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Active non-metal catalysts for the Oxygen Reduction Reaction (ORR) were prepared by decomposition of acetonitrile vapor at

900�C over a pure alumina support, and supports containing 2 wt% Fe or 2 wt% Ni on alumina. The exposed alumina and metal

in the samples were subsequently washed away with HF acid to purify the solid carbon material. The sample prepared with iron

was the most active sample for the ORR, with only 100 mV greater overpotential than a commercial 20 wt% Pt / Vulcan Carbon

catalyst. However, nitrogen-containing carbon deposited on pure alumina (which contained less than 1 ppm metal contamination)

was also quite active, demonstrating that platinum or iron is not required for ORR activity. Characterization by XPS and TEM

revealed that the more active samples had nanostructured carbon with more edge plane exposure than the less active tube structures

formed from the nickel sample.
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1. Introduction

Reducing the use of platinum in PEM fuel cell
systems has been identified as a major requirement for
the wide-scale commercialization of these low tempera-
ture energy conversion devices, especially for use in
automobiles. Particularly, developing alternative cata-
lysts to platinum for the Oxygen Reduction Reaction
(ORR) in the cathode of the fuel cell is of high priority
because the slow kinetics of this reaction causes signifi-
cant efficiency losses in the cell. Alternative catalysts
based on pyrolyzed iron, carbon, and nitrogen com-
pounds have been investigated recently, and activity of
these catalysts is found comparable to commercial
platinum catalysts [1–12].Various sites have been
attributed to the improved activity of these mostly car-
bon materials, with sites ranging from iron ions stabi-
lized by nitrogen groups on the carbon surface [3] to
non-metallic active sites [13–18]. Although iron-con-
taining catalysts are generally more active than samples
without iron, some researchers have hypothesized that
iron may not be part of the active site, but may simply
act as a catalyst for the formation of the active site
during the heat treatment [5, 12, 15–17]. Evidence for
such a hypothesis includes the presence of unique nano-
structures in pyrolyzed Fe / N / C samples [12, 16, 17],
and the fact that activity can improve after treatments
with acid or Cl2, which removes exposed iron [5].
Additionally, carbon samples that contained as low as
70 ppm iron contamination showed good activity after a
high temperature treatment with a nitrogen source [10].

In recent work, our group demonstrated that iron can
act as a catalyst for the formation of carbon fibers
during the pyrolysis of acetonitrile over Vulcan Carbon
doped with 2% Fe 12]. These fibers had a nanostructure
that resulted in a high percentage of carbon edge plane
exposure. Consequently, these materials were more
active for the ORR than iron-free samples (Ni-doped or
undoped), which did not lead to nanostructured carbon,
although all the nitrogen-containing carbon samples had
improved activity compared to untreated carbon. This
has led us to hypothesize that the active site for the ORR
is located on the edge plane of nitrogen-containing
carbon, and the iron-containing samples are more active
because iron is acting as a catalyst for the formation of
carbon nano-structures with a higher exposure of edge
planes. Two possibilities for the improved activity
include pyridinic nitrogen sites, which could potentially
interact with O2, and/or the improved electron donating
properties of nitrogen-containing carbon that could be
propagated to O2 adsorbed on edge planes. An active
site has also been proposed, by other researchers, con-
sisting of iron stabilized by pyridinic nitrogen groups on
the carbon edge plane [3]. Such a site can not be ruled
out since the carbon support inherently contains metal
contamination. In an effort to answer this question, in
the current study we examine nitrogen-containing car-
bon catalysts prepared by decomposition of acetonitrile
over an alumina support that contains less than 1 ppm
metal contamination. Such experiments could defini-
tively show if iron is part of the active site for the ORR,
or merely acting as a catalyst for the formation of
favorable carbon structures. While alumina is electri-
cally not conductive, the nitrogen-containing carbon
deposited on the support can still be tested for ORR
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activity in a Rotating Ring-Disk Electrode (RRDE) half
cell set-up. Moreover, the alumina can be removed from
the carbon by washing with a strong acid. In some cases
of this study, the alumina support was doped with iron
or nickel to catalyze the formation of various nano-
structures during the pyrolysis of acetonitrile to further
examine the effect of structure on ORR activity.

