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Abstract: In this paper, we reported the fabrication, characterization, and application of carbon
nanotube (CNT)-platinum nanocomposite as a novel generation of cathode catalyst in microbial fuel
cells (MFCs) for sustainable energy production and wastewater treatment. The efficiency of the carbon
nanocomposites was compared by platinum (Pt), which is the most effective and common cathode
catalyst. This nanocomposite is utilized to benefit from the catalytic properties of CNTs and reduce the
amount of required Pt, as it is an expensive catalyst. The CNT/Pt nanocomposites were synthesized
via a chemical reduction technique and the electrodes were characterized by field emission scanning
electron microscopy, electronic dispersive X-Ray analysis, and transmission electron microscopy.
The nanocomposites were applied as cathode catalysts in the MFC to obtain polarization curve
and coulombic efficiency (CE) results. The catalytic properties of electrodes were tested by linear
sweep voltammetry. The CNT/Pt at the concentration of 0.3 mg/cm2 had the highest performance
in terms of CE (47.16%), internal resistance (551 Ω), COD removal (88.9%), and power generation
(143 mW/m2). In contrast, for the electrode with 0.5 mg/L of Pt catalyst, CE, internal resistance, COD
removal, and power generation were 19%, 810 Ω, 96%, and 84.1 mW/m2, respectively. So, it has been
found that carbon nanocomposite cathode electrodes had better performance for sustainable clean
energy production and COD removal by MFC.

Keywords: carbon nanotube; coulombic efficiency; microbial fuel cell; nanocomposite; Pt

1. Introduction

Climate change and the risk of running out of non-renewable energy has made
scientists think about clean alternative types of fuels [1–3]. In addition, as a consequence
of population growth and the industrial revolution, the energy demand has been on an
upward trend, and also a large volume of wastewater is produced [4,5]. Therefore, there is
a considerable request globally for reliable, clean energy sources and wastewater treatment
plants. The microbial fuel cells (MFC) are an apparatus that converts the chemical energy
of biodegradable organic compounds to electricity and hydrogen, which are the clean
and renewable types of energy [6,7]. This means that an MFC can utilize the organic
compound of waste and produce energy, thus, treating wastewater [8–11] and producing
energy simultaneously [7]. Generally, MFCs consist of two chambers, namely cathode,
and anode divided by a separator or proton exchange membrane (PEM) [12,13]. The
anode chamber utilizes organic matter to produce electrons, which are transferred to
the cathode chamber via an external circuit. The produced protons will pass through
the separator to reach the cathode chamber. Lots of efforts have been made to make
the MFCs commercial [14,15]. Most of the expenses of an MFC are due to its cathode
catalyst (Pt), which accelerates the oxygen reduction reaction (ORR). According to the
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reports, more than half of MFC price is related to Pt [16,17]. Platinum is a durable and
efficient catalyst, which is adopted for MFC and makes the ORR faster. However, it is very
expensive and is not applicable for use on a large scale. Therefore, researchers tried to find
a catalyst other than Pt or decrease the amount of Pt in the MFC. Among all the materials,
carbon nano-based materials and nanocomposites attracted lots of attention due to their
unique properties. They possess a substantial specific surface area with high catalytic
activity and showed promising properties in electron production and transfer [18–20].
Jafar Ali et al. [21] used nanocomposite iron sulfide wrapped with graphene oxide as
the cathode catalyst. The MFC with nanocomposite cathode catalyst presented a higher
removal of toxic Cr and a 4.6 higher reduction rate than blank MFC [22]. Moreover, the
MFC which used nanocomposite cathode catalyst produced 3.28 times more power density.
Another group of researchers [23] tried to replace the expensive cathode catalyst. They used
two different multiwall carbon nanotube (CNT)-based cathode catalysts. These authors
found that Co-N-CNT and Fe-N-CNT had higher ORR activity and also generated more
power density than Pt [24]. In another, Pattanayak et al. [22] utilized poly (aniline co
pyrrole) wrapped titanium dioxide nanocomposite for an air cathode MFC. They found
that the nanocomposite catalyst produced 2.3 times higher power output than the Pt/c
catalyst. In another interesting study, Yu Du et al. [25] replaced Pt as an expensive cathode
catalyst with a hybrid nanocomposite catalyst. They used nitrogen-doped CNT, reduced
graphene oxide nanosheet, and compared this new catalyst with Pt. These researchers
could produce 1329 mW/cm2 power density which was 1.37 times higher than Pt catalyst.

