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A high performance Pt-free cathode catalyst for polymer electrolyte

fuel cells has been synthesized by themulti-step pyrolysis of polyimide

fine particles with a diameter of about 100 nm. This cathode catalyst

exhibits good fuel cell performance (1.0 A cm�2 at 0.6 V and 80 �C)
along with promising durability.
Polymer electrolyte fuel cells (PEFCs) have received a great deal
of attention in terms of applications in transportation, portable
devices and combined heat and power systems based on their
high energy conversion efficiency and scalability. One major
problem for PEFCs in commercial applications is the cost and
scarcity of platinum, which has been thought to be essential for
the cathode catalyst for the oxygen reduction reaction (ORR).
Thus, it is extremely important to develop non-precious metal
(NPM) cathode catalysts.

Since Jasinski discovered the catalytic activity of Co phtha-
locyanine1 for ORR and Jahnke reported the heat treatment of
Co TAA (Co dibenzotetraazaannulene),2 numerous attempts
have been made to develop NPM cathode catalysts by pyrolyzing
precursors containing transition metals (mainly Fe or Co), a
nitrogen source and a carbon source.3–14 Although several
potential NPM catalysts have shown quite promising fuel cell
performance, the catalytic activity and durability must be
further improved for commercialization.9,12,14 According to
recently published reports, one important factor to achieve
extremely high fuel cell performance is control of the
morphology of the prepared NMP catalysts. For instance, a
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state-of-the-art NPM catalyst by Dodelet et al. employs metal–
organic-frameworks such as a zeolitic imidazolate framework
(ZIF) and has successfully obtained relatively large Brunauer–
Emmett–Teller (BET) and mesopore surface areas: over 950 and
180 m2 g�1, respectively.14 However, ZIFs are very expensive
materials. Therefore, exploring more cost effective approaches
is quite important to consider NMP catalysts as a commercially
viable material.

Our research group has been developing NPM cathode
catalysts based on the multi-step pyrolysis of polymer precur-
sors such as phenolic resin15–17 and nitrogen containing poly-
mers.18 Specically, our research group is now interested in
infusible polymers such as polyimides. Polyimide is a ther-
moresistive polymer and the morphology of its precursor can be
retained even aer carbonization; therefore, a ne morphology
can be expected compared to the polymer from phenolic resin.18

Additionally, polyimide has been widely used in the current
industry as a super engineering plastic and its precursors are
widely available for commercialization. This paper describes
the details of NPM catalyst preparation from ordinary chem-
icals, pyromellitic acid dianhydride (PMDA) and 4,40-oxydiani-
line (ODA), which are the most common polyimide precursors.

Fig. 1 shows a schematic of the synthesis of polyimide ne
particles in this study. Although there have been several reports
on size-controlled polyimide synthesis,19,20 most of them resul-
ted in larger particle sizes than those desired as fuel cell cata-
lysts. Therefore, the polymerization conditions were optimized
to obtain ne polyimide particles before investigating their
pyrolysis (see Fig. S1 and S2†). The important step to achieve
small particle size is to enhance precipitation before the poly-
mer grows too much by maintaining a fairly low temperature
and a high concentration of the monomer. Fig. 2 shows a SEM
image of the polyimide ne particles containing Fe species
prepared under the optimized conditions: 0.05 M of monomer
at 0 �C. The particle size of the prepared polyimide is around
100 nm. FT-IR spectra of the prepared polymers before and aer
the curing were measured to conrm the formation of poly-
imide (see Fig. S3†). Poly(amic acid) derived peaks at 1413
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Fig. 1 Synthesis route to polyimide fine particles.

Fig. 2 SEM image of the polyimide sample containing Fe species.

Fig. 3 XRD patterns of the polyimide derived carbon catalysts
prepared by different pyrolysis protocols.

