
Highly Graphitic Mesoporous Fe,N-Doped Carbon Materials for
Oxygen Reduction Electrochemical Catalysts
Donghun Kim,† Niels P. Zussblatt,† Hoon T. Chung,‡ Shona M. Becwar,† Piotr Zelenay,‡

and Bradley F. Chmelka*,†

†Department of Chemical Engineering, University of California, Santa Barbara, California 93106-5080, United States
‡Materials Physics and Applications Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, United States

*S Supporting Information

ABSTRACT: The synthesis, characterization, and electro-
catalytic properties of mesoporous carbon materials doped
with nitrogen atoms and iron are reported and compared for
the catalyzed reduction of oxygen gas at fuel cell cathodes.
Mixtures of common and inexpensive organic precursors,
melamine, and formaldehyde were pyrolyzed in the presence
of transition-metal salts (e.g., nitrates) within a mesoporous
silica template to yield mesoporous carbon materials with
greater extents of graphitization than those of others prepared
from small-molecule precursors. In particular, Fe,N-doped
carbon materials possessed high surface areas (∼800 m2/g)
and high electrical conductivities (∼19 S/cm), which make
them attractive for electrocatalyst applications. The surface compositions of the mesoporous Fe,N-doped carbon materials were
postsynthetically modified by acid washing and followed by high-temperature thermal treatments, which were shown by X-ray
photoelectron spectroscopy to favor the formation of graphitic and pyridinic nitrogen moieties. Such surface-modified materials
exhibited high electrocatalytic oxygen reduction activities under alkaline conditions, as established by their high onset and half-
wave potentials (1.04 and 0.87 V, respectively vs reversible hydrogen electrode) and low Tafel slope (53 mV/decade). These
values are superior to many similar transition-metal- and N-doped carbon materials and compare favorably with commercially
available precious-metal catalysts, e.g., 20 wt % Pt supported on activated carbon. The analyses indicate that inexpensive
mesoporous Fe,N-doped carbon materials are promising alternatives to precious metal-containing catalysts for electrochemical
reduction of oxygen in polymer electrolyte fuel cells.

KEYWORDS: electrocatalyst, nonprecious metal catalyst, graphitic carbon, iron, nitrogen-doped carbon, mesoporous carbon

1. INTRODUCTION

Polymer electrolyte fuel cells (PEFCs) are promising energy
conversion devices that have received significant interest in
recent years, due to their high conversion efficiencies, high
energy densities, and low environmental impacts.1,2 However,
large-scale applications of PEFCs have been hindered by their
high costs, predominantly because of the expensive precious
metal platinum- and/or iridium-based catalysts that are used to
promote the reduction of oxygen at the cathodes.3,4 At near-
ambient temperatures, the oxygen reduction reaction (ORR)
tends to exhibit sluggish kinetics,3 which have generally been
addressed by using undesirably high loadings of Pt-based
catalysts on the cathode that exacerbate the cost challenge. In
addition, the effectiveness of Pt-based ORR catalysts in direct
methanol or ethanol fuel cells (DMFCs or DEFCs) often
suffers from fuel crossover and alcohol oxidation at the
cathode, which reduces the operating voltage and overall
efficiency of the fuel cell.5,6 Thus, there is significant
motivation to develop ORR catalysts that do not rely on

precious metals to achieve comparable or greater activity,
selectivity, or stability than existing materials.
By comparison, iron- and nitrogen-doped porous carbon

materials exhibit high oxygen reduction activity and selectivity,
making these materials promising alternatives to Pt-based
precious metal catalysts.7−12 Judicious selection of precur-
sors13−17 and optimization of synthesis conditions18,19 have
yielded high ORR activities for carbon-based materials that
have been attributed to their high surface areas,13 high
electrical conductivities,20 or specific nitrogen species (e.g.,
graphitic nitrogen21,22 or pyridinic nitrogen23,24). In particular,
high-surface-area graphitic carbon materials containing Fe and
N, such as Fe,N-doped carbon nanotubes,25 graphene,26−28 or
porous carbon materials,29 have received significant attention
because of their combined high electrical conductivities and
good thermal and chemical stabilities.30−32 High-purity
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nitrogen-doped graphene or carbon nanotubes, grown in the
presence of iron, yield electrocatalysts with high ORR
activities;11,33,34 however, their syntheses are relatively
complicated. By comparison, mesoporous Fe,N-doped carbons
with graphitic properties can be prepared by simple pyrolysis
within a sacrificial template, yielding materials with uniform
mesopore diameters (2−50 nm) that enable facile diffusion of
reactant species to catalytic active sites. In contrast to many
conventional carbon materials, such as activated carbon (pore
diameters predominantly <2 nm),35 these larger mesopores
facilitate more effective use of available pore surface areas.36

Previous reports of N- or Fe,N-doped graphitic carbon
materials have often relied on the pyrolysis of expensive
nitrogen-doped graphitizable precursors, such as macrocyclic
porphyrin compounds22,32 or imidazolium ionic liquids.31,37

Often, however, volatilization during the pyrolysis process
results in low yields of graphitic carbon products.
Here, we report syntheses of transition-metal- and nitrogen-

doped mesoporous carbon materials from inexpensive small-
molecule organic precursors with improved yields and their
characterization to correlate their bulk and surface composi-
tions and structures with their macroscopic electrochemical
properties. Using a combination of complementary wide-angle
X-ray scattering (WAXS) and Raman spectroscopy analyses,
we show that the relative extent of graphitic ordering, which is
associated with high electrical conductivity and thermal and
chemical stability, depends strongly on the type and quantity of
transition-metal species present during pyrolysis. Surface
compositions, including nitrogen, oxygen, and transition-
metal species, as well as their local bonding environments,
are shown to be adjustable to improve the electrocatalytic
activities of the product materials, specifically for the
technologically important oxygen reduction reaction. Follow-
ing optimization of bulk and surface compositions, meso-
porous Fe,N-containing carbon materials are demonstrated to
possess highly graphitic carbon frameworks and exhibit a
combination of relatively high surface N contents, high surface
areas, high electrical conductivities, and high ORR catalytic
activities and selectivities under alkaline conditions that are
comparable to commercial platinum electrocatalysts supported
on activated carbon.

2. MATERIALS AND METHODS
2.1. Syntheses of Mesoporous Transition-Metal- and N-

Doped Carbon Materials. Materials were prepared by pyrolyzing
mixtures of an inexpensive high-N-content precursor (melamine), a
cross-linking agent (formaldehyde), and transition-metal (Fe, Ni, Co,
or Mn) nitrate salts within a mesoporous silica (SBA-15) template, as
shown schematically in Figure 1. Mesoporous silica (SBA-15)
materials were synthesized by following previously reported
protocols.38 Briefly, 8 g of amphiphilic poly(ethyleneoxide)20−

poly(propyleneoxide)70−poly(ethyleneoxide)20 triblock copolymer
(Pluronic P123, Sigma-Aldrich) was dissolved in 60 mL of deionized
water and then mixed with 240 mL of 2 M HCl (Fischer Scientific)
solution and 17 g of tetraethoxysilane (TEOS, Sigma-Aldrich). After
vigorously stirring for 10 min at room temperature to allow the TEOS
to hydrolyze, the solution temperature was raised to 40 °C and stirred
for an additional 20 h, during which time the hydrolyzed silica
precursor species polymerized into a continuous network with
mesostructural order directed by the self-assembling P123 triblock
copolymer species. Then, stirring was stopped and the solution
temperature was raised to 90 °C for 2 days to promote further cross-
linking that strengthened the silica framework. After cooling,
mesostructured silica powders were recovered by vacuum filtration
and calcined in air at 550 °C for 12 h to remove the structure-
directing P123 triblock copolymer species, yielding mesoporous silica
powder (Figure 1a).

