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Abstract: Microbial fuel cells (MFCs) use microorganisms to break down organic matter and generate
power, which is an exciting new field of research. MFCs’ power generation relies on oxygen reduction
(ORR) at the cathode. However, the slow kinetics of the ORR can severely limit the performance of
MFCs. Additionally, the growth of biofilm on the cathode hampers the ORR process. In order to
ensure the sustainability of MFCs over time, it is crucial to employ bifunctional catalysts that can
address these issues. Biogenic titanium dioxide (TiO2) nanoparticles (NPs) were synthesized and
applied to a graphite sheet cathode in this study. Cyanobacteria, Phormidium species NCCU-104,
was used to bio-fabricate titanium dioxide (TiO2) nanoparticles. NPs were characterized using SEM
and TEM analysis to determine their size, shape, surface morphology, and XRD. The particles had an
average size of 18.11 nm, were spherical, and were well-dispersed, according to the results of the
physicochemical characterization. TiO2 NPs were evaluated in MFC using different concentrations
(0.5–2.5 mg/cm2) in the cathode to generate electricity and coulombic efficiency. MFC with a cathode
impregnated with 2.0 mg/cm2 TiO2 NP produced maximum power density (15.2 W/m3), which
was 38% more than 0.5 mg/cm2 TiO2 NP. The overall study results indicated that biogenic TiO2

nanoparticles (NPs) could be an effective and low-cost catalyst in the oxygen reduction reaction
(ORR) and significantly improve biofouling. Due to its efficient and affordable contribution to the
ORR, these results imply that biogenic TiO2 NPs might be a feasible alternative for improving the
performance of MFCs.
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1. Introduction

A significant energy deficit and environmental damage result from the unjustified
exploitation and utilization of conventional fossil fuels. In order to address these challenges,
there has been growing interest in microbial fuel cells (MFCs) as a renewable energy source
and a means of treating wastewater. MFCs have the potential to contribute to sustainable
development by generating power while simultaneously degrading organic pollutants
using electroactive bacteria as biocatalysts [1]. However, the industrial applications of
MFCs remain limited [2]. One of the challenges facing MFCs is the restriction posed
by cathode catalysts and the difficulty of increasing the MFC reactor volume [3]. The
traditional ORR catalyst, the expensive and rare precious metal platinum, can deactivate
in polluted environments, making it unsuitable for MFC applications [4]. Due to their
high activity and stability, alternative cathode catalysts include carbon matrix composites,
transition metals and their oxides, and materials generated from biomass [5]. Among
these alternatives, M-N-C catalysts (M = Transition metals Mn, Fe, Ni, Co, etc.) have been
identified as promising because they are more stable and have ORR activity [5]. However,
incorporating M-N-C catalysts into the cathode of MFCs remains technically challenging,
which increases the overall cost [6]. Multiple types of research have been conducted
to develop a catalyst that would decrease the overall cost and be sustainable [7,8]. For
example, Yin et al. worked on developing ternary nanocomposite MXene@Au@CdS, which
can produce excellent photocatalytic hydrogen [9]. Another example is the preparation
of perovskite oxides, which have emerged as a broad family of functional materials with
promising promise for accelerating the oxygen reduction reaction (ORR), oxygen evolution
reaction (OER), hydrogen evolution reaction (HER), and fuel oxidation [10]. Moreover,
dopant engineering has been widely used to increase NPGM-based single-atom catalysts
(SACs) catalytic activity. However, the coordination environment of the dopant that greatly
impacts the electronic configuration of SACs and their electrocatalytic performance has
been largely ignored [11].

Titanium is frequently utilized as an antibacterial agent in various industries [12]. It
is widely recognized and accepted that Ti releases a limited number of silver ions into
a liquid environment, where sulfhydryl group enzymes involved in aerobic bacterial
respiration, such as NADH dehydrogenase II, can interact with Ti, which is considered a
crucial respiratory site in the respiratory system [13]. TiO2 nanoparticles have received
attention due to their intriguing capabilities and unique structure across a wide range of
disciplines [14]. TiO2 nanoparticles are highly sought after for their numerous exceptional
properties, including their chemical stability, low cytotoxicity, favorable biocompatibility,
strong light-harvesting abilities, and exceptional photo-induced electron transfer. These
properties make TiO2 nanoparticles a promising material for various applications such as
biosensors, bioimaging, and electronic devices [15].

