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Abstract

Catalyst for oxygen reduction in cathode is vital for power production in
microbial fuel cells (MFCs). In this study, non-precious metal catalysts were prepared
by a high-temperature treatment of the iron containing polyaniline as both nitrogen
and carbon precursor. These catalysts showed very positive onset potentials and less
than 3% vyield of hydrogen peroxide in the whole potential range, which matched the
state-of-the-art Pt/C. The MFC with bare cathode only produced a maximum power
density of 1.32 W/m?®, while the MFCs with PANIgg, PANI-Fezgo, and PANI-Fego
cathode had a maximum power density of 3.00 W/m®, 7.45 W/m®, and 12.54 W/m?,
respectively. Physical and chemical characterizations of the catalysts indicated that
iron coordinated with pyridinic nitrogen hosted in micropores was responsible for the
high catalytic activity. These results demonstrate that these catalysts are excellent
cathodes for MFCs due to their high catalytic activity, strong stability and low cost.
Keywords: Microbial fuel cells; Air cathode; Polyaniline; Catalyst

1. Introduction
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Microbial fuel cell (MFC) is a bioelectrochemical system that exploits microbial
catalysis to directly convert chemical energy in organic matters into electrical energy
4 As a promising environmental biotechnology, MFC has developed considerably in
the past decade for wastewater treatment, biochemical oxygen demand and toxicity
detection, power supply, and chemical and fuel synthesis >*°. The high cost of noble
metal cathode, however, severely impedes the large-scale applications of MFCs.

Oxygen is the best choice as electron acceptor for MFCs due to the positive redox
potential, the harmlessness of the reduction product (H,O) and its virtually
inexhaustible availability. So far, platinum-based cathodes have been commonly used
in MFCs due to their high catalytic performance for oxygen reduction reaction. This
expensive catalyst, however, can account for almost half of the total construction cost
of the MFC reactor . The cost of MFC system needs to be reduced to improve its
competition for other wastewater treatment technology such as aerobic treatment and
fermentation *"*2. In addition, the scarcity of platinum also requires the development
of novel alternatives. As a result, the exploration of non-precious metal catalyst with
high catalytic activity for oxygen reduction is currently a major focus of MFC
research to bring down the construction cost of MFCs.

Recently, transition metal-nitrogen-carbon catalysts (M/N/C) prepared under high
temperature have attracted lots of attention due to their excellent catalytic activity and
remarkable stability toward oxygen reduction in fuel cells ***°>. For M/N/C catalyst,
surface nitrogen, transition metal and micropores are considered to be critical for the

active catalytic sites formation on catalyst surface **

. Consequently, the catalytic
activities of these materials strongly depend on the carbon and nitrogen sources and
the synthesis condition. These catalysts have shown good electrocatalytic activity for

oxygen reduction, such as the high selectivity of four-electron reaction pathway and
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the positive onset potential ** **. A more positive onset potential means a smaller
overpotential and a larger cell voltage output, which improves the cathode
performance in a cell system. Further, the two-electron reaction competes with the
four-electron reaction in oxygen reduction, which not only lowers the theoretical
electrode potential, but also generates hydrogen peroxide, which causes damages to
electrode material, membrane and even electrochemically active microorganisms *°.
Therefore, a catalyst with excellent selectivity for four-electron reaction is desirable
for enhanced cathode performance in MFCs. As a result, this type of catalyst may find
its application as an ideal cathode catalyst for MFCs to bring down the construction
cost and improve the cathode performance.

In this report, novel catalysts were prepared by pyrolyzing iron containing
polyaniline (PANI) under high temperature in NH3 atmosphere. PANI was employed
as both nitrogen and carbon precursor because it offered a uniform and enhanced
distribution of nitrogen on the surface. These catalysts were comprehensively
examined by field emission scanning electron microscope (FESEM), nitrogen
physisorption, elemental analysis, X-ray photoelectron spectroscopy (XPS), and
electrochemical measurement. These catalysts were further used as air cathodes to
study their performance in MFCs. Besides, an explanation for the high catalytic
activity toward oxygen reduction was proposed. This study demonstrated that these
catalysts were excellent cathode for MFCs.

