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In this study, mixtures of graphite, γ-MnO2 and MoS2 with different weight proportions (20:1:1, 30:1:2 and 30:2:1) were used in
microbial fuel cells (MFCs) and the catalysts were also subjected to ultrasonication to study its influence. The data suggest that the
MFC fabricated with the catalyst prepared using graphite, γ-MnO2 and MoS2 in a weight proportion of 20:1:1 exhibited the highest
optimal power density of 120 mW/m2. However, after ultrasonic treatment, the power density was significantly improved, which
was 183 mW/m2. It can also be observed that after using ß-MnO2, the optimal power density of the MFC fabricated with the catalyst
prepared with graphite, ß-MnO2 and MoS2 in a proportion of 20:1:1 higher (158 mW/m2) than that of the MFC fabricated with
γ-MnO2 in the same proportion, showing that the performance of ß-MnO2 with a whisker structure was better than that of γ-MnO2
owing to its higher surface area, larger pore diameter and great pore volume. The long term performances of the MFCs fabricated
using catalysts prepared with the different graphite, γ-MnO2 (ß-MnO2) and MoS2 proportions decreased finally in the order of 20:1:1
(ß-MnO2) > 20:1:1 (ultrasonicated γ-MnO2) > 10:1 (ß-MnO2) >20:1:1 (γ-MnO2) > 30:2:1 (γ-MnO2) >30:1:2 (γ-MnO2).
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Recently, because of the increasing energy shortage and growing
awareness of environmental protection, harvesting low-grade waste
heat as electrical power has drawn a great deal of attention because of
its potential and availability often at locations where electrical power
is needed.1–4 Hydraulic, wind and solar radiation are typical examples
of clean energy resources used as alternatives to fossil fuel resources
to produce electricity. However, these energy sources are limited by
climate and geographical factors. When compared with the energy
sources mentioned previously, biomass is one of the important renew-
able carbon sources and has been recognized as a promising energy
supplier of the future.5 The increasing demand for biofuel has encour-
aged researchers and politicians worldwide to find sustainable biofuel
production systems in accordance with the regional conditions and
needs.6 Microbial fuel cells (MFCs) are bioelectrochemical devices
used to generate electricity from organic matter using exoelectro-
genic bacteria.7 This technology shows promise in both wastewater
treatment and sustainable bioenergy conversion applications.8 In the
MFC, electrons liberated from the degradation of the electrolyte or-
ganics move through the external circuit to the cathode where oxygen
is reduced and a net current/power is generated.9 It has be shown that
the oxygen reduction reaction (ORR) at the cathode is one of the main
limiting factors for further improving the output of MFCs.10,11

An improvement in the cathodic process can lead to a considerable
power density increases in MFCs.12 One of the solutions is to add
catalyst on the surface of the cathode, in which Pt is a typical example.
Pt-based catalysts are the best ORR catalysts, however, because of
its high cost, it is necessary to study environmental friendly catalysts
with lower price. Ideal ORR catalysts are generally used as the oxygen
cathodes to reduce the overpotential and obtain more energy, and are
usually based on metals, carbon, conductive polymers and microbes.13

The potential electrochemical catalysts used for MFCs have to be
widely available and should be low cost materials. Therefore, metal-
based catalysts containing Co,14,15 Fe,16,17 Mn,5,18,19 Cu,20 and Ni21

are recognized as promising ORR catalysts and have been heavily
studied.

Suman et al. have used graphite felt and stainless steel assembly
as cathode of microbial electrolysis cell (MEC) in the study of acetate
production and achieved a maximum acetate production rate of 1.3
mM/day.22 Atanassov et al.23 compared the ORR catalysts based on
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Fe, Co, Ni and Mn with the same precursor (aminoantipyrine, AAPyr)
using an identical sacrificial support method. The results showed that
the power density of the MFC fabricated with these catalysts decreased
in the order: Fe-AAPyr> Co-AAPyr> Ni-AAPyr>Mn-AAPyr> AC.
The surface of transition metal oxides can favor electron localization
over the bulk itinerant electron state, which improves the catalytic
activity in the ORR.24

