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Additive Manufacturing of a 
Microbial Fuel Cell—A detailed 
study
Flaviana Calignano, Tonia Tommasi, Diego Manfredi & Alessandro Chiolerio

In contemporary society we observe an everlasting permeation of electron devices, smartphones, 
portable computing tools. The tiniest living organisms on Earth could become the key to address 
this challenge: energy generation by bacterial processes from renewable stocks/waste through 
devices such as microbial fuel cells (MFCs). However, the application of this solution was limited by a 
moderately low efficiency. We explored the limits, if any, of additive manufacturing (AM) technology 
to fabricate a fully AM-based powering device, exploiting low density, open porosities able to host 
the microbes, systems easy to fuel continuously and to run safely. We obtained an optimal energy 
recovery close to 3 kWh m−3 per day that can power sensors and low-power appliances, allowing data 
processing and transmission from remote/harsh environments.

In modern society it is possible to observe an everlasting permeation of electron devices and appliances, 
smartphones, sensor nodes and portable computing tools. Koomey’s law guarantees that the computing 
efficiency doubles every 1.57 years, trespassing the growth efficiency of rechargeable energy sources, 
which is substantially constant1. Many researchers see the renewable bioenergy as one of the ways to deal 
with the modern requirements of energy. This has led, in recent years, to focus attention on the gener-
ation of energy by means of microorganisms. It is known that microorganisms can produce fuels, such 
as ethanol, butanol, methane and hydrogen. In recent years, an innovative system for direct electricity 
production from renewable biomass, biomass-derived waste, wastewater, soil, active sludge and natural 
water environment and sediments was developed under the name of Microbial Fuel Cell (MFC); MFCs 
may enable metal contaminant removal from polluted sites. By utilizing microbial metabolism an MFC 
produces an electrical current from the degradation of organic/inorganic matter2,3: microorganisms con-
vert the energy stored in biodegradable organic and inorganic compounds to electrical energy. Microbes 
release electrons to the anodes, and they are transferred through the load to the cathode, where they 
combine with protons and electron acceptors, driving a reduction reaction. Different applications were 
proposed for this technology, such as wastewater treatment, biosensors, energy recovery in remote areas/
harsh environments/space and robotic applications4–7. The MFC anodic material is crucial toward high 
performance and scalability (either up or down), according to the final use. In fact the anode works not 
only as a conductor, but also as a bacteria carrier, hence surface roughness, good biocompatibility, effi-
cient electron transfer between bacteria and electrode surface, are essential keys to promote biocatalytic 
activity7. Recently, modification of the anode using different materials, which can be expected to facilitate 
bacterial adhesion and electron transfer to the anode surface, has been a successful approach for improv-
ing power production in MFCs. These modification methods include surface treatments with physical 
or chemical methods, addition of highly conductive or electroactive coatings, and use of metal-graphite 
composite electrodes8. Some current studies have developed sustainable and low cost anodes from nat-
ural materials for MFCs9,10. However, these anodes show some limitations: a structure with variable 
size of the pores, the smaller ones often clogged because of biofilm propagation9, causing in the long 
run impractical operability for obstruction and consequently poor nutrients diffusion. An alternative to 
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traditional processes that allow obtaining an ideal anode electrode with a high surface area, high con-
ductivity, biocompatibility, chemical stability, and three-dimensional (3D) macroporous structure, could 
be the use of Additive Manufacturing (AM) techniques.

The parts obtained with this kind of processes could exhibit a tailored, interconnected porosity and 
surface features which should encourage the attachment of bacteria. The AM approach has seen tremen-
dous growth in the last decade owing to convergent efforts in engineering, biology and material sci-
ence. Many important application domains have benefited: from medical implants to drug delivery, from 
tissue engineering to harsh environment components, from consumer/leisure to building industry11,12. 
Recently, some researchers have begun to use AM technologies to expand the range of possible MFCs 
geometries and improve the simplicity of fabrication: for example to create compact external structure 
without fixtures, like screws, clips or clamps, using three different thermoplastics (medical-grade bio-
compatible polycarbonate (PC-ISO), acrylonitrile butadiene styrene (ABS), ceramic-filled photo cura-
ble resin (RC25)) manufactured by Stereolithography and Fused Deposition Modelling (FDM)13,14; in 
another case to produce an ion exchange membrane in Tangoplus polymer and natural rubber latex 
using a PolyJet 3D printing15. Researchers at DOE’s National Energy Technology Laboratory employed 
AM techniques to engineer more ideal cathode configurations in Solid oxide fuel cells (SOFCs)16. Their 
investigations of the internal SOFC structure resulted in complete and detailed 3-D maps of active com-
ponents, and they are applying that knowledge to determine exactly where the electrocatalyst should be 
placed for optimal performance. By controlling the manufacturing of the structure, the networks of solid 
and gas interfaces can be better connected for improved efficiency. In other studies it was demonstrated 
how AM technologies significantly expanded the range of novel MFC architectures17 and electrodes18 in 
order to improve also the economic viability of existing configurations.

However the great advantage of the high degree of design freedom which AM provides to manufac-
ture individual customized plastic and metal parts, could be used above all to improve the functionality 
of the system. Considering this aspect, biomimicry — the development of solutions based on biological 
adaptations — is one of the most exciting frontiers in science19,20. Leonardo da Vinci stated “In her 
(nature’s) inventions, nothing is lacking, and nothing is superfluous”21.

In this study, three different AM techniques were employed to produce a new type of MFCs, from 
the outer packaging, to the inner functional system. Selective Laser Melting (SLM) process was used to 
fabricate a bio-inspired lattice aluminum alloy anode, a 3D macroporous structure with low density, high 
specific surface area and a customized surface roughness ideal to host the microbes.

Marine water was chosen as inoculum because it is a complex high-conductivity and active ecosys-
tem of major importance in the global carbon cycle. It contains a high number of diverse planktonic 
populations, where the resident population degrades the organic matter naturally present in seawater. 
Mixed cultures obtained from seawater inoculated into anodic chamber of MFC assemblies can be used 
in natural environment (e.g. seawater) as biological sensors22.

