
Final Report: DARPA exploratory program. MDA972-02-nnin 

Title: Aligned Single-walled Carbon Nanotube Synthesis for Device Design 

Project Period: April 1,2002 to February 29,2004 

Amount $350,000. 

DARPA manager: Dr. Leo Christodoulou 

PI: Professor L.D. Pfefferle (Chemical Engineering) with Prof. G. L. Haller 
(Chemical Engineering) and Professor Mark Reed (Electrical Engineering) 
Yale University, New Haven, CT 

PI Contact information:      E-mail: lisa.pfefferle(a)vale.edu 

Phone: 203-488-7309 

This project was highly successful demonstrating control of carbon nanotube diameter 
through control of the synthesis process. Mean tube diameter can hQ preselected from 0.5 
to 0.9nm. A sample predominantly semiconducting with two main tubes (7,5 and 8,3), 
and a sample of smaller (0.5-0.6nm) and mainly metallic tubes were produced. The 
process also laid the ground for production of the first pure boron nanotubes. In our 
SWNT synthesis experiments using CO disproportionation at 6 atm and lower pressures 
the Co-MCM-41 and Ni-MCM-41 catalysts produced more than 90% selectivity to 
SWNT with increasing yields as the pressure is increased. The key advantage of our 
technique is the incorporation of metals into the pore wall of the template, which allows 
ultra-small metal clusters to be formed and stabilized. These clusters then initiate the 
growth of highly uniform diameter SWNT. Examples of uniform small diameter SWNT 
formed with two of our catalysts are shown in Figure 1 below. 

Figure#l: Micrographs of uniform small diameter SWNT from Co-MCM-41 catalysts 
(template pore size was 1.9nm on left and 2.85nm on right). Inset shows tube ends. 

The narrow diameter distribution has been confirmed by several complementary 
techniques and this data is summarized on Figure #2 below for a Co-MCM-41 template 
The Raman data for this sample were obtained at four excitation wavelengths from 488 to 
785nm to cover the resonances of tubes with different diameters in the sample. In figure 
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#2 over 70% of the sample is in 2 specific tubes (the (8,3) and (7,5) tubes) and only two 
other semiconducting tubes are present on 10% level (the (7,6) and (6,5) tubes). 

Figure #2. Distribution of SWNT diameters 
determined for SWNT grown in Co-MCM-41 with 
pores of 2.85nm. The background mesh represents 
the graphene sheet and the colored dots indicate 
the individual semiconducting tubes identified in 
our sample by fluorescence measurements. The 
straight solid lines represent the axes for wrapping 
the carbon net to form zigzag or armchair 
nanotubes. Data from DNA wrapping suggests 2 
main tubes. Reaction at higher pressure will likely 
narrow the distribution. 
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Small (<0.7nm), uniform diameter SWNT have very special properties including high T 
semiconductors, they are the strongest 1 D material and they exhibit unusual, unpredicted 
electronic properties. High radius of curvature is associated with properties that vary 
dramatically with applied force this may also be especially advantageous for neat SWNT 
spinning because interactions between the tubes and packing density increases as the tube 
diameter decreases. To date, no economically feasible methods exist for varying tube 
diameter in the range < 0.9nm besides our process using cobalt incorporated MCM-41 
catalytic templates. 

Our process, which uses incorporation of the metal component in the pore framework, 
stabilizes the catalyst precursor against total reduction and sintering, allowing smaller 
SWNT diameter and tighter control of SWNT properties. For example. Figure #3a below 
shows the correlation between SWNT diameter and the template pore diameter as 
determined by TEM for fixed template synthesis conditions. Our resuhs clearly show 
that our technique allows preselected control of SWNT diameter produced down to very 
small diameters. 
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Figure 3a. SWNT diameter produced with   Figure #3b. Metal cluster size fi-om 
catalysts having different pore sizes. 
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The diameters of the nanotubes we produce correlate with the template pore diameter as 
seen in figure #3a, but not in the 1:1 manner seen with physical templating. During our 
pretreatment and synthesis the catalyst precursor is partially reduced and produces ultra- 
small metallic clusters. The size of the metal cluster formed during pretreatment and 
reaction depends on the pore diameter of the MCM-41, as illustrated from our Extended 
X-Ray Absorption Fine Structure (EXAFS) data shown in Figure #3b. Metal particle size 
also depends on the chemical nature of the template wall, which can be independently 
controlled. A key advantage of this process is the ability to independently control the 
chemical composition of the template and its pore diameter. This enables control the 
diameter of the metallic clusters formed by reduction of the catalyst precursor, which 
allows tuning of their catalytic reactivity and diameter control of the SWNT produced. 

Our tubes have been shown by at least two different independent characterizations to 
have much lower defect levels when compared with tubes from leading producers. Jia 
Chen (Dr. Avouris's group at IBM) ran conductivity tests of individual nanotubes. The 
current plateau in the I-V curve depicted in Figure#4 was expected to be at lower levels 
than previously tested SWNT because our tubes are of smaller diameter. Instead, they 
showed excellent conductivity ([iV levels) postulated to be due to the low defect levels. 
These conclusions were also supported by tests at Dupont (Dr. Ming Zheng) showing 
much lower "rolling down" baseline in UV-vis spectra likely due to a lower defect level. 
When the (6,5) tubes were tested by redox titration a 50% greater extinction coefficient 
was observed for the same number of valence electrons than the next best sample from 
Prof Resasco's laboratory. Our SWNT were also observed to be more resistant to 
oxidation, again suggesting a lower defect level. 
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A series of papers has been published that discuss diameter control, parameter 
optimization of the process (temperature, catalyst pretreatment, pressure, time and 
catalyst concentration) as well as explorations of the growth mechanism. These are 
detailed below. 
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Uniform-Diameter Single-Walled Carbon Nanotubes Catalytically Grown in 
Cobalt-Incorporated MCM-41 
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Smgle-walled carbon nanotubes of uniform diameter were grown in cobalt-substituted MCM-41 molecular 
sieves templated with C12 and C16 alkyl chains to result in pore diameters of 2.6 and 3.3 nm, respectively 
The narrow diameter distiibution of the tubes grown was probed by Raman, UV-visible, and MR spectroscopy 
as well as by high-resolution transmission electron microscopy. Tube diameters have been observed to vary 
with the size of the Co clusters formed during carbon deposition, as measured by extended X-ray absorption 
fine structure (EXAFS). It is proposed that the diameter of the carbon nanotubes grown in MCM-41 catalysts 
IS controlled by the size of the metallic clusters formed in the template. Because MCM-41 catalysts of different 
pore diameter form Co clusters of different sizes, this mechanism can be exploited to grow carbon nanotubes 
of uniform, preselected diameters. 

As widely reported,'"^ carbon nanotubes exhibit technologi- 
cally important electronic properties potentiating new device 
development; They can be found in both metallic and semi- 
conducting structures. The structure of the single-walled nano- 
tube (SWNT) is defined by how the graphitic sheet is aligned 
in the rolled up configuration. Metallic (m) nanotubes can carry 
extremely large current densities;'^ semiconducting (s) nanotubes 
can be electrically switched on and off as field-effect transistors 
(FETs) (e.g., ref 6). Most electronic applications of carbon 
nanotubes require aligned SWNTs that are reasonably homo- 
geneous in diameter, length, and electronic properties. Odom 
et al.' used scanning tunneling microscopy (STM) to correlate 
atomic structure with electronic properties of SWNTs. They 
found that the electronic properties correlate both with the 
diameter and helicity (twist). This important work illustrates 
why control of SWNT diameter and structure is of crucial 
importance for the development of new electronic devices based 
on SWNTs. 

* Corresponding author. Phone: 
E-mail: dragos.ciuparu@yale,edu. 

203-432-4383. Fax:   203-432-4387. 

The current state of the art of SWNT synthesis is given in a 
recent review.^ Processes now exist that yield 90% selectivity 
for SWNT in scalable processes (for example, Dai and co- 
workers,'''" Resasco and co-workers," Smalley and co-work- 
ers'2). Cleaning, separation, and alignment steps are required 
for use in electronic applications. Due to the harsh reaction 
conditions required for SWNT synthesis, traditionally prepared 
metallic particulate catalysts will not likely lead directly to the 
desired very narrow diameter distributions. Catalysts, particularly 
metal catalysts, restructure and sinter leading to the formation 
of muhifaceted crystals, each facet potentially initiating the 
growth of a SWNT and thus a spread of particle sizes and 
multiple nanotubes from each particle leading to heterogeneity 
in diameter and structure (e.g., see refs 13 and 14). 

An important recent development is the use of zeolite 
channels as templates to synthesize SWNTs.''"'^ An intriguing 
finding from this zeolite work is that interactions with the 
channel walls during nanotube formation were observed to lead 
to selection of a particular nanotube structure." If control could 
be achieved for a range of diameters, this could provide an 
important tool for controlling SWNT properties. Zeolites, 

10.1021/jp036453i CCC: $27.50     © 2004 American Chemical Society 
Published on Web 12/16/2003 
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Figure 1. Physisorption isotherms measured with fresh C12 and C16 
templates. The inset shows the pore size distribution derived from the 
desorption isotherms by the modified BJH method." 

however, because of their lack of composition and pore size 
flexibility, are not an ideal choice for a SWNT template. As 
used here, template does not imply a one to one pattern transfer 
of the template structure to the SWNT. Templating of the 
SWNTs is exercised through the influence of the pore wall on 
the size of the nucleating metal cluster. The ideal template 
material should allow independent control of both composition 
and channel size. The M41S class of mesoporous materials 
developed by Mobil'' is ideal in that the walls are amorphous 
and structured pore arrangements with pore sizes from 1.5 to 4 
nm can be produced independent of metal substitution in the 
framework (for dilute substitutions). We have found the wall 
thickness to be relatively uniform in this pore size regime at 
approximately 1 nm. 

In this contribution, we demonstrate the formation of uniform- 
size SWNTs controllable by the properties of a cobalt-substituted 
template having a parallel system of pores. The nanotubes are 
uniform in diameter and spacing. The catalytically active site 
or site precursor is produced by MCM-41 framework substitu- 
tion with cobalt. The catalytic component is highly dispersed 
in the pore wall and its oxidation state can be controUably 
modified by varying pretreatment conditions. The mesoporous 
molecular sieve used as a catalytic template for SWNT growth 
was produced using a surfactant-templated synthesis modified 
from the original Mobil method to improve structural order. 
The synthesis and characterization of the Co-MCM-41 is 
discussed elsewhere.^" Two different Co-MCM-41 catalysts 
were used in this study, one with pore size by high-resolution 
transmission electron microscopy (HR-TEM) of 3.3 nm and the 
other with a pore size of 2.6 nm. The pore size distribution in 
the Co-MCM-41 catalysts measured by nitrogen physisorption 
in a static volumetric instrument Autosorb-lC (Quanta Chrome) 
is on the order of 0.1 nm full width at half-maximum, as 
observed in Figure 1. It should be mentioned that similar 
measurements perfomied with the MCM-41 templates after 
reduction with hydrogen at 500 °C and after carbon deposition 
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Figure 2. Raman spectra recorded at different excitation wavelengths 
for unpurified SWNT samples grown without hydrogen prereduction 
in the C16 catalytic template. TEM inset shows SWNTs uniform in 
size evolving from the pores of the Co-MCM-41 catalyst with 
hydrogen prereduction. 

and subsequent removal by oxidation showed minor modifica- 
tions of strucmre and pore size distribution, suggesting that these 
templates have good structural stability under both reduction 
and oxidation conditions.^" 

Single-walled carbon nanotubes were synthesized by CO 
disproportionation. The Co-MCM-41 catalyst was packed in 
a 10 mm internal diameter quartz reactor, heated in flowing 
oxygen to 750 °C, purged for 10 min with argon, and then 
reacted with CO for 2 h. In an optimized reaction strategy, 
before reaction the catalyst was heated in flowing hydrogen to 
773 K at 20 K/min and held at that temperature for 15 min. 
Subsequently, the reactor was flushed with Ar, and the tem- 
perature was further raised at 20 K/min to 1023 K under flowing 
Ar. The Boudouard reaction was carried out for 1 h at 1023 K 
in a pure CO atmosphere; then the catalyst was again flushed 
with Ar and cooled to room temperature in Ar. 

As-synthesized samples and purified carbon nanotube samples 
were characterized by HR-TEM and Raman, UV-vis, and near- 
IR spectroscopy. The purification process consisted of template 
removal by ultrasonication for 4 h in 48% HF to dissolve the 
silica and the cobalt from the sample. Nitrogen physisorption 
was also used to determine the diameter of the tubes removed 
from the catalyst and to measure the pore size distribution of 
the templates at different stages in the process. 

The resonant Raman spectra in Figure 2 recorded at four 
different excitation wavelengths (488, 532, 633, and 785 nm) 
with a C16 catalyst without hydrogen prereduction indicate that 
the samples have a uniform diameter. The main peaks cor- 
respond to tube diameters ranging from 7.7 to 8.9 nm. It should 
be mentioned that spectra (not shown) recorded at the 532 nm 
excitation wavelength with a sample prepared by the optimized 
reaction strategy with hydrogen prereduction show a single peak 
at approximately 250 cm"'. This indicates the nanotubes are of 
uniform size. This conclusion is also supported by analysis of 
over 60 locations on several TEM grids. An illustrative image 
of a tube bundle grown with a hydrogen-prereduced C16 catalyst 
is given in the inset of Figure 2. The inner diameter of SWNTs 
obtained using the optimized reaction strategy with the C16 
template varied between 0.84 and 0.86 nm, while those grown 
on the CI2 template averaged 0.67 nm in diameter. The Raman 
specfra shown in Figure 2 were recorded with an unpurified, 
as-synthesized sample without previous cleaning or any other 
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Figure 3. UV-visible and NIR spectra recorded for unpurified SWNT 
samples grown in C12 and C16 templates with hydrogen prereduction. 
TEM inset shows the uniformity of the SWNTs grown in the C12 
template. 

form of postsynthesis treatment. These spectra also confirm high 
selectivity to SWNT with very little amorphous carbon: the 
area of the spectra indicating disordered carbon at 1350 cm"' 
is reasonably flat. The ratio between the D band, characteristic 
for the disordered (amorphous) carbon, and the G band, 
attributed to ordered carbon, to our knowledge is much higher 
than those previously reported for unpurified SWNT samples.^' 

Figure 3 shows the UV-vis and near-IR spectra for the 
nanotubes grown in hydrogen-prereduced C12 and C16 cata- 
lysts, along with a TEM image showing the diameter uniformity 
of the SWNTs grown in the hydrogen-prereduced C12 template. 
The peak complex in the visible region was previously assigned 
to the second Van Hove transition of semiconducting tubes, 
while the peaks in the NIR region were attributed to the En' 
interband transitions of the semiconducting tubes.^^ The blue 
shift of the En transition of the C12 sample in the NIR region 
is direct evidence for a smaller diameter of SWNTs grown in 
the C12 template.22,23 However, the spectral feature in the visible 
domain is not shifted as much. Assignments are not necessarily 
definitive because adsorbates induce significant changes in the 
spectral features of the smaller nanotubes. 

The diameter distribution measured by nitrogen physisorption 
on purified SWNT samples removed from the template by HF 
treatment is given in Figure 4. The average diameter values 
measured in the physisorption experiment are 0.68 and 0.76 
nm for C12 and C16, respectively, thus showing smaller SWNT 
diameter for the template with smaller pore diameter. The 
differences between the physisorption measurements and the 
TEM results are most likely due to the assumption that the 
wetting angle (used in the Kelvin equation) for liquid nitrogen 
on carbon is zero. Most liquids with low surface tension have 
a smaller contact angle on graphite than on silica. Therefore, 
the nanotube diameter may be underestimated because it was 
calculated using the same angle as that used for the template 
material, which is mostly silica.^o In addition, liquid nitrogen 
has different contact angles on walls of different pore diameters 
because of the pore curvature. Smaller pores contact a larger 
area with the nitrogen molecule than wider pores, resulting in 
smaller contact angle and underestimation of nanotube diameter. 
These nanoscale phenomena are likely responsible for the 
differences observed between the diameter measurements by 
TEM and nitrogen physisorption. Also, the relatively wider 
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Figure 4. Tube size distribution measured for HF-purified SWNT 
samples by nitrogen physisorption. 

distribution of tube diameters observed in the physisorption 
results is most likely due to defects created in the SWNT 
structure during the HF treatment and to the interstitial spaces 
between tubes. The presence of defects may also create 
interstitial spaces that act as micropores during physisorption 
measurements. 

On the basis of investigation of silica-supported Co-Mo 
catalysts, Resasco and co-workers" proposed that the high 
selectivity observed for Co-Mo catalysts as compared to 
monometallic Co catalysts is due to the stabilization effect of 
molybdenum, which impedes rapid Co reduction, thus leading 
to a slow Co reduction and formation of small Co clusters highly 
selective for SWNT synthesis. We propose that a similar role 
may be played by the sihca matrix in our Co-substituted MCM- 
41 catalytic template. 

The diameters of the SWNT produced are significantly 
smaller than the template pore diameter; however, the SWNT 
diameter correlates with the pore diameter; therefore, it is likely 
that control is obtained through the effect of the pore size on 
the size of the metal clusters formed during reduction. This is 
also consistent with the observation that harsher conditions are 
required to reduce cobalt in the MCM-41 framework and the 
reducibility decreases with the pore diameter. To test this 
hypothesis, catalyst samples previously exposed to the SWNT 
growth as discussed above were investigated by X-ray absorp- 
tion fine structure (XAFS). 

X-ray adsorption data of fresh Co-MCM-41, Co metal foil, 
and C12 and C16 Co-MCM-41 loaded with carbon were 
measured at beam line X 18-B equipped with a Si(l 11) crystal 
monochromator at the National Synchrotron Light Source at 
Brookhaven National Laboratory. The intensity of the incident 
beams (/o) was measured with a 30 cm long ion chamber filled 
with pure N2. X-ray adsorption data were collected in transmis- 
sion mode by scanning from 200 eV to 16 keV above the Co 
K edge. The Ij value was measured with the ion chamber filled 
with a 4:1 N2 in Ar mixture. Samples of approximately 45 mg 
of Co-MCM-41 were pressed into a rectangular wafer (ca. 1.5 
cm X 1 cm) to form 0.5 mm thick pellets. The wafer was then 
placed between the ion chambers. The spectra were obtained 
by averaging three scans for each sample. 

The X-ray absorption data were analyzed using the procedure 
described elsewhere.^'' First, the smooth isolated-atom back- 
ground function was removed from the experimental X-ray 
absorption coefficient data by FEFFIT." Then theoretical 
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Figure 5. Near-edge spectra of Co K edge (£o = 7709 eV): (1) 
spectram for the fresh Co-MCM-41; (2) spectrum for metallic cobalt 
foil; (3, 4) C12 and C16, respectively, Co-MCM-41 samples after 
SWNT growth. The inset shows an example of fitting the spectra with 
the model. 

photoelectron scattering amplitudes and phase shifts of Co metal 
were calculated for a model structure. Finally, the theoretical 
extended X-ray absorption fine structure (EXAFS) signal of Co 
metal was fit to the experimental EXFAS data of C12 and C16 
Co-MCM-41 (after reaction) in /{-space by Fourier transform- 
ing both the theoretical and the experimental data using FEFF6 
from the University of Washington.^* 

The near-edge spectra (XANES) of Co K edge (^o = 7709 
eV) shown in Figure 5 suggests Co in the fresh Co-MCM-41 
sample is in the oxidized state. However, after reaction, the 
XANES spectrum beyond the white line is almost identical to 
that of a Co foil; thus, the cobalt was mostly reduced after 
carbon deposition. Fitting the spectra recorded with C12 and 
C16 with the Co metal theoretical model, we obtained curves 
similar with the one depicted in the inset of Figure 5 for C12. 
The coordination numbers determined for C12 and C16 were 
6.1 and 6.8, respectively. The differences in bond distances with 
respect to the theoretical references (AT) were 0.015 and 0.016, 
respectively, indicating that the fit is within acceptable limits. 

The coordination number of particles smaller than 5 nm is a 
strong and nonlinear function of the particle diameter. This 
property has been widely used in EXAFS analysis to determine 
the size of nanoparticles.2''.28 As discussed by Frenkel,^'' although 
the geometry of clusters with different sizes, shapes, or lattice 
symmetries will generate different coordination numbers, the 
(11 l)-trancated hemispherical cubic octahedron model provides 
the best approximation for the relation between the average 
coordination number and the size of nanoparticles. We have 
buih close packing models for cobalt (hep) to determine the 
conelation depicted in Figure 6 between the average coordina- 
tion number of the cobalt clusters and their diameters. 

The coordination number determined from the EXAFS spectra 
of hexagonally closed packed Co atoms in the metallic clusters 
present in the C12 and C16 samples after SWNT growth for 1 
h in pure CO at 750 °C are plotted on the theoretical curve 
showing the dependence of the cluster size on the coordination 
number of cobalt atoms in each cluster. These results suggest 
that our catalyst contains clusters with no more than 20 or 30 
Co atoms, respectively, for the C12 and C16 samples. Since 
the EXAFS spectra shows a volume-average coordination 
number, the actual metallic cluster in the MCM-41 pore may 
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Figure 6. The upper limit of the diameter of the Co clusters determined 
from the analysis of the EXAFS spectra recorded for C12 and C16 
samples exposed to pure CO at 750 °C for 1 h. Cobalt cluster sizes 
observed by Resasco" for a siHca-supported Co-Mo catalyst exposed 
to CO at 700 °C for 30 min are given for comparison. 

be even smaller than these because metallic particles formed 
outside the pore system are more mobile and can grow to larger 
sizes than those inside the pores. These results are consistent 
with TEM investigations that did not reveal the presence of 
metallic particles in samples after carbon deposition. It is 
therefore likely that the SWNT diameter is controlled by the 
size of the MCM-41-stabilized Co cluster, which fits in the range 
of the tube sizes determined from TEM images. If this is the 
case, we should note that the cobalt clusters produced with the 
MCM-41 catalyst are significantly smaller than the 9.2 coor- 
dination number observed by Resasco et al. with Co-Mo/Si02 
catalysts, although our catalyst was exposed 30 min longer to 
even harsher reaction conditions (i.e., 750 vs 700 °C in the cited 
work).25 Therefore, this catalytic system shows promise of 
improving selectivity and diameter control of SWNT for large 
scale applications. 

