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A facile method for the direct preparation of carbon nanofiber (CNF) electrodes by pyrolysis of iron(II)
phthalocyanine on nickel substrates is reported. Uniform, large area coverage is observed with aligned bundles
of CNFs exhibiting bamboo-like, hollow fibril morphology possessing diameters of 40-60 nm and lengths
of ∼10 µm. The electrochemical behavior and stability of CNF electrodes as oxygen reduction catalysts were
investigated by electrochemical methods. Without necessitation for extensive electrode pretreatment or surface
activation, these electrodes demonstrate significant electrocatalytic activity in aqueous KNO3 solutions at
neutral to basic pH for the reduction of dioxygen to hydrogen peroxide, O2 + H2O + 2e- h HO2

- + OH-.
As determined from chronocoulometry, slopes of Anson plots indicate that the overall electrochemical reaction
proceeds by the peroxide pathway via two successive two-electron reductions. pH-dependent cyclic voltammetry
studies indicate that the CNF electrodes are very active toward adsorption. At pH< 10 the one-electron
reduction of O2 to superoxide is rate limiting, whereas at more alkaline pH the reduction process is limited
by the protonation of adsorbed superoxide. This is reflected by a change in measured apparent charge-transfer
coefficient (Robs) from Robs ) 0.5 toRobs ) 1 at neutral and high pH values, respectively. XPS, Raman, and
TEM measurements suggest that the disorder in the graphite fibers and the presence of exposed edge plane
defects and nitrogen functionalities are important factors for influencing adsorption of reactive intermediates
and enhancing electrocatalysis for O2 reduction.

Introduction

Carbon materials possess suitable properties for the design
of electrodes used in electrochemical devices because of their
relative stability, conductivity, high surface area, and chemical
resistance. Although the literature for carbon-based electrodes
is rich in studies with traditional forms of carbon1 (i.e., carbon
blacks, pyrolytic graphite, and glassy carbon), much less
attention has been given to nanotubular structured electrode
materials, i.e., hollow carbon nanofibers (CNFs), single-wall
carbon nanotubes (SWCNTs), and multiwall carbon nanotubes
(MWCNTs). Historically, the usage of the “nanofiber” nomen-
clature predates the “nanotube” vernacular by more than a
century and inherently associates key properties of nanoscale
fibers and filamentous carbons that are often understressed, e.g.,
the presence of metal catalysts, the turbostratic graphitic nature,
and the amount of basal/edge plane graphite.2-4 Importantly,
we point out that usage of “CNT” and “MWCNT” terminology
and various other acronyms in recent literature, however, is
inconsistent and vague, given that several forms of nanotubular
carbon (e.g., straight, corkscrew, fishbone, platelet, and bamboo)
have been prepared with both extremely narrow diameters (∼2
nm) and much larger diameters (∼200 nm). As recently
emphasized by Sinnott and Andrews,4 nanotubes and nanofibers
are similar materials that are differentiated predominantly by
the characteristic alignment of graphite crystallites within their
wall structure, with the least ordered of these materials being
carbon nanofibers. Since inherent carbon electrode properties
have a profound effect on observed electrochemical behavior

such as capacitance, electron-transfer rates, and adsorption, it
is important to distinguish accurately the particular type of
carbon under study and to describe carefully not only structural
features but also the chemical properties as well. Correlation
of carbon electrode characteristics with electrochemical perfor-
mance is extremely difficult and definite connections between
structure, composition, and electroactivity can only be estab-
lished when well-defined systems such those detailed by
McCreery5 are systematically studied. We emphasize these
points not merely for semantics, but also (1) to historically
recognize and stay consistent with the many decades of research
in the area of carbon nanofibers,3,6 and (2) to distinguish between
the thin, idealized CNTs (diameters, 30 nm) of structural
perfection that have been the focus of quantum theory-driven
spectroscopic studies7 from larger diameter (>30 nm), more
disordered CNFs that have been the focus of most of the
practical device applications (e.g., batteries, fuel cells, dis-
plays).1,5,8,9Since quantum effects are not observed in nanotubes
larger than∼30 nm, many investigators have proposed that these
materials be more generally referred to as carbon nanofibers
(CNFs) and not CNTs or MWCNTs.10 Respectfully, we too have
adopted this convention and refer to the materials described
herein as CNFs.

A particularly attractive approach for synthesizing high
surface area carbon electrodes is one that is based on chemical
vapor deposition (CVD) using metallocenes11,12 or metallo-
phthalocyanines13,14 that function simultaneously as both the
growth catalyst and carbon source.15 This method offers the most
promise for high-throughput, large-scale preparation of vertically
aligned, high-density, multiwalled carbon nanofibers. While
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some have reported success in the direct growth of CNTs and
CNFs on conductive substrates16-21 using a variety of meth-
odologies, very few careful studies have been performed fully
to evaluate innate electrochemical properties. Most reports
describe the characterization of SWCNT, MWCNT, and CNF
electrodes prepared by filtering a suspension of these materials
and casting onto a conductive support.22-24 Others have relied
upon lift-off of the carbon film from its growth substrate,
typically an insulator such as silicon or quartz, and gross transfer
onto a conductive surface, e.g., gold, and attachment via
compaction,25,26conductive epoxy,27-29 and/or binding agents.30-35

In the former case, the redispersed carbon films typically
comprise poorly adherent, uneven mats of dense, randomly
entangled CNFs or CNTs. This arrangement suffers from
mechanical instability, obstructed surface area, and porosity, and
effectively imposes kinetic and mass transport constraints on
the electrochemical system. In the latter case, reattachment of
carbon materials to conductive supports using foreign conductive
agents is nontrivial and the effects of material processing,
physical transfer, and added chemical components are poorly
understood and/or recognized.