Supported metal particles, particularly Fe, Co, and
Ni are known to catalyze the formation of various
nanostructures during treatments above 550�C in car-
bon rich non-oxygenating atmospheres. Rodriquez and
Baker have demonstrated several different structures
that can form catalytically during the decomposition of
hydrocarbons in the presence of various metal / support
systems [19–21]. Park and Keane have also extensively
examined the growth of nanostructures from various
supported metal particles [22]. Therefore, in this work
we further investigate the role of alumina-supported Fe
and Ni in the formation of specific nitrogen-containing
carbon nanostructures from acetonitrile, and the rela-
tion to ORR activity. Characterization of the materials
was conducted with Transmission Electron Microscopy
(TEM) and X-ray Photo-electron Spectroscopy (XPS).
Particularly, XPS and TEM characterization were used
to verify the role of the support in forming specific
nanostructures. Characterization results are correlated
to oxygen reduction activity and selectivity determined
from RRDE half cell experiments.

2. Experimental methods

2.1. Catalyst preparation

In-house prepared alumina was used as a support for
the high temperature pyrolysis of acetonitrile to produce
active catalysts. The high purity alumina was prepared
by a sol-gel technique, in which aluminum tri-sec-
butoxide (Aldrich, 97%, <1 ppm metals contamination)
was mixed with ethanol (HPLC grade) in a 1:2 mass
ratio. After stirring vigorously for 5 minutes, deminer-
alized water was added using a syringe pump at 0.5 mL/
min while stirring to obtain the final water to ATB mole
ratio of 4:1. The pH of the gel was then adjusted to 5
using several drops of concentrated HNO3. The sample
was dried overnight at room temperature. The resulting
solid was crushed then calcined at 800�C in air for
2 hours. All glassware that came in contact with the
alumina was cleaned beforehand with nitric acid
(Fisher, 0.04 ppm Fe) and double distilled water to
limit metal contamination. In the cases where the
support was doped with a metal prior to acetonitrile
deposition, the desired amount of metal acetate salt
was dissolved in 100 mL of double distilled H2O, then
the support was added to the solution while stirring
vigorously. The sample was then stirred an additional
30 minutes and sonicated 20 minutes before drying
overnight at 100�C.

Acetonitrile decomposition, or pyrolysis, was carried
out by first adding 2.0 g of support to a quartz calci-
nation 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 at 25�C) using a bubbler before
being sent to the furnace. After 2 hours of treatment the
samples were cooled to room temperature under the
carrier gas.

In the next step, samples were washed with HF acid
(aqueous 49% by weight) to remove any exposed metal
and alumina. Approximately 0.5 g of sample was placed
in a Nalgene beaker and 10 mL of concentrated HF was
added slowly. The mixture was stirred and allowed to sit
for several hours. Then, 500 mL of demineralized H2O
was added slowly, and the undissolved carbon sample
was washed by suction filtration using an additional
1.5 L of double distilled H2O.

2.2. XPS

X-ray photoelectron spectroscopy analysis was per-
formed using a Kratos Ultra Axis Spectrometer on
samples to determine surface composition of the ele-
ments present, and to gain insight about the nature of
functional groups 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, 5 sweeps
were carried out for each element concurrently, with the
Al 2p, C 1s, N 1s, and O 1s region always being scanned.

2.3. TEM

Transmission electron microscopy was performed
with a Phillips CM300 Ultra-Twin FEG TEM and also
a Phillips Tecnai TF20. Samples were supported by
lacey-formvar carbon, which was supported by a
200 mesh copper grid. The carbon samples were dis-
persed with excess ethanol before being deposited of the
grid.