Fig. 4 TEM image of Fe/PI-1000-III-NH3.
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View Article Online
(C]O, acid), 1532 (C–N–H) and 1665 cm�1 (C]O, amide) dis-
appeared and polyimide derived peaks at 1378 (C–N–C) and
1726 (C]O) appeared.21 Based on these experimental results, it
can be concluded that Fe containing polyimide ne particles of
around 100 nm have been successfully synthesized by the
precipitation polymerization method.

Thus obtained Fe containing polyimide ne particles were
converted into carbon-based catalysts by multi-step pyrolysis.17

First, Fe/PI-600-I-N2 was prepared by single step pyrolysis of the
Fe containing polyimide at 600 �C. Next, Fe/PI-800-II-NH3 was
prepared by pyrolyzing Fe/PI-600-I-N2 at 800 �C under an NH3

ow (50%). Finally, Fe/PI-1000-III-NH3 was prepared by pyro-
lyzing Fe/PI-800-II-NH3 at 1000 �C under an NH3 ow (50%).
Acid washing with HCl was carried out aer the rst and second
pyrolysis steps. Fig. 3 shows the XRD patterns of the catalysts
prepared by different pyrolysis protocols. Fe/PI-600-I-N2 shows
small diffraction peaks due to metallic Fe and Fe3C. This
suggests that the Fe species in the precursor mixture has been
11562 | J. Mater. Chem. A, 2014, 2, 11561–11564
reduced to form metallic Fe and Fe3C. These diffraction peaks
were also detected in Fe/PI-800-II-NH3 and Fe/PI-1000-III-NH3.
As to the degree of carbonization, the diffraction peak at around
25.8� due to turbostratic carbon became sharper as the nal
treatment temperature became higher. Fig. 4 shows the TEM
image of Fe/PI-1000-III-NH3. The particle size of the prepared
carbon is around 100 nm, suggesting that the morphology of
the polyimide ne particles was successfully retained even aer
the multi-step pyrolysis. Several dark spots in the image are
probably due to the metallic Fe and Fe3C, as observed in the
XRD pattern. These Fe particles presumably catalyze
the formation of the layered structure.22 Table 1 summarizes the
elemental compositions and specic surface areas of the cata-
lysts prepared by different pyrolysis protocols. The nitrogen
content of Fe/PI-600-I-NH3 was 6.5 wt%. One might predict that
the nitrogen content would signicantly decrease aer the
treatment at higher temperatures; however, those in Fe/PI-800-
This journal is © The Royal Society of Chemistry 2014
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Table 1 Elemental compositions and specific surface areas of the
polyimide derived carbon catalyst prepared by different pyrolysis
protocols

Sample name

Elemental
analysis (wt%)

EPMA
Fe (wt%)

Specic surface
area (m2 g�1)

C H N ABET Ameso

Fe/PI-600-I-N2 81.0 1.0 6.5 2.2 567 56
Fe/PI-800-II-NH3 82.4 0.2 7.5 3.6 899 96
Fe/PI-1000-III-NH3 90.6 Trace 3.1 1.1 1050 206
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II-NH3 and Fe/PI-1000-III-NH3 are not very low. This relatively
high nitrogen content is likely due to the multi-step pyrolysis,
which combines step-wise heat treatments and acid washing to
minimize the loss of nitrogen species during the heat treat-
ment.17 As to the Fe content, a small wt% of Fe species was
detected in all samples. The BET surface area (ABET) and mes-
opore surface area (Ameso) of Fe/PI-1000-III-NH3 and Fe/PI-800-
II-NH3 are higher than those of Fe/PI-600-I-N2. This is likely due
to an etching effect by the ammonia treatment.12

Fig. 5 shows rotating disk electrode (RDE) voltammograms
with the Fe/PI-600-I-N2, Fe/PI-800-II-NH3 and Fe/PI-1000-III-NH3

catalysts. Compared to Fe/PI-600-I-N2, the catalysts from the
multi-step pyrolysis exhibited better ORR activities aer further
heat treatments at higher temperatures under NH3 ows. This
is attributed to the ammonia treatment, which contributes to
retaining a relatively high nitrogen content and increases the
surface area. The catalytic performance of Fe/PI-1000-III-NH3 is
better than the performance of that prepared from a different
Fig. 5 RDE voltammograms of catalysts prepared by different pyrol-
ysis protocols. Temperature: RT; catalyst loading: 0.2 mg cm�2;
electrolyte: 0.5 M H2SO4; rotation: 1500 rpm.

