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Exploring non-precious metal catalysts for the oxygen reduction reaction (ORR) is essential for fuel
cells and metal-air batteries. Herein, we report a Fe-N-C catalyst possessing a high specific surface
area (1501 m?/g) and uniformly dispersed iron within a carbon matrix prepared via a two-step
pyrolysis process. The Fe-N-C catalyst exhibits excellent ORR activity in 0.1 mol/L NaOH electrolyte
(onset potential, E, = 1.08 V and half wave potential, E1/2 = 0.88 V vs. reversible hydrogen electrode)
and 0.1 mol/L HCIOs electrolyte (E, = 0.85 V and E1/2 = 0.75 V vs. reversible hydrogen electrode).
The direct methanol fuel cells employing Fe-N-C as the cathodic catalyst displayed promising per-
formance with a maximum power density of 33 mW/cm? in alkaline media and 47 mW/cm? in
acidic media. The detailed investigation on the composition-structure-performance relationship by
X-ray diffraction, X-ray photoelectron spectroscopy and Mdssbauer spectroscopy suggests that
Fe-N4, together with graphitic-N and pyridinic-N are the active ORR components. The promising
direct methanol fuel cell performance displayed by the Fe-N-C catalyst is related to the intrinsic high
catalytic activity, and critically for this application, to the high methanol tolerance.
© 2016, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

Pt catalysts for ORR applications has attracted a wealth of sci-
entific interest for several decades [1-6].

The oxygen reduction reaction (ORR) is the cathodic reac-
tion of energy sources such as fuel cells and metal-air batteries.
The slow kinetics of the ORR hinders the performance of such
energy-related technologies. Presently, Pt and its alloys set the
benchmark for ORR, being the most active catalysts, however,
the limited reserves and the high cost of Pt limits commerciali-
zation of the above power sources. The pursuit of highly effi-
cient and low-cost electrocatalysts to replace current expensive

Since cobalt phthalocyanine was observed to catalyze the
ORR in 1964 [2], significant effort has been devoted to the syn-
thesis of non-precious metal catalysts [3,7]. In particular,
iron-based catalysts, synthesized by the pyrolysis of precursors
composed of nitrogen, carbon and iron, have attracted exten-
sive attention owing to their promising ORR activity. Previous
studies have shown that the ORR activity of iron-based cata-
lysts strongly depends on the synthesis procedure and the
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precursor nature, which may influence the chemical states of
iron and nitrogen heteroatoms and also the textural structure
of the catalysts [8].

Conventional one-pot pyrolysis processes typically generate
a low abundance of active sites, as when thermally activated Fe
atoms are prone to agglomerate into large particles at high
temperatures. To disperse iron uniformly in the host, various
strategies, including ball-milling [3], wet-impregnation and ion
exchange [9] have been extensively adopted. Recently, a spatial
confinement strategy was proposed to synthesize various ma-
terials, including ultrafine metals and alloys where growth was
restricted within two or three dimensional confined environ-
ments. The principal function is to confine the diffusion of at-
oms or the growth of particles to a limited space, thus produc-
ing unique characteristics in morphology, composition and/or
microstructure [10,11].

Herein, we synthesized a Fe-N-C catalyst via a two-step py-
rolysis process as illustrated in Scheme 1. The first step gener-
ates a nitrogen-doped carbon of high specific surface area
(1227 m2/g) by the pyrolysis of polypyrrole (PPy) and eth-
ylenediaminetetraacetic acid disodium salt (EDTA-2Na). The
second step uses the formed intermediate as a host to anchor
iron producing a carbon matrix containing highly dispersed
iron. The obtained Fe-N-C catalyst displays superior ORR activ-
ity in both alkaline and acid solutions. Furthermore, the meth-
anol tolerance property of the Fe-N-C catalyst is critical in its
advantage over the Pt/C catalyst for direct methanol fuel cells
(DMFCs) as the Fe-N-C catalyst circumvents problems related
to intractable methanol crossover. The DMFCs fabricated em-
ploying the Fe-N-C catalyst as the cathode display promising
discharging performance.

