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Abstract

A biocompatible graphitic carbon nitride (g-CsN4) was prepared on the surface of carbon brush
fiber (CB) via a facile one-step preparation method. The prepared g-CsN4 formed a composite with
the carbon brush’s fibers (g-CsN4@CB), as shown from the XRD analysis. The g-CsNs@CB was
used as an anode in a yeast-based microbial fuel cell (MFC), and demonstrated an outstanding
performance compared to plain CB. An anode potential of -0.27 V “vs. Ag/AgCIl” and an open-
circuit voltage of 0.77 V was obtained in the case of the composite electrode, compared to -0.1 V
vs. Ag/AgCl and 0.62 V, respectively, in the case of the CB. The cell using the composite electrode
demonstrated a maximum power of 772 mWm , which is twelve times that obtained using the
CB. The outstanding performance of the composite electrode can be credited to the
biocompatibility of the composite anode and its roughness, which improved the yeast biofilm
formation and decreased the ohmic resistance. This is the first report involving the application of
g-CsNs in a yeast-based MFC, and it demonstrated promising results which can be used for other

types of MFCs.
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1. Introduction
Energy demand increases daily because of both increase in technology use and increasing
population. This energy relies on conventional energy sources, i.e. fossil fuels [1, 2]. Due to the
side effects associated with the consumption of these energy sources, such as energy exhaustion,
limited resources, and negative effects on the environment [3-5], the performance of existing
energy conversion technologies must be improved [6-9] and/or replace this type of energy with
renewable energies [10-12], such as solar energy [13-15], biomass energy [16-18], geothermal
energy [19, 20], ocean energy [21, 22], and wind energy [23, 24]. Because of the problems
associated with wastewater discharge, its treatment is important from both an environmental
perspective and from a water shortage perspective [25]. While wastewater contains a considerable
portion of energy (biomass), the current water treatment technologies are intensive energy

consuming processes [26].

Fuel cells (FCs) are efficient devices, used for electricity generation from the chemical energy of
fuels [27-29]. Microbial fuel cells (MFCs) are a type of fuel cell that use the metabolic reaction of
a microorganism to simultaneously convert the chemical energy contained in biomass to
electricity, while treating wastewater at ambient conditions [30-32]. Recently, they used for
simultaneous water desalination and wastewater treatment [33, 34] and/or biohydrogen production
[35, 36]. At the anaerobic anode, in order to generate electrons and protons, microorganisms use
organic materials in waste water. Via an external circuit (flow of electrons resulting in electricity
generation), the electrons are passed to the cathode side, while the protons are migrated through
the membrane. The electrons and protons react with oxygen from the atmosphere at the cathode,

forming water. The movement of electrons-directly or indirectly- from interior of the



microorganisms to the anode surface plays a crucial role in deciding the efficiency of MFCs [37,

38].

Due to the simple structure of prokaryotics, i.e., no cell compartments and small size, several
strains have been already reported as effective microorganisms in MFCs, without the need for
additional external mediators, such as different Shewanella strains [39], Geobacter [40],
Escherichia coli [41], and others. Compared to the prokaryotes, eukaryotes such as yeast strains
are capable of metabolising complex organic materials that usually exist in wastewater streams
[32, 42]. Among different eukaryotes, Saccharomyces cerevisiae is a cheap and easily cultivated
option, which can be stored for in a dried form for long times. It is safe for all living things, and is
used for manufacturing supplements and food. Saccharomyces cerevisiae is being successfully
used as a model living cell, to solve and understand many biological processes that occur in the
living cells of higher eukaryotes, including humans. S. cerevisiae metabolites can be used in treating
some diseases such as immuno-compromised, respiratory or cardiovascular diseases [43].
However, its application as a biocatalyst in MFCs is limited because of the difficult electron
transfer from its mitochondria to the outer cell membrane, and then to the anode surface. Because
of this, most studies are using an external mediator to enhance the electron transfer from yeast cell

to the anode of MFC, which is not preferable in large scale applications [44, 45].