The results presented here suggest that mesoporous molecular 
sieve templates with metals incorporated in the framework 
exhibit good structural stability and can be used for growth of 
ordered SWNT of uniform size and structure at yields and 
selectivity promising for large scale applications. The Co- 
MCM-41 catalysts become more reactive after being partially 
reduced in hydrogen. Reducibility of the catalytic component 
is strongly affected by the pore diameter of the MCM-41 
material. Uniformity of SWNT diameter results most likely from 
the uniformity of the metallic Co clusters formed in the template. 
From related work, the size of these clusters appears to be 
confrolled by the radius of curvature of the MCM-41 mesopo- 
rous molecular sieve.^" In conclusion, this contribution shows 
the potential of mesoporous materials such as MCM-41 to 
control the properties of SWNT during synthesis. 
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Abstract 

Catalyst pretreatment and CO disproportionation reaction conditions were observed to strongly affect the diameter uniformity of single- 
wall carbon nanotubes (SWNT) grown on Co-MCM-41 catalysts. The prereduction and CO disproportionation reaction temperatures were 
vaned systematically while the carbon loading and the SWNT diameter uniformity were monitored by TGA, Raman spectroscopy and TEM 
The state of the catalyst durmg prereduction and the size of the cobalt clusters formed during the SWNT growth process were monitored by 
in situ XANES durmg the prereduction of the Co-MCM-41, and ex situ EXAFS of catalyst samples was performed after carbon deposition 
These experiments allow development of correlations between the SWNT quality and the state of the catalyst. Control of the cobalt cluster 
size in the Co-MCM-41 catalyst is critical to the SWNT diameter control. The size of the cobalt cluster changes with both the prereduction 
and the SWNT synthesis temperatures. SWNT with a very narrow diameter distribution can be grown in Co-MCM-41 by controlling both 
the prereduction and the reaction temperatures. 
© 2004 Elsevier Inc. All rights reserved. 

Key^vords: Cobalt; MCM-41; Single-wall carbon nanotubes; Synthesis; Diameter control 

1. Introduction 

Many recent experimental studies have been dedicated to 
the synthesis of single wall carbon nanotubes (SWNT) due 
to their special electronic and mechanical properties [1-3]. 
SWNT growth techniques explored so far produce either a 
broad distribution of tube diameters [4] or SWNT of a nar- 
row diameter distribution at a certain average diameter size 
imposed by the process used [5,6]. The electronic properties 
of the SWNT depend on their diameter and chirality. Most 
electronic applications require SWNT of uniform electronic 
properties. This requirement may be fulfilled by a synthesis 
process growing SWNT of uniform diameter and structure. 
We have recently developed a catalytic system that allows 
engineered diameter control of the SWNT produced within 
±0.05 nm [7]. Mean diameter can be varied over the range 
from 0.5 to 1 nm. The cobalt catalytic component is in- 
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corporated into the pore wall of the MCM-41 mesoporous 
molecular sieve by isomorphous silicon substitution. During 
the SWNT growth process, cobalt is reduced and nucleates 
into metallic clusters that initiate the growth of the carbon 
nanotubes. 

Our previous investigations of SWNT growth by carbon 
monoxide disproportionation showed SWNT yield, selec- 
tivity, and diameter unifomiity to be strongly influenced 
by both catalyst pretreatment and the SWNT growth re- 
action conditions. Similar observations were previously re- 
ported by Resasco's research group working with a different 
catalytic system consisting of a silica-supported bimetal- 
lic cobalt-molybdenum particles [8-10]. The sensitivity of 
SWNT diameter distribution to growth temperature was also 
addressed by many other researchers [11-14]. The purpose 
of the present contribution is to investigate the influence of 
the process variables on the selectivity and the diameter uni- 
formity of SWNT produced in a monometallic Co-MCM-41 
catalyst and how these are affected by the state of the cat- 
alyst. This is a first critical step toward the optimization of 
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the synthesis conditions. The prereduction and reaction tem- 
peratures were varied systematically while monitoring the 
carbon yield and selectivity, and the diameter uniformity of 
the SWNT produced. The states of the cobalt catalyst in the 
MCM-41 material at different stages of pretreatment and re- 
action were investigated by extended X-ray absorption fine 
structure (EXAFS), and X-ray absorption near-edge struc- 
ture (XANES) was carried out in situ during the prereduction 
step. The ultimate goal is to understand the correlation be- 
tween the state of the cobalt catalyst and the quality of the 
SWNT produced. 

2. Experimental 

2.1. Catalyst 

A Co-MCM-41 catalyst with 1 wt% cobalt loading (an- 
alyzed by inductively coupled plasma (ICP) at Galbraith 
Laboratories, Inc.) was prepared following the procedure de- 
scribed in Ref. [15] using a hexadecyltrimethylamraonium 
bromide (Ci6H33(CH3)2NBr) as templating material. All 
reagents used were research grade; the purity of the Cab- 
O-Sil fumed silica source was 99.8% with chlorine as the 
only identified impurity (78 ppm). Therefore, cobalt is of 
very high purity with respect to metals present in our cat- 
alyst. The resulting catalyst showed a high structural order 
with an average pore diameter (by the BJH method [16]) 
of 2.85 nm and 0.1 nm ftill width at half-maximum pore 
size distribution. The pore-size distribution was determined 
from the nitrogen adsorption-desorption isotherms measured 
at -196°C with a static volumetric instrument Autosorb-lC 
(Quanta Chrome). 

2.2. SWNT synthesis 

SWNT were synthesized by CO disproportionation. For a 
typical batch, 200 mg of fresh Co-MCM-41 was loaded into 
a 10 mm internal diameter quartz reactor placed in an Omega 
ceramic fiber radiant heater which allows precise tempera- 
ture control throughout the catalyst bed. Prior to exposwe to 
pure CO (99.5% from Airgas, CO passes through a carbonyl 
trap to eliminate Fe pentacarbonyl originating from the CO 
container before entering the reactor) the catalyst was heated 
in flowing hydrogen at 1 atm at 20 °C/min from room tem- 
perature to a desired reduction temperature in the 400 to 
700 °C range and reduced isothermally for 30 min. After the 
prereduction, the catalyst was purged with ultrahigh-purity 
argon (99.999% from Airgas) at the reduction temperature, 
and then heated from the reduction temperature to the de- 
sired reaction temperature at 20°C/min in flowing argon. 
SWNT were grown for 60 min at different temperatures 
ranging from 650 to 900 °C under 6 atm CO pressure. 

2.3. TGA 

Thermal gravimetric analysis (TGA) data were collected 
in a Setaram Setsys 1750 instrument under oxygen flow. 
Samples were held at 150 °C for 1 h before initiating the 
temperature program. The weight change in the sample 
was monitored over the temperature program from 150 to 
1000 °C at 10 °C/min for two successive ramps; the second 
was used as baseline correction for the first. A holey crucible 
was used to limit mass-transfer interference. 

2.4. Raman spectroscopy 

Raman spectra of the as-synthesized SWNT without any 
purification or pretreatment were recorded using an excita- 
tion wavelength of 532 nm on a LabRam instrument from 
Jobin Yvon Horiba equipped with an Olympus confocal mi- 
croscope. The sample having the narrowest diameter distri- 
bution was compared with spectra for multiple excitation 
wavelength Raman previously reported to confirm these con- 
clusions [7]. 

2.5. High-resolution transmission electron microscopy 
(HR-TEM) 

HR-TEM images of the fresh Co-MCM-41 and of SWNT 
were collected on a Tecnai F20 200 kV microscope. The 
solid samples were dispersed in pure ethanol by sonication 
and 0.05 ml of this suspension was dropped on a copper 
mesh coated with an amorphous holey carbon film. The 
ethanol evaporated prior to the TEM analysis. 

2.6. X-ray absorption spectroscopy 

All X-ray absorption data were collected at beam line 
X23A2, National Synchrotron Light Source, Brookhaven 
National Laboratory. Two 30-cm-long ion chambers filled 
with pure N2 were placed collinearly with the beam, in front 
and behind samples, to measure the incident beams /Q and 
transmissive beams h. Two types of samples were mea- 
sured: (i) ex situ samples consisting of Co-MCM-41 sam- 
ples loaded with carbon after reaction, and (ii) in situ fresh 
Co-MCM-41 samples during hydrogen reduction. For the ex 
situ samples, approximately 45 mg of carbon loaded Co- 
MCM-41 was pressed into a rectangular wafer (ca. 1.5 x 
1 cm) to form 0.5-mm-thick pellets. The thickness of pellets 
satisfied the condition that the absorption edge steps A/itx 
at Co K absorption edges are smaller or equal to 1. EXAFS 
of ex situ samples in transmission mode were recorded from 
200 eV below to 1000 eV above the Co K edge. The absorp- 
tion edge of Co (7709 eV) was determined by placing a Co 
foil between the ion chambers and this value was used for 
the edge energy calibration of each sample. 

In situ hydrogen reduction experiments were performed 
at 500 and 700 °C with the fresh Co-MCM-41 catalyst in 
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order to monitor the state of the catalysts during the hydro- 
gen pretreatment. At the end of these experiments the Co 
cluster size was detennined by EXAFS at room tempera- 
ture. Forthe in situ experiments 50 mg of fresh Co-MCM-41 
was pressed at ~ 5 tons into a round self-supporting wafer 
(1.5 cm in diameter) using a hydraulic pellet press. Wafers 
were placed into the stainless-steel reaction chamber, which 
allowed in situ gas treatment and measurement. The cham- 
ber is equipped with beiyllium windows (0.5 mm thick), gas 
inlet, outlet, liquid nitrogen cooling system, and heating ele- 
ments in the sample holder. The temperature was monitored 
with a K thermocouple (Omega) placed near the center of the 
sample holder. Pressure in the chamber was monitored by a 
pressure gauge (Omega). During the in situ experiment the 
sample was heated in flowing hydrogen from room temper- 
ature to the desired temperature at 20 °C/min and reduced 
isothermally for 30 min. During this period, XANES data 
were continuously collected from 30 eV below to 50 eV 
above Co K edge, averaging 5 min per scan, for in situ mea- 
surement of the state of the catalyst during reduction. After 
the in situ reduction, samples were quickly cooled in He flow 
to room temperature using a liquid nitrogen heat exchanger 
in the chamber. EXAFS measurements were then performed 
to assess the size of the Co clusters formed. 

3. Results and discussion 

The experiments were designed to systematically follow 
the influence of the pretreatment and synthesis temperatures 
on the overall carbon yield, and the selectivity and diameter 
unifonnity of the SWNT produced. Cobalt states were inves- 
tigated before and after reaction and in situ during reduction 
at two temperatures by EXAFS and XANES. We will fiir- 
ther discuss the effect of each investigated process variable 
in separate sections below. 

3.1. Hydrogen pretreatment 

SWNT were grown for 60 min with the catalyst heated to 
800 °C in argon flow or with hydrogen prereduction at differ- 
ent temperatures, as described in the experimental section. 
The Raman spectra recorded with the catalysts after SWNT 
growth as a function of different catalyst pretreatment con- 
ditions are given in Fig. 1. Each spectrum was obtained as 
the average of five spectra recorded at different locations on 
the same sample. All spectra showed three types of spectral 
features: the Raman breathing mode peaks at approximately 
256 cm~' characteristic for the SWNT, the D band around 
1300 cm~^ assigned to disordered carbon species, and the 
peak complex between 1560 and 1600 cm"' known as the 
G band, which is characteristic for ordered carbon species 
such as carbon nanotubes and graphite. 

The Raman spectrum for the sample without prereduc- 
tion in Fig. 1 shows several weak peaks in the RBM region 

suggesting a wide diameter distribution. Most of the low- 
frequency, weak RBM peaks were less intense when the 
catalyst was prereduced at 400 °C and were almost com- 
pletely removed after the catalyst was prereduced at 600 °C. 
As reduction temperature was further increased to 700 °C, 
low-frequency RBM peaks corresponding to larger tubes in- 
creased again. These results indicate that catalyst prereduc- 
tion plays a crucial role for the quality of the SWNT grown 
with this method. The diameter uniformity of the nanotubes 
grown with the catalyst prereduced at 500 °C was previously 
demonstrated with multiple excitation wavelength Raman 
spectroscopy [7]. One sample was also analyzed by fluores- 
cence spectroscopy in the laboratory of professor Weisman 
at Rice [17]. The florescence spectrum obtained using an 
excitation wavelength of 671 nm is shown in Fig. 2 along 
with a graphene map showing the (n, m) tubes identified in 
the fluorescence experiment, the average diameter observed 
in TEM experiments, and the largest and smallest diame- 
ters predicted by the multiple excitation wavelength Raman 
experiment described in [7]. Taking into account the RBM 
upshift by inter-tube or intrabundle interactions as discussed 
in [13], for the 532-nm laser used in this study, the main 
RBM peak at 256 cm~' corresponds to tubes with diameter 
around 0.8-0.9 nm determined by several modified models 
[18-20], which is consistent with fluorescence, multiple ex- 
citation wavelength Raman, and TEM results. These resuUs 
show that the diameter uniformity of the SWNT samples 
grown in Co-MCM-41 can be assessed using the 532-nm 
laser. The wider diameter distribution suggested by the Ra- 
man spectra of the SWNT grown without catalyst prereduc- 
tion was confirmed by TEM. Moreover, the increase in the 
intensity of the RBM peak at 256 cm"' as the reduction tem- 
perature increased from 400 to 600 °C is likely due to the 
increase of the selectivity for the SWNT identified in fluo- 
rescence. 

TGA analysis was used to characterize the total car- 
bon loading. Temperature-programmed oxidation was pre- 
viously used to distinguish among different carbon species 
in samples [8]. While the amorphous carbon is completely 
oxidized at temperatures below 350 °C and graphite bums 
above 750 °C, the oxidation temperature of the SWNT has 
been observed to vary considerably for samples prepared 
under different conditions [21,22]. The wide range of the 
SWNT oxidation temperatures have been attributed to the 
differences in the catalytic activity of the metallic particles 
present in the SWNT samples [23]. The presence of tubes 
both inside and outside the pores of the MCM-41 catalyst 
may induce oxygen mass-transfer limitations and broaden 
the distribution of SWNT oxidation temperatures. We only 
used the TPO data collected in our TGA instrument as a 
measure of total carbon loading. The total carbon loading 
is given in Fig. 3 for samples synthesized at different prere- 
duction temperatures. In agreement with the Raman spectra 
in Fig. 1, the carbon yield increased as the prereduction tem- 
perature increased. This behavior is consistent with metallic 
cobalt clusters initiating the growth of SWNT; more cobalt 
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Fig. 1. Raman spectra recorded after SWNT growth with catalyst samples prereduced at different temperatures. The inset shows an enlargement of the Raman 
breathing mode region. 

clusters are generated at higher prereduction temperatures 
and produce more SWNT. However, as the concentration 
of metallic cobalt increases in the MCM-41 pores, its nu- 
cleation in larger clusters becomes important and SWNT 
diameter distribution becomes wider. 

Whether the metallic cobalt clusters are generated dur- 
ing prereduction or during subsequent exposure to CO is not 
clear from the experiments described above. Therefore, we 
employed in situ XANES spectroscopy during hydrogen re- 
duction to investigate the effect of hydrogen pretreatment on 
the state of the cobalt in the Co-MCM-41. The results of this 
investigation were then correlated with the carbon yield dis- 
cussed above. 

The nonnalized in situ XANES data collected dur- 
ing the hydrogen temperature-programmed reduction of 
Co-MCM-41 are shown in Fig. 4. The temperature program 
followed the same pretreatment program used for the cata- 
lysts prior to SWNT synthesis described above. Two 30-min 

plateau temperatures were used, 500 and 700 °C, to probe 
the effect of higher prereduction temperature on the fonna- 
tion of cobalt clusters. XANES spectra were calibrated to 
the same energy grid using a cobalt foil reference. 

Spectra were normalized by FEFFIT [24]. Cobalt foil in 
the XANES region was also included in Fig. 4 for compar- 
ison. The spectral features associated with different cobalt 
states were observed clearly during the reduction process. 
First, a preedge peak near 7710 eV related to metallic cobalt 
was seen to develop as the temperature was increased. After 
reduction at 500 °C for 30 min, the preedge peak was similar 
to that observed with the fresh catalyst, suggesting incom- 
plete reduction of Co to the metallic state, while after reduc- 
tion at 700 °C a clear metallic preedge peak emerged, sug- 
gesting the presence of fully reduced metallic cobalt clusters. 
In addition to the preedge feature, the evolution of the white 
line at 7725 eV also correlates with the state of the cobalt 
in the catalyst. The intensity of the white line, which char- 
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Fig. 2. Fluorescence spectra for a SWNT sample grown in Co-MCM-41 pretreated at 500 "C in Hj and exposed for 60 min to 6 atm CO at 750 ° C. The graphene 
map shows the tubes identified in fluorescence, the average tube diameter determined by TEM, and the diameter range determined from a multiexcitation 
wavelength Raman experiment reported elsewhere [7]. 

and the Co-O shells being 4.86 and 1.73, respectively. The 
analysis of the EXAFS spectra is discussed in a separate sec- 
tion below. 

Fig. 1 shows that SWNT can be synthesized even without 
catalyst prereduction. However, prereduction increases the 
carbon yield, suggesting that hydrogen prereduction may be 
more effective in the extractive reduction of cobalt and/or 
make the cobalt ions more susceptible to further reduc- 
tion in a CO environment during SWNT synthesis. This 
allows more cobalt clusters to form and initiate the growth 
of SWNT. On the other hand, complete reduction to metal 
leads to the formation of metallic clusters during the pre- 
reduction treatment. These clusters may sinter into larger 
clusters during heating to the SWNT synthesis temperature, 
which will grow SWNT of larger diameters with a broader 
diameter distribution, consistent with the presence of lower 
frequency RBM peaks observed in the Raman spectra of the 
sample prereduced at 700 °C in Fig. 1. The effect of hydro- 
gen reduction temperature on the size and state of cobalt 
clusters formed on Co-MCM-41 is discussed in more detail 
elsewhere [25]. From these results it becomes evident that 
the silica matrix in the Co-MCM-41 impedes rapid cobalt 
reduction, leading to slow reduction of cobalt and the for- 
mation of small cobalt clusters highly selective for SWNT 
synthesis, consistent with our previous reports [7]. It should 
be noted here that the silica matrix in the Co-MCM-41 may 
play a similar role to that of molybdenum in the Co-Mo 
catalyst, which stabilizes the Co in a cobalt molybdate-like 
compound [9]. 

Without hydrogen reduction, cobalt was slowly reduced 
by CO even at elevated temperatures up to 900 °C, resulting 

400 500 600 
Reduction temperature, °C 

700 

Fig. 3. 
ture. 

The carbon yield as a function of the catalyst prereduction tempera- 

acterizes cobalt ions, slightly decreased during reduction at 
500 °C, suggesting the cobalt is partially reduced by hydro- 
gen at this temperature by removing some of the oxygen 
from its coordination sphere and creating oxygen vacancies. 
During reduction for 30 min at 700 °C, however, the inten- 
sity of the white line decreased significantly and a preedge 
spectral feature became apparent, giving evidence for the 
presence of some completely reduced cobalt clusters. The 
analysis of the EXAFS spectra recorded at room tempera- 
ture with the sample prereduced at 700 °C also confirmed 
the presence of coexisting oxidized and completely reduced 
cobalt species, with the coordination numbers for the Co-Co 
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Fig 4. Normalized XANES spectra near the Co K edge recorded during the temperature-programmed reduction of Co-MCM-41 in hydrogen at 500 
and 700 C. 

in a weak RBM feature and low carbon loading. When the 
catalyst is prereduced in hydrogen at too high a temperature 
(e.g., 900 °C), cobalt aggregates into large particles outside 
the MCM-41 pores resulting in poor selectivity for SWNT. 
By controlling the hydrogen prereduction at specified con- 
ditions, we can produce partially reduced cobalt and obtain 
small Co clusters of a naiTow size distribution highly selec- 
tive for SWNT. We have observed that the reducibility of the 
cobalt is affected by pore size and template synthesis con- 
ditions; thus, the optimum prereduction conditions must be 
determined for each set of synthesis variables. 

Prereduction at 500 °C has been used for farther investi- 
gation of the influence of the SWNT synthesis temperature 
on the SWNT growth process performance. 

3.2. SWNT synthesis temperature 

First, the effect of reaction temperature on the quality of 
SWNT was investigated. Raman spectra recorded for SWNT 
samples resulting fiom synthesis at different reaction tem- 
peratures are given in Fig. 5. Each spectrum is the average 
of five spectra recorded at different locations in the same 
sample. The ratio between the areas of the D and G bands 
{hflc) was used as a purity index to qualitatively assess 
the amount of defective carbon in samples reacted at differ- 
ent temperatures. It should be noted here that this is only a 
relative assessment as these bands arise from both resonant 
and nonresonant contributions. 

All of the Co-MCM-41 samples were prereduced at 
500 °C and reacted for 60 min at 6 atm with pure CO at 
constant temperatures ranging from 650 to 900 °C. All of 
these catalysts produced SWNT. From the spectral features 
in the RBM region in Fig. 5, the Raman spectra of the 
sample reacted at 650 °C shows many weak peaks over a 
broad region indicative of a broad diameter distribution. The 
wide distribution of tube diameters was also evident in TEM 

3 
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Fig. 5. Raman spectra recorded for catalyst samples after SWNT synthesis 
at different temperatures using a catalyst pretreated 30 min in hydrogen 
at 500 °C. The inset shows an enlargement of the Raman breathing mode 
region. 

analysis. As the reaction temperature increases, the peaks in 
the RBM region become stronger with a narrow, single peak 
centered at 256 cm"'. The diameter uniformity of the nano- 
tubes suggested by the Raman spectra obtained using the 
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Fig. 6. TEM images showing the diameter distribution of SWNT synthesized at 750 °C (A) and 900 °C (B). 

532-nm laser was confirmed by TEM experiments on sev- 
eral grids with specimens grown in different batches under 
identical experimental conditions, and by a multiple exci- 
tation wavelength Raman spectroscopy experiment on one 
of these samples as reported elsewhere [7]. The diameter 
distribution becomes broader as the reaction temperatures 
increases beyond 750 °C, with spectra recorded for the sam- 
ple obtained after reaction at 900 °C showing several peaks, 
indicative of SWNT of several diameters. The wide diameter 
distribution resulting after reaction at 900 °C was also con- 
firmed by TEM; an example of the images is shown in Fig. 6. 
Note that the SWNT synthesized at 750 °C (micrograph A in 
Fig. 6) are in a close-packed hexagonal arrangement, charac- 
teristic of tubular structures having uniform diameters [26]. 
By contrast, the tubes imaged in the sample grown at 900 °C 
(image B in Fig. 6) give evidence of tubes of several dif- 
ferent diameters. Observation of several peaks in the RBM 
region for the SWNT grown with the Co-MCM-41 catalyst 
is direct evidence that the Raman spectroscopy using the 
532-nm laser line is sensitive to the broadening of the diam- 
eter distribution of the SWNT in our samples, and can be 
used as a relative measure of diameter uniformity. 

The total carbon loading is shown in Fig. 7 for the sam- 
ples synthesized at diff'erent temperatures, along with the 
purity index defined above. As the SWNT synthesis temper- 
ature increased from 650 to 900 °C, the purity index /D//G 

decreased from 0.29 to less than 0.01, suggesting the amount 
of ordered carbon (SWNT or graphite) increased with in- 
creasing temperature. The total carbon loading determined 
by TGA increased from 2.1 to 4.1% when the reaction tem- 
perature increased from 650 to 800 °C, then decreased to 
2.1% as reaction temperature increased to 900 °C, which 
indicates a maximum in the carbon yield at approximately 
800 °C. Although the decrease of the carbon yield at tem- 
peratures higher than 800 °C may convolute the effect of the 
thermodynamic equilibrium of the CO disproportionation 
reaction which is disfavored by higher temperatures, these 

650 700       750       800       850 

Reaction temperature, °C 

900 

Fig. 7. Variation of the purity I^/IQ index (a) and of the total carbon 
yield (b) as functions of the SWNT synthesis temperature. 

results suggest that at higher temperatures the Co-MCM-41 
is less active for carbon deposition. The temperature cor- 
responding to the maximum carbon yield was observed to 
increase as the pore size of the MCM-41 template decreases, 
and this effect is most likely related to the reducibility of the 
metal in the MCM-41 framework which was observed to de- 
crease as the pore size decreases [25]. 

