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 
Abstract—Microbial fuel cells (MFCs) represent a promising 

technology for simultaneous bioelectricity generation and wastewater 
treatment. Catalysts are significant portions of the cost of microbial 
fuel cell cathodes. Many materials have been tested as aqueous 
cathodes, but air-cathodes are needed to avoid energy demands for 
water aeration. The sluggish oxygen reduction reaction (ORR) rate at 
air cathode necessitates efficient electrocatalyst such as carbon 
supported platinum catalyst (Pt/C) which is very costly. Manganese 
oxide (MnO2) was a representative metal oxide which has been 
studied as a promising alternative electrocatalyst for ORR and has 
been tested in air-cathode MFCs. However the single MnO2 has poor 
electric conductivity and low stability. In the present work, the MnO2 
catalyst has been modified by doping Pt nanoparticle. The goal of the 
work was to improve the performance of the MFC with minimum Pt 
loading. MnO2 and Pt nanoparticles were prepared by hydrothermal 
and sol gel methods, respectively. Wet impregnation method was 
used to synthesize Pt/MnO2 catalyst. The catalysts were further used 
as cathode catalysts in air-cathode cubic MFCs, in which anaerobic 
sludge was inoculated as biocatalysts and palm oil mill effluent 
(POME) was used as the substrate in the anode chamber. The as-
prepared Pt/MnO2 was characterized comprehensively through field 
emission scanning electron microscope (FESEM), X-Ray diffraction 
(XRD), X-ray photoelectron spectroscopy (XPS), and cyclic 
voltammetry (CV) where its surface morphology, crystallinity, 
oxidation state and electrochemical activity were examined, 
respectively. XPS revealed Mn (IV) oxidation state and Pt (0) 
nanoparticle metal, indicating the presence of MnO2 and Pt. 
Morphology of Pt/MnO2 observed from FESEM shows that the 
doping of Pt did not cause change in needle-like shape of MnO2 
which provides large contacting surface area. The electrochemical 
active area of the Pt/MnO2 catalysts has been increased from 276 to 
617 m2/g with the increase in Pt loading from 0.2 to 0.8 wt%. The 
CV results in O2 saturated neutral Na2SO4 solution showed that 
MnO2 and Pt/MnO2 catalysts could catalyze ORR with different 
catalytic activities. MFC with Pt/MnO2 (0.4 wt% Pt) as air cathode 
catalyst generates a maximum power density of 165 mW/m3, which 
is higher than that of MFC with MnO2 catalyst (95 mW/m3). The 
open circuit voltage (OCV) of the MFC operated with MnO2 cathode 
gradually decreased during 14 days of operation, whereas the MFC 
with Pt/MnO2 cathode remained almost constant throughout the 
operation suggesting the higher stability of the Pt/MnO2 catalyst. 
Therefore, Pt/MnO2 with 0.4 wt% Pt successfully demonstrated as an 
efficient and low cost electrocatalyst for ORR in air cathode MFC 
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with higher electrochemical activity, stability and hence enhanced 
performance. 
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I. INTRODUCTION 

HE major concerns of present time are energy crisis and 
wastewater treatment issue. Following the rapid 

advancement in civilization, energy demand of mammoth 
capacity is constantly on the rise. Looking at the fact that 
approximately 80% of world energy are derived from 
depleting fossil fuels such as natural gas, coal and petroleum 
which are on the brink of exhaustion, the effort in searching 
for sustainable new renewable energy source is indispensable. 
Moreover, the discharge of wastewater is increasing in line 
with the rapid development and substantial amount of energy 
is required to treat the wastewater generated. This can be 
exemplified in United States where roughly 5% of the total 
electricity generated is used for wastewater treatment plant 
solely [1]. The high energy requirement has been the constant 
concern which critically needs promising alternative to 
resolve. Microbial fuel cells (MFCs) represent a novel and 
promising technology for the generation of alternative power 
and wastewater treatment [2]. The main advantage of MFC 
technology is direct electricity generation from low grade 
substrates. The nature of substrate used as source of energy in 
the anode of MFC, greatly affects the electricity production 
[3]. The domestic and industrial wastewaters instead of pure 
substrates are been extensively studied in recent years [4]-[7]. 

