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Nondoped and nitrogen-doped (N-doped) carbon nanofiber (CNF) electrodes were prepared via a floating
catalyst chemical vapor deposition (CVD) method using precursors consisting of ferrocene and either xylene
or pyridine to control the nitrogen content. Structural and compositional differences between the nondoped
and N-doped varieties were assessed using TEM, BET, Raman, TGA, and XPS. Electrochemical methods
were used to study the influence of nitrogen doping on the oxygen reduction reaction (ORR). The N-doped
CNF electrodes demonstrate significant catalytic activity toward oxygen reduction in aqueous KNO3 solutions
at neutral to basic pH. Electrochemical data are presented which indicate that the ORR proceeds by the
peroxide pathway via two successive two-electron reductions. However, for N-doped CNF electrodes, the
reduction process can be treated as a catalytic regenerative process where the intermediate hydroperoxide
(HO2

-) is chemically decomposed to regenerate oxygen, 2HO2
- h O2 + 2OH-. The proposed electrocatalysis

mechanisms for ORR at both nondoped and N-doped varieties are supported by electrochemical simulations
and by measured difference in hydroperoxide decomposition rate constants. Remarkably,∼100 fold
enhancement for hydroperoxide decomposition is observed for N-doped CNFs, with rates comparable to the
best known peroxide decomposition catalysts. Collectively the data indicate that exposed edge plane defects
and nitrogen doping are important factors for influencing adsorption of reactive intermediates (i.e., superoxide,
hydroperoxide) and for enhancing electrocatalysis for the ORR at nanostructured carbon electrodes.

Introduction

While traditional active carbons (carbon black, Vulcan
XC-72) demonstrate requisite characteristics of a good catalyst
support,1 they generally exhibit poor inherent catalytic activity
for many technologically relevant reactions, particularly for the
oxygen reduction reaction (ORR).2,3 The ORR occurring in
acidic and alkaline solutions at low and moderate temperatures
is a topic of tremendous interest in the field of electrocatalysis,
chiefly in fuel cells,4 metal-air batteries,5 and air-breathing
cathodes.6 Historically, several methods have been used to
modify the carbon supports in an effort to improve electrocata-
lytic performance. Besides optimization of morphological
properties (e.g., surface area and porosity), chemical modifica-
tion of the carbon surface has been explored to stabilize
catalyst-support interactions. For instance, carbon-containing
oxygen or nitrogen heteroatom functional groups can be
prepared via chemical pretreatments with reactive species such
as HNO3, NH3, or HCN.7-11 These pretreatments, however,
generally produce carbon-heteroatom functionalities (e.g.,
hydroxyls, carboxyls, amines) that are unstable under typical
catalysis conditions. Other more viable routes entail the disper-
sion of typically iron or cobalt containing N4-macrocycles (e.g.,
porphyrins and phthalocyanines) on high surface area carbons.12

While these modified carbons demonstrate improved catalytic
activity for ORR, the corrosion resistance is poor when used
under operational catalysis conditions.13 Janke et al.14 found that
more stable, but less active, ORR catalysts could be formed by
subjecting carbon-supported transition-metal-centered N4-mac-

rocycles to extended heat treatments (>800 °C) in inert
atmospheres, such as Ar and N2. Yeager,2,15 Dodelet,16,17 and
Savinell18 later demonstrated that the specific nature of the
precursor was unimportant, as long as the pyrolysis mixture
contained carbon along with nitrogen and iron or cobalt.

Despite decades of research on oxygen reduction catalysts
consisting of carbon, nitrogen, and transition metal (predomi-
nantly iron or cobalt), their ORR mechanistic steps are poorly
understood. While nitrogen has been generally identified as an
essential element for catalytic activity, poor surface and
electrochemical characterizations of these materials and of the
ORR process have led to several conflicting views on the
specific identity/stoichiometry/composition of the active site.
The broad range of methodologies and materials employed to
produce active oxygen reduction catalysts makes it extremely
difficult to discern controlling parameters for preparing active
catalysts. Specifically, the widely variable properties (i.e.,
porosity, surface area, crystallinity, surface functionalities)19 of
commercially available active carbons complicate systematic
correlation of inherent carbon, transition metal, and nitrogen
interactions and obscure the elucidation of their respective roles
in the formation of catalytic materials. Furthermore, the dif-
ficulty in uniformly and reproducibly dispersing/mixing the
transition metal and nitrogen precursors with activated carbons
possessing poorly defined properties makes consistent and
reproducible activity challenging to obtain.

Rather than dispersing active ORR catalysts on a preformed
carbon support, an attractive alternative scheme is to produce
the catalytic sites and carbon support simultaneously. Recently,
we described the direct growth of carbon nanofibers (CNFs)* Corresponding author. E-mail: stevenson@mail.cm.utexas.edu.
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containing∼1 at. % N bypyrolysis of iron (II) phthalocyanine
on nickel substrates.20 In comparative studies with glassy carbon
electrodes, the N-doped CNF electrodes demonstrated improved
electrocatalytic activity for the ORR. We attributed the observed
enhanced activity to the presence of edge plane defects and
nitrogen functionalities within the CNF structure.20 In the present
work, nondoped and nitrogen-doped (N-doped) CNF electrodes
were prepared via a floating catalyst chemical vapor deposition
(CVD) method using precursors consisting of ferrocene and
either xylene or pyridine to directly control the nitrogen content.
This approach allows for the controlled growth and selective
nitrogen doping of CNF electrodes and provides for a more
direct basis for establishing correlations between carbon struc-
ture, texture, composition, and electrochemical activity. Specif-
ically, we describe the direct preparation of N-doped CNF
electrodes which exhibit enhanced catalytic activity over non-
doped varieties. This methodology has enabled us to establish
new insights as to the nature of the catalytic system and on the
influence of nitrogen doping on the ORR at activated carbons.
Mechanistic differences in the ORR reaction pathway between
nondoped and N-doped CNF varieties are demonstrated and
discussed.

