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Abstract

BACKGROUND: Microbial fuel cells (MFCs) offer a promising approach for treating wastewater and generating electrical energy
simultaneously. However, their implementation in wastewater treatment plants is hindered by the limited electricity genera-
tion, often attributed to the electrolyte's high resistance. This study aimed to improve bioelectricity generation inMFCs by add-
ing nanomaterials to the electrolyte to enhance conductivity.

RESULTS: Three types of nanomaterials – carbon nanotubes (CNTs), graphitic carbon nitride (g-C3N4), and reduced graphene
oxide (r-GO) –were synthesized and addition to the electrolyte at a concentration of 50 mg in 1.5 L. MFC performance was eval-
uated, employed a hydraulic retention time (HRT) of 140 h, and compared to a control with no nanomaterials added. The addi-
tion of nanomaterials significantly improvedMFC performance. Compared to the control, theMFCs with CNTs, g-C3N4, and r-GO
exhibited higher voltage: 1.301 V (CNTs), 1.286 V (g-C3N4), 1.280 V (r-GO) versus 0.570 V (control); increased power density:
14.11 mW m−3 (CNTs), 13.78 mW m−3 (g-C3N4), 13.66 mW m−3 (r-GO) versus 2.71 mW m−3 (control); enhanced areal power
density: 21.06 mW m−2 (CNTs), 20.57 mW m−2 (g-C3N4), 20.39 mW m−2 (r-GO) versus 4.04 mW m−2 (control); and improved
coulombic efficiency: 19.43% (CNTs), 19.19% (g-C3N4), 19.11% (r-GO) versus 8.54% (control).

CONCLUSION: Incorporating nanomaterials into the MFC electrolyte significantly increased bioelectricity generation by 5.21
times and coulombic efficiency by 2.28 times compared to the control. This improvement is attributed to the high specific sur-
face area of the nanomaterials, which facilitates the adhesion and growth of microorganisms around the anode, enhancing
direct electron transfer.
© 2024 Society of Chemical Industry (SCI).
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INTRODUCTION
Microbial fuel cells (MFCs) are bioelectrochemical appliances con-
sisting of electroactive microorganisms that generate electrons
while oxidizing organic materials.1 Not only do MFCs treat waste-
water, but they also convert organic matter in the wastewater into
usable energy. Consequently, MFCs represent a new and promis-
ing approach for generating power, where wastewater treatment
plants can be upgraded to power plants. Bacteria use the anode
as bedding where they oxidize organic materials and release elec-
trons under anaerobic conditions inside the anode chamber.
However, the introduction of air to the cathode chamber facili-
tates the reduction of dissolved oxygen (O2) at the cathode, pro-
moting the flow of electrons from the anode through the
external circuit to the cathode, resulting in the production of elec-
trical energy.2-5 Compared to other methods of producing energy
from organic materials, MFCs have benefits. First, significant con-
version efficiencies are possible with direct substrate to electrical
conversion. Second, they do not need to process themethane the
cell produces. Third, they do not require additional energy to

aerate the cathode, given that it can be aerated passively. Fourth,
they offer a further renewable energy option to address the
world's energy needs because they may be used in rural locations
lacking electrical infrastructure. Furthermore, because MFCs use

* Correspondence to: YA Attia, National Institute of Laser Enhanced Sciences
(NILES), Cairo University, 12613 Giza, Egypt. E-mail: yasserniles@niles.cu.edu.eg

a National Institute of Laser Enhanced Sciences (NILES), Cairo University, Giza,
Egypt

b Department of Agricultural Engineering, Faculty of Agriculture, Cairo Univer-
sity, Giza, Egypt

c Department of Botany and Microbiology, Faculty of Science, Cairo University,
Giza, Egypt

d Department of Chemistry, Faculty of Science, Cairo University, Giza, Egypt

e Department of Microbial Biotechnology, Biotechnology Research Institute,
National Research Centre, Giza, Egypt

J Chem Technol Biotechnol 2024; 99: 1172–1180 www.soci.org © 2024 Society of Chemical Industry (SCI).

