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ABSTRACT Precious metal alloys have been the predominant electrocatalyst used for oxygen reduction in fuel cells since the 1960s.
Although performance of these catalysts is high, they do have drawbacks. The two main problems with precious metal alloys are
catalyst passivation and cost. This is why new novel catalysts are being developed and employed for oxygen reduction. This paper
details the low temperature solvothermal synthesis and characterization of carbon nanotubes that have been doped with both iron
and cobalt centered phthalocyanine. The synthesis is a novel low-temperature, supercritical solvent synthesis that reduces halocarbons
to form a metal chloride byproduct and carbon nanotubes. Perchlorinated phthalocyanine was added to the nanotube synthesis to
incorporate the phthalocyanine structure into the graphene sheets of the nanotubes to produce doped nanotubes that have the catalytic
oxygen reduction capabilities of the metallo-phthalocyanine and the advantageous material qualities of carbon nanotubes. The cobalt
phthalocyanine doped carbon nanotubes showed a half wave oxygen reduction potential of —0.050 = 0.005 V vs Hg\HgO, in

comparison to platinum’s half wave oxygen reduction potential of —0.197 £ 0.002 V vs Hg\HgO.

KEYWORDS: fuel cells ® oxygen reduction ® rotating disk electrochemistry ® carbon nanotubes ® phthalocyanine

INTRODUCTION
latinum and its alloys have been the electrochemical

standard for oxygen reduction, but these metals are

not ideal for fuel cell applications, because of their

high cost, nonrenewability, passivation, and stability prob-
lems (1, 2). Platinum, like other precious metals, is of limited
quantity on the earth, so the cost is high and the availability
is low (3, 4). This is one of the major hurdles that has kept
fuel cells from becoming mainstream in the market. Another
major issue is that once the platinum catalyst is exposed to
trace fuel impurities or air pollutants such as carbon mon-
oxide or organic chemical vapors, the catalytic surface of the
platinum passivates making it unable to further catalyze the
necessary reactions. Alloys of platinum with other metals
such as cobalt, ruthenium, iron, and tin have been created
that help maintain the catalytic ability and allow for more
tolerance of these catalyst poisons, but these catalysts still
contain a large amount of costly precious metal (1, 2, 4—8).
In an effort to mimic the highly efficient oxygen reduction

in biological systems, some researchers have been exploring
porphyrin and phthalocyanine metal chelates which are very
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commonly observed as oxygen transporters and sites of
oxygen reduction within cells (9—15). For example, cyto-
chrome c oxidase, which contains a porphyrin macrocycle
ring with an iron atom chelated at its center, is the catalyst
for oxygen reduction in the outer membrane of mitochon-
dria. While cytochrome c oxidase works well for mitochon-
dria, its performance ex vivo immobilized on an electrode
cannot compare with the performance of a precious metal
catalyst (14). There are many reasons why this biomimic
lacks performance, one major reason is that it is no longer
in a lipid membrane so the orientation and stability of the
enzyme is not as controllable. The other reason is that it does
not have the proper interface to the carbon electrode ma-
terial, so it cannot accept electrons efficiently. This is why
several research groups have been focused on engineering
a porphyrin or metal chelate catalyst into a good material
that can interact efficiently with an electrode (16).

