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A B S T R A C T   

The use of novel and inexpensive catalysts as replacements for platinum is desirable. In this study, we demon
strate for the first time that cost-effective metal oxide nanomaterials and the conductive polymer polyaniline 
(PANI) can be directly chemically synthesized on carbon microfiber electrodes to improve the performance of 
lake sediment inoculated MFCs. Nanomaterial of MnO2, MnO2/polyaniline (PANI), ZnO/NiO and ZnO/NiO/ 
PANI attachments were directly chemically synthesized on the carbon material and used as cathode electrodes. 
The maximum power densities recorded for the different treatments were; MnO2 78.5 mW/m2, MnO2/PANI 
(Polyaniline) 141.6 mW/m2, ZnO/NiO 67.6 mW/m2, and ZnO/NiO/PANI 129.4 mW/m2. Current and power 
densities were more than six-fold higher in ZnO/NiO/PANI and MnO2/PANI nanoparticle modified cathodes 
compared to the control MFCs with no catalyst and more than 2.5 fold higher compared to Pt loaded conven
tional cathodes. In-excess of 50-fold reductions in catalyst application costs to obtain a unit amount of power was 
demonstrated with the novel nanomaterials direct deposition method when compared to traditional catalysts 
such as Pt. This study demonstrates that nanomaterials-incorporated carbon microfiber cathodes bring about 
significant enhancements to power densities and may potentially have applications in cost-effective MFCs.   

1. Introduction 

The energy needs cannot be sustained solely by fossil fuels at the end 
of the 21st century as they are not substantial enough and pose envi
ronmental problems such as contributing to global warming and climate 
change. Microbial fuel cells (MFCs) have emerged in recent years as a 
promising technology for renewable alternative energy and wastewater 
treatment [1,2]. Simply, MFCs employ microorganisms as biocatalysts 
to oxidize organic materials and transmit electrons to the anodic surface 
via substrate oxidation for bioelectricity production [3]. Genera such as 
Pseudomonas, Rhodopseudomonas, and Clostridium are involved in 
extracellular electron transfer (EET) pathways and some do not directly 
transfer electrons to the anode [4]. Identifying the limiting parameters 
in an MFC system is crucial for improving MFC performance. An MFC’s 

power output is limited by internal resistance, which includes anode 
resistance, cathode resistance, electrolyte resistance, and (if present) 
membrane resistance [5]. Internal resistance can be lowered by 
increasing the anode surface area, cathode surface area, proton ex
change membrane surface area, electrolyte ionic strength, or pH [6]. 

The cathodic overpotential of oxygen reduction reaction (ORR) at 
MFC cathode-based graphite is a limiting factor for the technology’s 
widespread development. The cathode performance can be improved in 
two ways, either by using a catalyst to reduce the activation energy or by 
increasing the specific surface area of the graphite material [7,8]. 
Currently, available ORR catalyst materials such as platinum or palla
dium powder are expensive and decrease the practical applicability of 
MFC systems [9,10]. 

Many studies have indicated a boost in ORR rates using novel and 
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inexpensive catalysts. Iron-based platinum group metal-free catalysts 
synthesized from novel and low-cost organic precursors demonstrate 
remarkable performance yielding a power density significantly higher 
than that of platinum (Pt) for the oxygen reduction reaction (ORR) [11]. 
Apart from catalysts, some other researchers have also employed 
non-catalyzed three-dimensional graphite in cathode fabrication, such 
as cloth, felt, sponge, or granules [12,13]. 

Carbon fiber fabrics enable 3D integration of electrode material in 
reactors, enhancing fuel mass transfer and mediator diffusion due to 
their porous features. Additionally, larger pores or channel diameters of 
3D carbon materials allow bacterial cell penetration, generating interest 
among MFC anode researchers. 

Over the past few years, there has been considerable research 
focused on metal oxide semiconductors, including MnO2, V2O5, NiO, 
and CuO, as promising electrode materials [14]. This interest stems from 
their ability to exhibit multiple oxidation states, which proves highly 
beneficial in facilitating rapid redox reactions at the interfaces between 
the electrodes and the electrolyte [15]. 

MnO2 is the most popular and extensively researched metal oxide 
semiconductor electrode material for electrochemical systems. Its 
widespread popularity can be attributed to its low cost, high activity, 
and non-toxicity. However, MnO2 has some limitations that prevent it 
from being used optimally as an electrode material in a variety of ap
plications. Specifically, its low electrical conductivity and susceptibility 
to instability in high proton-conducting environments are the primary 
drawbacks that need to be addressed to fully leverage its potential [16, 
17]. These drawbacks can be enhanced by the fabrication of various 
MnO2/conductive matrix hybrid like C/MnO2 nanomaterials. 

