Chinese Journal of Catalysis 38 (2017) 673-682

LR 20174F % 38% %44 | www.cjcatal.org

available at www.sciencedirect.com

journal homepage: www.elsevier.com/locate/chnjc

Article

Fe, N, S-doped porous carbon as oxygen reduction reaction catalyst
in acidic medium with high activity and durability synthesized using

CaCl; as template

Chi Chen 2b, Zhiyou Zhou b, Yucheng Wang b, Xue Zhang b, Xiaodong Yang b, Xinsheng Zhang 2+,

Shigang Sun ab*

a State Key Laboratory of Chemical Engineering, College of Chemical Engineering, East China University of Science and Technology, Shanghai 200237,

China

b State Key Laboratory of Physical Chemistry of Solid Surfaces, Collaborative Innovation Center of Chemistry for Energy Materials, College of Chemistry

and Chemical Engineering, Xiamen University, Xiamen 361005, Fujian, China

ARTICLE INFO ABSTRACT

Article history: Proton exchange membrane fuel cells suffer from the sluggish kinetics of the oxygen reduction reac-

Received 17 February 2017 tion (ORR) and the high cost of Pt catalysts. In the present work, a high-performance ORR catalyst

Accepted 7 March 2017 based on Fe, N, S-doped porous carbon (FeNS-PC) was synthesized using melamine formaldehyde

Published 5 April 2017 resin as C and N precursors, Fe(SCN)z as Fe and S precursors, and CaClz as a template via a two-step
heat treatment without a harsh template removal step. The results show that the catalyst treated at

Keywords: 900 °C (FeNS-PC-900) had a high surface area of 775 m?/g, a high mass activity of 10.2 A/g in an

Non-precious metal catalyst

Oxygen reduction reaction

Proton exchange membrane fuel cell
Fe, N, S-doped porous carbon
Melamine formaldehyde resin

acidic medium, and excellent durability; the half-wave potential decreased by only 20 mV after
10000 potential cycles. The FeNS-PC-900 catalyst was used as the cathode in a proton exchange
membrane fuel cell and delivered a peak power density of 0.49 W/cm?2. FeNS-PC-900 therefore has
good potential for use in practical applications.
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are sus-
tainable and highly efficient energy-conversion devices that
convert chemical energy directly to electricity [1]. The sluggish
kinetics of the oxygen reduction reaction (ORR) on the cathode
of a PEMFC significantly reduces the PEMFC performance, and
highly active ORR electrocatalysts such as Pt and its alloys are
usually needed [2,3]. However, the high price and scarcity of Pt
are an obstacle to large-scale applications of PEMFCs [4]. The
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development of high-performance and low-cost non- pre-
cious-metal catalysts, especially Fe/N/C-based materials, as
alternatives has therefore attracted extensive interest [5].
Fe/N/C-based materials are usually prepared by pyrolyzing
a mixture of Fe, N, and C precursors. These materials have good
catalytic activities and excellent tolerances toward fuel crosso-
ver [6-8]. Although the ORR activities of Fe/N/C catalysts in
alkaline media are comparable to those of state-of-the-art Pt/C
catalysts, their ORR activities in acidic media are much lower,
and far from satisfactory [9-11]. Previous studies have shown
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that additional doping of Fe/N/C catalysts with S significantly
improves the ORR activity in acidic media [12]. More im-
portantly, a high ORR activity depends on the single-site turn-
over and the active site density. The carbon supports in pre-
cursors are generally unable to catalyze the ORR, and probably
reduce the active site density in the final product [13]. Direct
carbonization of precursors leads to collapse of the carbon
skeleton and formation of dense carbon materials. Colloidal or
mesoporous silica is frequently used as a hard template to in-
crease the catalyst surface area and porosity to provide internal
active sites and a porous nanostructure to facilitate mass
transport [14,15]. Feng and coworkers [16] used silica nano-
particles, ordered mesoporous silica SBA-15, and montmorillo-
nite as templates to prepare various mesoporous structures.
Their studies showed that the well-defined porous structure
and high Brunauer-Emmett-Teller (BET) surface area generat-
ed by silica nanoparticles greatly improved the ORR perfor-
mance. However, the removal of a silica template is normally
tedious and requires the use of extremely corrosive and toxic
reagents such as HF. In addition, the corrosive etching proce-
dure can damage the newly formed ORR active sites. Although
catalyst preparation methods have been widely studied, the use
of Fe/N/C catalysts in fuel cells is still a challenge, especially in
terms of durability at high voltages [5,17].