Herein, we report the facile preparation of vertically aligned
CNF electrodes produced directly on conductive supports
without the necessity of excessive pre- or post-treatment or
chemical surface activation. An attractive feature of these CNF
electrodes is that the fabrication is inherently easier, quicker,
and more controllable than traditional methods for making high
surface area carbon electrodes. This route also allows for
simultaneous doping of heteroatoms and other species into fibril
structure during the growth process to prepare chemically
modified CNFs. Additionally, the inherent carbon properties
(i.e., orientation, alignment, crystallinity, composition) can be
systematically tuned by precise adjustment of the growth
conditions. This approach also facilitates the careful study of
inherent electrochemical properties of “as grown” CNF elec-
trodes. Preliminary studies of CNF electrodes prepared using
an iron(II) phthalocyanine precursor demonstrate high electro-
catalytic ability for the reduction of dissolved dioxygen at neutral
to basic pH values. The influence of structural and compositional
properties on manifested electron transfer and dioxygen elec-
trocatalysis behaviors is discussed.

Experimental Section

CNF Electrode Preparation.Nickel mesh (Alfa Aesar, 100
mesh) was cut into 0.40 cm2 squares prior to CNF growth using
a razor blade. Using a modified method of that described by
Huang et al.,14 the pyrolysis of iron(II) phthalocyanine (Aldrich,
used as received and hereafter denoted as FePc) on nickel mesh
substrates was performed at 1000°C in a reducing atmosphere
of Ar-H2 (99.997 and 99.95%, respectively, Praxair) in a gas
flow reactor consisting of a quartz tube (35 mm OD, 32 mm
ID) and a two-zone tube furnace (Thermcraft, model 2158-6-
3ZH) fitted with temperature controllers. Prior to growth, nickel
mesh substrates were inserted into zone 2 of the furnace and
the quartz tube was purged with Ar for∼10 min. Subsequently,
a mixture of Ar and H2 gases (0.8:1 ratio) was introduced to
the furnace at 45 cm3/min (cubic centimeter per minute) while
the two zones were heated to defined temperatures (zone 1 at
500 °C, and zone 2 at 1000°C). When the cooler (upstream)
zone 1 reached 500°C, 0.2 g of FePc was introduced and
nanofiber growth was allowed to occur for 5 min. The
temperature of zone 1 was then ramped up to 1000°C and held
at this temperature for an additional 15 min. The furnace was
then turned off and the carbon nanofiber (CNF) electrodes were

allowed to cool in the furnace. When the system had cooled to
850°C, the H2 flow was stopped while, simultaneously, the Ar
flow was increased to 45 cm3/min to maintain a constant total
gas flow. Once the furnace had cooled to room temperature,
the CNF electrodes were removed from the quartz tube and
stored in sealed gas-tight vials prior to structural and electro-
chemical characterization. The resulting CNF films appeared
on the nickel mesh substrate as a fine, uniform black felt-like
or carpet-like layer. The nominal mass of CNF coating the nickel
mesh prepared in this manner was∼1 mg for all electrodes
studied. All CNF electrodes used in this study were reproducibly
prepared and possessed very similar structural and chemical
characteristics.

Structural Characterization. Scanning electron microscopy
(SEM) of the resultant CNF electrodes was carried out on a
LEO 1530 operating at 10 kV. Transmission electron micros-
copy (TEM) was performed on a JEOL 2010F operating at 200
kV. TEM samples were prepared by first suspending collected
CNFs in ethanol and then placing a drop of the suspension on
a copper grid (200 mesh, PELCO) with a thin carbon coating.
Surface analysis of the CNFs was performed by X-ray photo-
electron spectroscopy (XPS) using a PHI 5700 ESCA system
equipped with Al KR monochromatic (1486.6 eV) photons.
Photoelectron spectra were recorded for the C1s, N1s, O1s,
Fe2p1/2, and Fe2p3/2 core levels. The low iron surface concentra-
tion required 10 scans averaged together to resolve the Fe 2p
spectrum. All spectra are referenced to low, medium, and high
photoelectron energy ranges using Au4f7/2, Ag3d5/2, and Cu2p3/2

at 83.98, 36.27, and 932.67 eV, respectively. Raman analysis
was performed with a Renishaw InVia system using 514 nm
incident radiation. A 50× aperture was used, resulting in
approximately a 2µm spot size. TGA analysis was performed
using a TA Instruments Q500 system.