2. Materials and Methods
2.1. Catalysts preparation

Two catalysts, labeled as PANI-Fegyy and PANI-Fezq, were prepared by heat

treatment of iron incorporated polyaniline in NHz under 900 ‘C and 700 C

respectively. In brief, distilled aniline (4.5 mL) and Fe,SO, (0.15 g) were dispersed in
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H,SO, solution (300 mL, 0.5 M) via stirring and the suspension was ice cooled below
5 "C. Then, (NH4),S,0s was trickled into the suspension to start the polymerization.
When polymerization was completed, this dark green sample was leached in H,SO,
solution, rinsed completely with deionized (DI) water, and then dried in air. Lastly, the
sample was heat-treated in NH3; atomosphere under high temperature (900 C and
700 ‘C respectively) for 30 min and the catalysts were obtained. Another catalyst,
labeled as PANIgy, was also synthesized using the same pyrolysis method under
900 ‘C, but without the incorporation of iron.

2.2. Electrode preparation

The catalytic activity of these catalysts was measured by a glassy rotary ring disk
electrode (RRDE). The RRDE was polished by aluminas to obtain a smooth surface,
sonicated in Milli-Q water, and then dried in air.

Coating of catalyst onto RRDE and MFC cathodes (graphite felt) was prepared as
previously described . First, catalyst powder was dispersed well in a mixture
solution of Nafion and ethanol. Next, the ink solution was coated onto the RRDE or
the graphite felt surface and dried in the air. For comparison, commercially available
platinum supported on carbon black (Pt/C) was also coated onto RRDE and cathode
surface. The loading of non-precious metal catalyst and Pt/C on RRDE were 0.6

mg/cm? and 20u ged/cm?, respectively.

2.3. Air cathode MFC construction and operation

Single-chambered MFC reactors (empty bed volume of approximately 100 mL)
were used in this study ‘8. Graphite felt served as anode at the bottom of the reactor,
while graphite felt coated with catalysts worked as cathode at the top of the reactor.
The as-prepared catalyst and the Pt/C catalyst loading on cathode were 2 mg/cm? and

0.5 mgp/cm?, respectively. A bare cathode without any coating was also employed for
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reference. The anode and cathode were connected via titanium wire with an external
resistance of 500 Q.

MFCs were inoculated with bacteria from another stably running MFC in our
group *°. The electrolyte included KCI (0.13 g/L), NaCl (2.9 g/L), NH,CI (0.31 g/ L),
metal salt (12.5 mL/L), vitamin (5 mL/L) and phosphate buffer (50 mM, pH 7) %.
Sodium acetate (10 mM), a commonly used substrate, was added into MFC reactors
as electron donor.

MFCs were operated in a fed-batch mode at 30<C and the feeding solutions
were replaced once the voltage output fell below 40 mV, which was considered as the

ending of a cycle for power generation.

2.4. Calculation and analysis

Field emission scanning electron microscopy (FESEM) (JSM-6701F, JEOL)
was employed to study the morphology of the catalysts. Specific surface area and
micropore area were determined by nitrogen physisorption (ASAP 2010,
Micromeritics). Eelectron probe microanalyzer (JXA-8100, JEOL) was used to
measure the iron content and element analyzer (Vario EL cube) was used to examine
the nitrogen content in these catalysts. The electronic states of nitrogen were studied
by XPS (ESCALab, 220i-XL).

Linear sweep voltammograms (LSV) using RRDE (PINE, 5.61 mm of disk
diameter) was applied to study the catalytic activity of these catalysts toward oxygen
reduction. The LSV tests were conducted using an electrochemical workstation (CHI,

760B) in a conventional three-electrode system in oxygen saturated H,SO,4 solution
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(0.5 M). LSV was carried out with a potential scan rate of 10 mV/s, and the disk
rotating speed was 900 rpm. RRDE electrode coated with catalyst was the working
electrode, whereas an Ag/AgCl electrode (KCI saturated) and a platinum foil electrode
worked as the reference and the counter electrode, respectively. The ring potential was
set at 1.0 V (vs. Ag/AgCI). All the potentials were later converted into the reversible
hydrogen electrode (RHE) scale.

RRDE experiment was also used to investigate the selectivity of these materials
toward oxygen reduction reaction. The four-electron selectivity was assessed by the
yield percentage of hydrogen peroxide during oxygen reduction, which was
determined by the equation: H20,%=200>g/(Ir+NIp), where Ip was the disk current,
Ir was the ring current, and N was collection efficiency of the ring (37%) > .

A data acquisition system was used to measure and store the cell voltage output
(E). The maximum power densities were acquired by varying the external resistor (R)
from 10 to 2,000 Q, when MFCs became steady in electricity generation. Power

density (P) was measured by the equation on the basis of the total volume (V) of the

reactor: P = E¥/(RX V).