1172

https://orcid.org/0000-0002-5830-2250
https://orcid.org/0000-0002-3689-286X
mailto:yasserniles@niles.cu.edu.eg


an anaerobic process, the amount of bacterial biomass produced
will be lower than in an aerobic system.6-9 More than 30 pure iso-
lates were reported in MFC studies, and the mainstream exoelec-
trogens include Geobacter, Shewanella, and Pseudomonas.
Additionally, some other exoelectrogens were recognized – for
instance, Acidiphilium sp., Arcobacter butzleri, Aeromonas hydro-
phila, Aeromonas sp., Bacillus subtilis, Clostridium butyricum, Desul-
furomonas acetoxidans, Desulfobulbus propionicus, Desulfovibrio
desulfuricans, Escherichia coli, Enterobacter cloacae, Geothrix fer-
mentans, Geopsychrobacter electrodiphilus, Klebsiella pneumonia,
Ochrobactrum anthropi, Pichia anomala, Rhodoferax ferrireducens,
Rhodopseudomonas palustris, Thermincola sp., and Tolumonas oso-
nensis.10 There is a range of designs of MFCs, where the conven-
tional ones are single-chamber MFCs, double-chamber MFCs
and stacked MFCs.11,12 The maximum working temperature of
standard MFCs is less than 80 °C, where the working temperature
ranges from 25 to 70 °C.13 Most studies operated the MFCs within
a temperature range from 25 to 30 °C.14,15 Another important fac-
tor is the pH, where the highest power densities occur at a pH of
6.7.2 On the other hand, the hydraulic retention time (HRT) ranges
from 14 to 20 days in most studies.1,16 However, in practice, MFCs
can be operated continuously for up to 150 days.17

Nanotechnology is a rapidly developing field that deals with the
manipulation of matter at the atomic and molecular level. This
means working with materials and structures that are between
1 and 100 nm in size – a nanometer being one billionth of ameter.
At this scale, the properties of materials can change dramatically
compared to their bulk counterparts. The possibilities are endless.
Researchers are using nanotechnology to develop a wide range of
new products and technologies, including (1) electronics: nano-
materials are being used to create smaller, faster and more effi-
cient electronic devices; for example, quantum dots are being
used to develop new types of displays and LEDs, while carbon
nanotubes are being investigated for use in transistors and other
components; (2) medicine: nanoparticles are being used to deliver
drugs directly to diseased cells, which can improve the effective-
ness of treatment and reduce side effects; they are also being
used to develop new diagnostics and imaging techniques;
(3) energy: nanomaterials are being used to develop more effi-
cient solar cells, batteries, and fuel cells; they are also being inves-
tigated for use in carbon capture and storage technologies; and
(4) environmental remediation: nanomaterials are being used to
clean up contaminated soil and water. They are also being used
to develop new techniques for recycling and waste manage-
ment.18-21 It is important to carefully consider both the potential
benefits and risks of nanotechnology before developing and
using this powerful technology.
Unfortunately, MFC's implementation in wastewater treatment

plants is still restricted owing to some complications. Electrolyte
resistance is estimated as the main issue hindering electricity pro-
duction by MFCs.12 Biofilm developed on the electrode surface
plays a key role in MFC operation.16,22 On the other hand, Rabaey
and Verstraete23 reported that losses in MFCs are due to (1) bacte-
rial electron transfer; (2) electrolyte resistance; (3) anode resis-
tance; (4) membrane resistance; (5) cathode resistance; and
(6) electron acceptor reduction. Therefore, future research work
should focus on implementing novel technologies to reduce
these losses. Incorporating nanomaterials and nanocomposites
into electrolytes holds promise for enhancing their conductivity,
potentially leading to improvements in their conductivity. Conse-
quently, the efficiency of the MFC increases. Additionally, nano-
materials are hypothesized to enhance the biofilm development

process on the electrode surface. Conventional carbon materials
have a 2D structure, which limits the area for driving power out-
put due to an inefficient electronic transmission channel and a rel-
atively high internal resistance.7 The interface between the anode
and the exoelectrogens is typically decorated using carbon-based
nanomaterials.
MFCs are a fascinating technology that holds immense poten-

tial for sustainable wastewater treatment and bioenergy genera-
tion. However, their limitations in terms of power generation
have hampered their widespread adoption. This is where nano-
technology emerges as a game changer, offering innovative solu-
tions to enhance MFC performance and unlock its full potential.
One of the key limitations in MFCs is the low conductivity of the
electrolyte, which hinders electron transfer between microbes
and electrodes. By incorporating conductive nanomaterials like
carbon nanotubes (CNTs), graphene oxide (GO) and reduced gra-
phene oxide (rGO) into the electrolyte, researchers can signifi-
cantly improve conductivity, thereby promoting efficient
electron transfer and boosting power generation.
The major goal of this research is to increase the efficiency of

MFCs by using conductive carbon nanomaterials (CNTs, r-GO,
and g-C3N4) as electrolyte additions. The following goals can be
used to further this goal: following the addition of nanomaterials
to the electrolyte, the efficiency of MFCs will be assessed, and the
engineering parameters of coulombic efficiency, electrical cur-
rent, voltage, resistance, power, power density, and areal power
density will be examined.