This journal is © The Royal Society of Chemistry 2014
precursor, a mixture of Fe phthalocyanine and phenolic resin,
but with a similar pyrolysis protocol.17 These results suggest
that the polyimide ne particles are promising precursors for
the preparation of NPM cathode catalysts.

Since the Fe/PI-1000-III-NH3 sample showed the best ORR
current by RDE voltammetry, this catalyst was tested in real fuel
cells. Fig. 6 shows I–V performance curves of the MEA prepared
using Fe/PI-1000-III-NH3 as the cathode catalyst. The open
circuit voltages were 0.96 and 0.89 V with O2 and air, respec-
tively. The current density with O2 reached 1.0 A at 0.61 V and
0.76 in the measured and IR-free voltammograms, respectively.
This fuel cell performance is at a similar level to that of the
state-of-the-art NPM catalyst14 while the current material can be
prepared fromwidely available precursors, PMDA and ODA. The
performance with air on the cathode side is lower than that with
O2; however, it also seems promising.

Durability tests of these fuel cells were carried out by intro-
ducing air into the cathode compartment and keeping the
current density at 250 or 30 mA cm�2 (Fig. 7). The best dura-
bility in the present study was obtained with 30 mA cm�2 of
current density. The decrease of cell voltage aer 1000 h is
below 15%. To the best of our knowledge, none of the reported
catalysts has demonstrated such a long-term durability and
Fig. 6 I–V polarization curves of the MEA with Fe/PI-1000-III-NH3.
Cathode – 1000-III-NH3-g: 4 mg cm�2; O2: 0.2 MPa. Anode –PtRu/C
catalyst: 0.4 mg-PtRu cm�2; H2: 0.2 MPa. Electrolyte: Nafion NR211. T:
80 �C.

Fig. 7 Durability tests of the MEA with the Fe/PI-1000-III-NH3 cata-
lyst. Cathode – air: 0.2 MPa. Anode – H2: 0.2 MPa.
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most state-of-the-art NPM catalysts signicantly degrade within
100 h under real fuel cell conditions.14 However, if a higher
current density, 250 mA cm�2, was applied, the cell voltage
degraded more quickly, suggesting that further improvement is
required to consider this class of catalysts as commercial cata-
lysts. In the present stage, we have not claried the detailed
mechanism of the degradation. This might derive from the
decomposition of active sites due to corrosion or damage of the
Naon membrane and/or binder due to H2O2 formation. The
damage by H2O2 would be overcome if one could nd an
appropriate additive as a radical scavenger, as demonstrated by
durability studies on electrolyte membranes.23,24

Conclusions

A high performance Pt-free cathode catalyst for PEFCs has been
synthesized by the multi-step pyrolysis of polyimide ne parti-
cles. An Fe containing polyimide with a particle size around
100 nm has been successfully converted into a Pt-free cathode
catalyst material. A fuel cell utilizing the prepared catalyst
shows quite promising fuel cell performance: 1.0 A cm�2 at 0.6
V and 80 �C. This fuel cell performance is at a similar level to the
state-of-the-art Pt-free catalyst, and the present study reveals
that high performance Pt-free catalysts can be prepared from
quite ordinary chemicals, PMDA and ODA, which are the most
common precursors for polyimide in the current industry.
Durability tests over hundreds of hours have been completed
and show fairly good stability, although further improvement is
required to consider this class of catalyst for commercialization.
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