2.4. Activity testing

The activity of all samples for the ORR was gauged
with Cyclic Voltammetry (CV) experiments using a PAR
BiStat with a model 636 RRDE set-up. First, a catalyst
ink was prepared using one part (by mass) of catalyst
and ten parts of 0.5 wt% Nafion in aliphatic alcohols.
After sonicating the ink, approximately 10 lL was dis-
pensed on the glassy carbon disk so as to completely
cover the glassy carbon current collector with a thin film
of catalyst, but not cover the platinum ring or Teflon
casing of the RRDE. The inks were also used for con-
ductivity measurements, described elsewhere [12]. For
the testing, a 0.5 M solution of H2SO4 was used as the
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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 cat-
alyst pores and allow the pores to fill with solution.
Next, the solution was sparged with argon for 30 min-
utes to remove O2 from the electrolyte. Then, five con-
secutive CV’s were run on the disk from 1.2 to 0.0 to
1.2 V (vs. NHE) at 50 mV/s to confirm that there is no
oxygen remaining, and to obtain a steady current by
cleaning reducible and oxidizable contaminants off the
electrode. Next, a baseline for the disk 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 100 rpm rotation rate.
Simultaneously, a background for the ring was obtained
while holding the voltage of the Pt ring at 1.2 V vs.
NHE. Finally, the solution was saturated with O2 until
consecutive CV’s for the disk match (1.2 to 0.0 to 1.2 V
at 50 mV/s), and slow CV’s (10 mV/s) were then taken
at rotations of 0 rpm, 100 rpm, and 1000 rpm. The peak
in reduction current on the disk during the initial sweep
without rotation is reported as a measurement of ORR
activity. During the CV at 100 rpm, the ring potential
was held at 1.2 V vs. NHE, and its current was moni-
tored to detect any H2O2 production originating from
the sample (on the disk). A higher amount of current in
the ring indicates higher selectivity of the sample to
peroxide, an undesirable byproduct. The RRDE man-
ufacturer reports the collection efficiency of the ring to
be 20% under laminar flow conditions. The reported
ring currents are multiplied by 5 to correct for this
efficiency.

3. Results and discussion

3.1. Catalyst preparation and physical characterization

The growth of carbon nano-fibers has been exten-
sively studied using Fe, Co, and Ni-based catalysts in a
carbon rich atmosphere [20, 23, 24]. Depending on the
catalyst used and the atmosphere, fiber growth usually
initiates near a temperature of 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 elemental carbon [20,
23]. Nitrogen-containing carbon fibers can require
higher temperatures for significant growth. Fibers have

been grown from acetonitrile and other vapors using Ni
and Co based catalysts [25, 26], and as mentioned pre-
viously, fiber formation has been observed for Fe-doped
Vulcan Carbon treated with acetonitrile at elevated
temperatures [5, 12]. Using carbon as a support is more
practical for use in an actual fuel cell; however, sol-gel
alumina used in this study was better suited to address
questions that cannot be studied using a carbon support
like Vulcan Carbon for several reasons. First, alumina
can be made in the lab with well-defined characteristics
and high purity, unlike commercial carbons that will
contribute Fe contamination and a large distribution of
ill-defined and potentially reactive surface carbon-oxide
species. Second, the alumina itself is not conductive and
has no activity for the ORR, thus its presence cannot
likely contribute to activity. Third, it is possible to
selectively remove the alumina after the pyrolysis by
treatment with a strong acid (HF) leaving behind only
the nitrogen-containing carbon that formed during the
acetonitrile decomposition.

When using Vulcan Carbon as a support for CH3CN
decomposition, the most active catalysts resulted from
treatments at 900�C for 2 h. Therefore, for comparison
purposes, samples were prepared using the three differ-
ent supports (pure alumina, 2% Fe on alumina, and 2
Ni on alumina) under the same conditions. The prop-
erties of the catalysts prepared are shown in Table 1.
The ‘‘weight gain’’ column indicates the percentage of
weight increase of the sample during the acetonitrile
decomposition from the deposition of nitrogen-con-
taining carbon on the surface. The nitrogen content was
determined from XPS and will be discussed in more
detail in the following section. The ORR activity was
measured in half cell testing, and the voltage at which
the reduction current peaks is reported as a measure of
activity. The current of the more active samples peaks at
a higher voltage. This technique is commonly used by
ORR catalyst researchers for gauging activity. As a
reference, a 20 wt% Pt / VC commercial catalyst
(Electrochem, EC20PTC), had an ORR peak potential
of 750 mV vs. NHE in our experiments, and pure Vul-
can carbon did not reduce oxygen until around 30 mV.

The results presented in Table 1 are significant for
two main reasons. First, with respect to ORR activity,
the sample that contained no metal had rather high
activity for the ORR, although the Fe sample still had

Table 1

Properties of alumina-based supports after treatment in acetonitrile

Sample % weight

increase

BET S.A.