Electrochemical Characterization.A single glass compart-
ment, three-electrode, gas-tight electrochemical cell was em-
ployed for the cyclic voltammetry and chronocoulometry studies.
Pt mesh (Aldrich) and Hg/Hg2SO4 (saturated K2SO4, CH
Instruments) were used as the counter and reference electrodes,
respectively, while CNF/nickel mesh or glassy carbon (GC)
served as the working electrode. The GC electrode (Pine
Instruments, model AFE2M050GC) was used after polishing
with 0.3 and 0.05µm diameter alumina slurries. All electrode
potentials are reported versus Hg/Hg2SO4 (saurated K2SO4),
which is ca. 0.64 V positive of NHE. All electrochemical
measurements were taken with a quiescent solution. The
electrochemical cell temperature was held at a constant tem-
perature (23.0( 0.5 °C) by placement in a water bath. The
electrochemical studies 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 deter-
mined by chronocoulometry (CC) using hexaammineruthenium-
(III) chloride (Strem Chemicals) in 1 M KNO3. The potentials
of the uncoated nickel mesh electrodes were stepped from-0.4
V to -0.8 V vs Hg/Hg2SO4 (saturated K2SO4) for 1 s and the
area was calculated from the slope (m ) 2nFADo

1/2Cπ-1/2) of
the linear portion of theQ vs t1/2 plot (Anson plot) using the
diffusion coefficient,Do ) 7.3 × 10-6 cm2 s, determined by
the steady-state current (i lim ) 4nFDoCr) of a platinum
microelectrode withr ) 13 µm. For uncoated nickel mesh
electrodes, the observed electroactive area was 1.1( 0.1 cm2.
Because the diffusion layer thickness for all measurements was
sufficiently large ((Dt)1/2 ) 16µm for the shortest experimental
time,ν ) 100 mV/s), the diffusion layer was assumed to follow
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the overall exposed nanofiber area rather than individual porous
nanotubular morphology. 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-
10 mL. The cell was kept at ambient pressure. O2 partial
pressures were measured using a mercury manometer connected
to the cell. Dissolved O2 concentrations were calculated using
the Bunsen coefficient (i.e., Henry’s Law constant) for oxygen
solubility in 1 M KNO3 at 25°C.36 The diffusivity of dissolved
O2, assumed to be 1.75× 10-5 cm s-1,37 was used in
calculations involving chronocoulometry (Anson slopes). The
solution was stirred while the cell was being pressurized and
also prior to and after each electrochemical experiment.
Electrolyte solutions were prepared using potassium nitrate (EM
Science, 99.9%), sodium hydroxide (Aldrich, 99.99%), and/or
boric acid (Spectrum, 99.9%) as received. The solutions with
pH values 5.1 to 10.6 had formal concentrations of 0.9 M KNO3

and 0.1 M H3BO3. The pH was adjusted by adding small
aliquots of concentrated NaOH. The solution with a pH of 12.6
was made with 1 M KNO3 and a small amount of NaOH added.
The solution with a pH of 14 was 1 M NaOH. Cyclic
voltammograms in the presence of O2 were obtained by
sweeping the potential from-0.2 V to-0.9 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. 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 potential and recording the charge passed for a period
of one second.

Results and Discussion

CNF Electrode Structure and Composition.Figure 1 shows
representative scanning electron microscopy (SEM) images of
“as grown” CNF electrodes where a homogeneous distribution
of CNFs on the nickel mesh support is seen and no discernible
uncoated spots or bare regions are observed. Figure 1D
demonstrates that the film maintains its conformal shape even
after the removal of the underlying substrate. As detailed
recently,38 aligned growth of CNFs from FePc is believed to
occur via a base-catalyzed, diffusion-controlled mechanism
where iron nanoparticles serve as nucleation sites with CNFs
growing upward as phthalocyanine molecules dissociate and
dissolve on the molten catalytic surface. The produced material
consists of carpet- or felt-like structures of carbon fibers that
are fairly uniform (Figure 1B) and aligned normal to the nickel
mesh support (Figure 1C), with lengths greater than 10µm and
diameters ranging from 40 to 60 nm. Transmission electron
microscopy (TEM) images, Figure 2, show the hollow interior
and disordered exterior structure of individual nanofibers. The
presence of metallic Fe nanoparticles within the CNF interior
is sometimes observed in the TEM imaging experiments. TEM
coupled with PEELS analysis shows that the Fe nanoparticles
still present within the CNFs are predominantly encapsulated
within graphitic envelopes. We see no evidence for the existence
of bare Fe particles on the exterior CNF surface. Higher
magnification TEM images displayed in Figure 2B, reveal more
details of the hollow fibril structure comprising irregular and

interlinked corrugated features, consistent with other reports
describing the preparation of N-doped nanotubes.38,39 Straight
segments of parallel aligned graphene sheets of the CNFs appear
crystalline and ordered over 10’s of nm distances with the more
crystalline domains intersecting disordered regions to produce
compartmentalized, bamboo-like structures. The substitution of
N atoms into the graphene structure favors the formation of
pentagonal-like defects and is most likely responsible for the
compartmentalized-like morphology. Presumably, these defects
introduce dislocations and curvature into the nanofiber and
correspond to sites where N-doped edge plane graphitic carbon
and nitrogen-containing functional groups are exposed at the
sidewalls.38 A few of these regions are highlighted by white
arrows in Figure 2B.

First-order Raman spectra were acquired to assess the relative
amount of basal and edge plane graphite.40 A representative
Raman spectrum indicative of the existence of edge plane

Figure 1. SEM images of a CNF electrode prepared by pyrolysis of
FePc. (A) A low-resolution, large-area micrograph showing nickel mesh
support structure. (B) A higher-resolution micrograph showing local
micro-/nano-structure of CNFs. (C) A perpendicular view of the CNF
electrode showing nanofiber alignment. (D) A micrograph of a free-
standing, interwoven carbon mesh comprising bundles of CNFs
produced by the removal of the growth substrate.

