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Abstract – This study describes the work carried out towards
the optimization of critical MFC components with potential 3D 
fabricated materials. The response of the optimised fuel cells,
which were fed with soft materials such as gelatin, alginate and 
Nafion™, is also reported. The optimised components were the 
membrane and the cathode electrode. Membrane was substituted 
with a custom made terracotta sheet and the electrode used was a
single sheet of carbon veil coated with an activated carbon paste. 
The results showed that amongst the soft materials tested, gelatin 
performed better; also it revealed that even after a 10-day 
starvation period the gelatin had better longevity. These results 
show that MFCs can be potentially 3D-printed monolithically 
using the EvoBot platform. 

Index Terms – MFC, EvoBot, Gelatin, Nutrient feedstock

I.  INTRODUCTION

Microbial Fuel Cells are energy transducers, which convert 
chemical energy stored in organic matter into electricity through 
bacterial digestion [1]. MFCs consist of two parts, the positive 
cathode and the negative anode. The two parts are separated by 
a semi-permeable membrane, which only allows ions to go 
through. The key to simplifying the construction of MFCs and 
making them more accessible is using 3D fabrication techniques 
and this is the aim of the EvoBot platform [2]. At first, the 
optimisation of the fuel as well as the membrane is needed, to 
make it suitable for 3D printing. This study presents the results 
from MFCs fed for the first time with soft materials as a nutrient 
feedstock. The cells had open-to-air cathodes and a single layer 
of terracotta clay as the membrane.

II.  MATERIALS AND METHODS

Twelve analytical-type MFCs with laser-cut acrylic 
compartments, open-to-air cathode half-cells and 25 ml anodes, 
were built for this experiment (Figure 1). The cells were 
constructed using a flat terracotta sheet (2mm) fitted as a 
membrane and a single sheet of carbon veil coated with 
activated carbon paste as the cathode electrode. The anodes 
were made of carbon fibre veil with a total surface area of 270
cm2 (PRF Composite Materials, UK). MFCs were inoculated 
with activated sludge derived from Wessex Water (Saltford, 
UK) and supplemented with tryptone (1%) and yeast extract 
(0.5%) (TYE). Triplicates of MFCs were fed under continuous 
flow mode with gelatin, alginate and liquid Nafion TM

respectively; TYE (1:10) was also used as a background 
solution in all cases.

FIGURE I
OPTIMISED MEMBRANE AND
CATHODE ELECTRODE MFCS

A. ANALYTICAL TYPE MFC
WITH TERRACOTTA CERAMIC
MEMBRANE

B. ANALYTICAL TYPE MFC
WITH ACTIVATED CARBON
ELECTRODE ATTACHED TO THE 
CERAMIC MEMBRANE AS THE 
AIR BREATHING CATHODE
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constituted the anode packing, while six discs of titanium grids 
coated with platinum constituted the cathode one. The solid 
surface of both electrodes was 100 cm2 and the inter-electrode 
gap was 0.5 cm wide. Glass spheres of 0.2 mm diameter were 
used as filling material.  

The combined experiments for algae removal and electricity 
generation were performed in a closed loop circuit as reported 
in Fig. 2. 

Fig. 2. Scheme of the batch-recirculating experimental apparatus used for 
the electrolysis of Chlorella vulgaris and the generation of energy by a system 

of a cascade of three to five air-cathode MFCs. 

The wastewater contaminated by algae was pumped into the 
fixed bed reactor for the electrochemical pre-treatment. 
Electrolysis experiments were carried out in galvanostatic mode 
(0.2 A) at constant flow rate (0.033 L min-1) for an hour with an 
initial algae concentration of 15x106 cell mL-1. The volume of 
the system was 200 mL. In these conditions, the 70% of algae 
removal was obtained. As soon as the electrolysis experiment 
had started, the outlet of the electrolytic cell was fed at 0.4 cm3 
min-1 into the MFCs cascade system. Once the pre-treatment 
finished, the volume of the system was directly recirculated, up 
to 5 days, into the cascade of three or five MFCs for energy 
production and further algae removal. All the MFCs were 
electrically independent from each other to monitor the 
performance of each cell in the system. The optimal external 
resistor (300 kΩ) of each cell was obtained by polarization 
curves (data not shown) for the experiments performed with the 
smallest electrode area in a cascade of 5 MFCs. For the rest of 
the experiments, a resistor of 45 kΩ for each MFC was 
maintained. 

