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Abstract

Catalysts for the oxygen reduction reaction (ORR) were prepared by the high-temperature pyrolysis of acetonitrile over Vulcan carbon XC-72,
and Vulcan carbon impregnated with 2 wt% Fe or 2 wt% Ni in the form of an acetate salt. The catalysts were characterized by BET surface area
analysis, BJH pore size distribution, electrical conductivity testing, transmission electron microscopy (TEM), temperature-programmed oxidation,
thermogravimetric analysis, X-ray diffraction, X-ray photoelectron spectroscopy, and rotating disk electrode half-cell testing. The most active
catalysts were formed when Fe was added to the support before the pyrolysis; however, samples in which Ni or no metal was added still showed
increased activity for oxygen reduction compared with untreated carbon. The most active catalyst had a significantly higher amount of pyridinic
nitrogen, as determined from XPS. A hypothesis has been proposed to explain this trend based on the formation of different nanostructures
depending on which support material is used for the acetonitrile decomposition. According to this proposed explanation, nitrogen-containing
carbon samples with nanostructures resulting in exposure of more edge planes (the plane in which pyridinic nitrogen is found) will be more active
for the ORR. TEM images of the samples strongly support this hypothesis. Further research is needed to positively identify the active site for
oxygen reduction; however, this site is likely located on carbon edge planes.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Fuel cells offer a potentially cleaner and more efficient
source of energy compared with internal combustion engines
and other energy-conversion devices. Proton-exchange mem-
brane (PEM) fuel cells are a type of fuel cell currently under
consideration for use in mobile applications, because their low
operating temperature allows for quick start-ups compared with
other fuel cells. Currently, a major limitation to the commercial-
ization of PEM fuel cells is the high cost of their components.
For example, the electrodes of PEM fuel cells require Pt to cat-
alyze the low-temperature reactions. Pt is expensive, and its
sparse availability could limit the commercial application of
PEM fuel cells [1].
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The cathode of the fuel cell is the electrode where oxygen is
reduced to water by the following reaction, known as the oxy-
gen reduction reaction (ORR):

O2 + 4H+ + 4e− → 2H2O (1.23 V vs. NHE at STP [2]).

Even when Pt is used as a catalyst, this reaction is relatively
slow and requires a large overpotential before reaction kinetics
increase, thus decreasing the efficiency and maximum power of
the cell. Consequently, developing alternative catalysts to Pt for
the ORR in PEM fuel cells is a major goal for researchers and
a necessity for the commercialization of fuel cells.

Over the past several decades, researchers have investigated
organic macrocycles, such as metalloporphyrins, for use as
cathode catalysts [3–17]. These molecules are similar to the
active site for oxygen adsorption in hemoglobin, where oxy-
gen is adsorbed on an iron center stabilized by the nitrogen
functional groups of the macrocycle. Such materials supported
on carbon have been shown to be active for oxygen reduction
in a fuel cell environment, although activity decreases quickly
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over time. These materials can be made more stable by sub-
jecting them to high-temperature pyrolysis while on the carbon
support before use in the low-temperature reaction. However,
it is believed that the active metal center site completely de-
composes at higher temperatures, at which point the resulting
catalysts become more active and stable in the cathode environ-
ment [4]. The configuration of the new active site is as of yet
unknown, although researchers have hypothesized sites rang-
ing from metal atoms still stabilized by nitrogen groups [5,17]
to sites that contain no metal but are formed catalytically in the
presence of metal [10–12,18,19].

More recently, it has been shown that active catalysts can
be produced from a wide variety of metal, carbon, and nitro-
gen starting materials [13,16,17,20–28]. Even simple materials
like iron salt, carbon black, and ammonia can be subjected
to a heat treatment to produce active ORR catalysts. The na-
ture of the active site is still not well understood, although an
active site has been proposed in which Fe is stabilized by pyri-
dinic nitrogen groups on the edge plane of the carbon, similar
to a 1,10-phenanthroline molecule [17]. The presence of such
a site is based on time of flight secondary ion mass spectrom-
etry (ToF-SIMS) results [17], as well as the fact that the 1,10-
phenanthroline molecule is known to adsorb Fe ions in solution.
But research has shown that active catalysts can be produced
by the heat treatment of carbon supports with no metal dop-
ing in the presence of a nitrogen source, although activity is
less than that in samples to which Fe was added [26]. In these
cases, activity was attributed to metal contamination of the car-
bon supports, because carbon black inherently contains metal
contamination from its preparation.

Some researchers, on the other hand, have hypothesized that
Fe may not be part of the active site, but may simply act as
a catalyst for the formation of the active site [10–12,18,19,21].
Evidence for such a hypothesis includes the fact that activity
can improve after treatment with acid or Cl2 [21], which re-
moves Fe, and that 70 ppm (the Fe contamination in Vulcan
carbon) is a relatively small amount of Fe to contribute sig-
nificant catalytic activity. Although there is a lack of proposed
mechanisms for the ORR in acidic media that include a non-
metallic active site, the literature does contain several clues as
to how nitrogen could improve the ability of carbon to reduce
oxygen. Strelko et al. modeled the electron-donating properties
of carbon containing hetero-atoms [29,30] and found that re-
placing carbon with nitrogen improves the ability of graphite to
donate electrons to O2 or other reactants. In simplified terms,
nitrogen can be viewed as an n-type dopant, such that when it
replaces carbon in the graphite matrix, the plane will contain an
extra electron that is more easily donated. Another possibility is
the potential improvement in performance caused by the pres-
ence of pyridinic nitrogen species at the edge plane. Montoya
et al. modeled the combustion of nitrogen-containing carbon in
oxygen [31,32] and found that the formation of a pyridinic–
N+–O− species is exothermic and a likely intermediate in the
combustion of nitrogen-containing carbons to NO. A significant
amount of XPS analysis of nitrogen-containing carbons has hy-
pothesized the presence of such a species to explain peaks at
a higher oxidation state in the N 1s region [33–35]. It is pos-
sible that such a species could be an intermediate for oxygen
reduction to water at pyridinic nitrogen sites.

