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a b s t r a c t

This study focused on manganese oxides with a cryptomelane-type octahedral molecular sieve (OMS-2)
structure to replace platinum as a cathode catalyst in microbial fuel cells (MFCs). Undoped (ud-OSM-
2) and three catalysts doped with cobalt (Co-OMS-2), copper (Cu-OMS-2), and cerium (Ce-OMS-2) to
enhance their catalytic performances were investigated. The novel OMS-2 cathodes were examined in
granular activated carbon MFC (GACMFC) with sodium acetate as the anode reagent and oxygen in air
as the cathode reagent. The results showed that after 400 h of operation, the Co-OMS-2 and Cu-OMS-2
exhibited good catalytic performance in an oxygen reduction reaction (ORR). The voltage of the Co-OMS-

−2

anganese dioxides
ctahedral molecular sieves
xygen reduction reaction

2 GACMFC was 217 mV, and the power density was 180 mW m . The voltage of the Cu-OMS-2 GACMFC
was 214 mV and the power density was 165 mW m−2. The internal resistance (Rin) of the OMS-2 GACMFCs
(18 ± 1 �) was similar to that of the platinum GACMFCs (17 �). Furthermore, the degradation rates of
organic substrates in the OMS-2 GACMFCs were twice those in the platinum GACMFCs, which enhance
their wastewater treatment efficiencies. This study indicated that using OMS-2 manganese oxides to
replace platinum as a cathodic catalyst enhances power generation, increases contaminant removal, and

cost
substantially reduces the

. Introduction

Microbial fuel cell (MFC) technology is an emerging biotech-
ology that utilizes bacteria to generate electricity from the
egradation of organic substances [1]. Traditional MFCs consist
f an anaerobic anode and an aerobic cathode. Bacteria degrade
rganic substances (e.g., acetate, glucose) and generate electrons
n the anode chamber. The electrons are transferred to the anode
urfaces, which then flow through an external circuit to react with
n electron acceptor (e.g., oxygen, ferricyanide) in the cathode
hamber, through which electricity is produced. MFCs can effi-
iently convert organic contaminants to clean energy at normal
emperatures and pressures, which holds great potential for their
pplication in wastewater treatment plants to simultaneously treat
astewater and produce energy.

A large effort has been invested to enhance energy production
n MFCs. Most attention was on substrate degradation, electron

eneration, and transfer in anode chambers [2]. Several important
actors including substrate concentration, pH, conductivity, micro-
ial activity, circuit resistance, electrode, and membrane material
ave been extensively investigated [3,4]. However, in recent stud-

∗ Corresponding author. Tel.: +1 860 486 2339; fax: +1 860 486 2298.
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ies, oxygen reduction and electron acceptance in the cathode
chamber have been found as the limiting step for energy produc-
tion due to the slow reaction kinetics of the oxygen reduction rate
(ORR) [5,6]. Platinum (Pt) has been widely used as the cathode cat-
alyst to accelerate the ORR and electron acceptance in MFCs [7],
but the high cost of platinum poses an obstacle in the application
of MFCs. Low cost non-Pt catalysts are needed to reduce the cost of
MFCs. Iron (II) and cobalt-based cathodes were reported to show
similar performances as platinum. But long-term stability of these
materials is not satisfied [8,9].

In the past decade, manganese dioxide has been studied as a
promising alternative to platinum in methanol and borohybride
fuel cells [10,11]. Catalysts with a cryptomelane-type octahedral
molecular sieve (OMS-2) structure have been of interest as cath-
ode catalysts due to their excellent semi-conductivity and catalytic
activity in ORRs. There are only a few studies of applying man-
ganese oxide in MFCs. Zhang et al. reported that �-MnO2 is the
most effective catalyst among the three OMS structures (�, �, and
�-MnO2) due to its highest Brunauer–Emmett–Teller (BET) sur-
face area and average oxidation state (AOS: 3.6) of manganese [12].