In Malaysia, the abundance of oil palm industries has 
contributed to the generation of massive amount of palm oil 
mill effluent (POME). Around 3 tonnes of POME is generated 
with every tonne of crude palm oil produced. The existing 
POME treatment methods are inefficient as they are highly 
energy intensive, aerobic treatment, in particular [8], [9]. In 
order to make it energy efficient POME has recently been 
investigated as a potential substrate in MFC [10]. In their 
study, a two-chamber MFC was used and it was found that the 
low strength (low Chemical Oxygen Demand) POME is 
preferable in order to achieve high efficiency in the MFC. In 
the two-chamber MFC, the catholyte is usually KMnO4 and it 
requires extra space to operate. Air cathode MFCs are a 
variation of MFC where the cathode compartment is exposed 
to the air. In the air-cathode MFC, due to the reduction of 
molecular oxygen in cathode, it is the best choice for both 
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chemical fuel cells and for MFCs, because the reduction 
product is clean, non-polluting H2O. Oxygen reduction 
reaction (ORR) requires electrocatalyst for its sluggish rate. 
Hence, the type of electrocatalyst is vital in influencing the 
performance of MFCs. Platinum supported on carbon, Pt/C is 
the common efficient catalyst used in ORR but its application 
is limited due to high cost [11], [12]. Alternatively, efforts in 
the search for low cost catalysts are on the way. Non-noble 
catalyst such as manganese dioxide (MnO2) is among metal 
oxides which has been well studied and giving promising 
result in MFC performance [13], [14]. However, stability issue 
was found in MnO2. Doping of novel metals, such as Pt or Au 
can improve the performance and the stability of the catalysts. 
Doping of novel metals, such as Pt or Au nanoparticles (NPs) 
on supports has many advantages, such as increasing the 
number of surface atoms and thus active sites, bringing 
synergistic effects between NP and support, and lowering the 
cost of catalysts [15]. The control of the novel metal loading is 
a critical issue for electrocatalyst synthesis.  

The goal of the present work is to synthesize Pt/MnO2 
nanostructured catalysts with minimum loading of platinum to 
generate higher power and achieve higher COD removal 
efficiency in the air-cathode MFC. The catalytic performance 
of Pt/MnO2 catalysts with varied Pt loadings were evaluated 
for ORR.  

II. MATERIALS AND METHODS 

A. Chemicals and Raw Materials 

Potassium permanganate (KMnO4, 99%), sulphuric acid 
(H2SO4, 96%), methanol (CH3OH, 30%), trisodium citrate 
dihydrate (C6H9Na3O9, 99%), hexachloroplatinic acid 
hexahydrate (H2Pt4Cl6.H2SO4, 99%), isopropanol (C3H8O, 
96%), Nafion solution (5 wt%) and digestion solution were 
purchased from Sigma Aldrich and used without further 
purification. Polyacrylonitrile carbon felt (PACF) and Nafion 
117 membrane were procured from Du Pont (USA). Palm oil 
mill effluent (POME) and anaerobic sludge were collected 
from FELDA palm oil plant located at Panching, Pahang.  

B. Manganese Dioxide Preparation 

Manganese dioxide (MnO2) was synthesized by the 
reduction of potassium permanganate (KMnO4) in aqueous 
sulphuric acid solution (H2SO4) by hydrothermal treatment as 
described by [16]. Specifically, 4 g of KMnO4 powder was 
added into 200 mL of 2.5M H2SO4 aqueous solution and was 
heated at 80 °C for 30 minutes under stirring. The precipitates 
were produced and the solution colour was changed. The 
reaction course was monitored by the colour change from dark 
purple to dark brown. The solution was then cooled down to 
room temperature naturally. Subsequently, the precipitate 
(MnO2) was filtered by using filter paper and washed 
thoroughly with distilled water to remove all the possible 
remaining ions, then dried for 48 h in a vacuum oven (Haier, 
2450 MHz, 700 W) at 80°C.  

C. Platinum sols Preparation 

Platinum (Pt) sols containing Pt nanoparticles with an 

average size of 2–3 nm were prepared by the method 
described elsewhere [17]. Briefly, a mixture of 5 mL of 0.1M 
hexachloroplatinic acid (H2PtCl6) aqueous solution and 0.17 g 
of trisodium citrate dihydrate (C6H9Na3O9) powder was added 
to 45 mL of methanol solution under reflux and stirring at 
80°C. The reaction was stopped by quenching to room 
temperature immediately after the solution turned into dark 
brown. 