(m2/g)

N composition

from XPS

ORR current

peak (mv)

calcined sol-gel AI2O3 – 270 0.0% –

AI2O3/CH3CN-2 hours 23% 270 7.1% 490

AI2O3/CH3CN-12 hours 99% 70 6.2 380

Fe/AI2O3/CH3CN-2 hours 29% 70 5.1% 630

Ni/AI2O3/CH3CN-2 hours 24% 90 4.8% 275
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the highest activity. This shows that the mere presence
of Fe cannot be pinpointed as the source of improved
activity compared to pure carbon since the pure alumina
sample (less than 1 ppm metal contamination) per-
formed well. Second, the results presented in Table 1
make it apparent that the activity differences cannot be
explained simply by physical property differences,
especially when one considers samples such as alumina
treated 12 h, and Fe/Al2O3 and Ni/Al2O3 treated 2 h
that have nearly the same surface area and similar
nitrogen contents, but a range of activities.

Since these samples primarily consist of alumina,
which is a poor conductor and is not likely to be
contributing any favorable electrochemical effects,
experiments were carried out where the alumina was
removed from the samples by treating them with
hydrofluoric acid. This procedure also makes charac-
terization of the active material easier since it essen-
tially purifies the carbon that formed during the
acetonitrile treatment. The properties of the nitrogen-
containing carbon samples that formed from 2 h of
acetonitrile decomposition and were subsequently
washed with HF acid are shown in Table 2. The first
column of data indicates that all of the samples lost a
significant amount of mass during the acid wash. XPS
analysis of the samples following the HF wash (data
not shown) did not show any form of aluminum in any
of the three samples. Fluorine was not detected either,
with the only elements detected being carbon, nitrogen,
and oxygen. In contrast, the unwashed samples con-
tained a mixture of aluminum oxide and nitride that
comprised roughly 10% of the surface of the surface
composition of the samples, as determined from XPS
(see Figure 1). The spectra resembled the spectra of
AlN that has been exposed to oxygen [27]. The HF
washed Fe- and Ni- derived samples contained metal
particles encapsulated by carbon that were undetect-
able by XPS, but were evident in TEM and were
physically visible after oxidation of the carbon. How-
ever, oxidation of the HF washed carbon formed on
the pure alumina sample did not leave behind any
visible residue.

The properties of the samples changed after removal
of alumina from the samples, as the results in Table 2
indicate. After the acid wash all the samples underwent
a large increase in surface area, and showed a modest

improvement in ORR activity. The nitrogen content of
the surface decreased in the samples from the removal of
aluminum nitride. The increase in activity could be
attributed to the removal of inactive alumina (which
previously occupied roughly 10% of the surface). The
large increase in surface area could also have a small
effect on the peak location by increasing the reduction
current at kinetic limited potentials. The conductivities
of the dried catalyst inks were slightly less than Vulcan
Carbon XC-72 (measured to be 71 S/m using the same
procedure).

The most striking result from these experiments is
again the large difference in activity between the sam-
ples, despite the similarities of the other properties. This
activity difference cannot be attributed to the presence
of Fe, since not only did the pure Al2O3 sample perform
well, but also, all of these samples were treated with such
a strong acid that any exposed metal would have been
dissolved and washed away. More details of the XPS
analysis reveal crucial differences between these samples
that can explain the activity disparity.

3.2. XPS and TEM analysis

A great deal of analysis has been carried out on
nitrogen-containing carbon, particularly with XPS, for
coal and Li ion battery electrode applications. Analysis
of the N 1s region with XPS can be used to differentiate
between nitrogen species present in graphitic carbon,
with quarternary-N and pyridinic-N being the most
stable and abundant species in samples heated to 900�C
[28]. Quarternary nitrogen is essentially nitrogen that
has replaced carbon within the graphite layer, is bonded
to three carbon atoms, and has a N 1s binding energy of
401.3±0.3 eV. Pyridinic nitrogen has a N 1s binding
energy of 398.6±0.3 eV and is found on the edge of a
graphite layer bonded to two carbon atoms, leaving a
free electron pair sticking out from the graphite layer.
Additionally, N 1s spectra of nitrogen containing
graphite usually have a higher binding energy shoulder

Table 2

Properties after HF wash of nitrogen-containing carbon samples pre-

pared from acetonitrile decomposition at 900�C

Initial

platform

%weight

lost

BET

S.A.