Aluminum is an active metal and its resistance to corrosion depends on the formation of the pro-
tective oxide film23. In general, it shows good levels of corrosion resistance in seawater and in marine 
atmosphere due to its ability to develop spontaneously a closed surface layer of electrically conductive 
aluminum oxide in the atmosphere and in nearly neutral waters24. Then spray coating technique was 
used to deposit bacteria on the same metallic structure, resulting simple, fast and efficient to obtain a 
uniform distribution. Furthermore, the outer packaging was designed and fabricated by means of Fused 
Deposition Modelling (FDM). The new AM MFC so obtained was then characterized being in function 
for five months and the results proof the feasibility of the approach and the advantages provided by AM 
techniques.

Result and Discussion
Design and fabrication of an AM MFC device.  For the external structure, FDM was chosen to 
produce an MFC with two chambers (for the anodic electrode and for the cathodic one) that could be 
opened with a unique non-assembly mechanism25, as well as four connectors for the reference electrode, 
two for refilling of the MFC cell (inlet and outlet), and the other for the electrical circuit. The non-as-
sembly mechanism guarantees an easier assembly of the cell and a better seal thanks to the use of two 
gaskets and three screws for closure. For the core of the MFC, the anode was fabricated using SLM, 
in which a high power laser is used to melt a powder feedstock to form fully dense metallic parts, fit 
for end-user products. The metallic anode was conceived as a cellular lattice structure26, trying to take 
benefits from bioinspiration: trabecular bones, wood, cuttlefish bones, corals, sponges, and bird beak 
interiors are only few examples of cellular hierarchical structures27. They can offer features such as high 
strength, low density, good mechanical energy absorption characteristics26,28 and open-channel flows for 
hydraulic permeation of nutrients. Furthermore, in order to obtain a good control of network formation 
of the bacteria on the anode, the spray-coating was utilized to deposit mixed bacterial suspension on the 
cellular lattice structure. The spray-coating is an AM technique that ensures an ideal bacteria film coating 
on a variety of surfaces with different morphologies and topographies. In spray-coating systems, a fluid 
(or an ink) is atomized at the nozzle by pressure or ultrasound and then conveyed toward the substrate 
by a gas. The spray technique is a solution we used at the beginning of the self colonization process, in 
order to distribute more homogenously bacteria seeds, if compared to the actual method to introduce 
them that goes through liquid injection in the MFC chamber. The spray technique represents a proof of 
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concept towards feasibility and industrial application of AM-MFCs. In fact, it will be possible to develop 
in a viable way a spray with a selected lyophilized anaerobic population in O2-free atmosphere.

Figure  1 displays the three AM techniques used in this study. Starting from the knowledge of the 
lattice structures that can be built by SLM without deformations29, a cylinder shaped anode in AlSi10Mg 
alloy of 65 mm diameter and 15 mm height designed through the repetition of a Schwartz Diamond unit 
cell was fabricated by direct metal laser sintering (DMLS, the trade name of EOS GmbH for SLM). The 
diamond lattice structure is self-supporting: this means that it could be manufactured without support 
structures, which are commonly used in SLM to hold unsupported geometries in place and to prevent 
deformation by thermal stresses typical of this process, but they are not acceptable inside complex struc-
tures because in this case they cannot be removed. A unit cell of 4 mm with a volume fraction of 20% was 
chosen, being the optimum compromise between a high specific surface, a structure with good manu-
facturability29 and a high percentage of voids. The designed lattice structure has circular struts (bridging 
nodes), with a mean theoretical diameter of 0.85 mm. The aluminum alloy was chosen due to its high 
electrical conductivity, low density (2.68 g cm−3), good corrosion resistance and very good manufactura-
bility by SLM30,31. All these factors give to the anode component a theoretical density of 0.54 g cm−3. To 
avoid any contamination due to the loose powder, the aluminum manufactured sample was post pro-
cessed using shot peening. The surface of the parts produced by SLM could be greatly influenced by the 
“balling” phenomenon that occurs during laser melting causing the formation of discontinuous tracks, 
and by the presence of partially-bonded particles on the top surfaces32. Depending on the application, 
this surface morphology is desirable to obtain better results. For example in the biomedical field, it is well 
recognized that the surface roughness improves the osteointegration33, thanks to intercommunicating 
cavities that replicate the bone structure. These concavities could penetrate deep inside the implant body, 
creating pits and pores that are colonized by bone cells. Shot peening, having an effect on the surface, 
not only eliminates the partially-bonded particles but also enhances surface finishing30, and improves the 
corrosion-resistance by closing the open porosities. Furthermore, using zirconia beads it is possible to 
create on an aluminum structure a sort of textured surface made of niches at the microscale. This is ideal 
for the bacteria employed in the MFC, as shown in Fig. 2. Moreover, before the use inside the anodic 
chamber, it was conducted biocompatibility test on the AM electrode in plate-count agar (see Methods) 
in order to understand if aluminium structure was suitable to host microorganisms for their growth. The 
results has been confirmed that AM electrode has good affinity with bacteria (Fig. 2).

