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Microbial fuel cells (MFCs), which can generate low-pollution power throughmicrobial decomposition, have become a potentially
important technology with applications in environmental protection and energy recovery. The electrode materials used in MFCs
are crucial determinants of their capacity to generate electricity. In this study, we investigate the performance of using carbon
nanotube (CNT) and graphene-modified carbon-cloth electrodes in a single-chamber MFC. We develop a process for fabricating
carbon-based modified electrodes and Escherichia coli HB101 in an air-cathode MFC. The results show that the power density of
MFCs can be improved by applying a coat of either graphene or CNT to a carbon-cloth electrode, and the graphene-modified
electrode exhibits superior performance. In addition, the enhanced performance of anodic modification by CNT or graphene was
greater than that of cathodic modification. The internal resistance decreased from 377 kΩ for normal electrodes to 5.6 kΩ for both
electrodes modified by graphene with a cathodic catalyst. Using the modified electrodes in air-cathode MFCs can enhance the
performance of power generation and reduce the associated costs.

1. Introduction

In the last decade, due to the lack of energy and the rise
of environmental awareness, scientists and researchers have
been looking for somemore alternative energieswith renewa-
bility and low pollution. Microbial fuel cells (MFCs) are
an excellent potential technology that converts the energy,
released by breaking chemical bonds of organic compounds,
into electrical energy through catalytic reactions of microor-
ganisms under anaerobic conditions. The concept of using
microorganisms as catalysts in fuel cells was explored in
the 1910s [1, 2]. At that time, fuel cell technology was
neither mature nor taken seriously since Potter’s MFC could
merely produce weak power. Until the energy crisis and the
breakthrough in fuel cell technology, the performance of
MFC is improved gradually and taken seriously.

A typical MFC system consists of two chambers, anode
and cathode, separated by proton exchange membrane
(PEM). MFC can convert chemical energy directly into
electrical one by the way that the microorganisms oxidize

the substrate to produce electrons (e−) and protons (H+) in
the anode chamber. Electrons, collected on the anode, are
transported to cathode by external circuit while protons are
transferred internally to the cathode chamber through the
membrane. Then electrons and protons reacted with oxygen
and form water. According to the anodic oxidation and
cathodic reduction, this promoted the electrons in the anode
and the cathode to move and generate the battery current
[3–7]. In order to obtain higher current, the microbes must
effectively decompose organisms so that electrons can be
transferred easily.Themicroorganisms attached on the anode
surface allow electrons to transfer smoothly to the anode.
To better bacteria attachment on the anode, many studies
utilized the porous carbon materials as anodic ones, such as
carbonmesh, carbon paper, carbon cloth, and graphite brush
[8–15].

In the year 2004, Liu et al. investigated the performance
of single-chamber MFC in wastewater treatment [16]. The
structure consists of both cathode and anode electrodes
placed in a single reaction chamber with PEM directly fused
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to the surface of the cathode. Later in the same year, Liu
and Logan further studied the performances of air-cathode
single-chamber MFC in the presence and in the absence of
PEM, respectively; their study demonstrated the possibility
of using MFC systems without the cost of PEM materials
[17]. Furthermore, the air-cathode design allows oxygen to
pass through the cathode directly and thus reduces the cost
to establish air exposure equipments. This design of single-
chamber MFC has several advantages over the traditional
double-chamber MFCs.

The performance of a MFC is affected by several fac-
tors including the microbial inoculation, electrode mate-
rials, ionic concentration, catalyst, internal resistance, and
electrode spacing [18–21]. The electrode materials play an
important role in the electricity generation. To improve the
power generation ofMFC, many researchers have focused on
material modification and upgrade microbe’s inoculation.

Carbon nanotubes (CNTs) have many excellent proper-
ties such as nanometer size, good electronic conductivity,
high surface area, and excellent structure and stability. Some
studies show that CNT can enhance microbial fuel cell
performance [22, 23]. Recently, researchers and scientists
were much interested in graphene, whose existence had been
objectively verified with abundant potential applications.
Graphene is the world’s thinnest andmost rigid nanomaterial
and has excellent electronic transition [24]. These unique
characteristics (high surface area, low resistance, desirable
mechanical strength, transparency, etc.) can be compatibly
put in use for various fields such as solar cell [25, 26],
touchscreens, and supercapacitors [27].