If iron is not part of the active site (or even if it is), it may
be acting as a catalyst for the formation of active sites by in-
creasing the number of edge planes exposed. Many electrocat-
alytic reactions show increased kinetics on carbon edge planes
compared with basal planes [36–39]. In fact, even the reduc-
tion of oxygen in alkaline solutions has been shown to occur
faster on carbon edge planes [36,37]. This increase in activ-
ity is attributed to the ability of edge planes to more readily
chemisorb oxygen, the same reason that carbon combusts faster
from edges and defects [36]. Therefore, if nitrogen were merely
playing the role of a dopant, then edge planes would still likely
improve activity because of their known increased interaction
with oxygen. Conversely, if nitrogen were part of an “active
site,” then incidentally both of the proposed active sites, pyri-
dinic nitrogen and the 1,10-phenanthroline site, would be found
on the carbon edge plane.

Metal particles, such as Fe and Ni, are often used as cat-
alysts for the controlled formation of various forms of car-
bon nanostructures [40–44]. Different nanostructures inher-
ently have more edges exposed than others, as Fig. 1 illus-
trates. Structures like onions and tubes (especially longer tubes)
have mostly basal planes exposed, whereas carbon fibers with
stacked platelet or stacked cup structures have significant edge
plane exposure. The conditions used to prepare these structures
are strikingly similar to the treatment conditions used to prepare
active oxygen reduction catalysts. Various conditions, includ-
ing temperature, atmosphere, and the metal catalysts used, ulti-
mately control the type of nanostructures that form [40,43]. The
role of Fe in the formation of particular nanostructures during
the preparation of active ORR catalysts from simple precur-
sors, other than observing the presence of filamentous carbon
[21,24,45], has not been thoroughly investigated.

In this work we investigate the role of metal particles in
the formation of specific nitrogen-containing carbon nanos-
tructures and their relation to ORR activity. Both Fe and Ni
supported by Vulcan carbon were compared with pure Vulcan
carbon as a platform for acetonitrile pyrolysis. Several char-

Fig. 1. Schematic drawings of common carbon nanostructures demonstrating
plane orientation relative to the central axis and thus the resulting edge plane
exposure.
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acterization techniques were used to identify the properties of
the resulting materials, including BET surface area analysis,
BJH pore size distribution (PSD), conductivity testing, trans-
mission electron microscopy (TEM), temperature-programmed
oxidation (TPO), thermogravimetric analysis (TGA), X-ray dif-
fraction (XRD), X-ray photoelectron spectroscopy (XPS), and
rotating disk electrode (RDE) half-cell testing. In particular,
XPS and TEM characterization was used to investigate whether
metal particles improve the amount of nanostructures with
a significant amount of edge planes exposed and thus a higher
amount of pyridinic nitrogen. Characterization results were cor-
related with oxygen reduction activity determined from RDE
half-cell experiments.

2. Experimental

2.1. Catalyst preparation

Commercial Vulcan carbon XC-72 (Cabot, as received) and
Vulcan carbon doped with 2 wt% Fe or 2 wt% Ni were used
as a support for the high-temperature pyrolysis of acetonitrile
to produce active catalysts. In cases where the support was
doped with a metal before acetonitrile deposition, the desired
amount of metal acetate salt was dissolved in 100 mL of double-
distilled H2O, and then the support was added to the solution
while stirring vigorously. The suspension was then sealed and
shaken to wet the carbon, which can form a film on the water
surface. The sample was then stirred for another 30 min and
sonicated for 20 min before drying overnight at 100 ◦C.

Acetonitrile decomposition, or pyrolysis, was carried out by
first adding 2.0 g of support to a quartz calcination boat and
sealing it inside a quartz tube furnace. The temperature was then
ramped at 10 ◦C/min up to the treatment temperature under the
carrier gas (N2 unless noted otherwise) flowing at 150 sccm.
Once the furnace reached the desired treatment temperature,
the room-temperature carrier gas was saturated with acetonitrile
(pvap = 72.8 mm Hg) using a bubbler before being sent to the
furnace. After the treatment was complete (times varied), sam-
ples were cooled to room temperature under the carrier gas. In
addition, two samples were prepared by decomposition of ace-
tonitrile in the absence of a support for comparison. The same
conditions were used, but for the first sample within an empty
quartz tube, the treatment time lasted 18 h, and the resulting
graphite flakes had to be scraped off the side of the tube walls.
The other sample was prepared under identical treatment con-
ditions for 2 h with 200 mg of unsupported Fe(II) acetate in the
furnace.

A sample was also prepared within a sealable quartz tube for
controlled-atmosphere XPS analysis. As-received Vulcan car-
bon (100 mg) was used as the platform for the pyrolysis and
was placed in a 1

4 -inch-i.d. quartz tube with quartz wool packed
on each side. The tube was then placed in an in-house-built hori-
zontal high-temperature tube furnace. Valves were connected to
each end of the quartz tube using graphite ferrules. The valves
were far enough away from the furnace to prevent their seals
from failing. The temperature was then raised to 900 ◦C at a rate
of 10 ◦C/min under N2 flow at 50 sccm. At that point, the N2
was sent through a room-temperature bubbler to saturate the
feed with acetonitrile. After 4 h, the flow was switched back
to N2, and the temperature was allowed to cool to 100 ◦C; then
the sample was sealed in the quartz tube by closing the valves
and taken to a glove box for XPS analysis preparation.

2.2. BET surface area and pore size distributions

Surface area measurements were made by N2 physisorption
using both a Micromeritics ASAP 2010 and a Micromeritics
Accusorb 2100E. The BJH pore size distributions were ob-
tained from the desorption isotherms of N2 physisorption ex-
periments with the Micromeritics ASAP 2010.

2.3. Conductivity testing

Estimates of the bulk material conductivity were obtained
to determine the electrical resistance of the materials in a fuel
cell environment. For these measurements, a 1:1 mass ratio of
sample to 5 wt% Nafion in a solution of aliphatic alcohols was
mixed with an additional 10 mass equivalents of ethanol, and
then sonicated for 30 min. (This process mimics the catalyst ink
preparation for fuel cell cathode preparation.) Next, the ink was
distributed evenly on a copper plate covered with Teflon tape
that had a small hole punched through the tape to act as a reser-
voir for the catalyst ink. Sufficient ink was added to evenly fill
the reservoir with catalyst. After the catalyst dried, the plate was
clamped to a bare copper plate using a force of approximately
100 psi with only the catalyst making electrical contact between
the plates (because the Teflon tape is not conductive). The plates
were then connected to a PAR 263A potentiostat, and the volt-
age was swept from 0 to −0.1 V to determine conductivity.
Resistance in the Cu plates was accounted for in the conduc-
tivity calculation. Each sample was measured four times; the
average standard deviation was ±5% or less for this group of
samples.