Chemical composition, elemental valence, crystal structure, and surface state all
impact ORR. Additionally, the ORR activities are affected by the surface oxygen molecule’s
adsorption configuration and the associated strength of oxygen binding. High-energy facets
expose defective titanium dioxide single crystals for effective oxygen reduction. In this
work, the single-crystalline structure, the exposed high-energy facet, and the Ti multiple
valences induced by the faulty oxygen vacancies may be strongly connected with the
improved ORR activity on the defective TiO2 [16]. First, the continuous and ordered inner
structure and the improved crystallinity should significantly increase electric conductivity
and favor quick electron transfer (higher charge mobility), which would lessen electrode
polarization in ORR. In TiO2, the missing oxygen atom from the bulk or surface is taken
by one or two “free” electrons in the defective crystal, and the three closest Ti atoms tend
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to relax away from the vacancy to strengthen their bonds with the other members of the
lattice. In principle, because of the close connection between the adsorbate and the surface,
the dissociated adsorption of O2 on the defective oxygen vacancy might lead to a more
effective electron-transfer process and increased ORR kinetics, which are directly connected
to the total catalytic performance [16]. Biogenic nanomaterials have an advantage due to
their eco-friendly, inexpensive process over chemically synthesized nanomaterials [17];
however, not much report is available on the utilization of biogenic TiO2 as a cathode
catalyst in MFC.

This study used Cyanobacteria, known as Phormidium NCCU-104, to fabricate ti-
tanium dioxide (TiO2) nanoparticles (TiO2 NPs). By using SEM, TEM and XRD studies,
the nanoparticles’ physicochemical properties were evaluated. The electrochemical perfor-
mance of these particles was tested in MFCs by impregnating the cathode with different
concentrations of biogenic TiO2 (0.5–2.5 mg/cm2). Furthermore, the effect of the concentra-
tion of the TiO2NPs as antifouling substances were evaluated on the cathode surface.

2. Results and Discussion
2.1. Synthesis of TiO2 Nanoparticle

Biogenic synthesis of TiO2NP was achieved using the aqueous extract of the dry
biomass of the Phormidium species. A light green-colored reaction mixture indicated the
possible synthesis of nanoparticles. This is consistent with the findings of other studies,
such as Santhoshkumar et al. (2014), who used the aqueous extract of Psidium guajava to
synthesize biogenic TiO2NP [18]. The cyanobacteria biomass was harvested on the 16th
day when the maximum yield was observed. The reaction parameters were optimized
using UV-Vis analysis [19].

The optimum synthesis of biological nanoparticles was achieved when the biomass
used was 5 mg/mL. A temperature of 100 ◦C for 5 min resulted in the maximum yield of
TiO2NP. Further optimization of reaction temperature revealed that 40 ◦C was the optimal
temperature for synthesis. Maximum absorbance was obtained for the biosynthesis of
TiO2NP when the salt concentration was 0.1 mM. The pH of the reaction was found to
be a critical factor, with the best results obtained at a pH of 7.0. The optimum time for
completing the synthesis process was 24 h, as per UV analysis (Figure 1a–g). The optimal
extract-to-salt solution ratio for the bio-fabrication of TiO2NP using Phormidium species
was found to be 9:1.

Other researchers have reported different optimized reaction parameters using various
biological sources for extract preparation. Roopan et al. (2013) found the optimal reaction
temperature and time for phyto-synthesis of TiO2NP using Annona squamosa peel extract
to be 60 ◦C for 6 h [20]. The optimum conditions reported by Siddiqui et al. (2022) for
the synthesis of TiO2NP using Synechocystis NCCU-370 were pH 7.0, time 12 h, and
temperature 30 ◦C [21].