In this study, we developed a novel Fe, N, S-doped porous
carbon (FeNS-PC) with high catalytic activity in the ORR in an
acidic medium. Melamine formaldehyde (MF) resin, which has
a high N content (45 wt%) and good thermostability, was se-
lected as the C and N precursors. Fe(SCN)3 was used as the Fe
source because it can provide both Fe and S. More importantly,
CaClz, which can be easily removed under mild conditions, was
used as a template to create a porous structure. The MF resin
can only be converted to porous carbon at temperatures higher
than 900 °C under Fe catalysis. The catalyst heat treated at this
temperature (FeNS-PC-900) had a high BET surface area and
porosity, and showed high ORR activity in an acidic medium, as
well as superior durability and methanol tolerance. The high
performance of a PEMFC with FeNS-PC-900 as the cathode
shows that the FeNS-PC-900 catalyst has good potential appli-
cations.
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2. Experimental

2.1. Synthesis of Fe, N, S-doped porous carbon

Scheme 1 shows the synthesis of FeNS-PC. The first step was
polymerization of MF resin [18]. In brief, melamine (1.97 g,
15.6 mmol) and formaldehyde aqueous solution (37%, 3 mL)
were dispersed in deionized water (30 mL) by magnetic stir-
ring. The temperature was controlled at 70 °C. Then 0.1 mol/L
NaOH (1 mL) was added to the mixture to adjust the pH to 8-9.
The melamine powder dissolved in a few minutes and the solu-
tion became transparent. After stirring for 1 h, the pH was ad-
justed to 5-6 by addition of 1 mol/L HCI (0.2 mL) to accelerate
resin polymerization. CaClz (2.22 g, 20 mmol) and KSCN (2.92
g, 30 mmol) were added to the mixture, followed by dropwise
addition of FeCls aqueous solution (1 mol/L, 10 mmol, 10 mL)
under vigorous stirring. The temperature was increased to 85
°C and maintained for 24 h. The solvent was evaporated from
the mixture at 85 °C in air, and the residue was thoroughly
dried at 80 °C in a vacuum oven overnight. After thorough dry-
ing of the precursors, the CaClz particles act as buffers to pre-
vent thermo-crosslinking of the MF resin, and as a template to
prevent collapse of the carbon skeleton. Unlike silica templates,
CaClz can be easily removed by acid leaching without using
highly toxic and corrosive conditions.

The obtained monoliths (3 g) were ground to fine powders,
followed by heat treatment at 800-1000 °C in Ar for 1 h. The
sample was subjected to acid leaching in 1 mol/L HCI at 80 °C
for 7 h to remove the template and inactive species by etching.
The sample was separated by centrifugation and rinsed three
times. Finally, the catalyst was subjected to a second heat
treatment at the same temperature for 3 h; the product was
denoted by FeNS-PC-T, where T is the heat-treatment temper-
ature (°C).

2.2. Characterization

The sample morphology was investigated using transmis-
sion electron microscopy (TEM; JEM-1400) at 100 kV. Annular
dark-field scanning transmission electron microscopy

1.900°CAr1lh

2. Acid leaching
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Scheme 1. Synthesis of Fe, N, S-doped porous carbon.
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(ADF-STEM) and energy-dispersive X-ray spectroscopy (EDS)
mapping were performed using a Philips-FEI TECNAI F20 in-
strument at 200 kV. The BET surface area was determined us-
ing a Micromeritics TriStar Il 3020 instrument. X-ray diffrac-
tion (XRD) was performed using a Rigaku Ultima IV diffrac-
tometer with Cu Kq radiation. X-ray photoelectron spectroscopy
(XPS; Qtac-100 LEISS-XPS) was used to investigate the ele-
mental compositions and chemical states.