The properties of the electrode’s materials, i.e., anode and cathode, determine the cost and
performance of the MFC. Due to its high surface area, biocompatibility, low cost, good electrical
conductivity, and stability of carbon materials [46], it has been used extensively as the anode of
MFCs. Different forms of carbon are used as the anode MFCs, including carbon paper, carbon
cloth, carbon brush (CB), carbon rods, graphite felt and graphite granules. Different methodes used

to improve the characteristics of carbon electrodes through surface treatment, such as: heat or acid



treatment, the addition of nano-carbon materials, or metals on their surface [47-50]. Graphene is a
two-dimensional carbon that exhibited promising features in energy conversion/storage devices
[51-54]. The graphene-modified electrodes have demonstrated good performance in MFCs due to
their extremely high surface area and high electron mobility [55, 56]. However, their application
is limited by their antibacterial properties that would negatively affect the performance of the

MFC.

Several techniques are used to enhance the transfer of electrons in mediator-less yeast-based
MFCs, including: enhancing the anode with thin cobalt film, promoting the growth of yeast cells
and improving the transfer of electrons between the yeast cells and the modified carbon cloth
(cobalt coated) [50]. Chemically treated carbon felt with polyethyleneimine resulted in a three
times increase in the yeast-based MFC compared to the untreated one, due to the improved yeast
cell attachments with [57] and without using mediators [58]. The fixing of yeast cells on the
surface of carbon nanotubes was found to be an effective method for increasing the power output

of yeast-based MFCs [59].

Carbon nitride (C3Na) is a well-known two-dimensional semiconductor material composed of
carbon and nitrogen. Carbon nitride (CsNa4) can be found in various allotropic forms, such as a-
CsNg4, B-CsN4, and graphitic-CsNa4 (g-CsN4). g-C3Na is a stable allotrope, with facile synthesis, it
is chemically, and thermally stable at ambient conditions, has high nitrogen content, high surface
area, is eco-friendly, and cheap [60]. g-C3sN4 is a two-dimensional substance consisting of
conjugated polymer structures with s-heptazine (tri-s-triazine) or s-triazine units linked to each
other by tertiary amines [61, 62]. This structure gives it unique physical and electronic
characteristics, like ability to transport charge carriers. It is therefore, a good candidate in energy

and environmental applications [63, 64]. In addition, g-C3N4 is typically processed by thermal



polycondensation of carbon-based precursors, such as cyanamide, dicyanamide, urea, thiourea,
and melamine, which contain low-cost nitrogen [65]. Thus, g-C3Na is extensively used as a catalyst
in many applications, i.e., sensors, photocatalyst, water-splitting, light-emitting devices, heavy
metals ion sensors, and oxygen reduction reaction [65-67]. The main limitation of the g-CsNs is
its low electrical conductivity (semiconductor), which can be solved by preparing a composite of

it with carbon [68].

Due to the biocompatibility and the above-mentioned characteristics of g-CsNa, it considered a
suitable anode material for MFCs. To the best of the authors” knowledge, g-CsNa has not yet been
reported as an anode of any type of MFCs. In this study, the carbon brush anode was modified
with g-CsN4 through a facile and binder-free one-step preparation method. The composite
electrode was used for the first time as an anode of yeast-based MFC, and its performance was

compared to that of a bare carbon brush.

2. Materials and methods

2.1 Synthesis of graphitic carbon nitride/ carbon fiber brush composite (g-CsN4s@CB)

Two carbon fiber brushes, from Alfa Aesar Chemicals Company, USA, with a 4 cm length and 3
cm diameter, were cleaned in an ultrasonic bath in 0.1 M HCI, acetone, and deionized water, for
15 minutes each. One of the cleaned electrodes was immersed in urea powder in an alumina
crucible, that was covered with aluminum foil and then inserted in an oven under static air
conditions at 550 °C for 4 hours. After cooling down, the brush was cleaned of the white-yellowish

surrounding powder (g-CsN4), and the cleaned brush was named as g-CsN4@CB.