After optimizing the extract and reaction conditions, cyanobacteria-mediated TiO2NP
was characterized via TEM, SEM, and XRD to evaluate the significant physicochemical
properties. Careful analysis of the XRD pattern revealed the most substantial peak at 25.12◦

corresponding to 101, which confirmed the synthesis of anatase TiO2NP (Figure 2A). The
average size of the crystallite nanoparticles via XRD analysis was found to be 10.61 nm. The
average size of the crystallite nanoparticles, calculated using the Debye–Scherrer equation,
was 10.61 nm [22]. TEM analysis showed that the biosynthesized TiO2NP existed as single
crystals with spherical morphology and good dispersion (Figure 2B). This is similar to the
size (16 nm) reported for TiO2NP fabricated using a different strain of cyanobacteria [21].
Other studies have reported larger particle sizes for nanoparticles synthesized using non-
cyanobacteria sources. Kumar et al. (2023) synthesized TiO2NP using alpha-amylase and
obtained an average grain size of 50 nm [23]. SEM micrographs also confirmed that the
biosynthesized nanoparticles were spherical (Figure 2C).



Catalysts 2023, 13, 937 4 of 13Catalysts 2023, 13, x  4 of 14 
 

 

 
Figure 1. (a)–(g) shows the optimization of extract and reaction parameters. 

Other researchers have reported different optimized reaction parameters using vari-
ous biological sources for extract preparation. Roopan et al. (2013) found the optimal re-
action temperature and time for phyto-synthesis of TiO2NP using Annona squamosa peel 
extract to be 60 °C for 6 h (Kumar et al., 2022)[20]. The optimum conditions reported by 
Siddiqui et al. (2022) for the synthesis of TiO2NP using Synechocystis NCCU-370 were pH 
7.0, time 12 h, and temperature 30 °C [21]. 

After optimizing the extract and reaction conditions, cyanobacteria-mediated 
TiO2NP was characterized via TEM, SEM, and XRD to evaluate the significant physico-
chemical properties. Careful analysis of the XRD pattern revealed the most substantial 
peak at 25.12° corresponding to 101, which confirmed the synthesis of anatase TiO2NP 
(Figure 2A). The average size of the crystallite nanoparticles via XRD analysis was found 
to be 10.61 nm. The average size of the crystallite nanoparticles, calculated using the De-
bye–Scherrer equation, was 10.61 nm [22]. TEM analysis showed that the biosynthesized 
TiO2NP existed as single crystals with spherical morphology and good dispersion (Figure 
2B). This is similar to the size (16 nm) reported for TiO2NP fabricated using a different 
strain of cyanobacteria [21]. Other studies have reported larger particle sizes for nanopar-
ticles synthesized using non-cyanobacteria sources. Ahmad et al. (2015) synthesized 
TiO2NP using alpha-amylase and obtained an average grain size of 50 nm [23]. SEM mi-
crographs also confirmed that the biosynthesized nanoparticles were spherical (Figure 
2C). 

Figure 1. (a–g) shows the optimization of extract and reaction parameters.

Catalysts 2023, 13, x  5 of 14 
 

 

 
Figure 2. Characterization of TiO2NP: (A) XRD; (B) TEM; (C) SEM. 

2.2. Cyclic Voltammetry of Cathode 
The CV experiment was performed to evaluate the ORR efficacy of the TiO2 NP-

loaded graphite sheet electrode. Graphite sheet coated with TiO2NP as a working, counter, 
and reference electrode, the Ag/AgCl electrode, and Pt wire were utilized. The electrodes 
were inserted in a 1 M KCl electrolyte saturated with either O2 or N2 [24]. The scanning 
rate was set to 10 mV/s with a potential window from −0.6 V to 0.3 V (Figure 3). With 2.0 
mg/cm2 NP, a noticeable (near −0.1 V) peak appeared; however, 2 mg/cm2 NPs did not 
produce a discernible reduction peak with an N2-saturated KCl electrolyte. This might be 
due to the action of nanoparticles on the cathode surface that enhances electron transfer 
during ORR in the presence of oxygen. No peak was found in the unmodified graphite 
sheet. 

These results indicate the effectiveness of TiO2NP in enhancing ORR on the graphite 
electrode surface. Further optimization of TiO2NP quantity was carried out to achieve 
maximum power output. 

Figure 2. Characterization of TiO2NP: (A) XRD; (B) TEM; (C) SEM.



