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This paper describes the synthesis and assessment of a non-noble-metal electrocatalyst for oxygen
reduction reaction (ORR). The transition-metal-coordinating nitrogen-doped carbon catalyst (M-N/C)
is prepared by supporting copper ion on carbon-coated poly(2,7-dimethyl-10,12-di(thiophen-2-
yl)thieno[3',4":5,6]pyrazino[2,3-f][1,10]phenanthroline) (PDTPP) complex to offer Cu-PDTPP/C/GC.
The materials including PDTPP, PDTPP/C, and Cu-PDTPP/C are characterized by CV (cyclic
voltammetry), RDE (rotating disk electrode) to confirm their catalytic performances. Among the four
materials, Cu-PDTPP/C shows the best catalytic performance with the direct reduction of oxygen to
water directly by a four-electron (4e) transferred process. The morphologies and chemical
compositions of PDTPP/C, Cu-PDTPP/C were characterized by scanning electron microscopy (SEM)
and X-ray photoelectron spectroscopy (XPS) methods respectively. it is revealed by the results that the
copper ions have been coordinated to the composite and the M—N/C catalysts are successfully
synthesized. According to these tests, this study essentially illustrate that Cu-PDTPP/C is an effective
catalyst can be used for ORR in fuel cells, such as microbial fuel cells, which conducted in a aqueous
neutral medium.
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1. INTRODUCTION

With the drying up of traditional fossil fuels and increasingly serious of global warming, the
development and application of sustainable energy has been one of major problems which may
influence advancement of human society [1-2]. Among numerous renewable resources, fuel cell is a
kind of most promising renewable energy due to its simple structure, abundant raw materials and
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excellent specific energy. And fuel cell as an efficient, response quickly, environmentally friendly
novel electricity-generation device which has attracted attentions of many researchers in recent years
[3-4]. At present, the research of fuel cell has made great progress [5-6], and the ointment is torpid
cathodic oxygen reduction reaction which may greatly delayed the commercialization of fuel cell.
Thus it is imminent to develop catalysts with good electrochemical performance for ORR [7-8].

As we all known, Pt is the best oxygen reducing catalyst with high electrochemical
performances in terms of activity and stability. However, the expensive price and the shortage reserves
of metal platinum hinder its use in fuel cells. So a lot of research has been made in metal alloy catalyst
to cut back the costs and improve the catalysis, both in China and abroad. Stamenkovic et al has
studied the relationship between surface electronic structure and catalytic activity in Pts;M (M=Fe, Co,
Ni, Ti, V), revealed that the catalytic activity can be tuned through the relationship between the
adsorption of intermediates and the degree of surface coverage [9-12]. Similarly, transition metal
oxides are used as electrochemical catalyst to replace Pt, which can modify the electronic structure and
improve the stability in neutral aqueous solution. In addition, transition metal oxides also possess the
advantages of low cost, easy preparation and species diversity which has become research focus in fuel
cell field [13-15]. In recent years, in addition to metal alloy and metal oxides, conductive polymers had
been widely employed as ORR catalysts because of its conjugated structure, high chemical stability as
well as the complexation ability with metal ions. To be specific, many materials including N-doped
macrocyclic polymers, carbon support metal-coordinating polymers are found to exhibit good
electrochemical catalytic performance for ORR [16-18].

The catalysts prepared in this work were based on the synthesis of a novel and nitrogen-riched
conductive polymer, which also have the complexation sites with metal ions. Through a facile
electropolymerization method, the polymer film could be coated on the conductive surfaces, such as
glassy carbon electrode (GC), modified GC etc. The monomer 2,7-dimethyl-10,12-di(thiophen-2-
yl)thieno[3',4":5,6]pyrazino[2,3-f][1,10]phenanthroline (DTPP) was firstly prepared by the routine
method, and then polymerized on the GC surface, which was designated to PDTPP/GC in the present
work. PDTPP/C/GC was obtained when the polymer was coated on the carbon power modified GC
electrode. Cu-PDTPP/GC referred to the materials obtained by the complexion of copper ions with the
PDTPP/GC electrode. Similarly, Cu-PDTPP/C/GC was obtained by the complexion of copper ions
with the C/GC electrode. The nitrogen atoms in polymers provided binding sites for metal (M=Cu)
(Scheme 1), and carbon materials were used to improve the conductivity and stability of those
catalysts.

