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(57) ABSTRACT 

A carbon nanotube electron emitter comprises carbon nano 
tube particulates on a surface, Wherein the carbon nanotube 
particulates comprise entangled small-diameter carbon 
nanotubes having one, tWo, three or four Walls and having an 
outer Wall diameter in the range of about 0.5 nm and about 
3 nm. The carbon nanotube particulate electron emitter has 
a cross-sectional dimensional in a range of about 0.1 micron 
and about 100 microns, preferably about 0.1 micron to about 
3 microns. The carbon nanotube particulate electron emitters 
can comprise ropes of carbon nanotubes. The carbon nano 
tube particulates are easily dispersed in polymers and other 
media. The carbon nanotube particulates can be dispersed in 
a viscous media and applied to a surface by various means. 
The carbon nanotube particulate electron emitter exhibits 
very loW “turn-on” emission ?eld and can be used in a 
variety of ?eld emission devices. 
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CARBON NANOTUBE PARTICULATE ELECTRON 
EMITTERS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims priority from US. provi 
sional application, Serial Nos. 60/429,233 and 60/429,264, 
both ?led Nov. 26, 2002, Which applications are both 
incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] This invention relates generally to a method for 
making carbon nanotube particulates, compositions and uses 
thereof. 

BACKGROUND OF THE INVENTION 

[0003] Carbon nanotubes are a novel form of carbon. 
Single-Wall carbon nanotubes are holloW, tubular fullerene 
molecules consisting essentially of spZ-hybridiZed carbon 
atoms typically arranged in hexagons and pentagons. Single 
Wall carbon nanotubes typically have diameters in the range 
betWeen about 0.5 nanometers (nm) and about 3.5 nm, and 
lengths usually greater than about 50 nm. They are knoWn 
for their excellent electrical and thermal conductivity and 
high tensile strength. Since their discovery in 1993, there has 
been substantial research to describe their properties and 
develop applications using them. 

[0004] Multiple-Wall carbon nanotubes, also called multi 
Wall carbon nanotubes, are nested single-Wall carbon cylin 
ders. The number of Walls in a multi-Wall carbon nanotube 
can be as feW as tWo (double-Wall carbon nanotube) or three 
(triple-Wall carbon nanotube) and may range up to hundreds. 
Multi-Wall carbon nanotubes possess some properties simi 
lar to single-Wall carbon nanotubes. HoWever, as the number 
of Walls increases, so does the number of defects. Because 
single-Wall carbon nanotubes generally cannot accommo 
date defects during groWth, they typically have very feW 
defects. The minimal number of defects usually renders 
single-Wall carbon nanotubes stronger and more conductive 
than multi-Wall carbon nanotubes. Single Wall carbon nano 
tubes are knoWn to readily form into “ropes”, Which are 
aggregates of multiple parallel tubes in contact With one 
another. The single-Wall carbon nanotubes in the ropes are 
cohesively held tightly together by strong van der Waals 
forces. Besides ropes of single-Wall carbon nanotubes, ropes 
of small-diameter carbon nanotubes (i.e. diameters betWeen 
0.5 nm and 3 nm) have been observed With nanotubes 
having single and multiple Walls. Such carbon nanotube 
ropes of small-diameter carbon nanotubes are illustrated in 
“Catalytic GroWth of Single-Wall Carbon Nanotubes from 
Metal Particles,” International Pat. Publ. WO 00/17102 A1, 
published Mar. 30, 2000. Large multi-Wall carbon nano 
tubes, With diameters greater than about 4 nm, tend to have 
an increasing number of defects and decreasing electrical 
conductivity and tensile strength. The larger, less-?exible 
multi-Wall carbon nanotubes also do not form “ropes”. 

[0005] Most methods for carbon nanotube production 
involve one or a combination of transition metal catalysts in 
contact With a carbon-containing feedstock at an elevated 
temperature typically betWeen about 700° C. and 1200° C. 
Some of the methods to make carbon nanotubes include 
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electric arc, laser ablation of graphite, and gas phase tech 
niques With supported and unsupported metal catalyst. 

[0006] One method of preparing carbon nanotubes on 
supported metal catalyst is knoWn as “chemical vapor depo 
sition” or “CVD”. In this method, gaseous carbon-contain 
ing feedstock molecules react on nanometer-scale particles 
of catalytic metal supported on a substrate to form carbon 
nanotubes. This procedure has been used to produce multi 
Wall carbon nanotubes, hoWever, under certain reaction 
conditions, it can produce excellent single-Wall carbon 
nanotubes. Synthesis of small-diameter carbon nanotubes 
using CVD methodology has been described in Dai, et al. 
(1996), Chem. Phys. Lett, 260, p. 471-475, and “Catalytic 
GroWth of Single-Wall Carbon Nanotubes from Metal Par 
ticles,” International Pat. Publ. WO 00/17102 A1, published 
Mar. 30, 2000, each incorporated herein by reference. The 
carbon nanotube material that results from a CVD process 
comprises single-Wall and small-diameter multi-Wall carbon 
nanotubes, residual catalyst metal particles, catalyst support 
material, and other extraneous carbon forms, Which can be 
amorphous carbon, and non-tubular fullerenes. The term 
“extraneous carbon” Will be used herein as any carbon that 
is not in the form of carbon nanotubes, and can include 
graphene sheets, non-tubular fullerenes, partial nanotube 
forms, amorphous carbon and other disordered carbon. 

[0007] Many end-use applications for carbon nanotubes 
require that the nanotube material be effectively dispersed in 
another medium such as a liquid solvent solution or molten 
material in order to form a composite comprising nanotubes 
and a matrix material Which can be polymeric, metallic, 
organic, inorganic or combinations thereof. When carbon 
nanotubes are dispersed in a matrix material, the physical, 
electrical, chemical and thermal properties of the composite 
material can be different compared to those of the matrix 
material alone. The properties of the nanotube composites 
depend, in part, on the concentration of nanotubes in the 
composite and on the diameter, length and morphology of 
carbon nanotubes in the matrix material. For example, When 
blending carbon nanotubes in liquids, the length distribution 
of the nanotubes can affect the viscosity characteristics of 
the liquid/nanotube mixture. The properties of the composite 
are highly dependent on hoW effectively the carbon nano 
tubes are dispersed in the composite. There is a substantial 
need for carbon nanotube materials that can easily be 
dispersed in matrix materials, and particularly those that can 
be dispersed by commercially-effective methods such as 
melt blending. Additionally, there is a need for a carbon 
nanotube material that is stable in oxidative environments at 
high temperatures, such as up to about 550° C. 

