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oxygen reduction reaction from SiO2- and MgO-supported metal particles
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Abstract

Nitrogen-containing carbon was prepared from the vapor deposition of acetonitrile at 900 ◦C over silica- or magnesia-supported Fe, Co, and Ni
particles. The byproducts of pyrolysis were monitored by mass spectrometry. The carbon formed from silica precursors was washed with KOH
to remove the silica and HCl to remove metal particles, whereas the carbon formed from magnesia samples was washed with HCl to remove the
support and the metal. The solid carbon product was characterized with N2 physisorption to measure surface area and pore volume distribution,
X-ray diffraction to determine the crystalline phases present, and temperature- programmed oxidation to determine ash and nitrogen content.
Magnesia was more readily removed from the carbon compared with silica. A significant amount of metal, encased in carbon, remained in the
samples after washing. The Co particles led to a higher content of bulk nitrogen in the carbon, as high as 2.9% based on oxidation measurements.
Electron microscopy imaging confirmed that all of the metal particles catalyzed the formation of various types of carbon nanofibers, with the
diameter and structure of the fibers varying with different metal–support precursor combinations. A possible application for these fibers is oxygen
reduction reaction catalysts for proton-exchange membrane fuel cell cathodes.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

With the emergence of nanotechnology, carbon may prove
to be one of the most useful materials over the next several
decades. Emerging potential applications for nanostructured
carbon include water purification, electronics, sensors, poly-
mer composites, hydrogen storage, catalysis, and electrodes.
The reason for the broad range of applications for carbon is
the unique properties that it can have depending on its structure
at the molecular and nanoscale levels.

Doping carbon nanostructures adds another dimension to
these structures’ properties. For example, carbon atoms within
a graphite matrix can be replaced with similar elements, such
as boron or nitrogen, during graphitization. In a semiconduc-
tor sense, this could be considered p or n doping (for B
or N, respectively). Boron is electron-deficient and is known
to improve the ability of a graphite matrix to accept electrons,
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whereas nitrogen has an extra electron that improves elec-
tron donation [1]. Likewise, doping of carbon can affect such
properties as pH, catalytic activity, conductivity, and nanostruc-
ture [2]. In addition, surface functional groups can result from
the doping process, which changes the carbon’s characteris-
tics. Such changes have many implications for potential appli-
cations, especially electrodes and catalysis. Previous research
by our group has found that nitrogen-doped carbon nanostruc-
tures could potentially replace platinum in PEM fuel cell cath-
odes [3–5]. Other potential uses for doped carbon could include
solid base catalysts [6], sensor materials [7,8], and lithium ion
battery electrodes [9–12].

Although several processes exist for the preparation of car-
bon nanostructures, the most common technique is catalytic
chemical vapor deposition (CCVD). This technique is consid-
ered the easiest for large-scale production of nanostructured
carbon [13]. In such a process, a hydrocarbon atmosphere is
heated in the presence of a metal catalyst to temperatures typ-
ically between 500 and 1200 ◦C. The metal particle can be
supported, unsupported, or “floated” into the reaction zone in
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the form of a volatile organometallic compound. Preparation of
doped carbon can be as simple as adding the appropriate nitro-
gen or boron species to the feed in the carbon preparation proce-
dures described previously. For instance, decomposition of C/N
mixtures including acetonitrile [14–18], pyridine [14,19–21],
and larger nitrogen-containing organic molecules [21–23] over
metal particles can produce nitrogen-doped nanofibers. Gener-
ally, in the systems studied to date, unsupported metal particles
were used as catalysts for nanofiber growth. Other potential
routes for doped nanofiber preparation include the pyrolysis
of organic macrocycles, such as phthalocyanine, that contain
metal centers [7,24], and the pyrolysis of polymers containing
nitrogen or boron [25]. Typically, the nitrogen content of the
fibers formed from pyrolytic methods is on the order of 5%, al-
though this can vary depending on the feed composition and the
treatment temperature [18,22,26].

