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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
yield, selectivity, and diameter uniformity of single wall carbon nanotubes (SWNT) produced by CO disproportionation over Co-M
catalysts. The SWNT were characterized by Raman and near infrared (NIR) spectroscopy, while the state of the catalyst and the
metallic cobalt clusters were investigated by X-ray absorption spectroscopy (XAS). The experimental results suggest that both the selectiv
to SWNT and the uniformity of their diameters are controlled by the relative rates of the following competing processes: cobalt re
nucleation of cobalt into clusters, and SWNT growth. It was found that reaction at low CO pressures leads to a wider distribution of d
and lower SWNT selectivity. The duration of catalyst exposure to CO was found to strongly affect the SWNT selectivity at the ear
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
electronic devices requires materials of uniform electronic
properties. Because the electronic properties of the ca
nanotubes depend on theirn and m vectors[1], thus on
diameter and chirality, SWNT synthesis methods produ
ing a narrow diameter distribution are highly desirable.
have shown that SWNT can be produced by CO dispro
tionation on a cobalt catalyst incorporated by isomorph
substitution of silicon in the pore walls of the MCM-4
mesoporous molecular sieve[2]. We have also shown tha
the diameter of SWNT produced with this catalytic syst
can be engineered by controlling the size of the metallic
clusters that initiate the growth of the SWNT[3].

Several studies have been dedicated to the investigati
the effects of the SWNT synthesis process variables on
overall process performance[4–21]. Many of these studie
have reported various effects of the reaction time and p
sure on the purity, diameter control, and uniformity of t
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SWNT produced. The differences in the observed effects
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 som
what similar to our Co-MCM-41 catalyst, the carbon yie
and SWNT selectivity increased when the catalyst was
posed to CO for longer than 2 h[15,16].

In our prior investigations we observed that the diam
ter uniformity of the SWNT produced using this synthe
technique is strongly influenced by the catalyst pretreatm
conditions (i.e., prereduction temperature) and CO dis
portionation conditions such as the reaction temperat
pressure, and duration. In a recent paper we reported
effects of the template prereduction temperature and CO
proportionation temperature on the diameter uniformity
the nanotubes produced[22]. We have shown that the diam
ter distribution and quality of SWNT grown in Co-MCM-4
can be engineered by controlling the hydrogen prereduc
and reaction temperatures, and that the cobalt incorporate
in the MCM-41 matrix becomes more selective to SWN
after partial reduction by hydrogen, while the catalysts t
were excessively reduced prior to exposure to CO bec
less selective for SWNT, producing more amorphous
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bon and/or graphite. We have also demonstrated that
form SWNT diameter (±0.05 nm) can be achieved by usin
optimized prereduction and reaction temperatures, and th
control of cobalt cluster sizes in Co-MCM-41 is the key
SWNT diameter control[22].

In the present contribution we report our investigatio
on the effects of the growth time and CO pressure du
SWNT growth on the diameter uniformity and the qua
of the SWNTs produced as qualitatively determined fr
Raman and near-infrared spectroscopy.

2. Experimental

The Co-MCM-41 catalyst with a 1.00 wt% Co loadin
and a pore diameter of 2.85± 0.1 nm was synthesized usin
the C16H33 (CH3)2NBr alkyl template following the proce
dure described elsewhere[2]. The purity of the silica sourc
affected the reducibility of the cobalt ions in the framewo
The catalysts employed in these studies were synthesized u
ing the highly pure Cab-O-Sil silica. Approximately 200 m
of fresh catalysts was loaded into a quartz reactor placed
an electric furnace with very good temperature control
the entire length of the catalyst bed. Prior to exposure to
CO the catalyst was heated in flowing hydrogen (1 atm
20◦C/min from room temperature to 500◦C and reduced
isothermally for 30 min. After this prereduction treatme
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 therm
gravimetrical analysis performed in a Setaram SetSys 1
instrument using a holey crucible that prevents mass-tran
limitations. The weight of the sample was monitored dur
two consecutive temperature programs for each sample
second being used as a baseline for the first.

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

Absorption spectra in the near-infrared (NIR) region w
recorded for SWNT samples dispersed by sonication
N,N -dimethylformamide (DMF) using a Nicolet NEXU
Fourier transform infrared spectrometer equipped wit
quartz beam splitter.
r

s.