All electrocatalytic properties were investigated using a ro-
tating ring-disk electrode (RRDE) system (Pine Inc.) connected
to a CHI-760D bipotentiostat. The working electrode was pre-
pared by dropping catalyst ink onto a polished glassy carbon
electrode (¢ = 5.61 mm) and drying under an infrared lamp in
air, to give a loading of 0.6 mg/cm?2. A laboratory-made reversi-
ble hydrogen electrode and a graphite plate were used as the
reference electrode and counter electrode, respectively. The
rotational speed was fixed at 900 r/min and the potential scan
rate was 10 mV/s. The potential of the Pt ring electrode was
kept at 1.3 V to oxidize H202. The electrolytes were 0.1 mol/L
H2S04 for non-precious-metal catalysts, and 0.1 mol/L HClO4
for a Pt/C (20 wt%) catalyst. The Pt/Cloading was 0.1 mg/cm2.

The kinetic current of the catalyst was calculated using the
Koutecky-Levich equation to correct the mass transfer:

1/i=1/iL+1/ix
where i, i, and ix are the measured current, the diffu-
sion-limited current, and the kinetic current, respectively. The
mass activity (jm) was obtained by normalizing ik with the cata-
lyst loading.

The H202 yield was calculated from the oxygen reduction
current (Ip) and the H202 oxidation current (Ir) according to the
following equation:

H202yield = 200Ir/(Nolb + Ir)
where No = 0.386 + 0.002 is the Pt ring collection efficiency, Ib is

(@)

the disk current, and Ir is the ring current.
2.3. PEMFC test

The synthesized catalyst was used as the cathode in a
PEMFC. A typical catalyst ink was prepared by dispersing
FeNS-PC-T (26 mg) and 5 wt% Nafion solution (600 pL) in de-
ionized water (1 mL) by sonication for 1 h. The ink was directly
coated on hydrophobic treated carbon paper at a loading of 4
mg/cm2. The Nafion content of the catalyst layer was about 50
wt%. For the anode, the catalyst was a commercial Pt/C (40
wt%) catalyst with a loading of 0.4 mgpt/cm2. Membrane elec-
trode assemblies (MEAs) were fabricated by hot-pressing the
anode, cathode, and an NRE 211 Nafion membrane at 3 MPa for
135 s. The performance of the fuel cell was assessed using a
Model 850e fuel cell test system (Scribner Associates Inc.) op-
erated at 80 °C. The Hz and O2z flow rates were 0.3 L/min at
100% relative humidity and the back pressure was 1 bar.

3. Results and discussion

The morphologies and structures of the FeNS-PC materials
greatly depended on the heat-treatment temperature because
no additional carbon supports were used. Fig. 1(a)-(e) shows
typical TEM images of FeNS-PC-800, FeNS-PC-900, and
FeNS-PC-1000. The images show that the MF resin was con-
verted to porous carbon at high temperatures by Fe catalysis
[19]. Fe-containing nanoparticles can be seen in FeNS-PC-800.
FeNS-PC-900 and FeNS-PC-1000 were free of crystallized na-
noparticles. Irregular porous structures can be clearly observed
in the enlarged TEM images of FeNS-PC-900 and FeNS-PC-1000
(Fig. 1(c) and (e), respectively). A porous structure facilitates
mass transfer and therefore improves the activity. We also
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Fig. 1. TEM images of FeNS-PC-800 (a), FeNS-PC-900 (b, c), FeNS-PC-1000 (d, e), and sample without added CaCl: (f).
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synthesized a sample by heat treatment at 900 °C but without
addition of CaClz to investigate the effects of using CaClz as a
template. Fig. 1(f) shows that large Fe-containing nanoparticles
with thick carbon shells were formed instead of porous carbon,
which would not give a high surface area and good ORR cata-
lytic activity. This confirms the important role of CaClz in cre-
ating a porous structure. The mechanism of porous structure
formation by CaClz may be as follows. CaClz dissolved in the
aqueous reaction mixture during polymerization of the MF
resin, along with KSCN and FeCls. After thorough drying of the
precursors, the recrystallized CaClz nanoparticles were dis-
persed uniformly throughout the MF resin. The inert CaClz na-
noparticles acted as a template and prevented ther-
mo-crosslinking of the MF resin at high temperatures and col-
lapse of the carbon skeleton. During acid leaching, the channels
formed by the dissolution of CaClz particles also facilitated ex-
posure of Fe-containing nanoparticles to the acid. Porous car-
bon was therefore obtained.

