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a b s t r a c t

The high cost and limited resources of precious metals as oxygen reduction catalysts (ORR) hindered the
widespread use of microbial fuel cells (MFCs) in practice. Here, the feasibility of metal oxide assisted metal
macrocyclic complex was investigated as a catalyst for ORR in an air-cathode MFC. Electrochemical results
revealed that cobalt oxide (CoOx) incorporation increased the ORR activity of iron phthalocyanine (FePc).

−2
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icrobial fuel cell

In MFCs, the maximum power density of 654 ± 32 mW m was achieved from the C–CoOx–FePc cathode,
which was 37% higher than the power density of carbon supported FePc (C–FePc). The voltage output
of the MFC only decreased to 85% of its initial voltage after 50 cycles, suggesting that the synthesized
catalyst showed acceptable long-term stability. The voltage drop partially resulted from the covering of
biofilm on the catalyst layer. This work provided a potential alternative to Pt in MFCs for sustainable
energy generation.
. Introduction

Microbial fuel cells (MFCs) are an emerging green technology
hat employs the catalytic activity of microorganisms to degrade a
ide range of organic matter and simultaneously generate electric-

ty [1,2]. MFCs have the potential to revolutionize water treatment
egarding its ability for degrading organic compounds in various
astes [3]. Although being a promising biotechnology, the applica-

ion of MFCs in the real field is limited by its small-scale power
utput and high cost. Therefore, a considerable effort has been
mplied on improving the performances of MFCs by optimizing
ifferent operational parameters, for example, electrode materi-
ls [4], electrode surface area and spacing [5,6], temperature [7,8],
ubstrate flow [9,10] and others.

Significant progress has been made in the development of MFCs
ue to intensive research in this field. Further improvement in

FC design, materials, and uninterrupted long time operation are

till needed. Specifically, efforts are required in order to replace
t as the oxygen reduction reaction (ORR) catalyst in the cathode.
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Oxygen is considered one of the most suitable electron acceptor in
MFCs for its inherent high oxidation potential, sustainability and
passive aeration on the cathode that does not require an external
energy input [11]. However, the sluggish kinetics of ORR at neutral
pH accounts for a high overpotential. Although platinum (Pt) can
be used as an efficient catalyst towards the electroreduction of oxy-
gen, Pt remains impractical due to its over high cost, scarcity and
prone to be poisoned while the wastewater treatment [12]. Thus,
Pt should be replaced in the MFC for a sustainable, cost-effective
and widespread application of MFC.

Iron phthalocyanine (FePc) known as a good oxygen reduction
catalyst had been widely examined as an alternative to Pt in MFCs
[12–16]. Prior to being employed to the cathode, FePc was usu-
ally supported on carbon materials with a high surface area and
high electrical conductivity. Previous studies showed that the cat-
alytic activity of FePc was greatly affected by the support materials.
For instance, Yuan et al. [17,18] revealed that polyaniline or amino
functionalized carbon nanotube supported FePc had an improved
catalytic activity toward ORR in the MFCs. The enhanced catalytic
activity likely resulted from the synergetic effects of both FePc and
the supporting materials. Cobalt oxide has specifically been found
to catalyze the disproportionation reaction of hydrogen peroxide,

an important undesirable intermediate in oxygen electroreduction,
by which intensive attention has been attracted to form new ORR
catalysts by integrating CoOx with other catalysts, such as Au, MnO2
[19,20]. Very recently, Goubert-Renaudin et al. [21] reported that

dx.doi.org/10.1016/j.jpowsour.2012.02.005
http://www.sciencedirect.com/science/journal/03787753
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he catalytic activity of cobalt porphyrin could be also increased by
eing integrated with cobalt oxides. It was the possible reason that
he surface of transition metal oxides favored electron localization
ver the bulk itinerant electron state, which increased the activity
f the catalyst for ORR [22]. However, the feasibility of this type
f catalyst has not been previously examined in fuel cells. In this
resent study, a carbon cobalt oxide (C–CoOx) precursor was syn-
hesized by heating a metal compound and carbon black, followed
y the FePc adsorption to produce a C–CoOx–FePc catalyst. The cat-
lyst was characterized by X-ray spectroscopy and electrochemical
echniques, and its application was justified in the air cathode MFC
sing passive air as oxygen supply.