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

The state of the cobalt catalyst and assessment o
cobalt cluster sizes were determined from the X-ray abs
tion spectra collected at the beam line X23A2 of the Natio
Synchrotron Light Source at Brookhaven National Labo
tory. Analysis of the X-ray absorption spectra was perform
following the procedures described in detail in our previ
work [22].

3. Results and discussion

Two series of experiments were designed to investi
the influence of the CO pressure and the duration of n
otube growth on the overall carbon yield, and the selec
ity and diameter uniformity of the SWNT produced. Ca
lyst samples removed from the reactor after SWNT gro
under different conditions, without any purification or pre
treatment, were studied by extended X-ray absorption
structure (EXAFS) spectroscopy to determine the cobalt
idation state and the size of the cobalt clusters in the cata
after reaction. These results were further correlated with
carbon yield and SWNT selectivity determined from
complementary thermo-gravimetrical analysis, and Rama
and NIR spectroscopy in order to understand the mecha
by which the CO pressure and growth duration influe
the SWNT synthesis performance. The effect of each
vestigated process variable is discussed in separate sectio
below.

3.1. Carbon monoxide pressure

For the first series of experiments catalyst samples
treated in pure hydrogen at 500◦C for 30 min were expose
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 a
SWNT growth under different CO pressures are given
Fig. 1. Each spectrum is the average of five spectra reco
at different locations in the same sample. Three type
spectral features are observed in each spectrum: the pe
the Raman breathing mode (RBM) region (ν̃ � 350 cm−1),
characteristic for SWNT, provide information about tu
diameters[23,24] and chirality[25,26]; the D band at ap
proximately 1300 cm−1 is assigned to disordered and
defective carbon species; and the peak complex around
cm−1, known as the G band, is characteristic of ordered
bon species such as carbon nanotubes and graphite.

The Raman spectrum of the SWNT grown at 2 atm sh
several peaks in the RBM region, suggesting that the dia
ters of the nanotubes produced at this reaction pressure
a wide distribution. The intensity of the lower frequen
RBM peaks, corresponding to SWNT of larger diamet
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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.

decreases as the CO pressure increases. The RBM reg
the spectrum recorded with the SWNT grown at 6 atm show
a single, strong peak, indicative of a narrow diameter dis
bution of the SWNT produced. The presence of a nar
distribution of tube diameters in the SWNT sample gro
at 6 atm has been confirmed by multiexcitation wavelen
Raman spectroscopy as depicted inFig. 2a. In contrast with
the spectra recorded for the sample synthesized at 2 atm
given in Fig. 2b, the spectra for the high-pressure sam
show only one peak for each laser frequency. It should
noted that the laser frequencies at 633 nm (1.96 eV) and
nm (1.58 eV) are more sensitive to the larger tubes in
samples grown at 2 atm CO than the higher energy las
The intensity of the RBM peaks relative to the intensity
the G band determined from the multiple excitation Ram
spectra increased when the reaction pressure increased. Th
total carbon loading determined by TGA and plotted a
function of pressure inFig. 3also shows an increasing tren
as the CO pressure increases. These results indicate a s
effect of the CO pressure on both carbon yield and se
tivity for SWNT, and diameter uniformity. At higher CO
pressures larger amounts of carbon deposit on the su
in the form of SWNT of a narrower diameter distributio
These results are consistent with previous experimenta
servations of Nikolaev et al. for SWNT synthesis by therm
decomposition of iron pentacarbonyl in a heated flow of c
bon monoxide[12].

Because of their weak intensity and the strong dep
dence of resonances on the tube diameter[27,28], the rela-
tive peak intensities for the several peaks in the RBM reg
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 tub
ameter in the sample. Optical spectroscopy of the SW
produced at different pressures provides a more sensitiv
agnostic technique for analyzing the relative concentrat
of tubes of different diameters in our samples.