The textural properties of FeNS-PC-800, FeNS-PC-900, and
FeNS-PC-1000 were investigated based on their N2 adsorp-
tion-desorption isotherms (Fig. 2(a)). The calculated BET sur-
face areas of FeNS-PC-800, FeNS-PC-900, and FeNS-PC-1000
were 544, 775, and 848 m2?/g, respectively. The low BET sur-
face area of FeNS-PC-800 can be attributed to the formation of
Fe-containing nanoparticles. The difference between the sur-
face areas of FeNS-PC-900 and FeNS-PC-1000 was small be-
cause of their similar morphologies and structures.

XRD was used to determine the crystal structures of
FeNS-PC-800, FeNS-PC-900, and FeNS-PC-1000; the results are
shown in Fig. 2(b). The XRD pattern of FeNS-PC-800 shows the
presence of metallic Fe and FeS nanoparticles, which is con-
sistent with the TEM results. These Fe-containing nanoparticles
were probably covered by carbon shells and survived acid
leaching. The broad peak at around 25.5° indicates the
co-existence of porous carbon. The FeNS-PC-900 and
FeNS-PC-1000 show only two main peaks, at 20 = 25.5° and
43°, originating from the (002) and (101) reflections, respec-
tively, of graphene. The absence of peaks from CaCl; in the XRD
patterns indicates thorough removal of the CaCl: template, in
agreement with the TEM observations. EDS indicated that the
atomic concentration of Ca in FeNS-PC-900 was only 0.17% (or

0.52 wt%), confirming that the most of the CaClz template had
been removed. The residual CaClz was probably located inside
the porous carbon.

The elemental distribution in FeNS-PC-900 was determined
using ADF-STEM mapping analysis. Fig. 3 shows that the major
doping elements (C, N, O, S, and Fe) were all distributed uni-
formly on the porous carbon. Two factors could be responsible
for this uniform distribution. (1) Fe(SCN)3, which was used as
the Fe and S precursor, was well dispersed in the MF resin,
which has a high N content of 45 wt%. (2) Heteroatom doping
was achieved simultaneously with porous carbon generation
during heat treatment, leading to anchoring of the heteroatoms
in the carbon matrix. All aggregated Fe-containing particles
were removed thoroughly by acid leaching.

The elemental compositions and relevant chemical states of
FeNS-PC-T (T = 800, 900, and 1000) were determined using
XPS. The survey scan spectra show that the amount of doped N
decreased significantly with increasing heat-treatment tem-
perature; this might affect the ORR activity. Fig. 4(a) and Table
1 show that the main elements in FeNS-PC-T were C, N, O, S,
and Fe. The atomic concentrations of these elements in
FeNS-PC-900 were 84.81%, 6.62%, 7.45%, 0.82%, and 0.31%,
respectively. The N and Fe contents of FeNS-PC-800 were
12.07% and 1.27%, respectively, both higher than those of
FeNS-PC-900. This can be attributed to less loss of N species by
volatilization at low temperatures and the formation of
Fe-containing nanoparticles. The N, S, and Fe species in
FeNS-PC-1000 were almost completely volatilized and could
hardly be detected in the final product. Although XPS showed
that FeNS-PC-1000 had the highest O content, EDS suggested
that the O atomic concentrations of FeNS-PC-800,
FeNS-PC-900, and FeNS-PC-1000 were 7.38%, 8.59% and
6.50%, respectively (Table 2). Oxygen-containing functional
groups were probably introduced during post-treatment and
when the catalysts were exposed to air. The N and S contents
were also determined using EDS and CHNS elemental analysis.
The results are consistent with those obtained using XPS (Ta-
bles 2 and 3). Inductively coupled plasma optical emission
spectroscopy showed that the Fe contents of FeNS-PC-800,
FeNS-PC-900, and FeNS-PC-1000 were 19.6, 3.4, and 2.8 wt%,
respectively. Fe doping is important in improving the ORR ac-

Fig. 2. N2 sorption isotherms (a) and XRD patterns (b) of FeNS-PC-800 (1), FeNS-PC-900 (2), and FeNS-PC-1000 (3).
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Fig. 3. ADF-STEM image (a) and EDS elemental mapping of C (b), N (c), O (d), S (e), and Fe (f) in FeNS-PC-900.