Figure 2. TEM images of typical CNFs prepared by pyrolysis of FePc
showing compartmentalized, hollow fibril structure. (A) A low-
resolution view of a nanofiber displaying numerous kinks and disloca-
tions along its length. (B) A high-resolution micrograph illustrating
breaks in the graphene layers where edge plane graphite defects are
exposed (highlighted by white arrows).
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defects is shown in Figure 3. The first-order spectra contained
two strong peaks near 1360 cm-1 and 1590 cm-1, commonly
referred to as the D and G bands, respectively. The ratio of D
and G band intensities is known to correlate with the in-plane
crystal domain size and has been used to estimate the degree
of disorder in the graphitic carbon or, conversely, the extent of
edge plane graphite.41 A ID/IG ratio near zero indicates high
crystallinity (order) and a ratio near to or greater than one
demonstrates high disorder due to abundant defects in the
graphitic structure. For five different CNF electrodes, we
estimated a relativeID/IG ratio of 0.75( 0.09 (1σ), suggesting
that the CNFs are highly disordered and that significant edge
plane sites are present. Using the empirical relationship,La )
(4.4 nm)(IG/ID),42 we estimate that the average in plane
crystalline domain size of our CNFs measured parallel to the
basal plane (La) is ca. 6 nm. Peak widths of the D and G bands
have also been used as an indicator of disorder in graphitic
materials.43 As noted by Cuesta et al. for highly disordered
graphitic materials, the full width at half-maximum (FWHM)
for both bands is observed to increase, along with theID/IG ratio.
We also have noticed that our disordered CNF electrodes exhibit
broadened FWHMs and show shoulders on the lower energy
side of both D and G bands in comparison to more crystalline
CNFs grown using non-nitrogen containing precursors. Broad-
ening of the Raman peaks is also reflective of the small
crystallite size and has the same characteristic features of
microcrystalline carbons.1 Analysis of the low-frequency Raman
spectral range from 200 to 600 cm-1 yields no evidence for the
presence of iron oxide (Fe2O3) on the CNF surface which could
result from air oxidation of Fe nanoparticles formed during
pyrolysis process.44

XPS analyses of the CNF electrodes, Figure 4, indicate that
the carbon is predominantly sp2 hybridized denoted by a C1s
binding energy of 284.7 eV, similar to that of HOPG.1,45 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.1 A small O1s signal at
532.6 eV (data not shown) is also apparent and implies the
presence of adsorbed molecular oxygen or H2O.46 Additionally,
the occurrence of a N1s doublet at∼398.9 and 401.0 eV is
indicative of the incorporation of nitrogen within the graphene
sheets.47,48 In agreement with similar reports for nitrogen-
incorporated carbonaceous materials,13,47-49 the binding energy
centered at 398.9 eV corresponds to “pyridinic” nitrogen while
that at 401.0 eV is commensurate with “pyrrolic”-type nitrogen.
The former refers to N atoms that contribute to theπ system
with one p electron, while the latter refers to N atoms with two
p electrons on theπ system, although not necessarily coordinated
in a pentagonal arrangement as pyrrole.47 A very weak peak at
∼405 eV also exists that is consistent with presence of
“graphitic” quaternary nitrogen, corresponding to highly coor-
dinated N atoms substituting inner carbon atoms within the
graphene sheets.47 A very weak pair of doublets for the Fe2p3/2

and Fe2p1/2 signals at 707 and 720 eV and at 711 and 725 eV
are seen, suggestive of the presence of metallic iron (or its
carbide) and oxidized iron species.46,50Integration of the relative
N and Fe elemental abundances indicates that CNFs contain
∼1% at. N and∼0.1% at. Fe at the surface.51 Complementary
thermogravimetric analysis (TGA) of these CNFs reveals that
the bulk material contains 9( 3% Fe by mass. The supporting
Raman, XPS, TEM data back the contention that the majority
of iron is entrapped within the interior the CNF structure.

Electrochemical Characterization. CNFs grown by CVD
and pyrolysis are known to be strongly hydrophobic as
prepared.52 Typically, in order for nanotubular carbon materials
to be used in electrochemical applications involving aqueous
electrolytes, the electrode needs to be preconditioned or pre-
treated so that it is easily wetted when immersed in solution.
Harsh chemical or electrochemical oxidation methods that use
concentrated nitric and sulfuric acids are typically employed to
introduce effectively oxygen-containing surface functionalities
(carboxyl and carboxylic anhydride groups).53 However, this
severe treatment usually leads to breakdown or fracture of the
CNF nanostructure.54 Our “as prepared” CNF electrodes also
do not easily wet, but we have found that very mild electro-
chemical conditioning by cycling from-1.4 to+0.8 V vs Hg/
Hg2SO4 at 100 mV/s in aqueous 1 M KNO3 for a period of
about two minutes induces uniform wetting of the CNF
electrodes. This is evidenced by a large increase in the
voltammetric current during cycling when the entire CNF
electrode fully saturates with electrolyte. Figure 5 shows a
typical voltammetric response for wetted CNF electrodes
immersed in deaerated solutions containing KNO3 for potential
cycles between+0.7 V and-0.8 V vs Hg/Hg2SO4. Over most

Figure 3. Representative first-order Raman spectrum of a CNF
electrode indicating the presence of graphitic defects associated with
edge plane graphite.

Figure 4. X-ray photoelectron spectra for CNF electrodes. Single-
scan spectra for C1s and N1s and a ten-scan averaged spectrum for
Fe2p core levels are shown.

