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57 ABSTRACT

A method of producing a carbon nanotube product compris-
ing a catalytic particle and carbon nanotubes deposited
thereon. The catalytic particles preferably contain Co or Ni
metal from Group VIII, and Mo or W metal from Group VIb.
The catalytic particle preferably comprises a support material
upon which the metals are disposed. The carbon nanotube
product is preferably formed by exposing the catalytic par-
ticle to a carbon-containing gas at a temperature sufficient to
form the carbon nanotubes as a primary portion of a solid
carbon product with minor amounts of graphite and amor-
phous carbon residue.
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METHOD OF PRODUCING SINGLE-WALLED
CARBON NANOTUBES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] Thepresentapplication is a continuation of U.S. Ser.
No. 11/338,170, filed Jan. 24, 2006, which is a continuation of
U.S. Ser. No. 10/926,317, filed Aug. 25, 2004, now U.S. Pat.
No. 7,094,386, which is a continuation of U.S. Ser. No.
10/423,687, filed Apr. 25,2003, now U.S. Pat. No. 6,994,907,
which is a continuation of U.S. Ser. No. 09/988,847, filed
Nov. 19, 2001, now abandoned, which is a continuation of
U.S. Ser. No. 09/389,553, filed Sep. 3, 1999, now U.S. Pat.
No. 6,333,016, which claims the benefit of U.S. Provisional
Application Ser. No. 60/137,206, filed Jun. 2, 1999, each of
which are hereby expressly incorporated by reference herein
in their entireties.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] Not Applicable.

BACKGROUND OF THE INVENTION

[0003] 1. Field of the Invention

[0004] This invention is related to the field of producing
carbon nanotubes, and more particularly, but not by way of
limitation, to methods of producing single-walled carbon
nanotubes.

[0005] 2. Brief Description of the Prior Art

[0006] Carbon nanotubes (also referred to as carbon fibrils)
are seamless tubes of graphite sheets with full fullerene caps
which were first discovered as multi-layer concentric tubes or
multi-walled carbon nanotubes and subsequently as single-
walled carbon nanotubes in the presence of transition metal
catalysts. Carbon nanotubes have shown promising applica-
tions including nanoscale electronic devices, high strength
materials, electron field emission, tips for scanning probe
microscopy, and gas storage.

[0007] Generally, single-walled carbon nanotubes are pre-
ferred over multi-walled carbon nanotubes for use in these
applications because they have fewer defects and are there-
fore stronger and more conductive than multi-walled carbon
nanotubes of similar diameter. Defects are less likely to occur
in single-walled carbon nanotubes than in multi-walled car-
bon nanotubes because multi-walled carbon nanotubes can
survive occasional defects by forming bridges between unsat-
urated carbon valances, while single-walled carbon nano-
tubes have no neighboring walls to compensate for defects.
[0008] However, the availability ofthese new single-walled
carbon nanotubes in quantities necessary for practical tech-
nology is still problematic. Large scale processes for the
production of high quality single-walled carbon nanotubes
are still needed.

[0009] Presently, there are three main approaches for syn-
thesis of carbon nanotubes. These include the laser ablation of
carbon (Thess, A. et al., Science 273, 483 (1996)), the electric
arc discharge of graphite rod (Journet, C. et al., Nature 388,
756 (1997)), and the chemical vapor deposition of hydrocar-
bons (Ivanov, V. et al., Chem. Phys. Lett 223, 329 (1994); Li
A.etal., Science 274, 1701 (1996)). The production of multi-
walled carbon nanotubes by catalytic hydrocarbon cracking
is now on a commercial scale (U.S. Pat. No. 5,578,543) while
the production of single-walled carbon nanotubes is still in a
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gram scale by laser (Rinzler, A. G. etal., Appl. Phys. A. 67,29
(1998)) and arc (Haftner, J. H. et al., Chem. Phys. Lett. 296,
195 (1998)) techniques.

[0010] Unlike the laser and arc techniques, carbon vapor
deposition over transition metal catalysts tends to create
multi-walled carbon nanotubes as a main product instead of
single-walled carbon nanotubes. However, there has been
some success in producing single-walled carbon nanotubes
from the catalytic hydrocarbon cracking process. Dai et al.
(Dai, H. et al., Chem. Phys. Lett 260, 471 (1996)) demon-
strate web-like single-walled carbon nanotubes resulting
from disproportionation of carbon monoxide (CO) with a
molybdenum (Mo) catalyst supported on alumina heated to
1200° C. From the reported electron microscope images, the
Mo metal obviously attaches to nanotubes at their tips. The
reported diameter of single-walled carbon nanotubes gener-
ally varies from 1 nm to 5 nm and seems to be controlled by
the Mo particle size. Catalysts containing iron, cobalt or
nickel have been used at temperatures between 850° C. to
1200° C. to form multi-walled carbon nanotubes (U.S. Pat.
No. 4,663,230). Recently, rope-like bundles of single-walled
carbon nanotubes were generated from the thermal cracking
of' benzene with iron catalyst and sulfur additive at tempera-
tures between 1100-1200° C. (Cheng, H. M. et al., Appl.
Phys. Lett. 72,3282 (1998); Cheng, H. M. et al., Chem. Phys.
Lett. 289, 602 (1998)). The synthesized single-walled carbon
nanotubes are roughly aligned in bundles and woven together
similarly to those obtained from laser vaporization or electric
arc method. The use of laser targets comprising one or more
Group VI or Group VIII transition metals to form single-
walled carbon nanotubes has been proposed (W098/39250).
The use of metal catalysts comprising iron and at least one
element chosen from Group V (V, Nb and Ta), VI (Cr, Mo and
W), VII (Mn, Tc and Re) or the lanthanides has also been
proposed (U.S. Pat. No. 5,707,916). However, methods using
these catalysts have not been shown to produce quantities of
nanotubes having a high ratio of single-walled carbon nano-
tubes to multi-walled carbon nanotubes.