III.  RESULTS  
It results that the output power generated by the air-cathode 

MFCs in the cascade improves by increasing the electrode area 
and therefore the contacted time (HRT) in the cell being the 
same flow rate for both setups. As shown Fig. 3, an initial 
decrease in the output voltage is observed, followed by a linear 
increase. This trend is probably caused by the fact that initially 
not broken algae cells might compete with the bacteria at the 
anode of the MFC. However, upon completion of the 
electrolysis the voltage rises due to the increase of readily 
available organic matter in the solution. A further removal of 
algae was observed at the end of each experiment, for a total 
removal percentage higher than 85%. 

Furthermore, the overall energy output (∈!) of the cascade 
system, over a period of 28 and 120 hours, was calculated as 

the sum of the ∈! of each MFCs: 
∈! =  𝑉𝑉 𝐼𝐼 𝑑𝑑𝑑𝑑!

!                               (1) 
where, V is the cell potential (V), I is the current (A), and t is 
the time (s). 

 
Fig. 3. Confront of power density for a cascade of five MFCs using different 
electrodes surface area and fixed resistor values. Left figure: 0.24 cm2 and 45 

kΩ; Right figure: 0.09 cm2 and 300 kΩ. 

Table 1 shows the ∈! values, of the cascade system, obtained 
for a period of 28 h and at two different anodic electrode area. 
The highest value of ∈! (24 mJ) was obtained with a 5 MFCs 
cascade system and an electrode area of 0.24 cm2. Moreover, a 
∈! of 78 mJ was obtained working with a % MFCs cascade 
system over a period of 120 h (with an electrode area of 0.24 
cm2). This represents a 30% increase (if compared with a 
period of 24 h).  

Electrode Area, cm2 0.09 0.24 
No. of MFCs in the cascade 3 5 3 5 

Energy Output, mJ 2.6 11 16 24 
Tab. 1 Values of energy efficiencies for the experiments carried out in three 
and five cascade MFCs using two different sizes of electrodes for a total 

period of 28 h. 

IV.  CONCLUSION 
The present study reports the combination of two advanced 
processes. It was demonstrated that Chlorella vulgaris 
microalgae can be successfully removed by electrochemical 
treatment and could feed a cascade of 3 to 5 MFCs system for 
energy generation and further algae removal. 
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III.  RESULTS AND DISCUSSION

The initial response of the MFCs after changing the feedstock 
from 1.5% TYE to the target substrates is presented below 
(Figure 2). The MFCs fed with gelatin performed better 
compared to the other soft materials. The average power 
production of the MFCs fed with different soft materials is 
shown below (Figure 3). Although the gelatin output is lower 
than that of the control MFCs, it appeared to have better 
longevity, when all MFCs were starved, with its output 
decreasing at a slower rate than the rest. The long-chain 
polymer composition of gelatin renders this feedstock longer 
lasting as it takes longer for the microbes to break it down. The 
results indicated that gelatin is a suitable feedstock, which could 
potentially be extruded from the EvoBot platform, and 
incorporated as a 3D printed substrate for the MFCs. The 
optimised ceramic-based membrane as well as the cathode 
electrode paste can also be extruded from the same platform.

Figure 2: Time profile showing the response of MFCs after 
feeding with soft materials for the first time. The fuel cells were 
fed with 1.5% TYE for the first 3 days, and then target soft 
materials added as a nutrient feedstock.

Figure 3: Average power production of MFCs after feeding 
with different soft materials. The spikes shown during the 62nd 
day are due to a polarisation experiment. The highest absolute 
power output for the control was 149.23 µW and for the gelatin
111.26 µW. Starvation period was between the 32nd-42nd days.