In a recent investigation, Yan Wang et al. [26] synthesized a bimetallic hybrid modified
with CNT and applied it as a cathode catalyst in MFC. The newly synthesized cathode
catalyst had higher ORR performance and produced 2757 mW/m3 power density which
was higher than Pt (2313 mW/m3) catalyst.

In 2019, Majidi et al. fabricated α-MnO2/C, and α-MnO2/C supported on carbon
Vulcan catalyst for air cathode MFC. The catalysts could produce 180 and 111 mW/m2,
respectively. However, the produced powers were not that much higher, but the catalysts
were considered as economical compared to the pure Pt catalyst [27].

Sofia et al. have done a study on platinum group metal-free based catalyst in 2020.
However, they reported that the power output is increased but the generated power was
67.3 mW/m2 and 120 mW m−2 after 35 days and two months respectively. The power
densities were quite low and also the power output changed a lot due to the fluctuating
environmental condition [28].

As different parameters influence the performance of MFC, Ghasemi et al. [24] used
two methods for optimizing MFC. They tried artificial intelligence and fuzzy logic. The
mentioned authors considered diverse optimized conditions and interestingly observed
that each optimization technique produced a certain result.

However, there are lots of studies about synthesis and applications of new catalysts
in MFCs, there are not many studies about optimization of Pt and making MFCs more
economical by Pt composite catalysts. As the Pt is the most efficient and durable catalyst
and also the most expensive, we tried to reduce the amount of Pt, but not eliminate it.

This research is a big step towards the commercialization of MFC because it use a
smaller amount of Pt as the cathode catalyst, thus making MFC a sustainable method for
use on a bigger scale for societies and industries. Until now, MFC has not been applied
widely as it is not a sustainable solution for wastewater treatment and energy production.
However, the scientists had lots of progress in improving the MFCs for higher power
generation and wastewater treatment [4].

In the present study, CNT/Pt nanocomposite has been synthesized and characterized.
Furthermore, the optimum amount of this catalyst was found for using in MFC to reach
higher ORR potential, COD removal, and power generation. The self-generated nanocom-
posite was made and applied as a cathode catalyst in MFC and the performance of this
option was compared with Pt catalyst.
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2. Materials and Methods
2.1. MFC Configuration

The design of MFC was the same as in previous studies [29]. It consisted of two
cylindrical chambers with a length of 14 cm and a diameter of 6.2 cm (300 cm3 active
volume) separated by Nafion 117 (China). The membrane was pretreated before use by
boiling water and 3% hydrogen peroxide, or 0.5 M sulfuric acid for half an hour and kept
inside deionized water. The cathode and anode electrodes had 12 cm2 surface area [29].
The 0.5 M phosphate buffer solution was used to adjust the pH of the solution around
6.5–7. The cathode chamber consisted of 4.26 g/L Na2PO4, 2.5 g/L NaH2PO4, 0.13 g/L
KCl, and 0.31 g/L NH4Cl solution, and aeration was performed by an aquarium pump.
Carbon paper (CP) was utilized as the anode electrode, in addition to Pt and CNT/Pt
being employed at different concentrations as the cathode electrode. Figure 1 shows the
schematic of an MFC. The protons passed through PEM and electrons were transferred
through the external circuit to reach the cathode.

Figure 1. Schematic representation of the fabricated MFC.

For inoculation of MFC at the anode chamber, anaerobic sludge from a palm oil mill
effluent treatment plant (Selangor, Malaysia) was utilized. The media comprised of 5 g
glucose as the source of sugar, 0.5 g yeast extract, 4 g NaHCO3, 0.2 g KCl, and 10 mL
Wolfe’s mineral and vitamin solution added per liter [30]. All the chemicals were provided
by Merck Company (Darmstadt, Germany).

2.2. Electrode Preparation
2.2.1. Pt Electrode

For preparing Pt electrode, first, the Pt was washed with deionized water followed by
filtering and drying in the oven. Next, Pt was dispersed in a Nafion solution resulting in Pt
ink. The ink was dispersed on the CP electrode by a brush and was dried for 1 h at 100 ◦C
in an oven [12].