Previously, we have reported the growth of nitrogen-contain-
ing carbon (CNx) fibers from acetonitrile using metal particles
(Fe or Ni) supported by carbon [3] or alumina [4,5]. These
fibers were found to have high activity for the oxygen reduc-
tion reaction in an acid electrolyte. In the current study, we
examine the growth of nitrogen-doped carbon nanofibers from
metal particles (Fe, Co, or Ni) supported by SiO2 or MgO.
The metal particles chosen are known to be effective catalysts
for nanofiber formation from hydrocarbon sources [13,27], and
varying the metal particle used for fiber growth is well known
to affect the carbon structure [27–31]. The supports chosen are
attractive for fiber growth, because silica and magnesia can be
separated from carbon using KOH or HCl washes, respectively,
which are much more benign than the HF wash used to dissolve
alumina studied previously [4,5]. Furthermore, the effect of the
support for the metal particles could influence the structure of
the carbon that forms, as has been observed for the growth of
carbon nanofibers from Ni particles on various supports [32].
Physical characterization of the fibers is also presented using
an array of techniques to determine the effectiveness of the
wash, and characterize the solid carbon that forms during the
CCVD. The majority of characterization is carried out on fibers
that have gone through the washing process, since removing the
support purifies the active component for the ORR reaction, and
makes characterization of the carbon material easier. The next
paper in this series will present the surface and electrochemical
properties of the fibers and their activity for the oxygen reduc-
tion reaction.

2. Experimental

2.1. Fiber preparation

Nitrogen-containing carbon fibers were prepared from SiO2-
or MgO-supported Ni, Co, or Fe. The silicon oxide high-surface
area catalyst support (215 m2/g, from Alfa Aesar) was used
without further treatment. Two types of MgO supports were
used, one with a surface area of 55 m2/g used as received
from Leco Co. and the other, a type of MgO “nanopowder”
with a surface area of 150 m2/g used as received from Sigma–
Aldrich. The supports were impregnated by the incipient wet-

ness method with an aqueous solution of the metal acetate salt.
A concentration of the acetate solution was chosen to provide a
final metal loading of 2 wt% (unless noted otherwise), and the
total volume of water used was equivalent to the total volume of
the support pores. The precursor was dried at 100 ◦C overnight.
TGA was used to determine the weight loss incurred during
temperature ramping in an inert atmosphere up to 900 ◦C, to
accurately determine the carbon yield during the acetonitrile
treatment. A total of 2 g of precursor was used for fiber growth.
The precursor was placed in a 6-inch quartz boat inside a quartz
tube furnace, and the temperature was ramped to the treatment
value (550 or 900 ◦C) at 10 ◦C/min under N2 flow at 150 sccm.
For treatment temperatures of 550 ◦C, the metal salt was re-
duced in situ with 5% H2 in N2 before flowing acetonitrile over
the precursor, whereas at 900 ◦C, the salt was simply allowed
to be reduced by the acetonitrile. The acetonitrile treatments
lasted 2 h, using nitrogen flowing at 150 sccm saturated with
acetonitrile (Pvap = 72.8 mm Hg at 25 ◦C) by means of a room-
temperature bubbler. After the treatment, the temperature was
lowered to room temperature under N2 flow overnight.

2.2. Fiber purification

Fibers prepared using silica-based supports were purified
by subsequent KOH and HCl washes. The product from the
acetonitrile treatment was refluxed in 1 M KOH for 6 h, then
washed with distilled water by suction filtration. Next, the ma-
terial was refluxed in 1 M HCl for 6 h, then washed with
distilled water by suction filtration. The recovered fibers were
dried overnight at 100 ◦C. In one case, for comparison, a fiber
sample was washed with HF acid using a procedure described
elsewhere [4,5].

Fibers prepared using magnesia-based supports were puri-
fied using only an HCl wash. The product from the acetoni-
trile treatment was refluxed in 1 M HCl and then washed with
distilled water by suction filtration. The recovered fibers were
dried overnight at 100 ◦C.