The electrochemical performance of the obtained catalysts were conducted by cyclic
voltammetry (CV), rotating disk electrode (RDE), while their structure and composition were
performed by scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS)
methods. Among four catalysts, Cu-PDTPP/C/GC showed a much excellent performance than that of
PDTPP/GC, PDTPP/C/GC and Cu-PDTPP/GC, indicating metal complexion and carbon carrier can
improve the ORR activities of the catalysts. Cu-PDTPP/C/GC has been shown a promising, efficient,
stable, and low-cost ORR catalyst which may be used in some of the fuel cells that require neutral
media, such as microbial fuel cell.
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2. EXPERIMENT

2.1 Materials

The monomer DTPP (2,7-dimethyl-10,12-di(thiophen-2-yl)thieno[3',4":5,6]pyrazino[2,3-
f][1,10]phenanthroline) used as the monomer for the preparation of polymers was prepared by the
method previously reported [19-20]. Other reagents including K,COs; NaH,PO,42H,0,
Na;HPO4 12H,0, CuSO045H,0, Kj[Fe(CN)g], Ka[Fe(CN)e]-6H,O, KCI, acetonitrile (ACN),
dichloromethane (DCM) and Tetrabutylammonium hexafluorophosphate (TBAPFg) were obtained
from Aladdin Chemical Reagent Company (Shanghai, China) with analytical grade and used as
received without any further purification.

2.2. Electrode preparations

Alumina suspension (0.3 pum) was used to polish the glassy carbon electrode to a mirror
surface, and the working electrode was washed with ultra-pure water and ethanol for several times to
clean out excess powders. The mirror surface of GC could be used as the conductive surface for the
coating of the PTPP polymer directly, or be coated with Vulcan carbon to obtain the GC/C electrode.

A carbon slurry could be obtained by the ultrasonic dispersion of a mixture solution containing
1.6 mg of the Vulcan XC-72 carbon, 177 uL of isopropanol, 570 pL of ultra-pure water, 3 uL of
Nafion solution, and ultrasonic dispersion was conducted for at least 1 hour. The C/GC electrode could
be obtained by dipping the above 8.5 uL of carbon dispersion drop on the glassy carbon electrode,
dried in a clean console at room temperature for further studies.

The PDTPP/GC electrode was fabricated by using an electropolymerization process on the GC
electrode (¢=5mm, 0.196 cm?, AFMSRCE pine). A solution used for polymerization was prepared by
dissolving DTPP (4 mm) and TBAPFs (0.1 M) in DCM, the former is used as the monomer, and the
latter as the supporting electrolyte. The three electrode system was used as the device for polymer
forming, in which the GC electrode was used as the working electrode, a Pt coil was used as the
counter electrode (area surface, 1cm?), and a silver wire was used as the pseudo reference electrode.
Cyclic voltammetry (CV) was conducted in the above electrolyte for four cycles in the potential range
from 0 to 1.3 VV vs. Ag wire at scan rate of 100 mV s on GC electrode. Subsequently, the obtained
PDTPP/GC electrode was rinsed with ACN several times aimed to remove the residual monomer.

The Cu-PDTPP/GC electrode was prepared by soaking the PDTPP/GC electrode in 5 mM
CuSQO4+5H,0 solution for about 3 hours, and washed it with ultra-pure water to remove dissociate Cu.
After that, the Cu-PDTPP/GC electrode was dried at room temperature for subsequent
characterization.

The PDTPP/C/GC electrode was obtained by taking the C/GC electrode as the working
electrode for the polymer fabrication of the PDTPP on the C/GC, and the procedure was just as that of
the PDTPP/GC electrode. In like the same manner, the Cu-PDTPP/C/GC electrode was prepared by
soaking the PDTPP/C/GC electrode in the CuSO4*5H,0 solution for about 3 hours. The synthetic
routes of four catalysts including Cu-PDTPP/C/GC was shown in the Scheme 1.
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Scheme 1. Schematic diagram of synthetic process of Cu-PDTPP (a), and the preparation procedure of
the catalysts (b) including PDTPP/GC, Cu-PDTPP/GC, PDTPP/C/GC and Cu-PDTPP/C/GC.

