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The  use  of  inexpensive  and  high-performance  cathode  materials  is  important  for  constructing  large-scale
microbial  fuel  cells  (MFCs)  for wastewater  treatment  and  bioelectricity  production.  We  show  that  the
air-breathing  MFC  with  a  MnO2 (68%)/CNT  and  polymethylphenyl  siloxane  (PMPS)  coated-stainless  steel
mesh cathode  delivers  a  maximum  power  density  of  2676  mW  m−2 (normalized  to  the  cathode  surface
area)  or  86  W  m−3 (normalized  to the  anode  chamber  volume).  The  cathode  performance  is  found  to
be highly  replied  on  the  percentage  of  MnO2 in the  as-prepared  MnO2/CNT  nanocomposites,  in  which
icrobial fuel cell
anganese oxide

arbon nanotube
olymethylphenyl siloxane
tainless steel mesh

the  birnessite-type  MnO2 is  uniformly  formed  on the  exterior  CNT  surfaces,  as  revealed  by  the  scanning
electron  microscopy  (SEM)  and  X-ray  diffraction  (XRD)  results.  Furthermore,  it is  found  that  PMPS coated
onto the  mesh  electrode  offers  the  advantages  of low  cost,  easy  handling  and  low  water  loss  and  exhibits
improved  cathode  performance  as compared  to  polydimethyl  siloxane  (PDMS).  These  findings  suggest
that  the  cathode  materials,  MnO2/CNT  and  PMPS  in  MFCs  can  function  well  as the  electrocatalysts  and

iffus
the water-repellent  gas-d

. Introduction

A microbial fuel cell (MFC) is a biological reactor for bioelec-
ricity generation, in which bacteria help to oxidize organic matter
nd transfer electrons to the anode, and electrons pass through an
xternal circuit and arrive at the cathode to react with electron-
cceptors (i.e., oxygen). Air-breathing microbial fuel cells (MFCs),
ypically characterized by using natural convection air-flow to
heir cathodes, are attractive for wastewater treatment applica-
ions due to their simple single-chamber construction and their
nique ability to remove organic matter and generate bioelec-
ricity. The high cost of cathode materials represents one of the
ignificant challenges for their large-scale applications, because it
s estimated to account for 47% (this value can be further raised
o 75% if the membrane is removed from the cells) of MFC  cap-
tal costs [1].  Such high cost is caused by the use of expensive

t electrocatalysts, carbon cloth/paper electrode, catalyst binders
ike Nafion and polytetrafluoroethylene (PTFE). This prompts a
rowing body of research [2–10] to seek cost-effective cathode
aterials that are essential for manufacturing MFC  on a large

∗ Corresponding author. Tel.: +86 20 39380502; fax: +86 20 39380588.
E-mail address: chfeng@scut.edu.cn (C. Feng).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.10.134
ion  layer,  respectively.
© 2011 Elsevier B.V. All rights reserved.

scale. These inexpensive materials, however once integrated into
cathodes, are expected to offer even better, or at least compa-
rable performance compared to the traditionally used expensive
counterparts.

Several research groups [9–14] have previously shown that
non-precious MnO2 electrocatalysts as alternatives to Pt used in
MFCs were highly efficient for catalyzing oxygen reduction reaction
(ORR) and at the same time lowering overall costs. For exam-
ple, Li et al. [11,12] experimentally compared the performance
of a MnO2 MFC  and a Pt MFC  in terms of their energy output
and ability to remove organic contaminant, concluding that MnO2
with a cryptomelane-type octahedral molecular sieve structure
and doped with Co performed better than commercial Pt due to
the enhanced reaction rate of ORR. Recent studies [2–4] have also
paid their attention towards development of air-breathing MFCs
equipped with stainless steel mesh to replace carbon cloth as the
cathode catalyst support, because this material is more conductive
and adjustable in addition to its low cost. Zhang et al. [2] showed
that a maximum power density of 1610 mW m−2 was  achieved for
the air-breathing MFC  with its cathode constructed onto stainless
steel mesh and coated with polydimethyl siloxane (PDMS, which

functions as the water-repellent gas diffusion layer), comparable
to 1635 mW m−2 obtained with a carbon cloth MFC. Similar results
were reported in the work [3] also using stainless steel mesh as gas
diffusion electrode but coated with PTFE.