D. Pt/MnO2 Preparation and Characterization 

Pt/MnO2 nanostructured catalyst with a Pt loading of 0.2, 
0.4 and 0.8 wt%, respectively were prepared by wet 
impregnation method. In brief, 20 mg of MnO2 was mixed 
with 3, 5, and 10 mL of Pt sols each, respectively and 
ultrasonicated at 65°C until the solvents were evaporated, 
which thereafter, was washed with deionised (DI) water and 
filtered. The mixture was then dried for 24 h in vacuum oven 
(Haier, 2450 MHz, 700 W) at 65°C.  

The catalysts were characterized through field emission 
scanning electron microscope (FESEM), X-ray diffraction 
(XRD), and X-ray photoelectron spectroscopy (XPS) 
(XPSPEAK version 4.1) to examine its morphological surface, 
crystal structure and chemical states, respectively. 

E. Electrode Preparation 

The prepared catalyst (10 mg) was dispersed evenly on 
polyacrylonitrile carbon felt (PACF) with a thickness of 2 
mm. The area of catalyst dispersion was 7cm2. The suspension 
of catalyst powder for deposition was made by mixing with 
0.15 mL of 5 wt% Nafion solution and 0.15 mL of isopropanol 
(C3H8O) and subjected to ultra-sonification for 20 min. The 
nafion 117 membrane with a dimension of 5 cm x 5 cm was 
boiled in 0.1M H2SO4 solution for 30 min, followed by boiling 
in deionized water for 1 h. Pretreated membranes were kept in 
deionized water overnight at room temperature before use. 
The membrane-electrode-assembly (MEA) was prepared by 
hot pressing catalyst/PACF with the pretreated nafion 117 
membrane for 2 min at both sides. The press temperature was 
set at 100°C and the press pressure was 1 bar. The steps were 
repeated in the fabrication of electrodes with different 
loadings of Pt. A sample without Pt was also prepared and 
investigated as a control. 

F. MFC Construction and Operation 

The air cathode single chamber MFC was built with a cubic 
plexi glass which has a dimension of 5 cm x 5 cm (Shanghai, 
Sunny Scientific, China) and a total working volume of 20 
mL. Carbon brush was directly used as anode electrode. The 
MEA was placed at the front opening side of the cubic 
chamber by facing the membrane side to the anode substrate 
and the PACF side was faced to the air. The whole MFC setup 
was tighten up with screws. Titanium wire of 5 cm was 
inserted through the MEA. Electric circuit consisting of 
resistor was connected from the anode chamber of MFC to the 
cathode chamber. The raw palm oil mill effluent (POME) 
diluted with deionized water with ratio of 1:49 was used as 
anode substrate of air cathode MFC. Anaerobic sludge was 
collected from currently running anaerobic digester of palm 
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crystal form. The crystal form of urchin-like MnO2 can be 
readily indexed to the pure tetragonal phase of α-MnO2 
(ICDD: 440141), indicating high purity and crystallinity of the 
final sample. As compared with the XRD patterns of urchin-
like MnO2, the diffraction peaks of 0.8 wt % Pt/MnO2 shift to 
smaller diffraction angles which might be due to the doping 
process of Pt onto MnO2 nanostructure. 
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Fig. 2 XRD patterns of MnO2 and Pt/MnO2 nanostructures 