2.2 Yeast cultivation



A dried yeast “Saccharomyces cerevisiae, S.I. Lesa ffre, Marcq-en-Baroeul, France” of 0.13 g was
cultivated in 100 ml distilled water containing 1g yeast extract, 2 g peptone, and 0.5 g glucose at

30 °C for 16 h.
2.3 Microbial Fuel cell

A cylindrical air cathode MFC consisting of a 23 ml cylindrical anode chamber (3 cm diameter
and 3.5 cm length) was used in this study. The anolyte was prepared by adding 3 ml of cultivated
yeast and glucose (20 g/L) in a 20 ml phosphate buffer of 50 mM. A ready-made cathode of 3.4
cm?of carbon cloth with Pt catalyst of 0.5 mg/cm? loading from EC-20-10, ElectroChem, Inc., and
Nafion 117 as the membrane. Two MFCs were constructed in parallel, one of them using plain
carbon brush (CB) and the other one using g-CsN4@CB. Saturated Ag/AgCl electrode was
immersed in the anode chamber to record the anode potentials. All chemicals, urea, glucose, yeast

extract, peptone, and phosphate buffer were supplied from Sigma —Aldrich.

2.4 Characterization of the synthesized composite.

The crystalline structure and surface functional groups of the CB and g-CsN4+@CB were performed
using XRD (TESCAN VEGAZ3, Bruker D8) and FTIR-6300, JASCO, respectively. The surface
morphology and elemental analysis of the CB, and g-CsN4@CB were performed using SEM
“scanning electron microscope”, equipped with EDX “Tescan VEGAa XMU”. The electrodes at
the end of the MFC operation were dried in an oven at 50 °C for 12 hours, before investigating the

biofilm formation using SEM.
2.5. Electrochemical measurements:

The two MFCs were operated at 25 °C. The open-circuit voltage (OCV) of the two cells and the

anode potentials vs. Ag/AgCl were recorded using a data logger “Graphtec midi LOGGER GL



240”. The cell circuit was closed after the OCVs and the anode potentials reached steady state, and
polarization measurements from OCV to 0 V were performed at 1 mV / s. The current discharge
with time at 0.2 V was also measured. Between 100 kHz to 100 mHz, the EIS “electrochemical
impedance spectroscopy” for the two MFCs was conducted at 0.2 V. All electrochemical

measurements were performed using a Biologic “VSP-200".

3. Results and discussion

3.1 Surface morphology and crystalline structure of CB and g-CsN4s@CB.
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Fig. 1: XRD of the carbon brush fibers (CB) and g-CsN:@CB

The XRD of the bare CB fibers and the composite of the CsN4@CB are shown in Figure 1. It is

clear from the figure that there is a broad peak at around 26 of 25°, which corresponds to 002



amorphous carbon of the CB. In the case of the g-CsN4+@CB, an additional peak appeared at 20 of
27.2°, which corresponds to (002) of g-C3sN4[69]. The overlapping of the two peaks indicates the

formation of the composite of the g-CsNa4 and the carbon of the CB fibers.
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Fig. 2: FTIR of the bare CB fibers and g-CsN+«@CB.

There are no functional groups detected on the surface of the bare CB, while in the case of the g-
C3N4@CB, several functional groups are detected, Fig. 2. A peak at 809 cm™ indicates a triazine

ring; peaks at 1232 cm, 1307 cm™, and at 1407 cm™ indicate the aromatic C-N stretching; and



those at 1540 cm™ and 1639 cm™ relate to C=N stretching [70, 71]. These results are consistent

with those of XRD, Fig. 1.
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Fig.3: SEM images of CB (a) and g-CsN4@CB (b), Elemental analysis of CB (c) and g-CsN+@CB
(d), elemental mapping of CB (e-g), and g-CsN:@CB (h-j).