MATERIALS AND METHODS
Manufacturing and installing the MFCs
MFCs were made of acrylic – that is, plexiglass (ACME Plastic,
Miami USA). Each MFC has an elevation of 15 cm and
10 × 10 cm for the section. The system consists of two chambers
(cathode and anode chambers), a salt bridge and a voltage/
current measurement system (NI 9207 Spring, 16-channel), where
the anode chamber was filled with a substrate volume of 1.5 L,
and the cathode chamber was filled with a water volume of
1.5 L, as shown in Fig. 1.

Nanomaterial preparation
Preparation of r-GO
Graphene oxide (GO) was synthesized by implementing Hum-
mer's technique.24,25 To obtain r-GO from GO, 100 mg of the dry
GO powder was put into a beaker that was covered with alumi-
num foil having punched pores and placed in a hood on a hot
plate at 350 °C for 10 min. The resulting black powder of r-GO
was collected.26

Preparation of carbon nanotubes (CNTs)
CNTs were fabricated by employing catalyst-free chemical vapor
deposition (CVD) synthesis in nanoporous anodic alumina mem-
branes (NAAMs). The synthesizing process was conducted by
implementing a CVD structure comprising a two-stage furnace
outfitted with a quartz tube, with a diameter of 43 mm and a
length of 1000 mm, as well as temperature and gas flow
controllers.27,28

Preparation of graphitic carbon nitride (g-C3N4)
g-C3N4 nanomaterials were prepared by heating 50 g urea at
550 °C in the air for 4 h.26
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Nanomaterial characterization
Ultraviolet (UV)–visible spectra were quantified using a PerkinEl-
mer Lambda 40 UV–visible spectrophotometer with 1 cm path
length Hellma quartz cuvettes. Scanning electron microscopy
(SEM) images were taken using a Zeiss FE-SEM ULTRA Plus (out-
fitted with EDX analyzer) microscope and Philips CM20 micro-
scope, working at a voltage of 200 kV. Several drops from the
specimen dispersion were placed onto an aluminum pin stub
and left to evaporate at room temperature. X-ray diffraction
(XRD) measurements were conducted by employing a Philips
PW1710 X-ray diffractometer with Cu Ka radiation
(k = 1.54186 A°). The XRD patterns were logged from 20° to
70° 2⊔ with a step size of 0.020° 2⊔ and gathering 10 s per step.
Fourier transform infrared (FTIR) spectra were logged with a
Nicolet 6700 infrared spectrophotometer to determine the spe-
cific functional groups available on the surface. Based on the
Brunauer–Emmett–Teller (BET) model, the precise surface area
and pore volume were calculated using a Micromeritics ASAP
2010 to collect N2 sorption isotherms. The samples were first
outgassed under vacuum at 60 °C overnight, before being
examined at 77 K.

Waste handling
A sample of wastewater and sludge was collected from Zenein
Wastewater Treatment Plant (Bulaq Dakrur, Giza Governorate).
This sample was used to fill theMFCs and to start the experiments.
The properties of the wastewater sample were documented as
follows: The values of total solids (TS), volatile solids (VS), ash, pH
and organic carbon (OC) of wastewater, sludge and their mixture
are listed in Table 1.

Conducting the measurements
A national instrument (NI 9207 Spring, 16-channel) was used for
voltage and current measurements of all MFCs at the same time,
which is important for the constant conditions of the measure-
ments. It features eight current and eight voltage inputs,
500 samples s−1, ±20 mA current inputs, ±10 V voltage
inputs, 24-bit high-resolution mode, and built-in 50/60 Hz noise
rejection. A portable smart water quality meter was used for mea-
surements of pH, conductivity, total dissolved solids, salinity, tem-
perature, and dissolved oxygen (DO). A true-RMS data logging
multimeter was used for volt and current recording.