Some success of demonstrating catalytic ability has been
achieved with intercalating the planar porphyrin or phtha-
locyanine into basal plane graphite, but the low surface area
of basal plane graphite lacks high current densities and basal
plane graphite is expensive making it not an ideal choice for
a fuel cell electrode material (17). The most successful
porphyrin-based oxygen reduction catalyst, which can be
directly compared to platinum, has been a pyropolymer
made by pyrolyzing a cobalt porphyrin (18). This type of
material maintains the same catalytic chemistry as the
parent compound, but is a more easily engineered material
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that can be used in a fuel cell. It does not poison in the
presence of methanol and has good carbon monoxide
tolerance (17—20). It also has the capability to reduce
oxygen in both acidic and basic media which is a rare
amphoteric catalytic phenomenon shared mostly by noble
metal catalysts, because the reaction mechanism is different
for each media (17—21). The main setback with this py-
ropolymer is while it interacts with the electrode much better
than the parent porphyrin, it is still difficult to fabricate
(17, 19=21). In an effort to make an easily fabricated
material while still maintaining the same catalytic properties,
effort has been focused in this work to incorporate iron and
cobalt phthalocyanines into the growing graphene sheets
during the synthesis of carbon nanotubes. Carbon nanotubes
are typically produced by chemical vapor deposition of
ethylene, acetylene or similar hydrocarbon gas, but have
also been synthesized in supercritical solvents such as
toluene at extreme temperatures and pressures (22—24). In
both cases, the synthesis of the nanotubes is not as practical
as with other materials such as carbon black mainly because
the equipment used is expensive and difficult to scale. This
is why to begin this work a low-temperature, low-pressure
synthesis of carbon nanotubes was necessary to develop. It
is well-known that carbon halides are highly reactive with
the alkali metals, because the halide oxidizes the metal very
exothermically, using this logic several experiments were
developed that reduced carbon tetrahalides with metal
powders. To compliment the reduction of the carbon, the
reaction was done in a solvent at its critical point. The solvent
chosen was hexane, because it has a critical temperature of
235 °C at 440 psi and at the synthesis temperature of
250 °C, it had a calculated vapor pressure of 500 psi. At
these temperatures and pressures, solvent choice is non-
trivial and complicated, because side reaction can begin to
occur. Hexane is still mostly unreactive under these reaction
conditions. Acetone has a similar critical point at 235 °C with
higher pressure (680 psi) and a calculated vapor pressure of
870 psi at 250 °C, but while having the optimal temperature
and pressure range, it undergoes unwanted side reactions
when halogens are present.

EXPERIMENTAL SECTION

Materials. Iron hexadecachlorophthalocyanine (Sigma), so-
dium nitrate (Sigma), potassium hydroxide (Sigma), sodium
borohydride (Sigma), carbon tetrachloride (Sigma), cobaltocene
(Sigma), iron powder (Sigma), hexane (Sigma), nitric acid
(Sigma), hydrochloric acid (Sigma), hexane (Sigma), ethanol
(Sigma), methanol (Sigma), tetrabutylammonium bromide
(Sigma), and Nafion 1100EW suspension (Aldrich) were used
as received.

Low-Temperature Synthesis of Carbon Nanotubes. For the
synthesis, a Parr acid digestion bomb was used that had a 23
mL Teflon cup and lid as the reaction container and the vessel
was sealed. To the cup, 4.5 g of iron powder was added along
with 0.25 g of carbon tetrachloride and 5 mL of hexane. The
vessel was sealed and placed into a convection oven set at
250 °C for 24 h. In another experiment, an additional carbon
nanotube growth catalyst was used. In this experiment, an
additional 80 mg of cobaltocene was added to the reaction
mixture, then allowed to react in the bomb at 250 °C for 24 h.
Then the acid digestion bomb was removed from the oven and
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placed in the fume hood to cool for 2 h. Once at room
temperature, the vessel was opened and the contents was
poured/scraped into a beaker where 50 mL of a mixture of 50 %
concentrated nitric acid and 50% concentrated hydrochloric
acid (aqua regia) by volume was added and allowed to digest
the unreacted metal powder. When the solution stopped pro-
ducing bubbles, it and the black precipitate was poured into a
centrifuge tube and centrifuged at 5000Xg for 15 min. The
yellow supernatant was discarded and 50 mL of aqua regia was
added to the black precipitate in the centrifuge tube. The tube
was shaken to resuspend the precipitate and let sit uncapped
to further dissolve any further metal powder that remained for
15 min. Then it was centrifuged again at 5000Xg for 15 min
and the supernatant was discarded. This step of rinsing the
black precipitate with aqua regia was repeated three more times
to ensure all of the metal powder was completely dissolved. The
black precipitate was then rinsed five times with deionized
water in the same manner as with the aqua regia to ensure any
metal salt that formed or remaining acid was washed away.
Once thoroughly washed, the black precipitate was rinsed in
the same manner, but with methanol four times to remove the
remaining water and any organic residues. The centrifuge tube
containing the moist black precipitate was then placed into a
vacuum desiccator overnight to dry. The next morning, the dry
precipitate was placed into a sealed vial until further use.

