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The improvement of electrode materials used in microbial fuel cell (MFC) technology for enhancing the power performance of
MFCs has attracted more and more attention lately. In this study, an new electrode material with a carbon nanotube planted on
an Ni-based alloy substrate is applied to the MFC. Results show that a well-synthesized, straight CNT electrode performs the best,
with a high open circuit voltage of 0.82V and a maximum power density of 2.31W/m2. It is believed that this new kind of electrode
will have a promising future in the technology of power generation fromMFCs.

1. Introduction

The microbial fuel cell (MFC) is a rising form of power
technology, as its use in the wastewater treatment process can
become a method of capturing energy in the form of electric-
ity or hydrogen gas, rather than being a drain on electrical
energy [1]. However, a high internal resistance still exists in
the MFC [2, 3], with a low power density appearing in MFCs
that is needed to be overcome. Recent studies have shown that
an MFC must be first able to reduce the loss in polarization
effectively [4]. Microbial inoculums [5], chemical substrates
[6], proton exchange materials [7], internal and external cell
resistance [8], ionic solution strength [9], electrode materials
[10], and operation conditions and configuration [1] have
been continued to be studied. Among all these influencing
factors inMFCs, the effect of electrode material on the power
performance of MFCs is most significant [11]. This is because
an inferior material feature of an electrode, mainly resulting
from a difficult electron transfer between the bacteria and the
electrode, will cause a low power output fromMFCs [11].

Nowadays, carbon nanotubes (CNTs) have exhibited
great potential as electrode materials in fuel cell applications
due to their high surface-to-volume ratio and unique elec-
trical and mechanical properties [12]. There has been little

research done of MFCs in spite of the fact that the CNTs in
the composite substrate can also facilitate the formation of
biofilm in them, which is necessary for electron transfer via
c-type cytochromes and nanowires [13]. In addition, several
reports related to the CNT were also utilized to modify
the anode electrode materials in MFCs [14–17]. The study
by Sun et al., 2010, indicated that a multilayer modification
would provide a free-standing three-dimensional network
structure of interwoven nanotubes. This would enable a
more specific surface area for anodic bacteria to anchor and
decrease the interfacial charge transfer resistance from 1163 to
258Ω. The report by Xie et al. shows that the conformability
of coating microscale porous CNT layers would provide
a strong interaction between the microbial biofilms, thus
facilitating electron transfer from exoelectrogens to the CNT-
textile anodes [18]. Mink et al. pointed out that the anode of
multiwalled carbon nanotubes in MFCs would outperform
the others (kinds of gold and nickel anode resp.,) in both
current and power densities displaying between 6 to 20 times
better performance [19].

However, the CNT was usually directly grown on the
surface of carbon materials based on the consideration of
the anticorrosion ability of carbon material in MFCs. In fact,
the electrical conductivity of carbon material is still lower
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than that of metal materials. The anticorrosion feature of Ni-
based alloys with a more than pure metal has been confirmed
[20, 21]. Therefore, an Ni-based alloy material with good
electricity conductivity, and anticorrosion property would be
used as a substrate and the anode electrode of an MFC. This
would be so as to plant the carbon nanotube on it to produce a
better power performance and then compare it with the case
of an Ni-based alloy without a CNT in this study.

2. Experimental Section

2.1. Preparation of Ni-Based Alloy with CNT. The CNT was
planted on the metal alloy substrate, which consisted of Si,
Ni, Al, and Ti. Layers of titanium (Ti), aluminum (Al), and
nickel (Ni) were used for adhesion, conduction, and as a
catalytic layer, respectively, and then sequentially deposited
on a (100) Si wafer. The CNTs were synthesized in a thermal
CVD system by introducing a mixture of ammonia (NH

3
)

and ethylene (C
2
H
4
) at about 800∘C for 5–20 minutes at

atmospheric pressure [20]. Since the alignment of CNTs can
be controlled by the thickness of the catalytic layer, namely,
the Ni layer [22], the thickness of the Ti and Al layers were
kept at 75 nm and 10 nm, respectively. Therefore, vertically
aligned CNTs can be achieved by depositing 10 nm Ni layer;
in contrast, curved CNTs can be achieved at an Ni layer
thickness of 5 nm.

2.2. MFC Construction and Operation. The reactors were
assembled by connecting two cubic-shaped chambers made
of PMMA and separated by a proton exchange membrane
(Nafion 117). The total volume of each chamber was 150 cm3.
The single-faced CNT modified metal alloy plate (1.8 cm
× 1 cm) was used as the anode electrode, compared with
the metal alloy plate without the CNT. Carbon felt (4 cm ×
4.5 cm × 0.6 cm) was chosen as the cathode electrode and
pretreated in a hot H

2
O
2
(10%, 90∘C) solution for 3 hrs to

develop local quinine sites on the carbon surface to improve
the anode biocompatibility [23]. In the study, three sets were
used: MFC-1 (Ni-based alloy plate without CNT), MFC-
2 (Ni-based alloy plate with a single-faced straight CNT),
and MFC-3 (Ni-based alloy plate with a single-faced curved
CNT). In the anode, 130mL of dairy wastewater, fermented
for more than three years, was filled as the anolyte, while
in the cathode, a 130mL potassium ferricyanide solution of
0.05mol/L was filled as the catholyte.