2.3. Temperature-programmed acetonitrile pyrolysis (TPAP)

Analysis of the byproducts of acetonitrile pyrolysis was per-
formed with an on-line Cirrus mass spectrometer (MS). For
these experiments, 100 mg of catalyst precursor was placed
loosely (with a channel to prevent plugging) in a quartz tube and
placed horizontally in a furnace with an on-line mass spectrom-
eter to analyze the exit stream. The temperature was ramped
from room temperature to 900 ◦C at a rate of 10 ◦C/min while
flowing He (20 sccm) saturated at room temperature with ace-
tonitrile. The MS scanned for ions between 1 and 100 AMU.

2.4. BET surface area and pore size distribution

Surface area measurements were done by N2 physisorption
using both a Micromeritics ASAP 2010 and a Micromeritics
Accusorb 2100E. The BJH pore size distributions were ob-
tained from the desorption isotherm of N2 physisorption exper-
iments with the Micromeritics ASAP 2010.
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2.5. X-ray diffraction

X-ray diffraction (XRD) patterns were obtained with a
Bruker D8 diffractometer using CuKα radiation. Samples were
supported by polyethylene holders with a 0.5-mm-deep reser-
voir for the powder samples. Patterns were recorded between
10◦ and 90◦ 2Θ .

2.6. Temperature-programmed oxidation

Temperature-programmed oxidation (TPO) of samples was
carried out using a Setaram TG-DSC 111 with the product
stream being analyzed by a Cirrus mass spectrometer. Approx-
imately 10 mg of sample was loaded into the thermogravimet-
ric analyzer, and the temperature was ramped at 5 ◦C/min to
750 ◦C in 10% O2 in He flowing at 60 sccm (split evenly be-
tween the reference and sample side). Both the TG and DSC
signals were recorded. The mass spectrometer was used to fol-
low oxides of nitrogen and carbon that formed from the com-
bustion; all ions between 1 and 100 AMU were recorded. Prod-
ucts were quantified using ionization probabilities provided by
the manufacturer.

2.7. Transmission electron microscopy

Transmission electron microscopy (TEM) was performed
with a Philips Tecnai TF20. Samples were supported by lacey-
formvar carbon, which was supported by a 200-mesh copper
grid. The carbon samples were dispersed with excess ethanol
before being deposited on the grid. Distributions of fiber diam-
eters and structures were obtained from 50 different, randomly
chosen fibers.

3. Results and discussion

3.1. TPAP

Before reporting information about the solid carbon product
that forms during pyrolysis treatments, we describe the gaseous
products of the pyrolysis treatments. TPAP pyrolysis byprod-
ucts were analyzed using an on-line mass spectrometer. As
an example, Fig. 1 shows the products released during TPAP
analysis for pure silica. During the temperature ramp, some
oxygenated gases (mainly CO2 and water) were released from
the surface of all samples. For silica, a sharp CO2 peak was ob-
served just above 800 ◦C. Although reduction of the supports
could not be confirmed or denied (as was the case for alu-
mina [5]), removal of oxygen from the support again seemed
to precede consumption of acetonitrile for the silica and mag-
nesia samples. Addition of metal to the support led to even more
CO2 production well below 900 ◦C, due to the presence of addi-
tional oxygen in the acetate salt (data for metal-doped supports
not shown).

After the furnace temperature reached 900 ◦C, there was lit-
tle difference in the products produced over the range of sup-
ports tested. The main byproducts produced were hydrogen

Fig. 1. Major products formed during acetonitrile pyrolysis over silica detected
by MS; shown are the main ion fragments for (a) CO2, (b) CH3CN, HCN, and
CH4, and (c) N2 and H2.

cyanide (HCN), methane (CH4), molecular nitrogen, and mole-
cular hydrogen, as shown in Figs. 1b and 1c. Quantification of
the products based on the total ion count for each species taking
into account ionization probabilities provided by the mass spec-
trometer manufacturer revealed that at 900 ◦C, on average over
all of the samples, 0.48 mol HCN, 0.35 mol CH4, 0.10 mol N2,
and 0.53 mol H2 were produced for each mol of acetonitrile
(CH3CN) sent to the furnace. There was very little difference
in these values for the samples tested, with standard deviations
<10%. Based on molar balances, the species not detected by
the mass spectrometer comprised approximately 1.17 mol of C,
0.32 mol of N, and 0.06 mol of H per mol of acetonitrile fed.
Both solid carbon, which deposits on the support, and tar, which
deposits at the furnace exit, accounted for the products not de-
tected by the mass spectrometer.