Roche et al. employed the manganese oxide as the cathode catalyst,
and obtained the peak power density of 161 mW m−2. They also
found that the performances of manganese oxide catalysts were
easily improved by optimizing operation conditions [13]. Suib et
al. reported that the tuning of AOS by the incorporation of dif-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:baikun@engr.uconn.edu
dx.doi.org/10.1016/j.jpowsour.2009.10.084
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ig. 1. The possible mechanism for oxygen reduction rate (ORR) with OMS-2 cata-
ysts.

erent transitional metal ions to obtain an AOS of 3.9–4.0 could
enerate the highest reaction rate and catalytic activity [14]. Syn-
hetic OMS-2 showed outstanding electrochemical and catalytic
roperties among the MnO2 group; electrons could easily flow in
articular OMS-2 materials; and doping of these materials created
ifferences of orders of magnitude in conductivity [15].

Previous research on the oxidation mechanism of organic sub-
tances with OMS-2 shows that kinetic data fit the Mars–van
revelen (MvK) model of heterogeneously catalyzed reactions [16].

n a typical MFC, oxygen passes through a polytetrafluoroethylene
PTFE) diffusion layer and is adsorbed on OMS-2 catalysts (Fig. 1).
rganic substances are adsorbed and bound to the oxygen vacan-
ies of OMS-2 catalysts. A redox mechanism is considered to involve
arbohydrate oxidation by Mn4+O2

−, which is reduced to Mn3+

eaction (1). Mn3+ ions are reoxidized by dioxygen Reaction (2).
n4+ is an electron acceptor and the formation of dioxygen man-

anese complexes leads to production of oxygen which could be
sed in the cathodic reaction.

Organicsubstance(aq) + Mn4+(s) + e−

→ Mn3+(s) + H2O(aq) + CO2(g) (1)

Mn3+(s) + O2(g) → 2Mn4+(s) (2)

Compared with platinum, manganese oxide featuring the OMS-
structure has the following advantages: (i) there is a fast oxygen

eduction rate and conductivity (0.53 �−1 cm−1); (ii) there is a
uch higher specific surface area (50 m2 g−1) than the platinum

oated carbon cloth (18 m2 g−1); (iii) manganese oxide is less
xpensive than Pt catalysts; the price of a Pt catalyst is 20 times
hat of a manganese catalyst. Therefore, the objective of this study
as to investigate the feasibility of using MnO2 as cathode catalysts

n MFCs to enhance power generation and substrate degradation.
he undoped OMS-2 and three doped OMS-2 catalysts were exam-
ned in terms of electrochemical and biochemical reactions in MFCs.
he performance of OMS-2 catalysts was also compared with that
f platinum to explore the possibility of using OMS-2 to replace
latinum as cost-effective cathode catalysts in MFCs.

. Materials and methods

.1. Catalyst preparation

The OMS-2 cathode catalysts were synthesized using hydrother-
al methods. The synthesized paper-like OMS-2 membrane
athode is a better conductor than the bulk OMS-2 powder cathode
ue to the alignment and connectivity of the microporous network

n the membrane. The synthesis of an undoped (ud)-OMS-2 mem-
rane was described in a previous study [17], in which a 32 mmol
ixture of K2S2O8, MnSO4, K2SO4 (molar ratio: 3:2:3) was dis-
ces 195 (2010) 2586–2591 2587

solved in 70 mL deionized water for the hydrothermal synthesis.
Three typical dopings (cobalt Co3+, copper Cu2+, and cerium Ce4+)
that have been previously examined and found to exhibit high
catalyst performances were selected in this study [18]. In the syn-
thesis of Co-OMS-2 catalyst, 28 mmol of Co(OH)3, MnSO4, K2SO4
(molar ratio: 2:2:3) was mixed with 70 mL H2O in a 125 mL auto-
clave. The autoclave was sealed in a stainless steel Parr bomb and
then heated in an oven at 180 ◦C for 48 hr. The slurry was washed
with 1 L deionized (DI) water and dried in an oven at 100 ◦C for
12 h. The syntheses of Ce-OMS-2 and Cu-OMS-2 followed the same
procedures but used different recipes. The Ce-OMS-2 preparation
used 28 mmol of Ce(SO4)2, MnSO4, K2SO4 (molar ratio: 2:2:3) and
70 mL H2O. The Cu-OMS-2 preparation used 30 mmol of CuSO4,
K2S2O8, MnSO4, K2SO4 (molar ratio: 1:20:20:30), and 70 mL H2O.
The OMS-2 catalyst loading on cathodes was 0.5 mg cm−2 in all
tests.