A broader distribution of SWNT diameter, as determined 
by Raman spectroscopy using the 532-nm laser excita- 
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Fig. 8. Transmission electron micrograph showing a large cobalt particle 
formed during reaction at 900 "C and covered with a continuous layer of 
carbon. Arrows indicate the lattice spacing of the Co particle (1) and the 
continuous carbon layer covering the Co particle (2). 

tion wavelength, was previously reported by Resasco and 
co-workers for SWNT samples grown at higher tempera- 
tures [27], However, when compared to the Co-Mo catalyst, 
the Co-MCM-41 catalyst behaves differently with respect to 
the carbon yield observed in the same temperature range. 
The carbon yield obtained with the Co-Mo catalyst de- 
creases as the SWNT growth temperature increases from 
600 to 800°C [28]. The authors explained the decrease of 
the carbon yield by an increased rate of catalyst deactiva- 
tion at higher temperatures. The carbon yield observed with 
the Co-MCM-41 catalyst increased when the temperature 
increased from 650 to 800 °C and only decreased as the tem- 
perature further increased above 800 °C. 

Along the lines of the proposed mechanism in which the 
initially atomically dispersed cobalt ions are partially re- 
duced in the pretreatment stage, and then further reduced to 
metallic cobalt clusters during SWNT growth, we explain 
both the low carbon yield and the poor selectivity of the 
sample reacted at 650 °C by the low number of Co clus- 
ters available for SWNT growth. As the reaction temperature 
increases, the rate of cobalt reduction increases and more 
cobalt clusters nucleate to reach the optimal size for SWNT 
growth. This is consistent with the carbon yield increasing as 
the reaction temperature increases between 650 and 800 °C. 
However, as the temperature increases, so does the mobility 
of Co clusters in the MCM-41 pores and the rate of sintering, 
in agreement with the hypothesis proposed by the Resasco 
group [27,28]. On the other hand, as a cobalt cluster initiates 
the growth of a SWNT, it becomes covered with carbon and 
cannot further sinter into larger metallic clusters. At a certain 
temperature the rate of cobalt cluster formation surpasses the 

rate of initiation of the SWNT growth, so that, before the 
cobalt cluster initiates the growth of a SWNT, it migrates 
and combines with other Co clusters to give larger metal- 
lic clusters, mostly outside the MCM-41 pores. As the size 
of the cobalt clusters increases, their selectivity for SWNT 
decreases; they forni a surface graphite layer which makes 
them inactive for CO disproportionation. This is consistent 
with lower carbon yield at synthesis temperatures higher 
than 800 °C and more graphite on the surface as the synthe- 
sis temperature increases beyond 800 °C. Indeed, the TEM 
micrograph in Fig. 8 recorded with the sample reacted at 
900 °C gives clear evidence of the presence of large cobalt 
particles covered with graphite. These particles cannot be 
dissolved in HCl from the SWNT samples removed from 
the template, likely because the compact graphite layer im- 
pedes the access of the acid to the metallic particle. When a 
prepurified SWNT sample was exposed to microwave radia- 
tion, partial oxidation of the covering graphite layer resulted 
allowing more cobalt to dissolve in a subsequent HCl treat- 
ment. 

If the proposed mechanism is valid, a slow cobalt reduc- 
tion process during reaction produces smaller cobalt clusters 
at lower temperatures, highly selective for SWNT synthesis, 
and the size of the cobalt clusters should vary with reac- 
tion temperature. Such differences in the cobalt clusters size 
were investigated for samples reacted at different tempera- 
tures by EXAFS. The X-ray absorption spectra were ana- 
lyzed following the procedure described elsewhere [29,30] 
in four steps. (1) The edge energies were referenced to the 
edge energy measured with the cobalt foil; background re- 
moval and edge-step normalization were performed using 
the FEFFIT [24]. Full range spectra are shown in Fig. 9. 
(2) The white line features and the preedge peak details near 
the Co K edge (7709 eV) were investigated as depicted in 
Fig. 10. (3) FEFFIT was subsequently used to fit the EXAFS 
function using paths for metallic and oxidized cobalt species 
(Co, C03O4) as generated by the FEFF6 program [31]. The 
fitting was limited to a fc range of 2.2-10.0 A"', ;t weighted, 
with modified Hanning windows, rfJt = 1.0 A~', and an R 
range from 1.2 to 2.7 A. The parametric sensitivity analysis 
performed for different windows, R ranges, and dk values 
showed that the fitting results were not significantly affected, 
while the best fittings were obtained with the values given 
above. The fitting results are plotted in Fig. 11 and the re- 
sulting Co-Co and Co-O first shell coordination numbers 
are given in Table 1 and plotted against the reaction tem- 
perature in Fig. 12. (4) The Co-Co first shell coordination 
numbers were used to estimate the average cobalt clusters 
size in the Co-MCM-41 catalysts after reaction at different 
temperatures. 

Fig. 9a shows the reaction temperature-dependent nor- 
malized absorption coefficient as a function of the scanning 
energy. Several changes in the EXAFS were observed in this 
data. The fresh Co-MCM-41 has a strong white line cen- 
tered at 7725 eV, while the cobalt foil has only a very weak 
white line. The spectra recorded for samples reacted at dif- 
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Table 1 
Structure parameters of Co-MCM-41 catalysts from EXAFS fitting 

Reaction temperature 
(°C) 

Co-O first shell Co-Co first shell 
Nc^^ dR^ (A) ,2c 

700 

750 

800 

850 

900 

1.98 ±0.85 
1.31 ±0.60 
0.73 ± 0.27 
0.24 ±0.20 
0.17 ±0.20 

Wco-Co" dR*' (A) 
0.14 ±0.02 
0.14 ±0.02 
0.13±0.0I 
0.12 ±0.02 
0.12 ±0.03 

0.88 
0.89 
1.48 
1.94 
2.15 

3.46 ±1.51 
5.01 ± 1.26 
7.10 ±0.87 
8.62 ± 0.85 
8.97 ±1.05 

^ ^Co-0 average first shell coordination of cobalt-oxygen. 
^ dR deviation from the effective half-path-length R (R is the interatomic distance for single scattering paths). 

(7 (x 10 ^ A'^) mean-square deviation in R. 
^Co-Co average first shell coordination of cobalt. 

-0.05 ±0.02 
-0.03 ±0.01 
-0.02 ±0.01 
-0.02 ±0.01 
-0.02 ±0.01 

^2c 

1.16 
0.83 
0.80 
0.72 
0.71 

ferent temperature were located between the spectrum of the 
fresh Co-MCM-41 and that of the cobalt foil. The effect of 
the reaction temperature is also illustrated by the changes 
in EXAFS amplitude seen across the higher energy range. 
Fig. 9b shows the same EXFAS data shown in Fig. 9a in a 
/:2-weighted k space {k is the photoelectron wavenumber). 
The effect of the reaction temperature is even more clearly 
presented in k space. The peaks for the cobalt foil (cobalt 
in a metallic state) and for the fresh Co-MCM-41 (Co in the 
oxidized state) exhibit different positions and magnitudes in 

k space. The shifts in the peak position and magnitude are 
related to both different cobalt states and cluster sizes. The 
spectrum recorded for the Co-MCM-41 reacted at 900 °C 
is close to that of the cobalt foil with respect to both posi- 
tion and magnitude, suggesting that cobalt was almost com- 
pletely reduced after reaction at 900 °C, while the spectra of 
the Co-MCM-41 reacted at 700 °C is very close to that of 
the fresh Co-MCM-41, showing that a significant fraction of 
cobalt is still in the oxidized state after reaction at this lower 
temperature. The spectrum of the sample reacted at 800 °C 
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showed, as expected, an intermediate state between those of 
the samples reacted at 700 and 900 °C. 

Fig. 10 illustrates the EXAFS spectra near the Co K 
edge (7709 eV) obtained with Co-MCM-41 samples after 
reaction at different temperatures. The spectrum recorded 
with the Co foil reference is also given for comparison. The 
preedge peaks indicate that cobalt in the fresh Co-MCM-41 
is a mixture of Co2+ and Co3+ in tetrahedral and dis- 
torted tetrahedral coordinations with a pseudo-octahedral 
environment, most likely due to hydration, as discussed else- 
where [15]. The cobalt foil has a strong preedge peak as- 
signed to metallic cobalt. The increase of the preedge feature 
for the Co-MCM-41 catalyst as the reaction temperature in- 
creased constitutes direct evidence for the increase in the 
cobalt reduction to metallic cobalt as SWNT are synthesized 
at higher temperatures. 

The white line feature is assigned to unfilled d states at the 
Fermi level. For metals with completely filled d states (e.g., 
copper) the absorption edge is of the form of a simple step 
function; the intensity of the white line increases with the 
number of unfilled d states [32]. The changes in the white- 
line intensity have been used to characterize the d-hole pop- 
ulations in alloys [33]. For metallic cobalt the presence of 7 
electrons in d orbitals gives a weak white line, while for the 
oxidized cobalt with fewer electrons in d states the white line 
is stronger. Partial reduction of cobalt in the Co-MCM-41 
catalyst during SWNT synthesis was evident from the de- 
crease in the intensity of the white line between the fresh 
Co-MCM-41 and the completely reduced Co foil observed 
in Fig. 10. The inset in Fig. 10 shows the variation of the in- 
tensity of the white line with the reaction temperature. The 
spectra of the fresh Co-MCM-41 and of the Co foil have 
white-line intensities of 1.53 and 0.95, respectively. As the 
reaction temperature increases from 700 to 900 °C, the in- 
tensity of the white line decreased from 1.44 to 1.00, clearly 
showing different degrees of cobalt reduction for reaction at 
different temperatures. Higher reaction temperatures cause 
more cobalt reduction. After reaction at low temperatures 
(lower than 750 °C), a large fraction of the cobalt remained 
oxidized, consistent with the lower carbon yield observed in 
Fig. 7. As the reaction temperature increased above 800 °C, 
the cobalt was almost quantitatively reduced. 

Because in Co-MCM-41 there is a mixture of Co2+ and 
Co^+, there are two different Co-0 bonds: a short Co-0 
bond in C02O3 and a longer Co-O bond in CoO. FEFF6 gen- 
erated two main Co-O paths from the crystalline structure of 
C03O4 [34] related to the two different Co-O bond lengths. 
Using each of these two paths, and both of them simulta- 
neously, to fit the fresh Co-MCM-41 we observed that the 
path corresponding to the short Co-0 bond gave an accept- 
able fitting for a coordination number of 4, and adding the 
second path did not significantly improve the fitting. There- 
fore, we used only two scattering paths to fit the data: the 
first Co-0 path in C03O4 and the first Co-Co path in Co 
metal. The energy shifts for each shell were observed to 
have small changes for samples reacted at different temper- 
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Fig. 12. Coordination numbers of the first Co-0 and Co-Co shells as a 
function of reaction temperature, as fitted from the EXFAS spectra. 

atures, and thus were subsequently set constant at 5.57 eV 
for the Co-Co shells and 2.41 eV for the Co-0 shells. The 
passive electron reduction factor (5^) was set to 0.9, as rec- 
ommended by Rehr and co-workers [35]. Consequently, the 
fitting was performed having only the coordination numbers 
and the radial distance of each shell as variables. 

The k-weighted EXAFS spectra recorded with the sam- 
ples after reaction at 700, 800, and 900 °C are shown in 
Fig. 11 along with the fitting results obtained using the 
two theoretically calculated paths. There is good overall 
agreement between the fitting and the experimental data 
for all samples. The peaks related to the Co-0 bond de- 
creased when the reaction temperature increased, most likely 
because of the higher degree of reduction in the samples re- 
acted at higher temperatures. In contrast, the intensity of the 
Co-Co peak increased for samples reacted at higher tem- 
peratures consistent with a higher degree of Co reduction to 
metallic clusters. The structural parameters resulting from 
the fitting using the two paths and their estimated errors 
are presented in Table 1, and the decrease of Co-0 coor- 
dination numbers and the increase of Co-Co coordination 
number with the increase of reaction temperature are illus- 
trated graphically in Fig. 12. 

As previously reported, EXAFS has been widely used to 
determine the size of nanoparticles because of the strong and 
nonlinear correlation between the particle diameter and the 
coordination number of atoms in small clusters [7]. We also 
used the Co-Co first shell coordination number fitted from 
EXAFS spectra recorded with catalyst samples after reac- 
tion at different temperatures to determine the approximate 
size of the cobalt cluster fonned during SWNT growth in an 
attempt to establish a correlation with the diameter distrib- 
ution of SWNT produced. We have built a (11 l)-truncated 
hemispherical cuboctahedron model to correlate the cobalt 
cluster diameter with the average first shell coordination 
number. The variation in the Co coordination number with 
the cluster size is given by the curve in Fig. 13. Average 
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dination numbers determined from the analysis of the EXAFS spectra. 

coordination numbers for cobalt in Co-MCM-41 after reac- 
tion are plotted on the theoretical curve along with approx- 
imate cluster sizes. The results show the expected increase 
in cluster size as a function of reaction temperature with 
a jump between 800 and 850 °C. Correlating these results 
with the Raman spectra in Fig. 5 provides a direct confirma- 
tion of our hypothesis that small cobalt clusters form SWNT 
of very narrow diameter distribution. However, it is impor- 
tant to note here that, as discussed by Frenkel et al. [30], 
the geometry of clusters with different sizes, shapes, or lat- 
tice symmetries generate different coordination numbers. 
Although the (1 ll)-truncated hemispherical cuboctahedron 
model provides a good approximation, the cobalt clusters 
may have different shapes. In fact, the shapes are likely 
influenced by ultrasmall particles interacting with the pore 
wall of the MCM-41 material. These cluster diameters de- 
termined by EXAFS only give an average approximation 
for the cluster sizes. Also, as discussed in [7], the metal- 
lic particles formed outside the pore system are more likely 
to sinter and grow into larger particles than those inside the 
pores. These larger cobalt particles are likely selective for the 
growth of graphite and amorphous carbon, depending on the 
reaction conditions (i.e., higher temperatures produce more 
graphite, while lower reaction temperature form more amor- 
phous carbon). The EXAFS spectra reported here provide a 
volume average coordination number which includes larger 
particles outside the pores. The actual metallic clusters in 
the Co-MCM-4] pore may be smaller than the average es- 
timated. The EXAFS data con-elate well with the Raman 
characterization of the SWNT produced and confirms that 
small Co clusters are required for production of SWNT with 
good selectivity and a narrow diameter distribution. 

4. Conclusions 

A systematic investigation of the influence of the cata- 
lyst pretreatment and nanotube synthesis temperature on the 
characteristics of the SWNT diameter distribution produced 
in Co-MCM-41 was carried out. The results obtained by 
TGA, Raman spectroscopy, and HR-TEM, combined with 
EXAFS and XANES spectroscopy suggest that the diame- 
ter distribution and quality of SWNT in Co-MCM-41 can be 
engineered by controlling cobalt cluster size through the hy- 
drogen prereduction and the reaction temperature. Cobalt in 
Co-MCM-41 becomes more active for SWNT growth after 
partial reduction by hydrogen. The catalysts that are exces- 
sively reduced prior to exposure to CO form SWNT with a 
wider diameter distribution. A narrow distribution of SWNT 
diameter can be achieved at an optimized prereduction and 
reaction temperature, i.e., prereduction at 500-600 °C and 
reaction at 750-800 °C. The control of cobalt cluster sizes 
in Co-MCM-41 is the key to SWNT diameter control. The 
Co^+ isomorphously substituted for silica in the MCM-41 
framework is stable under severe reaction conditions, al- 
lowing slow reduction and nucleation of metallic clusters 
for production of large carbon yields at high reaction tem- 
peratures with high selectivity for SWNT and narrow tube 
diameter distribution. 
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Abstract 

The influence of the CO pressure and of the duration of catalyst exposure to CO was systematically investigated with respect to the carbon 
yield, selectivity, and diameter uniformity of single wall carbon nanotubes (SWNT) produced by CO disproportionation over Co-MCM-41 
catalysts. The SWNT were characterized by Raman and near infrared (NIR) spectroscopy, while the state of the catalyst and the size of the 
metallic cobalt clusters were investigated by X-ray absorption spectroscopy (XAS). The experimental results suggest that both the selectivity 
to SWNT and the umformity of their diameters are controlled by the relative rates of the following competing processes: cobalt reduction 
nucleation of cobalt into clusters, and SWNT growth. It was found that reaction at low CO pressures leads to a wider distribution of diameters 
and lower SWNT selectivity. The duration of catalyst exposure to CO was found to strongly affect the SWNT selectivity at the early stages 
of SWNT growth, while it has a minor effect on the SWNT diameter uniformity. 
© 2004 Elsevier Inc. All rights reserved. 
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1. Introduction 

Incorporation of single wall carbon nanotubes (SWNT) in 
electronic devices requires materials of uniform electronic 
properties. Because the electronic properties of the carbon 
nanotubes depend on their n and m vectors [1], thus on 
diameter and chirality, SWNT synthesis methods produc- 
ing a narrow diameter distribution are highly desirable. We 
have shown that SWNT can be produced by CO dispropor- 
tionation on a cobalt catalyst incorporated by isomorphous 
substitution of silicon in the pore walls of the MCM-41 
mesoporous molecular sieve [2]. We have also shown that 
the diameter of SWNT produced with this catalytic system 
can be engineered by controlling the size of the metallic Co 
clusters that initiate the growth of the SWNT [3]. 

Several studies have been dedicated to the investigation of 
the effects of the SWNT synthesis process variables on the 
overall process performance [4-21]. Many of these studies 
have reported various effects of the reaction time and pres- 
sure on the purity, diameter control, and unifonnity of the 
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SWNT produced. The differences in the obsei-ved effects are 
mainly due to the use of different processes [4-6], carbon 
sources [7-10], or catalytic systems [11-15] for the growth 
of SWNT. For the Co-Mo catalytic system, which is some- 
what similar to our Co-MCM-41 catalyst, the carbon yield 
and SWNT selectivity increased when the catalyst was ex- 
posed to CO for longer than 2 h [15,16]. 

In our prior investigations we observed that the diame- 
ter uniformity of the SWNT produced using this synthesis 
technique is strongly influenced by the catalyst pretreatment 
conditions (i.e., prereduction temperature) and CO dispro- 
portionation conditions such as the reaction temperature, 
pressure, and duration. In a recent paper we reported the 
effects of the template prereduction temperature and CO dis- 
proportionation temperature on the diameter uniformity of 
the nanotubes produced [22]. We have shown that the diame- 
ter distribution and quality of SWNT grown in Co-MCM-41 
can be engineered by controlling the hydrogen prereduction 
and reaction temperatures, and that the cobalt incorporated 
in the MCM-41 matrix becomes more selective to SWNT 
after partial reduction by hydrogen, while the catalysts that 
were excessively reduced prior to exposure to CO became 
less selective for SWNT, producing more amorphous car- 
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bon and/or graphite. We have also demonstrated that uni- 
form SWNT diameter (±0.05 nm) can be achieved by using 
optimized prereduction and reaction temperatures, and that 
control of cobalt cluster sizes in Co-MCM-41 is the key to 
SWNT diameter control [22]. 

In the present contribution we report our investigations 
on the effects of the growth time and CO pressure during 
SWNT growth on the diameter uniformity and the quality 
of the SWNTs produced as qualitatively determined from 
Raman and near-infrared spectroscopy. 

Diameter distribution was also probed by high-resolution 
transmission electron microscopy (HR-TEM). Micrographs 
were obtained on a Tecnai F20 (200 kV) microscope from 
Phillips. 

The state of the cobalt catalyst and assessment of the 
cobalt cluster sizes were determined from the X-ray absorp- 
tion spectra collected at the beam line X23 A2 of the National 
Synchrotron Light Source at Brookhaven National Labora- 
tory. Analysis of the X-ray absorption spectra was performed 
following the procedures described in detail in our previous 
work [22]. 

2. Experimental 

The Co-MCM-41 catalyst with a 1.00 wt% Co loading 
and a pore diameter of 2.85 ± 0.1 nm was synthesized using 
the C16H33 (CH3)2NBr alkyl template following the proce- 
dure described elsewhere [2]. The purity of the silica source 
affected the reducibility of the cobalt ions in the framework. 
The catalysts employed in these studies were synthesized us- 
ing the highly pure Cab-0-Sil silica. Approximately 200 mg 
of fresh catalysts was loaded into a quartz reactor placed in 
an electric furnace with very good temperature control for 
the entire length of the catalyst bed. Prior to exposure to pure 
CO the catalyst was heated in flowing hydrogen (1 atm) at 
20°C/min from room temperature to 500 °C and reduced 
isothermally for 30 min. After this prereduction treatment, 
the catalyst was purged with ultrahigh-purity argon at 500 °C 
and then heated to 800 °C at 20°C/min in flowing argon 
(4 atm). SWNT were grown for 5-120 min at 800 °C under 
different CO partial pressures ranging from 2 to 6 atm. 

The carbon yields were determined from the thermo- 
gravimetrical analysis performed in a Setaram SetSys 1750 
instrument using a holey crucible that prevents mass-transfer 
limitations. The weight of the sample was monitored during 
two consecutive temperature programs for each sample, the 
second being used as a baseline for the first. 

Raman spectra were recorded with as-synthesized SWNT 
samples, without any purification or pretreatment, on a 
LabRam instrument from Jobin Yvon Horiba equipped with 
an Olympus confocal microscope (at 532 nm excitation 
wavelength). Integration times were around 15 s for each 
spectrum, and each spectrum was the average of five scans. 
Multiexcitation wavelength Raman spectra were collected at 
the University of Connecticut with a Renishaw Ramanscope 
in the backscattering configuration under the same experi- 
mental conditions with different integration times. The spec- 
tra were obtained using four different lasers with wave- 
lengths of 488 nm (2.54 eV), 514.5 nm (2.41 eV), 633 nm 
(1.96 eV), and 785 nm (1.58 eV). 

Absorption spectra in the near-infrared (NIR) region were 
recorded for SWNT samples dispersed by sonication in 
A'.Af-dimethylformamide (DMF) using a Nicolet NEXUS 
Fourier transform infrared spectrometer equipped with a 
quartz beam splitter. 

3. Results and discussion 

Two series of experiments were designed to investigate 
the influence of the CO pressure and the duration of nan- 
otube growth on the overall carbon yield, and the selectiv- 
ity and diameter uniformity of the SWNT produced. Cata- 
lyst samples removed from the reactor after SWNT growth 
under different conditions, without any purification or pre- 
treatment, were studied by extended X-ray absorption fine 
structure (EXAFS) spectroscopy to determine the cobalt ox- 
idation state and the size of the cobalt clusters in the catalysts 
after reaction. These results were further correlated with the 
carbon yield and SWNT selectivity detennined from the 
complementary thermo-gravimetrical analysis, and Raman 
and NIR spectroscopy in order to understand the mechanism 
by which the CO pressure and growth duration influence 
the SWNT synthesis performance. The effect of each in- 
vestigated process variable is discussed in separate sections 
below. 