3. Results and Discussion

3.1. Electrochemical characterization of the catalysts
(Fig.1)
Electrochemical measurements were conducted to study the catalytic activity as
well as the associated reduction pathways of these catalysts toward oxygen reduction

in comparison with Pt/C. Fig.1a was the results of the LSV with a RRDE. The onset

Page 6 of 24



Page 7 of 24

RSC Advances

potential, a very important criterion for the evaluation of the catalytic activity,
increased in the following order: PANIgy <<PANI-Fe7q0<<PANI-Fegp<<Pt/C. The
onset potential of PANI-Feggo was as high as 0.92 V (vs. RHE), very close to the onset
potential delivered by the state-of-the-art Pt/C. The onset potential of the cathode
determined cell performance when the anode was fixed. Therefore, a more positive
onset potential indicated a smaller overpotential, a higher cathode potential, and
consequently a larger cell voltage. In this study, the high onset potential of
PANI-Feqoo demonstrated that it had high catalytic activity toward oxygen reduction
and that it was a good alternative for Pt/C.

The oxygen reduction reaction pathway was also studied by the RRDE
experiments. The hydrogen peroxide yield percentage (Fig. 1b) also increased in the
following order: PANIgoo<<PANI-Fe70o<<PANI-Fegyo<<Pt/C. The hydrogen peroxide
yield percentage of PANIgy and PANI-Feze was considerably larger than that of
PANI-Feggo and Pt/C. Particularly, the hydrogen peroxide yield of PANI-Feggy was
less than 3% in the full potential range, which matched the four-electron selectivity of
the benchmark Pt/C.

The theoretical potential of the four-electron reaction of oxygen reduction is
1.229 V (vs. RHE) under standard condition, while the value is only 0.695 V (vs.
RHE) in the two-electron reaction to form H,O, %. The undesirable two-electron
reaction competes with the target four-electron reaction, which causes the formation
of a mixed theoretical potential lying between 0.695 V (vs. RHE) and 1.229 V (vs.

RHE) under standard condition, depending on the occurring extent of each of the two
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reactions 2%, The formation of mixed potentials can dramatically reduce the cathode
potential and accordingly the cell voltage. Further, the generation of H,O, causes
damages to electrode material, membrane and even electrochemically active
microorganisms, which limits the overall performance of MFCs *.

RRDE experiments revealed that H,O, production of PANI-Fegyo was
comparable to the yield of Pt/C. The less than 3% yield of hydrogen peroxide in the
full potential range indicated that oxygen reduction reaction on PANI-Fegy proceeded
predominantly via the four-electron pathway. These results demonstrated that
PANI-Fegqo exhibited very high selectivity for the four-electron reaction. Therefore,
PANI-Feqoo Was expected to improve the cathode potential, cell voltage and overall

performance of MFCs.

3.2. Performance of the catalysts in MFCs

(Fig.2)

Following the electrochemical measurements, these catalysts were further used
as cathodes in MFCs to study their performance for electricity production. Bare
cathode without catalyst coating and Pt/C catalyst was also investigated as control in
MFCs for comparison.

Fig.2 was the polarization curves and the power density curves. As shown in
Fig.2 and Table 1, the maximum power density of the MFCs with PANIggp,
PANI-Fezg, and PANI-Fegeo were 3.00 W/m®, 7.45 W/m® and 12.54 Wim®,
respectively. This result was consistent with their catalytic activity in RRDE test. For

comparison, the bare cathode MFC only produced a maximum power density of 1.32
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W/m?, while the Pt/C cathode MFC had a maximum power density of 10.03 W/m?®,
These results demonstrated that these catalysts, especially PANI-Feg, significantly
enhanced the power density of MFCs. The enhancement was contributed to the
improved cell voltage and reduced internal resistance (Table 1). Particularly, the open
circuit voltage of the PANI-Fegy cathode MFC was 0.72 V, whereas the
corresponding value was 0.43 V for the bare cathode MFC and 0.73 V for the Pt/C
cathode MFC. The internal resistance measured from the polarization curves was 84
Q, 210 Q and 99 Q for the PANI-Fegy cathode MFC, bare cathode MFC and Pt/C
cathode MFC, respectively. The improved cell voltage, reduced internal resistance and
high power density suggested that PANI-Fegpo, Which considerably enhanced the

cathode performance compared with the bare cathode, was an excellent cathode in

MFCs.
Table 1 Air-cathode MFC performances with different cathode catalysts
Cathode Open circuit voltage  Internal resistance Maximum power
V) Q) density (W/m?)
PANI-Fegqg 0.72 84 12.54
PANIgg0 0.49 185 3.00
PANI-Fe;q 0.65 126 7.45
Bare 0.43 210 1.32
Pt/C 0.73 99 10.03

The stability test of these catalysts was measured by running the MFCs over
one month. During this period, the maximum power density of the PANI-Fegoo MFC

declined from 12.54 W/m?® to 11.79 W/m®, approximately 6.0% deterioration. For
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comparison, the maximum power density of the Pt/C MFC decreased from 10.03
W/m? to 9.39 W/m?, a drop of about 6.4%. This result demonstrated that PANI-Feggo
possessed good stability for long-term application in MFCs.