Platinum was used as the control for the cathode catalysts. The
platinum cathode was made following the method used in a previ-
ous study [7], in which 0.5 mg cm−2 Pt catalysts were bonded on a
carbon cloth using a Nafion solution (Aldrich, St. Louis, MO).

2.2. Electrode preparation

A typical OMS-2 cathode is composed of four layers in this
sequence: a PTFE diffusion layer, a carbon powder layer, a car-
bon cloth layer, and an OMS-2 catalyst layer. In the preparation
of the OMS-2 cathode, a carbon powder layer composed of 64.0 mg
of ground carbon black powder (Cabot Vulcan XC-72) and 3.2 mL
30% PTFE solution (Aldrich, St. Louis, MO) was coated on a carbon
cloth (8 cm × 8 cm). A PTFE layer was then coated on the carbon
powder layer with a 60% PTFE suspension using a paintbrush. After
each coating layer was finished, the cathode was air-dried for 4 h
and then was dried in an oven at 370 ◦C for 20 min. Next, a pulp-like
mixture of 160 mg OMS-2 powder, 4.5 mL water, and 2.1 mL Nafion
solution (Aldrich, St. Louis, MO) was spin-coated on the opposite
side of the PTFE diffusion layer on the carbon cloth. Finally, this
OMS-2 coated cathode was air-dried overnight in a hood.

2.3. MFC set-up and operation

Granular activated carbon single-chamber microbial fuel cells
(GACMFCs) used in this study were described previously [19]. The
volume of the GACMFC was 0.6 L. About 230 g of GAC particles (GC
8 × 30, General Carbon, Paterson, NJ) was packed into the MFC and
used as the anode. The catalyst coated carbon cloth was screwed on
top of the MFC and used as the cathode. Influent collected at the Uni-
versity of Connecticut wastewater treatment plant was used as the
inoculum. The initial chemical oxygen demand (COD) of wastewa-
ter was about 200 mg L−1, the pH was 7.2, and the dissolved oxygen
was 3.0 mg L−1. Supplemental sodium acetate was added to domes-
tic wastewater to achieve the designated COD concentrations for
the GACMFC tests. The external resistance (Rext) was 100 � unless
otherwise stated. The voltage over Rext was recorded by a Keith-
ley 2700 data logging system at 2 h intervals. All experiments were
conducted in a 30 ◦C incubator.

2.4. Electrochemical measurement

The internal resistance (Rin) is the resistance existing within the
MFCs. This resistance consumes the power generated by the MFCs
and lowers the power generation efficiency. The Rin was deter-

mined by electrochemical impedance spectroscopy (EIS) using a
potentiostat.

The open circuit potentials (OCP) of anodes and cathodes in
MFCs were measured using a potentiostat (Gamry Reference 600),
with the target electrode (anode or cathode) as the working pole,
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nd an Ag/AgCl reference electrode as the counter pole and the
eference pole.

Electrochemical analysis of OMS-2 was also carried out by the
inear sweep voltammetry (LSV). Measurements were performed
sing a CHI 601C electrochemical workstation (CH Instruments,
SA). All experiments were conducted using a three-electrode elec-

rochemical cell, with a working electrode, an Ag/AgCl reference
lectrode and a platinum counter electrode. LSV was taken from
0.6 V to 0 V in 1 M phosphate buffer solution (PBS, pH = 7.0) with
scan rate of 250 mV s−1.