(m2/g)

N composition

from XPS

ORR

current

peak(mv)

Conductivity

(S/m)

AI2O3 )85% 810 5.2% 540 2.1

2%Fe/AI2O3 )73% 570 5.1% 650 12

2%Ni/AI2O3 )66% 500 4.1% 330 16

Figure 1. XPS analysis of Al 2p region for sol-gel alumina after

treatment at 900�C for 2 hours in acetonitrile atmosphere.
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(402–405 eV) that has been assigned to either
quarternary-N or oxidized pyridinic-N [12, 28, 29].

In recent work, our group has noted that more
active nitrogen-containing carbon ORR catalysts have
more pyridinic nitrogen than less active samples [12].
Figure 2 shows the N 1s spectra of the HF washed
samples, deconvoluted to fit the same species just
mentioned. The more active samples have a higher
pyridinic nitrogen content, as was observed for carbon
grown samples. At this point, it is important to note
that pyridinic-N is not being labeled as the active site

for the ORR. Based on the data presented thus far and
the work of others, however, it seems reasonable to say
that the active site for the ORR is on the edge plane of
the nitrogen-containing graphite [12, 16, 17, 30–32].
Therefore, the more active samples may contain more
pyridinic nitrogen only because these samples have a
higher proportion of edge planes exposed, and not
necessarily because pyridinic-N itself is the source of
activity. A useful method for verifying this hypothesis
is high resolution TEM.

Microscopy images were obtained for the HF washed
samples to relate the correlation between the trends seen
in XPS and activity testing to the nano-structure of the
carbon. The pure alumina-derived sample led to the
formation of several types of nanostructures, shown in
Figure 3. Surprisingly, fiber structures were found in the
sample, as Figure 3a and d show. These fibers appear to
have a ‘‘compartmentalized’’ or ‘‘stacked cup’’ struc-
ture, which is often reported for nitrogen-containing
carbon fibers formed by various means [33]. These types
of fibers would be expected to have more edge plane
exposure than traditional multi-walled nanotubes,
although not as high of edge exposure as ‘‘stacked
platelet’’ carbon. Also present in the sample were
structures representative of ‘‘nano-onions’’, shown in
Figure 3b. These structures have virtually no edge plane
exposure since they consist of concentric graphite
spheres. A third type of structure observed was graphitic
ribbons or sheets, shown in Figure 3c. The sample
contained all three geometries without any of the
structures being particularly dominant.

In contrast, the samples containing Fe or Ni nearly
exclusively formed fiber structures during the acetoni-
trile decomposition. However, the structure of the fibers
differed significantly depending on whether Fe or Ni was
used. The lengths of the fibers were as much as several
hundred microns, with the Ni grown fibers generally
being longer than Fe grown fibers. The average diameter
of the Fe derived fibers was 16 nm, while the fibers
formed from Ni particles had an average diameter of
35 nm. Nevertheless, the most interesting difference
between the fibers was the orientation of the graphite
planes within the structures. Figure 4a shows a typical
fiber in the Fe-derived sample. These fibers were mostly
of the stacked cup structure, similar to the fibers formed
in the pure alumina sample. The compartmentalized
nature of these fibers and the fact that the tube walls are
not parallel to the central fiber axis means that the fibers
will have significant graphite edge exposure down the
length of the structure. Conversely, a typical Ni-grown
fiber is shown in Figure 4b. These fibers generally had
thinner walls, with the planes oriented parallel to the
central fiber axis, as is the case in conventional multi-
walled nanotubes. Periodic graphite sheets oriented
perpendicular to the central axis could be observed
within the tube structure. These perpendicular sheets
were spaced much further apart than the spacing of the

Figure 2. XPS analysis of the N 1s regions for samples treated 2 hours

at 900�C with acetonitrile and subsequently washed with HF acid: (a)

pure Al2O3, (b) 2% Fe/Al2O3, and (c) 2% Ni/Al2O3.
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compartments in the Fe sample, and could possibly just
belong to graphite sheets that peeled away from the
inner tube walls.