Figure 5. Voltammetric responses of a CNF electrode immersed in
deaerated solutions containing various concentrations of KNO3. Scan
rate: 100 mV/s.
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of the potential range, the voltammogram is nearly featureless
with only capacitive charging currents observed. A small peak
observed at+0.5 V, near the anodic limit, is indicative of nitrate
insertion into the CNFs and is broadly consistent with previous
reports for voltammetric investigations of HOPG electrodes in
similar electrolytes.55 A broad cathodic wave is also seen in
this potential range corresponding to the deintercalation of nitrate
ions, indicating that the insertion process is reversible. We note
that the CNF electrodes are very stable during extended cycling
between+0.8 and-0.8 V, and no changes in the voltammetric
response is seen to denote the creation of quinone-like or other
oxygen-containing functionalities.1,5 Typically, anion intercala-
tion is always accompanied by formation of graphene oxide;55,56

however, even after extended potential cycling (>100 cycles)
we observe no new voltammetric peaks to signify its formation.
This mild conditioning step should not be confused with more
rigorous electrochemical pretreatment activation (ECP) methods
reported by others.5,57 We note that the conditions used here
are much milder since the CNF electrodes are cycled to much
less extreme oxidation potentials (cf.+0.8 V vs+2.2 V vs Hg/
Hg2SO4) for much shorter time periods.55 XPS and SEM
analysis of wetted electrodes show no changes in the overall
CNF composition or structure. First-order Raman spectra for
excessively cycled samples also exhibited no spectral differ-
ences. TEM analysis was inconclusive in determining if possible
structural changes or defects were introduced after the wetting
step. Regardless, from the available evidence there appears to
be no substantial amount of oxygen-containing surface func-
tional groups inherent to or introduced into the CNF electrodes
during the mild electrochemical conditioning process. Since the
XPS data indicate that substantial nitrogen-containing function-
alities exist on our CNF electrodes, we surmise that mild
electrochemical cycling of the electrodes facilitates protonation
of basic nitrogen surface sites such as pyridinic groups to
produce positively charged pyridinium functionalities.47 As a
result, a more polar surface is created that is more easily wetted
by aqueous electrolyte. This reasoning is consistent with studies
of carbons that exhibit a decrease in the water contact angle
with an increase in positive surface charge.58

Figure 6 shows a representative voltammetric response of a
CNF electrode immersed in a deaerated 0.5 M KNO3 solution,
cycled between-0.3 V and-0.8 V. In an O2-free solution,
the CV exhibits only a capacitive charging response. Notably,
the current measured for a CNF-coated nickel mesh electrode
is several orders of magnitude higher than that for the uncoated
nickel mesh electrode of the same area, indicating that the
observed electrochemical response is inherent to the CNF
electrode and not the underlying nickel support. As expected,

the CNF electrodes exhibit significantly larger background
charging currents since the higher surface area leads to a higher
overall capacitance. For an electrode scanned at a constant rate,
ν, the capacitive current can be expressed asi ) CAν, whereA
and C correspond to the electrode area and areal capacitance
(F cm-2). The gravimetric capacitance of the CNF electrodes
can be estimated from voltammograms usingC ) (1/2)|(ia -
ic)/υ| where ia and ic are the anodic and cathodic charging
currents observed in Figure 6.59 Using this equation to compute
C from the voltammetric data at-0.6 V vs Hg/Hg2SO4, the
capacitance was found to be ca. 11 F/g in 1 M KNO3. This
value is in agreement with the wide range of measured
gravimetric capacitance values, ranging been 4 to 80 F/g60 and
18 to 40 F/g61,62reported for CNT electrode materials evaluated
under similar electrolyte conditions.

The electron-transfer kinetics of the “as prepared” CNF
electrodes were also examined using two well-known redox
couples. A typical response for the Fe(CN)6

3-/4- couple is shown
in Figure 7. For each redox couple, five different electrodes
were studied and scan rates for each electrode were recorded at
25, 50, 75, and 100 mV/s. Peak splittings (∆Ep ) Epc - Epa)
for Ru(NH3)6

3+/2+ were found to be 57( 6 mV, while for
Fe(CN)63-/4- were estimated to be 55( 2 mV, indicative of
fast electron-transfer kinetics with∆Ep values close to the ideal
59 mV and theipc/iparatio near unity for a reversible one-electron
transfer process. In contrast, Li et al.63 measured∆Ep values
ranging from 100 to 168 mV for Fe(CN)6

3-/4- in 1 M KCl at
MWCNT electrodes. Marken et al.64 reported similar values of
168 mV for Ru(NH3)6

3+/2+ at MWCNT electrodes prepared by
comparable routes. Using microelectrode fashioned from a small
bundle of MWCNTs, Ajayan et al.65 found ∼59 mV peak
splittings for Fe(CN)63-/4- in an unspecified electrolyte. The
lack of specific detailed information on the electrode properties
prevents direct comparison of electrochemical behaviors be-
tween systems. However, we disagree with the authors’ claims65

that near-perfect atomically smooth basal plane MWCNT
structures promote fast electron transfer kinetics, since it
contradicts the abundant evidence5 that disorder in the graphite
structure increases electronic transfer rates. The fast electron
transfer kinetics of our CNF electrodes, inferred by the nearly
ideal nernstian response, suggest that the electron-conducting
properties are enhanced beyond that of more perfectly ordered
forms carbon (HOPG).66 Most likely, our CNF electrodes
demonstrate improved electron-transfer kinetics due to reduced
“iR” drop as a result of improved electrical contact and,
presumably, to edge plane defects induced by incorporation of
nitrogen atoms, since these materials are known to possess
increased electronic conductivity.67 Theoretical calculations by
Thrower et al. on N-doping in graphitic carbons support the

Figure 6. Voltammetric response of a CNF electrode (solid line) and
a heat-treated bare nickel mesh electrode (dotted line) immersed in a
deaerated solution containing 0.5 M KNO3. Scan rate: 1 mV/s.