Fig. 4. (a) XPS survey spectra of FeNS-PC-T (T = 800, 900, 1000); high-resolution N 1s (b), S 2p (c), and Fe 2p (d) XPS spectra of FeNS-PC-900. Inset in
(b) shows schematic diagram of different bonding configurations of N: N1, pyridinic; N2, pyrrolic; N3, graphitic; and N4, oxidized.

tivities of non-precious-metal catalysts, especially in acidic (N4), with binding energies of 398.3, 400.1, 401.3, and 404.8

media. eV, respectively [20]. The inset in Fig. 4(b) shows a schematic
The high-resolution N 1s spectrum of FeNS-PC-900 (Fig. diagram of the different bonding configurations of N. However,
4(b)) can be deconvoluted into four peaks, assigned to pyri- only pyridinic N and graphitic N give good ORR catalytic activi-

dinic N (N1), pyrrolic N (N2), graphitic N (N3), and oxidized N ties [21]. The percentages of pyridinic N and graphitic N were
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Table 1
Element atomic concentrations of FeNS-PC-T (T = 800, 900, 1000) de-
termined using XPS.

Catalyst C/% N/% 0/% S/% Fe/%
FeNS-PC-800 73.75 12.07 12.14 0.77 1.27
FeNS-PC-900 84.81 6.62 7.45 0.82 0.31

FeNS-PC-1000 7391 0.50 25.39 0.15 0.06

Table 2
EDS elemental analysis of atomic concentrations of FeNS-PC-T (T = 800,
900, 1000).

Catalyst C/% N/% 0/% S/% Fe/%
FeNS-PC-800 75.06 11.78 7.38 1.59 4.20
FeNS-PC-900 84.33 6.03 8.59 0.62 0.43
FeNS-PC-1000 91.38 0 6.50 0.50 1.62
Table 3

CHNS elemental analysis of FeNS-PC-T (T = 800, 900, 1000).

Catalyst C/wt% N/wt% S/wt% H/wt%
FeNS-PC-800 46.07 9.84 6.38 145
FeNS-PC-900 68.02 3.27 2.78 1.56
FeNS-PC-1000 80.68 0 2.05 1.31

33.9% and 37.8%, respectively, calculated from the peak areas.
The difference between the pyridinic N and Fe-N species bind-
ing energies is small; therefore Fe-N species may also contrib-
ute to the pyridinic N peak [16]. The high-resolution S 2p spec-
trum of FeNS-PC-900 can be deconvoluted into three peaks, as
shown in Fig. 4(c). The two peaks with binding energies of
163.8 and 165.0 eV can be assigned to S 2p3/2 and S 2p1/2 of a
thiophene-type C-S-C structure in the carbon matrix [22]. The
peak at around 168.2 eV can be ascribed to -SOx species. Ac-
cording to previous reports [23], additional S doping would
increase the number of structural defects and the electronic
distribution because of the large size, electronegativity, and
polarizability of the S atom. Fe, N, S co-doping has a synergistic
effect and facilitates the ORR. Fig. 4(d) shows the
high-resolution Fe 2p spectrum of FeNS-PC-900; both Fe2+ and
Fe3+ were present in the FeNS-PC-900 catalyst.