SUMMARY OF THE INVENTION 

[0008] In one embodiment, the invention involves carbon 
nanotube particulates, a method for making the same, com 
positions and uses thereof. One embodiment is a carbon 
nanotube particulate that comprises a plurality of small 
diameter carbon nanotubes arranged in a 3-dimensional 
netWork in the carbon nanotube particulate. The carbon 
nanotube particulate has a cross-sectional dimension of less 
than about 1000 microns and the small-diameter carbon 
nanotubes have a diameter in the range of about 0.5 nm and 
about 3 nm. The carbon nanotube particulates can be a 
3-dimensional netWork of inter-tWined and interconnected 
carbon nanotubes, Wherein the particulates have a macro 
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scopic particulate morphology With a cross-sectional dimen 
sion of less than about 1000 microns. The carbon nanotubes 
in the particulates can be single-Walled, double-Walled, 
triple-Walled, quadruple-Walled or a combination thereof. 
The method for producing carbon nanotube particulates, 
comprises providing a catalyst comprising catalytic metal on 
a particulate support, Wherein the particulate support has a 
cross-sectional dimension of less than 1000 microns, and 
contacting the catalyst With a gaseous stream comprising a 
carbon-containing feedstock at a sufficient temperature and 
for a contact time sufficient to make a carbon product on the 
catalyst Wherein the carbon product comprises carbon nano 
tube particulates, Wherein the carbon nanotube particulates 
comprise carbon nanotubes having diameters in the range of 
about 0.5 nm and about 3 nm. 

[0009] In another embodiment, a method for producing 
carbon nanotube particulates comprises (a) providing a 
catalyst comprising catalytic metal on a particulate support, 
Wherein the particulate support has a cross-sectional dimen 
sion of less than about 1000 microns, (b) contacting the 
catalyst With a gaseous stream comprising a carbon-contain 
ing feedstock at a sufficient temperature and for a contact 
time sufficient to make a carbon product on the catalyst 
Wherein the carbon product comprises carbon nanotube 
particulates, Wherein the particulates comprise small-diam 
eter carbon nanotubes, Wherein the small-diameter carbon 
nanotubes have a outer diameter in the range of about 0.5 nm 
and about 3 nm, and (c) removing the particulate support 
from the carbon product comprising the carbon nanotube 
particulates, Wherein the carbon nanotube particulates retain 
a macroscopic morphology of an approximate shape and an 
approximate cross-sectional dimension as before removal of 
the particulate support. In the process of removing the 
support, the catalyst metal, or a portion thereof, can be 
removed. The carbon nanotube particulates, after removal of 
the catalyst support, retain the macroscopic morphology that 
approximates the shape, siZe and cross-sectional dimension 
comparable to that of the removed particulate support. The 
support can comprise a material selected from the group 
consisting of Zeolite, silica, alumina, Zirconia, magnesia and 
combinations thereof. The catalytic metal can comprise at 
least one element selected from the group consisting of 
chromium, molybdenum, tungsten, iron, cobalt, nickel, 
ruthenium, rhodium, palladium, osmium, iridium, platinum, 
a lanthanide series element, an actinide series element, and 
combinations thereof. In one embodiment, the carbon nano 
tube particulates have a bulk density in a range betWeen 
about 0.01 g/cm3 and about 0.5 g/cm3. The particulate 
support typically has a cross-sectional dimension in the 
range betWeen about 0.1 micron and about 1000 microns. In 
another embodiment, the carbon nanotube particulates have 
a cross-sectional dimension in the range betWeen about 0.1 
and about 1000 microns. 

[0010] In another embodiment, the carbon nanotubes are 
present in the carbon nanotube particulate in an amount 
greater than about 50 Wt % of a total Weight of the carbon 
product, preferably greater than about 80 Wt % of a total 
Weight of the carbon product, and preferably greater than 
about 90 Wt % of a total Weight of the carbon product. 
Carbon nanotubes can span betWeen the carbon nanotube 
particulates. 
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[0011] In another embodiment, the surface area of the 
carbon nanotube particulate is in the range betWeen about 10 
m2/g and about 1000 m2/g, and is preferably betWeen 100 
m2/g and about 1000 m2/g. 

[0012] In one embodiment, the carbon nanotube particu 
lates comprise carbon nanotube ropes of small-diameter 
carbon nanotubes Wherein the nanotubes can be single 
Walled, double-Walled, triple-Walled, or in some cases, qua 
druple-Walled, such that the diameter of the outer Walls of 
the nanotubes are less than about 3 nm, generally in the 
range betWeen about 0.5 nm and about 3 nm. The carbon 
nanotube particulates can comprise ropes of carbon nano 
tubes, Wherein the cross-sectional dimension of the ropes are 
in the range of about 10 nm and about 50 nm. The nanotube 
particulates can also comprise carbon nanotube ropes of 
small-diameter nanotubes, Wherein the ropes have a cross 
sectional dimension less than about 10 nm. 

[0013] In another embodiment, the carbon nanotubes are 
present on the surface of the carbon nanotube particulates in 
a number density greater than 10 carbon nanotubes/pmz. The 
carbon nanotube particulates can be annealed to form 
annealed carbon nanotube particulates that have increased 
thermal stability in oxidiZing environments (such as expo 
sure to air at elevated temperatures). The annealing can be 
done by maintaining the carbon nanotube particulates in 
nitrogen or an inert gas environment at a temperature 
betWeen about 800° C. and 1500° C. for a time in the range 
of about 1 and about 24 hours. The annealed carbon nano 
tube particulates are stable in air at temperatures greater than 
about 400° C., preferably greater than about 450° C., pref 
erably greater than about 500° C., and preferably greater 
than about 550° C. 

[0014] In another embodiment, the carbon nanotube par 
ticulates are blended With a matrix material selected from 
the group consisting of polymers, metals, inorganic materi 
als, organic materials and combinations thereof to form 
composites of carbon nanotube particulates in matrix mate 
rials. The carbon nanotube particulates in matrix materials 
can be present in the composite in a range of about 0.001 Wt 
% and about 50 Wt %. 

[0015] In another embodiment, an carbon nanotube par 
ticulate electron emitter comprises a carbon nanotube par 
ticulate on a surface Wherein the carbon nanotube particulate 
comprises entangled small-diameter carbon nanotubes 
Wherein the small-diameter nanotubes have an outer diam 
eter in a range of about 0.5 nm and about 3 nm, Wherein the 
carbon nanotube particulate has a cross-sectional dimension 
in a range of about 0.1 micron and about 100 microns, 
preferably in the range of about 0.1 micron and about 3 
microns. The carbon nanotubes are selected from the group 
consisting of single-Walled carbon nanotubes, double 
Walled carbon nanotubes, triple-Walled carbon nanotubes, 
quadruple-Walled carbon nanotubes and combinations 
thereof. The carbon nanotube particulate emitter is suitable 
for use as a cathode component in ?eld emission devices. 