2. Experimental
2.1. Synthesis of materials

The N-C catalyst was derived from PPy, which was obtained
by polymerization of pyrrole. Briefly, 25 g cetyltrime-
thylammonium bromide (CTAB, Ci9H42BrN, Tianjin Guangfu

Fine Chemical Research Institute) was dispersed in 80 mL eth-
ylene glycol (EG, Tianjin Kemiou Chemical Reagent Co., Ltd.)
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Scheme 1. Schematic diagram of the Fe-N-C catalyst synthesis route.

followed by the addition of 6 mL pyrrole monomer (CsHsN,
Sinopharm Chemical Reagent Co., Ltd.). After stirring for 1 h, 40
mL EG containing 12 g FeCl3-6H20 was added dropwise with
stirring. The polymerization process continued for 5 h before
200 mL methanol (CH3OH, Xilong Chemical Co., Ltd.) was added
and stirred overnight. The obtained black ink was then filtered,
washed with water multiple times and dried in an oven at 80 °C
for 8 h to obtain PPy. The obtained PPy was thermally treated
under a N2 atmosphere at 800 °C for 1 h to obtain the black
powder, denoted as N-C.

The above PPy was blended with EDTA-2Na
(C10H14N20sNaz2-2H20, Tianda Chemical Reagent Co., Ltd.) at a
mass ratio of 1:2 in deionized water under vigorous stirring for
3 h, followed by evaporating the deionized water at 70 °C be-
fore drying at 80 °C. After grinding, the powder was thermally
treated at 800 °C for 1 h under a N2 atmosphere. Thereafter, the
sample was sonicated in 1 mol/L HCl for ~2 h, washed with
distilled water multiple times and dried in an oven at 80 °C
overnight to obtain N-C-1.

FeCls was hydrolyzed in an ethanol solution containing
ammonia to obtain an iron oxide colloid (denoted as FeONPs),
which was added to N-C-1 followed by thermal treatment to
obtain the Fe-N-C sample. Briefly, a 0.2-mmol FeCls/ethanol
solution and 2 mL 30% NH3-H20 was added into 100 mL etha-
nol in a flask. The mixture was stirred and refluxed at 100 °C
for 1 h. Subsequently, 200 mg N-C-1 was added and stirred for
4 h. Thereafter the solvent was evaporated using a rotary
evaporator to obtain a black powder, which was then dried in
an oven at 80 °C overnight. The obtained sample was pyrolyzed
at 900 °C for 1 h under N2 to obtain a loose and black powder,
denoted as Fe-N-C.

N-C-2 was prepared for comparison with the Fe-N-C catalyst
to discriminate the role of iron after the second thermal treat-
ment. The N-C-1 was thermally treated in the absence of Fe at
900 °C for 1 h under a Nz atmosphere.

2.2. Physical characterization

A scanning electron microscope (SEM, JSM-7800F) was used
to study particle morphology, and energy-dispersive x-ray
spectroscopy (EDX) was recorded on a specific area of the elec-
trocatalyst. A transmission electron microscope (TEM,
JEM-2100) was used to study the crystal nature of the electro-
catalyst employing an acceleration voltage of 200 kV. The high
resolution TEM (HRTEM) micrograph was obtained on a TEM
(JEM-2100F) using an acceleration voltage of 200 kV. X-ray
diffraction (XRD) studies were performed on a Rigaku X-2000
diffractometer using Cu K radiation with a Ni filter. The sam-
ples were scanned at a rate of 5°/min. The chemical composi-
tion of the four electrocatalysts were characterized by X-ray
photoelectron spectroscopy (XPS) measurements (ESCALAB
250Xi) using Al K« radiation.

Ar isotherms at -186 °C were measured using a Quanta-
chrome Autosorb-iQ instrument. Before analysis, samples were
outgassed at 180 °C under vacuum for 4 h. The Brunau-
er-Emmett-Teller (BET) surface area and pore size distribu-
tion was calculated by the non-linear density-functional theory
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(NLDFT).