Manganese dioxide (MnO2) is considered to be a promising cath-
ode catalyst for alkaline fuel cells and metal-air batteries25 because
oxygen reduction activity can be achieved on MnO2 in an alkaline
media.26 Recently, many studies27 have focused on the effect of MnO2

catalysts on improving the performance of the cathode in MFCs.
Because of the low conductivity of MnO2, major benefits can be
achieved by anchoring MnO2 nanostructures over carbon supports
such as graphite, activated carbon (AC), carbon nanotube (CNT) and
graphite oxide (GO). The carbon support (graphite) is expected to
increase the electrochemically active surface area and number of ac-
tive sites to improve the performance of MnO2 catalysts.28 Hu et al.29

have developed manganese oxide catalysts using a cryptomelane-type
octahedral molecular sieve (OMS-2) to replace the Pt catalyst in the
cathode. They investigated undoped and three catalysts doped with
cobalt (Co-OMS-2), copper (Cu-OMS-2) and cerium (Ce-OMS-2)
to improve the catalytic performance. During the experiments, they
found that the voltage of the Co-OMS-2 granular active carbon mi-
crobial fuel cell (GACMFC) was 217 mV and the power density was
180 mW/m2, which was the highest among the other catalysts studied.
The chemical oxygen demand (COD) removal efficiencies of the Cu-
OMS-2 MFCs and Co-OMS-2 MFCs possessed values between 83%
and 87%, which were 15–19% higher than that of Pt MFCs.30 Fur-
thermore, the Cu-OMS-2 MFCs and Co-OMS-2 MFCs possessed a
stable power generation of 200 ± 8 mV and 190 ± 5 mV, respectively,
which were 50–60 mV higher than that of Pt MFCs. Zhang et al.31

developed MnO2-coated electrodes for MFCs and achieved a power
density of 3580 ± 130 mW/m2, which was 24.7% higher than the
MFC fabricated with bare carbon felt. Liu et al.32 have also studied
nano-structured manganese oxide as a cathodic catalyst for MFCs.
They demonstrated that a nano-structured MnOx can be an effective
catalyst for MFCs and produced a maximum power density of 772.8
mW/m2 using synthetic wastewater. Jiang et al. have also developed
a Co-MnO2 cathode for MFCs and obtained a power density of 465
mW/m2.33 Our group5 have reported graphite plus MnO2 paints, which
were used as the catalyst in a stainless steel cathode. We found that
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Figure 1. Schematic of the basic elements of single MFC.

the MFC fabricated with the cathode without the catalyst possessed a
power density of ∼40 mW/m2, while the best MFC performance was
obtained with the graphite/MnO2 composite (10:1) with a power den-
sity of 100 mW/m2, which showed that MnO2 is a promising catalyst
for improving the performance of MFCs with domestic wastewater.
Roche et al.34 developed a two chamber MFC using MnOx/C as the
catalyst in the cathode that was used to treat sewage sludge, whose
results showed that the power density of the MFC fabricated with the
MnOx/C composite was 161 mW/m2. When compared with the MFC
fabricated with Pt/C, its power density was only 19.8% lower than
that of MFC fabricated with Pt/C (193 mW/m2).

Another alternative catalyst, which has recently attracted a great
deal of attention is molybdenum sulfide (MoS2).5 Because of its high
stability, MoS2 is usually unaffected by dilute acids and oxygen. Yuan
et al.35 have studied the effect of highly conductive carbon nanotubes
(CNT) with a MoS2 coating on the performance of microbial elec-
trolysis cells used for the hydrogen evolution reaction. They found
that the hydrogen evolution reaction activity of the MoS2/CNT com-
posite was comparable to that of Pt. Hou et al.36 have also developed
a MoS2/nitrogen-doped graphene nanosheet aerogels catalyst for hy-
drogen evolution in an MEC. They achieved a high output current
density of 0.36 mA/cm2. Furthermore, a hydrogen production rate of
19 m3/day was also obtained for the hybrid at a bias of 0.8 V. Our
group5 have also shown that the graphite/MoS2 composite shows a
much higher stability than the graphite/MnO2 composite.