dx.doi.org/10.1016/j.jpowsour.2011.10.134
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:chfeng@scut.edu.cn
dx.doi.org/10.1016/j.jpowsour.2011.10.134
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These previous results accelerated development of MFCs for
arge-scale fabrication and pave the way for further cost reduction
y using inexpensive cathode materials. In this contribution, we

nvestigated the role of low-cost carbon nanotube (CNT) supported
nO2 (MnO2/CNT) electrocatalysts in enhancing the cathode per-

ormance and therefore the bioelectricity generation. Considerable
eports [15–18] have demonstrated that low-cost carbon sup-
orted MnOx nanoparticles exhibited remarkable catalytic activity
or ORR occurring at the air-cathode of alkaline metal-air batter-
es and alkaline fuel cells. Here, CNT was selected as the cathode

aterial thanks to their advantages of large surface area, good
onductivity and superior electrochemical activity [19]. Further-
ore, we examined the use of polymethylphenyl siloxane (PMPS)

oated onto the stainless steel mesh to serve as the water-repellent
as diffusion layer. In comparison with PDMS, PMPS not only pos-
esses the water-proof property induced by the presence of methyl
roups, but also offers better stability and adhesion due to the intro-
uction of phenyl groups that provides steric hindrance towards
hain motion [20].

In order to experimentally verify the feasibility and efficacy of
sing MnO2/CNT and PMPS as low-cost and high-performance MFC
athode materials, we constructed a series of air-breathing cath-
des onto stainless steel mesh combined with coatings of these
aterials and compared their cell performance with that obtained

rom benchmark MFCs. The MnO2/CNT electrocatalysts were pre-
ared by a direct redox reaction of CNT with KMnO4 at a controlled
H and characterized by scanning electron microscopy (SEM) and
-ray diffraction (XRD) techniques. Because the catalytic activity
f carbon supported MnOx nanoparticles for ORR was  highly sensi-
ive to the percentage of MnOx in the carbon material and its crystal
tructure [18], we also examined the effect of catalyst composition
n MFC  performance.

. Materials and methods

.1. Synthesis and characterizations of MnO2/CNT composites

CNTs with a diameter of 10–20 nm and a length of 5–15 �m
Shenzhen NanoHarbo Co., China) were used as the catalyst sup-
orts. The preparation of CNT supported MnO2 nanocomposites
ere conducted by a direct redox reaction between the CNTs and
MnO4, according to the procedures described in the literature

21,22]. First, a KMnO4 solution having a total volume of 200 mL
as preheated to 70 ◦C. Then, 1.0 g of the CNTs were added to the
ot KMnO4 solution and left to react with stirring and at a con-
rolled temperature of 70 ◦C. The pH of the reaction solution was
ontrolled at 1.0 by adding 2 M HCl solution. Different MnO2/CNT
amples varying in the percentage of MnO2 in the composite were
btained using different concentrations of KMnO4 solution in the
ange from 0.01 to 0.1 M.  After 6-h reaction, the complete disap-
earance of the violet color of MnO4

− was observed in all samples.
he resulting colorless suspension was then filtered, washed sev-
ral times with distilled water until the pH approached 7.0, and
ried at 100 ◦C for 12 h in a vacuum oven. Assuming that MnO4

−

as completely reduced to MnO2 in all cases, we can obtain the
esired MnO2/CNT composites containing 15%, 30%, 45%, 60% and
8% of MnO2, in relation to the initial KMnO4 solution of 0.01, 0.025,
.045, 0.075 and 0.10 M,  respectively. It should be noted that when
he concentration of KMnO4 solution exceeded 0.10 M,  incomplete
eaction between the CNTs and KMnO4 occurred, as evidenced from
he observation of violet solution even when the reaction time
asted for 12 h.
The surface morphologies of the unmodified CNTs and the as-
repared MnO2/CNT composites varying in the percentage of MnO2
ere examined by a LEO 1530 VP scanning electron microscope.

he powder X-ray diffraction (XRD) patterns of these materials
urces 201 (2012) 136– 141 137

were recorded on a Bruker D8 Advance X-ray diffractometer with
Cu Ka radiation (1.54178 Å).