[0016] In another embodiment, a method for making a 
carbon nanotube particulate electron emitter, comprises (a) 
providing a carbon nanotube particulate Wherein the carbon 
nanotube particulate comprises entangled small-diameter 
carbon nanotubes, Wherein the small-diameter nanotubes 
have an outer diameter in a range of about 0.5 nm and about 
3 nm, Wherein the carbon nanotubes are selected from the 



US 2004/0150312 A1 

group consisting of single-Walled carbon nanotubes, double 
Walled carbon nanotubes, triple-Walled carbon nanotubes, 
quadruple-Walled carbon nanotubes and combinations 
thereof, and Wherein the carbon nanotube particulate has a 
cross-sectional dimension in a range of about 0.1 micron and 
about 100 microns, preferably about 0.1 and about 3 
microns, and (b) depositing the carbon nanotube particulate 
on a surface. The carbon nanotubes can be activated by 
etching means. 

DESCRIPTION OF THE DRAWINGS 

[0017] FIGS. 1A and 1B are scanning electron micro 
graphs (SEMs) of one embodiment of the present invention 
at 500x magni?cation. FIG. 1A shoWs the catalyst incor 
porating carbon nanotubes after it has been subjected to the 
groWth process described in Example 1. FIG. 1B shoWs the 
carbon nanotube product of the groWth process after puri 
?cation by acid treatment as described in Example 1. Com 
parison of FIGS. 1A and 1B shoWs that the morphology of 
the support is retained in the puri?ed nanotube material and 
shoWs the particulate nature of the invention. 

[0018] FIGS. 2A and 2B are SEMs of one embodiment of 
the present invention at 5000>< magni?cation. 

[0019] FIG. 2A shoWs the carbon nanotubes on the cata 
lyst support after the nanotubes Were groWn according to 
procedures described in Example 1. 

[0020] FIG. 2B shows the carbon nanotube product of the 
present invention after puri?cation by acid treatment as 
described in Example 1. Comparison of FIGS. 2A and 2B 
shoWs that the morphological form of the support is retained 
in the puri?ed nanotube material. 

[0021] FIG. 3 is a SEM of the carbon nanotube material 
at 25,000>< magni?cation after puri?cation according to the 
procedure given in Example 1. FIG. 3 shoWs the density of 
carbon nanotube ropes on the particulate surface. The image 
indicates that the population density of carbon nanotubes 
exceeds 10 per square micron. 

[0022] FIGS. 4A and 4B are micrographs at 50,000>< 
magni?cation of acid-puri?ed carbon nanotube particulate 
according to one embodiment of the present invention, 
prepared according to procedures in Example 1. FIG. 4A is 
a transmission electron micrograph (TEM) and FIG. 4B is 
a SEM. Both micrographs shoW the nanotube particulate 
material and ropes of carbon nanotubes spanning betWeen 
nanotube particulates. 

[0023] FIG. 5A shoWs a high-resolution TEM (~700,000>< 
magni?cation) of acid-puri?ed carbon nanotube material 
prepared according to Example 2 shoWing that the material 
comprises carbon nanotubes With diameters less than 3 nm. 

[0024] FIG. 5B shoWs a high resolution TEM of carbon 
nanotube material made according to Example 4, Which 
shoWs “ropes” of small-diameter nanotubes comprising 
nanotubes With one and multiple Walls, Wherein the small 
diameter nanotubes have diameters less than about 3 nm. 

[0025] FIG. 6A shoWs a Raman spectrum of the RBM 
(Radial Breathing Mode) shifts of as-groWn small-diameter 
carbon nanotube material prepared by the procedures of 
Example 4. The groWth temperature Was 900° C. and the 
excitation Wavelength Was 514 nm. 
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[0026] FIG. 6B shoWs a Raman spectrum of the tangential 
mode shifts of as-groWn small-diameter carbon nanotube 
material prepared by the procedures of Example 4. The 
groWth temperature Was 900° C. and the excitation Wave 
length Was 514 nm. 

[0027] FIG. 7A shoWs a Raman spectrum of the RBM 
shifts of as-groWn small-diameter carbon nanotube material 
prepared by the procedures of Example 5. The groWth 
temperature Was 850° C. and the excitation Wavelength Was 
782 nm. 

[0028] FIG. 7B shoWs a Raman spectrum of the tangential 
mode shifts of as-groWn small-diameter carbon nanotube 
material prepared by the procedures of Example 5. The 
groWth temperature Was 850° C. and the excitation Wave 
length Was 782 nm. 

[0029] FIG. 8 gives Raman spectra of CVD-groWn nano 
tube before and after heat treating at 1450° C. for 1 hour in 
argon. The carbon nanotube “radial breathing mode” fea 
tures beloW 350 cm'1 are enhanced by heat treatment. Laser 
excitation Wavelength Was 782 nm. 

[0030] FIG. 9 shoWs thermogravimetric analysis (TGA) 
curves of the carbon nanotube material of this invention 
before and after heat treating at 1450° C. for 1 hour in argon. 
TGA conditions included air How 10 sscm at a temperature 
ramp rate of 10° C./min. 

[0031] FIG. 10 shoWs a plot of ?eld emission current 
versus electric ?eld for various carbon nanotube materials. 
The electron emitter characteristics are given by sample 
curve 101 for carbon nanotube particulates of one embodi 
ment of the present invention; by sample curve 102 for 
annealed carbon nanotube particulates of one embodiment 
of the present invention; by sample curve 103 for as 
produced single-Wall carbon nanotube material made by 
laser oven procedures; by sample curve 104 for puri?ed 
HIPCO® single-Wall carbon nanotube material and by 
sample curve 105 for puri?ed and annealed HIPCO® single 
Wall carbon nanotube material. Per curves 101 and 102, the 
present invention establishes electron emission at the loWest 
threshold electric ?elds. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

[0032] The present invention provides a method for mak 
ing carbon nanotube particulates comprising groWing car 
bon nanotubes on a catalyst metal residing on a particulate 
support, Wherein the carbon nanotube particulates comprise 
small-diameter carbon nanotubes With diameters less than 
about 3 nanometers and Wherein the carbon nanotube par 
ticulates have approximately the same siZe and approxi 
mately the same shape as the particulate support. The 
small-diameter carbon nanotubes comprise both single-Wall 
carbon nanotubes, and nanotubes having several Walls, such 
as tWo, three or four Walls. 

[0033] The folloWing de?nitions Will apply. 