3.1. Carbon monoxide pressure 

For the first series of experiments catalyst samples pre- 
treated in pure hydrogen at 500 °C for 30 min were exposed 
to pure CO for 60 min at 800 °C under different CO pres- 
sures ranging from 2 to 6 atm. 

The Raman spectra recorded with the catalyst after 
SWNT growth under different CO pressures are given in 
Fig. 1. Each spectrum is the average of five spectra recorded 
at different locations in the same sample. Three types of 
spectral features are observed in each spectrum: the peaks in 
the Raman breathing mode (RDM) region {v ^ 350 cm""'), 
characteristic for SWNT, provide information about tube 
diameters [23,24] and chirality [25,26]; the D band at ap- 
proximately 1300 cm"-' is assigned to disordered and/or 
defective carbon species; and the peak complex around 1600 
cm"', known as the G band, is characteristic of ordered car- 
bon species such as carbon nanotubes and graphite. 

The Raman spectrum of the SWNT grown at 2 atm shows 
several peaks in the RBM region, suggesting that the diame- 
ters of the nanotubes produced at this reaction pressure have 
a wide distribution. The intensity of the lower frequency 
RBM peaks, corresponding to SWNT of larger diameters. 
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Fig. 1. Raman spectra recorded for SWNT grown at different CO pressures. 
The inset shows an enlargement of the Raman breathing mode region. 
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decreases as the CO pressure increases. The RBM region of 
the spectrum recorded with the SWNT grown at 6 atm shows 
a single, strong peak, indicative of a narrow diameter distri- 
bution of the SWNT produced. The presence of a narrow 
distribution of tube diameters in the SWNT sample grown 
at 6 atm has been confirmed by multiexcitation wavelength 
Raman spectroscopy as depicted in Fig. 2a. In contrast with 
the spectra recorded for the sample synthesized at 2 atm CO 
given in Fig. 2b, the spectra for the high-pressure sample 
show only one peak for each laser frequency. It should be 
noted that the laser frequencies at 633 nm (1.96 eV) and 785 
nm (1.58 eV) are more sensitive to the larger tubes in the 
samples grown at 2 atm CO than the higher energy lasers. 
The intensity of the RBM peaks relative to the intensity of 
the G band determined from the multiple excitation Raman 
spectra increased when the reaction pressure increased. The 
total carbon loading determined by TGA and plotted as a 
function of pressure in Fig. 3 also shows an increasing trend 
as the CO pressure increases. These results indicate a strong 
effect of the CO pressure on both carbon yield and selec- 
tivity for SWNT, and diameter uniformity. At higher CO 
pressures larger amounts of carbon deposit on the surface 
in the form of SWNT of a narrower diameter distribution. 
These results are consistent with previous experimental ob- 
servations of Nikolaev et al. for SWNT synthesis by thermal 
decomposition of iron pentacarbonyl in a heated flow of car- 
bon monoxide [12]. 

Because of their weak intensity and the strong depen- 
dence of resonances on the tube diameter [27,28], the rela- 
tive peak intensities for the several peaks in the RBM region 
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Fig, 2. Multiexcitation wavelength Raman spectra recorded for SWNT grown at 6 (a) and 2 atm CO pressure (b). 
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Fig. 3. Total carbon yield as a function of the CO pressure. 

cannot be easily related to the abundance of each tube di- 
ameter in the sample. Optical spectroscopy of the SWNT 
produced at different pressures provides a more sensitive di- 
agnostic technique for analyzing the relative concentrations 
of tubes of different diameters in our samples. 

The electronic structure of the SWNT can be easily al- 
tered by adsorption of chemical species on their surface [29]. 
To minimize such processes and preserve their original elec- 
tronic structure we dispersed the SWNT samples, without 
purification or any other treatment, in dimethylformamide 
by sonication for 5 min. The DMF solvent was preferred be- 

cause of its wide transmission window, and because it was 
reported to require a minimal application of ultrasound to 
disperse the SWNT [30]. 

The NIR absorption spectra in Fig. 4a recorded for nan- 
otubes grown at different CO pressures show the main 
characteristic absorption band centered at approximately 
1200 nm. This band can be assigned to the electronic tran- 
sitions between the first pair or the second pair of van 
Hove singularities (VHS), depending on the diameter of the 
SWNT in the sample. According to the SWNT electronic 
band theory [31], if the band at 1200 nm comes from the 
second VHS, the diameter of the SWNT should be around 
2-3 nm, while if it belongs to the first VHS, the diameter is 
about 1 nm. From the Raman spectra and the TEM results we 
can only identify SWNT with diameters below 1 nm, there- 
fore this band is assigned to the first VHS, i.e., E^j. 

Optical spectroscopy has been previously employed to 
perform analysis of the SWNT mean diameter and diameter 
distribution in carbon nanotube samples [32]. Aggregation 
of nanotubes into bundles substantially broadens and red- 
shifts the absorption features [33,34]. Akasaka et al. used 
a three-step wet chemistry procedure to purify and sepa- 
rate the SWNT, and observed fine structures in the optical 
absorption spectra of the carbon nanotube samples, which 
were assigned to SWNT with different diameters and helic- 
ity [35]. The short-time sonication performed in our sample 
preparation procedure does not isolate the SWNT from bun- 
dles, as suggested by the broad spectra shown in Fig. 4a and 
confirmed by many TEM experiments. However, the rela- 

1200 1400  1600    1000 1100 1200 1300 1400 1500 1600 
Wavelength, nm 

Fig. 4. NIR spectra of SWNT dispersed in DMF: (a) Spectra of SWNT synthesized at different CO pressures from 2 to 6 atm; (M spectra after background 
correcfon (solid lines), and the six peaks resulting from deconvolution using a Gaussian-fitting function (dot lines). background 
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tive differences in the diameter of these SWNT samples are 
clearly evidenced in these spectra. The solid lines in Figs. 4b 
to 4f show the baseline-corrected NIR absorption spectra in 
the range of 960-1660 nm for SWNT samples grown at dif- 
ferent pressures. These spectra were deconvoluted into six 
peaks identified and resolved in our spectra using a Gaussian 
fitting function. As discussed above, because our tubes are 
most likely bundled, the peaks resulting from deconvolution 
correspond to the average electronic properties of SWNT in 
bundles. Weisman et al. pointed out that the tight-binding 
model badly underestimated the apparent scattering arising 
from chiral variation at a given diameter [36]. Using the em- 
pirical Kataura plot developed by these authors we assigned 
the six peaks to six groups of bundled SWNT having aver- 
age diameters from 0.68 to 1.38 nm. Groups 1 and 2 have 
smaller diameters than groups 5 and 6, while SWNT with 
absorptions in groups 3 and 4 have intermediate diameters 
and are the major species produced in each sample. 

Assuming the SWNT synthesized in Co-MCM-41 show 
the normal 1:2 distribution between metallic and semicon- 
ducting tubes [1], respectively, the narrow diameter distribu- 
tion suggested for the semiconducting tubes in the NIR spec- 
troscopy was verified in the multiple excitation wavelength 
Raman spectroscopy experiment, which shows a single peak 
at each laser line for the samples grown at high CO pressure. 
Therefore, the diameter distribution of the semiconducting 
SWNT determined here from optical spectroscopy is repre- 
sentative for the overall diameter distribution of the SWNT 
sample, including the metallic tubes. Plotting the normalized 
area of each peak resulting from deconvolution in Fig. 5a 
for samples grown at different pressures we observed that 

the fraction of smaller diameter tubes in groups 1 and 2 in- 
creased when the CO pressure increased, while the fraction 
of larger diameter tubes in groups 5 and 6 decreased with 
the increase in CO pressure, as depicted in Fig. 5b. There- 
fore it is concluded that higher CO pressure produces smaller 
diameter SWNT while lower CO pressure produces larger 
diameter SWNT. 

We have previously demonstrated that the isomorphous 
substitution of Si ions in the MCM-41 by cobalt ions im- 
pedes the complete reduction of cobalt to metal under mod- 
erate reduction conditions, i.e., treatment at 500 °C in pure 
hydrogen [3]. A direct consequence of this stabilization ef- 
fect of the MCM-41 framework on the Co^+ ions is that ex- 
posure of a catalyst pretreated in hydrogen at 500 °C to pure 
CO at SWNT synthesis temperatures leads to the formation 
of very small metallic cobalt clusters in the MCM-41 mole- 
cular sieve. We have demonstrated that these cobalt clus- 
ters control the diameter of SWNT grown [3]. Along these 
lines, the diameter distribution of the SWNT provides indi- 
rect information on the size distribution of the cobalt clusters 
formed during SWNT synthesis. The signatures of the large 
SWNT observed in the Raman spectra in Figs. 1 and 2b and 
in the NIR spectra in Fig. 4a suggest that catalyst exposure 
to 2 atm CO produces larger cobalt clusters than those pro- 
duced by exposure to 6 atm CO at the same reaction temper- 
ature. On the other hand, the larger number of cobalt clusters 
presumably formed during reduction at higher CO pressure 
should provide more sites for SWNT growth and, assuming 
at least first-order SWNT growth kinetics with respect to the 
CO concentration, the higher CO pressure should increase 
the SWNT growth rate. These two rationales are consistent 

CO pressure, atm 

Fig. 5. (a) The size distribution of semiconducting SWNT syntliesized at different CO pressures as determined from NIR spectra, (b) The relative abundances 
of small and large tubes as functions of CO pressure during SWNT synthesis. 
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with the increase in the carbon yield when the CO pressure 
increases, as observed in Fig. 3. It should be noted that the 
intensity of the RBM peak relative to the intensity of the G 
band for all 4 laser frequencies also increases as the pressure 
increases, suggesting that more graphitic carbon is formed 
at lower pressures. Since we have shown that small particles 
are selective for SWNT growth and large particles fonn pre- 
dominantly graphite [22], this evolution is a second reason 
to propose that exposure at lower CO pressures leads to the 
formation of larger cobalt particles. 

These observations are intriguing as, assuming a non-zero 
positive order for the kinetics of cobalt reduction with re- 
spect to CO, one would expect a higher CO partial pressure 
to accelerate Co reduction, generate a higher metallic cobalt 
concentration on the pore wall surface, and, thus, form larger 
metallic clusters. Quantitative determinations of the cobalt 
cluster sizes after reaction at different pressures are thus re- 
quired to understand these intriguing experimental results. 
The state of cobalt and the size of the metallic clusters in 
the catalyst samples were investigated by EXAFS. The white 
line features and the preedge peak details near the Co K edge 
(7709 eV) were obtained after energy edge calibration using 
a cobalt foil reference, background removal, and edge-step 
nonnalization using the FEFFIT program [37], following a 
procedure described elsewhere [22]. The resulting spectra 
for samples reacted at different pressures are shown in Fig. 6, 
along with the spectra for the fresh, fully oxidized catalyst 
and that of the cobalt foil, given as references. 

The near-edge region of the X-ray absorption spectra 
recorded for the cobalt foil shows a strong preedge peak 

characteristic of metallic cobalt. The white line feature re- 
sulting from the density of unoccupied states above the 
Fermi level is attributed to the oxidized cobalt. The increase 
of the preedge spectral feature for the Co-MCM-41 cata- 
lyst after SWNT growth, associated with the decrease in the 
white line intensity (the white line peak height) as the CO 
pressure increased, is direct evidence for the increase in the 
amount of completely reduced cobalt in the catalyst as the 
SWNT are synthesized at higher CO pressure. The inset in 
Fig. 6 shows the variation of the intensity of the white line 
with the CO pressure, indicative of the degree of cobalt re- 
duction in the catalyst. While some of the cobalt reduced 
during reaction may be reoxidized after catalyst exposure to 
the atmosphere leading to the increase of the white line in- 
tensity, the strong intensity of the preedge feature suggests 
that the concentration of the reoxidized cobalt is small and 
should not affect the overall trend of the variation of the 
white line intensity with the CO pressure. The spectra of the 
fresh Co-MCM-41 and of the Co foil have white line in- 
tensities of 1.53 and 0.95, respectively. As the CO pressure 
increases from 2 to 6 atm, the intensity of the white lines de- 
crease from 1.44 to 1.15, clearly showing different degrees 
of cobalt reduction for reaction at different CO pressures. 
The intermediate intensity of white line and the position of 
the preedge peaks for the Co-MCM-41 samples after SWNT 
growth indicate that Co in MCM-41 is a mixture of metallic 
Co clusters and oxidized cobalt isomorphously substituted 
for Si''+ in the MCM-41 framework. 

The FEFFIT program was employed to fit the EXAFS 
spectra using the first shell for both reduced and oxidized 
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Fig. 7. EXAFS data for Co-MCM-41 catalysts after reaction at different CO pressures in R space along with the fittings of the spectra with theoretical models. 

cobalt species (Co and C03O4), as generated by the FEFF6 
program [38]. In a previous study we observed that there was 
no significant contribution of the Co-C interaction to the 
fitting results for the spectra collected for catalyst samples 
reacted with CO under the conditions used in this study [39]. 
The fitting was limited to a it range from 2.2 to 10.0 A~^, 
k weight, with modified Hanning window, dk = \.0 k~\ 
and an R range from 1.2 to 2.7 A. The energy shifts for 
each shell varied insignificantly for samples reacted under 
different CO pressures; therefore the energy shift was set 
constant at 5.57 eV for the Co-Co shells and 2.41 eV for 
the Co-O shells, respectively. The passive electron reduc- 
tion factor (Sl) was set to 0.9, as recommended by Rehr and 
co-workers [40]. Examples of the fitting results are shown 
in Fig. 7, and the corresponding Co-Co and Co-O first-shell 
coordination numbers are given in Table 1. 

The fc-weighted EXAFS spectra and the fitting results for 
samples reacted under 2, 4, and 6 atm CO pressure given 
in Fig. 7 show good agreement between the fittings and the 
experimental data in the selected fitting window. The fitting 
results were not highly sensitive to the windowing parame- 
ters. As expected, the two major peaks corresponding to the 
Co-O and Co-Co bonds show that the concentration of re- 
duced cobalt increases with the CO pressure. 

The changes in the structural parameters resulting from 
the fitting and presented in Table 1 confirm the different de- 
grees of Co reduction suggested by the evolution of the white 
line intensity and the preedge peaks in Fig. 6. The Co-O co- 
ordination number decreases when CO pressure increases. 

The X-ray absorption spectroscopy has been used previ- 
ously to determine the size of nanoparticles because of the 
strong and nonlinear correlation between the particle diame- 

Table 1 
Structure parameters determined from the EXAFS fittings for Co-MCM-41 
catalysts reacted at different CO pressures 

CO 
pressure 

Co^ first shell 

Nc^O^       dR (kf 

Co-Co first shell 

(atm) 
<^^' ^Co-Co"   ' dR(kf a2<= 

2 
3 
4 
5 
6 

1.87 ±0.91  0.14±0.02 
1.31 ±0.66 0.13 ±0.02 
1.13 ±0.55 0.13 ±0.02 
0.93 ±0.51  0.13 ±0.02 
0.73 ±0.27 0.13 ±0.01 

0.85  2.44 ±1.92-0.04 ±0.05 
0.67 3.95 ±1.43 -0.03 ±0.02 
0.75 4.60 ±1.34 -0.03 ±0.02 
0.68 4.95 ±1.17 -0.03 ±0.01 
1.48 7.10 ±0.87 -0.02 ±0.01 

0.85 
0.67 
0.75 
0.68 
0.80 

A^Co-O average first-shell coordination of cobalt-oxygen. 
'' dR deviation fi-om the effective half-path-length R {R is the inter- 

atomic distance for single scattering paths). 
"^ a^ (x 10~^ A^) mean-square deviation in R. 
^ ^Co-Co average first-shell coordination of cobalt. 

ter and the coordination number of atoms in clusters smaller 
than 2 nm [3,41,42]. However, application of EXAFS to de- 
termine the size of finely dispersed clusters is limited by 
the insensitivity of this technique to polydispersity [43,44]. 
While in our previous EXAFS studies of SWNT growth on 
Co-MCM-41 we noted that the Co cluster size determined 
from EXAFS analysis averages in the large Co particles 
outside the pores of the MCM-41 material, the uniform dis- 
tribution of the diameters of the SWNT produced, and the 
high selectivity for SWNT led us to conclude that the values 
predicted from the EXAFS spectra were close to the actual 
values because the Co particles growing SWNT were fairly 
uniform in size [3]. The presence of significant amounts of 
large Co particles should have altered both the SWNT diam- 
eter uniformity and the SWNT selectivity by production of 
graphite and amorphous carbon. Therefore, in these previ- 
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ous high CO pressure studies, there were no contradictions 
between the EXAFS results and the Raman spectra of the 
SWNT produced. However, the EXAFS results in this study 
are in an apparent contradiction with the diameter distribu- 
tions of the SWNT grown on Co-MCM-41 at different CO 
pressures as characterized by TEM, and Raman and NIR 
spectroscopy: after reaction at 6 atm CO the catalyst shows 
cobalt clusters with larger Co-Co coordination numbers than 
those observed after reaction at 2 atm CO, but grows SWNT 
of smaller diameters with uniform distribution. In contrast, 
metallic clusters with lower Co-Co coordination number ob- 
served in the sample reacted at 2 atm CO produced SWNT 
with larger diameters and a wider diameter distribution. 

The starting point in the interpretation of these experi- 
mental data is the understanding of the physical and chemi- 
cal processes taking place in the catalytic system during the 
SWNT synthesis process. Our previous studies showed that 
the hydrogen prereduction treatment only partially reduces 
the cobalt in the catalyst without generating any metallic 
cobalt clusters [22]. During exposure to pure CO at higher 
temperature, however, cobalt is gradually completely re- 
duced to metal and becomes more mobile on the surface. 
The EXAFS spectra plotted in the R space in Fig. 7 clearly 
show that the intensity of the Co-Co peak increases and that 
of the Co-O decreases as the reaction pressure increases for 
catalysts prereduced under identical conditions and reacted 
for the same duration of time at different CO pressures, giv- 
ing direct evidence that more cobalt is reduced as the catalyst 
is exposed to higher CO pressures. Whether the cobalt mi- 
grates through the silica framework as an ion or a metal atom 
is not yet understood and the clarification of this mecha- 
nism is beyond the scope of this study. However, once the 
reduced atoms reach the pore wall surface, they start to nu- 
cleate into clusters of increasing size before they initiate the 
growth of a carbon nanotube or of other types of carbon on 
their surface. Since both the solubility of carbon into metal- 
lic particles [45] and the ability of the particle to dissociate 
CO decrease with the particle size, there is likely a minimum 
size required for the metallic Co cluster to initiate the growth 
of a SWNT. Along these lines, under certain reaction condi- 
tions, very small cobalt metal clusters that are not active for 
SWNT growth would likely be present in the pores. It should 
also be noted that we have observed that the growth of the 
Co clusters likely ceases once their surface is covered with 
carbon. Therefore, the final size and the size distribution of 
the cobalt clusters is controlled by the relative rates of the 
several physical and chemical processes affecting the struc- 
ture and the state of the catalyst during the SWNT synthesis: 
cobalt reduction and migration through the pore wall to the 
pore wall surface, cobalt nucleation and growth into clusters, 
and carbon deposition. 

With respect to the kinetics of cobalt nucleation and clus- 
ter growth, a weak interaction between the cobalt clusters 
and the pore wall would lead to rapid sintering and for- 
mation of large particles. Because in many instances the 
cobalt clusters formed in our Co-MCM-41 catalysts during 

SWNT growth are very small (subnanometer), there is likely 
a strong interaction between the metallic clusters and the 
pore wall. This strong interaction may be an effect of the 
radius of curvature; i.e., a smaller pore radius of curvature 
would cause a stronger interaction between the Co clusters 
and the pore wall. This effect has been systematically in- 
vestigated elsewhere [39]. In addition to the pore radius of 
curvature effect, a chemical-anchoring effect of the Co^+ 
ions still in the silica framework may also stabilize small 
Co metallic clusters against sintering. Stabilization of small 
metallic clusters by chemical anchoring has been previously 
observed in NaY zeolites where Fe^+ and Cr^+ ions stabi- 
lized small Pt clusters against sintering [46]. The same effect 
has also been reported for rhodium clusters in chromium ion- 
exchanged NaY zeolites [47]. Although these two effects are 
hard to demonstrate individually, they may both contribute 
to the stabilization of small metallic clusters in the MCM-41 
molecular sieve. 

Taking into account the above mechanisms, it is likely 
that a multimodal distribution of the Co particle size is re- 
sponsible for the apparent contradiction between the EXAFS 
data and the Raman and NIR spectroscopy results, respec- 
tively. First, it should be noted that the overall carbon yield 
is considerably lower at low CO pressure, suggesting that 
fewer Co species are available for carbon deposition, as con- 
firmed by the X-ray absorption results shown in Fig. 7. As- 
suming first-order reduction kinetics with respect to CO, a 
lower surface Co concentration is consistent with a lower 
degree of Co reduction at lower CO pressure, as suggested 
by the variations of the white line intensity and the preedge 
spectral feature depicted in Fig. 6. The Raman spectra sug- 
gest that a larger fraction of the carbon is graphite in the sam- 
ple produced at lower pressure, consistent with the presence 
of large Co particles. SWNT with a broad distribution of di- 
ameters are also observed in the TEM micrograph in Fig. 8 A 
recorded for the sample reacted at 2 atm, while the image in 
Fig. 8B shows unifonn diameter SWNTs in the characteris- 
tic closed hexagonal packing [3]. TEM analysis did not give 
evidence of large Co particles on the surface most likely be- 
cause there are just a few large particles in one specimen and 
their size may still be below 2.85 nm, thus still being accom- 
modated inside the pores of the MCM-41 material. These 
results suggest a small fraction of reduced cobaU can be con- 
verted into larger particles at lower CO pressures. Second, 
the lower Co-Co coordination number can be explained by 
the presence of many clusters of smaller diameter that coun- 
terbalance the contribution of the large diameter particles 
to the overall Co-Co coordination number observed experi- 
mentally. Therefore, the overall picture consistent with these 
results is an interior pore wall surface decorated with many 
cobalt clusters with sizes below the minimum size required 
to grow carbon nanotubes, and a few larger cobalt clusters 
with a wide distribution of sizes and able to grow SWNT, 
graphite, and amorphous carbon. The small Co clusters are 
strongly anchored to the pore wall surface, most likely on 
Co^+ ions embedded into the pore wall near the surface. This 
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Fig. 8. Transmission electron micrographs showing (A) as-synthesized SWNT of different diameters g! 
and (B) as-synthesized uniform diameter SWNT grown at 6 atm CO pressure and 800 °C. 