2.2. Electrochemical characterization using a rotating disk
electrode (RDE)

A glassy carbon (GC) disk electrode with a diameter of 3 mm
was  used as the RDE on which a thin catalyst layer was coated
to form the catalyst-modified electrode. Prior to use, the bare GC
electrode was first polished with emery paper and then with Al2O3
powders (particle sizes of 1 and 0.06 �m).  The polished electrode
was  successively cleaned with ethanol and distilled water in an
ultrasonic bath for 10 min, respectively. The catalyst-modified RDE
was  prepared as follows. A catalyst ink containing 5 mg of cat-
alyst was  prepared in a dilute Nafion solution (0.5 wt%, 250 �L,
diluted by 2-propanol) ultrasonically for 20 min. Aliquots (2 �L)
of the ink was then pipetted onto the electrode surface using a
micro-syringe to form a thin catalyst layer. After air-drying for
30 min  to evaporate the solvent, the RDE was  transferred into the
three-electrode electrochemical cell for measurements. The lin-
ear scanning voltammetry (LSV) tests were performed at room
temperature in 0.1 M Na2SO4 solution using the prepared RDE as
the working electrode, a platinum spiral as the counter electrode
and a saturated calomel electrode (SCE) as the reference elec-
trode. If not mentioned otherwise, all the reported voltages were
referred to SCE. Before each test, the solution was  bubbled with
O2 (99.999%) for 20 min  to obtain the O2-saturated environment.
Voltammograms were recorded from 0.3 to −0.6 V with a scan rate
of 10 mV  s−1.

2.3. Cathode preparation

A series of cathodes were prepared based on a conductive
current collector, stainless steel mesh, onto which PMPS and
MnO2/CNT composites were added to function as water-repellent
gas diffusion layer and catalyst layer, respectively. The stainless
steel mesh (opening size of 104 �m;  wire diameter of 66 �m;
open area ratio of 37%; thickness of 135 �m)  was purchased from
Anping County Resen Screen Co., Ltd. (China). Prior to use, it
was  ultrasonically cleaned and degreased in acetone and ethanol
successively each for 10 min, followed by rinsing with distilled
water. PMPS (10 mg  cm−2) purchased from Guangzhou XSJ Co.,
Ltd. (China) was mixed with carbon black (2.4 mg  cm−2) to form
a slurry. The slurry was then painted on one side of the stain-
less steel mesh that faced the air. The PDMS layer was allowed
to be dried at room temperature for 30 min. Subsequently, the
MnO2/CNT electrocatalysts having different content of MnO2 were
coated on the other side of the stainless steel mesh that faced the
anode solution. Before coating, the catalyst slurry was prepared
by mixing 8.0 mg  cm−2 MnO2/CNT composites with 24.2 �L cm−2

5 wt%  Nafion (catalyst binder and proton conductor). In bench-
marking performance of these cathodes, a control cathode was
also prepared using PMPS and 5% Pt/C catalyst (5 mg  cm−2, John-
son Matthey). For all the cathodes, the projected cathode surface
area was 2.4 cm × 3.3 cm.

2.4. MFC construction, operation and tests

Air-breathing membraneless MFCs consisting of a cathode
described above and an anode were constructed with a rectan-
gular anode chamber (made of polycarbonate) having an effective
volume of 25 mL.  The anode used for these MFC  reactors was a

piece of PPy/AQDS (anthraquinone-2,6-disulphonic disodium salt)-
modified carbon felt (2.2 cm × 2.3 cm × 0.5 cm) prepared according
to the procedures described previously [23,24]. All MFCs were inoc-
ulated with Shewanella decolorationis S12 bacteria which were
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Fig. 1. SEM images of (a) unmodified CNTs, and (b)–(f) as-prepared MnO2/CN

rown on the lactate-growth medium including 10 mM lactate and
.1 M PBS-based nutrient solution (pH 8.0) consisting of 5.84 g L−1

aCl, 0.10 g L−1 KCl, 0.25 g L−1 NH4Cl, 10 mL  of vitamin solution and
0 mL  of mineral solution.

All MFCs were operated at a controlled temperature of 30 ◦C.