In this study, a set of mediatorless single-chamber MFCs
were designed to examine the performance which resulted
from different carbon cloth electrodes on which CNTs or
graphenes were coated to form a highly conductive electrode
with a high specific surface area. In order to evaluate the prop-
erty and the performance of CNT/graphene modified MFCs,
the power density and the internal resistance are compared
for different electrodes with or without the presence of Pt
catalyst or modified anodes.

2. Materials and Methods

2.1. Preparation of Electrodes. CommercialMWCNTs (Multi-
walledCarbonNanotubes) or graphenes of 20mgwere added
to 95% ethanol of 10mL, which was sonicated to disperse
the CNTs/graphenes for one hour. This resulted in a stable
and uniformly dispersed slurry of MWCNTs or graphenes.
A carbon cloth was soaked into the MWCNT/graphene
solution for one hour, removed, and then baked at 150∘C for
one hour to eliminate residual water. This resulted in a thick,
black coating of MWCNTs/graphene on the carbon cloth’s
surface.

For all experiments, the base material of anode was
nonwet proofed carbon cloth (W0S1002, CeTech Co., Ltd,
Taiwan) while that of cathode was wet proofed carbon cloth
(W1S1005, CeTech Co., Ltd, Taiwan). Some of the cathode
carbon cloth contained a platinum catalyst (0.5mg cm−2,
20 wt%Pt).

Chamber

Carbon cloth
(anode)

Carbon cloth
(cathode)Sampling 

port Fuel (E. coli, glucose)

Figure 1: The schematic of air-cathode MFC used in the current
study. The PMMA chamber was designed as the air-cathode single-
chamber MFC. Use different types of carbon cloth (modified or
unmodified) as electrode and connect themwith external resistance
with copper wires. Use glucose as fuel and Escherichia coli as anode’s
catalyst.

Table 1: Electrode conditions of the MFCs in the current study.

Experimental cases Electrode
Anode Cathode

MFC-NN Normal Normal
MFC-GN Graphene Normal
MFC-CN CNT Normal
MFC-NP Normal Pt
MFC-GP Graphene Pt
MFC-CP CNT Pt
MFC-NGP Normal Graphene + Pt
MFC-GGP Graphene Graphene + Pt
MFC-NCP Normal CNT + Pt
MFC-CCP CNT CNT + Pt

2.2. MFC Design. Figure 1 shows the air-cathode MFC used
in the current study, which is the same as reported earlier
[13]. The single-chamber MFC is fabricated from polymethyl
methacrylate (PMMA). The shape of the single-chamber
MFC is cylinder, whose diameter, length, and wall thickness
are 5 cm, 6 cm, and 0.5 cm, respectively. A cathode electrode
was fixed to the air-side, and an anode electrode was fixed
to the opposite of the chamber. Therefore, reactor volume is
approximately 75mL, and the surface area of cathode and
anode is approximately 12.57 cm2. Copper wire was used
to connect the circuit (1000Ω resistor except when stated
otherwise).

In this study, ten different types of single-chamber MFCs
were constructed to compare the performances of the MFCs
as shown in Table 1. In order to distinguish different types
of reactors, we name these groups with notation. The first
letter represents the anodic condition; the second and third
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Figure 2: Schematic diagrams of electrode conditions for different MFCs.

letters represent the cathodic condition. N represents the
normal carbon cloth; G represents the carbon cloth modified
by graphene; C represents the carbon clothmodified by CNT;
and P represents the cathode with platinum catalyst. Figure 2
illustrated the structures of different types of MFCs used in
the experiment.