. Materials and methods

.1. Synthesis of carbon supported metal oxide–metal
hthalocyanine composite

Cobalt nitrate hexahydrate (Co(NO3)2·6H2O) crystal was finely
rushed in a mortar. Carbon particles (Vulcan XC-72, Cabot, USA)
nd fine Co(NO3)2·6H2O powder were mixed in the mortar at a ratio
hat 20 wt.% Co was loaded in the carbon particles. These compos-
te mixture was heated for 1 h at 130 ◦C that was above the melting
nd decomposition temperature of Co(NO3)2 to ensure the impreg-
ation of cobalt salt into the carbon particles and decomposed
o CoOx, then heated for another 2 h after raising the temper-
ture up to 400 ◦C. Heating at this higher temperature allowed
raphitic structural rearrangement of carbon which was some-
hat disordered [23]. The resulted C–CoOx was cool down to room

emperature. FePc (20 mg) was suspended in 20 mL chloroform by
onication. C–CoOx (200 mg) was dispersed to FePc suspension and
tirred for 4 h under argon gas. The mixture was filtered under
acuum, rinsed and dried at 30 ◦C. This metal oxide assisted macro-
yclic complex was characterized using different techniques.

.2. Physical characterization

X-ray photoelectron spectroscopy (XPS) analyses were per-
ormed in an AXIS Nova (Kratos Inc., UK) with hemispherical energy
nalyzer using monochromatic light. Powder samples were dis-
ersed on copper tape. Transmission electron microscopy (TEM)

mages were taken in a FE TEM (JEM2100F TEM, JEOL Ltd., Japan).
amples were sonicated in ethanol before being spread on the cop-
er grid (Lacey F/C grid, 300 mesh, 01883-F, Ted Pella Inc., Sweden)
nd dried under vacuum.

.3. Electrochemical measurement

Linear sweep voltammetry (LSV) was measured on a glassy
arbon (GC) electrode using Autolab (PGSTAT 30, ECO CHEM,
etherlands) potentiostat with a conventional three-electrode sys-

em to investigate the ORR activity of the catalyst. The catalyst
oated GC electrode (3 mm diameter) was used as the working
lectrode, Pt wire as the counter and saturated calomel electrode
SCE) as the reference electrode, respectively. To prepare the work-
ng electrode, the catalyst ink (2 �l) prepared by dispersing 2 mg
amples in 0.4 mL ethanol and 0.1 mL of 5% nafion solution, was
ropped on the GC electrode. The electrode was dried at 30 ◦C for
h. Data was taken in 50 mM phosphate buffer (pH 7.0) electrolyte
t 5 mV s−1 scan rate.

.4. MFC construction and inoculation
MFCs were constructed as described by Cheng and coauthors
24] with little modification. A cylindrical shape (3.0 cm Ø × 2.0 cm
) reactor was made from acryl with a final volume of 14 mL. The
 Binding Energy(eV)

Fig. 1. XPS analysis results for different composite catalysts.

space of anode and cathode was 2.0 cm. A non wet proof carbon
cloth (type A) for anode and 30% wet proof carbon cloth (type
B) used for cathode were collected from Fuel Cell Earth LLC Inc.
(USA). The cathode catalyst layer was prepared as descried pre-
viously [25]. Briefly, the catalyst slurry was prepared by mixing
1 mg synthesized catalyst with 1 �l water, and then nafion solu-
tion (5%, 7 �l) and Isopropyl alcohol (IPA) (2 �l) was added to the
slurry to prepare a homogenous catalyst ink mixture. This compos-
ite mixture was applied on the one side of air cathode and dried
overnight at room temperature. The MFCs were inoculated by mix-
ing 2 mL anaerobic sludge collected from the Liede sewage plant
(Guangzhou, China) with 12 mL culture media. Culture media was
1 g L−1 sodium acetate solution in 50 mM phosphate buffer con-
taining 12.5 mL L−1 mineral solution and 5 mL L−1 vitamin solution.
MFCs were operated in batch mode with 1 k� external resis-
tance and were subjected to at least five charging–discharging
periods before collecting data. The polarization curve was then
constructed by discharging the cell with external loads of vari-
ous resistance values from 5000 to 50 �. The cell voltage outputs
were continuously monitored using a 16-channel voltage collection
instrument (AD8223, China). Each electrode potential was recorded
with respect to a saturated calomel electrode (SCE) using a multi-
meter. All data were recorded from three different reactors and the
average result was taken as a final with standard deviation.

