JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

Narrow (n,m)-Distribution of Single-Walled Carbon
Nanotubes Grown Using a Solid Supported Catalyst

Sergei M. Bachilo, Leandro Balzano, Jose E. Herrera,
Francisco Pompeo, Daniel E. Resasco, and R. Bruce Weisman

J. Am. Chem. Soc., 2003, 125 (37), 11186-11187+ DOI: 10.1021/ja036622c * Publication Date (Web): 21 August 2003
Downloaded from http://pubs.acs.org on March 29, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 84 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja036622c

JIAIC[S

COMMUNICATIONS

Published on Web 08/21/2003

Narrow (. n,m)-Distribution of Single-Walled Carbon Nanotubes Grown Using a
Solid Supported Catalyst

Sergei M. Bachilo,* Leandro Balzano," Jose E. Herrera," Francisco Pompeo,’
Daniel E. Resasco,*' and R. Bruce Weisman**

School of Chemical Engineering and Materials Science pehsity of Oklahoma, 100 East Boyd Street,
Norman, Oklahoma 73019, and Department of Chemistry, Center for Nanoscale Science and Technology, and
Center for Biological and Esironmental Nanotechnology, Rice Usisity, 6100 Main Street,
Houston, Texas 77005

Received June 11, 2003; E-mail: resasco@ou.edu; weisman@rice.edu

Because the electronic and optical properties of single-walled cally agitated fo 1 h using a Fisher Scientific model 550
carbon nanotubes (SWNTs) depend sensitively on tube structure, homogenizer (550 W output). This created a stable suspension of
a major goal in SWNT production is to control the distribution of individual and bundled nanotubes. This suspension was centrifuged
nanotube diameters and chiralities in the product. For methods infor 1 h at 72 600 to separate metallic catalyst particles and
which nanotubes are grown from gaseous precursors on metallicsuspended tube bundles from the lower density surfactant-suspended
catalyst particles, the size distribution of the catalyst particles individual nanotubes. Only a small fraction of the product deposited
strongly influences the product compositibozens of distinct  at the bottom of the centrifuge tube. Finally, the supernatant liquid,
SWNT structures are formed in the HiPco process, in which enriched in individual surfactant-suspended SWNTs, was withdrawn
disproportionation of CO into COand carbon nanotubes occurs  and adjusted to a pH between 8 and 9 for spectral analysis.
on unsupported iron catalyst clusters formed in situ by the gas-  As was reported earlier, individual semiconducting SWNTs in
phase decomposition of iron pentacarbchilpromising alternative s ;spension show characteristic wavelengths of visible absorption
CVD approach achieves high selectivities for SWNT formation ang near-infrared emission that have been assigned to specific
using a silica-supported €dvio catalyst (CoMo CATY.Ithasbeen  hangtype structurdsThese structures can be labeled usingnj
found that the product composition in this method depends on the notation, in which integers andm uniquely specify tube diameter
Co:Mo ratio and on catalyst treatments that precede nanotubeand chirality! To deduce the sample'\fm) composition, we

s L ) : ) ,
?rowth. In pl)rlnmplek,] adfjustmept ﬁf thes_e paramleters l'ShOUId a“Oc‘iN measured the intensity of light emission as a function of excitation
ine control over the form of the active C"’?‘ayS‘ custers_ and, and emission wavelengths using a J-Y Spex Fluorolog 3-211
therefore, of the nanotube structures. A major challenge in such : Lo
Lo . -~ spectrofluorometer with a liquid-Ncooled InGaAs detector.

process optimization has been assessing nanotube structure dlsmbLExcitation and emission spectral slit widths were 6 nm. and scan
tions formed under various conditions. However, recent break- P '

. . . steps were 23 nm on both axes.
throughs in SWNT spectrofluorimetry provide a powerful new tool .

- . The raw data were corrected for wavelength-dependent instru-
for such analyse®? We report here results coupling the CoMoCAT tal fact dth hed to aive th i lot in Ei
preparation method with spectrofluorimetric analysis to reveal mentat factors and then grapned fo give the contour plot In Figure

1 (top panel). The main intensity peaks are labeled witm

remarkably sharp product distributions of SWNT structures. We = ) . .
estimate that two specific structures, the (6,5) and (7,5) tubes, indices assigned previouslyClearly, only a few structures dominate
the semiconducting nanotube distribution in our sample. Compari-

together comprise more than 50% of the semiconducting SWNT . . -
formed in this process. son with the comparable data segment from a HiPco sample (Figure