2.3 Physical characterization and electrochemical measurements

Scanning electron microscope (SEM, SU 8020) technique was used to recognize appearance
features of samples under a 1.0 kV of accelerating voltage. The surface element composition of
catalysts were recorded on Thermal Scientific X-ray photoelectron spectroscopy (ESCALAB 250Xi)
under an ultrahigh vacuum (<10”° mbar) by using monochromatic Al Ka (1486.6 eV) as radiation
source.

The samples used for SEM and XPS were prepared taking ITO electrode as the conducting
surface instead of GC electrode as the surface. In this case, the C/GC surface was represented by the
C/ITO surface, which was prepared as follows: 30 pL the ink dispersion was drop on the ITO coated
glass, dried under room temperature. And then the C/ITO was coated with the PDTPP polymer under a
constant potential of 1.3 V and the polymerization charge was of 0.05 C in a area of 0.5 x0.5 cm?. The
Cu-PDTPP/C/ITO electrode was made by immersing PDTPP/C/ITO in CuSOy solution for 3 hours,
which represented the Cu-PDTPP/C/ITO electrode.

All the electrochemical measurements for these catalysts were conducted at room temperature
in PBS solution (0.1 M), which was purged with high-purity O, or N, for about 30 minutes to obtain
the O,- or Ny-saturated electrolyte before each measurement. Cyclic voltammetry (CV), rotating disk
electrode (RDE) were carried out with a conventional three-electrode. The modified GC electrode (5
mm diameter, 0.196 cm?) was used as the working electrode, the platinum wire and Ag/AgCl/sat. KCI
electrode (0.197 V+0.0591*pH vs. RHE at 25 °C) were respectively counter and reference electrode.
Cyclic voltammetry was firstly cycling for 20 cycles between -0.8 and 0.5V to activate the working
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electrode. Furthermore, all of these technique (CV, RDE) were tested by Autolab
potentiostat/galvanostat (PGSTAT 302N) and electrode rotator (AFMSRCE, Pine) stations.

3. RESULTS AND DISCUSSION

3.1 Physical characterizations

As shown in Figure.l, the microstructure images of C/ITO, PDTPP/C/ITO and Cu-
PDTPP/C/ITO were characterized by SEM measurement. The irregular spherical structure of carbon
particles were shown in Figure.la with a particle size of 50-100 nm. The carbon image demonstrated a
porous feature which is greatly beneficial to the diffuse of oxygen and water, explaining the carbon can
be used as an effective supporting material for ORR catalysts.
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Figure. 1. Typical SEM images of (a) Vulcan XC-72/C/ITO (b) PDTPP/C/ITO (c) Cu-PDTPP/C/ITO
catalysts.

Furthermore, the newly synthesized catalyst PDTPP/C/ITO has a larger particle (100-130 nm)
and aperture size compare to carbon particles which can be observed in Figure.1b, the uniform rod-like



Int. J. Electrochem. Sci., Vol. 12, 2017 12130

particles of PDTPP/C/ITO initially described polymers PDTPP have been successfully loaded on the
surface of carbon [21-22]. After complexion with copper, the minor changes between PDTPP/C/ITO
and Cu-PDTPP/C/ITO can be realized in morphology and particle size as shown in Figure.1c. The
bigger particles (135-140 nm) of Cu-PDTPP/C/ITO went together to form a network structure which
proved the successfully coordination of metal ion onto the polymer surface. In general, with the
increasing particle size and the changing apparent structure, we can confirm the formation of new
catalysts PDTPP/C/ITO, Cu-PDTPP/C and these new materials were expect to exhibit good
electrochemical performances in later tests.