[0011] In addition, the separation steps which precede or
follow the reaction step represent the largest portion of the
capital and operating costs required for production of the
carbon nanotubes. Therefore, the purification of single-
walled carbon nanotubes from multi-walled carbon nano-
tubes and contaminants (i.e., amorphous and graphitic car-
bon) may be substantially more time consuming and
expensive than the actual production of the carbon nanotubes.
[0012] Further, one of the greatest limitations in the current
technology is the inability to obtain a simple and direct quan-
tification of the different forms of carbon obtained in a par-
ticular synthesis. Currently, transmission electron micros-
copy (TEM) is the characterization technique most widely
employed to determine the fraction of single-walled carbon
nanotubes present in a particular sample. However, transmis-
sion electron microscopy can only provide a qualitative
description of the type of carbon species produced. It is hard
to determine how representative of the overall production a
given transmission electron microscopic image can be.
Obtaining semi-quantitative determinations of the distribu-
tion of different carbon species ina sample with any statistical
significance is time consuming, and the method employing
transmission electron microscopy could not be applied as a
routine quality control to large-scale operations.

[0013] Therefore, new and improved methods of producing
nanotubes which enable synthesis of commercial quantities
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of substantially pure single-walled carbon nanotubes and at
lower temperatures than previously reported, as well as meth-
ods to directly quantify the different forms of carbon obtained
in a particular synthesis, are being sought. It is to such meth-
ods of producing nanotubes and quantifying synthesis prod-
ucts that the present invention is directed.

SUMMARY OF THE INVENTION

[0014] According to the present invention, a method for
producing carbon nanotubes is provided which avoids the
defects and disadvantages of the prior art. Broadly, the
method includes contacting, in a reactor cell, metallic cata-
Iytic particles with an effective amount of a carbon-contain-
ing gas at a temperature sufficient to catalytically produce
carbon nanotubes, wherein a substantial portion of the carbon
nanotubes are single-walled carbon nanotubes, and the metal-
lic catalytic particle includes a Group VIII metal, excluding
iron, and a Group VIb metal.

[0015] Further, according to the present invention, a
method is provided for determining catalyst composition and
reaction conditions for optimizing production of single-
walled carbon nanotubes. Broadly, the method includes con-
tacting, in a reactor cell, a sample of a product produced by
the method for producing carbon nanotubes with an effective
amount of an oxygen-containing gas to oxidize carbon
present in the sample while increasing the temperature within
the reactor cell. The amount of carbon dioxide released by the
sample is measured, and the specific carbon species present in
the sample is determined by the release of carbon dioxide
from the sample at specific temperatures. The catalyst com-
position and/or reaction conditions are altered until single-
walled carbon nanotubes are present in substantially higher
quantities than all other carbon species in the sample of the
product containing nanotubes.

[0016] Inone aspect of the invention, the metallic catalytic
particle is a bimetallic catalyst deposited on a support such as
silica. The ratio of the Group VIII metal to the Group VIb
metal in the bimetallic catalyst is in the range of from about
1:5 to about 2:1.

[0017] An object of the present invention is to provide a
method for producing single-walled carbon nanotubes in
greater quantities and at lower temperatures.

[0018] Another object of the present invention is to provide
methods for determining quantitatively the different forms of
carbon, including single-walled carbon nanotubes, multi-
walled carbon nanotubes, and amorphous carbon, presentin a
sample, and thereby determine the selectivity of a particular
catalyst and optimize reaction conditions for producing car-
bon nanotubes.

[0019] Other objects, features and advantages of the
present invention will become apparent from the following
detailed description when read in conjunction with the
accompanying figures and appended claims.

DESCRIPTION OF DRAWINGS

[0020] FIG.11is atransmission electron microscopic image
of single-walled carbon nanotubes from CO disproportion-
ation catalyzed by a Co/Mo catalyst on SiO, at 700° C. (100,
000 magnification).

[0021] FIG. 2 is a transmission electron microscopic image
of the sample employed in FIG. 1 at higher resolution (400,
000 magnification) showing bundles of single-walled carbon
nanotubes (SWNTs).

May 8, 2008

[0022] FIG. 3 is a transmission electron microscopic image
of the sample employed in FIG. 1 showing aligned single-
walled carbon nanotubes growing in bundles.

[0023] FIG. 4 is a transmission electron microscopic image
of the sample employed in FIG. 1 showing an end view of a
single-walled carbon nanotube bundle.

[0024] FIG. 5 is a scanning electron microscopic image of
the sample employed in FIG. 1 showing a single-walled car-
bon nanotube bundle growing out from the catalytic surface.
[0025] FIG. 6 is a Temperature Programmed Oxidation
profile of products from CO disproportionation catalyzed by
a Co:Mo/SiO, catalyst at 700° C.

[0026] FIG. 7 is a Temperature Programmed Oxidation
profile of products from CO disproportionation catalyzed by
a Co catalyst on SiO,, a Mo catalyst on SiO,, and a Co:Mo
catalyst on SiO, at 700° C.