To enhance the performance of MnO2, numerous endeavors have 
been undertaken to combine it with various carbonaceous materials, 
including graphene [18], graphene oxide [19], carbon nanotubes [20], 
activated carbon [21], and conducting polymers [22,23]. Among these, 
conducting polymers like polyaniline (PANI) and polypyrrole have 
emerged as promising candidates for modifying MnO2 nanocomposites 
due to their ability to significantly improve conductivity[24]. These 
recent developments mark significant strides in achieving higher effi
ciency and better overall performance for MnO2-based systems. 

Among the plethora of conducting polymers, polyaniline (PANI) 
emerges as a highly promising choice for enhancing the overall electrode 
conductivity. Its merits include exceptional electrical conductivity, an 
impressive theoretical capacitance of 2000 Fg− 1 [25], remarkable 
environmental stability, facile synthesis, controllable doping/dedoping 
chemistry, and reversible electrical properties facilitated by controlled 
charge transfer processes. These advantageous attributes make Pani an 
attractive candidate for optimizing the performance of electrodes in 
various applications. 

The diverse range of morphologies and nanoscale structural features 
observed in PANI-MnO2 composites has become particularly appealing 
due to their ability to enhance the effective surface area, improve charge 
accessibility on the electrode surface, and offer shorter diffusion paths 
for ions [26]. These combined effects contribute to a remarkable 
enhancement in charge/discharge rates, making these composite elec
trodes highly promising for a wide range of applications. 

The use of nanomaterials and nanotechnology has revolutionized the 
fabrication of components in microbial fuel cells (MFCs), leading to 
improved performance in electron conductivity, power density, cost, 
thermal stability, and catalysis of ORR rate. Notably, modification of 
MFC electrodes (anode and cathode) with nanomaterials has a critical 
impact on overall MFC performance, enhancing bioenergy production. 
Examples of nanomaterials used for electrode modification in MFCs 
include metal nanoparticles and metal oxides (such as CeO2, TiO2, ZnO, 
SiO2, Al2O3, and MnO2) [27]. 

This study was designed to test how the nanomaterial-modified 
carbon microfiber electrode material can enhance the performance of 
lake sediment inoculated microbial fuel cells by enhancing the ORR at 
the cathodic component of the cells. The primary objective of the study 

was to fabricate various nanoparticle-embedded carbon microfiber 
electrodes by using the techniques of direct electro-synthesis and 
electro-deposition and to conduct a comparative study into the elec
trochemical performance of these novel nanoparticle-embedded elec
trode constructs when used in two-chamber MFCs. Of particular interest 
was the performance of these novel materials was their capability and 
efficiency of catalyzing ORR reactions in MFCs. 

2. Materials and methods 

2.1. Construction of a chambered microbial fuel cell 

The MFC system was constructed as shown in Fig. 1 using a cast 
acrylic sheet. Three cells were constructed, one as the control and the 
other two as the replicates. 

2.1.1. Anode and cathode chambers 
Both the anode and cathode chambers were roughly 300cm3 in ca

pacity and were separated by a Nafion 212 Proton Exchange membrane. 
To maintain the anode chamber anaerobically, it was sealed with an 
airtight sealer, clay, or Silicon. To maintain the cathode chamber 
aerated, oxygen was supplied by an air pump at a constant flow rate of 
0.5 L/min. 

To maintain the cells aerated, oxygen was delivered to the cathode 
chambers of all cells using an air pump with a constant flow rate of 0.5 
L/min. 

2.1.2. Pretreatment of Nafion 212 proton exchange membrane 
The Nafion 212 proton exchange membrane was first immersed in 3 

% H2O2, then in deionized or distilled water for two hours (2 h), and 
then in 0.5 M sulfuric acid for another hour. All the solutions were 
approximately 80 ◦C, and the membrane was rinsed in deionized water 
before and after each step. To keep it from shriveling, it was kept in 
deionized water until it was put into the cell. 

2.1.3. Electrodes 
Electrodes were connected externally by insulated copper wire, with 

resistors (10 Ω to 10,000 Ω) in-between. A programmable data logging 
Voltmeter (PicoLog™ 1012, Pico Technology, UK) was attached paral
lelly to the respective resistor. 

2.1.4. Media of each MFC chamber 
In the anode chamber, 250cm3 of Semi defined minimal media 

(Glucose/ acetate as carbon source) was added. Semi-defined media 
contain Glucose or acetate 2 g /L, NH4Cl 0.46 g/L, yeast extract 0.1 g/L, 
peptone 0.5 g/L, K2HPO4 5.05 g/L, KH2PO4 2.84 g/L. 

In the cathode chamber, 50 mmol/dm3 phosphate buffer with pH 7 
(K2HPO4 5.05 g/L and KH2PO4 2.84 g/ L) was used. 

