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    1.Microbial fuel cell manufacture 
For the construction of the cell, the design is made by means of SolidWorks software, then the laser cutting of the cell
compartments is made, PMMA is used for the chambers and walls. Graphite electrodes with a diameter of 10 mm and 100
mm long are used, a cationic membrane (CEM70005) is used in the middle of both chambers. The whole assembly will be
held by 6 threaded rods of ⅜ inch diameter and 9 inch long, as well as waterproof silicone on the walls of the chambers. For
the anionic chamber the effluent from a biodigester was used and for the cationic chamber a solution of Zn (6 mg/L), Cu(0.55
mg/L), Al (7.5 mg/L), Mg(6 mg/L), Mn(6 mg/L), Pb(0.15 mg/L), As(0.75 mg/L), Cd(0.75 mg/L), Cr (0.04 mg/L) in distilled water was
used to simulate water contaminated with heavy metals.

Number of walls 34,2

Diameter 32,3 +- 2,8
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Figure 5. SEM image of graphene nanoparticles (A)(B), TEM image of carbon
nanotubes (C).
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At least 50% of the wastewater from human activities is discharged into the environment without
treatment, a practice that compromises the human right to access clean water and sanitation.
Microbial fuel cells (MFCs) are devices capable of converting chemical energy into electrical energy
through electrochemical reactions, using the electrosynthesis of microorganisms. In this work, a
device composed of two chambers is proposed. Biodigester effluent is used as an anolyte and
oxidation of organic components is perfomed by bacteria at the electrode surface in the anodic
chamber, while the reduction of heavy metals from industrial wastewater takes place in the
cathodic chamber. The proposed MFC can simultaneously reduce the load of pollutants in
agricultural and metallurgic wastewater and produce renewable energy. The objective of this
study is to determine the effect of coating the graphite electrodes in the cathodic and anodic
chamber with carbon nanomaterials, including graphene and a seamless hybrid of graphene and
carbon nanotubes, both materials obtained by chemical vapour deposition. The nanostructured
electrodes provide a larger surface area and increased electron transfer rates to improve the
performance of bioelectricity generation. This work improves the comprehension of
bioelectrochemical phenomena occurring in biofilm-based microbial devices and analyzes how
the electrode surface structure can tune the charge transfer efficiency at the interface of living
organism and carbon electrodes.

MFCs are composed of one or two chambers with anode and cathode electrodes; the microbial
biofilm capable of degrading energetic substrates is formed at the anode; as a result of microbial
metabolism, compounds are oxidized in the anode chamber, producing CO2, protons (H+) and
electrons (e-); the latter are transported from the anode to the cathode by means of an external
circuit. The electrons, together with the protons, are reduced to water at the cathode, generating
electrical energy through the formation of an electronic gradient, there are several factors that
influence the efficiency of the system, however, one of the most relevant is the surface area of the
electrode, This is due to the fact that the electrogenic microorganisms have a greater contact with
the organic matter present in the substrate to degrade it and thus donate their electrons to the
anode, increasing the generation of bioelectricity [1,2]. 
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TEM micrographs were obtained using Jeol JEM 2100 equipment at 200kV to observe the
morphology of graphene, metallic NPs and CNTs. SEM micrographs and EDS spectra were
obtained using Hitachi S-3700N equipment. Measurement of particle size and density,
CNTs diameter, wall count, and interlayer spacing measurement were performed using
ImageJ software. The graphene samples coated by the various metal nanoparticles (Fe, Co,
Ni) were characterized by AFM and profilometry to obtain particle size and distribution.

Figure 5A shows the nanoparticle obtained by the spray pyrolysis technique, from which
the carbon nanotube grew. Figure 5B shows tubular regions of great length, where the
darker areas in the interior correspond to the tip of the multi-walled carbon nanotube.
Finally, in 5C the graphene lines are observed by means of the TEM image, in addition the
Fourier transform is visualized where the hexagonal symmetry of the crystalline atomic
arrangement is shown.

Figure 4. Electrodes coated with carbon
nanotubes.