[0027] FIG. 8 is a Temperature Programmed Oxidation
profile of products from CO disproportionation catalyzed by
Co:Mo catalysts on SiO, at 700° C. in which the molar ratio
of Co to Mo is varied.

[0028] FIG. 9 is a Temperature Programmed Oxidation
profile of products from CO disproportionation catalyzed by
Co:Mo/SiO, catalyst in which the reaction temperature is
varied.

[0029] FIG. 10 is a Temperature Programmed Oxidation
profile of products from CO disproportionation catalyzed by
Co:Mo/Si0, catalyst at 700° C. in which the percentage of
CO in the carbon-containing gas used in CO disproportion-
ation is varied.

[0030] FIG. 11 is a Temperature Programmed Oxidation
profile of products from CO disproportionation catalyzed by
Co:Mo/SiO, catalyst at 700° C. in which the reaction time of
CO disproportionation is varied.

DETAILED DESCRIPTION OF THE INVENTION

[0031] The present invention is directed to a method for
producing quantities of single-walled carbon nanotubes by
passing an effective amount of a carbon-containing gas over
bimetallic catalytic particles, which consist essentially of a
Group VIII and a Group VIb metal, at relatively low tempera-
tures; and a method for obtaining a reliable quantitative mea-
surement of the yield of single-walled carbon nanotubes
present in a product containing carbon nanotubes.

[0032] Broadly, the method for producing single-walled
carbon nanotubes comprises contacting bimetallic catalytic
particles consisting essentially of a Group VIII and a Group
VIb metal with an effective amount of a carbon-containing
gas in a reactor heated to a temperature of from about 500° C.
to 1200° C., preferably from about 600° C. to about 850° C.,
and more preferably from about 650° to about 750° C. and
most preferably about 700° C. The carbon-containing gas
may be supplied to a reactor in a continuous flow or may be
maintained in a stagnant atmosphere.

[0033] The phrase “an effective amount of a carbon-con-
taining gas” as used herein means a gaseous carbon species
present in sufficient amounts to result in deposition of carbon
on the metallic catalytic particles at elevated temperatures
such as those described hereinbefore, resulting in formation
of carbon nanotubes.

[0034] The metallic catalytic particles as described herein
include a catalyst component. The catalyst as provided and
employed in the present invention is bimetallic. The bimetal-
lic catalyst contains one metal from Group VIII including Co,
Ni, Ru, Rh, Pd, Ir, and Pt, and one metal from Group VIb
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including Cr, W and Mo. Specific examples of bimetallic
catalysts which may be employed by the present invention
include Co—Cr, Co—W, Co—Mo, Ni—Cr, Ni—W,
Ni—Mo, Ru—Cr, Ru—W, Ru—Mo, Rh—Cr, Rh—W,
Rh—Mo, Pd—Cr, P[d—W, Pd—Mo, Ir—Cr, Ir—W, Ir—Mo,
Pt—Cr, Pt—W, and Pt—Mo. Especially preferred catalysts
of'the present invention comprise Co—Mo, Co—W, Ni—Mo
and Ni—W.

[0035] A synergism exists between the two metal compo-
nents of the bimetallic catalyst in that metallic catalytic par-
ticles containing the bimetallic catalyst are much more effec-
tive catalysts for the production of single-walled carbon
nanotubes than metallic catalytic particles containing either
one or the other metal component as a catalyst. This syner-
gistic effect observed with the bimetallic catalyst will be
described in more detail hereinafter.

[0036] The ratio of the Group VIII metal to the Group VIb
metal in the metallic catalytic particles also affects the selec-
tive production of single-walled carbon nanotubes by the
method of the present invention. The ratio of the Group VIII
metal to the Group VIb metal is preferably from about 1:10to
about 15:1, and more preferably about 1:5 to about 2:1. Gen-
erally, the concentration of the Group VIb metal (e.g., Mo)
will exceed the concentration of the Group VIII metal (e.g.
Co) in metallic catalytic particles employed for the selective
production of single-walled carbon nanotubes.

[0037] The metallic catalytic particles may comprise more
than one metal from each of Groups VIII and VIb as long as at
least one metal from each Group is present. For example, the
metallic catalytic particles may comprise (1) more than one
Group VIII metal and a single Group VIb metal, (2) a single
Group VIII metal and more than one Group VIb metal, or (3)
more than one Group VIII metal and more than one Group
VIb metal.

[0038] The bimetallic catalyst may be prepared by simply
mixing the two metals. The bimetallic catalyst can also be
formed in situ through decomposition of a precursor com-
pound such as bis(cyclopentadienyl) cobalt or bis(cyclopen-
tadienyl) molybdenum chloride.

[0039] The catalyst is preferably deposited on a support
such as silica (Si0,), MCM-41 (Mobil Crystalline Material-
41), alumina (Al,0;), MgO, Mg(ADO (aluminum-stabilized
magnesium oxide), ZrO,, molecular sieve zeolites, or other
oxidic supports known in the art.

[0040] The metallic catalytic particle, that is, the catalyst
deposited on the support, may be prepared by evaporating the
metal mixtures over flat substrates such as quartz, glass, sili-
con, and oxidized silicon surfaces in a manner well known to
persons of ordinary skill in the art.

[0041] The total amount of bimetallic catalyst deposited on
the support may vary widely, but is generally in an amount of
from about 1% to about 20% of the total weight of the metallic
catalytic particle, and more preferably from about 3% to
about 10% by weight of the metallic catalytic particle.
[0042] In an alternative version of the invention the bime-
tallic catalyst may not be deposited on a support, in which
case the metal components comprise substantially 100% of
the metallic catalytic particle.