IV.  CONCLUSIONS
Gelatin seems to be a promising soft material that can be 3D 
printed and used as a feedstock for MFC operation. Flexible 
materials such as ceramic clay used as a membrane, and 
activated carbon paste used as a cathode electrode can be used 
in analytical type MFC with the potential to be 3D-printed. 
Further work will investigate different material combinations 
suitable for MFC fuel and compartments, which could be used 
as part of an entirely 3D printable fuel cell.
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Abstract - A solid oxide fuel cell (SOFCs) is one of the fuel cells, 
and co-tape casting process has been widely used to fabricate unit 
cells. In this study, each step of co-tape casting process and 
corresponding process conditions were studied to fabricate crack- 
and warp-free large-area unit cells. Thermal decomposition rate, 
flexural strength, and shrinkage behavior were measured by 
thermo-gravimetric analysis, three point flexural test, and thermo-
mechanical analysis, respectively. As a result, heat treatment steps 
at 250 ℃  and 350 ℃  were adopted. The anode support layer 
composition with coarse NiO and pore former mixture of 5 wt% of 
carbon black and graphite was applied to obtain the highest 
flexural strength. The co-sintering temperature was determined at 
1250 ℃  to have the smallest shrinkage rate difference between 
anode and electrolyte. Then, a warp-free large-area unit cell with a 
diameter of 50 mm and open circuit voltage of 1.05V was 
fabricated.  
 

Index Terms - Solid oxide fuel cell, co-tape casting, shrinkage, 
flexural strength 

I.  INTRODUCTION 
Recently, fuel cells has been attracting attentions due to 

energy depletion and environmental issues. A solid oxide fuel 
cell (SOFCs) is one of the fuel cells which is composed of 
ceramic materials. SOFCs are studied for high energy 
conversion efficiency, and fuel flexibility. To fabricate SOFC 
unit cells, tape casting process has been widely used to 
fabricate unit cells for low manufacturing cost and availability 
of mass production. Co-tape casting process is one of the tape 
casting process, fabricating electrolyte and anode layer by 
single heat treatment step. However, organic additive 
decomposition, shrinkage rate mismatch, and warping occur in 
co-tape casting process. These are factors which can cause 
cracks and warping. Therefore, each step of co-tape casting 
process and the influence of the process conditions have to be 
studied to fabricate crack- and warp-free large-area unit cells.  

In this study, organic additive decomposition were studied 
by thermo-gravimetric analysis (TGA) to find optimal co-firing 

conditions and temperature profiles. To minimize cracks during 
the organic additive decomposition, flexural strength of anode 
support layer after organic additive decomposition depending 
on compositions of NiO, Yttria-stabilized zirconia (YSZ), and 
pore former of carbon black and graphite was also studied. The 
powder composition with maximum flexural strength was 
determined. Finally, co-sintering temperature was determined 
at the temperature with minimum shrinkage rate difference of 
anode and electrolyte layer.  

From the analyses, optimal process conditions were 
determined to fabricate crack- and warp-free large-area unit 
cells. As a result, a large-area unit cell with a diameter of 50 
mm was fabricated. Also, open circuit voltage of 1.05V was 
obtained, indicating that a crack-free unit cell was obtained. 

II.  EXPERIMENTAL 
To fabricate unit cell, fine NiO (AS graded, Kceracell, 

Republic of Korea), coarse NiO (Nickelous oxide, J.T. Baker, 
USA), and YSZ (TZ-8Y, TOSOH, Japan) were used. Carbon 
black (Raven 430, Columbian Chemicals, USA) and Graphite 
flake (325 mesh, Alfa Aesar) were used as pore former. For the 
manufacturing of green tapes, co-tape casting was conducted by 
slurry preparation, de-airing, casting by a doctor blade. The as-
prepared green tapes were cut into button cells with 25 mm in 
diameter. The thermal decomposition and shrinkage rate were 
measured by thermal gravimetric-differential thermal analysis 
(TG-DTA) (TG 209 F3, NETZSCH, Germany) and 
Thermomechanical analyzer (TMA, TMA 402 F1, Netzsch, 
Germany) at a heating rate of 5℃ /min in air from room 
temperature to 1450 ℃. The flexural strength of tapes after 
burn-out process at 400 ℃ and 600 ℃ was measured by 
three point flexure test using universal testing machine (UTM, 
Instron 5583, Instron Corporation, USA). A large-area unit cell 
was fabricated with a diameter of 50 mm, and open circuit 
voltage was measured (SI 1260, SI1287, Solartron, UK). 