The electrocatalytic activities of FeNS-PC-800, FeNS-PC-900,

ol @
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and FeNS-PC-1000 in the ORR were examined in Oz-saturated
0.1 mol/L H2S04 solution using an RRDE system. For compari-
son, a commercial Pt/C (20 wt%) catalyst was tested, but in
02-saturated 0.1 mol/L HCIO4 solution to avoid specific adsorp-
tion of SO42- on the Pt surface. The ORR polarization curves for
FeNS-PC-800, FeNS-PC-900, FeNS-PC-1000 (0.6 mg/cm2), and
Pt/C (0.1 mg/cm2) are shown in Fig. 5(a). It is apparent that the
heat-treatment temperature plays an important role in induc-
ing catalytic active sites. The MF resin was not completely con-
verted to porous carbon at low temperatures (800 or 700 °C).
However, a too-high temperature (1000 °C) resulted in loss of
all N species, as shown by elemental composition analysis. The
optimal pyrolysis temperature was 900 °C. The half-wave po-
tentials  (E12) of FeNS-PC-800, FeNS-PC-900, and
FeNS-PC-1000 were 0.757, 0.811, and 0.723 V, respectively,
and the apparent current densities at 0.8 V were 1.16, 2.47, and
0.28 mA/cm?, respectively. The kinetic current, which reflects
the intrinsic activity, can be calculated using the Kou-
tecky-Levich equation to correct the mass transfer effect. Nor-
malizing the kinetic current with the catalyst loading gave a
mass activity for FeNS-PC-900 at 0.8 V of 10.2 A/g, which is 3.6
times that of FeNS-PC-800 (2.8 A/g) and 20.4 times that of
FeNS-PC-1000 (0.5 A/g). The E1/2 of FeNS-PC-900 was only 78
mV lower than that of the Pt/C catalyst, showing that
FeNS-PC-900 is one of the best non-precious-metal catalysts
reported to date [24-26]. The outstanding ORR activity of
FeNS-PC-900 can be attributed to the high level of heteroatom
doping and uniform atomic distribution of the Fe, N, and S do-
pants, which improve the intrinsic activity and active site den-
sity. The high surface area and porous structure provide chan-
nels to/from the internal active sites, facilitating the transport
of reactants and products. In contrast, although FeNS-PC-800
had higher Fe, N, and S weight contents, TEM and XRD results
showed that considerable portions of Fe and S were present as
nanoparticles. Unlike dispersed Fe atoms, aggregated
Fe-containing nanoparticles cannot catalyze the ORR; they de-
creased the surface area (544 m2?/g for FeNS-PC-800 and 775
m2/g for FeNS-PC-900) and therefore decreased the ORR activ-
ity. For FeNS-PC-1000, which has a similar porous structure,

ol (®) (1) FeNS-PC-800
(3) (2) FeNS-PC-900

(3) FeNS-PC-1000

(4) PLC 20 Wt%

H,0, yield (%)

L L 1 L 1 L
0.2 0.4 0.6 0.8 1.0
E (V vs RHE)

Fig. 5. ORR polarization curves (a) and Hz02 yields (b) for FeNS-PC-T (T = 800, 900, 1000) and Pt/C (20 wt%) catalyst. Catalyst loadings were 0.6
mg/cm? for FeNS-PC-T and 0.1 mg/cm? for Pt/C (or 20 pge/cm?). The electrolytes were Oz-saturated 0.1 mol/L H2SO4 for FeNS-PC-T and 0.1 mol/L

HCIO4 for Pt/C. Rotational speed: 900 r/min; scan rate: 10 mV/s.
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the poor ORR activity can be attributed to low heteroatom
doping.

The H20: yields were evaluated by detecting the H202 oxi-
dation current at the Pt ring electrode. Although their ORR ac-
tivities differed greatly, there were only small differences
among the H20:2 yields on FeNS-PC-800, FeNS-PC-900, and
FeNS-PC-1000, as shown in Fig. 5(b). FeNS-PC-900 gave the
lowest H20: yield; the maximum value was 4.6%. Pt/C gave a
much lower H20: yield, with a maximum value of 1.6%. The
average electron transfer number per reduced Oz molecule can
be calculated as ne = 4 - (H202 yield/50%). The ne for
FeNS-PC-900 was greater than 3.91 across the whole potential
range. At 0.8 V, the H202 yield on FeNS-PC-900 was only 0.9%
and the corresponding ne was 3.98, indicating excellent
four-electron pathway selectivity.

