrient supply only whemsneeded. So far this type
of liquid handling robot-MFC interaction, based on the feedbackleop mechanism, has enabled
the study the adaptability and stability of those systems{55].

Since EvoBot is a 3D-printer turned to robot it still helds‘its 3D:printing capabilities thus it can
extrude (3D-print) parts for MFCs with the ultimate aim'te,monolithically print and nurture those
already made MFCs. Having this in mind, the“twosair-dry materials tested as alternative
membranes -against conventional polymeri¢, cation exchange membranes and fired
terracotta- come in the form of soft'modelling, clay, which makes them suitable for extrusion
from the EvoBot platform (Figure 10iB)3As theuincured form of the electrode material is also
fluid, it can be applied using EvoBotiby ineorporating a brush/roller on the actuation layer of
the robot. This will apply the condugtive*eoating onto the dried extruded membranes.
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Figure 10. EvoBot Rep-Rap 3D-printer. a) EvoBot within is JEvo-world enclosure
performing experiments on MFCs under controlled conditions oBot with an adapted
li

extruder 3D-prints Fimo™ membranes. Source: . ject.eu.

3.7 Conclusions

This study explored the idea of using ai materials such as Fimo™ and clay to
fabricate membrane electrode assemblies robial Fuel Cells (MFC) which were then
compared against two of the most aularly ised materials in the field, cation exchange
membrane (CEM) and kilned red.terre
that MFCs with air-dry clay.bas can produce up to 50% more power than the contrals.
Since the MFC technology«relie -cost materials, due to the small amount of electricity
generated per MFC uni at terracotta, air-dry Fimo™ and air-dry clay were 40+10
times cheaper than C Watt produced), adds an extra advantage in using these
materials. In additi S Cs had a COD reduction of nearly 80% which was 20% more
than what the se achieved. At last, the capabilities of those air-cured materials
open anot %g avenue to the MFC research as their fabrication can be done with 3D
printing and/or e ion techniques using the EvoBot platform. Thus it is envisaged that
rinted MFCs are feasible and can potentially emerge from platforms such
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