RESULTS
Microscopic characterization of nanomaterials
Figure 2(A) shows an SEM image of the CNTs, revealing their tubu-
lar structure. The synthesized CNTs had a diameter of 40–50 nm
and lengths of about 20 μm. Pristine g-C3N4 nanosheets were
observed as layered and stacked structures in the SEM image
(Fig. 2(B)). They were composed of nanosheet-like structures
and appeared fluffier compared to the other materials. r-GO
exhibits an irregular and folded layer structure with entangled
nanosheets. Figure 2(C) shows an SEM image of the r-GO,
highlighting its single- or few-layer nanosheets with wrinkles.
Figure 2(D) shows the XRD pattern of CNTs, including characteris-
tic diffraction peaks at 26.52°, 42.48°, 54.71° and 78.43° 2⊔, due to
(220), (100), (004), and (110) reflection of planes, respectively.29,30

The XRD pattern of refined g-C3N4 showed that peaks at 26.73°
and 13.37° were assigned to the (002) interlayer structural pack-
ing crystal plane and (100) interplanar stacking diffraction planes,
respectively. The high peak at 26.73° verifies the stacking

Figure 1. Graphical outline of MFC components, a voltage/current measurement and recording system with different carbon nanoadditives.
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reflection of conjugated aromatic systems, showing a graphitic
structure with an interlayer distance of 0.326 nm, as shown in
Fig. 2(E).31,32 The 3D character of graphene oxide is reduced, as
indicated by the disappearance of the narrow XRD reflection at
2⊔ = 10.8 A°. Instead, broadband is observed in the case of
r-GO, probably due to intralayer spacing, as shown in Fig. 2(F).33

The FTIR spectrum of raw CNTs (Fig. 2(G)) presents wide-range
absorption peaks of 3450–3460 cm−1 resembling the OH group,
indicating the presence of hydroxyl groups on the surface of the
CNTs. It was found that these groups can be subjected to oxida-
tion of the carbon surface following exposure to air and the lack
of catalysts during the synthesis. Both peaks at 2950 and
2850 cm−1 resemble C H stretch vibration. The C C trait peak

is found at 1580 cm−1. An additional peak at 1650 cm−1 is the
C O stretching mode of the functional groups on the surface of
the multi- walled CNTs or evolving from the absorption of CO2

on the composites' surface. The peak observed at 950 cm−1 is
assigned to the C O stretching mode. In the FTIR spectrum of
g-C3N4, the peaks at 1145, 1213, 1393, 1587 and 1648 cm−1 are
ascribed to the stretchingmodes of CN heterocycles coupled with
skeletal stretching vibrations of aromatic rings, while the peak at
810 cm−1 matches the breathing mode of the g-C3N4 triazine
units (Fig. 2(H)). For graphene, the bands at 1724, 1222, and
1050 cm−1 are ascribed to carbonyl, epoxy and alkoxide func-
tional groups, respectively, and are considerably decreased in
contrast to those of GO, implying deoxygenation of the

Table 1. Total solids (TS), volatile solids (VS), ash, pH and organic carbon of wastewater, sludge and mixture

Item Wastewater Sludge Mixture

TS % 0.49 ± 0.13 3.8 ± 0.64 1.59 ± 0.15
VS % 0.44 ± 0.11 2.44 ± 0.49 1.05 ± 0.03
VS (% as TS) 90.37 ± 2.21 64.01 ± 2.12 65.97 ± 7.9
Ash 0.05 ± 0.02 1.36 ± 0.15 0.55 ± 0.18
Organic carbon (%) 52.35 ± 0.42 37.13 ± 1.23 38.26 ± 4.6
pH 6.30 6.50 6.10

Figure 2. SEM images of the synthesized carbon nanotubes (A), g-C3N4 (B) and r-GO (C), respectively. XRD patterns of the prepared carbon nanotubes (D),
g-C3N4 (E) and r-GO (F), respectively. FTIR spectra of the prepared carbon nanotubes (G), g-C3N4 (H) and r-GO (I), respectively.
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sheets31-33 as shown in Fig. 2(I). The specific surface area (SSA) of
the prepared r-GO was 170.98 m2 g−1, while the SSAs were
209 and 89 m2 g−1 for CNTs and g-C3N4 nanosheets, respectively.