Anhydrous FeCl3 was subsequently grafted onto the pore surfaces
of the mesoporous silica to promote the polymerization and
graphitization39 of melamine−formaldehyde resins. Typically, 0.36 g
of anhydrous FeCl3 was dissolved in 200 mL of anhydrous ethanol
along with 2 g of mesoporous silica powder and stirred for 12 h. After
vacuum filtering, the resulting yellow powders were dried at 90 °C for
6 h. For syntheses of mesoporous Ni-, Co-, or Mn-doped carbon
materials, equimolar anhydrous AlCl3 was used instead of FeCl3, to
eliminate potential contributions of Fe to the ORR electrochemical
activity of the non-Fe-containing materials. The roles of AlCl3 and
FeCl3 as polymerization and graphitization agents in syntheses of
mesoporous Fe,N-doped carbons were compared and shown to
exhibit no significant differences in their respective ORR activities,
Supporting Information, Figure S1.

Mesoporous transition-metal- and nitrogen-doped carbon materials
were synthesized following the general templating method reported
by Ryoo et al.,40 but modified to use a melamine−formaldehyde resin.
An alkaline melamine−formaldehyde solution was prepared by mixing
2.05 g of melamine into 3 mL of 0.5 M NaOH, which were
subsequently mixed with 2.6 g of aqueous formaldehyde solution (37
wt % formaldehyde, Sigma-Aldrich). Immediately after mixing, this
solution was stirred at 75 °C for 30 min and then cooled and
neutralized with 1 M HCl aqueous solution, after which transition-
metal (Fe, Ni, Co, or Mn) nitrate salts at various transition-metal/
melamine molar ratios between 0 and 0.2 were added. Each resulting
solution was combined with the FeCl3- or AlCl3-grafted SBA-15 silica
and the mixture was sonicated for 30 min within a bath sonicator.
After sonication, the excess solution was removed by vacuum filtration
and the recovered materials were dried overnight under ambient
conditions, followed by heat treatment at 120 °C for 12 h. The
materials were further heat-treated at 200 and 350 °C for 6 h at each
temperature under N2 atmosphere to increase the degrees of cross-
linking of the melamine−formaldehyde resins to reduce volatilization
of the carbon and nitrogen precursor species during subsequent
pyrolysis. The mesostructured silica−resin materials were then
pyrolyzed at 900 °C for 6 h under N2 atmosphere, yielding
nonporous mesostructured silica−carbon composites, as shown
schematically in Figure 1b. A pyrolysis temperature of 900 °C
provides a reasonable trade-off between increased graphitization
versus decreased heteroatom content and/or decreased porosity that

Figure 1. Schematic diagram of the different stages during syntheses of the mesoporous transition-metal and nitrogen-doped carbon materials with
highly graphitic properties: (a) initial mesoporous silica template (blue) after calcination, (b) silica−carbon composite after precursor-infiltration
and subsequent pyrolysis, and (c) mesoporous carbon (black) after removal of the silica framework. (d) A schematic diagram of different N and
Fe,N moieties within graphitic carbon.
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tend to occur at higher pyrolysis temperatures, which is consistent
with the optimal pyrolysis temperature identified for a melamine-
based Fe,N-doped carbon catalyst.47

The silica frameworks were subsequently dissolved in 2 M NaOH
ethanol/water solution (1:1 volume ratio) with reflux for 12 h (three
times). The resulting mesoporous carbon replica materials (Figure
1c) were acid-treated in 0.5 M H2SO4 solution with reflux for 12 h to
remove pore-filling carbon residues and excess surface metals,
followed by additional pyrolysis at 900 °C for 1 h under N2 to
remove surface oxygen species and thereby enhance oxygen reduction
electrocatalytic activities. The resulting product materials were
composed of graphitic carbon domains, with transition-metal (e.g.,
Fe) and N moieties present, as shown in the schematic diagram in
Figure 1d. For comparison, conventional mesoporous carbon
materials were prepared by using an identical method, except with
phenol as the precursor instead of melamine.
2.2. Materials Characterization. Thermogravimetric analyses

(TGA) of the melamine−formaldehyde materials were conducted by
using a METTLER TGA/sDTA851e ThermoGravimetric Analyzer
under N2 flow with a ramp rate of 10 °C/min. Residual iron contents
of the mesoporous Fe,N-containing carbon materials were estimated
from residual mass following high-temperature TGA measurements
performed under the flow of dry air. Nitrogen sorption isotherms
were acquired at 77 K with MicroMeritics Tristar 3000, and samples
were dried overnight at 120 °C under flowing N2 before the
measurements. The surface areas were calculated by using the
Brunauer−Emmett−Teller (BET) method,41 whereas pore volumes
and size distributions were calculated by using the Barrett−Joyner−
Halenda (BJH) method.42

X-ray diffraction (XRD) patterns were recorded with a Rigaku
Smartlab high-resolution diffractometer with Cu Kα radiation
operating at 40 kV and 44 mA. Small-angle XRD patterns were
acquired over a 2θ range of 0.5−3.0° with a step size of 0.01°, and
wide-angle XRD patterns were acquired over a 2θ range of 10−50° in
increments of 0.02°. Raman spectra were obtained by using a home-
built Raman spectrometer with blue wavelength excitation at 488 nm.
Bulk electrical conductivities were measured by using a Solartron SI
1260 impedance analyzer. X-ray photoelectron spectroscopy (XPS)
measurements were conducted on a Kratos Axis Ultra X-ray
photoelectron spectroscopy system for approximate surface elemental
analyses. Survey XPS scans were performed over the range of 800−
100 eV with a pass energy of 160 eV in increments of 0.5 eV, whereas
high-resolution XPS scans were conducted for C 1s (296−276 eV)
and N 1s (410−390 eV) with a pass energy of 40 eV and a step size of
0.05 eV. Surface elemental compositions were calculated from the
areas of the XPS peaks by using Casa XPS 2.3.15 software
(CasaSoftware Ltd., Teighnmouth, Devon, U.K.) with Gaussian
distributions. Relative quantities of surface N species were estimated
by deconvolution of the high-resolution XPS spectra into four peaks,
corresponding to pyridinic N (398.6 ± 0.3 eV), pyrrolic or pyridonic
N (400.5 ± 0.3 eV), graphitic N (401.3 ± 0.3 eV), or nitroxide (402−
405 eV) moieties.43 Images obtained by high-resolution transition
electron microscopy were acquired on an FEI Tecnai G2 Sphera
microscope operating at 200 kV. Transmission electron microscopy
(TEM) samples were prepared by dispersing the materials in ethanol
and drop-casting the solution on a carbon-coated copper grid.
2.3. Electrocatalytic Activity Evaluation. Oxygen reduction