The electronic structure of the SWNT can be easily
tered by adsorption of chemical species on their surface[29].
To minimize such processes andpreserve their original elec
tronic structure we dispersed the SWNT samples, with
purification or any other treatment, in dimethylformam
by sonication for 5 min. The DMF solvent was preferred
-

-

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

The NIR absorption spectra inFig. 4arecorded for nan
otubes grown at different CO pressures show the m
characteristic absorption band centered at approximate
1200 nm. This band can be assigned to the electronic
sitions between the first pair or the second pair of
Hove singularities (VHS), depending on the diameter of
SWNT in the sample. According to the SWNT electronic
band theory[31], if the band at 1200 nm comes from t
second VHS, the diameter of the SWNT should be aro
2–3 nm, while if it belongs to the first VHS, the diameter
about 1 nm. From the Raman spectra and the TEM result
can only identify SWNT with diameters below 1 nm, the
fore this band is assigned to the first VHS, i.e., ES

11.
Optical spectroscopy has been previously employe

perform analysis of the SWNT mean diameter and diam
distribution in carbon nanotube samples[32]. Aggregation
of nanotubes into bundles substantially broadens and
shifts the absorption features[33,34]. Akasaka et al. use
a three-step wet chemistry procedure to purify and s
rate the SWNT, and observed fine structures in the op
absorption spectra of the carbon nanotube samples, w
were assigned to SWNT with different diameters and he
ity [35]. The short-time sonication performed in our sam
preparation procedure does not isolate the SWNT from b
dles, as suggested by the broad spectra shown inFig. 4aand
confirmed by many TEM experiments. However, the re
nd
Fig. 4. NIR spectra of SWNT dispersed in DMF: (a)Spectra of SWNT synthesized at different CO pressures from 2 to 6 atm; (b–f) spectra after backgrou
correction (solid lines), and the six peaks resulting from deconvolution using a Gaussian-fitting function (dot lines).
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tive differences in the diameter of these SWNT samples
clearly evidenced in these spectra. The solid lines inFigs. 4b
to 4f show the baseline-correctedNIR absorption spectra in
the range of 960–1660 nm for SWNT samples grown at
ferent pressures. These spectra were deconvoluted int
peaks identified and resolved in our spectra using a Gau
fitting function. As discussed above, because our tubes
most likely bundled, the peaks resulting from deconvolution
correspond to the average electronic properties of SWN
bundles. Weisman et al. pointed out that the tight-bind
model badly underestimated the apparent scattering ar
from chiral variation at a given diameter[36]. Using the em-
pirical Kataura plot developed by these authors we assig
the six peaks to six groups of bundled SWNT having av
age diameters from 0.68 to 1.38 nm. Groups 1 and 2 h
smaller diameters than groups 5 and 6, while SWNT w
absorptions in groups 3 and 4 have intermediate diame
and are the major species produced in each sample.

Assuming the SWNT synthesized in Co-MCM-41 sh
the normal 1:2 distribution between metallic and semic
ducting tubes[1], respectively, the narrow diameter distrib
tion suggested for the semiconducting tubes in the NIR s
troscopy was verified in the multiple excitation wavelen
Raman spectroscopy experiment, which shows a single
at each laser line for the samples grown at high CO press
Therefore, the diameter distribution of the semiconduc
SWNT determined here from optical spectroscopy is re
sentative for the overall diameter distribution of the SW
sample, including the metallic tubes. Plotting the normali
area of each peak resulting from deconvolution inFig. 5a
for samples grown at different pressures we observed
x

.

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

We have previously demonstrated that the isomorph
substitution of Si ions in the MCM-41 by cobalt ions im
pedes the complete reduction of cobalt to metal under m
erate reduction conditions, i.e., treatment at 500◦C in pure
hydrogen[3]. A direct consequence of this stabilization e
fect of the MCM-41 framework on the Co2+ ions is that ex-
posure of a catalyst pretreated in hydrogen at 500◦C to pure
CO at SWNT synthesis temperatures leads to the forma
of very small metallic cobalt clusters in the MCM-41 mo
cular sieve. We have demonstrated that these cobalt
ters control the diameter of SWNT grown[3]. Along these
lines, the diameter distribution of the SWNT provides in
rect information on the size distribution of the cobalt clust
formed during SWNT synthesis. The signatures of the la
SWNT observed in the Raman spectra inFigs. 1 and 2band
in the NIR spectra inFig. 4asuggest that catalyst exposu
to 2 atm CO produces larger cobalt clusters than those
duced by exposure to 6 atm CO at the same reaction tem
ature. On the other hand, the larger number of cobalt clus
presumably formed during reduction at higher CO press
should provide more sites for SWNT growth and, assum
at least first-order SWNT growth kinetics with respect to
CO concentration, the higher CO pressure should incr
the SWNT growth rate. These two rationales are consis
Fig. 5. (a) The size distribution of semiconducting SWNT synthesized at different CO pressures as determined from NIR spectra. (b) The relative abundances
of small and large tubes as functions ofCO pressure during SWNT synthesis.
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for the
Fig. 6. Normalized EXAFS spectra near CoK edge recorded for Co-MCM-41 loaded with carbon after reaction at different CO pressures. Spectra
fresh Co-MCM-41 and cobalt foil are given as references. The inset shows the correlation between the intensity of the white line and the CO pressure.
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with the increase in the carbon yield when the CO pres
increases, as observed inFig. 3. It should be noted that th
intensity of the RBM peak relative to the intensity of the
band for all 4 laser frequencies also increases as the pre
increases, suggesting that more graphitic carbon is for
at lower pressures. Since we have shown that small par
are selective for SWNT growth and large particles form p
dominantly graphite[22], this evolution is a second reas
to propose that exposure at lower CO pressures leads t
formation of larger cobalt particles.