2.4. TGA

Acetonitrile deposition for catalyst preparation was per-
formed in situ while following weight changes with a Setaram
TGA/DSC 111 for selected precursors. The instrument was
placed in corrosive gas mode, and approximately 10 mg of sup-
port was loaded in a quartz crucible, while an empty quartz
crucible used on the reference side of the balance. To study tem-
perature dependence, the temperature was ramped from 20 to
800 ◦C at a rate of 5 ◦C/min under a flow of N2 saturated with
acetonitrile at room temperature (50 sccm split between both
sides), then held at 800 ◦C for 2 h before ramping back down
to 20 ◦C. To study weight changes as a function of treatment
time, the temperature was ramped from 20 to 800 ◦C at a rate
of 5 ◦C/min under N2 flow. At 800 ◦C, the N2 was saturated
with acetonitrile (at room temperature) before being sent to the
sample and reference. After 12 h of treatment, the analysis was
stopped.
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2.5. TPO

Carbon samples were characterized by TPO using an on-line
Shimadzu QP-5050 gas chromatograph–mass spectrometer. In
the experiments, 10 mg of sample was placed in a 1

4 -inch-i.d.
quartz U-tube between pinches of quartz wool, then flushed
with 10% O2 in He flowing at 30 sccm for 20 min. Next, the
temperature was ramped from room temperature to 800 ◦C, at
a rate of 5 ◦C/min, while flowing the same gas mixture, and the
oxides of H, C, and N were measured.

2.6. XRD

XRD patterns were obtained with a Bruker D8 diffractome-
ter using Cu-Kα radiation. Samples were supported by poly-
ethylene holders with a 0.5-mm-deep reservoir for the powder
samples. Patterns were recorded between 10◦ and 90◦ 2Θ .

2.7. XPS

XPS was carried out with a Kratos Ultra Axis on samples to
determine surface composition of the elements present and also
to gain insight into the nature of their structures on the surface.
For each sample, a survey was performed from 1200 to 0 eV
using a Mg anode at 14 kV and a 10 mA current. Next, five
sweeps were carried out for each element concurrently, with
the C 1s, N 1s, and O 1s region always scanned. Air-sensitive
samples were transferred into the instrument using a glove box
and a controlled-atmosphere transfer chamber. The estimated
water and oxygen concentrations in the glove box was <5 ppm,
and each sample was exposed to this environment for <20 min.

2.8. TEM

TEM was performed with Phillips CM300 Ultra-Twin FEG
and Phillips Tecnai TF20 instruments. Before being placed
on the support, the samples were dispersed in excess ethanol
by sonicating for 30 min. Lacey-formvar carbon supported by
a 200-mesh copper grid was used as a support.

2.9. RDE half-cell activity testing

The activity of all samples for the ORR was gauged with
cyclic voltammetry (CV) experiments using a PAR 263A po-
tentiostat/galvanostat with a 616 RDE setup. Approximately
10 µL of catalyst ink (prepared for conductivity testing) was
dispensed on the glassy carbon RDE so as to completely cover
the glassy carbon current collector but not the Teflon, and then
allowed to dry. For the testing, a 0.5 M solution of H2SO4 was
used as the electrolyte. The solution was purged with pure O2
before performing an initial test sweep from 1.2 to 0 V (vs.
NHE) at 10 mV/s to remove gaseous O2 from the catalyst pores
and allow the pores to fill with solution. Next, the solution was
sparged with argon for 30 min to remove O2 from the elec-
trolyte. Then five consecutive CVs were run from 0.0 to 1.2 to
0.0 V (vs. NHE) at 50 mV/s, to confirm the absence of oxy-
gen and to obtain a steady current by cleaning reducible and
oxidizible contaminants off of the electrode. Next, a baseline
was obtained by sweeping from 1.2 to 0.0 to 1.2 V (vs. NHE)
at 10 mV/s in the argon sparged solution at a 0-rpm rotation
rate. Finally, the solution was saturated with O2 until consecu-
tive CVs matched (0.0 to 1.2 to 0.0 V at 50 mV/s), and slow
CVs (10 mV/s) were then taken at rotations from 0 to 2000 rpm
in 250-rpm increments in an alternating order converging on
1000 rpm (0, 2000, 250, 1750, etc.). After testing, the RDE was
polished with an alumina and water slurry. The electrolyte was
changed after every sample. The voltage of the peak oxygen re-
duction current at 0 rpm is reported as a measure of activity. In
addition, Koutecky–Levich plots of 1/I (A−1) versus 1/ω1/2

(s1/2 rev−1/2) were constructed from data to obtain the electron
coefficient n and the kinetic current, as described in the next
section.

3. Results and discussion

3.1. Catalyst preparation and physical characterization

The growth of carbon nanofibers from a carbon source has
been well studied using Fe-, Co-, and Ni-based catalysts [40,43,
46,47]. Depending on the catalyst, fiber growth usually starts
at around 600 ◦C, the temperature at which carbon can adsorb
on the metal surface, diffuse through the metal particle, and
deposit out the opposing side of the particle in the form of ele-
mental carbon [40]. Some researchers have prepared nitrogen-
containing carbon fibers, although the presence of nitrogen of-
ten requires higher temperatures for fiber growth. These fibers
can be grown from acetonitrile or other vapors using Ni- and
Co-based catalysts [46,47]. Consequently, researchers have also
prepared active ORR catalysts for PEM fuel cell cathodes from
the pyrolysis of acetonitrile vapors (and other nitrogen/carbon
mixtures) in the presence of Fe particles [21,24,45]. Fibers
were observed in these catalysts among other nanostructures,
although the nanostructures of the fibers were not studied, and
activity could not be attributed to the fibers themselves. A load-
ing of 2 wt% Fe on the support was found to be the optimal
loading in these studies. However, because active ORR cata-
lysts have been reported only for nitrogen and carbon decom-
posed in the presence of Fe, it was decided to compare catalysts
made in the presence of both Ni and Fe, because Ni often cat-
alyzes fiber growth.

Determining the temperature needed to initiate carbon
growth was the first step in catalyst preparation. TGA exper-
iments were run to see what temperature carbon deposition
takes off on the various supports as the temperature is increased.
Table 1 shows the temperature at which sample weight began
to increase in the presence of acetonitrile-saturated N2. The

Table 1
Take-off temperatures of acetonitrile deposition on various supports

Sample T (◦C)

Vulcan carbon (VC) 610
2% Fe/VC 560
2% Ni/VC 532
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presence of 2 wt% Fe or Ni on the support decreased the tem-
perature at which fiber growth commenced, with the Ni sample
taking off at the lowest temperature. Interestingly, researchers
studying Fe/N/C chars as catalysts for the ORR have observed
that pyrolysis temperatures between 600 and 900 ◦C (the same
temperature range in which fiber growth can occur) yield active
catalysts [16].