[0034] “Catalyst” shall mean the complete catalyst system 
including all components that make up the system, such as 
the catalytic metal, compounds of the catalytic metal, the 
support material, and any other components and/or treat 
ments that might be included in an embodiment. The term 
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“catalyst , supported catalyst”, and “catalyst particulate” 
are intended to have the same meaning in the present 
application. 

[0035] “Catalytic metal”, “catalyst metal” or “metal cata 
lyst” shall mean the transition metal or combination of 
transition metals that catalyZes the reaction of the carbon 
containing feedstock to carbon nanotubes. The catalytic 
metal is part of the catalyst. 

[0036] “Support material” is a material that can Withstand 
the reaction temperatures and conditions for making carbon 
nanotubes. The support material is part of the catalyst and 
provides a surface for the catalytic metal to reside upon. The 
support material can be in particulate form and may be 
referred to as “particulate support.” 

[0037] A “small-diameter carbon nanotube” is a carbon 
nanotube that can have one or more Walls, With an outer Wall 
having a diameter of less than about 3 nanometers. 

[0038] In one embodiment, the carbon nanotube particu 
lates comprising small-diameter carbon nanotubes are made 
by providing a catalyst comprising catalytic metals, iron 
(Fe) and molybdenum (Mo), and magnesium oxide (MgO) 
support material, Wherein the catalyst is formed by combus 
ting precursors of iron, molybdenum and magnesium oxide. 
In this embodiment, the carbon nanotubes are produced by 
contacting the catalyst With a gaseous carbon-containing 
feedstock at a suf?cient temperature and for a contact time 
sufficient to make a carbon product comprising small 
diameter carbon nanotubes, Wherein the carbon nanotubes 
can have one or more Walls and Wherein the carbon nano 

tubes have outer Wall diameters that are less than about 3 
nm. 

[0039] In one embodiment, the supported catalyst is pre 
pared by combining precursors of the iron, molybdenum and 
magnesium oxide in a container able to Withstand combus 
tion temperatures. Any iron compound that can be com 
busted to iron oxide is a suitable iron precursor. Examples of 
suitable iron precursors include, but are not limited to, iron 
(III) nitrate, iron sul?te, iron sulfate, iron carbonate, iron 
acetate, iron citrate, iron gluconate, iron hexacyanoferrite, 
iron oxalate, and tris(ethylenediamine) iron sulfate. Gener 
ally, iron salts With high Water solubility are preferred. 
Hydrated iron (III) nitrate is a preferred iron precursor. Any 
molybdenum compound that can be combusted to molyb 
denum oxide is a suitable molybdenum precursor. An 
example of a suitable precursor for molybdenum is ammo 
nium heptamolybdate tetrahydrate. Generally, molybdenum 
salts With high Water solubility are preferred. Any magne 
sium compound that can be combusted to magnesium oxide 
is a suitable magnesium oxide precursor. An example of a 
suitable magnesium oxide precursor is magnesium nitrate. 
The amount of each precursor is determined such that the 
Weight ratio of iron to molybdenum ranges betWeen about 2 
to 1 and about 10 to 1, preferably in the range betWeen about 
5 to 1 and about 10 to 1. Preferably, the amount of iron is 
greater than the amount of molybdenum, on either a Weight 
or a molar basis. On a molar basis, the amount of each 
precursor can be selected such that the iron to molybdenum 
mole ratio ranges from about 3 to 1 to about 20 to 1. 

[0040] The metal loading on the magnesium oxide support 
is selected to be in a range conducive primarily to the groWth 
of small-diameter carbon nanotubes. Metal loading has been 
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de?ned herein as the percentage of metal Weight on the total 
Weight of the support material. The amount of each precur 
sor is also determined such that the total Weight of the metal 
on the magnesium oxide formed in the combustion is in the 
range of about 0.05 Wt % and about 20 Wt % of the Weight 
of the magnesium oxide, preferably in the range of about 
0.05 Wt % and about 10 Wt % of the Weight of the 
magnesium oxide, and more preferably in the range of about 
0.05 Wt % and about 5 Wt % of the Weight of the magnesium 
oxide. 

[0041] The present method of catalyst preparation is not 
limited to use of the elements recited above. The catalyst 
support can be any metal oxide that can Withstand the 
conditions present in the groWth environment for the carbon 
nanotubes. Such metal oxides include, but are not limited to, 
Zeolites, alumina (A1203), silica (SiOZ), magnesia (MgO), 
Zirconia (ZrOZ), and combinations thereof. The catalytic 
metal can comprise one or a combination of metals from 

Group VIB transition metals, (chromium (Cr), molybdenum 
(Mo), tungsten Group VIIIB transition metals, (e.g., 
iron (Fe), cobalt (Co), nickel (Ni), ruthenium (Ru), rhodium 
(Rh), palladium (Pd), osmium (Os), iridium (Ir) and plati 
num (Pt)), the lanthanide series elements, and actinide series 
elements. Preferably, the catalyst comprises a combination 
of catalytic metals; more preferably, the catalyst comprises 
a combination of at least one metal from Group VIB and at 
least one metal from Group VIIIB. 

[0042] Catalyst preparation is not limited to the combus 
tion method described herein. In another embodiment, the 
catalyst may be formed by co-precipitation of the catalyst 
support and the catalytic metal or metal combination. In this 
embodiment, catalyst support precursors and catalytic metal 
precursors are mixed in solution. The solution is then 
treated, such as by changing pH, temperature, and/or com 
position, to precipitate catalyst components, including a 
catalyst support and catalytic metal or compounds compris 
ing the catalytic metal. The precipitate is then removed from 
the solution by means of liquid/solid separation, such as, but 
not limited to, decantation, ?ltration, centrifugation or com 
binations thereof. The separated solids can be treated by 
heating in air or another gaseous environment to create the 
?nal catalyst composition. This ?nal composition may be 
made into catalyst particulates by any physical means, such 
as, but not limited to, pulveriZing, grinding or other 
mechanical means. A siZe distribution for the catalyst par 
ticulates can be obtained by screening the particulates and 
recovering the desired siZe distribution. 

[0043] In another embodiment, the catalyst can be made 
by incipient Wetness or impregnation. In this method, a 
particulate support material is contacted With a small amount 
of liquid solution or suspension comprising one or more 
chemical species comprising the catalytic metal or metals. 
The liquid is then evaporated, preferably using a rotary 
evaporator, such that the catalytic metal or metal precursors 
are left residing on the surface of the particulate support. 