[0043] Examples of suitable carbon-containing gases
include aliphatic hydrocarbons, both saturated and unsatur-
ated, such as methane, ethane, propane, butane, hexane, eth-
ylene and propylene; carbon monoxide; oxygenated hydro-
carbons such as acetone, acetylene and methanol; aromatic
hydrocarbons such as toluene, benzene and naphthalene; and
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mixtures of the above, for example carbon monoxide and
methane. Use of acetylene promotes formation of multi-
walled carbon nanotubes, while CO and methane are pre-
ferred feed gases for formation of single-walled carbon nano-
tubes.

[0044] The carbon-containing gas may optionally be mixed
with a diluent gas such as helium, argon or hydrogen.
[0045] Ina preferred version of the invention the bimetallic
catalytic particles are disposed within a reactor cell, such as a
quartz tube, which is disposed within a furnace or oven, and
the carbon-containing gas is passed into the reactor cell.
Alternatively, the sample can be heated by microwave radia-
tion. The process may be continuous, wherein the metallic
catalytic particles and carbon-containing gas are continu-
ously fed and mixed within the reactor, or the process may be
a batch process wherein the carbon-containing gas and metal-
lic catalytic particles are disposed within the reactor cell and
held therein for the duration of the reaction period.

[0046] Alternatively, the metallic catalytic particles may be
mixed with electrodes in an arc discharge system to produce
single-walled carbon nanotubes and/or multi-walled carbon
nanotubes. Alternatively, the metallic catalytic particles may
be used in a system exposed to a plasma discharge induced by
microwaves. After the catalytic process has been completed,
the metallic catalytic particles and the nanotubes are removed
from the reactor. The nanotubes are separated from the metal-
lic catalytic particles by methods known to those of ordinary
skill in the art. Further discussion of such methods is not
deemed necessary herein.

[0047] The single-walled carbon nanotubes produced
herein generally have an external diameter of from about 0.7
nm to about 5 nm. Multi-walled carbon nanotubes produced
herein generally have an external diameter of from about 2 nm
to about 50 nm.

[0048] Themethod of obtaining a reliable quantitative mea-
surement of the yield of single-walled carbon nanotubes is
direct and easy to conduct, so that changes in selectivity or
steady-state production can be readily detected, facilitating
reproducibility and quality control. This method is based on
the Temperature Programmed Oxidation (TPO) technique
(Krishnankutty, N. et al. Catalysis Today, 37, 295 (1997)),
which is well known in the art. This technique is frequently
used to assess the crystallinity of carbon and is based on the
concept that highly graphitic materials will be more resistant
to oxidation than those possessing a short range crystalline
order. In the present invention, this technique is adapted to
provide a method to determine the selectivity of the produc-
tion of single-walled carbon nanotubes over multi-walled
carbon nanotubes, as well as the percentages of total solid
product constituted by each carbon species, including not
only single- and multi-walled carbon nanotubes but also
amorphous and graphitic carbon species. Therefore, this
method, in combination with the method for production of
carbon nanotubes as described in detail hereinbefore, will
allow for the controlled production of single-walled carbon
nanotubes. However, it will be understood that this method
can also be used for analysis of any sample containing carbon
nanotubes.

[0049] Broadly, the method includes passing a continuous
flow of a gas containing oxygen dispersed in a carrier gas,
such as 5% oxygen in helium, over a sample containing
carbon nanotubes, such as a catalyst containing carbon depos-
its, while the temperature is linearly increased from ambient
temperature to about 800° C. The oxygen-containing gas is
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provided in an amount effective to oxidize carbon species
present in the sample. Oxidation of a carbon species results in
the evolution of carbon dioxide, and each carbon species,
such as single- or multi-walled carbon nanotubes, amorphous
carbon, or graphite, is oxidized at a different temperature. The
evolution of CO, produced by the oxidation of each carbon
species present in the sample is monitored by a mass spec-
trometer. The evolved carbon dioxide is quantified by cali-
brating with pulses of known amounts of pure carbon dioxide
and oxidation of known amounts of graphite, thereby yielding
a direct measurement of the amount of carbon which is oxi-
dized at each temperature. That is, each mol of carbon dioxide
detected by the mass spectrometer corresponds to one mol of
carbon of the particular species which is oxidized at a given
temperature.

[0050] This quantitative method which incorporates the use
of Temperature Programmed Oxidation, referred to hereinat-
ter as the Temperature Programmed Oxidation method, is
particularly suitable for the quantitative characterization of
single-walled carbon nanotubes because single-walled car-
bon nanotubes are oxidized in a relatively narrow temperature
range, which lies above the temperature of oxidation of amor-
phous carbon and below the temperature of oxidation of
multi-walled carbon nanotubes and graphitic carbon. For
instance, the oxidation temperature of single-walled carbon
nanotubes has been shown to be 100° C. higher than that of
C,, fullerenes and 100° C. lower than that of multi-walled
carbon nanotubes by this method. A similar result has been
obtained by the thermo-gravimetric analysis (TGA) method
(Rinzler, A. G. et al., Appl. Phys. A, 67, 29 (1998)), confirm-
ing the suitability of this method for the quantitation of single-
walled carbon nanotubes.