activities of mesoporous Fe,N-doped carbon catalysts were
determined by conducting cyclic voltammetry and linear sweep
voltammetry measurements using a CHI Electrochemical Station
(Model 750b) in a conventional three-electrode configuration. A
rotating-ring disk electrode (RRDE) with a 5.61 mm diameter glassy
carbon disk was used as a working electrode, whereas a graphite rod
and an Ag/AgCl (3 M NaCl) electrode were used as counter and
reference electrodes, respectively. For tests using the rotating-disk
electrode (RDE) and rotating-ring disk electrode (RRDE), a
Modulated Speed Rotator from Pine Research Instrumentation was
used to control the rotation speed of the working electrode. Two
milliliters of a catalyst dispersion solution were prepared by mixing
catalysts, deionized (Milli-Q) water, and isopropanol (1:3 volume

ratio) with 120 μL of 5 wt % Nafion solution, and 20 μL of the
solution were deposited onto the glassy carbon disk of the RRDE
electrode to obtain catalyst loadings of 0.60 mg/cm2 and 0.060 mgPt/
cm2 for mesoporous transition-metal, N-doped carbon catalysts and
20 wt % Pt on activated carbon (Pt/C), respectively. After drying,
cyclic voltammograms were recorded at a scan rate of 50 mV/s in 0.1
M NaOH solution saturated with N2 and O2, separately. RRDE tests
were conducted using linear sweep voltammetry within an O2-
saturated 0.1 M NaOH solution at a scan rate of 5 mV/s. Identical
measurements, except those associated with Figures S1 and S4 in the
Supporting Information, were also conducted within N2-saturated 0.1
M NaOH solutions and subtracted from the polarization curves
acquired in O2-saturated solution to compensate capacitive currents.
After the measurements, potentials were converted to the reversible
hydrogen electrode (RHE) scale by measuring the potential of a 3 M
Ag/AgCl reference electrode vs the RHE. Four-electron selectivities
of catalysts were established by using RRDE tests with a platinum-ring
electrode potential at a bias potential of 1.2 V. The amount of
peroxide formed was estimated from the ring current with a collection
efficiency of 37%, according to eq 1

= ×
+ I

H O (%) 200
I
N

I
N

2 2
D

R

R
(1)

where IR is the ring electrode current, N is the collection efficiency
(0.37), and ID is the disk electrode current.44 For stability testing,
RDE measurements were acquired by linear sweep voltammetry
before and after 5000 cyclic voltammetry scans over a range of 0.6−
1.0 V vs RHE in an O2-saturated 0.1 M NaOH solution. For the
methanol tolerance testing, RDE measurements were performed in
O2-saturated solutions of 0.1 M NaOH and 0.5 M MeOH and the
half-wave potential acquired from these measurements was compared
with the half-wave potential acquired from otherwise identical systems
but using solutions without methanol. All electrochemical measure-
ments were conducted at Los Alamos National Laboratory (elevation
2230 m), where the atmospheric pressure is approximately 75% of
that at sea level, resulting in correspondingly lower partial pressure of
oxygen.

3. RESULTS AND DISCUSSION
Preparation of highly active, high-N-content oxygen reduction
catalysts requires that volatilization of the N-containing organic
precursors be minimized during the pyrolysis step that is
typically needed to generate conductive graphitic materials.
This can be achieved by first reacting melamine with
formaldehyde to form a melamine−formaldehyde resin in the
mesopores of a silica template. Subsequent pyrolysis of the
mesostructured melamine−formaldehyde−silica composites in
the presence of a metal nitrate salt, such as Fe(NO3)3, yields
mesoporous metal, N-doped carbon materials with relatively
high nitrogen contents that depend on the cross-linking of the
nitrogenous organic precursor species. Use of formaldehyde as
a cross-linker improves the yield and N content of the product
material. In this work, yield was determined by quantifying the
retained mass percentage of the organic components after
thermogravimetric analysis (TGA) and near-surface N content
was determined by X-ray photoelectron spectroscopy (XPS).
The TGA plot of melamine−formaldehyde resin synthesized

with iron nitrate (Figure 2, green) shows that the material
exhibits significant mass losses over different temperature
regimes, as a result of the different thermal stabilities of the
moieties present. Moderate mass loss was observed up to 350
°C (regime I), which is attributed to loss of water from
condensation reactions that increase the extent of cross-linking
of the melamine−formaldehyde resins and decomposition of
iron nitrate salts.45 Near 350 °C, the material exhibited rapid
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weight loss (regime II), due to the decomposition of
methylene cross-links between melamine molecules, and
above 400 °C (regime III), a gradual decrease in mass was
observed, which has been attributed to decomposition of
triazine rings.46 XPS results (Supporting Information, Table
S1) show that the near-surface N/C atom ratio decreased from
∼0.93 before pyrolysis to ∼0.04 after pyrolysis at 900 °C. This
suggests that the significant loss of N from the melamine−
formaldehyde resin during pyrolysis is associated with
appreciable volatilization of nitrogen species from the carbona-
ceous networks and is accompanied by restructuring of the
carbon networks. Despite the relatively low yield (∼85% TGA
mass loss after pyrolysis at 900 °C) and low N retention, these
values are significantly higher compared to those of materials
synthesized without the use of the formaldehyde cross-linker,
in which case the volatilization of melamine results in near-
complete weight loss (∼98%, Figure 2, gray). Without
formaldehyde, the mass losses are due to the decomposition
of iron nitrate (<250 °C, regime i),45 amines (250−380 °C,
regime ii), and triazine rings (above 400 °C, regime iii).46 The
low retained mass, ∼2% after pyrolysis at 900 °C, has
previously required that pyrolyzed melamine-based carbon
materials be synthesized with high initial loadings of
melamine,34,47 high-surface-area substrates,16,19,47 or in closed
containers during pyrolysis.14,16,19,34 The inclusion of a cross-
linker to reduce melamine volatilization enables mesoporous
materials to be synthesized with higher yield and N content (4
atom %) than that previously reported (2.5 atom % N) when
melamine alone has been used as a nitrogen source.16,47

Without cross-linking, syntheses of porous carbons have
required substantially higher mass fractions of melamine
precursors that are adsorbed and pyrolyzed on high-surface-
area carbon substrates24,47 or the use of closed containers
during pyrolysis.14,16,19 In addition, compared with polymeric
nitrogen-containing precursors (e.g., melamine-based resins29),
the use of small-molecule melamine precursors enables the
preparation of porous N−carbon materials by templating.