In this study, oxygen reduction catalysts comprised of graphite,
MnO2 and MoS2 at different weight proportions were prepared and
the effects of the weight proportion and ultrasonic treatment on the
performance of MFC were studied. In addition, to further investigate
the effect of different MnO2 morphologies and structure on the perfor-
mance of the MFCs, ß-MnO2 with a whisker structure was also pre-
pared and used as a oxygen reduction catalyst in an MFC. A reversible
reference electrode was also used in our experiments to measure the
potential of the single electrodes, in order that the performance of the
cathode and anode can be compared with each other.

Materials and Methods

Design of MFC.—A schematic of the used MFC with anode di-
mension of 150 mm × 150 mm is shown in Fig. 1. The system
was designed to keep the bacteria on the anode separated from the
cathode solution, which can be realized by using a membrane or
separator. Moreover, the separator should also be used for proton ex-
change. During the experiments proton exchange membranes were
used as separator between anode and cathode compartment of the
MFCs. Polymer/graphite composite is used as material of flat plate
electrodes, which are prepared by Eisenhuth Corporation (Germany)
(Fig. 2).

Figure 2. Construction of anode plate.

Preparation of graphite/MnO2 and graphite/MoS2 composite.—
For preparing the cathode dispersion, MnO2 was received by
Guangzhou Chun Zheng Chemical Corporation in China, MoS2 by
Metallpulver24 Corporation in Germany (article number 22020) and
graphite RA by Eisenhuth Corp. Germany.

New form of MnO2 (ß-MnO2) catalyst is also studied in our re-
search, which was prepared according to the method of Zhang et al.37

In which, KMnO4, ethanol and water were mixed together and then
sealed and maintained at 125◦C for 24 h before cooling down to room
temperature. After washed and dried, the precipitates were calcined
at 300◦C for 5 h. The catalyst was cooled to room temperature before
putting into use.

Graphite, MnO2 and MoS2 are mixed in a weight proportion of
20:1:1, 30:1:2 and 30:2:1 respectively. As a polymer binder a solution
made of 150 mL butanol and 7.5 g celluloid (taken from table tennis
balls) is produced. The mixture of MnO2, MoS2 and graphite is added
into the butanol solution. The components were chosen considering
the aspect that no poisonous materials should be used in a water treat-
ment plant. In our research, the catalysts were coated by paintbrush
on the surface of cathode with the average loading ratio of 0.16 g
(catalyst)/g (cathode). In order to study the influence of ultrasonic
treatment on the performance of MFC, graphite, MnO2 and MoS2

which are mixed in a weight proportion of 20:1:1 are also treated
under ultrasonication for 30 min. Stainless steel meshes (w = 1.8
mm, d = 0.32 mm) from Spörl KG Präzisionsdrahtweberei Corpo-
ration (Germany) with dimension of 150 mm × 150 mm were used
as cathode. A sample of a stainless steel cathode with graphite/MnO2

composite coating and four in series connected MFCs with stainless
steel as cathode carrier material is given in Fig. 3.

Measurement of power density.—State of the art in MFC research
is the use of resistors with fixed values as an electric load, which is
also described in our previous research. The resistor is needed to allow
the microorganism to release their generated electrons. This method
however, is not the best approach to load the MFCs electrically. MFCs
are electrochemical reactors with living organism on the electrodes.
This results in fluctuations of power density which cannot be fore-
cast. Therefore a fixed resistor does not fit optimal to the variable
power output of the MFC. The stronger the ability of microorganism
to produce electron is, the longer their vitality is and the better the
bio-film on electrode can develop. Our approach in the research is
different from the well-known resistor load. The MFCs are loaded
with constant current sources. The current is adapted to the prevailing
power capability of the MFC. By this means, the MFCs were loaded
individually with different constant currents, each MFC is connected
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Figure 3. Stainless steel mesh with catalyst (a) and four in series connected
MFCs (b).

with an own constant current source. Simultaneously the potential
was measured. The current density-voltage and the current density-
power density characteristics can be further calculated automatically
by LabView software combining with these measured data (National
Instruments). These data are not constant over time but change during
the operation of a MFC, which is caused by changing supply with
nutrition, varying supply with oxygen and individual development of
the microbial film on the electrodes. So it is necessary to measure
these data several times a day and adjust the applied load current to
the maximum power point in the current density/power density char-
acteristic of each MFC. By comparing the latest voltage and current
with the stored previous data, the status of operation is identified.