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

The near-edge region of the X-ray absorption spe
recorded for the cobalt foil shows a strong preedge p
re

e

t

-

characteristic of metallic cobalt. The white line feature
sulting from the density of unoccupied states above
Fermi level is attributed to the oxidized cobalt. The incre
of the preedge spectral feature for the Co-MCM-41 c
lyst after SWNT growth, associated with the decrease in
white line intensity (the white line peak height) as the C
pressure increased, is direct evidence for the increase in th
amount of completely reduced cobalt in the catalyst as
SWNT are synthesized at higher CO pressure. The ins
Fig. 6 shows the variation of the intensity of the white li
with the CO pressure, indicative of the degree of cobalt
duction in the catalyst. While some of the cobalt redu
during reaction may be reoxidized after catalyst exposu
the atmosphere leading to the increase of the white line
tensity, the strong intensity of the preedge feature sugg
that the concentration of the reoxidized cobalt is small
should not affect the overall trend of the variation of
white line intensity with the CO pressure. The spectra of
fresh Co-MCM-41 and of the Co foil have white line i
tensities of 1.53 and 0.95, respectively. As the CO pres
increases from 2 to 6 atm, the intensity of the white lines
crease from 1.44 to 1.15, clearly showing different deg
of cobalt reduction for reaction at different CO pressu
The intermediate intensity of white line and the position
the preedge peaks for the Co-MCM-41 samples after SW
growth indicate that Co in MCM-41 is a mixture of metal
Co clusters and oxidized cobalt isomorphously substitu
for Si4+ in the MCM-41 framework.

The FEFFIT program was employed to fit the EXA
spectra using the first shell for both reduced and oxid



Y. Chen et al. / Journal of Catalysis 226 (2004) 351–362 357

els.
Fig. 7. EXAFS data for Co-MCM-41 catalysts after reaction at different CO pressures inR space along with the fittings of the spectra with theoretical mod
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cobalt species (Co and Co3O4), as generated by the FEFF
program[38]. In a previous study we observed that there w
no significant contribution of the Co–C interaction to t
fitting results for the spectra collected for catalyst samp
reacted with CO under the conditions used in this study[39].
The fitting was limited to ak range from 2.2 to 10.0 Å−1,
k weight, with modified Hanning window,dk = 1.0 Å−1,
and anR range from 1.2 to 2.7 Å. The energy shifts f
each shell varied insignificantly for samples reacted un
different CO pressures; therefore the energy shift was
constant at 5.57 eV for the Co–Co shells and 2.41 eV
the Co–O shells, respectively. The passive electron re
tion factor (S2

0) was set to 0.9, as recommended by Rehr
co-workers[40]. Examples of the fitting results are show
in Fig. 7, and the corresponding Co–Co and Co–O first-s
coordination numbers are given inTable 1.