[0044] In another embodiment, the catalyst can be made 
by ion exchange. In this method, a particulate support 
material having surface cations, such as Zeolites, is mixed 
With a solution of a catalytic metal salts. The metal ions of 
the catalytic metal salts exchange With surface cations on the 
support. The metal-loaded support is then ?ltered from the 
solution and dried. The dried metal-loaded support can be 
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ground into particulates and sized by screening. The metal 
containing species on the surface of the support material can 
be reduced to metal particles by exposure to hydrogen at 
temperatures above about 200° C. or by other reducing 
means. The reduction of the metal species can be done 
before loading the catalyst into the reactor to make nano 
tubes or While in the reactor for making nanotubes. 

[0045] In another embodiment of the present invention, 
the catalyst for making small-diameter carbon nanotubes can 
comprise the catalytic metals cobalt and molybdenum, and 
magnesium oxide support material, Wherein the catalyst is 
formed by combusting precursors of cobalt, molybdenum 
and magnesium oxide. 

[0046] In certain embodiments of the present invention, 
the catalytic metal in the catalyst composition may be 
chemically incorporated in the support material. These com 
positions are sometimes referred to as solid solutions, an 
example of Which is FeXMg(1_X)On, Where O<x<1, and 
O<n<4. 

[0047] In combustion methods of catalyst preparation, the 
catalyst component precursors are combined prior to com 
bustion. Preferably the component precursors are Well 
mixed. The mixing can be done by any mixing means, such 
as by grinding the components With a mortar and pestle and 
physically mixing the components. Another Way of mixing 
can be by dissolving the precursors in a small amount Water, 
preferably deioniZed Water, and making a solution of the 
precursors. Citric acid, urea, glycine, hydraZine, sucrose, 
carbohydraZide, oxalyl dihydraZide, sugars, alcohols, or a 
combination thereof, can be used in combustion as foaming 
promoters. Foaming promoters, also called fuels, are used to 
increase the surface area of the resulting catalyst. Any 
foaming promoter can be mixed With the catalyst precursors 
prior to or after mixing With the Water. Preferably, citric acid 
is added to the catalyst precursors. After combining and 
mixing the precursors and any foaming promoters, the 
components are subjected to combustion at a temperature 
above the combustion temperature of each of the catalyst 
precursors. Generally, the combustion of the catalyst pre 
cursors is conducted by exposing the catalyst precursors to 
a temperature in the range of about 150° C. and about 1200° 
C. Typically, the precursors are exposed to combustion 
temperatures the range of about 200° C. and about 750° C., 
preferably in a range of about 250° C. and about 650° C. The 
combustion is conducted in an oxidative environment, pref 
erably in an atmosphere comprising oxygen, such as air. 
During combustion, the catalyst precursors rapidly foam and 
form a loW bulk density, high surface area solid. In one 
embodiment, the combustion can be done by preparing a 
solution of the catalyst precursor components, placing the 
solution of catalyst precursors in a heated oven, Wherein the 
precursors dry as the solvent evaporates, after Which the 
precursors combust. 

[0048] In another embodiment, the solution of catalyst 
precursors is sprayed to form an aerosol into a heated 
chamber, such as a drier, oven or spray drier. The aerosol 
may be produced by any means of spraying, such as, but not 
limited to, atomiZation by a How of gas, direct spraying of 
the solution through a noZZle, electrostatic spraying, dis 
persing the solution from the surface of a rotating ?xture, 
and combinations thereof. In another embodiment, the cata 
lyst precursors are combusted by putting the solution of 

Aug. 5, 2004 

catalyst precursors on a heated surface, Whereon the solvent 
evaporates, and, after Which the catalyst precursors combust 
and the resulting solid material is removed from the surface. 
Apparatus useful in scale-up combustion done on a heated 
surface include, but is not limited to, porcupine reactors, 
drum ?akers, Wiped-?lm evaporators and similar process 
equipment. After combustion, the solid product can be 
further heated to ensure complete combustion and metal salt 
decomposition. Generally, about an hour at the combustion 
temperature is a suitable time, although times up to 24 hours 
may be used. After combustion, the solid, Which is generally 
of loW density and high surface area, is cooled. Preferably, 
the cooling is done in a dry, inert atmosphere, such as 
provided by a dry nitrogen purge or a desiccator. After 
cooling, the solid can be in particulate form and/or ground 
into small particulates, by various means, such as, but not 
limited to grinding, milling, pulveriZing and combinations 
thereof to achieve particulates of the desired siZe. Further 
siZing of the particulates can be done by screening the 
particulates With screens of different meshes. 

[0049] In one embodiment, the preferred siZe of the cata 
lyst particle depends on the reactor con?guration selected. 
For some reactors, the preferred cross-sectional dimension 
of the catalyst particle is less than about 1000 microns, for 
other reactor con?gurations, the preferred catalyst particle 
siZe Will be less than about 100 microns; for yet other reactor 
con?gurations, the preferred cross-sectional dimension of 
the catalyst particle is less than about 30 microns. Since the 
catalyst particulate siZe directly affects the siZe of the carbon 
nanotube particulate, the siZe of the catalyst particle can be 
selected based on the desired carbon nanotube particulate 
siZe for a particular end-use. The bulk density of the catalyst 
is typically less than about 0.3 g/cm3, and preferably less 
than about 0.1 g/cm3. 

[0050] Prior to using the catalyst to produce carbon nano 
tubes, the catalytic metals of the catalyst can be in oxide 
form, such as iron oxide and molybdenum oxide supported 
on magnesium oxide. In one embodiment, the catalyst can 
be treated With a sulfur-containing compound prior to its use 
in carbon nanotube production. The treatment can be done 
With any sulfur-containing compound, preferably a sulfur 
containing compound that is a gas or a compound that can 
be volatiliZed and contacted With the catalyst in gaseous 
form. Examples of suitable sulfur-containing compounds are 
thiophene, hydrogen sul?de, mercaptans and combinations 
thereof. Thiophene is a preferred sulfur-containing com 
pound to treat the catalyst. To treat the catalyst With a 
sulfur-containing compound, the catalyst is loaded into an 
apparatus Wherein the catalyst can be heated and Wherein the 
sulfur-containing compound can pass through the catalyst. 
For example, a suitable apparatus is a tubular reactor, such 
as a quartZ tube, Wherein the reactor is mounted vertically in 
a tubular furnace and Wherein the reactor has a porous frit to 
position the catalyst in the heated portion of the tubular 
reactor. Gas, introduced at the bottom of the reactor, passes 
up through the reactor, through the frit, through the catalyst 
and exits out through the top of the reactor. With suitable gas 
?oW, the catalyst can be ?uidiZed With the upWard ?oWing 
gas. In one embodiment, the catalyst in oxide form is treated 
With a sulfur-containing compound by loading the catalyst 
into the reactor, purging the reactor containing the catalyst 
With nitrogen or an inert gas, such as argon, heating the 
reactor to a temperature, such as to about 500° C., alloWing 
the How of nitrogen or inert gas to pass through a sulfur 
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containing compound, such as thiophene in a bubbler, prior 
to its entry into the reactor, such that the nitrogen or inert gas 
entering the reactor contains at least some sulfur-containing 
compound. The gas containing the sulfur-containing com 
pound is then passed into the reactor and through the heated 
catalyst. The sulfur treatment of the catalyst is conducted at 
a suitable temperature, such as about 500° C., for a length of 
time, such as, for example, about 10 minutes. 