Figure 1.  The three additive manufacturing techniques used to fabricate innovative Microbial Fuel 
Cells (MFCs). (A) In Selective Laser Melting (SLM) technology the 3D component to be fabricated is sliced 
into layers with a chosen thickness (30 μ m) and sent to the SLM machine. The process starts by applying 
layer of the powder material to the building platform, and by fully melting the powders following the path 
corresponding to the first section of the part. The substrate platform then drops one layer thickness in the z 
axis before the material is recoated, and the process is repeated until the entire part is complete. (B) Fused 
Deposition Modelling (FDM) technology build parts layer-by-layer from the bottom up by heating and 
extruding a thermoplastic filament. The 3D printer heats the thermoplastic to a semi-liquid state and 
deposits it in ultra-fine beads along the extrusion path. (C) Anest-Iwata spray gun was used for bacteria 
spray-coating. Five ml of inoculum (~10% of anodic solution) was directly sprayed to the 3D anode surface 
of Al structure by airbrush connected to nitrogen gas, and conserved immersed at 4 °C in a liquid medium 
till the (D) MFC assembly.



www.nature.com/scientificreports/

4Scientific Reports | 5:17373 | DOI: 10.1038/srep17373

As already observed, the surface features of anodic materials are one of the deciding factors that affect 
bacterial attachment and charge transfer between bacteria and the electrode surface. Furthermore good 
nutrient diffusion is ensured without clogging, thanks to the high vacuum degree (~80% theoretical) and 
high electrical conductivity. Moreover, the spray coating technique, never been used for MFCs, results 
efficacious, easy and fast and practical from small to large scale, permitting uniform bacteria proliferation 
and hence, ensuring a fast start-up of MFC system.

AM MFC performances.  We designed the AM MFC system in a way similar to hydrogen fuel cells, 
where a cation exchange membrane (CEM) is sandwiched between the anode and cathode34. The archi-
tecture was chosen in order to reduce as much as possible the inter-electrode distances between anode 
and cathode, with the aim of reducing ohmic resistances and resulting in a significant increase of power 
output. The influence of electrode spacing on performance of MFCs has been shown in several works35–38.  
Another architectural parameter that leads to better performances is the active electrode surface area: the 
more active electrode area available, the more bioelectricity generation guaranteed for a given volume of 
the cell. Several works have investigated the use of reticulated and granular conductive carbon instead 
of flat electrodes, but sometimes their heavy and relatively low porosities slow metabolic and kinetics 
reactions for both biofilm and nutrients flow clogging39–41.

For this reason, the combination of these two design parameters (inter electrode distances and high 
surface area), together with their open channel flows permit to have a high-performance anodic materi-
als for MFC. The AM MFC operated for more than 5 months (under external loads ranging from 10 to 
820 Ω) and a continuous feeding of anodic organic substrates with an Hydraulic Retention Time (HRT) 
of ~6 days and demonstrated stable and reproducible performance. Traditional waste water treatments 
based on aerobic technologies are characterized by a shorter HRT, in the range 1–4 days. Nevertheless 
in an anodic chamber such as that of an MFC, anaerobic conditions usually require a higher HRT42 
(15–40 days) to ensure retention of the slowly growing anaerobic microorganisms. The AM-MFC system 
proposed by us, thanks to the AM-3D support that enhances the attachment of microorganisms, permits 
to work with liquid passing through the chamber at a faster rate around 6 days.

Figure 2.  The cellular AlSi10Mg anodic structure made by SLM as appears at FESEM (Field Emission 
Scanning Electron Microscope). (A) After shot peening with ceramic microspheres: this post processing 
is used to improve external surface finish and to remove not consolidated powders. In this study, zirconia 
beads of 100–200 μ m were used creating a unique rough surface characterized by niches with a mean 
diameter ranging from 50 μ m to 100 μ m, covering all the struts of the lattice structure, as can be seen 
at higher magnifications. (B) The same lattice structure after bacteria deposition using spray coating: as 
supposed, the bacteria primary stay inside the preferential sites (niches). (C) Finally the same structure after 
testing in MFC for 5 months; at higher magnifications it is possible to appreciate the bacteria proliferation 
and the network of pilum. The scale bar of the inset is 300 nm.
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Representative performances under different electrochemical techniques are reported in Fig.  3. 
Figure  3A shows the polarization and power density curves of the complete MFC cells. Polarization 
curve shows that when no current flows through the system, the voltage is at almost 1 V (Open Circuit 
Voltage, OCV conditions). According to the 1 mV s−1 decrease of voltage, current slowly increased till 
reaching the maximal current production (Short Current Circuit, SCC) of about 9 A m−2. The maximum 
power point (MPP) reached by polarization curve was 2 W m−2 at 0.3 V and 6 A m−2. According to the 
anodic volume of MFC and the AM-structure with 80% of vacuum degree, the power density obtained 
was 148.8 mW L−1 (Table 1). Moreover, from polarization curve, we can discern three different zones, 
where prevails different resistances,

	 Activation resistance (Ra), also called charge-transfer resistance, is visible in the first part of a polar-
ization curve at low currents, thus near to open circuit voltage (OCV). It depends on catalysts, elec-
trochemical mediators, biofilm, microbial species and their metabolisms, and operative conditions 
such as temperature and pH. It derives from the slowness and irreversibility of the reactions taking 
place on the surface of the electrodes43,44.

	 Ohmic resistance (RΩ) is visible in the linear segment at intermediate currents in the polarization 
curve. It is mainly caused by ionic resistances of electrolyte, membrane and biofilm, and by electronic 
resistances of electrodes, current collectors and electrical connections43,44.

	 Concentration or mass-transfer limited polarization resistance Rc. is visible in the high current part of 
a polarization curve, thus near to short circuit current (SCC). Rc mainly depends on the rate of elec-
trons and protons diffusion, required to sustain the generation of current. Thus, this overpotential is 
prevalent at high current densities when there are more charges produced that need to be transferred 
from the electrolyte bulk to the electrode surface. Mass-transfer resistances are affected by geometry 
of the cell, electrolytes, structure of the electrodes and biofilm, metabolites and products43–46.

Therefore the internal resistance Rint of the MFC system can expressed in term of ohmic resistance RΩ 
and the electrode overpotentials Ra and Rc.

Taking into account that in semi-cycle symmetrical polarization curve (as we can define ours curve) 
the MPP occurs at a point where the External Resistance Rext is equal to Rint

34, from Ohm’s Low (R =  V/I) 

Figure 3.  Electrical characterization of AM manufactured MFCs. From top to bottom, from left to right: 
(A) polarization curve (Voltage vs current density curve) and power density curve of MFC; (B) total energy 
recovered in a week by MFC under external loads (from 820 to 10 Ω, open circuit condition 1010 Ω);  
(C) polarization curve of both semicells (anode and cathode); (D) pulsed power density, at fixed currents 
of either 412 ±  1 mA m−2 or 0 mA m−2.
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we obtain that Rext =  Rint =  15.2 Ohm. Hence, the internal resistances RΩ (10.8 Ohm) is dominant respect 
to the other two resistances (Ra and Rc) that are in the order of 5 Ohm.