[0051] Themethod of Temperature Programmed Oxidation
analysis as described herein can be used to quickly test dif-
ferent catalyst formulations and operating conditions of
nanotube production methods to optimize the production of
single-walled carbon nanotubes. For example, the optimum
bimetallic catalyst present in the metallic catalytic particles,
as well as the optimum molar ratio of the two metals, can be
determined by Temperature Programmed Oxidation. Tem-
perature Programmed Oxidation can also be used to optimize
the reaction conditions, such as temperature, time and con-
centration of carbon in the carbon-containing gas. For
instance, Temperature Programmed Oxidation results from
products run at different reaction temperatures illustrate that
the amount of carbon deposited increases as the temperature
decreases, but the selectivity to produce single-walled carbon
nanotubes is lower at low temperatures. Therefore, Tempera-
ture Programmed Oxidation can be used to find the optimum
reaction temperature for any particular catalyst.

[0052] Now it will be understood that although optimiza-
tion of single-walled carbon nanotube production has been
discussed in detail herein, the same method may be used to
optimize production of multi-walled carbon nanotubes.
[0053] The amount of graphite, amorphous carbon and
other carbon residues formed during the catalytic process are
minimized due to the reduced temperatures that are
employed. The amount by weight of graphite or amorphous
carbon produced is less than 40% by weight of the total solid
material formed during the process, preferably less than 30%,
more preferably less than 20%, and even more preferably less
than 10%. Most preferably, the amount of graphite, amor-
phous carbon, and other solid carbon residue make up less
than 5% of the total solid product of the catalytic process.
[0054] The Temperature Programmed Oxidation method as
described herein appears to be the first method described
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which has the ability to not only determine which carbon
species is present in a sample but also determine the percent
of'each carbon species present in the sample. This is particu-
larly helpful in determining what purification steps, if any,
should be undertaken before use of the single-walled carbon
nanotubes in various applications. Since the purification steps
can be more time consuming and expensive than the actual
carbon nanotube production itself, the value of the Tempera-
ture Programmed Oxidation method is clearly evident.
[0055] The nanotubes produced herein may be used in a
variety of applications. For example, they can be used as
reinforcements in fiber-reinforced composite structures or
hybrid composite structures (i.e. composites containing rein-
forcements such as continuous fibers in addition to nano-
tubes). The composites may further contain fillers such as
carbon black, silica, and mixtures thereof. Examples of rein-
forceable matrix materials include inorganic and organic
polymers, ceramics (e.g., Portland cement), carbon, and met-
als (e.g., lead or copper). When the matrix is an organic
polymer, it may be a thermoset resin such as epoxy, bismale-
imide, polyimide, or polyester resin; a thermoplastic resin; or
a reaction injection molded resin. The nanotubes can also be
used to reinforce continuous fibers. Examples of continuous
fibers that can be reinforced or included in hybrid composites
are aramid, carbon, glass fibers, and mixtures thereof. The
continuous fibers can be woven, knit, crimped, or straight.
[0056] The invention will be more fully understood by ref-
erence to the following examples. However, the examples are
merely intended to illustrate desirable aspects of the invention
and are not to be construed to limit the scope of the invention.

EXAMPLE 1

[0057] Bimetallic catalytic particles containing 10 wt % of
mixed cobalt and molybdenum (1:1 ratio) on a silica substrate
were prepared by the incipient wetness impregnation method,
in which an appropriate amount of Cobalt Nitrate and Ammo-
nium Heptamolybdate Tetrahydrate were dissolved together
in deionized water and gradually dropped on the silica.
Ceramic mortar and pestle were utilized to disperse the met-
als on silica. The resulting bimetallic catalytic particles were
then left to dry at ambient conditions for a few hours. The
partially dried bimetallic catalytic particles were then dried in
an oven at 80° C. for 12 hours. The dry bimetallic catalytic
particles were then calcined in flowing air at 450° C.

[0058] Forproduction of nanotubes, 0.1 gofcalcined bime-
tallic catalytic particles was placed in a vertical quartz tube
reactor having an arc inside diameter of 8 mm. The vertical
quartz tube reactor containing the calcined bimetallic cata-
Iytic particles was disposed inside a furnace which was
equipped with a thermocouple and temperature control.
Hydrogen gas (85 cm®/min) was passed into the reactor from
the top of the reactor. The furnace temperature was linearly
raised at a rate of 20° C./min from room temperature to 450°
C. After 450° C. was reached, hydrogen flow passed into the
reactor for an additional 30 min. The reactor temperature was
then increased to 600-700° C. in helium gas. Subsequently,
carbon monoxide gas (50% carbon monoxide/50% helium)
was introduced into the reactor at a flowrate of 100 cm>/min.
The contact time of CO with the calcined bimetallic catalytic
particles was varied between 15 minutes and 2 hours. After
contacting for the prescribed period of time, the furnace was
turned off and the product was cooled down in helium to room
temperature.

[0059] After reaction, the color of the sample had turned to
a deep black. For transmission electron microscopic analysis
of the product, a portion of the product was suspended in
distilled water by sonication with ultra-sound. A few drops of
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such suspension were deposited on lacey carbon supported on
a copper grid. The portion of the product was then dried and
inspected in a transmission electron microscope, model
JEOL JEM-2000FX at 200 kV. As shown in the transmission
electron microscopic images (FIGS. 1-4), the amount of
single-walled carbon nanotubes produced is clearly seen in
large quantities. It is observed that these single-walled carbon
nanotubes lay together, roughly aligned as bundles. The
transmission electron microscopic images also reveal that the
bundles of single-walled carbon nanotubes are coated with
amorphous carbon as from other methods. Most tubes are
about 1 nm in diameter, with a few having larger diameters, up
to 3.2 nm.