Figure 7. (A) Voltammograms of a CNF electrode immersed in a
deaerated solution containing 4 mM K3Fe(CN)6 and 1 M KNO3. Scan
rates: 10, 25, 50, 75, and 100 mV/s. (B) Plot of cathodic peak currents
from (A) versus the square root of the scan rate.
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idea that electron-transfer kinetics and catalytic activities can
be accelerated by nitrogen incorporation as a consequence of
band gap lowering and increased electron (charge) mobility.68

This is backed by strong experimental evidence provided by
McCreery et al.,69 on well-characterized HOPG electrodes where
increased disorder significantly enhances electron transfer rates
due to modification of the electronic structure to reduce the band
gap and increase the local density of states (LDOS). We also
note that the electron transfer kinetics may be significantly
altered by surface-exposed functional groups (i.e., nitrogen
functionalities) which can promote specific surface interactions
and accelerate reaction rates. In particular, the Fe(CN)6

3-/4-

redox couple is known to be strongly influenced by electronic
factors and reactive surface sites.5,69 The observed high capaci-
tance associated with nitrogen functionalities and edge plane
sites and the nearly ideal nernstian response for our CNF
electrodes support the idea of the importance of disorder-induced
and N-doped electronic affects on redox reactions. Future studies
are planned to evaluate more fully the role of electronic
properties and reactive sites on CNF electrode kinetics. None-
theless, the observed facile electron transfer kinetics strongly
suggested to us that these N-doped CNFs should also demon-
strate enhanced electrochemical behavior for more technologi-
cally relevant redox-active analytes (e.g., dioxygen, peroxide).

Electrocatalysis of Dioxygen.To explore the premise that
CNFs containing nitrogen were active electrocatalysts, we chose
to evaluate the performance of our CNF electrodes toward O2

reduction using potential step and cyclic voltammetric methods,
two techniques used extensively to study O2 reduction.70,71

Moreover, oxygen reduction studies are intriguing since the CNF
electrodes are broadly related to heat-treated FePc-modified
carbon black electrodes.72,73Historically, metalloporphyrins and
metallophthalocyanines have drawn considerable interest as
catalytic modifiers for carbon-based electrodes (e.g., carbon
blacks and glassy carbon) because they are known to lower the
kinetic overpotential for oxygen reduction.74 The voltammetry
of a CNF electrode immersed in a saturated O2 solution
containing 1 M KNO3 (pH ) 7) is shown in Figure 8, along
with the response obtained at a conventionally polished GC
electrode. For both electrode materials, a single, cathodic peak
is observed, consistent with that for the irreversible reduction
of O2. The peak potential observed at-0.5 V vs Hg/Hg2SO4

for the CNF electrode is shifted significantly positive (ca. 300
mV) relative to the response for a GC-based electrode. This
positive potential shift implies that the CNF electrodes are more
catalytically active (kinetically more facile) for O2 reduction.
Figure 9 shows background-corrected voltammograms for a
CNF electrode cycled at different scan rates in a 1 mM O2

saturated solution containing 1 M KNO3. The observed peak

current for O2 reduction is proportional with the square root of
the scan rate (Figure 9B), consistent with a diffusion-controlled
process. Using the Randles-Sevcik equation,75 we estimate from
the slope of this plot a value ofn ) 2.0 ( 0.2, in accord with
the reduction of O2 to HO2

- by a two-electron process.
A more quantitative assessment of the sensitivity of the CNF

electrodes toward dissolved O2 concentration was performed
using chronocoulometry since the effects from the capacitive
and faradaic processes can be readily discerned without requiring
separate “blank” measurements or background subtraction
procedures. Figure 10 shows the influence of O2 concentration
on the chronocoulometry response. As predicted by the inte-
grated Cottrell equation, eq 1, a plot of the total charge passed,
Q vs t1/2 (Anson plot), should be linear and purely a result of
the faradaic process.76,77

Figure 8. Voltammetric responses of CNF and glassy carbon (GC)
electrodes immersed in a 1 mM O2-saturated solution containing 1 M
KNO3. Scan rate 5 mV/s.

Figure 9. (A) Voltammetric response of a CNF electrode immersed
in a 1 mM O2-saturated solution containing 1 M KNO3 as a function
of scan rate. (B) Plot of cathodic peak currents from (A) versus the
square root of the scan rate.

Figure 10. Chronocoulometric responses of a CNF electrode immersed
in a solution containing 1 M KNO3 and indicated amounts of O2. (A)
Plot of charge vst1/2 (Anson plot) measured for solutions under various
partial pressures of O2. (B) and (C) Plots of slopes determined from
Anson plots vs dissolved O2 concentration obtained over two different
concentration ranges.