The electrochemical durability of FeNS-PC-900 was tested
by performing an accelerated durability test (ADT) between 0.6
and 1.0 V in Oz-saturated 0.1 mol/L H2S04. The scan rate was
50 mV/s. After 10000 potential cycles, the E1/2 of FeNS-PC-900
had decreased by only 20 mV, as shown in Fig. 6(a). The ap-
parent current densities at 0.8 V of FeNS-PC-900 before and
after the ADT were 2.30 and 1.67 mA/cm?, respectively. The
corresponding mass activity decreased from 8.73 to 4.87 A/g, a
loss of 44% of the initial activity. For the Pt/C catalyst, the E1/2
decreased by 19 mV under the same conditions (Fig. 6(b)). This
result indicates that the stability of FeNS-PC-900 is similar to
that of Pt/C under potential cycling conditions.
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The durability of FeNS-PC-900 was further evaluated by
chronoamperometry at 0.75 V in Oz-saturated 0.1 mol/L H2SOa4.
The rotational speed was fixed at 900 r/min. The same experi-
ment was conducted with Pt/C, except the electrolyte was
O2-saturated 0.1 mol/L HClIOa. Fig. 6(c) shows that the ORR
activity of FeNS-PC-900 decreased slowly and 84.4% of the
initial current was maintained after 10000 s of an RDE test. In
contrast, the ORR current of Pt/C declined rapidly and only
42.9% of the initial activity was retained, probably because of
the inhibiting effect of Pt-O species formed on the Pt surface at
0.75 V. The same E1/2 degradation and superior ORR activity
retention compared with those of Pt/C both demonstrate the
excellent durability of FeNS-PC-900, which can be attributed to
robust doping of heteroatoms into the porous carbon frame-
work.

Catalytic selectivity is also important in practical fuel cell
systems in the case of fuel crossover, e.g., of methanol. The
methanol tolerances of FeNS-PC-900 and Pt/C were tested by
injecting methanol into the electrolyte during chronoam-
perometric measurements (Fig. 6(d)). FeNS-PC-900 showed
excellent methanol tolerance and the ORR current barely
changed in the presence of methanol (0.5 mol/L). In contrast,
the Pt/C catalyst clearly lacked methanol resistance. The ORR
current was immediately converted to a methanol oxidation
current when methanol was added. High methanol tolerance
makes FeNS-PC-900 a promising catalyst for use in direct
methanol fuel cells.

or ® 0.1 mol/L HCIO,
4| " PUCOcycles /
—— Pt/C 10000 cycles
NE -2
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<
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Fig. 6. ORR polarization curves of FeNS-PC-900 (a) and Pt/C (b) before and after 10000 potential cycles between 0.6-1.0 V at 50 mV/s in acidic me-
dium; (c) chronoamperometric durability tests of FeNS-PC-900 and Pt/C catalysts at 0.75 V; and (d) methanol tolerances of FeNS-PC-900 and Pt/C.
Catalyst loadings were 0.6 mg/cm? for FeNS-PC-900 and 0.1 mg/cm? for Pt/C. Pt/C was tested in HCIO4.
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Fig. 7. Polarization and power density curves (a) and long-term durability test (b) of PEMFC using FeNS-PC-900 as the cathode catalyst and a Nafion

211 membrane.

Based on the high ORR activity and durability of
FeNS-PC-900 in an acidic medium, we fabricated an MEA with
FeNS-PC-900 (4 mg/cm?) as the cathode, Pt/C (40 wt%, 0.4
mgpt/cm?) as the anode, and a Nafion 211 membrane. The MEA
was tested in a PEMFC system at 80 °C. Fig. 7(a) shows the po-
larization curve and power density plots of the PEMFC. The
peak power density was 0.49 W/cm2. The porous structure
may facilitate the transport of ORR-relevant species and con-
tribute to the high power density [27].

The long-term durability = of = PEMFCs using
non-precious-metal catalysts, especially at high operating po-
tentials (> 0.50 V), is still a challenge. Fig. 7(b) shows that the
current density of the fabricated fuel cell degraded slowly and
65% of the initial activity was maintained after operation for
10 h at a constant voltage of 0.6 V. The current density of the
PEMFC declined from 397 to 259 mA/cm2. The performance
degradation can be attributed to the decay of ORR active sites
and partial water flooding of the catalyst layer.