2.1.5. Sample collection 
Pankulama Lake (8.6264915, 81.0407939), Morawawa, North Cen

tral Province, Sri Lanka, was used to gather lake sediment samples. 
Water-logged locations with dark/black color sediments due to the 
presence of pyrite deposition and a strong sulfide smell were carefully 
chosen for sampling because they are a good source of exoelectrogens 
(especially those that can reduce manganese and iron oxides) [28]. 
Sediment samples were collected into 50 ml Sample collecting tubes and 
immediately sealed and kept at room temperature until they were used 
in MFC experiments. 

2.1.6. Microbial inoculum 
Approximately 250 cm3 of semi-defined minimal media with a 

glucose solution of 2 g/L was added to the anode chamber. Glucose 2 g/ 
L, NH4Cl 0.46 g/L, Yeast extract 0.1 g/L, Peptone 0.5 g/L, K2HPO4 5.05 
g/L, KH2PO4 2.84 g/L make up the anode solution. The salt solution and 
glucose solution were autoclaved separately for 20 min at 121 ◦C and 15 
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psi and added later in the anode compartment. The anode compartment 
was sealed airtight with silicon glue after the addition of approximately 
5 g of sediment sample and 200cm3 of semi-defined media to maintain 
an anaerobic environment for exoelectrogens. 

A Non-treated CMM was used as the electrode of the anode in all the 
experiments. 

2.1.7. Batch operation of the MFC 
After filling the anode chamber with sediment and the semi-defined 

minimal medium, it was operated in batch mode with intermittent 
substrate feeding. After 2–3 days, when the output voltages had stabi
lized, approximately 30 % of the anode volume was replenished with 
fresh semi-defined media containing glucose as the exogenous feeding 
substrate. The final glucose concentration at the beginning of each batch 
cycle was 2 g/L. 

2.2. Preparation and modification of electrodes 

The carbon microfiber material (CMM) was obtained from Carbon 
Energy WT (Taiwan) as a custom-fabricated woven carbon material for 
electrode construction. The carbon microfiber material had an average 
fiber diameter of 8 ± 0.5 µm as per the manufacturer’s data. Each woven 
carbon microfiber electrode was approximately 4 mm thick and had 5 
cm X 5 cm in width and length dimensions [29]. 

2.2.1. Base treatment of electrodes 
Base-treated CMM electrodes were prepared by submerging a 5 × 5 

cm CMM electrode into KOH (3 M) solutions and heating at 85 ◦C for six 
hours (6 h). After the solutions cooled down to room temperature, the 
CMM electrode was soaked in an alkaline solution for twenty-four hours 
(24 h) and was rinsed in deionized water three times. Finally, the CMM 
electrode was air-dried for twelve hours (12 h) [30]. 

2.2.2. Acid treatment of electrodes 
Acid-treated CMM electrodes were prepared by submerging a piece 

of CMM electrode into HNO3 (5.6 M) solutions and heating at 85 ◦C for 
six hours (6 h). After the solutions cooled down to room temperature, 
CMM was soaked in an acidic solution for twenty-four hours (24 h) and 
rinsed in deionized water three times. Finally, the CMM electrode was 
dried in a vacuum drier for twelve hours (12 h) [30] 

2.2.3. Nanomaterial modification of electrodes 

2.2.3.1. Pre-treatment of the electrode material. The untreated carbon 
microfiber electrode material was cut into 5 cmx5 cm dimensions were 
dipped in a 1 M sulfuric acid solution and sonicated for 15 min. It was 
then sonicated again after dipping it in an acetone solution for 15 min. 
And finally, it was sonicated again in distilled water for 15 min. It was 
then air-dried for twenty-four hours (24 h). 

2.2.3.2. Electrodeposition of polyaniline (PANI) on the electrodes. To 
prepare PANI, 0.1 M double distilled aniline was added dropwise to 100 
ml of 1 M HCl until it reached a of pH 1.5. The deep green color of 
polyaniline was formed by a chemical oxidation process. 

An electrochemical study was conducted using Scanning Electro
chemical Microscope (CH instruments (Austin, TX, USA). Cyclic vol
tammetry Programme with a standard three electrode configurations. A 
modified CMM electrode (m-CMM) (2.2.3.1) (working area 5 cm × 5 
cm) was used as the working electrode, platinum (Pt) was used as a 
counter electrode, with an Ag|AgCl (KCl 0.1molar) reference electrode 
completing the cell assembly. Above mentioned electrodes were placed 
horizontally in 10 mL glass container with formed PANI and connected 
them with Scanning Electrochemical Microscope instrument by con
necting appropriate connecting wires. Then cyclic voltammetry 

Fig. 1. Schematic diagram of the two chamber MFC system with nanomaterials deposited woven microfiber cathode.  
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Programme was chosen from the software for the run. After the m-CMM 
electrode became coated with PANI it was washed with distilled water 
and air-dried for 24 h at ambient temperature. 