2.2.2. CNT/Pt Nanocomposite Electrode

To produce CNT/Pt, the chemical reduction technique was used. In the first step, CNT
was dispersed by ultrasonication in HNO3 for 3 h. Afterward, the produced solution was
dried, rinsed, and finally dried in the air. The resultant CNT sample was then dispersed by
ultrasonication in (CH3)2CO for 1 h. Next, the 0.075 molar H2PtCl6 solution was slowly
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added to CNT during stirring. After 24 h, the mixture was reduced by 0.1 M NaBH4 as
well as 1 M NaOH solution. As soon as the mixture was uniformly mixed, it was rinsed
and dried at 80 ◦C for almost 6 h [16]. The required quantity of CNT/Pt was added to a
limited proportion of C2H5OH, dispersed properly on a mixer, and brushed on the CP
surface. Afterward, the CNT/Pt electrode was placed in the oven at 100 ◦C to dry.

2.3. Analysis and Calculation

The experiments were done in three months and the data were collected in three days
(72 h) when the system became stable.

Formulas (1) and (2) were utilized to determine the current as well as power density:

I =
V
R

(1)

P = R × I2 (2)

where I denotes the current (amps), R is the external resistance (ohm), V refers to the voltage
(V), and P represents the produced power (Watt) of the system [31,32]. The coulombic
efficiency (CE) was calculated as the actual current transferred to the maximum current
that is obtainable from the system. It can be calculated by the following equation [18]:

CE =
M

∫ t
0 I dt

F b Van ∆COD
(3)

where M refers to the molecular weight of oxygen (32 g/mole), F denotes the Faraday’s
constant (96,485 C/mol-electrons), b = 4 is the number of electron exchange per mole of
oxygen, ∆COD represents the change of COD over time t, and Van is the liquid volume
(m3) in the anode chamber.

For measurement of the COD, first, the samples of media were diluted 10 times and
then 2 mL of the dilute was mixed uniformly with (a vial) of high-range COD reagent
digestion solution. Then it was heated to 150 ◦C by a thermo reactor (Hach, DRB 200,
Loveland, CO, USA) for 2 h, and read with a spectrophotometer (Hach, DR 2800, Loveland,
CO, USA) [33].

The experiments were performed three times under the same conditions and the mean
values or typical results are presented below.

2.4. Electrodes Morphology and Catalytic Activity

The morphology of the surface of the electrodes and the attached bacterial community
on the anode electrode was observed by field emission scanning electronic microscopy
(FESEM) (Supra 55vp-Zeiss, Oberkochen, Germany). Before the FESEM analysis, the sam-
ples were entirely coated by a thin conducting metal, such as gold. Transmission electronic
microscopy (TEM) (CM-12, Philips, Eindhoven, The Netherlands) was employed to find
out the dispersion of Pt nanoparticles. The Energy-Dispersive X-ray spectroscopy (EDX)
(INCA, Oxford, UK) was applied to detect the percentage of Pt in the nanocomposite. The
catalytic activity of the electrodes was tested by a potentiostat galvanostat (HAK-MILIK
FRIM 04699A-2007, Japan) in 0.1 M H2SO4 with the reference electrode of Ag/AgCl, work-
ing electrode of glassy carbon and Pt as counter electrode for linear sweep voltammetry
(LSV) and 50 mV/S scan rate in the range of −1 until 0.4 V [34].

3. Results and Discussion
3.1. Electrode Characterization

Figure 2a,b show the FESEM, as well as TEM images of Pt-dispersed CNTs. The
uniform dispersion of Pt nanoparticles in the CNTs can be observed in the TEM image,
where the dark spots indicate the presence of Pt. The functionalization of CNTs using HNO3
increased the surface reactivity and active sites of CNTs facilitating the fine dispersion of
Pt nanoparticles on the CNT surface [35]. It enhances electrode electrochemical activity
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due to the high catalytic surface area of CNT and the supportive and catalytic effects of
Pt [36]. The EDX pattern shown in Figure 2c indicates the percentage of CNT and Pt in the
nanocomposite. The Pt weight percentage to CNT ratio was found to be around 25%.

Figure 2. (a) FESEM, (b) TEM, and (c) EDX pattern of CNT/Pt nanocomposite.

3.2. Attachment of Microorganisms on the Anode Electrode

Figure 3 shows the morphology of the anode electrode and the attachment of microor-
ganisms. It indicates clearly that various types of bacteria are attached to the electrode
surface. They utilize the organic substrate of the feed, growing and producing electrons
and protons which will be transferred to the cathode for electricity production [37].