The current is then adjusted stepwise toward the direction of the
power maximum. The time interval for the measurements can be
chosen freely as well as the current increments, so this method can
be adapted to different sizes of MFCs. By this approach each MFC
was operated at the individual maximum power point in the current
density/power density characteristic and a rapid development of the
microorganism could be reached leading to a fast power production.
Materials with beneficial properties can be easily detected and be used
for the development of industrial MFCs. The performance of different
materials can be compared and evaluated at their maximum power
point by this method.5

Characterization.—The X–ray powder diffraction (XRD) analy-
sis were recorded on a D/max-2200PC-X-ray diffractometer (40 kV,
20 mA) using CuKα radiation (0.15404 nm), scan range from 10
to 80◦ at a rate of 10◦/min. The typical physico-chemical properties
of supports and catalysts were analyzed by BET method using Mi-
cromeritics adsorption equipment of NOVA2000e. All the samples
were outgassed at 200◦C until the vacuum pressure was 6 mm Hg.
The morphological and surface composition characterization of the
samples were obtained using scanning electron microscopy (SEM,
NOVA600, FEI) and energy dispersive X-ray spectrometry (EDS).

Results and Discussion

Characterization of MnO2 and MoS2.—XRD patterns were used
to identify and confirm the crystalline phases of samples used as
catalysts (Fig. 4). It can be observed from Fig. 4 that for purchased
γ-MnO2, the peaks at 2θ = 22.3◦, 37.1◦, 42.4◦, 56.6◦, 65.7◦ and 67.3◦

(PDF: 03–0953) can be seen, which confirmed that the purchased
MnO2 sample was γ-MnO2. For as-prepared β-MnO2, the peaks at 2θ
= 28.7◦, 37.3◦, 41.0◦, 42.8◦, 46.1◦, 56.7◦, 59.4◦, 64.8◦, 67.2◦, 68.6◦,
72.3◦ and 72.4◦ can be seen, which confirmed that the prepared MnO2

sample was β-MnO2. For MoS2, the sharp peaks at 2θ = 14.4◦, 29.0◦,
32.7◦, 33.5◦, 35.9◦, 39.5◦, 44.2◦, 49.8◦, 56.0◦, 58.3◦, 60.1◦, 62.8◦,
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Figure 4. XRD patterns of the purchased γ-MnO2 (a), as-prepared ß-MnO2
(b) and MoS2 (c) catalysts.

70.1◦, 72.8◦ and 76.0◦ (PDF: 37–1492) can clearly be seen, which
confirmed that the sample was MoS2 of good crystallinity.

Table I shows the textural properties of different catalysts. It can
be observed from Table I that the surface area, pore volume and di-
ameter of γ-MnO2 were 57.1 m2 · g−1, 0.072 cm3 · g−1 and 4.9 nm,
respectively. While for ß-MnO2, the surface area, pore volume and
diameter were 68.3 m2 · g−1, 0.281 cm3 · g−1 and 16.5 nm, respec-
tively. This shows that the ß-MnO2 possessed a higher surface area
than that of γ-MnO2. In addition, the pore diameter and pore volume
of ß-MnO2 were 2.9 times and 2.4 times larger than those of γ-MnO2,
respectively. The above results showed that the structures of the γ-
MnO2 and ß-MnO2 catalysts were significantly different even though
their compositions are the same. The ß-MnO2 is more likely to be a
better catalyst than γ-MnO2 owing to its textural properties. This will
further discussed later. For MoS2, the surface area, pore volume and
diameter were 7.7 m2 · g−1, 0.038 cm3 · g−1 and 19.2 nm, respectively.
Comparing with γ-MnO2 and ß-MnO2, the MoS2 catalyst possessed
a lower surface area with a relatively low pore volume.

Fig. 5 illustrates SEM morphologies of the γ-MnO2, MoS2 and ß-
MnO2 catalysts. It can be observed from Fig. 5 that γ-MnO2 catalyst
showed an irregular form and rough edges (Fig. 5a). The morpholo-
gies of the γ-MnO2 and ß-MnO2 catalysts are significantly different.
The ß-MnO2 catalyst clearly maintains the whisker structure (Fig.
5c). Comparing with those MnO2 catalysts, the morphology of MoS2

catalyst (Fig. 5b) is much more regular with several layers.