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

The changes in the structural parameters resulting f
the fitting and presented inTable 1confirm the different de
grees of Co reduction suggested by the evolution of the w
line intensity and the preedge peaks inFig. 6. The Co–O co-
ordination number decreases when CO pressure increa

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

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

CO
pressure
(atm)

Co–O first shell Co–Co first shell

NCo–O
a dR (Å)b σ2 c NCo–Co

d dR (Å)b σ2 c

2 1.87± 0.91 0.14± 0.02 0.85 2.44± 1.92 −0.04± 0.05 0.85
3 1.31± 0.66 0.13± 0.02 0.67 3.95± 1.43 −0.03± 0.02 0.67
4 1.13± 0.55 0.13± 0.02 0.75 4.60± 1.34 −0.03± 0.02 0.75
5 0.93± 0.51 0.13± 0.02 0.68 4.95± 1.17 −0.03± 0.01 0.68
6 0.73± 0.27 0.13± 0.01 1.48 7.10± 0.87 −0.02± 0.01 0.80

a NCo–O average first-shell coordination of cobalt–oxygen.
b dR deviation from the effective half-path-lengthR (R is the inter-

atomic distance for single scattering paths).
c σ2 (×10−2 Å2) mean-square deviation inR.
d NCo–Co average first-shell coordination of cobalt.

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

The starting point in the interpretation of these exp
mental data is the understanding of the physical and ch
cal processes taking place in the catalytic system during th
SWNT synthesis process. Our previous studies showed
the hydrogen prereduction treatment only partially redu
the cobalt in the catalyst without generating any meta
cobalt clusters[22]. During exposure to pure CO at high
temperature, however, cobalt is gradually completely
duced to metal and becomes more mobile on the sur
The EXAFS spectra plotted in theR space inFig. 7clearly
show that the intensity of the Co–Co peak increases and t
of the Co–O decreases as the reaction pressure increases f
catalysts prereduced under identical conditions and reacte
for the same duration of time at different CO pressures,
ing direct evidence that more cobalt is reduced as the cataly
is exposed to higher CO pressures. Whether the cobal
grates through the silica framework as an ion or a metal a
is not yet understood and the clarification of this mec
nism is beyond the scope of this study. However, once
reduced atoms reach the pore wall surface, they start to
cleate into clusters of increasing size before they initiate
growth of a carbon nanotube or of other types of carbon
their surface. Since both the solubility of carbon into me
lic particles[45] and the ability of the particle to dissocia
CO decrease with the particle size, there is likely a minim
size required for the metallic Co cluster to initiate the grow
of a SWNT. Along these lines, under certain reaction co
tions, very small cobalt metal clusters that are not active
SWNT growth would likely be present in the pores. It sho
also be noted that we have observed that the growth o
Co clusters likely ceases once their surface is covered
carbon. Therefore, the final size and the size distributio
the cobalt clusters is controlled by the relative rates of
several physical and chemical processes affecting the s
ture and the state of the catalyst during the SWNT synth
cobalt reduction and migration through the pore wall to
pore wall surface, cobalt nucleation and growth into clust
and carbon deposition.

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

t

.

-

-

SWNT growth are very small (subnanometer), there is lik
a strong interaction between the metallic clusters and
pore wall. This strong interaction may be an effect of
radius of curvature; i.e., a smaller pore radius of curva
would cause a stronger interaction between the Co clu
and the pore wall. This effect has been systematically
vestigated elsewhere[39]. In addition to the pore radius o
curvature effect, a chemical-anchoring effect of the C2+
ions still in the silica framework may also stabilize sm
Co metallic clusters against sintering. Stabilization of sm
metallic clusters by chemical anchoring has been previo
observed in NaY zeolites where Fe2+ and Cr3+ ions stabi-
lized small Pt clusters against sintering[46]. The same effec
has also been reported for rhodium clusters in chromium
exchanged NaY zeolites[47]. Although these two effects ar
hard to demonstrate individually, they may both contrib
to the stabilization of small metallic clusters in the MCM-
molecular sieve.