Beyond polarization analysis that were performed periodically to check the electrochemical behav-
iour, MFCs were continuously submitted to different external loads in order to evaluate the real energy 
output, under fluctuations (Fig. 3B). Changes in the resistances help to evaluate how the system responds 
to different external stress and energy request, from electrical point of view, permitting to evaluate that 
the system responds well at different energy request, even at 10 Ohm resistance where 4 W/m2 has been 
recorded. Taking into account the syringe pump used, the maximal energy request is 65 J (18 Wh) per 
day. In average, the daily energy produced by our MFC is 402 J (112 Wh). The net energy balance is 
positive. Anyway, in order to decrease as much as possible the energy expenditure, that depends also 
from other energy cost items, it will be convenient to consider a gravitational fall of water inside the 
MFC systems. In fact using an up-flow system, organic water is fed from above the fuel cell, and by 
gravity pushed down and around, and thus pumping and mixing become unnecessary, with a positive 
outcome on the overall energy efficiency of the device. In this case, the energy and continuous power 
values obtained under loads by the MFC of more than 2.5 W m−2 (200 mW L−1 (W m−3)) might be 
referred to a net energy recovery from the MFC system. According to the energy recovered in one week, 
we obtained more than 18 kWh m−3 anodes (250 Wh m−2). In addition, in order to increase the overall 
system voltage, MFC can be stacked as in the batteries, to increase the overall system voltage. The influent 
COD (Chemical Oxygen Demand) of the solution continuously fed by syringe pump was 10.8 ±  0.3 g/L 
and the output was in the range 0.6–3.2 g/L, including some fluctuations according to the load impedance 
applied. The maximum COD removal obtained was 93 ±  2% obtained working at low resistances47 and 
(100 Ohm). In average, COD removal was in the range 70–95%.

Nevertheless, owing to the superficial nature of the phenomena, it is important to maintain, in the 
scale-up design, the same electrodes surface over liquid volume, i.e. m2/m3. Scale-up issue is certainly an 
aspect that should be carefully taken into account for industrial applications, considering the optimized 
design of devices and the opportunity to obtain the energy/voltage output required and water treatment 
with a series of smaller MFCs48–50. Moreover, the system working with real wastewater, according to the 
nature of organic substrates, should be integrated with a chemical/physical pretreatment (before the inlet 
toward MFC) necessary to remove large solids and other undesirable substances from the wastewater and 
make complex organic substrates easily metabolized by microorganisms and therefore a more efficient 
electron release. This pretreatment step is very common in anaerobic digester plants and aerobic treat-
ment systems and helps to prevent the biological block of depuration, even if some decrease of electrical 
performances could happen.

Since we independently monitored also the anode and cathode potential, we were able to know their 
contributions respect to total cell. Figure 3C shows the voltage drop in both anodic and cathodic cham-
bers due to the imposed potential at 1 mV/s of scan rate obtained by linear sweep voltammetry in the 
three electrode configuration. Ag/AgCl electrode was used as working reference electrode both in anodic 
and cathodic chamber measurements, and current at a working electrode (respectively anode and cath-
ode) was measured. In anodic chamber, at each potential the current output was always bigger than the 
cathodic one. Moreover, by confronting the maximum power point (MPP) of anode that is 1.8 W/m2 
(nearly 2 W/m2 for the complete cell) with that one of the cathode alone that is 0.96 W/m2 (about half 
the previous value), we concluded that the limiting one is the cathode. This behavior has been noticed 
frequently during 5-months experimental tests and it is completely different from what was measured 
using our standard (carbon felt), in which case the anode demonstrates the worst performances43. While 
the anodic potential remained stable at approximately − 0.8 ±  0.1 V at OCV under low load resistances 
(under 100 Ω) the cathode exhibited a sharp drop of potential. This behavior is more evident in Fig. 3C 
that shows separately both anodic and cathodic potentials vs Ag/AgCl reference electrodes. Since the 
cathode vs Ag/AgCl showed a maximum short current circuit (SCC) point and power density (MPP) of 
6.5 A m−2 and 0.9 W m−2 respectively, nearly half the anode vs Ag/AgCl performance rating 13.5 A m−2 
and 1.8 W m−2, we believe that the rate limiting component of the AM MFC is the cathode reduction 
reaction mediated by ferricyanide.

It is probable that the potassium ferrycianide (Fe3+) rapidly tends to wear out reducing itself to Fe2+ 
due to the high electrons migration through the cathode. These results suggest that a long-term use of 
the AM MFC requires an improved cathode. Moreover, the system in order to be completely sustainable 
and with even higher efficiency should be based on cathode-oxidizing microorganisms that are able to 
conduct biological reduction40,48,49.

Table 1 is an overview of electrical parameters recovered by polarization techniques. Beyond charac-
teristic points, such as SCC, MPP and OCV, it reports Ohmic resistances and the intrinsic resistance of 
AlSi10Mg, before and after a 5-months use as anode in MFC. Intrinsic resistance after use keeps very 
low values proofing good reliability of the electrode under continuous and long working intervals. The 
higher intrinsic resistance after use could be due to a slight corrosion and coating of biofilm on the 
surface, since cell membranes mostly contain non-conductive materials such as polysaccharides, lipids 
and peptidoglycans50.

Figure. 3D shows how the AM MFC system is fast and efficient to support intermittent variation of 
current and hence, power, allowing fast data transfer. Moreover, if the request is continuous, the sys-
tem promptly responds. These high-performance features, both electrochemical and of robust design, 
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suggest to consider this system layout as an interesting solution for remote/harsh environments, where 
the energy source (environmental organic matrix/waste) is present and conversely the connection to the 
conventional energy grid is a complicated issue.