Low-Temperature Synthesis of Phthalocyanine Doped
Carbon Nanotubes. For the synthesis, a Parr acid digestion
bomb was used that had a 23 mL Teflon cup and lid where the
reactants were placed and the vessel was sealed. To the cup
was added 1.0 g of iron powder along with 0.50 g of carbon
tetrachloride, 0.364 g of iron hexadecachlorophthalocyanine,
and 5 mL of hexane. The vessel was sealed and placed into a
convection oven set at 250 °C for 24 h, and followed by the
same cleaning, rinsing, and centrifuging procedure detailed
previously.

Replacing the Chelated Iron with Cobalt. Iron phthalocya-
nine doped nanotubes (Fe-PNTs) that were synthesized previ-
ously and cleaned were used for the metal exchange procedure.
Fifty milligrams of Fe-PNT was added into a nickel crucible with
lid. To the crucible was then added 2.0 g of cobalt chloride
hexahydrate. The Fe-PNTs and the cobalt chloride crystals were
mixed together with a spatula and the crucible was covered with
its lid. The crucible was then heated strongly on the bottom with
a propane torch until it glowed orange for 5 min. Then the heat
was removed and the crucible was allowed to return to room
temperature. Once cool, the solidified contents (blackish-blue
solid with metallic flakes) was chipped out of the bottom of the
crucible with a spatula and placed into a centrifuge tube with
50 mL of concentrated nitric acid and allowed to dissolve the
metal flakes and solidified cobalt chloride. Once the solution
stopped bubbling and the solid lumps were dissolved, the
contents were centrifuged at 5000 x g for 15 min and the pink
supernatant was discarded. The black precipitate on the bottom
was then rinsed by repeating the procedure two more times
with concentrated nitric acid. Next, the black precipitate was
rinsed by adding 50 mLof distilled water into the centrifuge tube
and shaking to resuspend the precipitate. It was then centri-
fuged again at 5000 x g for 15 min and the supernatant was
discarded. This distilled water rinsing procedure was repeated
a minimum of 3 times or until the supernatant was uncolored.
The final rinsing involved adding 50 mL of methanol to the black
precipitate to wash any organic residues away, shaking to
resuspend, and centrifuging at 5000 x g for 15 min. This final
rinsing procedure was repeated 3 times and the black precipi-
tate was then allowed to dry in a vacuum desiccator overnight.
The next morning the dry precipitate was placed into a vial to
await further use.

Electrochemical Characterization of Doped Nanotubes.
Rotating disk electrode and rotating ring disk electrode volta-
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mmetry was used to characterize the oxygen reduction of the
doped nanotubes. To prepare the glassy carbon rotating disk
electrodes, 1.0 mg of doped nanotubes were placed into a
microvial followed by 100 uL of Nafion suspension. The mixture
was mixed on a vortex mixer for 1 min followed by sonication
in a sonic water bath for 1 min, and then placed on a vortex
mixer for 1 min more. Twenty milliliters of the mixture was then
immediately pipetted onto the glassy carbon rotating disk
electrodes and spread across the entire surface including the
Teflon insulation to ensure a uniformly adhered layer. The
rotating ring disk electrodes were prepared in a similar fashion
but used 2.0 uL of the suspension placed directly onto the glassy
carbon disk with great care to keep the suspension from
contacting the platinum ring. The electrodes were allowed to
dry for 1 h on a countertop then soaked for 1 hin 1 M KOH.
Rotating disk electrode voltammetry was performed at 4000
rpm in aerated 1 M KOH with a platinum counter and a Hg/
HgO reference electrode. Rotating ring disk electrode voltam-
metry was performed in a similar setup but only rotated at 3000
rpm due to the manufacturer imposed limitation of the elec-
trode. The rotating disk electrodes that were used were Pine
Instruments model AFE2MO50GC and the rotating ring disk
electrodes were model AFE7TROGCPT with a 37 % collection
efficiency. The rotator used for the experiments was Pine
Instruments model AFM-SRX, and the electrochemical mea-
surements for rotating disk electrodes were taken by a CH
Instruments model 620 potentiostat interfaced to a PC. The
RRDE measurements were taken with a CH Instruments model
1030 potentiostat because the RRDE experiments required a
bipotentiostat. The XPS spectra were acquired at Kratos AXIS
ULTRA X-ray photoelectron spectrometer using monochromatic
Al Kau source operating at 300 W. The operating pressure was
3 x 1077 Torr. Charge neutralization using low energy electrons
was used for charge compensation, Following a survey of each
area is the recording of high-resolution spectra of C 1s, O 1s, N
s, and Co 2p or Fe 2p depending on sample. A linear back-
ground was used for quantifying the C, O, and N spectra and
Shirley background for quantifying Co and Fe spectra. All the
spectra were charge referenced to the aliphatic carbon at 284.8
eV. Individual peaks of constrained width, position and 70 %
Gaussian/30 % Lorentzian line shape were used for curve fitting.
The widths of peaks in the curve-fit of C 1s, Nis, and Co2p/
Fe2p were set to be 1.0, 1.0, and 1.4 eV respectively.