2.3. Microorganisms and Electrode Reactions. Escherichia coli
(E. coli) HB101 was grown anaerobically in the atmosphere
of N
2

gas for 40 h to the stationary phase in LB medium
(10 gL−1 tryptone, 5 gL−1 yeast extract, and 10 gL−1 NaCl) at
37∘C.The residual cells were obtained at 4∘Cby centrifugation
at 5,000 rpm and then dissolved in M9 medium (6.78 gL−1
Na
2

HPO
4

, 3 gL−1 KH
2

PO
4

, 0.5 gL−1 NaCl, 1 gL−1 NH
4

Cl,
and 4 gL−1 C

6

H
12

O
6

). The chamber was refilled with E. coli
solution and inoculated for about two weeks to reach a steady
state. MFCs were operated in a temperature controlled room
at 30∘C.

In this study, the MFC is based on the biocatalysis of
Escherichia coli (E. coliHB101) and glucose is used as the fuel
forMFC.The reaction equations at the anode and cathode are
described as follows.

At the anode,

C
6

H
12

O
6

+ 6H
2

O → 6CO
2

+ 24H+ + 24e− (1)

At the cathode,

24H+ + 6O
2

+ 24e− → 12H
2

O (2)

In the anodic compartment, glucose is oxidized anaerobi-
cally by E. coli. The glucose loses the electrons and produces
hydrogen ions. The electrons can transfer to the cathode via
an external circuit and the hydrogen ions can go through the
cathode electrode to the air cathode at the same time. After
a complete reaction of MFC system, electricity and water can
be produced.

2.4. Measurement and Calculations. Cell voltage was record-
ed using a multimeter and a data acquisition system (CHY-
48R). Power density 𝑃 (Wm−2) in MFC tests was calculated
according to the equation 𝑃 = 𝐼𝑉/𝐴, where 𝐼 (A) is the
current, 𝑉 (V) is the voltage, and 𝐴 (m2) is the projected
cross-sectional area of the anode.

In the fuel cell field, the polarization curve is the most
commonly used method to evaluate the performance of
power generation. The polarization curve is to describe the
relationship between the voltage and the current. E. coli, as
the microbe for further power generation, was placed in the
tank culture for two weeks when the voltage became stable
and changed the external resistance.When the voltage output
became stable, data started to be recorded to determine
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Figure 3: SEM images of carbon nanotube (a) and graphene (b) on the carbon cloth.

the voltage and power generation sustained across a range of
current densities obtained by varying the resistance between
the electrodes. To obtain the polarization curve and power
density curve as a function of current, external circuit
resistances were varied from 1 to 20MΩ. In this study, the
polarization slope method was used to calculate the cell’s
internal resistance. For the Ohm polarization area, the MFCs
system has linear relationship between voltage and current.
The internal resistance (𝑅in, Ω) within the microbial fuel cell
was calculated as

𝑅in =
Δ𝑉

Δ𝐼
, (3)

where Δ𝑉 and Δ𝐼 are the voltage difference (mV) and the
current difference (mA) between two points, respectively.

3. Results and Discussion

Thepurpose of these experiments was to assess the difference
of the MFC power density with different anode structures
composed of CNT, graphene, or none on the associated
conditions of the cathode.

3.1. Morphology of CNT and Graphene. Figures 3(a) and
3(b) show the SEM images of MWCNTs and graphene
coated on the carbon cloth, respectively. CNTs were curl and
divergence-free in the surface of the carbon cloth. Besides,
both CNTs and graphene were uniformly distributed on the
carbon cloth based on the current treatment methods to
approach the original objective for improving the specific
surface area of the electrode. According to the specific surface
area of graphene and CNT, the active electrochemical area of
graphene-coated electrode is about 2 times more than one of
CNT-coated electrode.