High-resolution XPS spectra were used to confirm the surface element containing of
PDTPP/C/ITO, Cu-PDTPP/C/ITO catalysts. Figure.2 shows the N 1s spectra of PDTPP/C/ITO, Cu-
PDTPP/C/ITO and the Cu 2p spectra of Cu-PDTPP/C/ITO respectively. As we can see in Figure.2a,
the N 1s peaks of PDTPP/C/ITO contained two types of nitrogen species including pyridinic-type N
(398.4 eV) and quarternary-type N (401.1 eV). The primary peak located at 398.4 eV can be assigned
to pyridinic type nitrogen contained in the polymer due to the presence of the phenanthroline unit and
the quinoxaline unit. Compared with PDTPP/C/ITO, the N 1s spectra of Cu-PDTPP/C (Figure.2b)
showed the same peaks with a different position.
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Figure. 2. XPS spectrum including N 1s peaks of PDTPP/C/GC (a), Cu-PDTPP/C/GC (b) and the Cu
2p peaks of the Cu-PDTPP/C/GC catalyst (c).
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The pyridinic-type N in Cu-PDTPP/C/ITO shifted to 398.8 eV from 398.4 eV which may
attribute to the successfully coordination of copper to PDTPP/C/ITO. It is worth noting that the
pyridinic-type N not only play a significant part in enhancement of electrocatalytic activity but also
provide a coordinating site for metal ions in the catalyst. And the functions of this type of nitrogen had
been discussed in previous literature [23-25]. In addition, to further confirm the successful
coordination of copper ions, Cu 2p spectra of Cu-PDTPP/C/ITO were shown in Figure.2c. Two pairs
of pronounced peaks can be observed which represent the two kinds of characteristic peaks of copper.
The peaks located at 934.9 eV and 954.8 eV may belong to typical dissociative Cu®* 2ps, and Cu?*
2p1;, peaks respectively. While the Cu®* 2ps, and Cu®* 2py;, values of 932.7 eV and 952.5 eV,
respectively, might be an indication of the formation of the complex between the copper ion and the
PDTPP polymer. On this occasion, it is can be seen that the expected Cu-PDTPP/C/ITO (i.e. Cu-
PDTPP/C/ITO) catalyst was produced. Furthermore, the two similar peaks situated at 940.9 eV and
944.1 eV shown in Fig.C can be assigned to CuO 2p3, which was formed largely due to the oxidation
of dissociative copper in reaction solution. All of these results indicated that the expected catalysts
including PDTPP/GC, Cu-PDTPP/GC, PDTPP/C/GC, Cu-PDTPP/C/GC could be prepared by the
methods as ascribed in the former section.

3.2 CV measurements

The electrocatalytic activities of these catalysts were firstly estimated by cyclic voltammetry
method. The CV curves of PDTPP/GC, PDTPP/C/GC, Cu-PDTPP/GC, Cu-PDTPP/C/GC measured in
N.-saturated and O,-saturated 0.1 M PBS buffer aqueous solution were respectively shown in Figure.3.
Cyclic voltammetry curves of different catalysts showed different shapes with an obvious
deoxidization peak and it can be found that significant changes have taken place on each pair of CV
curves. The maximum peak current density exhibited an obvious enhancement in O,-saturated solution
compared with the peak current measured under a Nj-saturated condition, indicating all of the four
catalysts possess the ORR activity. The values of maximum peak current density displayed a clear
trend that Cu-PDTPP/C/GC (-0.3047 mA) > Cu-PDTPP/GC (-0.258 mA) > PDTPP/C/GC (-0.1481
mA) > PDTPP/GC (-0.09445 mA). In addition, the ORR peak potential of Cu-PDTPP/C/GC located at
0.3893 V vs. RHE, as seen in Figure.3, which shifts more positive than that of Cu-PDTPP/GC (0.2745
V), PDTPP/C/GC (0.1329 V) and PDTPP/GC (-0.0306 V). These results proved that Cu-PDTPP/C/GC
catalyst has the best ORR activity with the highest peak current density and the most positive initial
oxygen reduction potential, and also confirmed the positive effects of carbon supporter and metal ions
on the ORR activities on the catalysts.
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Figure 3. (a), (b), (c), (d) CV curves of PDTPP/GC, PDTPP/C/GC, Cu-PDTPP/GC, Cu-PDTPP/C
/GCmeasured in O,-saturated and N»-saturated 0.1 M PBS (pH=7) aqueous solution range from
-0.2t0 1.1 V vs. RHE. Scan rate is of 100 mV s™.