2.2.3.3. Direct synthesis of manganese oxide (MnO2) nanoparticles on the 
CMM electrodes. A 100 ml solution of equal volumes of 0.1 M Sodium 
Sulphate (Na2SO4) and 0.1 M Potassium permanganate (KMnO4) was 
prepared. m-CMM electrode was dipped in this solution for 6 h. Then it 
was kept at room temperature until it was completely dry. After depo
sition, this electrode was washed with distilled water to eliminate any 
loosely attached chemical substances. 

2.2.3.4. Direct deposition of MnO2 nanoparticles on a PANI-deposited 
CMM electrode. An m-CMM electrode (2.2.3.1) which was treated with 
PANI as mentioned in Section 2.2.3.2 was treated with direct deposition 
of MnO2 nanoparticles as mentioned in Section 2.2.3.3. 

2.2.3.5. Direct deposition of zinc oxide (ZnO) nanoparticles on m-CMM 
electrodes. m-CMM electrode was dipped in a 100 ml of equal volumes of 
3 mM Zinc sulfate (ZnSO4⋅7H2O), 7 mM Urea (CO(NH₂)₂) and Nickel 
sulfate (NiSO₄(H₂O)₆) solution in a crucible. It was kept under 180 ◦C for 
2 h and then under 360 ◦C for 1 hour. It was then washed with distilled 
water to eliminate any loosely attached chemical substances. 

2.2.3.6. Direct deposition of zinc oxide (ZnO) and nickel oxide (NiO) 
nanoparticles on m-CMM/PANI electrodes. m-CMM/PANI electrode was 
dipped in a 100 ml of equal volumes of 3 mM Zinc sulfate 
(ZnSO4⋅7H2O), 7 mM Urea (CO(NH₂)₂) and Nickel sulfate (NiSO₄(H₂O)₆) 
solution in a crucible. It was kept under 180 ◦C for 2 h and then under 
360 ◦C for 1 hour. It was then washed with distilled water to eliminate 
any loosely attached chemical substances. 

2.3. MFC performance characterization 

The voltage across the resistance was measured using a PicoLog 1020 
(Pico Technology, UK) data logging system. Different resistances were 
connected ranging from 22Ω to 10,000,000Ω and the current flowing 
through each resistance was calculated using the equation I = E/R 
(where, I – current, E – voltage and R – resistance). The power dissipated 
across each resistance was calculated using P=IE (where, P – Power, E – 
voltage and I – current). The power dissipated across the resistance was 
normalized to the area of the electrode (25 cm2). The electrochemical 
performance of each MFC experiment was analyzed using polarization 
curves and power-current plots. In the control MFC system, a non- 
treated CMM electrode with a 5 cm x 5 cm surface area was used as 
an electrode in both the cathode and anode. Additional control MFC 
with a cathode containing a Pt loading of 0.5 mg cm2 was also used for 
comparison. 

2.4. Cyclic voltammetry (CV) to investigate the performance of electrodes 

Before initiating the Cyclic Voltammetry apparatus (CH Instruments, 
Inc., USA), the counter and reference electrodes were gently washed 
with deionized water. The electrochemical cell was prepared by 
assembling the working electrode, reference electrode, and counter 
electrode according to the experimental setup. The working electrode is 
the Nanomaterial modified electrode, and the reference electrode and 
the counter electrode are Ag|AgCl and platinum (Pt) respectively. 

The phosphate buffer was used as the electrolyte, and a sweep rate of 
50 mV/s was used in all CV experiments. The potential range was 
determined by running a few cycles. Then the CV experiment was per
formed, and the CV curves were obtained. 

2.5. Scanning electron microscopy (SEM) analysis of functionalized 
microfiber electrode surfaces 

Woven carbon Microfiber material samples after chemical treat
ments and after introducing them to the MFC were imaged for SEM on a 
Carl Zeiss EVO 18 (Germany) scanning electron microscope with an 
optical magnification range of 20–135 ×, electron magnification range 
of 5x - 1000,000 x, maximal digital zoom of 12 ×, acceleration voltage of 
10 kV, equipped with secondary electron (SE) and energy dispersive X- 
ray spectrometer (EDS) detectors, with a nominal resolution of 10 nm or 
less. The microscope had a temperature-controlled sample holder 
(temperature range − 25 ◦C to 50 ◦C). 

2.6. Fourier transform infrared spectroscopy (FTIR) analysis of 
functionalized cathodes 

FTIR was used to examine chemical functionalization on pretreated 
electrodes [31]. Dried cathode fragments were extracted from acid and 
base pretreated electrode MFC experiments and examined with an FTIR 
spectrometer (Shamadzu, UK, National Institute for Fundamental 
Studies, Sri Lanka). Fully dried samples were put on the instrument 
analysis pedestal, and transmittance spectra in the mid-IR region 
(400cm− 1 - 4000cm− 1) were acquired [28]. 