[0060] Followingtransmission electron microscopic analy-
sis, the product was scanned using a scanning electron micro-
scope, model JEOL JSM-880. The scanning electron micro-
scopic image represented in FIG. 5 shows the bundles of
single-walled carbon nanotubes on the surface of silica.

EXAMPLE 2

[0061] Metallic catalytic particles containing the monome-
tallic catalysts of Ni, Co or Mo supported on silica were also
prepared by the same methodology described in Example 1,
and their catalytic properties were compared to that of metal-
lic catalytic particles containing the bimetallic catalyst. After
conducting the same treatment in CO at 700° C. as described
in Example 1, and doing the same transmission electron
microscopic analysis, no single-walled carbon nanotubes
were observed on these samples. This result indicates that
there is a synergism between Co and Mo that makes the
combination of two metals, which separately cannot produce
Single-walled carbon nanotubes at this temperature, a very
effective formulation.

EXAMPLE 3

[0062] A series of metallic catalytic particles containing 6
wt % Co—Mo bimetallic catalysts were prepared on different
supports (Si0,, MCM-41, Al,0;, Mg(ADO, and Zr0,), and
their nanotube production abilities were compared, following
the same CO disproportionation methodology as employed in
Example 1. Table 1 summarizes the results of these experi-
ments.

TABLE I

Effect of Catalyst Support on Carbon Deposit Morphology

Catalyst Observed Morphology of Carbon Deposits

Co:Mo/SiO, major amount of single-walled carbon nanotubes,
minor amounts of multi-walled carbon nanotubes
and graphite

major amount of single-walled carbon nanotubes,
minor amounts of multi-walled carbon nanotubes
and graphite

minor amounts of single- and multi-walled carbon
nanotubes and graphite

minor amount of graphite, small amount of
single-walled carbon nanotubes

Co:Mo/MCM-41

Co:Mo/AL,O;

Co:Mo/Mg(AlO

Co:Mo/ZrO, minor amount of graphite, small amount of
single-walled carbon nanotubes
EXAMPLE 4
[0063] Following the same procedure as that in Example 1,

it was observed that metallic catalytic particles containing a
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Co—W bimetallic catalyst deposited on Si0, with a Co/W
molar ratio of 1.0 gave similar production of single-walled
carbon nanotubes as that of the Co—Mo/Si0, metallic cata-
Iytic particles. As in the case of the Co—Mo series, it was
observed that metallic catalytic particles containing only
W/Si0, without Co did not form single-walled carbon nano-
tubes.

EXAMPLE 5

[0064] Carbon species produced by using metallic catalytic
particles containing a 6 wt % Co—Mo bimetallic catalyst (1:2
ratio) supported on silica by the same CO disproportion meth-
odology as described in Example 1 were analyzed by the
Temperature Programmed Oxidation method, as shown in
FIG. 6.

[0065] For Temperature Programmed Oxidation analysis,
50 mg of sample obtained from the product of CO treatment
at 700° C. was placed in a quartz tube reactor similar to that
employed in Example 1. A continuous flow of 5% oxygen/
95% helium was passed into the reactor, and the temperature
of the furnace was increased from ambient temperature to
800° C. atarateof 11° C. per minute, and then held at 800° C.
for 1 hour. CO, evolution was measured by mass spectrom-
etry to determine the amount of carbon species oxidized at
each temperature.

[0066] Mass spectrometry measures the partial pressure of
CO, in the quartz tube, which gives an arbitrary value. This
value was then normalized by subtracting the background
level, which was calculated following calibration with 100 ml
pulses of CO, and oxidation of known amounts of graphite.
The adjusted value was directly proportional to the mol CO,
oxidized at a particular temperature, which is directly propor-
tional to the mol of a particular carbon species which is
present in the sample. From these values, the percentage of
the total solid product of the catalytic process represented by
single-walled carbon nanotubes can be calculated.

[0067] The Temperature Programmed Oxidation profile of
the carbon species produced on the Co:Mo/SiO, metallic
catalytic particles (labeled “Co:Mo 1:2”) presented a small
oxidation peak centered atabout 330° C., which is ascribed to
the oxidation of amorphous carbon, and a major peak cen-
tered at about 510° C., which is marked in the figure with an
arrow and ascribed to the oxidation of single-walled carbon
nanotubes.

[0068] Two reference samples were also investigated by the
Temperature Programmed Oxidation method and their pro-
files included in FIG. 6. The first reference (labeled “Graph-
ite”) was a graphite powder physically mixed with the
Co:Mo/Si0O, metallic catalytic particles. The oxidation of this
form of carbon occurred at very high temperatures, starting at
about 700° C., and completed after holding 30 minutes at
800° C.