Q ) 2nFACoDo
1/2π-1/2t1/2 (1)
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Additionally, the slope of the linear portion of this plot is
independent of the electrode’s capacitance and is directly
proportional to the concentration of dissolved oxygen. Figures
10B and 10C show that the change in Anson plot slopes is linear
over the studied concentration ranges (1-40 ppm), demonstrat-
ing that these CNF electrodes can function quantitatively as O2

sensors. The number of electrons can also be established from
an Anson plot. In agreement with the cyclic voltammetry studies
above, we observed an average value ofn ) 2.3( 0.3 for five
CNF electrodes examined. If the potential is stepped to a more
negative potential,-1.3 V vs Hg/Hg2SO4, we observe a 2-fold
increase in the Anson plot slope, yielding an average value of
n ) 4.0( 0.3, corresponding to a complete reduction of oxygen
and hydrogen peroxide to OH-.

The electrocatalytic response of our electrodes is consistent
with the well-described behavior for O2 reduction at carbon-
aceous electrodes in neutral to alkaline electrolytes. Under such
conditions, O2 reduction primarily proceeds by the peroxide
pathway, with the first electron transfer step involving generation
of hydroperoxide ion, eq 2.78,79

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

- to OH-, eq 3,

or by the rapid chemical decomposition of HO2
- to regenerate

O2, eq 4.

Although the thermodynamics predict that the reduction of
HO2

-, should occur at much more positive values than O2

reduction, a large overpotential is generally required due to slow
reduction kinetics. This in effect pushes the HO2

- reduction
process more negative of the O2 reduction potential.80 Thus,
for most carbon-based electrodes such as GC, generated HO2

-

accumulates in solution, since the kinetics are slow for both
the second reduction (eq 3) and the chemical decomposition
(eq 4) steps.81,82

The kinetics for O2 reduction can be influenced by many
factors (i.e., surface area, amount of edge plane graphite, oxygen
functionalities). More insight into the enhanced electrocatalytic
activity of our CNF electrodes can be gained by investigating
the mechanistic steps for O2 reduction. From decades of studies,
it has been well established that the surface structure has a major
influence on O2 reduction kinetics.1,5,83 In particular, surface
functionalities at edge plane defects are known to significantly
increase O2 reduction activity by acting as adsorption sites for
dioxygen and other intermediates.80 McCreery and co-workers84

have recently proposed that at metal-free carbon surfaces, O2

reduction involves surface adsorption of superoxide, with the
first step consisting of dioxygen being reduced to superoxide
(eq 5), followed by protonation to form hydroperoxide (eq 6)
and subsequent reduction (eq 7).

In a follow-up study, McCreery and colleagues85 discussed their
interpretation of voltammetric data to decipher between an
adsorptive reduction pathway and a purely outer-sphere reduc-
tion pathway. A pH dependence of the observed O2 reduction
potential and on the apparent transfer coefficient,Robs, is a key
indicator in distinguishing if the adsorption pathway is pre-
dominant. They argued that in neutral to basic pH solutions, a
purely outer-sphere mechanism should show a constantRobs )
0.5 and be independent of pH. In contrast, the adsorptive
pathway (eq 5) should demonstrate a value ofRobs ) 0.5 at
neutral pH, but increase to a value nearRobs ) 1 in very basic
conditions, reflective of a change in rate-determining steps
between eqs 5 and 6. Accordingly, we also collected cyclic
voltammograms as a function of pH (data not shown). Figure
11 shows a plot ofRapp vs pH obtained from a pooled set of
five CNF electrodes measured 10 times each at specified pH
values in a 1 mM saturated O2 solution. The valueRobs was
estimated from the voltammograms using eq 8 for an irreversible
reduction process86

whereEp is the potential where the peak current was observed,
andEp/2 is the potential where the current is exactly one-half
the total peak current. Figure 11 shows that at pH< 10 the
apparent charge transfer coefficient is nearly independent of pH,
exhibiting a constant value near 0.5. However, at pH> 10,
Rapp increases toward 1 with increased alkalinity. The observed
pH behavior is consistent with O2 reduction occurring via an
adsorptive reduction pathway where the rate-limiting step is
controlled via eq 5 at pH< 10 and by eq 6 at pH> 10. As
discussed above, the CNF electrodes prepared herein are
structurally disordered and possess dislocations that present
exposed N-doped edge plane graphite that possibly serve as
adsorption sites. Therefore it is highly likely that CNFs with a
large density of kinks and nitrogen functional groups per unit
length will exhibit enhanced activity for O2 reduction, especially
in neutral to alkaline solutions. This behavior is in agreement
with other studies of disordered carbons with high edge plane
site concentrations that demonstrate accelerated O2 reduction
rates.1,5,78This phenomenological model, however, based solely
on adsorption at edge planes, does not establish what chemical
groups are present and what role they play in affecting O2

reduction kinetics.
Despite decades of intense research efforts on carbon-

supported, heat-treated iron macrocycles, the mechanistic steps
associated with O2 reduction are still poorly understood. Many
conflicting studies have been reported and there is still no
consensus about the nature of the species formed during

Figure 11. Plot of the apparent charge-transfer coefficient,Robs, vs
pH for CNF electrodes immersed in O2-saturated solutions buffered at
specified pHs. Individual data points represent a pooled set of five
electrodes measured 10 times each as a function of pH.