Room temperature 57Fe Mdssbauer spectroscopy was used
to investigate the oxidation state and coordination environ-
ment of iron ions in the Fe-N complexes. A 57Co (Rh) source,
moving with a constant acceleration mode, was used as the
y-radiation source. The velocity was calibrated by a standard
a-iron foil. The spectra were fitted with the appropriate Lo-
rentzian line superpositions using the MossWinn 3.0i computer
program. In this way, the 57Fe Mossbauer spectral parameters
could be determined, including the isomer shift (IS), the electric
quadrupole splitting (QS), the full width at half maximum, the
hyperfine field (Hnf) and the relative resonance areas of the
different components of the absorption patterns.

2.3.  Electrochemical measurements

Rotating disk electrode (RDE) and rotating ring disc elec-
trode (RRDE) measurements were conducted in a
three-electrode cell setup with a computer-controlled bipoten-
tiostat (Pine Company). The reference electrode was an
Hg/HgO electrode (MMO) in 0.1 mol/L NaOH solution with
respect to an alkaline electrolyte, and a standard calomel elec-
trode (SCE) with a vacuum tube voltmeter for acidic electro-
lytes. The counter electrode was Pt wire. The MMO and SCE
reference electrode were calibrated and the potential convert-
ed into reversible hydrogen electrode (RHE) in this study. To
prepare the working electrode, 2.5 mg of catalyst powder was
dispersed in 1 mL of ethanol and 25 pL of Nafion® solution (5
wt%, DuPont). The suspension was then sonicated for 15 min
to form a homogeneous ink, thereafter, the ink was pipetted
onto the surface of a glassy carbon disc (5.7 mm for RRDE and
5.0 mm for RDE). The Fe-N-C loading was 0.62 mg/cm?2 and
the Pt/C loading (20 wt% Pt/C, Johnson Matthey, JM) was 50
ng/cm2.

For RRDE with the polycrystalline Pt biased at 1.23 V (vs.
RHE), the working electrode surface was first electrochemically
cleaned by cycling from 0.11-1.23 V (vs. RHE) for 20 cycles
with a scan rate of 100 mV/s. The background cyclic voltam-
mogram (CV) was then collected at a scan rate of 10 mV/s in a
Nz-saturated 0.1 mol/L NaOH electrolyte. The RRDE measure-
ment was performed in an Oz-saturated 0.1 mol/L NaOH elec-

trolyte at a scan rate of 10 mV/s at 1600 r/min. The electron
transfer number (n) is calculated according to Eq. (1).

n = 4la/(la+l/N) (1
where I is the ring current, I4 is the disc current, and N is the
collection efficiency for H202 by the RRDE (0.38) [12].

The accelerated aging test (AAT) was performed in an
02-saturated 0.1 mol/L NaOH electrolyte scanning in the range
of 0.60-1.00 V (vs. RHE) with a scan rate of 100 mV/s. The
background CVs and the ORR polarization curves were rec-
orded every 1000 potential cycles during the AAT.

With respect to an acidic electrolyte, the RDE measurements
of Fe-N-C and 20 wt% Pt/C (JM) electrocatalysts were con-
ducted from 0.10-1.20 V (vs. RHE) at a scan rate of 10 mV/s at
1600 r/min.

2.4. Fabrication of DMFCs and single cell tests

To obtain a membrane electrode assembly (MEA), the cath-
ode and anode catalyst ink were painted directly on either side
of the electrolyte membrane. The cathode was Fe-N-C or 20
wt% Pt/C (JM). The anode was PtRu black catalysts (JM). The
catalyst inks were prepared by dispersing the catalyst into ap-
propriate amounts of ethanol and a 5% Nafion® solution. A
Nafion® 212 membrane (DuPont) and an anion-exchange
membrane (Tokuyama) were used to fabricate acidic and alka-
line DMFCs, respectively. The MEA and the diffusion carbon
layers were hot pressed at 120 °C under a pressure of 500
pounds for 90 s. The active area of the MEA was 1 cm2 The
single cell was operated at 80 °C. The fuel used was 1 mol/L
CH30H at the flow rate of 1 mL/min for the acidic fuel cell, and
2 mol/L CH3OH in 1 mol/L NaOH at the flow rate of 2 mL/min
for the alkaline fuel cell.