RESULTS AND DISCUSSION
After nanotube synthesis, the cleaned dry carbon nano-

tubes were characterized with electron microscopy. The
carbon nanotubes produced with just hexane (solvent), iron
powder (growth catalysts/chlorine scavenger), and carbon
tetrachloride (carbon source) were very straight and large
multiwalled carbon nanotubes, with an average length of
1.161 £ 0.190 um, average widths of 118 & 17 nm, and
wall thicknesses of 33 & 9 nm. A transmission electron
micrograph is shown in Figure 1. The nanotubes have
smooth walls and have closed ends. The nanotubes made
with the addition of cobaltocene, which is a growth initiator
for carbon nanotubes, had a very different morphology than
the nanotubes synthesized without it. Figure 2 shows a
transmission electron micrograph of these nanotubes. These
nanotubes had a very diverse wormy morphology with
imperfections in the walls and many branching points. The
average length was 2.348 + 1.238 um, the average width
was 143 + 91 nm, and the average wall thickness was 60 £
39 nm. The phthalocyanine doped carbon nanotubes had a
very different structure that the previously synthesized
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FIGURE 1. Transmission electron micrograph of multiwalled carbon
nanotubes synthesized in critical point hexane with iron and carbon
tetrachloride.
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FIGURE 2. Transmission electron micrograph of carbon nanotubes
synthesized with additional cobaltocene growth catalyst.

nanotubes without dopant. The size of these nanotubes was
diverse with average widths of 255 4+ 87 nm and average
lengths of 7.300 & 2.162 um. Scanning electron microscopy
showed that the doped nanotubes were very linear without
any bends or curls, as shown in Figure 3. The TEM image of
the phthalocyanine doped carbon nanotubes in Figure 4
shows that they maintain the tubular structure similar to the
nanotubes synthesized with only iron metal and carbon
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FIGURE 3. Scanning electron micrograph of phthalocyanine-doped
nanotubes.
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FIGURE 4. Transmission electron micrograph of phthalocyanine-
doped carbon nanotubes.

tetrachloride. The wall average thickness from TEM was
determined to be 21 & 8 nm for the phthalocyanine-doped
nanotubes.

The electrochemistry of the phthalocyanine doped carbon
nanotubes was characterized by rotating disk electrode
voltammetry. The iron phthalocyanine doped nanotubes
showed a half wave oxygen reduction potential of —0.210
=+ 0.008 V vs Hg\HgO (Hg\HgO has a reference potential of
0.140 V vs NHE). The half wave reduction potential is
determined by the midpoint between the onset of reduction
and the maximal steady state value of reduction. The cobalt
phthalocyanine-doped carbon nanotubes showed a half
wave oxygen reduction potential of —0.050 4+ 0.005 V vs
Hg\HgO. Figure 5 shows representative voltammograms
comparing both catalytic materials. Platinum’s oxygen re-
duction potential was also determined in the same alkaline
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FIGURE 5. Representative rotating disk voltammograms for iron
phthalocyanine-doped nanotubes (red) and cobalt phthalocyanine
doped nanotubes (blue). Electrodes were rotated at 4000 rpm in air
saturated 1 M KOH solution with platinum counter electrodes and
Hg\HgO reference electrodes.
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FIGURE 6. Representative rotating disk voltammograms for cobalt
phthalocyanine doped nanotubes (blue) and platinum in 1 M H,SO4
vs calomel. Electrodes were rotated at 4000 rpm in air saturated
solution with platinum counter electrodes.