The subsequent TGA experiments sought to determine an
acceptable treatment time for catalyst preparation. In these ex-
periments the temperature was raised to 800 ◦C and kept there
for 12 h to observe the weight increase trend. Fig. 2 shows the
comparison of Fe-doped Vulcan carbon to pure Vulcan carbon.
Both samples continued to increase in weight through the dura-
tion of the treatment; however, the metal-doped sample gained
weight much more rapidly than the nonmetal sample.

Based on these trends, a series of catalysts were prepared
using the supports of interest with treatment temperatures vary-
ing between 600 and 900 ◦C and treatment times varying from
20 min to 12 h. For all of these samples, some initial properties
were measured, including weight gain during treatment, BET
surface area, nitrogen content, and ORR activity. Weight gain
during the treatment is defined as the difference between the
weight of the sample before and after pyrolysis, divided by the

Fig. 2. Gravimetric analysis during pyrolysis of acetonitrile at 800 ◦C compar-
ing Vulcan carbon and 2% Fe/VC supports.
weight before (an identical definition to the value used for the
y-axis of the TGA plots). The percentage of the surface com-
posed of nitrogen atoms was determined from XPS analysis,
as discussed in more detail in the next section. A quick and
easy estimate of the activity of these samples for the ORR was
also performed using a RDE half-cell setup in which the cata-
lyst was placed in a 0.5 M H2SO4 electrolyte saturated at room
temperature with O2, and the voltage was cycled while record-
ing the current. A peak in the current is observed as the O2 in
the vicinity of the catalyst is used up. This peak occurs at a volt-
age closer to the theoretical ORR voltage of 1.2 versus NHE
for more active catalysts. This technique is commonly used by
ORR catalyst researchers for gauging activity, and additional
kinetic information can be obtained from these experiments by
rotating the sample, as explained in the section on activity test-
ing. At this point, it is important only to note that more active
catalysts will reduce oxygen at a higher voltage and thus have
a higher ORR peak potential. For reference, a 20 wt% Pt/Vulcan
carbon commercial catalyst (Electrochem, EC20PTC), had an
ORR peak potential of 750 mV versus NHE in our measure-
ments.

The properties of the initial series of catalysts are given in
Table 2. Untreated Vulcan carbon, which contains no nitrogen,
is a poor catalyst for the ORR. However, treating the sam-
ple with acetonitrile results in weight increase (dependent on
time), nitrogen uptake, and improved catalytic activity, with
a 2-h treatment giving the most active catalyst. The same trend
holds true if 2 wt% Fe is present on the carbon before the
treatment. In the case of the Fe-containing samples, the weight
gains are much higher, the final surface areas are higher, and
the activities are higher. The Fe samples treated at lower tem-
peratures were not as active as the samples treated at 900 ◦C,
possibly because despite having similar weight gains and sur-
face area, these samples have a lower nitrogen content. Treat-
ments were not carried out above 900 ◦C, but other researchers
have reported that treatment at 1000 ◦C yielded a catalyst with
lower nitrogen content and lower activity than treatment at
900 ◦C [4,16]. Nickel is also a common catalyst for carbon fiber
growth, but treatment of 2 wt% Ni on Vulcan carbon did not
Table 2
Properties of Vulcan carbon-based catalysts treated in acetonitrile

Support Treatment T (◦C) Treatment time Weight increase (%) BET S.A. (m2/g) N composition from XPS (%) ORR current peak (mV)

VC As received None – 230 0.0 30
VC 900 12 h 101.8 26 8.2 140
VC 900 2 h 20.2 90 3.6 240
VC 900 20 min 3.3 158 1.2 180

2% Fe/VC 900 12 h 147.5 39 8.6 355
2% Fe/VC 900 2 h 39.0 127 3.5 555
2% Fe/VC 900 20 min 10.0 162 1.5 550
2% Fe/VC 800 2 h 22.6 154 0.7 430
2% Fe/VC 700 12 h 14.1 134 0.8 315
2% Fe/VC 700 2 h 2.0 200 0.7 460

2% Ni/VC 900 2 h 22.2 90 4.2 175
2% Ni/VC 800 2 h 8.2 119 1.1 160
2% Ni/VC 700 12 h 9.8 134 0.6 145
2% Ni/VC 700 2 h 1.8 203 0.7 270
2% Ni/VC 600 12 h 1.4 200 <0.6 175
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give the favorable properties and activities seen in the Fe-
containing samples. Other researchers have hypothesized that
Fe is part of the active site for the ORR, and that samples sup-
ported by Vulcan carbon that demonstrate some activity are
active because of the inherent Fe contamination (70 ppm) in
the commercial carbon. But this initial characterization indi-
cates there Fe may play an additional role, considering the
higher weight gains and surface areas of the Fe-doped sam-
ples. Fig. 3 clearly demonstrates that for treatment at 900 ◦C,
the Fe-based samples maintained higher surface areas despite
achieving higher weight gains.

Before examining more physical properties, we note that
interesting results occur when samples are prepared without
a support or are heated in the absence of acetonitrile. Table 3
shows the properties of such samples. When Vulcan carbon is
treated in pure N2 rather than acetonitrile-saturated N2, the ac-
tivity for oxygen reduction does not improve. If Fe is present on
the support before the N2 treatment, then the activity improve-
ment is very small versus that of plain carbon, demonstrating
that acetonitrile is necessary for significant catalytic improve-
ment. If acetonitrile is decomposed in the absence of a high-
surface area support, then the final product has very low surface
area and little activity for oxygen reduction. When Fe acetate
alone is treated in the presence of acetonitrile, there is a signif-
icant weight increase, but the final surface area and activity are
low. These results, together with the initial series of catalysts,
support the hypothesis that active catalysts need to be a carbon
material with high surface area and contain nitrogen but need
not necessarily contain iron to have higher activity, unless the
70-ppm Fe contamination is sufficient to contribute activity.