Experimental Section

CNF Preparation. Nondoped and N-doped CNFs were
produced through the floating catalyst CVD method,21 using a
setup similar to that described by Rao et al.22 For studies
conducted herein, an integrated, automated system consisting
of programmable syringe pumps (New Era Pump Systems NE-
1000), electronic gas mass flow controllers (MKS type 1179A),
and two single-zone tube furnaces (Carbolite model HST 12/
35/200/2416CG) interfaced through a single computer running
a customized LabVIEW program was used. Argon (99.997%,
Praxair) and hydrogen (99.95%, Praxair) were used as the purge
and feed gases. Solutions consisting of 20 mg mL-1 of ferrocene
in xylenes (Fisher) or pyridine (EM Science) for growth of
nondoped and N-doped CNFs, respectively, were loaded into
1.0 mL gastight glass syringes (Hamilton 81320). The syringes
were interfaced with stainless steel lines that fed into the center
of the front half of an airtight quartz tube (26 mm OD, 22 mm
ID) located in furnace 1. The quartz tube spanned the two tube
furnaces. Nickel (Alfa Aesar, 100 mesh gauze) electrode growth
substrates were placed downstream approximately in the center
of furnace 2. After a fifteen minute argon purge (200 sccm) of
the quartz tube, furnace 2 was heated to the appropriate pyrolysis
temperature (700/800°C for nondoped and N-doped CNFs,
respectively). Following a five minute thermal equilibration
period, furnace 1 was heated to the vaporization temperature
of the feed solution (150/130°C for xylenes and pyridine,
respectively). Concurrently, the reaction gas flow was started,
amounting to a total gas flow of 575 sccm. 1 mL of the ferrocene
solution was then fed into furnace 1 at a rate of 0.1 mL s-1.
Once completed, furnaces 1 and 2 were allowed to cool while
the reaction gas flow was switched to 200 sccm argon for the
remainder of the cooling process. Upon cooling to room
temperature, CNFs were collected from the interior of the quartz
tube in furnace 2 and/or the CNF-coated nickel mesh was
removed. The resulting CNF films appeared as a uniform black
felt-like layer. Collected materials were stored in individual
airtight vials prior to analysis.

Structural Analysis. Transmission electron microscopy
(TEM) of the resultant CNF materials was performed with a
JEOL 2010F operating at 200 kV. Prior to analysis, the CNFs
were dispersed in methanol and then dropped onto a Cu TEM

grid covered with a thin amorphous carbon film. Image analysis
was performed with DigitalMicrograph 3.6.1 (Gatan) software.
BET isotherm surface area measurements were obtained with a
Micromeritics ASAP 2010. Samples were dried overnight in a
vacuum at 200°C, weighed, and then dosed with N2 (molecular
cross section) 0.1620 nm2) at-195.8°C. Raman analysis was
performed with a Renishaw In Via system utilizing 514.5 nm
incident radiation. A 50× aperture (N.A.) 0.75) was used,
resulting in approximately a 2µm diameter sampling cross
section. Thermogravimetric analysis (TGA) of bulk CNF
samples was conducted using a TA Instruments Q500 in Hi-
Res Dynamic mode (heat rate) 50 °C min-1, sensitivity )
1.00, resolution) 5.00). Sample sizes of 1 to 5 mg of CNFs
were loaded into platinum pans and heated to 900°C in a
flowing air (Praxair, 99.998%) environment with a 60 mL min-1

flow rate to the sample and a 40 mL min-1 flow rate of N2

(Praxair, 99.998%) to the balance. Residual mass after temper-
ature ramp was shown by Raman spectroscopy to be hematite,
Fe2O3. Therefore, the reported residual mass of the CNFs of
the iron seed particle content is reported after correction for
hematite oxygen content. X-ray photoelectron spectroscopy
(XPS) was carried out with a PHI 5700 ESCA system utilizing
Al K-alpha monochromatic (1486.6 eV) and calibrated using
the signals for Au4f7/2, Ag3d5/2, and Cu2p3/2 at 83.98, 36.27,
and 932.67 eV, respectively. The low iron sensitivity neces-
sitated 10 scans averaged together to resolve the Fe 2p spectrum.
The XPS spectra were peak fit and analyzed using a freeware
software package, FITT 1.2 (Photoelectron Spectroscopy Lab,
Seoul National University). The results of all reported analyses
(TEM, Raman, TGA, XPS, chronocoulometry, and cyclic
voltammetry) were verified by at least five replicate measure-
ments made on different batches of CNFs. Therefore, all
reported standard deviations represent true sample-to-sample
variances calculated from at least five individual experiments.

Electrochemical Analysis. A single-compartment, three
electrode, glass electrochemical cell was employed for the cyclic
voltammetry and chronocoulometry studies. Platinum mesh
(Aldrich) and Hg/Hg2SO4 (sat’d K2SO4, CH Instruments) were
used as the counter and reference electrodes, respectively, while
CNF-coated nickel mesh served as the working electrode. All
electrode potentials are reported versus Hg/Hg2SO4 (sat’d
K2SO4), which is ca. 0.64 V positive of NHE. All electrochemi-
cal measurements were taken with a quiescent solution. All
electrochemical studies were conducted at room temperature
(23 ( 2 °C) and were performed with either a CH Instruments
700A potentiostat or an Autolab PGSTAT 30 interfaced to a
PC. Geometric surface areas of the CNF electrodes were
determined by chronocoulometry (CC) using hexaammineru-
thenium(III) chloride (Strem Chemicals) in 1 M KNO3. The
potential of the uncoated nickel mesh electrodes were stepped
from -0.4 V to -0.8 V for 1 s and the area was calculated
from the slope (m ) 2nFADo

1/2Cπ-1/2) of the linear portion of
the Q vs t1/2 plot using the diffusion coefficient20 Do ) 7.3 ×
10-6 cm2 s-1. For uncoated nickel mesh electrodes, the observed
electroactive area was 1.1( 0.1 cm2. The geometric surface
areas of the CNF electrodes were assumed to be the same
equivalent area as the uncoated nickel mesh electrodes.

For cyclic voltammetry and chronoamperometry studies, Ar
or O2 (99.5%, Praxair), introduced through a gas inlet of the
electrochemical cell, was bubbled through the test solutions for
20 min prior to the start of the measurements (to either fully
purge or to fully oxygenate, respectively) and again for one
minute between measurements. Solution volumes were∼5-7
mL. The cell was kept at ambient pressure. The diffusivity of
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dissolved O2, assumed to be 1.75× 10-5 cm s-1,23 and the
saturated oxygen concentrations, 1.0 mM and 1.3 mM in 1 M
KOH and 1 M KNO3, respectively,24 were used in calculations
involving chronocoulometry. The solution was purged prior to
and after each electrochemical experiment. Electrolyte solutions
were prepared using potassium nitrate (EM Science, 99.9%) or
potassium hydroxide (Aldrich, 99.99%) as received. The potas-
sium nitrate and potassium hydroxide solutions were measured
to have pH values of 6.7 and 14.0, respectively. Hydrogen
peroxide solutions were made by diluting 30% H2O2 stock
solutions (Fischer, with stabilizer). Cyclic voltammograms in
the presence of O2 were obtained by sweeping the potential from
-0.2 V to -1.1 V at various sweep rates between 5 mV/s and
100 mV/s in corresponding supporting electrolytes. All CVs
conducted in the presence of O2 are background subtracted
unless noted otherwise. Chronoamperometry studies for O2

reduction were performed using a single potential-step method,
stepping from an initial potential of-0.3 V to a final potential
of -0.7 V or -1.1 V and recording the charge passed for a
period of one second.

