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We report the fabrication of cost-effective, biocompatible, and high-performance anode made of nickel foam (NF) modified with
magnesium cobalt oxide (MgCoO,) and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) as active
components. Modified electrodes were prepared upon addition of each component to NF which formed PEDOT:PSS@NF,
MgCoO,@NF, and MgCoO,/PEDOT:PSS@NF. These electrodes were compared for their electrocatalytic activity in dual-
chambered microbial fuel cells (MFCs). Sewage wastewater was used as feed stock while exoelectrogenic microbes present in
wastewater served to generate bioelectricity upon utilizing organic waste and glucose as an electron donor. The maximum
power and current density values were found to be 494 mWm™ and 900 mA m™> using MgCoO,/PEDOT:PSS@NF anode. It
was ~2.5 times higher than that of unmodified NF anode. Electrochemical impedance spectroscopy (EIS) analysis exhibited
reduction in charge transfer resistance for MgCoO,/PEDOT:PSS@NF anode (25.26 ) compared to the unmodified NF anode
(61.34 Q). Thus, with the enhanced electrocatalytic activity and biocompatibility, MgCoO,/PEDOT:PSS@NF anode offered
better stability and porosity for dense biofilm formation which helped in the efficient generation of bioelectricity.

1. Introduction

Over the past decade, microbial fuel cells (MFCs) have been
recognized as a competent technology in the treatment of
wastewater in terms of generating reusable irrigational/por-
table water and renewable energy such as bioelectricity [1].
At this pace of dual benefit, generation of electricity is cata-
lyzed by the exoelectrogenic microorganisms adhering onto
the anode in a MFC system where the waste organic matters
are degraded or metabolized under anaerobic condition to

form electrons, protons, and CO, [2]. At the cathode, pro-
tons and electron equivalents combine with oxygen to form
water, which completes the charge balance. As they pass
through an external circuit, electron equivalents released
during oxidative microbial metabolism can be used to gener-
ate a useful electromotive force [3]. In this established mech-
anism of electron transfer, anode plays a significant role in
adhering the oxidizing microbial cells onto it and in trans-
ferring produced electrons to cathode [4]. Albeit studies sug-
gest an increase in MFCs magnitude power density up to
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10,000 orders during the past years, an efficient extracellular
electron transfer upon oxidation of chemical bonds between
organic components by the exoelectrogenic microorganisms
remains a challenge [5].

Since anode materials have significant role in MFCs,
there are numerous studies on the development, modifica-
tion, and designing of the anode materials in order to sub-
side the challenges in the construction and operation of
MECs [6-9]. The most common materials used in the con-
struction of anode involve carbon-based materials [10, 11],
metal/metal oxides, and conducting polymers [12]. How-
ever, in the case of conventional materials starting from
carbon-based materials such as carbon paper, fibers, sheets,
and rods; graphite-based sheets, brushes, fibers, and cloth;
metal/metal oxide-based materials involving Fe, Ag, Au,
Al, Cu, Co, and CuO; and other conducting polymers such
as polyaniline and polypyrrole have been found not efficient
in MFCs [6, 13, 14]. The drawbacks laid by these materials
have poor stability, low mechanical strength, lesser surface
area, larger pore size, corrosiveness, poor biocompatibility,
and high cost [15]. To overcome the above-mentioned draw-
backs, there is a need to construct an anode that remains sta-
ble and offer large surface area for microbial cell adhesion,
unclogged pores, better electron transfer, and efficient gener-
ation of bioelectricity.

One promising method is to improve the anode’s surface
properties, and also prepare nanomaterials with complex
structures and use them as anodes [16]. Synthesis of modi-
fied and doped forms of carbon materials [17], metal/metal
oxides, and conducting polymers either in individual or
composite forms have been put forward by various
researchers to improve the power density, stability, surface
area, microbial adhesion, electron transport, biocompatibil-
ity, conductivity, corrosion resistance, and electrochemical
performance [18] along with cost-effectiveness [4, 19, 20].
Beside this, recently 3D-nickel (Ni) foam has drawn atten-
tion in the construction of anode by being base substratum.
Among other transitional metals, Ni has remarkable abun-
dance in nature; in addition to that, Ni is less toxic and eco-
nomically feasible for application on large scale [21-23]. Ni
usually exists in +2, +3, and +4 valence states; however, sta-
ble valence state in most of the conditions tends to be Ni(II).
Ni ions at high valence state (Ni(III) and Ni(IV)) are sug-
gested to execute strong oxidizing properties especially in
electrochemical oxidative degradation (EOD) of organic
compounds [24]. This property of Ni extends the application
of 3D-Ni foam porous network towards designing an anode
that would in turn have good conductivity and provide large
specific area for efficient EOD of organic matters.