Catalysts 2023, 13, 937 5 of 13

2.2. Cyclic Voltammetry of Cathode

The CV experiment was performed to evaluate the ORR efficacy of the TiO2 NP-loaded
graphite sheet electrode. Graphite sheet coated with TiO2NP as a working, counter, and
reference electrode, the Ag/AgCl electrode, and Pt wire were utilized. The electrodes were
inserted in a 1 M KCl electrolyte saturated with either O2 or N2 [24]. The scanning rate was
set to 10 mV/s with a potential window from −0.6 V to 0.3 V (Figure 3). With 2.0 mg/cm2

NP, a noticeable (near −0.1 V) peak appeared; however, 2 mg/cm2 NPs did not produce a
discernible reduction peak with an N2-saturated KCl electrolyte. This might be due to the
action of nanoparticles on the cathode surface that enhances electron transfer during ORR
in the presence of oxygen. No peak was found in the unmodified graphite sheet.
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Figure 3. The effects of TiO2 concentration at the cathode were measured using cyclic voltammetry
at a scan rate of 2 mV/s.

These results indicate the effectiveness of TiO2NP in enhancing ORR on the graphite
electrode surface. Further optimization of TiO2NP quantity was carried out to achieve
maximum power output.

2.3. Polarization Study in MFC

During the solid-state MFC (MFC) test, each batch cycle lasted 36 h (±2 h). Synthetic
acetate-containing wastewater was delivered directly into the anodic chamber for 24 h
without any inoculum. With a correction tolerance of 0.1, the effluent pH was maintained
at a steady-state condition of 7.0. In the absence of inoculum, the anodic half-cell potential
relative to the Ag/AgCl reference electrode was 192.07 mV, and no current was measured.
These results suggest no biotic response occurring in the anode chamber. The anode
chamber was then inoculated with anaerobic consortia recovered from the bottom sludge.
After the adaptation period, the MFC was run in a fed-batch mode with a closed-circuit
configuration at an ambient temperature of 37 ◦C. Following inoculation, the anodic half-
cell potential began to decrease due to electron transfer from anodophiles until it hit a
plateau of roughly −256 mV (vs. Ag/AgCl) vs. resistance of 100 Ω [25]. After four cycles,
the anodic half-performance cell performance was found to be steady.

The cathodic half-cell potential was measured using composite electrodes prepared
in this study, with the anodic potential stabilized [26]. The impact of loading TiO2NPs
onto carbon on power generation in an MFC was evaluated by incorporating different
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concentrations (mg/cm2) of TiO2NPs into Vulcan XC. It was found that the cathodic half-
cell potential varied significantly depending on the amount of catalyst (TiO2-NPs) loading
in the air cathode.

In an MFC, the polarization curve calculates the maximum volumetric power density
(Pdmax) (Figure 4a). Different concentrations of TiO2NPs (0.5, 1.0, 1.5, 2.0, and 2.5 mg/cm2)
impregnated on graphite sheet cathode were used to study the impact of the TiO2NP on the
power output in MFC. The cathode half-cell potential was found to vary significantly with
changes in the amount of TiO2NP present in the cathode (Figure 4b). The maximum Pdmax
of the cathode impregnated with 2.0 mg/cm2 TiO2NP was 15.2 W/m3. In contrast, the
Pdmax dramatically increased to 5.0, 7.4, 12.7, and 15 W/m3, respectively, with various con-
centrations 0.5, 1.0, 1.5, and 2.5 mg/cm2 of TiO2NP on the cathode. When the nanoparticle
concentration was increased from 0.5 to 1.0 mg/cm2, the Pdmax amplitude increased almost
twice. However, the nanoparticle concentration difference between 2.0 and 2.5 mg/cm2

only resulted in a 2.3% decrease in Pdmax. As the concentration of nanoparticles increased,
the COD removal efficiency and the maximum Coulombic efficiency (CE) also increased,
with a peak at 2.5 mg/cm2 of TiO2NP on the cathode. The internal resistance decreased
as the concentration of nanoparticles increased, as shown in Figure 5. This indicates that
the addition of nanoparticles to the cathode significantly improved the MFC’s ability to
generate electricity.