3.2. Sample preparation

A wide range of conditions were used for the pyrolysis of
acetonitrile. Table 1 gives an overview of all of the samples pre-
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Table 1
Samples prepared from the pyrolysis of acetonitrile over a support

Support Metal
loading

CH3CN pyrolysis
conditions

Pyrolysis
mass gain

Wash
conditions

Post wash
mass remaining

BET surface
area (m2/g)

SiO2 None 550 ◦C, 4 h 1.7% KOH, HCl N.A. N.A.
SiO2 2% Fe 550 ◦C, 4 h 3.0% KOH, HCl N.A. N.A.
SiO2 2% Co 550 ◦C, 4 h 2.4% KOH, HCl 1% N.A.
SiO2 None 900 ◦C, 2 h 13.0% KOH, HCl 20% 288
SiO2 2% Fe 900 ◦C, 2 h 18.9% KOH, HCl 25% 255
SiO2 2% Co 900 ◦C, 2 h 13.6% KOH, HCl 19% 465
SiO2 2% Co 900 ◦C, 2 h 13.6% HF 9% N.A.
SiO2 10% Co 900 ◦C, 2 h 18.8% KOH, HCl 22% 214
SiO2 2% Ni 900 ◦C, 2 h 5.8% KOH, HCl 9% N.A.
MgO None 900 ◦C, 2 h 4.5% HCl 22% 181
MgO 2% Fe 900 ◦C, 2 h 21.9% HCl 22% 218
MgO 2% Co 900 ◦C, 2 h 17.7% HCl 17% 278
MgO 2% Ni 900 ◦C, 2 h 43.2% HCl 24% 128
MgO-HSA None 900 ◦C, 2 h 5.9% HCl 25% 256
MgO-HSA 2% Fe 900 ◦C, 2 h 28.7% HCl 28% 241
pared, the amount of mass gained during the pyrolysis, the con-
ditions used to wash the carbon product, the mass of product re-
maining after this wash, and, if sufficient sample was available,
the BET surface area. Temperatures as low as 500 ◦C are rea-
sonable for nanofiber growth from a carbon source [33]; how-
ever, a temperature this low is apparently insufficient for the
decomposition of acetonitrile. At 900 ◦C, a better deposition
rate was obtained over all of the supports tested. The MgO-
supported samples generally had higher deposition rates than
the SiO2-supported samples. The mass gains were similar to the
mass gained using alumina-supported particles reported previ-
ously [5]. The results of acetonitrile deposition in the absence
of a support or in the presence of unsupported metal particles
were also reported previously [3].

Based on the amount of mass lost during the washing step,
the respective washing techniques effectively removed most of
the support. The percentage of mass loss was calculated on
the basis of the weight before the wash but after the carbon
treatment. The respective washing techniques easily dissolved
untreated supports in trial runs; however, it is possible for metal
particles and even the metal oxide support particles to become
encased by carbon during the pyrolysis, making them impossi-
ble to remove during the wash. Thus, not all of the support is
removed during the wash. In one instance, for 2% Co/SiO2, the
carbon product was washed with HF acid to compare the effec-
tiveness of the washing procedures. The mass remained after
washing with HF acid was smaller than that of KOH and HCl.
Further characterization performed to assess the extent of the
support removal is discussed in the following sections.

3.3. N2 physisorption analysis

The surface area of the final carbon material obtained (see
Table 1) was much higher than the original support in all cases.
Using higher-surface area MgO (150 vs 55 m2/g) resulted in
an only modest increase in surface area of the carbon produced.
In general, the surface areas obtained were not as high as those
obtained from HF-washed acetonitrile char deposited on alu-
mina [5].