2.3. Electrochemical and Microscopy Analysis. Polarization
curves were measured on the Electricity Workstation (Jiehan
Technology Corporation, ECW-5000/5600) at a scan rate of
1mV/s two days after the MFCs start-up time, and a 𝑃 = 𝐼𝑉
formula was applied to calculate the power, 𝑃, of MFCs,
where 𝐼 is current and 𝑉 is the voltage.

After measuring the polarization curves, the MFCs were
tested under room temperature with a 1 kΩ external resis-
tance; the voltage output was acquired at 3-minute intervals
by an automatic data acquisition system (Jiehan 5020, Tai-
wan) connected to a computer. The internal resistance was
calculated under a maximum power density according to
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Figure 1: Power density and polarization curve of the three MFCs.

Ohm’s Law (𝑅int = 𝑈/𝐼), where 𝐼 refers to current and 𝑈 to
voltage. 𝑅int indicates Ohm’s resistance.

The morphology of the CNT was observed with a scan-
ning electron microscopy (SEM, JEOLJSM-6330F).

3. Results and Discussion

In this study, cases of the anode electrode with/without CNT
were investigated. Two days after the MFCs start-up time,
the power density and the polarization curves weremeasured
and are shown in Figure 1. Additionally, the constant-load
discharge curve was measured and is shown in Figure 2.

As seen in Figure 1, it can be observed that the open
circuit voltage (OCV) and the maximum power density of
MFC-2 (Ni-based alloy plate with the straight CNT) were
0.82V and 2.31W/m2, which was higher than those of MFC-
1 (Ni-based alloy plate without CNT) by 1.04 times and 1.85
times, respectively. This is due to the fact that the Ni-based
alloy plate with the straight CNT not only had a high surface-
to-volume ratio [12, 24] but also could facilitate the formation
of a biofilm [13], which reduced the anode charge transfer
resistance [24–26]. Furthermore, it can be observed that the
𝐼-𝑉 curve of MFC-2 has a smaller slope at the middle current
density area. This is due to the fact that the CNTs have the
ability to enhance direct electron transfer [18, 27, 28], which
can reduce the ohmic resistance of MFC-2, and so the power
generation of MFC-2 (Ni-based alloy plate with the straight
CNT) performed the best.

Unexpectedly, MFC-3 (Ni-based alloy plate with a single-
faced curved CNT) showed an OCV of 0.81 V, which was
higher than that of MFC-1 (Ni-based alloy plate without



Journal of Nanomaterials 3

MFC-1 (without CNT)
MFC-2 (straight CNT)
MFC-3 (curved CNT)

Vo
lta

ge
 (V

)

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
0 50 100 150 200

Time (hr)

Figure 2: The constant-load discharge curve of the three MFCs.

CNT) by 1.03 times, but the maximum power density was
lower than that of MFC-1 (1.37W/m2) by 1.1 times. This is
because of the substrate crossover and the unwanted side
reactions in the cathode compartment [29].

As seen from Figure 2, the output voltage decreased as
time passed. During the testing, the operation of measuring
COD caused a disturbance in the dairy wastewater every
two days, so the voltage curve was not as smooth as
the polarization curve. However, the results observed from
Figure 2, which shows that the voltage of MFC-2 and MFC-
3 was higher than that of MFC-1 and also more stable
[24]. This is due to the fact that the alloy substrate surface
is very smooth, which would make microbial colonization
difficult. Hence, during the microbiological degradation,
few microbes could land on the electrode, so the available
electron was hard to collect and transfer. On the other hand,
the nanostructured composites had a faster reaction rate
[14] and strong electrode-biofilm interaction [18] and the
highly conductive nanotube network served as nanowires to
facilitate the electron transfer between the microbes and the
electrodes [12]. In addition, the voltage of MFC-2 was higher
and longer lasting than that of MFC-3; this is due to the fact
that the electron pathway of the straight CNT was shorter
than that of the curved CNT, meaning that the straight CNT
could reduce more ohmic resistance. Also, as displayed in
Figures 3 and 4, the connection between the curved CNT
and the alloy substrate is not as exact as that between the
straightCNTand the alloy substrate.The connection between
the straight CNT and the substrate is good, so the generated
electrons are able to move toward the alloy substrate without
crossing through the interface. The poor connection could

Figure 3: Morphology of the straight CNT on the alloy substrate.

Figure 4: Morphology of the curved CNT on the alloy substrate.

bring out a higher contact resistance and a faster polarization
andfinally cause the failure of theMFC.Comparedwith other
studies, the maximum power density of using an Ni-based
alloy plate with the straight CNT as the anode was 2.31W/m2,
which was higher than that of the CNT/PANI anode by 55
times [14] and higher than that of the 3D CNT textile anode
by 1.94 times [18] and higher than that of the Mo

2
C/CNTs

anode by 2.2 times [13]. So, this evidence shows that an
Ni-based alloy plate with a straight CNT as the electrode
material can enhance electrical properties significantly and
so be useful to the improvement of the electrode anode in
MFCs.

4. Conclusions

It can be concluded that metal alloys will make promising
electrode materials for MFCs and that CNT planted tech-
nology could enhance the power performance of electrodes:
OCV, limiting current density, and power density. In this
study, the electrode planted with a straight CNT obtained an
optimal power performance of open circuit voltage (OCV) of
0.82V and a maximum power density of 2.31W/m2. In the
future, a better modified CNT will have promising develop-
ments, especially for wider use in the power generation field.
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