Polarization curves of MFC with different catalysts.—The power
density performance of MFCs with different graphite, γ-MnO2 and
MoS2 proportion is shown in Fig. 6 (left). The data suggested that the
optimal power densities of MFCs with catalysts prepared by graphite,
γ-MnO2 and MoS2 in a proportion of 30:1:2 and 30:2:1 were lower
than 60 mW/m2. The MFC fabricated with a catalyst prepared by
graphite, γ-MnO2 and MoS2 in a proportion of 20:1:1 possessed the
highest optimal power density of 120 mW/m2. This value is two times
the optimal power of the MFCs fabricated using the catalysts prepared
by graphite, γ-MnO2 and MoS2 in a proportion of 30:1:2 and 30:2:1.

Table I. Textural properties of γ-MnO2, MoS2 and ß-MnO2
catalysts.

Sample SBET/(m2 · g–1) Vp/(cm3 · g–1) D/(nm)

γ-MnO2 57.1 0.072 4.9
β-MnO2 68.3 0.281 16.5

MoS2 7.7 0.038 19.2
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Figure 5. SEM morphologies of γ-MnO2 (a), MoS2 (b) and ß-MnO2 (c) catalysts.

This shows that the proportion of graphite has significant effect on the
power density. A RHE is also used in our experiments for measuring
the potential of single electrode and the data is shown in Fig. 6 (right).
The similar results were obtained. It can be seen that the cathode
potential of MFC fabricated with a catalyst prepared by graphite, γ-
MnO2 and MoS2 in a proportion of 20:1:1 descended slower than
those of MFCs with other mixing proportions. The main reason is that
the MFC fabricated with a catalyst prepared by graphite, γ-MnO2 and
MoS2 in a proportion of 20:1:1 possesses the highest optimal power
density.

The influence of ultrasonic treatment on the performance of power
density of MFC is shown in Fig. 7. The data suggested that the MFC
fabricated with a catalyst prepared by graphite, γ-MnO2 and MoS2

in a proportion of 20:1:1 with ultrasonic treatment possessed a sig-

nificantly higher power density (183 mW/m2) than the one without
ultrasonic treatment, showing that ultrasonic treatment plays an im-
portant role in improving the power density of MFC. The possible
reason maybe that the ultrasonic treatment can promote a good mix of
the graphite, γ-MnO2 and MoS2, and therefore can produce more uni-
form composite. This would play positive role in energy production.
Sang et al.38 have pretreated different sludge types for MFC and found
that the ultrasonic pretreatment have changed the physical structure
of sludge and therefore, a higher electricity production was obtained.

The influence of different MnO2 morphologies on the performance
of power density of MFC is shown in Fig. 8. The data suggested that
the optimal power density of MFC fabricated with a catalyst prepared
from graphite and ß-MnO2 in a proportion of 10:1 was 140 mW/m2,
which is higher than that of MFC fabricated with a catalyst prepared

0 2 4 6 8 10 12 14 16
0

20

40

60

80

100

120

140

160

P
ow

er
 d

en
si

ty
 [m

W
/m

2 ]

Current [mA]

 Graphite: γ-MnO2:MoS2=20:1:1
 Graphite: γ-MnO2:MoS2=30:2:1
 Graphite: γ-MnO2:MoS2=30:1:2

0 2 4 6 8 10 12 14 16
-200

-100

0

100

200

300

400

P
ot

en
tia

l [
m

V
]

Current [mA]

 Anode potential with Graphite:γ-MnO2:MoS2=20:1:1
 Cathode potential with 20:1:1
 Anode potential with 30:2:1
 Cathode potential with 30:2:1
 Anode potential with30:1:2
 Cathode potential with 30:1:2

Figure 6. Power densities of MFCs with cathodes based on the catalysts prepared using graphite, γ-MnO2 and MoS2 in different proportions as indicated (left)
and the corresponding potential measurement (right).
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Figure 7. Power densities of MFCs with cathodes based on the catalyst pre-
pared using graphite, γ-MnO2 and MoS2 in a proportion of 20:1:1 with and
without ultrasonic treatment.