3. Results and discussion

3.1. Characterization of C–CoOx–FePc
The synthesized C–CoOx–FePc composite was characterized by
using XPS and TEM. The XPS spectra of C–CoOx–FePc and controls
were shown in Fig. 1. Co 2p peaks at 779 eV due to the characteris-
tic binding energy of cobalt clearly appeared in panel A and C, but
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Fig. 2. TEM image of typical non-precious metal oxide catalyst nanostructure (A)
72 J. Ahmed et al. / Journal of Po

anel B has no such peak in this region as no cobalt was present.
ePc loaded samples in panel A and B had N 1s peak at 399.5 eV
or metal–N bonding in the metal centered phthalocyanine. This
eak completely absent in panel C containing only cobalt oxide

oaded carbon particles. It was worth mentioning that no peaks
ere observed for Co 2p3/2 at 852 eV which was the character-

stic binding energy for zero valent metallic cobalt [26], and O 1s
eak at 529.4 eV which was the characteristic peak of CoO [27].
his result indicated that the heat treatment led to the metal oxide
ncorporation and not to the metallic transformation.

Formation of metal oxide nanoparticle was confirmed from the
epresentative TEM images. As shown in Fig. 2A, the darkest spot
hat appeared inside the carbon particles represented a clear indi-
ation of metallic incorporation inside the carbon structure. Fig. 2B
howed the homogeneous dispersion of FePc on the carbon par-
icles. Fig. 2C was a representative image of C–CoOx–FePc, which
ppeared with a deep dark spot at the center surrounded with light
hade, suggesting that the CoOx nanoparticles were encapsulated
ith the macrocyclic complex.

.2. Electrochemical characterization of C–CoOx–FePc catalyst

The ORR activity of C–CoOx–FePc was analyzed by CV and LSV,
hich was compared with C–CoOx, C–FePc, and C–Pt catalysts to
etermine the function of CoOx loading on the carbon supported
atalyst. As shown in Fig. 3A and B, a new reduction peak was
bserved when the CV was conducted in O2-saturated solution
ith various electrodes. A reduction peak at −0.015 V (vs. SCE)

ppeared at the C–CoOx–FePc electrode, which was more positive
han those at the C–CoOx electrode (−0.31 V vs. SCE) and the C–FePc
lectrode (−0.12 V vs. SCE) (Fig. 3B and D). The positive shifting
f the electroreduction peak as well as the increased peak cur-
ent density demonstrated that the integration of CoOx with FePc
ttributed for the improved ORR catalytic activity. The chronoam-
erometric measurements of the ORR over C–CoOx–FePc, C–CoOx,
–FePc, and C–Pt catalysts at 0 V (vs. SCE) showed that the steady-
tate current density for the C–CoOx–FePc was significant higher
ompared to C–CoOx and C–FePc (Fig. 3E and F). This was in agree-
ent with the CVs and LSV results. It was revealed that cobalt

xide was an efficient synergistic component for other ORR cat-
lysts due to the capability of catalyzing the disproportionation
eaction of the intermediater in oxygen electroreduction. A dual-
ite mechanism had been proposed for cobalt based ORR catalysts
i.e. cobalt–polypyrrole/C), in which oxygen was reduced to perox-
de at Co–N complex and further reduced to OH− at CoOx/Co site
nder an alkaline condition [28]. Herein, oxygen was firstly reduced
o peroxide at FePc complex, and then reduced to H2O at CoOx/Co
ite. In this way, the synergistic coupling between CoOx and FePc
as essential for the high ORR activity of the hybrid. Meanwhile, Lin

t al. [19] demonstrated that CoOx had high affinity towards oxy-
en, which might favor the chemisorptions of oxygen molecules
n the catalyst surface. As a result, the ORR catalytic activity of
oOx-based catalysts was greatly enhanced.

.3. Performances of the MFCs with various cathodes

Power densities and polarization curves were studied by using
olarization curve for different catalysts loaded air cathodes as
hown in Fig. 4A. The MFC with the C–CoOx–FePc cathode produced
power density of 654 ± 32 mW m−2. However, power densities
ith other catalysts were 554 ± 27, 412 ± 20, and 271 ± 13 mW m−2

or C–CoOx, C–FePc and carbon powder, respectively, which were

ll lower than the power density produced for the MFC with
–CoOx–FePc, suggesting that the integration of CoOx with FePc
as feasible to improve the catalytic ORR activity of FePc based

athode in fuel cells. All the results were compared with the same
C–CoOx, (B) C–FePc and (C) C–CoOx–FePc involving metal oxide aggregate inside
graphitic nanoshells.

amount of catalyst loading on the air cathode and all other con-
ditions were the same. The developed power density from the
C–CoOx–FePc cathode was comparable with those derived from

polymer or carbon nanotube integrated FePc cathodes [17,18].
Fig. 4B. showed the curves of individual electrode potentials versus
current densities. It was observed that the potential variations for
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ig. 3. Cyclic voltammograms in nitrogen-saturated (A) and oxygen-saturated (B
xygen-saturated (D) PBS buffer; chronoamperograms at 0 V (vs SCE) in nitrogen-s

athode was much more distinctive as compared with the anode
otential variation for various MFCs. Anode potentials were almost
ame for different MFCs whereas cathode potentials varied in a
ide difference. The variation in cathode potentials was mainly

ue to the efficiency of the different catalysts towards oxygen
eduction. Besides, the catalyst loading had an apparent effect on
he power output. As shown in Fig. 5, the highest power density
as obtained with 4 mg cm−2 C–CoOx–FePc loading at the cathode.
buffer at 5 mV s−1; linear sweep voltammograms in nitrogen-saturated (C) and
ed (E) and oxygen-saturated (F) PBS buffer.

