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Abstract

Proton exchange membrane fuel cell (PEMFC) is a power
source to convert the chemical energy in fuel and oxidant to
electricity. To reduce the cost of the PEMFC, non-precious
metal catalysts for the oxygen reduction reaction (ORR)
are extremely important, and have attracted substantial
attention in recent years. This work demonstrates a carbon
black-supported pyrolyzed folic acid-treated catalyst of the
ORR, with high catalytic performance. The ORR
measurements reveal that the optimized condition of
catalyst shows an excellent ORR activity, via the direct
four-electron reduction pathway for the reduction of O, to
H,0.
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1 Introduction

The proton exchange membrane fuel cell (PEMFC), which
efficiently transforms chemical energy into electrical
energy via electrochemical reactions, is considered an ideal
future power source. However, cost and available resources
are important development issues since most PEMFCs use

expensive platinum catalysis. Accordingly, catalysis using
non-precious metals must replace platinum catalysis.

The various factors that affect oxygen reduction reaction
(ORR)
nitrogen-containing complexes, the species of the
transition metal, the structure of the catalyst, the surface
properties of the carbon support, the nitrogen content and
others. The ligand-metal interaction has an important
effect on ORR activity. Lalande et al. noted that the surface
nitrogen content of the catalyst is the main factor in ORR
activity.™ Studies also show that increasing the surface
nitrogen content directly improves ORR activity.?”
Nitrogen precursors used for non-precious metal catalyst
include macrocyclic complexes, organic compounds,
inorganic  salts and

activity include transition metal

organic  polymers,

[8-11]

gaseous
precursors.

Here, we use folic acid as a new nitrogen precursor mixed
with iron and carbon black as a catalyst. The carbon
black-supported pyrolyzed folic acid-treated catalyst can
provide stronger catalytic activity in the ORR via the direct
four-electron reduction pathway. Therefore, the proposed
catalysis method improves fuel cell performance.



2  Experimental

2.1 Preparations of catalyst

A folic acid, iron chloride hexahydrate and carbon black
(Vulcan XC-72R) was dissolved in 10 mL of ethanol with
stirring for 30 minutes at room temperature. The folic acid
and iron precursor added to the mixture in different ratios.
The mixture was heated using steam to 80 °C to eliminate
the solvent. The suspension was filtered through filter
paper to obtain the slurry, which was dried at room
temperature under vacuum for 12 hours. Pyrolyzed folic
acid-treated catalyst supported by carbon black was
prepared at various temperatures.

2.2 Instrumentation

Electrochemical measurements were made in a
three-compartment cell using a potentiostat/galvanostat
instrument (Biologic Bi-stat). The working electrode was a
rotating-ring disk electrode (RRDE, PINE AFE7R9GCPT)
with a glassy carbon (GC) disk and a ring made of platinum.
The counter electrode and reference electrode were Pt foil
and a saturated calomel electrode (0.242 V vs. NHE),
respectively. All potentials in this work are with reference
to the reversible hydrogen electrode (RHE). The electrolyte
in the ORR test was oxygen-saturated 0.1 M HCIO,

solution.

3 Results and Discussion

Figure 1a presents the ORR activities of py-Fe-FA/C-500,
py-Fe-FA/C-700, py-Fe-FA/C-800 and py-Fe-FA/C-900.
The lower part of Fig. la plots disk current (l4) against
applied potential and the upper part plots the ring current (I,)
as a function of applied potential. At a pyrolyzed
temperature of 800 °C, the highest absolute value of 14 and
the lowest absolute of I, were. The total electron-transfer
number (n) and the hydrogen peroxide yield (%H,0,) in
the catalyzed ORR were utilized,
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where N is the RRDE collection efficiency, which was
determined to be 0.37 herein. Figures 1b and 1c display
%H,0,,

the n values and respectively. For the

py-Fe-FA/C-800, the n values and %H,0, remain at
approximately 3.98 and 1.0%, respectively, over a wide
range of overpotentials up to 0.7 V, indicating that the
ORR of py-Fe-FA/C-800 proceeds preferentially along
the four-electron direct ORR pathway. The observations
demonstrate that the pyrolysis at 800 °C yields the highest n
and the lowest % H,0,.

Figure 2 shows the ORR activities of different iron
contents in folic acid-treated catalysts from 5~20 wt%. The
lower part of Fig. 2a plots disk current (l4) against applied
potential and the upper part plots the ring current (I,) as a
function of applied potential. The optimal Fe loading with
the highest absolute value of |4 and the lowest absolute of I,
is 15 wt%.

Figure 3 presents the ORR activities of various
nitrogen/carbon ratios in folic acid-treated catalysts (5:1,
1:1, 1:5). The lower part of Fig. 3a plots disk current (lg)
against applied potential and the upper part plots the ring
current (lI,) as a function of applied potential. The optimal
ratio of nitrogen to carbon (FA/C) with the highest absolute
value of |4 and the lowest absolute of I, is 5:1.

4 Conclusion

Pyrolyzed folic acid-treated catalyst supported by
carbon black has high potential activity in the ORR and
PEMFC application. Folic acid was selected as one
N-containing precursor to prepare a new ORR catalyst.
The compounds were then heat-treated at temperatures
ranging from 500 °C to 900 °C to synthesize py-Fe-FA/C
catalysts. Addtionally, the metal and nitrogen contents
were also optimized. The RRDE measurements reveal
that py-Fe-FA/C favors a direct four-electron reduction
pathway from O, to H,O. Although identifying this
catalyst is an important advance in the use of
non-precious metal metals for catalysis in PEMFC, the
mechanisms of nitrogen precursors with central metal
and surrounding ligands in ORR require further study.