Effects of nanomaterial addition to the electrolyte
on MFCs
The results of the experiments show that the addition of trace
amounts (50 mg) of CNTs, g-C3N4 and r-GO to the electrolyte
(1.5 L) of the MFCs increases the generated electrical power by
5.21, 5.09 and 5.04 times, respectively, compared to the control
with air pump. While both r-GO and CNTs increased electrical
power compared to the control without air pump (5.02 and
5 times increase, respectively), incorporating g-C3N4 resulted in
amuchmore significant enhancement, boosting power by a stag-
gering 5.08 times (Fig. 3(A,B)). It was discovered that raising the
oxygen supply to the cathode chamber had a beneficial impact
on cell performance by increasing the voltage value. In general,
cathodic chamber aeration improved microbial fuel cell efficiency
over no aeration. As a result, the performance of themicrobial fuel
cell improved. It may be concluded that oxygen concentration
influences both reaction kinetics and final power efficiency.34,35

In our previous work, the electrogenic bacterial growth in MFCs
over time before and after electricity generation was examined
and the results showed that under the two MFC conditions there

was an exponential increase in electrogenic bacterial growth after
20 h of operation. However, there was a slight decrease in bacte-
rial growth after 40 h of operation as the nutrient in the MFCs
started to decrease. Interestingly, higher bacterial growth was
recorded in the MFCs when 50 mg CNTs was added, in compari-
son to control.34

Another issue, using a pump to introduce air (oxygen) into the
cathode chamber, has a strong effect on the amount of generated
power from the MFCs. In the case of using a pump and adding
nanomaterials to the electrolyte, the maximum bioelectric power
was generated in the cathode chamber immediately after the
MFCs were operated. The voltage value averaged 1301 mV, with
an average areal power density of 21.05 mW m−2 and an average
volumetric power density of 14.11 mW m−3 when adding CNTs to
the electrolyte with a constant loading resistance of 80 kΩ and it
showed voltage stability until the end of the 140 h interval. How-
ever, in the control experiment (without nanomaterial addition),
which is the conventional method, the voltage value of the con-
trol reached its maximum value after 15 h and averaged
570 mV, with an average areal power density of 4.04 mW m−2

and an average volumetric power density of 2.7 mW m−3; with
constant loading resistance of 80 kΩ it then showed voltage sta-
bility until the end of the 140 h interval. Thereby, the electrical
conductivity of MFCs was improved, leading to an increase in

Figure 3. Voltage of the MFCs (A) without pump and (B) with pump, which was used to introduce air into the cathode chamber.
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the generated power by 5.21 times the control. Table 2 shows
these data for all treatments.
The electric current of the MFCs where a pump was used to

introduce air into the cathode chamber was plotted for all treat-
ments (Fig. 4). For each curve, the total coulombs were computed
as the integration of electric current to time and then divided by
the theoretical coulombs to estimate the coulombic efficiency of
the MFC. The results show the coulombic efficiency of the MFC,
where additions of CNTs, g-C3N4 and r-GO to the electrolyte of
MFC compared to the control were 19.43%, 19.19%, 19.11%, and
8.54%, respectively.
The stability of the examined r-GO, g-C3N4, and CNT nanoaddi-

tives was studied by following the current of the constructed
MCF over time for up to 140 h. The obtained results were com-
pared with that of the control cell in (Fig. 5). Graphene and CNTs
displayed stable current values within the whole measurement
time to reveal their improved stability performance when applied
to the MCF structure. On the other hand, the current of g-C3N4

gradually decayed within the initial few hours until 40 h; after-
ward, its current was steadily stabilized. The control cell exhibited
a sharp current increase when starting the measurement up until
14 h had passed. A steady current was then shown. This steady
current at 120 h using the three carbon nanoadditives compared
with that in the control cell was, in ascending order, control cell
[7.606 μA] > g-C3N4 [14.384 μA] > r-GO [16.230 μA] > CNTs
[16.768 μA]. Generally, the current (stability) decay after fuel cell
operation for an extended time could be attributed to the accu-
mulation of the reaction byproducts on the investigated carbon
surfaces, leading to poisoning of the active sites for further reac-
tant adsorption. Corrosion of the carbon support material and

its leaching in the tested medium also played a role in reducing
the available surface area for the studied reaction.36 The obtained
results in this stability experiment for g-C3N4, r-GO and CNTs con-
firmed those shown by the whole study, encouraging their appli-
cation in MFC structures, especially r-GO and CNTs. Histograms of
these carbon types for the measured stability currents at varied
time intervals (Fig. 6) demonstrated that their performance was
highly stable within the whole stability experiment period.