[0051] In an alternate embodiment, the sulfur-containing 
compound may be added to a gas comprising the gaseous 
feedstock to form a sulfur-containing compound/feedstock 
mixture, and this mixture can subsequently be introduced to 
the reactor under reaction conditions that produce small 
diameter carbon nanotubes. 

[0052] If the catalytic metals are in the form of metal 
oxides, the catalytic metal oxides can be activated to cata 
lytically active sites for the formation of small-diameter 
carbon nanotubes. Activation can be done by reduction of 
the metal oxides With a reducing agent, such as With 
hydrogen. The reduction may be done prior to, or concurrent 
With, contacting the catalyst With the carbon-containing 
feedstock to make small-diameter carbon nanotubes. 

[0053] In one embodiment, the oxidiZed catalytic metals 
are reduced prior to introducing the carbon-containing feed 
stock to the supported catalyst to make carbon nanotubes. 
Catalytic metals in the oxide form (With or Without sulfur 
treatment) can be reduced in a reactor, such as a tubular 
reactor. Prior to reduction, the catalyst can be purged With 
nitrogen or an inert gas, such as argon. Under a purge of 
nitrogen or an inert gas, the reactor temperature is raised to 
about 500° C. Catalytic metal reduction is done using a 
reducing agent such as hydrogen gas or a mixture of 
hydrogen gas and nitrogen or an inert gas. The catalyst can 
be treated With a reducing agent for a time sufficient to 
activate the catalyst, such as, for example, about 10 minutes 
at 500° C. using a 10% H2 in argon mixture. The reduction 
time and temperature are inversely related, in that higher 
reduction temperatures Would reduce the catalytic metal in 
a shorter time. Exposure of the catalyst to excessively long 
reduction times or high temperatures may cause the catalytic 
metal to agglomerate into large particles that could catalyZe 
the formation of large-diameter multi-Wall carbon nanotubes 
With outside diameters greater than about 4 nm during 
nanotube production. 

[0054] In another embodiment, the catalytic metal oxides 
are reduced to activate the catalyst during the introduction of 
the carbon-containing feedstock to the catalyst to make 
nanotubes. In such a case, the catalyst is loaded into a reactor 
and purged With nitrogen or an inert gas, such as argon. 
While under a nitrogen or inert gas purge, the temperature is 
ramped up to a temperature at Which small-diameter carbon 
nanotubes can form. Typically, the temperature for forming 
small-diameter carbon nanotubes is in the range of about 
500° C. and about 1500° C., preferably in the range of about 
650° C. and about 1100° C., and more preferably in the 
range of about 800° C. and about 950° C. Once the nanotube 
formation temperature is reached, the gaseous carbon-con 
taining feedstock is introduced to the catalyst. Suitable 
carbon-containing feedstock gases include, but are not lim 
ited to, methane, hydrocarbons, alcohols, carbon monoxide 
and combinations thereof. The hydrocarbons may be aro 
matic, such as benZene, toluene, xylene, cumene, ethylben 
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Zene, naphthalene, phenanthrene, anthracene or mixtures 
thereof. The hydrocarbons may be non-aromatic, such as 
methane, ethane, propane, ethylene, propylene, acetylene or 
mixtures thereof. The hydrocarbons may contain oxygen 
such as formaldehyde, acetaldehyde, acetone, methanol, 
ethanol or mixtures thereof. Preferably, the gaseous carbon 
containing feedstock comprises methane. Introduction of 
gaseous carbon-containing feedstock to the catalyst at 
elevated temperatures can reduce the catalytic metal and 
activate the catalyst. The gaseous carbon-containing feed 
stock can also be mixed With hydrogen prior to being 
introduced to the catalyst. Preferably, the gaseous carbon 
containing feedstock comprises methane and hydrogen. 

[0055] In the event that the feedstock comprises a mixture 
of gases, the gas mixture may be varied during the reaction 
process. Varying the gas composition during the reaction 
process can be used to tailor the production of product to 
achieve speci?c carbon nanotube properties, such as, a 
particular distribution of carbon nanotube length, diameter, 
and/or ratio of single-Wall nanotubes to small-diameter 
carbon nanotubes With more than one Wall. 

[0056] The support material is selected to be able to 
Withstand the elevated temperatures required for small 
diameter carbon nanotube synthesis. Magnesium oxide is a 
preferred support material because of its loW cost, ease of 
production, ease of being carried in a gas 110W, and ease of 
removal from the carbon nanotube product. 

[0057] The catalyst of the present invention can absorb 
gases, such as carbon dioxide and moisture, from the ambi 
ent air. Depending on the exposure time and conditions, the 
catalyst Weight can increase up to about 8 Wt % due to 
adsorbed species that can be desorbed at moderate tempera 
tures, such as betWeen about 100° C. and about 200° C. In 
certain embodiments, the catalyst support may react With air, 
and convert some of the support to hydroxide compounds. 
Such absorbed materials and chemically-modi?ed supports 
can interfere With the small-diameter carbon nanotube 
groWth process. For instance, Water vapor from Water des 
orption or decomposition of hydroxides reacts With carbon 
at elevated temperatures, and as such, could react With and 
decompose the formed carbon nanotubes. Thus, in one 
embodiment of this invention, the catalyst is kept under a 
dry, inert atmosphere, such as nitrogen or argon before being 
used to make small-diameter carbon nanotubes. In another 
embodiment, the catalyst is dried in a dry, inert atmosphere, 
such as nitrogen or argon, prior to using it for making 
small-diameter carbon nanotubes. Temperatures in the range 
of about 100° C. up to about 800° C. can be used to remove 
most absorbed species from the catalyst. Vacuum can also be 
used With or Without heat to remove absorbed species from 
the catalyst. 