In the present study, an effective anode for a MFC is
designed based on the above EOD properties of nickel,
where nickel foam serves as the base substratum and
enhances the EOD of organic matters present in the waste-
water. In order to further improve conductivity and electro-
chemical properties of the anode, nickel foam was modified
with a magnesium cobalt oxide (MgCoO,) and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PED-
OT:PSS). As that of Ni, Mg(OH), is also abundant in nature
and has significant characteristics such as high negative stan-

Journal of Nanomaterials

dard potential (2.3 vs. RHE), high melting point (649°C),
low cost, and less toxic with an interesting electrochemical
storage capacity [25], while PEDOT:PSS was reported to be
a potential conducting polymer with influential characteris-
tics such as high electrical conductivity, stability, durability,
and ability to form thin homogenous layers [26]. Thus, this
study investigated the fabrication of MgCoO,/PEDOT:PSS@
nickel foam anode to set up simple, efficient, biocompatible,
and cost-effective MFC with the capability of generating bio-
electricity using sewage wastewater as feedstock (Scheme 1).

2. Experimental

2.1. Chemicals and Reagents. Magnesium sulphate heptahy-
drate (MgSO,7H,0) (99%) was purchased from Thermo
Fisher Scientific, India. Cobalt (II) nitrate hexahydrate
(Co(NO,),6H,0)  (99%),  3,4-ethylenedioxythiophene
(EDOT) (97%), poly(sodium 4-styrene sulfonate) (PSS)
(Mw ~70,000), and N-Cetyl-N,N,N-Trimethyl Ammonium
Bromide (CTAB) (98%) were acquired from Sigma-Aldrich,
India. Sodium dihydrogen phosphate monohydrate
(H,NaPO,H,0) and sodium phosphate dibasic heptahy-
drate (Na,HPO,-7H,0) were obtained from Spectrochem
Pvt. Ltd., India. Dextrose anhydrous was purchased from
Loba Chemie, India. Ammonium persulphate ((NH,),S,05)
(98%) and hydrochloric acid (HCI) were purchased from
Finar Limited, India. Dimethyl sulfoxide (DMSO) was
acquired from Sisco Research Laboratories Pvt. Ltd., India.
Without further purifications, all of the chemicals were used
as received.

2.2. Instrumentation. The Fourier transform infrared spec-
trometer from Shimadzu, IRTracer-100, was used to analyse
the functional groups of the samples using the attenuated
total reflectance (ATR) technique. CuKa radiation of wave-
length (X =1.5406) was utilised in the X'Pert Pro high-
resolution X-ray diffractometer from BRUKER, USA, D8
Advance, Davinci, to perform the X-ray diffraction scans
in the 2 theta range of 20°-80°. A Thermo Scientific Apreo
S was utilised to analyse the morphological and microstruc-
tures of the samples (MgCoO,, PEDOT:PSS, MgCoO,/PED-
OT:PSS composite, nickel foam, and microbial growth on
the anode surface) using a high-resolution scanning electron
microscopy (HR-SEM).

2.3. Preparation of the MgCoO,. Synthesis of magnesium
cobalt oxide (MgCoO,) was carried out in a cost-effective
manner by a sol-gel synthesis process as described by Maitra
et al. [19]. Briefly, 0.5M MgO and 0.12M Co(NO,),-6H,0
were used to prepare 50 mL of the reaction mixture to which
triethanolamine (C;H,;NO;) was added dropwise as a che-
lating agent until the solution turned to pale pink. This
was followed by agitating the reaction mixture at 150°C for
12h or until the solution formed gel. Later, the formed gel
was dried for 12h at 60°C, powdered coarsely, and calcinated
for 6 h at 850°C. The possible mechanism behind this sol-gel
process was, initially, MgO dissociated to Mg** ions while
dissolving in HNO;~ and Co(NO,),-6H,O dissociated to
Co** and NO,~ ions while dissolving in H,O. Next, agitation
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ScHEME 1: Schematic representation of microbial fuel cell (MFC) set up to generate bioelectricity from sewage water.

at 150°C in the presence of C;H,;NOj; yielded hydrolysed
forms of C,H,;NO, radicals, in addition to Mg**, Co*?,
and H" ions. At this condition, several C;H,;NO;™ radicals
along with metal ions formed oligomeric clusters gradually
resulting in a gel formation. Following this, drying and calci-
nation processes evaporated the organic fractions present in
the gel to form small MgCoO, crystallites that continuously
nucleates to form larger grains.