The CoMOCAT synthesis was performed using a silica support 1 Pottom panel) shows that the COMoCAT product contains a much
(Sigma-Aldrich SiQ with 6 nm average pore size and BET surface Nnarrower structure distribution. Table 1 lists relative fluorescence
area of 480 rig-1) and a bimetallic catalyst prepared from cobalt intensities (15% estimated accuracy) for all structures detected in
nitrate and ammonium heptamolybdate precursors. The total the COMoCAT sample and major ones in the HiPco sample. The
metallic loading in the catalyst was 2 wt %, with a Co:Mo molar COMOCAT sample shows two dominant structures: (6,5) and (7,5).
ratio of 1:3. Before exposure to the CO feedstock, the catalyst was Together, these account for 57% of the semiconducting tubes
heated to 500C in a flow of gaseous K and further heated to (presuming that abundance is proportional to fluorescence intensity).
750°C in flowing He. The CO disproportionation reaction used to If metallic nanotubes compris§; of the total, the (6,5) and
produce SWNTs was then run in a fluidized bed reactor under a (7,5) structures represent 38% of all SWNTs in the CoMoCAT
flow of pure CO at 5 atm total pressure. The SWNTs grown by sample.
this method remained mixed with the spent catalyst, containing the Data in Table 1 show that the semiconducting tubes from the
silica support and the Co and Mo species. To eliminate the silica CoMoCAT run have an average diameter of 0.81 nm, significantly
from this mixture, the solid product was suspended in a stirred 20% below the 0.93 nm average found for a HiPco sanidespite its
HF solution for 3 h at 25°C. The suspension was then filtered smaller average diameter, the CoMoCAT sample contains no
through a PTFE 0.2m membrane and washed to neutral pH with  spectral features from tubes smaller than (5,4), which is also
deionized water. Next, the solid product was added to an aqueousdetectable in HiPco samples. This finding suggests that the small-
solution containing the surfactant sodium dodecylbenzene sulfonatediameter edge of the diameter distribution may be defined by
(NaDDBS) at twice its critical micelle concentration, and ultrasoni- — stabilities rather than by catalyst particle size. Raman data on similar

t University of Oklahoma. (_Zol\_/loCAT samples are qualitatively consistent with the fluorimetric

#Rice University. findings®
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Figure 1. Contour plots of normalized fluorescence intensities for the
CoMoCAT sample (top frame) and the HiPco sample (bottom frame).

Table 1. (n,m)-Resolved Spectral Intensities from SWNT Samples
fractional fractional
diameter chiral intensity (%), intensity (%),
nm (nm) angle (deg) CoMoCAT HiPco
5,4 0.620 26.3 0.3 0.0
6,4 0.692 23.4 2.8 0.3
9,1 0.757 5.2 0.8 0.2
6,5 0.757 27.0 28 3.7
8,3 0.782 15.3 11 2.9
9,2 0.806 9.8 1.7 0.4
7,5 0.829 24.5 28 4.9
8,4 0.840 19.1 14 4.2
10,2 0.884 9.0 0.0 4.5
7,6 0.895 27.5 8.5 7.1
9,4 0.916 17.5 2.3 7.6
10,3 0.936 12.7 0.0 4.3
8,6 0.966 25.3 0.8 8.3
9,5 0.976 20.6 0.3 5.7
9,5 0.976 20.6 0.0 5.7
12,1 0.995 4.0 0.0 3.8
11,3 1.014 11.7 0.0 4.6
8,7 1.032 27.8 0.3 5.6
10,5 1.050 19.1 0.0 4.6

Figure 2 shows a graphene sheet map of possible nanotube

structures, withr§,m) values labeling semiconducting species. The
thickness of each hexagonal cell border is proportional to the
observed spectral intensity for the enclosagnj structure. This
map clearly reveals that the intensity distribution is sharp not only
in tube diameter, which is proportional here to a cell's distance
from (0,0), but also in tube chiral angle, which ranges frémalong

the zigzag line to 30along the armchair line. The data show a

Zigzag
]
5,0 7.0 8,0 10,0 11,0 3,0 14,0
|
51 61 81 91 1,1 12,4 14,1
i
62 7,2 10,2 ..'!IZ,Z 13,2
I
53 1{:;&1 0 nm
.,e’
f 114
9,5 /10,5

Figure 2. (n,m)-Resolved intensity map for the CoMoCAT sample. The
thickness of each hexagonal cell in the graphene sheet is proportional to
the observed intensity for that structure. Red and blue labels code for mod
(n-m,3) families, and the arc indicates tube diameters of 1.0 nm.

significantly stronger preference for near-armchair structures than
was observed earlier in HiPco samplé=or example, although the
(9,1) and (6,5) tubes have the same diameter, the latter, with a chiral
angle of 27, shows 35 times the intensity of the former, which
has a chiral angle of 522

We suggest that, in the CoMoCAT method, interactions between
Mo oxides and Co stabilize the Co catalyst against aggregation
through high-temperature sinterihgVe have found that these
interactions vary with the Co:Mo ratio and evolve during stages of
the catalyst lifé’ At the low ratios used here, catalyst particles
contain highly dispersed molybdenum oxide covered by a Co
molybdate layer. With exposure to CO, the Mo oxide is converted
into Mo carbide. This disrupts the molybdate layer, allowing the
Co to be reduced by CO and migrate on the surface to form small,
growing catalytic clusters of metallic Co. Carbon accumulates on
these nanoclusters through CO disproportionation, leading to the
formation of correspondingly small diameter SWNTSs. The relatively
low reactor temperature prevents the catalytic clusters from growing
rapidly, which, as previously shown, would increase the average
nanotube diametéf.The growth mechanism also seems to strongly
favor near-armchair structures. Further mechanistic studies using
(n,m) product analysis are in progress.
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