4. Conclusions

We synthesized an excellent non-precious-metal ORR elec-
trocatalyst based on Fe, N, S-doped porous carbon by carboni-
zation of a mixture of MF resin and Fe(SCN)s3, using CaClz as a
template, at 900 °C (FeNS-PC-900). The CaClz was easily re-
moved without using tedious and highly corrosive procedures.
Simultaneous Fe, N and S doping and porous carbon formation
gave a uniform distribution of dopants. The mass activity of the
FeNS-PC-900 catalyst was 10.2 A/g at 0.8 V in an acidic medi-
um. The durability and methanol resistance of FeNS-PC-900
were better than those of a state-of-the-art Pt/C catalyst. The
FeNS-PC-900 catalyst also showed high activity in a PEMFC; a
peak power density of 0.49 W/cm? and good long-term dura-
bility were achieved. The results show that FeNS-PC-900 is a
promising alternative ORR catalyst for acid fuel cells.
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Fe, N, S-doped porous carbon as oxygen reduction reaction catalyst in acidic medium with high activity and durability
synthesized using CaCl: as template
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East China University of Science and Technology; Xiamen University
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Fe, N, S-doped porous carbon was synthesized by direct carbonization of a mixture of melamine formaldehyde resin and Fe(SCN)s using
CaClz as a template. The porous carbon showed high activity and durability in the oxygen reduction reaction.
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PACaCL B SRS EMNESREME,. B s SR FEEELT
B, AEAED, TEAD Kk OZC, mmA kamm, Rt

MEABTARFMITHR, WFITEBRAERE L LHE, 5200237
"EINTAFELFE TSR REARCERRAH TS BERRANENYERE LLHE, 874 811361005

FHE: JORE AR — P m R A R I H e S N B R A A R RE T 2, LA R R 2 v A v T TS e S . SRR
Tt BA A% S JiR S R (ORR) (1 30 7 2£ 55 IR 2%, 2 L RE B RCR B R 1 - B2 K. H AT ORRME LIS M 8 i A B (AL, (H R
TR & R B 5, AR D, FLXHREL N 538 BIPTME R 22, T B2 T BB B it i RS L TR, s PR IR
AR A B 4 A AR A IR e AT ) T 5 A

AL F 5 2 1R R 459% 1 = SR FUE - F RS B IR A B TR 200, Fe(SCN) N B IR AN AR IR, LACaCI, AR AR, 15 srid Ak i
TEALVE R B BB AL, SR VA IR FE T2, 46 k. &L BRILIB 4211 £ 7L (FeNS-PC). T-15 /5 it CaCl, ik Al B
BB RETE i T S IR BRI, () o) e 2813 FLABAR (1 1 FH . CaCl, B0 7 IR 2% A4F T BV AT B 25, TG 75 58 i ik 2%,
S AN 2 e A A R o 32 BB B . TE Fe/NICHE A 71 P 45 2 STk — 30 B8 o (b A A, AN VA I i 28 A T e S G A D e ek A
BEAR TR B TS T, 22 FLAE M AT AR HEAS TR, 78 3 R R V& PR A A

BAVRAL T PAEBR B, H XM ISR . 20 B BE S HEAT T RAE AT, 45 SRR W, H A B35 B S900 °CHsf, 1]
Yo e 5 A e b R 2 FLBK, JFIR1F B s 1 2R SR T 45 2 i, IO B IR AR TG M. CaCl, B R 771) vy 38k 4 (5 FH 56k i dob e 4 751 2 B A
W, 5 TR B s AT, 645 31 2 FL45 . FeNS-PC-900 (1 EL & 10 A Al ik 775 m?lg. 1328 TR BRI E M T2, $ BT H
1 2 FLIKER TR 51 43 A TEBRPE A5, FeNS-PC-900 11 - % B A7 m] ik £10.811 V, AR L i Mk PYCHE LTI 78 mV; 7£.0.8 VEL AL
B RS N 10.2 Alg, F B H AR S 4R Ak S 1. 225 10000 P8 s S s N S, s ALY R B T 20 mV, £E0.75 VLA
NS 10000 s, HORR AT SR F5 41 4 FL AT 1184.4%, B LLPYCHE Inffe = il A& 5 1. LAFeNS-PC-900 A BA #R /#1171
P J5R 7 A B RS A P b ) 5% K T R % 3 T 3 340,49 W/em?, - 7£0.6 V HL IR TR RS0 .10 h i, IR ATY AT AR50 46 F IR A
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65%, I L R A PR T 7).

FeNS-PC-900 K A 5 4k & . iy LR T AN 2 SLA5H, I ELAR J5L 8 (A0 77 2 THT 459 53 70 HG, A 4 R v RO HEL il 00 X
AR EIL L AIE 7 A T PR AN AR E 1P, 2 H 2 — AR A 1 0 S T v b P A 5 < R0 B (R A 7.
XEaE: AEStE MG, SRR RN, BT A BRI Bk R SILIB AR AL, IR - T RN IR
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