Determination of H2O2 Heterogeneous Decomposition
Rate Constant. For 1 M KNO3 solutions, a home-built
manometer apparatus was employed. The manometer filled with
O2 saturated 1 M KNO3 was attached to a 50 mL buret filled
with O2 saturated 1 M KNO3, similar to that described by
Tseung et al.25 A preweighed 1 to 10 mg sample of CNFs was
dispersed in 50 mL. The nondoped CNF samples were notice-
ably more hydrophobic than the N-doped CNFs. Hence, to fully
wet the nondoped CNFs a small aliquot (<0.1 mL) of methanol
was used. The wetted CNFs were immediately dispersed in
solution, where the total methanol concentrations amounted to
less than 5 mM. For N-doped CNF suspensions, measurements
with and without added methanol showed no effect on peroxide
decomposition within the precision of the measurements. The
CNF suspensions were saturated with O2 for 10 min while
vigorously stirred with a magnetic stir bar. Following, 0.5 mL
of 5 M H2O2 (standardized with KMnO4 titration) was injected
into the solution and the cell was immediately attached to the
gasometric apparatus. The buret valve was opened periodically
to level the manometer, unevened by the evolved O2,g from H2O2

decomposition. The volume of evolved O2,g was recorded every
30 to 60 s, for 20 to 60 min. All experiments were done with
the single neck round-bottom cell immersed in a water bath set
at 23.0 ( 0.5 °C. H2O2 concentrations were calculated as
described by Carbonio et al.26 For analysis in alkaline solutions,
a preweighed 1 to 5 mg sample of CNFs was dispersed in 75
mL of 1 M KOH (99.99%, Aldrich) in a five neck cell including
a gold rotating disk electrode (RDE) (PINE AFE2MO50AU),
gas inlet/outlet, gold counter electrode, and reference electrode.
The solution was purged with N2 for 10 min while the gold
RDE was rotated at 2000 rpm (PINE AFM SRX). Then,
approximately 0.75 mL of 1 M H2O2 (30%, Aldrich, standard-
ized with KMnO4 (Aldrich) titration) was injected into the
suspension while N2 was blown over the solution. The gold
RDE was swept from-0.7 V to -0.4 V at 50 mV/s to oxidize
hydroperoxide at the electrode surface. Scans were recorded
approximately every 60 s for 20 min. All experiments were done
at room temperature (23( 2 °C). In situ concentrations were
calculated from the obtained limiting currents as described by
Yeager et al.27 First-order heterogeneous decomposition rate
constants were determined from the linear slopes of ln[HO2

-]
vs time plots and solution volume and normalized by the CNF
BET areas. BET analysis yielded areas of 130(10 m2 g-1 for
both nondoped and N-doped varieties.

Results

Structural and Compositional Characterization. Figure 1
displays representative high-resolution TEM images of non-
doped and N-doped CNF electrodes prepared by the floating
catalyst CVD method. Both varieties of CNF electrodes exhibit
similar fibril morphologies with 20-40 nm diameters,>10 µm
lengths, and hollow interiors for individual CNFs. Subtle
structural differences are seen between the two CNF varieties,
with N-doped CNF sidewall structures appearing more com-
partmentalized and disordered than nondoped analogues, con-
sistent with other reports of carbon nanotubes grown under
similar conditions.28,29 Additionally, the sidewalls of the N-
doped CNFs contain more dislocations and disruptions in the
graphene stacking (turbostratic disorder), in agreement with
observations of Sjostrom,30 who noted that disruptions and
irregular curvature in graphene stacking in N-doped carbons is
due to the propensity of incorporated nitrogen to form pentago-
nal defects in the graphene sheets. The introduction of pentagons
into the basal planes disrupts the planar hexagonal arrangement
of C atoms found in graphite, causes buckling of the graphene
layers, and results in interlayer distances that fluctuate between
wider and thinner distances than found in pristine graphite. The
average difference in interlayer spacings (d002) between the two
varieties can be estimated from the TEM images.31 Fourier
transforms32 of Figures 1B and 1D yieldd002 spacings of
3.448 ( 0.005 Å and 3.53( 0.02 Å for the nondoped and
N-doped varieties, respectively, suggesting that N-doped CNFs
are more turbostratic. Localized parallel electron energy loss

Figure 1. Representative TEM images of (A) nondoped, and (C)
N-doped CNFs prepared by floating catalyst CVD. High-resolution
TEM images (B) and (D) are of highlighted regions in (A) and (C),
respectively. Scale bars: (A) and (C) are 20 nm, and (B) and (D) are
5 nm.
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spectroscopy (PEELS) experiments (data not shown) on the
N-doped CNFs verified the presence of nitrogen at edge plane
sites on the periphery of the fiber walls, consistent with that of
Tang et al.33 for similarly prepared materials. Low magnification
electron micrographs of the structures in Figure 1 showed the
presence of iron seed particles with diameters<10 nm dispersed
sporadically throughout CNF interiors and, much less frequently,
on the exteriors. Visually, graphitic shells (carbon coatings)
appear to surround all iron particles present on the CNF exterior.
PEELS analysis of the encapsulated metallic particles demon-
strated a strong iron signal. However, no iron signal was
detectable when the beam was placed over areas without visible
iron particles.

The differences in crystallinity of the two CNF types were
assessed using Raman spectroscopy. Figure 2 displays repre-
sentative first-order Raman spectra of the nondoped and
N-doped CNFs. Both CNF types demonstrate strong bands near
1360 and 1590 cm-1 (Figure 2A), consistent with graphitic
carbon samples.34 The ratio of the intensities (I) of the two bands
(D and G bands, respectively) can be used to estimate the extent
of disorder within the samples.35 Such analysis for our materials
yieldsID/IG ratios for the nondoped and N-doped CNF varieties
of 0.36 ( 0.01 (1σ) and 0.74( 0.02 (1σ), respectively. The
2-fold increase in theID/IG ratio for the N-doped material
corresponds to a 2-fold decrease in the average in-plane
crystalline domain size (Lc) of the wall structure and agrees with
the TEM data presented above. In addition to the differences
in ID/IG ratios, the spectra also exhibit a marked broadening of
the full width at half-maximum (fwhm) of the D and G bands
for the N-doped CNFs and a significant shoulder near∼1250
cm-1. This is in agreement with the studies of Tascon et al.36,37