form graphite, γ-MnO2 and MoS2 in a proportion of 20:1:1, showing
that the performance of ß-MnO2 with a whisker structure was much
better than γ-MnO2. This can be attributed to the higher surface area,
larger pore size and great pore volume of ß-MnO2 (Table I). It should
be noted that the higher surface area is beneficial to expose more
active sites, which would enhance the catalytic performance. While
the larger pore diameter and pore volume would facilitate the diffusion
rates of the reactant, which is beneficial toward chemical reactions
over the catalysts. Furthermore, the average oxidation state (AOS) of
manganese oxide would also play a role in the performance. Shen
et al.39 have measured the AOS value of different manganese oxide
samples via a magnetic method and found that the ß-MnO2 possessed
the highest AOS value (4.23) comparing with γ-MnO2 (4.04). Zhang
et al.37 have tested three manganese dioxide materials, α-MnO2, ß-
MnO2, γ-MnO2 as cathodic catalysts in air-cathode MFCs and found
that ß-MnO2 appeared to hold the highest catalytic activity. They
concluded that the high catalytic activity of ß-MnO2 is due to its high
BET surface and AOS value. Comparing with MFC fabricated with a
catalyst prepared from graphite and ß-MnO2 in a proportion of 10:1,
the MFC fabricated with a catalyst prepared from graphite, ß-MnO2

and MoS2 in a proportion of 20:1:1 possessed even a higher power
density, which is 158 mW/m2. This indicated that addition of MoS2

is beneficial to enhance the MFC performance.
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Figure 8. Power densities of MFCs with cathodes based on the catalysts
prepared using graphite, ß-MnO2 (γ-MnO2) and MoS2.
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Figure 9. Long term performances of MFCs with cathodes based on the cat-
alysts prepared using graphite, ß-MnO2 (γ-MnO2) and MoS2 in different
proportions.

Long term performance of MFC fabricated with a catalyst pre-
pared by different proportions.—The long term performance of
MFCs with catalysts prepared with different graphite, γ-MnO2 (ß-
MnO2) and MoS2 proportions is shown in Fig. 9. The data suggested
that for all the samples, the power densities became stable after 12th

day and a slight descend is observed. The MFC fabricated with the
catalyst prepared from graphite, γ-MnO2 and MoS2 in a proportion
of 20:1:1 achieved the highest power density of 125 mW/m2 on 5th

day. The power density of MFC fabricated with a catalyst prepared
from graphite, γ-MnO2 and MoS2 in a proportion of 30:1:2 possessed
the value of only 85 mW/m2 at the beginning and descended rapidly
after starting operation. However, after 12th day, the power density
of MFC fabricated with a catalyst prepared from graphite, γ-MnO2

and MoS2 in a proportion of 20:1:1 fluctuated around the value of
95 mW/m2, which is still much higher than those of MFCs catalysts
prepared from graphite, γ-MnO2 and MoS2 in proportions of 30:1:2
(35 mW/m2) and 30:2:1 (75 mW/m2). This demonstrated that among
the MFC fabricated with a catalysts prepared from different graphite,
ß-MnO2 and MoS2 proportions, the MFC fabricated with a catalyst
prepared from graphite, ß-MnO2 and MoS2 in a proportion of 20:1:1
showed the highest power density.

The power density of MFC fabricated with a catalyst prepared from
graphite, ß-MnO2 in a proportion of 10:1 is 140 mW/m2 on the 1st day,
which is better than those of MFC fabricated with a catalyst prepared
from graphite, γ-MnO2 and MoS2 combinations. While the MFC
fabricated with a catalyst prepared from graphite, ß-MnO2 and MoS2

in a proportion of 20:1:1 showed the power density of 165 mW/m2 on
the 1st day, and fluctuated around the value of 142 mW/m2, which is
the highest among all the tested combinations. This observation agrees
well with the results of power densities analysis described above (Fig.
9), which indicated that the performance of crystallized ß-MnO2 is
much better than γ-MnO2. However, it can also be observed that the
power density of The MFC fabricated with a catalyst prepared from
graphite, γ-MnO2 and MoS2 in a proportion of 20:1:1 with ultrasonic
treatment possessed the highest power density only at the first 4 days.
After 4 days, the power density became lower and possessed the value
of 114 mW/m2 on the 17th day.