Pore size distribution analysis of some selected samples
showed a unique feature for samples in which Fe was present
during the decomposition of acetonitrile (Figs. 4a–c). After

Fig. 3. Comparison of surface areas as a function of weight gain for Vulcan car-
bon and 2% Fe/VC samples treated at 900 ◦C in acetonitrile for various times.
Fig. 4. Comparison of pore size distributions after pyrolysis of acetonitrile at
900◦C for (a) samples treated 20 min with untreated Vulcan carbon shown for
comparison, (b) samples treated 2 h, and (c) treated unsupported low surface
area samples.
Table 3
Properties of samples prepared using various supports and atmospheres at 900 ◦C

Support Atmosphere Weight increase (%) BET S.A. (m2/g) N composition from XPS (%) ORR current peak (mV)

VC N2 only −0.6 228 0.0 10
2% Fe/VC N2 only −2.1 234 0.0 165
None CH3CN Undefined 1.5 3.3 5
Fe acetate CH3CN 43.2 9 1.5 25
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20 min of treatment, both Fe-doped and nondoped samples lost
some pore volume; however, the Fe-doped sample had a higher
distribution of smaller pores and a peak distribution at 4 nm
(Fig. 4a). The same trends held after 2 h of treatment, as shown
in Fig. 4b. This feature at 4 nm likely arises from nanofiber
growth from Fe particles. Apparently, such fiber growth does
not occur in Ni-doped or nondoped Vulcan carbon samples.
Interestingly, Fig. 4c demonstrates that fiber growth likely oc-
curs on unsupported Fe as well, because unsupported Fe acetate
treated in acetonitrile at 900 ◦C resulted in a sharp peak at 4 nm.
In contrast, the graphitic flakes formed from acetonitrile pyrol-
ysis in an empty furnace had very little pore volume and no
discernible features in the pore diameter distribution. The peak
at 4 nm may not necessarily be due to pores exactly at 4 nm. In
other nanoporous materials, it has been documented that a N2

tensile strength effect can cause an apparent peak in the BJH
desorption PSD at around 4 nm [48]. However, the PSD analy-
sis clearly demonstrates there is something different about the
Fe-doped samples on the nanoscale after the pyrolysis of ace-
tonitrile.

Further physical characterization provides some insight into
the nature of the carbon forming during the treatments. XRD
patterns for a series of carbon-derived samples are shown in
Fig. 5. Amorphous Vulcan carbon has a very broad charac-
teristic (002) peak corresponding to a d-spacing of 0.363 nm.
The nitrogen-containing graphite flakes formed from the de-
composition of acetonitrile without a support have a (002) peak
corresponding to a d-spacing of 0.338 nm. The peaks for all

Fig. 5. X-Ray diffraction patterns of various samples subjected to treatments of
acetonitrile or nitrogen at 900 ◦C for various time periods.
samples analyzed were very broad, indicative of small crystal-
lite size (<10 nm) or lack of long-range order. The samples that
underwent higher weight gains were those that displayed a shift
in the C (002) peak from that of Vulcan carbon to the peak con-
sistent with nitrogen containing graphite flakes formed in the
absence of a high-surface area support. This finding indicates
no correlation between this peak and activity (because there are
apparently other important properties for activity); however, it
does demonstrate how 2% Fe/Vulcan carbon treated for only 2 h
in acetonitrile (the best catalyst studied thus far) led to a shift in
the (002) peak unlike the other samples treated for 2 h, and that
a new type of carbon formed during the treatments.

TPO experiments were carried out to check whether the
results correlated with the activity of samples for oxygen re-
duction. It is conceivable that samples that are more active for
the ORR will activate oxygen at lower temperatures and thus
combust more quickly. Comparing as-received Vulcan carbon
and acetonitrile char (shown in Fig. 6) reveals that the nitrogen-
containing carbon combusts at a much lower temperature. This
is somewhat surprising, because the acetonitrile char has a very
low surface area, which should make it combust more slowly.
Both carbon samples combust to form both CO (28 amu) and
CO2 (44 amu and a small 28 amu contribution); however, only
CO is shown in the figure. The patterns were similar for CO2
and CO except when the combustion rate was high, at which
point CO2 formation reached a plateau (likely from a drop in O2
concentration) and the CO abundance formed a smooth peak.
For both samples, CO2 intensity was slightly higher than CO
intensity. The combustion of Vulcan carbon did not lead to the
formation of any nitrogen oxides, whereas some NO (30 amu)
but virtually no NO2 (46 amu) was formed during the combus-
tion of the acetonitrile char. Interestingly, although nitrogen ox-
ide was released simultaneously with the carbon oxides, most of
the NO was produced toward the final stage of char combustion.

Fig. 7 shows that the presence of a metal decreases the com-
bustion temperature and causes a sharp spike in the amount of
CO and CO2 released, with Fe decreasing the combustion start-
ing temperature more than Ni. Again, the patterns were identi-
cal for 44 and 28 amu, with 44 amu being about 50% more in-
tense. The fragmentation of pure CO2 would predict 44 amu to
have 10 times the intensity of 28 amu if only CO2 were formed;
thus, obviously CO was forming together with CO2. Nitrogen
oxides peaks (not shown) accompanied the much larger car-

Fig. 6. Temperature-programmed oxidation profiles of untreated Vulcan carbon
and 900 ◦C treated acetonitrile char.
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bon oxide peaks with no major differences with respect to the
carbon oxide peaks other than intensity. The Vulcan carbon
sample treated in acetonitrile without metal addition combusted
at a higher temperature than the metal-containing samples and
even acetonitrile char. During preparation, this sample received
only a 20% weight gain from the acetonitrile decomposition;
thus, the sample may be mostly Vulcan carbon. The other sam-
ples may also consist mostly of Vulcan carbon, but the metal is
likely acting as a catalyst for combustion, making the samples
burn at much lower temperatures than the pure carbon would.
To really characterize carbon fibers with TPO, the metal must
be removed by extensive washing to prevent any effect on the
combustion profile [49]. Because of this catalytic combustion
effect of the metal, TPO has a limited ability to characterize the
metal-containing samples, but even acid-washed samples will
contain metal particles encased in carbon that can affect TPO
profiles.

Another very important physical property for fuel cell elec-
trode materials is electrical conductivity. Table 4 reports the
conductivities of the samples measured in a typical fuel cell en-
vironment. All of the carbon-based samples have slightly higher
conductivities than Vulcan carbon. This better conductivity can
be attributed to either increased particle size or loss of oxide
surface species during treatment. Both of these effects are ex-
pected to occur during the treatment and are known to typically
increase electrical conductivity in carbon materials [36].