media. Its half wave reduction potential was determined to
be —0.197 £0.002 V vs Hg\HgO. In comparison to platinum
the, iron phthalocyanine-doped nanotubes reduce oxygen
with 12 mV more overpotential than platinum, making them
a reasonable alternative catalyst to platinum. However, the
cobalt phthalocyanine doped nanotubes were able to reduce
oxygen at 147 mV less overpotential than platinum making
them a superior alternative catalyst to platinum from a
purely Kinetic point of view. When this is considered along
with the resistance to passivation that has been reported for
other chelated cobalt catalysts, this is a superior catalytic
material compared to platinum (18). Clearly the cobalt doped
material required less overpotential to achieve oxygen
reduction than the iron doped material which has also been
observed with other chelated cobalt and chelated iron
catalysts (18). Comparative RDE voltammograms were also
performed on the cobalt doped material and platinum in
acidic media to demonstrate that the catalytic oxygen reduc-
tion still maintains the same chemistry seen in literature with
cobalt porphyrins and phthalocyanines shown in Figure 6.
Rotating ring disk electrode (RRDE) voltammetry was per-
formed on the cobalt exchanged phthalocyanine doped
carbon nanotubes to further confirm that oxygen reduction
was taking place. The ring was held at +0.5 V to be
consistent with literature procedures (25). The RRDE volta-
mmogram shown in Figure 7 indicate that both two electron
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FIGURE 7. Representative RRDE voltammogram for cobalt ex-
changed phthalocyanine doped nanotubes showing oxygen reduc-
tion at the CO-PNT modified disk (black) and oxidation at the ring
(red). This was taken with a rotation rate of 3000 rpm in 1 M KOH
with a pt counter and Hg\HgO reference electrode. The Pt ring was
biased at +0.5 V while the disk potential was scanned at 0.001 V\S.
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FIGURE 8. Low-resolution survey spectra showing the elemental
composition of the iron phthalocyanine doped nanotubes (top) and
cobalt phthalocyanine-doped nanotubes (bottom).

oxygen reduction to peroxide and four electron oxygen
reduction to water are occurring. Since the collection ef-
ficiency of the Ptring is 37 %, this would indicate that when
the disk reaches steady-state current at —0.150 V that the
majority of oxygen is being reduced to water. In Figure 7,
the disk current at a potential of —=0.150 Vis 1.191 x 107*
A. Because the ring current was 2.074 x 107° A and the
collection efficiency was 37 %, this means that 95.3% of
the current passed reduces oxygen to water and 4.7 % of the
current reduces oxygen to peroxide. The peroxide generated
is detectable at the platinum ring as an oxidation back to
molecular oxygen. These results indicate that the cobalt
exchanged phthalocyanine doped nanotubes exhibit similar
chemistry as other cobalt phthalocyanine compounds (20, 21),
but maintain different material properties than other phtha-
locyanine based catalysts which is advantageous, because
the material properties of the other phthalocyanine catalysts
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FIGURE 9. X-ray photoelectron spectrum for C1s of Fe-PNT (top) and
Co-PNT (bottom).

Table 1. Elemental Analysis of
Phthalocyanine-Doped Nanotubes with Iron and
Cobalt

% carbon % oxygen % nitrogen % iron % cobalt
Fe-PNT 90.8 5.8 3.1 0.37
Co-PNT 87.4 6.2 6.0 0.43

limit their applications. The other advantage is that these
doped nanotubes can be used in the same way as conven-
tional Pt\C type catalysts, because the catalyst formed is a
conductive powder. Another advantage of cobalt phthalo-
cyanines and cobalt porphyrins is their ability to reduce
oxygen in both alkaline media and acidic media similar to
platinum (26). Many catalysts are able to reduce oxygen in
alkaline media, but few exhibit the ability to both (27). This
makes the cobalt phthalocyanine doped nanotubes good for
oxygen reduction in low-temperature proton exchange fuel
cells.