DISCUSSION
The present study concentrated on applying MFCs to the produc-
tion electrical power from wastewater. This wastewater is pro-
duced in huge amounts annually and then exposed to physical,
biological and chemical remediation methods in wastewater
treatment plants. Thus, this method would not only treat waste-
water but also produce electricity. Nevertheless, MFC implemen-
tation in wastewater treatment plants is limited due to
electrolyte resistance, which is one of the major factors limiting
electricity generation. This research focused on using nanomater-
ials as an additive to the electrolyte of MFCs for improving electri-
cal power generation from wastewater. Consequently, the
productivity of the MFC rose.
Extracellular electron transfer (EET) is a process that involves

moving electrons from the anode to the microorganisms.37 EET
often takes place in MFC through direct and indirect electron
transfer pathways: (i) electrically conducting pili, (ii) extracellular
substances and (iii) conductive materials are the three primary
methods that have been studied so far regarding direct electron
transfer in biological systems.38,39 Short direct electron transfer

Table 2. Highest voltage (V), electric current (I), resistance (R), power (P), aerial power density (PAD), projected surface area of the anode (A), Volume
(V), and volumetric power density (PD) of all treatments.

Nanoadditives V (V) I (A) R (kΩ) P (W) v (m3) PD (mW m−3) A (m2) PAD (mW m−2)

CNTs 1.301 1.626E−05 80 2.11575E−05 1.50E−03 14.11 1.00E−03 21.06
g-C3N4 1.286 1.607E−05 80 2.06721E−05 1.50E−03 13.78 1.00E−03 20.57
r-GO 1.280 1.600E−05 80 2.04878E−05 1.50E−03 13.66 1.00E−03 20.39
Control 0.570 0.713E−05 80 0.40612E−05 1.50E−03 2.71 1.00E−03 4.04

Figure 4. Electric current of the MFCs, where a pump was used to introduce air into the cathode chamber.
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requires the presence of biofilm in close physical contact with the
anode. Nanomaterials can modify the anode compartment by
increasing its conductivity and surface area, increasing electron
transfer through the mediator and through the biofilm, as well
as enhancing biocompatibility and colonization, which promotes
a favorable environment for the growth of microorganisms on the
electrode surface and improves MFC performance. Nanomaterials
can provide a high specific surface area for the adhesion and
growth of the microorganisms around the anode, thereby facili-
tating the direct electron transfer (DIET) process. Conductive car-
bon nanomaterials play the role of a bridge between the
microorganisms and the anode to promote the DIET inMFCs. Con-
ductive materials can also result in closely connected microbial
communities.40,41 In most cases, the interface between the anode
and the exoelectrogens is embellished with carbon-based nano-
materials. They not only retain the overall benefits of traditional
carbon materials but also demonstrate a high surface area that
is advantageous for bacterial adhesion and increases the number
of EET contacting active areas.42 The huge specific surface area of
CNTs creates ideal conditions for the adhesion and proliferation
of electroactive bacteria, and the local concentrations of exoelec-
trogens are advantageous to the rate of electron transfer from
bacteria to anode. CNTs are said to have cytotoxicity compared
to g-C3N4, which can stop cell growth and even result in cell
death.43 As a result, the CNT dose needs to be carefully monitored.

Using high resistance in MFCs has been shown to improve the
specific energy output through several underlying mechanisms.
First, high resistance limits the flow of current, creating a con-
trolled environment for electron transfer. This enhances electron
transfer efficiency from the anode chamber to the cathode cham-
ber, resulting in improved energy conversion efficiency and spe-
cific energy output. Second, high resistance conditions favor the
growth and activity of exoelectrogenic bacteria responsible for
electron transfer. These bacteria adapt to high resistance by
developing more efficient electron transfer pathways, leading to
enhanced energy output per unit of substrate consumed. Addi-
tionally, high resistance can reduce energy losses due to internal
resistance within the MFC, resulting in a higher proportion of
available energy being converted into electrical output.
In accordance with the existing investigation, preceding studies