3. Results and discussion

To characterize the synthesis process of the Fe-N-C catalyst,
the Ar adsorption-desorption isotherms of N-C, N-C-1, N-C-2,
FeONPs/N-C-1 and Fe-N-C (Fig. 1(a)) were analyzed. The pore
size distribution curves are depicted in Fig. 1(b), and the rele-
vant data summarized in Table 1. For sample N-C-1, the iso-
therm presented a typical type-I behavior, with a steep increase
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Fig. 1. (a) Ar adsorption-desorption isotherms, (b) the corresponding pore size distribution curves, and (c) the relative quantity of micropore area
and external surface area for the electrocatalysts. (1) N-C; (2) N-C-1; (3) N-C-2; (4) FeONPs/N-C-1; (5) Fe-N-C.



542 Lingzheng Gu et al. / Chinese Journal of Catalysis 37 (2016) 539-548

Table 1
Electrocatalyst textural parameters characterized by Ar adsorption-
desorption measurements.

BET surface  Micropore External Pore

Catalyst area surface area surface area width

(m?/g) (m?/g) (m?/g) (nm)
N-C 60 0 60 27
N-C-1 1227 1113 113 1.1
N-C-2 903 820 82 1.2
FeONPs/N-C-1 687 603 83 0.6
Fe-N-C 1501 1292 209 1.3

of adsorbate uptake at low relative pressures. This suggested
the presence of micropores. The specific surface area for N-C-1
was 1227 m?2/g and the mean pore size was centered at 1.1 nm.
In contrast, the sample N-C synthesized by directly pyrolyzing
PPy showed an ultra low specific surface area (60 m2/g) with-
out obvious pore structure. As depicted in Fig. 1(c), the dra-
matic increase in specific surface area and the generation of
micropores in N-C-1, as compared with N-C, benefitted from (1)
the activation of carbon via Na* reacting with the carbon to
generate Na and gaseous COz, and (2) the vast gaseous by-
products from the precursors during the pyrolysis. However,
for FeONPs/N-C-1, the specific surface area decreased signifi-
cantly to 687 m2/g and the pore size decreased to 0.6 nm, indi-
cating FeONPs dispersed on N-C-1 residing within or covering
the micropores of N-C-1 as displayed in Scheme 1. After pyroly-
sis of FeONPs/N-C-1, the Fe-N-C sample possessed a signifi-
cantly greater specific surface area (1501 m2/g) and a slightly
larger pore size (1.3 nm) over that of N-C-1 (Fig. 1(b)). Howev-
er, for N-C-2 derived from N-C-1, although experiencing the
same thermal treatment as that of the Fe-N-C, the specific sur-
face area was only 903 m2/g and the pore size centered at 1.2
nm (Fig. 1(b)). Both textural properties were significantly
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Fig. 3. XRD patterns of (1) N-C-2 and (2) Fe-N-C.

smaller than those of Fe-N-C, which suggested that FeONPs
were confined by the micropores and further reacted with the
active-edged nitrogen or carbon, thus enlarging the pore size,
likely forming a new structure in the pores.

As shown in the SEM and TEM micrographs in Fig. 2, the
Fe-N-C catalyst consisted of interconnected short carbon fibers
averaging ~120 nm (Fig. 2(c, d)). Compared with the N-C-1
(Fig. 2(a, b)), the particles in Fe-N-C displayed no significant
change. Although diffraction peaks assigned to Fe and FesC
were detected in the XRD patterns of the Fe-N-C catalyst (Fig.
3), careful observation of the Fe-N-C sample by both low reso-
lution (Fig. 2(e)) and HRTEM (Fig. 2(f)) found no metal or met-
al carbide/nitride crystals. The selected area electron diffrac-
tion (SAED) showed a diffraction ring (Fig. 2(e)), instead of
separated diffraction spots, which suggested a poor crystal
structure of the host carbon materials. Previous reports have

Fig. 2. SEM micrographs of N-C-1 (a, b), Fe-N-C (c, d) and TEM micrographs of Fe-N-C (e, f). The inset of (e) is the selected electron diffraction pattern

of Fe-N-C.
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also observed inconsistencies between XRD and TEM results in
similar catalysts [13].