Contrary to our expectation, the higher amount of catalyst resulted
in the lower power density. This might be due to a decrease in oxy-
gen diffusion rate on highly packed surface, which then led to an
increase in the diffusion resistance of the cathode.
Other parameters of the MFCs with various cathodes were also
studied in terms of open circuit voltage (OCV), coulombic efficiency
(CE), and internal resistance. As depicted in Table 1, the MFCs with
different cathodic oxygen reduction catalysts displayed different
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Table 1
Comparison of different parameters of various cathode materials (data are presented
as mean ± SD, (n = 3)).

Cathode RIn (�) OCV (mV) Pmax (mW m−2) CE (%)

C–Pt 328 820 ± 41 850 ± 42 28
C powder 449 520 ± 26 271 ± 13 25
C–CoOx 443 750 ± 37 555 ± 27 26
ig. 4. Power densities versus current densities curves with various cathodes (A)
nd electrode potentials (vs. SCE) as a function of different cathodes (B).

erformances. The MFC with C–CoOx–FePc cathodes had a smaller

nternal resistance and higher OCP as well as CE in comparison with
–CoOx and C–FePc cathode, which could attribute to the higher
lectrocatalytic oxygen reduction activity of the C–CoOx–FePc.
owever, the internal resistance with the C–CoOx–FePc cathode

Fig. 5. Maximum power densities as a function of catalyst loading amount.
C–FePc 440 650 ± 32 412 ± 20 23
C–CoOx–FePc 338 695 ± 34 654 ± 32 27

(338 �) is higher and OCV (695 mV) is lower than those (328 � and
820 mV) with the Pt cathode, suggesting that the catalytic activity of
the C–CoOx–FePc was still lower than that of the Pt. As mentioned
above, the high cost of MFCs is limiting its practical applications.
Thus, it is very urgent to replace the Pt in the cathode by using other
efficient ORR catalyst with low prices. Although the energy output
of the C–CoOx–FePc cathode was lower than that of the Pt cath-
ode, the power per cost of the C–CoOx–FePc cathode (11 mW $−1)
was 3.7 times higher than that of the Pt cathode (3 mW $−1). With
respect to this big economic advantage and viability, C–CoOx–FePc
was believed to be a potential alternative to Pt in MFCs for practical
applications.

3.4. Stability of the catalyst

Long term stability test was conducted to confirm the longevity
of the catalyst. More than 50 full discharging–charging cycles were
tested at the MFC with 1 k� external loading during over 2 months.
It was found that voltage generation gradually decreased to 85%
of its initial voltage after 60 days (see Fig. 6). Following the same
trend as described by Zhang et al. [29], the voltage decreased as the
development of cathodic biofilm. They had claimed that accumu-
lation of biomass on the cathode hindered the proton diffusion and
also introduced activation resistance per surface area, consequently
decreased the voltage output. The similar voltage development
trend was observed in the MFC with the C–CoOx–FePc cathode after
40 cycle’s operations. Thereafter, the cathodic biofilm was scrapped
off from the cathode and the MFC was reassembled. As can be seen
in Fig. 6, in the new cycle the voltage output was restored, but it only
reached to 88–90% of its initial voltage. This observation revealed

that, like most of the cathode catalysts, it also poisoned or deac-
tivated to some extent from its initial activity after a long term
operation.
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Fig. 6. Voltage generation in individual cycles under 1 k� external load for long
term operations.
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. Conclusions

A rather inexpensive yet efficient cathode catalyst was syn-
hesized and fabricated into the air-cathode single-chamber MFC.
he catalyst contained multimetal center (cobalt and iron), which
howed higher catalytic activity toward ORR than the catalyst with
single iron center. As a result, the MFC with the synthesized cat-
lyst cathode produced a power density 654 ± 32 mW m−2, which
as 37% higher than the catalyst in the absence of cobalt oxide. In

ddition, the long-term stability and low cost was the additional
eature to consider this catalyst a potential alternative candidate to
t in the MFC.
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