have shown the utilization of different materials in the electrolyte
of MFCs. Antolini44 has investigated composite materials for poly-
mer electrolyte membrane MFCs. Precisely, Ahmed et al.45 stated
that a maximum power density was attained using the CoOx–
CoPc/C cathode as it was 37% higher than that of FePc/C. Besides,
Wu et al.14 implemented low substrate COD concentrations to
enhance the performance of MFCs. In the current study, however,
nanomaterials were used as substrate (electrolyte) additives
instead of lowering the COD concentration. Therefore, it can be
assumed that the innovation trend of adding materials to the
electrolyte is in line with the current investigation, but with differ-
ent results due to the application of different types of
materials – nanomaterials –which ultimately delivered different
output voltages. Further studies have investigated different mate-
rials other than nanomaterials, such as oxygen-saturated electro-
lytes46 and montmorillonite.47 Considering that in the anode
chamber an anaerobic digestion process takes place, previous
studies have investigated the effects of using nanomaterials and
trace metals in the anaerobic digestion process.48,49 Besides, life
cycle assessment research investigated the utilization of nanoma-
terials in the anaerobic digestion process of manure.50

Beyond improving conductivity, nanomaterials also provide a
high surface area for microbial adhesion and biofilm formation.
The increased surface area allows for a greater density of exoelec-
trogenic bacteria, which are responsible for directly converting
organic matter into electricity. This leads to enhanced biocatalytic
activity and higher electricity generation. Nanomaterials like CNTs
and r-GO can act as bridges between microbes and the electrode,
facilitating the transfer of electrons directly to the electrode sur-
face. This process, known as direct electron transfer (DIET),
bypasses the electron shuttle pathway and leads to faster electron
transfer and higher energy conversion efficiency. These findings
are in agreement with the study by Starowicz et al., in which the
use of r-GO as an electrode inMFCs and reports increased bioelec-
tricity generation and nutrient removal, potentially due to
enhanced DIET.51 Also, Wilberforce et al. investigated the use of
CNTs as an electrode in MFCs and observed the improved power
generation and coulombic efficiency, with evidence suggesting
DIET as a contributing factor.52 Another study demonstrates that
adding granular activated carbon (GAC) to methanogenic
digesters enhances DIET between bacteria and methanogens,
leading to increased methane production.53

Nanomaterials can be modified to improve their biocompatibil-
ity, promoting the growth and activity of beneficial microbes in
the MFC anode. Additionally, nanomaterials can enhance the sta-
bility and structure of the microbial biofilm, leading to a more
robust and efficient MFC operation. Studies have shown that

Figure 5. Variation of current values with elapsed time at r-GO, g-C3N4

and CNTs in comparison with that in the control cell.

Figure 6. Histograms of current values of r-GO, g-C3N4 and CNTs in com-
parison with that in the control cell at certain time intervals within the
whole stability experiment.
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incorporating nanomaterials into MFCs can significantly enhance
their performance. The addition of CNTs has been shown to
increase power generation by up to five times compared to con-
trol MFCs. Similarly, other nanomaterials like g-C3N4 and r-GO
have also demonstrated promising results in increasing power
density and coulombic efficiency. This can be attributed to the
fact that the addition of nanomaterials biostimulates the anaero-
bic digestion taking place in the anode chamber.54 Despite the
promising potential of nanotechnology in MFCs, some challenges
remain. These include the cost and scalability of nanomaterial
synthesis, long-term stability of nanomaterials in the MFC envi-
ronment and potential environmental concerns related to nano-
material release. Future research efforts should focus on
addressing these challenges and developing novel nanomaterials
that are specifically tailored for MFC applications.

CONCLUSIONS
The incorporation of carbon-based nanomaterials into the elec-
trolytes of MFCs leads to a substantial improvement in bioelectric-
ity generation, with a 5.21-fold increase compared to the control.
Additionally, coulombic efficiency is boosted by 2.28 times when
compared to the control. The field of nanotechnology provides a
potent tool for enhancing the performance and scalability of
MFCs. By enhancing conductivity, fostering microbial growth
and accelerating direct electron transfer, nanomaterials like car-
bon nanotubes, graphitic carbon nitride and reduced graphene
oxide pave the way for significant advancements in this promis-
ing technology. This translates to cleaner wastewater treatment,
more efficient bioenergy generation and a step closer to sustain-
able solutions for our future. Through variousmechanisms such as
enhanced conductivity, stimulation of microbial growth and facil-
itation of direct electron transfer, nanomaterials like carbon nano-
tubes, graphitic carbon nitride and reduced graphene oxide can
significantly contribute to the advancement of this promising
technology. This progress holds great potential for sustainable
wastewater treatment and the generation of bioenergy.
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