2.4. Electrochemical Impedance Studies

The semicircle area of the cathode’s impedance plot exhibits a significant change, as
shown in Figure 5 [27]. The observations are made using the Nyquist or Bode plot tech-
niques, which evaluate both the “imaginary” and “actual” impedances. The accompanying
graph displays the impedance against frequency, with the X-axis showing the impedance
vs. frequency and the Y-axis showing the phase angle and specific impedance value. The
highest resistance is found at the point of the highest frequency. When 2.0 mg/cm2 of
TiO2NP is present on the cathode of a microbial fuel cell (MFC), the lowest Rct value
indicates the greatest electron transport due to high substrate degradation. This leads
to improved current generation and increased anodic voltage losses. The conclusions of
the EIS align with those of the half-cell polarization research. Based on the Rct values,
MFC cathodes with nanoparticle (NP) concentrations of 1.0 mg/cm2 (35.6 Ω), 1.5 mg/cm2

(38.5 Ω), and 2.0 mg/cm2 (9.2 Ω) were analyzed and showed respective internal resistances.
The decreased internal resistance with TiO2NP loading is attributed to increased oxygen
reduction kinetics at the cathode surface.

2.5. COD Elimination and Coulombic Efficiency

The batch operation of the MFC was regularly monitored for COD removal and
Coulombic efficiency (CE) (Figure 6). After 25 batch cycles (38 days), MFC with a cathode
containing 2.0 mg/cm2 of TiO2 NPs showed up to 87.8% COD removal with a CE of 8.68.
The results indicate that 2.0 mg/cm2 of TiO2NPs is the optimal concentration for maximum
power output and CE, as no significant difference was observed with higher catalyst
concentrations. The CE was 38.5% lower in MFC with 0.5 mg/cm2 NPs TiO2NP. This result
suggested cathode catalyst plays a vital role in electrochemical wastewater treatment.
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2.6. Biofouling Studies on the Cathode Surface

According to the CSLM data, the cathode loading 2.0 mg/cm2 had fewer microbial
cells than the cathode without TiO2. The results revealed that the cathode’s less hazardous
surface caused the highest number of cells on graphite electrodes without TiO2. TiO2 was
added to the cathode to boost its toxicity, preventing undesirable biofilm development.
This study has shown that the performance of the MFC with the maximum power density
produced by TiO2 of loading 2.0 mg/cm2 increased significantly as the TiO2 concentration
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was increased from 0.5 mg/cm2 to 2.0 mg/cm2. The IMARIS images supported the findings
(Figure 7).
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Figure 7. IMARIS 3-D photos of biofilms on various TiO2 concentrations with graphite cathode:
(A) pristine graphite sheet; (B) graphite impregnated with 0.5 mg/cm2 TiO2; (C) graphite cathode
impregnated with 2.0 mg/cm2 TiO2. The red clusters represent microbial cell biomass on a graphite
cathode containing TiO2. (D) The biovolume of biofouling on the various cathode surfaces.

3. Materials and Method
3.1. Fabrication of an Impregnated Graphite Sheet Cathode Using Synthesized Biogenic
TiO2 Nanoparticle

According to previous research, the biosynthesis of TiO2 nanoparticles (NPs) was
performed using the Phormidium species NCCU-104 cyanobacterium [21]. The process
involved the preparation of an aqueous extract of the dried cyanobacterial biomass. The
biomass was mixed with double distilled water, homogenized, and sonicated for 3 min. The
mixture was then subjected to a water bath for a few minutes, followed by centrifugation
and filtration using Whatman filter paper [28]. The resulting supernatant was then used
as the extract and reacted with titanium salt to synthesize the NPs. To optimize the
biosynthesized NPs, specific reaction parameters were selected. The optimization of the
extract preparation process was carried out by varying the biomass concentration (2, 5,
and 10 mg/mL), temperature (60, 80, and 100 ◦C), and time (5, 10, and 20 min) during the
preparation of the extract.

Optimization of extract conditions was followed by optimization of reaction param-
eters such as temperature, salt concentration, pH, time, and salt-to-extract ratio. To in-
vestigate the impact of temperature on the creation of TiO2 NPs, the temperature range
involved (30, 40, 50, and 60 ◦C) was utilized while maintaining consistency in other reaction
parameters. Similarly, the reaction was carried out at different salt concentrations (0.1, 1,
0.5, and 1 mM). Moreover, to understand more about how pH affects the creation of TiO2
nanoparticles, a range of pH values (3, 5, 7, 9, and 11) were tested. The synthesis was
monitored from 0 to 72 h at regular intervals. Lastly, to find the optimal ratio, the reaction
was also run at various extract-to-salt ratios (1:9, 3:7, 1:1, 7:3, and 9:1).
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3.2. Characterization of Cyanobacteria-Derived TiO2 NPs