Because of the possibility for large loss of mass during
pyrolysis, mesostructural ordering of carbonaceous materials
can be difficult to achieve. After removal of the mesoporous
SBA-15 silica template by dissolution at high pH, the
mesoporous nitrogen-doped carbon materials exhibit short-
range, but not long-range, mesostructural order, as revealed by
a combination of scattering and sorption analyses. The small-
angle X-ray scattering (SAXS) pattern of mesoporous
transition-metal, N-doped carbon material (Supporting In-
formation, Figure S2) shows no distinct reflections and thus no
detectable long-range mesostructural order. This is consistent
with restructuring of the carbonaceous network as a combined
result of the complicated chemistry and longer-range
interactions that occur during decomposition of the
melamine−formaldehyde resin, volatilization of some pyrolysis
products, and silica removal. By comparison, sorption
measurements and high-resolution transmission electron
microscopy (TEM) images reveal significant short-range
mesostructural order. Specifically, N2 sorption measurements
(Supporting Information, Figure S3) revealed type-IV
isotherms, indicative of the presence of uniform mesopores,48

as observed in previously synthesized mesoporous carbons,
such as CMK-3.49 Brunauer−Emmett−Teller (BET)41 and
Barrett−Joyner−Halenda (BJH)42 sorption analyses were used
to determine the specific surface area (800 m2/g), specific pore
volume (0.66 cm3/g), and established a narrow pore-size
distribution centered about 3.8 nm (Figure 3a). This mean

mesopore size corresponds well with the wall thickness of the
mesoporous silica templates used to prepare the mesoporous
transition-metal, N-doped carbon materials. High surface areas
and large pore volumes indicate that mesoporosity is
maintained after removal of silica framework. This is
corroborated by the high-resolution TEM images of the
Fe,N-doped carbon material in Figure 3b, which shows
mesopores with dimensions of 3−4 nm between carbonaceous
features approximately twice this size. However, the high

Figure 2. Thermogravimetric analysis plots acquired over the range
100−900 °C under nitrogen atmosphere for melamine−formaldehyde
resin and Fe(NO3)3 mixture (green) and melamine and Fe(NO3)3, in
gray. Distinct regions of mass loss are observed: with formaldehyde
present as a cross-linker, regime I corresponds to water loss from
polymer condensation or Fe(NO3)3 decomposition, regime II
corresponds to decomposition of methylene cross-links, and regime
III corresponds to decomposition of triazine rings. Without
formaldehyde, mass loss is due to decomposition of Fe(NO3)3 (i),
amines (ii), and triazine rings (iii). The final product yields after
pyrolysis at 900 °C were 15 and 2%, with and without formaldehyde,
respectively.

Figure 3. (a) BJH pore-size distribution and (b) representative TEM
images of an mesoporous Fe,N-doped carbon material synthesized
from melamine−formaldehyde resin with iron nitrate (0.05 iron
nitrate-to-melamine mole ratio). The mean pore size of 3.8 nm
established in (a) is consistent with the mesopore dimensions
(parallel light regions) shown in (b). The wide-angle X-ray diffraction
pattern of this material is shown in Figure 5b.
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extents of mesostructural order appear to be confined to local
regions, as they are not evidenced by the SAXS patterns.
Nevertheless, the large surface areas, large pore volumes, and
uniform mesopore dimensions of the N-doped carbon
materials are expected to yield beneficial catalytic properties.
Both short- and long-range graphitic order are present in the

melamine−formaldehyde-derived transition-metal- and N-
doped mesoporous carbon materials, the extents to which
depend strongly on the transition-metal species used. In the
presence of transition-metal oxides, the decomposition of the
melamine−formaldehyde resin and restructuring of the
carbonaceous network at high pyrolysis temperatures (>350
°C) result in materials with increased graphitic properties,
compared with materials prepared in the absence of metal
species.50 This is evident in wide-angle X-ray scattering
(WAXS) patterns shown in Figure 4a for mesoporous Fe,N-,

Ni,N-, Co,N-, and Mn,N-doped carbon materials prepared
identically, except for the use of the different respective metal
nitrate salts. All show reflections at 26.2°, corresponding to a d-
spacing of 0.34 nm, which is assigned to the (002) plane of
graphitic carbon layers.51 The mesoporous Fe,N- and Ni,N−
carbon materials show sharper (002) reflections, consistent
with previous reports that found iron and nickel species to be
superior graphitization catalysts for other organic precursors,
such as phthalocyanines.32 By comparison, those formed from
Co- or Mn-containing salts exhibit (002) reflections that are
significantly less intense. Broad reflections are also observed at
lower scattering angles (centered at ca. 20°), which indicate
the presence of less-ordered carbon51 with somewhat larger d-
spacing (ca. 0.4 nm). This is consistent with the greater
intensities of this reflection relative to the sharper reflection at
26.2° for the less-ordered Mn,N-, Co,N-, and Ni,N-analogues,
compared with the Fe,N−carbon materials. All of the
mesoporous transition-metal, N-doped carbon materials yield
a weaker second reflection at 43.5° that is assigned to the
superposition of the (100) and (101) graphitic planes.51

Additionally, the mesoporous Fe,N−carbon material exhibits a

reflection at 44.5°, likely from metallic α-Fe,52 which indicates
some iron ions were reduced during high-temperature
pyrolysis with carbon materials.
WAXS is sensitive to long-range atomic structural order,

whereas the positions, relative intensities, and widths of Raman
spectroscopy bands are sensitive to locally ordered, as well as
disordered, graphitic moieties in mesoporous metal- and
nitrogen-doped carbon materials. For example, in the range
of 1000−2000 cm−1, Raman spectra of single-crystal graphite
exhibit only a narrow band centered at 1575 cm−1, associated
with a characteristic lattice-vibration mode of graphite.53 By
comparison, mesoporous Fe,N-, Ni,N-, Co,N-, and Mn,N-
doped carbon materials show broad Raman bands (Figure 4b)
with two intensity maxima at approximately 1350 and 1580
cm−1. Each of these spectra can be deconvoluted into four
Lorentzian-shaped bands centered at 1200, 1350, 1450, and
1580 cm−1. The bands centered at 1350 and 1450 cm−1 are
associated with relatively disordered graphitic structures that
have been attributed to the lattice vibrations of graphite near
crystalline domain edges53 or distorted (e.g., heteroatom-
doped) graphitic lattices,54 respectively. These bands are
consistent with the high surface areas of the materials, which
are expected to have significant relative fractions of carbon
moieties at the edges of crystalline domains or near nitrogen
atoms in the graphitic lattices. The broad band centered at
1200 cm−1, by comparison, is attributed to a stretching
vibration of polyene-like structures.55 The dominant peaks
centered at 1350 and 1580 cm−1 are designated as D and G
Raman bands, respectively, and their intensity ratio (D/G) is
considered to be inversely correlated with the degree of
graphitization.53,55 Accordingly, the Raman spectra of meso-
porous Fe,N-, Ni,N-, Co,N-, and Mn,N-doped carbon
materials yield D/G intensity ratios of 0.8, 1.3, 1.2, and 2.6,
respectively, which correspond reasonably well with the
relative extents of graphitization (Fe > Ni > Co > Mn)
observed in the WAXS results. Additionally, the narrowness of
the Raman D band has been proposed as another indication of
graphitic properties.56 The full-width-at-half-maximum values
were measured to be 92, 124, 115, and 197 cm−1 for the
mesoporous Fe,N-, Ni,N-, Co,N-, and Mn,N-doped carbon
materials, respectively, consistent with their corresponding D/
G intensity ratios. Thus, both the Raman and WAXS analyses
support the beneficial role of iron nitrate in syntheses of
mesoporous Fe,N-doped carbon materials with high extents of
graphitization. Furthermore, polarization curves for the
mesoporous Fe,N-, Ni,N-, Co,N-, and Mn,N-doped carbon
materials (Supporting Information, Figure S4) establish that
the Fe,N-doped carbon exhibited greater ORR activity.
Iron is a known graphitizing agent,32 so the extent of