The effect of washing on the pore structure of the sam-
ples is apparent from the representative pore size distribution
(PSD) plots in Fig. 2. For the SiO2-supported samples, there
was little difference between untreated SiO2 and the treated
samples. Washing the samples opened smaller pores and re-
duced the larger pores, although a significant portion of larger
pores remained. There was a spike in the distribution at 4 nm,
which has been observed in samples containing nanofibers
[3,5]. As discussed previously, this feature is characteristic of
nanostructures, but in reality the distribution may not be so nar-
row. The other washed SiO2-supported samples that contained
metal had similar distributions, whereas the treated and washed
pure SiO2-supported sample was similar in the larger pore di-
ameter region but did not have a pronounced spike at 4 nm in
the smaller pore diameter region (data not shown).

The pore distributions for the MgO-supported samples be-
haved somewhat differently than those for the SiO2-supported
samples. The addition of metal to MgO and treatment in an ace-
tonitrile atmosphere at 900 ◦C for 2 h reduced the pore volume
drastically (see Fig. 2b). Washing the samples greatly increased
the pore volume for both large and small pores, as shown for
the carbon derived from 2% Fe/MgO. Again, the characteris-
tic peak at 4 nm was present in all samples; however, it was
smallest in the sample that did not contain metal (see Figs. 2b
and 2c). It should also be noted that the treated and washed
Ni/MgO sample had considerably less pore volume in the larger
pore diameter region compared with the other samples (data not
shown).

3.4. XRD

XRD patterns demonstrate the effectiveness of washing sam-
ples and also provide information about other phases present
and the crystalline properties of the carbon. Fig. 3 compares the
diffraction pattern of treated but unwashed Fe/MgO with those
of the washed carbon samples derived from MgO-based sup-
ports. The pattern for the unwashed sample clearly shows that
the MgO phase was highly crystalline, because the only peaks
present were from cubic MgO. In the pure MgO-supported
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Fig. 2. PSD analysis showing samples throughout there preparation process
(treatments were carried out at 900 ◦C) for (a) Co/SiO2, (b) Fe/MgO, and (c)
other treated and washed magnesia-based samples shown for comparison.

Fig. 3. XRD patterns of CNx samples prepared from acetonitrile pyrolysis over
various supports at 900 ◦C (samples were washed unless otherwise noted).

sample, a small amount of MgO was still apparent even after
the wash, but for the metal-containing samples, all of the de-
tectable MgO was removed. The only peaks remaining can be
attributed to poorly crystalline graphitic carbon, with the main

peak being C [002], and various phases of the metal (peaks be-
tween 42◦ and 46◦ 2Θ). Characterization of the metal phases
by Mössbauer and X-ray absorption spectroscopy will be pre-
sented elsewhere, but for similar materials, carbide, metallic,
and oxide phases are typically observed. The presence of these
metal species in acetonitrile-treated iron particles (along with
their XRD patterns) has been reported elsewhere [34–36]. The
only major differences in the samples derived from various
metal particles are in the patterns attributed to the metal phases.
Fig. 3 also shows the pattern for the carbon derived from 2%
Fe/SiO2. The diffraction pattern is nearly identical to the pattern
for the carbon obtained from 2% Fe/MgO. Because the SiO2 is
not crystalline, patterns of the unwashed samples resembled di-
luted versions of the washed samples; thus these patterns are
not shown.

3.5. TPO

The nitrogen-containing carbon materials obtained after the
washing step were characterized by TPO with in situ TGA-
DSC and gaseous product analysis with a mass spectrometer.
These experiments serve several functions. First, the amounts
of noncombustibles in the samples can be determined from the
gravimetric analysis, indicating how much of the metal catalyst
or inorganic precursor remains entrapped in the sample after
the wash. Second, the amount of nitrogen in the sample can be
estimated based on the amount of carbon oxides and nitrogen
oxides released during the combustion and detected with the
mass spectrometer. Third, from the combination of all of the
signals followed in TPO, the nature of the carbon can be char-
acterized based on its ease of oxidation.