Ep/2 - Ep ) 1.857RT
RobsF

(8)

O2 + H2O + 2e- h HO2
- + OH-

E0 ) -0.065 V (vs NHE) (2)

HO2
- + H2O + 2e- h 3OH- E0 ) 0.867 V (vs NHE) (3)

HO2
- h

1

2
O2 + OH- (4)
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pyrolysis and which of them enhance O2 electrocatalysis. The
majority of evidence indicates that the most active and stable
catalysts are achieved when precursors containing carbon, iron,
and nitrogen are pyrolyzed at 700-1000°C.72,73,87-89 Dodelet
and others have long speculated that decomposition of N4-Fe
macrocycles create FeN2/C- andFeN4/C-type catalytic sites on
carbon with Fe coordinated in 1,10-phenanthroline-like arrange-
ments within graphene planes.90 However, many do not support
this view because the high activity observed does not necessarily
require the presence of Fe, and that catalytically active materials
can be prepared on virtually any carbon support using a variety
of Fe- and N-containing precursors, including even those made
by pyrolyzing iron(II) acetate on carbon in NH3.78,91In our case,
it is highly unlikely that intact or decomposed FePc is present
since the CNF growth temperature employed (∼1000 °C) is
well above the temperature (<600 °C) where most transition
metal macrocycles are known to be thermally stable.92 Ad-
ditionally, voltammograms for CNF electrodes in deaerated
solutions (Figures 5 and 6) showed neither of the described,
reversible peaks for Fe(II)/Fe(III) or the Fe(0)/Fe(II) redox
couples of FePc.72,74,93We also do not think that metallic Fe or
Fe-containing pyrolysis products are catalytically active for O2

reduction since the data presented herein backs the observations
by others38,39,72that the majority of Fe is encapsulated within
graphitic envelopes or within the CNF interior. This premise is
further supported by the fact that we observe no voltammetric
peaks such as those reported by Savinell et al.94 indicative for
the anodic stripping/dissolution of metallic iron, iron hydroxides
or oxides from the carbon surface. Therefore, it appears highly
unlikely that O2 reduction at our CNF electrodes proceeds via
Fe-redox mediation-type mechanism, typical for most intact iron
macrocycles supported on carbon electrodes.74,95 We note that
electrocatalysis of O2 in more acidic solutions (pH< 2) is likely
to be more complicated since Fe readily dissolves in concen-
trated acids and Fe ions can rebind to act as redox-active
catalytic sites.72,78

In our opinion, the most plausible mechanism for increased
catalytic activity supports the original conjecture of Yeager78

that nitrogen functionalities are associated with the active center
for oxygen reduction. As detailed above, there is considerable
nitrogen content (∼1 at. %) in our CNF electrodes coordinated
in possibly two or three different ways. We believe that the
increased catalytic activity and more the positive O2 reduction
potential observed for our CNF electrodes is predominantly a
result of enhanced adsorption at nitrogen functional groups
which proceeds to accelerate O2 reduction and advance hetero-
geneous peroxide decomposition. We speculate that Fe pre-
dominantly acts to promote and stabilize nitrogen incorporation
into the graphene sheets by serving as a catalytic growth agent
during the CNF formation. Recent investigations38 on CNT
growth from FePc precursors support the idea that decomposing
phthalocyanine molecules dissolve into molten catalytic Fe
particles and dissolved N atoms precipitate with the carbons,
resulting in N-doping of the CNTs. This is in accord with the
early work of Mrha96 and recent studies of Biniack et al.97 on
NH3 activation of graphitic carbons and consistent with the
original hypothesis from Yeager’s group,78,98 that the presence
of Fe during pyrolysis stabilizes the binding of nitrogen to the
surface. Recent experiments conducted in our laboratory on
N-doped and undoped CNFs reveal the importance of nitrogen
functionalities.99 High O2 electrocatalytic activity and fast
peroxide decomposition is observed only with nitrogen-contain-
ing CNFs even when N-doped and undoped CNFs possess the
same structural characteristics and Fe loadings. In the absence

of nitrogen doping, the O2 reduction potential is shifted
significantly more negative and the second electrochemical
reduction of hydroperoxide to hydroxide (eq 3) is evident.
Recent simulations in our group of linear sweep voltammetry
based on the mechanism put forth by McCreery84,85 strongly
suggest that the observed positive shift in O2 reduction potential
at N-doped CNF electrodes is a direct result of activated surface
adsorption of superoxide (eq 5) at basic surface functionalities.
These sites also accelerate proton transfer to form hydroperoxide
which then rapidly disproportionates to regenerate oxygen (eq
7).99 This hypothesis is supported by the recent results of Biniack
et al.97 on porous carbons that found a strong correlation between
the O2 reduction potential and incorporated nitrogen content on
the heterogeneous rate constant for hydrogen peroxide decom-
position. Future studies are planned to elucidate the chemical
and structural nature of the nitrogen active site in our CNF
electrodes.

Summary

The CNF electrodes conveniently prepared on conductive
substrates by pyrolysis of FePc in a reducing atmosphere possess
interesting properties for preparation of electrocatalytic elec-
trodes and electrochemical O2 sensors. A key feature of this
preparation methodology is that the growth conditions can be
precisely adjusted38 to control CNF structure, orientation, and
composition in an effort to optimize electrochemical perfor-
mance. Preliminary studies of “as-grown” N-doped CNF
electrodes suggest that incorporation of nitrogen improves the
inherent electrical and electron-transfer properties, in addition
to promoting adsorption and enhancing the electrocatalytic
activity for O2 reduction. A tentative mechanism is proposed
similar to that of McCreery85 where in pH< 10 solutions, the
reduction of O2 in proceeds by a two-electron process with the
rate-limiting step controlled by adsorbed superoxide at surface
nitrogen groups. In pH> 10 solutions, the adsorption process
is reduced, presumably due to deprotonation of basic nitrogen
functionalities, and is limited by rate of protonation of super-
oxide. The ability to prepare 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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