3.2. XPS and TEM

Whereas the foregoing characterization techniques provided
results on the physical properties of the samples, the effects of

Fig. 7. Temperature-programmed oxidation profiles of doped and undoped Vul-
can carbon supported samples treated at 900 ◦C in acetonitrile atmosphere.

Table 4
Conductivities of various samples

Metal/support Treatment Conductivity (S/m)

None/VC As received 71
20% Pt/VC Commercial 47
None/VC CH3CN for 2 h, 900 ◦C 111
None/VC CH3CN for 12 h, 900 ◦C 165
2% Fe/VC CH3CN for 2 h, 900 ◦C 117
2% Fe/VC CH3CN for 12 h, 900 ◦C 98
2% Ni/VC CH3CN for 2 h, 900 ◦C 119
the preparation parameters on nanostructure and surface species
can be better characterized by TEM and XPS, respectively.
Nitrogen-containing carbons have been studied extensively,
particularly with XPS, for coal and Li ion battery electrode ap-
plications. Pels et al. performed a detailed XPS analysis of the
transformation of carbon and nitrogen model compounds into
nitrogen-containing graphite during high-temperature pyroly-
sis [33] and reported that nitrogen functional groups in carbon
decompose at higher temperatures to form two species, quar-
ternary nitrogen and pyridinic nitrogen. Quarternary nitrogen
can be described as “graphitic nitrogen,” in which nitrogen is
within a graphite plane and bonded to three carbon atoms. This
type of nitrogen is known to have a characteristic N 1s peak in
the XPS spectra at around 401.3 ± 0.3 eV. Pyridinic nitrogen
exists on the edge of graphite planes, where it is bonded to two
carbon atoms, donates one p electron to the aromatic π -system,
and has a resulting N 1s binding energy near 398.6 ± 0.3 eV.
Therefore, XPS can be used to quantify these species based on
differences in the N 1s spectra.

Although the two previously mentioned nitrogen species
are the most stable in carbon treated at high temperatures
(>600 ◦C), some additional nitrogen functional groups are pos-
sible in carbon. Pyrrolic nitrogen is often assigned to peaks at
400.5 ± 0.3 eV. Pyridone (pyridinic-N next to an OH group)
has a similar assignment, and the two are considered indis-
tinguishable [33]. Both of these species have been shown to
decompose at temperatures above 600 ◦C to pyridinic-N and
quarternary-N [33]. A nitrogen species has also been reported
in pyrolyzed samples with a high binding energy (402–405 eV),
typical of oxidized nitrogen. Several authors have termed this
feature a pyridinic–N+–O− species that forms after the sam-
ple is exposed to air [33–35]. The species discussed thus far are
depicted in Fig. 8. Computer simulations have shown that the
pyridinic–N+–O− species can form during the combustion of
nitrogen-containing carbon with oxygen [32]. However, assign-
ment of a pyridinic–N+–O− peak cannot be made with a high
level of certainty. Fig. 9 compares the N 1s region for Vulcan
carbon after treatment with acetonitrile at 900 ◦C for 2 h. The
O 1s spectra could not contribute any useful information in this
regard because of the low oxygen concentrations on the surface

Fig. 8. Nitrogen species commonly reported in post pyrolyzed nitrogen-
containing carbon.
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Fig. 9. Comparison of the XPS spectra of the N 1s region for Vulcan car-
bon treated 2 h at 900 ◦C with acetonitrile: (a) sample exposed to atmosphere;
(b) sample transferred to XPS via a controlled atmosphere transfer chamber.

of the samples (<2%) and the wide variety of possible oxygen
species on the surface of carbon, thus further reducing the con-
fidence in any deconvolution in this region.

Alternative assignments to the high-binding energy shoulder
in the N 1s region may be related to the interaction of graphitic
nitrogen with other nitrogen atoms or to differences in the bind-
ing energy of graphitic nitrogen, depending on its position in
the graphite plane. For instance, it has been documented that
the presence of nitrogen in graphite stretches the C 1s peak to
higher values [22]; Fig. 10 shows an example of this phenom-
enon. It is possible that because some carbon atoms are closer
to a nitrogen atom in the graphite matrix than others, some car-
bon will inherently have a higher C 1s binding energy. The C 1s
peak has been shown to grow wider as more nitrogen is added
to graphite [22]. A similar phenomenon may occur in the N 1s
spectra. Some nitrogen atoms will be closer to one another and
thus have higher binding energy. Alternatively, Casanovas et al.
developed a hypothesis to explain this shoulder based on mod-
eling of the binding energy of various nitrogen species present
in graphite layers [50]. These authors predicted pyridinic-N
and pyrrolic-N to have N 1s binding energies of 399.0 eV and
400.3 eV, respectively, similar to the assignments proposed by
Pels et al. [33]. However, their calculations revealed that the
“graphitic nitrogen” (quarternary-N) can have a binding energy
ranging between 401 and 403 eV, even in the absence of oxi-
dized nitrogen, depending on its location in the carbon plane.
Because the cause of the higher-binding energy N 1s shoulder
is not obvious, this area of the deconvolution was not assigned.
Fig. 10. XPS spectra of the C 1s regions demonstrating the widening of the
C 1s peak in a sample containing nitrogen.

In addition, contributions to the N 1s spectra from pyrrolic ni-
trogen (or pyridone) were ignored for the samples treated at
900 ◦C, because such species are not thought to be stable at this
temperature [33], and during deconvolution they appeared to
contribute only minimally, if at all. However, samples treated
for shorter times and at lower temperatures were difficult to de-
convolute in the N 1s spectra, because the nitrogen content was
typically lower and perhaps because pyrrolic nitrogen was more
abundant. Consequently, only samples treated at 900 ◦C for 2 h
or longer are compared in this work, and for the purposes of
this study, the ratio of quarternary to pyridinic nitrogen is of the
greatest importance, because this will give some indication to
the extent of edge plane exposure and the corresponding nanos-
tructure.