XPS was performed on both the iron phthalocyanine
doped nanotubes and the cobalt phthalocyanine doped
nanotubes to get a more full understanding of the surface
composition and what types of moieties exist in these new
types of materials. Low resolution survey spectra and el-
emental composition of the phthalocyanine doped nano-
tubes are shown in Figure 8 and Table 1. Iron phthalocya-
nine doped nanotubes have Cl contamination most likely
due to incomplete reaction of chlorocarbon starting materi-
als, but the Cl peak disappears after further heat treatment
with the molten cobalt chloride. The Cl peak was excluded
from the total elemental composition for adequate compari-
son between samples. Table 1 indicates that the relative
percentages of each element shifted slightly from the iron
doped sample and the cobalt doped sample, most likely due
to the cobalt exchanging process. The backbone of the
starting material is 78.0% carbon, 19.5% nitrogen, and
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FIGURE 10. N1s XPS spectrum for phthalocyanine doped nanotubes
that contain (a) chelated iron and (b) chelated cobalt. (c) Fe 2p
spectrum for chelated iron and (d) Co 2p for chelated cobalt.

2.5% iron. The increase in the percentage of carbon be-
tween the starting material and the nanotube material is
what was to be expected, because there is an addition of
carbon tetrachloride to the synthesis to form the graphene
sheets that the phthalocyanines get incorporated into. The
ratio of nitrogen to metal remains constant for the starting
material and the doped nanotube material indicating that
the nanotube synthesis allows the nitrogen to remain in the
final structure. This is also a strong indication that the
phthalocyanine backbone gets incorporated wholly into the
final nanotube structure without rearrangement or damage.
The representative XPS C1s spectra for both iron and cobalt
doped nanotubes is shown in Figure 9. Initial inspection
shows that both samples contain large quantities of sp2-
hybridized carbon, followed by the next-highest contributor
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Table 2. XPS Deconvolution Results Indicating the
Relative Percent of Each Type of Bond Detected in
the Spectrum

binding energy (eV) bond type Fe-PNT (%) Co-PNT (%)
284.3 Cc=C 42.1 17.5
284.8 C=C 17.5 26.8
285.7 C—N 14.7 15.1
286.6 C-0 6.2 7.6
287.7 N—C—-0, N—C=0, C=0 5.2 8.5
289.3 COOH 3.0 5.5
398.4 N-pyridyl 0.9 1.4
399.4 metal-N-pyridyl 1.2 1.2
400.6 pyrrolic amine 0.4 1.6
402.0 pyridyl+ 0.1 0.7
403.5 pyridy!l oxide/graphitic 0.1 0.5
405.7 NO,- 0.4 0.7
C shakeup, O 1s, Fe 2p 8.4 13.1
total bond signal 100 100

of nitrogen—carbon moieties, and finally some oxygen-
containing moieties that would be expected to be present
because of the oxidative cleaning procedure after the syn-
thesis. The N1s XPS spectrum shown in Figure 10 was curve-
fitted using 6 symmetrical peaks having the same full-width
half-maximum (fwhm). Following peak assignment was
done based on data reported in literature (28—30) and
reference databases (31): peak at 398.4 + 0.2 eV is pyridyl
N, peak at 399.4 4 0.2 eV is pyridyl N associated with metal,
peak at 400.6 £ 0.2 eV is pyrrolic N, peak at 402 £ 0.2 eV
is pyridyl*, peak at 403.5 + 0.2 eV is reported to be graphitic
and N oxide, and peak at 405.7 & 0.2 eV is due to NO,".
Large range of binding energies for pyridyl N is reported in
the literature -from 398.2 to 399 eV. We can see that pyridy!
N for iron-chelated sample is detected at 398.6 eV, while that
for cobalt-chelated samples is detected at 398.2 eV. Shift in
binding energy of pyridyl N bound to metal has been
reported in the literature causing this peak to shift to ~399.2
eV (29, 30). Moreover, we have analyzed Fe phthalocyanine
(unpyrolyzed) for reference and found the same binding
energy of N 1s peak that is associated with metal. Identifica-
tion of this peak is also confirmed by peak detected in high-
resolution spectra of both metals due to association with
nitrogen as discussed below.