that indicate first order band broadening correlates strongly with
the degree of graphitic disorder, noting a high energy shoulder
of the D band is apparent with more disordered microcrystalline
carbons. More surprising are the observed differences in the
second-order Raman spectra.36,38 Figure 2B shows the second
order Raman spectra for both CNF types, where the intensities
have been normalized to the intensity of the G band in the first-
order spectra (Figure 2A). Empirically, only well-resolved bands
at ∼2700 cm-1 and ∼3250 cm-1 are observed for very
crystalline graphitic carbons. For disordered carbons these bands
are very weak or not seen.38 For example, the intensity of the
band at∼2700 cm-1 (commonly referred to as the 2D band)39

in Figure 2B is 1/8 as intense for the N-doped CNFs than for
the nondoped varieties. The band at 3250 cm-1 is not seen in
the spectrum for N-doped CNFs. Both CNF types demonstrate
a band near 2950 cm-1. A small, broad band at∼2950 cm-1 is
not apparent in Raman spectra for basal plane highly oriented
pyrolytic graphite (HOPG) or natural graphite, but is seen in
spectra for edge-plane HOPG40 and microcrystalline graphitic
powders.36,38Also of interest is the small band at∼2450 cm-1

observed only for the nondoped materials. The origin of this
mode is not clearly understood but has been noted in the spectra
of basal plane graphite.41 We speculate that this band is
associated with a larger abundance of basal plane sites or,
conversely, a lack of edge plane sites. Hence, both the first and
second-order Raman spectra suggest significant disorder in both
CNF varieties, with a greater extent of disorder in the N-doped
CNFs. For both CNF types, no discernible modes were visible
below 1000 cm-1 (data not shown) to indicate the presence of
single-walled carbon nanotubes. The absence of bands below
600 cm-1 also indicates that no iron oxides (e.g., magnetite,
hematite, ferrihydrite, goethite) are present at detectable levels
on the “as-grown” CNF electrodes.42,43

TGA was conducted to assess thermal stabilities and residual
iron catalyst concentrations in both CNF types. Figure 3 presents
typical TGA curves for nondoped and N-doped CNFs. The
maxima in first derivative plots of these curves were used to
estimate burnoff temperatures of CNF materials in an oxidative
environment.44 Burnoff temperatures are functions of analysis
conditions (e.g., analysis gas composition, flow rate, sample
heating rate) and are thus potentially misleading if compared
between dissimilar studies. However, comparisons of burnoff
temperatures for samples analyzed under identical conditions
can distinguish materials that are more easily thermally decom-
posed. For five measurements of each CNF type, burnoff
temperatures for nondoped and N-doped CNFs were 540(
40 °C (1σ) and 450( 10 °C (1σ), respectively. The observed
∼90 °C lower thermal decomposition temperature for the
N-doped CNF electrodes supports the TEM and Raman data
that these materials are more disordered and possess consider-
ably more edge plane sites. These data are consistent with reports
of Kinoshita et al.45 which indicate that thermal decomposition
temperatures for natural graphite powders decrease as the density
of edge plane sites increase. For both CNF types, the remaining
mass above 750°C was found to be hematite (Fe2O3).43 The
residual bulk iron mass percentages after oxygen content
correction for nondoped and N-doped CNFs were 7( 1 (1σ)
% and 9( 1 (1σ) %, respectively.

The elemental surface compositions of nondoped and N-
doped CNF varieties were assessed using X-ray photoelectron
spectroscopy (XPS). Figure 4 shows 10 scan-averaged Fe 2p
spectra. The total surface iron content for the nondoped and
N-doped CNFs is 1.2 and 1.1 at. %, respectively, which
corresponds to∼4.5 wt % of the total amount of iron measured
from TGA. The results of TGA are insensitive to the nature or
position of the iron in the CNF samples and therefore report on
the total residual iron content (i.e., all iron including that
encapsulated by graphene layers which was by far the dominant
form of iron species seen through TEM observations). Sampling
depths of XPS and Raman under the experimental conditions
are similar (∼10 nm)46,47and thus the two techniques only report

Figure 2. Representative Raman spectra of nondoped CNFs (dashed
line) and N-doped CNFs (solid line). (A) First-order spectra and
(B) second-order spectra are normalized to the intensity of the band at
1588 cm-1.

Figure 3. Representative TGA mass loss plots for nondoped CNFs
(dashed line) and N-doped CNFs (solid line) conducted in air. The
residual mass above 550°C is Fe2O3 (hematite) for both CNF varieties.
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on iron species within∼10 nm of the surface. Hence, because
XPS analysis yields an iron content roughly half that of the
total content determined by TGA, we estimate that half of the
iron is encased by graphene layers no thinner than∼10 nm.
Raman analysis seems less sensitive to iron content near or at
the CNFs surface because only iron oxide species are Raman
active. Further, since most iron oxide phases are only weakly
Raman active, Raman analysis can only accurately reflect the
iron species that are within∼10 nm of the CNF surfaceand
that are iron oxides that are strong Raman scatterers, e.g.,
R-Fe2O3.43 Remarkably, the apparent oxidation state(s) of the
iron in the two CNF varieties is different, with the N-doped
CNFs exhibiting one pair of Fe 2p1/2 and 2p3/2 bands (707 and
720 eV) and the nondoped CNFs showing two pairs of bands
(707 and 720 eV and 711 and 725 eV). The two sets of bands
for nondoped CNFs are consistent with metallic (Fe0) iron/iron
carbide and iron oxides (Fe2+/3+), respectively.48,49 In contrast,
the surface iron content of the N-doped CNF materials appears
to be solely metallic or iron carbide with the sharpness of the
Fe bands strikingly similar to the standard Fe 2p spectrum for
metallic iron,49 suggesting that the iron is metallic rather than
carbide. XPS peak areas indicate that the relative abundances
of the metallic iron and iron oxides for nondoped CNFs is 45%
and 55%, respectively. The broad nature of the 711 and 725
eV bands make it difficult to determine specifically which oxide
form (e.g., hematite, ferrihydrite, etc.) is predominant in the
nondoped CNFs.50 Still, it seems clear that the surface iron of
nondoped CNFs is of a mixed valent nature while that of the
N-doped CNFs consists of zerovalent (metallic) iron. The
oxidized iron is most likely due to exposure to atmospheric
oxygen and reflects the differences in oxidative stability between
nondoped and N-doped CNF varieties (vida infra). Figure 5
displays the N1s spectra for nondoped and N-doped CNFs.
N-doped CNFs exhibit two strong bands at 398.5 and 400.7
eV and a weak, broad band at 405 eV, while nondoped varieties
show no discernible N1s signal. The integrated signal intensity
for nitrogen atoms for N-doped CNFs give a surface concentra-
tion of 4.0 at. %, consistent with that of Glerup51 for N-doped
CNFs produced by a similar method. Several groups investigat-
ing nitrogen-doped graphitic carbons have proposed that the

bands at 398 and 401 eV correspond to “pyridinic” and
“pyrrolic” nitrogen incorporation, respectively.52,53 The weak
band near 405 eV may be attributable to nitrogen atoms
substituted in the interior rather than periphery of the graphene
sheets.52 Peak areas for the three visible N1s bands indicate
that 31% of the incorporated nitrogen may be in the “pyridinic”
form and that 59% of the nitrogen atoms may be present in the
“pyrrolic” form. The remaining 10% of detectable nitrogen
atoms represent quaternary-like nitrogens in the interior of the
graphene sheets. For both CNF varieties the carbon is predomi-
nantly sp2 hybridized as denoted by a C1s binding energy of
284 eV (data not shown), similar to that of HOPG.54,55

Additionally, no detectable sidebands in the C1s region (285-
291 eV) are present to suggest the existence of graphene oxides
or oxygen containing functionalities on the CNF electrodes.56

A small O1s signal at 532.6 eV (data not shown) is also seen
for both CNF varieties consistent with the presence of adsorbed
molecular oxygen or H2O.