3. Results and discussion 

3.1. MFC performance characterization 

Polarization curves were obtained by recording the voltage via 
varying the external resistance from 22 Ω to 1 MΩ when MFC voltages 
across the set external resistance stabilized at the maximum steady value 
after substrate feeding cycles. Fig. 3(B) indicates the power density of 
each experiment incorporating different nanomaterials in the cathode, 
acid/alkali pretreated cathodes and the controls (non-treated electrode 
and Pt loaded). Polarization curves of all the treatments indicated 
notable enhancements to the electrochemical performances of the MFC 
systems in terms of maximum power density (Pmax) and current density 
(Jmax) values, when compared to the non-treated control MFC systems. 
The maximum current, power production, and open circuit voltage ob
tained in each MFC with respective treatments are given in Table 1. 

The polarization curves and power-current plots of the MFC experi
ments clearly demonstrate that the nanoparticle loading on carbon 
electrodes makes a significant improvement on the electrochemical 
performance of all MFCs tested. In particular, PANI+MnO2 and PAN
I+ZnO/NiO nanoparticle-loaded carbon microfiber electrodes demon
strated a significant enhancement of their electrochemical performances 
over the non-treated carbon control electrodes, Pt-loaded control elec
trodes and KOH/acid-treated electrodes containing MFC systems (Fig 3A 
and 3B). 

A direct comparison of the power and current densities of the control 
(untreated) electrode materials suggests that treatment of the electrode 
materials aids in increasing ORR catalysis. All other treatments tested 
showed significant increases in both power and current densities when 
compared to the control (Fig. 4). As a result, MFC with MnO2/PANI 
treated electrode achieved the highest power density of 141.6 ± 22.06 
mW/m2, which is 7-fold higher than the control (20.96 ± 6.54 mW/m2) 
with no treatment. PANI+MnO2 and PANI+ZnO/NiO nanoparticle 
incorporated electrodes also demonstrated more than 2-fold increases in 
power and current densities when compared to Pt loaded control MFC 
experiments. 

The findings of this study demonstrated that notably high-power 
densities can be obtained using metal oxides/polyaniline nanoparticles 
incorporated woven carbon microfiber cathodes devoid of noble metal 
catalysts such as platinum powder. PANI+MnO2 and PANI+ZnO/NiO 
nanoparticle incorporated electrodes also demonstrated that they can 
produce sufficient current and voltage to power small low-voltage 
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Fig. 2. Graphical representation of direct synthesis of Manganese oxide nanoparticles on the carbon microfiber material electrode.  

Fig. 3. (A) Polarization plots of MFCs with different treated Carbon microfiber material electrodes as cathode and (B) Power-Current plots of MFCs with different, 
treated Carbon microfiber material electrodes as cathode. 
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electronic devices such as light emitting diodes (LEDs) for prolonged 
periods of time (Supplementary fig. S6). 

3.2. Cyclic voltammetry analysis of the performance of electrodes 

Cyclic voltammetry is an electrochemical technique that has been 
widely used to describe the electron transfer interactions in the interface 
electrode-biomass/biofilm-liquor in the anode chamber or in the cath
ode/catholyte interface of MFCs. 

CV involves scanning the voltage of a working electrode forward and 
backward at a predetermined pace (often 5 to 100 mV s − 1). The 
reversible nature of the forward and reverse sweep plots of cyclic vol
tammograms represent a reversible oxidation and reduction reaction 
within the electrochemical system tested and therefore, indicative of the 
presence of reversible electrochemical reactions taking place within it. 
The presence of any mediators is detected by the production of a current 
during the mediator’s cyclic oxidation and reduction if the mediator can 
take (accept) reducing equivalents from the working electrode [32]. The 

current-voltage map may then be used to calculate the mediator’s 
midpoint potential [33]. 

A comparison of cyclic voltammograms acquired at a scan rate of 50 
mV/s on bare CMM and all other treated electrodes used in this study is 
indicative of the presence of large oxidation and reduction CV peaks in 
the nanoparticle embedded MFC cathodes (Fig. 4). Particularly, MnO2/ 
PANI and NiO/ZnO/PANI nanoparticles incorporated cathodes demon
strated large reversible oxidation/reduction signatures compared to 
other types of nanoparticle incorporations in cyclic voltammograms. 
This demonstrated that better ORR electrochemical catalysis is attrib
utable to MnO2/PANI and NiO/ZnO/PANI nanoparticles incorporated 
cathodes is responsible for notable oxidation/reduction peaks in cyclic 
voltammetry analysis. This observation is further backed by the fact that 
these two types of nanomaterial modification of MFC cathodes (MnO2/ 
PANI and NiO/ZnO/PANI) produced the biggest power and current 
densities recorded in this study. 

Generally, in cyclic voltammetry (CV), higher current values on the 
Y-axis during both forward and reverse sweeps indicate that oxidation/ 
reduction reactions occur more readily for the tested material. Based on 
the obtained CV plots, it was observed that MnO2/PANI (manganese 
dioxide/polyaniline) exhibits more readily reversible electron transfer 
for oxygen reduction reaction (ORR), making it the most effective 
catalyst material among the modifications tested in the MFC system. The 
CV plots of other treatments also showed reversible oxidation/reduction 
peaks, indicating that none of the materials were irreversibly oxidized. 