Taking into account the above mechanisms, it is lik
that a multimodal distribution of the Co particle size is
sponsible for the apparent contradiction between the EX
data and the Raman and NIR spectroscopy results, re
tively. First, it should be noted that the overall carbon yi
is considerably lower at low CO pressure, suggesting
fewer Co species are available for carbon deposition, as
firmed by the X-ray absorption results shown inFig. 7. As-
suming first-order reduction kinetics with respect to CO
lower surface Co concentration is consistent with a lo
degree of Co reduction at lower CO pressure, as sugg
by the variations of the white line intensity and the pree
spectral feature depicted inFig. 6. The Raman spectra su
gest that a larger fraction of the carbon is graphite in the s
ple produced at lower pressure, consistent with the pres
of large Co particles. SWNT with a broad distribution of
ameters are also observed in the TEM micrograph inFig. 8A
recorded for the sample reacted at 2 atm, while the image i
Fig. 8Bshows uniform diameter SWNTs in the characte
tic closed hexagonal packing[3]. TEM analysis did not give
evidence of large Co particles on the surface most likely
cause there are just a few large particles in one specime
their size may still be below 2.85 nm, thus still being acco
modated inside the pores of the MCM-41 material. Th
results suggest a small fraction of reduced cobalt can be
verted into larger particles at lower CO pressures. Sec
the lower Co–Co coordination number can be explained
the presence of many clusters of smaller diameter that c
terbalance the contribution of the large diameter parti
to the overall Co–Co coordination number observed exp
mentally. Therefore, the overall picture consistent with th
results is an interior pore wall surface decorated with m
cobalt clusters with sizes below the minimum size requ
to grow carbon nanotubes, and a few larger cobalt clus
with a wide distribution of sizes and able to grow SWN
graphite, and amorphous carbon. The small Co cluster
strongly anchored to the pore wall surface, most likely
Co2+ ions embedded into the pore wall near the surface.
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Fig. 8. Transmission electron micrographs showing (A) as-synthesized SWNT of different diameters grown on Co-MCM-41 at 2 atm CO pressure and 800◦C,
and (B) as-synthesized uniform diameter SWNT grown at 6 atm CO pressure and 800◦C.
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bimodal distribution of Co cluster sizes will result in an a
erage Co–Co coordination number (weighted by the volu
of particles of each size, not by their diameter) correspo
ing to a cluster size somewhere between the diamete
the large and the small Co clusters present in our sam
Depending on the relative concentration of these two pop
tions of clusters/particles, the resulting average size cou
closer to the smaller or to the lager particles size. It has b
shown from calculations that, for example, a particular bidis
perse system containing Pt clusters of 13 and 1415 a
will show the same Pt–Pt coordination number with a s
tem containing monodisperse clusters formed from 147
atoms[44]. Taking into account the low carbon yield an
low Co–Co coordination number observed for the sam
reacted at 2 atm CO, it is likely that most of the reduc
cobalt in this sample is in the form of cobalt clusters
sizes smaller than the critical size required for carbon gro
and/or unreduced Co2+. The presence of few large Co clu
ters that generate SWNT, graphite, and amorphous carb
most likely due to the slower rate of carbon growth at low
pressures, thus giving more time to the small clusters to
cleate before they can grow either SWNT or other car
species. This is also consistent with the low carbon yield
SWNT selectivity at low CO pressures and with the X-r
absorption experiments showing less metallic cobalt evo
after reaction at 2 atm. However, some larger cobalt p
cles may also be a product of the more rapid reduction o
small concentration of Co3+ species (∼ 4% from the total
cobalt loading) initially present in the sample. This spec
reduces at lower temperatures, as discussed elsewhere[39].
This would contribute a larger fraction of the metal clust
in the 2 atm case because the total fraction of reduced coba
at this pressure is smaller.

3.2. Reaction time

A separate series of experiments was designed to inv
gate the influence of duration of the catalyst exposure to
f
.

on the SWNT synthesis performance quantified by the yi
selectivity, and diameter uniformity of the nanotubes p
duced. SWNT were grown by catalyst exposure to CO
different times between 5 and 120 min following the sa
pretreatment by hydrogen at 500◦C. The reaction condition
were controlled at 800◦C and 6 atm CO pressure. The R
man spectra of the Co-MCM-41 loaded with carbon a
exposure to CO for different durations are shown inFig. 9.

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

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

The diameter distribution of SWNT produced after ca
lyst exposure to CO for different durations was also cha
terized by NIR absorption spectroscopy, as shown inFig. 10.
The spectra recorded with catalyst samples exposed to
for different durations are almost identical, indicating t
the SWNT diameter distribution does not change sign
cantly when the exposure to CO increased from 5 to 120
consistent with the conclusions drawn from the Raman
sults.