graphitic order depends on the relative quantity of transition-
metal used and choice of organic precursor species.
Mesoporous Fe,N-doped carbon materials were synthesized
with different quantities of iron nitrate (initial iron nitrate/
melamine molar ratios of 0.02, 0.05, 0.10, and 0.20), and their
graphitic properties were examined by WAXS. As shown in
Figure 5a, the relative intensities of the reflections at 26.2° are
higher for materials prepared with higher molar ratios of iron
nitrate, which indicate higher degrees of graphitic ordering
over the range of molar ratios tested. Additionally, these
melamine−formaldehyde-derived mesoporous N-doped car-
bon materials synthesized with transition-metal salts exhibit
higher graphitic properties than if other precursors are used.
Figure 5b compares the WAXS pattern of a melamine−

Figure 4. (a) Wide-angle X-ray scattering (WAXS) patterns and (b)
Raman spectra of mesoporous Fe,N-, Ni,N-, Co,N-, and Mn,N-doped
carbon materials prepared under identical conditions, except for the
transition-metal nitrate salt used. The molar ratio of metal nitrate salt
to melamine for all materials was 0.10. The WAXS reflections at 26.2°
and the Raman bands at 1580 cm−1 indicate the highly graphitic
properties of the mesoporous Fe,N- and Ni,N-doped carbon
materials. A reflection from α-Fe is indicated by the asterisk.
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formaldehyde-derived mesoporous carbon prepared with iron
nitrate with that of materials prepared under otherwise
identical synthesis conditions, but using phenol−formaldehyde
resins57 without and with the iron nitrate salt. The WAXS
pattern of the phenol−formaldehyde-derived mesoporous
carbon without iron salt (i) shows only a single broad
reflection below 20° and no clear evidence of graphitic
ordering. By comparison, when iron nitrate was used, the
resulting mesoporous carbon material (ii) exhibited a weak
reflection at ∼26° that was much less intense than that for
melamine−formaldehyde-derived mesoporous carbon materi-
als (iii). The superior graphitic properties of melamine−resin-
derived mesoporous carbons suggest that intermediate species
formed during pyrolysis of melamine−formaldehyde resin
enable restructuring of the carbonaceous network at high
temperature, which results in carbon moieties with greater
extents of both local and long-range crystalline order. Although
pyrolysis of several similar small-molecule organic precursors
with iron or nickel salts has been previously shown to yield
materials with graphitic properties,50 the melamine−form-
aldehyde-resin-derived mesoporous carbon materials prepared
with iron nitrate appear to exhibit greater extents of
graphitization.
The bulk electrical conductivities of these mesoporous

transition-metal- and N-doped carbon materials are relatively
high and correlate with the degree of graphitization achieved
for the different transition-metal nitrates used. Conventional
mesoporous carbon materials prepared from phenol−form-
aldehyde resin57 are nongraphitic (as shown in Figure 5b,i)
and are therefore expected to have low bulk electrical
conductivities due to their high porosities and absence of
conductive graphitic domains. Bulk conductivities were
determined from impedance measurements for all samples
and are tabulated in Supporting Information, Table S2. As
expected, the conductivity of the mesoporous carbon material
prepared from phenol−formaldehyde was relatively low at 4.6
S/cm. For comparison, graphite powder exhibited a value of 98
S/cm, due to the presence of large crystalline graphitic

domains without significant porosity. In contrast, mesoporous
transition-metal- and N-doped carbon materials prepared from
melamine−formaldehyde exhibited higher bulk electrical
conductivities, in spite of their nitrogen contents that have
often been reported to reduce electron conductivities.58

Although the mesoporous Mn,N-doped carbon with relatively
poor graphitic properties exhibited only slightly higher
conductivity (7 S/cm) than that of conventional mesoporous
carbon materials, the more graphitic mesoporous Fe,N- and
Ni,N-doped carbon materials manifested significantly higher
bulk electrical conductivities of 19 and 17 S/cm, respectively.
Although the mesoporous Fe,N-doped carbon material was
less conductive than nonporous graphite (without nitrogen),
its conductivity was more than 4 times greater than that of
conventional mesoporous carbon materials, which is advanta-
geous for use as an electrocatalyst.
Postsynthesis acid leaching and heat treatment have been

demonstrated to increase the oxygen reduction activities of
other N-containing carbon materials20,59,66 and were used
similarly here for the mesoporous Fe,N-doped carbon material.
Oxygen reduction activities of otherwise identical mesoporous
Fe,N-doped carbons, except for their different postsynthesis
treatments, were evaluated by rotating ring disk electrode
(RRDE) tests in a 0.1 M NaOH electrolyte solution.
Polarization curves were measured under alkaline conditions
for the (i) as-synthesized mesoporous carbon catalysts, (ii)
after acid treatment, and (iii) after acid treatment and
additional pyrolysis (900 °C for 1 h under flowing N2 gas),
and the results are shown in Figure 6a and Table 1. As can be
seen from the polarization curves in Figure 6a generally shifting
to greater absolute current (indicating higher catalytic rates) at
higher potentials (indicating smaller required overpotentials),
each postsynthesis treatment results in improved electro-
catalytic activities. Additionally, peroxide yields (i.e., fraction of
O2 reduced to hydrogen peroxide, rather than water) were
calculated from the RRDE ring current by using eq 1 and are
plotted as a function of the applied potential in Figure 6b. In
addition to resulting in higher electrocatalytic activities, the
postsynthesis treatments reduce the generation of peroxides,
which improves catalyst efficiency for the four-electron
reduction of O2 to water and thus fuel conversion efficiency.60

A summary of the electrochemical measurement results,
including onset potentials, half-wave potentials, Tafel slopes,
and exchange current densities, is provided in Table 1.
As-synthesized mesoporous Fe,N-doped carbon catalysts

prepared with alkaline treatment to remove silica templates
exhibit a high onset potential of 0.95 V versus RHE, which
establishes high ORR activity. However, the reduction current
increases slowly as the potential is decreased (Figure 6a,i),
resulting in relatively low half-wave potential of 0.76 V and a
high Tafel slope of 76 mV/decade (Table 1). As a result, a
saturated current−density plateau in the low-potential region
(i.e., limiting current density) is not clearly observed. In
addition, the Pt ring current reveals that this catalyst produces
a significant quantity of peroxide (33% at 0.54 V), indicating
significant contributions from the two-electron oxygen
reduction process. The two-electron process, which generates
peroxides, is less favorable than the four-electron reduction to
water, because peroxide lowers the fuel conversion efficiency
and can negatively affect the fuel cell membrane and electrode
stability.60 By comparison, following acid treatment to leach
out pore-filling carbonaceous materials, the half-wave potential
increases to 0.82 V, consistent with a lower Tafel slope of 60