Glucose was used as the substrate in the MFC. The reactions which occurred at the
cathode and anode are summarized in Equations (4) and (5), respectively.

C6H12O6 + 6H2O —→ 6CO2+ 24 e− + 24H+ (4)

O2 + 24 e− + 24H+ —→ 12H2O (5)

The oxidation of one mole of glucose in an anaerobic condition produces 24 mol
electrons and protons. In our previous study.
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Figure 3. Attachment of microorganisms on the electrode.

3.3. Power Density

By changing the external load on the MFC, a power density graph can be drawn as
shown in Figure 4.

Figure 4. Power density graph of some electrodes.

The maximum power density of neat CP was 44.7 mW/m2 at 172.66 mA/m2. It
increased by elevating the Pt amount and reached the maximum amount of 84.01 mW/m2

(341 mA/m2) for 0.5 mg/cm2. However, for CNT/Pt cathode electrode, the power density
augmented with rising the amount of CNT/Pt up to 0.3 mg/cm2, in which the power
density reached 143.1 mW/m2 and remained almost constant [29].

Like previous studies [24,25], the nanocomposite cathode catalyst produced a higher
power density than Pt.

The Pt nanoparticles placed on the CNT surface can absorb more hydrogen (H+) ions
due to the more open active surface, compared to Pt. The role of these particles in the
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dissociation of the hydrogen molecule is critical and leads to an increase in the amount of
adsorbed hydrogen by Van der Waals force [12]. In addition, the power was approximately
constant without augmentation in CNT/Pt of over 0.3 mg/cm2. The latter result shows
that the diffusion resistance of the cathode raised because of a depletion in the oxygen
diffusion rate that offsets the elevation of the catalyst [38].

3.4. Polarization Curve

The polarization curve of different systems is demonstrated in Figure 5. Typically, the
voltage will decline by an increase in current density [39].

Figure 5. Effect of different kinds of electrodes on the polarization curve of fabricated MFC (a) Pt (b)
CNT/Pt.

The internal resistance of the system was measured by the polarization curve and
through mathematical calculations. Internal resistance is the slope of the voltage-current
curve [40]. Therefore, a higher slope of the polarization curve means that the internal
resistance is higher resulting in lower electricity production [41]. Table 1 indicates the
internal resistance, maximum produced power, maximum current, and internal resistance
at a maximum power density of different MFCs.
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Table 1. Information taken from the MFCs.

Cathode
Electrode

Internal
Resistance (Ω) Pmax (mW/m2) Imax (mA/m2)

at Pmax

OCV at SS
Condition (mV)

CP 1084 44.7 172.7 493
0.1 Pt 894 53.4 159.5 587
0.2 Pt 873 77 327.1 687
0.3 Pt 812 73 246.7 693
0.4 Pt 811 75.9 251.6 673
0.5 Pt 810 84.1 341.7 672

0.1 CNT/Pt 587 73.5 221.3 746
0.2 CNT/Pt 593 125 288.7 787
0.3 CNT/Pt 551 143.1 445.8 794
0.4 CNT/Pt 564 146 312 811
0.5 CNT/Pt 573 146.8 285.6 815

Overall, the system that worked with CP as a cathode had the highest internal re-
sistance of about 1084 Ω. The internal resistance decreased to 810 Ω by increasing the
concentration of Pt to 0.5 mg/cm2 as the lowest internal resistance among all Pt electrodes
in this study. Moreover, in CNT/Pt nanocomposite, the lowest was 551 Ω for 0.3 mg/cm2

CNT/Pt. This shows that the CNT/Pt composite had an internal resistance about 35% lower
than Pt which may be attributed to the better electrical and catalytic activity, and especially
higher conductivity, of the CNT/Pt nanocomposite electrode compared to Pt [42,43].

3.5. COD Removal and Coulombic Efficiency

Figure 6 demonstrates the COD removal, as well as the CE of the different systems.