Meanwhile, the electrochemical stability is an important parameter to characterize the catalytic
performance of the catalysts for ORR. The CV curves of PDTPP/GC, PDTPP/C/GC, Cu-PDTPP/GC,
Cu-PDTPP/C/GC were conducted between -0.2 and 1.1 V vs. RHE in O,-saturated 0.1 M PBS solution
for 500 cycles with a scan rate of 100 mV s™. After scanning 500 curves, a slight decline can be
noticed in maximum current density of these catalysts, as shown in Figure.4. Through simple
calculation, the reduction in peak currents (oxygen reduction) were 9.75%, 8.24%, 14.8% and 8.01% ,
respectively, for PDTPP/GC, PDTPP/C/GC, Cu-PDTPP/GC, Cu-PDTPP/C/GC. Apparently, Cu-
PDTPP/C/GC illustrated the minimal loss and the best electrochemical stability among the four
catalysts. From the comparison, we can also found that the catalyst loaded with carbon materials
showed a less decay than other catalysts, indicated that the presence of carbon supporters could
improve the stability of the catalyst in electrochemical tests.
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Figure 4. (a), (b), (c), (d) CV curves of PDTPP/GC, PDTPP/C/GC, Cu-PDTPP/GC, Cu-PDTPP/C
/GCmeasured in O,-saturated 0.1 M PBS (pH=7) aqueous solution for 500 cycles between -0.2
and 1.1 V vs. RHE. Scan rate, 100 mV s,

3.3 RDE measurements

To further compare the electrochemical behaviors, rotating disk electrode (RDE) method was
also used to test polarization curves of four catalysts (Figure.5). The linear scanning voltammetry
curves were measured in O,-saturated 0.1 M PBS solution with a scan rate of 10 mV s™. And, the
rotation rates of the RDE electrode were fixed in the range of 400 rpm, 625 rpm, 900 rpm, 1225 rpm
and 1600 rpm. Similarly, as shown in Figure.5, the obvious differences between the shapes of the
catalysts can be noticed in the LSV curves of the catalysts. In addition to the differences in shapes, it
also can be observed that the onset reduction potential of each catalyst kept a constant value in
different rotation rates, and the current densities exhibited a uniform increase with the continuous
increase in the rotation speed. The increasing current in polarization curves might due to the raising
amount of oxygen participated in the catalytic process on the catalyst modified electrodes.
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In addition, in order to calculate the related parameters of the polarization curves precisely, the
LSV curves of the catalysts including PDTPP/GC, PDTPP/C/GC, Cu-PDTPP/GC, Cu-PDTPP/C/GC
measured at the rotation rate of 1600 rpm had been listed in Fig.6. Great disparities could be observed
on the onset reduction potentials and the diffusion-limiting currents of the catalysts, which suggested
their different ORR activities as well as ORR mechanisms. The onset potentials of the PDTPP/GC,
PDTPP/C/GC, Cu-PDTPP/GC, Cu-PDTPP/C/GC catalyst were located at 0.1308 V, 0.2629 V, 0.6 V
and 0.6412 V vs. RHE, respectively, while the diffusion-limiting currents for them are -1.82653
mA/cm?, -2.5551 mA/cm?, -3.44898 mA/cm? and -4.48112 mA/cm?, respectively. Apparently, the Cu-
PDTPP/C/GC catalyst displayed the best ORR activity, which is consistent with CV results reported in
the previous section.

The electron transfer number of four catalysts were calculated to confirm the catalytic
mechanism during oxygen reduction reaction by Koutecky-Levich (K-L) plots:[26]

1/3=1/3+1/34ir=1/ I+ 1/ Bow'? (1)

B = 0.62nFC D3/ (2)

where Ji is the kinetic current density and Jgif is the diffusion-limiting current density, B is the
Levich constant, w is the angular velocity of the disk, n is the electron transfer number during the
ORR, F is the Faraday constant (F=96485 C mol™), C, is the O, concentration in the solution
(Coz=1.2x10" mol L™ in PH=7 0.1 M PBS solution), D is the diffusion coefficient of dissolved O, in
the solution (D=1.9x10"° cm? s™in PH=7 0.1 M PBS solution), and v is the viscosity of the electrolyte
(1.00x10%cm?s™) [27].

It can be concluded from Figure.7, the K-L plots of catalysts all showed a good linear
relationship between J* and ™2 at different applied potentials. The electron transfer number of
PDTPP/GC, PDTPP/C/GC were obtained under -0.09, -0.19, -0.29 V vs. RHE, while the Cu-
PDTPP/GC, Cu-PDTPP/C/GC were measured under 0.21, 0.11, 0.01 V vs. RHE. Obviously, compared
with the first two kinds of catalysts, the latter two kinds of catalysts had more positive onset reduction
potentials. In such way, the potentials selected in the calculation of the electron numbers are different.
According to diversities in K-L slope, four kinds of catalysts exhibit different electrons and catalytic
mechanism, as shown in Fig.7.
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Figure 7. K-L plots and electron transfer numbers of PDTPP/GC (a), PDTPP/C/GC (b) at -0.09, -0.19,
-0.29 V. vs. RHE and Cu-PDTPP/GC (c), Cu-PDTPP/C/GC (d) at 0.21, 0.11, 0.01 V. vs. RHE.