2.4. Preparation of the PEDOT:PSS. PEDOT:PSS was pre-
pared as per the method described by Ghosh et al. [27] with
few modifications. Initially, 50 mL of the solution was pre-
pared using 0.5M aqueous HCI and 0.05M CTAB to which
0.15M ammonium persulphate ((NH,),S,04) was added
dropwise. To this reaction mixture, 0.05 mM PSS was added
followed by the addition of 0.15M EDOT monomer. The
reaction was carried out for 24 h at 60°C. During this reac-
tion, (NH,),S,0y dissociates to form NH," and S,04> ions
that homogenously disintegrates along with sulphate radi-
cals oxidizing EDOT monomers to EDOT cations. The dop-
ant PSSs are also reacted with EDOT during the
polymerization process to form a dark blue PEDOT:PSS
which is collected and washed with DI water to remove the
unreacted monomers or jons. Later, the resulted PED-
OT:PSS was dried for 24 h in a vacuum oven at 80°C.

2.5. Preparation of MgCoO,/PEDOT:PSS Composite. 25 mg
of MgCoO, was dispersed in a 5% PSS aqueous solution.
Then, the mixture was kept stirring using a magnetic stirrer
for 30 min and ultra-probe sonicated for 30 min. To prevent
the oxidation via the dissolved oxygen, nitrogen gas
(99.999%) was purged into the mixture for 30 min. Subse-
quently, 0.15M EDOT monomer was added and again stir-
red for 24h at ambient temperature. It resulted in a black
colored MgCoO,/PEDOT:PSS composite which was col-
lected and washed with DI water to remove the unreacted
monomers or ions. Finally, the MgCoO,/PEDOT:PSS com-
posite was dried in a vacuum oven at 80°C for 24 h.

2.6. Fabrication of Anode and Cathodes. To prepare the
anode, nickel foam (NF) was cut into 1cm x 5cm pieces.
Then, the NF pieces were subsequently treated with ethanol

(99.99%), acetone (99.99%), and distilled water in a bath
along with sonication, each phase lasting for 30 min. Pre-
treated NF electrodes were oven dried at 80°C for overnight.
After that, each NF was coated with MgCoO,, PEDOT:PSS,
and MgCoO,/PEDOT:PSS composite dispersions, which
resulted in MgCoO,, PEDOT:PSS, and MgCoO,/PED-
OT:PSS@Nickel foam anodes for MFC. Following this, cath-
ode was prepared using a carbon paper (CP) which was also
cut into 1 cm x 5cm pieces. Similar to the above steps, CP
pieces were consequently treated with ethanol (99.99%), ace-
tone (99.99%), and distilled water in a bath sonication, each
phase lasting for 30 min. Finally, the obtained CP electrodes
were oven dried for overnight at 60°C and used as cathode in
MEFC. To prepare dispersions, 5% DMSO was used to dis-
perse each individual and composite materials.

2.7. Inoculum Preparation. In the present study, wastewater
was collected from a nearby lake at SRM Institute of Science
and Technology, Kattankulathur, Tamil Nadu, India. After
the collection of wastewater, it was kept undisturbed to
obtain sludge sediment, later stored at 4°C for further analy-
sis. The pH (10.5) and conductivity (2230 4S/cm) of the
obtained wastewater were measured. In addition to the
above prepared cost-effective anode, the use of wastewater
sludge as an inoculum in bioelectricity generation makes
the process more simple, feasible, and environmentally
friendly approach. This method offered exoelectrogenic bac-
terial cultures in an inexpensive manner for the development
of high-performance MFC [28].