Reduction of Oxygen.In a previous report, we noted that
N-doped CNF electrodes prepared from the pyrolysis of iron(II)
phthalocyanine were active electrocatalysts for the ORR in
comparison to glassy carbon electrodes.20 In an effort to more
directly compare the influence of nitrogen doping we prepared
both nondoped and N-doped CNF electrodes using precursors
consisting of ferrocene and either xylene or pyridine. As detailed
above, this approach has allowed us to control carefully the
nitrogen surface content while maintaining consistent iron
loadings and morphological properties (i.e., fibril diameters and
lengths). Further, through this synthetic route we have been able
to grow CNFs directly on current collector supports, enabling
us to study the electrochemical behavior of the CNFs without
potentially biasing the behavior due to incorporation of extrane-
ous materials (e.g., binders) and procedural steps (e.g., suspend-
ing CNFs in solution with surfactants and then casting the
suspension on a separate electrode surface). The background-
corrected voltammetric responses for the ORR at nondoped and
N-doped CNF electrodes in an O2 saturated 1 M KNO3 solution
(pH ) 6.4) are shown in Figure 6. Marked differences between
the two CNF variants can be easily seen. In particular, only a
single reduction peak atEp1 ) -0.69 V (vs Hg/Hg2SO4) for
the ORR is observed for N-doped CNF electrodes, whereas two
reductive peaks atEp1 ) -0.76 V andEp2 ) -0.97 V are seen
for nondoped CNF electrodes. Additionally, for N-doped CNFs
the ORR peak is shifted significantly positively (ca. 70 mV)
relative to the response for nondoped CNF. This positive
potential shift implies that the N-doped CNF electrodes are more
catalytically active (kinetically more facile) for O2 reduction.
Figure 7 displays voltammetric responses for the reduction of
O2 in more basic 1 M KOH oxygen saturated solutions. In
alkaline conditions, pH> 10, the voltammograms for nondoped
and N-doped CNFs are very similar, each with two well-

Figure 4. Normalized X-ray photoelectron Fe 2p spectra (10 scan
average) for (A) nondoped CNFs, and (B) N-doped CNFs.

Figure 5. Normalized X-ray photoelectron N1s spectra (single scan)
for (A) nondoped CNFs, and (B) N-doped CNFs.

Figure 6. Background subtracted voltammetric responses of a non-
doped CNF electrode (dashed line) and a N-doped CNF electrode (solid
line) immersed in an O2 saturated 1 M KNO3 solution. Scan rate)
0.1 V s-1.
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separated peaks, with the first peak at∼Ep1 ) -0.71 V for the
N-doped CNFs and atEp1 ) -0.75 V for the nondoped CNFs.
In general, the electrochemical response for O2 reduction is
consistent with the well-described behavior at unmodified
graphitic carbon electrodes in neutral to alkaline media. Under
these conditions the ORR proceeds by a two-electron reduction
pathway, eq 1, with hydrogen peroxide (HO2

-, hydroperoxide
in neutral to alkaline media) as an intermediate or final product.

This reaction may be followed either by a second two-electron
reduction of HO2

- to OH-, eq 2,

or, by the rapid chemical decomposition of HO2
- to regenerate

O2, eq 3.

Whether the hydroperoxide species undergoes further electro-
chemical reduction (eq 2) or decomposes (eq 3), the whole ORR
process starting with the “two-electron pathway” involves four
electrons per oxygen molecule. For our CNF electrodes,
quantitative assessment of the number of electrons,n, involved
in O2 reduction was performed using chronocoulometry. De-
termination ofn is possible from the slopes of the chronocou-
lometric plots shown in Figure 8, using eq 4,57 whereQ is the
measured charge,F is Faraday’s constant,A is the geometric
area of the electrode,DO2, is the diffusion coefficient of
dissolved O2, CO2 is the concentration of dissolved oxygen, and
t is time.

Nondoped and N-doped CNF electrodes in 1 M KNO3 give
similar values of 3.7( 0.4 and 3.6( 0.4 electrons at-1.10 V,
respectively, indicating that the electrochemical process of the
broad single wave for N-doped CNFs is identical to the sum
process of the sharp two waves for nondoped CNFs, where one
equivalent of O2 undergoes a net four electron reduction at
-1.10 V for both CNF types. For conventional graphitic
electrodes in the absence of additional catalysts (e.g., Pt),2,3 both
successive two electron reductions of O2 (eq 1 and 2) are
observed since the slow kinetics of the chemical decomposition
step (eq 3) make hydroperoxide a stable intermediate.

Although exhaustive mechanistic analysis of the ORR is
difficult given the numerous possible pathways, linear sweep
voltammetry can provide insight on the rate determining step
(RDS) and whether an outer sphere (nonadsorptive) or inner
sphere (adsorptive) pathway is observed.58 Many investigators,
including Mrha,8 Yeager2, and McCreery59 have proposed that,
at metal-free carbon surfaces, O2 reduction involves surface
adsorption (eq 5), with the initial electron-transfer step consisting
of O2 being reduced to superoxide (eq 6), followed by
protonation to form hydroperoxide radical (eq 7) and subsequent
reduction to hydroperoxide (eq 8).