3.3. Scanning electron microscopy (SEM) analysis of functionalized 
microfiber electrode surfaces 

Substrate selection is critical in the growth of nanomaterials such as 
stainless steel [34], nickel foam [35], and carbon cloth [36], which are 
commonly used as substrates for electrode material deposition in the 
case of nanomaterial electrode treatments. We chose woven carbon 
microfiber material (CMM) as the substrate in this experiment to in
crease the efficiency of the electron transfer due to high surface area, 
cost effectiveness. It was deemed a good substrate for nanomaterial 
deposition because of its large surface area and meshwork structure. 
This may allow the deposited nanomaterials to participate in electro
chemical reactions and catalysis. 

A morphological investigation is one of the available means to un
derstand the prepared electrode samples. Supplementary fig. S5 shows 
SEM images of each treatment before and after they have been intro
duced to the MFC at the magnification of 1000x. It is evident from these 
images that the directly synthesize nanoparticle layer in each case of the 
electrode modification is robust enough to withstand the shear forces of 
air sparging into the MFC catholyte. This is indicative of sustained 
maintenance of good ORR catalysis levels through the application of the 
nanoparticle direct synthesis onto the CMM materials in MFC cathodes. 

From the SEM images it is evident that the incorporated nano
particles have remained on the novel microfiber electrodes and have 
been essential in catalyzing the ORR in the cathode compartments of the 
tested MFC systems. 

Fig. 5 provides a surface morphological comparison between the 
nanoparticles deposited CMM electrodes versus the bare CMM elec
trodes (Fig. 5a, b and c compared to d, e and f). It indicates that almost 
the entire available surface area of the CMM fibrils are fully occupied by 
nanomaterial types directly synthesized onto the CMM surface. This 
suggests a good surface area occupied by the directly synthesized 
nanomaterials to conduct the ORR more efficiently. This could account 
for the superior electrochemical performance these directly synthesized 
nanoparticles produce compared to the traditional Pt powder catalyst 
loading onto CMM electrode surfaces using a conductive binder solution 
such as Nafion resin, where the distribution and the attachment of the 
catalyst material on the CMM surfaces is expected to be sparse and 
uneven. 

The CMM as the substrate has provided a well-connected porous 

Table 1 
Maximum current density (Jmax), maximum power density (Pmax), and open 
circuit voltages recorded in MFCs with each treated carbon microfiber material 
electrode used as the cathode.  

Treatment Maximum 
current density 
(mA/m2) 

Maximum 
Power density 
(mW/m2) 

Maximum open 
circuit voltage 
(mV) 

Non treated Cathode 244.30 ± 72.78 20.96 ± 6.54 509.3 ± 90.07 
KOH treated Cathode 557.58 ±

106.58 
31.7 ± 8.34 513.4 ± 37.28 

Acid treated Cathode 889.7 ± 158.5 41.4 ± 6.4 503.1 ± 21.5 
Zinc nanoparticle treated 

Cathode 
724.1 ± 45.47 67.6 ± 1.50 573.8 ± 24.72 

Zinc oxide+ Nickel oxide 
nanoparticle +
Polyaniline treated 
Cathode 

1222.7 ±
196.56 

129.4 ± 7.34 502.3 ± 12.57 

Manganese nanoparticle 
treated Cathode 

908.6 ± 172.16 78.5 ± 5.08 538.7 ± 27.78 

Manganese oxide 
nanoparticle+
Polyaniline treated 
Cathode 

1272.7 ±
156.93 

141.6 ± 22.06 456.9 ± 80.54 

Pt loaded control 642.1 ± 39.3 54.3 ± 12.2 497.2 ± 44  

Fig. 4. Cyclic voltammograms acquired at a scan rate of 50 mV/s on bare CMM 
and all other chemically functionalized and nanoparticles deposited 
CMM electrodes. 
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platform for uniform and wide distribution of PANI on it [37]. This 
design aided in the reduction of fabrication time for electrodes. The 
PANI on the carbon electrode fiber network seemed to be well distrib
uted and adhered to the CMM that could exhibit good conductivity and 
stability. Furthermore, the rough surface morphology and texture 
introduced by nanoparticle incorporations such as MnO2/PANI 
(Fig. 5C), suggests that large increases in available surface area for 
catalysis can be brought about by direct nanomaterial synthesis methods 
described in this study. Consequently, this would also mean that sig
nificant increases to ORR catalytic rates and ultimately better electro
chemical performances in the electrochemical devices can be brought 
about by using this type of nanomaterial deposition. Additionally, the 
electrodes can be designed binder-free as PANI is directly deposited on 
the CMM. The neatly deposited PANI with CMM can be an efficient 
electrode for MFC applications. 