The average electron transferred numbers for PDTPP/GC, PDTPP/C/GC, Cu-PDTPP/GC, Cu-
PDTPP/C/GC were calculated to be 2, 2.8, 3.8 and 4 respectively (Figure.8), indicating Cu-
PDTPP/C/GC occurred a direct 4e reduction pathway of O, is reduced to H,O. While PDTPP/C/GC
and Cu-PDTPP/GC takes a coexisting pathway involving both the 2e and 4e transfers, and PDTPP/GC
catalyst employs a two-electron reduction pathway. In this sense, Cu-PDTPP/C/GC catalyst was a best
choice not only in terms of electron transfer number and the initial reduction potentials. Table 1
showed electrochemical data had been tested for different electrodes by CV and RDE measurements.
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Figure 8. The yield of average electron transfer number of PDTPP/GC, PDTPP/C/GC, Cu-
PDTPP/GC, Cu-PDTPP/C/GC calculated from RDE curves.
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Some polymer based non noble metal ORR catalysts were also reported in recent years, and they
were also not subjected to thermal treatment, and the parameters of these catalysts are summarized in
Table 2. From Table 2, it is obviously found that the catalysts reported in this study especially Cu-
PDTPP/C/GC have superior or equivalent catalytic activities to that of the ORR catalysts presented in
Table 2[28-32].

Table 1. Comparison of the electrochemical data for different electrodes.

(V vs. RHE) (mA) (V vs. RHE) (1600 rpm) (K-L)
PDTPP/GC -0.0306 -0.09445 0.1308 -1.82653 2
PDTPP/C/GC 0.1329 -0.1481 0.2629 -2.5551 2.8
Cu-PDTPP/GC 0.2745 -0.258 0.6 -3.44898 3.8
Cu-PDTPP/C/GC 0.3893 -0.3047 0.6412 -4.48112 4

Table 2. The parameters related with the polymer based ORR catalyst without noble metals

Catalyst Epeak Eonset E12 N Electrolyte solution Reference electrode Reference
M M OV

PHTPP 0.15 026 012 22  PBS(pH=7.0) RHE 28
PHTPP-Cu 0.30 0.58 0.30 3.8 PBS (pH=7.0) RHE 28
Pt/C (20 %) 0.65 0.90 0.63 4.0 PBS (pH=7.0) RHE 28
CuPPyPhen/C  0.37 0.62 - 40 PBS (pH=7.0) RHE 29
CuINPD/C -0.38 -0.15 - 3.1 0.1 M KNO3 Ag/AgCI 30
POT-Co-OMC -0.27 -0.3 - 38 0.1 M KOH Ag/AgCl 31
Poly(APT-GO) -0.38 -0.03 - 35 0.1 M NaOH Ag/AgCl 32
Poly(APT-RGO) - -0.06 - 2 0.1 M NaOH Ag/AgCl 32

4. CONCLUSIONS

Four non noble metal catalysts for oxygen reduction were prepared based on conductive
polymers, carbon black and copper ion (Il). The catalysts could be fancily deposited on the glassy
carbon electrode and the procedure was very simple and continent. The nitrogen-riched polymer could
be electropolymerized on the electrode with a low potential, which contained the phenanthroline unit
for metal ion complexation. The electrochemical activities of these catalysts were measured by CV and
RDE method, while the compositions of the catalysts were confirmed with SEM and XPS methods.
The CV curves of different catalysts demonstrated the catalysts with carbon supporters showed
superior stabilities than the carbon absent catalysts. It was also observed in LSV curves that the Cu-
PDTPP/C/GC catalyst showed a excellent current density and onset potential than other catalyst, which
suggested the M-Ny unit in the catalyst composites played a key role for ORR activity. The Cu-
PDTPP/C/GC catalyst has a potential application as cathode catalyst in fuel cells, such as microbial
fuel cell, which performed in a neutral agueous medium.
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