Conclusions
Microbial fuel cells are the more widely studied example of bioelectrochemical systems, performing 
the double task of wastewater treatment and electricity generation. In a typical microbial fuel cell, the 
anode is used to harvest electrons from wastewater while oxidising organic pollutants. The performance 
and cost of electrodes are the most important aspects in the design of MFCs. Although other stud-
ies have explored the use of metallic anodes34,35,51–54, the maximum power density reached was about  
816 mW m−2 54; in comparison the system layout here described under 47 Ohm resistance steadily gener-
ate over time more than 2500 mW m−2. The results of our research enlighten the advantages provided by 
additive manufacturing to increase the energy produced. 3D metal anodic structure goes exactly in that 
direction, simulating the coral skeletal structure, which has a network of channels very similar to a cir-
culatory system, through which information are transferred and permitting to obtain an optimal energy 
recovery close to 3 kWh m−3 per day. Moreover, the structure with preferential niches is suitable for many 
species that create symbiotic relations: on the 3D structure also microbial populations can communi-
cate and transfer electrons among the biofilm and the electrode network. To this aim, the spray coating 
resulted in a very innovative and easy tool to produce such “electrode bioconsortia” well distributed. In 
remote/harsh environments, such as deepsea platforms, manned space stations, on-board boats, a daily 
energy density as that we obtained can continuously power not only sensors and low-power appliances, 
but also data processing and transmission systems55. Of course, according to natural environment, other 
inoculums (e.g. rivers, lake, wastewater treatment) can be considered56–58. So far, the technology here 
described to realize the MFC represents undoubtedly a cool candidate for such applications.

Methods
Selective Laser Melting (SLM) process.  The cellular lattice structure was manufactured through 
an EOSINT M270Xt DMLS machine using a gas atomized AlSi10Mg powder produced by EOS GmbH 
(Germany). Direct Metal Laser Sintering (DMLS) is the trade name of EOS GmhH to indicate Selective 
Laser Melting (SLM). In this machine, a 200 W Yb fiber laser system with nominal diameter of 100 μ m is 
used in Ar atmosphere to melt selectively the powders in 30-μ m-thick layers. The particles have a regular 
spherical shape, with a diameter ranging from 0.5 to 30 μ m, and a mean size of 20 μ m. At the end of 
the process, the building platform with the lattice structure is removed from the DMLS machine and is 
put into a furnace for a stress relieving treatment (2 hours at 300 °C). After this the part is detached and 
post processed with shot peening. After that the struts of the AlSi10Mg diamond cell unit obtained had 
a mean diameter of 0.68 mm. Thus the resulting density of the cellular anodic structure was 0.43 g/cm3,  
20% less than the theoretical one. This could be ascribed to the shot peening process, which makes the 
struts thinner.

Diamond lattice geometry.  Diamond lattice structures are mathematically defined by triple peri-
odic implicit functions, allowing precise control of volume fraction and unit cell size in the creation of 
an interconnected network. In mathematical terms, let S be a surface defined by (Eq. 1):

( ) = ∈ ( )S F X X R: 0 13

where X is a point of coordinates x, y and z. The surface S represents the border between the matter and 
the voids. A trigonometric polynomial has been used for the definition of the function F(X), which can 
be written as a sum of d terms as shown in Eq. 2:

Resistance [Ω] Voltage Current Power

Ohmic Resistance Whole AM-MFCassembly 10.6 ±  0.4 Open Circuit Voltage (OCV) 0.93 V 0 A 0 W

Anode AlSi10Mg before use 0.9225 ±  0.0005 Short Circuit Current (SCC) 0 V

32.40 mA

0 W701.94 mA L−1

8.93 A m−2

Anode AlSi10Mg after use 1.939 ±  0.003 Maximum Power Point (MPP) 0.32 V

21.24 mA 6.87 mW

460.00 mA L−1 148.82 mW L−1

5.85 A m−2 2.01 W m−2

Table 1.   Overview of selected properties of AM-MFC, under electrochemical analysis. Resistance anode 
AlSi10Mg before use and after 5 months running test.
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This gives rise to triply periodic level surfaces59: the primitive surface, the diamond surface and the 
gyroid surface, having interconnectivity orders respectively equal to 6, 4 and 3. The equation for a dia-
mond surface is (Eq. 3):

( + + + )+

( ) + + ( ) + ( ) + = ( )

a x y z x y z x y z x y z
a x y z
sin sin sin sin cos cos cos sin cos cos cos sin
[cos 4 cos 4 cos 4 ] 1 0 3

1

2

Not only the solid constituents determine the properties of cellular materials, but also the spatial 
configuration of voids and solid – that is, the cellular architecture60. Metal stochastic porous structures 
typically have a random distribution of open or closed voids, whereas metal periodic cellular lattice 
structures have uniform parts that are based on repeating unit cells. When the cell shape is fixed, the 
cells can be stacked in more than one way giving structures which have differing edge connectivity, and 
different properties59. The periodic channels created with this diamond unit cell were very useful to allow 
a fast recirculation of water inside the MFC, refreshing the live food for the bacteria. At the same time, 
the microstructure of the AlSi10Mg struts is extremely fine and features a controllable texture, exhib-
iting superior mechanical properties in comparison to an as cast aluminum alloy of a similar chemical 
composition.

Biocompatibily tests on AM structure.  Biocompatibity tests on the cellular structure were con-
ducted before its use inside the anodic chamber, in order to assess the interaction between bacteria and 
material and to understand if it is suitable to host microorganisms for their growth. The test has been 
conducted in plate-count agar by including the AM-electrode inside the solid agar media (composi-
tion in g L−1 dissolved in mineral water: 7 C6H12O6, 8 C2H3NaO2, 10 peptone, 15 agar, 8 Na2HPO4, 5 
NaH2PO4) and inoculating 10−3 diluted enriched sea-water culture around the AM-electrode surface and 
on it. Duplicate cultures were incubated at 30 °C for 48 h together with blank test (without AM). After 
that, we have evaluated the Colony-Forming Unit (CFU) in the agar and in particular if colonies were 
present on AM-electrode surface. Plate-dish samples comparison demonstrate that material has good 
affinity with bacteria.