Figure 6. CE and COD removal of (a) Pt and (b) CNT/Pt electrodes.
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As can be seen in Figure 6a, the highest and lowest CEs of 23% and 10.77% belonged
to the CP coated by 0.2 mg/cm2 Pt and neat CP, respectively. This means that more current
is obtained from a substrate in the electrode by 0.2 mg/cm2 Pt, in comparison with other
Pt electrodes. Furthermore, the figure reveals that all electrodes coated by Pt had high
COD removal of more than 70% indicating that MFCs are a proper method for COD
removal [44,45]. Figure 6b shows the COD removal and CE of nanocomposite electrodes.
The figure represents that the highest CE is related to the CP coated by 0.3 mg/cm2 CNT/Pt
around 47.159% in 88.9% COD removal. On the other hand, the lowest CE was 31.97% in
79.5% COD removal for 0.1 mg/cm2 CNT/Pt. It should be noted that the COD removal
for all nanocomposite electrode systems is >80%. For Pt electrodes, by increasing the
concentration of Pt, COD removal and CE augment, while it did not exert the same impact
on CNT/Pt. This can be observed in the internal resistance of the MFCs as well. For the
Pt electrodes, by increasing the concentration of Pt, reduction occurs in internal resistance
and then remains almost constant. However, it is not the same for CNT/Pt. In other words,
elevation in internal resistance leads to a more complicated transfer of electrons from
anode to cathode. Consequently, the power of the system for degrading organic substrates
decreases resulting in diminished COD removal [46,47].

Table 2 compares the power density production and COD removal of different MFCs.

Table 2. Application of some cathode catalysts in MFC.

Cathode Catalyst PEM Power Density (mW/m2) COD Removal (%) References

CoNiAl-LDH
Nafion N966

87.91 87.38
[48]CoNiAl-LDH@NiCo2O4 85.28 85.81

Pt-coated titanium Ultrex CMI-7000) 271 - [49]

SGO-TiO2-PANi
Nafion 117

904.18 -
[50]TiO2-PANi 561.5 -

Pt 483.5 -

Pt Clayware based
ceramic cylinder

110 90
[51]CuZn 75.1 87

C 19.2 77

Pt
Nafion 117 481.55 93.97

[52]Nafion 117-SPVDF 446 90.27
Laminated 117-SPVDF 413 84.15

Pt
Nafion 117

481 90.48
[22](PANi-Co-PPy)@TiO2 987 81.2

Pt
Nafion 117

84.1 96.8
This studyCNT/Pt 143.1 88.9

C 44.7 63.5

3.6. LSV Analysis

The activity of oxygen reduction on the cathode electrodes at diverse concentrations
of Pt catalyst (Figure 7a) and CNT/Pt (Figure 7b) catalyst were compared together using
LSV. Figure 6a indicates that the higher amount of Pt improved the ORR activity and the
electrode with 0.5 mg/L Pt had the highest catalytic performance. On the other hand,
for CNT/Pt, the catalytic performance augmented up to 0.3 mg/L CNT/Pt and then
started to decline. This might be because the CNT weakens oxygen bonds resulting in
lower activation energy. Moreover, the amount of generated current density by CNT/Pt
electrodes is generally equal to or higher than the generated current by the Pt electrodes [19].



Sustainability 2021, 13, 8057 10 of 13

Figure 7. LSV patterns of (a) Pt and (b) CNT/Pt at different concentrations.

4. Conclusions

Sustainable energy production and wastewater treatment are some of the main param-
eters of industrial growth in the new era. MFC is a device that converts waste to energy. In
this study, CNT/Pt nanocomposite in cathode catalysts was fabricated and applied as the
cathode catalyst in MFC. It was made by drop-by-drop mixing of H2PtCl6 and CNT. After-
ward, it was applied in the MFC for wastewater treatment and clean energy production.
Our findings revealed that MFC showed better performance in terms of power generation
and CE with the carbon nanocomposite cathode catalyst, compared to pure platinum.

The CNT provided more space for the attachment of Pt nanoparticles and facilitated
the dissociation of protons and ORR by anticipating a higher surface area.

Furthermore, by decreasing the amount of Pt in the cathode, the capital cost of the
MFC is reduced, making it more economical and applicable for societies and industries.

The nanocomposites diminished the activation energy and indicated great catalytic
activity and therefore, can be a proper alternative for pure Pt. However, the optimization
of the amount of nanocomposite should always be considered.

It was found that 0.3 mg/cm2 CNT/Pt cathode catalyst produced 1.7 more power
density compared to 0.5 mg/cm2 Pt. It had also lower internal resistance (551 Ω), compared
to the 0.5 mg/cm2 Pt (810 Ω). Moreover, it had the highest CE (47.159%) and was shown to
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be the most active catalyst. This research opened a new window towards sustainable clean
energy production and environmental remediation.
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