3.2. Polarization and Power Density. In order to understand
the performance effect of the anode with different coating
materials, three kinds of anodes with the plain cloth cath-
odes (the case of MFC-NN, MFC-CN, and MFC-GN) were
studied. The power density results of MFCs are shown in
Figure 4, in which solid circles represent the power density
and hollow circles represent the cell voltage. In addition,
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Figure 4: Performance diagram for the cases of the anode coated by
different materials with the plain cloth cathode only.

the power density of MFC-GN is about 3.5 times more
than MFC-NN while MFC-CN is about 1.5 times more
than MFC-NN. All the three MFC systems show the same
trend that the cell voltage decreases with the decreasing
resistance. Typically, a polarization curve can be divided into
three regions: activation polarization at high current density,
concentration polarization at low current density, and ohmic
polarization in the intermediate linear region [28]. The
maximumpower density of the three cases occurred in ohmic
polarization region. In the case of MFC-NN, the maximum
power density is 2.66 𝜇Wm−2. After coating the anodes with
CNTs (MFC-CN), the maximum power density is increased
to 5.18 𝜇W/m2. If CNTs are replaced with a graphene as a
coating material, the power density can be further increased
to 9.66 𝜇Wm−2 (MFC-GN). From the results, the power
density increases greatly with the decreasing of resistance
and has the maximum value of 9.7 𝜇Wm−2 for the case
of the carbon cloth anode coated with graphenes. Coating
nanomaterials as graphenes or MWCNTs onto the anode of
MFC can increase the surface area and hence improve the
electron transfer route.

From Figure 5,MFC-GGP andMFC-NGPwith platinum
and graphene on the carbon cloth cathode were different in
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Figure 5: Performance diagram for the cases of the anode coated
with graphenes or not and with platinum and graphenes coated on
the cloth cathode.

the anodic treatment (with graphene or not). The maximum
power density of MFC-NGP and MFC-GGP is 159𝜇Wm−2
and 5.9mWm−2, respectively, with mutual difference about
37 times. These results showed that adding graphenes on the
anode can enhance the power generation. The reason could
be that the graphene not only increased the surface area
that provided bacteria with more space for adhesion but also
enhanced the conductivity. The contribution of graphenes
coated onto the anode had a similar effect as that shown in
Figure 4.

As shown in Figure 6, MFC-CCP and MFC-NCP with
platinumandCNTon the carbon cloth cathodewere different
in the anodic treatment (with CNT or not). The maximum
power density of MFC-NCP and MFC-CCP is 90.5 𝜇Wm−2
and 378𝜇Wm−2, respectively. The power density obtained
by MFC-CCP is about 4 times that obtained by MFC-NCP
with the anode without CNT.TheMFCs with graphene/CNT
coated onto the electrode can significantly improve the
power density. The anode modified by graphene or CNT was
expected to provide E. coli with more space to attach and
grow. From the results obtained by Zhu et al. [29], surface
modifications of anodematerials are important for enhancing
power generation of microbial fuel cell.

As shown in Figure 7, the polarization curves all had
the same trend. The MFC-NP maximum power density was
51 𝜇Wm−2 while that of MFC-NN was merely 2.25 𝜇Wm−2,
which showed that the two power densities differed by over
20 times. Furthermore, adding the cathode platinum catalyst
can effectively enhance the performance. After coating the
cathode with CNT and using a cathodic catalyst, themaximal
power density is increased to 90.5𝜇Wm−2 (MFC-NCP). If
CNTs are replaced with a graphene as a coating material,
the power density can be further increased to 159𝜇Wm−2
(MFC-NGP). The power density obtained by MFC-NGP is
about 3.1 times more than that obtained by MFC-NP and
that obtained by MFC-NCP is about 1.8 times more than that
obtained by MFC-NP. The experimental results demonstrate
that the kinetic rate of the reaction is changed by the
catalyst in cathode. Moreover, adding CNTs or graphene on
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Figure 6: Performance diagram for the cases of the anode coated
with CNTs or not and with platinum and CNTs coated on the cloth
cathode.
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Figure 7: Performance diagram for the cases of the cathode coated
with different materials and the plain cloth anode only.

the cathode can not only effectively enlarge the surface area
but also enhance the reaction rate. The improvement in
cathode catalyst performancewas realized by coating ofCNTs
or graphene.Therefore, the improvement in the performance
allows the reduction of expenditure on high cost Pt catalyst.