The morphology of the surface and elemental composition of the bare CB and g-CsN+@CB are
shown in Figure 3. As evident in the figure, the CB is made up of smooth fibers of around 5 um
in diameter. The elemental analysis of CB shown in Fig. 3c demonstrated that the fibers are mainly
composed of carbon, 97.4 wt%, with traces of adsorbed surface oxygen, 1.7wt%. Fig. 3(e-g) shows
the elemental mapping of the CB fibers with different elements, C, N, and Cu. The Cu that
appeared is for the tape used for fixing the CB fibers. The SEM images of the g-CsN+@CB, Fig.
3b, show a rough surface of the fibers compared to those of the bare CB. The elemental
composition, Fig. 3d, demonstrated a high percentage of nitrogen of 29 wt%, as well as 69 wt% of
carbon. There were also other traces of adsorbed oxygen and Cu (not shown here). The appearance
of the well-dispered high percentages of nitrogen on the entire surface of the g-CsN4@CB fibers
can be credited to the chemical composition of the g-CsN4 formed on the CB surface during the
heat treatment of the CB in urea in thse oven. These results confirm the formation of the g-CsNa,

that is in accordance to the XRD results (Fig. 1) and FTIR results (Fig.2).

3.2 Electrochemical behavior of the CB and g-C:N4s@CB under actual MFC operation.

3.2.1 Yeast-based MFC under open circuit condition

Two MFCs with plain CB and g-CsN4@CB anodes were investigated under OCV, where the OCV
and anode potentials were recorded with time until they reached a plateau, as shown in Fig. 4. The
OCV of the two cells gradually increased within 5 hours until they reached steady values of 0.63
and 0.77 V for the MFC with CB and g-CsN4s@CB anodes, respectively, Fig. 4a. As the cathode
potential was almost the same, the decrease in the anode potential would be the main reason for
increasing in the OCV of the MFCs. Fig. 4b shows the variation of the anode potentials of the two
MFCs using CB and g-CsN4@CB anodes. The anode potential of the MFC using the CB began at

0.13 'V “vs. Ag / AgCI”, and progressively decreased due to the anode surface attachment of the

12



yeast cells and the glucose metabolism by yeast cells [32]. This occurred until it reached a steady

value of -0.1 V “vs. Ag/AgCI”. Meanwhile, the anode potential of the g-CsN4@CB reached to -

0.27 V “vs. Ag/AgCI”, Fig. 4b.
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Fig.4: (a) the variation in the OCV, and (b) the anode potential of the two MFCs using CB and g-
CsN4@CB anodes.
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3.2.2 Yeast-based MFC under actual cell operation

The MFC cells with CB and g-CsN4@CB anodes were operated under closed-circuit conditions,
and the polarization measurement was conducted. Figure 5 shows the current voltage and current
power curves for the two cells using the CB and the g-CsN4@CB anodes. As can be seen in the
figure, the yeast-based MFC using the CB anode achieved a maximum current density of 330
mA/m? and a maximum power of 60 mW/m?, compared to 2,200 mA/m? and 770 mW/m?,
respectively, in case of the g-CsNs@CB anode. This result demonstrates the outstanding
performance of g-CsN4+@CB anodes, with a twelve time higher power output compared to the CB

anode. It is also evident that the limiting current occurs at 0.3 V, and lower cell voltages are seen

in the case of the improved electrode.
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Fig.5: Current voltages and current power relationships of the two cells using CB and g-
C3N4@CB anodes.

Where the i-V measurement shows spontaneous behavior of the cell, it is better to investigate cell
performance for a longer time period. Figure 6 clears the discharged current of the two cells
operated for five hours at 0.2 V. In the case of the MFC using the CB, the current density started
at around 300 mAm~ and rapidly decreased during the first few minutes to 115 mAm2, and then
to 40 mAm after 30 min. It then slightly decreased within the next 4 hours of cell operation to 30
mAm=2. While, in case of the MFC using the g-C3N4@CB electrode, the current density started at
around 3,300 mAm2, and rapidly decreased to 1,800 mAm. It then reached 150 mAm2 after 30
min, then reached a steady-state current of 90 mAm2 after 5 hours of cell operation. The rapid
decrease in the current densities of the two cells would is due to the rapid depletion of the negative

charge, i.e., electrons that formed on the anode surfaces before operating the cells.