Besides XPS analysis and activity testing, a bulk
property observation that further supports the TEM
images reported is hydrophobicity differences between
the samples. Both the pure alumina formed and the Fe
grown carbon samples could be dispersed in water by
sonication. However, the Ni grown fibers could not be
dispersed in water, and quickly fell out of suspension
if sonicated or shaken vigorously in water. It is
well-known that multi-walled nanotubes are super-
hydrophobic. [34], which could explain these observed
differences and would agree with the TEM imaging.
Experiments to quantify the differences in hydropho-
bicity of these carbon structures will be presented in the
next paper of this series.

At this point it is not exactly clear why different
structures form from the different precursors. Crystal
orientation, particle size, and metal-support interactions
are all important parameters in fiber growth. Addi-
tionally, there are believed to be several possible mech-
anisms for fiber growth. In one mechanism carbon and
nitrogen can adsorb onto a metal particle and diffuse
into the particle forming a carbide/nitride intermediate.

The carbon can then precipitate out of an opposing face
of the particle, forming a graphite layer, with a con-
centration gradient being the driving force [19, 35, 36].
However, fibers can also form without the formation of
a bulk carbide through surface diffusion of carbon
species [19, 37]. Interestingly, Fe is thought to be able to
form a nitride under similar conditions to this fiber
growth, while Ni cannot [33]. Therefore, it is possible
that the mechanism for nitrogen-containing carbon fiber
formation is completely different for Ni and Fe particles,
explaining the different structures observed. It is worth
noting that fiber growth on pure alumina resulted in a
similar structure to the fibers grown from Fe particles,
and interestingly there was evidence of aluminum nitride
formation in the alumina sample. However, a definitive
mechanism cannot be proposed without further inves-
tigations.

3.3. Activity testing

Although the voltage of the oxygen reduction current
peak reported in Tables 1 and 2 may be an effective way
to compare the activities of samples, it does not neces-
sarily correlate to how a catalyst will perform in an
actual fuel cell. In addition to being catalytically active,

Figure 3. TEM images of HF acid washed nitrogen-containing carbon prepared from acetonitrile decomposition at 900�C over a pure alumina

support; (a) fiber structure, (b) nano-onion structures, (c) graphitic ribbons or sheets, and (d) lower magnification depiction of a mixture of

structures.
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cathode materials must be electrically conductive,
proton conductive, and posses sufficient mass transfer
properties to allow O2 to diffuse into the electrode and
water to diffuse out. To prevent corrosion of cell com-
ponents and achieve better efficiency, ORR catalysts
should also be highly selective to the formation of water,
not hydrogen peroxide.

Rotating Ring-Disk Electrode (RDE) experiments
can be used to measure selectivity of catalysts for the
complete ORR, in addition to indicating relative ORR
activity of samples [1]. Figure 5 shows disk currents
during the initial sweep of CV’s for the sample derived
from acetonitrile pyrolysis over pure alumina and
washed with HF acid. The background current taken in

the argon sparged electrolyte originates from the double
layer capacitance of the material as the voltage is swept.
Once O2 is added to the electrolyte, additional current
arises from the ORR. Rotating the electrode increases
the mass transfer of oxygen to the surface, thus
increasing the reduction current at mass transfer limiting
voltages. This figure is significant because these experi-
ments demonstrate that oxygen is being reduced over a
non-metal sample at relatively high potential. The
voltage where the current peaks (indicating a transition
from kinetic to mass transfer limited current) for this
sample is approximately 540 mV vs. NHE. In the same
set-up a 20 wt% Pt / Vulcan carbon catalyst peaks at
750 mV, while pure Vulcan Carbon XC-72 peaks at
30 mV.

The selectivity of the reaction can be monitored with
the platinum ring of the RRDE. When held at a
potential of 1.2 V vs. NHE, the ring cannot reduce O2,
but can reduce any H2O2 formed from the disk. Two
possible reactions occurring on the disk during a CV are
shown below:

O2 þ 4e� þ 4Hþ ! 2H2O ð1:23V vs. NHE at STPÞ

O2 þ 2e� þ 2Hþ ! H2O2 ð1:76V vs. NHE at STPÞ:

The collection efficiency of the ring is known to be
20% when the RRDE is operating in a laminar flow
regime, therefore, the ring current was only collected at
100 rpm of rotation in order to remain under laminar
flow conditions. The results of these RRDE experiments
are shown in Figure 6a–c. The ring current in these
figures is multiplied by 5 to correct for the collection
efficiency.