Among all the experimental results, graphene modified
electrodes showed better performance on the power genera-
tion than CNT modified ones no matter whether graphene
is on the anode or on the cathode. The possible reason
was because that graphene had better electrical conductivity
property and broader surface area than CNT. Since the length
of E. coli is about 1 𝜇m, the obtained three-dimensional
structure stacked by random orientations of graphenes could
result in more space for the microbe to adhere than that by
CNTs. That is, surface roughness of the accumulated CNTs
was relatively smaller than that of the accumulated graphenes
for the dimensional level of E. coli.

3.3. Internal Resistance. Based on the experimental data, the
internal resistance can be calculated by polarization slop
method as the results shown in Table 2.
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Table 2: Internal resistances of MFCs for different experiments.

Experimental cases 𝑅in (kΩ)
MFC-NN 377
MFC-GN 154
MFC-CN 215
MFC-NP 367
MFC-GP 17
MFC-CP 32
MFC-NGP 153
MFC-GGP 5.6
MFC-NCP 326
MFC-CCP 46

For the anodic modification, the internal resistance was
reduced from 377 kΩ for both the normal electrodes (MFC-
NN) to 215 kΩ (MFC-CN) and 154 kΩ (MFC-GN) when the
anode was modified by CNTs and graphene, respectively.
Moreover, the internal resistance was significantly reduced
from 367 kΩ for both normal electrodes with cathodic cat-
alyst (MFC-NP) to 32 kΩ (MFC-CP) and 17 kΩ (MFC-GP)
when the anode was modified by CNTs and graphene with
cathodic catalyst, respectively.

For the cathodic modification, the internal resistance was
slightly reduced from 367 kΩ (MFC-NP) to 326 kΩ for the
case of cathode modified by CNTs (MFC-NCP) and largely
decreased to 153 kΩ for the case of cathode modified by
graphene (MFC-NGP). For the MFC systems with anode
modified by graphene and cathodic catalyst, the internal
resistance was reduced from 17 kΩ (MFC-GP) to about
one-third (5.6 kΩ) while the cathode was further modified
by graphene (MFC-GGP). In addition, MFC systems with
the modified electrodes by graphene showed higher power
density and lower internal resistance than those by CNTs
for the same electrode conditions. Furthermore, the anodic
modification by CNTs or graphene showed higher effect on
the performance than the cathodic modification did.

Overall, the internal resistance was tremendously
reduced from 377 kΩ (MFC-NN) to 5.6 kΩ (MFC-GGP).
Compared to the similar electrode conditions except the
modified carbon-based materials, the internal resistance was
tremendously decreased from 367 kΩ (MFC-NP) to 5.6 kΩ
(MFC-GGP). To sum up, the low internal resistance effect
after the electrodes were modified by CNTs or graphene
was the proof that CNT and graphene had such excellent
electrical conductivity so as to improve the efficiency of
electron transmission and hence higher power density.

4. Conclusions

Membrane free air-cathode microbial fuel cells (MFCs) were
constructed using different types of composite electrodes,
with or without CNT/graphene modified carbon cloth. From
the experimental results of the MFC performance, the addi-
tion of CNT and graphene enhanced the power density and
reduced the internal resistance. The electrodes modified by
graphene showed better performance on the power density

and lower internal resistance than those modified by CNTs
did. The surface roughness of the accumulated CNTs was
relatively smaller than that of the accumulated graphenes
at the dimensional level of E. coli and the obtained three-
dimensional structure stacked by random orientations of
graphenes could result in more space for the microbe to
attach than that by CNTs since the length of E. coli was about
1 𝜇m. The internal resistance was significantly reduced from
377 kΩ for the normal case (MFC-NN) to 5.6 kΩ for the
case of both electrodes modified by graphene with cathodic
catalyst (MFC-GGP). This was the proof that the improve-
ment of power density and low internal resistance related to
the larger surface area and higher conductivity of graphene
or CNT. In addition, the MFC systems with the modified
electrodes by graphene showed higher power density and
lower internal resistance than those by CNTs for the same
electrode conditions. Moreover, the anodic modification by
carbon-based materials had higher improvement than the
cathodic modification. As the modified electrode of air-
cathode MFC can significantly enhance the performance of
power generation with tremendous cost saving, MFC has
a tremendous potential for more extensive and practical
applications in the near future.
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