MFC design and operation.  The experiments were run at room temperature (22 ±  2 °C) in continu-
ous feeding mode, using a Syringe Pump (NE-1600 Programmable Syringe Pump, USA) with Hydraulic 
Retention Time (HRT) of 6 days for each MFC, feeding a synthetic substrate at pH 7 and the organic 
loading rate of sodium acetate and peptone of 1 and 1.25 g L−1day−1, respectively. The total anolyte vol-
ume of MFC assembly is 46.2 ml. MFCs were inoculated in the anode chamber by mixed culture coming 
from seawater (Arma di Taggia (IM), Italy). The mixed culture, before being inoculated in MFCs was 
previously enriched in batch, with a medium containing acetate, peptone, phosphate buffer and 1% of 
agar, in order to favourite microbial growth before inoculation in MFCs55. Five ml of inoculum (~10% 
of anodic solution) was directly sprayed to the 3-D anode surface of Al structure by airbrush (Iwata) 
connected to nitrogen gas, and preserved immersed at 4 °C in a liquid medium in N2 atmosphere, till 
the MFC was assembled. A carbon felt (Soft felt SIGRATHERM GFA5, SGL Carbon, Germany) was 
used as cathode electrode and assembled together with a graphite rod (diameter 5 mm, SGL Carbon, 
Germany) to ensure an effective current conduction capability. The cathodic compartment was filled by 
potassium ferricyanide (6.58 g L−1), added as oxidant compound, and a buffer solution of mineral salts 
Na2HPO4 (8.2 g L−1) and NaH2PO4 (5.2 g L−1) was used. Moreover, optical density (OD) analysis by 
UV-spectrophotometer at 600 nm was conducted in the liquid phase of anodic chamber for monitoring 
the planktonic population growth during the first days of experiments and occasionally for a check.

FESEM preparative.  Small portions (1 cm3) of anode electrodes with bacteria on the surface (after 
bacteria spray coating process and after testing in MFC for 5 months) were fixed adding 2.5% v/v for-
maldehyde in 0.1 M phosphate buffer solution and incubated at 4 °C overnight. The samples were then 
washed twice with 0.1 M phosphate buffer and dehydrated by successive 10 minutes incubations in 40%, 
60%, 80%, 90% and 100% ethanol. The samples were then dried with a critical-point drier and coated 
with gold using an ion-sputter to a thickness of 10 nm. After this procedure, specimens were examined 
by FESEM.

References
1.	 Koomey, J. G., Berard, S., Sanchez, M. & Wong, H. Implications of historical trends in the electrical efficiency of computing. 

IEEE Ann. Hist. Comput. 33, 46–54 (2010).
2.	 Sun, M. et al. Microbial communities involved in electricity generation from sulfide oxidation in a microbial fuel cell. Biosens. 

Bioelectron. 26, 470–476 (2010).
3.	 Cheng, S. & Logan, B. E. Sustainable and efficient biohydrogen production via electrohydrogenesis. PNAS 104(47), 18871–18873 

(2007).



www.nature.com/scientificreports/

9Scientific Reports | 5:17373 | DOI: 10.1038/srep17373

4.	 Mohan, S. V. & Chandrasekhar, K. Solid phase microbial fuel cell (SMFC) for harnessing bioelectricity from composite food 
waste fermentation: influence of electrode assembly and buffering capacity. Bioresour. Technol. 102, 7077–7085 (2011).

5.	 Du, Z., Li, H. & Gu, T. A state of the art review on microbial fuel cells: A promising technology for wastewater treatment and 
bioenergy. Biotechnol Adv. 25, 464–482 (2007).

6.	 Ledezma, P., Stinchcombe, A., Greenman, J. & Ieropoulos, I. The first self-sustainable microbial fuel cell stack. Phys. Chem. Chem. 
Phys. 15, 2278–2281(2013).

7.	 Chaudhuri, S. K. & Lovley, D. R. Electricity generation by direct oxidation of glucose in mediatorless microbial fuel cells. Nat. 
Biotechnol. 21, 1229–1232 (2003).

8.	 Wei, J., Liang, P.& Huang, X. Recent progress in electrodes for microbial fuel cells. Bioresour. Technol. 102, 9335–9344 (2011).
9.	 Chen, S. et al. A three-dimensionally ordered macroporous carbon derived from a natural resource as anode for microbial 

bioelectrochemical systems. ChemSusChem 5, 1059–1063 (2012).
10.	 Zhu, H. et al. Lightweight, conductive hollow fibers from nature as sustainable electrode materials for microbial energy harvesting. 

Nano Energy 10, 268–276 (2014).
11.	 Wohlers, T. in Wohlers report—Additive manufacturing and 3D printing state of the industry. (ed. Wohlers Associates Inc) (Fort 

Collins, CO, USA 2013)
12.	 Tumbleston, J. R. et al. Continuous liquid interface production of 3D objects. Science 347, 1349–1352 (2015).
13.	 Papaharalabos, G., Greenman, J., Melhuish, C. & Ieropoulos, I. A novel small scale microbial fuel cell design for increased 

electricity generation and waste water treatment. Int. J. Hydrogen Energy. 40, 4263–4268 (2015).
14.	 Di Lorenzo, M., Thomson, A. R., Schneider, K. & Cameron, P. J. Ieropoulos I A small-scale air-cathode microbial fuel cell for 

on-line monitoring of water quality. Biosens Bioelectron 15, 182–188 (2014).
15.	 Philamore, H., Rossiter, J., Walters, P., Winfield, J. & Ieropoulos, I. Cast and 3D printed ion exchange membranes for monolithic 

microbial fuel cell fabrication. J. Power Sources 289, 91–99 (2015).
16.	 NETL uses additive manufacturing to raise SOFC performance. Fuel Cells Bulletin. doi: 10.1016/S1464-2859(14)70293-7 (2014).
17.	 Ieropoulos, I., Winfield, J., Greenman, J. & Melhuish, C. Small scale microbial fuel cells and different ways of reporting output. 