C. X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is reported as an 
effective approach in the investigation of the surface 
composition and chemical states of solid samples [18]. 
Besides, information about oxidation state of metal can be 
obtained through XPS analysis [19]. A typical XPS spectrum 
of Pt/MnO2 nanostructured catalyst was measured and the core 
level spectra of Mn 2p, Pt 4f, and O 1s are depicted in Figs. 3 
(a), (b), (c), respectively. Spectra correction was conducted by 
using internal reference spectra of C 1s at 284.6 eV to 
compensate the electrostatic charging [20], [21]. The XPS 
spectra of Mn 2p for Pt-MnO2 as presented in Fig. 3 (a) shows 
two main peaks centered at 642.5 and 654 eV with a 
difference in binding energy of 11.5 eV, which could be 
assigned to Mn 2p3/2 and Mn 2p1/2, respectively [22]. The two 
peaks were in well agreement with those reported in literature, 
indicating Mn (IV) state for MnO2 [23]. Fig. 3 (c) presents the 
deconvoluted XPS O 1s spectra of Pt/MnO2 centered at 530 
eV. The fitting of the spectra gives a sharp peak located at 530 
eV and a broad peak at 531.5 eV. The peak at 529-530 eV can 
be assigned to lattice oxygen while that at 531-532 eV 
represents to surface oxygen ions or the defect [24]. The 
deconvoluted XPS spectra of Pt 4f for Pt/MnO2 was illustrated 
in Fig. 3 (b) where two peaks of Pt 4f7/2 and Pt 4f5/2 were 
assigned at 71.2 and 74.9 eV, respectively. The findings were 
consistent with the work done by [25]. The pair of peaks is 
attributed to Pt (0) or Pt metal nanoparticles which were also 
reported in [26], [27]. The core level spectra of Pt 4f7/2 and Pt 
4f5/2 for the bulk Pt are 70.8 and 74.1 eV, respectively [20]. 
The fitted spectra of Pt 4f7/2 and Pt 4f5/2 of current work were 
shifted to the higher binding energies with respect to those for 
the bulk Pt. This result indicates an electronic interaction of Pt 
and the substrates [28]. 

 

635 640 645 650 655 660

2000

4000

6000

8000

10000

12000
(a)

In
te

n
si

ty
 (

ar
b

. 
u

n
it

s)

Binding energy (eV)

 Raw Intensity
 Peak Sum
 Background
 Peak 1
 Peak 2

 

(a) 
 

68 70 72 74 76 78

0

50

100

150

200

 Raw Intensity
 Background
 Peak 1
 Peak 2
 Peak Sum

In
te

n
si

ty
 (

ar
b

. 
u

n
it

s)

Binding Energy (eV)

(b)

 

(b) 
 

524 528 532 536 540

0

2000

4000

6000

8000

10000

In
te

n
si

ty
 (

ar
b

. 
u

n
it

s)

Binding energy (eV)

 Raw Intensity
 Peak Sum
 Background
 Peak 1
 Peak 2

(c)

 

(c) 

Fig. 3 Deconvoluted XPS spectra of the (a) Mn 2p (b) Pt 4f, and (c) 
O 1s region 

 
According to [20], the positive shift in binding energy 

corresponds to a decrease in the electronic charge density on 
the Pt atoms present in the prepared catalysts. This might arise 
from metal-support interactions, where there might be an 
electron shift from the metal to MnO2 via π-d hybridization. 

D. Electrochemical Characterization of the Catalyst by 
Cyclic Voltammetry 

The electrochemical activity of Pt/MnO2 in the electrolytes 
was characterized by cyclic voltammogram (CV) approach. 
The results of the CV of Pt/MnO2 with different loadings of Pt 
in 0.1 mol/L Na2SO4 saturated by O2 are shown in Fig. 4 (a). 
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An obvious oxygen reduction peak of the electrode with MnO2 
and Pt/MnO2 catalysts is clearly observed at 0.43-0.44 V. The 
peak is slightly positive for Pt doped catalysts than the MnO2 
catalyst, indicating that the 0.8 wt% Pt/MnO2 could catalyze 
ORR at a more positive potential. The current of the ORR at 
the electrode with 0.4 wt% Pt/MnO2 catalyst is -0.013 µA, 
which is two times higher than that of the electrode with 
MnO2 catalyst (-0.0056µA). The higher ORR current of the 
Pt/MnO2 catalysts could be explained by the specific 
interaction between Pt with MnO2 as seen in XPS results (Fig. 
3). The CV results with different loadings of Pt in 0.1 mol/L 
H2SO4 solution saturated by N2 are shown in Fig. 4 (b). The 
H+ desorption peak in the range of -0.2 – 0 V is evident for all 
Pt doped MnO2 catalysts and the area of the peak was 
increased with the Pt loading. Table I shows the 
electrochemical active surface area of Pt/MnO2 catalysts 
evaluated in CV where it can be seen that catalyst with higher 
Pt loading has higher surface area. The high active area of the 
Pt suggests the formation of Pt nanoparticles on MnO2 
catalyst. 
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(b) 