Elemental analysis and mappings of the electrodes were obtained by 
Energy Dispersive X-Ray Analysis (EDAX) spectra. Fig. 6 indicates EDAX 
spectra of Non-treated CMM, MnO2/CMM, and MnO2/PANI/CMM 
electrodes before and after introducing them to MFCs under 150x 
magnification. Figs. 6(a) and 6 (b) shows the EDAX spectra of bare CMM 
before and after being introduced into the MFC cathode. EDAX spectrum 
from bare CMM before MFC operation (Fig. 6(a)) demonstrates no 
elemental signatures apart from carbon, whereas, additional elemental 
signatures were detected for potassium, nitrogen oxygen, sodium and 
phosphorus from the EDAX spectrum of bare CMM after being used as 
the MFC cathode. Elemental signatures such as sodium, potassium, ox
ygen and phosphorus comes from the residual phosphate buffer in the 
catholyte left over on the CMM and the nitrogen may result from un
wanted biofilm formation on the MFC cathodes during its prolonged 
operation. Fig. 6(c) shows the EDAX spectrum of MnO2/CMM before 

Fig. 5. (a) MnO2 is directly deposited on the electrode material. (b) PANI synthesized by the electrodeposition method on the electrode (c) MnO2/PANI nano
materials are deposited on the electrode material. (d) Bare Carbon microfiber material under 150x magnification (e) 1000x magnification (f) 5000x magnification. 
(g) MnO2 and PANI treated Carbon microfiber material under 150x magnification (h) 1000x magnification (i) 22.44k x magnification. 
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introducing it to the MFC, where the respective peaks corresponding to 
the elements carbon, nitrogen, Oxygen, and Manganese are detected in 
the treated electrode surface with a 150X magnification. Fig. 6(d) shows 
the MnO2/CMM electrode after being introduced to the cell, where the 
respective peaks corresponding to the elements carbon, nitrogen, Oxy
gen, Phosphorus, and Potassium and a lesser amount of Manganese are 
detected in the treated electrode surface with a 150X magnification, 
suggesting that some of the manganese from the cathode could be lost 
during prolonged (in excess of 10 consecutive days) MFC operation. 
Sodium, phosphorus and potassium peaks, appearing in the EDAX 
spectrum of the MnO2/CMM surface after being introduced to the MFC, 
are due to the Phosphate buffer used as the media of the cathode 
chamber. 

The elemental mapping images, shown in Figs. 6(e) and (f), reveal 
the uniform spatial distribution of the elements present in the MnO2/ 
PANI/CMM before introducing the electrode to the cell and after 
introducing the electrode to the microbial fuel cell. EDAX spectrum of 
MnO2/PANI/CMM electrodes recovered after being used as MFC cath
odes show signatures for Sodium, phosphorus and potassium, indicating 
residue leftover from phosphate buffer catholyte. Lessened intensity of 
manganese EDAX signature (Fig. 6f) in the MnO2/PANI/CMM recovered 
after MFC operation indicated that some loss of MnO2 catalyst occurs 
when used as the ORR catalyst in the MFC cathodes, during prolonged 
operation (more than 10 consecutive days) of MFCs. 

3.4. Fourier transform infrared spectroscopy (FTIR) analysis of 
functionalized cathodes 

FTIR can provide information about the presence of functional 
groups on the surface of nanomaterials. By analyzing the infrared ab
sorption spectra, it is possible to identify the types of chemical bonds and 
functional groups present in the nanomaterials, which can help in un
derstanding the surface chemistry and composition of the modified 
electrodes that may ultimately improve the ORR performance of the 
novel electrodes. FTIR can be used to study the changes in the surface 
chemistry of the electrodes after nanomaterial modification. By 
comparing the FTIR spectra of the unmodified and modified electrodes, 
it is possible to determine the specific chemical changes that occur on 
the electrode surface as a result of nanomaterial deposition or surface 
functionalization. 

It was confirmed by FTIR analysis that the woven CMM electrodes 
were modified with nanomaterials following treatment with metals and 
metal oxides. 

Figure S1 compares the FTIR spectra of bare and treated electrodes. 
The nanomaterial-treated CMM electrodes indicate the emergence of 

many additional major peaks compared to the Non treated electrodes. 
The FTIR spectra (Supplementary fig. S1) of treated electrodes 

indicate key spectral differences between the nanoparticle treated 
electrodes and non-treated control electrodes in MFC cathodes 

Obtained FTIR spectra of MnO2 and MnO2/PANI show the broad 
wave number bands at 3347.7cm− 1 correspond to N–H stretching. The 