The signals from a typical analysis are displayed in Fig. 4
for the sample prepared from Fe/MgO-(HSA). The exothermic
DSC signal began to become positive at around 300 ◦C, indicat-
ing the onset of oxidation. Significant oxidation did not occur
until above 400 ◦C, at which point the TG signal decreased. The
derivative of the TG signal (shown in Fig. 4b) exactly mirrored
the DSC signal, as expected. This sample had two separate ox-
idation peaks. All of the samples containing metal had multiple
oxidation peaks, whereas the samples prepared on metal-free
supports contained only one oxidation peak, similar to pure ace-
tonitrile char [3] or acetonitrile char deposited on alumina [5].
It is not clear whether the multiple peaks originated from multi-
ple types of carbon or were caused by metal particles in contact
with carbon, thus catalyzing combustion of that carbon. The
next paper in this series will compare TPO profiles with surface
properties and oxygen activation activity. The sample shown in
Fig. 4 lost 92% of its mass, as is apparent from the TG signal;
thus, it still contained some noncombustible inorganic material
even after washing with HCl.

The products of combustion were monitored with a mass
spectrometer. Only CO2 formed in the excess oxygen envi-
ronment, although small amounts of CO would be difficult to
differentiate from the fragment at 28 AMU for CO2, which had
an intensity of 12% of the 44-AMU signal. As Fig. 4 shows,
the 44-AMU signal matched the DSC signal. In addition, NO
was detected as a product of combustion, with the main frag-
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Fig. 4. TPO analysis of washed carbon prepared from acetonitrile pyrolysis
over 2% Fe/MgO; (a) thermogravimetric and calorimetry signals, (b) deriva-
tive of the TG signal, and (c) major oxidation products detected by the mass
spectrometer.

ment at 30 AMU. NO production did not follow CO2 produc-
tion in every sample; for instance, Fig. 4 shows that more NO
was produced during the first oxidation peak. In the samples
without metal particles, NO release was consistently heavier
at the end of the combustion. The samples containing metal
typically released more NO early in combustion, similar to
Fe/MgO-(HSA). Previously we reported that for carbon formed
on alumina supports from acetonitrile pyrolysis, NO and CO2

production followed each other [5]. However, these TPO ex-
periments were carried out under different conditions, and the
multiple combustion peaks in the TPO of the alumina samples
were not as well defined.

It should be mentioned that NO2 did not appear to form
from CNx combustion. For all of the samples, the 46-AMU
signal was much smaller than the 30-AMU signal (generally
about 1/0th the size) and had the same shape as the 44-AMU
signal; thus, the 46-AMU signal was likely just a contribution
from CO2. In previous work, in which TPO was conducted with

Table 2
Results of oxidation analysis for washed CNx samples prepared from CH3CN
pyrolysis at 900 ◦C for 2 h

Support Metal
loading

Wash
conditions

% of mass
combusted

% nitrogen

SiO2 None KOH, HCl 61% 1.1%
SiO2 2% Fe KOH, HCl 83% 0.8%
SiO2 2% Co KOH, HCl 60% 2.9%
SiO2 2% Co HF 72% 2.9%
SiO2 10% Co KOH, HCl 44% 2.1%
SiO2 2% Ni KOH, HCl 49% 1.5%
MgO None HCl 81% 1.6%
MgO 2% Fe HCl 93% 0.9%
MgO 2% Co HCl 86% 1.5%
MgO 2% Ni HCl 90% 0.9%
MgO-HSA None HCl 87% 1.4%
MgO-HSA 2% Fe HCl 92% 0.7%

a plug-flow setup and the mass spectrometer was immediately
attached at the exit, also found no NO2 [5]. Montoya et al. mod-
eled the formation of NO during CNx combustion and found
it to be an energetically favorable process [37]. Considering
the high temperatures at which the NO signal was observed,
NO2 formation from NO oxidation would be thermodynami-
cally limited under these conditions.