,1 ■ n nil Cr.-Mr  \1.11   il -I ai CO pressure and 800 °C, 

bimodal distribution of Co cluster sizes will result in an av- 
erage Co-Co coordination number (weighted by the volume 
of particles of each size, not by their diameter) correspond- 
ing to a cluster size somewhere between the diameters of 
the large and the small Co clusters present in our sample. 
Depending on the relative concentration of these two popula- 
tions of clusters/particles, the resulting average size could be 
closer to the smaller or to the lager particles size. It has been 
shown from calculations that, for example, a particular bidis- 
perse system containing Pt clusters of 13 and 1415 atoms 
will show the same Pt-Pt coordination number with a sys- 
tem containing monodisperse clusters formed from 147 Pt 
atoms [44]. Taking into account the low carbon yield and 
low Co-Co coordination number observed for the sample 
reacted at 2 atm CO, it is likely that most of the reduced 
cobalt in this sample is in the form of cobalt clusters of 
sizes smaller than the critical size required for carbon growth 
and/or unreduced Co^+. The presence of few large Co clus- 
ters that generate SWNT, graphite, and amorphous carbon is 
most likely due to the slower rate of carbon growth at lower 
pressures, thus giving more time to the small clusters to nu- 
cleate before they can grow either SWNT or other carbon 
species. This is also consistent with the low carbon yield and 
SWNT selectivity at low CO pressures and with the X-ray 
absorption experiments showing less metallic cobalt evolved 
after reaction at 2 atm. However, some larger cobalt parti- 
cles may also be a product of the more rapid reduction of the 
small concentration of Co^+ species (~ 4% from the total 
cobalt loading) initially present in the sample. This species 
reduces at lower temperatures, as discussed elsewhere [39]. 
This would contribute a larger fraction of the metal clusters 
in the 2 atm case because the total fraction of reduced cobalt 
at this pressure is smaller. 

3.2. Reaction time 

A separate series of experiments was designed to investi- 
gate the influence of duration of the catalyst exposure to CO 

on the SWNT synthesis performance quantified by the yield, 
selectivity, and diameter uniformity of the nanotubes pro- 
duced. SWNT were grown by catalyst exposure to CO for 
different times between 5 and 120 min following the same 
pretreatmentby hydrogen at 500 °C. The reaction conditions 
were controlled at 800 °C and 6 atm CO pressure. The Ra- 
man spectra of the Co-MCM-41 loaded with carbon after 
exposure to CO for different durations are shown in Fig. 9. 

3 
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Fig. 9. Raman spectra recorded for SWNT grown at different reaction times. 
The inset shows the total carbon yield as a function of reaction time. 
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Fig. 10. NIR spectra of SWNT synttiesized at diiftrent reaction times. 

The positions of the peaks in Raman breathing mode region 
did not show significant changes when the duration of CO 
exposure increased from 5 to 120 min. Also, all the spec- 
tra showed rather weak D bands, indicating small amounts 
of amorphous carbon. The intensity of the Raman breath- 
ing mode peak observed for all four laser lines used have 
a slightly increasing trend relative to the intensity of the G 
bands as the catalyst is exposed to CO for a longer time, indi- 
cating that the selectivity to SWNT slightly increased. This 
behavior suggests that both the amoiphous and graphitic, 
non-SWNT carbon species form at the early stages of carbon 
deposition rather than continuously during SWNT synthe- 
sis, possibly because they are formed on the more reducible 
cobalt. Similar results were previously reported by Alvarez 
et al. [15]. This behavior is consistent with large metallic 
particles being covered with graphitic carbon as soon as they 
are contacted with CO, while the SWNT growth initiated on 
Co clusters produced reduction of the cobalt ions from the 
pore walls on exposure to CO. Once they reach a critical 
size, these clusters initiate the growth of SWNT increasing 
the SWNT selectivity in the final product. 

The diameter distribution of SWNT produced after cata- 
lyst exposure to CO for different durations was also charac- 
terized by NIR absorption spectroscopy, as shown in Fig. 10. 
The spectra recorded with catalyst samples exposed to CO 
for different durations are almost identical, indicating that 
the SWNT diameter distribution does not change signifi- 
cantly when the exposure to CO increased from 5 to 120 min, 
consistent with the conclusions drawn from the Raman re- 
sults. 

The carbon loading increased when the CO exposure in- 
creased from 5 to 30 min, as shown in the inset of Fig. 9. 
This behavior indicates that cobalt reduction and nucle- 
ation into metallic clusters and the CO disproportionation 
to grow carbon species are simultaneous and, thus, compet- 
itive processes. The carbon yield increases steeply during 
the first 30 min of CO exposure, and increases at a lower 

rate after subsequent exposure, consistent with previous re- 
sults reported by Alvarez and co-workers [15]. However, the 
SWNT selectivity of the carbon grown at the early stages of 
CO exposure is lower compared to that of the carbon grown 
for longer time, as suggested by the weaker intensity of the 
RBM peak. This behavior suggests that cobalt reduction is 
faster at the early stages of CO exposure and some of the 
clusters nucleate into large particles selective for graphite 
deposition. The large particles are most likely fonned from 
a small portion of the incorporated Co in the form of Co^+ 
ions that are not as strongly bound to the framework. Ear- 
lier studies showed a small portion of the incorporated Co 
(less than 4%) reduces at lower temperatures [39]. After the 
complete reduction of this Co^+ species, the Co reduction 
slows along with nucleation into clusters, and the SWNT 
growth rate exceeds the cluster growth rate. Thus the Co 
clusters have a higher probability of initiating SWNT growth 
(which stops cluster growth) before growing large enough to 
be nonselective for SWNT. Therefore, a slower rate of cobalt 
reduction is associated with a better SWNT selectivity. 

Researchers have found that the growth rate of individ- 
ual SWNT is very rapid, from a few milliseconds to about 
1 s [4]. Alvarez and co-workers [16] have proposed that the 
yield of SWNT grown by CVD increases for hours [8,17,18]. 
This behavior has been attributed to a slow rate for the nu- 
cleation of metal particles. In these studies of SWNT growth 
on Co-Mo catalysts, the authors found that the carbon yield 
increased rapidly with reaction time during the first 2 h of 
CO exposure, while the SWNT selectivity remained rela- 
tively high. Our results obtained at different reaction times 
are consistent with these previously reported results. 

Interestingly, unlike the strong effects of the prereduction 
and reaction temperatures, and of the CO pressure on the 
uniformity of SWNT diameter, the duration of catalyst expo- 
sure to CO does not seem to affect the diameter distribution 
of the SWNT. This behavior suggests that there is a rather 
narrow window of clusters sizes in which cobalt is selective 
for SWNT growth under high CO pressure and once that size 
is reached the SWNTs grow at a very fast rate and impede 
the further growth of the Co cluster initiating the growth of 
the nanotube. 

The Co-MCM-41 catalysts loaded with carbon following 
exposure to CO for different durations were also investigated 
by X-ray absorption. Fig. 11 illustrates the near edge region 
of the spectra of Co-MCM-41 samples after exposure to 6 
atm CO for different durations at 800 °C. While the inten- 
sity of the white line feature decreased and the intensity of 
the preedge peak increased as the duration of exposure of the 
catalyst to CO is increased from 5 to 15 to 30 min, the spec- 
tra recorded after catalyst exposure to CO for 60 and 120 
min did not change significantly, suggesting that the cobalt 
clusters did not grow larger after 30 min exposure to CO. 
This has been confirmed by the evolution of the Co-Co and 
Co-0 coordination numbers given in Table 2 as determined 
from the EXAFS spectra using the same procedure discussed 
above. The variation of Co-0 coordination number with the 



Y. Chen el al. /Journal of Catalysis 226 (2004) 351-362 361 

1.6 

o z 

1.4 - 

n  1.2 

1.0 

c 

1 
o 
o 
c 
o 

■■«    0.8 - a 
o 
(A 

JQ 
(Q 

TJ 
0) 

.b! 
CO 

E 

0.6 - 

0.4 - 

^    0.2 - 

0.0 

•-0.2 

fresh Co-MCM-41 

5 min 
15 min 
30 min 
60 min 

120 min 

20   40   60   80   100 120 140 

Reaction time, min 

_L X 
7700 7720 7740 7760 

Energy, eV 
7780 

Fig. 11. Normalized EXFAS spectra near Co K edge recorded for Co-MCM-41 loaded with carbon at different reaction times. Spectra for the fresh 
Co-MCM-41 and cobalt foil are given as references. The inset shows the variation of the intensity of the white line with the reaction time. 

Table 2 

Structure parameters obtained from EXAFS fitting for Co-MCM-41 cata- 
lysts reacted for different durations 

Reaction Co-O first shell Co-Co first shell 
time 
(min) Nc^^        dR {kf <y'^'  'Vcc^Co"      dR{kf <T2C 

5 1.18±0.66 0.13±0.02 1.05 4.43 ±1.42 -0.03 ±0.02 0.71 
15 1.03 ±0,47 0.13 ±0.02 1.32 5.20±1.25 -0.03 ±0.01 0.74 
30 0.78 ±0.46 0.13 ±0.02 1.26 6.81 ±1.31 -0.02 ±0.01 0.86 
60 0.73 ±0.27 0.13 ±0.01 1.48 7.10 ±0.87-0.02 ±0.01 0.80 

120 0.71 ±0.43 0.13 ±0.03 1.29 7.13 ±0.87 -0.03 ±0.01 0.74 

^Co-O average first-shell coordination of cobalt-oxygen. 
'' dR deviation fi-om the effective half-path-length R {R is the inter- 

atomic distance for single scattering paths). 
■^ 0-^ (x 10~^ A^) mean-square deviation in R. 
^ 'Vco-co average first-shell coordination of cobalt. 

duration of CO exposure mirrors the changes in the intensity 
of the white line, showing the same plateau for CO expo- 
sures longer than 30 min. 

growth of the carbon nanotubes. The results presented here 
show that reaction at low CO pressures causes a slow rate 
of Co reduction, but also a slow rate of SWNT growth, al- 
lowing cobalt clusters to grow into larger sizes before they 
initiate the growth of SWNT, and leads to a wider distribu- 
tion of SWNT diameters. In contrast, at high CO pressures, 
despite the higher Co reduction rates, the catalyst generates 
SWNT of uniform diameters likely because SWNT growth 
proceeds quickly once the catalyst cluster reaches the re- 
quired size/conformation. 

The experiments performed exposing the catalyst to CO 
for different durations indicated that this process variable 
significantly affects the SWNT synthesis performance only 
during the iirst 30 min of reaction. It has been shown that an 
initial amount of Co—likely the Co^+ species present in the 
fresh catalyst—is rapidly reduced and this process is associ- 
ated with production of larger amounts of graphitic carbon. 
Exposure time to CO, however, does not significantly affect 
the diameter uniformity of the SWNT produced. 

4. Conclusion 

For SWNT synthesis by CO disproportionation on Co- 
MCM-41 catalysts both selectivity to SWNT and their diam- 
eter uniformity depend on the relative rates of the following 
three competitive processes: reduction of cobalt, nucleation 
of the reduced cobalt atoms into clusters, and initiation and 
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The mechanisms controlling the reduction of cobalt and the growth of metallic cobalt clusters in Co-MCM- 
41 catalysts at different stages in the process of single-wall carbon nanotubes (SWNT) synthesis were 
investigated both by in-situ and ex-situ X-ray absorption spectroscopy. We have found that prereduction of 
the catalyst in hydrogen at temperatures below 700 °C does not reduce the cobalt ions to metallic cobalt, but 
removes hydroxyl groups and oxygen ions creating oxygen vacancies and/or a partially reduced cobalt species. 
The prereduction treatment, however, does increase the density of electrons at the Fermi level weakening the 
interaction of Co^"^ with the silica framework. Subsequent exposure of the catalyst to CO at 750 °C causes 
CO to strongly interact with the cobalt clusters most likely by the transfer of electrons into the d orbitals of 
Co. This strong interaction makes the cobalt more mobile at the surface and allows it to nucleate into clusters 
capable of dissociating CO and initiating the growth of SWNT. Prior to exposure to CO, the reduced cobalt 
species strongly interacting with the silica framework do not nucleate into larger clusters in the presence of 
He or Ha, preserving near atomic cobalt dispersion, as determined by EXAFS. 

Introduction 

Because the electronic properties of the single-wall carbon 
nanotubes (SWNT) depend on their diameter and chirality,' their 
use in large scale production of electronic devices is hindered 
by the high purity and diameter uniformity of the SWNT 
required for such applications. Several processes^"'' synthesize 
SWNT of relatively high purity, among which the HiPCO and 
CoMoCAT processes are widely knovwi. The CoMoCAT 
process was shown to produce SWNT with a narrow distribution 
of tube diameters with high selectivity.^ 

We have recently reported on our preliminary results moving 
toward the goal of being able to controllably preselect the 
diameter of the SWNT grown on a Co-MCM-41 catalyst.* We 
observed that the diameter of the SWNT produced correlates 
with the size of the cobalt clusters formed in our catalyst during 
the SWNT synthesis process and that by controlling process 
conditions and catalyst design, we can control the metal cluster 
size/state.' We have also observed a strong influence of the size 
of the cobalt clusters on their selectivity for SWNT and 
concluded that large cobalt particles are selective for amorphous 
carbon and graphite,* in agreement with results reported by other 
groups.^ No metal particles were ever observed on the ends of 
the SWNT grown on Co-MCM-41 catalysts. 

The good selectivity of the CoMoCAT process has been 
attributed to the presence of the molybdenum component in the 
catalyst, which stabilizes the oxidized cobalt against reduction 
and allows fomiation of small Co particles highly selective for 
production of SWNT.' The mechanism behind this stabilization 
effect has been proposed to derive fi-om the fomiation of a very 
stable surface Co molybdate-like stracture, which is slowly 
disrupted in the presence of CO by the formation of Mo carbide. 
The released cobalt agglomerates into small clusters that 
subsequently initiate the growth of SWNT.'" 

* To whom correspondence should be addressed. 

In our Co-MCM-41 catalyst, the oxidized cobalt species were 
also observed to be stabilized against reduction under severe 
reducing conditions.' We have proposed that the final size/state 
of the cobalt cluster and, thus, the uniformity of the diameter 
of the SWNT produced are most likely controlled by the relative 
rates of the several physical and chemical processes affecting 
the structure and the state of the catalyst during the SWNT 
synthesis: cobalt reduction and migration through the pore wall 
to the pore wall surface, cobalt nucleation and growth into 
clusters, and carbon deposition." The experiments reported here 
were designed to investigate the mechanisms controlling the 
rates of cobalt reduction and cluster nucleation at different stages 
of the SWNT synthesis process. 

Experimental Section 

A Co-MCM-41 catalyst with 1 wt % cobalt loading (as 
determined by ICP-MS at Galbraith Laboratories, Rnoxville, 
TN) was synthesized using a C16 organic template and a high 
purity Cab-O-Sil fumed silica source from Cabot Corporation. 
Because we have found the pH to strongly affect the reducibility 
of cobalt in the silica framework,'^ the pH was carefully 
controlled at 11.5 during the initial stage of the synthesis. 
Although this is likely near optimal for synthesizing Co-MCM- 
41 for carbon nanotube growth using the C16 alkyl template, 
SWNT growth as a fiinction of pH during catalyst synthesis 
has not yet been optimized and likely varies with the alkyl chain 
length used as templating agent. The catalyst resulting from 
removal of the organic template by calcination had an average 
pore diameter of 28.5 ± 1 A as determined from the nitrogen 
physisorption measurement using the BJH method.'^ The 
nitrogen adsorption—desorption isotherms were measured at 
—196 °C with a static volumetric instrument Autosorb-lC 
(Quantachrome). 

The state of the cobalt catalyst and the size of the cobalt 
clusters were detemiined from the X-ray absorption spectra 

10.1021/jp048067m CCC: $27.50    © 2004 American Chemical Society 
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Figure 1. The XANES spectra recorded during Co-MCM-41 pretreatment under different conditions and SWNT synthesis at 750 "C for 1 h under 
6 atm CO pressure: (A) no catalyst prereduction; (B) catalyst heating and prereduction in hydrogen at 500 °C for 30 min; (C) catalyst heatine and 
prereduction in hydrogen at 700 °C for 30 min. 

collected at beam line X23A2, National Synchrotron Light 
Source, Brookhaven National Laboratory. Two types of samples 
were measured: (i) ex-situ samples, consisting of catalysts 
submitted to different treatments and subsequently exposed to 
the ambient atmosphere, and (ii) in-situ samples, quenched at 
different stages of the carbon nanotube synthesis process and 
characterized before exposure to the ambient atmosphere. 
In-situ carbon nanotube growth experiments were performed 
to monitor the state of the catalyst during the SWNT synthesis 
process, consisting of the catalyst prereduction in hydrogen, 
heating in helium to the reaction temperature, and SWNT growth 
at CO pressures of 6 or 2 atm. For the in-situ experiments, 80 
mg of fresh Co-MCM-41 were pressed at ~5 tons into a round 
self-supporting wafer (1.5 cm in diameter) using a hydraulic 
pellet press. The wafer was placed in the in-situ stainless steel 
reaction chamber described elsewhere.* During the in-situ 
experiment, the sample was heated in flowing hydrogen from 
room temperature to 500 °C (or 700 °C) at 20 °C/min and 
reduced isothermally for 30 min. Then, the catalyst was purged 
with ultrahigh purity helium at 500 °C (or 700 °C) and then 
heated to 750 °C at 20 °C/min in flowing helium. For the in- 
situ assessment of the state of the catalyst during different 
reaction conditions. X-ray absorption near-edge structure 
(XANES) spectra were continuously collected from 30 eV below 
to 50 eV above Co K edge in 1 eV steps, averaging ap- 
proximately 3 min per scan. 

Analysis of the spectra collected for the ex-situ samples 
followed the procedures described in detail in our previous 
work.* The EXAFS spectra recorded for ex-situ samples were 
calibrated to the edge energy of the cobalt foil internal reference. 
The background removal and edge-step normalization were 
performed using the FEFFIT code."* The theoretical EXAFS 
fiinctions for different cobalt species (Co, C03O4) generated by 
the FEFF6 program'^ were used to fit the experimental data to 
obtain the corresponding Co-Co and Co-0 first-shell coor- 
dination numbers. Because of the short energy range of the in- 
situ XANES spectra, the postedge background of the XANES 
spectra was not long enough to obtain an accurate edge energy 
jump at Eo. To compare the XANES features observed in 
different experiments, assuming a constant Co atom concentra- 
tion under the X-ray beam during reaction, we used the energy 
edge intensity measured from the EXAFS spectrum of the same 

sample recorded after each in-situ reaction XANES series. The 
normalized XANES spectra for each series of in-situ experi- 
ments were obtained by subtracting the smooth preedge absorp- 
tion and the fixed edge step determined from the analysis of 
the final EXAFS spectrum, as described above. 

Results and Discussion 

A first series of in-situ XANES experiments was performed 
varying the catalyst pretreatment conditions but maintaining 
reaction conditions. For the first experiment, the catalyst was 
simply heated to 750 °C under flowing helium and then reacted 
for 1 h under 6 atm of CO pressure at 750 °C. For the next two 
experiments, the catalyst was heated in hydrogen to 500 °C or 
700 °C, held at this temperature for 30 min, then purged with 
helium and heated in flowing helium to 750 °C prior to exposure 
to 6 atm CO for 1 h at 750 °C. The normalized XANES spectra 
collected during these treatments are given in Figure 1. The 
spectra in Figure 1 are gray density coded so that those recorded 
under flowing helium have a light gray hue, while those recorded 
while catalysts are reduced in hydrogen at the eariy stage of 
the experiment (reaction stage values below 15 and 20 in Figures 
IB and IC, respectively) or during exposure to CO at 750 °C 
(reaction stage values higher than 24 in Figures IB and IC) 
are plotted in dark gray hue. The spectrum of the cobalt foil is 
given in each plot for reference. 

A few spectra from Figure IB are plotted in Figure 2 without 
any offset to cleariy observe the changes in the main spectral 
features. The insert of Figure 2 shows the derivative of the Co 
foil spectrum. Three regions of the XANES spectrum provide 
information concerning the state of the catalyst. The first region 
of interest in the XANES spectrum is the preedge peak, which 
was assigned to the dipole forbidden Is ^ 3d transitions whose 
intensities are strong functions of the local symmetry of the Co 
species."' The second region of interest is the energy of the Co 
K edge, as defined by the second peak in the derivative of the 
EXAFS spectrum given in the inset of Figure 2. The position 
of the K edge varies lineariy with the valence of the Co species. 
The K edge of the fully reduced Co shifts to lower energy 
compared to the edge of the fiilly oxidized Co. Unlike vanadium, 
however, whose reduction from ¥'+ to V produces a relatively 
large shift in the energy of the K edge," Co exhibits a narrower 
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determined from the first derivative of the EXAFS spectrum recorded 
for the Co foil. The maximum intensity of the white line (~7725 eV) 
observed with the Co-MCM-41 samples is shifted to lower energy 
compared to that observed for the Co foil (-7730 eV). 

range of oxidation states (0 to -1-3) and our starting material, 
Co-MCM-41, has Co^+ isomorphously substituted for silicon 
ions.' In our experiment, the K edge does not show significant 
shifts, in contrast with the other two spectral features. The 
intensity of the white line is the third region of interest since it 
is a direct measure of the density of empty states at the Fermi 
level of the cobalt species, with oxidized cobalt having a strong 
white line intensity, while the fully reduced Co metal produces 
a very weak white line feature. 

The intensities of the preedge peak and of the white line were 
therefore selected as the two main features to monitor the 
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changes of the Co-MCM-41 catalyst during in-situ reaction. The 
normalized absorption intensity determined in the XANES 
spectra at the energy corresponding to the first minimum in the 
derivative of the Co foil spectra depicted by A in the inset of 
Figure 2 (i.e., 7713 eV) was considered the preedge peak 
intensity. The intensities of the white line peaks were determined 
similarly from the position of the second minimum depicted 
by C in the inset of Figure 2 (i.e., 7725 eV). The changes in 
the intensities of these spectral features determined for the 
experiments depicted in Figure 1 are given in Figure 3. The 
intensity of the white line was observed to decrease continuously 
as the samples were heated from room temperature to 500 °C 
in either flowing He or hydrogen (Figure 1A and IB and Figure 
3A and 3B). The initial decrease in the white line was not 
associated with any visible changes in the preedge feature of 
the spectra. These results indicate that during heating in 
hydrogen or helium the density of the electrons at the Fermi 
level of the oxidized cobalt increases. This is likely due to the 
surface dehydroxylation associated with formation of oxygen 
vacancies trapping one or two electrons each. Dehydroxylation, 
however, does not change significantly the symmetry of the 
cobalt ions since the preedge feature does not change. This 
implies that the hydroxyls removed from the surface are bound 
to silicon ions; thus, most of the cobalt ions are likely located 
inside the pore wall rather than exposed to the surface. 
Moreover, if the hydroxyls were bound to cobalt ions, their 
removal should have increased the oxidation state of the cobalt, 
which should have resulted in an increase in the white line 
intensity. Assuming an oxygen-terminated pore wall surface, 
as proposed by Feuston,'* and an oxygen ionic radius of 1.24 
A and 0.72 A for Co^+, since the pore wall thickness determined 
from X-ray diffraction data is approximately 10 A,' the 
minimum and the maximum depths in the pore wall at which a 
Co2+ ion can be found are approximately 2 and 4.3 A, 
respectively. If the cobalt ions were located close to the surface, 
removal of their neighboring oxygen should affect both the white 
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Figure 3. Variation of the intensities of the preedge feature and of the white line during different treatments. The scales are the same for both 
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each experiment. Graphs A, B, and C were built using the XANES spectra in Figure lA, IB, and IC, respectively 
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line intensity and the preedge peak by changing both its 
oxidation state and symmetry. Along these lines, the cobalt ions 
are most likely located deeper in the pore wall. However, if the 
oxygen ion is replaced by an oxygen vacancy trapping two 
electrons, the preedge should not change, while the intensity of 
the white line can change significantly. 