Besides catalytic activity and stability, the cost was another criterion for the
evaluation of the cathode in MFCs %. The cost of PANI-Fegy prepared here was
about 0.08 US dollar per gram, which was less than 1% of the commercially available
Pt based catalyst (Table 2). Though the price of Fe,O3; was very close to PANI-Fe900,
its power density in MFCs was much smaller than PANI-Feg ** Compared with
nitrogen doped grapheme and nitrogen doped carbon nanosheet, PANI-Fegy produced
much higher power density 2. As mentioned above, Pt/C cathode accounts for
nearly half of the construction cost of the MFC reactor, which limits the large-scale
applications of this technology. Therefore, these low-cost and high-performance
catalysts can be excellent candidates to replace the noble Pt/C to bring down the
construction cost of MFCs.

Table 2 Cost and power density of some cathode catalysts in MFCs

Page 10 of 24

Cathode catalysts Price (US dollar/g)  Power density (W/m®) Reference
PANI-Feggo 0.08 12.54 This study
Pt 35.6 10.03 This study
Fe,03 0.13 0.93
Nitrogen doped graphene N/A 6.98
Nitrogen doped carbon nanosheet N/A 5.13

3.3. Understanding of the high catalytic activity by physical and chemical

characterization

Physical and chemical characterizations were conducted to explore the intrinsic
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properties of these catalysts, which helped to explain the high catalytic activity toward
oxygen reduction reaction.
(Fig.3)

FESEM images of the as-prepared catalysts were shown in Fig.3, which
demonstrated that these catalysts exhibited highly microporous structures, especially
the catalysts pyrolyzed under 900 ‘C. The specific surface area and the micropore area
of these catalysts tested by the multiple point BET method were summarized in Table
3. PANI-Fegpo and PANIgy had quite high surface area and micropore area, while
PANI-Fezqo displayed relatively lower values. These catalysts, however, only had a
specific surface area of 12.8 m?/g before pyrolysis treatment. Therefore, pyrolysis
treatment in NH3; atmosphere under high temperature significantly enhanced surface
area of these catalysts. The enhancement was the result of the etching effect of NHs,
which reacted with carbon to produce volatile compounds and created large number
of micropores *°. On the one hand, a high surface area provided sufficient interface for
the adsorption and reduction reaction of oxygen. On the other hand, the active sites in
these catalysts for oxygen reduction were considered to be hosted in micropores
formed during pyrolysis ** %. Therefore, a higher surface area and micropore area
implied a higher catalytic activity. In this study, the specific surface area and
micropore area of PANI-Fegyo were higher than PANI-Fezq, Which elucidated the
result that PANI-Feqoo exhibited higher catalytic activity than PANI-Fe;qo.

Transition metal was also crucial for the catalytic activity of the catalysts
prepared in this study. PANI-Fegoo and PANIgy showed similar micropore area,

11
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specific surface area, nitrogen content and even the relative intensity of each nitrogen

species (Table 3). PANI-Fegy, however, exhibited considerably higher catalytic

activity than PANIggo, as suggested by the more positive onset potential, much higher

selectivity for the four-electron reaction and higher power density in MFCs. One

mechanism to explain the role of iron in Fe/N/C catalysts was that iron was

coordinated with nitrogen in compounds such as FeN4 and FeN, to form the active

sites, which effectively facilitated oxygen reduction reaction *"%°. Therefore, iron

served as active sites and played a critical role in enhancing oxygen reduction reaction

in PANI-Fegqo.

Table 3 Specific surface area, micropore area, iron and nitrogen content of the

catalysts
Catalysts Surface Micropore Iron Nitrogen N Binding Relative content
area area content content  species energy intensity (wt%)
(m*g)  (m’/g) (Wt%)  (wt%) (V) (%)
PANI-Fegyy 769.8 570.5 0.72 5.26 pyridinic = 398.3 375 1.97
N
pyrrolic 400.7 46.7 2.46
N
oxidized  403.8 15.8 0.83
N
PANIgg 752.1 561.4 0 5.37 pyridinic  398.4  37.1 1.99
N
pyrrolic 400.7 32.9 1.77
N
oxidized ~ 403.2 30.0 1.61
N
PANI-Fezo 541.5 388.6 0.68 5.92 pyridinic = 398.4 228 1.35
N
pyrrolic 4005 62.6 3.71
N
oxidized 4035 146 0.86
N

12
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Nitrogen content measured by elemental analysis was listed in Table 3 for the
three catalysts. Nitrogen content included in PANI is about 17%. The nitrogen
content, however, decreased to about 5-6% after pyrolysis treatment. The decrease of
nitrogen content was because of the gasification of nitrogen-containing fragments by
NH3 under high temperature pyrolysis.