The scanning transmission electron microscope (STEM)
elemental mapping micrographs further revealed that nitrogen
and iron were homogeneously distributed across the entire
carbon matrix (Fig. 4). Highly dispersed iron formation may be
attributed to the following factors: (1) iron was well distributed
in the FeONPs/N-C-1 precursor as confirmed by elemental
mapping (Fig. 5), suggesting the anchoring effect of carbon
micropores on iron; (2) during the pyrolysis of FeONPs/N-C-1,
the nitrogen dopants and unsaturated carbon bonds protruding
from the micropores confined the iron-nitrogen/carbon reac-
tion to a limited space and inhibited the aggregation of iron.

The chemical state of nitrogen and iron in the carbon matrix
was analyzed by XPS spectroscopy (Figs. 6, 7, 8(a), Tables 2 and
3). In general, for N-C, N-C-1, N-C-2 and Fe-N-C, carbon was
dominant (82.2-87.8 at%). The nitrogen content varied from
4.9-7.2 at% in the four samples. Fe was detected only in sample
Fe-N-C at 0.5 at%.

High resolution N 1s XPS spectra (Fig. 7(a)) were deconvo-
luted into five peaks according to a previous report [14], which
were assigned to pyridinic-N (397.9-398.2 eV), pyrrole-N
(400.6-400.8 eV), graphitic-N (401.8-402.1 eV), oxidized-N
(403.1-403.5 eV) and nitrile-N for N-C type catalysts or Fe-Nx
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Fig. 6. XPS spectra of (1) N-C, (2) N-C-1, (3) N-C-2, and (4) Fe-N-C.

for the Fe-N-C catalyst (399.3-399.7 eV) [15,16], respectively.
Together with their respective concentrations, they are listed in
Table 3. To compare clearly, the contents of nitrogen type are
displayed in Fig. 7(b). Interestingly, for all these samples, the
sum contents of pyridinic-N and graphitic-N, which are report-
ed to be the most active N species for ORR, are similar
(1.99-2.92 at%). Additionally, 0.77 at% N in the form of Fe-Nx

100 nm 100 nm

Fig. 4. (a) Scanning transmission electron microscope (STEM) micrograph of Fe-N-C and the corresponding elemental mapping of (b) carbon, (c)

oxygen, (d) nitrogen, and (e) iron in a randomly selected region.

100 nm
AR e

Fig. 5. (a) STEM micrograph of FeONPs/N-C-1 and the corresponding elemental mapping of (b) carbon, (c) nitrogen, (d) oxygen, and (e) iron in the
selected region.

100 nm
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Fig. 8. (a) Fe 2p XPS spectrum and (b) Mossbauer spectra of Fe-N-C.

is contained in Fe-N-C.

In the high resolution Fe 2p XPS spectrum of Fe-N-C, the
peaks at 711.0 and 724.3 eV (Fig. 8(a)) were assigned to
Fe 2p3;2 and Fe 2p1s2, respectively, which corresponded to
Fe(IIl) [16]. Thus, the iron at the surface of the Fe-N-C electro-
catalyst may exist mainly in the form of a high oxidation state
that coordinates with nitrogen. No signals for Fe (707 eV) and
FesC (708 eV) appeared [17,18], further indicating that Fe and
FesC—present as characterized by XRD—may be enveloped in
thick carbon layers.