Figure 5. Wide-angle X-ray scattering patterns of mesoporous carbon
materials prepared under identical conditions by using (a) melamine−
formaldehyde resin and Fe(NO3)3 but with different molar ratios
(0.02, 0.05, 0.10, and 0.20) of iron nitrate to melamine and (b)
different precursors: (i) phenol−formaldehyde resin without Fe-
(NO3)3, (ii) phenol−formaldehyde resin with Fe(NO3)3, and (iii)
melamine−formaldehyde resin with Fe(NO3)3. A reflection from α-Fe
is indicated by the asterisk.
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mV/decade (Table 1), while the onset potential and peroxide
yield are not significantly altered. The decreased value of the
Tafel slope after acid treatment indicates that acid leaching
removes less-active surface species from the catalysts and/or
improves accessibility to active species. However, the catalyst
still produces a large quantity of peroxide (maximum peroxide
yield of 28% at 0.57 V vs RHE) via the two-electron reduction
process. Finally, additional pyrolysis of the acid-treated catalyst
significantly improves ORR activities, as established by the
higher onset potential (1.02 V), half-wave potential (0.84 V),
and four-electron selectivity (maximum peroxide yield reduced
to 9% at ∼0.20 V vs RHE), implying that the additional
pyrolysis step increased the number of active sites in
mesoporous Fe,N-doped carbon catalysts. This is also
supported by increased exchange current density and a Tafel
slope that is comparable to the catalyst with acid treatment
only. On the basis of these results, the acid and heat treatments
significantly improve the oxygen reduction activities of the
mesoporous Fe,N-doped carbon catalysts.

Increased ORR activities of the mesoporous Fe,N-doped
carbon catalysts after postsynthesis treatments can be
correlated with increased surface nitrogen and decreased
surface oxygen contents. Approximate surface elemental
compositions of the mesoporous Fe,N-doped carbon catalysts
before and after postsynthesis treatments were estimated and
compared by survey X-ray photoelectron spectroscopy (XPS)
analyses, and the results are tabulated in Supporting
Information, Table S3. Initially, because of the high nitrogen
content of melamine-based resin, the melamine−formalde-
hyde−silica composite with iron nitrate contained ca. 30 atom
% surface N species. By comparison, after the first pyrolysis at
900 °C, the surface nitrogen content decreased significantly to
5 atom %, reflecting the low thermal stability of these nitrogen
species at high temperatures. As-synthesized mesoporous
Fe,N-doped carbon prepared following alkaline dissolution of
the silica frameworks show ca. 4 atom % surface N, 0.7 atom %
surface Fe, and 14 atom % surface O contents. The relatively
high oxygen content of the material is attributed to surface
oxidation during exposure to the alkaline dissolution solution,
which offsets the loss of surface oxygen from removal of the
silica. Postsynthesis acid treatment of the material leads to
lower surface iron content (from 0.7 to 0.1%), consistent with
dissolution and removal of Fe species, without other significant
changes in surface composition. In conjunction with the
electrochemical analyses shown in Figure 6, this suggests that
acid treatment exposes surface species that are active for
oxygen reduction. Finally, the XPS analysis reveals that the
second pyrolysis step at 900 °C, which results in significantly
higher ORR activities, further decreases surface oxygen content
to ∼3 atom %. Thus, mesoporous Fe,N-doped carbon catalysts
prepared under optimized postsynthesis treatment conditions
exhibit surface elemental compositions of ∼4 atom % nitrogen
and ∼3 atom % oxygen, which are similar to other highly active
N-doped carbon-based ORR catalysts.61

Complementing the survey XPS estimates of near-surface
elemental compositions, high-resolution nitrogen XPS enables
the identification of different types of surface nitrogen sites.
This specifically includes distinguishing between pyridinic and
graphitic nitrogen species that are thought to be associated
with ORR active sites.21,23,62,63 High-resolution N 1s XPS
spectra were acquired for mesoporous Fe,N-doped carbon
materials after the various synthesis steps shown in Figure 7:
(a) with no postsynthesis treatment, (b) after acid treatment,
and (c) following acid treatment and additional pyrolysis for 1
h at 900 °C. The quantities of each nitrogen species were
estimated by deconvoluting the nitrogen XPS spectra into four
peaks: pyridinic and Fe-bonded nitrogen (398.6 eV), pyrrolic
and pyridonic nitrogen (400.5 eV), graphitic nitrogen (401.3
eV), and nitrogen oxide (402−405 eV),43 the results of which
are summarized in Supporting Information, Table S4. The low
concentrations of surface nitrogen species limit the sensitivity
and resolution of the spectra, resulting in overlap of peaks

Figure 6. (a) Polarization curves and (b) peroxide yields of
mesoporous Fe,N-doped carbon catalysts synthesized using an iron
nitrate-to-melamine molar ratio of 0.10, followed by (i) pyrolysis and
then alkaline washed to remove the mesoporous silica template (as-
synthesized), (ii) after pyrolysis, alkaline washing, and an additional
acid treatment, and (iii) after pyrolysis, alkaline washing, acid
treatment, and an additional pyrolysis step. These materials were
identical to those used in Table 1 and Supporting Information Tables
S3 and S4.

Table 1. Electrochemical Analyses of the Kinetics of Oxygen Reduction for Mesoporous Fe,N-Doped Carbon Catalysts
Synthesized with an Iron Nitrate-to-Melamine Molar Ratio of 0.10 and Different Postsynthesis Treatments

treatments onset potential (V vs RHE) half-wave potential (V vs RHE) Tafel slopea (mV/decade) exchange current densitya (10−5 A/m2)

as-synthesized 0.95 0.76 76 4.6
acid treatment 0.96 0.82 60 0.46
additional pyrolysis 1.02 0.84 60 1.2

aTafel slopes and exchange current densities were calculated from mass-transport-corrected kinetic current densities.
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associated with pyridinic and Fe-bonded nitrogen, as well as
those for the pyrrolic and pyridonic nitrogen moieties, which
cannot be distinguished from each other. After alkaline
dissolution of the silica template, as-synthesized mesoporous
Fe,N-doped carbon catalysts, the materials contain ca. 50 atom
% pyridinic or Fe-bonded nitrogen, 35 atom % pyrrolic and/or
pyridonic nitrogen, and small amounts of graphitic nitrogen
and nitroxide (Figure 7a) as near-surface species. Following
acid treatment (Figure 7b), the relative percentages of the
pyrrolic and/or pyridonic nitrogen species increased, whereas
those of pyridinic or Fe-bonded nitrogen decreased, consistent
with acid dissolution of surface iron species. However, after the
additional pyrolysis step, the relative percentages of pyrrolic
and/or pyridonic nitrogen species significantly decreased and
an increase of the percentage of graphitic nitrogen species was
observed (Figure 7c). In combination with the electrochemical
measurement results, this suggests that pyridinic or graphitic
nitrogen species are associated with higher ORR activity than
pyrrolic/pyridonic nitrogen species, consistent with several
prior findings.23,63 As the second pyrolysis step reduces the
surface oxygen contents significantly, the XPS peak around
400.5 eV can be assigned mainly to pyridonic nitrogen species,
which contain oxygen, with a smaller contribution from
pyrrolic moieties, which do not. Collectively, the electro-
chemical measurements and the high-resolution XPS analysis
indicate that influencing the distributions of surface nitrogen
species presents an opportunity to increase the number of
ORR active sites and thus to improve ORR activities.
Besides the types of nitrogen moieties present, the oxygen