[0069] The second reference sample was a commercial
sample of purified single-walled carbon nanotubes, obtained
from Tubes@Rice (Rice University, Houston, Tex.). This
sample was provided in a liquid suspension of 5.9 grams/liter,
containing a non-ionic surfactant Triton X-100. For Tempera-
ture Programmed Oxidation analysis, the Co:Mo/Si0, metal-
lic catalytic particles were impregnated with the single-
walled carbon nanotube suspension in a liquid/catalyst ratio
of 1:1 by weight, in order to obtain approximately 0.6 wt %
single-walled carbon nanotubes on the sample. The Tempera-
ture Programmed Oxidation profile of this impregnated
sample (labeled “Tubes@Rice”) exhibited two peaks, a low



US 2008/0107588 Al

temperature peak that corresponds to the oxidation of the
surfactant, and a second peak at about 510° C., which corre-
sponds exactly to the position ascribed to the oxidation of
single-walled carbon nanotubes. To determine that the first
peak was indeed due to the oxidation of the surfactant, an
identical sample with a blank solution containing only the
surfactant in the same concentration was prepared. The Tem-
perature Programmed Oxidation profile (labeled “Blank solu-
tion”) matched the first peak of the “Tubes@Rice” profile,
demonstrating that indeed this peak corresponds to the sur-
factant Triton.

[0070] The quantification of the amount of single-walled
carbon nanotubes in the “Tubes@Rice” reference sample
from the CO, produced by the Temperature Programmed
Oxidation method gave a value of 0.64 wt %, which is in good
agreement with the amount of single-walled carbon nano-
tubes loaded in the sample (0.6 wt %). This result demon-
strates that the Temperature Programmed Oxidation method
of the present invention can be used to directly quantify the
percentage of a particular carbon species, such as single-
walled carbon nanotubes, multi-walled carbon nanotubes,
and amorphous carbon, present in a product obtained by the
nanotube production method. Currently, no other method of
directly quantifying the fraction of a total solid product of
nanotube production represented by a particular carbon spe-
cies exists.

EXAMPLE 6

[0071] Temperature Programmed Oxidation profiles of the
products from CO disproportionation catalyzed by metallic
catalytic particles containing the monometallic catalysts of
Co or Mo supported on silica were generated by the method
employed in Example 5 and were compared to the Tempera-
ture Programmed Oxidation profile of products from CO
disproportionation catalyzed by the bimetallic catalyst. The
Temperature Programmed Oxidation method clearly demon-
strates the synergistic effect exhibited by Co and Mo, which
was also observed by transmission electron microscopy as
described in Example 2.

[0072] As shown in FIG. 7, the Temperature Programmed
Oxidation profile of the sample containing Mo/SiO, metallic
catalytic particles (labeled “Mo”) indicates that Mo alone
does not produce carbon nanotubes; the “Mo” Temperature
Programmed Oxidation profile only contains a small low-
temperature peak corresponding to amorphous carbon. Simi-
larly, the Temperature Programmed Oxidation profile of the
sample containing Co/SiO, metallic catalytic particles (la-
beled “Co”) indicates that Co alone is not selective for the
production of single-walled carbon nanotubes and generates
mainly graphitic carbon and multi-walled carbon nanotubes,
which, as described above, are oxidized at higher tempera-
tures than single-walled carbon nanotubes. By contrast, the
combination of the two metals results in high selectivity for
single-walled carbon nanotubes, and the sample containing
Co:Mo/Si0O, metallic catalytic particles (labeled “Co:Mo=1:
2”, wherein the Co:Mo ratio was 1:2), exhibits a large peak
centered at about 510° C. and is ascribed to single-walled
carbon nanotubes. Because no other peaks are evident, it can
be assumed that single-walled carbon nanotubes are provided
as a large percentage of the total solid product of nanotube
production.

[0073] The percentages of single-walled carbon nanotubes,
amorphous carbon, and multi-walled carbon nanotubes and
graphite present in the catalytic products are listed in Table I1.
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TABLE I

Synergistic Effect Exhibited by Co and Mo

Single- Multi-Walled
Walled Carbon
Amorphous Carbon Nanotubes and

Catalyst Carbon % Nanotubes % Graphite %

Co 38 11 51

Mo 95 5

Co:Mo (1:2) 8 88 4

EXAMPLE 7
[0074] Temperature Programmed Oxidation profiles of the

products from CO disproportionation catalyzed by metallic
catalytic particles containing Co:Mo bimetallic catalysts at
Co:Mo ratios of 1:4, 1:2, 1:1 and 2:1 were compared to
determine the effect of varying the Co:Mo molar ratio in the
Co:Mo/SiO, metallic catalytic particles. The Temperature
Programmed Oxidation profiles were generated by the same
methodology as described in Example 5. As shown in FIG. 8,
the Co:Mo/SiO, metallic catalytic particles containing
Co:Mo molar ratios of 1:2 and 1:4 exhibited the highest
selectivities towards single-walled carbon nanotubes. The
arrow indicates the center of the peak corresponding to the
oxidation of single-walled carbon nanotubes. The Tempera-
ture Programmed Oxidation profile of these samples indicate
that these catalysts produced mostly single-walled carbon
nanotubes, with a small amount of amorphous carbon. An
increase in the Co:Mo ratio did not enhance the production of
single-walled carbon nanotubes, but it did accelerate the for-
mation of multi-walled carbon nanotubes and graphitic car-
bon, as shown by the increasing size of the peaks in the region
of about 600° C. to about 700° C. of the Temperature Pro-
grammed Oxidation profile labeled “Co:Mo=2:1".

[0075] From the Temperature Programmed Oxidation pro-
files of FIG. 8, selectivity values for each ofthe catalysts were
estimated, and are listed in Table III.