[0058] After preparing the catalyst, the catalyst is con 
tacted With a gaseous stream comprising a carbon-contain 
ing feedstock at a sufficient temperature and for a contact 
time sufficient to make a carbon product comprising small 
diameter carbon nanotubes. In one embodiment, the gaseous 
stream also comprises hydrogen. In another embodiment, 
the contact time for groWing small-diameter carbon nano 
tubes is in the range of about 0.1 seconds and about 60 
minutes, preferably about 0.1 seconds to about 30 minutes. 
Preferably, short groWth times, such as With contact times 
less than 30 minutes, are used to produce small-diameter 
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carbon nanotubes; more preferably, the contact time is in the 
range of about 10 seconds and about 10 minutes. By varying 
the contact time, small-diameter carbon nanotubes can be 
groWn to different lengths. The contact time and temperature 
can also affect the diameter of the small-diameter carbon 
nanotubes groWn. The groWth rate of small-diameter carbon 
nanotubes on the catalyst depends, among other factors, on 
feedstock type, concentration and temperature. The physical 
length of small-diameter carbon nanotubes groWn under 
conditions appropriate to a speci?c groWth rate depends on 
the duration of these conditions. Short duration exposure to 
groWth conditions Will produce nanotubes that are physi 
cally shorter than those produced by long duration exposure. 
Short duration exposure to groWth conditions also yields a 
material comprising a larger fraction of single-Wall carbon 
nanotubes. In the present invention, different distributions of 
length, diameter, and numbers of Walls of small-diameter 
carbon nanotubes in the carbon product can be produced by 
exposure of the supported catalyst to groWth conditions for 
different lengths of time. 

[0059] Additionally, the contact time, reaction tempera 
ture, and composition and pressure of the gas With Which the 
active catalyst is contacted in the reactor also determine the 
distributions of diameter, length and number of Walls of the 
small-diameter carbon nanotubes formed and the relative 
amounts of small-diameter carbon nanotubes and extraneous 
carbon produced in the reactor. The relative amounts of 
carbon-containing feedstock and other gases, such as hydro 
gen, in the reactor can affect the small-diameter carbon 
nanotube product. For example, more hydrogen in the 
carbon-containing feedstock reduces the amount of extra 
neous carbon in the product. Without being limited by 
theory, the dynamics of carbon nanotube formation appear to 
be dependent on the concentration and rate of supplying 
carbon feedstock to the catalyst to form the carbon nano 
tubes. If the concentration or rate of supplying the feedstock 
is too high, more amorphous forms of carbon are produced 
relative to the formation of small-diameter carbon nano 
tubes. Additionally, the rate of forming small-diameter car 
bon nanotubes appears to be correlated to the defect level in 
the nanotube structure. For example, loW levels of defects in 
the small-diameter carbon nanotube structure are generally 
associated With loW rates of formation. Conversely, more 
structural defects are associated With high rates of formation. 
The rate of forming carbon nanotubes is highly dependent 
on the temperature and the partial pressure of the gaseous 
feedstock. The partial pressure can be controlled, in part, by 
adjusting the amount of diluent, such as nitrogen or an inert 
gas, supplied to the reactor. Adding oxidiZing agents such as 
very loW concentrations of oxygen, Water vapor and carbon 
dioxide also serves to moderate the reaction rate, as Well as, 
minimizes the production of extraneous carbon. HoWever, 
controlling the hydrogen partial pressure in the reactor is 
particularly effective in controlling the rate of nucleation and 
groWth of carbon nanotubes and extraneous carbon, With 
loWer relative amounts of extraneous carbon being associ 
ated With higher hydrogen partial pressures in the reactor. 

[0060] Modi?cation of the nanotube nucleation process, in 
turn, can affect the diameter and Wall-number distribution of 
the small-diameter carbon nanotubes. Addition of hydrogen 
or other gases at rates that can vary during the reaction 
process or addition of such gases at different locations in the 
reactor enables further control over the relative amounts of 
small-diameter carbon nanotubes and amorphous carbon, as 
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Well as control over the diameter and Wall-number distribu 
tions of the small-diameter carbon nanotubes produced. 

[0061] In yet another embodiment, the diameter and Wall 
number distributions of the nanotubes produced are con 
trolled by the conditions during the initiation (or nucleation) 
of nanotube groWth. These conditions include, but are not 
limited to, nucleation time, temperature, feedstock gas com 
position and pressure in the region Where small-diameter 
carbon nanotube nucleation takes place and reactor con?gu 
ration. Nanotube nucleation on the catalytic metal carried 
out under conditions independent from nanotube groWth 
provides greater control over the diameter and number of 
Walls of the nanotube. 

[0062] Small-diameter carbon nanotube groWth can be 
done by various production methods, such as in a batch 
process, semi-continuous or continuous modes of operation. 
The continuous and semi-continuous modes of operation 
comprise the steps of (1) dispersing the catalyst in a gaseous 
stream comprising a carbon-containing feedstock, (2) mak 
ing small-diameter carbon nanotubes on the catalyst at a 
suitable temperature and for a suitable length of time, and 
(3) removing the nanotube product from the gaseous stream. 

[0063] In one embodiment, the catalyst for groWing small 
diameter carbon nanotubes has a particle siZe in the range 
suitable for transport through a reactor, typically having a 
cross-sectional dimension in the range betWeen about 0.1 
micron and about 1000 microns. The catalyst is then intro 
duced into the reactor such that the catalyst is carried 
through the reactor, Which may comprise various Zones that 
are maintained at different reaction conditions, each sepa 
rately optimiZed for different stages of nanotube initiation 
and groWth. Reaction conditions include, but are not limited 
to, reaction time, temperature, pressure and concentrations 
of components of gas in the reactor. Because production of 
small-diameter carbon nanotubes can be a multistep process, 
Which, for example, can involve catalyst metal reduction to 
activate the catalyst, initiation of nanotube groWth, and 
continuation of the nanotube groWth, a desirable reactor 
con?guration is one having different Zones Wherein the 
catalyst is conveyed or transported from one reaction Zone 
to another. In a reactor With one or more Zones, the reaction 

temperature and the gas composition can be adjusted Within 
a Zone of the reactor. For example, feedstock gas or other 
gases, such as hydrogen, catalyst, and/or heat can be added 
continuously or on-demand in each Zone of the reactor. 

[0064] The residence time of the catalyst in the reactor, 
i.e., the length of time the catalyst is exposed to one or more 
different reaction conditions through the reactor, can be 
controlled by adjusting, among other variables, the How rate 
of the gas through the reactor and the reactor con?guration. 
The characteristics of the small-diameter carbon nanotube 
product produced are controlled, by adjusting, among other 
variables, the residence time of the catalyst in the reactor, the 
temperature pro?le, and the composition of the gaseous 
stream comprising the carbon-containing feedstock. The 
product characteristics include, but are not limited to, the 
relative amounts of extraneous carbon and small-diameter 
carbon nanotubes, and the distributions of diameter, lengths 
and number of Walls of the nanotubes produced. 