Fig. 4 Cyclic voltammograms for (a) ORR in 0.1 mol/L Na2SO4 
saturated by O2 and (b) in 0.1 mol/L H2SO4 solution saturated by N2 

(scan rate = 30 mV/s) 
 

 
 
 
 
 

TABLE I 
ELECTROCHEMICAL PROPERTIES OF THE CATALYSTS AND THE PERFORMANCE 

OF AIR-CATHODE MFC 
Catalyst ORR 

current 
103, µA 

Electroche
mical 

active area, 
m2/g 

OCV, 
V 

Max.power 
density, 
mW/m3 

COD 
removal 
eff. , % 

MnO2 -5.6 - 0.402 95 78 

0.2 wt% Pt/MnO2 -7.7 276 0.385 - 79 

0.4 wt% Pt/MnO2 -13.4 550 0.626 165 84 

0.8 wt% Pt/MnO2 -9.7 617 0.602 125 83 

E. Performance of Cubic air Cathode Microbial Fuel Cell 
with Different Cathode Catalysts 
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Fig. 5 Polarization and power curves for air-cathode MFCs after 7 
days of operation 
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The MFCs with different cathode catalysts have been 

operated continuously maintaining same anode condition and 
cathode catalyst loading. The open circuit voltage and 
polarization curves were measured regularly. The results are 
presented in Fig. 5 and Table I. It is clearly evident that the 
maximum power density and OCV are influenced by the 
cathode, indicating the limiting role of air-cathode in the MFC 
under the experimental conditions. The performance order of 
MFCs with different cathodes is 0.4wt% Pt/MnO2 > 0.8wt% 
Pt/MnO2 > MnO2 cathode as illustrated in Fig. 5. The results 
are consistent with the CV results for ORR activity. The OCV 
of the MFC with 0.4 - 0.8 wt% Pt/MnO2 cathode was in the 
range of 0.6 -0.65 V, which was significantly higher compared 
with MnO2 cathode. The electrochemical reaction rates could 
be evaluated by the open circuit voltage (OCV), as [2] 
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indicated, a higher OCV value is related to a higher reaction 
rate. Fig. 6 presents the OCV value as a function of time for 
MFCs with 0.4 wt% Pt/MnO2 and MnO2 cathodes. It can be 
seen that the OCV of the MFC with Pt doped catalyst 
remained constant even after 14 days of operation, while for 
the MFC with MnO2 cathode, dropped significantly within the 
same duration of operation. The results evidently indicate that 
the performance of MnO2 cathode is enhanced due to the Pt 
doping on MnO2 as electrocatalyst for ORR. In addition, the 
COD removal efficiency of 0.4 - 0.8 wt% Pt/MnO2 -based 
MFCs was slightly higher than that of MnO2 -based MFC. 

IV. CONCLUSION 

In summary, MnO2 and Pt/ MnO2 nanostructured catalysts 
were successfully synthesized and characterized. The Pt 
loading and their phases were confirmed by XRD and XPS. 
XRD revealed the formation of urchin like structure of MnO2 
which transformed to cocoon type phase after Pt doping. The 
electrochemical active are was increased with the increase in 
Pt loading. The ORR activity of the 0.4 wt% Pt/MnO2 catalyst 
was increased two times compared to MnO2 catalysts. The 
catalysts were used in the cathode of the MFC operated with 
POME as anode substrate. MFC with Pt/MnO2 (0.4 wt% Pt) as 
air cathode catalyst generates a maximum power density of 
165 mW/ m3, which is higher than that of MFC with MnO2 
catalyst (95 mW/m3). The open circuit voltage (OCV) of the 
MFC operated with MnO2 cathode gradually decreased during 
14 days of operation, whereas the MFC with Pt/MnO2 cathode 
remained almost constant throughout the operation suggesting 
the higher stability of the Pt/MnO2 catalyst. In view of the 
outstanding performance of the Pt/MnO2 catalyst, it has great 
promising potential in air cathode MFCs without 
compromising the catalyst cost as aimed.  
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