ECS Transactions 28, 1–9 (2010).
18.	 Zhao, C. et al. Three dimensional (3D) printed electrodes for interdigitated supercapacitors. Electrochem. Commun. 41 (2014).
19.	 Derby, B. Printing and prototyping of tissues and scaffolds. Science 338, 921–926 (2012).
20.	 Wegst, U. G. K., Bai, H., Saiz, E., Tomsia, A. P. & Ritchie, R. O. Bioinspired structural materials. Nature materials 14, 23–36 

(2015).
21.	 Da Vinci, L. & Manuscript R. L. 19115v; K/P 114r, located in the Royal Library (Windsor Castle, Windsor, England, ca. 1500).
22.	 Munn, C. in Marine microbiology: Ecology and Applications 2nd edition. (eds Taylor and Francis Group), (Garland Science, 2011).
23.	 Sastri, V. S., Ghali, E. & Elboujdain, I. M. Corrosion Prevention and Protection Practical Solutions. (ed. John Wiley & Sons) 

(Chichester, England, 2007).
24.	 Schutze, M., Wieser, D. & Bender, R. Corrosion resistance of aluminium and aluminium alloys. (ed. Dechema) (Frankfurt, 2010).
25.	 Lipson, H., Moon, F. C. & Hai, J. 3-D printing the history of mechanisms. J Mech Design 127, 1029–1033 (2005).
26.	 Gibson, L. J. & Ashby, M. F. Cellular Solids. Structure and Properties. (ed. Cambridge Univ. Press), (Cambridge, UK, 1997).
27.	 Fratzl, P. & Weinkamer, R. Nature’s hierarchical materials. Prog. Mater Sci. 52, 1263–1334 (2007).
28.	 Yan, C. et al. Evaluation of light-weight AlSi10Mg periodic cellular lattice structures fabricated via direct metal laser sintering. 

J. Mater. Process. Technol. 214, 856–864 (2014).
29.	 Schaedler, T. A., Jacobsen, A. J. & Carter, W. B. Toward lighter, stiffer materials. Science 341, 1181 (2013).
30.	 Calignano, F., Manfredi, D., Ambrosio, E. P., Iuliano, L. & Fino, P. Influence of process parameters on surface roughness of 

aluminum parts produced by DMLS. Int. J. Adv. Manuf. Technol. 67, 2743–2751 (2013).
31.	 Thijs, L., Kempen, K., Kruth, J. P. & Van Humbeeck, J. Fine-structured aluminium products with controllable texture by selective 

laser melting of pre-alloyed AlSi10Mg powder. Acta Mater. 61, 1809–1819 (2013).
32.	 Strano, G., Hao, L., Everson, R. M. & Evans, K. E. Surface roughness analysis, modelling and prediction in selective laser melting. 

J. Mater. Process. Technol. 213, 589–597 (2013).
33.	 Traini, T. et al. Direct laser metal sintering as a new approach to fabrication of an isoelastic functionally graded material for 

manufacture of porous titanium dental implants. Dent. Mater. 24, 1525–1533 (2008).
34.	 Logan, B. E. et al. Microbial fuel cells: methodology and technology. Environ. Sci. Technol. 40, 5181–5192 (2006).
35.	 Fan, Y. Z., Hu, H. Q. & Liu, H. Enhanced coulombic efficiency and power density of air cathode microbial fuel cells with an 

improved cell configuration. J Power Sources 171, 348–354 (2007).
36.	 Kim, J. R., Cheng, S., Oh, S. E. & Logan, B. E. Power generation using different cation, anion, and ultrafiltration membranes in 

microbial fuel cells. Environ. Sci. Technol. 41, 1004–1009 (2007).
37.	 Liu, H., Cheng, S. & Logan, B. E. Power generation in fed-batch microbial fuel cells as a function of ionic strength, temperature 

and reactor configuration. Environ. Sci. Technol. 39, 5488–5493 (2005).
38.	 Pham, T. H., Jang, J. K., Moon, H. S., Chang, I. S. & Kim, B. H. Improved performance of microbial fuel cell using membrane-

electrode assembly. J. Microbiol. Biotechnol. 15, 438–441 (2005).
39.	 Lepage, G., Ovenhausen, A. F., Perrier, G. & Merlin, G. Characterization of a microbial fuel cell with reticulated carbon foam 

electrodes. Bioresour. Technol. 124, 199–207 (2012).
40.	 Logan, B., Cheng, S., Watson, V. & Estadt, G. Graphite Fiber Brush Anodes for Increased Power Production in Air-Cathode 

Microbial Fuel Cells, Environ. Sci. Technol. 41, 3341–3346 (2007).
41.	 Vázquez-Larios, A. L., Solorza-Feria, O., Vázquez-Huerta, G., Esparza-García, F., Rinderknecht-Seijas, N. & Poggi-Varaldo, H. 

M. Effects of architectural changes and inoculum type on internal resistance of a microbial fuel cell designed for the treatment 
of leachates from the dark hydrogenogenic fermentation of organic solid wastes. Int J Hydrogen Energy 36, 6199–6209 (2011).

42.	 Appels, L., Baeyens, J., Degrève, J. & Dewil, R. Principles and potential of the anaerobic digestion of waste-activated sludge. Prog. 
Energy Combust. Sci. 34, 755–781 (2008).

43.	 Hidalgo, D., Sacco, A., Hernández, S. & Tommasi, T. Electrochemical and impedance characterization of Microbial Fuel Cells 
based on 2D and 3D anodic electrodes working with seawater microorganisms under continuous operation. Bioresour. Technol. 
195, 139–146 (2015).