Using a standard mixture of NO and CO2, the MS response
was calibrated; therefore, the relative intensities of the 30- and
44-AMU signals could be used to quantify the amount of car-
bon and nitrogen in the samples. Table 2 reports the results from
this analysis, as well as the total mass loss for all of the samples
tested. Two trends in this data are noteworthy. First, from the
mass lost, it is apparent that removing SiO2 was more difficult
than removing MgO. Even if a SiO2-supported sample were
washed with concentrated HF acid, the percentage of combus-
tion (i.e., mass loss) would be lower than that for any of the
MgO-supported samples. This seems to indicate that a signifi-
cant portion of SiO2 is protected by carbon from the washing.
Second, the mass spectrometer signal integrations clearly show
that the samples had varying nitrogen content. In particular,
the Co/SiO2-supported samples produced carbon that contains
more nitrogen than the other samples. Because nitrogen con-
tent does not increase with Co loading, it is unlikely that the
additional NO produced in this sample originated from cobalt
nitride. The Fe-containing samples consistently have the least
amount of nitrogen. In the next paper of this series, we will
show that XPS analysis of the same samples detects more ni-
trogen than TPO, perhaps because the surface is enriched with
nitrogen.

3.6. TEM

Electron microscopy imaging confirmed that nanofibers
formed during acetonitrile pyrolysis over most of the supports
examined. However, unlike pure alumina, which catalyzed the
growth of some fiber structures during acetonitrile pyrolysis,
the pure SiO2 and pure MgO samples did not lead to the forma-
tion of any fibers. There was no strong evidence that reduction
of SiO2 or MgO occurred during TPAP experiments, unlike in
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Fig. 5. TEM images of washed acetonitrile char formed on pure SiO2.

the alumina experiments reported previously [5]. Images of the
carbon deposited on the SiO2 support (see Fig. 5) showed that
the sample contained short strands of graphitic carbon often
layered on amorphous particles of silica. Amorphous carbon
particles were also present throughout the sample. The carbon
deposited on the MgO maintained much better structure after
washing. Fig. 6 shows the hollow cubes of nitrogen-containing
carbon that remained after MgO crystals were removed. In
some cases, the MgO remained inside of the carbon after the
wash, as indicated by the dark solid particles in Fig. 6a.

The metal-doped supports all catalyzed fiber formation dur-
ing pyrolysis. Distributions of the fiber diameters are shown in
Fig. 7 for all of the samples, except for Ni/SiO2, which con-
tained very few fiber structures. The silica-supported Fe and Co
CNx samples formed fibers with average diameter of 62 and
36 nm, respectively. The distribution was much more broad for
the Fe sample, as Fig. 7a shows. For the MgO-derived CNx

fibers, the diameter distributions were similar to one another,
with the exception of the Ni/MgO sample (see Fig. 7b). The av-
erage diameters for the fibers formed from 2% Co/MgO, 2%
Fe/MgO, and 2% Fe/MgO-HSA were 32, 36, and 42 nm, re-
spectively. The Ni/MgO formed fibers with an average diameter
of 59 nm.

Some typical images of fibers grown from silica-supported
and magnesia-supported metals are shown in Figs. 8 and 9, re-
spectively. Most of the Fe- and Co-grown fibers for both the
SiO2 and MgO supports were compartmentalized and stacked
together like a stack of cups. This is the same type of structure
that formed under similar pyrolysis conditions over Fe/Al2O3.

Fig. 6. TEM images of washed acetonitrile char formed on pure MgO.

Fig. 7. Diameter distributions for CNx fibers grown from different metal parti-
cles and supports. Distributions were obtained from TEM images.

Multiwalled nanotubes and solid fibers were also found in all of
the Fe and Co samples, but to a lesser extent. For the Ni/SiO2-
supported sample, only a small amount of short fiber structures
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Fig. 8. TEM images of CNx fibers formed during acetonitrile pyrolysis at
900 ◦C over (a) 2% Fe/SiO2, (b) 2% Co/SiO2, and (c) 2% Ni/SiO2.