reduction activities also depend on the amount of Fe species in

mesoporous Fe,N-doped carbon materials, for which there
appears to be an optimal value. As discussed previously (Figure
5a), additional iron species are favorable for increasing
graphitic properties. However, the amount of iron species
that improves ORR activity is generally very low (typically <1.0
atom %),47,64,65 with excess resulting in iron particles within
the graphitic carbon layers. Although surface iron species can
be dissolved by acid treatment, encapsulated particles are not
readily removed, resulting in potentially considerable amounts
of Fe residues7,52 and a decrease in gravimetric densities of
active sites in the catalysts. Mesoporous Fe,N-doped carbon
catalysts were prepared with differing iron nitrate-to-melamine
molar ratios (0, 0.02, 0.05, 0.10, and 0.20), and their oxygen
reduction activities were evaluated by rotating disk electrode
tests. As shown in Figure 8a, the mesoporous N-doped carbon

catalyst prepared without iron nitrate exhibited a slowly
increasing reduction current with decreasing potential. By
comparison, a small quantity of iron nitrate added to the
synthesis resulted in a catalyst with higher onset and half-wave
potentials. The reduction currents of mesoporous Fe,N-doped
carbon catalysts increased at higher molar ratios of iron nitrate-
to-melamine, resulting in a maximum onset potential and a
maximum half-wave potential observed for the catalysts
prepared with 0.05 and 0.10 iron nitrate-to-melamine ratios,
respectively. Iron is known to be beneficial for high ORR
activity,66 for which the optimum iron content has been
reported to be very low (e.g., 0.05 wt %).47 Therefore, the
greater ORR activities observed here for increasing iron
nitrate-to-melamine molar ratios (up to 0.10) suggest that the
extent of graphitization is important, as corroborated by the
WAXS and Raman results in Figures 4 and 5.

Figure 7. High-resolution X-ray photoelectron spectroscopy (XPS)
spectra of mesoporous Fe,N-doped carbon catalysts synthesized with
an iron nitrate-to-melamine molar ratio of 0.1 and (a) no
postsynthesis treatment, (b) after acid treatment, and (c) after acid
treatment and additional pyrolysis for 1 h at 900 °C. These materials
are identical to those used in Figure 6, Table 1, and Supporting
Information Tables S3 and S4.

Figure 8. (a) Polarization curves and (b) onset and half-wave
potentials of mesoporous Fe,N-doped carbon catalysts prepared
under identical conditions including postsynthesis acid treatment and
additional pyrolysis, except with different Fe(NO3)3/melamine molar
ratios of 0, 0.02, 0.05, 0.10, and 0.20.
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The incorporation of additional iron nitrate, which promotes
a higher extent of graphitization, however, eventually led to
decreased specific ORR electrocatalytic activity (per mass of
catalyst). This is attributed to excess quantities of iron in the
carbon frameworks that increase the bulk density of the
resulting materials, though do not significantly contribute to
increased ORR activity.
On the basis of the TGA results, the catalyst prepared with a

0.20 molar ratio of iron nitrate/melamine is estimated to
possess 22 wt % Fe (Supporting Information, Figure S5),
resulting in higher bulk densities of the catalysts. A high extent
of graphitization, however, tends to be associated with a
decreased heteroatom loading or lower porosity, which
requires a trade-off between these properties to obtain high
ORR activity. Figure 8b separately plots the onset and half-
wave potentials measured for the materials prepared with
different amounts of iron nitrate. Optimal molar ratios of Fe
nitrate/melamine were found to be 0.10 and 0.05 for the
highest onset and half-wave potentials, respectively. These
results indicate the desirability of optimizing the amount of Fe
incorporated into the mesoporous Fe,N-doped carbon
materials to obtain high ORR activity.
Highly graphitic mesoporous Fe,N-doped carbon materials

prepared under optimized synthesis conditions exhibited high
ORR activities under alkaline conditions, that were comparable
to commercial carbon-supported 20 wt % Pt/C. Oxygen
reduction activities were evaluated by using linear sweep
voltammetry in an O2-saturated 0.1 M NaOH solution with a
RDE rotation rate of 900 rpm, as shown in Figure 9a. An
optimized mesoporous Fe,N-doped carbon catalyst showed
excellent ORR activity with a high onset potential of 1.04 V
versus RHE, which is almost identical to that of Pt/C catalysts.
Magnified polarization curves of the high-potential region
(shown in Supporting Information, Figure S6) more clearly
demonstrate the nearly identical onset potentials. This onset
potential value is greater than that reported for most transition-
metal oxide catalysts (e.g., Ni-doped Co3O4 nanowire arrays on
graphene foam, for which an onset potential of ∼0.97 V vs
RHE has been measured) or N-doped porous carbon
materials.67 It is also close to the values reported for
nanostructured N-doped carbon materials, such as carbon
nanotube−graphene complexes (1.05 V),61 carbon nanotube/
Fe3C nanoparticle hybrids (1.07 V),64 and Fe,N-doped carbon
nanofibers on expanded graphite (1.07 V),65 indicating that the
ORR activities of mesoporous Fe,N-doped carbon materials
prepared by pyrolysis of inexpensive melamine−formaldehyde
can be comparable to high-purity nanostructured carbons.
Additionally, the mesoporous Fe,N-doped carbon catalyst
showed a half-wave potential of 0.87 V, which is higher than
that of the Pt/C catalyst (0.85 V) and is comparable to that of
other Fe,N-doped carbon catalysts fabricated from conducting
polymer20 or macrocyclic compounds66,68 (Table S5). These
excellent electrocatalytic activities likely result from a
combination of the high mesoporosity and highly graphitic
properties of the material, which provide accessible ORR active
sites and high electrical conductivity, respectively.
Mesoporous Fe,N-doped carbon also compares favorably to

Pt/C catalysts on the basis of Tafel slopes, which were
calculated to evaluate their relative electrochemical activities
for oxygen reduction. The onset and half-wave potentials are
dependent on catalyst loading and the associated density of
active sites, as higher catalyst loadings yield increased exchange
current densities. However, comparable catalyst loadings

cannot be easily determined, as the active sites of Fe,N-
doped carbon catalysts are still under debate. Nevertheless,
Tafel slopes, which are independent of catalyst loading, can
establish relative electrocatalytic activities. Specifically, Tafel
slopes of the mesoporous Fe,N-doped catalysts synthesized
with an iron nitrate-to-melamine ratio of 0.05 were determined
from the slope of iR-loss-corrected overpotential, plotted as a
function of logarithmic mass-transport-corrected kinetic
current density, and compared with those of commercial Pt/
C catalysts. As shown in Figure 9b, the 20 wt % Pt/C catalyst
exhibits a Tafel slope of 67 mV/decade, consistent with
literature values.44 By comparison, the mesoporous Fe,N-
doped carbon catalyst yields a lower Tafel slope of 53 mV/
decade, which is consistent with their higher half-wave
potentials, whereas their onset potentials are comparable.
The low Tafel slope value, in combination with high onset and
half-wave potentials, establishes the fast ORR kinetics of the
mesoporous Fe,N-doped carbon catalysts.