44.	 Zhao, F., Slade, R. C. T. & Varcoe, J. R. Techniques for the study and development of microbial fuel cells : an electrochemical 
perspective. Chem. Soc. Rev. 38(7), 1926–1939 (2009).

45.	 Cheng, S., Ye, Y., Ding, W. & Pan, B. Enhancing power generation of scale-up microbial fuel cells by optimizing the leading-out 
terminal of anode. J. Power Sources 248, 931–938 (2014).

46.	 Wang, H., Park, J. & Ren, Z. J. Practical Energy Harvesting for Microbial Fuel Cells: a review. Environ. Sci. Technol. 49, 3267–3277 
(2015).

47.	 Kim, B., An, J., Fapyane, D. & Chang, I. S. Bioelectronic platforms for optimal bio-anode of bio-electrochemical systems: from 
nano- to macro scopes. Bioresour. Technol. 195, 2–13 (2015).

48.	 Abrevaya, X. C., Sacco, N. J., Bonetto, M. C., Hilding-Ohlsson, A. & Cortón, E. Analytical applications of microbial fuel cells. 
Part I: Biochemical oxygen demand. Biosens. Bioelectron. 63, 580–90 (2015).



www.nature.com/scientificreports/

1 0Scientific Reports | 5:17373 | DOI: 10.1038/srep17373

49.	 Pous, N., Koch, C., Colprim, J., Puig, S. & Harnisch, F. Extracellular electron transfer of biocathodes: Revealing the potentials 
for nitrate and nitrite reduction of denitrifying microbiomes dominated by Thiobacillus sp. Electrochem. commun. 49, 93–97 
(2014).

50.	 Zhou, M., Wang, H., Hassett, D. J. & Gu, T. Recent advances in microbial fuel cells (MFCs) and microbial electrolysis cells 
(MECs) for wastewater treatment, bioenergy and bioproducts. J Chem Technol Biotechnol 88, 508–518 (2013).

51.	 Dumas, C., Basseguy, R. & Bergel, A. Microbial electrocatalysis with Geobacter sulfurreducens biofilm on stainless steel cathodes. 
Electrochim. Acta. 53, 2494–2500 (2008).

52.	 Erable, B. & Bergel, A. First air-tolerant effective stainless steel microbial anode obtained from a natural marine biofilm. Bioresour. 
Technol. 100, 3302–3307 (2009).

53.	 Ter Heijne, A., Hamelers, H. V. M., Saakes, M. & Buisman, C. J. N. Performance of non-porous graphite and titanium-based 
anodes in microbial fuel cells. Electrochim. Acta. 53, 5697–5703 (2008).

54.	 Hussein, E. G., Mansour, A. & Bahgat, M. Metal electrodes and organic enrichment in doubled and single chambered microbial 
fuel cell (MFC) for electricity generation. J Biochem. Tech. 4(1), 554–560 (2012).

55.	 Tommasi, T., Chiolerio, A., Crepaldi, M. & Demarchi, D. A microbial fuel cell powering an all-digital piezoresistive wireless 
sensor system. Microsyst. Technol. 20, 1023–1033 (2014).

56.	 Xu, B., Ge, Z. & He, Z. Sediment microbial fuel cells for wastewater treatment: challenges and opportunities. Environ. Sci. Water 
Res. Technol. 1, 279–284 (2015).

57.	 Zhang, Y. & Angelidaki, I. Self-stacked submersible microbial fuel cell (SSMFC) for improved remote power generation from 
lake sediments. Biosens. Bioelectron. 35, 265–70 (2012).

58.	 Touch, N., Hibino, T., Nagatsu, Y. & Tachiuchi, K. Characteristics of electricity generation and biodegradation in tidal river 
sludge-used microbial fuel cells. Bioresour. Technol. 158, 225–30 (2014).

59.	 Hoffman, D. The Scientific graphics project. Available at http://www.msri.org/publications/sgp/SGP/. (Accessed 1st April 2015).
60.	 Evans, A. G., Hutchinson, J. W., Fleck, N. A., Ashby, M. F. & Wadley, H. N. G. The Topological Design of Multifunctional Cellular 

Materials. Progress in Materials Science 46, 309–327 (2001).

Author Contributions
F.C. and T.T. contributed equally and substantially to this paper; in particular, they conceived the 
idea, designed experimental configuration, materials synthesis and performed the test. D.M. and A.C. 
performed FESEM and electrical characterization on the cellular lattice structure (anode electrode), 
respectively. All authors contributed to the scientific discussion, writing and revision of the article, giving 
approval to the final version of the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Calignano, F. et al. Additive Manufacturing of a Microbial Fuel Cell - A 
detailed study. Sci. Rep. 5, 17373; doi: 10.1038/srep17373 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://www.msri.org/publications/sgp/SGP/
http://creativecommons.org/licenses/by/4.0/

	Additive Manufacturing of a Microbial Fuel Cell—A detailed study

	Result and Discussion

	Design and fabrication of an AM MFC device. 
	AM MFC performances. 

	Conclusions

	Methods

	Selective Laser Melting (SLM) process. 
	Diamond lattice geometry. 
	Biocompatibily tests on AM structure. 
	MFC design and operation. 
	FESEM preparative. 

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ The three additive manufacturing techniques used to fabricate innovative Microbial Fuel Cells (MFCs).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The cellular AlSi10Mg anodic structure made by SLM as appears at FESEM (Field Emission Scanning Electron Microscope).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Electrical characterization of AM manufactured MFCs.
	﻿Table 1﻿﻿. ﻿  Overview of selected properties of AM-MFC, under electrochemical analysis.



 
    
       
          application/pdf
          
             
                Additive Manufacturing of a Microbial Fuel Cell—A detailed study
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17373
            
         
          
             
                Flaviana Calignano
                Tonia Tommasi
                Diego Manfredi
                Alessandro Chiolerio
            
         
          doi:10.1038/srep17373
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep17373
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep17373
            
         
      
       
          
          
          
             
                doi:10.1038/srep17373
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17373
            
         
          
          
      
       
       
          True
      
   