Power densities (W m−2) and (A m−2) were calculated from
he cell voltage V (V), external resistor Rext (�), and area of the
athode A (m2) according to power density = V2/RexA and current
ensity = V/RexA. The external resistors (Rext) were changed from
6 to 1500 � during the polarization curve measurement, and the
oltage over each Rext was recorded by a multimeter.

Coulombic efficiency (CE, �c %) was defined as the ratio of the
ctual charge generated to the theoretical charge generated if the
ubstrate is completely converted to electricity. The CE was calcu-
ated based on the equation previously reported [2].

.5. Scanning electron microscopy (SEM) observation of the
athodes

The morphology of cathodes was observed using an SEM
Model: Joel6335F). The cathodes were fixed for 12 h at 4 ◦C in a

ixed solution containing 2.5% paraformaldehyde, 1.5% glutaralde-
yde and 0.1 M cocadylate buffer (pH 7.4) before being washed
hree times with cocadylate buffer. The samples were dehydrated
n a series of ethanol/water solution (the volume ratios of ethanol-
o-water: 25%, 50%, 70%, 85%, 95%, and 100%) for 15 min [7]. The
ample was then completely dried in an anaerobic environment at
0 ◦C and sputtered with gold at 2.2 kV, 10 mA for 2 min before SEM
bservation.

.6. Temperature programmed reduction (TPR)

The temperature programmed reduction (TPR) was conducted
o test the oxygen reactivity in OMS-2 catalysts. The TPR exper-
ments were proceeded on OMS-2 catalysts alone without the
resence of substrate. The 5% carbon monoxide (CO) in helium (He)
as was used for the TPR experiments. About 25 mg OMS-2 catalyst
as placed in a quartz tube with a sintered glass fiber plugged on

oth ends. The quartz tube was purged with He (40 mL min−1) at
20 ◦C to remove adsorbed water. Then the sample was cooled to
5 ◦C and heated up to 700 ◦C in a furnace with a programmable
ontroller at a ramp rate of 10 ◦C min−1. The outlet gas components
ere monitored with an MKS-UT1 quadrupole mass spectrometer.

. Results and discussion

.1. Internal resistance (Rin) and open circuit potentials (OCP) of
athode catalysts

The internal resistances (Rin) of GACMFCs with OMS-2 cath-
des and Pt cathode are shown in Fig. 2. The Rin of the Pt cathode
as 17 �, as well as the Co-OMS-2, Cu-OMS-2, ud-OMS-2 cath-

des. However, the Rin of the Ce-OMS-2 cathode was 55 �. The
in consists of two parts: the electrolyte ohmic loss caused by
he movement of electrons through the electrolyte and the elec-
rode ohmic loss caused by the movement of electrons through

he electrode and wires. Because the GACMFCs used in this study
ad the same configuration (e.g., electrode distance, dimension,
nd anode materials), the differences of Rin between GACMFCs may
ave resulted from the electrical characteristics of different cath-
des, especially the conductivity. Regarding the OMS-2 catalysts,
ces 195 (2010) 2586–2591

the conductivity included two types: (i) electrical conductivity that
was performed under normal (room) temperature; (ii) ionic con-
ductivity that was performed under high temperatures [20]. The EIS
results obtained at room temperature showed that the Pt-coated,
Co-OMS-2, Cu-OMS-2, and ud-OMS-2 catalysts had good electrical
conductivity that led to the low Rin. However, the electrical con-
ductivity of Ce-OMS-2 was suppressed by the doping of Ce ions,
so that Ce-OMS-2 had a higher Rin than the other four cathodes at
room temperature.

The open circuit potential (OCP) was measured to evaluate the
electrochemical or biochemical reaction rates on the anode or cath-
ode. The higher OCP values are related to a higher reaction rate [2].
The Co-OMS-2 had a similar OCP (147 mV) as Pt (149 mV), while
the other three OMS-2 catalysts had much lower OCPs (Table 1).
This indicates that the reaction rates of the Pt and Co-OMS-2 cath-
odes were theoretically identical. As for the Ce-OMS-2 catalyst,
because its electron mobility and catalytic activities are suppressed
by the dopants of CeO2, which is a high temperature ionic con-
ductor [21], its OCP was much lower than other catalysts at room
temperature.