N 1s spectra indicate that there is almost twice as much
pyrrolic N (400.6 eV) in the cobalt chelated phthalocyanine
doped nanotubes compared to the iron-doped phthalocya-
nine doped nanotubes. This indicated that two phenomena
occurred, one that the phthalocyanine backbone retained
the nitrogen moieties during the synthesis, and that the
extreme heating during the cobalt metal exchange altered
the pyridyl N (398.4 eV) converting some of it to a pyrrolic
N (400.6 eV). Figure 10 shows CoZ2p and the Fe2p high
resolution spectra that were deconvolved into multiple
peaks. Peak assignment is based on reference database,
reported literature and reference materials, such as Fe and
CooxidesandFephthalocianene analyzed by XPS (28,30,32).
High resolution spectra show that there is chelated metal and
that the cobalt was successfully exchanged in the doped
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FIGURE 11. One possible graphitic type structure that agrees with
the elemental analysis of the phthalocyanine-doped nanotubes.

pity®
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nanotubes replacing the iron and that there is a lot of bound
oxygen to the chelated metals, which is to be expected for
catalysts that reduce oxygen. Both spectra have peaks due
to metal associated with N (peak 706.6 eV for Fe 2p and
782.1 for Co 2p), affirming peak detected in N 1s spectrum
due to association with metal. The Fe2p XPS spectrum in
Figure 10c also shows that there is iron carbide (708.6 eV)
that exists in the iron-containing nanotube samples. This
suggests that iron carbide is an important intermediate
product of the reaction that forms graphene for the doped
nanotubes. This has also been observed with other methods
of making carbon nanotubes (33, 34), indicating that our
growth mechanism is similar. The overall deconvolution of
the XPS spectrum is shown in Table 2. These data suggest
that the material is graphitic in nature with a large percent-
age of aromatic nitrogen moieties that are capable of chelat-
ing transition metals. This material is very versatile, because
not only is it conductive but it has the ability to be tailored
for a specific types of catalysis by exchanging one catalytic
metal center for another. Figures 11 and 12 are two possible
graphitic type structures that are in agreement with the
elemental analysis results. These are somewhat similar to

FIGURE 12. Another possible graphitic type structure for the phthalocyanine dope nanotubes that agrees with the elemental analysis that

contains a higher ratio of carbon to nitrogen.
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what has been proposed for pyrolized cobalt porphyrin,
which also has a graphitic nature (35).

CONCLUSIONS
By developing a bulk low-temperature critical point sol-

vent synthesis method of growing carbon nanotubes, it
became possible to incorporate the phthalocyanines into the
growing nanotubes giving a final material the catalytic
properties of the phthalocyanine. The XPS data that was
taken supports that the phthalocyanine backbone and pyr-
rolic amine remain in the final material, similar to porphyrin
pyropolymers (18, 35). The synthesis that was developed,
which is a halocarbon reduction by metallic iron, is very
versatile, allowing reduction of both halogenated alkanes
and halogenated aromatics. It also is very tunable; by
introduction of a carbon nanotube growth catalyst, the
nanotubes can be grown with different morphologies.

The phthalocyanine- doped nanotubes that were origi-
nally iron-containing showed oxygen reduction, but at over-
potentials that would make it not competitive enough with
platinum. To change this, the iron was exchanged for cobalt
in a simple molten cobalt salt slurry which yielded a catalytic
material that displayed the catalytic properties of cobalt
phthalocyanine. The RRDE and RDE supported that this
cobalt doped material was superior to the iron doped ma-
terial and platinum. The cobalt material also displays oxygen
reduction chemistry in acidic media, which means that this
would have utility as a replacement for platinum catalysts
in acidic and alkaline media. This ability to swap metals for
different chemistry makes this material versatile, not only
as a fuel cell catalyst but as a catalyst for any number of
reactions that require a metal chelate or a chelated electro-
catalyst. This could yield a non-platinum-catalyzed fuel cell
with good performance.
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