McCreery et al.58 have argued that since the pKA of the
superoxide species likely shifts from∼4 to ∼9 when it is
adsorbed rather than when it is free in solution, the protonation
step (eq 7) at all pH values less than the pKA,O2

- should be fast.
Hence, for O2 reduction in solutions with the pH< pKA,O2

-,
the RDS is the initial electron-transfer rather than the protonation
of O2,ads

•- .58 Technically, the RDS should shift from eq 6 to eq 7
for O2 reduction proceeding via the adsorptive pathway, yielding
a value ofRobs ) 0.5 at neutral pH and increasing to a value
nearRobs) 1 in very alkaline conditions. From the voltammetry
shown in Figures 6 and 7,Robs can be estimated from the
measured width of the waves (Ep/2 - Ep ) 1.875RT/RobsF),
whereEp is the potential where the peak current is observed
and Ep/2 is the potential at exactly one-half the total peak
current.60 For N-doped CNF electrodes at pH) 6.7, Robs )
0.4; whereas for nondoped varieties,Robs ) 0.8. In pH ) 14
solutions, the values forRobswere 0.8 and 1.0 for N-doped and
nondoped CNFs, respectively. The N-doped CNFs exhibit a
change in charge-transfer coefficient,Robs, consistent with a
strongly adsorptive pathway while the nondoped CNFs show
voltammetry and a respectiveRobs that is invariant to solution
pH, suggesting that O2 is not strongly adsorbed at the nondoped
CNFs in the studied pH range.

While the Robs dependences reflect differences in the non-
adsorptive and adsorptive pathways for the nondoped and
N-doped CNFs, respectively, the dissimilarities in voltammetric
features also indicate that the ORR mechanistic steps are
different, especially in pH< 10 solutions. In particular, the
positive shift in the O2 reduction wave is suggestive of an

Figure 7. Background subtracted voltammetric responses of a non-
doped CNF electrode (dashed line) and a N-doped CNF electrode (solid
line) immersed in an O2 saturated 1 M KOH solution. Scan rate)
0.1 V s-1.

Figure 8. Chronocoulometric response of nondoped CNF (open
symbols) and N-doped CNF (dark symbols) electrodes immersed in
O2 saturated 1 M KNO3 and 1 M KOH. The electrodes were stepped
from -0.30 V to-1.10 V in 1 M KNO3 (O,b) and from-0.40 V vs
to -1.0 V in 1 M KOH (0,9).
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adsorptive pathway59 and consistent with the idea that the
electron-transfer rate for reduction of O2 to O2

•- (eq 6) is
accelerated when adsorbed. To better assess this behavior, a
commercial simulations package was used to model the observed
voltammetry. The appendix describes the parameters used for
the simulation in more detail. Figure 9 shows the effect of the
rate constant61 on the O2 reduction potential associated with
the first electron-transfer step (O2 to O2

•-, k6
o, (eq 6)). Varia-

tions in the value ofk6
o over a small range of orders of

magnitude shiftEp/2 of the first reduction peak by several
hundred millivolts, indicating a strong sensitivity of the position
of the oxygen reduction peak toward the rate of the initial
electron-transfer step. The 125 mV difference inEp/2 between
the voltammograms in Figure 6 reflects a 10-fold increase in
k6

o. This is consistent with the idea that O2 reduction to O2
•-

with pH < 10 is limited by the first electron-transfer step (eq
6) rather than the proton-transfer step (eq 7). In contrast, the
difference in Ep/2 observed for the reduction of oxygen to
hydroperoxide in more alkaline solutions (pH> 10) between
the CNF varieties (see Figure 7) is only 48 mV. SinceRobs

values for both CNF types are near 1 and chronocoulometric
analysis (Figure 8) yieldsn ) 2 (two-electrons) for the first
peak for both CNF varieties, the reduction of O2 to O2

•- is
likely mechanistically similar for N-doped and nondoped CNFs
in alkaline conditions. The slight peak shift between N-doped
and nondoped CNFs in Figure 7 is most likely a result of the
larger edge plane graphite content in N-doped CNFs observed
in the Raman, TGA, and TEM analyses, as demonstrated by
McCreery et al.59

The lack of a second voltammetric peak for N-doped CNF
electrodes in solutions of neutral pH (Figure 6) suggests an
additional difference in the reaction pathway for O2 reduction
where the intermediate, hydroperoxide (HO2

-), is much less
stable at the CNF/solution interface. We also simulated the
influence of the rate of the observed heterogeneous hydroper-
oxide decomposition (eq 3) on O2 reduction voltammetry.62-64

McIntyre has previously reported similar modeling studies of
the ORR.62,65 Following this precedent, we simulated the two
successive, two electron-transfer O2 reduction pathways and
modeled a heterogeneous chemical regeneration step for the
recycling of O2 (see appendix for simulation parameters). Figure
10 shows the influence of forward rate constant for the
heterogeneous chemical decomposition of hydroperoxide,k3,f,
(eq 3) varied over 6 orders of magnitude. With smallk3,f values
(<10-4 cm s-1), oxygen regeneration (recycling) is negligible
and two separate reduction peaks are observed. With larger
values ofk3,f (>10-3 cm s-1), a transition from two observed
peaks to only one observed peak is seen. The absence of the
second reduction peak suggests that electrochemically generated
hydroperoxide chemically decomposes to oxygen at a rate faster
than the rate at which it is electrochemically reduced to OH-.

A key feature of this simulation is that the transition between
the two extreme conditions occurs within a small range
encompassing 3 orders of magnitude ofk3,f, as indicated in the
inset of Figure 10.

To assess experimentally whether the chemical decomposition
rates of hydroperoxide were in fact different between the two
CNFs varieties, we performed rotating disk electrode analyses
in alkaline solutions;27 but, because of difficulties in electro-
chemical detection of hydroperoxide in solutions of neutral pH,66

gasometric analyses67 were conducted in 1 M KNO3. Figure
11 shows representative results for the measured hydroperoxide
decomposition rates at N-doped and nondoped CNFs. For
N-doped CNFs,k3,f was found to be 5.1( 0.7 × 10-6 cm s-1

and for nondoped CNFs,k3,f was 3.0( 0.4 × 10-8 cm s-1. In
1 M KOH, the k3,f values for N-doped and nondoped CNFs
were measured by RDE analysis to be 1.8( 0.5 × 10-5 cm
s-1 and 1.0( 0.4× 10-7 cm s-1, respectively. In both neutral
and alkaline pHs, the N-doped CNFs demonstrate over a 100-
fold increase in catalytic activity. Surprisingly, these values are
within an order of magnitude of decomposition rates reported
for most active catalysts, e.g., Pt-black.68 Our observations are
also in agreement with studies of other nitrogenated carbons
showing similar hydroperoxide decomposition activity.11 The
slight increase ofk3,f in alkaline solutions has been reported
for other peroxide decomposition catalysts and is most likely
attributable to a greater instability of hydroperoxide with
increasing pH alkaline solutions.25 Irrespective of the solution
pH, the heterogeneous decomposition of hydroperoxide appeared
to be first order (cm s-1) at both CNF types, in agreement with
reported first-order behaviors of other graphitic carbons and most
metal oxide based catalysts.64

One question that remains is why the hydroperoxide decom-
position rate constant,k3,f (eq 3), values measured for the
N-doped CNFs in neutral and alkaline pH media are 3 orders
of magnitude smaller than those values predicted by our
electrochemical simulations. This discrepancy may be rational-
ized by the limitations of the model and simplified simulation

Figure 9. Simulated oxygen reduction voltammograms with varied
values for the first electron-transfer step (Reaction 3) rate constant,k6

o.
Scan rate) 0.1 V s-1.