Mossbauer spectroscopy is a technique based on the re-
coil-free absorption of y rays by 57Fe nuclei, and is effective in
investigating the electron structure of iron coordination com-
pounds. The Mdssbauer spectra of Fe-N-C is depicted in Fig.
8(b), and the related parameters summarized in Table 4. In Fig.
8(b), the two doublets in blue and cyan are assigned to FeNs

Table 2

Sample elemental composition by XPS.

Sample Cls N 1s 01s Fe 2p
N-C 85.6 7.2 7.2 —
N-C-1 82.2 5.3 12.6 —
N-C-2 87.8 49 7.3 —
Fe-N-C 85.6 5.0 8.9 0.5

(in-plane) and FeNa (distorted), respectively [19]. These FeNa
structures were believed to be at the catalyst surface, as the
XPS also confirmed the presence of surface Fe-Nx structures.
The two sextets in green and magenta correspond to Fe3C and
Fe (metal), respectively [19], which is consistent with the pre-
vious XRD analysis.

Combining the analysis results of TEM, XRD, XPS and the
Mdossbauer spectroscopy, it is clear that the Fe-N-C sample
contained highly dispersed Fe-Ns units, nitrogen-doped carbon
and a relatively low concentration of large Fe and FesC parti-
cles. The Fe-Ns units and the nitrogen-doped carbon were lo-
cated at the surface, while Fe and FesC particles were likely to

Table 3
Catalyst assignment of nitrogen type and respective atomic percentage.

Pyri- Nitrile/ Pyrrol- Graphit-  Oxi-

dinic-N Me-Ny  ic-N ic-N dized-N

N-C B.E. (eV) 3979 3993 400.7 4019 403.2
Content (at%) 244 0.70 3.24 0.48 0.36

N-C-1 B.E.(eV) 3979 399.6 400.6 401.8 403.1
Content (at%) 2.08 1.48 1.06 0.21 0.45

N-C-2 B.E.(eV) 398.1 3995 4008 402.1 403.5
Content (at%) 1.66 0.48 2.21 0.33 0.25

Fe-N-C B.E. (eV) 398.2 399.7 400.8 402.1 403.4

Content (at%) 1.99 0.77 1.55 0.29 0.42
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Table 4
Mossbauer parameter assignment linked to possible iron modifications.
IS S B fwhm Area
Sample Component (mm/s) (m(rzn /) (T; (mm/s) (%)
Fe-N-C Fe (Metal) -0.02 -0.01 33.3 030 283
FesC 0.17 0.02 21.0 034 392
FeNs (in-plane)  0.37 2.19 — 1.58 187
FeNq (distorted)  0.33 0.99 — 0.64 139

IS: Isomer shift. QS: Quadrupole splitting. By Intensity of the internal
magnetic field. fwhm: Full width at half maximum.

be beneath thick carbon layers because they were not detected
by XPS.

The electrocatalytic activity was configured in the RRDE
setup and performed in an oxygen-saturated 0.1-mol/L NaOH
electrolyte with an electrode rotating rate of 1600 rpm (Fig.
9(a) and (b)). As depicted in Fig. 9(a), for the N-C catalyst syn-
thesized directly by carbonizing PPy in the absence of
EDTA-2Na, the onset potential (Eo) and the half wave potential
(E1/2) were ~0.87 and 0.64 V, respectively. n varied in the range
of 3.0-3.7, indicating a mixed two and four electron transfer
process. For N-C-1, Eo and E1/2 shifted positively to 0.95 and
0.80 V, respectively, and n varied in the range of 3.2-4.0, sug-
gesting significant improved catalytic activity. Eo and E1/2 val-
ues relating to the ORR polarization curve for the Fe-N-C elec-
trocatalyst were 1.08 and 0.88 V, respectively, which was simi-
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lar to the values of the Pt/C catalyst (Fig. 9(c)). This demon-
strated Fe-N-C possesses superior catalytic activity. n for the
Fe-N-C catalyst approached 4, with a hydrogen peroxide yield
<3% (Fig. 9(b)), which suggested that oxygen was being elec-
tro-reduced to hydroxide via a four electron transfer process.