3.2. Morphology of cathode catalysts

The morphology and compositions of the cathode catalysts ana-
lyzed by SEM showed that the application of MnO2 produced
structures (like nanowires, Fig. 2A) are different from the Pt-coated
cathodes (a flat surface, Fig. 2D). For the OMS-2 catalysts, the
nanowire structures increase the surface area and are easier for
the organic substrates to be adsorbed on the cathodes. The high
surface areas of OMS-2 catalysts could enhance the oxygen absorp-
tion and electron acceptance on the catalysts/carbon surface. Three
metal ions (Co3+, Cu2+, and Ce4+) were doped into OMS-2 in order
to enhance the catalytic performance in this study. The control of
conductivity and redox properties of OMS-2 by doping cations into
the framework of OMS-2 could generate higher catalytic activity
for ORR. Co3+, and Cu2+ ions substitute in the Mn4+ positions in the
octahedral framework, respectively. Oxygen vacancies created to
fulfill an overall charge balance can migrate onto the surfaces of the
OMS-2 nanowires and play important roles in catalysis (as shown
in Fig. 1). With the nanowire surface properties and the existence
of oxygen vacancies, the OMS-2 should substantially increase the
oxygen reaction rate and electron acceptance capability. On the
other hand, the specific pore and tunnel structures of the OMS-2
catalysts facilitated bacterial growth and adhesion. After 400 h of
operation, biofilms were clearly observed on the cathodes (Fig. 2B
and C).

3.3. The performances of cathode catalysts in GACMFCs

The preliminary results from above tests demonstrated that
the OMS-2 catalysts had similar electrochemical characteristics
as a Pt-coated cathode, indicating that they could be used as the
cathodic catalysts in MFCs. In the next step, the OMS-2 catalysts
were examined in GACMFCs and compared with Pt in terms of volt-
age generation and power density. The GACMFCs were operated in
a batch mode for 400 h with the sodium acetate as the substrate. A
refill was done within each cycle before the voltage dropped below
30 mV.

Among the four OMS-2 cathode catalysts, the Co-OMS-2 and Cu-
OMS-2 catalysts exhibited the best power generation with voltages
of 217 mV and 214 mV, respectively, which were higher than those

for the Pt catalyst (202 mV) (Fig. 3). The Ce-OMS-2 and ud-OMS-2
catalysts showed much lower voltage generation, with the voltages
of 142 mV and 180 mV. The low voltage generation of Ce-OMS-2
could be explained by its higher Rin (55 �, as shown in Table 1). As
for the ud-OMS-2 without any metal doping, its catalytic property
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Fig. 2. The SEM images of cathodes. (A) fresh Co-OMS-2 cathode, (B) used Co-OMS-2 cathode, (C) used Cu-OMS-2 cathode with biofilm layer, (D) used Pt cathode.

Table 1
The internal resistances, OCP, maximum power densities, and coulombic efficiencies in GACMFCs with different cathodes.

Cathodes Internal resistance (�) OCP vs. Ag/AgCl (mV) COD removal efficiency (%) Maximum power density (mW m−2) Coulombic efficiency (%)

Pt 18 ± 1 149 86.7 198 9.6
Co-OMS-2 18 ± 1 147 99.6 180 8.7
Cu-OMS-2 18 ± 1 116 96.3 165 8.9
Ce-OMS-2 55 ± 2 31 80.0 35 6.6
ud-OMS-2 18 ± 1 82 66.7 86 11.3

Fig. 3. The voltage generation of the batch-mode GACMFCs with different cathodes.
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−0.5 V, a higher reduction current was obtained with the OMS-2
catalysts. When the potential was lower than −0.5 V, the order of
the reduction current produced by the OMS-2 catalysts was Co-
OMS-2 > Cu-OMS-2 > Ce-OMS-2 > ud-OMS-2, which was consistent
Fig. 4. The power density curves

as much lower than those for the Co-OMS-2 and Cu-OMS-2 mate-
ials and the power generation was poorer than those for these two
atalysts.