Acknowledgments

The author would like to thank National Science
Council (NSC 101-2221-E-011-047-MY3), Academia
Sinica, and Ministry of Education (MOE), Taiwan for
financial support and experimental facility. We



acknowledge the National Synchrotron Radiation
Research Center, Hsinchu, Taiwan for X-ray absorption
near-edge structure (XANES) analysis facility.

References

[1] G. Lalande, R. Coté, D. Guay, J. P. Dodelet, L. T.
Weng and P. Bertrand, “Is nitrogen important in the
formulation of Fe-based catalysts for oxygen reduction
in solid polymer fuel cells” Electrochimica Acta, 42,
1379-1388, 1997.

[2] Z. Chen, D. Higgins, A. Yu, L. Zhang and J. Zhang, “A
review on non-precious metal electrocatalysts
for PEM fuel cells” Energy and Environmental Science,
4, 3167-3192, 2011.

[3] J.-i. Ozaki, S.-i. Tanifuji, A. Furuichi and K. Yabutsuka,
“Enhancement of oxygen reduction activity of
nanoshell carbons by introducing nitrogen atoms from
metal phthalocyanines” Electrochimica Acta, 55,
1864-1871, 2010.

[4] C. Médard, M. Lefevre, J. P. Dodelet, F. Jaouen and G.
Lindbergh, “Oxygen reduction by Fe-based catalysts in
PEM fuel cell conditions Activity and selectivity of the
catalysts obtained with two Fe precursors and various
carbon supports” Electrochimica Acta, 51, 3202-3213,
2006.

[5] F. Jaouen, S. Marcotte, J.-P. Dodelet and G. Lindbergh,
“Oxygen Reduction Catalysts for Polymer Electrolyte
Fuel Cells from the Pyrolysis of Iron Acetate Adsorbed
on Various Carbon Supports” The Journal of Physical
Chemistry B, 107, 1376-1386, 2003.

[6] D. Villers, X. Jacques-Bédard and J.-P. Dodelet,
“Fe-Based Catalysts for Oxygen Reduction in PEM
Fuel Cells Pretreatment of the Carbon Support”
Journal of the Electrochemical Society, 151,
A1507-A1515, 2004.

[7] F. Jaouen, F. Charreteur and J. P. Dodelet, “Fe-Based
Catalysts for Oxygen Reduction in PEMFCs
Importance of the Disordered Phase of the Carbon
Support” Journal of the Electrochemical Society, 153,
A689-A698, 2006.

[8] A. L. Bouwkamp-Wijnoltz, W. Visscher, J. A. R. van
Veen and S. C. Tang, “Electrochemical reduction of

oxygen an alternative method to prepare active CoN4
catalysts” Electrochimica Acta, 45, 379-386, 1999.

[9]C. W. B. Bezerra, L. Zhang, K. Lee, H. Liu, J. Zhang, Z.

Shi, A. L. B. Marques, E. P. Marques, S. Wu and J.
Zhang, “Novel carbon-supported Fe-N electrocatalysts
synthesized through heat treatment of iron tripyridyl
triazine complexes for the PEM fuel cell oxygen
reduction reaction”  Electrochimica Acta, 53,

7703-7710, 2008.

[10] H. Meng, N. Larouche, M. Lefevre, F. Jaouen, B.

Stansfield and J.-P. Dodelet, “Iron porphyrin-based
cathode catalysts for polymer electrolyte membrane
fuel cells: Effect of NH3 and Ar mixtures as pyrolysis
gases on catalytic activity and stability”” Electrochimica
Acta, 55, 6450-6461, 2010.

[11] G. Wu, C. Dai, D. Wang, D. Li and N. Li,

“Nitrogen-doped magnetic onion-like carbon as
support for Pt particles in a hybrid cathode catalyst for
fuel cells” Journal of Materials Chemistry, 20,
3059-3068, 2010.

7 Figures

(a) (b}

0.010
—— Py-Fe-FAIC-500C

= Py-Fe-FAIC.T00C 3.984 ~
0.008 4 —— Py-FeFAIC-800C
——Py-Fe-FAIC-B00C
3.96

< 0.0064

4.00

n value

E
~, 0.004
£ —— Py-Fe-FAIC-500C
= Py-Fe-FA/C-TO0C

- 3.924
0.0024
3.90
00 01 02 03 04 05 06 07

—pyFeraco00c
(c) E/V vs.RHE
5

—— Py-Fe-FAIC-B00C

——Py-Fe-FAIC500C
——Py-Fe-FAIC-T00C
4] —— Py-Fe FAIC-B00C
—— Py-Fe-FAIC-B00C

14 z;
0

00 01 02 03 04 05 06 07
E/Vvs.RHE

A b B A e

Jor | MA €m®

% H,0,
v

&h i

0.0 0.2 04 06 08 10 12
E/Vvs.RHE

Figure 1. (a) ORR curves for py-Fe-FA/C at different
temperatures; (b) the n values and (¢) %H,O, of the
catalysts dependence on disk potentials. Rotating speed:
1600 rpm; scan rate: 10 mV s™; ring potential: 1.2 V.
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Figure 2. (a) ORR curves for py-Fe-FA/C at different iron
loading; (b) the n values and (c) %H,0, of the catalysts
dependence on disk potentials. Rotating speed: 1600 rpm;
scan rate: 10 mV s™; ring potential: 1.2 V.
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Figure 3. (a) ORR curves for py-Fe-FA/C at different ratio
of nitrogen precursor to carbon black; (b) the n values and
(c) %H,0, of the catalysts dependence on disk potentials.
Rotating speed: 1600 rpm; scan rate: 10 mV s; ring
potential: 1.2 V.