Transmission electron microscopy (TEM), high-resolution field emission scanning
electron microscopy (HR-FESEM), and X-ray diffraction (XRD) were used to examine
cyanobacteria-derived TiO2 nanoparticles and determine their physicochemical parame-
ters [21]. The purified nanoparticles were dissolved in ethanol, sonicated, and filtered prior
to analysis. The TEM analysis was performed using a Tecnai G2 Spirit, BioTWIN New
York, NY, USA, 10031 device subjected to a voltage of 120 kV accelerating. The sample was
then treated with a 1% solution of uranyl acetate for 1 h (Siddiqui et al., 2022a). The NPs
were then placed on a carbon-coated copper grid for analysis. HR-FESEM analysis was
performed by placing nanoparticles on clean and dry glass slides. Then, the nanoparticles
were coated with gold. The images were captured using the voltage accelerated at 20 kV
using Nova NanoSEM 650 SEM. The XRD pattern of the Phormidium-mediated TiO2NP
was obtained using XRD Rigaku Ultima IV, Austin, TX, USA. The XRD was performed in
the range of 20◦ to 80◦ at a voltage of 40 kV [21].

The nanoparticles were dissolved in 50 mL of deionized water using a titanium horn
edge sonicator (Piezo-U-Sonic, Delhi, India). The composite mixture was formed after
adding 0.5 mL of Nafion solution and sonicating it for 30 min. The functional contact area
was roughly 9 cm2 (3.0 cm × 3.0 cm), and the graphite sheet was cleaned with 1 M HCl to
eliminate debris or dust [21]. After 30 min of sonication in distilled water to remove any
lingering debris, the components were extensively cleaned in a 35% ethanol/distilled water
solution. The sonicated nanoparticles were then blended with Nafion solution and sprayed
at varying concentrations over the graphite sheet to create the nanoparticle-modified
cathode, which was stored overnight at 60 ◦C [29].

3.3. MFC Construction

For the studies, six identical MFCs were developed. For the studies, six identical MFCs
were developed. The anode consisted of a graphite felt and a 300 mL-capacity earthenware
chamber with exterior dimensions of 7 × 8 × 3.5 cm3 were used to fabricate microbial
fuel cell. The membrane cathode assembly (MCA) was situated on the opposite side of
the MFC from the anode. The anode chamber was equipped with two ports on the top;
one served as a reference electrode and sampling (saturated KCl; +197 mV, Equiptronics,
Ag/AgCl, Mumbai, India), while the other served as the electrode terminal. 18 cm2 carbon
felt served as the cathode, and a stainless steel wire was connected to it [30]. The MCA
was made by covering the membrane with a different concentration of biogenic TiO2-NP
(0.5–2.5 mg/cm2) with 3 mg/cm2 of a fixed concentration of Vulcan XC-72 [31]. Out of
six MFCs, one MFC was undoped as a control. The cathode terminal was connected to
concealed copper wires, and the wires completed the circuit by connecting to the external
resistance. The anodes in each experiment were placed at the same distance from the
MCA, and the inter-electrode spacing was maintained at 2.5 cm. The additional ports were
plugged with clapped tubes to establish an anaerobic environment. Before the experiment,
the MFCs were left for 30 min in the UV chamber and cleaned using 70% alcohol.

3.4. Anodic Mixed Consortia and Anolyte

As the parent inoculum, a neutral pH bottom sludge was obtained from a local septic
tank to establish an anaerobic complex microbial consortium. The sludge was pre-treated
to 105 ◦C for 15 min [32]. Anode inoculum was prepared from the pre-treated sludge,
sieved through a 1 mm mesh, and bioaugmented with a locally isolated electroactive
bacteria, Pseudomonas aeruginosa SU-B2 [33]. In order to assess bacterial growth, 10 mL
aliquots of culture were obtained at different time intervals for which their cell densities
were measured using a SHIMADZU UV/Visible spectrophotometer at 600 nm. Bacterial
cells were pelleted after centrifugation at 15,000 rpm for 20 min, and the supernatant
was separated to detect the concentration of a specific color using a spectrophotometer.
The anolyte was prepared using an acetate medium with a COD of 3000 mg/L and was
adjusted to the desired pH with a low-strength acidic or basic solution. The MFCs were
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operated in batch mode with 36 h repetition cycles at around 37 ◦C. The initial anolyte pH
was optimized by changing the pre-treated inoculum and adjusting the pH with acidic or
basic solutions.