 32-channel voltage collection instrument (AD8223, China) was
sed to record the cell voltages under the conditions of a 1000 �
xternal resistance. To evaluate power performance of MFCs,
he anode and cathode polarization curves and the cell power
posites having the content of MnO2 of 15%, 30%, 45%, 60%, 68%, respectively.

density curves were obtained by varying the external resistor
over the range from 10 to 8000 � when the performance of MFC
approached steady state. Current density (I) was calculated as I = V
(cell voltage)/R (external resistance), and power density (P) was
calculated as P = V × I. Both I and P were normalized to the projected

area of cathode surface. The anode potential was measured by
inserting a sterilized SCE electrode into the anode chamber; the
cathode potential was  calculated as the sum of the anode potential
and the cell voltage.
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Fig. 3. (a) Power density curves, and (b) anode and cathode polarization curves of
six  air-breathing MFCs with stainless steel mesh cathodes coated with PMPS and
MnO2/CNT electrocatalysts varying in different MnO2 contents. For comparison,
such  curves were also recorded for a benchmark Pt/C MFC  having the same cell
ig. 2. Typical XRD patterns for unmodified CNTs and as-prepared MnO2/CNT com-
osites.

. Results and discussion

.1. Physicochemical characterizations of MnO2/CNT
lectrocatalysts

A facile preparation method was employed for the synthesis
f MnO2/CNT electrocatalysts by the direct reaction between the
NTs and KMnO4. Fig. 1 shows the typical top-view SEM images of
he as-prepared MnO2/CNT composites varying in the percentage
f MnO2 from 0 to 68%. The unmodified CNT composites have a
orous network structure, consisting of CNTs with approximately
0–20 nm in diameter (Fig. 1a). Upon reaction with KMnO4, the
NTs were uniformly decorated with MnO2 particles on their sur-

aces. The incorporation of low percentages of MnO2 in the CNTs,
owever, did not lead to significant changes in the morphologies of
NTs (Fig. 1a–c). In contrast, Fig. 1d clearly shows that a thin layer
omposing of MnO2 was homogeneously deposited on the CNT
urfaces, as evidenced from the increased thickness of tubes. Fur-
hermore, Fig. 1d–f illustrates that increasing the content of MnO2
rom 45% to 68% resulted in the increasing tube diameter and sur-
ace roughness, suggesting the homogeneous growth of MnO2. It
as noted that there was no agglomeration of MnO2 on the exte-

ior CNT surfaces; that is, the coatings of MnO2 did not change the
verall porous structure of CNTs. These features suggest that the
s-prepared MnO2/CNT electrocatalysts have a promising network
anostructure for catalyzing ORR, as the nano-sized MnO2 can be

ully approached by oxygen.
The crystal structures of the synthetic MnO2/CNT composites

ere examined by XRD characterization. Comparisons of XRD pat-
erns among different samples (Fig. 2) revealed that the typical
eaks at around 26◦, 40◦, 43◦ and 54◦ were attributable to the CNTs
nd that the incorporation of MnO2 on the CNTs caused a decrease
n the height of these peaks. The appearance of peaks at 12◦, 37◦

nd 66◦ was resulted from the presence of MnO2. In agreement with
revious reports [21], these peaks are indicative of the formation
f birnessite-type MnO2 on the CNT surfaces.

.2. Power performance of air-breathing MFCs equipped with
nO2/CNT electrocatalysts
In order to verify and explore the effects of CNT–MnO2 com-
osition on the ORR activity in MFCs, a series of power density
easurements were performed using the same cell architecture

nd anode system but a variety of cathode systems having different
architecture and anode system. The data point shown represents the average on
triplicate measurements obtained from three independent experiments ± standards
deviations.

catalyst compositions. The power performance of MFC  with Pt/C
electrocatalysts was  also tested for comparison. In all cases, the
stainless steel mesh functioned as the cathode current collector,
which was coated with PMPS on one side that faced air and cathode
catalysts on the other side that faced the anode solution.

The results of these measurements are provided in Fig. 3a. It was
noticeable that the content of MnO2 in the catalyst can significantly
affect the power performance. The MFC  with the unmodified-CNT
cathode produced a maximum power density of 688 mW m−2 (the
surface area was referred to the projected cathode surface area
throughout this study). Increasing the percentage of MnO2 from
0 to 68% can substantially enhance the maximum power density.
The decoration of CNT with 45% MnO2 increased power by 2.6 times
compared to the unmodified-CNT cathode. With an increase in the
percentage of MnO2 from 45% to 68%, the maximum power density
increased from 1806 to 2676 mW m−2. These observations indicate

that the maximum power density trend was consistent with an
overall increase in the amount of MnO2 deposited on the CNT sur-
faces as revealed by the SEM results (Fig. 1). The benchmark Pt/C
MFC  generated a maximum power density of 1922 mW m−2, which
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as slightly larger than 1635 mW m−2 obtained from a similar MFC
esign [2] using carbon cloth cathode with Pt electrocatalysts and
DMS layers, but approximately 1.4 times less than the largest
aximum power density achieved with the MnO2 (68%)/CNT elec-