2.8. Construction of MFC System and Measurements. Plexi-
glas chambered beakers were used to construct dual MFC
chamber with a working volume of 100 mL each. Nafion
117 membrane (DuPont™ Nafion®) served as proton
exchange membrane which was initially treated with dis-
tilled water at 80-90°C, followed by 5% H,O, and 0.5M
H,SO, for 1h at 70-80°C. Later, the pretreated membrane
was washed with distilled water and stored. Before installa-
tion and addition of inoculum to the anodic chamber,
completely MFC system was sterilised. Experiments were
carried out at room temperature (25+2°C); throughout the
experiment, anaerobic condition was maintained in the



anode chamber while aerobic condition at the cathodic
chamber. In the anodic chamber, sewage sludge was inocu-
lated along with 55 mM glucose as the electron donor. Ferri-
cyanide solution (50 mM) in 0.1 M PBS (pH7) was used as
catholyte. Electrochemical workstation with three-electrode
cells (CHI-760E, CH Instrument, USA) was used to perform
all of the electrochemical measurements such as cyclic volt-
ammetry (CV) and electrochemical impedance spectroscopy
(EIS). MgCoO,/PEDOT:PSS@NF and CP were used as
anode and cathode, respectively. Ag/AgCl (3M KCI) and
platinum wire served as reference and counter electrodes.

Energy generated by MFCs was calculated using polari-
zation calculations and varied external loads. Following the
power output stabilization, polarization and power density
curves were generated by changing the external resistance
(from 10 to 465 k) applied to the circuit.

I=

Vv
o 1)
where I represents the current, V represents the anticipated
voltage, and R represents the applied resistance used to com-
pute the current, while the formula P =1V was used to cal-
culate the power density. Anode surface area used to
standardise the current and power densities [29].

3. Results and Discussion

3.1. Characterization of MgCoO,/PEDOT:PSS@NF Electrode.
The band energy red shifted due to the p-d exchange by the
interaction between the localised d-electrons of Co®" ions
with that of Mg”* cations. At the Fermi level of the valence
band (VB), strong p-d (CoO) hybridization led to the VB
maxima to migrate higher, which resulted in band gap bend-
ing. When Co is integrated into the MgO host lattice, the
absorbance of MgO rises (up to its solubility limit). As a
result, the enhanced UV emission intensity and redshift
observed, both indicated that Co** ions are occupied the
Mg2+ site in the MgO host lattice (data not shown) [30,
31]. Fourier transform infrared (FT-IR) spectroscopic analy-
sis revealed the extent of EDOT polymerization in the pres-
ence of PSS and the incorporation of MgCoO, into the
formed PEDOT:PSS nanocomposite matrix (Figure 1(c)).
Synthesised PEDOT exhibited IR bands at 1360, 1433, and
1480 cm ™" due to C-C and C=C stretching of the quinoidal
structure of the thiophene ring. Additional vibrational bands
observed at 1244, 1141, and 1068 cm™" corresponded to the
ethylene oxide, and C-O-C bond stretching were observed
(Figure 1(b)). PEDOT:PSS was also exhibited C-S bonds
due to thiophene ring bands at 940, 902, and 826 cm™". In
Figure 1(a), peaks at 1120, 1360, and 1630 cm™" are ascribed
to the presence of sulfonic acid group of PSS, C-C, and C=C
bonds of the thiophene ring, respectively. Characteristic IR
band of MgO bond vibration was observed at 510 cm},
while O-H due to surface water molecules and CoO in poly-
mer matrix showed bands at 3429 and 421 cm ™, respectively
[19, 32, 33] (Figure 1(a)).

XRD spectra were further used to characterize the syn-
thesised PEDOT:PSS, MgCoO,, and MgCoO,/PEDOT:PSS
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F1GURE 1: FT-IR spectra of (A) MgCoO,, (B) PEDOT:PSS, and (C)
MgCoO,/PEDOT:PSS composite.

nanocomposite samples (Figures 2(a)-2(c)). It was reported
that PEDOT:PSS has four characteristic peaks at 26 of 3.7°
and 6.6” attributed to low diffraction while bands at 17.7°
and 26.0° were attributed to high diffraction which in turn
reflects the lamella stacking and interchain stacking of PED-
OT:PSS, respectively [34]. However, it also suggested that all
polymers have the characteristic peak at 20 of 26.0° which is
related to interchain planar ring stacking [35]. In agreement
to this statement, in the present study, PEDOT:PSS had
revealed the peak at 20 of 26.0°. In the case of MgCoO,,
the diffraction peaks found at 20 of 36.79°, 44.79°, 64.21",
74.31°, and 77.79°, corresponded to (111), (200), (220),
(311), and (222) planes, respectively, which were found to
match with the standard card number (JCPDS card no: 04-
002-2875). However, in the case of PEDOT:PSS/MgCoO,
composite, additional characteristic peak of PEDOT:PSS at
20 of 26.0" was confirmed with the binding of MgCoO, into
the polymer matrix (Figure 2(a)).