Figure 10. Simulated voltammograms of the peroxide pathway
reduction of oxygen with varied values for the heterogeneous hydro-
peroxide decomposition rate constant,k3,f. The effect ofk3,f on the
normalized hydroperoxide reduction currents is shown in the inset. Scan
rate) 0.1 V s-1.

Figure 11. Gasometric analysis of the heterogeneous decomposition
of hydroperoxide at nondoped CNFs (O) and N-doped CNFs (9) in
1 M KNO3.
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parameters, i.e., the exclusion of the influence of reactant
adsorption and decomposition reaction intermediates. The
simulation presented here follows McIntyre’s approach62 and
treats the hydroperoxide decomposition in one uncomplicated
chemical step that is confined to the surface but with no reactants
as adsorbed species. As discussed by Appleby,69 the actual
catalytic regeneration of oxygen from hydroperoxide likely
involves numerous adsorbed reactive intermediates such as
O2

•-, HO2
• , and HO•. The absence of such intermediates in the

decomposition step oversimplifies the potential dependence of
the hydroperoxide decomposition reaction as the aforementioned
intermediates are all likely reduced at the potentials necessary
for oxygen reduction. Further, the relevant rate limiting step
for the simulation may not be the same as for the gasometric or
RDE bulk measurements conducted at open circuit conditions.
The observance of a first order rate behavior in the experimental
data suggests that the rate limiting step in reactions measured
by bulk measurements is unimolecular, possibly involving an
initial adsorption of hydroperoxide. Subsequent bimolecular
surface bound reactions, as in the homogeneous case,70 are likely
rapid. Hence, if the hydroperoxide species is already adsorbed,
as is the case in the in-situ generation of hydroperoxide during
the ORR, the decomposition of the hydroperoxide species is
not limited by adsorption but instead proceeds at the rate of the
slowest subsequent step, which is likely to be several orders of
magnitude faster than an initial adsorption step(s). This may
also explain the observance of the second peak in the O2

reduction voltammetry for N-doped CNFs in strongly alkaline
solutions. Although RDE measurements show thek3,f value for
N-doped CNFs remains 2 orders of magnitude greater than the
value for nondoped CNFs in 1 M KOH, the second peak
corresponding to the electrochemical reduction of hydroperoxide
to OH- is not suppressed. Alkaline solutions may favor an initial
adsorptive step for hydroperoxide, as suggested by the RDE
measurements. However, the greater stability of intermediates
such as O2

•-, HO2
• , and HO• in alkaline solutions could impede

subsequent steps in the disproportionation relative to the rates
observed in 1 M KNO3. If the decomposition steps of the
hydroperoxide species have slowed by only 2 orders of
magnitude, the electrochemical reduction of hydroperoxide
should be observed. While the specific cause for the reappear-
ance of the peroxide reduction peak in more alkaline solutions
at N-doped CNFs is unclear, the dissimilarity of the voltam-
mograms of Figure 6 and the similarity in Figure 7 strongly
indicate that the mechanism for oxygen adsorption and hydro-
peroxide decomposition at N-doped CNFs is strongly dependent
on pH.

We feel that the activity of the N-doped CNFs toward oxygen
reduction and hydroperoxide decomposition is a direct result
of nitrogen doping and is not directly related to the residual
iron content. While many have speculated that iron species may
participate in the observed catalytic activity in as many as three
ways (as exposed solid iron on the carbon surface, as dissolved
iron species leaching out of the CNFs into solution, or as
nitrogen-chelated Fe2+/Fe3+ sites), we have found no evidence
to support any of these scenarios for our materials. In particular,
we observe no voltammetric peaks commensurate with the
oxidation of metallic iron or reduction of iron oxide on the
surface of the CNFs. This is consistent with our TEM observa-
tions that all iron particles are encased by at least 2-3 graphene
layers. Moreover, since TGA and XPS results demonstrate
nominally equivalent loadings of iron for both CNF types, it
seems unlikely that solid-phase surface iron species could be
catalytically active for only the N-doped CNFs and not the

undoped varieties. Tseung et al.71 hypothesized that dissolved
transition metal hydroxides leached from metal surfaces can act
as aqueous, Fenton-like peroxide decomposition catalysts (i.e.,
Fe2+/Fe3+ redox mediated peroxide decomposition). We see no
evidence for iron species leaching into solution. In preliminary
experiments72 we have quantified iron leaching rates from
suspended CNF materials in solutions with neutral to alkaline
pH. These leaching rates are extremely slow (<10 femtomoles
L-1 s-1) so it seems highly unlikely that a Fenton-like catalyzed
decomposition mechanism is operative. Additionally, we see
no evidence for the presence of iron-chelated surface sites (i.e.,
FeN2/C or FeN4/C) that could act as Fenton-type catalysts and/
or as facile O2 adsorption sites as proposed by Dodelet16 and
Schulenburg.73 If this were the case then these sites should be
easily poisoned in the presence of CO due to strong irreversible
binding to the active iron site. As demonstrated in Figure 12,
the O2 reduction voltammetry at N-doped CNFs is unaffected,
i.e., the peak shape, position, and absence of a second reductive
peak, even when the solution has been saturated with CO (∼1
mM). If nitrogen-chelated Fe2+/Fe3+ sites were influential, then
exposure to CO should also inhibit hydroperoxide decomposition
and result in observable changes in the O2 reduction voltam-
metry.

As our electrochemical simulations qualitatively demonstrate,
we believe that the increased catalytic activity and more positive
O2 reduction potential observed for N-doped CNF electrodes
is predominantly a result of enhanced adsorption which proceeds
to accelerate O2 reduction and to advance heterogeneous
hydroperoxide decomposition. This idea supports the original
position of Yeager2 and Wiesener74,75 that the transition metal
(iron in this case) serves primarily to facilitate the stable
incorporation of nitrogen into the graphitic structure during the
CNF growth. This hypothesis is consistent with the ability of
iron to alloy with carbon and nitrogen,28 where at elevated
temperatures the supersaturation of iron particles is relieved by
the precipitation of both carbon and nitrogen, as detailed by
Baker et al.76 Hence, iron acts as a secondary participant in the
formation of active carbon, i.e., as an agent to stabilize the
incorporation of nitrogen within the graphene matrix. Increased
nitrogen doping has repeatedly been noted to increase the basic
nature11,56,77and catalytic activity11,78,79of the graphitic carbon.
As indicated by Radovic et al., the enhanced basicity of the
carbons is a consequence of strongπ electron delocalization.80

Delocalizedπ electrons are capable of nucleophilic attack,
imparting to the carbon a Lewis basicity independent of basic
heteroatom functionalities. The basic nature imparted on the
N-doped CNFs likely stems from both the existence of electron-
rich nitrogen sites (e.g., pyridinic nitrogen possesses one lone

Figure 12. Uncorrected voltammetric response of a N-doped CNF
electrode immersed in an O2-saturated 1 M KNO3 solution (A) before
and (B) after saturating the solution with CO. Scan rate 0.05 V s-1.
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pair of electrons in addition to the one electron donated to the
conjugatedπ bond system) and from the stability against
oxidation of the carbon which generally forms acidic oxygen
functionalities. This is in accord with pHpzc measurements (the
pH where the net surface charge is zero) by Biniak et al.11 of
nitrogenated carbons and our own preliminary pHpzc observa-
tions72 of N-doped CNFs that exhibit a basic nature (pHpzc∼9).