[0065] Transporting the catalyst through the reactor pro 
vides a scalable, high-volume nanotube production process 
in Which catalyst is continuously introduced at one point in 
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the reactor system and product comprising small-diameter 
carbon nanotubes is removed continuously at another point. 
This continuous scheme for production of small-diameter 
carbon nanotubes can be done in a production plant com 
prising a catalyst formation section, a reactor section, and a 
post-processing section joined together in a single plant. 
After the post-processing section, other modi?cations to the 
product can be done, such as, but not limited to, oxidative 
treatment of the product, removal of the catalyst support and 
catalytic metal residues, chemical modi?cation of the nano 
tubes, physical modi?cation of the nanotubes, blending or 
mixing the nanotubes With other materials, and combina 
tions thereof. 

[0066] The catalyst can be transported through a reactor 
for making small-diameter carbon nanotubes by mechanical 
means, such as by screWs or conveyors, hoWever, entrain 
ment in a gaseous stream comprising a carbon-containing 
feedstock is a preferred means of transport. To transport the 
catalyst by its entrainment in a gaseous ?oW, the catalyst 
particles are made into sufficiently ?nely-divided particles of 
a siZe that can be transported in a gas How in the reactor. The 
catalyst is introduced at one point in the reactor, and carried 
through a number of Zones. At least one Zone Will provide 
reaction conditions for the groWth of small-diameter nano 
tubes and other Zones may include one or a combination of 
a nucleation Zone Where groWth of the small-diameter 
carbon nanotubes is initiated, other nanotube groWth Zones, 
and a recovery Zone Where the product is removed from the 
gaseous stream comprising unreacted feedstock, byproduct 
gases and transport gases exiting the reactor. One means of 
removal of the carbon product from the gaseous stream can 
be done by collecting the product on a ?lter Which is 
permeable to the gaseous stream exiting the reactor. The 
product can also be removed from the gaseous stream 
exiting the reactor by other means of gas-solid separation, 
such as, but not limited to, a cyclone, Wet scrubber, elec 
trostatic precipitation, bag collection, and combinations 
thereof. 

[0067] In one embodiment of the present invention, the 
siZe of the catalyst particle is selected in order to be easily 
entrained in a ?oWing gas so as to effectively groW small 
diameter carbon nanotubes. For certain reactor designs, the 
catalyst particle can be less than about 100 microns in 
cross-sectional dimension and other reactor designs, less 
than about 30 microns in cross-sectional dimension. For 
some reactor conditions, the optimal-siZed particles can be 
made by aggregating smaller particles to a siZe sufficient for 
effective reactor operation, such as in a ?uidiZed bed or 
?uidiZed suspension. Particle aggregation can be done by 
various means, such as by physical aggregation, compres 
sion, pelletiZation, extrudation and combinations thereof. 
Particle aggregation can be done With or Without a binder 
material, such as a hydroxide of the metal Whose oxide 
forms the catalyst support. 

[0068] In one embodiment of this invention, a gas stream 
comprising a gaseous carbon-containing feedstock trans 
ports the catalyst through one or more Zones or sections of 
a reactor Wherein each Zone has controls for adjusting the 
conditions for small-diameter carbon nanotube production. 
In another embodiment, a gas stream containing nitrogen or 
an inert gas such as argon is used to transport the catalyst 
through a heating Zone such that the catalyst reaches a 
preferred temperature before encountering the gaseous car 
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bon-containing feedstock. The preferred temperature Will 
generally be in a range of about 800° C. and about 1000° C. 
In another embodiment, the reactor is con?gured so that 
essentially-inert, non-catalytic refractory particles are 
optionally added to the reactor. These non-catalytic particles 
can provide for a more uniform dispersion of the catalyst 
Within the ?oWing gas, maintain a clear path for the How of 
catalyst, minimiZe the sticking and buildup of catalyst and 
nanotube product on the reactor Walls, provide thermal 
stability (i.e. by providing a heat reservoir or heat sink for 
endothermic or exothermic reactions, respectively), and 
facilitate heat transfer betWeen the catalyst and the reactor 
Walls. Examples of materials for such essentially-inert, 
non-catalytic particles include, but are not limited to, sand, 
quartZ, ceramic, metal oxides, carbides, silicas, silicides, and 
combinations thereof. The non-catalytic particles promote 
the formation of a generally uniform dispersion of the 
catalyst and heat in the reactor. The reactor pressure, How 
path length and orientation can be varied to optimiZe the 
production of small-diameter carbon nanotubes. Suitable 
reactor pressures are in the range of about 0.1 and about 200 
atmospheres, and suitable ?oW path lengths are in the range 
of about 1 and about 1000 feet. Preferably, the reactor is 
oriented vertically. 

[0069] In one embodiment, the catalyst may be subjected 
to a separate reducing environment Wherein the catalytic 
metal is reduced to activate the catalyst prior to being 
introduced to the reactor. In another embodiment, the gas 
eous feedstock for the carbon nanotubes, such as methane, 
can be used to reduce the oxide form of the catalytic metal 
on the catalyst to activate the catalyst in situ. 

[0070] In one embodiment small-diameter carbon nano 
tubes are made With a catalyst in a ?uidiZed bed reactor so 
that gas ?oWs uniformly through the ?uidiZed bed compris 
ing the catalyst. This bed is maintained at a temperature 
suitable for small-diameter carbon nanotube groWth and gas 
comprising the gaseous feedstock is passed through the 
catalyst to ?uidiZe it and, at the same time, reacts on the 
catalyst to produce small-diameter carbon nanotubes. While 
the method can be used to produce small-diameter carbon 
nanotubes, the method could, With different catalyst com 
positions, reaction times and temperatures, be applied to 
produce large-diameter multi-Wall carbon nanotubes With 
diameters greater than 4 nm. 

[0071] Contacting the catalyst With a gas or gas mixture 
for the purposes of catalyst activation and carbon nanotube 
nucleation and groWth can be done at gas pressures in the 
range of about 0.1 atmosphere and about 200 atmospheres. 
Each of the processes may be done at the same or different 
pressures. After contacting the catalyst With the gaseous 
stream containing the carbon-containing feedstock and an 
amount of carbon nanotubes has been formed, the gaseous 
carbon-containing feedstock can be turned off and the reac 
tor cooled in a nitrogen or inert gas purge. The carbon 
product on the catalyst is then removed from the reactor. The 
carbon nanotube product forms predominantly on the sur 
face of the catalyst, and it is often desirable in many 
end-uses to remove the residual catalyst from the nanotube 
product. As a support material, MgO is particularly desir 
able, not only because it produces only small amounts of 
extraneous carbon, but also because it can be easily removed 
from the ?nal nanotube product by treatment With a mild 
acid. The catalyst remaining after the reaction process, 


