To ascertain about the surface morphology of the mate-
rials, HR-SEM images of nickel foam, MgCoO,, PED-
OT:PSS, and MgCoO,/PEDOT:PSS composite were
recorded (Figure 3). HR-SEM image of nickel foam revealed
the 3D structure of numerous pores in the size ranging
between 200 and 500 mm (Figure 3(a)). This unique network
of porous structure suggested the increase in contact area
between the collector and active material which in turn
shortening the diffusion and migration of electrolyte ions,
resulting in improved electrochemical performance [36].
PEDOT:PSS polymer matrix was found to have nanorod-
like structure with CTAB molecules aiding as surfactant
(Figure 3(b)). After the sample calcinated, MgCoO, was
found to be in irregular globular form (Figure 3(c)). Finally,
HR-SEM image of MgCoO,/PEDOT:PSS composite con-
firmed the presence of irregular-globular MgCoO, coated
onto PEDOT:PSS nanorods (Figure 3(d)).
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F1Gure 2: XRD spectra of (A) MgCoO,/PEDOT:PSS, (B) MgCoO, and (C) PEDOT:PSS composite.

Furthermore, morphological characterizations of PED-
OT:PSS@NF,  MgCoO,@NF, and  MgCoO,/PED-
OT:PSS@NF composite were carried out after they have
been used in MFCs system for ten days (Figure 4). Compar-
ison of pretreated NF electrode surface before and after
installation into a MFC system revealed the biofilm forma-
tion upon utilization of organic waste present in the waste-
water by the microorganisms (Figure 4(a)). Biofilm
formation was also observed on both the PEDOT:PSS@NF
and MgCoO,@NF matrix surfaces (Figures 4(a) and 4(b)).
However, microbial population adhering onto MgCoO,/
PEDOT:PSS@NF composite was relatively high when com-
pared to the above-mentioned individual matrixes
(Figures 4(c) and 4(d)). This confirmed the biocompatibility
of the MgCoO,/PEDOT:PSS@NF anode for bioelectricity
generation and wastewater treatment. This also revealed
low cytotoxicity and biocompatibility of the fabricated anode
which can be used in microbial cells.

3.2. Bioelectricity Generation. Electrode potentials, polariza-
tion curves, and power density were studied at each external
resistance throughout the stabilization phase to assess the
performance of anodic materials such as PEDOT:PSS@NF,
MgCoO,@NF, and MgCoO,/PEDOT:PSS@NF in MFCs.
Operation of MFC in the presence of MgCoO,/PED-
OT:PSS@NF as anode revealed that 85h was required to
reach a steady voltage output. Meanwhile, this time interval
was sufficient for the microbial inoculum to multiply and
form highly dense biofilm onto the anode surface. MFC
installed with MgCoO,/PEDOT:PSS@NF anode generated
a stable voltage output of 0.9V (Figure 5(a)). At the end of
each cycle, utilized medium was replaced with the fresh
growth medium, ie., sewage wastewater. In the present
study, electrocatalytic behaviour of MgCoO,/PED-
OT:PSS@NF anode towards glucose oxidation with
increased long-term stability was found to be appealing with
potential applications.
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Polarization and power density curves were evaluated
when the voltage output remained constant to better under-
stand the efficiency of the MFC. The changes in the external
resistance were used to test the system, and the polarization
and power density curves were extracted. In terms of the
highest power density (494mW/m?®) and current density
(~900 mW/m?), MgCoO,/PEDOT:PSS@NF anode’s perfor-
mance was found to have been high (Figure 5(b)). Thus,
the nickel-foam-based MgCoO,/PEDOT:PSS anode was
revealed to have high specific surface area that in turn
reduces charge transfer resistance (R,) and allowed better
electron transport between the biofilm and anode surface.