The OMS-2 cathodes had twice the reaction rate as the Pt cath-
des. The cycle duration of the GACMFCs with a Pt-coated cathode
as 202 h, while the cycle duration of the GACMFCs with OMS-
cathodes was around 90 h (Fig. 3). Because the GACMFCs were

perated in a batch mode with the same concentrations of organic
ubstrate, a shorter cycle duration period is related to a faster reac-
ion rate. The GACMFCs with the ud-OMS-2 had a much longer cycle
ime (108 h, not shown in Fig. 4), which was longer than that for
he doped OMS-2 catalysts (90–92 h). This indicated that the metal
oping in the cathodes enhanced the oxygen reaction rate (ORR)
nd the overall biochemical reactions in MFCs. Moreover, the OMS-
catalysts had higher COD removal efficiencies (85–93%) than the
t-coated cathode (85%) (Table 1). The ORR of the OMS-2 catalysts
as much higher than that for the Pt-coated cathode so that the
MS-2 catalysts could utilize the organic substrate more efficiently,
hich reveals a great potential of employing OMS-2 catalysts in
astewater treatment plants.

Although the short cycle duration and high COD removal are
dvantages of the OMS-2 cathode catalysts, they reduced the
oulombic efficiencies (CE) correspondingly. The CE values were
sed to evaluate the conversion of the organic substrates to electric-

ty. Compared to the case with the Pt catalyst, the OMS-2 catalysts
ad similar voltage generation (Fig. 3) but higher COD removal and
horter cycle duration (Table 1), meaning that the OMS-2 cathode
atalysts are effective for COD removal and electricity generation,
ut not efficient at converting organic substrates to electricity. For

nstance, the CE value of the Pt-cathode was 9.6%, but the Co-OMS-2
atalyst with the highest voltage generation only had a CE value of
.7%. The Ce-OMS-2 catalyst with the highest Rin had the lowest CE
alues of 6.6%. However, the ud-OMS-2 had the highest CE (11.3%),
ecause its cycle time (108 h) was longer than that of the other three
MS-2 catalysts (90–92 h), and has a much lower COD removal
fficiency. The CE of ud-OMS-2 was much higher than those for
o-OMS-2 and Cu-OMS-2, even though ud-OMS-2 had a relatively

ow performance.
The CE values of all the cathodes tested were lower than 12%;
he results were consistent with a previous report that high COD
oadings led to low CE values [22], which was probably caused by
he consumption of organic substrates by bacterial growth rather
han by electricity generation. The biofilms were observed on the
athodes (Fig. 2B and 2C), which indicated that the bacterial cells
CMFCs with different cathodes.

grew fast at high COD concentration (COD of 3000 mg L−1 in this
study).

Power densities of the OMS-2 catalysts and the Pt catalyst were
compared using a polarization curve measurement. The Pt cath-
ode had a higher maximum power density (198 mW m−2) than the
OMS-2 cathodes (Fig. 4). The Co-OMS-2 and Cu-OMS-2 cathode
had power densities of 180 and 165 mW m−2, while Ce-OMS-2 and
ud-OMS-2 had power densities of 35 and 86 mW m−2. The power
densities of the OMS-2 cathodes followed the trends of the OCP val-
ues (Table 1) and the voltage generation (Fig. 3). That is, the higher
OCP values and higher voltage generation were related to the higher
power density.