TABLE III

Effect of Co:Mo Molar Ratio on Production of Single-
walled Carbon Nanotubes

Multi-Walled
Single-Walled Carbon
Co:Mo Catalyst Amorphous Carbon Nanotubes and
Molar Ratio Carbon % Nanotubes % Graphite %
2:1 12 57 31
1:1 16 80 4
1:2 8 88 4
1:4 5 94 1
EXAMPLE 8
[0076] FIGS. 9-11 demonstrate the use of the Temperature

Programmed Oxidation technique to optimize reaction con-
ditions. CO disproportionation was catalyzed by Co:Mo/
SiO, metallic catalytic particles (1:1 molar ratio), and the
methodology used was similar to that described in Example 1,
with the exceptions that in FIG. 9 the reaction temperature
varied, in FIG. 10 the concentration of CO varied, and in FIG.
11 the reaction time varied. The products of CO dispropor-
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tionation were analyzed by the Temperature Programmed
Oxidation method described in Example 5.

[0077] InFIG.9, Temperature Programmed Oxidation pro-
files of carbon species produced when the temperature of the
reactor was 600° C., 700° C. and 800° C. are shown. These
profiles demonstrate that the amount of carbon deposited
increases as the temperature decreases; however, the selec-
tivity to single-walled carbon nanotubes is lower at lower
temperatures. The Temperature Programmed Oxidation tech-
nique can be used to identify the optimum reaction tempera-
ture for any particular catalyst, and in this case, the optimum
temperature is 700° C. The percentages of the catalytic prod-
ucts represented by single-walled carbon nanotubes, amor-
phous carbon, and multi-walled carbon nanotubes and graph-
ite are listed in Table IV.

TABLE IV

Effect of Reaction Temperature on Production of Single-
Walled Carbon Nanotubes

Single- Multi-Walled
Walled Carbon
Amorphous Carbon Nanotubes and
Temperature Carbon % Nanotubes % Graphite %
600° C. 16 55 29
700° C. 16 80 4
800° C. 25 61 14
[0078] In FIG. 10, Temperature Programmed Oxidation

profiles of carbon species produced when the concentration
of CO in the carbon-containing gas is 1%, 20%, 35% and 50%
are shown. These profiles indicate that the amount of single-
walled carbon nanotubes produced is a strong function of the
concentration of CO in the carbon-containing gas.

[0079] In FIG. 11, Temperature Programmed Oxidation
profiles of carbon species produced when the reaction time
was 3 minutes, 10 minutes and 1 hour are shown. The reaction
time refers to the time in which the reactor was held at 700° C.
and the CO was in contact with the metallic catalytic par-
ticles. These Temperature Programmed Oxidation profiles
demonstrate that the yield of single-walled carbon nanotubes
significantly increases with time during the first 10 minutes,
but the growth is much less pronounced beyond that time.
[0080] Now it will be understood that the Temperature Pro-
grammed Oxidation method is a catalytic process in which
the metals present in the sample catalyze the oxidation of the
carbon species. Therefore, if the nature of the catalyst is
significantly changed, the position ofthe oxidation peaks may
appear shifted from the peaks described in the previous
examples, even though the carbon structures represented by
the peaks are the same. For example, it has been observed that
modification of the catalyst support may result in such shifts.
Therefore, for each catalyst used in the methods of the present
invention, a complete Temperature Programmed Oxidation
analysis of the catalyst as well as operating conditions should
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be performed with the appropriate references to identify peak
shifts as well as optimum operating conditions.

[0081] Changes may be made in the construction and the
operation of the various components, elements and assem-
blies described herein or in the steps or the sequence of steps
of the methods described herein without departing from the
spirit and scope of the invention as defined in the following
claims.

What is claimed is:

1. A method for producing carbon nanotubes, comprising:

providing catalytic particles comprising at least one Group

VIII metal selected from Co and Ni, and at least one
Group VIII metal selected from Mo and W, the metals
disposed upon a support material selected from the
group consisting of silica, silicon, MCM-41, alumina,
MgO, aluminum-stabilized magnesium oxide, ZrO,,
molecular sieve zeolites, oxidic supports, quartz, glass,
and oxidized silicon surfaces;

providing a carbon-containing gas; and

feeding the catalytic particles and the carbon-containing

gas into a reactor wherein the catalytic particles and
carbon-containing gas are mixed at a temperature suffi-
cient to catalytically produce a solid carbon product
primarily comprising carbon nanotubes wherein graph-
ite and amorphous carbon comprise less than 10% of'the
solid carbon product.

2. The method of claim 1 wherein the Group VIII metal is
Co and the Group VIII metal is Mo.

3. The method of claim 1 wherein the Group VIII metal is
Ni and the Group VIII metal is Mo.

4. The method of claim 1 wherein the Group VIII metal is
Co and the Group VIb metal is W.

5. The method of claim 1 wherein the Group VIII metal is
Ni and the Group VIb metal is W.

6. The method of claim 1 wherein the ratio of the Group
VIII metal: Group VIb metal is about 1:20 to about 15:1.

7. The method of claim 1 wherein the carbon-containing
gas is selected from the group consisting of saturated hydro-
carbons, aliphatic hydrocarbons, oxygenated hydrocarbons,
alcohols, aromatic hydrocarbons, carbon monoxide, and mix-
tures thereof.

8. The method of claim 1 wherein graphite and amorphous
carbon comprise less than 5% of the solid carbon product.

9. The method of claim 1 wherein solid carbon product
comprises carbon nanotubes having diameters of 2 nm to 50
nm.
10. The method of claim 1 wherein the support material is
silica.

11. The method of claim 1 wherein the support material is
MgO.

12. The method of claim 1 wherein the support material is
alumina.

13. The method of claim 1 wherein the temperature is from
500° C. to 1,200° C.