The carbon loading increased when the CO exposur
creased from 5 to 30 min, as shown in the inset ofFig. 9.
This behavior indicates that cobalt reduction and nu
ation into metallic clusters and the CO disproportiona
to grow carbon species are simultaneous and, thus, com
itive processes. The carbon yield increases steeply du
the first 30 min of CO exposure, and increases at a lo
t-

rate after subsequent exposure, consistent with previou
sults reported by Alvarez and co-workers[15]. However, the
SWNT selectivity of the carbon grown at the early stage
CO exposure is lower compared to that of the carbon gr
for longer time, as suggested by the weaker intensity of
RBM peak. This behavior suggests that cobalt reductio
faster at the early stages of CO exposure and some o
clusters nucleate into large particles selective for grap
deposition. The large particles are most likely formed fr
a small portion of the incorporated Co in the form of Co3+
ions that are not as strongly bound to the framework. E
lier studies showed a small portion of the incorporated
(less than 4%) reduces at lower temperatures[39]. After the
complete reduction of this Co3+ species, the Co reductio
slows along with nucleation into clusters, and the SW
growth rate exceeds the cluster growth rate. Thus the
clusters have a higher probability of initiating SWNT grow
(which stops cluster growth) before growing large enoug
be nonselective for SWNT. Therefore, a slower rate of co
reduction is associated with a better SWNT selectivity.

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

Interestingly, unlike the strong effects of the prereduc
and reaction temperatures, and of the CO pressure o
uniformity of SWNT diameter, the duration of catalyst exp
sure to CO does not seem to affect the diameter distribu
of the SWNT. This behavior suggests that there is a ra
narrow window of clusters sizes in which cobalt is selec
for SWNT growth under high CO pressure and once that
is reached the SWNTs grow at a very fast rate and imp
the further growth of the Co cluster initiating the growth
the nanotube.

The Co-MCM-41 catalysts loaded with carbon followi
exposure to CO for different durations were also investiga
by X-ray absorption.Fig. 11illustrates the near edge regio
of the spectra of Co-MCM-41 samples after exposure
atm CO for different durations at 800◦C. While the inten-
sity of the white line feature decreased and the intensit
the preedge peak increased as the duration of exposure
catalyst to CO is increased from 5 to 15 to 30 min, the sp
tra recorded after catalyst exposure to CO for 60 and
min did not change significantly, suggesting that the co
clusters did not grow larger after 30 min exposure to C
This has been confirmed by the evolution of the Co–Co
Co–O coordination numbers given inTable 2as determined
from the EXAFS spectra using the same procedure discu
above. The variation of Co–O coordination number with
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fresh
Fig. 11. Normalized EXFAS spectra near CoK edge recorded for Co-MCM-41 loaded with carbon at different reaction times. Spectra for the
Co-MCM-41 and cobalt foil are given as references. The inset showsthe variation of the intensity of the white line with the reaction time.
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Table 2
Structure parameters obtained from EXAFS fitting for Co-MCM-41 ca
lysts reacted for different durations

Reaction
time
(min)

Co–O first shell Co–Co first shell

NCo–O
a dR (Å)b σ2 c NCo–Co

d dR (Å)b σ2 c

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

a NCo–O average first-shell coordination of cobalt–oxygen.
b dR deviation from the effective half-path-lengthR (R is the inter-

atomic distance for single scattering paths).
c σ2 (×10−2 Å2) mean-square deviation inR.
d NCo–Co average first-shell coordination of cobalt.

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

4. Conclusion

For SWNT synthesis by CO disproportionation on C
MCM-41 catalysts both selectivity to SWNT and their dia
eter uniformity depend on the relative rates of the follow
three competitive processes: reduction of cobalt, nuclea
of the reduced cobalt atoms into clusters, and initiation
growth of the carbon nanotubes. The results presented
show that reaction at low CO pressures causes a slow
of Co reduction, but also a slow rate of SWNT growth,
lowing cobalt clusters to grow into larger sizes before th
initiate the growth of SWNT, and leads to a wider distrib
tion of SWNT diameters. In contrast, at high CO pressu
despite the higher Co reduction rates, the catalyst gene
SWNT of uniform diameters likely because SWNT grow
proceeds quickly once the catalyst cluster reaches the r
quired size/conformation.

The experiments performed exposing the catalyst to
for different durations indicated that this process varia
significantly affects the SWNT synthesis performance o
during the first 30 min of reaction. It has been shown tha
initial amount of Co—likely the Co3+ species present in th
fresh catalyst—is rapidly reduced and this process is asso
ated with production of larger amounts of graphitic carb
Exposure time to CO, however, does not significantly af
the diameter uniformity of the SWNT produced.
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