(Fig.4)

The electronic states of the nitrogen on catalysts were examined by XPS. The
deconvoluted N1s spectra showed in Fig.4 exhibited that three nitrogen species were
present in these catalysts, namely pyridinic nitrogen, pyrrolic nitrogen and oxidized
nitrogen. The binding energy, relative intensity and content of these nitrogen species
were summarized in Table 3. The relative intensity of pyridinic nitrogen in
PANI-Feggo (37.5%) and PANIgn (37.1%) was much higher than that in PANI-Fezy
(22.8%), while the relative intensity of pyrrolic nitrogen in PANI-Fezqo (62.6%) was
much higher than the value in PANI-Feggo (46.7%) and PANIgy (32.9%).

Nitrogen was essential for the catalysis of oxygen reduction reaction in M/N/C
catalysts. As mentioned above, transition metal coordinated with nitrogen to form the
catalytic active sites ** 2%, Jaouen et al. prepared 19 types of M/N/C catalysts with
nitrogen content in the range of 0.3% to 2.5%, and they demonstrated that the
catalytic activity increased in proportion to nitrogen content in these materials, as
higher nitrogen content resulted in higher active site density . The highest onset
potential was about 0.8 V (vs. RHE) in H,SO4 solution (0.5 M) in that report, while
the onset potential reached 0.92 V (vs. RHE) in this study. The nitrogen content of the

13
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catalysts prepared here was about 5-6%, which explained their high performance for
oxygen reduction.

Previous studies of M/N/C catalysts revealed that the active sites were made of
pyridinic nitrogen, rather than pyrrolic nitrogen or oxidized nitrogen hosted in
micropores ** 283931 pyridinic nitrogen was able to coordinate the iron to form the
active sites, which reduced the oxygen primarily via the four-electron pathway **2°.
Besides, pyridinic nitrogen could impart a positive charge on neighboring carbon
atoms, and this charge delocalization could alter oxygen adsorption from the typical
end-on chemisorption (Pauling mode) to side-on chemisorption (Yeager model),
which efficiently weakened the bonding of O-O and facilitates oxygen reduction rate
%2 In this study, PANI-Fegyq displayed higher pyridinic nitrogen content and lower
pyrrolic and oxidized nitrogen content than PANI-Fe;q. Therefore, the fact that
PANI-Fegqo exhibited higher catalytic activity than PANI-Fe;qo was due to the higher
pyridinic N content, because higher pyrdinic N content meant higher active site
density.

The positive onset potential, the excellent selectivity of the four-electron
reaction pathway and the high performance in MFCs demonstrated that these catalysts
were highly active toward oxygen reduction. This high electrocatalytic activity was
due to the active sites formed by iron coordinated with pyridinic nitrogen in

micropores during pyrolysis at high temperature. Therefore, microporous structure,

iron and pyridinic nitrogen were the key requirements for these catalysts.

4. Conclusion

High-performance catalysts toward oxygen reduction in MFCs were prepared by
14
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pyrolyzing iron containing polyaniline at high temperature in NH3; atmosphere. These
catalysts displayed very positive onset potential, excellent selectivity for the
four-electron reaction, enhanced power density and good stability in MFCs. Physical
and chemical characterization of the catalysts indicated that iron coordinated with
pyridinic nitrogen hosted in micropores resulted in the high catalytic activity. This
study demonstrates that these catalysts are excellent cathodes for MFC applications.
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Figure captions
Fig. 1 Disk current (a) and H,O; yield (b) plots during oxygen reduction reaction in

oxygen saturated H,SO, solution (0.5 M) (scan rate: 10 mV/s; rotating speed: 900

rpm).

Fig.2 Polarization (solid symbols) and power density (empty symbols) curves of the

MFCs with different cathodes.

Fig. 3 FESEM images of the non-precious metal catalysts: a. PANI-Fegyo; b. PANIggp;

and c. PANI-Feqo.

Fig. 4 The deconvoluted high resolution N1s X-ray photoelectron spectra for the

catalysts: a. PANI-Fegoo; b. PANIggo; and ¢. PANI-Fezo.
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Fig.1
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Fig.2
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Fig.3
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Fig.4
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