3.5. Performance Evaluation of MFCs

In order to evaluate the performance of the MFCs, various measurements were per-
formed. The chemical oxygen demand (COD) of the anolyte was determined using COD
measuring instruments (TopLab Pvt. Ltd., Mumbai, India) [34]. A Potentiostat was used
to measure the voltage potential of the MFCs (Biologic SP-150, India). The MFCs were
operated in open circuit mode to allow them to achieve their maximum voltage, which
resulted in polarisation curves [35]. The closed circuit’s external resistance was adjusted in
periodic increments with a variable resistance box (range 90 K–20 K) to measure the result-
ing voltage drop, producing polarisation curves. Coulombic efficiency, volumetric power
density, and current density were calculated based on the results of these measurements. A
three-electrode setup was used to perform electrochemical tests, with the cathode as the
working electrode, Pt wire as the counter electrode, and Ag/AgCl serving as the reference
electrode [36]. With a scan rate of 2 mV/s, cyclic voltammetry (CV) was carried out in
the potential range of −0.6 to +0.3 V. Additionally, a new electrode design was used for
electrochemical impedance spectroscopy (EIS), using a Pt wire as the reference electrode,
the anode as the working electrode, and the cathode as the counter electrode. A 5 mV
sinusoidal disturbance with a 100 kHz to 1 Hz frequency range was used to perform the
EIS [31].

3.6. Biofouling Studies on TiO2-Impregnated Cathode Surface

MFCs cathode with various concentration of TiO2-coated was evaluated. Two cath-
odes were used: graphite sheet used as a control against the TiO2-impregnated graphite
at 2.0 mg/cm2 loading rates. Each cathode type’s average biovolume of cell biomass
was calculated and displayed for evaluation [37]. The biofilm stain solution was made
using a phosphate-buffered saline (PBS) solution containing 3 µM propidium iodide. The
different cathodes were carefully removed after biofouling on the MFC cathode and cut
into approximately 5 mm × 5 mm pieces. The biofouling was stained after being incubated
in the stain solution for 30 min in the dark. We used a confocal laser scanning microscope
(CLSM; ZeissMeta510; Carl ZEISS, Inc., White Plains, NY, USA) equipped with a Zeiss dry
objective LCI to examine the stained biofouling samples [35]. Plan-Neo Fluor (0.5 numerical
aperture, 20× magnification). Ten different locations on each surface were used to stack
photos stitched together. COMSTAT, an image processing program, was used for the image
analysis in order to determine the precise biovolume (µm3/µm2) in the biofouling layer. It
was created as a script and combined with an image processing toolkit in Matlab 6.5 (The
Math Works, Inc., Natick, MA, USA). Every sample had 10 places on each graphite electrode
chosen for microscopical observation and analysis. Using the Imaris application, the CLSM
image stacks were recreated in three dimensions (Imaris Bitplane, Zurich, Switzerland).
The average biovolume of cells was measured for various kinds and concentrations of
graphite electrodes containing TiO2 [32].

4. Conclusions

In order to enhance the performance of MFCs, biogenic TiO2 nanoparticles (NPs)
were utilized as a catalyst. These NPs have a nano-porous morphology that improves
electrode/electrolyte interaction and substrate dispersion to the electrode. Additionally,
biogenic TiO2NPs have a high specific area, biocompatibility, conductivity, and chemical
stability, making them an attractive option for MFC cathode catalysts. The best results were
achieved using carbon felt impregnated with TiO2NPs, which showed long-term durability
and high power production. An optimized concentration of 2.0 mg/cm2 was found to
have the highest catalytic activity, power output, and stability. The TiO2NP-impregnated
cathode also has selective antibacterial properties, affecting the composition of the bacterial
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population on the cathode and contributing to the MFC’s long-term stability and good
performance. This work provides insight into the relationship between the catalyst and
microbial population and offers a potential approach for creating a bifunctional cathodic
catalyst in MFCs.
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