When the catalyst was heated in hydrogen to 700 °C (Figure 
IC), a further decrease in the intensity of the white line was 
associated with a significant change of the preedge feature. The 
narrow and weak peak observed initially with the fiilly oxidized 
Co-MCM-41 samples at about 7709 eV becomes wider and 
more intense and shifts to 7713 eV, suggesting both a major 
change in the symmetry of the cobalt species and a broader 
distribution of the energy levels of the d orbitals that can 
accommodate the photoexcited core electron. These changes are 
most likely indicative of the formation of folly reduced, metallic 
cobalt clusters. In contrast, the catalyst heated in flowing helium 
after the pretreatment in hydrogen between room temperature 
and 500 °C w^ith 30 min isothermal hydrogen reduction at 500 
°C (Figure IB) did not show any modification of the XANES 
spectra in the preedge region although the white line intensity 
continuously decreased. The cobalt could not be completely 
reduced when exposed to pure CO for 1 h even at 750 °C if the 
catalyst was not prereduced in hydrogen prior to the CO 
treatment (Figure lA). In contrast, exposure to CO at 750 °C 
after prereduction with hydrogen at 500 °C does produce 
modifications of the preedge peak (Figure IB). This behavior 
suggests that hydrogen prereduction at 500 °C produces changes 
in the electron density at the Fermi level of cobalt most likely 
due to the change of one or more of its ligands, or the =Si-0 
coordinated to Co (i.e., exchange of a OH ligand with an oxygen 
ion or an oxygen vacancy, either directly in the coordination 
sphere of Co, or of the Si bonded through oxygen to Co), or to 
the partial reduction to an intermediary state (i.e., Co+^), but 
higher temperatures and the presence of a reducing atmosphere 
(CO or hydrogen) are required for the complete reduction of 
cobalt to metal (Co"). The main question arising from these 
experiments is how are the two reduction processes, by CO and 
by hydrogen, different. At high enough temperatures, treatment 
in hydrogen can completely reduce the cobalt; however, 
reduction of the Co by CO requires pretreatment of the catalyst 
in hydrogen at 500 °C. 

It is postulated that hydrogen can penetrate the siUca pore 
wall and, by removal of surface oxygen from silica, causes 
formation and migration of oxygen vacancies that allow cobalt 
to become mobile in the silica. Thus, prereduction of the catalyst 
facilitates the access of the CO to the partially reduced cobalt 
species embedded in the MCM-41 pore wall. After prereduction 
in hydrogen at 500 °C, the reduced cobalt is still atomically 
dispersed and chemically interacting with the silica. No change 
in preedge peak is evidenced, consistent with cobalt preserving 
its local symmetry in tetrahedral coordination. 

To characterize the degree of reduction at different stages in 
the process, samples quenched at different stages were inves- 
tigated by EXAFS. The spectra recorded for samples quenched 
after prereduction at 500 and 700 °C for 30 min are plotted in 
R space in Figure 4 along with the spectrum recorded for a 
sample prereduced 30 min at 700 °C, heated in He to 750 °C, 
and exposed for 1 h to 6 atm CO at 750 °C. The major peaks 
centered at R values of approximately 1.6 and 2.2 A correspond 
to the Co-0 and Co-Co interactions, respectively. The 
spectrum for the sample prereduced at 500 °C shows an 
insignificant Co-Co peak suggesting a very small fi-action, if 
any, of the cobalt ions in the silica framework has been 

Ciuparu et al. 

2" 
1 

0.5 

0.3 

0.2 

0.0- 

., 

 SOO'C reduction 
 700°C reduction 

•       '     /      1  after CO exposure 

• • ■    I'   \\ 
:   '• ■'    /■'    »\ 

■■    •." /A' •. \ 0^^ 
0                1                2 

1          '         1         ' 1 ■ 1 
3                4                6                6 

R.A 

Figure 4. The EXAFS spectra plotted in R space for Co-MCM-41 
samples exposed to different reducing treatments. 

completely reduced to metal and made mobile to nucleate into 
small clusters to produce a Co-Co peak in the R space EXAFS 
spectrum. It is possible that there is some fully reduced cobalt 
after prereduction at 500 °C, but because these atoms remain 
isolated from other cobalt atoms in the silica fiamework they 
do not produce a Co—Co peak or a significant metallic preedge 
peak. 

Prereduction at 700 °C, however, causes substantial Co 
reduction to the metal and nucleation into large clusters showing 
a strong Co-Co interaction in the EXAFS spectrum in Figure 
4, as well as a significant metallic preedge peak (see Figure 
3C). Despite the large fi-action of reduced cobalt and, thus, the 
relatively high concentration of cobalt at the surface, the Co- 
Co coordination number is 4.2 indicating the metallic Co 
clusters contain approximately 12 atoms each, assuming the 
(11 l)-truncated hemispherical cubic octahedron model that was 
shown to provide the best approximation for the relation between 
the average coordination number and the size of small nano- 
particles." That such a Co cluster is stable in hydrogen at 700 
°C is unprecedented; a possible mechanism for cobalt cluster 
stabilization consists of anchoring on cobalt ions stabilized in 
the oxidized state by the radius of curvature effects and was 
discussed in detail elsewhere.' Further 1-h exposure of the 
sample prereduced at 700 °C to CO at 750 °C results in almost 
complete reduction and allows cobalt particles to grow until 
the Co—Co coordination number reaches 6.4 (corresponding to 
clusters of 24 atoms), indicating some growth of the metallic 
clusters formed after prereduction at 700 °C. 

The next experiments were performed to test the hypothesis 
of partially reduced Co remaining in the sihca lattice after 
prereduction in hydrogen. Our previous experiments demon- 
strated that Co-MCM-41 samples in which all or some fi-action 
of the cobalt ions were completely reduced to metal were easily 
reoxidized simply by exposure to the ambient atmosphere. A 
mild rereduction treatment in hydrogen at 400 °C for 30 min 
restored the state of the cobalt clusters observed prior to 
reoxidation by exposure to the ambient atmosphere. Such 
reoxidation should not be possible if the reduced cobalt clusters 
were not exposed at the surface, that is, if they were embedded 
within the silica framework. Two fresh Co-MCM-41 samples 
were reduced for 30 min in flowing hydrogen at 650 and 700 
°C, respectively. After these pretreatments, the samples were 
exposed to the ambient atmosphere for several days prior to 
the measurement of their EXAFS spectra. The samples were 
pressed into self-supported pellets weighting 80 mg and mounted 
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Figure 5. The EXAFS spectra in R space for samples prereduced at 650 and 700 °C after exposure to ambient air and mild rereduction in flowing 
hydrogen for 30 min at 400 °C. 

in the in-situ X-ray absorption cell. The EXAFS spectra recorded 
both before and after the mild rereduction treatment at 400 °C 
described above are plotted in Figure 5. It becomes evident in 
the spectra in Figure 5 that the mild rereduction treatment does 
not produce visible modifications in the spectrum for the sample 
prereduced at 650 °C, but it dramatically changes the spectrum 
of the sample prereduced at 700 °C. A weak Co—Co peak is 
present in the sample prereduced at 650 °C. Since this reduction 
temperature is higher than the onset of reduction observed in a 
related TPR experiment using 5% H2 in He,'' this weak peak is 
likely associated with reduced cobalt species still embedded in 
the silica fi-amework. After exposure to ambient oxygen, while 
the Co—Co peak is clearly visible in the sample prereduced at 
650 °C, it appears only as a shoulder to the Co—O peak in the 
sample prereduced at 700 °C. However, after the mild rereduc- 
tion treatment this shoulder becomes a well-defined, intense peak 
giving evidence for a strong Co-Co interaction in metallic 
cobalt in the sample prereduced at 700 °C (as is seen in Figure 
4 without exposure to ambient oxygen), indicating that reduction 
at high temperatures leads to the formation of Co clusters at 
the pore vs^all surface that can be easily reoxidized upon exposure 
to air. These differences clearly show that only slight differences 
in the prereduction conditions, that is, a 50 °C difference in the 
prereduction temperature, produce significant changes in the 
state of the catalyst, suggesting the formation of cobalt clusters 
has a rather high activation banier. 

Even more interesting is the fact that the Co—Co peak in the 
sample prereduced at 650 °C is not affected by the mild 
rereduction treatment, as opposed to the behavior of the sample 
prereduced at 700 °C, suggesting that the metallic species 
formed by prereduction at 650 °C are not exposed at the surface, 
or that they are resistant against oxidation upon exposure to 
the atmospheric oxygen pressure. 

The presence of small metallic clusters embedded in or 
anchored to the silica framework would require either the 
diffusion of cobalt atoms through the silica framework to 
nucleate into small metallic Co clusters or diffusion of the 
reduced atoms through the pore wall to the pore wall surface, 
migration and nucleation on the surface, and then reincorporation 
or anchoring of the cluster into the pore wall. Assuming an 
atomic dispersion of the Co^+ ions in the silica framework, for 
1% weight cobalt loading each Co'^"'" ion is sun-ounded by 
approximately 146 silicon ions and twice as many oxygen ions. 
This translates into a significant distance of at least 30 A that 

a reduced Co atom would have to travel until it would be able 
to meet a second atom to nucleate into a cluster. Along these 
lines, both of the scenarios discussed above seem unrealistic. 

An alternative explanation is that the reduced Co atoms 
diffiise through the pore wall to the surface and nucleate into 
clusters of a few cobalt atoms that have a reduced chemical 
reactivity toward reoxidation during exposure to the ambient 
atmosphere. This high stability against reoxidation may be 
related to the inability of these clusters to dissociate oxygen, 
that is, such small clusters may not be capable of dissociating 
oxygen inherently, or dissociation may be inhibited by anchoring 
to cobalt ions bound to the silica matrix or, indeed, by direct 
Co—Si interaction at an oxide ion defect in silica. Once these 
clusters reach a critical size/morphology/electronic state, they 
start dissociating oxygen and become oxidized when contacted 
with the oxygen from the air. 

In our previous reports on SWNT synthesis using CO 
disproportionation on Co-MCM-41 catalysts, we proposed 
that very small cobalt metal clusters that are not active for 
SWNT growth can likely be present at the surface and explained 
that their inability to initiate the growth of SWNT may be re- 
lated to the low solubility of carbon into the small metallic Co 
clusters, or to their inability to dissociate CO." The behavior 
of the Co-MCM-41 sample prereduced at 650 °C can be ex- 
plained along the lines of our previously proposed hypoth- 
esis and is consistent with the near-zero Co—Co coordina- 
tion number determined from the EXAFS spectrum for this 
sample. 

The Co—Co coordination number determined from the 
EXAFS spectrum recorded after the mild rereduction of the 
Co-MCM-41 sample prereduced at 700 °C was 4.2 and in- 
creased to 6.4 for the sample fiirther exposed to 6 atm CO at 
750 °C for 1 h. The low Co—Co coordination number observed 
with the sample prereduced at 700 °C, along with the relatively 
large fraction of the reduced cobalt suggested by the EXAFS 
spectra plotted in the R space in Figure 5, suggests that the 
growth rate of the Co clusters is low in a hydrogen atmosphere 
even at 700 °C. Although this is expected because of the low 
cobalt loading (1 wt %) in this sample, the strong interaction 
between the small Co clusters and the curved pore wall of the 
MCM-41 host may also play an active role in anchoring the 
small clusters to the surface. The strength of this interaction is 
likely a function of the radius of curvature of the pore wall 



15570 J. Phys. Chem. B, Vol. 108, No. 40, 2004 Ciuparu et al. 

U.iiO- 

\ 
 Reduction 2 hours in H^ 
 Reduction 1 tiour in H^ 

0.20- 

\ 
'      A 

and 1 hour in CO 

0.15- 
1 -A r' i 

0.10- \ 

\ 

0.05- 1 \/\   /\ 

0.00- 

V 

—1  

s\f    ^*^'>r 

R.A 
Figure 6. The EXAFS spectra in R space for Co-MCM-41 samples 
reduced 2 h in H2, or 1 h in H2, and 1 h in CO at atmospheric pressure 
and 650 "C. 

offering an opportunity for "engineered" control, as discussed 
elsewhere.^ 

Assuming an oxygen-terminated pore wall surface as dis- 
cussed above, a metallic cluster would be in contact with a layer 
of oxygen ions with a high density of electrons. Thus, a strong 
interaction between the Co cluster and this oxygen-terminated 
surface would imply a higher affinity for electrons for smaller 
Co metallic clusters. Such a strong interaction may be perturbed 
by adsorption of electron donor molecules, such as CO, leading 
to an increased mobility of the metallic cobalt clusters upon 
exposure to gas-phase molecules that can be bound at their 
surface. This is consistent with the sudden increase in the 
intensity of the preedge feature upon catalyst exposure to CO 
following prereduction in hydrogen for 30 min at 500 °C, as 
depicted in Figure 3B. 

Indeed, the Co—Co coordination number observed for a 
Co-MCM-41 sample reduced in pure hydrogen at 650 °C for 2 
h at atmospheric pressure was near zero, suggesting an atomic 
dispersion of the reduced cobalt in tliis sample. However, the 
EXAFS spectrum of this sample plotted in R space in Figure 6 
shows a distinct Co-Co peak indicative of the presence of a 
few very small metallic clusters, confirming the complete 
reduction of some cobalt clusters observed for the sample 
reduced in hydrogen for 30 min at 650 °C (see Figure 5). When 
the same catalyst was reduced for 1 h in pure hydrogen and 1 

6 atm CO 

h in pure CO at the same temperature and pressure, the Co- 
Co coordination number observed was 3.7 giving evidence for 
the formation of significantly larger cobalt clusters in the 
presence of CO compared to hydrogen. The intensities of the 
Co-O peaks for the samples exposed to different reduction 
strategies suggest that there is no significant difference in the 
degree of reduction for these two samples. Since we have shovni 
that exposure of the Co-MCM-41 catalyst to 6 atm CO at 750 
°C for 1 h only reduces the Co to a very small extent (see Figure 
lA), these results are direct evidence that interaction of CO 
molecules with hydrogen prereduced Co-MCM-41 accelerates 
the growth of the Co clusters as discussed above and does not 
change significantly the rate of reduction. The same degree of 
reduction for the samples reduced for the same time either under 
hydrogen or both hydrogen and CO also suggests that the rate 
of metallic Co cluster formation is controlled by the diffusion 
of the cobalt species through the silica pore wall rather than by 
the reduction kinetics. 

The intensities of the preedge peaks plotted in Figure 3 were 
obtained from the XANES spectra in Figure 1. In a hydrogen 
atmosphere, the metallic clusters interact more strongly with 
the surface because hydrogen is less hkely to donate electrons 
to the Co cluster. Exposure to CO causes strong CO adsorption 
on the Co clusters weakening the interaction between the cluster 
and the pore wall surface, as discussed above. The clusters, thus, 
become more mobile at the surface and their nucleation rate 
increases until they reach the size/morphology/electronic state 
required to dissociate CO and initiate the growth of a carbon 
nanotube. Cobalt cluster growth ceases as the cobalt particles 
are covered with carbon, consistent with our previous findings 
that the Co—Co coordination number only increased during the 
first 30 min of exposure to CO.^ 

Along the lines of the scenario proposed above, the CO partial 
pressure should have a strong influence on the rate of cobalt 
nucleation on prereduced catalysts. Two XANES experiments 
were performed with Co-MCM-41 pretreated under identical 
conditions—heated to 500 °C and prereduced under flowing 
hydrogen for 30 min—and exposed to CO for 1 h at 2 and 6 
atm, respectively. The XANES spectra recorded in situ during 
catalyst exposure to CO at 750 °C are shown in Figure 7. The 
variations of the intensities of the white line and of the preedge 
peak are plotted against the duration of the catalyst exposure 
to CO at 2 and 6 atm in Figure 8. Since the intensity of the 
preedge increases as the intensity of the white line decreases, it 
is likely that the variation of the intensity of the white line at 
these reaction conditions is reflective of the degree of cobalt 

2 atm CO 

7760 

Figure 7. XANES spectra recorded during Co-MCM-41 exposure to CO at 750 °C and different pressures after identical pretreatment in hvdroEen 
at 500 °C for 30 min, ^     ^ 
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reduction to metal. The intensity of the white line decreased at 
approximately the same rate for the two pressures, suggesting 
the rate of cobalt reduction by CO is not highly sensitive to the 
CO pressure. The intensity of the preedge peak of the sample 
exposed 1 h to CO at 6 atm and 750 °C, however, increased at 
a significantly higher rate than that of the sample reacted for 1 
h under 2 atm CO at the same temperature. Since both of the 
catalysts were exposed to identical pretreatment conditions, and 
the cobalt reduction rates suggested by the white line intensities 
are essentially identical, the concentration of the reduced cobalt 
species at the end of these experiments should be similar for 
the two samples. Therefore, the significant difference between 
the rates at which the intensity of the preedge peak increased 
suggests this spectral feature correlates rather with the size of 
the cobalt clusters, being an indication of the rate of cobalt 
nucleation and cluster growth. Indeed, the Co-Co coordination 
numbers determined for the samples pretreated under identical 
conditions and reacted with CO for 1 h at 750 °C at 2 and 6 
atm were near zero and 4.6, respectively. 

Since in a related X-ray diffraction investigation performed 
on Co-MCM-41 catalysts formation of cobalt silicate was 
observed only after calcination in oxygen at 900 °C, stabilization 
of cobalt in an oxidized silicate-like surface compound, similar 
to the cobalt molybdate-like surface layer in the Co-Mo 
catalysts, can be ruled out. The stabilization mechanism likely 
consists of the incorporation of the Co2+ ions in the silica rings 
fonning the MCM-41 structure. The variation of the stability 
of these rings with ring size, as a fiinction of radius of curvature 
of the pore wall, is discussed in detail elsewhere.'' This feature 
allows "engineering" of the Co cluster size and, potentially, of 
SWNT diameter. 

Conclusion 

The results presented here suggest that prereduction in 
hydrogen facilitates the removal of hydroxyl or oxygen fi-om 
the Co-MCM-41. The oxygen vacancies created by hydrogen 
reduction allow Co to migrate to the surface and form small 
metal clusters strongly bound to the surface oxygen and exposed 
cations, but exposed to the gas phase. Bonding between these 
Co clusters and CO molecules weakens their interaction with 
the pore wall and increases their mobihty allowing fast migration 
and formation of larger metallic clusters capable of dissociating 
CO and initiating the growth of SWNT. When the clusters 
become coated with carbon, however, their growth ceases. It 
could be that the minimum diameter of the SWNT that can be 
grown using a cobalt catalyst is limited by the size/morphology/ 
electronic structure of the Co cluster required for dissociating 
the CO molecules to initiate the growth of the nanotube. A 
potential way to overcome this limitation may be the use of a 
different carbon precursor, such as alcohols or olefins. However, 
we are already near the ultimate limit, which is controlled by 
the ring strain as the SWNT diameter decreases. 
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Fe-substituted MCM-41 molecular sieves with ca. 1, 2, and 3 wt % Fe were synthesized hydrothermally 
using different sources of colloidal silica (HiSil and Cab-0-Sil) and characterized by ICP, XRD, Nj 
physisorption, UV-vis, EPR, TPR, and X-ray absorption. Catalysts synthesized from Cab-0-Sil showed higher 
structural order and stability than those from HiSil. The local environment of Fe in the mesoporous material 
as studied by UV-vis reveals the dominance of framework Fe in all the as-synthesized Fe-MCM-41 samples. 
Dislodgement of some Fe species to extraframework location occurs upon calcination, and this effect is more 
severe for Fe-MCM-41 (2 wt %) and Fe-MCM-41 (3 wt %), as confirmed by EPR and X-ray absorption. 
These materials have been used as catalytic templates for the production of carbon nanotubes (CNTs) by 
acetylene pyrolysis at atmospheric pressure. A relationship between the Fe loading in MCM-41 and the carbon 
species produced during this reaction has been established. Using our optimized conditions for this system, 
Fe-MCM-41 with ca. 2 wt % Fe showed the best results with particularly high selectivity for single-wall 
carbon nanotube (SWNT) production. This catalyst was selective for carbon nanotubes with a low amount of 
amorphous carbon for a narrow range of temperatures from 1073 to 1123 K. To account for the different 
selectivity of these catalysts for CNTs production, the local environment and chemical state of Fe in the used 
catalyst was further probed by X-band EPR. 

1. Introduction 

MCM-41 and related mesoporous molecular sieves of the 
M41S family are materials of great interest because of their 
remarkable physical properties such as large surface area (> 1000 
mVg) and pore volumes (>0.8 cmVg), very narrow pore size 
distribution, and the ease with which their surface can be 
functionalized.' Also, their uniform and tunable pore diameters 
make them well-adapted as good catalytic supports. Generally, 
pure silica MCM-41 has limited catalytic activity; active 
catalytic sites can be generated in MCM-41 by isomorphously 
substituting silicon with a metal.^ Several studies have been 
dedicated to the investigation of transition-metal-substituted 
MCM-41 because of their wide range of applications in catalysis. 
Specifically, Co, Ni, and Fe-substituted MCM-41 are materials 
of interest to us because these metals are highly active and 
selective for the production of carbon nanotubes (CNTs). 

In previous studies, this laboratory demonstrated the templated 
growth of SWNT from highly ordered Co-incorporated MCM- 
41 using the CO disproportionation reaction.'*'^ The use of 
mesoporous silica rather than a zeolitic material as a catalytic 
template for production of CNTs is gaining prominence because 
of the possibility of controlling the pore diameter independent 
of the chemical composition of the pore walls. This allows these 
parameters to be used independently to control the size of the 
metal particles incorporated in the mesopores from which the 
initiation of CNT growth is believed to occur. The metal particle 
plays an important role during CNT production and reports 
abound showing a direct correlation between the size of the 
metal nanoparticle and the eventual tube diameter.^'^ Thus, the 
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ultimate goal of being able to control the diameter of CNTs 
would require a thorough understanding of the microstructure, 
stability, and chemical properties of the catalytic template. 

In comparison to the other traditional metals (Co, Ni) used 
for CNTs synthesis, Fe has been reported by Hemadi et al.'''* 
and Dai et al.' to show the highest activity in the decomposition 
of acetylene. Because hydrocarbon gases are more common, 
the use of acetylene offers a means of scaling up production of 
CNTs. Acetylene is considered a good carbon source for single- 
wall carbon nanotubes (SWNT) production because it contains 
fewer number of carbon atoms per molecule and greater activity 
in comparison to other hydrocarbons such as benzene.'" In 
reality, several reports""'' reveal that CNTs formed by the 
pyrolytic decomposition of acetylene over Fe catalysts are 
usually multiwalled carbon nanotubes (MWNT). This has been 
widely rationalized to be due to the high reactivity of acetylene. 
Parallel studies carried out hitherto involved the use of Fe 
supported on alumina or silica by either sol-gel,'^'^ adsorption 
precipitation,''' or impregnation'* techniques and have been used 
mostly in CVD'« sUidies. So far, only the work of Duxiao and 
co-workers'2 has demonstrated the use of Fe-impregnated 
mesoporous molecular sieve as a catalytic template to produce 
CNTs via this method. In their study, the stability of the catalytic 
template and the state of the catalytically active component and 
the microstructure of the catalyst were not the focus of the work. 