For the more conductive samples, the disk current
undergoes a peak during the transition from kinetic
limitations to mass transfer limitations. This is
because the higher conductivity allows for a three
dimensional active catalyst region in the thin catalyst
film. Once mass transfer limits the reaction, then

Figure 4. TEM images of HF washed nitrogen-containing carbon

fiber structures formed from the decomposition of acetonitrile at

900�C over: (a) 2-wt% Fe / Al2O3, and (b) 2-wt% Ni / Al2O3.

Figure 5. Disk currents during initial CV sweeps for the pure alumina

sample treated 2 hours at 900�C with acetonitrile and subsequently

washed with HF acid.
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the current is proportional to the two dimensional
geometric area of the disk. Since the electrodes all
have approximately the same geometric area, the
currents eventually level out to the same value in the
mass transfer limited region. However, the current
also depends on the number of electrons being
transferred in the reaction, so the currents are not
identical. Such trends are discussed in more detail
elsewhere [12,38].

The ring currents follow similar trends to the disk
currents, although the relative intensities vary from
sample to sample. The number of electrons being

transferred per mole O2 consumed can be determined
from the equation:

n ¼ 4½Idisk=ðIdisk þ ðIring=NÞÞ�;

where N = 0.20, the efficiency of the ring. For the more
active Fe/Al2O3 derived sample, n is on average 3.91,
indicating nearly complete conversion to water. For the
Ni/Al2O3 derived sample, n is only 3.56, indicating sig-
nificant peroxide formation, while the pure alumina
sample has an average n of 3.70. Thus the correlation
between activity and edge plane exposure also seems to
hold for selectivity to water versus peroxide. Research-
ers have previously reported differences in the activity
and selectivity of different carbon crystallographic
planes for other reactions [31, 39], including the ORR in
non-acidic electrolytes [16,17,30].

4. Conclusions

Nitrogen-containing carbon catalysts prepared by
decomposition of acetonitrile over different supports
were shown to be active for the oxygen reduction reac-
tion to water in an acidic environment. Although cata-
lysts prepared over supports that contained iron were
more active, those prepared over alumina with no metal
impurity also showed significant ORR activity, sug-
gesting that a metal site is not needed for the oxygen
reduction reaction. Instead, the metal particles may be
acting as catalysts for the formation of active sites
during the high temperature pyrolysis of the nitrogen
and carbon containing precursor. One way that metal
particles could catalyze the formation of active sites is
through the growth of carbon nano-structures with a
specific architecture.

The more active catalysts showed a higher exposure
of graphite edge planes and a higher content of pyridinic
nitrogen. The higher abundance of pyridinic nitrogen in
these samples can be an end result of the specific carbon
nano-structure that is formed, which exposes more of
the edge planes. It is possible that Fe particles may be
catalyzing the growth of carbon nano-structures with a
higher percentage of the edge plane exposure, whether
the precursor that is pyrolyzed is an organic macrocycle
[16] or other C and N-containing species [12, 17]. At this
point, it is not clear if nitrogen groups play a direct role
in the oxygen reduction reaction by providing a site for
the oxygen adsorption or their role is of a more indirect
nature by simply increasing the electron donation ability
of the carbon structure. It is also possible that pyridinic
nitrogen itself may not have any involvement in the
ORR, but rather be a marker for the edge plane expo-
sure. In any case, it is clear that the active site for the
ORR reaction does not require a metal center.

Although these carbon-based catalysts have sub-
stantial activity for the oxygen reduction reaction, fur-
ther improvements may be necessary in other properties

Figure 6. RRDE reduction currents for samples treated 2 hours at

900�C with acetonitrile and subsequently washed with HF acid: (a) 2%

Fe / Al2O3, (b) pure Al2O3and (c) 2% Ni / Al2O3. The ring potential

was held at 1.2 V and ring currents have been corrected for the

collection efficiency.
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of these materials, such as their conductivity and mass
transfer characteristics, before they can be considered
for PEM fuel cell applications. However, such
improvements may be within reach considering the
advancements being made in preparation of nanostruc-
tured carbon.
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