Fig. 6. Elemental analysis and mapping of bare CMM electrodes and nanoparticle modified CMM electrodes obtained using Energy Dispersive X-Ray analysis under 
magnification of 150x. (a) EDAX spectra of bare CMM before and (b) after being introduced into the MFC cathode. (c) EDAX spectrum of MnO2/CMM before and (d) 
after being introduced to the MFC cathode and (e) EDAX spectra of MnO2/PANI/CMM before and (f) after being introduced into the MFC cathode. 
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wave number band at 1739.38 cm− 1 shows a C = O which may represent 
the carbon and oxygen bond system of the carbon microfiber electrodes. 
Among the various peaks assigned to PANI, the characteristic peaks 
around 1654.12 cm− 1 correspond to benzenoid (-(C6H4)-) ring, C–H 
bond. Another main band at 1394.75 cm− 1 can be assigned to the 
stretching of C–N in -NH-(C6H4)-NH-. The bands appeared at 876.87 
cm− 1 which corresponds to the stretching of C–H bonds. 

ORR catalysis in MFCs is currently done using costly noble metal 
catalyst powders such as platinum. The prohibitive cost and difficulty of 
incorporation of such catalyst materials onto carbon electrodes greatly 
reduce the applicability of such electrodes in real-world applications of 
MFC systems. Cheap metal oxide nanoparticles such as ZnO, MnO2 and 
NiO along with the conductive polymeric material polyaniline (PANI) 
can be directly synthesized onto carbon microfiber electrode materials 
using our novel nanoparticle synthesis method. 

In this study, we have demonstrated for the first time that novel 
nanoparticle loaded electrodes such as MnO2 + PANI incorporated 
cathodes and ZnO/NiO + PANI nanoparticle incorporated cathodes 
employed in two-chamber lake sediment MFC systems could be used to 
obtain a superior ORR electrochemical performance compared to con
trol experiments with Pt catalyst loaded MFC systems. 

3.5. Cost-benefit analysis of platinum loaded MFCs vs novel directly 
synthesized nanomaterial electrode MFCs 

Cost analysis conducted on all catalyst materials used in this study 
using current market prices of each material (in USD), revealed that all 
of the alternative ORR materials are significantly cheaper than the 
platinum powder-vulcanized carbon (10:90 W/W) catalyst. For example 
the two best-performing nanoparticle catalysts MnO2 + PANI incorpo
rated cathodes and ZnO/NiO + PANI nanoparticle incorporated cath
odes were significantly cheaper to apply per square meter of cathode 
electrode ($340 and $472 respectively per square meter) when 
compared to platinum coated electrode ($ 10,300) for the same elec
trode surface area (Table 2). This demonstrated that the cost of direct- 
synthesis application of the novel nanoparticle electrode ORR catalyst 
material is significantly cheaper compared to the conventional Pt cata
lyst. Furthermore, it confers direct cost savings in power generation 
where the cost of catalyst application to generate a Watt of power using 
these MFC systems is significantly reduced when direct synthesis of 
nanomaterial is employed as opposed to Pt deposition on electrodes for 
the same purpose of ORR catalysis in MFCs. For example, the two best- 
performing nanomaterials catalysts in this study MnO2 + PANI incor
porated cathodes and ZnO/NiO + PANI nanoparticle incorporated 
cathodes cost $2422 and $3658 to generate the first Watt of power, 
whereas, the same system would cost more than 50 times to generate the 
first Watt of power when Pt is used as the ORR catalyst (Table 2). These 
findings imply that employing novel nanomaterial direct synthesis on 
MFC cathodes can bring about significant cost reductions as opposed to 
using a traditional precious metal ORR catalysts such as platinum to 
generate a unit amount of power. The high-cost of ORR catalyst mate
rials have hindered the meaningful applicability of MFC systems for 
many decades. As such, the novel nanomaterial synthesis methods 
described herein, would serve to improve the applicability and scal
ability of MFC systems for purposes such as renewable energy recovery 
during wastewater treatment and using MFCs to power devices with a 
larger current drain (Fig. 2). 

4. Conclusion 

The findings of this study demonstrated that using direct deposition 
of cost-effective nanomaterials such as ZnO/NiO + PANI and MnO2 on 
carbon microfiber electrode material can significantly improve the 
electrochemical performance of lake sediment inoculated microbial fuel 
cells. This can be used as an alternative to expensive cathode catalysts 
like platinum in MFCs to catalyze ORR. The electrochemical 

performances obtained in this study by using these nanomaterial- 
modified electrodes in two-chamber MFCs were comparable to or bet
ter than the Pmax and Jmax values obtained in previous studies by oper
ating similar two-chamber MFC systems employing noble metals as the 
ORR catalysts. In particular, the MnO2 + PANI incorporated cathodes 
and ZnO/NiO + PANI nanoparticle incorporated cathodes demonstrated 
approximately 6 fold increase in Pmax and Jmax values over non-treated 
cathode controls. The application of direct synthesis of nanomaterials 
described in this study can bring about over 50-fold cost reductions to 
generate a unit amount of power compared to the usage of conventional 
ORR catalysts such a platinum. 
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