Figure 9. (a) Polarization curves, (b) mass-transport- and iR-loss-
corrected Tafel plots, and (c) peroxide yields for Pt/C and for a
mesoporous Fe,N-doped carbon catalyst synthesized with an iron
nitrate-to-melamine molar ratio of 0.05 and postsynthesis acid and
heat treatments. The data were acquired under alkaline conditions
(0.1 M NaOH) by linear sweep voltammetry with a rotating ring disk
electrode operating at 900 rpm.
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The mesoporous Fe,N-doped carbon catalyst was also found
to generate less partially reduced peroxide species than the Pt/
C catalyst, which contributes to higher energy conversion
efficiencies and stabilities of the catalysts. Figure 9c compares
the peroxide yields of mesoporous Fe,N-doped carbon and Pt/
C catalysts, as determined from RRDE measurements and
calculated by using eq 1. The commercially available 20 wt %
Pt/C catalyst exhibited a low peroxide yield over the entire
potential region, with a maximum of 1.5% at 0.75 V versus
RHE. By comparison, the mesoporous Fe,N-doped carbon
catalyst generated a negligible amount of peroxide at potentials
higher than 0.8 V vs RHE, although the amount of peroxide
produced was substantially higher below ∼0.6 V; the peroxide
yield was ∼7% at 0.4 V. This trend is consistent with the small
decrease observed in the limiting current of the Fe,N-doped
carbon catalyst at potentials below 0.6 V (Figure 9a). The low
peroxide yield at high potential is desirable, as Fe,N-doped
carbon catalysts often suffer from poor stability of their oxygen
reduction activity at high potentials. The peroxide generated
from the partial reduction of oxygen has been suggested to
oxidize the catalysts or to generate more reactive radicals by
coupling with Fe2+ ions (e.g., Fenton’s reagent), resulting in
catalyst degradation.69 It should be noted that due to the high
porosity of the Fe,N-doped carbon, the thickness of its catalyst
layer was greater than that for Pt/C so the lower apparent
peroxide generation may be due to a combination of higher
intrinsic selectivity against peroxide production, greater
opportunity for the partially reduced peroxide to be fully
reduced to water before exiting the catalyst layer or a higher
probability of being decomposed via a non-electrochemical
disproportionation reaction. Nevertheless, the low apparent
production of peroxide species by the mesoporous Fe,N-doped
carbon catalyst at high potentials results in improved
electrocatalytic stability, which was evaluated by comparing
oxygen reduction activities before and after potential cycling.
As shown in Supporting Information, Figure S7, after 5000
cyclic voltammetry scans, the commercially available Pt/C
catalysts manifested a 34 mV decrease in the half-wave
potential, whereas the mesoporous Fe,N-doped carbon
catalysts exhibited a much lower 16 mV decrease in half-
wave potential. The smaller decrease in half-wave potential for
the mesoporous Fe,N-doped carbon reflects its higher catalytic
stability compared to that of Pt/C, which can be attributed to
the low apparent peroxide formation, as well as the highly
graphitic property of the mesoporous Fe,N-doped carbon
catalysts.
Mesoporous Fe,N-doped carbon catalysts also exhibited

excellent alcohol tolerance versus platinum-based catalysts. For
example, methanol in direct methanol fuel cells (DMFCs)
diffuses from the anode to the cathode and is oxidized on Pt-
based cathode catalysts, reducing the power output of DMFCs,
especially at high voltages.70 Therefore, high methanol
rejection is desirable for ion-conduction membranes, which
typically increases the cost of these fuel cells. The effects of
methanol were examined for Pt/C and mesoporous Fe,N-
doped carbon catalysts by acquiring polarization curves under
0.1 M NaOH without and with 0.5 M methanol, as shown in
Supporting Information, Figure S8a,b, respectively. Pt/C
catalysts are well known for catalyzing methanol oxidation at
the potentials typical of the DMFC cathode operation and
show a significant (∼360 mV) decrease in their half-wave
potentials in the presence of methanol. By comparison,
mesoporous Fe,N-doped carbon catalysts exhibit almost

identical polarization curves with and without 0.5 M methanol
(∼10 mV decrease in half-wave potential), significantly
reducing the potentially detrimental effect of methanol fuel
crossover. The high oxygen reduction activity, stability, and
selectivity of melamine−formaldehyde-derived mesoporous
Fe,N-doped carbon catalysts prepared by pyrolysis and
additional treatments suggest that they may reduce the cost
of PEFCs by both replacing expensive Pt catalysts and also
lowering requirements for fuel cell membranes.

4. CONCLUSIONS
Mesoporous N-doped carbon materials with highly graphitic
properties have been prepared by pyrolysis of melamine, an
inexpensive organic precursor with high N content, form-
aldehyde, and iron or nickel nitrate salts. They show high
mesoporosities with narrow pore-size distributions (centered
at 3.8 nm), which are expected to lead to lower mass transport
resistance within the pores and improve accessibility to surface
active species. Incorporation of Fe or Ni nitrate salts during
synthesis results in higher extents of graphitization compared
to other materials prepared by pyrolysis of small molecules.
The highly graphitic properties, which include high thermal
and chemical stabilities, as well as high electrical conductivity,
are favorable for electrode materials. Specifically, mesoporous
Fe,N-doped carbon materials show high oxygen reduction
electrocatalytic activity under alkaline conditions, and after
optimizing surface compositions and Fe loadings, these
catalysts exhibit onset and half-wave potentials that are
comparable to those of Pt/C catalysts. XPS analyses reveal
that the catalysts prepared under optimized synthesis
conditions have ∼3 atom % surface oxygen and ∼4 atom %
surface nitrogen species, with most of the nitrogen atoms
present in pyridinic or graphitic nitrogen moieties, which
appear to be associated with ORR active sites. Correlation of
ORR activity with the relative populations of these nitrogenous
moieties provides insights into catalytically active sites of N-
doped carbon materials. The electrocatalysts also show
superior stability, as well as higher selectivity to oxygen
reduction in the presence of methanol. The favorable oxygen
reduction properties of mesoporous Fe,N-doped carbon
catalysts, synthesized from inexpensive commodity small-
molecule precursors, are expected to make them attractive in
diverse electrochemical applications.
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Fe,N-doped carbon catalysts; and selectivity compar-
isons of the catalysts based on polarization curves
acquired without and with the presence of methanol
(PDF)
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