To understand the function of iron with respect to catalytic
activity, the ORR polarization curves of the N-C-2 catalyst were
also measured and compared (Fig. 9(a, b)). For N-C-2, although
the catalyst was subjected to a second calcination process, sim-
ilar to the Fe-N-C catalyst, not even a minor improvement in
catalytic activity was observed compared with its precursor,
N-C-1. Furthermore, the catalytic activity fell significantly short
of the Fe-N-C catalyst (Fig. 9(a)), which implied the importance
of iron for the ORR catalytic activity. Because Fe3C and Fe may
have been beneath thick carbon layers, they could not directly
participate in the catalytic process. Thus, the high catalytic ac-
tivity of Fe-N-C was probably related to the surface Fe-N4 struc-
ture based on the above XPS and Mdssbauer spectra results.
Additionally, the large surface area of the carbon host permit-
ted considerable access of reagents to the active sites.

The durability of the Fe-N-C catalyst was tested via a stand-
ard accelerated aging procedure (see experimental section for
details). The ORR polarization curves before and after the AAT
presented a typical diffusion-controlled limiting current plat-
form at large overpotentials (Fig. 9(c, d)). After 5000 continu-
ous potential cycles, a negligible drop in the ORR current was
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Fig. 9. ORR measurements of the electrocatalysts. (a) Disc currents; (b) Ring currents. Rotating ring disc electrode (RRDE) test conditions:
O2-saturated 0.1 mol/L NaOH, rotation rate 1600 r/min, scan rate 10 mV/s. (c) ORR polarization plots of the Fe-N-C (0.62 mg/cm?) and Pt/C (50
ug/cm?) electrocatalysts measured during 5000 cycles durability. (d) Half wave potential (E1/2) of Fe-N-C and Pt/C at each 1000 cycles in the durabil-

ity test. (1) N-C; (2) N-C-1; (3) N-C-2; (4) Fe-N-C.
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observed for the Fe-N-C catalyst, while there was a 45-mV loss
in E1/2 for the Pt/C electrocatalyst under the same conditions
(Fig. 9(c)). From the varying trends of the E1/2 during the 5000
cycling procedure (Fig. 9(d)), it was clear that the ORR activity
of Pt decreased linearly, while the Fe-N-C catalyst remained
relatively stable. This suggests superior durability of the Fe-N-C
catalyst over that of the Pt/C electrocatalyst in alkaline media.
Compared with Pt/C, the Fe-N-C catalyst is inert to metha-
nol (Fig. 10(b)), a critical advantage for an effective cathodic
catalyst for DMFCs [20]. The DMFC polarization curves with
either Fe-N-C or a commercial Pt/C catalyst as the cathode are
depicted in Fig. 10(c, d). In Fig. 10(c), with a proton exchange
membrane, the maximum power density of the Fe-N-C cathode
DMFC reaches up to 47 mW/cm2, which is almost 60% of that
for the Pt/C cathode DMFC (79 mW/cm?2). In Fig. 10(d), with
the anion-exchange membranes, the maximum power density
of the Fe-N-C cathode DMFC is 33 mW/cm?, while the Pt/C
cathode DMFC only reaches to 8 mW/cm2. There were some
significant differences in the polarization curves between the
Fe-N-C cathode DMFC and Pt/C cathode DMFC. (1) The
open-circuit voltages (OCVs) of the Fe-N-C cathode DMFC were
all higher than those with the Pt/C cathode irrespective of the
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media type. This was attributed to the excellent methanol tol-
erance property of Fe-N-C mitigating mixed potential at the
cathode [21]. (2) In the electrochemical activation polarization
region shown in Fig. 10(c, d), the Fe-N-C cathode DMFC per-
formed better in alkaline media than in acidic media, which
was consistent with the ORR activity of the Fe-N-C observed in
the half cells (Fig. 9(a) and Fig. 10(a)). (3) In the high current
density region, both Fe-N-C and Pt/C cathode DMFCs per-
formed to a lower degree in alkaline media than in acidic me-
dia. This may indicate that the three-phase boundary required
further optimization to tailor the alkaline fuel cells. However,
the lower migration rate of hydroxyls when compared with
protons may have degraded the performance in the high cur-
rent density region. (4) In alkaline media, the polarization
curve for the Pt/C cathode DMFC dropped to a greater extent
than the Fe-N-C cathode DMFC. One reason is that for Pt/C, the
methanol “crossing over” from the anode would be elec-
tro-oxidized at the cathode to produce COz, which combines
with hydroxyl groups to generate carbonate salts. The local
over-saturated concentration of the carbonate salts would form
deposits, potentially blocking the electrode pores and impeding
mass transport. This would in turn lead to the decreased per-