rocatalysts.
To the best of our knowledge, the maximum power density of

676 mW m−2, equivalent to 86 W m−3 (the volume was  referred
o the anode chamber volume throughout this study) obtained
rom the MnO2 (68%)/CNT-coated stainless steel mesh cathode,
epresents one of the best power densities ever reported for
n air-breathing membraneless MFC  design either using Pt or
on-precious catalysts. For example, a stainless steel mesh cath-
de with PDMS and Pt achieved a maximum power density of
610 mW m−2 (47 W m−3) for the membraneless MFC  [2].  When
t was replaced by active carbon, this MFC  delivered a maxi-
um  power density of 1220 mW m−2 (36 W m−3) [4].  In addition,

he best performance achieved here was significantly larger than
hat obtained from other works also using MnOx particles as the
athode electrocatalysts but with different types of MnOx and
ifferent cell designs. For example, nano-structured MnOx parti-
les electrodeposited on carbon paper were reported to be used
s electrocatalysts for ORR in a continuous-mode air-breathing
FC, from which a maximum power density of 773 mW m−3 was

btained [13]. Zhang et al. [10] showed that the use of commercial
nO2 electrocatalysts in conjunction with a canvas cloth cath-

de assembly produced a maximum power density of 86 mW m−2

9.87 W m−3) for a tubular air-cathode MFC. A recent report by
i et al. [11] revealed that Co-doped cryptomelane-type MnO2
s the ORR electrocatalyst exhibited a maximum power den-
ity of 897 mW m−2 for a single-chamber air-cathode MFC. The
ubstantially increased power performance in this study com-
ared to other reports is believed to be the consequence of
he remarkable electrocatalytic activity of MnO2/CNT for ORR.
his may  be resulted from (i) the network porous nanostruc-
ure that facilitates oxygen transport in the catalysts and (ii) the
niform dispersion of nano-sized MnO2 catalysts on the CNT sup-
orts, which provides a large available surface area for oxygen
ccess.

The fact that the enhancement of cathode performance was
ainly responsible for the boost of power performance was  con-

rmed by the anode and cathode polarization curves (Fig. 3b). It was
lear from the anode polarization curves that there were insignif-
cant variations in the anode open circuit potentials (OCPs) and
node working potentials for all MFCs using MnO2/CNT or Pt elec-
rocatalysts. In contrast, the variations in the cathode OCPs and
athode working potentials were pronounced depending on the
ercentage of MnO2 and the type of catalysts. It was proposed
hat the successive two-electron ORR pathway is favored on carbon
upported MnOx electrocatalysts, as MnOx mainly functions as the
atalyst for the two-electron decomposition of hydrogen peroxide,
hich may  be formed as the result of two-electron reduction of oxy-

en by the carbon electrode [17,18]. The low percentages of MnO2
ontained in the catalysts seemed to be ineffective for catalyzing
ydrogen peroxide decomposition [18]; that is, the two-electron
eduction of oxygen to hydrogen peroxide was dominant in these
ituations, thus causing the low cathode OCPs observed. The cath-
des containing sufficiently high amount of MnO2 turned to make
RR follow a four-electron reduction pathway, thus leading to the
igh cathode OCPs which were approximate to the value in relation
o Pt. The slope of the cathode polarization curve indicates the mag-
itude of driving force (in the form of overpotential) required for
he cathode reaction. Comparisons among different cathode polar-
zation curves associated with MnO2 (45%)/CNT, MnO2 (60%)/CNT,
nO2 (68%)/CNT and Pt (5%)/C catalysts suggested that the MnO2
68%)/CNT cathode exhibited the lowest slopes corresponding to
he lowest overpotentials for driving the cathode reaction. This
Fig. 4. LSV curves of the MnO2/CNT electrocatalysts with different MnO2 contents
in 0.1 M Na2SO4 solution saturated with oxygen. The rotating speed was 2500 rpm.

accounts for the observation that the air-breathing MFC  with the
MnO2 (68%)/CNT cathode performed best among all MFC tests.