It can be observed in Fig. 9 that almost all the power densities with
different catalysts have descended with time and fluctuated around
a certain value. This phenomenon is also observed in our previous
research.5 We used the mixture of graphite and MnO2 with proportion
of 10:1. The data suggested that because of the growth of microorgan-
ism, the power density increased rapidly at the beginning. However,
the power density decreased and fluctuated around a value, which is
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lower than the highest value in the long term performance. This phe-
nomenon could be attributed to both the degradation of microorganism
on the anode side and deactivation of catalysts because of chemical
reaction for a long time. This observation is in accordance with re-
sults obtained by Zhou et al.40 They have developed a MFC stack and
investigated the long term behavior of power density for 180 days.
They showed that after 30 days, the power density decreased from 4
W/m3 to 1.5 W/m3 within 150 days, which was stable. The long term
performances of the MFCs fabricated using catalysts prepared with
the different graphite, γ-MnO2 (ß-MnO2) and MoS2 proportions were
decreased in the order of 20:1:1 (ß-MnO2) > 20:1:1 (ultrasonicated
γ-MnO2) >10:1 (ß-MnO2) >20:1:1 (γ-MnO2) > 30:2:1 (γ-MnO2)
>30:1:2 (γ-MnO2).

Conclusions

Mixtures of graphite, γ-MnO2 and MoS2 at different weight pro-
portions (20:1:1, 30:1:2 and 30:2:1) were prepared and used as oxygen
reduction catalysts in MFCs. To further investigate the effect of dif-
ferent MnO2 morphologies on the MFC performance, ß-MnO2 with
a whisker structure was also prepared. It was observed that among
the graphite, γ-MnO2 and MoS2 combinations, the MFC fabricated
with the catalyst prepared from graphite, γ-MnO2 and MoS2 in a pro-
portion of 20:1:1 possessed the highest optimal power density of 120
mW/m2, which was two times the optimal power of the MFCs fabri-
cated using the catalysts prepared with graphite, γ-MnO2 and MoS2 in
proportions of 30:1:2 and 30:2:1. When compared with the graphite,
γ-MnO2 and MoS2 combination, the optimal power density of the
MFC fabricated with a catalyst prepared using graphite, ß-MnO2 and
MoS2 in a proportion of 20:1:1 was higher (158 mW/m2), showing
that the performance of ß-MnO2 with a whisker structure was much
better than that of γ-MnO2 owing to its higher surface area, larger pore
diameter and great pore volume. Furthermore, the ß-MnO2 possessed
a higher oxidation state than γ-MnO2, which is also an important
reason for better performance of ß-MnO2.

For long term performance, the MFC fabricated using the catalyst
prepared with graphite, ß-MnO2 and MoS2 in a proportion of 20:1:1
possessed a power density of 165 mW/m2 on the 1st day, which fluctu-
ated at ∼142 mW/m2 and was the highest among all the combinations
tested. This observation agrees well with the power density analysis
described previously (Fig. 8), which indicates that the performance of
crystallized ß-MnO2 was much better than γ-MnO2. During the long
term performance, the MFC with 20:1:1 (ultrasonicated γ-MnO2)
possessed the highest power density at beginning. However, it began
to decrease significantly after 4th day and became lower than that
of MFC with 20:1:1 (ß-MnO2). The long term performances of the
MFCs fabricated using catalysts prepared with the different graphite,
γ-MnO2 (ß-MnO2) and MoS2 proportions were decreased finally in
the order of 20:1:1 (ß-MnO2) > 20:1:1 (ultrasonicated γ-MnO2)
> 10:1 (ß-MnO2)>20:1:1 (γ-MnO2) > 30:2:1 (γ-MnO2) > 30:1:2

(γ-MnO2). This reveals that the catalyst prepared using graphite, ß-
MnO2 and MoS2 in a proportion of 20:1:1 was optimal.
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