The oxygen reduction activities of the OMS-2 and Pt catalyst
were compared using a linear sweep voltammetry (LSV) (Fig. 5).
All four OMS-2 catalysts (undoped and doped) produced similar
currents over the range of −0.6 V to 0.0 V. When the potential was
lower than −1.5 V, the Pt catalyst showed a higher current than
the OMS-2 catalysts. However, when the potential was higher than
Fig. 5. The linear sweep voltammetry (LSV) for the different cathodes.
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[20] L. Chen, C.L. Chen, D.X. Huang, Y. Lin, X. Chen, A.J. Jacobson, Solid State Ionics
ig. 6. The TPR spectra of doped OMS-2 with different metal ions in 5% CO/He. (A)
o-OMS-2, (B) Ce-OMS-2, (C) Cu-OMS-2, (D) ud-OMS-2.

ith the OCP results (Table 1). The combined results of the LSV
nd OCP indicated that that the Co-OMS-2 has the highest catalytic
ctivity, and the Cu-OMS-2 is at the second high place.

.4. Doping effects on the performances of MFCs

Because OMS-2 catalysts involve both the oxygen reduction
ate (ORR) and electron acceptance, it is critical to understand the
ptake/transition of oxygen species on different OMS-2 catalysts.
emperature programmed reduction (TPR) analysis was employed
o determine the amounts of oxygen and the oxygen species to be
educed in cathode reactions for different OMS-2 catalysts. Basi-
ally, there were three types of oxygen species in cathode reactions
n MFCs: (i) monatomic oxygen, (ii) diatomic oxygen, and (iii) lattice
xygen [23]. In a TPR graph, the response peaks at various temper-
tures were related to the specific types of oxygen to be reduced
t those temperatures. The results showed that all of the OMS-2
atalysts have response peaks related to diatomic oxygen at the
emperatures of 575 K and 675 K, which means that all of the OMS-
catalysts can utilize the diatomic oxygen in the cathode reaction

Fig. 6). However, Co-OMS-2 and Cu-OMS-2 also had peaks assigned
o monatomic oxygen at a temperature of 375 K, while ud-OMS-2
nd Ce-OMS-2 did not have such peaks. This indicated that Co-OMS-
and Cu-OMS-2 can utilize more oxygen for the cathode reaction

han ud-OMS-2 and Ce-OMS-2. Consequently, these reactive oxy-
en species in Co-OMS-2 and Cu-OMS-2 catalysts accounted for
heir higher ORR. This was the reason that the Co-OMS-2 and Cu-
MS-2 catalysts had a higher voltage and power density and a
igher COD removal than the Ce-OMS-2 and ud-OMS-2 (as shown

n Table 1; Figs. 3 and 4). Hu et al. also conducted thermogravimetric
nalysis for the adsorption capacity of the OMS-2 catalyst and found
hat Co-OMS-2 and Cu-OMS-2 had more adsorption and oxidation
f substrates than those of the Ce-OMS-2 and ud-OMS-2 [18], which
orresponded well with the high COD removal of Co-OMS-2 and
u-OMS-2 (Table 1).
. Conclusions

In this study, manganese oxides with the OMS-2 structure were
xamined as replacements for platinum as the cathode catalyst in

[

[
[

ces 195 (2010) 2586–2591 2591

MFCs. The undoped (ud) OMS-2 catalysts and three doped catalysts
(Co-OMS-2, Cu-OMS-2, and Ce-OMS-2) were compared in terms of
power generation and substrate removal. There were three major
conclusions drawn:

First, the OMS-2 catalysts enhanced power generation and sub-
strate degradation efficiency due to their high oxygen reduction
rate (ORR). Based on this advantage, the OMS-2 catalysts have a
shorter cycle time (90 h) than that of a platinum catalyst (190 h).

Second, compared with a platinum catalyst (cell voltage was
202 mV), the Co-OMS-2 and Cu-OMS-2 cathodic catalysts had
higher voltage (217 mV and 214 mV). The OMS-2 doped with metal
ions had lower internal resistance, higher power generation, faster
reaction rate, and higher substrate removal efficiency than the
undoped OMS-2.

Third, since the cost of MnO2 was only 5% of the platinum cost,
the OMS-2 catalysts tested in this study exhibited a great potential
to replace platinum as a cathode catalyst for MFC applications in
large-scale wastewater treatment plants for efficient contaminant
removal and high power generation.
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