RDE-based LSV tests were performed to provide evidence for
the different ORR activities of the synthesized MnO2/CNT cata-
lysts. Fig. 4 shows the voltammograms of ORR recorded on RDEs
modified with different MnO2/CNT samples. It was clearly visible
that both the onset potential of ORR and the ORR current varied
substantially depending on the concentration of MnO2 in the cat-
alyst. Increasing the content of MnO2 led to a positive shift of the
onset potential and an increase in the reduction current. The RDE
with MnO2 (68%)/CNT exhibited the most positive onset potential
and the highest limiting current among all the electrodes. These
observations suggest that the activity of these catalysts increases
in the order of CNT < MnO2 (15%)/CNT < MnO2 (30%)/CNT < MnO2
(45%)/CNT < MnO2 (60%)/CNT < MnO2 (68%)/CNT.

The differences in ORR activity among the prepared MnO2/CNT
catalysts can also be evaluated from the Koutecky–Levich curves
(Fig. 5) according to the following equation that has been widely
used to analyze the ORR kinetics [17,25].
( rad s )

Fig. 5. Koutecky–Levich plots of ORR for the MnO2/CNT electrocatalysts with dif-
ferent MnO2 contents in 0.1 M Na2SO4 solution saturated with oxygen.
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ndependent experiments ± standards deviations.

here i, ik, and id are the measured, kinetic, and diffusion-limiting
urrent, respectively; n is the number of electrons involved in ORR;

 is the Faraday constant; A is the geometric electrode area; k is the
ate constant for ORR; C0 is the saturated concentration of oxygen
n the electrolyte; DO2 is the diffusion coefficient oxygen; v is the
inetic viscosity of solution, and ω is the rotation rate. The n values
alculated from the slopes of these curves were 2.05, 2.12, 3.02,
.55, 3.84, and 3.92 for CNT, MnO2 (15%)/CNT, MnO2 (30%)/CNT,
nO2 (45%)/CNT, MnO2 (60%)/CNT, and MnO2 (68%)/CNT, respec-

ively. These results confirm that the pathway of ORR changes from
wo-electron reduction to four-electron reduction with the increas-
ng content of MnO2.

.3. PMPS as an efficient water-repellent gas-diffusion layer in
ir-breathing MFCs

PDMS was recognized as an air-cathode material capable of
llowing gas permeation from atmosphere to the catalyst active
ites, and preventing water leakage from the cathode. Although
ery reactive, the limiting factor of PDMS used in MFCs is the rel-
tively complex fabrication approach which requires additional
ilicone elastomer curing agent and high temperature for cross-
inking the PDMS oligomers [2].  The approach of coating PMPS
n the mesh electrode, however, appeared much more convenient
s compared with that associated with PDMS, since PMPS can be
ssembled onto the electrode at room temperature eliminating
he use of other curing agents and only 30-min curing time was
equired. The presence of phenyl groups in PMPS may  account for
ts self-drying property.

Two separate MFC  reactors were constructed, with one rector
sing the PMPS-based cathode and the other using PDMS-based
athode. Fig. 6 shows that the PDMS cathode containing the same
mount of MnO2 (68%)/CNT electrocatalysts produced a maximum
ower density of 2078 mW m−2, decreased by 22% as compared
o 2676 mW m−2 obtained from PMPS. In addition, for long-term
FC  operations, it is necessary to control water loss from the cath-
de. It was found that PMPS was very effective in preventing water
eakage, with around 5% loss for 1-week operation. This value was
ignificantly lower than that (5% loss each day) in relation to PDMS

[

[

[
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cathode as reported elsewhere [2].  Taking into account the fact that
it is a very low-cost (about 6$ kg−1) material, in combination with
all the advantages it provides, PMPS represents a promising poten-
tial material for large-scale construction of air-breathing MFCs.

4. Conclusions

We have experimentally demonstrated that the air-breathing
MFC  equipped with the MnO2/CNT nanocomposites and PMPS-
coated stainless steel mesh cathode delivered appreciably higher
power density than that ever reported for a single-chamber MFC
design. The use of MnO2/CNT and PMPS showed advantages over
other reported cathode materials such as Pt/C and PDMS in terms
of their much lower cost and higher cathode performance. These
advantages enable them to be employed as promising cathode
materials for constructing large-scale MFCs for wastewater treat-
ment and bioelectricity production. However, it should be noted
that there are still several steps before their practical applications.
One of the main concerns relates to the long-term stability of these
materials used in MFCs, which will be explored in the future work.
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