3.3. Electrochemical Performance. Anodes such as MgCoO,/
PEDOT:PSS@NF, MgCoO,@NF, PEDOT:PSS@NF, and NF
individually showed enhanced CV anodic peak currents in
the potential ranging from -1 to 0.6 V. In terms of morpho-
logical characteristics such as porosity, physical and chemi-
cal stability, biocompatibility, large surface area, and
efficient transport of electrons in the cathodic cell,
MgCoO,/PEDOT:PSS@NF is one of the best anodes that
can be used to boost anodic peak current with high perfor-
mance. It is suggested that as there is an increase in voltage
scan rate, the interaction between the metallic oxide and
conducting polymer could improve the activity of the elec-
trodes. Since anode plays a significant role in electron trans-

port, the decrease in overpotential could be associated with
acceleration of electron supply to cathode or due to
enhanced electron transfer kinetics from exoelectrogeneic
microbes to anode [37]. Cyclic voltammetry (CV) analysis
of NF, PEDOT:PSS@NF, MgCoO,@NF, and MgCoO,/PED-
OT:PSS@NF was performed at a scan rate of 50mVs ' to
further understand the bioelectrocatalytic behaviour towards
anodic biofilms and electron transfer mechanism towards
cathode. Both the anodic and cathodic peaks indicated that
the MFCs contained dissolved redox species which are
hypothesized to serve as electron transporters [38]. From
the CV curves, it is evidenced that MgCoO,/PED-
OT:PSS@NF showed a higher anodic limiting current den-
sity (2.1 mA) which was nearly three times higher than the
current obtained using unmodified NF (0.8 mA) (Figure 6).
On the other hand, bare NF anode electrode exhibited wide
rectangular CV curve which revealed a potential electro-
chemical double layer capacitive behaviour in comparison
with MgCoO,/PEDOT:PSS composite. This suggested that
the efficiency of additional anodic components such as metal
oxides and conducting polymers could improve the surface
area and charge potential.

3.4. Evaluation of Electrocatalytic Activity of Fabricated
Anode. Electrocatalytic activity of the MgCoO,/PED-
OT:PSS@NF electrode was evaluated by electrochemical
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impedance spectroscopy (EIS) using a typical three-cell elec-
trode apparatus (Figure 7). In general, charge transfer resis-
tance (R,) of the working electrode is related to the diameter
of semicircle which can indicate the interfacial processes of
charge transport between the electrode surface and electro-
lyte ions [38]. In the study, EIS plots are represented by
straight lines at lower frequency range whereas semicircles
at higher frequency range [39]. The semicircle is formed
due to charge transfer and capacitive resistance, while
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straight line indicates the diffusion resistance characterized
by Warburg mass transfer resistance [40]. The internal resis-
tance including polarization resistance of the cathode, ohmic
resistance, and double layer capacitance were accounted to
be constant [41]. MgCoO,/PEDOT:PSS@NF anode
(25.26 2) exhibited the shortest semicircle with the low
charge transfer resistance when compared to the
MgCoO,@NF (39.09Q), PEDOT:PSS@NF (55.78Q)), and
NF anode (61.34Q)) (Figure 7). The decrease in R, value
indicated the higher electroactivity of the MgCoO,/PED-
OT:PSS@NF anode which was directly related to an
improved adherence of microbial cells (biofilm formation)
onto the electrode compared to that NF anode.

4. Conclusion

In summary, we have demonstrated an anode material using
nickel foam modified with MgCoO, and PEDOT:PSS that
had significantly improved porosity, biocompatibility, and
conductivity. When compared to unmodified NF,
MgCoO,/PEDOT:PSS nanocomposite-coated NF had great
influence on the adhesion of microbial cells which may be
due to the large surface area offered by irregular globular
structures of calcinated MgCoO,. The dense biofilm formed
in combination with PEDOT:PSS had improved the anodic
reaction, in turn transferring electrons to the cathodic cham-
ber in an efficient manner. Thus, the MgCoO,/PEDOT:PSS-
based anode developed in the present study can be used to
setup MFC to generate bioelectricity at a lower cost. This
new anode material has to be further studied in order to
implement at large scale in combination with wastewater
treatment system to produce bioelectricity.
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