The importance of the basic nature of N-doped CNFs is
supported by earlier conclusions of Marsh et al.81 which indicate
that nitrogen incorporation produces activated carbons with
increased stability toward oxidation. This nitrogen-induced
stability is also reflected in the difference in the Fe 2p XPS
data (Figure 5) between our CNF varieties. The observance of
only metallic (zerovalent) iron in N-doped CNFs suggests that
these carbons have a more reducing nature that prevents
oxidation. As suggested by Strelko et al.82 the strong Lewis
basicity of N-doped carbons acts to facilitate reductive O2

adsorption at open circuit conditions without the irreversible
formation of oxygen functionalities. This has been experimen-
tally verified by Boehm et al.53 through observations of adsorbed
O2

•- on ammonia-treated carbons that showed enhanced cata-
lytic activity for oxidative reactions (i.e., NO2, SO2). We propose
a similar prevalence of adsorbed O2

•- on the surface of the
N-doped CNFs which serves as the active species for driving
the heterogeneous decomposition of hydroperoxide. Adsorbed
O2

•- likely reacts with hydroperoxide53 to form more reactive
species (e.g., HO2

• and HO•) that proceed to decompose
hydroperoxide via surface analogues of chemical steps described
by Bielski.70 Biniak et al. have noted a decreased oxygen
reduction overpotential for nitrogenated carbons that demonstrate
faster rates of hydrogen peroxide decomposition.11 We have also
noted a strong correlation between the oxygen reduction peak
potential and the nitrogen dopant level, where the oxygen
reduction peak potential for a given scan rate shifts∼+30 mV
per 1% at. N incorporated.83 In light of the presented evidence,
the strong adsorptive nature of the N-doped CNFs drives the
more facile oxygen reduction observed at neutral pH. At more
alkaline pH, it is unclear what determines the shift of N-doped
CNF electrodes to O2 reduction behavior similar to that observed
at nondoped CNFs. Likely, the specific interplay of the ORR
intermediates determines the fate of in situ generated hydro-
peroxide. Future experiments are planned to determine the
specific intermediates and reactions responsible for controlling
the decomposition of in situ generated hydroperoxide.

Summary

The structural, textural, and compositional features of N-
doped and nondoped CNFs prepared by floating catalyst CVD
were reported. Electrochemical studies of oxygen reduction of
these materials demonstrated marked differences in catalytic
activity. Experimental results and electrochemical simulations
of “as-grown” N-doped CNF electrodes demonstrate that the
incorporation of nitrogen into the carbon nanofibers results in
more facile adsorption of oxygen and the greater activity for
heterogeneous hydroperoxide decomposition. A mechanism is
proposed where at N-doped CNF electrodes the reduction of
O2 in pH <10 solutions proceeds by a two-electron process with
the rate-limiting step controlled by adsorbed superoxide. In pH
>10 solutions, the adsorption process is hindered at the N-doped
CNFs and is limited by rate of protonation of superoxide. Digital
simulations of the observed voltammetry support the proposed
mechanism for N-doped CNFs for the existence of accelerated
kinetics of both the initial reduction of O2 to O2

•- and for the
heterogeneous decomposition of hydrogen peroxide. The prepa-

ration of N-doped CNFs directly on conductive supports with
tuned chemical and structural properties may prove useful for
implementation in advanced sensors, batteries, and fuel cells.
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Appendix

Electrochemical Simulations.Digisim 3.05 (Bioanalytical
Systems) was used to simulate both the effect of variation of
the rate constants for the first electron-transfer step and the
catalytic decomposition of hydrogen peroxide on O2 reduction
voltammetry. The following reaction scheme was entered into
Digisim. General simulation parameters wereν ) 0.1 V s-1,
CO2 ) 1 mM, D ) 1 × 10-5 cm s-1 (for all species). The pH
was set to 7.

Stepsi and iii were set with the following conditions:Ei
0 and

Eiii
0 were -0.6 and 1.0 V, respectively.R for both steps was

0.5. The electron-transfer rate constant for stepiii (kiii
o ) was

1 × 106 cm s-1. Assuming superoxide in stepii is adsorbed
with a pKA ∼ 9,58 the equilibrium constant for stepii was set
to 1 × 10-5 (pKw - pKA) with a rapid forward rate constant
(kii ,f ) 1 × 103).

The catalytic regeneration of oxygen from hydroperoxide was
simulated as a heterogeneous chemical reaction with a simplified
ORR scheme.

ReactionsiV and Viii were set with the following conditions;
EiV

0 ) -0.3 V, R ) 0.5,kiV
o ) 1 × 10-9 cm s-1, andEViii

0 ) 0.75
V, R ) 0.5, andkViii

o ) 1 × 10-30 cm s-1, respectively. The net
sum of reactionsV-Vii is the chemical decomposition of
hydroperoxide, but separating the chemical reaction into faux
electron-transfer half reactions pinned the regeneration of
oxygen at the electrode surface rather than the bulk solution.
By settingR ) 0 for stepV and the rates fast for stepsVi and
Vii , kVi

o for step V exhibits no potential dependence and

O2 + e- y\z
ki

o

O2
- (i)

O2
- + H2O y\z

Kii
HO2 + OH- (ii )

HO2 + e- y\z
kiii

o

HO2
- (iii )

O2 + 2e- + H2O y\z
kiV

o

HO2
- (iV)

HO2
- + e- y\z

kV
o

iHO2
2- (V)

iHO2
2- y\z

kVi
o
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2Py\z
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o

OH- (Viii )
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becomes equivalent to the first-order heterogeneous decomposi-
tion rate constant,k3,f, with units of cm s-1. Parameters for steps
Vi andVii wereEV

0 ) -2 V, R ) 0.5,kV
o ) 1 × 103, andKVii )

1 × 1012, kVii ,f ) 1 × 1012 M-1 s-1, respectively.
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