XPS analysis revealed a correlation between the amount of
pyridinic nitrogen and ORR activity. The best carbon-supported
sample composed of 2% Fe/Vulcan carbon had a higher propor-
tion of pyridinic-N compared with the other samples, as shown
in Figs. 11a–c and in Table 5. If the 2% Fe sample was treated
for 12 h, then the activity decrease along with the abundance of
pyridinic nitrogen, as shown in Fig. 11c. The acetonitrile char
and Vulcan carbon treated for 12 h (not shown) have nearly
identical N 1s spectra to the Vulcan carbon sample treated for
2 h with respect to peak ratios. It should be noted that the
higher-binding energy shoulder does not correlate with the size
of the pyridinic nitrogen peak. In addition to the controlled at-
mosphere tests mentioned earlier, this is further evidence that
the Cassanovas assignment of this peak as graphitic nitrogen is
a more likely possibility. The spectra of the samples treated at
lower temperatures and shorter times were more difficult to de-
convolute reliably because of their lower nitrogen content and
therefore are not shown.

At this point, it is important to note that pyridinic-N is not
being definitively proposed as the active site for the ORR.
Based on the data presented thus far and the previous work of
others, it seems reasonable to assert that the active site for the
ORR is on the edge plane of the nitrogen-containing graphite.
Therefore, the more active samples may contain more pyridinic
nitrogen only because these samples have a higher proportion
of edge planes exposed, not because pyridinic-N itself is the
source of activity. Therefore, TEM imaging was carried out to
investigate the nanostructure of the carbon samples, because
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Fig. 11. N 1s spectra of doped Vulcan carbon samples treated at 900 ◦C in
acetonitrile: (a) 2% Fe/VC treated for 2 h; (b) 2% Ni/VC treated for 2 h; (c) 2%
Fe/VC treated for 12 h.

high-resolution TEM is useful for directly observing the ori-
entation of graphite planes within nanostructures.

TEM samples were obtained for some selected samples to
check for a correlation between the trends seen in XPS and
the nanostructure of the carbon. Imaging of the Vulcan car-
bon samples and the 2% Ni/Vulcan carbon sample revealed no
nanostructures within the samples other than weakly graphitic
spheres of carbon and Ni particles encased in carbon. Fig. 12a
shows a lower magnification of 2% Ni/Vulcan carbon after
treatment in acetonitrile at 900 ◦C, showing an absence of struc-
tures other than a mixture of spherical carbon and Ni particles.
Fig. 12b shows a high-resolution image of a typical Ni particle
covered with several layers of carbon for the same Ni/Vulcan
Fig. 12. TEM images of samples treated in acetonitrile vapor at 900 ◦C for 2 h:
(a) 2% Ni/VC; (b) encased Ni particle from 2% Ni/VC; and (c) Vulcan carbon.

carbon sample. No ordered structures are apparent in the Vul-
can carbon sample; only particles similar to the ones depicted
in Fig. 12c can be observed.

In contrast, adding Fe to the Vulcan carbon resulted in
nanostructures resembling tubes of various diameters. Fig. 13a
shows a lower-resolution image of a mixture of carbon fibers in
the treated 2% Fe/Vulcan carbon sample. Some of the fibers
were typical multiwalled nanotubes, but most had a hollow
stacked-cup structure (Fig. 13b). This type of structure has car-
bon graphite planes that terminate at the outside of the tube, as
shown in Fig. 1. The core of this type of structure is electron-
transparent and likely hollow or possibly filled with amorphous
carbon. The cores of the observed fibers were on the order
of 3–10 nm in diameter, possibly accounting for the peak in
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Table 5
Overview of the XPS N 1s regions analysis

Sample Pyridinic-N Quarternary-N Shoulder Note

B.E. (eV) N (%) B.E. (eV) N (%) B.E. (eV) N (%)

0/VC/CH3CN 2 h 398.7 19 401.2 65 402.8 16 See Fig. 9a
0/VC/CH3CN 2 h (cont. atm) 398.5 21 401.2 68 403.2 12 See Fig. 9b
0/VC/CH3CN 12 h 398.6 23 401.1 63 402.8 14 Not shown
Fe/VC/CH3CN 2 h 398.9 34 401.3 55 402.9 11 Fig. 11a
Fe/VC/CH3CN 12 h 398.8 21 401.2 60 402.7 19 Fig. 11c
Ni/VC/CH3CN 2 h 398.8 22 401.2 63 403.2 15 Fig. 11b
CH3CN char 398.7 23 401.1 62 402.8 15 Not shown
Fig. 13. TEM images of 2% Fe/VC treated in acetonitrile vapor at 900 ◦C for
2 h: (a) collection of carbon fibers; (b) orientation of carbon planes within a
fiber; and (c) encased Fe particle.

Fig. 14. RDE half cell experimental results for 2% Fe/VC treated for 2 h at
900 ◦C in acetonitrile.

pore diameter distributions for Fe-containing samples reported
in the previous section. As a result of the terminating planes,
such a structure will have a large amount of edge exposure,
explaining the differences in the quarternary (graphitic nitro-
gen) to pyridinic (on the edge plane) nitrogen ratio seen in
XPS. These structures obviously formed from the metal par-
ticles, which were about the same diameter and often encased
in the end of the fiber, as shown in Fig. 13c. TEM revealed no
amorphous carbon on the fiber surfaces, as is often the case in
carbon nanofiber preparation. Overall, the nanostructures and
carbon plane alignment seen in this series of samples appear to
correlate well with the XPS and activity results.

3.3. Activity testing

More significant information besides relative activity of the
samples can be obtained from a RDE half-cell setup. For in-
stance, it is important to know the selectivity of the reduction
reaction to water versus hydrogen peroxide. The RDE half-cell
setup, in which the catalyst is placed in an oxygen-saturated
electrolyte, acts as a model for a fuel cell environment. The
electrolyte (0.5 M H2SO4) provides protons to the reaction at
the cathode similar to a Nafion membrane transporting incom-
ing protons from the anode to the cathode in an actual PEM
fuel cell. Oxygen within the solution diffuses to the surface of
the electrode and reacts to form water, consuming electrons and
producing a measurable current. The potentiostat not only mea-
sures the current, but also controls the voltage in the cathode,
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thereby giving a measure of the voltage at which the reduction
current increases. A smaller voltage drop from the theoretical
voltage for the ORR corresponds to a better catalyst. By rotat-
ing the electrode at different rates, the mass transfer effects of
oxygen diffusion through the solution can be accounted for, and
the pure kinetic current can be calculated, giving a true mea-
sure of catalytic performance at specific voltages. In addition,
if the surface area of the cathode is known, then the number
of electrons transferred per mole of oxygen reacting (n = 4
for complete reduction to water) can be calculated, providing
a measure of selectivity.