Herein, we present a comprehensive characterization of the 
catalyst carried out by various techniques such as XRD, N2 
physisorption, UV-vis, EPR, TPR, TEM, and X-ray absorption. 
This is the first study demonstrating the use of MCM-41 with 
Fe incorporated into the framework of MCM-41 and the first 
study of CNT gi-owth on Fe catalyst focusing on thorough 
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characterization of the catalyst. In brief, this study is aimed at 
investigating the following features of Fe-MCM-41: (i) the 
effect of Fe amount on the structure and the local environment 
of Fe species before and after reaction, (ii) the effect of the 
source of colloidal silica used for the synthesis on the stability 
and the mesoporous structural integrity, (iii) the effect of Fe 
amount on the reactivity, and (iv) the relationship between the 
Fe loading and the selectivity for CNT production. 

2. Experimental Section 

Synthesis of Catalyst. Fe-MCM-41 was synthesized under 
hydrothermal conditions adapted from the recipe previously 
described for V-substituted MCM-41 by Lim and Haller" using 
cetyltrimethylammonium hydroxide (CTMAOH) as the tem- 
plate. CTMAOH was prepared by the ion-exchange of 20 wt 
% aqueous solution of Ci9H42NBr (Aldrich) with equal molar 
exchange capacity of Amberjet 4400 (OH) ion-exchange resin 
(SIGMA Co.) under vigorous magnetic stirring for ~24 h. SiHca 
sources were HiSil-915 from Pittsburgh Plate Glass (~90 wt 
% Si02 as well as 0.5 wt % NaS04), Cab-0-Sil (99.8%+ SiOj) 
from Cabot Corporation, and tetramethylammonuim silicate (10 
wt % SiOa) from Aldrich. Typically, 2.5 g of the colloidal silica 
(HiSil or Cab-0-Sil) and 10.4 g of soluble silica (tetramethyl- 
ammonium silicate) were dissolved in 50 mL of deionized water 
and stirred vigorously for 30 min. This was followed by the 
dropwise addition of known amounts of 2 wt % Fe(N03)3-9H20 
solution corresponding to 1, 2, and 3 wt % from a pipet to the 
resulting mixture under vigorous stirring. After 30 min, a small 
amount of antifoaming agent (Antifoam A, Sigma Chemical 
Co.) corresponding to 0.2 wt % of surfactant was added to the 
mixture to improve the reproducibility and remove excess foam. 
The anitifoaming agent is a silane polymer alkyl terminated by 
methoxy groups. This was followed by the addition of 28.8 g 
of CTMAOH and was allowed to mix for over 30 min under 
vigorous stii-ring. The pH was reduced to ~11 by the dropwise 
addition of acetic acid (Baker, 99.9%). The mixture was then 
transferred into a polypropylene bottle and autoclaved at 373 
K for 6 days. The synthesis of Fe-free siliceous MCM-41 
followed the same procedure without the addition of aqueous 
solution of Fe(N03)3"9H20. The final products obtained were 
recovered by filtration, washed with deionized water, and dried 
at ambient conditions for 24 h. The molar composition of the 
gel subjected to hydrothermal sjmthesis was as follows: 1.0 
SiO2:0.33 CTMA0H;xFe:yH20 where x = 0.01,0.02, and 0.03; 
7 = 81-104. 

The as-synthesized samples were calcined to remove the 
organic surfactants from the pores of MCM-41. Calcination was 
performed by heating from room temperattire to 813 K over 20 
h in a He stream (60 cmVg-min) and was maintained at this 
temperature for 1 h in flowing He and 6 h in flowing air (40 
cmVg-min). All investigations have been limited to calcined 
samples except those involving diffiise reflectance UV-vis 
spectroscopy where the local environment of Fe in the as- 
synthesized and calcined samples have been compared. 

Characterization of Catalyst. Except where stated otherwise, 
the catalysts synthesized from HiSil were used for all investiga- 
tions. 

Elemental Analysis. The final Fe content in each sample was 
determined by ICP measurements (Galbraith Laboratories, Inc.) 
because the synthesis process can result in some loss of Fe and 
silica in the byproduct. 

X-ray Diffraction (XRD) Studies. XRD measurements were 
carried out using a Shimadzu X-ray diffractometer (Cu Ka, A 
= 0.154 nm, 40 kV, 30 mA) to confinn the long-range order 
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of the characteristic hexagonal pore structure of the synthesized 
catalysts after calcination. The cfioo values were obtained using 
the Bragg diffraction equation. The distance between the pore 
centers of the hexagonal structure is calculated firom the relation 
a„ = 2dioo/^3. 

N2 Physisorption. N2 adsorption—desorption studies were 
carried out at 77 K with a static volumetric instrument Autosorb- 
IC (Quantachrome) to examine the mesoporous properties of 
the catalysts. Samples were pretreated by outgassing at 373 K 
for 30 min and at 473 K for more than 30 min to a residual 
pressure below 1 x lO""* Torr. The pore size distribution (PSD) 
was evaluated from the desorption isotherms using the BJH 
method.^" The results of XRD and N2 physisorption have been 
used in estimating the wall thickness; it was assumed to be equal 
to the difference between the spacing of pore centers and the 
BJH pore diameter. 

UV—Vis. The diffuse reflectance UV-vis spectra were 
recorded on a Hewlett-Packard 8452A diode array spectrometer 
equipped with a Harrick praying mantis. Samples were hand 
pressed in the sample holder to obtain a thick wafer and the 
spectra were collected in a range of 200-800 nm. The reference 
samples (Fe203 and FeP04) were diluted to 1 wt % with 
siliceous MCM-41 before measurement. 

Electron Paramagnetic Resonance (EPR). X-band EPR 
investigations were carried out using a Varian E-9 spectrometer 
(9.28 GH2y4.5 T) equipped with a TE102 cavity and a helium 
flow cryostat (Oxford Instruments) at 60 K and at room 
temperattire (298 K). Details of the experimental procedure has 
been described by Lakshmi et al.^' 

X-ray Absorption. Fe K-^Age. XANES spectra were recorded 
at beam line X23A2 with Si(l 11) as the monochromator crystal 
at the National Synchrotron Light Source at Brookhaven 
National Laboratory. The intensity of the incident beams (/o) 
was determined using a 30-cm-long ion chamber filled with 
pure N2. Data were collected in transmission mode by scanning 
fi-om 200 below to 1600 eV beyond the Fe K edge. Samples 
were pressed to self-supporting wafers and placed in a stainless 
steel cell for measurement. A detailed description of the 
procedure has been reported in ref 5. 

Temperature-Programmed Reduction (TPR). The reducibility 
and the stability of Fe-MCM-41 samples were investigated by 
TPR using a TCD detector of a gas chromatograph (6890 plus, 
Agilent). Typically, ~200 mg of the catalyst was put into the 
quartz cell. Prior to each run, the sample cell was purged with 
ultra zero grade air while the temperature was increased from 
room temperattire to 773 K at 5 K/min. After 1 h at this 
temperature, the catalyst was cooled to room temperature in 
flowing air. This pretteatment procedure produces a clean 
catalytic surface without altering the surface and the structtire 
before the run is commenced. After this pretteahnent, the gas 
flow was switched to 5% H2 in Ar balance and the baseline 
was monitored until it became stable. The sample cell was then 
heated at 5 K/min and held for 1 h at 1173 K to ensure complete 
Fe reduction. An acetone trap was installed between the sample 
cell and the TCD to condense water produced by sample 
reduction. 

Synthesis of CNTs. The production of CNTs by acetylene 
pyrolysis over Fe-MCM-41 was carried out at atmospheric 
pressure in a specially designed flow reactor (quartz ttibe of 
inner diameter 6.5 cm and length of 44 cm). The reactor was 
separated by a porous frit to enable the introduction of gas feeds 
through one end where the catalyst was loaded and flowed out 
of the reactor through the frit. A thermocouple was placed at 
the opposite end of the reactor, close to the catalyst bed, to 
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TABLE 1: Textural Properties of the Various Catalysts Synthesized from HiSil and Cab-O-Sil 

colloidal 
silica 

Fe content in 
synthesis gel 

(wt%) 

Fe content in 
sample by 
ICP (wt %) 

pore 
diameter (A) 

pore 
volume (cc/g) 

HiSil 
HiSil 
HiSil 
HiSil-R" 
HiSil-0'' 
HiSil 
Cab-0-Sil 
Cab-0-Sil 
Cab-0-Sil 
Cab-0-Sil-R » 
Cab-O-Sil-C 
Cab-0-Sil 

0 
1.0 
2.0 
2.0 
2.0 
3.0 
0 
1.0 
2.0 
2.0 
2.0 
3.0 

26.89 
0.99 28.77 
1.59 29.30 

25.08 
26.23 

2.25 28.60 
27.33 

0.99 29.52 
1.78 29.38 

27.58 
26,84 

2.37 29.37 

'S'BET 

(mVg) 
^100 

(A) 
pore wall 

thickness (A) 
color of 

calcined sample 

'■ After reaction. * After carbon removal (TPO). 

determine the exact temperature of the catalyst. The reactor was 
placed horizontally in a tubular electric furnace (length = 90 
cm, Omega), equipped with a temperature controller. In a typical 
run, 0.5 g of the calcined catalyst was put into the reactor, heated 
in He flow (200 cmVg-min) from room temperature to 1073 K 
at a heating rate of 10 K/min. Subsequently, C2H2/N2 mixture 
(99% N2 and 1% C2H2) at a flow rate of 200 cmVg-min was 
fed into the reactor and maintained under these conditions for 
1 h. The flow rate of the gases was controlled using Omega 
mass flow controllers. The reactor was then allowed to cool to 
room temperature in flowing He at the conclusion of each run. 

Characterization of CNTs. Raman Spectroscopy. Raman 
spectra were obtained using a LabRam instrument from Jobin 
Yvon Horiba equipped with an Olympus confocal microscope 
using an excitation wavelength of 532 nm. 

High-Resolution Transmission Electron Microscopy (HR- 
TEM). The TEM micrographs were recorded on a Philips Tecnai 
F20 TEM instrument equipped with a field emission gun and 
accelerating voltages of up to 200 kV. The point resolution and 
the line resolution were 0.24 and 0.12 nm, respectively, at a 
focal length of 1.7 mm. Samples were prepared by ultrasoni- 
cating ~1 mg of the final product in 10 mL of ethanol (ACS/ 
USP grade). A drop of this suspension was then put on a lacey 
carbon coated copper TEM grid. 

3. Results and Discussion 

Characterization of Catalyst. A summary of the physical 
properties of the catalysts used in this study is presented in Table 
1. The results of ICP measurement as shown in Table 1 reveal 
that Fe is quantitatively incorporated at low concentration in 
synthesis gel, but the amount incorporated decreases as the 
concentration of Fe in the synthesis gel increases. Also, catalysts 
containing ca. 2 and 3 wt % Fe synthesized from Cab-0-Sil 
retained more Fe than those from HiSil. The high purity of Cab- 
O-Sil (>99.8%) may be responsible for this observation because 
HiSil contains impurities, which may compete for different sites 
with incorporated Fe in the silica. 

In this study, comparisons of the mesoporous structural 
integrity and stability of the catalytic templates containing ca. 
1,2, and 3 wt % Fe synthesized from HiSil and Cab-O-Sil have 
been carried out. On the basis of the ICP results presented in 
Table 1, catalysts containing ca. 2 wt % Fe synthesized from 
HiSil and Cab-O-Sil are actually a 1.59 wt % Fe (HiSil) to a 
1.78 wt % Fe (Cab-O-Sil) and the 3 wt % is actually a 2.25 wt 
% Fe (HiSil) to a 2.37 wt % Fe (Cab-O-Sil). 

XRD pattern of siliceous MCM-41 and Fe-containing MCM- 
41 (Fe = 1, 2, 3 wt %) synthesized using HiSil and Cab-O-Sil 

1.069 
0.94 
1.01 
0.24 
1.167 
0.44 
0.935 
0.813 
0.87 
0.682 
0.926 
0.80 

1218 
1073 
1144 
304 

1089 
514 

1045 
898 
969 
882 
990 
909 

35.50 
38.50 
39.92 

38.29 
39.61 
41.58 

42.05 

14.10 
15.68 
16.79 

16.88 
16.24 
18.63 

19.19 

white 
white 
pale yellow 
black 
pale yellow 
brown 
white 
white 
pale yellow 
black 
pale yellow 
brown 

Cab-aSil 

2    3    4    5    6 
2-Theta(d^)Dee) 

MCM41 

2    3    4    5    6    7 
2-1116^ (degree) 

Figure 1. XRD patterns of calcined siliceous MCM41 and Fe-MCM- 
41 containing different Fe loadings synthesized using HiSil (a) and 
Cab-O-Sil (b). 

silica are shown in Figure la and lb, respectively. The XRD 
patterns of all HiSil and Cab-O-Sil samples are consistent with 
that reported for MCM-41 by Beck et al.' They are characterized 
by a strong, narrow, low-angle reflection at about 29 = 2 
ascribed to the (100) reflection and a series of weak peaks in 
the range of 20 = 3-8° as shown in Figure 1. These reflections 
arise from the ordered hexagonal array of parallel mesopores. 
Higher reflections corresponding to (110), (200), and (210) were 
well resolved for Fe-MCM-41 (1 wt %) illustrating the high 
regularity of the structure of this catalyst in comparison to the 
other catalysts. Upon Fe incorporation, the main diffraction peak 
{(100) reflection} is shifted to lower 26 values indicating an 
increase in the lattice parameters (^-spacing and ^o values). The 
corresponding lattice parameters of all the catalysts are sum- 
marized in Table 1. Given that all template synthesis parameters 
were kept constant, the increase in the lattice parameter could 
be considered as a proof of the isomorphous substitution of Si"** 
ions with those of Fe^* in the framework. This is because the 
ionic radii of Fe^-*" (0.65 A) are much larger than Si''+ (0.26 
A). Consequently, the Fe-O bond length is greater than that 
of Si-0. The absence of a well-defined (100) reflection for 
Fe-MCM-41 (3 wt %), especially for samples synthesized from 
HiSil, shows that there is a significant decrease in the structural 
regularity of the sample upon the introduction of ca. 3 wt % 
Fe. No peaks were observed in the high-angle range of all 
samples suggesting the absence of any crystalline phases. This, 
however, does not rule out the existence of iron species at the 
surface because of the limitation of XRD to detect very small 
particles at low concentrations. The brown color of Fe-MCM- 
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Figure 2. N2 adsorption-desorption isotherms of Si-MCM-41 and Fe- 
synthesized from HiSil (a) and (b) and Cab-0-Sil (c) and (d). 

41 (3 wt %), however, is suggestive of the presence of iron 
oxides.^^'^' 

The results of both XRD and N2 physisorption are comple- 
mentary with respect to probing the structural integrity of MCM- 
41. XRD can be used to characterize the two-dimensional 
hexagonal structure of the catalyst while N2 physisorption gives 
information about the extent of the uniformity of the mesopores. 
While XRD characterizes only the ordered portion of the 
material, N2 physisorption gives a volume average measure of 
order and thus gives a complementary picture of the overall 
structure of the material. The N2 adsorption-desorption isotherm 
and PSD of siliceous MCM-41 and Fe-MCM-41 (1, 2, and 3 
wt %) synthesized from HiSil are presented in Figure 2a and 
2b, while those synthesized from Cab-O-Sil are shown in Figure 
2c and 2d. The isotherms of all samples show a sharp inflection 
step atpfpo of ~0.3-0.4, characteristic of capillary condensation 
of uniform mesoporous materials.^'' As shown in Table 1, all 
samples (except Fe-MCM-41, 3 wt %) exhibited relatively high 
surface areas and pore volumes. The mesopore diameter 
observed for all samples containing Fe was about 29 A and 
was unaffected by the introduction of more Fe'"*" cations. 
Siliceous MCM-41 showed pore diameters (~27 A) somewhat 
lower than those of Fe-MCM-41. The pore volume does not 
seem to be affected significantly by the incorporation of Fe. 
Generally, the pore wall thickness of MCM-41 increases with 
the Fe loading (Table 1) and this may be due to the longer Fe-0 
bond length in comparison to that of Si-0. Samples synthesized 

10 15   20   25   30   35 
Pore diameter (A) 

40 

MCM-41 (1, 2, and 3 wt %) and their respective pore size distributions 

from HiSil showed greater increase in wall thickness upon the 
incorporation of higher Fe loadings. 

The isotherm corresponding to p/po < 0.3 represents the 
monolayer adsorption of N2 on the walls of the mesopore, while 
that wathp/po > 0.4 represents the multilayer adsorption on the 
outer surface of the particles. The point at which the inflection 
begins is related to the capillary condensation within the uniform 
mesopores and their diameter. There was a slight shift in the 
inflection step toward higher p/po upon the introduction of Fe. 
This signifies an increase in pore size, in consonance with XRD 
results. There was no noticeable shift in the inflection step of 
Fe—MCM-41 upon incorporation of more Fe-'"'" cations. A 
hysteresis loop was observed for Fe-MCM-41 (3 wt %) aip/po 
> 0.9, which is likely due to the interparticle spaces. 

As shown in previous studies,"-^^ the slope or the steepness 
of the capillary condensation step and the full width at half- 
maximum (fwhm) of the PSD curve can be used as structural 
indexes to assess the mesoporous structural integrity and stability 
of these catalysts. As shown in Figure 3a, the value of the slope 
increased upon the initial introduction of Fe (1 wt %) into the 
silica framework because of the knitting effect in consonance 
with previous observation.'' Further increase in the amount of 
Fe (> 1 wt %) resulted in a decrease in the value of slope, which 
could be attributed to the oversaturation of Fe^""" in the pore 
walls of MCM-41. The effect of Fe loading on the fwhm of the 
PSD curve is shown in Figure 3b. There is a general decrease 
in the fwhm of the PSD curve upon the incorporation of 1 wt 
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Figure 3. Effect of Fe amount on the slope of the capillary 
condensation step (a) and the fwhm (b) derived from Figure 2. 

% of Fe. However, as the Fe amount in MCM-41 is increased 
beyond 1 wt %, the fwhm increases suggesting a decrease in 
the structural order. The behaviors of the fwhm of the PSD 
curves and of the slopes of the capillary condensation steps upon 
incorporation of different concentrations of Fe into MCM-41 
are in consonance. We therefore conclude as follows: (i) there 
is a significant structural improvement upon the incorporation 
of 1 wt % of Fe into MCM-41, but a decrease in the structural 
integrity is observed upon incorporation of higher Fe concentra- 
tions, (ii) sihceous MCM-41 and Fe-MCM-41 synthesized from 
Cab-0-Sil have higher structural order in comparison to those 
synthesized from HiSil, as evidenced by their higher values for 
capillary condensation slopes and lower fwhm of the PSD 
curves. The specific reason for this behavior is not well 
understood, but it is assumed that the type and the amount of 
impurities present in these colloidal silica and their synthesis 
routes may rationalize this observation. 

The UV-vis diffuse reflectance spectra in the wavelength 
range of 200-800 nm of Fe-MCM-41 (1, 2, and 3 wt % Fe) 
and reference materials of Fe2+ in different enviromnents (FeP04 
and Fe203) are shown in Figure 4. Fe3+ in FeP04 and Fe203 
exist in tetrahedral and octahedral coordination, respectively.^*'^' 
As shown in Figure 4a, isolated tetrahedral coordination of Fe^^ 
ions are characterized by a significant absorption in the 
wavelength range of 200-330 nm with a distinct peak at ~260 
nm. On the other hand, Fe species having octahedral coordina- 
tion exhibit a broad absorption band around 320-640 nm with 
an absorption maximum ~500 nm. 
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Figure 4. DR UV-vis spectra of reference compounds (a) and as- 
synthesized and calcined Fe-MCM-41 containing 1 wt % Fe (b), 2 wt 
% Fe (c), and 3 wt % Fe (d). 

The absorption at 260 nm represents the oxygen ligand to 
metal charge-transfer transitions associated with Fe'+ species 
in isolated tetrahedrally coordinated sAesP-'^'^-'^^''^^ All the as- 
synthesized samples were white and showed significant absorp- 
tion at 260 nm suggesting the dominance of framework 
incorporated Fe in the samples. Upon calcination, Fe-MCM- 
41 (1 wt %) retains its white color while Fe-MCM-41 (2 wt 
%) and Fe-MCM-41 (3 wt %) became pale yellow and brown, 
respectively (Table 1). As observed in Figure 4b, calcined Fe- 
MCM-41 (1 wt % Fe) shows an absorption peak having a 
maximum at 300 nm and a shoulder at 260 nm, characteristic 
of framework or tetrahedrally coordinated Fe. For this catalyst, 
most Fe seems to remain incorporated into the silica framework 
forming Fe—O—Si bonds. The absence of significant absorption 
beyond 320 nm is indicative of the absence of substantial 
amount of extraframework Fe confirming that most of the Fe 
is incorporated in the pore wall. In contrast, broadening of the 
absorption band to higher wavelength for calcined Fe-MCM- 
41 containing ca. 2 and 3 wt % Fe is observed (Figure 4c and 
4d). This is suggestive of the presence of Fe'"*" species in 
octahedral environment in these catalysts or of the formation 
of iron oxide clusters because, as shown in Figure 4a, contribu- 
tion from iron oxide could also result in the broadening of the 
UV-vis spectra of Fe-MCM-41. The existence of extraframe- 
work, or bulk iron oxide, is usually indicated by an off-white 
or brown color in zeolitic^^ or MCM-41 ^^ catalysts. The 
respective pale yellow and brown colors observed in Fe—MCM- 
41 (2 wt %) and Fe-MCM-41 (3 wt %) upon calcinations could 
be due to the migration of Fe species from the framework. These 
Fe species may exist as aggregated oxidic nanoclusters in 
extraframework environment. Generally, there is a shift of the 
absorption band to longer wavelength with increasing Fe 
loading. Even though calcination provokes the migration of Fe 
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Figure 5. EPR spectra of Fe-MCM-41 containing I wt % Fe (a), 2 
wt % Fe (b), and 3 wt % Fe (c) recorded at room temperature (298 K). 
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Figure 6. EPR spectra of Fe-MCM-41 containing 1 wt % Fe (a), 2 
wt % Fe (b), and 3 wt % Fe (c) recorded at 60 K. 

species fi-om the framework of calcined Fe-MCM-41 (2 and 3 
wt % Fe), the UV-vis spectra (Figure 4) gives evidence for 
the presence of framework Fe in these catalysts as evidenced 
by an absorption shoulder ~260 nm. The migration of Fe firom 
the framework of Fe-silicate upon the alkyl template removal 
during calcination in air has been reported-^'^'^o 

Further characterization of the local environment of Fe has 
been carried out by EPR spectroscopy at room temperature (298 
K) and at 60 K as presented in Figures 5 and 6, respectively. 
EPR is a highly sensitive tool for probing the local symmetry 
of Fe because of its paramagnetic nature in the low-spin and 
high-spin electronic configurations.^' The interpretation of EPR 
data of Fe states in zeolites or MCM-41 is still an issue of 
controversy because the presence of surrounding silanol groups 
and H2O molecules tends to interfere with the signal.'' The 
unambiguous interpretation of EPR data of Fe-MCM-41 can 
he aCCnmnlished if C"r"1li"(^'1 ll/itVl 1-pcilltc fif ntVloi- cnoftrncr-nnir- 

■•■-'- ...j--v,w.v^o,-v.^.w 

techniques such as UV-vis, Mossbauer, or X-ray absorption. 
On the basis of most studies carried out on Fe-containing 
zeolites,^' HMS" and MCM-41,23.28,32 t^e signal corresponding 
to g = 4.3 is considered as evidence of framework Fe and is 
characteristic of isolated Fe3+ paramagnetic cations in a strong 
rhombic distorted tetrahedral coordination; the signal at g = 2 
has been assigned to extraframework ¥e^+ or Fe'+ species in 
octahedral coordination. As observed by Goldfarb et al.,'' this 
signal at g = 2 could also be partly due to Fe'+ in tetrahedral 
site even though Fe'+ in oxidic clusters is known to give a signal 
at g = 2. The signal at g = 2.3-2.5 is ascribed to iron clusters 
or iron oxide species.^' 

The EPR spectra of Fe-MCM-41 containing different 
loadings of Fe recorded at room temperature (Figure 5) exhibits 
a weak signal at g - 4.3 ascribed to Fe'+ in distorted tetrahedral 
coordination and a broad signal at g = 2.0 indicating the 
presence of either framework or extraframework Fe'+. A weak 

signal is also observed at g = 5.5 for catalysts containing 1 wt 
% Fe. This signal is assigned to Fe'"*" in less distorted tetrahedral 
sites. The fact that only Fe-MCM-41 (1 wt %) shows this signal 
confirms the incorporation Fe'+ species in very stable sites in 
this sample. The intensity of the g = 4.3 signal decreases with 
increasing Fe loading suggesting that the amount of Fe'+ in 
tetrahedral sites decreases with increasing Fe loading. Also, there 
is a conspicuous increase in the line intensity of the g = 2 signal 
with increasing Fe loading which indicates an increase in the 
Fe amount in octahedral coordination. These results are 
consistent with those of UV—vis spectroscopy. 