10
(b)
gL
—— Fe-N-C
6 - —+— Fe-N-C-methanol
4l ——PYC
—e— Pt/C-methanol
2
[0 S J—......
-2
-4
-6 | | \ | \
0.2 0.4 0.6 0.8 1.0 1.2
Potential (V vs. RHE)
0.9 35
08 P\ @ ]
0.7 + — 130 “;:
0.6 | 425 2
- Z
0.5 420 7
“ay o |2
041 “a z
— 15 [5)
03} —e—Fe-N-C ] g
r 410
02l A RUC [
[ [
0.1} 1°
00 I L | L | L | L | L |
0 20 40 60 80 100

Current density (mA/cm?)

Fig. 10. (a) ORR polarization curves of (1) Pt/C and (2) Fe-N-C in Oz saturated 0.1 mol/L HClO4. (b) ORR polarization curves of Fe-N-C and Pt/C in Oz
saturated 0.1 mol/L NaOH in presence of methanol. (c) The acidic DMFC performance at 80 °C using Pt/C (0.16 mg Pt/cm?) or Fe-N-C (3.2 mg/cm?) as
the cathode. The anode used was PtRu black (3.2 mg PtRu/cm?) with 1 mol/L CH3OH supplied at a flow rate of 1 mL/min. Dry oxygen was supplied to
the cathode at flow rate of 100 mL/min. (d) The alkaline DMFC performance at 80 °C with Pt/C (0.12 mg Pt/cm?) or Fe-N-C (3.0 mg/cm?) used as the
cathode. The anode used was PtRu black (3.0 mg PtRu/cm?) with 2 mol/L CHsOH in 1 mol/L NaOH supplied at a flow rate of 1 mL/min. Dry oxygen

was supplied to the cathode at a flow rate of 100 mL/min.
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formance of the Pt cathode DMFC. As for the Fe-N-C cathode, [4] K. P. Gong, F. Du, Z. H. Xia, M. Durstock, L. M. Dai, Science, 2009,
which has effective methanol tolerance, no carbonate salts 323,760-764.
would generate during the DMFC operation. The Fe-N-C cath- [5] D. Banham, S. Ye, K. Pei, J. I. Ozaki, T. Kishimoto, Y. Imashiro, J.

Power Sources, 2015, 285, 334-348.

Z. Yang, H. G. Nie, X. A. Chen, X. H. Chen, S. M. Huang, J. Power
Sources, 2013, 236, 238-249.

[71 G. Wu, K. L. More, C. M. Johnston, P. Zelenay, Science, 2011, 332,

ode is therefore a promising alternative ORR catalyst over Pt in
DMFC applications. (6]

4. Conclusions

443-447.
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A Fe-N-C catalyst with iron uniformly dispersed in a carbon Marques, H. Wang, J. Zhang, Electrochim. Acta, 2008, 53,
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synthesized. The catalyst exhibited excellent ORR activity in [9] J. Tian, A. Morozan, M. T. Sougrati, M. Lefévre, R. Chenitz, ]. P.
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catalyst displayed a maximum power density of 33 mW/cm? in
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A highly dispersed Fe-N-C electrocatalyst, prepared via a two-step pyrolysis synthesis route, exhibits promising ORR activity. The Fe-N-C
cathode DMFC possesses high catalytic activity together with excellent methanol tolerance properties and shows promising discharging
performance.
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