Fig. 9. TEM images of CNx fibers formed during acetonitrile pyrolysis at
900 ◦C over (a) 2% Fe/MgO, (b) 2% Co/MgO, and (c) 2% Ni/MgO.

was formed, such as that shown in Fig. 8c. These fibers con-
tained a relatively high amount of large metal particles encased
inside of them. The structure of these fibers was hollow, with
sporadic and disordered carbon planes inside the fiber. Simi-
larly structured fibers were reported from the same pyrolysis
conditions over Ni/Al2O3. With Ni/MgO, the same broken mul-
tiwalled nanotubes formed along with conventional multiwalled
nanotubes and solid fibers.

Fig. 10. TEM images representative of particle structures for (a) stacked cups
formed on Fe/MgO, (b) solid CNx fiber grown from Fe/SiO2, (c) MWNT
grown from Fe/MgO, and (d) broken MWNT formed from Fe/MgO.

Table 3
Distribution of CNx fiber types for samples prepared from acetonitrile pyroly-
sis at 900 ◦C

CNx precursor Percentage of particular fiber type

Stacked cups Fibers MWNTs Broken MWNTs

Fe/Al2O3 57% 3% 40% 0%
Ni/Al2O3 6% 17% 17% 60%
Fe/SiO2 71% 7% 18% 4%
Co/SiO2 66% 0% 13% 21%
Fe/MgO 42% 14% 9% 35%
Co/MgO 54% 10% 21% 15%
Ni/MgO 13% 25% 18% 45%
Fe/MgO-HSA 60% 10% 20% 10%

Although the figures in this section show representative im-
ages of fibers that formed during acetonitrile pyrolysis over the
respective supports, it should be mentioned that the various
types of fibers discussed could be found in almost any of the
samples. Thus, distributions of the different fiber types within
the samples were obtained using TEM. The four major types
of fibers observed were defined as stacked cups (see Figs. 8a
and 8b, 9a and 9b, and 10a), solid fibers (see Fig. 10b), MWNTs
(see Fig. 10c), and broken MWNTs (see Figs. 8c, 9c, and 10d).
Some fiber structures were ambiguous and counted half toward
two different fiber types. The distribution of all fiber-containing
samples, given in Table 3, shows roughly to what extent the
various fiber types were found in each sample. Clearly, Fe-
and Co-derived samples preferentially catalyzed the formation
of stacked-cup fibers, whereas Ni samples favored the broken
MWNTs, regardless of the support. In general, the only trend
with respect to fiber type and fiber diameter was that solid fibers
always had very large relative diameters compared with other
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fibers in the samples, whereas MWNTs typically had smaller
diameters.

4. Conclusions

Nitrogen-containing carbon nanostructures were prepared
from the decomposition of acetonitrile at 900 ◦C over silica
and magnesia supports. For the carbon grown from supported
Fe and Co particles, compartmentalized fibers with a stacked-
cup structure predominantly formed, whereas mostly broken
multiwalled nanotubes formed from Ni particles. These obser-
vations are consistent with the structures formed from alumina-
supported Fe and Ni. The diameter of the fibers varied signif-
icantly depending on the support used, and the total nitrogen
content varied depending on the metal–support combination
used. Washing the silica-derived samples removed some of the
silica, but based on TPO/TGA results, about half of the sam-
ple still consisted of silica. This was most likely caused by
the complete encapsulation of silica particles in carbon, be-
cause washing with HF acid yielded only a slight improvement.
Conversely, the magnesia particles could be easily removed by
washing with HCl acid, leaving behind only carbon and en-
capsulated metal particles. All of the samples had high surface
areas after washing.

The stacked-cup-structured fibers formed from Fe and Co
particles should have significant edge-plane exposure, which is
useful for such applications as catalysis. The next paper of this
series will investigate the surface and electrochemical proper-
ties of the nitrogen-doped carbon, with specific focus on cat-
alytic activity for the oxygen reduction reaction.
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