The authors already reported that the electron transfer in the Saccharomyces cerevisiae based MFC
takes place through direct contact between the outer yeast cell membrane and the anode surface,
therefore, the biofilm plays significant role in the performance [32]. To understand the reason for
the improved cell performance in case of g-CsN4@CB anode, the surface morphology of the two

electrodes was investigated at the end of the cell operation, as shown in Fig. 7.
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Fig.6: Chronoamperometry @ 0.2 V of the two cells using CB and g-CsN4/CB anodes.

As seen in the figure, a few yeast cells were detected on the surface of the CB, Fig. 7aand 7b. A
thick biofilm was detected at the modified electrode’s surface. The dense biofilm formed using g-
CsN4@CB anode is related to the biocompatibility of the g-CsN4 and the rough surface of the ¢
electrode (Fig. 3b). The high biocompatibility between the two is evident from the growth of the

yeast cells within the g-CsN4 layer formed on the surface of the CB fibres.
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Fig. 7: SEM images of the different anodes at the end of the cell operation using: (a and b) CB,
and (c and d) g-CsN+@CB.

EIS was used to determine the effect of g-CsN4@CB on the electron transfer from the yeast cells
and the anode surface, as shown in figure 8. The intersection between the impedance spectra at
high frequency with the x-axis gave an indication for the ohmic resistance, while the diameter of
the semi circuit spectra at medium frequency showed the charge transfer resistivity [72]. The figure

shows that, in the case of g-C3sN4@CB, the ohmic resistance, was around 45 Q compared to 57
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Qin the case of the bare CB anode. Moreover, the g-CsN4@CB anode enhanced the charge
transfer, as can be seen in the smaller semi circuit spectra at medium frequency. Therefore, it could
be concluded that the improved performance in the case of the g-CsN+@CB anode is related to the
enhancement of the biofilm growth, as well as the easy charge transfer between the yeast cells and

the modified electrode.
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Fig. 8: Electrochemical impedance spectroscopy (EIS) of the MFCs with CB and g-CsNs@CB.
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The obtained results in this study were compared to other reported results of yeast
based-MFC using different modifications of the anode. As can be seen in Table 1,
the results of the current study are the highest reported values for a single-chamber
cell design. This work will pave ways for further studies of g-CaNa4 in different

bioelectrochemical devices.

Table 1: Comparison of g-CsN4@CB anode with other studies performed using different anode

modification in mediatorless yeast-based MFCs.

Yeast MFC Substrate | Anolyte Modified anode separator | cathode Relative Ref.
strain type Vol. (ml) increase in
MPD (%)
Carbon paper
70 sputtered with 30 PUCarbon | 56 600 | [50]
paper
nm layer of Co
Carbon felt
polyethyleneimine 10.5% [73]
Single 28 /Phenylethano _
chamber Carbon fetlt ) Nafion
polyethyleneimine 117 Carbon felt 8.5%
S. [Tryptophol
cerevisiae Glucose Carbon felt
128 polyethyleneimine/ 627.3% [74]
gold nanoparticles
Carbon brush/g- Pt/ Carbon This
% C3N4 cloth 1186.7% study
Carbon felt/HNO3 CEM 150%
128 CMI Carbon [75]
Two Carbon felt/PANI 7000) paper 190%
chambers Carbon felt/
50 . 108.3% [58]
polyethyleneimine Nafi
c Two Carbon felt/ NiFeP_| "2 | Carbon felt [ 400% 076]
mélibiosica chambers Fructose 13 Carbon felt/ NiFe 80%
Carbon felt/Ni 1900% [77]
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Conclusions

A composite of g-CsN4 and the fibers of carbon brush was successfully prepared using a facile
one-step preparation method. The composite electrode was investigated for the first time in a
mediatorless, yeast-based MFC. The results demonstrated superior performance of the modified
electrode, which exhibited a twelve time higher maximum power output compared to that of the
bare CB anode. The improved performance was attributed to the large quantity of biofilm formed
due to the rough surface and biocompatibility of the modified electrode and, as verified by the EIS
measurements, because of the enhanced charge. This lays the groundwork for g-CsN4@CB to be
applied in various bio-electrochemical cells, such as microbial electrolysis and microbial

desalination cells.
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