The half-cell current/voltage curves for 2% Fe/Vulcan car-
bon treated 2 h at 900 ◦C are shown in Fig. 14. The peak in the
current (used to gauge relative activity) comes about as oxygen
within the vicinity and pores of the sample reacts, and the cur-
rent then becomes limited by the diffusion of oxygen through
the solution to the catalyst surface. As the rotation rate of the
electrode increases, the mass transfer of oxygen to the sam-
ple increases, thus increasing the mass transfer-limited current.
When the current becomes completely mass transfer-limited, it
should level out to be parallel with the baseline taken in ar-
gon, and not be dependent on voltage. The slight upward slope
with voltage observed in our data has been observed by other
researchers as well and is perhaps caused by a distribution of
active sites in the catalyst [10,51].

Koutecky–Levich plots can be constructed from the RDE
data to determine the kinetic current and the number of elec-
trons being transferred. First, the reaction order with respect to
O2 must be verified using the following relationship [10]:

log(I ) = log(Ikin) + p log(1 − I/Il),

where I is the reduction current, Ikin is the kinetically con-
trolled current, p is the reaction order, and Il is the limiting
current taken at V = 0 when the current levels out. A plot
of log(I ) versus log(1 − I/Il) made using data from a spe-
cific voltage had a slope of approximately unity for all samples
tested, as long as the current had leveled out at that voltage.
Gupta et al. confirmed that the reaction order was 1 with re-
spect to O2 over pyrolyzed Fe-macrocycle samples using the
same technique [10].

Therefore, assuming that the reaction order is 1 for the cat-
alyst at hand, the Koutecky–Levich equation can be applied as
a model for the reduction current,

1/I = 1/Ikin + 1/Il,c (Koutecky–Levich equation [2]).

The kinetic current is proportional to the rate of the reaction,
which increases exponentially with overpotential [2]. Once the
kinetics take off, mass transfer of oxygen in the solution limits
the current. The mass transfer-controlled current can be solved
from the steady-state convective-diffusion equation written in
cylindrical coordinates, and the current is equal to

Il,c = β∗ω1/2 (Levich equation [2]),

β = 0.62nFAD
2/3
0 v−1/6C0,

where n is the number of electrons transferred per reaction, F is
Faraday’s constant, A is the geometric electrode surface area (as
Fig. 15. Koutecky–Levich plots for 2% Fe/VC treated for 2 h at 900 ◦C in ace-
tonitrile: (Q) 0.6 V, (P) 0.5 V, (2) 0.4 V, (1) 0.3 V, (") 0.2 V, (!) 0.1 V, and
(F) 0.0 V vs. NHE.

discussed), D0 is the diffusion coefficient of oxygen through the
electrolyte, v is the kinematic viscosity of the electrolyte, C0 is
the bulk concentration of oxygen in the electrolyte, and ω is
the rotation rate of the RDE. All of these parameters are con-
stant over the voltage range with the possible exception of n,
so both n and Ikin can be determined at a particular voltage by
plotting I−1 versus ω−1/2. Such a plot will have an intercept
of I−1

kin , and a slope of β−1. It is also possible that if the kinet-
ics are slow, then the reaction can occur within the pores of the
catalyst rather than the just on the top surface exposed to the
bulk solution, thus increasing the active surface area at slower
kinetics and affecting the slope. Using the data presented in
Fig. 14, Koutecky–Levich plots were constructed for voltages
of 0.6–0.0 vs. NHE, as shown in Fig. 15. The intercept is much
greater than 0 at the highest voltages, indicating that kinetic
limitations are still present (allowing for a larger active area) at
0.4 V and above. Moreover, the slope is much lower at 0.4 V
and above in the plot, indicating a higher active surface area be-
cause of reduction within the catalyst pores. However, the plots
for 0.0–0.2 V are parallel, indicating that the surface area and
other parameters, including the number of electrons per mole of
oxygen reacting, remain constant between these voltages. These
lines all intercept the y-axis at approximately 0, indicating that
kinetic limitations are no longer a factor at these voltages.

This method can provide an estimate of the number of elec-
trons being transferred in the reaction based on the slope of the
Koutecky–Levich plots for voltages where mass transfer is lim-
iting. Based on our calculations, n is >3.8 in this region, and
thus the nonnoble metal catalyst appears to be converting a high
percentage of O2 to water. All things considered, this method
provides only a rough estimation of n. The rotating ring-disk
electrode testing technique is better suited for studying the ex-
tent of the conversion of O2 to H2O2, and will be used in the
next phase of this study. Nonetheless, these estimates of n show
that this catalyst can facilitate complete reduction of O2 without
Pt, in agreement with previous research conducted on similar
materials [10].
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4. Conclusion

Active ORR catalysts in the form of nitrogen-containing car-
bons were prepared by the pyrolysis of acetonitrile over a series
of Vulcan carbon and metal-doped Vulcan carbon supports. The
Fe-doped supports were the best precursors for active ORR cat-
alysts, having greater amounts of nitrogen-containing carbon,
higher surface areas, and better catalytic activity compared with
Ni-doped and nondoped samples subjected to the same treat-
ment. The iron samples also had higher pyridinic nitrogen con-
tent than Ni-doped and nondoped samples, likely resulting from
the formation of carbon nanostructures with significant edge
plane exposure. This hypothesis agrees with the conclusions
of Maldonado and Stevenson, who studied oxygen reduction
activity in basic to neutral electrolytes of iron(II) pthalocya-
nine pyrolysis products [19] and fibers grown using floating
iron particles [18]. Pyridinic nitrogen itself may not be the ac-
tive site for the ORR, but may be a marker for edge plane
exposure. Therefore, XPS can possibly give a qualitative mea-
sure of edge plane exposure for nitrogen-containing carbons,
assuming no other nitrogen species present and no additional
influence on the formation of quarternary versus pyridinic ni-
trogen during carbon growth. Based on these insights into the
role of nanostructure, there is a large potential for improvement
in ORR activity of nonnoble metal materials considering the
advancements being made in the formation of carbon nanos-
tructures.

The most active nonnoble metal catalysts have sufficiently
high surface area and conductivity to be considered useful in
PEM fuel cell gas diffusion electrodes. The presence of iron
contamination in all samples means that we cannot unequivo-
cally say that iron is not part of the ORR active site; however,
a more fundamental ongoing study is focusing on the growth
of fibers from high-purity chemically removable supports, with
high-surface area nitrogen-containing carbon samples being
prepared without iron contamination for activity testing and in
a more easily characterized form.
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