Conversely, the spectra of Fe-MCM-41 recorded at 60 K 
showed a strong signal at g = 4.3 and a broad signal at g = 2.0 
(Figure 6). The line intensity of the g = 4.3 signal increases 
slightly with Fe amount while a more pronounced increase was 
observed for the g = 2.0 signal. The behavior of the g = 2.0 
signal is similar to that recorded at room temperature. The signal 
observed at g = 4.3 or higher g values is temperature dependent 
and the intensity generally decreases with increasing temperature 
and tends to disappear at room temperature because of the faster 
spin relaxation." In a qualitative sense, the presence of an 
intense g = 4.3 signals for all samples is an indication that all 
these catalysts have Fe'+ in distorted tetrahedral sites. 

In consonance with results of UV-vis, it can be concluded 
that despite the dislodgement of Fe species firom the fi-amework 
as a result of calcination, framework Fe species still exist in a 
relatively high amount in both Fe-MCM-41 (2 wt %) and Fe- 
MCM-41 (3 wt %). The signal attributed to the iron oxide 
species occurs at a g value range of 2.2-2.5. For spectra 
recorded at room temperature, this signal is observed at g = 
2.3 but at lower temperature (60 K) it is observed at g = 2.5. 
The presence of a well-defined signal at g = 2.5 signifies the 
presence of iron oxide species in all the catalysts regardless of 
the Fe loading. The line intensities of this signal for catalysts 
containing ca. 1, 2, and 3 wt % Fe were 40, 42, and 49, 
respectively. This suggests that there is a saturation of Fe cations 
in the pore walls and the surpluses form extraframework species 
at the surface. This confirms the increase in the amount of iron 
oxide with Fe loading as qualitatively indicated by the colors 
of the samples. 

The coordinadon geometry of Fe in these catalysts was also 
characterized by X-ray absorption spectroscopy. The preedge 
feature of Fe in X-ray absorption near-edge structure (XANES) 
spectra is very sensitive to the local coordination status. The 
position, intensity, and shape of the preedge peaks observed 
are related to the local environment of Fe species and its 
eleCtrOr*^'^ Otmr»fnro   TVtf^ nnrry^'iM'TaA .^f VAMTIC 

spectra of Fe-MCM-41 containing various Fe loading and 
FeiOs is shown in Figure 7a. The enlarged preedge region of 
the catalysts is shown in Figure 7b. Fe'+ in tetrahedral 
coordination is characterized by a single well-defined preedge 
peak, attributed to the ls-^3d dipolar transition (Figure 7a).26.27 
This transition is forbidden for octahedral coordination, but is 
usually present, albeit of low intensity, for distorted octahedral 
coordination as confirmed by the relative low intensity of the 
preedge peak of Fe203. The intensity of the preedge feature is 
related to the coordination number of the transitional metal. As 
the intensity decreases, there is a change in the coordination 
environment of the metal from tetrahedral -* distorted tetra- 
hedral ^ pyramidal — distorted octahedral — octahedral. On 
the basis of the preedge features and their corresponding 
intensities observed for these catalysts, it is obvious that Fe'+ 
in Fe-MCM-41 (1 wt %) exists mainly in tetrahedral environ- 
ment, evidenced by the high intensity. The intensity decreases 
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Figure 7. Fe ^-edge XANES spectra for Fe-MCM-41 containing 
different Fe loading (a) and their enlarged preedge features (b). 

slightly for catalysts containing 2 wt % Fe suggesting the gradual 
change fi-om tetrahedral to distorted coordination by some Fe 
species. However, catalysts containing 3 wt % Fe showed a 
preedge peak of low intensity suggesting the dominance of 
distorted and octahedrally coordinated Fe species resulting from 
surface Fe oxide species. The decrease in the preedge peak 
intensities with increasing the Fe loading observed in these 
catalysts may be rationalized by Laporte law. As explained by 
this law, the Aig-^Tag and Ajg—Eg transitions are symmetrically 
forbidden in the octahedrally coordinated Fe'+ species, even 
though they are allowed for distorted octahedral symmetry, while 
the Ai^T2 transition is allowed for Fe3+ species in tetrahedral 
sites. It is evident from these results that the fraction of Fe'+ 
species in teti-ahedral coordination decreases with increasing Fe 
loading. This conclusion is consistent with the results of EPR 
and UV—vis. 

TPR has been employed to investigate the reduction char- 
acteristics of Fe. The TPR profiles of Fe-MCM-41 containing 
different loadings of Fe are shown in Figure 8. The main feature 
of the TPR profiles of Fe-MCM-41 (1 wt %) and Fe-MCM- 
41 (2 vi't %) is a distinct reduction peak with maximum at 675 
and 653 K, respectively, while that of Fe-MCM-41 (3 wt %) 
shows three defined peaks in the temperature range of 600- 
850 K. The Fe-MCM-41 (3 wt %) has a reduction rate similar 
to Fe-MCM-41 (2 wt %) evidenced by their similar reduction 
peak maxima at 653 K. This suggests a similarity in the local 
environment of the Fe3+ species present in these catalysts. The 
reduction temperature of Fe-MCM-41 (1 wt %) is slightly 
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Figure 8. TPR profiles of Fe-MCM-41 containing 1 wt % Fe (a), 2 
wt % Fe (b), and 3 wt % Fe (c). 

higher than Fe-MCM-41 containing ca. 2 and 3 wt % Fe. This 
is not surprising because more framework Fe species exist in 
stable tetrahedral sites in Fe-MCM-41 (1 wt %) than in the 
other samples, as confirmed by specfroscopic data. As observed 
in the TPR profile of Fe/Si02 with high Fe loading (2.9 wt %)," 
the three reduction peaks we observed in the profile of Fe- 
MCM-41 (3 wt %) can also be accounted for by the three steps 
of iron oxide reduction: FeiOa-" Fe304-*FeO^Fe. A second 
peak is also observed at higher reduction temperature (> 1000 
K), and its intensity increased with the Fe loading. This peak is 
not visible in Fe-MCM-41 (1 wt %) because of the scale used. 
As shown by the TPR profiles of reference compounds (Fe203 
and FesO^),^'' the complete reduction of Fe3+ and Fe2+ is 
generally completed at temperatures lower than ~973 K. This 
suggests that the second peak observed in the TPR profiles of 
our catalysts is not associated with any of the reduction steps 
of Fe. High-temperature peaks of this nature have been observed 
in the TPR profiles of Co-MCM-41 performed in our laboratory 
and have been attributed to the reduction of cobalt silicate 
formed during high-temperature treatment.^' It is therefore 
assumed here that the reduction of Fe-silicate produced during 
the course of increasing the temperature accounts for the high- 
temperature reduction peak observed in these profiles. 

Characterization of CNTs. The products obtained from the 
pyrolytic decomposition of acetylene over these catalysts have 
been characterized by Raman spectroscopy, thermogravimetry, 
and TEM. A typical Raman spectrum of CNTs is characterized 
by a D-band, G-band, and in some cases a radial breathing mode 
(RBM). The D-band is associated with the amount of disordered 
carbon and occurs in the 1200-1400 cm"' part of the spectrum. 
The G-band reveals the intense tangential modes of CNTs and 
the good arrangement of the hexagonal lattice of graphite, which 
occurs in the high-frequency region of 1500-1600 cm"'. The 
RBM usually occurring in the low-frequency region (100-250 
cm"') is generally considered as a special signatiire of SWNT. 
The frequencies of the RBM are inversely proportional to the 
nanotube diameters. The carbon loading in the product was 
determined gravimetiically by air oxidation under a programmed 
temperature between 373 and 1173 K at 10 K/min. 

Because of the high reactivity of acetylene, previous inves- 
tigators^^ have shown that a narrower range of operating 
conditions exists for selective production of SWNT when 
compared to the CO disproportionation process. Preliminary 
shadies using Fe-MCM-41 (2 wt % Fe) were carried out to 
detei-mine the optimal temperatures, reaction times, and reactant 
flow rates. In general, we find that for a 60-min growth run 
using a reactant flow rate of 200 mL/g-min at 973 K, few 
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TABLE 2: Summary of the Carbon Yields and the Carbon 
Species Obtained from the Reaction Catalyzed by the 
Various Catalysts Synthesized from Different Colloidal Silica 
HiSil and [Cab-O-Sil] 

Amama et al. 

Fe content in 
synthesis gel 

catalyst (wt %) 

carbon 
yields' 
(wt %) carbon species" 

Si-MCM-41 0 8.49 [7.23]'- amorphous carbon 

Fe-MCM-41 1.0 9.70 [9.17]   amorphous carbon graphite 
Fe-MCM-41 2.0 10.55 [9.84]   SWNT 

MWNT 
graphite 
amorphous carbon 

Fe-MCM-41 3.0 5.36 [7.23]   MWNT 
graphite 
amorphous carbon 

" On the basis of HR-TEM studies.' Determined by gravimetric 
analysis.' Values in brackets are for samples synthesized from Cab- 
O-Sil. 

SWNTs are produced. However, the yield of SWNTs increased 
for samples synthesized at 1073 K and as the temperature is 
increased further, MWNT becomes predominant. 

Studies of the effect of Fe amount on the production of CNTs 
were carried out at 1073 K using a C2H2/N2 flow rate of 200 
cmVg-min for 60 min, the optimal experimental conditions for 
high selectivity of CNTs during acetylene decomposition over 
Fe-MCM-41. Total carbon yields measured by thermogravim- 
etry is expressed in terms of weight percent (wt %) and are 
given in Table 2. An increase in carbon yield was observed for 
catalysts containing 1 and 2 wt % of Fe. Catalysts containing 3 
wt % of Fe showed slightly lower activity for carbon production 
as evidenced by their lower carbon yields of ~5-7 wt %. 
Indiscriminate production of carbon was observed even in the 
absence of a metal catalyst evidenced by the high carbon yield 
(~8 wt %) obtained for reactions carried out over Fe-free 
siliceous MCM-41. This may be attributed to the self-pyrolysis 
of acetylene at high temperature to form high deposits of 
undesired carbonaceous material, such as amorphous carbon. 
Siliceous MCM-41 synthesized from HiSil showed slightly 
higher activity toward carbon production than those from Cab- 
O-Sil. This behavior was also observed for Fe-MCM-41 
samples except those containing 3 wt % Fe. The presence of 
some metal impurities in HiSil could be responsible for the 
higher reactivity associated with catalysts synthesized from 
HiSil. 

Despite the high carbon yields observed in the products of 
reactions catalyzed by siliceous MCM-41, Raman studies 
revealed the absence of CNTs as evidenced by their featureless 
spectra (not shown). The Raman spectra of products obtained 
from reactions catalyzed by Fe-MCM-41 (1 wt %) also showed 
a similar result (not shown). The absence of any of the 
characteristic bands of CNTs in these products suggests that 
reactions involving these catalysts result in the formation of 
undesired carbonaceous species. This conclusion was also 
reached after the samples were studied by HR-TEM. The Raman 
spectra of products obtained from reactions over Fe-MCM-41 
(2 wt %) and Fe-MCM-41 (3 wt %) are shown in Figure 9. 
Product formed over Fe-MCM-41 (2 wt %) shows a distinct 
G-band, which is accompanied by the presence of an RBM 
(insert of Figure 9), while that formed over Fe-MCM-41 (3 
wt %) shows a G-band of comparatively low intensity and no 
RBM. There are several RBM peaks in the range of 175-333 
cm"', which corresponds to SWNT diameters in the range of 
0.67-1.28 nm on the basis of the following relationship, (o, = 

3 

i 
g 
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Raman shift (cin ) 
Figure 9. Raman spectra of CNTs synthesized over Fe-MCM-41 
containing 2 wt % Fe (a) and 3 wt % Fe (b) at 800 °C for 1 h using 
reactant flow rate of 200 seem. 

223.75 (cm"' tmi)/d (nm),^^ where w, and d are the RBM 
frequency and the tube diameter, respectively. It is expected 
that if other tube diameters are present they cannot be detected 
with a single wavelength experiment (532 nm) because of their 
diameter-dependent resonances. Thus, the range of the diameter 
distribution of these CNTs cannot be determined. The relatively 
low intensity of the D-band observed in both spectra illustrates 
the absence of large amounts of amorphous carbon if reactions 
are carried out at these optimized conditions. It is evident from 
this result that under these reaction conditions, Fe-MCM-41 
(2 vrt %) shows selectivity for SWNT production while Fe- 
MCM-41 (3 wt %) are selective for MWNT production. Even 
though the source of colloidal silica affected the activity of Fe- 
MCM-41, no noticeable difference in their selectivity for CNT 
production was observed. The Fe loading and the local environ- 
ment of Fe in MCM-41 were observed to be key factors in 
determining selectivity toward CNTs. 

Figure 10 shows representative HR-TEM images of the 
products of the reaction over siliceous MCM-41 and Fe-MCM- 
41 containing various Fe loadings. Amorphous carbon was the 
main carbon material observed in the products of reactions 
catalyzed by Si-MCM-41 and Fe-MCM-41 (1 wt %) as shown 
in their TEM micrographs (Figure 10a and 10b). However, some 
graphitic materials were observed in the products obtained from 
reactions catalyzed by Fe-MCM-41 (1 wt %). We observed 
mostly bundles of SWNT (Figure 10c and lOd) along with fewer 
individual SWNTs in the products obtained from reactions 
catalyzed by Fe-MCM-41 (2 wt %). Also, some MWNTs 
covered with amorphous carbon were observed. The TEM image 
of product of reaction catalyzed by Fe-MCM-41 (3 wt %) 
shows the presence of large Fe metal particles with a graphitic 
layer covering (Figure lOe). Although not shown here, MWNTs 
were also observed for this catalyst. The actual amount of CNTs 
present in these products has not been determined because of 
the difficulty associated with the quantification of CNTs. 
However, on the basis of TEM shidies, qualitative thermogravi- 
metric analysis, and Raman spectroscopy (low D/G band ratio), 
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Sihceous MCM-41 (a) 1 wt%Fe(b) 

2 wt% Fe (c) 2wt%Fe(d) 

3 wt% Fe (e) 

Figure 10. HR-TEM micrographs of carbon products formed over the various catalysts as labeled. 

large amounts of CNTs of relatively high quality and purity 
were produced. 

Local Environment of Fe after Reaction. The catalytic 
templates (Fe-incorporated MCM-41 with different loadings) 
were  characterized  by  EPR  at  60  K to  probe the  local 

environment and state of Fe after the reaction. Figure 11 shows 
the EPR spectra of the different catalysts before and after the 
reaction. As mentioned previously, the EPR signal corresponding 
to g = 4.3 is ascribed to high-spin Fe^""" species in distorted 
tetrahedral coordination. For all the fresh catalysts, the intensities 
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Figure 11. EPR spectra of Fe-MCM-41 containing 1 wt % Fe (a), 2 wt % Fe (b), and 3 wt % Fe (c) recorded at 60 K before (bold lines) and after 
(dashed lines) reaction. 
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Figure 12. N2 adsorption-desorption isotherms and their respective pore size distributions of Fe-MCM-41 (2 wt %) after reaction and carbon 
removal (TPO) synthesized firom HiSil (a) and (b) and Cab-O-Sil (c) and (d). 

of the g = 4.3 signals are higher than their corresponding g = 
2.0 signal. This is, however, not the case for the used catalyst 
particularly for catalysts containing ca. 2 and 3 wt % Fe as the 
intensities of their g = 2.0 signals become dramatically higher 
than their g = 4.3 signal. It was also observed that the g = 4.3 
signal diminished for catalysts containing ca. 1 and 2 wt % Fe 
after the reaction, and for catalysts containing 3 wt % Fe this 

signal disappears completely. This reveals that the Fe'+ species 
still exist in tetrahedral environment for catalysts containing ca. 
1 and 2 wt % Fe even after the reaction. The migration of Fe'+ 
species of Fe-MCM-41 from its firamework positions to 
extraframework environment increases in the following order 
of Fe amount in synthesis gel: 1 wt % Fe < 2 wt % Fe < 3 wt 
% Fe. In situ reduction of Fe by the hydrogen produced during 
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acetylene decomposition is believed to occur, and this process 
is responsible for the formation of metallic Fe, which likely 
provides the "seeds" for SWNT nucleation. As observed in a 
recent study,^' the size of the metallic clusters formed is 
determined by the radius of curvature of the pore size of MCM- 
41. The mechanism associated with the formation of these metal 
clusters in MCM-41 has been addressed in another study.'* 
Reduction may induce the migration of Fe species from 
fi-amework to extraframework environment. In general as 
observed in Fe-silicates, upon reduction the g = 4.3 signal 
should decrease in intensity while its corresponding g = 2.0 
signal should increase. However, it is of interest that in situ 
reduction had very little effect on Fe-MCM-41 (1 wt %) as 
shown in their EPR spectra (Figure 11a) probably because of 
the higher stability of Fe in the framework. The signal at g = 
2.5 for all samples disappears after the reaction and indicates 
the reduction of these surface iron oxide species to metallic Fe. 

Stability of Fe-MCM-41. For Fe-MCM-41 to be used as 
good catalytic templates for CNTs synthesis, it is important that 
it shows good stability under the reaction conditions which 
include carbon deposition at high temperature and oxidation. 
The structural stability of Fe-MCM-41 (2 wt %) after reaction 
and temperature-programmed oxidation (TPO) was assessed by 
N2 physisorption, Figure 12. Catalysts synthesized from Cab- 
O-Sil were more stable and maintained their high mesoporous 
structural integrity after the reaction better than those synthesized 
from HiSil. The N2 adsorption-desorption isotherm of the 
former still showed a distinct capillary condensation step atp/po 
of ~3.5 (highest slope = 1330) while the latter showed an 
inconspicuous step (highest slope = 239). After the reaction, 
Fe-MCM-41 (Cab-0-Sil) still maintained a fairiy narrow PSD 
as the fwhm increased from 1.72 A for firesh catalyst to 3.84 A 
while that of Fe-MCM-41 (HiSil) shows a broad PSD, 
evidenced by the dramatic increase in the fwhm from 2.29 A 
to 9.31 A. This suggests that the uniform mesoporous structure 
of the HiSil catalyst is either destroyed or the pores are largely 
blocked after carbon deposition. As shown in Table 2, the carbon 
yields obtained for reactions catalyzed by Fe-MCM-41 (Cab- 
0-Sil) and Fe-MCM-41 (HiSil) containing 2 wt % Fe were 
9.84 and 10.55 wt %, respectively. The difference in carbon 
yields of these samples is quite insignificant and does not seem 
to account for the loss of porosity of Fe-MCM-41 synthesized 
from HiSil. As expected, there was a general decrease in the 
pore diameter, pore volume, and 5BET upon carbon deposition 
as shown in Table 1. This decrease was much higher for Fe- 
MCM-41 (HiSil) samples. After carbon removal via TPO in 
air between 373 and 1173 K at 10 K/min, a recovery of their 
high mesoporous structural order was observed. After TPO, the 
maximum slopes of the inflection step for catalyst synthesized 
from HiSil and Cab-0-Sil became 2016 and 3099 while their 
fwhm of their PSDs also decreased to 3.73 A and 2.84 A, 
respectively. The recovery of mesoporosity of the Fe-MCM- 
41 (HiSil) demonstrates almost complete pore blockage after 
carbon deposition but not destruction of the pore structure. 

Conclusions 

There is an improvement in the structural order of siliceous 
MCM-41 upon the incorporation of 1 wt % Fe as a result of 
the knitting effect, but it diminishes as more Fe is incorporated. 
Catalysts synthesized from Cab-0-Sil showed higher structural 
order and higher stability during acetylene pyrolysis than 
catalysts synthesized from HiSil. Fe'+ species in all of the as- 
synthesized samples were found in the framework environment. 
Calcination causes the dislodgement of the Fe'+ species from 
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framework location and this effect is more severe for catalysts 
with ca. 2 and 3 wt % Fe. Fe'+ species occupying tetrahedral 
coordination decreases with increasing Fe loading. 

This work reveals that Fe-MCM-41 (2 wt %) exhibits high 
selectivity for CNTs production under our optimized conditions 
(1073 K, 200 cmVg-min C2H2/N2, reaction duration of 1 h). 
Bundles or individual SWNTs in large amounts are obtained. 
Fe-MCM-41 (3 wt %) exhibit much lower selectivity toward 
CNT production and those formed are MWNT. Fe-MCM-41 
(1 wt %) is not selective for CNT production. The relationship 
between the amount of Fe incorporated in MCM-41 and the 
carbon species produced during acetylene pyrolysis has therefore 
been established. Compared to the CO disproportionation 
process over Co—MCM-41, the acetylene pyrolytic process over 
Fe—MCM-41 provides lower selectivity to a narrow tube size 
distribution but very high overall yield. 

Spectroscopic studies (EPR) of the catalysts after reaction 
revealed that Fe'+ species in Fe-MCM-41 (1 wt %) remained 
mainly in the framework and this partly accounts for its poor 
selectivity for CNTs. Fe'+ species in Fe-MCM-41 (2 wt %) 
appears to be well distributed in both framework and extra- 
firamework environments. On the other hand, Fe'"*" species in 
Fe-MCM-41 (3 wt %) are well reduced and exist mainly in 
extraframework locations. 
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