  2.Carbon nanotube synthesis 
This section of the project consists of the synthesis of carbon nanotubes (CNT).
We worked with 3x5 cm and 0.025 mm thick sheets of copper (Alfa Aesar,
Product No. 46986, 99.8% purity, annealed, uncoated), which was immersed in
a solution of 2% acetic acid in water for 30 minutes. It was then washed with
distilled water, acetone and isopropanol to remove residues. The foil was placed
in the quartz tube of the equipment on a porcelain pot until it is in the same
position as the thermocouple. The copper is heated at a rate 20˚C/min in Ar and
H2 atmosphere, and then annealed at 1000˚C for 50 min. The CNT/G synthesis is
performed in three stages: (1) synthesis of graphene on copper, (2) deposition of
Fe particles on graphene/copper, (3) growth of CNT on graphene/copper.
 

    3.Coating 
The copper substrate in the CNT-graphene films areetched in ammonium persulphate 0.5M, and rinsed with water and HCl.
The film is scooped with the graphite rods and dried in air atb 50C. . 

Figure 3. Pyrolysis spray deposition process diagram.

Figure 2. Diagram of microbial fuel cell parts

Carbon nanotubes (CNTs) are carbon molecules with
a cylindrical structure, where their walls are formed
by sheets of sp2-hybridized carbon atoms. CNTs
typically have diameters between 0.5-50 nm and
lengths of several micrometers. The strong sp2
chemical bonding of the carbon-carbon bond gives
CNTs extraordinary physical properties, making them
an ideal material for use in many fields, especially in
energy storage applications [2].  In terms of electrical
properties, CNTs exhibit a wide range of
conductivities depending on their diameter, chirality
and number of layers. SWCNTs can be conductive or
semiconducting depending on their chiral vector, on
the other hand MWCNTs are always conductive, since
in some of their layers it will be conductive type [3]. 

Figure 1. Diagram of microbial fuel
cell operation [1].

For the measurement of the potential produced by the cell, a PSTAT10 potentiostat and
NOVA software were used for data collection. The measurement was parameterized for 24
hours, where measurements were taken every 5 seconds, open and closed circuit tests
were performed for the cell with the graphite electrodes and for the cell with the electrode
coating. 

A VOC of 450 mV is obtained for graphite and 300 mV for CNT graphene-coated electrode.
When allowing a current between the anode and cathode with a 100 Ohm resistance, the
current density was 3 mA/cm2 for graphite and 1 mA/cm2 for CNT graphene-coated
electrode. 

Figure 7. Voltage vs. time plot for open circuit uncoated electrode(A), closed
circuit uncoated electrode(B), open circuit coated electrode(C) and closed
circuit coated electrode(D) tests.
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In this project, carbon nanotubes were synthesized by spray pyrolysis, the deposition of the catalytic nanoparticles was
performed on graphene for the growth of CNTs, it was possible to observe nanotubes of different morphology and
closed tip, which grew from the nanoparticles. 
Few-layer graphene was successfully synthesized by CVD, which was verified by Raman spectroscopy and TEM
microscopy, achieving atomic resolution of the hexagonal graphene lattice and the 5 atomic layers.
The microbial fuel cell produced an open circuit voltage of 300 mV. This value is influenced by factors such as the
surface area of the electrode, since the smooth electrode limits the adhesion of the microorganisms. 
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Figure 6. Raman shift spectra for (a) graphene, (b) G/CNT synthesized with Fe catalyst

The Raman shift spectra for a sample of graphene and seamless G/CNT
hybrid are shown in figure 6. The raman spectra for all three graphene
samples show a small D band around 1350 cm-1, this band depends on
the total amount of disorder in the structure and indicates the
presence of defects according to its peak height. The G band around
1582cm-1 is caused by the Raman active E2g phonon near the Γ point
and indicates the reduction of sp2 carbon [. The peak around 2700cm-
1 is known as the 2D band and it’s characteristic for graphene
structures. The I2D/IG rate is used to determine the number of layers in
the structure, where a  I2D/IG ratio between 2-3 is characteristic for
monolayer graphene, a ratio between 2-1 is characteristic for bilayer
graphene, and a ratio < 1 indicates a multilayer graphene. 

Table 1. Properties of CNT morphology


